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Softening of dd excitation in the resonant inelastic x-ray scattering spectra as a

signature of Hund’s coupling in nickelates
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We investigate the effects of Hund’s coupling on the resonant X-ray absorption spectra of the
recently discovered family of layered nickelate superconductors. We contrast two scenarios depending
on the relative strength of the ratio of the effective Hund’s coupling (Jg) to the crystal fields (A) in
these systems. We carry out the cluster and DFT+DMFT simulations of the RIXS signal at the Ni
L-edge for different values of Hund’s coupling. We find the latter dominates for the parent compound
while the former becomes important for sufficiently large doping. Our results are consistent with
the observations of a softening of a RIXS peak as a function of doping by Rossi et al. [1], only when
the Hund coupling is sizeable. To interpret the results, we separate the theoretical RIXS signal into
spin conserving and non-spin conserving channels and conclude that the infinite layer nickelates are
in a regime where A and J compete effectively and suggest further experimental tests of the theory.

Introduction: A long-standing goal in condensed mat-
ter physics has been to discover a superconducting
infinite-layer (IL) nickelate, as these compounds are anal-
ogous to the high-temperature two-dimensional (2D) su-
perconducting cuprates [2], in which superconductivity
was discovered in 1986 [3]. After a long search, super-
conductivity was discovered in the doped infinite layer
nickelate, Ndg gSrg.2NiOs [4], with the differences in su-
perconducting domes with the 2D cuprates [5, 6]. Re-
cently, superconductivity was also reported in LagNizO7,
suggesting it as a generic feature of nickelates [7]. This is
a major breakthrough, as the electronic structure of the
nickelates is notably different from the cuprates. Most
notably, the nickel in a nickelate is understood to exist
in electron configurations from d” to d°, unlike the cop-
per in a cuprate superconductor, which is understood to
exist only in the d° configuration [8, 9]. Nickelates are
also known to host metal-insulator transitions where the
oxidation state of Ni plays a central role [9].

Superconductivity in doped 2D cuprates is understood
to be driven by resonating valence bond states [10] and
has d-wave pairing [11, 12]. This is usually explored us-
ing the Emery model [13], which allows for Zhang-Rice
singlets formed with d,2_,2 orbitals [14] and the oxy-
gens. The parent compound for IL nickelate is weakly
insulating in contrast to the Mott insulator realized in
cuprates. The possibility of mixed oxidation states in
nickelates makes the problem challenging, as multiple d
orbitals can play a significant role in the origin of the
superconductivity. In particular, 3z2 have been hypoth-
esized to play a role in the ground state [15, 16]. The
model for nickelates ranges from single-band to the mul-
tiorbitals of the Ni atom, and even the role of the rare-
earth metal has been considered [16-27].

The Fermi surfaces of the rare earth metal have
also been postulated to play a role in the IL nickelate
NdNiO; [28-30], which complicates the understanding of
the active degrees of freedom for superconductivity. The
relevance of Hund’s coupling has also been explored [30-

33]. More recently, it has been proposed that since these
compounds are created by reduction, the hydrogen atoms
in these materials can play a significant role, further com-
plicating the description [34]. Indeed, the origin of super-
conductivity is a controversial topic, and the proposals
are at a very nascent stage.

Recently, resonant inelastic x-ray scattering (RIXS) [1,
35-40] has also been extensively used to explore the
relevant degrees of freedom in nickelates. It offers an
advantage as it can amplify the response for smaller
cross-sections, such as small crystals and thin films,
due to large light-matter interaction and inherent res-
onance conditions in the technique. The spectroscopic
response allows one to constrain the possible theory
for superconductivity in nickelates. For example, In a
recent study [39] on low valence nickelates, LayNizOg
and Las_,Sr,CuQy4 revealed that the nickelates are of
mixed charge-transfer-Mott-Hubbard character with the
Coulomb repulsion U, in contrast to the charge-transfer
nature of the cuprates in Zaanen-Sawatzky-Allen scheme.
The distinction between dd excitations and charge trans-
fer (CT) excitations helps to reveal the differences be-
tween the two. Recently, a softening of dd excitations in
IL nickelate on doping was reported in Ni L-edge RIXS
spectra [1]. We revisit the observation to investigate the
relevance of Hund’s coupling to the observation.

In this letter, we explore the dd excitations in undoped
and doped nickelates. In the undoped case, dd excitation,
the transition between singly occupied d2_,» and other
d orbitals is independent of Jg. In the doped case, there
are two possible scenarios: i) d,2_,2 is double occupied
or ii) holes occupy d2_,2 and ds.> depending on the rel-
ative strength of the splitting between d orbitals (A) and
Jm, which leads to either softening or hardening of dd
excitations. Studying RIXS spectra using a small clus-
ter and DFT+DMFT, we show that Jg plays a central
role in softening dd excitations despite A dominating the
ground state and report results consistent with the ex-
perimental softening of dd-excitations on doping [1].



Model:— We consider the NiyO7 cluster shown in
Fig. 1(a) with all the Ni 3d and O 2p orbitals, un-
less otherwise stated. The full Hamiltonian is given by
H = Ho + 'Hdc + HZ + Hpa [39]. The non-interacting
part is

Ho = Z eanza + Z eunzu + Z twéJM zaapjua
ip (o, jp)
+ >

((ip,gp')) 0o

Here o € {dy2_y2,ds5.2,dyy, dyz, ZI} Ni 3d orbitals and
t € {pz, Dy, -} O 2p orbitals. €, is the onsite energy at
site . tiq,;3 is hopping between orbital a of site ¢ to 8 of
J- Hpa = Vpa Zij ngnf . Vap is nearest neighbor coulomb
interaction. The Coulomb interaction on O atom is given
by H?, = U, > i np any,, . He is the Coulomb repulsion
on the 3d of Ni are accounted for by the multiorbital
Hubbard-Kanamori model [41-43] give by

HE, = Uq Z n?aTnfM + Ué Z NiaoMipo’
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Here, U is the intraband Hubbard repulsion, U’, Jg, and
Jp are interband Hubbard repulsion, Hund’s exchange
interaction, and pair hopping amplitude, respectively.

The parameters for this model for modeling nickelate
and cuprates have been extensively reported in the litera-
ture and notably varied. In [supplement [44] Table I], we
present the adapted non-interacting parameters from a
few studies [15, 28, 45, 46]. The literature has a notably
varied set of parameters, albeit all these studies agree
that nickelates have large TM-ligand spitting and larger
hopping overlap (¢,4) compared to cuprates. The rele-
vant non-interacting parameters for this work are also
shown in [supplement [44] Table I]. For the interacting
part, we use Ug = 6.5, U, =4.1,V,q = 1.0 and Jy = 0.8
(unless otherwise stated) for the nickelate model.

For evaluating the RIXS spectra, we consider the core-
hole Hamiltonian given by He, = H + Uan >, nfnf for
the L-edge [47, 48]. RIXS cross-section is evaluated using
the Kramers-Heisenberg formula [35, 49, 50] given by,

T-2

Here, |g), |n) and |f) are the ground, intermediate, and
final states with energies Fy, E,, and Ef respectively
and Q (= hwi, — hwoyt ) is the energy loss of the incoming
photon. T is the inverse core-hole lifetime. D is dipole
operator given by D = -, | ; eikiRipt

2
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i 7d; o, for the
Ni L-edge and involve core 2p (with spin-orbit coupling)
and valence 3d shells of the nickel site. We evaluate spin-
resolved Ni L-edge RIXS, where the angular dependence
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FIG. 1. Schematics of the cluster and the ground state oc-
cupancies in the cluster. a) shows the NizO7 cluster and b)
shows its Ni 3d energy levels. c)-e) shows excitations for sin-
gle ion configurations. c¢) shows schematics for the ground
and dd transition for the undoped model. d) and e) show the
schematics for ground and the dd transitions for the doped
model with two ground state configurations; i) doubly occu-
pied d,2_,2 orbital for large A, and ii) one hole each in d,2_,
and ds,2 orbitals for large Jg, respectively. In the spin-flip
(AS = 1) channel, d) and e) will soften and harden dd exci-
tations, respectively.
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is integrated out, and the spectra are resolved into non-
spin conserving (NSC, AS = 1) and spin conserving (SC,
AS = 0) channels, depending on odd or even number of
spin-flips in the excitations [37, 48, 51-53].

Results:— We now present results for the nickelates us-
ing a combination of techniques. The nickelate model al-
lows for interesting scenarios, in particular for the doped
case, as the doped nickelates model has larger occupan-
cies on d-orbitals for the case of doped nickelates (also see
supplement Fig. S2 [44]). We present nickelates RIXS
spectra and investigate the origin of the softening in the
RIXS spectra.

Fig. 1 shows the cluster considered in our work and
schematics for the dd excitations. Panel (a) shows the
NisO7 cluster considered later in our work, and panel
(b) shows the energy Ni 3d onsite levels considered in
our cluster. The Ni cluster with ligand can be mapped
to energy levels for the single Ni site, integrating out the
ligand (see supplement Sec. S2 for the mapping). We,
therefore, start by considering the different scenarios of
dd excitation for a single Ni ion (undoped: d° and doped:
d®) case. We consider that the lowest energy orbital is
dg2_,2, and other d orbitals are roughly separated by A
energy gap in the hole language.

Panel c¢) presents the schematics for the dd excita-
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FIG. 2. Spin-resolved Ni L-edge RIXS spectra. a) and b)
show results for NioO7 cluster in the NSC (AS = 1) and SC
(AS = 0) channels. The dashed magenta line shows spectra
for the undoped ((n) = 1) model. Solid lines show spectra for
the doped ((n) = 1.5) model for the values of Jy mentioned in
the legend. Similarly, ¢) and d) show results for NisOg cluster
in the NSC and SC channels, respectively, for undoped and
doped ((n) = 1.25) models.

tions realized in undoped single-site nickelates, where
dd-excitations can be understood as simple excitations
between d,2_,2 to other d orbitals (A) as elucidated in
the panel. In the doped case, there are two possible
ground state configurations depending on the strength
of Jy and A: i) A > Jy: doubly occupied dy2_,2, or
ii) large Ji > A: one hole each in dy2_,2 and d.> (the
preferential occupancy on this orbital is discussed later)
as shown in panel d) and e) respectively. The NSC chan-
nel in d) leads to the softening of dd excitations. This
configuration is also consistent with the ground state oc-
cupancy estimates. On the other hand, e) ground state
will lead to hardening of the dd excitations. We use these
schematic pictures as a guiding tool to understand the
spectra in the models below.

RIXS spectra: We present the simulated RIXS spectra
for a set of models to consider realistic doping to deci-
pher the effect of Jy. We use NizO7 cluster to explore
the undoped and hole-doped (50%) model. We addition-
ally present results for a smaller doping (25%) model
using NigOg cluster and Anderson impurity model. To
make NigOg cluster computationally accessible, we ne-
glect d, .., orbitals in the cluster [for details, see sup-
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FIG. 3. RIXS spectra from the AIM for both the undoped
and doped (0.25 hole doping) model. The results with and
without Jy are shown in blue and red, respectively.

plement [44]]. Using these models, we examine the role
of Jy in the spectra.

We start by examining the Ni L-edge RIXS spectra
using NiyO7 cluster with (1 1,1 ]) and three (2 1,1 |)
holes fillings to simulate the undoped and doped (50%)
models in both the non spin-conserving (NSC, AS = 1)
and spin conserving (SC, AS = 0) channels using KH
formalism given by Eq. 1.

Panels a) and b) in Fig. 2 show NSC and SC channels of
the Ni L-edge for the Ni;O7 cluster. The dashed magenta
line shows the RIXS spectra for the undoped model and
is independent of Jg. The doped (50%) model results are
also shown in both panels using solid lines for a set of the
Jg. The prominent peaks for the doped model Jg = 0
occur at the same energies as in the undoped case. We
notice a softening of dd-excitation in both channels with
the increase in Jg in both the NSC and SC channels.
We will further revisit these results from this cluster later
to examine the nature of the various peaks in both the
channels.

To examine results for the lower doping (25%), we con-
sider NiyOg cluster with (3 1,2 |) filling and evaluate the
Ni L-edge RIXS spectra. Panels c¢) and d) case show re-
sults for both the undoped and doped models for this
cluster. The dashed magenta line shows the RIXS spec-
tra for the undoped model and is independent of Jy. In
the SC channel, an additional bimagnon peak at around
0.3 eV [50, 54, 55] is observed for the undoped case. The
large value of bigmagnon can be attributed to the finite
size of the cluster. The doped (25%) model results are
shown using solid lines. The Jg = 0 case has the same
characteristics as the undoped case. We observe soft-
ening of dd-excitation in both cases with an increase in
Ji. We, therefore, observed softening here for realistic
doping.

These cluster results reveal the softening of dd exci-
tations on doping consistent with reported RIXS exper-
iment on NdNiO; [1] and more recently in trilayer nick-
elates where the dd excitations were reported at even
lower energies [40]. This shows that Hund’s coupling is
important for understanding the softening of dd excita-
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FIG. 4. S(w) and N(w) for the NizO7 cluster are shown in
panel a) and b). Solid magenta shows the response for the
undoped model. The dashed lines show the orbital-resolved
excitations in the spectra. Solid red and black lines show
response for the doped model with Ji = 0 and 1, respectively.

tions observed in nickelates.

We now present the RIXS spectra using an Ander-
son Impurity model (AIM) [see supplement S6 [44]
and Ref. [36] for details] derived within charge self-
consistent DET+DMFT using Portobello [56-58]. The
DFT+DMFT calculations are conducted with U = 5 eV
and Jy = 1 and 0 eV using the GGA functional [59] and
fully-localized limit double counting with a nominal Ni-d®
valence. Fig. 3 shows the Ni L-edge RIXS spectra for the
AIM. The undoped results are shown in solid lines using
red and blue colors for Jg = 0 and Jy = 1, respectively.
The dd-excitations exist at 1-2.5 eV and are minimally af-
fected by Jg. The RIXS spectra for the doped model are
shown in the dashed line in the respective colors. We find
a significant softening of dd-excitations for the Jy = 1
case compared to the undoped case and the Jg = 0 of
the doped case. This is consistent with our small cluster
calculations and confirms the softening of dd-excitations
observed in the experiment [1].

Dynamical spin and charge response:— The RIXS re-
sponse given by Eq. 1 is complex; we, therefore, examine
the model in the I',, — oo limit, in which the core-hole
effects are eliminated. We evaluate the dynamical spin
(S(w), AS = 1) and charge (N(w), AS = 0) response
on the NipO7 cluster. Fig. 4 shows the S(w) and N(w)
response in the panel a) and b), respectively. The un-
doped model results are shown in magenta solid line for
Jg = 1.2 and the doped model in red and black lines
for Jy = 0 and 1, respectively. We also plot the or-
bital resolved spectra where the outgoing dipole opera-
tor in Eq. 1 is restricted to a single orbital, which al-
lows us to identify the different dd-excitations. In both
spectra, the ordering of the orbital excitations with en-
ergy less is as follows for the undoped model: dgy, ds.2,
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FIG. 5. Ground state analysis of the NizO7 cluster. a) and b)
show the orbital resolved n, dependence on Jg for undoped
((n) = 1) and doped ({n) = 1.5), respectively. c¢) and d) show
the spin-resolved orbital double occupancies (nao ["dw2,y2 o))

on the Ni site in the doped case for 0’/ =% and |, respectively.

and then d, . /.,. This hierarchy of dd excitations differs
from Ref. [1] which reports that 32% is the highest ex-
citations in NdNiOs using the polarization dependence
of the excitations. We re-examine the data in [see sup-
plement S5 [44]] and show that assigning ds.2 the lower
energy excitations compared to d,. ., orbital excitation
can also reproduce the observed polarization dependence,
as these orbitals have similar angular dependence within
the reported experimental resolutions.

In the doped model, the results are sensitive to Jy. For
Jg = 0, the orbital resolved dd-excitations has primarily
two peaks, with the bright lower energy peaks coinciding
with the undoped case. For Jy = 1, we find that the
prominent excitations soften in the S(w) channel, con-
sistent with the RIXS results. This contrasts with the
N (w), where mild hardening is observed, and the soften-
ing in SC channel of RIXS can be described as a conce-
quence of finite core-hole lifetime.

Fig. 5 shows the results for the analysis of the ground
state dependence on Jy in the undoped ((n) = 1) )
and doped ({(n) = 1.5). Panel a) shows results for
the undoped model. Here, the occupancies in the Ni
3d orbitals (n,) in the ground state, which is given by
Na = (9] D, Ni,a,0|g) dependence on Jg are presented.
We find that the holes are restricted to dg2_, orbital and
the oxygen p orbitals. Other d-orbitals do not contribute
to the ground state for reasonable Jy.

Panels b)-d) shows the ground state results for the
doped model. Panel b) shows n, dependence on Jy.
For small Jg, the has holes restricted to the dg2_,> or-
bital and O 2p orbitals, the occupancy on ds,2 increases
with Jy till 1.25 eV, where it reaches around 20% of
dg2_,2. This is despite d,, having a lower onsite energy.
The dominant weight on ds,2 can be attributed to the
large hopping and the oxygen p-orbitals shared between
the two d-orbitals (also see Fig. S1 in supplement [44]).



For Jg = 1.25 — 2.25 eV, the d, orbital becomes oc-
cupied with 60% the occupancy of the dg2_,2 orbital.
For the unphysical Jg > 2.5 eV, these three orbitals
are almost equally occupied. To investigate where the
extra hole resides, we plot the constrained occupancies,
n%, = (g|na,. [ndzziyza,]|g>. The occupancy on dg2_,»
with spin ¢/ =1 and | is constrained and are shown
in panels ¢) and d), respectively. For small Jg, the
dy2_,2 has double occupancy, which is expected due to
the penalty of the CF-splitting. We notice an increase
in occupancy on ds,2 with ¢ = ¢’ mediated by Hund’s
coupling till Jg = 1.25 eV. This makes the scenario dis-
cussed in Fig. 1(d) relevant for the nickelates, which leads
to the softening of dd excitations.

Conclusions:— In this work, we have explored the ef-
fects of Hund’s coupling in undoped and doped nickelates
using small cluster models and DMFT. Using these mod-
els, we find that Hund’s coupling plays a central role in
softening the dd excitations and softening is enhanced

for larger doping. This softening of dd-excitations with
the increase in doping is consistent with the recent re-
port experimental study of IL nickelates [1]. Our small
cluster analysis shows that doubly occupied d,2_,» is the
preferred state for the doped nickelates, but the dd exci-
tations are softened due to lowering of the dd excitations
in the RIXS spectra. This contrasts with the cuprate,
where the extra hole typically resides on the ligands [14].

Future experiments using photon polarization depen-
dent RIXS that allow for spin resolution [60]. They will
test the relative contributions of spin and charge fluctu-
ations to the RIXS signal. Comparison with simulations
will further help one clarify the minimal model for the
nickelates. Also, a comparative study of dd excitations
nickelates and cuprates can be a useful tool to highlight
the difference between the two.

This work was supported by the US Department of
Energy, Office of Basic Energy Sciences, as part of the
Computation Material Science Program.
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Supplement for “Softening of dd excitation in the resonant inelastic x-ray scattering
spectra as a signature of Hund’s coupling in nickelates”

S1. PARAMETERS FOR THE MODEL HAMILTONIAN

A number of studies have reported relevant parameters for the nickelates and cuprates. In Table I, we present the
adapted parameters from a few studies. The literature has a notably varied set of parameters. Still, all these studies
report smaller 3d-orbitals crystal field splitting compared to the cuprates. Additionally, larger hopping overlap (¢,q4)
and oxygen p onsite energies (A,q) are reported for nickelates.

€322  €xy  €yz/za Apd tpa

Ref. [45] LaNiOq 0.71 0.73 0.63 4.4 1.23

CaCuOs 0.97 1.04 0.93 2.69 1.20

Ref. [46] NdNiOq 0.14 - - 3.3 1.37

CaCuOs 0.56 - - 2.1 1.27

Ref. [39] La4NizOs 0.2 01 0.3 5.6 1.36

La,_,Sr;Cu04(0.95 0.7 0.9 4.0 1.17

Ref. [28] LaNiOq 0.74 0.8 0.70 3.96 1.20
Ref. [15] LaNiOq 0.38 2.03 140 - -

This work Ni cluster 0.2 0.1 0.3 5.6 1.36

Cu cluster 0.95 0.7 0.9 4.0 1.17

TABLE I. Parameters reported in the literature for nickelates and their comparison with cuprates. The onsite energies are

with respect to the €,2_,2 as a reference in the hole language. A,q is the onsite energy of oxygen p-orbitals with respect to the

€52_y2. tpa is the overlap of d,2_,2 and oxygen p orbitals.
In this work, we use the parameters shown in Table I, motivated by Ref. [39]. We use the relation; Vygr = —Vpio/2
and Vipr = —Vppo/4 to evaluate the hopping parameters between other orbitals shown in Fig. S1. We also use;

Ug = 6.5, U, =41 and Jg = 0.8 (unless otherwise stated) for the nickelates. These parameters are consistent
with the observed superexchange in TL nickelates [61] (i.e. 69 meV) and IL nickelates (i.e. 64 meV) [62, 63]. As

4
J =~ 4%, the large value of t,4 allows for a significant superexchange in spite of the large A,q4 [26, 64].
pd

S2. MAPPING TMO,; CLUSTER TO ONE-SITE CLUSTER

In the TMOy plaquettes at half-filling (one hole in the cluster), hybridized energies of states for d,2_,2 orbitals (see
Fig. S1(a)) can be estimated using

0 —tpa tpd tpa —tpd
—tpd Apd tpp 0 —tpp

H=C'| tpa tpp Apa —tpp 0 |C (S1)
tpa 0 —tpp Apd top

—tpd —lpp 0 lpp Apd
T i

—z Po—y)-
a,—x Pa,—y
orbitals. The lowest eigen-energies for the d-orbitals are given by

1/ - =
Epaoyp =5 (A_ — /1682, + AZ’_)

Eng.’/zy = % <A+ + €a — \/16T02¢ + (A+ — 604)2> (82)

Here, CT = (d('; pL, . pLy 4y P Similarly, one can write the Hamiltonian associated with other d-

1
Eyz/zm = 5 (A +€a — 8T§ + (A - ea)2)

Here Ay = Apg £ 2ty and ¢, and T, are the respective on-site energy and hopping integral for the respective
d-orbitals. Notice that the oxygen onsite energies are renormalized differently for x? — y? orbitals and the 32%/zy
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FIG. S1. Top view of the hopping overlaps for the d orbitals with the adjacent oxygen orbitals. a) and b) show d,2_,> and
ds,2 overlap with the same oxygen p-orbitals, in contrast to other d-orbitals shown in c¢)-e), which hybridize with the other
oxygen p-orbitals.

e)‘_‘

dZX

orbitals due to distinct phases in these orbitals. The A,q for yz/zz is unaffected as we consider hopping only in th
zy-plane, see Fig. S1(d)-(e). Using the parameters in Table I, the dd-excitations therefore associated with various
excitations, in the limit, {tyq,tpp, €} < Apq, can be approximate to

42 t
AFEs5,> ~ €3,2 + —Ppd (2 + Sﬂ — 63Z2)

3Apd Apd Apd
A2 10t €
AE... ~ _pd 3 pp _ Czy 53
Ty €Exy + 4Apd ( + Apd Apd ( )
at? 16y, €
AEy. 0 ™ €y, m+pd<7+l>p_w/m>
yz/ yz/ 8Apg Apg A

These energy differences give an estimate for the dd excitations for the undoped model. Notice that the hybridized
dd-excitation depends on the onsite energies. Also, the tgd /A pq is significant and can, therefore, strongly renormalize
the dd-excitations.

S3. GROUND STATE ANALYSIS

To understand our model in a simplistic case with all the interactions, we explore the TMOy cluster with 3d of TM
(transition metal) and 2p oxygen orbitals in the model. We highlight the differences between the model for nickelate
and cuprates. The d° and d® configurations suggest that the multiorbital effects are important for nickelates compared
to the models used for cuprates.

TMO, cluster:— Fig S2 shows the ground state orbital resolved occupancy results for one and two holes in NiOy4
cluster and CuQOy clusters. Panel a) shows orbital-resolved occupancy results for NiO4 cluster dependence on the
onsite energy of €3,z for NiOy4 cluster for one and two holes, respectively. Similarly, panel b) shows the results for
the CuOy cluster. We notice that the ground state for the one hole is restricted to the dg2_,» orbital in both the
case and hybridized with the ligands. This is because the Coulomb terms cannot act on a single hole. In the case
of two holes, the NiO4 plotted for Jy = 1.2 has the additional hole residing on the ds,—,2 till €3,2 ~ €,y after that
the hole instead resides on d,,. In contrast, the extra hole resides on the ligand in CuO4 model due to smaller onsite
ligand energies. The milder dependence increase in oxygen site occupancy in nickelates is supported by the electron
energy loss spectroscopy (EELS) on oxygen K-edge of nickelates [65, 66] with doping in contrast to the large increase
in oxygen occupancy of hole-doped cuprates [67].
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FIG. S2. Orbitals occupancy for the one (i.e. d°) and two (i.e. d®) holes in the TMOy clusters. a) and c) show the orbital-
resolved occupancy results for NiOy4 cluster dependence on tetragonal distortion, characterized by €s.2 and Jg, respectively.
b) and d) show the orbital-resolved occupancy results for the CuOy4 cluster. Open circles (o) and squares () plot the results
for one and two holes, respectively.

Panel ¢) and d) show the orbital-resolved occupancy results for NiO4 and CuQy clusters, respectively, dependence
on Jy. Again in the single hole case, the hole is restricted to d,2_,2-orbital and hybridized with ligands for both
clusters. In the case of two holes, we notice that for small Jy < 1 in NiOy4 cluster, the extra hole resides on the
dg2_,2. Beyond this, the extra hole resides on the d,, orbital and the relevant oxygen orbitals. Instead for the CuOyq
cluster, the extra hole always resides on the ligand side, consistent with the charge-transfer picture of cuprates.

While the single site model can only account for the local effects, our model shows that the single d orbital picture
works for both the nickelate and cuprate in the undoped model. In the doped model, multiple orbitals can play a
significant role for nickelate, in contrast to cuprates where occupancy is still restricted to dg2_,2 along with the extra
hole preferentially residing on the ligand.

We have reported the results for the NigO7 cluster in the main text. We present results for NiyOg cluster without
yz/zo OTbitals in the cluster to make it computationally accessible.

NiyOg cluster:— Here, we report the results for the state-of-the-art NigOg cluster, which allows for 25% doping
(d®7) in the model Hamiltonian cluster. To make this computationally accessible, we integrate out the dy .-orbitals
as these do not contribute to the ground state, as is evident from the smaller cluster work. The reduced Hilbert space,
therefore, allows us to explore 1.25 hole/site (i.e. d®7) in the cluster, which is relatively close to the superconducting
IL-nickelates [5]. We use periodic boundary conditions for this model.

Fig. S3 shows the n, dependence on Jy in the ground state for this cluster. Panel a) shows results for the undoped

d
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FIG. S3. Orbital resolved occupancies in the ground state of NigOg cluster. a) shows the dependence of orbital-resolved
occupancies on Jy for the undoped cluster, and b) shows the dependence of orbital-resolved occupancies on Jg for the doped
(25%) cluster.
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FIG. S4. Oxygen K-edge RIXS spectra for TM(=Ni, Cu)20O7 cluster. a) and b) show the spectra for the undoped and doped
models, respectively. The gray (brown) line in each panel shows the spectra for nickelate (cuprates) models.

model. The ground state occupancies are unaffected by Hund’s coupling for reasonable values of Jy (< 1.8), consistent
with the other clusters. The holes are hybridized between d,2_,» and the oxygen orbitals. We notice the shift of
weight from dg2_,2 to dz.> for Jy > 1.8, as for this large value, the other orbital becomes competitive. Panel b) shows
the result for 25% hole-doped (i.e. d® ™) model. The extra hole is distributed between oxygen and dg2_,» orbital for
small Jy. With increasing Jy, the hole weight in d3,2 keep increasing. In fact, for reasonable Jy, the ds,2 can be
almost a quarter of the weight of d,2_,2, leading to a significant contribution to the ground state. This suggests that
Hund coupling enhances multiorbital effects even for small doping.

S4. OXYGEN K-EDGE RIXS

We, here, present the O K-edge RIXS spectra using the TMyOr clusters for nickelates and cuprates to explore
the charge transfer excitations in these. We contrast the spectra of the nickelates with the cuprates. For evaluating
the RIXS spectra, we consider the core-hole Hamiltonian given by Hen = H + Uch >, nf'nf for the oxygen K-
edge [39, 49, 50]. RIXS cross-section is evaluated using the Kramers-Heisenberg formula given by,

IRrixs = Z

f

2

(f|DT|n)(n|Dlg)
Z E, — Ey — hwin + Iy, (S4)

X5(Ef — Eg — Q)

,n,0
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FIG. S5. Angular dependence for a set of incident energies of dd excitation evaluated using single ion (d°) model for the & (red)
and 7 (blue) -polarization. This reproduces the angular dependence of dd excitations for a set of incidence energies reported
in Ref [1]

Here, |g), |n) and |f) are the ground, intermediate, and final states with energies E,, E,, and E; respectively and
Q (= hwin — Twoyt) is the energy loss of the incoming photon. T is the inverse core-hole lifetime. D is dipole operator
given by D = ZLQ’U etkiRi s;-f’gpi}aﬁ
sites [39].

Fig. S4 shows the O K-edge spectra of the nickelate and cuprate. Panel a) shows O K-edge RIXS spectra for the
undoped model. The brightest feature for the nickelate appears at around 5.5-8 eV, whereas in cuprates, it appears at
around 3-5 eV [68] (The cuprate data are consistent with the experimental data reported for 2D cuprates [54].). The
results are consistent with the picture that the cuprates are CT insulators, whereas the excitations in the nickelate
appear at larger energies, which supports the mixed valence picture [39]. We also notice a weak feature at 1 eV for
the nickelate and around 2 eV for the cuprates. These correspond to the dd excitations, and these energy scales are
consistent with the plaquette picture discussed in appendix S2.

Panel b) shows the O K-edge RIXS spectra for the doped (50%) nickelate and cuprate. We notice an overall
softening of the CT excitations in both. In the case of nickelates, a distinct feature at low energy feature at 1-2 eV
appears. This feature has also been interpreted as dd excitations in Ref. [39]. For the doped cuprate model, the dd
and CT excitations overlap.

for oxygen K-edge which involves the core 1s and valence 2p shells of the oxygen

S5. ANGULAR DEPENDENCE

We revisit the single site model proposed in Ref. [1] for understanding the hierarchy of the dd excitations in
nickelates. The dd excitations were identified using the angular dependence of the d orbitals using a single ion
picture [53]. We notice that the angular dependence for ds.» and d,.,., are very close to the set of parameters
reported in the paper, allowing for redundancy in the model. Here, we reanalyze the data using an alternate set of
parameters; €;2_y2 = 0, €4y (Tay) = 1.39(= 0.2),€3.2 (I's;2) = 2.0 (0.3),€y./20 (Ly2/22) = 2.5 (1.0) and the approach
as used in ref. [1, 53]. We can reproduce the experimentally observed data by interchanging the hierarchy of 322 and
yz/zx-orbitals which is shown in Fig. S5. This suggests that the 3z need not be the farthest from dy2_y2-orbital and
is indeed the lowest energy dd excitation.



S6. ANDERSON IMPURITY MODEL

The Anderson Impurity model used in our work is given by

1
Harvm = Z eadld, + 3 Z Uag'ycsdldgd,ydé
. oo (S5)
+ 3 €ablybig + > Viadlby, + hec.
la la

Here, «, 3,7, d are the orbital indices of the impurity site, which represent the 3d-orbitals of the Ni. (= {1---N}) is
the index for the bath site. Due to computational limitations, we restrict to N = 2 bath sites. ¢, is the energy level of
the I-th bath site with orbital a, V}, are the hybridization strength between localized impurity electrons (d,) and bath
electrons (b, ). The bath levels and hybridization strengths do not exist explicitly within the DFT+DMFT functional,
which integrates out these bath degrees of freedom into a Weiss field with a frequency-dependent hybridization
function, A(iwy,). Here, €, and Vj, are obtained by fitting them to the diagonal elements of the hybridization
function via the following equation:

N

2
Apaliwy) =3 Vel (56)

=1 Wy — €la

The intermediate Hamiltonian with core is given by H, = Hajy + Hcn, where the core-holed effects are included
in the 3d orbitals for the L-edge. We evaluate the Ni L-edge RIXS spectra for the AIM using EDRIXS. We use
exact diagonalization to solve the AIM for both the undoped and doped materials. We restrict ourselves to two bath
sites (see Sec. 2.3 in Ref. [36] for details). The calculations are performed at 300 K and use a virtual doping of the
lanthanum ion to simulate the doped (d®7°) system, and the results are shown in the Fig. 4 of the main text, which
contains both the NSC and SC channels.
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