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The newly discovered high-temperature superconductivity in La3Ni2O7 under pressure has attracted a
great deal of attention. The essential ingredient characterizing the electronic properties is the bilayer NiO2

planes coupled by the interlayer bonding of 3dz2 orbitals through the intermediate oxygen atoms. In the
strong coupling limit, the low-energy physics is described by an intralayer antiferromagnetic spin-exchange
interaction Jk between 3dx2−y2 orbitals and an interlayer one J⊥ between 3dz2 orbitals. Taking into account

Hund’s rule on each site and integrating out the 3dz2 spin degree of freedom, the system reduces to a single-
orbital bilayer t-J model based on the 3dx2−y2 orbital. By employing the slave-boson approach, the self-

consistent equations for the bonding and pairing order parameters are solved. Near the physically relevant
1
4
-filling regime (doping δ ¼ 0.3 ∼ 0.5), the interlayer coupling J⊥ tunes the conventional single-layer

d-wave superconducting state to the s-wave one. A strong J⊥ could enhance the interlayer superconducting
order, leading to a dramatically increased Tc. Interestingly, there could exist a finite regime in which an
sþ id state emerges.

DOI: 10.1103/PhysRevLett.132.146002

Since the discovery of the high-temperature supercon-
ductivity (SC) in cuprates [1], understanding the pairing
mechanism of unconventional SC [2–6] and searching for
new superconductors with high critical temperature Tc
remain long-term challenges. It has been widely believed
that strong electron correlations drive the d-wave pairing
symmetry in high-Tc superconductors [2–4]. Under such
an understanding, many attempts have been made to search
for high-Tc superconductors in materials with strong
electron correlations, especially, the 3d-transition metal
oxides [7–13]. However, no new family of superconductors
has been synthesized with Tc above the nitrogen boiling
point until the recent discovery of La3Ni2O7 (LNO) [14]. It
exhibits the superconducting Tc ≈ 80 K under pressures
over 14 GPa, which has attracted considerable attention
both experimental [15–17] and theoretical [18–33].
Similarly to cuprates, LNO hosts a layered structure [14–

16] with each unit cell containing two conducting NiO2

layers, which is isostructural with the CuO2 layer in
cuprates. Calculations based on the density-functional
theory (DFT) [14,34] suggest that the low-energy degrees
of freedom near the Fermi level are of the Ni-3d orbitals,
including two Eg orbitals, i.e., 3dz2 and 3dx2−y2 , and the site
energy of the former is lower than that of the latter. The four

Eg orbitals in two Ni2.5þ cations within a unit cell share
three electrons in total. The 3dz2 orbitals in the two layers
within a unit cell couple via the hybridization with the
O-2p orbitals in the intercalated LaO layer. Under pressure,
such a Ni─O─Ni bonding angle along the c axis changes
from 168° to 180° [14], which greatly enhances the
effective interlayer coupling, as suggested by the combi-
nation of the synchrotron x-ray diffraction and DFT
calculations [14]. The high-Tc SC only emerges under
pressure, implying that the interlayer coupling is crucial for
the high-Tc SC in LNO.
The 3d-orbital character of the low-energy degrees of

freedom in LNO suggests strong electron correlations.
Such a viewpoint is supported by a recent experiment
[15] which reveals that LNO is in the proximity of Mott
phase and exhibits non-Fermi-liquid behavior. Therefore,
the strong-coupling picture should be legitimate for explor-
ing the pairing mechanism therein. It has been proposed in
Refs. [24,33] that the interlayer coupling between the two
Ni-3dz2 orbitals along the rung within a unit cell would
induce the antiferromagnetic (AFM) superexchange inter-
action. The same viewpoint is adopted here. However, an
important ingredient has been missed in these studies, i.e.,
Hund’s rule coupling between the 3dz2 and the 3dx2−y2
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orbitals within the same Ni2.5þ cation, whose effect will be
considered in the present study.
In this Letter, strongly correlated models are constructed

to investigate the pairing mechanism to LNO under
pressure. The two half-filled 3dz2 orbitals in a unit cell
are viewed as two insulating spins which couple via the
interlayer AFM superexchange interaction J⊥ [24,33],
while the two quarter-filled 3dx2−y2 orbitals take the role
of charge carriers. Under Hund’s rule coupling, the AFM
interlayer superexchange interaction between two 3dz2
orbitals is transmitted to that between two 3dx2−y2 orbitals
on two Ni sites along a rung. In combination with the
intralayer superexchange interaction, we arrive at a bilayer
t-J model [35–38] with the single 3dx2−y2 orbital, which is
responsible for the SC in LNO. Within the slave-boson
mean-field (SBMF) theory [3,4], this model is solved to
obtain the ground-state phase diagram and superconducting
order parameters. Our result suggests that in the doping
regime relevant to experiments, the original intralayer d-
wave pairing at J⊥ ¼ 0 is changed into the interlayer s-
wave pairing by a realistic value of J⊥. Adopting realistic
parameters obtained from DFT calculations [18], our
results reveal that the pairing strength is dramatically
enhanced by the interlayer AFM coupling relative to that
for the single-layered case, which may well explain the
origin of the high Tc SC observed in LNO under pressure
[14]. Our results further suggest that electron doping into
the material will significantly enhance superconductivity.
Model.—On average the electron numbers in each 3dz2

orbital and 3dx2−y2 orbital are 1 and 0.5, corresponding to
half filling and 1=4 filling, respectively. Owing to Hund’s
rule, electrons in 3dz2 and 3dx2−y2 orbitals on the same Ni
site tend to form a spin-triplet state. The 3dx2−y2 orbital lies
within the NiO2 layer, and its interlayer hopping t⊥ nearly
vanishes. The bilayer coupling is through the electron
hopping of the 3dz2 orbital, intermediated by the 2p orbital
of the interlayer O atom. The hopping strength could be
significantly enhanced under pressure [14]. In the strong
coupling limit, the superexchange mechanism induces an
effective interlayer AFM spin exchange J⊥ between two
3dz2 electrons [24,33]. The electronic properties are
described by a two Eg-orbital bilayer t-J-JH model, as
depicted in Fig. 1(a).
The model Hamiltonian is H ¼ Hk þH⊥, with

Hk ¼ −t
X

hi;ji;α;σ
ðc†iασcjασ þ H:c:Þ þ Jk

X

hi;ji;α
Siα · Sjα

H⊥ ¼ −JH
X

i;α

Siα · Sz2iα þ J⊥
X

i

Sz2i1 · Sz2i2: ð1Þ

Here c†iασ creates a 3dx2−y2 electron with spin σ on lattice

site i in the layer α ¼ 1, 2. Siα ¼ 1
2
c†iασ½σ�σσ0ciασ0 is the spin

operator for the 3dx2−y2 orbital, with Pauli matrix

σ ¼ ðσx; σy; σzÞ. The summation hiji takes over all the
nearest-neighboring (NN) bonds. Hence, Hk describes two
separate layers of the conventional t-J model of 3dx2−y2
electrons with a hopping t term and an AFM spin-exchange
Jk term. Sz2iα is the spin operator of the localized single-
occupied 3dz2 orbital. Therefore, H⊥ describes the cou-
pling of two t-J layers through Hund’s rule coupling JH
between two Eg orbitals and the interlayer AFM super-
exchange J⊥ between the 3dz2-orbital spins within two
layers.
This two-orbital problem can be further simplified into a

single 3dx2−y2-orbital one since realistically JH ≫ Jk;⊥. In
this limit, the electron spin in 3dx2−y2 will always be aligned
in the directions of Sz2iα in the same cation, and con-
sequently the AFM interlayer superexchange interaction
between the 3dz2 spins will be transmitted to the 3dx2−y2
electrons, as depicted in Fig. 1(b). This insight can be
verified under the framework of the spin-coherent-state
path integral [39] given in the Supplemental Material,
Sec. A [40]: Integrating out the spin degree of freedom of
the 3dz2 orbital Sz2iα, an effective interlayer spin-exchange
between 3dx2−y2 electrons emerges in the semiclassical
approximation. Alternatively, this viewpoint can also be
checked in the operator formulation provided in the
Supplemental Material, Sec. B [40]: In the large JH limit,
the 3dx2−y2 and 3dz2 orbitals on the same Ni2.5þ cation form
a spin triplet. When acting on this restricted spin-triplet
Hilbert space, the spin exchange interaction Sz21 · Sz22 is
equivalent to S1 · S2. The remaining theory is a bilayer
single 3dx2−y2-orbital t-J model with the nearest-neighbor
spin exchange,

H ¼ −t
X

hi;ji;α;σ
ðc†iασcjασ þ H:c:Þ þ Jk

X

hi;ji;α
Siα · Sjα

− t⊥
X

iσ

ðc†i1σci2σ þ H:c:Þ þ J⊥
X

i

Si1 · Si2: ð2Þ

FIG. 1. (a) Schematic diagram for the two-orbital bilayer t-J-JH
model. The charge carriers reside on the 3dx2−y2 orbitals. The 3dz2
orbital is a singly occupied localized spin with interlayer spin
exchange J⊥. Two on site Eg orbitals tend to form a spin triplet
due to Hund’s rule coupling JH . (b) Schematic diagram showing
the effective AFM interlayer superexchange interaction J⊥
between the 3dx2−y2 orbitals transmitted from that between the
3dz2 orbitals via the on site Hund’s rule coupling JH .
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Equation (2) constitutes a minimal model for the mecha-
nism to SC in LNO.
In the following study, t is set as the energy unit. The

superexchange interaction Jk ¼ 4t2=U, where U is the
Hubbard interaction in the 3dx2−y2 orbital. In this Letter,
U ¼ 10t is taken, and hence Jk ¼ 0.4t. Other choices of Jk
will not change the conclusions. As for J⊥, we will first set
J⊥=Jk as a tuning parameter to fully investigate its effect,
and then estimate its realistic value from DFT calculations.
In LNO, it is expected that J⊥=Jk > 1. Note that a small
interlayer hopping t⊥ ¼ 0.05t is added to pin down the
relative pairing phase between the two layers.
The ground-state phase diagram.—We employ the

SBMF theory [3,4] to solve with the above bilayer t-J
model (2) (see the Supplemental Material, Sec. C [40] for
details). The electron operator is decomposed into
c†iασ ¼ f†iασbiα, where f

†
iασ=biα is the creation (annihilation)

operator of spinon (holon). At the mean-field (MF) level,
the spinon andholondegrees of freedomaredecoupled. In the
ground state, the holons are Bose-Einstein condensed (BEC),
and thus their operators are simplified as biα ¼

ffiffiffi
δ

p
, where the

hole-doping level δ is defined as twice of the deviation from
half filling and is related to the filling fraction x via δ ¼ 1–2x.
In the ideal case, the filling fraction should be x ¼ 0.25.
However, in realistic materials, considering the hybridization
between the 3dx2−y2 and the 3dz2 orbitals [33], as well as the
fact that some holes can reside on the oxygen anions [27], the
filling fraction can be above 0.25. In this calculation, we set
x∈ ð0.25; 0.35Þ, corresponding to δ∈ ð0.3; 0.5Þ. Note that
for the single-layer t-J model, the pairing strength in such a
heavily overdoped region is very weak [3].
The superexchange terms in Eq. (2) can be decomposed

by the following intralayer and interlayer bonding and
pairing order parameters:

χðαÞij ¼ hf†jα↑fiα↑ þ f†jα↓fiα↓i≡ χðαÞj−i ;

ΔðαÞ
ij ¼ hfjα↓fiα↑ − fjα↑fiα↓i≡ ΔðαÞ

j−i ;

χi;⊥ ¼ hf†i2↑fi1↑ þ f†i2↓fi1↓i≡ χz;

Δi;⊥ ¼ hfi2↓fi1↑ − fi2↑fi1↓i≡ Δz; ð3Þ

which are assumed to be site independent. The five pairing
order parameters are marked in the inset of Fig. 2.
The ground-state phase diagram with respect to the

filling x and J⊥=Jk is shown in Fig. 2(a). As J⊥ should
be larger than Jk, we have set J⊥=Jk ∈ ð1; 2Þ in the phase
diagram. Three different phases exist in Fig. 2(a). The
lower right region (defined as region III) wherein the filling
is relatively high and J⊥=Jk is relatively small is occupied
by the d-wave pairing. This region can be continuously
connected to the low hole-doped single-layered t-J model
representing cuprates. The upper left region wherein the
filling is relatively low and J⊥=Jk is relatively large

(defined as region I) shows the s-wave pairing. This region
is relevant to LNO, wherein J⊥=Jk ≈ 1.75 (red dashed
line); see the estimation below. Note that a variant of the
bilayer Hubbard model has been simulated by the sign-free
quantum Monte-Carlo approach, also showing the
extended s-wave pairing [41]. Remarkably, a narrow region
(defined as region II) sitting in between regions I and III is
occupied by the sþ id-wave pairing.
To gain more information of the pairing nature, one

typical point is taken within each region in Fig. 2(a) to
provide the pairing configurations. At the typical point in
region I showing the s-wave pairing, Δz ¼ 3.5 × 10−3,

Δð1;2Þ
x ¼ Δð1;2Þ

y ¼ −2.7 × 10−5, schematically shown in
Fig. 2(b). Consequently, the order parameters in the two
layers are in phase, and the interlayer pairing dominates the

intralayer one. It is interesting to note thatΔz and Δ
ð1;2Þ
x;y hold

different signs,which canbe thought of as the residueof thed-
wave pairing from the side view. At the typical point in region

III exhibiting thed-wavepairing,Δz ¼ 0,Δð1;2Þ
x ¼ −Δð1;2Þ

y ¼
5.3 × 10−3, schematically shown in Fig. 2(d). It turns out that
the d-wave pairing order parameters on the two layers are in
phase, and the interlayer pairing vanishes as it is inconsistent

(a)

(b) (c) (d)

FIG. 2. (a) Ground state phase diagram with respect to the
filling x and J⊥=Jk with Jk ¼ 0.4t. The inset shows the pairing
order parameters. At point I (0.28,1.4): Δz ¼ 3.5 × 10−3,

Δð1;2Þ
x ¼ Δð1;2Þ

y ¼ −2.7 × 10−5. At point II (0.342,1.39):

Δz ¼ 3.7 × 10−2, Δð1;2Þ
x ¼ Δð1;2Þ�

y ¼ ð−0.36þ 4.4iÞ × 10−3. At

point III (0.32,1.05): Δz ¼ 0, Δð1;2Þ
x ¼ −Δð1;2Þ

y ¼ 5.3 × 10−3.
The red dashed line marks the realistic J⊥=Jk ≈ 1.75 for
LNO. (b)–(d) The pairing configurations of the s wave (I), sþ
id wave (II), and d wave (III), respectively.
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with this symmetry. At the typical point in region II exhibiting

the sþ id-wave pairing, Δz¼3.7×10−2, Δð1;2Þ
x ¼ Δð1;2Þ�

y ¼
ð−0.36þ 4.4iÞ × 10−3. This pairing configuration is sche-
matically shown in Fig. 2(c), which can be decomposed as
Δs þ iΔd, wherein the schematic pairing configurations for
Δs and Δd are the same as Figs. 2(b) and 2(d). The sþ id
pairing state in the intermediate regime spontaneously breaks
time-reversal symmetry. A similar sþ id state has been
suggested in the much larger filling (or much lower doping)
and much smaller J⊥ regime [42–44]. Such a state could
induce a nontrivial supercurrent due to spatial inhomogeneity,
which can be experimentally detected [45].
Interlayer coupling driven SC.—In the SBMF theory, the

onset of SC requires the condensation of holons and the
pairing of spinons. The ground state SC order parameter is
denoted by Δ̃SC ¼ δΔpair, where δ represents the holon
density and Δpair represents the spinon pairing defined in
Eq. (3). We would focus on the dominant channel, either
the interlayer or the intralayer one. The obtained dominant
Δ̃SC as a function of the filling level x is plotted in Fig. 3(a)
for various interlayer superexchange strengths J⊥=Jk in
comparison to the case of J⊥ ¼ 0. Obviously, Δ̃SC rises
promptly with the increase of x for all values of J⊥=Jk. This
feature is similar to the case of J⊥ ¼ 0 representing the
single-layer t-J model, wherein Δ̃SC drops rapidly as δ
approaches 0.5, or, equivalently, x → 0.25. Δ̃SC as a
function of J⊥=Jk is shown in Fig. 3(b) for specific fillings
x. Notably, Δ̃SC increases monotonically and significantly

with the increase of J⊥=Jk for J⊥ > Jk across all these
experimentally relevant fillings.
The results shown in Figs. 3(a) and 3(b) are consistent

with the important experimental observation in LNO [14]
that the robust SC only emerges under pressure because of
the following two reasons. Firstly, pressure enhances the
interlayer coupling and hence J⊥=Jk, leading to the drastic
enhancement of Δ̃SC as shown in Fig. 3(b). Secondly,
pressure enhances the hybridization between the 3dx2−y2
and the 3dz2 orbitals [33], leading to the increasing of x,
which also strongly enhances the Δ̃SC as shown in Fig. 3(a).
Furthermore, these results are also consistent with the
experiment’s result that the apical-oxygen vacancies sup-
press SC promptly [14]. In our theory, this is because
vacancies break the Ni─O─Ni bonding along the z axis,
and hence J⊥ vanishes locally, which is harmful for SC.
Besides, Figs. 3(a) and 3(b) further indicate that electron
doping into LNO will effectively enhance Δ̃SC, while hole
doping will suppress Δ̃SC.
The value of J⊥=Jk in LNO under pressure can be

estimated from DFT calculations. The interlayer hopping
integral of the 3dz2 orbital is about 0.635 eV, and the
intralayer NN hopping integral of the 3dx2−y2 is about
0.48 eV [18]. Considering the Hubbard U of the two
orbitals is close, we have J⊥=Jk ≈ 1.75. Figure 3(c) shows
the comparison of the filling dependence of Δ̃SC between
J⊥ ¼ 0 and the realistic J⊥, which suggests that near
x ¼ 0.25, the Δ̃SC at J⊥=Jk ¼ 1.75 is more than 1 order of
magnitude higher than that at J⊥ ¼ 0. The pairing sym-
metry for J⊥=Jk ¼ 1.75 in an experimentally relevant
filling regime is s wave, consistent with Fig. 2(a). The
corresponding pairing configuration is shown in Fig. 3(d),
wherein Δx ≈ 0. Therefore, for these realistic parameters in
LNO, the pairing state is the interlayer s-wave pairing.
Here the interlayer pairing overwhelms the intralayer one

as the former suffers from less pairing frustration than the
latter. For intralayer pairing, an electron has to choose one
among the four surrounding NN sites to pair, which
compete with one another. Instead for interlayer pairing,
it can focus on the only one along the rung to pair. This not
only makes Δz ≫ Δx, but also greatly enhances Δz.
Therefore, the interlayer pairing mechanism leads to the
robust interlayer s-wave pairing.
In accordance with the strong enhancement of the

ground-state Δ̃SC by strong J⊥, the superconducting Tc
is also strongly enhanced proportionally within the BCS
theory. In the SBMF theory, Tc is given by the lower one of
TBEC and Tpair. Here, TBEC represents the BEC temperature
of holons, which is high due to the large doping level of the
dx2−y2 orbital. Conversely, Tpair, the pairing temperature of
spinons, represents the physical Tc. Tpair can be obtained by
solving the finite-temperature MF self-consistent gap
equation, which turns out to be strongly enhanced by
strong J⊥ (see the Supplemental Material, Sec. D [40]).
Although the bilayer t-J model studied here is a rigorous
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FIG. 3. (a) Ground state superconducting order parameter Δ̃SC
versus fillingx at Jk ¼ 0.4t for different coupling ratios J⊥=Jk ¼ 0,
1, 1.5, 2, 2.5. (b) Δ̃SC versus J⊥=Jk for different filling x ¼ 0.25,
0.28, 0.3, 0.32. (c) Comparison of Δ̃SC versus filling x between
J⊥=Jk ¼ 0 and J⊥=Jk ¼ 1.75. (d) Pairing configuration of the
obtained interlayer-s-wave pairing for J⊥=Jk ¼ 1.75.
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2D system, a weak interbilayer coupling always exists in
real materials, which would stabilize the long-range phase
coherence [46] below a finite Tc near our MF prediction.
Discussion and conclusion.—The role of the ligand

oxygen 2p orbitals has been so far neglected, while
previous studies proposed that based on the Ni 3d8þ
configuration, i.e., one hole in each Ni Eg orbital, the
extra doped holes go to the ligand 2p orbitals [27,47,48].
Calculations show that a singly occupied Eg orbital can
form a Zhang-Rice singlet (ZRS) with a ligand hole [27],
and then the ZRS is mapped to a “hole” similar to the case
of cuprates; otherwise, it is “occupied.” In this way the
Ni─O system is reduced to an effective Eg-orbital model
with occupations the same as those in Eq. (1), which
justifies our starting point.
In bilayer and trilayer high Tc cuprates (e.g.,

YBa2Cu3O7−δ and Bi2Sr2Ca2Cu3O10þδ), the d-wave pair-
ing takes place inside each layer. The interlayer Josephson
coupling enhances SC phase coherence and increases Tc by
a factor of 2 or 3 [49–51]. The situation here is distinct: The
strong interlayer superexchange interaction in the 3dx2−y2
orbital assisted by Hund’s rule coupling not only renders
the interlayer pairing, but also strongly enhances the
pairing strength and hence the Tc.

Note added.—Note that a recent study [32] on our model,
Eq. (2), adopting state-of-the-art tensor-network methods
has obtained similar results as we have here.
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