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Effect of electronic correlation on WTe, has been investigated by means of angle-resolved
photoemission spectroscopy (ARPES) and band structure calculation. In the ARPES results,
the valence band top with Te 5p character reaches the Fermi level and forms complicated
hole pockets around the zone center. In addition, two electron pockets are observed besides
the hole pockets. The position of the electron pockets is inconsistent with the prediction of
band calculation suggesting importance of electronic correlation in WTe,. The present
analysis indicates the correlation effect is associated with the excitonic coupling between the
W 5d electron and Te 5p hole bands.

I. Introduction

Various narrow gap semiconductors and semimetals possessing band structure with
non-trivial topological number have been attracting great interest due to their spin textured
surfaces states which can be applied for future spintronics devices [1-8]. In addition,
coexistence of electron and hole carriers in the topological semimetals can provide dramatic
transport properties such as nonsaturating magnetoresistance [9-16]. Among the semimetals
with nonsaturating magnetoresistance, electronic structure of WTe, has been studied in
details by means of angle-resolved photoemission spectroscopy (ARPES) and has been
considered as a Weyl semimetal candidate [17-25]. The crystal structure and the
corresponding first BZ of WTe, are shown in Figs. 1(a) and (b), respectively. Although
layered transition-metal dichalcogenides generally exhibit trigonal crystal structure with
triangular lattice layers of transition-metal ions, WTe, has orthorhombic distortion with
formation of zig-zag chains of W ions. The zig-zag chain runs along the a-axis of the
orthorhombic lattice.

In the pioneering work by Augustin et al., it has been pointed out that the electronic

states near the Fermi level are characterized by W 5d and Te 5p orbitals with strong



covalency. The W 5d t, bands (Xxy, yz, and zx orbitals) are split into bonding and
antibonding bands due to strong W-W bond in the zig-zag chain. (Here, the x-, y-, and z-axes
are along the a-, b-, and c-axis of the orthorhombic lattice.) The hole pockets around I" point
mainly have the Te 5p character while the Fermi surface around 0.2I'X and the electron
pocket around 0.6I'X have substantial W 5d xy components. (The xy orbital in the present
definition is denoted as dy».y» and the I'X is as I'Y in ref. 17). In a recent ARPES work, a pair
of electron and hole pockets were reported along the I'-X cut in the rectangular Brillouin
zone by Pletikosi¢ et al using photon energies of 21 eV and 38-78 eV [18]. The
compensation of the electron and hole carriers is responsible for the nonsaturating
magnetoresistance. In addition to the electron and hole pockets, a very steep band crosses or
touches the Fermi level. Pletikosi¢ et al. argued that the steep band is inconsistent with the
band structure calculation by Ali et al. [15] and consistent with that by Augustin et a/ [17].
However, by means of Laser ARPES, Wu et al. revealed that the steep band also forms
another hole pocket consistent with their band structure calculation [19] as well as that by Ali
et al [15]. In addition, Jiang et al. showed that an additional hole pocket exists at I" point and
the electron pocket reported by Pletikosi¢ ef al. is split into two electron pockets on the basis
of ARPES result at photon energy of 57 eV [20]. They concluded that the spin-orbit coupling
plays a major role in WTe, and that the nonsaturating magnetoresistance is caused by
suppression of the spin texture [20].

It is difficult to reconcile the three different ARPES results [18-20] by chemical
potential shift alone. Jiang et al. pointed out that the number of Fermi surfaces is very
sensitive to the atomic positions and the observed nine Fermi surfaces would be explained by
calculation with certain atomic arrangement [20]. One possibility is that the WTe, crystal
studied by Jiang et al. includes addition lattice distortions at surface. In addition, Das et al.
pointed out that position of the electron pockets is inconsistent with the bulk band calculation
and concluded that the spectral weight projected to the first Te-W-Te layer can reproduce the
position of the electron pocket [21]. So far, the complexity of the ARPES results has been
assigned to the various surface effects. However, the discrepancy on the position of the
electron pockets has been reported in the transport measurement by Zhu et al. [22] indicating
that the disagreement between ARPES and band calculation is derived from the bulk
electronic properties. Wu et al. [23], Bruno ef al. [24] and Feng et al. [25] have observed a
spin-textured surface band (topologically trivial Fermi arc) between the electron and hole
pockets using Laser ARPES and that the surface band depends on the type of surface (Type
A or Type B). If the bulk electron and hole pockets are modified by electronic correlation, it
may affect the spin texture of the surface bands between them.

Since the Fermi surfaces are constructed from the Te 5p and W 5d orbitals, it is possible
that the electronic states with W 5d character have stronger correlation effect than those of

Te 5p character and that the orbital dependent band renormalization provides deviation from



the band structure calculations. Indeed, the band dispersions near the Fermi level reported in
the three ARPES works largely deviate from the band structure calculations which may not
be explained by merely adjusting atomic position at surface. In this context, it is highly
interesting and important to examine the band dispersion considering their orbital character
and to reconsider the assignment of the Fermi surfaces.

In the present work, we report an ARPES study of WTe, using photon energies of 22-28
eV and band structure calculations in order to understand the multiband nature of the W 5d
and Te 5p bands.
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FIG. 1: (Color online) (a) Crystal structure of WTe, created by VESTA [10]. The blue and
orange symbols represent Te and W atoms, respectively. (b) The first Brillouin zone of
WTez.

I1. Experimental

High quality single crystals of WTe, were grown using Te flux method with W (99.99 %)
and Te (99.999 %) by Aoki group at Tokyo Metropolitan University as reported in ref. 26
[26]. The lattice constants of a = 3.4820 A, b = 6.2603A, and ¢ = 14.0326 A were confirmed
by x-ray diffraction in agreement with the reported values of a=3.483 A, b=6.265 A and
c=14.043 A [27,28]. The residual resistance ratio of the single crystals is about 1300-1330
[26] which is comparable to those in refs. 22, 29, and 30 [22,29,30] and higher than those in
refs. 15, 20, 31 and 32 [15,20,31,32] depending on the growth technique [28]. ARPES
measurements were performed at beamline 9A of Hiroshima Synchrotron Radiation Center
(HiSOR). The base pressure of the spectrometer of HISOR BL-9A was in the 10” Pa range.
The layered single crystals with size of about 3mmx0.5mm were glued to sample holders
using silver epoxy and cleaved by the top post method at 300 K under the ultrahigh vacuum.
The single crystals were cleaved well and the size of 3mmx0.5mm was kept after the
cleavage. The crystals were cooled to 20 K after the cleavage for the ARPES measurements.
The ARPES data were obtained within 12 hours after the cleavage. The total energy
resolution was set to about 15 meV for excitation energies of 22.9-27.9 eV in order to

observe the valence band top near the zone center (I' or Z point). Binding energies were



calibrated using the Fermi edge of gold reference samples. X-ray photoemission
spectroscopy (XPS) was performed using JEOL9200 equipped with a Mg Ko source. The
total energy resolution was set to 1.0 eV. Band-structure calculations were performed using
QUANTUM ESPRESSO 5.30 [33]. We have employed local density approximation with
pseudopotentials of W.pz-spn-kjpaw_psl.1.0.0.UPF and Te.pz-dn-kjpaw psl.0.2.2.UPF.

I11. Results and Discussion
Figure 2 shows the core level XPS spectra of WTe, with characteristic Te 3d and W 4f

core-level peaks. As shown in Fig. 2(a), the Te 3d core level is split into the Te 3ds, and
3ds;, branches. The Te 3ds;, peak has a tail on the higher binding energy side indicating
correlation effect by the Te 5p conduction electrons. The W 4f core level is split into the W
4f;, and W 4f5, branches [Fig. 2(b)]. The asymmetry of the W 4f peaks is less apparent than
that of the Te 3d peaks although the band structure calculations suggest that both Te 5p and

W 5d states exist at the Fermi level.
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FIG. 2: (Color online) (a) Te 3d XPS spectrum of WTe,. (b) W 4f XPS spectrum of WTe;.

Figures 3(a)-(d) show ARPES data measured along the I'-X direction with photon energies
from 22.9 eV to 27.9 eV. In order to show the band dispersion more clearly, second
derivative plots (with respect to energy) are displayed in Figs. 3(e)-(h) for the corresponding
excitation energies. The overall band dispersions are roughly consistent with the previous
ARPES work [17]. The dispersive bands between 2.0 eV and 2.5 eV can be assigned to Te
5p bands while the intense band around 1.5 eV has W 5d character. The hole bands with their
maxima around 0.7 eV and 0.9 eV have W 5d yz and 3z>-r* characters, respectively. Near the
Fermi level, the hole band with its maximum around 0.5 eV can be assigned to W 5d 3z%-1*
and the hole band reaching the Fermi level is dominated by Te 5p.

Figure 4 shows ARPES data measured along the I'-X direction with photon energies from
22.9 eV to 27.9 eV. In order to show the band dispersion, second derivative plots with
respective to momentum are displayed in Figs. 4(a)-(d), and second derivative plots with

respective to energy are displayed in Figs. 4(e)-(h) for the corresponding excitation energies.



At photon energies of 22.9 eV [Fig. 4(a)] and 23.8 eV [Fig. 4(b)], one hole pocket at the zone
center and two electron pockets around ky ~ -0.3 and 0.3 A™! are observed as predicted by the
calculation shown in Fig. 4(i). In the calculation, the electron pockets are located around ky ~
-0.4 and 0.4 A™'. Therefore, the observed position of the electron pockets is much closer to
the T" point than the calculated position. In the present results, the bottom of the electron
bands is located at ~ 50 meV below the Fermi level whereas it is ~ 100 meV in the
calculation suggesting that the electron band is shifted upwards by ~ 50 meV and the volume
of the electron pockets is reduced from the theoretical value. Since the position of the
electron pockets in the momentum space is modified from the band calculation probably due
to the electronic correlation effect, it is difficult to apply a rigid band shift to the present
system.
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FIG. 3: (Color online) Wide range ARPES results. (a-d) ARPES intensity maps measured
along the I'-X direction at selected photon energies of (a) 22.9 eV, (b) 23.8 eV, (¢) 25.9 eV,
and (d) 27.9 eV. Second derivative (with respect to energy) maps along the I'-X direction at
selected photon energies of (¢) 22.9 eV, (f) 23.8 eV, (g) 25.9 eV, and (h) 27.9 eV.
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FIG. 4: (Color online) ARPES results and band calculations near the Fermi level. Second
derivative (with respect to momentum) maps along the I'-X direction at selected photon
energies of (a) 22.9 eV, (b) 23.8 eV, (¢) 25.9 eV, and (d) 27.9 eV. Second derivative (with
respect to energy) maps along the I'-X direction at selected photon energies of (e) 22.9 eV,
() 23.8 eV, (g) 25.9 eV, and (h) 27.9 eV. (i) Band calculation for WTe, along the I'-X
direction. (j) Comparison between the calculation and the band map. The solid curves
indicate calculated band dispersions. The small dots represent band positions determined

from momentum distribution curves.



In addition to the electron and hole pockets, several holes bands are observed well below
the Fermi level. A hole band is observed just below the electron pockets. This outer hole
band is much closer to the I" point than the calculated position [see Fig. 4(j)] consistent with
the shift of the electron pockets. Also the energy gap between the electron band and the outer
hole band is much smaller than the theoretical prediction. Another hole band with its
maximum at ~ 100 meV below the Fermi level at the zone center is very flat compared to the
calculation as shown in Figs. 4(e) and (f). The dispersion of the flat hole band changes in
going from 22.9 eV to 27.9 eV [Figs. 4(g) and (h)]. The photon energy dependence of the
hole band at ~ 100 meV excludes possibility of surface state. On the other hand, since the
hole bands at ~ 200 and ~ 400 meV do not depend on the photon energies and have no
counterparts in the calculation, they can be assigned to surface bands. As for the flat hole
band at ~ 100 meV, the poor agreement between the experiment and theory can be assigned
to correlation effect rather than the surface effect and would be consistent with the excitonic
correlation between the electron and holes. One possible scenario is that the electron band
with W 5d xy character (located around £0.5I'X in the calculation) is shifted upwards and the
hole band with Te 5p character (located around I" point) is shifted downwards due to

excitonic correlation between the electron and hole bands.
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FIG. 5: (Color online) (a) The observed Fermi surfaces at 23.8 eV. The calculated electron
and hole pockets are indicated by the yellow and blue dotted curves, respectively. (b)

Constant energy maps at selected binding energies.

Figure 5(a) shows the Fermi surfaces observed at 23.8 eV. As shown in Fig. 5(b), as the
binding energy increases, the hole pocket at the zone center becomes larger and the electron
pocket at k, ~ -0.3 A" becomes smaller, consistent with the interpretation for the band maps
in Fig. 4. The electron pocket is crescent shaped in the calculation as shown in the dotted
curves in Fig. 5(a). However, in the experiment, the position of the electron pockets becomes
closer to the zone center than that predicted by the calculation as discussed in the previous

paragraph. The electron pocket at ky ~ -0.3 A™' is partly consistent with the Laser ARPES



work by Bruno et al. [25]. In the present study, the electron pocket almost touches the hole
pocket at ky ~ +0.12 A" which is different from the observation by Bruno et al. [25]. Since
the photon energy dependence of the electron bands excludes the possibility of surface band,
the present results indicate that the electron pocket is modified due to bulk electronic
correlation. Considering the hole band at ~ 100 meV below the Fermi level, the electronic
correlation is associated with the excitonic correlation between the Te 5p hole and W 5d
electron. Such excitonic correlation effect would be important for understanding of the

transport properties at bulk and surface of WTe;.

IV. Conclusion

In conclusion, we have studied the electronic structure of WTe, by means of
angle-resolved photoemission spectroscopy and band structure calculation. The valence band
top reaches the Fermi level and forms a complicated hole pocket around the zone center. In
addition, two electron pockets are observed besides the hole pocket which are shifted
towards the zone center compared to the band calculation. This observation is consistent with
the transport study by Zhu et al. [22]. In addition, the electron band with W 5d xy character
is shifted upwards while the hole band with Te 5p character is shifted down to ~ 100 meV.

indicating excitonic correlation between them.
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