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Despite enormous expenditures in the research field, the electron-doped side of nickelate super-
conductors remains uncharted territory. Substituting the trivalent rare-earth cations by a tetravalent one
hitherto failed. Here, we demonstrate by first-principles calculations a disorder-free route to electron dope
Ruddlesden-Popper nickelates. When intercalating wide-band-gap insulating layers such as LaXO3

(X ¼ Al, Ga, Sc) into La2NiO4, the extra ðLaOÞþ layers act as electron donors, releasing carriers into
the Ni-3d orbitals. This electron doping puts La2NiO4∶La2AlO4 naturally in the optimal region for dx2−y2-
wave superconductivity with Tc exceeding 50 K. The same concept also allows us to electron dope
La3Ni2O7, the superconductor in the limelight.

DOI: 10.1103/qp4p-x6g3

Introduction—A central motif for unconventional super-
conductors such as cuprates [1–4] and nickelates [5–9] is
doping. This doping is required to suppress the antiferro-
magnetic insulating state of the parent compound with
superconductivity emerging in a narrow window of doping
next to this antiferromagnetic ordering. In cuprates such as
La2CuO4 [1,10], superconductivity emerges upon hole
doping via alkaline-earth substitution such as replacing
La3þ by Sr2þ or Ca2þ. This drives the Cu2þ (3d9) state
toward a hole-doped, strongly correlated superconducting
regime [11]. Similarly, the electron-doped side had been
mapped out for cuprates by, e.g., substituting Nd3þ with
Ce4þ in Nd2CuO4 [12,13]; cf. Refs. [14–16].
For nickelate superconductors, such as infinite-layer (IL)

nickelates RNiO2 [5,6] and Ruddlesden-Popper (RP) nick-
elates Rnþ1NinO3nþ1 [7–9,17,18], hole doping through

substituting the rare-earth cation R3þ by Sr2þ or Ca2þ is
possible [6,17–21] and laid bare the enormous potential of
nickelates. While hole doping of nickelates is straightfor-
ward, the lack of a robust route to electron doping has
hindered a complete mapping of their phase diagram. This
difficulty arises because substitutional doping requires
higher-valence cations, i.e., tetravalent A-site ions. For
LaNiO3 [22] with Ni3þ just as in cuprates [13], this is
possible by substituting La with Ce4þ. However, because
the fourth electron ionic energy of Ce3þ is higher than the
second ionization energy of Ni1þ for RP nickelates, this
route is not possible.
Here, we propose a conceptually simple but feasible

solution (see Fig. 1): achieve electron doping via wide-
band-gap insulator intercalation in RP lanthanum oxides.
The basic principle exploits the atomic and elementary
versatility of RP phases, which consist of perovskite blocks
separated by rocksalt layers. By inserting wide-gap insu-
lating LaXO3 blocks (X ¼ Al, Ga, Sc) [23,24], which
naturally form La2XO4 units in RP phase structures, the
lattice introduces excess ðLaOÞþ layers. These act as
effective electron donors, releasing electrons into adjacent
transition-metal oxide planes. Unlike conventional chemi-
cal doping, this strategy does not introduce chemical
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disorder at A and B sites; hence, it provides a defect- and
disorder-free symmetry-preserving route to electron dop-
ing. This is very advantageous for stabilizing fragile
emergent correlated states. We investigate this concept
through first-principles and many-body calculations for
La2NiO4∶La2XO4 heterostructures.
Our density-functional theory (DFT) [25,26] and dynami-

cal mean-field theory (DMFT) [27,28] calculations confirm
significant charge transfer from the LaðAl;Ga; ScÞO3-
derived blocks into NiO2 layers, driving Ni toward 3d9

configurations in La2NiO4 units and electron doping
La3Ni2O7. Furthermore, many-body calculations identify
dx2−y2-wave superconductivity (above 50 K) in La2NiO4∶
La2AlO4 even at ambient pressure. These results establish
wide-band-gap intercalation as a promising strategy to
access electron-doped nickelate. The proposed strategy
may be extended to lanthanum manganites, cobaltates, or
ruthenates, where the research on electron-doping effects
still faces challenges, and even cuprates.
Method—The calculations in this Letter were primarily

performed using DFT [25,26,29–34] for structural optimi-
zation and band structure analysis. The constrained random
phase approximation [35–37] is employed for determining
interaction parameters and DMFT [27,28,38–49] to account
for local correlation effects. Additionally, the dynamical
vertex approximation (DΓA) [50–54], fluctuation exchange
(FLEX) method [55–62], and dynamical cluster approxi-
mation (DCA) [63–67] were employed to study correlations
beyond DMFT and to estimate the critical superconducting
temperatures Tc. (Self-consistent) phonon calculations

(SCPH) [68–70] and first-principles molecular dynamics
(AIMD) [71] simulations using on-the-fly machine-learned
force fields [72,73] were carried out to assess the structural
stability. Additional results, computational details, and
parameter settings are provided in Supplemental Material
Secs. I–IX [74].
Structure—We focus on RP-phase oxides Axþ1BxO3xþ1

with x ¼ 1, i.e., A2BO4. Many perovskite transition-metal
oxides have been synthesized in this RP phase; prominent
examples include Sr2RuO4 [75], La2CuO4, and Sr2TiO4

[76]. These compounds feature A2BO4 layers stacked on
top of each other. Often, they are synthesized by molecular
beam epitaxy or pulsed laser deposition. For x ¼ ∞, on
the other hand, combinations of trivalent rare-earth cations
(e.g., La3þ) with trivalent elements from the III A or III B
group form wide-band-gap perovskite insulators such as
LaAlO3 (3.6 eV), LaGaO3 (2.9 eV), and LaScO3 (2.9 eV).
For ABO3 compounds, heterostructures or interfaces can
be engineered when two materials share similar crystal
structures and lattice constants. Consequently, when grow-
ing the A2BO4—whose unit blocks contain an ABO3

monolayer—it becomes possible to insert additional ABO3

layers of varying type or thickness. Examples in-
clude Sr2TiO4=SrTiO3 (x ¼ 1þ∞) interfaces [77] and
the recently reported La2NiO4=La3Ni2O7 heterostructure
(x ¼ 1þ 2) [78,79].
Following this reasoning, replacing every other unit

block of La2NiO4 by La2XO4 yields structural analogs
where La2XO4 (La3X2O7) can be viewed as one (or two)
unit cells of LaXO3 plus an extra ðLaOÞþ layer. Here, La
and O ions are expected to retain their 3þ and 2− valence
states, respectively. This introduces an extra electron into
the La2NiO4 layer, provided that La and X (Al, Ga, and Sc)
are more ionic than Ni, as illustrated in Fig. 1(b). In
Supplemental Material Secs. IX and X [74], we employed
DFT, SCPH, and AIMD methods to perform phonon
spectra, finite-temperature MD simulations, variable-com-
position structural searches, and constructed convex hulls.
The results demonstrate that the La2NiO4∶La2AlO4 heter-
ostructure remains dynamically, chemically, and thermo-
dynamically stable at even 300 K.
DFT bands—Let us start with the DFT band structure

[Figs. 2(a) and 2(b)] and orbital occupations (Table I)
of La2NiO4 with and without the intercalation of La2XO4.
For (undoped) La2NiO4, Ni ions adopt a valence state of
2þ ð3d8Þ, with fully occupied Ni-t2g and half-filled Ni-eg
orbitals; see Table I. Because of the elongated octahedral
field in the z direction and, thus, more distant (negatively
charged) O-2pz orbitals, the Ni dz2 orbital is lower in
energy than the dx2−y2 orbital; see Fig. 2(a). Consistent with
this, Table I shows an occupancy of 1.46 electron in dz2 and
0.56 electron in dx2−y2 in DFT. When La2AlO4 is interca-
lated [Fig. 2(b) and Table I], the additional ðLaOÞþ layers
release roughly one electron to Ni-3dz2 , leading to the
occupation of n ∼ 1.91 (1.93) in DFT (DMFT), while the

(a) (b)

FIG. 1. (a) Structural schematic of La2NiO4∶La2XO4 (X ¼ Al,
Sc, or Ga); (b) Mechanism of intrinsic electron doping in
La2NiO4 realized by inserting additional ðLaOÞþ layers. The
black dashed line in (b) denotes the unit cell used for the DFTand
DMFT calculations shown in Figs. 2(b)–2(d).
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dx2−y2 occupation increases slightly to 0.65 (0.87) in DFT
(DMFT). This corresponds to approximately one electron
doping per Ni as in the sketch Fig. 1(b).
Similar electron-doping effects are observed for

La2NiO4∶La2GaO4 and La2NiO4:La2ScO4; the corre-
sponding Table SI and Fig. S4 can be found in
Supplemental Material [74] Secs. XI and XII. However,
as the ionic size increases from Al via Ga to Sc, the in-plane
lattice expands (see Table I), inducing a compressive strain
in the z direction. This lowers the energy of the dx2−y2

orbital, decreases its occupation, and increases the occupa-
tion of the dz2 orbital. Importantly, in La2NiO4∶La2AlO4,
the Fermi surface exhibits quasisingle dx2−y2 band character,
with nearly full dz2 occupancy and half-filled dx2−y2 , closely
resembling cuprates such as La2CuO4 [80,81] and CaCuO2

[82] and hydrogenated La2NiO4 [83]. At the Γ ¼ ð0; 0; 0Þ
and Z ¼ ð0; 0; πÞ momenta, pocket bands of predomi-
nately La-5d character emerge but do not overlap with
Ni-eg bands. These pockets lead to the La occupation of

FIG. 2. Paramagnetic DFT band structure and orbital characters of (a) La2NiO4 and (b) La2NiO4∶La2AlO4. Multiband DMFT k-
resolved spectral functions Aðk;ωÞ of La2NiO4∶La2AlO4 with (c) Ni-3d-only model and (d) La-4f-5dþNi-3d model.

TABLE I. Occupation of Ni-3d and La-5d orbitals, out-of-plane Ni-O bond, and in-plane lattice constants (in unit
of Å).

Orbital occupancy Structural parameters (Å)

Materials Wannier projection
basis Method dxy dxz=dyzdx2−y2 dz2

Average-
La-5d

Out-of-plane Ni-
O

In-plane lattice
constant

La2NiO4 DFT 1.98 2.00 0.56 1.46 � � �
2.37 3.80

(Ni-3d only) DMFT 2.00 2.00 1.00 1.00 � � �
La2NiO4∶La2AlO4 DFT 1.95 1.92 0.65 1.91 0.16

2.56 3.76
(La-5dþ Ni-3d) DMFT 1.95 1.93 0.87 1.93 0.10
La2NiO4∶La2GaO4 DFT 1.97 1.96 0.67 1.90 0.13

2.50 3.80
(La-5dþ Ni-3d) DMFT 1.98 1.96 0.90 1.93 0.06
La2NiO4∶La2ScO4 DFT 1.94 1.92 0.76 1.81 0.16

2.44 3.94
(La-5dþ Ni-3d) DMFT 1.96 1.94 1.01 1.71 0.11
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0.16 (0.10) electrons/La in DFT (DMFT) and self-dope
the Ni-3dx2−y2 band, analogous to IL nickelates [84,85].
Moreover, spin-polarized DFTþ U calculations reveal that
the proposed compounds exhibit (in-plane) G-type anti-
ferromagnetism, analogous to that observed in 2D cuprates
(see Supplemental Material Sec. XI [74]).
In addition to the DFT bands, the charge transfer effect

induced by the heterostructure is further confirmed by DFT
density of states (DOS), Mulliken population, and Bader
charge analysis (see Supplemental Material Sec. XIII [74]).
The mechanism of electron doping can be extended to

other RP phase oxides, such as the recently discovered
superconductor La3Ni2O7 [7–9,17,18]. For La3Ni2O7,
we constructed an La3Ni2O7∶La3Al2O7 superlattice.
Figures 3(a) and 3(b) show the DFT bands with a pro-
nounced downward shift of the Ni-eg orbitals, correspond-
ing to an electron doping of the low-energy Ni orbitals.
This demonstrates the versatility of our electron-doping
approach and its applicability to diverse RP nickelates and
other oxides.
Unlike conventional approaches that rely on the potential

difference between B and B0 cations at ABO3=AB0O3

heterostructure to induce charge transfer and self-doping
[86–88], the gateway we propose avoids introducing addi-
tional bonding associated with electron or hole doping,
which typically alters the electronic and magnetic
structures.
Correlations—Next, we turn to the effect of correlations,

starting with the strong local correlations that can be
captured by DMFT; the corresponding computational details
are provided in Supplemental Material Sec. III [74].
As theoretically [89] and experimentally [90,91] established
for both infinite- and finite-layer nickelates as well as for
cuprates, quasi-2D superconductivity is primarily gov-
erned by the nearly half-filled Fermi surface derived from
Ni-3dx2−y2 single-band. The slightly occupied pocket(s) at Γ
and A points are considered to play, as in nickelates, a minor
role of an electron reservoir (hole donor) and not to be
decisive for superconductivity.
We perform DFT + DMFT calculations for two different

low-energy models: including all Ni-3d orbitals (only)

[Fig. 2(c)] and a La-4f þ La-5dþ Ni-3d model which
also includes the La-4f and-5d orbitals [Fig. 2(d)] [94]. In
the Ni-3d (only) case, both t2g and dz2 bands shift upward
by ∼1 eV, while the Fermi surface remains dominated by
the dx2−y2 orbital. The La-4f-5dþNi-3d model exhibits
similar characteristics; although the Γ and Z pockets shift
upward, they still cross the Fermi energy [see Fig. 4(b) for
DFT and DMFT Fermi surface and the enhanced occupa-
tion in Ni-3dx2−y2], suggesting that correlations suppress
the self-doping effect between Ni-3d and La-5d [these
pockets are not part of the Ni-3d (only) model]. The calcu-
lated dx2−y2 effective electron massesm�=m ¼ ð1=ZÞ ¼1 −
½∂ ImΣðiωnÞ=∂iωn�jiωn→0 are with 2.8 (Ni-3d) and 3.1
(La-4f-5dþNi-3d) quite similar for the two models, con-
firming that the Ni-3d orbital retains its distinct electronic
character in both models and is largely decoupled from
other orbital contributions.
Superconductivity in La2NiO4∶La2AlO4—Going even

beyond the DMFT correlations, we compute the super-
conducting critical temperature (Tc) of La2NiO4∶La2AlO4

using three different methods: DΓA, FLEX, and DCA. For
these more involved calculations, we use a single-band
tight-binding Hamiltonian obtained from a Wannier pro-
jection onto the only correlated band crossing the Fermi
energy: the Ni-3dx2−y2 band. Computational details are
provided in Supplemental Material Secs. IV–VIII [74]. As
summarized in Table I, the DFT + DMFT calculations
(La-4f þ La-5dþ Ni-3d model) yield an electron occu-
pancy of n ¼ 0.87 for the Ni-3dx2−y2 orbital. This filling
was used in the DΓA, FLEX, and DCA calculations to
mimic the effect of the pockets and is consistent with the
optimal carrier concentration (∼0.85) predicted in a
previous study [89]. For FLEX and DΓA, we also exam-
ined additional fillings (n ¼ 0.80 and 0.90 for FLEX and
n ¼ 0.80 and 0.95 for DΓA). Figure 4(a) shows the
temperature dependence of the superconducting eigenval-
ues λSC as a function of T for different n. DΓA yields
Tc (λSC ¼ 1) values of 53 and 62 K for n ¼ 0.87 and
n ¼ 0.95, respectively, higher than current IL nickelates
[89,92,93]. This high Tc can be traced back to the reduced

FIG. 3. Paramagnetic DFT band structure and orbital characters of (a) La3Ni2O7 and (b) La3Ni2O7∶La3Al2O7.
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in-plane lattice constant (3.76 Å) which weakens correla-
tions (U ≈ 5t − 6t instead of 7t − 8t for LaNiO2

[85,95,96]) and makes La2NiO4∶La2AlO4 analogous to
4d palladates [95].
The same tendency is observed in FLEX with even a Tc

of 103 and 115 K at n ¼ 0.87 and n ¼ 0.90, respectively;
and DCAwith cutting-edge Nc ¼ 12 cluster sites predicts a
similar Tc of 127 K. Taking all three many-body
approaches together and even with the most conservative
DΓA Tc, we can conclude with quite some confidence that
La2NiO4∶La2AlO4 is a d-wave superconductor with a high
Tc, which we predict to exceed that of IL nickelates. It
should be noted that, during the synthesis of the proposed
heterostructures, inversion symmetry (centrosymmetry)
breaking may introduce additional bands near the Fermi
level into the minimal low-energy model, potentially
leading to multiband superconducting pairing [97]. In
addition, we discussed the effects of lattice, structure,
and strain on the electronic structure of the heterostructures
[98] in Supplemental Material Sec. XIV [74].
Finally, the Fermi surfaces obtained from the many-body

DMFT, FLEX, and DΓA methods exhibit remarkable
similarity to previous results for states where supercon-
ductivity and a well-defined holelike Fermi surface
emerges [95]. Specifically, Figs. 4(c) and 4(d) show a
characteristic shape with pronounced strong momentum-
dependent damping at the many-body level instead of the
noninteracting DFT Fermi surface in Fig. 4(b).
Noteworthily, electronic correlations induce a Lifshitz
transition from an electron Fermi surface in DFT to a

holelike Fermi surface. Our model parameters
(t0=t ¼ −0.20 and t00=t ¼ 0.10) of La2NiO4∶La2AlO4

indeed fall within the optimal regime identified in the
previous study (t0=t ¼ −0.22 and t00=t ¼ 0.14) [95], sug-
gesting that this system possesses strong potential for high-
Tc superconductivity.
Conclusions—Lanthanum nickelates have recently

reemerged at the focus of condensed matter research,
following the discovery of unconventional cupratelike
superconductivity. However, electron doping in nickelates
remains much more difficult than in cuprates due to the
highly ionic nature of Ni and limited availability of suitable
elements. In contrast, in cuprates, the low ionization energy
of their A-site elements allows Ce to adopt a 4þ valence
state, enabling electron doping.
In this Letter, we proposed intercalation of the insulating

RP nickelates as a promising route to achieve electron
doping. Electron doping was confirmed using DFT and
DMFT calculations: In La2NiO4∶La2AlO4, a 3d9−δ

(δ ∼ 0.13) valence state was realized, demonstrating that
the Ni eg orbital in La2NiO4 is effectively doped with
electron(s) from the additional ðLaOÞþ layer(s). We also
demonstrated the feasibility of this approach for La3Ni2O7.
Let us emphasize that the approach is not at all restricted to
nickelates. It is widely applicable to introducing electron
doping in other RP-phase oxides and very promising for,
e.g., cuprates such as La2CuO4 and ruthenates such
as Sr2RuO4.
Subsequent many-body calculations, based on a sim-

plified Ni-3dx2−y2 model including correlation effects for
the doped La2NiO4 layers, reveal that the electron-doped
compounds host high-Tc dx2−y2-wave superconductivity, as
shown by DΓA, DCA, and FLEX. Compared to IL
nickelate superconductors, La2NiO4∶La2AlO4 exhibits a
higher Tc due to the smaller in-plane lattice constant [that is
close to 3.868 Å of LSAT: ðLaAlO3Þ0.3ðSr2TaAlO6Þ0.7�.
This, in turn, reduces correlations and (antiferromagnetic)
spin fluctuations and, thus, enhances Tc. Furthermore, due
to the large La pockets, La2NiO4∶La2AlO4 naturally
resides in the optimal doping regime of superconductivity
in the two-dimensional Hubbard model even without any
additional doping.
In parallel to the charge-transfer mechanism proposed

here, recent work [98] has demonstrated that geometrical
effects—such as varying the thickness ratio of quantum
wells in superlattices—can serve as an effective tuning
parameter for controlling multiband superconductivity and
achieving a multigap superconducting state. These findings
suggest that a combination of charge transfer (chemical
doping) and geometrical engineering could provide even
greater flexibility in designing and optimizing the super-
conducting state in RP-phase nickelate heterostructures.
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