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We investigate the anomalous photoinduced band renormalization in correlated materials, exemplified by

the case of Ta,NiSes. The manifestation of this anomaly is characterized by the alternating direction of band
shift in response to changes in the laser parameters or electron momentum. We attribute the phenomena to the
band inversion of the material and the selective excitation of a high-lying flat band, leading to the competition
between the Hartree shift and the order collapse. These findings are based on an ab initio determined effective

model for Ta,NiSes, in which we incorporate high-lying states and the time-dependent GW simulation to follow
the nonequilibrium dynamics induced by the laser. Our findings reveal the sensitivity of the nonequilibrium
electronic dynamics to the band structure and laser protocols, providing valuable guidance for the selection of
suitable materials and lasers in the engineering of band structures.
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I. INTRODUCTION

The development of laser sources has provided an un-
precedented opportunity to manipulate the properties of
solid-state materials by strong light pulses [1-4]. Ultrafast
lasers can induce long-lived nonequilibrium states in quantum
materials, showcasing distinctive features not observed in
their equilibrium counterparts. Recent experiments have
demonstrated the potential of photoinduced nonequilibrium
states in modifying ferromagnetism [5], superconductivity
[6-8], or charge-density waves [9—12]. As a material’s prop-
erties are closely related to its electronic band structure, it
is important to understand how it can be efficiently manipu-
lated. The understanding is further strengthen by remarkable
development of time- and angle-resolved photoemission spec-
troscopy (ARPES), which provides a direct insight into the
light-induced band-gap renormalization [13-23].

The excitonic insulator (EI) is one of the most elusive
states of matter. Despite its conceptual proposal decades ago
[24-26] and the implementation in artificial systems [27-29],
providing conclusive evidence for its presence in real materi-
als remains a significant challenge. The two most extensively
studied candidates for the EI are 17-TiSe, [30-32] and
Ta,NiSes (TNS) [33-41]. For TNS, ARPES results indeed
showed the presence of the flat valence-band top below a cer-
tain temperature, indicative of an ordered phase. Its origin has
recently been highly debated. Valuable insights were given by
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time-resolved ARPES after high-frequency excitations. The
most important observation is the transient downward shift
of the valence band, primarily localized near the I' point,
distinguishing the response from the typical band renormal-
ization in semiconductors [17,21,42—-44]. In addition, this
phenomenon is observed only above a certain pump intensity
[17]. However, other experiments utilizing a different pump
laser frequency reported a monotonic upward shift of the va-
lence band [45]. These diverse results show that the direction
of band shift in TNS is dependent not only on the electron mo-
mentum but also on laser intensities and frequencies, which
provide compelling examples for the study of the anomalous
band renormalization.

In this work, we combine the ab initio determined band
structure of TNS [46] with the self-consistent time-dependent
GW approximation at finite temperature [43,47-50] to study
the equilibrium and nonequilibrium properties of TNS.
Our results can consistently reproduce multiple phenomena
observed in experiments. The underlying causes of the anoma-
lous band renormalization are analyzed. A set of higher-lying
flat orbitals not only play a role in symmetry breaking for
equilibrium, but they are also responsible for a long-lived
nonthermal state under a resonant excitation with respect to
the valence band. The nonthermal population of the flat band
significantly influences the competition between the Hartree
shift and the order collapse, which can lead either to the down-
ward or upward band shift depending on the pump protocol.
The momentum dependence of the band renormalization is
attributed to the band inversion of TNS. The investigation
into anomalous band renormalization in TNS also provides
insights for nonequilibrium processes in other materials.

©2024 American Physical Society
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FIG. 1. (a) The energy bands of the TNS in the excitonic phase
from the DFT calculation. The bands in orange, blue, and green
represent the lower, upper, and flat bands, respectively. (b) The
spectral function of the model in the equilibrium excitonic phase
with the temperature 7 = 116 K. (c) The sketch for the minimal
model. There are three atoms and five orbitals in a unit cell. Orbital
1 on the Ni atom is the lower orbital. Orbitals 2 and 3 on two Ta
atoms are upper orbitals, while orbitals 4 and 5 are flat orbitals.
They mainly contribute to the corresponding bands, respectively.
The orthorhombic-monoclinic structure phase transition will occur
as indicated by black arrows at a low temperature.

II. MODEL

In Fig. 1(a), we display the original energy bands obtained
from density-functional theory (DFT) calculations, catego-
rized into three classes: lower bands, upper bands, and flat
bands. To construct the minimal model, we select five Wannier
orbitals from three atoms within a unit cell, as depicted in
Fig. 1(c). The Hamiltonian without the external field can be
expressed as

Ho= ) GtawtipoChas +Hy +Hy, ()

koo .o

where the first part is the single-particle Hamiltonian and
the others are many-body interactions. Here, we exclusively
consider the density-density interactions between orbitals re-
siding on the same atom and on nearest-neighbor Ta-Ni atoms,

Hy = Z Uani o, 41N, | » )
i,

Hy = Z [V1a(ni 2,01 4,60 + 13,610 5.07)

i,o,0'
+ Voni 11,6 (2,60 + 0360 + Nid o + 1560

+ Nig12,6 T Nig140 +Nim130 +Ni—150)],  (3)

where i denotes the cell’s position in the I'-X direction, «
represents the orbital label, and o represents the spin. A
detailed analysis of both the real material and the model is
provided in the Supplemental Material [51]. We define the
order parameter ¢ by the off-diagonal terms of the density
matrix Py (x) in the real space [46],

lor2(DI + [p13(=DI = [p12(0)] — |p13(0)]
2 .

The order parameter measures the asymmetry of the hy-
bridization between the lower orbital of the Ni atom and
the upper orbitals of the nearest-neighbor Ta atoms. It is
close to zero in the orthorhombic phase and has a nonzero
value in the monoclinic phase. In Fig. 1(b), we present the
equilibrium spectral function (i.e., the imaginary part of the
retarded Green’s function G*!) of this model in the ordered
phase at a temperature 7 = 116 K. We plot the contributions
from different orbitals for the equilibrium spectral function in
Fig. 2(a). The band inversion between the upper and lower
bands, along with the strong hybridization between the flat
and lower bands, is distinctly visible near the I point.

To simulate the laser-induced nonequilibrium dynamics,
we utilize the nonequilibrium Green’s function library NESSi
[48], and the length gauge is applied to describe the coupling
of light and matter in the Hamiltonian [52-55]. If the posi-
tion operator is diagonal on the basis of Wannier functions
(O |r|Ra’y = 8orSua Tw» the Hamiltonian in the presence of a
laser field can be written as

H(k) = Heq(k — A) + > ET,. 5)

¢ = “

where A and E represent the vector potential and electric field
of the laser pulse, respectively, 7, denotes the center position
of the orbital « within the unit cell.

III. TIME-DEPENDENCE ANALYSIS

First, we will analyze cases in the time domain. The
electric field of the laser pulse we use is given by E(¢) =
VT exp(—t?/7%)sin(wt), with specific parameters T = 4.5 fs
and w = 1.55 eV and intensity / in arbitrary units. For the
case of I = 0.5, snapshot of the photoemission spectrum (i.e.,
the lesser Green’s function G=) at t+ = 29.6 fs is plotted in
Fig. 2(b). It is evident that some electrons are trapped in
the flat band, which has been observed in experiments [56].
To show the situation near the Fermi surface more clearly,
Fig. 2(d) shows zoomed-in photoemission spectrum slices at
k = 0 for various time points of two cases of / = 0.5 and 0.2.
These two figures reveal that the valence band experiences
significant depletion and broadening.

Focusing on the peak’s position evolution in Fig. 2(d), we
observe that the peak’s energy in the case of I/ = 0.5 consis-
tently remains below that of the equilibrium state, while in the
case of I = 0.2 the peak moves upwards. We will analyze the
intensity dependence later and concentrate on the / = 0.5 case
for now. To identify the underlying cause of the downward
shift, we plot the population of the upper and flat orbitals
against time in Fig. 2(e). There is a significant transfer from
lower orbitals to flat orbitals during the laser pulse, which can
be attributed to the resonance between lower bands and flat
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FIG. 2. (a) The contribution of different orbitals to the equilibrium spectral function. Colors are the same as those in Fig. 1. (b) The
photoemission spectrum for the case of 7 = 0.5 at + = 29.6 fs. (c) The time dependence of the order parameter. (d) The photoemission
spectrum at the I" point for two different cases at different times. “eq” represents the result of the equilibrium state. The red line indicates the
shift of the peak for the case of / = 0.5. (e) The time dependence of the average local occupation (diagonal terms of the density matrix at
x = 0) of upper orbitals and flat orbitals for the case of I = 0.5. (f) In[tr(G=/G™)] at different times for the case of I = 0.5.

bands near the I' point and the strong hybridization between
the two bands. After the laser pulse, the gradual depletion of
flat bands suggests that the trapped state in the flat bands is
long-lasting; its lifetime can be estimated as 200 fs by a linear
extrapolation. The relaxation process also induces the transfer
of population from the lower orbitals to the upper orbitals.
Assuming the population transfer from lower orbitals to flat
orbitals is An; and that from lower orbitals to upper orbitals
is Anp, one can express the Hartree shifts [57] of the bare
lower and upper orbitals as

Vi U
AEypper = (% - 2VTaNi>An1 + (% - ZVTaNi)Anz,

@> x (Any + Anp). (6)

AEjower = (2VTaNi - B

The coefficients come from the fact that the local interaction
exists only between electrons with different spins, and one
Ni atom is accompanied by two Ta atoms in a unit cell.
According to the parameters from DFT [51], it holds true that
AEjgwer > 0 and AEpper < 0 for any positive values An; and
Any. As TNS is a topological insulator with band inversions
[58], its valence top is predominantly contributed by upper
orbitals, resulting in a negative Hartree shift AE . In ad-
dition to the contribution from the Hartree shift, the peak
position is also influenced by the order parameter dynamics
(the screened Fock term). A photoinduced reduction of the
order parameter leads to the collapse of the energy gap (mark
the difference with the BEC case [43]) and an upward shift of
the valence band. The band shift near the I" point is sensitive

to the competition of the Hartree shift and the collapse effect.
In the case of I = 0.5, the Hartree shift prevails. A similar
competition has been discussed in other materials [59]. The
flat band plays an important role in the balance of two con-
tributions. In Fig. 2(f), the ratio of the lesser Green’s function
and the greater function In[tr(G=/G™)] is plotted for different
times, and its slope provides an indication of the effective
inverse temperature using the fluctuation-dissipation theorem.
The symmetry-induced limited hybridization between flat and
upper orbitals induces the long-lived states [51] in flat bands
and slows down the thermalization and the collapse near the
Fermi surface, which makes two contributions comparable.
We emphasize that our simulations only cover a brief period
immediately following the pulse to illustrate the potential
for a downward shift. For longer-term evolution, the effect
introduced by phonons becomes significant [60,61], but this
is beyond the scope of this study.

IV. LASER-INTENSITY DEPENDENCE ANALYSIS

To examine the anomalous intensity-dependence and
momentum-dependence band shifts, we fix the observed time
at + =29.6 fs while adjusting the intensity of the pump
pulse. The photoemission spectra at k =0 and k = 1/a for
a being the lattice distance are illustrated in Figs. 3(a) and
3(b), respectively. A monotonically upward trend in the peak
position at k = 1/a is observed with the increase of laser
intensity. In contrast, at k = 0, the peak position ascends at
a lower laser intensity and declines at a higher laser intensity.
This observation is consistent with the experimental findings
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FIG. 3. The photoemission spectrum at k =0 (a) and k = 1/a
(b) at t = 29.6 fs for different laser intensities /. (c) The spectral
function at ¢ = 29.6 fs for the laser intensity / = 0.5. (d) The spectral
function at I" and r = 29.6 fs for different laser intensities.

[17]. The anomalous momentum-dependent band renormal-
ization can be explained by distinct orbital contributions at
different momenta. The valence band at k = 1/a is primarily
contributed by the lower orbital, so the Hartree shift AEjqyer in
Eq. (6) and the collapse effect both lift the band. To elucidate
the reason for the anomalous intensity dependence at k = 0,
we depict the spectral function for / = 0.5 in Fig. 3(c), and
we provide slices of the spectral function at k£ = 0 for varying
laser intensities in Fig. 3(d). With an increase in the intensity
of the pump laser, the three peaks observed in the equilib-
rium spectral function merge, and the energy gap gradually
diminishes, illustrating the aforementioned collapse effect.
When the intensity is lower than I = 0.3, the collapse effect is
more pronounced than the Hartree shift, causing the band to
move upwards. For higher intensities, although the collapse
effect saturates, the Hartree shift does not; it continues to
maintain a roughly proportional relationship with the laser
intensity [51]. Consequently, it dominates in this scenario,
resulting in the downward movement of the band. Numerous
experiments also reported the metallization in photoexcited
TNS [62-65]. It is hard to define the metallization clearly
as a given level of excitations for a transient state. But the
downward shift of the valence peak does not contradict the
partial metallization induced by the increase in the in-gap
spectral function. Our simulations also show the metalliza-
tion to a certain extent at the same time, as depicted in
Figs. 2(b), 3(c), and 3(d). The anomalous intensity-dependent
change actually reflects the nonlinear response to the laser
field. As the laser intensity increases, the dominated effect
may switch due to different nonlinear thresholds. Similar
anomalous phenomena have been observed in the absorp-
tion peak of other two-dimensional materials with excitonic
structures [66,67].

FIG. 4. (a) The laser intensity dependence of the shift of the pho-
toemission spectrum peak at k = 0 and r = 26.3 fs for two different
frequencies. (b) The photoemission spectrum and the spectral func-
tion for the equilibrium state, the case of w = 1.55 eV, I = 0.5, and
the case of w = 1.77 eV, I = 1.4. (c) The photoemission spectrum
near the I" point at # = 26.3 fs for the case of = 0.5, w = 1.55 eV.
(d) Same as (c) but for the case of I = 1.4, w = 1.77 eV.

V. LASER-FREQUENCY DEPENDENCE ANALYSIS

Note that not all the experiments report the downward
shift of the valence-band top. An example can be found in
Ref. [45]. From our data, we can suggest a solution for the
discrepancy by the use of a pump laser with a frequency
w = 1.77 eV. As the current minimal model description is a
rather rough approximation for the flatband dispersion, future
work is needed to confirm the hypothesis. To investigate the
effect of frequency, we perform numerical calculations for the
laser frequency @ = 1.77 eV to compare with those results
with @ = 1.55 eV. The peak shift results for both frequencies
are plotted versus the laser intensities in Fig. 4(a). The case
with the frequency w = 1.55 eV exhibits a downward shift
behavior at significantly lower intensities. In our opinion,
this can be attributed to the proximity of w = 1.55 eV to the
resonant frequency between the lower band and flat bands. A
slight detuning leads to a more effective pumping of electrons
into the flat bands (larger Hartree shift) with a smaller heating
(collapse) effect, and the heating effect will decrease the order
parameter and the Fock term, which induces the energy gap
of EI This illustrates that the modulation of the low-energy
energy gap can be indirectly influenced by the selective
population of high-energy quasiparticles. To investigate the
condition under which the downward shift occurs, we select
two examples: w = 1.55 eV with I = 0.5 and w = 1.77 eV
with I = 1.4. The momentum-integrated spectrum functions
and photoemission spectra at 26.3 fs for both examples are
shown in Fig. 4(b). Furthermore, the momentum-resolved
photoemission spectra at 26.3 fs of two examples are shown
in Figs. 4(c) and 4(d). The distortion of the valence band
for v = 1.55 eV is considerably smaller than that in the
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high-frequency case, consistent with observations in
Refs. [21,45]. Although we still observe a downward
shift for w = 1.77 eV at a higher intensity, the strongly
distorted electronic structure under this condition raises
concerns about the validity of our model in that condition.
The selective excitation exemplified in this paragraph is
common in other photodoped materials [7,16,68] and usually
indicates a complex excited-state structure, such as the Van
Hove singularity.

VI. DISCUSSION

Although we have focused on TNS, this work introduces
new and generic strategies for the band-gap renormalization
in diverse materials. Here, we gather necessary properties of
materials for the anomalous band renormalization. First, a
strong Coulomb interaction proves to be pivotal for observing
the photoinduced band renormalization. Consequently, low-
dimensional materials stand out as promising platforms due to
their less screened interaction. Additionally, the existence of
long-lived nonequilibrium states is crucial. For the anomalous
parameter dependence, the existence of competing mecha-
nisms is a key point. Notably, the band inversion may induce
anomalies in momentum dependence, suggesting that topo-
logical insulators with band inversions may exhibit similar
anomalies in the momentum space. The intensity dependence
implies nonlinear responses, while the frequency dependence
implies a specific excited-state structure. Past experiments

highlight materials with excitonic structures as candidates
likely to display an anomalous dependence on the laser pa-
rameter in photoinduced phenomena [66,67].

VII. CONCLUSION

We have developed a concise model for TNS and con-
ducted systematic simulations to explore its laser-induced
nonequilibrium electronic dynamics. The anomalous param-
eter dependence of the photoemission spectra is carefully
analyzed. This investigation not only sheds light on the
anomalous band renormalization in TNS, but it also provides
insights for identifying other materials with similar features
and designing laser protocols to unveil anomalous photoin-
duced phenomena. As low-dimensional materials and systems
with moire patterns [69-75] generically possess flat bands,
we envision these systems as natural candidates for long-lived
photomodification of the band structure.
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