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The discovery of high-temperature superconductivity (HTSC) in pressurized La3Ni2O7 has
aroused a surge in the exploration of HTSC in the multilayer nickelates. Presently, while HTSC is
only found in pressurized circumstance, most of the experimental detections are performed at ambi-
ent pressure (AP) due to technical problems. Here we focus on the single-bilayer film of La3Ni2O7 at
AP, and propose that an imposed strong perpendicular electric field can strongly enhance its super-
conducting Tc. The reasons lies as follow. Under strong electric field, the layer with lower potential
energy will accept electrons flowing from the other layer to fill in the Ni-3dx2−y2 orbitals in this layer,
as the nearly half-filled Ni-3dz2 orbital in this layer cannot accommodate more electrons. With the
enhancement of the filling fraction in the 3dx2−y2 orbitals in this layer, the interlayer s-wave pairing
will be subjected to the pair-breaking effect and be suppressed, but the intralayer d-wave pairing in
this layer is promptly and strongly enhanced, which mimics the cuprates. Our combined simplified
one-orbital study and comprehensive two-orbital one under mean-field treatment consistently verify
this idea and yield that an imposed voltage of about 0.1 ∼ 0.2 volt between the two layers is enough
to get the HTSC at AP. Our results appeal for experimental verification.

Introduction: The discovery of superconductivity
(SC) with critical temperature Tc ≈ 80 K in the pres-
surized La3Ni2O7 [1–9] has attracted great interests [10–
24]. This discovery has aroused exploration of high-Tc

SC (HTSC) in multilayer nickelates, resulting in the dis-
covery of SC in the pressurized La4Ni3O10 [25–31], which
in together with the previously synthesized infinite-layer
nickelates Nd1−xSrxNiO2 [32–35] have established a new
superconductors family other than the cuprates and
the iron-based superconductors, arousing lots of stud-
ies [36–118]. Presently, although various groups have
conducted experiments to investigate the properties of
La3Ni2O7 [10–24], most of these experiments were con-
ducted at ambient pressure (AP). The circumstance of
high pressure not only strongly hinders the experimental
detection of the samples, but also brings difficulties in the
application of the SC in industry. Therefore, it is eagerly
expected that HTSC can be realized in the multilayer
nickelates at AP. Here we propose a viable approach to
realize HTSC in La3Ni2O7 at AP.

Presently, the pairing mechanism in the pressurized
La3Ni2O7 is still under debate [71–97, 101–105]. Density-
functional-theory (DFT) based first-principle calcula-
tions have suggested that the low-energy orbitals are
mainly Ni-3dz2 and 3dx2−y2 , which are nearly half- and
quarter- filled [1, 40, 41]. Due to the various experiments
which have revealed the strongly-correlated characteris-
tic of the material [24, 36], we can take a strong-coupling

viewpoint of the system. In this viewpoint, the strong
Hubbard repulsion suppresses the coherent motion of
the nearly half-filled 3dz2 electrons, which can almost be
viewed as localized spins. Therefore, the main carrier of
SC in the material should be the 3dx2−y2 electrons, which
subject to the in-plane superexchange interaction just
mimics the 50% hole-doped cuprates. However, the 3dz2

orbitals also play an important role through interplaying
with the 3dx2−y2 orbitals. The strong interlayer superex-
change of the 3dz2 electrons [62] provides the pairing po-
tential, which can be transmitted to the 3dx2−y2 electrons
through the Hund’s rule [76, 77, 79, 89] or the nearest-
neighbor (NN) hybridization [62, 80] or both. In such
viewpoint, the role of pressure in enhancing the Tc may
lie in the enhancement of the interlayer superexchange,
the inter-orbital hybridization, or their combination. At
AP, the enhancement of these parameters might be real-
ized through chemical element substitution or chemical
doping, which is still on the way.

In this work, we propose an alternative approach to
realize HTSC in La3Ni2O7 at AP. We focus on the thin
film of this material. The La3Ni2O7 film has been syn-
thesized, in which the resonant soft x-ray experiment has
revealed spin density wave (SDW) [18]. Here we consider
the thinnest limit, i.e. a single bilayer film of La3Ni2O7.
The single bilayer film can be grown by using such ap-
proaches as the molecular beam epitaxy, the chemical
vapor deposition or the pulsed laser deposition. We can
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FIG. 1. (a) Schematic diagram for the dominant hopping inte-
grals and superexchange interactions between the Eg orbitals
in La3Ni2O7. (b) Schematic diagram illustrating that the
Hund’s rule coupling transmits the interlayer superexchange
interaction J⊥ between the 3dz2 orbitals to the effective one
J̃⊥ between the 3dx2−y2 orbitals.

impose a perpendicular electric field, say pointing up-
ward, in this single bilayer, so that electrons from the top
layer will flow to the bottom layer. As the 3dz2 orbitals
in the bottom layer is already half-filled and thus cannot
accommodate more electrons due to the strong Hubbard
repulsion, the electrons which flow to the bottom layer
have to fill the 3dx2−y2 orbitals. Such enhancement of
the filling fraction of the bottom-layer 3dx2−y2 orbitals
will first suppress the interlayer s-wave SC due to mis-
match of the electron numbers between the two layers,
and then promptly lead to the intralayer d-wave HTSC
in the bottom layer. To test this idea, we have performed
combined simplified single-orbital study and comprehen-
sive two-orbital one, with both studies consistently verify
that an voltage of around 0.1 ∼ 0.2 volt between the two
layers is enough to induce d-wave HTSC in the bottom
layer. Interestingly, the d-wave SC carried by the 3dx2−y2

electrons in the bottom layer coexists with the interlayer
s-wave pseudo-gap carried by the 3dz2 electrons. Our
proposal potentially provides a viable approach to real-
ize HTSC in the single bilayer film of La3Ni2O7.

General Consideration and a Simplified Study: Due
to the quasi-2D structure of the material, the lattice and
electronic structures of the single-bilayer La3Ni2O7 film
should be near those of the bulk material. The Ni atoms
in the AP phase crystal approximately form a bilayer
square lattice. As illustrated in Fig. 1 (a), the leading
hopping integrals are the interlayer hopping of the dz2

electrons t⊥ and the intralayer nearest-neighbor (NN)
hopping of the dx2−y2 electrons t∥. Under strong Hub-
bard U , these hopping terms can induce the effective su-
perexchange interaction J⊥ and J∥ through the relation

J ≈ 4t2

U . Under the Hund’s rule coupling JH , the spins
of the two orbitals are inclined to be parallel aligned,
as illustrated in Fig. 1 (b), which partly transmits the
interlayer superexchange J⊥ between the dz2 orbitals to
the dx2−y2 orbitals as J̃⊥ = αJ⊥ with α ∈ (0, 1). In
addition, there exists intralayer NN-bond hybridization

FIG. 2. (a) Filling fractions of the four Eg orbitals within
an unit cell without electric field. (b) The dominant pairing
configuration for (a). (c) Schematic diagram showing how the
electrons flow under the perpendicular electric field ε pointing
upward. (d) The dominant pairing configuration for (c).

txz between the two orbitals. As shown in Fig. 2 (a),
the quarter-filled 3dx2−y2 electrons subject to the J∥ and

the J̃⊥ terms can pair in principle. However, due to the
reduced J̃⊥ and filling fraction at AP, only a weak inter-
layer pairing of 3dx2−y2 electrons can be obtained [119],
as illustrated in Fig. 2 (b).

Now let us turn on the perpendicular electric field ε
pointing upward, as shown in Fig. 2 (c) and (d). Un-
der this field, the electrons flow from the top layer to
the bottom one. As the 3dz2 orbitals in the bottom
layer is already nearly half-filled which cannot accommo-
date more electrons, the majority of the electrons flow-
ing to this layer will fill in the 3dx2−y2 orbitals. In the
top layer, since the 3dz2 orbitals host larger density of
state (DOS) than the 3dx2−y2 orbitals, they will donate
most electrons. These donated electrons can flow to the
3dx2−y2 orbitals in the two layers, with more of them to
the 3dx2−y2 orbitals in the bottom layer.

Even with doped holes under the electric field, the top-
layer 3dz2 electrons still cannot carry SC: Firstly, lack-
ing pairing interaction, they cannot form intralayer pair-
ing. Secondly, although they can pair with the localized
bottom-layer 3dz2 electrons, such pair cannot coherently
move, only resulting in pseudo-gap. Therefore, the SC
in the presence of ε can only be carried by the 3dx2−y2

orbitals. As the filling fractions of the 3dx2−y2 orbitals
in the two layers are different, their Fermi levels are rel-
atively shift, which will suppress their interlayer pairing.
The 3dx2−y2 orbitals in the bottom layer will form in-
tralayer d-wave SC, mimicsing the cuprates, as shown in
Fig. 2 (d). When the field ε is strong enough so that
the filling fraction of the bottom 3dx2−y2 orbitals is near
that of the optimal doped cuprates, d-wave HTSC will
be achieved in the material.



3

Based on the above general consideration, we first con-
duct the following simplified model study including only
the 3dx2−y2-orbital, with the 3dz2 orbital only viewed as
a source which tunes the total electron number. The
widely adopted single 3dx2−y2 -orbital bilayer t− J − J⊥
model [76, 77, 79, 89] is adopted, which reads,

H = − t∥
∑

⟨i,j⟩,µ,σ

(
c†iµσcjµσ + h.c.

)
+
∑
i,µ

ϵµniµ

+ J∥
∑

⟨i,j⟩,µ

Siµ · Sjµ + J̃⊥
∑
i

Sit · Sib. (1)

Here c†iµσ creates an electron at site i in the layer µ (=top
(t)/bottom (b)) with spin σ, and niµ or Siµ denote the
corresponding electron number or spin operator. Only
NN- bond ⟨i, j⟩ is considered in the summation. The
layer-dependent chemical potential ϵµ is introduced to
control the filling fractions of the two layers under the
imposed ε. We assume that the ratio between the elec-
tron number flowing from the 3dz2 orbitals and that flow-
ing from 3dx2−y2 orbitals in the top layer is 2 : 1 due
to reason of DOS. Fixing the filling fractions under this
assumption, we solve the model with standard SBMF
theory [120]. See more details in the SM.

FIG. 3. (a) The pairing amplitude ∆̃ (in unit of t∥) as func-
tion of the bottom-layer filling fraction nbx. Different pair-
ing symmetries are marked by different colors. (b) The Tc

as function of nbx, in comparison with 0.41∆̃ for the d-wave
and 0.5∆̃ for the s-wave regime. Inset: the spinon pairing
temperature Tpair and the holon condensation temperature
TBEC as function of nbx. In (a,b), we set J∥ = 0.4t∥ and

J̃⊥ = (1 − δtz) × 1.8J∥. (c)-(e) The pairing configurations of
the s-wave, (s+id)-wave, and d-wave, respectively.

The main results of our SBMF theory are shown in
Fig. 3. Fig. 3(a) shows the amplitude and symmetry of
the ground-state pairing gap as function of the bottom-
layer 3dx2−y2 electron number nbx, whose value enhances
with ε. It is shown that when nbx enhances, the pairing
gap amplitude ∆̃ decays first and then increases. When
nbx ∈ (0.5, 0.515), the ground state is interlayer s-wave
pairing. The ∆̃ decreases with the enhancement of ε or
nbx in this regime because the mismatch of the Fermi sur-
faces (FSs) of the two layers caused by ε suppresses the
interlayer pairing, similar to the case of a singlet pairing
state placed within a pair-breaking Zeeman field. When
nbx ≥ 0.545, the ground state is an intralayer d-wave
SC, similar to the case of the cuprates. It is inspiring
that with the enhancement of nbx in this regime, the ∆̃
enhances promptly, similar to the case in the overdoped
cuprates, wherein the enhancement of the filling fraction
promptly enhances the pairing strength. When nbx is
near 0.53, the ground state is an s+id-wave SC. The real-
space pairing configurations of the three different pairing
symmetries are illustrated in Fig. 3(c-e).

The Tc as a function of nbx is shown in Fig. 3(b). In the
SBMF theory, the Tc is given as the lower one between
the spinon-pairing temperature Tpair and the holon-BEC
temperature TBEC, see the SM. The inset of Fig. 3(b)
displays TBEC ≫ Tpair, rendering Tc = Tpair in the con-
sidered nbx regime. A comparison between Fig. 3(b) and
(a) suggests that Tc scales with ∆̃, which is more clear
when the Tc ∼ nbx is well fitted by 0.41∆̃ ∼ nbx for the
d-wave and 0.5∆̃ ∼ nbx for the s-wave in Fig. 3(b), con-
sistent with the BCS theory. It is inspiring that in the
regime nbx ≥ 0.75, the Tc ≈ 0.02t∥ ≈ 0.01 eV≈ 100 K,
suggesting that HTSC can be achieved by tuning ε.

On the above, we have adopted J̃⊥ = αJ⊥(1−δtz) with
α = 1, where δtz denotes the hole density of the top-3dz2

orbital. When α is reduced by quantum fluctuation, only
the low-nbx regime accommodating the interlayer s-wave
or s+id-wave pairing in Fig. 3(a, b) shrinks but the high-
nbx regime accommodating the intralayer d-wave HTSC
is not affected because the intralayer pairing is blind to
J̃⊥. Furthermore, assuming different ratios between the
changes of the filling fractions of the three Eg orbitals
turns out to yield similar results, as the dominant pair-
ing in this system is the intra-bottom-layer pairing under
strong ε, which is blind to the filling fraction of the top
layer. See the SM for details.

The comprehensive two-orbital study: The above sim-
plified single-orbital study has obvious drawbacks: We
do not know the concrete relation between the strength
ε of the exerted electric field and the changes of the filling
fractions of the three Eg orbitals in the La3Ni2O7 bilayer.
Nor do we know how the neglected 3dz2 orbital degree of
freedom affects the pairing nature of the system. To set-
tle these puzzles, we conduct a comprehensive two-orbital
study for the problem. The Hamiltonian reads,
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H = − t∥
∑

⟨i,j⟩,µ

(
c†iµxσcjµxσ + h.c.

)
− t⊥

∑
i

(
c†itzσcibzσ + h.c.

)
− txz

∑
⟨i,j⟩µ

(
c†iµxσcjµzσ + (z ↔ x) + h.c.

)
+ J∥

∑
⟨i,j⟩µ

Siµx · Sjµx + J⊥
∑
i

Sitz · Sibz + J̃⊥
∑
i

Sitx · Sibx + ϵz
∑
iµσ

niµzσ + ϵx
∑
iµσ

niµxσ

+
ε

2

∑
iασ

nitασ − ε

2

∑
iασ

nibασ (2)

The operators ciµασ, niµα, Siµα take the same meanings
as those in model (1) except that one more index α = x/z
appears which labels the orbital. Note that Siµα for each
orbital α is spin- 12 operator. ϵx and ϵz denote the on-site
energy of the two orbitals. While the TB parameters are
obtained from the DFT calculations for bulk La3Ni2O7

at AP [119], the superexchange interactions are obtained
through the relation J ≈ 4t2/U , with U = 5 eV. Finally
ε denotes the voltage between the two layers caused by
the imposed electric field.

The main results of the SBMF treatment of (2) (see
the SM) is shown in Fig. 4. Fig. 4(a) shows the ε-
dependence of the hole densities δµα. Obviously, the δtz
enhances obviously with ε, suggesting that the top-3dz2

orbital is donating electrons. These donated electrons
flow to the 3dx2−y2 orbitals in the two layers, with more
of them flowing to the bottom layer. Fig. 4(b) shows the
ε-dependence of the pairing symmetry and the pairing
gap amplitude of the bottom-layer 3dx2−y2 orbital. At
low ε ≤ 0.02 eV, the pairing symmetry is s-wave, whose
pairing configuration is shown in Fig. 4(c), wherein the
dz2-orbital form interlayer s-wave pseudo-gap, while the
dx2−y2 orbital form s-wave SC with coexisting intralayer
and interlayer pairing. In this regime the SC is sup-
pressed by the enhancement of ε. When ε > 0.02 eV, the
pairing symmetry is d(dx2−y2) + is(dz2), whose pairing
configuration is shown in Fig. 4(d). In this state, the
3dz2 orbital form interlay s-wave pseudo-gap, while the
bottom-layer 3dx2−y2 orbital form intralayer d-wave SC.
When ε enhances in this regime, the pairing amplitude
for the bottom-layer 3dx2−y2 orbitals enhances promptly.
For ε > 0.13 eV, the pairing amplitude can arrive at 0.02
eV. Then from the relation Tc ≈ 0.41∆ for the d-wave
SC illustrated in Fig. 3(b), we have Tc ≈ 80 K!

The main result shown in Fig. 4(b) for the compre-
hensive two-orbital study and that shown in Fig. 3(b)
for the simplified one-orbital study look similar, except
that in Fig. 4(b) the result is expressed as function of
the imposed electric field ε which is directly controllable.
Actually, if we replace the x-axis of Fig. 4(b) by the cal-
culated nbx = 1−δbx, the resulting curve nearly coincides
with Fig. 3(b), particularly in the large-nbx regime, see
the SM. The main reason for such similarity lies in that
under strong electric field, the dominant superconducting
pairing is the intra-bottom-layer 3dx2−y2-orbital pairing,
which is not seriously affected by the 3dz2 orbital degree

of freedom. The main new information obtained in the
two-orbital study lies in that the 3dz2 orbital form inter-
layer s-wave pseudo-gap which coexists with the intra-
bottom-layer d-wave HTSC of the 3dx2−y2 orbital, as
shown in Fig. 4(d). The 1 : i mixing of the two pairing
gap leads to time-reversal-symmetry-breaking, although
the experimentally detected superconducting gap is the
standard d-wave gap of the 3dx2−y2 orbital. This intrigu-
ing result is left for experimental verification.

FIG. 4. (a) The hole densities δµα for the three orbitals as
functions of the strength of the electric field ε. (b) The pairing
gap amplitude of the bottom-layer 3dx2−y2 -orbital as function
of ε. Inset: zooming in of the low-ε regime. (c)-(d) The pair-
ing configurations of the s-wave and the s(dz2)+id(dx2−y2)-
wave, respectively.

Conclusion and Discussion: In conclusion, we pro-
pose that an imposed strong perpendicular electric field
can enhance the superconducting Tc of the single-bilayer
film of La3Ni2O7 at AP. The reason lies in that under the
strong electric field, the electrons in the layer with higher
potential energy will flow to the layer with lower poten-
tial energy, to fill the 3dx2−y2 orbitals in the latter layer.
With considerably enhanced filling fraction, the 3dx2−y2

electrons in that layer just mimics the cuprates, which
form intralayer d-wave HTSC. Our combined one-orbital
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and two-orbital studies consistently verify this idea. Our
results predict that when the imposed voltage between
the two layers is stronger than 0.1 ∼ 0.2 eV, the resulted
Tc can go beyond the boiling point of liquid nitrogen.
In our calculations, we have adopted the TB param-

eters from the DFT calculations for bulk La3Ni2O7 at
AP, which might be slightly different from those for the
single-bilayer film. However, the strong-coupling calcula-
tions performed here do not seriously rely on the accurate
values of these parameters, because the main physics here
is very simple. Actually, the well consistency between the
result of the comprehensive two-orbital study and those
of the simplified one-orbital studies with assuming dif-
ferent input conditions just verifies the robustness of our
conclusion.
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Appendix A: Slave-boson mean-field treatment of the one-orbital model

In the one-orbital model, we begin with the Hamiltonian

H = −t∥
∑

⟨i,j⟩,µ,σ

(
c†iµσcjµσ + h.c.

)
+

∑
i,µ

ϵµniµ + J∥
∑

⟨i,j⟩,µ

Siµ · Sjµ + J̃⊥
∑
i

Sit · Sib, (S1)

where c†iµσ creates a electron in the dx2−y2 orbital with the spin σ = {↑, ↓} at the lattice site i in the layer µ = {t, b}.
niµ =

∑
σ c

†
iµσciµσ is the particle number operator. Siµ = 1

2ciµσ [σ]σσ′ ciµσ′ is the spin operator with Pauli matrix
σ = (σx, σy, σz). Here we set t∥ = 1 as the unit, and the intra-layer and interlayer spin exchage are given by J∥ = 0.4t∥
and J̃⊥ ≈ αJ⊥(1− δtz) with α = 1, where δtz denotes the hole density of the top-3dz2 orbital. Suppose each top-layer
3dz2 or 3dx2−y2 orbital denotes electrons with number δ or η1 in average, then each bottom-layer 3dx2−y2 orbital will
accept electrons with number η2 = δ + η1. Therefore, the filling fraction of the top or bottom layer in model (S1)
should be 1

2 − η1 or 1
2 + η2. ϵµ corresponding to chemical potential is consistently derived from δ.

In this simplified single-orbital study, we cannot determine the concrete relation between ε and δ or η1,2. But
clearly, δ and η1 enhance with the enhancement of ε. The particle number of the bottom-layer dz2 orbital is near
half-filling without external electric field, thus in the strong-coupling limit, the bottom-layer dz2 orbital approaches
half-filling and becomes incapable of accommodating additional electrons, even under a small perpendicular electric
field. Therefore we fix the particle number of the bottom-layer dz2 orbital nbz = 1. Considering that the electrons flow
from the top layer only to the bottom layer dx2−y2 orbital, we express the particle number of the top-layer dz2 orbital,
the top-layer dx2−y2 orbital and the bottom layer dx2−y2 orbital as ntz = 1− δ, ntx = 0.5− η1 and nbx = 0.5+ δ+ η1
respectively.

To get the knowledge of η1/δ in different perpendicular electric field, we solve the tight-binding (TB) Hamiltonian
with the parameters from Liu et al’s work and an additional external electric field term (ε/2)

∑
i,α,σ(nitασ−nibασ). We

plot the (δ, η1) points (Fig. A1), finding that η1/δ ≈ 1/2. Thus we assume η1/δ = 1/2 (i.e. (ntx − 0.5)/(nbx − 0.5) =
−η1/η2 = −1/3) in the one-orbital model study.

FIG. A1. The change of electron number δ and η1 under different electric field. The results are represented by the dots (δ, η1).
All of the dots are near the y = 0.5x line (dashed line), indicating that η1 ≈ 0.5δ.

We solve the Hamiltonian in Eq. (S1) by slave-boson mean-field (SBMF) theory. The electron operator (c) is

decomposed into the product of a fermonic spinon operator (f) and a bosonic holon operator (b), i.e. c†iµσ = f†
iµσbiµ.

The mean-field Hamiltonian of spinon and holon can be expressed as

Hspinon =− t∥
∑

⟨i,j⟩,µ,σ

(〈
biµb

†
jµ

〉
f†
iµσfjµσ + h.c.

)
+

∑
i,µ,σ

ϵµf
†
iµσfiµσ

− 3

8
J∥

∑
⟨i,j⟩,µ

(〈
χ†
µ

〉
χij,µ + h.c.+

〈
∆†

µ

〉
∆ij,µ + h.c.−

〈
χ†
µ

〉
⟨χµ⟩ −

〈
∆†

µ

〉
⟨∆µ⟩

)
− 3

8
(1− δ) J⊥

∑
i

(〈
χ⊥†〉χ⊥

i + h.c.+
〈
∆⊥†〉∆⊥

i + h.c.−
〈
χ⊥†〉 〈χ⊥〉− 〈

∆⊥†〉 〈∆⊥〉)
(S2)

and

Hholon = −t∥
∑

⟨i,j⟩,µ

(
⟨χij,µ⟩ b†iµbjµ + h.c.

)
(S3)
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where ⟨biµ⟩ =
〈
b†iµ

〉
=

√
δµ is sustained below the holon condensation temperature, and the bonding and pairing

order parameters are defined as

χ†
ij,µ =

∑
σ

f†
iµσfjµσ, χ

†
µ =

1

2N

∑
⟨i,j⟩

χ†
ij,µ,

χ⊥†
i =

∑
σ

f†
itσfibσ, χ

⊥† =
1

N

∑
i

χ⊥†
i ,

∆†
ij,µ = f†

iµ↑f
†
jµ↓ − f†

iµ↓f
†
jµ↑,∆

x
µ =

1

2N

∑
⟨i,j⟩

∆ij,µ,

∆⊥†
i = f†

it↑f
†
ib↓ − f†

it↓f
†
ib↑,∆

⊥ =
1

N

∑
i

∆⊥
i

(S4)

In the mean-field approach, we constrain the particle number and obtain the expectation value of the mean-field
order parameters at zero temperature by solving the self-consistent equations derived from Eq. (S2).

δµ = 1− 1

N

∑
k

(
⟨c†kµ↑ckµ↑⟩+ ⟨c†−kµ↓c−kµ↓⟩

)
, δt = 0.5 + η1, δb = 0.5− η2

⟨χµ⟩ =
1

2N

∑
⟨i,j⟩

⟨χij,µ⟩ =
1

N

∑
k

cos (kx) + cos (ky)

2

(
⟨c†kµ↑ckµ↑⟩+ ⟨c†−kµ↓c−kµ↓⟩

)
,

⟨χ⊥⟩ = 1

N

∑
i

⟨χ⊥
i ⟩ =

1

N

∑
k

(
⟨c†kt↑ckb↑⟩+ ⟨c†−kt↓c−kb↓⟩

)
,

⟨∆x
µ⟩∗ =

1

2N

∑
⟨i,j⟩

⟨∆ij,µ⟩∗ =
1

N

∑
k

2 cos (kx)⟨c†kµ↑c
†
−kµ↓⟩,

⟨∆⊥⟩∗ =
1

N

∑
i

⟨∆⊥
i ⟩∗ =

2

N

∑
k

⟨c†kt↑c
†
−kb↓⟩

(S5)

From Eq. (S5), we can also determine the spinon-pairing temperature Tpair by solving for the critical condition
∆ = 0 at finite temperature.

To characterize the pairing type of the system, the pairing gap amplitude ∆̃ is defined as the maximal value of the
pairing gaps. For the interlayer s-wave pairing, ∆̃ = − 3

8 J̃⊥
〈
∆⊥〉. For the d-wave pairing, ∆̃x = − 3

2J∥ ⟨∆
x
b ⟩.

The holon condensation temperature can be calculated according to the Berezinskii-Kosterlitz-Thouless (BKT)

transition theory. The holon operator can be written as b†iµ =
√
δµe

iθµ(i), whose phase fluctuations lead to the BKT
transition. Then the holon Hamiltonian can be written as a XY -model-like form

Hholon = −2t∥
∑

⟨i,j⟩,µ

⟨χµ⟩ δµ cos (θµ(i)− θµ(j)) (S6)

We transform the model to a continuous model

Hholon ∼ 1

2
ρ

∫
d2r |∇θ|2 (S7)

where

ρ =
∑
|l|=1

∑
µ

t∥ ⟨χµ⟩ δµl2 (S8)

is the superfluid stiffness. Then we can get TBEC from the relationship TBEC = (π/2)ρ.
Considering that the real η1/δ may be different from the TB results, we also study the η1/δ = 0/1 and η1/δ = −1/2

situations (i.e. (ntx − 0.5)/(nbx − 0.5) = 0/1 and (ntx − 0.5)/(nbx − 0.5) = 1/2). We find that the phase diagrams of
different (ntx − 0.5)/(nbx − 0.5) are similar to each other (shown in Fig. A2 (a)-(c)). Additionally, the dimensionless
d-wave pairing gap ∆d(= ∆x

b ) is only determined by the particle number nbx but is not related to the particle number
ratio (ntx − 0.5)/(nbx − 0.5) (shown in Fig. A2 (d)).
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FIG. A2. (a)-(c) The pairing amplitude ∆̃ (in unit of t∥) as function of the bottom-layer particle number nbx controlled by the

imposed electric field. Different pairing symmetry is marked by different colors. (d) The d-wave pairing gap ∆̃d of different
particle number ratios as function of particle number nbx (represented by different lines). The lines almost coincide with each
other, indicating that the dimensionless d-wave pairing gap is only determined by the particle number nbx.

Appendix B: Slave-boson mean-field treatment of the two-orbital model

In the two-orbital model, the Hamiltonian takes the form

H =− t∥
∑

⟨i,j⟩,µ

(
c†iµxσcjµxσ + h.c.

)
− t⊥

∑
i

(
c†itzσcibzσ + h.c.

)
− txz

∑
⟨i,j⟩µ

(
c†iµxσcjµzσ + (z ↔ x) + h.c.

)
+ J∥

∑
⟨i,j⟩µ

Siµx · Sjµx + J⊥
∑
i

Sitz · Sibz + J̃⊥
∑
i

Sitx · Sibx + ϵz
∑
iµσ

niµzσ + ϵx
∑
iµσ

niµxσ

+
ε

2

∑
iασ

nitασ − ε

2

∑
iασ

nibασ

(S9)

where c†iµzσ/c
†
iµxσ creates a dz2/dx2−y2-orbital electron with the spin σ = {↑, ↓} at the lattice site i in the layer

µ = {t, b}. niµασ = c†iµασciµασ is the particle number operator for the two Eg orbitals with α = {z, x}. Siµx =
1
2ciµxσ [σ]σσ′ ciµxσ′ is the spin operator with Pauli matrix σ = (σx, σy, σz). ϵz and ϵx represent the equivalent onsite
energies of the dz2 and dx2−y2 orbitals respectively, as determined by the self-consistent equations.

To compare the ground-state energies of different pairing modes, we consider the Hamiltonian with Lagrange
multipliers

H̃ = H + (ϵz0 − ϵz)
∑
iµσ

niµzσ + (ϵx0 − ϵx)
∑
iµσ

niµxσ (S10)

We adopt the data from the DFT calculations as physical parameters for H̃. The hopping parameters are given by
t∥ = 0.400eV, txz = 0.201eV and t⊥ = 0.597eV. The onsite energies are set to ϵz0 = 8.7026eV and ϵx0 = 9.2609eV.

We estimate the spin couplings as J∥ = 0.4t∥, J⊥ = 1.8J∥ and J̃⊥ = 0.5J⊥.
In the mean-field approximation, each superexchange term in (S9) is also decomposed in χ−∆ channel, similar to

the single-orbital model. The mean-field Hamiltonian is described as

HMF =− t∥
∑

⟨i,j⟩,µ

δµx

(
c†iµxσcjµxσ + h.c.

)
− txz

√
δtxδtz

∑
⟨i,j⟩

(
c†itxσcjtzσ + c†itzσcjtxσ + h.c.

)
− 3

8
J∥

∑
⟨i,j⟩µ

(
χ†
ij,µx ⟨χµx⟩+ h.c.+∆†

ij,µx ⟨∆µx⟩+ h.c.−
〈
χ†
µx

〉
⟨χµx⟩ −

〈
∆†

µx

〉
⟨∆µx⟩

)
− 3

8
J⊥

∑
i

(
χ⊥†
iz

〈
χ⊥
z

〉
+ h.c.+∆⊥†

iz

〈
∆⊥

z

〉
+ h.c.−

〈
χ⊥†
z

〉 〈
χ⊥
z

〉
−
〈
∆⊥†

z

〉 〈
∆⊥

z

〉)
− 3

8
J̃⊥

∑
i

(
∆⊥†

ix ⟨∆⊥
x ⟩+ h.c.− ⟨∆⊥†

x ⟩⟨∆⊥
x ⟩

)
+ ϵz

∑
iµσ

niµzσ + ϵx
∑
iµσ

niµxσ +
ε

2

∑
iασ

nitασ − ε

2

∑
iασ

nibασ

(S11)
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where δµα = 1− 1
N

∑
iσ⟨niµασ⟩ is the expected number of holes. Under the electric field, we have δbz = 0 and δtz, δtx

and δbx are solved self-consistently. The mean-field order parameters are represented by

χij,µx =
∑
σ

c†iµxσcjµxσ, χµx =
1

2N

∑
⟨i,j⟩

χij,µx,

χ⊥†
iz =

∑
σ

c†iztσcizbσ, χ⊥
z =

1

N

∑
i

χ⊥
iz,

∆†
ij,µα = c†iµα↑c

†
jµα↓ − c†iµα↓c

†
jµα↑, ∆x

µx =
1

2N

∑
⟨i,j⟩

∆ij,µx,

∆⊥†
iα = c†itα↑c

†
ibα↓ − c†ibα↓c

†
itα↑, ∆⊥

α =
1

N

∑
i

∆⊥
iα

(S12)

Notably, the spin-exchange J̃⊥ of the Hamiltonian in Eq. (S9) doesn’t produce a hopping term χ⊥
x in Eq. (S11),

which is the feature of such a bilayer system. Without interlayer hopping, a small interlayer spin-exchange J⊥ leads
to ⟨χ⊥⟩ ≈ 0.

Consequently, the dz2 orbital only participate in the interlayer pairing. However, this pairing is not SC as the
corresponding SC order parameter goes to zero in the SBMF theory due to δbz = 0. The SC is carried by the 3dx2−y2

orbitals, which can form both intralayer and interlayer pairing. The superconducting Tc scales with the ground state
gap amplitude of the 3dx2−y2 orbitals via the BCS relation exhibited in Fig. 3(b) in the main text.

The expectation value of the mean-field order parameters are obtained by numerically solving the following self-
consistent equation

δµα = 1− 1

N

∑
k

(
⟨c†kµα↑ckµα↑⟩+ ⟨c†−kµα↓c−kµα↓⟩

)
, δtz = 0,

∑
µα

δµα = 1,

⟨χµx⟩ =
1

N

∑
⟨i,j⟩

⟨χij,µx⟩ =
1

N

∑
k

cos (kx) + cos (ky)

2

(
⟨c†kµx↑ckµx↑⟩+ ⟨c†−kµx↓c−kµx↓⟩

)
,

⟨χ⊥
z ⟩ =

1

2N

∑
i

⟨χ⊥
iz⟩ =

1

N

∑
k

(
⟨c†ktz↑ckbz↑⟩+ ⟨c†−ktz↓c−kbz↓⟩

)
,

⟨∆x
µx⟩∗ =

1

2N

∑
⟨i,j⟩

⟨∆ij,µx⟩∗ =
1

N

∑
k

2 cos (kx)⟨c†kµx↑c
†
−kµx↓⟩,

⟨∆⊥
α ⟩∗ =

1

N

∑
i

⟨∆⊥
iα⟩∗ =

2

N

∑
k

⟨c†ktα↑c
†
−kbα↓⟩

(S13)

In the two-orbital model, the pairing gap amplitude ∆̃ is defined as the maximal value of the pairing gap of the
dx2−y2 electrons. For the interlayer s-wave pairing, ∆̃x = − 3

8 J̃⊥
〈
∆⊥

x

〉
. For the (s(dz2)+id(dx2−y2))-wave pairing,

∆̃x = − 3
2J∥ ⟨∆

x
bx⟩.

FIG. A3. The comparison of the pairing amplitude ∆̃x as function of the bottom-layer particle number nbx calculated with
different models. The lines almost coincide with each other, particularly in the large-nbx regime.
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We find that the pairing amplitude ∆̃x as function of the bottom-layer particle number nbx calculated with different
models show a strong resemblance (see Fig. A3).
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