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The interplay between electronic and lattice degrees of freedom in the insulator-to-metal transition (IMT) in
rare-earth nickelates is a long-standing question. In the present work, broadband ultrafast transient reflectivity
(TR) spectroscopy is applied to study the photoinduced IMT in NdNiOs;. Both coherent and incoherent terms of
the TR signal show discontinuous behavior around the same pump fluence value. A drastic drop in the sample
reflectivity appearing at ~100 fs timescale in the high excitation density regime indicates the closing of the
gap across the IMT. In this regime, coherent phonons associated with the low-temperature crystal phase are
not observed even at early time delays, indicating an ultrafast transformation of the lattice potential. A detailed
analysis of the coherent phonons indicates a strong coupling between some phonon modes, electronic excitations,
and possibly the magnetic order. In this study, we provide insights into the ultrafast dynamics of rare-earth

nickelates.

DOI: 10.1103/yg97-vfmn

I. INTRODUCTION

Rare-earth perovskite nickelates with the chemical formula
RNiO;, where R is a rare-earth element, represent a family
of materials exhibiting rich physics [1,2]. All materials with
R # La display an insulator-to-metal transition (IMT) [3],
which in the case of Pr or Nd is also accompanied by the loss
of long-range antiferromagnetic order [4]. From the time of
its discovery, the nature of the IMT and insulating phase has
been a matter of debate [5—11]. It was found that the transition
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from high-temperature metallic to low-temperature insulating
phase is accompanied by a structural phase transition from
orthorhombic Pbnm to monoclinic P2;/n phase [12,13]. It
was predicted that a breathing distortion leading to bond
disproportionation with long and short Ni—O bonds, creating
compressed and expanded arrangements of NiOg octahedra
[14], plays a key role in the stabilization of the insulating state
in RNiOj3 [see the NdNiO3; low-temperature crystalline struc-
ture in Fig. 1(a)] [5,10,15,16]. The breathing distortions are
found to be accompanied by the formation of a charge-ordered
state [17], which according to current agreement is related to
a self-doping effect resulting in a separation of ligand holes
[5,15,18].

Since the observation of distinct electronic dynamics of
insulating and metallic phases in NdNiO; [19], different
out-of-equilibrium techniques were applied to establish the
role of different degrees of freedom in the IMT [20-22]. A
strong connection between the melting of the charge order
and the electronic phase transition was revealed by combining
time-resolved resonant x-ray diffraction and optical transient
reflectivity (TR) spectroscopies [21]. In a recent study by
Stoica ef al. [22], the dynamics of magnetic, electronic, and
structural phase transition in NdNiO; was investigated by
combined transient x-ray and terahertz (THz) techniques. The
reported results indicated that the melting of the magnetic
order precedes the electronic and structural changes appear-
ing a few hundred femtoseconds after the photoexcitation.

Published by the American Physical Society
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FIG. 1. (a) Sketch of the low-temperature monoclinic crystalline
structure of NdNiOs, illustrating compressed (blue) and expanded
(gray) octahedral arrangements of nickel sites. (b) Electrical resistiv-
ity temperature dependence for the studied NdNiOs crystalline film.
The data shown here were previously reported in Ref. [23], in which
the sample studied in our work was characterized. (c) Raman spectra
for the two crystalline phases of NdNiO; measured at 77 and 300 K.
(d) Temperature dependence (warmup) of the real part of the optical
conductivity of the NdNiO; film obtained by point-by-point fits to
the ellipsometry data in broad spectral range.

Despite extensive studies performed over the last few years on
rare-earth nickelates, a complete picture describing the role of
different degrees of freedom in the IMT in these materials re-
mains elusive, and more experimental and theoretical studies
are required to build a coherent picture.

In this work, we apply broadband optical TR spectroscopy
with high temporal resolution (i.e., ~30 fs) to monitor both
the changes in the electronic response and the evolution of
the coherent phonons in photoexcited NdNiO3 across the
IMT. We find that high-frequency phonon modes involving
distortions of NiOg octahedra are particularly sensitive to the
photoexcitation. For strong laser excitation, we observe a dra-
matic decrease of the reflectivity within approximately 100 fs,
followed by the formation of a long-lived signal, indicating a
transition to the metastable metallic state. At the same time,
the coherent phonons of the low-temperature phase are not
present in the TR traces in the strong excitation regime even
at early time delays. In this study, we demonstrate that the
electronic IMT and ultrafast lattice modifications are strongly
connected in NdNiOs, providing important information for fu-
ture studies of rare-earth nickelates and their heterostructures.

II. NEODYMIUM NICKELATE THIN FILM

NdNiO; thin film has been synthesized on a LaAlO; sub-
strate using reactive oxide molecular beam epitaxy at 550 °C.

The details of the fabrication and sample characterization with
x-ray absorption and diffraction techniques are reported in
Ref. [23]. The thickness of the film is 22.9 nm. Basic electrical
characterization is performed in the van der Pauw geometry
in a Physical Property Measurement System using standard
AC lock-in techniques at ~15 Hz. Resistivity measurement
shown in Fig. 1(b) presents a sharp IMT. The cooldown and
warmup transition temperatures determined from the reported
measurements are around 108 and 150 K, respectively, like
in previous works [17,23]. Such hysteretic behavior is due
the phase coexistence close to the IMT temperature, which
is expected for a first-order phase transition. A broad hys-
teresis loop is commonly observed in electrical resistivity
measurements for NdNiOs, for which it has been extensively
investigated [24—29], and for PrNiO3 [30], whereas it is less
prominent for the nickelates with smaller rare-earth cations
[29,31]. The IMT temperature is slightly lower than in bulk
NdNiO;3 [1,3] due to £ >~ —0.4% compressive strain [23],
induced by the LaAlO; substrate [32—-34]. Additional sam-
ple characterization, performed in this work, confirms the
IMT in the studied sample: Raman scattering measurements,
reported in Fig. 1(c), reveal distinct phonon modes at 77
and 300 K, in agreement with previously reported studies
on NdNiO; [35-37], confirming the change of the crystal
symmetry across the IMT. Figure 1(d) shows temperature
dependence of the real part of optical conductivity of the
NdNiOj film, extracted from ellipsometry measurements with
an ambient/film/substrate model. The spectra reveal the pres-
ence of several overlapping features from the midinfrared
(mid-IR) to ultraviolet range, assigned to transitions between
lower-Hubbard-band and oxygen orbitals to unoccupied states
[38—40]. Narrow peaks in the far-IR part of the spectra are
due to IR-active phonon modes of NdNiO3 and the substrate
(see also Fig. S2 in the Supplemental Material (SM) [41]).
Below 150 K, the sample has a band gap of around 300 meV,
while at higher temperature, the metallic phase is character-
ized by a rise of a Drude peak. The details on spontaneous
Raman scattering and steady-state ellipsometry measurements
are provided in the SM [41].

ITII. NONEQUILIBRIUM RESPONSE TO A WEAK
PERTURBATION

TR measurements are performed on the NdNiO; film at
2 kHz repetition rate. In our experiment, the sample is excited
by a pump pulse with ~30 fs duration centered at 2.4 eV. The
changes of the reflectivity are monitored in the 1.7-2.3eV
range by a delayed broadband probe pulse. We first discuss
measurements performed in a weakly perturbative regime, in
which the pump fluence of 60 uJ cm™2 is used to prevent
strong perturbation of the system (see fluence dependence in
Sec. IV). Further experimental details are provided in the SM
[41].

The experimental results of the TR measurements for the
two adiabatic phases of NdNiO; are summarized in Fig. 2.
Figures 2(a) and 2(e) show pseudocolor AR/R maps for the
insulating (77 K) and metallic (300 K) states, respectively.
In the low-temperature insulating phase, the reflectivity of
the sample immediately after the photoexcitation is quenched
in the two electronic bands with the energies below 1.8 eV
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FIG. 2. Transient response of NdNiO; to a weak perturbation at (a)—(d) 77 K and (e)}—~(h) 300 K. (a) and (e) Pseudocolor TR maps. (b) and
(f) Oscillatory components of the transient signals. (c) and (g) FT maps of the maps (b) and (f), respectively. (d) and (h) FT spectra at 1.82 eV

probe energy.

and above 2.1 eV, resulting in negative AR/R. The shape of
the transient signal is consistent with the ellipsometry mea-
surements shown in Fig. 1(d) and in Fig. S2 in the SM [41]
as well as with the reported studies on NdNiO3 electronic
structure [38,39]. The initial negative AR/R signal recovers
with time constants of ~0.4 ps and 3 ps (see fit in Fig. S5 in
the SM [41]). Above the transition temperature, i.e., in the
metallic state, the differential signal is positive and almost
featureless in the whole probe range, as shown in Fig. 2(e).
The TR of the high-temperature metallic phase displays an
instantaneous rise, i.e., limited by the instrument response
function, followed by a fast decay and a plateau with re-
laxation times t; >~ 120 fs and 7; 2 20 ps. Such behavior
is typical for metallic systems, and the two components are
generally attributed to the electron-phonon thermalization and
the heating of the lattice, respectively [42,43].

In both phases, the transient signal is significantly modu-
lated by coherent oscillations [44] across the whole spectrum.
The intensity of the oscillations is enhanced around 1.8 eV,
indicating an increased coupling strength to the interband
transitions in that energy range [45—47], although the micro-
scopic origin of the associated states is under debate [39,40].
The oscillatory component of the signals, retrieved from the
experimental maps by subtracting global fit maps of the in-
coherent part [48], is shown in Figs. 2(b) and 2(f) for the
insulating and metallic phases, respectively. (See details in
the SM [41].) The Fourier transform (FT) maps reported in
Figs. 2(c) and 2(g) reveal the presence of multiple phonon
modes, modulating the TR signal. The strongest modes at
77 K are observed at 7.5 THz [250 cm™!, labeled as Mode II,
as shown in Fig. 2(d), displaying FT at 1.82 eV probe energy],
9.0 THz (300cm~!, Mode III), and 11.8 THz (394 cm~!,
Mode IV), although other lower intensity oscillations are also
present in the FT, such as Mode I at 2.6 THz (87 cm~'), Mode

V at ~13.5 THz (450 cm™'), and an additional peak at 9.6
THz (320 cm™).

In the high-symmetry (metallic) phase, the coherent
phonon mode content is different, as shown in Figs. 2(g) and
2(h). A low-frequency mode, almost indistinguishable at low
temperature, is clearly seen at 2.3 THz (76 cm~', Mode I).
The doublet at 9.0 and 9.6 THz, observed in the insulating
phase, collapses into a single peak around 9.2 THz (307 cm ™!,
Mode IITI'). Mode T remains almost unchanged, showing a
minor hardening in the high-temperature phase.

The phonon modes revealed in the FT for both crystal
phases match the peaks observed in Raman scattering mea-
surements reported in Fig. 1(c) well (see also Fig. S1 in the
SM [41]). The coherent responses of the two crystal phases
can therefore be clearly distinguished with the precision of
our TR measurements. Importantly, no coherent oscillations
are observed in the metallic phase for the frequencies above
10 THz, although they are present in the static Raman spectra
[see Fig. 1(c)], which is critical for the analysis reported in
Sec. V, in which the changes in the coherent phonons with
temperature and pump fluence are discussed. The absence of
the coherent modes above 10 THz can either be due to the
low symmetry of the phonons in that frequency range [35] or
due to their reduced coupling with the probed electronic states
[49]. We also note that no coherent phonon signal from the
substrate is observed in our measurements, as shown in Fig. 10
in the SM [41]. In the following section, we discuss how
the transient response of the material evolves with increasing
pump fluence.

IV. FLUENCE DEPENDENCE

To explore the effect of excitation density on the optical
properties of NdNiOs;, we perform pump-fluence-dependent
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FIG. 3. Fluence dependence. (a) TR traces at 1.82 eV probe energy for select pump fluences. Thin black lines show the fit with Eq. (3).
(b) Total fit and two exponential components from Eq. (3) with the r; component showing delayed rise above critical fluence [® = 1.4 &%,
yellow trace in panel (a)]. (c) Nonequilibrium reflectivity measured at f = 100 ps for & = 4.4 &* at 77 K (solid blue line) approaching static
reflectivity above the transition temperature (dashed blue line). (d) Integral of the transient signal calculated as in Eq. (1) over the hatched area
shown in panel (a). Solid line shows the fit with the function in Eq. (2). Fluence dependence of the fit parameters (e) A; and (f) 71, determined
from Eq. (3). Vertical orange lines in (d)—(f) indicate the fluence &*; the error bars are represented by the thickness of the filled areas.

measurements, like in previous works on systems with strong
electron-phonon coupling [50-52]. In these measurements,
the sample is kept at 77 K (i.e., in the insulating phase),
and the pump fluence is varied over more than an order of
magnitude from tens of uJ cm™2 to more than 1 mJcm™2. To
achieve homogeneous excitation over the probe beam profile,
the pump beam spot size on the sample surface has been set
to be at least two times larger than that of the probe beam.
Because of the qualitative similarity of the transient signal
for different probe photon energies (see also Fig. S7 in the
SM [41]), we focus here on the probe region around 1.8 eV,
where the overall signal is negative, and the coherent signal is
enhanced.

The transient traces at 1.82 eV for select excitation densi-
ties are reported in Fig. 3(a). As the pump fluence increases,
the signal becomes qualitatively different from that discussed
before (see, e.g., the yellow trace, corresponding to 340
uJ cm~2): after the excitation, the TR continues to decrease
within a few hundreds of femtoseconds and then recov-
ers at a much slower rate. For higher fluences, after the
initial delayed formation, the reflectivity keeps decreasing
on a picosecond timescale up to the longest experimen-
tally explored time delay of 100 ps (see Fig. S7 in SM
[41]), like in previous studies [21,53,54]. We note, however,
that the transition is fully reversible up to the highest ex-
plored pump fluence of 1.6 mJcm~2, and the recovery time
is significantly shorter than 0.5 ms time distance between
consecutive probe pulses. The reflectivity drop upon pho-
toexcitation with high pump fluences is consistent with lower
reflectivity of the metallic state, as shown in the static reflec-
tivity data, extracted from the ellipsometry results, depicted
in Fig. 3(c) and Fig. S2 in the SM [41]. The reflectivity is
calculated with the transfer matrix method (TMM) [55] for the

system vacuum/NdNiO; film/LaAlO; substrate [56]. The
static reflectivity in the metallic state and the nonequilibrium
reflectivity in the photoexcited state show a similar shape with
a vanishing low-energy peak. The discrepancy between the
two spectra can be because the applied TMM model does not
consider the light that is backscattered from the opaque rear
surface of the substrate, which is in contact with the cold
finger of the cryostat. The observed drastic changes in the
reflectivity of NdNiO3 indicate a significant modification of
the electronic structure of the system upon photoexcitation
and the formation of a metastable state.

To quantify the effect of the increasing pump fluence ®
on the response of the system, we explore the evolution of
the signal intensity as a function of ®. Figure 3(d) reports the
integral s(®) of the transient signal at 1.8 eV over the first
picosecond after the photoexcitation as a function of incident
pump fluence:

Ips AR
s(P) = —f dt —(,1). (1)
0 R

The region of integration is indicated with a shaded area in
Fig. 3(a). In a narrow range of fluences, the signal experiences
a dramatic change, which strongly deviates from the behavior
at low fluences. We estimate the threshold value of ®*, at
which the signal experiences such changes, by fitting s(®)
with a function

s(cb):A[l —erf(

il +b®
5P '

Here, erf is the Gauss error function, considering the discon-
tinuous component, and the linear term includes the linear
growth of the signal with the incident fluence at the low-
fluence regime. The fit is shown in Fig. 3(d) with a solid

2
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line. The estimated value of the critical fluence ®* ~ 250
wJ cm~2 is marked in the figure with a vertical orange line.
The determined value of ®* corresponds to the excitation
of one site in about 130 unit cells, considering the unit cell
volume 55 A3 [23] and estimating from the performed ellip-
sometry measurements the absorption of a 22.9 nm film at
2.3 eV to be of ~0.5. From the volumetric heat capacity
of NdNiO; at 77 K being around 1.5 Jem—3 K~' [57,58]
and the calculated absorption, we also estimate the transient
heating of the sample per pulse for this fluence to not exceed
AT = 30 K, which is much lower than the difference between
the sample temperature and the phase transition temperature
T* ~ 150 K, confirming that the observed transition is not
due to the transient heating of the sample. The found threshold
fluence ®* in NdNiOj3 is on the same order of magnitude as
previously reported for NdNiO; on NdGaOs substrate [21]
and for SmNiO; on LaAlOs [59], and it is much lower than
the values reported for other IMT materials, such as VO, [60],
V303 [50], or Lag 5Sr; sMnO, [61], which are typically on the
order of several uJ cm?.

We further explore the evolution of the incoherent part of
the signal with the pump fluence by fitting the TR traces with
a two-exponential function, convoluted with a single Gaussian
G(o, ), representing the IRF

2
%(f) =H(t — fg)[glﬂi; exp (_f ;'to) +({| *G(o,1).
3

L

Here, H(t — 1p) is the Heaviside step function. The fit traces
are shown in Fig. 3(a) with thin black lines. Figures 3(e)
and 3(f) report the amplitude A, and the time constant 7; of the
fast exponential component. Blue filled areas represent the er-
rors of the fit. Both parameters show a discontinuous behavior
around the threshold fluence ®*, marked with a vertical or-
ange line, indicating drastic changes in the electronic response
of the sample. The amplitude of the exponent A; changes the
sign from negative to positive, as it crosses ®*, meaning that,
for the fluences exceeding @*, the formation of the transient
signal is delayed. The delayed formation of the TR signal,
associated with the first exponential component is shown in
Fig. 3(b) for ® = 1.4 ®*. This delay can be associated with
the formation of a metastable metallic state upon the closure
of the gap, which is accompanied by a spectral weight transfer
from high-energy states to the Drude peak, consistent with the
reflectivity changes shown in Fig. 3(c).

Additionally, we have explored the effect of the pump pho-
ton energy on the dynamics of photoinduced phase transition.
For this, similar measurements have been performed using a
two-color TR technique with mid-IR excitation at ~440 meV,
i.e., close to the band gap. However, only marginal differences
between the two excitation regimes have been observed, as
shown in Fig. S9 in the SM [41], indicating the similarity of
the mechanisms driving the IMT for the two excitation photon
energies. We therefore focus on the results obtained for the
excitation in the visible.

We have also performed fluence dependence measure-
ments at 300 K, i.e., well above the phase transition
temperature 7*. The results are reported in Fig. S6 in the
SM [41]. For all explored fluences, the transient response of
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FIG. 4. Temperature and fluence dependence comparison. Evo-
lution of TR at (a) 1.82 eV and (b) corresponding FT magnitudes for
increasing sample temperature. Evolution of transient reflectivity at
(c) 1.82 eV and (d) corresponding FT magnitudes for increasing
pump fluence. Dashed horizontal lines in (c) and (d) mark threshold
fluence &* ~ 250 pJ cm~? determined as explained in text.

the system remains similar, confirming that the discontinuity
observed in the TR measurements are present only in the low-
temperature semiconducting phase and are associated with the
photoinduced IMT.

V. FLUENCE AND TEMPERATURE DEPENDENCE
OF THE COHERENT PHONONS

As discussed in Sec. I1I, in both low- and high-temperature
phases the transient response of the system is modulated by
coherent oscillations. We now discuss the evolution of the
coherent phonons across the temperature- and photoinduced
phase transitions. Figure 4(a) reports differential reflectivity
traces at 1.82 eV probe photon energy for different sam-
ple temperatures. For these measurements, the sample is
cooled down to 77 K, and the temperature dependence is
acquired upon warming up. A relatively low fluence of around
140 W cm~2 (~0.56 ®*) has been chosen to prevent strong
perturbation of the system, having at the same time higher
signal-to-noise ratio. An abrupt change of the differential re-
flectivity signal sign is observed around T* = 143 K, close
to the warmup IMT temperature determined by steady-state
sheet resistivity measurements [see Fig. 1(b)]. The tempera-
ture mismatch can be related to higher starting temperature
in our TR temperature scan (77 K) than that in the resistivity
measurements as well as the pump-induced transient heating
of the sample. The corresponding FT spectra are shown in
Fig. 4(b). Below and above the transition temperature, the FT
spectra are characterized by the presence of phonon modes
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Temperature and (d) fluence dependence of phonon dephasing time,
determined by STFT analysis. The error bars are represented by the
thickness of the filled areas. (e) Illustration of the STFT: sliding
Gaussian time window G(o, i) selects data range within which
the mode content is explored. (f) STFT of Mode IV below (& =
0.12 ®*) and above (& = 3.3 ®*) threshold fluence (T =77 K),
showing that Mode IV is not present for & > &*.

of low- and high-symmetry phases, respectively, described in
Sec. III [see also Figs. 2(d) and 2(f)]. The decreasing phonon
intensity at higher temperatures in the metallic phase can be
related to a reduction of the optical conductivity [62].

Like the temperature dependence, Fig. 4(c) shows the evo-
lution of the differential reflectivity signal for increasing pump
fluences. In these measurements, the sample is kept at 77 K.
The pump fluence (ordinate axis) is shown in logarithmic
scale. As discussed in Sec. IV, for increasing pump fluences,
the signal experiences drastic changes, such as the nonlinear
signal intensity increase and the formation of the metastable
metallic state. The map in Fig. 4(d) reports the corresponding
FT coherent phonon spectra. All spectra are normalized to the
pump fluences to remove the effects that depend linearly on
the excitation density. Dashed horizontal lines in Figs. 4(c)

and 4(d) indicate threshold fluence ®*. When the pump
fluence exceeds @*, the intense phonon peaks of the mon-
oclinic phase disappear. Note that ®* has been determined
from the incoherent (electronic) response of the system and
has been associated with the change of the dynamics character
from a decay to a delayed rise. The analysis of the coherent
phonons indicate that the photoinduced IMT is accompanied
by significant modification of the lattice potential. The weak
peaks observed in the FT map above the threshold fluence
are likely related to the incomplete phase transition in the
probed volume for moderate pump fluences or to the coherent
response of the orthorhombic phase fraction, which can be
present below the transition temperature [63—65].

Despite major similarities in the FT spectra for the laser-
driven IMT below the threshold fluence and the temperature-
induced IMT below the transition temperature, there are some
notable differences. Figures 5(a)-5(d) compare parameters of
the two most intense modes, i.e., Modes III and I'V. Figure 5(a)
shows the evolution of the FT magnitudes with temperature,
extracted from the map in Fig. 4(b). For increasing temper-
atures, the intensity of both modes progressively diminishes
and sharply drops as the temperature approaches T*, as ex-
pected for a first-order phase transition. The intensity of Mode
IV shows a stronger dependence on the sample tempera-
ture, as previously shown in Raman scattering measurements
[35]. The nonzero signal above T™* for the blue trace is due
to Mode III' of the high-temperature orthorhombic phase,
which has a very similar frequency (9.2 THz). Conversely, the
pump-fluence dependence of the two modes is qualitatively
different: Whereas the intensity of Mode III is almost constant
up to ~160 wJ cm~2 within the error of the measurement and
drops as the fluence approaches ®*, resembling the tempera-
ture dependence, Mode IV intensity shows a gradual decrease
over the whole fluence range below ®*. A similar analysis
performed for Mode II (see SM [41]) shows that such behavior
is unique for Mode IV.

Together with the FT magnitude of the phonon modes as
a function of temperature and fluence, we retrieve informa-
tion about the phonon dynamics via a short-time FT (STFT)
analysis [66]. In this method, the frequency content of the
oscillating component of a TR signal is examined within a
moving Gaussian window G(or, f — ), where p is varying
position of the window

+o0
Fer(, ) = f ar 2RO

—00

G(or, t — p)exp(—iwt).

0sC

)
Figure 5(e) illustrates a wavelet selected by a window
G(ot, t — p). For the Gaussian window, g; = 250 fs gives
the frequency uncertainty oy = 2 THz, allowing us to track
the dynamics of Modes III and IV independently. The result-
ing three-dimensional matrix in Eq. (4) contains information
about the temporal evolution of the FT of the coherent signal
for all probe photon energies. In principle, the informa-
tion about the phonon dephasing can also be obtained by
performing an approximation of the transient traces with a
combination of exponential decays and damped cosine func-
tions (see, e.g., Eq. (2) in the SM [41]). However, such an
analysis is complicated because of the high number of strong
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coherent modes as well as the increased noise as the pump
fluence approaches ®*.

The phonon dephasing times are extracted from STFT
traces around 9.0 THz (for Mode III) and 11.8 THz (for
Mode IV) calculated for 1.82 eV probe photon energy, as-
suming a monoexponential decay law. A typical trace is
shown in Fig. 5(f). The results of the phonon lifetime anal-
ysis are summarized in Figs. 5(c) and 5(d). For increasing
sample temperatures, a stronger damping is observed for both
modes, which can be explained by a larger probability of
phonon-phonon scattering at higher temperatures [67]. For all
temperatures, the dephasing rate of Mode IV is roughly two
times higher than that of Mode III. In contrast, the phonon
dephasing time does not seem to be affected significantly by
the pump fluence, as shown in Fig. 5(d). The observed fluence
dependence of the phonon intensity is not related, therefore,
to a faster coherent phonon dephasing.

We further apply the STFT to explore the evolution of
the coherent phonons in the photoexcited sNdNiO; when
the pump fluence exceeds ®*. Figure 5(f) compares inten-
sity profiles of Mode IV for two pump fluences below (~30
w] cm—2 = 0.12®*) and above (~830 wJ cm—2 = 3.3®*) the
IMT threshold. The traces are extracted from the STFT maps
at 1.82 eV for the frequency region around 11.8 THz. For
low pump fluence, the phonon intensity profile shows a finite
formation time defined by o; of the Gaussian window and
a decay of ~1 ps. When the pump fluence exceeds ®*, no
considerable signature of Mode IV, which is present only in
the low-temperature monoclinic phase, is observed even at
early time delays.

VI. DISCUSSION AND CONCLUSIONS

The fluence dependence of the TR in NdNiOz; shows a
sharp discontinuity in the parameters of both the coherent
and incoherent components of the signal around the threshold
fluence ®* ~ 250 W cm~2. For pump fluences exceeding ®*,
the TR signal has a delayed rise with a characteristic time
of ~100 fs. The observed delayed formation of the signal
indicates that a strong pump induces a significant modification
of the sample reflectivity due to the photoinduced closure of
the gap and the consequential spectral weight transfer. The
observed timescale can be defined by different factors affect-
ing the photoresponse of the system, depending on the driving
force of the phase transition. For instance, it can be related to
the carrier thermalization [68], required for the reconstruction
of the carrier distribution in the metallic phase upon closing
of the gap, or to a phonon bottleneck [69], in case a structural
change is the driving force of the IMT. The long rise-time
component appearing on a picosecond timescale (see also
Fig. S7 in the SM [41]) in the TR traces for ® > ®*, i.e,
when the the probed volume is homogeneously excited, can
be related to the sample cooling [54] or to relatively slow
structural modifications in the photoinduced phase [70,71].

When the pump fluence exceeds ®*, the coherent phonons
of the low-temperature monoclinic phase promptly disappear
upon photoexcitation. As shown in Fig. 5(f), Mode IV is
not observed in the high-fluence regime even at early time
delays, indicating an ultrafast change of the lattice potential
accompanying the IMT.

It has recently been reported that an ultrafast quench of
the magnetic order precedes the electronic and structural
transition in NdNiOs, both appearing at approximately 450 fs
after the optical pumping [22]. Moreover, the Nd magnetic
scattering signal is modulated by a low-frequency phonon
mode—matching Mode I in the present work—even at pump
fluences exceeding the IMT threshold. Our findings suggest
that such a description is not complete. The lifetime analysis
shows that, above ®*, the electronic response of the system
is significantly modified within the first ~100 fs, and the
high-frequency phonon modes are not observed even at early
time delays. These results suggest that ultrafast lattice poten-
tial transformations are linked to the electronic modifications,
and they play an important role in the photoinduced IMT in
rare-earth nickelates.

The detailed analysis of the pump-fluence dependence
shows that some phonon modes are significantly affected
by the laser excitation. The intensity of Mode IV decreases
gradually with increasing photocarrier density, indicating a
strong modification of particular electron states involved in
the corresponding motion by the generated carriers. The high-
frequency phonons present in the low-temperature monoclinic
phase in NdNiO; are related to the distortions of oxygen
octahedra [16,35,72] and are therefore particularly sensitive
to the changes in the parameters of Ni—O bonding. It should
be noted that the low-temperature insulating phase is anti-
ferromagnetic, and the antiferromagnetic order is believed to
play an important role in the stabilization of the insulating
phase [73]. Raman scattering studies on rare-earth nickelates
have reported significant changes in the parameters of high-
frequency phonon modes above the Néel temperature [36,37],
indicating a possible spin-phonon coupling, which may affect
the observed phonon parameters [74,75]. We also note that the
fluence dependence of the Ni magnetic scattering reported in
Ref. [22] shows a similar trend to that of Mode IV in Fig. 5(b).
For a correct description of the coherent phonon dynamics, it
may therefore be necessary to consider the evolution of both
the electronic and magnetic systems upon photoexcitaton.

In conclusion, the reported all-optical TR measurements
have revealed the photoinduced IMT in a thin film of
neodymium nickelate. Both coherent and incoherent parts of
the signal change within approximately 100 fs upon photoex-
citation above the threshold fluence, indicating a simultaneous
electronic phase transition and a strong modification of lat-
tice potential. A detailed investigation of coherent phonons
has unveiled anomalous behavior of a high-frequency mode
involving the oxygen octahedra distortion, indicating its link
to the phase transition. These findings suggest that ultrafast
lattice transformations play an important role in the photoin-
duced IMT in nickelates.
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