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Resonant inelastic X-ray scattering (RIXS) 

Resonant inelastic X-ray scattering : Powerful probe with broad sensitivity to  
   two-particle excitations of charge, orbital, spin and lattice degrees of freedom 

M. W. Haverkort, PRL 105, 167404 (2010)
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C. Computation of RIXS intensities

L-edge RIXS cross-section δ2σ
δΩδω ∝ FRIXS is described by the Kramers-Heisenberg formula [s4, s5],
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Here, |g⟩, |m⟩, and |f⟩ represent the ground, intermediate, and final states with energies Eg, Em, and Ef , respectively.
The operator H is the Hamiltonian of the whole system, Γ is the lifetime width, and VI (VE) is the transition operator
that describes the X-ray absorption (emission) in the second-order optical process. The incident (emitted) X-ray has
the energy ωin (ωout) and transferred energy is given by ωloss = ωin − ωout. The experimental geometry including the
X-ray polarization is encoded in the operators VI and VE . The operator R(q,ωin) is given by

R(q,ωin) = VE
1
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where VI and VE are expanded around each Co atom at rj as VI =
#

j e
ikin·rjVI(rj) and VE =

#
j e

ikout·rjVE(rj),
respectively. VI(E)(rj) creates (annihilates) a core-hole at site rj , and the transferred momentum is defined as
q = kout − kin. We assumed here that a hole on the 2p core level created by X-rays is localized and does not hop
from the excited site to others.
The expression (S.1) describes a general case [s5]. We now derive the effective representation used in the present

study. First, the ground state |g⟩ of LaCoO3 at 20 K has the low-spin (LS) structure and denoted as |LS⟩. The
operator R(q,ωin) describes (local) excitation of the intermediate-spin (IS) as well as and high-spin (HS) states by
X-rays, which can propagate on the LS background. We consider the propagation of the IS excitations (with 3T1g and
3T2g character) and the HS excitations (with 5T1g character), that contribute to the low-energy excitations. These
states are denoted by dγ(rj) in the real space. We note that, in actual calculations with the spin-orbit coupling (SOC)
in the Co 3d shell, these states are mixed and γ represents the atomic multiplets there. Then, RIXS amplitude with
the transferred momentum q becomes
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with Rγ(q,ωin) = ⟨dγ(rj)|R(q,ωin)|LS⟩. The Fourier transform is introduced by dγ(k) = 1/
√
N

#
j e

−ik·rjdγ(rj).

We compute Rγ(q,ωin) using the Co3+ atomic model under the experimental geometry, which explicitly includes the
3d-3d and 2p-3d Coulomb interaction in the full-multiplet form, the crystal field splitting (10Dq), and the SOC in the
Co 3d shell (ζd) and the 2p shell (ζp). The Slater integrals for the 3d-3d interaction are chosen as F 2 = 5.342 and
F 4 = 3.338. The SOC within the 2p shell ζp and the Slater integrals for the 2p-3d interaction F k, Gk are calculated
within an atomic Hartree-Fock code, and then the F k and Gk values are scaled down by the empirical factor 75% to
account for screening effect in the solid. The parameter values 10Dq=1.666 eV and ζd=0.056 eV are taken from an
ab-initio calculation and used in both the atomic and in the effective bosonic models, see Sec. D.
The matrix element of the propagator, i.e., ⟨dγ′(q)|(ωloss +ELS −H + iΓ)−1|dγ(q)⟩, is computed from the effective

bosonic model with the Hamiltonian H =
#

kH(k), where
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Here, the first term describes the propagation of the excitations, e.g., by the process shown in Fig. 1b of the main
text, while the second and third terms describe the (off-site) pair-creation and pair-annihilation excitations, such
as |LS(ri),LS(rj)⟩ ↔ |ISγ(ri), ISγ′(rj)⟩ processes. The hopping amplitudes in hγ′,γ(k) and ∆γ′,γ(k) are obtained
from by the t2/U expansion, see Sec. D. In practice, the Hamiltonian is numerically diagonalized by the Bogoliubov
transformation at each k point.

H with core-hole



2. Noninteracting limit1. Atomic limit

Theoretical modeling of RIXS in correlated materials 

Valence-valence and core-valence 
interaction

Material-specific band 
structure

no lattice (=no dispersion) approx. electron-hole interaction

cluster multicluster 

ab-initio cluster model (and beyond) 

Multisite extension 
      - computationally expensive 
      - more tuning parameters …
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J. Luder et al. PRB 96, 245131 (2017) 

A. Nocera et al. Sci. Rep. 8, 11080 (2018) 
T. Toyama et al., PRB 92, 014515 (2015)

Recent development with DMRG etc.

e.g. Bethe-Salpeter approach

J. Vinson et al. PRB 83, 115106 (2011) 
K. Gilmore et al. Comput. Phys. Commun. 197, 109 (2015) 
T. Nomura. J. Phys. Soc. Jpn. 84, 094704 (2015)

Crude approximation on many-body 
effect in both ground and excited 

states 

Merge advantages in the two 
approaches together ? 

= ultimate goal of theoretical 
modeling



Local density approximation (LDA) + Dynamical mean-field theory (DMFT) 
 successful ab-initio many-body scheme in describing electronic properties of correlated 
materials 

LDA+DMFT approach to RIXS in correlated materials 

Ref. A. Georges et al., RMP 68, 13 (1996) / G. Kotliar et al., RMP 78, 865 (2006) 

Material specific bands : LDA 
(multi-band Hubbard model) 

+ 
Local electron correlation : DMFT 

= Many-body dynamics in realistic materials

Bath

Impurity

Hybridization
: Ni : Oxygen

E3d(k) ⟼ E3d(k)+Σ(ε)

⌃(i!n) = G�1
0 (i!n)�G(i!n)
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: Local self-energy (dynamical M.F.)

: hybridization intensity
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G. Zhang et al., PRL 116, 106402 (2016)

LDA+DMFT:  1P spectra 



Z. P. Yin, K. Haule and G. Kotliar, Nat. Phys. 10, 845 (2014)

iron pnictides	
multi-orbital, 	
modified RPA treatment

LDA+DMFT:  2P spectra (limited) 

NaxCoO2	
single-orbital,  full DMFT  treatment

L. Boehnke and F. Lechermann, pss 221, 1267 (2014) 

2-orbital Hubbard model, spontaneous 
symmetry breaking, full DMFT  treatment

D. Geffroy et al. PRL 122, 127601 (2019)



Hybridization function of Ni Eg orbital

Hybridization function V(ε)

Ni (1/2, 1/2, 0)

O (1/2, 1/2, 1/2)

Δ(ε)

DMFT self-energy

LDA+DMFT approach to RIXS in correlated materials 

Cluster model

Incl. Ni (1/2, 1/2, 0)

Incl. O (1/2, 1/2, 1/2)

Incl. Ni (1, 0, 0)

LDA

LDA+DMFT (PM)



LDA+DMFT : 

RIXS calculation : Configuration interaction method

LDA, tight-binding model : Wien2K + Wien2wannier + Wannier90

LDA+DMFT approach : Computational details  

DMFT self-consistency : Continuous-time quantum Monte Carlo solver

Fine bath discretization (~25 levels per spin, orbital) 
Efficient basis truncation (G.S theory + α) 
   3 (2) holes (electrons) below (above) Fermi energy  
Lanczos diagonalization + Conjugate Gradient method 
                                                    (with shift & seed switching)

|g> : Lanczos method

Conjugated Gradient method (shift technique for ωin)

C. Hybridization intensities

Figure 1 and 2 show the hybrdization intensities V (ε) obtained in the present LDA+DMFT calculation and the
discretized bath levels used in the 2p XPS calculation. In the discretization, we have employed uniform energy meshes
in the intervals with sizable hybridization intensity (typically defined as larger than 5% of the peak value). A finer
mesh was used in the valence region (below Fermi energy EF ) than in the conduction region (above Fermi energy
EF ) which has little contribution to the XPS spectra, especially in the system with an insulating gap or with a large
number of empty impurity orbitals [9, 10]. We note here that the hybridization strength Vk represented by the vertical
vars should be distinguished from the hybridization intensities V (ε) because Vk and (diagonal element of) Vγ,σ(ε) are
related by V 2

γσ(ε) = − 1
π Im

!
k |Vk|2/(ε− εk + iη), where εk denotes the energy of the discretized bath level with the

orbital γ and spin σ.

FIG. 1. (Color online) The hybridization intensity V (ε) (left axis) and hybrdization strength Vk (right axis) of NiO,
CoO, MnO and LaCrO3.
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Ni L-edge XPS

Benchmark : Ni L-edge RIXS in NiO

Valence spectra Ni L-edge XAS

Good agreement with the experimental RIXS data 
- dd excitations (0~4eV)  : multiplet, crystal field 
- CT excitations (4~8eV)  : local and nonlocal CT 
- unbound excitations (4eV~) : fluorescence-like feature

Hybridization function

A unified description of core-level RIXS, XAS, XPS and valence spectra
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Experiment

Experimental data 
  Valence XPS : G. A. Sawatzky et al. PRL 53, 2339 (1984) 
  L-edge XAS  : D. Alders et al. PRB 57, 11623 (1998) 
  L-edge XPS : M. Taguchi et al. PRL 100, 206401 (2008) 
  L-edge RIXS : G. Ghiringhelli et al. PRL 102, 027401 (2009)
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Benchmark : Fe L-edge RIXS in Fe2O3

Good agreement with the experimental RIXS data 
- dd excitations (0~4eV)  : multiplet, crystal field 
- CT excitations (4~8eV)  : local and nonlocal CT 
- unbound excitations (4eV~) : fluorescence-like feature

A unified description of core-level RIXS, XAS, XPS and valence spectra
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Fe L-edge RIXS

LDA+DMFT

Photon energy (eV)

Experimental data 
  Valence PES/BIS : F. Ciccacci et al. PRB 44, 10444 (1991) 
                                     R. J. Lad et al. PRB 39, 13478 (1898) 
  L-edge XAS  : M. L. Yang et al. PRB 80, 014508 (2017) 
  L-edge XPS : M. Miedema et al. JESRP 203, 8 (2015) 
  L-edge RIXS : J. Miyawaki et al. 96, 214420 (2017)
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Ground-state oxygen holes and the metal–insulator
transition in the negative charge-transfer rare-earth
nickelates
Valentina Bisogni1,2, Sara Catalano3, Robert J. Green4,5, Marta Gibert3, Raoul Scherwitzl3, Yaobo Huang1,6,
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& Thorsten Schmitt1

The metal–insulator transition and the intriguing physical properties of rare-earth perovskite

nickelates have attracted considerable attention in recent years. Nonetheless, a complete

understanding of these materials remains elusive. Here we combine X-ray absorption and

resonant inelastic X-ray scattering (RIXS) spectroscopies to resolve important aspects of

the complex electronic structure of rare-earth nickelates, taking NdNiO3 thin film as

representative example. The unusual coexistence of bound and continuum excitations

observed in the RIXS spectra provides strong evidence for abundant oxygen holes in the

ground state of these materials. Using cluster calculations and Anderson impurity model

interpretation, we show that distinct spectral signatures arise from a Ni 3d8 configuration

along with holes in the oxygen 2p valence band, confirming suggestions that these materials

do not obey a conventional positive charge-transfer picture, but instead exhibit a negative

charge-transfer energy in line with recent models interpreting the metal–insulator transition

in terms of bond disproportionation.

DOI: 10.1038/ncomms13017 OPEN
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CT-excitations (open green dots) show a similar behaviour as the
NiO CT ones (solid green line). The NdNiO3 Fl-excitations,
instead, with their distinctive fluorescence-like dispersion differ
from any of the NiO excitations. Interestingly, the identified
Fl-contribution propagating down to very low energy losses is
compatible instead with the electron–hole pair continuum
excitations d8vmcm coming from the broad O 2p band: this
finding is the second key result of our study and naturally occurs
for the negative charge-transfer case (D0o0) as represented in the
AIM schematic of Fig. 6a (magenta band).

Discussion
The main findings of the presented data analysis and
interpretation are as follows: localized dd-excitations sharply
resonate at the XAS peak A with a lineshape consistent with a Ni
3d8 configuration; delocalized Fl-excitations mostly resonate at
the XAS peak B and are interpreted as electron–hole pair
excitations across the O 2p band cut by EF (Fig. 1b, green
contours); spectral weight reduction of the electron–hole pair
excitations close to zero energy loss (Fig. 5b,c) suggests the
opening of an O–O insulating gap (Fig. 1b, red-dashed contours)
at low temperature, in line with previously reported optical
conductivity46,47 studies and similarly as in more recent ARPES
data48 revealing a spectral weight transfer from near EF to higher
binding energies across MIT.

This collection of results clearly identifies NdNiO3 as a negative
D0 charge-transfer material, with a local Ni 3d8 configuration49, a
predominant O 2p character across the Fermi level50 and a
consequent GS of mainly Ni 3d8Ln. This picture is compatible
with the scenario proposed by Mizokawa26, also discussed
as bond disproportionation model in recent theoretical
approaches27–30,51,52, which comprises an expanded 3d8 Ni site
(n¼ 0, S¼ 1) and a collapsed 3d8L2 Ni site (n¼ 2, S¼ 0)
alternating in the insulating phase with the following spin order
m0k0 and a homogeneous Ni 3d8L (n¼ 1) GS in the metallic
phase. As underlined in previous works28,29, this model is in
agreement with several breakthrough experimental findings: (1/2 0
1/2) antiferromagnetic Bragg peak in the insulating phase5; charge
ordering6, which in this model is distributed among both Ni and O

sites instead of only Ni sites; absence of orbital order34; evidence of
strong Ni–O covalence in the GS4,20,21.

Furthermore, the different resonant behaviour extracted in this
study for localized and delocalized RIXS excitations suggests that
the two distinct XAS peaks marked at low temperature
mostly result from the two different components of the GS,
being XAS peak A mostly associated with a Ni 3d8 configuration,
and XAS peak B with the delocalized ground-state Ni 3d8L2

configuration. This is in line with the energy dependence of the
(1/2 0 1/2) peak resonating at hnin¼A (refs 31,37), here assigned
to the magnetically active S¼ 1 site.

In conclusion, by combining Ni L3 XAS and RIXS measure-
ments we studied the electronic ground-state properties of ReNiO3,
to discriminate the electronic structure between a negative and a
positive charge-transfer scenario. By analysing the first ever high-
resolution Ni L3 RIXS data obtained for ReNiO3, we identified the
coexistence of bound, localized excitations and strong continuum
excitations in both the XAS and the RIXS spectra, in contrast to
earlier absorption studies which assumed primarily charge-transfer
multiplet effects in the XAS. Further, we disentangled the
continuum features in the RIXS spectra into charge-transfer and
fluorescence excitations, showing the latter to arise due to the
presence of a ground state containing holes in the oxygen 2p band.
Electron–hole pair excitations from oxygen 2p states across the
Fermi level have been identified down to zero energy loss,
mimicking the opening of a gap for ToTMI. All these experimental
observations provide clear indication of an O 2p hole-rich ground
state with Ni 3d8Ln electronic configuration as the main
component, as expected for a negative charge-transfer system.
This GS configuration lends support to the treatment of the
ReNiO3 as a S¼ 1 Kondo or Anderson lattice problem with a Ni
3d8Ln (n¼ 1) metallic GS, and realizing the MIT by a bond
disproportionation leading to two Ni site environments: Ni 3d8

(n¼ 0, S¼ 1) and Ni 3d8L2 (n¼ 2, S¼ 0), differing in the
hybridization with the O 2p hole states yet leaving the charge at the
nickel sites almost equal. While this result is vital for
the understanding of the rare-earth nickelate family per se,
the combined XAS and RIXS approach demonstrated here
opens the opportunity to classify the electronic structure for other
cases of very small or negative charge-transfer gaps D0, which could
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Figure 6 | Anderson impurity model interpretation of the RIXS and XAS spectra. (a) AIM schematic for charge neutral RIXS excitations. The
configurations of the AIM are very different for D0o0 (NdNiO3) and D040 (NiO) 3d8 compounds. CT-like excitations are obtained in both cases (green
bands), while Fl-like excitations (magenta band) are found only for D0o0 and correspond to electron–hole pair excitations as shown in the O 2p DOS inset.
(b) Calculated RIXS map for the positive charge-transfer compound NiO, using the AIM. The NdNiO3 CT- and Fl-excitations dispersion curves from Fig. 3d
are overlaid for comparison (green and magenta open dots, respectively), as well as the NiO CT-excitation dispersion (green solid line). Horizontal coloured
lines make the connection between the RIXS excitations and the assigned interpretation in the AIM schematic of a.
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Observation of Two Nondispersive Magnetic Excitations in NiO
by Resonant Inelastic Soft-X-Ray Scattering
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We present high resolution (!E ¼ 120 meV) resonant inelastic x-ray scattering data measured at the Ni

L3 edge (2p3=2 ! 3d) on the paradigmatic antiferromagnetic oxide NiO. Spectra reveal clear signatures of

magnetic excitations at "95 and "190 meV whose energy seems independent from transferred momen-

tum. These spectral features are well reproduced by a single Ni2þ ion model in an effective exchange field.

Within this local model the two magnetic excitations are characterized by a variation of the atomic

magnetic moment along the local ordering direction (!S!) of one and two units. The !S! ¼ 2 case has

different nature from bimagnons observed in optical Raman spectra, for which !S! ¼ 0.

DOI: 10.1103/PhysRevLett.102.027401 PACS numbers: 78.70.En, 75.25.+z, 75.50.Ee

Advanced x-ray techniques have been successfully ap-
plied to the study of the structures and ground state prop-
erties of magnetically ordered materials. Nonequilibrium
properties, on the other hand, remain the exclusive domain
of neutrons and of optical spectroscopies. Achieving sen-
sitivity to magnetic excitations, while retaining the char-
acteristic features of x-ray resonant techniques, like the
chemical and orbital selectivity, is an attractive goal.
De Groot, Kuiper, and Sawatzky [1] have pointed out the
possibility of measuring local spin-flip excitations by reso-
nant inelastic x-ray scattering (RIXS) performed at the L2;3

(2p ! 3d) and M2;3 (3p ! 3d) absorption edges of tran-
sition metal compounds. Until very recently the experi-
mental confirmation of this prediction had been hampered
by practical limitations: the insufficient energy resolution
at the L edges and the unfavorable inelastic to elastic
intensity ratio at the M edges have inhibited a direct
observation of excitations below 500 meV, and only indi-
rect signatures of magnetic excitations were found at a
larger (2 eV) energy scale [2].

Recent important technical advances have been opening
new opportunities for RIXS both in hard [3] and soft x rays
[4]: collective magnetic excitations have been observed in
cuprates at the Cu K (1s ! 4p) [5] and L3 edges [6]. We
tackle here the case of NiO, a paradigmatic magnetic
insulator, antiferromagnetic (AFM) at room temperature.
We exploit the unprecedented energy resolution now avail-
able at the Swiss Light Source (SLS), where the SAXES
spectrometer [4] and the ADRESS beam line [7] have been
jointly designed to reach a combined resolving power
>104 over the 400–1000 eV energy range. In this Letter
we show that in NiO magnetic excitations can be directly
observed by L3 RIXS. We have studied their dependence
on the incident photon energy and polarization, and on the
momentum transfer. We have found that the local model of

Ref. [1] can well reproduce the main features of the ex-
perimental results although we cannot exclude the pres-
ence in the spectra of dispersing features with much
smaller intensity.
During measurements the incident beam was linearly

polarized, either within (H) or perpendicular (V) to the
horizontal scattering plane, and the scattering angle could
be varied between 30$ and 130$ (see inset in Fig. 1). The
position and width of the elastic peak, measured on a

FIG. 1 (color online). Ni L3 RIXS spectra measured on NiO, at
90$ scattering angle. The main panel shows, as color map, the
RIXS intensity across the L3 absorption edge, obtained by
combining RIXS spectra excited every 200 meV. The XAS
spectrum is shown in the top panel; the arrows indicate the
main peak (P) and main satellite (S) excitation energies selected
for acquiring high quality RIXS spectra. The right panel contains
the RIXS spectra of NiO and NiCl2: red solid (black dotted) lines
are for V (H) polarization, according to the experimental ge-
ometry of the inset.
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The unusual coexistence of bound and continuum contributions
across the narrow Ni L3 resonance and the specific nature of the
orbital excitations, allows us to verify that the electronic ground
state contains abundant O 2p holes and that the Ni sites are
indeed best described as Ni 3d8Ln, rather than a low spin Ni 3d7,
showing that the ReNiO3 are indeed self-doped, negative charge-
transfer materials. Further, the RIXS spectra exhibit a clear
suppression of the low-energy electron–hole pair continuum in
the insulating phase, providing not only a fingerprint of the
opening of the insulating gap at ToTMI but also experimental
evidence of the dominant O 2p-character for the states across EF,
as expected for a negative charge-transfer system.

Results
Bulk-like NdNiO3 thin film. Several high-quality NdNiO3 thin
films grown on a variety of substrates were investigated. Epitaxial
films were prepared by off-axis radiofrequency magnetron
sputtering8,9,35,36 and were fully characterized by X-ray
diffraction measurements, atomic force microscopy, transport
and soft X-ray scattering measurements. In the following, we will
focus on 30 nm thick NdNiO3 film grown on (110)-oriented
NdGaO3 substrate under tensile strain conditions (þ 1.6% of
strain) as a representative example of bulk ReNiO3 in general. In
this case, coupled metal–insulator and paramagnetic-to-
antiferromagnetic transitions have been found at TB150 K,
consistent with the corresponding bulk compound1.

Bound and continuum excitations across Ni L3 resonance. XAS
and RIXS measurements were carried out by exciting at the Ni L3
edge, corresponding to the 2p3/2 to 3d electronic transition at
around B852 eV. The XAS spectra have been acquired in the
partial fluorescence yield mode, by integrating the RIXS spectra
for each incident photon energy hnin to insure the bulk sensitivity.

Figure 2a–c presents an overview of XAS and RIXS data for
the 30 nm thick NdNiO3 film, measured at both 300 K
(metallic phase, red colour) and at 15 K (insulating phase, blue
colour). The Ni L2,3 XAS shown in Fig. 2a is in good agreement
with the previously published data on NdNiO3 (refs 20,21,37–39).
At 15 K, the Ni L3 region of the XAS (from 850 to 860 eV), is
characterized by two clear structures—a sharp peak at 852.4 eV
(A) and a broader peak at 854.3 eV (B)—both of which are
present in other ReNiO3 as well1,16,20,24. At 300 K both peaks are
still recognizable, however, their separation is less evident.

A series of high-resolution RIXS spectra have been recorded
across the Ni–L3 resonance in steps of 0.1 eV, as shown in the
intensity colour maps of Fig. 2b,c. Each spectrum obtained for a
specific hnin measures the intensities of the emitted photons as a
function of the energy loss hn¼ hnin-hnout, where hnout is the
outgoing photon energy. RIXS is able to simultaneously probe
excitations of diverse nature, for example, lattice, magnetic, orbital
and charge excitations40,41. In addition, one can distinguish
with RIXS between localized, bound excitations and delocalized
excitations involving continua. For localized electronic excitations,
the RIXS signal appears at a fixed hn while scanning hnin across a
corresponding resonance (Raman-like behaviour). Conversely, for
delocalized electronic excitations involving continua, the RIXS
signal has a constant hnout and therefore presents a linearly
dispersing energy loss as a function of hnin (fluorescence-like
behaviour)40–43.

From the RIXS maps of the NdNiO3 thin film in Fig. 2b,c one
directly observes a clear, strong Raman-like response at around
1 eV of energy loss when tuning hnin to the XAS peak A. These
atomic-like dd-orbital excitations, which are sensitive to the local
ligand field symmetry, behave similarly to those observed in other
oxide materials like the prototypical Ni 3d8 system NiO44.

A fluorescence-like contribution resonates instead at the XAS
peak B, contrary to the Raman-like response dominated by
multiplet effects observed in NiO at the corresponding Ni L3 XAS
shoulder44. Already by looking at the colour map, this fluorescence-
like spectral signature is clearly visible all across the Ni L3-edge and
always with a linearly dispersing behaviour, as suggested by the red-
dotted line overimposed to the data. Interestingly, the fluorescence
intensity distribution in the NdNiO3 RIXS map has also a strong
temperature dependence, while at 300 K it merges continuously
with the dd-excitations (Fig. 2b), at 15 K a dip in intensity is created
corresponding to the incident photon energy C, hnin¼ 853 eV
(see Fig. 2c, dashed grey line).
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Figure 2 | Overview of XAS and RIXS measurements for a 30 nm NdNiO3

film on NdGdO3. (a) Ni L3,2 XAS measured in partial fluorescence yield
mode at 300 K (metallic phase) in red and at 15 K (insulating phase) in
blue. Refer to Supplementary Note 2 and Supplementary Fig. 2 for XAS in
total electron yield mode. (b,c) RIXS intensity map measured across the Ni
L3 edge at 300 K (15 K); intensity scale bar from 0 to 5 (a.u.). The white
solid line displays the XAS measured at the same temperature. The letters
A, B and C mark the three different incident energies mentioned in the text,
while dd, CT and Fl refer to RIXS excitations of different character, also
discussed in the text. The grey-dashed line indicates the incident energy
giving the most pronounced changes in the RIXS map and in the XAS across
the MIT. The red-dotted line provides a guide to the eye for the linearly
energy dispersing Fl feature.
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plot the projection of the ground state onto the relevant
basis states. We emphasize that even with no breathing
distortion, a dynamic charge ordering is present, while the
bond disproportionated configuration (4,2) dominates the
ground state for large distortions.

In Fig. 2, we show the resonant soft x-ray responses of our
model, which has the full Ni 3d and 2p orbital degeneracies
and their Coulomb interactions necessarily included in order
to capture the detailed multiplet features in the spectra. In
Fig. 2(a), we compare the double-cluster model (with no
breathing distortion) to a conventional single-cluster model,
where the intercluster hopping VI is set to zero. Increasing
VI from zero leads to a pronounced first peak being separated
out below both the L3 and L2 edges. Such a peak is a distinct
characteristic of the insulating nickelates [24] and, importantly,
we find that the peak also has a strong magnetic circular
dichroism (MCD) signal, consistent with RMD experiments
which find the magnetic diffraction to be strongest at that
peak [4,27,38]. Given that no breathing distortion is introduced
yet in this plot, the peak arises due to nonlocal excitations
between the two clusters. Such an effect is perhaps not
surprising, given the negative charge transfer energy and strong
covalence, but it demonstrates that even in the absence of
breathing distortions, a proper interpretation of the spectra of
high-valence transition-metal oxides might require at least a
double-cluster model where such excitations can be captured.
Similar intersite effects requiring extensions beyond the
single-cluster approximation were recently identified in the
XAS of strongly covalent mixed-valence systems [39]. We
note that our value of VI = 0.35 is slightly less than one might
expect for 180 degree bonds between adjacent Ni atoms [30],
in accordance with octahedral tilting that is present in the real
materials.

Figure 2(b) shows the effect of the breathing distortion
on the XAS spectra. In the presence of the distortion, there
are distinct spectra for the two inequivalent sites, and as
such we show these two spectra, along with their sum. Here
it is evident that the spectrum from the long (short) bond
octahedron shifts to lower (higher) energies as the breathing
distortion is increased. In the extreme case, the sharp prepeak

arises entirely from the long bond Ni. This trend is in excellent
agreement with the nickelate phase diagram, where smaller
rare earths lead to larger breathing distortions and a larger
separation of the XAS peaks [23,24].

Figure 2(c) details the magnetic response for the same three
breathing distortions of Fig. 2(b). The total XAS is shown
again for comparison, and the site-decomposed MCD spectra
are shown. Consistent with the tendency toward S = 0 and
S = 1 moments on the short and long bond sites, as was
shown in Fig. 1, the MCD spectrum of the long (short) bond
site becomes stronger (weaker) as the breathing distortion
is introduced. As the long bond site contributes the most to
the sharp first peak, the MCD response is then concentrated
mostly on that peak as well. For comparison to experiment, we
also show the calculated resonant magnetic diffraction (RMD)
response, which peaks strongly at the XAS first peak and has a
weak shoulder at higher energies, in excellent agreement with
previous experiments [4,27,38].

The effects of intercluster hopping on the XAS spectra of
Fig. 2(a) demonstrate the importance of nonlocal excitations
and suggest a highly covalent nature of the ground state cap-
tured in our double-cluster model. We verify this in Fig. 3 by
a decompositional analysis of the ground-state wave function.
In conventional single-cluster configuration interaction theory,
the ground state is thus given by |ψ0⟩ =

!
i ci |dn+iLi⟩, where

c2
i gives the weight of configuration i. In the nickelates,

n = 7, and one is therefore limited to four configurations.
The weight of these configurations in the single-cluster limit
of our model is plotted on the right in Fig. 3(a). In green we
show the calculations including electron-electron correlations,
i.e., the Hamiltonian including the full Coulomb interaction is
solved by exact diagonalization. In red we show the weight
of the different configurations approximating the Coulomb
interaction by a potential as one would do in a local density
or Hartree-Fock approximation. Correlations induced by the
Coulomb interaction reduce the amount of charge fluctuations.
One configuration gains more weight, reducing the weight of
all others and thus changing the variance of the Ni d electron
count. Interestingly it is not the |d7L0⟩ configuration that gains
the most weight in the strongly correlated limit, but the |d8L1⟩
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pattern of expanded (NiA) and compressed (NiB) NiO6

octahedra [21] [see Fig. 1(a)]. It was suggested [22] that
this transition is an order-disorder transition of the Ni─O
bond-length fluctuations preexisting in the metallic phase.
Concerning the nature of the MIT, various factors such as
Fermi-surface nesting [23,24], Hund’s coupling [25], and
strong electron-lattice coupling [26–28] have been dis-
cussed. The particular importance of small or negative
charge-transfer gap physics [29] for the bond disproportio-
nation in bulk RNiO3 has been emphasized [30–35].
The magnetism of insulating RNiO3 is unusual. The

NiAðBÞ sites with more ionic (covalent) Ni─O bonds host
spins of different sizes with SA > SB [36]. At low temper-
atures, they condense into a four-sublattice noncollinear
antiferromagnetic (AF) state with an ordering vector Q ¼
ð1=4; 1=4; 1=4Þ (in pseudocubic notation). The nearest-
neighbor SA and SB spins are approximately orthogonal to
each other [36–39], and the magnetic order can thus be
viewed as a 90° spin spiral. Such an ordering has no
analogue in insulating oxides, and its underlying mecha-
nism remains a puzzle. One of the main obstacles to
understanding the magnetism of RNiO3 lies in the diffi-
culties related to the characterization of different local spin
states of the two inequivalent Ni sites and their associated
exchange interactions. Although the two Ni sublattices are
expected to respond differently in magnetic susceptibility
[32], x-ray absorption [31], and optical spectroscopy [40]
measurements, such predictions are difficult to test in
practice, as these methods measure only the averaged
properties of both sublattices.
In this work, we employ the unique site-selective

capabilities of RIXS to probe the low-energy spin excita-
tions associated with the two Ni sublattices in NdNiO3.
Well-defined magnon dispersions along different high-
symmetry directions in the first Brillouin zone were
observed and reproduced by model calculations. After
decades of research on the electronic phase behavior of
RNiO3, these experiments can finally determine the mag-
netic exchange interactions and hence yield unprecedented
insight into the mechanism driving the formation of the
unusual noncollinear magnetic structure in this system.

II. EXPERIMENTAL DETAILS AND RESULTS

The RIXS experiment was performed at the ID32 beam
line of the European Synchrotron Radiation Facility
using the new ERIXS spectrometer [41]. We varied the
scattering angle in the range from 55 to 135 degrees, which
corresponds to momentum transfer of 0.4 to 0.8 Å−1 at the
Ni L3 edge around 853 eV. The combined instrumental
energy resolution was set to about 50 meV [full width at
half maximum (FWHM)] to allow for reasonable acquis-
ition time at sufficiently high resolving power. The incident
photon polarization was kept parallel to the scattering
plane. The 40-nm-thick NdNiO3 film was grown on a
[001]-oriented SrTiO3 substrate by pulsed laser deposition.

It shows bulklike ordering behavior with transition temper-
ature TMIT ≈ 200 K [39,42,43]. The average Ni-O bond
disproportionation in the insulating phase was determined
to be comparable to the value found in the bulk [42].
Figures 1(c) and 1(d) show the RIXS and electron-

yield x-ray absorption spectra (XAS) measured at the Ni L3

edge (2p → 3d) on the NdNiO3 film at temperatures both
below and above TMIT. The scattering geometry is shown in
Fig. 1(b). The two sets of RIXS spectra shown in Fig. 1(c)
were collected at momentum transfer q111 ¼ 0.194 [short-
hand for q ¼ 0.194ð1; 1; 1Þ], with the incident photon
energy Ei tuned to that of the two resonant peaks A
and B around EA ≈ 853 eV and EB ≈ 855 eV in the
XAS [Fig. 1(d)], respectively. Similarly to a previous
study [44], the high-energy parts (with energy loss ω ¼
Ei − Ef > 0.3 eV) of the two data sets are very different.
Given that the RIXS intermediate states are the same as the
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materials and does not affect our conclusions [36]. For
LaCuO3, paramagnetic metal (PM) and antiferromagnetic
insulator (AFI) solutions can be stabilized, similar to
LDAþ U studies [24], indicating the Slater nature of
the gap. Reflecting the unclear experimental situation

[23,24,26,27], we proceed with both states and use them
later to demonstrate the effect of the small gap on RIXS.
NaCuO2 (Egap ≈ 0.5 eV) has a band-insulator character
with a gap present already in the LDA solution [47,48].
Overall, the 1P density of states suggest existing phase
space for the continuum of p-p excitations in the few eV
range. The calculated Cu L3-edge XAS and RIXS spectra
are shown in Fig. 3. The XAS spectrum of NaCuO2 has a
single-peak (A), while that of LaCuO3 exhibits an addi-
tional shoulder (B), enhanced in the PM phase, observed
also in experiment for NaCuO2 [45] and LaCuO3 [23]. The
shoulder B is missing in the calculations on the CuO6

cluster model [23,49], see Fig. 3(e), indicating that the
shoulder is not of d-d or CT origin but due to a final state
delocalized beyond the CuO6 cluster. Such a nonlocal
charge excitation is captured by the present approach [20].
The RIXS spectra of NaCuO2 and LaCuO3 are strikingly

different. Tuning ωin to the peak A of the XAS, two distinct
d-d transitions with RL behavior are found in both
compounds, similar to another Cu3þ material Zn1−xCuxO
[52], followed by CT transitions with higher ωloss.
However, at higher ωin the RIXS of LaCuO3 yields a
linear FL feature, with little difference between the AFI and
PM phase. The FL feature is suppressed in NaCuO2,
resembling the spectrum of the cluster model [36]. The
calculated RIXS spectra of LaCuO3 reminds one of the
experimental observation on NdNiO3 [15] with the FL
feature starting at the ωin on the L3 main edge and not far
above it as in NiO. The continuum of unbound particle-hole
pairs in the manner of Ref. [15] explains the FL feature
in LaCuO3.
Why is the FL feature missing in NaCuO2 then? The

small NaCuO2 gap cannot explain the absence of visible

(a) (c)

(b) (d)

FIG. 2. LDAþ DMFT 1P density of states for (a) LaCuO3 in
the PM and AFI phases and (b) NaCuO2. The hybridization
function V2

γ ðεÞ of LaCuO3 (c) in the PM and AFI phases and
NaCuO2 (d). The energy origin is taken at EF. The experimental
XPS data (symbols) of LaCuO3 [23] and NaCuO2 [25] are
compared to the theoretical ones (black line) [50]. μdc ¼
55.64 eV is employed in the calculation.

FIG. 3. The calculated L3-edge XAS and RIXS spectra for (a),(f) NaCuO2 and LaCuO3 in the (b),(g) AFI phase, (c),(h) PM phase, (d),
(i) no EHP, and (e),(j) CuO6 cluster model. The RIXS intensity with ωloss ≥ 3.0 eV (horizontal dashed line) are magnified by 3.5 times
[1.5 times for (e)]. μdc ¼ 55.64 eV is employed in the calculation. The LDAþ DMFT spectrum for LaCuO3 (PM) is shown by a dotted
curve in (d) and (f), for comparison. The cluster-model results for NaCuO2 are found in the Supplemental Material [36]. The
experimental XAS data (dashed line) for LaCuO3 (PM) and NaCuO2 are taken from Refs. [23] and [45]. The spectral broadening is
considered using a Gaussian of 150 meV for RIXS and a Lorentzian 300 meV for XAS (HWHM).
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resembling the spectrum of the cluster model [36]. The
calculated RIXS spectra of LaCuO3 reminds one of the
experimental observation on NdNiO3 [15] with the FL
feature starting at the ωin on the L3 main edge and not far
above it as in NiO. The continuum of unbound particle-hole
pairs in the manner of Ref. [15] explains the FL feature
in LaCuO3.
Why is the FL feature missing in NaCuO2 then? The
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FIG. 2. LDAþ DMFT 1P density of states for (a) LaCuO3 in
the PM and AFI phases and (b) NaCuO2. The hybridization
function V2

γ ðεÞ of LaCuO3 (c) in the PM and AFI phases and
NaCuO2 (d). The energy origin is taken at EF. The experimental
XPS data (symbols) of LaCuO3 [23] and NaCuO2 [25] are
compared to the theoretical ones (black line) [50]. μdc ¼
55.64 eV is employed in the calculation.

FIG. 3. The calculated L3-edge XAS and RIXS spectra for (a),(f) NaCuO2 and LaCuO3 in the (b),(g) AFI phase, (c),(h) PM phase, (d),
(i) no EHP, and (e),(j) CuO6 cluster model. The RIXS intensity with ωloss ≥ 3.0 eV (horizontal dashed line) are magnified by 3.5 times
[1.5 times for (e)]. μdc ¼ 55.64 eV is employed in the calculation. The LDAþ DMFT spectrum for LaCuO3 (PM) is shown by a dotted
curve in (d) and (f), for comparison. The cluster-model results for NaCuO2 are found in the Supplemental Material [36]. The
experimental XAS data (dashed line) for LaCuO3 (PM) and NaCuO2 are taken from Refs. [23] and [45]. The spectral broadening is
considered using a Gaussian of 150 meV for RIXS and a Lorentzian 300 meV for XAS (HWHM).
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Calc. Cu L-edge XAS and RIXS (LDA+DMFT)

(a) (b)

x

y

FIG. 1. (Color online) The crystal structure of (a) LaCuO
3

and (b) NaCuO
2

visualzed by VESTA [26]. The blue, red
and green, yellow circles represent Cu, O, La and Na atoms,
respectively. The sketch of the xy plane is shown together.
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are Fourier transforms of d
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), that annihilate the
Cu 3d (O 2p) electron in the orbital ↵ (�) in the i-th
unit cell. The on-site Coulomb interaction W dd

i

is ap-
proximated by the density-density form with parameters
U = 7.5 eV and J = 0.98 eV, which are typical values for
Cu systems [31]. The double-counting term µ

dc

, which
corrects for the d–d interaction present in the LDA step,
renormalizes the p–d splitting and thus the CT energy.
We have treated µ

dc

as adjustable parameter, see Supple-
mentary material (SM), and fixed its value by compari-
son to available L-edge XAS and valance XPS data. The
continuous-time quantum Monte Carlo method with the
hybridization expansion [32–34] was used to solve the
auxiliary AIM.

In Fig. 4a,b we show the one-particle spectral functions
of LaCuO

3

and NaCuO
2

calculated by LDA+DMFT.
The µ

dc

=56.64±1 eV yields results consistent with ear-
lier valance and Cu L-edge XPS studies [19, 21]. For
LaCuO

3

, paramagnetic metal (PM) and antiferromag-
netic insulator (AFI) solutions can be stabilized, simi-
lar to LDA+U studies [22], indicating the Slater-nature
of the gap. Reflecting the unclear experimental situa-
tion [21, 22, 24, 25] we proceed with both states and
use them later to demonstrate the e↵ect of the small
gap on RIXS. NaCuO

2

(⇡ 0.5 eV) has a band-insulator
character with a gap present already in the LDA solu-
tion [35, 36]. Overall, the spectral functions suggest ex-
isting phase space for continuum of p–p excitations in the
few eV range.

In the second step, we compute the RIXS spectra of
AIM with Cu 2p core states and DMFT hybridization
density [18]. The RIXS intensity at finite temperature T

FIG. 2. (Color online) (a)-(e) the calculated L-edge XAS and
RIXS for LaCuO

3

in PM and AFI phase (left) and NaCuO
2

(right). The RIXS intensity with !

loss

� 3.0 eV (dashed
line) are magnified by 3.5 times. (f) the calculated RIXS by
the CuO

6

cluster model. The spectral broadening is consid-
ered using a Gaussian of 150 meV for RIXS and a Lorentzian
300 meV for XAS (HWHM).

is described by [9, 10, 37]
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Here |ni, |mi and |fi are the initial, intermediate and
final states with energies E

n

, E
m

and E
f

, respectively,
and e�En/kBT /Z is the Boltzmann factor with the parti-
tion function Z. T

i

(T
e

) describe the dipole transition for
the incident (emitted) photon. H

imp

is the AIM Hamilto-
nian augmented by the core orbitals and their interaction
with Cu 3d orbitals, see Eq. (3) in Ref. [18]. In the actual
calculation the resolvent formulation on the second line
of (1) is used. The configuration interaction scheme [18]
with 25 bath states representing the DMFT hybridiza-
tion density is employed to evaluate Eq. (1). We also
compute XAS spectra since the intermediate state |mi

NaCuO2LaCuO3

Two isoelectronic 
high-valence cuprates (Cu3+)

The unusual coexistence of bound and continuum contributions
across the narrow Ni L3 resonance and the specific nature of the
orbital excitations, allows us to verify that the electronic ground
state contains abundant O 2p holes and that the Ni sites are
indeed best described as Ni 3d8Ln, rather than a low spin Ni 3d7,
showing that the ReNiO3 are indeed self-doped, negative charge-
transfer materials. Further, the RIXS spectra exhibit a clear
suppression of the low-energy electron–hole pair continuum in
the insulating phase, providing not only a fingerprint of the
opening of the insulating gap at ToTMI but also experimental
evidence of the dominant O 2p-character for the states across EF,
as expected for a negative charge-transfer system.

Results
Bulk-like NdNiO3 thin film. Several high-quality NdNiO3 thin
films grown on a variety of substrates were investigated. Epitaxial
films were prepared by off-axis radiofrequency magnetron
sputtering8,9,35,36 and were fully characterized by X-ray
diffraction measurements, atomic force microscopy, transport
and soft X-ray scattering measurements. In the following, we will
focus on 30 nm thick NdNiO3 film grown on (110)-oriented
NdGaO3 substrate under tensile strain conditions (þ 1.6% of
strain) as a representative example of bulk ReNiO3 in general. In
this case, coupled metal–insulator and paramagnetic-to-
antiferromagnetic transitions have been found at TB150 K,
consistent with the corresponding bulk compound1.

Bound and continuum excitations across Ni L3 resonance. XAS
and RIXS measurements were carried out by exciting at the Ni L3
edge, corresponding to the 2p3/2 to 3d electronic transition at
around B852 eV. The XAS spectra have been acquired in the
partial fluorescence yield mode, by integrating the RIXS spectra
for each incident photon energy hnin to insure the bulk sensitivity.

Figure 2a–c presents an overview of XAS and RIXS data for
the 30 nm thick NdNiO3 film, measured at both 300 K
(metallic phase, red colour) and at 15 K (insulating phase, blue
colour). The Ni L2,3 XAS shown in Fig. 2a is in good agreement
with the previously published data on NdNiO3 (refs 20,21,37–39).
At 15 K, the Ni L3 region of the XAS (from 850 to 860 eV), is
characterized by two clear structures—a sharp peak at 852.4 eV
(A) and a broader peak at 854.3 eV (B)—both of which are
present in other ReNiO3 as well1,16,20,24. At 300 K both peaks are
still recognizable, however, their separation is less evident.

A series of high-resolution RIXS spectra have been recorded
across the Ni–L3 resonance in steps of 0.1 eV, as shown in the
intensity colour maps of Fig. 2b,c. Each spectrum obtained for a
specific hnin measures the intensities of the emitted photons as a
function of the energy loss hn¼ hnin-hnout, where hnout is the
outgoing photon energy. RIXS is able to simultaneously probe
excitations of diverse nature, for example, lattice, magnetic, orbital
and charge excitations40,41. In addition, one can distinguish
with RIXS between localized, bound excitations and delocalized
excitations involving continua. For localized electronic excitations,
the RIXS signal appears at a fixed hn while scanning hnin across a
corresponding resonance (Raman-like behaviour). Conversely, for
delocalized electronic excitations involving continua, the RIXS
signal has a constant hnout and therefore presents a linearly
dispersing energy loss as a function of hnin (fluorescence-like
behaviour)40–43.

From the RIXS maps of the NdNiO3 thin film in Fig. 2b,c one
directly observes a clear, strong Raman-like response at around
1 eV of energy loss when tuning hnin to the XAS peak A. These
atomic-like dd-orbital excitations, which are sensitive to the local
ligand field symmetry, behave similarly to those observed in other
oxide materials like the prototypical Ni 3d8 system NiO44.

A fluorescence-like contribution resonates instead at the XAS
peak B, contrary to the Raman-like response dominated by
multiplet effects observed in NiO at the corresponding Ni L3 XAS
shoulder44. Already by looking at the colour map, this fluorescence-
like spectral signature is clearly visible all across the Ni L3-edge and
always with a linearly dispersing behaviour, as suggested by the red-
dotted line overimposed to the data. Interestingly, the fluorescence
intensity distribution in the NdNiO3 RIXS map has also a strong
temperature dependence, while at 300 K it merges continuously
with the dd-excitations (Fig. 2b), at 15 K a dip in intensity is created
corresponding to the incident photon energy C, hnin¼ 853 eV
(see Fig. 2c, dashed grey line).
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Figure 2 | Overview of XAS and RIXS measurements for a 30 nm NdNiO3

film on NdGdO3. (a) Ni L3,2 XAS measured in partial fluorescence yield
mode at 300 K (metallic phase) in red and at 15 K (insulating phase) in
blue. Refer to Supplementary Note 2 and Supplementary Fig. 2 for XAS in
total electron yield mode. (b,c) RIXS intensity map measured across the Ni
L3 edge at 300 K (15 K); intensity scale bar from 0 to 5 (a.u.). The white
solid line displays the XAS measured at the same temperature. The letters
A, B and C mark the three different incident energies mentioned in the text,
while dd, CT and Fl refer to RIXS excitations of different character, also
discussed in the text. The grey-dashed line indicates the incident energy
giving the most pronounced changes in the RIXS map and in the XAS across
the MIT. The red-dotted line provides a guide to the eye for the linearly
energy dispersing Fl feature.
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The unusual coexistence of bound and continuum contributions
across the narrow Ni L3 resonance and the specific nature of the
orbital excitations, allows us to verify that the electronic ground
state contains abundant O 2p holes and that the Ni sites are
indeed best described as Ni 3d8Ln, rather than a low spin Ni 3d7,
showing that the ReNiO3 are indeed self-doped, negative charge-
transfer materials. Further, the RIXS spectra exhibit a clear
suppression of the low-energy electron–hole pair continuum in
the insulating phase, providing not only a fingerprint of the
opening of the insulating gap at ToTMI but also experimental
evidence of the dominant O 2p-character for the states across EF,
as expected for a negative charge-transfer system.

Results
Bulk-like NdNiO3 thin film. Several high-quality NdNiO3 thin
films grown on a variety of substrates were investigated. Epitaxial
films were prepared by off-axis radiofrequency magnetron
sputtering8,9,35,36 and were fully characterized by X-ray
diffraction measurements, atomic force microscopy, transport
and soft X-ray scattering measurements. In the following, we will
focus on 30 nm thick NdNiO3 film grown on (110)-oriented
NdGaO3 substrate under tensile strain conditions (þ 1.6% of
strain) as a representative example of bulk ReNiO3 in general. In
this case, coupled metal–insulator and paramagnetic-to-
antiferromagnetic transitions have been found at TB150 K,
consistent with the corresponding bulk compound1.

Bound and continuum excitations across Ni L3 resonance. XAS
and RIXS measurements were carried out by exciting at the Ni L3
edge, corresponding to the 2p3/2 to 3d electronic transition at
around B852 eV. The XAS spectra have been acquired in the
partial fluorescence yield mode, by integrating the RIXS spectra
for each incident photon energy hnin to insure the bulk sensitivity.

Figure 2a–c presents an overview of XAS and RIXS data for
the 30 nm thick NdNiO3 film, measured at both 300 K
(metallic phase, red colour) and at 15 K (insulating phase, blue
colour). The Ni L2,3 XAS shown in Fig. 2a is in good agreement
with the previously published data on NdNiO3 (refs 20,21,37–39).
At 15 K, the Ni L3 region of the XAS (from 850 to 860 eV), is
characterized by two clear structures—a sharp peak at 852.4 eV
(A) and a broader peak at 854.3 eV (B)—both of which are
present in other ReNiO3 as well1,16,20,24. At 300 K both peaks are
still recognizable, however, their separation is less evident.

A series of high-resolution RIXS spectra have been recorded
across the Ni–L3 resonance in steps of 0.1 eV, as shown in the
intensity colour maps of Fig. 2b,c. Each spectrum obtained for a
specific hnin measures the intensities of the emitted photons as a
function of the energy loss hn¼ hnin-hnout, where hnout is the
outgoing photon energy. RIXS is able to simultaneously probe
excitations of diverse nature, for example, lattice, magnetic, orbital
and charge excitations40,41. In addition, one can distinguish
with RIXS between localized, bound excitations and delocalized
excitations involving continua. For localized electronic excitations,
the RIXS signal appears at a fixed hn while scanning hnin across a
corresponding resonance (Raman-like behaviour). Conversely, for
delocalized electronic excitations involving continua, the RIXS
signal has a constant hnout and therefore presents a linearly
dispersing energy loss as a function of hnin (fluorescence-like
behaviour)40–43.

From the RIXS maps of the NdNiO3 thin film in Fig. 2b,c one
directly observes a clear, strong Raman-like response at around
1 eV of energy loss when tuning hnin to the XAS peak A. These
atomic-like dd-orbital excitations, which are sensitive to the local
ligand field symmetry, behave similarly to those observed in other
oxide materials like the prototypical Ni 3d8 system NiO44.

A fluorescence-like contribution resonates instead at the XAS
peak B, contrary to the Raman-like response dominated by
multiplet effects observed in NiO at the corresponding Ni L3 XAS
shoulder44. Already by looking at the colour map, this fluorescence-
like spectral signature is clearly visible all across the Ni L3-edge and
always with a linearly dispersing behaviour, as suggested by the red-
dotted line overimposed to the data. Interestingly, the fluorescence
intensity distribution in the NdNiO3 RIXS map has also a strong
temperature dependence, while at 300 K it merges continuously
with the dd-excitations (Fig. 2b), at 15 K a dip in intensity is created
corresponding to the incident photon energy C, hnin¼ 853 eV
(see Fig. 2c, dashed grey line).
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Figure 2 | Overview of XAS and RIXS measurements for a 30 nm NdNiO3

film on NdGdO3. (a) Ni L3,2 XAS measured in partial fluorescence yield
mode at 300 K (metallic phase) in red and at 15 K (insulating phase) in
blue. Refer to Supplementary Note 2 and Supplementary Fig. 2 for XAS in
total electron yield mode. (b,c) RIXS intensity map measured across the Ni
L3 edge at 300 K (15 K); intensity scale bar from 0 to 5 (a.u.). The white
solid line displays the XAS measured at the same temperature. The letters
A, B and C mark the three different incident energies mentioned in the text,
while dd, CT and Fl refer to RIXS excitations of different character, also
discussed in the text. The grey-dashed line indicates the incident energy
giving the most pronounced changes in the RIXS map and in the XAS across
the MIT. The red-dotted line provides a guide to the eye for the linearly
energy dispersing Fl feature.
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materials and does not affect our conclusions [36]. For
LaCuO3, paramagnetic metal (PM) and antiferromagnetic
insulator (AFI) solutions can be stabilized, similar to
LDAþ U studies [24], indicating the Slater nature of
the gap. Reflecting the unclear experimental situation

[23,24,26,27], we proceed with both states and use them
later to demonstrate the effect of the small gap on RIXS.
NaCuO2 (Egap ≈ 0.5 eV) has a band-insulator character
with a gap present already in the LDA solution [47,48].
Overall, the 1P density of states suggest existing phase
space for the continuum of p-p excitations in the few eV
range. The calculated Cu L3-edge XAS and RIXS spectra
are shown in Fig. 3. The XAS spectrum of NaCuO2 has a
single-peak (A), while that of LaCuO3 exhibits an addi-
tional shoulder (B), enhanced in the PM phase, observed
also in experiment for NaCuO2 [45] and LaCuO3 [23]. The
shoulder B is missing in the calculations on the CuO6

cluster model [23,49], see Fig. 3(e), indicating that the
shoulder is not of d-d or CT origin but due to a final state
delocalized beyond the CuO6 cluster. Such a nonlocal
charge excitation is captured by the present approach [20].
The RIXS spectra of NaCuO2 and LaCuO3 are strikingly

different. Tuning ωin to the peak A of the XAS, two distinct
d-d transitions with RL behavior are found in both
compounds, similar to another Cu3þ material Zn1−xCuxO
[52], followed by CT transitions with higher ωloss.
However, at higher ωin the RIXS of LaCuO3 yields a
linear FL feature, with little difference between the AFI and
PM phase. The FL feature is suppressed in NaCuO2,
resembling the spectrum of the cluster model [36]. The
calculated RIXS spectra of LaCuO3 reminds one of the
experimental observation on NdNiO3 [15] with the FL
feature starting at the ωin on the L3 main edge and not far
above it as in NiO. The continuum of unbound particle-hole
pairs in the manner of Ref. [15] explains the FL feature
in LaCuO3.
Why is the FL feature missing in NaCuO2 then? The

small NaCuO2 gap cannot explain the absence of visible

(a) (c)

(b) (d)

FIG. 2. LDAþ DMFT 1P density of states for (a) LaCuO3 in
the PM and AFI phases and (b) NaCuO2. The hybridization
function V2

γ ðεÞ of LaCuO3 (c) in the PM and AFI phases and
NaCuO2 (d). The energy origin is taken at EF. The experimental
XPS data (symbols) of LaCuO3 [23] and NaCuO2 [25] are
compared to the theoretical ones (black line) [50]. μdc ¼
55.64 eV is employed in the calculation.

FIG. 3. The calculated L3-edge XAS and RIXS spectra for (a),(f) NaCuO2 and LaCuO3 in the (b),(g) AFI phase, (c),(h) PM phase, (d),
(i) no EHP, and (e),(j) CuO6 cluster model. The RIXS intensity with ωloss ≥ 3.0 eV (horizontal dashed line) are magnified by 3.5 times
[1.5 times for (e)]. μdc ¼ 55.64 eV is employed in the calculation. The LDAþ DMFT spectrum for LaCuO3 (PM) is shown by a dotted
curve in (d) and (f), for comparison. The cluster-model results for NaCuO2 are found in the Supplemental Material [36]. The
experimental XAS data (dashed line) for LaCuO3 (PM) and NaCuO2 are taken from Refs. [23] and [45]. The spectral broadening is
considered using a Gaussian of 150 meV for RIXS and a Lorentzian 300 meV for XAS (HWHM).
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FIG. 1. (Color online) The crystal structure of (a) LaCuO
3

and (b) NaCuO
2

visualzed by VESTA [26]. The blue, red
and green, yellow circles represent Cu, O, La and Na atoms,
respectively. The sketch of the xy plane is shown together.
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Cu 3d (O 2p) electron in the orbital ↵ (�) in the i-th
unit cell. The on-site Coulomb interaction W dd

i

is ap-
proximated by the density-density form with parameters
U = 7.5 eV and J = 0.98 eV, which are typical values for
Cu systems [31]. The double-counting term µ

dc

, which
corrects for the d–d interaction present in the LDA step,
renormalizes the p–d splitting and thus the CT energy.
We have treated µ

dc

as adjustable parameter, see Supple-
mentary material (SM), and fixed its value by compari-
son to available L-edge XAS and valance XPS data. The
continuous-time quantum Monte Carlo method with the
hybridization expansion [32–34] was used to solve the
auxiliary AIM.

In Fig. 4a,b we show the one-particle spectral functions
of LaCuO

3

and NaCuO
2

calculated by LDA+DMFT.
The µ

dc

=56.64±1 eV yields results consistent with ear-
lier valance and Cu L-edge XPS studies [19, 21]. For
LaCuO

3

, paramagnetic metal (PM) and antiferromag-
netic insulator (AFI) solutions can be stabilized, simi-
lar to LDA+U studies [22], indicating the Slater-nature
of the gap. Reflecting the unclear experimental situa-
tion [21, 22, 24, 25] we proceed with both states and
use them later to demonstrate the e↵ect of the small
gap on RIXS. NaCuO

2

(⇡ 0.5 eV) has a band-insulator
character with a gap present already in the LDA solu-
tion [35, 36]. Overall, the spectral functions suggest ex-
isting phase space for continuum of p–p excitations in the
few eV range.

In the second step, we compute the RIXS spectra of
AIM with Cu 2p core states and DMFT hybridization
density [18]. The RIXS intensity at finite temperature T

FIG. 2. (Color online) (a)-(e) the calculated L-edge XAS and
RIXS for LaCuO

3

in PM and AFI phase (left) and NaCuO
2

(right). The RIXS intensity with !

loss

� 3.0 eV (dashed
line) are magnified by 3.5 times. (f) the calculated RIXS by
the CuO

6

cluster model. The spectral broadening is consid-
ered using a Gaussian of 150 meV for RIXS and a Lorentzian
300 meV for XAS (HWHM).
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the incident (emitted) photon. H
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is the AIM Hamilto-
nian augmented by the core orbitals and their interaction
with Cu 3d orbitals, see Eq. (3) in Ref. [18]. In the actual
calculation the resolvent formulation on the second line
of (1) is used. The configuration interaction scheme [18]
with 25 bath states representing the DMFT hybridiza-
tion density is employed to evaluate Eq. (1). We also
compute XAS spectra since the intermediate state |mi
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materials and does not affect our conclusions [36]. For
LaCuO3, paramagnetic metal (PM) and antiferromagnetic
insulator (AFI) solutions can be stabilized, similar to
LDAþ U studies [24], indicating the Slater nature of
the gap. Reflecting the unclear experimental situation

[23,24,26,27], we proceed with both states and use them
later to demonstrate the effect of the small gap on RIXS.
NaCuO2 (Egap ≈ 0.5 eV) has a band-insulator character
with a gap present already in the LDA solution [47,48].
Overall, the 1P density of states suggest existing phase
space for the continuum of p-p excitations in the few eV
range. The calculated Cu L3-edge XAS and RIXS spectra
are shown in Fig. 3. The XAS spectrum of NaCuO2 has a
single-peak (A), while that of LaCuO3 exhibits an addi-
tional shoulder (B), enhanced in the PM phase, observed
also in experiment for NaCuO2 [45] and LaCuO3 [23]. The
shoulder B is missing in the calculations on the CuO6

cluster model [23,49], see Fig. 3(e), indicating that the
shoulder is not of d-d or CT origin but due to a final state
delocalized beyond the CuO6 cluster. Such a nonlocal
charge excitation is captured by the present approach [20].
The RIXS spectra of NaCuO2 and LaCuO3 are strikingly

different. Tuning ωin to the peak A of the XAS, two distinct
d-d transitions with RL behavior are found in both
compounds, similar to another Cu3þ material Zn1−xCuxO
[52], followed by CT transitions with higher ωloss.
However, at higher ωin the RIXS of LaCuO3 yields a
linear FL feature, with little difference between the AFI and
PM phase. The FL feature is suppressed in NaCuO2,
resembling the spectrum of the cluster model [36]. The
calculated RIXS spectra of LaCuO3 reminds one of the
experimental observation on NdNiO3 [15] with the FL
feature starting at the ωin on the L3 main edge and not far
above it as in NiO. The continuum of unbound particle-hole
pairs in the manner of Ref. [15] explains the FL feature
in LaCuO3.
Why is the FL feature missing in NaCuO2 then? The

small NaCuO2 gap cannot explain the absence of visible

(a) (c)

(b) (d)

FIG. 2. LDAþ DMFT 1P density of states for (a) LaCuO3 in
the PM and AFI phases and (b) NaCuO2. The hybridization
function V2

γ ðεÞ of LaCuO3 (c) in the PM and AFI phases and
NaCuO2 (d). The energy origin is taken at EF. The experimental
XPS data (symbols) of LaCuO3 [23] and NaCuO2 [25] are
compared to the theoretical ones (black line) [50]. μdc ¼
55.64 eV is employed in the calculation.

FIG. 3. The calculated L3-edge XAS and RIXS spectra for (a),(f) NaCuO2 and LaCuO3 in the (b),(g) AFI phase, (c),(h) PM phase, (d),
(i) no EHP, and (e),(j) CuO6 cluster model. The RIXS intensity with ωloss ≥ 3.0 eV (horizontal dashed line) are magnified by 3.5 times
[1.5 times for (e)]. μdc ¼ 55.64 eV is employed in the calculation. The LDAþ DMFT spectrum for LaCuO3 (PM) is shown by a dotted
curve in (d) and (f), for comparison. The cluster-model results for NaCuO2 are found in the Supplemental Material [36]. The
experimental XAS data (dashed line) for LaCuO3 (PM) and NaCuO2 are taken from Refs. [23] and [45]. The spectral broadening is
considered using a Gaussian of 150 meV for RIXS and a Lorentzian 300 meV for XAS (HWHM).

PHYSICAL REVIEW LETTERS 121, 126403 (2018)

126403-3

materials and does not affect our conclusions [36]. For
LaCuO3, paramagnetic metal (PM) and antiferromagnetic
insulator (AFI) solutions can be stabilized, similar to
LDAþ U studies [24], indicating the Slater nature of
the gap. Reflecting the unclear experimental situation

[23,24,26,27], we proceed with both states and use them
later to demonstrate the effect of the small gap on RIXS.
NaCuO2 (Egap ≈ 0.5 eV) has a band-insulator character
with a gap present already in the LDA solution [47,48].
Overall, the 1P density of states suggest existing phase
space for the continuum of p-p excitations in the few eV
range. The calculated Cu L3-edge XAS and RIXS spectra
are shown in Fig. 3. The XAS spectrum of NaCuO2 has a
single-peak (A), while that of LaCuO3 exhibits an addi-
tional shoulder (B), enhanced in the PM phase, observed
also in experiment for NaCuO2 [45] and LaCuO3 [23]. The
shoulder B is missing in the calculations on the CuO6

cluster model [23,49], see Fig. 3(e), indicating that the
shoulder is not of d-d or CT origin but due to a final state
delocalized beyond the CuO6 cluster. Such a nonlocal
charge excitation is captured by the present approach [20].
The RIXS spectra of NaCuO2 and LaCuO3 are strikingly

different. Tuning ωin to the peak A of the XAS, two distinct
d-d transitions with RL behavior are found in both
compounds, similar to another Cu3þ material Zn1−xCuxO
[52], followed by CT transitions with higher ωloss.
However, at higher ωin the RIXS of LaCuO3 yields a
linear FL feature, with little difference between the AFI and
PM phase. The FL feature is suppressed in NaCuO2,
resembling the spectrum of the cluster model [36]. The
calculated RIXS spectra of LaCuO3 reminds one of the
experimental observation on NdNiO3 [15] with the FL
feature starting at the ωin on the L3 main edge and not far
above it as in NiO. The continuum of unbound particle-hole
pairs in the manner of Ref. [15] explains the FL feature
in LaCuO3.
Why is the FL feature missing in NaCuO2 then? The

small NaCuO2 gap cannot explain the absence of visible

(a) (c)

(b) (d)

FIG. 2. LDAþ DMFT 1P density of states for (a) LaCuO3 in
the PM and AFI phases and (b) NaCuO2. The hybridization
function V2

γ ðεÞ of LaCuO3 (c) in the PM and AFI phases and
NaCuO2 (d). The energy origin is taken at EF. The experimental
XPS data (symbols) of LaCuO3 [23] and NaCuO2 [25] are
compared to the theoretical ones (black line) [50]. μdc ¼
55.64 eV is employed in the calculation.

FIG. 3. The calculated L3-edge XAS and RIXS spectra for (a),(f) NaCuO2 and LaCuO3 in the (b),(g) AFI phase, (c),(h) PM phase, (d),
(i) no EHP, and (e),(j) CuO6 cluster model. The RIXS intensity with ωloss ≥ 3.0 eV (horizontal dashed line) are magnified by 3.5 times
[1.5 times for (e)]. μdc ¼ 55.64 eV is employed in the calculation. The LDAþ DMFT spectrum for LaCuO3 (PM) is shown by a dotted
curve in (d) and (f), for comparison. The cluster-model results for NaCuO2 are found in the Supplemental Material [36]. The
experimental XAS data (dashed line) for LaCuO3 (PM) and NaCuO2 are taken from Refs. [23] and [45]. The spectral broadening is
considered using a Gaussian of 150 meV for RIXS and a Lorentzian 300 meV for XAS (HWHM).

PHYSICAL REVIEW LETTERS 121, 126403 (2018)
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Calc. Cu L-edge XAS and RIXS (LDA+DMFT)
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FIG. 1. (a) A cartoon view of the nn hopping process with the
dominant contribution to the IS propagation, and the orbital
structure of the 3T1g excitation. (b) Sketch of the atomic-level
energies together with the dispersion of the IS (3T1g) state
on the LS background in the lattice. (c) The experimental
geometry and the definition of the scattering angle ϕ. The
sample can be rotated around the a axis. The half-spheres
represent Co atoms. (d) Determination of the momentum
transfer q = kout-kin. The component qb due to the offset δ is
negligibly small (|qb| < 0.03π).

(≈ 15.9 Å) restricts the accessible momentum transfer to
|q| < 0.96π.
Figure 2 shows experimental RIXS spectra along the

path from Γ (0, 0, 0) to X (0, 0,π/acub) recorded at 20 K,
i.e., well below the spin-crossover temperature. The q
vector is defined in the (pseudo) cubic axis and the lat-
tice constant acub is omitted hereafter, for simplicity.
The spectra were normalized to the fluorescence that was
subsequently subtracted, see the Supplementary Mate-
rial (SM) for details26. The inset shows the spectrum at
q=(0, 0, 0.90π) in a wide energy window. It can be de-
composed into five Gaussian contributions with the full
width at half maximum (FWHM) of 250 meV, account-
ing for the instrumental resolution (∆E = 90 meV), the
spin-orbit spitting of the multiplets, and possible vibra-
tional effect. The four peaks at around 0.4, 0.7, 1.2, and
1.6 eV, are attributed to the excitations from LS (1A1g)
ground state to IS (3T1g), IS (3T2g), LS (1T1g), and HS
(5Eg) states, respectively25. We point out that the lowest
HS (5T2g) state, located below 100 meV9, has a negligi-
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FIG. 2. Experimental spectra for different momentum trans-
fers (0, 0, qc). The elastic peak is subtracted and each spec-
trum is fitted by two Gaussian functions with 250 meV of
FWHM, with centers indicated by squares with the error bar.
The inset shows the spectrum at q=(0, 0, 0.90π) in a wide en-
ergy range together with the term symbols (see discussion in
text).

ble RIXS in the LS ground state25 and thus is not visible
at low temperature. The IS 3T1g peak exhibits a clear q-
dependent shift from 490 to 290 meV in the interval from
q=(0, 0, 0.26π) to (0, 0, 0.90π). The q-dependence of the
IS 3T2g peak at around 0.7 eV is much less pronounced.
Theoretical calculation of RIXS spectra is a compli-

cated task. We adopt the approximation of Haverkort27,
which factorizes the RIXS cross-section as

δ2σ

δΩδω
∝ Im

!

γ,γ′

R†
γ′(q,ωin)Gγ′,γ(q,ωloss)Rγ(q,ωin).

Here ωin is the energy of the incident photon and
ωloss is the transferred energy. The amplitude of
the photon absorption/emission Rγ(q,ωin) is given by
Rγ(q,ωin) = ⟨γ|Vϵout(ωin+ELS−H+iΓ)−1Vϵin |LS⟩, where
the Vϵin(Vϵout) operators describe the electron-photon in-
teraction and γ labels the atomic multiplets. H and ELS

are the Hamiltonian and the energy of the LS vacuum, re-
spectively, and Γ is the life-time width. Here, Rγ(q,ωin)
is evaluated from an atomic model of Co3+, with the ex-

A. Sotnikov and JK, Sci. Rep. 6, 30510 (2016) 

?
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FIG. 3. The calculated densities of particle-hole excitations
resolved into contributions of different atomic multiplets: (a)
IS (3T1g), (b) HS (5T2g) and (c) IS (3T2g). The spectra were
artificially broadened with a Lorentzian of 10 meV width.
The interaction parameters U=2.1 eV and J = 0.66 eV, and
the SOC amplitude ζd=56 meV were used in the effective
Hubbard ’Co d-only’ model.

perimental geometry taken into account26. The difficult
part of the expression is the propagator Gγ′,γ(q,ωloss),
which describes the evolution of the system between lo-
cally excited states γ and γ′. Its evaluation for low-
temperature LaCoO3 is simplified by the global-singlet
structure of its ground state. Starting from density func-
tional calculation using Wien2k28 followed by construc-
tion of an effective Hubbard model for Co 3d orbitals, we
use the strong-coupling Schrieffer-Wolff transformation
to arrive at a pseudo-spin model spanning the LS, HS
(5T2g), and IS (3T1g and 3T2g) states. Linear spin-wave
expansion is then used to approximate the elementary
excitations of the global LS ground state. We include
the spin-orbit coupling (SOC), but neglect the rhombo-
hedral distortion of the real LaCoO3 structure. Details
can be found in SM26.
Figure 3 shows the contributions of different atomic

multiplets to the calculated dispersion of elementary ex-
citations. The sizable dispersion of the IS 3T1g branch,
describing a propagation of a single IS 3T1g state on the
LS background, originates from processes such as the one
depicted in Fig. 1a. The band minimum at the R point
is a simple consequence of the electron nn hopping am-
plitudes eg − eg and t2g − t2g having the same sign21,
a general feature of the perovskite structure. The en-
hanced low-energy IS 3T1g intensity around the R point
is partly due to weak nn pair creation/anihilation pro-

Γ Γ

(b) DOS(a) RIXS

Γ

Γ

(c)

FIG. 4. The calculated RIXS intensities (a,c) along the
high-symmetry directions in the pseudo-cubic BZ compared
with experimental data from Fig. 2. The additional point
q=(0.52π, 0.52π, 0.52π) was measured with H polarization26 .
The IS (3T1g) excitations show the dispersion feature from
10 to 600 meV. The 3T2g IS excitations are located at higher
energies. The flat bands located below 100 meV correspond
to the spin-orbit split HS multiplet. (b) 3D plot showing the
calculated total density of the particle-hole excitations. Com-
parison to the RIXS spectra reveals the suppression of the HS
intensity by the transition matrix elements.

cesses |LS,LS⟩ ↔ |IS, IS⟩26.
The HS excitations, within the present approximation,

have no hopping on the LS background. As a result, they
form flat bands at approximately 20, 45 and 90 meV,
split and partially mixed with IS 3T1g by the spin-orbit
coupling. These energies are consistent with other stud-
ies13,14,25. We point out that the individual characteris-
tics of the spectra are rather sensitive to the intra-atomic
interaction parameters U and J . However, their variation
has a complex effect on the spectra changing simultane-
ously the positions of band centers and bandwidths of all
excitations. Choice of the optimal pair of parameters is,
therefore, not a trivial fitting of experimental data.
Inclusion of the transition amplitudes Rγ(q,ωin)

strongly suppresses the contribution of the HS (5T2g)
states to the RIXS spectra, see Fig. 4a-b. The calcu-
lated RIXS intensities along high-symmetry lines in the
cubic Brillouin zone (BZ) together with the experimental
3T1g and 3T2g peak positions are shown in Fig. 4c. We
find a very good match in the experimentally accessible
part of BZ along the Γ-X and Γ-R directions.
The most interesting region around R point is out of

Experiment & Theory



Conclusion and future perspective 

Anderson impurity model description with DMFT 
hybridization in RIXS analysis for correlated materials

We developed computational method based on LDA+DMFT 
for calculation of core-level RIXS, XPS, XAS spectra in 
correlated materials

Advantages : 

1. description of both bound (dd) excitation and  
    unbound electron-hole pairs

2. low computational cost, applicable to wide range of  
     correlated materials including covalent or high-valance materials

Future: 
k-dependence in RIXS spectra (within DMFT or + beyond)



Conclusion and future perspective 

Future challenge : 
Recover k-dependence in RIXS spectra (within DMFT or + 

beyond)

Comments on 2P function within 
DMFT ?

D. Geffroy et al. PRL 122, 127601 
(2019)

1P spectra Phase diagram

2P spectra (dynamical susceptibility)
2-band Hubbard model near 
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Benchmark : Ni L-edge RIXS in NiO

Experimental data 
valence XPS : G. A. Sawatzky et al. PRL 53, 2339 (1984) 
L-edge XAS  : D. Alders et al. PRB 57, 11623 (1998) 
L-edge RIXS : G. Ghiringhelli et al. PRL 102, 027401 (2009)
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Good agreement with the experimental data 
- localized excitations (0~4eV) : multiplet, crystal field 
- CT excitations (4-8eV)  : local and nonlocal CT 
- unbound excitations (4eV~: fluorescence-like feature)

ALL data
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Valence spectra Fe L-edge XAS Fe L-edge RIXS

Experimental data 
  Valence PES/BIS : F. Ciccacci et al. PRB 44, 10444 (1991) 
                                     R. J. Lad et al. PRB 39, 13478 (1898) 
  L-edge XAS  : M. L. Yang et al. PRB 80, 014508 (2017) 
  L-edge XPS : M. Miedema et al. JESRP 203, 8 (2015) 
  L-edge RIXS : J. Miyawaki et al. 96, 214420 (2017)

Good agreement with the experimental RIXS data 
- dd excitations (0~4eV)  : multiplet, crystal field 
- CT excitations (4~8eV)  : local and nonlocal CT 
- unbound excitations (4eV~) : fluorescence-like feature

Benchmark : Fe L-edge RIXS in Fe2O3



High-valence transition-metal oxides

High-valence 3d transition-metal ?

4+ 3+

Small charge-transfer energy Δ

(L : Ligand hole)

Oxygen 2p states play a role  
in low-energy physics

Ni (LB): d7

Ni (SB): d6

O

Charge-disproportionation 

Short Ni-O bond Long Ni-O bond

Rare-earth Nickelates : RNiO3

C. Catalano et al. Rep. Prog. Phys. 81 (2018) 046501 
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Electronic + Structural + Ligand

Electronic correlation

H. Park et al. PRL 109, 156402 (2012)

DFT

DFT+DMFT

Peierls-type instability

Nat.Commun. 7, 13017 (2016)

High-valence transition-metal oxidesfor Prague only
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