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Impact of electron correlations on infinite-
layer cuprates and nickelates
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Optimization of unconventional superconductivity involves a balance of interaction strengths. Precise
determination of correlation strength across different material families is therefore important. Here, we
present a combined X-ray absorption spectroscopy (XAS) and resonant inelastic X-ray scattering
(RIXS) study of infinite-layer PrNiO, and SrCuO, that enables fair comparison of their interaction
strengths. For both compounds, we study the orbital and magnetic excitations and extract their
dispersions along high-symmetry directions. Using a single-band Hubbard model and including
physically plausible assumptions about higher-order exchange interactions, we estimate the
correlation factor U/t for both compounds. A key finding is that despite the prediction of a smaller
Coulomb repulsion U, PrNiO, exhibits a correlation strength U/t that is 20% stronger than that of its
isostructural cuprate counterpart SrCuO,. This indicates that moderation of the correlation strength

may further optimize superconductivity in nickelates.

The discovery of superconductivity in doped and undoped infinite-layer
nickelates has stimulated new research lines'”’. One important question is
whether there exists a mapping between cuprate and nickelate super-
conductivity. Similar orbital motives exist in both compound families.
Like cuprates, infinite-layer nickelates exhibit a layered structure with a
3d’ electronic configuration, where holes occupy the d,._. shell and
strong electronic correlations are present*’. However, key distinctions
emerge, particularly in their electronic structure® and magnetic proper-
ties, posing significant challenges to our understanding’. One critical
aspect that may distinguish the underlying physics between nickelates
and cuprates is the strength of electron correlations, characterized by the
ratio between the on-site Coulomb repulsion U to the nearest-neighbour
hopping integral ¢ (i.e. U/t). Within the framework of single-band
Hubbard models — widely used to describe correlated behaviors in both
nickelates and cuprates — U/t governs the balance between magnetic
ordering and superconductivity*’. Unconventional superconductivity

emerges from these correlations, but localization effects dominate in the
strong-coupling limit.

Experimental attempts have been made to characterize the electronic
structure and correlation effects in infinite-layer nickelates. These include
angle-resolved photoemission spectroscopy (ARPES)'*""?, X-ray absorption
spectroscopy (XAS)", X-ray photoemission spectroscopy (XPS)", resonant
inelastic X-ray scattering (RIXS)'*'’, and electron energy-loss spectroscopy
(EELS)®". Yet, a quantitative conclusion remains elusive due to different
types of experimental limitations. The study of collective spin excitations
offers an alternative approach, as the superexchange couplings originate
from electronic correlation effects. A recent RIXS study compared magnons
in NdNiO, and YBa,Cu;0;_4'*. Using a single-band Hubbard model, this
work concluded that the Coulomb repulsion U of NdNiO, is twice that of
YBa,Cu;0;_s, leading to a 60% larger U/t in the nickelates. However, this
methodology has some shortcomings. First, recent ARPES results have
revealed a circular Fermi surface'*""?, suggesting that next-nearest-neighbor
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hopping (¢') plays a significant role. Second, the compared nickelate and
cuprate compounds were not isostructural. The presence of apical oxygen in
cuprates is known to suppress longer-range hopping and exchange
processes'**’, which further hinders a fair comparison.

To facilitate a direct comparison, we conducted a resonant inelastic
X-ray scattering (RIXS) study on PrNiO,, mapping out its electronic and
magnetic excitations across high-symmetry directions. Our data extend
beyond the scope of previous studies, providing a comprehensive char-
acterization of the k-space properties of magnetic and orbital excitations. By
incorporating higher-order hopping terms ¢ and ¢, and considering a
magnon renormalization that depends on electron correlation in our ana-
lysis, we extract refined values for Uand t from our experimental data. These
results also allow us to characterize charge fluctuations and staggered
magnetization with greater accuracy. We further compare these results with
those obtained on the isostructural infinite-layer cuprate SrCuO, thin film,
analyzed with the same approach. This direct comparison reveals a 20%
stronger correlation strength U/t in PrNiO, compared to SrCuO,. Our
analysis of the orbital excitations further indicates a reduced orbital
exchange in PrNiO, resulting from stronger electronic localization. Impli-
cations for electronic properties such as staggered magnetic moments,
superconductivity, and strange metal properties are discussed.

Results

X-ray absorption spectra (XAS) using vertical incident light polarization
across the nickel and copper L;-edges — shown in Fig. 1 — are shown for
our PrNiO, and SrCuO; films. A significant linear dichroism is observed in
the XAS of PrNiO, at grazing-incidence geometry (see Supplementary
Information). The enhanced absorption peak for oincident X-rays indicates
a dominant contribution from the in-plane d,._. orbital. The RIXS energy
tuning map — shown in Fig. 1b — reveals that magnetic and orbital exci-
tations are resonating at the Ni L-edge. RIXS spectra recorded on SrCuO,
and PrNiO, at the Cu and Ni L;-edges are shown in Fig. le and 1f. For both
compounds, the dd orbital excitations are the most intense and a weaker
magnon excitation is observed near the elastic line. The dd excitations are

analyzed and indexed according to the d-orbital level splitting in a square-
planar crystal-field environment for both SrCuO, and PrNiO,. An addi-
tional excitation at 0.7 eV in PrNiO, has been attributed to the hybridization
between Ni 3d and Pr 5d states'*”'". Consistent with an earlier report on
isostructural CaCuO,”, the d,, orbital excitation displays a significant dis-
persion in SrCuO,. For PrNiO,, this collective behavior is not detectable
within the experimental resolution.

In Fig. 2, we focus on the low-energy part of the RIXS spectra recorded
near high-symmetry zone-boundary points with ¢ and 7 polarizations,
which enhance the phonon and single-magnon cross-sections, respectively.
The spectra with 7 polarization are analysed using a five-component model.
Gaussian profiles are used for the elastic scattering (grey shaded area), and
two phonon modes (blue shades)”. A damped harmonic oscillator
function™ is applied to model the magnon modes. The background is
modeled by a quadratic function. Note that the optical phonon mode
around 80 meV becomes stronger at lower Q, leading to a sharp peak-like
feature overlapping with the magnon near (0, 0) (see Supplementary Fig. 3
for representative fits). From the damped magnon excitation (see Supple-
mentary Information), we extract the magnon dispersion — see Figs. 2e
and 3d-f.

Analysis

Before providing a refined analysis of the magnon dispersions, we
emphasize the key observables and their implications. The magnon band-
width in PrNiO, (~ 180 meV) is half that of SrCuO, (~ 360 meV), revealing
a weaker nearest-neighbour exchange coupling J; ~ #/U. We find that the
magnon zone boundary dispersion — defined by the energy difference
between (0.5, 0) and (0.25, 0.25) — is comparatively stronger in SrCuO,.
Similarly, the d,, orbital excitation exhibits a stronger dispersion (~ 80 meV)
in SrCuQ,. Within a single-band Hubbard model, the zone-boundary
magnon dispersion is dictated by a series of higher-order exchange terms
suchas #*/U°, #2 /U, and t"*/U which gain prominence when the correlation
Ult decreases. In a strong-coupling scenario, the d,,, dispersion originates
from higher-order orbital superexchange terms™. Thus, these observations
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Fig. 1 | X-ray absorption spectroscopy (XAS) and resonant inelastic X-ray scat-
tering (RIXS) on SrCuO; and PrNiO, films. a Schematic illustration of the RIXS
scattering geometry — with 6 describing the incident angle and ¢ the sample rota-
tion. o and 7 indicate respectively linear horizontal and vertical incident light
polarizations. b RIXS energy map recorded on PrNiO,. The purple rectangle inset
marks the resonant magnon intensity. ¢, d Cu L-resonance of SrCuO, and Ni L-

Energy loss (eV)

resonance of PrNiO, probed with XAS (e, f) RIXS spectra recorded on SrCuO, and
PrNiO, at respectively the Cu and Ni L-edges and at in-plane momentum transfers
as indicated. Small down-pointing arrows mark the shift (marginal-shift) of d,,
excitations in SrCuO, (PrNiO,). Modeling of the crystal field excitations are indi-
cated with shaded Gaussian profiles. The insets illustrate the equivalent crystal
structure of SrCuO, and PrNiO,.
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Fig. 2 | RIXS spectroscopy of infinite layer PrNiO;. a, b Representative RIXS
spectra of PrNiO, with polarization as indicated. Vertical lines mark the phonon and
magnon modes. ¢, d RIXS spectra recorded with 7 polarization on PrNiO, at two
high-symmetry zone boundary points as depicted in the insets. The modeling fits are
described in the text. Grey component covers elastic scattering and the two blue
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components are interpreted as phonon excitations. Red shaded areas model the
magnetic excitations. Vertical dashed lines indicate the magnon damped energy w,;
(see Supplementary Information). e, f RIXS spectra of PrNiO, along three high-
symmetry directions. Red arrows in (e) indicate the dispersion of magnon damped
energy w; of the fits. Vertical line in (f) is a guide to the eye.

suggest that higher-order terms are more pronounced in SrCuQ,, leading to
the conclusion that PrNiO, is more correlated compared to SrCuQO,. The
question is by how much.

Having extracted the magnon dispersion of PrNiO, and compared it
with isostructural SrCuO,, we now turn to discuss the effective spin
exchange interactions. Magnon excitations in cuprates have previously been
analysed using a single-band Hubbard model projected into a Heisenberg
Hamiltonian®. These studies include analysis of La,CuQ,, that on the
energy scales of U and 4t, is not strictly a single-band system™’'. We are
therefore extending the analysis to PrNiO,, which, like La,CuOy, hosts both
dominant d,»_,» and other orbital (presumably interstitial s) states at the
Fermi level ”. Generally, exchange interactions are parameterized through
the Coulomb interaction U and nearest neighbor hoppings t, ¢’ and t’. To
make a comparative analysis, we here assume that SrCuO,’s and PrNiO,’s
dimensionless ratios of square lattice hopping parameters ¢’ /t and ¢ /¢’ are
comparable. An identical and significant #' /¢ ratio has been suggested for
infinite-layer nickelates and cuprates by first-principles calculations’,
although the magnitudes of hopping amplitudes (and hence the energy
scale) can differ substantially from the experimentally observed values.
Accordingly, in the following we fix the dimensionless ratios, but allow the
overall hopping scale to vary. Specifically, we use the ratios found for cup-
rates — that is, ¢/t = —0.4" and ¢/t = —0.5". The ¢/t ~ —0.4°%"*
value is generally used across layered cuprates irrespective of the apical
oxygen distance. As such, this ratio is also expected to be relevant for
infinite-layer cuprates.

Within this formalism, zone boundary dispersion — as observed in
both PrNiO, and SrCuO, — implies non-negligible higher-order
exchange interaction terms” . In a recent work on SrCuQ,, it was
shown that such high-order terms alone are insufficient in describing the
zone boundary dispersion found in SrCuO,”. To account for the
observed magnon dispersion, a self-consistent evaluation of the magnon
renormalization factor Z is required. This implies that the magnon dis-
persion is described by the product of momentum dependent energy wy
and momentum dependent renormalization factor Z. The larger zone
boundary dispersion observed for SrCuQO, implies that this compound
has a more pronounced momentum dependence of Z;. Larger zone

boundary dispersion stems from higher-order exchange interaction
terms that in turn control Z;”*. Applying this model to PrNiO, and
SrCuQ,, it is possible to derive a direct comparison between the nick-
elates and cuprates. The obtained momentum dependence of Z; is shown
in Fig. 3a-c. The results of our parametrization are given in Table 1.
Overall, we find that the Coulomb interaction U is lower (by 25-30%) in
PrNiO, compared to SrCuO,. However, the correlation parameter U/t is
about 20% stronger in PrNiO,.

Discussion

Although RIXS experiments have revealed collective spin excitations that
persist across a wide doping range of infinite-layer nickelates'**"*, their
intrinsic ground states remain elusive. Current experimental characteriza-
tions of undoped compounds suggest either a weakly insulating or super-
conducting state>”’, with some evidence for spin-glass behavior’™ "'
However, it is still unclear whether the absence of long-range magnetic order
in bulk PrNiO, arises from self-doping or is influenced by sample synthesis
conditions™**. Recent studies have further complicated the picture: a
muon spin rotation (uSR)* and an X-ray magnetic circular dichroism
(XMCD) experiment™ reported evidence for local magnetic moments from
Ni" ions in thin films, whereas inelastic neutron scattering measurements of
bulk LaNiO, single crystals failed to observe spin fluctuations®. These
conflicting experimental results further complicate the intrinsic magnetic
ground state in these systems.

In this context, an estimate of the staggered magnetization (M) from
the spin excitations would provide insights into this question. For Mott
insulating antiferromagnets, the staggered magnetization (M,) is defined by
the effective spin number but can be reduced by charge fluctuations. In
La,CuOQy, spin-wave calculations using a Hubbard model that includes first
to third nearest neighbor hopping integrals gives a (M) very close to the
value obtained from neutron diffraction measurements”. Our recent RIXS
study of SrCuO, has shown that further decreasing the correlation strength
U/t will disrupt the Néel order and induce other magnetic ground states™.
This analysis thus provides an effective experimental approach to infer the
magnetic ground state by analyzing the spin excitations. From the extracted
electronic parameters of PrNiO,, we obtain (M) 2 0.117 (see Methods),
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trajectories, as highlighted in the inset. Therefore, we use azimuthal angles ¢ to label
the momentum transferred. g, i RIXS spectra — recorded along the (h, 0) and (h, h)
directions for SrCuO, and PrNiO, — concentrating on the dd excitations. Vertical
gray lines are visual guides to the eye. h, j Same data as in (g, i) but represented in a
false color-map format. Dots are center of the Gaussian fits of the d,, excitations.
Vertical bars indicate the experimental energy resolutions.

Table 1 | Electronic parameters t and U for PrNiO, and cuprate
systems as indicated

Sample t [meV] UleVv] U/t Ref.
LCO/STO 408 3.38 8.3 35
PNO/STO 247 2.0 8.1 This work
TI2504 372 2.57 6.9 49

CCO 500 3.39 6.8 35
SCO/GSO 431.5 2.68 6.2 This work,*

These parameters are extracted from a single-band Hubbard model projected into a Heisenberg
Hamiltonian from which the observed magnon dispersion is fitted. For this fit, we assume t' /t =
—0.4 (realistic for cuprates™) and t’ /t' = —0.5%.

which is smaller than (M) >~ 0.235 of La,CuO,”, but larger than that of
SrCu0,”™.

The strength of electronic correlations significantly influences
unconventional superconductivity. Recent theoretical studies on single-
band Hubbard model using dynamical vertex approximation (DI'A) and
density functional theory (DFT) calculations demonstrated that T, exhibits
a dome-like dependence on U/#*’. Excessively strong electronic correlations
suppress superconductivity by enhancing antiferromagnetic fluctuations,
which open a pseudogap and weaken the electron propagator. Optimal T, is
achieved at intermediate coupling (U/t = 6-7). The larger U/t in PrNiO,
compared to SrCuO, places it outside this optimum, which may account for
its lower T,. This aligns with our finding that undoped PrNiO, may host a
larger staggered magnetization compared to SrCuQ,. Notably, it has been
further suggested that reducing U/t via external pressure or compressive
strain can shift nickelates toward the optimal correlation range**””. This is

consistent with the observation of T. enhancement from 17 K to over 30 K in
Pry.82510.18NiO; thin films under hydrostatic pressures®. A recent study on
cuprates also reveals the critical role of moderate correlation strength in
optimizing T,”. Regardless of the correlation and superconducting pairing
strength, both cuprates and infinite-layer nickelates exhibit strange metal
behaviour around optimal doping”***'. Overall, their normal state elec-
tronic properties share common characteristics, suggesting similar essential
physics despite the variation in correlation strength.

Note added. Upon completion of this work, we became aware of an
independent RIXS study of magnetic and orbital excitations in infinite-layer
nickelate and cuprate films™.

Methods

RIXS experiments

Thin films of the PrNiO, on SrTiO; (STO) substrates are prepared following
procedures described in Ref. 21. Ni L-edge (~ 850.6 eV) RIXS experiments
were performed at the 121 beamline of the Diamond Light Source (DLS)™.
The energy resolution, determined by the full-width-at-half-maximum of
the elastic scattering profile of a carbon tape, was set to 39 meV. The
scattering angle was fixed to 154°, and the sample temperature was set to 16
K. Cu L-edge (~ 931 eV) RIXS experiments on thin films of SrCuO, grown
on GdScO; (GSO) substrates were carried out at the ADRESS and ID32
beamlines at respectively the Swiss Light Source (SLS) and the European
Synchrotron Radiation facility (ESRF)*. Experiments at ID32 were per-
formed with an energy resolution of 39.5 meV and a scattering angle of 145",
at a sample temperature of 25 K. Momentum transfer is indexed in reci-
procal lattice units (r.lu.) of the tetragonal unit cell. Experiments at the
ADRESS beamline have previously been described in Ref. 35. All RIXS
spectra are normalized to the area of the dd excitations (700-4000 meV).
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Magnon analysis

Magnon dispersions are fitted using a single-band Hubbard model by cal-
culating self-consistently Z. and ¢y in hw = Z (U, t, ¢, t")e (U, t, ¢, t").
Here, ,(U, t,t',t") = |/ A} — B} is the bare magnon dispersion with Ay
and By determined by U, t, ¢/, and t’, and renormalization factor Z, is
calculated by considering the magnon-magnon interaction, as described in
Refs. 27, 28, 35, 49. We assume '/t = —0.4 and t"/t' = —0.5". Para-
meters U and f are obtained by a least-squares fit. The staggered magneti-
zation is calculated by (M) = (S+1 - 23" ;Tl;)(l — 8t2/U?), where Niis
the number of spin (S = 1/2) on the square lattice.

Data availability
Data reported here are available from the corresponding author upon
request.
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Supplementary Information for

Impact of Electron Correlations on Infinite-Layer Cuprates and Nickelates

X. Hong et al.

I. X-RAY ABSORPTION SPECTROSCOPY

Supplementary Fig. 1 displays the X-ray absorption spectroscopy (XAS) profiles of PrNiOy measured using total
fluorescence yield. The main peak at 850.7 eV corresponds to the Ni Ls-edge resonance, while the shoulder indicated
by the arrow is associated with self-doped hole states [1]. At a grazing incidence geometry with an incident angle of
6 = 10°, a significant linear dichroism is observed with the main peak being enhanced for ¢ incident X-rays. This is

consistent with previous reports [1, 2], and indicates a dominant contribution from the in-plane d,2_,2 orbital for the

valence electrons.
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Supplementary Fig. 1. Ni L-edge X-ray absorption spectroscopy (XAS) for PrNiOs. Measurements were performed at 16 K
with a grazing-in angle (f = 10°). Linear vertical (o) and horizontal (7) incident light are indicated by solid and dashed lines.

II. FITTING OF RIXS SPECTRA

In Supplementary Fig. 2(a) we plot the RIXS spectrum of the amorphous carbon tape. The experimental energy
resolution is determined to be 39meV (full-width-at-half-maximum, FWHM) by fitting this data using a single

Gaussian profile. In Supplementary Fig. 2(b), we overlay the same Gaussian profile on a representative RIXS spectrum



of PrNiO,. This Gaussian resolution function cannot fully capture the signal profile around 0 ~ 50meV, which
implies the necessity to include a phonon mode at approximately 35meV. Another phonon mode is identified at
around 70 meV. The two phonon modes have been previously observed in high-resolution RIXS measurements of
cuprates [3, 4] and have been attributed respectively to the bond-buckling (lower energy) and bond-stretching (higher

energy) phonons, given their significant coupling to electrons.
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Supplementary Fig. 2. (a) RIXS spectrum on carbon tape. The shaded area denotes the best-fit Gaussian profile. (b)
RIXS spectrum on PrNiOs, The shaded area denotes a Gaussian function with FWHM determined in (a). Both spectra are
normalized to the maximum intensity.

Therefore the low-energy part (—100 to 450 meV) of RIXS spectra of PrNiOy are fitted using a five-component

model:
F(x) = Gi(z) + Ga2(z) + G3(x) + D(x) + Bg(x), (1)

where G;(x) is a Gaussian profile:

Gi(z) =1, exp{—(x_xi)Q}, (2)

202

with I; and z; being free parameters, and the standard deviation ¢ = 16.6 meV fixed by instrumental resolution
(FWHM = 39meV). They are used to model the elastic signal and two phonon modes. D(x) is a damped harmonic

oscillator function modified by the Bose factor and convolved with the energy resolution:

A o 1
(‘T2 - wg)Q =+ (’YI)Q exp (1{2]3%) -1

damped harmonic oscillator

D(z) = (f * G)(x), [f(x)= +11 3)

Bose factor

where the operator * stands for convolution, G(z) is the resolution function, A, wp, and v are free parameters, and T
is the temperature. In the main text, the parameter wy = \/wZ —v?/4 is termed the damped energy. This function

D(z) models the magnon excitations. The residual background is captured by a quadratic function denoted by Bg(z).



Two exemplary RIXS spectra and the fits are shown in Supplementary Fig. 3. It is worth mentioning that the sharp
feature at @ = (0.1,0) (as shown in Supplementary Fig. 3(a)) at ~80meV can be attributed to the optical phonon
mode, labeled as phonon 2 in the figure. This can be seen by further looking at a higher @ = (0.25,0) (Supplementary
Fig. 3(b)) where the magnon signal moves to a higher energy, while the peak-like signal, though weaker, still remains

at a similar energy ~80meV.
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Supplementary Fig. 3. RIXS spectra recorded with 7w polarization on PrNiO2 at indicated @ points. The fitting components
are also plotted on top of the data points. The green arrow indicates the optical phonon’s contribution to the peak-like feature
at ~80meV.
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