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The discovery of Weyl semimetals represents a significant advance in topological band theory. They
paradigmatically enlarged the classification of topological materials to gapless systems while simultaneously
providing experimental evidence for the long-sought Weyl fermions. Beyond fundamental relevance, their high
mobility, strong magnetoresistance, and the possible existence of even more exotic effects, such as the chiral
anomaly, make Weyl semimetals a promising platform to develop radically new technology. Fully exploiting their
potential requires going beyond the mere identification of materials and calls for a detailed characterization of their
functional response, which is severely complicated by the coexistence of surface- and bulk-derived topologically
protected quasiparticles, i.e., Fermi arcs and Weyl points, respectively. Here, we focus on the type-II Weyl
semimetal class in which we find a stoichiometry-dependent phase transition from a trivial to a nontrivial regime.
By exploring the two extreme cases of the phase diagram, we demonstrate the existence of a universal response
of both surface and bulk states to perturbations. We show that quasiparticle interference patterns originate from
scattering events among surface arcs. Analysis reveals that topologically nontrivial contributions are strongly
suppressed by spin texture. We also show that scattering at localized impurities can generate defect-induced
quasiparticles sitting close to the Weyl point energy. These give rise to strong peaks in the local density of states,
which lift the Weyl node, significantly altering the pristine low-energy spectrum. Remarkably, by comparing
the WTe, and the MoTe, cases we found that scattering response and topological transition are not directly
linked. Visualizing the existence of a universal microscopic response to scattering has important consequences
for understanding the unusual transport properties of this class of materials. Overall, our observations provide a

unifying picture of the type-II Weyl phase diagram.
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I. INTRODUCTION

The discovery of topological insulators (TIs) [1,2] led
to intense research efforts in searching for materials whose
properties are determined by band structure topology. In this
context, the recent discovery of Weyl semimetals represents a
milestone [3,4]. Contrary to TIs, where topological properties
are manifested only at boundaries as gapless Dirac states,
Weyl semimetals host bulk as well as surface topologically
protected quasiparticles. In particular, Weyl points appear at
crossing points that are protected by the topology of the
bulk band structure. Because of the well-known surface-to-
bulk correspondence, they are necessarily associated with the
appearance of new topologically protected boundary modes at
the surface, the so-called topological Fermi arcs, which occupy
unclosed Fermi contours connecting Weyl points of opposite
chirality [5,6].

Beyond their fundamental relevance, Weyl semimetals are
characterized by intriguing transport properties. Very high
mobility, extremely strong magnetoresistance [7], and even
more exotic phenomena such as the chiral anomaly [8] or the
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possibility for Fermi arcs to tunnel through the bulk via the
Weyl points have been discussed [9]. Because of the robustness
inherited from topological protection, these effects are raising
great expectations for direct applications of these materials in
spintronics and magnetoelectrics.

Weyl semimetals were first experimentally discovered in the
TaAs monopnictide family, known as type I [3,4,10-14]. More
recently, it has been suggested that once Lorentz invariance
is broken, a new flavor of Weyl material can be realized,
the so-called type II, where strongly tilted Weyl cones emerge
at the boundaries between bulk electron and hole pockets [15].
Theoretical predictions identified the Mo, W_, Te, family as
promising compounds [15-18]. One of the most interesting
aspects of type-II Weyl materials is the possibility to scan
their phase diagram passing the transition by continuously
tuning their stoichiometry [18]. The resulting phase diagram
offers an ideal platform to explore the functional response of
the electronic properties and the existence of unifying trends
within the Weyl phase.

II. THE TYPE-II WEYL SEMIMETAL PHASE DIAGRAM

The Mo, W;_,Te, family is characterized by a layered
structure which crystallizes in a T; orthorhombic cell lacking
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FIG. 1. (a) Crystal structure of MoTe, and WTe,. (b) Atomically resolved STM topography of the WTe, surface. The existence of two
inequivalent Te sites, labeled Tel and Te2, with Tel being slightly higher than Te2, gives rise to the columnlike character visible in the STM
image. (c) Schematic representation of the type-II Weyl phase diagram. Although being topologically trivial, WTe, is found to lie very close
to the topological phase transition and to host a trivial surface state (blue); small lattice distortions can easily drive it into a Weyl phase, with
part of the surface state becoming topologically protected (red). By starting from WTe, and substituting W with Mo, the system enters into a
progressively more stable Weyl phase. (d) Evolution of the topological Fermi arcs as a function of the Mo concentration. By increasing the Mo
concentration, topological Fermi arcs (red lines) become progressively larger.

inversion symmetry at low temperatures (space group Pmn2;)
[19]. The transition metal (W and Mo) planes are separated by
Te bilayers, as shown in Fig. 1(a). Adjacent Te-(W/Mo)-Te
trilayers are weakly bound by van der Waals forces, thus
offering a natural cleaving plane. As a result, the surface
exposed after cleaving is always Te terminated. As illustrated
in Fig. 1(a), the Te atoms occupy two inequivalent sites, labeled
Tel and Te2, with one slightly protruding over the other. This is
reflected in the columnlike character visible in the atomically
resolved scanning tunnel microscope (STM) image reported
in Fig. 1(b).

Density functional theory calculations indicated how, by
starting from WTe,, which lies close to a topological phase
transition, and substituting W with Mo, the system enters
into a progressively more stable Weyl phase, as schematically
illustrated in Fig. 1(c) [18]. In particular, by increasing the
Mo concentration, the Weyl points become well separated
in reciprocal space and thus cannot easily be annihilated by
small perturbations [18]. The larger Weyl point separation has
direct consequences for the surface, with topological Fermi
arcs getting progressively larger [see red lines in Fig. 1(d)].
In this respect, it is worth noticing that the surface electronic
structure of these compounds is substantially complicated by
the concomitant existence of trivial surface states. Although
they do not form open topological arcs, trivial states partially
overlap with the projected bulk electronic structure, giving rise
to surface resonances [dashed lines in Fig. 1(d)] which are

characterized by a reduced surface spectral weight. As a result,
their pure surface state part (blue line) can effectively mimic
an open arclike contour.

Experimentally investigating this phase diagram proved
problematic. This is mainly due to two reasons: (i) Contrary
to type-I Weyl materials, in type II, the projection of the
Weyl points onto the surface overlaps with several bulk-
derived trivial states, thereby complicating the discrimination
of topological Fermi arcs from other states of trivial origin
[20-27]. (i) The Weyl points are expected to appear at energies
above the Fermi level [15-18], where they are inaccessible
to conventional photoemission techniques [20-27]. In this
context, while a general consensus exists over the topological
nature of the MoTe, arcs [20-22], the situation appears
highly controversial for WTe,. Although surface arcs have
clearly been observed in several photoemission studies, their
topological or trivial nature is highly debated, with different
studies reaching conflicting conclusions [23-26]. Ab initio
calculations also show that, while MoTe, is well inside the
Weyl regime, WTe, is in close proximity to a Weyl phase
transition [23]. This can give rise to Weyl points of opposite
chirality which are very close in reciprocal space and thus can
easily be annihilated by very small lattice distortions induced
by strain or temperature, as discussed in Ref. [23]. Therefore,
it is particularly important to investigate the existence of
universal signatures spanning the entire Weyl phase diagram,
e.g., by comparing the two extreme cases, MoTe, and WTe,.
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FIG. 2. (a) and (b) Calculated bulk band structure at k&, = 0 and (c) and (d) theoretical and (e) and (f) experimental Fermi surface for WTe,
and MoTe,, respectively. In (a), the dotted lines show the band structure along k, at the particular k, where the electron and hole pockets
approach each other the closest. In (b), the dotted lines show the band structure along k, at the specific k, where Weyl points appear (green
and red circles, reflection symmetric around k, = 0). The experimental Fermi surfaces have been obtained with angle-resolved photoemission
spectroscopy at temperature 7 < 60 K using photon energies of 20 and 24 eV for MoTe, and WTe,, respectively.

Here, we visualize the response of MoTe, and WTe, and
discuss the results in terms of Weyl nodes and Fermi arcs.
We identify the existence of a universal response of these
systems to perturbations, which is found to be composi-
tion independent. In particular, we report the emergence of
well-defined quasiparticle interference patterns originating
from surface arcs. Contrary to earlier studies [22], we (i)
can clearly resolve their open contour and (ii) demonstrate
that contributions from Fermi arcs connecting Weyl points
are strongly suppressed because of their spin texture, which
protects them from backscattering [22,28]. Furthermore, in
line with the theoretical predictions of the response of Weyl
semimetals, we reveal the emergence of new quasiparticles
arising at the Weyl point energy, which lift the density-of-states
minimum associated with the Weyl node [29,30].

III. SURFACE SCATTERING: THE ROLE OF FERMI ARCS

Figures 2(a) and 2(b) report the electronic band structure of
bulk WTe, and MoTe; at k, = 0, respectively, where due to

the crystal symmetry Weyl points are possible [15], calculated
with the density-functional-based full-potential relativistic
Korringa-Kohn-Rostoker Green’s-function method [31-34].
Computational details can be found in the Supplemental Ma-
terial [35]. The combined effects of the inversion asymmetry
of the crystal structure and the strong spin-orbit coupling
characterizing these materials give rise to a spin-polarized band
structure [36]. However, whereas Weyl points are emerging in
MoTe; [see green and red dots in Fig. 2(b), which identify
one pair of Weyl points of opposite chirality], a gap between
electron and hole pockets is clearly visible for WTe, [Fig.
2(a)], indicating the trivial character of this compound. In this
context, it is worth noticing that the electronic structure of
WrTe, is very delicate. As discussed in Ref. [18], small changes
in the lattice constant can drive the system into a nontrivial
state hosting eight Weyl points, proving the close vicinity
of a topological phase transition. Despite these differences
highlighted by band structure calculations, our angle-resolved
photoemission data reported in Figs. 2(e) and 2(f) reveal the
presence of arclike electronic structures in both compounds
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FIG. 3. (a) Differential conductance dI/dU map close to the Fermi level (E — Eg = 10meV); (b) Fourier-transformed d//dU map and
(c) theoretically calculated quasiparticle interference pattern obtained on WTe,. (d) Differential conductance d1/dU map close to the Fermi
level (E — Er = 10 meV); (e) Fourier-transformed d//dU map and (f) theoretically calculated quasiparticle interference pattern obtained on
MoTe,. The quasiparticle interference pattern is dominated by scattering events between opposite Fermi arcs. Some additional sharp spots

which do not have any correspondence in the theoretical panels are also visible [see, for example, (b) at q = (0.1 ,0.1);\71]. They are due to
experimental noise and thus do not have any importance for the following discussion.

(see dashed lines). An overall agreement between theory and
experiments is found. Although it is tempting to assign the
arclike features in Figs. 2(e) and 2(f) to topological Fermi arc
states, comparison with calculated constant-energy contours
reported in Figs. 2(c) and 2(d) reveals a more complicated
scenario. Indeed, ab initio calculations reveal that several
electronic features coexist within a very small part of the first
Brillouin zone which cannot fully be resolved by photoemis-
sion experiments (see Supplemental Material, Sec. B [35]). It
is worth stressing that, as discussed above, an analysis of our
calculations reveals that most of the arcs visible in Figs. 2(c)
and 2(d) are of trivial origin and that topological Fermi arcs are
also present only for MoTe,. This proves that the observation
of surface arcs is not a sufficient condition to unequivocally
imply the existence of Weyl points.

To gain insight in trivial vs topological Fermi arc contri-
butions, we performed quasiparticle interference experiments.
This technique makes use of the standing-wave pattern gen-
erated by elastic scattering of electronic states at surface
defects and has been proven to be a powerful method to
test the properties of topological materials [37—42]. Contrary
to conventional photoemission spectroscopy, it gives access
to both occupied and unoccupied electronic states, thereby
providing a complete spectroscopic characterization of all
relevant electronic features around the Fermi energy. This
is particularly important for type-II Weyl materials, where
Weyl points are theoretically expected to emerge above the
Fermi level [15-18]. Figures 3(a) and 3(d) report differential
conductance d1/dU maps acquired in close proximity to the
Fermilevel (E — Er = 10meV) on WTe, and MoTe,, respec-
tively. Their Fourier transformations, reported in Figs. 3(b) and
3(e), allow us to conveniently analyze scattering channels in
reciprocal space. Our results reveal the emergence of clear
arclike interference patterns, as indicated by the black arrows
in both compounds which develop along the g, direction at

approximately g, = 0.4 A_I (see dashed blue lines). To shed

light on the origin of these vectors, experimental data have
been compared with calculated interference patterns. Our the-
oretical approach employs the extended joint density of states
(JDOS) model [43], with the impurity electronic structure
and scattering amplitude calculated from the self-consistent
potential by means of the Korringa-Kohn-Rostoker Green’s-
function method and with the contribution of scattering vectors
being weighted according to the backscattering condition that
promotes standing waves in scanning tunneling spectroscopy
(STS) (for details, see Ref. [35]). We considered a number of
plausible intrinsic impurities [35]. Searching for the ones that
reproduce in the calculation the measured resonance position
and the qualitative form of the quasiparticle interference (QPI),
we arrived at Mo (W in WTe,) antisites substituting surface Te
atoms. As we found, possible spin polarization of impurities
has a negligible effect on the QPI spectra, even though they
formally open the time-reverse scattering channel [35]. Results
for WTe, and MoTe; are reported in Figs. 3(c) and 3(f). As for
the experimental results, an arclike feature is clearly visible
in both cases along the g, direction (see dashed lines), which
originates from interarc scattering among opposite Fermi arcs.
This assignment is further supported by direct comparison
with photoemission data [see Figs. 2(e) and 2(f), where the
scattering vector g corresponds to the distance connecting
opposite arcs].

Indeed, Fourier-transformed quasiparticle interference
peaks at q = k; —k;, where k; and k, are the wave vec-
tors of initial and final states with opposite group velocities
supporting constructive interference and q is the scattering
vector connecting them. A quantitative comparison with the
experimental constant-energy contours reported in Figs. 2(e)
and 2(f) allows us to directly link these interference phenomena
to interarc scattering among opposite Fermi arcs. Furthermore,
contrary to photoemission data, the higher surface sensitivity

of the STM unequivocally shows the contour character of the
arcs. Especially in Fig. 3(b), the arc starting at q = (0.4,0) 1&_]
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FIG. 4. (a) Schematic representation of the scattering events among Fermi arcs in MoTe,. The band character color code changes from
red (labeled “W”) in parts of the constant energy contour that are in the proximity of the topological surface arc connecting the Weyl points
at Er + 60 meV to blue (labeled “non-W”) in parts of the contour or energies farther away from the Weyl points. (b) Theoretically calculated
surface-projected constant energy cuts. (c) Experimentally obtained Fourier-transformed quasiparticle interference patterns. (d) Theoretically
calculated scattering rate. In (b) and (d) the black dots identify the Weyl points. All results are given for three representative energies: below
the Fermi level (top panels), close to the Fermi level (middle panels), and close to the position of the Weyl points, where the extension of the

topologically nontrivial arcs is maximized (bottom panels).

and extending to the right appears to be closing in a loop

o —1 . .

at q = (0.6,0) A . We believe that this is because of two
distinct scattering channels. Looking at Fig. 2(c), the most
surface localized states (most intensively drawn contours)

form a “nose” starting at k = (0.2,0) A_l and ending at
k=(03+0.1)A" and a “moustache” at k, = 0.35A ",

extending vertically between k, = £0.1 1&_1 (with symmetric
images at k, < 0). Scattering vectors between the two noses
on opposite sides of the Brillouin zone center compose the
left half of the aforementioned closed loop in the QPI, while
vectors between the nose and the mustache on opposite sides of
the Brillouin zone center compose the right half of the closed
loop. We also notice that the measured arc in Fig. 2(e) has a
high intensity at g, = 0, while the corresponding calculation
in Fig. 2(f) shows a white spot (zero intensity) at g, = 0. We
believe that this is because of the limitations in experimental
resolution; indeed, next to the white spot and in the direction
of the Brillouin zone center in Fig. 2(f) a band crossing with
high intensity appears that could be contributing to the arc in
the experimental figure due to the finite resolution.

In this context, itis worth noticing that the close proximity of
WTe, to a Weyl transition allows one to safely exclude any sig-
nificant contribution of topological Fermi arcs to the observed
interference patters for this compound. Even when considering

a slightly distorted structure hosting Weyl points, they would
be so close in reciprocal space that the extension of topological
Fermi arcs connecting them would be negligible. This is not
the case for MoTe,, where, by progressively moving towards
the energy position of the Weyl points, topologically nontrivial
Fermi arcs span a much larger fraction of the Brillouin zone.
This is illustrated by the schematic representation reported in
Fig. 4(a) and the theoretically calculated constant energy cuts
displayed in Fig. 4(b). Atlow energies (Er — 50 meV, top), the
surface states are absorbed in the bulk bands, forming surface
resonances and keeping the surface localization relatively low.
Thus the impurity scattering [Fig. 4(d)] and the QPI signal [Fig.
4(c)] are weak. At higher energies (Er + 10 meV, middle)
there is a formation of arcs that are genuine surface states and
cover a comparatively larger portion of the surface Brillouin
zone. As a result, a well-defined arclike interference pattern
appears in Fig. 4(c), caused by strong interarc scattering.
Evidence for this is shown in the middle panel of Fig. 4(d),
where the scattering rate of states in the surface arc is high.
Finally, as the Weyl point energy is approached (Er + 60 meV,
bottom), an arc is found connecting the surface-projected Weyl
points [their positions are shown by black dots in Figs. 4(b)
and 4(d)]. The arc is illustrated as the red part of the line
in Fig. 4(a), but it is also clear in Fig. 4(d), where it is
practically the only part in the band structure that suffers
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FIG. 5. (a) and (b) Topographic images acquired for WTe, and MoTe,. In both cases, intrinsic defects are present on the surface. (c) and (d)
Comparison of scanning tunneling spectroscopy data taken in a defect-free area (blue line) and by positioning the tip on top of antisite defects
(W and Mo substituting Te), revealing the emergence of quasiparticle resonances close the Weyl point energy (see discussion in the text). (e)
and (f) Ab initio calculated local densities of states on the pristine surface (blue line) and on top of an antisite defect (red line) confirm the
experimental findings. Green vertical lines are used to identify the position of the peak maximum.

impurity scattering. Here, the arc is considerably flattened,
providing nesting conditions for interarc scattering and a strong
QPI signal. However, the spin polarization in the two opposite
arcs points in opposite directions. Thus the spin texture results
in an effective protection against interarc scattering, weakening
the QPI signal in Fig. 4(c). Such behavior is reminiscent of
the forbidden backscattering originally discussed for Rashba
systems [44] and, more recently, for topological insulators [38].
In the present case, however, the presence of large parallel seg-
ments with opposite spin polarization significantly extend the
protection well beyond time-reversal-symmetry partner states.

We should note that, while Fig. 4(d) depicts the scattering
rate of each initial state integrated over all final states (includ-
ing interarc and intra-arc scattering), we also calculated the
scattering rate (Pyy) averaged over initial and final surface-
localized states on opposite arcs. It is approximately 5 times
stronger in the middle panel (Ep + 10meV) than in the
bottom panel (Er + 60 meV), explaining the weaker Fourier-
transformed QPI intensity in the latter case. In addition, our
calculations show that spin-polarized Mo impurities change
the scattering intensity by less than 5%; that is, in practice
they do not open a significant backscattering channel; thus
their contribution to the Fourier-transformed QPI is almost the
same as that of nonmagnetic impurities (see the extended JDOS
images in Ref. [35]).

IV. BULK SCATTERING: THE ROLE OF WEYL POINTS

Finally, we discuss the effect impurities have on Weyl nodes.
Recent theoretical predictions showed that a common charac-
teristic of Dirac-like materials is the emergence of impurity-
induced quasiparticles which lift the Dirac node [30]. This

behavior has been recently confirmed in topological insulators,
where impurity resonances induced by magnetic dopants have
been shown to effectively fill the gap which is expected to open
at the Dirac point in magnetically ordered samples [45]. A sim-
ilar behavior has been proposed to arise in Weyl semimetals.
In particular, scattering at localized impurities is expected to
lift the Weyl node by inducing new quasiparticle resonances
close to the Weyl point energy [29,30]. The emergence of these
quasiparticles has been theoretically proposed as a signature
of a Weyl phase. This has been experimentally investigated in
Figs. 5(a) and 5(b), which show topographic images acquired
for the two different compounds, i.e., WTe, and MoTe,.
Intrinsic defects highlighted by arrows are visible in both
cases. They have been identified as antisites (W or Mo atoms
substitute Te in the topmost layer) and are commonly found
in transition-metal dichalcogenides [46—48]. Figures 5(c) and
5(d) show STS data acquired for both materials by positioning
the tip on top of (red line) and far away from (blue line) a
defect. The minimum, visible in proximity to the Fermi level
in defect-free areas, highlights the semimetallic character of
these compounds. However, on top of defects a strong peak is
visible in both materials which lifts the local-density-of-states
minimum.

These defect-induced quasiparticle resonances appear
very close to the energy where Weyl points are expected to
emerge (see vertical green line which highlights the peak
maximum). The experimental findings are supported by the
ab initio-calculated local density of states at the impurity
atom. Considering that the resonance must develop from d
states of a transition-metal surface defect, we find excellent
agreement of the resonance position between calculations and
experiment in the case of a nonmagnetic Mo impurity in the
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Tel surface position [Fig. 5(e)] or a magnetic Mo impurity in
the Te2 surface position for MoTe, (density of states shown
in Ref. [35]). As we explain in Ref. [35], both scenarios are
plausible. From the absence of a Kondo resonance at Ef in the
STS [49], we can exclude the scenario in which the magnetic
moments are screened by fluctuations that may occur in Weyl
semimetals [50]. For WTe,, we also find excellent agreement
with a nonmagnetic W impurity in the Te2 surface position
[Fig. 5(f)]. More precisely, in MoTe, the experimentally
observed impurity-induced quasiparticle resonance is
positioned at the calculated Weyl point energy (Ep + 48
meV). As discussed above, for WTe, our calculations predict
atrivial material near a topological phase transition into a Weyl
phase. In this case, the impurity-induced resonances emerge
energetically close to the very narrow gap in k space between
electron and hole pockets, where Weyl points are expected to
emerge according to Refs. [15,23,26]. Our calculations suggest
that the resonances are not necessitated by the Weyl points
but may be trivially due to d states hybridizing with a metallic
environment.

V. CONCLUSIONS AND DISCUSSION

Our observations provide strong evidence that topological
Weyl transitions are accompanied by continuous, smooth tran-
sitions of electronic structure observables that are frequently
regarded as hallmarks of the topological state: Polarized sur-
face states and resonances close to the Weyl point energy occur
on each side of the transition. It follows that, although topolog-
ical indices change when driving the system through a topo-
logical quantum phase transition, important band-structure-
dependent experimental observables, such as the impurity-
induced resonances and spin-polarized surface states reported
here, are not characterized by any discontinuity, i.e., on-off
behavior. It may well be that the continuity originates in the
similarity of the materials on the two sides of the transitions and
that for this reason the trivial surface states and resonances of
WTe, transform into topologically preconditioned quantities
in MoTe,. Still, experimental observations of arclike surface
states or resonances close to candidate Weyl points are clearly
insufficient evidence for the Weyl phase.

‘We would like to stress that the relevance of our observations
goes well beyond topological band structure aspects. It is
well known that defects and disorder can significantly impact
transport properties, and their presence has been suggested to
be at the origin of both positive and negative magnetoresistance
effects [51,52]. In this context, our observations contribute by
providing a detailed microscopic picture of the resonant scat-
tering at impurities in type-II Weyl semimetals. In particular,
we demonstrate that intrinsic defects significantly alter the lo-
cal density of states close to the Weyl points, ultimately chang-
ing the low-energy spectrum of Weyl semimetals. We conclude
that the presence of defects cannot be overstressed and suggest
that they play an important role in determining the fascinating
transport properties of this class of materials [53,54] on either
side of the transition in the Weyl phase diagram.

Overall, we reveal a response to surface perturbations that
holds universally across the type-II Weyl semimetal phase
diagram. We show that surface arcs dominate the quasiparticle
interference pattern, with the Fermi arc contribution at the Weyl
point energy being strongly suppressed by its spin texture. In
agreement with theoretical predictions, we also demonstrate
that impurity-induced quasiparticle resonances can emerge
close to the energy where Weyl points are expected. Our
observations highlight that the functional response of both
surface and bulk states to perturbations in this class of materials
does not depend on whether we have passed the Weyl phase
transition or we are simply close to it. This allows us to
infer the existence of a stoichiometry-independent response
to perturbations for type-II Weyl semimetals, providing a
unifying picture of the type-II Weyl phase diagram.

Note added in proof: Recently, we learned of a related work
on the WTe, surface [69].
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