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The discovery of superconductivity in La3Ni2O7 has sparked significant research interest in the field of
nickelate superconductors. Despite extensive studies on pristine La3Ni2O7, the role of oxygen vacancies (VO), a
common type of intrinsic defect in oxides, on electronic structures and superconductivity in La3Ni2O7 remains
unclear. In this paper, we identify that the loss of intrabilayer apical oxygen is the most energetically favorable.
The electronic structure undergoes notable changes, particularly for the Ni-dz2 and Ni-dx2−y2 orbitals. The dz2

orbital shifts downward, substantially reducing its proportion at the Fermi level. Conversely, the proportion of
the dx2−y2 state increases due to the orbital localization. Applying the two-band model, the hopping strength
between intrabilayer dz2 functions is observed to increase significantly but with opposite signs, which deviates
from the previous understanding. The interorbital hopping between dz2 and dx2−y2 functions decreases in the
presence of VO. Our results indicate that the formation of VO could be harmful to the superconductivity in
La3Ni2O7, considering the general assumption regarding the critical role of dz2 in superconductivity generation.
Additionally, we propose that Ce3Ni2O7, possessing similar electronic structures to La3Ni2O7, could be a
promising nickelate superconductor with a potential low concentration of VO.
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I. INTRODUCTION

Besides the infinite-layer nickelates RNiO2 (R = La,
Nd, or Pr) [1–5], Ruddlesden-Popper bilayered perovskite
La3Ni2O7 (La327) was recently discovered to be another
unconventional nickelate-based superconductor [6–10]. In
contrast to the low superconducting temperature observed in
RNiO2 thin films (e.g., ∼10 K at ambient pressure [1] and
∼30 K at 12.1 GPa [11]), bulk La327 exhibits significantly
higher Tc values, reaching up to ∼80 K under 14 GPa [6–8].
Importantly, both monocrystalline and polycrystalline sam-
ples are found to be superconducting and undergo a structural
phase transition from Amam to Fmmm (or I4/mmm) around
14–15 GPa [8,12–14]. Constructed by NiO6 bilayers, the basic
electronic structure of La327 is characterized by the 3d7.5

configuration with fully occupied t2g orbitals, the bonding-
antibonding molecular dz2 state, and the nearly quarter-filled
itinerant dx2−y2 state [6,15]. The effective models suggest that
the significant intraorbital exchange between dz2 orbitals, as
well as the interorbital hybridization between dz2 and dx2−y2

orbitals, may play a crucial role in the observed superconduc-
tivity [16–26]. Meanwhile, the pairing symmetry [27–30], the
role of Hund’s coupling [15,31], and the electronic correla-
tion effects of pristine La327 [32–36] are extensively studied.
To date, significant differences have been observed between
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La327 and infinite-layer nickelates, but the consensus regard-
ing the superconductivity mechanism in La327 is still lacking.

In La327 samples, the existence of oxygen vacancies (VO)
is inevitable [6,7,9,37], similar to the situations in many other
oxides [38–44]. Experimental investigations have revealed
that a significant concentration of VO (La3Ni2O7−δ , where
δ > 0.08) can induce phase transitions and even trigger metal-
semiconductor transitions under ambient pressure conditions
[45–47]. Additionally, certain samples with a higher VO

concentration, for instance, δ = 0.65, exhibit weak ferromag-
netism [45]. Particularly, the recently discovered uniformed
resistivity in La327 under pressure may be highly related
to the presence of oxygen defects [6–10]. To gain a deeper
understanding of the relationship between VO and the elec-
tronic properties of La327, it is crucial to investigate the
energetically favorable positions of these vacancies and their
influences on the electronic structures under varying pressure
conditions, which are, however, still lacking. Furthermore,
given the fact that different rare-earth elements in infinite-
layer nickelates and cuprates are realized [4,48], it is valuable
to consider the presence of VO in various rare-earth bilayered
perovskites [27,49–51]. Therefore, the major purpose of this
work is to systemically identify the role of VO in La327 and
suggest a possible way via rare-earth replacement to enhance
the superconductivity.

In this paper, using first-principles calculations, we sys-
tematically explore the impact of VO on the structures and
electronic structures of La327. Our calculations indicate that
the removal of inner apical oxygen, which connects the NiO6
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bilayers, is the most energetically favorable for the formation
of VO. The introduction of VO induces significant changes in
the dz2 orbital. Specifically, the dz2 orbitals of the Ni atoms
connected to the VO become fully occupied, resulting in a
substantial decrease in the proportion at the Fermi level.
Furthermore, the coupling between intralayer dz2 Wannier
orbitals in defective Ni dimer is found to be much larger but
with opposite signs compared to that in pristine Ni dimer. The
interorbital hopping between dz2 and dx2−y2 Wannier functions
reduces when VO exists. In addition, Ce327 shows a larger VO

formation energy, implying a potentially lower concentration
of VO. Overall, our findings provide valuable insights into the
effects of VO in R327 compounds and highlight the potential
of Ce327 as a high-Tc superconducting candidate.

II. METHODS

All the lattice relaxations and electronic property cal-
culations are performed using the Vienna Ab initio
Simulation Package (VASP) [52–54]. The Perdew-Burke-
Ernzerhof exchange-correlation functional [55] and projector
augmented-wave pseudopotentials [56] are employed, with
4 f electrons of R atoms treated as core electrons. Structure
relaxations for both lattice constants and atomic positions
are done under all considered pressures. The phonon spectra
are calculated using the density-functional perturbation theory
implemented in the VASP code and analyzed by the PHONOPY

software [57–60]. Computations using the frozen phonon
method are also carried out for double checking [61]. The
Wannier downfolding via the WANNIER90 code [62] is utilized
to obtain onsite energy differences, with La-d , Ni-d , and O-p
orbitals considered. The hopping parameters in the two-band
model are obtained by downfolding the band structure with
Ni-dz2 and Ni-dx2−y2 orbitals. To achieve consistency with the
experimentally measured Fermi surface [63], onsite Hubbard
U (U = 4 eV) is added to Ni-3d orbitals [64] (see Fig. 8 in the
Appendix).

III. RESULTS AND DISCUSSION

A. Structures with VO

To simplify the analysis and facilitate better comparisons,
the conventional cell of La327 with a total of 28 oxygen atoms
is investigated, leaving the cases for the 2×2×1 supercell in
the Appendix. As seen in previous works, the space group of
pristine La327 changes from Amam to I4/mmm at pressure
around 10 GPa [14,29,30]. The nonequivalent O sites for
generating VO in these two phases are labeled in Fig. 1(a).
After full structure relaxations, the total energy difference of
La327 with one vacancy is given in Fig. 1(b). The lowest
energy under each pressure is set as 0; the formation energy
of VO1 will be discussed later. Interestingly, for both phases,
the structures with the loss of the inner bilayer apical oxygen
atom [VO1, site 1 in Fig. 1(a)] exhibit the lowest energy. The
energies of structures with the loss of outer bilayer apical
[VO4, site 4 in Fig. 1(a)] are several electron volts higher,
while the energies of structures with in-plane VO2 and VO3

[sites 2 and 3 in Fig. 1(a)] are ∼0.5 eV higher. The energy
differences for La327 with different VO are comparable to the
values reported in other theatrical works [51]. The extremely
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FIG. 1. (a) Schematic crystal structures of R327 in the Amam
phase (0 GPa, left panel) and the I4/mmm phase (20 GPa, right panel).
The numbers label the nonequivalent oxygen atoms (O1, O2, O3, and
O4). Ni1 (Ni atoms without VO1), Ni2 (Ni atoms next to the VO1),
and Ni3 (Ni atoms with VO1) represent three nonequivalent Ni atoms
when VO1 defect is formed (marked as the dashed circles at site 1). (b)
Total energy differences for VO formed at different positions. Here,
the lowest energy (VO1) under each pressure is set as 0. (c) Changes
of the lattice constants with VO1 defect.

high energy of structure with VO2 demonstrated in our work
is consistent with the nearly 100% occupation of outer api-
cal oxygen sites. Conversely, structures with VO1 exhibit the
lowest energy, suggesting the highest formation probability
of inner apical oxygen vacancies [37]. Taking La327 under
20 GPa as an example, the introduction of VO1 gives rise to
three nonequivalent Ni atoms, in terms of their distance to
the VO1: Ni1 is the Ni atom in pristine bilayer NiO6, Ni2
is the Ni atom with corner-shared O connecting to NiO5,
and Ni3 is the Ni atom in NiO5 environment. The electronic
differences of these Ni atoms will be discussed later. As shown
in Fig. 1(c), the loss of the apical oxygen atom decreases
the lattice constant along the c axis largely, while slightly
increasing the lattice constants in the ab plane at 0 GPa. The
anisotropic variations in the lattice constants a and b may be
related to the ongoing debate regarding the experimentally
detected Fmmm or I4/mmm symmetries [6,13,14]. When the
pressure is increased, the changes in lattice constants exhibit
slight variations.

B. Electronic properties with apical VO

Taking the case of La327 with VO1 at 20 GPa as an example,
the electronic structures contributed by different Ni atoms
are projected for comparison. Figure 2(a) provides a sketch
of the orbital configurations for Ni1 (Ni2) and Ni3 atoms
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FIG. 2. Electronic structures for La327 with VO1 under 20 GPa.
(a) Schematic local structures and crystal-field splitting for bilayer
without (left panel) and with VO1 (right panel). The number of elec-
trons occupying each orbital is denoted by black dots. The distance
between two Ni atoms in the dimer is labeled as dNi. (b) Projected
band structures and DOS for Ni1 and Ni2 atoms. The EF is set to
zero. (c) Same as (b) but for Ni3 atoms. (d) Projected DOS of dz2 and
dx2−y2 orbitals for all eight Ni atoms. (e) FSs at 20 GPa for La327
without (left panel) and with (right panel) VO1. The hole pocket γ

and electron pocket η, as well as FS sheets of α, β, and ζ are labeled.

[see Fig. 1(a) for the definition of different Ni atoms]. For
the Ni1 atom, the filling of 3d electrons is 7.5 in terms of
the formal electron count, giving rise to Ni2.5+. The strong
hybridization with intrabilayer apical O splits the dz2 into a
bonding-antibonding molecular-orbital state. In the presence
of oxygen vacancies, the Ni3 atom is in the pyramidal envi-
ronment. In this scenario, the eg orbitals are fully occupied,
similar to the case of Ni1. Notably, the dz2 orbital in the
pyramidal environment exhibits lower energy than the dx2−y2

orbital, which becomes fully filled. The total 3d filling of Ni3
is 8.5, resulting in Ni1.5+. The distance between two Ni atoms
in one bilayer, denoted as dNi, is measured to be 3.38 Å for
Ni3 dimer, significantly smaller than those of Ni1- (3.82 Å)
and Ni2 dimers (3.71 Å). (At 0 GPa, the distance between two
Ni atoms (dNi = 3.78 Å) decreases to 3.51 Å upon the loss
of apical oxygen, consistent with the experimentally observed
∼0.2-Å reduction of dNi at δ = 0.34 ± 0.22 [14]). For all Ni
atoms, the filling of the in-plane orbitals remains similar, with
the t2g orbitals being fully occupied and the dx2−y2 orbital
nearly quarter filled.

To better understand the contributions of different Ni atoms
to the electronic structure of La237, the dx2−y2 and dz2 orbitals
for Ni1, Ni2, and Ni3 are projected separately, as illustrated
in Figs. 2(b) and 2(c). It is observed that the t2g orbitals are
always fully occupied below the Fermi level. The following
differences between three Ni atoms can be observed: (1) For
Ni1 atoms, the band dispersions of the Ni1-dz2 and Ni1-dx2−y2

orbitals resemble those of Ni atoms in the pristine case (see
Fig. 9 in the Appendix). However, the introduction of VO1

breaks the inversion symmetry, separating the energy levels of
Ni1-dz2 from those of Ni2 and Ni3. The energy splitting of the
bonding-antibonding states of Ni1-dz2 increased, as evidenced
at the Z- and � points in Fig. 2(b), which is similar to the
situation of La3Ni2O6.75 at 0 GPa reported in a recent work
[51]. (2) For Ni2 atoms, the smaller distance between Ni2

dimer (dNi2) leads to an enhanced σ -bond coupling through
O-pz compared to that of Ni1-dz2. This stronger coupling gives
rise to a more localized Ni2-dz2 orbital and a larger energy
splitting of the bonding-antibonding states, as demonstrated
in the projected density of states (DOS) in the right panel of
Fig. 2(b). Moreover, the band dispersion of Ni2-dx2−y2 reduces
largely, leading to a large proportion around EF. (3) For Ni3
atoms, the dz2 orbitals are fully occupied and experience a
significant downward-energy shift, approaching the energy
levels of the t2g orbitals. Meanwhile, the energy of Ni3-dx2−y2

shifts upwards slightly, accompanied by a small decrease in
orbital filling. Therefore, the formation of VO1 significantly
renormalizes the electronic structure around the Fermi level.

Figure 2(d) gives the sum of DOS for all eight Ni atoms in
La327 with VO1. Compared to the large proportion of bonding
states of dz2 at EF for the pristine case [see Fig. 9(a) in the
Appendix], the dz2 shifts away with a much lower proportion
around EF for the VO case. Meanwhile, the proportion of
dx2−y2 orbital around EF increases significantly, even surpass-
ing the proportion of the dz2 state [65]. This is different from
the pristine case, where the dz2 orbital has a much larger pro-
portion than the dx2−y2 orbital. Consequently, the total DOS
of Ni-3d orbital around EF decreases with the inclusion of
VO. The Fermi surfaces (FSs) of La327 without and with VO1

are illustrated in Fig. 2(e) for comparison. For the pristine
case, the observed hole pocket γ (primarily composed of dz2

orbital) as well as the FS sheets α and β (a mixture of dz2

and dx2−y2 orbitals) are consistent with the previous works
[17,24,65]. When VO1 exists, the FS sheets α and β remain
almost unchanged while the hole pocket γ disappears due
to the strong downward energy shift of dz2. In addition, the
electron pocket η around the M point and FS sheet ζ emerges,
which is mainly composed of dx2−y2 orbitals originating from
Ni2 and Ni3 atoms. It is reported that the γ pocket plays a de-
cisive role in superconductivity by significantly contributing
to the random-phase approximation (RPA)-renormalized spin
susceptibility matrix, facilitating energy gain, and participat-
ing in interlayer pairing [24]. Therefore, the disappearance of
the γ pocket due to oxygen vacancies could be detrimental to
superconductivity. Furthermore, the inhomogeneous distribu-
tion of VO1 may induce the inhomogeneous superconducting
properties in the samples.

It is interesting to further understand the evolution of
electronic properties with VO1 under increased pressures, as
illustrated in Fig. 3. The projected DOS is contributed by
the combination of all eight Ni atoms in the conventional
cell. As pressure increases, the bonding state of Ni1-dz2 shifts
upward (as indicated by the red points), similar to the behavior
observed in pristine La327. In contrast, the energy level of
the bonding state of Ni2-dz2 remains almost unchanged (the
magenta points), while the energy level of the antibonding
state of Ni2-dz2 increases with increasing pressure (the orange
points). The dx2−y2 orbital around EF experiences minimal
changes as pressure increases, while EF always crosses the
peak position of the dx2−y2 orbital for all pressures.

C. Orbital interactions with VO

The minimal two-band model, consisting of dz2 and
dx2−y2 orbitals, has been proposed to describe the electronic

205156-3



SUI, HAN, JIN, CHEN, QIAO, SHAO, AND HUANG PHYSICAL REVIEW B 109, 205156 (2024)

D
O

S
  (

a.
u.

)

-2 -1
Energy (eV)

0 1 2

5 GPa

0 GPa

10 GPa

15 GPa

20 GPa

3dx2-y2 3dz2 total 3d

30 GPa

25 GPa

35 GPa
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of Ni3-dz2 and bonding Ni2-dz2 states, respectively.

properties of pristine La327. Research shows that the sub-
stantial intraorbital coupling of dz2 orbitals along the c axis
(t z

c ), together with the large interorbital hybridization between
dz2 and itinerant dx2−y2 orbitals along the a axis (t zx

a ), may
play a crucial role in achieving high-Tc superconductivity
[17,25,26]. To investigate the effects of VO1 on these critical
orbital interactions, the changes in the model parameters are
analyzed based on maximally localized Wannier functions
(MLWFs) [66]. The band structures, hopping integrals, and
plots of Wannier orbitals are done by postprocessing. All
orbitals around EF are utilized to fit the band structure and
decide the energy position of each orbital, including La-5d ,
Ni-3d , and O-2p, as depicted in Fig. 4(a). To further explicitly
demonstrate the parameter changes in the minimal two-band
model, the full band structure is downfolded to a noninter-

acting model based on dz2 and dx2−y2 orbitals, as illustrated
in Fig. 4(b). The FSs (for both kz = 0 and kz = π sections)
obtained from the two-band model are illustrated (see Fig. 10)
in the Appendix. The excellent agreement between the band
structures and FSs derived from the Wannier downfolding
and those obtained from the density-functional theory (DFT)
calculations confirms the faithful transformation to MLWFs.

The MLWFs downfolded by dx2−y2 and dz2 orbitals for
three Ni atoms are given in Figs. 4(c)–4(e). The dx2−y2-like
functions, which are formed by a combination of dx2−y2

and O-px/py orbitals, are similar among three nonequivalent
Ni atoms and also resemble the non-VO case [18]. On the
other hand, the dz2-like functions for Ni1 and Ni2 atoms are
combined by dz2 and O-pz, exhibiting a strong σ -bonding
character through the involvement of O-pz orbitals. However,
the dz2-like function for Ni3 is notably different, as it cap-
tures a significant contribution from the s orbital of residual
electrons caused by the loss of oxygen atoms (see the band
projection for the s orbital in Fig. 11 in the Appendix). The
phases of dz2-like functions are also labeled, demonstrating
different parity for Ni1 (Ni2) and Ni3 atoms; their interactions
on hopping strength will be discussed later.

Figures 5(a) and 5(b) illustrate the schematic diagrams
of Ni bilayer structures without and with VO1, respectively.
Noticeable lattice distortion is observed in Fig. 5(b). With-
out VO1, the distance between Ni1-Ni1 atoms dNi1 is 3.82 Å.
The absence of apical oxygen leads to a notable reduction
in dNi3 (3.38 Å) as well as a decrease in dNi2 (3.71 Å). As
shown in Fig. 5(c), the crystal-field splittings for Ni1 and N2

atoms are fairly close but significantly differ from that of
Ni3. The energy difference between dx2−y2 and dz2 orbitals
(ε1) is observed to be lower in Ni2 than in Ni1, which is
attributed to the downward energy shift of Ni2-dx2−y2 orbital,
as shown in Fig. 2(b). As pressure increases, ε1 for both
Ni1 and Ni2 decrease due to the upward energy shift of the
antibonding dz2 state. However, for Ni3 with fully occupied
dz2 states, ε1 is significantly larger than that in Ni1 and Ni2.
With increasing pressure, ε1 for Ni3 remains almost constant,
which is reflected by the unchanged energy level of Ni3-dz2

orbital (Fig. 3). The energy difference between dz2 and t2g

orbitals (ε2) is slightly higher in Ni2 than in Ni1, and both
values increase with pressure. However, ε2 for Ni3 are much
smaller, even smaller than ε1 for Ni3. In addition, the loss of
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FIG. 5. Onsite energy differences and hopping parameters for
three nonequivalent Ni atoms in La327 with VO1. Sketch of the Ni
bilayer structures (a) without and (b) with VO1. The distances between
two Ni atoms along the c axis (dNi) are labeled. The hopping param-
eters are labeled by colored lines: t z

c (green, NN coupling between
intrabilayer dz2 along c axis); t z

a (orange, NN coupling between dz2

along a axis); t x
a (black, NN coupling between dx2−y2 along a axis);

and t zx
a (purple, NN coupling between dz2 and dx2−y2 along a axis).

(c) Crystal-field splitting ε1 (between dx2−y2 and dz2 orbitals) and ε2

(between dz2 and t2g orbitals) for three nonequivalent Ni atoms as a
function of pressure. (d) t z

c as a function of pressure. (e) t z
a , t x

a , and
t zx
a for Ni1 atom as a function of pressure. (f) Same as (e) but for

the hoppings between orbitals of Ni2 and Ni3 atoms. Note that the
hopping strength between Ni2-dz2 and Ni3-dx2−y2 (t zx

a , represented
by solid purple rhombus) is different from the hopping strength
between Ni2-dx2−y2 and Ni3-dz2 (t xz

a , represented by hollowed purple
rhombus). The black circles in (c)–(e) represent the values for the
parameter in pristine La327 under 20 GPa, which are close to the
corresponding symbols of Ni1.

the oxygen atom has minimal impact on the orbital alignment
of Ni1 compared to the Ni atom in pristine La327, as inferred
from the comparable onsite energy differences [black circles
in Fig. 5(a)] as well as the similar projected band structures
[Figs. 2(b) and 9].

Next, the crucial orbital interactions in the two-band model
are discussed. The out-of-plane nearest-neighbor (NN) σ -
bonding coupling t z

c is presented in Fig. 5(d). For indirect
hopping of dz2 through O-pz in the Ni1 dimer, t z

c is propor-
tional to -(t zp

c )2/�zp. Here, t zp
c (�zp) is the coupling strength

(the energy difference) between dz2 and O-pz. The t z
c value

for the Ni2 dimer is slightly larger than that of the Ni1 dimer,
attributed to the smaller distance; thus, there is larger t zp

c

FIG. 6. Phase diagrams for (a), (c) La-Ni-O and (b), (d) Ce-Ni-O
systems under 0 and 20 GPa. The stable chemical-potential region is
highlighted in orange. (e) Formation energies (Ef ) of apical oxygen
vacancies for R327 under 0 and 20 GPa. (f) The change of volume
for pristine R327 under pressure.

between the Ni2 and O orbitals. Both t z
c values for the Ni1-

and Ni2 dimer increase with pressure. However, the situation
is significantly different for t z

c of Ni3 atoms, where the apical
O-pz orbital is absent. The coupling strength between Ni3-dz2

functions is significantly enhanced with a positive value. As
depicted in Fig. 4(e), the dz2-like Wannier function for Ni3
captures a significant contribution from the residual s orbital.
The band projection in Fig. 11(a) clearly illustrates the dis-
tribution of the residual s orbital around EF. The projected
DOS in Fig. 11(b) also reveals a significant overlap between
the residual s orbital and the Ni3-dz2 orbital [refer to the
projected DOS of Ni3-dz2 in Fig. 2(c)]. Specifically, along
the c axis, the pz orbital exhibits odd parity (polarized), while
the residual s orbital demonstrates even parity (unpolarized).
Since either the pz or the residual s orbital incorporates into
the dz2-like Wannier orbital, the parity of the dz2-like function
is different for Ni atom without and with VO [Figs. 4(c)–4(e)].
Consequently, this difference in parity symmetry results in
an opposite sign of the hopping strength t z

c . Meanwhile, the
great enhancement of t z

c is mainly attributed to the reduced
distance between Ni3-Ni3 atoms (dNi3 = 3.38 Å), which is
much smaller than that of dNi1(3.82 Å) and dNi2(3.71 Å).
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(upper panel) and with VO1 (left panel).

Regarding the in-plane orbital couplings shown in
Fig. 5(e), the values for Ni1 orbitals are similar to those of
the Ni atom in pristine La327 (black circles). The intraorbital
coupling between NN Ni-dx2−y2 Wannier functions (t x

a ) is
substantial, with a value exceeding 0.4 eV. The interorbital
coupling between NN dz2 and dx2−y2 (t zx

a ) is considerable,
while the intraorbital coupling of NN dz2 along the a axis
(t z

a) is relatively small. All these coupling strengths increase
with pressure. For the case with VO1, Ni3 is adjacent to Ni2
[Fig. 5(b)], and the in-plane orbital coupling strengths are
given in Fig. 5(f). The coupling between Ni2-dz2 and Ni3-dz2

along the a axis (t z
a) is similar to the value observed in Ni1-dz2,

while the coupling between Ni2-dx2−y2 and Ni3-dx2−y2 (t x
a ) is

slightly smaller compared to Ni1-dx2−y2. The most significant
change occurs in the interorbital coupling between dz2 and
dx2−y2 along the a axis between Ni2 and Ni3 atoms. The
hopping strengths of t zx

a (representing the coupling between
Ni2-dz2 and Ni3-dx2−y2) and t xz

a (representing the coupling be-
tween Ni2-dx2−y2 and Ni3-dz2) demonstrate nonequal values.
The NN dz2 and dx2−y2 orbitals interact through the O-px/y

orbital. This is evidenced by the reduced O-px/y contribution
to the Ni3-dz2-like function [Fig. 4(e)]; the coupling between
Ni3-dz2 and O-px/y is smaller than that between Ni2-dz2 and
O-px/y (also refer to Fig. 12 in the Appendix). This leads to
a smaller t zx

a (around -0.13 eV) value than t xz
a (around -0.21

eV). Moreover, similar to the case in Ni1, these in-plane in-
teractions between Wannier functions centered at Ni2 and Ni3
atoms also increase with pressure. Given that the symmetry
of the dz2-like Wannier functions along the a axis remains
consistent for Ni atoms without and with VO, the coupling
between two dz2 functions along the a axis (t z

a), as well as the
coupling between dz2 and dx2−y2 functions along the a axis (t zx

a
and t xz

a ), retain the same sign for different Ni atoms [Figs. 5(e)
and 5(f)].

Previous works highlighted the important role of intraor-
bital coupling of dz2 orbitals and the interorbital hybridization
between dz2 and dx2−y2 orbitals in achieving high-Tc su-
perconductivity. Therefore, the significantly enhanced but
completely opposite value of t z

c , along with the notable
downward energy shift of the dz2-like Wannier orbital when
apical oxygen is lost [Fig. 5(a)], could be detrimental to
superconductivity. We note that a recent theoretical study
assumes zero intrabilayer coupling between Ni3-dz2 (t z

c ) and
the absence of apical oxygen. This assumption could lead to

enhanced Fermi-surface nesting, resulting in reduced interac-
tion strength and the emergence of local magnetic moments
[28]. However, our results demonstrate the intrabilayer cou-
pling between Ni3-dz2 is enhanced but with an opposite sign
[Fig. 5(d)]. Therefore, further investigation is necessary to
explore how the changes in orbital interactions within this
two-band model affect superconducting properties.

D. Stability of R3Ni2O7 and formation energies of VO1

To explore the stability of bilayer nickelate and determine
the formation energy of VO1, phase diagrams of the La-Ni-
O system are constructed using the CHESTA code [67], as
depicted in Figs. 6(a) and 6(c). It is expected that La327 is
stabilized in a chemical potential region without the forma-
tion of possible competitive phases (e.g., LaO2, La2O3, NiO,
NiO2, La2Ni7, LaNi5, La7Ni16, La3Ni, LaNi, LaNi3, etc).
The narrow, stable chemical-potential region under 0 GPa,
highlighted in orange in Fig. 6(a), reflects the challenge of
achieving high-quality samples experimentally [6–9,37,51].
Furthermore, the phase diagram under 20 GPa is provided,
revealing an expanded stable region and enhanced stability
of La327, which may be related to the high symmetry under
pressure (I4/mmm).

The formation energies (E f ) of single VO1 in the La327
conventional cell can be evaluated as

E f = E [La12Ni8O27] + μ[O] − E [La12Ni8O28], (1)

(a)
2

1

E
ne

rg
y 

(e
V

)

0

-1

-2
Г X M Г Y U RZ Г X M Г Y U RZ

(b)w/o U U = 4 eV

3dx2-y2 3dz2Ni

FIG. 8. Projected band structures (a) without and (b) with the
consideration of Hubbard U (U = 4 eV) for pristine La327 under
0 GPa for spin-nonpolarized calculations.
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FIG. 9. Projected band structures and DOS for R327 under 20 GPa. (a) La327, (b) Ce327, (c) Pr327, and (d) Nd327.

where E [La12Ni8O27] and E [La12Ni8O28] are the total ener-
gies of La12Ni8O27 and La12Ni8O28, respectively. μ[O] is the
chemical potential of oxygen. From the phase diagrams, the
chemical-potential range �μ[O] for stable La327 is [−0.96,
−2.25] eV and [0, −2.59] eV under 0 and 20 GPa. Thus, the
corresponding E f falls in the ranges of [0.57, 1.86] eV and
[−0.13, 2.46] eV at 0 and 20 GPa, respectively, as shown in
Figs. 6(e) and 6(f).

Because different rare-earth elements in infinite-layer nick-
elates and cuprates are realized, as well as the successful
synthesis of La2PrNi2O7 [4,48,49], it is valuable to investigate
the properties of various rare-earth bilayer perovskites, as has
been done in other theoretical works [30,50,68]. The phase
diagrams of Ce327 are given in Figs. 6(b) and 6(d). The
stable chemical-potential region for Ce327 is broader than
La327 under both 0 and 20 GPa. Comparison calculations
for Pr327 and Nd327 are also conducted (Fig. 13 in the
Appendix), showing narrower stable chemical regions than
La327. The largest stable region of Ce327 may be related to
the larger volume and c/a value (Fig. 14 in the Appendix).
The broader, stable chemical-potential region of Ce327 makes
it a promising candidate for bilayer nickelate superconduc-
tors. The comparable band structure and FS (as shown in
Fig. 9 in the Appendix) for pristine R327, combined with
the similar pairing strength calculated by the multiorbital
RPA model [30], indicate the possibility of superconductivity
in Ce327.

We should note that DFT calculations may underesti-
mate the stability of certain perovskites [69,70]. Additionally,
the chemical potential μ[O] is influenced by experimental
growth conditions, including temperature, which cannot be
considered in DFT calculations. Therefore, determining the
formation energy accurately is challenging. Nevertheless, the

relative values among different systems and the variation
trends under pressure remain meaningful.

E. Electronic properties of Ce327 with VO

Next, the electronic properties of Ce327 with VO1 are
investigated. Similar to the case in La327, pristine Ce327
undergoes a phase transition from Amam to I4/mmm at around
11 GPa [30]. Figure 7(a) depicts the phonon spectrum for
the primitive cell of Ce327 in the I4/mmm phase at 20 GPa.
The absence of imaginary frequencies suggests its thermo-
dynamic stability. The band structure with dx2−y2 and dz2

orbitals projected for all eight Ni atoms in the presence of
VO1 is shown in the left panel of Fig. 7(b), and the projected
DOS for the three nonequivalent Ni atoms are displayed in
the right panel of Fig. 7(b). The definitions of Ni1, Ni2, and
Ni3 are the same as those in La327 [Fig. 1(a)]. Interestingly,
it is evident that the band structures of Ce327 and La327
exhibit striking similarities, not only in their pristine structures
(Fig. 9) but also in the structures with VO1 (Fig. 2). When
considering the orbital variations of Ni atoms separately, the
introduction of VO1 has a slight influence on the orbital dis-
persion but shifts the Ni1-dz2 orbital downward away from
EF. Additionally, the Ni2-dz2 orbital becomes more localized,
while the DOS of dx2−y2 around EF increases significantly.
For the Ni3 atom, the dz2 orbital is fully occupied, accom-
panied by a slight upward shift of the dx2−y2 orbital. The
vanishing of the γ pocket and the appearance of hole pocket
η and FS sheet ζ [Fig. 7(c)] are the same as the case in
La327 [Fig. 2(e)]. The electronic properties of Pr327 and
Nd327 with VO1 are presented in Fig. 15 in the Appendix,
displaying similar characteristics to those observed in La327.
Therefore, possessing comparable electronic structures but
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FIG. 10. FSs obtained from the two-band model (a) without and
(b) with oxygen vacancies for La327 under 20 GPa. The upper and
lower panels are FSs for kz = 0 and kz = π sections, respectively.

potentially low oxygen-vacancy concentration, Ce327 could
be a promising candidate for achieving nickelate-based high-
Tc superconductors.

F. Discussion and conclusion

It is worth noting that the concentration of VO con-
sidered in our study is relatively high (R3Ni2O6.75, δ =
0.25). Experimentally, the concentration of oxygen vacancy
affects the metallicity of La3Ni2O7−δ . Samples exhibit semi-
conducting behavior when δ>0.08 [45,46]. This behavior
is closely related to the formation of charge and spin
ordering, which is confirmed experimentally [12,71,72]. How-
ever, when pressure is applied, the charge- and spin-density
waves diminish rapidly, and therefore they are not considered
in our calculations [9,73,74]. Furthermore, our calculations do
not account for the potential distribution patterns of oxygen
vacancies, which could also impact the electronic structure
of La3Ni2O6.75. In addition, we also consider the structure
with a lower VO concentration. As demonstrated in Fig. 16
in the Appendix, one oxygen vacancy is introduced in the
2×2×1 supercell, resulting in R3Ni2O6.9375 with δ = 0.0625.
The introduction of VO1 gives rise to different local environ-
ments for the Ni atoms, and the primary electronic properties
for each nonequivalent Ni atom are similar to those ob-
served in R3Ni2O6.75. Specifically, the DOS for dz2 around EF

decreases, while the DOS for dx2−y2 slightly increases, as the
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FIG. 11. Projected (a) band structure and (b) DOS for the resid-
ual s orbital. The band projection is enlarged by ten times to guide
the eyes.
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FIG. 12. Hopping paths of the interorbital couplings (a) between
Ni1-dz2 and Ni1-dx2−y2 (t zx

a = t xz
a ), (b) between Ni2-dz2 and Ni3-dx2−y2

(t zx
a ), and (c) between Ni2-dx2−y2 and Ni3-dz2 (t xz

a ) through O-px/y.
The line thickness represents the hopping strength (in units of eV).

case in R3Ni2O6.75. Therefore, the influences of oxygen va-
cancies on electronic properties are consistent across varying
concentrations. Moreover, it is crucial to acknowledge that
the research on bilayer nickelate superconductivity is still in
its early stages. Further investigations, such as employing the
Hubbard-U model [17], t-J model [20,26,31], and many-body
studies [33], are necessary to better understand the impact
of oxygen vacancies on superconductivity. It should be noted
that the formation of oxygen vacancies is a complex process,
and the formation energy serves as one aspect to evaluate
the possibility of vacancy formation. In practice, the forma-
tion of vacancy is a dynamic process influenced by various
factors, including oxygen partial pressure, sample prepara-
tion methods, growth rate, and so on. Meanwhile, the ionic
radius of Ce is different from La; thus, the octahedral rota-
tions and the valance state of Ce may be different from La,
as demonstrated in another theoretical work [50]. Thus, the
structure transition and superconductivity properties of Ce327
under pressure need further experimental and theoretical
investigations.

In conclusion, our first-principles calculations demonstrate
that the most energetically favorable site for the formation
of oxygen vacancy in R327 is the apical octahedral oxy-
gen connecting NiO6 bilayers. The formation of oxygen

FIG. 13. Phase diagrams for (a), (c) Pr-Ni-O and (b), (d) Nd-Ni-
O systems under 0 and 20 GPa. The stable chemical-potential region
is highlighted in orange.
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vacancies leads to an increased filling of the dz2 orbital, sig-
nificantly reducing its proportion at EF. Simultaneously, the
orbital hopping strength between nearest-neighbor dz2-like
functions along the c axis increases significantly but with
an opposite sign. Additionally, the interorbital coupling be-
tween dz2 and dx2−y2 is reduced because of the weakened
coupling between dz2 and px/y. These alterations in dz2 orbitals
caused by oxygen vacancies could potentially be harmful to
the superconductivity in R327, as the metallic dz2 orbitals
play a decisive role in the emergence of superconductiv-
ity. Moreover, holding similar electronic properties but a
larger lattice volume, we suggest that Ce327 is a promising
candidate for high-Tc superconductivity with possible lower
VO concentrations.
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APPENDIX

Comparing Figs. 8(a) and 8(b), the band dispersion and
the energy position of dx2−y2 as well as the antibonding dz2

state show slight variations. However, the energy position of

the bonding dz2 state shifts downwards upon applying U. The
hole pocket (γ pocket) around the � point lying below the
Fermi level in the U = 4 eV case is consistent with the FS ob-
served via synchrotron-based angle-resolved photoemission
spectroscopy [58]. In contrast, the hole pocket around the �

point crossing the Fermi level in the U = 0 case contradicts
the experimental findings. These results highlight the neces-
sity of incorporating Hubbard U to accurately calculate the
electronic properties of R327, even in the absence of spin
polarization.

The band structures and DOS for R327 given in Fig. 9
are similar to the previous works. The FSs obtained from the
two-band model without and with oxygen vacancies for La327
under 20 GPa are given in Fig. 10. The model reproduces
the FSs in Fig. 2(e) well. When comparing the FSs for the
kz = 0 and kz = π sections in Fig. 10(a), slight variations
in the γ pocket are observed, while the α- and β pockets
remain mostly unchanged. With the introduction of VO1, as
given in Fig. 10(b), the γ pocket shrinks and ζ - and η pockets
emerge. In this case, the FSs for kz = 0 and kz = π are iden-
tical. That is, the γ pocket, composed dominantly of the dz2

orbital, displays three dimensionality. The α-, β-, ζ -, and η

pockets, involving a mixture of dx2−y2 and dz2 orbitals, appear
predominantly two dimensional.

The projected band structure and DOS for the residual
s orbital are given in Fig. 11, demonstrating the propor-
tion of residual s orbital clearly. The NN dz2 and dx2−y2

orbitals coupling through in-plane O-px/y are illustrated in
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Figs. 12(a)–12(c). For the case of Ni1, t zx
a = t xz

a = 0.24 eV,
and the coupling strengths between dz2 and O-px (t zp

a = −0.76
eV) and between dx2−y2 and O-px (t xp

a = −1.61 eV) are la-
beled in Fig. 12(a). For the orbitals of Ni2 and Ni3 atoms in
Figs. 12(b) and 12(c), the coupling strengths t xp

a for Ni2-dx2−y2

(−1.53 eV) and Ni3-dx2−y2 (−1.48 eV) are comparable to
that of Ni1-dx2−y2 (−1.61 eV). However, the coupling strength
t zp
a for Ni3-dz2 (−0.56 eV) is considerably smaller compared

to that of Ni2-dz2 (−0.84 eV) and Ni1-dz2 (−0.76 eV). The
reduced coupling strength between Ni3-dz2 and O-px is also
reflected in the diminished O-px/y contribution to the Ni3-dz2-
like functions shown in Fig. 4(e). Consequently, this results in
a weaker interorbital coupling between Ni2-dx2−y2 and Ni3-dz2

than between Ni2-dz2 and Ni3-dx2−y2, namely, t xz
a (−0.13 eV)

is smaller than t zx
a (−0.21 eV), as given in Figs. 5(e)

and 5(f).
Meanwhile, based on the coupling strengths between Ni-d

and O-p shown in Figs. 12(a)–12(c), we can roughly infer
the indirect coupling between d orbitals along the a axis.
For instance, the largest coupling between dx2−y2 and O-px/y

results in the largest indirect coupling between NN dx2−y2

orbitals (t x
a = −0.4 eV), while the smallest coupling between

dz2 and px/y leads to the smallest indirect coupling between
NN in-plane dz2 orbitals (t z

a = −0.1 eV), as illustrated in
Figs. 5(e) and 5(f).

The chemical potential of oxygen is determined by the
phase diagram of the R-Ni-O system given in Figs. 6 and 13. It
is expected that R327 is stabilized in a chemical-potential re-
gion without the formation of all possible competitive phases
(e.g., RO2, R2O3, NiO, NiO2, R2Ni7, RNi5, R7Ni16, R3Ni,
RNi, R7Ni3, etc). The determined chemical-potential region
�μ[O] for La3Ni2O7, Ce3Ni2O7, Pr3Ni2O7, and Nd3Ni2O7

under 0 GPa is [−0.96, −2.25] eV, [−0.9, −2.31] eV, [−0.95,
−2.25] eV, and [−1.05, −2.20] eV, respectively. The chemi-
cal potential �μ[O] for La3Ni2O7, Ce3Ni2O7, Pr3Ni2O7, and
Nd3Ni2O7 under 20 GPa is [0, −2.59] eV, [0, −2.71] eV, [0,
−2.58] eV, and [0, −2.40], respectively.

The electronic properties of Pr327 and Nd327 with VO1

under 20 GPa are depicted in Fig. 14, exhibiting similar vari-
ations to La327. In Fig. 15, the electronic properties of the
2×2×1 supercell with one VO1 (δ = 0.0625) under 20 GPa are
illustrated. The projected DOS for nonequivalent Ni atoms is
similar to the case when δ = 0.25 [see Figs. 2(b)–2(d)].
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