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I. HIGH-TEMPERATURE CRYSTAL STRUCTURE OF VTe,

The high-temperature crystal structure of VTe, consists in a trigonal unit cell with lattice
parameters a = 3.60 A and ¢ = 7.70 A. The same energy cutoffs and pseudopotentials
employed for the simulations of the CDW phase were used also here while a different 11 x

11 x 9 k-points mesh was employed in this case.

FIG. S1. (a) Top view of the high-temperature crystal structure of VTey. (b) Side view of the
VTeg octahedra forming the trigonal layers. (c) Side view of the high-temperature crystal structure
of VTey. The conventional unit cell is indicated by the black solid lines. Vanadium atoms are in

red, tellurium atoms are in teal.

TABLE 1. Structural information for the high-temperature crystal structure obtained by using

norm-conserving pseudopotentials.

Space group 164
Cell parameters a=3.597 A, b=3.597 A, ¢=6.699 A
Atomic positions (crystallographic coordinates) V la
Te 2d 0.255




II. LOW-TEMPERATURE CRYSTAL STRUCTURE OF VTe,

A description of the low temperature crystal structure is given in the main text; for com-
pleteness here we report the conventional unit cell together with the structural information
of this phase.
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FIG. S2. (a) Top view of the low-temperature crystal structure of VTey. (b) Side view of the
low-temperature crystal structure of VTes. The conventional unit cell is indicated by the black

solid lines. Vanadium atoms are in red, tellurium atoms are in teal.

TABLE II. Structural information for the low-temperature crystal structure obtained by using

norm-conserving pseudopotentials.

Space group 12
Cell parameters a=18.984 A, b=3.595 A, ¢=9.069 A, $=133.3°
Atomic positions (crystallographic coordinates) V 2a

V 4i 0.361 0.0143
Te 4i 0.707 0.795
Te 4i 0.008 0.712
Te 4i 0.356 0.728




III. PHONON CALCULATIONS OF THE HIGH-TEMPERATURE CRYSTAL
STRUCTURE OF VTe,

Fig. (a) shows the phonon dispersion along selected high symmetry directions of the
first Brillouin zone for the normal phase of VTes calculated using norm-conservative (top
panel) and ultrasoft (bottom panel) pseudopotentials. For both pseudopotentials, none of
the modes at I" can be linked either to phonon A (characterized by a frequency of ~1.65 THz,
~55cm~ ! at 80 K) or to phonon B (characterized by a frequency of ~2.50 THz, ~ 85 cm™! at
80 K). Indeed the lowest (non-zero) energy modes at I" have a (nearly degenerate) frequency
of 106 cm~! (shown in Fig.[S2|b) and (c)) and don’t even involve the motion of the Vanadium
atoms. Therefore the DFPT simulations performed on the high temperature phase of VTe,
confirm the origin of the two phonon modes presented in the main text.

It is worth nothing that the phonon dispersions reported in Fig. show the pres-
ence of negative phonon frequencies. Interestingly, the most negative frequency is found
at q=2/3T'M, suggesting a large lattice instability towards the formation of a lattice recon-
struction with triple periodicity along one in-plane direction [I], which is exactly what is
observed in the CDW phase. Moreover, these large negative frequencies, in other CDW ma-
terials [I], have been connected to a predominant role played by the ions in the stabilization

of the CDW phase.
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FIG. S3. (a) and (d) Phonon dispersion along selected high symmetry directions of the first Bril-
louin zone for the normal phase computed in the zero temperature limit. Results obtained with
norm-conserving pseudopotentials (see Main Text) (optimized structural parameters: a=18.928
A, b=3.577 A, c=9.148 A and $=133.3°) and with ultrasoft pseudopotentials (USPPs) from
PS library [https://doi.org/10.1016/j.commatsci.2014.07.043] (optimized structural parameters:
a=18.945 A, b=3578 A, ¢=9.139 A and 8= 133.3°). The most negative frequency at about
q=2/3TM suggests the formation of a CDW phase with triple periodicity along one in-plane direc-
tion [I]. (b, c¢) and (e, f) Schematic representation of the two phonons with the lowest (non-zero)
energy at the I' point. For both phonon modes only the tellurium atoms are involved. Vanadium

atoms are in red, tellurium atoms are in teal.



IV. ELECTRONIC DENSITY OF STATES OF VTe;

Fig. [S4| shows the projected density of states (PDOS) for the high-temperature phase (b)
and CDW phase (c¢). For the CDW phase three different regions centered around -0.35, 0.70
and 1.45 eV can be identified in the PDOS. These regions are indicative of the bonding,
nonbonding and antibonding bands arising from the trimerization-like displacements of the
three adjacent vanadium atoms highlighted by the yellow oval in Fig. [S4(a) and (d) [2-
4]. This assignment is in agreement with the plots of Integrated Local Density Of States
(ILDOS) acquired in an energy range of 0.01 Ry centered around -0.3eV (bonding peak)
and 0.70eV (nonbonding peak) shown in Fig. [S4[(d) and (e).
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FIG. S4. (a) Top view of a VTey layer in the low-temperature phase showing the lattice recon-
struction that occurs in the CDW phase. The yellow oval shows the formation of the trimer-like
bonding. (b, ¢) Calculated total density of states (DOS) and projected density of states (PDOS)
for vanadium and tellurium atoms in the high temperature phase (b) and in the CDW phase (c).
The black arrow in (c) shows the optical probe excitation resonant with the hybridized bonding
and nonbonding vanadium states. (d,e) Integrated Local Density Of States (ILDOS) acquired in
an energy range of 0.01 Ry centered around -0.3 eV (bonding peak) and 0.70 eV (nonbonding peak).
The gray isosurface is characterized by an electron density of 0.1e~ /a.u. Vanadium atoms are in

red, tellurium atoms are in teal.



V. EVOLUTION OF THE PHASE OF THE PHONON MODES EXTRACTED
FROM THE BROADBAND SUPERCONTINUUM MEASUREMENTS

Conventionally, the excitation of coherent phonons in opaque materials is described by
the DECP theory [5]. Within this theory, the phase of the oscillation is directly related
to the lifetime of the driving force on the vibrational coordinate. In the displacive limit,
realized when the lifetime of the force is long compared to the period of the mode, a cosine
oscillation is predicted (¢ ~ 0, 7), while for the impulsive limit a sine oscillation is expected
(¢ = m/2) [6,7]. For VTe, a more complex situation emerges. Fig.|S|shows the evolution of
the phase (¢;(hv)) of the two phonon modes as a function of the probe photon energy. While
for the visible part of the spectrum the phase of both modes is constant and compatible with
the displacive limit of the DECP model, in the infrared region of the spectrum we observe
a continuous change in the phase of the modes extracted through our fitting procedure. We
point out that the chirp correction of the broadband white light probe is performed with a
curve common to all materials investigated with the same setup, leading to robust results.
Hence we can exclude the trends shown in Fig. 5 are an artifact of the chirp correction;
in particular the phase-slip between the two phonon modes in the near-infrared spectral
range is evident from the data reported in Fig. 1c of the manuscript. Since the phase
that characterizes the motion of the atoms is uniquely defined for each phonon mode, a
photon-energy-dependent phase value must be a consequence of the probing mechanism.
One possible explanation is connected to the peculiar way each phonon mode affects the
band structure and the related optical properties. Since an optical transition that couples
different bands spans a wide photon energy range, the distortion of these bands due to the
excitation of a phonon mode (at a fixed time) entails a broadband reflectivity variation
whose sign depends on the details of the dielectric function (see also [§]). In particular, this
results in cosine oscillations of the reflectivity that can display an abrupt phase shift by
a factor 7 across the central energy of an optical transition. This mechanism is discussed
in [9]. In our case, we observe a smooth phase shift for both modes in the near-infrared
spectral range, that cannot be accounted for by this simple qualitative model and suggests
that in this spectral range multiple optical transitions affected by the phonon displacements
overlap, leading to a phase of the oscillation that varies with the photon energy and is

bound between 0 and 7. This picture can be used to explain why in the infrared part of the



spectrum of in Fig. 1c of the main paper the oscillations due to the phonon appear to be
slightly bent towards large pump-probe delays. Another explanation might be connected to
the photon-energy-dependent probe depth. However, for both scenarios, in order to perform
a quantitative analysis and to understand the microscopic origin of these phenomena, the

knowledge of the equilibrium optical properties is required.
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FIG. S5. Evolution of the phase (¢;(hv)) of the two phonon modes as a function of the probe
photon energy. The value of the phase was extracted by fitting the data shown in Fig. 1(c) of
the main paper using Eq. 1 presented in the main text. The regions of the spectrum with a poor
signal-to-noise ration have been ignored, due to the difficulty to obtain reliable results. The large
error bars for the values around ~1.2eV and ~1.4eV can be explained considering the fact that

at these phonon energies the intensity of the two phonon modes is strongly reduced.

VI. TEMPERATURE EVOLUTION OF THE AR/R SIGNAL

With the aim of tracking the temperature dependence of both coherent and incoherent
parts of the out of equilibrium reflectivity, we modeled the full temporal evolution after the

perturbation (time zero, t=0) as:

AR

= (1) =Gt
> AT 4 BT) 4+ 3 D) T cosuoy (Tt + 65T | (1)

where G(t) represents the cross correlation between the pump and probe pulses and

corresponds to the temporal resolution of our experiments, which turns out to be ~ 150fs.



A;(T) denotes the amplitude of the electronic relaxation phenomena with time constant

€
T

(T). B(T) represents the amplitude of much a slower process (likely related to the heating
of the sample) that in our time window can be approximated by a constant term. Finally,
C;(T) denote the amplitude of the oscillation due to the excitation of coherent phonons
with angular frequency w;(T), phase ¢;(T) and decay time and 77 "(T). Fig. (a) shows the
evolution of the fit parameters presented in Eq.
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FIG. S6. Temperature evolution of the fit parameters of Eq. [I| with their error bars. (a) Time
constant of the first (fast) electronic relaxation process. (b) Time constant of the second electronic
relaxation process. (c-e) Frequency, decay time and phase of phonon A. (f-h) Frequency, decay

time and phase of phonon B.
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VII. SINGLE COLOR DOUBLE-PUMP TR-OS EXPERIMENTS
A. Modeling of the complete AR/R signal

With the aim of tracking the dependence of both coherent and incoherent parts of the
out of equilibrium reflectivity on the delay between the two pump pulses (¢,,), we modeled

the full temporal evolution after the perturbation (time zero, t=0) as:

AR
R (tatpp) = G(t)®
2

2
S A4 B+ CryetT cos(wyt + 65) + Ot — ty)
7=0

=0

2 2
(Z A2,i 67(t7tpp)/7-ic + BQ + Z CZ,j 6_(t_tpp)/7—fph COS(U.JJ' (t — tpp) + (bj))] 9 (2)
i=0 Jj=0

where G(t) represents the cross correlation between the pump and probe pulses while O(t)
represents the Heaviside step function. A,,; denotes the amplitude of the electronic relaxation
phenomena with time constant 7. B, represents the amplitude of much slower process (likely
related to the heating of the sample) that in our time window can be approximated by a
constant term. Finally, C,; denote the amplitude of the oscillation due to the excitation
of coherent phonons with angular frequency w;, phase ¢; and decay time and ij " The
quantities with p=1 are used to describe the contribution arising from the first pump pulse

while with p=2 are used to describe the contribution coming from the second pump pulse.

B. Extraction of the phase and amplitude evolution of the phonon modes

In order to extract the evolution of the amplitude and the phase of the two phonon modes
we first removed the incoherent part of the signal by fitting the out of equilibrium reflectivity
using the sum of four exponentially decaying functions (two decays are used to describe the
relaxation process that take place after the arrival of each pump) and a constant background
(used to take into account the amplitude of much slower process, likely related to the heating
of the sample). After that, we modeled the temporal evolution of the coherent part of the

signal after the perturbation induced by the arrival of the second pump pulse (t,,) as:

11



AR (1 Tph
f(ttpp) = IA(tpp) e~ i)/ cos(wa(t — tpp) + ¢A(tm’>>

ph
+1Ip (tpp) e~ =ton)/ s cos(wp(t — tpp) + (bB(tpp))u (3)

where I,(¢,,) denote the amplitude of the oscillation due to the excitation of coherent

phonons with angular frequency w;, phase ¢;(t,,) and decay time and 7, "

C. Amplitude evolution of the phonon modes

The evolution of the amplitude of the two phonon modes has been described by using a
model for independent oscillators [10] [I1]. In particular, we modeled the temporal evolution
of the intensity of the two modes after the perturbation induced by the arrival of the second

pump pulse (t,,) as:
I(ty) = Izoe_(t_tpp)/nph + AIz‘O cos(wi(t —tp) +¢i); i=AB (4)

where I? is the amplitude of the phonon mode at the arrival of the second pump pulse and

T’ " is the decay time of the mode extracted from Eq. . w; and ¢; denote respectively the

frequency and the phase of the phonon modes. Finally, the term AT? denotes the magnitude

of the change in the intensity of the two phonon modes induced by the second pump pulse.

VIII. DOUBLE-PUMP BROADBAND TR-OS EXPERIMENTS

Fig. [S7|(a) shows the effect of a second excitation which is in phase with phonon B but
almost completely out of phase with phonon A. The result is a strong enhancement in
the amplitude of the former and a suppression of the latter in the complete energy range
accessible through our supercontinuum probe. This first observation is confirmed by the
square magnitude of FT reported in Fig. [S7|(b). Fig.[S7|(c) shows the opposite case. Indeed,
the excitation of the second pump pulse here is in phase with phonon A but out of phase
with phonon B. As shown by the FT transform reported in Fig. (d), after the arrival of
the second pump pulse the amplitude of phonon B is almost completely suppressed in the

entire spectral range.

12
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FIG. S7. Two dimensional maps showing the evolution of the AR /R signal of VTey, as a function
of the probe photon energy (y-axis) and of the delay between the first pump and the probe pulses (x-
axis). (a) Map acquired for a delay between the two pump pulses of ~0.8 ps. (b) Two dimensional
map showing the magnitude of the Fourier Transform (FT) of the coherent part of the AR/R signal
extracted from (a) as a function frequency and of the probe photon energy. In the range between
1.6 and 2.2eV the intensity of the FT has been multiplied by a factor 5. (¢) Map acquired for a
delay between the two pump pulses of ~1.8 ps. The measurements have been performed at ~ 80 K.
(d) Two dimensional map showing the magnitude of the Fourier Transform (FT) of the coherent
part of the AR/R signal extracted from (c) as a function of the frequency and of the probe photon
energy. In the range between 1.6 and 2.2eV, the intensity of the FT has been multiplied by a

factor 5.

IX. SINGLE-PULSE INDUCED LATTICE HEATING

We estimated the single-pulse induced lattice heating of VTe, when illuminated by the
pump pulse at an (incident) fluence of ~490 uJ/cm? to be of the order of ~230K. This
estimate has been obtained by: i) computing the absorbed energy density (~110J/cm?),
that requires the knowledge of the reflectivity (R~ 0.5 at 800nm) [12] and of the penetra-
tion depth (A~22nm at 800nm)[12]; ii) computing the volume of one formula unit and
the number of atom it contains, and iii) considering the specific heat, that amounts to
~45J/(mol K) [I3]. The value obtained confirms that the lattice, heated by a single laser

pulse, stays comfortably well below the CDW critical temperature in all the measurements

13



reported in the manuscript. Therefore, the fluence used in the experiments is enough to

perturb the CDW gap, however it keeps the lattice below Tec.
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