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The charge-density-wave (CDW) phase in the layered transition-metal dichalcogenide VTe, is strongly
coupled to the band inversion involving vanadium and tellurium orbitals. In particular, this coupling leads to a
selective disappearance of the Dirac-type states that characterize the normal phase, when the CDW phase sets in.
Here, we investigate the broadband time-resolved reflectivity variations caused by collective and single-particle
excitations in the CDW ground state of VTe,. With the aid of density functional perturbation theory simulations
we unveil the presence of two collective amplitude modes of the CDW ground state. By applying a double-pulse
excitation scheme, we show the possibility to manipulate these modes, gaining insights into the coupling between
these two collective excitations and demonstrating a more efficient way to perturb the CDW phase in VTe,.
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I. INTRODUCTION

Understanding the interactions among different degrees
of freedom turns out to be crucial for the description
of many macroscopic quantum phenomena, such as high-
temperature superconductivity, colossal magnetoresistance, or
ferromagnetism [1-3]. In charge-density-wave (CDW) sys-
tems, electrons and phonons cooperatively condensate to form
anew symmetry-broken phase below a transition temperature.
The low-temperature phase is characterized by the coex-
istence of a spatial modulation of the conduction electron
density and a periodic lattice distortion (PLD). The result-
ing CDW ground state exhibits new low-energy collective
excitations, named amplitude (AM) and phase modes, which
correspond to distortions and translations of the modulated
charge density [4]. Due to this strong interplay between elec-
tronic and lattice degrees of freedom, CDW systems have been
widely studied and lately, the possibility to manipulate their
properties is receiving increasing attention [5—-8]. Transition-
metal dichalcogenides (TMDCs) are a well known family
of layered materials that host a variety of CDWs [6,9-11].
Among these compounds VTe, is attracting wide interest
since recent angle-resolved photoemission experiments have
demonstrated the presence of a CDW phase which is strongly
coupled to the band inversion involving vanadium 3d and
tellurium 5p orbitals. As a consequence, the emergence of
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the CDW phase leads to a selective disappearance of the
topological Dirac-type states that characterize the normal
phase [12]. The origin of this profound modification of the
electronic band structure must be sought in the large lattice
reconstruction that breaks the threefold rotational symmetry
of the high-temperature phase. Indeed, in its normal phase
VTe,; has a Cdl, structure, consisting of trigonal layers formed
by edge-sharing VTeg octahedra [13]. Upon cooling, it under-
goes a phase transition to the CDW phase at around 475 K
[13,14]. The resulting CDW state exhibits a (3x1x 1) super-
structure characterized by double zigzag chains of vanadium
atoms [shown in Fig. 1(a)]. This low-temperature phase sup-
ports additional phonon modes, as recently demonstrated by
time-resolved reflectivity experiments [15], and its structural
properties have been studied by means of ultrafast electron
diffraction [16-18]. Thus, the control of the atomic motion of
the atoms involved in the lattice reconstruction is expected to
have a profound effect on the electronic modifications induced
by the emergence of the CDW phase. In perspective, the ma-
nipulation of the CDW in VTe, might result in the possibility
to control the topology of the system on ultrafast timescales.

In this paper, by means of broadband time-resolved optical
spectroscopy (TR-OS), we investigated the ultrafast reflec-
tivity (R) changes caused by collective and single-particle
excitations in the low-temperature CDW phase of the material.
Systematic temperature-dependent measurements prove the
presence of two phonon modes coupled to the CDW phase.
Using a double-pump excitation scheme, we show the pos-
sibility to manipulate the out-of-equilibrium response of the
CDW phase by controlling the displacements of the vanadium
atoms involved in the periodic lattice distortion. This approach
is then used to gain additional insights into the coupling
between these two collective excitations.

Published by the American Physical Society
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FIG. 1. (a) Top view of a VTe, layer in the low-temperature phase showing the lattice reconstruction that occurs in the CDW phase. The
black arrows show the displacement direction of the vanadium atoms while the dashed lines highlight the shortest V-V bonds forming the
double zigzag structure. The conventional unit cell is indicated by the orange rectangle behind the atoms. (b) Sketch of the time-resolved
broadband reflectivity experimental setup. The reflected probe beam is dispersed through a prism and detected by an InGaAs photodiode array
(PDA) detector. (c) Two-dimensional map showing the evolution of the AR/R signal of VTe, as a function of the pump-probe delay and of the
probe photon energy. (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. For better visibility, in the range between 1.6 and 2.4 eV the
intensity of the FT has been multiplied by a factor 10. (e) Traces extracted from (c) showing the evolution of the AR/R signal as a function of

the pump-probe delay for four selected probe photon energies.

II. METHODS

Time-resolved reflectivity experiments [Fig. 1(b)] were
performed using a Ti:sapphire femtosecond laser system,
delivering, at a repetition rate of 250 kHz, ~50fs light
pulses at a wavelength of 800 nm (1.55 eV). A broadband
(0.75-2.4 eV) supercontinuum probe beam was generated in
a sapphire window, while as a pump, we used the laser fun-
damental at 1.55 eV. High-quality VTe, single crystals were
obtained from HQ Graphene. Density functional theory (DFT)
simulations were carried out using the QUANTUM ESPRESSO
(QE) [19-21] suite of codes. Optimized norm conserving Van-
derbilt pseudopotentials [22] with the generalized gradient
approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE)
parametrization for the exchange-correlation functional [23]
were employed. To confirm the results, additional calcula-
tions were performed using ultrasoft pseudopotentials (see
Supplemental Material [24]). A 12x12x8 Monkhorst-Pack
k-point mesh was used in sampling the reciprocal space, while
cutoff values of 150 and 450 Ry were respectively employed
for wave-function and charge-density representations. In
order to correctly reproduce the interlayer interaction, the
van der Waals contribution was explicitly added by using the
Grimme D2 method [25]. Starting from a monoclinic unit cell
with the experimental structural parameters a = 18.984 A,
b=3.595 A, ¢ =9.069 A, and B = 134.62° [13], we got
the DFT optimized parameters a = 18.928 A, b=3.577 A,
c=9.148 A, and B = 133.3°, that we used in the following
calculations. To obtain the zone-center phonon eigenvalues
and eigenvectors, the dynamical matrix was calculated and di-
agonalized in a density functional perturbation theory (DFPT)
[26] approach under the scalar relativistic approximation [27]
as implemented in QE.

III. RESULTS AND DISCUSSION

The two-dimensional map reported in Fig. 1(c) shows the
evolution of the AR/R signal as a function of the pump-probe
delay in the spectral range accessible through our supercon-
tinuum probe. The measurement was performed at 80 K, at an
incident fluence of ~490 wJ/cm?. Therefore, considering the
high critical CDW temperature of this material, we reside in
the low perturbation regime. Indeed, for an incident fluence
of 490 wJ/cm?, we estimated the single-pulse-induced lattice
heating to be of ~230 K [24]. The spectral region around
1.5 eV was disturbed by the pump photons scattered from
the sample, so it was not considered. For a wide range of
probe photon energies the nonequilibrium reflectivity is dom-
inated by the presence of strong coherent oscillations which
add up to the incoherent, exponentially decaying signal. As
for other CDW systems, below the critical temperature, the
incoherent response of the system shows a first fast decay
that vanishes within 1 ps and a slow recovery process on a
timescale of ~10 ps [28-30]. The former, which usually slows
down critically upon approaching the critical temperature,
is attributed to the recombination time of hot carriers across
the temperature-dependent CDW gap [30], while the latter is
attributed to a second stage of the CDW recovery, as detailed
studies of the dynamics as a function of the excitation fluence
and applied external electric field have shown in several CDW
materials [3,9]. Figure 1(d) shows the square magnitude of the
Fourier transform of the coherent part of the signal, isolated
by subtracting a double exponential decay fit function to the
data shown in Fig. 1(c). Two sharp peaks at a frequency of
~1.65 and ~2.50 THz appear over a wide range of photon
energies [15]. As confirmed by our DFPT calculations, these
frequencies are linked to A; zone-center optical phonon
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FIG. 2. (a) Two-dimensional map showing the evolution of the
AR/R signal as a function of the temperature and of the pump-probe
delay. The measurements have been performed at a probe photon
energy of ~0.95 eV (1300 nm). (b) Evolution of the frequency and
the damping (shaded areas whose widths correspond to the damp-
ing) of the two phonon modes as a function of the temperature.
The renormalization of the frequency follows the behavior expected
from a mean-field description. (c) Schematic representation of the
displacements of the vanadium atoms associated with phonon A (red
arrows) and phonon B (blue arrow). Vanadium atoms are in red, and
tellurium atoms are in teal. The colored boxes show a comparison
between the experimental and the calculated frequency of the two
phonon modes.

modes [see the discussion for Fig. 2(c)]. For notation pur-
poses, since their actual frequency varies with the temperature
as we will show in the following, we refer to these modes
labeling “A” the one with a low-temperature frequency of
~1.65 THz and “B” the one with a frequency of ~2.50 THz.
With the aim of tracking the dependence of both coherent and
incoherent parts of the out-of-equilibrium reflectivity on the
probe photon energy, we model the full temporal evolution
after the perturbation (time zero, ¢ = 0) as

ﬁ(z ) =G@) ® iA(hv)e"/’f(h”) + B(hv)
R ’ 1

i=1

h

2
+ ZCj(hv)g—z/r,p cos[wjt + ¢j(hv)]:|, )]
j=1

where G(t) represents the cross correlation between the pump
and probe pulses corresponding to the temporal resolution
of our experiments, which turns out to be 150 fs. A;(hv)
denotes the amplitude of the electronic relaxation phenomena

with time constant t{(hv). B(hv) represents the amplitude of
a 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;(hv) denotes the amplitude of the
oscillation due to the excitation of coherent phonons with
angular frequency w;, phase ¢;(hv), and decay time r]r.’h. It
is worth noting that the use of a broadband probe offers the
unique possibility to study not only the relaxation dynamics
of the material but also the effect of the phonon modes on the
optical properties over a wide range of energies.

In Fig. 1(e) we show four traces extracted at selected pho-
ton energies from Fig. 1(c) together with the best fits obtained
by using Eq. (1). For energies below 1.3 eV a strong beat
between the two modes is clearly visible, while for higher
energies there is a predominant contribution of phonon A. As
shown in the work by Mitsuishi ef al. [12] and confirmed by
our density of states calculations [24], for energies of ~1 eV
the probe beam is resonant with the transition between the
hybridized bonding and nonbonding vanadium states above
the Fermi level which are strongly affected by the emergence
of the CDW phase [24]. The fact that for these energies
we observe a strong enhancement in the amplitude of the
oscillations constitutes evidence of the link between these
phonon modes and the CDW phase.

Therefore, to study the origin of these phonon modes
and, in particular, their interplay with the CDW phase, we
performed a systematic study of the evolution of the nonequi-
librium reflectivity as a function of the temperature. To this
end we focused our attention to the infrared region of the
spectrum, where the modulation of the reflectivity due to the
two phonon modes is largest. Moreover, to improve the signal-
to-noise ratio, we performed single-color measurements by
filtering the supercontinuum probe beam with a bandpass
filter at ~0.95 eV (1300 nm), allowing therefore to adopt a
lock-in detection of a single InGaAs photodiode. The two-
dimensional map in Fig. 2(a) shows the evolution of the
nonequilibrium reflectivity signal as a function of the tem-
perature while Fig. 2(b) shows the renormalization of the
frequency and evolution of the damping of the two modes
[24]. As shown by these two images, a strong renormaliza-
tion of the frequency of the two phonon modes occurs upon
increasing the temperature towards the CDW critical temper-
ature. This effect goes along with an exponential increase of
the damping [I" = 1/(rtP)] of the two modes at high tem-
peratures. This peculiar behavior has been observed in several
CDW systems and it is often considered the fingerprint of the
amplitude mode of the system [29-35]. Remarkably, VTe,
shows a rather unusual behavior with two modes strongly
intertwined to the CDW phase. This observation is confirmed
by our DFT simulations. Figure 2(c) shows the eigendisplace-
ments of the two phonon modes for the vanadium atoms
involved in the CDW reconstruction. For both phonon modes
there is a component of the motion along the direction of the
CDW reconstruction [x axis in Fig. 2(c)], meaning that the two
modes can modulate the amplitude of the CDW, as expected
from the amplitude mode of the system [4,36,37]. Even if
both phonons are intertwined with the CDW reconstruction,
as shown in Fig. 2(c), for phonon B the movement of the
vanadium atoms is more localized along the direction of the
PLD, therefore this mode is expected to modulate the CDW
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FIG. 3. (a) Two-dimensional map showing the evolution of the AR/R signal as a function of the delay between the two pump pulses
(x axis) and the delay between the first pump and the probe pulses (y axis). The measurements have been performed at a probe photon energy
of ~0.95 eV (1300 nm). (b) Traces extracted from (a) together with their best fits showing the evolution of the AR/R signal as a function of the
delay between the first pump and the probe pulses for two selected delays between the pump pulses [24]. The black arrows show the arrival of
the second pump pulse. (c)—(e) Evolution of the amplitude and of the phase shift of the two phonon modes as a function of the delay between

the two pump pulses.

reconstruction more effectively. This observation is in agree-
ment with the fact that this mode shows a more pronounced
temperature renormalization of the frequency, meaning that
it is more affected by the CDW disappearance. Conversely,
phonon A involves smaller displacements along the lattice
reconstruction and more pronounced out-of-plane movements
of the vanadium atoms. We also note that there is reasonable
agreement among the calculated and the experimental values
of the frequencies, given the fact that the measurements have
been performed at 80 K while the calculations have been
performed in the zero-temperature limit. We expect to have
a further increase of the frequencies at lower temperatures
[4,38].

The observation of two amplitude modes in this mate-
rial leads one to wonder whether these two are mutually
coupled or whether they independently modulate the CDW
order parameter. Additional insight into this coupling can be
gained from double-pump experiments. In particular, coherent
control of phonon modes have been demonstrated in a wide
variety of crystalline materials, including conventional quasi-
one-dimensional (1D) CDW systems [39-44], and can be used
to study the coupling between different modes [45]. Here, we
apply this approach to the case of VTe,, where two phonon
modes are directly coupled to the CDW phase. In general,
after photoexcitation, the motion of the vanadium atoms in
real space is defined by the combination of the displacements
given by the two phonon modes described above. Using a
double-pump excitation scheme and tuning the relative delay
between the pump pulses, it is possible to selectively enhance
or reduce the amplitude of one of two modes and hence it
is possible to partially control the atomic motion of the vana-
dium atoms in real space. We show the results of this approach
in the two-dimensional map reported in Fig. 3(a), where the
evolution of the AR/R signal is studied as a function of the
delay between the two pump pulses. In order to better visu-
alize the effect of the second pump pulse on the oscillations
induced by the phonon modes in Fig. 3(b) we show two traces
extracted from Fig. 3(a) at selected delays between the two

pump pulses. For this experiment we set the incident fluence
to be F,, = 2F,, ~ 450 uJ/cm?.

Trace 1 in Fig. 3(b) 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
of the amplitude of the former and a suppression of the latter.
This implies that [as shown in Fig. 2(c)] the large out-of-plane
component in the movement of vanadium atoms, given by the
excitation of phonon A, is deeply reduced while the movement
along the coordinate of the PLD is amplified, resulting in a
stronger perturbation of the CDW phase. Trace 2 in Fig. 3(b)
shows the opposite case. Indeed, the excitation of the sec-
ond pump pulse here is in phase with phonon A but out of
phase with phonon B. This leads to an enhancement of the
displacements along the direction perpendicular to the CDW
reconstruction. It is worth nothing that both these configura-
tions are markedly different from the ones that can be reached
using a single-pump excitation.

From the evolution of the amplitude of the two modes as a
function of the delay between the two pump pulses we can
gain information on the coupling between the two modes.
Indeed, the fact that we can selectively control the amplitude
of each mode separately, points to an independent nature of
the two amplitude modes [45]. This observation is further
corroborated by the fact that the complete evolution of the
amplitude of the two modes shown in Figs. 3(c) and 3(d) can
be described by using a model for two independent oscillators
[24]. It is worth nothing that the absence of coupling between
the amplitude modes in the photoexcited phase is particularly
interesting, since both are coupled to the same electronic order
parameter and modulate the movement of the same atoms.
Finally, the double-excitation scheme allows us to control the
phase of the phonon modes [24,46]. Indeed, the second pump
pulse induces a phase shift in the motion of the atoms. As
shown by Figs. 3(e) and 3(f), the extent of the phase shift de-
pends on the delay between the two pump pulses. This effect
originates from the fact that, since the two phonon modes are
described by damped cosine oscillations, as time passes their
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intensity decreases (exponentially) while the intensity of the
second pump pulse remains fixed. Hence, the effect of the
second pump pulse grows with the delay between the two
pump pulses.

IV. CONCLUSIONS

In conclusion, our TR-OS experiments have revealed the
presence of two distinct phonon modes coupled the CDW
in VTe,. As confirmed by our DFT simulations, both modes
modulate the amplitude of the lattice reconstruction, hence
affecting the charge order. Using a double-pump excitation
scheme we have shown the possibility to manipulate the out-
of-equilibrium response of the CDW phase by selectively
controlling the displacements of the vanadium atoms involved
in the periodic lattice distortion. Moreover, this approach has
allowed us to study the coupling between the two amplitude
modes, showing that the two are decoupled in the photoex-

cited state. Our finding of a more efficient way to perturb the
CDW in VTe; constitutes a crucial step towards the possibility
to control the topology of the electronic structure on ultrafast
timescales.
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