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Antiferromagnetic order is a common and robust ground state in the parent (undoped) phase
of several strongly correlated electron systems. The progressive weakening of antiferromagnetic
correlations upon doping paves the way for a variety of emergent many-electron phenomena includ-
ing unconventional superconductivity, colossal magnetoresistance, and collective charge/spin/orbital
ordering. In this study, we explored the use of oxygen stoichiometry as an alternative pathway to
modify the coupled magnetic and electronic ground state in the family of rare earth nickelates
(RENiO3−x). Using a combination of X-ray spectroscopy and resonant soft X-ray magnetic scat-
tering, we find that, while oxygen vacancies rapidly alter the electronic configuration within the
Ni-O orbital manifolds, antiferromagnetic order is remarkably robust to substantial levels of carrier
doping, only to suddenly collapse beyond 0.21 e−/Ni without an accompanying structural transi-
tion. Our work demonstrates that ordered magnetism in RENiO3−x is mostly insensitive to carrier
doping up to significant levels unseen in other transition metal oxides. The sudden collapse of or-
dered magnetism upon oxygen removal may provide a new mechanism for solid-state magneto-ionic
switching and new applications in antiferromagnetic spintronics.

Perovskite-type 3d transition-metal oxides (TMOs) re-
alize many interesting electronic phenomena due to their
flexibility in accommodating ionic species of varying size
and their tolerance to off-stoichiometric chemical com-
positions. The phase diagrams of these systems host a
multitude of broken-symmetry electronic phases, which
are often coexisting and intertwined, with long-range an-
tiferromagnetic (AFM) order being a common and stable
form of magnetic ground state [1–4]. In TMOs, oxygen
vacancies, whether naturally formed or artificially intro-
duced, provide a very effective avenue to alter the elec-
tronic properties of TMOs and in turn suppress, enhance,
or engender new emergent phases of matter [3, 5–9]. Ma-
terials tuning strategies to alter or destabilize an AFM
ground state generally proceed via charge compensation
doping. The doped carriers can modify the spin state and
exchange interaction pathways of transition-metal atoms
and thus destroy long-range order in systems with strong
correlations. Typically, the AFM ordering strength and
transition temperatures are rapidly suppressed upon car-
rier doping the parent compounds [2–4], setting the stage
for new emergent phases to arise.

Rare earth nickelates (RENiO3, RE = Nd, Sm in this
study) are a family of TMOs exhibiting a collective or-
ganization of the coupled lattice, charge, and spin de-
grees of freedom that leads to a rich phase diagram [10–
13]. Recently, reversible tuning of the oxygen stoichiom-
etry in thin film samples of RENiO3 has been achieved
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by means of highly-controlled post annealing procedures
[14, 15]. The creation of oxygen vacancies alters the
electronic structure via charge compensation, driving the
material into a highly insulating state. Oxygen deficiency
thus represents a powerful route to tune the electronic
and magnetic ground state of RENiO3−x, enabling ac-
cess to their broader electronic and magnetic phase dia-
gram [16–18]. Moreover, recent work on oxygen-reduced
RE1−xSrxNiO2 has led to the discovery of superconduc-
tivity in the nickelate family [19–22], underscoring the
importance of studying the ground state properties of
oxygen-deficient nickelates.

The high-temperature electronic ground state of stoi-
chiometric RENiO3 is characterized as a negative charge-
transfer insulator [23]. The oxygen ligand 2p electron is
self-doped into the Ni 3d orbital leading to a ground state
with local electronic configuration 3d7+δLδ, where L de-
notes an oxygen 2p hole [24, 25]. Upon cooling into the
low-temperature insulating phase, a charge/bond dispro-
portionation transition takes place: the NiO6 octahedra
undergo a static, long-range breathing distortion, creat-
ing two inequivalent Ni sites. As a result, the electronic
degeneracy is further split as:

2× 3d7+δLδ → 3d7+δ+n1Lδ+n2 + 3d7+δ−n1Lδ−n2 (1)

where n1, n2 represent the magnitude of the charge/bond
disproportionation, respectively. Within the bond-
disproportionated phase, magnetic order sets in with a
supercell composed of 4 lattice units along the body di-
agonal direction of the pseudocubic unit cell and cor-
responding propagation vector (1/4, 1/4, 1/4)pc. Pre-



2

0 60 120
Annealing time (min)

D
op

in
g 

(e
le

ct
ro

ns
/N

i)

0

0.9(c)

X-
ra

y 
A

sb
so

rp
tio

n 
(a

. u
.)

520 530 540 550 560
Energy (eV)

e-doped

undoped(b)

O-K edge

0.025
0.030
0.095
0.155
0.160
0.740
0.825
0.835

Exp
Cal

840 850 860 870 880

X-
ra

y 
A

sb
so

rp
tio

n 
(a

. u
.) (a)

Ni-L2,3 edge

Energy (eV)

FIG. 1. (a) Measured (solid) and simulated (dashed) X-ray absorption spectra across the Ni-L2,3 edges for SmNiO3−x with
different electron doping levels, obtained by annealing stoichiometric films in an oxygen deficient atmosphere. The doping level
(number of doped electrons per Ni) is specified for each simulated spectrum. Spectra are vertically offset for clarity. (b) X-ray
absorption spectra across the O-K edges for the same SmNiO3−x samples. The same color legend is used as the data series in
Fig. 1(a). (c) The doping levels vs. annealing time for each sample, as extracted from the comparison between experimental
and theoretical spectra. Vertical error bars reflect the uncertainty in the doping level for each sample.

vious studies have found that the spin texture in the
AFM phase is either collinear ”up-up-down-down” or
non-collinear ”up-right-down-left” [26–29].

In the present study, we examine the evolution of elec-
tronic and magnetic ground state in RENiO3−x using
a combination of extended multiplet ligand field theory,
X-ray spectroscopy and resonant soft X-ray scattering.
We chart out the electronic and magnetic phase diagram
as a function of temperature and oxygen stoichiometry,
which reveals the dual role of oxygen vacancies as (elec-
tronic) dopants and (magnetic) defects. On the one hand,
we find that the removal of oxygens from stoichiometric
RENiO3 homogeneously injects electrons into the Ni 3d
and O 2p conduction bands. On the other hand, we ob-
serve an unusual evolution of (1/4, 1/4, 1/4)pc magnetic
order, which is progressively weakened upon oxygen re-
moval but without a significant change in TAFM , until
it collapses at a doping level of ∼ 0.21 e−/Ni. The ab-
sence of nanoscale spatial inhomogeneity in the electronic
ground state upon doping suggests that the collapse of
magnetic order is due to the progressive disruption of the
superexchange interaction network caused by the random
formation of localized oxygen defect sites with removed
O 2p ligand orbitals.

To understand how the electronic state in RENiO3−x
evolves upon doping, we performed X-ray absorption
spectroscopy (XAS) measurements on thin films of
SmNiO3−x (SNO) and NdNiO3−x (NNO). More details
about the sample and experiment can be found in the
supplementary material [30]. Figure 1 displays the SNO
XAS profiles across the Ni L2,3 and O K edges at 22 K,
the lowest temperature measured in the present study.
At this temperature, both undoped SNO and NNO are
well within the insulating state, as signaled by the double
peak structure at the Ni-L3 resonance (853.2 and 854.8

eV in Figure 1(a) and supplementary [30]), which is in
close agreement with the literature [25, 31]. A sharp and
intense pre-peak at the O K edge (528.8 eV) corresponds
to the transition from O 1s core level to the ligand hole L
in the 3d7+δLδ configuration (Figure 1(b)). Upon doping,
we registered the following changes in the XAS spectra:

(1) A clear shift of the spectral weight from the high
energy to the low energy component in the Ni-L3 XAS
profile. The Ni-L2,3 edge position also shifts to lower
energy by about 0.5 eV, from the undoped sample to
the highest doping level. In this high doping limit, the
XAS spectra are reminiscent of NiO where Ni has a 2+
oxidation state, strongly suggesting that doped carriers
have been injected into the Ni conduction band.

(2) The pre-peak at the O K edge is progressively sup-
pressed until it completely disappears upon doping, in-
dicating that doped carriers reside on the Ni 3d orbitals
as well as the O ligand band. The disappearance of the
XAS pre-peak in the highest doping sample suggests the
filling of the ligand band upon doping, which resembles
the spectra of LaNiO2.5 [32].

(3) The NNO spectra manifest a similar trend as SNO.
Further details are reported in the supplementary mate-
rials [30].

To elucidate how the doped carriers are distributed in
this correlated electronic ground state, we developed an
extended multiplet ligand field theory, capable of mod-
eling the ground state properties as well as the XAS of
the doped system. Expanding on a previously successful
quantum many body double cluster model [33], we have
added a charge reservoir term in the Hamiltonian which
can be used to control the electron filling in the model
(see supplemental materials for a complete description of
the model [30]). The calculations were implemented us-
ing the software QUANTY [34, 35]. The simulated SNO



3

0.00 0.25 0.50

0.6

0.8

0.4

0.2

0

1.0

W
av

ef
un

ct
io

n 
pr

oj
ec

tio
n (d)

f6
Electron �lling

f7

f8

Doping (electrons per Ni)
1.000.751.00.0 0.60.2 0.80.4

Doping (electrons per Ni)

0.6

0.7

0.5

Sp
in

0.8

0.9

1.0

Compressed
Expanded

(c)

0.0 1.00.80.2 0.60.4
Doping (electrons per Ni)

0.6

0.8

1.0

1.2

0.4
N

um
be

r o
f l

ig
an

d 
ho

le
s

0.2

(b)

2×n2

O
cc

up
at

io
n 

of
 N

i 3
d 

Sh
el

l

7.90

7.95

8.00

8.05

8.10

1.00.0 0.60.2 0.80.4
Doping (electrons per Ni)

(a)

2×n1

Ni Ni Compressed
octahedron

Expanded
octahedron

O

0.4

FIG. 2. (top) Double cluster electronic model for RENiO3.
The alternating expanded/compressed NiO6 octahedra, in-
equivalent Ni 3d orbital occupation, and unbalanced O 2p
orbitals are highlighted. (a-c) Doping evolution of the
SmNiO3−x electronic structure from double cluster simula-
tion. The evolution of different physical quantities for the
two inequivalent sites are shown: (a) Occupation of Ni 3d or-
bitals; (b) Number of ligand holes; (c) Magnitude of Ni spin
moments. The charge/bond disproportionation magnitudes
as defined in equation (1) are marked out by arrows in (a,b).
(d) The configuration weights of the ground-state wave func-
tion decomposed into states with different total electron filling
(f6, f7, f8) as a function of doping.

XAS spectra are overlaid onto the experimental data in
Fig. 1(a) for different doping levels (labeled according
to the number of doped electrons per Ni atom). One
can see that the simulated spectra capture all of the fea-
tures and doping trends measured by XAS. By means of
a least-squares best-fit analysis of the Ni-L3 XAS edge
experimental spectra vs. simulated ones, we can infer
the doping levels for each sample shown in Figure 1(a).
We note that due to self absorption effects, which artifi-
cially modulate the relative fluorescence yield at the L3

and L2 edges, a ∼ 30% discrepancy is found between the
simulated and measured data at the Ni-L2 edge [36].

Figure 2 summarizes the effect of electron doping on
the SNO electronic structure as captured by the doped
double cluster simulation. Upon doping electrons into the
system, we expect the extra carriers to redistribute in the

oxygen ligand band and Ni 3d levels. Figure 2(a,b) shows
the occupation of Ni 3d orbitals for the two inequivalent
Ni sites vs. doping. The doped charges mostly occupy
the oxygen ligand orbitals, whereas the Ni 3d orbitals be-
gin filling only when doping exceeds ∼ 0.5 e−/Ni. The
difference in the occupation number between the two sites
corresponds to the magnitude of the charge dispropor-
tionation (n1). We note that there is a small amount of
charge disproportionation in the undoped SNO sample.
The charge disproportionation is found to be initially sta-
ble but strongly reduced when doping exceeds 0.5 e−/Ni.
In contrast, the strong bond disproportionation (n2) pre-
sented in the different ligand hole occupation is contin-
uously suppressed to zero upon doping as shown in Fig.
2(b). The doping also gradually changes the spin mo-
ments at both Ni sites from low to high spin states [Fig.
2(c)], consistent with previous evidence [14].

The doping-induced carrier redistribution and dras-
tic changes to covalency were investigated by decompos-
ing the ground-state many-electron wave function |ψ〉 =
Σn,i cn,i|dn+iLi〉 into different Hilbert sub-spaces fn

(spanned by basis vector |dnL0〉, |dn+1L1〉, |dn+2L2〉...).
The doping evolution of the configuration weight Σi c

2
n,i

averaged between compressed and expanded octahedra
for sub space fn where n = 6, 7, 8 is shown in Fig. 2(d).
The undoped ground-state wave function has significant
components in all three sub-spaces, indicating a highly
covalent state. Upon doping, the system drastically loses
covalency, and the ground-state wave function is domi-
nated by single f8 configuration. More details about the
decomposition of the ground-state wave function into dif-
ferent basis can be found in supplementary material [30].

We then turned our attention to the (1/4, 1/4, 1/4)pc
AFM order and its doping dependence. Fig. 3(a) shows
the rocking curve across the (1/4, 1/4, 1/4)pc magnetic
superlattice peak below (solid line) and above (dashed
line) the transition temperature for different doping levels
and with the incident photon energy tuned at the Ni-L3

resonance (853.2 eV). In the low doping region (n <0.3),
a diffuse magnetic peak is found in all samples at 22
K, gradually decreasing at higher temperatures until it
disappears upon warming above the transition temper-
ature. The integrated AFM superlattice peak intensity
decreases linearly in the low doping region [Fig. 3( c )],
in contrast to the increase of Ni spin moments obtained
from the simulation [Fig. 2(c)]. Despite the suppression
of the total scattering intensity, no significant changes in
the peak width or shape are observed, suggesting that
the suppression of AFM order is not due to the creation
of topological defects. The introduction of oxygen vacan-
cies does not alter the thermodynamic properties of the
AFM order, as the normalized temperature dependence
of the integrated peak intensity are highly overlapped for
the first five doping levels [Figure 4(a)]. No magnetic
scattering intensity was observed above the noise level
for higher doping levels (n>0.6) and down to 22 K, the
lowest temperature measured in the present study. We
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FIG. 3. (a) Rocking curves as a function of sample angle
theta, across the QAFM = (1/4, 1/4, 1/4)pc AFM reflection
in SmNiO3−x at 22 K (colored solid line) and 300 K (grey
dash line). The same color legend is used as the XAS data
series in Figure 1. Curves are vertically offset for clarity. The
intensity of the last three curves was rescaled to highlight
that no scattering signal could be detected above the noise
level. (b) Doping dependence of the AFM ordering tempera-
ture (TAFM ). The TAFM is determined by the temperature
when the magnetic peak intensity falls below the noise level.
(c) Doping dependence of the magnetic Bragg peak intensity
and correlation length measured at 22 K. The dashed line is a
linear fit to the data points from samples with AFM order and
extrapolates to a threshold doping n = 0.21 for the sudden
collapse of magnetic order. Note that the vertical errorbar is
smaller than the marker.

note that the suppression of the (1/4, 1/4, 1/4)pc AFM
order does not preclude the emergence of magnetic order
with different ordering vectors as previously found in the
oxygen reduced nickelates [9, 37, 38].

The temperature-doping phase diagram is sketched out
in Figure 4(b). The (1/4, 1/4, 1/4)pc magnetic order is
suppressed upon doping and collapses beyond a doping
level of ∼ 0.21, as determined by a linear extrapolation of
the intensity-doping relation for the low-doping samples,
while the AFM transition temperature remains almost
unchanged.

Oxygen vacancies are known to suppress the magnetic
ordering temperature in manganites and cobaltites [39–
41], or give rise to new magnetic phases through order-
ing of oxygen defects [42, 43]. However, a reduction of
the magnetic order parameter with no significant varia-
tion in the ordering temperature is unreported. Several
scenarios are examined to explain the simultaneous in-
crease of the Ni spin moment and decrease of the AFM
order parameter, while TAFM remains unchanged. First,
a microscopic phase separation picture may be invoked
to explain the experimental results: the inhomogeneous
distribution of oxygen vacancies creates two phases, with
undoped AFM regions coexisting alongside doped non-
magnetic ones. Upon doping, the AFM scattering in-
tensity decreases linearly as the coverage of undoped re-
gions is reduced, while the TAFM remains unchanged. To
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FIG. 4. (a) Temperature dependence of the AFM ordering
peak integrated intensity in SmNiO3−x. The intensity for the
magnetic ordered samples are normalized to the lowest tem-
perature. The same color legend is used as the XAS data
series in Figure 1. (b) Temperature-doping plot of the mag-
netic phase diagram in SmNiO3−x. The magnetic scattering
intensity is color coded in the background. The AFM transi-
tion temperature for each sample is marked out. The striped
area highlights the temperature range that cannot be accessed
in our study.

assess this possibility, we have performed a spectromi-
croscopy study using X-ray photoemission electron mi-
croscopy (XPEEM). No systematic electronic inhomo-
geneity was observed at either the O-K edge or Ni-L
edge, down to the length scale of our spatial resolution
limit (∼ 10 nm), indicating an homogeneous electronic
state with spatially uniform carrier doping. Details of the
XPEEM data are described in the supplementary mate-
rials [30].

With a phase segregation scenario ruled out, we fo-
cused on an atomistic picture to explain the phase di-
agram. In this picture, the superexchange interaction
between neighboring Ni spins is mediated by oxygen lig-
ands. Each Ni atom is linked to its six nearest-neighbor
Ni sites via six octahedrally coordinated oxygen atoms.
The removal of oxygen not only alters the local Ni charges
and spin moments via an effective doping mechanism,
but it also destroys the superexchange interaction path-
ways that mediate the magnetic interaction across Ni mo-
ments. When the density of oxygen vacancies is low,
long-range AFM order can still be sustained. When
the atomic-scale disruption of the 3D magnetic superex-
change network reaches a given threshold, long range
magnetic order can no longer be supported. In our study,
AFM order disappears at a doping level of around 0.21
electrons/Ni, corresponding to SmNiO2.90.

In summary, we have systematically studied the elec-
tronic and magnetic structure of RENiO3−x (Re = Sm,
Nd). The introduction of oxygen vacancies is shown to be
an effective approach to continuously tune the 3d7+δLδ

electronic ground state. We also show that electron dop-
ing has only marginal effect on (1/4, 1/4, 1/4)pc AFM
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order except for a suppression of the ordering strength.
The magnetic order collapses around a doping threshold
of n ∼ 0.21.

The AFM ground state is vulnerable to carrier dop-
ing due to the nature of the superexchange interaction
[44]. Indeed, in systems with strong correlations, there
is a consensus that the AFM order is fragile and rapidly
suppressed to T = 0 K upon electron or hole doping, as
unveiled in the family of cuprates, manganites, iron pnic-
tides, among others [2–4]. Our study reveals a new kind
of AFM order that is mostly insensitive to carrier doping,
and a notable exception to the established phenomenol-
ogy of other correlated electron systems At the same
time, the sharp erasure of magnetic order that is uniquely
enabled by oxygen removal in rare earth nickelates cre-
ates interesting new possibilities for use of reversible
magneto-ionic switching in antiferromagnetic spintronic
devices, low-power logic devices, and nonvolatile memory
cells [45].
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