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Abstract

The recent discovery of superconductivity with a transition temperature T,
exceeding 40 K in LagNizO~ and (La,Pr)gNizO7 thin films at ambient pressure
marks a significant breakthrough in the field of nickelate superconductors. Using
density functional theory (DFT), we propose a double-stacked two-orbital effec-
tive model for LagNizO7 thin film based on the Ni—eg4 orbitals. Our analysis of
the Fermi surface reveals three electron pockets (a, @’, 3) and two hole pockets
(vsv’), where the additional o’ and 4’ pockets arise from inter-stack interactions.
Furthermore, we introduce a high-energy model that incorporates O—p orbitals
to facilitate future studies. Calculations of spin susceptibility within the random
phase approximation (RPA) indicate that magnetic correlations are enhanced by
nesting of the v pocket, which is predominantly derived from the Ni—d= orbital.
Our results provide a theoretical foundation for understanding the electronic and
magnetic properties of LagNigO7 thin films.
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1 Introduction

The discovery of superconductivity in the Ruddlesden-Popper (RP) bilayer nickelate
LagNi2O7 at a transition temperature T, near 80 K under high pressure (~ 14 Gpa)
has generated significant interest in the field of unconventional superconductivity [1].
The subsequent observation of superconductivity in the trilayer nickelate LayNizOqq
under similar conditions further underscores the universality of superconductivity in
nickelates [2]. These discoveries have motivated extensive theoretical [3-38] and exper-
imental [39-47] investigations into the microscopic mechanisms of unconventional
superconductivity. However, the requirement of high pressure for superconductivity
in LagNiyO7 and LayNizO; presents significant experimental challenges, which limit
in-depth investigations. This has driven efforts to stabilize superconductivity under
ambient pressure, facilitating a more comprehensive understanding of its underlying
mechanisms.

Recent studies have reported superconductivity with 7, exceeding 40 K in
LagNiyO7 [48], (La,Pr)3sNizO7 [49, 50] thin films at ambient pressure, marking a signifi-
cant breakthrough in nickelate superconductors. X-ray absorption spectroscopy (XAS)
reveals that the Ni ions in LagNizO7 thin film retain a mixed valence state similar to
that of the bulk form [48]. Furthermore, scanning transmission electron microscopy
(STEM) confirms that their microscopic structure closely resembles that of the bulk
phase of high pressure, adopting a tetragonal crystal structure [49]. In particular,
the T, in the thin film is tunable via the in-plane lattice constant but remains rela-
tively insensitive to the out-of-plane parameter. DFT calculation and angle-resolved
photoemission spectroscopy (ARPES) measurement [51, 52] suggest that Ni-d,2_,»
and Ni-d,2 orbitals contribute states near the Fermi level, highlighting the similarity
between the thin film and the bulk system in terms of electronic structure and super-
conducting properties. Despite these advances, most theoretical studies have relied
on simplified half-unit-cell (Half-UC) slab model [53, 54], which may not fully cap-
ture the effects of dimensionality on the electronic structure. A more comprehensive
approach incorporating the full-unit-cell slab model is therefore needed to provide a
more accurate description of this system.

In this paper, we employ slab models of LagNisO7 thin films to investigate their
electronic structures in various thicknesses, including three-unit-cell (Three-UC), one-
unit-cell (One-UC), and Half-UC configurations. Except for the Half-UC case, each
slab model retains a complete unit cell (UC), with the two bilayers denoted as Stack
1 and Stack 2, enabling a systematic exploration of the relationship between dimen-
sionality and electronic properties. Using first-principles calculations, we propose a
double-stacked two-orbital effective model for the One-UC slab structure, based on
Ni—e, orbitals. Our analysis reveals the presence of three electron pockets (a, ¢/, 5)
and two hole pockets (v,7') on the Fermi surface, where inter-stack interactions give
rise to the additional o’ and +' pockets. Furthermore, we extend our model by incor-
porating O—p orbitals into a high-energy framework to facilitate future studies. Spin
susceptibility calculations within the RPA indicate pronounced magnetic correlations,
primarily driven by nesting effects of the v pocket, which is predominantly derived from
the Ni—d,2 orbital. Our results provide theoretical framework for understanding the
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Figure 1 Slab structure and schematic illustration of the hopping parameters used in the LazNigO7
thin-film model. (a) The free-standing One-UC slab structure of LagNizO7, where the two bilayers
are labeled as Stack 1 and Stack 2. Green, gray, and red spheres denote La, Ni, and O atoms,
respectively. The outer-apical (di and d4), inner-apical (d2 and ds), and in-plane (ds) Ni-O bond
lengths are indicated by black, red, and blue arrows, respectively. (b) Schematic illustration of the
hopping parameters in the LazNizO7 thin films, highlighting the Ni—d_2 (orange) and d_2 (blue)
orbitals. Only nearest-neighbor hopping terms are shown.
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interplay among the dimensionality, magnetism, and superconductivity in LazNisO7
thin films, offering key insights for future theoretical and experimental investigations.

2 Results
2.1 Slab structures

We begin our investigation of the LagNis O thin films by modeling the slab structures
using DFT calculations. Bulk LagNisO7 belongs to the n = 2 Ruddlesden-Popper
phase, characterized by a UC comprising two corner-sharing NiOg octahedra bilayers
stacking along the c axis [1]. In its thin-film form, LagNiyO7 adopts a tetragonal struc-
ture similar to the high-pressure bulk phase, distinguished by an apical Ni-O-Ni bond
angle approaching 180° [48, 55]. To systematically explore the structural and electronic
properties of LagNisO7 thin films, we consider slab structures of varying thicknesses
along the out-of-plane direction, including Three-UC, One-UC, and Half-UC slabs. To
minimize interactions between preiodic images, a vacuum spacing exceeding 16 A is
introduced along the ¢ axis.

The One-UC slab consists of two stacked NiOg octahedra bilayers, which can adopt
two distinct stacking configurations, Stack 1 and Stack 2, as illustrated in Figure 1(a).
In all slab models, we consider a free-standing geometry with a vacuum layer to



Table 1 The Ni-O bond lengths (d) in NiOg octahedra of
LasNi2O7 slab structures under Uery = 0 eV and Uesyr =2 V.
The unit of d are in A.

Ucsf (eV) Stack d  Three-UC One-UC Half-UC

1 di 2.202 2.120 2.116
Ui =0 do 1.965 1.973 2.003
eff ds 1.965 2.003 2.003
ds 2.282 2.276 2.116
ds 1.885 1.885 1.885

2 di 2.282 2.276 -

do 1.965 2.003 -

ds 1.965 1.973 -

da 2.292 2.120 -

ds 1.885 1.885 -
1 dy 2.308 2.133 2.120
Urs =9 do 1.960 1.944 1.996
eff ds 1.960 2.012 1.996
da 2.307 2.364 2.120
ds 1.885 1.885 1.885

2 dy 2.307 2.364 -

do 1.960 2.012 -

ds 1.960 1.944 -

da 2.308 2.133 -

ds 1.885 1.885 -

eliminate inter-slab interactions. The effect of epitaxial strain from the substrate is
incorporated by fixing the in-plane lattice constant to the experimentally measured
value of a = 3.77A [48]. Although this approach does not capture all aspects of the
experimental system—particularly in thicker films, where subtle differences between
the top and bottom layers may occur—it provides a reasonable and reliable approx-
imation for the few-layer systems considered in this study. The Ni-O bond lengths,
labeled as dy, da, ds, d4, and ds in Figure 1(a), are summarized in Table 1 for different
slab structures and effective Hubbard parameters (Ues; = 0 €V and Uepy = 2 €V).
For clarity, only the bond distances of the middle UC are reported for the Three-UC
slab structure.

For Ucry = 0 €V, the in-plane Ni-O bond (ds) is the shortest, while the outer-
apical Ni-O bonds (d; and dy) are the longest, consistent with the high-pressure phase
of LagNiyO7. Different slab structures yield nearly identical results in terms of bond
lengths. In the Three-UC and One-UC slabs, d; and d4 vary across stacking configu-
rations, while do and d3 also exhibit stack-dependent variations, indicating symmetry
breaking between different stacks. The Ni-O bond lengths in these slabs follow a spe-
cific symmetry relation: in Stack 1, dy, do, d3, d4 correspond to dy, ds, d2, di in Stack
2. In contrast, the Half-UC slab exhibits a distinct structural behavior, characterized
by Ni-O bond lengths that are symmetric about the central oxygen atom, differing
from the asymmetric distortions observed in the other slab structures. This difference
arises from the underlying structural symmetry. In Half-UC, the slab posesses m,
symmetry, with the mirror plane located between the two NiO layers. This symmetry



enforces bond length equivalence with respect to the mirror plane, resulting in two
nonequivalent vertical bond lengths. However, the One-UC and Three-UC slabs exhibit
a different symmetry operation, {mz|é, %7 % , where the mirror plane lies between two
stacks. This symmetry allows for bond length variations within each individual stack,
leading to distinct vertical bond lengths across the three stacks in the Three-UC slab,
whereas only one stack exhibits such variations in the One-UC slab. This symmetry
distinction is further reflected in the hopping parameters, influencing the electronic
properties of the system.

For Uecys = 2 eV, electron correlation significantly influences the outer-apical Ni-
O bond lengths (d; and d4) in the Three-UC and One-UC slabs, whereas its effect is
negligible in the Half-UC slab. Meanwhile, the in-plane Ni-O bond length (d5) remains
relatively stable in all configurations. These structural modifications are expected to
have a pronounced impact on the electronic structures, which will be examined in
detail in the following subsection. These findings highlight the critical role of interlayer
interactions in determining the structural properties, which cannot be adequately
captured by the Half-UC slab.

2.2 Electronic structures

We now investigate the electronic structures of LagNiyO7 thin films based on DFT
calculations. For U.ry = 0 eV, the band structure and projected density of states
(PDOS) of the One-UC slab exhibit a clear metallic character, as shown in Figure 2(a).
The electronic states near the Fermi level (EF) are primarily composed of Ni—dg2_ 2
and Ni—d,= orbitals, which are well separated from the lower-energy Ni-to, orbitals.
Moreover, these Ni—d orbitals exhibit hybridization with O—p orbitals within the
energy range of —2 eV to 2 eV. Due to interlayer hybridization, the Ni—d_2 electronic
states form bonding and antibonding bands, located below and above Ef, respectively.
Additionally, the La-derived states make minimal contributions to the electronic states
at Er. The electronic structures of the Three-UC slab exhibit a similar behavior to
that of the One-UC slab, as shown in Supplementary Figure 1(a). Notably, the reduced
structural symmetry in thin films induces a splitting of Ni-d,= bonding bands along
the M — T" direction, leading to the formation of distinct electronic pockets near the
near the M point [See Figure 3(a)]. In contrast, the Half-UC slab, which retains higher
structural symmetry, does not exhibit such splitting in the Ni-d,» bonding bands [see
Figure 2(b)].

For Uepy = 2 eV, the Ni—d,2» bonding bands shift downward and approach Ep.
Consequently, the density of states of Ni—d,2 attains a maximum at Er in the One-UC
slab, as shown in Figure 2(c). A similar downward shift is observed in the electronic
structure of the Three-UC slab, where the Ni—d,2 bonding bands move closer to Ep,
as demonstrated in Supplementary Figure 1 (b). This behavior corresponds to the
metallization of the lower ¢ bonds in the high-presure phase of bulk LagNisO7. These
results indicate that the electronic structure of LagNioO7 thin films closely resembles
that of the high-pressure phase of the bulk material, which may provide insight into the
emergence of high-temperature superconductivity in thin films. In contrast, the Er in
the Half-UC slab exhibits only a slight downward shift, as illustrated in Figure 2(d).
Previous studies on bulk LagNi,O7 have reported that DFT calculations with Ueyy =
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Figure 2 DFT-calculated band structures and partial density of states (PDOS) of LagNizO7 thin
films. Panels (a) and (b) correspond to calculations with Uesy = 0 eV, and panels (c) and (d)
correspond to Uepy = 2 eV. The contributions from the Ni—d_2_ 2 and d 2 orbitals are highlighted
in blue and red, respectively, while Ni—t24, O-p, and La states are represented in orange, green, and
cyan, respectively. The Fermi level (EF) is set to 0 eV. Here, Ugsy denotes the effective hubbard
parameter, and UC represents unit cell.

3.5 eV yield results that are in good agreement with experimental observations [39]. To
further explore this, we also consider the case of Ueys = 3.5 eV. Under this condition,
the Ni—d,= bonding bands in the Three-UC and One-UC slabs shift further downward,
moving below Er, as shown in Supplementary Figures. 1(c) and 2(a). However, in the
Half-UC slab, Er still crosses the Ni—d,= bonding bands, as shown in Supplementary
Figure 2(b).

Figure 3 presents the evolution of the Fermi surface in LagNisO7 thin films under
different slab configurations and Hubbard U.ys. Panels (a) and (c) correspond to
Uesr = 0 eV, while panels (b) and (d) correspond to Uerr = 2 V. For Uepr = 0 €V,
the Fermi surface of the One-UC slab consists of three electron pockets (o, &/, 3) and
two hole pockets (vy,7'), as shown in Figure 3(a). Notably, the v and 4’ pockets are
primarily derived from the Ni—d,» orbital. The splitting of the Ni-d,> and Ni—d,2_,2
states along the M — I and X — T" directions gives rise to the additional o/ and +/
pockets. This splitting originates from inter-stack interactions induced by the reduced
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Figure 3 DFT-calculated two-dimensional Fermi surfaces of LagNi2O~7 thin films for different slab
models. Panels (a) and (c¢) correspond to the One-UC structure, while panels (b) and (d) corresponds
to the Half-UC structure. The upper panels show results obtained with U.yy = 0 eV, and the lower
panels correspond to Ugpy = 2 eV. Here, Ucy; denotes the effective hubbard parameter, and UC
represents unit cell.

structural symmetry in thin films. In contrast, there are two electron pockets («, 5) and
one hole pocket (7) on the Fermi surface in the Half-UC slab, as shown in Figure 3(b).

For Ucys = 2 eV, as the Ni—d,2 bonding bands in the One-UC slab shift downward
and approach Ep, there is a significant reduction in the spatial extent of the hole
pokets v and 4/ around the M point in the Brillouin zone, as shown in Figure 3(c). In
contrast, the Fermi surface geometry in the Half-UC slab exhibits minimal changes,
as depicted in Figure 3(d).

2.3 Two-orbital models

Based on the previous subsections, the thickness of the slab model significantly
influences the Ni-O bond lengths, which in turn affect the electronic structure. Exper-
imental samples typically have a thickness of One-UC—Three-UC, and calculations for
the Three-UC slab are expected to more closely reflect the experimental conditions.
However, due to the complexity of the Three-UC slab model, we have chosen to con-
struct the tight-binding (TB) model using the One-UC slab, which captures the main
features of the electronic band structure observed in the Three-UC slab. The Half-UC
slab is also considered for comparison.

Building on the electronic structures obtained from our DFT calculations, we first
focus on the double-stacked two-orbital model for the One-UC slab. This model incor-
porates the Ni—d,2_,» and Ni—d,2» orbitals within the framework of the maximally



Table 2 Hopping parameters for the One-UC slab model of LagNi2O7 thin
films. tZ/B,[OO] and tix/B,[oo] represent the site energies for the d;2_,» and
d,» orbitals in layer A and B, repectively. The numbers in the brackets
correspond to parameters of the high-pressure phase of bulk LagNi2O~ [3].

The units are eV.

Index Layer ¢ j tﬁ.j] t'[zij] tﬁ.;l
A0 0 0844(0.776)  0.519(0.409) 0.000
Stack 1 1 0 -0.462(-0.483) -0.134(-0.110)  0.228(0.239)
1 1 0.075(0.069) -0.021(-0.017) 0.000
2 0 -0.053 -0.008 0.017
3 0 -0.013 -0.003 0.000
B 0 0 0.918 0.344 0.000
1 0 -0.460 -0.083 0.201
11 0.075 -0.015 0.000
2 0 -0.055 -0.013 0.023
3 0 -0.012 20.002 0.000
AB 0 0 0.0050.005 -0.550(-0.635) 0.000
1 0 -0.000 0.020 -0.031(-0.034)
A 0 0 0.918 0.344 0.000
1 0 -0.460 -0.083 0.201
Stack 2 11 0.075 -0.015 0.000
2 0 -0.055 -0.013 0.023
3 0 -0.012 -0.002 0.000
B 0 0 0.844 0.519 0.000
1 0 -0.462 -0.134 0.228
11 0.075 -0.021 0.000
2 0 -0.053 -0.008 0.017
3 0 -0.013 -0.003 0.000
AB 0 0 0.005 -0.550 0.000
1 0 0.000 0.020 -0.029

localized Wannier functions Hamiltonian. The total Hamiltonian is given by

H =Ho+ Hu, 1)
Ho =Y Ul H(K)Vy,.
ko

Here Hy denotes the TB Hamiltonian derived from the Wannier downfolding proce-
dure, while Hy represents the Coulomb interaction term [56].

The basis of the model is defined as v, =
(dlArda dlAzoa dleoa dlBZU? d2AfE(T7 d2AZO’7 dQBrcda dQBer)Ta where the field operator
ds, annihilates an electron in the state s with spin o. The indices are assigned as
follows: 1/2 label the stacked layers, A/B correspond to the bilayer sublattices,
and x/z denote the d,2_,» and d,» orbitals, respectively. The labeling convention is
illustrated in Figure 1(b).



Table 3 Hopping parameters for Half-UC slab model
of LagNizO7 thin films. ti,[oo]v tix,[oo] are the site
energies for d,2_,2> and d.» orbitals in layer A. The
units are eV.

Index  Layer i j  tf,  th,
A 0 0 0756 0389 0.000

1 0 -0445 -0.131 0.221

Stack 1 1 1 0060 -0.015 0.000
2 0 -0.057 -0.011 0.019

3 0 -0009 -0.004 0.000

AB 0 0 0000 -0.503 0.000

1 0 0000 002 -0.031

The TB Hamiltonian H (k) takes the form

H'(k) H"(k)
H(k) = (le(k) H2(k) ) 5
s HY? () HY?(k
w150 80
1Y% () = ( 5’*//423(1‘) 5 ) ,

2,z
AP ) HYE (k)

200 - ((HipT ) Hily™ (k)
AB( )_ 1/2,zz 1/2,z .
Hjg (k) Hyp (k)

The matrix elements are defined as follows:

1/2,x/z 1/2,x/z
HA//B / (k) ZQtA//B,[/LO] (cosky + cosky)

+2ti‘//2§[/227 o) (cos 2k + cos 2ky)

1/2,x/z
+2tA//B7[/370] (cos 3ky + cos 3ky)

+4t114/ /2;[/127 ) cos kg cos ky + eix/ /21’;/ z,
1/2,xz 1/2,xz
HA//B (k) :2tA//B’[1’O] (cos kg — cosky)
+2t114//2;[z270] (cos 2k, — cos 2ky) ,

Hi‘/;’x/z(k) —tl/2e/2 + opt/ 2/ (coskg + cosky),

—YAB,[0,0] AB,[1,0]
1/2,xz 1/2,xz
HA/B (k) :2tA/B,[1,0] (cos kg — cosky),

H 5 (k) =45 [cos(ky /2) cos(ky /2)].
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Figure 4 Band structures and Fermi surfaces of the two-obital models for LagNizO7 thin films.
Panels (a) and (c) correspond to the double-stacked two-orbital model for the One-UC slab, while
panels (b) and (d) correspond to the single-stacked two-orbital model for the Half-UC slab. The color
bar indicates the orbital weights, with red and blue represent d22,y2 and d,2, respectively. In panels
(a) and (b), the gray lines represent the DF T-calculated band structures with Ueyy = 0 V. The Ep
is set to 0 eV. Here, U.ys denotes the effective hubbard parameter, and UC represents unit cell.

Here Hil//i’f/ (k) and Hi‘/g /2 (k) describe intralayer and interlayer hopping within the
same orbitals (dy2_,2 or d,2), respectively, while H;//Qézz(k) and H;/BQ % (k) represent
intralayer and interlayer hybridization between d,»_,» and d.» orbitals. Addition-
ally, Hf[_}z (k) = 4t}42éz cos(ky/2) cos(k, /2) describes inter-stack hopping within the d»
orbital, with a corresponding hopping parameter tfg = —0.025. Hopping parameters
for the One-UC slab model of LagNiyO7 thin film are summarized in Table 2.

For the single-stacked two-orbital model of the Half-UC slab, the system exhibits
layer symmetry and the absence of inter-stack coupling, as characterized by the con-
ditions H'(k) = H?(k), H'?(k) = 0, and H} (k) = H} (k). These conditions indicate
that the Hamiltonians of the individual layers are identical, there is no direct cou-
pling between the stacks, and the interfacial hopping parameters are equivalent for
both sublattices. The corresponding hopping parameters for the Half-UC slab model
of LagNisO7 thin film are provided in Table 3.

Using the TB parameters listed in Tables 2 and 3, we present the resulting
band structure and Fermi surface for both One-UC and Half-UC slabs. As shown in
Figure 4(a), the model for the One-UC slab accurately reproduces the DFT band struc-
ture near the Fr. Notably, we observe a splitting of the Ni-d,» bonding bands along
the M — T" direction, which originates from inter-stack interaction, specifically t}fg.
Regarding the Fermi surface, we identify three electron pockets a, o/, 8 and two hole
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pockets 7,4/, as illustrated in Figure 4(c). The «, a’, f—pocket exhibit mixed orbital
character, while the ~, 7' —pockets are primarily dominated by the d,= orbital state.
Our results indicate that the electronic structure of LasNisO7 thin film at ambient
pressure closely resembles that of the high-pressure bulk phase. A key structural aspect
is the in-plane lattice constant of the thin film, which is 3.77A-large than the pseudo-
tetragonal bulk value of 3.715A. This lattice expansion may account for the lower T,
of the thin film compared to the bulk, suggesting that strain engineering could be a
viable approach to enhancing T, by further compressing the in-plane lattice constant.
Furthermore, we note that the interlayer hopping amplitude ¢ B,00] = —0.550 is 1.19
times larger than the intralayer nearest-neighbor hopping t7 = —0.462. However, it
remains 13.4% smaller than its bulk counterpart (t% B.j00] = —0.635). This reduction
in interlayer coupling suggests a possible weakening of unconventional pairing in the
thin film compared to the bulk.

For the Half-UC slab model, no splitting in the Ni-d,2 bonding bands (See
Figure 4(b)). Consequently, the Fermi surface consists of two electron pockets «, 5 and
one hole pocket v, as illustrated in Figure 4(d). Additionally, the interlayer hopping
amplitude % B.00] = —0.503 is 1.13 times larger than the intralayer nearest-neighbor
hopping t¥ = —0.445, yet it remains 21% smaller than its bulk counterpart. Notably,
when we set tféz = 0, no splitting is observed in the band structure or the Fermi
surface of the One-UC slab, as shown in Supplementary Figure 3.

2.4 High-energy dp models

To incorporate the effects of O—p orbitals, we introduce high-energy dp models:
a double-stacked eleven-orbital model for the One-UC slab (referred to as twenty-
two-orbital model) and a single-stacked eleven-orbital model for the Half-UC slab
(referred to as the eleven-orbital model). In both models, the basis for Stack 1 is given
by ¥ = (dAZ,de,dAI,dBm,dApz,dsz,dApy,dpr,dpz,dpz,,dpz,,)T, which includes
four in-plane orbitals (paz,Pay,PBz,PBy) and three apical orbitals (p,,p./,p.~), as
illustrated in Supplementary Figure 4. Here, A and B denote the bilayer sublattices.

The TB parameters of the twenty-two-orbital model are listed in Table 4, while
those of the eleven-orbital model are provided in Table 5. Due to the symmetry between
Stack 1 and Stack 2, only the parameters for Stack 1 are presented, and inter-stack
hopping terms are not considered. Both models incorporate hopping interactions aris-
ing from pd, pp orbital overlaps. Based on the TB parameters, we present the resulting
band structure and Fermi surface for both the One-UC and Half-UC slabs, as shown
in Figure 5. The resulting band structure in Figure 5 covers an energy range akin to
that of Figure 4 and can also reproduce the main features at Eg. Furthermore, we
find a hopping of 1.296 for eleven-orbital model and of 1.304/1.105 for twenty-two-
orbital model between d.» orbital and two apical p,/, p.~ orbitals, which are crucial in
estimating effective interlayer d,= spin exchange coupling. The high-energy models
would provide a foundation for further investigations of magnetic exchange coupling
and electronic correlations.

11



Table 4 TB parameters for Wannier downfolding of the
twenty-two-orbital model. Only the parameters of Stack 1 are presented,
due to the symmetry between Stack 1 and Stack 2. See the schematic in
Supplementary Figure 4 for further details.

Stack 1
Hopping Ad,2 —py Ad,2 — p» Ad.> — Apyyy
1.304 -1.478 0.692
Hopping Bd,> —p.» Bd,> — p. Bd.> — Bpy/y
-1.105 1.435 0.629
Hopping Apz — Apy APy /y — Pz Apgy/y — D2
-0.560 -0.435 0.443
Hopping Bps — Bpy Bpg/y — P2 Bpyjy — p2r
-0.575 0.428 -0.380

Hopping Adw27'y2 - ApT/y Bdac'zfy2 - BpT/y

+1.480 +1.479
Site Ad.:/Bd,: Adys_ 2 /Bdge_ 2 p.
Energy -1.104/-1.036 -1.001/-0.9223 -4.078
Site Apy/y/ Bz sy Ap./Bpr
Energy -4.669/-4.630 -2.730/-3.224

2.5 Spin susceptibility for two-orbital models

With the multi-orbital Hubbard model defined above, we investigate the magnetic
response and Fermi surface nesting by calculating the spin susceptibility at the RPA
level. Given that inter-stack hoppings are weak, we neglect them in our analysis. The
resulting Fermi surface and energy bands in the absence of inter-stack hopping are
provided in the Supplementary Figure 3.

To better demonstrate the Fermi surface nesting relations associated with the
bilayer structure, we define the even and odd magnetic susceptibilities as: x¢/° =
X|| £ X1, with x| and x 1 representing intralayer and interlayer contributions, respec-
tively. The definitions and computational details are available in the Methods section.
Physically, it is easily proved that the x¢ originates from nestings within the bonding
(r,7y) and within the antibonding () bands, while x° originates solely from nestings
between the bonding and antibonding bands [57].

Figure 6 presents the static RPA spin susceptibility ¢/ °(q,w = 0) for the double-
stacked two-orbital model, computed with U = 0.7 eV, Jg = 0.2 eV, and temperature
T = 0.1 K. In the even channel, we observe a strong response near the X point,
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Table 5 TB parameters for the Wannier downfolding of the eleven-orbital
model. Only the parameters of Layer A are presented, due to the symmetry
between Layers A and B. See the schematic in Supplementary Figure 4 for

further details.

Stack 1

Hopping  Ad.: —p. Ad,2 — py Ady2 — Apyyy  Adgr_y2 — Apyyy

-1.423 1.296 0.697 +1.482

Hopping  Ap, — Apy  Apsy/y — P2 Apg/y — P2

-0.589 0.483 -0.440
Site Ad > Adxz_yz Apz/y Pz
energy -1.198 -1.127 -4.790 -4.150
Site Apz’/z”
energy -2.927

indicating nesting within the + pocket, along with additional nesting within the
pocket. In the odd channel, nesting is evident between the 8 and ~ pockets, as well as
between the o and 3 pockets.

Figure 7 presents the spin susceptibility for the single-stacked two-orbital model,
calculated using U = 0.8 eV, Jg = 0.2 ¢V and T'= 0.1 K . The Fermi surface nesting
patterns in the odd channel closely resemble those of the double-stacked model. In
the even channel, nesting primarily occurs within the v and 8 pockets, whereas in the
odd channel, significant nesting is observed between the v and § pockets, as well as
between the o and f pockets. The observed differences in x*/° between the double-
stacked and single-stacked models can be attributed to their distinct Fermi surface
geometries.

3 Methods

3.1 First-principles calculations

Our first-principles calculations are performed using the DFT as implemented in
the Vienna ab initio simulation package (VASP) [58, 59]. The exchange-correlation
interactions are treated within the generalized gradient approximation (GGA) using
the Perdew-Burke-Ernzerhof (PBE) functional [60]. The projector augmented-wave
(PAW) method [61] is employed with a plane-wave cutoff energy of 600 eV. Structural
relaxation and electronic self-consistent calculations are conducted on a I'-centered
12x 12 x 1 k—points mesh using the Monkhorst-Pack scheme, while a denser k—points
grid of 27 x 27 x 1 is used for Fermi surface calculations. The atomic positions are fully
relaxed until the residual forces on each atom are less than 0.005 eV /A, and the elec-
tronic self-consistency convergence criterion is set to 1076 eV. The optimized atomic
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Figure 5 Band structures and Fermi surfaces of High-energy dp models including oxeygen orbitals
for LagNizO7 thin films. Panels (a) and (c) correspond to the eleven-orbital model for the Half-UC
slab, while panels (b) and (d) correspond to the twenty-two-orbital model for the One-UC slab. The
color bar indicates the orbital weights, with red and blue represent d,2_,2 and d 2, respectively. In
panels (a) and (b), the gray lines represent the DFT-calculated band structures with Ugsy = 0 eV.
The EF is set to 0 eV. Here, Uc sy denotes the effective hubbard parameter, and UC represents unit
cell.

coordinates are provided in Supplementary Data 1 and 2 for the Half-UC structure
with Ueyy = 0 and 2 eV, respectively, and in Supplementary Data 3 and 4 for One-UC
structure with Uery = 0 and 2 eV, respectively.

To construct effective models, maximally localized Wannier functions are obtained
using the Wannier90 code [62-64]. For DFT + U calculations [65], an effective Hubbard
Ueyy is applied to the Ni 3d orbitals.

3.2 Hamiltonian of high-energy dp models

For the twenty-two-orbital model, we do not consider the hoppings between orbitals in
different stacks. So the hamiltonian of twenty-two-orbital model take the same form as
the one for the eleven-orbital model. Here we show the TB hamiltonian for high-energy
dp models [3]. The basis here is (Ad., Bd., Ad,, Bdy, Apy, BDz, Apy, Bpy, D=, D2ty Darr)-
The position of these orbitals can be seen in Supplementary Figure 4. Here we show
the elements of Hamiltonian H(«, 3)

H(1,9) = t44=P= H(2,9) = t8%P= H(1,10) = tA%=P= H(2,11) = tPl=r=r (3)
H(3,5) = =2t AP= in(0.5k,), H(3,7) = —2it*==4Pv 5in(0.5k,),
H(4,6) = —2itB%-BP= 5in(0.5k,), H(4,8) = —2itP% 5Py 5in(0.5k,),
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Figure 6 RPA spin susceptibilities of even and odd channel, and illustration of Fermi surfaces
nesting in the double-stacked two-orbital model. Panels (a) and (b) show the even channel (x¢) and
odd channel (x°) susceptibilities for the double-stacked two-orbital model, respectively, calculated
with intraorbital Coulomb interaction U = 0.7 eV and Hund’s coupling Jyz = 0.2 eV at a temperature
T = 0.1 K. Panels (c¢) and (d) depict the Fermi surfaces, where red arrows indicating the nesting
vectors.

H(1,5) = —2itA=AP= sin(0.5k,), H(1,7) = —2it"% 4Py sin(0.5k,),
H(2,6) = —2itB4=BP= 5in(0.5k,), H(2,8) = —2itP%~PPusin(0.5k,),

H(5,10) = —2it*P= P sin(0.5k,), H(7,10) = —2it*vP= sin(0.5k,),

v)
v)
v)
v)s
v)
y)
v)
H(6,11) = —2it5P=P=" gin(0.5k,), H(8,11) = —2itPPvP=" sin(0.5k,).

H(5,7) = 4t"P= =Py 5in(0.5k, ) sin(0.5k, ),
H(6,8) = 4tPP==BPu sin(0.5k, ) sin(0.5k
H(5,9) = —2itP=P= sin(0.5k,), H(7,9) = —2itPvP= sin(0.5k,),
H(6,9) = —2itPP=P=sin(0.5k,), H(8,9) = —2itPPvP= sin(0.5k,),
(
(

The elements H (3, ) can be obtained by H(8,«) = H(a, 8)*. The diagnal elements
are site energies which can be found in Table 4 and Table 5.

3.3 Calculation of spin susceptibility

Upon determining the hopping parameters of the TB models and incorporating elec-
tron interactions, we construct a multi-orbital Hubbard model as Equation 1 without

15



n
12
9
6
3
—n 0

-

Figure 7 RPA spin susceptibility of even and odd channel, and illustration of Fermi surfaces nesting
in the single-stacked two-orbital model. Panels (a) and (b) show the even channel (x¢) and odd
channel (x°) susceptibilities for the single-stacked two-orbital model, respectively, calculated with
intraorbital Coulomb interaction U = 0.8 eV and Hund’s coupling Jg = 0.2 eV at a temperature
T = 0.1 K. Panesls (¢) and (d) present the Fermi surfaces, where red arrows indicating the nesting
vectors.

considering hoppings between two stacks.

Hy =U Z NistNis) (4)
+(U/ - JH5UUI) Z (niAwaniAzo’ + ninaniBza’)

ioco’

A,B
+Jn Z Z (djﬂmad;{uzﬁdi#ivadiuza
w0 W

Hd] ol s dipzodipze + hc.).
The TB Hamiltonian H, is expressed with the basis ¥, = (daze,dAze, dBros dB2o)s
where d,, is the annihilation operator for an electron in the state s = (Ax, Az, Bx, Bz)
with spin 0. The interaction parameters include U (intraorbital Coulomb interaction),
U’ (interorbital Coulomb interaction) and Jgy (Hund’s coupling). Kanamori relation
is applied here, given by U’ = U — 2Jy [66].

In general, the bare (non-interaction) susceptibility is defined as

1 ]F(Ek) ]F(5k+ )
0 § a
, W _ .
Xaﬁwé(q > N’k i Eﬂl sﬁ .

k,mn
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with the band indices m,n and the Fermi-Dirac distribution function fr(ex) =
1/(e</T 4+ 1) . The matrix element Us,,(k) represents the eigenvector connecting
orbital 6 and band m at wave vector k. At the RPA level, the spin channel interaction
vertex is defined as

U a=p=v=4,
m U a=6#p=1,
Fa[ﬁ’yéz

Ji a=B#y=4

J  a=y#£B=4.

(6)

Here pair hopping J' satisfies J' = Jg. The RPA spin susceptibility is then computed
in a matrix-product form as

1
S _ om 0
X(ap,oy) = [I X F(aﬁ,év)} X(ap,o7)" (7)

Considering the bilayer structure of LagNizO7, the interlayer hopping terms in
the Hamiltonian acquire a phase factor of e*: due to the k,—dependence. Here,
k. can take values of either 0 or . When contracting the orbital indices to com-
pute the spin susceptibility, we define the in-plane and interlayer susceptibilities as
X|| = 2ap(Xaaap + XBanpg) and X1 = > 5(XaaBs + XBaag), Where Xag = Xaaps
with orbital indices contracted. For k, = 0, the phase factor e = 1, and the spin sus-
ceptibility is given by x* = x|+ x.. Conversely, for k. = , the phase factor ™ = —1,
leading to a spin susceptibility of x? = x| —x.. In the even channel x¢, Fermi surface
nesting which occurs within the bonding/antibonding bands is evident, including the
a—a, a—-,v— and B — B nesting features. In the odd channel x°, nesting between
bonding and antibonding bands can be observed clearly, such as v — 38, o — 8 [57].

4 Data Availability

The data that support the findings of this study are available from the corresponding
author upon reasonable request.

5 Discussion

Our DFT calculations of the thin-film bilayer nickelate superconductors have overall
predicted the electronic structure closely resembles the bulk one under pressure, which
strongly suggests that they all within the same superconducting mechansim. We note
another key aspect to validate this idea, which is the superexchange strength. For the
bulk samples, the vertical superexchange between two half-filling d.» orbitals JF is
widely believed to be the origin of the superconducting condensation [6, 7]. Here our
TB models for the LagNisO7 thin-film also allow an estimation of the corresponding
strengths, which are decreased by ~24% and ~36% for single-stacked and double-
stacked bilayer nickelates with respect to the pressurized bulk [3], assuming J# ~ (%)2.
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The asymptotic decrease of J§ with slab number from our estimation is in line with
the notable decrease of T, from bulk to film as observated in experiments [48, 49],
which again reinforce the above general understanding. More profoundly, the consis-
tency indicates an expension of the available experimental techniques for reaching the
core of superconducting mechanism in RP nickelates. This is particularly helpful as
the exploration on bulk is largely constrained by the exerted pressure. Regrading the
role of pressure, on the other hand, the existing evidences on thin-film is also prone to
the idea that pressure can help suppressing spin density wave, after which supercon-
ducting order is thus to expose. Whereas for the thin-film, due to the higher stability
and sniffiness of the SrLaAlO,4 substrates, LagNioO7 lattice is strongly confined to
the I4/mmm symmetry without inplane distrostion, which can further prevent the
occurance of density waves [48, 49].

On the other hand, it is worth noting that the structural differences between the
One-UC and Half-UC slab models—particularly the presence of inter-stack geometry in
the One-UC case—lead to more three-dimensional electronic characteristics. In partic-
ular, the enhanced interlayer coupling in the One-UC structure gives rise to noticeable
out-of-plane (k) direction. This suggests that such k,-dependent features may be
experimentally observable in future high-resolution ARPES measurements, provid-
ing an additional means to probe the dimensionality and electronic reconstruction in
LagNipO7 thin films.

We note that both experimental and theoretical studies have reported differing
results regarding the Fermi surface topology. While Ref.[67] reports a lowering of the
Ni-d,2 states under compressive strain, an independent group has observed a d,2-
derived ~-pocket at the Fermi level in LayPrNiyO7 thin films, accompanied by a
measurable superconducting gap on this pocket [51, 52]. These contrasting observa-
tions suggest that the presence or absence of the «-pocket may be sample-dependent,
potentially influenced by factors such as oxygen stoichiometry or subtle strain varia-
tions. On the theoretical side, previous studies [68, 69] examined the effect of biaxial
strain on bulk nickelates and found that compressive strain tends to increase the apical
Ni—O-Ni bond angle toward 180°, consistent with structural features of the high-
pressure phase. Other works [70, 71], adopting the lower-pressure Amam phase as a
reference and employing DFT + U methods, reported the emergence of d,2-derived
pockets at the Fermi surface under tensile strain. It is well established that the calcu-
lated electronic structure of LagNiy O~ is highly sensitive to the choice of the Hubbard
Uers parameter (see Supplementary Figure 1). We anticipate that future experimen-
tal studies will help resolve these discrepancies and clarify the microscopic origin of
the observed differences.

6 Conclusion

In conclusion, we employ slab models for LagNioO7 thin films that simulate the elec-
tronic structure for various thicknesses, including Three-UC, One-UC, and Half-UC.
Each slab model incorporates a full unit cell, with the two bilayers referred to as Stack
1 and Stack 2, enabling a detailed examination of the interplay between dimensionality
and electronic behaviors. Using density functional theory, we propose a double-stacked
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two-orbital effective model of LagNiyO7 thin films, based on the Ni—e, orbitals. Our
analysis reveals the presence of three electron pockets o, a’, 3 and two hole pockets
~,7" on the Fermi surface, where the additional pockets o’ and +" emerge due to inter-
stack interactions. Furthermore, we introduce high-energy models incorporating O—p
orbitals to facilitate future studies. Spin susceptibility calculations within the RPA
indicate pronounced magnetic correlations primarily driven by nesting effects of the ~y
pocket, which is predominantly contributed by the Ni—d,= orbital state. Our results
provide theoretical framework for understanding the interplay among dimensionality,
magnetism, and superconductivity in LagNizO7 thin films, offering key insights for
future theoretical and experimental research.
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