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Nickelates have continued to surprise since their unconventional superconductivity was discovered. Recently,
the layered nickelate LasNi;O;; with hybrid single-layer and bilayer stacking showed superconductivity under
high pressure. This compound combines features of single-layer La,NiO4 and bilayer La;Ni, O, but its pairing
mechanism remains to be understood. Motivated by this finding, here we report a comprehensive theoretical
study of this system. Our density functional theory calculations reveal that the undistorted P4/mmm phase
without pressure is unstable due to three distortion modes. As pressure increases, these modes are suppressed,
leading to the high-symmetry P4/mmm phase without NiO4 octahedron tilting. Moreover, the “charge transfer”
between the single-layer and bilayer sublattices was observed, leading to hole doping in the single-layer blocks.
Our random-phase approximation calculations indicate a leading d,2_,2-wave pairing state that arises from
spin-fluctuation scattering between Fermi surface states mainly originating from the single-layer blocks and
additional weaker contributions from the bilayer blocks. These spin fluctuations could be detected by inelastic
neutron scattering as a strong peak at q = (v, 7). Our findings distinguish LasNi;O;; from other nickelate
superconductors discovered so far and the high-7, cuprates. We also discuss both similarities and differences
between LasNi;O;; and other hybrid stacking nickelates.
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I. INTRODUCTION

Unconventional superconductivity commonly occurs in
transition-metal compounds like Cu oxides [1] and Fe pnic-
tides [2]. These materials often feature antiferromagnetic
insulators or metals next to superconducting states, suggesting
strong repulsive interactions or magnetic fluctuations as the
cause of pairing [3,4]. The discovery of superconductivity
under pressure in the Ruddlesden-Popper (RP) bilayer (BL)
nickelate LazNiO; [5] with T, ~ 80 K and trilayer (TL)
LayNiz Oy [6,7] with T, ~ 30 K opened a new playground for
the study of unconventional superconductivity [8—14]. This
field rapidly developed into the newest branch of the high-
temperature superconductor family.

The BL La3zNi>,O; has Amam or Cmcm structure (No. 63),
and the NiOg octahedra are distorted. Under hydrostatic pres-
sure, this distortion is suppressed with a first-order structural
transition around 14 GPa [15], leading to a Fmmm phase
without tilting distortion, followed by a very broad super-
conducting region [5]. Very recently, a tetragonal 14/mmm
phase was proposed to be the “real” structure under high
pressure for BL La3;NiyO7 in both theory [16] and experiment
[17], instead of the Fmmm structure. Since the distortion
from the I4/mmm (No. 139) to Fmmm (No. 69) is tiny [18],
there are no fundamental differences among those two phases,

*Contact author: 1flin@utk.edu
fContact author: maierta@ornl.gov
Contact author: edagotto@utk.edu

2469-9950/2025/112(9)/094515(11)

094515-1

providing the same physics [19]. The initial conclusion of
having a superconducting transition in LazNi,O; was based
on measurements of the resistance using a four-terminal de-
vice on a sample with an unknown degree of inhomogeneity,
where a sharp transition and a flat stage in resistance was
observed by using KBr as the pressure-transmitting medium,
as well as a diamagnetic response in the susceptibility. This
was interpreted as indication of the two prominent properties
of superconductivity, zero resistance and Meissner effect [5].
Subsequent experiments confirmed the zero resistance by sev-
eral independent studies [15,20,21]. Recently, the Meissner
effect of the superconducting state of La3Ni,O; was observed
by using the alternating-current magnetic susceptibility re-
porting that the superconducting volume fraction is robust,
around 48% [22].

Density functional theory (DFT) calculations have played
a crucial role in understanding the electronic properties of BL
nickelate superconductors. It was suggested that the Fermi
surfaces are made up of Ni d,»_,» and d3,._,> orbitals [23,24]
with two-electron sheets with mixed e, orbitals. A small hole
pocket from the Ni d3,>_,> orbital was absent without pressure
but appears at high pressure. The angle-resolved photoemis-
sion spectroscopy experiments confirmed the two-electron
sheets at the Fermi surface without pressure [25]. Theoreti-
cal studies suggested that s -wave pairing superconductivity
is dominant, induced by spin fluctuations due to the partial
nesting of the Fermi surfaces with wave vectors (7, 0) or
(0, ) [26-31]. The si-wave pairing channel was believed to
be driven by strong interlayer coupling, but the d,»_,» orbital
also has contributions to the superconducting gap, comparable
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to the contributions of the d;,2_,» orbital [32,33]. In addition,
some theoretical studies, alternatively, suggested the possibil-
ity of d-wave pairing arising from the superconducting pairing
state in the B sheet, mainly driven by intralayer coupling
[34-38].

Similar to BL. La3Ni,O7, TL LayNizO;¢ does not super-
conduct under ambient pressure. However, applying pressure
suppresses the distortion of the NiOg octahedra and re-
sults in superconducting states over a broad pressure range
[6,7]. By contrast, single-layer (SL) La,;NiO4 does not su-
perconduct under any conditions, whether at ambient or high
pressure [21]. The superconductivity in the RP nickelates
La,;Ni,O3,4; (n =1, 2, and 3) is thus tuned by the layer
thickness n. It is natural to ask (1) Is there an optimal n?
and (2) Can the superconductivity appear when n is varied
in a single crystal, even including SL La;NiO4? In an effort
to answer these questions, hybrid alternating stacking nicke-
lates were experimentally synthesized, including the SL-TL
stacking nickelate La;NiO4/LasNizOj (1313-LNO) [39-42]
as well as the SL-BL stacking nickelate La,NiO4/La3Ni, O
(1212-LNO) [43,44]. Surprisingly, a recent experiment found
superconductivity in 1212-LNO under pressure [43]. In con-
trast to other RP nickelates, an orthorhombic Cmmm phase
without tilting distortion was proposed as the structure of
1212-LNO [43] at 0 GPa, and the application of pressure sta-
bilizes a tetragonal P4/mmm structure [see Fig. 1(a)] around
4.5 GPa. This exciting discovery triggered the study of su-
perconductivity in the hybrid stacking nickelate superlattices.
Several questions naturally arise: what are the electronic and
magnetic properties of this 1212-LNO material? What is the
pairing channel under pressure? What are the similarities and
differences between 1212-LNO and other RP hybrid stacking
nickelate superlattices, as well as other RP nickelates?

To answer these questions, here we systematically inves-
tigate the alternating SL and BL hybrid stacking nickelate
superlattice 1212-LNO by using DFT and random phase
approximation (RPA) calculations. We demonstrate that the
high-symmetry tetragonal P4/mmm phase is not stable with
three imaginary distortion modes, suggesting the oxygen oc-
tahedra are distorted, but this high symmetry phase becomes
stable under pressure. Our results also reveal a “charge trans-
fer” effect from the SL to BL units, modifying the orbital
occupancy and Fermi surface topology, effectively electron
doping the BL blocks, compared to the BL RP nickelate
La3NiyO7. In addition, we find a leading d,>_,»-wave pairing
state with dominant contributions from the SL blocks and
additional weaker contributions from the BL blocks. Further-
more, our spin susceptibility calculations show a strong peak
at q = (, ) and another weaker peak at q = (7, 0). These
results highlight the important role of interface and charge
redistribution in governing the electronic and superconducting
properties of hybrid stacking layered nickelates, providing a
model platform for exploring how engineered stacking se-
quences and pressure-tuned distortions could be utilized to
design new nickelate superconductors.

II. METHODS

In this work we employ first-principles DFT calcula-
tions by using the Vienna ab initio simulation package
(VASP) software with the projector augmented wave (PAW)
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FIG. 1. (a) Schematic crystal structures of conventional
P4/mmm (No. 123) and Cmmm (No. 65) phases of 1212-LNO
(green = La; blue = Ni; red = O). All crystal structures were
visualized using the VESTA code [45]. (b, ¢) Phonon spectrum
of the P4/mmm (No. 123) phase of 1212-LNO at 0 GPa, and at
10 GPa, respectively.

method [46-48]. Furthermore, the electronic correlations
dealt with the generalized gradient approximation (GGA) and
the Perdew-Burke-Ernzerhof (PBE) exchange correlation po-
tential [49]. Both atomic positions and crystal lattice constants
were fully relaxed until the Hellmann-Feynman force on each
atom was smaller than 0.01 eV /A for various pressures with
different structural symmetries. Here the plane-wave cutoff
energy was set as 550 eV and the k-point mesh was appro-
priately modified for different structures to make the k-point
densities approximately the same in reciprocal space, such as
20 x 20 x 5 for the P4/mmm (No. 123) phase of 1212-LNO.
To obtain the hopping matrices and crystal-field splittings, we
used the maximally localized Wannier functions (MLWFs)
method to fit the Ni’s 3d bands with DFT bands, by using the
WANNIER90 package [50]. For the phonon spectrum of the
P4/mmm (No. 123) phases of the alternating SL-BL stacking
1212-LNO, a 2 x 2 x 2 supercell structure was used in the
phonon calculation, by using the density functional perturba-
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tion theory approach [51-53], analyzed by the PHONONPY
software in the primitive unit cell [54,55]. All the crystal
structures were visualized with the VESTA code [45].

Based on the hopping matrices and crystal-field splittings
for the P4/mmm phase obtained from MLWFs, we con-
structed a 15-band low-energy 3d-orbital tight-binding model
for SL-BL stacking 1212-LNO, where the overall filling was
considered as N = 23.0, corresponding to 7.666 electrons per
Ni site (the detailed files of hopping matrices and crystal-field
splittings can be found in a separate attachment in the Supple-
mental Material [56]). Based on the obtained Fermi energy, a
4001 x 4001 k-mesh was used to calculate the Fermi surface.
Although the Fermi surface is made of two e, orbitals, just
using a two-orbital model, we could not perfectly reproduce
the DFT band structure, so we used the five-orbital model in
our further calculations (details are shown in the Supplemen-
tal Material V [56]).

To study magnetic correlations and possible superconduct-
ing pairing properties, we used the many-body RPA method
here, based on a perturbative weak-coupling expansion in the
Hubbard interaction, similar to our previous works. The full
Hubbard model Hamiltonian for the BL plus SL discussed
here, includes the kinetic energy and interaction terms, and it
is written as H = Hy + Hi,. The electronic interaction portion
of the Hamiltonian includes the standard intraorbital Hubbard
repulsion U, the interorbital Hubbard repulsion U’, the Hund’s
coupling J, and the on-site interorbital electron-pair hopping
term J'. Formally, it is given by

J
H, =U ;niwniw + (U/ - E) Z Niy Njyr
y<y'
i
—27 Y Sy Sy +J Y (PLP,, +Hce), (1)
y<y' y<y'

where the standard relations U’ =U —2J and J' =J are
assumed, with n;, = n;,4 + n;, ) and Py, =cjy | Ciy g

In the multiorbital RPA approach [57-60], the enhanced
spin susceptibility is obtained from the bare susceptibil-
ity (Lindhard function) via xo(q) as x(q) = xo(q)[l —
Uxo(q)]~". Here xo(q) is an orbital-dependent susceptibility
tensor and U is a tensor that contains the intraorbital U and
inter-orbital U’ density-density interactions, the Hund’s rule
coupling J, and the pair-hopping J’ term. The pairing strength
Ao for channel o and the corresponding gap structure g, (k)
are obtained from solving an eigenvalue problem of the form

/F KT~ Ko ) = 2z, »)

where the momenta k and kK’ are on the FS and I'(k — k')
contains the irreducible particle-particle vertex. In the RPA
approximation, the dominant term entering I'(k — K’) is the
RPA spin susceptibility x(k — k').

II1. RESULTS

A. Structural instability

Single-crystal x-ray diffraction experiments suggest the
space group of this hybrid RP 1212-LNO is Cmmm (No.

65) at ambient conditions and the space group transforms to
P4/mmm (No. 123) at high pressure, where the out-of-plane
Ni-O-Ni angle between the NiOg octahedrons is flat with a
180° bond in both phases [43], as displayed in Fig. 1(a),
which is different from the 168° bond in the Amam phase
of BL La3Ni,O; [5]. Those interesting results suggest that
the pressure effect in the structural phase transition seems to
be different from that in the previously reported BL and TL
nickelates. However, we obtained a nearly degenerate energy
for both the two phases of 1212-LNO at 0 GPa because the
distortion amplitude of T''* is quite small ~0.01 A. In this
case, the Cmmm and P4/mmm phases are expected to exhibit
essentially the same physics due to the tiny distortion between
those two phases in 1212-LNO. Indeed, the electronic struc-
ture of the Cmmm phase is almost identical to that of the
P4/mmm structure (see the Supplemental Material 1 [56]).
Therefore, the Cmmm phase may not be the “real” structure
in 1212-LNO at ambient conditions.

To understand the structural instability of the alternat-
ing SL-BL stacking 1212-LNO, we begin by analyzing the
phonon spectrum of the high-symmetry P4/mmm phase (No.
123) without any tilting at O GPa, by using the density func-
tional perturbation theory approach [51-53] analyzed by the
PHONONPY software [54,55]. As shown in Fig. 1(b), the
phonon dispersion spectrum has imaginary frequencies at the
high symmetry M and A points at 0 GPa for the P4/mmm
phase of 1212-LNO. Furthermore, the phonon dispersion
spectrum of the Cmmm phase of 1212-LNO is also not stable
(see the Supplemental Material II [56]), suggesting that the
Cmmm structure is not the solution of 1212-LNO without
pressure. By applying pressure to the P4/mmm phase of 1212-
LNO, imaginary frequencies are suppressed and completely
eliminated at around 9 GPa up to 40 GPa (the maximum pres-
sure we studied). As an example, Fig. 1(c) shows the phonon
spectrum at 10 GPa. This feature is similar to nickelate su-
perconductors studied previously [27,61], where the untitled
high-symmetry structure is not stable at ambient pressure, but
becomes stable at high pressure.

Based on the group analysis for the imaginary fre-
quencies of the phonon dispersion spectrum by using the
AMPLIMODES software [54,55], three distortion modes
were obtained: A>*, M>*, and M>~. Figure 2(a) shows that
those distortion modes would lead to low-symmetry Fmmm,
Cmme, and P2/m phases from the high-symmetry P4/mmm
phase, where the oxygen NiOg octahedron is distorted in the
plane, resulting in a tilting Ni-O-Ni bond. By fully optimiz-
ing the crystal structures of different structures, we found
that the Fmmm phase of 1212-LNO has the lowest energy
among those candidates at ambient pressure (more discus-
sion can be found in the Supplemental Material III [56]).
The Fmmm symmetry with octahedral tilting distortion was
also proposed as the possible structure in recent experimental
work for 1313-LNO at ambient pressure [41], where DFT
work also suggested that the Fmmm phase has lower energy
[18]. As a consequence, the Fmmm phase may be the real
structure of 1212-LNO. However, due to the limitations in
our present computing resources, we could not calculate the
phonon dispersion spectrum of the Fmmm phase to check if
this phase is stable in our theoretical analysis or to see if there
is a lower-symmetry phase in 1212-LNO. We hope further
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FIG. 2. (a) The group theory analysis for 1212-LNO is based on the unstable phonon modes for the P4/mmm phase at 0 GPa and the
schematic crystal structures led by those modes. All crystal structures were visualized using the VESTA code [45]. (b) The distortion amplitude
of different distortion modes and calculated enthalpies (H = E + PV) of different structures, as a function of pressure. The enthalpy of the
P4/mmm phase was taken as the reference energy. (c) The A>* distortion amplitudes vs pressure for different U.

experiments can use single-crystal XRD data to do refinement
by using different space groups to find out the most optimal
results.

By applying pressure, the distortion amplitude of different
distortion modes smoothly decreases, as well as the difference
in enthalpy, between different structural phases, as displayed
in Fig. 2(b). Under pressure, the distortion mode amplitudes of
M?>* and M°~ are gradually suppressed around 6 and 10 GPa,
respectively. Above the critical pressures, those two phases
(Cmme and P2/m) converge to the P4/mmm phases due to
the suppressed distortion. For the A>* mode, corresponding
to the largest imaginary frequency for the P4/mmm phase at
0 GPa, the distortion mode amplitude (A>* mode) is gradually
suppressed by the pressure effect around 12 GPa, suggesting
a smooth transition. However, a kink at 12 GPa was observed
in the enthalpy for the Fmmm phase [see Fig. 2(b)]. Thus,
this structural transition is different from our previous study
for BL La3Ni,O7 [27], where both Fmmm and Amam phases
have close enthalpy in some pressure range (~10.6—-14 GPa).
In this case, the Fmmm and the P4/mmm phases may not
coexist in the sample of the 1212-LNO system, different from
the BL La3Ni,O; system. We hope further experiments can
confirm our prediction. Moreover, we also tested the effect of
the onsite Coulomb interactions by using DFT+ U, (Uegr =
U — J) with the Dudarev formulation [62]. The critical pres-
sure was also obtained around 12 GPa for different Ueg’s as
shown in Fig. 2(c), suggesting the critical pressure is indepen-
dent of Ueg.

In summary, our present study of structural instability pro-
vides important information for this system and establishes
similarities with other nickelate superconductors regarding
the structural transition under pressure: (1) without pressure,
the NiOg octahedron is distorted in 1212-LNO, leading to

nonflat O-Ni-O bonds; (2) pressure effects will suppress the
distortions, leading to a high-symmetry phase without NiOg
octahedron tilting; and (3) the calculated pressure (~12 GPa)
for suppressing distortion is close to the critical pressure ob-
served for superconductivity in 1212-LNO, suggesting some
potential intrinsic connections between structure and super-
conductivity.

B. Electronic properties

We now turn to a detailed discussion of the electronic prop-
erties of 1212-LNO. In the BL La3Ni,O; system, due to the
“dimer” physics induced by its BL geometry and robust hop-
ping perpendicular to the planes [24], the d3,2_,» orbital splits
into bonding and antibonding states, while the d,»_> orbital
remains decoupled among the planes. In the SL La;NiOy sys-
tem, the d;,2_,» orbital does not have a bonding-antibonding
splitting. In this SL-BL 1212-LNO, the energy splitting of the
e, orbitals is shown in Fig. 3(a), resulting in a layer-selective
behavior. Note the bonding and antibonding splitting of the
d,_,» orbital has been widely discussed previously in the con-
text of layered nickelate systems [63—65] and hybrid stacking
1212-LNO [66].

Let us focus on the P4/mmm phase of 1212-LNO at high
pressure. First, using first-principles DFT [46-49], we cal-
culated the electronic structure of 1212-LNO at 20 GPa, as
displayed in Fig. 3(b), where the states near the Fermi level
are mainly contributed by the Ni e, orbitals. It resembles
the combination between SL La,NiO; and BL LasNi,O;
[23,24,65,67]. The bonding state of the d3,2_,> orbitals from
the BL sublattice touches the Fermi surface, leading to a hole
pocket around the M point, similar to that in the BL La3;Ni, O
system. However, the nonbonding state of the d;,-,» orbitals
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FIG. 3. (a) Alignment of e, levels. Light blue (pink) horizontal lines represent ds 2,2 (d,2_,2) states. ds2_,> orbitals from the BL sublattice
show bonding-antibonding splitting, while the d3_,> orbital coming from the SL sublattice does not show such splitting. (b) The projected
DFT band structure of the P4/mmm phase of 1212-LNO at 20 GPa. The coordinates of the high-symmetry points in the Brillouin zone are
I' =(0,0,0),X=1(0,0.5,0),M=(0.5,0.5,0), Z= (0,0, 0.5), R=(0, 0.5, 0.5), and A = (0.5, 0.5, 0.5). (c) Tight-binding band structure
and (d) Fermi surface for the P4/mmm phase of 1212-LNO at 20 GPa. The input file of the hopping matrices and crystal-field splittings can
be found in a separate attachment in the Supplemental Material [56]. The tight-binding results at other pressures can be found in (see the

Supplemental Material IV [56]).

contributes to a large sheet around the M point [24,65], also
similar to that in SL La;NiOy4 bulk [67]. Furthermore, the DFT
band structure clearly reflects the band alignment discussed
here.

Based on the crystal-field splitting and hoppings obtained
for 1212-LNO by using the maximally localized MLWFs
method to map DFT bands on the WANNIER90 package code
[50], we constructed a 15-band 3d-orbital tight-binding model
containing the five d orbitals of the SL and the 2 x 5 d orbitals
of the BL Ilattice with longer-range hoppings that connect
the SL and BL sublattices (the detailed files of hopping ma-
trices and crystal-field splittings can be found in a separate
attachment in the Supplemental Material [56]). Our model
Hamiltonian is given by

_ a il
H, = Z tyy/(ciy(,ciJr&V,U + H.c.)+ Z Ayniye .
,‘Zy’ iyo
oo

3

Here the first term represents the hopping of an electron from
orbital y’ at site i + @ to orbital y at site i. c;m (ciw) is the
creation (annihilation) operator of an electron at site i, orbital
y with spino. A, represents the crystal field of orbital y with
Niyo = cjyac,-y(,. The vectors @ are along the three directions,
defining different hopping neighbors (the entire hopping file
is available in a separate attachment in the Supplemental Ma-
terial [56]). Considering the stoichiometry of 1212-LNO, the
electron filling of the d bands is taken as N = 23.

We also plot the tight-binding band structure of 1212-LNO
in Fig. 3(c), by using the parameters obtained at 20 GPa.
Another point to note is that, because of the large in-plane
hopping amplitude, the d,»_,» bands have a wide band width
of ~4 eV. Thus, the d,>_,» states have a small density of states
near the Fermi level and, therefore, do not contribute signif-
icantly to the pairing instability. In addition, the BL d3,._,2
bonding state crosses the Fermi level at 20 GPa, leading to
a small hole pocket y, in the Fermi surface, as displayed in
Fig. 3(d), where this pocket was believed to be important
for the superconductivity in the previous context of the BL
LazNiyO;. Furthermore, the nonbonding state of the d3,2_,»
orbital from the SL layer crosses the Fermi level, resulting in a
hole y; sheet at the M point [see Fig. 3(d)]. Compared with the
SL La,;NiOy4 bulk system, the area of this sheet considerably

increases, suggesting a hole-doped scenario in the y; sheets.
Moreover, the calculated electronic densities of Ni 3d orbitals
of the SL and bilayer BL components are approximately N =
7.79 (for Nil site) and N = 15.21 (for Ni2 and Ni3 sites).
Thus, compared to the stoichiometric carrier concentration of
SL La;NiO4 (N = 8 for one Ni site) and BL La3;Ni,O; (N
= 15 for two Ni sites), a significant “charge transfer” between
the SL and BL layers was observed, leading to the hole doping
and electron doping in the SL or BL layers, respectively.

C. Pairing symmetry and magnetic correlations

In the previous subsection, we have seen that the electronic
state of the SL-BL stacking 1212-LNO is notably different
from that in the SL La;NiO4 and the BL La3Ni,O7, even
though it can be regarded as a combination of the SL and BL.
compounds. Here we apply many-body RPA calculations to
investigate the pairing instability of the multiorbital Hubbard
model, H = Hy + H;;;. Hy is the single-particle part of the
Hamiltonian obtained from the P4/mmm phase at 20 GPa,
given by Eq. (3). The RPA calculations of the pairing vertex
are based on a perturbative weak-coupling expansion with
respect to the electron-electron interaction part of the Hamil-
tonian H;, . Note that we are considering the hopping between
different SL and BL (the detailed files of hopping matrices and
crystal-field splittings can be found in a separate attachment
in the Supplemental Material [56]), and the RPA calculations
were done for the k, = 0 Hamiltonian in our present 1212-
LNO case.

As detailed in the Methods section, the local Coulomb
interaction matrix contains the intra-orbital (U), interorbital
(U"), Hund’s rule coupling (J), and pair-hopping (J') terms
[57-60]. Both spin and charge susceptibilities enter directly in
the pairing interaction for the states on the Fermi surface. The
pairing strength X, for the pairing channel «, and its corre-
sponding pairing gap structure g, (k), are obtained by solving
an eigenvalue problem, which includes a momentum integral
on the Fermi surface involving the irreducible particle-particle
vertex I'(k — K’) [for details, see the Methods section and
Eq. (2)]. The dominant term entering I'(k — k’) is the RPA
spin susceptibility tensor x; ,, ty0, (K — k'), where {¢;} denote
the fifteen Ni-d orbitals of the 1212-LNO system. To compute
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FIG. 4. (a) Leading d,>_»-wave state with A = 0.1878; (b) Sub-
leading g-wave state with A = 0.0882; (c) Subleading d,,-wave state
with A = 0.0869; (d) Subleading s*-wave state with A = 0.0829.
The different signs of the eigenvector g,(k), indicated by orange
(positive) and blue (negative) colors, determine the symmetry. They
connect different regions on the Fermi surface where the gap has
opposite signs. In addition, the size of the gap is given by the point
size, and we find that the gap is very small on those sheets and
that, therefore, they do not contribute to the pairing. Here we used
Coulomb parameters U = 0.55 eV, U' =U/2, and J =J' = U/4,
and the calculation was performed for a temperature of 7 = 0.02 eV.

X&us&(k k'), wehaveused U = 0.55eV,U' =U/2,J =

= U/4, and a temperature of 7 = 0.02 eV. We also note
that, by increasing U in our RPA calculations, a spin-density
wave instability was obtained at U > 0.6 eV at ¢ = (, 7)
signaled by a divergence of the spin susceptibility due to near-
perfect nesting of the SL «; and y; sheet Fermi surface states.

By solving the eigenvalue problem of Eq. (2) within the
RPA, we find that the leading pairing instability appears in the
d»_p-wave channel with the largest eigenvalue A = 0.1878.
For this state, the gap is largest on the inner o and the y,
sheets and its phase changes sign between these two sheets
[see Fig. 4(a)]. The leading d,>_,>-wave instability is well sep-
arated from the subleading solutions with g-wave, d,,-wave,
and s*-wave states which all have nearly degenerate pairing
strength A, as shown in Figs. 4(b)—4(d).

The subleading g-wave, d,,-wave, and s*-wave pairing
states have smaller eigenvalues. Furthermore, for all pairing
states obtained here, pairing is strong mainly for the SL sub-
lattice Fermi surface states, and, to a lesser extent, on the outer
o sheet that originates from the BL sublattice. In contrast,
the B sheet and the jy, pocket do not contribute to pairing
states in the 1212-LNO case. Compared to the pure BL stack-
ing LazNi,O; system (3 electrons for e, orbitals in two Ni
sites), the BL block layers of 1212-LNO are “electron-doped”

(~3.247 electrons for e, orbitals in two Ni sites), and the
superconducting pairing appears to be strongly suppressed in
the BL sublattice of 1212-LNO.

We note that the pairing strength A = 0.1878 for the lead-
ing d>_,2-wave state for U = 0.55 eV and T = 0.02 €V is
much stronger than the pairing strength we obtained for the
pure BL compound La3zNi,O7 [27]. This indicates that the
system, at the level of the RPA treatment, is much closer to
a spin-density wave instability. However, since the pairing
is weak in the BL sublattice [magenta regions in Fig. 5(a)],
which separates the SL blocks where the pairing is strong
[cyan regions in Fig. 5(a)], we expect that the magnitude of
the overall 7; of the system does not necessarily reflect the
strong pairing in the SL sublattice alone.

To understand the origin of the leading d,>_,» pairing insta-
bility, we examine the structure of the RPA spin susceptibility
tensor x(q), which is obtained from the Lindhard function
tensor xo(q) as

x(@) = xo(@I1 = Uxo(@]™". “

Here all the quantities are rank-four tensors in the orbital
indices €1, £5, £3, ¢4 and U is a tensor involving the inter-
action parameters [59]. The physical spin susceptibility is
obtained by summing the pairwise diagonal parts of the tensor,
Xer0,6,6,(Q), over £y, £y,

As shown in Fig. 5(b), the leading eigenvalue Aj(q) of
Xe,0,6,6,(q) shows a strong peak at q = (77, w) (M point) and
another peak at q = (7, 0) (X point). These peaks correspond
to scattering with g” = (v, m) between the «; and the y,
sheets, and with qX = (7, 0) between the y; sheets, as shown
in Figs. 4(a) and 4(b).

By examining the corresponding leading and subleading
eigenvectors of the susceptibility matrix, ¢j(q) and ¢7(q),
respectively, for the peak at q = (i, 7 ), we find that the main
contribution to this peak comes from the e, orbitals and the
contribution from f,, orbitals is negligible, as displayed in
Fig. 5(c).

Furthermore, we see that the dominant scattering near
(r, ) with eigenvalue A} = 21.5 arises from the SL sub-
lattice (first five d orbitals). The contribution from the BL
sublattice as seen in the subleading eigenvector ¢} is much
weaker with A] = 1.1. In addition, the structure of @i also
shows that the magnetic correlations are antiferromagnetic
between the top and bottom layer in the BL sublattice, as
seen from the opposite sign between the Ni2 and Ni3 sites.
We also plot the eigenvector ¢}(q) for the peak at q = (7, 0)
[or (0, )] in Fig. 5(d). Just like the peak at (7, ), this peak
at the X point also arises from the SL lattice. This stripe state
with ferromagnetic tendency along one in-plane direction and
antiferromagnetic tendency along another in-plane direction
can be understood by the competition between intraorbital and
interorbital hopping, as discussed in previous studies [68—71].

Our previous RPA calculations found the peak in the mag-
netic susceptibility was near ¢ = (;r, 0) or (0, 7 ) rather than at
(mr, ) in the pure BL stacking system [27]. Compared to the
pure BL stacking case with orbital site occupations of 0.904
for di2_,» and 0.596 for d,>_, the electronic densities are
0.989 and 0.635 per site for the d3,>_,» and d,>_,» orbitals in
this “electron-doped” BL sublattice of this SL-BL stacking
1212-LNO, respectively. Thus, it is reasonable to expect that
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FIG. 5. (a) The dominant character of the Fermi-surface Bloch
states arising from the SL (magenta) and BL (cyan) sublattices.
(b) Leading eigenvalue Aj(q) of the spin susceptibility tensor
Xi1e,000, (@), Where {; are the 15 Ni d orbitals included in the
model, along a high-symmetry path in the BZ. (c) Leading and
subleading eigenvectors ¢; (1, ) of X; ¢ 4,, (@) for its maximum at
q = (w, ) with corresponding eigenvalues A = 21.5and A{ = 1.1,
respectively. (c) The eigenvectors ¢ (7, 0) of X, e,600,(@) for its
maximum at q = (77, 0) with corresponding eigenvalues A = 15.62.
The orbital number labels 0-4, 5-9, and 10-14 are representing
dy2_ 2, dy;, dy, do_2, and d,, orbitals for the three Ni sites [Nil
to Ni3 as marked in 'Fig. 1(d)]. Here we used Coulomb parameters
U =0.55eV,U' =U/2,and J = J' = U/4, and the calculation was
performed for a temperature 7 = 0.02 eV.

the ferromagnetic tendency is reduced, leading to antiferro-
magnetism in the plane.

D. Comparison with other hybrid stacking nickelate
superlattices

Lastly, we examine other hybrid staking nickelate superlat-
tices with the alternating ABAB superlattice geometry, where

A and B can be SL, BL, and TL nickelates. Because of the
different nominal Ni d electronic configurations, d 8 for SL
La,NiOy, d7° for BL La3Ni, O, and d7-333 for TL La4Ni30;,
one could anticipate different charge transfer between con-
stituent blocks depending on the combination of these RP
nickelates.

There are three different configurations [see Fig. 6(a)]:
1212-LNO, 1313-LNO, and La3Ni207/La4Ni3010 (2323-
LNO). In the 1313-LNO, the charge transfer also appears
between the SL and the TL layer, leading to hole doping in the
SL blocks of 1313-LNO [18]. However, in 2323-LNO, there
is no obvious charge transfer between BL and TL blocks [72].

Based on the optimized crystal structure under pressure
from previous works [18,72], we computed the Fermi surfaces
of 1313-LNO and 2323-LNO in the P4/mmm phase as plotted
in Figs. 6(b) and 6(c). These Fermi surfaces are also made
of e, states. In the 1313-LNO case, the Fermi surfaces (o
and y; sheets) from the SL sublattice look similar to the SL’s
contribution in the Fermi surface of the 1212-LNO system
[see Fig. 3(d)], but with slightly different shapes. Furthermore,
the BL Fermi surfaces (8 and o, sheets and y, pocket) of
1212-LNO are also similar to those in the 2323-LNO sys-
tem, but also have slightly different shapes. This suggests
the electrons would slightly self-adjust in different stacking
nickelates, leading to the small change in the shapes of the
Fermi surface.

Moreover, we also calculated the phonon spectra of the
high-symmetry P4/mmm phase (No. 123) without any tilting
for the 1313-LNO and 2323-LNO at 0 GPa, by using the den-
sity functional perturbation theory approach [51-53] analyzed
by the PHONONPY software [54,55]. Similarly to 1212-
LNO [Fig. 1(d)]), the phonon dispersion spectra have some
imaginary frequencies showing at high-symmetry M and A
points at 0 GPa for both 1313-LNO and 2323-LNO structures,
suggesting the in-plane NiOg octahedron distortion, leading to
a nonflat 180° O-Ni-O bond in BL or TL blocks in all three
cases. Those also suggest that the tilting distortion can not be
fully suppressed by hybrid stacking in nickelate superlattice
geometries at ambient conditions, sharing the common struc-
tural behavior with other nickelates without pressure.

IV. DISCUSSION AND CONCLUSION

The very recent efforts studying superconductivity in the
RP hybrid superlattice 1212-LNO under pressure extend the
study of RP nickelate superconductors in a new direction and
provide a new platform to understand superconductivity in the
nickelate family [73]. Similar to RP BL La3;Ni,O; [5] and
TL LasNizOjq [6,7] nickelate bulk systems, 1212-LNO also
shows a superconducting region for a broad pressure range
from ~12 GPa to 25 GPa, the maximum region that was
studied, different from the previously reported high-pressure
phase diagram of infinite layer nickelates and cuprates su-
perconductors. This suggests that the RP nickelate system is
unique and interesting.

Combining first-principles DFT and many-body RPA
methods, we have comprehensively studied the 1212-LNO
system under pressure (0 GPa to 40 GPa). Without pres-
sure, our phonon calculation indicates that the high-symmetry
undistorted P4/mmm phase (No. 123) is not stable signaled by
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FIG. 6. (a) Sketches of different RP superlattices. Fermi surfaces of P4/mmm phases of (b) 1313-LNO and (c) 2323-LNO under pressure,
where the results are obtained based on the optimized crystal structure under pressure from previous works [18,72]. (d, €) Phonon spectrum of
the P4/mmm phase of (d) 1313-LNO and (e) 2323-LNO at 0 GPa, respectively. The coordinates of the high-symmetry points in the Brillouin

zone are I' = (0, 0, 0), X = (0, 0.5,0), M = (0.5,0.5,0), Z =
some imaginary frequencies appearing along high-symmetry
paths. Based on group analysis, three distortion modes A3*,
M>t, and M>~ were obtained, corresponding to Fmmm (No.
69), Cmme (No. 67), and P2/m (No. 10) structures, where the
NiOg octahedron is distorted, leading to the non-flat O-Ni-O
bond in the 1212-LNO. Among those structural candidates of
1212-LNO, the Fmmm phase has the lowest energy, where a
similar Fmmm structure was proposed to be the solution for
1313-LNO without pressure in experiment [41]. This suggests
that the Fmmm symmetry may be a possible structure for
1212-LNO without pressure. Moreover, our DFT calculations
suggest that the Cmmm and P4/mmm phases have almost
identical electronic structures due to a very tiny distortion
from the P4/mmm to the Cmmm symmetry (~0.01 A). In this
case, our present theoretical results indicate that the Cmmm
structure is not the solution for the structure of 1212-LNO
without pressure (see more discussion in the Supplemental
Material note V [56]), where the NiOg octahedron is dis-
torted in the plane. By applying pressure, the P4/mmm phase
becomes stable and all unstable distortion modes were grad-
ually suppressed, leading to the P4/mmm structure at around
12 GPa, where this value is independent of U.¢. Furthermore,
this value of pressure is very close to the critical pressure
of the observed superconductivity in 1212-LNO [43]. Thus,
it is very interesting to explore the structural stability of the
Fmmm phase of 1212-LNO. However, due to limitations of
our computing resources, we can not study the phonon spec-
trum for this Fmmm phase of 1212-LNO, whichisa2 x 2 x 2
supercell compared to the conventional cell of the P4/mmm
structure. Thus, we leave this work to future experimental and
theoretical studies for full confirmation.

The electronic structure of 1212-LNO (LasNizOy;) arises
from the combination of La,NiO4 and La3Ni,O. In addition,
we find an obvious “charge transfer” effect from the SL to BL
sublattices in 1212-LNO, leading to hole-doped SL blocks,
compared to La;NiO4 with SL stacking itself. Furthermore,

0,0,0.5),R=

(0,0.5,0.5),and A = (0.5, 0.5, 0.5).

our RPA calculations find a leading d,>_,>-wave pairing state,
followed by three subleading states (g-wave, dy,-wave, and
sy-wave). The pairing gap is strong for states on the Fermi
surface that arise from the SL sublattice and weaker on the
outer o, sheet from the BL sublattice, while the 8 and y,
sheets from the BL blocks do not contribute to the pairing
states in the 1212-LNO case. This suggests that pairing is
strong in the SL but much weaker than in the BL. In this
case, although the calculated pairing strength A is much larger
than that previously calculated for the pure BL compound
La3Ni, 05, T, is not necessarily expected to follow this trend
since the two SL blocks are separated by a BL block in which
the pairing is weak.

In addition, our spin susceptibility calculations demon-
strate a strong peak at q = (7, ) and a second peak at q =
(7, 0), corresponding to Néel and stripe antiferromagnetic
states, respectively. These are caused by the nesting between
the o and the y; sheets and between the y; sheets, respec-
tively. Our analysis also unveils similarities and differences
between this 2323-LNO and other hybrid stacking nickelate
superlattice structures. Our results suggest that the interface
could play an important role in superconductivity by adjusting
the charge densities in the nickelate blocks. This picture is
quite similar to that recently observed in BL nickelate thin
films on a LaSrAlQO, substrate, where the interface induces
a hole-doping effect in the BL nickelate sides [74,75]. Thus,
another direction for the study of superconductivity in nick-
elates at ambient pressure could be to work on interfaces
between nickelate blocks and other layer systems to adjust the
electronic densities on the nickelate sides.

Note added. Recently, we became aware of an independent
study [76] that proposed another picture with the s* leading
pairing instability in this 1212-LNO system by using a similar
DFT+RPA framework. This discrepancy between our present
results and their works is due to the different physical pic-
tures proposed in those two studies: the d,»_.-wave leading
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FIG. 7. The RPA calculated leading superconducting singlet gap
structures g, (k) for momenta k on the Fermi surfaces for (a, b)
U =0.55 and (c-d) U = 1.0 at Jy = U/4 by considering BL-only.
The SL is also included in the Hamilton, but setting the interactions
(U, U’, J, J') on the SL orbitals to zero. Thus, the SL subsystem
will not directly participate in the pairing since the spin-fluctuation
interaction for the SL orbitals will be zero. The sign of g, (k) is
indicated by the color (orange = positive, blue = negative), and its
amplitude by the point sizes. In this case, the calculated leading state
is (a, ¢) sT-wave state with a subleading (b,d) d,2_,-wave state for
U = 0.55and U = 1.0, respectively.

instability mainly originating from the SL blocks in the SL
plus bilayer BL model in our work while the leading s.-wave
instability in the BL-only model [77] and the SL block mainly
serves as a bridge as interlayer Josephson coupling in their

study [76]. Then we also studied the BL-only model where
the SL subsystem will not directly participate in the pairing
as displayed in Fig. 7. As expected, similar to their work
[76] and previous BL studies [26-31], the leading pairing
instability state was found to be s* in the BL-only model but
with a smaller pairing strength. Different from the SL plus BL
model, the pairing tendency is also found at a large U [see
Figs. 7(c) and 7(d)]. However, the calculated pairing strength
A = 0.1033 for the leading s™-wave state for U = 1.0 eV and
T =0.02 eV is much smaller than the pairing strength we
obtained for the pure BL. compound La3;Ni,O; for the same
U [27], suggesting a much smaller overall 7, of the system
compared to bulk BL system. We hope further experimental
and theoretical studies can provide more insights into those
two pictures in this interesting 1212-LNO system.

ACKNOWLEDGMENTS

The work was supported by the U.S. Department of Energy
(DOE), Office of Science, Basic Energy Sciences (BES), Ma-
terials Sciences and Engineering Division. This manuscript
has been authored by UT-Battelle, LLC, under contract
DE-AC05-000R22725 with the U.S. Department of Energy
(DOE). The U.S. government retains and the publisher, by
accepting the article for publication, acknowledges that the
U.S. government retains a nonexclusive, paid-up, irrevocable,
worldwide license to publish or reproduce the published form
of this manuscript, or allow others to do so, for U.S. govern-
ment purposes. The DOE will provide public access to these
results of federally sponsored research in accordance with the
DOE Public Access Plan [78].

DATA AVAILABILITY

The dataset of the main findings of this study is openly
available in the Zenodo Repository [79]. In addition, the hop-
pings and crystal-field parameters for our tight-binding and
RPA calculations are available in a separate file of the Sup-
plementary Materials and Zenodo Repository for reproducing
our results. Simulation RPA codes are available at [80].

[1] J. G. Bednorz and K. A. Miiller, Possible high-7. superconduc-
tivity in the Ba-La-Cu-O system, Z. Phys. B 64, 189 (1986).

[2] Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono,
Iron-based layered superconductor La[O;_,F,]FeAs (x =
0.05-0.12) with 7. =26 K, J. Am. Chem. Soc. 130, 3296
(2008).

[3] E. Dagotto, Correlated electrons in high-temperature supercon-
ductors, Rev. Mod. Phys. 66, 763 (1994).

[4] E. Dagotto, Colloquium: The unexpected properties of alkali
metal iron selenide superconductors, Rev. Mod. Phys. 85, 849
(2013).

[5] H. Sun, M. Huo, X. Hu, J. Li, Y. Han, L. Tang, Z. Mao, P. Yang,
B. Wang, J. Cheng et al., Signatures of superconductivity near
80 K in a nickelate under high pressure, Nature (London) 621,
493 (2023).

[6] Y.Zhu, E. Zhang, B. Pan, X. Chen, D. Peng, L. Chen, H. Ren, F.
Liu, N. Li, Z. Xing et al., Superconductivity in trilayer nickelate
LayNizOyg single crystals, Nature (London) 631, 531 (2024).

[7] Q. Li, Y.-J. Zhang, Z.-N. Xiang, Y. Zhang, X. Zhu, and H.-H.
Wen, Signature of superconductivity in pressurized LasNi3;Og,
Chinese Phys. Lett. 41, 017401 (2024).

[8] Y. Zhang, L.-F. Lin, W. Hu, A. Moreo, S. Dong, and E. Dagotto,
Similarities and differences between nickelate and cuprate films
grown on a SrTiO; substrate, Phys. Rev. B 102, 195117 (2020).

[9] Z. Liu, M. Huo, J. Li, Q. Li, Y. Liu, Y. Dai, X. Zhou, J. Hao,
Y. Lu, M. Wang, and H.-H. Wen, Electronic correlations and
partial gap in the bilayer nickelate La;Ni,O;, Nat. Commun.
15, 7570 (2024).

[10] G. Wang, N. N. Wang, X. L. Shen, J. Hou, L. Ma, L. F. Shi, Z.
A.Ren, Y. D. Gu, H. M. Ma, P. T. Yang et al., Pressure-induced
superconductivity in polycrystalline La;Ni,O7_s, Phys. Rev. X
14, 011040 (2024).

[11] Z. Dong, M. Huo, J. Li, J. Li, P. Li, H. Sun, Y. Lu, M. Wang,
Y. Wang, and Z. Chen, Visualization of oxygen vacancies and
self-doped ligand holes in La3Ni,O;_s, Nature (London) 630,
847 (2024).

094515-9


https://doi.org/10.1007/BF01303701
https://doi.org/10.1021/ja800073m
https://doi.org/10.1103/RevModPhys.66.763
https://doi.org/10.1103/RevModPhys.85.849
https://doi.org/10.1038/s41586-023-06408-7
https://doi.org/10.1038/s41586-024-07553-3
https://doi.org/10.1088/0256-307X/41/1/017401
https://doi.org/10.1103/PhysRevB.102.195117
https://doi.org/10.1038/s41467-024-52001-5
https://doi.org/10.1103/PhysRevX.14.011040
https://doi.org/10.1038/s41586-024-07482-1

YANG ZHANG et al.

PHYSICAL REVIEW B 112, 094515 (2025)

[12] Y. Zhang, L.-F. Lin, A. Moreo, T. A. Maier, and E. Dagotto,
Electronic structure, magnetic correlations, and superconduct-
ing pairing in the reduced Ruddlesden-Popper bilayer La;Ni, O¢
under pressure: Different role of ds,2_,» orbital compared with
La;Ni,O7, Phys. Rev. B 109, 045151 (2024).

[13] T. Xie, M. Huo, X. Ni, F. Shen, X. Huang, H. Sun, H. C. Walker,
D. Adroja, D. Yu, B. Shen, L. He, K. Cao, and M. Wang, Strong
interlayer magnetic exchange coupling in LasNi,O7_s revealed
by inelastic neutron scattering, Sci. Bull. 69, 3221 (2024).

[14] M. Zhang, C. Pei, D. Peng, X. Du, W. Hu, Y. Cao, Q. Wang, J.
Wu, Y. Li, H. Liu et al., Superconductivity in trilayer nickelate
LayNizOyo under pressure, Phys. Rev. X 15, 021005 (2025).

[15] Y. Zhang, D. Su, Y. Huang, Z. Shan, H. Sun, M. Huo, K. Ye,
J. Zhang, Z. Yang, Y. Xu et al., High-temperature supercon-
ductivity with zero resistance and strange-metal behaviour in
La;Ni,O;_s, Nat. Phys. 20, 1269 (2024).

[16] B. Geisler, J. J. Hamlin, G. R. Stewart, R. G. Hennig, and
P. J. Hirschfeld, Structural transitions, octahedral rotations, and
electronic properties of A3;Ni,O; rare-earth nickelates under
high pressure, npj Quantum Mater. 9, 38 (2024).

[17] L. Wang, L. Wang, Y. Li, S.-Y. Xie, F. Liu, H. Sun, C. Huang,
Y. Gao, T. Nakagawa, B. Fu et al., Structure responsible for the
superconducting state in La;Ni,O; at high-pressure and low-
temperature conditions, J. Am. Chem. Soc. 146, 7506 (2024).

[18] Y. Zhang, L.-F. Lin, A. Moreo, T. A. Maier, and E. Dagotto,
Electronic structure, self-doping, and superconducting instabil-
ity in the alternating single-layer trilayer stacking nickelates
La;Ni, 07, Phys. Rev. B 110, L060510 (2024).

[19] H. Sakakibara, N. Kitamine, M. Ochi, and K. Kuroki, Possible
high 7, superconductivity in La3;Ni,O; under high pressure
through manifestation of a nearly half-filled bilayer Hubbard
model, Phys. Rev. Lett. 132, 106002 (2024).

[20] J. Hou, P. T. Yang, Z. Y. Liu, J. Y. Li, P. F. Shan, L. Ma, G. Wang,
N. N. Wang, H. Z. Guo, J. P. Sun et al., Emergence of high-
temperature superconducting phase in pressurized La;Ni,O;
crystals, Chinese Phys. Lett. 40, 117302 (2023).

[21] M. Zhang, C. Pei, Q. Wang, Y. Zhao, C. Li, W. Cao, S. Zhu, J.
Wu, and Y. Qi, Effects of pressure and doping on Ruddlesden-
Popper phases La,,1Ni,O3,.;, J. Mater. Sci. Technol. 185, 147
(2024).

[22] J. Li, D. Peng, P. Ma, H. Zhang, Z. Xing, X. Huang, C. Huang,
M. Huo, D. Hu, Z. Dong et al., Identification of superconduc-
tivity in bilayer nickelate La;Ni,O7 under high pressure up to
100 GPa, Natl. Sci. Rev., nwaf220 (2025).

[23] Z. Luo, X. Hu, M. Wang, W. Wu, and D.-X. Yao, Bilayer two-
orbital model of La;Ni,O; under pressure, Phys. Rev. Lett. 131,
126001 (2023).

[24] Y. Zhang, L.-F. Lin, A. Moreo, and E. Dagotto, Electronic struc-
ture, dimer physics, orbital-selective behavior, and magnetic
tendencies in the bilayer nickelate superconductor La;Ni,O;
under pressure, Phys. Rev. B 108, L180510 (2023).

[25] J. Yang, H. Sun, X. Hu, Y. Xie, T. Miao, H. Luo, H. Chen,
B. Liang, W. Zhu, G. Qu et al., Orbital-dependent electron
correlation in double-layer nickelate La;Ni,O7, Nat. Commun.
15, 4373 (2024).

[26] Q.-G. Yang, D. Wang, and Q.-H. Wang, Possible s.-wave
superconductivity in LazNi,O;, Phys. Rev. B 108, L140505
(2023).

[27] Y. Zhang, L.-F. Lin, A. Moreo, T. A. Maier, and E. Dagotto,
Structural phase transition, si-wave pairing, and magnetic

stripe order in bilayered superconductor La;Ni,O; under pres-
sure, Nat. Commun. 15, 2470 (2024).

[28] Y.-B. Liu, J.-W. Mei, F. Ye, W.-Q. Chen, and F. Yang, sT-wave
pairing and the destructive role of apical-oxygen deficiencies
in LasNi,O; under pressure, Phys. Rev. Lett. 131, 236002
(2023).

[29] Z. Liao, L. Chen, G. Duan, Y. Wang, C. Liu, R. Yu, and Q. Si,
Electron correlations and superconductivity in La3Ni,O; under
pressure tuning, Phys. Rev. B 108, 214522 (2023).

[30] X.-Z. Qu, D.-W. Qu, J. Chen, C. Wu, F. Yang, W. Li, and G. Su,
Bilayer + —J — J, model and magnetically mediated pairing
in the pressurized nickelate La;Ni,O;, Phys. Rev. Lett. 132,
036502 (2024).

[31] C. Lu, Z. Pan, F. Yang, and C. Wu, Interlayer-coupling-driven
high-temperature superconductivity in La;Ni,O; under pres-
sure, Phys. Rev. Lett. 132, 146002 (2024).

[32] Y.-H. Tian, Y. Chen, J.-M. Wang, R.-Q. He, and Z.-Y. Lu,
Correlation effects and concomitant two-orbital s,.-wave super-
conductivity in La;Ni,O; under high pressure, Phys. Rev. B
109, 165154 (2024).

[33] Y. Zhang, L.-F. Lin, A. Moreo, T. A. Maier, and E. Dagotto,
Trends in electronic structures and s.-wave pairing for the rare-
earth series in bilayer nickelate superconductor R;Ni,O7, Phys.
Rev. B 108, 165141 (2023).

[34] F. Lechermann, J. Gondolf, S. Botzel, and I. M. Eremin, Elec-
tronic correlations and superconducting instability in La;Ni,O;
under high pressure, Phys. Rev. B 108, L201121 (2023).

[35] K. Jiang, Z. Wang, and F.-C. Zhang, High-temperature su-
perconductivity in LazNi,O;, Chinese Phys. Lett. 41, 017402
(2024).

[36] Z. Fan, J.-F. Zhang, B. Zhan, D. Lv, X.-Y. Jiang, B. Normand,
and T. Xiang, Superconductivity in nickelate and cuprate su-
perconductors with strong bilayer coupling, Phys. Rev. B 110,
024514 (2024).

[37] C. Xia, H. Liu, S. Zhou, and H. Chen, Sensitive dependence of
pairing symmetry on Ni-e, crystal field splitting in the nickelate
superconductor La;Ni, O, Nat. Commun. 16, 1054 (2025).

[38] G. Heier, K. Park, and S. Y. Savrasov, Competing d,, and s
pairing symmetries in superconducting La3;Ni,O;: LDA+FLEX
calculations, Phys. Rev. B 109, 104508 (2024).

[39] X. Chen, J. Zhang, A. S. Thind, S. Sharma, H. LaBollita, G.
Peterson, H. Zheng, D. Phelan, A. S. Botana, R. F. Klie, and J. F.
Mitchell, Polymorphism in the Ruddlesden-Popper nickelate
La;Ni,O;: Discovery of a hidden phase with distinctive layer
stacking, J. Am. Chem. Soc. 146, 3640 (2024).

[40] H. Wang, L. Chen, A. Rutherford, H. Zhou, and W. Xie, Long-
range structural order in a hidden phase of Ruddlesden-Popper
bilayer nickelate La;Ni, O, Inorg. Chem. 63, 5020 (2024).

[41] P. Puphal, P. Reiss, N. Enderlein, Y.-M. Wu, G. Khaliullin, V.
Sundaramurthy, T. Priessnitz, M. Knauft, A. Suthar, L. Richter
et al., Unconventional crystal structure of the high-pressure
superconductor LazNi, O7, Phys. Rev. Lett. 133, 146002 (2024).

[42] S. N. Abadi, K.-J. Xu, E. G. Lomeli, P. Puphal, M. Isobe, Y.
Zhong, A. V. Fedorov, S.-K. Mo, M. Hashimoto, D.-H. Lu et al.,
Electronic structure of the alternating monolayer-trilayer phase
of LazNi,O7, Phys. Rev. Lett. 134, 126001 (2025).

[43] M. Shi, D. Peng, K. Fan, Z. Xing, S. Yang, Y. Wang, H. Li, R.
Wu, M. Du, B. Ge et al., Pressure induced superconductivity
in hybrid Ruddlesden-Popper LasNi;O;; single crystals, Nat.
Phys. (2025), doi:10.1038/s41567-025-03023-3.

094515-10


https://doi.org/10.1103/PhysRevB.109.045151
https://doi.org/10.1016/j.scib.2024.07.030
https://doi.org/10.1103/PhysRevX.15.021005
https://doi.org/10.1038/s41567-024-02515-y
https://doi.org/10.1038/s41535-024-00648-0
https://doi.org/10.1021/jacs.3c13094
https://doi.org/10.1103/PhysRevB.110.L060510
https://doi.org/10.1103/PhysRevLett.132.106002
https://doi.org/10.1088/0256-307X/40/11/117302
https://doi.org/10.1016/j.jmst.2023.11.011
https://doi.org/10.1093/nsr/nwaf220
https://doi.org/10.1103/PhysRevLett.131.126001
https://doi.org/10.1103/PhysRevB.108.L180510
https://doi.org/10.1038/s41467-024-48701-7
https://doi.org/10.1103/PhysRevB.108.L140505
https://doi.org/10.1038/s41467-024-46622-z
https://doi.org/10.1103/PhysRevLett.131.236002
https://doi.org/10.1103/PhysRevB.108.214522
https://doi.org/10.1103/PhysRevLett.132.036502
https://doi.org/10.1103/PhysRevLett.132.146002
https://doi.org/10.1103/PhysRevB.109.165154
https://doi.org/10.1103/PhysRevB.108.165141
https://doi.org/10.1103/PhysRevB.108.L201121
https://doi.org/10.1088/0256-307X/41/1/017402
https://doi.org/10.1103/PhysRevB.110.024514
https://doi.org/10.1038/s41467-025-56206-0
https://doi.org/10.1103/PhysRevB.109.104508
https://doi.org/10.1021/jacs.3c14052
https://doi.org/10.1021/acs.inorgchem.3c04474
https://doi.org/10.1103/PhysRevLett.133.146002
https://doi.org/10.1103/PhysRevLett.134.126001
https://doi.org/10.1038/s41567-025-03023-3

ELECTRONIC STRUCTURE, AND MAGNETIC AND ...

PHYSICAL REVIEW B 112, 094515 (2025)

[44] F. Li, N. Guo, Q. Zheng, Y. Shen, S. Wang, Q. Cui, C. Liu, S.
Wang, X. Tao, G.-M. Zhang, and J. Zhang, Design and synthesis
of three-dimensional hybrid Ruddlesden-Popper nickelate sin-
gle crystals, Phys. Rev. Mater. 8, 053401 (2024).

[45] K. Momma and F. Izumi, VESTA 3 for three-dimensional visu-
alization of crystal, volumetric and morphology data, J. Appl.
Crystallogr. 44, 1272 (2011).

[46] G. Kresse and J. Hafner, Ab initio molecular dynamics for liquid
metals, Phys. Rev. B 47, 558 (1993).

[47] G. Kresse and J. Furthmiiller, Generalized gradient approxima-
tion made simple, Phys. Rev. B 54, 11169 (1996).

[48] P. E. Blochl, Projector augmented-wave method, Phys. Rev. B
50, 17953 (1994).

[49] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized gradient
approximation made simple, Phys. Rev. Lett. 77, 3865 (1996).

[50] A. A. Mostofi, J. R. Yates, Y. S. Lee, I. Souza, D. Vanderbilt,
and N. Marzari, wannier90: A tool for obtaining maximally-
localised Wannier functions, Comput. Phys. Commun. 178, 685
(2008).

[51] S. Baroni, P. Giannozzi, and A. Testa, Green’s-function ap-
proach to linear response in solids, Phys. Rev. Lett. 58, 1861
(1987).

[52] X. Gonze, Perturbation expansion of variational principles at
arbitrary order, Phys. Rev. A 52, 1086 (1995).

[53] X. Gonze, Adiabatic density-functional perturbation theory,
Phys. Rev. A 52, 1096 (1995).

[54] L. Chaput, A. Togo, I. Tanaka, and G. Hug, Phonon-phonon
interactions in transition metals, Phys. Rev. B 84, 094302
(2011).

[55] A. Togo and I. Tanaka, First principles phonon calculations in
materials science, Scr. Mater. 108, 1 (2015).

[56] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/1mr2-s6s8 for more DFT and RPA results. In addition,
the hopping, crystal field parameters, and crystal structures
used in this work are also available in a separate Supplemental
Material file.

[57] A. T.Rgmer, T. A. Maier, A. Kreisel, I. Eremin, P. J. Hirschfeld,
and B. M. Andersen, Pairing in the two-dimensional Hubbard
model from weak to strong coupling, Phys. Rev. Res. 2, 013108
(2020).

[58] K. Kubo, Pairing symmetry in a two-orbital Hubbard model on
a square lattice, Phys. Rev. B 75, 224509 (2007).

[59] S. Graser, T. A. Maier, P. J. Hirschfeld, and D. J. Scalapino,
Near-degeneracy of several pairing channels in multiorbital
models for the Fe pnictides, New J. Phys. 11, 025016 (2009).

[60] M. Altmeyer, D. Guterding, P. J. Hirschfeld, T. A. Maier, R.
Valenti, and D. J. Scalapino, Role of vertex corrections in the
matrix formulation of the random phase approximation for the
multiorbital Hubbard model, Phys. Rev. B 94, 214515 (2016).

[61] Y. Zhang, L.-F. Lin, A. Moreo, T. A. Maier, and E. Dagotto, Pre-
diction of s*-wave superconductivity enhanced by electronic
doping in trilayer nickelates LayNizO;¢ under pressure, Phys.
Rev. Lett. 133, 136001 (2024).

[62] S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J. Humphreys,
and A. P. Sutton, Electron-energy-loss spectra and the structural
stability of nickel oxide: An LSDA+U study, Phys. Rev. B 57,
1505 (1998).

[63] M.-C. Jung, J. Kapeghian, C. Hanson, B. Pamuk, and
A. S. Botana, of higher-order

Electronic  structure

Ruddlesden-Popper nickelates, Phys. Rev. B 105, 085150
(2022).

[64] V. Pardo and W. E. Pickett, Quantum confinement induced
molecular correlated insulating state in LayNiz;Og, Phys. Rev.
Lett. 105, 266402 (2010).

[65] H. LaBollita, V. Pardo, M. R. Norman, and A. S. Botana,
Electronic structure and magnetic properties of LasNizO;
under pressure: Active role of the Ni-d,_» orbitals,
arXiv:2309.17279.

[66] H. LaBollita and A. S. Botana, Correlated electronic struc-
ture of the alternating single-layer bilayer nickelate LasNi; Oy,
arXiv:2505.07394.

[67] Y. Zhang, L.-F. Lin, A. Moreo, S. Okamoto, T. A. Maier, and
E. Dagotto, General trends of electronic structures, supercon-
ducting pairing, and magnetic correlations in the Ruddlesden-
Popper nickelate m-layered superconductors La,,.;Ni,;,O3,41,
arXiv:2504.14327.

[68] L. F. Lin, Y. Zhang, G. Alvarez, A. Moreo, and E. Dagotto,
Origin of insulating ferromagnetism in iron oxychalcogenide
Ce,0,FeSe,, Phys. Rev. Lett. 127, 077204 (2021).

[69] L. F. Lin, Y. Zhang, G. Alvarez, M. A. McGuire, A. F. May,
A. Moreo, and E. Dagotto, Stability of the interorbital-hopping
mechanism for ferromagnetism in multi-orbital Hubbard mod-
els, Commun. Phys. 6, 199 (2023).

[70] L. F. Lin, Y. Zhang, G. Alvarez, A. Moreo, J. Herbrych, and
E. Dagotto, Prediction of orbital-selective Mott phases and
block magnetic states in the quasi-one-dimensional iron chain
Ce,0,FeSe; under hole and electron doping, Phys. Rev. B 105,
075119 (2022).

[71] L.-F. Lin, Y. Zhang, N. Kaushal, G. Alvarez, T. A. Maier, A.
Moreo, and E. Dagotto, Magnetic phase diagram of a two-
orbital model for bilayer nickelates with varying doping, Phys.
Rev. B 110, 195135 (2024).

[72] Y. Zhang, L.-F. Lin, A. Moreo, T. A. Maier, and E.
Dagotto, Magnetic correlations and pairing tendencies
of the hybrid stacking nickelate superlattice La;NisOy;
(La3zNi,O7/LasNizOq9) under pressure, Phys. Rev. B 112,
024508 (2025).

[73] Y. Nomura and R. Arita, Superconductivity in infinite-layer
nickelates, Rep. Prog. Phys. 85, 052501 (2022).

[74] E. K. Ko, Y. Yu, Y. Liu, L. Bhatt, J. Li, V. Thampy, C.-T. Kuo,
B.Y. Wang, Y. Lee, K. Lee et al., Signatures of ambient pressure
superconductivity in thin film La;Ni, O7, Nature (London) 638,
935 (2025).

[75] G. Zhou, W. Lv, H. Wang, Z. Nie, Y. Chen, Y. Li, H. Huang,
W.-Q. Chen, Y.-J. Sun, Q.-K. Xue et al., Ambient-pressure
superconductivity onset above 40 K in (La, Pr);Ni,O; films,
Nature (London) 640, 641 (2025).

[76] M. Zhang, C.-Q. Chen, D.-X. Yao, and F. Yang, Pairing
mechanism and superconductivity in pressurized LasNi;Oyy,
arXiv:2505.15906.

[77] Furthermore, we also calculated the pairing tendency at J/U =
1/6 for 1212-LNO with the SL plus BL model, as this ratio was
used in Ref. [76]. We found the eigenvalues are slightly smaller
but the d,»_» is still leading (see the Supplemental Material VII
[56D).

[78] https://www.energy.gov/doe-public-access-plan.

[79] https://doi.org/10.5281/zenodo.17059660.

[80] https://github.com/maierta/MRPAPP.

,yZ

094515-11


https://doi.org/10.1103/PhysRevMaterials.8.053401
https://doi.org/10.1107/S0021889811038970
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1016/j.cpc.2007.11.016
https://doi.org/10.1103/PhysRevLett.58.1861
https://doi.org/10.1103/PhysRevA.52.1086
https://doi.org/10.1103/PhysRevA.52.1096
https://doi.org/10.1103/PhysRevB.84.094302
https://doi.org/10.1016/j.scriptamat.2015.07.021
http://link.aps.org/supplemental/10.1103/1mr2-s6s8
https://doi.org/10.1103/PhysRevResearch.2.013108
https://doi.org/10.1103/PhysRevB.75.224509
https://doi.org/10.1088/1367-2630/11/2/025016
https://doi.org/10.1103/PhysRevB.94.214515
https://doi.org/10.1103/PhysRevLett.133.136001
https://doi.org/10.1103/PhysRevB.57.1505
https://doi.org/10.1103/PhysRevB.105.085150
https://doi.org/10.1103/PhysRevLett.105.266402
https://arxiv.org/abs/2309.17279
https://arxiv.org/abs/2505.07394
https://arxiv.org/abs/2504.14327
https://doi.org/10.1103/PhysRevLett.127.077204
https://doi.org/10.1038/s42005-023-01314-w
https://doi.org/10.1103/PhysRevB.105.075119
https://doi.org/10.1103/PhysRevB.110.195135
https://doi.org/10.1103/t4zz-zbw1
https://doi.org/10.1088/1361-6633/ac5a60
https://doi.org/10.1038/s41586-024-08525-3
https://doi.org/10.1038/s41586-025-08755-z
https://arxiv.org/abs/2505.15906
https://www.energy.gov/doe-public-access-plan
https://doi.org/10.5281/zenodo.17059660
https://github.com/maierta/MRPAPP

