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Hydrogen-impurity-induced unconventional magnetism in semiconducting molybdenum ditelluride

Jonas A. Krieger®,23:"

Daniel Tay J Igor P. Rusinov %5 Sourabh Barua®,% Pabitra K. Biswas,’ Lukas Korosec®,

3

Thomas Prokscha®,' Thorsten Schmitt,” Niels B. M. Schréter®,>” Tian Shang,®* Toni Shiroka®,®> Andreas Suter,’
Geetha Balakrishnan ®,° Evgueni V. Chulkov ®,%>%19 Vladimir N. Strocov®,?:% and Zaher Salman®"!
! Laboratory for Muon Spin Spectroscopy, Paul Scherrer Institute, CH-5232 Villigen PSI, Switzerland
2Swiss Light Source, Paul Scherrer Institute, CH-5232 Villigen PSI, Switzerland
3Laboratorium fiir Festkorperphysik, ETH Ziirich, CH-8093 Ziirich, Switzerland
YTomsk State University, pr. Lenina 36, 634050 Tomsk, Russia
3St. Petersburg State University, Universitetskaya nab. 7/9, 199034 St. Petersburg, Russia
SDepartment of Physics, University of Warwick, Coventry CV4 7AL, United Kingdom
7ISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxon 0X1100X, United Kingdom
8 Laboratory for Multiscale Materials Experiments, Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland
°Donostia International Physics Center, P. Manuel de Lardizabal 4, San Sebastidn, 20018 Basque Country, Spain
Y Departamento de Polimeros y Materiales Avanzados: Fisica, Quimica y Tecnologia, Facultad de Ciencias Quimicas,
Aptdo. 1072, 20018 San Sebastidn, Spain

® (Received 30 May 2022; revised 24 February 2023; accepted 5 April 2023; published 28 April 2023)

Layered transition-metal dichalcogenides are proposed as building blocks for van der Waals heterostructures
due to their graphenelike two-dimensional structure. For this purpose, a magnetic semiconductor could represent
an invaluable component for various spintronics and topotronics devices. Here, we combine different local
magnetic probe spectroscopies with angle-resolved photoemission and density-functional theory calculations
to show that 2H-MoTe, is on the verge of becoming magnetic. Our results present clear evidence that the
magnetism can be “switched on” by a hydrogenlike impurity. We also show that this magnetic state survives
up to the free surface region, demonstrating the material’s potential applicability as a magnetic component for

thin-film heterostructures.

DOI: 10.1103/PhysRevMaterials.7.044414

I. INTRODUCTION

Layered transition-metal dichalcogenides (TMDs) are a
promising class of materials featuring interesting optoelec-
tronic, superconducting, catalytic, and topological properties.
They can also be exfoliated down to monolayers, making them
suitable for potential applications in complex van der Waals
(vdW) heterostructures [1,2]. Among the TMDs, polymorphic
MoTe, exhibits a variety of electronic and magnetic proper-
ties: its metallic 17" phase turns into a T'; phase at ~250 K [3].
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The latter is a topological Weyl semimetal that features un-
conventional superconductivity at low temperature [4—6]. The
2H phase, the most stable one at ambient conditions, is an
indirect band gap semiconductor and has been successfully in-
tegrated in transistors and photodetectors [7-9]. Moreover, it
has been demonstrated that the 2H phase can be distorted into
the 17’ phase as a function of strain or gate voltage [10,11].
In addition, room temperature (RT) magnetic hysteresis has
been observed for small amounts of vanadium deposited on
2H-MoTe, [12]. Most interestingly, 2H-MoTe, was shown by
muon spin spectroscopy (uTSR) to be a magnetic semicon-
ductor, exhibiting a long-range magnetic order in the bulk
at low temperatures, which was tentatively attributed to Mo
antisite defects [13]. However, no other technique has re-
ported such long range magnetic order and the origin of this
magnetism remains unclear. In fact, theoretical calculations
also predict that, apart from antisite defects, hydrogen and
transition-metal dopants are able to induce spin polarization
in MoTe; in the monolayer limit [14,15]. A muon can be
considered to be an implanted light hydrogen isotope, which
can affect its immediate environment and thereby its magnetic
response [16—18]. So one possible explanation is that the mag-
netism observed in u*tSR is not intrinsic, but rather induced
by the muon itself. Another important consideration is that in
order to exploit these magnetic properties, e.g., in thin-film
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FIG. 1. (a) Schematic illustration of the different probing sites. The muon’s stopping sites are interstitial, inside the layer and in the vdW
gap, whereas '*Te-NMR is sensitive to the local magnetism at the Te site. The u™SR asymmetry spectra measured in zero field at T = 5.5K
with the initial muon spin polarization (b) perpendicular (L) and (c) parallel (||) to the ¢ axis of the crystal. Coherent zero-field precession is
observed only in (b), indicating that the muons probe a magnetic field along the ¢ axis. (d) 2Te-NMR spectral line shapes of a 2H-MoTe,
single crystal in a field of 5.01 T perpendicular to the ¢ axis at different temperatures. (¢) '>Te-NMR powder line shapes at 15K at different
applied fields. The lack of a pronounced temperature or field dependence in the '>Te-NMR lines implies the absence of an intrinsic magnetic

order.

heterostructures, one should first elucidate their origin and
evolution as a function of depth in the vicinity of an interface
(with vacuum or other materials).

Here, we address these questions by utilizing comple-
mentary local spin probe measurements, i.e., with implanted
muons and with the host’s '>Te-NMR, to reveal the origin of
the reported magnetism. We find that some of the implanted
muons, which form a hydrogenlike state in 2H-MoTe,, detect
magnetism in this material. In contrast, 125Te-NMR shows no
evidence of any intrinsic magnetic order. These findings were
then confirmed by detailed density-functional theory (DFT)
calculations, which also reproduce the experimental 3D elec-
tronic band structure. When including isolated hydrogen (i.e.,
muonlike) impurities, the DFT unveils an induced magnetic
moment at the impurity. Furthermore, we show that this
hydrogen-induced magnetic state remains unchanged towards
the crystal surface, establishing 2H-MoTe, as a switchable
magnetic semiconductor by hydrogen doping, thus paving the
path towards new possibilities for integrating this intriguing
TMD into future applications in thin-film heterostructures.

II. EXPERIMENT

In order to gain a better understanding of the nature of the
previously observed magnetic signal in 2H-MoTe;, we com-
bine different local magnetic spectroscopies: (i) wtSR which
uses individually implanted, spin-polarized muons, stopping
at interstitial sites in the lattice, and (ii) NMR on the tellurium
nuclei ('**Te), intrinsic to the host compound. This is illus-
trated in Fig. 1(a). Both the muon and the '>>Te nuclei have
a spin of 1/2 and are, therefore, unaffected by quadrupolar
interactions and thus act as purely magnetic probes of the
system.

High-quality single crystals of 2H-MoTe, were grown by
the chemical vapor transport method. Stoichiometric amounts

of the starting materials, Mo and Te, along with the trans-
port agent TeCly; (3mg/cm®), were mixed together in a
quartz ampule and sealed in vacuum. The quartz tube was
then placed for 3 weeks in a two-zone horizontal tube fur-
nace with the charge end at 800 °C and the end where the
crystals form at 750°C. Additional characterization mea-
surements confirming the high quality of the single crystals
are presented in the Supplemental Material [19]. These in-
clude the x-ray diffraction (XRD) and x-ray photoelectron
spectroscopy (XPS), in Fig. S1, and the magnetometry mea-
surements with a Quantum Design superconducting quantum
interference device (SQUID) magnetic properties measure-
ment system (MPMS) shown in Fig. S2. In order to check
the exact stoichiometry/composition of our crystals, we per-
formed an elemental analysis through energy dispersive x-ray
spectroscopy (on a scanning electron microscope) on the as-
grown single crystals of 2H-MoTe,. Typical results of the
stoichiometry obtained by this technique are listed in Table
S1, with the results showing the stoichiometry to be as ex-
pected (within error) with no islands of excess Te on the
surfaces or inclusions of Te in the crystals.

The uwtSR experiments were performed on the low energy
muon [20,21] (LEM) and general purpose spectrometers [22]
(GPS) at the Swiss Muon Source, Paul Scherrer Institute,
Switzerland. At GPS, the temperature was controlled using
a “He flow cryostat. In order to vary the orientation of the
sample with respect to the initial muon spin direction, the
sample was mounted on a mechanical rotation stage. Nearly
100 % spin polarized muons were implanted. The asymmetric
emission of the muon’s decay positrons (lifetime 7, = 2.2 us)
enables us to use them as a local magnetic probe [23]. Note
that, at any given moment, there is only one muon in the
sample. Therefore, we can exclude that a muon probes mag-
netism induced by a nearby ut or muonium (Mu), i.e., the
hydrogenlike bound state between a muon and an electron.
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Oscillation frequencies were extracted by fitting the spectra
to a sum of Gaussian damped oscillating components plus a
nonoscillating Gaussian damped contribution, using the MUS-
RFIT software suite [24].

The '»Te-NMR signals were collected by means
of spin-echo detection in a m/2-m sequence, using a
62.5 MHz to 125 MHz duplexer, with a 63 dB preamplifier.
The line shapes were then extracted via a fast Fourier trans-
formation of those signals. Typical pulse widths of 5 us and
repetition times of 20 s were used, with each line shape cor-
responding to more than 20 000 records. Measurements on
a single crystal were performed in a field of 5.01 T perpen-
dicular to the ¢ axis, while those on powders were performed
in fields of 7.067 T and 4.011 T. The sheetlike single crystal
was cut into tagliatellelike strips in order to better fill the
NMR measurement tube, possibly leading to a small amount
of rotational disorder. The '*>Te reference frequencies were
calibrated using 2’ AI-NMR on aluminum foil, which is known
to have a very small shift as a function of temperature [25].

Soft x-ray angle-resolved photoemission spectroscopy
(ARPES) experiments were performed on the X03MA beam-
line at the Swiss Light Source of the Paul Scherrer Institute,
Villigen, Switzerland [26,27]. The analyzer slit was oriented
along the incoming beam direction and the photon energy hv
was tuned in the range of 320 eV to 900 eV. The high photon
energies allow a better k, resolution [28] than in previous
investigations of 2H-MoTe; [29]. The combined beamline and
analyzer resolution was better than 0.15eV at hv = 900eV
and better than 63 meV around hv ~ 500eV. The samples
were cleaved in situ and kept at ~12 K in a vacuum lower than
10~ mbar. We only present the binding energy with respect
to the valence band maximum because 2H-MoTe, tends to
statically charge upon x-ray illumination, which causes a rigid
shift of the spectrum, as shown by a control measurement of
the energy shift as a function of photon flux shown in Fig. S3.

Calculations

The electronic structure was calculated with density-
functional theory (DFT) and the projected augmented wave
(PAW) method from the VASP code [30,31]. The Hamiltonian
contained the scalar relativistic corrections and the spin-orbit
coupling was taken into account. The structure was relaxed
and the exchange-correlation functional was chosen to be
Perdew-Burke-Ernzerhof (PBE) [32]. The parameter for the
relaxed cell used in the ARPES calculation were given by
a=3.491A and ¢ = 13.647 A, where the Mo and Te sit at
the 2c¢ and 4f Wyckoff positions of space group 194, re-
spectively, with relative z coordinates 0.116 and 0.383 for
Te. Along I'-M an orbital decomposition into symmetric
(pzy Py, dp, dyo_yp, dyy) and antisymmetric (py, dyy, dy;) or-
bitals was performed. The orbital character does not fully
separate into symmetric and antisymmetric bands because
of spin-orbit coupling. Nevertheless, when using p- (s-)
polarized light [Figs. 2(a) and 2(b)], only the symmetric
(antisymmetric) part of the electronic wave function, which
primarily consists of these orbitals, will be probed.

In order to simulate a single muon impurity, we used a
hydrogen pseudopotential in the relaxed 3 x 3 x 1 supercell
of 2H-MoTe,. The assumed lattice constants in the 3 x 3 x 1

supercell, ¢ = 13.647 A and a corresponding a = 10.4745 A,
were the same as for the band structure calculations. The
charge state of the muon is accounted for by assuming a
neutral /charged supercell [33,34]. Therein, we performed
nudged elastic band (NEB) [35] as well as density of states
calculations on the basis of the linear combination of pseudo
atomic orbitals (LCPAO) approach as implemented in the
OPENMX code [36]. The muon ground state energies were
estimated by approximating the NEB diffusion energy bar-
riers with an anisotropic harmonic oscillator potential. The
crystal structures were visualized with VESTA [37]. Some fur-
ther details regarding the stable muon positions are listed in
Table S2.

III. RESULTS

The 2H-MoTe, single crystals used in this study were
grown by the chemical vapor transport technique, using TeCly
as the transporting agent. In contrast, the previously studied
samples from Ref. [13] were prepared using Te flux. There-
fore, we expect the density and nature of native defects in
our samples to be different. This subtle difference should af-
fect their magnetic properties, if long-range magnetism were
induced by structural defects. Indeed we observe a coherent
precession of the muon spin in zero magnetic field and at
low temperature; see Fig. 1(b). However, our u*SR mea-
surements show identical results to those published earlier,
namely yielding the same transition temperature and the same
internal magnetic field magnitude. The precession frequency
at 5.5K in Fig. 1(b) corresponds to an internal magnetic
field of 199.1(3) mT, consistent with the previously reported
value of poHi, = 200 mT [13]. Additional measurements as
a function of temperature and using low-energy muons stop-
ping within 10 nm to 100 nm from the surface are presented
in Supplemental Fig. S7 and show a similar behavior [19].
Therefore, we conclude that the local magnetic properties ob-
served with u*SR in 2H-MoTe, are robust and do not change
in the near-surface region of the crystals, nor do they depend
on the details of the sample synthesis. This is an indication
that the previously reported structural defects [ 13] are unlikely
to be the origin of long-range magnetic order.

Furthermore, measurements as a function of the angle
between the ¢ axis and initial muon spin polarization, as
shown in Figs. 1(b) and 1(c), reveal that the internal mag-
netic field sensed by the muon is oriented along the ¢ axis.
A maximal Larmor precession amplitude is detected when
the initial muon spin S L ¢ axis [Fig. 1(b)], while it almost
vanishes for S || ¢ axis [Fig. 1(c)]. This implies that the local
magnetic field sensed by the implanted muons points along
the crystallographic ¢ axis. A detailed analysis of the full
angular dependence between the initial muon spin and the ¢
axis is presented in Supplemental Fig. S6 and supports this
conclusion.

Contrary to the wtSR results, we find no signatures of
intrinsic magnetism with the '>Te-NMR measurements. Ex-
ample spectra on several, oriented 2H-MoTe, single crystals
in a field of &5.01 T are shown in Fig. 1(d). The spectra
neither exhibit a significant broadening nor a resonance shift
as a function of temperature, which is strong evidence that
the 'Te nuclear spins experience no significant changes in
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FIG. 2. Comparison of soft x-ray ARPES spectra at ~12 K with the calculated band structure (solid lines). (a),(b) Dispersion along I'-M
at ['zs, (c) along I'-M at "7, (d) along K-M at I'ys, (e) along A-L between I'y¢ and "7, and (f) along I'-A. (g) Constant energy cuts at I'ys. In
(a) and (b) symmetric and antisymmetric bands were probed by using p- and s-polarized light, respectively. There, the width of the calculated
lines represents the contribution of symmetric or antisymmetric orbitals to the band structure. All other spectra were probed with circularly
polarized light, which does not distinguish between symmetric and antisymmetric states. (h) Brillouin zone and high symmetry points of

2H-MoTe,.

the local spin susceptibility. This is in stark contrast to the
typical NMR hallmarks of magnetic ordering, which consist
of a temperature-dependent NMR line shift and broadening,
caused by the emergence of an internal magnetic field near
the magnetic transition, as observed for example in unen-
riched Fe [38] or in the RAIGe material family [39]. Similar
distinctive NMR magnetic signatures are also expected for
defect-induced magnetism, as has been observed, e.g., in the
2D system SiC [40].

We exclude the presence of a static magnetic field at
the '»Te site by measuring powder line shapes at 15K in
different applied fields; see Fig. 1(e). These spectra are sig-
nificantly broader than those of single crystals, a broadening
which we attribute to an anisotropic chemical shift. However,
apart from a small change in the line shape, the linewidth
scales perfectly with the applied field. This lack of field
dependence is indicative of the nonmagnetic origin of the
line broadening, as it excludes the presence of a static inter-
nal magnetic field at the '*>Te site. Therefore, these results
clearly show that an intrinsic spin probe exhibits no evidence
of any long-range magnetic order in 2H-MoTe,. This is in
clear contrast to our observation with u™SR and cannot be
a consequence of the different timescales probed by utSR

and '»Te-NMR, as discussed in the Supplemental Material
[19]. We note that the single oscillation frequency observed
in u™SR implies that any potential magnetic ordering would
have to be of fairly high symmetry. In order to exclude that the
Te 4f site is magnetically compensated, we have considered
magnetic subgroups of space group 194 with propagation vec-
tors k = (0,0,0), k= (1/2,0,0), k =(0,0,1/2), and k =
(1/2,1/2,0), with a magnetic moment located on the Mo 2¢
site. In none of these subgroups does the field cancel at the
Te 4f site due to symmetry [41]. Therefore, this is a strong
indication that the local static fields observed with muons
originate from a muon-induced effect.

In order to reveal the origin of this effect, we use DFT to
calculate the ground state of 2H-MoTe, and how it is affected
by an individual implanted muon. We start by refining our
DFT calculation to reproduce the electronic structure of 2H-
MoTe;. For this purpose, we determine the three-dimensional
electronic band dispersion with soft x-ray ARPES. Spectra
along high symmetry directions at photon energies corre-
sponding to the I' and A planes are shown in Figs. 2(a)-2(e).
These reveal sharp bands over the whole range of binding
energies. We find that the valence band maximum is formed at
the I" point by a band derived from states that are symmetric
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FIG. 3. (a) Stopping sites and diffusion paths indicated in the 3 x 3 x 1 supercell. The muon (u*) at sites b and g and muonium (Mu) at
sites b and a. Energy barrier for (b) u* and (c¢) Mu diffusion along the different paths. The black lines show the ground-state energy level of
the particles at the local minima. (d) Calculated local spin density of states for a muon stopping at site a, assuming a nonzero Hubbard U.

along I'-M. In addition, we measure the band dispersions in
k, along I"-A as a function of photon energy [Fig. 2(f)]. Along
this direction we expect that a two dimensional state forms a
flat band with no clear dispersion. In contrast, the dispersive
spectral weight in Fig. 2(f) reveals that most bands hybridize
across the vdW gap and gain a strong 3D character, despite the
2D layered structure of 2H-MoTe,. Interestingly, the spectral
weight exhibits modulations with longer periodicity in k, than
the period of the reciprocal lattice. Such an effect has been
previously observed in other 2H-TMDs and is connected with
the nonsymmorphic symmetry group of the 2H structure of
MoTe, [42].

We compare the spectral weight in Fig. 2 to the calculated
band structure. Note that, in general, ab initio DFT calcu-
lations of vdW materials can be subject to vdW, spin-orbit,
on-site-correlation, and other corrections. Hence they may be
misleading unless carefully tuned to the system under investi-
gation. For example, in 7;-MoTe, an on-site correlation term
U (Mo-4d) had to be introduced, to correctly reproduce the ex-
perimental results [6,43,44]. However, our DFT calculations,
performed without a U (Mo-4d) term, are in excellent agree-
ment with the experimental bands. This indicates that, unlike
T;-MoTe,, in 2H-MoTe, there are only weak correlations. We
further note that there are no signatures of intrinsic magnetism
in the calculations of bulk 2H-MoTe,.

By correctly reproducing the 3D band dispersions, we have
identified a reliable representation of 2H-MoTe,’s electronic
structure and charge density within DFT. We can now em-
ploy it to predict the behavior of implanted u* spin probes,
introduced as isolated impurities at interstitial positions within
a supercell. We consider two charge states of the muon by
adding a charge on the supercell (+1 for a diamagnetic u* and
+0 for a neutral muon state) [33,34]. The electrically neutral
state of a muon corresponds to a muonium. Figure 3 shows the
resulting stable stopping sites and the diffusion energy barrier
along the most energetically favorable paths between them.
In particular, we find that the diamagnetic u* has a stable
site b (denoted by its Wyckoff letter) inside the Mo layer
and a metastable site g in the vdW gap. On the other hand,
the neutral muonium state can be stable in b or metastable
in a. At the metastable sites the ground-state energy is slightly
smaller than the diffusion energy barriers, so we expect muons
at these sites to be localized at sufficiently low temperature
and to diffuse within the vdW gap at elevated temperatures.

Finally, we consider Mu- and muon-induced magnetism
in these sites. Indeed, for the Mu at the site a, and when

employing a finite Hubbard term U (H-1s) on the hydrogen
(i.e., Mu) potential, a significant spin density is induced in the
material, Fig. 3(d), while all other sites remain nonmagnetic
(Supplemental Fig. S5) [19]. Such muon-induced magnetism
is very similar to what was found for hydrogen adsorbed on a
monolayer of 2H-MoTe, or on graphene [14,45].

IV. DISCUSSION

To assess the spectroscopic response of such a state, we
consider the hyperfine coupled muonium Hamiltonian ‘H =
L, AS. + hy.S. - Bex + liy, 1, - Bex, where A is the hyper-
fine coupling tensor, I, and S, are the spins of the muon
and the bound electron, By denotes the applied field, and
¥e = 2m x 28 GHz/T is the electron’s gyromagnetic ratio. In
the case of the proposed muonium induced magnetism, we
can assume that the electron spin S, is locked along its local
easy axis and remains unaffected by the (relatively small)
applied fields. Then the above muonium Hamiltonian can be
simplified to

H= hIMASe + Fly/LIM : Bext = hyulﬂ : (Bloc + Bext)v (1)

where AS./y, =: Bioc is an effective local magnetic field
characterizing the zero field (ZF) oscillation. Therefore, a
magnetic muonium would behave identically to a diamag-
netic muon in the presence of a local magnetic field. On the
other hand, a muonium without locally induced magnetism
exhibits four different oscillation frequencies, which scale
nonlinearly as a function of field; see, e.g., Refs. [23,46,47].
In the simplified case where By, is along the z direction and
the hyperfine coupling tensor is aligned to the measurement
frame A = diag(wy, wy, w;) the corresponding energy levels
are

Eifi= o4+ Jol + @ —0)2/16, @)
B/l = —w./4+ [0} + @ + 0,216, ()
Eifhi= —o/4— o2 + @+, /16, @&

Es/h = w./4—\Jo? + (@ —0)2/16, ()

where wy = (Y, £ ¥,)Bext/2; cf. Ref. [48]. The u*SR os-
cillation frequencies w;; = (E; — E;)/h then correspond to
transitions between these levels. We note that in the high
field limit (w+ > wy, w,) the oscillation frequencies mimic
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FIG. 4. (a) Fourier transform of the w*SR asymmetry spectra
measured in ZF and with 0.6 T along c. (b) Corresponding evolution
of the oscillation frequencies as a function of the applied field.
(c) Asymmetry spectra in a magnetic field applied perpendicular to
¢ with (d) the corresponding damping of the ~200 mT oscillating
component and (e) the oscillation frequencies as a function of applied
field. In (b),(e) the solid red line shows the behavior of a muon in a
local magnetic field and the dashed lines indicate the behavior of an
anisotropic muonium with A given by the ZF oscillation frequency
with the assumption A; = 0.2 MHz. The spectra in (a),(c) have been
arbitrarily offset for clarity.

an internal magnetic field along the applied field direction
wp = /2 F YyBex determined by the hyperfine coupling
along the field direction.

The experimental transverse field dependence of the u* SR
signal is shown in Fig. 4. As expected, for an external field ap-
plied along the c axis, we find that the single ZF peak at Bjo. ~
200 mT splits up into peaks at y,|Bjoc £ Bexi|, as seen in the
fast Fourier transforms of the ™SR time spectra in Fig. 4(a).
There is an additional component in the spectra, which os-
cillates at a frequency corresponding to By and provides
an accurate in situ calibration. This component is partially
attributed to a background contribution from a silver plate
onto which the sample was mounted. Other contributions to
this component could also include some diamagnetic muons,
which experience no strong magnetic field in 2H-MoTe,. The
observed behavior in a field along ¢ can be attributed to
either (i) an (effective) local magnetic field from a magnetic
muonium state or (ii) a very anisotropic muonium state where
A =~ 54MHz along ¢ and A; < 3MHz, shown as solid (i)
and dashed (ii) lines in Fig. 4(b), respectively. Note that in the
latter case we can exclude larger values of A; because they
would result in a resolvable splitting of the ZF peak.

We can distinguish between these two scenarios if the
transverse field is applied perpendicular to the ¢ axis,

Figs. 4(c)—4(e). For a magnetic muonium with an effec-
tive local magnetic field, the oscillation frequency should be

YuN B} + B, whereas, for an anisotropic muonium in the
high field limit, we expect the appearance of peaks over-
lapping with the Bey peak. Experimentally, we find that
the oscillating component corresponding to Bj,. ~ 200 mT is
present up to at least 10 mT, but becomes strongly damped in
higher fields, Fig. 4(c). As shown in Fig. 4(e), this is consistent
with scenario (i), i.e., the magnetic muonium state described
by Eq. (1), and rules out the anisotropic muonium scenario
(i) since that would result in a significant frequency shift in a
small applied field. Note that the increase in the damping rate
in Fig. 4(d) might be attributed to a small misalignment of the
sample’s ¢ axis and/or some rotational disorder of structural
domains within the sample. Therefore, we conclude that the
2H-MoTe, magnetic response observed with u™SR originates
from a magnetic muonium state in site a. As the muon can
be considered a light hydrogen isotope, this induced magnetic
state should be the same for a hydrogen atom located at site a.

V. CONCLUSIONS

By combining experimental local magnetic probe mea-
surements with ARPES and theoretical DFT calculations, we
are able to reveal that 2H-MoTe, is a semiconductor on the
verge of becoming magnetic. The comparison of the intrinsic
125Te-NMR probe with the implanted muon spin probe con-
firms that the observed local field in u*SR does not reflect an
intrinsic long-range magnetic order. Instead, we find that the
muonium, being a hydrogenlike isolated impurity, induces a
local magnetic moment in this system.

Importantly, we find that the effect of muonium on the local
magnetic properties remains unchanged up to the surface of
the crystals. This paves the path towards the use of hydrogen
impurities to transform 2H-MoTe, into a magnetic semicon-
ductor building block for vdW heterostructures. We expect
that the use of such a material is not limited to applications in
spintronics devices [49] but may also include, e.g., Majorana
heterostructures [50] or introduction of magnetic proximity at
the surface of topological materials [51].
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