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Note 1 Sample growth and Characterization

High-quality 1T -TiSe2 single crystals were grown using the chemical vapor transport method.

Titanium (99.9%) and selenium (> 99.9%) powders were sealed inside an evacuated quartz

ampoule, together with iodine (> 99.9%) which acts as the transport agent. To ensure the

correct stoichiometry, a slight selenium excess was included. Single crystals with a typical size

of 4× 4× 0.1mm3 were selected for TR-Raman measurements.

To verify sample quality and confirm the CDW phase transition, standard four-probe trans-

port measurements were performed on the 1T -TiSe2 single crystals. The transition temperature

is determined as TCDW = 202 K from the derivative of the resistivity, consistent with near-

stoichiometric crystals [1].

Note 2 Symmetry Analysis of Raman Modes in 1T -TiSe2 and

DFT Calculated Unfolded Dispersion

2.1 Symmetry Analysis of Raman Modes

The symmetry classification of Raman-active phonon modes in 1T -TiSe2 is fundamental to

interpreting its vibrational spectra and understanding the structural dynamics associated with



its CDW phase transition [2]. In the high-temperature normal phase (T > 202K), 1T -TiSe2

crystallizes in a trigonal structure belonging to the space group D3
3d (P 3̄m1), with one formula

unit per primitive cell. Group theoretical analysis of the nine zone-center vibrational modes

yields the decomposition into irreducible representations:

Γnormal = A1g + Eg + 2A2u + 2Eu. (1)

Among these, the A1g and Eg modes are Raman-active. The A1g mode corresponds to sym-

metric, out-of-plane vibrations of the Se atoms, while the doubly degenerate Eg mode involves

symmetric, in-plane shear-like vibrations of the Se atoms relative to the Ti atoms. The A2u

and Eu representations correspond to infrared-active and acoustic modes, respectively, and are

therefore silent in Raman spectroscopy.

Below the CDW transition temperature TCDW ≈ 202K, the crystal undergoes a structural

phase transition, forming a 2a0×2a0×2c0 superlattice described by the space group D4
3d (P 3̄c1).

This reconstruction involves the folding of Brillouin zone edge points, particularly the L-points

where the CDW instability occurs, to the new zone center (Γ′). The new, larger unit cell

contains eight formula units (24 atoms), leading to a significantly richer phonon spectrum. The

72 vibrational modes at the zone center of the CDW phase decompose as:

ΓCDW, optical = 4A1g + 4A2g + 4Eg + 3A1u + 3A2u + 7Eu. (2)

In this broken-symmetry phase, the number of Raman-active modes increases to four A1g and

four Eg modes. Prominent new features emerge in the Raman spectrum, most notably the

CDW amplitude mode (A∗
1g) at approximately 116 cm−1 and an interlayer shear mode (E∗

g )

near 74 cm−1. These modes are direct spectroscopic signatures of the reduced lattice symmetry.

The A∗
1g amplitude mode involves out-of-phase displacement of the Ti and Se atoms, which

directly modulates the CWD gap and the magnitude of the periodic lattice distortion (PLD).

Its observation and behavior are thus central to understanding the lattice component of the

CDW [3].

2.2 Discussion of unfolded dispersion

The band-unfolding method [4] decomposes the phonon eigenvectors of a supercell structure

(which is often a supercell representing a disordered random alloy, but is here the CDW phase)

to obtain an effective phonon dispersion displayed as a function of wavevector in the underlying

primitive lattice (here, the non-CDW phase). The results are instructive in understanding the

influence of the CDW on the phonon band structure, as shown in a study of the CDW phase

of NbSe2 [5]. The UPHO package [6] was used in conjunction with Phonopy [7, 8] to produce

the unfolded CDW phonon dispersion shown in Extended Data Fig. 1. The folded phonon

dispersion and the computational methods used to obtain it are discussed in the Supporting

Information.

2.3 DFT Computational methods

The plane-wave density functional theory (DFT) code VASP [9] was used to calculate the phonon

dispersion using the finite displacement method as implemented in the PHONOPY package [7, 8]
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with 2 × 2 × 2 supercells (i.e, 192 atoms, given a CDW cell of 24 atoms). Atomic coordinates

for the CDW phase were taken from the detailed study of CDW 1T -TiSe2 lattice dynamics by

Bianco et al. [10] and were relaxed with the constraint that Ti positions retained the CDW

displacements; inter-layer van der Waals interactions were modelled at the Grimme-D2 level

[11]. With these choices, the calculated CDW phonon dispersion was purely real for electronic

smearing above kT ∼100 K. Raman-active modes were identified by analysis of the mode sym-

metries at Γ which, for example, identifies the A∗
1g mode at a calculated Raman shift of 117

cm−1.

Note 3 Experimental Methods: Time-Resolved Raman and Op-

tical Spectroscopy

Our time-resolved spontaneous Raman spectroscopy (TR-Raman) setup enables ultrafast mea-

surements of vibrational and electronic dynamics in quantum materials with high temporal and

spectral resolution. A schematic overview is shown in Fig. 1.

The laser source is a Yb:KGW-based chirped-pulse amplifier (PHAROS, Light Conversion)

operating at 1024 nm, 35 kHz, and up to 18 W output power. It simultaneously drives two optical

parametric amplifier (OPA) branches: a femtosecond OPA (fs-OPA, ORPHEUS) that delivers

broadband tunable pump pulses (350-2000 nm, ∼250 fs), and a picosecond OPA (ps-OPA) line

incorporating a second-harmonic bandwidth compressor (SHBC) that generates narrowband

probe pulses (∼1.5 ps, ∆ν ∼ 10-15 cm−1) centered around 512 nm. The fs-OPA ensures impul-

sive, selective excitation, while the ps-OPA provides the spectral resolution needed to resolve

low-energy Raman-active phonons with minimal Fourier broadening.

In the optical layout, the pump and probe beams are aligned collinearly and focused onto the

sample inside a closed-cycle helium cryostat (4-400 K) using a long-working-distance objective in

a backscattering configuration. The temporal delay between pump and probe is controlled by a

high-precision linear motorized delay stage. The backscattered light is collected either through

a confocal or macro-Raman configuration and analyzed by a triple-subtractive spectrometer

(TriVista 555, S&I GmbH). The first two stages are operated in subtractive mode, forming

a tunable ultranarrow notch filter that suppresses stray light by more than 108, essential for

detecting weak low-frequency Raman signals. The third stage disperses the filtered signal onto

a back-illuminated, liquid-nitrogen-cooled CCD, allowing parallel detection of Stokes and anti-

Stokes spectra [12].

To complement the Raman measurements, a time-resolved reflectivity channel is used. After

interacting with the sample, a portion of the probe beam is diverted to a fast silicon photodi-

ode. The pump beam is modulated using an optical chopper synchronized to a lock-in amplifier.

This arrangement allows measurement of differential reflectivity ∆R/R with high sensitivity,

providing a direct probe of electronic dynamics such as carrier relaxation and excitonic suppres-

sion. Importantly, this dual-modality detection scheme enables simultaneous tracking of both

vibrational and electronic order parameters under identical excitation conditions [13].
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Figure 1: Time-resolved Raman and reflectivity setup. A high-repetition-rate Yb:KGW

amplifier drives both a femtosecond OPA (fs-OPA) for broadband pump pulses and a picosecond

OPA (via second-harmonic bandwidth compression) for narrowband probe pulses. Pump and

probe are focused collinearly onto the sample (4-300 K). Scattered light is analyzed using a triple-

subtractive spectrometer with a CCD detector. In TRR spectroscopy, a chopper-modulated

pump beam and photodiode-reflected probe enable detection via a lock-in amplifier.

Note 4 Data Processing and Analysis: Time-Resolved Raman

Spectra

The analysis of the TR-Raman spectra is a multi-step process designed to extract the dynamics

of individual phonon modes and the underlying electronic continuum.

4.1 Data Pre-processing and Background Subtraction

Raw spectra acquired from the CCD are first processed to remove spurious signals from cosmic

rays. A crucial subsequent step is the subtraction of the broad, non-vibrational background

arising from inelastic light scattering by the transient population of photoexcited carriers. At

negative time delays, this electronic continuum exhibits a clear exponential lineshape. This

shape is used as a model for the background at all time delays, with its amplitude allowed to

vary as a fitting parameter to account for the dynamics of the photoexcited carrier population.

4.2 Spectral Fitting Model

To quantify the dynamics of phonon modes in 1T -TiSe2, we employ a systematic spectral fitting

approach applied to time-resolved Raman spectra under both equilibrium and photoexcited

conditions. Figure 2 displays typical Raman spectra at room temperature (300K) and in the

CDW phase (5K) without pump excitation. As expected, the 300K spectrum shows only the

A1g phonon near 200 cm−1; the Eg mode is symmetry-allowed but too weak to be observed
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clearly in our parallel polarization geometry. In contrast, at 5K, the CDW-induced A∗
1g mode

emerges at ∼ 120 cm−1, along with a pronounced low-frequency background.

Upon pump excitation, a broad, fluence-dependent continuum appears early positive delays.

This component, most evident below 150 cm−1, arises from photoinduced carrier excitation and

its associated optical response. The intensity and shape of this feature evolve systematically

with pump fluence and delay. Figure 3 shows the logarithmic intensity plot of this background

for various fluences. Its linear decay in logarithmic scale justifies modeling it with an exponential

function, which we refer to as the Low-Energy Raman Continuum (LERC). Subtraction of this

term effectively isolates the phonon response.

After LERC subtraction, the remaining vibrational spectrum is fitted using a sum of Gaussian

functions. This representation accurately captures the convolution of the intrinsic Lorentzian

phonon lineshape with the Gaussian spectral response of the probe (∆ν ≈ 10 cm−1). The

complete model is expressed as:

I(x, t) = A(t) +

3∑
i=1

ampi(t) · exp
(
−(x− ceni(t))

2

2 · sigmai(t)
2

)
, (3)

where x is the Raman shift, and for each mode i (e.g., A∗
1g, E

∗
g , A1g), the amplitude ampi(t),

center frequency ceni(t), and linewidth sigmai(t) are extracted as functions of the pump-probe

delay t. A constant offset A(t) accounts for residual background contributions. Gaussian profiles

are chosen to represent the convolution of the phonon lineshape with the instrumental response,

allowing direct extraction of time-dependent phonon parameters such as integrated intensity,

frequency, and linewidth.

This fitting procedure was applied consistently across all delays and temperatures. Figures 4

and 5 show representative examples of the fits at selected pump-probe delays for 300 K and

5 K, respectively. The decomposition separates the phonon peaks (colored Gaussians) from

the electronic continuum (gray). The CDW phase (5 K) reveals the transient evolution and

recovery of the A∗
1g mode, while at 300 K only the A1g phonon persists, modulated by the

carrier-induced background. This analysis forms the foundation for extracting mode-specific

dynamics such as frequency softening, coherent amplitude evolution, and linewidth broadening

under non-equilibrium excitation.

Note 5 Determination of Phonon Properties from Raman Stokes

Anti-Stokes

Effective Phonon Temperature from Detailed Balance

Time-resolved Stokes (IS) and anti-Stokes (IAS) Raman intensities provide a direct probe of

lattice heating and cooling dynamics. For one-phonon scattering, the respective intensities are

given by

IS(ωL − Ω) ∝ |χR|2(ωL − Ω)4[n(Ω) + 1], (4)

IAS(ωL +Ω) ∝ |χR|2(ωL +Ω)4n(Ω), (5)

5



1 0 0 1 5 0 2 0 0 2 5 0 3 0 0

0 . 0 0

0 . 0 4

0 . 0 8
I (A

rb.
 Un

its)

R a m a n  S h i f t  ( c m - 1 )

 R a w _ d a t a
 F i t
 G a u s s 1
 G a u s s 2
 L E R C

( a ) ( b ) 5 K3 0 0 K

1 0 0 1 5 0 2 0 0 2 5 0 3 0 0

0

2

4

I (A
rb.

 Un
its)

R a m a n  S h i f t  ( c m - 1 )

 R a w _ d a t a
 F i t
 G a u s s 1
 G a u s s 2
 L E R C

Figure 2: Static Raman spectra at equilibrium using pulsed laser. (a) 300 K spectrum

showing the A1g phonon at ∼200 cm−1 and a weak background. (b) 5 K spectrum in the

CDW phase displaying both the A∗
1g mode at ∼117 cm−1 and the A1g phonon. Colored curves

indicate the individual Gaussian phonon components, the exponential background (LERC), and

the overall fit.
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Figure 3: Logarithmic representation of the photoinduced background. Raman in-

tensity (log scale) for several pump fluences, showing a linear decay below 120 cm−1. The

approximately constant slope across fluences validates the exponential model used for the low-

energy Raman continuum (LERC).

where ωL is the probe photon frequency, Ω the phonon frequency, |χR|2 the squared Raman

tensor, and n(Ω) the phonon occupation number. The ratio of anti-Stokes to Stokes intensity

follows from the principle of detailed balance:

IAS

IS
=

(
ωL +Ω

ωL − Ω

)4 n(Ω)

n(Ω) + 1
. (6)

This expression remains valid even under non-equilibrium excitation as long as the phonons

can be described by a quasi-thermal distribution. From Eq. 6, the transient phonon occupation

n(Ω, t) is extracted at each pump-probe delay, and an effective phonon temperature Tph(t) is
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300K

Figure 4: Transient Raman spectra and fits at 300 K. Time-resolved spectra and multi-

peak fits at selected pump-probe delays from negative to +4 ps. Only the A1g phonon is observed,

superimposed on the dynamic low-frequency continuum (gray). The lineshape remains consistent

across delays, showing no signatures of the CDW phase.

5K

Figure 5: Transient Raman spectra and fits at 5 K. Delay-dependent spectra and corre-

sponding multi-peak fits from negative delays to +6 ps in the CDW phase. Both the A∗
1g and

A1g phonons are resolved together with a delay-dependent electronic background. The evolution

of the A∗
1g intensity and its recovery dynamics reflect the transient suppression and reformation

of the CDW order.
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obtained by inverting the Bose-Einstein relation:

n(Ω, t) =
1

exp
[

ℏΩ
kBTph(t)

]
− 1

⇒ Tph(t) =
ℏΩ

kB ln[1 + 1/n(Ω, t)]
. (7)

Before photoexcitation (t < 0), the extracted temperature equals the cryostat base temperature,

fixing all spectral prefactors. The resulting time-dependent Stokes, anti-Stokes, and derived

Tph(t) traces are shown in Fig. 6. The anti-Stokes signal rises rapidly after excitation, reflecting

the transient phonon population, while the Stokes is dominated by the Raman tensor variation.

The extracted phonon temperature peaks at ∼7-8 ps and exhibits oscillations at longer delays,

indicative of a coherent hybrid mode contribution.
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Figure 6: Transient Stokes and anti-Stokes intensities and derived phonon temper-

ature. Time-resolved Stokes (black squares) and anti-Stokes (red circles) intensities, together

with the extracted effective phonon temperature Tph(t) (blue triangles). The shaded regions

denote the fit uncertainty propagated from the individual Raman-peak fits. The delayed tem-

perature rise and its oscillatory tail indicate the coupling between electronic excitation and

lattice modes.

Probing Electronic Variations via the Raman Tensor

To separate the ultrafast electronic response from the phonon dynamics, we must isolate the

Raman tensor, |χR(t)|2, which is sensitive to the transient electronic distribution. The Stokes

and anti-Stokes intensities are given by IS(t) ∝ |χR(t)|2[n(t) + 1] and IAS(t) ∝ |χR(t)|2n(t),
respectively. While the Stokes intensity IS is often used as a proxy for |χR|2 at equilibrium

(where n ≪ 1), this approximation breaks down in our non-equilibrium experiment, where the

pump creates a large phonon population n(t) (see Fig. 6).

Therefore, we first extract the true transient phonon occupation n(t) at each delay using

the detailed balance ratio IAS(t)/IS(t) (from Eq. 6). With n(t) known, we can then rigorously
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extract the pure electronic response using the full relation: |χR(t)|2 ∝ IS(t)/[n(t) + 1].

The resulting electronic response, χ2(t), is shown in Fig. 7. It exhibits a sub-picosecond

rise and decay, in stark contrast to the slower, delayed, and oscillatory dynamics of the phonon

temperature Tph(t) (seen in Fig. 6). The complete lack of a ∼0.13 THz oscillatory modulation

in χ2(t) provides definitive proof that the long-period oscillations are not an electronic effect

(like a quantum beat) but arise from the hybrid phonon-exciton coherence within the lattice.
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Figure 7: Transient Raman susceptibility dynamics. Time-dependent squared Raman

tensor χ2(t) extracted from Stokes intensity fits. The rapid rise (< 1ps) and decay (∼1.5ps)

with a short-lived exponential tail reflect the electronic excitation and dephasing processes. The

absence of oscillatory features indicates that the coherent response originates from lattice rather

than electronic degrees of freedom.

Temporal Phonon Temperature and Multichannel Dynamical Model

To interpret the extracted phonon temperature Tph(t) and disentangle the contributions of the

electronic, phononic, and hybridized exciton-phonon channels, we employ a phenomenological

multi-component model reproducing the observed dynamics:

∆I(t) = offset +
[
A1e

−(t−t0)/τ1 +A2e
−(t−t0)/τ2

]
∗G(t)H(t)

+Aosc e
−(t−t0)/τdamp cos

[
2π

T
(t− t0) + ϕ

]
H(t− t0), (8)

where G(t) represents the Gaussian instrument response (FWHM 1.2 ps) and H(t) is the

Heaviside function. The exponential terms describe (i) ultrafast carrier thermalization (τ1 ≈
0.5 ps) and (ii) subsequent phonon-lattice relaxation (τ2 ≈ 8 ps), while the oscillatory term

captures a damped coherent hybrid mode with period T ≈ 8.6 ps (0.13 THz) and decay time

τdamp≈10 ps. The relative phases of these components reproduce the experimentally observed

sequence: an immediate electronic peak, a delayed thermal maximum, and a slowly decaying

oscillation.
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Figure 8: Simulated decomposition of electronic, phonon, and hybrid contributions.

Modeled temporal components of the transient Raman response: electronic Raman suscepti-

bility χ(t) (red), anharmonic phonon decay (cyan), effective lattice temperature (black), and

coherent hybrid mode population (blue). The simulation reproduces the fast rise and decay of

the electronic channel, the delayed lattice heating, and the long-lived low-frequency oscillation

associated with the hybrid phonon-exciton mode.

This model quantitatively reproduces the measured temperature and susceptibility traces,

confirming that the ultrafast response of 1T -TiSe2 is governed by a cascade of processes: rapid

electronic excitation, energy transfer to phonons via electron-phonon coupling, and coherent

modulation by a hybrid exciton-phonon mode. The hierarchy of timescales and the absence of

oscillatory behavior in χ2(t) together establish that the low-frequency oscillations are of lattice

origin and correspond to the pseudo-Goldstone hybrid mode discussed in the main text.

Note 6 Fluence-Dependent Dynamics of the Hybrid Mode

To quantitatively analyze the hybrid phonon-exciton mode, we examine the residual coherent

oscillations of the A∗
1g phonon following photoexcitation at different fluences. This procedure is

carried out in three steps:

Step 1: Extraction of A∗
1g Dynamics

We first isolate the dynamics of the A∗
1g phonon by tracking its transient intensity from the

time-resolved Raman spectra. The peak is fitted at each pump-probe delay using the spectral

decomposition model detailed in Note 5. At low fluence (e.g., 4.6 µJ/cm2), the A∗
1g response

exhibits a clear oscillatory modulation atop a decaying background.
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Step 2: Background Subtraction and Oscillatory Isolation

To isolate the coherent part, we subtract a biexponential decay from the A∗
1g intensity dynam-

ics, which captures the incoherent lattice thermalization background. The residual oscillatory

component is then fitted using a damped cosine function of the form:

Iosc(t) = Aosc · e−t/τdamp · cos
(
2π

T
t+ ϕ

)
, (9)

where Aosc is the amplitude, τdamp the damping time, T the oscillation period, and ϕ the phase.

This fit is performed for each fluence level, allowing a consistent comparison of the coherent

mode evolution.

Step 3: Fluence Dependence and Suppression Threshold

The extracted oscillatory parameters are shown in Extended Data Fig. 2. At low fluence

(< 20 µJ/cm2), the hybrid mode remains sharp, with a well-defined amplitude and long damp-

ing time. As the fluence increases, the mode undergoes significant changes: (i) its amplitude

increases initially (as more excitons are photoinduced), (ii) the damping time shortens, and (iii)

the oscillation period lengthens, consistent with a softening behavior. At the highest fluence

of 184 µJ/cm2, the coherent oscillations become nearly undetectable in the Stokes response,

indicating a breakdown of the hybrid mode and transition into a decohered, overheated lattice

state.

Note 7 Long-time tail of the A∗
1g response at Fc

Figure 9 shows the long-time evolution of the A∗
1g Raman intensity for several pump fluences

on a logarithmic scale. For low excitation densities, the signal consists of a sharp maximum

around time zero followed by a rapid decay to the background within ∼ 10-15 ps, with no

discernible long-time component. In contrast, at an intermediate fluence close to the critical

value (F ≈ 92 µJ/cm2) the dynamics develop a pronounced plateau-like tail that remains nearly

constant up to at least 60 ps, well longer than the decay times observed at lower and higher

fluences. At higher fluences the decay becomes fast again, and the long-lived tail is absent. The

persistence of this ∼ 60 ps component near Fc thus points to a transition in which the PLD

remains trapped while the coherent motion of the A∗
1g phonon is strongly suppressed.

Note 8 Mode-Selective Nature of the Oscillation

To determine whether the coherent oscillation is specific to the A∗
1g mode or occurs generically

across the Raman-active spectrum, we compare the dynamics of various Raman features, includ-

ing the low-energy Raman continuum (LERC), the normal A1g phonon mode, and the extracted

χ2 component. This analysis is presented in Fig. 10.

At low fluence (Fig. 10a), none of the non-CDW-associated signals, including χ2, LERC, and

A1g, exhibit any hint of coherent oscillation. This confirms that the oscillation is not a trivial

optical response, but selectively tied to the CDW-associated A∗
1g mode.
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Figure 9: Long-time Raman dynamics of the A∗
1g mode. Time-resolved Raman intensity

of the A∗
1g peak on a logarithmic scale for selected fluences. At low fluence the response decays

within ∼ 10-15 ps, whereas near the critical fluence (F ≈ 92 µJ/cm2, black symbols) a long-lived

tail persists beyond 60 ps (arrow). At higher fluences the signal again decays rapidly without a

pronounced long-time tail.

At high fluence, as shown in Fig. 10b, the A1g normal mode, despite its large amplitude,

exhibits no oscillatory behavior. This stark contrast confirms the mode-selective character of the

coherent dynamics and supports the picture of a hybrid phonon-exciton mode that undergoes

catastrophic collapse above a critical fluence. Unlike the zone-center A1g mode, A∗
1g originates

from the L-point soft phonon directly tied to the CDW instability and selectively modulates the

excitonic condensate via interlayer Ti-Se hybridization.
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Figure 10: Mode-selective emergence of coherent oscillations. (left panel) Comparison

of dynamics at low fluence showing the absence of oscillations in A1g, χ
2, and LERC, confirming

the selectivity of the hybrid mode. (right panel) the strong A1g signal remains featureless.
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Note 9 Threshold Behavior in Anti-Stokes Raman Spectra

To further examine the robustness and collapse of the A∗
1g mode under increasing excitation, we

present anti-Stokes Raman spectra at early time delays (1 ps and 2 ps) across a wide fluence

range (Fig. 11). These spectra reveal a dramatic threshold behavior: while the A∗
1g mode softens

and broadens continuously at intermediate fluences (up to ∼ 100µJ/cm2), it becomes strikingly

rigid and unresponsive at higher fluences. Above this critical threshold, the spectral line shape

of the A∗
1g mode remains virtually unchanged despite further increases in excitation density,

signaling the saturation of its photoinduced softening.

This saturation effect is a key experimental signature supporting the microscopic model in-

troduced in the main text. Specifically, the model predicts a non-linear phonon-exciton coupling

that leads to a collapse of the hybrid order above a critical energy input. In this regime, the

phonon ceases to soften because its coupling partner, the excitonic condensate, has already van-

ished, leaving the lattice component effectively ”frozen” in its anharmonic state. The detailed

spectral analysis of the A∗
1g line shape under these conditions is presented in Fig. 3 of the main

manuscript.
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Figure 11: Anti-Stokes Raman spectra at 1 ps and 2 ps for various fluences. At low

and intermediate fluences, the A∗
1g mode redshifts and broadens, reflecting phonon softening via

coupling to the excitonic background. At high fluence (> 100µJ/cm2), the mode becomes rigid

and unaffected by further excitation. This fluence threshold is consistent with the breakdown

of excitonic coupling in the microscopic model.

Note 10 Estimation of Lattice Heating and Non-Thermal CDW

Collapse

The pump fluence was calculated from the measured average power P , the repetition rate f , and

the beam diameter at the sample. The spot size was obtained by imaging the reflected pump

onto a CMOS camera and calibrating the image, yielding a beam diameter of 96 µm. From the

pulse energy Ep = P/f and the illuminated area A = π(d/2)2, the fluence follows as F = Ep/A.

For P = 1 mW and f = 150 kHz this gives F ≈ 92 µJ/cm2.

To estimate whether the collapse of CDW order can be attributed to laser-induced heating,
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we calculate the absorbed energy density using

Eabs =
F (1−R)

d
,

with F = 476µJ/cm2, Where R ≈ 0.6 is the reflectivity and d = 15 nm is the penetration

depth at the pump photon energy [14], yielding Eabs ≈ 127mJ/cm3. Converted per unit cell

(Vuc ≈ 100 Å
3
), this corresponds to ∼ 37.4meV/u.c.

According to specific heat data from Ref. [15], heating the sample from 65K to TCDW = 202K

requires ∼ 55-60meV/u.c., indicating that the deposited energy at this fluence is insufficient to

thermally drive the CDW transition.

Nonetheless, experimental data show a full collapse of the excitonic order at this fluence,

confirming that the phase transition is of non-thermal origin and driven by photoinduced carrier

density rather than lattice heating, in line with prior observations [16].

Note 11 Time-Resolved Reflectivity

To probe the ultrafast lattice dynamics and their fluence dependence in the CDW phase of

1T -TiSe2, we conducted time-resolved reflectivity (TRR) measurements at 5K over a broad

range of pump fluences. The transient reflectivity signal ∆R(t) exhibits a fast non-oscillatory

electronic relaxation followed by coherent oscillations of the A∗
1g phonon mode associated with

the CDW phonon.

The complete temporal response is modeled using a function comprising a biexponential

electronic background and a damped coherent phonon oscillation: The damped coherent phonon

oscillation is modeled as:

∆R(t) = offset +
[
A1e

− (t−t0)
τ1 +A2e

− (t−t0)
τ2

]
∗G(t) ·H(t)

+Aosc e
− (t−t0)

τdamp cos

(
2π

T
(t− t0) + ϕ

)
·H(t− t0), (10)

where A1 and A2 are the amplitudes of the fast and slow background relaxations with decay

constants τ1 and τ2, respectively. The background is convolved with the Gaussian instrument

response G(t) (FWHM ∼130 fs), and multiplied by the Heaviside function H(t). The last term

models the coherent phonon oscillation with amplitude Aosc, damping τdamp, period T , and

phase ϕ.

Figure 12 displays the experimental data and fits for representative fluences. At low fluences,

long-lived coherent oscillations of the A∗
1g mode are clearly observed. As fluence increases, the

oscillations are strongly damped, and above∼180µJ cm−2, only the first oscillation cycle remains

visible. The shaded regions highlight the time window of the first cycle.

The extracted fitting parameters are summarized in Fig. 13. The oscillation amplitude [panel

(c)] initially increases and saturates around 150-200µJ cm−2, beyond which it begins to decrease.

The frequency of the A∗
1g mode [panel (f)] exhibits a continuous redshift from 115 to ∼105 cm−1,

consistent with phonon softening due to a weakened CDW potential. The damping time τdamp

[panel (e)] drops substantially, indicating increasing decoherence of the mode. These results are

in line with time-resolved Raman spectroscopy and corroborate the critical fluence threshold

beyond which the CDW order collapses.
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Figure 12: Fluence-dependent TRR dynamics in 1T -TiSe2. Time-resolved reflectivity

∆R(t) measured at 5K for six representative fluences. Orange dots: measured data; blue lines:

fit using the model in Eq. (S 10). The shaded region indicates the first oscillation cycle of the

A∗
1g mode, which becomes increasingly damped with fluence.

To visualize the trend across the full fluence range, we construct a normalized grayscale

map of ∆R(t) (Fig. 14). The first coherent oscillation, occurring around t ≈ 300 fs, is evident

across all fluences. However, at higher fluences, this oscillation becomes increasingly suppressed,

appearing only as a faint cycle, consistent with overdamping of the A∗
1g mode.
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Figure 13: Fluence dependence of fit parameters. (a) and (b): amplitudes of the fast

and long-lived background components. (c) Coherent A∗
1g oscillation amplitude. (d) Oscillation

period. (e) Damping time. (f) Frequency of the A∗
1g mode. The results show redshift and

increased damping with fluence, reflecting softening and decoherence of the CDW mode.
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Figure 14: Oscillation map of normalized ∆R(t). Normalized TRR traces as a function

of fluence. The first oscillation of the A∗
1g CDW phonon appears as a dark band near 300 and

600 fs. At fluences exceeding ∼180µJ cm−2, this band becomes faint and eventually vanishes,

indicating selective damping of the mode.
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