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The rich physics of nickelates has garnered widespread attention, particularly for their superconductiv-
ity and the prominent Ni-dx2−y2 dominated Fermi surface. Motivated by the Ni1+δ superconductivity in
infinite-layer NdNiO2 (Tc = 15 K) and high-pressure superconducting La3Ni2O7 (Tc = 80 K), we designed
a (SrNiO2)2/(LaTiO3)1 superlattice with a two-dimensional confined bi-layer NiO2. LaTiO3 acts as an electron
donor, transferring a full electron to the NiO2 double layers due to the electronegativity difference between
Ni(1.91) and Ti(1.54). This charge transfer transforms the Fermi surface from a multi-orbital character, resem-
bling that of NdNiO2, into one dominated purely by Ni1+δ -dx2−y2 orbitals. Factors that limited the transition
temperature in NdNiO2, such as 5d-3d hybridization, self-doping between Nd and Ni atoms, and the weak p-d
hybridization between Ni and O atoms, are effectively suppressed and enhanced, respectively. The nearest-
neighbor eg hoppings closely resemble those in undoped infinite-layer NdNiO2, though they are smaller than
those found in high-pressure La3Ni2O7. Similar to La3Ni2O7, this superlattice exhibits a low-spin magnetic
state with instability stemming from nearly degenerate magnetic ground states. Additionally, F-doping in NiO2
double layers can be used to fine-tune the Ni valence state and the magnetic coupling, simulating the effects of
oxygen pressure in the preparation. Our research offers new insights into the mechanisms driving high-Tc super-
conductivity in nickelates under ambient pressure, emphasizing the pivotal role of heterostructure engineering
in these processes.

I. INTRODUCTION

Since the discovery of high-transition-temperature (high-
Tc) cuprate superconductors in 1986, there has been a per-
sistent effort to uncover similar phenomena in nickelates [1–
17]. Over the past decade, numerous experiments have sought
to manipulate the electronic structure of d7-Ni3+ oxides to
achieve superconductivity [9, 11, 12]. However, no Ni3+ su-
perconductors have been experimentally realized. A funda-
mental reason, as highlighted by Hwang, is the lack of full
Ni3+-e1

g orbital polarization [4], i.e. half-occupied Ni-dx2−y2

orbital and Fermi surface.
Although the Ni1+ valence state does not naturally occur,

theoretical predictions of superconductivity in Ni1+ nickelates
such as RNiO2 (R = La, Nd, Sm, etc.) date back to 1999
[9, 13], primarily due to their similar d9 electronic configu-
ration and planar NiO2 square lattice, reminiscent of Cu2+

in cuprates. In 2019, Li et al. successfully synthesized the
Ni1+δ infinite-layer superconducting film Nd0.8Sr0.2NiO2 (Tc
= 15 K) using CaH2 chemical reduction [4]. This was fol-
lowed by the synthesis of Pr0.82Sr0.18NiO2, which exhibited a
maximum Tc of 31 K under 12.1 GPa [18], though still below
the McMillan limit of 40 K [19]. The low superconducting
transition temperature in Ni1+ nickelates could be attributed
to d-d orbital hybridization and self-doping between 5d-R
atoms and 3d-Ni atoms, which lead to a multi-orbital Fermi
surface, poor nesting, and the absence of a Mott-insulating
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state [4, 7, 8, 20]. Moreover, unlike cuprates, weak antiferro-
magnetic (AFM) coupling [20, 21] and an increase in charge
transfer energy between the d and p orbitals have been ob-
served in RNiO2. This increase diminishes the Zhang-Rice
effect [7, 21–23].

Recently, in La3Ni2O7 single crystals with an average Ni
valence of Ni2.5+ (3d7.5), Sun et al. reported a superconduct-
ing transition temperature as high as 80 K under 14 GPa [24].
At ambient pressure, La3Ni2O7 shows a charge density wave
(CDW) instability [25, 26], which vanishes as pressure in-
creases, accompanied by a structural transition from Amam to
Fmmm. Furthermore, the Ni-d3z2−1 orbitals between the dou-
ble layers form dimers [24, 27, 28], creating occupied bonding
and unoccupied anti-bonding states. Consequently, the Fermi
surface becomes dominated by the Ni-dx2−y2 orbital. While
the self-doping mechanism in nickelates is distinct from that
in cuprates, where electrons rearrange between Ni-d3z2−1 and
Ni-dx2−y2 orbitals under pressure, this highlights the unique
potential nickelates offer for advancing our understanding of
high-Tc superconductivity.

Beyond cation doping in cuprates and Ni1+ nickelates, and
pressure-induced self-doping in La3Ni2O7, oxide heterostruc-
tures have been extensively explored over the past decade as
a means of tuning the physical properties of oxides [29–34]
at ambient pressure. In this study, we focus on SrNiO2, a
layered material with a Ni2+-d8 electronic configuration and
a planar NiO2 square lattice. By combining SrNiO2 with
LaTiO3, we constructed (SrNiO2)n/(LaTiO3)1 superlattices
((SNO)n/(LTO)1 SLs) with n = 1,2, modulating the electronic
structure of the NiO2 planes. For n = 2, an integer charge
transfer occurs: 2Ni2+/Ti3+→(Ni1.41++Ni1.59+)/Ti4+, result-
ing in a Fermi surface dominated only by the Ni-dx2−y2 or-
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bital, similar to that found in cuprates. Compared to infinite-
layer Ni1+δ nickelate films like Nd0.8Sr0.2NiO2, the detrimen-
tal effects on superconductivity, such as 5d-3d hybridization
and self-doping between Nd and Ni, as well as weak p-d hy-
bridization between Ni and O atoms, have been fully mitigated
and improved, respectively. The nearest-neighbor eg hop-
ping parameters in (SNO)2/(LTO)1 closely align with those
in infinite-layer RNiO2, and are smaller than those reported in
high-pressure La3Ni2O7 [35], due to differences in Ni valence
state and pressure-induced structural changes. Magnetic state
calculations reveal a low-spin state with magnetic instability
at a reasonable correlation U value of 1 to 3 eV, similar to
what is observed in La3Ni2O7. The magnetic coupling, sen-
sitive to Ni valence states, can be fine-tuned by F-doping to
mimic oxygen pressure environments during the preparation
process.

II. COMPUTATIONAL DETAILS

We performed density functional theory (DFT) calculations
using a plane-wave basis and the projector augmented-wave
(PAW) method [36, 37], as implemented in the Vienna ab
initio Simulation Package (VASP) [38, 39]. The Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional was
applied within the generalized gradient approximation (GGA)
framework [40–42]. A plane wave cutoff energy of 600 eV
was employed, and k-point sampling was carried out using
the Monkhorst-Pack method with a k-point spacing of 0.02
Å−1. Lattice constants along the z-direction and atomic in-
ternal positions were optimized using the conjugate gradi-
ent technique, ensuring that no atomic force exceeded 0.01
eV/Å in the final structures. For the DFT GGA+U magnetic
calculations, the Ni-3d on-site Coulomb interaction was ac-
counted for using a J/U ratio of 0.2, a typical value for the 3d-
transition metals, based on the rotationally invariant Liecht-
enstein DFT+U formulation [43] implemented in the VASP
code. Additionally, to gain insight into the microscopic Ni-3d
orbital physics of system, we applied the maximally localized
Wannier functions (MLWFs) method to fit the Ni-3d GGA
bands and extract model Hamiltonian parameters, utilizing the
WANNIER90 package [44, 45].

The generalized DFT+U functional is the following [43]:

EDFT+U [ρσ (r),{nσ}] =EDFT [ρσ (r)]+EU [{nσ}]−Edc [{nσ}]
(1)

where ρσ (r) is the charge density for electrons with spin pro-
jection σ , while {nσ} is the element of the density matrix.
The first term in Equation (1) is the standard DFT functional,
and the second term is the Hartree-Fock-like interaction, fi-
nally the last term corrects for double counting and is given
by

Edc[{nσ}] = U
2

n(n−1)− J
2

[
n↑(n↑−1)+n↓(n↓−1)

]
(2)

where nσ =Tr(nσ

mm′), with m(m
′
) being the magnetic quantum

number, and n = n↑+n↓.

III. RESULTS AND DISCUSSIONS

Strong electronic correlation is a key feature that dis-
tinguishes unconventional superconductors including cuprate
and nickelate materials from conventional superconductors
[46]. However, the nonmagnetic (NM) local density approxi-
mation (LDA) band structure is very illuminating and widely
discussed in both cuprates and nickelates superconductivity
research [21, 47], because the effect of electronic correlation
is weakened in the case of optimum doping. As what Damas-
celli et al. found in their angle-resolved photoemission studies
(ARPES) of the cuprate superconductors [48], when the sys-
tem is doped step by step, antiferromagnetic (AFM) correla-
tions are reduced, and a metallic state appears, and eventually
(i.e., in the optimum and overdoped regime) the AFM state
is destroyed and a large LDA-like Fermi surface emerges.
Therefore, the LDA-level study of the electronic structure in
our work is designed to reveal the low-energy physics of the
metallic state under optimal doping. While the Ni1+δ valence
state in our superlattice arises from interfacial charge transfer
and may not represent the exact valence state under optimal
doping, LDA provides a reasonable starting point for under-
standing the electronic behavior in this regime.

Nonmagnetic electronic structures.—Unlike the perovskite
NdNiO3 (d7-Ni3+), which features NiO6 octahedral struc-
tures, infinite-layer NdNiO2 (d9-Ni1+) exhibits a planar NiO2
layered structure, lacking the corner oxygen atoms, as illus-
trated in Fig. 1(a). The Fermi surface of NdNiO2 is primarily
composed of Ni-3dx2−y2 and A-site Nd-5d orbitals, as shown
by the fatbands in Fig. 1(b). This differs from CaCuO2 (Fig.
1(e)), where only the Cu-3dx2−y2 band crosses the Fermi level,
as seen in Fig. 1(f). This distinction may partially explain
the relatively low Tc of 15 K in Nd0.8Sr0.2NiO2. Similar to
NdNiO2, SrNiO2 (d8-Ni2+) also has an infinite-layer struc-
ture, as shown in Fig. 1(c), but the bands associated with the
A-site Sr atom are far from the Fermi level in Fig. 1(d), sim-
plifying the Fermi surface topology. However, the change in
Ni valence state from Ni1+ to Ni2+ leads to a renormalization
of the Ni-3d band near the Fermi level. Compared to the band
structure of NdNiO2 in Fig. 1(b), SrNiO2 shows a signifi-
cant increase in the contribution of the Ni-3d-t2g orbital to the
Fermi surface, yet a cuprate-like Fermi surface with only the
Ni-dx2−y2 orbital occupied is still not achieved. Additionally,
as seen from the orbitals-projected density of states (DOSs)
in Figs. 1(g-i), the d-p hybridization is strongest in CaCuO2
for both t2g and eg orbitals, much weaker in NdNiO2, and in-
termediate in SrNiO2. Therefore, SrNiO2 presents promising
potential for superconductivity design.

To further modulate the Ni-3d electron occupancy in
SrNiO2, the Mott insulator LaTiO3 (Ti-3d1) was introduced
to construct a (SNO)1/(LTO)1 SL, as shown in Fig. 2(a).
The in-plane lattice constant a was matched to the pseudo-
cubic LaTiO3 at 3.938 Å. The GGA band structure of the
SL, plotted in Fig. 2(b), reveals fully occupied Ni-t2g and
Ni-d3z2−1 orbitals. In addition to the Ni-dx2−y2 orbital, the
Ti-dxy and Ti-d3z2−1 orbitals also significantly contribute to
the Fermi surface, primarily around the Γ and A points, func-
tioning similarly to the Nd-5d orbitals in NdNiO2 (see Fig.
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FIG. 1. Schematic crystal structures of (a) NdNiO2, (c) SrNiO2, and (e) CaCuO2. GGA NM band structures of (b) NdNiO2, (d) SrNiO2, and
(f) CaCuO2, showing orbital contributions from Ni/Cu-dx2−y2 (red), Ni/Cu-d3z2−1 (green), Ni/Cu-t2g (lilac), and Nd-d (light yellow). Projected
density of states for Ni/Cu-dx2−y2 (red), Ni/Cu-d3z2−1 (green), Ni/Cu-t2g (lilac), and O-p (grey) in (g) NdNiO2, (h) SrNiO2, and (i) CaCuO2,
respectively.

1(b)). Compared to the band structure of SrNiO2 in Fig. 1(d),
a clear charge transfer occurs between Ni and Ti, resulting
in an electronic reconstruction perpendicular to the interface:
Ni2+/Ti3+ → Ni1+δ /Ti4−δ (with δ < 1). This charge transfer
is primarily driven by the electronegativity differences [49]
between Ni (1.91) and Ti (1.54).

By increasing the number of SrNiO2 layer to 2, as shown

in Fig. 2(c), we constructed a bi-layer (SNO)2/(LTO)1 SL, la-
beling the SrNiO2 layers as SNO-A and SNO-B. The GGA
fatband structures in Figs. 2(d-e) and the orbitals-projected
DOSs in Fig. 2(f) reveal a Fermi surface occupied solely by
the Ni-dx2−y2 orbital, with the Ti-3d orbitals fully unoccupied.
This indicates an integer charge transfer in the (SNO)2/(LTO)1
SL: 2Ni2+/Ti3+ → 2Ni1.5+/Ti4+. From the Ni-dx2−y2 fatbands
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FIG. 2. Schematic geometrical structures of (a) (SNO)1/(LTO)1 and (c) (SNO)2/(LTO)1. The inequivalent NiO2 planes are labeled as SNO-A
and SNO-B, respectively. (b) GGA NM band structure of (SNO)1/(LTO)1. GGA fatband structures of (SNO)2/(LTO)1 for (d) SNO-B and
(e) SNO-A. The different orbital contributions are color-coded: Ni-dx2−y2 (red), Ni-d3z2−1 (green), Ni-t2g (lilac), Ti-dxy (light yellow), and
Ti-d3z2−1 (sky blue). (f) Projected DOSs for different orbitals: Ni-dx2−y2 (red), Ni-d3z2−1 (green), Ni-t2g (lilac), O-p (grey/dark blue), Ti-t2g
(orange), and Ti-eg (sky blue) for (SNO)2/(LTO)1 and its counterparts: SNO-A, SNO-B, and LTO.



5

FIG. 3. (a) GGA (black lines) and Wannier (red lines) electronic band structures, and (b) the 3D and 2D Fermi surfaces of (SNO)2/(LTO)1.
In the Fermi surfaces, the two-band feature arises from NiA-dx2−y2 (yellow) and NiB-dx2−y2 (blue), respectively. (c) On-site energy and
electron occupancy of the NiA/B-3d orbitals in (SNO)2/(LTO)1. (d) and (e) Wannier functions of the NiA/B-d3z2−1 and NiA/B-dx2−y2 orbitals
in (SNO)2/(LTO)1.

TABLE I. The obtained nearest-neighbor hopping tnm (eV) of Ni-eg in (SNO)2/(LTO)1. The parameters of La3Ni2O7 at high pressure (HP)[35]
and undoped infinite-layer NdNiO2 are also listed for comparison.

eg-hopping (SrNiO2)2/(LaTiO3)1 La3Ni2O7 (HP)[35] undoped NdNiO2

tA
11 0.379 0.491 0.373

tA
22 0.013 0.115 0.027

tA
12 0.034 0.240 0.021

tB
11 0.322

tB
22 0.006

Intra-layer

tB
12 0.061

Inter-layer tAB
22 0.309 0.644 0.323

tAB
11 0.014 <0.01 0.028
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for SNO-A and SNO-B in Figs. 2(d-e) and their correspond-
ing DOSs in Fig. 2(f), we infer that SNO-B receives more
electrons from Ti than SNO-A during charge transfer. By inte-
grating the DOS, the estimated electron occupancy for the Ni-
dx2−y2 orbital is 0.59 for SNO-B (Ni1.41+) and 0.41 for SNO-
A (Ni1.59+). Additionally, from the distribution of oxygen p-
bands in Fig. 2(f), it is evident that the d-p hybridization is
weaker than in SrNiO2 (Fig. 1(h)), but stronger compared to
NdNiO2 (Fig. 1(g)).

Wannierization.—To better understand the microscopic Ni-
3d orbital physics of bi-layer (SNO)2/(LTO)1 SL, we ex-
tracted model hamiltonian parameters by MLWFs downfold-
ing technique, based on the above parameter-free GGA den-
sity functional simulations. Fourier transformation of the or-
thonormalized MLWF Hamiltonian H(k) yields on-site ener-
gies and hopping integrals, denoted as

H0n,Rm ≡ ⟨0n|H|Rm⟩ ≡ tR
nm

in a Wannier representation. Here, |0n⟩ is MLWF Wannier
function in home cell associated with band n, and |Rm⟩ is or-
thonormal MLWF Wannier function in cell R associated with
band m. As a result, the tight-binding model Hamiltonian can
be written as follows:

H(k) = ∑
n

εnc†
0nc0n + ∑

Rnm

(
tR
nmeik·Rc†

0ncRm +H.c.
)

(3)

where εn is the on-site energies of the orbitals. c0n(c†
0n) and

cRm(c†
Rm) denote the annihilation (creation) operators of elec-

trons.
Given that the interfacial Ti-dxy and Ti-d3z2−1 bands are

relatively close to the Fermi level, we chose to downfold a
12-band Hamiltonian to describe the key orbitals: |1⟩ = Ni-
dx2−y2 , |2⟩ = Ni-d3z2−1, |3⟩ = Ni-dxy, |4⟩ = Ni-dxz, |5⟩ = Ni-dyz
from the two SNO layers, and the Ti-dxy and Ti-d3z2−1 orbitals
from the LTO layer. The essential physics can be captured
with the derived parameters, such as on-site energies, the eg
crystal field splitting energy ∆eg = εx2−y2 −ε3z2−1, and the di-
rect Ni–Ni eg hopping tnm. The extracted values are shown
in Fig. 3(c) and Table I, with the corresponding interpolated
band structure and Fermi surfaces presented in Figs. 3(a) and
3(b). For comparison, the parameters for the high-pressure su-
perconducting phase of La3Ni2O7 and undoped infinite-layer
NdNiO2 are also listed in Table I.

In Fig. 3(a), the resulting tight-binding energy bands show
well agreement with the first-principles bands. Both the 3D
Fermi surface and the 2D projection at the kz = 0 plane in
Fig. 3(b) reveal crossings of two Ni-dx2−y2 bands from the
SNO-A and SNO-B layers. The Fermi surface of SNO-B ex-
hibits a cuprate-like bulging toward the Γ point [47], while the
SNO-A Fermi surface forms an electron pocket around the
Γ point. This purely Ni-dx2−y2 -occupied double-band Fermi
surface closely resembles that of the recently discovered high-
pressure superconducting La3Ni2O7, with the notable differ-
ence being the small participation from Ni-d3z2−1 is excluded
now.

In the (SNO)2/(LTO)1 SL, the two SNO layers at the inter-
face exhibit distinct Ni-O coordination environments: planar

FIG. 4. (a) The calculated GGA+U total energies and (b) the spin
moment per Ni atom as a function of UNi for different magnetic con-
figurations in the (SNO)2/(LTO)1 SL. The ratio J/U is set to 0.2,
with the total energy of the FM state used as the reference. The inset
in (a) shows the enlarged energy difference between the A-AFM-L
and FM states as UNi varies from 0 to 3.5 eV. The calculated result
for (SNO0.85F0.15)2/(LTO)1 SL at UNi = 0, 3 eV (big open symbol)
is also included in (a) and its inset.

square for SNO-A and square pyramidal for SNO-B, lead-
ing to different d-orbital crystal field splittings, as shown in
Fig. 3(c). The orbital configurations derived from the tight-
binding on-site energies in Fig. 3(c) are consistent with the
first-principles electronic structure results in Figs. 2(d-f). The
crystal field splitting ∆eg for NiA is 0.7 eV larger than that for
NiB. Both NiA/B-t2g and NiA/B-d3z2−1 orbitals are fully occu-
pied, while the NiA-dx2−y2 and NiB-dx2−y2 orbitals share one
electron between them. The Ni-eg hopping integrals (see Ta-
ble I) of the (SNO)2/(LTO)1 SL are comparable to those of
undoped infinite-layer NdNiO2, although they are generally
smaller than those in La3Ni2O7, which is expected due to the
structural differences under high pressure. In Figs. 3(d-e), we
present the disentangled Wannier functions for the NiA/B-eg

orbitals in the (SNO)2/(LTO)1 SL. The NiA/B-dx2−y2 orbitals
exhibit p-d covalent hybridization, similar to La3Ni2O7 [35],
while the NiA/B-d3z2−1 orbitals are more localized due to the
absence of apical oxygen atoms linking the two Ni-d3z2−1 or-
bitals.

Magnetism.—To investigate the magnetic properties of the
(SNO)2/(LTO)1 SL, we carried out the DFT GGA+U calcula-
tions with J/U = 0.2 for Ni-3d. Unlike the strong AFM fluc-
tuations observed in cuprates, no long-range magnetic order
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FIG. 5. GGA+U spin-polarized NiA/B-eg orbital-projected DOSs for the (SNO)2/(LTO)1 SL: NiA/B-dx2−y2 (red) and NiA/B-d3z2−1 (green),
calculated for different magnetic ground states at UNi = 0, 3, 5, and 8 eV (with UTi = 4 eV fixed).

has been found in La3Ni2O7, whereas local AFM correlations
have been experimentally reported in infinite-layer NdNiO2
[14]. Due to the complexity of magnetic coupling in nicke-
lates, we introduced a range of U values on Ni-3d (with UTi=
4 eV fixed) to explore possible magnetic coupling trends in
our Ni-based superlattice. The calculated total energies of var-
ious magnetic states, along with their corresponding magnetic
moments arising from the spin and orbital configurations, are
shown in Figs. 4(a) and 4(b-c). The spin-polarized NiA/B-eg
orbital-projected DOSs for different magnetic ground states at
U= 0, 3, 5 and 8 eV (with UTi = 4 eV) are shown in Fig. 5.
Since the SNO-A and SNO-B layers differ in local chemical

structure and crystal field environment, the two out-of-plane
Ni atoms are inequivalent, leading to different valence states
and magnetic moments. We find that the C-type and G-type
antiferromagnetic-like (AFM-L) states are highly unstable at
small U values, converging to other magnetic states. As U in-
creases beyond 3 eV, the energy of the G-AFM-L state rises,
while that of the C-AFM-L state keeps decreasing. In Fig.
4(a), when U ≤ 3 eV, the A-AFM-L state is slightly lower in
energy than the FM state, with a maximum energy difference
of 1.62 meV/Ni at U = 3 eV, indicating weak interlayer AFM
coupling. A similar result has been observed in La3Ni2O7
[35] and NdNiO2 [23]. However, we observe intralayer FM
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FIG. 6. GGA+U spin-polarized band structures for the (SNO)2/(LTO)1 SL, calculated for different magnetic ground states at UNi = 0 and 3
eV (with UTi = 4 eV fixed). The different orbital contributions are color-coded: Ni-dx2−y2 (red), Ni-d3z2−1 (green), and Ti-3d (light yellow).

coupling by comparing the energy difference between the C-
AFM-L and FM states, which contrasts with the AFM cou-
pling found in La3Ni2O7 and NdNiO2. At U = 3 eV, the eg or-
bital occupation of the A-AFM-L state is qualitatively similar
to that at U = 0 eV, with the only difference being enhanced
spin splitting, as seen in the orbitals-projected DOSs in Figs.
5(a-b). Hund’s rule states that electrons prefer to maximize
their total spin by occupying separate orbitals with parallel
spins before pairing, leading to high-spin configurations. As
U increases, the electron-electron repulsion becomes stronger,
making double occupancy within the same orbital more ener-
getically unfavorable. Since Hund’s coupling favors high-spin
configurations, electrons tend to distribute across different or-
bitals to minimize pairing. This results in orbital polarization,
where single electrons preferentially occupy different orbitals.
Consequently, as U increases, Hund’s coupling stabilizes dis-
tinct orbital occupations, giving rise to different orbital order-
ing. For 3 <U ≤ 6 eV, the system undergoes a magnetic tran-
sition to a FM ground state. Simultaneously, a charge redistri-
bution occurs between the two eg orbitals, with the Ni-dx2−y2

orbital gaining electrons from the Ni-d3z2−1 orbital (see Fig.
5(c)), and the SL gradually transitions to a high-spin state.

Ultimately, when U > 6 eV, the C-AFM-L high-spin state be-
comes the ground state, as shown in Fig. 5(d).

In general, the energy evolution of the A-type and C-type
AFM-L states, along with the FM state, shows that the weak
interlayer AFM exchange coupling disappears around U = 3
eV, after which FM coupling strengthens with increasing U .
However, the intralayer FM exchange coupling weakens and
eventually reverses when U exceeds 6 eV. It is worth not-
ing that La3Ni2O7 exhibits a paramagnetic metallic ground
state at U = 0 eV, with nonzero U values in the literature typ-
ically ranging from 3.5 to 4.3 eV [24, 50, 51] to get mag-
netic ground state. However, the (SNO)2/(LTO)1 SL remains
a spin-polarized magnetic metal even at U = 0 eV, with its
magnetic ground state properties remaining stable up to U = 3
eV, a value typically applied for elemental nickel. Thus, the
eg orbital reconstruction and high-spin state driven by crys-
tal field splitting and increasing U (> 3 eV) and J appear less
reasonable in this case. For comparison with the NM GGA
band structures in Figs. 2d–2e, we present the spin-polarized
GGA+U band structures of the A-AFM-L magnetic ground
state at reasonable U= 0, 3 eV (with UTi = 4 eV) in Fig. 6.
As U increases, the Ti-3d states (light yellow) remain in the
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conduction band, indicating that the Ti-3d orbitals are unoccu-
pied and the Ti valence state remains +4. This is in excellent
agreement with the NM GGA results and confirms that the
full charge transfer from Ti to Ni is robust and independent of
correlation effects.

Additionally, we observe magnetic instability when U ≤ 3
eV, which arises from the degenerate magnetic ground states
with nearly equal total energies for the FM and A-AFM-L
states. A similar instability has been reported in La3Ni2O7
[35]. Experimentally, it is quite challenging to observe large-
scale ordered AFM states in nickelates with superconductiv-
ity, in contrast to the long-range, stable AFM order found in
cuprates. However, the intralayer FM coupling at small U val-
ues is inconsistent with the intended superconducting design.
This discrepancy is likely due to the deviation of the NiA/B va-
lence states (Ni1.59+/Ni1.41+) from the Ni1.2+ found in super-
conducting Nd0.8Sr0.2NiO2 or the Ni1+ in undoped NdNiO2.
To test this hypothesis, we fine-tuned the average valence state
of Ni to Ni1.2+ by doping F atoms in NiO2 double layers at a
concentration of 0.15, resulting in the (SNO0.85F0.15)2/(LTO)1
SL. This modification can be experimentally achieved by con-
trolling oxygen pressure during preparation process. We find
that F doping effectively reduces both the interlayer AFM and
intralayer FM couplings at U = 3 eV, from 1.62 meV and
63.47 meV to 0.19 meV and 44.42 meV per Ni, respectively,
as shown by the big open symbols in Fig. 4(a). Interestingly,
at U = 0 eV, the G-AFM-L and C-AFM-L states emerge as
the most stable magnetic ground states, with nearly degener-
ate energies that are 16.96 meV and 16.18 meV per Ni, re-
spectively, lower than that of the FM state.

IV. CONCLUSIONS

Our comprehensive theoretical study explores
(SNO)n/(LTO)1 SLs to elucidate their electronic and
magnetic properties. We uncover a complete integer charge
transfer: 2Ni2+/Ti3+→(Ni1.41++Ni1.59+)/Ti4+ at the inter-
faces of (SNO)2/(LTO)1, which refines the Fermi surface
from multi-orbital contributions to a purely Ni-dx2−y2 orbital
character. The key features of Ni-dx2−y2 orbital occupa-

tion, electronic properties, and the Fermi surface show a
resemblance to superconducting cuprates and high-pressure
La3Ni2O7. The nearest-neighbor eg hopping parameters are
closely aligned with those in infinite-layer NdNiO2, though
smaller than those found in high-pressure La3Ni2O7. In
contrast to NdNiO2, factors that limit transition temperatures
(15 K), such as 5d-3d hybridization, self-doping between
Nd and Ni atoms, and weak p-d hybridization, have been
either completely suppressed or improved in our SL system.
Our magnetic state calculations indicate that the system is
in a low-spin state with magnetic instability at a reasonable
correlation U value of 1 to 3 eV, similar to what is observed
in La3Ni2O7. The magnetic coupling is highly sensitive to
the valence state of Ni atoms and can be fine-tuned by F-
doping in NiO2 double layers to simulate an oxygen pressure
environment during the preparation process. These findings
not only underscore the promising high-Tc superconductivity
of nickelate heterostructures at ambient pressure, but also
enhance our comprehension of the complex superconducting
behaviors exhibited by nickelate materials.

While our study theoretically constructs a (SNO)2/(LTO)1
superlattice, its experimental realization is feasible based on
existing thin-film growth techniques such as pulsed laser de-
position (PLD) and molecular beam epitaxy (MBE), com-
bined with CaH2 chemical reduction. These methods have
been successfully applied to the fabrication of oxide het-
erostructures [4, 14, 29–32]. Additionally, previous experi-
mental studies on LaNiO3/LaTiO3 superlattices [52] further
support the viability of such nickelate-titanate heterostruc-
tures. These considerations suggest that the proposed super-
lattice could be experimentally realized, provided that suitable
growth conditions are carefully optimized.
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