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We report a combined experimental and theoretical study of the candidate type-II Weyl semimetal
MoTe,. Using laser-based angle-resolved photoemission, we resolve multiple distinct Fermi arcs on the
inequivalent top and bottom (001) surfaces. All surface states observed experimentally are reproduced by
an electronic structure calculation for the experimental crystal structure that predicts a topological Weyl
semimetal state with eight type-II Weyl points. We further use systematic electronic structure calculations
simulating different Weyl point arrangements to discuss the robustness of the identified Weyl semimetal
state and the topological character of Fermi arcs in MoTe,.
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I. INTRODUCTION

The semimetallic transition metal dichalcogenides
(W/Mo)Te, receive much attention for their unusual bulk
electronic properties, including a nonsaturating magneto-
resistance with values among the highest ever reported [1]
and pressure-induced superconductivity [2—4]. Very recent
theoretical studies further predicted a new topological state
of matter, dubbed type-II Weyl semimetal, in this series of
compounds [5-8]. Weyl fermions in condensed matter arise
as low-energy excitations at topologically protected cross-
ing points (Weyl points) between electron and hole bands
[9,10]. Weyl points always occur in pairs of opposite
chirality, and their existence near the Fermi level produces
unique physical properties, including different magneto-
transport anomalies [5,11-15] and open Fermi arcs on the
surface [9], which were not observed in early angle-
resolved photoemission (ARPES) studies [16—18].

Weyl semimetals have been classified in type I that
exhibit pointlike Fermi surfaces and respect Lorentz
invariance and type II with strongly tilted Weyl cones
appearing at the boundaries between electron and hole
Fermi pockets and low-energy excitations breaking Lorentz
invariance [5]. Type-II Weyl semimetals necessarily have
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extended bulk Fermi surfaces. This renders the identifica-
tion of the topological character of the surface Fermi arcs
challenging since the Weyl points generally lie within the
surface projected bulk states causing strong hybridization
of bulk and surface states where the latter overlap with the
bulk continuum.

Experimentally, the realization of type-I Weyl fermions
has been demonstrated in the TaAs family by ARPES
and scanning tunneling spectroscopy [19-24], whereas the
quest for type-II Weyl fermions remains open. Type-II
Weyl fermions were first predicted in WTe, [5] crystalliz-
ing in the orthorhombic 1T’ structure with broken inversion
symmetry (Pmn2; space group). According to this study,
WTe, hosts eight Weyl points ~50 meV above the Fermi
level. However, the distance between Weyl points of
opposite chirality is only 0.7% of the reciprocal lattice
vector, rendering the observation of Fermi arcs connecting
these points challenging for current spectroscopic tech-
niques. Subsequently, it has been proposed that the low-
temperature 1T’ phase of MoTe, is a more robust type-II
Weyl semimetal with topological Fermi arcs that are more
extended in k space [6,7].

These predictions triggered a number of very recent
ARPES studies reporting Fermi arcs on Mo, We,_,Te,
[25], MoTe, [26-30], and WTe, [31-33]. However, these
studies do not agree on the bulk or surface character of the
experimental Fermi surfaces, and provide conflicting inter-
pretations of the topological character of the surface states.
The latter can in part be attributed to the theoretically
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predicted sensitivity of the number and arrangement of
Weyl points in the Brillouin zone to the details of the crystal
structure. Two such experimentally measured structures
were discussed for MoTe, [6,7]. While the crystal structure
used in the work of Refs. [6,30] was predicted to have eight
type-II Weyl points, appearing in the k, = 0 plane [6],
accompanied by 16 off-plane Weyl points [7], the structure
reported in the work of Ref. [7] was predicted to host only
four type-I Weyl points formed by the valence and
conduction bands. The differences in the Weyl point
arrangements lead to distinct topological characters of
Fermi arcs with similar dispersion. These crystal structure
intricacies, as well as the presence of two inequivalent
surfaces in the noninversion symmetric structure of MoTe,,
were largely ignored in recent works [25-30].

Here, we use laser-based ARPES to clearly resolve
distinct arclike surface states on the two inequivalent
(001) surfaces of MoTe,. To understand the topological
nature of these arcs and their connection to type-II Weyl
points, we present systematic calculations of the surface
density of states simulating different Weyl point arrange-
ments. We find that the ARPES data from both surfaces are
consistent with a topological Weyl semimetal state with
eight type-II Weyl points but do not conclusively establish
this particular number of Weyl points. Specifically, we
show that a large Fermi arc present on both surfaces and
reported previously in Refs. [26-30] is topologically trivial
in our calculations and even persists for bulk band
structures without Weyl points. On one of the surfaces
we find additional small Fermi arcs extending out of the
hole pockets. These short arcs are strong candidates for the
topological surface states. However, they resemble obser-
vations of Ref. [30] for a different Weyl point arrangement
and we argue that they are not robust in the sense that their
emergence out of the bulk continuum is not topologically
protected.

II. METHODS

Single crystals of MoTe, in the monoclinic f phase were
grown by an optimized chemical vapor transport method
(See the Appendix A). The low-temperature 1T’ crystal
structure was characterized using single-crystal x-ray
diffraction (Rigaku Supernova diffractometer, Mo Ka
radiation, Oxford Instrument cryojet cooling system).
Synchrotron-based ARPES experiments were performed
at the 105 beamline of Diamond Light Source using photon
energies of 40-90 eV. Laser-ARPES experiments were
performed with a frequency-converted diode laser (LEOS
solutions) providing continuous-wave radiation with
206-nm wavelength (hv = 6.01 eV) focused in a spot of
~5-ym diameter on the sample surface and an electron
spectrometer (MB scientific) permitting two-dimensional
k-space scans without rotating the sample. Samples were
cleaved in situ along the ab plane at temperatures < 20 K.
Measurement temperatures ranged from 6 to 20 K and the

energy and momentum resolutions were ~15 meV/
0.02 A~" and 2 meV/0.003 A= for synchrotron and
laser-ARPES experiments, respectively. Electronic struc-
ture calculations were done using the VASP software
package [34] with projector augmented wave pseudopo-
tentials [35] that included spin-orbit coupling. The
Perdew-Burke-Ernzerhof functional [36] was used in the
exchange-correlation potential. A 16 x 10 x 4I"-centered
k-point mesh was used for Brillouin zone sampling, and the
energy cutoff was set to 450 eV. The Wannier-based
projected tight-binding models [37-39] capturing all the
d states of Mo and p states of Te were used to analyze the
surface density of states. Surface spectra were calculated by
the software package Wannier_tools [40], which is based
on the iterative Green function [41].

III. RESULTS

The monoclinic  phase of MoTe, undergoes a structural
phase transition to the orthorhombic 1T’ phase (also called
y or T, phase) at ~250 K [42]. The low-temperature 1T’
phase shares the noncentrosymmetric Pmn2, space group
with WTe, and consists of double layers of buckled
tellurium atoms bound together by interleaving molybde-
num atoms. The resulting MoTe, layers are stacked along
the ¢ axis with van der Waals interlayer bonding as
illustrated in Fig. I(a). Note that the broken inversion
symmetry of the 1T’ structure implies the existence of two
inequivalent (001) surfaces with the [100] axis pointing out
of or into the surface, respectively. We denote these
surfaces by A and B, as indicated in Fig. 1(a). In
Figs. 1(b) and 1(c), we illustrate the number and positions

high

low

FIG. 1. Crystal structure and Weyl points of MoTe,. (a) Crystal
structure of the 1T’ phase (space group Pmn2;) determined by
x-ray diffraction. The two inequivalent surfaces, labeled A and B,
are indicated. (b),(c) Momentum-resolved density of states of the
(001) surface at E— Ep = 0.062 and 0.006 eV, respectively,
illustrating the touching points W1,4 and W2,3 of electron and
hole pockets. W1(W2) is a mirror image of W4(W3).
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of Weyl points in MoTe,, calculated for the experimental
crystal structure of our samples with lattice constants
a=3468 A, b=6.310 A, ¢ =13.861 A determined at
T = 100 K (see Figs. 6 and 7 for the temperature depend-
ence of the lattice constants and calculations with unit cell
parameters extrapolated to different temperatures).

Unlike Ref. [7] that predicted four Weyl points for a
structure with 0.3% smaller lattice constant a, our new
calculation finds eight type-Il Weyl points between the
valence and conduction band in the k, =0 plane. We
checked that no further off-plane Weyl points are present in
our calculation. Note, however, that additional Weyl points
above the Fermi level formed solely by the conduction
bands were found in Ref. [7] (some of them in the k, =0
plane). Given that the gaps separating different bands are
small in MoTe,, even weak external perturbations may
cause changes in band ordering, resulting in the appearance
of additional Weyl points. This illustrates the exceptional
sensitivity of key topological properties of MoTe, to
minute changes in the structure, as already pointed out
in Refs. [6,7]. This problem is aggravated by the variation
of the lattice constants of MoTe, grown under different
conditions, which might arise from a slight off stoichiom-
etry and/or the proximity of the hexagonal 2H phase in the
nonlinear temperature-composition phase diagram of
MoTe, favoring intergrowth of different phases [43].

In Fig. 2, we present the overall band structure of MoTe,
determined by ARPES. The Fermi surface consists of a

large holelike sheet centered at the I' point and two
symmetric electronlike Fermi surfaces, one at positive
and one at negative k, values, that nearly touch the hole
pocket. The character of the different Fermi surfaces can be
inferred from the stack of constant energy maps in Fig. 2(a)
illustrating how the sizes of electron and hole pockets
decrease and increase with energy, respectively. The
dominant spectral feature at the Fermi surface is a sym-
metric arclike contour in the narrow gap between electron
and hole pockets [black line in Fig. 2(b)], which is not seen
in bulk band structure calculations. The k, —k, Fermi
surface map in Fig. 2(c) shows that this state (SS) does not
disperse in k, over the entire Brillouin zone as expected for
a strictly two-dimensional electronic state localized at the
surface. Figure 2(d) shows the overall band dispersion
along the high-symmetry direction k, = 0. The surface
state dispersing from the bottom of the electron bands up to
the hole bands is indicated by a thin red line. The same cut
measured with high-resolution laser ARPES (blue inset)
reveals a more complex situation. Rather than a single
surface state, we can resolve two very sharp dispersing
states with similar Fermi velocities. While the outer one at
larger k, values shows a clear Fermi level crossing, the
inner one, which is most intense ~100 meV below Ep,
loses most of its spectral weight approaching E.

In Fig. 3, we zoom into the region enclosed by a red
dashed rectangle in Fig. 2(b). Using a laser focused into a
spot of ~5-um diameter on the sample surface as excitation
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FIG. 2. Electronic structure of MoTe,. (a) Stack of constant energy maps measured with 62 eV photon energy and p polarization.
(b) Left: ARPES Fermi surface at 62 eV photon energy. Right: Fermi surface contours extracted from Fermi surface maps measured at
different photon energies. The largest extension of electron and hole pockets corresponding to the projected bulk band structure is
indicated in blue and green, respectively. The thin black arc between hole and electron pockets is a surface state. (c) k, dependence of the
electronic states at the Fermi level in the k,, = O plane. The straight lines at k, = £0.195 A~" marked by black arrows are the signature
of a two-dimensional electronic state at the surface of MoTe,. Values of k, are calculated for free-electron final states with an inner
potential of 13 eV. (d) Overview of the surface band structure measured along the high-symmetry direction k, = 0 taken with v = 62

and 6.01 eV (blue inset).
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FIG. 3. Fermi arcs on the surface of MoTe,. (a),(b) Detailed view of the Fermi surface measured with 6.01 eV photon energy and p
polarization on the A and B surface terminations of MoTe,. The photoemission intensity has been symmetrized with respect to the k,
axis. (c),(d) Surface density of states for the two surface terminations calculated 10 meV below the Fermi level. (e),(f) Zoom into the
areas enclosed by a dashed rectangle in (a) and (c), respectively. (g) Numerical results for the surface density of states along an elliptical

contour (with r, = 0.0018 A, Iy = 0.005 A=) enclosing the Weyl point W2. The topological surface state is connecting valence to

conduction bands and produces CTSS in the calculations.

source and high energy and momentum resolution, we are
able to identify two clearly distinct Fermi surfaces appear-
ing with the same abundance on a large number of cleaved
samples. For surface A we find two sets of intense and sharp
contours, a large arclike state (SS) and two shorter arcs
with weak curvature that are visible in a narrow range of
momenta |k,| < 0.08 A~" and vanish again in the ky, =0
plane [Fig. 3(a)]. On the B-type surface, we resolve two
large arcs with different curvatures separated by a small
noncrossing gap [Fig. 3(b)]. These signatures are well
reproduced by calculations of the surface density of states
for the inequivalent top and bottom surface of MoTe,
shown in Figs. 3(c) and 3(d).

According to the calculations presented in Fig. 3 and in
the Appendix C, the large Fermi arc (SS) is topologically
trivial for the present crystal structure, and even persists in
calculations for different structures that exhibit no bulk
Weyl points at all. The shorter arc (CTSS for candidate
topological surface state), on the other hand, is a part of the
surface state that connects valence to conduction states, as
shown for the elliptical path surrounding the projection of
the W2 point onto the surface [Fig. 3(g)]. This elliptical
path can be viewed as a cut of a cylinder that encloses the
W2 point, and the axis of which is aligned along [001]. The
valence and conduction bands are gapped at all £ points
on this cylinder, and thus a Chern number can be computed
for the occupied states, corresponding to the chirality of the
enclosed Weyl point. We find this number to be +1, and

hence CTSS in Fig. 3(g) is topologically protected. The
calculation agrees remarkably well with the experiment
[Figs. 3(e) and 3(f)]. Therefore, CTSS is a strong candidate
for a topological surface state.

The good agreement between ARPES data and numeri-
cal calculations extends to the dispersion plots shown in
Figs. 4(a) and 4(b) taken parallel to the k, axis for different
values of k,. The trivial surface state SS has a nearly
parabolic dispersion in our experiments and well-defined
Fermi crossings for k, > 0.21 A~!, whereas CTSS has a
more complex evolution of the dispersion and reaches the
Fermi level only over a very limited range of momenta
[second and third panels of Fig. 4(a)]. This behavior is well
reproduced by the calculated surface density of states
[Fig. 4(b)], showing that CTSS is defined only for energies
and momenta where it emerges out of the projected bulk
hole pocket. For this reason it is not possible to derive the
positions of type-II Weyl points from the extensions of the
topological arcs at the Fermi surface.

We note that the intensity of the bulk bands is strongly
suppressed in our laser-ARPES data. This is common in
very low-energy photoemission and arises from the band-
like character of final states leading to strongly photon-
energy-dependent matrix elements of bulk states. We
further find that all bulk states are broad compared to
SS and CTSS. This can be explained naturally by the
surface sensitivity of photoemission causing an intrinsically
poor k, resolution. For the large unit cell of MoTe,, we
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FIG. 4.

(a) Dispersion plots taken on surface A parallel to k, for different values of k,. (b) Calculated surface energy dispersion along

equivalent cuts in momentum space for the same surface termination.

estimate that Ak, > 0.2z/c, which implies a substantial
broadening of states that disperse in k.. The absence of
such broadening in CTSS indicates that this state is highly
two dimensional, consistent with its identification as a
surface state.

CTSS found in the calculations connects Weyl points
that both project into the bulk hole pocket at the Fermi
level. Moreover, all the Fermi pockets in MoTe, have zero
Chern numbers. For these reasons the emergence of Fermi
arcs from the hole pocket is not dictated by topology, but is
rather a consequence of a particular realization of the shape
of CTSS. In general, a topologically trivial surface state can
also emerge out of the topologically trivial pocket, as is the
case at hand for SS. The intricate relation of CTSS to the
Weyl points of the system is evident from the fact that a
Fermi arc with very similar dispersion was also reported in
the calculations of Refs. [6,30] with different in-plane Weyl
point positions and 16 additional off-plane Weyl points [7].
In that case, additional surface resonances or surface states
hybridized with each other can appear inside or outside the
nearby bulk continuum due to the presence of the off-plane
Weyl points. In principle, such resonances may cause the
observed state to be topologically trivial in analogy to SS.
On the other hand, CTSS in our calculations and its
analogue in Refs. [6,30] are both topological, and we do
not find surface states with similar shape that are topo-
logically trivial in any of our calculations. The question is
therefore whether the absence of a topologically trivial
scenario at hand can be taken as positive proof of a Weyl
semimetal state in MoTe,. The systematic nature of
calculations carried out by us and others suggests that this
is reasonable even though evidence of the absence (in this

case of a topologically trivial scenario explaining CTSS) is
never exhaustive.

CTSS is observed clearly on only one of the two
inequivalent (001) surfaces. This can be explained by
noticing that the trivial value of the Z, topological invariant
[44] for the k,, = 0 plane in the Brillouin zone of MoTe; is
consistent with two possible arc connectivities: the one
consistent with CTSS, assuming that a surface state
connects the projections of W1 and W2 points, and the
other, in which the arcs connect the projections of W1,2
with their mirror images W3,4. While the ARPES data of
the B-type surface [Fig. 3(b)] are consistent with the latter
scenario, they do not uniquely define a particular Weyl
point arrangement and connectivity.

To illustrate this point, we show in Figs. 5(c) and 5(d) the
surface density of states on the B-type surface for crystal
structures resulting in four [7] and eight (this work) type-II
Weyl points. Both calculations clearly show a large and
fully spin-polarized Fermi arc with virtually identical
dispersion. However, in the structure of Ref. [7] with four
Weyl points [Fig. 5(c)], this arc is topological, while for the
crystal structure of this work, we find that the arc is trivial
[Fig. 5(d)]. As shown in Figs. 10 and 11, the large Fermi arc
persists even in calculations for MoTe, and WTe, finding
zero Weyl points. This demonstrates that the topological
character of Fermi arcs in (Mo/W)Te, cannot, in general,
be uniquely deduced from a comparison of experimental
and theoretical band dispersions. It further shows that
neither the experimental observation of the large Fermi
arc in MoTe, or WTe, nor of its spin structure is a suitable
fingerprint to robustly identify the type-II Weyl state in this
series of compounds. The observation of CTSS, on the
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FIG.5. Trivial and topological Fermi arcs on the B-type surface
of MoTe,. (a) Position of the four Weyl points calculated for the
experimental crystal structure reported in Ref. [7]. (b) Using the
structure determined in our work, we find eight Weyl points.
(¢),(d) Theoretical Fermi surfaces for the structures used in (a)
and (b), respectively. The large Fermi arc has a virtually identical
dispersion in the two scenarios but is topological in (c) and trivial
in (d).

other hand, cannot readily be explained in a topologically
trivial scenario and thus does provide evidence for a type-II
Weyl semimetal state.

IV. CONCLUSIONS

We conclude that MoTe, is a strong candidate for the
realization of a type-II Weyl semimetal phase. All the
experimental observations presented here agree with our
numerical calculations finding eight type-II Weyl points
and a coexistence of topological and trivial Fermi arcs.
While the data are also consistent with other possible Weyl
point arrangements, systematic calculations do not show a
topologically trivial scenario that could explain all the
experimental observations. We point out that an ideal
candidate type-II Weyl semimetal permitting a more direct
experimental identification should possess projected elec-
tron and hole pockets with nonzero total Chern number,
thus guaranteeing the appearance of the surface state in
both numerical and experimental data.
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APPENDIX A: CRYSTAL STRUCTURE AND
NUMBER OF WEYL POINTS

1. Crystal growth

Single crystals of monoclinic f-MoTe, are grown by the
chemical vapor transport technique using TeCl, as a
transport agent. The pure elements Mo and Te and the
transport agent TeCl, are mixed in a stoichiometric anion
ratio, according to the reaction equation

—1 1 4
2 K” )Te + <—> TeCL;} + Mo — MoTe, + <—) Cl,,
n n n

with n =10. The total weight of each sample is
~0.2-0.3 g. The mixture is weighted in a glovebox and
sealed under vacuum (5 x 107 mbar) in a quartz ampule
with an internal diameter of § mm and a length of 120 mm.
The sealed quartz reactor is placed in a two-zone furnace in
the presence of a thermal gradient d7/dx ~ 5°-10°C/cm,
and heated up to temperatures 7', = 980° C at the hot end
and T ,q = 900°C at the cold end. After one week of
growth, the quartz ampule is quenched in air to yield the
monoclinic phase, f-MoTe,. The crystals obtained on the
cold side are shiny gray and rectangular.

2. Lattice constants and Weyl points

The monoclinic # phase of MoTe, (unit cell parameters
at 280 K of a=3.479 A, b=6.332 A, ¢ =13.832 A,
y = 93.83°) undergoes a structural phase transition to the
orthorhombic 1T’ phase at ~250 K. Figure 6 displays the
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FIG. 6. Temperature dependence of the lattice constants of
MoTe, in the 1T’ phase (space group Pmn2;). Open circles and
squares are the lattice constants of MoTe, obtained with different
sample growth procedures as reported in Refs. [4,7]. All values
have been normalized by the lattice parameters of our samples

measured at 230 K (a =3.4762 A, b = 6.3239 A, ¢ = 13.837 A).
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FIG. 7. False-color plot of the energy gap between valence and
conduction bands in the k, = 0 plane illustrating how the number
and position of Weyl points evolve for different unit cell
parameters: (a) Structure in Ref. [7] which has a 0.3% smaller
lattice constant a; (b)—(d) lattice constants at 10, 100, and 230 K
obtained from a linear extrapolation based on the experimental
data in Fig. 11. The coordinates of the Weyl points found for the
unit cell parameters at 100 K used in the main text are
(0.1855,40.0539,0) A~! and E—E; =0.062 eV for W14
and (0.1906, £0.0152,0) A7" and E-Ep=0.006eV for
W2,3. The remaining four points are mirror symmetric with
respect to k,

temperature dependence of the lattice constants in the 1T
phase of MoTe,. Consistent with the early study of Clarke
et al. [42], we find that the c axis expands with decreasing
temperature while a and b decrease slightly. For compari-
son, we also display the lattice constants of MoTe, from the
two previously reported structures in Refs. [4,7].

In the main text, we compare ARPES data measured
below 20 K with calculations based on the lattice constants
at 100 K extrapolated linearly from the experimental values
measured between 230 and 120 K. This is a reasonable
approach as we do not expect significant changes of the
unit cell parameters between 100 K and the temperature of
the ARPES experiments. The thermal expansion coefficient
is usually negligible below ~100 K, and no additional
structural phase transitions have been reported for MoTe,
at these low temperatures. In order to confirm the validity
of this comparison, we performed additional calculations
for different sets of lattice parameters assuming constant
thermal expansion. As shown in Figs. 7(b)-7(d), calcu-
lations based on the lattice constants of our structure at 10,
100, and 230 K estimated in this way find the same number
of Weyl points at nearly identical positions. All these
structures result in eight Weyl points at k, =0 and no

additional off-plane Weyl points, formed between valence
and conduction bands. This indicates that the contraction of
the lattice upon cooling will have only a minor effect in our
samples and will not change the topological character of the
Fermi arcs discussed in the main text. Note, however, that
Fig. 7 reveals a clear trend in the position and number of
Weyl points with the in-plane lattice constant a. As a gets
smaller, due to thermal contraction [Figs. 7(b)-7(d)] or a
different growth method [Fig. 7(a)], the Weyl points W2
and W3 move closer to the k, axis and will eventually
merge and annihilate.

APPENDIX B: SURFACE STATE DISPERSION
PARALLEL TO THE k, =0 DIRECTION

In Fig. 8, we present dispersion plots measured parallel
to the k, = 0 direction on the two different surfaces of
MoTe,. In each panel of Figs. 8(d) and 8(f) we can identify
two dispersing states that contribute to the trivial arc (SS)
and the candidate topological arc (CTSS) at the Fermi
surface. Their dispersion is clearly distinct on the two
surface types. In particular, on the A-type surface, SS is
more dispersive near the bottom of the bulk electron pocket
and the two surface states cross each other along the high-
symmetry cut with k, = 0, while this is not observed on the
B-type surface. These differences are well reproduced by
calculations of the surface band structure for a semi-infinite
crystal [Figs. 8(c) and 8(e)], allowing us to unambiguously
identify surface A and B as the top and bottom (001)
surface of MoTe,.

Figure 8 also provides further evidence for the surface
character of CTSS. In particular, the clearly distinct
dispersion of this spectral feature below the Fermi level
is hard to reconcile with a bulk origin, since bulk states are
not expected to differ between the two surface types.
Additionally, we note that all bulk states are substantially
broader and much less intense than surface-related states
throughout the entire Brillouin zone. This is evident from
Figs. 8(a) and 8(b) where we use a logarithmic color scale
to enhance the projected bulk Fermi surfaces.

APPENDIX C: TOPOLOGICAL CHARACTER
OF FERMI ARCS

1. Candidate topological Fermi arc

In Fig. 3(g), we show that the candidate topological
surface state (CTSS) identified in our ARPES data connects
the valence (hole) and conduction (electron) band along a
fully gapped path enclosing a single Weyl point with Chern
number +1 (W2) and is thus topologically nontrivial. In
Fig. 9, we use more conventional k-space maps at different,
finely spaced energies to illustrate how this state connects
the valence and conduction bands. At the Fermi level, a
small gap separates the momentum-resolved surface den-
sity of states of the electron and hole pockets and the CTSS
arc emerges on both ends out of the hole pocket. As the
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FIG.9. Momentum-resolved surface density of states illustrating the evolution of the topological Fermi arc (CTSS) around the energy

of the W2 Weyl point.

energy is increased towards the Weyl point W2 at +6 meV,
this gap reduces and the electron and hole pockets
eventually touch. At higher energy, the CTSS arc emerges
out of the electron pocket at k,, ~ 0.015 A~" and disappears

into the hole pocket at k, = 0.07 AL
2. Large Fermi arc

We show in the main text that the number of Weyl points
in the Brillouin zone and the topological character of the
large Fermi arc in MoTe, are exceptionally sensitive to
small changes in the crystal structure as they are observed

for samples grown under slightly different conditions. In
Fig. 10, we use an alternative approach to illustrate the
persistence of the large Fermi arc for different Weyl point
arrangements in MoTe,. By artificially tuning the strength
of the spin-orbit coupling (SOC) (the labels SOCN corre-
spond to SOC increased N times in the calculation), we
simulate electronic structures with 8, 4, or 0 Weyl points
for a single crystal structure. Clearly, the large Fermi
arc is observed in all these calculations. Its presence in
experiment [25-30] thus cannot serve as a fingerprint to
identify MoTe, as a Weyl semimetal.
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FIG. 10. Evolution of the large Fermi arcs for different values
of the spin-orbit coupling (SOC) constant, which artificially
modify the band structure of MoTe, resulting in 8, 4, or 0 Weyl
points (WP) in the k, = 0 plane. (a) False-color plot of the energy
gap between valence and conduction bands in the k, = O plane
illustrating the number and position of Weyl points. (b) Momen-
tum-resolved surface density of states at the Fermi level.

The independence of the large Fermi arc from the Weyl
point arrangement is even more striking in WTe,, as shown in
Fig. 11. In Figs. 11(a) and 11(c), we show the momentum-
resolved surface density of states for experimental crystal
structures measured at different temperatures [45,46].
Warming up from 113 K to room temperature, one can
readily annihilate the eight Weyl points found for the low-
temperature structure [5]. However, the large Fermi arc
remains present and does not even change its dispersion
noticeably. Artificially increasing the spin-orbit interaction,
we can even simulate a state with a large Fermi arc of similar
dispersion and four Weyl points in the full 3D Brillouin
zone [Fig. 11(b)]. In this case, the large Fermi arc becomes
topological, while in the other two calculations [Figs. 11(a)
and 11(c)], itis topologically trivial. Again, we conclude that
its observation in experiments [31-33] does not identify
WTe, as a topological Weyl semimetal, as discussed already
in Ref. [31].

(a) 0 Weyl points

(b) 4 Weyl points

(c) 8 Weyl points

0.1
< 00

-0.1

-0.2
02 03 04 05 02 03 04 05 02 03 04 05

ke (AT) ke (A) ke (A
FIG. 11. Large Fermi arc of WTe, for different numbers of
Weyl points. (a) Momentum-resolved surface density of states at
the Fermi level calculated using the room temperature structure
[45], which results in no Weyl points. (b) Momentum-resolved
surface density of states at the Fermi level calculated using the
low-temperature structure (7 = 113 K, Ref. [46]) and 200%
spin-orbit coupling, which produces only four Weyl points.
(c) Momentum-resolved surface density of states at the Fermi
level calculated using the low-temperature structure (7 = 113 K
Ref. [46]) and 100% spin-orbit coupling, which produces eight
Weyl points.

The large Fermi arcs in MoTe, and WTe, remain fully
spin polarized in all our calculations although they are, in
general, topologically trivial except for the calculations
with four Weyl points. The lifting of the spin degeneracy is
a natural consequence of spin-orbit interaction in structures
with a broken inversion symmetry and is thus found for all
surface and bulk states in the 1T’ phase of MoTe, and
WTe,. Hence, the topological character of this and other
surface states in MoTe, or WTe, cannot be deduced from
their spin structure, as it was proposed in Ref. [30] and
successfully done for topological insulators [47].
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