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Photodoped states in strongly correlated charge-transfer insulators are characterized by d-d and d-p in-
teractions and the resulting intertwined dynamics of charge excitations and local multiplets. Here, we use
femtosecond x-ray absorption spectroscopy in combination with dynamical mean-field theory to disentangle
these contributions in NiO. Upon resonant optical excitation across the charge-transfer gap, the Ni L3 and
O K absorption edges red-shift for >10 ps, which we associate with photoinduced changes in the screening
environment. An additional signature below the Ni L3 edge is identified for <1 ps, reflecting a transient
nonthermal population of local many-body multiplets. We employ a nonthermal generalization of the multiplet
ligand field theory and argue that this feature originates from d-d transitions. Overall, the photodoped state
differs significantly from a chemically doped state. Our results demonstrate that x-ray spectroscopies are helpful
in revealing excitation pathways in correlated materials.

DOI: 10.1103/PhysRevB.110.245120

I. INTRODUCTION

Strongly correlated materials host some of the most in-
triguing states of matter because of the competition between
interaction-induced localization and the itinerant nature of
electrons, and they are therefore ideal candidates to realize
material control on ultrafast timescales [1–3]. Paradigmatic
examples are Mott and charge-transfer (CT) insulators, whose
optical properties are determined by the charge transfer be-
tween the ligand (typically p) and the correlated orbital
(typically d) states [4–6]. Element- and site-selective infor-
mation on many-body states in such materials can be obtained
by resonant soft x-ray absorption and emission spectroscopies
[7–9], complementing optical spectroscopy [10,11]. A com-
parison of core level absorption edges and their fine structure
with cluster calculations [12–17] or dynamical mean-field the-
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ory (DMFT) [18–20] can provide detailed information about
the CT gap, Coulomb repulsion [12,21–23], d-d multiplet ex-
citations [8,24], and the hybridization between the ligand and
correlated orbitals [25,26]. Furthermore, ligand absorption
edges probe the itinerant states [25], whose nature is crucial
for understanding the low-energy physics in chemically doped
systems [27–29].

Femtosecond time-resolved x-ray spectroscopy is sensitive
to low-energy excitations and transient energy shifts [30–35].
It is, thus, a potentially powerful tool for investigating pho-
toexcited nonequilibrium states in Mott and CT insulators.
Recently, a strong subgap excitation has been shown to mod-
ify the gap size during the pulse both in cuprate [36] and
nickelate [37,38] CT insulators. These effects can be at-
tributed to photo-manipulations of the screening environment
[36], the magnetic order [37], or the hybridization be-
tween correlated and itinerant orbitals [38], coined dynamical
Franz-Keldysh effect [39]. A natural open question is how
this picture changes in the case of resonant excitations, which
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create long-lived charge carriers in the conduction band, and
lead to so-called photodoped states, which may host vari-
ous nontrivial quantum phases [40–43]. To understand these
states, and to potentially design targeted excitation pathways,
it is important to clarify the different nature of the charge
carriers in photodoped and chemically doped states, and to
disentangle effects such as band shifts owing to dynamical
screening [44,45] and charge redistribution between orbitals
[44,46–48] from the dynamics of Mott excitons or electronic
d-d excitations [49–52].

In this paper, we demonstrate for the paradigmatic CT
insulator NiO how time-resolved x-ray absorption spec-
troscopy (tr-XAS) combined with nonequilibrium dynamical
mean-field theory (DMFT) [53,54] can provide this type of in-
formation for resonantly pumped systems. We identify energy
shifts and lineshape modifications in the excitonic peaks at
the Ni L3 and O K absorption edges, and link them to orbital
occupations and the screening environment. In addition, we
resolve a short-lived Ni L3 pre-edge feature that represents
many-body multiplets, i.e., d-d excitations, as confirmed by
the nonthermal generalization of multiplet ligand field theory.

The rest of this paper is organized as follows. In Sec. II A
we present the tr-XAS data for photoexcited NiO. Section II B
analyzes these results by considering a simple cluster model,
GW+DMFT simulations of a charge-transfer insulator model,
and nonthermal multiplet ligand field theory. The conclusions
are presented in Sec. III. Details of the experimental and
computational methods as well as additional DMFT results for
a two-orbital Hubbard model are provided in the Appendices.

II. RESULTS

A. Experimental findings

Figure 1(a) shows a sketch of tr-XAS at the Ni L3

(2p3/2 → 3d) and O K (1s → 2p) edges. The experiments
were performed at room temperature at the Spectroscopy and
Coherent Scattering (SCS) instrument of European XFEL
using a pump-probe setup with an effective time resolution
of 80 fs [35,55]. The data [56] is acquired in transmis-
sion geometry using the transmission zone plate and grating
setup [55,57] and DSSC detector [58], with a monochro-
matized x-ray beam with approximately 350 meV energy
resolution. Laser pulses with 4.7 eV photon energy, 35 fs
pulse duration, and 0.8 mJ/cm2 or 4 mJ/cm2 incident flu-
ence were employed to pump 37-nm-thick polycrystalline
NiO films above the CT gap (for more information on
the sample characterization and experimental details see
Appendices A and B). This pumping involves excitations from
the O 2p states to the upper Hubbard band (UHB) [51], see
Fig. 1(a). Figure 1(b) depicts the O K and Ni L3 XAS signals
before and after photoexcitation at a pump-probe delay of
�t = 0.5 ps, with the pump-induced difference �XAS shown
by the gray dots. We find a spectral shift of all features, labeled
as (1)–(6), to lower x-ray photon energies, as indicated by
the derivative-like shape of �XAS. We also measured the
time dependence at fixed photon energies at both edges, see
Fig. 2(a). Exponential fits to these transients, convoluted with
80 fs time resolution [35], indicate a rise time of 99 ± 20 fs for
4.0 mJ/cm2 pump fluence at the Ni L3 edge and 580 ± 140 fs
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FIG. 1. (a) Transitions by the optical pump hνpump and the
x-ray probe hνprobe, which is delayed by �t . (b) Ground-state (blue
squares) and pumped (red circles) XAS at the O K (left) and
Ni L3 edges (right) for �t = 0.5 ps and 4 mJ/cm2 fluence. The
pumped XAS are modeled based on the static XAS (green line), see
Appendix B. The gray data show the pump-induced difference
�XAS vertically offset.

at the O K edge. These energy shifts build up, reach a plateau
within 2 ps, and decay on longer timescales. This is in contrast
to previous tr-XAS on NiO upon subgap pumping, which
showed (smaller) modifications only during the pulse [37,38].
We attribute the difference to the presence of long-lived holon-
doublon pairs after the above-gap excitation. These cannot
recombine because of the kinetic constraints [3,59,60] and
modify the screening environment [61,62].

In the first analysis, we compare the spectra of the pho-
toexcited system to curves modelled by a red-shift �E and a
broadening �� of the static spectra, cf. Fig. 2(b). In Fig. 2(c)
we plot the best fit �E and �� at �t = 0.5 ps as a function
of the excitation density dn, i.e., the density of pump-excited
electrons relative to all valence electrons (see Appendix B for
the determination of dn). The changes in the broadening (or,
since � ∝ 1/τ , the changes in the lifetime) are larger for the
itinerant p than for the d electrons [35]. Such transient spec-
tral broadening was previously shown to result from lattice
excitation [32,63].

We find both the spectral red-shift and broadening to be
long-lived. Coherent lattice excitations, like the trapping of
photodoped charge carriers by polaron formation [64,65],
have been shown to cause extremely long-lived states [66] and
were previously found on few ps timescales in NiO [67]. The
formation of polarons in NiO is predicted to occur by trapping
a photoexcited electron on a Ni site through an expansion of
the surrounding oxygen lattice [68], which would be expected
to result in a spectral broadening of the O K edge, as is indeed
observed by us, see Fig. 2. We thus expect that charge carrier
trapping through polaron formation contributes to the long

245120-2



PHOTOINDUCED CHARGE TRANSFER RENORMALIZATION … PHYSICAL REVIEW B 110, 245120 (2024)

FIG. 2. (a) Time-dependence of �XAS for photon energy
539.15 eV (O K) and 850.15 eV (Ni L3), with exponential fits (lines),
for the excited charge carrier density dn = 4.7% (see Appendix B
for the determination). (b) �XAS at the O K and Ni L3 edges for
4 mJ/cm2 fluence at the indicated �t and offset vertically. The gray
lines show results obtained by a shift �E and broadening �� of the
static spectra, see Appendix B. The best fit is used to determine these
two parameters. (c) �E and �� at the O K and Ni L3 edges from fits
in (b) as a function of dn determined at �t = 0.5 ps.

lifetime of the photoexcited state (for additional information
on these long-lived excitations see Appendix C).

While some parts of the spectrum can be reproduced by the
shift and broadening, there are important differences: These
include parts of the O K spectrum around 536 eV, as well as
an additional pump-induced feature in the pre-edge region of
the Ni L3 edge [see vertical arrow in Fig. 2(b)], which decays
within less than 3 ps.

B. Theoretical analysis

In the first part of the theoretical analysis, we discuss the
microscopic origin of the bandgap renormalization from the
point of view of changes in the screening environment. We
also comment on lattice and heating effects. In the second
part, we analyze the photoinduced pre-edge feature using
nonthermal multiplet ligand field theory.

1. Simple cluster model

We here focus on the electronic contribution to the bandgap
renormalization. The red-shift is a generic consequence of
photodoping in CT insulators, which arises simultaneously
from (i) dynamical screening of the Coulomb interaction
parameters on the transition metal site, and (ii) nonlocal
Coulomb interactions between photodoped ligand holes and
electrons in the core and valence orbitals (Hartree shift)
[39,44,45]. As a first illustration, consider a simple cluster
consisting of a valence (d), core (c), and ligand (p) or-
bital, with density-density Coulomb interactions Udd , Ucd ,
Upd , Ucp, but no p-d hybridization. Upon photoexcitation, the
XAS energy for the transition from the core level to the va-
lence d level will shift like �EXAS = [�Udd + �εd − �εc −
�Ucd ] + [�Np(Upd − Ucp)]. Here, the first square bracket
represents the change of the local interactions (Udd , Ucd ) and
level positions (εd , εc) by modified screening [44,45], while
the second term is a Hartree shift due to the addition of lig-
and holes (�Np = Np − N (0)

p is the change in the total ligand
occupation).

2. GW+DMFT

To demonstrate that such Coulomb shifts prevail beyond
the simple model considered in the previous subsection, we
perform a lattice simulation, which includes both a micro-
scopic description of dynamical screening and Hartree shifts.
We employ a minimal model for a CT insulator, the Emery
model [69], which contains one transition metal d orbital and
two oxygen p orbitals per unit cell. For numerical reasons,
we restrict the modeling to a two-dimensional lattice and the
paramagnetic phase. The px and py orbitals are located on the
x and y bonds between the d sites, respectively. We do not ex-
pect that two- and three-dimensional models show qualitative
differences, since the dominant effects are mainly local. The
introduction of antiferromagnetic correlations should enhance
the gap reduction after the photoexcitation and contribute to a
larger renormalization of the main excitonic resonance [37].

The Hamiltonian of the Emery model is given by

Hd p = He + Hkin + Hint,

He = εd

∑
i

nid + εp

∑
i

(
nipx + nipy

)
,

Hkin =
∑

〈i, j〉,σ,(α,β )

(
tαβ
i j + �E · �Dαβ

i j

)
e−ıϕi j c†

iασ c jβσ ,

Hint = Udd

∑
i

nid↑nid↓ + Upd

∑
i

nid Ni,p, (1)

where ciασ is the annihilation operator for unit cell i and
orbital α ∈ {d, px, py} with spin σ , and ni,α,σ is the cor-
responding density operator, and ni,α = ∑

σ ni,α,α . In the
interaction term Hint, Ni,p measures the total occupation on
the four p orbitals, which connect to the d site in unit cell i (in
total two px and two py orbitals). The energy splitting � =
εp − εd is chosen such that the oxygen orbitals in the atomic
limit are completely filled. The hopping matrix tαβ

i j takes a
nonzero value t d p for hopping between nearest neighbor d
and px, py orbitals, and t pp for hopping between the px and
py orbitals; −tαα

ii = μ is the chemical potential. We excite the
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system by an electric field pulse, described by a homogeneous
vector potential �A(t ) and an electric field �E (t ) = −∂t �A(t ). The
vector potential enters into the kinetic part of the Hamiltonian
via the Peierls phase ϕi j = e/h̄

∫ Rj

Ri
d�r �A(t ), while the electric

field couples via a dipolar matrix element �Dαβ
i j to the interor-

bital transitions [70]. The specific shape of the electric field
used is E (t ) = E0 exp−4.6(t−t0 )2/t2

0 sin (ω(t − t0)), where E0 is
the amplitude of the field and t0 is chosen such that the pulse
includes four oscillations.

We adjust the interaction and hopping parameters by com-
paring the equilibrium spectral function with LDA+DMFT
results for NiO [28], leading to Udd = 7.5 eV, t d p = 0.37 eV,
t dd = −0.3 eV, Upd = 1.0 eV, and � = −4.0 eV. The dipolar
matrix element was chosen as D = 0.3e0a, where a is the
lattice distance and e0 is the electron charge. We solve the dy-
namics after the photoexcitation in the valence space using a
nonequilibrium implementation of the GW+EDMFT method,
which treats strong correlation and screening effects on the
same footing, see Refs. [44,70] for details. In the simulations,
we adjust the amplitude of the electric field E0 such that
the pulse produces a certain photoexcitation density dn. The
latter is measured as a change of the density of the d orbital
dn = nd (tfin) − nd (t = 0), where tfin is the final propagation
time.

The XAS signal is calculated by solving an auxiliary im-
purity problem that includes an additional core-level with
a lifetime 1/� (� = 0.05 fs−1); see Ref. [71,72] and Ap-
pendix D for details. X-ray energies are measured relative
to the position of the main excitonic resonance |Ec| in the
equilibrium spectrum.

In the simulation, the photoexcited charge carriers quickly
relax to the edge of the charge-transfer gap and are then
trapped due to kinetic constraints. While the full GW+DMFT
simulations are restricted to short times, previous DMFT
simulations for a comparable gap demonstrated a long (ps)
lifetime of the photodoped charge carriers [73]. We therefore
expect that also the XAS signal will not change much on this
scale, and can be compared to the long-lived experimental
signal in the photodoped state. The results in Fig. 3 confirm
an almost rigid red-shift of the XAS line after photodoping.
The relative importance of the Hartree shift and dynamical
screening does not affect this qualitative behavior, but only
the magnitude of the shift [compare in Fig. 3(c) the results for
Ucp = Upd = 1 eV, for which the Hartree shifts in the atomic
model cancel, and those for Ucp = 0]. This indicates that the
Coulomb shift of the XAS exciton is a generic feature of
photodoped systems, which arises jointly from the dynamical
screening of the local interactions and Hartree shifts.

The analyzed state is highly nonthermal, and on the ac-
cessible timescales, it is hard to separate photodoping and
hot electron contributions to the modified screening. We per-
formed a set of thermal high-temperature calculations and
confirmed that the XAS resonance shift is small as long as
the electron temperature is smaller than the gap size. The
latter corresponds to roughly 40 000 K, which is much higher
than the expected heating effects in the experiments. Pola-
ronic effects (stretching of the Ni-O distance) [65] are further
candidates for the bandgap renormalization [74,75] and future
improvements in the time resolution should enable a separa-

-1 0 1
0

4

8

12

16

XA
S
(n
or
m
.)

ω - |Εc| (eV)

Eq. dn=0.36%

(a)

-1 0 1
-1.0

-0.5

0.0

0.5

1.0

ΔXAS

ω - |Εc| (eV)

(b)

dn=0.36%

0 1 2 3

-80
-60

-40
-20

0

ΔE
(m
eV
)

dn (%)

Ucp=0 eV
Ucp=1 eV

(c)

0 1 2 3

-150

-100

-50

0 ΔΓ
th (m

eV)

Ucp=0 eV
Ucp=1 eV

(d)

FIG. 3. (a) Calculated equilibrium XAS (blue) and photodoped
XAS (red line) at photodoping dn = 0.36% and a delay of �t = 7 fs
after the pulse, with the photoinduced change �XAS in (b). Shift �E
(c) and lifetime change �� (d) of the exciton peak versus photodop-
ing dn determined from the calculations for the given values of the
core-oxygen interaction Ucp and Udd = Ucd = 7.5 eV.

tion of the electronic and lattice contributions owing to their
different timescales.

Our calculations show that the red-shift increases linearly
with the photodoping density and then saturates [Fig. 3(c)],
which is in agreement with the experiment [Fig. 2(c)]. A
notable difference to the experiment is that the spectra in the
simulations do not broaden but become even more narrow
[cf. Figs. 1(a) and 3(a)]. This may be because the simulation
does not capture additional scattering channels, which can
lead to a change of the lineshape of the exciton, such as lattice
(polaron) [65] fluctuations.

An interesting question is whether time-resolved XAS can
disentangle the different contributions to the Coulomb shift.
Assuming a cancellation of the Hartree shifts (Ucp = Upd )
and no screening of Ucd , �XAS would measure the change
of the Hubbard interaction �Udd , as concluded previously
[36]. However, the observed energy shifts [see Fig. 2(c)] of
less than 100 meV are small compared to the interaction
parameters, so that a statement on the detailed origin of the
shift would require precise knowledge of Udd , Ucd , Upd , and
Ucp, which is beyond the capability of current first principles
approaches such as constrained RPA [76]. These difficulties
prevent a clear quantification of the relative importance of
Hartree shifts and dynamical screening and we expect that
both contributions are significant. Nevertheless, our analysis
proves a high sensitivity of �XAS to the microscopic in-
teractions and therefore shows that time-resolved XAS can
give information on various Coulomb parameters (and their
changes upon photodoping) that is not easily obtained oth-
erwise, including the nonlocal terms Upd and Ucp, which are
often neglected even in equilibrium [7,21].
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FIG. 4. Weights of the different charge configurations, namely
d8L10, d9L9, and d10L8 for the lowest-lying eigenstates. The dots
mark the actual data, while the lines are a guide to the eye.

3. Nonthermal multiplet ligand field theory

We now turn to the microscopic origin of the photoinduced
pre-edge feature. In this section, we discuss a cluster model
that captures the full d-shell’s multiplet structure in NiO. In
Appendix E, we consider a simplified description with two
active eg orbitals and show that it is possible to understand
how local many-body multiplets manifest themselves in the
time-resolved XAS signal after a photoexcitation by studying
the two-orbital Hubbard model (in the atomic limit and using
DMFT).

A particularly interesting finding is the transient pre-edge
feature in the Ni L3 �XAS at �t = 0.25 ps [Fig. 5(a) below],
which is absent at the longest delay times [see Fig. 2(b)]. This
motivates an analysis of the multiplet structure of NiO beyond
our simple charge-transfer insulator model. Reference [71]
showed that the positions of the excitonic resonances in the
XAS signal of photoexcited systems within time-dependent
DMFT can be well reproduced by atomic limit calculations
and that their relative amplitudes in the full many-body state
on the lattice allow to measure the time-dependent weight of

-3 -2 -1 0 1 2 3

-0.003

0.000

0.003

0.006

ΔX
AS

ω - |Εc| (eV)

(a)

CT
d-d

-3 -2 -1 0 1 2 3
-0.6

-0.4

-0.2

0.0

0.2

0.4 ΔXAS
(norm

.)

ω - |Εc| (eV)

(b)

Exp.
Theo.

(scaled)

CT d-d

FIG. 5. (a) Change �XAS[ω, αa] in the XAS signal due to the
nonthermal population of a low-lying excited state of predominantly
d-d excitation character (α3 = 0.02) or charge-transfer (CT) char-
acter (α12 = 0.02). (b) Comparison of �XAS between experiment
(Ni L3, �t = 0.25 ps) and theory for nonthermal orbital populations,
with the blue curve scaled to match experiment at transient feature
(5). The thermal reference spectrum was calculated for T = 100 K.

the different local multiplets. This observation motivates us
to generalize the multiplet ligand theory [16] to nonthermal
distributions [77]. Such an analysis allows us to distinguish
between photoinduced d-d transitions and charge-transfer ex-
citations, in contrast to earlier cluster studies [12,13].

We follow the standard procedure and define an extended
Anderson impurity problem, starting from the DFT elec-
tronic structure [18,26]. This impurity problem is then solved
by standard exact-diagonalization techniques (Krylov-based
solver), as implemented in EDRIXS [78]. We consider one
bath orbital. As we have access to the eigenfunctions |i〉 of the
system, we can directly evaluate the XAS signal as

IXAS(ωin,ε ) =
∑
i,n

ρii|〈n| �Pi|i〉|2 �c/π

(ωin − (En − Ei ))2 + �2
c

,

(2)

where Ei is the ith eigenenergy and we have introduced
the diagonal elements of the density matrix ρii = 1

Z e−βEi .
The broadening of the excitonic resonance is determined by
the decay time of the core hole. We use the broadening
parameter �c = 0.24 eV. ωin is the energy of the incident
x-rays, which is tuned to a specific resonant edge. The tran-
sition operator for the dipole transitions is given by �Pi =∑

i, j �ε ∑
R eı�ki �R�r, where �ε is the polarization vector of the

incident pulse and �r is the position operator of electrons mea-
sured from the center �R. We evaluate the signal for isotropic
polarization, which corresponds to an experiment on a powder
sample.

To represent the photoexcited state, we employ the non-
thermal occupations

ρii[αa] = ρ th
ii + αaδia

Tr
[
ρ th

ii + αaδia
] (3)

in Eq. (2), with αa parametrizing the extra weight for the ath
eigenstate relative to the thermal values. The rationale behind
this ansatz is that the high-energy excitations will quickly re-
lax to the edge of the upper and lower Hubbard band but then
encounter a bottleneck in the further relaxation due to the large
Mott gap [3,59,60]. This means that the metastable state will
primarily exhibit signatures of the low-lying excited states.
Therefore, it is instructive to understand the properties of the
low-lying states within the multiplet ligand field theory. For a
detailed discussion of the method, we refer to Appendix F.

In Fig. 4, we plot the weights of the lowest-lying eigen-
states corresponding to two holes on the d orbital d8L10, a
charge-transfer excitation d9L9 and a double charge-transfer
excitation d10L8. We present the same information for the
first 15 eigenstates in Table I. First, the ground state is spin
S = 1 and is threefold degenerate. Above the ground state,
eight states are very close in energy (from 0.96 eV to 1.06 eV).
Their orbital character shows that the occupation of the d8L10

state is slightly higher than in the ground state, meaning that
these correspond to d-d excitations. Finally, charge-transfer
excitations take place at energy ω = 1.48, which we will mark
with CT in Fig. 5.

With this information, we can now discuss the pho-
toinduced difference between the nonthermal state and the
ground state, �XAS[ω, αa] = XAS(ω, ρ[αa])-XAS(ω, ρ th),
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TABLE I. List of the lowest lying eigenvalues with their
excitation energies E − E0 and weights of the different orbital con-
figurations d8L10, d9L9, and d10L8. Same data as in Fig. 4.

N E–E0 [eV] d8L10 d9L9 d10L8

0 0.0 0.82 0.18 0.0
1 0.0 0.82 0.18 0.0
2 0.0 0.82 0.18 0.0
3 0.96 0.87 0.13 0.0
4 0.96 0.87 0.13 0.0
5 0.99 0.87 0.13 0.0
6 0.99 0.87 0.13 0.0
7 0.99 0.87 0.13 0.0
8 1.04 0.87 0.13 0.0
9 1.04 0.87 0.13 0.0
10 1.04 0.87 0.13 0.0
11 1.06 0.87 0.13 0.0
12 1.48 0.75 0.24 0.01
13 1.48 0.75 0.24 0.01
14 1.58 0.9 0.1 0.0
15 1.64 0.89 0.1 0.0

see Fig. 5(a). As mentioned above, in the many-body spec-
trum, there exists a manifold of states around 1 eV above the
ground states with a redistribution of electrons within the d
shell, which we attribute to the d-d excitations. An excess
occupation in these excited states leads to a characteristic
modification of the XAS signal, with a pronounced peak ap-
pearing below the main resonance (852 eV), a reduction of the
spectral weight at the resonance (853 eV) and an additional
increase around 854 eV. Even higher up in the spectrum, we
identify a charge-transfer excitation [22,23], which results in
a photoinduced peak roughly 0.5 eV lower in energy than the
d-d peak. The latter also leads to a reduction of the spectral
weight at the excitonic resonance.

For a more direct comparison with the experiment,
we can combine the effects of screening and the pho-
toinduced changes from the multiplet ligand field theory.
Specifically, we consider a rigid band shift of ωshift =
50 meV of the XAS signal and add to it the photoinduced
changes associated with two states with d-d and charge-
transfer character, �XAS(ω) = XAS(ω)-XAS(ω + ωshift ) +∑

a=3,12 �XAS[ω, ρ[αa]] where a = 3, 12 refers to the states
listed in Table I and the extra weights are set to αa = 2%.
We have checked that different choices for the nonthermal
populations lead to qualitatively similar results. The compari-
son with the experiment shows an excellent agreement in the
photo-renormalized XAS signal below and above the main
excitonic resonance.

A comparison of photo- and chemical doping is instructive.
Chemical doping leads to the appearance of a pre-edge feature
at the O K edge [79] while such a pre-edge peak is absent
at the Ni L3,2 edges [80]. Photodoping produces the opposite
result, i.e., the absence of a pre-edge feature at the O K edge
(which by comparison to [79] would be expected at 527 eV),
and the presence of such a feature at the Ni L3 edge. The
difference between chemically doped and photodoped spectra
is a key observation, which shows that photodoped holes
differ in nature from chemically dopes holes: They might

occupy different p-d hybrid orbitals (such as non-bonding
configurations instead of the Zhang-Rice doublet [29]), or
there may exist excitonic correlations between photodoped
electrons and holes.

III. CONCLUSIONS

In conclusion, we showed that photodoping by above
charge-transfer gap excitations in NiO results in characteristic
transient signatures in XAS. These are (i) energy shifts of
the excitonic peaks of several 10 meV for photodoping on
the order of 1%, which persist for tens of ps due to the long
lifetime of the photodoped state and are potentially enhanced
by polaronic effects [64,67,77], and (ii) many-body multiplet
excitations in the Ni L3 pre-edge region. The good qualitative
agreement between the tr-XAS measurements and a sim-
ple model for charge-transfer insulators suggests that energy
shifts resulting from photoinduced changes in the electrostatic
Hartree energy are a generic feature in transition metal oxides.
Screening-induced changes in the interaction strengths play a
role in determining these shifts. Theoretical comparison with
high electron temperature calculations shows that the domi-
nant effect on changes in screening is photodoping in contrast
to electronic heating, but the detailed separation between the
two would require longer simulation times. Our paper further-
more establishes that tr-XAS of photoexcited states is sensi-
tive to the interaction between core electrons and ligand holes,
which is important for a quantitative interpretation of the
spectral changes. All these observations reveal generic signa-
tures of charge-transfer insulators, providing a basis for future
systematic analysis of these microscopic phenomena in this
important material class, e.g., through the application of sum
rules. Disentangling nonequilibrium multiplet effects from
time-dependent renormalization of interaction parameters and
Hartree shifts further promises to aid the design of tailored
excitation protocols for reaching specific photodoped states.
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APPENDIX A: SAMPLE PREPARATION
AND CHARACTERIZATION

The NiO samples are grown using molecular beam epitaxy
(MBE) on a 12×12 grid of 200-nm-thick Si3N4 membranes.
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FIG. 6. (a) Small-angle x-ray diffraction pattern (black squares)
and calculation (green line) for the determination of the NiO thick-
ness as 37.4 ± 0.1 nm. (b) Wide-angle x-ray diffraction pattern
(black squares), measured with a 5◦ offset to the Bragg condition,
with a refined pattern (green line). The major peaks of NiO and Ni
(for comparison) are highlighted with dashed purple lines and dotted
red lines, respectively. The Cu peaks (blue lines) originate from the
Cu heat sink on the back of the Si3N4 substrate. (c) Vibrating sample
magnetometry data, measuring the magnetic moment as a function
of the applied magnetic field for NiO (purple line) and a Ni reference
sample (red line).

They are grown at room temperature in an oxygen atmosphere
of 1×10−6 mbar (compared to 2×10−8 mbar base pressure)
with a deposition rate of 0.005 Å/s. During the growth, a
mask is used to cover specific rows of sample windows so
that these bare Si3N4 windows can be used to measure a refer-
ence signal for the normalization of the intensity of the x-ray
pulses. The thickness of the sample is monitored during the
growth process using a quartz oscillator and later confirmed
to be 37.4 ± 0.1 nm using small-angle x-ray diffraction. The
sample characterization using x-ray diffraction and vibrating
sample magnetometry is shown in Fig. 6. The x-ray diffraction
pattern is measured with a 5◦ offset to the Bragg condition in
order to suppress the (004) peak of Si, which comes from the
grid underneath the Si3N4 membranes. In the x-ray diffrac-
tion pattern, we see the (111) and (002) peaks at 37.3◦ and
43.4◦ (highlighted by the dashed purple lines), indicating the

samples to be NiO. Furthermore, the absence of any peak
around 44.5◦ and 51.8◦ (highlighted by the dotted red lines)
shows that the sample is pure NiO and that there are no Ni
contributions. The same can be seen in the magnetometry data
comparing our samples to a Ni reference, where we find a
vanishing magnetic moment for our NiO sample.

APPENDIX B: EXPERIMENTAL DETAILS
AND DATA PROCESSING

This Appendix details additional experimental conditions
and the steps taken in analyzing the experimental data. The
absorption spectra are measured in transmission geometry in
accordance with the employed beam-splitting off-axis zone
plate setup [57] and are evaluated using the dedicated Spec-
troscopy and Coherent Scattering (SCS) Instrument toolbox
[81]. For each measurement, 18 x-ray pulses of the free
electron laser (FEL) bunch train were used with a tempo-
ral separation of 17.8 µs, which are synchronized with 16
laser pulses dropping the first and last x-ray pulse. From the
transmitted signal, the x-ray absorption spectroscopy (XAS)
is calculated as the negative logarithm of the transmitted sig-
nal divided by the reference signal, where the flat-field and
non-linearity corrections [55] are also incorporated. Likewise,
the pump-induced change is derived by taking the negative
logarithm of the fraction between the excited spectrum and
the ground-state spectrum. For the spectra displayed in the
main manuscript, the first 9 pump/probe synchronized pulses
of each train are used as the optimal compromise to enhance
data quality while limiting the effects of lattice heating and
long-lived excited states at high repetition rate.

1. Background correction

The evaluated Ni L23 edge absorption spectra show a back-
ground in the form of an offset between the ground state
and excited spectrum, which we attribute to the zone plate
setup. In addition, the two spectra slightly deviate over the
measured energy range, as the offset increases slightly with
increasing photon energy. The background is corrected using
two identical linear functions of opposite signs, which are
constructed from the difference between the spectra in the
pre- and post-edge region. Thus the ground state and excited
spectra coincide in the pre- and post-edge regions after the
correction, as shown in Fig. 1(b). After the background cor-
rection, the spectra are normalized such that the mean value
in the pre-edge corresponds to 0 while the mean value of
the post-edge corresponds to 1, see Fig. 1(b). The induced
changes, as determined by the SCS toolbox [81], are also
corrected with the linear background function and then scaled
according to the normalization of the spectra to ensure the
agreement between the two. In order to also normalize the
delay scans, an average normalization factor is determined
from all the absorption spectra for each pump laser fluence,
which is then used to scale the induced changes.

For the oxygen K edge, the background takes a more
complicated form that cannot be captured with a linear ap-
proximation. The background still shows an offset like the Ni
L23 edge spectra; however, the spectra appear to diverge with a
quadratic background. From some of the delay scans that we
measured, we can determine that in addition to the pre- and
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post-edge regions, there are no pump-induced changes from
548 eV to 550 eV and from 563 eV to 565 eV. Using these
regions as a reference, we can correct the background in the
same manner as we did at the Ni L23 edges, using, however,
a quadratic function rather than a linear one. Following the
background correction, the spectra are also normalized such
that the mean value in the pre-edge region corresponds to 0
while the mean value of the post-edge corresponds to 1.

2. Analysis of pump-induced changes

In order to analyze the experimental spectra, we extract the
modifications of the ground-state spectrum that reproduce the
excited-state spectrum. A rigid energy shift and a broadening
are considered as individual modifications for the nickel L23

edges and oxygen K edge. We calculate an Akima spline of
the ground-state spectrum and include the energy shift by
shifting the energy axis by an amount �E relative to the origi-
nal ground-state spectrum. The broadening is incorporated by
convoluting this Akima spline with a Gaussian with the full
width at half maximum (FWHM) ω. By calculating the dif-
ference between the Akima spline and ground-state spectrum,
we get a modelled induced change that we can optimize with
these two parameters. This modelled pump-induced change
is optimized for the nickel L23 edges over the whole energy
range (845–875 eV). For the oxygen K edge, we optimize
the model at the measured induced changes of the first peak
between 525 eV and 532.5 eV. This is done since using the
whole energy range leads to an overall worse agreement of
the model, because the second and fourth fine structure peaks
show some additional modifications that are not described
with an energy shift and broadening. By fixing one of the
parameters to be zero, we can show that both modifications
are necessary to describe the measured induced changes at the
nickel L23 edges and oxygen K edge.

As the calculated spectra shown in Fig. 3(a) of the main
text show a narrowing with increased photodoping, the model
used to describe the pump-induced changes in the experi-
mental data is not applicable to the calculations, in particular
for larger photodoping values. Instead, in order to deter-
mine the energy shift and narrowing, a Voigt profile is fitted
to the calculated data. The energy shift is then determined
as the difference between the central peak positions, whereas
the broadening/narrowing is determined as the difference be-
tween the overall FWHM. For smaller photodoping, the same
modeling as for the experimental data as well as the fit of a
Voigt profile can be applied, which show an overall excellent
agreement for the determined energy shift. While the deter-
mined values for the broadening/narrowing deviate somewhat,
the trends are still similar.

For the visual representation of the delay scans, an addi-
tional binning is applied. The initial binning of the delay scans
is chosen such that a data point is measured every 80 fs to
ensure that even the fastest response can be resolved. How-
ever, this time resolution is only necessary immediately before
and following the laser excitation, as the induced change is
long-lived. For an improved presentation, the scans are binned
so that four data points are consolidated into one new data
point at delays long after the laser excitation, as shown in
Fig. 7. The line added in Fig. 7 and Fig. 2(a) of the main text

FIG. 7. Time-dependence of �XAS at the Ni L3 (top) and O K
(bottom) edge, for the excited charge carrier density of dn = 4.7%
and different binning at longer delays.

is a guide for the eye and is obtained by fitting a response
function [82],

A0 + �(t − t0)
(

A1 ·
[
1 − e

−(t−t0 )
τ1

]
·
[
e

−(t−t0 )
τ2

]

+ A2 ·
[
1 − e

−(t−t0 )
τ2

])
. (B1)

This function is convoluted with a Gaussian function with the
FHWM �tr = 80 fs to take into account the time resolution.
For the shown delay scans, the second time constant τ2 con-
verges towards infinity if left unconstrained, as no recovery is
apparent. As such, this time constant was fixed for the final fit
to reduce the number of free parameters and increase the fit
quality. The data is fitted to the original data and shows that
there are no deviations resulting from the additional binning.
The shown error bars are the standard deviation of the data
points within one bin.

3. Calculation of excitation density

During the experiment, we measured the laser fluence to
be 0.8 mJ/cm2 and 4.0 mJ/cm2 corresponding to the num-
ber of incoming photons (nin

ph) of 1.07×1015 photons/cm2

and 5.36×1015 photons/cm2, respectively. In order to cal-
culate the photoexcitation for comparison with theory, we
first calculate the number of absorbed photons (nabs

ph ) using
Beer-Lambert’s law,

nabs
ph = nin

ph − nin
ph · e−μ(E )·d . (B2)

Here μ(E ) is the absorption coefficient, which is set to
503000 1/cm according to Ref. [10], while d is the film
thickness in cm. From this, we calculate the excitation den-

sity as
pe−·nabs

ph

d e−/cm3, with pe− being the probability of a
photoexcitation, which we assume to be 0.55 as the average
of the possible values between 0.1 and 1. This value is then
normalized to the unit cell value of NiO, where we assume
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the lattice constant to be 4.2 Å, resulting in the photodoping
values dn of 0.9% (0.8 mJ/cm2) and 4.7% (4.0 mJ/cm2) with
an estimated error of 82%.

APPENDIX C: EFFECTS OF LONG-LIVED
EXCITED STATES AND DISTINCTION

FROM X-RAY/LASER-INDUCED DAMAGE

In this Appendix, we discuss possible x-ray or laser-
induced damage as well as the influence of extremely
long-lived excited states on the measurements.

For our measurements, we can exclude any irreversible
x-ray irradiation-related effects. We have two possible ways
to test for x-ray irradiation damage effects. The European
XFEL’s bunch-train delivery pattern allows us to track
changes in the unpumped spectra over the course of each
train. Here, we do not observe any changes. Additionally,
by comparing the spectral shape of subsequent unpumped
spectra measured at the same sample position, we can further
exclude any irreversible x-ray-related irradiation damage. By
comparison with the results of [83], which were acquired with
the same experimental setup, we can conclude that the FEL
pulse energy in our experiments is orders of magnitude lower
than the damage threshold, and as such, our samples incur no
irreversible x-ray irradiation damage.

We observed irreversible laser irradiation damage only
once during the early stages of the experiment, showing up
as a strongly asymmetric signal on the DSSC detector [58],
likely due to accidentally setting the pump fluence above the
damage threshold. Additionally, in that case, we find a strong
modification of the spectrum corresponding to the previously
pumped sample window, even for a subsequent measurement
without pump laser, i.e., irreversible changes. This is shown
in Fig. 8. This data and the damaged sample were discarded
in the further analysis; we confirmed that all other acquired
datasets did not exhibit any such indication of sample damage.

However, one effect that we observe in our data that we
were unable to circumvent during the experiments is the pro-
gressively increasing modification of the pumped XAS over
the FEL train. This effect occurs even with the relatively large
temporal spacing of 17.8 µs between each pump/probe syn-
chronized pulse, which corresponds to an intratrain repetition
rate of 56 kHz and is still visible within the unpumped 18th
x-ray pulse of each FEL train. We can analyze this effect by
investigating how the �XAS changes for an increased number
of pump/probe synchronized pulses in each FEL train. We
find that �XAS slightly increases with an increasing number
of pulses for both the Ni L2,3 and the O K edge, as shown
in panel (a) of Figs. 9 and 10. The shape of this long-living
contribution appears derivative-like and can be described by
an increased energy shift and broadening, as demonstrated
by the modeling included in the panel. Some features are,
however, not affected, like the pre-edge feature at the Ni
L3 edge. Additionally, the contribution is independent of the
set pump/probe time delay, as well as the laser fluence. To
further analyze how this affects the spectral shape, we used
our modeling approach to extract the values for the energy
shift and broadening for an increasing number of bunches
per train, which is shown in panel (b) of Figs. 9 and 10
for one exemplary scan with a pump/probe time delay of

FIG. 8. (a) DSSC image averaged over a train with the three de-
tector regions of interest marked corresponding to the pumped (left),
reference (middle) and ground-state (right) signal. The strongly
asymmetric intensities between the left and right regions of interest
indicate sample damage. (b) Static measurement of the sample in
(a) with the spectra corresponding to the ground-state (blue squares)
and pumped (red circles) signals. (c) �XAS of the damaged (black)
compared to an undamaged sample (light blue) at �t = 0.5 ps.

0.5 ps and a laser fluence of 4 mJ/cm2 for the Ni L23 and
the O K-edge, respectively. The results of this analysis are
reflected by the error bars of Fig. 2(b). Likely reasons for this
effect are the occurrence of lattice heating and/or extremely
long-lived excited states that have not fully decayed before
the next pump/probe synchronized pulse arrives in the FEL
train. Such long-lived states have previously been observed
to occur in oxides [84]. Specifically, it has been shown that
polaron trapping can occur in NiO [67]. A long-lived polaron
state might also explain the more pronounced effect on the
O K edge, as it was shown previously in MgO that the O K
edge is particularly sensitive to lattice excitation [32,63]. We
would like to note, however, that although this effect influ-
ences the determined energy parameters from our modeling, it
can be considered simply as an additional error as it influences
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FIG. 9. (a) �XAS for the Ni L2,3 edge with an increasing number
of pulses in the bunch-train considered. (b) Values for the energy
shift and broadening determined from the model by including an
increasing number of bunches.

neither the strength of the laser-induced dynamics nor the
dynamics itself. Additionally, unless otherwise stated, for the
data shown in the Appendix, we used a total of nine x-ray
bunches, which limits the contribution of long-lived excited
states to the observed spectral changes to about 20% at the Ni
L2,3 edges, which still allows the comparison to theory.

APPENDIX D: EVALUATION OF THE XAS SIGNAL
IN (GW+)DMFT

Within DMFT-based simulations, the calculation of the
XAS signal is handled in a postprocessing step (see
Refs. [71,72] for a detailed description of the formalism in
the time-resolved case). We start from the DMFT impurity
model, which describes one d orbital embedded in the lattice.
(For GW+EDMFT simulations, the impurity model includes
both the fermionic environment, and the dynamically screened
local interactions [70].) To this model we explicitly add the
core level, so that the impurity Hamiltonian is extended by
the terms

Hpost = Hc + Hdip + Hcd + Hcp.

Here the first term Hc describes a single-core level,

Hc = εcnc,

where εc is the core level energy, nc is the density operator
for the core hole, and Hdip describes the dipolar transitions

528 530 532 534 536 538 540 542

-0.15
-0.10
-0.05
0.00
0.05
0.10
0.15 4 Pulses

8 Pulses
12 Pulses
16 Pulses

ΔX
AS

photon energy (eV)

(a)

O K

(b)

0
30
60
90
120
150
180
210

ΔΓ
e
(m
eV
)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

-49
-42
-35
-28
-21
-14
-7
0

ΔE
(m
eV
)

Number of Bunches

FIG. 10. (a) �XAS for the O K edge with an increasing number
of pulses in the bunch-train considered. (b) Values for the energy
shift and broadening determined from the model by including an
increasing number of bunches.

between the core and valence orbitals. Because the x-ray
energies ωin (of the order of 1 keV) are much larger than
the energies in the valence band (of the order of 1 eV), we
treat the dipolar transitions from the core level to the d or-
bital within the rotating wave approximation, as detailed in
Refs. [71,72]. In this case, the x-ray transition energies are
determined relative to a given reference, which can be the
core level energy |εc|, or a constant shift thereof. Throughout
this paper we choose the energy reference as the position of
the main excitonic line in the unperturbed system, denoted by
|Ec|. A core-hole typically decays within a few femtoseconds,
mainly due to Auger processes [7]. This decay implies an
extrinsic broadening of the XAS transition lines, in addition to
intrinsic line-shape effects that are related to the valence band
final states. In the DMFT formalism for time-resolved XAS
[71], a near-exponential decay of the core hole is implemented
by coupling the core level to an electron reservoir with a wide
Gaussian density of states. We use a bandwidth W/td p = 40.0
for the bath, and choose the coupling strength to fix a lifetime
� = 0.05 fs−1.

The interaction between a core hole and the valence elec-
trons on the d site is described by a local density-density
interaction with strength Ucd given by Hcd = Ucd (nc − 2)nd ,

where the shift of the core density is chosen such that the
term vanishes for systems without core hole. The value of
the core-valence interaction is comparable to the Coulomb
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repulsion on the d orbital [12] and we have chosen them
to be equal, Ucd = 7.5 eV = Udd . We have checked that the
photoinduced changes are robust with respect to variations of
the core-valence interaction Ucd , up to a rigid shift of the XAS
peaks. Similarly, we include the interaction between the core
hole and the valence electrons on the p orbitals. We assume
an interaction term Hcp = Ucp(nc − 2)Np, where Np measures
the total occupation on the four p orbitals adjacent to the probe
site, analogous to the interaction Upd in Hamiltonian (1).
Within the DMFT framework, this non-local interaction enters
the impurity model as a Hartree shift of the c orbital, HHF

cp =
Ucp(nc − 2)〈Np(t )〉, where 〈Np(t )〉 = 2〈npx + npy〉 is the oc-
cupation of the p orbitals obtained from the self-consistent
GW+EDMFT simulation. (The factor two accounts for the
fact that each correlated site has two neighboring px and two
py orbitals; by symmetry, 〈npx 〉 = 〈npy〉).

APPENDIX E: TWO-BAND HUBBARD MODEL

The dynamics of the active eg orbitals in NiO can
be approximately described by the two-orbital Hubbard
Hamiltonian

H = − thop

∑
i,α∈{1,2}

(c†
iαciα − μ) +

∑
i,α

Uniα↑niα↓

+
∑
i,σ

[(U − 2JH )ni1σ ni2σ̄ + (U − 3JH )ni1σ ni2σ ], (E1)

where i (α) is the site (orbital) index, thop is the hopping
integral, U is the Coulomb repulsion and JH is the Hund
interaction.

We solve this model in the atomic limit and using DMFT
on the Bethe lattice with bandwidth W = 4 eV, see also the
analysis in Ref. [71]. In contrast to GW+EDMFT, the DMFT
calculation cannot capture any bandgap renormalization, but
it can describe the photogeneration of local many-body multi-
plets, like Hund or d-d excitations.

In the atomic limit, we label the local many-body mul-
tiplets as Nd , where N refers to the occupation and d to
the spin state, with d = h for the high spin, d = l for the
low spin and d = s for the intra-orbital singlet. The main
XAS resonance in the two-orbital half-filled Hubbard model
corresponds to the transition 2h → 3d , where the underline
indicates the presence of a core hole, and its energy is given
by ω = E (3d ) − E (2h) = (U + JH )/2 − Ucd − εc. After the
photoexcitation additional transitions can be activated:

(1) 2l → 3d , whose energy is given by ω = E (3d ) −
E (2l ) = (U − JH )/2 − Ucd − εc. This state corresponds to
the main side peak in Fig. 11(a). As the difference to the
main excitonic resonance is the spin configuration and not
the charge configuration, the energy separation between these
states is independent of the core-valence interaction Ucd .

(2) 2s → 3d , whose energy is given by ω = E (3d ) −
E (2s) = (U − 5JH )/2 − Ucd − εc. The energy difference of
this transition to the main excitonic peak is independent of
the core-valence interaction Ucd .

(3) 1d → 2h, whose energy is given by ω = E (2h) −
E (1d ) = −(U + JH )/2 − εc. This state has a different charge
configuration than the main excitonic resonance and the
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FIG. 11. (a) Experimental Ni L3 �XAS at �t = 0.25 ps and
dn = 0.86% (points) with modeling as explained in the main text
(grey line), and expected many-body multiplet transitions extracted
from the atomic limit of a two-band Hubbard model (vertical
lines). (b) Shifts of the relevant photoinduced transitions, relative
to the main excitonic resonance 2h → 3d , with the core-valence
interaction Ucd .

difference between the two will depend on the core-valence
interaction Ucd , as presented in Fig. 11.

(4) 1d → 2l , whose energy is given by ω = E (2l ) −
E (1d ) = (−U + JH )/2.0 − εc. The energy difference with re-
spect to the main excitonic peak depends on the core-valence
interaction Ucd .

(5) 3d → 4d , whose energy is given by ω = E (4d ) −
E (3d ) = 3U−5JH

2 − 2Ucd − εc. For parameters relevant for
NiO this resonance appears deep below the main resonance.

The comparison between the atomic limit analysis and
the experimental data is presented in Fig. 11(a) for Ucd =
Udd = 7.5 eV. In particular, the additional photoinduced reso-
nances due to Hund excitations include 2l → 3d and 2s → 3d

and they appear JH = 1 eV or 3JH = 3 eV below the main
excitonic peak [Fig. 11(a)] [28,49,51]. The experimental Ni
L3 �XAS pre-edge feature reasonably matches the energy of
the transition 2l → 3d , see Fig. 11(a). There are no obvious
signs of the 2s → 3d transition at lower energy, as it presum-
ably would only appear at even shorter �t and/or higher pump
frequencies and photodoping. For the core-valence interaction
Ucd = Udd = 7.5 eV, see Fig. 11(b), the 2l → 3d Hund side
peak is degenerate with the transition 1d → 2h. However, one
would expect that holes on the Ni site will undergo a CT
relaxation to the ligands on the femtosecond timescale, so that
the 1d -initial state would have a much shorter lifetime than the
observed satellite.

A similar analysis can be performed for the oxygen K edge.
The two relevant interactions are the Coulomb interaction
between the nickel d orbital and oxygen p orbitals Ud p and the
interaction between the core hole and the oxygen p orbitals
Ucp. As these are density-density interactions, we only need
to consider different charge configurations. We will use the
notation (np, nd , nc) for the occupation on the p, d and core
orbital, respectively. There are two relevant transitions:

(1) The resonance obtained from the ground state is
given by (6, 2, 2) → (6, 3, 1) and its energy is given by ω =
6(Ud p − Ucp) − εc.

(2) (5, 3, 2) → (5, 4, 1) is the resonance relevant for the
state after the charge-transfer excitation. Its energy is given
by ω = 5(Ud p − Ucp) − εc.
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FIG. 12. (a) Calculated Ni L3 XAS in equilibrium (blue line) and
evaluated within the two-band Hubbard model for increasing dn as
indicated. (b) Measured Ni L3 �XAS at �t = 0.25 ps (symbols) with
vertical lines marking the positions of the atomic transitions (from
left to right) 2s → 3d , 2l → 3d (degenerate with 1d → 2h) and 2h →
3d (degenerate with 1d → 2l ). The dashed line corresponds to the
model calculation with dn = 1%. We have fixed the parameters of
the model to U = Ucd = 7.5 eV, JH = 1 eV, β = 5 eV−1.

The above analysis shows that the oxygen shift is deter-
mined by a subtle balance between Ud p and Ucp. It is an
important future task to determine these parameters from first
principles in equilibrium, compute the equilibrium spectrum,
and then analyze these shifts after a photoexcitation.

The atomic limit analysis is consistent with the full
DMFT simulation of the photoexcited system, as shown in
Fig. 12(a) for dn = 1% photodoping. Here, the system is
excited by a hopping modulation pulse with an envelope
apump exp[−(t − tpump)4] centered at time tpump = 1.5 eV−1

and with amplitude apump = 0.15 eV. (In equilibrium, the hop-
ping parameter t∗

hop in the Bethe lattice calculation is related
to the bandwidth by W = 4t∗

hop.) The XAS probe pulse has
an envelope aprobe exp[−(t − tprobe)2/8] centered at tprobe =
6.5 eV−1 and amplitude aprobe = 0.01 eV. We use here a
setup with explicit core level at energy −20 eV, as described
in Ref [71].

These DMFT simulations show that the photoinduced tran-
sition with the highest weight is 2l → 3d , although there also
appears a pronounced shoulder corresponding to the transition
2s → 3d for higher photodopings. The DMFT and atomic
limit analysis agree with the position of the experimental side
peak, as shown in Fig. 12(b), but these calculations cannot
capture the combined effect of the bandgap renormalization
and the side peak appearance. Describing both effects would
require an extension of the GW+EDMFT formalism to a
two-orbital problem on the d site, which is an important
future challenge. Our results, nevertheless, suggest that with
future experimental advances in time-resolved XAS it may
become possible to measure the occupations of local many-
body states, since these are directly reflected in the heights of
the photoinduced resonances.

In this analysis, we restricted our attention to the dynamics
within the eg orbitals and neglected the contributions from
charge-transfer or d-d excitations. We relax this approxima-
tion in the next Appendix, where we consider a nonthermal
extension of the multiplet ligand-field theory.

APPENDIX F: NONTHERMAL MULTIPLET
LIGAND-FIELD THEORY

This Appendix describes the nonthermal multiplet ligand
field theory used in the main text to estimate the nonthermal
signatures from excited states in the XAS signal. The analysis
is motivated by recent time-dependent DMFT simulations of
XAS in multiorbital Hubbard models [71], which showed that
after a photoexcitation, the atomic XAS spectrum computed
with the nonthermal state populations provides a good ap-
proximation to the full nonequilibrium DMFT result. This
allows us to combine the multiplet ligand field theory with
a quasistationary approach, where we replace the Boltzmann
distribution by a nonthermal distribution featuring an excess
population of certain low-lying excited states. The calcula-
tions follow Ref. [16] and the implementation is based on the
EDRIXS [78] library.

The theoretical description employs ligand orbitals, which
are constructed as a linear superposition of the oxygen
Wannier orbitals coupling to a given 3d orbital. These or-
bitals are used to construct a generalized Anderson impurity
problem [16],

H =
∑

i j

εd,id
†
i di +

∑
i

⎛
⎝εb,ib

†
i bi +

∑
j

Vi j[d
†
j bi + H.c.]

⎞
⎠

+ ζd

∑
i j

〈di|�l�s|d j〉d†
i d j +

∑
i jkl

U d
i jkl d

†
i d†

j dldk

+
∑

i

εp p†
i pi + ζp

∑
i j

〈pi|�l�s|p j〉p†
i p j

+
∑
i jkl

U pd
i jkl d

†
i p†

j pldk, (F1)

where the di, bi, and pi are the annihilation operators for
electrons at site i on the d orbital, bath orbital and core p
orbital, respectively. The corresponding single-particle ener-
gies without spin-orbit coupling are given by εd,i, εb, and
εp. The spin-orbit coupling on the d (p) orbital is described
by ζd (ζp), the angular momentum operator �l and the spin
operator �s. The Coulomb repulsion between the 3d electrons
is given by the rank-4 tensor U d and the repulsion between
the 3d and 2p orbitals by the tensor U pd .

The spherical part of the interaction, parametrized by the
Hubbard repulsion U , is strongly screened and is typically
determined by a fit to experiments. In the following, we will
use the parameters from Ref. [16], namely Udd = 7.3 eV
and Upd = 8.5 eV. The rest of the interaction parameters
are estimated by the atomic Hartree-Fock calculation and
reduced to 80% of the bare value to account for screening.
The atomic Coulomb interactions are typically parametrized
by the Slater-Condon parameters. We use the screened val-
ues F0,dd = Udd + 2

63 [F2,dd + F4,dd ], F2,dd = 9.78 eV, F4,dd =
6.07 eV. Similarly, for the interaction between the valence
d and the core p orbitals, we use F0,pd = Upd + 1

15 G1,pd +
G3,pd , G1,pd = 4.63 eV, G3,pd = 2.63 eV.

In the cubic environment, the on-site energies on the impu-
rity (bath) site take the values

εd,i = εd + ai10Dq, εb,i = εb + ai�b,
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where 10Dq (�b) is the crystal-field splitting between the eg

and t2g orbitals on the impurity (bath) site and aeg = 0.6, at2g =
−0.4. To connect it with the on-site energies we need to solve
the following linear set of equations [16,26,78],

10εb + nεd + n(n − 1)

2
Udd = 0,

9εb + (n + 1)εd + (n + 1)n

2
Udd = �,

8εb + (n + 2)εd + (n + 1)(n + 2)

2
Udd = 2� + Udd , (F2)

and a similar one for the system in the presence of the core
hole. For the charge-transfer interaction, we use � = 4.7 eV,
for the crystal-field splitting on the impurity 10Dq = 0.56 eV
and on the bath site �b = 1.44 eV. Finally, the spin-orbit
coupling is obtained from the atomic values. For the core
level, it is given by ζp = 11.5 eV and for the valence orbital
by ζd = 0.083 eV (without core hole) or ζd = 0.102 eV (with
core hole). Finally, the hybridization amplitudes between the
impurity and the bath are taken from Ref. [16]. In the eg

subspace it is given by Veg = 2.06 eV and in the t2g subspace
by Vt2g = 1.21 eV.
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