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Topological Dirac states in a layered telluride TaPdTes with quasi-one-dimensional PdTe, chains
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We report the synthesis and systematic studies of a new layered ternary telluride TaPdTes with quasi-
one-dimensional PdTe, chains. This compound crystalizes in a layered orthorhombic structure with space
group Cmcm. Analysis of its curved field-dependent Hall resistivity, using the two-band model, indicates the
hole-dominated transport with a high mobility 11, = 2.38 x 10° cm? V~!s~! at low temperatures. The in-plane
magnetoresistance (MR) displays significant anisotropy with field applied along the crystallographic b axis. The
MR with the current applied along the ¢ axis is also measured in high magnetic fields up to 51.7 T. Remarkably,
it follows a power-law dependence and reaches (9.5 x 10°)% at 2.1 K without any signature of saturation.
The de Haas—van Alphen oscillations show a small Fermi surface pocket with a nontrivial Berry phase. The
Shubnikov—de Haas (SdH) oscillations are detected at low temperatures and under magnetic fields above 28.5 T.
Two effective masses m* (0.26m, and 0.41m,) are extracted from the oscillatory SdH data. Our first-principles
calculations unveil a topological Dirac cone in its surface states, and, in particular, the topological index indicates

that TaPdTes is a topologically nontrivial material.
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I. INTRODUCTION

Topological insulators (TIs) are characterized by robust
gapless edge or surface states with a linear Dirac dispersion,
which are a direct physical consequence of the nontrivial
topology of the bulk band structure and protected by time-
reversal symmetry [1,2]. Since the remarkable discovery of
TIs, the search for new topological materials has been one of
the most interesting topics in condensed matter physics. The
classification of materials based on symmetry and topology
has been extended to metals, semimetals, and even super-
conductors. For example, three-dimensional (3D) topological
Dirac and Weyl semimetals have conduction and valence
bands dispersing linearly through nodal points [3—10]. When
these corresponding bands are doubly degenerate, the ma-
terials are named Dirac semimetals (DSMs) [4-7]. In the
presence of broken time-reversal symmetry or space-inversion
symmetry, DSMs evolve into Weyl semimetals (WSMs), and
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each Dirac cone in DSMs splits into a pair of Weyl cones
with opposite chirality due to the lifted spin degeneracy
[8-10]. Lorentz invariance breaking can further give rise to
type-II Dirac fermions with a tilted Dirac cone in DSMs
[11,12], and type-II Weyl fermions with a tilted Weyl cone
in WSMs [13]. If Dirac band crossings take place along a
one-dimensional line or loop, in contrast with discrete nodal
points in conventional DSMs or WSMs, nodal points turn into
the lines of Dirac nodes, which is the band feature of un-
conventional topological nodal-line semimetals [14,15]. The
topological materials usually display exotic properties such as
large magnetoresistance (MR) [16], high charge carrier mobil-
ity [16,17], chiral anomalies [18,19], exotic superconductivity
[20,21], and novel quantum oscillations [22], providing a
platform to promote the wide-ranging applications in next-
generation spintronics and quantum computing [1,2].

Among the reported topological materials so far, the
transition-metal tellurides take up a large proportionality. For
instance, the binary tellurides Bi,Tes [23,24] and Sb,Tes [23]
were proposed and evidenced to be TIs. (W, Mo)Te, [25,26]
and TMTe, (TM = Pd, Pt, Ni) [27-29] were confirmed to
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host type-II Weyl and type-1I Dirac fermions, respectively.
Very recently, the ternary tellurides MTMTes (M = Nb, Ta;
TM = Ir, Rh) were theoretically predicted as a new series
of type-II WSMs, and expected to host a minimum of four
Weyl points within the first Brillouin zone by including spin-
orbit coupling (SOC) [30,31]. Experimental results verify the
existence of Weyl points in TalrTe, and NblrTes [32-34].
Unconventional surface superconductivity, exhibiting quasi-
one-dimensional (quasi-1D) and topologically nontrivial char-
acteristics, was even observed in TalrTe4 [35]. From a crystal-
structure viewpoint, both TalrTe; and NblrTes have a lay-
ered crystal structure, the two-dimensional (2D) atomic layer
of which is composed of alternating quasi-1D IrTe, and
(Ta, Nb)Te, chains. This structural feature is very common
among ternary transition-metal tellurides, reminiscent of the
ternary Pd-based tellurides TasPd;Teis and TasPd;Tey, in
both of which we reported superconductivity recently [36,37].
The structural similarity and exotic properties found among
ternary transition-metal tellurides motivate us to further ex-
plore novel topological materials and even long-sought-
after topological superconductors in these low-dimensional
systems.

While a large number of materials have hitherto been
identified to be topologically nontrivial, most of them are 2D
or 3D electronically, and the quasi-1D analogs are extremely
rare [32,33,38]. In quasi-1D materials, the competing ground
states, such as charge/spin density waves or even supercon-
ductivity, often prevail and therefore elude the experimental
detection of the topological carriers. Here, we report synthesis
and characterizations of a new ternary Pd-based telluride
TaPdTes, which explicitly shows a layered crystal structure
with quasi- 1D characteristics. Interestingly, the Shubnikov—de
Haas (SdH) oscillations of the resistivity under high magnetic
fields up to 51.7 T give the light effective masses of charge
carriers. Our experiments also reveal a large unsaturated MR
on the order of ~10*% along with large anisotropy. From
the analyses of de Haas—van Alphen (dHvA) oscillations, we
have seen typical signatures of Dirac fermions in TaPdTes.
The first-principles calculations further reveal topologically
nontrivial states therein. Our results suggest the new material
TaPdTes hosts a topological nontrivial Berry phase and thus
provides another platform to investigate topological physics
in ternary transition-metal tellurides.

II. EXPERIMENTAL METHODS
A. Sample synthesis

Single crystals of TaPdTes were grown using a self-
flux method, similar to that in growing TasPd;Te;s and
TazPd;Te 4 single crystals [36,37], but the growth parameters
were varied. The early attempt to synthesize TaPdTes failed
but made TazPd;Te 4 accidently prepared [39]. Powders of the
elements Ta (99.97%), Pd (99.995%), and Te (99.99%) used
as reagents, in an atomic ratio of Ta: Pd: Te =2:5: 25,
were thoroughly mixed together, loaded, and sealed into an
evacuated quartz ampule. All the procedures handling the
reagents were done in a glove box filled with highly pure
argon gas. The ampule was slowly heated up to 1223 K and
held for 24 h. After that, it was cooled to 923 K at a rate of

5 K/h, then followed by cooling down to room temperature.
Large shiny gray-black flattened needle-like crystals with the
dimensions up to 2 x 0.4 x 0.1 mm? were harvested [see the
left inset of Fig. 1(a)]. The air-stable crystals are malleable,
and can be easily exfoliated to a thin layer by a razor blade.

B. Structure and composition determination

The chemical composition of the as-grown single crystals
was measured by energy-dispersive x-ray spectroscopy (EDS)
with an AMETEK©EDAX (Model Octane Plus) spectrome-
ter, equipped in a field-emission scanning electron microscope
(Hitachi S-4800). Figure 1(b) shows the typical EDS spectrum
for a piece of crystal. The average chemical composition of
the as-grown crystals is determined to be Taj goPdg.9sTes.o;.
The obtained concentration of Te tends to be larger than the
actual one, possibly due to some systematic errors in the
calculation process.

X-ray diffraction (XRD) data collection from this single
crystal was performed on an Xcalibur, Atlas, Gemini Ultra
diffractometer. The crystal was mounted on the CCD go-
niometer head, followed by diffraction data collections at
room temperature. Data collection, integration, and absorp-
tion correction were done in the X-area software package.
The structure of TaPdTes was solved by a direct method
and refined by full-matrix least squares based on F? using
a SHELXTL program package [40]. The results indicate
TaPdTes adopts a C-centered orthorhombic structure with a
space group Cmcm (No. 63), which respects inversion sym-
metry. Atomic coordinates and thermal displacement parame-
ters (U,,) are given in Tables S1 and S2 of the Supplemental
Material (SM) [41]. The related bond lengths and bond angles
are given in Table S3 of the SM. Single-crystal XRD data
collection was also performed at room temperature with a
monochromatic Cu K, radiation using a PANalytical x-ray
diffractometer (model EMPYREAN) radiation by a conven-
tional #-20 scan for a crystal lying on a sample holder. As
shown in Fig. 1(a), only multiple peaks arising from the
diffraction from (010) planes can be observed, consistent with
the layered crystal structure of TaPdTes. The interplane spac-
ing is determined to be 6.628 A by this XRD, and this value
is very close to half of the lattice parameter b (b/2 = 6.637
A) tabulated in Table 1. The layered nature of its structure is
similar to that of the other two ternary Pd-based tellurides,
TasPd;Te g and TazPd;Te 4 [36,37]. To exhibit the obvious
difference of the interlayer spacing among them, we plot
the fourth reflection of XRD patterns together for TaPdTes,
TasPd;Tes, and TazPds;Tejs, namely (080), (-4012), and
(-808), respectively, in the right inset of Fig. 1(a). By this
means, one can easily distinguish the TaPdTes crystal from
the other two, even though all these three crystals are of the
same shiny gray-black striplike exterior.

C. Physical property measurements

The resistivity and low-field magnetoresistivity measure-
ments were carried out in a physical property measurement
system (PPMS-9, Quantum Design) with ac transport option
(typical excitation current 1 mA). A standard four-probe
method was employed for the resistivity measurements. The
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FIG. 1. Sample characterizations and crystallographic structure of TaPdTes. (a) Single-crystal x-ray diffraction pattern. The left inset
is a photograph of the TaPdTes crystals on a millimeter-grid paper. The right inset shows the fourth reflection in x-ray diffraction pattern
for TaPdTes, Ta,Pd;Te;q, and Ta;Pd;Te 4, respectively. (b) A typical energy-dispersive x-ray spectrum with electron beams focused on the
selected area (marked in the inset) of the crystals. (c) Crystal structure of TaPdTes viewed perspectively along the a axis. (d) An individual
atomic layer of TaPdTes projected along the b axis. The lower panel of (d) is a piece of the flattened needle-like crystal under an optical
microscope, from which the layered and needle-like morphology can be clearly identified. (e) Projection view of one atomic layer of TaPdTes
(upper), TazPd;Te 4 (middle), and TasPd;Te e (bottom) along the chain direction.

Hall effect measurement was performed by reversing the field
direction and antisymmetrizing the data. Eight pieces of crys-
tals with a total mass of 2.4 mg were used for the specific heat
measurement on the PPMS. High-field MR data up to 51.7 T
were obtained from pulsed high magnetic field equipment
at Wuhan National High Magnetic Field Center. Magnetic
susceptibility measurements were performed on a commer-
cial Quantum Design magnetic property measurement system
(MPMS-7).

D. Band structure calculations

We carried out first-principles calculations for band struc-
ture based on our experimental crystal structure. The elec-
tronic structure calculations with high accuracy were per-
formed using the full-potential linearized augmented plane
wave (FP-LAPW) method implemented in the WIEN2k code
[42]. The generalized gradient approximation (GGA) pre-
sented by Wu and Cohen [43] was applied to the exchange-
correlation potential calculation. The muffin tin radii were
chosen to be 2.5 a.u. for all atoms. The plane-wave cutoff
was defined by RK.x = 7.0, where R is the minimum LAPW
sphere radius and Ki,x is the plane-wave vector cutoff. To
calculate the surface electronic structure, we constructed a
first-principles tight-binding model Hamilton, where the tight-
binding model matrix elements were calculated by project-
ing onto the Wannier orbitals [44]. We used Ta d, Pd d,
and Te p orbitals to construct Wannier functions. The sur-
face state spectrum of the (001) slab was calculated with
the surface Green’s function methods as implemented in

WannierTools [45]. Relativistic effects and SOC were in-
cluded in the calculations.

III. RESULTS AND DISCUSSION

The layered structure of TaPdTes is displayed in Fig. 1(c),
which shows the eclipsed stacking of the layers along the b
axis. The layered slab, as shown in Fig. 1(d), is composed
of two alternating unique chains that run parallel to the a
axis. The chains are face-sharing Ta bicapped trigonal prisms
and edge-sharing Pd octahedra. The types of coordination
are common for the tellurides, such as two other ternary Pd-
based tellurides TasPd;Te s and TasPd;Te 4. To compare the
different constitution of the layered slab, we plot in Fig. 1(e)
the atomic layer of the three tellurides. It is interesting to
note that we recently reported the superconductivity in both
TasPd;Te ¢ and TazPd;Te 4 [36,37]. TaPdTes is isostructural
with NbNiTes [46] and TaTMTes (TM = Ni, Pt) [39,47],
for all of which the chains of transition metal atoms in one
layer are aligned with the chains of transition metal atoms
in adjacent layers in the b direction. The same is true of
the Ta or Nb chains. The other layered telluride NbPdTes,
which has the same stoichiometry and almost identical atomic
layer, is of a different structure type (Pnma), because of the
different ordering of the layers being staggered rather than
eclipsed [48]. Due to the similar atomic radius, Nb and Ta
usually have similar coordination preferences in tellurides. It
is therefore rare that the substitution of Nb for Ta in NbPdTes
yields TaPdTes with a despite similar but different structure.

The electrical resistivity, measured with the current ap-
plied along the a [Fig. 2(a)], c¢ [Fig. 2(b)], and b [Fig. 2(c)]
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TABLE 1. Crystallographic data and experiment details for
TaPdTes.

Parameter Value

T of data collection (K) 296.02
Wavelength (A) 0.71073
Formula weight (g mol™!) 925.37
Crystal system orthorhombic
Space group Cmcem
a(A) 3.6934(4)
b(A) 13.2740(13)
c(A) 15.6020(15)
Volume (A%) 764.91(13)
V4 4
Density (calculated) (g cm™) 8.04

u (mm~1) 35.225
F(000) 1516

Crystal size (mm?)
0 range for data collection (deg)

0.23 x 0.12 x 0.05
2.611 to 26.475

Index ranges —4< h <4
—-16< k <16
—-19< 1 <19
Reflection collected 3574
Independent reflections 479 (R = 0.0577)
Completeness to 0 = 25.242° 99.8%
Data/restraints/parameters 479/0/25
Goodness of fit 1.107
Final R indices® [>20 (I)] Ryps = 0.0474
Ry = 0.1506
R indices (all data) R, = 0.0486
wR, = 0.1526

‘R=Z||F,|~|F||/Z|F,|, oR=(Z[o(|F,’=|F.[*)*1/Tlo(F[)1}'",
and = 1/[0%(F2) + (0.1162P)* 4 (22.3597P)], where P =
(F2+2F2)/3.

directions, shows metallic behavior from room temper-
ature to 2 K with a residual resistivity ratio RRR =
04(300 K)/p,(2 K) = 59. No indication of superconducting
transition can be observed down to 0.5 K measured in a
3He cryostat (data not shown here). The room-temperature
resistivity p,(300 K) has a value of ~33 42 cm, indicating
a high degree of metallicity. From room temperature down
to 50 K, p,(T), p.(T), and p,(T) follow an approximately
linear temperature (7') dependence. Below 50 K, however,
all of them cross over to a quadratic 7 dependence, i.e.,
o(T) = pg +AT?, a Fermi liquid behavior, indicating the
electron-electron scattering dominates in the low-temperature
region. The T dependence of resistivity anisotropy p./p4
and pp/p, is plotted in Fig. 2(d). The quasi-1D transport
behaviors are clearly exhibited with o, : pp: p. =1:24.9:
4.3 at 300 K, and 1:252.1:4 at 2 K. The small value
of p./p, suggests a weak anisotropy in the layered slab,
comparable with that of the superconductor TasPd;Te;¢ [49].
The most striking feature of the data is the sharp increase of
the anisotropy for p/p, around 60 K, making the value at
2 K almost 1 order of magnitude larger than that at 300 K.
A broad maximum also appears around 60 K for p./p,. The
origin of this anomaly is unclear at this stage. The magnetic
susceptibility of TaPdTes measured at a magnetic field of 1 T
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FIG. 2. Physical properties of TaPdTes. (a), (b), (c) Temperature
dependence of the electronic resistivity p,, o., and p, with the current
applied along the a axis (a), ¢ axis (b), and b axis (c), respectively.
The insets of (a), (b), and (c) are an enlarged view of p(T') in the
low-temperature regime and the fitto p(T) = py + AT?. (d) Temper-
ature dependence of the resistivity anisotropy for p./p, and pp/p,.
(e) Temperature dependence of the magnetic susceptibility x (7'),
measured at the 1 T field parallel to the chain direction. (f) The
heat capacity at zero field below 185 K. The inset separates the
electronic and phononic contributions. (g) The Hall resistivity at
different temperatures below 180 K. The red dashed lines are fits
based on a two-band model. (h) Temperature dependence of the
carrier density n and the mobility u extracted from the above fits.
(i) The temperature dependence of low-field Hall coefficients ex-
tracted by linear fitting.

is shown in Fig. 2(c). It is apparent that x(7") is almost T
independent in the high-temperature range. Below T ~ 20 K,
the magnetization undergoes a slight increase. x (T') from 2 K
to 80 K can be well described by the Curie-Weiss expression
x(T)= xo+ %, where x is the temperature-independent
contribution, C is the Curie constant, and 6 is the Curie-Weiss
temperature. The fit gives xo = —1.82(1) x 10~* emu/mol,
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C =8.17(4) x 107* emu K/mol, and 6 = 3.48(6) K. An
effective moment calculated by the formula p.s¢ = (8C )/2
gives 0.0809(1) up. Such a small p.g, corresponding to
~4.68% of that for an unpaired electron, indicates the
Curie-Weiss contribution is most likely from tiny magnetic
impurities. Therefore, TaPdTes is expected to be param-
agnetic, similar to TaPtTes and NbPdTes [47]. By sub-
tracting the Curie-Weiss-like contribution, we estimate the
T-independent magnetic susceptibility as xo = xp + Xw +
XL + Xcore = —1.82(1) x 1074 emu/mol, which includes a
Pauli paramagnetism (xp), van Vleck paramagnetism (xyy),
Landau diamagnetic susceptibility (xr), and core diamag-
netism (Xcore)- The xr is estimated to be ~ — % Xp by assuming
XL being not enhanced by the electron-phonon interaction.
Xeore is calculated to be —2.25(5) x 10™* emu/mol from
those of constituent ions in Ref. [50]. The upper limit of
the Pauli paramagnetic susceptibility is then estimated to
xp = 0.546 x 10~* emu/mol by neglecting x.,. The density
of states at Fermi energy level N(Eg) could be derived to be
1.69 eV~! fu~! from the formula N(Ep) = uﬁm’ where j
and pp denote the vacuum permeability and Bohr magneton,
respectively. We can also obtain the Sommerfield parameter
Yo = 3.99 mJ mol~' K2 by the relation y, = k37>N(Eg)/3
for noninteracting electron systems, where kg is the Boltz-
mann constant.

The T-dependent specific heat, as shown in Fig. 2(d),
shows no evident anomaly below 190 K. The data below 8 K
can be well described by the equation C = yT + BT shown
in the inset of Fig. 2(d), where y T represents the electron
contribution and BT3 represents the phonon contribution.
The fit yields y = 3.59 mJ mol~! K=, close to the upper
limit of y, as analyzed above, and 8 = 3.24 mJ mol ™' K=*,
from which the Debye temperature ®p is estimated to be
161.39 K. The Wilson ration Ry (=m2k3xp/3101zY) can
measure the relative enhancements of the spin susceptibility
and electronic specific heat [51]. To estimate the strength
of the electron-electron correlation effect, we calculate the
Wilson ratio as ~1.1, very close to the value (Rw = 1) of a
noninteracting Fermi liquid. This suggests that the electron-
electron correlation effect is negligible in TaPdTes.

The Hall resistivity p,, up to 9 T at selected temperatures
below 180 K is shown in Fig. 2(e), from which nonlinear
field-dependent p,, can be clearly observed, reflecting the
multiband characteristic in TaPdTes. The positive value of
Pxy indicates the dominance of hole-type charge carriers. We
apply a simplified two-carrier model including one electron-
type band and one hole-type band, in an effort to extract
the charge carrier densities and mobilities. According to the
classical expression for the Hall coefficient, including both
electron- and hole-type carriers [52],

Pxy _ 1 (M}%nh - Mg”e) + (Mh,ue)z(,uOH)z(nh - ne)

proH e (enn + mane)* + (ape)*(oH)2(ny — ne)?’
(1)

where e is the absolute value of electronic charge, and
negny and ey are the carrier densities and mobilities of
the electrons (holes), respectively. This equation predicts
immediately a nonlinear field dependence, once two carrier
types are present. The fit is well performed by the nonlinear

data below 30 K. It is apparent that the hole density ny
(2.78 x 10?2 cm~3 at 2 K) is much higher than the electron
density n, (9.43 x 10 cm™3 at 2 K). Moreover, the holes
have much higher mobility (2.38 x 10° cm? V~!'s7! at 2 K)
than the electrons (1.21 x 10> cm®>V~!s~! at 2 K). Both
Necry and ey vary not too much within this temperature
interval. At high temperatures (T > 30 K), p,y is still positive
and develops linearly with the field, indicating the single
hole-type carriers dominate the transport. Clearly, this result
excludes the possibility of electron-hole compensation effect
in TaPdTes. The T-dependent Hall coefficient Ry is plotted
in Fig. 2(f), obtained by linear fitting with the p,, below the
field 1.5 T. The obvious T-dependent Ry (T') is also signaling
multiple bands with coexisting hole and electron pockets,
consistent with the above analysis, as each band can have a
distinct T-dependent mobility.

The MR of p, under magnetic field H parallel to the b
direction up to 9 T is shown in Fig. 3(a), from which we can
see that the 7" evolutions of p, under different fields are almost
identical. We also measured the field-dependent MR of p, at
several fixed temperatures, defined as Ap,/p,(0 T) [Ap, =
pa — pa(0 T)]. As noticed in Fig. 3(c), the MR of p, is
weak, reaching only 87% at 2 K and 9 T. Importantly, its field
dependence is quite linear at low temperatures, a feature seen
in many topological materials due to the distinct spectrum of
Landau levels for Dirac fermions in the field [16,53], while a
seemingly quadratic contribution can be observed in low field.
For a standard metal with the presence of both electrons and
holes, a quadratic 7 dependence is expected at low field and
the MR tends to saturate at high field; i.e., MR should scale

2 . .
as ﬂ'&ffg)z [54]. Hence, the overall MR data with both Dirac
fermions and conventional carriers can be fitted by a linear
term in addition to a conventional component, i.e., Loa

,soimoH;;jz + yuoH. As shown in Fig. 3(c), the experimental

data at 2 K can be fitted very well. The MR of p. under H || b
is rather large, reaching as high as 910% at 2 K and 9 T, nearly
11 times that of p,, as clearly illustrated in Fig. 3(c). The MR
of p. can be fitted to a single power law A p.(uoH) o< H* with
a = 1.50. More interestingly, with increasing the field above
5 T, the T evolution of p. no longer follows the zero-field
curve, as shown in Fig. 3(b). Below a “turn on” temperature
T*, defined as the temperature at which the minimum in
the resistivity is located, p. begins to increase and finally
saturate to a plateau at low temperatures. Very similar resis-
tivity plateaus have been observed in a number of topological
semimetals, and have been attributed by some groups to the
presence of the topological surface states after excluding the
possibility of a magnetic-field-driven metal-insulator transi-
tion [55,56]. The “turn on” temperature is linearly shifted to
higher temperature as larger fields are applied at the rate of
~2.0 K T~', as shown in the inset of Fig. 3(b), suggesting
competition between dominating scattering mechanisms. The
linear dependence of 7* on magnetic fields is also reported
in topological material WTe, [25]. On the other hand, the
MR of many metals and semimetals obeys a general function,
commonly referred to as Kohler’s rule, Ap/p9 = f(H/po),
where pg is the zero-field resistivity. As shown in Fig. 3(e)
and Fig. 3(f), the MR curves of both p, and p, can basically
be scaled into a single curve, indicating that Kohler’s rule is

a
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FIG. 3. Temperature dependence of p, (a) and p. (b) with the magnetic fields parallel to the b axis up to 9 T below 50 K. The inset of (b) is
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scaling for p, (e) and p, (f). Angular dependence of MR at 2 K for p, (g) and p. (h) with magnetic field 9 T being rotated within the ab (blue)
and bc (red) planes. The inset shows the definition of field orientation angle 6.

well obeyed over a large temperature range. The validation of
Kohler’s rule indicates that the upturns and low-temperature
plateau of the MR do not reflect an intrinsic field-induced
metal-insulator transition, but are rather a consequence of the
small residual resistivity and correspondingly high mobilities
of the charge carriers [57].

The anisotropic behavior in the MR can be visualized in
the angular dependence of magnetoresistivity (AMR). The
AMR of p, at 2 K and 9 T is plotted in Fig. 3(g). For fields
rotating within the bc plane, p,(6) reaches its maximum for
0 ~ 45° and its minimum for 6 = 0° and 90°, resulting in
a fourfold-symmetric “butterfly” shaped angular dependence.
This butterfly shaped MR was also observed in a few of
materials including high-7; superconductor and topological
semimetals, for example, type-II Weyl semimetal NblrTe,
[33] and Dirac nodal line semimetal ZrSiS [58]. The uncon-
ventional fourfold anisotropy is believed to be governed by
the topography of Fermi surface and related anisotropy in
effective masses in NblrTe, [33]. In the case of ZrSiS, this
behavior is ascribed to a topological phase transition as a
function of field orientation that is inherent to the nodal Dirac
line [58]. For fields rotating within the ab plane, the AMR data
of p, exhibit a typical twofold symmetric “dumbbell” shaped
anisotropy, which is expected for a material with 2D or quasi-
2D electronic structure and classical Lorentz-type MR, i.e.,
AMR o (H cos 6)>. The possible presence of 2D-like Fermi
surface is in line with the layered crystal structure of TaPdTes.
The AMR of p. at 2 K and 9 T, for fields rotating either within
the ab plane or within the bc plane, also shows a “dumbbell”
shape with twofold symmetry, as noticed in Fig. 3(h). The
AMR at a fixed angle within the ab plane is a little larger than
that within the bc plane, resulting in a fatter dumbbell.

To check whether there is any SdH quantum oscillation in
TaPdTes, we measured the MR under the high magnetic field
H || b up to 51.7 T. The resistivity signal measured with the
current along the a axis is indistinguishable. It seems that the
resistivity signal is submerged by noisy signal, possibly due to
the resistivity R, being quite small. The MR with the current
along the c axis is shown in Fig. 4(a), from which SdH oscilla-
tions can be identified above 28.5 T. To extract their amplitude
of the oscillations, a third-order polynomial background is
subtracted from the resistivity. The resulting oscillations at
different temperatures are plotted against the inverse magnetic
field, as seen in the upper inset of Fig. 4(a). Applying a
fast Fourier transform (FFT), we obtained the corresponding
frequency spectra, as plotted in Fig. 4(b). Although the data
are not smooth enough, two major frequencies 150 T and
870 T, which are denoted as F; and F,, respectively, can be
clearly identified. The observed frequencies are related to the
extremal cross sections of the Fermi surface (Ar) described by
the Onsager relation, F; = A;ii/(2me), where 7 is the reduced
Planck constant. The calculated A; are A; = 1.43 nm—2 and
A; = 8.29 nm~2. The T dependence of the FFT amplitudes
of two corresponding frequencies is shown in the inset of
Fig. 4(b). The cyclotron effective mass of a given electronic
orbit can be extracted from the temperature damping factor
Rr in the Lifshitz-Kosevitch (LK) formula and is given by
Rt = ﬁ{n) where A = ankBm*/heuoH, with m* being the
cyclotron effective mass and kg being the Boltzmann constant.
The resultant m* are (0.26 & 0.01)m, and (0.41 4 0.03)m,
for F; and F,, respectively, where m, is the free electron
mass. The lower inset of Fig. 4(a) shows the MR of R,. The
high-field MR at 2.1 K can be fitted to a power law where
AR, «« H* with « = 1.31, close to the derived value 1.50
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FIG. 4. (a) The high-field MR for p. under H || b at different
temperatures starting from 2.1 K to 20 K. The upper inset shows
SdH quantum oscillation after background subtraction. The lower
inset shows the normalized MR at 2.1 K. (b) Corresponding FFT
amplitudes of SdH oscillations depicting fundamental frequencies F;
(150 T) and F, (870 T). Two small peaks are marked by the asterisk.
The inset shows T-dependent FFT amplitudes of F; (150 T) and
F, (870 T) along with their fittings according to Lifshitz-Kosevich
relation to obtain their corresponding effective masses.

from fitting the low-field MR. This indicates that the field
dependence of MR basically holds in the high-field range.
Moreover, the MR does not show any sign of saturation and
reaches a magnitude of (9.5 x 10°)% at 51.7 T. In a classical
picture, the large nonsaturating transverse MR is due to the
vicinity to a perfect balance between electron and hole carriers
[25]. Our analysis of the data from Hall effect measurement
excludes the electron-hole compensation explanation for the
nonsaturating MR, making us conjecture that it might bear
relation to the existence of unconventional quasiparticles in
TaPdTes.

While SdH oscillations can only be observed in the high-
field MR when poH exceeds 28.5 T, the dHvVA effect, the
quantum oscillations in magnetic susceptibility, to be dis-
cussed below, appear in a magnetic field as low as 1.7 T at
2 K. This inconsistency of SdH and dHvA oscillations is often
observed in low-dimensional materials due to the distinct
mechanisms of SdH and dHVA oscillations [29]. The isother-
mal magnetization for H || a at several temperatures below
20 K shows beautiful quantum oscillations [Fig. 5(a)]. We
present the oscillatory components of magnetization, obtained
after subtracting the background, in Fig. 5(b). Very strong
oscillations are clearly seen. From the FFT analyses, we
derive a single frequency of 37 T from the dHvA oscillations
for H || a, as shown in Fig. 5(c). The Fermi area (Ar) that is
covered by electrons or holes is found to be 0.352 nm~? from
the Onsager relation. In general, the oscillatory dHvA data can
be described by the standard LK formula [59], with the Berry
phase being taken into account [60]:

F
AM x —R7RpRs sin | 2 —t——— =451, 2
o D Ssm[ ”(uoH+2 o )] @

where ¢gp is the Berry phase, § is an additional phase shift
determined by the dimensionality of the Fermi surface,
Rr, Rp, and Rg are the thermal damping factor, Dingle
damping term, and a spin-related damping term, respectively.
Ry = -2 hem'T/henoH Rp = exp(27 kg Tom* /epuoH )

sinh(2m2kgm*T [hepoH )’ ’
and Rg = cos(wgm*/2m,), where Tp is the Dingle
temperature. The oscillation of AM is described by the
sine term with the phase factor %— #2 — 8. The phase
shift § is equal to 0 and +1/8 (— for electronlike and +
for the holelike), respectively, for the 2D and 3D Fermi
surfaces. As we have done above, the effective mass m*
can be obtained through the fit of the 7 dependence of the
oscillation amplitude to the thermal damping factor Rt from
the LK formula. The effective mass is extracted to be 0.12m,,
as shown in Fig. 5(d). Using the fitted effective mass as a
known parameter, we can further fit the oscillation pattern
at 2 K, represented by the black line in Fig. 5(e), to the LK
formula, from which quantum mobility and the Berry phase
can be extracted. It is well known that the Berry phase is
zero for a parabolic energy dispersion and m for a linear
energy dispersion. Given that the Fermi surface of TaPdTes
is of 2D and/or 3D character, we adopt both all possible
values of §. The fit gives the Berry phase as 1.247, 1.497,
and 0.997 for 6 =0, —1/8, and 1/8, respectively. The
fitted Dingle temperature Tp is 5.85 K, corresponding to the
quantum relaxation time 1, = /i/(2mkgTp) = 2.08 x 1078 s
and quantum mobility u, = et/m* = 3159 cm?>V~'s7L
The Berry phase can also be extracted from the Landau
fan diagram as shown in Fig. 5(f) [15]. The valley in the
magnetization should be assigned with a Landau level (LL)
index of n— 1/4. The red line in Fig. 5(f) is the linear
fit of the LL indices. The slope of the linear fit is 36.8 T,
in good agreement with the frequency obtained from the
FFT analysis. The inset of Fig. 5(f) is an enlarged view
near 1/uoH — 0. The intercept at the n abscissa from the
linear fit is 0.39 £ 0.03, corresponding to a nontrivial Berry
phase of ¢ =2m|0.39 4 §|. A nearly 1/2-shift possibly
distinguishes the Dirac spectrum from the Schrodinger case
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intersection.

for the electronic states in TaPdTes [61]. Thus, the fitting
parameters obtained from different methods consistently
verify the nontrivial Berry phase in TaPdTes.

To further identify the topological electronic properties, we
performed the full-potential linearized augmented plane wave
method implemented in the WIEN2k package [42] for the
electronic structure calculations, taking account of the SOC.
The GGA presented by Wu and Cohen [43] was used for
the exchange-correlation energy calculations. The calculated
band structure is shown in Fig. 6(a), with five bands cross-
ing the Fermi level. Similarly to the quasi-one-dimensional
T1,MogSes compound [62,63], TaPdTes also possesses cubic
Dirac crossings, which have linear band crossings along one
principle axis but the cubic dispersions in the plane perpen-
dicular to it. The red arrows indicate the cubic Dirac crossings
at high-symmetry points: Z (0, 0, 0.5) and T (0.5, 0.5, 0.5),
and the blue arrow indicates the standard linear Dirac crossing
at Y (—0.5,0.5,0). Z, topological indices (vy; vivav3) are
usually used in the classification of topological band insu-
lators and semimetals [64]. Therefore, we have calculated
the Z, topological number, which is valid for time-reversal-
invariant systems. A tight-binding model based on Wannier
functions [44,45] was constructed to obtain the topological
properties, using Ta d, Pd d, and Te p orbitals with SOC
included. The Z, topological number for 3D bulk systems can
be obtained from the calculation of the Wilson loop for the six

time-reversal-invariant momentum planes. The Z, invariants
of TaPdTes are 1 for the k, = /a, k, = v /b, k; = 0 plane,
while zero for other planes. The topological index is (1;
110), which indicates that TaPdTes is a topological nontrivial
material. From the surface state spectrum in Fig. 6(b), there is
a surface Dirac cone at the T’ point, which is also characteristic
of a strong topological material [23]. More detailed results
and discussions of first-principles calculations will be given
elsewhere in a separate paper.

IV. SUMMARY

In summary, we have successfully synthesized the high-
quality single crystal of a new layered ternary telluride
TaPdTes with quasi-1D PdTe, chains. Hall resistivity mea-
surement indicates the coexistence of highly mobile but
unbalanced electron and hole carriers. Anisotropic MR be-
haviors are found for magnetic fields and currents applied
along different crystallographic axes. The MR for I || a and
H || b can be separated into a linear term in addition to a
conventional component, expected for Dirac fermions and
conventional carriers, respectively, while the MR for I || ¢
and H || b up to 51.7 T exhibits a power-law dependence
even in high-field range. The anomalous nonsaturating high
MR of ~10%% at 2.1 K and 51.7 T for I || ¢ possibly bears
the relation to unconventional quasiparticles in TaPdTes. SAH
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zone (BZ) and (001) surface BZ of TaPdTes with high-symmetry points marked in red.

oscillations under high magnetic fields give the light effective
masses of charge carriers. More interestingly, clear dHvVA
oscillations reveal a nontrivial Berry phase in TaPdTes. The
first-principles calculations indeed verify that TaPdTes is a
topological nontrivial material and possesses ordinary Dirac
crossing as well as cubic Dirac crossing. As we have demon-
strated in the initial trial, its atomically thin layers can be
easily obtained through mechanical exfoliation. Therefore, the
new layered telluride TaPdTes provides a new platform to
study the nontrivial physics belonging to “relativistic” carri-
ers in low dimensions. Angle-dependent dHVA oscillations
and angle-resolved photoemission spectroscopy are urgently
called for to provide further insights into its Fermiology and
the topological nature and identify the contributing pocket of
each frequency. In the future, it would be also intriguing to
explore the possible topological superconductivity in TaPdTes
by chemical substitution, intercalation, or high pressure.
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