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Nontrivial Berry phase and type-II Dirac transport in the layered material PdTe,
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We report on a systematic study of type-II Dirac fermions in a layered crystal of PdTe,. De Haas—van Alphen
oscillations show a small Fermi-surface pocket with a cross section of 0.077 nm~2 with a nontrivial Berry phase.
First-principles calculation reveals that the nontrivial Berry phase originates from a hole pocket formed by the
tilted Dirac cone. In addition, the band dispersion measured with angle-resolved photoemission spectroscopy
is found to be consistent with that of a type-II Dirac cone dispersion. We propose that PdTe, is an improved

platform to host topological superconductors.
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Introduction. In condensed matter, multiple excitations can
be implemented to simulate the physics of new particles, such
as Dirac fermions [1-10], Weyl fermions [11-24], Majorana
fermions [25-28], and exotic new fermions beyond Dirac
and Weyl fermions [29] with the potential applications in
next-generation spintronics and quantum computing. These
particles might be unrealistic in the real world whereas
allowable in condensed matter due to versatile operations of
symmetry breaking. In Dirac semimetals, e.g., NazBi [§-10]
and CdsAs, [1-7], topological insulators [30-33] and topolog-
ical protected gapless Dirac cones with liner dispersions are
discovered, and electrons in these materials can be described
by a massless Dirac equation. By breaking inversion symmetry
or time-reversal symmetry, a Dirac cone can split into a pair
of Weyl cones and form Weyl semimetals, such as the TaAs
family [12-17]. Noncontinuous Fermi arcs appear on their
surfaces, and interesting negative magnetoresistance appears,
which simulates the chiral anomaly in high-energy physics. In
several Weyl semimetals, for instance, Mo, W;_, Te, [19-23]
and LaAlGe [11], the Lorentz invariance is broken, and the
Weyl cones are tilted strongly to form type-II Weyl semimetals,
which are predicted to have unique properties, such as field-
selective anomaly and chiral mode reversal [34], as well
as Klein tunneling in momentum space [35]. Recently, the
Lorentz invariance breaking is suggested in Dirac semimetals
with the result of type-II Dirac fermions with a tilted Dirac
cone in the PtSe, family [36-38].

Here we report the Shubnikov—de Haas (SdH) and de
Haas—van Alphen (dHvA) oscillations in a layered material
PdTe,, and a nontrivial Berry phase is demonstrated here. Six
conductive pockets are identified in the dHvA measurements
where the ¢ mode with a frequency of 8.0 T exhibits the
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nontrivial Berry phase. The calculations confirm the Berry
phase is originated from the hole pocket of a tilted type-II
Dirac cone. This also is confirmed by the dispersions in
angle-resolved photoemission spectroscopy (ARPES). Re-
membering its anisotropic superconductivity (SC) under 1.9
K, we suggest PdTe, might be an improved platform to host
the topological superconductors (TSCs).

Experiment. Single-crystal PdTe, was grown by the melt-
growth method. A certain amount of Pd and Te powder
(from Alfa Aesar) with an atomic ratio of 1:2.2 was sealed
in an evacuated ampoule. The ampoule was heated up and
maintained at 790°C for 48 h. The melt then was cooled
down slowly to 500°C for 7 days and then annealed at
this temperature for seven more days before natural cooling
to room temperature. Millimeter-sized crystals with metallic
luster were obtained, which easily could be exfoliated to
small flakes by a knife. As shown in Fig. 1(a), PdTe; is a
type of layered transition-metal dichalcogenide material of a
CdI,-type structure with the P3m1 space group. The x-ray-
diffraction data of the single crystal is shown in Fig. 1(b). The
strong (00n) peaks of PdTe, can clearly be seen, and no other
impurity peaks can be found, indicating nice crystallization
of the PdTe, sample. Figure 1(c) shows the energy-dispersive
spectra (EDS) for a typical PdTe, flake. The ratio between Pd
and Te elements is 1:1.99, indicating the stoichiometric ratio
of the sample. The EDS mapping [insets of Fig. 1(c)] show
the uniform elemental distribution of Pd and Te, respectively.
Figure 1(d) is the Raman spectrum and shows two peaks at
74.1 and 131.5cm™!, respectively.

Results and discussion. (A) Electrical transport properties.
We measure the magnetoresistance of a PdTe, single crystal
up to 33.5 T under 1.7 K. The longitudinal resistance is
shown in Fig. 2(a), and SdH oscillations can be identified
above 15 T as seen in the inset, indicating the high quality
of the crystal. Figure 2(b) shows the Hall resistance under
various temperatures from 2 to 150 K. One can clearly see
the Hall resistance versus the magnetic field is linear at
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FIG. 1. PdTe, crystal growth and characterization. (a) The Cdl,-type crystal structure of PdTe, and the corresponding Brillouin zone (lower
right panel) (b) The x-ray-diffraction data of the PdTe, sample. Strong (00n) peaks can be seen. The inset is the optical micrograph of several
flakes. (c) The EDS spectrum indicates the stoichiometric ratio of the sample. The insets show the EDS mapping of Pd and Te, respectively, of

a typical flake. (d) Raman spectrum of the PdTe, crystal.

150 K but becomes bent when the temperature goes down
to 2 K, indicating the multiple band transport with complex
contributions from various conductive pockets near the Fermi
surface [39].

PdTe, is a superconductor with 7, ~ 2 K [40]. We perform
a further study on the superconductivity property of PdTe,.
The crystal shows an anisotropic superconductivity as seen
when we measure the temperature-dependent resistance under
a magnetic field using two different sets of devices for
configurations 1 (the current is perpendicular to the ¢ axis;
the field is parallel to the ¢ axis) and 2 (the current is parallel
to the ¢ axis; the field is parallel to the ¢ axis) as seen in
Figs. 2(c) and 2(d), respectively. Using configuration 2, with
increasing the field to 500 Oe, the superconductivity nearly is
suppressed whereas the superconductivity survives the field of
2000 Oe in configuration 1. We can also see that, in Fig. 2(d),
the resistance increases when temperature goes down near 7,
which is absent in Fig. 2(c). The anisotropic superconductivity
in PdTe; is thus obvious.

(B) dHvA oscillations and the nontrivial Berry phase.
The nontrivial Berry phase is demonstrated by the dHvA
measurements after we measure the magnetization condition
of the PdTe, flakes under low temperatures. Figure 3(a)
displays the magnetization versus the magnetic field (B || ¢)
for PdTe, at 1.8 K. Beautiful dHvA oscillations can be seen
from the raw data of the M-H curves. Figure 3(b) shows the
magnetization strength versus 1/ B under various temperatures

after the background subtraction. Multiple sets of oscillations
with the frequencies of 8.0 («), 113.2 (8), 117.9 (y), 124.3
(8), 133.9 (¢), and 455.8 T (¢) can be extracted from the
M-H data by the fast Fourier transformation (FFT) [the inset
in Fig. 3(c)]. The dHVA oscillation can be described by the
Lifshitz-Kosevich (LK) formula [41],

AM RrRpsin (2 d ! 1
o5 - (5 o) [} o

The thermal damping factor is Ry = #ﬁﬂ’ and the Din-
gle damping factor is Rp = exp(—x Tp) where x = 2”;';—%””

¢ is the phase shift, and ¢ = 3—7‘; — &, where ¢p is the Berry
phase and 6 equals 0 and £1/8 for two-dimensional and
three-dimensional systems, respectively. The effective mass
m* can be extracted by the fit of the temperature dependence
of the corresponding oscillation amplitude to Ry. The Dingle
temperature T can also be obtained through the fit of Dingle
damping factor Rp, meanwhile, quantum relaxation time
T can be calculated by 7 = ﬁ and quantum mobility
g = et/m*. The Berry phases determine the topological
properties of the conductive pockets and can be extracted
using the Landau-level fan diagram. In dHvA oscillation, the
integer Landau index should be assigned when density of
states of the Fermi surface, which is proportional to dM /d B,
reaches a minimum. Therefore, the Landau index of the dHVA
oscillation minima should be n — 1/4 [42]. We find the «
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FIG. 2. Electrical transport under magnetic fields and low temperatures. (a) The magnetoresistance of PdTe, under 1.7 K. The inset shows
SdH oscillation after background subtraction. (b) Hall resistance versus magnetic field under various temperatures. (c) and (d) are temperature
dependence of resistance under different fields of configurations 1 (/ Lc, B || ¢) and 2 ({ || ¢, B || ¢), respectively, indicating anisotropic

superconductivity in PdTe,.
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FIG. 3. The dHvA oscillations and nontrivial Berry phase. (a) The magnetization curve (B | ¢) for PdTe, at 1.8 K. Beautiful dHVA
oscillations can be seen. (b) The magnetization strength versus 1/B under various temperatures after background subtraction. (c) The fits of
effective mass for all six oscillation modes (o to ¢). The inset is the FFT amplitudes versus temperature. The peaks corresponding to each
oscillation mode are marked with greek letters. (d) The Landau fan diagram for the dHvA oscillation of low-frequency mode «. The inset is
the fit of Dingle temperature (7). (e) Oscillatory component of other frequencies (8 to ¢) and the multiband LK fit of it. The inset shows a
part of the curve, indicating the perfect fit of the experimental data.
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TABLE I. Parameters extracted from the dHvA oscillations (H || ¢) of PdTe,. F: oscillation frequency; Sy: cross section of the Fermi
surface; k s: the Fermi wave vector; Tp: the Dingle temperature; m*/my: relative effective mass; 7: quantum relaxation time; and j,: quantum
mobility.

F (T) S; (A7) ky (A7 Tp (K) m* /my 7 (ps) 1ty (cm? V=151
8.0 7.67 x 10~ 1.56 x 1072 24 0.14 0.51 6209
113.2 1.09 x 1072 5.88 x 102 34 021 0.36 3030
117.9 1.13 x 1072 6.00 x 1072 1.9 033 0.65 3464
124.3 1.19 x 1072 6.16 x 102 3.0 0.26 0.41 2722
133.9 1.28 x 1072 6.39 x 102 6.8 0.20 0.18 1593
455.8 434 x 1072 0.118 5.7 0.29 021 1293

mode can be separated easily, whereas the four midfrequency may explain the several beat frequencies around 100 T. The
modes (B,y,8,¢) have similar frequencies. In addition, the  extremal surface of the purple colored pocket at the K point
oscillation of the high-frequency mode (¢) is masked by other i Fig. 4(b) is about 0.04 A~ which is the possible origin of
oscillations because of the small amplitude. Therefore, we  the + mode (456 T).

fit the oscillatory components of these five modes by the In type-II Dirac semimetals, the Dirac cone is tilted strongly
multiband LK formula as shown in Fig. 3(e) and extract  pecause of the Lorentz invariance breaking, which causes the
the transport parameters. All six sets of data of the dHVA  formation of a pair of electron and hole pockets [44]. In PdTe,,
oscillations are displayed in Table I. the Fermi level is above the Dirac point. Thus the hole pocket

hole
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Interestingly, a topological-nontrivial mode, the & mode,  ghrinks to a small pocket at the T point as seen in Fig. 4(a) [also
is evidenced by the Landau fan diagram by using the dHVA  marked by the red dashed lines in Figs. 4(b) and 4(c)], whereas
oscillation minima as the Landau index of n — 1/4 as shown  he electron pocket, which, corresponding to the translucent-
in Fig. 3(d). The intercept of the linear fitting is 0.46, which is aqua-like pocket in Figs. 4(b) and 4(c), becomes much bigger
the signature of nontrivial Dirac transport. Figure 3(c) displays and forms an apple-pit-shaped pocket in reciprocal space. We
the fits of the effective mass of all the six oscillatory modes  finq that the cut of the small hole pocket is with a similar area
by the corresponding FFT amplitudes versus temperature [the
inset in Fig. 3(c)]. It is clear that the effective mass of the
low-frequency mode («) is much less than other modes. The
low effective mass also agrees with the Dirac nature of the « (@) 1 7 (b)
mode. ] ™

(C) Theoretical calculation of the band structures. To \ / | (:\ \
identify the contributing electronic pocket of each oscillation % rﬁ 322';?61
mode, the assistance from the band-structural calculation is ds
needed. We calculate the band structure of PdTe, [Fig. 4(a)], u -1 \B( (©)
and the Brillouin zone is shown in the inset of Fig. 1(a) where /j b pocket
high-symmetry points, lines, and Dirac point (D) also are = kz ﬁ\m A
indicated. There is a band crossing feature near the Fermi o
level along the I'-A line. This band crossing is unavoidable kx
because these two bands belong to different representations (d) N (e)
(G4 and G5 + G6, respectively). This is determined by the C3 '
rotational symmetry around the ¢ axis [36,37,43]. Remarkably,
these two bands show linear dispersions in the vicinity of the
Dirac point along both the in-plane (k, -k, ) and the out-of-plane
(k) directions, and the Dirac cone is untilted along the k,-k,
plane [Fig. 4(d)] but tilted strongly along the (k;) direction
[Fig. 4(e)], which is the characteristic feature of the type-II
Dirac fermions as reported [36,37]. By our calculations, the
Dirac point is at/.c = (O’O’_ + 0.40). . FIG. 4. Matching the dHvVA components in the calculations of

In the calc.ulatlon, aseries of eléctrqnlc pockets can be seen the type-II Dirac cone. (a) The calculated electronic structures plotted
on the Fermi surface as shown in Figs. 4(b) and 4(c). For along the directions shown in the Brillouin zone [Fig. 1(a)]. The Dirac
figuring out the contributing pocket of each dHvA oscillation point and the small hole pocket with the @ mode are marked in the
mode, we calculate the extremal surfaces of each pocketalong  hanel. (b) and (c) show the contour of the Fermi surface along the
the k. direction. The modes around 100 T were considered ky-ky and k. -k, planes, respectively. Pockets irrelevant to the hole and
contributing from the minimum extremal surfaces [yellow electron pockets formed by the tilted Dirac cone in (c) are concealed
area in Fig. 4(b)] of six pliers-shaped pockets [translucent for clearness. (d) and (e) show the projection of the Dirac cone along
blue pockets in Fig. 4(b)] at k, = £0.5. A departure from the ky-ky and k,-k,, respectively. The Dirac cone with tilted properties
high-symmetry points and complex contours of these pockets along the k, direction can clearly be seen.
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FIG. 5. ARPES measurement of PdTe,. (a) The dispersion along the 7-D direction measured by ARPES. The linear dispersion of the
Dirac cone is labeled by the red dashed lines. The Dirac point also is marked by the red arrow. (b)—(d) are dispersions along the k. directions.

The black dashed lines are band calculations for comparison.

to that of the nontrivial @ mode (8 T), which further confirms
the Dirac nature of this pocket. For the big electron pocket,
although the shape is complex, we verify that only a single
maximum cross section is achieved when k, = 0 after precise
analysis. The corresponding oscillation frequency contribution
is over 5 kT, which is too high to detect in our experiment.
(D) ARPES measurement of the PdTe, samples. The type-II
Dirac dispersion in PdTe, is characterized by the ARPES
measurement. Figure 5(a) shows the electronic dispersion
along the T-D direction. The linear dispersion of the Dirac
cone can clearly be seen. Noting that the T-D line is
perpendicular to k,, the Dirac cone is not tilted as predicted.
The evolution of the Dirac cone dispersion can clearly be
seen under different photon energies (see the Supplemental
Material, Fig. S1 [45]), which reveals the bulk properties
of the Dirac cone. According to the ARPES data under
various photon energies, we map out the E-k, dispersions
as seen in Figs. 5(b)-5(d). Comparing with the calculation,
ARPES dispersions are consistent with the theoretical data,
and the tilted Dirac cone can be recognized when k, =k, =0
[Fig. 5(b)]. When departing from the I'-A line as seen from
Figs. 5(b)-5(d), the two bands forming Dirac cones separate
obviously in calculation as well as in our experimental data.
One may notice that the intensity near the Dirac point is
suppressed. This may be explained by the slight deviation
from k, = k, = 0. We also map out the k,-k, constant energy
contours when k, = 0 (see the Supplemental Material, Fig. S2
[45]). A hole pocket and an electron pocket can be seen and
tend to touch each other at the Dirac point when the energy goes
down, which is a characteristic of type-II Dirac dispersion. The
type-1I property of the Dirac cone in PdTe; is thus confirmed.
(E) Discussions. We suggest the discovered type-II Dirac
semimetal be an improved platform of the TSC on which a
lot of effort is made [27,46-50]. Recently, with the discovery
of a three-dimensional topological semimetal, the attempts
are made on inducing the s-wave superconductivity in the
newly discovered semimetals [51,52]. We here compare the
TSC transport based on three kinds of mother materials: Weyl
semimetals, Dirac semimetals, and type-II Dirac semimetals.
For the TSC arisen from the Weyl semimetals, it is known

from the theoretical work [51,52] that the chiral anomaly
survived and invokes a Fermi arc surface state in which the
electrons remain unpaired and no gap opens. Meanwhile, the
effective p, + i p, pairing state in the bulk leads to a chiral
Majorana surface mode. The coexistence of the Fermi arc and
the Majorana mode may hamper its application in quantum
computation. For the TSC arisen from the Dirac semimetals,
the gapless node is a Dirac point which is fourfold degenerated
and additional space-group symmetries are required for the
stability of the Dirac nodes. The Fermi arc state of the Dirac
semimetal is not topologically stable [53]. Hence, after the
superconductivity sets in, in general, the surface electrons
would form Cooper pairs and gap out the surface state. The
situation is improved for the case of the type-II Dirac cone
where the dispersion is tilted as shown in Fig. 6. The significant
superiority that can be seen is that the electron and hole pockets
near the Dirac points provide the plentiful density of states
which is favorable for both superconducting and TSC carrier
ratios. This also means a larger carrier density in the TSC
arisen from type-II Dirac semimetals.

Conclusion. To summarize, combining dHvVA oscillations
and the first-principles calculations, we verify the topological
nontrivial Berry phase from the hole pocket of a tilted Dirac

FIG. 6. Optimizing the TSC by type-II Dirac semimetals. This
figure displays the band-structure diagrams of the possible topological
superconductors based on the mother materials of the type-1I Dirac
semimetal when 7' < T,. The red solid curves in the SC gap (gray
zone) represent the Majorana chiral mode. The Fermi arc states are
killed in the Dirac semimetals when the superconductivity occurs.
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cone in the type-II Dirac semimetal PdTe,. Angle-resolved
photoemission spectroscopy also demonstrates the type-II
Dirac dispersion. Anisotropic superconductivity below 1.9
K in PdTe, is confirmed by a low-temperature transport
measurement. It is therefore a possible improved platform to
search for mysterious Majorana fermions and to apply it to the
next-generation spintronics devices.
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