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Detection of Hole Pockets in the Candidate Type-II Weyl Semimetal MoTe,
from Shubnikov—de Haas Quantum Oscillations
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The bulk electronic structure of 7;,-MoTe, features large hole Fermi pockets at the Brillouin zone
center (I') and two electron Fermi surfaces along the I'-X direction. However, the large hole pockets,
whose existence has important implications for the Weyl physics of T,-MoTe,, has never been
conclusively detected in quantum oscillations. This raises doubt about the realizability of Majorana states
in T ;-MoTe,, because these exotic states rely on the existence of Weyl points, which originated from the
same band structure predicted by density functional theory (DFT). Here, we report an unambiguous
detection of these elusive hole pockets via Shubnikov—de Haas (SdH) quantum oscillations. At ambient
pressure, the quantum oscillation frequencies for these pockets are 988 and 1513 T, when the magnetic
field is applied along the ¢ axis. The quasiparticle effective masses m™ associated with these frequencies are
1.50 and 2.77 m,, respectively, indicating the importance of Coulomb interactions in this system. We
further measure the SdH oscillations under pressure. At 13 kbar, we detected a peak at 1798 T with
m* = 2.86m,. Relative to the oscillation data at a lower pressure, the amplitude of this peak experienced an
enhancement, which can be attributed to the reduced curvature of the hole pockets under pressure.
Combining our experimental data with DFT + U calculations, where U is the Hubbard parameter, our

results shed light on why these important hole pockets have not been detected until now.
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T,MoTe,, like its prominent relative WTe,, is an
important member of the transition metal dichalcogenide
family, exhibiting interesting electronic properties [1].
T,-MoTe, has been predicted to be a type-Il Weyl
semimetal, in which the Weyl points arise from linear
touching points at the boundary between electron and hole
pockets [2-8]. Furthermore, T ,;-MoTe, exhibits a non-
saturating, quadratic extremely large magnetoresistance
(XMR) at low temperatures [9], which can at least be
partially attributed to a perfect compensation between
electron and hole -carriers [10-12]. Additionally,
T,-MoTe, undergoes a superconducting transition at
T, ~0.1 K and a structural transition to the 17" phase above
T, ~263 K at ambient pressure [13]. Under pressure, 7',
is rapidly suppressed, extrapolating to 0 K at ~11 kbar
[11,14-16], while T, is rapidly enhanced. This makes
MoTe, interesting because of the ability to access both the
T, and 17’ phase with a moderate pressure. At 15 kbar
(17" phase), the 2D superconductivity has been reported [16].

For a thorough discussion of the intriguing properties of
MoTe,, it is imperative to understand its electronic struc-
ture. Several early angle-resolved photoemission spectros-
copy (ARPES) measurements have claimed to observe
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Weyl points and Fermi arcs in 7';-MoTe,, and the measured
bulk Fermi surfaces are in broad agreement with the
prediction of density functional theory (DFT) [5,6,17-19].
However, an agreement between quantum oscillations and
DFT has been significantly less satisfying: the large hole
pockets predicted in DFT [20] did not show up in quantum
oscillation data [10,13,20-24]. To match the experimental
data with the calculation, an ad hoc shift of the valance
bands relative to the Fermi energy was performed [20].
Unfortunately, such a band shifting eliminates the type-II
Weyl points, raising doubt regarding the true topological
nature of 7 ,-MoTe,. Although Majorana states due to the
interplay between topological semimetal and superconduc-
tivity have been proposed [25,26], their realizability in
T,-MoTe, becomes doubtful with the elimination of
Weyl points. On the other hand, the absence of hole pockets
would present significant challenges to the understanding
of T,-MoTe,. For instance, it would be impossible to
reconcile the absence of hole pockets with the interpretation
of the XMR based on an electron-hole carrier compensation
scenario.

Recently, it has been pointed out that, if Coulomb
interaction is included in DFT calculations, a better
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agreement with ARPES data can be achieved [8,27].
Furthermore, in these DFT + U calculations, where U is
the on-site Coulomb interaction of Mo 4d electrons, the
shift of energy bands similar to the operation attempted in
Ref. [20] can be reproduced without the elimination of the
type-II Weyl points. With an increasing U, the hole pockets
are shrinking. For instance, the frequency of the biggest
hole pocket when the magnetic field (B) is applied along
the ¢ axis decreases monotonically from ~2000 Tat U =0
to ~1500 T at U =4 eV [8]. Hence, even with the
inclusion of a sizeable U, a distinct quantum oscillation
frequency larger than ~1000 T should still appear, which
had not been detected experimentally [10,13,20-24].
Therefore, the observation of this particular frequency when
B||c has been long awaited, and it can be regarded as the
“smoking gun” evidence for the correctness of DFT pre-
dictions, and it serves to pinpoint a value of U. This
observation would also represent an unambiguous detection
of the hole pockets, which is clearly crucial for under-
standing MoTe, physics. In this Letter, we present our
Shubnikov—de Haas (SdH) oscillations from high-quality
MoTe,
new frequencies that can be assigned to the hole pockets, in
excellent agreement with DFT + U calculations. Moreover,
our data show that, with an increasing pressure, the hole
pockets become more two-dimensional and cylindrical,
explaining why the SdH oscillations are hard to detect at
ambient pressure.

Single crystals of MoTe, were synthesized by the Te-flux
method as described in Supplemental Material [28]. Three
thin MoTe, samples with a thickness of around 10 ym were
cleaved from the same crystal: samples #A and #C for
ambient pressure and sample #B for high-pressure measure-
ments. #C was measured at The National High Magnetic
Field Laboratory (NHMFL) in Tallahassee. These thicknesses
guarantee that our samples are in the bulk limit. The electrical
resistivity up to 14 T was measured by a four-terminal
configuration either in a Physical Property Measurement
System by Quantum Design (down to 2 K) or a dilution fridge
by Bluefors (down to 30 mK). Hydrostatic pressure was
provided by a piston-cylinder clamp cell with glycerin as the
pressure transmitting medium. The pressure value was
determined resistively by the superconducting transition of
Pb. DFT + U calculations were performed, with details
provided in Supplemental Material [28].

We begin by a presentation of our ambient pressure data.
Figure 1(a) shows the zero-field p(T) of sample #A at
ambient pressure, collected on cooling. An anomaly in
p(T) is observed at 236 K at ambient pressure, correspond-
ing to the first-order structural transition. The residual
resistivity ratio [RRR = p(300K)/p(2K)] is 1238, indicat-
ing superior sample quality. Figure 1(b) shows the mag-
netoresistance (MR) at 30 mK with B||c, reaching a value
of ~523 100% at 13 T, manifesting again the high quality of
our sample. With the large magnetoresistance background
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FIG. 1. Electrical transport data collected on sample #A at
ambient pressure. (a) The temperature dependence of the resis-
tivity upon cooling. The arrow indicates the anomaly associated
with the structural transition. (b) The MR at 30 mK with B||c.
(c) SdH oscillations at several representative temperatures.
(d) Quantum oscillation spectra for B||c at temperatures ranging
from 30 mK to 3.5 K. The FFT was performed from 8§ T to 13 T.
The lower inset shows the FFT spectra from 0.85 kT to 1.65 kT at
30 mK, 100 mK, 300 mK, 450 mK, 600 mK and 800 mK. To
show the high-frequency peaks clearly, the FFT was performed
from 9.5 T to 13 T. The upper inset plots the amplitudes of the
1513 T peak against the temperature.

removed, clear Shubnikov—de Haas oscillations can be
seen [Fig. 1(c)]. In Fig. 1(d), we display the SdH spectra
obtained from fast Fourier transform (FFT) for a wide range
of temperatures. Our SdH spectra for B||c are considerably
richer than most existing data in the literature thus far
[10,13,20-24]: F, = 226 and F3 = 263 T are the same as
previously reported peaks [10,13,20-24], and they corre-
spond to the electron pockets. However, we also detect
more frequencies, including F, =484, F; =758, and
A long-standing mystery in the studies of MoTe,
electronic structure concerns the absence of any quantum
oscillation frequencies above 1000 T with B||c in experi-
ments. When we examine our SdH data closely, we
discover new frequencies at 988 and 1513 T. As shown
in the lower inset of Fig. 1(d), the peaks are weak but well
above the noise floor. The temperature dependence of the
amplitudes follows the prediction of Lifshitz-Kosevich
theory, enabling the extraction of sheet-resolved effective
masses m”*. For the peak at 1513 T, m* = (2.77 £ 0.15)m,
[see the upper inset of Fig. 1(d)]. For the peak at 988 T,
m* = (1.50 £0.03)m, [28]. Note that there is a much
weaker peak at 1244 T, which could be an artifact of the
experiment. The frequency of the 1513 T peak is nearly
2Fs. However, the effective mass of § is (1.99 4 0.06)m
[28], which is significantly more than half of 2.77m,.
Hence, we can exclude the possibility that the 1513 T peak
is the second harmonic of §. We further varied the field
angle at 30 mK to track the angular dependence of the new
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found SdH frequencies (see Supplemental Material [28]).
The comparison between our data and the DFT + U
calculations enables us to definitively associate the frequen-
cies at 988 and 1513 T with the large hole pockets in
T,-MoTe,. Besides, the rather large m* highlights the
importance of electron-electron correlations and justifies
the inclusion of Hubbard U in the calculations.

Figure 2(a) displays the calculated hole Fermi surfaces
that are of central interest in this Letter. At ambient
pressure, in the 7'; phase, they are large and closed
three-dimensional pockets. Since our angular dependence
of SdH frequencies indeed exhibits a good agreement with
the calculations with U = 3 eV [28], we fix U to 3 eV. We
point out that the curvature of the hole pockets along the k,
direction is large. We speculate that this relatively large
curvature, together with the large m*, are responsible for
the difficulty in detecting these frequencies.

The curvature of the hole pockets can be varied by
applying hydrostatic pressure. To see how the curvature
evolves, we perform calculations at 10 and 20 kbar, as
shown in Figs. 2(b), 2(c), 2(e), and 2(f). Although MoTe, is
in the 17" phase at 20 kbar [16], calculations using the
space group of both the T; and 17’ phases were performed
to theoretically investigate the curvature change with an
increasing pressure. In the 177 phase, bands 183 and 184
are degenerate because of the restoration of the inversion
symmetry. For the calculations in both 17" and T, phases,
the hole pocket(s) expand in size with an increasing
pressure, and they progressively touch the Brillouin zone
boundary along the k, direction. Hence, we conclude that
the Fermi surfaces become more cylindrical and the
curvature along the k, direction decreases under pressure.

The effect of the Fermi surface curvature on quantum
oscillation amplitude is usually incorporated by slicing a
Fermi surface into thin slabs that are perpendicular to the
magnetic field [32]. Without loss of generality, we take
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FIG. 2. Hole Fermi surface(s) centered at the I" point of the
Brillouin zone at ambient pressure, 10 and 20 kbar, calculated
with U = 3 eV. (a)—(c) Results in the T'; phase. In the 17’ phase
(d)—(f), band 183 and band 184 become degenerate.

B = BZ. The thickness and the cross-sectional area of the
slabs become dk, and S(«,), respectively, where the k. axis
is parallel to the k, axis. To get the total signal contributed
by these slices, we need to integrate along «,

[ T ) Rt

where p is the harmonic index and y is a phase factor.
Taking the extremal area S, to be at k, = 0, and focusing
only on the range of «, in the vicinity of the extremal area,
the integral can be approximated as [32]
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p=1
where F = hS./(2me) is the quantum oscillation fre-
quency corresponding to the extremal area. The second
derivative, which characterizes the curvature of the Fermi
surface at x, =0, enters as the denominator of the
prefactor. Therefore, a larger curvature will result in a
smaller quantum oscillation amplitude.

Since our DFT + U calculations have established that
the curvature of the hole pockets along the k, direction
decreases under pressure, the SdH oscillation amplitudes
should be enhanced. To test this hypothesis, we conduct a
series of high-pressure electrical transport experiments.
Figures 3(a) and 3(b) exhibit p(T) and the field dependence
of MR at 30 mK, respectively. The rapid suppression of
MR under pressure is qualitatively similar to the recent
study using crystals with a lower RRR of ~170 [16].
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FIG. 3. (a) Temperature dependence of the resistivity at

different pressures for sample #B, collected on warming up.
Sample #B has a RRR of 1460 at ambient pressure. (b) The field
dependence of the MR with B||c at 30 mK at 3, 13, and 19 kbar.
(c) Temperature-pressure phase diagram. 7, is the structural
transition temperature on warming, 7. is the superconducting
transition temperature. Closed symbols are from the current
Letter, open symbols are from Ref. [16]. The arrows indicate
the pressure points for the SAH studies of sample #B.
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FIG.4. SdH oscillations for MoTe, at (a) 3 kbar and (b) 13 kbar.
(c) The pressure evolution of SdH spectra at 30 mK. For the
spectra shown in the main panels, the FFT was performed using
data between 8 T and 13 T for ambient pressure, 3 kbar and
13 kbar, and between 11.3 Tand 13.3 T for 19 kbar. The magnetic
field is applied along the ¢ axis. The insets exhibit the SdH
spectra from 850 T to 2500 T, obtained with FFT performed
between 9.5 T and 13 T.

However, the MR (13 T, 30 mK) at 19 kbar for the present
Letter remains large, having a value of 28 300%, much
larger than the value of 1000% at 17 kbar in Ref. [16]. From
our electrical transport data, we can extract 7, and T,
which are shown in Fig. 4(c). The pressure dependence of
T, and T, from samples with RRR of ~170 are also
included, which agree nicely with the present Letter. The
overall smooth variation of 7,(p) and T.(p) rule out any
strong dependence on RRR.

The large MR offers the prospect of detecting quantum
oscillations under pressure. Clear SdH oscillations can be
seen at 3 and 13 kbar, as displayed in Figs. 4(a) and 4(b).
The pressure-dependent SdH spectra at 30 mK with B||c
are shown in Fig. 4(c). The ambient pressure SdH spectrum
is the same as the one shown in Fig. 1(d). We stress that the
pressure work was conducted on sample #B, which is from
the same batch as #A used for ambient pressure work. At
3 kbar, several peaks below 1000 T can be resolved, and an
intense peak at 309 T is most likely related to F, =226 T
observed at ambient pressure. We do not observe any peak
higher than 1000 T at 3 kbar, as can be seen from the inset.
This can be understood because sample #B has a lower
signal-to-noise ratio than #A. In this low-pressure range, the
high-frequency oscillations are still weak and they can
easily be buried in the noise.

Upon increasing pressure to 13 kbar, an interesting
SdH spectrum is obtained. While the strongest peak
continues to shift toward the higher frequency end, two
new peaks appear: one at 1342 and another at 1798 T. The
frequency of the 1342 T peak is nearly double that of the
most intense peak (661 T). Furthermore, its effective mass

is (3.11 £0.17)m,, which is exactly twice the effective
mass associated with the 661 T peak (1.55 £ 0.03)m, [28].
Hence, the 1342 T peak is the second harmonic.
However, the 1798 T peak is not the integer multiple of
any peak at a lower frequency. Hence, we conclude that this
peak is indeed independent. Finally, we note that the
effective masses at 13 kbar are significantly larger than
the ambient pressure values [28]: m* is (2.86 + 0.19)m,,
(1.61 £0.11)m,, and (1.46 £ 0.03)m, for the 1798, 324,
and 621 T peaks, respectively. The enhanced effective
masses further suggest the importance of Coulomb inter-
actions under pressure.

The observation of a SdH peak with a larger amplitude
with an increasing pressure is extraordinary. Empirically,
SdH amplitudes usually decrease under pressure [33,34].
For instance, the strongest peak at 13 kbar (661 T) is 12.5
times weaker than that at 3 kbar (309 T). However, the
unusual growth of the 1798 T peak at 13 kbar can be nicely
attributed to the decrease of the curvature of the hole Fermi
surfaces discussed above. Furthermore, since MoTe, is
already in the 17" phase at 13 kbar [16], bands 183 and 184
become degenerate due to the recovered inversion sym-
metry. The multiplicity is expected to further enhance the
quantum oscillation signals. Therefore, combining the
calculations and the experimental results, we conclude that
the 1798 T peak at 13 kbar is related to the 988 and 1513 T
peaks at ambient pressure, which further strengthens our
conclusion of detecting hole pockets.

At 19 kbar, the SdH oscillations fade away. Similar
weakening of the SdH amplitudes was also reported in
WTe, [33], which can be intuitively attributed to pressure
inhomogeneity and the suppression of MR. Fortunately,
with an average over 16 field sweeps under identical
experimental conditions, several broad peaks can be
resolved. Although the weak SdH signals render it impos-
sible to reliably obtain the effective mass, the spectrum is
useful for the discussion of pressure evolution of SdH
frequencies. From the spectrum, we identify three peaks
located at 780, 1450, and 2066 T. The first two peaks can be
taken as the fundamental and its harmonic. Given the
relatively small pressure difference between 19 and 13 kbar,
and the similar structure in the SdH spectra, the 2066 T is
naturally recognized to be related to the 1798 T peak at
13 kbar. In fact, linearly extrapolating these frequencies to
ambient pressure would give a peak at 1217 T, which is in
between the two frequencies from the hole Fermi surfaces
at ambient pressure. This is expected since the degeneracy
is lifted due to the absence of inversion symmetry in the
ambient pressure 7, phase.

Taking into account all SdH data collected, the pressure
evolution of our data is consistent with the expectation from
DFT + U calculations (Fig. 2). Thus, the pressure studies
lend further support to our central claim on the detection of
the hole Fermi surfaces in MoTe,. As pointed out by Aryal
and Manousakis [8], the inclusion of U does not annihilate
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all Weyl points in the 7 ; phase: at least one pair of type-II
Weyl points very close to the Fermi level survive. As a
corollary, our work might have resolved a lingering issue
concerning the relevance of Weyl physics in 7,;,-MoTe,
[20] and reestablishes 7 ;-MoTe, as a candidate of type-II
Weyl semimetal.

In summary, we have used the Shubnikov—de Haas effect
to probe the electronic structure of MoTe,. We successfully
detected the large hole pockets with frequencies of 988 and
1513 T at ambient pressure, which is in the 7, phase. The
cyclotron effective masses associated with these frequencies
are (1.50 £0.03)m, and (2.77 +0.15)m,, respectively,
indicating a non-negligible correlation effect. At 13 kbar,
in the 177 phase, we detected one frequency at 1798 T,
whose amplitude experienced an enhancement relative to
that at 3 kbar. This peak shifts to a higher value at 19 kbar.
This trend is consistent with the predictions of the DFT + U
calculations, showing that the hole pockets expand under
pressure, accompanied by a decreasing curvature along the
k, direction. Thus, at ambient pressure, the large Fermi
surface curvature in the vicinity of the extremal orbit and the
large effective mass make it challenging to detect the hole
pockets. To overcome this challenge, high-quality single
crystals and a careful optimization of the experimental
conditions are indispensable. Finally, as previous DFT + U
calculations [8] show that at least one pair of type-1I Weyl
points is preserved, the consistency between our results and
the calculations serves to reestablish 7' ;-MoTe, as a candidate
of type-II Weyl semimetal.
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