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The electronic structure of semi-metallic transition-metal dichalcogenides, such as WTe2 and
orthorhombic γ−MoTe2 , are claimed to contain pairs of Weyl points or linearly touching electron
and hole pockets associated with a non-trivial Chern number. For this reason, these compounds were
recently claimed to conform to a new class, deemed type-II, of Weyl semi-metallic systems. A series of
angle resolved photoemission experiments (ARPES) claim a broad agreement with these predictions
detecting, for example, topological Fermi arcs at the surface of these crystals. We synthesized singlecrystals of semi-metallic MoTe2 through a Te ﬂux method to validate these predictions through
measurements of its bulk Fermi surface (FS) via quantum oscillatory phenomena. We ﬁnd that the
superconducting transition temperature of γ−MoTe2 depends on disorder as quantiﬁed by the ratio
between the room- and low-temperature resistivities, suggesting the possibility of an unconventional
superconducting pairing symmetry. Similarly to WTe2 , the magnetoresistivity of γ−MoTe2 does
not saturate at high magnetic ﬁelds and can easily surpass 106 %. Remarkably, the analysis of
the de Haas-van Alphen (dHvA) signal superimposed onto the magnetic torque, indicates that the
geometry of its FS is markedly distinct from the calculated one. The dHvA signal also reveals
that the FS is aﬀected by the Zeeman-eﬀect precluding the extraction of the Berry-phase. A direct
comparison between the previous ARPES studies and density-functional-theory (DFT) calculations
reveals a disagreement in the position of the valence bands relative to the Fermi level εF . Here,
we show that a shift of the DFT valence bands relative to εF , in order to match the ARPES
observations, and of the DFT electron bands to explain some of the observed dHvA frequencies,
leads to a good agreement between the calculations and the angular dependence of the FS crosssectional areas observed experimentally. However, this relative displacement between electron- and
hole-bands eliminates their crossings and, therefore, the Weyl type-II points predicted for γ−MoTe2 .
Keywords: Subject Areas: Condensed Matter Physics, Superconductivity

I.

INTRODUCTION

The electronic structure of the transition-metal
dichalcogenides (TMDs) belonging to the orthorhombic and non-centrosymmetric P mn21 space group, e.g.
WTe2 , were recently recognized as candidates for possible topologically non-trivial electronic states. For instance, their monolayer electronic bands were proposed
to be characterized by a non-trivial Z2 = 1 topological invariant based on the parity of their valence bands,
making their monolayers good candidates for a quantum spin Hall insulating ground-state [1]. This state is
characterized by helical edge states that are protected
by time-reversal symmetry from both localization and
elastic backscattering. Hence, these compounds could
provide a platform for realizing low dissipation quantum
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electronics and spintronics [1, 2].
However, the majority of gapped TMDs, such as semiconducting MoS2 or WSe2 , crystallize either in a trigonal
prismatic coordination or in a triclinic structure with octahedral coordination [3, 4] as is the case of ReS2 . Those
crystallizing in the aforementioned orthorhombic phase,
e.g. WTe2 , are semi-metals albeit displaying remarkable
transport properties such as an enormous, non-saturating
magnetoresistivity [5]. Strain is predicted to open a band
gap [1] in WTe2 , which might make it suitable for device
development. In fact, simple exfoliation of its isostructural γ−MoTe2 compound (where γ refers to the orthorhombic semi-metallic phase) into thin atomic layers
was claimed to induce a band gap [6] in the absence of
strain. Such a transition would contrast with band structure calculations ﬁnding that WTe2 should remain semimetallic when exfoliated down to a single atomic layer
[7]. The insulating behavior reported for a few atomic
layers of WTe2 was ascribed to an increase in disorder
due to its chemical instability in the presence of humidity

2
which would induce Anderson localization [8], although
more recently it was claimed to be intrinsic from transport measurements on encapsulated few-layered samples
[9].

Orthorhombic γ−MoTe2 and its isostructural compound WTe2 were also claimed, based on density functional theory calculations, to belong to a new class of
Weyl semi-metals, called type-II, which is characterized
by a linear touching between hole and electron Fermi surface pockets [10–12, 15]. As for conventional Weyl points
[13, 14], these Weyl type-II points would also act as topological charges associated with singularities, i.e., sources
and sinks, of Berry-phase pseudospin [10–12, 15] which
could lead to anomalous transport properties. A series of recent angle-resolved photoemission spectroscopy
(ARPES) measurements [16–23] claim to observe a good
overall agreement with these predictions. These studies
observe the band crossings predicted to produce the Weyl
type-II points, which would be located slightly above the
Fermi-level, as well as the Fermi arcs projected on the
surface of this compound [16–23].

Here, motivated by the scientiﬁc relevance and the
possible technological implications of the aforementioned theoretical predictions [1, 10–12, 15], we evaluate, through electrical transport and torque magnetometry in bulk single-crystals, the electronic structure at the
Fermi level and the topological character of orthorhombic γ−MoTe2 . Our goal is to contrast our experimental
observations with the theoretical predictions and the reported ARPES results in order to validate their ﬁndings.
This information could, for example, help us predict the
electronic properties of heterostructures fabricated from
single- or a few atomic layers of this compound. An
agreement between the calculated geometry of the FS
of γ−MoTe2 with the one extracted from quantum oscillatory phenomena, would unambiguously support the existence of Weyl nodes in the bulk [13, 14] and, therefore,
the existence of related non-trivial topological surface
states or Fermi arcs [10–12, 14, 15]. However, quantum
oscillatory phenomena from γ−MoTe2 single-crystals reveals a Fermi surface whose geometry is quite distinct
from the one predicted by the DFT calculations based on
its low temperature crystallographic structure. The extracted Berry-phase is found to be ﬁeld-dependent. Still
one does not obtain evidence for the topological character predicted for this compound when the Berry-phase
is evaluated at low ﬁelds. Here, we show that shifts in
the relative position of the electron and hole bands, implied by previous ARPES studies [16–23], can replicate
the angular dependence of the observed Fermi surface
cross-sectional areas. However, these band shifts imply
that the valence and electron bands would no longer cross
and, therefore, that γ−MoTe2 would not display the predicted Weyl type-II semi-metallic state.

II.

METHODS AND EXPERIMENTAL
RESULTS

Very high quality single crystals of monoclinic
β−MoTe2 were synthesized through a Te ﬂux method:
Mo, 99.9999%, and Te 99.9999 % powders were placed
in a quartz ampoule in a ratio of 1:25 heated up to 1050
◦
C and held for 1 day. Then, the ampoule was slowly
cooled down to 900 ◦ C and centrifuged. The “as harvested” single-crystals were subsequently annealed for a
few days at a temperature gradient to remove the excess
Te. Magneto-transport measurements as a function of
temperature were performed in a Physical Property Measurement System using a standard four-terminal conﬁguration. Measurements of the Shubnikov-de Haas (SdH)
and the de Haas-van Alphen (dHvA) eﬀects were performed in dilution refrigerator coupled to a resistive Bitter magnet, with the samples immersed in the 3 He-4 He
mixture. Measurements of the dHvA-eﬀect were performed via a torque magnetometry technique, i.e. by
measuring the deﬂection of a Cu-Be cantilever capacitively. Electrical transport measurements in pulsed magnetic ﬁelds were performed at the Dresden High Magnetic
Field Laboratory using a 62 T magnet with a pulse duration of 150 ms. The sample temperature was controlled
using a 4 He bath cryostat (sample in He atmosphere)
with an additional local heater for temperatures above
4.2 K. Synchrotron based X-ray measurements were performed in three single-crystals at the CHESS-A2 beam
line using a combination of photon energies and cryogenic
set-ups. The crystallographic data was reduced with
XDS [24]. The structures were solved with direct methods using SHELXS [25]. Outlier rejection and absorption
correction was done with SADABS. Least squares reﬁnement on the intensities were performed with SHELXL
[25]. For additional detailed information on the experimental set-ups used, see Supplemental Information ﬁle
[26].
As illustrated by Fig.
1(a), the as synthesized
single-crystals display resistivity ratios RRR = ρ(T =
300 K)/ρ(T = 2 K) ranging from 380 to > 2000 which
is one to two orders of magnitude higher than the RRR
values currently in the literature (see, for example, Ref.
27). Although not clearly visible in Fig. 1(a) due to
its logarithmic scale, a hysteretic anomaly is observed in
the resistivity around 240 K corresponding to the monoclinic to orthorhombic structural transition which stabilizes what we denominate as the orthorhombic γ−MoTe2
phase. For a clearer exposure of this transition and related hysteresis, see Ref. 28. These single-crystals were
subsequently measured at much lower temperatures allowing us to determine their superconducting transition
temperature Tc . Remarkably, and as seen in Fig. 1(b),
we ﬁnd that Tc depends on sample quality, increasing
considerably as the RRR increases, suggesting that structural disorder suppresses Tc . For these measurements,
particular care was taken to suppress the remnant ﬁeld
of the superconducting magnet since the upper critical
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FIG. 1. (a) Resistivity ρ, for currents ﬂowing along the a−axis, as a function of the temperature T for three representative single
crystals displaying resistivity ratios ρ(300 K)/ρ(2) K between 380 and & 1000. (b) ρ as a function of T for each single-crystal
indicating that Tc depends on sample quality: it increases from an average transition middle point value of ∼ 130 mK for the
sample displaying the lowest ratio to ∼ 435 mK for the sample displaying the highest one. The apparent hysteresis is due to
a non-ideal thermal coupling between the single-crystals, the heater and the thermometer. (c) ρ as a function of the ﬁeld H
applied along the c-axis at a temperature T = 1.7 K for a fourth crystal characterized by a resistivity ratio of ∼ 207. Notice
i) the non-saturation of ρ(H) and ii) that ∆ρ(µ0 H)/ρ0 = (ρ(µ0 H) − ρ0 )/ρ0 , where ρ0 = ρ(µ0 H = 0 T, T = 2 K) surpasses
1.4×106 % at µ0 H = 60 T. (d) ρ as a function of µ0 H applied along the b−axis also at T = 1.7 K and for the same single-crystal.
(e) Shubnikov-de Haas signal superimposed onto the magnetoresistivity for µ0 H∥c−axis and for three temperatures, T = 8
K (blue line), 4.2 K (red line) and 1.7 K (black line), respectively. (f) Oscillatory signal (black line) superimposed onto the
magnetic susceptibility ∆χ = ∂(τ /µ0 H)/∂µ0 H, where τ is the magnetic torque.

ﬁelds are rather small (see Supplemental Fig. S1 [26]).
The sample displaying the highest RRR and concomitant
Tc was measured in absence of a remnant ﬁeld. To verify
that these diﬀerences in Tc are not due to a poor thermal
coupling between the sample and the thermometers, Tc
was measured twice by increasing and decreasing T very
slowly. The observed hysteresis is small relative to Tc indicating that the measured Tc s are not an artifact. The
values of the residual resistivities ρ0 depend on a careful
determination of the geometrical factors such as the size
of the electrical contacts. Therefore, the RRR provides
a more accurate determination of the single-crystalline
quality. In the past, the suppression of Tc by impurities
and structural defects was systematically taken as evidence for unconventional superconductivity [29–31], e.g.
triplet superconductivity [32] in Sr2 RuO4 . Nevertheless,
the ﬁttings of the upper-critical ﬁelds Hc2 to a conventional Ginzburg-Landau expression, shown in Fig. S1
[26], points towards singlet pairing.
We have also evaluated the quality of our single crystals through Hall-eﬀect [28] and heat capacity measurements (see, Supplemental Fig. S2 [26]). Hall-eﬀect reveals a sudden increase in the density of holes below

T = 40 K, suggesting a possible temperature-induced
Lifshitz-transition. While the heat capacity reveals a
broad anomaly around T = 66 K, well-below its Debye temperature (ΘD ≃ 120 K), that would suggest that
the structural degrees of freedom continue to evolve upon
cooling below T = 100 K. Given that such structural evolution could aﬀect the electronic band structure predicted
for γ−MoTe2 [11, 12, 15], we performed synchrotron Xray scattering down to ∼ 12 K (see, Supplemental Fig.
S3 [26]). We observe some variability in the lattice constants extracted among several single-crystals and a sizeable hysteresis in the range 125K ≤ T ≤ 250K associated
with the structural transition observed at T ≃ 250 K, but
no signiﬁcant evolution in the crystallographic structure
below 100 K. As we discuss below, there are negligible
diﬀerences between the electronic bands calculated with
the crystal structures collected at 100 K and at 12 K,
respectively.
Figures 1(c) and 1(d) display the change in magnetoresistivity ∆ρ(µ0 H)/ρ0 = (ρ(µ0 H)−ρ0 )/ρ0 as a function of
the ﬁeld µ0 H for a crystal characterized by RRR ∼ 450
when the electrical current ﬂows along the crystalline aaxis and the ﬁeld is applied either along the c- or the
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FIG. 2. (a) Typical de Haas-van Alphen (red trace) and Shubnikov-de Haas (black trace) signals superimposed onto the
magnetic torque and the magnetoresistivity respectively, for ﬁelds aligned along the c-axis of γ−MoTe2 single-crystals at
T ≃ 30 mK. The same panel shows the FFT spectra for each signal revealing just two main frequencies or FS cross-sectional
areas. (b) dHvA and SdH signals and corresponding FFT spectra obtained from the same single-crystals for H aligned nearly
along the a-axis of each single-crystal. (c) and (d), Amplitude of the peaks observed in the FFT spectra for H∥c-axis and as
a function of T including the corresponding ﬁts to the LK formula from which the eﬀective masses are extracted. (e) and (f)
Amplitude of two representative peaks observed in the FFT spectra for H∥a-axis and as a function of T with the corresponding
ﬁts to the LK formula to extract their eﬀective masses.

b-axes, respectively. Similarly to WTe2 , for both orientations ∆ρ/ρ0 shows no sign of saturation under ﬁelds
all the way up to 60 T while surpassing 1 × 106 % for
µ0 H∥c-axis [5]. For WTe2 such anomalous magnetoresistivity was attributed to compensation between the density of electrons and holes [5, 33, 34]. Nevertheless, there
are a number of subsequent observations [35] contradicting this simple scenario, such as i) a non-linear Hall response [36], ii) the suppression of the magnetoresistivity at a pressure where the Hall response vanishes [37]
(i.e. at perfect compensation), and iii) the observation
of a pronounced magnetoresistivity in electrolyte gated
samples with a considerably higher density of electrons
with respect to that of holes [38]. It remains unclear
if the proposed unconventional electronic structure [10–
12] would play a role on the giant magnetoresistivity of
WTe2 , while its measured FS diﬀers from the calculated
one [35]. In contrast, we have previously shown that
γ-MoTe2 indeed is a well compensated semi-metal [28].
The slightly smaller magnetoresistivity of γ−MoTe2 relative to WTe2 is attributable to heavier eﬀective eﬀective
masses, according to de Haas-van Alphen-eﬀect discussed

below, or concomitantly lower mobilities.
The best γ−MoTe2 samples, i.e. those with RRR ≥
2000, display even more pronounced ∆ρ/ρ0 under just
µ0 H ≃ 10 T. The oscillatory component superimposed
on the magnetoresistivity corresponds to the Shubnikovde Haas (SdH) eﬀect resulting from the Landau quantization of the electronic orbits. Figure 1(e) shows the
oscillatory, or the SdH signal as a function of inverse
ﬁeld (µ0 H)−1 for three temperatures. The SdH signal
was obtained by ﬁtting the background signal to a polynomial and subtracting it. Notice how for this sample
and for µ0 H∥ c-axis, the SdH signal is dominated by a
single frequency. However for all subsequent measurements performed under continuous ﬁelds (discussed below) one observes the presence of two main frequencies
very close in value, each associated to an extremal crosssectional area A of the FS through the Onsager relation
F = A(~/2πe) where ~ is the Planck constant and e is the
electron charge. To illustrate this point, we show in Fig.
1(f) the oscillatory signal extracted from the magnetic
torque, i.e. τ = M × µ0 H, or the de Haas-van Alphen effect (dHvA) collected from a γ−MoTe2 single-crystal for
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ﬁelds aligned nearly along its c-axis. Here M = χµ0 H
is the magnetization and χ(µ0 H, T ) is its magnetic susceptibility. Figure 1(f) shows the oscillatory component
of the magnetic susceptibility ∆χ = ∂(τ /µ0 H)/∂(µ0 H).
The envelope of the oscillatory signal displays the characteristic “beating” pattern between two close frequencies. This becomes clearer in the fast Fourier transform
of the oscillatory signal shown below. According to the
Lifshitz-Onsager quantization condition [39, 40], the oscillatory component superimposed onto the susceptibility
is given by:
−1

∆χ[(B)

∞
T ∑ exp−lαµTD /B cos(lgµπ/2)
] ∝ 5/2
B
l3/2 sinh(αµT /B)
l=1

{
× cos 2π

[(

)
]}
1
F
− + ϕB l + δ
B
2

(1)

where F is the dHvA frequency, l is the harmonic index,
ωc the cyclotron frequency, g the Landé g-factor, µ the
eﬀective mass in units of the free electron mass m0 , and
α is a constant. δ is a phase shift determined by the dimensionality of the FS which acquires a value of either
δ = 0 or ±1/8 for two- and three-dimensional FSs [39–
41], respectively. ϕB is the Berry phase which, for Dirac
and Weyl systems, is predicted to acquire a value ϕB = π
[39–41]. Finally, TD = ~/(2πkB τ ) is the so-called Dingle
temperature from which one extracts τ or the characteristic quasiparticle scattering time.
In Supplementary Figs. S4 and S5 [26], we discuss the
extraction of the Berry-phase of γ−MoTe2 via ﬁts to Eq.
(1) of the oscillatory signal shown in Fig. 1(f). However,
the geometry of the FS of γ−MoTe2 evolves slightly as
the ﬁeld increases due to the Zeeman-eﬀect, which precludes the extraction of its Berry phase. More importantly, one cannot consistently extract a value ϕB ≃ π
when one limits the range in magnetic ﬁelds to smaller
values in order to minimize the role of the Zeeman-eﬀect.
In other words, the dHvA-eﬀect does not provide evidence for the topological character of γ−MoTe2 . Nevertheless, it does indicate that the Dingle temperature
decreases as the ﬁeld increases implying a ﬁeld-induced
increase in the quasiparticle lifetime. This eﬀect should
contribute to its large and non-saturating magnetoresistivity. We reported a similar eﬀect for WTe2 [35].
Since the Berry-phase extracted from the dHvA-eﬀect
does not provide support for a topological semi-metallic
state in γ−MoTe2 , it is pertinent to ask if the DFT calculations predict the correct electronic band-structure and
related FS geometry for this compound, since both are
the departing point for the predictions of Refs. 10–12. To
address this issue, we studied the dHvA-eﬀect as a function of the orientation of the ﬁeld with respect to the
main crystallographic axes. Here, our goal is to compare
the angular dependence of the cross-sectional areas determined experimentally, with those predicted by DFT.
Figures 2(a) and 2(b) display both the dHvA (red
traces) and the SdH signals (black traces) measured in

two distinct single crystals and for two ﬁeld orientations,
respectively along the c− and the a−axes. As previously
indicated, the dHvA and SdH signals were obtained after
ﬁtting a polynomial and subtracting it from the background magnetic torque and magnetoresistivity traces,
respectively. The SdH signal was collected from a crystal displaying a RRR & 1000 at T ≃ 25 mK under
ﬁelds up to 18 T, while the dHvA one was obtained from
a crystal displaying RRR & 2000 at T ≃ 35 mK under ﬁelds up to 35 T. Both panels also display the Fast
Fourier transform (FFT) of the oscillatory signal. For
ﬁelds along the c−axis, one observes two main peaks at
Fα = 231 T and at Fβ = 242 T, as well as their ﬁrstand second harmonics and perhaps some rather small frequencies which could result from imperfect background
subtraction. We obtain the same two dominant frequencies regardless of the interval in H −1 used to extract the
FFTs. Supplemental Fig. S6 [26] displays the dHvA
signal for H aligned nearly along the b−axis along with
the corresponding FFT spectra which are again dominated by two prominent peaks. The observation of just
two main frequencies for µ0 H∥c−axis is rather surprising
since, as we show below, DFT calculations, including the
eﬀect of the spin-orbit interaction, predict several pairs of
electron-like corrugated cylindrical FSs along with pairs
of smaller three-dimensional electron-like sheets in the
First-Brillouin zone. Around the Γ−point, DFT predicts
at least a pair of four-fold symmetric helix-like large hole
sheets. This complex FS should lead to a rich oscillatory
signal, contrary to what is observed. One might argue
that the non-observation of all of the predicted FS sheets
would be attributable to an experimental lack of sensitivity or to poor sample quality which would lead to low
carrier mobility. Nevertheless, our analysis of the Halleﬀect within a two-carrier model [28], yields electron- and
hole-mobilities ranging between 104 and 105 cm2 /Vs at
low T s which is consistent with both the small residual resistivities and the large resistivity ratios of our measured
crystals. Given that the magnetic torque is particularly
sensitive to the anisotropy of the FS, such high mobilities
should have allowed us to detect most of the predicted
FSs, particularly at the very low T s and very high ﬁelds
used for our measurements. Hence, we conclude that the
geometry of the FS ought to diﬀer considerably from the
one predicted by DFT.
In Figs. 2(c) and 2(d) we plot the amplitude of the
main peaks observed in the FFT spectra for ﬁelds along
the c−axis as a function of the temperature. Red lines are
ﬁts to the Lifshitz-Kosevich (LK) temperature damping
factor, i.e. x/ sinh x with x = 14.69µT /H and with µ
being the eﬀective mass in units of the free electron mass,
from which we extract the masses associated with each
frequency. As seen, for H∥c−axis one obtains µα = 0.85
m0 and µβ = 0.8 m0 , which contrasts with the respective
values obtained for H∥a−axis, namely µα,β ≃ 1.5 m0 ,
see Figs. 2(e) and 2(f). As previously mentioned for
µ0 H∥b−axis, we observe two main frequencies, but by
reducing the H −1 window to focus on the higher ﬁeld
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FIG. 3. (a) Electronic band-structures of γ−MoTe2 calculated with and without the inclusion of spin-orbit coupling (SOC).
These calculations are based on the crystallographic structure measured at T = 100 K. (b) Comparison between the calculated
electronic bands based upon the crystallographic structures measured at T = 100 and T = 12 K, respectively. (c) and (d)
Respectively, side and top views of the calculated FS. (e), (f), (g) and (h) Fermi surface sheets resulting from electron bands.
Notice the marked two-dimensional character of several of the electron-like FS sheets. (i), (k) and (l), Hole-like sheets around
the Γ−point.

region, we detect additional frequencies (See, Fig. S6
[26]) which are characterized by heavier eﬀective masses,
i.e. in the order of 2.5 − 2.9 m0 . This indicates that
γ−MoTe2 displays a higher anisotropy in eﬀective masses
when compared to WTe2 [35], although these masses are
consistent with its sizeable γe coeﬃcient. Supplemental
Fig. S7 [26] displays several traces of the dHvA signal as
functions of the inverse ﬁeld for several angles between all
three main crystallographic axes. These traces are used
to plot the angular dependence of the FS cross-sectional

areas in order to compare these with the DFT calculated
ones.

III.

COMPARISON BETWEEN EXPERIMENTS
AND THE DFT CALCULATIONS

Several recent angle-resolved photoemission spectroscopy (ARPES) studies [16–23] claim to ﬁnd a broad
agreement between the band structure calculations, the
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as with respect to the main crystallographic axes. (b) Experimentally observed dHvA spectra as a function of the frequency F
for several angles θ between the c− and and the b−axis and for several values of the angle −ϕ between the c− and the a−axes.

predicted geometry of the Fermi surface, the concomitant existence of Weyl type-II points [10–12], and the related Fermi arcs on the surface states of γ−MoTe2 . Several of these experimental and theoretical studies claim
that the electronic structure of this compound is particularly sensitive to its precise crystallographic structure.
Inter-growth of the 2H−phase or the temperature used
to collect to X-ray diﬀraction data, typically around 100
to 230 K, are claimed to have a considerable eﬀect on
the calculations [12, 21]. Given the few frequencies observed by us, it is pertinent to ask if the mild evolution of
the crystallographic structure as a function of the temperature shown in Fig. S3 [26] would aﬀect the geometry of the FS of γ−MoTe2 . To address this question
we performed a detailed angular-dependent study of the
frequencies extracted from both the SdH and the dHvA
eﬀects in γ−MoTe2 in order to compare these with the
angular dependence of the FS cross-sectional areas predicted by the calculations.
In the subsequent discussion we compare the angular
dependence of our dHvA frequencies with calculations
performed with the Quantum Espresso [42] implementation of the density functional theory in the GGA framework including spin-orbit coupling (SOC). The PerdewBurke-Ernzerhof (PBE) exchange correlation functional
[43] was used with fully relativistic norm-conserving
pseudopotentials generated using the optimized normconserving Vanderbilt pseudopotentials as described in
Ref. 44. The 4s, 4p, 4d and 5s electrons of Mo and

the 4d, 5s and 5p electrons of Te were treated as valence
electrons. After careful convergence tests, the plane-wave
energy cutoﬀ was taken to be 50 Ry and a k−point mesh
of 20 × 12 × 6 was used to sample the reducible Brillouin Zone (BZ) used for the self-consistent calculation.
The Fermi surfaces were generated using a more reﬁned
k−point mesh of 45 × 25 × 14. FS sheets were visualized
using the XCrysden software [45]. The related angular
dependence of the quantum oscillation frequencies was
calculated using the skeaf code [46]. As shown in Fig. 3
the results are very close to those obtained by using the
VASP and the Wien2K implementations of DFT (see,
Fig. S8 in SI [26]), and also to those reported by Refs.
11, 12, 16, and 23.
Figure 3(a) displays the electronic band structure of
γ−MoTe2 , based on its structure determined at T = 100
K, with and without the inclusion of SOC. As previously
reported [11, 12], electron- and hole-bands intersect along
the Γ − X direction at energies slightly above εF creating a pair of Weyl type-II points. Figure 3(b) shows a
comparison between band structures based on the crystallographic lattices determined at 12 K and at 100 K,
respectively. Both sets of electronic bands are nearly
identical and display the aforementioned crossings between hole- and electron-bands thus indicating that the
electronic structure remains nearly constant below 100
K. Figures 3(c) and 3(d) provide a side perspective and
a top view of the overall resulting FS within BZ, respectively. The main features of the DFT calculations are the
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presence of two-dimensional electron pockets, labeled e1
and e2 in Figs. 3(e) and 3(f) and of large “star-shaped”
hole-pockets near the Γ−point, labeled as the h2 and
the h3 sheets in Figs. 3(k) and 3(l). These electron and
hole pockets nearly “touch”. Due to the broken inversion
symmetry, these bands are not Kramer’s degenerate, and
hence the spin-orbit split partners of the corresponding
electron and hole pockets are located inside the corresponding bigger sheets. The h1 hole pocket and the e3
and e4 electron pockets are very sensitive to the position
of εF disappearing when εF is moved by only ±15 meV.
Figures 4(a) and 4(b) present the angular dependence
of the calculated and of the measured FFT spectra of the
oscillatory signal (raw data in Fig. S7 [26]), respectively.
In this plot the Onsager relation was used to convert the
theoretical FS cross-sectional areas into oscillatory frequencies. In Fig. 4(b) θ refers to angles between the c−
and the a−axis, where θ = 0◦ corresponds to H ∥ c−axis,
while ϕ corresponds to angles between the c− and the
b−axis, again relative to the c−axis. As seen, there are

striking diﬀerences between both data sets with the calculations predicting far more frequencies than the measured ones. More importantly, for ﬁelds oriented from the
c-axis towards either the a− or the b−axis, one observes
the complete absence of experimental frequencies around
∼ 1 kT which, according to the calculations, would correspond to the cross-sectional areas of the hole-pockets h2
and h3 . In addition, while many of the predicted electron
orbits show a marked two-dimensional character, diverging as the ﬁeld is oriented towards the a− or the b−axis,
the experimentally observed frequencies show ﬁnite values for ﬁelds along either axis. This indicates that these
orbits are three-dimensional in character, despite displaying frequencies close to those predicted for the e1 and the
e2 pockets for ﬁelds along the c−axis. These observations, coupled to the non-detection of all of the predicted
orbits, in particular the large hole h2 and h3 Fermi surfaces, indicate unambiguously that the actual geometry
of the FS of γ−MoTe2 is diﬀerent from the calculated
one. Notice that frequencies inferior to F = 100 T, which

9

a

b

b-axis

90

c
90

90
no-SOC

60

with-SOC

60

60

30

h

30

h
h
e
e

30

e

0

c-axis

0

0

-30

-30

-30

-60

-60

-60

1

2

1

2

,

(degrees)

?

-90
0.0

a-axis
0.5

F (kT)

-90

1.0

0.0

-90
0.5

F (kT)

1.0

0.0

0.5

F (kT)

1.0

FIG. 6. (a) Experimentally observed dHvA spectra as a function of F for several angles θ and −ϕ, where the magenta and
the blue lines act as guides to the eyes and as identiﬁers of respectively, electron- and hole-like orbits according to the shifted
band structure. Clear blue line depicts a possible hole-orbit associated with very small peaks in the FFT spectra. (b) Angular
dependence of the dHvA orbits, or frequencies on the FS resulting from the shifted bands in absence of spin-orbit coupling,
where magenta and blue markers depict electron- and hole-like orbits on the FS, respectively. Notice the qualitative and near
quantitative agreement between the calculations and the experimental observations. (d) Angular dependence of the dHvA
frequencies for the shifted electron and hole-bands in the presence of spin-orbit coupling. Here, electron-orbits are depicted
by magenta and orange markers while the hole ones are indicated by blue and clear blue markers. The experimental data are
better described by the non spin-orbit split bands.

correspond to the smaller electron- and hole-pockets and
which are particularly sensitive to the position of εF as
previously mentioned, were not included in Fig. 4(a) for
the sake of clarity.
The calculation shows a signiﬁcant diﬀerence between
the SOC-split theoretical bands, which is highlighted by
the absence of a frequency around 0.5 kT associated with
e2 pocket, along with its presence in association with the
e1 pocket. This contrast between both orbits is due to
the presence of a “handle-like” structure (see Fig. 3(e))
in e1 which gives a maximum cross-section close to the
BZ edge. However, at this position there is no maximum cross-section within the BZ for the e2 pocket since
its “handle” is missing (see Fig. 3(f)). This marked difference in topology between the FSs of both spin-orbit
split partners indicates that the strength of the SOC provided by the DFT calculations tends to be considerably
larger than the one implied by our experiments. In fact,
from the twin peaks observed in the experimental FFT
spectra having frequencies around 250 T for ﬁelds along
the c-axis, which are likely to correspond to SOC-split
bands due to their similar angular dependence, we can
infer that the actual SO-splitting is far less signiﬁcant
than the value predicted by the calculations. We have
investigated the possibility of an overestimation of the

strength of the SOC within our calculations which is the
mechanism driving the DFT prediction of a large number of dHvA frequencies displaying remarkably diﬀerent
angular dependencies. For instance, we calculated the
angular dependence of the FSs without the inclusion of
SOC. This leads to just one, instead of a pair of distinct SOC-split bands, which in fact display angular dependencies very similar to those of orbits h3 , e1 and e3
in Fig. 4(a). Notice that part of the discrepancy is attributable to the inter-planar coupling which is not well
captured by the DFT calculations [47]. DFT suggests
that this compound is van der Waals like by predicting
several two-dimensional (i.e. cylindrical like) FS sheets,
when the experiments indicate that the overall FS displays a marked three-dimensional character. This indicates that the inter-planar coupling is stronger than implied by DFT. In any case, from Figs. 4(a) and 4(b) and
the above discussion, it is clear that there are signiﬁcant
discrepancies between the calculated and the measured
FSs. Given that the proposed Weyl type-II scenario [10–
12] hinges on a possible touching between electron- and
hole-pockets, it is critical to understand their exact geometry, or the reason for the disagreement between predictions and experiments, before one can make any assertion
on the existence of the Weyl type-II points in γ−MoTe2 .
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FIG. 7. (a) Electronic band structure calculated with the inclusion of SOC after the hole-like bands have been shifted by
−50 meV and the electron ones by +35 meV with the goal of reproducing the observed dHvA frequencies and their angular
dependence. Notice that these shifts suppress the crossings between the electron- and hole-bands and therefore the Weyl
type-II points of the original band structure. (b) Fermi surface resulting from these band-shifts. (c) FS top view. (d) and (e)
Electron-like FS sheets. (f) and (g) Hole-like sheets.

To understand the source of the disagreement between
calculations and our measurements, we now focus on a
detailed comparison between our DFT calculations and a
selection of ARPES studies. Figure 5(a) corresponds to
data from Ref. 23 depicting an ARPES energy distribution map (EDM) along ky while keeping kx = 0. Figure
5(b) plots its derivative. In both ﬁgures the Γ−point corresponds to ky = 0. According to the calculations, this
EDM should reveal two valence bands intersecting εF
around the Γ−point; the ﬁrst leading to two small holepockets, or the h1 sheets at either side of Γ, with the
second SOC-split band producing the larger h2 and h3
sheets. Instead, ARPES observes just one band intersecting εF which leads to a single FS sheet of cross-sectional
−1
area SFS ∼ π(0.1 Å )2 as indicated by the vertical blue
lines in Fig. 5(b). This observation by ARPES questions
the existence of the band (or of its intersection with εF )
responsible for the large h2 and h3 hole-pockets with this
band being the one previously reported to touch the electron band that produces the e1 pocket and creating in
this way the Weyl type-II points [16–18, 21, 22]. Notice
that our dHvA measurements do not reveal any evidence
for the original h2 and h3 sheets, thus, being in agreement

with this ARPES observation. Furthermore, the Onsager
relation F = S(~/2πe) yields a frequency of ∼ 330 T for
SFS which, in contrast, is close to the frequencies observed by us for µ0 H∥c−axis. Figure 5(c) displays the
band structure calculated “ribbons” obtained by projecting the kz dependence of the bands onto the kx −ky plane.
This representation of the band-structure provides a better comparison with the ARPES EDMs. As seen, there
is a good overall agreement between the ARPES and the
DFT bands, as previously claimed [16–18, 21, 22], except
for the exact position of εF . The purple line depicts the
position of εF according to the DFT calculations while
the white line depicts the position of εF according to
ARPES. A nearly perfect agreement between DFT and
ARPES is achievable by shifting the DFT valence bands
by ∼ −50 meV, which is what ends suppressing the h2
and h3 FS hole sheets from the measured ARPES EDMs.
As shown through Figs. 5(d) and 5(e), this disagreement
between the ARPES and the DFT bands is observed in
the diﬀerent ARPES studies[21]. Figure 5(d) corresponds
to an EDM along the kx (ky = 0) direction of the BZ. As
shown in Fig. 5(e), DFT reproduces this EDM quite well.
Nevertheless, as indicated by the yellow lines in both ﬁgures, which are positioned at the top of the deepest va-
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lence band observed by ARPES, the ARPES bands are
displaced by ∼ −45 meV with respect to the DFT ones.
Red dotted lines in Fig. 5(d) indicate the cross-sections of
−1
the observed electron pockets or ∼ π(0.1 Å )2 . Therefore, to match our main dHvA frequencies, the electron
bands would have to be independently and slightly displaced towards higher energies to decrease their crosssectional area. To summarize, DFT and ARPES agree
well on the overall dispersion of the bands of γ−MoTe2 ,
but not on their relative position with respect to εF .
Therefore, guided by ARPES, we shifted the overall valence bands of γ−MoTe2 , shown in Figs. 3(a) and 3(b), by
-50 meV and the electron ones by +35 meV to recalculate
the FS cross-sectional areas as a function of ﬁeld orientation relative to the main crystallographic axes. The
comparison between the measured dHvA cross-sectional
areas and those resulting from the shifted DFT bands are
shown in Fig. 6. Figure 6(a) displays the Fourier spectra, previously shown in Fig. 4(b), with superimposed
colored lines identifying shifted electron (magenta) and
hole (blue) orbits according to Fig. 6(b) which displays
these frequencies as a function of ﬁeld orientation for
shifted non-SOC-split DFT bands. As seen, the qualitative and quantitative agreement is good, but not perfect.
In contrast, Fig. 6(c) displays these orbits/frequencies as
a function of ﬁeld orientation for SOC-split DFT bands.
Clearly, and as previously discussed, the approach used
to evaluate the eﬀect of the SOC in γ−MoTe2 overestimates it for reasons that remain to be clariﬁed.
Concerning the Weyl physics in γ−MoTe2 , the displacement of the bands, introduced here to explain our
observations based on the guidance provided by previous
ARPES studies, would eliminate the crossings between
the electron- and the hole-bands as shown in Fig. 7(a).
The very weak SOC implied by our study further undermines the argument in favor of a Weyl type-II semimetallic state in this compound. Finally, Figs. 7(b) to
7(g) display the geometry of the Fermi surface resulting from the shifted bands. Overall, the FS displays
a distinctly more marked three-dimensional character,
with the electrons and the-hole pockets remaining wellseparated in k -space.

IV.

CONCLUSIONS

In conclusion, quantum oscillatory phenomena reveal
that the geometry of the Fermi surface of γ−MoTe2 is
quite distinct from the one predicted by previous electronic band-structure calculations. Our low-temperature
structural analysis via synchrotron X-ray diﬀraction
measurements indicates the absence of an additional
structural transition below the monoclinic to orthorhombic one that would explain this disagreement, while heatcapacity measurements provide no evidence for an electronic phase-transition upon cooling. In contrast, a direct comparison between DFT calculations and the band-

structure reported by angle resolved photoemission spectroscopy reveals a disagreement on the position of the
valence bands relative to the Fermi-level, with the experimental valence bands shifted by ∼ −50 meV relative
to the DFT ones. Therefore, one should be careful concerning the claims of a broad agreement between the calculations and the electronic bands revealed by ARPES
measurements [16–21].
Here, we show that it is possible to describe the
angular-dependence of the observed de Haas-van Alphen
Fermi surface cross-sectional areas by shifting the position of the DFT bands relative to the Fermi level as
indicated by ARPES. However, with this adjustment,
the Weyl points, which result from band-crossings that
are particularly sensitive to small changes in the lattice
constants, are no longer present in the band-structure
of γ−MoTe2 . Although our approach of modifying the
band structure in order to obtain an agreement with
both ARPES and de Haas-van Alphen experiments is
not based on ab-initio calculations and has only a phenomenological basis, our ﬁndings do shed a signiﬁcant
doubt on the existence of the Weyl points in the electronic
band structure of γ−MoTe2 . In addition, our measurements indicate that the DFT calculations overestimate
the role of spin-orbit coupling in this compound. Hence,
our work which combines DFT calculations with measurements of quantum oscillatory phenomena, strongly
suggests that the approach of including the role of spinorbit coupling in the DFT implementations needs to be
signiﬁcantly revised, particularly in what concerns layered compounds.
Finally, this study combined with the ARPES results
in Ref. 48, indicate that there ought to be a Lifshitztransition [49] upon W doping in the γ−Mo1−x Wx Te2
series, leading to the disappearance of the central hole
pockets in γ−MoTe2 in favor of the emergence of holepockets at either side of the Γ−point in γ−Mo1−x Wx Te2 .
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Shekhar, Y. Sun, V. Süß, M. Schmidt, U. Schwarz, E.
Pippel, P. Werner, R. Hillebrand, T. Förster, E. Kam-

13

[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]

[36]

[37]

[38]

pert, S. Parkin, R. J. Cava, C. Felser, B. Yan and S. A.
Medvedev, Superconductivity in Weyl semimetal candidate MoTe2 , Nat. Commun. 7, 11038 (2016).
Q. Zhou, D. Rhodes, Q. R. Zhang, S. Tang, R.
Schönemann, and L. Balicas, Hall eﬀect within the colossal magnetoresistive semimetallic state of MoTe2 , Phys.
Rev. B 94, 121101(R) (2016).
A. P. Mackenzie, R. K. W. Haselwimmer, A. W. Tyler,
G. G. Lonzarich, Y. Mori, S. Nishizaki, and Y. Maeno,
Extremely strong dependence of superconductivity on disorder in Sr2 RuO4 , Phys. Rev. Lett. 80, 161-164 (1998).
S. Nakatsuji, K. Kuga, Y. Machida, T. Tayama, T.
Sakakibara, Y. Karaki, H. Ishimoto, S. Yonezawa, Y.
Maeno, E. Pearson, G. G. Lonzarich, L. Balicas, H. Lee
and Z. Fisk, Superconductivity and quantum criticality
in the heavy-fermion system beta-YbAlB4 , Nat. Phys. 4,
603-607 (2008).
M. Tsujimoto, Y. Matsumoto, T. Tomita, A. Sakai,
S. Nakatsuji, Heavy-Fermion Superconductivity in the
Quadrupole Ordered State of PrV2 Al20 , Phys. Rev. Lett.
113, 267001 (2014).
A. P. Mackenzie, and Y. Maeno, The superconductivity
of Sr2 RuO4 and the physics of spin-triplet pairing, Rev.
Mod. Phys. 75, 657-712 (2003).
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A. Anisotropy in superconducting upper critical fields

Hc2 (mT)

1.5

a-axis
b-axis
c-axis

a

1.0
0.5

γ = Hc2a / Hc2b,c

0.0
5

b

4
3

γa/c

2

γa/b

1
0

0.05

T (K)

0.10

Fig. S1. Anisotropy in superconducting upper critical fields for a γ-MoTe2 single-crystal. (a), Superconducting upper
critical fields Hc2 for a γ-MoTe2 single-crystal (sample #2 or blue trace in Fig. 1 (b)) as a function of the temperature
T and for fields applied along all three main crystallographic axes. Solid lines are fits to a Ginzburg-Landau
expression Hic2(T) = φ0/(2πξj(0) ξk(0))[(1-t2)/(1+t2)], φ0 is the quantum of magnetic flux, ξi(0) is the zero temperature
superconducting coherence length along a certain crystallographic axis, and t is the reduced temperature T/Tc. (b)
Anisotropy in upper critical fields γ = H ic2 / H jc2, for fields applied along the a- and the c-axis (violet markers) and
for fields along the a- and the b-axis (pink markers), respectively. Notice how γ decreases slightly upon decreasing
T, suggesting multi-band superconductivity.

B. Hall-effect in γ-MoTe2: carrier compensation and possible Lifshitz transition as a function of
temperature

|RH| (cm3/C)

Given the enormous, non-saturating magnetoresistance displayed by γ-MoTe2, which is ascribed
to nearly perfect electron-hole compensation [S1, S2, S3], as claimed to be the case for WTe2, we plot its
density of electron and holes as determined from Hall-effect measurements [S4]. Our detailed, two-band
analysis of the Hall response of γ-MoTe2 can be found in Ref. [S4].
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Fig. S2. (a) Absolute value of the Hall constant |RH| measured under a field H = 9 T as a function of the temperature.
Brown arrow indicates the temperature T ~ 240 K where the monoclinic to orthorhombic transition occurs. Blue
arrow indicates the temperature below which a sharp increase is observed in the Hall response, suggesting a
crossover or a possible electronic phase-transition. (b) Ratio between the density of holes nh and the density of
electrons ne as a function of T and as extracted from a two-band analysis of the Hall-effect. Notice how nh increases
very quickly below 40 K reaching parity with ne below ~ 15 K. Hence, the Hall-effect indicates that this compound
becomes nearly perfectly compensated at low temperatures. (c) Heat capacity C normalized by the temperature T
and as a function of T for a β, γ-MoTe2 single-crystal. A broad anomaly is observed at Tmax ≅ 66 K around which µh
is seen to increase abruptly. At low Ts, C/T saturates at γ ≅ 2.6 mJ/molK2 which corresponds to the electronic
contribution to C/T. Inset: C/T as a function of T2. Red line is a linear fit from which one extracts the phonon
coefficient ϑ in C/T ∝ ϑT3 which yields a Debye temperature ΘD ≅ 120 K.

As seen in Fig. S2 (a), the Hall-effect yields two important observations: two anomalies in its temperature
dependence (measured under µ0H = ± 9 T), the first associated with the monoclinic to orthorhombic
transition (indicated by the brown arrow) and the second yielding a sharp increase in the Hall constant
below ~ 80 K (blue arrow) which leads to a very sharp increase in the density holes making the system
almost perfectly compensated below 30 K (see Fig. S2 (b)). In fact, at low temperatures the Hall
resistivity is basically linear all the way up to µ0H = 9 T indicating that γ-MoTe2 is better compensated
than WTe2, see e.g. Ref. [S5]. A sharp increase in the Hall constant at lower Ts is suggestive of an

electronic phase-transition akin to the temperature-dependent Lifshitz-transition [S6] reported for WTe2.
To evaluate this hypothesis, we performed heat capacity measurements in a β-MoTe2 single-crystal.
Figure S2 (c) displays the specific heat C, normalized by the temperature and as a function of T in a
logarithmic scale. C/T displays a broad anomaly around T ≅ 66 K roughly at the same T where one
observes a sharp increase in the Hall-constant. Extrapolation to T = 0 K yields a sizeable electronic
contribution term γe ≅ 2.6 mJ/molK2, a surprising value for a semi-metal characterized by a relatively
small density of carriers. For instance, metallic copper which contains a ~ 102 larger density of carriers
yields γe ≅ 0.69 mJ/molK2. Therefore, the large γe suggests a relatively high density of states at the Fermi
level which is consistent with the observation of superconductivity. The broad anomaly cannot be
reconciled with either a first- or a second-order phase-transition. Instead, it suggests a crossover between
two regimes, and since it occurs at temperatures where C/T is dominated by phonons, we speculated that
the crystallographic structure would evolve upon cooling below T = 100 K. The Hall-effect, on the other
hand, indicates that the electronic structure would be affected by the evolution of the lattice upon cooling.
However, our detailed low temperature synchrotron based structural analysis does not support this
scenario, see Fig. S3 below.
C. Crystallographic structure as a function of the temperature.
Three single-crystals were measured at the CHESS-A2 beam line. Crystal 1 was measured with
19.9 keV incident photons (with an energy bandwidth of ~ 2 eV). This crystal, had dimensions of ~ 100 x
30 x 10 µm3, and was fully bathed by a nitrogen gas jet when subjected to the 200 x 200 µm2 incident
beam. For sample 2, the incident beam was reduced to 80 x 80 µm2 in to illuminate fewer grains from a
larger crystal (few mm long) characterized by significant structural disorder. The temperature of this
sample was controlled using a closed-cycle cryostat. The diffracted X-rays were recorded using a Pilatus3
300 K area detector mounted on the 2θ arm of a 4-circle diffractometer.
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Fig. S3. (a), (b), (c) γ-MoTe2 lattice constants a, b and c of as functions of the temperature T. (d), (e), (f) Angles α, β
and γ between the lattice vectors as functions of T. Black markers depict sample 1, colored markers were collected
from samples 2 (in pink) and 3 (in blue).

A third crystal of dimensions ~ 80 x 20 x 5 µm3 was measured with 55 keV photons and a 6 Mega-pixel
photon counting area detector. The single-crystal was continuously rotated over 370o during shutterless
data collection, with 0.1o of rotation integrated into each frame. Three complete datasets were collected
by varying the position of the detector relative to the incident beam. Reflections from the reduced datasets
were scaled and merged together for structure solution and refinement. Diffraction data at T = 115 K was
collected with a nitrogen cryostream system to bathe the crystal in a stream of cold gas. Data at T = 12 K
was collected in a similar fashion using a helium cryostream. For both setups the temperatures of the cold
stream were confirmed with a silicon diode sensor immediately prior to the measurements.
We investigated the temperature evolution of the crystalline-structure by performing singlecrystal synchrotron X-ray diffraction measurements at low temperatures; Fig. S3 displays the lattice
constants and the angles between lattice vectors as functions of the temperature for 7 K ≤ T ≤ 200 K as
collected from three single crystals sample 1 (black dots) and samples 2 and 3 (colored markers). Unit cell
parameters were co-refined by collecting three-dimensional center-of-mass measurements in reciprocal
space of a set of 4 Bragg peaks, measured in temperature intervals of 5 K upon cooling. Within the sphere
of confusion of the instrument all angles between lattice vectors approach 90o as T is lowered below 150
K and as expected for an orthorhombic structure. To summarize, synchrotron X-ray diffraction confirms
that the crystallographic structure of γ-MoTe2 is temperature dependent down to ~ 125 K, with this
compound displaying a remarkable negative thermal expansion coefficient along the b- and the c-axes.
Perhaps more important, little dependence on temperature is observed below ~ 100 K. The pronounced
deviations with respect to orthorhombicity observed in the range of temperatures 150 K ≤ T ≤ 250 K, are
probably a manifestation of the hysteresis associated with the structural transition at ~ 250 K.
Low temperature structural parameters of γ-MoTe2 resulting from synchrotron X-ray scattering:
Orthorhombic space group #31 or Pmn21 with α = β = γ = 90o
T = 115 K : a = 3.463 Å, b = 6.326 Å, c = 13.878 Å
Atom
Te1
Te2
Te3
Te4
Mo5
Mo6

X
0.00000
0.00000
0.50000
0.50000
0.00000
0.50000

Y
0.85960
0.21033
0.36298
0.71658
0.47030
0.10570

Z
1.02325
0.77018
1.06678
0.81359
0.92545
0.91135

site
2a
2a
2a
2a
2a
2a

T = 12 K: a = 3.464 Å, b = 6.315 Å, c = 13.884 Å
Atom
Te1
Te2
Te3
Te4
Mo5
Mo6

X
0.00000
0.00000
0.50000
0.50000
0.00000
0.50000

Y
0.86030
0.21070
0.36360
0.71710
0.47060
0.10560

Z
1.02332
0.77028
1.06682
0.81347
0.92537
0.91139

site
2a
2a
2a
2a
2a
2a

D. Determination of the Berry phase
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Fig. S4. Given that the magnetic torque for a layered system is given by τ = (χxx-χzz)H 2/2 sin2θ, where χxx is the
component of the magnetic susceptibility for fields applied along a planar direction and χzz is the component of the
susceptibility for fields applied along the inter-planar direction with θ being the angle between the magnetic field
and the inter-planar direction, the sign of τ is actually θ-dependent. Therefore, the phase of the oscillatory signal
(observed at high fields) superimposed onto τ (black trace) is also θ dependent.

The correct phase is determined via a comparison with the magnetic susceptibility, χzz =
∂Mz/µ0∂H, as measured with a Squid magnetometer (blue trace, low fields). As seen, both traces are
nearly in-phase. The relatively small deviation in their respective phases is due to the difference in angle
between the magnetic field and c-axis of the crystal for either measurement: torque, which requires an
angle, was measured at θ ~ 3o, while susceptibility θ ~ 0o.
Figure S4 displays the oscillatory signal superimposed onto the magnetic torque (black trace) of
γ-MoTe2 for fields nearly along its c-axis as a function of the inverse field. To this trace we have
superimposed the oscillatory signal measured in a SQUID magnetometer for fields also aligned nearly
along the c-axis. The goal of this figure is to demonstrate that the oscillations from both measurements are
nearly in phase, given that the sign of the torque signal is angle dependent, and therefore that we can
extract the correct values of the Berry–phase of γ-MoTe2 through fits of the oscillatory signal to LifshitzKosevich formalism.
Figure S5 displays the oscillatory signal superimposed onto the derivative of the magnetic torque
(black trace) as a function of inverse field along with fits (red traces) to four Lifshitz-Kosevich oscillatory
components performed over an increasing range in (µ0H)-1. Two of these components describe the main
fundamental frequencies observed for this orientation while the other two depict their first harmonics,
respectively. The objective of these fits is to evaluate the Berry-phase and therefore the topological
character of γ-MoTe2. As seen through the four panels of Fig. S5, one obtains Fα = 240.4 T and Fβ = 259
T for the fundamental frequencies and for fields below 10 T, but they are observed to continuously evolve
as the field interval is increased, i.e. Fα increases to 244.3 T while Fβ decreases slightly to 256.6 T when
one fits the entire fit range. Meanwhile, and assuming constant values for the effective masses (shown

below and in the main text), one observes the Dingle temperatures to decrease as the fit progressively
includes the whole field range. For example, TDα decreases from 3.3 K to 1.9 K.

Fα = 240.6 T; T αd = 3.3 K

Fα = 242.9 T; T αd = 2.5 K

Fβ = 259 T; T βd = 3.9 K

Fβ = 257 T; T αd = 2.8 K

φαΒ = 2π x 0.74
φβΒ = 2π x 0.59

φαΒ = 2π x 0.4
φβΒ = 2π x 0.89

Fα = 243.4 T; T αd = 2.0 K

Fα = 244.3 T;T αd = 1.9 K

Fβ = 256.8 T; T βd = 2.3 K

Fβ = 256.6 T;T αd = 2.5 K

φαΒ = 2π x 0.33

φβΒ = 2π x 0.23

φβΒ = 2π x 0.93

φαΒ = 2π x 0.94

Fig. S5. From left to right and from top to bottom: fits (red lines) of the de Haas van Alphen signal superimposed
onto the magnetic susceptibility (as extracted from the derivative of the magnetic torque τ with respect to µ0H) to
four Lifshitz-Kosevich oscillatory components. The four components describe the two fundamental frequencies Fα
and Fβ observed for fields applied along the c-axis along with their first harmonics. Notice that the fundamental
frequencies shift as the interval in µ0H-1 increases. The obtained Berry phases φΒα,β and extracted Dingle
temperatures Tdα,β are also field-dependent. Hence, the electronic structure of γ-MoTe2 is affected by the Zeemaneffect which prevents the extraction of its Berry phase. Notice however, that the Berry-phases extracted at the lowest
fields are distinct from π and therefore at odds with the prediction of a Weyl type-II semi-metallic state in γ-MoTe2.

Similarly, the phase-factors from which one extracts the Berry phases φBα,β are also found to be strongly
field-dependent. The values of φBα,β indicated in the figure were calculated assuming minima and maxima
extremal-cross-sectional areas, respectively, and a three-dimensional FS. In summary, the geometry of the
Fermi surface of γ-MoTe2 evolves as a function of the field due to the Zeeman-effect, which precludes the
extraction of its Berry phase. However, even at the lowest fields the values of φBα,β differ from π
indicating that it is not a topological compound.
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E. Angular dependence of the de Haas van Alphen signal and anisotropy of the effective masses.
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Fig. S6. Oscillatory signal and carrier effective masses for fields along the b-axis. (a) Oscillatory component of the
Haas van Alphen effect, superimposed onto the magnetic torque as a function of the inverse field H -1 and for several
values of T. Here, H was aligned nearly along the b−axis. (b) FFT spectra taken from a window in H ranging from
20 to 35 T. (c), (d), (e), and (f), Amplitude of selected peaks observed in the FFT spectrum as a function of T. Red
lines are fits to the Lifshitz-Kosevich expression from which we extract the effective masses indicted in each panel.
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Fig. S7. Oscillatory component, or the Haas van Alphen effect, superimposed onto the magnetic torque as a
function of the inverse field H -1 and for several angles between the c-axis and the other two crystallographic axes.
This data was collected at 35 mK and was used to extract the fast Fourier-transform spectra as a function of the
angle displayed in Figs. 4(b) and 6(a) within the main text.

Fig. S8. Fermi surface of γ-MoTe2 according to the VASP implementation with the inclusion of spin-orbit coupling.
(a) Hole-like Fermi surfaces around the Γ-point. In contrast to the Wien2K implementation, VASP predicts small
hole-like Fermi surfaces at Γ. In addition, the larger four-fold symmetric hole-like surfaces would touch the
boundary of the first Brillouin zone. This is attributable to a different position of the Fermi energy relative to the
Wien2K implementation. (b) Electron-like Fermi surfaces. In contrast to Wien2K, VASP predicts small electron
ellipsoids in addition to three sets of cylindrical electron-like Fermi surfaces at the X-point. (c) Fermi surface crosssectional areas as functions of the angle of rotation of the external magnetic field relative to the crystallographic
axes.
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