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Recently, high temperature (𝑇c ≈ 80K) superconductivity (SC) has been discovered in La3Ni2O7 (LNO)

under pressure. This raises the question of whether the superconducting transition temperature 𝑇c could be

further enhanced under suitable conditions. One possible route for achieving higher 𝑇c is element substitution.

Similar SC could appear in the 𝐹𝑚𝑚𝑚 phase of rare-earth (RE) R3Ni2O7 (RNO, R=RE element) material

series under suitable pressure. The electronic properties in the RNO materials are dominated by the Ni 3𝑑

orbitals in the bilayer NiO2 plane. In the strong coupling limit, the SC could be fully characterized by a bilayer

single 3𝑑𝑥2−𝑦2 -orbital 𝑡–𝐽‖–𝐽⊥ model. With RE element substitution from La to other RE element, the lattice

constant of the 𝐹𝑚𝑚𝑚 RNO material decreases, and the resultant electronic hopping integral increases, leading

to stronger superexchanges between the 3𝑑𝑥2−𝑦2 orbitals. Based on the slave-boson mean-field theory, we explore

the pairing nature and the evolution of 𝑇c in RNO materials under pressure. Consequently, it is found that the

element substitution does not alter the pairing nature, i.e., the inter-layer s-wave pairing is always favored in the

superconducting RNO under pressure. However, the 𝑇c increases from La to Sm, and a nearly doubled 𝑇c could

be realized in SmNO under pressure. This work provides evidence for possible higher 𝑇c R3Ni2O7 materials,

which may be realized in further experiments.

DOI: 10.1088/0256-307X/41/8/087401

The recent discovered high-temperature supercon-

ductivity in La3Ni2O7 (LNO) under pressure [1] has

attracted significant interests experimentally [2–7] and

theoretically. [8–45] The signature of the superconducting

transition temperature 𝑇c is approximately 80K under

pressures exceeding 14GPa, [1] which manifests as a new

platform of studying high-𝑇c superconductor other than

cuprates. [46,47]

The basic ingredient for the electronic properties in

LNO is the two 𝐸g orbitals of Ni2.5+ in the bilayer NiO2

planes, [1] sharing a similar lattice structure with cuprates.

On average, each Ni2.5+ ion is half-filled in its 3𝑑𝑧2 or-

bital and quarter-filled in its 3𝑑𝑥2−𝑦2 orbital. The spin

alignments in the two 𝐸g orbitals are strongly entangled

together due to Hund’s rule. The 3𝑑𝑧2 electrons can hop

between the two NiO2 layers through intermediate O 2𝑝𝑧
orbitals, while the 3𝑑𝑥2−𝑦2 electrons primarily hop within

the layers. The physical dopings of the two 𝐸g orbitals can

deviate from the above bare values, due to the self-doped

effect from hybridization between 𝐸g orbitals [26,28] or hole

doping on the O 2𝑝 orbitals. [17]

Taken into account Hund’s rule, we have proposed

an effective bilayer single-3𝑑𝑥2−𝑦2 orbital 𝑡–𝐽‖–𝐽⊥ model

in the strong coupling limit as the minimal model for

high-𝑇c superconductivity in LNO. [21] Each NiO2 layer

is described by a conventional 𝑡–𝐽‖ model with nearest-

neighbor intra-layer antiferromagnetic (AFM) spin ex-

change 𝐽‖. The two NiO2 layers are coupled through an ef-

fective inter-layer AFM spin exchange 𝐽⊥ between 3𝑑𝑥2−𝑦2

electrons in the two layers, which is generated by integrat-

ing out the 3𝑑𝑧2 orbital degrees of freedom under strong

Hund’s coupling. The superconducting transition temper-

ature could be dramatically enhanced when the inter-layer

coupling 𝐽⊥ is larger than the intra-layer one. [21] This

type of bilayer 𝑡–𝐽 model has already been explored in

multilayer cuprates [48–52] and may be realized in ultracold

atoms. [53–55] Most of these works focus on the theoretical

side with different physical parameter regime. [48–59] In par-

ticular, the strong interlayer coupling 𝐽⊥ in LNO plays an

important role in achieving high 𝑇c,
[21] while such strong

𝐽⊥ is hard to realize in multilayer cuprates.

Element substitution is an important chemical ap-

proach to increasing the superconducting transition tem-

perature. Replacing the La element with other rare-earth

(RE) elements can influence the crystal and electronic

structure of the materials. Moreover, under suitable pres-

sure, R3Ni2O7 (RNO, R=RE elements) material series

could undergo a similar structure transition to the 𝐹𝑚𝑚𝑚
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phase as LNO. Previous first-principle density functional

theory (DFT) studies reveal the electronic structure for

such RNO series. [28] The physical parameters during the

structural transition to the 𝐹𝑚𝑚𝑚 phase under suitable

pressure are simulated. [28] Their results show that the

hopping integrals could be enhanced from LNO to RNO,

depending on the rare-earth element and the pressure.

Weak coupling analysis based on random phase approxi-

mation (RPA) predicts that the pairing strength is reduced

from La to Sm, and the superconducting transition tem-

perature 𝑇c decreases simultaneously. [28] This calculation

might suggest that LNO already has the highest 𝑇c in the

RNO material series.

The situation could be reversed in the strong coupling

scenario, where effect of strong superexchange strength 𝐽⊥

is relevant to the high-𝑇c superconductivity. [21] Based on

the hopping integrals from the DFT calculations, [28] the

effective AFM couplings 𝐽⊥ and 𝐽‖ increase from La to

Sm under suitable pressure. All the relevant energy scales

could increase, opening up the possibility of realizing high

𝑇c in RNO materials. Previous calculations have already

seen that strong super-exchange 𝐽⊥ could enhance 𝑇c,

leading to the high-𝑇c observed in the LNO experiment. [21]

These observations suggest potential increased 𝑇c under

elements substitution.

In this work, we study the effect of RE element sub-

stitution in RNO materials under pressure based on the

effective bilayer single 3𝑑𝑥2−𝑦2 -orbital 𝑡–𝐽‖–𝐽⊥ model. [21]

We first obtain the effective AFM spin exchange 𝐽⊥ and 𝐽‖
for the relevant conditions from the DFT calculation. [28]

Then, we apply the slave-boson mean field analysis [60,61]

for the bilayer 𝑡–𝐽 model within these physical parameters.

The superconducting pairing gaps and transition temper-

atures 𝑇c are numerically calculated. Our results suggest

that element substitution does not change the pairing na-

ture of high-𝑇c superconductivity in RNO under pressure,

i.e., the inter-layer s-wave pairing. Nevertheless, the pre-

dicted 𝑇c could be strongly enhanced in rare-earth RNO

under pressure in this strong coupling scenario, and par-

ticularly from La to Sm, 𝑇c nearly doubles. This work

provides a possible route for enhancing 𝑇c and appeals for

experimental verification.

Effective Bilayer Model. In the double-layered

Ruddlesden–Popper R3Ni2O7 material, electronic prop-

erties are determined by the bilayer NiO2 planes. DFT

calculations [1,28,62] indicate that the relevant physical de-

grees of freedom near the Fermi surface come from the two

𝐸g orbitals in Ni2.5+ ions, where 3𝑑𝑧2 orbital is half-filled

and 3𝑑𝑥2−𝑦2 orbital is quarter-filled. The inter-layer hop-

ping 𝑡⊥𝑧𝑧 between the 3𝑑𝑧2 orbitals and the intra-layer hop-

ping 𝑡
‖
𝑥𝑥 between the 3𝑑𝑥2−𝑦2 orbitals dominate the elec-

tron mobile process. In the strong coupling limit with large

Hubbard-𝑈 , an effective inter-layer spin superexchange for

3𝑑𝑧2 orbitals and an intra-layer one for 3𝑑𝑥2−𝑦2 orbitals are

generated, which are approximately given by

𝐽⊥ =
4𝑡⊥2

𝑧𝑧

𝑈
, 𝐽‖ =

4𝑡
‖2
𝑥𝑥

𝑈
. (1)

Furthermore, 𝐽⊥ is larger than 𝐽‖ due to the larger inter-

layer hopping of 3𝑑𝑧2 orbitals.

The relevant physics of possible high-𝑇c superconduc-

tivity in RNO under pressure can be characterized by a

bilayer 𝐸g-orbital 𝑡–𝐽–𝐽H model,

𝐻 = − 𝑡‖𝑥𝑥
∑︁

⟨𝑖,𝑗⟩𝛼𝜎

(𝑑†
𝑥2𝑖𝛼𝜎

𝑑𝑥2𝑗𝛼𝜎 + h.c.)

+ 𝐽‖
∑︁
⟨𝑖,𝑗⟩𝛼

𝑆𝑥2𝑖𝛼 · 𝑆𝑥2𝑗𝛼

+ 𝐽⊥
∑︁
𝑖

𝑆𝑧2𝑖1 · 𝑆𝑧2𝑖2 − 𝐽H

∑︁
𝑖𝛼

𝑆𝑥2𝑖𝛼 · 𝑆𝑧2𝑖𝛼, (2)

where 𝑑†
𝑥2𝑖𝛼𝜎

is the electron creation operator for the

3𝑑𝑥2−𝑦2 orbital at lattice site 𝑖, 𝛼 = 1, 2 represents the

layer index for the NiO plane, and 𝜎 =↑, ↓ is the spin in-

dex. 𝑆𝑥2𝑖𝛼 = 1
2
𝑑†
𝑥2𝑖𝛼

[𝜎]𝑑𝑥2𝑖𝛼 is the spin operator for the

3𝑑𝑥2−𝑦2 electron, with Pauli matrix 𝜎 = (𝜎𝑥, 𝜎𝑦, 𝜎𝑧). The

summation
∑︀

⟨𝑖, 𝑗⟩ takes over all the nearest neighboring

sites ⟨𝑖, 𝑗⟩ within the NiO plane. 𝑆𝑧2𝑖𝛼 is the spin opera-

tor for the localized 3𝑑𝑧2 orbital. The two orbitals inter-

act through the strong on-site Hund’s coupling 𝐽H. Under

rare-earth element substitution, the magnitude of Hund’s

coupling remains relatively stable, significantly exceeding

the values of 𝐽‖ and 𝐽⊥. Within the regime of strong

Hund’s coupling, the specific value of this large 𝐽H does

not substantially influence the physics.

The effective minimal model under strong Hund’s cou-

pling is a bilayer 𝑡–𝐽‖–𝐽⊥ model for the single 3𝑑𝑥2−𝑦2

orbital. [21] The strong Hund’s coupling binds the spins of

3𝑑𝑥2−𝑦2 and 3𝑑𝑧2 orbitals into a spin-triplet state. The

inter-layer 3𝑑𝑧2 spin exchange 𝐽⊥ is transmitted to the

3𝑑𝑥2−𝑦2 spins, generating an effective inter-layer spin ex-

change 𝐽⊥ between the 3𝑑𝑥2−𝑦2 spins. Integrating out

the 3𝑑𝑧2 degrees of freedom under strong Hund’s coupling

(𝐽H ≫ 𝐽⊥), the two-orbital model Eq. (2) could be further

reduced to a bilayer single 3𝑑𝑥2−𝑦2 -orbital model,

𝐻 = − 𝑡‖𝑥𝑥
∑︁

⟨𝑖,𝑗⟩𝛼𝜎

(𝑑†
𝑥2𝑖𝛼𝜎

𝑑𝑥2𝑗𝛼𝜎 + h.c.)

− 𝑡⊥𝑥𝑥
∑︁
𝑖𝜎

(𝑑†
𝑥2𝑖1𝜎

𝑑𝑥2𝑖2𝜎 + h.c.)

+ 𝐽‖
∑︁
⟨𝑖,𝑗⟩𝛼

𝑆𝑥2𝑖𝛼 · 𝑆𝑥2𝑗𝛼 + 𝐽⊥
∑︁
𝑖

𝑆𝑥2𝑖1 · 𝑆𝑥2𝑖2, (3)

with intra-layer nearest-neighbor AFM spin exchanges 𝐽‖
and inter-layer one 𝐽⊥, as depicted in Fig. 1. A small

inter-layer hopping 𝑡⊥𝑥𝑥 is added, which can fix the rel-

ative phases between the pairings of the two layers. In

the reduced model, the hidden 3𝑑𝑧2 orbital acts as an in-

termediate bridge for the inter-layer coupling 𝐽⊥ between

3𝑑𝑥2−𝑦2 orbitals. It also accounts for the self-doping effect

in the 3𝑑𝑥2−𝑦2 orbital. [26,28]

The filling level 𝑥 (or doping level 𝛿 = 1 − 2𝑥) of the

3𝑑𝑥2−𝑦2 orbital deviates from quarter filling due to the hy-

bridization between the two 𝐸g orbitals. Although 𝐶4 ro-

tation symmetry around the 𝑧-axis forbids the on-site hy-

bridization between the 3𝑑𝑧2 and 3𝑑𝑥2−𝑦2 orbital, symme-

try arguments still allow for finite hybridization between

neighbor sites. In DFT calculation, [8,28] this nearest-

neighbor hybridization between 3𝑑𝑧2 and 3𝑑𝑥2−𝑦2 orbitals

has been shown to be comparable to the nearest-neighbor

hopping in the RNO materials under pressure. The mix-

ing of the two orbitals leads to bonding or anti-bonding

087401-2
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states. Moreover, an effective intra-layer hopping process

mediated by the 3𝑑𝑥2−𝑦2 orbital could be generated for

the 3𝑑𝑧2 orbital. The averaged densities of the 3𝑑𝑧2 and

3𝑑𝑥2−𝑦2 orbitals deviate from their bare values due to den-

sity fluctuations.

Ni

J||

Ju

3dx2-y2

Fig. 1. Schematic diagram for the effective single 3𝑑𝑥2−𝑦2

orbital bilayer 𝑡–𝐽‖–𝐽⊥ model. Each layer is comprised by
a conventional intra-layer 𝑡–𝐽‖ model, while the two layers
interact through an inter-layer spin exchange 𝐽⊥.

For the RE element substitution from La to Sm in

RNO under pressure, DFT calculations show that the

3𝑑𝑥2−𝑦2 maintains a filling level of approximately 𝑥 ≈
0.3. [28] Meanwhile, the filling of 3𝑑𝑧2 orbital is close to

0.45, which does not deviate significantly from half-filling,

justifying the nearly half-filled nature of this orbital. 3𝑑𝑧2
orbitals could be considered as localized spins degree of

freedom, which are integrated out in the effective single-

orbital model.

Slave Boson Mean Field Theory. In the slave boson

mean field theory, [60,61] the 3𝑑𝑥2−𝑦2 -orbital electron oper-

ator is represented as 𝑑†
𝑥2𝑖𝛼𝜎

= 𝑓†
𝑖𝛼𝜎𝑏𝑖𝛼, where 𝑓†

𝑖𝛼𝜎 is the

spinon creation operator and 𝑏𝑖𝛼 is the holon annihilation

operator. The spin superexchange can be decoupled in the

hopping and pairing channels. For the inter-layer case, we

have

𝐽⊥𝑆𝑥2𝑖1 · 𝑆𝑥2𝑖2

= −
[︁
𝜒𝑖⊥(𝑓

†
𝑖1↑𝑓𝑖2↑ + 𝑓†

𝑖1↓𝑓𝑖2↓) + h.c.− 8|𝜒𝑖⊥|2

3𝐽⊥

]︁
−

[︁
𝛥𝑖⊥(𝑓

†
𝑖1↑𝑓

†
𝑖2↓ − 𝑓†

𝑖1↓𝑓
†
𝑖2↑) + h.c.− 8|𝛥𝑖⊥|2

3𝐽⊥

]︁
. (4)

A similar decomposition applies to the intra-layer superex-

change 𝐽‖. In the mean-field ansatz, the hopping and pair-

ing order parameters are represented by their mean-field

values, [21]

𝜒
(𝛼)
𝑖𝑗 =

3

8
𝐽‖⟨𝑓†

𝑗𝛼↑𝑓𝑖𝛼↑ + 𝑓†
𝑗𝛼↓𝑓𝑖𝛼↓⟩ ≡ 𝜒

(𝛼)
𝑗−𝑖,

𝛥
(𝛼)
𝑖𝑗 =

3

8
𝐽‖⟨𝑓𝑗𝛼↓𝑓𝑖𝛼↑ − 𝑓𝑗𝛼↑𝑓𝑖𝛼↓⟩ ≡ 𝛥

(𝛼)
𝑗−𝑖,

𝜒𝑖⊥ =
3

8
𝐽⊥⟨𝑓†

𝑖2↑𝑓𝑖1↑ + 𝑓†
𝑖2↓𝑓𝑖1↓⟩ ≡ 𝜒⊥,

𝛥𝑖⊥ =
3

8
𝐽⊥⟨𝑓𝑖2↓𝑓𝑖1↑ − 𝑓𝑖2↑𝑓𝑖1↓⟩ ≡ 𝛥⊥. (5)

The holons condense at low temperatures, and the holon

operator can be replaced by its condensation density below

the condensation temperature, 𝑏𝑖𝛼 ∼ 𝑏†𝑖𝛼 ∼
√
𝛿 =

√
1− 2𝑥.

The superconducting state is realized when the spinons

are paired, and the holons are condensed. [60] There are two

typical temperature scales: 𝑇BEC for holon condensation,

and 𝑇pair for spinon pairing. The doping dependence of

these scales differs from each other. 𝑇BEC increases almost

linearly with the doping level 𝛿 increasing, and is typical

much larger than 𝑇pair near quarter filling. The spinon

pairing temperature sets the onset of superconductivity,

and the superconducting transition temperature is given

by 𝑇c = 𝑇pair. Due to the stronger inter-layer exchange,

𝑇c would be enhanced in RNO series under pressure.

RE Element Substitution. Under the RE element sub-

stitution from La to Sm, the lattice constants decrease, and

the overlaps of neighboring electronic orbitals increase in

RNO 𝐹𝑚𝑚𝑚 phase under suitable pressure. As a result,

both the intra-layer 3𝑑𝑥2−𝑦2 orbital hopping and inter-

layer 3𝑑𝑧2 hopping will gradually increase. In contrary,

the on-site Hubbard 𝑈 interaction does not change much.

We adopt the hopping integral strengths and Hubbard

𝑈 ≃ 4 eV from the DFT calculations in Ref. [28] for the

RNO series under pressure, where possible superconduc-

tivity could be realized. The effective inter-layer and intra-

layer AFM spin superexchange are obtained from Eq. (1),

as depicted in Fig. (2). 𝐽⊥ and 𝐽‖ increase from La to Sm,

while their ratio remains nearly unchanged, 𝐽⊥/𝐽‖ ≈ 1.65–

1.70. Notably, for element substitution of Pm or Sm in

RNO under pressure, the hopping strength and spin ex-

change become significantly stronger. The relevant energy

scales are enhanced simultaneously, opening up the possi-

bility of increasing 𝑇c.

1.6

1.4

1.2

1.0

0.8

0.6

0.4

t,
 J

La Ce Pr Nd Pm Sm

J||

tzz
u

txx
||

Ju

Fig. 2. Relevant hopping integrals and effective spin ex-
change for different RE elements from La to Sm in RNO
𝐹𝑚𝑚𝑚 phase under pressure. From La to Sm, the inter-
layer 3𝑑𝑧2 hopping 𝑡⊥𝑧𝑧 and intra-layer 3𝑑𝑥2−𝑦2 hopping

𝑡
‖
𝑥𝑥 both gradually increase. [28] The effective inter-layer

3𝑑𝑧2 spin exchange 𝐽⊥ and intra-layer 3𝑑𝑥2−𝑦2 spin ex-

change 𝐽‖ follow the similar tendency. We have set 𝑡
‖
𝑥𝑥 = 1

for LNO as the unit.

In the relevant parameter regime, an inter-layer s-wave

pairing with high 𝑇c is deduced for RNO materials under

pressure, similar to LNO. [21] The superconducting state is

dominated by the inter-layer 3𝑑𝑥2−𝑦2 orbital s-wave pair-

ing 𝛥⊥, where the intra-layer pairing 𝛥
(𝛼)
𝜇 (𝜇 = 𝑥, 𝑦 and

𝛼 = 1, 2) nearly vanishes. This strong inter-layer pairing is

a direct consequence of the large inter-layer superexchange

𝐽⊥ compared to the intra-layer one 𝐽‖. In RNO materi-

als, with RE elements substitution from La to Sm under

pressure, the inter-layer pairings 𝛥⊥ increase as the fill-

087401-3
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ing level increases, as depicted in Fig. 3(a). The enhanced

inter-layer pairings indicate possible higher pairing tem-

peratures.

The strong inter-layer superexchange 𝐽⊥ significantly

enhances the transition temperature, leading to possible

high 𝑇c superconductivity in the RNO materials under

pressure. The superconducting 𝑇c for RNO is numerically

estimated as a function of the filling level 𝑥, as depicted in

Fig. 3(b). As 𝑥 increases from quarter filling (𝑥 = 0.25),

the transition temperature tends to increasing monoton-

ically. Additionally, with RE element substitution from

La to Sm under pressure, the transition temperature 𝑇c is

enhanced for the same filling level and experiences a sig-

nificant jump for Pm or Sm. This strong enhancement in

𝑇c results from the increased energy scales for Pm and Sm

element, as clearly seen in Fig. (2). Moreover, the ratio

between the pairing gap 𝛥⊥ and superconducting 𝑇c is

approximately 𝛥⊥/𝑇c ≈ 0.4/0.25 = 1.6, which is quanti-

tatively consistent with the prediction of BCS-type theory.

At the physical filling level 𝑥 ≈ 0.3, the superconduct-

ing 𝑇c nearly doubles from La to Sm element under suitable

pressure. It is expected that Sm3Ni2O7 is the potential

optimal material with the largest 𝑇c in the RNO mate-

rial series. Furthermore, a slight increase in the filling

magnitude 𝑥 from La to Sm element is observed. [28] Con-

sequently, as illustrated in Fig. 3, if 𝑥 is increased through

element substitution, the critical temperature could be fur-

ther enhanced.
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Fig. 3. (a) Inter-layer pairing gap 𝛥⊥ versus filling level
𝑥 under element substitution for R3Ni2O7 (R = RE ele-
ment from La to Sm) 𝐹𝑚𝑚𝑚 phase under pressure. The
place of physical filling 𝑥 ≈ 0.3 is shown in a dashed-
dotted line. The superconducting gap increases as the
filling level grows. (b) Superconducting transition tem-
perature 𝑇c versus filling level 𝑥 under element substitu-
tion for RNO 𝐹𝑚𝑚𝑚 phase. From La to Sm, the pairing
strength 𝛥⊥ and the superconducting 𝑇c in RNO series
under pressure increase simultaneously.

Discussion. In the RNO materials, pressure induced

structural transition to the 𝐹𝑚𝑚𝑚 phase opens up the

possibility of high-𝑇c superconductivity as in LNO. Nu-

merical simulations show that Sm3Ni2O7 could exhibit

the largest superconducting 𝑇c. The scenario proposed

here differs from previous weak coupling analysis based

on RPA, [28] where superconductivity is dominated by the

3𝑑𝑧2 orbital.

In weak-coupling BCS-type theories, 𝑇c is approxi-

mately given by 𝑇c ∝ exp[−1/(𝑔𝑁F)], where 𝑁F is the

density of state near the Fermi level and 𝑔 is the effective

interaction strength. For the 3𝑑𝑧2 orbital, increasing the

hopping integral through element substitution leads to a

reduction in 𝑁F. Furthermore, within the framework of

RPA, the effective interaction strength is proportional to

the bare susceptibility, which is inversely related to the

energy levels. As the hopping integral increases, the en-

ergy level decreases, leading to a reduction in the bare

susceptibility. Consequently, in the weak coupling theory,

𝑇c would decrease with element substitution from La to

Sm. [28]

For LNO material under pressure, it is generally be-

lieved that the physical Hubbard interaction strength 𝑈 of

the system is approximately 4–5 eV, [62] which would also

hold true for RNO series. However, due to methodological

limitations, the weakly correlated RPA method employs

a 𝑈 value of only 0.8 eV, which significantly underesti-

mates the actual interaction strength. [28] In contrast, the

strongly correlated 𝑡–𝐽‖–𝐽⊥ model utilizes an interaction

strength 𝑈 of approximately 4 eV and considers the large-

𝑈 limit. The effective interaction strength is tied to the

superexchange interaction 𝐽⊥, which scales approximately

with 𝑡2. Consequently, within the framework of strong

coupling theory, the critical temperature 𝑇c is predicted

to increase with element substitution from La to Sm, re-

flecting the enhanced superexchange interactions in these

substituted systems.

As we emphasized in previous work [21] and further con-

firm in this work, the high-𝑇c superconductivity in RNO

candidates under pressure is driven by the strong inter-

layer spin superexchange 𝐽⊥ for the 3𝑑𝑥2−𝑦2 orbitals. The

inter-layer s-wave superconducting pairing in the 3𝑑𝑥2−𝑦2

orbital is favored in the relevant parameter regime, with

intra-layer hopping serving as the mobile engine. This situ-

ation is distinct from the d-wave pairing in the single-layer

cuprate [60] and multilayer cuprates where the inter-layer

exchange 𝐽⊥ is naturally smaller than 𝐽‖.
[48–52] The wave-

functions of 3𝑑𝑥2−𝑦2 orbital lie nearly within the plane,

resulting in small interlayer overlap between 3𝑑𝑥2−𝑦2 or-

bitals. The strong 𝐽⊥ > 𝐽‖ is hard to be directly gener-

ated from the much smaller inter-layer hopping of single

3𝑑𝑥2−𝑦2 orbitals compared to the intra-layer one. In RNO

materials under pressure, the inter-layer overlap of 3𝑑𝑧2 or-

bital wavefunctions allows for strong inter-layer hopping.

Strong 𝐽⊥ can be realized for 3𝑑𝑧2 orbitals and is further

transmitted to 3𝑑𝑥2−𝑦2 orbitals under strong Hund’s cou-

pling.

Although we focus on the reduced single 3𝑑𝑥2−𝑦2 or-

bital model, the effect of hidden 3𝑑𝑧2 degrees of freedom

plays an important role. Notably, 3𝑑𝑧2 electrons are nearly

localized within the plane, and strong inter-layer hopping

induces strong inter-layer super-exchange 𝐽⊥. There are

also inter-layer pairings for the almost half-filled 3𝑑𝑧2 or-

bitals. However, these pairings are nearly localized. The

3𝑑𝑧2 orbital is nearly half-filled, and its holon conden-

sation temperature is quite low due to its low density.

Consequently, 3𝑑𝑧2 orbitals do not directly contribute to

the superconducting transport behavior. On the contrary,

Hund’s rule combines the two 𝐸g orbitals into the spin-

triplet states, inducing effective strong inter-layer cou-

plings 𝐽⊥ between 3𝑑𝑥2−𝑦2 orbitals.

While the simplified single orbital model captures the

most relevant physics of the superconducting LNO mate-

rial under pressure, [21] further theoretical work and exper-
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imental exploration are necessary for understanding the

interplay between 3𝑑𝑥2−𝑦2 and 3𝑑𝑧2 orbitals. Moreover,

the nature of the superconductivity in the 3𝑑𝑥2−𝑦2 and

3𝑑𝑧2 orbitals is different. A comprehensive analysis that

takes into account both degrees of freedom will be helpful.

Possible chemical doping approach may alter the super-

conducting behavior and increase the 𝑇c. We will leave

these problems in the further works. [45]

In summary, we focus on the effect of RE element sub-

stitution on high 𝑇c superconductivity in RNO materials

under pressure based on the strong coupling bilayer single

3𝑑𝑥2−𝑦2 orbital 𝑡–𝐽‖–𝐽⊥ model. For RE element from La

to Sm under pressure, the effective inter-layer and intra-

layer spin superexchange increases as the relevant hopping

integrals grow. At the relevant filling level, the supercon-

ducting 𝑇c is enhanced in element-substituted RNO un-

der pressure. Strikingly, 𝑇c nearly doubles from LNO to

SmNO under pressure, which might be experimentally re-

alized in the future. This work suggests that RE element

substitution in 𝐹𝑚𝑚𝑚 RNO materials under pressure is

an important approach to enhance the superconducting

𝑇c, appealing for further experimental verification.
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Demler E, Grusdt F, Bloch I, and Hilker T A 2023 Nature
613 463

[56] Eder R, Ohta Y, and Maekawa S 1995 Phys. Rev. B 52
7708

[57] Vojta M and Becker K W 1999 Phys. Rev. B 60 15201
[58] Zhao H and Engelbrecht J R 2005 Phys. Rev. B 71 054508
[59] Zegrodnik M and Spa lek J 2017 Phys. Rev. B 95 024507
[60] Kotliar G and Liu J 1988 Phys. Rev. B 38 5142
[61] Lee P A, Nagaosa N, and Wen X G 2006 Rev. Mod. Phys.

78 17
[62] Pardo V and Pickett W E 2011 Phys. Rev. B 83 245128

087401-5

http://dx.doi.org/10.1038/s41586-023-06408-7
https://arxiv.org/abs/2307.02950
https://arxiv.org/abs/2307.02950
http://dx.doi.org/10.1088/0256-307X/40/11/117302
http://dx.doi.org/10.1088/0256-307X/40/11/117302
https://arxiv.org/abs/2307.14819
https://arxiv.org/abs/2307.14819
http://dx.doi.org/10.1038/s41467-024-48701-7
http://dx.doi.org/10.1038/s41467-024-48701-7
https://doi.org/10.1016/j.jmst.2023.11.011
http://dx.doi.org/10.1103/PhysRevX.14.011040
http://dx.doi.org/10.1103/PhysRevX.14.011040
http://dx.doi.org/10.1103/PhysRevLett.131.126001
http://dx.doi.org/10.1103/PhysRevLett.131.126001
http://dx.doi.org/10.1103/PhysRevB.108.L180510
http://dx.doi.org/10.1103/PhysRevB.108.L180510
http://dx.doi.org/10.1103/PhysRevB.108.L140505
http://dx.doi.org/10.1103/PhysRevB.108.L140505
http://dx.doi.org/10.1103/PhysRevB.108.L201121
http://dx.doi.org/10.1103/PhysRevB.108.L201121
http://dx.doi.org/10.1103/PhysRevLett.132.106002
http://dx.doi.org/10.1103/PhysRevLett.132.106002
https://arxiv.org/abs/2306.07275
https://arxiv.org/abs/2306.07275
http://dx.doi.org/10.1088/0256-307X/40/12/127401
http://dx.doi.org/10.1088/0256-307X/40/12/127401
http://dx.doi.org/10.1103/PhysRevLett.131.206501
http://dx.doi.org/10.1103/PhysRevLett.131.206501
http://dx.doi.org/10.1103/PhysRevB.108.125105
http://dx.doi.org/10.1103/PhysRevB.108.125105
http://dx.doi.org/10.1007/s11433-023-2300-4
http://dx.doi.org/10.1007/s11433-023-2300-4
http://dx.doi.org/10.1103/PhysRevB.109.L081105
https://arxiv.org/abs/2307.07154
https://arxiv.org/abs/2307.07154
http://dx.doi.org/10.1103/PhysRevLett.131.236002
http://dx.doi.org/10.1103/PhysRevLett.131.236002
http://dx.doi.org/10.1103/PhysRevLett.132.146002
http://dx.doi.org/10.1103/PhysRevLett.132.146002
http://dx.doi.org/10.1038/s41467-024-46622-z
http://dx.doi.org/10.1103/PhysRevB.108.174511
https://arxiv.org/abs/2307.16697
http://dx.doi.org/10.1103/PhysRevLett.132.036502
http://dx.doi.org/10.1103/PhysRevB.108.L201108
http://dx.doi.org/10.1103/PhysRevB.108.L201108
http://dx.doi.org/10.1088/0256-307X/41/1/017402
http://dx.doi.org/10.1088/0256-307X/41/1/017402
http://dx.doi.org/10.1103/PhysRevB.108.165141
http://dx.doi.org/10.1103/PhysRevB.108.174501
http://dx.doi.org/10.1103/PhysRevB.108.174501
http://dx.doi.org/10.1103/PhysRevB.108.L140504
http://dx.doi.org/10.1103/PhysRevB.109.165154
http://dx.doi.org/10.1103/PhysRevB.109.165154
https://arxiv.org/abs/2308.11195
http://dx.doi.org/10.1103/PhysRevLett.132.126503
http://dx.doi.org/10.1103/PhysRevLett.132.126503
https://arxiv.org/abs/2308.12750
https://arxiv.org/abs/2308.12750
https://arxiv.org/abs/2308.16564
https://arxiv.org/abs/2308.16564
https://arxiv.org/abs/2309.05726
https://arxiv.org/abs/2309.05726
http://dx.doi.org/10.1103/PhysRevB.109.144511
https://arxiv.org/abs/2309.13040
http://dx.doi.org/10.1038/s41535-024-00648-0
https://arxiv.org/abs/2309.15095
https://arxiv.org/abs/2309.15095
http://dx.doi.org/10.1103/PhysRevMaterials.8.044801
https://arxiv.org/abs/2309.15843
https://arxiv.org/abs/2309.17279
https://arxiv.org/abs/2309.17279
https://arxiv.org/abs/2310.00983
https://arxiv.org/abs/2310.00983
https://arxiv.org/abs/2310.02915
https://arxiv.org/abs/2310.02915
http://dx.doi.org/10.1007/BF01303701
http://dx.doi.org/10.1146/annurev-conmatphys-031218-013210
http://dx.doi.org/10.1146/annurev-conmatphys-031218-013210
http://dx.doi.org/10.1103/PhysRevB.50.438
http://dx.doi.org/10.1143/JPSJ.64.3179
http://dx.doi.org/10.1103/PhysRevB.53.6786
http://dx.doi.org/10.1103/PhysRevB.54.13158
http://dx.doi.org/10.1140/epjb/e2009-00394-9
http://dx.doi.org/10.1140/epjb/e2009-00394-9
http://dx.doi.org/10.1016/j.aop.2021.168651
http://dx.doi.org/10.1038/s41567-022-01561-8
http://dx.doi.org/10.1038/s41586-022-05437-y
http://dx.doi.org/10.1038/s41586-022-05437-y
http://dx.doi.org/10.1103/PhysRevB.52.7708
http://dx.doi.org/10.1103/PhysRevB.52.7708
http://dx.doi.org/10.1103/PhysRevB.60.15201
http://dx.doi.org/10.1103/PhysRevB.71.054508
http://dx.doi.org/10.1103/PhysRevB.95.024507
http://dx.doi.org/10.1103/PhysRevB.38.5142
http://dx.doi.org/10.1103/RevModPhys.78.17
http://dx.doi.org/10.1103/RevModPhys.78.17
http://dx.doi.org/10.1103/PhysRevB.83.245128

