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The topology of Weyl semimetals requires the existence of unique surface states. Surface states have been visualized in
spectroscopy measurements, but their connection to the topological character of the material remains largely unexplored. 1T'-
MoTe,, presents a unique opportunity to study this connection. This material undergoes a phase transition at 240 K that changes
the structure from orthorhombic (putative Weyl semimetal) to monoclinic (trivial metal), while largely maintaining its bulk
electronic structure. Here, we show from temperature-dependent quasiparticle interference measurements that this structural
transition also acts as a topological switch for surface states in 1T'-MoTe,. At low temperature, we observe strong quasiparticle
scattering, consistent with theoretical predictions and photoemission measurements for the surface states in this material. In
contrast, measurements performed at room temperature show the complete absence of the scattering wavevectors associated with
the trivial surface states. These distinct quasiparticle scattering behaviors show that 1T'-MoTe, is ideal for separating topological
and trivial electronic phenomena via temperature-dependent measurements.
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INTRODUCTION

The Weyl fermion' is a massless chiral solution of the Dirac
equation. Several solid-state materials whose crystal structures
break time reversal or inversion symmetry have been predicted®™""
and observed'>™° to host quasiparticle excitations that mimic free
Weyl fermions. In these Weyl semimetals, Weyl points exist as a
touching between a hole and an electron pocket. While
fundamental Weyl fermions are constrained by the Dirac equation
to move at the speed of light, in the solid-state context the
relationship between energy and momentum of the quasiparticles
is determined by the material-specific band structure. In a type |
Weyl semimetal, the hole and electron pockets which touch to
form the Weyl points do not overlap in energy except at the Weyl
points, leading to a band structure where quasiparticles exactly
mimic fundamental Weyl fermions. In a type-ll Weyl semimetal,
however, the hole and electron pockets, which form the Weyl
points, overlap over a range of energies. Type Il Weyl fermions are
only possible as a quasiparticle excitation in a system where
Lorentz invariance is broken,® and thus are uniquely different from
free Weyl fermions. Much recent activity has centered around the
finding that at the surface of a Weyl semimetal, Weyl points are
necessarily connected in pairs of opposite chirality by Fermi arc
surface states, which form open contours on the Fermi surface.>*'
Accordingly, most spectroscopic experiments have concentrated
on observing the surface states in these materials. The majority

of these experiments have focused on type | Weyl
semimetals,'>'6187273442 \yith a smaller number of observations
on type-ll Weyl semimetals including MoTe,**323>364% and its
alloys with WTe,**37739%3 |n spectroscopy measurements it is
possible to conclusively prove the surface nature of electronic
states; however, proving that the surface states are topologically
protected arcs is a much more delicate task. An alternative way of
studying Fermi surface properties is via transport. Many unique
transport characteristics have been predicted for the Weyl band
structures in general and the Fermi arc states in particular.**™>'
Transport experiments on Weyl semimetals have indeed seen
several intriguing features;'’*?7%° however, the link to the Weyl
band structure is often difficult to make. To clarify this connection,
it would be ideal to use a system where Weyl behavior can be
switched on and off using an experimentally tunable parameter
like temperature, pressure or applied field.

One recently discovered type-ll Weyl semimetal is MoTe,, a
transition-metal dichalcogenide that exists as several different
polytypes at high temperature.5™®> At room temperature, the
crystal structure is either hexagonal (2H, or a-phase) or monoclinic
(1T, or B-phase). When the monoclinic phase is cooled it
undergoes a structural transition at 250 K to become orthorhom-
bic, known as the Td phase.®"%? In the Td phase, each Mo atom is
at the center of a buckled Te octahedron, as seen in Fig. 1.
The Td phase breaks inversion symmetry, and theoretical
predictions of the electronic structure of this phase indicate
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Fig. 1
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Td-MoTe, (a, b) Ball and Stick models showing projected views of Td-MoTe,. The Te atoms are represented in yellow, and the Mo atoms

are in purple. ¢ Constant-current STM topographic image of MoTe, (V=-200 mV, /| =—-150 pA, T=6 K). The rows seen run parallel to the b-axis
of the crystal and come from the c-axis buckling in the Td crystal structure. d Two-dimensional cuts of the band structure along the high-
symmetry directions X-Gamma-Y over a wide range of energy as measured by ARPES (2nd derivative applied) at T~ 90 K. The red dashed lines
represent theoretical predictions of the bulk band structure. e, f Differential conductance (d//dV) map with insets showing Fourier transforms
of the real-space maps. e shows a map at —35 meV (normalization V=-300mV, | =-350pA, T= 6 K). The Fourier transform inset shows wings
aligned with the a-axis of the crystal (red box). f shows a map of a different area at 50 meV (normalization V=200 mV, /=150 pA, T=6K). The
Fourier transform inset shows a vertically dispersing feature aligned with the b crystal axis (green box). All scale bars shown in this figure

represent 10 nm

that it is a topological type-ll Weyl semimetal, although the
number of Weyl points and the location of the associated
Fermi arcs are very sensitive to the exact lattice parameters.”?
On the other hand, in the monoclinic 1T' phase, inversion
symmetry is restored and the material is topologically trivial.
Thus, the cooling or warming of a sample across the
orthorhombic-monoclinic phase boundary offers a clean and
simple way to compare the electronic properties in the
topologically trivial and non-trivial phases. In this work, we
demonstrate this switching behavior by visualizing changes in
electronic  structure across the temperature boundary.
We supplement our experimental measurements with theoretical
calculations and angle resolved photoemission spectroscopy
(ARPES) measurements of the band structure.
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RESULTS

Our scanning tunneling microscopy (STM) and ARPES measure-
ments are performed on crystals grown by the flux method
(details in Methods) and quenched from high temperature to
preserve the metastable 1T' phase at room temperature.
Measurements are performed on in-situ cleaved crystals. STM
topographic measurements taken over large areas (Fig. 1c) show
clean, flat surfaces with several defects present at both the
chalcogen and the metal sites. Figure 1d shows two-dimensional
cuts of the band structure measured by ARPES along the cuts X-
Gamma-Y over a wide range of energy. Our measurements are
consistent with theoretical calculations and previous measure-
ments>°>? on similar crystals indicating that the samples are
indeed in the Td phase.

Published in partnership with Nanjing University
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Fig. 2 Surface bands in Td-MoTe,, a Dispersion associated with the
surface bands. When the surface bands emerge at —80 meV, their
Fermi surfaces are long and narrow, and as the energy increases, the
Fermi surfaces open up and become shorter. The surface band Fermi
surfaces persist as easily distinguishable features until approxi-
mately —10 meV. b, ¢, d Calculated constant energy contours, and (e,
f, g) corresponding intensity maps (2nd derivative) measured
through ARPES at various energies. The color map chosen for the
calculated Fermi surface uses red for the most intense values, and
blue for the rest of the band structure. This was deliberately chosen
to highlight the fact that the surface states are much more intense
than the bulk bands. The intensity corresponds to the density of
states at a given momentum value, so the surface states by their
two-dimensional nature are very sharp and concentrated in
momentum space in comparison with the projected bulk states.
The shaded gray rectangle shows where a mask was applied to
exclude the more intense bulk bands in the center of the BZ from
the thresholding. The red dashed lines in (e, f, g) denote the region
over which ARPES measurements were performed. The ARPES
measurements of the Fermi surface (e, f, g) show a surface band
structure consistent with previous measurements. We outline the
edges of the hole pocket in green and the edge of the electron
pocket in brown to show how the evolution of the pockets matches
between our ARPES data and calculated band structure. The data
shown in panels (e, f, g) has been mirrored in k, and k, to show all
quarters of the BZ. All of the band structure plots shown in this
figure are cropped to the range k,=(-0.511/a, 0.511/a) and k,=
(—0.571/b, 0.511/b)

In scanning tunneling spectroscopy (STS) imaging measure-
ments, real-space differential conductance images can be
connected to the material band structure in the presence of
scattering from crystal defects. Point defects in materials can act
as elastic scattering centers, giving rise to quasiparticle inter-
ference (QPI) patterns that are located around each impurity. The
wavevectors present in the interference pattern are related to the
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momentum transfer provided by the defect in the scattering
process. Shown in Fig. 1e, f are two real-space images that are
obtained at —35 and 50mV, respectively. We find that the
scattering from each individual defect in Td-MoTe, is weak, but
the collective effect of all the scattering centers in the material
causes clear modulations in the local density of states at each
energy. This situation is reminiscent of similar experiments in
other topological insulator materials.®® The wavevectors present in
the real-space image can be seen by taking a magnitude Fourier
transform of the image, as shown in the inset to the real-space
images in Fig. 1e, f (see Supplementary Information, section lll, for
more detailed spectroscopy maps). The QPI wavevectors we
observe in Td-MoTe, have two distinctive features. First, as can be
seen in the inset to Fig. 1e, we observe horizontal “wings” aligned
with the a-axis of the crystal (red box, inset to Fig. 1e). Second, we
observe a vertical stripe-like feature as seen in the inset of Fig. 1f
(green box). This feature is aligned with the b-axis of the crystal.
We describe the evolution of the intensity and wavevectors of the
wings and the vertical stripes in detail below.

Our experimental results for the observed wavevectors from QPI
can be compared to predictions based on theoretical calculations
of the surface electronic structure. Our density-functional theory
(DFT) calculations’ using lattice parameters from x-ray diffraction
at 100 K show four Weyl points at k=(0.1011, 0.0503, 0) and points
related by the reflections M. Each pair of these Weyl points
located at the same value of k, is necessarily connected by Fermi
arc surface states. In addition to these arcs, trivial surface states
also exist in the same region in momentum space. We can
calculate the surface band structure of the material at each energy
either by projecting the full DFT calculation onto the surface, or
from a tight-binding model that is constructed from DFT
calculations (see methods). The computed surface band structure
at three energies is shown in Fig. 2b-d. A number of bulk and
surface bands are seen in these calculations. Since the surface
states are truly two-dimensional, they can be easily picked out
from the other contributions to the surface band structure by a
simple process of thresholding the surface spectral density, as
illustrated in Fig. 2b—d. The color map chosen uses shades of blue,
with only the most intense values colored red. The surface states
contrast sharply with their surrounding bulk bands located near
the same wavevectors, so this color map easily identifies the
surface states based on intensity. The identification of the surface
states by this procedure allows us to track the evolution of these
states in energy, as shown in Fig. 2a. We see that the surface
bands are fairly localized in energy—they first appear around —80
meV, then lose intensity and hybridize strongly with the bulk
bands above —10 meV. The evolution of hole and electron pockets
(highlighted with brown and green lines) matches well with that
found in measurements from ARPES, as shown in Fig. 2e-g. Our
ARPES results are consistent with previous measurements3°=2 of
the same material. The Weyl points themselves are not visualized
in the data since they occur above the Fermi level.”

We note that calculations using a slightly different lattice
constant (~ 19%)® produce different results for the surface state
band structure. In our calculations,” there is one Weyl point in
each quadrant of the BZ, located at at (+0.1011a*,+ 0.0503b*,0).
The large surface state connects the Weyl points across the k, axis
and is a topological Fermi arc. In the other calculation? there are
two Weyl points in each quadrant of the BZ at (+0.1024a* +
0.0128b*,0) and (0.1001a%,0.0530b*,0). The Fermi arcs are much
smaller in extent and connect the Weyl points located within each
quadrant. A large, singly degenerate surface state is seen in this
calculation as well, although it is topologically trivial in this
calculation. The origin of this large surface state is currently not
understood theoretically—the fact that it is single degenerate is
quite unusual, since its Rashba partner seems to be missing in the
surface bands.>> While the topological properties of the surface
bands are quite different in the two calculations, the actual extent
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Fig. 3 Demonstration of the procedure used to separate QPI from bulk, surface, and joint states. a shows the Fermi surface at —70 meV.
Because the Fermi arcs sharply contrast with the bulk states, they are easily separated from the rest of the band structure through intensity
thresholding. The gray rectangle shows where a mask is applied to exclude the more intense bulk bands in the center from the threshold. b
shows all three QPI components overlaid, with bulk shown in blue, joint shown in green, and surface shown in red. ¢ shows the Fourier
transform of a differential conductance map at —35 meV, cropped to the first BZ for comparison to the calculated QPI. The horizontal wing
feature matches with the QPI calculated from the Fermi arc surface states. d shows in blue the QPI coming from the bulk states only, with the
Fermi arcs removed. e shows the joint QPI which comes from scattering between bulk and surface states. f shows the QPI coming only from

the Fermi arc surface states

and dispersion of the surface bands themselves are very similar.
We will comment further on the difference below, but we will
proceed by comparing STM experiments to the calculations from
Wang et al.”

Using our theoretically calculated band structure, we can now
calculate the expected scattering wavevectors in a QPI experi-
ment. An elastic scattering event from a defect results in a change
in momentum g of a quasiparticle incident on it. Real-space
interference patterns and their Fourier transforms will show
intensity only at values of g allowed by the band structure at each
energy.*®® Additional selection rules that govern the relative
intensities for different g can exist due to crystal and time-reversal
symmetry conservation laws,®® structure of the scattering
potential,®*” or matrix elements. In our experiments, we consider
the impurities giving rise to scattering processes to be largely non-
magnetic, as observed for other transition-metal dichalcogen-
ides.®® To compute the expected QPI pattern at every energy, we
calculate the spin-conserved scattering probability

K@) =33 3 plkiplk+a) M
k

i=0,1,2,3

where p, (k) stands for charge densities, and p;(k) (i=1,2,3)
stands for spin densities along three orthogonal orientations [see
Methods].

While the experimental QPI occurs at allowed values of g from
the theory, only a subset of the theoretically allowed values is
actually observed in experiment. It is, therefore, worth under-
standing the sources within theory of the features that are seen in
experiment. In general, the surface band structure has a part that
comes from the surface states (red band in Fig. 3a), and a
remainder that comes from the projections of various bulk bands.
A scattering process can, therefore, take place between bulk
bands alone, from a bulk to a surface band, or between the
surface bands alone. We decompose the theoretical band
structure (3a) into surface and bulk bands to calculate the three
separate QPI components, shown in Fig. 3d-f. By comparing each
of these separately with the experimental QPI in Fig. 3¢, we see
that the most distinctive feature of the experimental QPI (the
“wings” denoted by the circled region) is seen prominently in the
surface-surface scattering as well as (to a lesser extent) in the
surface-bulk scattering. On the other hand, the bulk-bulk
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scattering does not show any particular features at this intensity,
and indeed several of the features seen in the bulk scattering do
not exist in the experiment. Thus, on the basis of the match
between theory and experiment, we can identify the “wings” as
being associated with surface state scattering.

Next, we consider the dispersion of the QPI features with
energy. Shown in Fig. 4a—f are the expected QPI from theory,
color-coded as before to distinguish the various contributions to
scattering. Inspection of this energy evolution shows two
distinctive features associated with the surface state scattering,
coming from inter-arc and intra-arc scattering, respectively. The
inter-arc scattering that has already been discussed above leads to
the “wings” along the k, direction that disperse along the y
direction with increasing energy, as a consequence of similar
dispersion in the surface bands themselves. The second promi-
nent feature observed in the surface state scattering is intra-arc
scattering, which is seen for small momentum transfers. At the
lowest energies where the arcs are observed (—80 mV), the intra-
arc scattering is difficult to distinguish from strong bulk scattering
that is present at the same wavevectors (Fig. 4m). However, as the
energy increases (going from Fig. 4a—f), the intra-arc scattering
disperses outwards along ky, while at the same time the amount of
bulk scattering present at these wavevectors diminishes. Since the
inter-arc and intra-arc scatterings appear at very different
wavevectors, we perform two separate imaging experiments with
different real-space size scales to see the two scatterings clearly.
An additional complication in the comparison between theory and
experiment is the presence of Fermi level shifts in the sample as a
function of spatial position or time. Such shifts, which have been
documented to occur because of surface doping,>*%® sample
aging,®® chemical inhomogeneity”® or non-stoichiometry®” in both
topological insulators®®”° and semimetals,*>>” imply that an
energy shift has to be applied to the experimental data before
comparison with theory. Shown in Fig. 4a—f and Fig. 4g-| are two
sets of experimental data that are acquired to make comparison
with the inter-arc and intra-arc scattering features, respectively,
(see Supplementary Information, section IV, for details of energy
alignment between the two data sets). Imaging performed over a
larger real-space area (Fig. 4g-I) reveals the intra-arc scattering
wavectors. While the inter-arc scattering is also observed weakly at
this real-space resolution (see Supplementary Sections Ill, IV for
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Fig. 4 Comparison of QPI from differential conductance maps and calculated QPI. a-f dl/dV map optimized for showing the horizontal
dispersion. g-1 dI/dV map optimized for showing the vertical dispersion. m-r QPI calculated from tight-binding data using the procedure
shown in Fig. 3. Blue represents QPI from bulk states, green is QPI from scattering between bulk and surface states, and red is QPI from surface
states. All QPI images are cropped to the range g,=(-0.571/a, 0.5n1/a) and g, =(-0.571/b, 0.57m/b), and aligned in energy as shown in

Supplementary

more details), imaging performed on a smaller area (Fig. 4a—f)
reveals the large wavevector, inter-arc scattering (“wings”) more
clearly. We see from these data sets that the experimental
dispersion of the QPI features matches reasonably well with both
the intra-arc and inter-arc scatterings.

While our low-temperature STS measurements are in good
agreement with our surface state calculations, we have explained
earlier that the calculations themselves are extremely sensitive to
the lattice parameters used. Theoretically, the large surface state
from which we see QPI can be rendered topological or not by
changing the small k, parts of the band structure—however, these
changes are very hard to detect in QPI or other spectroscopic
experiments due to limited experimental resolution. Thus,
detecting the surface states at low temperature alone is not
rigorous enough to claim agreement with the theoretical Fermi
arcs. In our experiments, we are able to use the temperature-
driven phase transition to gain crucial additional insight into the
topological character of 1T'-MoTe,. The orthorhombic-monoclinic
structural transition involves a small (~3 degrees) distortion of the
c-axis stacking while otherwise leaving the structure intact. As a
consequence, the bulk band structure is only very slightly
changed between the two phases. This is shown in Fig. 5a, b,
which are the surface-projected band structures at —60 meV
calculated by tight binding for both phases. We can see that the
overall bulk band structure is very similar for both phases.
However, an important consequence of the phase transition is
that inversion symmetry is recovered in the monoclinic phase,
implying that the high-temperature phase does not have Weyl
points with topologically protected Fermi arc surface states.
Topologically trivial surface states can still exist in the material,
and a close examination of Fig. 5b interestingly shows that such a
trivial surface state does exist at high temperature. The surface
states at low and high temperature are highlighted on the k, <
0 side of Fig. 5a, b in brown (further details of the dispersion of the
band structure in both phases is provided in the supporting
information, section VIII).

We can calculate the expected QPI based on our surface-
projected tight-binding band structure at high temperature. Since
we see experimental features primarily corresponding to the
surface state scattering at low temperature, we concentrate on
comparing the scattering expected from the surface states when
they are non-overlapping with the bulk bands at the same energy.
Shown in Fig. 5¢, d are the expected QPI from the surface states in

Published in partnership with Nanjing University

both phases at —60 meV, shown on the same intensity color scale.
We note that in this calculation we have included a thermal
broadening of 300 K to the band structure of both phases, to fairly
compare the expected QPI from both phases to room temperature
experiments. We see that the Weyl semimetal phase shows a
strong signature of the “wings” that we have previously described,
and that these “wings” are clearly present even after thermal
broadening to 300 K. On the other hand, the monoclinic phase
band structure shows very weak structure at the wavevectors of
the wings. This happens in our calculations because the length of
the surface state that is non-overlapping with the bulk states is
much shorter in the trivial phase when compared to the
semimetal phases, and consequently its intensity in the QPI
pattern is much weaker.

In order to visualize the difference between the low and high-
temperature surface state structure, we proceed to perform STM/
STS imaging at room temperature. Such experiments are in
general technically challenging, and to avoid problems of sample
contamination the experiments are performed on a freshly
cleaved crystal with the microscope maintained at room
temperature. We are successfully able to obtain atomic resolution
imaging and spectroscopy (see Supplementary Information,
section V, for real-space images and detailed spectroscopy results).
To verify the capability of our instrument at room temperature, we
also perform successful imaging experiments on the well-known
Shockley surface state of gold (111) (see Supplementary Informa-
tion, section VI for details of these measurements). In the case of
1T-MoTe,, we show in Fig. 5f a Fourier transform in the same
energy range where QPI is observed at low temperature. It is
evident from the data that the high-temperature QPI shows no
evidence for surface state dispersion at the wavevectors where it
is observed at low temperature. We have already discussed the
role of thermal broadening from the theoretical perspective
above. We can also ask the purely experimental question—given
the observed low-temperature QPI patterns in experiment shown
in Figs. 1, 3, and 4, what do we expect room temperature thermal
broadening to do to these QPI patterns? We address this in two
different ways. First, we perform a simple test to simulate thermal
broadening at low temperature. The QPI signal is the Fourier
transform of the experimentally measured differential conduc-
tance. The differential conductance is measured with a lock-in
amplifier by applying an AC voltage and measuring the AC current
response, and the overall broadening of the experimental

npj Quantum Materials (2018) 2



npj

Topological transition in 1T-MoTe,
AN Berger et al.

a 1
60 meV/ v -60 meV/
o
@< ¢
-
A 0
¢ , 1
-60 meV -60 meV
L L 0
e F 5
-80 meV -30 meV 1
0

Fig. 5 Comparison of the high-temperature and low-temperature phases. a, b The Fermi surfaces, calculated by tight binding, of the
orthorhombic, Td phase at low temperature (a), and the monoclinic 1T' phase at high temperature. Surface states are present in both phases,
highlighted on the left half of the brilliouin zone with brown contours. ¢, d QPI from tight-binding surface states (only the parts that do not
overlap with bulk bands) that have been thermally broadened to T=300K, as described in Supplementary Section VI, for the orthorhombic
(), and monoclinic (d) phases. Both phases show a horizontal wing feature in the QPI, but the intensity is much lower in the monoclinic phase,
mostly due to overlap of the surface and bulk states. g Fourier transform of differential conductance map taken at low temperature with a 30
meV bias oscillation to simulate room temperature thermal broadening (see text). The horizontal wing feature is still visible in the QPI, even in
the presence of energy broadening. h Fourier transform of differential conductance map taken at room temperature. No features are seen in
the QPI. All of the plots shown are cropped to the first BZ, to the range k or g, =(-0.571/a, 0.5n1/a) and k, or g, = (-0.571/b, 0.571/b)

spectrum is given by adding in quadrature the temperature
broadening and the broadening due to the AC voltage. While we
typically use an AC voltage that is comparable to the real sample
temperature, we intentionally simulated the effect of high
temperature by performing a low-temperature measurement with
a large AC voltage (RMS value of 30meV), similar to room
temperature. QPI results of this experiment at —80 meV are shown
in Fig. 5e (see Supplementary Information, section VII, for
additional energies and more details on simulating thermal
effects). As can be seen, we can still clearly see the “wing”
features in the QPI along with additional features that are
introduced after the broadening of the spectrum. A second test
is to directly apply an energy broadening corresponding to room
temperature to the measured low-temperature QPI patterns.
These calculations, described in Supplementary Information,
section VII, also confirm that we expect the “wing” features to
survive room temperature broadening. Both of these tests clearly
show that the absence of QPI at high temperature is not an
experimental artifact, but is rather a consequence of the difference
in electronic properties of the sample at high temperature.

DISCUSSION

Our observation of the absence of the high-temperature QPI at
the wavevectors corresponding to the “wings” is reasonably
consistent with our theoretical calculations, which show a heavy
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suppression of this feature in the trivial phase (Fig. 5d and
Supplementary Information, section V). The complete absence of
the feature at high temperature rather than a suppression of the
intensity could additionally arise from a loss of topological
protection of the surface state. Thus, at low temperature, the
large surface state is topologically protected against the effects of
disorder—at least at small momentum scattering, while no such
topological protection—beyond weak antilocalization—should
exist at high temperature. This would be compatible with a
scenario where the surface states at high temperature are not
observed due to disorder (as has been observed in other metallic
surface states,”’) while they survive at low temperature due to the
topological protection. Future experiments on samples with
varying levels of disorder can help shed light on whether surface
state localization is significant at high temperature. We also note
that this scenario where topological protection is responsible for
explaining the low-temperature QPI is more compatible with the
four Weyl point calculation rather than the eight Weyl point
calculation (where the large surface state is trivial at both low and
high temperature). Regardless of the details of the high-
temperature surface state, this type of temperature-driven phase
transition where the electronic structure is largely preserved but
the topological character is changed presents a unique opportu-
nity to isolate the effect of topological Fermi arcs on the
properties of Weyl semimetals. By alloying (or by applying
physical knobs such as strain or pressure) one could imagine
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pushing the phase boundary down to low temperature, where
topological phenomena can be turned on and off by small
changes in temperature. This offers the potential of isolating
topological phenomena from non-topological, a major challenge
in current spectroscopic and transport experiments.

METHODS

Samples were grown by flux method. MoTe, powder was well mixed with
sodium chloride (NaCl, molar ratio is about 1:7) and put in an alumina tube.
This alumina tube was then sealed in a vacuumed quartz tube of pressure
0.18 Pa. Then, the glass tube was put in a Muffle furnace and heated at
1100 °C for 12 h, followed by cooling to 900 °C at a rate of 0.5 °C/h. The
quartz tube was then water quenched to room temperature to achieve the
1T phase MoTe; crystals. Electrical resistivity measurement was carried out
using a standard 4-probe technique in a physical property measurement
system (Quantum Design, 9T-PPMS).

Our DFT calculations are generally based on the Vienna ab initio
simulation package,’> and use the core-electron projector augmented
wave basis sets”> with the generalized-gradient method.”* Spin-orbital
coupling is included self-consistently. The cutoff energy for wave-function
expansion is 300 eV. Experimental lattice parameters are used throughout
our calculations. To reduce the computation load in certain cases (e.g., in
the comparison of the low-temperature and the high-temperature
structures of MoTe,), we construct tight-binding models by using the
maximally localized Wannier function approach’® and by keeping only the
degrees of freedom corresponding to the Mo 4d orbitals and the Te 5p
orbitals.

To obtain the spectral and spin densities on the surface of MoTe; from
DFT calculations, we use a slab model of four surface unit cells (with two
atomic layers per unit cell) in thickness, and with a (001) surface
orientation. We use in-plane k-point grids of size 14 x 8 for the charge
self-consistent calculations, and of size 1000 x 400 for the Fermi surface
calculations. To obtain the surface spectral and spin densities from tight-
binding models, we use the algorithm by Lopez Sancho et al.”® to calculate
the surface Green functions with 400 x 400 in-plane k-point grids.

The calculated spectral density is defined by p,(k, E) = Tr(A(k,E)), and
the spin densities are defined by p;(k,E) = Tr(oiA(k, E)), with A(k, E)the
matrix spectral function and o; the Pauli matrices for spin. The matrix
spectral function A(k, E)can be constructed from the Bloch eigenstates
{@,(k)} (nis the band index), obtained from the DFT calculations, for a
specific energy E, by taking its standard definition

! t
05) = 3 im0 @
Here E, (k) is the energy of the n-th Bloch band, the eigenstate @, (k) is a
column vector, and n is a small number typically of value 2meV.
Alternatively, A(k,E) can be obtained from the retarded surface Green
functions GR(k,E), as in the case of tight-binding calculations, with an
equivalent definition:

A(k,E) = # [GR(k, E) - GF(k, E)*] 3)

All py and p, , 3 can be projected to specific layers by keeping A(k, E)
only for the appropriate atoms.

All angle resolved photoemission measurements were performed at the
ANTARES [78] beamline located at the SOLEIL synchrotron, Gif sur Yvette,
France. The beam spot size was 120 um. The angular and energy resolution
of the beamline at a photon energy of 18.8¢eV are 0.2° and 10 meV,
respectively. Linear polarized light was used. All data shown here were
obtained at 90 K.

Data availability
All relevant data is available upon request from the corresponding author.
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