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Signature of chiral fermion instability in the Weyl semimetal TaAs above the quantum limit
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We report the electrical transport properties for Weyl semimetal TaAs in an intense magnetic field.
Strong temperature-dependent anomalies occur in the Hall signals and longitudinal magnetoresistance at low
temperatures when the Weyl electrons are confined into the lowest Landau level. The temperature-dependent
behaviors indicate that electron-hole pairing instability may be the origin of the anomalies. Our measurements
show that the ultraquantum regime for the Weyl semimetals is not featureless.
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A Weyl semimetal (WSM) is a topological material whose
low energy excited states host the quasiparticles which obey
the Hamiltonian for Weyl fermions [1,2]. A WSM provides
an opportunity for studying the Weyl fermion which is
well known in particle physics literature but has not been
observed as a fundamental particle in vacuum. A WSM
can be realized by breaking a time-reversal symmetry for
Dirac semimetals in a magnetic environment. The semimetals
without an inversion center on their crystal lattices are possible
to host Weyl nodes [3,4], in which the Weyl nodes are the
crossing points of a spin-splitted bulk band in momentum
space. Weyl fermions appear as quasiparticles of their low-
energy excitations near the nodes. Recently, the first nonmag-
netic, noncentral symmetric WSM tantalum monoarsenide
(TaAs) has been verified in experiments [5–8]. Angle-resolved
photoemission spectroscopy (ARPES) experiments for TaAs
observed Fermi arcs in its surface electronic states which
connect the bulk Weyl nodes with opposite chiralities [7,8].
Electrical transport measurements in low magnetic fields
detected negative longitudinal magnetoresistance (MR) which
is ascribed to the Adler-Bell-Jackiw (ABJ) anomaly between
the pairs of Weyl nodes [9–11]. Single crystals of TaAs also
exhibit ultrahigh carrier mobilities and extremely large, linear
transversal MR [11,12].

In this paper we focus on the electrical transport properties
for TaAs in an intense magnetic field (B or μ0H ). A strong
magnetic field can confine the electrons of a semimetal into
the lowest Landau level (LLL), which is known as the QL as
well [13–15]. A three-dimensional electron system in its QL
exhibits one-dimensional metal characteristic effects [13,14].
Any small interaction can easily induce instabilities of the
electrons in such highly degenerate states. Different types
of instabilities in strong magnetic fields have been observed
in topologically trivial semimetals [15–17], while prototype
examples are charge density wave (CDW)-like phase tran-
sitions and excitonic phases in graphite [18–22]. On the
other hand, the LLL for a WSM is topological nontrivial, it
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possesses two linear dispersive subbands which are separated
in the momentum space. When an electric field is applied
in the same direction as the magnetic field in this extremity,
the charge in each chiral Landau subband is not conserved
and the electrons are pumped from one to the other with
opposite chirality [2,23–25]. In this simple scenario, a positive
longitudinal magnetoconductivity will occur. However, it was
claimed that the scattering may contribute positive or negative
longitudinal magnetoresistance in the QL [26–28]. Electron
interaction induced CDW, spin density wave (SDW), and
excitonic phases are predicted for Weyl semimetals in theory
as well, but these magnetic catalytic phase transitions were
less considered [29–34]. The experiments for the WSM TaAs
family are rarely reported in a magnetic field stronger than
that in superconducting magnets [35,36]. All the referred
complexities motivate us to study the electrical transport
properties of the WSM TaAs beyond its QL.

Band structure calculations and ARPES experiments con-
firmed that TaAs has two types of Weyl nodes, four pairs of
Weyl nodes 1 (W1) on kz = 2π/c (c is the lattice constant)
plane and the other eight pairs of Weyl nodes 2 (W2) that
are away from this plane [5–8]. In relation to the other
three members (NbAs, NbP, and TaP) in the isostructural
family [37,38], the single crystals of TaAs in general have
smaller Weyl electron pockets with the maximal cross section
area less than 10 T. The anisotropic Weyl electron pockets
close to W1 have the maximal cross section area along the
crystallographic c direction, which is three times smaller than
that along the a direction. There also exists trivial pockets
which have 2–5 times larger extremal cross section area than
that of the pockets near W1 and W2 [5,7].

In order to comparably study the electrical properties in
ultraquantum region with different directions of the electric
field, we chose two single-crystalline samples of TaAs with
different configurations: Sample S has the current along the
a axis and the magnetic field along the c axis (configuration
A: H ‖ c, i ‖ a), while sample C has the electric current and
magnetic field parallel to the c axis (configuration B: H ‖ i ‖
c). Sample C was mainly measured in a He-3 fridge with a base
temperature of 0.35 K in a static magnetic field as high as 35 T
in the National High Magnetic Field Lab of China (NHMFLC)
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FIG. 1. (a) The schematic for the projection of all the Weyl points
on the (001) surface of Brillouin zone for TaAs. (b) Fermi levels for
samples S and C. (c) Sketch of the LLL of Weyl fermions and possible
vector nesting between the Weyl points with opposite chirality.

at Hefei. Besides the measurements in a static magnetic field,
sample S was also measured in an environment with a base
temperature of 1.5 K in a pulsed magnetic field as high as 55
T in NHMFLC at Wuhan.

Shubnikov–de Haas (SdH) oscillations with respect to the
reciprocal of the magnetic field for both samples are shown in
Figs. 1(b) and 2(b). The last few Landau levels are labeled as
the peaks of the longitudinal resistance after subtracting the
background (�Rxx) and the longitudinal resistivity (ρzz) for
samples S and C, respectively. We observed a single frequency
of 6.8 T for the SdH oscillations in �Rxx and the Hall signals
after subtracting the background (�Ryx) for sample S. For
sample C there are two sets of oscillations in ρzz with the
frequencies equaling 9.5 and 7.5 T, respectively. Linear fitting
of the Landau diagram shows intercepts very close to zero,
indicating a nontrivial Berry phase [10,39]. Based on the band
structure calculations we estimate that the chemical potential
is located 13 meV above W1 for sample S where the electron
pockets are eightfold degenerated. For sample C the chemical
potential is located 18 meV above W1 and the two frequencies
are from the extremal cross areas of the electron pockets near
W1 and W2. A magnetic field stronger than 10 T is large
enough to confine the electrons in the pockets near W1 and
W2 to their LLL for both samples S and C.

The field-dependent transversal resistivity (ρxx) and Hall
resistivity (ρyx) at 0.35, 1.5, and 10 K for configuration A
are exhibited in Fig. 2. The values of ρxx are proportional to
H below 30 T, while the curve of ρxx(H ) bends down very
slightly above this field. The change of ρxx from 10 to 1.5 K
is invisible beyond the QL. On the other hand, the slope of
ρyx changes from negative to positive in a fixed field of 30 T
at different temperatures (see more details in Appendix). Two

(a)

(b) (c)

FIG. 2. Transport measurement results for sample S in configu-
ration A. (a) ρxx and ρyx with respect to the field at 0.35 K (in a static
field), and 1.5 and 10 K (in a pulsed field). Different data at 0.35 K
and higher temperatures are due to the different setups in static and
pulsed fields. The inset shows configuration A. (b) �Rxx , �Ryx , as
the data at 1.5 K subtracted by the data at 10 K, with respect to the
inverse field. (c) The derivative −d2�Ryx/dH 2 versus magnetic field
is obtained from (b).

small bumplike features occur at 14 and 25 T (labeled as α

and β, respectively) in ρyx below 1.5 K but not at 10 K. The
changes of ρyx for α and β are less than 2%.

The longitudinal resistivity in high magnetic fields show
much richer features than ρyx and ρxx (Fig. 3). Disregarding
the SdH oscillations which fade out at 15 K, negative field
dependent ρzz of the sample C from 1 to 5 T persists at
high temperatures. This part of negative contribution has
been ascribed as an ABJ anomaly of the Weyl electrons [9].
The maximum of ρzz at the QL of 9 T is also robust at
high temperatures when the SdH oscillations have faded out.
Negative longitudinal MR beyond the QL was predicted for
Weyl electrons due to a charge pumping effect [40,41].

Beyond the QL, ρzz has two local maxima at 13 and 22 T
at 0.35 K, which are labeled as α and β, respectively. Two
local minima at 15 and 26 T labeled as α′ and β ′ follow α and
β, respectively. The anomalies of α and β occur in the same
fields as those on ρyx in configuration A. The anomalies of α

and α′ are invisible at 5 K, while those of β and β ′ persist at
15 K. Both of β and β ′ shift to higher fields with increasing
temperature. Above 15 K, ρzz monotonically increases with
field except the negative part of the contribution near the QL.

We plot β and β ′ for sample C in the diagram of the
magnetic field and temperature [Fig. 4(a)]. Unlike the fixed
field for the QL at 9 T, both of the fields for β and β ′ shift to high
values with increasing temperature. The inset of Fig. 4 shows
the values of ρzz at 12.7 and 26 T at different temperatures.
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FIG. 3. Longitudinal resistance for sample C in configuration
B. (a) ρzz with respect to the field at different temperatures. The
inset shows configuration B. (b) ρzz with respect to the inverse field
at 1.5 K.

(a)

(b)

FIG. 4. (a) The anomalies of β and β ′ in ρzz and the QL for
sample C are shown in the μ0H -T plane. The inset shows the values
of ρzz in 12.7 and 26.0 T at different temperatures. (b) β and β ′ and
the QL are shown in the 1/μ0H -T plane.

At 12.7 T ρzz decreases with increasing temperature below
5 K while ρzz shows metallic temperature-dependent behavior
above 26 T. It is noteworthy that the change of ρzz from 0.35
to 15 K in the ultraquantum region is much more significant
than the change of the SdH oscillations below the QL.

A question then arises that what is the mechanism
underneath these anomalies above the QL for TaAs. The
temperature-dependent ρzz at 12.7 and 26 T and the changes
of the fields for β and β ′ at different temperatures suggest
that those anomalies are not likely due to an SdH oscillation
from trivial pockets. The impurity scattering may induce the
change of longitudinal MR above the QL, but the temperature
dependence of the impurity scattering should not be so strong
as what we observed from 0.35 to 5 K. The dramatic change of
ρzz from 0.35 to 5 K indicates that those anomalies are related
with some low-energy phenomena. A plausible explanation
is that the interaction-induced instability may be present in
TaAs. The instability of the electrons in the ultraquantum
region has been investigated in graphite and bismuth [42]. Two
magnetic field-catalyzed phase transitions due to the CDW-
like, excitonic instability and depopulation of the Landau
subband were observed beyond the QL of graphite [20,21].
These phase transitions induce moderate changes for the
transversal MR and four orders of magnitude increase for
the longitudinal MR [20]. On the other hand, the transversal
MR for bismuth shows a weak anomaly far beyond the QL
but the origin is still unclear with considering other different
probe-adopted experiments [40,42]. Some similar features
occurs in TaAs as well. The anomalies in the transversal signals
are much smaller than those in the longitudinal signals. All of
the anomalies induced by interactions occur at sufficiently low
temperatures.

If we assume an electron-hole-pairing induced phase
transition occurs in TaAs, the phase transition temperature
TC can be estimated as

TC = � exp

[
−

(
�

eB

)
�vF

ga2c

]
= � exp

(
− B�

B

)
(1)

in a mean-field approximation of BCS-type instability [14,33].
In this expression, � is a cutoff energy, which is typically
the bandwidth of the Landau band, a and c are the lattice
parameters, and g is the electron-electron interaction strength,
which is estimated to be 1–2 eV. The Fermi wave vector along

c axis kF =
√

AF

π
and the Fermi velocity vF are estimated as

0.017 Å
−1

and 1.31 × 105 m/s, respectively, by the analysis
of the SdH oscillations. The characteristic magnetic field
B∗ = ( �

e
) �vF

ga2c
from Eq. (1) is estimated as ∼ 195–390 T. This

estimation is consistent with B∗ ∼ 220 T from the linear fit on
the experimental data when � ∼ 104 K.

In expression (1), TC exponentially decays when B � B∗.
As shown in Fig. 4(b), both temperatures for β and β ′ deviate
from a linear relationship between lnTβ , lnTβ ′ , and the inverse
magnetic field. The linear relationship of ln(TC) vs 1/μ0H

was reported in pristine graphite, while for neutron-irradiated
graphite the relation deviates from linearity which is similar
as what we observed β or β ′ [43,44]. In neutron-irradiated
graphite, the deviation is due to the pairing breaking effect by
the charged impurities of the lattice defects which significantly
affect its TC .
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Finally we show that the most plausible instability happen-
ing in TaAs is the SDW transitions with the nesting vector Q
between the two Weyl pockets with opposite chirality. If the
screened Coulomb interaction is responsible for the instability,
the interaction should be stronger at smaller nesting vector. Ac-
cording to the previous band structure calculations and ARPES
measurements, the nesting within each pair of Weyl points has
the shortest distance from each other in the momentum space.
As shown in Fig. 1(a), for a pair of W1 near the Brillouin zone
boundary located at (k0x, ± k0y,0), the nesting vector Q equals
(0,2k0y,0) where k0y = 0.014π/a if W1 is initially located at
the Fermi level [6]. In our samples whose Fermi level is away
from the Weyl points, the Fermi points of the zeroth Landau
level are shifted to (k0x, ± k0y, ± k0z), where k0z can be
estimated from the SdH oscillation as k0z ≈ 0.2π/c, assuming
that the chemical potential is fixed. The nesting vector is
given by Q = (0,2k0y,2k0z) ≈ (0,0.03π/a,0.2π/c). Due to
the opposite spin quantum numbers at the two Fermi points,
the instability will generates (see the Appendix) a helical spin
density wave [34]. The cases of other three pairs of W1 Weyl
points are similar. The same analysis is also applicable to
the W2 Weyl points, whose instability generates helical spin
density waves of different forms (see the Appendix). From
our transport data at hand, it is difficult to distinguish the
W1 instability from the W2 instability, and other experimental
tools such as spin-resolved STM may be useful in further
investigations.

The measurements for the Weyl semimetal TaAs family in
an intensive field are less reported. A Hall signal reversal
is reported for TaP while for NbAs the magnetic torque
and resistance measurements show no additional features
except the crossover from diamagnet to paramagnet above
QL [10,45]. During the measurements we realize that the
transport properties in magnetic field for the four compounds
are very different. Considering the complicated band structure
for TaAs, it is difficult to give a conclusive origin for these
anomalies beyond the QL at this point. But their strong
temperature dependence suggests the signs of the instability of
Weyl electrons. And we think that the helical SDWs between
the pairs of the Weyl electron pockets with opposite chiralities
are the most plausible instability.

We would like to thank Fa Wang, Haiwen Liu and
Su-Yang Xu for valuable discussions. C.L.Z. treats his re-
search work as precious homework from Shui-Fen Fan. This
project is supported by National Basic Research Program of
China (Grants No. 2013CB921903 and No. 2014CB920904)
and the National Science Foundation of China (Grant
No. 11374020).

APPENDIX

1. Transport properties for TaAs at high temperatures

The magnetoresistance (MR) and Hall resistivity (ρyx) with
respect to field at different temperatures are shown in Fig. 5.
The slope change of ρyx in 30 T still occurs up to 100 K.
At higher temperatures ρyx change its sign. A trivial hole
conducting channel is likely the reason for this slope change.
It is noteworthy that both of MR and ρyx change very little from

(a) (b)

FIG. 5. Magnetoresistance and Hall resistivity with respect to
field at different temperatures.

1.5 to 20 K, but the change becomes much more significant
with respect to temperature above 20 K.

2. Nesting between Weyl electrons in TaAs and possible helical
spin density waves

Suppose that the screened Coulomb interaction (which
is stronger at smaller wave vector) is responsible for the
instability towards the electron-hole pairing, we should look
for small nesting vector Q. Therefore, we believe that the
nesting within each pair of Weyl points with shortest distance
from each other in the k space is responsible for the instability.
There are two most probable inequivalent nesting vectors for
the electron-hole instability, one of which comes from the W1
Weyl points and the other comes from the W2 Weyl points.

a. W1 Weyl points (Weyl points at the kz = 0 plane)

According to symmetry analysis, an effective Hamiltonian
near the two Weyl points around the 	 point can be obtained
as

H (k) = dxσx + dyσy + dzσz + λσysx, (A1)

where σx,y,z describes the orbital degrees of freedom [6],
and sx is associated with the spin degree of freedom. Here
dx(k) = ukykz, dy = vky , dz = dz(kx). This leads to two
Weyl points at (k0x, ± k0y,0), where k0x satisfies dz(k0x) = 0,
k0y = λ/v. The effective Weyl Hamiltonians near the two
Weyl points are HW = vxpxσz + vypyσy ± vzpzσx , where
vx = ∂dz/∂kx , vy = v, vz = λu/v. The two Weyl point has
sx = ∓1 respectively.

According to Ref. [34], the zeroth Landau level wave
function for the two Weyl points is |sx = −1,σx = 1〉 and
|sx = 1,σx = 1〉, respectively. After the possible density wave
transition (dynamical mass generation), we have the heli-
cal spin texture sy ∼ cos(Q · r + α) and sz ∼ sin(Q · r + α),
where α is a constant. In this texture, the spin rotates in the
sy-sz plane. It is a helical spin density wave (see Ref. [34]).

When the Weyl band-touching points is initially located at
the Fermi level, we have Q = (0,2k0y,0); if the Fermi level is
away from the band-touching energy, the Fermi point of the
two zeroth Landau level will be shifted to ±k0z, thus we have
Q = (0,2k0y,2k0z)(Fig. 6). So far we have only considered
a pair of Weyl points. There exist the other three pairs of
Weyl points at the kz = 0 plane, whose symmetry breaking
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FIG. 6. Nesting between two W1 Weyl points. The wave vector
Q = (0,2k0y,2k0z). Here k0y is mainly determined by the material
itself, which can be read from the band structure of TaAs (see Ref. [6],
k0y ≈ 0.014π ), while k0z is determined by the location of Fermi level
(i.e., by doping).

generates spin textures with other three values of Q, namely,
(0, − 2k0y,2k0z), (±2k0x,0,2k0z), where k0x ≡ k0y .

Finally, we remark that the Zeeman term does not sig-
nificantly change the picture. In fact, the Zeeman term is
proportional to sz, which is ineffective because the low-energy
Weyl fermions have definite sx value, and sz mixes the
low-energy fermions and “high-energy” fermions.

b. W2 Weyl points (located at kz �= 0 planes)

According to Ref. [6], the W2 Weyl points can be
qualitatively described by

H (k) = dxσx + dyσy + dzσz + λ′σysz. (A2)

The difference in the last term of Eqs. (A1) and (A2) is due to
different symmetries at different points in the Brillouin zone,
for instance, the λ′σysz term is forbidden at the kz = 0 plane.

FIG. 7. Nesting between W2 Weyl points. The wave vector Q′ =
(0,2k′

0y,Q
′
z), where k′

0y is mainly determined by the material itself,
which can be read from the band structure of TaAs (see Ref. [6],
k′

0y ≈ 0.037π ), while Q′
z is determined by the chemical potential

(i.e., by doping level). The Zeeman term shift the spectrum of the two
Weyl point oppositely, which does not change the value of Q′.

Near one pair of Weyl points (0, ± k′
0y,k

′
0z), the low-energy

Hamiltonian is completely similar to that of W1 Weyl points
discussed in the previous section: HW = v′

xpxσz + v′
ypyσy ±

v′
zpzσx. The only significant difference compared to the W1

Weyl points is that the two Weyl point has sz = ∓1 respectively
(instead of sx = ∓1). The nonuniversal parameters v′

x,y,z are,
of course, different from vx,y,z.

After possible pairing in the particle-hole channel, this pair
of W2 Weyl point contribute a helical spin density wave sx ∼
cos(Q′ · r + α) and sy ∼ sin(Q′ · r + α). Here the wave vector
Q′ = (0,2k′

0y,Q
′
z) (Q′

z is determined by the chemical potential)
(Fig. 7). Similar to the previous section, there are also other
three values of Q′ related by the crystal symmetries.

Due to the different physical parameters (vx,y,z and Q), the
transition in the W2 Weyl points occur at different magnetic
field than the W1 Weyl points. This may be the reason of the
existence of two peaks α and β in the experimental data.
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