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Correlated electrons give rise to both exotic electronic and magnetic properties in rare-earth nickelates.
Here we present evidence of the interfacial coupling between two nickelate systems, EuNiO3 (ENO) and
LaNiO3 (LNO), with different electronic and magnetic properties but with compatible structural registry
giving rise to an electrostructural transition, unobserved in each constituent. Nominally, LNO remains in a
paramagnetic-metallic R3̄c phase while orthorhombic ENO undergoes antiferromagnetic and insulating
transitions. However, the ENO/LNO heterostructure displays a uniform rotational symmetry set by an
entwined interface. This leads to an anomalous reduction of bond disproportionation in the ENO layer
through the metal to insulator transition and concomitantly charge disproportionation opens the gap
accompanied by antiferromagnetic ordering. Our results resolve a long-standing question in the physics of
rare-earth nickelates, herein demonstrating that charge and bond disproportionation are competing
mechanisms for the charge localization process in the rare-earth nickelate system.
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Emergent properties in strongly correlated materials are
often complex and not well explained by conventional
theories [1]. The competing interactions between charge,
spin, and lattice degree of freedom result in exotic phe-
nomena such as superconductivity [1], multiferroicity [2],
and metal-insulator transitions (MITs) [3]. Metal-insulator
transition within the Mott-Hubbard criterion is a particu-
larly important feature related to high-temperature super-
conductivity as well as for low power computing, sensors,
and other electronic device applications [3].
It is well known that most of the rare-earth nickelates

(RNiO3, where R is rare earth) exhibit a temperature-driven
MIT [4]. Although the nature of the MIT in RNiO3 can be
explained by various models, including the Mott-Hubbard
mechanism [5–7], negative charge transfer [8–10], charge
ordering [11,12], and spin density wave [13,14], a com-
prehensive understanding of its origin and the nature of the
insulating state remains elusive.
The strong coupling between lattice and electronic

behavior has recently led to a myriad of new phenomena
in engineered film heterostructures [15,16]. In particular,
lifting orbital degeneracy by preferential occupation of
orbital states in these artificial structures can lead to the
two-dimensionality (2D) behavior reminiscent of quasi-2D

conductivity in the high-Tc cuprate systems [17]. Because
of strong electron-electron coupling, RNiO3 exhibits a non-
Fermi liquid behavior with bad metal characteristics where
the mean free path is below the semiclassical Mott-Ioffe-
Regel limit [18]. Such rich and diverse properties result
from the cooperation and competition of charge, orbital,
and magnetic interactions combined with bandwidth effects
related to octahedral rotation and distortion [19].
In the case of heavy rare-earth nickelates RNiO3, the

monoclinic distortion for the insulator phase leads to two
different Ni sites through bond disproportionation [20]. The
Ni-O distance of one site is similar to the length of the ionic
bond (IB) and the other is close to the covalent bond
distance. The origin of the insulating behavior for each site
is realized within the site selective Mott transition model
[6]. Here, each site exhibits different characteristics; one
site adheres to the Coulomb U potential Mott picture and
the other one to a typical band insulator model where the
valence band is completely filled. Within this framework,
the charge disproportionation (CD) or antiferromagnetism
(AFM) is not crucial to the appearance of the insulating
phase due to the large bond disproportionation.
As the size of the rare-earth ion gets larger, the Ni─O

bond distance lies between ionic bond and covalent bond
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regimes. The p-d hybridized band of the d8 orbital with
ligand hole (d8L) is placed across the Fermi level [4]. The
MI transition introduces p-d band splitting via CD and
AFM ordering driven by Fermi surface nesting. It also
imposes a symmetry reduction to the monoclinic phase
(bond disproportionation) similar to the site selective Mott
transition but not as well defined as the heavy rare earth
RNiO3 [11].
EuNiO3 is a member of the RNiO3 series which exhibits

3 distinct phases: paramagnetic metal, paramagnetic insu-
lator, and antiferromagnetic insulator [21]. By changing the
amount of R-site doping with respect to the end member of
the phase diagram, i.e., La, which shows only paramagnetic
metallic behavior, the whole phase diagram can be effec-
tively reproduced. In particular, half doping with La shows
the behavior practically equivalent to NdNiO3 [22]. In this
Letter, we employed an artificial superlattice structure
composed of EuNiO3 (ENO) and LaNiO3 (LNO) to study
the spatially separated mechanism of the electron-electron
correlated interaction that leads to insulating behavior.
Here, we find that the CD initiated at the MIT reduces
the bond disproportionation in the ENO, which is essential
for the site selective Mott transition picture. This implies
that both mechanisms are prevalent and unexpectedly
compete, leading to an increase in charge localization
and pushing the system toward the insulating phase.
A superlattice heterostructure of ð4 u:c:ENO=

4 u:c:LNOÞ × 4 (u.c. is pseudocubic unit cell) was grown
epitaxial on the ð1 1 0Þo (orthorhombic notation) surface of
a NdGaO3 substrate using pulsed laser deposition [23]
(details are included in the Supplemental Material [24]).
The stoichiometrically similar but R-site disordered system,
Eu0.5La0.5NiO3, shows the MIT with AFM ordering and
structural distortion around ∼200 K similar to NdNiO3.

The underlying mechanism is understood as a charge
transfer gap opening, driven by the bandwidth reduction
due to Ni─O─Ni bond angle changes, as the average
tolerance factor of Eu and La is comparable with Nd [8]. In
the superlattice structure, however, the local bond angles
are quite different between the layers so that the interplay of
transport, magnetic structure, and electronic interactions
are expected to behave quite differently from the R-site
disordered system. Furthermore, while the single layer
shows insulating behavior up to 5 layers [25] in the
superlattice form, LNO shows metallic behavior without
any transition when its thickness is more than 3 unit cells
[26–29]. Strikingly, this 4 × 4 superlattice thin film exhibits
a clear MIT around 90 K with 4 layers of LNO. This quasi-
two-dimensional superlattice structure allows us to probe
the microscopic response of each layer separately.
Transport measurement from the ENO/LNO superlattice

film shows a MIT near 90 K in Fig. 1(a). This indicates that
both layers become insulating below the transition. Soft
x-ray resonant magnetic scattering was performed at the
beam line 4.0.2 of the Advanced Light Source. The x ray
was tuned to Ni L3 and L2 edges to obtain sensitivity to the
magnetic scattering on the Ni site. Across the MIT,
emergence of the ð 1

4
1
4

1
4
Þ AFM reflection reveals the Ni

E0-type magnetic ordering. The temperature dependence of
the ð 1

4
1
4

1
4
Þ order reflection is shown in Fig. 1(a). The

magnetic intensity starts around ∼90 K, consistent with the
MIT temperature. The inset of Fig. 1(a) shows a lack of
satellite peak intensity near the ð 1

4
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1
4
Þ reflection. The

contrast of x rays scattered from AFM-ordered ENO layers
and from LNO layers with a different magnetic ordering (or
disorder) should produce satellite peaks around ð 1

4
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FIG. 1. (a) Temperature dependent resistivity (blue, left) and temperature dependence of ð 1
4

1
4

1
4
Þ resonant soft x-ray magnetic

reflection at the Ni L3 edge (red, right). Inset: Reciprocal scan along surface normal (L direction). (b) The magnetic structure of the
superlattice film showing 90° spin rotation with 4-unit-cell periodicity.
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indicates no contrast in magnetic ordering between ENO
and LNO.
Both MI and magnetic transitions in the LNO layer

suggest a significant modification of its electronic behavior.
Strong hybridization between the Ni d and O p orbitals and
its sensitivity to structural distortion in the NiO6 octahedra
hints at likely changes in Ni-O local environments. Bulk
ENO is reported as orthorhombic, but it is considered to be
monoclinic below the MIT, while LNO is rhombohedral
and is the only member of the RNiO3 family without
electronic, magnetic, and structural transitions. In order to
resolve the symmetry of individual layers, x-ray diffraction
was performed with a six-cycle diffractometer at the 6-ID-
B beam line of the Advanced Photon Source. The x-ray
energy was tuned to the Ni K edge to measure the
resonance enhancement from the Ni CD order. The
reciprocal L scan is carried out through the pseudocubic

ð 1
2

1
2

1
2
Þ film reflection [(101) in orthorhombic notation].

This peak is allowed for orthorhombic and monoclinic
structures, but not for rhombohedral symmetry, and thus
this structural contrast between layers should lead to
satellite peaks. However, the absence of such satellite
reflections indicates negligible contrast between the
ENO and LNO layers. The ENO layers are highly tensile
strained, so the out-of-plane lattice parameter is smaller
than the bulk, leading to extensive oxygen octahedral
distortion and rotation alongside accentuated R-site (Eu)
displacements. The in-phase rotation along the orthorhom-
bic c direction (Glazer notation cþ) is enhanced and
propagates through the neighboring LNO layers.
Sandwiched between ENO, the LNO layer is forced to
adopt the aþb−c− rotation pattern of the adjoining ENO
layers. This result clearly demonstrates how a heterostruc-
tured film enables interface engineering of an oxygen
octahedral rotation pattern.
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FIG. 2. (a) L scan through ð 1
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Þ reflection. (b) L scan through ð − 1
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Þ reflection. (c) Energy scans at the ð− 1

2
1
2

1
2
Þfilm reflection at

various temperatures. The nonresonant intensity rises with the temperature increases while the resonant intensity decreases. (d) Energy
scans at the superstructure satellite peak ð− 1

2
1
2
þ 1

4
Þfilm above and below the MIT. Because of the tail of the main resonant ð 1

2
1
2

1
2
Þ

reflection, the resonant component of Ni K edge slightly increases below the transition. (e) Temperature dependence of scattering
intensities on and off resonance illustrating the contrast between charge ordering and charge disproportionation, respectively.
(f) Temperature dependence of the resonant scattering factor obtained by I1=2res − I1=2nonres. Arrows in (c) indicated as Ires and Inonres are the
scattering intensities on and off resonant energies, respectively.
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As reported previously, highly strained ENO exhibits
octahedral breathing, which is related to monoclinic dis-
tortion [30]. This corresponds to a doubling of the unit cell,
and therefore allows the ð− 1

2
1
2

1
2
Þ reflection [ð0 1 1Þ in

orthorhombic notation] which is forbidden in orthorhombic
symmetry. The energy scan across the Ni K edge for this
ð− 1

2
1
2

1
2
Þ reflection shows some energy dependence due to

off diagonal terms of the resonant scattering tensor [31] but
does not exhibit a large resonant enhancement from the
charge disproportionation as previously observed in
NdNiO3 and ENO/LNO superlattices [11,23]. The recip-
rocal L scan across the ð− 1

2
1
2

1
2
Þ reflection measures the

contrast between layers, examining whether the breathing
structure has propagated into the LNO layers. Figure 2(b)
shows the satellite peaks at �1=8 position highlighting a
contrast in the breathing mode distortion between the ENO
and LNO layers. The LNO primarily maintains its ortho-
rhombic structure with a suppressed monoclinic distortion
while the ENO layers show monoclinic structure with large
bond disproportionation 3(d). The characteristics of bond-
ing states should be different between the ENO and the
LNO layers, signifying two disparate ground states. It
suggests that even though the ENO layer is insulating, LNO
remains metallic, consistent with the observed metallic
behavior at high temperatures.
The intensity of ð− 1

2
1
2

1
2
Þ reflection and its satellites

were measured to determine the extent of the monoclinic
distortion. Upon cooling a reduction of the nonresonant

intensity is observed through the transition; on the other
hand, increasing the intensity at Ni K edge occurs due to
CD. The energy dependence of the resonant profile is
consistent with previous works [11]. No CD difference
between ENO and LNO layers is detected from the satellite
peak [Fig. 2(d)], which implies that the CD develops
throughout the entire film.
The strong electron correlations in the RNiO3 family

affect the energy and occupancy of valence orbitals and
thus induce the interdependence of charge, spin, and orbital
degrees of freedom. Specifically, the insulating gap of the
LNO layers is a representative example of such inter-
dependence, as evidenced by the concomitant onset of CD
and magnetic ordering. The near ionic state of the LNO
layers drives the CD through the entire film by Fermi
surface nesting across the metal-insulator transition. In a
homogeneous RNiO3, the octahedral breathing mode and
CD often develop simultaneously. In contrast, for this
ENO/LNO superlattice, the existing octahedral breathing
structure of the ENO layers becomes less compatible with
the emerging CD.
Here, we employ density functional theory plus dynami-

cal mean field theory (DFTþ DMFT) to study the interplay
between the octahedral breathing mode and CD on the MIT
in ENO. Calculations show that the bond length difference
of the breathing amplitude is ∼0.1 angstrom and the Ni─O
long-bond site develops a Mott insulating state as the d eg
occupancy is close to half (d8). The short-bond (SB) site
becomes a strongly covalent bonded band insulator (d8L2)
as the local moment in the SB site forms a singlet state with
O hole spins. Based on this ground state structure, we
simulate a structural modification of the breathing mode
and an adjustment of d-p charge transfer energy for
possible covalency change as a result of the structural
change (details are shown in the Supplemental Material
[24]). According to our calculations, simply modifying the
structure to decrease the breathing mode amplitude (by
40%) does not increase the CD. On the contrary, it weakens
the CD if it exists. The key factor is a reduction of
covalency in Ni─O bonding. As the covalency lowers
by increasing the d-p charge transfer energy, thus leaving
the negative charge transfer regime, the CD grows signifi-
cantly. Reducing the breathing mode amplitude leads to an
increase of the SB length and a decrease of the covalency of
the SB site Ni─O bonding. Therefore, the suppression of
the octahedral breathing mode accommodates enhanced
CD in the insulating phase.
For thinner LNO (<3 layers) in the LaNiO3=LaAlO3

superlattice, the magnetic order occurs at the MIT without
obvious CD [29,31]. Instead, the insulating phase of the
LNO can be driven by the spin density wave through the
Fermi surface nesting due to the 2D confinement within
the insulating layers. In contrast to dimensionality control,
the electronic band structure of the LNO is tuned by the
octahedral rotation pattern through the superlattice

T > T N T < TN

ENO

LNO

Breathing mode
and CD

3+δ

3-δ

a+ b- c-

a- b- c-
b

c

a

(b)

(a)

(c)

(d) (e)

FIG. 3. (a) Octahedral rotation pattern of a−b−c−. All a, b,
and c are antiferrodistortive rotation axes (b) aþb−c− rotation
pattern. The ferrodistortive axis is defined as the c axis of the
orthorhombic unit cell. (c) Breathing mode and charge dis-
proportionation. (d) Superlattice structure of breathing mode
without CD and (e) with CD. The breathing distortion
decreases with the CD.
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arrangement of ENO/LNO. The configuration of the eg
orbital is tuned by a band level adjustment through
interfacial interaction, as revealed by x-ray orbital reflec-
tivity measurements taking advantage of the x-ray linear
dichroism (XLD) [32]. We took a similar approach to probe
the collective adjustment between the ENO and LNO layers
across the MIT.
Utilizing the enhanced sensitivity with the parallel

alignment between the incident polarization and probed
orbital, XLD is a sensitive tool to study the anisotropies of
the probed orbital states, as illustrated in Fig. 4(a). The
incident polarization dependence of the Ni K-edge x-ray
absorption spectroscopy (XAS) in Fig. 4(b) reveals aniso-
tropic electronic environment around the central Ni ion in
the NiO6 octahedra. In the Ni K-edge XAS measurements,
the Ni signals from the ENO and LNO layers are probed
nearly uniformly due to a much larger probing depth
(typically in microns) relative to the nanometer scale film
thickness. As demonstrated in the orbital reflectivity study
on the LaNiO3=LaAlO3 [32], grazing incident reflectivity
can be implemented to enhance the bilayer contrast in
orbital polarization. Similarly, we use the x-ray polarization
dependence of resonant reflectivity in order to probe
changes in the orbital occupation with temperature.
Taking advantage of the enhanced bilayer contrast near
the superlattice satellite peak, the layer contrast in XLD

between ENO and LNO was measured by collecting the
asymmetry ratio between the two reflectivity curves with
orthogonal polarizations. While the similar layer thick-
nesses between the ENO and LNO layers suppresses the
first order superlattice peak near 1.5° as shown in Fig. 4(c),
the XLD difference between the two layers manifests as
bilayer contrast. As shown in the inset of Fig. 4(c), this
contrast gradually decreases with increasing CD below the
MIT as the orbital occupation adjusts in order to accom-
modate the CD throughout the superlattice. This suggests
that a synchronization of the Fermi surfaces occurs across
the layers by the eg orbital rearrangement opening an
energy gap in the insulating state.
In conclusion, we present direct evidence of the com-

peting nature between electronic charge ordering and bond
disproportionation behavior across the MIT in an ENO/
LNO heterostructure. Employing the superlattice design,
we demonstrate structural accommodation between two
dissimilar nickelate layers, lending itself as a promising
platform to tune overall properties and to test theories
underlying the observed phenomena. This leads to a way to
achieve desired electronic properties by tuning competing
interactions of charge and spin order in rare-earth nickelate
systems.

X-ray diffraction and absorption experiments were
carried out at beam lines 6-ID-B and 4-ID-D of the
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