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Rare-earth nickelates exhibit multi-electronic phases that can be

dynamically modulated by external stimuli, rendering them promis-

ing for neuromorphic computing and sensor applications. However,

conventional modulation techniques, such as element doping and

ionic liquid gating, typically induce only a single electronic state,

thereby weakening the metal–insulator transition and limiting

device functionality. Here, we demonstrate that (NdNiO3)n:NdO

samples can sustain multiple electronic states through the inter-

calation of oxygen ions into Ruddlesden–Popper structures via

oxygen annealing. This approach achieves a remarkable seven-

orders-of-magnitude modulation in resistivity at 250 K and induces

non-Fermi liquid behavior with a power-law exponent of 2.75,

distinct from the 0.25 exponent observed in perovskite NdNiO3.

Theoretical analysis reveals that intercalated oxygen ions mimic the

effect of metallic dopants, inducing a ground-state transition from

an antiferromagnetic insulator to a ferromagnetic metal. Near the

phase transition temperature, the formation of conductive path-

ways leads to a high-conductivity metallic state. These findings

offer crucial insights into oxygen-ion dynamics in Ruddlesden–

Popper systems, advancing the design and optimization of strongly

correlated oxides for next-generation electronic technologies.

Introduction

Strongly correlated oxides exhibit a range of resistive pheno-
mena, including metal–insulator transition (MIT),1–5 magneto-
resistance,6–8 and superconductivity,9–11 offering significant

potential for sensing applications. A central challenge in lever-
aging their full potential lies in achieving stable and reversible
multi-state electronic transitions, which are highly sensitive to
doping modes and paths.12–14 Conventional chemical doping
strategies have been extensively explored in this regard. For
instance, Wang et al.15 doped Ta5+ and Ca2+ into Co-based
perovskite PrBaCo2O5+d, reducing its polarization resistance by
18.9%, down to 0.026 O cm2. Abir Nachawaty et al.16 achieved a
reversible resistivity change of up to 106% in La0.6Sr0.4MnO3/
poly(vinylidene fluoride)/Co junctions by driving fluorine-ion
migration under applied voltages. Likewise, Zhang et al.17 modu-
lated the resistivity of SmNiO3 films by over four orders of
magnitude using salt water-mediated proton exchange. Despite
these advances, such chemical doping strategies stabilize only a
single electronic state and can even suppress the MIT. Besides, the
use of liquid electrolytes may lead to irreversible lattice degrada-
tion, ultimately constraining their practical utility.
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New concepts
Rare-earth nickelates exhibit multi-electronic phases that can be dyna-
mically modulated by external stimuli, rendering them promising for
neuromorphic computing and sensor applications. However, conven-
tional modulation techniques, such as element doping and ionic liquid
gating, typically induce only a single electronic state, thereby weakening
the metal–insulator transition and limiting device functionality. Here, we
demonstrate that layered (NdNiO3)n:NdO heterostructures can sustain
multiple electronic states through the intercalation of oxygen ions into
Ruddlesden–Popper structures via oxygen annealing. This approach
achieves a remarkable seven-orders-of-magnitude modulation in resistiv-
ity at 250 K and induces non-Fermi liquid behavior with a power-law
exponent of 2.75, distinct from the 0.25 exponent observed in perovskite
NdNiO3. Theoretical analysis reveals that intercalated oxygen ions mimic
the effect of metallic dopants, inducing a ground-state transition from an
antiferromagnetic insulator to a ferromagnetic metal. Near the phase
transition temperature, the formation of conductive pathways leads to a
high-conductivity metallic state. These findings offer crucial insights into
oxygen-ion dynamics in Ruddlesden–Popper systems, advancing the
design and optimization of strongly correlated oxides for next-
generation electronic technologies.
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Researchers18–20 have proposed a promising alternative
approach, utilizing oxygen-ion dynamics to improve the lattice
stability and enhance the conductivity. Here, the oxygen-ions
could act as a charge transfer channel at the interface due to
the low conduction activation energy in oxides. Specifically,
La4NiLiO8-based cathodes leverage stable oxygen vacancies and
preserve the recoverability of the resistance state during cyclic
discharge.21 Introducing oxygen vacancies into metallic state
LaNiO3 affects the electronic structure and causes the original
Ni3+ to change to Ni2+ valence, resulting in a metal–insulator
transition.22 Meanwhile, researchers23–26 have regulated the
metal–insulator transition properties and electronic structures
of transition metal oxides, utilizing strain engineering. Perovs-
kite NdNiO3 represents a strong metallic state under the in-
plane compressive stress caused by lattice mismatch, lowering
the metal–insulator transition temperature.27 Generally, both
LaMnO3 and LaMnO3 are antiferromagnetic insulators, while
the superlattice heterojunctions show a transition to a ferro-
magnetic metal state due to the direct static lattice regulation at
the heterogeneous interface.28 Concurrently, nanostructured
materials, such as embedded Co–CoN4@NCNs hybrids,29 Li-
defect-engineered Li2CoO3,30 and cation-tuned Ruddlesden–
Popper (R. P.) structures,31,32 demonstrate dynamic control over
electronic states via tailored ion channels. These approaches
highlight the potential of oxygen-ion engineering and strain
engineering to achieve multi-state functionality in correlated oxi-
des, circumventing the limitations of chemical doping.

Here, we report the design and synthesis of (NdNiO3)n:NdO
(n = 1, 2, 3) samples on PMN-PT substrates using pulsed laser
deposition, integrating R. P. and perovskite phases. The PMN-
PT substrates can be subjected to a larger tensile stress com-
pared to previously reported substrates, and this large stress
may induce R. P. homologous series rather than oxygen vacan-
cies in perovskite NdNiO3. Next, intercalated oxygen ions are
introduced around the R. P. structures through annealing
processes under oxygen conditions, leading to realization of the
desired multi-electronic states. Benefiting from this, we achieve a
reversible seven-orders-of-magnitude modulation in resistivity at
250 K, demonstrating unprecedented control over the nickelate
electronic states. X-ray linear dichroism and density functional
theory (DFT) calculations reveal that intercalated oxygen ions
stabilize ferromagnetic metallic states, in contrast to the antiferro-
magnetic insulating ground state of pristine NdNiO3. This transi-
tion, accompanied by non-Fermi liquid behavior with a power-law
exponent of 2.75, arises from emergent conductive pathways near
phase boundaries. These findings position oxygen-intercalated
R. P. structures as a promising platform for multistate electronic
manipulation, advancing the design of next-generation adaptive
correlated oxide devices.

Results and discussion

We synthesized the neodymium nickelate structures on a
highly tensile-strained substrate (PMN-PT, e = 5.3%) (refer to
the Methods section for details), including perovskite NdNiO3

and (NdNiO3)n:NdO (n = 1, 2, 3). Scanning transmission elec-
tron microscopy (STEM) reveals a dense formation of R. P.
phases in (NdNiO3)n:NdO films, distinguishing them from the
epitaxial perovskite NdNiO3 films on SrTiO3 substrates (Fig. 1a
and Fig. S1), while they form lattice defects at the interface to
release the larger tensile strain, showing the low HADFF
intensity region (Fig. S2). Despite the formation of R. P.
structures, these films exhibit excellent crystallinity (EDS, Fig.
S3, surface topography, Fig. S4). This structural modulation
could provide additional tunability in the electron transport
properties. For example, the sheet resistance (Rs) of the R. P.
(NdNiO3)n:NdO films displays a pronounced thermal hysteresis
and a sharp metal–insulator (M–I) transition with three orders
of magnitude (Fig. 1b), a behavior absent in perovskite
NdNiO3.33 It should be noted that the tensile strain (e o 4%)
in the growth of perovskite NdNiO3 would introduce oxygen
vacancies, leading to off-stoichiometry. Thus, it presents the
lack of M–I transition. Next, both the R. P. (NdNiO3)n:NdO and
perovskite NdNiO3 films were treated using in situ annealing
and post-annealing processes at 673 K (refer to the Methods
section for details). Different oxygen annealing methods mod-
ulate the resistance states in various ways: in situ annealing
reduces the oxygen vacancies and relieves the internal stresses
in the film growth process, whereas post-annealing enhances
the crystal orientation and perovskite phase alignment, improv-
ing carrier transport/extraction and suppressing charge recom-
bination at the interface and in the space charge region.34–36

As shown in Fig. 1c, in situ annealing induces a modest resistivity
change and an increase in TMI by 27 K. Strikingly, post-annealing
alters the temperature-dependent resistivity by seven orders of
magnitude above TMI and preserves the M–I transition and multi-
electron states. These effects are not observed in perovskite
NdNiO3 films under identical annealing conditions (Fig. S5).

The transport properties of the R. P. (NdNiO3)n:NdO films at
different post-annealing temperatures are systematically inves-
tigated. As shown in Fig. 2a and b, RS of the R. P.
(NdNiO3)n:NdO films exhibits a strong correlation with the
annealing temperature. Upon cooling, the resistance change
(DR, calculated by insulation resistance Rinsulation state minus
metallic resistance Rmetallic state) increases by four orders of
magnitude and TMI shifts from 165 K at the initial state to
185 K at a post-annealing condition of 573 K. Furthermore,
post-annealing at 673 K induces a DR increase of seven orders
of magnitude and increases TMI to 244 K, accompanied by the
presence of a metallic luster on the film surface (Fig. S6).
However, at 773 K, DR reduces to two orders of magnitude
and TMI decreases to 185 K. Beyond 873 K, the metal–insulator
transition of the R. P. (NdNiO3)n:NdO film vanishes entirely
(Fig. S7), likely due to the lattice defects and oxygen desorption
disrupting the phase transition.37–39 To elucidate the under-
lying transport mechanism, we analyze the resistivity of the
perovskite NdNiO3 and R. P. (NdNiO3)n:NdO films using power
laws,40,41 which can be respectively written as

rðTÞ ¼ rð0Þ exp A

Tm

� �
; (1)
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r(T) = r(0) + ATm, (2)

where A is a coefficient related to the strength of electron
scattering, and m is the power-law exponent. Fig. 2c shows
the extracted power-law exponent m for the perovskite NdNiO3

and (NdNiO3)n:NdO films under three different scenarios
(i.e., as-grown, after the in situ annealing process, and after
the post-annealing process). The resistivity of the perovskite
NdNiO3 films exhibits insulating behavior under the three
scenarios across the entire temperature range, with power-law
exponent m fitted using eqn (1) ranging from 1/4 to 1/2. This
behavior suggests that the charge transport in the perovskite
NdNiO3 films is primarily dominated by the range hopping
mechanism, wherein electrons or holes can jump completely
randomly between their localization sites and their nearest
neighbor localization sites.42 By contrast, in all three scenarios,
the weak interaction between electrons will significantly affect
the electrical properties, and the resistivity often shows a T2

dependent relationship. The resistivity of the R. P. (NdNiO3)n:
NdO thin films exhibits a typical metallic state above TMI, with
the n value fitted using Eqn (2). Particularly, after in situ
annealing at 673 K, the power-law exponent m of the as-
grown R. P. (NdNiO3)n:NdO film increases from 0.35 to 1.26,
signifying a non-Fermi liquid regime associated with reduced
oxygen vacancy concentrations, and the limited density of

states still exist at the Fermi level, but electrons are localized
to a single site. This further confirms that the oxygen vacancies
significantly influence the resistivity temperature scaling index,
in agreement with prior studies.40 Additionally, post-annealing
at 673 K increases the power-law exponent m of the R. P.
(NdNiO3)n:NdO films to 2.7, indicating that other holes or
acceptors enter the valence band through thermal excitation
and participate in the conduction process, and suggesting a
non-Fermi liquid characteristic. Typically, in strongly corre-
lated Fermi liquids, the resistivity is predominantly governed
by the scattering between electrons, following a quadratic
temperature (T2) dependence.43,44 However, in mixed conduc-
tors where both ionic and electronic transport coexist,45

momentum exchange between charge carriers induces an
upward deviation from the T2 behavior, favoring a higher
exponent.46 Given the observed m value of 2.7 in the post-
annealed R. P. (NdNiO3)n:NdO films, we propose that the
transport mechanism is associated with the mixed electronic
and ionic conduction, where oxygen ions near the R. P. struc-
tures likely contribute to charge transport. Post-annealing
treatment enhances the metal–insulator transition temperature
to 255 K and increases DR to 107, significantly exceeding
previously reported values.27,40,46–50

Generally, the valence state of Ni ions and the concentration
of oxygen vacancies are critical factors affecting the electronic

Fig. 1 (a) The change of nanostructure for tensile strain engineering neodymium nickelate, which represents R. P. structures in (NdNiO3)n:NdO.
(b) Resistivity versus temperature (R–T) curves for R. P. (NdNiO3)n:NdO films grown on PMN-PT (green line), and perovskite NdNiO3 films grown on
SrTiO3 (red line) substrates. Left inset shows the R–T plots of perovskite NdNiO3 films. (c) The changing trend of R–T curves of R. P. (NdNiO3)n:NdO films,
respectively, using post-annealed and in situ annealed methods.
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state of strongly correlated nickelates.51–53 To unveil these
effects, XPS was performed on as-grown, in situ annealed, and
post-annealed R. P. (NdNiO3)n:NdO films at room temperature
(Fig. 3a and b). The O 1s XPS spectrum reveals three distinct
binding energy peaks, which, from low to high, correspond
to lattice oxygen (B528.5 eV), oxygen vacancies (B530.0 eV),
and hydroxyl and oxygen ion (OH�/O2�) species (B531.7 eV),
respectively. The peak area represents the relative concen-
tration of the ligand. Following in situ annealing, the oxygen
vacancy content is significantly reduced compared to as-grown
R. P. (NdNiO3)n:NdO films, indicating effective suppression of
oxygen vacancies. In contrast, post-annealing leads to minimal
changes in oxygen vacancy concentration but induces a nearly
70% increase in the contents of hydroxyl and oxygen ions
(Table S2). This trend is also observed in perovskite NdNiO3

films, although their electronic states do not exhibit a corres-
ponding response (Fig. S11). To further quantify these observa-
tions, the integrated peak area ratio of Ni3+/Ni2+ is analyzed
using the Ni 2p3/2 binding energies (B855.3 eV for Ni3+ and
B853.5 eV for Ni2+). After in situ annealing, the ratio of
Ni3+/Ni2+ increases from 1.67 in the as-grown films to 4.4,
confirming oxygen vacancy annihilation. Post-annealing at

673 K results in a decline to 2.26, yet the ratio remains higher
than in as-grown samples. Concurrently, the binding energy of
oxygen ions decreases by 0.4 eV under both in situ annealing
and post-annealing conditions, consistent with the expectations
that oxygen ion formation can be enhanced at a temperature of
673 K. Furthermore, post-annealing increases the oxygen ion-to-
lattice oxygen ratio to 2.2 in the R. P. (NdNiO3)n:NdO films,
suggesting the emergence of (NdNiO3)n:NdO1+d structure, where
d represents the ratio of oxygen ions intercalated into the films.
Although perovskite NdNiO3 films exhibit a similar trend (Fig.
S11b and Table S4), their electronic states remain largely
unchanged. These results indicate that the electrical transport
properties of R. P. (NdNiO3)n:NdO films are strongly related to
the R. P. structures and the interstitial oxygen ions.

To further confirm such conjecture, X-ray absorption
spectroscopy is employed to analyze the structure of the R. P.
(NdNiO3)n:NdO films. As depicted in Fig. 3c, the O 1s K-edge
spectrum exhibits three distinct peaks: a sharp pre-edge peak at
528 eV, a broad peak at 535 eV, and a doublet peak at around
542 eV, corresponding to Ni 3d–O 2p, Nd 4f–O 2p and Ni 4sp–O
2p hybridization, respectively.53 Post-annealing leads to a slight
reduction in the intensity of the Ni 3d–O 2p pre-edge peak,

Fig. 2 (a) The changing trend of R–T curves of R. P. (NdNiO3)n:NdO films in the cooling process, respectively, using post-annealed methods with
different temperatures. (b) The metal–insulator transition temperature (TMI) and DR as a function of post-annealed temperature, respectively. Here, TMI is
extracted from the resistivity data during the cooling-down process, and DR is defined as the ratio of the insulator state to the metal state. (c) The power-
law exponents (n) of electronic states as a function of different annealed methods. (d) Comparison of this work with previous TMI and DR research.
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indicating a diminished formation of O 2p ligand holes and an
enhancement in ionicity. Furthermore, the binding energy of
Nd 4f–O 2p increases from 535.06 eV to 535.36 eV, accompa-
nied by a 0.3 eV increase in photon energy. These findings
confirm the accumulation of oxygen ions around [NdO]+ layers,
which impedes the bonding between lattice oxygen and Nd
ions, significantly affecting Nd 4f–O 2p hybridization.

By integrating the STEM images in Fig. 1a, we construct a
phenomenological model to illustrate the dynamic evolution of
the electronic state in post-annealed R. P. (NdNiO3)n:NdO films
(Fig. 4a). This model exhibits a staggered arrangement of
(NdNiO3)n:NdO and (NdNiO3)n:NdO1+d (n = 1, 2, 3) structures,
suggesting the presence of multi-electronic states (e.g., semi-
conductor, insulator or metal), consistent with our experi-
mental findings. To evaluate the substrate effect on the
electronic properties of the (NdNiO3)n:NdO films, which are
grown on STO and PMN-PT substrates under different strain
conditions, we first calculate the density of states for the
perovskite NdNiO3 structure under tensile strains of 2.57%
and 5.65%. As shown in Fig. 4(b), the electronic structures near
the Fermi level remain largely unchanged under these strains,
indicating that the dramatic variation in RS does not originate
from the NdNiO3 structure. We then examine the impact of
the G-type antiferromagnetic (G-AFM) (NdNiO3):NdO structure
on the electronic transport properties. As shown in Fig. 4(c),

the (NdNiO3):NdO structure exhibits a significantly larger insu-
lating bandgap (1.7 eV) compared to the NdNiO3 structure
(0.5 eV).54 Here, the FM, A-type and G-type AFM states were
considered in each structure (Fig. S15). It was found that the
G-type AFM state is at least 630 meV per unit cell more stable
than other magnetic states in all the three (NdNiO3):NdO
structures (Table S4). In contrast, the ground phases of
(NdNiO3)2: NdO and (NdNiO3)3: NdO are both metallic (see
Fig. S16).55,56 These features show that the emergence of
intrinsic R. P. structures in the form of R. P. (NdNiO3):NdO
structures would lead to a significant increase in RS, consistent
with our experimental observation (Fig. 1(c)). Finally, we inves-
tigate the electronic properties of (NdNiO3):NdO intercalated
with oxygen ions, i.e., (NdNiO3):NdO1+d. The formation energy
of (NdNiO3):NdO1+d is calculated over a range of oxygen inter-
calation concentrations (d = 0.025–0.0625), yielding results
between �5.0 eV and �5.9 eV (Table S5),57 sufficiently
large to facilitate oxygen intercalation. Our findings confirm
the experimental observation that the oxygen-intercalated
(NdNiO3):NdO structures can be easily formed through the
post-annealing process. Notably, the (NdNiO3):NdO1+d phase
exhibits a metallic character with a ferromagnetic (FM) ground
state (see Fig. 4(d)), which is calculated by the total energies in
different magnetic structures, i.e., FM, A-type and G-type AFM
states (Table S6). The oxygen intercalation process not only

Fig. 3 XPS and XAS spectra of (NdNiO3)n:NdO films under different annealed methods. (a) O 1s and Ni 2p XPS spectra. (b) Binding energy of oxygen
vacancy (VO) and the intensity ratio of Ni3+/Ni2+. (c) O K edges of XAS spectra.

Materials Horizons Communication

Pu
bl

is
he

d 
on

 1
9 

N
ov

em
be

r 
20

25
. D

ow
nl

oa
de

d 
by

 X
ia

n 
Ji

ao
to

ng
 U

ni
ve

rs
ity

 o
n 

3/
25

/2
02

6 
1:

57
:2

4 
A

M
. 

View Article Online

https://doi.org/10.1039/d5mh01394a


2484 |  Mater. Horiz., 2026, 13, 2479–2488 This journal is © The Royal Society of Chemistry 2026

induces an AFM-FM phase transition but also significantly
promotes the insulator-to-metal phase transition, resulting in
an extremely low electric resistivity (on the order of several O
cm above TMI) as observed in our experiment.

Conclusions

In this study, we successfully designed and synthesized Rud-
dlesden–Popper (NdNiO3)n:NdO samples, integrating Ruddle-
sden–Popper and perovskite phases, and achieved a reversible
seven-orders-of-magnitude resistivity modulation at the metal–
insulator transition through oxygen-ion intercalation. This
approach not only reveals non-Fermi liquid behavior driven
by mixed electronic and ionic conduction, but also stabilizes
ferromagnetic metallic states, which may represent an obvious
magnetoresistance effect compared to that of perovskite
NdNiO3. These findings highlight the potential of oxygen-inter-
calated Ruddlesden–Popper structures for multi-state electronic
manipulation, advancing the development of next-generation
adaptive correlated oxide devices.

Methods
Sample preparation and structure characterization

NdNiO3 (NNO) films were deposited on (001)-oriented SrTiO3

(STO) and (001)-oriented PMN-PT substrates by using a pulsed
laser deposition (PLD) method. The deposition temperature of
the as-grown sample here was 700 1C, and the growth oxygen

pressure was 20 Pa. After deposition, the sample was cooled to
room temperature and the oxygen pressure was maintained at
20 Pa. Here, the deposition temperature was kept at 700 1C, and
the growth oxygen pressure was kept at 20 Pa. After deposition,
the samples were in situ annealed and cooled down to room
temperature keeping the oxygen pressure at 1 � 104 Pa. In
addition, samples were post annealed under an oxygen pressure
of 104 Pa for 60 min, respectively, at 300 1C, 400 1C, 500 1C, 600 1C,
700 1C and 800 1C in the tubular annealing furnace. The crystalline
structures of perovskite and Ruddlesden–Popper (NdNiO3)n:NdO
films were investigated by using high-resolution powder X-ray
diffraction (XRD) (HRXRD, Panalytical, Almelo, Holland).
The morphology was characterized via atomic force microscopy
(Bruker, Dimension Icon). Cross-sectional samples for TEM obser-
vations were prepared using a focused ion beam technique (FIB,
Tescan LYRA 3). Moreover, the microstructure of films was imaged
using probe aberration-corrected scanning transmission electron
microscopy (Cs-STEM, Themis Z G2 300 kV, FEI). The detector type
was HAADF, the camera length was 145 mm, the collection angle
range was 39–200 mrad and the electron current was 0.092 nA.
In addition, EDS of films were presented using a dual SDD system
(dual silicon drift detector), that comprised 2 � 100 mm2 SDDs
and 1 analyzer.

Transport measurements

The in-plane electric transport properties of samples were investi-
gated using an electromagnet based micro-manipulated probe
station (Lakeshore, EMPX-HF) in the temperature range from

Fig. 4 (a) Schematic diagram of the atomic structure of R. P. (NdNiO3)n:NdO thin films. The direction of electronic transport is indicated by the black
arrow. (b) Total density of states of NdNiO3 with 2.57% and 5.65% tensile strains (P21/n structure), respectively. Inset: NdNiO3 structure diagram, where
Nd, Ni, and O atoms are depicted by the gray, light blue, and red balls, respectively. (c) Total density of states of R. P. (NdNiO3)n:NdO (n = 1). Inset:
(NdNiO3)n:NdO (n = 1) structure diagram, where the Nd, Ni, and O atoms are depicted by the gray, light blue, and red balls, respectively. (d) Total density
of states of (NdNiO3)n:NdO1+d. All lattice structures of (NdNiO3)n:NdO (n = 1) are considered. Inset: (NdNiO3)n:NdO1+d (d 4 0) structure diagram, where
Nd, Ni, lattice O, and intercalated O atoms are depicted by the gray, light blue, red, and magenta balls, respectively.
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78 K to 300 K. The sheet resistances of the samples were obtained
by using a linear four point geometry with Pt top electrodes and an
Oxford Instruments system and a Keithley 2700 multimeter.
During the variable temperature processes, temperature was first
decreased from the room temperature (300 K) to the liquid
nitrogen temperature (78 K), and then increased from 78 K
to 300 K. The test probes used are ZN50R-CVT DC/RF flexible
probes, which automatically compensate for the expansion and
movement to improve the measurement accuracy in a large
temperature range.

X-ray photoelectron spectroscopy (XPS) and absorption
spectroscopy (XAS) measurements

The X-ray photoelectron spectroscopy (XPS) measurements
were conducted on a Kratos spectrometer (AXIS Ultra DLD)
with monochromatic Al Ka radiation (hn = 1486.69 eV) and a
concentric hemispherical analyzer. The X-ray absorption spec-
tra, including X-ray absorption near-edge structure (XANES)
and EXAFS at the Ni and O edge of the samples, were conducted
at the ‘‘MCD-A’’ beamline and ‘‘XMCD-B’’ (Soochow Beamline
for Energy Materials) at the National Synchrotron Radiation
Laboratory (NSRL) in China. The intensity of X-ray absorption
spectra (XAS) was recorded in total electron yield mode. The
XAS measurements were carried out in the temperature range
of 75 K to 300 K using liquid nitrogen.

Computation methods

We implemented the Vienna ab initio simulation package for
the first-principles calculations based on the density functional
theory (DFT).58,59 The results are presented for spin arrange-
ments treated at the spin–orbit coupling. The plane-wave basis
set with a kinetic energy cutoff of 500 eV was employed. The
8 � 8 � 4 and 8 � 8 � 3 G-centered k meshes were adopted
for NdNiO3 and Nd2NiO4 for the structural optimization,
respectively. The geometry optimization was performed until
the remaining Hellmann–Feynman forces became less than
0.005 eV Å�1 to obtain the final structures. The magnetic
ground state and electronic structures were calculated using
2 � 4 � 2 and 10 � 10 � 4 G-centered k meshes for NdNiO3 and
Nd2NiO4, respectively. The exchange correlation energy was
described using generalized gradient approximation (GGA)
with the Perdew–Burke–Ernzerhof-sol (PBEsol) functional.60,61

The 4f electrons were frozen in the pseduopotentials. We did
not treat explicitly the f electrons in the very low temperature
range62 and they are included in the pseudopotential. More-
over, the GGA+U method was used to describe the strongly
correlated 3d orbitals of the Ni atoms.63 The onsite Coulomb
interaction was considered for Ni 3d orbitals by setting effective
Hubbard U to 2 eV.
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