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Magnetotransport and de Haas–van Alphen measurements in the type-II Weyl semimetal TaIrTe4
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The layered ternary compound TaIrTe4 has been predicted to be a type-II Weyl semimetal with only four Weyl
points just above the Fermi energy. Performing magnetotransport measurements on this material we find that
the resistivity does not saturate for fields up to 70 T and follows a ρ ∼ B1.5 dependence. Angular-dependent de
Haas–van Alphen measurements reveal four distinct frequencies. Analyzing these magnetic quantum oscillations
by use of density functional theory calculations we establish that in TaIrTe4 the Weyl points are located merely
∼40–50 meV above the chemical potential.
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A recent conceptual breakthrough in the theory and classi-
fication of metals is the discovery of Weyl semimetals [1–3].
These semimetals have a topologically nontrivial electronic
structure with fermionic Weyl quasiparticles—massless chiral
fermions that also play a fundamental role in quantum field
theory and high-energy physics [4]. A consequence is that in
Weyl semimetals topologically protected surface states appear
in the form of Fermi lines that connect Weyl points of opposite
chirality, commonly referred to as Fermi arcs.

Recently it was discovered that actually two types of Weyl
fermions may exist in solids [5]. Weyl semimetals of type I
have a pointlike Fermi surface and consequently zero density
of states at the energy of Weyl points [6–18]. This is very
different from Weyl semimetals of type II [5,19], which have
thermodynamic density of states at the energy of Weyl points
and acquire exotic Fermi surfaces: in type-II systems Weyl
points appear at touching points between electron and hole
pockets.

The presence of these very peculiar states is predicted
to strongly affect magnetotransport properties of a Weyl
semimetal. The Adler-Bell-Jackiw chiral anomaly was pre-
dicted to lead to a negative longitudinal magnetoresistance
(MR) [20–22]. The electric field parallel to the magnetic
field will generate charge imbalance between two Weyl points
with opposite chirality, leading to an electric current. This
additional current channel suppresses resistivity upon the
longitudinal magnetic field. The nonsaturating transverse MR
is also suggested to be associated with the Weyl point [23,24].
The chiral spin texture around Weyl points prohibits the
backscattering process under zero field. A finite magnetic field
breaks the time-reversal symmetry and thus the backscattering
protection, which is responsible for the low zero-field resistiv-
ity breakdown.

While considerable progress in both theory and its exper-
imental tests have been made on the type-I semimetals, only
a handful of type-II Weyl semimetals have been identified
on the basis of electronic band-structure calculations: WTe2,
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MoTe2, Ta3S2, YbMnBi2, and LaAlGe [5,16,25–28]. Recently,
the orthorhombic TaIrTe4 is of interest [29]. It combines
structural simplicity with topological Weyl points: TaIrTe4 is
a structurally layered material, which hosts just four type-II
Weyl points, the minimal number of Weyl points a system
with time-reversal invariance can host [25]. Moreover, the
Weyl points are well separated from each other in momentum
space.

Indeed, we present in this paper magnetotransport and
magnetic quantum oscillations studies of TaIrTe4 that evidence
a nonsaturating magnetoresistance signaling the presence of
Weyl points. Analyzing de Haas–van Alphen (dHvA) oscilla-
tions by use of density functional theory (DFT) calculations
we establish that in our TaIrTe4 crystals the Weyl points are
located ∼ 40–50 meV above the chemical potential, suggesting
that the Weyl points might even match the Fermi energy
by a slight tuning, which will maximize the effect of their
chirality on the electronic properties, in particular on the
magnetotransport.

Single crystalline TaIrTe4 was grown from excess Te
flux. Details of the crystal growth are described in the
Supplemental Material [30]. We used three single crystals
from the same batch for each of the resistivity, Hall-effect,
and magnetic-torque measurements. The observed quantum-
oscillation frequencies in the three samples closely agree with
each other, evidencing that they have the same electronic
structure and chemical potential. The crystals have a needlelike
shape that is due to their crystal structure consisting of zigzag
chains of alternating Ta-Ir connections along the a direction,
see Fig. 1(a). These chains hybridize with each other along
the b direction to form a conducting ab plane. This compound
shares the space group (Pmn21) with WTe2 while its unit
cell is doubled along the b direction. The resistivity and Hall
measurements were done by using the conventional four- and
five-probe methods in a superconducting magnet up to 15 T.
Resistivity in pulsed fields up to 70 T was measured.

The resistivity measured along the a direction [Fig. 1(b)]
shows metallic behavior in zero magnetic field with a resid-
ual resistivity ratio RRR = ρ(292 K)/ρ(4.2 K) = 21.5. In a
magnetic field B‖c the resistivity strongly increases and even
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FIG. 1. (a) Crystal structure of TaIrTe4. Blue and cyan balls
represent Ta and Ir atoms, respectively. Te atoms (gray balls) are only
drawn in the polyhedron for clarity. (b) Temperature dependence of
the a axis resistivity measured in B = 0 and 15 T applied along the c

direction. (c) Field-dependent magnetoresistance with fields along the
three crystallographic directions. The MR data for B‖a is magnified
by 10 times for clarity. The inset shows the MR for B‖b up to 70 T
at T = 1.7 K.

qualitatively changes its temperature (T ) dependence below
about 30 K. Such a pronounced positive magnetoresistance
is present for all three orientations of the magnetic field as
displayed in Fig. 1(c) where we plot the field dependence of
the MR ratio, [ρ(B) − ρ(0 T)]/ρ(0 T). While the qualitative
behavior of the MR is similar, the absolute value is strongly
anisotropic with the smallest increase for B‖a. The MR ratio
for B‖b (780%) at 15 T is nearly two times larger than that
for B‖c (420%). The curvature change around 10 T for B‖b
is likely associated with quantum oscillations, which will be
discussed in the Hall resistivity data.

The theoretically predicted chiral anomaly in Weyl
semimetals manifests itself in a negative longitudinal MR, due
to the Adler-Bell-Jackiw chiral anomaly [20,21], which has
been observed in type-I Weyl semimetals such as NbP [31,32],
TaAs [22], and TaP [31,33,34]. The chiral anomaly in type-II
Weyl semimetals is more subtle, because it is restricted to cer-
tain directions [5,35,36]. Experimentally, our data for TaIrTe4

as well as earlier results for WTe2 show a positive longitudinal
MR for B‖E‖a [37,38]. It requires more understanding of how
the chiral anomaly would affect magnetotransport properties
under various configurations for the type-II Weyl semimetals.

Since there exist conventional bands as well, it is very
difficult to unambiguously separate the contribution from
isolated Weyl points in transport measurements. Therefore,
it is not possible to judge the presence or absence of the chiral
anomaly in TaIrTe4 from our present experimental data for
the longitudinal MR. Anomalous behavior is, however, found
for the transverse MR in TaIrTe4: the resistivity increases
in the magnetic field with ρ ∝ B1.5 up to 70 T without
saturation, see inset in Fig. 1(c). This is not likely to be
attributed to the admixture of the Dirac-like linear MR and
conventional quadratic MR because the latter contribution
should saturate at sufficiently high fields. It is remarkable that
a very similar observation has been reported for WTe2 [37].
In a classical picture the large nonsaturating transverse MR
is due to the vicinity to a perfect balance between electron
and hole carriers [37]. However, recently this observation
has also been associated with the nontrivial chiral bands of
Weyl semimetals as the nonsaturating MR is interpreted as a
lifting of topologically protected backscattering by magnetic
fields [23,24].

The Hall resistivity (ρxy) as a function of magnetic field
for various temperatures is depicted in Fig. 2(a). The observed
ρxy is positive in the whole T interval, indicating dominating
hole carriers. While ρxy linearly increases with B at high T ,
a slowly oscillating feature appears below 30 K. From the
derivative of the 4.2 K data, we identify a periodicity with
1/B and the corresponding frequency (F ) is 10 T, which is
denoted as F0 hereafter. This feature is consistent with the
curvature change around 10 T in the B‖b MR [Fig. 1(c)].
This oscillation reaches the quantum limit above 10 T [inset
of Fig. 2(b)]. To obtain the Hall coefficient (RH = ρxy/B),
we extract the linear slope below 1 T, where the oscillatory
feature is negligible. The strong T -dependent RH implies the
presence of multiple charge-carrier channels. RH increases
when lowering T , starting from 200 K, but decreases below ∼
60 K as shown in the inset of Fig. 2(a).

Qualitatively, such an anomalous T dependence of RH is
signaling bands with coexisting hole and/or electron pockets
consistent with the band structure of TaIrTe4 discussed below.
In general, the T -dependent RH can be caused by a cooperation
of multiple bands where each band has a distinct T -dependence
of mobility. We mention that we did not observe noticeable
changes in the resistivity as well as in Kohler plots from the MR
data around 60 K, excluding a charge-density wave formation
(see the Supplemental Material [30]).

The transport data show Shubnikov–de Haas oscillations
above 10 T. To investigate these features in detail, we inves-
tigated the angular-dependent magnetic quantum oscillations
in more detail in order to elucidate the electronic structure
of TaIrTe4. Magnetic-torque measurements up to 12 T were
carried out by use of a capacitive 50 μm thick CuBe-foil
cantilever placed in a superconducting magnet. We measured
the torque dHvA signals at various angles at T = 1.5 K. The
crystal was mounted in a configuration such that the applied
field aligned along the b axis for θ = 0◦ and along the c axis
for θ = 90◦. Figure 3(a) shows the evolution in the torque
signals. Varying from B‖b to B‖c, the oscillating feature
clearly changes, evidencing anisotropic three-dimensional
Fermi-surface pockets.
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FIG. 2. (a) Field-dependent Hall resistivity ρxy at various fixed
T . The inset shows the Hall coefficient determined below 1 T. (b)
Derivative of ρxy (T = 4.2 K) versus 1/B. Vertical solid (dashed)
lines mark maximum (minimum) positions on the oscillation feature.
Assigned Landau level indices (ν) as a function of 1/B are shown in
the inset.

Applying a fast Fourier transform (FFT) after subtracting a
polynomial background from the magnetic torque signal, we
obtained the corresponding frequency spectra. The observed
frequencies are related to the extremal cross sections of the
Fermi surface (A) described by the Onsager relation, Fi =
Ai�/(2πe), where � is the reduced Planck constant and e is the
electron charge. Figure 3(b) shows the angle-resolved F plot.
For B‖b, we identify frequencies of 36, 73.5, and 109 T which
are denoted as F1, F3, and F4, respectively. These frequencies
smoothly grow as a field is tilted toward B‖c. We additionally
detected F2 for intermediate angles. The effective masses
(m∗) were determined by analyzing T -dependent oscillation
amplitudes at the fixed angle of θ = 46.5◦. According to
the Lifshitz-Kosevich formula, the oscillation amplitude is
proportional to X/sinh(X), where X = αm∗T/B and α =
2πkBme/(�e), with the Boltzmann constant kB and the free
electron mass me. The resultant m∗/me are 0.199 ± 0.003,
0.367 ± 0.005, 0.368 ± 0.006, and 0.370 ± 0.006 for F1, F2,
F3, and F4, respectively (see the Supplemental Material for
details [30]).
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FIG. 3. (a) Oscillating torque signals vs 1/B measured at various
angles at T = 1.5 K after subtracting a polynomial background.
(b) Angular dependence of the dHvA frequencies determined in
the torque (solid symbols) and the transport data (open symbols).
(c) Calculated angular dependence of dHvA frequencies (EF = 0).

To interpret the data and establish their ramifications for the
electronic structure of our crystals, we compare the measured
frequencies with the results of DFT-based electronic-structure
calculations [29]. The corresponding Fermi surface at the
Fermi level is shown in Fig. 4(b). Spin-orbit coupling splits
the bands such that the hole pocket H1 is contained in the hole
pocket H2, which also has a small disconnected part (H3). The
electron sheets showing a large anisotropy with open orbits
along the c direction, also split into the inner electron pocket
E4 and the outer electron pocket E5.

Comparing theory and our experimental results it is
straightforward to associate the frequencies F3 and F4 to
extremal areas of the hole pockets H1 and H2, respectively.
Apparently, the corresponding branches show very similar
angular dependences for the experimental [Fig. 3(b)] and
calculated frequencies [Fig. 3(c)]. The angular dependence of
the frequency F1, which is suggested by preliminary ARPES
data to stem from the pocket H3 is not properly reproduced in
the calculations [39]. F0 can be originated from the corrugated
electron pockets, which have the frequency branches below
15 T as shown in the calculation [Fig. 3(c)]. The theoretically
predicted signatures of E4 and E5 above 100 T are not observed
in our experimental data. This discrepancy can be due to
distinctive characters of these bands resulting in a weaker
dHvA oscillation amplitude, for instance, a heavier effective
mass or shorter scattering rate.

From the calculated results, we obtained the masses for
θ = 46.5◦ as 0.35, 0.43, and 0.42 me for H1, H2, and H3,
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FIG. 4. (a) Fermi surfaces viewed along the −kc direction
in −0.5(2π/b) < ky < 0.5(2π/b) and −0.25(2π/a) < kx <

0.25(2π/a). The pockets H1 and H2 denote the inner and outer hole
pockets. The pockets E4 and E5 are corrugated cylindrical electron
pockets. (b) Fermi surface viewed along the kb direction. Only the
electron pockets are shown here.

respectively, and 0.83 and 1.3 me for E1 and 0.65, 0.90, and
0.65 me for the frequencies above 100 T for E2. Experimental
and theoretical masses for the hole pockets compare well,
while the calculated masses of the electron pockets are at least
a factor of 1.5 larger than the masses for the hole pockets. Ad-
ditionally, there is a double degeneracy at the planes kz = ±π .
An orbit crossing these planes has to jump from E4 to E5 in or-
der to follow a continuously differentiable orbit. While the the-
oretical results are for the individual sheets only, such a sheet
switching would push the result to higher frequencies. Addi-
tionally, this degeneracy can weaken the experimental signal.

In the end, we identified the frequencies corresponding to
the two large hole pockets H1 and H2 and the small hole pockets
H3 in the qualitative comparison with the calculated bands.
Even if we restrict our discussion to the frequencies F3 and
F4, where the assignment of the branches to the hole pockets
H1 and H2 is straightforward, clear quantitative differences
between theory and experiment are present. As apparent from
Figs. 3(b) and 3(c), the experimental frequencies are smaller
than the calculated ones. The most simple approach to account

for this difference is assuming a rigid uniform shift of the
chemical potential. Following such an approach, i.e., adjusting
the frequencies F3 and F4 for B‖b, yields a chemical potential
about 30 meV above the calculated Fermi level. Following
the same procedure for B‖c implies a further shift upwards
by about 10–20 meV (see the Supplemental Material for
details [30]). The limitations of this rigid-shift approach are
obvious already from this anisotropy. More important, the
deviation of the experimental F0 and F1 oscillation from the
theory and, missing F2 are also not solved by rigid shifts of
the calculated bands. To fully understand the observed dHvA
frequencies, assignments on individual Fermi-level shifts are
required for the calculated results. Also, recent theoretical
work suggested that a tunneling between closely located hole
and electron pockets can affect dHvA oscillations [40].

Despite these limitations the direction of the shift, which is
justified for the two hole bands H1 and H2, is very interesting.
Recent electronic-structure calculations have predicted type-
II Weyl points in TaIrTe4 located about 79 meV above the
calculated Fermi energy [29]. As the chemical potential in
our crystals might be ∼30–40 meV above this Fermi level,
the chemical potential would be just ∼40–50 meV below the
energy of the Weyl points.

Therefore, one might infer that the vicinity to the Weyl
points is already important for the magnetotransport. Indeed,
the anomalous behavior reported above, as for example the
huge and strongly anisotropic magnetoresistance that does not
saturate for fields up to 70 T, is supporting this qualitative
conclusion. Thus, TaIrTe4 is a very promising material for
obtaining Weyl points close to the Fermi level, for example
by adjusting the synthesis conditions for the crystal growth,
electrostatic gating, or applying external pressure.

According to our calculations, doping with additional 0.071
electrons per formula unit is required to bring the Weyl points
to the Fermi level. The band shifts needed to get agreement
between the experimental and theoretical hole-pocket dHvA
frequencies indicates that the Weyl point is closer to the
Fermi level, which reduces the amount of needed additional
electrons by a factor 1/3. It is also a very promising material for
photoemission spectroscopy experiments aiming to resolve the
Fermi arcs. These experiments will benefit from the fact that
the Weyl points are well separated: the length of the emerging
Fermi arc is about 1/3 of the surface Brillouin zone. Moreover,
the arcs are present at the natural (001) cleavage plane of
TaIrTe4 when its chemical potential is adjusted to the position
of the Weyl points in the electronic structure.
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T. K. Kim, M. Hoesch, K. Sumida, K. Taguchi, T. Yoshikawa,
A. Kimura, T. Okuda, and S. V. Borisenko, arXiv:1609.09549.

[40] T. E. O’Brien, M. Diez, and C. W. J. Beenakker, Phys. Rev. Lett.
116, 236401 (2016).

165145-5

https://doi.org/10.1007/BF01339504
https://doi.org/10.1007/BF01339504
https://doi.org/10.1007/BF01339504
https://doi.org/10.1007/BF01339504
https://doi.org/10.1038/nature15768
https://doi.org/10.1038/nature15768
https://doi.org/10.1038/nature15768
https://doi.org/10.1038/nature15768
https://doi.org/10.1103/PhysRevLett.107.127205
https://doi.org/10.1103/PhysRevLett.107.127205
https://doi.org/10.1103/PhysRevLett.107.127205
https://doi.org/10.1103/PhysRevLett.107.127205
https://doi.org/10.1103/PhysRevLett.107.186806
https://doi.org/10.1103/PhysRevLett.107.186806
https://doi.org/10.1103/PhysRevLett.107.186806
https://doi.org/10.1103/PhysRevLett.107.186806
https://doi.org/10.1126/science.aaa9297
https://doi.org/10.1126/science.aaa9297
https://doi.org/10.1126/science.aaa9297
https://doi.org/10.1126/science.aaa9297
https://doi.org/10.1038/nphys3425
https://doi.org/10.1038/nphys3425
https://doi.org/10.1038/nphys3425
https://doi.org/10.1038/nphys3425
https://doi.org/10.1103/PhysRevX.5.031013
https://doi.org/10.1103/PhysRevX.5.031013
https://doi.org/10.1103/PhysRevX.5.031013
https://doi.org/10.1103/PhysRevX.5.031013
https://doi.org/10.1126/sciadv.1501092
https://doi.org/10.1126/sciadv.1501092
https://doi.org/10.1126/sciadv.1501092
https://doi.org/10.1126/sciadv.1501092
https://doi.org/10.1088/0256-307X/32/10/107101
https://doi.org/10.1088/0256-307X/32/10/107101
https://doi.org/10.1088/0256-307X/32/10/107101
https://doi.org/10.1088/0256-307X/32/10/107101
https://doi.org/10.1103/PhysRevLett.116.066802
https://doi.org/10.1103/PhysRevLett.116.066802
https://doi.org/10.1103/PhysRevLett.116.066802
https://doi.org/10.1103/PhysRevLett.116.066802
https://doi.org/10.1103/PhysRevB.93.161112
https://doi.org/10.1103/PhysRevB.93.161112
https://doi.org/10.1103/PhysRevB.93.161112
https://doi.org/10.1103/PhysRevB.93.161112
https://doi.org/10.1038/ncomms11006
https://doi.org/10.1038/ncomms11006
https://doi.org/10.1038/ncomms11006
https://doi.org/10.1038/ncomms11006
https://doi.org/10.1126/sciadv.1600295
https://doi.org/10.1126/sciadv.1600295
https://doi.org/10.1126/sciadv.1600295
https://doi.org/10.1126/sciadv.1600295
https://doi.org/10.1103/PhysRevX.5.011029
https://doi.org/10.1103/PhysRevX.5.011029
https://doi.org/10.1103/PhysRevX.5.011029
https://doi.org/10.1103/PhysRevX.5.011029
https://doi.org/10.1038/ncomms8373
https://doi.org/10.1038/ncomms8373
https://doi.org/10.1038/ncomms8373
https://doi.org/10.1038/ncomms8373
https://doi.org/10.1016/j.nuclphysb.2014.02.018
https://doi.org/10.1016/j.nuclphysb.2014.02.018
https://doi.org/10.1016/j.nuclphysb.2014.02.018
https://doi.org/10.1016/j.nuclphysb.2014.02.018
https://doi.org/10.1016/0370-2693(83)91529-0
https://doi.org/10.1016/0370-2693(83)91529-0
https://doi.org/10.1016/0370-2693(83)91529-0
https://doi.org/10.1016/0370-2693(83)91529-0
https://doi.org/10.1103/PhysRevB.88.104412
https://doi.org/10.1103/PhysRevB.88.104412
https://doi.org/10.1103/PhysRevB.88.104412
https://doi.org/10.1103/PhysRevB.88.104412
https://doi.org/10.1103/PhysRevX.5.031023
https://doi.org/10.1103/PhysRevX.5.031023
https://doi.org/10.1103/PhysRevX.5.031023
https://doi.org/10.1103/PhysRevX.5.031023
https://doi.org/10.1038/ncomms4786
https://doi.org/10.1038/ncomms4786
https://doi.org/10.1038/ncomms4786
https://doi.org/10.1038/ncomms4786
https://doi.org/10.1038/nmat4143
https://doi.org/10.1038/nmat4143
https://doi.org/10.1038/nmat4143
https://doi.org/10.1038/nmat4143
https://doi.org/10.1103/PhysRevLett.117.056805
https://doi.org/10.1103/PhysRevLett.117.056805
https://doi.org/10.1103/PhysRevLett.117.056805
https://doi.org/10.1103/PhysRevLett.117.056805
https://doi.org/10.1103/PhysRevB.92.161107
https://doi.org/10.1103/PhysRevB.92.161107
https://doi.org/10.1103/PhysRevB.92.161107
https://doi.org/10.1103/PhysRevB.92.161107
http://arxiv.org/abs/arXiv:1507.04847
http://arxiv.org/abs/arXiv:1603.07318
https://doi.org/10.1103/PhysRevB.93.201101
https://doi.org/10.1103/PhysRevB.93.201101
https://doi.org/10.1103/PhysRevB.93.201101
https://doi.org/10.1103/PhysRevB.93.201101
http://link.aps.org/supplemental/10.1103/PhysRevB.94.165145
https://doi.org/10.1103/PhysRevB.92.041203
https://doi.org/10.1103/PhysRevB.92.041203
https://doi.org/10.1103/PhysRevB.92.041203
https://doi.org/10.1103/PhysRevB.92.041203
https://doi.org/10.1103/PhysRevB.93.121105
https://doi.org/10.1103/PhysRevB.93.121105
https://doi.org/10.1103/PhysRevB.93.121105
https://doi.org/10.1103/PhysRevB.93.121105
https://doi.org/10.1038/srep18674
https://doi.org/10.1038/srep18674
https://doi.org/10.1038/srep18674
https://doi.org/10.1038/srep18674
https://doi.org/10.1038/ncomms11615
https://doi.org/10.1038/ncomms11615
https://doi.org/10.1038/ncomms11615
https://doi.org/10.1038/ncomms11615
https://doi.org/10.1134/S002136401611014X
https://doi.org/10.1134/S002136401611014X
https://doi.org/10.1134/S002136401611014X
https://doi.org/10.1134/S002136401611014X
https://doi.org/10.1038/ncomms11136
https://doi.org/10.1038/ncomms11136
https://doi.org/10.1038/ncomms11136
https://doi.org/10.1038/ncomms11136
https://doi.org/10.1038/nature13763
https://doi.org/10.1038/nature13763
https://doi.org/10.1038/nature13763
https://doi.org/10.1038/nature13763
https://doi.org/10.1103/PhysRevB.92.125152
https://doi.org/10.1103/PhysRevB.92.125152
https://doi.org/10.1103/PhysRevB.92.125152
https://doi.org/10.1103/PhysRevB.92.125152
http://arxiv.org/abs/arXiv:1609.09549
https://doi.org/10.1103/PhysRevLett.116.236401
https://doi.org/10.1103/PhysRevLett.116.236401
https://doi.org/10.1103/PhysRevLett.116.236401
https://doi.org/10.1103/PhysRevLett.116.236401



