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Compressive strain turns s±- into d-wave pairing in a one-unit-cell La3Ni2O7
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Motivated by recent reports of ambient-pressure superconductivity in La3Ni2O7 films grown on LaSrAlO4, we
investigate the superconducting instability in a one-unit-cell (1UC) thin film using ab initio and random-phase
approximation techniques. Compared to the high-pressure bulk system, the ratio of interlayer d3z2−r2 hopping to
intralayer dx2−y2 hopping is suppressed in the 1UC thin film, and the crystal-field splitting of the eg orbitals is
increased. Our calculation indicates that spin-fluctuation-driven pairing correlations are weak for the stoichio-
metric case at ambient pressure, but increase significantly under hole doping. The leading pairing symmetry
is also found to change by hole doping. Specifically, we obtain a leading dx2−y2 pairing state at moderate hole
doping, followed by a dxy state at higher doping. These states are driven by intraband spin-fluctuation scattering
within the γ hole pocket centered around the M point, and arise primarily from states in the Ni layer farther from
the substrate. These results strongly suggest that the thin-film superconducting samples are hole-doped and that
pairing in this system predominantly arises in the layer, as opposed to the interlayer pairing in the pressurized
bulk system.

DOI: 10.1103/7nxw-5zr5

Introduction. The exciting discoveries of high-Tc supercon-
ductivity in Ruddlesden-Popper (RP) nickelates bilayer (BL)
and trilayer systems under pressure [1–9] have stimulated
intense interest in the field [10–22] and expanded the explo-
ration of nickelate superconductivity beyond the infinite-layer
family [23–26], opening a remarkable platform for unconven-
tional superconductivity [27–62].

While experimental efforts continue to improve the sample
quality, transition temperature Tc, and superconducting vol-
ume fraction under pressure [63–67], recently a remarkable
discovery was made, i.e., ambient-pressure superconductivity
in thin-film BL nickelates grown on compressively strained
(−2% strain) LaSrAlO4 (LSAO) [68], extending investi-
gations that were previously limited to high-pressure bulk
[69–86]. The original thin-film experiments on La3Ni2O7 [68]
reported an onset Tc ranging from 26 to 42 K. By partial
Pr3+ replacement and optimization of growth conditions, the
onset and zero resistance Tc were increased to 48 K and 30 K
[70], respectively, while the Meissner diamagnetism was also
observed in (La,Pr)3Ni2O7 thin films [71].

These breakthroughs in thin-film superconductivity of-
fer an excellent opportunity to investigate the electronic
structure of the superconducting state in BL nickelates. Re-
cent angle-resolved photoemission spectroscopy (ARPES)
measurements remain controversial: while the authors of
Refs. [87,88] found a small γ pocket originating from the
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d3z2−r2 orbitals bonding state, the authors of Ref. [89] reported
that the γ band did not cross the Fermi level.

Here, using density functional theory (DFT) [90–95] com-
bined with random phase approximation (RPA) [96–101]
calculations, we find similarities but also key differences be-
tween compressively strained one-unit-cell (1UC) thin film
and high-pressure BL nickelates. The interlayer hopping be-
tween two Ni layers is considerably reduced in the thin-film
case, leading to a weakening of the dimerization of the d3z2−r2

orbitals. For the stoichiometric 1UC case (n = 3.0), our RPA
calculations reveal only a very weak singlet pairing strength.
However, we find that a leading spin-fluctuation driven d-
wave pairing instability increases significantly upon hole
doping. While the Fermi surface topology is similar in both
cases, the superconductivity is driven by intralayer singlet
pairs in the thin film, resulting in a d-wave state. This dif-
fers from the interlayer singlet-pair-driven s±-wave instability
observed in the high-pressure bulk systems, as illustrated in
Fig. 1.

Compressive strain with the LSAO substrate. To simulate
the strain effect induced by the substrate, we consider the slab
model [see Fig. 2(a)] and optimize the atomic positions. As
shown in Fig. 2(b), the bonding state of d3z2−r2 orbitals does
not touch the Fermi surface (∼10 meV below the Fermi level),
and therefore the γ pocket around the M point is absent, in
contrast to the high-pressure bulk systems. Compared to the
optimized high-pressure bulk [10,47], the interlayer hopping
between d3z2−r2 orbitals is decreased by approximately 15%,
leading to a reduced bonding-antibonding splitting energy in
the thin film. By contrast, the intralayer hopping between
dx2−y2 orbitals remains almost unchanged. Thus, the ratio
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FIG. 1. (a) Schematic of lattice modifications under the high-
pressure and in-plane compressive-strain thin-film conditions. [(c),
(d)] Sketches of the Fermi surfaces for the high-pressure and com-
pressive strain for hole-doping thin-films, including the signs of the
superconducting order parameter. Panel (c) is s± and (d) is dx2−y2 .
The light pink dots in (d) denote nodes.
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FIG. 2. (a) Schematic structural slab model and crystal structure
(green = La; gray =Ni; red = O) of the 1UC thin film, with two
BL blocks (four Ni layers) visualized via the VESTA code [103].
The in-plane lattice constants are fixed to those of the LSAO sub-
strate (a = b = 3.7557 Å), and a vacuum layer of more than 20.0
Å is used to simulate the thin-film slab geometry. (b) Projected
band structures for the 1UC thin film. The electronic structures are
calculated within the local density approximation plus Hubbard U
and Hund’s coupling J with the Liechtenstein formulation for the
double-counting term [94]. Here we use U = 3.8 eV and J = 0.6 eV,
values obtained from the constrained random-phase approximation
for La3Ni2O7 [48]. (c)–(e) Tight-binding band structure and Fermi
surface for the one BL (two Ni layers) model for the thin-film at [(c),
(d)] with n = 3, and (e) with n = 2.8, respectively. The hopping files
are in the SM [102].

t z
αα/t x/y

ββ is suppressed to ∼1.19 in the thin film, compared
to that in the high-pressure bulk (∼1.31) [47]. In addition,
we also provide a side-by-side comparison showing the key
differences between the high-pressure bilayer system and the
compressively strained 1UC system, in Table I.

Moreover, due to the symmetry-breaking geometry of
1UC, Ni1 (or Ni4) and Ni2 (or Ni3) are asymmetric [see
Fig. 2(a)]: we observe that the d3z2−r2 orbital at the Ni2 site
always has more electrons than that in the Ni1 site at the same
overall fillings. For example, for 1BL, the d3z2−r2 population
occupation on Ni2 is ∼1.16 while ∼0.85 for Ni1 (see details
in Supplemental Material (SM) [102]). This originates from
the increased Ni2 apical O distance (∼2.36 Å) compared with
the Ni1 apical O distance towards the substrate (∼2.15 Å)
because expanding into a vacuum is energetically easier. This
lowers the d3z2−r2 orbital level in the top NiO2 plane and
facilitates its electron occupation. Next, based on the hoppings
obtained from the 1UC case [102], we construct a four-band
eg-orbital tight-binding model on the one BL lattice for the
thin-film case with overall filling n = 3, as shown in Figs. 2(c)
and 2(d) (details are shown in the SM [102]). The calculated
average electronic density of the d3z2−r2 orbitals (1.01 per Ni)
is slightly higher than that of high-pressure bulk (0.841 per Ni)
[35] for the stoichiometric (n = 3) filling in the tight-binding
model. By comparing the areas of the γ pocket versus the
ARPES experiments for the 1UC case [88], our tight-binding
Fermi surfaces indicates that n = 2.8 [see Fig. 2(e)] in our
model is realistic, suggesting a hole-doped scenario for the
superconducting thin films, probably caused by Sr migration
from substrate to sample.

Pairing tendency in thin films. To explore the supercon-
ducting pairing tendencies of the 1UC thin film nickelate, we
carry out multiorbital RPA calculations to assess the BL tight-
binding model, including on-site Coulomb repulsion terms,
i.e., the intraorbital U , interorbital U ′, Hund’s rule exchange
J , and pair hopping J ′ terms. RPA is based on a perturbative
weak-coupling expansion in these Coulomb interaction terms
[96–99]. The pairing strength λα and the gap structure gα (k)
for channel α are obtained by solving an eigenvalue problem
of the form ∫

FS
dk′ �(k − k′)gα (k′) = λαgα (k). (1)

The momenta k and k′ are restricted to the Fermi surface,
and the singlet pairing interaction �(k − k′) is given by the
irreducible particle-particle vertex. Within RPA, the domi-
nant term entering �(k − k′) is the RPA spin susceptibility
χ (k − k′).

Figure 3 shows the leading eigenvalues (pairing strengths)
and corresponding eigenvectors (gap structures) found by
solving the eigenvalue problem in Eq. (1). As shown in
Fig. 3(a), the pairing strength λα is negligibly small for the
stoichiometric case with filling n = 3 for all the singlet chan-
nels α. This pairing strength, however, increases drastically
when the system is doped with holes (n < 3), reflecting the
sharp peak in the density of states at the top of the γ -band.

For n � 2.85, we find that two different d-wave solutions
develop significant pairing strengths. This includes a leading
dx2−y2 solution at moderate hole doping with a dome-like dop-
ing dependency, and a dxy solution, which becomes leading
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TABLE I. Summary of key parameters comparing high-pressure bulk [35,47] and our compressive-strain 1UC film with stoichiometric
ratio n = 3 bilayer: interlayer bonding-antibonding splitting (�E ), the ratio t z

αα/t x/y
ββ (α: d3z2−r2 and β: dx2−y2 ) of interlayer hopping to intralayer

hopping, symmetry between the two nickel layers, electronic density of eg orbitals [n(3z2 − r2) and n(x2 − y2)], and Fermi surface topology.

�E t z
αα/t x/y

ββ Symmetry n(3z2 − r2) n(x2 − y2 ) Fermi surface

High-pressure bulk ∼1.3 ∼1.31 Symmetric ∼0.84 ∼0.66 α, β, γ

Our 1UC film ∼1.1 ∼1.19 Broken ∼1.16/0.85 ∼0.56/0.42 α, β

at higher doping for n � 2.6. As displayed in Fig. 3(b) for
n = 2.75, the dx2−y2 state is almost exclusively restricted to the
γ pockets at the M point, as is the subleading dxy state at this
doping. In Fig. 3(c), to analyze the orbital characters of the
leading dx2−y2 state, we show the gap structure in the orbital
space defined as a	1	2 (k) = ∑

ν gν (k)a	1
ν (k)a	2

ν (−k), where
a	

ν (k) are the band (ν)-orbital (	) matrix elements that di-
agonalize the noninteracting tight-binding Hamiltonian. This
leading dx2−y2 state is characterized by purely intraorbital con-
tributions from the d3z2−r2 orbital (see layer 1 for index 1, layer
2 for index 3). The dominant contribution corresponds to the
intralayer (33) term from the Ni2 layer (the layer farther from
the substrate). In addition, the interlayer term (13), followed
by the intralayer (11) term from the Ni1 layer, also provides
secondary contributions showing that all the quantitatively
relevant contributions arise from orbital d3z2−r2 . In contrast,
the contributions from the dx2−y2 orbital are negligible. This

is different from the dx2−y2 -wave state of Cu-based supercon-
ductors [105], which is characterized by intraorbital scattering
contributed by dx2−y2 orbitals (as those in the β sheets of
nickelates). Here, in nickelates the d3z2−r2 orbital plays the
important role, comparable to the dx2−y2 orbitals for cuprates.
This highlights the qualitative importance of having two active
Ni orbitals versus one active Cu orbital.

As the hole concentration increases further, the pairing
strength of the dx2−y2 state sharply decreases, and the dxy state
becomes the leading solution for n � 2.6 [see Fig. 3(a)]. The
momentum structure of this dxy state, as well as the dx2−y2 state
for n = 2.5, is shown in Fig. 3(d). While the amplitude is still
largest on the γ pocket, it now also has a significant contribu-
tion from the β sheet, which is in-phase (out-of-phase) with
that on the γ sheet for the dxy (dx2−y2 ) state.

For electron doping n > 3, by contrast, the pairing strength
is negligible for all the channels we study. These results

(b)

(a) (c)

k y
k y

k y
k y

kx kx kx kx

-1.00 1.000.00-0.50 0.50

(d)

1BL

FIG. 3. (a) The RPA calculated pairing strength λ for different instability channels versus electron density fillings in the compressive-strain
BL model. [(b), (d)] The RPA calculated leading superconducting singlet gap structures gα (k) for momenta k on the Fermi surfaces for dx2−y2 -
wave and dxy-wave with corresponding pairing strengths λ for the case of the LSAO substrate at (b) n = 2.75 and (d) n = 2.5, respectively.
(c) Gap structure in orbital space for n = 2.75 with the indexing: 1 = d3z2−r2 orbitals from layer 1 (Ni1), 2 = dx2−y2 orbitals from layer 1 (Ni1),
3 = d3z2−r2 orbitals from layer 2 (Ni2), and 4 = dx2−y2 orbitals from layer 2 (Ni2). The sign of gα (k) is indicated by colors (red = positive,
blue = negative), and its amplitude by the color intensity. Here, we used Coulomb parameters U = 0.7 eV [104], with the ratios U ′ = U/2,
and J = J ′ = U/4 already employed in previous literature [18,47]. The calculation was performed at T = 0.01 eV.
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q = (π/3, π/3)

n = 2.75
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q = (0.3π, 0.3π)
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FIG. 4. [(a), (b)] The RPA calculated static spin susceptibility
χ ′(q, ω = 0) versus qx and qy for the two-orbital 1BL model for
n = 2.75 and n = 2.5, respectively, and its orbital and layer contri-
butions. Because only the pairwise diagonal terms contribute to the
physically relevant susceptibility, shown here is the pairwise diago-
nal part of χ . (c) Sketch of the spin patterns in real space for q =
(π/3, π/3) using a 6 × 6 cluster, while a more detailed analysis for
q = (0.35π, 0.35π ) and q = (0.3π, 0.3π ) is in the SM [102].
Dashed lines represent the waveforms along the two directions.
(d) The layer contributions (Ni1: NiO2 layer 1, Ni2: layer 2) to the
Fermi-surface Bloch states for n = 2.75.

suggest that thin-film systems, for which superconductivity is
observed, are hole-doped. This is in agreement with ARPES
results [88] and may be related to a hole-transfer from the
substrate to the nickelate BL.

To understand the origin of the leading dx2−y2 -wave and
dxy-wave pairing instabilities, we now examine the structure
of the RPA spin susceptibility tensor χ (q) at n = 2.75 and
n = 2.5, which is obtained from the Lindhard function χ0(q)
as

χ (q) = χ0(q)[1 − Uχ0(q)]−1. (2)

Here, all the quantities are rank-four tensors in the orbital
indices 	1, 	2, 	3, 	4 and U is a tensor involving the inter-
action parameters [96]. The physical spin susceptibility is
obtained by summing the pairwise diagonal parts of the tensor,
χ	1	1	2	2 (q), over 	1, 	2.

Figure 4 shows the static RPA spin susceptibility χ ′(q, ω =
0) versus in-plane q=(qx, qy) for n = 2.75 and n = 2.5 in
Figs. 4(a) and 4(b), respectively, along with their leading
orbital contributions. These data are for the even combi-
nation of the two layers, which capture the out-of-plane
ferromagnetic (qz = 0) correlations. We find that for both of
these fillings, the qz = 0 susceptibility is stronger than the
qz = π (odd-layer combination) susceptibility, which repre-
sents out-of-plane antiferromagnetic correlations. This is in
stark contrast to the pressurized bulk system, for which we
previously found that the odd qz = π antiferromagnetic fluc-
tuations dominate, scattering between the bonding band (that
creates the γ Fermi surface pocket), and the antibonding band
(which gives rise to the β sheet). This interband scattering
between β and γ sheets in the pressurized bulk system leads
to the s± pairing state that changes sign between these two

Thick Thick

(a) (b)

FIG. 5. (a) Tight-binding band structures of the thick film grown
on an LSAO substrate, and (b) its corresponding Fermi surface at
n = 3.0 (1.5 per site), respectively. The hopping files for this thick
film are in separate files from the SM [102].

sheets [47]. In the present 1UC thin-film case, the stronger
qz = 0 out-of-plane ferromagnetic fluctuations are intraband
in nature, scattering within the γ and within the β sheets. This
scattering favors a state that changes sign within the γ pocket,
leading to the d-wave states seen in Fig. 3.

Moreover, for both fillings, χ ′(q, ω = 0) is strongest for an
in-plane q close to ∼ (π/3, π/3), corresponding to a diago-
nal spin stripe pattern as displayed in Fig. 4(c). This unique
spin state can be understood in terms of the competition
between intraorbital and interorbital hopping mechanisms,
as discussed in previous studies [21,106–108]. An analysis
of the leading contributions to this scattering (see Fig. S9
[102]) reveals that it arises primarily from intraband scat-
tering within the γ and β pockets, between regions where
the Fermi surface Bloch states originate mostly from the Ni2
layer [see Fig. 4(d)]. This can also be seen in the orbital- and
layer-dependent contributions to χ ′(q, ω) shown in Figs. 4(a)
and 4(b). Here, the dominant contribution arises from the
intraorbital d3z2−r2 intralayer scattering χ33 from the Ni2 layer,
while the other components are much smaller. The dominant
intraband scattering gives rise to the d-wave pairing states
shown in Fig. 3, which change sign within the Fermi surface
pockets, rather than between different pockets as in the s±
state of the pressurized bulk.

Thicker film. Finally, we briefly discuss a thicker film,
dropping the slab geometry. This can be regarded as a bulk
system grown on a substrate, by which, the in-plane (a, b)
lattice constants are fixed to those of LSAO, but c is allowed
to relax. Then, the Ni sites in the BL are symmetric. As shown
in Fig. 5(a), the γ pocket consisting of d3z2−r2 orbitals shifts
further below the Fermi level compared to the 1UC thin film,
and this band is flatter than in the 1UC thin film. It also leads
to the absence of the γ pocket at the Fermi level, as illustrated
in Fig. 5(b). Thus, to induce the γ pocket around the M point,
this system needs to be doped with more holes than in the
1UC case, although with the potential doping effect from the
substrate likely to be restricted only to the layers close to the
substrate and will not affect the overall filling in the bulk.
Hence, it is reasonable to expect that thick films would not
exhibit superconductivity without pressure, unless additional
hole doping is introduced, for example, via La3+ to La2+

substitution.
Conclusion and discussion. In summary, we unveiled

strong resemblances but also key differences between strained

L140505-4



COMPRESSIVE STRAIN TURNS s±- INTO … PHYSICAL REVIEW B 113, L140505 (2026)

1UC thin-film and high-pressure BL nickelates. The ratio of
the interlayer hopping of the d3z2−r2 orbitals and the intralayer
hopping of the dx2−y2 orbitals is considerably reduced in the
1UC thin film, compared with the bulk BL nickelate under
pressure. Moreover, the crystal-field splitting of the eg orbitals
is also enhanced in the 1UC thin films. The γ hole pocket
around the M point below the Fermi level for the stoichio-
metric n = 3.0 case in 1UC case, leading to a negligibly
small singlet pairing strength within RPA. Upon hole doping,
however, the γ pocket appears on the Fermi surface. We found
a leading dx2−y2 -wave pairing state at moderate hole doping,
followed by a dxy-wave pairing state at higher hole doping.
The gap was largest on the small hole γ pocket at the M
point, and changed sign within that pocket. In contrast to the
high-pressure BL bulk nickelate, the superconductivity was
characterized by intralayer pairs rather than interlayer pairs,
driven by spin-fluctuation scattering primarily from the Ni2
layer, which was the farthest from the substrate. By com-
paring the size of the γ pocket with that observed in recent
ARPES measurements for the 1UC sample [88], we found
that a theoretical model with the electron density per Ni site
n = 2.8 provided a reasonable agreement, suggesting that the
superconducting nickelate BL thin film was indeed hole
doped. Furthermore, in thick films, the γ pocket was still

absent, suggesting that superconductivity may not emerge
in this system without additional hole doping. Our results
strongly suggest that hole doping is essential to realize su-
perconductivity at ambient pressure in ultra-thin-film BL
nickelates.
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