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While defects such as oxygen vacancies in correlated materials can modify their electronic prop-
erties dramatically, understanding the microscopic origin of electronic correlations in materials with
defects has been elusive. Lanthanum nickelate with oxygen vacancies, LaNiO3_,, exhibits the metal-
to-insulator transition as the oxygen vacancy level x increases from the stoichiometric LaNiOs. In
particular, LaNiO2 5 exhibits a paramagnetic insulating phase, also stabilizing an antiferromagnetic
state below Ty ~ 152K. Here, we study the electronic structure and energetics of LaNiOs_, us-
ing first-principles. We find that LaNiO3 5 exhibits a “site-selective” paramagnetic Mott insulating
state at T' ~ 290K as obtained using density functional theory plus dynamical mean field theory
(DFT+DMFT). The Ni octahedron site develops a Mott insulating state with strong correlations as
the Ni ey orbital is half-filled while the Ni square-planar site with apical oxygen vacancies becomes
a band insulator. Our oxygen vacancy results cannot be explained by the pure change of the Ni
oxidation state alone within the rigid band shift approximation. Our DET+DMEFET density of states
explains that the peak splitting of unoccupied states in LaNiOs_, measured by the experimental
X-ray absorption spectra originates from two nonequivalent Ni ions in the vacancy-ordered structure.

I. INTRODUCTION

Rare-earth nickelates RNiO3 (R is the rare-earth ion)
have attracted significant research interests due to their
rich electronic properties. These include the metal-
insulator transition, charge order, magnetism, multifer-
roicity, and the site-selective Mott transition [1-6]. Al-
though the R ion can be treated as electrically inert,
the phase boundaries of the metal to insulator transition
and the paramagnetic (PM) to anti-ferromagnetic (AFM)
transition depend sensitively on the subtle structural tol-
erance factor controlled by the size of the R ion [7]. This
close interplay between the structural, electronic, and
magnetic degrees of freedom puts the rare-earth nicke-
late into an intriguing correlated material.

Oxygen vacancy is one of the common defects in tran-
sition metal oxides and it can play a central role in ox-
ide electronics [8]. Tt is also known that oxygen vacan-
cies in LaNiOj3, one of the rare-earth nickelates, also
change its electronic and magnetic properties signifi-
cantly as they can modify electronic correlation effects.
Although LaNiOs is the only metallic case among the
known rare-earth nickelate series, Ni d orbitals are still
moderately correlated as indicated by experimental spec-
troscopic measurements [9-11]. Experimental measure-
ments on the conductivity in LaNiOj3_, show that the
increase of the vacancy level z reduces the conductiv-
ity and the metal-to-insulator transition occurs as x ap-
proaches to 0.5 [12, 13]. As the oxygen vacancy level z
increases further, LaNiOy, s is found to be semiconduct-
ing or poorly conducting [14]. The complete absence of
the apical oxygens leads to the infinite-layer structure of
LaNiOs and the role of electronic correlations in LaNiOq
has been drawing much attention recently as similar nick-
elates such as NdNiOs and PrNiOs exhibit supercon-
ductivity when they are hole-doped [15, 16]. Although
LaNiO; is metallic, resistivity increases at low tempera-

tures hinting possibly strong correlation effects.

In addition to transport properties, oxygen vacancies
also have significant effects on magnetism. Although
LaNiO3 has been known to remain PM at all tempera-
tures, there was a controversial experimental work show-
ing some evidence of AFM orders in LaNiOg3 [17]. Tt was
also argued that AFM in LaNiOg3 can be originated from
small oxygen vacancies [18, 19]. As oxygen vacancy level
further increases, LaNiOs 5 becomes AFM below 152K,
and LaNiOg 75 shows ferromagnetic (FM) structure be-
low 225K [19]. However, LaNiOz does not show any clear
evidence of the long-range magnetic order [20)].

Spectroscopic measurements of LaNiOs_, are also
widely performed using X-ray Absorption Spectroscopy
(XAS) and Photo-Emission Spectroscopy (PES) to study
electronic structure in experiments. Consistently with
the transport measurement, spectra at the Fermi energy
decreases as the vacancy level x increases from LaNiQOg,
opening a spectral gap near the level at x = 0.5. An
interesting feature measured from XAS in LaNiOj3_,
bulk [21, 22] as well as the thin-layer structure [23] is
the splitting of the spectral peak above the Fermi en-
ergy, which has been attributed to the oxygen vacancy
effect.

There have been some first-principles studies of mag-
netism and oxygen vacancy effects on rare-earth nick-
elates. Previous density functional theory (DFT) and
GW study on LaNiOs_, systems addressed the metal-
insulator transition and resulting spectra due to the va-
cancy effect [24]. A. Malashevich et al [25] did a system-
atic study on LaNiOj3_, with small z value and found
that oxygen vacancies stay around the same Ni ion and
localize extra electrons created by the vacancy. The
strong localization of electrons due to the oxygen vacan-
cies in other rare-earth nickelates also has been stud-
ied using DFT+U [26]. A. Subedi et al [27] studied
structural and magnetic instabilities in LaNiO3 with pos-



sible breathing-type lattice distortions using DFT and
DFT+U. Theoretical studies on RNiOs with R=La, Nd,
Sr, and Pr have attracted much attention recently as
they can serve as model systems of experimentally dis-
covered nickelate superconductors [28-34]. Nevertheless,
the microscopic origin of the strongly correlated insulat-
ing phase induced by oxygen vacancies and the changes
of the correlated spectra in LaNiO3_, compared to ex-
periments have not been systematically investigated.

In this paper, we study the strong correlation ef-
fect on the electronic structure and the energetics of
LaNiOj3_, from first-principles as the oxygen vacancy
level = evolves. We adopt dynamical mean field theory
(DMFT) in combination with DFT to treat strong cor-
relations in the paramagnetic phase as well as DFT+U
for the long-range magnetic state. We show that the
vacancy-ordered structure becomes thermodynamically
stable in LaNiOs 5 and the metal-to-insulator transition
due to the change of the vacancy level x can be captured
correctly in DFT+DMFT. The insulating nature of the
vacancy-ordered LaNiOs 5 structure with two nonequiva-
lent Ni ions originates from the site-selective Mott phase
due to both structural and electronic correlation effects.
While bulk LaNiOgz forms a rhombohedral structure with
the octahedral geometry of the Ni ion surrounded by six
O ions, oxygen vacancies can change both the oxidation
number of the Ni ion and the local structure, which can
lead to the substantial change of electronic structures in
LaN103_1.

Our paper is organized as follows. First, we explain the
computational methods we used including DFT, DFT+U
and DFT+DMFT in Sec. IT and show the structural de-
tails and magnetism in Sec. III A. We also study forma-
tion energies of LaNiOs_, in Sec. III B. Then we dis-
play the spectral functions of LaNiO3_, computed using
DFT4+DMFT and DFT+U, and compare to experimen-
tal measurements in Sec. III C. The DMFT self-energies
in LaNiO3_, are displayed to explain the nature of the
insulating phase in Sec. III D and compare our results to
the rigid band shift approximation in Sec. III E. And we
conclude our discussion in Sec. IV.

II. COMPUTATIONAL METHODS

First, we performed structural relaxation calculations
for LaNiO3_, (=0, 0.25, 0.5, 0.75, and 1) systems and
obtained the ground-state energies and magnetism us-
ing both DFT and DFT+U. Vienna Ab-initio Simula-
tion Package (VASP) [35, 36] has been used in all DFT
and DFT+U calculations adopting the Perdew-Burke-
Ernzerhof for solids (PBE-sol) [37] as the exchange and
correlation energy functional. We set 600 eV as the
energy cutoff for the plane wave basis and a Gaussian
smearing of 0.2 eV is used for the summation over the
Monkhorst-Pack k—point mesh. For LaNiOj, LaNiOg 5
and LaNiOg structures, we use a 8xX8x8 k—point grid.
LaNiOs 25 and LaNiOs 75 have a rather large supercell

with a long lattice vector along the y—direction, therefore
we use a 6x3x6 k—grid. For all structural relaxations,
we set 0.001 eV/A as the force convergence condition
fully relaxing the cell shape, volume and internal ionic
positions.

Then we calculate the correlated electronic struc-
ture using DFT+DMFT and DFT+U for LaNiOg,
LaNiOs 5 and LaNiOs. While DFT+U can cap-
ture static correlations beyond DFT at the Hartree-
Fock level based on single-determinant wavefunctions,
DFT+DMFT can go beyond the static approximation
in DFT+U and capture dynamical correlations based on
multi-determinant many-body wavefunctions. To study
magnetism, DFT+U is adopted to relax structures im-
posing experimental magnetic orderings and to study the
electronic structure from those relaxed structures. For
a paramagnetic state, we adopt DFT+DMFT using the
DFT relaxed structure with the non-magnetic(NM) or-
der. The relaxed structures obtained using DFT and
DFT+U are quite similar, as will be shown in next
section. We adopt the DMFTwDFT package [38] for
DFT+DMFT calculations. Wannier90 package [39, 40]
has been adopted to obtain maximally localized Wannier
functions for the construction of the DMFT correlated
subspace. Nickelates show a rather strong d—p hybridiza-
tion due to the covalent bonding between Ni and O ions.
Therefore, it is important to construct both Ni 3d and O
2p orbitals for the Wannier basis to treat the hybridiza-
tion effect. To construct the Wannier orbitals, we take
an energy window from -9 eV to 5 eV from the Fermi
energy, which basically all Ni 3d and O 2p orbitals.

For DFT4+U and DFT+DMFT, we need to define in-
teraction parameters to treat the on-site Coulomb inter-
action within the d—orbitals of the Ni ion. A rather
small value of U(~2eV) was used in the d—orbital model
of previous rare-earth nickelates studies [41, 42] while
U=b5~T7eV was used for the wide-energy window calcu-
lation including both d— and p—orbitals to reproduce
the metal-insulator and structural phase diagram and
to compare with the angle resolved photoemission spec-
tra [43, 44]. Similar U value (~5.7eV) was also obtained
from the constrained DFT calculation using the Quan-
tum ESPRESSO code [45].For both DFT+DMFT and
DFT+U calculations in this paper, we use the Hubbard
U=5eV and the Hund’s coupling J=0.8eV which are pa-
rameterized by the Slater integrals. To account for the
double-counting correction of DFT+DMFT, the modi-
fied fully-localized-limit form of the double-counting po-
tential, which was used for the phase diagram study of
rare-earth nickelates [43, 46], has been used. To solve
the DMFT impurity problem, we use the continuous-
time quantum Monte Carlo [47, 48] solver with temper-
ature T ~ 290K. After DFT4+DMFT calculations are
converged, we used the post-processing tool from the
DMFTwDFT package to calculate the spectral function
A(w) for LaNiOs_,. More details of the DMFT calcula-
tion method are shown in the Supplemental Material[49].



FIG. 1: Crystal structures of (a) LaNiOs, (b) LaNiOg 5,
(C) LaNiO2_25, (d) LaNiO2_75, and (e) LaNi02

III. RESULTS
A. Structural relaxation and magnetism

Bulk LaNiO3 forms a rhombohedral structure given by
the R3c space symmetry group [50]. This structure has
two La, two Ni, and six O ions in a unit-cell, which can be
obtained by rotating the Ni-O octahedra from the cubic
perovskite structure. Namely, without any defects, each
Ni ion is surrounded by six O ions forming the octahe-
dron and all Ni-O octahedra are equivalent with the same
Ni-O bond lengths (see Fig.1a). The oxygen vacancy for-
mation induces the local structural distortion due to the
absence of apical oxygens, which breaks the cubic sym-
metry. While it is challenging to measure the crystal
structure with vacancies, several experiments [13, 51, 52]
suggest the LaNiOs 5 structure such that NiOg octahe-
dra and NiO4 square-planes are alternating in the = — y
plane as shown in Fig 1b. Previous DFT calculation [25]
also provides the insight that the apical divacancy con-
figuration lowers the formation energy than other config-
urations meaning a four-coordinated Ni-O square plane
is energetically favored when oxygen vacancies are intro-
duced. In this paper, we denote Ni in the octahedral
environment as Ni, and Ni in the square-planar symme-
try as Nigp. We also construct LaNiOs 25 and LaNiOs 75
structures with vacancy orderings such that Ni, and Niy,
ions modulated along the x —y plane, as shown in Fig lc
and Fig 1d. LaNiOy becomes a tetragonal structure of
purely Nig, ions with NiO4 square-planes (see Fig. le).

While LaNiO3 remains a PM metallic state at all tem-
peratures, LaNiO3_, (z > 0) undergoes the magnetic

transition for most cases. In Table I, we list the ex-
perimentally observed long-range magnetic orderings of
LaNiO3_, including the ground state (metal or insula-
tor) and the Neel temperature (Tx) with relevant refer-
ences. Most LaNiO3 structures with O vacancies become
FM except LaNiOg 5. Previous experimental work [51]
in LaNiOg 5 suggests that LaNiOs 5 is the G-type AFM
and the Ni, ions have relatively large magnetic moments,
while the Niy, ions have almost no magnetic moment. All
LaNiOj_, structures become paramagnetic above Ty .
To study the structural and magnetic properties, we
fully relaxed the oxygen-vacancy ordered structures of
LaNiO3_, with = =0, 0.25, 0.5, 0.75 and 1 using both
DFT and DFT+U. In Table II, we provide the struc-
ture details obtained from the relaxations with magnetic
structures observed in experiments for x=0, 0.5 and 1.
That is to say, we impose the G-type AFM order on
LaNiOg 5 relaxations. The non-magnetic(NM) order cal-
culations on LaNiOy and LaNiOg are performed to sim-
ulate PM nature in experiment. In LaNiOjz, DFT Ni-
O bond length and Ni-O-Ni bond angle are similar to
experiment while DFT+U overestimate the bond angle
along with the contracted bond length. LaNiOs 5 has
two nonequivalent Ni ions and the Ni,-O bond length
is much larger than the Nig,-O bond length. LaNiOs 5
structure relaxed with DF'T shows the Ni-O bond length
difference to be 0.14A. DFT+U predicts the similar Ni-
O bond difference (~ 0.22A) as the experimental value
(~ 0.21A) although the absolute values of the bond
lengths in DFT+U are smaller than experimental val-
ues. In LaNiOs, the Ni-Ni distance along z—axis is quite
smaller than along the z—y plane due to the loss of apical
oxygens and the DFT structural parameters are closer to
experimental values than the DFT+U parameters.

TABLE I: Experimental magnetic and transport
(metal/insulator) properties of LaNiOs_,

LaNiOs_, M/T MAG. Tx
LaNiO3 [13, 18] M PM 0K
LaNiO2.75 [13,19] M FM 225K
LaNiOs 53 [52] N/A FM N/A
LaNiOqs [13,19] T AFM 152K
LaNiO, [14, 20] M PM N/A

In Table III, we calculate the ground-state energies of
LaNiO3_, using DFT and DFT+U. Different magnetic
orderings including G-type AFM, FM and NM order are
imposed during the relaxation calculations and subtract
the resulting FM energy from the G-type AFM energy
for each system. In each structure, different magnetism
can be obtained by converging the solutions from differ-
ent initial configurations. In LaNiOs, the ground-state
converges to the NM structure regardless of FM or AFM
initial configurations in DFT while DFT+U predicts it
to be FM. Also in LaNiOy, DFT converges to the NM
configuration while AFM is more stable in DFT+U. In
LaNiOs 5, DFT4U predicts the ground-state to be AFM



TABLE II: Structural information of LaNiO3,
LaNiOs 5, and LaNiOs obtained from DFT and

DFT+U relaxations.

Parameters DFT DFT+U  Exp
LaNiO3 dni—o [A] 1.90 1.88 1.93[53]
(NM) ani—o—n;i [°] 1645  168.3 164.8[53]
LaNiOz25 | dni—ni® [A] 3.83 3.82 3.91[51]
(AFM) dni—ni® [A] 3.64 3.67 3.74[51]
dni.,—o [A] 1.86 1.83 1.91[51]
dni,—0* [A]  2.00 2.05 2.12[51]
dni,—o® [A] 1.86 1.88 1.92[51]
LaNiOo dvi-ni® [A] 3.89 3.84 3.96[20]
(NM) dni—ni® [A] 3.34 3.32 3.37[20]
dni—o® [A] 1.95 1.92 1.98]20]

2 Along the z — y plane.
b Along the z axis.

consistently with the experiment (see TableI) while DFT
converges to the FM ground state. This implies that the
correlation treated in DFT+U can be important to cap-
ture the ground-state magnetic configuration in struc-
tures with vacancies. Both DFT and DFT+U give the
FM order lower energy than AFM order in LaNiOs 75,
which is also consistent with experiments.

In LaNiOs 5, the spin-state ordering occurs as the Ni,
ion in NiOg exhibits a high-spin state while the Nig, ion
in NiO4 shows a low-spin state [51]. This spin-state or-
dering induced by the oxygen vacancy ordering is also
consistent with our DFT+U calculation. We find the Nip
ion shows a high-spin state with the magnetic moment
of 1.62up, which is much larger than the low-spin mo-
ment in Nig, (0.16pp). This spin-state ordering is also
accompanied by the in-plane Ni-O bonding dispropor-
tionation in which the Ni,-O bond length is much larger
than the Nig,-O bond length by ~0.22A (see TableII).
LaNiOs 75 and LaNiOs o5 with FM order also show the
similar trends of the spin-state ordering in our calcula-
tions in that the Ni, ion has a larger moment than the
Nig,, ion, as shown in Table IV.

TABLE III: Total energy difference per formula unit
[meV] between FM and AFM in LaNiO3_,.

LaNiOs_, |DFT DFT+U
AFM-FM AFM-FM
LaNiOs 0 341
LaNiO2.75 |4 40
LaNiOs 5 10 -41
LaNi02,25 2 68
LaNiO, 20° -51

2 Both FM and AFM converged to zero magnetic moment.
b FM converged to zero magnetic moment.

TABLE IV: Magnetic moments [uB] of LaNiO3_,
computed using DFT+U.

LaNiO3_, Ni, Nisp
LaNiOz.75 [FM] 1.04/1.47/1.04 0.11
LaNiOg 5[AFM] 1.62 0.16
LaNiOsz,25 [FM] 1.60 0.8/0.8/0.8

B. Formation energies

The stability of the oxygen vacancy ordered structure
can be determined by the formation energy calculation.
Here, we compute the vacancy formation energy per for-
mula unit for LaNiOs_, structures as a function of the
oxygen chemical potential related to the given oxygen
pressure. The formation energy can be given by [54]

Etorm = Eranios_, — Eranio, + 2+ %EOQ +x-po (1)
where Etop, is the Gibbs formation energy,  is the va-
cancy level, Erqnio0,_, is the total energy of LaNiOs_,,
Eo, is the total energy of the Oz molecule, and po is
the oxygen chemical potential depending on pressure and
temperature. Here, we neglect the phonon and entropy
contributions of LaNiOs_, to the Gibbs formation en-
ergy at finite temperatures. In experiments, the thermo-
dynamic stability condition of oxygen vacancies in given
materials can depend on the applied oxygen pressure P
and temperature T'. We assume that the oxygen molecule
forms an ideal-gas-like reservoir during the experimental
sample growth, therefore its chemical potential can be
given by [54-57]

po(T, P) = po(T, P°) + %kBTln (%) (2)
where P is the ambient pressure. The uo (T, P°) values
are taken from Ref. 55. Typical experimental growth of
LaNiOg3 on the SrTiO3 substrate is carried out at around
920K and 10 Pa oxygen pressure [22].

In Fig.2 we plot Eorm as a function of po (related to
the applied pressure) at 920K computed using DFT+U,
DFT and DET+DMFT. We compute the total energies of
LaNiOs_, in Eq. 1 using first-principles (DFT, DET+U,
and DFT+DMFT) by adopting the same relaxed struc-
tures of LaNiOjz_, as used in the spectra calculations.
We choose the magnetic order in DFT or DFT+U cal-
culations resulting the lowest energy while DFT+DMFT
calculations adopt the PM order for all LaNiOs_,, struc-
tures at 920K. Our results suggest that, for the oxygen-
rich region, when the oxygen pressure higher than 55Pa
(corresponding to p, > -1.3 V), LaNiOj is the most sta-
ble structure compared to other vacancy structures with
the positive vacancy formation energies. However, as the
oxygen pressure is lowered than 4.5Pa (corresponding to
-2.1eV < po < -1.4 V), we find that LaNiOs 5 becomes
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FIG. 2: Formation energies Efop, of LaNiO3z_, as a
function of the oxygen chemical potential uo (related to
the oxygen pressure P) calculated using DFT+U (at

T =0K), DFT (at T =0K) and DFT+DMFT (at

T =920K). The vertical dashed line indicates the

typical oxygen pressure used in experiment.

the most stable structure in the DFT+U calculation al-
though different vacancy structures have very similar for-
mation energies in DFT. DFT+DMFT also shows the
similar energetics as a function of the oxygen pressure
compared to DFT+U implying that correlation effects
in DFT+DMFT or DFT+U treated beyond DFT can be
important to capture the correct formation energy in oxy-
gen vacancy structures. Since DFT+U (DFT+DMFT)
can capture the correct AFM (PM) order as well as the
insulating state in LaNiOs 5, the predicted vacancy or-
dered structure from first-principles can be indeed sta-
ble under the experimental growth condition of the lower
oxygen pressure region.

C. Correlated density of states

In this section, we study the correlated density of states
(DOS) for the vacancy-ordered structure in LaNiOg 5
as well as stoichiometric LaNiOz and LaNiO; using
both DFT+DMFT and DFT+U to treat correlations
beyond DFT. First, we compare the DOS for stoi-
chiometric LaNiOg (x=0; Fig. 3a) and LaNiOg (z=1;
Fig. 3b) computed using DFT+DMFT. LaNiO3 com-
puted using DFT4+DMFT shows the Fermi-liquid metal
feature, which is consistent with the experimental mea-
surement [9]. The overall peak positions computed
in DFT+DMFT are also consistent with the experi-
mental PES peak positions [22]. Our orbital-resolved
DFT+DMFT DOS reveals that the small bump below
the Fermi energy has mostly the Ni e, character and the
sharp peak near -0.7 eV is mostly contributed from the
a4 character although O 2p orbitals are also mixed with
these orbitals. O 2p peaks are distributed broadly below
-2 eV. The unoccupied DOS also shows a broad e, peak
with a strong mixture with O 2p spectra due to the co-

valent bonding between Ni and O ions. As a result, the
hole density per the O ion is 0.26 and the occupancy of
the Ni 3d orbital becomes ~7.8 (See Table V).

The absence of apical oxygens in LaNiOg changes
electronic structures significantly compared to LaNiOg.
First, the apical oxygen vacancy breaks the symmetry of
the Ni-O octahedron and split the on-site orbital energies
within e, and ¢, manifolds as the local geometry of the
Ni-O bonding becomes a square-planar symmetry. As
a result, two e, orbitals in Niy, become non-degenerate
and the d,= orbital is lower in energy than the d,2_,2 or-
bital. Second, the removal of the apical oxygen ions from
the Ni-O octahedron means that two electrons are effec-
tively donated to the remaining the Ni-O square plane.
The donation of two electrons from the apical oxygen
changes the oxidation state of Ni** in LaNiO3 to Nil*
in LaNiOs. Due to this electron transfer, d—occupancy
in Nigp, becomes close to 9.1 while the hole per O ion is
also reduced to 0.06 (See Table V). As a result, the d,»
orbital tends to be fully filled while the d,»_,» orbital
is almost half-filled enhancing the electronic correlation
effect.

Our DMFT DOS in LaNiOs is also consistent with
the experimental XAS measurement [58] showing the
strong reduction of the unoccupied O 2p spectra com-
pared to the LaNiOgs case. Our unoccupied O 2p DOS
(blue dashed line in Fig.3b) is also much reduced and the
occupied O 2p peak in LaNiOs is located further below
the Fermi energy due to the reduced hole density in the
O ion and the decreased Ni-O hybridization compared to
LaNiO3. Due to this much reduced Ni-O hybridization

S

—— Nigp d2

—— Nigp dy2_,2

w

-1 Nig by

DOS Intensity
N

-

S s et e m e —]
2

DOS Intensity
N

5 : i it 7 L iRt L WY
%5 6 -4 —2 o 2 4-8 -6 -4 -2 0 2 4
Energy [eV] Energy [eV]

FIG. 3: The orbital-resolved DOS of LaNiOgs (a,c) and
LaNiOs (b,d) computed using DFT+DMFT (a,b) and
DFT+U (c,d). The e, orbitals in LaNiO3 are
degenerate. The shaded region is taken from the
experimental PES measurement[22].



and the d,2_,2 orbital occupancy close to the half-filling,
the LaNiOy becomes close to the Mott insulating phase
as reflected in the strong reduction of the d,»>_,» spectra
near the Fermi energy which is also consistent with the
experimental XAS measurement [58]. This incoherent
metallic state due to the strong correlation effect is also
reflected in the large scattering rate (the imaginary part
of the self-energy at the zero frequency in Fig. 5b) and
consistent with the poor conductivity measured experi-
mentally in LaNiOg [14]. Our DFT band structure cal-
culation reveals that some La 5d bands are also crossing
below the Fermi energy (see Supplemental Material[49])
although we do not include this hybridization effect of
the La 5d orbital as we construct the Wannier functions
for only Ni 3d and O 2p orbitals. Although treating the
effect of this La 5d orbital on the DMFT correlation is
beyond the scope of our paper, previous DMFT calcu-
lation in the similar NdNiOs material argues that the
Nd 5d band acts as a charge reservoir without significant
hybridization with the Ni 3d orbital [30].

In Fig.3c and 3d, we also plot the orbital-resolved DOS
for both LaNiOgz and LaNiO2 obtained using DFT+U.
We impose the NM spin order for both materials, consis-
tently with the experiment as listed in Table I. In both
materials, the DFT+U calculations also exhibit quali-
tatively similar features as the DFT4+DMFT spectra. In
LaNiOs, the to, peak is located slightly below the experi-
mental peak at -0.7eV and the it is somewhat strongly hy-
bridized with O p orbitals. Consistently with DMFT, the
unoccupied O 2p DOS becomes much reduced in LaNiOq
and d,2_,2 orbital is also nearly half filled. However, the
DFT+U spectra have still large DOS intensity at Fermi
level and the O 2p peak is relatively close to the Fermi
energy compared to DMFT.

Now we turn to the LaNiOs 5 case with the oxygen va-
cancy ordering. We performed both DFT+DMFT and
DFT+U calculations to study the correlated electronic
structure beyond DFT treating the realistic oxygen va-
cancy structure (Fig.4b-e). DFT+U was performed with
the G-type AFM ordering (the lowest-energy magnetic
structure; see TableIIl) and DFT+DMFT was performed
with the paramagnetic spin symmetry. In this structure,
the six-coordinated Ni-O octahedron (Ni,) and the four-
coordinated Ni-O square-plane (Nig,) are alternating in
the © — y plane as two apical oxygen ions are removed
from the half of octahedra in LaNiOj (see Fig. 4a). Our
structural relaxation calculation shows that the Ni-O oc-
tahedron is distorted as the in-plane Ni-O bond length
is larger than the out-of-plane bond (see TableII). How-
ever, the orbital energy difference between two e, orbitals
is only 0.04eV, which is much smaller than ey-to, split-
ting of 0.62eV. In Nig,, the energy splitting between d,»
and d,>_,» is as large as 0.8eV.

As shown in Fig.4b-e, both DEFT+DMFT and DFT+U
predict the LaNiOs 5 to be insulating consistently with
experiments. This is in sharp contrast with the
DFT DOS predicting the ground state to be metallic
as DFT underestimates correlations (see Supplemental

Material[49]). DFT+DMFT DOS opens a spectral gap
of 0.3 eV resulting in the PM insulating state while the
band gap computed in DEFT+U with AFM becomes much
larger (~1.5 V). Our DFT+DMFT calculation can also
reveal that the two-peak structure of the unoccupied
spectra measured in experiment originates from the two
nonequivalent Ni ions in LaNiOs 5. The Ni, ion (Fig. 4b)
develops a spectral Mott gap in the middle of the almost
degenerate e, orbitals and the broad unoccupied peak
near 2eV above the Fermi energy emerges as the upper
Hubbard band due to the localized nature of Ni, e, or-
bitals induced by the oxygen vacancy. In Nig,, the d,-
orbital spectra become occupied while the unoccupied
DOS near 1eV is mostly contributed from the d,2_,» or-
bitals also hybridized with the in-plane O 2p orbitals. Al-
though all O ions are equivalent in LaNiOs, two types of
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FIG. 4: (a) The crystal structure of NiOs 5 showing two
nonequivalent Ni ions with the distinct orbital energy
level diagram. The site- and orbital-resolved DOS of
LaNiO3 5 obtained using DFT+DMFT (b and ¢) and
DFT+U (d and e) computed for Ni, (b and d) and Nig,
(c and e). PES and XAS data are taken from
experimental measurements [22].



nonequivalent O ions exist in LaNiOs 5, which are circled
in Fig. 4a denoted as O4 and Op. O4 is the apical oxy-
gen of the Ni, ion and Op is the in-plane oxygen located
between Ni, and Nis,. The Ols XAS spectra provide
a relatively unperturbed probe of the unoccupied DOS
since the Ols core hole effect is negligible [59]. However,
it can probe not only O 2p but also 3d states in oxide
materials due to strong d — p hybridization [60]. The
Op 2p unoccupied DOS is mostly distributed near 1eV
as it is strongly hybridized with the Niy, d >_,> orbitals.
The O 4 2p unoccupied DOS is rather weakly hybridized
with the Ni, ion showing much reduced spectra, but it is
broadly distributed at higher energies than the O spec-
tra. In DFT+U DOS (Fig. 4d and e), the qualitative
features of DOS are similar as the DMFT DOS confirm-
ing that the unoccupied two-peak structure is originated
from two nonequivalent Ni ions. However, the DFT+U
peak positions are higher in energy than the experimental
peak positions.

D. Site-selective Mott insulating state in LaNiO3 5

Here, we show the imaginary part of the self-energy on
the real energy axis, ImX(w) of Ni e, orbitals computed
using DMFT in Fig.5. Two types of Ni ions in LaNiOg 5
are plotted in Fig. 5¢ and Fig. 5d. LaNiO3 (Fig. 5a) and
LaNiO; (Fig. 5b) are also compared. The self-energies of
eq orbitals in LaNiOg3 are degenerate and show the Fermi-
liquid behavior (Im¥ ~ w?) at the low frequency, con-
sistently with the metallic state. In LaNiOg, the dg2_,»
orbital develop correlations as the self-energy develops a
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FIG. 5: Imaginary part of self-energies Im¥(w)
computed for Ni d,2» and d,2_,2 orbitals in (a) LaNiOs,
(b) LaNiOg, and LaNiOs 5 for two nonequivalent Ni
ions, (c) Ni, and (d) Nig, respectively.

pole near the Fermi energy with the large scattering rate
at w = 0. In LaNiOy 5, both Ni, e, orbitals have strong
correlations at the Fermi energy as self energy curves
have poles right near w=0 while Nig, in LaNiOy 5 ex-
hibits a flat curve. Since Ni, e, orbitals in LaNiO3 5 are
also nearly half filled (see Fig. 4a energy diagram), this
indicates a Mott type insulator in Ni, while the Ni,, ions
with oxygen vacancies behave similarly as the band insu-
lator as only one e, orbital is fully filled and the other e,
orbital is almost unoccupied (see Fig.4a energy diagram).
This Mott insulating behavior occurs at the half of lattice
sites selectivity (in this case for Ni, sites), therefore it can
be understood as the “site-selective” Mott transition.

This site-selective Mott insulating phase is also accom-
panied by the substantial Ni-O bond disproportionation
of 0.22A between Ni, and Nig, as obtained in the DFT+U
relaxation calculation (see Table IT) since the Mott in-
sulating site is expanded to reduce the hybridization be-
tween Ni and neighboring O ions. In DFT+U, this mech-
anism occurs as the spin-state ordering since the Mott in-
sulating site becomes a high-spin state while the band in-
sulating site exhibits a low-spin state. This site-selective
Mott mechanism also occurs in other correlated mate-
rials including rare-earth nickelates with smaller rare-
earth ions such as LuNiOg [6], the spin-state ordered
LaCoOs [61], FeaOs under the high pressure [62, 63],
and doped manganese oxides [64]. Like the LaNiOj3 case
with oxygen vacancies, the site-selective Mott insulating
phase in other materials also accompanies some degrees
of breathing-type lattice distortions as the Mott insulat-
ing site develops in an expanded octahedron and the band
insulating site forms in a contracted octahedron due to
strong hybridization of transition metal spins with sur-
rounding O holes.

In DMFT calculation, one can also measure the corre-
lation strength from the obtained quasi-particle residue

Z defined as:
> -1
Z- <1 Lz > (3)
w=0

Ow

which gives the inverse of the effective mass renormal-
ization factor (m*/m=2"1). The Ni e, band of LaNiOs
has an effective mass factor of 1.7. For LaNiOs,, elec-
tronic correlation is further enhanced than LaNiO3z and
the quasi-particle band of the d;»_,» orbital is strongly
renormalized with a factor of 9.4. As LaNiOs 5 with oxy-
gen vacancies becomes an insulator, the concept of the
quasiparticle mass renormalization cannot be applied any
more since quasiparticles do not exist in an insulator.

Oxygen vacancy also changes the Ni oxidation state
and increases the electron occupation in the Ni-O man-
ifold effectively as two electrons are donated from the
removed oxygen ion. Table V shows the occupation num-
ber for Ni 3d and O 2p orbitals in each structure obtained
from DFT+DMFT and DFT+U. In DEFT+DMFT calcu-
lations, as the Ni oxidation state changes from Ni** in
LaNiO3 to Ni'* in LaNiOs, the d—orbital occupancy in-
creases from 7.8 to 9.12 and the hole occupancy in the




O ion decreases from 0.26 to 0.06. DFT+U also shows
the increase of the average d—orbital occupancy from
LaNiO3 to LaNiOg, however its value is larger than the
DFT+DMFT result. In LaNiOs 5, the average Ni oxida-
tion state is Ni*t. However, it is not clear whether the
electron transfer due to oxygen vacancy will occur mostly
to Ni, resulting in charge ordering between Ni*T in the
Ni, ion and Nil™ in the Niy,, ion or both Ni, and Nig, ions
will have the similar Ni?* configuration without charge
ordering. Our DFT+DMFT calculation shows that Ni,
is close to Ni?t as the e4 orbitals in Ni, are almost half
filled (~2.13) and the e, occupancy in Nig), is slightly
more occupied than the half-filling leaving some holes
per the O site (~0.15). This hole state in O is rather
strongly hybridized with the Ni,, e, orbital as shown
in the previous DOS result. Therefore, the site-selective
Mott transition in LaNiOs 5 also leads to small charge
ordering between Ni, and Ni,, ions. DFT+U also shows
the similar charge ordering in LaNiOg 5.

TABLE V: Occupations of Ni 3d and O 2p orbitals in
LaNiO3_, obtained from DFT+DMFT and DFT+U.

DFT+DMET Ni, Nisp Oavg
LaNiO3(PM) 779 N/A 574
LaNiO2 5 (PM) 8.15 8.57 5.86
LaNiO,(PM) N/A 912 5.94
DFT+U

LaNiO3(NM) 823 N/A 559
LaNiOs 5 (AFM)  [8.27 8.73 5.80
LaNiOs(NM) N/A  9.30 5.85

E. Rigid band shift approximation in LaNiOs_,

Our DFT+DMFT calculation in LaNiOs 5 shows that
the paramagnetic insulating phase in LaNiOq 5 originates
from the change of Ni oxidation states as well as the oxy-
gen vacancy ordering structure which induces both the
local symmetry change of Ni ions and different hybridiza-
tion of Ni ions with surrounding O ions. To investigate
the effect of the oxygen vacancy ordering structure on
electronic correlations, we apply the rigid band shift ap-
proximation to LaNiOg within DFT4+DMFT to impose
the effect of the Ni oxidation state change alone. In this
approximation, we use the same Wannier band structure
obtained from LaNiOg at different vacancy levels while
the effect of different Ni oxidation states is adopted by
shifting the Fermi level to modify the total number of
electrons within DMFT calculations accordingly.

Fig.6a-e shows the DOS of different Ni oxidation states
due to the change of vacancy level 2, namely Ni3* for 2=0
and Ni'* for z=1. As the oxidation number changes from
Ni*T to Ni'™, O p and Ni ¢y, states move further below
the Fermi energy while keep the shape mostly unchanged.
This trend is also consistent with the experiment data
depicted as the shaded region. The Ni e, states near
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FIG. 6: (a)-(e) DEFT+DMFT DOS of LaNiO3_,,
systems at different Ni oxidation states computed using
the rigid band shift approximation. (f) The d
occupancy and the mass renormalization factor as a
function of different Ni oxidation states.

the Fermi energy also do not change significantly as the
Fermi level shifts higher in energy for the smaller oxi-
dation state. The Ni%*t state corresponding to LaNiOs 5
still exhibits the metallic state without developing a Mott
state although the e, occupancy becomes close to the
half-filling. In Fig.6f, we plot the mass renormalization
factor m*/m and the corresponding Ni d occupancies as



a function of Ni oxidation states. While the d occupan-
cies change linearly, the effective mass becomes maximum
only when the d occupancy becomes close to 8.0 meaning
the half-filled e, occupancy although the mass renormal-
ization remains in range of 1.5-2.5. Therefore, the strong
correlation effect occurring in the oxygen vacancy struc-
ture cannot be captured by the Ni oxidation change alone
within the rigid band shift approximation.

IV. CONCLUSION

In conclusion, we performed first principles calcula-
tions in LaNiO3 with oxygen vacancies (LaNiO3_, with
2=0, 0.25, 0.5, 0.75, and 1). Experimentally, the metal-
to-insulator transition occurs as the oxygen vacancy level
x approaches to 0.5 and the ground state is AFM (AFM
becomes PM at higher temperature). We find that the
vacancy ordering structure of alternating NiOg octahedra
and NiOy4 square planes (with apical oxygen vacancies)
becomes thermodynamically stable in LaNiOs_ 5 when the
oxygen pressure is lowered than the typical growth condi-
tion of LaNiO3. DFT+4U converges to the correct AFM
magnetic order in LaNiOs 5 while DE'T favors FM imply-
ing that the electronic correlation effect can be important
for oxygen vacancy structures. Our DFT+DMFT calcu-
lation in LaNiOs 5 shows that the PM state is insulat-
ing and the nature of this insulating state is the site-
selective Mott phase in which the octahedral Ni ion de-
velops a Mott state with strong electron correlations and
the square-planar Ni ion becomes a band insulator with
the negligible self-energy. We also explain the nature of
the two-peak structure in unoccupied spectra measured
in Ols XAS experiments of LaNiOg_,. The lower energy
peak in XAS originates from the square-planar Ni state

strongly hybridized with O ions while the higher energy
peak is resulted from the broad spectra of the localized e,
orbitals in strongly correlated octahedral Ni ion. LaNiOq
with the complete apical oxygen vacancies becomes also
strongly correlated as it reduces the Ni-O hybridization
and lifts the degeneracy between e, orbitals, as a result,
it becomes close to the Mott state although it is still
metallic.

The change of Ni oxidation states alone within the rigid
band shift approximation cannot capture the strongly
correlated insulating phase occurring in the oxygen va-
cancy structure of LaNiO3 implying that it is important
to treat realistic oxygen vacancy structures of materi-
als using first-principles to account for electronic correla-
tion effects induced by oxygen vacancies. Moreover, the
Hubbard U values of Ni ions can be site-dependent in
oxygen-vacancy structures since chemical environments
of Ni ions can be varied due to oxygen vacancies. In
principle, site-dependent U values can be computed from
first-principles, and their effects on electronic structure
of materials with oxygen vacancies can be an interesting
topic for future studies.
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