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The complex phase diagram of 1T-TiSe, consists of a charge density wave (CDW) below 200 K, and
CDW fluctuations of still unknown origin at higher temperatures. Here, we use time-resolved extreme
ultraviolet momentum microscopy and density functional perturbation theory to uncover the formation
mechanism of CDW fluctuations and their spectral features at 295 K. We investigated the transient
dynamics of fluctuations upon nonresonant ultrafast photoexcitation, and directly correlate it with the
CDW soft-phonon hardening. Surprisingly, our results show that the coherent amplitude mode
modulating ultrafast CDW recovery persists above T¢pw, and reveal that CDW fluctuations are
dominated by the electron-phonon interaction rather than excitonic correlations as commonly
believed. Our findings on these microscopic CDW fluctuations clarify the complex interplay between
electronic and lattice degrees of freedom at elevated temperatures and, therefore, could be useful in
understanding the nature of the CDW phase transition in 1T-TiSe, and similar quantum materials.

16-23

Understanding the interplay between electronic and lattice degrees of  contributions

. and reach a consensus that electron-hole and electron-

freedom is essential for comprehending phase transitions, super-
conductivity, transport properties, and the underlying mechanism of
complex quantum phases. Disentangling the origin of the charge density
wave (CDW) phase in 1T-TiSe,, with Tcpw =200 Kand a 2 x 2 x 2 lattice
reconstruction'’, provides the right platform to do so. Despite extensive
experimental and theoretical investigations, the driving mechanism of the
CDW phase remains a debated question’. One perspective attributes the
origin to electron-hole coupling®, as in the excitonic insulator scenario™*™,
while alternative argues that the dominant mechanism is electron-phonon
coupling, represented by the band-type Jahn-Teller effect'”"". Recently, a
series of ultrafast time-resolved studies made an effort to disentangle the two

lattice interactions are intertwined in driving the CDW transition™. The
ultrafast femtosecond dynamics (i.e., melting and recovery) of the order
parameter (e.g., the CDW gap)”*”° was used as an argument for the former,
while the laser-induced coherent phonon motion of the CDW amplitude
mode'*"”"*”’ for the latter interaction.

Several studies have reported that the CDW phase persists above Tcpw
due to the fluctuation of the order parameter related to enigmatic COW
fluctuations™**'7***, where the presence of finite correlation lengths leads
to phase incoherent CDW domains across the sample. Despite recent
reports discussing the CDW fluctuations in 1T-TiSe, at such elevated
temperatures™’' ™ with some reporting CDW fluctuation signatures in
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static angle-resolved photoemission spectroscopy (ARPES)*, none of these
directly mapped the nonequilibrium light-induced dynamics of these
fluctuations in energy and momentum space. Applying the latter technique
to explore this exotic phase could provide fertile ground to scrutinize the
interplay and robustness of electron-hole and electron-phonon interactions
at elevated temperatures. Indeed, a study using time-resolved ARPES (tr-
ARPES) demonstrated sub-100 fs melting of the fluctuating phase, which
was used as an evidence for the exciton-driven CDW fluctuations'’. Con-
trary to these claims, a recent time-dependent density functional theory
study showed that exciton order is melted above Tcpw™. Moreover, the
coherent oscillation of the CDW amplitude mode was observed under
ambient conditions using time-resolved optical spectroscopy’', suggesting a
lattice involvement in the dynamics of CDW fluctuations. As evidenced by
these opposing claims, the CDW fluctuating phase in 1T-TiSe, is still an
elusive puzzle, while it would be highly valuable to understand its origin
considering its recently discovered connection to unconvetional
superconductivity’***”, as well as its resemblance to the fluctuations pre-
ceding ordered phases (e.g., pseudogap) in other transition metal dichal-
cogenides (TMDCs)™ and strongly correlated materials, such as cuprates™
and kagome metals**"'. Unraveling nonequilibrium properties of CDW
fluctuations in TiSe, would also be highly useful for comprehending recently
discovered light-induced hidden phases in TiSe,"**.

In this work, we resolve the debate on the origin of CDW fluctuations
in 1T-TiSe, by using time-resolved extreme ultraviolet (XUV) momentum
microscopy, which allows ultrafast light-induced dynamics directly in
energy-momentum space. The band structure mapping reveals that the
backfolded Se 4p band associated with the CDW phase remains detectable
even at room temperature (RT), in agreement with previous reports™***. We
also measured the partial melting of these CDW fluctuations on an ultrafast
timescale, followed by a rapid recovery (~700 fs). This ultrafast melting
signal of CDW fluctuations is offset from the maximum of the hot electron
temperature by around 100—200 fs, and overlaps with the population
dynamics of excited Ti 3d states. Together, this demonstrates that CDW
fluctuations are able to withstand a strong laser excitation and are not
directly linked to the hot electron temperature, suggesting an involvement of
the phonon mechanism. Interestingly, we also observe that the recovery of
the CDW fluctuations is modulated by coherent CDW amplitude phonon
modes. We challenge the belief that the fluctuating phase is ruled solely by

the excitonic correlations'” by reporting the periodic modulations of the
backfolded band spectral weight at RT together with density-functional-
theory (DFT) based calculations, indicating not only the preserved electron-
phonon coupling mechanism at elevated temperatures but also confirming
this to be the main contributor in the hybrid mechanism. More specifically,
our calculations incorporating the dynamical electron-phonon scattering
confirm that the strongly-coupled CDW-related soft phonon is relevant for
the observed equilibrium and transient spectral features of CDW fluctua-
tions. Namely, strong interaction between the soft (yet stable) phonon and
Se 4p states leads to the fluctuating replica, while light-induced excitations
harden the phonon and screen this interaction, consequently quenching the
electron-phonon-driven CDW fluctuations. More generally, our study
poses a series of strong arguments favoring the electron-phonon mechan-
ism of CDW fluctuation formation at elevated temperature, which also puts
a strong emphasis on the electron-phonon scenario in the debate on the
origin of the regular CDW phase. Besides the fundamental importance,
correct interpretation of this mechanism could unleash the full potential of
unconventional CDW-related features, such as CDW chirality“, tunable
nonlinear optical response™, optical gyrotropy®, and superconductivity*.

Results

Equilibrium and nonequilibrium electronic band structure
mapping

The experiments were performed at the Centre Lasers Intenses et Appli-
cations (CELIA) in Bordeaux, France. The time-resolved momentum
microscopy setup featuring a polarization-tunable infrared (1.2 eV, sub-
150 pm) pump and XUV probe (21.6 eV, sub-50 pm) pulses [Fig. 1a] allows
for mapping of the occupied and unoccupied states (up to 1.2 eV above the
Fermi level) over the full photoemission horizon [Fig. 1b]. More details
about the experimental setup can be found elsewhere”™ and in the
“Methods” section.

To perform photoexcited band mapping, we sit at the pump-probe
temporal overlap (s-polarized pump pulse) and measure the photoemission
intensity while continuously modulating the XUV linear polarization axis
angle (going from s- to p-polarization through all intermediate linear
polarization axis angles). The three-dimensional photoemission intensity
I(Eg, k., k) shown in Fig. 1b is obtained by summing over all XUV polar-
ization states, allowing for minimized spectral weight suppression caused by

CDW Fluctuations

Fig. 1 | Experimental and theoretical methodologies for investigating charge-
density-wave (CDW) fluctuations in 1T-TiSe,. a Polarization-tunable infrared
pump (1030 nm, 135 fs, 0.95 mJ/cm?) and extreme ultraviolet (XUV) probe pulses
(21.6 eV) are focused at an incidence angle of 65° on a 1T-TiSe, sample at room
temperature (295 K) in the interaction chamber of a time-of-flight momentum
microscope, capable of collecting photoelectrons from the entire 27 solid angle in an
energy range of several eV. b Three-dimensional photoemission intensity

I(Eg, ki, k,) and associated energy-momentum cut along M-I'-M' and K-I-K/,
acquired using s-polarized IR pump pulse (1.2 eV, 135 fs, ~0.95 mJ/cm?®) and while

continuously rotating the linear polarization axis angle of the XUV probe beam (21.6
eV) at the pump-probe temporal overlap. The photoemission intensity is integrated
for all XUV polarization axis angles. ¢ Comparison between experimental and
theoretical constant energy contours (CECs), near the Fermi level. The measured
loss of spectral weight within M pockets (black arrows) is well captured by theoretical
calculations, which include dynamical electron-phonon interaction for tempera-
tures above the CDW transition temperature Tcpyw. The colorbar indicates the
intensity (experiment)/spectral weight (theory). At indicates time delay between the
pump and the probe.
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Fig. 2 | Equilibrium and excited state band structure in 1T-TiSe, at Room
Temperature. The first row a, b presents the static band structure before infrared
pump excitation. In contrast, the second row ¢, d describes the excited band structure
at the pump-probe pulse time overlap at time zero. a, c Energy-momentum cut along
the M-I'-M' direction before and at the excitation by the pump pulse. The intensity is
integrated for continuously varied linear polarization between horizontal and ver-
tical. Dashed markers indicate where the momentum distribution curves (MDCs) in
b, d were extracted. The lines in b, d indicate the position of Se 4p replica, and a, care
overlaid with a sketch of the normal phase band structure. The colorbar captures
ARPES intensity.

photoemission matrix-element effects”***. The low-energy electronic

band structure of 1T-TiSe, is characterized by a Se 4p valence band located
at the I'(A) point and Ti 3d conduction band pocket at the M(L) point. As
shown in Fig. 1b, one clear indication of the CDW phase in static ARPES is
the backfolded Se 4p band at the M point™. Figure 1c shows a comparison
between experimental and theoretical constant energy contours (CEC) near
the Fermi level. The measured loss of spectral weight within M pockets
(blackarrows) at RT is another fingerprint of the CDW fluctuations, and it is
well captured by theoretical calculations, which include dynamical electron-
phonon interaction for temperatures above Tcpyw. Detailed analysis of the
theoretical calculations will be given later. These scattering hot spots are
reminiscent of the pseudogap openings and loss of spectral weight at
T > Tcpw and certain momenta relevant for the CDW in other TMDCs,
such as 2H-TaSe,*® and 2H-NbSe,”.

To gain further insight into the signatures of RT-CDW fluctuations, we
perform an in-depth analysis of the spectral features around the M(L)
pocket for unexcited [Figs. 2a, b] and photoexcited 1T-TiSe, (at pump-
probe temporal overlap) [Figs. 2¢, d]. The photoemission intensity along the
I'(A) - M(L) cut [Fig. 2a] reveal spectral features associated with RT-CDW
fluctuations. First, we note the presence of the well-established backfolded Se
4p valence band, typically used as the ARPES evidence of the emergence of
CDW order, exhibited by a faint yet discernible down-dispersive band
feature at the M(L) point below the Ti 3d band in Fig. 2a. This feature is more
apparent in the momentum distribution curves (MDC) around k=~ 1.0 A~
as indicated by the black bars in Fig. 2b. The distance between the two peaks
increases with higher binding energies, demonstrating the hole-like Se 4p
band character. The backfolded Se 4p feature is also observed at pump-
probe overlap in both the photoemission intensity image and MDC cut
[Fig. 2¢, d], indicating that CDW fluctuations are not completely melted and

persist upon photoexcitation at this relatively high fluence (0.95 mJ/cm?).
Additionally, a first-principles theoretical study of the electronic response
demonstrated that the excitonic mode is quenched upon heating above
Tepw > while ultrafast pump-probe optical spectroscopy and tr-ARPES
studies of 1T-TiSe, in the CDW regime (T < Tcpw) argued that the exci-
tonic correlations should be destroyed above the critical fluence of 0.04 m]J/
cm®***. This robustness of the fluctuating replica band at RT and high
fluence conditions suggests that the CDW fluctuations are not solely of
excitonic origin.

Ultrafast melting and recovery of RT-CDW fluctuations

Now that we have established the equilibrium spectral signatures associated
with RT-CDW fluctuations, we turn our attention to their ultrafast melting and
recovery upon photoexcitation to gain detailed insight into the microscopic
origin underlying the formation of this exotic phase”. The tr-ARPES enables
systematic temporal separation of fundamental electronic and structural pro-
cesses, allowing the identification of the dominant interactions™.

In this spirit, we record the three-dimensional photoemission intensity
as a function of pump-probe delay (between —0.5 ps and 3 ps), yielding a
four-dimensional dataset I(Eg, Ky, k), Af). From this multidimensional
dataset, one can hunt for subtle signatures of RT-CDW fluctuations melting
and recovery along energy, momentum, and time axes. We start by looking
at the differential (pre-time-zero signal subtracted) CEC near the Fermi level
(Ep=—0.07 V), at a time delay of At = 0 [Figs. 3a, b]. These CECs reveal the
population of the conduction Ti 3d band (hollow elliptical positive differ-
ential signal) and suppression of the CDW backfolded band spectral weight
(central negative differential signal) upon photoexcitation, around M(L)
pockets. At this binding energy, after 400 fs, the negative differential signal
associated with the melting of CDW order vanishes, as the filling of the
bottom of the conduction band becomes dominant. This behavior is also
evidenced in the differential energy-momentum region around the L(M)
point, extracted for the same pump-probe delays.

To get more insight into the concomitant dynamics of hot electrons
and CDW melting/recovery, we analyze the time-resolved photoemission
intensities [Fig. 3c] in selected regions-of-interest (ROIs), shown as colored
boxes in Fig. 3b. The purple dots represent the IR/XUV cross-correlation
extracted from the time-dependent laser-assisted photoemission signal
(ROI not shown, cross-correlation shown in Supplementary Fig. 6), with an
FWHM duration of 171 fs (Gaussian fit, yellow line). The dark red curve
represents hot electron populations in Ti 3d conduction band, showing a
fast light-induced rise followed by a single exponential decay behavior. The
timescale of this relaxation process is strongly dependent on the excess
energy of these hot electrons, as shown in the Supplementary Fig. 1
in Supplementary Information (SI). As discussed in the context of the
analysis of the CECs, the black ROI is spectrally congested, with some
overlapping contribution of both the bottom of the Ti 3d conduction band
and the top of the Se 4p CDW backfolded band. The dynamics in this ROI
feature a fast decay (experimental-resolution-limited) associated with the
melting of CDW fluctuations, followed by a refilling and subsequent decay
associated with the intraband hot electron dynamics.

To track the CDW fluctuation melting and recovery dynamics in a
background-free manner, i.e., in an energy-momentum area where there is no
overlap with the spectral feature from the normal phase, we look at the time-
resolved photoemission intensity in the blue ROL, which emerges solely due to
CDW-fluctuation-driven backfolded bands. The dynamics in this ROI is
characterized by an ultrafast melting on a timescale limited by our temporal
resolution (~170 fs), followed by a recovery on a sub-picosecond timescale, i..,
T ~ 700fs. On top of the sub-picosecond recovery dynamics, some (low
contrast) periodic modulations of the photoemission intensity can be observed
with a long lifetime. To isolate the contribution from these periodic oscilla-
tions, we subtracted the single exponential fitted function from the experi-
mental signal, yielding the residual intensity shown in Fig. 3d. By performing
Fourier analysis, we found that the CDW fluctuations recovery dynamics are
periodically modulated by a mode around 3.5 THz. This mode was previously
observed in time-resolved photoemission measurements in 1T-TiSe, below
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infrared (IR)/extreme ultraviolet (XUV) cross-correlation extracted from the time-
dependent laser-assisted photoemission signal (ROI not shown), with an FWHM
duration of 171 fs (Gaussian fit, purple line). Red, black, and blue dots denote time-
resolved photoemission intensity from the respective ROIs shown in (b), while the
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associated lines indicate fits. d Blue dots and dashed line represent the residual
intensity obtained by subtracting the double exponential fit from the photoemission
intensity in the blue ROI in (b) (CDW backfolded band), while the thick blue line
represents the Fourier filtered data (bandpass filter around 3.52 THz), indicating
coherent oscillation of the CDW amplitude mode. e The electronic temperature as a
function of pump-probe delay (orange) extracted by Fermi-Dirac distribution fit-
ting, alongside with the backfolded band intensity (blue) and the excited state
population dynamics (yellow). The colorbar captures differential ARPES intensity.
¢ Shows exponential decay fits: single-exponential decays characterized by a time
constant 7 for the red and blue curves, and a bi-exponential decay with two time
constants (7; and 1,) for the black curve.

Teow'*”**? and has been identified as the A;; CDW amplitude phonon
mode corresponding to displacements along the CDW periodic lattice dis-
tortions. This represents the first time-resolved photoemission observation of
coherent amplitude phonon mode surviving in the CDW-fluctuations regime
at a temperature strongly exceeding the transition temperature and char-
acterized by an unusually long lifetime.

Another interesting feature in the time-resolved photoemission signal is
evident in panel Fig. 3e, where we compare the dynamics of the backfolded Se
4p band with the time evolution of the electronic temperature (extracted from
the Fermi-Dirac distribution fitting) and of the total excited state population
taken from the yellow ROI in Fig. 3b, representing the excitation and ther-
malization of Ti 3d states in a wider energy and momentum region. Note that
the increase in electronic temperature and excited-state population observed at
negative time delays is attributed to a weak prepulse extending up to a few
hundred femtoseconds in the temporal profile of the infrared pump pulses.
More importantly, the minimum of the backfolded band intensity is offset
from the maximum of the electronic temperature, while it approximately
follows the early dynamics of the excited state population of Ti 3d bands. This
comparison suggests a mechanism beyond the excitonic insulator scenario,
considering that the excitonic order is expected to be melted when the electron
temperature reaches its maximum. Namely, exciton, if it exists, would be
formed from the holes in Se 4p and electrons in Ti 3d bands, and, therefore, its
quenching should be correlated with the total photo-excited carrier density,
which can be described with the effective temperature. Furthermore, it is
expected that the suppression of the excitonic mode is very fast and that it
should correspond to the fastest signal; however, the RT-CDW signal sup-
pression is offset from At = 0 by approximately 140 fs.

The concomitant observation of partial melting under relatively high-
fluence condition (0.95 mJ/cm’), the finite delay between the peak of tran-
sient electronic temperature and quenching of the backfolded Se 4p band, as
well as coherent CDW amplitude phonon mode modulating the recovery

dynamics, supports the idea of the dominant phonon contribution in the
assumed hybrid exciton and electron-phonon mechanisms at such elevated
temperatures. The idea of dominant phonon contribution is further sup-
ported by a recent study™, which shows that while the band gap is sensitive
to substrate screening, the temperature-dependent evolution of its electronic
structure remains unaffected, indicating that excitons are not a primary

mechanism that drives the CDW transition in TiSe,.

Discussion

To further elaborate on the physical mechanism of CDW-fluctuation
melting, two possible suppression pathways can be considered: (i) inco-
herent suppression, in which coherence is abruptly destroyed by hot elec-
trons on a fast timescale (10-100 fs), and (ii) coherent suppression,
mediated by the excitation of the amplitude mode. As previously noted, the
comparison of timescales for the maximum suppression of the backfolded
band in Fig. 3e reveals a near coincidence with the peak in the excited-state
population above the Fermi level. Both are delayed relative to the peak in
electronic temperature by approximately 140 fs, which closely corresponds
to half the period of the amplitude mode oscillation. While it is likely that
both coherent and incoherent mechanisms contribute to the suppression,
this characteristic time delay-matching half an amplitude mode cycle-
indicates a dominant role for coherent suppression.

Further insight can be gained by comparing the time-resolved
dynamics of the backfolded band with the timescale of signal suppression
at the M point in RT ultrafast electron diffraction’. It was shown that the
diffuse signal at M point is quenched within the first 130 fs (limited by the
instrument response function), and subsequently recovered within the time
scale of 700 fs, which remarkably follows the melting time scales of back-
folded Se 4p band observed here. The latter quench of the M point diffuse
intensity was attributed to hardening of the M acoustic phonon mode by the
photo-excited carriers, following the same time dynamics. This directly
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density functional perturbation theory (DFPT) is Tcpw = 1105 K. b The corre-
sponding constant energy contour, where black arrows show the loss of spectral
weight within the M pocket. ¢, d Same as a, b but close to the temperature T ie.,
when CDW fluctuations are diminished. Our theoretical calculations give
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T = 1600 K. Red lines represent the bare bands without dynamical electron-phonon
coupling included. e MDC cuts for several temperatures above the Tcpyw for energy
well below the Ti-3d conduction band [see dashed line in a, b]. f Phonon spectral
function B,q(w) along the I'-M-K-I" high-symmetry path, with dynamical electron-
phonon coupling included. The temperature is 50 K above Tcpy (i.e., T = 1150 K).
The red curve shows the phonon dispersions without including spectral broadening
due to electron-phonon scattering. The right panel shows the intensity profile of the
phonon spectral function at the M point (orange dashed line in the left panel). The
colorbar represents spectral weight.

relates the quenching of the CDW fluctuating band with the hardening of
the CDW-related M acoustic phonon.

Another recent ultrafast low-energy electron diffuse scattering study
investigated the melting process of charge order in TiSe, and estimated
roughly 30:70 ratio of excitonic versus electron-phonon contributions to the
total lattice distortion in the low-temperature CDW phase”’. These findings
highlight that both excitonic effects and electron-phonon coupling play
significant roles in stabilizing the CDW order. While short-range CDW
fluctuations are a dynamical phenomenon-fluctuating over both time and
space-the mechanisms that govern their stabilization and ultrafast dynamics
are similar to those in conventional low-temperature CDW phases. These
short-range CDW fluctuations and their coexistence with some normal
(non-CDW) domains can explain the low contrast of the coherent oscilla-
tions associated with the CDW amplitude phonon mode. Indeed, in low-
temperature standard CDW phases, high-contrast modulations were
measured by tr-ARPES'7"”.

Theoretical analysis of dynamical electron-phonon interactions
To further disentangle the influence of the electron-phonon coupling on the
bare electronic structure above the transition temperature, we turn our
attention to the theoretical framework that includes electron self-energy
corrections necessary for the inclusion of electron-phonon interaction.
Notably, no term responsible for the electron-hole coupling was used here.
Yet, the spectral function strikingly matches the experimentally measured
features that we attribute to the CDW-fluctuating phase. In Fig. 4, we show
the impact of dynamical electron-phonon scattering on the electron and
phonon properties of 1T-TiSe, when the system is just above the structural
instability T > Tcpw. Temperatures used in the theoretical simulations are
scaled with respect to the Tcpw value from density functional perturbation
theory (DFPT), which is 1105 K. The DFPT Tcpw is the electronic

temperature at which the acoustic mode at the M point becomes soft in the
harmonic Born-Oppenheimer approximation. Panels (a)-(d) show the
electron spectral functions along the I'M high symmetry direction and
CECs (at Fermi energy) in the first Brillouin zone. The results for a tem-
perature above but close to the CDW instability Tcpw are depicted in
Fig. 4a, b, while the other two panels are for T= T > Tcpw, when the CDW
fluctuating replica are gone and system enters into the normal phase. The
electron-phonon interaction is included into the spectral function by using
the dynamical Fan-Migdal electron self-energy ,1(w)’*’ based on inputs
derived within the density functional perturbation theory*®*". Even though
we use the original unit cell with no CDW periodic lattice distortions, we
observe strong renormalizations of electron bands for T 2 Tcpw very
similar to the characteristic modifications observed in the CDW state, i.e., (i)
finite spectral weight below the Ti 3d conduction band at the M point,
coming from replicas of Se 4p states at the I' point, (ii) the flower-shaped
contour at the I"point close to the Fermilevel coming from the replicas of the
three non-equivalent Ti 3d M pockets, and (iii) the loss of spectral weight at
the particular momentum of the M pocket close to the Fermi level [see
Fig. 1c]. These signatures come from the electron-phonon fluctuations and
very much resemble the CDW fluctuations observed in our ARPES data at
RT. With the rise of the temperature, these electron-phonon fluctuations are
reduced [see Fig. 4e and Supplementary Fig. 2 in SI], and the electronic band
structure becomes closer to the bare DFT result [red curves in Fig. 4c]. Note
that the bimodal intensity profile in our simulations disappears con-
tinuously, while it is completely vanished above T = 1600 K, which is 500 K
above the theoretical Tcpyw. We observe that these features are related to the
soft acoustic phonon mode at the M point [see Fig. 4f] and are strongest
when the energy of this mode is close to zero, while the electron-phonon
coupling is the strongest (see Supplementary Fig. 2 in SI). When the tem-
perature is elevated, the M-point acoustic phonon hardens, which quenches
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the electron-phonon scatterings between Se 4p and Ti 3d states. This further
supports the correlation discussed above between the melting and recovery
dynamics of the CDW fluctuating Se 4p band and hardening of the M
phonon mode’'. Similar microscopic explanation, which includes an active
soft bosonic mode, was used many years ago to explain the fluctuating (or
so-called pseudogap) region above the CDW phase® in the quasi-1D Peierls
systems***, as well as in the high-T, cuprates®’, and more recently in metallic
2H-NbSe, and 2H-TaSe,”. Further, spectral weight redistribution around
the Fermi level due to electron-phonon-related fluctuations for T 2> Tcpw
was once discussed for 1T-TiSe,”, but it was never thoroughly appreciated
and later connected to the replicas and other photoemission signatures in
1T-TiSe,. Our microscopic interpretation is also in line with the observation
that the CDW fluctuations reach a maximum at Tpw, as observed with
X-ray thermal diffuse scattering”. The temperature dependence of the
phonon scattering lifetime, characterized by hardening of the soft phonon
mode with increasing temperature and a concomitant reduction of the
electron scattering rates (ie, Im2X), consistent with transport
measurements”, is shown in Supplementary Figs. 2 and 3. It shows the
proportionality between the larger CDW gap and the longer lifetime of the
amplitude mode. This is most likely caused by less quasiparticle damping
and suggests that even in the short-range ordered CDW regions, there is a
finite CDW gap that suppresses the damping of the coherent (and re-
hardened) amplitude mode oscillation. Notably, the figures also show that
artificial introduction of small periodic lattice distortions leads to an increase
in the amplitude mode lifetime and better lifetime agreement with the
experiment. However, the dynamical electron-phonon scattering alone
redistributes the density of states enough to account for a pseudogap for-
mation, as shown in Supplementary Fig. 3 in SI. We therefore conclude that
while static CDW gaps vanish above the transition temperature, the
dynamic pseudogap persists. This affects both the electronic scattering and
phonon suppression rates. Figure 4f additionally shows the phonon spectral
function of 1T-TiSe, in the fluctuation regime with included phonon-
electron coupling, where part of the M phonon spectral weight extends up to
negative frequencies. This indicates that in the fluctuation region where
Tepw < T < T, the atomic motions fluctuate between normal and CDW
states. Note that equilibrium electron diffraction measurements™ as well as
X-ray diffuse scattering™” observed both L and M diffusive peaks at RT,
suggesting the presence of the fluctuating periodic lattice distortions above
Tcpw- In Supplementary Fig. 4 we demonstrate how the dynamical
electron-phonon scattering introduces very similar modification to the
electronic structure as the symmetry-breaking periodic lattice distortions in
the CDW state. The system could, therefore, support the excitation of the
CDW amplitude mode at T > Tcpws as it is observed experimentally fol-
lowing optical photoexcitation [Fig. 3f]. These theoretical results demon-
strate that the features (i)-(iii), as well as the CDW amplitude mode observed
in the CDW fluctuation regime could be explained by the dynamical
electron-phonon effects (also supported by our scanning tunneling
microscopy measurements - see Supplementary Fig. 5 in SI), which opposes
the common belief that the fluctuation regime is dominated by the electron-
hole correlations™. The latter mechanism could still be present in the
formation process of the CDW fluctuations in 1T-TiSe,, but more likely as a
higher-order correcting effect. This is further corroborated by the fact that
the equivalent electron-related collective soft mode (e.g., plasmon or exci-
ton), which could produce the above features in scattering with Ti 3d or Se
4p states, is not observed in the normal phase above Tcpw, neither in
experiments'””’ nor theoretical studies™.

In conclusion, our study provides direct evidence of charge density
wave (CDW) fluctuations in 1T-TiSe, at room temperature using time-
resolved extreme ultraviolet (XUV) momentum microscopy. We observe
the persistence of the backfolded Se 4p band well above Tcpw, demon-
strating that CDW fluctuations remain detectable even at elevated tem-
peratures. The ultrafast melting and recovery of these fluctuations, featuring
the presence of coherent CDW amplitude phonon modes, highlight the
importance of electron-phonon interactions in stabilizing the CDW phase
at elevated temperatures.

Our experimental results, combined with density functional theory
(DFT) calculations incorporating electron self-energy corrections, show
that the electron-phonon interaction remains the dominant contributor to
the CDW mechanism at room temperature. The observation of coherent
amplitude phonon oscillations further supports this assertion, challenging
the notion that the CDW fluctuating phase is purely driven by excitonic
correlations. Instead, our findings suggest that while electron-hole coupling
could also play a role, electron-phonon interactions are essential for the
persistence of CDW fluctuations above Tcpw, with strong implications for
the low-temperature CDW phase formation.

These results not only refine the understanding of CDW physics in 1T-
TiSe, but also have broader consequences for the study of fluctuating phases
in other transition metal dichalcogenides and strongly correlated materials.
Given the emerging connection between CDW fluctuations and uncon-
ventional superconductivity, our findings may provide valuable insights
into the interplay between these two phenomena. Future studies leveraging
advanced ultrafast techniques could further elucidate the microscopic
mechanisms governing the fluctuating CDW phase, potentially unveiling
new pathways for manipulating correlated electron systems in quantum
materials.

Methods
Experimental methods
The experimental apparatus is centered around a custom-designed,
polarization-tunable ultrafast XUV beamline”’, interfaced with a Momen-
tum Microscope end-station’. This beamline is driven by a commercial
high-repetition-rate Yb fiber laser (1030 nm, 135 fs FWHM, 50 W) from
Amplitude Laser Group, operating at 166 kHz. In the probe branch, a
segment of the laser output is frequency-doubled using a BBO crystal,
yielding 515 nm pulses (5 W) that are tightly focused into a thin, high-
density argon gas jet configured in an annular geometry to facilitate high-
order harmonic generation (HHG). Spatial filtering through pinholes
effectively separates the intense 515 nm fundamental from the emerging
XUV beamlet. To extract the 9th harmonic (21.6 €V), a combination of SiC/
Mg multilayer mirrors NTTAT) and a 200 nm Sn metallic filter is used for
spectral selection. On the pump side, a small portion of the original 1030 nm
laser pulse (135 fs FWHM) is directed as the IR excitation. The IR pump and
XUV probe pulses are recombined collinearly via a drilled mirror and
focused onto the target. Bulk iodine vapor transport-grown 1T-TiSe, single
crystals” are freshly cleaved and positioned on a motorized 6-axis hexapod
for high-precision alignment within the main vacuum chamber, which
maintains an ultra-high base pressure of 2 x 10~'° mbar. Photoemission data
acquisition is carried out with a custom-designed time-of-flight momentum
microscope featuring an advanced front lens capable of multiple operating
modes (GST mbH)***. This detection system enables simultaneous map-
ping of the entire surface Brillouin zone over a broad binding energy range
without necessitating sample orientation adjustments’”. Measurements in
this study were conducted at room temperature, where the total energy
resolution reaches 113 meV. This resolution, AE,., results from the con-
volution of the Fermi-Dirac distribution width at a given temperature T, the
bandwidth of the ionizing radiation AE},, and the time-of-flight detector
resolution AEr,r. The thermal broadening of the Fermi-Dirac distribution is
estimated as AEyem = 4kT, corresponding to approximately 100 meV at
room temperature. For data post-processing, an open-source workflow”*”
is employed to efficiently convert raw single-event-based datasets into
calibrated, binned data hypervolumes, incorporating appropriate axis cali-
bration. Further details about the experimental setup are provided in Ref. 47.

For STM, the surface was cleaved in situ and directly measured at room
temperature in ultrahigh vacuum with a base pressure below 1 x 10~'° mbar.
STM measurements were performed with an Omicron LT-STM instrument
and performed in constant current mode by applying a bias voltage to the
sample.

The native defects observed with STM on the sample perfectly match
those observed in ref. 39, with an estimated defect density of ~0.35 + 0.1%.
Only very few defects of type D associated to intercalated Ti atoms could be
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observed (density <0.01%), validating the low Ti doping of the sample. No
signs of 2 x 2 CDW modulation have been observed with STM even close to
Er [Supplementary Fig. 5a, b in SI]. Indeed, the FFT-amplitude plot [Sup-
plementary Fig. 5¢] only shows spots corresponding to the 1 x 1 unit cell
charge modulation.

Computational methods

Ground state calculations were performed within the framework of the DFT
using the QUANTUM ESPRESSO package®’. We use optimized norm-
conserving Vanderbilt pseudopotentials® with the PBE exchange-
correlation functional” from the PseudoDojo library’. The plane wave
energy cutoff was fixed to 80 Ry. To reduce the interaction between the
periodic images we modeled the 2D layers in periodic cells with 20 A
vacuum in the direction normal to the layer. The convergence criterion for
energy is set to 10 eV, and the atomic positions are relaxed until the
Hellmann-Feynman forces are less than 10~* eV/A. A lattice parameter of
a =3.537 A is obtained with the PBE functional. The relaxed atomic posi-
tions in fractional (crystal) coordinates are Ti (0.0000000000, 0.0000000000,
0.5000000000), Se (0.3333333333, 0.6666666667, 0.4163666236), and Se
(0.6666666667, 0.3333333333, 0.5836333764). To obtain the ground state
charge density, the 2D Brillouin zone is sampled with 48 x 48 x 1 k-point
mesh. In order to determine the Tcpw, ie., the temperature at which the
relevant acoustic phonon mode becomes unstable, we use the Fermi-Dirac
smearing functions with the electronic temperatures T ranging from 100 K
to 1600 K, while for the calculations of the electron self-energy we range T
from 1100 K to 1600 K.

For the electron-phonon-coupling calculation, we use maximally
localized Wannier functions’’, with 11 initial projections of d orbitals on the
Ti sites and p orbitals on the Se atom sites, which have been implemented in
the EPW code™. The electronic structure, dynamical matrices, and electron-
phonon matrix elements were obtained from DFT and density functional
perturbation theory (DFPT)® calculations, and they were used as the initial
data for electron-phonon coupling. Initial DFPT phonon calculations were
done on corse grids of k =24 x 24 x 1 and q = 6 x 6 x 1 for the undistorted
original unit cell, as well as for various T, mentioned above. The soft
acoustic phonon mode goes to zero at T, = 1105 K. In order to get a more
accurate transition temperature Tcpw, one would need to include the
anharmonic corrections®.

To account for the dynamical renormalization of the electronic
structure due to electron-phonon interactions we calculate the Fan-Migdal
electron self-energy™

n(qu) +f(5£mk+q)
w+ ”7 - 8mk+q + Squ ’

an(w) = Z ’grzm(k7 Q)’2

mvq,s=+1

1

where g7 (k,q) are the electron-phonon matrix elements, &,c,q are the
DFT electron energies, w,q are the phonon frequencies, while # and fare the
Bose-Einstein and Fermi-Dirac distribution functions. The fine q
momentum grid of 400 x 400 x 1 was used for the summation in Eq. (1),
while 77 was set to 30 meV. The electron spectral function is calculated as

_ l —ImZ,, (w)
Ak(w) B ﬂz [w — &k — Reznk(w)]z + Im an(w)z ' (2)

n

In the CDW systems, the input parameters entering Eqs. (1) and (2), such as
gk, @) and w,q depend on the temperature (e.g., the soft M phonon mode
softens as one approaches Tcpw), therefore, Ay (w) is calculated for several
temperatures close and far from Tcpw.

The dynamical phonon spectral function is calculated as

—2w,4 3)
W — @l — 20,47, ()

1
Bvq((l)) = ; Im

where m,q(w) is the phonon self-energy accounting for the dynamical
renormalizations of the phonons due to coupling with electrons. The real
part of the phonon self-energy shifts the DFPT frequencies
w%“ A w,q + Re [ﬂvq(w%n)] — Re[r,4(0)], while the imaginary part
introduces the broadening y,, = —2Im [7'rvq(w%n )]. The phonon self-
energy due to electron-phonon coupling is calculated as

f(snk) _f(skarq)

w+111+enk—smk+q
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4

The summation of the latter equation was done on k = 600 x 600 x 1
momentum grid.

Data availability

The ARPES and DFT data that support the findings of this study are
available in Zenodo under the identifier https://doi.org/10.5281/zenodo.
17813602. Additional data can be obtained from the authors upon rea-
sonable request.
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