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SPECIAL TOPIC — Superconductivity in nickel oxides
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Determining the electronic structure of La3Ni2O7 is an essential step towards uncovering its superconducting mecha-
nism. It is widely believed that the bilayer apical oxygens play an important role in the bilayer La3Ni2O7 electronic struc-
ture. Applying the hybrid exchange–correlation functionals, we obtain a more accurate electronic structure of La3Ni2O7
at its high-pressure phase, where the bonding dz2 band is below the Fermi level owing to the apical oxygen. The sym-
metry properties of this electronic structure and its corresponding tight-binding model are further analyzed. We find that
the antisymmetric part is highly entangled, leading to a minimal nearly degenerate two-orbital model. Then, the apical
oxygen vacancies effect is studied using the dynamical cluster approximation. This disorder effect strongly destroys the
antisymmetric β Fermi surface, leading to the possible disappearance of superconductivity.

Keywords: electronic structure, oxygen vacancies disorder, dynamical cluster approximation, bilayer super-
conducting nickelate

PACS: 71.23.–k
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The recently discovered nickelate superconduc-
tor, La3Ni2O7, under high-pressure conditions, signifi-
cantly broadens our understanding of high-temperature
superconductivity.[1–3] However, the intricate bilayer struc-
ture of La3Ni2O7, the presence of multiple competing phases,
and the requirement of high-pressure environments pose
substantial challenges for both experimental and theoretical
investigations.[1–25] In particular, understanding the electronic
structure of La3Ni2O7 is crucial to unraveling its supercon-
ducting properties. Exploring how the electronic structure
evolves under varying conditions is a critical step toward es-
tablishing a minimal model and uncovering the mechanism
behind its superconductivity. For example, it is widely known
that the apical oxygen between two bilayer Ni atoms plays a
special role in their properties.[1,4,26] Therefore, understand-
ing the role of apical oxygen and its associated vacancies is
important for further experimental exploration.

In this work, we focus on the La3Ni2O7 electronic
structure at the superconducting phase. The latest exper-
imental results indicate that when the pressure is approxi-
mately 18 GPa, the crystal structure adopts the Fmmm space
group, at which point the superconducting transition tem-
perature reaches its maximum. When the pressure exceeds
40 GPa, the space group of the crystal structure transitions

to I4/mmm.[27] Therefore, we can start from the electronic
structure of La3Ni2O7 at its Fmmm structure. We apply the
density functional theory (DFT) calculation with hybrid func-
tional, which more accurately treats the Coulomb potential.
This method has given a faithful description of the ambient
pressure La3Ni2O7 electronic and magnetic structures.[28–30]

The result is consistent with our previous findings, where the
dz2 bonding band is always below the Fermi level. Then, the
influence of apical oxygen and the random disorder effect of
apical oxygen are explored by the dynamical cluster approxi-
mation (DCA).[28–30]

We apply the standard first-principles density functional
theory calculations on La3Ni2O7 to determine its electronic
structures. Most of the aforementioned DFT calculations
employ the generalized gradient approximation (GGA) for
the exchange–correlation functional, often using its Perdew–
Burke–Ernzerhof (PBE) variant.[34] However, it is well estab-
lished that the choice of exchange–correlation functional Exc

plays a critical role in accurately predicting properties such as
band gaps and binding energies.[35] For instance, GGA func-
tionals are known to systematically underestimate the band
gaps of semiconductors.[35,36] In this work, we adopt a more
accurate hybrid exchange–correlation functional to address
these limitations.
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Our DFT calculations are performed using the Vienna
Ab-initio Simulation Package (VASP)[37] with the projector
augmented wave (PAW) method.[38] To achieve greater ac-
curacy, we employ hybrid functionals that combine Hartree–
Fock (HF) and Kohn–Sham (KS) theories,[39] which typically
outperform the semilocal GGA method.[36,40] Specifically, we
utilize the widely adopted HSE06 hybrid functional.[41] The
cutoff energy for the plane-wave basis set is set to 500 eV, and
the energy convergence criterion is 10−6 eV. To optimize com-
putational efficiency, all calculations are conducted using the
primitive cell. A Γ -centered 7×7×7 k-point mesh is used for
sampling the Brillouin zone.
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Fig. 1. (a) The crystal structure of La3Ni2O7 at its high-pressure (HP)
phase. The oxygen vacancies are located at the positions of apical oxy-
gen. (b) The corresponding orbital-resolved DFT band structure. The
red dots and green dots denote the dx2−y2 orbital and dz2 orbitals, re-
spectively. (c) The tight-binding bands are divided into HS sector (blue
lines) and HA sector (orange lines). We label the four bands as α , β , γ

and δ . (d) The Fermi surfaces of the corresponding TB model with an
antisymmetric β -FS and a symmetric α-FS.

The orbital-resolved band structures for the HP phase
without oxygen vacancy disorder, calculated using the HSE06
functional, are shown in Fig. 1(b). Given that the material
only exhibits C2 symmetry, the x- and y-directions are in-
equivalent. However, the disparity between them is negligi-
ble. We can reasonably approximate the x- and y-directions
as equivalent, treating the lattice as effectively square. Com-
pared to the GGA-PBE results,[8,12] the bonding dz2 bands are
pushed significantly below EF by about 452 meV [M point
in Fig. 1(b)]. This enhancement is owing to enlarged crys-
tal field splitting and perpendicular hopping mediated by the
apical oxygens. Recently, the superconducting La3Ni2O7 thin
films have been successfully synthesized.[2,3] It is interesting
that the in-plane lattice constants a,b are suppressed to 3.71 Å
instead of 3.83 Å under high pressure. The Jahn–Teller dis-
tortion between dx2−y2 and dz2 is largely enhanced. This ef-
fect also leads to bonding dz2 band below the Fermi level even
using the GGA-PBE exchange–correlation functional, as dis-
cussed in Appendix A [see Fig. A1]. Therefore, both the high-
pressure phase and thin film phase show a similar band struc-

ture, and this is another strong reason supporting the correct-
ness of the hybrid functional.

Focusing on the partially occupied eg orbitals from the
DFT calculations, we use the Wannier90 code[42,43] to fit the
eg bands and extract the tight-binding (TB) model parameters.
Given that there are two Ni atoms per unit cell, the resulting
TB model is a 4-band system. Its Hamiltonian, HHP, expressed
in the basis (dx

t𝑘,d
z
t𝑘,d

x
b𝑘,d

z
b𝑘) (the spin index is omitted here),

is written as

HHP(𝑘) =

(
Ht(𝑘) H⊥(𝑘)
H†
⊥(𝑘) Hb(𝑘)

)
, (1)

where Hb(𝑘) = Ht(𝑘) and H⊥(𝑘) = H†
⊥(𝑘), and they are both

2×2 block matrices. They take the forms of

Ht(𝑘) =

(
T x
𝑘 V𝑘

V𝑘 T z
𝑘

)
, (2)

H⊥(𝑘) =

(
tx
⊥ V ′𝑘

V ′𝑘 tz
⊥

)
. (3)

Here, T x/z
𝑘 = tx/z

1 γk + tx/z
2 αk +εx/z, V𝑘 = txz

3 βk, V ′𝑘 = txz
4 βk with

γk = 2(coskx + cosky), αk = 4coskx cosky, βk = 2(coskx −
cosky). The corresponding on-site energies and hopping pa-
rameters are given in Table 1. The dispersion of the TB eg

bands is compared to the DFT calculations in Appendix B
[see Fig. B1(a)], which confirms that the TB model provides a
faithful description of the low-energy electronic structure.

Table 1. The hopping parameters of the TB Hamiltonian H(𝑘) in the
HP phase in units of eV. εx and εz are site energies for Ni dx and dz or-
bitals, respectively. The top one corresponds to Eq. (1), and the bottom
one corresponds to Eq. (6).

tx
1 tz

1 tx
2 tz

2 txz
3

−0.6003 −0.149 0.0391 −0.0007 0.2679

tx
⊥ tz

⊥ txz
4 εx εz

0.038 −0.999 −0.072 1.2193 0.0048

Sector tx
1 tz

1 tx
2 tz

2 txz
3 εx εz

HS −0.6003 −0.149 0.0391 −0.0007 0.1959 1.2573 −0.9942
HA −0.6003 −0.149 0.0391 −0.0007 0.3399 1.1813 1.0038

From a symmetry point of view, we can use the inversion
eigenbasis centered at the shared apical oxygen[21]

ψ
η

S = (dη

t +dη

b )/
√

2, (4)

ψ
η

A = (dη

t −dη

b )/
√

2. (5)

They correspond to the symmetric and antisymmetric molecu-
lar orbitals that block diagonalize HHP(𝑘) into

HHP(𝑘) =

(
HS(𝑘) 0

0 HA(𝑘)

)
, (6)
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where HS/A(𝑘) = Ht(𝑘)±H⊥(𝑘), whose matrix elements can
take the same form as Ht(𝑘) in Eq. (2). That is,

HS/A(𝑘) =

(
T x
𝑘,S/A V𝑘,S/A

V𝑘,S/A T z
𝑘,S/A

)
, (7)

with T x/z
𝑘,S/A = tx/z

1,S/Aγk + tx/z
2,S/Aαk +ε

x/z
S/A and V𝑘,S/A = txz

3,S/Aβk.
The corresponding parameters are also given in Table 1. The
TB electronic structure divided into two ψS bands (blue lines)
and two ψA bands (orange lines) is plotted in Fig. 1(c). There
are two bands crossing EF, labeled as α and β , separated from
an unoccupied δ band and a fully occupied γ band. The Fermi
surfaces (FSs) consist of one electron pocket (α band) around
the Γ point and one hole pocket (β band) around the M points
in the Brillouin zone as shown in Fig. 1(d).

Before a detailed discussion, it is useful to look at the
symmetry properties of each band. As discussed above,
the space group of La3Ni2O7 is Fmmm, similar to Bi-2212
cuprates.[44,45] Although the point group is D2h, it is safe to use
D4h to analyze the band symmetry as in cuprates. Hence, the
point group of the wavevector k along the high-symmetry lines
and high-symmetry points is listed in Fig. 2(a). The group of
wavevector is D4h for the Γ and M points while it becomes
D2h for the X point.

X

M

Σ

∆Γ

Y

D4h

D2h

D4h

C2v C2v

C2v

Bg

B1g

A1g

A1g

Ag

Au

Au

Ag

B1u

B1u

A1u

A1u

HS HA(a) (b) (c)

Γ X M Γ Γ X M Γ

Fig. 2. (a) The point group of the wavevector k along the high-symmetry
lines and high-symmetry points. We adopt the approximate D4h point
group. (b) The irreducible representation of the HS sector at each high-
symmetry point. The compatibility of different irreducible representa-
tions is satisfied. (c) The irreducible representation of the HA sector
at each high-symmetry point. Especially, A1u and B1u representations
switch their positions at Γ and M points.

Then, the group representations for each band and their
compatibility can be calculated. Looking at the symmetric
sector HS, the two bands are separated as plotted in Fig. 2(b).
The lower band with A1g at Γ is mainly formed by dz2 while
the upper band with B1g is mainly from dx2−y2 . On the other
hand, the symmetry properties of HA are more complicated as
shown in Fig. 2(c). Although the A1u band is slightly higher
than the B1u band at Γ , they switch their positions at M point.
This feature can be easily tested along the Γ –M direction,
where the overlap matrix between two orbitals vanishes. The
complicated representation connection makes the dx2−y2 and
dz2 orbitals largely entangled. Therefore, although HA only
contributes to a single β -FS, it is difficult to use a single Wan-
nier orbital for this FS.

We notice that the εx and εz are almost degenerate for
HA. This fact is owing to the cancelation between Jahn–Teller

distortion and interlayer hopping. It is obvious that the β -FS
shows a similar contour to that of the cuprate superconductor.
As we pointed out at Refs. [21,46], the essential pairing comes
from this antisymmetric FS. Therefore, the minimal effective
model for HA is a nearly degenerate two-orbital model.[46] The
self-doping HA leads to the high-temperature superconductiv-
ity in La3Ni2O7.[46]

As discussed above, the apical oxygen vacancies are be-
lieved to impact the superconducting phase of the system
greatly. Hence, the target system becomes La3Ni2O7−δ with δ

the concentration of the apical oxygen vacancies per unit cell.
The oxygen vacancies play two significant roles. First, as the
apical oxygen has a chemical valence of O2− and contributes
two holes to the unit cell, its vacancies, with a concentration δ ,
result in an electron doping level of x = 2δ . Second, the ran-
dom distribution of these vacancies introduces disorder into
the system. We use DCA[31–33] to study the disorder effect
induced by the random vacancies, which maps the disordered
lattice to a finite cluster embedded in an effective medium de-
scribed by a non-local self-energy which is then determined
self-consistently. Since the apical oxygen is located between
the two Ni layers, its vacancy primarily reduces the coupling
strength between these layers. Consequently, the disordered
system with randomly distributed oxygen vacancies can be
modeled using a four-band Anderson model with random in-
tracell potentials. The Hamiltonian can be written as

H = ∑
i, j

4

∑
α,β=1

(hαβ

i j −µδαβ )c
†
iα ciβ +∑

i

4

∑
α,β=1

V αβ

i c†
iα ciβ . (8)

The first term describes the band of La3Ni2O7 with hαβ

i j the
real space version of the lattice model HHP(𝑘) defined in
Eq. (6) and µ the chemical potential. The labels i, j are the
indices for the unit cell and α , β are the combined indices
for the layers and the two eg orbitals so that c†

iα (ciα ) corre-
spond to the creation (annihilation) operators for the orbitals
(dx

S,d
z
S,d

x
A,d

z
A) on the cell i. The second term represents the

disorder, modeled by the intracell potential V αβ

i , which is ran-
domly distributed according to an independent binary proba-
bility distribution function of the form[47]

P(V αβ

i ) = δ ·δ (V αβ

i −Vvac)+(1−δ ) ·δ (V αβ

i ). (9)

Here we use the impurity potential Vvac to remove the contri-
bution of intracell interlayer coupling tx

⊥ and tz
⊥ to εx and εz

in the eigenbasis described above, which should capture the
main effect of the oxygen vacancies.

In the calculation of DCA, the original lattice model is
mapped onto a cluster of size Nc with periodic boundary con-
ditions, embedded in an effective medium. Consequently, the
first Brillouin zone is divided into Nc coarse-grained cells,[33]

each centered around a momentum labeled by 𝐾 and sur-
rounded by k points labeled as 𝑘̃ within the cell. Thus, all
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k points can be expressed as 𝑘 =𝐾+ 𝑘̃. The detailed formu-
lation of the multi-band DCA can be found in Ref. [47]. In
the cluster solver of the DCA, we perform stochastic sampling
of configurations based on the binary distribution of the im-
purity potential described in Eq. (9). For all calculations, we
use a cluster size of Nc = 100 and average over 2560 disorder
configurations, which are sufficient to produce reliable results.
After the DCA calculation is finished, we use the obtained
cluster self-energy Σ(𝐾,ω) to construct the lattice Green’s
function Glat(𝑘,ω) as

Glat(𝑘,ω) = [(ω +µ)I−HHP(𝑘)−Σ(𝐾,ω)]−1, (10)

where I is the identity matrix on orbital basis and 𝑘 =𝐾+ 𝑘̃,
the chemical potential µ is determined according to the dop-
ing level x = 2δ introduced by the oxygen vacancies and ω is
measured from the chemical potential. We next calculate the
spectrum function A(𝑘,ω) as

A(𝑘,ω) =− 1
π

Im[TrGlat(𝑘,ω)], (11)

which reflects the disorder effect due to the random oxygen
vacancies. The DCA calculation is performed at zero temper-
ature.

The calculated spectrum functions A(𝑘,ω) for various
concentrations of the oxygen vacancies along the momentum
path defined in Figs. 1 and 2 are shown in Fig. 3. We can see
that for the two bands close to the Fermi level (α and β bands),
the spectrum function of the β band decreases much faster
than that of the α band as the concentration of the oxygen va-
cancies increases, indicating that the β band is more fragile to
the disorder introduced by the oxygen vacancies. This result
is expected, as the primary effect of oxygen vacancies is to
disrupt the coupling between the two Ni layers. However, the
interlayer coupling for the dz2 orbital is much stronger than
that for the dx2−y2 orbital, as shown in Table 1. Given that
the β band has a significant contribution from the dz2 orbital,
while the α band is primarily composed of the dx2−y2 orbital,
it follows that the β band is more sensitive to disorder induced
by the oxygen vacancies. This is also reflected in the spec-
trum function at the Fermi level, which is shown in Fig. 4. We
can see that the spectrum function on the Fermi surface of the
β band is destroyed quickly as the oxygen vacancy increases
while that for the Fermi surface of the α band is relatively ro-
bust against the disorder. As we state above and in Ref. [46],
the superconductivity of La3Ni2O7 is driven by the β -FS and
antisymmetric bands. Therefore, the existence of β under dis-
order, especially the apical oxygen vacancies, becomes critical
for superconductivity. Based on DCA calculations, the apical
oxygen vacancies strongly ruin the β -FS resulting in destroy-
ing the superconductivity.

Although direct ARPES measurements on high-pressure
phases are currently unavailable, two indirect approaches can

still be employed to verify the validity of our proposed sce-
nario. First, for La3Ni2O7 thin films grown on SrLaAlO4

(SLAO) substrates — which exhibit superconductivity under
ambient pressure[2,3] — we can directly measure the evolution
of the β -Fermi surface using ARPES when oxygen vacancies
are introduced. Second, the superconducting pairing symme-
try can be experimentally determined. Prior studies have de-
bated this extensively, proposing both s±-wave and d-wave
possibilities.[8,10,12,15,16,18,20,21] If experiments confirmed a d-
wave symmetry, this would strongly suggest that the β -band
dominates the superconducting pairing, thereby supporting the
conclusions of our work.
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In summary, we carry out an electronic structure calcula-
tion on high-pressure La3Ni2O7. Using the hybrid exchange–
correlation functional, the crystal field and interlayer coupling
through apical oxygen are improved leading to the bonding dz2

below the Fermi level. We construct the bilayer two-orbital
tight-binding model using Wannierization. This model is fur-
ther classified into symmetric HS and antisymmetric HA sec-
tors. Using the symmetry analysis, we find that the two HA

bands are strongly entangled. The minimal model for HA is a
nearly degenerate two-orbital model. Then, the apical oxygen
vacancy disorder effect is investigated using dynamical clus-
ter approximation. The oxygen vacancies have strong effects
on the β -FS. Therefore, increasing the vacancy disorder will
destroy the β -FS quickly and subsequently kill the supercon-
ductivity. We hope our findings could provide a new insight
into La3Ni2O7 electronic structure and the corresponding dis-
order effect.

Appendix A. The dependence of the GGA-PBE
electronic structure on the in-plane lattice con-
stants

Recently, superconducting La3Ni2O7 thin films at am-
bient pressure have been successfully synthesized.[2,3] They
find that the superconductivity is strongly positively correlated
with the reduction of the in-plane lattice constants a and b.[2]

Using the standard GGA-PBE functional, we calculate the
band structures for different in-plane lattice constants. To sim-
ulate the scenario of substrate growth, we fix the in-plane lat-
tice constants while allowing relaxation along the c-direction.
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Fig. A1. (a) The band structure calculated using the GGA-PBE functional
at a = b = 3.83 Å in the high-pressure (HP) phase. (b) The Fermi sur-
face corresponds to the band structure in panel (a). (c) The band structure
calculated using the GGA-PBE functional at a = b = 3.71 Å in the thin
film phase.[2] (d) The Fermi surface corresponds to the band structure in
panel (c).

To simplify nonessential factors and highlight the under-
lying physics, we assume a = b and adopt the crystal structure

of the HP phase. The results for a = 3.83 Å and a = 3.71 Å
are presented in Fig. A1. We find that as a decreases, the most
significant change is that the γ band, which is typically active
at the Fermi surface in previous GGA-PBE calculations,[8,12]

is gradually pushed below the Fermi level, while other features
of the band structure remain qualitatively unchanged.

The reason for this phenomenon is that as a and b de-
crease, the relaxed c-axis elongates, causing the Ni–O octahe-
dra to compress in the x- and y-directions and stretch in the
z-direction. This increases the Jahn–Teller distortion, which
lowers the on-site energy of the dz2 orbital. Although the bi-
layer coupling also weakens, the calculations indicate that the
Jahn–Teller distortion plays the dominant role.

Therefore, even at the conventional GGA-PBE level, the
calculations suggest that the emergence and enhancement of
superconductivity can, to some extent, be attributed to the dis-
appearance of the γ band. Thus, it is reasonable to directly
adopt the band structure calculated using the hybrid func-
tional, in which the γ band disappears near the Fermi level,
as discussed in the main text.

Appendix B. The fit of the TB model
In this section, we present the fit of the TB model to

the HSE band structure and GGA-PBE band structure of
a = 3.71 Å obtained from the DFT calculations, as shown
in Fig. B1. It can be seen that TB and DFT are in excellent
agreement, indicating that our TB model provides an accu-
rate representation of the eg orbital bands. The TB model
of a = 3.71 Å thin film is also listed in Table B1. The use
of the same number of parameters as in the original model
in the main text cannot achieve a satisfactory fit between
the TB and DFT band structures. To achieve a better fit,
we incorporated additional longer-range hopping parameters
into the TB model, including: intralayer same-orbital third-
nearest-neighbor hopping parameter t5, intralayer inter-orbital
third-nearest-neighbor hopping parameter t6, interlayer inter-
orbital third-nearest-neighbor hopping parameter t7 (note that
the inter-orbital second-nearest-neighbor hopping parameters
are zero due to symmetry constraints), and interlayer same-
orbital nearest-neighbor hopping parameter t⊥1 (with the inter-
layer on-site hopping parameter denoted as t⊥). Specifically,
the T𝑘, V𝑘 and V𝑘 are written as

T x/z
𝑘 = tx/z

1 γk + tx/z
2 αk + tx/z

5 δk,

V𝑘 = txz
3 βk + txz

6 θk,

V ′𝑘 = txz
4 βk + txz

7 θk, (B1)

where δk = 2(cos2kx +cos2ky) and θk = 2(cos2kx−cos2ky).
The matrix element originally denoted as tx/z

⊥ should also be

modified to tx/z
⊥ + tx/z

⊥1 γk.
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Fig. B1. (a) The fit of the TB model to the HSE band structure obtained from the DFT calculations in the main text. (b) The fit of the TB model
to the GGA-PBE band structure of the superconducting thin film in Fig. A1(c).

Table B1. The hopping parameters of the TB Hamiltonian H(𝑘) corresponding to the GGA-PBE results of the a = 3.71 Å thin film phase in units
of eV. εx and εz are site energies for Ni dx and dz orbitals, respectively.

tx
1 tz

1 tx
2 tz

2 txz
3 txz

4 tx
5 tz

5 txz
6 txz

7 tx
⊥ tz

⊥ tx
⊥1 tz

⊥1 εx εz

−0.4907 −0.0757 0.0868 −0.0123 0.2007 −0.0267 −0.0588 −0.0148 0.0274 0.0007 0.0107 −0.6134 0.0039 0.0021 1.0112 0.2197

Sector tx
1 tz

1 tx
2 tz

2 txz
3 tx

5 tz
5 txz

6 εx εz

HS −0.4868 −0.0736 0.0868 −0.0123 0.174 −0.0588 −0.0148 0.0281 1.0219 −0.3937
HA −0.4946 −0.0778 0.0868 −0.0123 0.2274 −0.0588 −0.0148 0.0267 1.0012 0.8331
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