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The ultrafast electronic structures of the charge density wave material 17-TiSe, were investigated by
high-resolution time- and angle-resolved photoemission spectroscopy. We found that the quasiparticle
populations drove ultrafast electronic phase transitions in 17-TiSe, within 100 fs after photoexcitation, and
a metastable metallic state, which was significantly different from the equilibrium normal phase, was
evidenced far below the charge density wave transition temperature. Detailed time- and pump-fluence-
dependent experiments revealed that the photoinduced metastable metallic state was a result of the halted
motion of the atoms through the coherent electron-phonon coupling process, and the lifetime of this state
was prolonged to picoseconds with the highest pump fluence used in this study. Ultrafast electronic
dynamics were well captured by the time-dependent Ginzburg-Landau model. Our work demonstrates a
mechanism for realizing novel electronic states by photoinducing coherent motion of atoms in the lattice.
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Manipulating the macroscopic properties of quantum
materials via ultrafast photoexcitation can realize novel
quantum phenomena that are not accessible in the thermal
equilibrium condition and is also a fascinating field in
condensed matter physics, such as the light-driven Floquet
electronic states [1], optical amplification of the super-
conductivity or charge density wave (CDW) order [2-4],
light-induced ferroelectricity [5,6], photoinduced emer-
gence of exotic metastable states [7-9], and so on.
Infrared optical irradiation with photon energy on the scale
of 1 eV is mostly capable of interband electronic excitation,
resulting in nonequilibrium quasiparticles near the Fermi
energy through electron-electron and electron-phonon
scattering processes in tens of femtoseconds [10]. A sudden
change of carrier density would transiently enhance the
screening of electronic correlations and induce displacive
forces to modulate the equilibrium position of specific
atoms in the lattice and generate the coherent phonon
modes [11]. The intertwined couplings among the orbital,
spin, lattice, and charge degrees of freedom give rise to
complex phases in quantum materials. Therefore, if such a
photoinduced coherent motion of atoms could stop at
metastable positions away from their equilibrium counter-
parts, the material would possibly enter into a novel
metastable state different from its original physics. Such
optical manipulation of quantum materials via halting the
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photoinduced coherent phonon mode has rarely been
studied in real materials.

Optical-induced coherent phonon modes have been
observed in multiple systems, such as the high-temperature
superconductors [12-14], the CDW materials [15-17], the
topological insulators [18], and other correlated systems
[19,20]. Among these states, CDW is a unique symmetry-
broken state with periodic modulation of the lattice
structure and charge density, mediated by electron-phonon
or electron-electron interactions. The transition-metal
dichalcogenide 17-TiSe, is a typical CDW material and
undergoes a commensurate CDW phase transition at 202 K
(T.), accompanied by a 2 x 2 x 2 structural transition [21],
and the CDW is possibly a result of the hybrid Jahn-Teller
effect and excitonic condensation [22-26]. In addition,
there are many novel quantum phases in 17-TiSe,, such as
superconductivity by Cu doping [27] or applying pressure
[28-30], photoinduced gyrotropic electronic order [31]
and chiral CDW [32], and light-induced two-dimensional
electronic states with potential energy gap opening [17].
The intertwined interactions and rich phase diagrams make
17-TiSe, a good platform for exploring photoinduced
novel phases in a nonthermal way. Moreover, photoinduced
coherent phonon modes have been identified in 17-TiSe,
by multiple time-resolved techniques [23,26,33,34]. Thus,
taking advantage of improved time and energy resolutions
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in time-resolved experiments, it is possible to realize novel
phases in 17-TiSe, by coherently tuning the motion of
atoms in the lattice.

In this Letter, we report the observation of a fully
screened metastable metallic state right after the CDW
order melting by time- and angle-resolved photoemission
spectroscopy (TRARPES). Specially, we found that the
CDW order was melted above a critical pump fluence of
about 0.12 mJ/cm?, and the two Se 4p,, valence bands
shifted up toward the Fermi energy by about 120 meV, of
which the value was almost fluence independent, exhibiting
a plateau in the time-dependent energy shifts before the
recovery of electronic correlations. Moreover, the photo-
induced metastable states lasted longer with higher pump
fluence and persisted longer than 1 ps for the highest
excitation fluence we studied. In addition, we found that the
energy bands oscillated around the metastable position with
an anharmonic frequency much higher than the A, ,-CDW
coherent phonon mode at low excitation fluence. Such
phenomena were absent above the CDW transition temper-
ature. Combing with the numerical solution of a temporally
dependent Ginzburg-Landau potential, we attributed the
emergence of the observed metastable state to the optical-
induced coherent phonon mode and halted coherent motion
of the related atoms in the lattice.

Ultrafast electronic structure measurements were per-
formed with a home-built TRARPES system at a repetition
rate of 500 kHz [35]. In the measurements, infrared laser
pulses with a wavelength centered at 700 nm (hv = 1.77 eV)
drove the system into nonequilibrium states, and then ultra-
violet laser pulses with a wavelength centered at 205 nm
(hv = 6.05 eV) photoemit electrons. Time resolution was
achieved by varying the delay between the pump and probe
pulses. The overall energy and time resolutions were
optimized to 16 meV and 113 fs, respectively [36]. High-
quality single crystals of 17-TiSe, were grown by chemical
vapor transport with an iodine transport agent at grown
temperature 650°C, and the sample was cleaved in an
ultrahigh vacuum condition with a base pressure better than
3 x 107! Torr.

At an equilibrium temperature of 4 K, far below the
CDW transition temperature, the equilibrium photoemis-
sion spectra at a delay time of —0.2 ps showed four bands
near the Brillouin-zone center, including the Ti 3d.
conduction band folded from the L point, the Se 4p,
band folded from the A point, and a pair of Se 4p, |, valence
bands derived from the I" point [Figs. 1(a) and 1(b) and
Supplemental Material, Discussion No. 1 [37]]. The
apparent flat dispersion of the Sel band was a signature
of the mixing of the L-derived Ti 3d > conduction band and
the Sel valence band due to the strong electron-hole
interaction [25,39,40]. The Se2 band was also strongly
coupled to the CDW order and exhibited significant down-
shifts through the CDW phase transition [40].

After photoexciting the sample with a fluence of

0.356 mJ/cm?, higher than the melting threshold of
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FIG. 1. TRARPES spectra measured on 17-TiSe, near the
Brillouin zone center along the I'-M at an equilibrium temper-
ature of 4 K. (a) Schematics of the electronic structure in the
charge density wave state. (b) TRARPES spectra measured at the
delay times of —0.2, 0.2 0.6, 1.0, and 2.0 ps (top) with the pump
fluence of 0.356 mJ/cm? and the corresponding second-deriva-
tive images (bottom). The gray and dark red lines denote the cuts
at T and —0.16 A~!, respectively. (c) Energy distribution curves
(EDCs) at I" from (b). (d) TRARPES spectra at the delay time of
0.5 ps with pump fluences of 0.07, 0.15, 0.21, 0.27, and
0.33 mJ/cm? (top) and the corresponding second-derivative
images (bottom). (e) EDCs at I' point from (d). The dotted
curves in (c) and (e) are the Lorentzian fitting curves to capture
the peak positions of the Sel and Se2 bands.

excitonic correlation and CDW order [17,26], the band
top of Sel could not be well defined within about 1 ps,
which is possibly a result of the strong excitonic fluctuation
and photoemission matrix element effect [25]. However,
the Sel band crossed the Fermi energy before about
1 ps after melting the CDW order, suggesting a photo-
induced transient metallic state within the time window.
Nevertheless, the energy shift of the Sel band was resolved
at the momentum away from the I" point, since the CDW
order fluctuation contributed less to the electronic structure
at higher binding energies. The energy band at the binding
energy of about —0.16 eV and at the zero momentum was
attributed to the Se2 valence band within 1 ps due to the
vanished intensity of the Sel band top (Supplemental
Material, Discussion No. 2 [37]). In addition, the Se2
band shifted up by about 120 meV after photoexcitation,
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FIG. 2. Ultrafast electronic dynamics in the CDW state. (a) Photoemission intensity as a function of binding energy and delay time at I"
with the pump fluence of 0.356 mJ/cm? and the corresponding second-derivative image (right). (b) Same as (a) but measured at the
momentum of —0.16 A~". The orange solid lines in (a) and (b) are the peak positions of the Se2 and Sel bands determined from
Lorentzian fitting. (c) EDCs from (a) at selected delay times. The green and blue bars indicate the peak position of the Sel and Se2 4p, ,

bands, respectively. (d) Time-dependent energy shifts of the Sel 4p, , band at the momentum of —0.16 A~ at selected pump fluences.
(e) Same as (d) but of the Se2 4 p,., band at I" point. We note that the positions of the Se2 band cannot be well defined right after the time
delay at the end of the plateau before the recovery of well-defined EDC peaks of the Se2 band.

and interestingly, such band shift was nearly time inde-
pendent within 1.0 ps, which was further evidenced by the
time-dependent energy distribution curves (EDCs) at I" in
Fig. 1(c) (Supplemental Material, Discussion No. 3 [37]).
Both the Sel and Se2 bands were partially restored after
2.0 ps. The pump-induced energy shift of the Se2 band was
not dependent on the excitation density after CDW order
melting, as shown in Figs. 1(d) and 1(e). The time- and
pump-fluence-independent band shifts observed before the
build-in of the electronic correlations suggest the system
entered into a metastable metallic state after CDW order
melting.

To investigate the physics of this metastable state, we
focused on the ultrafast dynamics of the Se2 band at I" and
the Sel band at the momentum of —0.16 A~!, at which of
the momentum the Sel band was clearly resolved in the
entire delay time range. Right after strong optical excitation
with a density of 0.356 mJ/cm?, the Se2 band shifted
upward by about 120 meV toward the Fermi energy,
exhibiting a plateau feature within 1 ps [Fig. 2(a)]. The
recovery of the coherent quasiparticle peaks of the Sel
band after about 1 ps suggests that the long-range CDW
was gradually restored, and at the same time, the Se2 band
almost jumped back to its original energy within 200 fs.
In the time-dependent spectra at the momentum of
—0.16 A™!, the Sel band also showed the signature of a
plateau before about 1 ps after photoexcitation and gradually
moved back to its equilibrium energy as the CDW order
recovered [Fig. 2(b)]. Such plateau features in the Sel and
Se2 bands suggest the system entered into a metastable state
after CDW order melting. The lifetime of this metastable
state is enhanced as the pump fluence increased [Figs. 2(d)
and 2(e) and Supplemental Material, Figs. 3(c)-3(e) and

Discussion No. 4 [37] ]. This metastable state is far different
from metastable states in other CDW materials such as
17T-TaSe,, in which the photoinduced band shifts recover
quickly after photoexcitations and the claimed metastable
state occurs at a much longer delay time [16]. Previously, a
transient plateau feature of the band energy was also
identified in Ky3;MoQO,; with the lifetime limited by the
period of the CDW amplitude mode [41], which is different
from the plateau with tunable lifetime observed herein.

In addition, the time-dependent photoemission spectra
showed obvious oscillating features in both the Sel and Se2
bands within 1 ps [Figs. 2(a) and 2(b)], as shown in the
EDCs at I" as a function of delay time [Fig. 2(c)]. Previous
study showed that such oscillation in the plateau is at a
higher frequency than that of the photoinduced coherent
A;,-CDW phonons at low pump fluence and even in an
anharmonic behavior [Figs. 2(d)-2(e) and Supplemental
Material, Discussions No. 4 and No. 5 [37]] [17], sug-
gesting a photoinduced ultrafast structural transition in the
time window of the plateau. Ultrafast electron diffraction
measurement has shown that the CDW structure distortion
is recovered to its normal phase right after strong photo-
excitations, but the temperature of the lattice is still far
below the transition temperature [24].

Furthermore, the photoinduced metastable state
observed in this study could be only realized in the
CDW state. In the normal state, photoexcitation only
served to reach a transiently high electronic temperature
and excited electrons to the unoccupied states, which did
not launch the coherent excitation of the order parameter.
After photoexcitation, the valence bands shifted up and
recovered quickly to their equilibrium states with no
coherent oscillation and plateau feature as identified in
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FIG. 3. Fluence- and temperature-dependent TRARPES spec-

tra. (a) Fluence-dependent photoemission spectra at I" point and
delay time 0.3 ps (left) and the corresponding second-derivative
image (right). (b) Same as (a) but measured at the momentum
—0.16 A~!. (c) Fluence-dependent energy shifts of the Sel and
Se2 bands at equilibrium temperatures 4.5 and 80 K. (d) Temper-
ature-dependent energy shifts of the Sel and Se2 bands.

the CDW state [Supplemental Material, Figs. 5(c)-5(e) and
Discussion No. 6 [37] ]. The absence of such photoinduced
metastable states in the equilibrium state suggests that
collective excitation of coherent phonon is essential for
driving the metastable state far from equilibrium.

Such a photoinduced metastable state right after CDW
order melting is quite different from the normal equilib-
rium state above the transition temperature. By finely
tuning the pump fluence at the delay time of 0.3 ps (in the
plateau), both the Sel and Se2 bands shifted up monoto-
nously until reaching a critical pump fluence (F.) of about
0.12 mJ/cm?, which is the threshold of quenching the
CDW order. Above the critical fluence, the shifts of the
Sel and Se2 bands saturated at about 60 and 120 meV,
respectively [Figs. 3(a)-3(c)]. Specially, the estimated
energy shifts of the Sel band at the I" point was about
120 meV. The slight downshift above F,. was a result of
the varying anharmonic oscillation frequency at high
pump fluence. These observations were also repeatable
at 80 K but with a lower critical pump fluence of about
0.09 mJ/cm?. Above the CDW transition temperature the
equilibrium energies of the Sel and Se2 bands did not
saturate and still generally shifted upward largely with
increasing temperature. Such shifts of the energy band
above the transition temperature are possibly a result of
the continuing melting of the in-plane two-dimensional

CDW and the possible temperature-induced chemical
potential shift [24,42,43]. The above observations suggest
that strong ultrafast photoexcitations have fully quenched
the CDW order in a short timescale with the lattice
temperature still far below the T..

After pumping the sample at 300 K, there was no plateau
feature and no similar anharmonic oscillation in the time-
dependent energy shifts [Supplemental Material, Figs. 5(c)—
5(e) and Discussion No. 6 [37] ], and the total energy shifts
(the sum of maximum photoinduced energy shifts at 300 K
and the equilibrium energy differences between 4 and 300 K)
were about 35% larger than the energy shifts of the photo-
induced metastable states at low temperature. These obser-
vations suggest that the photoinduced metastable states do
not simply hold the similarity as the normal electronic
structure, and may result from novel pathways, such as
the ultrafast modification of the free energy potential, the
ultrafast structural transition, and the strong modification of
the charge screening effect due to photoinduced nonequili-
brium charge carriers.

To understand the underlying physics of this photo-
induced metastable state, we adopted the temporally
dependent double-well Ginzburg-Landau model to simu-
late the electronic states right after photoexcitation [44,45].
The time-dependent potential on the sample surface with
the order parameter @ is

(n(t) —1)®? +1q>4. (1)

V(@) = .

Bl -

Here, 5(t) = ne™"/% is the transient modification of the
potential with the pump fluence 7 after photoexcitation, and
the nonequilibrium quasiparticle lifetime 7, = 0.5 ps was
estimated from experiments. A full time-dependent poten-
tial away from the sample surface is given in Ref. [17]. The
system in the CDW ground state corresponds to the double-
well potential with the order parameter ® = —1. Numerical
solutions of the order parameter as a function of delay time
were obtained from the motion equation in Supplemental
Material (Discussion No. 7 [37]).

Atavery low pump fluence with# = 0.5 in the simulation,
the potential was weakly modified after photoexcitation and
still maintained its double-well shape, which launched a
damped oscillation with the CDW amplitude mode and then
recovered to its equilibrium ground state (® = —1) within
2.5 ps [Fig. 4(a)]. As the pump fluence is increased with
n = 1.0, the V(®) was transiently modified after photo-
excitation and showed only one minimum (single-well
shape) with @ = 0, suggesting the full suppression of the
CDW order. Interestingly, the order parameter stepped over
the double-well barrier near @ = 0 one time and eventually
fell at ® = 1, suggesting the photoinduced phase inversion
at this pump fluence. The order parameter of ® =1 is a
fully inverted state, which shares the same symmetry as the
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FIG. 4. Numerical solution of the order parameter dynamics from the time-dependent Ginzburg-Landau model. (a) Energy potentials
before and right after photoexcitation (top) and transient energy potential as a function of order parameter and delay time and the order
parameter dynamics (bottom) for selected pump fluences n = 0.5, 1.0, 2.7, 4.0, and 6.6. (b) and (c) Experimental and simulated order

parameter dynamics at low and high pump fluence, respectively.

original state (® = —1), characterized by order parameters
with equal magnitudes but opposite phases. As the pump
fluence increased to n = 2.7, the photoinduced single-well
potential became steeper and the order parameter stepped
over the barrier four times, fell at & = —1, and then
recovered to its original phase. At the pump fluences of
n = 4 and 6.6, the order parameter stepped over the barrier
five times (recovering to the inverted phase @ = 1) and six
times (recovering to the initial phase ® = —1), respectively.
At longer delay times, the sectional inversion of order
parameters within the sample will induce interfaces existing
parallel to the sample surface at the interval between the
inverted phase (@ = +1) and the original phase (® = —1)
[17], and the final states at specific pump fluence can be
roughly estimated from the detailed fluence-dependent
electronic structure measurements (Supplemental Material,
Discussion No. 8 [37]).

Next, we investigated the physics of the observed meta-
stable states at the delay time right after photoexcitation. At
low pump fluence, we found that the simulated time-
dependent order parameter repeated the experimental energy
band shift as a function of delay time precisely [Fig. 4(b)]. At
the high pump fluence of # = 6.6, the order parameter
oscillated anharmonically around a new position at which
® was equal to 0, exhibiting a plateau similar to the
experimental data at high pump fluence [Fig. 4(c)], and
such behaviors were also evidenced in the square of the time-
dependent order parameter. The accurate simulation clearly
suggests that the photoinduced metastable state tends to be a
novel phase with the dynamical CDW lattice distortion
stabilized around ® = 0 due to the coherent motion of the
atoms associated with the A;,-CDW phonon mode. Recent
theoretical and experimental studies on nonthermal disturbed
CDW order in 17-TiSe, have also confirmed that optical
excitation of the electronic state could drive atoms to move
toward the undistorted ground state [46,47].

We finally addressed the question of to what extent the
screening by the photoinduced charge carriers affects

the properties of 17-TiSe, on the picosecond timescale.
With the pump fluence above F'. the shifts of both Sel and
Se2 bands underwent sudden transitions within 100 fs
[Figs. 2(d) and 2(e)], of which the value was nearly
fluence independent. The sudden energy shifts after
photoexcitation is indicative of transiently melting the
exciton and CDW order in 17-TiSe,. Multiple experi-
ments have demonstrated that photoexcited charge car-
riers could enhance the Coulomb screening and quench
the excitonic order on ultrafast timescale [23,48,49]. Such
photoinduced charge carrier screening effects can be as
fast as 20 fs in an experiment with better time resolution
[50]. In addition, the plateau behavior in the band shifts as
a function of delay time, and the saturated band shifts
above F, indicate that the photoinduced charge carriers
screened the electron-electron interaction completely, and
the observed nonequilibrium electronic states were the
bare dispersions for the undistorted lattice at low temper-
ature. Considering the charge carrier screen effect, the
longer lifetime of the photoinduced metastable metallic
state is consistent with the observation in our previous
study that the nonequilibrium quasiparticle recovery time
is longer at higher pump fluence [17].

In conclusion, we used TRARPES to investigate the
time- and fluence-dependent electronic structure dynam-
ics in 17-TiSe,, revealing a fully screened metallic
electronic state after CDW order melting. The lifetime
of this photoinduced metastable state was tunable by
varying the pump fluence and could be longer than 1 ps
with strong excitation, and it can be potentially extended
to much longer by enhancing the photoexcitation fluence.
Through time-dependent Ginzburg-Landau simulation,
we demonstrated that the emergence of this metastable
state is due to the coherent excitation of the amplitude
mode and the photoinduced transient modification of the
double-well potential in the CDW phase. This new state
enriches the phase diagram of 17-TiSe, and paves the way
for developing similar methods to manipulate and control
other ordered phases with ultrafast light.
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