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Photo-induced phase transitions have been intensively studied owing to the ability to control a
material of interest in the ultrafast manner, which can induce exotic phases unable to be attained
at equilibrium. However, the key mechanisms are still under debate, and it has currently been a
central issue how the couplings between the electron, lattice, and spin degrees of freedom are evolving
during photo-induced phase transitions. Here, we use a recently developed analysis method, which
we call frequency-domain angle-resolved photoemission spectroscopy (FDARPES), and reveal mode-
and band-selective electron-phonon couplings during the photo-induced insulator-to-metal transition
for TagNiSes. We find that the lattice modulation corresponding to the 2 THz phonon mode,
where Ta lattice is sheared along the a-axis, is the most relevant for the photo-induced semimetallic
state. Furthermore, we find that the semimetallic and semiconducting bands coexist in the transient
state, and demonstrate that FDARPES spectra can detect the phonon-specific couplings to the two
coexistent band structures during the photo-induced phase transition selectively by resolving them
in the frequency domain.

Strongly-correlated electron systems display very rich
phases owing to intertwined couplings between multiple
degrees of freedom including the charge, orbital, spin,
and lattice [1]. Moreover, external fields, such as elec-
tronic and magnetic fields or physical pressure, can in-
duce phase transitions in these systems by breaking their
subtle balances between multiple competing phases [2, 3].
In this respect, photo-excitation is a very promising way
to control the physical properties because it can instanta-
neously change physical properties of a targeting material
in various manners by exploiting many degrees of free-
dom such as polarization or wavelength [4]. For study-
ing photo-excited nonequilibrium states, time- and angle-
resolved photoemission spectroscopy (TARPES) has a
strong advantage because it can track nonequilibrium
electronic band structures after photoexcitations [5-8].

For photo-induced phase transitions, although many
strongly-correlated electron systems have been inten-
sively studied [9-13], the precise mechanisms are still
under debate [14-16].  Recently, we revealed the
photo-induced insulator-to-metal transitions (IMTs) in

TasNiSes [17], where we also showed strong evidence in
dynamical behaviors as an excitonic insulator. Moreover,
other interesting photo-excited phenomena in TasNiSes
have been reported previously, which include photo-
induced enhancement of the excitonic insulator [18, 19]
or emergence of collective modes [20, 21]. In most re-
ports, the key roles for such phenomena are played by
significant electron-phonon couplings.

Recently, a new analysis method of mapping the
Fourier component of TARPES in energy and momen-
tum axis was reported to reveal electron-phonon cou-
plings in Td-WTey [22]. By this method they successfully
extracted the mode-specific phonon coupling to the elec-
tronic band structure, and revealed the new aspects for
the Weyl physics. Later, this method was theoretically
investigated to microscopically show how the intensity
and phase of a spectrum is related to the electron-phonon
coupling matrix elements [23].

In this Letter, we report that this fairly new anal-
ysis method, which we call frequency-domain angle-
resolved photoemission spectroscopy (FDARPES), can
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FIG. 1. (a) Schematic illustration of time- and angle-resolved photoemission spectroscopy (TARPES), as applied to TasNiSes.
The pump pulse is infrared light whereas the probe pulse is extreme ultraviolet light produced by high-harmonic generation.
Photoelectrons are detected by a hemisphere analyzer. (b)-(e) TARPES spectra of TasNiSes. The delay time between the
pump and probe is indicated in each panel. (f)-(h) Difference images of TARPES. Red and blue points represent increasing

and decreasing photoemission intensity, respectively.

be used to measure mode- and band-selective electron-
phonon couplings during the photo-induced insulator-
to-metal phase transition in TasNiSes. We observe
that the lattice modulation corresponding to the phonon
mode, where Ta lattice is sheared along the a-axis, is
the most relevant for the photo-induced semimetallic
state. By using FDARPES method, we also find that
the semimetallic and semiconducting bands coexist dur-
ing the photo-induced phase transition. Furthermore,
FADRPES spectra can detect the phonon-specific cou-
plings to the semimetallic and semiconducting bands se-
lectively during the photo-induced phase transition by
distinguishing them in the frequency domain.

TARPES, as illustrated in Fig. 1(a), allows us to di-
rectly observe the temporal evolution of the electronic
band structure. We used an extremely stable commer-
cial Ti:sapphire regenerative amplifier system (Spectra-
Physics, Solstice Ace) with a center wavelength of 800
nm, a repetition rate of 10 kHz, and pulse width of ~35
fs for the pump pulse. Second harmonic pulses generated
in a 0.2-mm-thick crystal of 8-BaB204 were focused into
a static gas cell filled with Ar to generate higher har-
monics. By using a set of SiC/Mg multilayer mirrors, we
selected the seventh harmonic of the second harmonic
(hv = 21.7 V) for the probe pulse. The temporal res-
olution was determined to be ~70 fs from the TARPES
intensity far above the Fermi level, which corresponded
to the cross correlation between the pump and probe
pulses. The hemispherical electron analyzer (Omicron-
Scienta R4000) is used to detect photoelectrons. The
overall energy resolution is set to be 250 meV. All the
measurements in this work were performed at the tem-

perature of 100 K.

The sample is a high-quality single crystals of
TasNi(Sep.9750.03)5 grown by chemical vapour trans-
port method using Iy as transport agent, as was re-
ported in the refs [24, 25]. Whereas a relatively large
cleaved surface is necessary for TARPES measurements
compared with static ARPES, because TasNiSe; has a
one-dimensional crystal structure, a large cleaved sur-
face of the pristine TasNiSe; that was sufficient for
TARPES measurements was difficult to obtain. However,
sufficiently-large cleaved surface of 3 % S-substituted
TagNiSes could be obtained. This is why we used 3 %
S-substituted TasNiSes rather than pristine TasNiSes in
this study. Clean surfaces were obtained by cleaving in
situ.

Figures 1(b)-1(e) show the TARPES snapshots of
TasNiSe; at various delays shown as a function of mo-
mentum and energy. The pump fluence is set to be 2.27
mJ/cm?. The delay between the pump and probe (At) is
indicated in each panel. To enhance the temporal varia-
tions, the difference images between the before and after
photoexcitation are shown in Figs. 1(f)-1(h), where red
and blue represent an increase and decrease in photoemis-
sion intensity, respectively. After strong photoexcitation,
new semimetallic electron- and hole-dispersions appear,
as has previously been reported [17]. This is the direct
signature of photo-induced IMT. To highlight the change
of the electronic band structure, we show the peak posi-
tions of the TARPES spectra before and after photoex-
citation in Figs. 2(a) and 2(b), which are averaged at At
= [-800, -200] fs and [300, 1900] fs, respectively. One can
notice that the hole band is shifted upward and crosses



the Fermi level, Fr, while the electron band appears and
crosses g at the same Fermi wavevector, kg, as the hole
band. Sizable spectral weights above Er in Figs. 1(b)
and 2(a) seem to be due to the relatively worse energy
resolution compared to the static ARPES measurement.
We also check there is negligible thermal effect before the
arrival of pump by comparing the photoemission spec-
trum at the negative delay with that without pump as
shown in Fig. S1.

To more specifically reveal the photo-induced profile
in TaoNiSes, we investigated the TARPES images in
terms of electron-phonon couplings. Figure 2(c) shows
the time-dependent intensities for representative regions
in the energy and momentum space indicated as I-IV in
Figs. 2(a) and 2(b). As a background, carrier dynamics
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FIG. 2. TARPES spectra (a)before and (b)after pump exci-
tation. The peak positions in the TARPES spectra are indi-
cated as circles. (c) Time-dependent TARPES intensities at
different energy and momentum regions. I-IV corresponds to
the regions indicated in (a) and (b). Data are shown as red
circles whereas the fitting results by double-exponential decay
functions convoluted with a Gaussian function are shown as
black solid lines. (d)Intensities of Fourier transforms of the
oscillation components in (c)I-(c)IV obtained by subtracting
the fitting curve from the data.
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FIG. 3. (a) Schematic illustration of the free energy curves for
the ground and photo-excited states as a function of lattice
coordinates corresponding to the directions of the 2-THz and
3-THz phonon modes. (b), (c) Oscillation components for I
and II corresponding to the data subtracted by the fits. The
fitting curve using a single cosine function are shown as dotted
and solid black curves. We use data for the fits shown by solid
black curves.

corresponding to overall rise-and-decay or decay-and-rise
behaviors were observed. Additionally, oscillatory behav-
iors were clearly seen superimposed onto background car-
rier dynamics, which indicated strong electron-phonon
couplings as a result of excitations of coherent phonons.
To extract the oscillatory components, we first fit the
carrier dynamics to a double-exponential function con-
voluted with a Gaussian function, shown as the black-
solid lines in Fig. 2(c), and then subtracted the fit-
ting curves from the data. Fourier transformations were
performed for the subtracted data and the intensities
for each frequency component are shown in Fig. 2(d).
One can clearly see that distinctively different frequency-
dependent peak structures appeared depending on the
regions in the energy and momentum space denoted as
I-IV in Figs. 2(a) and 2(b).

Considering that the frequencies for the peak positions
observed in this work matched the A, phonon modes
reported in previous work [26, 27] and that we domi-
nantly excited the electron system under our experimen-
tal condition, the observed coherent phonons were likely
to arise from displacive excitation of coherent phonons
(DECPs) [28]. According to the DECP theory, photoex-
citation suddenly changes the minimum energy position
in the lattice coordinates of the potential energy surface
(PES), and lattice coordinates oscillate around the new
energy minimum position with its own frequency deter-
mined by the curvature of the PES. Figure 3(a) schemat-
ically shows this situation. The PESs for the ground and
excited states are denoted as |G) and |E), respectively,
and Qarn, and QsTh, are the lattice coordinates cor-
responding to the 2-THz and 3-THz phonon modes. It
should be noted that the minimum energy positions of



3 THz

3.75 THz

Max

-l'llll 111111111 III:-I':

[INEINENENNNNENEN] Min

.0
-0.50 -0.25 0.00 0.25 0.50

k (A

FIG. 4.

0.5 -0.5 0.0 0.5-0.5 0.0 0.5
k (A k (A

(a)-(e) Frequency-domain angle-resolved photoemission spectroscopy (FDARPES) spectra shown as frequency-

dependent intensities of the oscillation components as a function of energy and momentum. The peak positions in the TARPES
spectra after and before photoexcitation are plotted as blue and green circles in Fig. 4(a) and Fig. 4(c), respectively. (f)
Calculated band structure of TazNiSes based on the density-functional theory with GGA functional superimposed onto the
photoemission spectrum before pump excitation. (g), (h) Calculated phonon modes corresponding to (b) and (c), respectively.

the PESs for the ground and excited states are differ-
ent, i.e. the minimum energy position for the excited
state have finite values of Qorp, and Qsr, shown as
the black dot on the (Q2rn,, @3TH,) plane while that
for the ground state corresponds to the origin (Qarn, =
Qs37ta, = 0). It should also be mentioned that while the
actual PES is expressed in multi lattice coordinates cor-
responding to each phonon mode, here we only include 2
modes to provide the visual image. The dynamics of the
lattice coordinates is expressed by motion of the yellow
ball and its trajectory is shown as the black solid curve
(the red solid curve) on the PES of the excited state (for
the projection onto the (Qarn,, @sTH,) plane).

To investigate the phases of coherent phonons, we fur-
ther fitted the oscillatory components by single-cosine
function. Figures 3(b) and 3(c) shows the results for re-
gions I and II, in which the 3- and 2-THz components
exhibited the strongest peaks, respectively. Phases and
frequencies were obtained as 0.19£0.11 7 and 2.974+0.02
THz for region I, and 0.37+0.12 7 and 2.0740.02 THz
for region II, respectively. If the change of PES accom-
panies no delay from the laser excitation, DECP has a

cosine-like behavior, that is, the expected phase is 0 7.
Thus, the modulation of photoemission intensity in re-
gion I along the 3-THz phonon mode was triggered im-
mediately after photoexcitation. On the other hand, the
relatively positive phase shift in region II compared with
region I indicated the modulation of the photoemission
intensity along the 2-THz phonon mode occurred with a
delay of 120 fs.

We will now discuss the electron-phonon couplings in
more detail. Since we observed that the amplitude of
each oscillation significantly changed depending on the
regions in the energy and momentum space, we fur-
ther mapped out the frequency-dependent intensity of
the Fourier component in the energy and momentum
space, which we call FDARPES. Figures 4(a)-4(e) show
the FDARPES spectra corresponding to the frequencies
of 1, 2, 3, 3.75, and 4 THz, respectively. In order to
see each phonon mode associated with the FDARPES
spectra, we perform ab initio calculations. First, we cal-
culate the band structure for TasNiSes; by using density-
functional theory with GGA functional and confirm that
the results can overall reproduce the photoemission spec-



trum shown in Fig. 4(f). Then, we employ the density-
functional perturbation theory to obtain phonon modes.
The phonon modes corresponding to 2 and 3 THz are
shown in Figs. 4(g) and 4(h). The full results of phonon
modes and details of calculations are found in Supple-
mental Material [29]. We assigned all the phonon modes
as Ay modes in the monoclinic phase. In the previous
results of Raman measurements at different polarization
settings [21], eleven Raman-active phonon modes are ob-
served in the Y(ZZ)Y setting while the three of them
show stronger peak intensities in the Y(ZX)Y than in
the Y(ZZ)Y. This is considered to be due to the fact
that all of the observed modes have A, character in the
monoclinic phase and three of them turn to be By, char-
acter in the orthorhombic phase. Precise procedures of
phonon assignments are found in Supplemental Material
[29].

Noticeably, the FDARPES spectra exhibit distinc-
tively different behaviors depending on the frequency,
which demonstrates that each phonon mode is selectively
coupled to the specific electronic bands. Particularly, the
2-THz phonon mode has the strongest signal around EF,
where it consists of a mixture of Ta 5d and Se 3p orbitals
[45], and this signature is responsible for the collapse of
the excitonic insulator. Because recent theoretical inves-
tigation reported that the intensity of FDARPES spectra
is expressed as the sum of two terms proportional to di-
agonal and off-diagonal electron-phonon coupling matrix
elements under the condition of large pulse dependent
spectral linewidth [23], this strongest signal suggests that
the 2 THz-phonon mode is most strongly coupled to the
emergent photo-induced electronic bands crossing Fr.

In order to see spectral features of FDARPES in more
detail, we compare the FDARPES spectra with the band
dispersions before and after photoexcitation. Full results
are found in Fig. S4 [29]. We find that FDARPES
spectrum at 1 THz matches the band dispersions after
photoexcitation better than that before photoexcitation
shown in Fig. 4(a) while the FDARPE spectrum at 3
THz is closer to the band dispersions before photoex-
citation shown in Fig. 4(c). This means that both
semimetallic and semiconducting bands are coexistent
in the transient state, and suggests the strong electron-
phonon couplings for 1- and 3-THz phonon modes are
associated with semimetallic and semiconducting bands,
respectively. Moreover, this finding demonstrates that
whereas semimetallic and semiconducting states coex-
ist after photo-exciation, the FDARPES method can se-
lectively reveal the coupling of each phonon mode to
semimetallic and semiconducting states owing to the
frequency-resolved manner. Regarding the lifetime of co-
herent phonons, we focus on the linewidths of power spec-
tra lying at the semiconducting and semimetallic bands,
which correspond to the region IT and IV in Fig. 2, re-
spectively. It is noticed that the linewidth at 3 THz
shown in Fig. 2(d)-IV is smaller than that at 2 THz

shown in Fig. 2(d)-II, which suggests that the coherent
phonons coupled to the semiconducting states are more
stabilized.

As clearly seen in this work, our employed analysis
method, FDARPES, can detect the mode- and band-
selective electron-phonon couplings during the photo-
induced phase transition. Our work using this method
provides direct evidence for the DECP mechanisms re-
sponsible for the photo-induced IMTs in TasNiSes. Thus,
FDARPES can be used to study many other photo-
induced phase transitions by observing how the electron
band structure is influenced by the specific phonon-mode.
We also emphasize the versatility of FDARPES. By us-
ing the multiple degrees of freedom in the excitation
pulses, we can drive different quasiparticles; for example,
circularly-polarized pulses can promote a specific spin
population or appropriate mid- and far-infrared wave-
length can resonantly excite IR-active phonons. Further-
more, FDARPES can detect couplings of electrons to
any quasiparticles or collective modes as long as their
couplings manifest as oscillations of intensities in the
TARPES spectra.
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