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Extremely large magnetoresistance (XMR), observed in transition-metal dichalcogenides, WTe,, has attracted
recently a great deal of research interest as it shows no sign of saturation up to a magnetic field as high as 60 T,
in addition to the presence of type-II Weyl fermions. Currently, there is a great deal of discussion on the role
of band structure changes in the temperature-dependent XMR in this compound. In this contribution, we study
the band structure of WTe, using angle-resolved photoemission spectroscopy and first-principles calculations to
demonstrate that the temperature-dependent band structure has no substantial effect on the temperature-dependent
XMR, as our measurements do not show band structure changes upon increasing the sample temperature between
20 and 130 K. We further observe an electronlike surface state, dispersing in such a way that it connects the top
of bulk holelike band to the bottom of bulk electronlike band. Interestingly, similarly to bulk states, the surface
state is also mostly intact with the sample temperature. Our results provide valuable information in shaping the

mechanism of temperature-dependent XMR in WTe,.
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I. INTRODUCTION

Materials showing extremely large magnetoresistance
(XMR) have potential applications in spintronics. Among
them, the semimetals, WTe, and MoTe,, have attracted a great
deal of research interest recently as they show nonsaturating
extremely large MR [1-3] even at 60 T of applied field in
addition to the prediction of Weyl nodes [4,5]. So far there
exist several theories for the XMR observed in metals. While
the metal-insulator transition in the presence of magnetic field
is most applied mechanism of XMR in metals [6—10], for some
specific compounds such as Ag,  Te/Se [11,12], graphene
[13], topological insulators Bi,Te; and Bi,Ses [14,15], Dirac
semimetals Cd3As, [16,17] and NazBi [18], and type-I Weyl
semimetals TaAs [19,20], NbAs [21], and NbP [22,23] that
show linear field dependent XMR, it is the massless Dirac
fermions near the Fermi level which cause this effect [24,25].
On the other hand, for compounds such as type-II Weyl
semimetals WTe, and MoTe, [1,3], LaSb [26], and ZrSiS [27]
that show quadratic field dependent XMR, it was predicted
that the charge compensation causes the effect. Nevertheless,
the theory of charge compensation for nonsaturating XMR in
type-1I Weyl semimetals is also debated [28,29].

An intriguing property of XMR materials is the turn-on
temperature, below which the resistivity increases rapidly for
a nonzero magnetic field [1]. And this turn-on temperature
increases with field, suggesting band structure changes with
magnetic field but not with temperature alone. On the
other hand, earlier angle-resolved photoemission spectroscopy
(ARPES) studies reported temperature-dependent band struc-
ture in WTe; [30,31] measured in the absence of magnetic
field and intuitively correlated the temperature-dependent
band structure with the XMR. Technically, however, it is
highly unlikely that WTe, shows a temperature-dependent
band structure as it shows neither structural nor electronic
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phase transition down to the lowest possible temperature from
room temperature [1,32]. In agreement with this view, a recent
band structure study using first-principles calculations with the
inclusion of temperature effect suggests no dramatic changes
in the band structure of WTe, below 300 K [33]. Hence, it is
interesting to study the band structure of WTe; as a function
of temperature to reveal the discrepancies between experiment
and theory and to further understand the origin of XMR.

In this contribution, we report electronic structure studies
of WTe; using high-resolution angle-resolved photoemission
spectroscopy and first-principles calculations. We notice two
holelike and two electronlike pockets in the Fermi surface
map. In addition to this we detect an electronlike surface state,
dispersing in such a way that it connects the top of the bulk hole
pocket to the bottom of the bulk electron pocket. These results
are in good agrement with our band structure calculations and
with previous photoemission studies on this system [30,31,34—
41]. Orbital-resolved band structure calculations suggest that
near the Fermi level the bands are mainly composed of
W 5d and Te 5p. We further notice strong hybridization
between these two orbital characters. Our experimental results
further suggest that the band structure of this compound
is temperature-independent within the range of measured
temperature (20—130 K). Interestingly, the electronlike surface
state is also persistent throughout the sample temperature
treatment. These results are in stark contrast to some of the
previous ARPES reports [30,31] where it was suggested
that the band structure of WTe, is highly sensitive to the
temperature. Here, we discuss the plausible reasons for the
discrepancies between our results and Refs. [30,31] and
the implications of our experimental findings in understanding
the temperature-dependent XMR of this compound.

II. EXPERIMENTAL AND BAND STRUCTURE
CALCULATION DETAILS

High-quality single crystals of stoichiometric WTe, were
grown using the self-flux method at Universidade Federal
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FIG. 1. (a) Orthorhombic crystal structure of WTe,. (b) 3D view of the bulk Brillouin zone on which the high symmetry points are located.
(c) Band structure of WTe, from the DFT calculations performed without and with spin-orbit coupling (SOC). (d) 3D view of the Fermi surface
map derived without SOC. (e) Angle-integrated photoemission spectra with the core-level energy positions labeled; the zoomed-in valence
spectra are shown in the inset. (f) Schematic of a typical measuring geometry in which the s- and p-plane polarized lights are denoted with

respect to the analyzer entrance slit (ES) and the scattering plane (SP).

do ABC (UFABC), Brazil, as discussed in Ref. [3]. The
crystals have a platelet-like shape with a shiny surface. ARPES
measurements were performed at the APE beamline in Elettra
Synchrotron, Trieste, equipped with a Scienta DA30 deflection
analyzer. The angular resolution was set at 0.3° and the overall
energy resolution was set at 15 meV. Samples were cleaved
in situ at a temperature of 20 K and the chamber vacuum
was better than 5 x 10~!! mbar. During the measurements the
sample temperature was varied between 20 and 130 K.

Band structure calculations are performed on the or-
thorhombic crystal structure of WTe, [42], having the lat-
tice constants a = 3.496 A, b = 6.282A, and ¢ = 14.07A
using density functional theory (DFT) within the generalized
gradient approximation (GGA) of the Perdew, Burke, and
Ernzerhof (PBE) exchange and correlation potential [43] as
implemented in the Quantum Espresso simulation package
[44]. Norm-conserving scalar relativistic and fully relativistic
pseudopotentials are used to perform the calculations without
spin-orbit coupling (SOC) and with SOC, respectively. The
electronic wave function is expanded using plane waves up to
a cutoff energy of 50 Ry (680 eV). Brillouin zone sampling is
done over a (24 x 14 x 6) Monkhorst-Pack k grid. During the
calculation we have fixed the experimentally obtained lattice
parameters but relaxed the internal atomic coordinates.

III. RESULTS AND DISCUSSION

Figure 1(c) depicts the energy (E) versus momentum
(k) plot obtained from first-principles calculations without
and with spin-orbit coupling. In the band structure obtained

without SOC, we show holelike bands in blue and electronlike
bands in red that contribute to the Fermi surface topology. A
3D view of the Fermi surface map derived without SOC is
shown in Fig. 1(d) where we could find two hole and two
electron pockets shown in red and blue, respectively. Note
here that with SOC, one should find 4 hole and 4 electron
pockets contributing to the Fermi surface map. As can be seen
further from Fig. 1(d), the electron pockets show a strong
k., warping in going from I' to Z, while the hole pockets
show negligible k, warping and also the pocket terminates
abruptly at halfway between I' and Z. Therefore, no hole
pockets are present at the Z point. Thus, the calculated
band structure suggests that WTe; is a 3D electronic system
although it has a layered crystal structure [1,42]. Also it was
recently suggested using ARPES [45] that WTe, is indeed
a 3D electron system. Our band structure calculations are
in very good agrement with previous reports [1,4,38,46,47].
Angle-integrated photoemission spectra are shown in Fig. 1(e).
The spectra are taken with a photon energy of 100 eV. In
Fig. 1(e), the core-level energy positions of Te 4d and W
4 f are identified and the zoomed-in valance band spectra are
shown in the inset. Apart from the core levels of W and Te, we
did not find any impurity peaks in Fig. 1(e).

In Fig. 2, we show ARPES data of WTe, measured with
a photon energy of 20 eV using p-polarized light. The data
shown in Figs. 2(a)-2(c) are measured at a sample temperature
of 20 K. Using an inner potential of 11.5 eV [30], we calculated
that 20 eV photon energy extracts the bands from the k, = 6
7 /c plane. From the Fermi surface map shown in Fig. 2(a),
we can identify two holelike and two electronlike pockets on
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FIG. 2. ARPES data of WTe,. The data are measured using p-polarized light with a photon energy of Av = 20 eV. The data shown in
(a)—(c) are measured at a sample temperature of 20 K. Panel (a) depicts the Fermi surface (FS) map. Hole and electron pockets are schematically
shown by blue and red color solid contours (contribution from bulk), and the green color contour is the Fermi arc from the surface. Panel (b)
shows the energy distribution map (EDM) taken along cut 1 as shown on the FS map. Top panels in (c) show EDMs taken along cuts 2—6 from
left to right, respectively. Bottom panels in (c) are the respective second derivatives of the EDMs shown in the top panels. On the EDMs in
(b) and (c) the band dispersions are schematically shown. Panels (d)—(f) depict similar data of (a)—(c) except that these are measured at 130 K.
Panels (g) and (h) depict the orbital-resolved band structure from the calculations plotted for W 5d and Te 5p orbital characters, respectively.

either side of the I' point along the k, direction. It can be
further seen from Fig. 2(a) that the Fermi surface topology of
these compounds is highly anisotropic, which means that the
spectral intensity distribution along the k, direction is entirely
different from that along the k, direction. This observation is
in line with anisotropy of the crystal structure as shown in
Fig. 1(a). In addition to the bulk hole and electron pockets, we
notice an electronlike Fermi arc connecting both the bulk hole
and electron pockets as shown by the green line in Fig. 2(a),
consistent with other reports [34—41,48].

To further elucidate the nature of band dispersions near the
Fermi level (Er), we made cuts along the k, and k, directions
as shown in Figs. 2(b) and 2(c), respectively. The bottom panels
in Fig. 2(c) are the respective second derivatives of the top
panels. From Fig. 2(b), the energy distribution map (EDM) cut
taken in the k, direction, one can notice that the electronlike
surface state disperses in such a way that it connects the bottom
of the bulk electronlike band to the top of bulk holelike band.
As the band structure of these compounds is complex near the
Fermi level, it is difficult to disentangle the individual bands.

Hence, we show momentum range of holelike band dispersions
on the EDM plot [see Fig. 2(b)]. From the EDM cuts taken
in the k, direction, we identify bulk holelike [see cuts 2 and
3 in Fig. 2(c)], surface electronlike [cuts 4 and 5], and bulk
electronlike band dispersions [cut 6]. These observations are
consistent with the existing ARPES reports on WTe, [35—
37,39-41].

In Figs. 2(d)-2(f) we show ARPES data of WTe, measured
at a sample temperature of 130 K. All the data are measured
using p-polarized light with a photon energy of 20 eV.
Figure 2(d) depicts the Fermi surface map. Figures 3(e) and
3(f) depict EDM cuts taken along k, and k,, respectively. The
bottom panels in Fig. 2(f) are the second derivatives of the top
panels. In Figs. 2(g) and 2(h), we show the orbital-resolved
band structure calculations for W 5d and Te 5p. These
calculations are obtained without including SOC interaction.
As can be seen from Figs. 2(g) and 2(h), the band structure near
the Fermi level is highly hybridized between W 5d and Te 5p.
Particularly, near the Fermi level it is hard to disentangle the
orbital characters of the hole and electron pockets. In some
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FIG. 3. (a) Top panels show temperature-dependent EDMs along
cut 1 and the bottom ones show temperature-dependent EDMs
along cut 3. (b) Momentum-dispersive curves (MDCs) from the
EDMs of cut 1, extracted by integrating over an energy window
of 10 meV centered at the Fermi level. Overlapped intensity plot of
MDCs measured at 20 and 130 K is shown in the inset of (b). (c)
Energy-dispersive curves (EDCs) taken at k;; = 0 from the EDMs of
cut 1. Overlapped intensity plot of EDCs measured at 20 and 130 K
is shown in the inset. (d) Similar data to (c), but taken from the EDMs
of cut 3. (e) Shows EDCs taken from the EDMs (see inset) of cut 2
measured at two temperatures, 20 and 130 K.

of the earlier reports, four hole and four electron pockets
have been shown for WTe, [35-37,39-41], whereas in our
ARPES study we could only identify two hole and two electron
pockets. We think that the remaining hole and electron pockets
can be detected using s-polarized light as these are composed
of multiple orbital characters.

Upon comparing Fig. 2(a), the Fermi surface map measured
at 20 K, with Fig. 2(d), the Fermi surface map measured at
130 K, one can clearly notice that the the size of hole and
electron pockets hardly changes with the temperature between
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20 and 130 K. For a quantitative comparison of the band
structure between these two temperatures, we further estimate
the Fermi vectors of hole and electrons pockets. The estimated
Fermi vectors for both bulk hole and electron pockets at 20 K

are approximately 0.041 A~ and 0.050 A™', respectively.
And at 130 K the Fermi vectors are approximately 0.037 A

and 0.055 A~ for the hole and electron pockets, respectively.
These values hint at a nearly equal number of electron and
hole carriers at least from the the zone center [1,30].

To further understand better the evolution of band structure
in WTe, with temperature, we measure temperature-dependent
EDMs along cut 1 (top panels) and cut 3 (bottom panels) as
shown in Fig. 3(a). Figure 3(b) depicts momentum-dispersive
curves (MDCs) from the EDMs of cut 1 shown in Fig. 3(a),
taken by integrating over an energy window of 10 meV
centered at the Fermi level. An overlapped intensity plot of
MDCs measured at 20 and 130 K is shown in the inset of
Fig. 3(b). Figure 3(c) depicts energy-dispersive curves (EDCs)
taken at k; =0 from the EDMs of cut 1. An overlapped
intensity plot of EDCs measured at 20 and 130 K is shown in
the inset. Figure 3(d) depicts similar data to Fig. 3(c), but taken
from the EDMs of cut 3. In Fig. 3(e), we show the EDCs taken
from the EDMs of cut 2, measured at the sample temperatures,
20 and 130 K. From the EDCs shown in Figs. 3(c)-3(e) one can
clearly notice that the energy position of the peaks shown by
the vertical dashed lines do not change with the temperature.
This observation is consistent from all the EDM cuts 1-3.

As can be seen from Fig. 3(b), upon increasing the
sample temperature, the size of electron pocket hardly changes
between 20 and 130 K. From the fits to the MDC curves
[Fig. 3(b)] using a double-Lorentzian function (not shown)
we estimated the temperature-independent momentum vectors

of the electron pockets as 0.06 £ 0.01 A", This observation
is further supported by the temperature-independent EDCs
taken from various EDM cuts 1-3 as discussed above.
These results unambiguously demonstrate the temperature-
independent band structure of WTe,. This observation is in
stark contrast to some of the earlier ARPES reports [30,31],
where it was suggested that with increase in temperature the
size of electron and hole pockets increases and decreases,
respectively. Moreover, a Lifshitz transition is noticed for the
bulk hole pockets at a sample temperature of 160 K [31]
as a result of monotonic decrease in the size of the hole
pockets with temperature. However, from our studies we do
not find any change in the size of hole and electron pockets
between 20 and 130 K, thus ruling out the possibility of a
Lifshitz transition at 160 K. Currently it is not clear to us why
our temperature-dependent measurements are in disagreement
with Refs. [30,31]. Nevertheless, a quantitative comparison
between our results and the results from Refs. [30,31] reveals
that our data are extracted from a different surface termination
as we find the electronlike surface state that is not seen in
their data. Therefore, the discrepancies between our results
and Refs. [30,31] may be related to the differing surface
termination which may react differently with temperature as
the Fermi surface of WTe, is significantly sensitive to the
surface structure relaxation dynamics [49]. The present results
are consistent with our recent temperature-dependent ARPES
studies on MoTe, [29]. Moreover, in MoTe; we did not find any
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cleavage-dependent temperature effects on the band structure.
Thus, it is important to check whether a local band structure is
playing any role here for the noticed discrepancies in the band
structure of WTe,.

Though the temperature-dependent band structure of WTe,
is a convincing theory to explain the temperature-dependent
XMR, it is hard to understand why the band structure is very
sensitive to the temperature as this shows neither a structural
nor an electronic phase transition below the room temperature
[1,32]. Moreover, the quantum Hall measurements taken at
9 T suggest that the hole carrier density is intact below 150 K
which is &~ 1 x 10** cm™, while it is the electron density
(A5 x 10%° cm™3) that rapidly decreases below 50 K only to
compensate with hole carriers below 5 K. In this regard, for
any correlation between the band structure changes and the
temperature-dependent XMR, it is the size of electron pocket
that has to be reduced with the temperature [50]. Although the
constant hole density below 150 K as reported in Ref. [50]
is in line with our results, the rapid change in the electron
density below 50 K is in contrast as we do not see changes
in the size of the hole pocket or in the size of the electron
pocket between 20 and 130 K. Therefore, our measurements
suggest that the band structure changes may not be a reason for
the temperature-dependent XMR in WTe,. Our observations
further support a recent report [51] in which it was suggested
that the temperature-dependent band structure changes may
not have any role in the turn-on temperature of XMR materials.

IV. CONCLUSIONS

In conclusion, we studied the low-energy band structure of
WTe, by means of the ARPES technique and first-principle
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calculations. We observe two holelike and two electronlike
pockets from the Fermi surface map. In addition to the bulk
bands, we also detected an electronlike surface state dispersing
in such a way that it connects the top of the bulk hole pocket
to the bottom of the bulk electron pocket. Our orbital-resolved
band structure calculations demonstrate a strong hybridization
between W 5d and Te 5p near the Fermi level. In addition,
we find from the calculations that particularly the holelike
and electronlike pockets are formed from a combination of W
5d and Te 5f orbital characters. These results are in very
good agrement with previous band structure studies using
photoemission and first-principles calculations on this system.
Our systematic experimental studies further suggest that the
band structure of WTe, is temperature independent between
20 and 130 K. Therefore, with the help of our experimental
results we suggest that there is no direct relation between
the band structure changes and the temperature-dependent
XMR in WTe,. Thus, our present findings provide valuable
information in understanding the mechanism of nonsaturating
and temperature-dependent XMR in WTe;.
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