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I. ABSENCE OF DIAGONAL CHARGE ORDER IN Pr4Ni3O8

To confirm the absence of diagonal charge order in metallic Pr4Ni3O8 [1], we performed resonant inelastic x-ray
scattering (RIXS) measurements near Q∥ = (1/3, 1/3) in Pr4Ni3O8. Figure S1 shows the RIXS spectra in the quasi-
elastic regime with σ polarized incident photons. No superlattice peaks are found but only background evolving
smoothly with the in-plane sample angle θ, which is primarily caused by the self-absorption effect. Note that despite
the absence of long-range or short-range stripe order indicated here, stripe related spin fluctuations are distinguished
in the inelastic regime [2].
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FIG. S1. Absence of charge order in Pr4Ni3O8 at 40 K. (a) RIXS intensity map around Q∥ = (1/3, 1/3) in the quasi-elastic
regime at the Ni L3-edge. The experimental configuration is the same as that for La4Ni3O8. (b) Quasi-elastic amplitudes
extracted from (a).
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II. RIXS PROCESS FOR DIFFERENT EXCITATIONS

Here we discuss the RIXS process for different excitations. Due to the presence of the strong core-hole potential in
the RIXS intermediate states, the electron that is excited from the core level is constrained to a few unit cells near the
Ni site where the x-ray absorption takes place. This effect competes with the kinetic energy of the electron and leads
to intertwined excitations in the RIXS spectra. In a simplified picture, the orbital states during the RIXS process can
be divided into three categories based on how they are affected by the core-hole potential [see Fig. S2(a)]. The first
one involves the Ni 3d orbitals that are strongly localized at the core-hole site. The second one involves the ligand
orbitals that surround the Ni site and strongly hybridize with the Ni 3d orbitals. They are largely localized but could
show a finite bandwidth. The third one involves continuous electronic bands that are mostly unperturbed by the
core-hole potential and behave itinerantly with an appreciable bandwidth. The localized Ni 3d orbitals can hybridize
with the continuous bands in an orbital dependent fashion. At the Ni L-edge, the core electron is predominantly
excited to the unoccupied localized Ni 3d orbitals [see Fig. S2(b)]. During the photon emission process, either an
electron from another 3d orbital deexcites to fill the core hole, leading to dd multiplet excitations [see Fig. S2(d)], or
an electron from the ligand orbitals hops to the Ni site, resulting in charge-transfer excitations [Fig. S2(e)]. Since the
ligand orbitals normally lie at a lower energy, the charge-transfer excitations usually occur with a larger energy loss
than the dd excitations and are much weaker at the Ni L-edge as they are made possible through hybridization. In the
post-edge regime, the core electron is excited to the unoccupied states in the continuous bands through hybridization
in the intermediate state [see Fig. S2(c)], and during the photon emission an electron below the Fermi level deexcites
to fill the core hole, leading to the fluorescence [see Fig. S2(f)]. As the deexciting process is dominated by electrons
near the Fermi energy, fluorescence tends to present a constant emission photon energy. Note that at the Ni L-edge
RIXS process, contributions from rare earth and oxygen states are seen via their hybridization with atomic Ni 3d
orbitals. In real materials, there are no clear boundaries between the localized orbitals and continuous bands. Thus,
different excitations are also intertwined but the weights are quite different, which helps us distinguish them in the
RIXS spectra.
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FIG. S2. RIXS process for different excitations. (a) Legend for each symbol. (b, c) Photon absorption process and corresponding
intermediate states. (d)–(f) Photon emission process and corresponding final states. For the fluorescence excitation scenario,
the multiplets are not well defined so they are replaced by dashed lines.
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FIG. S3. Intensity ratio for dipole absorption between π and σ polarization channels as a function of sample angle θ. The
vertical dashed line indicates the experimental configuration we used for charge order measurements while the horizontal dotted
line denotes a unit ratio.

III. POLARIZATION DEPENDENCE OF FLUORESCENCE

The polarization dependence of dd excitations in cuprates and nickelates has been widely discussed [3, 4]. Here,
we focus on fluorescence to show how the orbital information can be extracted by comparing the RIXS intensity in
different polarization channels. Since we are measuring at the Ni L edge, the RIXS signal can only arise from either
Ni orbitals or Ni states hybridized with other orbitals. For the fluorescence features, the photon emission process
is quite similar, with electrons from the crystalline environment surrounding the Ni site deexciting to fill the core
hole. Hence, the main intensity difference between these two polarization channels comes from the photon absorption
process, the cross-section of which can be simulated in the dipole approximation. Fig. S3 presents the x-ray dipole
absorption intensity ratio between π and σ polarization channels as a function of sample angle θ. For the experimental
configuration we used (vertical dashed line), the biggest contribution to the π over σ polarization intensity ratio is the
Ni 3d3z2−r2 orbitals while 3dx2−y2 and 3dxy contribute equally to the σ over π polarization intensity ratio. Since the
3dx2−y2 orbitals dominate near the Fermi level and are expected to show stronger hybridization with oxygen orbitals
[5], 3dxy orbitals are expected to play a less important role. Moreover, the t2g states do not make any significant
contribution to the unoccupied states. Thus, we focus on Ni eg orbitals during the discussion in the main text, which
are the subject of most of the debates over the appropriate theoretical models.

IV. MINIMAL CONTRIBUTION OF SPIN ORDER TO THE REXS SIGNAL

In La4Ni3O8, spin order takes place concomitantly with the charge order and shares the same Q∥. Hence we need
to invoke cross-section considerations to separate the possible contribution of charge and spin order [6].

With π incident x-ray polarization, charge order contributes to the measured signal in the π-π′ scattering channel
while the spin order is responsible for the π-σ′ channel. The resonant elastic x-ray scattering (REXS) intensity ratio
between these channels can be estimated by (ki · kf )

2/(ϵi × ϵ′f ·M)2 = cos2 2Θ/ sin2 θ ≈ 11.8, where ki (kf ) is the

initial (final) x-ray wavevector, ϵi (ϵ
′
f ) is the initial (final) x-ray polarization, and M is the spin direction, which is

parallel to the c-axis in this case. Based on this formula we can see that the REXS signal with π incident polarization
is dominantly of charge order origin.

Regarding the spin order contribution with σ incident x-ray polarization, we can compare the peak intensity with
grazing-in and grazing-out conditions. Since the charge order composes the σ-σ′ channel, its intensity is expected to
be the same in these two geometries. For spin order signal that is only observable in the σ-π′ channel, the intensity
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FIG. S4. Comparison of the superlattice peak intensity with grazing-in and grazing-out conditions. The scattering angle 2Θ
was fixed to 153◦ and the data were collected in σ polarization channel at 40 K. The solid lines are guides to the eye. Both
peaks are found to have essentially the same intensity, which confirms that the peak arises from charge, rather than spin, order.

TABLE S1. Full list of parameters used for the ED calculations. The on-site orbital energies, hopping integrals and Coulomb
interactions are kept the same as those used in the O K-edge calculations [7], and Vpdπ = −Vpdσ/2, Vppπ = −Vppσ/4. The
potential difference, ∆ϵd, only applies to the Ni 3d orbitals. Note that the crystal field splitting that is instead used in a Ni
atomic model is a combination of point charge potential and orbital hybridization, which can be estimated through ligand field
theory [5]. The resulting effective crystal field splitting gives 10Dq = 0.971, ∆eg = 1.041, ∆t2g = 0.342 eV, which are of a
similar energy scale as the dd excitations observed in the RIXS measurements. ζi and ζn are spin-orbit coupling parameters of
the Ni 3d electrons for the initial and intermediate states, respectively, and ζc is the spin-orbit coupling strength for the Ni 2p
core electrons. The core-hole lifetime is set to be 0.6 eV. All parameters are in units of eV.

On-site orbital energies Hopping integrals

ϵd
x2−y2 ϵd

3z2−r2
ϵdxy ϵdxz/yz

ϵpσ ϵpπ/pz Vpdσ Vppσ

0 0.2 0.1 0.3 5.6 6.1 1.57 0.6

Spin-orbit coupling On-site Coulomb interactions

ζi ζn ζc F 0
dd F 2

dd F 4
dd F 0

pp F 2
pp

0.083 0.102 11.507 5.58 6.89 4.31 3.3 5

Inter-site Coulomb interactions Core-hole potential

F 0
dp F 2

dp G1
dp G3

dp F 0
dp F 2

dp G1
dp G3

dp

1 0 0 0 7.869 5.405 4.051 2.304

ratio between grazing-in and grazing-out conditions is (kf, grazing−in ·M)2/(kf, grazing−out ·M)2 ≈ 5.6, indicating that
the spin order signal should be strongly suppressed with grazing-out condition. Figure S4 shows the Q dependence
of the superlattice peak with both conditions, which are comparable with each other, proving that the superlattice
peak observed with σ incident x-ray polarization is also dominantly of charge order origin.

V. CHARGE ORDER IN ED CALCULATIONS.

We use cluster ED to study the charge order in the low-valence nickelate La4Ni3O8. The full list of the parameters
used is presented in Table S1. The validity of our cluster model and parameters has been verified by calculating
the RIXS energy maps and confirming that they capture the main features of the measurements as shown in the
main text. In the calculations, we include all the Ni 3d and O 2p orbitals, which leads to a large Hilbert space and
correspondingly only a limited number of states can be solved for. Fortunately, the accessible energy range covers
the dd excitations so that we can make a direct comparison with the experimental data. The calculated results are
broadened using a Gaussian profile with a full width at half maximum of 0.3 eV and are shown in Fig. 3 of the main
text.

To fully explore the charge order character in the ED calculations, we need to cover a large incident energy range
but only the ground state is needed to calculate the REXS signals. Thus, we only include the Ni 3dx2−y2 and O 2pσ
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(c) REXS@QCO, -pol.
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FIG. S5. The emergence of charge order by introducing the potential difference term ∆ϵd. (a) Hole occupations of different
sites as a function of ∆ϵd. Ni1L stands for the ligand orbitals for Ni1 (the surrounding four oxygens). Correspondingly, one
oxygen is shared by Ni1L and Ni2L. (b) Charge disproportionation defined as the hole occupation difference of Ni1+Ni1L and
Ni2+Ni2L. (c) Calculated REXS signals at QCO with different ∆ϵd. All the calculations are performed with ∆ = 5.6 eV.

orbitals during the calculations of the charge order, which dominate the ground state, so that a tractable basis size
is realized. To trigger charge order in the Ni3O10 cluster, we introduce a potential difference ∆ϵd as described in the
main text. In a microscopic model like we use here, the onsite energy shift and charge occupation are intrinsically
coupled, which is different from a phenomenological model where these two factors can be tuned independently [8, 9].
As shown in Fig. S5, when ∆ϵd is zero, the hole occupations on different Ni sites are almost the same while the hole
occupations of ligand orbitals are slightly imbalanced since Ni2 shares oxygens with both Ni1 and Ni3, leading to a
small charge disproportionation. With increasing ∆ϵd, the charge imbalances on both the Ni and ligand orbitals are
enhanced with the former much more prominent, indicating that most of the spatial charge modulation resides on
the Ni sites, leading to a Ni site-centered charge order. Correspondingly, a charge-order peak emerge in the REXS
calculations, the intensity of which increases with increasing charge disproportionation while the lineshape only evolves
by a little.

After testing the effect of ∆ϵd, here we compare results with different charge-transfer energy ∆ in addition to the
calculated results presented in the main text. As shown in Fig. S6, in the charge-transfer regime (∆ ≪ Udd), a
sharp resonant peak is obtained, resembling the experimental observations in cuprates. With increasing ∆, the REXS
lineshape evolves correspondingly. In the Mott-Hubbard limit (∆ ≫ Udd), the charge order peak becomes broader and
shows multiple peak features. Compared with the data presented in the main text, we conclude that a charge-transfer
energy with an intermediate strength (∆ ≈ Udd) matches the experimental results the best.
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FIG. S6. Calculated REXS signals at the charge order wavevector QCO with different charge-transfer energy ∆. All the
calculations are performed with ∆ϵd = 0.8 eV and U = 6.5 eV.
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