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Probing La-based nickelates with Ni 1s core-level photoelectron spectroscopy
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‘We present a comparative Ni core level photoemission study of La;Ni, O, Nd;Ni,O7, and LaNiO; using both
the Ni2p and the Ni 1s. We address the challenges in analyzing the widely investigated Ni2p spectra arising
from the substantial overlap in energy of the Ni2p with the La 3d. We show that, on the other hand, the deep
Ni 1s core level does provide a clean view on the intrinsic electronic excitations and we highlight its potential to
resolve detailed differences in the electronic structure within the strongly correlated Ruddlesden-Popper series

La, 1Ni,O3,41.
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I. INTRODUCTION

Core-level x-ray photoelectron spectroscopy (PES) is a
powerful probe for studying correlated materials. The x-ray
excitation creates a core hole acting as a test charge to the
electronic system and promoting dynamical charge responses,
known as charge-transfer (CT) screening, from the surround-
ing environment [1-4]. This produces distinct features that
contain information on the chemical bonding and the ener-
getics of the various states involved. For 3d transition metal
oxides (TMOs), the 2p core level has traditionally been the
choice in PES [5-9], as it has the sharpest spectral features
among the core levels that can be reached with the commonly
used Al Ke source, and it is routinely applied to novel TMOs
to determine reliable parameters for modeling their electronic
structure [10-13], as well as to extract information about their
low-energy physics including magnetic properties [14-20].
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Recently, the discovery of superconductivity in the nick-
elates has generated tremendous research efforts from the
condensed matter community [21-23]. In particular, La-
based Ruddlesden-Popper nickelates La,Ni,O3,41 (n =
2, 3) [24-28] highlight questions about the interplay between
lattice and electronic structure, including the systematics of
formal Ni valence states as well as the hybridization and
charge transfer of Ni with the ligands [29-35].

The use of 2p core level PES for this important class of
La-based nickelates is so far rather limited, however, due to
energy overlap of the Ni2p and La 3d core levels [36-38].
This makes analysis of the 2p core-level spectrum difficult and
can lead to different interpretations of the electronic structure
of, for example, La3Ni,O7 [38,39].

In this work, we investigate the electronic structure of
LasNi,O7, Nd3;Ni;O7, and LaNiO; with two different spec-
troscopic methods. First, we explore to what extent the
overlapping Ni2p and La 3d spectra can be disentangled by
using other (i.e., non-3d) La core levels as reference, and
by using the La 3d from Ni-free La compounds. Second,
we employ Ni ls core level spectroscopy, which offers some
advantages. The multiplet interaction between the 1s core
hole and the 3d electrons is negligibly weak, which allows a
clearer identification of intrinsic CT excitations, as previously
demonstrated for Cr- and V-containing systems [16,17,40,41].
Furthermore, the absence of spin-orbit coupling (SOC) in the
s avoids overlap of features that occur in 2p PES when the

Published by the American Physical Society
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2p1/» and 2p3,, separation is comparable or smaller than the
CT excitations, as illustrated in several Ti and V systems
[42—44]. Still, a key question is how the core-hole lifetime
of the 1s [42,43,45-48] affects the quality of the information
in comparison to that obtained from the 2p core level PES
standard, which we consider here for the specific case of Ni.
We employ PES using hard x rays (HAXPES) in order to
reach the deep Ni 1s core level. HAXPES offers an additional
advantage of sufficient bulk sensitivity to avoid concerns of
surface-dominated signals [49,50], which is particularly im-
portant for novel materials with challenging synthesis.

II. METHODS

Nd3Ni207 (LaAlO3) and La3Ni207 (NdGaOg) thin films
were synthesized with reactive ozone-assisted molecular
beam epitaxy following a similar procedure outlined in
Refs. [51,52]; a modified shuttering sequence was used for
the La3sNi,O7 thin film, adapted from Ref. [53]. LaNiO; sin-
gle crystals were grown in a 125 bar oxygen pressure using
the floating zone technique in a high-pressure mirror furnace
(HKZ, Scidre), as described in Ref. [54]. Sizable La,CuQOy4
single crystals were grown by the standard floating-solvent
traveling-zone method. The grown crystal was annealed in one
bar of O, gas to minimize oxygen deficiencies.

HAXPES measurements were performed at the Max-
Planck-NSRRC HAXPES end station with MB Scientific A-1
HE analyzer, Taiwan undulator beamline BL12XU of SPring-
8 [55]. Photon energies of hv = 6.5 keV and 10 keV with
resolutions of around 270 meV and 320 meV, respectively,
were used. Measurements were performed at 80 K.

To interpret the experimental HAXPES data, we simu-
late the Ni core-level spectra using density functional theory
(DFT) combined with dynamical mean-field theory (DMFT).
We adopt the DFT + DMFT valence-band electronic structure
obtained for Nd3;Ni,O; in Ref. [13] and calculate the core-
level spectra using the DFT + DMFT hybridization density
V (e) with the same parameters as in the previous work. The
core-hole multiplet interaction parameters and broadening
have been adapted to the 1s edge. The V (¢) is systematically
modified to examine the influence of the hybridization on the
Ni core-level spectra, as described in Sec. III.

III. RESULTS

Figure 1(a) shows the Ni2p spectra of Nd3;Ni,O; from
Ref. [13], together with the Ni2p and La 3d spectra of
[Fig. 1(b)] LasNi,O; and [Fig. 1(c)] LaNiO;3. Consistent
with previous reports in the literature [36-38], two sets of
La 3d double-peaked core levels [56] are observed in the
La-containing nickelates, with the La 3d3,, fully overlapping
with the Ni2p3/,. Here we also observe that the La 3ds),
core level is noticeably different between materials, consistent
with previous reports on the sensitivity of the La 3d core
level to differences in crystal structure and bonding envi-
ronments [56-58]. This effectively prevents subtraction-based
approaches using La spectra from other compounds to try and
isolate the Ni peaks.

Concerning the Ni2p;,, signal, it may appear at first
glance that it is well separated from the La-derived features.
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FIG. 1. (a) Ni2p core level spectra of Nd;Ni,O7 [13]. (b), (c)
Overlapping Ni2p and La 3d core level spectra of (b) LazNi,O; and
(c) LaNiO;. (d) La 3d core level spectra of La,CuQy. (e), (f) La
3p1)2 spectra of LazNi,O5 shifted to match the center of the (e) La
3ds,, and (f) La 3d3, to illustrate the overlap of La-derived satellite
features in the Ni 2p region. The binding energies of the spectra have
been shifted by (a)—(d) 833 eV, (e) 1205 eV, and (f) 1222 eV in order
to show the comparison in relative energy.

However, the La 3d spectra of Ni-free La,CuO4 shown in
Fig. 1(d) reveals the presence of high-energy satellites due
to intrinsic and extrinsic energy loss excitations from the
La 3d in the same energy region of the Ni2p,, spectrum.
This overlap significantly complicates interpretation of the
Ni2py, structures when comparing, for example, Nd- and
La-based nickelate systems.

We can verify that such higher-energy features are also
present in the La core levels of LasNi,O;. We show in
Fig. 1(e)-1(f) the La 3p,,, spectra of La3Ni,O; shifted to
match the main peak relative energies to those of La 3ds,
and 3d3/,. The La 3p;/, main peak (A,A’) displays a double
peak similar to that in La 3d, albeit with a significantly higher
intrinsic broadening, as expected for p core level spectra com-
pared to their d counterparts. At 10-15 eV higher energies,
we observe a satellitelike feature (B,B’), followed by a very
broad feature (C,C’) extending 30-50 eV above the main
peak, which might be derived from higher-order excitations.
These La features further hinder quantitative analysis of the
Ni2p/, spectrum in La nickelates.

Because other approaches such as the use of photoioniza-
tion cross section differences [11,55,59-61] are not effective
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FIG. 2. Comparison of the Nils core level spectra with the
Ni2pj3,, and/or Ni2p,,, for Nd3Ni,O;. The binding energies of the
spectra have been shifted by 8332.78 eV (Ni 1s), 871.8 eV (Ni2p; »),
and 854.1 eV (Ni2p;)»).

due to the nearly identical asymmetry parameters and similar
photon energy dependencies of the Ni2p and La 3d shells
[62], we resort to another Ni shell that is free from energy
overlap with non-Ni core levels.

Figure 2 displays the Ni ls core-level spectrum together
with the Ni2p3,, and Ni2p;,, spectra of the La-free com-
pound Nd3Ni,O;. These spectra enable a detailed and direct
comparison of the intrinsic line shapes. All three exhibit the
same key spectral features: a main asymmetric peak arising
from nonlocal screening contributions [3,4,13] and a satellite
about 7 eV above the main peak. Their energy splittings and
intensity ratios are very similar across all core levels, indi-
cating that the same underlying physics can be derived from
each, as discussed in previous literature [44,45,48,63]. The
main distinction lies in the spectral broadening: the Ni2p3/,
spectrum 1is the sharpest, with local and nonlocal screening
components clearly resolved. The Ni 1s is somewhat broader
than the 2p3/,, but sharper than the 2p;,. These distinct
broadenings are the result of core-hole lifetimes as well as
core-valence multiplets, which affect each core-level spec-
trum differently [48,63]. These effects are examined in detail
in Appendix. Overall, we conclude that the Ni s is a suitable
alternative for the Ni 2p core level spectroscopy.

Figure 3 shows the Ni 1s spectra of Nd3Ni,O7, LazNi,O7,
and LaNiOs;. While the overall line shapes and satellite
structures are rather similar, the Nils spectra do show
material-dependent variations. First of all, we observe that
there is a clear distinction between bilayer compounds
Nd3;Ni,O7 and La3Ni,O7 as compared to perovskite LaNiOs.
LaNiO; displays a much more asymmetric main peak at a
lower energy, and a weaker, more extended satellite. While
significant differences in the electronic structure between
these two sets of compounds can be expected, it is worth

Ni 1s HAXPES

_‘aé’ Nd,Ni,O,

= La,Ni,O,

2 LaNiO,

&

2

7

C

2o

c
L L L L
8345 8340 8335 8330

Binding Energy (eV)

FIG. 3. Nils core-level spectra of Nd;Ni,O; (yellow line),
La;Ni,O; (orange line), and LaNiOj; (blue line).

noting that in the Ni2p spectra, as shown in Figs. 1 and 2,
the distinctions are far from evident. This demonstrates the
clear advantage of using the Ni Is core level.

We now focus on the comparison between La3Ni,O; and
Nd3;Ni,O;. The La compound has a slightly broader main
peak with reduced intensity, and the satellite spectral weight
is enhanced compared to its Nd counterpart. To clarify the
electronic structure changes underlying the observed spec-
tral differences, we perform Ni 1s DFT + DMFT calculations.
Because the La and Nd samples are grown on different
substrates and may also involve different levels of oxygen
deficiency, a fully quantitative description is not feasible. We
thus compare spectra computed with varying the CT energy
Ag4p in Fig. 4(a), taken from Ref. [13], with supplemental
spectra computed using hybridization densities V (¢) rescaled
from those optimized for Nd3;Ni,O7 in Fig. 4(b), to investigate
trends in the d-level energies and hybridization in these nicke-
lates. The simplified rescaling of the hybridization is intended
to capture changes in its overall strength, which in TMOs
is dominated by the hybridization with neighboring oxygen
states [48]. Such Ni-O hybridization is expected to vary with
the A-site element, strain, and oxygen deficiency.

As indicated by the arrows in Figs. 4(a) and 4(b), reducing
Agp and the hybridization leads to similar overall changes in
the spectra, namely an enhancement of the satellite spectral
weight and a suppression of the low-binding-energy side of
the main peak. A qualitative difference, however, appears in
the width of the main line: it becomes broader upon reducing
the hybridization, whereas it becomes narrower upon reducing
Agp. In Fig. 3, LasNirO; indeed exhibits a broader main
line compared to Nd;Ni,O7, indicating that changes in hy-
bridization provide the dominant contribution to the observed
spectral differences between the two samples. Here we note
that the Nd3;Ni,O7 and La3;NiyO; thin films are grown on
LaAlO; and NdGaO; substrates, imposing compressive and
tensile strain [52,64], respectively, and thus weaker hybridiza-
tion is expected in La3NiyO;.

We remark that the core-level spectrum is also expected to
be sensitive to subtle changes in the metallic states around
the Fermi energy Ep through screening effects in the PES
final states. To examine its impact, Fig. 4(c) shows a spec-
trum calculated using an artificial hybridization density in
which the hybridization amplitude near Ep is eliminated
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FIG. 4. (a) DFT 4+ DMFT calculations of the Ni ls core-level
spectra of Nd3;Ni,O; for different CT energies Ayp. (b) Spectra
calculated for A;, = 3.5eV with hybridization densities uniformly
scaled over the entire energy range to 95% (orange) and 90% (red) of
the original value (yellow). The original hybridization density V (¢)
for Ay, =3.5eV is shown in the inset of (c). The hybridization
densities V (¢) for different Ay, are provided in Ref. [13]. (c) Spectra
calculated using a modified hybridization density V(¢) in which
the hybridization amplitude within the energy window Er £0.5eV
(shaded area in the inset) is artificially set to zero. The original
spectrum (yellow) with the full hybridization density V (¢) is also
shown for comparison.

numerically. The corresponding hybridization densities V (¢)
are shown in the inset of Fig. 4(c). This substantially affects
the intensity on the low-binding-energy side of the main line,
which corresponds to final states associated with nonlocal
screening [3,4,13]. Although this represents an extreme case,
a similar trend to Fig. 4(b) suggests a possible contribution
from changes in the low-energy electronic structure.

These results demonstrate the sensitivity of the core-level
spectrum to various aspects of the electronic structure. On
the one hand, this highlights the complexity of the spectrum
and the challenges in obtaining a quantitative comparison

between two compounds where several of these aspects might
be changing at the same time. On the other hand, by perform-
ing a systematic study using samples grown under different
conditions or on different substrates, as well as with varying
numbers of layers (n) in the Ruddlesden-Popper nickelates
R, +1Ni,,03,41, this sensitivity of the core level spectrum
should allow for isolated determination of the specific effects
these individual parameters have on nickelate electronic struc-
ture, laying a roadmap for detailed characterization.

IV. CONCLUSIONS

We compared Ni 1s and 2p core-level hard x-ray photo-
electron spectroscopy of the isostructural bilayer Ruddlesden-
Popper nickelates La3Ni,O; and Nd3;NiyO7, together with
the reference compound LaNiO3;. We showed that a reliable
extraction of the intrinsic Ni 2p line shape, including its 2p; >
spin-orbit component, is not feasible for the La-based nicke-
lates because of the overlap with the La 3d core level and the
presence of additional La-derived satellites. In contrast, we
demonstrated that Ni 1s core-level photoelectron spectroscopy
is a suitable alternative and can resolve subtle differences
in the Ni valence electronic structure among the nickelates.
The spectral redistribution between the main line and the
charge-transfer satellite observed for La;Ni,O7 in comparison
to Nd3Ni,O5 can be interpreted using DFT + DMFT in terms
of changes in the charge transfer energy and hybridization
strength of Ni with surrounding ligands, which in turn can be
associated with the effect of different tensile strain or chemical
doping.
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APPENDIX: EDGE-SPECIFIC DMFT CALCULATIONS

We simulate the edge-specific effects in the Ni ls and 2p
spectra within the DFT + DMFT method. Within the adopted
Hamiltonian and spectral simulations, the differences between
the two edges can arise from the core-level SOC, which is
absent for the 1s core level, the core-valence multiplet interac-
tion, and the spectral broadening associated with the different
core-hole lifetimes. The broadening parameters are adjusted
to reproduce the experimental spectra. The simulated spectra
for selected parameters are shown in Fig. 5.

The core-level SOC is not essential for the comparison
between the Ni2ps,, and ls spectra, as the large SOC for
the Ni2p core shell well separates the 2ps3;, and 2pj,
components. Furthermore, the 1s—3d multiplet interaction is
extremely weak and therefore has a negligible effect on the
spectral line shape considered here. To assess the effect of
the core-valence multiplet interaction on the 2p3,, spectrum,
we performed an additional calculation in which the 2p-3d
multiplet interaction (CV) was switched off in the final-state
Hamiltonian [Fig. 5 (middle)]. The overall spectral shape
in terms of main line versus satellite intensities remains es-
sentially unchanged. However, the main line does become
narrower and, as expected, closer to that of the ls spectrum

DFT+DMFT

hyb.

Agp=3.58V 1.00
:‘E 0.95
=
]
g
T
> .
= | Ni2py)
& | (No2p-3d CV)
k=

Ni 2pg,

(full CV)

15 10 5 0 -5

Relative energy (eV)

FIG. 5. DFT + DMFT calculations with hybridization densities
uniformly scaled over the entire energy range using the multiplet
interactions and broadening parameters corresponding to (top) the
Nils, and (bottom) Ni2p core level, and (middle) to the Ni2p
core level with the 2p-3d core-valence (CV) multiplet interaction
switched off in the final-state Hamiltonian. The spectral intensities
are convoluted with a common Gaussian broadening of 0.5 eV and
Lorentzian broadenings of 0.2 eV and 0.4 eV for the Ni2p and Ni 1s
core levels, respectively (HWHM).

where the separation between the main line features and the
satellite is more clear. The remaining difference between the
Ls and 2p3,, spectra originates mainly from the different life-
time broadenings. The same trend in the spectral evolution
upon reducing the hybridization is found at both edges.

[1] S. Hiifner, Photoelectron Spectroscopy (Springer, Berlin, 2003).

[2] F. de Groot and A. Kotani, Core Level Spectroscopy of Solids
(CRC Press, Boca Raton, 2014).

[3] M. A. van Veenendaal and G. A. Sawatzky, Nonlocal screening
effects in 2p x-ray photoemission spectroscopy core-level line
shapes of transition metal compounds, Phys. Rev. Lett. 70, 2459
(1993).

[4] A. Hariki, T. Uozumi, and J. Kune§, LDA+DMFT approach
to core-level spectroscopy: Application to 3d transition metal
compounds, Phys. Rev. B 96, 045111 (2017).

[5] J. Ghijsen, L. H. Tjeng, J. van Elp, H. Eskes, J. Westerink, G. A.
Sawatzky, and M. T. Czyzyk, Electronic structure of Cu,O and
CuO, Phys. Rev. B 38, 11322 (1988).

[6] K. Okada and A. Kotani, Multiplet structures of Cu 2p-XPS
in La;CuQy, CuO and Cu halides, J. Phys. Soc. Jpn. 58, 2578
(1989).

[71 A. E. Bocquet, T. Mizokawa, T. Saitoh, H. Namatame, and
A. Fujimori, Electronic structure of 3d-transition-metal com-
pounds by analysis of the 2p core-level photoemission spectra,
Phys. Rev. B 46, 3771 (1992).

[8] A. E. Bocquet, A. Fujimori, T. Mizokawa, T. Saitoh, H.
Namatame, S. Suga, N. Kimizuka, Y. Takeda, and M. Takano,
Electronic structure of SrFe** O3 and related Fe perovskite ox-
ides, Phys. Rev. B 45, 1561 (1992).

[9] T. Saitoh, A. E. Bocquet, T. Mizokawa, H. Namatame, A.
Fujimori, M. Abbate, Y. Takeda, and M. Takano, Electronic
structure of La;_,Sr,MnO; studied by photoemission and x-
ray-absorption spectroscopy, Phys. Rev. B 51, 13942 (1995).

[10] K. Higashi, M. Winder, J. Kunes$, and A. Hariki, Core-level
x-ray spectroscopy of infinite-layer nickelate: LDA + DMFT
study, Phys. Rev. X 11, 041009 (2021).

[11] D. Takegami, C.-Y. Kuo, K. Kasebayashi, J.-G. Kim, C. F.
Chang, C. E. Liu, C. N. Wu, D. Kasinathan, S. G. Altendorf,
K. Hoefer, F. Meneghin, A. Marino, Y. F. Liao, K. D. Tsuei,
C. T. Chen, K.-T. Ko, A. Giinther, S. G. Ebbinghaus, J. W. Seo,
D. H. Lee, et al., CaCu3;Rus04,: A high-kondo-temperature
transition-metal oxide, Phys. Rev. X 12, 011017 (2022).

[12] D. Takegami, M. Nakamura, A. Melendez-Sans, K. Fujinuma,
R. Nakamura, M. Yoshimura, K.-D. Tsuei, A. Tanaka, M.
Gen, Y. Tokunaga, S. Ishiwata, and T. Mizokawa, Negative
charge-transfer energy in SrFeO; revisited with hard x-ray pho-
toemission spectroscopy, Phys. Rev. B 109, 235138 (2024).

[13] D. Takegami, T. Okauchi, E. A. Morales, K. Fujinuma, M. Furo,
M. Yoshimura, K.-D. Tsuei, G. A. Pan, D. F. Segedin, Q. Song,
H. Paik, C. M. Brooks, J. A. Mundy, T. Mizokawa, L. H. Tjeng,
B. H. Goodge, and A. Hariki, Valence, charge transfer, and
orbital-dependent correlation in bilayer nickelates Nd;Ni,O7,
Phys. Rev. B 111, 165101 (2025).

185129-5


https://doi.org/10.1103/PhysRevLett.70.2459
https://doi.org/10.1103/PhysRevB.96.045111
https://doi.org/10.1103/PhysRevB.38.11322
https://doi.org/10.1143/JPSJ.58.2578
https://doi.org/10.1103/PhysRevB.46.3771
https://doi.org/10.1103/PhysRevB.45.1561
https://doi.org/10.1103/PhysRevB.51.13942
https://doi.org/10.1103/PhysRevX.11.041009
https://doi.org/10.1103/PhysRevX.12.011017
https://doi.org/10.1103/PhysRevB.109.235138
https://doi.org/10.1103/PhysRevB.111.165101

DAISUKE TAKEGAMI et al.

PHYSICAL REVIEW B 114, 185129 (2026)

[14] D. Takegami, A. Tanaka, S. Agrestini, Z. Hu, J. Weinen, M.
Rotter, C. SchiiBller-Langeheine, T. Willers, T. C. Koethe, T.
Lorenz, Y. F. Liao, K. D. Tsuei, H.-J. Lin, C. T. Chen, and L. H.
Tjeng, Paramagnetic LaCoO;: A highly inhomogeneous mixed
spin-state system, Phys. Rev. X 13, 011037 (2023).

[15] D. Mondal, S. R. Mahapatra, A. M. Derrico, R. K. Rai, J. R.
Paudel, C. Schlueter, A. Gloskovskii, R. Banerjee, A. Hariki,
F. M. F. DeGroot, D. D. Sarma, A. Narayan, P. Nukala, A. X.
Gray, and N. P. B. Aetukuri, Modulation-doping a correlated
electron insulator, Nature Commun. 14, 6210 (2023).

[16] S. Suga, A. Sekiyama, S. Imada, T. Miyamachi, H. Fujiwara, A.
Yamasaki, K. Yoshimura, K. Okada, M. Yabashi, K. Tamasaku,
A. Higashiya, and T. Ishikawa, ~8 keV photoemission of
the metal—insulator transition system VO,, New J. Phys. 11,
103015 (2009).

[17] R. Eguchi, M. Taguchi, M. Matsunami, K. Horiba, K.
Yamamoto, Y. Ishida, A. Chainani, Y. Takata, M. Yabashi, D.
Miwa, Y. Nishino, K. Tamasaku, T. Ishikawa, Y. Senba, H.
Ohashi, Y. Muraoka, Z. Hiroi, and S. Shin, Photoemission ev-
idence for a Mott-Hubbard metal-insulator transition in VO,,
Phys. Rev. B 78, 075115 (2008).

[18] K. Horiba, M. Taguchi, A. Chainani, Y. Takata, E. Ikenaga,
D. Miwa, Y. Nishino, K. Tamasaku, M. Awaji, A. Takeuchi,
M. Yabashi, H. Namatame, M. Taniguchi, H. Kumigashira,
M. Oshima, M. Lippmaa, M. Kawasaki, H. Koinuma, K.
Kobayashi, T. Ishikawa, er al., Nature of the Well Screened
State in Hard X-Ray Mn 2p Core-Level Photoemission Mea-
surements of La;_,Sr,MnQO; films, Phys. Rev. Lett. 93, 236401
(2004).

[19] M. Taguchi, A. Chainani, N. Kamakura, K. Horiba, Y. Takata,
M. Yabashi, K. Tamasaku, Y. Nishino, D. Miwa, T. Ishikawa,
S. Shin, E. Ikenaga, T. Yokoya, K. Kobayashi, T. Mochiku, K.
Hirata, and K. Motoya, Bulk screening in core-level photoe-
mission from Mott-Hubbard and charge-transfer systems, Phys.
Rev. B 71, 155102 (2005).

[20] A. Hariki, Y. Ichinozuka, and T. Uozumi, Dynamical mean-field
approach to Ni 2p x-ray photoemission spectra of NiO: A role
of antiferromagnetic ordering, J. Phys. Soc. Jpn. 82, 043710
(2013).

[21] B. Y. Wang, K. Lee, and B. H. Goodge, Experimental progress
in superconducting nickelates, Annu. Rev. Condens. Matter
Phys. 15, 305 (2024).

[22] P. Puphal, T. Schifer, B. Keimer, and M. Hepting, Supercon-
ductivity in infinite-layer and Ruddlesden—Popper nickelates,
Nature Rev. Phys. 8, 70 (2026).

[23] B. H. Goodge and M. R. Norman, Nickelates provide an-
swers about high-temperature superconductivity—and raise
new questions, Phys. Today 78, 28 (2025).

[24] H. Sun, M. Huo, X. Hu, J. Li, Z. Liu, Y. Han, L. Tang, Z.
Mao, P. Yang, B. Wang, J. Cheng, D.-X. Yao, G.-M. Zhang,
and M. Wang, Signatures of superconductivity near 80 K in
a nickelate under high pressure, Nature (London) 621, 493
(2023).

[25] Y. Zhu, D. Peng, E. Zhang, B. Pan, X. Chen, L. Chen, H. Ren,
F. Liu, Y. Hao, N. Li, et al., Superconductivity in pressurized
trilayer LasNizOq9_s single crystals, Nature (London) 631, 531
(2024).

[26] E. K. Ko, Y. Yu, Y. Liu, L. Bhatt, J. Li, V. Thampy, C.-T.
Kuo, B. Y. Wang, Y. Lee, K. Lee, J.-S. Lee, B. H. Goodge,
D. A. Muller, and H. Y. Hwang, Signatures of ambient pressure

superconductivity in thin film La;Ni,O7, Nature (London) 638,
935 (2025).

[27] G.Zhou, W. Lv, H. Wang, Z. Nie, Y. Chen, Y. Li, H. Huang, W.-
Q. Chen, Y.-J. Sun, Q.-K. Xue, and Z. Chen, Ambient-pressure
superconductivity onset above 40 K in (La, Pr);Ni,O; films,
Nature (London) 640, 641 (2025).

[28] F. Li, Z. Xing, D. Peng, J. Dou, N. Guo, L. Ma, Y. Zhang, L.
Wang, J. Luo, J. Yang, et al., Bulk superconductivity up to 96 K
in pressurized nickelate single crystals, Nature (London) 649,
871 (2026).

[29] Z. Luo, X. Hu, M. Wang, W. W4, and D.-X. Yao, Bilayer two-
orbital model of La;Ni,O; under pressure, Phys. Rev. Lett. 131,
126001 (2023).

[30] Y.Zhang, L.-F. Lin, A. Moreo, and E. Dagotto, Electronic struc-
ture, dimer physics, orbital-selective behavior, and magnetic
tendencies in the bilayer nickelate superconductor La;Ni,O;
under pressure, Phys. Rev. B 108, L180510 (2023).

[31] H. Sakakibara, N. Kitamine, M. Ochi, and K. Kuroki, Possible
high 7, superconductivity in La3zNi,O; under high pressure
through manifestation of a nearly half-filled bilayer Hubbard
model, Phys. Rev. Lett. 132, 106002 (2024).

[32] C. Lu, Z. Pan, F. Yang, and C. Wu, Interlayer-coupling-driven
high-temperature superconductivity in Las;Ni,O; under pres-
sure, Phys. Rev. Lett. 132, 146002 (2024).

[33] C. Xia, H. Liu, S. Zhou, and H. Chen, Sensitive dependence of
pairing symmetry on Ni-e, crystal field splitting in the nickelate
superconductor La;Ni, O;, Nature Commun. 16, 1054 (2025).

[34] L. C. Rhodes and P. Wahl, Structural routes to stabilize super-
conducting La;Ni,O; at ambient pressure, Phys. Rev. Mater. 8,
044801 (2024).

[35] Y.-F. Zhao and A. S. Botana, Electronic structure of ruddlesden-
popper nickelates: Strain to mimic the effects of pressure, Phys.
Rev. B 111, 115154 (2025).

[36] S. Mickevicius, S. Grebinskij, V. Bondarenka, B. Vengalis, K.
§liuiiené, B. A. Orlowski, V. Osinniy, and W. Drube, Investi-
gation of epitaxial LaNiO;_, thin films by high-energy XPS, J.
Alloys Compd. 423, 107 (2006).

[37] K. Yamagami, K. Ikeda, A. Hariki, Y. Zhang, A. Yasui, Y.
Takagi, Y. Hotta, T. Katase, T. Kamiya, and H. Wadati, Hard
x-ray photoemission study on strain effect in LaNiO; thin films,
Appl. Phys. Lett. 118, 161601 (2021).

[38] D. Takegami, K. Fujinuma, R. Nakamura, M. Yoshimura, K.-D.
Tsuei, G. Wang, N. N. Wang, J.-G. Cheng, Y. Uwatoko, and
T. Mizokawa, Absence of Ni** /Ni** charge disproportionation
and possible roles of O 2p holes in La;Ni, O;_; revealed by hard
x-ray photoemission spectroscopy, Phys. Rev. B 109, 125119
(2024).

[39] Z. Liu, H. Sun, M. Huo, X. Ma, Y. Ji, E. Yi, L. Li, H. Liu, J. Yu,
Z. Zhang, Z. Chen, F. Liang, H. Dong, H. Guo, D. Zhong, B.
Shen, S. Li, and M. Wang, Evidence for charge and spin density
waves in single crystals of La;Ni,O; and La3Ni;Og, Sci. China
Phys. Mech. Astron. 66, 217411 (2023).

[40] T. Yamaguchi, K. Higashi, A. Regoutz, Y. Takahashi, M.
Lazemi, Q. Che, F. M. F. de Groot, and A. Hariki, Atomic multi-
plet and charge transfer screening effects in 1s and 2p core-level
x-ray photoelectron spectra of early 3d transition-metal oxides,
Phys. Rev. B 109, 205143 (2024).

[41] J. C. Woicik, C. Weiland, C. Jaye, E. L. Shirley, I. Jarrige, J.
Pelliciari, V. Bisogni, A. K. Rumaiz, J. M. Ablett, L. Qian, G.
Xiao, G. Ohad, A. V. Cohen, and L. Kronik, Satellites, core

185129-6


https://doi.org/10.1103/PhysRevX.13.011037
https://doi.org/10.1038/s41467-023-41816-3
https://doi.org/10.1088/1367-2630/11/10/103015
https://doi.org/10.1103/PhysRevB.78.075115
https://doi.org/10.1103/PhysRevLett.93.236401
https://doi.org/10.1103/PhysRevB.71.155102
https://doi.org/10.7566/JPSJ.82.043710
https://doi.org/10.1146/annurev-conmatphys-032922-093307
https://doi.org/10.1038/s42254-025-00898-2
https://doi.org/10.1063/pt.sfmg.bbvg
https://doi.org/10.1038/s41586-023-06408-7
https://doi.org/10.1038/s41586-024-07553-3
https://doi.org/10.1038/s41586-024-08525-3
https://doi.org/10.1038/s41586-025-08755-z
https://doi.org/10.1038/s41586-025-09954-4
https://doi.org/10.1103/PhysRevLett.131.126001
https://doi.org/10.1103/PhysRevB.108.L180510
https://doi.org/10.1103/PhysRevLett.132.106002
https://doi.org/10.1103/PhysRevLett.132.146002
https://doi.org/10.1038/s41467-025-56206-0
https://doi.org/10.1103/PhysRevMaterials.8.044801
https://doi.org/10.1103/PhysRevB.111.115154
https://doi.org/10.1016/j.jallcom.2005.12.038
https://doi.org/10.1063/5.0044047
https://doi.org/10.1103/PhysRevB.109.125119
https://doi.org/10.1007/s11433-022-1962-4
https://doi.org/10.1103/PhysRevB.109.205143

PROBING LA-BASED NICKELATES WITH NI 1s....

PHYSICAL REVIEW B 114, 185129 (2026)

hole excitations, and spin-resolved electronic structure in the
spectroscopy of half-metallic CrO,, Phys. Rev. B 112, 035156
(2025).

[42] J. C. Woicik, C. Weiland, and A. K. Rumaiz, Loss for photoe-
mission versus gain for auger: Direct experimental evidence
of crystal-field splitting and charge transfer in photoelectron
spectroscopy, Phys. Rev. B 91, 201412(R) (2015).

[43] J. C. Woicik, C. Weiland, C. Jaye, D. A. Fischer, A. K. Rumaiz,
E. L. Shirley, J. J. Kas, and J. J. Rehr, Charge-transfer satellites
and chemical bonding in photoemission and x-ray absorption of
StTiO; and rutile TiO,: Experiment and first-principles theory
with general application to spectroscopic analysis, Phys. Rev. B
101, 245119 (2020).

[44] A. Hariki, K. Higashi, T. Yamaguchi, J. Li, C. Kalha, M.
Mascheck, S. K. Eriksson, T. Wiell, E. M. F. de Groot, and A.
Regoutz, Satellites in the Ti 1s core level spectra of SrTiO; and
TiO,, Phys. Rev. B 106, 205138 (2022).

[45] P. S. Miedema, F. Borgatti, F. Offi, G. Panaccione, and F. M. F.
de Groot, Iron 1s x-ray photoemission of Fe,0s, J. Electron
Spectrosc. Relat. Phenom. 203, 8 (2015).

[46] A. Regoutz, M. Mascheck, T. Wiell, S. K. Eriksson, C.
Liljenberg, K. Tetzner, B. A. D. Williamson, D. O. Scanlon,
and P. Palmgren, A novel laboratory-based hard x-ray photo-
electron spectroscopy system, Rev. Sci. Instrum. 89, 073105
(2018).

[47] J. C. Woicik, J. M. Ablett, N. F. Quackenbush, A. K. Rumaiz,
C. Weiland, T. C. Droubay, and S. A. Chambers, Experimental
assignment of many-electron excitations in the photoionization
of NiO, Phys. Rev. B 97, 245142 (2018).

[48] M. Ghiasi, A. Hariki, M. Winder, J. Kunes§, A. Regoutz, T.-L.
Lee, Y. Hu, J.-P. Rueff, and F. M. F. de Groot, Charge-transfer
effect in hard x-ray ls and 2p photoemission spectra: LDA +
DMFT and cluster-model analysis, Phys. Rev. B 100, 075146
(2019).

[49] J. C. Woicik, ed., Hard x-Ray Photoelectron Spectroscopy
(HAXPES) (Springer, Berlin, 2016).

[50] C. Kalha, N. K. Fernando, P. Bhatt, F. O. L. Johansson, A.
Lindblad, H. Rensmo, L. Z. Medina, R. Lindblad, S. Siol,
L. P. H. Jeurgens, C. Cancellieri, K. Rossnagel, K. Medjanik,
G. Schonhense, M. Simon, A. X. Gray, S. Nemsak, P. Lomker,
C. Schlueter, and A. Regoutz, Hard x-ray photoelectron spec-
troscopy: A snapshot of the state-of-the-art in 2020, J. Phys.:
Condens. Matter 33, 233001 (2021).

[51] G. A. Pan, Q. Song, D. Ferenc Segedin, M.-C. Jung, H. El-
Sherif, E. E. Fleck, B. H. Goodge, S. Doyle, D. Cérdova
Carrizales, A. T. N’Diaye, et al., Synthesis and electronic
properties of Nd, 1 Ni, O3,,; Ruddlesden-Popper nickelate thin
films, Phys. Rev. Mater. 6, 055003 (2022).

[52] D. Ferenc Segedin, B. H. Goodge, G. A. Pan, Q. Song, H.
LaBollita, M.-C. Jung, H. El-Sherif, S. Doyle, A. Turkiewicz,
N. K. Taylor, J. A. Mason, A. T. N’Diaye, H. Paik, 1. El
Baggari, A. S. Botana, L. F. Kourkoutis, C. M. Brooks, and
J. A. Mundy, Limits to the strain engineering of layered
square-planar nickelate thin films, Nature Commun. 14, 1468
(2023).

[53] J. H. Lee, G. Luo, I. C. Tung, S. H. Chang, Z. Luo, M. Malshe,
M. Gadre, A. Bhattacharya, S. M. Nakhmanson, J. A. Eastman,
H. Hong, J. Jellinek, D. Morgan, D. D. Fong, and J. W. Freeland,
Dynamic layer rearrangement during growth of layered oxide
films by molecular beam epitaxy, Nature Mater. 13, 879 (2014).

[54] H. Guo, Z. W. Li, L. Zhao, Z. Hu, C. F. Chang, C.-Y. Kuo,
W. Schmidt, A. Piovano, T. W. Pi, O. Sobolev, D. I. Khomskii,
L. H. Tjeng, and A. C. Komarek, Antiferromagnetic correla-
tions in the metallic strongly correlated transition metal oxide
LaNiOs, Nature Commun. 9, 43 (2018).

[55] D. Takegami, L. Nicolai, T. C. Koethe, D. Kasinathan, C. Y.
Kuo, Y. F. Liao, K. D. Tsuei, G. Panaccione, F. Offi, G. Monaco,
N. B. Brookes, J. Minar, and L. H. Tjeng, Valence band hard
x-ray photoelectron spectroscopy on 3d transition-metal oxides
containing rare-earth elements, Phys. Rev. B 99, 165101 (2019).

[56] D.J. Lam, B. W. Veal, and D. E. Ellis, Electronic structure of
lanthanum perovskites with 3d transition elements, Phys. Rev.
B 22, 5730 (1980).

[57] A. Kotani and H. Ogasawara, Theory of core-level spectroscopy
of rare-earth oxides, J. Electron Spectrosc. Relat. Phenom. 60,
257 (1992).

[58] K.-H. Park and S.-J. Oh, Electron-spectroscopy study of rare-
earth trihalides, Phys. Rev. B 48, 14833 (1993).

[59] J. Weinen, T. C. Koethe, C. F. Chang, S. Agrestini, D.
Kasinathan, Y. F. Liao, H. Fujiwara, C. Schiiller-Langeheine,
F. Strigari, T. Haupricht, G. Panaccione, F. Offi, G. Monaco, S.
Huotari, K.-D. Tsuei, and L. H. Tjeng, Polarization dependent
hard x-ray photoemission experiments for solids: Efficiency and
limits for unraveling the orbital character of the valence band,
J. Electron Spectrosc. Relat. Phenom. 198, 6 (2015).

[60] S. G. Altendorf, D. Takegami, A. Meléndez-Sans, C. F. Chang,
M. Yoshimura, K. D. Tsuei, A. Tanaka, M. Schmidt, and L. H.
Tjeng, Electronic structure of the Fe’* compound FeWO,:
A combined experimental and theoretical x-ray photoelectron
spectroscopy study, Phys. Rev. B 108, 085119 (2023).

[61] D. S. Christovam, M. Sundermann, A. Marino, D. Takegami,
J. Falke, P. Dolmantas, M. Harder, H. Gretarsson, B. Keimer,
A. Gloskovskii, M. W. Haverkort, I. Elfimov, G. Zwicknagl,
A. V. Andreev, L. Havela, M. M. Bordelon, E. D. Bauer, P. F. S.
Rosa, A. Severing, and L. H. Tjeng, Stabilization of U 52
configuration in UTe, through u 6d dimers in the presence of
Te, chains, Phys. Rev. Res. 6, 033299 (2024).

[62] M. B. Trzhaskovskaya and V. G. Yarzhemsky, Dirac—Fock pho-
toionization parameters for HAXPES applications, At. Data
Nucl. Data Tables 119, 99 (2018).

[63] T. Yamaguchi, M. Furo, Y. Sakai, T. Nishikubo, H. Hojo,
M. Azuma, K. Oka, D. Mori, Y. Inaguma, M. Mizumaki, K.
Yamamoto, J. Kunes, T. Mizokawa, and A. Hariki, Mechanism
of intermetallic charge transfer and bond disproportionation
in BiNiO; and PbNiO; revealed by hard x-ray photoemission
spectroscopy, Phys. Rev. B 109, 205131 (2024).

[64] L. Bhatt, E. Abarca Morales, A. Y. Jiang, E. K. Ko, Y.-F. Zhao,
N. Schnitzer, G. A. Pan, D. Ferenc Segedin, Y. Liu, Y. Yu, et al.,
Structural modifications in strain-engineered bilayer nickelate
thin films, Nature (London) 653, 76 (2026).

185129-7


https://doi.org/10.1103/2zgt-sj9f
https://doi.org/10.1103/PhysRevB.91.201412
https://doi.org/10.1103/PhysRevB.101.245119
https://doi.org/10.1103/PhysRevB.106.205138
https://doi.org/10.1016/j.elspec.2015.05.003
https://doi.org/10.1063/1.5039829
https://doi.org/10.1103/PhysRevB.97.245142
https://doi.org/10.1103/PhysRevB.100.075146
https://doi.org/10.1088/1361-648X/abeacd
https://doi.org/10.1103/PhysRevMaterials.6.055003
https://doi.org/10.1038/s41467-023-37117-4
https://doi.org/10.1038/nmat4039
https://doi.org/10.1038/s41467-017-02524-x
https://doi.org/10.1103/PhysRevB.99.165101
https://doi.org/10.1103/PhysRevB.22.5730
https://doi.org/10.1016/0368-2048(92)80024-3
https://doi.org/10.1103/PhysRevB.48.14833
https://doi.org/10.1016/j.elspec.2014.11.003
https://doi.org/10.1103/PhysRevB.108.085119
https://doi.org/10.1103/PhysRevResearch.6.033299
https://doi.org/10.1016/j.adt.2017.04.003
https://doi.org/10.1103/PhysRevB.109.205131
https://doi.org/10.1038/s41586-026-10446-2

