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The recent observation of high-Tc superconductivity in the bilayer nickelate La3Ni2O7 under pressure has
garnered significant interests. While researches have predominantly focused on the role of electron-electron
interactions in the superconducting mechanism, the impact of electron-phonon coupling (EPC) has remained
elusive. In this work, we perform first-principles calculations to study the phonon spectrum and electron-phonon
coupling within La3Ni2O7 under pressure and explore of the interplay between EPC and electronic interactions
on the superconductivity by employing functional renormalization group approach. Our calculations reveal that
EPC alone is insufficient to trigger superconductivity in La3Ni2O7 under pressure. We identify unique out-
of-plane and in-plane breathing phonon modes which selectively couple with the Ni dz2 and dx2−y2 orbitals,
showcasing an orbital-selective EPC. Within the bilayer two-orbital model, it is revealed that solely electronic
interactions foster s±-wave pairing characterized by notable frustration in the band space, leading to a low
transition temperature. Remarkably, we find that this out-of-plane EPC can act in concert with electronic inter-
actions to promote the onsite and interlayer pairing in the dz2 orbital, partially releasing the pairing frustration
and thus elevating Tc. In contrast, the inclusion of in-plane EPC only marginally affects the superconductivity,
distinct from the cuprates. Potential experimental implications in La3Ni2O7 are also discussed.

The exploration of unconventional superconductivity in
nickelates have been attracted considerable attentions, since
the discovery of high-Tc cuprates. In 2019, superconductiv-
ity with a transition tempeature (Tc) around 5-15 K was ob-
served in “infinite-layer” nickelates (Sr,Nd)NiO2 thin films on
a substrate [1–5]. In analogous to cuprates, the low-energy
electronic structure of the 112 nickelate is dominated by the
Ni dx2−y2 orbital, where the additional Nd d states around
the Fermi level introduce a self-doping. The highest Tc of
30 K can be achieved with external pressure [4]. Last year,
signatures of superconductivity with a Tc ∼ 80 K were re-
ported in a new type of bilayer nickelates La3Ni2O7 (LNO)
within the Ruddlesden-Popper phase when the external pres-
sure is greater than 14 GPa [6]. The observation of zero
resistance was independently confirmed [7–9], with suscep-
tibility measurements indicating filamentary superconductiv-
ity [10]. With increasing pressure, the system undergoes a
structural transition from the Amam phase to Fmmm/I4mmm
phase [6, 11]. Distinct from cuprates, the formal valence is
d7.5 for Ni2.5+ and the low-energy electronic structure is dom-
inated by both dx2−y2 and dz2 orbitals due to the presence
of apical oxygens between layers [12–18]. Superconductivity
has also been reported in a trilayer nickelate La4Ni3O10 under
pressure [19–23], albeit with a lower Tc of 20-30 K. Besides
superconductivity, both bilayer and trilayer nickelates exhibit
diverse correlated phenomena, including density wave transi-
tions and non-Fermi liquid behaviors [6, 8, 18, 24].
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The mechanism of high Tc superconductivity for the LNO
nickelate have been intensively studied from the perspective
of electron-electron interactions [15, 16, 25–43], and a uni-
fied understanding remains elusive yet. Theoretical calcu-
lations reveal that the pressure-driven Lifshitz transition in
the Fermi surfaces, characterized by the emergence of a hole
pocket from the dz2 interlayer bonding state, is posited as a
critical factor for superconductivity [6]. Weak coupling anal-
ysis generates an s±-wave pairing [15, 16, 25, 28]. While,
other studies highlight the critical role of the interlayer ex-
change coupling, Hund’s rule coupling and orbital hybridiza-
tion, advocating for the interlayer s-wave pairing [26, 27, 29].
Recently experimental measurements imply an indispensable
role of electron-phonon coupling in determining electronic
properties [44, 45]. The crucial role of EPC in fostering super-
conductivity has already been demonstrated in both cuprates
and iron based superconductors [46], especially FeSe/SrTiO3

with an interface [47, 48]. These, together with evidence of
filamentary superconductivity, necessitate a thorough inves-
tigation into the role of EPC in LNO: questioning whether
EPC alone can explain the observed high-Tc superconductiv-
ity; and probing the specific characteristics of EPC within the
bilayer structure, particularly its influence on correlated states
in the context of its interplay with electronic interactions.

To elucidate the role of lattice degree of freedom in super-
conductivity of LNO, our work delves into the phonon spec-
trum and electron-phonon coupling within the bilayer struc-
ture, with a particular focus on the intricate interplay between
EPC and electronic interactions. Our calculations reveal that
EPC in pressurized La3Ni2O7 is insufficient to induce super-
conductivity. We identify out-of-plane and in-plane breathing
phonon modes within the bilayer structure, which selectively
couple with the Ni dz2 and dx2−y2 orbitals, modeled through
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FIG. 1: (color online) (a) Phonon spectrum, linewidth, density of
states and Eliashberg spectral function of La3Ni2O7 with the space
group I4/mmm at 30 Gpa. Out-of-plane phonon modes at the Γ point
with frequencies of 453 cm−1 (b1) and 515 cm−1 (b2) and in-plane
phonon mode at the M point with a frequency of 630 cm−1 (b3).

orbital-selective Su-Schrieffer-Heeger (SSH) type electron-
phonon interactions. Within the bilayer two-orbital model, it
is revealed that solely electronic interactions foster the s±-
wave pairing characterized by notable frustration in the band
space, leading to a low transition temperature. Intriguingly,
we find that the unique out-of-plane EPC can act in concert
with electronic interactions to promote the onsite and inter-
layer pairing in the dz2 orbital. This partially releases the
pairing frustration and thus elevates Tc. While, the inclu-
sion in-plane EPC can hardly affect the superconductivity, dis-
tinct from the cuprates. Potential experimental implications in
La3Ni2O7 are also discussed.

Electron-phonon coupling in DFT calculations. Through
density functional theory (DFT) calculations, we reveal the
effect of electron phonon coupling on the superconductivity
of La3Ni2O7, with details of calculations provided in the sup-
plementary materials (SM). This bilayer nickelate undergoes a
structural transition with increasing pressure P and exhibit su-
perconductivity when P is larger than 14 GPa [6]. We choose
a representative high-symmetry structure with I4/mmm at 30
GPa [11]. The phonon spectrum, linewidth, and density of
states are illustrated in Fig.1(a), where the circle sizes corre-
spond to the phonon linewidth, highlighting regions of signif-
icant EPC. Notably, EPC predominantly affects one disper-
sive and two flat phonon bands. The dispersive band around
700 cm−1 shows pronounced EPC near the M point, with the
associated phonon mode depicted in Fig.1(b3). This breath-
ing mode, characterized by the B1g irreducible representa-
tion, involves in-plane oxygen atom motions within the Ni-O
planes, in analogous to that in cuprates. The in-plane σ bond-

ing between Ni dx2−y2 orbitals and O px,y orbitals suggests
its strong coupling with the Ni dx2−y2 band, consistent with
the prominent phonon linewidth in our calculations. In con-
trast, two flat phonon bands around 500 cm−1 demonstrate
significant EPC near the Γ point. These modes, associated
with the A1g irreducible representation as shown in Fig.1(b1)
and (b2), involve predominantly out-of-plane motions of in-
plane and apical oxygen atoms, and to a lesser extent, nickel
atoms within the bilayer. The out-of-plane motion results in
a weak in-plane dispersion. The pronounced interlayer bond-
ing between Ni dz2 orbitals suggests that these out-of-plane
breathing modes substantially influence Ni dz2 bands, espe-
cially when they cross the Fermi level at the high pressure.
This mode is distinctive to the bilayer structure, lacking a
counterpart in cuprates where the dz2 orbital remains inac-
tive. Integrating the EPC spectral function α2F (ω)/ω, we
obtain the total EPC constant λ = 0.11 and the logarithmic
averge frequency is ωln = 495 cm−1. Employing a Coulomb
pseudopotential µ∗ = 0.1, the McMillan equation yields a
superconducting transition temperature Tc ≈ 0 solely from
EPC. This clearly demonstrates that the main driving force of
the observed superconductivity in La3Ni2O7 is not EPC but
rather electronic interactions. However, the role of EPC, espe-
cially when intertwined with electronic correlations, remains
to be explored in the bilayer nickelates.

Pairing frustration from spin fluctuations and SSH electron
phonon coupling. The low-energy electronic structures of bi-
layer nickelates La3NiO7 are dominated by Ni dx2−y2 and dz2

orbitals according to theoretical calculations and experimental
measurements [12–18]. At the high pressure, the low-energy
physics can be described by a two-orbital tight-binding (TB)
Hamiltonian [12–16], which reads,

H0 =
∑

ij,αβ,σ

tijαβc
†
iασcjβσ − µ

∑
iασ

c†iασcjασ. (1)

Here i, j = (m, l) labels the in-plane lattice site (m) and layer
index (l = t, b), σ labels spin, and α, β = x, z labels the
Ni orbitals with x denoting the dx2−y2 and z the dz2 orbital.
µ is the chemical potential and the adopted parameters and
resulted band structures are provided in SM. There are three
Fermi surfaces as illustrated in Fig.2 (b): the α electron pocket
arises from the interlayer bonding state of dx2−y2 and dz2 or-
bital and the hole-like β and γ pockets originate from the in-
terlayer anti-bonding state of dx2−y2 and bonding state of dz2

orbital, respectively. For the electronic interactions (EI), we
adopt the general multi-orbital Hubbard interactions,

HEI =
∑
iα

Uniα↑niα↓ +
∑
i,α̸=β

JP c
†
iα↑c

†
iα↓ciβ↓ciβ↑

+
∑

i,α<β,σσ′

(U ′niασniβσ′ + JHc†iασciβσc
†
iβσ′ciασ′),

(2)
where U/U ′ is the intra-orbital/inter-orbital Hubbard repul-
sion, JH is the Hund’s coupling, and JP is the pair-hopping
interaction. The standard Kanamori relations U = U ′ + 2JH
and JH = JP are adopted in this work. The nature of super-
conductivity has been studied from both weak-coupling and
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strong-coupling perspective, yet a consensus remains elusive.
Here, we adopted the functional renormalization group (FRG)
approach, treating all particle-hole and particle-particle chan-
nels on equal footing, thereby providing a nuanced depiction
of correlated states spanning from weak to intermediate cou-
pling regimes [49–51]. The details are provided in SM. Utiliz-
ing the representative parameters U = 3 eV and J/U = 0.1,
the RG flows of leading eigenvalues Ξ in different channels
with decreasing cutoff Λ are illustrated in Fig.2(a). A domi-
nant s±-wave superconductivity, featuring the sign-reversed
gaps on the bonding and anti-bonding states, emerges at a
low scale Λc = 5.5 × 10−3. The spin and charge density
wave (S/CDW) and d-wave pairing are subdominant. The sign
change of the s± gap ( inset of Fig.2(a) ) is derived from the
effective repulsive inter-pocket interaction Vβα/βγ from the
spin fluctuations [16, 25], as shown in Fig.2(b). Moreover, the
strong intra-pocket Cooper pairing scattering on the β pocket
leads to a large superconducting gap on this pocekt. In the
real space, the pairing is dominated in the intra-orbital on-
site (∆αα

ll,0) and inter-layer (∆αα
ll̄,0

) channels of the two orbitals.
For the dx2−y2 orbital, the onsite and interlayer pairings have
the same sign ∆xx

ll,0 = −0.14 and ∆xx
ll̄,0

= −0.04. In con-
trast, the dz2 orbital exhibits a significantly larger pairing gap,
with a sign reversal between onsite and interlayer pairings,
∆zz

ll,0 = 0.42 and ∆zz
ll̄,0

= −0.51. These features result in an
enhanced gap on the anti-bonding β bands but a diminished
gap on the bonding α, γ bands, aligning with the analysis of
effective interactions. Given the substantial density of states
carried by the γ pocket, which nonetheless acquires a small
superconducting (SC) gap, this mismatch between SC gaps
and DOS distribution induces pairing frustration, leading to a
relatively low transition temperature of Tc ∼ 10−3.

We further study the effect of sole EPC on superconductiv-
ity based on FRG calculations [48, 52, 53]. To model the two
prominent phonon modes with strong EPC in our DFT calcu-
lations, we consider the SSH type electron phonon interaction
in the two-orbital model, which describes phonons selectively
coupled to electron hopping in different orbitals. The Hamil-
tonian of phonon and EPC interaction reads

HEPC = ω
∑
⟨ij⟩

b†ijbij +
∑
⟨ij⟩σ

gαij(b
†
ij + bij)(c

†
iασcjασ +H.c.),

(3)
with ⟨ij⟩ denoting the nearest-neighbor (NN) in-plane and
out-of-plane sites. Here Einstein phonons with a frequency
of ω are adopted and the b†ij=∥,⊥ creates an optical phonon on
in-plane or vertical NN bond ij, which couples to the elec-
trons in the dx2−y2,z2 orbital with the coupling strength gαij .
To study the effect of EPC on the correlated states, we inte-
grate out the phonon degrees of freedom and obtain a retarded
electron-electron attraction,

Veff = 1
2

∑
⟨ij⟩να Πα

ij(ν)B
α
ij(ν)B

α
ij(−ν), (4)

with Πα
ij(ν) = − λα

ij

NF

ω2

ν2+ω2 and Bij(ν) =∑
σ

∫ β

0
eiντ (c†iασ(τ)cjασ(τ) + H.c.). Here ν is bosonic

Mutsubra frequency, NF is the DOS at the Fermi level and
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FIG. 2: (color online). (a) RG flows of leading instabilities both
particle-hole and particle-particle channels from sole electronic in-
teractions with U=3 eV and J/U = 0.1 and the inset shows the lead-
ing s±-wave gap function. (b) Orbital characters on the Fermi sur-
face (top left) and the effective pairing interaction in the band space.
Here we use the angles θα,β,γ to label momentum points on different
Fermi surfaces. RG flows of leading instabilities from out-of-plane
(c) and in-plane (d) EPC, where the EPC constant are λz

⊥ = 0.5
(c) and λx

∥ = 0.8 (d). Phonon frequency ω = 0.05 is used in the
calculations, unless explicitly specified. The insets display the gap
function of leading pairings.

λα
ij = 2NF (g

α
ij)

2/(ℏω) is the dimensionless EPC constant.
With this effective electron interaction, we perform FRG
calculations to explore the instabilities from two kinds of
EPC. The typical RG flows for λz

⊥ = 0.5 and λx
∥ = 0.8

are displayed in Fig. 2 (c) and Fig. 2 (d), respectively.
Apparently, in both cases, charge fluctuations are promoted
and EPC generate an s-wave pairing without any sign change,
in contrast to electronic interactions. The gap functions in
two cases, however, are distinct: the vertical EPC favors a
large isotropic SC gap on the γ pocket but the in-plane EPC
favors large anisotropic SC gaps on α, β pockets. These
features are intimately related to the orbital-selective EPC
and orbital characters on the Fermi surfaces. Strong attractive
interactions are generated in the dz2 and dx2−y2 orbitals
in the former and latter cases and this results a large SC
gap on the dz2 -dominant γ pocket and on the α, β pockets
dominated by the dx2−y2 orbital along the diagonal direction.
The effective pairing interactions are shown in SM, consistent
with our analysis here. It is noteworthy that the transition
temperatures remain relatively low despite employing sizable
EPC constants. In addition, superconductivity vanishes
when the EPC constants are set to values derived from DFT
calculations.

Cooperation between out-of-plane EPC and electronic cor-
relation on superconductivity. Given that either electronic in-
teractions or EPC results in low SC transition temperatures
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FIG. 3: (color online). (a) Typical RG flows of leading instabil-
ities with electronic interactions and out-of-plane EPC (U=3 eV,
J/U = 0.1 and λz

⊥ = 0.5) and the inset shows the leading gap func-
tion. (b) Leading momentum-dependent eigenvalues of the renor-
malized interactions in the CDW and SDW channels. Critical cutoffs
of the leading s±-wave pairing as a function of out-of-plane (c) and
in-plane (d) EPC constants for various interaction parameters. The
transition temperatures increase almost exponentially with the out-
of-plane EPC constant.

within the bilayer two-orbital model, we explore the com-
bined effect of these two types of interactions on supercon-
ductivity. Fig.3 (a) illustrates the representative RG flow with
electronic interactions and out-of-plane EPC. We observe that
both spin and charge fluctuations increase rapidly with the
decreasing cutoff for Λ < 1. Fig.3(b) displays the leading
negative eigenvalues of the renormalized interactions V (q) in
the CDW and SDW channels at the critical cutoff. By intro-
ducing the out-of-plane EPC, the peaks at the nesting vectors
q2 and q4 in the SDW channel gets slightly enhanced, and
the peak at q3 = (π/2, π/2) attributed to the γ pocket in the
CDW channel become prominent. These fluctuations signif-
icantly promote the s±-wave pairing and thus it diverges at
Λc = 2.2× 10−2, almost four times the value from sole elec-
tronic interactions. As shown in the inset of Fig.3 (a), the
gap amplitudes across the entire γ pocket and on the β pocket
around the X/Y point get enhanced, which releases the pair-
ing frustration from EI and thus leads to an enhanced transi-
tion temperature. We further perform calculations for various
interaction parameters as a function of EPC constant λz

⊥, as
shown in Fig.3(c). The leading pairing state is consistently
s±-wave and the transition temperature exhibits an almost ex-
ponential increase with the EPC constant λz

⊥. This suggest
a synergistic effect between out-of-plane EPC and electronic
interactions in promoting superconductivity. However, the in-
plane EPC coupling on the dx2−y2 orbital will slightly mod-
ify the SDW fluctuations at q4 ≈ (3π/4, 3π/4) and hardly

(c)

SC
SDW

(a) (b)

(d)

SC
SDW

FIG. 4: (color online). (a) Real space pairing components change as
a function of out-of-plane EPC constant λz

⊥. (b) Critical cutoffs of
the SC as a function of out-of-plane EPC constant λz

⊥ with different
phonon frequencies. Leading electronic instabilities and critical cut-
off a function of JH with different out-of-plane (c) and in-plane (d)
EPC constants.

change the SC transition temperature of s±-wave pairing, as
demonstrated in Fig.3 (d). These results reveal that in the bi-
layer model, different phonon modes coupled to electrons ex-
ert varying impacts on superconductivity, reminiscent of the
behavior observed in cuprates [46].

Impact of EPC on real-space pairing and SDW states. We
further analyze the effect of EPC on SC pairing in the real
space and SDW states. Through the analysis of pairing vertex
in the real space, we can obtain the dominant pairing compo-
nent up to the NN sites in two orbitals and the real-space SC
parameter ∆αβ

ll′,δ denotes the spin-singlet paring between the
α orbital in the layer l and β orbital in layer l′ with an in-
plane distance δ=0 (onsite), 1 (NN). In the case with both EI
and out-of-plane EPC, the SC components as a function of λz

⊥
are illustrated in Fig.4(a). With increasing EPC constant, the
dominant gap amplitudes on the dz2 orbitals decreases in the
onsite channel but increase in the interlayer channel. While,
both onsite and interlayer SC gaps on the dx2−y2 orbital get
reduced and the NN pairings in two orbitals also decrease.
After integrating the out-of-plane SSH phonon, onsite and in-
terlayer attractive interactions are generated in the dz2 orbital,
leading to an onsite and NN pairing with the same sign in
the mean-field level. When these pairings are added to the
interaction-driven sign-reversed pairing in the dz2 orbital, the
interlayer pairing increases but the onsite pairing decreases.
This explains the observed variation of pairing in the dz2 or-
bital with increase EPC constant. The interference between
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EI and out-of-plane EPC will also suppress the pairing in the
dx2−y2 orbital. As the pairing of the (anti-)bonding band is the
summation (difference) between the onsite and interlayer pair-
ing, the variation of real-space component leads to enhanced
SC gaps on the bonding α, γ bands and suppressed the SC
gap on the anti-bonding β band . We also study the variation
of transition temperature for various phonon frequencies, as
shown in Fig.4(b). With the increase in frequency, the effec-
tive attraction from phonons also grows, leading to a rise in
Tc enhancement. This observation is in line with the phonon-
induced isotope effect. In addition, we explore the impact of
EPC on the SDW state as a function of Hund’s rule coupling
JH . The obtained critical cutoffs for different out-of-plane
and in-plane EPC constants are displayed in Fig.4 (c) and (d),
respectively. For a fixed onsite repulsion, increasing JH drives
a transition from superconductivity to SDW with a wave vec-
tor of q4. It is evident that the out-of-plane EPC more sig-
nificantly promotes both superconductivity and SDW and the
Tc enhancement decreases with increasing JH . While, even a
very strong in-plane EPC results in only a marginal increase
in the Tc of superconductivity.

Discussion and conclusion. The out-of-plane breathing
phonon within the bilayer structure and the associated EPC
have dramatic effects on superconductivity and other corre-
lated states. So far, the mechanism of superconductivity in
La3Ni2O7 under pressure is still controversial. EPC alone
cannot induce superconductivity in La3Ni2O7 according to
our DFT calculations. In the weak to intermediate coupling
regime, the interaction-driven SC transition temperature is
low in the bilayer two-orbital model due to the induced pair-
ing frustration. The further inclusion of out-of-plane EPC
can release this frustration and significantly enhance Tc. By
adopting the out-of-plane EPC constant λ = 0.1 ∼ 0.2 ,
the Tc enhancement relative to the EI case is about 10% ∼
40%. Under pressure, the separation between two Ni-O layer
decreases and this can induce phonon hardening and signif-
icantly enhance the out-of-plane EPC, thereby elevating Tc.
These may provide an explanation for the observed supercon-
ductivity in La3Ni2O7 with an extraordinary high Tc of 80
K under high pressure. The proposed scenario can be exam-
ined in the experiments. The identified out-of-plane breathing
phonon can be detected in Ramman and neutron scattering
measurements. The EPC will also affect the electron spec-
trum and induce kink features in the dispersion, which can be
detected in ARPES measurement. If the EPC is partially re-

sponsible for the superconductivity, we expect oxygen-isotope
effect in La3Ni2O7. The EPC also promotes the CDW and
SDW fluctuations and especially the enhanced CDW at q3 =
(π/2, π/2) is consistent with recent RIXS measurements [24].
In both EI and EPC, the dz2 orbital plays a pivotal role in the
correlated states according to our analysis, marking a distinc-
tion from cuprates.

In conclusion, our calculations reveal that EPC alone
is insufficient to induce superconductivity in pressurized
La3Ni2O7. However, when EPC is combined with electronic
interactions, it significantly enhances superconductivity, lead-
ing to a relatively high transition temperature. Notably, we
identify critical out-of-plane and in-plane breathing phonon
modes within the bilayer structure, which selectively couple
with the Ni dz2 and dx2−y2 orbitals, demonstrating an orbital-
selective EPC. Within the bilayer two-orbital model, it is re-
vealed that solely electronic interactions foster s±-wave pair-
ing with notable frustration, leading to a relative low Tc. Re-
markably, our study reveals that the unique out-of-plane EPC
can act in concert with electronic interactions to significantly
boost s±-wave superconductivity, thereby elevating Tc. Our
study highlights the indispensable role of electron-phonon
coupling in conjunction with electronic correlations in fos-
tering superconductivity, offering fresh and valuable insights
into the mechanisms underpinning high Tc superconductivity
in bilayer nickelates under pressure.
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Note added. During the preparation of this work, we be-
came aware of two independent studies of phonon proper-
ties and electron-phonon coupling in La3Ni2O7 under pres-
sure [54, 55]. Their conclusion that the sole EPC is insuf-
ficient to drive superconductivity in La3Ni2O7 is consistent
with ours. Additionally, we extends the analysis to the com-
bined effect of EPC and EI on superconductivity.
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