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Weyl fermions (WFs) in the type-II Weyl semimetal (WSM) WTe, are difficult to resolve experimentally
because the Weyl bands disperse in an extremely narrow region of the (E-k) space. Here, by using DFT-assisted
high-resolution '*>Te solid-state nuclear magnetic resonance (ssSNMR) in the temperature range 50-700 K, we
succeeded in detecting low energy WF excitations and monitoring their evolution with temperature. Remarkably,
WFs are observed to emerge at 7 ~ 120 K, while at lower temperatures WTe, behaves as a trivial metal. This
intriguing phenomenon is induced by the rapid raise of the Fermi level upon heating, which crosses the Weyl
bands only for 7 > 120 K. The abrupt change of the NMR parameters at this temperature is signature of a
topological Lifshitz transition instead of a cursive energy-bands crossing.
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I. INTRODUCTION

In 1929, Hermann Weyl predicted a new type of fermion
with zero mass and explicit chirality that became known as the
Weyl fermion (WF) [1]. For many years neutrinos were con-
sidered a unique paradigm of WFs, until it was discovered that
they have mass. Since then, none of the elementary particles
in high-energy physics has been identified as a WF. However,
recently a condensed matter analog of this elusive particle was
predicted [2—4] in a new class of topological materials, the
type-I Weyl semimetals (WSMs). In these materials, space
inversion symmetry (SIS) or time reversal symmetry (TRS)
is broken, which leads to energy bands described by the Weyl
equation, crossing linearly in pairs of nodal points with oppo-
site chirality. Quasiparticles in the vicinity of these nodes are
emergent WFs.

Shortly thereafter, a second class of WSMs was predicted,
violating in addition to SIS and TRS the Lorentz symmetry
(LS) [5]. In the standard model of high-energy physics, WFs
are considered to obey strictly the LS. However, in theories
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incorporating gravity, LS is violated and the light cones be-
come strongly tilted [6]. An analogous violation of the LS is
observed in specific WSMs, revealing a novel type-II class
of WSMs, with tilted Weyl cones, and a Fermi surface (FS)
comprising electron and hole pockets touching at the nodal
points [5,7,8].

Until now, WFs have been experimentally observed in
type-I WSMs [2—4], whereas in type-II WSMs they have
been indirectly claimed through observation of the surface
FS arcs [9,10]. The primary difficulty lies in the fact that
in most type-II WSMs the Weyl nodes are located above
the Fermi level Ep, crossing Weyl bands disperse in an
extremely narrow area in the (E-k) space [5,7,8], and are
thus impossible to resolve with angle resolved photoemission
spectroscopy (ARPES) [11]. In the case of WTe,, the Weyl
nodal points in the ground state are located at ~50 meV
above Er [5,12,13], whereas a huge positive magnetoresis-
tance (MR) has been observed at low temperatures, attributed
to charge compensation between the hole and electron pock-
ets [12,13]. Notably, MR measurements on electron doped
WTe,_s have shown that for § = 0.02 Er crosses the Weyl
bands and the MR turns from positive to negative [13]. This
phenomenon is considered to be the condensed matter ana-
log of the Adler-Bell-Jackiw (ABJ) chiral anomaly, initially
discussed in high energy physics [14—16]. In principle, the
ABJ effect should be detected also in stoichiometric WTe,, as
Er rises with temperature [17-20], crossing the Weyl bands
at elevated temperatures. Nonetheless, thermal noise lessens
charge compensation and the MR effect smears out in the high
temperature regime [12,13].

Published by the American Physical Society
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An alternative method to study the Weyl physics is to use
solid state nuclear magnetic resonance (ssNMR), which is in
the position to detect elementary excitations in the vicinity
of the FS. When Ef crosses the linear Weyl bands, emergent
WFs force the NMR spin-lattice relaxation time 7 to vary
with temperature as T+T ~ Tzln(%), (e is the Larmor
frequency) [21,22]. This behavior was verified experimen-
taly in the TaP and TaAs type-I WSMs [23,24]. However,
in type-II WSMs, where the tilted Weyl cones create a com-
plex FS, changing dramatically with temperature [17-20],
and the energy bands and the Fermi velocity vp might be
renormalized [25,26], the strong coupling between the spin
and orbital degrees of freedom obscures the experimental
verification of WFs. It is thus necessary to find ways to resolve
FS electron/hole spin excitations from WF orbital excita-
tions. Bearing these things in mind, the type-II WSM WTe,
was studied by combining advanced broadband '>Te ssNMR
techniques with density functional theory (DFT) calculations
of both the electron energy bands and the NMR Knight shift K
parameters to precisely tie individual NMR resonances with
the Weyl electron states via the electron-nuclear hyperfine
coupling.

II. RESULTS AND DISCUSSION

WTe,; crystallizes in two different crystal phases; at low
temperatures it crystallizes in the 7; phase [27] belonging to
the noncentrosymmetric orthorhombic space group Pmn2;,
while upon heating to ~550 K it undergoes a structural
phase transition to the 17’ phase [28] with the centrosymmet-
ric monoclinic space group P2;/m. The primary difference
between the two phases is that in the 17’ phase the ¢ axis is in-
clined by an angle of 2.7° from the vertical position, as shown
by the high-resolution transmission microscope (HRTEM)
images in Figs. 1(c) and 1(d), and Supplemental Material [29]
Figs. 2-5. This small tilt induces important changes in the
electron band structure near the Fermi level (Supplemental
Material Fig. 6 [29]), with the lack of inversion symmetry
in the Pmn2, space group being the key parameter respon-
sible for the topologically nontrivial character of the electron
energy bands in the low temperature 7; phase. Furthermore,
we have checked the role of the Coulomb interactions in the
energy band structures, by performing DFT+4U calculations,
as shown in Supplemental Material Fig. 7 [29]. A relatively
low U value was taken into account, U ~ 2.5 eV, due to the
fairly delocalized character of the 5d W orbitals in WTe, [30].
Calculations were repeated by considering a Hunds coupling
J ~ 0.4 eV, as indicated for W-related compounds [31]. No
appreciable change in the band structure was observed by the
inclusion of Coulomb interactions.

Figures 1(a) and 1(b) show the experimental and DFT
calculated one-dimensional (1D) '»Te magic-angle spinning
(MAS) (black lines) and static (red line) ssNMR spectra of
WTe, in the T; phase at 293 K. Both the MAS and static
ssNMR spectra are entirely consistent, with the differences
in appearance being due to the splitting of the static powder
patterns in the latter into spinning-sideband manifolds in the
former. Experimental spectra span over the frequency range
of 2500 to —1000 ppm, exhibiting a broad asymmetric peak
with a maximum at ~1350 ppm; it is, however, impossible to
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FIG. 1. (a,b) experimental and DFT calculated 1D '®Te MAS
NMR spectra (black lines) of WTe, in the 7, phase at 293 K in
external magnetic field 9.4 T. The red line is the relevant static NMR
spectrum. The inset shows the '>Te static NMR spectrum in the 17
phase at 700 K. (c,d) HRTEM images vertical to the (010) zonal
axis at temperatures 293 and 600 K. The insets display the relevant
EDPs. A change of the (002)/(202)/(200) intersection angle from
90° to 87.3° marks the 7, — 1T phase transition.

deconvolute them into signal components assigned to the four
inequivalent Te sites. Notably, a nice agreement is observed
between the experimental and DFT calculated spectra, which
in principle allows the 1D NMR spectrum deconvolution, but
without any direct experimental confirmation. Details on the
DFT calculations are presented below and in the Supplemen-
tal Material [29]. Upon heating up to 700 K, a significant
decrease in the anisotropy of the spectrum is observed by a
narrowing of the resonance and a shift of the main peak to
1650 ppm, as shown in the inset of Fig. 1(b).

To break down the 1D NMR line shape into the multiple
signals representing the various Te environments, we per-
formed a 2D adiabatic magic angle turning (aMAT) [32,33]
experiment [Fig. 2(a)], which allows one to separate the
isotropic NMR Knight shift Kj,, from the Knight shift
anisotropy A. In this way, the resulting spectrum resolves
in two distinct groups of shifts, one group having isotropic
Knight shifts Kj, = 1080 and 1128 ppm and Knight shift
anisotropies A = —2305.8 and —2861.5 ppm assigned to
Te(1) and Te(3) respectively, and the second with Kjs, = 1269
and 1351 ppm and A = —855.51 and —786.30 ppm for Te(2)
and Te(4). The assignment of the shifts to the distinct Te
sites was based on the DFT calculations of the Knight shifts,
performed within the formalism of the WIEN2K package.

In general the Knight shift K can be broken down into
three major components, according to K=Ky, + Krc + Kip,
where K, is the orbital term, Kpc the Fermi contact term,
and Ky, the dipolar term [32,34]. In the case of metallic
systems, to a first noninteracting electrons approximation,
Krc is dominant and proportional to the s-electrons projected
density of states (pDOS) at Er [35-37]. However, in topolog-
ically nontrivial systems, in the presence of strong spin-orbit
coupling (SOC), the main component of the Knight shift
is Kop [21,22,32,38], induced mainly by the interaction of
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FIG. 2. (a) Experimental 2D '»Te aMAT NMR spectrum at 30 kHz MAS in magnetic field of 9.4 T. The orange and blue color inset 1D
spectra are cross sections at Ki;, = 1128 and 1351 ppm, respectively, illustrating the relevant spinning sideband manifolds. On the top and left
sides of the spectra are the relevant spectra projections. An equivalent spectrum at 14.1 T is presented in Supplemental Material Fig. 10 [29].
(b) DFT calculated 2D '*Te aMAT NMR spectrum in the presence of SOC. The orange and blue color 1D insets are the relevant calculated
spinning sideband manifolds at K, = 1560 and 1697 ppm respectively. (c)—(f) The Te(1) and Te(2) |s) and |p) orbitals contribution to the
k-resolved pDOS. Hole and electron pockets are highlighted in yellow and blue color, respectively, in panel (f).

the p-electron orbital currents with the nuclear spins. The
DFT calculated aMAT spectrum is presented in Fig. 2(b),
exhibiting remarkable consistency with the experimental one;
however, an overall frequency shift is observed, due to the
sensitivity of the NMR calculations to the final atomic posi-
tions in the DFT-relaxed structure. All information regarding
the experimentally derived and calculated NMR parameters is
presented in Supplemental Material Table I [29]. The key out-
come is that, in the case of Te(1) and Te(3), Ky, is more than
an order of magnitude larger than Krc, while for Te(2) and
Te(4) the Kr¢ has a considerable contribution, being smaller
than K, only by a factor of 2. For all Te sites, Kgjp is found
to be negligibly small. On the basis of this analysis, further
DFT simulations of 1D '»Te MAS NMR spectra at spinning
rate 30 kHz and magnetic fields of 9.4, 14.1, and 23.5 T, were
carried out and compared with experimental '>Te MAS NMR
spectra, acquired by a rotor-synchronized double adiabatic
echo pulse sequence (Supplemental Material Figs. 8 and 9
[29]). The agreement between the theoretical and experimen-
tal spectra validates the correctness of our approach.

Figures 2(c)-2(f) show the DFT calculated s- and
p-orbitals k-resolved pDOS of the Te(1) and Te(2) sites,
obtained in the same set of calculations as the theoretical
NMR spectra. The well-known WTe, band structure is ob-
served, with hole and electron pockets highlighted in yellow
and blue color, respectively. The k pDOS of Te(1) acquires
a strong p-orbital character while Te(2) exhibits a mixed
s- and p-orbital character in line with the NMR DFT

analysis of Supplemental Material Table I and the pDOS
values presented in Supplemental Material Fig. 11 [29]. Ev-
idently, the strong orbital anisotropy of the Te(1) NMR signal
component is driven by the prevalent p-orbital character of
the relevant pDOS and Te(1)/Te(3) NMR stands out as an
excellent probe of low energy WF excitations. At the same
time Te(2)/Te(4) NMR is susceptible to both s-electron spin
and p-electron orbital fluctuations.

Taking into account the previous results, the spin-lattice
relaxation time 7; was measured over the temperature range
of 50-750 K at two distinct frequency shifts on the inhomo-
geneous static NMR line shape [red line in Fig. 1(b)], i.e.,
at 1212 ppm probing mainly Te(2) and Te(4) nuclear sites,
and 580 ppm probing Te(1) and Te(3). Figure 3(a) presents
the ﬁ vs T? variation at both shifts. At temperatures be-
low 120 K the plot sampled at 1212 ppm is flat, obeying a
Korringa-like (T]T = ct) relation, which is characteristic of
metals [36]; then it experiences an uptick at ~120 K, followed
by a T? temperature dependence, which is literally assigned
to the formation of WFs [21-24,38]. A similar behavior is
observed in the ﬁ vs T2 plot sampled at —580 ppm; how-
ever, the slope in the WF region is sufficiently steeper than
the one sampled at 1212 ppm. The slope difference might
be explained by the fact that, at —580 ppm, NMR effec-
tively probes almost purely orbital excitations, while at 1212
ppm orbital and FS electron spin excitations are intermixed.
The strong Fermi velocity vg anisotropy, as illustrated in
Fig. 3(b) for the ground state, is also expected to influence the
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FIG. 3. (a) '®Te T}—T vs T? plot, acquired at —580 ppm (yellow circles) and 1212 ppm (orange circles). (b) The Fermi velocity map across
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p-electron bands, at k, = 0 and Er = 0.0, 36.7, and 56.3 meV. White crosses “x” in panel (g) indicate the positions of pairs of Weyl points.

temperature variation of 1/7,7, because according to theory

1 1
T~ o [21,22,38].

The detected transition from the low temperature metallic
regime to the WF phase is of primary importance for under-
standing the Weyl physics of WTe,. In conventional metals,
the Fermi level does not change appreciably for kg7 < Ep
and T+T = ct [32]. However, in WTe,, where the hole pocket
maximum and the electron pocket minimum are in proximity
to Er, a significant rise of Ep with temperature has been
reported [17-20], inducing shrinkage of the hole pockets and
a topological Lifshitz transition (LT) [39] taking place at
~160 K [17], which is associated with the disappearance of
the hole pockets [17,18]. Specifically, ARPES experiments
show an Er rise of 30 meV in the temperature range 20—
100 K [20] and 25 meV between 100-280 K [17].

The transition from the low temperature metallic to the
high temperature WF phase is highlighted in the DFT band
structure calculations in Figs. 4(a) and 4(b). In the ground
state the Fermi level crosses only the hole and electron
pockets and the system behaves as a topologically trivial
metal. Indeed, a 3D metallic behavior in WTe, has been
reported to occur at very low temperatures (0.6—4.2 K) [40].
By raising temperature, Er lifts to higher energies [17-20]
and the hole pockets shrink and disappear at ~40 meV
[Figs. 3(c)-3(h) and Supplemental Material Fig. 12 [29]].
Most importantly, at ~40 meV the Fermi level crosses the
Weyl bands in the vicinity of the nodal points. A pair of
Weyl points (W1, W2), located along the K1-K2 line with k-
space coordinates K1 = (0.1212, 0.0000, 0.0000) and K2 =
(0.0929, 0.2000, 0.0000), is shown in Fig. 4(b). At the same
time arc-like FS segments are formed, connecting the electron
pockets with the four symmetric pairs of Weyl nodal points,
specified by white crosses in Fig. 3(g). Evidently, the onset of
the T+T ~ T? temperature dependence at ~120 K marks the
crossing of the Weyl bands and the transition from the metallic
to the WF phase.

To further explore the metal-to-WF phase transition, the K
vs T trend was examined by measuring the ' Te static NMR
spectra in the temperature range 50-700 K. Figure 5(a) shows
the frequency shift and the evolution of the line shape upon
heating, with spectra calibrated in the frequency axis accord-
ing to the K values of the most intense peak. Remarkably, K
exhibits the same temperature dependence as T+T Atlow tem-
peratures it remains invariant, exhibiting Korringa metallic
behavior, while for 7 > 120 K it starts varying with tempera-
ture as K ~ T? [lower right inset in Fig. 5(a)], deviating from
this behavior for T > 400 K (Supplemental Material Fig. 13
[29]). The anomaly, in the form of an abrupt slope change
observed in both the 1/71T and the Knight shift at ~120 K
[Fig. 5(b)] is important evidence that a topological Lifshitz
phase transition takes place, instead of a gradual crossover
from one phase to the other with varying temperature. In a LT,
at the transition temperature, where the high-7 FS disconnects
topologically from the low-T FS, the static x(0) and dynamic
X (w) magnetic susceptibilities exhibit an anomaly in the form
of a kink or discontinuity [39]; a similar anomaly is expected
to be observed in both K and 1/7;7, as they are functions of
x(0) and x (w), respectively [38,41], as in Figs. 3(a) and 5. In
the Ehrenfest classification [42], this kind of phase transition
is considered as a 2% order LT, characterized by the divergence
of the second derivative of the thermodynamic potentials [39].

Notably, in type-1 WSMs, the quadratic temperature depen-
dence of K is not observed. In this case, when the Fermi level
is near the nodal points K shows strong diamagnetic behavior,
varying according to the formula [22] K ~ —In kBlT with W
being a high energy cutoff. A quadratic temperature depen-
dence of K similar to that of WTe, has been observed in Dirac
systems with tilted Dirac cones [25,26], and has been ascribed
to shrinkage of the FS and renormalization of vg by cooling.
However, in the case of WTe,, the linear Weyl bands coexist
with the electron pockets and Ky, prevails over Kpc, while
in Refs. [25,26] only the isotropic Krc has been considered.
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Evidently, the ~T2 temperature dependence of both K and  calculations illustrate excellently the topological aspects of
Tf—T in type-Il WSMs is inherently related to the overtilted ~ the band structure and the emergence of WFs. The great
Weyl cones, which is an extra source of relaxation [43], and ~ advantage of the applied methodology is that it enables (i)

subsequently the way that FS evolves with temperature for ~ the precise assignment of the resolved NMR signals to the
T > 120 K. inequivalent Te sites, (ii) acquiring the exact isotropic Knight
shift, and (iii) finding out the dominant electron-nuclear in-

teractions (Fermi contact, orbital, or dipolar terms of the

IIl. CONCLUSIONS NMR Hamiltonian), which are important for understanding

High-resolution broadband 125Te MAS and static ssNMR the underlying Weyl Physics. This information is difficult to
measurements on microcrystalline WTe, combined with DFT ~ reveal with 1D static ssNMR methods [44,45]. Experiments
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FIG. 5. (a) '»Te static NMR spectra in the temperature range 50-700 K. Calibration in the frequency axis is performed according to the
K values of the most intense resonance as indicated by the star. The upper left inset shows the half-height full width Av of the broad signal
component assigned to the Te(1) and Te(3) atomic sites.The lower right inset presents K vs T2. (b) Spectra in the temperature range 50-175 K.
The abrupt Knight shift change at ~120 K is evidence of a topological phase transition.
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resolved the four inequivalent Te sites, with Te(1) and Te(3)
exhibiting the largest NMR signal anisotropy, connected with
the large Te(|Sp)) pDOS. At the same time, orbital currents
prevail on the electron-nuclear interactions. On the other hand,
Te(2) and Te(4) show a mixed s- and p-electron pDOS, with
concurrent orbital current and spin Fermi contact terms in the
electron-nuclear interactions. Based on this analysis, Knight
shift K and 1/71T vs T measurements, performed at two
distinct shifts to resolve the contribution of the Te(1,3) and
Te(2,4), reveal in all measurements a kink in the temperature
dependence at ~120 K, which is strong indication of a 2%
Lifshitz phase transition. Most importantly, the high-7" phase
is characterized by a T2 temperature dependence of both the
K and 1/T7T, which is evidence of the presence of WFs.
Undoubtedly, this kind of electron-states-resolved NMR crys-
tallography appears to be very efficient in resolving the orbital
character of the electron energy bands near the Fermi level, as
well as in the study of low-energy quasiparticle excitations in
type-1I WSMs.

IV. MATERIALS AND METHODS

A. Sample and XRD characterization

The microcrystalline WTe, sample was purchased from
TRUNNANO, Luoyang Tongrun Nano Technology Co. The
sample quality was checked with XRD and TEM analysis.
Powder x-ray diffraction patterns were collected at room
temperature using an x-ray diffractometer (XRD, Malvern
Panalytical B.V., Empyrean) operated at 40 kV and 30 mA
of CuK« radiation (A = 1.5406 A) in 5—95° 26 range using
a step size of 0.013°. Rietveld refinement [46] was performed
using the HIGHSCORE PLUS (Malvern Panalytical B.V.) soft-
ware package. Acquired fit parameters were R,,, = 4.40422,
and R,,, = 5.47955. Details on the Rietveld analysis are pro-
vided in the Supplemental Material [29].

B. TEM experiments

The structural phase transition of WTe, was studied with
in situ heating transmission electron microscopy (TEM). A
cross sectional TEM specimen with a specific direction of
(010) was first prepared from a rectangular shape (6.5 um x
5.0 um) of WTe, sample using a focused ion beam system
(FIB, Quanta 3D FEG, FEI). A high voltage electron micro-
scope (HVEM, Jeol Ltd., JEM ARM 1300S) with a double
tilt heating holder (Gatan Inc., 652) was used for the in situ
heating experiment. The temperature was increased in steps
up to 600°C with a heating rate of 10 °C/min and main-
tained for about 20 min before acquiring high resolution TEM
(HRTEM) images to minimize specimen drift. Lattice param-
eters and the angle between crystal planes were measured
from fast Fourier transform (FFT) patterns of the individual
HRTEM images. The simulated electron diffraction pattern
(EDP) and atomic model were built by CrystalMaker program
(CrystalMaker Software Ltd.). Details on the HRTEM analy-
sis are provided in the Supplemental Material [29].

C. NMR experiments

The '2Te MAS NMR experiments on microcrystalline
WTe, were performed at three different magnetic field

strengths (9.4, 14.1, and 23.5 T), corresponding respectively
to Larmor frequencies 126.23, 189.339, and 315.570 MHz,
at the spinning rate of 30 kHz. The spectral acquisition
was performed with a double adiabatic spin-echo sequence
(DAE) with a /2 excitation pulse length, followed by a
pair of rotor-synchronized short high-power adiabatic pulses
(SHAPs) [47,48]. For the separation of the isotropic Knight
shift and Knight shift anisotropy, which is of significant
magnitude in heavy spin-1/2 nuclei [49] and strong electron
correlated systems, the adiabatic magic-angle-turning (aMAT)
pulse sequence was employed [33], consisting of a 7 /2 excita-
tion pulse followed by six refocusing SHAP m-pulses. In this
way, separation of isotropic Knight shifts was achieved in the
isotropic (vertical) dimension, whereas the MAS (horizontal)
dimension corresponds to the conventional MAS spectrum.
The diagonal ridges in the sidebands appear because of the
inhomogeneous broadening of the sidebands, as they extend
along the isotropic shift for each respective Te site. All '>3Te
NMR Knight shifts were referenced to TeO, [50]. Technical
details on the MAS NMR experiments in the three magnetic
fields are provided in the Supplemental Material [29].

Frequency-sweep '>>Te static NMR spectra were acquired
on a home-built NMR spectrometer in a magnetic field of
9.4 T. An Oxford 1200CF continuous flow cryostat was em-
ployed for measurements in the temperature range 50-400 K
and an Oxford HT1000V furnace for measurements in the
range 400-700 K. For the spin-lattice relaxation time 7
experiments a m /2-t-7 /2-T-7 saturation recovery pulse se-
quence was implemented. Additional information on the
NMR experiments in the various magnetic fields is provided
in the Supplemental Material [29].

D. DFT Calculations

The QUANTUM ESPRESSO package [51] was used to carry
out DFT calculations of the k-resolved projected density
of states of the orbitals for bulk WTe,. Calculations were
performed on the basis of the Perdew-Burke-Ernzerhof
(PBE) type generalized gradient approximation [52]. For
the Brillouin zone integrations we used a 11 x 11 x 11
Monkhorst-Pack k-point mesh [53], and the kinetic energy
cutoff of the wave functions Ecywfcy Was fixed to 120 Ry,
with the charge density cutoff Eyqno) set to 800 Ry, to en-
sure energy convergence. The lattice constants were set a =
3.487 A, b = 6.366 A, and ¢ = 15.548 A), consistent with the
XRD Rietveld refinement. Spin-orbit effects were treated self-
consistently using fully relativistic projector augmented wave
(PAW) pseudopotentials [54]. The Fermi surface analysis was
performed with the FERMISURFER software package [55], with
data files generated by QUANTUM ESPRESSO. Energy bands
structure and NMR Knight shift calculations were performed
by using the full-potential linearized augmented plane-wave
method, as implemented in the WIEN2K DFT software pack-
age [56]. The spin-orbit interaction was considered in a
second variational method. Calculations were performed with
and without spin-orbit coupling on bulk WTe,. The k-mesh
convergence was checked up to 100000 points. Other com-
putational parameters like atomic sphere radii as well as
potentials and wave functions inside the atomic spheres are
kept as set by WIEN2K defaults. The plane wave basis set
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size was determined by setting RKmax = 8, and for presented
results we have used the PBE generalized gradient approxima-
tion. The orbital part of the Knight shift K, was calculated by
using the “x nmr” script of the WIEN2K software package, by
activating switches to include SOC, and Fermi-Dirac smear-
ing between 2—8 mRy. The Fermi contact and dipolar terms
were calculated in the presence of SOC, using a spin-polarized
setup as explained in Ref. [56].

E. Simulation of the aMAT NMR spectrum

Numeric simulations of the aMAT NMR spectra were per-
formed in the SIMPSON ssNMR simulation program [57],
using the powder averaging scheme of Zaremba, Conroy,

Wolfsberg, and co-workers (ZCW) [58] with 615 crystallites,
40 gamma angles and employing Gaussian line broadening.
The 2D spectrum was simulated considering a magic angle
turning (MAT) experiment [59], by using ideal 7 pulses. Each
one of the four Te environments was simulated using a Gaus-
sian distribution of isotropic shifts, with a standard deviation
of 15.7 ppm, considering the DFT predicted isotropic shifts
and anisotropies presented in Supplemental Material Table I
[29].
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