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Topological nanomaterials

A decade has passed since the first experimental obser-
vation of topological materials that do not require strin-
gent experimental conditions to realize a topological
state'. Topological materials are characterized by an
electronic band structure that exhibits a special band
topology”™*, which is now essential to understand the
physical properties of many materials. These materi-
als possess topologically protected surface states with
unique electronic properties; in topological insulators
(TIs), the surface states arise from the inversion of the
bulk bandgap, which is induced by the large spin-orbit
coupling of the heavy atoms in the material, and are
protected by time-reversal symmetry. In topologi-
cal crystalline insulators (TCIs), the surface states are
protected by crystal symmetry instead. In recent years,
topological materials have expanded to include topo-
logical semimetals: Weyl and Dirac semimetals’ are
3D systems that possess gapless bulk states in the form
of relativistic chiral fermions near nodal points and
Fermi arc surface states, and are described by the 3D
Weyl and Dirac® equations, respectively. With breaking
of symmetry, either inversion symmetry or time-reversal
symmetry, a Dirac semimetal can become a Weyl semi-
metal, as each Dirac point splits into a pair of Weyl
points. The early development of topological materi-
als, including notable experimental results and theo-
retical background on TIs'%, TCIs'”'* and topological
semimetals’, is covered in several review articles™'*-**.

Pengzi Liu™?, James R. Williams3%* and Judy J. Cha
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Abstract | The past decade has witnessed the emergence of a new frontier in condensed

matter physics: topological materials with an electronic band structure belonging to a different
topological class from that of ordinary insulators and metals. This non-trivial band topology
gives rise to robust, spin-polarized electronic states with linear energy-momentum dispersion
at the edge or surface of the materials. For topological materials to be useful in electronic
devices, precise control and accurate detection of the topological states must be achieved

in nanostructures, which can enhance the topological states because of their large surface-
to-volume ratios. In this Review, we discuss notable synthesis and electron transport results

of topological nanomaterials, from topological insulator nanoribbons and plates to topological
crystalline insulator nanowires and Weyl and Dirac semimetal nanobelts. We also survey
superconductivity in topological nanowires, a nanostructure platform that might enable the
controlled creation of Majorana bound states for robust quantum computations. Two material
systems that can host Majorana bound states are compared: spin—orbit coupled semiconducting
nanowires and topological insulating nanowires, a focus of this Review. Finally, we consider the
materials and measurement challenges that must be overcome before topological nanomaterials
can be used in next-generation electronic devices.

The electronic properties of the topologically pro-
tected surface states are attractive for future electronic
applications. For example, the linear dispersion between
momentum and energy is promising for high-speed
electronics*~*, the locking of spin and momentum for
spintronics”~*! and the helical nature of the electrons
for low-dissipation electronics (in which helical means
that the direction of motion of the electrons depends
on their spin direction)*~**. The unique features of the
topological surface states have been investigated exten-
sively by using high-quality bulk crystals, thin films
and surface-sensitive techniques. For example, the band
structure and helical nature of the topological surface
states have been directly visualized through angle-
resolved photoemission spectroscopy (ARPES), hard
X-ray photoelectron spectroscopy and momentum-
resolved photoelectron microscopy on cleaved TIs*.
Exotic condensed matter states, such as the quantum
spin Hall state and the quantum anomalous Hall state,
have also been realized with epitaxially grown thin
films of topological materials'**-**. These quantum
states provide a rich playground in which to investigate
fundamental interactions of correlated electrons under
topological protection and can be exploited for appli-
cations. For device applications, topological materials
in the form of nanostructures are necessary for inte-
gration into existing device fabrication technologies. In
particular, thin-film topological materials are attractive,
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because artificial, design-specific heterostructures that
interface topological materials with other functional
materials, such as superconductors or ferromagnetic
insulators, can be fabricated with atomic precision®="".
Device applications that are being explored include
topological field-effect transistors based on the quan-
tum spin Hall state, which can be rapidly switched off
and may be useful for low-power quantum electron-
ics™, low-power topological magnetic memory devices
that exploit the spin-polarized topological surface
current™ and perhaps most excitingly robust quantum
bits (qubits) that do not suffer from decoherence’. All
proposed device applications rely on nanostructures of
topological materials.

Studying topological surface states in nanostructures
has the advantage that nanostructures reduce as much as
possible the influence of the undesirable bulk electronic
states in transport measurements, while increasing the
surface-to-volume ratio to enhance the contribution of
the topological surface or edge states. In early studies
of layered TIs, such as Bi,Se, and Bi,Te,, mechanical
exfoliation was used to obtain thin flakes from bulk crys-
tals to maximize the effects of the surface states. Direct
synthesis of topological nanomaterials has advanced
research into topological states of matter. Transport
experiments were performed on TI and TCI nano-
structures grown by the vapour-liquid-solid (VLS) and
chemical vapour deposition (CVD) methods (BOX 1).
Additional advantages of topological nanostructures
for studying topological surface states include the pos-
sibility of using effective field-effect gating to tune the
Fermi level, potentially adapting the wrap-around gate
architecture to the topological nanowires; engineer-
ing the bulk bandgap and sub-bands by exploiting the
nanoscale confinement; and realizing new correlated
electronic states due to quantum confinement, leading
to phenomena such as the unexpected ballistic transport
observed in LaAlO,/SrTiO, quantum wires™*.

The nanowire geometry is particularly suitable for
nanoelectronic device measurements, such as meas-
urements of the Aharonov-Bohm oscillations (oscil-
lations in the resistance as a function of the magnetic
flux). Aharonov-Bohm oscillation studies allow phase-
sensitive transport measurements of the topological
surface states, which are made possible by the well-
defined nanoscale cross-section of the samples. The
Aharonov-Bohm oscillations have been observed in
several topological nanowire systems, such as Bi,Se,
and Bi,Te, TT nanoribbons and nanotubes®*~*’, SnTe
TCI nanowires® and more recently Cd,As, topological
semimetal nanowires®’.

Finally, one of the most compelling reasons to study
topological nanomaterials is the potential realization of
1D topological superconductors by using TI and TCI
nanowires with diameters between ~10 nm and ~200
nm and lengths of more than tens of micrometres.
Superconducting TI or TCI nanowires are predicted
to host Majorana bound states (MBSs) — quasiparti-
cle excitations that are identical to their antiparticle
counterparts® — which can be exploited for fault-
tolerant and scalable topological quantum computations

without decoherence®.

In this Review, we survey recent work on TI, TCI,
and Weyl and Dirac semimetal nanostructures, grown
primarily by the VLS and CVD methods, highlighting
notable synthesis and transport measurements. We then
focus on the control offered by TI nanowires for realiz-
ing 1D topological superconductivity to create MBSs and
compare them to another material system that can host
MBSs: semiconductor nanowires with strong spin-orbit
coupling®. To demonstrate the benefits of TI nanowires,
we present numerical simulations that demonstrate local
control of the topological superconducting state using a
TI nanowire. Finally, we discuss remaining challenges
in realizing topological nanostructures with high crystal
quality and precise morphology control, and in growing
robust topological superconducting nanowires.

Synthesis of topological nanomaterials

Most TIs and TCIs and some topological semimetals
have been made into nanostructures, either by mechan-
ical exfoliation from bulk layered crystals or by direct
synthesis. This section focuses on the direct synthesis
of topological nanomaterials. VLS and CVD growth
methods (BOX 1) are the two most broadly used meth-
ods for the synthesis of topological nanostructures used
to study electrical transport properties. A chronologi-
cal summary of the synthesis milestones of topological
nanomaterials made of TIs, TCIs, and Weyl and Dirac
semimetals is presented in FIG. 1.

Tl nanostructures. Following the prediction that some
binary chalcogenides are 3D TIs’, Bi,Se,, Bi,Te,, Sb,Te,
and their alloys were quickly synthesized as nano-
ribbons and nanoplates by the VLS and CVD growth
methods™ (FIC. 2a). Before this prediction, the binary
chalcogenides had been extensively studied for their
thermoelectric properties and have been made into a vari-
ety of nanostructures, including nanorods®, nanotubes®,
nanosheets, nanospheres® and nanoplates™.

Bi,Se, nanoribbons were first synthesized by metal-
catalysed CVD’". Gold nanoparticles were used to cat-
alyse the growth, and Bi,Se, source powder was heated
to form the vapour. The widths of the nanoribbons were
larger than the size of the gold nanoparticles, suggest-
ing that the growth mechanism was a combination of
VLS and CVD. Without the use of metal catalysts, Bi,Te,
nanoplates with thicknesses ranging from a few quintu-
ple layers to tens of nanometres were grown by CVD®.
Because Bi,Se, and Bi,Te, are layered, large nanoplates
can be easily obtained by CVD. Ternary compounds,
such as (Bi,Sb,_ ),Te, and Bi,(Se,Te,_ ),, have also been
grown by mixing two binary source powders’>”. Doping
of TI nanomaterials has also been demonstrated’"":
Bi,Se, nanoribbons have been doped magnetically by
using Fe metal catalysts or introducing ferrocene vapour
during growth™. Doping Bi,Se, nanoribbons with Sb
has proved effective in achieving a low carrier density
of 2 x 10" cm™? (REF.”"). To reduce the bulk carrier den-
sity, which is key to maximizing the contribution from
the topological surface states to the transport signal, the
ideal approach would be to eliminate intrinsic chalcogen
vacancies. However, it is unclear how easy it is to achieve
this goal with the VLS or CVD growth methods. As an
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Box 1| Vapour-liquid-solid and chemical vapour deposition growth

The two most popular growth techniques for synthesizing topological nanomaterials
are the vapour-liquid—solid (VLS) and chemical vapour deposition (CVD) methods. VLS
growth is a metal-catalysed nanowire growth method, which was first demonstrated

to grow Si microwires'®*. In VLS growth, metal nanoparticles, typically gold, are used to
catalyse growth, and the source materials are introduced as vapour. At growth
temperature, the metal catalyst is in the liquid state, and the gas molecules or atoms

of the source material dissolve into the liquid metal particle. When the concentration of
the source atoms in the liquid metal exceeds the thermodynamic solubility limit at the
given growth temperature, the dissolved source atoms precipitate and form a crystalline
solid at one end of the liquid metal particle. With continual supply of source vapour,
an equilibrium is reached in which the metal particle maintains the solubility limit
concentration by ejecting the excess dissolved atoms, lengthening the nanowire.

A distinguishing feature of the VLS growth is that the diameter of the nanowire is
precisely determined by the size of the metal nanoparticle'®*. This growth technique

is widely used to obtain semiconducting nanowires, as well as heterostructure and
core—shell nanowires'®'*" for applications including field-effect transistors, solar cells,
nanolasers, biosensors and thermoelectrics.

In CVD growth, gaseous source materials are deposited on a growth substrate to
obtain thin films, microcrystals or nanostructures. The source materials can be
introduced directly as vapour or can be vaporized by heating solid powders. The source
vapours are usually carried down to the substrate (which is kept at a lower temperature
than the vapour) by an inert carrier gas, and there they condense to form solid thin films
or nanocrystals. If different source vapours are mixed, they may react with each other
before condensing to form solids. Many 2D materials, such as graphene, hexagonal
boron nitride and transition metal dichalcogenides, have been grown by CVD*%185.18¢,
Topological nanostructures are often grown using metal-catalysed CVD, which uses
metal nanoparticles as nucleation catalysts. Unlike in VLS, in metal-catalysed CVD the
width of the nanostructure is often much larger than the size of the metal nanoparticle.
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alternative, doping studies that explore different dopants
and dopant concentrations should be carried out for
TI nanostructures.

TCl nanostructures. Whereas T1s are protected by time-
reversal symmetry and possess a single topological sur-
face Dirac cone (for the binary chalcogenides), TCIs are
protected by a crystal-symmetry invariant® and possess
multiple topological surface Dirac cones. The TCI SnTe
was grown as nanowires, nanoplates and microcrystals
through CVD*#' (FIC. 2a). Unlike the 3D TIs, which have
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a layered crystal structure, SnTe is cubic. Thus, cubic
nanocrystals or nanowires with square cross-sections are
expected. However, metal-catalysed CVD can produce
large SnTe nanoplates with nanometre thickness and a
lateral dimension on the micrometre scale. The use of
metal catalysts and choice of growth substrates greatly
affect the morphology of TCI nanostructures. Without
the use of gold nanoparticles, cubic SnTe microcrystals
were grown on SiO,/Si substrates®’. Systematic growths
of SnTe and its alloy nanostructures on various amor-
phous and crystalline substrates were performed®*, and
indicated that the strength of the interaction between the
growth substrate and the surface adatoms can dictate
the morphology of TCI nanostructures and the growth
direction of TCI nanoplates; that is, whether TCI nano-
plates grow standing vertically, with minimum contact
with the substrate, or lying flat, maximizing contact.
The interaction strength also influences the diffusivity
of the surface adatoms, controlling the growth kinet-
ics of the nanostructures®®. The morphology of SnTe
microcrystals as a function of growth conditions was
also investigated. It was found that the surface energies
of different crystallographic planes can change with the
local chemical potential of Sn or Te vapours®, leading
to different morphologies of SnTe microcrystals that
minimize the total surface energy (FIG. 2b).

Additional TCI nanostructures, such as Pb Sn,  Te,
Pb Sn, Se, In Sn, Te and SnSe Te,  nanowires and
nanoplates®-*-% have been grown to study the phase
transition from a trivial to a non-trivial topological state
as a function of Pb doping®; to induce superconductiv-
ity by using In dopants**’; and to reduce the bulk car-
rier density by Se anion doping”'. Doping was generally
achieved by mixing dopant powders directly with source
powders during CVD growth.

Weyl and Dirac semimetal nanostructures. For the most
part, Weyl and Dirac semimetals have been studied using
bulk crystals, such as TaAs, TaP (REFS***), NbAs (REF*
and NbP crystals®. Mechanical exfoliation to obtain
nanostructures is generally tricky, as many of the topolog-
ical semimetals are not layered crystals. For nanostruc-
tures, type II Weyl semimetal MoTe, in the polymorph
structure 1T was synthesized as few-layer films and flakes
by CVD**”, and 1T'-WTe, as nanoribbons and flakes™”.
The distinction between type I and type II Weyl semi-
metals is based on whether the Weyl point is point-like at
the Fermi surface (type I) or the Weyl points appear as a
line (type II)'™. Type I Dirac semimetal Cd,As, has been
grown by CVD as nanobelts and nanowires® (FIG. 2c).
Compared with TTand TCI nanostructures, the direct
synthesis of Weyl and Dirac semimetals into nanostruc-
tures is more challenging. For example, CVD growth
of tellurium-based transition metal dichalcogenides is
more difficult than CVD growth of sulfur-based and
selenium-based transition metal dichalcogenides, owing
to the low formation energies of Te-based compounds
such as WTe,. In addition, many Weyl and Dirac semi-
metals either contain toxic elements, such as arsenic, or
involve precursors that can form toxic compounds, such
as phosphorus. This makes the synthesis of nanostruc-
tures through simple VLS and CVD set-ups challenging

NATURE REVIEWS | MATERIALS
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Na/Mn-doped Bi,Te,

Cu-doped Bi,Se,
Cu-doped Bi,Te,
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O Topological insulator
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O Weyl and Dirac semimetal
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Bi,Te, ] I I

Ribbon and plate Cd,As, Pb,_Sn Te, SnSe,_Te | |In-doped SnTe
Wire, belt || Plate Wire

Fig. 1| Historical timeline of the synthesis of nanostructures of topological materials. First synthesis of various
topological materials as nanostructures obtained by vapour-liquid-solid and chemical vapour deposition growth methods.

for topological semimetals and creates a need for growth
set-ups that can handle toxic gases.

Electron transport in topological nanostructures
The nature of the topological surface states in nano-
structures was probed by measuring electron transport
properties of nanodevices. Sufficient experimental
results have been reported on TI and TCI nanostruc-
tures to confirm the presence of the expected topolog-
ical surface states and their helical Dirac nature. They
include ARPES measurements on TI nanoplates to vis-
ualize the topological surface state directly’”, electron
transport measurements of TI and TCI nanodevices to
demonstrate the 2D and helical nature of the surface
states'>'®19%1% and measurements using Josephson junc-
tion devices to study the nature of the superconductivity
induced in TT nanostructures'*~'"”. For Dirac and Weyl
semimetals, surface transport has been inferred from
quantum interference studies in Cd,As,, 1T'-MoTe, and
1T’-WTe, nanostructures®>'*-'1°,

This section reviews notable electron transport
results for topological nanostructures; a chronological
summary is presented in FIG. 3. Additional transport
results on TI and TCI nanomaterials are summarized in
dedicated reviews''""',

Tl nanostructures. For T nanoplate devices, a combina-
tion of doping, alloying and field-effect gating can be used
to effectively control the Fermi level and minimize the
residual bulk carrier density®”>**%. Ambipolar trans-
port obtained by gating through conventional dielectric
layers or an ionic liquid layer has been demonstrated in
CVD-grown (Bi,Sb,_),Te, nanoplates™, (Bi,Sb,_,),Se,
nanoribbons” and (Bi,Sb,_,),Se, nanoplates'"”, and exfo-
liated Bi,Se, nanoplates''. This is an important demon-
stration, because it shows that the Fermi level can be
tuned through the Dirac cone and within the bulk gap,
which ensures that only the topological surface states
contribute to the transport signal.

Early transport studies of TT nanostructures focused
on the weak antilocalization feature, which is linked to

a quantum correction to the magnetoresistance due
to the wave nature of the electrons in a diffusive regime.
The feature appears as a dip in the magnetoresistance
in small magnetic fields and can be fitted to 2D local-
ization physics using the Hikami-Larkin-Nagaoka
(HLN) equation'" to infer the presence of the surface sta
tes®>7377116117 However, localization physics in the diffu-
sive transport regime is not ideal for probing the surface
states, because scattering of electrons inevitably leads to
the degradation of transport properties and loss of phase
information. 2D Shubnikov-de Haas oscillations, oscil-
lations in conductivity that reflect the quantum mechan-
ical nature of electrons in the presence of large magnetic
fields, were investigated to probe the nature of the Fermi
surface in several TI nanoflakes exfoliated from bulk
crystals'®!'"®, Landau-level fan diagrams obtained from
the oscillations were analysed to see if the intercept was
—1/2, a signature of Dirac fermions. This analysis can be
accurate only if the carrier density is low enough that the
Landau indices are small'"”. In one Bi,Se, nanoribbon
study'”, the observed 2D Shubnikov-de Haas oscilla-
tions indicated a low carrier density of 1.3 x 10"?cm™?
for the surface state, placing the Fermi level within the
bulk bandgap, at 95 meV below the bottom of the bulk
conduction band. The helical nature of the topological
surface state was inferred in exfoliated TI nanoflakes by
generating a spin-polarized photocurrent with circularly
polarized light'*".

Electron transport measurements that really exploit
the nanoscale dimension of TI nanostructures are the
Aharonov-Bohm oscillation studies on narrow nano-
ribbons or nanowires™ (FIC. 4a). Aharonov-Bohm oscil-
lations are a quantum interference effect produced by
electrons encircling a magnetic flux and acquiring a
Berry phase shift of mt. This is manifested in the resist-
ance, which oscillates as a function of magnetic field B
with a periodicity of @, = h/e (conventional electrons)
or h/2e (helical electrons). The Aharonov-Bohm
oscillations were first observed in Bi,Se, nanorib-
bons and studied more carefully in follow-up experi-
ments using Se-coated Bi,Se, nanoribbons™ (FIG. 4b-¢).

www.nature.com/natrevmats
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Fig. 2 | Topological insulators, topological crystalline insulators, and Dirac and Weyl semimetallic nanostructures.
a| Topological insulator and topological crystalline insulator nanostructures: Bi,Te, nanoplates, Bi,Se, nanoribbon,

SnTe nanoplate, SnTe microcrystal and SnTe nanowire synthesized using the vapour-liquid-solid and chemical vapour
deposition (CVD) growth methods. b | Wulff constructions of the thermodynamic equilibrium SnTe crystals at Te-poor
and Te-rich conditions. ¢ | Dirac and Weyl semimetal nanostructures: a monolayer 1T-MoTe, flake, 1T-WTe, nanobelts,
Cd,As, nanowires and Cd,As, nanobelts grown by CVD. Panel a is adapted with permission from REFS**'", ACS; REF.*°,
Springer Nature Limited; REF.'**, CC-BY-4.0; and REF.**", Elsevier. Panel b is adapted with permission from REF.'°, ACS.
Panel ¢ is reproduced with permission from REF.*’, ACS; REF.%, Wiley-VCH; and REF.***, RSC.

The Se coating was critical in preventing surface oxida-
tion, which degrades the carrier mobility and introduces
alow-mobility electron gas on the surface'”. Careful ana-
lysis revealed that the oscillations did indeed originate
from the topological surface electrons. Aharonov-Bohm
oscillations with conductance maxima at odd values of
@ =+ /2 have been reproduced in Bi, Te, nanoribbons
(FIG. 4 and nanotubes®**’. Aharonov-Bohm oscillations
were also observed in SnTe TCI nanowires® and Cd,As,
topological semimetal nanowires®'.

TCl nanostructures. Soon after the experimental iden-
tification of SnTe and its alloys as TCIs by ARPES, SnTe
and doped SnTe nanowires and nanoplates were syn-
thesized and their electron transport properties inves-
tigated. Aharonov-Bohm oscillations, Shubnikov-de
Haas oscillations and weak antilocalization have been
observed in VLS-grown pristine or Pb-doped SnTe
nanowires®>® (FIG. 4g). One main distinction between
TIs and TCls is the number of topological surface states
in the system. The binary chalcogenide TIs possess one
surface state, whereas the SnTe-based TCIs possess four
surface states on each of the {001}, {111} and {110} sur-
face planes'”. In principle, information on the number

of surface Dirac cones can be extracted from weak anti-
localization measurements. The scaling parameter « in
the HLN equation should reflect the number of cones
present: a single Dirac cone would give & = —0.5. For
SnTe and its alloy nanoplates, values of || ranging from
0.5 to 5 have been reported, suggesting the presence of
multiple Dirac cones'*. However, a simple one-to-one
correspondence between « and the number of cones is
complicated by the presence of a conducting bulk. For
example, even for TI nanostructures with a single Dirac
cone, the value for « is often not —0.5 and depends on
many factors. For TCI nanostructures with multiple
Dirac cones, it is difficult to probe the surface states using
weak antilocalization. One study suggests that the weak
antilocalization observed in SnTe nanoplates is a bulk
effect”. Aharonov-Bohm oscillations were reported in
SnTe nanowires® (FIG. 4g), but there were no follow-up
studies. More careful analysis of the Aharonov-Bohm
oscillations is necessary to understand the nature of the
multiple Dirac cones in SnTe, and this remains a problem
in the field.

Another factor to consider for TCIs, which is absent
in TIs, is the structural transition from the high-
temperature cubic structure to the low-temperature

NATURE REVIEWS | MATERIALS
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insulator (Bi,Sb),Se, nanoribbon
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semimetal

Fig. 3 | Historical timeline of transport measurements in topological nanostructures. Transport results probing the
nature of the surface states in topological nanostructures. Before the discovery of topological insulators, many topological
materials were extensively studied for thermoelectric properties, but those results are omitted for brevity. ABO, Aharonov—
Bohm oscillation; ARPES, angle-resolved photoemission spectroscopy; JJ, Josephson junction; QSHE, quantum spin Hall
effect; SC, superconductivity; SAHO, Shubnikov-de Haas oscillation; WAL, weak antilocalization.

rhombohedral structure'*'*. This structural phase
change is associated with a ferroelectric transition
and mediated by electron-phonon interactions'”.
Theoretically, Dirac cones on {001} surfaces are pre-
dicted to become gapped owing to the loss of crys-
tal symmetry, whereas the ones on {111} surfaces are
expected to remain intact. The structural transition has
been observed in SnTe and SnSe, Te,_, nanoplates®"”', but
its effects on the surface states have not been probed in
transport measurements.

Indium-doped SnTe nanoplates and nanowires were
reported to show superconductivity. The In-doped SnTe
nanoplates were synthesized on silicon substrates from
SnTe and InTe powders as precursors and a gold film as
metal catalyst for growth®. The In doping concentration
varied from 0% to 10% with a loading ratio of SnTe:InTe
= 1:2. Transport data showed the onset of superconduc-
tivity around 1.7 K (FIC. 5a). The bulk crystal growth,
chemical vapour transport, was also adapted by inserting
silicon substrates inside the sealed quartz tube to grow
In-doped SnTe nanoplates without the use of metal cat-
alysts or transport agents™ (FIG. 5b). An In-doped SnTe
bulk crystal was first grown by mixing high-purity ele-
ments and then used as source for the nanoplate growth.
A sharp transition to the superconducting regime was
observed with a critical temperature just below 2 K,
similar to the result shown in FIC. 5a.

A desired nanostructure for quantum computations
is superconducting SnTe in nanowire form, which was
first synthesized in 2017. In-doped SnTe nanowires were
obtained using gold nanoparticles as growth cata-
lysts, and SnTe and InTe as source and dopant pow-
ders, respectively'®. In the same growth, nanoplates,

nanoribbons and nanowires were obtained, with their
classification loosely determined by the width of the
nanostructures. All of the nanostructures became super-
conducting below 2 K but displayed important differ-
ences (FIG. 5¢). Nanoplates exhibited a sharp transition
into a superconducting regime but, interestingly, the
resistance began to increase from zero to finite values
at temperatures below 400 mK. Nanoribbons showed
a gradual transition into the superconducting regime.
Nanowires showed non-zero residual resistance after
transitioning into the superconducting regime. The
origin of this non-zero resistance is unclear. Quantum
effects such as quantum phase slips due to nanoscale
confinement and potential contact issues have been
ruled out. A mundane reason could be material issues,
such as inhomogeneous distribution of In dopants or the
presence of Au atoms as impurities. Au atom impurities
have been observed in some Au-catalysed SnTe nano-
structure growth'”. However, such material imperfec-
tions should also be present in nanoplates. The non-zero
resistance in superconducting In-doped SnTe nanowires
needs to be further investigated.

Weyl and Dirac semimetal nanostructures. The study
of the predicted surface Fermi arcs through transport
measurements in Weyl and Dirac semimetals is chal-
lenging, because the bulk metallic states are always pres-
ent in these materials, making up a large fraction of the
transport signal. Nanostructures can be advantageous
because of their high surface-to-volume ratios, which
can minimize the contribution from the bulk states.
Moreover, by controlling the morphology of the nano-
structures to maximize specific crystallographic planes,
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Fig. 4| Aharonov-Bohm effects of topological surface states in T| and TCl nanostructures. a| Scanning electron
microscope (SEM) image of a 120-nm-wide, 55-nm-thick Bi,Se; nanoribbon contacted by four Ti/Au electrodes.

In this system, magnetoresistance (R) oscillations with a period of 0.62 T, corresponding to one flux quantum (h/e)
threaded into the cross-section of the nanoribbon, are observed at 2 K. b | Schematic band structure of the 3D
topological insulator (TI) Bi,Se,. The surface states (blue) exist inside the gap of bulk bands (purple). Topological
surface electrons are spin-polarized (red and blue arrows). ¢ | Schematic band structure of a Tl nanowire in zero
magnetic field. The surface band transforms into discrete 1D sub-bands with spin degeneracy. The 2 rotation

of the helical surface electron spin along the nanowire perimeter gives rise to a Berry’s phase (r) in the electron
wavefunction, which opens a gap in the 1D bands. d | Schematic band structure of a Tl nanowire with magnetic
flux @ = +h/2e (purple arrows). The gapless 1D band (red and blue lines) is predicted to be a topologically non-trivial
electronic state with no spin degeneracy. Electrons with opposite spin orientations propagate in opposite
directions. e | SEM image of a Bi,Se, nanoribbon device. Adding a perpendicular magnetic field component by
rotating the device breaks the time-reversal symmetry condition at @ = th/2e, resulting in localized helical 1D
modes in a disordered Tl nanowire. Quantum interference (helical 1D peaks at @ = +h/2e) is suppressed as the angle
Oincreases, as seen in the conductance (G) plots. f| SEM image of a 150-nm-wide, 60-nm-thick Bi,Te, nanoribbon
device. The colour map of the magnetoconductance AG versus gate voltage V, and magnetic field B shows
Aharonov-Bohm oscillations (ABO) with AG(B) maxima at both odd multiples of @,/2 (half-integer flux quanta,
unique to topological surface states) and even multiples of @,/2 (except at @ = 0), suggesting a competition
between n-ABO and 0-ABO at different V. g | SEM image of a 161-nm-wide, 240-nm-thick SnTe nanowire device.
The magnetoresistance curve displays two oscillation frequencies, h/e (0.313 T) and h/2e (0.165 T), indicating the
diffusive transport regime. Panel a is adapted from REF.*®, Springer Nature Limited. Panels b—e are adapted with
permission from REF.>’, ACS. Panel f is reproduced from REF.*%, Springer Nature Limited. Panel g is adapted

with permission from REF®°, ACS.
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Fig. 5 | Superconducting transitions in various In_Sn,  Te nanostructures.

a| Temperature dependence of the normalized resistivity p of a nanoplate device with
x=0.10 and a thickness of 346 nm, showing a superconducting transition at 1.7 K.

b | Temperature dependence of the resistivity of a nanoplate device with x=0.11 and

a thickness of 57 nm, showing a superconducting transition at 2.2 K. ¢ | For a nanoplate
device with x = 0.04-0.06, the superconducting transition occurs below 2.1 K. An upturn
in the resistance R below 0.4 K is also observed. For a nanowire device with x = 0.04-0.06
and a width of 193 nm, the superconducting transition is gradual, and the resistance
saturates to R = 55 Q) at the base temperature. Panel a is adapted with permission from
REF%, ACS. Panel b is adapted with permission from REF.%, ACS. Panel c is adapted

from REF.'?%, CC-BY-4.0.

it may be possible to perform momentum-selective
transport measurements. This is important because the
surface Fermi arcs start and end at well-defined points
in momentum space.

Owing to the challenges related to the synthesis
of these materials, most electron transport studies of
Weyl and Dirac semimetals have used bulk crystals, but
some transport studies on nanostructures are availa-
ble, and here we discuss a few. Cd,As,, a type I Dirac
semimetal, was synthesized as nanowires, and ambi-
polar transport was achieved by field-effect tuning of
the Cd,As, nanowire device®'. A Hall-bar device based
on a Cd,As, nanobelt showed anomalous, double-
period Shubnikov-de Haas oscillations that resulted
from two ellipsoidal Fermi surfaces, suggesting the
dimensionality-dependent transport expected of a
3D Dirac semimetal®’. Aharonov-Bohm oscillations
were also observed in a Cd,As, nanowire device with
the peak positions at odd integers of @ /2 with a period
of @, suggesting the presence of topological surface
states'”. Negative magnetoresistance was also observed
in the nanowire and attributed to the chiral anomaly,
a phenomenon that involves a current flow between
the Weyl nodes in the presence of parallel electric and

magnetic fields'*’. A negative magnetoresistance is
expected in a Dirac semimetal owing to its topological
nature, but mundane effects, such as disorder in the
system, can also lead to negative magnetoresistance.
Thus, systematic transport studies that rule out other
effects are critical. Recently, Weyl orbits in a Cd,As,
nanobelt were reported to contribute to the 3D quan-
tum Hall effect: transport measurements highlighted a
dependence of the Landau levels on the sample thick-
ness, unveiling the 3D signature of this new type of
quantum Hall effect’’ (FIC. 6a). This is the first time
the quantum Hall effect is observed in an intrinsically
3D crystal. Previously, wedge-shaped Cd,As, slabs were
prepared by milling of the bulk crystal by a focused ion
beam'*?. The benefit of using nanostructures directly
rather than focused ion beam milling is that no mat-
erial damage is induced during the preparation, ena-
bling the investigation of morphology-dependent
transport to study the Weyl or Dirac state.

Some transition metal dichalcogenides are pre-
dicted to be Weyl semimetals, such as 1T"-MoTe, and
1T’-WTe,. Chiral-anomaly-induced negative magneto-
resistance and Fermi-arc-induced Weyl orbit oscillations
were observed in an exfoliated 1T’-WTe, nanoribbon,
providing evidence that WTe, is a type IT Weyl semi-
metal''’ (FIC. 6b). A bandgap opening of ~60 meV was
also observed by absorption spectroscopy in exfoliated
1T’-MoTe, flakes'”. Recently, superconductivity induced
by field-effect gating was observed in monolayer WTe,
(REFS™*1*), which is exciting, as monolayer WTe, was
established as a 2D TI with a quantum spin Hall state
that persisted up to 100 K (REF.'*), a temperature eas-
ily accessible with liquid nitrogen for practical device
realization. The quantum spin Hall state and the super-
conducting transition were realized in the same device
by tuning the top and bottom gate voltages below 1 K,
offering a promising route to explore a 2D topological
superconductor (FIG. 6¢). All transport measurements
were carried out on exfoliated samples that were encap-
sulated with hexagonal boron nitride, which provides an
inert electric environment and prevents oxidation.

Inducing superconductivity in topological nanostruc-
tures. Topological quantum computation might be
made possible by inducing superconductivity in top-
ological nanowires to produce MBSs. Two routes to
induce superconductivity into topological materials
have been attempted. The first option is to place top-
ological materials next to a superconductor to induce
superconductivity by proximity. This was tried in Bi,Se,,
Bi,Te, and Sb-doped Bi,Se, flakes exfoliated from bulk
crystals or synthesized as nanoribbons and films, which
were proximitized with superconducting metals and
showed unconventional properties when characterized
with Josephson junction devices'*'**!”. Another route
to induce superconducting correlations in topological
materials is by intercalation or doping. In bulk crystals,
superconductivity has been demonstrated in metal-
intercalated TTs, such as Cu-intercalated, Sr-intercalated
and Tl-intercalated Bi,Se, and Bi,Te, (REFS'**'%) and
Sb,Te, of a specific stoichiometry'”, In-doped SnTe
(REFS*-%) and WTe, and MoTe, under pressure or
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Fig. 6 | Electron transport studies of Weyl and Dirac
semimetals. a| Angular dependence of the 3D quantum
Hall effect in a Cd,As, nanoribbon. The schematic shows
the measurement geometry. The grey arrow denotes the
Weyl vector k,,, which is defined by a pair of Weyl nodes
along the [100] axis. The magnetic field Bis tilted by a
positive or negative angle 8, marked by the blue or yellow
arrow. In the Hall resistance (ny) plot, notable deviations
can be observed between R, measured at positive and
negative tilt angles (red and blue curves, respectively),
which are attributed to the existence of Weyl nodes

and to the Zeeman effect. Such deviations are not expected
to occur owing to thickness-modulated changes in the
Fermi level or band structure. b | Fermi-arc-induced Weyl
orbits and chiral-anomaly-induced negative longitudinal
magnetoresistance (MR) in a WTe, nanoribbon. The
formation of the Weyl orbit under a magnetic field in a
WTe, nanoribbon isillustrated in the left part. Two pairs
of Weyl nodes (1-2 and 3-4) with opposite chirality are
connected by two real-space paths through chiral bulk
Landau levels along the z direction and by two Fermi arcs
in momentum space. The field-angle dependence of the
negative longitudinal magnetoresistance shows that

the absolute value of the magnetoresistance decreases
significantly with a minor change of the field angle 8 from
90° to 88°, which is a signature of magnetoresistance
induced by the chiral anomaly. ¢ | Superconductivity

was observed in a gated monolayer WTe, device, shown
in the top part. The voltage—current (V-I, ) and dV/dI
versus |, behaviours of this device at various temperatures
and magnetic fields are shown. A zero-voltage plateau

is observed at 60 mK, confirming the superconducting
state in the WTe, single-layer sheet. Panel a is reproduced
from REF."**, Springer Nature Limited. Panel b is adapted from
REF.'1%, CC-BY-4.0. Panel c is adapted with permission

from REF.*%, AAAS.

doping'*~*¢. The nature of the superconductivity and
the question of whether it is topological need further
study; evidence for unconventional superconductivity
has been obtained in point-contact spectroscopic stud-
ies carried out on the surface of a Cu-intercalated Bi,Se,
bulk crystal and an In-doped SnTe bulk crystal'?”*147,
Superconductivity has been demonstrated in a few
topological nanostructures, including In-doped SnTe
nanoplates and nanowires (TCI system)***'** and
mechanically exfoliated monolayer WTe, flakes (TT sys-
tem)'*>'*. Although metal intercalation into TI nano-
structures has been demonstrated using various metal
atoms, which induced changes in the electrical and
optical properties'**'*’, superconductivity has not been
achieved in metal-intercalated TI nanostructures.

1D topological superconductivity

Currently, there is an intense focus on realizing and
manipulating MBSs for topological quantum computa-
tions. Topological nanowires are uniquely suitable for
this purpose. In this section, we discuss 1D topologi-
cal superconductivity and how to control the expected
MBSs in such systems.

Before the discovery of TIs, topological phases of
superconductors were predicted to exist for p-wave
pairing of 2D fermions'*"""**>. When TIs were discov-
ered, a direct analogy between TIs and superconductors
was observed: the Bogoliubov-de Gennes equation for
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a p-wave superconductor is identical in structure to the  spin-orbit interactions, such as InAs or InSb (REFS*>'%).
Dirac equation, although the two equations have differ-  For the TI case, we will only consider systems with a sin-
ent origins. As TIs exhibit novel excitations at the inter-  gle Dirac cone, such as Bi,Se,. In systems in which multi-
section of gaps of different sign, for example, at the ple Dirac cones are present, as in TClSs, it is also possible
surface of the TI material, so do topological supercon-  to host MBSs*"*, and the control mechanics described
ductors, producing MBSs at zero energy on the surface  here are equally applicable. Adding superconducting
of a topological superconductor. Topological nanowires  correlations into TT nanowires or semiconducting nano-
offer unique control over the topological supercon-  wires with spin-orbit interactions is typically done by
ducting states, providing clear advantages over other  doping, as in the case of In-doped SnTe, or by exploiting
materials that may host MBSs. the proximity effect, in which a superconductor is placed
The basics of 1D topological superconductivity and in contact with the material, and superconducting
of the creation of MBSs in 1D systems are explained in  correlations are allowed to ‘leak’ in.
BOX 2, which describes a helical metal that mimics the The most experimentally explored topological super-
spinless Kitaev model. A topological superconduct- conducting systems thus far are 1D semiconducting
ing state can be induced in the helical state by adding  nanowires with strong spin-orbit coupling, such as InAs
superconducting correlations. and InSb nanowires grown by molecular beam epitaxy**
or metal-organic CVD'?”. The focus on these systems is
Spin-orbit coupled nanowires versus Tl nanowires. largely because the crystal quality of these nanowires
Two classes of nanowires have been studied to search  is currently much better than that of other material sys-
for MBSs: nanowires made from topological materi- tems, including TI nanowires. The energy band struc-
als, such as TI Bi,Se, (REF.'*) or TCI SnTe (REF.'*), and  ture for semiconducting nanowires is shown in FIG. 7a:
nanowires made from semiconductors with strong the conventional parabolic dispersion is split along the

Box 2 | Kitaev model for a spinless 1D wire with p-wave superconducting pairings

The canonical model that captures the physics of topological superconductivity was originally developed by Kitaev'*°.

Kitaev considered a 1D wire of spinless fermions with p-wave superconducting pairing and N total sites. The Hamiltonian is
T T
= HZ] ¢ - Z ( wlc ﬁl+c]+1c)+Acc]+l+A*cj+1cj) (2)

where ¢; and c¢;"are creation and annihilation operators at site j, respectively, w is the nearest-neighbour hopping strength
between sites (labelled j), 4 is the chemical potential and A = |Ale is the p-wave pairing amplitude. We can rewrite this
Hamiltonian by defining the creation and annihilation operators in terms of two Majorana bound states (MBSs; y,; and y;))
at each site j, and combine the superconducting pairing phase ¢ to get ¢; = %e"(y,; + y; ). The Hamiltonian becomes

U N i oN-1
H=- 5 Z,» (1 + yA,ij,j) 4 Zj {(w + |A|)yA,j+1yB,j+ (~w+ lAl)yA,ij,j+1 &)

We can consider two limiting cases. When p # 0 (and w = A = 0), each pair of MBSs is paired on asite j (panel a of the
figure). However, when p = 0 and w = |A|, the Hamiltonian is given by H = iw Z yA i.1Vs In this scenario, an MBS onssite j
is coupled to an MBS on j+1 orj — 1 and, importantly, the MBS A atj=0 and the MBS B atj= N are not coupled to their
neighbour and do not appear in the Hamiltonian: the system supports unpaired zero-energy MBSs at the end of the chain
(panel b of the figure). In the Kitaev model, the fermionic operators are written in terms of two MBSs, which can be done
for any system. This is just a mathematical construct, as the two MBSs are localized at the same spot. The key is that under the
right conditions (4 = 0 and w = |Al), the system undergoes a phase transition accompanied by the opening of a topological
gap™’, resulting in a pair of MBSs being localized far apart. Pairs of non-local MBSs like those at the ends of a 1D chain form
a highly degenerate ground state, and exchange of any two such MBSs transforms the state in a non-commutative way,
exhibiting non-Abelian statistics*”. In this toy model, MBSs do not exist only at 4 = 0 and w = |A|. An investigation of the
parameter space shows regions with topologically trivial and non-trivial gaps (panel c of the figure)'*’, which can be tuned
by changing y with a gate voltage. At i = |w|, a topological quantum phase transition occurs, and as long as ¢ is within the
absolute value of w, the phase is topological.

a Non-topological phase c .
p=0, a)F=)O A9=0 P Non-topological
’}/B/\/ 1 A,
b Topological phase k
p=0, w=4|
o ~ ~ A . Topological
phase
i o1 Na Non-topological p=-w
phase
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Fig. 7| 1D topological superconductors. a | Band structure for a material with strong spin-orbit coupling in the presence
and absence of time-reversal symmetry. To achieve a helical state, the Fermi energy must be in the energy gap E . The
yellow and purple colours indicate spin orientation up and down, respectively. b—e | Band structure for a nanowire of a
strong topological insulator material with a radius of 100 nm as a function of magnetic flux, @; @, is the quantum of flux.
For certain values of the chemical potential (shown in blue), the wire meets the criterion for topological superconductivity.
When @ = @/2, the wire is in the helical phase for all values of the chemical potential.

k-axis from the spin-orbit interaction. When time-
reversal symmetry is present, the Kramers degeneracy
at k = 0 must be preserved, and there is a twofold spin
degeneracy (E,(k) = E,(=k)). This degeneracy can be
broken by removing the time-reversal symmetry, which
is most commonly achieved by applying a magnetic field
perpendicular to the spin—orbit field. When this is done,
the Kramers degeneracy at k = 0 is removed, and one
of the double-degeneracies at the Fermi energy is absent.
It is in this sense that the 1D wire is spinless and has
the potential to realize Kitaev’s model. Under these con-
ditions, the wire is said to be helical when the Fermi
energy is within the gap that forms, which has energy
E,. The term helical refers to the fact that the spin eigen-
value is associated with the direction of propagation.
The progress on synthesis and transport results on spin-
orbit coupled semiconducting nanowires is summarized
in a recent review®’.

In strong TT nanowires, a helical surface state can
also be obtained but, unlike in strong spin-orbit coupled
nanowires, time-reversal symmetry is preserved. The
energy spectrum of eigenstates in a strong TI nanowire
is given by

2
[n+l—2]/R +k? ey
2 O

0

Here, /i is the reduced PlancK’s constant, v, is the surface
velocity of electrons, k is the momentum along the wire,
n =0, %1, ... are the angular momentum states around
the wire, @ is the magnetic flux through the wire, R is the
radius of the wire and @, is the quantum of flux. What
is important is that a zero-energy mode is created when

a half flux quantum, @/2, is passed through the wire.
Given the flux-dependent band structure, the criterion
for the TI wire to host MBSs when superconducting
correlations are introduced can be analysed by looking
at the degeneracy of each level as a function of the mag-
netic field. When @ = 0, each level is doubly degener-
ate from different angular momentum states with the
same energy (for example, ¢, =¢_, at ® = 0) and each
MBS is doubly occupied (that s, it forms a conventional
fermionic mode; FIG. 7b). The application of small par-
allel magnetic fields allows for these level degeneracies
to be broken, so that regions of energy levels with odd
occupancy grow with magnetic field (blue regions in
FIG. 7c,d); in these regions, the criterion for topological
superconductors containing MBSs is met. For @ = @/2,
and for a range of neighbouring values'*, only odd
occupancies are permitted, and a state with MBSs is
permitted for all values of the Fermi energy (FIC. 7¢).
Thus, topological superconductivity can be controlled
both with a magnetic field and, when @ # 0 or @,/2, with
a gate voltage. Typically, chemical potential changes of
200meV can be obtained using a field-effect geometry,
and it is possible to tune the chemical potential entirely
through the zero-energy Dirac point™.

Also of importance is the preservation of time-
reversal symmetry when @ = @,/2. At @ = 0, each
level is twofold degenerate (FIG. 7b). The application of
®,/2 along the axis of the wire produces an Aharonov-
Bohm phase difference of 8,,= [ A + dI = 27 between
time-reversal symmetry paths, where d/ is a vector of
unit length along the circumference of the wire, and
this trivial phase preserves the twofold degeneracy
observed when time-reversal symmetry is present. It is
important to note that, unlike in conventional materials,
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the zero-field Kramers pairs are not the same pairs at
®=,/2.For example, &, and ¢_,, are degenerateat ¢ =0,
but ¢, and ¢, are degenerate at @ = @ /2. The swap of
Kramers pairs is a hallmark of the Z, classification of the
topological state obtained at @ = @/2 (REF.'™).

The key transport property of TI nanowires that indi-
cates the presence of the topological surface state is the
presence of Aharonov-Bohm oscillations. However, a
mere observation of the Aharonov-Bohm effect is not
sufficient to probe the topological nature of the surface
state. Conduction maxima at odd values of n®,/2 also
have to be observed'. This is to be contrasted with a
conventional Aharonov-Bohm effect where maxima
are predicted at even values of n®,, including n = 0.
Experimental work has shown that TT nanowires do in
fact conform to the theoretical expectation, as shown
in FIC. 4f for a Bi,Te, nanowire®. When the Fermi level
is placed at or near the charge neutrality point, peak
conduction values occur at odd integers of @/2. This
persists for a small range of gate voltages on the hole
side of the charge neutrality point before a conventional
Aharonov-Bohm phase is observed, purportedly arising
when the Fermi level enters the bulk valence band.

Generating a helical state in this way in TT nano-
wires offers several advantages over strong spin-orbit
coupled nanowires. The first is that no fine tuning of
the energy level is required. For strong spin—orbit cou-
pled nanowires, the location of the Fermi energy plays
an important role in creating MBSs rather than trivial
zero-energy Andreev bound states'””. Unlike strong
spin—orbit coupled nanowires in which the helical state
exists only over a narrow range of energies, at @ = @ /2
strong T nanowires are guaranteed to be in the topolog-
ical state regardless of the location of the Fermi energy,
provided the Fermi energy lies in the bandgap. This also
alleviates the role of additional subbands, which have
been experimentally shown to mask the interpretation
of evidence for the helical state'*. The second advantage
is that for strong TI nanowires coupled to conventional
s-wave superconductors, the p + ip superconducting
state can be created when time-reversal symmetry is pre-
served, and the resulting superconductivity is immune
to disorder, as it is protected by Anderson’s theorem'”’.
The helical nature of the surface state in the TI guar-
antees that the induced superconductivity is p + ip in
nature, which allows for much larger energy scales for
the MBSs, enhancing the prospects for creating this
unique superconducting state*. The third advantage is
that a magnetic field can be used to create and control
the topological superconducting state. This should be
contrasted with the use of electric fields in spin-orbit
coupled nanowires, which can be complicated by the fact
that the MBSs exist very near a superconductor whose
high density of electrons can obfuscate applied local
electric fields for the control of the MBSs.

Prospect for 1D topological superconductors using Tl
nanowires. The control over the formation and loca-
tion of MBSs is of utmost importance in the progression
towards the use of MBSs in a topological quantum com-
puter: for braiding operations to be performed, MBSs
must be manipulated locally. Gate control of the location

of an MBS is possible with an electric field, although it
is difficult owing to the proximity of the superconduc-
tor, which screens the electric field in the wire. Here, we
investigate the possibility of controlling the location of an
MBS with magnetic fields by using local B control gates
made of current-carrying wires (FIC. 8). For TT nanowires
with diameters as large as 300 nm, the parallel magnetic
fields needed to create the topological superconducting
state are as small as 23 mT. Current-carrying wires near
the TT wire can locally produce magnetic fields that are
an appreciable fraction of 23 mT. As a proof of princi-
ple, we present a finite element method simulation of
three nearby wires (cross-section of 300 nm by 300 nm;
the superconductor is not included in the simulations).
Current is passed through one or all three of the wires
(B control gates; FIG. 8) to generate a component of
magnetic field B, along the axis of the wire. In this con-
figuration, the topological quantum phase transition is
tuned by two sources: a global magnetic field supplied by
a large superconducting solenoid and a local magnetic
field supplied by the B control gates. The spatial distribu-
tion of the x component of the magnetic field generated
by passing 1 mA of current through the central wire is
shown in FIG. 83, in which the dotted contour indicates
B, = 5 mT. If the global field is set to 5 mT below the
value corresponding to the phase transition, two MBSs
(the red circles) arise where the 5 mT contour line inter-
sects the nanowire. As an example, the magnetic field
necessary for the phase transition for a 100-nm nano-
wire is 212 mT, so in this scenario the solenoid would be
set to 207 mT, and the local gate would provide the extra
5 mT to drive the transition. Here, unlike in the case of
electric-field gating in which the superconductor hin-
ders the Fermi energy control, the screening (Meissner)
properties of the superconductor enhance the parallel
magnetic field seen by the wire, and 5 mT represents a
lower bound on the magnitude of the field. If the current
in the outer two wires is increased to 1/3mA, the MBSs
are pushed towards the ends of the nanowire (FIC. 8b)
and finally to the ends of the nanowire when all the
B control gates have currents of 1 mA (FIG. 8). This tech-
nique can be used to test fusion rules and, in T-shaped
nanowires, to perform braiding operations and readout
as prescribed in REF*’. MBS detection through thermal
transport (FIC. 8d) is discussed in a later section.

Key challenges

For the realization of topological quantum computers
that are resistant to errors, synthesizing robust 1D topo-
logical superconductors using topological nanowires is
critical. However, several challenges remain. Efforts into
studying superconducting topological nanowires should
be accompanied by active research in various topological
nanomaterials and nanostructures to tackle the synthesis
and transport challenges specific to nanoscale systems.

Material challenges. Controlling the crystal quality and
morphology of topological nanostructures remains dif-
ficult. For example, for chalcogen-based TIs and TCIs
such as Bi,Se,, Bi,Te, and SnTe nanostructures, defect
densities, primarily chalcogen vacancies, remain high,
contributing to a high residual bulk carrier density.
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Fig. 8 | Controlling and detecting Majorana bound states in topological insulator nanowires. a—c| Finite element
simulations for the magnetic field (B) profile generated by three B control gates, each 300 x 300 nm, used to manipulate the
position of a pair of Majorana bound states (MBSs, red circles). The values of the current in the three wires are indicated.
The dotted contour indicates B, = 5 mT. The central wire is used to drive the initial topological quantum phase transition
that generates the pair of MBSs, and the outer two wires are used to drive the pair towards the end of the wire. d | MBSs in

a topological insulator-topological superconductor-topological insulator (TI-TS-TI) device. Illustration of the spatial extent
&s = hve/A (where his Planck’s constant, v, the Fermi velocity and A the size of the topological gap) of the MBSs in the wire
near (left) and away from (right) the topological quantum phase transition (TQPT). The MBSs are shown only on the inside
of the TI-TS interface, indicated by the dashed line. At the TQPT, the overlap of the two MBSs produces a peak in the
thermal conductance G; that is equal to the quantum of thermal conductance G, regardless of the amount of disorder.
e| Estimation of the contributions to G; in a Tl nanowire. Below T = 800 mK, G, is the largest of the four contributions
(also considered: G, thermal conductance from electrons described by the Wiedemann-Franz Llaw, presumed to be
zero below the critical temperature of the superconductor; G,, thermal conductance from electron-phonon coupling,
as calculated for Bi,Se, (REF."?); Ggg, thermal conductance from blackbody radiation'*’), which leads to the definition of

a proposed operating region (blue).

Vacancy defects persist, despite chalcogen-heavy syn-
thesis conditions, owing to the low formation energies
of vacancy sites. Thus, efforts to further reduce these
vacancies or to find compensation doping schemes
that do not degrade electron mobility are essential.
Theoretical calculations of the energy levels of differ-
ent dopants in topological materials would aid experi-
ments. In addition, detailed knowledge on other types of
defects, such as anti-site defects and line defects such as
screw dislocations, is limited, even though these defects
do doubtless degrade transport properties or induce
new topological edge states. The recent surface charac-
terization of CVD-grown SnTe nanostructures indicates
a rather high density of screw dislocations embed-
ded inside the nanostructures'®’, most likely formed
because of fast growth kinetics. Hence, more detailed
characterizations of the microstructures of topological
nanomaterials using aberration-corrected (scanning)
transmission electron microscopy and spectroscopy
techniques are critical. Transport properties of topolo-
gical nanomaterials should then be correlated with
defect densities and types, to find out the types of defects
most important for transport properties. At present,
such structure-property relation studies are almost non-
existent for topological surface states. For example, the

scattering mechanisms of the topological surface states
as a function of impurities, crystal defects or surface oxi-
dation are all important, yet largely unknown. Detailed
studies of structure-transport property relations were
key in developing many of today’s high-end electronic
and optoelectronic technologies. The same intense
efforts must be made for topological nanomaterials.

To fully realize the potential of topological nano-
structures and 1D topological superconductors, serious
efforts must be dedicated to the synthesis of topological
nanostructures, accompanied by detailed structural,
chemical and transport characterizations. Property met-
rics for the crystal quality should be defined; these are
often tied to specific technological applications or scien-
tific objectives. The two most useful metrics would be the
placing of the Fermi level within the bulk bandgap, and
carrier mobilities of at least ~2,000 cm*V~'s™! for TI
and TCI nanostructures. Samples exhibiting these prop-
erties will enable routine observation of quantum effects
from the topological surface states in temperature and
magnetic field ranges that are easily accessible in labora-
tories. To achieve these property metrics, which require
improved material quality and controlled nanostructure
morphology, understanding the growth mechanism of
topological nanomaterials becomes essential. Because
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topological nanomaterials are often made by VLS or
CVD growth methods at high pressures in the presence
of volatile gaseous precursors, understanding nucleation
and growth is difficult. The lack of in situ diagnostic
tools during growth contributes to challenges associ-
ated with nanostructure growth. Some laudable efforts
have been made by using in situ TEM growth studies of
semiconducting nanowires catalysed with gold nanopar-
ticles to try to understand VLS growth. Detailed analysis
of these experiments has shown the complexity of the
growth process'®'~'**, the control of which requires pre-
cise knowledge of chemical potentials of various reaction
gases, local growth temperature, growth pressure and
the flow dynamics of reaction gases. For VLS growth,
detailed understanding of the energy balance at the triple
junction, the point at which the liquid metal catalyst,
reaction gases and solid nanowire meet, is critical'®*.
For CVD growth, its wide application to the growth of
2D transition metal dichalcogenides has led to notable
efforts in studying the growth dynamics, which incorpo-
rates flow dynamics of carrier gases and source vapours
at the macroscopic scale with bonding interactions at
the site of nucleation and growth at the molecular
level'®-'%, The role of growth substrates and of different
types of precursors and additives should also be con-
sidered carefully for CVD. The systematic growth study
of TCI SnTe and its alloys as nanostructures on various
substrates has shown the huge effect that the substrate
or the local chemical potential of precursors can have
on the morphology of the final nanostructures*-*.

An additional challenge, particularly for nanowire
synthesis, is the control of the nanowire diameter. In
growing Bi,Se, nanoribbons using a gold catalyst, side
growth from direct vapour-to-solid deposition occurs
easily, widening the nanoribbon. This is undesirable for
realizing 1D topological superconductors. Controlling
doping is also problematic: for SnTe nanowires, the yield
of In-doped SnTe nanowires with a dopant concentra-
tion high enough to induce superconductivity around
2 K remains low. Because the morphology of the nano-
structures is governed by the minimization of the over-
all surface energy via the Wulff construction, careful
investigation of the surface energies of different crystal-
lographic facets with different atomic plane termination
is important to predict and control the nanostructure
morphology. The variation of the surface energies with
local chemical potentials of various source vapours will
also need to be taken into consideration. Some detailed
studies have been carried out for SnTe nanostructures;
for example, the surface energies of different crystallo-
graphic planes were calculated as a function of the chem-
ical potential of Sn or Te vapours'®'”’. Synthesis studies
can be greatly aided by theoretical simulations.

Among topological nanowires, only SnTe nanowires
have been demonstrated to superconduct by In doping.
More topological nanowires should be made supercon-
ducting, so that the most suitable system for quantum
computations can be found. Reproducing the induced
superconductivity in metal-intercalated TT bulk crys-
tals in narrow nanoribbons seems the next reasonable
goal for the field. Recently, electrochemical intercala-
tion of copper atoms into Bi,Se, nanoribbons has been

demonstrated'”". This approach is promising to obtain
doping within the narrow concentration window nec-
essary for inducing superconductivity. At present, it is
unclear whether it is intercalated copper atoms or sub-
stitutional copper atoms that donate electrons to Bi,Se,.
Thus, the exact positions and role of copper atoms in
Bi,Se, should be studied, in particular in nanostructures.
The observed superconductivity in monolayer WTe, is
also promising'**'**. The synthesis of MoTe, and WTe, as
nanowires and the realization of a superconducting state
into these nanowires would be an exciting achievement.
Another important thing to keep in mind is that sur-
face passivation is essential to prevent surface oxidation
and to preserve the transport properties of topological
surface states. Finally, the search for new topological
materials that may already possess more desirable trans-
port properties must continue. Recent theoretical works
that identified thousands of topological materials are
exciting, but experimentally verifying and studying these
proposed materials is daunting'’>"'"*. More theoretical
guidance to narrow the list would be most welcome.

Challenges in detecting surface state properties.
Unlike spectroscopic techniques — such as ARPES —
that provide insight primarily on surface phenomena,
electronic transport measurements comprise both
surface and bulk contributions. Typically, transport is
dominated by the large carrier concentration of the bulk,
hiding the relatively minuscule contribution of the sur-
face. This results in ambiguity in the interpretation of
experimental data, as was evident in the investigation
of weak antilocalization mentioned above, in which the
number of surface Dirac cones was not clearly deter-
mined despite a clear recipe for its extraction. Hence,
new types of probes are needed to probe the surface state
in transport measurements unambiguously. Although
no clearcut experimental method has yet been demon-
strated, superconductor-TI-superconductor Josephson
junctions provide a step in the right direction, showing
that new detection methods can reveal more about the
surface state than conventional transport measurements.

Josephson junctions have been used to enhance the
contribution of the surface state relative to the bulk in
TIs such as Bi,Se, (REF.'""), HgTe (REF.'”’), Pb-doped SnTe
(REF.'**) and Cd,As, (REF.'7°). The origin of this enhance-
ment lies in the mechanism by which Cooper pairs are
transferred between the adjacent superconductors in the
junction. This process is facilitated by the presence of
two symmetric energy levels formed by the repeated pro-
cess of Andreev reflection that happens at the interface
between the superconductor and the weak link (FIG. 9a).
These levels, called Andreev bound states, have a posi-
tion relative to the Fermi energy that is dependent on
the relative phase difference ¢ between the left and right
superconductor forming the Josephson junction (FIG. 9b).
The states depend sensitively on the transmission proba-
bility of an electron or hole in the weak link region, 7. As
7 increases, the Andreev bound states vary more mark-
edly as ¢ evolves from 0 to 27, resulting in both a larger
maximum supercurrent I; and a more skewed current-
phase relation'”” (FIG. 9¢). Owing to spin-momentum
locking, surface state carriers typically have a larger value
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Fig. 9| Josephson junctions. a | Schematic of a weak-link Josephson junction. A weak link made of conducting material
facilitates transfer of Cooper pairs between two superconductors. b | Dependence of the Andreev bound states (ABSs)
on the phase difference ¢ between the two superconductors for different values of the transmission probability 7,
governed by the equation E,, = +AV(1 — Tsin? (¢/2)), where A is the size of the superconducting gap induced in the
junction. c | Resulting current-phase relation for different values of 7. d | Varying harmonic content of the current—phase
relation as a function of 7. Higher harmonic content results in the appearance of fractional (Shapiro) steps in the I-V

(current-voltage) curve.

of 7 than bulk carriers; hence, surface electrons have
both a larger maximal supercurrent and skewness of the
current-phase relation. This skewness has measurable
effects on the properties of the junction. For example,
the skewness of the current-phase relationship results
in a curve with higher harmonic content as the value
of T approaches unity. This higher harmonic content
modifies the properties of the current-voltage (I-V)
curve under application of radiofrequency radiation,
so that steps appear at quantized values (called Shapiro
steps)'”. The skewness of the current-phase relationship
allows fractional step values to appear; a measurement
of the Shapiro step size can uncover contributions from
highly transmitting surface states, even in the presence
of a large conducting background (FIG. 9d).

In addition to probing the surface state of TIs, the
detection of MBSs in topological superconductors
remains an important challenge in the investigation of
superconducting TT and TCI nanowires. Although using
charge transport to detect the helical mode is enticing,
it suffers a drawback that plagues many of the charge
transport experiments in superconducting TIs: unin-
tentional doping of the bulk provides a large parallel
conduction channel that can mask charges in electrical
transport from the helical mode. This is reflected in
FIC. 4f. The height of the conduction peak at @ = /2
is small, a fraction of e?/h, whereas near the charge neu-
trality point a jump of e?/h would be expected provided
there is no contribution from the bulk. Furthermore,
the role of the trivial bulk carriers in charge transport
remains unclear. In systems with strong spin-orbit cou-
pling, which include TT and TCI nanowires, additional
geometric phases become important in understanding
the overall phase acquired by electrons encircling the
magnetic field. For example, in quantum rings fabricated
from a 2D electron gas with strong spin-orbit coupling,
a gate-dependent shift in the conductance maximum
from even to odd values of n®,/2 has been observed'”.

The clear detection of the helical mode is essential to
move forward with generating MBSs in superconducting
TI and TCI nanowires.

Experiments with superconducting strong TIs have
shown that supercurrents in Josephson junctions can
be more sensitive to the helical nature of the surface
states than charge transport experiments'”. This phe-
nomenon can be enhanced by the presence of a zero
mode, whereby the sequential tunnelling provided by
the zero-energy mode is much more efficient than the
co-tunnelling process enabled by conventional Andreev
bound states. Still, to pick out a contribution to the
supercurrent of eA/h (which is 10 nA for aluminium
leads) on top of a background that is 10* to 10* times
larger can be difficult. A path forward might be pro-
vided by thermal transport: MBSs, being electrically
neutral, naturally lend themselves to thermal transport.
Theoretical work has demonstrated that a transition
from a trivial (@ = 0) to a topological phase (¢ = @,/2)
is accompanied by a peak in the thermal conductance
with a disorder-immune height of G = G, the quantum
of thermal conductance'®. This technique has recently
been used to explore the non-Abelian properties of the
5/2 quantum Hall state''. Although small, the ther-
mal conductance arising from MBSs is expected to be
dominant at low temperatures and within experimen-
tally accessible values (FIG. 8d.e). Thermal transport
may be the next breakthrough for work in topological
superconductivity in strong TT nanowires.

Conclusions

Since the inception of band topology for condensed
matter systems, the field of topological materials has
grown greatly, with recent theoretical works suggesting
that ~25% of all the materials we know may be topo-
logical in nature'®. Studying them in nanostructures
is important for potential device applications, such as
topological field-effect transistors with fast-switching,
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low-power topological magnetic memory devices
and low-dissipation interconnects. The most attractive
potential application for topological nanostructures is as
qubits for robust quantum computers based on 1D topo-
logical superconductors; superconducting strong TI
and TCI nanowires have been the most studied mat-
erial candidates so far. Experimentally, much work is left,
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