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In two-dimensional (2D) systems, high mobility is typically achieved in low-carrier-density semiconductors and semimetals.
Here, we discover that the nanobelts of Weyl semimetal NbAs maintain a high mobility even in the presence of a high sheet
carrier density. We develop a growth scheme to synthesize single crystalline NbAs nanobelts with tunable Fermi levels. Owing
to a large surface-to-bulk ratio, we argue that a 2D surface state gives rise to the high sheet carrier density, even though the
bulk Fermi level is located near the Weyl nodes. A surface sheet conductance up to 5-100 S per [] is realized, exceeding that
of conventional 2D electron gases, quasi-2D metal films, and topological insulator surface states. Corroborated by theory, we
attribute the origin of the ultrahigh conductance to the disorder-tolerant Fermi arcs. The evidenced low-dissipation property of
Fermi arcs has implications for both fundamental study and potential electronic applications.

been one of the central topics of condensed matter physics in

the last two decades'™. Such intense interests are driven by
both fundamental study and functional nanoscale device research.
Significant advances have been made in low-carrier-density systems
such as carbon-based low-dimensional structures’ and quantum
wells', in which high sample quality and tunability of electronic
properties can be easily accessed. In contrast, much less progress
has been made in the study of high-carrier-density systems, owing
to the lack of good low-dimensional metals. Conventional bulk
metals suffer from surface roughness and defects when made into
the nanoscale, while most layered metallic materials are found to
be unstable. Doping/gating low-carrier-density systems into high-
carrier-density metals>* is gradually being adopted as a common
approach but additional scattering may be induced and degrade the
mobility value, hindering the study of intrinsic properties in low-
dimensional metals.

Recently, Weyl semimetals have been discovered as a new group
of topological materials’™'’. In Weyl semimetals, conduction and
valence bands touch at discrete points in the Brillouin zone, form-
ing quasiparticles that can be described by the Weyl equation®®. The
band touching points, or Weyl nodes, can be regarded as mono-
poles for Berry curvature. By breaking either time-reversal sym-
metry’ or inversion symmetry®, Weyl nodes with opposite chirality
can be separated in momentum space. Gapless boundary states then
emerge on the surface of Weyl semimetals, manifesting themselves
as arc-like states connecting the surface projection of Weyl node

Electric transport properties of low-dimensional systems have

pairs’. Many exotic phenomena have been observed in Weyl semi-
metals, such as chiral anomaly''"", Weyl orbits'>'® and anomalous
Hall effect'. Apart from these physical properties, the intriguing
properties of Weyl fermions have also stimulated extensive stud-
ies towards the realization of functionalities such as magnetization
switching'® and valley polarization'. Apart from the bulk state, the
surface Fermi arc is also predicted to host low-dissipation trans-
port***' with exotic helical spin texture®, which may be a good can-
didate for a clean 2D metal.

Despite the rapid progress in investigating the physical proper-
ties of bulk Weyl semimetals, the research of surface-state trans-
port and related device physics has been limited by the lack of an
ideal material system with clean band structure and easy integra-
tion into nanoscale devices. One important reason is that most
Weyl semimetals discovered so far involve heavy transition met-
als’, which typically show low vapour pressure and are therefore
difficult to grow through conventional thin film synthesis tech-
niques, such as molecular beam epitaxy and pulsed laser deposi-
tion. In particular, the widely studied transition metal pnictide
TaAs family (TaAs, NbAs, TaP and NbP) suffers from the high
evaporation temperature of Ta/Nb and the complicated phase dia-
gram of Ta-As compounds. Top-down methods such as focused
ion beam etching result in Ta/Nb residues, owing to the signifi-
cant difference of the surface binding energy*. In contrast, layered
materials such as WTe,/MoTe,” are dominated by trivial carriers
rather than Weyl fermions in transport, although they can be exfo-
liated into micro size. Hence, unlike the Dirac semimetals Cd;As,
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Fig. 1| Growth and characterization of NbAs nanobelts. a, Illustration of the CVD growth process of NbAs nanobelts using a horizontal tube furnace.

b, A SEM image of the as-grown NbAs nanobelts and nanowires on SiO,/Si substrate. ¢, The corresponding EDS spectrum acquired during the TEM
measurements. The Cu peaks come from the copper grid. d, The Raman spectrum of the NbAs nanobelts, in which three phonon modes can be identified.
e f, TEM images showing a typical nanobelt on a copper grid (e) and its enlarged section (f). g, The corresponding SAED pattern of f. h, [111] zone-axis
high-resolution TEM image of a NbAs nanobelt showing high crystalline quality.

and ZrTe,, the mesoscopic transport of Weyl semimetals remains
largely unresolved.

Here, we report the synthesis of NbAs nanobelts by chemical
vapour deposition (CVD) technique and investigate the trans-
port properties of the as-grown nanobelts. To overcome the high
evaporation temperature problem mentioned above, we use the
metal chlorides (NbCL) to react with hydrogen as the Nb source.
As illustrated in Fig. 1a, NbAs is formed by heating NbCl, and As
vapours to 840-870°C along with H, gas as the reducing agent in
a low-pressure CVD system (see Methods for details). A thin gold
layer (~15nm) is pre-coated on the substrate, acting as the catalyst.
Figure 1b is a scanning electron microscopy (SEM) image taken
from the obtained NbAs nanobelts and nanowires. We also per-
formed energy dispersive spectroscopy (EDS) analysis to deter-
mine the chemical composition of the NbAs nanobelts (note that
the Cu peak is due to the Cu grid which supports the nanobelts
during transmission electron microscopy (TEM) experiments).
The corresponding EDS spectrum indicates that the atomic ratio
between Nb and As is close to 1:1 (Fig. 1c). Also, the EDS mapping
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shows a uniform distribution of Nb/As elements (Supplementary
Fig. 1). Figure 1d shows the Raman spectrum taken from the NbAs
nanobelts. As for NbAs bulk crystals, three peaks are resolved, cor-
responding to the B,(1), B,(2) and A, modes, respectively. Figure
le displays the TEM image of a NbAs nanobelt on the copper grid.
Figure 1f is an enlarged section of the nanobelt and Fig. 1g is the
corresponding selective area electron diffraction (SAED) pattern,
consistent with the body-centred tetragonal structure of NbAs.
Since the SAED pattern was taken on a nanobelt without any tilting
and it is the [001] zone-axis, the pattern indicates that the belt has a
large fraction of (001) surfaces. Figure 1h is a high-resolution TEM
image viewed along the [111] zone-axis, revealing the perfect crystal
structure of the as-grown NbAs nanobelt with a lattice constant of
0.33nm. The thickness of the nanobelts and the diameter of the
nanowires are usually around several tens to a few hundred nano-
metres. In this study, we focus on the transport properties of NbAs
nanobelts with a well-defined (001) belt surface. Samples with
a thickness in the range of 100-300nm (Supplementary Table 1)
are specifically chosen to enhance the surface-state transport
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Fig. 2 | Transport data for a series of NbAs nanobelts. a, The temperature (T) dependence of the overall resistivity in NbAs nanobelts (samples 1-6). In
comparison, the resistivity of bulk NbAs (the black curve) is also displayed, which is over one order of magnitude larger. The inset is an optical image of a
typical NbAs nanobelt device used to study the transport properties. Scale bar, 20 pm. b, A comparison of bulk and nanostructure resistivity

(p) in three representative semimetals, NbAs, Cd;As, and Bi. Part of the data (including NbAs bulk, Cd;As,/Bi bulk and nanostructures) is taken from

the literature'®?"?>*7% The data points for each material are separated along the x axis only for clarity. ¢,d, The Hall resistance R,, (¢) and relative
magnetoresistance (MR) ratio (d) of a series of NbAs nanobelts as a function of magnetic field, B. The samples are indexed in the order of n-type to p-type
transition. e, The inverse of the extracted Hall coefficient R, and the MR ratio at 9 T. The MR ratio is found to achieve the maximum value near the n-to-p
transition. Ry, is estimated using a linear fit to the R ~B curve to describe the overall trend, with the error bars from the standard error of the linear fit.

while preventing the bulk band structure from the quantum
confinement effect.

Transport experiments were carried out in a series of NbAs
nanobelts (thickness shown in Supplementary Table 1). Figure 2a
summarizes the temperature dependence of the resistivity in these
nanobelts, along with another set of data from bulk NbAs for com-
parison. The inset of Fig. 2a shows a typical device fabricated using
an as-grown nanobelt. All of them show a metallic behaviour with
a very small residue resistivity in the range of 0.03-2 pQ cm at low
temperatures. Interestingly, the overall resistivity value is more than
one order of magnitude smaller than that of the bulk counterpart.
This is anomalous because the carriers experience more bound-
ary scatterings in nanoscale samples. Normally this will result in a
substantial increase in resistivity owing to the decrease in mobility”’.
Such behaviour is particularly true when it comes to high mobil-
ity semimetal systems, such as Weyl semimetals, where the original
mean free path of carriers is very long (up to micrometre range),
exceeding the confined geometry. Figure 2b presents a direct com-
parison of the resistivity in bulk crystals and nanostructures of
three representative systems, namely NbAs, Cd,As, and Bi. All three
materials have a semimetallic band structure with a similar carrier
density of ~10'®cm~ and a high mobility over 10,000 cm*V~'s~!. In
contrast to NbAs, the resistivity in Cd,As, nanoplates and Bi thin
films is nearly two orders of magnitude larger than that of their bulk
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crystals, as one would normally expect. As a simple comparison,
with a similar thickness of around 100nm, the sheet resistance of
NbAs and Cd,As, is of the order of ~0.01 Q and ~50 2, respectively.
It is also worthwhile mentioning that the room-temperature con-
ductivity of NbAs nanobelts is even comparable to that of conven-
tional bulk metals such as copper, gold and silver*.

To determine the origin of the anomalous decrease of resistivity
in NbAs nanobelts, we measured the Hall effect and magnetoresis-
tance as shown in Fig. 2c—e. The change of Hall coefficient from neg-
ative to positive value suggests a crossover of the dominant carriers
from n- to p-type. Here, the Hall coefficient, as summarized in Fig.
2e, is estimated by performing a linear fit over the entire magnetic
field (B) range. These samples are obtained from slightly different
growth conditions with the deposition temperature varying between
840°C and 870°C. Higher deposition temperature tends to yield
p-type carriers. In fact, the change of carrier type originates from
the semimetallic band structure. In previous photoemission experi-
ments®, the Fermi level of NbAs was found to be close to the Weyl
nodes. Different growth conditions may shift the Fermi level, result-
ing in the change of the carrier type, as has been observed in TaAs
bulk crystals®. A similar transport behaviour, as shown in Fig. 2c,
suggests that the Fermi level in our NbAs nanobelts is also near the
Weyl nodes, which enables easy switching between the conduction
and valence bands. Similar to bulk NbAs”, the magnetoresistance
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Fig. 3 | Quantum oscillation analysis and the Fermi surface in NbAs nanobelts. a, Angle dependence of magnetoresistance (MR) in sample 3 in

high magnetic fields up to 31.5T. b, Quantum oscillations extracted from MR in samples 3 and 6. Fast surface quantum oscillations are found to be
superimposed on the slow bulk quantum oscillations. ¢, The FFT spectra of the quantum oscillations with corresponding frequencies F marked. Fy, + Fg,
corresponds to the harmonic frequency of two bulk oscillations Fg, and Fg,. d, The high-frequency oscillations of sample no. 4. The inset is the FFT result
of the corresponding oscillations within the range of 20-31T. e, The angle dependence of oscillation frequencies. The inset shows two low frequencies
corresponding to anisotropic 3D Fermi surfaces, while all the higher frequencies follow the expectations of 2D behaviour up to a field angle 6 of ~45°,

although F,-F., slightly deviate from the 2D expectation at larger 6.

ratio in nanobelts, defined as R(B)/R(0)—1, is also very large, of
the order of 10°-10° (Fig. 2d). Figure 2e plots the inverse of Hall
coefficient 1/Ry; and magnetoresistance ratio of different samples.
The magnetoresistance ratio is found to reach a maximum value
around the n-to-p transition. At the same time, quantum oscilla-
tions can be observed in both magnetoresistance and Hall resistiv-
ity, with the amplitude becoming stronger in p-type samples. Here,
the Hall coefficient reveals a much higher carrier concentration in
nanobelts than in bulk crystals of the TaAs family***, for example,
8.1x 10" cm™2 for sample no. 1 and ~10"*cm~ for bulk carriers with
a thickness of 100nm. According to previous transport experi-
ments®*, the Fermi surface of NbAs bulk crystals with (001) sur-
face only shows two sets of oscillations with close frequency around
20T from the two kinds of Weyl nodes. In contrast, here in samples
5 and 6, in addition to the low-frequency components, a series of
high-frequency oscillations are observed (Fig. 2d). They correspond
to the emergence of very large Fermi surfaces other than those orig-
inating from the Weyl cones. Furthermore, the beating pattern of
the high-frequency oscillations indicates the coexistence of multiple
orbits. Note that such fast oscillations have never been detected in
bulk NbAs™. It is well known that in nanostructures the surface-
state component will be enhanced due to the large surface-to-bulk
ratio. Thin films and nanobelts have been widely used in the study
of the surface states in topological insulators* and most recently in
Dirac semimetals'®. Therefore, the observed high-frequency oscilla-
tions and low resistivity could come from the surface states, which
were overwhelmed and thus undetected in previous transport
experiments based on bulk crystals.

To track the dimensionality of the additional large Fermi surface,
we further carried out a magnetotransport experiment in high mag-
netic fields for three representative samples, no. 3 (n-type), no. 4 and
no. 6 (p-type). Figure 3a shows the magnetoresistance of sample no.
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3 with magnetic field tilting from 0° (out-of-plane) to 90° (in-plane).
High-frequency oscillations are observed above 10 T and disappear
as the field is tilted towards the in-plane direction. The oscillations
extracted from the magnetoresistance R,, (0°) are shown in Fig. 3b.
The fast oscillations are superimposed onto the slow ones. Figure
3c—e presents the corresponding fast Fourier transform (FFT) spec-
tra of the oscillation patterns and the angle dependence of the oscil-
lation frequencies, respectively. In both samples, two low-frequency
components, marked as Fy, and Fj,, are observed. Their values and
anisotropic properties (inset of Fig. 3e and Supplementary Fig. 4)
are consistent with previously reported bulk Fermi surfaces of NbAs
crystals®’. The frequency of Fy, and F, become smaller in samples
3 and 4, suggesting that the Fermi energy is lower. Five additional
frequencies (Fg,—Fg;) are resolved in the FFT analysis of sample no. 6
while only two exist in samples 3 and 4 in the range of 200-600 T. By
tracking the angle dependence (Fig. 3¢), we find that they have the
angular dependence expected of a 2D state for field angle € less than
45°. Although deviations from perfect 2D behaviour are seen for
larger values of € (refer to Section IV of Supplementary Information
for more discussion), the oscillations disappear when 0 approaches
90°, consistent with the property of the surface state. Under the per-
pendicular magnetic field, the size of cyclotron orbits (F—Fs;) is
in the range of 0.029-0.044 A-2(300-460 T). Compared with previ-
ous Fermi surfaces determined from photoemission experiments®,
such orbits may correspond to the Fermi arcs of Weyl nodes W2
close to the Brillouin zone centre in terms of the enclosed area.
However, these orbits form only a small part of the entire Fermi-
arc contour. In addition to Fg—Fg, we find that another four sets
of fast oscillations with even higher frequencies (3,000-5,000T;
Fig. 3d) above 20T in sample 4 by measuring it at lower tempera-
tures down to 0.3K. The total area from the six surface cyclotron
orbits in sample 4 is 1.44 A=, Considering a degeneracy of 2 from
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Fig. 4 | A comparison of sheet conductance among various 2D systems and the illustration of scattering mechanisms. a, Comparison of the carrier
density-mobility scaling among various 2D systems. The surface state of NbAs nanobelts is found to host the largest sheet conductivity. The three
dashed lines correspond to three sheet conductance values. Data of other materials are taken from the literature with a typical thickness below 20 nm
and measured below 10 K*#1631-332539-50 b-d, The scattering processes in the momentum (k) space for the Fermi arc (b), topological insulator surface state
(¢) and conventional Fermi pocket without spin texture (d), respectively. The red, blue and green arrows indicate the spin texture, the velocities and

the possible scattering vectors, respectively. The initial and final states of intra-arc scattering give similar momentum directions. The spin-independent
backscattering is strictly forbidden in the topological insulator surface state due to the helical spin texture.

the in-plane mirror symmetry, this corresponds to a sheet carrier
density of 7.3x10™cm™, quite close to the measured Hall carrier
density of sample 4 (5.9 10" cm™2). The four orbits in the range of
3,000-5,000 T (Fig. 3d) provide the majority of the surface carriers.
In Section V of Supplementary Information, we rule out the possi-
bility of anisotropic bulk Fermi surfaces as the origin of these high-
frequency quantum oscillations. Owing to the high carrier density
from the surface state, we anticipate that even in NbAs samples with
a thickness of tens of micrometres, the surface transport will still
have a detectable impact on the Hall signal. As presented in Section
VI of Supplementary Information, the Hall resistivity indeed shows
a systematic trend with the thickness in polished NbAs microflakes.
The thickness dependence of the Hall coefficient also allows us to
estimate a surface carrier density of 3.2 10" cm2, within the range
of the carrier density of NbAs nanobelts (Fig. 4a).

Having established the surface state as the origin of high con-
ductance in NbAs nanobelts, we now go back to re-evaluate the
transport properties within the framework of 2D systems. By
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comparing with bulk, we know that the sheet carrier density, as
well as the high conductivity in NbAs nanobelts, is mainly con-
tributed by the surface state. The corresponding sheet conduc-
tance (per surface) and carrier mobility at 2K are in the range
of 5-100S per [] and 1.5-35X10*m?V~'s™, respectively. Note
that here we do not include the data of samples 5 and 6 since the
one-carrier approximation may yield large errors in determining
the carrier density in these two samples. In Sections II and III of
Supplementary Information, we show other ways to calculate the
mobility and the transport results of NbAs nanowires to further
verify the high mobility in NbAs nanobelts. To get a better idea
of these values, we compare them with other common 2D/quasi-
2D conductors in a carrier density-mobility scaling plot, as shown
in Fig. 4a. Here, we include conventional three-dimensional (3D)
metals grown as ultrathin films or nanostructure forms, intrin-
sic layered materials in the 2D limit and quantum well systems.
To the best of our knowledge, the NbAs surface state provides
one of the highest sheet conductance values among all these 2D
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systems, over two orders of magnitude larger than typical 2D met-
als and previously studied topological surface states (generally
below 0.1S per []). In comparison to 3D bulk materials, 2D sys-
tems tend to show lower mobility owing to various extrinsic and
intrinsic effects, such as surface roughness, boundary scattering
and enhanced localization'. High-quality quantum well systems
can overcome these mobility limits by confining carriers within
two large potential barriers. However, the generated carrier den-
sity, typically around 10'2cm™2, is usually low compared with met-
als, thus limiting the conductance. Although high-carrier-density
2D electron gases have been made using d-electron systems such
as SrTiO; (10"-10'" cm=2)*>%, the mobility is in turn significantly
degraded owing to the large charged impurity scattering. Here,
the Weyl semimetal surface states can overcome such a trade-off.
Physically, we expect that the Fermi-arc surface state is capable
of supporting strong surface currents because the corresponding
wave functions extend well into the bulk near the Weyl points,
making them robust against disorder. Their scattering cross-sec-
tions on impurities or phonons are generally similar to the case of
3D topological insulators, whose surface states consist of massless
2D Dirac fermions with the helical orientation of spins at a circu-
lar Fermi surface. This spin-momentum locking in 3D topological
insulators results in the suppression of 180 degrees backscattering
from non-magnetic impurities, since states with opposite spin and
momentum remain orthogonal. While there is no general spin—
momentum locking mechanism for the Fermi-arc states of Weyl
semimetals, backscattering of electrons from the arc associated
with the top surface to the arc associated with the bottom surface is
also forbidden due to zero spatial overlap between the correspond-
ing electronic states.

There is, however, another important difference between a circu-
lar Fermi surface of a 3D topological insulator and a disconnected
Fermi arc of a Weyl semimetal that originates in phase space avail-
ability for the transitions between scattered electrons in transport
calculations®'. Under applied external field in a certain direction o,
the matrix element for the electron at state k to scatter to the state k’
at the Fermi surface is weighted by the electron velocities pre-factor
(Vi — Vo) appearing as a generalization of a famous (1 —cosf,_;)
for free electrons™. For the disconnected arcs, the velocities of the
electrons projected onto the direction of the current remain simi-
lar before and after scattering, which makes the surface resistivity
tremendously reduced for the curved arc in general, and vanish-
ingly small in the limit of a straight arc geometry. This conclusion is
virtually independent of the particular form of the scattering cross-
sections, but results from the fact that, in the limit of a straight arc,
scattering only occurs between states with the same velocity along
the direction of the current. Figure 4b-d summarizes the scattering
processes in a Fermi arc, a topological insulator surface state and
a conventional Fermi pocket, respectively. The intra-arc scattering
only slightly tilts the direction without strongly affecting the trans-
portlifetime in a Fermi arc, as shown in Fig. 4b. Meanwhile, it results
in a small value of (v,,—v,)* between the initial and final states.
In a toplogical insulator surface state, although the momentum-
reversal-type backscattering is strictly prohibited during the spin-
independent scattering process'’, the oblique backward scattering
(indicated by the green arrow in Fig. 4c) is still possible. Finally, in a
conventional Fermi pocket, scattering along all directions is allowed
(Fig. 4d). Therefore, we can expect a long transport lifetime from
Fermi arcs even in the presence of strong electron-electron scatter-
ing. For the real material NbAs studied here, there is a multiplicity
of arcs that necessarily leads to the inter-arc scattering of the elec-
trons. However, this should not strongly affect the broadening of
the Fermi arcs and their transport, since the arcs are rather compact
in k-space, and such scattering events are rare due to a requirement
of a finite momentum transfer corresponding to wave vectors that
separate the arcs.
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Our recent theoretical work simulating the effect of surface
vacancies on the Fermi arcs in an almost identical system, TaAs”,
revealed that the arc states acquire very little broadening up to very
high values of surface disorders. This is primarily attributed to a
very small strength in hybridization of the surface states with the
remaining electrons. This hybridization strength is at the heart of
the impurity problem that appears when evaluating the disorder-
induced self-energies using a Coherent Potential Approximation,
a self-consistent theory that we used to investigate the effect of
quenched surface vacancies on the Fermi arcs electronic spectral
functions. The resulting calculations of surface conductivity using
Kubo-Greenwood formalism showed a great insensitivity to disor-
der, which is interpreted as driven primarily by the disorder-toler-
ant Fermi-arc electrons. Thus, we can expect a high carrier mobility
from these Fermi arcs since they have a small effective mass and a
low scattering rate. Indeed, the estimated carrier mobility (Fig. 4a
and Supplementary Fig. 2d) is comparable to that of the bulk Weyl
fermions in the TaAs family’**. In contrast, the large curvature of
Fermi arcs”*” gives rise to the exceptional large density of states as
detected here, even when the Fermi level is close to the Weyl nodes.
The 24 Weyl nodes in this material result in multiple sets of Fermi
arcs widely distributed over the whole Brillouin zone. This unique
feature actually helps to minimize the scattering between Fermi arcs
and bulk electrons, since the projection of bulk Fermi surface on the
surface state is small. The coexistence of high carrier density and
high mobility in the NbAs surface state results in a large sheet con-
ductance, as observed in the experiments. In contrast, Cd,As, nano-
structures show much smaller sheet conductance of 0.5-10X107*S
per [] owing to the low carrier density (102 cm™) from the short
Fermi arcs'®*.

In conclusion, we successfully synthesized high-quality NbAs
nanobelts using CVD and discovered ultrahigh conductivity from
the surface state. This growth method can be easily extended to
other transition metal pnictides and enables further studies towards
the exotic transport properties of Fermi arcs. The high conduc-
tance of NbAs surface states may also facilitate Weyl semimetal-
based electronic applications such as thermoelectric conversion and
supercapacitors.
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Methods

Material growth and characterization. The NbAs nanobelts were grown using
NbCI; powders and As chunks as the precursor in a horizontal tube furnace with
a mixture of argon (95%) and hydrogen (5%) as the carrier gas (Fig. 1a). The
SiO,/Si substrates were deposited with a thin gold layer (~15nm) to achieve the
vapour-liquid-solid growth process, and they were placed in the centre of the
furnace. During the growth, the temperature was first increased to 840-870°C in
50 min, held for 15 min and then decreased to 700 °C in 30 min, before naturally
cooling down to room temperature. Higher growth temperature tends to achieve
p-type samples with a larger mobility. The flow rate of the carrier gas was set to
50 standard cubic centimetres per minute and the pressure was fixed at 200 Torr
during the growth. After growth, the substrates appear to be silver-grey in colour
by naked eye. Both nanobelts and nanowires can be found on the substrates by
the optical microscope. Increasing the initial gold coating thickness to 40 nm

will only result in the growth of nanowires. The morphological, structural and
chemical characteristics of the as-grown NbAs nanobelts were investigated by
SEM (JEOL 7800 and 7001) and TEM (FEI Titan 80-300 and Philips F20). The
EDS measurement was performed in TEM. The largest surface of as-grown NbAs
nanobelts was determined to be (001). The Raman spectrum was measured in a
home-built Raman system with an excitation wavelength of 532.8 nm. Compared
with previous work®' on CVD growth of group Vb phosphides, the current method
yields high-quality single crystals of nanostructures.

Device fabrication and transport measurements. The devices used for transport
experiments were fabricated by the electron beam lithography technique and
etched by standard buffered HF solution for ~5s before depositing on electrodes.
Magnetotransport with a low field regime (<9 T) was carried out in a Physical
Property Measurement System (Quantum Design) with lock-in amplifiers. The
high field magnetotransport was carried out in the High Magnetic Field Laboratory
(CAS, China) and National High Magnetic Field Laboratory (USA).

Comparison of resistivity and the mobility-carrier density scaling. The
comparison of bulk and nanostructure resistivity in three representative
semimetals, NbAs, Cd;As, and Bi, is presented in Fig. 2b. The thickness of
nanostructures is chosen to be around or below a few hundreds of nanometres.
Note that in these topological semimetals, the carrier mobility and density can be
quite sensitive to the defect level, which varies with different growth conditions™.
Therefore, the resistivity in these systems shows a wide range across several orders
of magnitude. But, overall, the resistivity of NbAs shows an anomalous decrease in
the nanobelt form compared with that of bulk NbAs, in contrast to Cd,As, and Bi.
In high mobility topological semimetals, the current-jetting effect has been
found to result in artificial changes of magnetoresistivity and Hall resistivity
(for example, a ‘fake’ negative magnetoresistivity)*>*’. It comes from the
redistribution of current density in real space when the magnetic field is parallel

NATURE MATERIALS | www.nature.com/naturematerials

with the electrical current (no Lorentz force is present). However, in the current
measurement set-up, the resistivity is measured at either zero field or transverse
field geometry. The longitudinal magnetoresistivity is only used for extracting the
oscillation frequency for the in-plane magnetic field. Hence, the current-jetting
effect should not affect the current analysis.

In Fig. 2a, we show the comparison of the carrier density-mobility scaling
among various 2D systems. The surface state of NbAs nanobelts is found to host
the largest sheet conductivity. The effective penetration depth of surface states is
also in this range. The mobility values of Cu and Pt thin films are estimated from
the thin film sheet resistance by assuming the same carrier density as their bulk.
In this scaling plot, GaAs-based two-dimensional electron gas (2DEG) systems
also show a high sheet conductance value close to that of NbAs surface state by
modifying the growth condition to achieve an ultrahigh mobility™. The high
mobility of 2DEG originates from the fact that the carriers are confined within a
2D plane formed by the high potential barrier in the interface of a semiconductor
heterostructure. Therefore, they are less sensitive to the boundary scattering
or surface defect, which is one of the important reasons for the degrading of
mobility in nanostructures. However, further doping these 2DEG systems by
chemical methods will induce extra scatterings from charged impurities. Hence,
2DEG systems can achieve a higher mobility than our current NbAs samples but
the overall conductivity is comparably lower. We note that in recent years, the
delafossite layered oxide, PdCoO,, was also found to host high conductivity with
suppressed scattering rate and long mean free path at low temperatures™*. The
extracted 2D sheet conductivity is close to the value from NbAs surface states.
The quasi-2D crystal structure may play an important role in the suppression of
electron scattering in PdCoO, (ref. *°).

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.
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