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The discovery of high-temperature superconductivity (SC) with Tc ≈ 80 K in the pressurized La3Ni2O7

has aroused great interest. Currently, due to technical difficulties, most experiments on La3Ni2O7 can only
be performed at ambient pressure. Particularly, various experiments have revealed the presence of a spin
density wave (SDW) in the unidirectional diagonal double-stripe pattern with wave vector near ±(π/2, π/2)
in La3Ni2O7 at ambient pressure. In this work, we employ first-principles calculations followed by the random
phase approximation (RPA)-based study to clarify the origin of this special SDW pattern and the potential
SC in La3Ni2O7 at ambient pressure. Starting from our density-functional-theory band structure, we construct
an eight-band bilayer tight-binding model using the Ni-3dz2 and 3dx2−y2 orbitals, which is equipped with the
standard multiorbital Hubbard interaction. Our RPA calculation reveals an SDW order driven by Fermi surface
nesting with wave vector Q ≈ (0, ±0.84π ) in the folded Brillouin zone. From the view of the unfolded Brillouin
zone, the wave vector turns to Q0 ≈ ±(0.58π, 0.58π ), which is near the one detected by various experiments.
Further more, this SDW exhibits an interlayer antiferromagnetic order with a unidirectional diagonal double-
stripe pattern, consistent with recent soft x-ray scattering experiments. This result suggests that the origin of the
SDW order in La3Ni2O7 at ambient pressure can be well understood in the itinerant picture as driven by Fermi
surface nesting. In the aspect of SC, our RPA study yields an approximate s±-wave spin-singlet pairing with Tc

much lower than that under high pressure. Furthermore, the Tc can be strongly enhanced through hole doping,
leading to possible high-temperature SC at ambient pressure.

DOI: 10.1103/24f4-349n

I. INTRODUCTION

Recently, the experiments [1] have reported that the bi-
layer nickelate La3Ni2O7 exhibits superconductivity (SC) at
80 K under pressures above 14 GPa, which has been con-
firmed by subsequent experiments [2–9]. Inspired by SC
in La3Ni2O7, efforts have been made to search for more
nickelate superconductors in the Ruddlesden-Popper (RP)
phase [10,11], resulting in the discovery of SC in La4Ni3O10

under high pressure (HP) [12–15]. These discoveries have
rapidly sparked research into the electronic structure [16–41],
the pairing mechanisms [42–78], and the correlated states
[79–87] of nickelate SC materials. The nickelate supercon-
ductors, including the pressurized RP-phase La3Ni2O7 and
La4Ni3O10 and previously synthesized infinite-layer nicke-
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lates Nd1−xSrxNiO2 [88–91], have become a new platform
for exploring high-temperature SC after cuprates [92–94] and
iron-based [95,96] superconductors.

Currently, most experimental investigations on the RP-
phase nickelates are carried out at ambient pressure (AP)
because the HP circumstance strongly hinders the experimen-
tal detection of the physical properties of the materials. It is
inspiring that, very recently, evidences of SC with Tc beyond
the McMillan limit (40 K) has been reported in the ultrathin
La3Ni2O7 film at AP [97,98], which will strongly push the
development of this field. Therefore studies on the RP-phase
nickelates at AP are becoming more and more important.
At AP, experiments on the bulk materials of the RP-phase
nickelates have uncovered density-wave (DW) orders which
compete with the SC, and such competition is key to unrav-
eling the mechanism of SC. Concretely, evidences of charge
DW (CDW) and spin DW (SDW) are reported in La3Ni2O7

[99–114] and La4Ni3O10 [99,115–117], catching lots of theo-
retical interests [118–129].
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Here, we focus on the SDW discovered in bulk
La3Ni2O7 at AP through the muon spin relaxation [100,101],
the nuclear magnetic resonance (NMR) [99,102,105], the
neutron scattering [106] and the soft x-ray scattering
[103,107] measurements. Particularly, the soft x-ray scattering
measurements [103,107] reveal the presence of an interlayer
antiferromagnetic (AFM) SDW order with an intriguing uni-
directional diagonal double-stripe pattern within each layer,
with wave vector near ±(π/2, π/2). Note that the NMR [102]
measurements suggest that such a stripy SDW order is a pure
spin order, without coexisting CDW order. To fit the experi-
mentally detected magnon dispersion of this SDW state with
linear spin wave theory, an attempt based on the local moment
description of the SDW order has been made, resulting in a
Heisenberg spin model with various superexchange interac-
tions, among which the interlayer superexchange interaction
is more than an order of magnitude stronger than the intralayer
ones [103]. However, such a Heisenberg spin model is prob-
lematic because if the interlayer superexchange interaction
really overwhelms the intralayer one, the interlayer dimer
state would be formed, instead of the SDW ordered state. The
unreasonable fitting result of the SDW order based on the local
moment description necessitates the itinerant description of
the SDW order.

Various theoretical attempts have been made to clarify
the origin of the SDW order with the diagonal double-stripe
pattern based on the itinerant picture. The random phase
approximation (RPA) calculations [126] adopting the tight-
binding (TB) parameters for the HP phase yield an SDW
wave vector distinct from the experimental one, suggesting
that the magnetic structures under HP and AP are distinct,
which necessitates the investigation of the SDW order in
the AP circumstance. Note that the lattice structure and
symmetry of La3Ni2O7 at AP are different from those un-
der HP, particularly with doubled unit cell. The unbiased
density-functional-theory (DFT) calculations [129,130] ob-
tained ferromagnetic or A-type AFM phase as the ground
state, which is not consistent with the experiments. The
dynamic-mean-field-theory [86] or DFT [119–121] based cal-
culations have provided the energies corresponding to a few
candidate SDW patterns within a 4 × 4 expanded magnetic
unit cell associated with the assumed or calculated wave
vector ±(π/2, π/2), resulting in the conclusion that the di-
agonal double-stripe pattern is really the energetically favored
one. However, within 4 × 4 expanded unit cell, the magnetic
moment at every site can take independent and arbitrary val-
ues. These calculations are somewhat biased as only a few
candidate SDW patterns have been investigated among the
infinite number of possible ones within the 4 × 4 magnetic
unit cell. Note that an arbitrary 4 × 4 pattern will usually
lead to not only a peak at ±(π/2, π/2) but also peaks at
the higher harmonic components of this wave vectors, e.g.,
(π/2, π ) or (π, π ), while the experiments on La3Ni2O7 at
AP have only discovered the one ±(π/2, π/2) [103,107]. It
is the purpose of the present study to reveal the origin of the
special SDW pattern observed in experiments, including the
wave vector near ±(π/2, π/2) and the unique unidirectional
diagonal double-stripe pattern, from unbiased first-principles
calculations without assuming any candidate patterns.

In this paper, we carry out an unbiased first-principles
study on the properties of the SDW and the potential SC

FIG. 1. The schematic of the crystal structure of La3Ni2O7 at AP,
where red, pink, and blue spheres represent O, apical oxygen, and Ni
atoms, respectively, and gray lines represent Ni-O bonds. (a) is the
side view of the bilayer crystal and (b) is the top view of the bottom
layer crystal. The interlayer Ni-O-Ni bonding angle is 168◦, marked
in (a).

in La3Ni2O7 at AP. In Sec. II, we start by constructing a
bilayer eight-band TB model, obtained by Wannier fitting of
our first-principles DFT+U band structure, using the Ni-3dz2

and 3dx2−y2 orbitals. Then, in Sec. III, after considering the
standard multi-orbital Hubbard interaction, we perform a RPA
based study on the properties of the SDW order of the sys-
tem. Our result reveals an SDW order with wave vector
Q ≈ (0,±0.84π ) in the folded Brillouin zone (BZ), which
turns into Q0 ≈ ±(0.58π, 0.58π ) in the unfolded BZ, near
the ±(π/2, π/2) detected by experiments. The real-space
distribution of the magnetic moment of the SDW takes the
unidirectional diagonal double-stripe pattern, with the mo-
ments in the two NiO2 planes AFM aligned. Such an SDW
pattern is well consistent with experiments. In Sec. III, we fur-
ther study the potential SC at AP via the RPA approach, which
shows that the Tc at AP is lower than that under HP, consistent
with experiments. Furthermore, our RPA result predicts that
the Tc will be enhanced with hole doping at AP. Section V
provides the discussion and conclusion.

II. DFT BAND STRUCTURE AND THE MICROSCOPIC
MODEL

In La3Ni2O7, each conventional unit cell contains four NiO
layers[1], including the weakly coupled isostructural upper
and lower bilayers separated by a LaO layer. The lattice struc-
ture of each bilayer is shown in Fig. 1. In this structure, around
each Ni atom, there are six oxygen atoms which form a stan-
dard octahedron. The two NiO layers stacking along the c-axis
are named as the top (t) and bottom (b) layer, respectively.
Each Ni atom in the top layer is connected to a Ni atom in
the bottom layer via an oxygen atom in the intermediate LaO
layer through the interlayer Ni-O-Ni bond. It is important to
note that the interlayer Ni-O-Ni bonding angle at AP is 168◦,
which is different from 180◦ under HP. Such a difference
leads to different lattice symmetries between the AP and HP
phases: under HP, the lattice structure belongs to the Fmmm
phase which possesses C4 rotation symmetry and each unit
cell contains one Ni atom in each layer. However, at AP, the
lattice structure belongs to the Amam phase, in which the
octahedrons associate with the Ni atoms in the a-b plane alter-
nately tilt toward two different directions, dividing the original
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FIG. 2. (a) DFT band structure (black lines) for La3Ni2O7 at AP,
in comparison with the sixteen-band TB band structure (red lines)
obtained through Wannier fitting. Experimentally refined lattice con-
stants are adopted in the DFT calculation. (b) The DOS near the
Fermi energy, contributed by Ni (red), the Eg orbitals of Ni (green),
La (blue), and O (black) atoms. (c) Schematic of the 3D BZ. Several
high-symmetry points are marked in the BZ.

Bravais lattice within each layer into two unequal sublattices
labeled as A and B respectively, as shown in Figs. 1(a) and
1(b). Meanwhile, the lattice lacks the C4 rotation symmetry.

We have performed a DFT based calculation for the band
structure of La3Ni2O7 at AP, taking the experimentally de-
tected lattice structure and the lattice constant [131]. The DFT
calculations are performed based on the projector-augmented
wave (PAW) pseudopotentials with the exchange correlation
of the Perdew-Burke-Ernzerhof and the GGA + U approach,
as implemented in the Vienna ab initio simulation package
(VASP) [132–135]. Starting from the Amam crystal structure
with experimentally measured lattice constants at AP [131],
we fix the lattice constants and optimize the positions of atoms
within the conventional unit cell until the force acting on
each atom is less than 10−3 eV/Å. The cutoff energy is set
to be 600 eV, and the k mesh is 19 × 19 × 5. To account
for the correlation effects of 3d electrons in Ni atoms, an
effective U = 3.5 eV is chosen, as reported in previous work
[16]. Figure 2(a) shows our DFT band structure along the
high-symmetric lines in the BZ exhibited in Fig. 2(c). We
note that one can also perform DFT calculations within the
primitive unit cell, which yields the unfolded version of our
band structure. The density of state (DOS) contributed by dif-
ferent chemical elements is shown in Fig. 2(b), which shows
that the low-energy DOS near the Fermi level is dominantly
contributed by the Ni-3d-Eg orbitals. Therefore we project the
Bloch electronic states obtained from DFT calculations onto
the Ni-3dz2/3dx2−y2 orbitals and construct a sixteen-band TB
model Hamiltonian in the Wannier representation by using the
WANNIER90 code [136]. as shown in Fig. 2(a), the sixteen-
band TB band structure thus obtained is well consistent with
the DFT one near the Fermi level. At energy far from the
Fermi level, the TB bands exhibit deviations from the DFT
bands, but such discrepancies do not affect the low-energy
properties of the system.

In La3Ni2O7 at AP, each conventional unit cell contains
four layers, with each layer containing two Ni atoms and each
Ni atom containing two 3d-Eg orbitals, adding up to sixteen
effective orbitals. It is important to note that the coupling
between the upper bilayer and lower bilayer is very weak
because the two bilayers are separated by a LaO layer, as also

FIG. 3. Band structure and Fermi surfaces (FSs) of La3Ni2O7 at
AP obtained from the eight-band TB-model Eq. (1). (a) The band
structure of the eight-band TB-model (red line) along the high-
symmetry lines, compared with the DFT band structure (black line).
(b) FSs in the folded BZ, marked by α, β1, β2, and γ . The color
in (b) indicates the orbital weight of dx2−y2 and dz2 . The FS-nesting
vector is marked by Q.

verified by the weak corresponding band split in the DFT band
structure. Taking advantage of this character, we reasonably
neglect the coupling between the upper bilayer and the lower
one, and approximately take each bilayer as the unit cell to
construct a 2D bilayer model. In this model, each unit cell
only contains four Ni atoms, labeled as tA, tB, bA, and bB in
Fig. 1(a). The Hamiltonian of this eight-band TB model reads

HTB =
∑

i j,μν,σ

ti j,μνc†
iμσ c jνσ + H.c. +

∑

iμσ

εμc†
iμσ ciμσ . (1)

Here i/ j denotes the combined in-plane site, sublattice (A or
B) and layer (t or b) index, μ/ν labels orbital (3dz2 or 3dx−y2 )
and σ labels spin. εμ is the on-site energy of orbital μ. The
hopping integrals ti j,μν of this model are extracted from the
corresponding ones in the original sixteen-band model, which
are provided in Table II and Fig. 7 in Appendix B Similarly
with La3Ni2O7 under HP, the interlayer hoppings between the
dz2 orbitals are the dominant ones.

Figure 3(a) shows the band structure of the above eight-
band TB model Eq. (1), in comparison with the DFT band
structure. Obviously, despite minor discrepancies in details,
the former has captured the essential characteristics of the
latter near the Fermi energy, particularly regarding the FS
nesting, thereby ensuring the reliability of subsequent results.
The FSs of the eight-band TB model are shown in Fig. 3(b),
where the color indicates the orbital weight. There are four
pockets, including an electron pocket α centered around the 	

point, another small electron pocket γ centered around the
X point, and two hole pockets β1 and β2 centered around
the X1 and X2 points, respectively. Both orbital components
are significantly involved on the FSs.

The band structure shown in Fig. 3 illustrates three promi-
nent features. (1) In comparison with the band structure
under HP shown in Figs. 6(c) and 6(d) in Appendix A in
which the bonding dz2 band crosses the Fermi energy to
form a hole pocket γ ′, here at AP the bonding dz2 band
shifts below the Fermi energy and the corresponding hole
pocket vanishes. This feature of our bands is consistent
with other existing bands for AP phase [1,16,83,86] and HP
phase [1,20,21,45,46,62,76,77,123,126] La3Ni2O7. (2) The
electron pocket α is well nested with the hole pocket β1.
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Such FS nesting suggests the potential for DW order at low
temperatures, with the nesting vector Q as the wave vector.
Note that as the unit cell at AP is doubled from that under
HP, the BZ here is the inscribed square of the BZ under HP.
(3) At the 	 point, the bonding dz2 band lies very close to
the Fermi surface (particularly for the DFT bands). However,
since there is no suitable FS that nests with the bonding dz2

band, this band does not contribute to prominent FS nesting.
It is necessary to introduce the electron-electron interaction

to investigate the correlated electronic states. We adopt the
multiorbital Hubbard interaction,

Hint = U
∑

iμ

niμ↑niμ↓ + (U − 2JH )
∑

i,σ,σ ′
ni1σ ni2σ ′

+ JH

∑

iσσ ′
[c†

i1σ c†
i2σ ′ci1σ ′ci2σ + (c†

i1↑c†
i1↓ci2↓ci2↑ + H.c.)],

(2)

where the first, second and third terms denote the intraorbital
Hubbard repulsion, the interorbital one and the Hund’s rule
coupling (plus the pair hopping), respectively. We fix JH =
U/6 for the subsequent calculations.

The total Hamiltonian adopted in our study is

H = HTB + Hint. (3)

To solve this Hamiltonian, we adopt the RPA approach
[137–143]. In the RPA approach, by defining the spin sus-
ceptibility matrix χ

(s)pq
st (k, iω = 0), the critical interaction

strength Uc ≈ 1.2 eV for SDW can be provided. For U < Uc,
the finite spin susceptibility implies short-range spin fluctu-
ations, which can mediate attractive interaction channels for
SC. For U > Uc, the spin susceptibility diverges, suggesting
the onset of SDW order. See Appendix C for details of the
RPA approach.

III. PROPERTIES OF THE SDW

We study the properties of the SDW order in La3Ni2O7 at
AP via the RPA approach, including the wave vector and the
distribution pattern of the SDW moment within a unit cell.
To obtain the wave vector of the SDW order, we calculate
the largest eigenvalue χ (s)(k) of the spin susceptibility ma-
trix χ

(s)pq
st (k, iωn = 0). See Appendix C for more details of

the spin susceptibility matrix χ
(s)pq
st (k, iωn). The χ (s)(k) for

U = 1 eV is shown in Fig. 4(a). Obviously, the largest χ (s)

is located near the momenta Q = (0,±0.84π ), which are pre-
cisely the nesting vectors between the α and β1 Fermi pockets,
as marked in Fig. 3(b). The second largest spin susceptibility
is located at the momenta Q′ = (±0.84π, 0), corresponding
to the nesting vector between the α and β2 pockets. Note that
the wave vectors Q and Q′ are not equivalent due to breaking
of the C4 symmetry in La3Ni2O7 at AP. Our result yields that
the spin susceptibilities χ (s)(k = ±Q) are always the largest
for any value of U and JH , suggesting that the wave vector
of the SDW order in La3Ni2O7 at AP should be ±Q. Note
that the SDW with wave vector Q and Q′ are experimentally
indistinguishable, and both correspond to the unidirectional
diagonal double-stripe states observed in experiments. There-
fore, in the following analysis, we focus primarily on the SDW

FIG. 4. The wave vector and the pattern of SDW for La3Ni2O7 at
AP. (a) The distribution of the spin susceptibility χ s(k) in the folded
BZ for U ≈ 1 eV. The maximal value of χ s(k) just locates at Q ≈
(0, ±0.84π ). (b) The pattern of SDW within an unit cell, in which red
(blue) orbital represents Ni-3dz2 (3dx2−y2 ) orbital. The eight values in
(b) are normalized. The difference between the SDW phases for the
sublattice A and B within a unit cell is θ ≈ 0.58π . (c) Schematic
SDW pattern on the whole lattice at AP (left) and under HP (right).
In the left panel, each dashed oval represents a unit cell within a
layer. The length and orientation/color of the arrows represent the
magnitude and sign of the magnetic moment miα , respectively.

with vector Q, as it effectively represents the one with vector
Q′ as well.

The distribution pattern of the magnetic moment within a
unit cell is determined by the eigenvector ξ corresponding
to the largest eigenvalue of the spin susceptibility matrix
χ (s)(Q, iωn = 0) with U → Uc, see Appendix C for more
details. Our numerical results yield that the SDW order here
is dominated by the on-site intraorbital magnetism. While the
absolute magnitude of the magnetic moment strongly depends
on the interaction U , Fig. 4(b) illustrates the distribution pat-
tern of relative magnetic moments within the unit cell. Three
features are obvious in this pattern. (1) For each orbital site,
the magnetic moment in the top layer is different from that in
the bottom layer only by a minus sign, suggesting an inter-
layer AFM. (2) For each site in each layer, the ratio between
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the magnetic moment in the 3dx2−y2 orbital and that in the
3dz2 orbital is fixed at about 0.24 : 0.44, suggesting that both
orbitals are significantly involved in the SDW order. (3) For
each orbital and layer, while the SDW amplitudes of the A
and B sites within any unit cell are the same, the differ-
ence between their SDW phases is θA − θB = θ ≈ 0.58π . It
is interesting that this value is just very near half of the y
component of the wave vector (0, 2π ) + Q.

In the following, we plot the distribution pattern of the
SDW moment all over the lattice. Since the ratio between the
magnetic moments of the two orbitals is fixed on any site, we
can focus on the distribution pattern for any orbital, e.g., 3dz2 ,
as a representative in the following. In the SDW ordered state
with wave vector Q, the average magnetic moment miα in the
ith unit cell in the sublattice α (α = A/B) in, say the top layer,
is given as,

miα = m0Re
[
ei(Q·Ri+θα )

]

= m0 cos (Q · Ri + θα ), (4)

and that in the bottom layer differs from Eq. (4) by a minus
sign. Note that in obtaining Eq. (4), we have used the fact that
the SDW amplitudes in both sublattices are equal. Here for
convenience, we define

Q · Ri + θα ≡ θiα (5)

as the phase of the SDW at the site in the ith unit cell on the
sublattice α. Note that θiα does not mean the orientation of the
spin vector at site i. The difference between the phases of the A
and B sites within a unit cell is θA − θB = θ ≈ 0.58π . Mean-
while, the wave vector of the SDW order is Q in the folded
BZ, which is equally viewed as (0, 2π ) + Q = (Qx, Qy) ≈
(0, 1.16π ). Note that we have θ ≈ Qy/2. The distribution
pattern obtained from Eq. (4) is schematically illustrated in
the left panel of Fig. 4(c), which clearly exhibits a unidi-
rectional diagonal double-stripe pattern. Here, each unit cell
represented by a dashed oval contains the A and B sites, and
the ex and ey are the unit vectors for this unit cell, while the ea

and eb are the unit vectors for the original undoubled unit cell.
In Fig. 4(c), the length and orientation/color of the arrows
represent the magnitude and sign of miα , respectively.

In the left panel of Fig. 4(c), along the ex direction, θiα

remains constant because Qx = 0. Consequently, the magnetic
moment remains constant along this direction, leading to a
diagonal stripe that extends along the ex direction. Along the
ey direction, θiα changes by Qy = 1.16π with each translation
by ey. Consequently, the magnetic moment nearly changes by
a minus sign with each translation by ey, considering that Qy is
near π . Note that each translation by ey leads to passing across
two stripes. Therefore this distribution pattern just provides
the unidirectional diagonal double-stripe pattern shown in the
left panel in Fig. 4(c).

Then, let us investigate how the SDW phase θiα changes
with each translation by ea or eb, so that to figure out its wave
vector in the original unfolded BZ. With a translation by ea, if
the translation is from sublattice A to B, θiα changes by

[(Ri + ey) · Q + θB] − (Ri · Q + θA) = Qy − θ, (6)

and if it is from B to A, θiα changes by

[(Ri + ex ) · Q + θA] − (Ri · Q + θB) = Qx + θ = θ. (7)

With the translation by eb, if the translation is from sublattice
A to B, the SDW phase θiα changes by

[(Ri + ey − ex ) · Q + θB] − (Ri · Q + θA)

= Qy − Qx − θ = Qy − θ, (8)

and if it is from B to A, θiα changes by

(Ri · Q + θA) − (Ri · Q + θB) = θ. (9)

Interestingly, as θ ≈ Qy/2, we have Qy − θ ≈ θ ≈ 0.58π .
Therefore, with each translation by ea or eb, the SDW phase
changes approximately 0.58π , suggesting that the SDW wave
vector in the unfolded BZ should be approximately Q0 =
±(0.58π, 0.58π ).

The obtained SDW wave vector Q0 = ±(0.58π, 0.58π ) in
the unfolded BZ is close to the value ±(0.5π, 0.5π ) revealed
by various experiments [102,103,107], and the interlayer
AFM SDW order with unidirectional diagonal stripe pattern
shown in the left panel of Fig. 4(c) is consistent with the ex-
periment of soft x-ray scattering [103,107]. Such consistency
between our RPA results and the experimental observations
suggests that the origin of the SDW order in La3Ni2O7 at
AP can be well understood in the itinerant picture as being
induced by FS nesting. For comparison, the distribution of the
magnetic moment under HP is schematically illustrated in the
right panel of Fig. 4(c), which exhibits a stripe pattern extend-
ing along the eb direction with the wave vector Q1 ≈ (0.9π, 0)
[43] in the unfolded BZ. Such an SDW order originates from
the FS nesting between the γ ′ and β ′ pockets in the unfolded
BZ, as shown in Fig. 6(d) in Appendix A.

IV. POTENTIAL SC

Currently, no definite evidence of SC has been reported
in bulk La3Ni2O7 at AP. Here, we explore the potential SC
in this system for the following two reasons. On the one
hand, it cannot be excluded that SC with a lower Tc can exist
in the ideal pure material, which is nevertheless suppressed
by ingredients such as oxygen deficiency and impurities in
the samples currently synthesized. On the other hand, the
SDW detected at AP can also be short-range order. In the
framework of RPA [137–143], SC emerges when U < Uc,
which is mediated by short-range spin fluctuations. In RPA,
the pairing nature is characterized by the pairing eigenvalue
λ, which is related to the Tc via Tc ∝ e−1/λ, and the pairing
symmetry is determined by the eigenvector of the linearized
gap equation corresponding to its largest eigenvalue λ. See
Appendix C for more details on RPA treatment of SC.

The U -dependent pairing eigenvalue λ for La3Ni2O7 at
AP (solid lines) is shown in Fig. 5(a), in comparison with
that under HP (dashed lines). For La3Ni2O7 under HP,
whose band structure is given in Appendix A, the D4 point
group symmetry is present. In such a situation, the pairing
symmetries include the s-wave, the d-wave, and the dou-
bly degenerate (px, py) wave, and Fig. 5(a) shows that the
s-wave is the leading pairing symmetry. Our result regrad-
ing the pairing mechanisms in La3Ni2O7 under HP aligns
with most theoretical studies [23,24,42,43,45,46,50,51,53–
55,57,59,61,64,74,75,78]. Meanwhile, several theoretical
studies [52,56] suggest d-wave SC as the leading state, while

014510-5



LIU, SUN, ZHANG, LIU, CHEN, AND YANG PHYSICAL REVIEW B 112, 014510 (2025)

FIG. 5. (a) The largest pairing eigenvalue λ for La3Ni2O7 at AP
(solid lines) and HP (dashed lines) as a function of U for different
pairing symmetries. (b) Distribution of the leading pairing gap func-
tion on the FS for U = 1 eV. The FS-nesting vector is marked by Q.
(c) The DOS of La3Ni2O7 under HP (red) and at AP (blue). (d) The
largest pairing eigenvalue λ at U = 1 eV for the spin-singlet (black)
and spin-triplet (blue) pairings as functions of the electron number δ

per site. The dashed line in (c) and (d) marks the undoped case. The
results presented in (b) and (d) are obtained at AP.

Refs. [44,47–49,67,77] proposes competition between s-wave
and d-wave SC. At AP, since the D4 point group symmetry
is absent, the pairing symmetries can only be distinguished as
spin singlet and spin triplet. Figure 5(a) shows that the spin-
singlet pairing is the leading pairing state. The distribution
of the pairing gap function on the FS is shown in Fig. 5(b).
This pairing gap function is very close to an s±-wave one,
despite the lack of exact C4 symmetry. The pockets α and
β1, connected by the nesting vector Q, are distributed with
the strongest pairing amplitude, with their pairing gap signs
opposite.

Comparing the two sets of results for AP and HP in
Fig. 5(a), it can be observed that for any value of U , the lead-
ing λ at AP is considerably smaller than that under HP. This
result is consistent with experimental findings that high-Tc SC
has only been detected in La3Ni2O7 under HP, and implies
that SC with lower Tc may exist at AP. In the following, we
attempt to provide the physical explanation for the smaller λ

at AP, by comparing the band structures under HP and at AP.
Under HP, The bonding dz2 -band crosses the Fermi energy and
forms a hole pocket γ ′, as shown in Figs. 6(c) and 6(d) in
Appendix A. In contrast, at AP, the bonding dz2 -band shifts
below the Fermi energy, and consequently the corresponding
hole pocket vanishes, as shown in Fig. 3. This significant
difference affects SC in two aspects. Firstly, as shown in
Fig. 5(c), the DOS near the Fermi energy at AP is lower than
that under HP. Secondly, the γ ′ pocket under HP provides

another FS-nesting vector Q1 between the β ′ and γ ′ pockets,
as shown in Fig. 6(d) in Appendix A, which contributes sig-
nificantly to SC under HP[42,43]. In contrast, the absence of
this pocket at AP, as shown in Fig. 3, considerably suppresses
SC. Recently, ARPES measurements [144] reveal the absence
of the γ ′ pocket in thin La2PrNi2O7 films, which may partially
explain why the superconducting Tc of the thin film is lower
than that of the La3Ni2O7 under HP.

The impact of FS on the SC motivates us to investigate the
effects of doping on SC. Our results are shown in Fig. 5(d),
where the x axis represents the number δ of electrons per site,
with δ = 1.5 corresponding to the undoped state. The pairing
eigenvalue λ of the triplet pairing is always much smaller than
that of the singlet pairing for all δ, indicating that only singlet
pairing is possible in this material. For the singlet pairing, the
λ remains almost unchanged under electron doping. Under
hole doping, λ first slowly increases with the enhancement of
the doping until δ reaches 1.45 where λ promptly increases.
The reason for the prompt enhancement of λ for δ < 1.45 lies
in the abrupt enhancement of the DOS shown in Fig. 5(c),
which originates from that the bonding dz2 - band top touches
the Fermi level at this doping. This result suggests that high-Tc

SC can be achieved in La3Ni2O7 at AP through proper hole
doping.

V. DISCUSSION AND CONCLUSION

In our study, we construct the band structures through
DFT+U calculations, and further employ the RPA method to
investigate the nature of the SDW and SC states in La3Ni2O7.
In the DFT+U calculations, we adopt a larger U = 3.5 eV
to correct for on-site Coulomb interactions in strongly corre-
lated systems. In the RPA calculations, under the constraint
U < Uc, a smaller U ≈ 1 eV is used to account for screening
effects and to avoid overestimating correlation effects. Sim-
ilar to iron-based superconductors, La3Ni2O7 is a multiband
system with a large bandwidth (∼4 eV). Thus, despite the
relatively strong interactions, a weak-coupling approach like
RPA is valid for capturing part of the physics of the system.

The SDW wave vector Q0 ≈ ±(0.58π, 0.58π ) obtained
here slightly deviates from the ±(0.5π, 0.5π ) detected exper-
imentally. This might be caused by strong electron correlation
neglected in our weak-coupling RPA approach. In the weak-
coupling limit, the SDW wave vector would be exactly given
as the FS-nesting vector, which is usually incommensurate.
However, in the presence of strong electron interaction, some
certain local SDW pattern would be energetically favored,
which usually leads to formation of commensurate DW order.
For realistic material, the SDW order might probably choose
a commensurate wave vector near the FS-nesting vector, and
consequently leads to the deviation between the SDW wave
vector obtained here and that detected by experiments.

In summary, we have systematically studied the SDW and
potential SC for bulk La3Ni2O7 at AP. By fitting the DFT band
structure, the TB model at AP is obtained. Then we study the
magnetic states through the RPA approach. Our results sug-
gest the interlayer AFM SDW, hosting a special unidirectional
diagonal double-stripe pattern with an in-plane wave vector
Q0 ≈ ±(0.58π, 0.58π ), which is qualitatively consistent with
experiments. Such SDW state originates from the FS nesting.
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We have further studied the potential SC for La3Ni2O7 at AP,
obtaining an approximate s±-wave SC with Tc lower than that
under HP. Inspiringly, we find that hole doping can enhance
the Tc.
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APPENDIX A: DFT BAND AND THE TIGHT-BINDING
MODEL FOR La3Ni2O7 UNDER HIGH PRESSURE

This section presents the results of the density-functional-
theory (DFT) and tight-binding (TB) models for La3Ni2O7

under high pressure (HP). The DFT calculations for the HP
phase are similar to those for the ambient pressure (AP) phase
as described in the main text, except that we start from the
high-pressured (29.5 Gpa) crystal structure with the measured
lattice constants [1] and set the Kmesh to be 13 × 13 × 12
to sample the Brillouin zone of the primitive unit cell. The
obtained DFT band structure is shown in Fig. 6(a).

Focusing on the 3d-Eg orbitals of Ni atoms, similarly to the
case of AP, we construct a bilayer two-orbital TB model. The
TB Hamiltonian can also be expressed as Eq. (1) in the main
text, with the hopping integrals ti j,μν are provided in Table I
and Fig. 6(b). For La3Ni2O7 under HP, since the apical Ni-O-
Ni bond approaches 180◦, each Ni atom within the layer is in

TABLE I. The value of four-band TB hopping parameters for
La3Ni2O7 under HP. In the superscript and subscript, x(z) represents
the dx2−y2 (dz2 ) orbit, ⊥ represents interlayer hopping, and 1,2 rep-
resents the NN and NNN hopping, respectively. ε is on-site energy.
The unit of all parameters is eV.

t x
1 t x

2 t x
⊥ t xz

3 εx

−0.490 0.073 0.008 0.244 0.512

t z
1 t z

2 t z
⊥ t xz

4 εz

−0.119 −0.017 −0.670 −0.031 0

FIG. 6. The DFT band structure and four-band TB model for
La3Ni2O7 under HP. (a) The DFT band structure, with experimen-
tal refined lattice constants adopted. (b) Schematic of the hopping
integrals for the bilayer four-band TB model. The red (bule) orbitals
represent Ni-dz2 (-dx2−y2 ) orbitals. (c) The TB band structure along
the high-symmetry lines. (d) the FS in the BZ, marked by α′, β ′, and
γ ′. The color in (c) and (d) indicates the orbital weight of dz2 and
dx2−y2 .

an identical environment. The unit cell contains one Ni atom
per layer, ultimately resulting in a four-band TB model.

In Fig. 6(b), all the hopping integrals ti j,μν are illustrated.
Here, the red, blue, and purple lines represent the hopping on
the dz2 orbital, the dx2−y2 orbital, and between two orbitals,
respectively. The corner mark x/z indicates dx2−y2/dz2 orbitals,
1/2 indicates nearest-neighbor (NN) /next-nearest-neighbor
(NNN) intralayer hopping, and ⊥ means interlayer hopping.
The values of all the hopping integrals are listed in Table I.

Figure 6(c) shows the bands obtained from the TB model,
which successfully capture the essential characteristics of
the DFT bands. We notice that the dz2 -orbital bonding band
crosses the Fermi energy. The corresponding Fermi surfaces
(FSs) are shown in Fig. 6(d). There are three pockets, includ-
ing an electron pocket α′, an hole pocket β ′, and a hole pocket
γ ′, in which the pocket γ ′ is almost entirely contributed by
the dz2 orbital. Interestingly, there are several FS nestings. The
FS-nesting between α′ and β ′ pockets is marked as Q2, which
qualitatively corresponds to the nesting vector Q for AP as
shown in Fig. 3(b) in the main text. The FS nesting between
α′ and γ ′ pockets, marked as Q1, is considered to contribute
significantly to SC [42,43].

APPENDIX B: TB HOPPING INTEGRALS
FOR La3Ni2O7 AT AMBIENT PRESSURE

This scetion provides the TB hopping parameters for
La3Ni2O7 at AP. The hopping integrals ti j,μν up to NNN are
illustrated in Fig. 7(a), with the corner marks having the same
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FIG. 7. Schematic of the hopping integrals for La3Ni2O7 at AP.
(a) Schematic of the main hopping integrals for the eight-band TB
model, in which the third-nearest-neighbor hopping integrals (t x/z

3 in
Table II) are not shown. For La3Ni2O7 at AP, the hoping integrals
along different directions may be different, but for brevity, they are
represented by the same symbol in (a). (b) All the NN and NNN
hoping integrals in (a) along different directions. Based on the lattice
symmetry, the NN hopping integrals t1(or NNN hopping integrals t2)
can be divided into two sets, labeled as t1 and t ′

1 (or t2 and t ′
2). The

gray dots and dashed ovals represent Ni atoms and the unit cell in the
a-b plane, respectively. σv represents the mirror inversion symmetry
of the lattice.

meaning as in Tab. I. For La3Ni2O7 at AP, the planform of
lattice is shown in Fig. 7(b), the lattice lacks D4 point group
symmetry but has the mirror inversion symmetry σv . Based on
the lattice symmetry, the four NN hopping integrals t1(or NNN
hopping integrals t2) can be divided into two sets, labeled as
t and t ′, as shown in Fig. 7(b). The dashed ovals represent a
unit cell. The values of all the hopping integrals are listed in
Table II.

APPENDIX C: RPA

In the standard multiorbital RPA approach, the bare sus-
ceptibility is defined as

χ
(0)pq
st (k, τ ) ≡ 1

N

∑

k1k2

〈Tτ c†
p(k1, τ )cq(k1 + k, τ )

× c†
s (k2 + k, 0)ct (k2, 0)〉0, (C1)

where 〈· · · 〉0 represents the expectation value in the free-
electron state, and p/q/s/t = 1, . . . , 8 are the effective orbital

TABLE II. The value of eight-band TB hopping parameters for
La3Ni2O7 at AP. The meaning of each superscript and subscript is
the same as Table I. The unit of all parameters is eV.

t x
1 t x

2 t x
3 t x

⊥ t x1
⊥ t x2

⊥

t −0.403 0.045 −0.010 0.011−0.060 0.018
t ′ −0.398 0.058 −0.010 0.011

t z
1 t z

2 t z
3 t z

⊥ t z1
⊥ t z2

⊥

t −0.076 −0.013 0.013 0.009−0.012 −0.597
t ′ −0.104 −0.016 0.012 0.008

t xz
3 t xz

4 εx εz

t 0.211 −0.022
0.558 0

t ′ 0.190 −0.025

indices, which label combined layer, sublattice and physical
orbital indices. Transforming the above defining formula to
the momentum-frequency space, we obtain the explicit for-
mula of bare susceptibility as

χ
(0)pq
st (k, iωn) = 1

N

∑

k1αβ

ξ ∗
pα (k1)ξqβ (k1 + k)ξ ∗

sβ (k1 + k),

× ξtα (k1)
f
(
ε

β

k1+k − μc
) − f

(
εα

k1
− μc

)

iωn + εα
k1

− ε
β

k1+k

,

(C2)

where α, β represent band indices; ε and ξ are the eigenvalue
and eigenstate of the free particle Hamiltonian; μc is the
chemical potential, and f (εk) = 1/(1 + eβεk ) is the Fermi-
Dirac function. Note that the value of χ do not obviously
change with T at low temperatures. Therefore we set KBT =
10−3 eV to represent low temperatures.

In the RPA level, the renormalized spin susceptibility reads

χ (s)(k, iwn) = [I − χ (0)(k, iwn)U s]−1χ (0)(k, iwn), (C3)

where the matrix U s can be found in previous RPA works
[137–143]. The critical interaction Uc is defined as the value of
U under which Eq. (C3) begins to diverge, that is, the largest
eigenvalue of the matrix χ (0)(k, iwn)U s begins to touch 1 at
some certain k. When U > Uc, the SDW order is formed,
while at U < Uc the SC would emerge which is mediated by
the short-range spin fluctuation.

The properties of the SDW order for U > Uc can be ob-
tained as follows. Setting U → Uc from below, let us find the
momentum Q at which the spin susceptibility χ (s)(Q, 0) first
diverges. Q is just the wave vector of the SDW order. The
distribution pattern of the SDW moment within a unit cell is
determined by the eigenvector ξ corresponding to the largest
eigenvalue of χ (s)(Q, 0). Specifically, χ (s) is a fourth-order
tensor written as χ

(s)pq
st . If we take combined p and q as row

index and combined s and t as column index, χ (s) is viewed
as a 64 × 64 matrix. Then ξ is a normalized vector with 64
components, whose pqth component ξpq gives the relative
value of the interorbital magnetic moment between the pth
and qth orbital within a unit cell. For La3Ni2O7 at AP, our
RPA result suggests that ξpq is obviously nonzero only for
p = q, which indicates on-site intraorbital magnetism. In such
a situation, we define mp ≡ ξpp, which gives the relative value
of the magnetic moment distributed in the pth (p = 1, . . . , 8)
effective orbital within a unit cell. Note that mp is usually a
complex number whose absolute value determines the SDW
amplitude while its phase angle determines the SDW phase.

When U < Uc, the SC would emerge. In RPA level, consid-
ering the exchange of spin fluctuations, the effective attraction
can be obtained. We consider only intraband pairing between
opposite momenta and perform MF treatment on the effec-
tive Hamiltonian. Hence, we can obtain the linearized gap
equation near Tc, which is solved to yield the largest pairing
eigenvalue λ and corresponding eigenvector �α (k), where α

is the band index. The λ determines Tc via Tc ∝ e−1/λ, and the
�α (k) determines the pairing symmetry of SC. Note that the
emergence of SC is not determined by the condition λ = 1.
The details of the above derivations and equations can be
found in previous works [137–143].
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