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Abstract

®

CrossMark

The layered transition-metal dichalcogenide PdTe; has been discovered to possess bulk Dirac
points as well as topological surface states. By measuring the magnetization (up to 7 T) and
magnetic torque (up to 35 T) in single crystalline PdTe,, we observe distinct de Haas—van
Alphen (dHvA) oscillations. Eight frequencies are identified with H||c, with two low
frequencies (F = 8 T and Fig = 117 T) dominating the spectrum. The effective masses
obtained by fitting the Lifshitz—Kosevich (LK) equation to the data are m, = 0.059m, and
mj; = 0.067my where my is the free electron mass. The corresponding Landau fan diagrams

allow the determination of the Berry phase for these oscillations resulting in values of ~0.677
for the 3D « band (hole-type) (down to the 1st Landau level) and ~0.237—-0.737 for the 3D f3
band (electron-type) (down to the 3rd Landau level). By investigating the angular dependence
of the dHVA oscillations, we find that the frequencies and the corresponding Berry phase (®p)
vary with the field direction, with a &5 ~ 0 when H is 10°-30° away from the ab plane for
both & and 3 bands. The multiple band nature of PdTe, is further confirmed from Hall effect

measurements.

Keywords: topological materials, de Haas—van Alphen oscillations, Landau levels, Berry

phase
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1. Introduction

Due to the versatility of crystal symmetry operations, con-
densed matter systems are fertile ground to realize new physics
involving novel particle excitations such as Dirac fermions
[1-3], Weyl fermions [4, 5], Majorana fermions [6, 7], and
even more complex or exotic fermions [8, 9]. Realizing these
excitations in solids not only offers opportunities to investi-
gate the fundamental physics associated with these excitations,
but also provides powerful routes towards potential applica-
tions such as quantum computing and spintronic technolo-
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gies [10—12]. In this regard, materials with unique quantum
mechanical properties such as topological insulation and topo-
logical superconductivity have attracted a great deal of recent
attention [13, 14]. Among quantum materials, the layered tran-
sition metal dichalcogenides (TMDs) present a wide variety of
intriguing properties. For example, the coexistence of type-I
Dirac fermions and type-II Dirac fermions has been reported
in some layered TMDs [15]. In type-I Dirac fermion systems,
the valence and conduction bands meet at the Dirac point
and Lorentz invariance is obeyed. In contrast, type-II Dirac
fermions break Lorentz invariance because of the tilting of
the Dirac cones [16]. Consequently, new quantum phenomena
such as the angle dependent chiral anomaly and topological

© 2020 IOP Publishing Ltd  Printed in the UK
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Table 1. A list of frequency F (in the unit of tesla) and Berry phase ®p (in the unit of 7) that have been detected from de Haas—van Alphen

(dHvA) and Shubnikov—de Haas (SdH) oscillations in PdTe, with H||c.

This work Reference [21] Reference [24] Reference [25] Reference [26] Reference [27]  Reference [28]
(dHvA) (dHvA) dHvA SdH (dHvA) (dHvA) (dHvA) (dHvA)
F i F il F &3 F F F g F F
8 (x) 0.67 8.0 0.92 8 1.14 — — 9.13 0.72 9 —
— — — — 109 — — — — — — —
— — 113.2 — 113 — — — 112.7 — 112 —
117 (B) 023 1179 — 117 — — 121.5 — — — —
— — 124.3 — 127 — — — — — — 125
133 (v) — 133.9 — 133 — — — — — — —
141 (x +v) — — — 140 — — — — — — —
242 (x+2p3) — — — — — — 239 228.7 — — —
272 (n) — — — — — 283.2 — — — —
360 () R — S — — — — — —
462(p) — 4558 — 455  — — — 456.9 — 459 460
— — — — — — 920 — 913.9 — — —
2468 (V) — — — — — 2350 — — — — 2260
2588 (&) — — — — — 2675 — 2568 — 2577 2560

phase transitions are expected in the type-II Dirac fermion
systems [16-20].

The presence of type-II Dirac fermions in PdTe, was
recently predicted by first principles calculations and observed
in angle-resolved photoemission spectroscopy (ARPES) [17,
21]. In addition to possessing topologically non-trivial bulk
bands and topological surface states [15, 22], PdTe, exhibits
superconductivity as well (with 7. ~ 1.7 K [21, 23]). Thus,
it is likely a candidate for topological superconductivity
[21]. However, there is considerable disparity in experimen-
tal results in literature. As summarized in table 1, we note
that (1) some frequencies obtained from quantum oscillations
are not consistent with each other [21, 24-28], (2) there is
large discrepancy in the Berry phase for the smallest band
[21, 24-26], and (3) there is little information about the larger
bands other than the one with the lowest frequency. These con-
flicting results call for continued examination of the physical
properties of PdTe,. This is in part due to its complex Fermi
surface and the associated difficulty in identifying the contri-
bution of each Fermi surface pocket to the overall transport
properties [21, 24, 25]. It has also not been addressed whether
these discrepancies are related to sample quality (composi-
tion and crystallinity). Moreover, a measurement of the angle
dependence of the Berry phase, which is crucial to understand
the Fermi surface topology, has not been reported.

Here, we describe the results of an experimental investi-
gation of the magnetotransport (magnetoresistance and Hall
effect) and magnetic (magnetization and magnetic torque)
properties of PdTe, to explore the nature of the electronic
excitations. By analyzing the de Haas—van Alphen (dHvA)
oscillations found in both the magnetization and magnetic
torque at low temperatures, eight frequencies are identified:
Fo=8T,Fpg=117TT,F, =133T,F, =272T,F; =360T,
F, =462T, Fy = 2468 T, and F¢ = 2588 T. The presence
of multiple Fermi surface pockets is further confirmed by the

Hall resistivity, which varies nonlinearly with the applied mag-
netic field. Using the Lifshitz—Kosevich (LK) equation [29]
to fit experimental data, the effective masses of the respec-
tive bands are found as: m, = 0.059my, m; = 0.067my, mi‘,
= 0.084my, mj‘] = 0.107myg, and mz = 0.120mq (my is the free
electron mass). Two of these frequencies (F and Fg) have
large oscillation amplitudes, allowing a precise assignment of
oscillations to the Landau levels (LLs). Under 33 T, electrons
reach the 1st LL in the « band, and the 3rd LL in the 3 band.
By fitting the data with the Lifshitz—Onsager quantization cri-
terion [30], we obtain the Berry phase ~0.677 for the 3D
band with a hole character, and ~0.237—0.737 for the 3D f3
band with an electron character at H||c. Further analysis of the
angle dependence of the dHVA oscillations indicates that the
oscillation frequencies and associated Berry phases vary sig-
nificantly with respect to the direction of the applied magnetic
field. Especially, the change from non-zero to zero Berry phase
is observed when H is 10°-30° away from the ab plane for both
« and 3 bands.

2. Experiment

Single crystals of PdTe, were grown via the self-flux method
using excess tellurium (Te) as flux in a molar ratio of Pd:Te
= 1:2.2. The starting material, Pd powder (99.95%, Alfa
Aesar) and Te powder (99.99%, Alfa Aesar), was mixed
together and placed into an alumina crucible, which was then
sealed in a quartz tube under a vacuum of ~10 millitorr. The
tube was heated to 780 °C at 96 °C h™! in a furnace, held at
780 °C for 48 h. The temperature was lowered to 500 °C with
arate of 3.6 °C h~!. After staying at this temperature for 80 h,
it was allowed to cool slowly to room temperature. Single crys-
tals with typical size ~4 x 2.5 x 0.5 mm® were obtained
[shown in the lower panel of figure S1(a) in the supplementary
material (https://stacks.iop.org/JPCM/33/035601/mmedia)].
The structure of as-grown crystals was examined through
powder (crushed single crystals) x-ray diffraction (XRD)
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measurements using a PANalytical Empyrean x-ray diffrac-
tometer (Cu K, radiation; A = 1.54187 A). All the diffrac-
tion peaks can be indexed under a Cdl,-type trigonal struc-
ture (space group P3ml with the lattice parameter a = b =
4.022 A and ¢ = 5.115 A (see figure S1(b) in the supplemen-
tary material). The crystal symmetry and lattice parameters are
consistent with previous reports [28, 31]. Notably, each lat-
tice parameter in reference [25] is ~2.5% larger than ours. In
the absence of any explanation in reference [25], we consider
that the variation of lattice parameters is related to sample stoi-
chiometry. For example, the sample in reference [26] is slightly
Pd rich, and its lattice parameter a is closer to that in reference
[25], but c is close to ours. Through the energy dispersive spec-
troscopy (EDS), our crystals have Pd:Te ~ 0.97:2 (see figure
S1(d) in the supplementary material). The electrical resistiv-
ity was measured using the standard four-probe technique in a
physical properties measurement system (PPMS-14T, Quan-
tum Design). The magnetization measurements were carried
out in a superconducting quantum interference device mag-
netometer (MPMS-7T, Quantum Design). Magnetic torque
measurements were performed using the piezo-resistive torque
magnetometer with a 35 T resistive magnet at the National
High Magnetic Field Laboratory (NHMFL) in Tallahassee,
Florida. The dHvA oscillations were observed in both the
magnetization and magnetic torque at low temperatures (T
< 25 K) and high magnetic fields (H > 1.5 T). The
angle dependence of the magnetoresistance was also mea-
sured up to 35 T at NHMFL using the standard four-probe
technique.

3. Results and discussion

Figure 1(a) displays the temperature dependence of the electri-
cal resistivity of PdTe, along the ab plane (p,;). Note that p,p,
decreases with decreasing temperature in the whole tempera-
ture range between 2 and 400 K with p,;,(300K) ~ 36.8 42 cm
and pg (2 K) ~ 0.79 uf2 cm, yielding the residual resistivity
ratio (RRR) of p,, (300 K)/pgp (2 K) ~ 47. Such a high RRR
value and low residual resistivity reflect the high quality of our
single crystals. At high temperatures (50 K-400 K), p,,(T) is
well described by the Bloch—Gruneisen (BG) formula [32]

p(T) = p(0) + Be_pn(T/0p)°

T/0p
></ Ao /{[(e" — DA — N, (1)
0

Here, T is the temperature, p(0) is the residual resistivity, p
is the Debye temperature and B._p, is a constant represent-
ing the scattering strength of electrons with acoustic phonons.
From the fit, we obtain 0p ~ 245 K and Be_pn ~ 122 pf)
cm. The 6p determined in this manner is slightly higher than
that obtained from specific heat measurements [33]. At low
temperatures, the experimental data gradually deviates from
the BG formula. Below 30 K, the data can be fit to p,,(T)
= p(0) + AT™ with p(0) = 0.75 2 cm, and m ~ 3 (see the
inset of figure 1(a)). This indicates dominant inter-band elec-
tron—phonon scattering [34] at low temperatures (rather than
intra-band electron—phonon or electron—electron scattering),

which is consistent with a previous report [24]. Figure 1(b)
shows the temperature dependence of the magnetic suscepti-
bilities along the ab-plane () and ¢ axis (x.) between 2 to
400 K measured in an applied magnetic field of 1 kOe. Over-
all, both x5 and . are rather small in magnitude. While
is negative and almost temperature independent in a wide tem-
perature range, . is positive and increases with decreasing
temperature. The linear field dependence of the magnetization
M., (shown in figure S4(a) in the supplementary material),
indicates that the diamagnetism results from Pd and Te cores.
On the other hand, the positive . should be attributed to slight
non-stoichiometry of the sample, which impacts more along
the ¢ direction. The positive . was also observed in reference
[24] but not in reference [21].

While . is small, the electrical transport exhibits a large
response to the application of a magnetic field, H. Figure 1(c)
displays the transverse (H||c, I||lab) magnetoresistance
MRy, = [par(H) — par(0))/pap(0) measured at a variety of
temperatures. MR, is positive at all temperatures measured
and increases with decreasing temperature. For a given
temperature, MR, increases with increasing field, showing
no sign of saturation. At 2 K and H = 14 T, it reaches 350%,
close to values previously reported [25]. For a non-magnetic
metallic system, such large and positive MR is unusual,
and cannot be simply attributed to the curving of electron
trajectories under the application of magnetic field [35, 36].

For a system with either a single band (or a dominant sin-
gle band) or multiple bands with electron—hole compensation,
the MR is expected to follow the Kohler’s law [37], i.e., all
data collapses into a single curve when plotted MR, versus
H/p,(0). Figure 1(d) shows such a plot for PdTe,, with all
data scaling well. The scaling curve is well described by the
form MR, = 7.45(H/p.;(0))' as represented by the solid line
in figure 1(d). This indicates a deviation from the expected
standard Kohler form where MR oc H2. Similar behavior has
been observed in other semimetals [38, 39]. The lower power
(<2) in the field dependence is attributed to a linear-H com-
ponent that is expected when approaching the quantum limit
[24, 40]. In this sense, our MR, would imply larger linear-H
component compared to that reported earlier for PdTe, where
a H'? dependence was found [24]. Nevertheless, the scal-
ing behavior indicates that large MR, is intrinsic and can
be described by a single electron scattering rate. If the sys-
tem contains magnetic impurities, electrons would experience
more than one type of scattering, impossible to hold the scaling
behavior.

To further understand the H dependence of the magnetore-
sistance, we measured MR, with different field direction as
displayed in figure 1(e). Note that MR, is always positive for
all orientation from H L [ (transverse MR;) to H||I (longitu-
dinal MR,;,) with a progressive decrease in magnitude as the
longitudinal orientation is approached. In addition, there is an
obvious curvature change from 6 = 0° to 90°, similar to what
was observed in reference [26]. This indicates the change of
the H dependence of MR,;. In addition to the reduced con-
tribution from the Lorentz force upon the increase of 6, the
curvature changes for > 60° may be related to a change
in the band topology, as will be discussed later. By fitting
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Figure 1. (a) Temperature (7)) dependence of the electrical resistivity

(pap) of PdTe,. Solid line is a fit of equation (1) to the data. Upper left

inset: pyy versus T. Solid line is a fit of the form p = p(0) + AT™ to the data. (b) T dependence of the magnetic susceptibility along the ab

plane ., (red) and the ¢ axis x. (blue) measured by applying a magn

etic field, H = 1 kOe. (c) Transverse magnetoresistance MR, at

indicated temperatures; (d) Kohler scaling plot produced using the data in frame (c). Solid line is a fit of the Kohler form to the data. (e)
MR, measured up to 35 T at 2 K for various angles between H||c and H||ab with the angle defined in the inset. Red lines represent fits of the
data above 10 T to a power law MR oc H". Inset: angle dependence of the exponent «. (f) Hall resistivity (pg) measured at the temperatures
indicated in the figure and the corresponding fits of equation (2) (red lines). Inset: Hall resistivity at 25 K displaying a sign change.

the high-field MR data (above 10 T) using MR(H) < H", we
determine the exponent x for each 6, which is presented in the
inset of figure 1(e). Note that there is a sharp decrease of « at
6 > 60°. Nevertheless, the longitudinal MR, tends to saturate
at much smaller field as expected for a conventional semimetal,
even though the amplitude of the magnetoresistance is still
unusually high.

Figure 1(f) shows the field dependence of the Hall resis-
tivity (pp) at different temperatures. While py varies linearly
with H with a negative slope at high temperatures, a nonlinear-
ity in py(H) gradually develops and becomes obvious below
50 K, leading to a sign change at low temperatures and high H
(see the inset of figure 1(f)). The nonlinear Hall resistivity with
a sign change clearly indicates a multiple band charge trans-
port with contributions from both electron and hole Fermi sur-
face pockets [21, 24, 28, 31]. Similar behavior was reported in
reference [21]. To further understand the nonmonotonic field
dependence of the Hall resistivity, we use the two-band model
[41, 42] to describe our experimental data,

H (nnpy — nepg) + (mn — ne)pppigH?
e (Mnpin + Nefte)? + (nn — ne)?pi p2H?

Pxy (H) = ()

where np(n.) is the concentration of holes (electrons) and
tn(1ee) s the mobility of holes (electrons). The fitting results
are displayed in figure S2 (supplementary material). While
they show weak temperature dependence at high temperatures
(>50 K), both n, and n. decrease with decreasing temperature.
At2 K, ny ~ 1.6 x 1022 cm™2 and n. ~ 0.62 x 10?2 cm 3,

while p1, ~0.11 x 10* cm® V-1 s7!and p1, ~ 0.59 x 10* cm?
V-1 s~!. These mobilities are close to that of PtTe, [24] and
PtBi, [39]. The carrier concentrations are close to that obtained
from the thermopower measurement [43]. We also note that the
ratio ny /ne # 1, implying uncompensated electrons and holes
in PdTe,.

Figure 2(a) displays the H dependence of the magnetiza-
tion, M(H ), measured along the ¢ axis (H||c) at 1.8 K. Note
that there are pronounced dHvA oscillations above 1.5 T. The
emergence of the dHVA oscillations is the consequence of
the Landau level formation in the presence of magnetic field
[30, 44]. When the magnetic field varies, the quantized Lan-
dau levels pass over the Fermi surface, resulting in the oscil-
lation of the electronic density of states at the Fermi level.
This leads to the oscillations of physical quantities includ-
ing the magnetization and magnetic torque [13]. In the low
field regime, a non-linear behavior can be seen for each tem-
perature measured (see the inset of figure 2(a)). As discussed
above, the non-linear M(H ) is likely associated with the slight
non-stoichiometry of the sample. However, whether the back-
ground is positive (reference [24]) or negative (reference [21])
does not seem to impact the dHVA oscillations, judged from
observed frequencies (see table 1). The non-oscillatory part
(smooth background) of the magnetization data is obtained
by fitting the low-field magnetization using polynomial for-
mula (the orange curve), which is subtracted from the data to
obtain the oscillatory part of the magnetization AM, as plot-
ted in figure 2(b). From the fast Fourier transformation (FFT)
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Figure 2. (a) Magnetization (M), vs magnetic field (H) of PdTe, at 1.8 K; Inset: low-field M(H ) at the indicated temperatures. Orange line
represents the non-oscillatory part (smooth background) of the magnetization. (b) dHVA oscillations after the subtraction of the
non-oscillatory part of M (AM) at the indicated temperatures; (c) FFT of AM at the indicated temperatures. (d) Temperature dependence of
the FFT amplitude observed in frame (c) for the « and (3 bands. Solid lines are fits with thermal damping term of equation (3); (e) dHVA
oscillation of AM (red) and 7 (black) at 1.8 K. (f) Landau fan diagram constructed from the dHvA oscillation corresponding to the & band

in AM in frame (e).

of the data shown in figure 2(c), two oscillations are identified
with the frequencies F'q =8 Tand Fig = 117 T.
According to the Lifshitz—Kosevich formula [29, 44],
A(m—O)T

m*
sinha(2)1) P {_A (m_0> TD}

X cos(mgm” /2my) sin |:27T {II; - (; - (D) H ,

3)

AM o — H'/?

AT .
where —2— is

" % 7 thermal

the damping factor,
exp{—A(fn—i)TD} is the Dingle damping factor, Tp is the
Dingle temperature, cos(wgm®/2myp) is the spin reduction

2 ) .
Mggil‘?{’"o, m* is the effective mass of electron, and
P

g is the Landé factor. In addition, & = 2: + 6 where &3 is
the Berry phase and § = 0 for a two-dimensional (2D) and
+/— 1/8 for a three-dimensional (3D) Fermi surface (FS).
Here +/— sign corresponds to the minima (+)/maxima (—) of
the cross-sectional area of the FS for the case of an electron
band. For a 3D hole band, the sign of § is opposite [45]. The
phase analysis of these dHVA oscillations makes it possible
to reveal the topological properties of the associated carriers
through the determination of ®g. A non-zero value of ®p
corresponding to the dHVA oscillation is an indication of the
presence of non-trivial topology [44].

factor, A =

Figure 2(d) exhibits the temperature dependence of the FFT
amplitudes for both the & and {3 bands. From a fit of the ther-

m*

mal damping factor to the temperature dependence

my
of the FFT amplitude, we obtain m;, = 0.060my and mj =
0.068m. Both of these values are smaller than that reported
previously [21] but somewhat larger than that reported in
reference [24].

According to the Onsager relation, F = (®¢/27%)S, where
D, is the flux quanta and S is the cross-section area of the
Fermi surface normal to the H direction. For the « band, we
found S,, ~ 0.076 nm~2, which corresponds to the Fermi wave
vector k, ~ 0.015 A~'. This wave vector is close to that
of expected from DFT calculations for a small hole pocket
around the I" point [21, 24] of the Brillouin zone (BZ). We
notice that the dHvA oscillation due to the « band was not
detected in reference [25], suggesting that the Fermi level is
sample sensitive as suggested in reference [24]. For the f3
band, we find Sg ~ 1.115 nm~2 and the corresponding Fermi
wave vector kg ~ 0.059 A~!. This value is close to that cor-
responding to the electron pocket located between A to H
points in the BZ as reported in the published DFT calculations
[15, 21].

To assign Landau levels for each oscillation, we separate
AM for each frequency via the filtering process [24, 45].
Figure 2(e) shows AM versus 1/H (red curve) for the o band
isolated by using a low-pass filter of 20 T. The Landau fan dia-
gram can be constructed by assigning the oscillation minima



J. Phys.: Condens. Matter 33 (2021) 035601

R Chapai et al

o=z A== o L@
2| —— 15K — 20K *E —;::z—znx , 20
— 25K —2 2
2 i A S Y S 1
E H/ = foz A =
= ‘ Ef 20 £ 0.0, 18K 20t
f 0 % * 2000 2400 2800 'E
= = E(T) E 11
[ a
e = 10 ’/u Yaw ., e
I = w2 g 21
// //n / ’,P
-2 i " . ! ‘ , . 0 e
0 5 10 15 20 25 30 35 0 100 200 300 400 500 0.00
H (T) F(T)
3r(b) — 18k — 40K d
—— 60K — 10K 7 30¢ = o @ 12—(0
— 2 — I5K — 20K - p
z — =K : y 10}
=1 &2 ] 8
e 3 = 6F
<0 e g 10!
e = 41 —— Linear Fit
it [
i = 2t n=0242+1173/H
0 L
2L n n . L " L n n n 0 n L L
0.04 008 012 016 0 5 10 15 20 25 0.00 0.03 0.06 0.09
1/H (T T (K) 1/H (T

Figure 3. (a) Field dependence of the magnetic torque (7) of PdTe, at the indicated temperatures; (b) 7 versus 1/H. (c) FFT of 7 at the
indicated temperatures, Inset: FFT of 7 at 1.8 K displaying high frequencies. (d) Variation of FFT amplitude with temperature for respective
bands as indicated. The solid lines are fits with thermal damping term of equation (3). (¢) dHVA oscillation at 1.8 K from the (3 band. (f)
Landau fan diagram constructed from the data presented in frame (e).

to n — 1/4 with n being the Landau level index [44]. As shown
in figure 2(f), n(H~") can be fitted with the Lifshitz—Onsager
quantization criterion [30] as n = 0.46 + 8.03/H. From the
fit, we obtain the frequency F, = 8.03 T, in excellent agree-
ment with that obtained from the FFT spectra. This implies
that the filtering process to isolate the o band preserves the
original signal. The intercept of this linear equation gives
the Berry phase as (®j/27) 4+ 6 = 0.46, i.e.®f = 0.927 —
27d. Similar intercept value was also reported in references
[21, 24]. However, the corresponding Berry phase is consid-
ered to be nontrivial in reference [21] but trivial in reference
[24] due to different interpretations of calculated electronic
structures. In either case, the dimensionality factor (§) has
been completely ignored [21, 24, 26, 27]. According to refer-
ence [21], the & band corresponds to a hole pocket and nearly
isotropic (to be discussed later), § = 1/8 is expected corre-
sponding to the maximum cross-section [46] for H||c. We thus
obtain the Berry phase &5 = 0.67, indicating a topologically
nontrivial phase. The nontrivial topology of the & band is con-
sistent with the theoretical calculations (tilted Dirac cone along
the I'-A direction hosting type-1I Dirac fermions) and ARPES
measurements [17, 21].

Under 7 T, the carriers in the & band can reach the 2nd Lan-
dau level (LL), while the carriers in the (3 band are far from the
quantum limit. The intercept obtained from the linear extrap-
olation from such high LLs will have a large uncertainty. To
better determine the high field intercept and hence the precise
Berry phase, we have carried out magnetic torque measure-
ments of PdTe, for fields up to 35 T. Figure 3(a) shows the
field dependence of the magnetic torque measured under H||c
at several temperatures. As expected, the dHVA oscillations

become more pronounced upon an increase of H. The dHvA
oscillations plotted against the inverse magnetic field (H ')
are shown in figure 3(b). Through the FFT analysis as shown
in figure 3(c), we can identify eight frequencies, which are
a@T), s (117T),y1A33T),n 272T), ¢ (360 T), p (462
T), ¥ (2468 T), and & (2588 T). While six of these frequencies
(8T, 117 T, 133 T, 462 T, 2468 T, and 2588 T) have been
reported previously [21, 24], both ) (272 T) and ¢ (360 T) are
new findings. Two additional peaks in figure 3(c) correspond
to the sum of « and y of 141 T and the sum of « and 2f3 of
242 T. Two high frequencies (2468 T and 2588 T) we observed
were reported in reference [24] but not in references [21, 25].
As summarized in table 1, literature shows discrepancies in
the frequencies, which may be related to the subtle difference
between samples or the method employed to measure them.
This suggests that the Fermi surface pockets in PdTe, have not
been well characterized [28].

Figure 3(d) displays the temperature dependence of the
FFT amplitude for each of the indicated frequencies. The FFT
amplitude decreases with increasing temperature for all fre-
quencies as expected. Fitting our data using the thermal damp-
ing term of equation (3), we obtain the effective mass of the
carriers for each band. These results are summarized in table 2
along with Sr and kg. Note that m, and m}; extracted from
the magnetic torque are almost identical to those obtained
from M(H). The high m; compared to m7 suggests that F;,
is not the 2nd harmonic oscillation of the v band. To inves-
tigate the dynamics of the carriers, we estimate 7 through
the Dingle plots (shown in figure S3, supplementary material).
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Table 2. Parameters obtained from the dHvA oscillations in PdTe, at H||c including the oscillation frequency (F), the Fermi wave vector
(kr), the effective mass (m™), the Fermi velocity (vg), the Dingle temperature T'p, the quantum relaxation time (74), the quantum mobility

(11q) and the mean free path ()).

Band F (T) SE(102AY) ke (A7H m*Imy ve(100ms™)  Tp(K)  7q(1073s) g m>V-'s™h) X (nm)
o 8.0 0.076 0.015 0.059 2.9 2.30 5.0 1.465 145
B 117 1.115 0.059 0.067 10.1 32.0 0.37 0.097 37.4
v 133 1.268 0.063 0.084 8.7 — — — —
) 272 2.593 0.090 0.107 9.7 — — — —
¢ 360 3.432 0.104 0.120 9.9 — — — —
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Figure 4. (a) Magnetic torque of PdTe, at 4 K after background subtraction plotted as A7 (H) versus H~! for different angles as indicated.
A constant offset is added to the data for display purpose. (b) Angle dependence of the FFT amplitude for the o and 3 bands. (c) Angle
dependence of Fy and Fg. The error bars are taken as the half-width at the half-height of the FFT peaks. Solid line represents the angular
dependence expected for a 2D Fermi surface. (d) Angle dependence of ®g + 276 for the o« and 3 bands. Dotted line depicts the angle
dependence of @y for the o band assuming § = 1/8. Dashed lines in (b)—(d) panels are guides to the eye.

From Tp, m* and kg, we calculate the quantum relaxation time
Tq = 7o quantum mobility pg = o, Fermi velocity v,
and mean free path A = vg74, which are listed in table 2. For
the « band, the long 74 and small m* lead to an extremely high
quantum mobility, which is almost two times higher than that
reported previously [21], reflecting high quality of our single
crystal samples. Compared to the o band, the (3 band has much
smaller 74 and ), even though its velocity is higher.

Since 7 = M x FI, the dHVA oscillations in the magnetic
torque can be in phase or out of phase with that in the magne-
tization (7 = —4 %M,/ H, where M| is the component of M
parallel to H [44]). As shown in figure 2(e), 7 (black) is out
of phase with AM. Nevertheless, dHVA oscillations obtained
from 7 overlaps well with that from AM. Under 35 T, carri-
ers in the o band reaches the 1st LL (figure 2(e)). By indexing

the LLs from the dHvA oscillations corresponding to the 3
band shown in figure 3(e), we find that high field (35 T) can
push the carriers down to the 3rd LL. The oscillation due to
the 3 band is isolated via a band-pass filter centered about Fg,
so to avoid possible contributions of other nearby frequencies.
Although Fg = 117 T has been reported [21, 24, 25], its Berry
phase remains unknown. Figure 3(f) shows the Landau fan
diagram for the (3 band. From the intercept of the linear fit,
we obtain @ﬁ /2m = 0.242 — 4. As the § band is an electron
pocket [21, 24], we find the Berry phase ®5 = 0.237 (with
6 = +1/8 for a FS minimum) — 0.737 (with § = —1/8 for a
maximum FS). While a non-zero @g implies a nontrivial Berry
phase, the (3 band is not predicted to be involved in a nontrivial
band crossing according to the DFT calculations in reference
[21].
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The angular dependence of quantum oscillations can pro-
vide further information about the Fermi surface topology.
Figure 4(a) shows the magnetic torque at 7 = 4 K after back-
ground subtraction plotted as A7 (H) versus H~! for different
angles 6 as defined in the inset of figure 4(b). Upon the vari-
ation of 0, the dHvA oscillations change in both amplitude
and peak position. Through the FFT analysis (see figure S5,
supplementary material), we can track the dominant « and f3
bands for all measured angles. However, the amplitudes asso-
ciated with higher frequencies (y,n, ¢, g, ® and £) gradually
vanish at § > 28°. To precisely analyze the amplitude vari-
ation with 6 for the o« and 3 bands, we separate their con-
tributions through the band-pass filtering (shown in figures
S6 and S7, supplementary material). Figure 4(b) displays the
angle dependence of the FFT amplitude for the o« and {3
bands. The amplitude varies non-monotonically with 6 for the
both bands. Such non-monotonic variation of the FFT ampli-
tude is attributed to the spin reduction factor cos(wgm*/2my)
(see equation (3)). Our measurement of the dHVA oscillations
under H||ab (see figure S4(d), supplementary material) allows
to determine my, = 0.079my and mj = 0.092mo. These val-
ues of the effective masses are close to that found for H||c.
We therefore consider that the change in m* does not signif-
icantly alter cos(mwgm* /2myg) and that the amplitude variation
of the dHVA oscillations is due to the variation of g, which is
related to spin—orbit coupling. When changing the magnetic
field direction, a modification on the g factor is expected [47].
When g% =2/ + 1 (/ is an integer), the oscillation vanishes,
a phenomenon known as the spin zero effect [44, 48]. Such an
effect has been suggested for the band with 109 T frequency of
PdTe, [24]. In contrast, our FFT amplitude data for both the «
and 3 bands tends to vary greatly and is significantly reduced
around 77° but does not completely vanish suggesting that the
spin zero effect is not satisfied by these bands.

Figure 4(c) displays the angle dependence of F'y and Fg.
Fg exhibits a non-monotonic angle dependence, while F is
only weakly angle dependent. Apparently, neither the « nor 3
band possesses 2D Fermi surface character as represented by
the solid curve in figure 4(c). While the angular dependence of
F and Fg has been previously reported up to 6 ~ 60° [24],
our data provides information in the range of 0° < 6 < 90°.
By constructing the Landau fan diagram from the dHVA oscil-
lations at each angle measured (shown in figures S6 and S7,
supplementary material), the corresponding phase ®g + 276
is extracted. Figure 4(d) displays ®g + 279 versus angle for
both « and 3 bands, both displaying a non-monotonic vari-
ation from H||c towards H||ab. Despite the small anisotropy
of the « frequency, g + 27 strongly depends on the orien-
tation of the applied field. If we assume 6 = 1/8 for all field
direction, $g ~ 27 for the o band at 50°-75°. As discussed
earlier, there is a sharp change in the curvature of MR (see
figure 1(e)) around 77°. Interestingly, the quantity ®g + 276
for the (3 frequency also reaches 27 (i.e., zero) at 77° at which
the oscillation amplitudes reach minimum. Understanding of
the variation of the Berry phase with angle that we observe
here requires further theoretical investigation.

4. Summary

In summary, we have measured the charge transport properties
(resistivity, magnetoresistance, and Hall resistivity), as well
as the magnetic (magnetization and magnetic torque) prop-
erties of PdTe, single crystals with RRR ~ 47. While our
magnetoresistance data exhibits Kohler-type scaling behavior,
the MR displays an unusual H'-* dependence, suggesting con-
tributions from multiple bands, as reflected in the Hall resis-
tivity (with nonlinear-H dependence and sign change). Pro-
nounced dHVA oscillations are observed in the magnetization
and magnetic torque at low temperatures. Through the analysis
of the observed dHVA oscillations, eight bands are identified
with frequencies: 8 T, 117 T, 133 T, 272 T, 360 T, 462 T,
2468 T, and 2588 T for H||c, the two intermediate frequencies
(i.e. 272 T and 360 T) have not been previously reported, to
our knowledge. Among these, the o band (8 T when H||c) and
3 (117 T when H||c) are the most dominant contributions. The
angle dependence of F'« and F'g indicates a 3D character of the
corresponding bands. For the first time, the angle dependence
of the Berry phase of the o« and 3 bands of PdTe, are obtained,
displaying a variation from nontrivial to trivial at an angle of
77° between H and the crystallographic ¢ axis for the o and
[3 bands. At present, it is not clear whether both the « and 3
bands are associated with a type-II Dirac cone which has been
predicted to lie about 0.5 eV below the Fermi energy [21, 24].
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