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3Academic Centre for Materials and Nanotechnology, AGH University of Krakow, Al. Mickiewicza 30, 30-059 Krakow, Poland
4Department of Theoretical Physics, Tata Institute of Fundamental Research, Mumbai 400005, India

5CNR-Institute of Photonics and Nanotechnologies (CNR-IFN), 35131 Padova, Italy
6CNR-IOM, Strada Statale 14 km 163.5, 34149 Basovizza (TS), Italy

7Elettra Sincrotrone Trieste, Strada Statale 14 km 163.5, 34149 Trieste, Italy

(Received 29 May 2025; revised 20 October 2025; accepted 19 November 2025; published 6 January 2026;
corrected 13 February 2026)

Light-induced metastable phases are exotic, long-lived out-of-equilibrium states of matter. Optical control
offers a powerful approach to engineering these phases, enabling dynamic tuning of their electronic and structural
properties. Using time- and angle-resolved photoemission spectroscopy, we investigate the emergence of a
metastable phase induced by a strong infrared pump in the charge-density-wave (CDW)-Mott insulator 1T -TaS2.
Furthermore, we demonstrate how its properties can be optically manipulated by varying the photoexcitation
strength. A long-lived stabilization of the renormalized electronic band structure serves as a signature of the
metastable phase. It displays a relaxed periodic lattice distortion (PLD) and primarily lattice-driven dynamics.
The emergence of a new dispersive band in the vicinity of the Hubbard bands reveals the formation of a
novel band structure unique to the metastable phase. Our pump-fluence-dependent studies reveal a threshold
(incident) fluence FC ∼ 1.3mJ/cm2 for inducing the metastable phase, above which the band renormalization
continuously evolves with increasing fluence. For F � 3.4 mJ/cm2, stronger photoexcitation progressively
drives the phase to higher energies, accompanied by a more relaxed PLD and reduced CDW amplitude. The
properties of the metastable phase are strongly influenced by the transient dynamics at each fluence, and
the associated fast timescales suggest that the intrinsic CDW amplitude mode remains unaffected by optical
manipulation. These findings highlight the potential of optical control in tuning the properties of metastable
phases in quantum materials, offering new insights into the manipulation of CDW systems and paving the way
for future investigations in nonequilibrium phase engineering.

DOI: 10.1103/gz2s-685y

I. INTRODUCTION

Ultrafast light-matter interactions can manipulate quantum
materials on femtosecond timescales, leading to novel elec-
tronic, magnetic, and structural properties [1,2]. They can give
rise to various exotic phenomena, such as light-induced super-
conductivity [3–5], nonlinear phononics [6], magnetic field
from optically-driven phonons [7], terahertz field-induced
ferroelectricity [8], and Floquet-Bloch states in topological
insulators [9,10]. Multiple nonthermal pathways have been
established for active manipulation of materials via transient
modification to the free energy landscape, ultrafast heating,
and Floquet engineering [11]. For example, these control
schemes govern quasiparticle recombination and gap forma-
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tion in cuprates on femtosecond to picosecond timescales [12]
and coherent control of structural phase transitions [13]. In
materials, like layered transition-metal dichalcogenides, with
competing microscopic interactions, photoexcitation by ultra-
short light pulses can induce ‘hidden’ phases with properties
that are otherwise inaccessible under thermal equilibrium con-
ditions [14–17].

Some of the light-induced hidden phases can be very
long lived [8,18–20] or can persist indefinitely under suitable
environmental conditions [21–25]. Important examples
include optical switching to hidden metallic states in VO2
[18], Mott materials [26], and strain engineered manganite
films [21], and metastable photo-induced superconductivity
in the fulleride K3C60 far above the superconducting TC in
equilibrium [27]. These phases have recently gained signifi-
cant attention as a growing research area in condensed matter
physics. Their distinctive properties make them valuable for
applications in optoelectronics, as well as energy storage
and conversion in thermoelectric devices. Furthermore,
manipulating the properties of metastable phases is at the fron-
tier of material science as it opens pathways to dynamically
engineer quantum materials. These exceptional phases can be

2469-9950/2026/113(3)/035113(11) 035113-1 Published by the American Physical Society

https://orcid.org/0000-0002-1191-3900
https://orcid.org/0009-0004-5594-6466
https://orcid.org/0000-0001-5528-1995
https://orcid.org/0000-0003-3425-5506
https://orcid.org/0000-0002-0914-0531
https://orcid.org/0000-0002-5528-9847
https://orcid.org/0000-0001-9192-4900
https://ror.org/04mz5ra38
https://ror.org/00mw0tw28
https://ror.org/00bas1c41
https://ror.org/03ht1xw27
https://ror.org/04zaypm56
https://ror.org/01c3rrh15
https://crossmark.crossref.org/dialog/?doi=10.1103/gz2s-685y&domain=pdf&date_stamp=2026-02-13
https://doi.org/10.1103/gz2s-685y
https://creativecommons.org/licenses/by/4.0/


TANUSREE SAHA et al. PHYSICAL REVIEW B 113, 035113 (2026)

externally controlled via optical, thermal, mechanical means,
and via application of electric fields (e.g., ferroelectrics).

One of the prominent metastable phases emerging in corre-
lated systems is the metallic hidden phase of 1T -TaS2. Due to
its intriguing properties, its origin and formation mechanism
are extensively studied using transport measurements [28,29],
microscopy [30–32], diffraction [33], and pump-probe spec-
troscopy [22,31]. It consists in an insulator-to-metal transition
with a substantial drop in electrical resistivity. Such a state can
persist indefinitely, with stable switching achieved either by
optical pulses or through joule heating [22,28,30,31,33–38].
Furthermore, a transient imbalance in the electron-hole popu-
lations has been suggested as a driver of the hidden state [22].
The atomic configuration in the hidden phase has been stud-
ied [31,33–35] and the origin of metallicity is under debate
[22,33,35,39].

In thermal equilibrium, 1T -TaS2 exhibits a variety of
ground states due to the interplay between Coulomb repul-
sion, charge density wave ordering, and interlayer coupling
[40–45]. At very high temperatures, it is metallic having
an undistorted hexagonal lattice structure. It undergoes suc-
cessive first-order phase transitions upon cooling. From the
metallic phase, 1T -TaS2 enters an incommensurate IC-CDW
phase at 550 K, and then to a nearly commensurate NC-CDW
phase at 350 K. It further undergoes a phase transition to a
commensurate C-CDW phase at TCDW = 180 K. In the CDW
phases, Star-of-David (SOD) clusters form the fundamental
units describing the lattice. The SOD comprises 12 Ta atoms
(6 atoms in each ring) that are radially displaced inwards
towards the central 13th Ta atom within a layer, see Fig. 1(a).
Due to the

√
13 × √

13 superlattice formation [unit cell shown
by red dashed lines in Fig. 1(a) (left)], the Ta 5d valence
band is split into three subband manifolds, giving rise to
narrow half-filled band at the Fermi level EF . This flat band is
susceptible to a Mott-Hubbard transition [44,46], which leads
to its separation into two distinct spectral features: the Lower
and Upper Hubbard bands. The C-CDW phase has a long-
range intralayer electronic and lattice order. However, the
intermediate NC-CDW and trigonal CDW phases consist of
periodic arrays of SOD clusters separated by metallic regions
without this order [45,47]. In addition, the interlayer stacking
configuration of the CDW reconstructed layers is suspected
to strongly affect the electronic states near EF , putting the
origin of the insulating phase into debate [34,39,48–50]. As
a material that hosts multiple phases, 1T -TaS2 provides a rich
platform for studying the quench dynamics of electronic and
lattice ordering on ultrafast timescales [51–60].

The metastable phase in 1T -TaS2 has been extensively
studied, yet the separate dynamics of electron correlations
(Mott) and CDW order in this phase remain unexplored—an
important question in materials with coexisting phases. Using
time- and angle-resolved photoemission spectroscopy (tr-
ARPES), we decouple these dynamics through band-selective
measurements along different k directions in the Brillouin
zone. Optical control of metastable phases enables dynami-
cal tuning of microscopic interactions, potentially leading to
new quantum states. While single-shot transient reflectivity
studies [37] have demonstrated photoexcitation-driven tuning
of the metastable phase, they lack sensitivity to electronic
band structure, precluding direct insight into CDW dynamics

FIG. 1. Structure and geometry: (a) (Left) In-plane structural
distortion in the C-CDW phase of 1T -TaS2 produces Star-of-David
clusters having inequivalent (a, b, c) Ta atoms. Red and blue dashed
lines indicate the real space unit cells in the C-CDW and un-
reconstructed phases, respectively. The arrows indicate the radial
displacement of the Ta atoms from the inner and outer rings towards
the central atom. (Right) Reciprocal space Brillouin zone in the un-
reconstructed (blue) and distorted (red) phases with high-symmetry
points �̄, M̄, K̄ . (b) Schematic of the pump-probe experimental
geometry for the time-resolved ARPES measurements. �t is the
pump-probe delay, θ is the photoelectron emission angle in the yz
plane w.r.t. z axis.

independent of electron correlations. Similarly, a recent time-
resolved ARPES study [38] revealed pump-fluence-dependent
control of the Lower Hubbard band (LHB). However, our
findings indicate that under nonequilibrium conditions, the
LHB dynamics remain intertwined with another band (de-
tails in the text) that exhibits pronounced spectral weight.
As a consequence, the time-dependent spectral evolution of
the LHB does not reveal precise optical control over the
metastable phase, nor does it clearly separate CDW-related
and Mott-related features. To address this scenario, an energy
band decoupled from intertwined spectral features must be
examined. We accomplish this by studying the pump fluence-
dependent dynamics of a CDW-originated subband at 1 eV
binding energy using tr-ARPES across a broad range of pho-
toexcitation density.

Upon strong infrared optical excitation, we find a pro-
nounced and persistent (for several picoseconds) renormal-
ization of the band structure along M̄ → K̄ (see Fig. 1(a)
for high-symmetry k points in the Brillouin zone), indi-
cating the formation of a metastable phase. This phase is
characterized by a relaxed periodic lattice distortion (PLD)
and a reduced CDW amplitude. Temperature-dependent mod-
ification of band structure in equilibrium reveal that this
metastable phase is a novel phase that arises only under
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nonequilibrium conditions. Furthermore, we identify a new
dispersive band above EF that characterizes the electronic
structure of the metastable phase. This feature may suggest a
coexistence of metallic and insulating phases with domainlike
C-CDW configuration; alternatively, it more likely reflects the
emergence of a novel band structure intrinsic to the elec-
tronic and lattice order of the metastable phase. Next, our
fluence-dependent studies in the range of 0.5 – 3.5 mJ/cm2

identify a critical (incident) fluence, FC ∼ 1.3 mJ/cm2, or,
equilvalently an absorbed critical fluence F ab

C ∼ 0.7 mJ/cm2,
required for the emergence of the metastable phase. Above
this threshold, the continuous evolution of the band renor-
malization with increasing fluence (along M̄ → K̄) reflects
a modification in the properties of the metastable phase. As
fluence increases, a larger bandwidth and bandshift towards
higher energies are observed over very long timescales. These
indicate enhanced relaxation of the PLD, driving the system
towards progressively higher energy states. The characteris-
tics of the metastable phase are strongly coupled to transient
modifications of lattice distortion at each fluence. The asso-
ciated transient timescale of ∼200 fs remains independent of
fluence, suggesting that the intrinsic CDW amplitude mode
remains unaffected by optical manipulation. Our findings
demonstrate that optical excitation provides a viable pathway
for controlling the properties of metastable phases in complex
solids, with implications for future functional materials.

II. EXPERIMENTAL DETAILS

Time- and angle-resolved photoemission experiments were
performed at the CITIUS high-harmonic generation (HHG)
light source [61]. The source is driven by a mode-locked
Ti:Sapphire laser delivering 800-nm pulses, with a time du-
ration of 40 fs at 5 kHz repetition rate. The major part of
the driving laser intensity was used to generate extreme-
ultraviolet probe pulses through HHG, with Ar as the
generating medium, and the remaining intensity was used
for the pump pulses. All discussed fluences refer to the in-
cident fluence (in mJ/cm2), unless stated otherwise. This is
determined from the expression 2Ep/(πw2), where Ep is the
energy per pulse and w is the beam waist at the sample
position. The photon energy of the probe pulse was selected
by a monochromator grating with off-plane geometry, which
preserved the pulse duration [62]. The fundamental frequency
of the laser, hν = 1.55 eV, was used as the pump pulse energy.
A photon energy hν∼20 eV was selected for the probe pulses
due to higher photoionization cross section of the Ta 5d bands
and a high photon flux. Both p and s polarizations of the
probe were used to selectively probe different Ta 5d subbands,
while the pump was always set to p polarization. A schematic
of the pump-probe experimental geometry is shown in
Fig. 1(b). The energy and time resolution of the experiment
were 150 meV and 50 fs, respectively. The ultrahigh vaccum
setup at CITIUS is equipped with an R3000 hemispherical
electron analyzer from VG Scienta. All the time-resolved
ARPES experiments were performed at a sample temperature
of 100 K < TCDW, where the lifetime of the metastable phase
is shorter than the repetition time (0.2 ms ↔ 5 kHz) of the
laser source, allowing its investigation using a stroboscopic
pump-probe scheme. A closed-cycle He cryostat was used

to control the sample temperature. High-quality single crys-
tals of 1T -TaS2 were purchased from HQ Graphene. The
trARPES experiments were performed at a base pressure <

1x10−10 mbar.
For p-polarized pump at λ = 800 nm, the absorption in

1T -TaS2 is 56%. This can be obtained from Fresnel equa-
tions that describe the reflection and transmission/absorption
of light incident on an interface between two different optical
media. The reflectance, R, is given by | ñ2 cos θi−n1 cos θt

ñ2 cos θi+n1 cos θt
|2, with

cos θt =
√

1 − ( n1
ñ2

sin θi )2 (Snell’s law), and consequently,

the absorption is 1 − R. Our experimental parameters are
ñ2 (1T -TaS2) = n + ik, where n = 3.2 and k = 2.9, n1

(air) = 1, and θi = 36◦. Here, n1, ñ2 are the refractive indices
of the media and θi, θt are the angles of incidence and refrac-
tion, respectively.

III. RESULTS

A. Band-selective dynamics probing CDW and Mott physics
in the light-induced metastable phase

In the equilibrium band structure of 1T -TaS2 below TCDW

[44,46], the Ta 5d subbands lying at binding energies of ∼1
and ∼0.5 eV are predominantly of CDW origin, whereas the
states near EF at ∼0.2 eV are strongly influenced by electron
correlations. The renormalization of the higher-energy sub-
bands can therefore be recognized as a spectroscopic indicator
of the CDW-related electron and lattice dynamics. At the
same time, the evolution of low energy flat bands—the lower
and upper Hubbard bands—serves as a signature of the Mott
dynamics.

1. Band renormalization capturing CDW dynamics

Among the higher-energy subbands, we select the band at
1 eV along M̄ → K̄ , because of its distinct spectral features
[55] and prominent pump-induced changes [53]. In the fol-
lowing, we refer to this band as the B2 band. Figure 2 shows
the time evolution of B2 band after strong photoexcitation
with fluence ∼3.7 mJ/cm2. The ARPES snapshots at various
time delays in Fig. 2(a) exhibit distinct signatures of band
renormalization. For a detailed analysis of the band dynamics,
the E vs k‖ dispersion at different pump-probe delays were
extracted from the corresponding ARPES spectra, as plotted
in Fig. 2(b). For the ARPES spectra at each time delay, we
determine the peak energy position of the energy distribution
curve (EDC) at each k‖. Plotting these peak energies ver-
sus their corresponding k‖ values yields the dispersion. The
renormalization is characterized by variations in bandwidth
and bandshift. Here, bandwidth refers to the energy difference
between the band minimum at k‖ = 0 (at M̄) and band maxi-
mum at k‖ > 0.2 Å−1 (towards K̄), whereas bandshift refers to
the change in energy at k‖ = 0. A pronounced increase in the
bandwidth and substantial bandshift towards lower binding
energy is observed at 300 fs, after which the renormalization
starts to recover. To further quantify these changes, the time
evolution of band parameters is presented in Figs. 2(c) and
2(d). The initial increase in band parameters occurs on a
∼200 fs timescale, corresponding to the CDW amplitude
mode (structural timescale) [63,64] in 1T -TaS2 at tempera-
tures below TCDW. As the significantly altered band structure
begins to recover, a long-lived state emerges beyond ∼700 fs.
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FIG. 2. Renormalization of B2 band along K̄ ← M̄ → K̄ (M̄ at k‖ = 0): (a) Time-resolved ARPES spectra in the C-CDW phase of
1T -TaS2, measured by s-polarized probe pulses. The sample temperature is 100 K and incident pump fluence is 3.7 mJ/cm2. (b) E vs k‖
dispersion at various pump-probe delays obtained from the peak position of the EDCs at each k‖ from corresponding ARPES spectra in (a).
(c) Bandwidth (energy difference between band minimum at k‖ = 0 and band maximum at k‖ > 0.2 Å−1) as a function of time. (d) Evolution
of bandshift (energy shift at k‖ = 0) with time. The bandwidth and bandshift values are accurate within ±8 and ±4 meV, respectively.
(e) Temperature-dependent band dispersion in equilibrium. (f) Bandwidth as a function of temperature obtained from (e), accurate within
±10 meV.

This is marked by the saturation of the bandwidth at a larger
value and the bandshift at a lower binding energy relative
to the equilibrium values. It persists for several hundreds of
picoseconds, indicating the emergence of a metastable phase.

Our interpretation of the observed phenomena is as fol-
lows. Upon photoexcitation, a fraction of the electronic charge
density migrates from the central Ta atom towards the outer
ring of SOD clusters [44]. In response, this causes a reposi-
tioning of the atoms and subsequent relaxation of the clusters.
The transient changes in band parameters until ∼350 fs can
be attributed to an increased hybridization among the clus-
ters (mainly, the outer ring of SODs). In fact, the structural
timescale characterizing the transient changes emphasizes that
the induced dynamics are mainly lattice driven. The renor-
malized band structure in the metastable phase indicates that
the PLD remains sufficiently relaxed before the system can
fully revert back to its ground state. This suggests that the
redistributed electronic density within a cluster has not re-
covered. This can be clearly noted from the low spectral
intensity of the LHB at 1.6 ps in Fig. 3(b), since the DOS
near EF is dominated by electronic states close to the central
atom [44]. From our temperature-dependent ARPES results
in equilibrium, it can be argued that the metastable phase is
different from any of the high-temperature equilibrium phases
driven by lattice heating. The evolution of the occupied band
structure in equilibrium along M̄ → K̄ as a function of tem-
perature during the heating cycle (100 → 300 K) is shown
in Fig. 2(e) and the temperature-dependent bandwidth is
plotted in Fig. 2(f). Momentum-resolved EDC stacks at dif-
ferent temperatures extracted from the corresponding ARPES
spectra are shown in the Supplemental Material [65]. We
observe that the bandwidth decreases with temperature, which
contrasts with our observations for the metastable phase in

Figs. 2(b) and 2(c). Above 140 K, the evolution is minimal,
with only a small abrupt change near TCDW, see Fig. 2(f).
These observations indicate that the metastable phase is not
simply a consequence of the rise in lattice temperature. Our
findings show that this phase is a unique new phase induced
in photoexcited 1T -TaS2, one that cannot be realized under
equilibrium conditions.

2. Renormalization dynamics of Mott-Hubbard bands

Having established the CDW dynamics in the metastable
phase, we now turn to the modification of Mott physics in
this long-lived state by tracking the time evolution of the low-
energy Hubbard bands. Based on symmetry-based selection
rules in photoemission, the light polarization is tuned to target
orbitals of specific symmetry [66]: p-polarized probe pulses
reveal the lower Hubbard band, whereas s-polarized pulses
capture the upper Hubbard band (UHB). Figure 3 presents
the LHB and UHB renormalization dynamics along �̄ → M̄
[see Fig. 1(a)] at a high pump fluence of 4.6 mJ/cm2. We can
distinctly observe LHB at ∼0.2 eV (equilibrium binding en-
ergy; blue arrow) at −800 fs and transiently populated UHB at
−0.2 eV at 250 fs (green arrow) in the time-resolved ARPES
spectra in Figs. 3(a) (left) and 3(c) (right), respectively. At
250 fs, with the LHB shifted to 0.4 eV in Fig. 3(a) (right), a
prominent feature of the ARPES spectrum is the formation of
a new band (red arrow) above EF . In the following, we refer to
it as the M band. It exhibits a dispersive feature with its min-
imum located at �̄ [57]. Although the M band was observed
within 300 fs and its band structure was well resolved at ≈300
fs in our previous work [57], its dynamics were not explored.
The present study focuses on a comprehensive analysis of its
emergence, and time-dependent band evolution, with particu-
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FIG. 3. Renormalization of Lower and Upper Hubbard bands along M̄ ← �̄ → M̄ (�̄ at k‖ = 0): (p-polarized probe) (a) ARPES spectra in
equilibrium (left) and at 250 fs after photoexcitation (right). In addition to LHB (blue arrow), photoexcitation gives rise to a prominent, intense
feature above EF , namely, the M band (red arrow). (b) k‖-integrated [ ± 0.05 Å−1 in (a)] spectral intensity at various pump-probe delays,
showing the evolution of LHB and M band. (s-polarized probe) (c) ARPES spectra in equilibrium (left) and at 250 fs (right). UHB (green
arrow) can be distinctly observed above EF . (d) k‖-integrated [±0.02 Å−1 in (c)] spectral intensity at various pump-probe delays, showing the
evolution of UHB. (e) Peak fitting of the k‖-integrated intensity at 250 fs and 1.9 ps with (top panel) p- and (bottom panel) s-polarized probe.
(f) Time-dependent evolution of the Hubbard bands and M band. The incident pump fluence is 4.6 mJ/cm2. Data points are shown with an
error bar of ±5 meV, representing the fitting uncertainty.

lar emphasis on its behavior in the metastable phase. The time
evolution of k‖-integrated spectral intensity of LHB, M band
and UHB are plotted in Figs. 3(b) and 3(d), respectively. The
k‖-integration range are ±0.05 and ±0.02 Å−1 around �̄-point
for p- and s-polarized data, respectively. In Fig. 3(b), the M
band emerges within 100 fs after photoexcitation and persists
alongside the LHB at later time delays. While in Fig. 3(d), an
intensity gain above EF within 100 fs marks the UHB, which
remains prominent at longer times.

To closely monitor the time-dependent dynamics of the
three bands, the peak energy positions of these bands, dis-
played in Fig. 3(f), were determined by fitting the EDCs in
Figs. 3(b) and 3(d) at each time delay. For each raw EDC, an
appropriate background lineshape (Tougaard, in the present
case) was subtracted, and the resulting EDC was fitted with
one or more peaks using a Lorentzian–Gaussian (40–60)
profile. The Gaussian contribution dominates, as the energy
broadening due to the experimental resolution exceeds the
intrinsic lifetime broadening. The obtained fitting parameters
(energy) were then plotted as a function of time. No additional
data processing was applied. A few of the fitted spectra are
shown in Fig. 3(e). Because the spectral intensity of the UHB
and M band decreases over time, it becomes challenging to
clearly identify these features beyond a few 100 fs. Therefore,
a sufficiently high pump fluence was selected to ensure their
distinct resolution on the picosecond timescale. This is shown
in Fig. 3(e), where the fitted EDCs at 1.9 ps clearly resolve the
LHB and M band (top panel) and a prominent UHB (bottom
panel), similar to the corresponding EDCs at 350 fs. The
yellow peak at ∼0.6 eV in Fig. 3(e) (bottom panel) arises

from the S 3p band located at higher binding energy. Although
our energy window does not capture the full S 3p band,
background subtraction during the fitting procedure produces
a peak at this energy, which has no relevance to the present
study.

Some of the key characteristics of the bands are observed.
Within 100–150 fs, the LHB shifts from 0.2 eV to a higher
binding energy, then gradually recovers, stabilizing at 0.3 eV
after ∼700 fs. Simultaneously, the UHB undergoes a con-
tinuous shift from −0.4 eV to higher binding energy after
100 fs, eventually reaching a plateau at 0.1 eV beyond 700
fs. These indicate a reduction of the Mott gap, characterized
by both fast (a few 100 fs) and slow (several ps) timescales.
The gap ultimately saturates at 0.2 eV, smaller than its equi-
librium value of 0.4 eV. Our results confirm the presence of
the Mott insulator phase, indicative of strong electron correla-
tions, even at longer times when the material has transitioned
into the metastable phase. The dynamics of Hubbard bands
within 300–400 fs are in agreement with our recent work
[57]. Although interlayer dimerization of the S–Ta–S layers
has been widely considered a potential origin of the band
gap, our observations—suppression of the LHB intensity and
simultaneous reduction of the band gap with time—point
towards a possible Mott-insulating scenario. On the other
hand, the M band exhibits a distinct behavior: starting at
−0.1 eV at 50 fs, it initially shifts to a lower binding en-
ergy, then returns to a higher binding energy, stabilizing at
−0.15 eV, close to its initial value. The formation of the
metastable phase within some hundreds of femtoseconds after
photoexcitation, as evidenced by the concurrent stabilization
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of the UHB, LHB, M band energies, together with the B2

band dispersion, points to an ultrafast switching mechanism
in 1T -TaS2.

The emergence of the M band within a few tens of
femtoseconds following optical excitation, along with its per-
sistence in the metastable phase, points to several possible
scenarios outlined below. The first possible scenario is the
following. This dispersive band with a minimum at ∼−0.1 eV,
closely resembles the band structure around � above EF of
the unreconstructed lattice [33,44]. Such a similarity suggests
that a metallic phase, characteristic of the unreconstructed
lattice, forms immediately after photoexcitation and coexists
with the insulating phase in the metastable state, pointing
towards phase coexistence. The presence of the Mott phase
beyond 700 fs implies that the metastable lattice configuration
retains long-range order, with localized energy states confined
to the SOD centers, suggesting that a specific PLD in the
commensurate CDW phase remains stabilized until long time
delays. This is consistent with the equilibrium behavior in
1T -TaS2, where the Mott insulating state emerges only if
the PLD of the commensurate CDW phase meets the Mott
criterion [51,52]. However, from Fig. 2, the PLD is relaxed
compared to its equilibrium configuration, suggesting a con-
sequent reduction of the CDW amplitude. Nevertheless, the
simultaneous presence of a metallic phase appears incon-
sistent with the intralayer long-range electronic and lattice
order. The lattice may therefore be interpreted as consisting
of C-CDW domains with low CDW amplitude separated by
metallic regions lacking PLD. Our findings further suggest
that the domainlike configuration in the metastable phase
differs from the equilibrium NC-CDW and trigonal phases
[40,45], which also exhibit domainlike patterns (180–350 K).
First, the dispersion of the B2 band in the metastable (4 ps)
and equilibrium (300 K) phases shows significant differences,
as seen in Fig. 2. Second, while no LHB is observed at 300 K
in equilibrium [45], the Hubbard bands are prominent in the
metastable phase, as shown in Fig. 3.

Related forms of phase coexistence with domainlike lat-
tice configurations have been reported in 1T -TaS2, though
with different characteristics. Recent STM (scanning tunnel-
ing microscopy) studies observed metastable phases induced
by voltage pulses, revealing a mosaiclike structure of C-
CDW domains separated by a disordered network of domain
walls, with clear phase shifts between adjacent domains
[34,35]. In contrast, x-ray diffraction experiments identified
a photo-induced metastable phase featuring C-CDW domains
separated by a highly ordered, long-range network of discom-
mensurations. Such a phase was interpreted as a quenched
form of NC-CDW phase [33]. The discrepancies between
these metastable phases were attributed to surface-bulk ef-
fects. However, if phase coexistence picture were the correct
explanation for our results, one would also expect to observe
the unreconstructed band structure along M̄ → K̄ , i.e., a near-
parabolic dispersion crossing EF . But, our data along M̄ → K̄
reveal no such feature, apart from the B2 band associated with
the CDW-reconstructed insulating phase. This indicates that
the phase coexistence scenario cannot fully account for our
observations.

Another possible scenario is that the M band corresponds
to other unoccupied states of the equilibrium insulating phase

that undergo independent pump-induced renormalization,
rather than representing a feature intrinsic to the metastable
phase. If this were the case, the band should also be observable
at low pump fluences below the critical value. However, this is
not observed: time-resolved spectra for fluences < FC reveal
no additional features above EF , besides the upper Hubbard
band. This rules out the interpretation of the M band as part of
the equilibrium band structure, suggesting that it may instead
have a different origin.

We now turn to the scenario most consistent with our re-
sults. As noted earlier, the M band is absent at fluences below
FC . Immediately above FC , it is still not observed; however, at
fluences � 2FC , it emerges prominently within 50 fs. Due to
reduction in its spectral intensity with time, the band cannot
be reliably tracked beyond ∼500 fs. For fluences � 4 mJ/cm2,
however, the M band remains observable at longer time de-
lays, when the material has stabilized into the metastable
phase. These indicate that the M band is a feature unique to the
nonequilibrium band structure, representing a distinct band
that only forms under strong photoexcitation. Its appearence
only above FC and persistance till longer times at fluences �
3FC , identify it as a defining characteristic of the metastable
phase. Consequently, the metastable band structure comprises
not only the renormalized Hubbard and B2 bands, but also a
distinct new band. This finding is particularly compelling and
motivates further studies to probe the structural dynamics of
the metastable phase and to elucidate the interactions underly-
ing the emergence of the novel electronic structure. A detailed
investigation of the time-dependent behavior of the lower and
upper Hubbard bands, including the associated timescales, is
underway and may provide critical insight into one of the
most debated questions in 1T -TaS2: whether the band gap
originates primarily from strong electron correlations or from
interlayer dimerization.

B. Optical control of the metastable phase

After demonstrating the formation of a metastable phase
in 1T -TaS2 and outlining its key characteristics, we now in-
vestigate how the properties of this phase can be optically
manipulated. Tr-ARPES measurements were conducted as a
function of pump fluence in the C-CDW phase. The dynam-
ical behavior of the B2 band will serve as the spectroscopic
indicator for optical control.

1. Critical photoexcitation strength for metastable phase

Focusing on the long-time dynamics, we examine the
results for band renormalization at 10 ps. From the ARPES
spectra in Fig. 4(a), no band renormalization is observed
at 10 ps for a low pump fluence of 0.7 mJ/cm2. In
contrast, the ARPES data in Fig. 4(b) shows significant
band renormalization at a fluence of 3.4 mJ/cm2. These
differences are clearly reflected in the corresponding E vs k‖
dispersions in Fig. 4(c), indicating that weak photoexcitation
suppresses the formation of the metastable phase, while strong
photoexcitation induces its emergence. This fluence-
dependent behavior suggests the existence of a threshold
fluence for triggering the metastable phase. To determine this
critical fluence, we compared the renormalized bandwidth
at 10 ps for different fluences in Fig. 4(d). While the

035113-6



OPTICAL CONTROL OF A METASTABLE PHASE IN THE … PHYSICAL REVIEW B 113, 035113 (2026)

FIG. 4. Critical pump fluence for the metastable phase [B2 band along K̄ ← M̄ → K̄ (M̄ at k‖ = 0)]: (a) ARPES spectra in equilibrium
(left) and at 10 ps (right) for low pump fluence of 0.7 mJ/cm2 (< FC), acquired using s-polarized probe pulses. (b) Same as in (a) at high
pump fluence of 3.4 mJ/cm2 (> FC). (c) E vs k‖ dispersion in equilibrium and at 10 ps for different fluences below and above FC , showing an
increase in bandwidth and shift of the band to lower binding energy. (d) Evolution of the bandwidth at 10 ps as a function of pump fluence,
identifying a critical fluence FC ∼ 1.3 mJ/cm2. The bandwidth values are accurate within ±8 meV.

equilibrium bandwidth remains independent of fluence, as
expected, the bandwidth at 10 ps shows clear differences. For
fluences � 1.3mJ/cm2, no band renormalization is observed.
However, for fluences above this threshold, the dispersion is
characterized by an increased bandwidth and a shift to lower
binding energy. Thus, we identify a critical incident fluence,
FC ∼ 1.3mJ/cm2, corresponding to an absorbed critical
fluence F ab

C ∼ 0.7 mJ/cm2 (see Experimental Details),
associated with the onset of the metastable phase.

Furthermore, the evolution of this phase as a function of
fluence reveals important insights. As shown in Figs. 4(c)
and 4(d), the degree of band renormalization progressively in-
creases for fluences exceeding FC . Given that band renormal-
ization serves as a spectroscopic indicator of the metastable
phase, this observation implies that the induced metastability
can be systematically tuned by varying the photoexcitation
strength. On a microscopic level, the observed increase in
bandwidth beyond FC suggests a more pronounced relaxation
of the PLD and a concomitant reduction in the CDW ampli-
tude as the density of photoexcited carriers increases.

2. Detailed fluence-dependent dynamics with connection
to the transient phase(s)

To further explore the fluence dependence of the
metastable phase, we now examine how the nature of the
transient phase evolves with fluence and influences the prop-
erties of the optically tunable metastable phase. The ARPES
spectra in Figs. 5(a) and 5(b) compare the maximum band
renormalization at 350 fs for fluences below and above FC . At
1 mJ/cm2 (< FC), the renormalization is minimal, suggest-
ing weak transient relaxation of the PLD. In contrast, at 3.7

mJ/cm2 (> FC), the renormalization is significantly more pro-
nounced, indicating substantial PLD relaxation. Figures 5(c)
and 5(d) present the full temporal evolution of the band pa-
rameters across different fluences. Following photoexcitation,
all fluences exhibit a time-dependent increase in bandwidth
and a bandshift towards lower binding energy, followed by a
recovery phase after ∼350 fs. A common characteristic across
all fluences is the structural timescale of 200 fs, which defines
the peak transient modifications. This highlights that the tran-
sient dynamics are governed by the lattice order, regardless of
whether the system ultimately returns to the ground state or
transitions into the metastable phase. For fluences below FC

in Figs. 5(c(i)) and 5(d(i)), the PLD undergoes only minimal
relaxation, allowing the band renormalization to fully recover
within a few picoseconds. In contrast, for fluences exceeding
FC in Figs. 5(c(iii–vi)) and 5(d(iii–vi)), significant PLD re-
laxation prevents complete recovery, leading to the formation
of a metastable phase. This is evidenced by the stabilization of
band parameters at different values after 700 fs for all fluences
above FC . Moreover, the transient lattice configuration evolves
with fluence, as reflected in the increase of peak band param-
eter values with fluence. Additionally, the different values of
stabilized band parameters increase with fluence above FC .
These suggest that the degree of transient PLD relaxation
scales with photoexcitation strength, directly influencing the
metastable CDW lattice order. A schematic illustrating the
fluence-dependent enhancement of PLD relaxation is shown
in Fig. 5(e). For clarity, a single SOD is depicted rather
than the entire lattice, which is sufficient since the same
dynamics apply uniformly to all SODs throughout the lat-
tice. The existence of a critical fluence of 1.3 mJ/cm2 and
the optically tunable metastable phase is further supported
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FIG. 5. Optical control of the metastable phase [B2 band along K̄ ← M̄ → K̄ (M̄ at k‖ = 0)]: (a), (b) ARPES spectra in equilbrium (left)
and at 350 fs (right) acquired using s-polarized probe pulses, for fluences 1 mJ/cm2 < FC and 3.7 mJ/cm2 > FC , with corresponding E vs
k‖ dispersion, respectively. (c), (d) Time evolution of bandwidth and bandshift at different pump fluences above and below FC , suggesting a
manipulation of the metastable phase via photoexcitation strength. The bandwidth and bandshift values are accurate within ±8 and ±4 meV,
respectively. (e) Schematic showing the fluence-dependent modification of periodic lattice distortion. A Star-of-David cluster is used for
representation, where dashed lines denote the equilibrium SOD configurations in each case and the ionic displacements are exaggerated for
demonstration purposes. F1, F2, and F3 indicate different pump fluences, while FC is the critical fluence.

by the renormalization of the CDW-derived band at binding
energy ∼0.5 eV (not shown). In Fig. 6, the time-resolved spec-
tral intensity at 0.8 mJ/cm2 (< FC) and 1.7 mJ/cm2 (> FC)
exhibits oscillations that correspond to coherent phonons at
≈ 2.5 THz, indicative of the excitation of the CDW ampli-
tude mode. The persistence of this mode in the metastable
phase suggests that the intrinsic CDW order is maintained
despite optical manipulation. This scenario is further sup-
ported by the 200 fs timescale associated with the transient
dynamics. The pronounced time-periodic modulation of the
photoemission intensity points to mode-selective electron-
phonon coupling [20], in which only the coupled phonon
modes are populated rather than the entire phonon bath. This
further excludes lattice heating as the driving mechanism for
the metastable phase.

Finally, the metastable phase investigated here is distinct
from the previously reported persistent or hidden phases in
1T -TaS2. Its most notable feature is the emergence of a new

FIG. 6. Coherent phonons: (s-polarized probe) (a) Momentum-
integrated spectral intensity as a function of binding energy and
pump-probe delay, strongly modulated by coherent phonon oscilla-
tions. The incident pump fluence is 1.7 mJ/cm2. (b) Evolution of
energy-integrated intensity with time, obtained from (a). (c) Corre-
sponding Fourier transform obtained from (b) after subtracting an
exponential decay function. At fluences below and above FC , the FFT
exhibits an intense peak at 2.5 THz for the CDW amplitude mode.
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band above EF , giving rise to a novel band structure not
observed in earlier studies. Among the proposed scenarios
for the M band, domainlike phase coexistence properties
also differ from prior work [22,34,35]. While Maklar et al.
attributed their hidden phase to an overshoot in ionic dis-
placement producing an inverted CDW geometry [38], we
find no evidence of such inverted patterns. In a related CDW
system 1T -TaSe2[20], formation of a metastable phase above
a critical fluence is linked to mode-selective electron–phonon
coupling, which could be a potential microscopic mechanism
for the metastable phase reported in our work.

IV. CONCLUSION

In summary, we demonstrated optical control of a light-
induced metastable phase in the C-CDW Mott insulator
1T -TaS2 using time-resolved ARPES. By disentangling the
independent dynamics of electronic correlations and CDW or-
der, we show that strong photoexcitation induces a long-lived
metastable phase. The observed band-structure renormal-
ization reflects a relaxed PLD governed by lattice-driven
dynamics, while the emergence of a distinct additional band
plausibly indicates the formation of a novel electronic struc-
ture unique to the coupled electronic and lattice configuration
of the metastable phase. This phase is distinct from thermally
accessible equilibrium phases and can only be achieved via
optical excitation. To reveal precise control of the metastable
phase, we investigated the band renormalization dynamics of
a CDW-derived Ta subband as a function of photoexcitation
density. We identified a critical pump fluence of 1.3 mJ/cm2

required to induce the metastable phase. As fluence increases,
the phase shifts to higher energies with a progressively relaxed
PLD, while the intrinsic CDW amplitude mode remains un-
affected. The light-induced lattice distortion within a 200 fs
timescale critically determines the stability and characteristics
of the metastable phase at each fluence. Our findings offer
key insights into the emergence of metastable quantum phases
and their ultrafast manipulation, paving the way for controlled
optical tuning of correlated electron systems.
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