Magnetic structure of oxygen-deficient perovskite nickelates with ordered vacancies
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The oxygen vacancy concentration in LaNiOs_s nickelate perovskites affects magnetic interactions
and long-range magnetic order through changes in local electronic configurations, crystal field splitting
energies, and polyhedral arrangements. Here we use density functional theory calculation to examine
the magnetic structure of LaNiOz.5 and LaNiOz.75 with structural ordered oxygen-vacancies (OOV).
These OOV phases exhibit columnar arrangements of NiO4 square planar units, which adopt low-spin
Ni** (d®) configurations with nominally zero magnetic moment (S = 0), interconnected by NiOg
octahedral units. The magnetic structure of the OOV phases are governed by the flexible charge
state of the NiOg octahedral units, whose density and connectivity depends on the oxygen vacancy
concentration. LaNiOz 5 is stable in an insulating A-type antiferromagnetic (AFM) phase derived
from octahedral units comprising Ni?t in AFM chains. LaNiOs 75 is a narrow-gap insulator with
zigzag-type AFM order originating from weakly localized electrons in columnar breathing distortions
to the NiOg units. Our results suggest that nanoscale OOV phases within single phase LaNiOz_;

crystals can account for its reported complex magnetic ground state structure.

Rare-earth nickelate perovskites, RNiOj3, are a fam-
ily of compounds that exhibits temperature-dependent
metal-insulator transition (MIT) [1-3]. The antiferro-
magnetic (AFM) ground state at lower temperature is
realized by nominal charge disproportionation of Ni®* to
Ni2*+ and Ni*t, associated with rocksalt-type breathing
distortions of the corner-connected octahedra [4, 5]. The
breathing distortion stability depends on the degree of
in-phase rotation and tilting distortion, which affects MIT
transition temperature as described in phase diagrams
based on R radii or crystallographic tolerance factors [6].
LaNiO3 with its large tolerance factor exhibits R3¢ sym-
metry unlike the monoclinic nickelates, which prohibits
the breathing distortion [7, 8], and accounts for his broad
temperature dependent paramagnetic metallic behavior.

Formation of oxygen vacancies in LaNiOg and its impact
on the electronic/magnetic structure has drawn renewed
particular interest. First, understanding magnetism of
the oxygen-deficient phases is useful for intrepretating
the magnetic state of LaNiOj crystals synthesized with
various methods [9-12]. Indeed, along the vacancy-driven
transitions in LaNiOg_s for § from 0 to 0.5, a significant
change of properties occurs in both electronic (metal-
semiconductor-insulator) and magnetic (paramagnetic-
ferromagnetic-antiferromagnetic) properties [13, 14]. In
addition, the end member of this transition, the infinite-
layer RNiOg family, hosts superconductivity [15, 16].

The formation of ordered-oxygen vacancies (OOVs) is
observed in oxygen-deficient phases, and it transforms
NiQOg octahedra to NiOy4 square planar units as shown in
Fig. 1 [14]. The change in coordination number (reduced
bandwidth) and electron filling explains the insulating
AFM properties of LaNiOs 5 found both in experiment
and first-principles calculations [10, 17-19]. On the other
hand, less understanding exists for intermediate oxygen
deficiencies between LaNiO3 and LaNiOs 5, which have
been interpreted as transient states with statistical distri-
butions of oxygen vacancies [14, 20], mainly because of
limited knowledge of therir atomic structures.

Here we perform density functional theory (DFT) cal-
culations to identify and assess stable atomic structures
and the corresponding electronic/magnetic properties of
LaNiOs 5 and LaNiOg 75 with OOVs (Fig.1). We find that
out-of-phase rotations of octahedra (like those in the R3¢
perovskite phase) are the most stable distortion occurring
in the OOV phases. The Pnma-like distortion (with in-
phase rotations) energetically competes with them. Fur-
thermore, we show the physical properties are determined
by the Ni valence in the NiOg octahedral units, as Ni
in the square planar unit remains diamagnetic through-
out with a low-spin Ni?*(d®, S = 0) configuration. In
LaNiOs 5, the octahedral units adopt high-spin Ni?* (d®,
S = 1) configurations and form antiferromagnetic chains
along the c direction, stabilizing an A-type AFM insulator.
In contrast, LaNiOs 75 exhibits columnar breathing dis-
tortions of octahedra, owing to the internal strain induced
by the linking NiOy4 units. This structure connectivity
stabilizes charge ordering and a zigzag AFM order with
a narrow band gap. Finally, we argue that the magnetic
properties observed in LaNiO3_gs with 0 < ¢ < 0.5 can
be understood as arising from OOVs rather than random
oxygen-vacancy distributions.

We used the Vienna Ab-initio Simulations Package
(vAsP) [21, 22] to perform our DFT calculations with the
Perdew-Burke-Ernzerhof functional (PBE)[23]. Projector-
augmented wave (PAW) potentials [24] were used to de-
scribe the electron core-valence interactions with the fol-
lowing configurations: La (4 f°5s25p®5d*6s?), Ni (3d%4s?),
and O (2s%2p?). A 550eV planewave cutoff was used to
obtain the ground structure for each composition. Bril-
louin zone integrations employed the tetrahedron method
[25], based on a Monkhorst-Pack k-point mesh obtained
using the K-point grid server with 34 A of minimum dis-
tance between lattice points [26, 27]. The cell volume was
relaxed and atomic positions were evolved until the forces
on each atom were less than 1 meV A~!. We adopted the
plus Hubbard U correction [28] of 1.5eV for the corre-
lated Ni 3d orbitals [5, 29, 30]. The effect of U on the



(@) LaNiO;

(b) LaNiO, 5

FIG. 1. Structures of vacancy ordered LaNiOs_s with vary-
ing oxygen vacancy content. (a) LaNiOs, (b) LaNiOz s, (c)
LaNiOs.75 (config. 1), and (d) LaNiOgz.75 (config. 2). La
atoms are omitted and vacancies are drawn as gray spheres for
a better description. Octahedral units with smaller volumes
are highlighted with darker shading.

formation energy and magnetic stabilities is discussed in
the Supplementary Information (SI) [31].

Data from the literature describe the atomic structures
of LaNiOs 5 and LaNiOs 75 as comprising OOVs in the
[110] pseudocubic (pc) direction, forming NiOg and NiO4
chains along c-axis as illustrated in Fig. 1 [32]. The inher-
ently lower symmetry of the OOV phases compared to
stoichiometric perovskites leads to higher complexity in
potential distortion patterns. To efficiently survey the sta-
ble distortion patterns, we identified the rotation/tilting
modes responsible for the two energy-competing space
groups in RNiO3: a~a"a~ (R3c) and a*a~ ¢~ (Pnma)
[33]. The modes include (i) out-of-phase rotation (a~b°6°),
(ii) in-phase rotation (a*b°b%), and (iii) tilting of apical
oxygens (a’b~b~). These modes were identified from
ideal (non-distorted) structures using PHONOPY [34] and
ISODISTORT [35, 36].

When OOVs are introduced into LaNiOjs_g, the
LaNiOs 5 structure exhibits a checkerboard ordering of
NiO4 and NiOg columns on the (001),. plane. Much less
is known about the atomic structure of LaNiOg 75 [37-39],
which is conjectured to be an intermediate stoichiometric
phase between LaNiOs 5 and LaNiOg. Based on the pref-
erence of vacancies to form square planar units [40] and
diffraction peaks near the boundary between LaNiOs 5
and LaNiOj3 [10], we deduced that LaNiOs 75 possesses
fewer NiO4 columns than LaNiOs 5. The NiOy4 columns
are replaced with columns of NiOg octahedra. This change
in coordination led us to construct two distinct configura-
tions (config. 1 and 2) for LaNiOs 75. The configurations
are distinguished by the cis or trans alignment of of NiO4
columns as illustrated in Fig. 1(c, d).

Adding OOVs to perovskite lowers the cubic sym-
metry to either tetragonal or orthorhombic: P4/mmm
(LaNiOg 5), Pmmm (LaNiOs 75; config. 1), and P4/mmm
(LaNiOg,75; config. 2). This anisotropic nature of OOV
phases makes Glazer notation [41], which is used to de-
scribe octahedral rotations in perovskites relative to a
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FIG. 2. Major distortion modes in (a-d) LaNiO2 75 (config.
1): out-of-phase rotation, in-phase rotation, tilting of apical
oxygen atoms parallel/perpendicular to the ordered vacancies.
For LaNiOs 5 and LaNiOq.75 (config. 2), the two tilting modes
are symmetrically identical. (e) Relative energies with different
distortion patterns in LaNiO3s_s phases with OOVs based on
nonspin-polarized calculations.

set of Cartesian axes, not directly applicable. Here, we
adopted a modified notation as follows: non-distorted (0),
in-phase rotation (4), and out-of-phase rotations (—) as
illustrated in Fig.2. The orthorhombic parent structure of
LaNiOs 75 (config. 1) permits two different types of tilting
modes about directions relative to the OOVs forming the
NiOy4 units: (0 ——)| and (0 — —)_ corresponding to the
direction of apical oxygen tilting parallel (]|) or perpen-
dicular (L) to the NiOy layer, respectively, as shown in
Fig.2(c,d). The detailed group theoretical analysis of the
tilt-symmetry breaking is described in the SI [31].

Fig. 2 shows the general energetics for different distor-
tions without magnetic interactions. For all phases, the
out-of-phase (0 — —) tilting mode is more energetically fa-
vorable than either of the single in-phase or out-of-phase
rotation modes. The lowest energy configurations are
obtained by combination of either one of these single ro-
tation modes, (+00) or (—00), with the tilting mode.
Between the (+ — —) and (— — —) patterns, we found the



(= ——) type pattern is lower in energy: 34.3meV/fu.
for LaNiOsg 5, 18.7meV /f.u. for LaNiOg 75 (config. 1) and
6.34meV /f.u. for LaNiOg 75 (config.2). For LaNiOs 75
config. 1, the (0 ——))| tilt is energetically prefered to
the (0 ——), tilt, and it is more stable than config. 2
by 36 meV/f.u. This energy difference arises from the
(0 — —)_ tilting, where oxygen atoms briding square pla-
nar units are symmetrically locked along the vacancy
plane direction (||). This locking makes it difficult to re-
lax the strain induced by the oxygen vacancies, resulting
in relatively higher energy.

Next, we to study the effect of spin-polarization on
the energetics in Fig. 2. Although the relative energetics
change, the overall trend is the same as that obtained from
the nonspin-polarized calculations. Note that the stable
reference spin configurations are A-AFM for LaNiOs 5 and
FM for LaNiOs 75; a detailed discussion of these magnetic
states is given further below. First, the energy difference
between the (+— —) and (— — —) patterns is significantly
reduced: 0.24meV/fu. for LaNiOg 5, 9.8 meV/f.u. for
LaNiOs 75 (config. 1) and 2.8 meV/f.u. for LaNiOsz 75 (con-
fig. 2). In addition, the energy difference between config. 1
and 2 is reduced further to less than 2 meV/f.u., indicating
the strength of the magnetic interactions is comparable
to the difference from elastic strain effects in the (+ — —)
and (— — —) octahedral patterns (SI) [31]. There is an
approximate 10 % difference between the equatorial and
apical Ni—O bond distances, regardless of the distortion
patterns, in the octahedral units in OOV phases which
presents like a compressed Jahn-Teller distortion, i.e.,
the equatorial bond length is longer than apical bond
length. This distortion mainly originates from the sig-
nificantly shorter Ni-O bond lengths in the NiO,4 units
[32]. The bond length differences shifts the bridging oxy-
gen between the NiOg and NiOy4 closer to to the NiOy
unit, which elongates the octahedral unit in the ab-plane.
For LaNiOs 75, a similar distortion is found within the
larger octahedra whereas the smaller octahedra exhibit
almost isotropic bond lengths (darker octahedra in Fig.1).
This Jahn—Teller-like distortion is distinguished from the
conventional first-order Jahn-Teller distortion found in
d* LaMnOs, as the high-spin d® configuration within an
octahedral crystal frield lacks any orbital degenerate as
discussed further below.

Our phonon calculations with spin-polarization con-
firmed the dynamic stabilities of the (— — —) and (+ — —)
patterns for LaNiOq 5 and LaNiOg 75 (config. 1) [31] with
symmetries specified in Table I. The ground state C2/c
space group of LaNiO, 5 agrees with the experimentally
reported atomic structure [37-39]. In addition, we identi-
fied that the metastable structure with the (+ — —) tilt
pattern and P2;/m space group is close in energy to
the ground state phase. Our phonon calculations for
LaNiOg 75 config. 1 further confirm that the (— — —) tilt
is dynamically unstable; any atomic perturbation drives
the structure to relax into the (———)) tilt, which is
then adopted and becomes the dynamically stable ground
states (P2/c). Note that adding the (+00) mode to

TABLE I. Summary of electronic and structural information
of OOV LaNiOs_s phases. Electronic configuration of nickel
atoms are provided based on polyhedral units, and space group
of stable derivative OOV nickelates are listed. The structures
of LaNiOq 75 with Config. 2 are dynamically unstable.

Features LaNiOg 5 LaNiOs. 75
Polyhedra Oct. / Square Oct. (L) / Oct. (S) / Square
d-filling a& /&8 a8 / d¢ ) d
Spin state S=1/ S=0 S=1 / S=0 / S=0
LaNiOs 75
Tilt LaNiO2.5 Config. 1 Conlfig. 2
(+**) P21/m P21/m P21/m
(——-) C2/c P2/c C2/c
either (0 ——)1 or (0 ——)) gives the same symmetry

reduction, i.e., a P2;/m space group. This is not the
case when adding the (—00) to those two-tilt systems.
Although both (= ——)L and (= — —)|| patterns exhibit
the P2/c¢ space group, their tilting directions differ with
respect to the vacancy plane. This difference leads to the
(= ——)|| pattern as the lowest energy and dynamically
stable distortion (Table I). On the other hand, the in-
phase rotation mode in config. 1 removes the symmetric
difference between the two tilting modes, where single
(+ — —)-type pattern is obtained with the dynamically sta-
ble P21 /m space group. For config. 2 of LaNiOs 75, both
(= ——) and (+ — —) distortions are dynamically unsta-
ble solutions. Modulating these two structures along the
unstable distortions yields triclinic P1 symmetry resem-
bling the (— — —) distortion, but with higher anisotropy
of Ni-O bond lengths in the ab-plane.

To identify the ground state magnetic structure of
LaNiOs 5, we examined the energetic stabilities of different
magnetic orders with the (— — —) distortion that gives
C2/c symmetry. We found A-type AFM is the most
stable and leads to an insulating gap of ~ 0.75eV (Fig. 3).
The calculated magnetic moments are 1.5 up and 0.15 up
for Ni?* in the NiOg and NiOy4 units, respectively, which
indicates each unit stabilizes high-spin (d®, S = 1) and
low-spin (d®, S = 0) configurations. Our assignment of a
low-spin configuration for the NiO4 unit is also supported
by its short Ni-O bond lengths of 1.88 A that give a strong
crystal field splitting effect [42]. The stability of A-type
AFM order is consistent with the Goodenough-Kanamori-
Anderson (GKA) superxchange rules for these orbital
fillings [43, 44]. As both e, states of the octahedral unit
are half-filled, the linear octahedral chains along c are
AFM coupled to one another. The low-spin configuration
on NiOy4 units are diamagnetic so their magnetic coupling
is negligible. This leads to the small energy difference of
3.28 meV /f.u. between the A- and A~-type orders, where
A~-AFM possesses both spin up/down octahedral units
on same ab-plane as depicted in Fig. 3(a).

Our discussion of the magnetic structure of LaNiOs 75
focuses on the monoclinic phase with config. 1 and the
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FIG. 3. (a) Stable magnetic orders in LaNiO25. La atoms
are omitted. (b) Electronic filling of the octahedral and square
planar units. (c) Density of states (DOS) per Ni atom.

(— ——) tilt distortion (P2/c). The ground state is a nar-
row gap insulator (E4 ~ 0.1eV) with zigzag AFM order
(Eq.-AFM), as illustrated in Fig. 4. Although the orbital
structure of NiO4 unit is similar to that in LaNiO 5,
the Ni of the octahedral units in LaNiOs 75 make the Ni
states near Ep significantly more dispersive compared
to insulating LaNiOg 5. Interestingly, the band gap is
sensitive to the magnetic order imposed. The zigzag
spin order perpendicular to vacancy plane (E,) gives an
insulating state whereas a zigzag spin order parallel to
the vacancy plane (E;) gives a metallic solution that is
~ 6.6 meV/f.u. higher in energy than insulating solution.
The zigzag E-type order includes both FM and AFM cou-
pling between large and small octahedral units, similar
to magnetic solutions in the RNiOg family with rock-salt
breathing distortions that support an insulating state [5].
In this regard, metallicity in LaNiOs 75 may arise from
either vacancy or magnetic order is disrupted. We also
tested other zigzag magnetic orders (S- and T-AFM from
Ref.5) and found energetically competing solutions; a
quantitative comparison of magnetic stabilities and their
U-value dependence is made in ST [31].

We found the E-type AFM is associated with columnar
breathing distortion in LaNiOs 75, which realizes charge
ordering between large (light) and small (dark) octahedral
units in Fig. 4. This behavior is not possible in LaNiO 5
owing to Ni?* occupying both NiOg and NiO4 units (Ta-
ble T). The magnetic moments of the large and small
octahedra are 1.2 up and 0.7 pup, respectively, implying
considerable charge disproportionation. Although the
effective charge states are close to 2.5+ and 3+, they can
be nominally assigned as Ni?* and Ni** considering the
significant degree of Ni-O hybridization, which agrees
with ligand-associated charge ordering [45]. We attribute
the origin of the columnar breathing distortion to the in-
ternal strain induced by NiO4 unit: the octahedral units
on similar sites with NiO4 units are subjected to compres-
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FIG. 4. (a) Stable magnetic orders in LaNiOs.75. La atoms
are omitted. (b) Electronic filling of the octahedral and square
planar units. (c¢) Density of states (DOS) per Ni atom.

sive stresses to stabilize a similar level of bond valence
with the NiO4 units. The local Ni magnetic moment
in the NiOy4 unit is 0.03 pup, which indicates the strong
preference toward low-spin Ni?T (4%, S = 0). Thus, the
breathing distortion is driven from ‘stiff’ NiO,4 units in
LaNiOg 75. The charge ordering among Ni sites in the
LaNiOs 75 octahedra also occurs regardless of the metallic
or magnetic order adopted.

The columnar arrangement of breathing distortion in
LaNiOs 75 is uniquely distinguished from that found in
other RNiO3 compounds. While rock-salt ordering of
large/small octahedral units in RNiO3 makes 6 connec-
tions for each octahedron to octahedral units of the other
size, LaNiOs 75 leaves connections between equivalent
type of octahedra along the c-axis with the number of
smaller octahedra half the number of the larger units.
With this unique arrangement, we also expect LaNiOs 75
to possibly host novel phenomena with its unique elec-
tronic structure. First, a low-dimensional electron gas
may be found above its MIT temperature where the nar-
row band gap is closed. Our DFT calculation predicts
the metallic phase with AFM order is more stable than
the FM spin orfer owing to the columnar breathing dis-
tortion. These AFM metals exhibit a low-dimensional
electron gas, as shown in Fermi surface included in the
SI [31], because electronic conduction is limited by the
magnetic order and the NiOy4 planes. Secondly, the zigzag
AFM order lifts inversion symmetry in the P2/c space
group, enabling multiferroic behavior in LaNiOg 75. The
polar magnetic space groups are P,2; and Pc’ for E,- and
Ey-AFM order, respectively, at the collinear-spin level,
whereas noncollinear spins are required for multiferroicity
in LaNiOg [46].

Coexistence of LaNiOs 75 with perovskite LaNiO3 may
in part explain the unique behavior in LaNiOj3_s. For
instance, a breathing distortion in LaNiO3_g was reported
based on pair distribution (PDF) measurements [47].



The breathing distortion was attributed to the P2;/n
space group like other low-temperature RNiOj structures,
mainly because of the monoclinic feature appearing in the
PDF data. The existence of LaNiOs 75 was rejected de-
spite the presence of oxygen vacancies because LaNiOs 75
was previously reported in a triclinic rather than mono-
clinic structure [20]. Our work reveals that a monoclinic
LaNiOg 75 structure with columnar breathing distortion
is energetically and dynamically stable, and its struc-
ture may better describe the local displacements observed
experimentally in LaNiOs_s. To discern the origin of
the breathing distortions, we suggest analyses on the ar-
rangement of the smaller octahedral units or the relative
proportion of octahedra with different sizes. Because of
the 2:1 ratio of large to small octahedra, we expect dif-
ferent peak-height ratios in X-ray absorption spectra of
LaNiOs 75 compared to spectra of RNiOs; furthermore,
lower-dimensional features may appear in angle-resolved
photoemission spectrum on single crystals of LaNiOs 75
that could confirm its electronic description (see band
structures in ST [31]).

Given our understanding now of the electronic structure
of LaNiOg 75, we now interpret the magnetic/electronic
transitions found in LaNiO3_s. Along the magnetic (PM-
FM-AFM) and electronic (metal-semiconductor-insulator)
transitions in the LaNiOs_s (0 < ¢ < 0.5) series [13, 14],
the end-member phase LaNiOs 5 best explains the AFM
insulating state. On the other hand, the intemediate-
member LaNiQO; 75 does not directly agree with the ob-
served FM/semiconducting behavior. Noting that the
ground state of LaNiOs 75 is an AFM insulator with a
narrow-gap, we attribute the FM /semiconducting behav-
ior to either a distruption of the vacancy order and/or
disruption of the magnetic structure. When the structural
vacancy order is imperfect, the formation of NiO4 units re-
duces the number of states near Ex and inhibits electronic
hopping, and clustered octahedral units would adopt ei-
ther Ni%* or Ni®*t, which spontaneously stabilizes FM spin
coupling. This view is supported by a LaNiOs 75 report
finding that the sign of do/JT changes from semicon-
ductor to correlated metal when thermally annealed [14],
where considerable re-distribution of oxygen vacancies
is expected. However, we expect the formation of NiO,
units are still prefered even when the vacancy order is dis-
rupted as we find that Config. 1 of LaNiOs 75 is relatively
more stable than other arrangements of oxygen vacancies,

including the possibility of square pyramidal coordina-
tion (NiOs units) and randomly distributed vacancies,
as discussed in the SI [31]. On the other hand, finite
temperature might stabilize FM order over zigzag-type
magnetic orders. The FM order is 16 meV/f.u. higher
than the ground state [31], which may be thermally
surmountable and could represent the FM feature ob-
served in some LaNiO3_s crystals [10]. We additionally
note that interfacial effects from LaNiOs 75/LaNiOs 5 or
LaNiOs 75/LaNiO3 junctions may also play a role, es-
pecially because sinlge crystal LaNiOs 75 has not been
investigated without phase fractions of LaNiOs 5 and
LaNiOj3. Thus, we anticipate further experimental work
dedicated to synthesis and property measurments of single
phase LaNiOg 75 would help create a more complete view
of topotactic transitions in LaNiO3_; and the range of
phenomena accessible in complex nickelates.

We identified the detailed electronic/magnetic struc-
ture of oxygen-deficient LaNiO3_s with ordered oxygen
vacancies (OOV). OOV in nickelate perovskites forms
NiOy4 square planar units along (110),. plane, which sta-
bilizes low-spin Ni?* (d®, S = 0) configuration. While this
units become magnetically inactive, they tunes the charge
states of octahedral units which determine the magnetism
of the OOV phases. For insulating LaNiOs 5, the octahe-
dral units exhibit high-spin Ni?T (d®, S = 1) and their
structure along the ¢ direction favors AFM coupling and
stabilizes A-AFM order. The semiconducting LaNiOs 75
phase with a more complicated atomic structure compris-
ing square planar units and dilated/contracted octahedral
units. The columnar breathing distortion of octahedral
units host charge disproportionation of Ni atoms to nom-
inally Ni?* and Ni*t with zigzag-type AFM orders. The
identified OOV phases explain electronic/magnetic prop-
erties with varying oxygen contents, and also contributes
to unique magnetic behavior of LaNiO3_4 crystals.
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