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The nonequilibrium dynamics during photoinduced insulator-to-metal transition (IMT) in the excitonic
insulator (EI) candidate Ta,NiSes have been investigated, which reproduce the timescale and spectral
features of the ultrafast switch and reveal intricate many-body interactions involving multidegrees of
freedom. The key role of lattice order parameter (OP) reversal, occurring on a timescale comparable to that
of purely electronic processes (<100 fs), is identified. This reversal is enabled by the anharmonic
interactions between EI-OP-coupled phonons and the conventional coherent phonons, leading to a
modified potential energy landscape and a high-frequency mode up-conversion. The phonon excitation
depends on the dynamics of photocarriers distributed around the Fermi level, and thus intertwines with the
excitonic quenching and the complete gap collapse. These findings provide a comprehensive understanding
of exciton-phonon dynamics in correlated quantum materials.
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Ta,NiSes is widely recognized as one of the most
promising materials for hosting a ground state resembling
a Bose-Einstein condensation (BEC) of excitons, forming a
so-called excitonic insulator (EI) state [1-4]. Below the
critical temperature 7', ~ 328 K, the top of highest valence
bands undergoes an unusual flattening, accompanied by the
opening of a narrow band gap (A = 0.16 eV) due to the
hybridization between the electron and hole (e-h) pockets
[2-5]. However, the notion that the gap opening is solely
driven by excitonic effects (i.e., triggered by the electron-hole
Coulomb interaction) is challenged by the simultaneous
occurrence of an orthorhombic-to-monoclinic lattice distor-
tion [5—12]. The lattice instability may also contribute to the
gap formation via electron-phonon couplings (EPC) [12—18].
Consequently, a quantitative inquiry arises to determine the
respective contributions of electronic and structural instabil-
ities in determining the formation of the EI state. This
investigation is complicated by the linearly coupled order
parameters between the electronic and lattice subsystems,
which lack a symmetry distinction [5-9,13,18-21].

Ultrafast methods, such as time- and angle-resolved
photoemission spectroscopy (tr-ARPES) and transient
absorption, have emerged as powerful tools for elucidating
the microscopic origin of gap opening and manipulating the
state of matter in Ta,NiSes. By tracking the nonequilibrium
evolution of the gap size, these techniques have success-
fully captured the insulator-to-metal transition (IMT)
[8,12,14,17,22-28]. However, due to variations in the laser
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parameters, controversial results regarding the underlying
mechanisms have been reported. For example, due to the
ultrafast metallization within 100 fs, some studies claimed
that the gap collapse under strong-field excitation (laser
fluence F > 1 mJ/cm?) is attributed to plasma-induced
screening of excitonic correlations, suggesting a purely
electronic process [29-31]. In contrast, recent tr-ARPES
observations suggest that the maximum gap response occurs
on a phononic timescale (~300 fs, F < 0.85 mJ/ cm?), indi-
cating a predominantly structural character [17]. Therefore, it
is crucial to establish a comprehensive understanding of the
entangled electron-lattice dynamics and reconcile conflicting
outcomes, both for fundamental understanding and practical
applications of ultrafast optical switches.

Here, we report the leading contribution of structural
distortion in inducing the instability of the EI phase and the
emergence of a hidden metallic state. The ultrafast IMT is
enabled by the strong displacive excitation of an optical
phonon with a frequency of 3 THz. Although this phonon is
not directly involved in the formation of the EI state, its
anharmonic interactions with the EI-OP-coupled phonon
(~2 THz) give rise to a combined high-frequency phonon
mode and a modulated potential energy surface (PES). The
reshaped PES facilitates the reversal of lattice order
parameter (OP), leading to an accelerated IMT with a time
constant being approximately inverse dependent on the
laser amplitude E,(F%°). This process competes with
purely electronic processes, particularly under intense laser

© 2023 American Physical Society


https://orcid.org/0000-0002-6987-4211
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.131.256503&domain=pdf&date_stamp=2023-12-21
https://doi.org/10.1103/PhysRevLett.131.256503
https://doi.org/10.1103/PhysRevLett.131.256503
https://doi.org/10.1103/PhysRevLett.131.256503
https://doi.org/10.1103/PhysRevLett.131.256503

PHYSICAL REVIEW LETTERS 131, 256503 (2023)

initial state

=5

of =gy
0600
0000
o20¢ metallic state
. OugO .
o O <
'U'o ) \ \\
©-3-© C O O O
5- Q. a0 c
0 O = o
&) S O a
—> E

FIG. 1. (a),(b) Crystal structure of Ta,NiSes viewed along two
axes. The dashed lines indicate the 1D Ta and Ni chains along the
a axis. (¢) Schematic illustration of lattice distortion between
the monoclinic (colored) and orthorhombic (gray dashed) lattice,
the OP of lattice subsystem (X = 1) is defined as the shear
displacements of Ta chains accompanied by the symmetry
breaking, as labeled by the black arrows. In real space, an
exciton is formed between an electron on the Ta chain and a hole
on the Ni chain. (d),(e) Atomic configurations of the OP inverted
state (X = —1, Q3 1y, = 0) and the long-lived metallic state
(X = —1, Q3 1, # 0), which lead to weakened and completely
quenched excitonic effects.

excitation. The phonon coupling is closely related to the
dynamics of photocarriers distributed around the Fermi
energy (Ep). As a result, the change of lattice structure
intertwines with the nonequilibrium excitonic effects,
potentially leading to the complete quenching of excitonic
condensation.

Ta,NiSes possesses a layered structure, where the layers
are loosely held together by van der Waals’ forces along the
b axis. Each layer is composed of parallel chains of TaSeg
octahedra and NiSe, tetrahedra, aligned along the crystallo-
graphic a axis [Figs. 1(a) and 1(b)]. The quasi-one-
dimensional (1D) nature of Ta,NiSes gives rise to the
observed flattening of the valence band below T, [2,3,26].
In the electronic subsystem, the OP corresponds to the
collective hopping of electrons and holes between the Ta
and Ni chains, with their spatial separation preventing
excitonic states from undergoing recombination. As for the
lattice subsystem, its OP associated with the EI formation
can be defined as the atomic displacements of Ta chains
along the a axis (referred to as X hereafter), when the lattice
symmetry is lowered from the orthorhombic phase to the
monoclinic phase [5] [Fig. 1(c)]. This specific shear motion
follows the similar eigenvector of the B,, zone-center
optical phonon, which exhibits the most prominent features
of the structural phase transition [9,10,24].

To investigate these phenomena further, real-time time-
dependent density functional theory molecular dynamics

@ os 0.01 V/& ) 0.01 V/A
3x |
—y | —iml R 00 NS
%) — z _ o)
z — 3T | L
2 -1.0 . 0 00
£ 05 006 VA & 0.06 V/A
A © 3X l
u —— o
° S
2 © ~XMG
= -05 c )
S 2 -3 i
© G
c -1.0 - o
g 05 0I0VA| o 0.10 V/A
2 = 3X
o
0.0 X
-0.5 »x
-3X
-1.0,

0 200 400 600 800 1000 200 400 600 800 1000

o

Time (fs) Time (fs)
(b) Electric field strength Eo(v/A)  (d)
0.010.04 0.06  0.08 0.1
T T T 400
z 0.81 g, ~&— This work
S |— 1THz =—— 2THz — 3THz| 5 Exp.
- &
So.6f Exp 2 300+ Two-band model |
& O 1THz o 3THz € L=
§~ k=] [J]
£
Q f
£ S 3
5021 = 100 o
s o
£
a 0.0p 1 1 1 L L 0 L 1 L L
00 02 04 06 08 1.0 12 0.0 0.5 1.0 15

Fluence (mJ/cm?) Fluence (mj/cm?)

FIG. 2. (a) Time-dependent phonon excitations under different
laser strength E,. The gray lines present the intensities for the rest
of 45 phonon modes, excluding those at 1, 2, and 3 THz.
(b) Laser fluence dependence of three dominant phonon modes.
To match the experimental data reproduced from Refs. [19,21],
the simulated fluence was rescaled by calibrating the threshold
fluence of the 1 THz mode (~0.38 mJ/cm?), by assuming a
refractive index of n = 2. Here, F,. ~ 0.42 mJ/cm? denotes the
laser fluence threshold of the 2 THz mode. (c) Real-time positions
of two adjacent Ta chains along the a axis. The arrow in each
panel denotes the time for the lattice OP reversal. (d) Time
constant of lattice OP reversal compared with the two-band
model prediction (Ref. [19]) and the experimental measurement
of the drop time for the spectral weight of the top valence band,
indicating the IMT (Ref. [29]). The colored region represents the
fluence range that enables long-term OP reversal (F > F ).

(TDDFT-MD) simulations were conducted, using the
primitive cell of Ta,NiSes with the fixed monoclinic lattice.
The rationality of this setup is supported by recent ex-
perimental observations indicating that the lattice sym-
metry of the sample remains stable even when subjected to
intense laser illumination [17,28,32,33]. Laser pulses pola-
rized along the a axis were applied with varying strength
(Ey) and the wavelength is 800 nm (Aw = 1.55 eV) (for
details see note S1 in the Supplemental Material [34] and
Refs. [35-45] therein).

Figure 2 illustrates the results of the TDDFIT-MD simu-
lations, focusing on the dynamics of lattice structure. The
time evolution of each phonon branch is obtained by
projecting the displacement of ions onto the phonon eigen-
vectors calculated from the equilibrium ground state [46,47].
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The amplitudes of the excited phonons accurately reproduce
the measurement from experiments [21,33]. Notably, the
phonon coupled to the EI such as 1 and 2 THz modes, exhibit
sensitivity to laser excitation due to exciton depletion.
Beyond certain laser fluence thresholds, the amplitude
growth of these modes reaches a saturation point. This
observation, along with the subsequent exploration of
carrier dynamics, results in the determination of F.~0.38
and 0.42 mJ /cm2 for the 1 and 2 THz modes, respect-
ively [34]. Among the uncoupled coherent phonons, the
displacive excitation of 3 THz mode is particular prominent
and shows a linear dependence on F' [Figs. 2(a) and 2(b)].

In practice, the phase insensitivity of pump-probe
techniques has posed limitation on the detailed analysis
of atomic configurations in thermally inaccessible metallic
states [24,29,30,33,45,48,49]. Here, we show that the new
energy minimum of the excited states shifts towards the
positive (negative) direction of the calculated eigenvector
of the 2 THz (3 THz) mode (Fig. S1 [34]). This means that
the displacements of Ta ions lead to the reversal of the
lattice OP along the a axis and an enlarged Ta-Ni distance
along the ¢ axis. These unidirectional movements can be
attributed to the asymmetrical deformation of the PES upon
excitation of the two phonon modes [Fig. 3(c)]. In contrast,
when the rest of coherent phonons are excited, they only
drive harmonic oscillations around the equilibrium position
with small amplitude.

The OP reversal of the lattice subsystem is further
confirmed by monitoring the real-time positions of the
ions [Fig. 2(c)]. Under weak field conditions (e.g., Ey =
0.01 V/A), the new equilibrium positions resemble that in
the orthorhombic phase, where the shear displacement
between two adjacent Ta chains vanishes, resulting in
the quasiequilibrium OP transitioning from X to 0. This
can be explained by that the tiny energy barrier (~6 meV
per formula unit) between the two atomic configurations
has been provided by the laser pumping. The transient OP
reversal occurs at 350 fs, with an oscillating frequency of
2 THz, consistent with previous frequency-domain ARPES
studies indicating that this mode is highly relevant to the
emergence of photoinduced semi-metallic states [18,48].

Long-term order parameter inversion occurs upon reaching
F. of the 2 THz mode (E, = 0.06 V/IOX), resulting in a
metastable metallic state. In this state, the two Ta chains
exchange their positions along the shear motion direction,
while the intermediate Ni chain experiences minor oscilla-
tions around its ground-state equilibrium position [Fig. 1(d)
and Fig. S2 [34] ]. As the laser amplitude is further increased
(e.g., Ey = 0.1 V/A), the stability of the metastable state is
enhanced, resulting in a longer lifetime ~600 fs (note S2 and
Fig. S3) [34]. Meanwhile, the oscillation frequency changes
to larger values (~4 THz), indicating modulation of the
landscape of PES.

The time constant of lattice OP reversal is approximately
inversely dependent on the laser amplitude E,, (Fig. S4 [34]),
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FIG. 3. (a) The dependence of band gap on lattice order

parameter under two conditions: One with a finite structural
distortion induced by the 3 THz mode excitation (Q3; 1y, =
0.007 A amu%) and the other with Q3 1y, =0. (b) Band structure
of the transient metallic state when E,=0.06 V/A, =200 fs
(black dots). The colored plots represent ARPES spectra, and the
white dots are the corresponding theoretical fitting, both repro-
duced from Ref. [18]. (c) Potential energy profile along the lattice
OP reversal pathway with or without finite structural distortion
induced by the 3 THz mode excitation (Q3 ty, = 0.04 A amu%).
For comparison, the minimum energy of each curve is set
as 0. (d) Percentage of excited electrons from two energy
ranges of VBs as a function of laser fluence. LE: from deep
VBs (—135<Eyg —Er <—-0.85eV) to low-energy CBs
(0.2 < Ecg — Er £0.7 eV); HE: from top VBs (—0.5 < Eyg—
Er <0 eV) to high-energy CBs (1.05 < Ecg — Ep < 1.55 eV).

which is similar to the trend in gap quenching [29] [Fig. 2(d)].
This alignment between the simulated and measured time
constants could potentially be coincidental, arising from the
complex interplay of diverse variables that compensate for
each other. Nevertheless, meticulous measures have been
implemented to bolster the reliability of this qualitative
comparison (note S3 [34]). It suggests that the observed
metallic phase could be a result of the modulated electronic
structure due to coherent lattice displacements, at least, it is
not a purely electronic process. This finding is aligned with
the theoretical demonstration that electronically driven EI
phase is highly susceptible to even small atomic distortions
and can be only realized within a narrow parameter space of
on-site and intersite Coulomb interactions [6,50].

Besides the dominant role of the 2 THz mode, coherent
excitation of the 3 THz mode is vital in driving the complete
gap collapse. Figure 3(a) shows the evolution of band gap
based on the GyW method (Fig. S5 [34]), which incorpo-
rates many-body corrections to achieve a quantitative
agreement with experimental measurements [51,52]. The
initial state presents a band gap of 170 meV in the GyW,

256503-3



PHYSICAL REVIEW LETTERS 131, 256503 (2023)

calculation, agreeing with the measured optical gap of
160 meV [53]. The gap narrows and reaches its minimum
value of 20 meV when the lattice OP is solely reversed.
Only when finite atomic displacements along the
eigenvector of the 3 THz mode are superimposed, the gap
is completely quenched. Since the quasiparticle gap
originates from the putative excitonic condensation, its
decrease and eventual disappearance indicate the depletion
of excitons [19,21,24,53].

The dynamical IMT is further confirmed by monitoring
the time-dependent band structure of Ta,NiSes. Figure 3(b)
shows the comparison between the simulated results
obtained when the metastable metallic state is achieved
and the tr-ARPES measurements under a strong pump field
(2.27 mJ/cm?). The experimental features of IMT are well
produced, including the upward shift of the hole bands, the
downward shift of the electron bands, and their crossing of
the Fermi level at the same wave vector [18,29]. The density
of states (DOS) around the Ef increases with the larger
atomic distortion induced by the 3 THz mode (Fig. S6 [34]),
consistent with the observed drop in resistivity following
intense excitations [45]. Therefore, the atomic configuration
of the experimentally detected metallic states [45,49] has
been clarified, as shown in Fig. 1(e).

To understand the cooperative interactions between the
two modes, which are commonly disregarded [16,23,54,55],
the potential energy profile along the lattice OP reversal
pathway is shown in Fig. 3(c). It is evident that finite
structural distortion induced by the excitation of the 3 THz
mode tends to shift the energy minimum from the ground-
state atomic configuration to its OP reversal counterpart. The
curvature of the modulated PES increases with larger
phonon amplitudes (Fig. S7 [34]), indicating that a higher
energy barrier needs to be overcome to escape from the new
energy minimum position, which enables the stability of
reversed OP under strong fields. It implies that the anhar-
monic coupling between the two modes, leads to a new
nonequilibrium combination mode [56,57], whose eigen-
vector consists of fixed atomic displacements (leading to the
OP reversal) and tunable atomic displacements along the
eigenvectors of the 2 and 3 THz modes, respectively.
Additional evidence supporting the strong anharmonic
coupling comes from the fact that oscillation frequencies
of these two modes converge toward each other under the
strong fields (note S4 and Fig. S8 in Ref. [34]).

The excitation and coupling of the two optical phonons
are closely related to the charge dynamics, due to the strong
EPC. Previous studies have indicated that the 2 THz mode
is excited by hole (electron) occupation on top of valence
bands (VBs) [high-energy conduction bands (CBs)], and
the saturation threshold is attributed to the absorption
saturation of pump photons near the Gamma point [22].
By tracking the momentum-resolved carrier distribution
after laser illumination (Fig. S9 [34]), we have verified the
validity of these statements and we further demonstrate that
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FIG. 4. (a) The schematic for the photoinduced ultrafast
exciton-phonon dynamic in Ta,NiSes. Here, the electron-hole,
electron-phonon, and phonon-phonon interactions are abbrevi-
ated as e-h, e-p, and p-p, respectively. (b) The effective charge of
Ta and Ni over time, along with their Fourier transformations
when E,; = 0.08 V/A. Here, Atr, and Aty; denote the time
intervals between two consecutive oscillation cycles of Ta and Ni
elements, with Atp, < Aty;. Gray dashed lines in the Fourier
transform spectrum are used to mark the peak positions of the
predominant carrier oscillations, approximately around 2 and
6 THz. (c) Charge density differences between the lattice OP
reversal state (p,) and initial state (p;), as well as between the
metallic state (p,,) and initial state. The unit of charge density
differences is 1073 eay?, ay is the Bohr radius. The red (blue)
region represents the increase (decrease) in charge density.

the 3 THz mode is strongly coupled with the electronic
excitation from deep VBs to the bottom of CBs, by
analyzing the forces applied to ions with fixed carrier
occupation (Fig. S10 [34]). The linear and saturation
behavior of electronic depopulation in deep and top
VBs, respectively, are consistent with the amplitude evo-
lution of the excited 3 and 2 THz modes (Fig. 3(d) and note
S5 [34]). Therefore, it can be inferred that the interactions
between excited holes (electrons) occupying the VB
maximum (VBM) [CB minimum (CBM)] enable the
coupling between the two phonons. This explanation also
consistent with the tr-ARPES observations that these two
modes have the most remarkable responses around E
[17,18,32,33].

The comprehensive understanding of exciton-phonon dy-
namics [12,13] during the IMT is summarized in Fig. 4(a).
Upon photoexcitation, the excitonic effect, which is the
formation of bound electron-hole pairs, is weakened due to
the screening of Coulomb interactions by photocarriers [4].
The induced modulation of the electronic structure is accel-
erated with a higher density of photocarriers, leading to
stronger phonon excitations due to EPC. The emergence of a
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nonequilibrium mode up-conversion, arising from anhar-
monic phonon interactions, reshapes the PES. This modula-
tion of the PES enables the rapid metallization and lattice OP
reversal within a timescale of 100 fs or faster. The timescales
are comparable to purely electronic processes and, in turn,
facilitate the destabilization of EI phase [24].

These findings address the fundamental questions about
why picosecond timescale phonon excitations could domi-
nate the excitonic quenching [17,21,45,58] and, shed light
on the structural origin of ultrafast insulator-to-metal
transitions. What sets this work apart is its ability to
disentangle different order parameters simultaneously in
the time domain, a distinctive feature when compared to
recent literature. Most prominent papers focusing on the
ultrafast response of Ta,NiSes do not delve into non-
equlibrium many-body interactions [29,45,49]. While a few
latest articles have conducted EPC analysis, their focus has
predominantly centered on establishing correlations
between excited phonon amplitude and laser parameters
[14,24], as well as investigating the impact of individual
phonon modes on the ground-state electronic structure [50].
This study goes beyond these limitations by revealing the
intricate characteristics of thermally inaccessible metallic
states, which are challenging to be discerned solely through
experimental approaches or speculative models.

Based on our simulations, we propose two strategies for
the further pump-probe investigations to elucidate the
explicit role of electronic correlations. (i) Employ an
ultrashort extreme ultraviolet (XUV) pulse with a sub-
10 fs duration as the probe pulse. It enables real-time
monitoring of transient electronic structure with high
temporal resolution, albeit potentially at the cost of lower
energy resolution. This approach allows for assessing gap
closure with an ultimate response time of ~10 fs while in-
vestigating its correlation with a F~%3 relationship, indica-
tive of purely electronic processes [59,60]. (ii) Utilize weak
pump pulses below the reported fluence threshold (F,.) but
still sufficiently strong to disrupt electronic correlations
[19,33]. This strategy effectively minimizes the impact of
structural distortion, with any potential gap collapse due to
structural instability occurring at significantly longer
time constants (>100 fs). Lower temporal resolution in
this scenario remains sufficient, enhancing energy resolu-
tion for precise gap dynamics measurements. The obser-
vation of a phase transition within 100 fs under these
conditions strongly supports the primary role of electronic
correlations.

Because of the limitations of the (semi)local exchange-
correlation (e.g., PBE) functional in rt-TDDFT calcula-
tions, the accurate description of excitons is challenging.
Here, the possible exciton-related dynamics were inferred
by analyzing the collective oscillation of carriers between
Ta and Ni chains. Laser irradiation has the most significant
effect on the effective charge of Ta and Se atoms, ca.,
increase by 0.26 e and decrease by 0.3 e in the period after

the laser action (Fig. S12 [34]). The charge transfer induces
strong ion-ion interactions, which account for the distortion
of Ta-Se octahedra and the enlarged distance between Ta
and Ni chains right after photoexcitation. Beyond the
threshold fluence F., the desynchronization of electron
and hole oscillations becomes evident through distinct
oscillation frequencies in charge evolution at Ta and Ni
ions, signaling exciton destabilization [Fig. 4(b)]. For
comparison, under weak fields, nearly synchronous charge
oscillations with similar frequencies remain well preserved
[Note S6 and Fig. S13]. Therefore, the rt-TDDFT quantum
dynamics simulations already capture the most significant
physics and experimental features [21,24].

In conclusion, we have unraveled structural origin of
insulator-to-metal phase transition and the significance of
non-equilibrium interactions between the EI-OP-coupled
and regular-coherent phonons. A comprehensive picture
about the nature of photoinduced exciton-phonon dynamics
is provided, and the simulated IMT timescales and spectral
features agree well with the available experimental data,
suggesting the reinforced relevance between phonon
dynamics and low-energy electronic structure. Our study
provides a unique perspective towards understanding the
mechanism of IMT in Ta,NiSes and hints for new path-
ways for its manipulation.
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