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The discovery of the first Weyl semimetal tantalum monoarsenide has greatly promoted physical re-
search on the niobium and tantalum pnictide compounds. Crystallizing into the NbAs- and OsGes-type
structures, these mono- and di-pnictide semimetals manifest exotic electrical transport properties in
magnetic field, which only occur in their single-crystalline forms. All the unusual electrical properties
correspond to their poor carriers, which are indeed vulnerable to various crystal defects. In this review
article, we present a comprehensive comparison of the crystal growth and electrical transport prop-
erties of the two semimetal families. We then discuss in detail the possible characteristic transport
features, such as the chiral anomaly of Weyl quasiparticles. We emphasize the importance of crystal
growth and sample manipulation for exploring the unique topological properties of Weyl semimetals

in the future.
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1 Introduction

Pnictogens (Pn), counting from phosphorus to bismuth,
can react with almost every transition metal in the pe-
riodic table to form negatively charged pnictides. The
moderate electro-negativity of the pnictogens places the
transition-metal pnictides in an intermediate state be-
tween ionic and metallic solids [1]. While metallic states
are commonly observed in transition-metal pnictides,
there are semimetallic and semiconductive compounds
as well. These semimetallic/semiconductive materials in-
clude the large groups of half-Heusler and skutterudite
compounds, which have long been noticed as poten-
tially useful materials in the electronic industry. In
this review paper, we focus on two other small fami-
lies of binary transition-element pnictide semimetals, the
isostructural families of NbAs-type and OsGes-type com-
pounds, which have very recently come to the fore in
condensed matter physics research.

Niobium monoarsenide (NbAs) crystallizes in a non-
centrosymmetric, body-centered tetragonal structure
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Fig. 1 Unit cells for Ta(Nb)As (a) and Ta(Nb)Asz (b).

that is rarely observed in transition metal monopnictides,
compared with the ordinary hexagonal NiAs-type struc-
ture: only four compounds (NbP, NbAs, TaP, and TaAs)
have been reported [Fig. 1(a)]. This structure was first
reported in a centrosymmetric space group of I4; /amd
for Nb(Ta)P in 1954 [2]. After a decade, the two ar-
senide siblings joined in and the structure for all four
was corrected to a non-centrosymmetric group of 14;md
[3-6]. This structure can be visualized as an arrange-
ment of regular trigonal prisms of Nb/Ta atoms with a
P/As atom at the center [Fig. 1(a)] [7]. Four trigonal
prisms per unit cell are stacked such that each prism is
rotated and shifted with respect to its nearest neighbors
[3]. The absence of a horizontal mirror plane in the unit
cell makes this structure break the inversion symmetry,
which is crucial to realize a time-reversal symmetric in-
tact Weyl semimetal [8, 9]. Their semimetal electronic
states can be inferred by a simple ionic model in which
the Ta/Nb and As/P atoms manifest 3" and 3~ valence
states in their coordinations, respectively [8]. The high-
est valence band arises for the p°® electrons in As(P) and
the d® electrons in Nb(Ta), while the lowest conduction
band primarily consists of the d electrons in Nb(Ta). The
conduction and valence bands slightly intertwine, owing
to the hybridization between the d electrons of Nb(Ta)
and p electrons of As(P), leading to a semimetal state of
Nb(Ta)As(P).

The transition metal dipnictides MPny (M = V, Nb,
Ta, Cr, Mo, and W; Pn = P, As, and Sb) crystallize in
the monoclinic OsGes-type structure [10-12]. The unit
cell has one crystallographic M site and two Pn sites
[Fig. 1(b)]. One of the two Pn sites is isolated from
its nearby corresponding sites, while the other forms
separated Pn-Pn dimers. Each M atom is surrounded
by six Pn atoms, which form a trigonal prism with two
additional Pn atoms outside the rectangular faces. The
prisms are stacked along the crystallographic b direction
through their trigonal faces to form the structure. Nio-
bium and tantalum dipnictides are semimetallic as well.
The Pn-Pn dimer has an electron number of 4= and
the valences of the niobium and tantalum dipnictides can
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be written as (Nb/Ta)5" (Pn-Pn)*~PnS~ [13, 14], which
leads to an electron-number balanced Zintl phase. Previ-
ous band-structure calculations [14] have confirmed their
semimetal electronic states.

The physical properties of these two families of pnic-
tides were rarely reported before 2015, especially for their
single-crystalline forms in a magnetic field [15]. Previ-
ous measurements preformed on polycrystalline samples
showed that NbAs and TaAs have metallic and semi-
conductive profiles of temperature-dependent resistivity
[p(T)], respectively, with a moderate positive magnetore-
sistance [MR = (pg — po)/po = 1 —3]in 8 T at 2 K
[16]. Thermoelectric measurements revealed two types
of carriers coexistent in NbAs and TaAs. Polycrystalline
V(Nb, Ta)Sbs were also reported to have a metallic pro-
file of p(T') with a moderate MR = 1—2 at the base tem-
perature in 12 T [17]. These sporadic transport measure-
ments of polycrystals only limitedly demonstrated their
intrinsic electronic states, because the impurities at the
grain boundaries strongly affect the scattering processes.
On the other hand, the transport properties of a single
crystal are much more spectacular. A debut work on
single-crystalline NbSbs grown by the flux method in
2014 described a large, parabolic field-dependent MR up
to 1300 at 2 K in 9 T [17].

In 2015, angle-resolved photoemission spectroscopy
(ARPES) experiments revealed TaAs as the first
inversion-symmetry-breaking Weyl semimetal [8, 9, 18,
19]. Thenceforth, the number of investigations of the
single crystals of Nb(Ta)As(P) and Nb(Ta)As(Sb)s com-
pounds has increased dramatically. Later, ARPES ex-
periments on NbAs and TaP confirmed the existence of
Weyl quasiparticles as their low-energy exciton states
[20-23]. Alongside the ARPES results, the magneto-
transport properties of the single crystals of NbAs-
type compounds featured strong quantum oscillations
(QOs), extremely high mobility, and large transversal
MR, as well as a negative longitudinal magnetoresis-
tance (LMR) [24-27]. Weyl quasiparticles in the bulk and
Fermi arc surface states of the NbAs-type semimetals
motivated researchers to test multi-aspect conceptions
in Weyl physics, including quantum interference on the
surface state [28-30] and the optical response of the chi-
ral anomaly [31]. Besides the research on Nb(Ta)As(P)
compounds, the magneto-transport properties of the
single-crystalline Nb(Ta)As(Sb)s compounds were also
checked exclusively. These compounds also exhibit ex-
tremely large MR and high carrier mobilities [32-36], but
band structure calculations revealed that they are weakly
topological semimetals, rather than Weyl semimetals.
All these developments give us insight to recognize
the topological aspect of the physical properties of
transition-element pnictide semimetals.

Generally speaking, the topological identity of the
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Fig. 2 Schematics of a TI (a) and Weyl semimetal (b)
(Reproduced from Ref. [37]). (a) A TI has a bulk band gap
with a band inversion. Its surface states exhibit a Dirac-cone-
like dispersion. (b) A Weyl semimetal is gapless in the bulk
with pairs of band crossing points. The Chern number is
not zero between pairs of Weyl points with opposite chirality,
which leads to a surface Fermi arc.

semimetals stems from the topological insulators (TIs).
TIs differ from ordinary band insulators owing to their
characteristic topological invariants of the electrical
structures [38]. TTs present an electrically insulating bulk
state but a metallic surface state with linear energy dis-
persion, in which the crossing point can be well described
by a two-dimensional (2D) Dirac equation [Fig. 2(a)].
These topological concepts can be broadened to the topo-
logical semimetals, where the conduction and valence
bands only cross at isolated points that can be viewed as
topological defects. As the first realized cataloged topo-
logical semimetals, Dirac semimetals, including NasBi
and CdsAss [39, 40], host the band crossing points
with the linear energy dispersion relation, which can be
viewed as three-dimensional (3D) analogies of the topo-
logical surface state of TIs. A Weyl semimetal is similar
to a Dirac semimetal, but its band crossing points, called
Weyl nodes, are single degenerate and spin—-momentum
locked. The Weyl nodes with definite chirality can be
described by a Weyl equation, which is well-known from
the standard model in quantum field theory.

The discovery of the Weyl semimetals has important
significance in both fundamental and applied physics. It
first paves the way to test important concepts in high-
energy physics such as the famous chiral anomaly in
table-top experiments. The chiral charge of each Weyl
node can be understood as a magnetic monopole or an
anti-monopole in momentum space. Parallel magnetic
and electric fields can pump electrons between Weyl
nodes of opposite chirality that are separated in momen-
tum space. This process violates the conservation of the
chiral charge and gives rise to an analogue of the chi-
ral anomaly in condensed matter. Secondly, the Fermi
arc surface state would violate quantum mechanics in
any pure 2D electron system, but is allowed on the sur-
face of a Weyl semimetal, owing to the existence of Weyl
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nodes. However, finding a Weyl semimetal has been a
challenging task because one must break time-reversal
or space-inversion symmetry to realize Weyl fermions in
a solid. Several compounds, such as pyrochlore iridate
YoIraO7 [41] and spinel HgCraSey [42], have been pre-
dicted as Weyl semimetals, but no candidate has been
experimentally confirmed until the discovery of the first
Weyl semimetal, TaAs.

Many exotic electrical transport properties have been
predicted for the Weyl quasiparticles in Weyl semimet-
als (see Ref. [43] and the references therein). These cru-
cial features of Weyl semimetals have motivated tremen-
dous endeavors in the study of Nb(Ta)P(As) compounds,
aiming for their potential applications in electronics. In
this review, we summarize the results of the recently re-
ported transport properties of NbAs-type and OsGes-
type compounds. Crystal growth and electronic struc-
ture are briefly introduced before the survey of the trans-
port experiments. We then present the transport data
in four aspects: the classical properties including MR,
carrier densities, and mobilities; the quantum oscilla-
tions (QOs); the negative longitudinal magnetoresistance
(LMR), which was debatably attributed to the chiral
anomaly; and the properties under extreme conditions
such as high pressure and intense magnetic field. After
the survey, we discuss in detail the comparison of the ob-
served and the allegedly characteristic transport features
originating from the Weyl quasiparticles.

2 Crystal growth

Polycrystals of the Nb(Ta)P(As) and Nb(Ta)As(Sb)s
compounds can be easily obtained by reacting the mix-
tures of stoichiometric Nb(Ta) powders and red phos-
phorus, arsenic, or antimony powders in evacuated fused-
silica ampules at high temperatures [2, 5]. Single crystals
of Nb(Ta)As and Nb(Ta)As, were obtained as early as
the 1960s via the chemical vapor transfer (CVT) method
with polycrystals as the sources and halogen elements
as the agents [5-7, 12, 44]. Most of the recent crystal
growth experiments followed these CVT processes and
optimized the conditions via selecting different transfer
agents, temperature gradients and extending the growth
time. The adequate transfer agents include TaBrs for
the growth of TaAs and TaAss, and Nblj for the growth
of NbAss [24, 25]. It is noteworthy that the tempera-
ture gradients for the growth of Nb(Ta)P(As) were re-
ported to be positive (from the hot source to the cold
sink) [26, 45] or negative (from the cold source to the
hot sink) in different literatures [46, 47]. Recent work
by Li et al. focused on this discrepancy for the growth
of TaAs [48]. They reported a CVT growth for large-
size TaAs single crystals using iodine as the agent. The
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0.5 mm

Fig. 3 Single crystals of TaAs and NbAss (Reproduced
from Refs. [8] and [35]).

reaction between the solid and the agent:
TaAs(s) + 412(g) +— Tals(g) + Aslz(g) (1)

is exothermic. The TaAs crystals form at the hot end
when the gaseous Tal; and Asl3 absorb the heat and
migrate from the cold end. A general description of the
CVT growth can be found in Ref. [49].

The growth of single-crystalline Nb(Ta)P(As) and
Nb(Ta)P(As,Sb)s from the melt has never been at-
tempted because of their high liquidus temperatures, as
well as highly versatile and toxic phosphorus and arsenic
compositions. The flux method was employed instead
for successfully growing crystals at relatively low tem-
perature [50]. Self-flux growth [32] was only reported for
single crystals of NbSbs. These crystals behave similarly
in the transport measurement as those of NbAss and
TaAsy grown via the CVT method. Low-melting-point
elements such as gallium and tin have been used as the
flux to grow TaAs and NbAs crystals [30, 51], but their
physical properties are rarely reported, probably owing
to their small size.

The morphologies of the single crystals of particular
structures grown via different methods are similar in gen-
eral. The Nb(Ta)P(As) single crystals are shaped like
a millimeter-sized edge-cut octahedral or small square
plate [Fig. 3(a)]. The square or rectangle surfaces cor-
responding to the crystallographic ¢ plane are easy to
recognize (Fig. 3). The single crystals of Nb(Ta)P(As,
Sb), have a blade-like shape with an approximate length
of several millimeters and a width less than 1 mm
[Fig. 3(b)]. The long direction of the blade-like crystals
is the b direction, while the flat plane is perpendicular to
the (001) direction.

Similar to the case of semiconductors, the defects in
semimetals can also significantly alter their electrical
transport properties. Multiple types of defects were real-
ized early in Nb(Ta)P(As), but their effects on the phys-
ical properties were only examined very recently. These
defects include, but are not limited to, non-stoichiometry
and stacking disorders. X-ray diffraction (XRD) and en-
ergy dispersive spectroscopy (EDS) revealed phospho-
rous deficiency in NbP and TaP, but tantalum defi-
ciency in TaAs [2, 52]. Stacking disorder is a particu-
lar type of defect observed in the non-centrosymmetric
Nb(Ta)P(As) family. Previous studies suggested that
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a metastable Tungsten Carbonide (WC)-type structure
forms during the early stages of the synthesis reaction
for these monopnictides [53]. The residues at room tem-
perature (RT) remain the metastable WC-type struc-
ture parts, which are sandwiched between the tetragonal
parts stacking along the ¢ axis [3, 53]. Recent measure-
ments observed a high density of stacking faults in TaP
and TaAs single crystals [52]. Notwithstanding the high
density of defects, which presumably affect the electrical
structure according to the calculations, single-crystalline
TaP has still experimentally shown strong QOs and a
high carrier mobility [52]. The correlation between the
defects and transport properties has not been addressed,
but an investigation on TaAs crystals grown in different
conditions showed that the crystals have distinct trans-
port properties owing to the different chemical potentials
induced by their defects [27]. Strong sample dependence
of the transport properties was also observed in NbAs,
and TaAsy [35], but the origin and effects of the defects
have not been addressed.

3 Bulk and surface electron states

A brief description of the bulk and surface electron struc-
tures of NbAs-type and OsGes-type compounds can help
to better understand their electrical properties. Deter-
mination of the electron structures primarily depends
on band structure calculations and ARPES experiments.
First-principle calculations suggest that the conduction
and valence bands of both families cross each other along
the high-symmetry trajectory in their Brillouin zone
(BZ) without spin—orbital coupling (SOC). For NbAs-
type compounds, these band crossings take the form of
a closed curve projected as nodal lines on the mirror
planes of the BZ in the x and y directions [Fig. 4(a)]. In
the presence of SOC, the band structure is fully gapped
along all the high-symmetry directions, and each line

ARPES Weyl semimetal (001) surf.
1.5+
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Fig. 4 (a) Location of the Weyl nodes in the Brillouin zone
for NbAs-type compounds (Reproduced from Ref. [8]). (b)
The ARPES-measured Fermi surface of the (001) cleaving
plane of TaAs (Reproduced from Ref. [18]).
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node vaporizes into six Weyl points shifted slightly away
from the mirror planes. There are 24 Weyl nodes in to-
tal: eight Weyl points on the k., = 27/c plane, which
are called W1, and 16 Weyl points away from the plane,
which are called W2. It is noteworthy that the notations
of W1 and W2 are opposite in different literatures [8, 9],
and we choose the notation in Ref. [8] in this paper. The
two types of Weyl nodes are located at slightly differ-
ent energies, which vary from 20 to 50 meV for different
Nb(Ta)P(As) compounds [8, 9, 37, 54].

The existence of Weyl nodes in Nb(Ta)P(As) promises
a new type of robust, unclosed Fermi surface on the inter-
face between the bulk and the vacuum. Each Weyl node
behaves as a source or sink of the Berry flux in momen-
tum space. As a consequence of this monopole feature,
the projections of the Weyl nodes with opposite chirality
near the surfaces of BZ boundaries must be connected by
surface Fermi arcs. Figure 4(b) shows the surface state
observed by ARPES experiments on the (001) plane of
TaAs, which is characterized by a crescent-like feature
consisting of two curves that join each other at the two
end points. The two curves of the crescent are two Fermi
arcs, and the two end points correspond to the projected
W2. Both the Weyl fermions in the bulk and the Fermi
arcs on the surface of Nb(Ta)P(As) can be selectively
probed in ARPES experiments by choosing different in-
cident photon energies [18-21, 23, 55].

In contrast, all the nodal lines in Nb(Ta)Pns become
fully gapped in the presence of SOC, which leads to
completely separated electron and hole bands [56]. The
calculation also shows that Nb(Ta)Asy and NbSby are
close to the compensated semimetals with equal elec-

tron and hole densities. Both the electron and hole bands
are weakly topological, leading to a fragile surface state
[57].

4 Transport properties

The electrical transport experiments in a magnetic
field give the fundamental properties of the carriers in
Nb(Ta)P(As) and Nb(Ta)As(Sb)z compounds. In this
part, we summarize the transport properties of the single
crystals in four aspects: the classical properties includ-
ing MR, carrier densities and mobilities; the electrical
properties associated with the Shubnikov-de Haas (SdH)
and de Haas-van Alphen (dHvA) oscillations; the nega-
tive LMR; and the properties under high pressure and
strong magnetic field.

4.1 Magnetoresistance and Hall effect
4.1.1 Nb(Ta)P(As)

Since the as-grown crystals of Nb(Ta)P(As) have large
plates of (001) surface [Fig. 3(a)] in general, making
bar-shape samples with the current along the a direc-
tion (i//a) is convenient for transport measurements.
The measurements of the current along the (110) and
(001) directions [27, 63] of the samples show similar fea-
tures. The temperature-dependent resistivity of all the
crystals of Nb(Ta)P(As) show a metallic profile in zero
magnetic field. The residue resistivity ratio defined as
RRR = R(300 K)/R(2 K) varies from 40 to 100 for dif-

Table 1 Summary of the basic magneto-transport properties for single-crystalline NbAs-type compounds. The properties
include RRR and MR at high and low temperatures. The carrier densities of electron (n) and hole (p) and mobilities (un
and p,,) at the base temperature (~ 2 K) were estimated by a two-band model (T) or a single-band model (S).

Compound RRR MR

n(p)/(10" em™3)  pn(up)/(10* cm2.V—1.s71) Note Ref.

NbP 115 2.5rT,9T, 85001.85K,9T5

4 1
3.6 X 107 3k 507> 8.1 X 107 5 g1

0.15 500 S [25]

93 3.33rT 97, 1.2 X 103x o — 20 (e), 70 (h) T  [46]

— — 0.942(n), 0.924(p) — T 58

25-100 1x 103 157 0.2 500-1000 S [59]

TaP 40 L.76RT,8T, 32802K 8T 0.258(n), 0.29(p) 3 (e), 37.1(h) T [60]
65 3RT, 9T, 300016197, 1 X 10 i 517 1.153(n), 1.150(p) 18 (e), 250 (h) T  [45]

~ 100 1802k 0T 1.2(n), 0.6(p) 2(e), 9(h) T  [47]

96 160200k 56T, 1.8 X 1035 g, 1.4 X 103 sy 56 — 20(e), 40(h) T  [46]

NbAs 72 2RT,0T, 23002K,9T 1.8 35 S [61]
72 46201.9K,18T 1.08(n), 0.904(p) 19 (e), 190 (h) T  [62]

— 1.7rT, 7T, 1002K 5T — 24.5 S, [63]

TaAs 45 540010k ,9T ~0.1 40 (e), 1-10(h) T [27]
— 8001 sK,0T — 18(e), 0.9 (h) T  [26]
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ferent samples (Table 1). Figures 5(a) and (b) show the
representative p(T) curves in different magnetic fields
and the MR versus field at different temperatures for
TaP, respectively. Their MR is commonly reported in
the range of 103-10* at 2 K and 1-3 at RT in 9 T, which
is extremely large compared with regular metals.

The power law of the MR for Nb(Ta)P(As) is strongly
dependent on temperature, magnetic field, and the sam-
ples. Most of the experiments reported a quadratic field-
dependent MR in low magnetic field, which is consistent
with the depiction by a two-band model. This quadratic
power relation evolves to linear in some samples when
the magnetic field increases at low temperatures, with
a crossover behavior in the range 1-10 T [Fig. 5(b)].
The linear, unsaturated MR at low temperatures was
reported to persist up to 55 T at low temperatures for

-2
(@) 10 7
5T
103421
1T
T 1074+
g 03T
)
Q10754
1064 0T
TaP
10-7 T T T T T
0 50 100 150 200 250 300

T (K)

TaP and TaAs [24, 64]. However, other works in the
literatures reported that the MR of different samples
of TaP and NbP tends to saturate in high magnetic
field [45, 59]. It is noteworthy that the SAH oscillations
for some samples of the Nb(Ta)P(As) compounds can
be strongly amplified in high field at low temperatures,
which makes the power law difficult to determine. At
high temperatures, all the literatures reported that the
MR significantly drops while the power law changes to
near-quadratic in the whole field range [Fig. 5(b)].

Hall measurements provide more information for the
electron- and hole-type carriers. Figure 6(a) shows the
Hall resistivity (py,) with respect to the field at dif-
ferent temperatures for a single crystal of TaP. The
profiles at different temperatures are typical for all the
Nb(Ta)P(As) compounds in the literatures [26, 46]. The

(b)

104

10-2
0.1 1 10

uoH (T)

Fig. 5 Resistivity for single crystals of TaP in magnetic fields (Reproduced from Ref. [46]). (a) Temperature-dependent
resistivity in different magnetic fields for TaP. (b) MR versus the magnetic field on a double-log scale for TaP at different
temperatures. The power law for the MR at low temperatures changes from MR oc H'® in low field to MR o H in high

field.

Py (mQcm)

T
0 5 10 15 20 25 30
B(T)

(b)
0.0 1 ————— o4
0.5
=)
= ——
g 1.0 1064 Hr
M —u,
2
Xy
=
~
T T
10 100
T(X)
T T T
150 200 250 300

T (K)

Fig. 6 Hall effect for a single crystal of TaP (Reproduced from Ref. [45]). (a) Hall resistivity versus field at different
temperatures from 1.6 to 50 K. Inset: From 60 K to 300 K. (b) Hall coefficient (Rg) at different temperatures. Ry was
obtained from the fitting based on a single-band model (see details in text). Inset: The values of u, and up, were estimated

from the fitting based on a two-band model.
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Hall resistivity is positive and linearly field-dependent up
to 9 T at high temperatures, indicating p-type carriers’
contribution. When the temperature drops, py, contin-
uously bends down to be negative in higher magnetic
field. At the base temperature, p,, shows a flat nonlin-
ear part in low field, and a negative linear part in high
field, which is imposed by strong SdH oscillations.

There are two models used to analyze the Hall data
to obtain information of the carrier densities and mobil-
ities. A single-band Drude model is used to calculate
the carrier densities by n,p = 1/[eRy] and the mobili-
ties by pe.n = Ru/pas, where Ry is the Hall coefficient
equal to the slope of the linearly dependent p,,(H). This
model adapts well for the p,,(H) at high temperatures.
For the nonlinear p,,(H) at low temperatures, the slope
of pyz(H) in high field is selected to calculate Rp. In
order to obtain information of the other type of carri-
ers, a two-band Drude model is used to fit the nonlinear
curves of py,(H) and estimate the densities and mobil-
ities for both electrons and holes. Here, the data anal-
ysis is more complicated: the Hall conductivity tensor
Ouy = Pya/(P2s + Phy) s first calculated and then fitted
by adopting [65]

1 1

Opy = nhuim — neugm eH. (2)
The four fitted parameters above carry large uncertain-
ties. As shown in Table 1, the fittings by the single-band
model (labeled as S) in general estimate much greater
mobilities than those by the two-band model (labeled as
T). Comparable fitting results for some samples of NbAs
can be found in Refs. [61] and [62], where the single-band
model estimated the mobility 100 times larger than that
by the two-band model. Nevertheless, all the analyses
yield the mobility more than 10° ¢cm?/(V-s) at the base
temperature, while the carrier densities of electrons and

0 100 200 300
T(K)

holes are in the range of 10810 cm=3.

4.1.2 Nb(Ta)As(Sb),

The p(T) curves in different magnetic fields and the
MR(H) curves at different temperatures for a single crys-
tal of NbAs, are shown in Figs. 7(a) and (b), respec-
tively. These profiles have been commonly reported for
the sibling compounds in the literature (Table 2). Gen-
erally, the MR of Ta(Nb)As(Sb)s is as large as that
of Nb(Ta)P(As) at low temperatures but one order of
magnitude lower at high temperatures. This big differ-
ence in MR between high and low temperatures mani-
fests a field-induced transition-like behavior in the p(T)
curves occurring at around 100 K, similar to what was
also observed for the semimetal WTey [67]. The SdH
oscillations are pronounced below 5 K on the back-
ground of the parabolic field-dependent resistance for
the Ta(Nb)As(Sb)y family. All the MR(H) curves of
the Nb(Ta)As(Sb)z compounds show a power law very
close to parabolic at high and low temperatures.

Hall measurements revealed two types of carriers in
Nb(Ta)As(Sb)s as well. The carrier densities and mo-
bilities obtained by the two-band model fitting are sum-
marized in Table 2. These measurements confirmed the
compensated semimetal states predicted by the band
structure calculations with n and p on the order of
10cm =3 at the base temperature [56]. The mobili-
ties were estimated on the order of 10* cm?/(V-s), which
are in general one order of magnitude less than those of

Nb(Ta)P(As).

4.2  Quantum oscillations

SdH and dHvA effects present the oscillations in a ma-
terial’s electrical resistance and magnetization in a mag-

M)
1034
7K 25K
v 1014
; NbAs,
10~ T T T T T
1 2 3 45 7 10
ol (T)

Fig. 7 Resistivity for the single crystals of NbAsy in magnetic fields (Reproduced from Ref. [35]). (a) Temperature-
dependent resistivity in different magnetic fields for NbAsz. (b) MR versus magnetic field on a double-log scale for NbAs,

at different temperatures. MR o< H? at all temperatures.
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Table 2 Summary of the basic electrical transport properties of the single crystals of Nb(Ta)As(Sb)s.

The properties

include RRR and MR at high and low temperatures. The carrier densities of electron (n) and hole (p) and mobilities (p,
and p,) at the base temperature (~ 2 K) were estimated by a two-band model (T) or a single-band model (S).

Compound RRR MR n(p)/(10*® cm~3) tn(pp)/(10% em?.V—1.s71) Note Ref.
NbAs; 317 88002k o1 2 10 T [35]
— 80001 8K o7 30 2 T [34]

75 10005 5K 147 — 10 T [66]

TaAsy 1000 0.12RT.01, 120002k o1 0.28(n), 0.28(p) 12(e), 12(h) T [33]
270 58002k o1 0.2 20(e), 2(h) T [35]

83 73002.5K. 14T — 10 T [66]

100 20000.5K.97> 400000 5K 65T 1.4(e), 1.0(h) 0.19(e), 0.25(h) T 57]

NbSby 450 13002k 9T, 430000 4K 32T — — — (32]
TaSh, ~ 30 1502k o1 32(e) 1.96(e) S [36]

netic field, respectively. These two QO effects are power-
ful tools for probing the electronic structure of materials
[68]. When an external magnetic field is applied to a
metallic crystal, the energy of the conduction electrons
is quantized by the applied field into a series of Landau
subbands. As the magnetic field increases, the Landau
subbands successively pass through the Fermi level (Er)
while such passings occur at equal intervals of 1/H given
by

A(1/H) = 2we/(hAF), (3)

where Ap is the extremal cross-sectional area of the
Fermi surface (FS) by planes normal to H; e is the elec-
tron charge and h is Planck’s constant [A = h/(27)].
The oscillation frequency F', defined as 1/A(1/H), is
given by F' = FFLSA . With an increasing magnetic field
being applied, the fluctuations of the density of states
(DOS) at Ep result in the oscillations of the magneti-
zation in the dHvA effect. On the other hand, because
the probability of the scattering in electrical transport
is also proportional to the DOS, the resistance oscillates
with increasing magnetic field in the SdH effect.

Recent magneto-transport and torque measurements
observed the SdH and dHvA oscillations in all the
Nb(Ta)As(Sb)z and Nb(Ta)P(As) compounds. The anal-
yses of these QOs can precisely map out the FS topol-
ogy and determine the exact Er value by comparing
with the band structure calculations, which cannot be ac-
cessed using the regular Hall effect measurements. QO
measurements have the ability to track Er within the
range of a few milli-electron volts, which is beyond that
of ARPES measurements. Because the chirality of the
electron pockets is only well-defined within a few milli-
electron volts near the Weyl points in Nb(Ta)As(P), pre-
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cisely determining the position of E is crucial to under-
stand anomalous transport phenomena. Furthermore,
the analyses of the phase shift of SAH and dHvA oscil-
lations have been used to determine the Berry phase of
the electron pockets [69-72], which is an important tes-
timony to their non-trivial topology.

4.2.1 Nb(Ta)P(As)

The detected QO frequencies for different crystals of
Nb(Ta)P(As) when the magnetic field is along the crys-
tallographic ¢ and a directions are summarized in Table
3. Comparing the measured QOs and the calculation
results, we find that Er often deviates by several milli-
electron volts from the charge-neutral point estimated
by the calculations. Different samples of the same com-
pound also have a difference of few milli-electron volts in
their chemical potentials. Considering the narrow range
of the Weyl cones in energy dispersion, these differences
can result in a significant change in the FS topology.

We can tell the difference between the band structures
for TaAs and the other three siblings after the QO mea-
surements, although the samples differ significantly in
their chemical potentials. The QO frequencies for the
crystals of TaAs are generally smaller than those for the
other three compounds when B//c. An angular depen-
dence study of the QOs suggested that the FS of TaAs
has two types of electron pockets surrounding isolated
Weyl nodes and one type of trivial hole pockets [73]. This
result is consistent with the band structure calculations,
which suggested that the energy difference between W1
and W2 is less than 20 meV for TaAs. The small energy
difference and the adaptable chemical potential promise
that the carriers in TaAs at Fr are Weyl quasiparticles
with confirmed chirality [27].

Hong Lu and Shuang Jia, Front. Phys. 12(3), 127211 (2017)
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Table 3 Summary of the QOs for the single crystals of the Nb(Ta)P(As) compounds. F(T') is the frequency; mcyc is the
cyclotron mass in units of the free electron mass; the intercept was obtained from the fitting of the Landau fan diagram and

®p is the Berry phase.

Compound F/T(mecyc/me) Intercept dp note Ref.
7, 13, 32(0.076) — — SdH, H//c [25]
15.3 — — SdH, H//c [46]
NbP 6.8, 13.9(0.47), 31.8, 64.4 0.3 — SdH, H//c [59]
8.7(0.05), 14.6(0.06), 32.1(0.05), 39.6(0.05) — — dHvA, H//c [58]
97(0.3), 324(0.7) — — dHvA, H//a [58]
25.6, 49.6 —0.3958 — SdH, H//c [60]
18(0.04), 44(0.08) — 0.917(18 T), 0.17(44 T) SdH, H//c [45]
110(0.26), 150(0.24) — 0.917(110 T), 0.93m(150 T) SdH, H//a [45]
TaP 18.2 — — SdH, H//c [46]
15(0.021), 18(0.05), 25, 51(0.11) — — SAH and dHvA H//c  [47]
26(0.10), 34(0.13), 105(0.35), 295(1.24), — — SAH and dHvA, H//a  [47]
148(0.4)

15.6(0.033), 20.8(0.066) 0.12, 0.36 70 SdH, H//c 62]
101.5 and 106.2(0.046), 94 and 97(0.029)  0.35, 0.12 0, SdH, H//a 62]

NbAs
25 0.119 ™ SdH, H//c [63]
17.7, 20.1 — — dHvA, H//c [75]
7.42-12.48(0.15) 0 — SdH, H//c [27]

TaAs
7,16 — — SdH, H//c [26]

To the contrary, band structure calculations suggested
that the energy differences between the two types of Weyl
nodes are approximately 50 meV or more for NbP, NbAs,
and TaP. This large energy difference indicates that at
least one type of Weyl nodes is surrounded in pair by
large electron or hole pockets, wherever the chemical po-
tential is located. This assumption is consistent with
the observed large QO frequencies in more than 20 T for
these three compounds when B//c (Table 3).

An angular dependent QO measurements detected
that the F'S for NbP has a pair of spin—orbit-split elec-
tron pockets and a similar pair of hole pockets at Ep,
in which one pocket nests inside the other for both elec-
trons and holes [58]. The W1 nodes are fully merged
into the electron pockets and lose their chirality, while
the Weyl chirality of the W2 nodes remain intact in this
situation. According to the QO measurements for a sin-
gle crystal of TaP, the W1 and W2 points are all included
in the banana-like-shaped electron and Hall pockets, re-
spectively [47]. The chemical potentials are above 50

Hong Lu and Shuang Jia, Front. Phys. 12(3), 127211 (2017)

meV away from the W1 nodes, which denies their chiral-
ity.

Some critical parameters of the electron and hole pock-
ets, such as the cyclotron mass (mcy.) and the Dingle
temperature (Tp), can be determined by the analyses of
the thermal damping effect of the QOs [68]. The SdH
oscillations of p,, for a 3D electron system [72] obey the
following expression at a finite temperature:

Paa = po[l + A(B,T) cos2m(F/B + )], (4)

where pg is the non-oscillatory part of the resistivity,
A(B,T) is the amplitude of the SdH oscillations, B is
the magnetic field, and ~ is the Onsager phase. The
amplitude of the SAH oscillations can be fitted using the
following Lifshitz—Kosevich formula for a 3D system [72]:

2m2kpT /) (hw.)
sinh(2m2kpT /[ (hw.))’
(5)

A(B,T) xcexp(—272kpTp /(hw,))
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where kp is Boltzmann’s constant and the cyclotron fre-
quency is w, = eB/mey.. The values of m.,. at different
frequencies summarized in Table 3 were compared with
the calculation results. Quantum mobility can be esti-
mated from Tp and mey. as well. The quantum mobility
was estimated as larger than 1 x 10* ¢cm?/Vs in general,
which is consistent with the Hall effect measurements
[73].

A focal point of recent QO studies is the Onsager phase
v, which comes from the Berry phase of the electron
pockets [74]. A band with linear energy dispersion car-
ries an extra m Berry phase in contract with a zero Berry
phase for a topologically trivial parabolic dispersive band
[69]. An additional phase shift of § = £1/8 is dependent
on the curvature counting the F'S topology for a 3D elec-
tron system [68]. In theory, the combined phase shift
should be the discrete values of v = +1/8 for Dirac and
Weyl semimetals. In the data analyses, the resistivity
peaks and valleys were used to identify the Landau in-
dices (n) and a plot of n versus 1/B, called the Landau
fan diagram, was used to extrapolate the phase shift (7).
Summarizing the results for Nb(Ta)As(P) in Table 3,
we realized that there are still many arguments to be
resolved regarding the feasible data analyses in the de-
termination. A detailed discussion of the determination
of the Berry phase for Dirac and Weyl semimetals from
their SAH oscillations can be found in Ref. [74].

4.2.2 Nb(Ta)As(Sb),

All the electrical transport experiments on the
Nb(Ta)As(Sb)s compounds detected strong SAH oscil-
lations at low temperatures, but the analyses of the an-
gular dependence to map out the FS have rarely been
done, except for that in Ref. [34], in which Shen et al.
determined the frequencies of the SdH oscillations for
NbAsy when the field is tilted away from the ab plane,
and found that the frequency changes agree well with

the band structure calculations [34]. The frequencies
and mey. of Nb(Ta)As(Sh), are summarized in Table
4 when the magnetic field is parallel and perpendicular
to the ab plane. The QO frequencies of Nb(Ta)As(Sb)2
are in general one order of magnitude larger than those
for Nb(Ta)P(As). This result is consistent with the band
structural calculations, which indicate that the FS of the
Nb(Ta)As(Sb)2 compounds covers a larger area in their
BZ [34, 56]. The Onsager phase of the large frequencies
for Nb(Ta)As(Sb), is difficult to determine.

4.3 Negative longitudinal magnetoresistance

One of the crucial signatures of the Weyl quasiparticles in
electrical transport is the so-called chiral anomaly. The
chiral anomaly in quantum field theory presents as the
breaking of the chiral-charge conservation law, which is
crucial in understanding a number of important aspects
of the standard model in particle physics, such as the tri-
angle anomaly associated with the decay of the neutral
pion 7Y [76, 77]. The discovery of the Weyl semimetals
provides the opportunity to test this exotic concept in
table-top experiments. A signature of the chiral anomaly
in electrical transport is the Adler-Bell-Jachiw (ABJ)
anomaly, which presents a negative MR when the mag-
netic field and the current are parallel [78]. A positive
MR occurs in regular metal in general, because the mag-
netic field shortens the electron mean-free path. In a
Weyl semimetal, alongside the scattering effect, paral-
lel magnetic and electric fields can pump the electrons
between the Weyl nodes of opposite chirality, which are
separated in momentum space. This charge pumping
process violates the chiral-charge conservation law and
is able to induce a negative MR instead. However, other
mechanisms, such as scattering effects or even a current-
jetting effect, can induce a negative LMR as well. The
origin of the recently observed negative LMR in vari-
ous Dirac and Weyl semimetals is still under debate (see

Table 4 Summary of the QOs for the single crystals of the Nb(Ta)Pns compounds.

Compound F/T(meyc/me) Intercept dp Note Ref.
124(0.24), 224(0.21) — — SdH, H L ab plane [35]

NbAsj 122(0.24), 226(0.29), 76(0.21) — — SdH, H L ab plane [34]
204(0.27), 90(0.20) 0 — SdH, H L ab plane [66]

39(0.08), 54(0.14) — — SdH, H L ab plane [35]

TaAsy 45(0.17), 158(0.24) 0 — SdH, H L ab [66]
190.5(0.34), 212.5(0.30) — — SdH, H L ab 33]

NbSbs 227(0.68), 483(1.69) — — SAH, H L ab 32]
TaSbo 220, 465 0.29, 0.2 — SdH, H L ab [36]
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Ref. [79] and references therein). We notice contradic- LMR is dependent on the chemical potentials in differ-
tory conclusions from different experiments on the NbAs- ent samples: it is large in the samples with Er close to
and the OsGes-type compounds. W2 but vanishes in the samples with Er away from W2
Figures 8(a) and (b) show representative features of [27]. This dependence on the Er is expected from the de-
negative LMR for the NbAs-type compounds at low tem- pendence of the Berry curvature on chemical potential
peratures. The LMR for B//i in TaAs shows a small in the simplest model of a Weyl semimetal [Fig. 8(c)].
dip in low magnetic field and then a negative signal in a Negative LMR was observed in NbP, NbAs, and TaP as
moderate field following a re-entry to positive in higher well [45, 59, 63]; however, other works in the literature
field [26]. The negative part of the MR, which only reported small positive LMR on the same compounds
occurs below 100 K, is highly sensitive to small devia- [25, 46, 61]. On the other hand, the mechanism of the
tions of the directions of the field and current [26, 27]. negative LMR for single crystals of TaP is in dispute.
The small dip in low magnetic field was ascribed to a Arnold et al. claimed that the FS forms electron and
3D weak anti-localization (WAL) effect. The re-entry to  hole pockets surrounding pairs of Weyl nodes in TaP
positive in higher field was ascribed to a slightly imper-  [47], which means that the chirality is ill-defined in TaP.
fect alignment between the field and the current in the They attributed the negative LMR to a magnetic-field-
experiments [26], or a scattering effect by a strong mag- induced current-jetting effect.
netic field [80]. On the other hand, the negative part The measurement results on the LMR for the
of the LMR corresponding to a B2-dependent magneto- Nb(Ta)As(Sb)s compounds is contradictory in the lit-
conductance is consistent with a theoretically predicted erature as well. Luo et al. reported that the LMR of
power law of the chiral anomaly in weak field [81]. Fig- TaAsy reaches an extremely large number (—98%) in 3
ures 8(a) and (b) show that the negative LMR occurs for T at 2 K, which persists up to 150 K [57] [Fig. 8(d)]. The
the two main crystallographic orientations B//i//a and longitudinal magneto-conductance can be well-fitted by a
B//i//c, which is consistent with the feature that the B? term, which behaves similarly to the ABJ-type chiral
ABJ anomaly does not rely on any specific orientation conductance. The reported negative LMR, of NbAs, and
in type-I WSM. Zhang et al. found that the negative TaSby has a similar profile to that of TaP at low temper-
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Fig. 8 (a, b) Negative LMR for samples of TaAs with different chemical potentials. The red lines are the data and the
green lines are the theoretical fits. The magnetic field and the current are along a axis in figure (a) but along ¢ axis in figure
(b). (c) Dependence of the chiral coefficient Cyw normalized to other coefficients on chemical potential (Er). The observed
scaling behavior is 1/E%. Figures (a), (b) and (c) are reproduced from Ref. [27]. (d) Observed negative LMR of TaAs, at
different temperatures (Reproduced from Ref. [57]). The inset shows the data at 300 K.
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atures [34, 36]. To the contrary, other measurements of
TaAss, NbAss, and NbSby yielded observations of mod-
erate, positive LMR with no sign of negative contribu-
tions [32, 33, 35]. All the conflicting results and expla-
nations for the LMR for these two families of semimetals
indicate that further elaboration is needed to clarify the
origin of the negative LMR.

4.4 Measurements in extreme conditions

Pressure can compact or even change a material’s crystal
structure and tune its physical properties. The crystal
structures of NbP and NbAs are quite robust under pres-
sure [51, 82]. The change in the SAH oscillations of NbAs
under hydrostatic pressure reveals that its FS undergoes
an anisotropic evolution but the topological features of
the two observed pockets remain intact up to 2.3 GPa
[83]. In contrast, the structural and electrical properties
of TaAs and TaP seem to be more easily affected by pres-
sure. It was reported that TaAs undergoes a transition
to a P-6msy structure at 14 GPa. Band structure calcula-
tions showed that this hexagonal TaAs is another Weyl
semimetal possessing 12 Weyl nodes at an isoenergy level
[84].

The existence of a superconducting (SC) phase under
higher pressure is a pronounced feature in TaAs and TaP.
The point-contact measurements found an SC phase with
the on-site critical temperature of approximately 6 K at
the interface between the tip and the TaAs single crys-
tals, which is induced by the pressure applied by the
tip [85]. The resistance measurements of TaP under the
pressure of 70 GPa also showed evidence of an SC tran-
sition, which became more prominent when the pressure
was released to ambient [86]. First principle calculations
suggest that TaP undergoes a structural transition at
70 GPa to an orthorhombic phase, which may host this
superconductivity.

The other extreme condition is an intense magnetic
field, which can significantly influence the motion of the
electrons in a metal, especially when it is beyond the
QL. The QL is defined as the lowest Landau subband
in which all the electrons are confined by a strong mag-
netic field while all other Landau subbands have succes-
sively passed through the chemical potential. In a 3D
electron system, the Landau subbands acquire a disper-
sion that depends on the band structure, in the direction
parallel to the applied field. The electron pockets with
the small extremal cross-sectional areas for H//c in the
NbAs-type compounds promise an accessible QL of Weyl
semimetals in laboratory-based magnets. Moll et al. re-
ported that the magnetic torque of NbAs is negative at
low field but positive at high field, with a turn in slope
at the QL [75]. The positive torque signal indicates that
the system becomes paramagnetic above the QL, in stark
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contrast to its status as Landau diamagnetic below the
QL. This unusual paramagnetic signal was ascribed to
the field-independent energy of the zeroth Landau sub-
band and the m Berry phase of the Weyl electron pock-
ets. Apart from the torque measurements, a sharp sign
reversal of the Hall signal was observed in TaP in 33 T
at low temperatures [64]. For the other NbAs-type com-
pounds, the anomalies of the resistance and Hall signals
are much weaker and only occur at very low tempera-
tures. These anomalous features of the electrical trans-
port signals may indicate a Fermi surface instability in
strong field [87].

5 Discussion and outlook

Our survey on the transport properties of these two
semimetallic families boils down to a crucial question:
what is the unique transport property of Weyl quasipar-
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Fig. 9 (a) Magnetic torque and resistivity of NbAs across
the quantum limit (QL) (Reproduced from Ref. [75]). Above
the QL, the torque grows strongly in magnitude. (b) The
resistivity and Hall resistivity of TaP in an intense magnetic
field at 1.5 K and 4.2 K (Reproduced from Ref. [64]).
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ticles? Below, we inspect all the noteworthy transport
properties one by one. After comparing the transver-
sal MR for NbAs-type and OsGes-type semimetals, we
can conclude that a large MR at low temperatures is
a very common feature in semimetals. Recent studies
on single crystals, including semimetallic WTey [67, 88],
CdsAs, [89], PtSny [90], and PACoO4 [91], reported com-
parably large MR. Remember the MR for the proto-
type semimetal bismuth was reported to be as large as
1.6 x 107 at 4.2 K in 5 T [92], which is at least two or-
ders of magnitude greater than the MRs for these com-
pounds. Whatever the underlying mechanism, a large
MR at low temperatures is very common for high-quality
single crystals of semimetals.

The power law of the field-dependent MR for the topo-
logical semimetals has been recently noticed. A parabolic
field-dependent MR is predicted in semimetals by a two-
band model. In this model, when the electrons and
holes are close to being compensated, a resonant effect
will strongly enhance a parabolic MR to be unsaturated.
This effect was believed to occur in bismuth, graphite,
and WTes [67]. The Hall effect measurements and band
structure calculations in Nb(Ta)As(Sb)2 revealed that
the mechanism of their large parabolic MR should be
the same. In contrast, the mechanism of a linear field-
dependent MR observed in other semimetals is less un-
derstood. Abrikosov deduced that a quantum linear MR
occurs near the crossing point of the conduction and va-
lence bands with linear energy dispersion when the mag-
netic field is beyond the QL [93, 94]. Abrikosov’s predic-
tion seems to be the same as the linearly dependent MR
of NbP above the QL in Ref. [25]. However, this mech-
anism cannot explain the linear MR occurring in much
lower field than the QL for other samples. Parish and
Littiewood (PL) put forward another explanation for the
linear MR based on the spatial mobility fluctuation [95].
The correlation between the electron mobility and linear
MR indicates that the classical PL effect is plausible for
the linear MR, of TaP below the QL [46]. Another mech-
anism of the linear MR in the Weyl semimetals was also
considered [96]. However, the survey tells us that the
power law of the MR for Nb(Ta)P(As) is indeed depen-
dent on the temperature, the strength of the magnetic
field, and the particular samples. This intricacy seems
to make any single mechanism of the linear MR uncon-
vincing for Nb(Ta)P(As) at this point.

Another pronounced property for the NbAs-type com-
pounds is their high electron mobilities on the order of
10° ecm?/Vs. A recent theoretical work ascribed the
high mobilities of the Weyl quasiparticles to the under-
lying protection mechanism against backscattering [97].
Our survey shows that the mobilities of the NbAs-type
compounds are indeed one order of magnitude higher
than those of the Nb(Ta)As(Sb)y compounds in gen-
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eral. Recent works on various TaAs samples revealed
that the mobilities are strongly enhanced in the samples
whose Ef is close to the Weyl nodes. We notice that
the high-quality crystals of trivial semimetals, such as
Nb(Ta)As(Sb)a, can manifest moderately high mobilities
despite no topological protection mechanism.

Recent experimental works commonly adapted the de-
termined QOs phase shift to clarify the m Berry phase
in topological semimetals. However, there are still some
arguments about the correct way to extract the phase
shift from the resistivity data in 3D systems. Very re-
cently, Wang et al. clarified that the resistivity peaks
correspond to the band edges of the Landau subbands
and the integer Landau indices [74]. They also found
that the phase shift is not a uniform number in data
analyses when the chemical potential is near the Lifshitz
transition point. There also exist some difficulties in de-
tecting the phase shift by extrapolating the Landau fan
diagram. When the magnetic field is not strong enough
to access the low Landau subbands connected with large
FS, determining the intercept in the fan diagram will
introduce large uncertainty. The magnetic-field-induced
Zeeman effect may also affect the Landau subband sep-
aration. Considering all the difficulties, we suggest that
the phase shift in the QOs should be a signature but not
explicit evidence of the topological character.

As mentioned above, recent studies ascribed the neg-
ative LMR to multiple possible mechanisms in various
semimetals. The chiral anomaly is a popular explana-
tion but the negative LMR can also occur through a
purely classical geometric current-jetting effect in mate-
rials with high mobilities [47], or be caused by a scat-
tering effect in a strong magnetic field beyond the QL
[98, 99]. On the other hand, the negative MR due to
the chiral anomaly is a Berry curvature effect. A generic
band structure without Weyl nodes can also carry non-
zero Berry curvature, as long as the time-reversal sym-
metry or inversion symmetry is broken. It is not yet
understood whether such a generic band structure with
non-zero Berry curvature can induce a negative LMR.
We notice that the negative LMR of TaAs shows a de-
pendence on the chemical potential with respect to the
energy of the Weyl nodes, which systematically tunes
the Berry curvature field. This dependence constitutes a
strong signature of the topological Weyl fermion physics.
Nevertheless, a negative LMR should not be treated as a
smoking gun of the existence of the Weyl quasiparticles.

Our survey underlines the importance of the single-
crystalline forms of compounds for physical measure-
ments. All the fundamental properties of the Weyl
semimetals; including the Weyl quasiparticles, topolog-
ical Fermi arcs, and the chiral anomaly, are based on
ARPES and magneto-transport experiments on single
crystals. Apart from the bulk materials, new forms
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of the Weyl semimetals have been requested for the
potential applications in prospective devices. For in-
stance, a theoretical proposal predicted that the chiral
charge pumping effect could lead to a dissipationless ax-
ial current in a long thin ribbon of a mesoscopic Weyl
semimetal material [100]. A new type of QO that arises
from the topological Fermi arc surfaces state is also ex-
pected to be observed in thin films of Weyl semimet-
als [101, 102]. Furthermore, achieving the optical con-
trol of the Weyl physics has been proposed in a number
of works in the literature [31]. All these developments
give us motivation to re-examine the physical proper-
ties of the semimetal materials in their single-crystalline,
mesoscopic-crystalline, and even thin-film forms. These
experimental achievements and theoretical proposals in-
dicate that the appropriate forms of the materials are
crucial to attain deep understanding their topological
properties.
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