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Electron–phonon coupling in superconducting 1T-PdTe2
Gloria Anemone 1,2,3✉, Pablo Casado Aguilar1,2, Manuela Garnica 2, Fabian Calleja2, Amjad Al Taleb2, Chia-Nung Kuo4,
Chin Shan Lue4, Antonio Politano5,6, Amadeo L. Vázquez de Parga 1,2,7,8, Giorgio Benedek9,10, Daniel Farías 1,7,8 and
Rodolfo Miranda1,2,7,8

We have determined the electron–phonon interaction in type II Dirac semimetallic 1T-PdTe2 by means of helium atom scattering.
While 1T-PdTe2 is isostructural with 1T-PtTe2, only the former is superconductor. The difference can be traced to the substantially
larger value of the electron–phonon coupling in 1T-PdTe2, λ= 0.58, obtained from the Debye-Waller attenuation of the He specular
peak. With this value and the surface Debye temperature, ΘD= 106.2 K, we have figured out the superconducting critical
temperature, Tc= 1.83 K given by the BCS theory, which is in good agreement with Tc= (1.95 ± 0.03) K obtained with low-
temperature scanning tunneling microscopy. The value of the effective mass related to ΘD indicates that the large electron–phonon
coupling in 1T-PdTe2 is due to coupling, not only with the zone-center optical mode O2 at 9.2 meV, as proposed in a recent
theoretical study, but also with the zone-boundary acoustic mode LA. Our results suggest that the topological states of a Dirac cone
play a negligible role on the onset of superconductivity.
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INTRODUCTION
In the last years, the 2D transition-metal dichalcogenides (TMDs)
of general formula MX2, where M is a transition metal from group
4 to 10 and X is a chalcogen, have received significant attention
due to their intriguing electronic and optical properties varying
from topological Dirac semimetals to semiconductors, which turn
them potentially useful in a wide range of applications1–6. 1T-
PdTe2, in particular, presents a unique property: the coexistence of
superconductivity7–10 with a type-II Dirac semimetallic phase11. It
was after the discovery of the topological properties of the
isostructural, non-superconducting 1T-PtTe2 crystal, when the
interest in 1T-PdTe2 grew rapidly. Even though an unconventional
origin of the superconductivity in 1T-PdTe2 was dismissed8,12,
type I, type II, and mixed-phase superconducting behaviors with
multiple critical fields (Hc) were reported13–15. However, the
relevance of topological states of Dirac cone for the appearance
of superconductivity is still under debate. In a more recent work, a
different mechanism has been suggested, namely that super-
conductivity in 1T-PdTe2 is triggered by an increase of the
electron–phonon (e-ph) coupling constant λ, which is the
consequence of a van Hove singularity at the Fermi level9.
The focus of the current study is the experimental determina-

tion of the e-ph coupling constant λ of 1T-PdTe2 using helium
atom scattering (HAS) and the correlation of these results with the
superconductor transition temperature measured by low-
temperature scanning tunneling microscopy (LT-STM). HAS is a
well-established tool to investigate the structure and the
dynamics of the outermost surface layer of any material in a
completely nondestructive manner16. Recent theoretical studies
showed how the thermal attenuation of the He specular peak
from metal surfaces, described by the Debye-Waller exponent, can
be directly related to the mass enhancement factor, i.e., the e-ph

coupling constant λ17–19. This approach has been recently adapted
to derive λ for the case of degenerated semiconductors and
chalcogenides20,21.
We determined with HAS the frequency of the phonon modes

which make a larger contribution to λ in 1T-PdTe2 with respect to
the isostructural 1T-PtTe2. The frequency obtained is consistent
with the mechanism for superconductivity proposed recently by
Kim et al.9 for PdTe2, in which electrons at a van Hove singularity
near the Fermi level interact strongly with Te phonon modes. In
addition, we found that a large contribution to λ comes from the
longitudinal acoustic (LA) mode at the zone boundary, which
suggests that the topological states of a single cone play a
negligible role on the onset of superconductivity. Finally, STM
results of the temperature dependence of the superconducting
gap show that 1T-PdTe2 is a medium-coupling conventional BCS
superconductor in accordance to the value found for λ.

RESULTS AND DISCUSSION
Surface structure of PdTe2 by HAS
1T-PdTe2 crystallizes in the CdI2 structure with space group P3m1,
as shown in Fig. 1a, b. The structure consists of one layer of
hexagonally arranged Pd atoms sandwiched between two layers
of Te atoms, forming a trilayer (TL). Adjacent trilayers are held
together by weak van der Waals forces, which allows for easy
exfoliation. The X-ray diffraction (XRD) measurements of the
crushed crystals yield values of in-plane, a= b= 4.0387Å, and
out-of-plane, c= 5.1361Å, lattice parameters (see Supplementary
Figs. 1 and 2), in agreement with previous crystallographic
neutron values, a= b= 4.0365Å and c= 5.1262Å22. Figure 1c
shows in-plane (blue curve) and out-of-plane (orange curve)
angular distributions of He atoms scattered from the PdTe2
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surface, measured along ΓM. The crystallinity and the high-quality
of the surface is demonstrated by the observation of the
diffraction peaks up to the third order, both in-plane and out-of-
plane. As can be seen in Fig. 1c even the fourth-order diffraction
peak (−4, 0) is clearly resolved. Among the in-plane diffraction
peaks, the specular peak (0,0) presents the highest intensity, with
an absolute reflectivity (normalized with respect to the incident
He beam) of ~0.7%. Note that the diffraction peak (−1, 0) has a
lower intensity than the second diffraction peak (−2, 0), due to the
surface corrugation. The total reflectivity of the sample surface
(including the two symmetric out-of-plane diffraction patterns)
amounts to ~7%. By analyzing in-plane and out-of-plane angular
distributions taken at different incident conditions we have
determined the in-plane lattice constant as a= (3.95 ± 0.05)Å,
which is similar to the value obtained in earlier X-ray studies23,24

and almost identical to the one of 1T-PtTe2, reported elsewhere25.
From the evolution of the specular intensity as a function of
incident angle (see Supplementary Note 2 and Supplementary
Fig. 3 for more details), the interlayer spacing, i.e., the step height
observed (d= 5.12 ± 0.05Å) is in excellent agreement with
neutron data22. This means that mechanical exfoliation of PdTe2
leads mainly to the appearance of single trilayer steps.

Surface structure of PdTe2 by STM
STM images taken at 1.25 K reveal a flat surface as illustrated in
Fig. 2a. The line profile (Fig. 2c) measured along the white line in
Fig. 2a shows a step height of h= (5.0 ± 0.2)Å (see also
Supplementary Note 3 and Supplementary Fig. 4), consistent with
the bulk value obtained by XRD (c= 5.1361Å) and HAS
measurements. This corroborates that the steps are single
trilayer-high. As can be seen in the atomically resolved image
reproduced in Fig. 2b and the corresponding profile (Fig. 2d), only
the Te atoms of the last layer are observed with an apparent
corrugation of 0.08Å at these particular set-point conditions.
Topographic STM images taken with different set point conditions
and tips show a change in the corrugation, see Supplementary
Fig. 5. In defect-free areas, the Te atoms form a triangular structure
with an in-plane lattice constant of a= (4.03 ± 0.11)Å, in agree-
ment with the HAS measurements described above and with
previous XRD and STM data26–29 and with the one extracted from
our own XRD measurement (a= 4.0387Å) shown in Supplemen-
tary Fig. 2. The 3D characters of the topological states at the Fermi
surface and of the electron–phonon interaction (see below) result
in the structural similarity of the surface trilayer (TL) with the bulk
TLs.

Characterization of superconducting gap by STS
Figure 3a shows the local differential conductance (dI/dV) of the
1T-PdTe2 surface measured at 1.25 K without an applied magnetic
field, which allows to resolve the coherence peaks and a well
defined superconducting gap. The value of the energy gap
resulting from the Bardeen, Cooper, and Schrieffer (BCS) theory fit
at 1.25 K is Δ= 0.43meV (see Supplementary Note 4 for more
details). In order to characterize the 1T-PdTe2 superconducting
properties, a series of differential conductance spectra were
recorded as a function of temperature and perpendicular
magnetic field. Figure 3c shows the evolution of the SC gap as a
function of the temperature, revealing a critical temperature
slightly below 2 K. The corresponding Δ values are very well fitted
by a simplified version of the formula for a medium-coupling BCS
superconductor30, ΔðTÞ ¼ Δð0Þtanh½12 πðT c=T � 1Þð1=2Þ�, with the
required mean-field critical exponent 1/2 for T→ Tc. The resulting
critical temperature is Tc= (1.95 ± 0.03) K, in agreement with Xiao
et al.31 and Kim et al.9 calculations for zero pressure (Tc= 1.95 K
and 1.79 K, respectively) and Das et al.8 STS measurements
(1.78 K). The present value is however larger than those from
resistivity (1.64 K)13,32 or AC-susceptibility measurements at
ambient pressure (1.60 K)33, as well as at the onset of surface
superconductivity (T s

c = 1.52 K33). The corresponding value of the
ratio Δ(0)/kBTc= 2.93 is larger than the BCS weak-coupling ratio
(1.764). The evolution of the SC gap with the temperature and the
ratio between the gap and the critical temperature indicate that
1T-PdTe2 is a medium-coupling conventional BCS superconductor.
The evolution of the SC gap at 1.25 K with a perpendicular

magnetic field increasing from 0 to 2.1 T is reproduced in
Supplementary Fig. 6 (see also Supplementary Note 5). The critical
magnetic field at this temperature is around 2.20 T, which is within
the wide range of values reported before12,15.

Electron–phonon coupling constant determination
The thermal attenuation of the He specular peak for 1T-PdTe2
measured with different incident energies and angles (red and
blue diamonds) as a function of temperature is shown in Fig. 4.
Similar data have been reported for the isostructural 1T-PtTe2

25.
The data can be described by the Debye–Waller model16, which
takes into account the effect of the thermal vibrations of the
surface atoms on the intensity of all quantum scattering features
(diffraction peaks, specular elastic, and inelastic scattering). The
Debye-Waller (DW) factor relates the intensity I(T) of the specular
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Fig. 1 Structural characterization of PdTe2 by HAS. a Side and
b top views of the PdTe2 crystal structure. c In-plane and out-of-
plane (blue and orange curves, respectively) He diffraction spectra
from 1T-PdTe2 along ΓMmeasured with an incident angle of 50∘. The
incident energy is Ei= 49.5 meV and the surface temperature is T=
90 K. The inset in (c) shows the PdTe2 lattice in reciprocal space.
Orange and blue colored spots are diffraction peaks, and blue
shaded area is the Brillouin zone (BZ).
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peak to the intensity I0 reflected from a lattice at rest by:

IðTÞ ¼ I0e
�2WðTÞ (1)

where 2W(T) is the Debye–Waller exponent.
The 1T-PdTe2 layered semimetal crystal can be viewed as a

stack of two-dimensional electron gases in each TL, with ns being
a number of parallel TLs whose phonon displacements produces
some modulation of the surface electronic density probed by the
He atoms. For a conducting surface, the HAS DW exponent for
specular reflection has been shown19 to be directly related to the
e-ph coupling strength λ through the equation

λ ¼ πϕ

nsack
2
iz

∂WðTÞ
kB∂T

: (2)

where ϕ= 4.6 eV34 is the work function, ac= 14.1Å2, the
surface unit cell area, kiz, the normal component of the incident
He atom wavevector and kB the Boltzmann constant. The
dependence of the DW exponent with T is obtained from the
experiment and all other factors (except ns) are known. In order to
estimate ns we rely on the detailed experimental (ARPES) and
theoretical analysis by Bahramy et al.35, which indicates that PdTe2
is a topological material with a bulk Dirac point located at ≈0.5 eV
below the Fermi level and kz ≈ 0.85πc0 on the surface BZ center.
The topological surface state is confined within a few surfaces TLs.
The calculated electronic DOS projected on single orbitals and TL
pairs show no significant surface features beyond the second TL.
Thus, ns ≈ 2 is appropriate for 1T-PdTe2, similarly to the values
used for other TM chalcogenides21,25 (see Supplementary Note 6
and Supplementary Discussion). With ns= 2, the linear fit of −2W
(T) in Fig. 4 and the above input data, Eq. (2) yields λ= 0.58 ± 0.03
(See Supplementary Note 7), in excellent agreement with the
theoretical λ= 0.539. The larger value of λ found for 1T-PdTe2 in
comparison with the isostructural 1T-PtTe2 (λ= 0.3825) is consis-
tent with the difference in the phonon dispersion modes for these
two materials. As suggested by Kim et al.9, the van Hove
singularity (vHs) in the electronic states is responsible for the
stronger electron–phonon coupling in 1T-PdTe2, with a conse-
quent larger contribution to its superconductivity.
According to McMillan formula valid for BCS superconduc-

tors36,37, the transition temperature, Tc, can be determined from a
temperature, Θ, corresponding to an average phonon frequency
weighted by e–ph interaction, and the e–ph coupling constant,

λ38:

T c ¼ Θ

1:45
exp

�1:04ð1þ λÞ
λ� μ�ð1þ 0:62λÞ

� �
(3)

where the dimensionless constant μ* accounts for the Coulomb
repulsion, often referred as the Morel-Anderson pseudopotential 39.
This formula is valid also for medium-coupling superconductors
(0.5 < λ < 1). For Θ we consider the value corresponding to the zone-
center optical phonon frequency ωo= 9.2meV, as calculated by
Kim et al.9, which is the frequency with the largest contribution to
the e-ph coupling. With Θ= 106.2 K, the experimental value of
λ= 0.58, and μ*= 0.1, the estimated critical temperature from Eq. (3)
is Tc= 1.83 K, in good agreement with the experimental value found
with LT-STM.
When the McMillan formula is used for BCS superconductors

with a cubic monoatomic lattice, Θ is often identified with the
Debye temperature. A weak point of this approximation is that the
Debye temperature is obtained from a fit of the specific heat,
where the phonon degrees of freedom have all the same weight,
whereas the corresponding contributions to the electron–phonon
coupling are generally very different, with a possible dominant
role of some specific phonons, as argued above. For a polyatomic
crystal-like PdTe2 it is nevertheless interesting to estimate the
effective vertical component of the mean-square displacement in
the definition of 2WðTÞ ¼ k2izhu2z iT . By fitting the theoretical
phonon branches of 1T-PdTe2 calculated by Kim et al.9 with a
dynamical model described in the Supplementary Note 8, where
the three acoustic branches are treated in the Debye approxima-
tion (linear dispersion) and the six acoustic branches in the
Einstein approximation (constant frequencies), the mean-square
displacement in the normal direction and the high-temperature
limit is found to be

hu2z iT ffi kBT

f
¼ 4:67 � 10�5amu�1meV�2kBT (4)

where f � Mω2 is the force constant of a single oscillator of mass
M and frequency ω. The above calculated mean-square displace-
ment agrees well with the experimental value in the high-T limit:

hu2z iT ffi 2WðTÞ
k2iz

¼ 4:47 � 10�5amu�1meV�2kBT (5)

Fig. 2 STM images of PdTe2. a Large scale STM topographic image of the 1T-PdTe2 surface (Vt= 1, V It= 50 pA); b Atomically resolved STM
image (Vt= 40mV, It= 1 nA). Both STM images were taken at 1.25 K; c Line profile taken along the line in (a); d Topographic modulation along
the line profile following the white line in (b).
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A smaller experimental value indicates that the effective mean-
square displacement of the surface-charge density, as given by
HAS, is less than the one expected when the electrons move
together with the atoms, as in the classical two-body collision

model. Such a difference, as long as significant, is indicative of an
appreciable e-ph coupling.
Following Kim et al.9 argument, due to the saddle-point van

Hove singularity near the Fermi-level, there is a specific phonon
(e.g., O2) giving a dominant e-ph interaction. We can identify such
phonon with the above oscillator, whose f

�1 ¼ 4:47 � 10�5

amu−1meV−2 reproduces the experimental mean-square displa-
cement. Since phonon dispersion curves are quite flat along the
zone boundaries MK9, zone-boundary phonons count more than
those near the zone center. Thus, we search in Kim et al.9 phonon
dispersion curve for the zone-boundary phonon whose combina-
tion (M, ω) better fits the above f

�1
. The zone boundary LA

phonon, having M ffi 2MTe= 255.2 amu, ω ffi 9.5 meV
(f
�1 ¼ 4:34 � 10�5 amu−1meV−2) clearly fits the experiment far

better than any other zone-boundary phonon9. Note that this
energy value is also close to that of the zone-center optical mode
O2 at 9.2 meV, which has the largest e-ph interaction9. Actually,
the dip observed on the O2 dispersion in approaching Γ
(considered a signature of strong e–ph interaction), also affects
the LA mode at the zone boundary, suggesting that also this
mode should largely contribute to λ. While the O2 modes around Γ
couple at the Fermi-level to the saddle electronic states
surrounding the six M points via intra-saddle (Δk∣∣ ≈ 0) transitions,
the M-point acoustic modes can couple to inter-saddle transitions
between adjacent M-points, similarly to the intervalley coupling at
the origin of Kelly-Falicov multivalley charge density waves
(CDWs) in semiconductor surface quantum wells40.
Therefore, in order to explain the origin of the e-ph coupling in

PdTe2, we consider the intervalley transitions, involving the zone-
boundary LA phonons, in addition to intravalley transitions
coming from a single cone, which involve the few zone-center
O1,2 phonons. We suggest that the former mechanism is the
dominant one for the large contribution of the zone-boundary
phonons to the Eliashberg functions9 and for spin selection rules
(diametric transitions in a Dirac cone reverse the spin). Topological
states are involved in both cases. In general phonon-induced
diametric intra-valley transitions between topological states
requiring a spin-flip are only weakly allowed by the spin-orbit
term, whereas there is no such selection for inter-valley transitions
between equal-spin valleys. This conclusion is supported also by
the ARPES data by Liu et al.41 showing at the Fermi level three
intense spots β at about the midpoints between Γ and K, and
equivalently three weak spots (β’) between Γ and K’. These
features correspond to the band 2 in Jan and Skriver LMTO
calculations42 that cuts the Fermi level at ΓK/2 (kz= 0) in Liu et al.
band structure calculations) and evolves to a Dirac cone at AH/2

Fig. 3 Characterization of the superconducting gap by STS.
a Representative dI/dV differential conductance spectrum of the
1T-PdTe2 surface at 1.25 K, showing the characteristic superconduct-
ing gap in the absence of external magnetic field (black dots).
b Normalized dI/dV spectra with varying temperatures from 1.16 to
1.95 K. c Evolution of the superconducting energy gap (Δ) with the
temperature (black dots). The red lines in (a) and (c) represent the fit
to the equation for a medium-coupling BCS superconductor30.

Fig. 4 E-ph coupling determination by the thermal attenuation of
the He specular peak from PdTe2. Thermal attenuation of He-
specular intensity of 1T-PdTe2 measured along ΓM at two different
incident energies Ei and angles θi. Note the shifted log scale for the
two sets of data, so as to have a single average slope for all data and
an average λ= 0.58 ± 0.05.
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(kz= π/c) of the 3D BZ (see also Bahramy et al.35 calculations). Kim
et al.9 also note that a van Hove singularity of the electronic DOS
just above the Fermi level at the M and M’ points plays an
important role in the electron–phonon interaction. On the basis of
these ARPES indications, the major contribution to the e-ph
coupling constant λ is very likely to be associated with phonon-
induced intervalley β− β or β0 � β0 transitions involving states
near the AH/2 points of equal spin. These transitions require
phonons near the M point for being β about the mid-point of ΓK
(and similarly β’ of ΓK’), as well as the transitions between
neighboring saddles M and M’ suggested by Kim et al. analysis9.
In conclusion, we have determined experimentally the

electron–phonon interaction for the superconductor 1T-PdTe2
from the temperature dependence of Helium atom reflectivity.
The mass-enhancement factor obtained in this way, λ= 0.58 ±
0.03, agrees well with the theoretical value reported by Kim et al.9

(λ= 0.53) and yields, via McMillan’s formula, a superconductivity
critical temperature Tc= 1.83 K, in good agreement with the
experimental result found by STS experiments, Tc= (1.95 ± 0.03) K,
as well as with Kim et al value at zero pressure (Tc= 1.79 K). The
pressure dependence of Tc should be reflected in that of λ, via the
shift of electronic states at the Fermi level and the anharmonic
change of phonon frequencies. Kim et al. predict that van Hove
singularities, held responsible for a comparatively large λ, get
closer to the Fermi level with pressure9, while Xiao et al.31 predict
a decrease of λ for increasing pressure. On the experimental side,
Leng et al.33 find an increase of Tc with pressure up to 1.91 K at
0.91 GPa followed by a decrease at larger pressures. Indeed, by
inserting Eq. (4) into Eq. (2), so as to obtain

λ ¼ πϕ

2nsacf
; (6)

it appears that pressure may have two opposite effects: λ can
either decrease as an effect of the effective force constant
stiffening or increase due to the surface unit cell contraction (the
rest remaining approximately unchanged). This would indicate
that at low pressure the linear decrease of the surface area
dominates over the incipient linear increase of the effective force
constant, until the latter, due to the intrinsic nonlinearity of
anharmonicity, gets more important.
The e-ph coupling in the isostructural 1T-PtTe2 has been found

to be substantially smaller (λ= 0.38)25. The connection between
the mass-enhancement factor λ and the phonon structure, via the
HAS Debye-Waller exponent, allows to guess which phonons are
more strongly coupled, in qualitative agreement with a recent
first-principle analysis9. The differences in the phonon structure
with the isostructural PtTe2 lead to a stronger e-ph coupling in 1T-
PdTe2, which together with the presence of a van Hove singularity
near the Fermi level, trigger superconductivity in 1T-PdTe2. Very
recently, however, Liu et al.43 have reported that 4ML– and
6ML–PdTe2 films deposited on SrTiO3 exhibit a new type (type-II)
Ising superconductivity, occurring in 2D centrosymmetric materi-
als, with Tc= 0.7015 K and 0.7347 K, respectively, and a critical
magnetic field parallel to the surface up to seven times the Pauli
limit. In this case the role of e-ph coupling in pairing may be
modest as compared to that of correlation, and the electrons
involved at the Fermi level are concentrated at wavevectors
around the G point. The actual role of the e-ph interaction could
be assessed from HAS measurements of λ for the 6ML– and
4ML–films, where the slope of the DW exponent in Eq. (2) should
decrease with thickness, similarly to what observed in thin metal
films44. Note that Eq. (2) is the 2D version of the general form for
any dimension derived in45, and that the saturation number ns is
<4, so that λ for the 4ML and 6ML films should be directly
proportional to the observed DW slopes.
Furthermore, our analysis suggests that the topological states of

a single cone play a negligible role in e-ph interaction and
superconductivity, whereas the intervalley coupling, involving

topogical states near zone boundaries, does the main job, as also
found in recent results on Bi2Se3, Bi2Se2Te, and Bi2Te3

46. In the first
two materials, where surface quantum-well bands cross the Fermi
surface, the Kelly-Falicov intervalley e-ph interaction can support
CDWs. HAS diffraction and inelastic spectra show, respectively,
clear signatures of CDWs and of their collective excitations, which
are hardly accessible to another current, less surface-sensitive
probes. Similar HAS results have been reported for Sb(111),
solving a long-debated question about the occurrence of a CDW
in this surface44. Considering that also several layered transition
metal chalcogenides exhibit CDWs, either competitive or coop-
erative with superconductivity, HAS qualified as a valuable probe
for future investigations of structural and e-ph properties in this
important class of materials. A recent discussion on the role and
results of HAS spectroscopy in the study of electron–phonon
interaction in layered TMDs with an interplay between super-
conductivity and CDWs (e.g., 1T-TaS2, 2H–TaSe2, and 2H–NbSe2) is
found in ref. 47. We finally note that the present set-ups of HAS
spectrometers do not permit measurements under pressure, since
at least a micrometric portion of the surface should be accessible,
i.e., exposed to vacuum. This is however a challenge for the future,
in view of the valuable information which could be collected for
materials of great technological importance.

METHODS
Crystal growth
Single crystals of 1T-PdTe2 were prepared by the slow cooling method as
described elsewhere48. Stoichiometric mixtures of high purity elements Pd
sheet (3N) and Te ingots (7N) were melted at 900 ∘C for 24 h and slowly
cooled to 450 ∘C in an evacuated quartz tube. The as-grown crystal was
cleaved along the basal plane, with a shiny mirror-like surface. The
stoichiometry and the structure of 1T-PdTe2 single crystals were examined
by means of a Bruker-D2 PHASER X-ray diffractometer using Cu-Kα
radiation and an energy-dispersive X-ray spectroscopy (EDX) (see
Supplementary Figs. 1 and 2 and Supplementary Note 1).

HAS measurements
The 1T-PdTe2 clean surface was prepared by flash-annealing in ultra-high
vacuum (UHV), after crystal exfoliation. The UHV chamber has a base
pressure of ~9 × 10−10 mbar. The experiments were performed with the
thermal energy atomic and molecular scattering (TEAMS) apparatus49. The
He atom beam is produced by a free expansion of helium gas through a
30 μm nozzle. The incident beam energy can be varied between 20 and
150meV by regulating the nozzle temperature. In this apparatus, a mobile
detector allows to measure the diffraction peaks for a spherical sector of
200∘ in-plane and ±15∘ out-of-plane and to measure the direct beam
intensity. The manipulator enables sample positioning and orientation
with 5 degrees of freedom. The sample can be moved in the X, Y and Z
directions, rotated in the X-Y plane and changed the azimuthal angle (φ),
which determines the incidence direction with respect to the lattice vector.
The sample can be heated by electronic bombardment or cooled with
liquid nitrogen (the lowest temperature obtainable in the HAS set-up is
90 K). The crystal temperature is measured by K-type thermocouple spot-
welded to the sample holder.

STM/STS measurements
STM measurements were carried out in a custom-designed UHV chamber
equipped with LT-STM, working at 1.25 K. In this system, it is possible to
apply a ±3 T magnetic field perpendicular to the sample. The sample was
cleaved in situ, keeping the base pressure during the experiments at 8 ×
10−10 mbar. All STM images were taken in constant-current mode and the
differential conductance (dI/dV) spectra were acquired using a lock-in
amplifier (f= 763 Hz, Vpp= 100 μV). The WsXM and Gwyddion software
were used to process the STM data50,51.

DATA AVAILABILITY
The data supporting the findings of this work are available from the corresponding
author upon reasonable request.
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