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Strong electronic correlation can lead to insulating behavior and to the open-

ing of large optical gaps, even in materials with partly filled valence shells. Al-

though the non-equilibrium optical response encodes both local (quasi atomic)

and collective (long range) responses, optical spectroscopy is usually more sen-

sitive to the latter. Resonant x-ray techniques are better suited to investigate

the quasi-atomic properties of correlated solids. Using time-resolved resonant

inelastic x-ray scattering (RIXS), here we study the ultrafast non-equilibrium

processes in NiO following photo-excitation by ultraviolet photons with energy ex-

ceeding the optical gap. We observe the creation of charge-transfer excitons that

decay with a time constant of about 2 ps, while itinerant photo-doping persists

for tens of picoseconds. Following our discovery, which establishes time-resolved

high-resolution RIXS as a powerful tool for the study of transient phenomena in

condensed matter, the possible presence of charge-transfer excitons will need to

be considered when interpreting optical pump-probe experiments on correlated

quantum materials.

1 Introduction

The optical constants of solids encode a wealth of information about the underlying electronic and

magnetic structure. When the electron-electron interaction cannot be neglected, modeling optical

constants becomes challenging though extremely valuable. In this context, experiments investigating

the transient effects of light pulses on these materials are crucial for establishing connections

to microscopic physics. They also create opportunities to drive the system into states that are

unreachable in static conditions. That explains why ultrafast pump-probe techniques have become

a primary tool for the investigation of quantum materials, enabling the realization of transient

and eventually meta-stable states. Remarkable optically-driven phenomena have been observed,

such as transient phase transitions (1, 2), the quenching of ordered phases (3–6) and the photo-

induced renormalization of characteristic effective interaction parameters, such as the Coulomb

repulsion 𝑈 of the Hubbard model, the magnetic inter-atomic superexchange 𝐽, and the charge-

transfer energy Δ (7–9). The lowest energy dipole-allowed transition is a metal-to-metal charge-
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transfer in Mott-Hubbard insulators, while a ligand-to-metal electron transfer in charge-transfer

(CT) insulators, as sketched in Figure 1(a) (10). The former was predicted theoretically (11–15)

and proved experimentally (16) to drive the formation of holon-doublon pairs in the form of so-

called Hubbard excitons; instead, it is unclear whether the latter leads to bound electron-hole pairs

(CT excitons) or itinerant states or both. Despite their relevance to widely studied materials, e.g.

high-Tc superconducting cuprates (17), such mechanisms have not been disclosed yet. Our aim is

to determine experimentally whether the CT exciton, corresponding to the Hubbard exciton, exists

for CT insulators, how fast it decays and, possibly, through which processes.

On the one hand, state-of-the-art all-optical pump-probe techniques rely on the measurement

of optical constants in the photo-excited states, therefore weighting more the collective, non-local

part of the electronic structure with respect to the local, quasi atomic-one. On the other hand,

resonant x-ray spectroscopy is known to be well suited to study the electronic properties from

a local point of view (18, 19). The combination of time-resolved methods with resonant x-ray

spectroscopy can therefore provide a very original vision of the transient physics of quantum

materials (19). Here we exploit this unique capability by using time-resolved resonant inelastic

x-ray scattering (trRIXS) with high energy resolution, described in Figure 1(b), to investigate the

existence and the dynamics of CT excitons. In fact, static RIXS has been extensively used to obtain

significant results on orbital (20–23), spin (24–27), lattice (28, 29) and charge excitations (30–33)

of 3𝑑 transition-metal oxides. The availability of high repetition rate x-ray free electron lasers

now allows pushing a photon-hungry technique like RIXS to femtosecond temporal resolution.

We selected NiO, a reference material with a large correlation gap, simple crystalline structure

and a well-known antiferromagnetic order, because it has been extensively studied with resonant

x-ray spectroscopy (34–38), and RIXS in particular (20, 39–41). In the face-centered cubic crystal

structure of NiO, the Ni2+ ions are octahedrally coordinated with O2− ligands and host (𝑆 = 1,

𝐿 = 0) atomic moments that, below 𝑇N = 532 K, order in a collinear antiferromagnetic lattice. The

strong Coulomb repulsion entails that the transfer of an electron from a metal site to a neighboring

one costs several eV in energy (𝑈 > 6 eV) (42). The Ni3𝑑84𝑠𝑝0-O2𝑝6 ground state is thus well

described by a 𝑂ℎ ligand-field model, which is dominated by atomic multiplet states of Ni 3𝑑8,

with 3A2𝑔 symmetry and (𝑡62𝑔 𝑒
2
𝑔) orbital occupation. The resulting CT insulator has an optical gap

about 4 eV wide (20).
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Most pump-probe measurements on NiO reported so far have used in-gap optical excitation

(9,43–48), whereas excitations above the CT gap and their evolution on the sub-picosecond timescale

have been rarely investigated (8,49), possibly also due to the complexity of describing theoretically

the many-body state in a photo-excited correlated system. To study the transient properties of these

excited states, we illuminate the (001) face of a NiO single crystal with laser pulses of photon

energy ℎ𝜈 = 4.66 eV (𝜆 = 266 nm) exceeding the optical gap, and probe it by trRIXS. Since the

photo-excitation changes the valence of the ion hosting the exciton, we exploit the unique chemical

sensitivity of RIXS to isolate the details of the electronic properties of the photo-excited sites (50)

and to follow their dynamics, as well as to monitor how the Ni sites not hosting the CT exciton are

perturbed both by the presence of CT excitons nearby and by itinerant charges.

2 Results

We use time-resolved x-ray absorption spectroscopy (trXAS) and trRIXS, taking advantage of the

well-established data interpretation framework available for the specific case of NiO (20, 41, 51).

trXAS and trRIXS spectra are acquired at the Ni 𝐿3 edge, corresponding to the resonant core

excitation 2𝑝 → 3𝑑 or, in terms of electronic configurations, 2𝑝63𝑑𝑛 → 2𝑝53𝑑𝑛+1, where 𝑛 = 8 in

the ground state but can be different in the photo-excited state. The static and photo-excited XAS

spectra of NiO are shown in Figure 2(a). The static spectra are composed of a main resonance

at 853 eV and a satellite at 854.5 eV; they are the two dominant terms of the 2𝑝53𝑑9 multiplet,

having spin-triplet and spin-singlet character, respectively (20). A pre-edge feature at ∼851.8 eV,

i.e. ∼ 1.2 eV below the main peak, appears in the XAS measured 0.2 ps after the pump-pulse, in

agreement with reference (8) but more evident due to the higher pump-pulse fluence used here

(∼ 9.1 mJ/cm2, see supplementary materials). By referring to the static XAS of infinite-layer

nickelates like NdNiO2, where Ni is nominally mono-valent (3𝑑9) (23), and assuming a hole at the

oxygen ligand after the photo-excitation, we can assign the pre-edge peak to the absorption of x-rays

by a Ni site being momentarily in the 3𝑑9L configuration (where L stands for a hole in the ligand 2𝑝

states), instead of the ground state 3𝑑8. We show below that calculations confirm this assignment.

Figures 2(b,c) show the trRIXS spectra excited at the main resonance (M excitation) and pre-edge

peak (P excitation), respectively. The RIXS spectra are dominated by dd excitations (reshuffling
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of the electrons among the 3𝑑 orbitals, also named crystal-field or ligand-field excitations) in the

1 eV to 3 eV energy-loss range (20), and by magnons and double-magnons (Δ𝑆 = 1, 2 respectively)

in the 0.1 eV to 0.4 eV interval (39–41). The dominant peak at ∼1 eV, labeled 𝑑𝑑1, is assigned to

the 3T2𝑔 (𝑡52𝑔 𝑒
3
𝑔) final state and its energy equals the value of the octahedral ligand-field parameter

10𝐷𝑞 ≃ 1 eV (35). Additional peaks at higher energy-loss at 1.8 eV, 2.5 eV and 3.0 eV correspond

to multiplet terms with 3T1𝑔, 1T2𝑔, 1A1𝑔 symmetry, respectively (20).

When compared to the reference RIXS spectrum measured before the arrival of the pump-pulse

at -2 ps delay, and thus akin to the static one, the trRIXS spectra at positive delays and excited at the

main absorption resonance display changes of all features up to 50 ps. The quasi-elastic intensity is

enhanced and the 𝑑𝑑 peaks soften, as revealed by the derivative-like shape of the difference spectra

in Figure 2(f). Spectra excited at the absorption pre-edge feature are quite different from those of

the main XAS peak: two extra features appear at +0.6 eV and -0.75 eV for short delays. The latter

corresponds to an energy gain (EG) in the x-ray scattering process. The comparison of the RIXS

spectra measured at the two incident energies (M for the main peak and P for the pre-edge feature

in the XAS) is presented in Figures 2(d,e) for the -2 ps and 0.3 ps delay, respectively. Although

all spectral modifications appear instantaneously within the experimental time resolution of about

100 fs (see Methods for details), it is easy to see in Figures 2(f,g) that the recovery time constants

exceed 50 ps for the 𝑑𝑑1 and the quasi-elastic peaks, while they are shorter than 5 ps for the EG

peak. We must highlight here that via the choice of the incident energy we are selecting either the

photo-excited Ni sites (P excitation) or the unperturbed ones (M excitation). Thus the trRIXS spectra

show that the above-gap photo-excitation branches into two coexisting intermediate processes: a

fast-decaying transient state, whose atomic multiplet is different from that of the ground state and

whose signature is represented by the EG feature, and a long-lived perturbation of the crystal-field,

monitored by the softening of the 𝑑𝑑 excitations.

3 Discussion

We start our analysis from the main effects, the pre-edge peak of trXAS and the EG feature of

trRIXS. A valuable insight is provided by ligand-field single-ion calculations that can reproduce

very well the static XAS and RIXS spectra of NiO (51). In that model the CT photo-excited state
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is described by a localized Ni 3𝑑9L configuration. Figure 3(a) shows a sketch of the static RIXS

process, with the initial and final states all belonging to the 3𝑑8 multiplet. The final states lie at

an energy higher than the initial state (ground state) and correspond to the set of 𝑑𝑑 excitations.

Similarly, for trRIXS with P excitation, we assume that the initial and final states belong to the

3𝑑9L configuration, as shown in Figure 3(b). This scheme is valid in the assumption that the Ni

scattering site is hosting a localized CT exciton.

The simulated trXAS shown in the inset of Figure 3(c) (red line) is the weighted sum of a

conventional XAS calculated for the 3𝑑8,3A2𝑔 ground state and of a XAS process for a 3𝑑9L,3T2𝑔

initial state. The excitonic pre-edge peak observed experimentally is reproduced remarkably well

by weighting the two theoretical spectra according to the estimated density of excited sites in our

experimental conditions (∼ 10% of the Ni sites host an exciton at very short delays, see Methods

for details).

The RIXS simulations shown in Figure 3(c,d) follow the same approach. It is worth noting that

the 3𝑑9L configuration shares the same multiplet structure as the 3𝑑8 ground state: 2 holes in total,

one on Ni and one on the ligand as for 3𝑑9L, both on Ni as for 3𝑑8, but with the same symmetry

of the many-body solutions. The case of infinite-layer nickelates with pure 3𝑑9 configuration is

different, because there is only one hole in the configuration. The calculated trRIXS spectrum in

Figure 3(d) shows all the main features of the experimental trRIXS with P excitation. Its overall

shape is similar to the static RIXS but with the addition of the EG peak and of the feature at∼ 0.6 eV.

Those are the signatures of the 3𝑑9L configuration, i.e., of the localized CT exciton created by the

absorption of the UV pump photon. It must be highlighted that the EG peak is necessarily due to

the choice of the 3T2𝑔 term, which is not the lowest energy term in the multiplet, as initial state

of the RIXS process. Indeed, the RIXS calculated for the 3A2𝑔 initial state, which is the lowest

energy term of the 3𝑑9L manifold, does not have EG peaks, as shown by the blue dashed line at the

bottom of Figure 3(c). We note that the two 3𝑑9L spectra calculated for the 3T2𝑔 and 3A2𝑔 initial

states cannot be superimposed by a rigid shift in energy, because they are not identical in shape. In

Figure 3(e) the experimental trRIXS at the pre-edge is shown for comparison. Although the energy

of the calculated EG peak does not match exactly the experiment, the agreement is remarkably

good when considering that we used for the 3𝑑9L case the very same set of parameters previously

optimized for the static RIXS of the 3𝑑8 configuration. The discrepancy might be due to non-local
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screening effects and renormalization of characteristic energy scales in the photo-excited state that

can be easily reproduced by our localized model with an ad hoc tuning of the parameters, as shown

in Figure S7 of the supplementary materials. Finally, we highlight that the peak at ∼ 0.6 eV in

the calculated spectra corresponds well to the extra feature that appears around that energy in the

trRIXS with P excitation: it is another term of the 3𝑑9L multiplet, indicated by the dashed line in

Figure 3(c-bottom).

Having interpreted the trRIXS spectra in the first 2 ps using a local model, we can track the

dynamics of the excitons by looking at the time dependence of the EG peak intensity (Figure 4(a))

and of the 𝑑𝑑1 peak softening (Figure 4(b)). Indeed, while we can argue that photo-excitation above

the optical gap in NiO is initially dominated by the creation of CT excitons, we also observe that

the ligand-field is re-normalized by ∼ 20 meV at all positive delays up to 50 ps. To understand this

result, we propose two distinct scenarios. The softening and broadening of dd excitations is often

observed upon hole-doping in many correlated oxides, such as cuprates and nickelates (24,52–54).

It is attributed to the screening action of itinerant positive carriers added to the ligand states. We can

thus consider the dd softening as the signature of a photo-induced delocalized hole-doped state in a

correlated insulator, necessarily accompanied by negative charge promoted to the conduction band.

As a different scenario, we notice that the increase of the lattice temperature often causes a softening

and a broadening of the dd excitations (53, 55). In our trRIXS experiment, the rapid temperature

increase might result from the energy transfer from the electron bath to the lattice via electron-

phonon scattering. Although distinguishing between the two phenomena at long delays is difficult,

we highlight that the almost instantaneous rise time of the initial response of the dd excitations to

the optical pump seems too fast to be attributed only to thermalization in an insulator (56).

An insight comes from all-optical pump-probe spectroscopy. In Figure 4(c) we present selected

ultrafast differential reflectivity (Δ𝑅/𝑅) measurements in the visible and ultraviolet (vis-UV). The

full vis-UV map obtained with the supercontinuum probe is shown in the supplementary materials

Figure S1. The Δ𝑅/𝑅 response displays an almost instantaneous decrease of the reflectivity and at

least two time constants (∼ 5 ps and ∼ 200 ps) in the recovery, as estimated by exponential fitting.

The Δ𝑅/𝑅 evolution with the delay can be due to several phenomena, such as the presence of free

electrons above the Fermi level that modify the Coulomb screening mechanisms (9). Moreover,

the positive Δ𝑅/𝑅 signal after 10 ps at lower energies (∼ 3.5 eV) might indicate the transient
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heating of the atomic and spin lattices, by the transfer of energy from electrons to phonons and

magnons. Therefore, the transient reflectivity results suggest that thermal effects become relevant

only after 10 ps, and that the softening of the 𝑑𝑑1 peak in the first 10 ps in trRIXS is likely not due

to thermalization. Its persistence at longer delays can have either thermal or electronic origin and

further investigations are needed to solve the dilemma.

By combining the dynamics of the EG peak intensity, the 𝑑𝑑1 softening and the transient

reflectivity measurements we have thus the evidence that CT excitons are created by the absorption

of 4.66 eV photons; they then decay within a couple of picoseconds while delocalized charges,

created either directly or from the decay of the CT excitons, persist at least up to 10 ps; at longer

timescales, thermal effects might become dominant. Besides the role of the CT excitons, what

remains unclear is the nature of the delocalized states. X-ray spectroscopies clearly show that

after 2 ps the electrons photo-excited from the oxygen 2𝑝 band are not residing on localized 3𝑑

states anymore. This is supported both by our results and by the 𝑡𝑟XAS measurements in ref. (8),

where it is clear that the 𝑡𝑟XAS pre-edge disappears in few ps. The photo-excited electrons are

likely populating the Ni 4𝑠𝑝 band, being spatially decoupled from the holes in the O 2𝑝 band.

Additionally, we cannot exclude that in-gap states of mixed 𝑑𝑑 and CT excitonic character (57,58)

can trap the electrons released from the CT excitons and mediate the eventual relaxation to the

ground state. Further insight will come from trRIXS by tuning the experimental parameters. By

decreasing the energy of the pump photons to match the optical gap, and below, one could check

for the persistence of the CT exciton when the photo-excitation process is made at threshold and

not above it. By working at the oxygen K edge one could measure trRIXS spectra more sensitive

to the CT continuum above 4 eV and thus possibly be able to determine the actual time scale of the

electron-hole recombination. By measuring spectra with higher energy resolution one could access

the magnon and phonon excitation peaks to investigate their role in the thermalization process. This

is especially relevant because in correlated insulators the photo-excited states above the optical gap

are often magnetically dressed, for both Mott-Hubbard (6,16,59,60) and CT insulators (49,61,62).

Our findings on the excitonic nature of photo-excitation can be extended to other correlated

transition-metal oxides, encompassing not only those with a wide optical gap but also doped

systems, such as high-𝑇𝑐 superconducting cuprates. Notably, the undoped parent compounds of

cuprates fall within the class of CT insulators. Although starting from an analogous photo-excited

9



state, in metallic systems such as doped cuprates the de-excitation pathways can differ significantly

from those of the parent insulating compounds (56), resulting in distinct dynamics of the various

spectral features and, consequently, altering the interplay of the different degrees of freedom

involved. However, it is important to note that for cuprates the detection of CT excitons by Cu L3

trRIXS is very difficult if not impossible. Indeed, starting from the 3𝑑9 ground state the CT exciton

would have 3𝑑10L configuration, which is invisible to XAS and RIXS at the Cu L edges because

of the lack of resonance for the 2𝑝 → 3𝑑 transition. Therefore, while a different phenomenology

of trRIXS in cuprates and NiO has to be expected and a distinct approach to the interpretation of

experimental results is probably needed, our results on the formation of the CT exciton in NiO can

serve as reference when the CT exciton cannot be directly observed. Besides the peculiar case of

cuprates, the method presented here for NiO can be applied to many other transition-metal oxides

with more exotic electronic and magnetic properties and, more in general, trRIXS can be used as a

powerful new tool to decipher the photo-induced processes in these quantum materials.
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Figure 1: (a) Cartoon of the photo-excitation process across the correlation gap in Mott-Hubbard

(MH) and charge-transfer (CT) insulators, in the energy (top) and the real space (bottom). M𝑖

indicate metal sites (e.g. a 3𝑑 transition-metal), O the oxygen ligand, 𝑈 the on-site Coulomb

repulsion and ΔCT the charge-transfer energy. (b) For the specific case of NiO, the same scheme

is used for the RIXS process in the presence of a CT exciton. The ligand hole and photo-excited

electron are represented by the empty and filled circles, respectively, as in panel (a). The resonant

character of RIXS enhances the relation of the measurement with the local Ni 3𝑑 states. The black

arrow indicates generic 𝑑𝑑 excitations resulting from the RIXS process. (c) Experimental geometry

of our trRIXS: a UV pulse photo-excites the sample and a collinear x-ray pulse impinges on it

with a controllable delay. Inelastically scattered x-rays are analyzed by a grating spectrometer (not

shown).
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Figure 2: Time-resolved Ni L3 XAS and RIXS spectra of NiO. (a) trXAS of NiO, measured at

0.2 ps delay (red) and compared to that at negative time-delay (-2 ps, black). (b,c) trRIXS spectra at

two incident energies, on the main Ni2+ resonance (853 eV, M) and on the transient XAS pre-edge

(851.8 eV, P) as indicated in the insets by the vertical line on the XAS at 0.2 ps. In red we plot the

RIXS spectra at 0.3 ps delay, i.e., after the photo-excitation pulse; in black the reference spectra

at negative delay (-2 ps). (d) Comparison of the unperturbed (negative delay) RIXS spectra at the

two incident energies, in the low energy scale (black spectra in panels (b,c). (e) Same comparison

of panel (d) for 0.3 ps delay (red spectra in panels (b,c)). The energy gain feature is labeled EG.

(f,g) Difference RIXS spectra at selected delays measured with M and P incident x-ray energy,

respectively. The EG peak at -0.75 eV appears only at 0.3 ps. The main 𝑑𝑑-excitation peak at -1 eV

(dd1 in panels b and c), is shifted to lower energy-loss for all positive delays, resulting in derivative-

like shape in the difference curves of panels (f,g).
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feature. (c) Calculated RIXS and XAS (inset) spectra. The total XAS (red line) is obtained as linear

combination of the standard one (3𝑑8 ground state, black line) and the XAS of a Ni site hosting a

CT exciton (3𝑑9L configuration, orange shaded curve), as explained in the methods section. The

standard RIXS (3𝑑8 multiplet) is the magenta shaded curve at the top, the spectra for a site hosting

the CT exciton are the orange shaded (3A2𝑔) and the blue dashed (3T2𝑔) line at the bottom. (d)

The total RIXS spectrum excited at the pre-edge peak (inset) in the presence of CT excitons (red

solid line) is obtained as the weighted average of the magenta and orange curves of panel c. (e)

Experimental trXAS (inset) and trRIXS with P excitation for -2 ps (black line) and +0.3 ps (red

line) delay.
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Figure 4: Time traces from trRIXS and optical transient reflectivity of NiO. (a) Integrated intensity

of the EG peak versus time delay detected in spectra measured with P excitation energy. The gray

line represents a single exponential fitting convoluted by the experimental time resolution: the time

constant is ∼ 2 ps. In the cartoon the green circle marks a Ni site scattering x-rays, the dashed circle

the location of the CT exciton. (b) The 𝑑𝑑1 peak energy as function of the delay. The faint line is a

guide to the eye. In the cartoon the green colored Ni ions act as scattering sites but do not host the

CT exciton. Itinerant charge and/or nearby excitons lead to the 𝑑𝑑1 peak softening. (c) Transient

vis-UV optical reflectivity with 4.66 eV laser pump- and 3 probe-photon energies (4.0 eV, 3.75 eV,

3.5 eV). Following the initial fast response, the recovery does not follow a single exponential decay

and different time constants of few ps and hundreds of ps are apparent. The cartoon shows that

the optical reflectivity mostly probes non-localized states and that Δ𝑅/𝑅 is mainly sensitive to

modifications of the itinerant charge density.
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Materials and Methods

3.0.1 Sample

The NiO sample is a 1 mm thick commercially available 100 oriented single crystal from MaTeck

Material Technologie & Kristalle GmbH. It was ground and polished using Tegramin-30 from

Struers. Grinding was done in several steps using SiC paper and SiC foil of different grit size and

water, in the last step #220 FEPA P (SIC Foil #220). Thereafter it was polished in two steps, using

woven acetate cloth (MD-Dac) with water-based 3 𝜇m diamond suspension (DiaPro Dac 3 𝜇m)

and porous neoprene cloth (MD-Chem) with 0.25 𝜇m fumed silica suspension (OP-S NonDry).
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3.0.2 UV-visible transient reflectivity measurements

Ultrafast broadband transient reflectivity measurements were performed with a table top setup.

The probe is a supercontinuum light pulse obtained by focusing the 3.1 eV second harmonic of an

amplified femtosecond Ti:sapphire laser on a 2 mm thick CaF2 plate. The probe spectrum covers a

wide energy region (3.4-4.4 eV) across the absorption edge of NiO. The 4.66 eV UV pump-pulse

is obtained by frequency doubling a broadband few-optical-cycle visible pulse, generated by a

non-collinear optical parametric amplifier (NOPA), in a thin 𝛽 barium borate (BBO) crystal, as

described in detail in ref. (63). The UV pulse is compressed down to 20 fs by a pair of prisms

and temporally characterized by the two-dimensional spectral-shearing interferometry method. The

pump fluence was set to ≃ 175 𝜇J/cm2. A full probe photon energy-delay map of the differential

reflectivity is shown in Figure S1.

3.0.3 trXAS and trRIXS measurements

The trXAS and trRIXS experiment was performed at the SCS instrument of the European XFEL

(64). The FEL intra train repetition rate was set to 113 kHz, i.e. 39 pulses per train, in order to match

the optical laser working point. The FEL beam was attenuated to 30% to avoid sample damage. The

trXAS data were taken in total fluorescence yield mode with a micro-channel plate (MCP) placed

at 2𝜃 = 90° and ∼ 10° above the scattering plane. As for the RIXS spectra, a combined (beamline

monochromator and hRIXS spectrometer) energy resolution of ∼ 90 meV was achieved with a line

focus of ∼ 10 𝜇m × ∼ 300 𝜇m. The 2𝜃 scattering angle was kept fixed at 125° and the incidence

angle was set to 66.4°, in order to have the transferred momentum q along the (00L) direction.

The RIXS spectra are normalized by the incident x-ray intensity I0, as measured by an x-rays

gas monitor (65). The time resolution is limited by the pulse stretching from the high-resolution

monochromator grating at the Ni L3 edge (66) and by the FEL longitudinal jitter (67). This results

in an overall time resolution of ∼ 100 fs. For the optical pump-pulse, a 3.1 eV beam was obtained

by frequency doubling a 1.55 eV beam, delivered as an output of a three-stage NOPA, as detailed

in ref. (67–69), in a BBO crystal. The 4.66 eV beam is then obtained by mixing the fundamental

and the 3.1 eV beam in a second BBO crystal. The pulse duration of the fundamental was ∼ 50

fs. After the propagation of the third harmonic through an incoupling window, the resulting pulse
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duration can be estimated to be ∼ 100 fs. The optical laser beam is round focused at the sample

position with a lens in air and it was measured by knife edge scans to be ∼ 230 𝜇m fwhm. The

calculated delivered fluence at the sample position was ∼ 10 mJ/cm2. Since the measurements

were performed away from normal incidence, the actual fluence on the sample was ∼ 9.1 mJ/cm2.

A optical laser fluence dependence in the 𝑡𝑟RIXS signal is shown in Figure S3(b). The relative

delay between the FEL and the optical laser pulses was controlled by a linear delay stage in the

fundamental optical beam path. The spatial overlap was performed by looking at the optical and

FEL beams on a pyrolitic boron nitride screen placed close to the sample. The temporal overlap

was achieved first by looking at the FEL and optical laser pulses on an antenna and then refined

with x-ray pump optical probe reflectivity on a SiN sample. Since the transient x-ray absorption

signal from the pre-edge peak is very clear, we could check regularly the temporal overlap at the

sample with the trXAS signal. Both spatial and temporal overlaps were checked every two hours.

The trRIXS acquisition was done by changing the relative delay between the FEL and the optical

laser for every frame of the CCD camera of the RIXS spectrometer and then sorted afterwards. The

total acquisition time for each spectrum was ∼ 30 minutes. The polarizations of the optical laser and

the FEL were set to be horizontal, i.e. parallel to the scattering plane. All the measurements were

performed at room temperature. The excitation density was estimated considering an absorption

coefficient for NiO at 4.66 eV of ∼ 5 × 105 cm−1, taken from ref. (35). The attenuation length is

therefore ∼ 20 nm. By considering that the NiO unit cell contains 4 Ni atoms and has a volume of

≃ 0.073 nm3 and by accounting for the actual fluence of ∼ 9.1 mJ/cm2 we estimate that the excited

Ni sites are of the order of 10% of the total. An overview of the full dataset for the two absorption

edges is shown in Figure S2. In Figure S3(a) a comparison between static RIXS and 𝑡𝑟RIXS taken

at negative delay with the nominal fluence of ∼ 9.1 mJ/cm2 is shown. The absence of spectral shape

or intensity modification suggest that the sample fully recovers from one optical excitation to the

next.

3.0.4 Ligand-field calculations

As detailed in the text, the goal of the calculations is to describe the pre-edge feature of the trXAS

and in turn the EG peak in the trRIXS at the pre-edge. First we optimized the parameters to make

the calculations to reasonably fit the static spectrum. In order to investigate the excited states, we
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calculated the first 100 eigenstates of NiO, which include both the 3𝑑8 and the 3𝑑9L configurations.

As for the optically excited sites, we considered the 56𝑡ℎ eigenstate, which correspond to the first

excited state in the 3𝑑9L multiplet. Details of the parameters used in the calculations (Table S1), a

comparison between static RIXS and the calculated spectrum (Figure S5) and full RIXS maps for a

3𝑑9L 3T2𝑔 and for a 3𝑑8 3A2𝑔 initials states (Figure S6) are shown. Figure S7 shows a comparison

between the 𝑡𝑟RIXS taken at the P edge and the calculated spectra from the 3𝑑9L 3T2𝑔 initial state

in the case of no renormalization of any parameter, with the renormalization of the charge transfer

energy Δ𝐶𝑇 only and with both the renormalization of Δ𝐶𝑇 and of the crystal field parameter 10𝐷𝑞.
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Figure S1: Transient vis-UV optical reflectivity of NiO. The 266 nm laser pump photon energy

(4.66 eV) exceeds the NiO optical gap. The pump fluence is ∼ 175 𝜇J/cm2. The top panel shows

an example of exponential fitting, for a cut at 4 eV probe photon energy of the photon-energy/delay

map of the bottom panel. Following the initial fast (sub-ps) response, the recovery does not follow a

single exponential decay and time constants ranging from few ps and to hundreds of ps are apparent.
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the sample induced by the optical laser. (b) Fluence dependence of trRIXS at the main edge. The

delay was set to 0.5 ps. The transient modifications of the spectrum stay in a linear range at least
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Figure S4: Example of fitting used to track the dynamics of the 𝑑𝑑1 softening. Gaussian profiles

are used for the EG peak, the elastic, the 0.6 eV feature and the 𝑑𝑑1 peaks. Magnon and double

magnon peaks are fitted with a Lorentzian profile.
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Figure S6: Overview of the ligand-field calculation. (a) calculated XAS for the 3𝑑8 3A2𝑔 and for

the 3𝑑9L 3T2𝑔 initial states. (b,c) Full calculated RIXS maps respectively for the 3𝑑9L 3T2𝑔 and for

the 3𝑑8 3A2𝑔 initial states.
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Figure S7: Optimization of the ligand-field calculation parameters to quantitatively match the

energy of the two rising peaks in the experimental trRIXS at the pre-edge, at 0.3 ps delay. In orange

the calculated spectrum from the 3𝑑9L 3T2𝑔 initial state is shown, as presented in Fig.3(c), without

any renormalization of the parameters. As highlighted in the figure, the blue spectrum is calculated

by re-normalizing Δ𝐶𝑇 from 4.7 eV to 3 eV. It can be easily see that although the EG peak energy

is well matched, the 0.6 eV peak is not. The green shaded spectrum is calculated by re-normalizing

both Δ𝐶𝑇 and 10𝐷𝑞 to 3 eV and 1.3 eV. Although the agreement of the green spectrum is improved,

such a major change of Δ𝐶𝑇 and 10𝐷𝑞 cannot be easily explained and requires more experimental

evidences to be substantiated.
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