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C O N D E N S E D  M AT T E R  P H Y S I C S

Ultrafast creation of a light-induced semimetallic state 
in strongly excited 1T-TiSe2
Maximilian Huber1, Yi Lin1,2, Giovanni Marini3,4, Luca Moreschini1, Chris Jozwiak5,  
Aaron Bostwick5, Matteo Calandra3,4,6, Alessandra Lanzara1,7,8*

Screening, a ubiquitous phenomenon associated with the shielding of electric fields by surrounding charges, has 
been widely adopted as a means to modify a material’s properties. While most studies have relied on static chang-
es of screening through doping or gating thus far, here we demonstrate that screening can also drive the onset of 
distinct quantum states on the ultrafast timescale. By using time- and angle-resolved photoemission spectrosco-
py, we show that intense optical excitation can drive 1T-TiSe2, a prototypical charge density wave material, almost 
instantly from a gapped into a semimetallic state. By systematically comparing changes in band structure over 
time and excitation strength with theoretical calculations, we find that the appearance of this state is likely caused 
by a dramatic reduction of the screening length. In summary, this work showcases how optical excitation enables 
the screening-driven design of a nonequilibrium semimetallic phase in TiSe2, possibly providing a general path-
way into highly screened phases in other strongly correlated materials.

INTRODUCTION
Understanding the effect of screening is a prerequisite step for un-
derstanding and manipulating many-body interactions in quantum 
materials in and out of equilibrium. Most previous studies have fo-
cused on manipulating screening properties by tuning the carrier 
density [doping (1–5) or electrostatic gating (6–8)]. More recently, 
sample thickness has been used as another control knob, for in-
stance, in transition metal dichalcogenides, where the reduced di-
mensionality in the monolayer limit leads to reduced screening and 
thus to drastically enhanced exciton binding energies (9). Pho-
todoping is a particularly effective tool to manipulate the electronic 
properties of a material via screening compared to doping with ex-
ternal carriers in equilibrium, as the optical excitation leads to the 
quasi-instantaneous creation of hot electrons and holes simultane-
ously. The photoinduced renormalization of bandgap or many-body 
interactions has been reported in, among others, semiconductors 
(10, 11), superconductors (12–14), and topological insulators (15). 
In extreme cases, such abrupt changes can drive materials into non-
equilibrium phases that cannot be obtained under equilibrium con-
ditions (16–20). The sensitivity of the prototypical charge density wave 
(CDW) material 1T-TiSe2 to electronic interactions (21, 22) makes 
it an ideal system to study the effect of photoinduced screening-
driven states beyond equilibrium. In particular, the strong Coulomb 
repulsion due to the localized nature of the Ti3d orbitals makes the 
theoretical description of TiSe2 intricate even at equilibrium and, as 
a result, (semi)local functionals are not able to accurately describe 
the electronic structure of the normal and CDW state (21). While 
the introduction of the Hubbard U can, in principle, cure this well-
known delocalization error, leading to very accurate electronic 
structures, it fails to reproduce the structural properties and the 

CDW instability (23). On the other hand, the use of the computa-
tionally more expensive hybrid functionals allows us to calculate 
both the electronic structure and phonon spectrum in accordance 
with experimental data (21, 22). Studying TiSe2 under highly out-
of-equilibrium conditions is furthermore of interest in view of the 
recent report of a metastable metallic phase (20) and to shed light 
into one of the ongoing debates in the field, i.e., how its electronic 
structure evolves from the CDW to the normal state (24–29). In this 
regard, angle-resolved photoemission spectroscopy (ARPES) is the 
ideal tool to study screening effects in and out of equilibrium (1, 2, 
30), as the simultaneous momentum and energy resolution allows 
the direct visualization of the evolution of the band structure upon 
photoexcitation as well as the detection of changes of many-body 
interactions (31, 32), information not easily directly accessible through 
other techniques. Our results reveal an ultrafast transition from the 
gapped CDW phase into a semimetallic state, which happens within 
the temporal resolution of our experiment, i.e., in under 55 fs. Care-
ful analysis as a function of excitation density shows that the band 
structure gets increasingly renormalized with increasing pump flu-
ence, with the valence band gradually opening up until it shows an 
almost linear dispersion crossing the Fermi level. With the band 
structure being clearly different than both the equilibrium high- and 
low-temperature state, we use density functional theory (DFT) sim-
ulations to show a remarkable similarity between the experimental 
data and calculated quasiparticle band structures for the CDW state 
with screened electron-electron interactions and substantially re-
duced lattice order. In summary, this work demonstrates how in-
tense laser pulses can drive nonequilibrium states of matter where 
electron-electron and possibly electron-lattice interactions are high-
ly suppressed.

RESULTS
Figure 1 shows the evolution of the electronic band structure of the 
CDW phase following an optical excitation by a near-infrared pump 
pulse of 1.6 eV (780 nm). Data are taken with a probe energy of 
22.3 eV. See Methods for more details of the extreme-ultraviolet 
(XUV) time-resolved (tr)–ARPES experiment and setup. Figure 1A 
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shows the experimental equilibrium quasiparticle band structure 
measured at 80 K, i.e., below the CDW transition temperature 
[TCDW ~200 K (33)], in the kz plane close to the A-​L direction (24, 
34, 35) in the bulk Brillouin zone (BZ) notation. The onset of the 
CDW state in TiSe2 is accompanied by a periodic lattice distortion 
(PLD), which leads to a doubling of the unit cell size into a 
(2 × 2 × 2) superstructure (i.e., a folding of the BZ) from the typical 
(1 × 1 × 1) structure in the normal state (24, 33). As a consequence 
of CDW/PLD formation, the Se4p valence band from the A point 
gets folded onto the L point (Se4p* band), where a gap between the 
Se4p* band and the Ti3d conduction band opens up. The high mo-
mentum and energy resolution of this experiment allow us to 
directly visualize those spectral fingerprints of the CDW state. Fur-
thermore, the spin-orbit splitting of the valence band (Se4p-1 and 
Se4p-2) is clearly resolved. The experimental band structure of the 
CDW state is, overall, in very good agreement with our band struc-
ture calculations and previous reports (25, 27, 34). At room tem-
perature (Fig. 1B), i.e., above the CDW transition temperature, the 
folded band at L disappears almost completely, and the valence band 
at A shifts slightly upward (by ~50 meV), still leaving an ~80-meV 
indirect gap between the valence and conduction band, in accor-
dance with previous reports (24, 34, 36, 37). Figure 1 (C and D) 
shows the evolution of the CDW state following pump excitation, in 
the weakly and strongly excited regimes, respectively. In the weakly 
excited regime (Fig. 1C), we observe a reduction of the intensity of 
the backfolded band, a slight decrease of the CDW gap, and the 
occupation of the Ti3d band by hot electrons, in line with previous 
reports (27, 37–39). Unexpectedly, when the system is excited with 
stronger laser pulses (Fig. 1D), a completely different feature appears 

at the A point. The valence band opens up with its dispersion chang-
ing drastically from the parabolic to a linearly dispersive band shape, 
which extends all the way above the Fermi level. Previous trARPES 
studies (20, 27, 39–42) have not reported such a state, nor have equi-
librium experiments at a high temperature or with doping (24, 25). 
To further visualize the light-induced dispersion changes, in Fig. 1 
(E to H), we show the momentum distribution curves (MDCs) 
(curves at constant energy as a function of momentum) with focus 
on the valence band at the A point. Weak excitation or raising the 
temperature in equilibrium (compare Fig. 1, F and G, with Fig. 1E) 
induces a small upshift of the Se4p bands and slightly affects the ef-
fective mass in comparison to the CDW equilibrium phase in 
Fig. 1E. Despite the minor changes, the overall shape of the band 
remains parabolic in both cases, with the maximum below the Fer-
mi level. For further details on the low-excitation regime, we refer to 
our previous work (37, 38), where we have extensively studied pho-
toinduced changes of both the dispersion and bandgap. In drastic 
contrast, in the strong excitation regime, the low-temperature spec-
trum is remarkably different from the equilibrium low- and high-
temperature spectra (compare Fig. 1, E to H). Specifically, the data 
show the opening of the Se4p-1 band with consequent crossing of the 
Fermi level and an evolution from a parabolic to an almost linear 
dispersion.

After showing the existence of a light-induced semimetallic state 
after strong excitation, we want to turn the attention to the ultrafast 
timescale on which it emerges. Figure 1I shows the two-dimensional 
image plot of the excited states above the Fermi level taken with very 
high statistics. The excellent energy resolution allows us to resolve, 
in addition to the linear excited state, the two Se4p–1 and Se4p−2 replica 

Fig. 1. Overview of the electronic band structure of TiSe2 in equilibrium and after excitation. (A and B) ARPES spectra of the L and A point in equilibrium at 80 K 
(A) and at room temperature (B), respectively. (C and D) ARPES spectra after excitation with 780-nm pump pulses with 20 μJ/cm2 (C) and 160 μJ/cm2 (L point) and 200 μJ/cm2 
(A point) (D), respectively, after 80 fs. Spectra at L and A points are normalized independently. For clarity, excited states in (C) and (D) are shown with higher intensity and 
after subtraction of an exponential background above the Fermi level. The Fermi level is indicated by the dashed black line. (E to H) Stacked MDCs taken between −0.36 
and 0 eV with focus on the A point corresponding to spectra in (A) to (D). Band dispersion is schematically shown as a guide to the eye by the dashed blue lines. The region 
from which MDCs are extracted is shown in (A) by the white shaded area. (I) APRES image plot at the A point after excitation with 180 μJ/cm2 around 0 fs. Bands due to the 
LAPE effect are marked in orange. For clarity, an exponential background was subtracted. (J) Dynamics of LAPE (orange) and excited carriers (red) after excitation with 
180 μJ/cm2. Integration regions are indicated in (I). Solid lines are fits to the data points (Gaussian function for the LAPE, exponential decay for excited carriers).
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bands due to the laser-assisted photoelectric effect (LAPE, indicated 
by orange lines). The LAPE effect is a dressing of the photoemitted 
electron with the pump laser field (43), and, hence, it can only occur 
within the temporal width of the pump pulse. Therefore, its coexis-
tence with the semimetallic state suggests that the transition into 
this regime happens almost instantly after excitation within the tem-
poral resolution of the experiment. Figure 1J reports the dynamics 
of the excited carriers above the A point (integration region shown 
by the red box in Fig. 1I). The orange curve shows the dynamics of 
the LAPE effect, which, as mentioned above, by its own nature oc-
curs at t = 0 and is thus often used in pump and probe ARPES ex-
periments as reference for the temporal overlap. Fitting the curve 
with a Gaussian gives a full width at half maximum of 55 ± 7 fs  , 
which indicates the temporal resolution of the experiment. In con-
trast to the LAPE effect, the excited carrier population (red) reaches 
its maximum shortly after excitation at approximately t = 60 fs, in-
dicating that the observed semimetallic state is not an intrinsic effect 
due to the photoemission process. By fitting the data with an expo-
nential function, convoluted with a Gaussian (to account for the ex-
perimental time resolution), we extract a decay time of 210 ± 17 fs. 
This fast decay of excited carriers is a further sign of a light-induced 
metallization of the sample and indicates that there are no larger 
gaps. In the presence of a pronounced gap, we would expect to ob-
serve a bottleneck in the carrier relaxation as it is the case for other 
gapped systems (44, 45).

Having shown the ultrafast and intrinsic nature of the optically 
driven semimetallic state, we now proceed to a quantitative study of 
its evolution as a function of time (Fig. 2) and pump fluence (Fig. 3). 
To compensate for rigid energy shifts, for instance, due to space 

charge effects, all spectra that are analyzed in the following are 
aligned in energy with respect to the side of the Se4p-1 valence bands 
(see note S1 for more details). Figure 2 (A to D) shows the ARPES 
spectra for different delay times, where the transition from the 
gapped into the semimetallic state can be clearly followed. Because 
of the finite width of the laser pulses, carriers get excited even before 
the maximum of pump and probe pulse overlap at t = 0 fs. Already 
at very early delay times (−30 fs), we can observe excited carriers 
that populate a seemingly linearly dispersing band above the Fermi 
level. A closer look reveals that there is a discontinuity between the 
dispersion of the bands populated by hot electrons above the Fermi 
level and the valence band below, whereas at later times (t = 40 fs; 
Fig. 2C), both bands are connected. To analyze these subtle differ-
ences in more detail, in Fig.  2 (E and F), we plot stacked MDCs, 
corresponding to the spectra shown in Fig. 2 (B and C, respectively). 
To compensate for the large intensity difference of states above and 
below EF, we normalized each MDC slice individually to the same 
height. At −30 fs (Fig. 2E), one can clearly identify a region of about 
~200 meV marked in gray where the MDC peaks do not disperse. 
The presence of nondispersive MDCs in ARPES spectra hints to-
ward an energy gap (46, 47), where, in this particular case, the per-
sistence of peaks in the gap region is caused by broadening effects 
due to the highly out-of-equilibrium nature of the experiment and 
the large intensity difference between the original valence band and 
states above the Fermi level only populated by excited carriers. In 
contrast, at a slightly later delay time (Fig. 2F), the MDC peaks show 
a seemingly linear trend over the entire energy range, indicating an 
almost continuous, linearly dispersing band with no or only a small 
gap. To better understand the opening dynamics of the valence 

Fig. 2. Time dependence. (A to D) ARPES image plots at delay values of −265 fs (A), −30 fs (B), 40 fs (C), and 580 fs (D) after excitation with 180 μJ/cm2. All spectra were 
aligned in energy to the side of the Se4p-1 band at −0.12 Å−1. For better clarity, the shown plots are averaged over 66 fs (i.e., two delay values). (E and F) Stacked MDCs 
corresponding to the spectra in (B) and (C), respectively. For clarity, each MDC slice is normalized to the same height. The energy region in which the band is less dispersive 
is indicated by the gray lines. (G and H) MDCs at different delay values integrated around −0.18 eV (G) and −0.42 eV (H), respectively. Integration regions are schemati-
cally shown in (A). For enhanced clarity, the MDCs were averaged over 66 fs. (I) Extracted dispersion of the Se4p-1 band for different delays with focus on below EF. Solid 
lines are linear fits to the data points. (J) Dynamical behavior of the slope extracted from linear fits to the valence band dispersion.
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band, in Fig. 2 (G and H), we show the MDC spectra near the top of 
the valence band around −0.18 eV and at lower energy −0.42 eV. The 
spectra are integrated over an energy window of 20 meV. Note again 
that to analyze changes in the band dispersion free of rigid band 
shifts, the spectra were aligned in energy before extracting the 
MDCs (note S1). In the vicinity of the Fermi level (Fig. 2G), the 
MDC peaks show a pronounced shift away from the A point, with 
the maximum shift observed at around t = 0 fs (thick blue line). In 
contrast, the MDCs at lower binding energies (Fig. 2H) barely show 
any shift, suggesting that the changes in the proximity of the Fermi 
level are in fact due to an opening of the Se4p-1 band, eventually lead-
ing to the almost linear dispersion relation almost instantly after 
excitation. To quantify those changes, in Fig. 2I, we show the Se4p-1 
dispersion extracted from standard Lorentzian fitting (31, 32) of the 
MDC spectra of the upper part of the valence band (see note S2). We 
note that as shown in Fig. 1, the band structures between equilibri-
um and semimetallic state are drastically different. While energy 
distribution curves are better in capturing the parabolic shape in 
equilibrium, MDCs are better suited to describe the dispersion of 
the linear bands of the semimetallic state. As we are interested in the 
timescale of the transformation into the semimetallic state, we 
hence consistently extract the dispersion for all delay values using 
MDCs. The timescale associated with the valence band opening is 
shown in Fig. 2J, where the change of the band velocity (slope) ob-
tained through a linear fitting of the top of the valence band is 
shown as a function of delay time (fits for selected delay times are 
shown in solid lines Fig. 2I). The maximum change occurs around 
t = 0 fs and is followed by a slow recovery. Within 600 fs, the slope 

has still not fully recovered back to its equilibrium value, which is in 
contrast to the excited carriers that decay back to equilibrium within 
a short timescale (Fig. 1J). Further discussion on the possible origin 
of this slow recovery is presented later.

After having shown the light-induced ultrafast temporal evolu-
tion from the gapped CDW into the semimetallic state, we now pro-
ceed to analyze the transition as a function of fluence. Figure 3A 
shows ARPES image plots at a delay of 85 fs for different excitation 
densities. At lower fluences, the valence band shows the standard 
parabolic dispersion, typical of the CDW phase. As the excitation 
density increases, the Se4p-1 band opens up, and a linear dispersion 
relation develops, which, as discussed above, signals the onset of a 
semimetallic phase. To quantify the photoinduced changes, we plot 
the ratio of the integrated intensity at the center of the A point with 
respect to the equilibrium value as a function of fluence (Fig. 3B). 
The integration region is shown by the red box in Fig. 3A. After a 
fast initial decrease for low-excitation densities, the quench of the 
intensity starts to saturate at higher fluences, which might be caused 
by a saturation of the optical absorption (48). As multiple factors 
like band depopulation or band renormalization can cause the ob-
served decrease of intensity, we report the fluence dependence of the 
Se4p-1 band velocity as a more direct measure of the opening of the 
valence band in Fig. 3C. The velocity (slope) is extracted in the same 
way as discussed in the previous figure (Fig. 2). The trend can be 
described by an exponential function, with a fast increase of the 
slope at low fluences followed by a slowing down at higher fluences. 
For a more detailed analysis, in Fig. 3 (D to F), we again plot nor-
malized stacked MDCs in the same way as in Fig. 2 (E and F) for 

Fig. 3. Fluence dependence. (A) ARPES plot at a delay of 85 fs after excitation with various fluences. (B) Integrated intensity at the A point. Integration region is shown by 
the red box in (A). (C) Extracted slope of the fitted Se4p-1 dispersion for different fluence values. (D to F) Stacked normalized MDCs for different fluences. For better signal-
to-noise ratio, the shown MDCs are taken from spectra averaged over two fluence values, i.e., over a window of 80 μJ/cm2 after correcting for band shifts. The region in 
which the band is less dispersive is indicated in gray. (G) Extracted dispersion of the Se4p-1 band extracted from MDCs shown in (D) to (F).
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different fluences. By fitting the MDCs with the standard Lorentzian 
fitting method (see note S2) (31, 32), we extract the Se4p-1 dispersion 
shown in Fig. 3G. Similar to the data point at very early delay time 
(Fig. 2A), for weak excitation density, we can identify a large region 
around the Fermi level where the MDC peaks do not disperse, indi-
cating a pronounced gap. With increasing fluence, one can observe 
how this region gradually becomes more dispersive until finally at 
high fluences the band above and below merge into one continuous 
band. For the highest fluence studied (280 μJ/cm2), we estimate an 
indirect band overlap between the bottom of the Ti3d conduction 
band at the L point and the top of the valence band at the A point of 
about ~350 meV (see note S3). This value is drastically different 
from that reported in previous equilibrium studies at room temper-
ature, where usually an indirect gap of ~75 meV (24, 34, 36) is ob-
served and further highlights the nonequilibrium nature of the 
light-induced semimetallic state.

In summary, the data shown so far unambiguously prove the ex-
istence of a linearly dispersing, photoinduced semimetallic state in 
TiSe2, which, to the best of our knowledge, has not been observed so 
far. This might be the result of photoemission matrix element effects 
due to the use of different polarizations (39) or photon energies (20, 
27, 40–42) of the probe beam in previous work. As shown in note S4, 
the visibility of the Se4p-1 band forming the semimetallic state is 
strongly dependent on the polarization of the probe beam. More-
over, we find that extrinsic factors such as sample and cleave quality 
tend to strongly suppress the intensity of the Se4p-1 band. The light-
induced semimetallic state is remarkably different from both the 
equilibrium low- and high-temperature state [Fig. 1, A and B; (24, 
34, 36)]. Even increasing the temperature far above room tempera-
ture (note S5) or heavy doping (25, 49–52) does not show the drastic 
renormalization of the valence band observed in this work. Since 
photon energies and polarization are easily tunable in synchrotron 
experiments, and the resolution is generally higher than for XUV 
tr-ARPES experiments, we take this as further support of the non-
equilibrium nature of the light-induced semimetallic state. Fig-
ure 1D seems to suggest that there is a regime in which the band 
structure can become semimetallic, while there is still a finite PLD 
(indicated by residual intensity of the folded Se4p* band), a scenario 

that is impossible for both a Peierls and an excitonic insulator–driv-
en CDW phase under equilibrium conditions (26, 53).

To get a better insight into the origin of this light-induced semi-
metallic state, we perform first-principles DFT calculations. Femto-
seconds after laser irradiation, we expect a substantial enhancement 
of the electronic screening of the Coulomb interaction due to the 
higher density of nonequilibrium free electronic carriers. To quali-
tatively capture this effect in TiSe2, we describe the electronic prop-
erties of both the normal and CDW phases within the DFT  + U 
formulation (23, 54). Within the DFT + U approach, an enhanced 
screening due to free carriers naturally leads to an effective renormal-
ization of the Hubbard U value (55–57), which represents the short-
range Coulomb repulsion. Besides screening of electron-electron 
interactions, diffraction experiments also indicate a fast suppression 
of PLD order after optical excitation (41, 58). Thus, to qualitatively 
understand the nonequilibrium behavior of photoexcited TiSe2, we 
systematically vary the strength of lattice distortion and electron-
electron interactions. This is shown in Fig. 4, where the electronic 
band structure for U = 3.5 eV (the equilibrium U value) and U = 2.5 eV 
(the reduced U value) are compared (see note S6 for further techni-
cal details on the theoretical spectra). As the system is initially found 
in the CDW phase, we start by analyzing the electronic structure of 
the CDW phase unfolded onto the Brillouin zone of the TiSe2 nor-
mal phase in Fig. 4A, where the main features are consistent with the 
present experiment (compare to Fig.  1A) and previous literature 
(23). In the top row (Fig. 4, A to C), we show the evolution of the 
band structure with decreasing PLD, which resembles the equilib-
rium phase transition with increasing temperature as studied in lit-
erature. The main changes at the A point are an upward shift of the 
valence band with respect to the CDW state (Fig. 4A) accompanied 
by a simultaneous downshift of the hole-like band (α) above the 
Fermi level, where both bands eventually merge into each other into 
a semimetallic band structure in the normal state with no PLD. At 
the L point, the main change is the disappearance of the backfolded 
Se band and the closure of the CDW gap. In the bottom row, we 
consider the effect of the enhanced screening (reduced U value) on 
the spectra. These calculations model the (possible) partial nonther-
mal melting of the charge-density wave order. For all lattice orders, 

Fig. 4. DFT+ U calculations. calculated single- particle band structures for different lattice distortions and Hubbard U terms. Upper row (A to C) shows the band 
structure as a function of Pld for U = 3.5ev, bottom row (D to F) shows the band structure as a function of Pld for U = 2.5ev. 
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we observe substantially modified quasiparticle dispersion, with im-
portant effects on the spectral intensity of both the valence and con-
duction bands in proximity of the A point of the BZ. In particular, in 
the CDW state with decreased U, the top of the Se4p-1 valence band, 
originally parabolic, becomes flatter and loses intensity (see green 
arrow), while the hole-like α band above the Fermi level acquires 
additional spectral weight. At the same time, the Se4p-1 band shifts 
upward, and the CDW gap at the L point becomes smaller. More-
over, the decrease in U causes the α band to disperse across a larger 
energy region (with the top of the band now lying around 300 meV 
above EF) while still remaining clearly separated from the valence 
band by a gap >200 meV. With decreasing PLD (Fig. 4E), the gap at 
the A point progressively vanishes, and the upper valence band 
reaches the Fermi level, together with a further decrease of the in-
tensity of the top of the Se band at the A point (green arrow). An 
interesting point is that while for the CDW state with unperturbed 
lattice, the system remains semiconducting both with full and re-
duced Hubbard U (Fig.  4, A and D), for 50% PLD, a decrease in 
Hubbard U changes the electronic properties from semiconductor 
(Fig. 4B) to semimetal (Fig. 4E). Last, for the normal state with de-
creased U, where the PLD is fully quenched into the normal 
1 × 1 × 1 lattice order (Fig. 4F), we observe the merging of the hole-
like feature above the Fermi level (α) with the valence band below, 
following the full opening of the valence band as well as a sharpen-
ing of the top. Here, the overlap between valence band at A and con-
duction band at L is drastically enhanced compared to the normal 
state with U = 3.5 eV (Fig. 4C). To better visualize the changes in 
band structure, in Fig. 4G, we plot the calculated Se4p-1 valence band 
dispersion for different scenarios on top of each other and aligned in 
energy to the side of the band, identical to the alignment of our ex-
perimental data in Figs. 2 and 3. The comparison highlights how in 
the CDW state a change in U only leads to a flattening of the band, 
whereas a decrease in PLD is necessary to cause an opening of the 
top of the Se band.

Comparing these calculations with the experimental results, we 
find an excellent agreement between the band structures with re-
duced Hubbard U (Fig. 4, D to F) and the ARPES spectra taken after 
optical excitation. For very early delays (−30 fs; Fig. 2, B and E) and 
in the intermediate- to low-fluence regime (Fig. 3, D and E), we ob-
serve states where the top of the Se4p-1 valence band partially opens 
up, while excited carriers populate a linearly dispersing band above 
the Fermi level, with both bands being separated by a large energy 
gap on the order of ~200 meV. These spectra resemble the calculated 
band structures with enhanced Coulomb screening (reduced U) and 
slightly reduced PLD (Fig. 4, D and E). With increasing fluence, this 
gap closes, and we observe the opening of the parabolic valence 
band and its evolution into a linearly dispersing band with a maxi-
mum far above the Fermi level at the A point. This is similar to the 
calculated evolution of the band structure with decreasing PLD into 
the normal state with reduced U in Fig. 4 (E and F). We also note 
that other general features of the calculations like the extension of 
the conduction band from the L point into the electron pocket at the 
A point (labeled β in Fig. 4) are reproduced as well (Fig. 1I). The 
excellent agreement of the calculated band structures with reduced 
U and our experimental data suggest that the observed semimetallic 
states are driven by screening effects. This is further supported by 
the ultrafast timescale on which the semimetallic state appears 
(Fig. 1, I and J and Fig. 2) and the correspondence of the opening 
dynamics with the build-up time of the excited carriers (compare 

Fig. 2J with Fig. 1J). In this context, the slow recovery of the slope 
shown in Fig.  2J, contrasting the fast decay of excited carriers 
(Fig. 1J), might seem somewhat unususal. Our calculations can ac-
count for this trend under the hypothesis in which the system re-
laxes from the normal state with reduced U into a state that is more 
similar to the equilibrium normal state (i.e., with U ~ 3.5 eV) after 
600 fs (59). This could eventually be also compatible with the light-
induced metastable state recently reported in (20), for which life-
times longer than several picoseconds were observed.

We finally want to emphasize that according to the calculations 
for the opening of the top valence band, a quench of PLD order is 
necessary (Fig. 4G), and for a complete transition into the semime-
tallic state as observed in the high-fluence regime, the lattice needs 
to transition completely into the normal state order. Since ARPES is 
only directly sensitive to the electronic order, it is ambiguous wheth-
er there is actually a quench of the PLD on such a fast timescale or if 
the semimetallic state is observed because the electronic subsystem 
becomes decoupled from the lattice order due to the strong optical 
excitation. Indications of the electronic order reacting faster to opti-
cal excitation have been observed in multiple experiments (60–62); 
in particular, for the case of TiSe2, it has been reported that at very 
low temperatures, lattice order can persist while the electronic order 
is fully quenched (28). In addition, recent work has shown that opti-
cal excitation leads to a weakening of the electron-phonon coupling 
strength (63, 64) in TiSe2.

DISCUSSION
In conclusion, we have shown how intense light pulses can modify 
the band structure of TiSe2 almost instantly via screening, transi-
tioning it into a nonequilibrium semimetallic state. This result em-
phasizes how optical excitation can be used as a knob to tune 
electron-electron and electron-lattice interactions in solids while 
driving phases with drastically different properties unreachable in 
equilibrium.

METHODS
tr-ARPES measurements were conducted at the Lawrence-Berkeley 
National Laboratory with 22.3-eV XUV femtosecond pulses. Photo-
electrons are detected with a hemispherical electron analyzer 
(Scienta R4000). The light source is a cryo-cooled regenerative am-
plifier (KMLabs Wyvern 500) seeded by the output of a homebuilt, 
76-MHz Ti:sapphire oscillator, which is pumped by 4.5 W from a 
green solid-state laser (Lighthouse Photonics Sprout). The amplifier 
stage, in turn, is pumped by two green, nanosecond-pulsed Nd:YVO4 
lasers (Photonics Industries DS20HE). The XUV is created after sec-
ond harmonic generation by tightly focusing 390-nm pulses into 
Kr gas. A detailed description of the setup can be found in (65). For 
the experiment, a pump wavelength of 780 nm with a repetition rate 
of 25 kHz was used with a total energy resolution of ~75 meV and a 
temporal resolution of about 55 fs.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S7
References

D
ow

nloaded from
 https://w

w
w

.science.org on M
ay 13, 2024



Huber et al., Sci. Adv. 10, eadl4481 (2024)     10 May 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

7 of 8

REFERENCES AND NOTES
	 1.	D . A. Siegel, C. H. Park, C. Hwang, J. Deslippe, A. V. Fedorov, S. G. Louie, A. Lanzara, 

Many-body interactions in quasi-freestanding graphene. Proc. Natl. Acad. Sci. U.S.A. 108, 
11365–11369 (2011).

	 2.	D . A. Siegel, W. Regan, A. V. Fedorov, A. Zettl, A. Lanzara, Charge-carrier screening in 
single-layer graphene. Phys. Rev. Lett. 110, 146802 (2013).

	 3.	 K.-F. Berggren, B. E. Sernelius, Band-gap narrowing in heavily doped many-valley 
semiconductors. Phys. Rev. B 24, 1971–1986 (1981).

	 4.	 A. C. Riis-Jensen, J. Lu, K. S. Thygesen, Electrically controlled dielectric band gap 
engineering in a two-dimensional semiconductor. Phys. Rev. B 101, 121110 (2020).

	 5.	 Z. R. Ye, Y. Zhang, F. Chen, M. Xu, J. Jiang, X. H. Niu, C. H. Wen, L. Y. Xing, X. C. Wang,  
C. Q. Jin, B. P. Xie, D. L. Feng, Extraordinary doping effects on quasiparticle scattering and 
bandwidth in iron-based superconductors. Phys. Rev. X 4, 031041 (2014).

	 6.	N . Dale, R. Mori, M. I. B. Utama, J. D. Denlinger, C. Stansbury, C. G. Fatuzzo, S. Zhao, K. Lee, 
T. Taniguchi, K. Watanabe, C. Jozwiak, A. Bostwick, E. Rotenberg, R. J. Koch, F. Wang,  
A. Lanzara, Correlation-driven electron-hole asymmetry in graphene field effect devices. 
npj Quantum Mater. 7, 9 (2022).

	 7.	D . K. Efetov, P. Kim, Controlling electron-phonon interactions in graphene at ultrahigh 
carrier densities. Phys. Rev. Lett. 105, 256805 (2010).

	 8.	D . C. Elias, R. V. Gorbachev, A. S. Mayorov, S. V. Morozov, A. A. Zhukov, P. Blake,  
L. A. Ponomarenko, I. V. Grigorieva, K. S. Novoselov, F. Guinea, A. K. Geim, Dirac cones 
reshaped by interaction effects in suspended graphene. Nat. Phys. 7, 701–704 (2011).

	 9.	 M. M. Ugeda, A. J. Bradley, S. F. Shi, F. H. D. Jornada, Y. Zhang, D. Y. Qiu, W. Ruan, S. K. Mo,  
Z. Hussain, Z. X. Shen, F. Wang, S. G. Louie, M. F. Crommie, Giant bandgap renormalization 
and excitonic effects in a monolayer transition metal dichalcogenide semiconductor. Nat. 
Mater. 13, 1091–1095 (2014).

	 10.	 M. Puppin, C. W. Nicholson, C. Monney, Y. Deng, R. P. Xian, J. Feldl, S. Dong, A. Dominguez, 
H. Hübener, A. Rubio, M. Wolf, L. Rettig, R. Ernstorfer, Excited-state band structure 
mapping. Phys. Rev. B 105, 75417 (2022).

	 11.	 Y. Lin, Y. H. Chan, W. Lee, L. S. Lu, Z. Li, W. H. Chang, C. K. Shih, R. A. Kaindl, S. G. Louie,  
A. Lanzara, Exciton-driven renormalization of quasiparticle band structure in monolayer 
MoS2. Phys. Rev. B 106, L081117 (2022).

	 12.	C . L. Smallwood, J. P. Hinton, C. Jozwiak, W. Zhang, J. D. Koralek, H. Eisaki, D. H. Lee,  
J. Orenstein, A. Lanzara, Tracking Cooper pairs in a cuprate superconductor by ultrafast 
angle-resolved photoemission. Science 336, 1137–1139 (2012).

	 13.	C . L. Smallwood, W. Zhang, T. L. Miller, C. Jozwiak, H. Eisaki, D. H. Lee, A. Lanzara, 
Time- and momentum-resolved gap dynamics in Bi2Sr2CaCu2O8+δ. Phys. Rev. B 89, 1–8 
(2014).

	 14.	 W. Zhang, C. Hwang, C. L. Smallwood, T. L. Miller, G. Affeldt, K. Kurashima, C. Jozwiak,  
H. Eisaki, T. Adachi, Y. Koike, D. H. Lee, A. Lanzara, Ultrafast quenching of electron- boson 
interaction and superconducting gap in a cuprate superconductor. Nat. Commun. 5, 1–6 
(2014).

	 15.	 S. T. Ciocys, A. Lanzara, Ultrafast enhancement of electron-phonon coupling via dynamic 
quantum well states. Commun. Mater. 4, 7 (2023).

	 16.	 A. D. L. Torre, D. M. Kennes, M. Claassen, S. Gerber, J. W. McIver, M. A. Sentef, Colloquium: 
Nonthermal pathways to ultrafast control in quantum materials. Rev. Mod. Phys. 93, 
041002 (2021).

	 17.	L . Stojchevska, I. Vaskivskyi, T. Mertelj, P. Kusar, D. Svetin, S. Brazovskii, D. Mihailovic, 
Ultrafast switching to a stable hidden quantum state in an electronic crystal. Science 344, 
177–180 (2014).

	 18.	 A. Kogar, A. Zong, P. E. Dolgirev, X. Shen, J. Straquadine, Y. Q. Bie, X. Wang, T. Rohwer,  
I. C. Tung, Y. Yang, R. Li, J. Yang, S. Weathersby, S. Park, M. E. Kozina, E. J. Sie, H. Wen,  
P. Jarillo-Herrero, I. R. Fisher, X. Wang, N. Gedik, Light-induced charge density wave in 
LaTe3. Nat. Phys. 16, 159–163 (2020).

	 19.	D . Fausti, R. I. Tobey, N. Dean, S. Kaiser, A. Dienst, M. C. Hoffmann, S. Pyon, T. Takayama,  
H. Takagi, A. Cavalleri, Light-induced superconductivity in a stripe-ordered cuprate. 
Science 331, 189–191 (2011).

	 20.	 S. Duan, W. Xia, C. Huang, S. Wang, L. Gu, H. Liu, D. Xiang, D. Qian, Y. Guo, W. Zhang, 
Ultrafast switching from the charge density wave phase to a metastable metallic state in 
1T−TiSe2. Phys. Rev. Lett. 130, 226501 (2023).

	 21.	 M. Hellgren, J. Baima, R. Bianco, M. Calandra, F. Mauri, L. Wirtz, Critical role of the 
exchange interaction for the electronic structure and charge-density-wave formation in 
TiSe2. Phys. Rev. Lett. 119, 1–6 (2017).

	 22.	 M. Hellgren, L. Baguet, M. Calandra, F. Mauri, L. Wirtz, Electronic structure of TiSe2 from a 
quasi-self-consistent G0W0 approach. Phys. Rev. B 103, 75101 (2021).

	 23.	 R. Bianco, M. Calandra, F. Mauri, Electronic and vibrational properties of TiSe2 in the 
charge-density-wave phase from first principles. Phys. Rev. B 92, 1–19 (2015).

	 24.	 K. Rossnagel, L. Kipp, M. Skibowski, Charge-density-wave phase transition in1T−TiSe2: 
Excitonic insulator versus band-type Jahn-Teller mechanism. Phys. Rev. B 65, 1–7  
(2002).

	 25.	 K. Rossnagel, Suppression and emergence of charge-density waves at the surfaces of 
layered 1T-TiSe2 and 1T-TaS2 by in situ Rb deposition. New J. Phys. 12, 125018 (2010).

	 26.	 K. Rossnagel, On the origin of charge-density waves in select layered transition-metal 
dichalcogenides. J. Phys. Condens. Matter 23, 213001 (2011).

	 27.	T . Rohwer, S. Hellmann, M. Wiesenmayer, C. Sohrt, A. Stange, B. Slomski, A. Carr, Y. Liu,  
L. M. Avila, M. Kallasignne, S. Mathias, L. Kipp, K. Rossnagel, M. Bauer, Collapse of 
long-range charge order tracked by time-resolved photoemission at high momenta. 
Nature 471, 490–493 (2011).

	 28.	 M. Porer, U. Leierseder, Non-thermal separation of electronic and structural orders in a 
persisting charge density wave. Nat. Mater. 13, 857–861 (2014).

	 29.	 A. Wegner, J. Zhao, J. Li, J. Yang, A. A. Anikin, G. Karapetrov, D. Louca, U. Chatterjee, 
Evidence for breathing-type pseudo Jahn-Teller distortions in the charge density wave 
phase of 1t−TiSe2. Phys. Rev. B 101, 195145 (2020).

	 30.	 G. Gatti, A. Crepaldi, M. Puppin, N. Tancogne-Dejean, L. Xian, U. D. Giovannini, S. Roth,  
S. Polishchuk, P. Bugnon, A. Magrez, H. Berger, F. Frassetto, L. Poletto, L. Moreschini,  
S. Moser, A. Bostwick, E. Rotenberg, A. Rubio, M. Chergui, M. Grioni, Light-induced 
renormalization of the dirac quasiparticles in the nodal-line semimetal ZrSiSe. Phys. Rev. 
Lett. 125, 076401 (2020).

	 31.	 A. Damascelli, Z. Hussain, Z. X. Shen, Angle-resolved photoemission studies of the 
cuprate superconductors. Rev. Mod. Phys. 75, 473–541 (2003).

	 32.	 H. Iwasawa, High-resolution angle-resolved photoemission spectroscopy and 
microscopy. Electron. Struct. 2, 043001 (2020).

	 33.	 F. J. Di Salvo, D. E. Moncton, J. V. Waszczak, Electronic properties and superlattice 
formation in the semimetal TiSe2. Phys. Rev. B 14, 4321–4328 (1976).

	 34.	 M. D. Watson, O. J. Clark, F. Mazzola, I. Markovic, V. Sunko, T. K. Kim, K. Rossnagel,  
P. D. King, Orbital- and kz-selective hybridization of Se 4p and Ti 3d states in the charge 
density wave phase of TiSe2. Phys. Rev. Lett. 122, 1–6 (2019).

	 35.	 P. Chen, Y. H. Chan, X. Y. Fang, S. K. Mo, Z. Hussain, A. V. Fedorov, M. Y. Chou, T. C. Chiang, 
Hidden order and dimensional crossover of the charge density waves in TiSe2. Sci. Rep. 6, 
37910 (2016).

	 36.	C . Monney, E. F. Schwier, M. G. Garnier, N. Mariotti, C. Didiot, H. Beck, P. Aebi, H. Cercellier, 
J. Marcus, C. Battaglia, H. Berger, A. N. Titov, Temperature-dependent photoemission 
on1T-TiSe2: Interpretation within the exciton condensate phase model. Phys. Rev. B 81, 
1–9 (2010).

	 37.	 M. Huber, Y. Lin, N. Dale, R. Sailus, S. Tongay, R. A. Kaindl, A. Lanzara, Revealing the order 
parameter dynamics of 1T-​TiSe2 following optical excitation. Sci. Rep. 12, 15860  
(2022).

	 38.	 M. Huber, Y. Lin, N. Dale, R. Sailus, S. Tongay, R. A. Kaindl, A. Lanzara, Mapping the 
dispersion of the occupied and unoccupied band structure in photoexcited 1T-TiSe2.  
J. Phys. Chem. Solid 168, 110740 (2022).

	 39.	 S. Mathias, S. Eich, J. Urbancic, S. Michael, A. V. Carr, S. Emmerich, A. Stange,  
T. Popmintchev, T. Rohwer, M. Wiesenmayer, A. Ruffing, S. Jakobs, S. Hellmann, P. Matyba, 
C. Chen, L. Kipp, M. Bauer, H. C. Kapteyn, H. C. Schneider, K. Rossnagel, M. M. Murnane,  
M. Aeschlimann, Self-amplified photo-induced gap quenching in a correlated electron 
material. Nat. Commun. 7, 1–8 (2016).

	 40.	 S. Hellmann, T. Rohwer, M. Kallane, K. Hanff, C. Sohrt, A. Stange, A. Carr, M. M. Murnane,  
H. C. Kapteyn, L. Kipp, M. Bauer, K. Rossnagel, Time-domain classification of charge-
density-wave insulators. Nat. Commun. 3, 1069 (2012).

	 41.	 S. Duan, Y. Cheng, W. Xia, Y. Yang, C. Xu, F. Qi, C. Huang, T. Tang, Y. Guo, W. Luo, D. Qian,  
D. Xiang, J. Zhang, W. Zhang, Optical manipulation of electronic dimensionality in a 
quantum material. Nature 595, 239–244 (2021).

	 42.	 H. Hedayat, C. J. Sayers, D. Bugini, C. Dallera, D. Wolverson, T. Batten, S. Karbassi,  
S. Friedemann, G. Cerullo, J. van Wezel, S. R. Clark, E. Carpene, E. Da Como, Excitonic and 
lattice contributions to the charge density wave in 1T−TiSe2 revealed by a phonon 
bottleneck. Phys. Rev. Res. 1, 1–11 (2019).

	 43.	 G. Saathoff, L. Miaja-Avila, M. Aeschlimann, M. M. Murnane, H. C. Kapteyn, Laser-assisted 
photoemission from surfaces. Phys. Rev. A 77, 113604 (2008).

	 44.	C . L. Smallwood, W. Zhang, T. L. Miller, G. Affeldt, K. Kurashima, C. Jozwiak, T. Noji, Y. Koike, 
H. Eisaki, D. H. Lee, R. A. Kaindl, A. Lanzara, Influence of optically quenched 
superconductivity on quasiparticle relaxation rates in Bi2Sr2CaCu2O8+δ. Phys. Rev. B 92, 
1–6 (2015).

	 45.	 R. Mori, S. Ciocys, K. Takasan, P. Ai, K. Currier, T. Morimoto, J. E. Moore, A. Lanzara, 
Spin-polarized spatially indirect excitons in a topological insulator. Nature 614, 249–255 
(2023).

	 46.	 S. Y. Zhou, G.-H. Gweon, A. V. Fedorov, P. N. First, W. A. D. Heer, D.-H. Lee, F. Guinea,  
A. H. C. Neto, A. Lanzara, Substrate-induced bandgap opening in epitaxial graphene. Nat. 
Mater. 6, 770–775 (2007).

	 47.	 S. Y. Zhou, D. A. Siegel, A. V. Fedorov, A. Lanzara, Departure from the conical dispersion in 
epitaxial graphene. Physica E 40, 2642–2647 (2008).

	 48.	 S. Mor, M. Herzog, D. Golez, P. Werner, M. Eckstein, N. Katayama, M. Nohara, H. Takagi,  
T. Mizokawa, C. Monney, J. Stähler, Ultrafast electronic band gap control in an excitonic 
insulator. Phys. Rev. Lett. 119, 1–5 (2017).

	 49.	 M. L. Mottas, T. Jaouen, B. Hildebrand, M. Rumo, F. Vanini, E. Razzoli, E. Giannini,  
C. Barreteau, D. R. Bowler, C. Monney, H. Beck, P. Aebi, Semimetal-to-semiconductor 

D
ow

nloaded from
 https://w

w
w

.science.org on M
ay 13, 2024



Huber et al., Sci. Adv. 10, eadl4481 (2024)     10 May 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

8 of 8

transition and charge-density-wave suppression in 1T−TiSe2−xSx single crystals. Phys. 
Rev. B 99, 155103 (2019).

	 50.	 J. F. Zhao, H. W. Ou, G. Wu, B. P. Xie, Y. Zhang, D. W. Shen, J. Wei, L. X. Yang, J. K. Dong,  
M. Arita, H. Namatame, M. Taniguchi, X. H. Chen, D. L. Feng, Evolution of the electronic 
structure of 1T-​CuxTiSe2. Phys. Rev. Lett. 99, 146401 (2007).

	 51.	 M. L. Adam, H. Zhu, Z. Liu, S. Cui, P. Zhang, Y. Liu, G. Zhang, X. Wu, Z. Sun, L. Song, Charge 
density wave phase suppression in 1T-TiSe2 through Sn intercalation. Nano Res. 15, 
2643–2649 (2022).

	 52.	T . Jaouen, A. Pulkkinen, M. Rumo, G. Kremer, B. Salzmann, C. W. Nicholson, M. L. Mottas,  
E. Giannini, S. Tricot, P. Schieffer, B. Hildebrand, C. Monney, Carrier-density control of the 
quantum-confined1T−TiSe2 charge density wave. Phys. Rev. Lett. 130, 226401 (2023).

	 53.	 G. Grüner, Density Waves in Solids (Perseus Publishing, ed. 1, 1994).
	 54.	 A. I. Liechtenstein, V. I. Anisimov, J. Zaanen, Density-functional theory and strong 

interactions: Orbital ordering in Mott-Hubbard insulators. Phys. Rev. B 52, 5467–5470 
(1995).

	 55.	N . Tancogne-Dejean, M. A. Sentef, A. Rubio, Ultrafast modification of Hubbard U in a 
strongly correlated material: Ab initio high-harmonic generation in NiO. Phys. Rev. Lett. 
121, 097402 (2018).

	 56.	N . Tancogne-Dejean, M. A. Sentef, A. Rubio, Ultrafast transient absorption spectroscopy 
of the charge-transfer insulator NiO: Beyond the dynamical Franz-Keldysh effect. Phys. 
Rev. B 102, 115106 (2020).

	 57.	D . R. Baykusheva, H. Jang, A. A. Husain, S. Lee, S. F. Tenhuisen, P. Zhou, S. Park, H. Kim,  
J. K. Kim, H. D. Kim, M. Kim, S. Y. Park, P. Abbamonte, B. J. Kim, G. D. Gu, Y. Wang,  
M. Mitrano, Ultrafast renormalization of the on-site coulomb repulsion in a cuprate 
superconductor. Phys. Rev. X 12, 011013 (2022).

	 58.	E . Möhr-Vorobeva, S. L. Johnson, P. Beaud, U. Staub, R. De Souza, C. Milne, G. Ingold,  
J. Demsar, H. Schaefer, A. Titov, Nonthermal melting of a charge density wave in TiSe2. 
Phys. Rev. Lett. 107, 1–4 (2011).

	 59.	D . Wegkamp, M. Herzog, L. Xian, M. Gatti, P. Cudazzo, C. L. McGahan, R. E. Marvel,  
R. F. Haglund, A. Rubio, M. Wolf, J. Stähler, Instantaneous band gap collapse in 
photoexcited monoclinic VO2 due to photocarrier doping. Phys. Rev. Lett. 113, 216401 
(2014).

	 60.	 J. C. Petersen, S. Kaiser, N. Dean, A. Simoncig, H. Y. Liu, A. L. Cavalieri, C. Cacho, I. C. Turcu, 
E. Springate, F. Frassetto, L. Poletto, S. S. Dhesi, H. Berger, A. Cavalleri, Clocking the 
melting transition of charge and lattice order in 1T-​TaS2 with ultrafast extreme-ultraviolet 
angle-resolved photoemission spectroscopy. Phys. Rev. Lett. 107, 1–5 (2011).

	 61.	 G. Coslovich, A. F. Kemper, S. Behl, B. Huber, H. A. Bechtel, T. Sasagawa, M. C. Martin,  
A. Lanzara, R. A. Kaindl, Ultrafast dynamics of vibrational symmetry breaking in a 
charge-ordered nickelate. Sci. Adv. 3, 1–8 (2017).

	 62.	 A. Zong, A. Kogar, Y. Q. Bie, T. Rohwer, C. Lee, E. Baldini, E. Ergecen, M. B. Yilmaz, A. Freelon, 
E. J. Sie, H. Zhou, J. Straquadine, P. Walmsley, P. E. Dolgirev, A. V. Rozhkov, I. R. Fisher,  
P. Jarillo-Herrero, B. V. Fine, N. Gedik, Evidence for topological defects in a photoinduced 
phase transition. Nat. Phys. 15, 27–31 (2019).

	 63.	 M. R. Otto, J.-H. Poehls, L. P. Rene de Cotret, M. J. Stern, M. Sutton, B. J. Siwick, Mechanisms 
of electron-phonon coupling unraveled in momentum and time: The case of soft 
phonons in TiSe2. Nat. Commun. 7, eabf2810 (2021).

	 64.	T . Heinrich, H.-T. Chang, S. Zayko, K. Rossnagel, M. Sivis, C. Ropers, Electronic and 
structural fingerprints of charge-density-wave excitations in extreme ultraviolet transient 
absorption spectroscopy. Phys. Rev. X 13, 021033 (2023).

	 65.	 J. H. Buss, H. Wang, Y. Xu, J. Maklar, F. Joucken, L. Zeng, S. Stoll, C. Jozwiak, J. Pepper,  
Y. D. Chuang, J. D. Denlinger, Z. Hussain, A. Lanzara, R. A. Kaindl, A setup for extreme-
ultraviolet ultrafast angle-resolved photoelectron spectroscopy at 50-kHz repetition rate. 
Rev. Sci. Instrum. 90, 023105 (2019).

	 66.	T . Jaouen, B. Hildebrand, M. L. Mottas, M. Di Giovannantonio, P. Ruffieux, M. Rumo,  
C. W. Nicholson, E. Razzoli, C. Barreteau, A. Ubaldini, E. Giannini, F. Vanini, H. Beck,  

C. Monney, P. Aebi, Phase separation in the vicinity of Fermi surface hot spots. Phys. Rev. B 
100, 1–11 (2019).

	 67.	C . Stansbury, A. Lanzara, Pyarpes: An analysis framework for multimodal angle-resolved 
photoemission spectroscopies. SoftwareX 11, 100472 (2020).

	 68.	D . Vanderbilt, Soft self-consistent pseudopotentials in a generalized eigenvalue 
formalism. Phys. Rev. B 41, 7892–7895 (1990).

	 69.	 P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni, D. Ceresoli,  
G. L. Chiarotti, M. Cococcioni, I. Dabo, A. D. Corso, S. de Gironcoli, S. Fabris, G. Fratesi,  
R. Gebauer, U. Gerstmann, C. Gougoussis, A. Kokalj, M. Lazzeri, L. Martin-Samos,  
N. Marzari, F. Mauri, R. Mazzarello, S. Paolini, A. Pasquarello, L. Paulatto, C. Sbraccia,  
S. Scandolo, G. Sclauzero, A. P. Seitsonen, A. Smogunov, P. Umari, R. M. Wentzcovitch, 
QUANTUM ESPRESSO: A modular and open-source software project for quantum 
simulations of materials. J. Phys. Condens. Matter 21, 395502 (2009).

	 70.	 P. Giannozzi, O. Baseggio, P. Bonfa, D. Brunato, R. Car, I. Carnimeo, C. Cavazzoni,  
S. de Gironcoli, P. Delugas, F. Ferrari Ruffino, A. Ferretti, N. Marzari, I. Timrov, A. Urru,  
S. Baroni, Quantum ESPRESSO toward the exascale. J. Chem. Phys. 152, 154105 (2020).

	 71.	 J. P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made simple. 
Phys. Rev. Lett. 77, 3865–3868 (1996).

	 72.	 J. Heyd, G. E. Scuseria, M. Ernzerhof, Hybrid functionals based on a screened Coulomb 
potential. J. Chem. Phys. 118, 8207–8215 (2003).

	 73.	 F. Weber, S. Rosenkranz, J.-P. Castellan, R. Osborn, G. Karapetrov, R. Hott, R. Heid,  
K.-P. Bohnen, A. Alatas, Electron-phonon coupling and the soft phonon mode in Tise2. 
Phys. Rev. Lett. 107, 266401 (2011).

	 74.	 H. J. Monkhorst, J. D. Pack, Special points for brillouin-zone integrations. Phys. Rev. B 13, 
5188–5192 (1976).

	 75.	 M. Methfessel, A. T. Paxton, High-precision sampling for brillouin-zone integration in 
metals. Phys. Rev. B 40, 3616–3621 (1989).

	 76.	V . Popescu, A. Zunger, Extracting E versus k  ⃗effective band structure from supercell 
calculations on alloys and impurities. Phys. Rev. B 85, 085201 (2012).

	 77.	 P. V. C. Medeiros, S. Stafstrom, J. Bjork, Effects of extrinsic and intrinsic perturbations on 
the electronic structure of graphene: Retaining an effective primitive cell band structure 
by band unfolding. Phys. Rev. B 89, 041407 (2014).

Acknowledgments 
Funding: This work was primarily funded by the U.S. Department of Energy (DOE), Office of 
Science, Office of Basic Energy Sciences, Materials Sciences and Engineering Division under 
contract no. DE-AC02-05CH11231 (Ultrafast Materials Science program KC2203). A.L. also 
acknowledges support from the Gordon and Betty Moore Foundation EPiQS Initiative through 
grant no. GBMF4859 for the implementation of the experimental setup. G.M. and M.C. 
acknowledge the CINECA award under the ISCRA initiative and PRACE for high-performance 
computing resources. G.M. and M.C. acknowledge support from the European Union (ERC, 
DELIGHT, 101052708). Author contributions: A.L. designed and supervised the project. Data 
were collected by M.H. and Y.L., analyzed by M.H. with help from A.L., and discussed with all 
authors. Theoretical calculations were performed by G.M. and M.C. Manuscript preparation 
was done by M.H. with input from all coauthors. Competing interests: The authors declare 
that they have no competing interests. Data and materials availability: All data needed to 
evaluate the conclusions in the paper are present in the paper and/or the Supplementary 
Materials. The corresponding raw data files are publicly available at the Zenodo data 
repository under DOI 10.5281/zenodo.10625723.

Submitted 18 October 2023 
Accepted 9 April 2024 
Published 10 May 2024 
10.1126/sciadv.adl4481

D
ow

nloaded from
 https://w

w
w

.science.org on M
ay 13, 2024

http://dx.doi.org/10.5281/zenodo.10625723

	Ultrafast creation of a light-induced semimetallic state in strongly excited 1T-TiSe2
	INTRODUCTION
	RESULTS
	DISCUSSION
	METHODS
	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments


