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From perovskite to infinite-layer nickelates: Hole concentration from x-ray absorption
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The difficulty of determining cation concentrations and oxygen stoichiometry in infinite-layer nickelate
thin films has so far prevented clear experimental identification of the nickel electron configuration in the
superconducting phase. We used soft x-ray absorption spectroscopy to study the successive changes in PrNiO,
thin films at various intermediate stages of topotactic reduction with x = 2-3. By comparing the Ni L-edge
spectra to single- and double-cluster ligand-field calculations, we find that none of our samples exhibits a pure
d® configuration. Our quantitative analysis using the charge sum rule shows that even when films are maximally
reduced, the spatially averaged number of nickel 3d holes is 1.38. Superconducting samples have even higher
values, calling into question the previously assumed limit of hole doping. Concomitant changes in the oxygen
K-edge absorption spectra upon reduction indicate the presence of oxygen 2p holes, even in the most reduced

films. Overall, our results suggest a complex interplay of hole-doping mechanisms resulting from self-doping

effects, structural defects, and oxygen nonstoichiometry.
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I. INTRODUCTION

In recent years, nickelates have emerged as an important
class of materials for the study of unconventional supercon-
ductivity. Analogous to cuprates, the prominent, common
features considered for the occurrence of superconductivity
in infinite-layer nickelates are the orbital polarization due
to the two-dimensionality of the electronic structure and the
domelike hole-doping dependence of the Ni/Cu d° configura-
tion. In contrast, the hybridization with the nearest-neighbor
O 2p orbitals appears to be different between nickelates and
cuprates [1].

Superconductivity was first observed in nominal stoichio-
metric Nd;_,Sr,NiO, infinite-layer nickelate thin films with
optimal doping around y = 0.2 [2]. The infinite-layer phase
is synthesized through epitaxial growth of the perovskite,
Ri1_yA;NiO3 (R = rare-earth and A = alkaline-earth ions),
as starting phase [Fig. 1(a)] and a subsequent topotactic re-
duction, most commonly achieved by annealing with CaH,.
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While superconducting samples could be produced by several
research groups [7—12], the topotactic synthesis is not well un-
derstood. The reduction process does not proceed uniformly.
In the first and fast step of the reduction procedure, inter-
mediate phases are formed, e.g., the oxygen-vacancy-ordered
compounds LaNiO, s [13] [Fig. 1(b)] and PrNiO,34 [14].
Further reduction toward the infinite-layer phase, RNiO;
[Fig. 1(c)], is significantly slower.

Interestingly, two recent publications revealed that su-
perconductivity can be stabilized in infinite-layer nickelates
in the parent compound, i.e., without alkaline-earth dop-
ing (y =0) [15,16]. This raises new questions about the
electronic configuration relevant for superconductivity and/or
what kind of doping mechanism is at play. Three scenarios
have been discussed so far. First, cation nonstoichiome-
try could inadvertently introduce RO-RO fluoride blocks,
known as Ruddlesden-Popper (RP) faults, which could po-
tentially act as a source of doping. The arrangement and
density of these defects depends strongly on the method
and conditions of thin-film growth of the initial per-
ovskite phase, in particular on the control of the cation
stoichiometry [17,18].

A second source of doping in infinite-layer nickelates
arises from the reduction step, where it is difficult to control
and measure oxygen off-stoichiometry. This necessary syn-
thesis step leads to disorder in the anion sublattice being added
to the disorder in the cation lattice.

Published by the American Physical Society
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FIG. 1. Structure of (a) perovskite RNiO; [3], (b) metastable, intermediate-phase RNiO,s with ordered oxygen vacancies [4], and
(c) infinite-layer nickelates RNiO, [5]. [(d)—(g)] The Ni 3d orbital energies for the two sets of Dy, ligand fields used in the model calculations
together with their nominal hole spin occupation for the different Ni configurations considered in the single-cluster calculations. [(h)—(k)]
Resulting spectra Ixas o f”/Energy, where f” is the imaginary part of the scattering factor that was obtained from single-cluster ligand-field
calculations for the four different configurations sketched in (d)—(g). The top of each panel shows the individual spectra for in-plane (x) and
out-of-plane (z) polarization of the incoming x rays, together with the polarization-averaged spectrum calculated by 1,, = (21, + I.)/3. The
bottom of each panel shows the linear dichroism defined as I, — I.. The energy values have been shifted for d® by 857.1 eV to match the
experimental data and for d’ (d°) additionally by +1 (—1) eV according to reference data [6]. Note that the spectra satisfy the charge sum rule;
i.e., the integral of the polarization-averaged spectrum is proportional to the number of 3d holes. For better visualization we plot the height of
the legend symbols for I,y .y and I,_, proportional to the mathematical integral of the shaded areas.

The third doping mechanism is intrinsic to the infinite-
layer compound and arises from R 5d hybridization with
Ni 3d states. Many-body electronic structure calculations re-
vealed that the R 5d states give rise to partially occupied
electron pockets at the I point, which hybridize with Ni d
states and provide self-doped holes in the Ni 3d,»_,» bands
[19]. A recent theoretical study found that holes are pri-
marily doped to the Nid,._, and “interstitial-s” orbitals,
while the Nids._,. and O 2p orbitals are less affected
[20], in agreement with previously proposed scenarios [21].
Experimentally, this has been verified recently by an angle-
resolved photoemission spectroscopy study, which shows that
the Ni d,>_,» and “interstitial-s” states primarily contribute to
the Fermi surface in infinite-layer nickelates [22].

In the complex interplay of doping mechanisms in cur-
rently available thin-film samples, the respective domain sizes
in which different types of doping and disorder occur play an
important role. This is because a continuous superconducting
path only forms in electrical resistance measurements below
the percolation threshold between these domains. The size of
the domains of the different phases is also important when
interpreting experiments that provide averaged information
about different volumes.

X-ray absorption spectroscopy (XAS) is a powerful ex-
perimental technique for investigating the local electronic
structure in an element-sensitive fashion. The fine structure of
the Ni L and O K absorption spectra, measured with linearly
polarized x rays, provides information about the valence state,
the orbital polarization, and the strength of the hybridization
of Ni d and O p orbitals. However, different results may occur
due to the fact that different XAS measurements probe very
different sample volumes. One example is the observed corre-
lation between the complete Ni 3d e, orbital polarization and
the onset of superconductivity [16,23]. In XAS measurements
with very small beam spot sizes (about 30 um), nearly com-
plete orbital polarization was observed [16], but the spectra
of superconducting and nonsuperconducting samples were
indistinguishable. This suggests that the length scale of the
disorder relevant for electrical transport is larger than the
volume probed by the x-ray beam. Furthermore, the domain
sizes for the cation and anion sublattice disorder are likely to
be different and may interact differently with the clean, po-
tentially self-doped regions. A recent study on (LaSr),CuQOy4
thin films showed that doping-induced disorder is the leading
cause of the degradation of superconductivity for large carrier
concentrations [24].
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The final goal would be to quantify the length scales and
types of different domains, but to this end information on
the signature of different Ni valence states in different ligand
fields is needed. In the present study, we aim to provide
answers to these questions by providing a detailed analysis of
the XAS at the Ni L and O K edges measured on stepwise-
reduced PrNiO; thin films and heterostructures, grown by
either molecular beam epitaxy (MBE) or pulsed laser depo-
sition (PLD). Furthermore, different methods for topotactic
reduction were applied and compared. This set of samples,
which includes superconducting ones, allows for a compari-
son of spectra from samples with varying degrees of disorder
in their cation and anion lattices.

II. MODEL CALCULATIONS

In order to provide an intuitive understanding of the x-
ray absorption spectra and their linear dichroism, we will
first consider model calculations. At the Ni L edge we mea-
sure transitions from 2p core levels into unoccupied 3d
states. Starting from the perovskite RNiO3 with octahedrally
coordinated Ni*t, there is nominally a d’ valence elec-
tron configurations [Fig. 1(d)]. In the cubic crystal field of
the surrounding six oxygen ions the atomic 3d level split
into a threefold-degenerate t,, level at lower energies and a
twofold-degenerate e, level at higher energies. For all RNiO,
compounds considered here, the 1,, orbitals are fully occupied,
while the occupation of the e, orbitals varies with x. In most
perovskites, the local symmetry is lower, leading to a lifting
of the e, orbital degeneracy. Furthermore, charge transfer
from oxygen 2p states causes a significant deviation from the
nominal d’ filling [25]. In our model calculations, we consider
a Dy, ligand field with two sets of orbital energies shown in
Figs. 1(d)-1(g) (see also Table II in the Supplemental Material
[26] and Refs. [27-29] therein). The smaller crystal field for
the d’ configuration leads to linearly polarized spectra that are
very similar for x and z polarization with a small difference in
the integrated intensities due to the imbalance of the nominal
two to one hole in orthogonal x> — y* and 3z> — r? orbitals
[Fig. 1(h)].

In the intermediate phase with x = 2.5 a structure with
ordered oxygen vacancies with NiOg octahedra sharing apical
oxygen along ¢ and alternating with NiOy4 square-planar poly-
hedra in the ab plane was determined from powder neutron
diffraction for R = La [4] [Fig. 1(b)]. The averaged valence is
Ni?*. Recent density functional theory (DFT) calculations for
LaNiO; s indicated that the columnar arranged NiO,4 square-
planar units adopt a low-spin (LS) Ni’t d® configuration
(S = 0, empty x> — y? orbital), while the interconnected NiOg
octahedra with high-spin (HS) Ni2* d8 configuration (S = 1)
couple in antiferromagnetic chains [30].

The d® HS configuration was modeled with the same crys-
tal field used for d’ [Fig. 1(e)]. The finite energy splitting of
x? —y? and 3z% — r? orbitals gives rise to spectra for x and z
polarization that show different intensity at different energies,
resulting in a down-up wiggle in the x-z spectrum [Fig. 1(i)].
However, the energy-integrated intensities of x and z spectra
are almost the same, evident of no orbital polarization, i.e.,
a balanced hole occupation of the e, orbitals which are split

in energy. An analogous interpretation was obtained from the
analysis of the x-ray absorption spectra of NiO [31].

To model a d® LS ground state, the crystal-field splitting
had to be increased to overcome the Hund’s coupling and sta-
bilize two holes in the x* — y2 orbital [Fig. 1(f)]. This results
in spectra with maximum dichroism, i.e., a full spectrum for x
polarization with an energy integral proportional to two holes
in the d states, and no intensity for z polarization [Fig. 1(j)].

In infinite-layer nickelates with x = 2.0, all Ni't ¢ ions
are in a square-planar ligand field of the four nearest-neighbor
oxygen ions [Fig. 1(c)]. The single 3d hole occupies the
planar x> — y? orbital analogous to Cu>* in high-7, cuprates.
Accordingly, there is a pronounced linear dichroism with full
orbital polarization. The line shape of the spectrum for the x
polarization shows a single Lorentzian line at the Ni L3 and L,
edges, while there is no intensity in z polarization [Fig. 1(k)].
We emphasize that all calculated spectra satisfy the charge
sum rule, so that for the d° state, the energy-integrated in-
tensity in the x polarization is only half as large as in the d®
LS configuration.

The effective occupation of the e, orbitals is influenced
by the strength of hybridization with the oxygen ligands and
the associated charge transfer, which change upon reduction
from the perovskite to the infinite-layer compound. For the
perovskite phase with x = 3, several previous studies argued
that, due to the negative charge transfer nature, the ground
state is dominated by a 3d® L configuration, where L denotes
a ligand hole [25]. In contrast, the infinite-layer compounds
were found to have a Mott-Hubbard-type electronic structure,
where the charge transfer from oxygen is strongly reduced [1].

With these single-cluster model calculations as the basis
we can now roughly classify our experimental results at differ-
ent reduction stages. In particular, we note that the charge sum
rule implies that the integral area of the polarization-averaged
spectrum, defined by I, = (21, + I;)/3 and shown as shaded
areas is Figs. 1(h)-1(k), is proportional to the number of 3d
holes given by 10 — n3; where ns, is listed in the Supple-
mental Material [26], Table II. We also note here that for
the perovskite in its bond-disproportionated ground state, the
experimental spectra are better described by a double-cluster
model in which charge transfer between the two Ni sites is
allowed by the coupling of two octahedra [25]. A finite cou-
pling between Ni sites may also be relevant in oxygen-reduced
structures [32]. In particular, at medium oxygen content, the
crystal fields of two neighboring sites differ significantly due
to their different ligand fields. Coupling between the sites has
a significant influence on the ground state, as discussed below.

III. SAMPLE DETAILS

To shed light on the changes of the Ni electronic state dur-
ing the reduction and to what characterizes the “fully reduced”
state, we studied three sets of samples, all heterostructures
with a 6-10-nm-thick PrNiO, layer. The details of all samples
are summarized in the Supplemental Material [26], Table I.
The x-ray diffraction (XRD) patterns are shown in Fig. 8 in
the Appendix.

The first set are all pieces of the same atomic layer-by-layer
MBE-grown PrNiOj epitaxial film on NdGaOj3 (110) (NGO),
named MBE-1 from here on, but reduced to different extents.
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FIG. 2. Ni L-edge XAS for in-plane (x) and out-of-plane (z) polarization for MBE-grown PNO on NGO at several intermediate reduction
steps (left column), characterized by the given ¢, and, in the middle and right-hand columns, PNO on STO with STO capping comparing
superconducting (“sc”’) PLD samples (right-hand column) and nonsuperconducting MBE samples (middle column) obtained by two different
reduction procedures (see text for details). All spectra have been postedge normalized at 889 eV.

Although the reduction temperatures and times varied for
this sample group, all reductions were carried out in such a
way that the sample was not in direct contact with the CaH,
powder. The out-of-plane Ni-Ni distance c, estimated from
the shift of the pseudocubic (001) and (002) Bragg peaks
[Fig. 8(a)], is used to label the reaction progress. Interrupting
the reduction process results in inhomogeneous intermediate
phases, evident from the broadening and intensity reduction
of the Bragg peaks, that indicates a spread of out-of-plane
distances. Furthermore, this contactless method only allows to
produce maximally reduced samples with lower crystallinity.
Despite the overall lower crystalline order of these samples,
they provide valuable insights into intermediate reduction
states.

The second set of samples consists of pieces of a thinner
PrNiO; film that was grown by MBE under conditions that
were nominally identical to those of MBE-1, but on STO
substrate and with an STO cap layer. Previous studies have
also reported improved sample quality for thinner films under
large tensile strain when protected by a capping layer [33].
The three studied pieces are considered maximally reduced
with the similar ¢ values of 3.32, 3.32, and 3.34 A. All three
were reduced with the CaH, in direct contact with the film

surface, but the procedure was performed in two different lab-
oratories under similar conditions, indicated by labels A and
B (for details, see Appendix Sec. 1). While both sample pieces
that underwent procedure B exhibit very good crystallinity, as
visible by the Laue fringes in Fig. 8(b), this is not the case for
the other piece that was reduced in setup A.

The third set of samples consists of heterostructures that
have the same composition as MBE-2 but were grown by
PLD and are named PLD-1 and PLD-2. Upon direct contact
reduction with setup and procedure B, PLD-2 becomes su-
perconducting and PLD-1 shows a downturn in resistance at
low temperatures (see Supplemental Material [26], Fig. S1).
In order to make the presentation of the results and discussions
easier to follow, colors and symbols are kept as consistent as
possible throughout the work.

IV. RESULTS

A. Nickel L-edge x-ray absorption

The linear-polarized Ni L-edge x-ray absorption spec-
tra at several intermediate reduction steps, labeled by their
¢ parameter, are shown in Figs. 2(a)-2(e). Starting from
the as-grown perovskite phase [Fig. 2(a)], we observe the
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characteristic double-peak structure of nickelates at the Lj
edge. The small dichroism shows as a down-up structure
in the dichroic difference spectrum I,_.(E). We relate this
to either small oxygen nonstoichiometry, a distortion of the
NiOg octahedra due to the epitaxy with the underlying NGO
substrate, or a combination of both. After the first reduction
step, resulting in ¢ = 3.77 A, the spectral shape is altered
toward a more dominant low-energy shoulder and the x-
ray linear dichroism is clearly enhanced [Fig. 2(b)]. These
changes become more pronounced after the second reduction
step yielding ¢ = 3.53 A [Fig. 2(c)], but reduces again in the
next step with ¢ = 3.48 A [Fig. 2(d)]. In the spectra of the
maximally reduced samples with ¢ = 3.40 A the intensity at
the right shoulder of the L3 line for x polarization continues to
approach that measured with z polarization, i.e., the dip in the
dichroism I,_, disappears, while the peak remains at slightly
higher energies [Fig. 2(e)]. Qualitatively, the single-peak-like
spectral shape and a positive dichroism are as expected for
Ni d° in the infinite-layer phase [Fig. 1(k)] and in agreement
with other studies [34], but the quantitative deviation is enor-
mous, because we observe small instead of complete orbital
polarization. We will come back to this point in the discussion.

Significant changes upon reduction are already observed
in the polarization-averaged spectra [,, (see Supplemental
Material [26], Fig. S2). Comparing to the pristine state, the
intensity maximum of the white lines shifts to lower energies.
From the perovskite to the maximally reduced phase, we
observe a shift toward lower energies of the intensity center
of mass of the Ni L, peak by 1.2 eV, whose fine structure is
broader than that of L3 due to the shorter core hole lifetime.
Most of this shift already occurs with the first reduction step.

The spectra shown in Figs. 2(g)-2(i), 2(k), and 2(l) are
from samples that have nearly the same Ni-Ni out-of-plane
distance, ¢ ~ 3.33A, within our experimental error. All of
those samples were grown on STO substrates, have been syn-
thesized through direct contact reduction, and have an STO
capping layer. Although only some of those samples become
superconducting, their spectral features are very similar, but
with quantitative differences in the overall intensity and the
dichroism.

A discernible difference are features on the right shoulders
of the L; and L,, at 855, 856.8, 871.6, and 874 eV, whose
intensity in the z polarization exceeds that in the x polarization
[marked by arrows in Figs. 2(h) and 2(k)]. These features are
reminiscent of the XAS spectra of multilayer square-planar
PryNi;Og single crystals [35]. For those single crystals only
the L, edge has been measured, but the similarity of the
PLD samples in both polarizations to the PryNi3Og results is
remarkable. Comparing our single-cluster calculations for d®
LS with d° [Figs. 1(j) and 1(k)], the additional structure above
the main lines is a characteristic of the d® LS configuration.
Similar additional features in the z polarization also appear
for reduced NdNiO,-SrTiO; superlattices [36] and possibly
originate from a reconstructed nickelate-STO interface, where
one apical oxygen remains.

To determine the Ni d hole concentration in the various
samples, we apply the charge sum rule to the polarization-
averaged spectrum /. To this end, a background originating
from the edge jumps was estimated using a step function
at L3 and L, with the steps centered underneath L3 and the
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FIG. 3. Results from the charge sum rule analysis comparing the
values of the integrated area over the L3, region (845-880 eV) for
the different samples as a function of out-of-plane Ni-Ni distance c.
The solid colored circles show the results of the different pieces of
MBE-1. The solid gray circle was obtained from data measured on
a NiO reference crystal. The solid blue squares belong to samples of
MBE-2. The dark yellow cross is obtained from analyzing published
data of a MBE-grown NdNiO, film [38]. The open symbols corre-
spond to the PLD-grown samples. As reference values to calculate
the 3d occupation, we used cluster calculations for NiO and the
MBE-1 sample with ¢ = 3.77 A, as well as the zero for the d'°
state, which leads to a proportionality factor of 0.0976 holes per
unit of integral. For details on how the errors were estimated, see
the Appendix.

L, maximum (see Supplemental Material [26], Fig. S2). The
integrated area of Iy — Iyackeround OVer the entire Ni L energy
range is then proportional to the number of Ni 3d holes h3,
[37]. For the MBE-1 samples, we observe a gradual decrease
in the integral value with decreasing ¢ parameter (Fig. 3).
Starting from perovskite with ¢ = 3.80 A, we observe a drop
in the integrated intensity to ¢ = 3.77 A and a nearly constant
value up to ¢ = 3.53 A. After that, a gradual further decrease
to ¢ = 3.40 A is observed.

Since the PLD and MBE-2 samples were grown on STO
substrates with a larger tensile lattice mismatch for the per-
ovskite phase, their pristine ¢ values are slightly smaller than
that for the MBE-1 samples on NGO. The reduced PLD and
MBE-2 samples, as well as the NdNiO, film measured in
Ref. [38], also have a slightly smaller ¢ value of 3.32 A.
Although all “fully reduced” samples on STO exhibit almost
the same c value, their integral values are distributed over a
range extending from the MBE-1 sample of ¢ = 3.53 A to
¢ = 3.40 A. At this point, we note two observations. First, the
parameter c is insufficient to characterize the Ni d electronic
configuration as its absolute value depends on the lattice con-
stant and the mismatch in symmetry with the substrate. These
aspects have not yet been systematically investigated. Second,
we find that the superconducting samples are not those with
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FIG. 4. The polarization-dependent Ni L spectra and dichroism
of the MBE-1 sample piece with ¢ = 3.77 A can be well described
by a double-cluster calculation with both sites in a Ni 3d® high-spin
configuration and some coupling between the sites.

the lowest integral values. This means that, with a constant
parameter ¢, Ni can be further reduced, as shown by one of the
MBE-2 samples, but this does not lead to the superconducting
phase.

To convert the integral values in Fig. 3 into the 3d electron
occupation number n3;, a reference value to determine the
proportionality factor is required. First, we exploited the fact
that the integral is zero for a filled shell, corresponding to the
d'9 state. To obtain a second reference point, we measured
multiple spectra of NiO and averaged their energy-integrated
intensity (Supplemental Material [26], Fig. S3). Due to the
highly insulating and ionic nature of NiO, the L-edge XAS can
already be reproduced well at the crystal-field level. However,
earlier work has shown that the agreement between theory
and experiment can be significantly improved by ligand-field
calculations with a charge transfer of about 0.2 electrons
from the O 2p to the Ni 3d states [39]. With the parame-
ters from Ref. [39] we reproduced the QUANTY calculations
and achieved good agreement with our data (see Supple-
mental Material [26], Fig. S4), which leads to the value of
n3g = 8.178. As a third reference point we used the result
from the double-cluster calculation of the MBE-1 sample with
¢ = 3.77 A. The choice of the MBE-1 reference value is justi-
fied by the excellent agreement of the polarized experimental
spectra with results from a double-cluster calculation where
two d® HS sites were coupled (Fig. 4), using the parameters
listed in the Supplemental Material, Tables II and III [26]
(see also Refs. [27-29,40] therein). The simulation yields an
occupation of n3; = 8.257.

Finally for each reference point a proportionality factor to
the integral was computed and we took the average, 0.0976
holes per unit of integral (£0.0011 from our rough estimate

of errors on the integrals), to convert the integral values into
Ni d occupation numbers for all other samples (right axis of
Fig. 3). With this calibration we find n3; ~ 7.8 for the pristine
perovskite samples (dark red dot, dark blue square, and dark
green triangle in Fig. 3), which is consistent with n3; ~ 8 of
the ground-state configuration of RNiO;3 that was found for a
similar set of parameters in Ref. [25].

Interestingly, the overall lowest integral value determined
in one of the MBE samples corresponds only to a num-
ber ni; = 8.62. This value is significantly lower than the
value of n3,; = 8.8, which is calculated for optimal doping at
y=0.2 and O, oxygen stoichiometry in alkaline-earth-
doped infinite-layer nickelates or the superconducting
NdgNisO;, compound. Furthermore, the average electron oc-
cupation determined for the superconducting PLD-2 sample
is notably not the highest in the set of considered infinite-
layer samples. Analysis of literature data from Ref. [38] for
a nonsuperconducting NdNiO; infinite-layer sample yielded
a slightly smaller n3,4, but did not reach the value of the most
reduced sample in our study. Due to possible inhomogeneities
in the electronic structure and different domain distributions
in various samples, the XAS detection method used can be
relevant. Among the data we analyzed, the data provided in
Ref. [38] (see Fig. S2(b) of its supplementary information)
were measured using partial fluorescence yield. All other data
were measured using the total electron yield. Although the
probed volumes differ between the two detection methods, all
data are consistent and no relevant differences are observed
for maximally reduced STO-capped films resulting from the
type of detection [41].

To put our results in context with other data on nickelates,
we plot the number of d holes, /3,4, over the formal Ni oxida-
tion state in Fig. 5. To this end we set the formal valence for
NiO, the 3.77-A sample, and the 3 HS and LS single-cluster
scenarios to II. The d° single-cluster value is assigned to Ni
I. Based on the linear relationship between formal valence
and hs,4, the valence state of the other samples with unknown
stoichiometry is defined. This form of presentation shows that
samples we analyzed here were only reduced to h3; = 1.4
holes and superconductivity in the non-alkaline-earth-doped
films can occur at least up to s3; = 1.6 holes per Ni, which
places all samples well above the superconducting dome of
Pr;_,Sr,NiO; [8] as indicated by the teal bar in Fig. 5. The
dome’s position is based on the nominal Sr and O stoichiom-
etry. The expected 1-eV shift of the L; per oxidation state
[6] has not been observed in the XAS spectra for the doped
samples, a contradiction that can be resolved by assuming a
deviation in oxygen stoichiometry from exactly two oxygen
per formula unit. It should be noted that the spatial distribution
of these higher oxidation state regions is unknown, and we are
discussing spatially averaged values here.

The authors of Ref. [32] studied XAS signatures of
oxygen-reduced nickelates creating oxygen vacancies through
vacuum annealing and observed that with more reduction or
e~ doping there was less charge transfer from the ligands and
covalency became significantly smaller. With CaH,, which
was used in this study, a further reduction can be achieved,
resulting in a change from a charge transfer to a Mott-like
electronic structure. Electronic structure calculations predict
the O 2p orbitals in the infinite-layer nickelates to lie signif-
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FIG. 5. Results of the sum rule analysis, in which the number of
d holes, as determined from the integrated spectra, is plotted against
the formal Ni oxidation state from zero to II. The number of d holes
is calculated as 10 minus the number of d electrons from Fig. 3.
The two reference values from the 3.77-A sample and NiO (circles
with crosses inside) were set to Ni(II) and used to determine the
proportionality relation indicated by a straight line passing through
the origin. The values of all other samples were placed on the line ac-
cording to their h3, values (left vertical axis). For the oxygen-reduced
nickelates a low covalence and almost no charge transfer from O to
Ni is assumed [32]; therefore, the number of d holes can be translated
into an oxygen content (right vertical axis). The light teal area shows
where the dome of Pry_,Sr,NiO, lies [8] with a proportionality factor
of 1 since previous papers calculated the number of d electrons
and/or holes from the formal stoichiometry [12]. The red diamonds
show the results of our single-cluster calculations for d® HS and d®
LS (II) and the d° (I) configuration. We note that the observed hole
concentrations are average values, including regions with a higher
oxidation state that can vary in density and distribution (see text).

icantly lower than in the cuprates and suggests them to be
irrelevant for describing the low-energy physics [42]. With
no charge transfer from the ligands, every removed oxygen
results in two more electrons on Ni, i.e., PrNiO, o has a Ni d
occupation of 9 electrons and PrNiO, 5 has 8.5, respectively.
Figure 5 displays the thus-obtained oxygen content on the
right vertical axis. If all holes doped onto Ni are due to resid-
ual oxygen, the most reduced sample is off-stoichiometric by
0.17 oxygen per formula unit, compared to the ideal infinite-
layer structure. Taking into account the general difficulty to
quantify oxygen in thin films and previous work indicating
ordered residual oxygen [38], such a large number might not
be surprising.

B. Oxygen K-edge x-ray absorption

In order to experimentally study the hybridization strength
of the nickel ions with the neighboring oxygen 2p states at
different reduction stages, we measured O K XAS data. In
the analysis that is described in the following we focused
on the polarization-averaged data, of the reduction series
[Figs. 6(a)-6(e)]. The polarization-dependent spectra are pro-

vided in the Supplemental Material [26], Figs. S5 and S6. The
spectrum of the pristine sample, shown in Fig. 6(a), exhibits
a characteristic prepeak at 528 eV, which has been assigned
with strongly hybridized Ni-O states in the fully oxygenated
perovskite [44]. This peak is strongly suppressed already after
the first reduction step [Fig. 6(b)] and has completely disap-
peared in the second step [Fig. 6(c)]. This is in agreement with
the observations in oxygen-deficient bulk, where the intensity
of the prepeak observed in LaNiO3 decreases in the spectrum
of LaNiO, 75 and disappears almost completely for LaNiO; s
[44]. In the higher-energy range of the spectrum, broad fea-
tures centered at 535 and 542 eV were assigned to oxygen
hybridization with La 5d and Ni 4sp states, respectively [44].
To better perceive changes in this energy range, we calcu-
lated the difference spectra to the phases with well-defined
Ni valence states, namely, the 3.80- and 3.77-A samples with
nominally Ni** and Ni**. These difference spectra clearly
show that the largest change at the O K edge occurs in the
first reduction step and is accompanied by a similar energy-
dependent loss and gain of spectral weight. The loss in the
region from 527-530 eV and 540-546 eV match with the
assignment of 3d® L — ¢3d® transitions, where ¢ denotes an
O 1s core hole, and transitions to Ni 4sp states. The gain of
spectral weight in the region 530-540 eV and above 546 eV
gradually increases upon further reduction. In particular there
is additional loss of spectral weight around 530, 535, and
540 eV for Ni oxidation states below 2+. One should note that
the same changes between pristine and most reduced sample
occur also for the PLD-1 samples with STO capping on STO
substrate, as apparent when subtracting the pristine from the
reduced sample’s spectrum [Fig. 6(f)]. The difference looks
almost identical but scaled down by a factor of 2.66. This is
due to the postedge normalization which cannot distinguish
signals from PNO film and STO capping layers, so for both,
the nickelate’s signal is smaller than in the MBE-1 spectra.
Since the STO capping layer does not change in the reduction
process, its features disappear in the difference.

To track the observed changes, we integrated the edge-
normalized spectra within the indicated energy ranges [la-
beled I-VII in the inset of the top left of Fig. 6(a)] and
plotted the results in the right half of the same Fig. 6, labeled
by the corresponding roman numeral (I-VII), as a function
of the Ni 34 electron filling determined by the sum rule anal-
ysis (Fig. 3).

Thus, we find that previously unrecognized features II and
IV are related to Ni**-O hybridized states in PrNiO,, as
their intensity increases after the first reduction step and then
decreases again with further reduction toward Ni'*. Regions
I, V, and VII are characteristic of the most reduced samples,
and as the spectral weight increases and saturates, this sug-
gests finite hybridization of O 2p with either Ni 3d or Pr 5d
states. Further insights may be gained from comparison with
corresponding site and symmetry-projected DFT calculations
in future work.

V. DISCUSSION

We find that superconductivity in ‘“parent-compound”,
non-alkaline-earth-doped infinite-layer samples appears at a
hole-doping level of h3; &~ 1.55, clearly larger compared to
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FIG. 6. Changes in O K-edge features at different reduction stages. Left: [(a)—(e)] XAS at the O K edge of sample set MBE-1. The panels
are labeled by the corresponding out-of-plane lattice parameter and the solid lines show the polarization-averaged intensity for each (all edges
normalized at 569 eV). Additionally the reduced samples are compared to the pristine (3.8 A) and the least reduced (3.77 A) and their intensity
minus these spectra is also plotted. In (e) the pristine and reduced PLD-1 samples are included and the difference between them scaled by 2.66
for ease of comparison (for more details see the Supplemental Material [26], Fig. S7 and Ref. [43]). Right: panels I-VII display changes of
individual features at different reduction stages as characterized by their difference in number of d electrons. The selected energy intervals of
the features are marked in (a) and labeled the same as the corresponding panel in the right half of this figure, in which the plotted points mark
the integral of the polarization-averaged O K-edge spectrum over this interval for each of the MBE-1 samples.

what was reported in Sr- or Ca-doped compounds (nominally
hzqg = 1.2). As the cation and oxygen stoichiometry, and their
spatial distribution, in various infinite-layer nickelate thin
films has not yet been accurately determined experimentally,
the question arises as to which doping concentrations and
mechanisms are relevant to superconductivity.

In alkaline-earth-doped films, the A-cation stoichiometry
was adopted from that of the respective PLD target stoichiom-

etry. The oxygen stoichiometry was assumed to be O, o based
on the maximally reduced c lattice constant. Due to insuffi-
cient postgrowth characterization of the stoichiometry, to date
the exact composition of the superconducting phase remains
unknown. The present results raise a number of important
questions. Either there are different doping mechanisms—
chemical cation doping, self-doping, and deviations in oxygen
stoichiometry—that lead to different electronic configurations
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FIG. 7. (a) Comparison of the experimental linear dichroism of the nonsuperconducting MBE-2 direct B sample (light blue lines) and
the superconducting PLD-2 sample (light green lines) with the model calculations for a mixture of coupled Nil: d® HS-Ni2: d° L sites
with coupling strength stated at the top of the figure and a ratio of 60:40 leading to an average nickel d filling of nd,, = 8.41 electrons.
(b) Comparison of the experimental linear dichroism of the same two samples compared with the model calculations for coupled Nil: d®
LS-Ni2: d° L sites using the same coupling strength and the same ratio 60:40 with nd,, = 8.39 electrons.

of Ni 3d°~% exhibiting superconductivity, or the degree of
doping previously assumed is incorrect, and the same elec-
tronic configuration leads to superconductivity in the various
infinite-layer nickelates.

As mentioned in the Introduction, RP defects are a po-
tential source of doping in “parent-compound” nickelates.
However, comparing our pristine PNO films grown on STO
substrates using PLD and MBE yields very similar hole con-
centrations, suggesting that there is no significant difference
in RP defect density. Since the density of RP faults does
not change during topotactic reduction, any variation in the
concentration of holes observed in the reduced pieces of these
samples cannot originate from RP faults. This conclusion is
supported by electron energy loss spectroscopy, which was
performed on nominally identical PLD films using scanning
transmission electron microscopy [15]. Those data show that
the Pr/Ni ratio is close to unity. As effective doping due to
RP defects can be ruled out, and as there is no alkaline-earth
doping in our samples, two mechanisms remain possible in
the superconducting “parent” compound RNiO,: self-doping
and oxygen nonstoichiometry.

Self-doping arises from overlap with R —d bands and
can be tuned by structural modifications from epitaxy with
different substrates [45]. While our data hint at a shift in
¢ parameter for both the perovskite and most reduced sam-
ples on NGO and on STO, the observed hole concentrations
in the reduced samples show no clear dependence on the
substrate. Even more importantly, we also do not observe a
significant difference in hole concentration for supercon-

ducting and nonsuperconducting samples, where one would
expect optimal and nonoptimal self-doping.

Doping infinite-layer nickelates via oxygen stoichiometry
is associated with the introduction of d® HS sites [36], since
the partial occupation of apical oxygen positions reduces the
e, crystal-field splitting such that the d® LS state becomes
unfavorable. In the case of Sr or Ca cation substitution the
crystal-field splitting of the square-planar coordinated Ni site
is less strongly altered, and a stable d® LS state is possible.
However, our double-cluster calculations indicate that, when
coupled to surrounding d° L states, the d® LS state is unsta-
ble. Using the ligand-field parameters from the single-cluster
calculations [Figs. 1(f) and 1(j)] and coupling the d® LS to a
neighboring d° L site, the e, orbital occupation numbers at the
d® LS site become more uniform (see Fig. 9 in the Appendix).
This is accompanied by a balancing of the ligand occupancy
at both Ni sites and a change in the Ni 3d occupancy toward
the ionic values of 8 and 9 at each Ni site. At finite coupling,
the d® LS site becomes effectively a d® HS site that leads to the
contribution in XAS measured with z polarization (Supple-
mental Material [26], Fig. S9), while the orbital polarization
in XAS originates primarily from the d° L site. Qualitatively,
d® LS and d® HS coupled to d° L therefore behave simi-
larly, but a small quantitative difference can be noticed in the
linear-polarized spectra. In Figs. 7(a) and 7(b) we compare the
calculated spectra for d® HS—d° L and d® LS—d° L sites, re-
spectively, with the polarization-dependent Ni L experimental
spectra of two samples, superconducting and not, with almost
the same d filling of n3; =~ 8.4 (PLD-2 sc and MBE-2 non-sc,
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both reduced by method direct B). In order to obtain spectra
from the double-cluster calculation for the same values of ns,
that we previously determined experimentally from the sum
rule analysis, we calculated a weighted mixture of the spectra
of 60% Nil and 40% Ni2 sites. We note that the PLD-2 and
MBE-2 experimental spectra in the individual polarization
channels are nearly indistinguishable. However, there is a
small but noticeable difference in the dichroic spectrum. The
dichroism of the PLD-2 sample is slightly greater, primarily
due to a weaker signal in the z-polarization peaks at the low-
energy side of L3 and L, lines (Fig. 7, bottom panels). We find
that the spectral shape for both polarizations and the dichroism
of both the PLD-2 and MBE-2 samples is better described
by the d® HS—d® L coupled sites [Fig. 7(a)]. This observation
would be consistent with a scenario of incomplete reduction,
in which apical oxygen positions lead to Ni ¢® HS sites in the
infinite-layer structure.

One possible explanation for the difference in the linear
dichroism between the superconducting PLD-2 and nonsuper-
conducting MBE-2 samples could be the size of the self-doped
domains within the anion-disordered regions. In order to stabi-
lize superconductivity, orbital polarization and hole doping of
the Ni 3d state must be coordinated on the scale that is probed
by electric transport measurements. To measure a supercon-
ducting transition in resistance, there must be a connected path
for the current between the superconducting regions.

As homogeneity issues arise on length scales larger than
those typically probed in scanning transmission electron mi-
croscopy (STEM) and smaller than probed in XAS, it is not
possible to unambiguously identify the electronic structure
of the superconducting phase based on data available in the
literature. The difficulty in distinguishing superconducting
and nonsuperconducting samples based on their XAS spec-
tra, as well as their sensitivity to spot size and reduction
method, further points toward a difference in microstructure.
Recent STEM measurements found that disordered or rotated
boundary regions form [9], the length scales of which likely
depend on the fault type and density in pristine films, and
the reduction method. This would explain the fluctuations in
the strength of orbital polarization that we (Fig. 7) and others
observed at doping levels that should fall into the supercon-
ducting regime.

VI. CONCLUSION

By comparing XAS measurements with ligand-field cal-
culations, we provided insights into how the electronic
configuration of Ni changes when oxygen is successively
removed from the perovskite rare-earth nickelates toward the
infinite-layer phase. We conclude that the average hole con-
centration, as determined by sum rule analysis, most likely
arises from a mixture of infinite-layer PrNiO, and higher-
valent PrNiO, phases. An important question that remains is
how these phases are distributed spatially. A striking obser-
vation in this regard is that the most reduced films exhibit a
valence state of Ni!-3¥* which is higher than expected for the
infinite-layer phase. Furthermore, superconductivity occurs in
samples with an even higher average valence state.

Changes in the O K-edge spectrum suggest a finite de-
gree of hybridization with nickel states in the most reduced
samples. The measured and simulated XAS spectra, along
with the evaluation of the data presented, should serve as
useful references for future investigations of oxygen-reduced
nickelates.

The high concentration of holes in the most reduced films
calls into question whether previous findings might also be
influenced by oxygen nonstoichiometry. It could also be
speculated that the doping range at which superconductivity
occurs in infinite-layer nickelates could be higher. In ear-
lier studies, doping-dependent superconducting domes were
always determined based on the assumption of an exact A
cation and oxygen stoichiometry in R;_,A,NiO; . However,
our analysis suggest that this assumption might be incorrect
and that deviations of up to O,3 are possible, at least in
undoped (y = 0) samples. The possibility to observe super-
conductivity at higher hole doping in nickelates does not
necessarily contradict the analogy to cuprates. A recent study
on La;_,Ca;CuOy4 has shown that the previously established
stability range of superconductivity in the bulk material ex-
tends to significantly higher doping levels of y = 0.5 in thin
films [24].

In agreement with previous studies, we conclude that,
while strong linear dichroism is evident in the Ni L spectra
of all the superconducting samples, the magnitude of the
dichroism is insufficient to distinguish between the super-
conducting and superconducting samples. We attribute this
to a complex interplay of ordered, potentially self-doped re-
gions, and disorder occurring on different length scales in
both the cation and anion sublattices. Reducing this disorder
through a targeted heterostructure design will enable a more
reproducible synthesis of superconducting samples in future
work.
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APPENDIX: DETAILS OF THE METHODS USED

1. Sample synthesis

The thin films of perovskite PrNiO3; are grown on (110)-
oriented NdGaO3; (NGO) and (100)-oriented SrTiO; (STO)
substrates (supplied by Crystal GmbH) using ozone-assisted
atomic layer-by-layer molecular beam epitaxy (MBE). With
a background pressure of 2.4 x 10~ mbar in an ozone-rich
atmosphere and the substrate heater temperature set to ap-
proximately 550°C the film is grown by shutter growth,
alternatingly depositing atomic layers of Pr and Ni. The
film on STO has 2 nm of STO grown on top as a capping
layer. To examine the influence of the topotactic reduction
independently of possible (smallest) variations in the cation
stoichiometry, we cut an optimally grown sample into several
pieces of size 2.5 x 2.5 mm? and reduced them at varying
time intervals.

Oxygen reduction was achieved by topotactic soft-
chemistry reaction with CaH,. We used two different ap-
proaches for the topotactic reduction. For all pieces of the
film on NGO, 100 mg of CaH, was placed into a DURAN
glass tube with the sample piece on top in a crucible folded
from aluminum foil. There was no direct contact between
the sample and the reducing reagent. The thus prepared glass
tubes were evacuated to approximately 10~® mbar and sealed.
Through heating to 240-260 °C (using a ramp of 30 min), the
reduction process was started. Slightly different temperatures
were selected and the time they were maintained was varied
from 12 to 84 h to obtain samples reduced to different degrees.

Figure 8(a) shows the out-of-plane x-ray diffraction (XRD)
scans around the substrate pseudocubic (001) and (002) peaks
which show that subsequent reduction steps cause a collapse
of the structure along the pseudocubic ¢ direction as evident
from the shift of the (001) and (002) film peaks to higher val-
ues of 1/d. Along with this, we observe a reduction in Bragg
peak intensities, indicating a loss of crystallinity. Therefore,
we used a second reduction method where a PrNiO; film
with a STO capping grown on STO was reduced in direct
contact with the CaH, powder. To this end, 500 mg CaH,
and the sample piece were placed in a DURAN glass tube
(“direct A”) or a glass tube with a valve (“direct B”; see
Ref. [47]) such that the powder completely covered the sam-
ple. The tube was evacuated and closed off with the valve;
then it was placed in a box (A) or tube (B) furnace, heated
to 320°C (A) and 260 °C (B), respectively, and kept at the
temperature for 2—4 h (A and B). For most samples, pro-
cedure B was repeated to improve XRD and transport. The
corresponding XRD scans are plotted in Fig. 8(b). In this case,
especially for method “direct B”, the peaks remain almost
as sharp as for the perovskite film and also display Laue
fringes, thus showing that by this method we synthesized
an infinite-layer nickelate of much higher crystallinity. Com-
paring both topotactic reduction approaches, we conclude
that avoiding direct contact with CaH, possibly leads to the
formation of water at the film surface, which in this case
was not protected by a capping layer. The water remaining
on the surface can lead to partial reoxidation or hydroxide
formation with substantial disorder in the anion sublattice.
In the case of direct contact of the film with the CaH, and
the presence of a surface-protecting capping layer, Ca(OH),
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FIG. 8. XRD of (a) the sample set MBE-1 on NGO without STO
capping and reduced without direct contact, (b) the samples MBE-2
on STO with STO capping reduced with direct contact, and (c) the
PLD-grown samples on STO with STO capping reduced in direct
contact with CaH,. The scan shown for sample PLD-2 is from a
nominally identical sample, though not precisely the one measured
in XAS. The star indicates the signal from the sample holder. Scans
offset for clarity. The peak positions used to calculate ¢ for each scan
are marked by small (a) blue and [(b), (c)] red lines.

can form, which is stable and does not react further with the
nickelate film. The much faster reaction time when in direct
contact with CaH, further supports this explanation. However,
the significantly longer reaction time when avoiding direct
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contact allows to stabilize easily intermediate stages. Also, the
absence of a STO capping layer makes the interpretation of
the soft x-ray absorption spectra, measured by means of total
electron yield with a probing depth of the order of 5 nm, less
controversial.

To characterize the samples at different stages of reduc-
tion, we can calculate the pseudocubic ¢ parameter from the
peak centers of the (001) and (002) film peaks (marked by
small lines in Fig. 8) and then take the average of the two
results. The results are shown in the legend of Fig. 8§ and
range from ¢ = 3.80 A in the pristine, perovskite film down
to ¢ = 3.32-3.40 A in the maximally reduced samples.

2. X-ray absorption measurements

The XAS measurements have all been performed in to-
tal electron yield (TEY) mode. For the samples on NGO,
the PLD-1 pair and the “MBE-2, direct B, piece 2” sam-
ple measurements were done at beamline UE46 at BESSY,
for the other MBE-2 samples at beamline WERA at KARA
and PLD-2 at beamline ID32 at ESRF with the RIXS
endstation. To measure polarization dependence the sam-
ples were tilted to 6 = 10° for PLD-2 and 6 = 30° for
all other samples and a linear-polarized beam was used.
At BESSY and ESRF then the polarization was switched
between horizontal and vertical while at KARA the x-ray
polarization relative to the sample orientation was switched
by rotating the sample by 90° around the beam k vec-
tor. The beam spot sizes were 100 um x 50 um (UE46,
BESSY), 2 um x 10 um (RIXS branch, ID-32, ESRF), and
1.2 mm x 0.2 mm (WERA, KARA), respectively. First the
obtained spectra for each polarization were scaled to match
in the pre- and postedge regions, corrected by fitting a line
to the preedge region of both polarizations simultaneously
and subtracting it, then normalizing so the postedge intensity
is 1. At both & = 10° and 6 = 30° one polarization has the
E-field vector in plane for the sample and therefore directly
gives us I,. The other polarization has the E-field vector
mostly out of plane and the fully out-of-plane spectrum I,
can be calculated from the measured /(8) with the in-plane

spectrum [, and the formula I, = 1(9);0{+5;“29 [37], respectively

I, =1.031(10°) — 0.03 1, and I, = %I(30°) — %Ix.

To obtain the integral values of the polarization-averaged
spectra, and thus the 3d occupation, we normalized the raw
data using three slightly different procedures, as detailed in
the Supplemental Material [26]. From each of the obtained
polarization-averaged spectra a corresponding two-step back-
ground was subtracted and then the spectra were integrated
over the energy range 845-880 eV. The integral values shown
in Figs. 3 and 5 are the averages of values obtained using
the three different normalization procedures, and the error
bars represent the standard deviation. For NiO three sepa-
rate datasets were measured to which the three normalization
methods were applied and thus the data point results from
averaging all nine integral values.

3. Cluster calculations

The cluster calculations were performed using the quan-
tum many-body script language QUANTY [39,48,49]. We

considered a Dy, ligand field where the crystal-field ener-
gies of the d orbitals were parametrized by 10Dg, Dy, and
D;. Since the aim was to use these model calculations to
demonstrate qualitative differences, we set 10Dg = 1.0 eV
and D, = 0 eV for all configurations and only varied D; (see
Supplemental Material [26], Table II) in order to stabilize the
d® LS state in the single-cluster calculation.

The orbital energy values are provided in Figs. 1(d)-1(g).
The ground-state orbital occupations of the different configu-
rations used in the single-cluster calculations are summarized
in the right-hand part of Table II of the Supplemental Material
[26]. To economize the calculations, a linear combination of
the O 2p orbitals is used to form the ligand orbitals. Of the
6 x 6 O 2p, . spin orbitals for octahedrally coordinated Ni,
only 10 interact with the Ni d orbitals. The size of the electron
hopping between the oxygen and nickel sites can be expressed
by the parameters pdo and pdm, which can be calculated
from the Ni—O bond distances (see Supplemental Material
[26], caption of Table II and Ref. [27] therein).
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FIG. 9. Top: Sketch of the considered double cluster with two
potentially inequivalent nickel sites Nil and Ni2. Bottom: (a) Ni 3d
orbital electron occupations for coupled Nil-Ni2 clusters with d®
HS-d® HS (red symbols), d® HS-d° L (light red to dark blue sym-
bols), and d® LS-d° L (light blue to violet symbols) configurations
as a function of the intercluster coupling strength Vyiiniz- (b) Ni d
orbital resolved occupations determined for the three different cou-
pled Nil-Ni2 clusters. The lower panels in (a) and (b) show the
corresponding O 2p ligand holes.
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To calculate XAS spectra, QUANTY uses Green’s func-
tions to calculate the excitation probability for all final states
for a given initial state Hamiltonian. The resulting set of §-
functions can then be compared with the experiment after
broadening. To obtain the model spectra from single-cluster
calculations shown in Figs. 1(h)-1(k) we applied moderate
energy broadening of 0.3 for the Gaussian full width at
half maximum (FWHM) and energy-dependent Lorentzian
FWHM of 0.4 over the L3 energies and 0.6 over L, energies.
For the double-cluster spectra shown in Figs. 4 and 7, energy
broadening was increased to 0.6 for the Gaussian FWHM, and
for the energy-dependent Lorenzian FWHM to 0.5-0.8 over
the L3 energies and 1.0-1.2 over L, energies. In addition, for
calculated XAS spectra, the energy axis has to be shifted in
order to match the one of the experiment. Since the absolute
energy measured in the experiment depends on the calibration,
these values are known only relatively. Previous work has
found an energy shift of about 1 eV per Ni valence state
change [6]. We therefore determined the energy shift applied
to the single-cluster data shown in Figs. 1(h)-1(k) using the
3.77-A sample as a d® reference and assumed +1 (—1) eV
for the calculated d’ (d°) spectra. Further parameters used to
describe the Coulomb interaction and spin-orbit coupling are
summarized in Table III in the Supplemental Material [26]
(see also Refs. [28,29,40] therein).

In the double-cluster calculations, we included coupling
in the form of intercluster Ni-ligand hopping Wniiniz in

addition to the standard ligand-field Ni-ligand hopping in the
individual clusters [25] and considered different combinations
of the various configurations for the coupled Nil-Ni2 sites
(Fig. 9).

To circumvent the problem of introducing valence-state-
dependent energy shifts in XAS in the double-cluster cal-
culation, we modeled the d° state by a d® configuration
with negative charge transfer energy, resulting in a dominant
contribution of d° L to the ground state [see Ni2 occupa-
tions in Fig. 9(a)]. Although the d® LS can be stabilized
in a single cluster with the chosen crystal-field parame-
ters (Supplemental Material [26], Table II), a coupling to
a neighboring d° L site causes the charge to equalize be-
tween the sites [Fig. 9(a)]. This charge transfer destabilizes
the d® LS and yields an almost equal occupation of Nil
dy_,» and ds._,2 orbitals for coupling strengths Wniiniz =
0.05 [Fig. 9(b), light blue symbols]. Similar observations are
made for other configurations: For coupled d® LS-d® LS
sites with slightly larger Viii-niz = 0.1 and d® LS—d® HS with
Witni2 = 0.05 our results show low-spin to high-spin transi-
tions at the Nil site. In other words, our calculations indicate
that the d% LS state is unstable as the coupling between the
sites becomes finite. To compare our experimental spectra of
samples reduced to nd,, ~ 8.4 (Fig. 7), we used a proportional
mixture of Nil 48 HS(d® LS) sites with Ni2 d° L sites; i.e., we
considered an incoherent superposition of 60% Nil and 40%
Ni2 sites.
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