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Unusual physical properties like large magnetoresistance (MR) and superconductivity occurring in semimetals
with Dirac or Weyl points are often linked to their topologically nontrivial band structures. However, there is an
increasing number of reports on semimetals that show large MR in the absence of Dirac or Weyl points. Herein
we report an experimental and theoretical study on the layered transition-metal dichalcogenide (TMDC) HfTe,
that shows a large MR of 1350% at T = 2 K and uoH = 9T in the absence of Dirac or Weyl points. Moreover,
the structure and electrical resistivity under pressure reveal a unique structural transition. These results clearly
distinguish HfTe, from TMDCs like MoTe, or WTe, which both exhibit larger MR and are viewed as Weyl
semimetals. HfTe, is an appealing platform for future investigations on the interplay of particular band-structure
features and their connection to emerging physical properties.
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I. INTRODUCTION

For a few years bulk semimetals have been in the focus of
solid-state research, because of a plethora of observed unusual
physical properties like large and nonsaturating magnetoresis-
tance (MR), superconductivity, and their special topological
properties. These compounds have been shown to be particu-
larly interesting and suitable platforms to study the interplay
between different crystal structures, chemical compositions,
and resulting physical properties. While most of these mate-
rials have been known for a long time [1,2], recent progress
in theoretical and experimental physics enabled the prediction
and confirmation of Dirac semimetals like, e.g., Cd3As; [3],
Weyl semimetals like Nb and Ta monophosphide and arsenide
[4], and (Mo,W)Te, [5-8]. The unusual properties of these
compounds are of interest for both fundamental research and
promising future applications, e.g., for spintronics devices.

In semimetals both electrons and holes contribute to the
electrical conductivity caused by valence and conduction
bands that cross the Fermi level. This can be realized at
different points in momentum space, with the structures of,
e.g., Bi or WTe; serving as prominent examples. Electronic
bands touching at the same point in momentum space are
realized in Heusler alloys and some silver chalcogenides with
quadratic band dispersion or with linear dispersion in Dirac
and Weyl semimetals [9]. Virtually all of these compounds
are characterized by large or even extremely large and
nonsaturating magnetoresistance effects at low temperatures;
however, there is no universal approach to explain these
effects. Classically, perfect compensation of electron and hole
carriers in semimetals will lead to a large transverse MR
with a quadratic field dependence [10]. We note that there
are also reports about the large MR materials MoTe, and
WTe, leading to contradictory results concerning the degree
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of carrier compensation, but a strong temperature dependence
of the Fermi surface was observed in these studies [11-17].
For Cd3;As; [3] and WTe, [18] the large MR was proposed
to occur due to a topological protection of the carriers from
backscattering in zero field. Recent work on, e.g., LaSb [19,20]
and YSb [21-24] demonstrated that topologically trivial
compounds can also display large nonsaturating MR effects
and a hypothesis based on the classical picture combined with
a strong mixing of p and d orbitals in the presence of strong
spin-orbit coupling was developed [25].

Layered transition-metal dichalcogenides (TMDCs; TQ,
with T = e.g., Ti, Zr, Hf, Mo, W; Q = S, Se, Te) crystallize
in a variety of structure types differing by the stacking
sequence of the 7Q, layers, the coordination environment of
the transition-metal cations and structural distortions [1]. In the
simplest structure type abbreviated as 17 the TQ, layers con-
sisting of edge-sharing TQ¢ octahedra are stacked onto each
other in the --- AAA--- sequence. Between the individual
layers a van der Waals gap is located. The 177 [26] and T} [27]
polytypes can be derived from the 17 structure type by the
introduction of distortions (see Fig. S1 in the Supplemental
Material [28]). The 17’ and T, structures are adopted by
Mo and W ditellurides, both of which are candidates to be
Weyl semimetals in the 7, polytype [6,7,29]. While the T
polytype is the only structure reported for WTe,, polytypism
is observed for MoTe,. The 2H polymorph is obtained at
lower temperature and 17’ MoTe, can be quenched from
high temperatures, depending on the stoichiometry [30]. The
latter modification undergoes a transition to the T, polytype
upon cooling below ~250 K [29]. Except for semiconducting
2H MoTe,, the other ditellurides of Mo and W are semimetals
with coexisting electron and hole pockets at the Fermi surface
[6,7,29,31]. Mo as well as W ditelluride exhibits a strong MR
[29,31]; the T, form of MoTe; is a superconductor (7, = 0.10
K) at ambient pressure [29] while superconductivity can be
achieved for WTe, only beyond 10.5 GPa [32].
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HfTe, crystallizes in the 17 structure and is much less
studied compared to other transition-metal ditellurides, likely
due to its sensitivity to air and moisture. Until now only some
fundamental properties were investigated like the structure
and stoichiometry [33-35], the electric transport properties
[33,36], the pressure dependence of electric transport and
unit cell parameters [36,37], the thermopower [38], and the
theoretical electronic band structure [39,40]. The experimen-
tal band structure was recently studied by angle-resolved
photoemission spectroscopy (ARPES) on thin films [40], but
several physical properties of Hf Te, have not been investigated
and data on, e.g., the high-pressure behavior are partially
contradictory.

Here we report on the preparation, ambient-pressure mag-
netotransport, and specific heat, as well as high-pressure
structural and electrical resistivity investigations of HfTe,.
The experiments are complemented by extensive ab initio
calculations of the electronic structure at zero and 6.5 GPa
nominal pressure in order to provide an understanding of the
observed phenomena.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
A. Synthesis

HfTe, has been prepared by heating weighed quantities
of Hf (Strem, 99.6% excluding 2.2% Zr) and Te (Chempur,
99.999%, low oxygen) for 7 d in evacuated (<1 x 10~ mbar)
carbon-coated silica ampoules. The coating was obtained by
pyrolysis of acetone and is required to suppress the attack of
silica by Hf. Single crystals were synthesized by chemical
vapor transport from powdered HfTe,. Samples 1 and 2
were obtained with NHyl (Riedel de Haén, >99.5%) as
transport agent in a temperature gradient 750°C — 900 °C
and 650°C — 750°C, sample 3 with CBr4 (Fluka, min. 98%)
in a gradient ~500°C — 600 °C. Powders deteriorate within
a few minutes upon exposure to air; single crystals change in
color in about 2 h from shiny golden to black. Therefore all
samples were handled and stored in an argon-filled glove box
[p(O2) < 1 ppm, p(H,0) < 1ppm].

B. Characterization

The stoichiometry of crystals from each batch was checked
by energy dispersive x-ray spectroscopy (EDXS) (Zeiss
Gemini Ultra Plus equipped with an Oxford Instruments
X-act EDS detector); the ratio of Hf:Te was found to be
1:2. The powder for high-pressure experiments and ground
single crystals of batches B1 and B2 were checked by powder
x-ray diffraction (XRD) (Supplemental Material, Fig. S2 [28])
on a STOE STADI-P equipped with Cu K« radiation (A =
1.540598 A), a Ge(111) monochromator, and a DECTRIS
MYTHEN 1K detector. Pawley fits were carried out using
TOPAS-ACADEMIC [41]; the extracted cell parameters are given
in the Supplemental Material, Table S1 [28].

Single crystals from batch 3 were mounted in inert oil
and intensity data were measured using a STOE Image Plate
Diffraction System (IPDS-2) with Mo K« radiation (A =
0.71073 A). A numerical absorption correction was performed
using X-RED and X-SHAPE of the program package X-AREA
[42]. The structure was refined against F 2 with SHELXL-2014
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[43] using anisotropic displacement parameters for all atoms.
Selected structural data and details of the structure determina-
tion can be found in the Supplemental Material, Table S2 [28].

C. Physical properties

Measurements of the electrical resistivity have been per-
formed using a four-point method (Pt wires 25 um, Ag epoxy)
using low-frequency alternating current (PPMS, Quantum
Design). Temperatures down to 0.10 K were realized with a
home-built adiabatic demagnetization stage. The heat capacity
was measured with a relaxation method (HC option, PPMS).

D. High-pressure experiments

For pressure generation, a diamond anvil cell (DAC)
equipped with diamond anvils with 500-um culets was used.
The pressure was determined using the shift of the fluorescence
line of ruby. All sample loading procedures were performed
in an Ar glove box with an O, and H,O content below
0.5 ppm. For electrical resistivity measurements a single
crystal of suitable size was placed into the central hole of a
tungsten gasket with an insulating cubic BN/epoxy layer. The
electrical resistivity at different pressures in the temperature
range 1.7-300 K was measured with a direct-current van der
Pauw technique with Pt electrodes attached to the sample.

For synchrotron XRD studies, a powdered sample of
HfTe, was loaded in the central hole (~150-um diameter)
of a tungsten gasket preindented to ~40 um thickness with
silicone oil as the pressure transmitting medium. The angle-
dispersive XRD measurements were carried out at the ID-27
beamline at the European Synchrotron Radiation Facility
(ESRF, Grenoble, France). The wavelength of the x rays
(0.3738 A) was selected using a Si(111) monochromator. The
sample to image plate detector (MAR345) distance was refined
using the diffraction data of Si. The two-dimensional powder
images were integrated using the program FIT2D yielding
intensity versus 26 plots.

E. DFT calculations

The electronic structure properties have been investigated
within the framework of density functional theory (DFT)
using the general gradient approximation (GGA) with the
parametrization for the exchange and correlation potential as
given by Perdew, Burke, and Ernzerhof (PBE) [44].

The Vienna Ab Initio Simulation Package (VASP) [45,46]
has been used for the optimization of the unit cell parameters
a and ¢, and of the z coordinate of Te of HfTe, for the whole
pressure region under consideration. The optimization has
been performed accounting for the van der Waals corrections
treated via the semiempirical DFT-D3 Grimme’s method [47].
A k mesh with 21 x 21 x 21 grid points and a kinetic energy
cutoff at 440 eV were used for this computational step.
The presented electronic structure has been calculated using
the full-potential linearized augmented plane wave (LAPW)
method as implemented in the ELK code [48]. A k sampling
with 16 x 16 x 8 k-points mesh within the Brillouin zone was
used for these calculations. The plane-wave basis set was
defined by the cutoff Ky.x = 7/Rmr, With Ryr being the
average muffin-tin radius. The cutoff /,,,x = 8 for the angular
momentum expansion of the wave functions was used inside
the MT spheres. The calculations for the electronic transport
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FIG. 1. Ambient-pressure magnetotransport properties of HfTe,: (a) the temperature dependence of p,,(H = 0, T) for different samples;
the inset shows the resistivity of B1 and B2 down to 0.1 K. (b) Field dependence of the transverse magnetoresistance (MR), p,(H,T), for
HfTe, (crystal B3) for selected temperatures. Magnetoresistance (c) and Hall-effect (d) data for sample S1. Carrier density (e) and mobility (f)
extracted from Hall measurements on sample B1. (g) Temperature dependence of the MR for samples B1 and B3.

properties, based on the Kubo-Greenwood formalism, have
been performed using the KKR Green’s function method
[49,50]. The temperature-dependent behavior of electrical
resistivity has been calculated using the alloy analogy model
that accounts for thermal lattice vibrations [51].

III. RESULTS AND DISCUSSION

A. Ambient pressure

Samples from differently prepared batches (B1, B2, B3)
were investigated in this study (for details see Sec. II,

Experimental and Computational Details). Structure analysis
by x-ray diffraction (XRD) on a single crystal (B3) confirmed
the symmorphic space group P-3m1 (for details see the
Supplemental Material, Table S2 [28]). No significant residual
electron density was found in the van der Waals gap that would
point to a pronounced self-intercalation with excess Hf. The
in-plane electrical resistivity, p,.(T), of HfTe, (B3) measured
in the crystallographic ab plane is 2.7 m2 cm at 300 K and
decreases continuously with decreasing temperature [Fig. 1(a)]
without displaying anomalies. The residual resistivity ratio
(RRR) ranges from 36 (sample B1, grown at 900 °C) to 120
(B3, grown at 600°C), surpassing even the value reported
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in [38]. Resistivity measurements down to 0.10 K have been
performed for samples B1 and B2, where only the one with
the higher residual resistivity py (B2) displays a gradual drop
of p(T) below 0.26 K, reaching about 40% of py at 0.10 K
[inset Fig. 1(a)]. This observation suggests the presence of
a superconducting phase in this particular sample, as HfTe,
is normal metallic down to 7 = 0.10 K. Possibly, supercon-
ductivity may be realized in crystals with increased RRR as
reported for MoTe,, where T, increases with RRR [52].

The specific heat capacity, C,(T,H), of HfTe, (B1)
measured in the temperature range 2-300 K (Supplemental
Material, Fig. S3 [28] together with data from the literature for
MoTe; [53,54] and WTe, [55]) exhibits no anomalies hinting
to a phase transition. At low temperatures (Supplemental
Material, inset of Fig. S3 [28]) C,,(T', H) does not significantly
depend on the magnetic field and is well described by
C,(T)=yT + BT* + 8T, where y T is the contribution due
to conduction electrons and the remaining terms are lattice
contributions. A fit of the data in the range 2.0—4.5 K results in
y = 1.75(3)mJ mol~' K~2 and B corresponding to an initial
Debye temperature 6p(0) = 176 K. The metal-like electrical
conduction is in agreement with the small Sommerfeld
coefficient y and the calculated band structure (see Sec. III C).

Measurement of magnetotransport properties yields valu-
able insight into the characteristics of the charge carriers in
the material. The transverse geometry with the current in the
crystallographic ab plane and the magnetic field pnoH along
¢ was applied to determine the MR p,,(H) and the Hall
resistivity p,,(H). For HfTe, (B3) a positive MR is observed
reaching 1350% at T =2 K and uoH =9 T [Fig. 1(b)] that
shows no sign of saturation. For T < 50 K the field dependence
of o (H) breaks the (uoH)? scaling that is expected in theory
for perfectly compensated semimetals [10], and therefore the
Kohler plots deviate from linearity (Supplemental Material,
Fig. S4 [28]). The MR rapidly decreases with increasing
temperature attaining only 5% at 100 K and 9 T, a common
feature of the large MR of semimetals.

For sample B1 the MR is only 160% at T =2 K and
noH =9 T [Fig. 1(c)] which can be correlated with its lower
RRR of 36, but still there is no sign of saturation. Similar
observations were reported for other semimetals [3,56] where
the carrier mobility and thus the MR increases with increasing
RRR. Since RRR is usually an indication for the crystal purity
and quality, it has to be noted that the hafnium used for
the present study was of 97.4% purity (2.2% Zr, 0.4% other
metals), which is among the highest available purity but still
lower than the typically available purities that easily exceed
99.9% (e.g., in studies of WTe; [31,56]). The low purity level
is due to the difficulties in the separation of Zr and Hf. A
variation of the maximum MR over three orders of magnitude
has been observed for WTe, depending on crystal quality and
thus on the RRR value [56]; therefore a direct comparison
of materials is difficult. The maximum reported values for
the MR are 1.75 x 10°% for WTe, [56] and 7.5 x 10*% for
MoTe;, [15] (T =2 K and uoH =9 T). Under the same
conditions, for PdTe, (isostructural to HfTe,) prepared from
high-purity elements a rather low maximum MR of ~150%
was reported [57]. Hence, it can be concluded that besides
the actual electronic band structure, the purity of the materials
and the crystal quality determine the MR value. For our best
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HfTe, crystal no Shubnikov—de Haas quantum oscillations
were visible.

Hall resistivity measurements, p.,(H,T), conducted on
sample BI1 reveal by the sign of p.,(H,T) holes as the
dominant charge carriers in the entire temperature range from
2 to 300 K [Fig. 1(d)]. We note that the isothermal field sweeps
deviate from linearity for 7 < 20K, indicating contributions
from two carrier types with different concentrations [Fig. 1(d)].
Simultaneous fitting of MR (po,,) and Hall-effect (p,,) data
within the two-band model yield at 7T =2 K a maximum
hole mobility u; = 1440 cm? V~!s~! and a similar electron
mobility ., of 1310cm? V~!'s~! [Fig. 1(f)]. These values
are lower than those reported for MoTe, or WTe, (up to
10*=10° cm? V' s71) [15,56], presumably caused by the
factors affecting the MR as discussed above. The carrier con-
centrations are estimated to be of the order of 1 x 10?°cm™3
[Fig. 1(e)] with only slight deviations from compensation
(np/n. ~ 0.97). Both mobility and carrier densities decrease
with increasing temperature by similar increments, pointing to
a remarkably good compensation of the carrier types within
the applied model. The remarkable resemblance of u(7T'), n(T),
and MR(T) [Fig. 1(g)] suggests an interconnection of these
parameters, which is reasonable within the theory of orbital
MR [10]. The decay of the MR with increasing temperature
is presumably linked to the decreasing carrier mobility [58].
However, the fits applied here can only be seen as an estimate as
they do not perfectly match the data for 7 < 50 K. Therefore,
the description within the framework of the two-band model
is not fully satisfying for the observed transport properties,
while contributions from carriers of further carrier pockets are
supported by our DFT calculations (vide infra).

B. High pressure

The behavior of layered TMDCs under high pressure
has attracted considerable attention since they are systems
exhibiting strongly competing effects of charge-density wave
(CDW) formation and superconductivity [59]. One of the
recent prominent examples is TiSe, [60]. Contrary to TiSe,,
no CDW formation is observed in HfTe, as is clearly seen
from the resistivity and Hall-effect measurements as well as
from a structure examination [36], while no superconductivity
in HfTe; is observed at ambient pressure. Data on the high-
pressure behavior of HfTe; are so far scarce and contradictory
[36,37]. Therefore, we have studied the electrical conductivity
and structural behavior of HfTe, for pressures up to 45 GPa.

The pressure evolution of the electrical resistivity,
pxx (T, p), of HfTe, is shown in Fig. 2. At the lowest applied
pressure of 1.1 GPa the resistivity shows a typical metal-like
behavior, in agreement with ambient-pressure data. The room-
temperature resistivity p(300 K) decreases smoothly with p
up to ~5 GPa and starts to rise again at higher pressures
(inset in Fig. 2), in agreement with published data [36].
A sluggish structural phase transition to a weakly metallic
(or even semiconducting) phase was proposed to explain
the observed rise of p(300 K) at high pressure [36]. Our
powder XRD data (Fig. 3) indicate, however, that the Cdl,-type
structure of Hf Te, at ambient pressure remains stable to at least
p ~ 12 GPa. Thus the increase of p(300 K) at p > 5 GPa is
due to changes of the electronic structure of HfTe,.
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FIG. 2. Temperature dependence of electrical resistivity of HfTe,
at selected pressures. The inset shows the nonmonotonic dependence
of the room-temperature resistivity on pressure.

Increasing the pressure above 12 GPa, the appearence of
additional reflections in the XRD patterns (Fig. 3) indicates the
onset of a structural phase transition. The transition is indeed
very sluggish and two phases coexist over a large pressure
range, followed by a single-phase pattern at p ~ 27 GPa.
The quality of the XRD patterns is poor due to pressure-
induced line broadening, preferred-orientation effects, and the
strong background due to Compton electron scattering in the
stressed diamond anvils. These effects prevent a full structure
determination of the high-pressure (HP) phase.

Nevertheless, the diffraction pattern collected at 27 GPa
can be indexed with an orthorhombic lattice with parameters
a=437(4)A, b =5.16(6)A, and ¢ = 2.66(4) A (Fig. 3). It

27 GPa

19 GPa

Intensity (arb. units)

20 (degrees)

FIG. 3. Powder x-ray diffraction patterns of HfTe, at different
pressures. The ambient-pressure Cdl,-type structure remains stable
up to pressures above 12 GPa. The appearence of additional
diffraction peaks (arrows) indicates the onset of a structural phase
transition. Ticks below the pattern at 27 GPa mark the calculated
reflection positions of the orthorhombic lattice.
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can be supposed that the HP phase of HfTe, adopts a marcasite-
type structure. Such a structure seems likely in HfTe, since
the marcasite structure is intermediate between the Cdl,- and
the densest pyrite-type structure [1] and a pressure-induced
phase transition from CdlI, to pyrite structure was observed in
IrTe, [61]. It has to be noted that the pyrite HP structure of
IrTe, was obtained only with laser heating of the sample, which
implies a large energetic separation of the HP phase. This may
be the reason for the broad two-phase region observed for
HfTe; in our experiments.

The temperature dependence of p(T') at all pressures up to
45 GPa is clearly metal-like; thus the HP phase of HfTe, is
metallic (or a strongly doped semimetal). However, the tran-
sition to the proposed marcasite-type structure is associated
with a changeover of the dimensionality: While CdI, is a
layered structure with quasi-two-dimensional properties the
marcasite type exhibits typical three-dimensional behavior.
Thus the observed nonmonotonic pressure behavior of the
resistivity reflects changes of the electronic band structure due
to the dimensionality crossover. No superconductivity has been
observed in either phase of HfTe, up to 45 GPa during cooling
down to 1.7 K.

C. DFT calculations

In order to gain further insight into the origin of the
observed transport phenomena the electronic band structure
of HfTe, has been calculated for the ground state and for
p = 6.5 GPa. The ground-state band structure is presented
in Fig. 4(a) and allows us to classify HfTe, as a semimetal
with two hole pockets around I' and two electron pockets
located around M and L [see also the Fermi surface plot in
Fig. 4(c)]. Therefore, holes and electrons are well separated in
k space. The calculated density of states (DOS) of 0.96 states
eV~ f.u.7! [fu.: formula unit; see Fig. 5(a) for details] is
in line with the experimental result (0.74 states eV~ f.u.™!)
estimated from our measurement of the heat capacity. The
occurrence of Weyl points can be ruled out from the inversion
symmetry present in space group P-3m1, and moreover no
Dirac points are visible at or near the Fermi energy. The
electron pockets have a pronounced Hf-d character whereas
there is a strong mixing of Hf-d and Te-p based bands
comprising the hole pockets, especially on the inner pocket.
Obviously, in semimetal systems, charge neutrality requires
parity of the numbers of holes and electrons in the pockets
created by the bands crossing Er. However, the electric
transport is governed by the holelike and electronlike carriers
present at Er, and their numbers can be different. In any
case, the occurrence of a large MR suggests that this carrier
compensation is reasonably good in HfTe, and the mixed
orbital character of the pockets [25] provides an additional
approach for an explanation. We note that deviations from
the recently reported calculated band structure [40] (i.e., the
overlap of two bands slightly above Ey at I') are likely due
to the Te positions which are different from those used in
[40]. For the present calculations relaxed positions were used
(see Supplemental Material, Table S3 [28]) that deviate from
the ideal value z = 0.25 and are perfectly in line with our
experimental results and former reports [34]. If z = 0.25 is
used in our calculations we are able to reproduce the band
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FIG. 5. Density of states (DOS) for Hf (a) and Te (b) sites for Hf Te, in the ground state (solid blue line) and under the pressure of 6.5 GPa
(dashed red line).
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FIG. 6. Calculated pressure dependence of the volume for HfTe,
in comparison with experimental results [37].

structure reported [40] with good agreement. The change in
orbital texture from Te- p to Hf-d could not be confirmed, and
it should be emphasized that there is a strong mixing instead
of a clear orbital character.

The pressure-induced changes of the electronic band
structure of HfTe, have been calculated by optimization
of the structural parameters and of the atomic coordinates
by minimizing the total energy of the system for each
volume decrease with increasing pressure. The calculated
volume evolution with increasing pressure accounting for
structure relaxation is presented in Fig. 6 and is compared
to available experimental data. The optimized structure pa-
rameters for the ground state and for p = 6.5 GPa are listed
in the Supplemental Material, Table S3 [28].

The electronic band structure and Fermi surfaces at p =
6.5 GPa are plotted in Figs. 4(b) and 4(d), respectively. The
pressure increase leads to a broadening of the energy bands (see
also DOS in Fig. 5) and the modification of the electronic states
around the Fermi level induces an increase of the area of the
Fermi surface [Fig. 4(d)]. However, this change does not result
in significant alterations of the DOS at Er, which increases
from 0.96 states eV~ f.u.”! at p =0 GPa to 1.22 states

PHYSICAL REVIEW B 96, 205148 (2017)

eV~ f.u."! at p = 6.5 GPa. On the other hand, the observed
structural phase transition under pressure can be associated
with a change of the Fermi surface topology occurring at the
pressure when the Fermi surfaces corresponding to different
energy bands touch each other. Moreover, pressure leads
to changes of both the band dispersion and their orbital
character. An additional hole pocket is created along the I'-A
direction by a Te-p band crossing the Fermi level and band
inversion occurs along the L-A direction giving rise to an
even stronger mixing of orbital character for that electron
pocket. The calculated temperature-dependent resistivity at
ambient pressure agrees rather well with our experimental
results. Moreover the initially declining and then increasing
resistivity at room temperature is partly reproduced by our
calculations (Fig. 7), however, with deviations especially at
lower temperatures.

HfTe, displays a strong MR effect much larger than in
common metals, and the magnitude is most likely limited by
impurities. The origin of the MR can be ascribed to carrier
compensation and the mixed orbital character of the hole
pockets. However, the simple picture of just one type of
hole and electron compensation cannot be supported from the
calculated band structure as multiple hole and electron pockets
are predicted. This multiband picture is also likely to account
for the formerly reported complex temperature dependence of
the Seebeck coefficient [38]. On the other hand, this could also
point to temperature-induced changes of the Fermi surface, as
recently proposed for WTe, [14] and MoTe, [16]. Thus the
actual band structure of HfTe; is of great interest and therefore
future ARPES studies on bulk HfTe, would be valuable to
confirm the actual electronic structure and yield further insight
into the origin of the large MR effect.

In the ongoing discussion on the origin of large MR effects
our results build a bridge between the TMDCs MoTe, and
WTe, as Weyl semimetals and the increasing number of
examples within the family of the La and Y pnictides that
show remarkable MR effects without this feature. Among the
layered TMDCs HfTe; is unified with MoTe; and WTe, by the
occurrence of a large MR; however, the actual crystallographic
and band structure differ. Very appealing from the view of
fundamental research is that the absence of Weyl points in

(a) 300 T (b) 50
— Expt:p_
<<<<< Expt: Aoki | |
A—A Theo: p 40
200 m—m Theo: P .
§ 5 30f .
- %201 7
Q
100 <
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10 =8P, p=2GPa B
P, p=65GPa
E oL ! ! !
0 100 200 300

FIG. 7. (a) Resistivities for p,, (squares) and for p., (triangles) calculated for HfTe, in comparison with the experimental results for p,,
(solid line). The dotted line represents the experimental data obtained by Aoki et al. [37]; (b) resistivity data calculated for different pressures.
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HfTe, is not accompanied by absence of the MR; thus this
compound provides an alternative platform to study this effect
separated from the Weyl topology.

The experimental and theoretical results on HfTe, under
pressure pave the way for future studies of this material with
pressure as a useful parameter to influence the Fermi surface
and the resulting electric transport properties in a reasonably
large pressure window. The yet unknown HP phase of HfTe,
motivates future studies of its structure and properties.

IV. CONCLUSIONS

In conclusion, we present a study of the magnetotransport
properties of HfTe, and a structural transition under pressure.
The mechanism behind the large and unsaturated MR effect
of up to 1350% appears to be linked to its semimetallic nature
with coexisting electrons and holes on the Fermi surface
and the additional strong orbital mixing of Te p and Hf d

PHYSICAL REVIEW B 96, 205148 (2017)

states, especially for the hole pockets as revealed by our DFT
calculations. Thus HfTe, provides an alternative platform
to study the origin of large MR in semimetals and layered
TMDC:s in the absence of topological features like Dirac or
Weyl points. This holds great potential to further understand
the emergence of large MR effects and their connection to
these topological features.
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