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Correlated interface electron gas in infinite-layer nickelate versus cuprate films on SrTiO3(001)
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Based on first-principles calculations including a Coulomb repulsion term, we identify trends in the electronic
reconstruction of ANiO2/SrTiO3(001) (A = Pr, La) and ACuO2/SrTiO3(001) (A = Ca, Sr). Common to all
cases is the emergence of a quasi-two-dimensional electron gas (q2DEG) in SrTiO3(001), albeit the higher
polarity mismatch at the interface of nickelates versus cuprates to the nonpolar SrTiO3(001) substrate (3+/0
versus 2+/0) results in an enhanced q2DEG carrier density. The simulations reveal a significant dependence
of the interfacial Ti 3dxy band bending on the rare-earth-metal ion in the nickelate films, being 20–30% larger
for PrNiO2 and NdNiO2 than for LaNiO2. Contrary to expectations from the formal polarity mismatch, the
electrostatic doping in the films is twice as strong in cuprates as in nickelates. We demonstrate that the depletion
of the self-doping rare-earth-metal 5d states enhances the similarity of nickelate and cuprate Fermi surfaces in
film geometry, reflecting a single hole in the Ni and Cu 3dx2−y2 orbitals. Finally, we show that NdNiO2 films
grown on a polar NdGaO3(001) substrate feature a simultaneous suppression of q2DEG formation as well as Nd
5d self-doping.

DOI: 10.1103/PhysRevResearch.3.013261

I. INTRODUCTION

The very recent observation of superconductivity in Sr-
doped NdNiO2 and PrNiO2 films grown on SrTiO3(001)
(STO) [1–3] has sparked considerable interest in infinite-layer
nickelates, since their formal Ni1+ (3d9) valence state renders
them close to cuprates [4–16]. In the quest for a fundamental
understanding of the underlying mechanisms, several aspects
are noteworthy and so far unresolved. In particular, supercon-
ductivity could not be confirmed experimentally in Sr-doped
bulk NdNiO2 [17] and was not observed in LaNiO2 films
on STO(001) [1] despite its similar electronic structure to
NdNiO2 and PrNiO2 in the bulk, apart from the Nd and Pr
4 f states [18].

A considerable electronic reconstruction emerges in
NdNiO2/SrTiO3(001) due to the polar discontinuities at the
interface and the surface [19], which comprises (i) the for-
mation of a quasi-two-dimensional electron gas (q2DEG)
at the interface by occupation of Ti 3d states despite the
metallic screening of the nickelate film; (ii) the depletion
of the self-doping Nd 5d states, resulting in a cuprate-like
Fermi surface; and (iii) an enhanced and modulated Ni eg

orbital polarization throughout the film due to electrostatic
doping. Notably, the q2DEG was found to be far more pro-
nounced than its counterpart emerging in the paradigmatic
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LaAlO3/SrTiO3(001) system (LAO/STO [20,21]) beyond
four monolayers (ML) of LAO [22,23], which is known to
exhibit intriguing correlation-driven physics such as super-
conductivity [24].

In this context, the analogies frequently drawn between
infinite-layer nickelates and cuprates [5,9,13] appear in a
novel light. A fundamental difference between these two ma-
terials classes remains, namely, the formal polarity of the con-
secutive (001) layers, being, for instance, Ca2+(CuO2)2− and
Sr2+(CuO2)2− in the superconducting infinite-layer cuprates
and Nd3+(NiO2)3−, Pr3+(NiO2)3−, and La3+(NiO2)3− in the
infinite-layer nickelates. This implies distinct behavior be-
tween cuprates and nickelates in film geometry on a nonpolar
substrate such as STO(001) despite the same formal 3d9 con-
figuration.

Here we systematically explore the impact of
the polar discontinuities at the interface and the
surface on the structural and electronic properties of
PrNiO2/STO(001), LaNiO2/STO(001), CaCuO2/STO(001),
and SrCuO2/STO(001) in film geometry by performing
first-principles calculations including a Coulomb repulsion
term. In each system, we find that the polarity mismatch
drives an electronic reconstruction, inducing the formation of
a q2DEG at the interface. This supports the earlier finding
of a q2DEG at the NdNiO2/STO(001) interface, which is
absent for perovskite films [19], and establishes it as a general
phenomenon in infinite-layer nickelate and cuprate films
on STO(001). The occupation of the Ti 3d states varies in
each case, which reflects the different polar discontinuities
of infinite-layer cuprates versus nickelates at the interface to
STO(001), and furthermore unravels substantial distinctions
between NdNiO2 and PrNiO2 versus LaNiO2 films. The
electronic reconstruction is accompanied by ionic relaxations,
specifically ferroelectric-like displacements of the Ti ions
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in the topmost 20–30 Å of the STO substrate, that act as
a fingerprint of the q2DEG formation. We demonstrate
explicitly that the depletion of the rare-earth-metal 5d states,
which self-dope the bulk infinite-layer nickelates, enhances
the similarity of nickelate and cuprate Fermi surfaces in film
geometry, resulting in a single hole in the Ni and Cu 3dx2−y2

orbitals. The hole density increases from the interface to the
surface due to electrostatic doping, which we find to be twice
as strong in cuprates as in nickelates, contrary to expectations
from the formal polarity mismatch. Finally, we show that
NdNiO2 films grown on a polar NdGaO3(001) substrate
exhibit depleted Nd 5d states in the film and a simultaneously
quenched q2DEG in the substrate, which offers a route
to disentangle their contributions to superconductivity in
infinite-layer nickelates.

II. METHODOLOGY

We performed first-principles calculations in the frame-
work of density functional theory [25] (DFT) as implemented
in the QUANTUM ESPRESSO code [26]. The generalized gra-
dient approximation was used for the exchange-correlation
functional as parametrized by Perdew, Burke, and Ernzer-
hof (PBE) [27]. Where indicated, we compare with PBEsol
results, a functional that often renders improved structural
properties [28–31]. Static correlation effects were considered
within the DFT + U formalism [32,33] employing U = 4 eV
on Ni, Cu, and Ti sites, in line with previous work [9,34–38].
We confirmed that a higher value of UCu = 6.5 eV [39] leads
to largely identical results.

We model ABO2/STO(001) in film geometry (A = Pr, La,
Ca, Sr; B = Ni, Cu) by using

√
2a × √

2a supercells with
two transition-metal sites per layer to account for octahe-
dral rotations, strained to the STO substrate lattice parameter
a = 3.905 Å. The symmetric slabs contain 10.5 ML of STO
substrate and 4 ML of infinite-layer nickelate or cuprate film
on each side (the figures only show half of the supercell). The
vacuum region spans 20 Å. Simulations using a NdGaO3(001)
substrate are carried out in analogy (a = 3.86 Å). Wave func-
tions and density were expanded into plane waves up to
cutoff energies of 45 and 350 Ry, respectively. Ultrasoft
pseudopotentials [40] as successfully employed in previous
work [35–38,41–45] were used in conjunction with projector
augmented wave data sets [46]. The Pr and Nd 4 f electrons
are frozen in the core, similar to previous studies involving
Nd [4,13,19,34]; their explicit treatment leads to qualitatively
similar results. We used a 12 × 12 × 1 Monkhorst-Pack �k-
point grid [47] and 5 mRy Methfessel-Paxton smearing [48] to
sample the Brillouin zone. The ionic positions were accurately
optimized, reducing ionic forces below 1 mRy/a.u.

III. IONIC RESPONSE TO THE INTERFACE POLARITY

The optimized geometries of different 4-ML ABO2 films
on STO(001) are displayed in Fig. 1(a). Similar to the case of
NdNiO2 (a = 3.92, c = 3.28 Å [4,49]), the lattice parameters
of bulk PrNiO2 (a = 3.92, c = 3.30 Å; DFT+U ), LaNiO2

(a = 3.96, c = 3.37 Å [9,50]), and SrCuO2 (a = 3.93,
c = 3.43 Å [39,51]) imply that these materials are subject to
compressive strain, if grown epitaxially on STO(001) (a =

FIG. 1. (a) Optimized geometry of different 3d9 infinite-layer
ABO2/STO(001) systems. The small red numbers denote the dis-
tance between the surface BO2 layer and the subsurface A layer.
(b) The apical A-site distances �zA increase in the infinite-layer films
from the interface to the surface. They are particularly enhanced at
the interface (S − 4), exceeding the STO bulk distance. The small
horizontal dashed lines indicate bulk c reference values. (c) The B-O2

displacements �zB = zB − zO reveal a surface buckling in each case,
whereas buckling at the interface (in the opposite direction) occurs
only for the two nickelate systems. In the STO substrate, dark blue
curves represent a fit to an exponential function (see text and Table I).
(d) The oscillating apical Ti-O bond lengths are linked to the �zTi

displacements and act as a fingerprint of the q2DEG formation. In all
panels, large colored symbols indicate PBE results, whereas small
black symbols correspond to PBEsol values for comparison.

3.905 Å), whereas CaCuO2 (a = 3.85, c = 3.18 Å [39,51])
experiences tensile strain (Table I). Nevertheless, we observe
a vertical expansion in all films, as reflected in the apical
A-site distances �zA shown in Fig. 1(b). This expansion is
not uniform but increases continuously from the interface
to the surface. In particular, directly at the interface, the
distances are enhanced; this result can be associated with the
electrostatic doping due to the polarity of the films, similar
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to the previously observed enhanced La-Sr distance across
the n-type LaNiO3/STO(001) interface (≈4.06 Å) [35,52,53].
The SrCuO2 case highlights that this expansion at the interface
is not exclusively related to a chemical variation at the A
site; surprisingly, the effect is even strongest in this system.
Notably, for cuprate films, this �zA expansion extends several
layers into the substrate, which is clearly not the case for the
nickelate systems that show an abrupt transition to bulklike
apical Sr-Sr distances in STO. We find that PBE and PBEsol
provide qualitatively similar structural properties (Fig. 1). The
small intrinsic octahedral rotations of STO are removed near
the interface, with the exception of the CaCuO2 film, and
the BO4 squares in the infinite-layer films show almost no
rotations around the c axis [Fig. 1(a)].

The cation-anion B-O2 displacements �zB = zB − zO

shown in Fig. 1(c) reveal a surface buckling in each case,
whereas buckling at the interface (in the opposite direction)
occurs exclusively for the nickelate systems. This indicates
that the buckling is primarily impacted by the B-site element.
In contrast, the distance between the surface BO2 layer and the
subsurface A layer, which is considerably contracted in each
case, correlates also with the ionic radius of the A site element
[Fig. 1(a)].

In the STO substrate, substantial ferroelectric-like dis-
placements �zB arise that are qualitatively similar for all
considered systems [Fig. 1(c)]. For NdNiO2/STO(001), such
displacements were shown to be indicative of the q2DEG
formation [19]. A fit to �zB = z̃ exp(−d/d̃ ) renders the values
given in Table I. Here, d̃ provides insight into how deeply
the electronic reconstruction influences the ionic geometry
in the STO substrate, which is larger for cuprate films than
for nickelate films. In contrast, the maximal displacement
z̃ is ≈0.05 Å larger in the nickelate cases. From these re-
sults, we estimate experimentally resolvable displacements
(i.e., 0.35 Å > �zB > 0.01 Å) in the topmost 20–30 Å of
the STO substrate. The finite displacements �zB are also
reflected in the disproportionate apical Ti-O bond lengths,
which oscillate strongly around the bulk value (1.96 Å) in
Fig. 1(d).

IV. ELECTRONIC RECONSTRUCTION: CORRELATED
q2DEG FORMATION AND CUPRATE-LIKE

FERMI SURFACES

We now explore the implications of the polar discontinu-
ities at the interface and the surface on the electronic structure.
As already suggested by the ionic relaxations near the inter-
face [Fig. 1(c)], we find q2DEGs to emerge in the substrate for
each case (Fig. 2), as reported earlier for NdNiO2/STO(001)
[19]. All four (ABO2)4/STO(001) systems show a strong
Ti 3d occupation at the interface, in stark contrast with the
paradigmatic (LAO)4/STO(001) system which is just at the
verge of a metal-insulator transition [23]. Near the inter-
face, each q2DEG is formed predominantly by dispersive Ti
3dxy states, as observable in the layer-resolved band struc-
tures compiled in Fig. 3. This goes hand in hand with the
ferroelectric-like Ti displacements [Figs. 1(c) and 1(d)] and
resembles the situation in LAO/STO(001) [54,55]. The or-
bital order, which is also visible in the distribution of the
electron density (Fig. 2), persists within the topmost three

TABLE I. Structural data of the considered ABO2/STO(001)
systems, compared to NdNiO2/STO(001) [19]. The film thickness
dFilm is measured from the B site positions in S and S − 4, spanning
4 ML [cf. Fig. 1(a)]. The parameters z̃ and d̃ refer to the exponential
fit of the ferroelectric-like Ti displacements in the STO substrate
[cf. Fig. 1(c)], as described in the text, and quantify how strongly
and deeply the electronic reconstruction affects the substrate.

NdNiO2 PrNiO2 LaNiO2 CaCuO2 SrCuO2

Strain at aSTO (%) −0.4 −0.4 −1.4 1.4 −0.6
dFilm (Å) 13.50 13.68 14.08 13.44 14.63
z̃ (Å) −0.35 −0.35 −0.34 −0.28 −0.32
d̃ (Å) 7.42 7.48 7.66 8.23 8.05

layers and then develops into a uniform occupation of the
t2g manifold. Notably, the infinite-layer compounds exhibit
a quite covalent nature in the BO2 layers, as reflected in the
distribution of the electron density (Fig. 2), while the Ti states
in the substrate are far more localized.

Surprisingly, the q2DEG formation in STO(001) occurs
despite the metallic character of the films that could screen the
polarity mismatch at the interface. Specifically, for a reduced
polarity mismatch at the interface, as present for instance in
metallic NdNiO3/STO(001) with a (NdO)1+/(TiO2)0 inter-
face stacking, no q2DEG forms [19].

We find that the film composition tunes the manifestation
of the q2DEG, reflected in the different band bending (local
electrostatic modification of the energy eigenvalues) of the
Ti 3dxy orbital, which we quantify in Table II. It is largest
for NdNiO2 [19] and PrNiO2 films (−0.54 and −0.50 eV)
and half as strong for SrCuO2 and CaCuO2 (−0.28 and
−0.21 eV), which is in line with the lower formal polarity
mismatch in the cuprate case. The distinct band bending of
the STO valence states observable in Fig. 2 indicates different
band offsets of the present infinite-layer nickelates versus
cuprates.

It is so far unresolved why NdNiO2/STO(001) [1,2]
and PrNiO2/STO(001) [3] exhibit superconductivity, whereas
such a phase is absent in LaNiO2/STO(001) [1] despite a
similar electronic structure of all three infinite-layer nickelates
in the bulk. Magnetic interactions with the rare-earth-metal
5d/4 f electrons have been suggested to possibly enter the
mechanism [6,18]. However, superconductivity could not be
confirmed experimentally in Sr-doped bulk NdNiO2 [17],
which raised a question about the role of the interface and the
film geometry [19]. If we speculate that superconductivity is
mediated by the q2DEG, as it is the case in LAO/STO(001)
[24], this would require notable differences in the q2DEG
for NdNiO2 and PrNiO2 versus LaNiO2. Indeed, we observe
that the Ti 3dxy band bending is about 20–30% larger for
PrNiO2 and NdNiO2 than for LaNiO2 (Table II, Fig. 3).
The distinct carrier concentration implied by these differ-
ences in electrostatic doping could drive the system out
of the superconducting dome [2]. Further possible reasons
for the absence of superconductivity in LaNiO2/STO(001)
are an inhibited q2DEG formation owing to incomplete
reduction of the initial perovskite nickelate films in ex-
periment [1], as predicted for NdNiO2/STO(001) [19], or
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FIG. 2. The layer-resolved densities of states of the different ABO2/STO(001) systems (cf. Fig. 1) show the q2DEG formation at the
interface due to the occupation of Ti 3d conduction band states. The band bending in the substrate due to polarity mismatch is more pronounced
for nickelate films than for cuprate films (particularly for the valence band), whereas the emergent electric field in the films is approximately
twice as strong in the cuprate films than in the nickelate films (as schematically indicated by red dashed lines; cf. Fig. 3). The distribution of
the electron density (integrated from −0.7 eV to EF) visualizes the occupation of Ti 3d states that varies with the film composition (being less
pronounced for cuprate films), the orbital order at the Ti sites, and the presence (absence) of a hybrid dz2 interface state for nickelate (cuprate)
films. The absence of electron density in the rare-earth-metal layers (at the rare-earth-metal sites and the corresponding apical oxygen vacancy
sites) highlights the 2D cuprate-like electronic structure emerging in the nickelate films.

TABLE II. Band bending in the different ABO2/STO(001) systems. The band energies ε are given relative to the Fermi energy and refer
to the � point, where they are minimal (cf. Fig. 3). �ε denotes the band bending experienced by the planar 3dx2−y2 orbitals throughout the film
from the interface (S − 3) to the surface (S). We divide by the film thickness dFilm (cf. Table I) to normalize. The interfacial Ti 3dxy energies
(S − 4) reflect how pronounced the emerging q2DEG is. The presence of a partially occupied rare-earth-metal 5dz2 –Ni 3dz2 hybrid state in the
bulk (the electron pocket at the � point), admixed with Ti 3dz2 in film geometry, distinguishes nickelates from cuprates (cf. Figs. 3 and 4).

NdNiO2 [19] PrNiO2 LaNiO2 CaCuO2 SrCuO2

εNi/Cu
3dx2−y2

in the bulk (eV) −1.22 −1.21 −1.19 −1.31 −0.92

εNi/Cu
3dx2−y2

in S (eV) −0.46 −0.46 −0.46 −0.34 −0.44

εNi/Cu
3dx2−y2

in S − 3 (eV) −1.22 −1.24 −1.27 −1.93 −1.85

�εNi/Cu
3dx2−y2

(eV) 0.76 0.78 0.81 1.59 1.41

�εNi/Cu
3dx2−y2

/dFilm (meV/Å) 56 57 58 118 96

εTi
3dxy

in S − 4 (eV) −0.54 −0.50 −0.41 −0.21 −0.28
ε5d hybrid state in the bulk (eV) −0.48 −0.42 −0.33 – –
ε5d hybrid state at the interface (eV) −0.63 −0.69 −0.81 – –
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FIG. 3. Band structure [�k-resolved densities of states, projected on Ni, Cu, and Ti 3d orbitals in different layers (from left to right)] of the
considered ABO2/STO(001) systems (cf. Fig. 1). Corresponding bulk panels are provided for comparison. The orbital characters are denoted
(see also Fig. 8). The figure highlights the emergent q2DEG due to occupation of dispersive interfacial Ti 3d states in the STO substrate
(predominantly 3dxy states) and the modulation of the Ni/Cu 3dx2−y2 states throughout the infinite-layer films. Exclusively for the nickelate
films, an interface state can be observed that exhibits a hybrid rare-earth-metal 5dz2 –Ni 3dz2 –Ti 3dz2 character.

hydrogen intercalation following the topotactic reduction
reaction [11].

In bulk infinite-layer cuprates, a single hole occupies the
planar Cu 3dx2−y2 orbital [9,13]. The situation is modified
in bulk nickelates due to two self-doping electron pockets
(at the � and the A point, the latter corresponding to the Z
point in the present geometry) that exhibit rare-earth-metal 5d
character [Figs. 3 and 4(a)] [4,5,7–9,13,18]. In film geometry,
the Ni and Cu 3dz2 orbital remains completely occupied, while
electrostatic doping induces a layer-wise modulation of the
3dx2−y2 orbital occupation (Fig. 3; cf. Fig. 8 in the Appendix).
This is reflected in the band energies ε shown in Table II. The
magnitude of the modulation throughout the film is expressed
by the difference of these band energies �ε. Counterintu-
itively, it turns out to be approximately twice as strong in the
cuprate films (1.41, 1.59 eV) than in the nickelate films (0.76,
0.78, 0.81 eV), even if normalized to the film thickness and
despite the higher polarity mismatch at the surface and the
interface in the nickelate case (Table II, Figs. 2 and 3).

The involvement of the Nd 5d states in the Fermi surface
and the superconductivity mechanism of NdNiO2 is currently
intensely discussed [6,14,15]. In the bulk, the rare-earth-metal
5d electron pocket around the � point is smaller for LaNiO2

than for PrNiO2 and NdNiO2, and the states extend down to
−0.33 eV (−0.42 and −0.48 eV) below the Fermi energy in
the former (latter) case [Table II, Fig. 4(a)]. In film geometry,
however, we find the rare-earth-metal 5d states to be almost
entirely depleted in all nickelate systems [Fig. 4(b)]. Exclu-
sively at the interface, they hybridize with Ni and particularly
Ti 3dz2 orbitals, which enhances their band bending below the
Fermi energy. Surprisingly, this effect is stronger for LaNiO2

films (bent down to −0.81 eV) than for PrNiO2 and NdNiO2

films (bent down to −0.69 and −0.63 eV; Table II). We specu-
late that the resulting interface state partially compensates the
polar discontinuity at the interface for the nickelate films and
thereby reduces the electrostatic modulation �ε experienced
by the planar 3dx2−y2 orbitals relative to the cuprate films
(Table II).
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FIG. 4. (a) The rare-earth-metal 5d states, which hole-dope the
NiO2 layers in bulk NdNiO2, PrNiO2, and LaNiO2 due to elec-
tron pockets (for instance, at the � point), (b) contribute to the
Fermi surface of NdNiO2/STO(001) [19], PrNiO2/STO(001), and
LaNiO2/STO(001) only directly at the interface in the form of a
hybrid state. In the cuprates, the respective 5d states are located at
higher energies [13].

The Fermi surfaces of the different ABO2/STO(001) sys-
tems shown in Fig. 5 demonstrate how the electronic recon-
struction enhances the similarity of nickelates and cuprates,

owing to the depletion of the two rare-earth-metal 5d electron
pockets in the nickelate films. The remaining differences are
largely of quantitative nature and arise due to variations in
the q2DEG in the topmost STO(001) layers and the distinct
degree of modulation of the planar Ni and Cu 3dx2−y2 orbitals.
As illustrated in Fig. 5, the four-pointed star-shaped Fermi
surface sheets centered at the � point reflect the q2DEG
emerging in the STO conduction band, specifically the Ti
3dxz/yz orbitals that cross the Fermi energy at a few layers’
distance to the interface, whereas the Ti 3dxy orbitals give rise
to circular sheets that are also centered at the � point [56,57].
The splitting of the Ti 3dxy and 3dxz/yz orbitals is induced by
the electrostatic doping and ionic relaxations at the interface.
In the case of rare-earth-metal nickelate films, the dz2 hybrid
interface state is represented by a large circular sheet centered
at the � point, whereas the 5d electron pockets are empty and
thus absent. The features at the Brillouin zone boundary are
contributed by the planar Ni and Cu 3dx2−y2 orbitals.

We complete the discussion of the polarity-driven elec-
tronic reconstruction by contrasting the layer- and site-
resolved charge differences as they arise for infinite-layer
nickelates versus cuprates in film geometry with respect to
the corresponding bulk systems (Fig. 6). Both representative
systems PrNiO2/STO(001) and CaCuO2/STO(001) show a
depletion of electrons near the surface and a concomitant
accumulation in the interfacial Ti layers, which constitutes
the correlated q2DEG and rapidly decays into the substrate.
The decay is paralleled by the decreasing ferroelectric-like
displacements of the Ti ions reported above [Fig. 1(c)]. While
the Ni sites show a loss of electrons throughout the film,
the Cu sites exhibit a loss exclusively near the surface and
a slight gain near the interface. Interestingly, the oxygen sub-
lattice responds highly differently to the polar discontinuity
in nickelate versus cuprate films: In the nickelate case, the
oxygen sites largely gain charge as opposed to the Ni sites,
i.e., some electrons are transferred from Ni to oxygen within
each NiO2 layer. In the cuprate case, the oxygen sites par-
allel the behavior observed at the Cu sites, so that charge is
redistributed exclusively between BO2 layers. This highlights
the different degree of B 3d-O 2p hybridization in the two
materials classes. In the substrate, the oxygen sites always

FIG. 5. Fermi surfaces of ABO2/STO(001) and the corresponding infinite-layer bulk compounds in comparable
√

2 × √
2 cells. Particu-

larly for the nickelate films, the Fermi surfaces are strongly reconstructed with respect to the bulk, owing to the depletion of the rare-earth-metal
5d states visible as pockets around the � and Z points (cf. Fig. 4), which considerably enhances the similarity to cuprates. The remaining
difference consists predominantly of the hybrid interface state. The illustration in the center disentangles the distinct contributions to the
complex Fermi surface. The repetition of sheets associated with the Ti t2g or the Ni/Cu 3dx2−y2 states reflects the electrostatic modulation.
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FIG. 6. Layer-resolved charge difference in the representative
systems PrNiO2/STO(001) versus CaCuO2/STO(001) relative to
the constituent bulk compounds, integrated at the Ni and Cu sites
(dark blue), Ti sites (light blue), and in the corresponding basal
oxygen sublattice (red). The highly distinct response of the latter in
nickelates versus cuprates reveals an intra-layer charge transfer in the
nickelates in addition to the common charge transfer from the surface
to the interface.

gain charge, particularly for CaCuO2. The loss at the surface is
roughly twice as strong for CaCuO2 as for PrNiO2, consistent
with the much larger electrostatic modulation (Table II, Figs. 2
and 3). Hence, we conclude that the charge redistribution in
the systems is not simply proportional to the formal polarity
mismatch between the infinite-layer film and the nonpolar
substrate but unravels a complex interplay of the emergent
interface electronic structure and the screening characteristics
of the film.

V. ROLE OF THE SUBSTRATE: NdNiO2/NdGaO3(001)

While recent experiments on superconducting infinite-
layer nickelates have been conducted on nonpolar STO(001),
further insight into the superconductivity mechanism could
be gained by exchanging STO with a typical insulating
substrate with naturally alternating formal charge of the
consecutive pseudocubic (001) layers, for instance, LaGaO3

(pseudocubic lattice constant: 3.90 Å) or NdGaO3 (3.86 Å).
The degree of compressive strain induced by these sub-
strates is comparable to that exerted by STO (3.905 Å),
whereas the lattice constants of typical aluminates such as
LAO (3.79 Å) are considerably smaller. As an exemple,
Fig. 7(a) shows the optimized geometry and layer-resolved
electronic structure of NdNiO2/NdGaO3(001). In this sys-
tem, the interface Nd3+ layer is closer in formal charge
to the (NdO)1+ layers in the substrate, in contrast to the
(SrO)0 layers in a STO substrate. Hence, while the for-
mal polarity mismatch at the Nd3+/(GaO2)1− interface is
even higher than at the STO(001) interface, the infinite-layer
film shows a comparable electrostatic modulation. In con-
trast to STO, the NdGaO3 substrate exhibits strong a−a−c+
octahedral rotations that induce modest c− rotations of the
NiO2 plaquettes near the interface. NiO2 buckling is ob-
served exclusively at the surface, at variance with the nickelate
films grown on the STO(001) substrate (cf. Fig. 1). The

FIG. 7. (a) In NdNiO2/NdGaO3(001), the completely filled Ga
3d shell of the substrate leads to physics fundamentally different
from NdNiO2/SrTiO3(001) [19], characterized by the absence of the
interfacial q2DEG, but retaining the depleted Nd 5d states in the
infinite-layer film. In the layer-resolved density of states, the GaO2

conduction band states have been enhanced for better visibility. (b) In
the case of an oxidized interface layer, the band alignment changes
from n- to p-type, at variance with NdNiO2/SrTiO3(001) which is
always n-type [19].
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FIG. 8. Orbital- and layer-resolved band structures (cf. Fig. 3) of the representative systems PrNiO2/STO(001) and CaCuO2/STO(001).
Projections on Ni, Cu, and Ti sites in selected layers near the surface, the interface, and deep within the STO(001) substrate are shown.

completely filled Ga 3d shell of the substrate leads to funda-
mentally different behavior from NdNiO2/SrTiO3(001) [19],
characterized by a quenched q2DEG but retaining the de-
pleted Nd 5d states, i.e., a cuprate-like electronic structure
in the nickelate film. The Fermi energy is located ≈0.7 eV
below the conduction band of NdGaO3, resulting in an
n-type electronic structure. In the case of an oxidized inter-
face layer [formally (NdNiO2)3/(NdNiO3)1/NdGaO3(001),
Fig. 7(b)], the band alignment changes from n- to p-
type, and the Fermi energy is now located ≈1.2 eV above
the valence band of NdGaO3. This situation is in sharp
contrast to NdNiO2/SrTiO3(001) with oxidized interface
layer, which is n-type [19]. The oxygen vacancy forma-
tion energy E f = ENd/GaO2 interface − ENdO/GaO2 interface + 1

2 EO2

(oxygen-rich limit) amounts to 3.8 eV and is hence lower than
in NdNiO2/SrTiO3(001) (4.1 eV [19]), which may facilitate a
complete reduction of the nickelate film during the topotactic
reaction.

Table III compiles results for the q2DEG formation in
different perovskite and infinite-layer systems (at 4-ML film
thickness) as a function of the formal polarity mismatch at
the interface and puts them into an interesting context. In
the paradigmatic band insulator system LAO/STO(001), a
polarity mismatch of 1+/0 is sufficient to drive the emergence
of a q2DEG. In contrast, NdNiO3/STO(001) does not develop
a q2DEG despite having equal interface polarity, owing to
metallic screening in the film. The further increased interface
polarity in the infinite-layer cuprates (2+/0) and nickelates
(3+/0) on STO(001) leads to the emergence of a very pro-
nounced q2DEG despite the metallic screening present in

particular in the nickelates. Replacing the nonpolar STO
substrate with polar NdGaO3 quenches the q2DEG entirely
due to the closed Ga 3d shell.

VI. SUMMARY

The impact of interface polarity on the structural
and electronic properties of PrNiO2/SrTiO3(001),
LaNiO2/SrTiO3(001), CaCuO2/SrTiO3(001), and
SrCuO2/SrTiO3(001) was investigated by performing
first-principles calculations in film geometry including a
Coulomb repulsion term. Similar to NdNiO2/SrTiO3(001),
polar discontinuity drives the emergence of a quasi-two-
dimensional electron gas (q2DEG) at the interface in all cases
due to the occupation of the Ti 3d conduction band that is

TABLE III. Emergence of interfacial q2DEGs for different per-
ovskite and infinite-layer films on STO(001) and NdGaO3(001) as a
function of the formal polarity mismatch at the interface.

System Interface polarity q2DEG

LaAlO3/SrTiO3(001) [22,23] 1+/0 Yes
NdNiO3/SrTiO3(001) [19] 1+/0 No
CaCuO2/SrTiO3(001) 2+/0 Yes
SrCuO2/SrTiO3(001) 2+/0 Yes
NdNiO2/SrTiO3(001) [19] 3+/0 Yes
PrNiO2/SrTiO3(001) 3+/0 Yes
LaNiO2/SrTiO3(001) 3+/0 Yes
NdNiO2/NdGaO3(001) 3+/1− No
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accompanied by substantial ferroelectric-like displacements
of the Ti ions. Despite their comparable electronic structure
in the bulk, the higher polarity mismatch at the interface
of infinite-layer nickelates versus cuprates to the nonpolar
SrTiO3(001) substrate enhances the q2DEG carrier density for
the nickelate films. In addition, we found a strong dependence
of the carrier density on the rare-earth-metal ion in the
nickelate films, being larger for PrNiO2 and NdNiO2 than
for LaNiO2. This difference in carrier density could affect
the superconducting properties of the q2DEG itself. On the
other hand, the depletion of the self-doping rare-earth-metal
5d states enhances the similarity of nickelate and cuprate
Fermi surfaces in film geometry, except for a 5d-3d hybrid
interface state present for nickelates. The resulting single hole
in the Ni and Cu 3dx2−y2 orbitals is modulated throughout
the infinite-layer films due to electrostatic doping, which
turns out to be twice as strong in cuprates as in nickelates,
contrary to expectations from the formal polarity mismatch.
These results highlight similarities but also fundamental
differences between infinite-layer nickelates and cuprates,
and provide clues as to why nickelate superconductivity is
so far exclusively observed in film geometry. Finally, we
explored NdNiO2 films grown on a polar NdGaO3(001)
substrate and showed that no q2DEG emerges at the interface,
while simultaneously the Nd 5d states in the film are depleted.
This promotes NdGaO3(001) as interesting substrate that may
provide deeper insight into the superconductivity mechanism
in infinite-layer nickelates.
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APPENDIX: ORBITAL CONTRIBUTIONS
TO THE ELECTRONIC STRUCTURE

In order to disentangle the different orbital contribu-
tions to the electronic structure shown in Fig. 3, Fig. 8
displays a selection of orbital- and layer-resolved band struc-
tures for the representative systems PrNiO2/STO(001) and
CaCuO2/STO(001). Similar to the bulk, the Ni and Cu 3dz2

and t2g states (exemplarily, the 3dxy orbitals are shown) are
completely occupied in both nickelate and cuprate films. The
resulting single hole in the Ni and Cu 3dx2−y2 orbitals is
modulated throughout the infinite-layer films due to electro-
static doping. The hybrid interface state formed by Ni 3dz2 , Ti
3dz2 , and the rare-earth-metal 5dz2 states appears exclusively
for nickelate films. At the interface, the emerging q2DEG is
constituted predominantly by Ti 3dxy states.
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