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Dynamics and resilience of the unconventional
charge density wave in ScV¢Sng bilayer
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Long-range electronic ordering descending from a metallic parent state constitutes a rich
playground to study the interplay of structural and electronic degrees of freedom. In this
framework, kagome metals are in the most interesting regime where both phonon and
electronically mediated couplings are significant. Several of these systems undergo a charge
density wave transition. However, to date, the origin and the main driving force behind this
charge order is elusive. Here, we use the kagome metal ScV¢Sng as a platform to investigate
this problem, since it features both a kagome-derived nested Fermi surface and van-Hove
singularities near the Fermi level, and a charge-ordered phase that strongly affects its phy-
sical properties. By combining time-resolved reflectivity, first principles calculations and
photo-emission experiments, we identify the structural degrees of freedom to play a fun-
damental role in the stabilization of charge order, indicating that ScV¢Sng features an
instance of charge order predominantly originating from phonons.
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topological compounds with chemical formula RV¢Sng (R:

rare earth - hereafter also dubbed as the 166 family), fea-
turing unconventional topological phases and collective magnetic
excitations at low temperature!~!1. Similarly to the sister com-
pounds AV3Sbsb>12-15(A: alkali atoms - hereafter also nick-
named as the 135 family), the electronic structure of RV¢Sng is a
rich platform for the emergence of unconventional phase dia-
grams, boasting the simultaneous presence of itinerant Dirac
electrons, non-trivial flat bands, and van-Hove singularities at the
Fermi energy (Eg)!2-20. Among the 166 family, ScV¢Sng exhibits a
unique and unconventional charge density wave (CDW)
transition?!-24, characterized by the softening of an extremely flat
phonon mode?!, the competition between two order parameters22
and a motif dissimilar to those observed in other kagome
compounds®2°. On the kagome lattice in general, the CDW phase
provokes an atomic displacement which might generate uncon-
ventional phenomena, such as metal-insulator transitions of fer-
mions, vortexes at the surface, chiral currents, and bond
orders®18:26-32_One of the major goals of contemporary research
about kagome metals is thus to reveal the underlying mechanism
of the charge order in ScV¢Sng and the specific role of structural
and electronic degrees of freedom, the interdependence of whom
has so far remained uncharted territory.

Previous works have highlighted differences and similarities
between ScV4Sne, AV3Sbs, and FeGe?3. In particular, in AV;Sbs,
the charge order has been thought to be connected to the nesting
of the Fermi surface, exemplified by the van-Hove singularity
electron filling?>34-36. Such a nesting is a hallmarks of the vast
majority of kagome metals, including ScV¢Sne. However, in
AV;Sbs, the charge order has been conjectured to be linked to the
emergence of superconductivity and stripe orders3237-42, while
ScVSng does not undergo any superconducting transition at low
temperature. In addition, for the latter, the CDW, generated by
the ordering vector Q = (1/3, 1/3, 1/3), does not give rise to either
the Star of David or trihexagonal arrangement, as for the AV;Sbs
compounds, for which the ordering vectors are Q = (1/2, 1/2, 1/4)
and Q= (1/2,1/2,1/2)364344 Other differences between these
two systems, are also reflected in a much more rapid CDW
suppression for ScV¢Sng under the application of pressures®,
offering an increased ease of tuneability compared to AV;Sbs.
However, despite the differences, there are important similarities
between all kagome metals. These similarities have been con-
jectured as possible cause of the CDW transition, and are,
namely, the van-Hove singularities in proximity of the Fermi level
and also a nested Fermi surface. Understanding the origin of the
CDW in a simpler system without superconducting transition
could be therefore of great help in elucidating the role of such
kagome-derived features in driving the CDW phase.

In CDW materials, the simultaneous occurrence of a lattice
displacement and a change in the electronic structure, often
associated with the opening of gaps in the electronic spectrum
challenges the understanding of the main driving force behind the
charge order and limits the access to possible consequent or
concomitant cascade of collective phases and their control. While
there is compelling evidence of CDW in kagome systems, its
microscopic origin and dynamics are still debated. We stress that
the understanding of such origin and dynamics is a task of central
importance given the peculiar electronic structure of kagome with
van-Hove singularities at the Fermi level and the presence of a
nested Fermi surface, which hints at an energy gain upon a gap
opening as an underlying driver. For the 166, which has also a
topological nature, it becomes crucial to understand the dynamics
of the CDW, to uncover not only the relationship between sub-
sequent ordered phases, but also to elucidate the interplay
between the phase transition and the topological aspects®36:40-4°,

B ilayer kagome metals are an emerging class of correlated

In the present study, we use time-resolved optical spectroscopy
(TR-OS), angle-resolved photoemission spectroscopy (ARPES)
and density functional theory (DFT) calculations, to unveil the
dynamics of the CDW in the 166 bilayer kagome ScV4Sne. Spe-
cifically, we disclose the energy scales involved in the charge
order, which points towards a major robustness of the lattice
degree of freedom for the observed transition.

Results and discussion

Electronic structure of ScV4Sng. Firstly, we describe the electro-
nic properties of ScV4Sng, then we will show by using ARPES, first-
principles calculations, and TR-OS how the electronic and struc-
tural degrees of freedom are affected by the CDW order. Along
with the crystal structure (both with and without CDW) and the
Brillouin zone (Fig. la in the absence of CDW; Fig. 1c in the
presence of CDW; Fig. 1b is the system’s Brillouin zone), we show
the expected electronic structure from DFT, above and below the
transition temperature, in Fig. 1d (red color without CDW, green
shades with CDW). In both the ordered and pristine cases, the
Dirac-like states and the van-Hove singularities are similar and
identifiable, with negligible variation in their electronic dispersion
along the I'-K-M-T path. Such a negligible change is fully consistent
with our ARPES spectra collected along the same direction and
shown in Supplementary Fig. 1c, d (above Tcpw) and g-h (below
Tcpw)- Also the corresponding Fermi surfaces (see Supplementary
Note 1, in particular Supplementary Fig. 1a, b for above Tcpw and
e—f for below Tcpw) displays negligible changes. According to our
DFT calculations (Fig. 1d), one can expect the largest effects of the
CDW to occur along the bulk A-L direction (where in our
experimental geometry ARPES matrix elements are rather unfa-
vorable - see also Supplementary Figs 1-6), that projects onto the
surface T-M direction. Our ARPES data appear consistent with
ref. 24: The spectra collected along T-M for both above (Fig. 2a) and
below Tcpw (Fig. 2b) reveal the opening of a clear energy gap, the
hallmark of the CDW transition of this system. Such a gap, that
mostly affects a single band, can be appreciated also by looking at
the energy-distribution curves (EDCs) extracted around
k,=0.5A-T and shown in Fig. 2e: the red curve, referring to the
EDC extracted for the data at temperatures below the CDW
transition, presents an evident peak centered around 200 meV
below the Fermi level. On the contrary, this does not occur for the
data above Tcpw. Evidence of the gap opening can be additionally
seen in the curvature of the ARPES spectra, shown in Fig. 2c, d.
Despite the direct observation of the gap in ARPES, the origin of
the CDW is yet unknown.

For completeness, it is worth mentioning that ScV¢Sns, similarly
to other kagome metals, is characterized by the presence of surface
states, after the ultrahigh vacuum (UHV) cleave (see Methods for
details about the samples’ preparation). These surface states have
been extensively discussed for other kagome systems!2133%, other
members of the 166 family*>7-90, and also recently reported for
ScVeSng24. By comparing our results with those of ref. 24, we found
a surface termination consistent with the spectral weight of a V5Sn
area: the surface states at the K-points (not observed for the ScSn,
termination), the vanishing intensity of the parabolic states close to
the quadratic minimum (see ’qm’ in Supplementary Fig. 1c and g),
and the absence of the small pocket at T and at the Fermi level
observed for the Sn, termination, are all good evidence of this
attribution?%. In order to better distinguish between surface and
bulk electronic structure, for completeness, we also measured the
sample after having suppressed such surface states (see Supple-
mentary Figs. 2-7 and Supplementary Notes 2, 3). It is crucial to
point out that the type of surface termination obtained after the
cleave is irrelevant to our study, having the CDW a marked bulk
character.
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ScVSng shows a very peculiar ordered phase, with a marked
peak in the specific heat and an increased metallic character below
the transition®. However, the origin of the charge order is still an
open question. It is then crucial to separate the time- and energy-
scales of the electronic and lattice degrees of freedom and to
determine their robustness and involvement in the CDW order.

Influence of CDW order on the electronic and structural
degrees of freedom. Aiming to answer to the conclusive point
raised in the last subsection, we use TR-OS and we measure the

time-resolved reflectivity dynamics of ScVSne. Fig. 3a presents
the temperature (T) dependence of the photoinduced reflec-
tivity transients, AR/R, recorded upon increasing the tempera-
ture (T from approximately 18 K; the fluence was
F~0.2mJcm™2). The AR/R can be described by two features:
an incoherent (non-oscillating) response and a coherent oscil-
latory behavior. In our data, clear oscillations in the AR/R,
showing a strong T-dependence, are detected up to the transi-
tion temperature Tcpw (Fig. 3a, b). The incoherent (non-
oscillating) response consists of two decays, a fast and a slow

a c
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Fig. 1 Crystal and calculated electronic structure of ScV¢Sng. a Crystal structure without CDW. The top-view corresponds to a 2 x 2 cell. b Brillouin Zone
with high-symmetry points and directions. ¢ Crystal structure in the CDW phase with the out-of-plane distortions indicated by the arrows. The length of
the arrow is proportional to the displacement. d Electronic structure of ScV¢Sng without (red lines) and with CDW (green color) along the high symmetry
directions. For visual clarity, the pristine bands have been translated in energy by +0.029 eV. In this way the van-Hove singularities and the d,, flat band of
the CDW and pristine systems are aligned. It is indeed expected that a structural distortion leads to a tuning in the electronic band structure, especially
around E¢78. A similar but disentangled figure can be found in Supplementary Fig. 9. The main changes are here indicated: at T (red box, label '1") the CDW
induces an increment in the bands separation. Along both T-K and I'-M the bands appear to have slightly different k-loci (blue arrow and label '2"). The
main changes are observed along the A-H and A-L directions (yellow arrows and label '3") and are characterized by a marked Sn p,-states.
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Fig. 2 Measure of the CDW gap across the CDW critical temperature. a ARPES measured along the T-M direction above Tcpw (and zoomed-in inset). b ARPES
measured along the T-M direction below Tcpw (and zoomed-in inset) showing the appearance of an energy gap (see blue arrow). The dashed orange curves are guides
for the eye. ¢, d Curvature plots for the ARPES spectra in (a, b), respectively. The difference between (¢, d) demonstrates the opening of a CDW gap across the
transition temperature for the single band highlighted by the orange dashed line. @ EDCs collected for the ARPES in (a, b) taken at approximately 0.5 A=". The red EDC,
collected below Tcpw, shows a peak around 0.2 eV of binding energy, absent in the case of the black curve collected at a temperature above Tepw.
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Fig. 3 Temperature and fluence dependent-dynamics of ScV¢Sng. a Evolution of AR/R as a function of the temperature in the temperature range across
Tcpw, showing the signatures of the phase transition around 90 K. In the low temperature CDW phase a clear oscillatory response is observed. b AR/R
profiles extracted from (a) at selected temperatures, showing the evolution of the dynamics across the phase transition. ¢ Evolution of the scaled AR/R as
a function of the fluence across Tcpw. The traces are scaled to the fluence to ease the visualization upon approaching the photoinduced phase transition.

d Scaled AR/R profiles extracted from (c) at selected fluences.

one, with characteristic times 7; and 7,, respectively (see Sup-
plementary Note 4 for details about the data analysis and
their extraction) that appear in the data as a fast peak and a
slowly-decaying component. Similarly to the coherent response,
the incoherent one is also strongly T-dependent and it shows
the indication of a phase transition around T=90K (see
Fig. 4a), which matches well with the nominal Tcpw®. Above
Tcpw, the AR/R becomes smaller and, after the fast exponential
decay, it changes sign becoming negative (see trace ’5 of
Fig. 3b).

In general, below the CDW critical temperature, the pump
pulse induces an abrupt change in the reflectivity, followed by a
fast decay within a picosecond and a slower recovery on a
timescale of the order = 10 ps®1=>°. The first, which slows down
critically upon approaching the transition temperature, is
attributed to the re-opening of the CDW gap, while the second
one, as confirmed by detailed studies of the dynamics as a
function of the excitation fluence and applied external electric
field, is attributed to a second stage of the CDW recovery®®=>°. In
ScVeSng, the T-evolution of the incoherent part of the AR/R
shows a rather peculiar behavior: in contrast to the well-studied
one dimensional CDW systems, the lifetime of the first fast decay
7; increases linearly with the temperature and shows a rapid drop
at Tcpw (Fig. 4a). No divergence of the lifetime 7; is observed
during the phase transition. This is different from what has been
reported for the kagome metal CsV;Sbs, where TR-OS measure-
ments have highlighted the divergence of the lifetime of the fast
decay process during the onset of the charge order*!. This
peculiar behavior could suggest an unusual origin for the CDW
phase in this material.

Interestingly, from the fits to the data (see Supplementary
Note 4 and Supplementary Fig. 11 for more details), the
frequency of the oscillatory mode and the damping show a
pronounced temperature dependence, as we show in Fig. 4b. In
particular, at low temperature the mode has a frequency of
~1.45 THz, in excellent agreement with our ab-initio estimate of
1.42 THz. The latter is obtained from the quadratic fit of the DFT
total energy around the minimum of CDW ordered structure (see
Fig. 4c and Methods for more details), and we observe a = 6%
softening of the mode frequency and an exponential increase of
the damping constant, when the temperature of the system
approaches the critical temperature of the CDW transition.

Such a temperature dependence has been observed in many
CDW systems and it constitutes the fingerprint of an amplitude
mode (AM) of the CDW phase®+>>00-63 This observation
confirms that the coherent response is not due to a trivial
phonon, but rather to the excitation of the AM of the CDW
phase, confirming the onset of CDW physics in ScV¢Sng. We also
note that no fingerprints of an AM have been hitherto detected in
CsV;Sbs by previous reflectivity studies*!.

By varying the excitation density (fluence), additional
information about the nature of the phase transition can be
obtained. The melting of the electronic modulation is generally
achieved on a timescale much faster than the characteristic
timescale related to the relaxation of the periodic lattice
modulation, which is given by the period of the characteristic
amplitude modes of the system. This results in the disentangle-
ment of electronic and lattice degrees of freedom on the sub-
picosecond time scale, with a subsequent rapid recovery of the
electronic degrees of freedom>402:6465  Additionally, the
characteristic energy required to fully drive the phase transition,
i.e., quenching the periodic lattice distortion and the electronic
degrees of freedom, is that one which leads to the disappearance
of the (oscillatory) amplitude mode®3:%4, This provides a means
to quantify the strength of the lattice degree of freedom
compared to the electronic one. We report this in Fig. 3¢, where
the evolution of the scaled AR/R signal as a function of the
fluence is shown, in a range from ~50 to ~1000 pJ cm~2. The
traces are scaled to the fluence to better visualize the qualitative
behavior of the response upon approaching the photoinduced
phase transition. Note that the sample is kept at a temperature
well-below Tcpw. In the low perturbation regime, the signal
scales linearly with fluence (traces A, B, C in Fig. 3d), while
upon approaching the photoinduced phase transition the AR/R
signal related to the CDW order shows saturation®3¢%. The
maximum change that can be induced in the signal is generally
achieved when the electronic degree of freedom associated to
the CDW order is collapsed. We find that the fast electronic
component with relaxation time 7, saturates at a fluence where
the oscillations linked to AM involving the lattice degrees of
freedom still persist®1:0466, By progressively increasing the
excitation fluence, the oscillations in the AR/R due to the AM
get also suppressed, with an exponential increase of the
damping constant and a softening of the frequency of the
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Fig. 4 Evolution of significant fit parameters. a Evolution of the lifetime of the first fast decay (z;) as a function of the temperature (top panel) and
evolution of the amplitude of the fast peak as function of fluence (bottom panel). b Evolution of the frequency and the damping constant of the amplitude
mode as a function of the temperature. ¢ Total energy of the ScV¢Sng constant-volume superlattice while interpolating between the pristine, the CDW and
the exaggerated CDW phases. 2 = 0.00 A means that the displacement vector has a vanishing norm, i.e., we are in the reference starting point (the pristine
phase). When 1 =0.64 A, the norm of the displacement vector is || e || =4, hence we are in the CDW phase. When further increasing the norm of the
displacement vector, we are describing an exaggerated CDW phase. The parabola represented by a continuous line is the quadratic fit of the energy profile,
around the minimum. The quadratic coefficient is related to the spring constant k and frequency w of the CDW amplitude mode (more details in the
Methods section). d Norm of the 351-dimensional displacement vector || e || among the CDW and pristine structures, as a function of the electronic

(gaussian) smearing ¢ used during the constant-volume ionic relaxation.

mode. Remarkably, our measurements highlight the robustness
upon photoexcitation of the lattice reconstruction of the CDW
in this material. Indeed, even at high excitation fluences
(~700 pJ cm—2), the oscillations due to the AM are still detected.
This behavior is again markedly different from what has been
observed in the sister compound CsV;Sbs where, despite the
similar CDW critical temperature, already at a pump fluence as
small as ~55 pJ cm—2 the CDW order is melted!. In our study,
we show that the oscillation disappears completely only at a
fluence of ~1000 pJ cm~2, meaning that the lattice order can be
melted, although at a fluence larger than the one required to
saturate the purely electronic response at around = 240 puJ cm~2.
The electronic states that maximally couple to this CDW span
an energy window around the Fermi level of about 0.25eV,
because smearing over that window greatly affects the AM, as
we show in Fig. 4d. Indeed, taking into account the electronic
specific heat of ScV4Sng, an absorbed fluence of = 240 pJ cm—2
leads to an increase of the electronic temperature of = 2100 K,
which is in reasonable agreement with the smearing obtained by
DFT calculations (See Fig. 4 d). Finally, it is only when the
average lattice temperature exceeds the CDW critical tempera-
ture because of the average power deposited by the pump pulse,
that one might expect to detect the transient signal of the high-
temperature phase. We estimate the pump-induced average
heating to be AT =20K at a fluence of = 1 mJ cm~2. Hence, in
order to reach Tcpw, very large fluences are required, which are
not attainable because sample damage would occur.

Conclusion

In conclusion, by using a combination of experimental techni-
ques, ie., ARPES and TR-OS, as well as theoretical calculations,
we disclose the dynamics of the CDW transition in ScVSng. In
particular, temperature dependent TR-OS reveals the hallmarks
of the CDW. In addition, our fluence dependent study disen-
tangles the electronic and structural degrees of freedom, showing
persisting AM oscillations up to unusually high values of fluence,
corroborating the robustness of the lattice distortions compared
to the preceding disruption of the purely electronic component.
Such behavior is in favor of a CDW with the lattice degrees of
freedom and electron-phonon interaction playing the dominant
role, in line with recent Raman experiments®’. This outcome
aligns with the likewise recent prediction of the highly uncon-
ventional nature of the CDW in ScV4Sne. The CDW originates in
fact from the cooperation of electron-phonon coupling and
electron susceptibility, which together contribute to forming the
1-loop electron self-energy correction to the bare phonon pro-
pagator that determines the softening of a particularly flat pho-
non mode?!22. In this respect, predicting the dominant role
played by the lattice degrees of freedom, our comprehensive study
sheds light onto the collective modes emerging in the low-
temperature phase of ScVsSne bilayer kagome metal.

Methods
Experimental details. Single crystals of ScV4Sns were grown
using a flux-based growth technique as reported in the ref. 8.
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Sc (chunk, 99.9%), V (pieces, 99.7%), and Sn (shot, 99.99%) were
loaded inside an alumina crucible with the molar ratio of 1:6:20
and then heated at 1125 °C for 12 h. Then, the mixture was slowly
cooled to 780 °C at a rate of 2 °C/h. Thin plate-like single crystals
were separated from the excess Sn-flux via centrifuging at 780 °C.
The samples were cleaved in UHV at the pressure of 1 x 10710
mbar. The ARPES data were acquired at the APE-LE end station
(Trieste) using a VLEED-DA30 hemispherical analyzer. The
energy and momentum resolutions were better than 12 meV and
0.02 A—1, respectively. The temperature of the measurements was
kept constant throughout the data acquisitions (16 K and 120 K,
below and above Tcpw respectively). Both linear polarizations
were used to collect the data from the APE undulator of the
synchrotron radiation source ELETTRA (Trieste). The photon
energy used for the ARPES data was 75 eV. This choice was such
that the spectra intensity was the most prominent, especially near
the region of the quadratic minimum of the electronic structure,
where the major changes with the CDW are expected.
Time-resolved reflectivity experiments were performed at the
T-ReX laboratory (FERMI, in Trieste) with a probe photon
energy of=0.95eV (1300 nm). The measurements were per-
formed using a Tisapphire femtosecond (fs) laser system,
delivering, at a repetition rate of 250 kHz, = 50 fs light pulses at
a wavelength of 800nm (1.55eV). The single color probe
measurements were performed at a probe wavelength of
1300 nm, obtained by filtering a broadband (0.8-2.3 eV) super-
continuum probe beam, generated using a sapphire window.

Theoretical details. DFT calculations have been performed using
both Quantum Espresso and VASP packages. Phonon calculations
are based on density functional perturbation theory, as imple-
mented in Quantum Espresso®-71. Exchange and correlation
effects were included with the generalized gradient approximation
using the Perdew-Burke-Ernzerhof functional’?; the pseudopo-
tentials are norm-conserving and scalar relativistic, containing core
corrections’3. Self-consistent calculations and ionic relaxation of
the unit cell have been performed with a 9 x9x 6 k-grid; con-
vergence threshold for both ionic minimization and electronic self-
consistency are set to be 1071 Ry. The kinetic energy cutoff for the
wavefunctions is equal to 90 Ry. A ordinary Gaussian spreading of
0.006 Ry has been used. Once the structure was properly at equi-
librium, with vanishing forces acting on each atom, we proceeded
with the actual phonon calculations. The dynamical matrices have
been obtained and computed for a g-grid of 3 x 3 x 6, with a self-
consistency threshold of 101> Ry. These dynamical matrices are
consequently Fourier-transformed to obtain the inter-atomic force
constants (IFC) in real space; three translational acoustic sum rules
have been imposed, via correction of the IFC. Finally, both phonon
dispersion and phonon density of states are obtained. In particular,
for the density of states calculations (see results in the Supple-
mentary Note 5.) we used 30 x 30 x 30 g-points. The presence of
imaginary phonon modes has been verified also for a 6 x 6 x 9 and
a 9x9x12 g-grid, during the dynamical matrices’ calculation.

The remaining DFT calculations have been performed with
VASP. To study the dependence of the CDW phase with respect
to the smearing we used a plane-wave cutoff of 500 eV and a
9x9%x9 T-centered k-mesh. Ionic relaxations have been
performed with a constant volume. The relaxations of the ionic
and electronic degrees of freedom were considered converged
respectively below a threshold of 107>eV and 10-10eV.
Subsequently, for each smearing value, we computed the norm
of the 351-dimensional (117 atomsx 3) displacement vector
among the CDW and the pristine phases. Spin-orbit coupling has
not been included for this set of calculations.

To study the structural interpolation among the CDW and pristine
systems, leading to the double-well potential profile, we computed the
351-dimensional displacement vector e between the two configura-
tions. This has a norm of ~0.64 A. The two structures hence are
gradually interpolated, moving the atoms along the direction defined
by e. For each step, a self-consistent calculation with 500 eV for the
kinetic energy cutoff and a I'-centered 12 x 12 x 12 k-grid has been
performed. The smearing here is constant and equal to 0.005 eV. The
electronic calculations are considered converged below a threshold of
10~8eV. This process has been studied while keeping the volume
constant. Also here the spin-orbit coupling has not been included. To
compute the frequency of the phonon mode we started from a
quadratic fit around the minimum of the Born-Oppenheimer
potential, corresponding to the CDW phase; the resulting fit has
equation y = 0.379 - x%. From here it is possible to obtain the “spring"
constant k, as k=2 x0.379202 eV/A2. The effective mass m" is
computed using the normalized displacement vectorn=e /|| e || and
the mass tensor M = diag(m,, m;, my, ..., M7 My, M) Via
m"=e- (M- e); we obtain m" = 91.02 u. Note that this mass value is
intermediate among the Sn and Sc ones, i.., the atoms which mostly
participate to the CDW transition. Finally the frequency v can be
computed as v= w/(2m), with w = /k/m*, giving us v=1.42 THz.

When considering the unfolding of the CDW supercell, the
Kohn-Sham wave functions are expanded in plane waves up to a
400 eV energy cutoff, with a k-mesh resolution for the self-
consistent electronic structure calculations of 0.02 reciprocal
Angstroms. For the non-self-consistent calculations, the k-mesh
resolution corresponds to 0.01 reciprocal Angstroms. In this case,
the spin-orbit coupling has been considered and included self-
consistently. The initial CDW supercell corresponds in every case
to the experimental one®. Band structures have been visualized
using the VASPKIT postprocessing tool’*. VESTA7> has been
used to visualize the crystal structures.

Data availability
The data that support the findings of this study are available from the corresponding
authors upon reasonable request.
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