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Resolving the polar interface of infinite-layer 
nickelate thin films

Berit H. Goodge    1,2  , Benjamin Geisler3, Kyuho Lee    4,5, Motoki Osada    4,6, 
Bai Yang Wang    4,5, Danfeng Li    4,7,8, Harold Y. Hwang    4,9, 
Rossitza Pentcheva    3 & Lena F. Kourkoutis    1,2 

Nickel-based superconductors provide a long-awaited experimental 
platform to explore possible cuprate-like superconductivity. Despite 
similar crystal structure and d electron filling, however, superconductivity 
in nickelates has thus far only been stabilized in thin-film geometry, raising 
questions about the polar interface between substrate and thin film. Here we 
conduct a detailed experimental and theoretical study of the prototypical 
interface between Nd1−xSrxNiO2 and SrTiO3. Atomic-resolution electron 
energy loss spectroscopy in the scanning transmission electron microscope 
reveals the formation of a single intermediate Nd(Ti,Ni)O3 layer. Density 
functional theory calculations with a Hubbard U term show how the 
observed structure alleviates the polar discontinuity. We explore the effects 
of oxygen occupancy, hole doping and cation structure to disentangle the 
contributions of each for reducing interface charge density. Resolving the 
non-trivial interface structure will be instructive for future synthesis of 
nickelate films on other substrates and in vertical heterostructures.

Superconducting hole-doped infinite-layer rare-earth nickelates, 
RNiO2 (R = La, Nd, Pr), are the most direct analogue so far to high criti-
cal temperature (Tc) cuprates1–7, yet experimental measurements have 
already revealed key distinctions between nickelate and cuprate super-
conductors, including differences in hybridization, charge-transfer 
energy and pairing mechanism3,8,9. On the other hand, theoretical cal-
culations have suggested that depletion of the rare-earth bands could 
result in Fermi surface reconstruction, which renders the nickelates 
cuprate-like despite these differences10,11. A more practical distinction 
between cuprate and nickelate systems so far, however, is the geometry 
of superconducting samples. Unlike bulk- and powder-synthesized 
cuprate compounds12–16, all reports of nickelate superconductivity 
to date1–6,17,18 have been in thin-film geometries where the crystalline 
substrate (and in some cases, thin capping layer) provides epitaxial 
support for the infinite-layer phase19. The synthesis of bulk infinite-layer 

samples has shown promising progress20 but has yet to stabilize  
superconductivity.

This specificity raises questions about the interface between the 
substrate and nickelate film and its role in the observed superconduc-
tivity10,11,21–23. In particular, a polar discontinuity should exist at an 
atomically abrupt, ideal interface between charge-neutral planes in 
the SrTiO3(001) substrate (Sr2+O2− and Ti4+O2−

2 ) and charged planes in 
the film (R3+ and Ni1+O2−

2 )11,22. In metallic films such as the nickelates, 
charge compensation at the interface may take the form of excess 
screening charge or displacements in the atomic lattice24. These predic-
tions hearken back to the discovery of superconductivity at the arche-
typal polar interface between insulating LaAlO3 and SrTiO3

25,26, raising 
the question of whether the observed transport in this new family of 
superconductors should be associated more closely with high-Tc 
cuprates or with exotic interface phenomena. Several studies have 
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results and theoretical calculations establish a realistic picture of this 
superconducting system.

Throughout the rest of this work, we use ‘interface’ in reference to 
the full atomic system spanning from bulk-like SrTiO3 in the substrate 
to bulk-like NdNiO2 in the thin film, including the region of transition 
between the two. For clarity, we designate the single atomic layer of 
mixed cations the ‘intermediate layer’. This atomic structure is distinct 
from other diffuse interface systems, which show broadened profiles 
of chemical intermixing across a heterointerface24,29–31. Here, the cation 
profiles remain abrupt and show sharp transitions between atomic 
layers. Precise quantification of the relative amounts of Ti and Ni in the 
intermediate layer is complicated by the comparatively low scattering 
cross-section32 of the Ni–L2,3 edge relative to the Ti–L2,3 and Nd–M4,5 
edges as well as the radiation sensitivity of these nickelate films9, but 
an integrated concentration profile across the interface indicates that 
the B-site cation stoichiometry in this layer is predominantly Ti, with 
some Ni occupancy.

Further elemental mapping shows that the intermediate layer 
forms during the perovskite-phase growth and is retained during the 
chemical reduction process to the infinite-layer phase (Supplementary 
Figs. 1 and 2). It is thus far observed in all nickelate films stabilized 
on SrTiO3, regardless of chemical (Sr) doping or rare-earth species  
(Supplementary Figs. 1–6)4,6,9, and has been observed in hundreds of 
measurements across more than 20 individual films. The same interme-
diate layer is also observed at the top interface in films which are capped 
with SrTiO3 (Supplementary Figs. 2 and 6)9. The universality of these 
observations therefore suggests that this intermediate layer is not an 
artefact of very specific growth conditions but inherent within the  
system and that the complete structure of the atomic interface—includ-
ing the intermediate layer—may help alleviate the polar discontinuity 
that would otherwise form at an abrupt interface29.

The impact of excess Ti in the intermediate layer on potential 
charge buildup is examined using DFT + U. Previous work has shown 

investigated possible effects at such a nickelate interface, predicting 
the formation of a high-carrier density two-dimensional electron gas 
(2DEG)11,21,23 or other electronic instability10. These theoretical studies 
have furthermore indicated how subtly different interface reconstruc-
tions can have drastic effects on the electronic structure10,11,21–23. While 
recent reports of superconducting nickelate thin films grown on  
(LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT)18,27 demonstrate that superconductivity 
is not limited to the unique case of RNiO2–SrTiO3, the weak polarity of 
LSAT (±0.18 electrons per 2D unit cell) leaves open the question of how 
such a discontinuity across the interface may impact the electronic 
structure of the nickelate film.

An atomic-scale understanding of both the chemical and elec-
tronic structures at the substrate–nickelate interface is therefore 
crucial. Are the interface and surface electronically distinct from 
the rest of the thin film? Is superconductivity in thin films repre-
sentative of the bulk state? If the observed superconductivity is 
substantially impacted by interface effects, can it ever be realized 
in bulk-grown samples? As Botana et al. point out, “the first impor-
tant question to clarify is which interface is actually realized in  
these systems”28.

Here, we use electron energy loss spectroscopy (EELS) in the 
scanning transmission electron microscope (STEM) to resolve the 
atomic-scale lattice and electronic structure of the SrTiO3–NdNiO2 
interface, providing key insights into the role of the interface for 
observed superconductivity in infinite-layer nickelates. We reveal a 
single intermediate interface layer with distinct composition (Fig. 1). 
Through combined structural and spectroscopic measurements and 
comparison with density functional theory calculations with a Hubbard 
U term (DFT + U), we identify this layer as Nd(Ti,Ni)O3 and show that the 
experimentally observed interface structure effectively quenches the 
formation of an interface 2DEG. Systematic variation of the model inter-
face disentangles contributions from the atomic stacking sequence, 
oxygen occupancy and lattice distortions. Together, experimental 
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Fig. 1 | Intermediate atomic layer between nickelate film and substrate.  
a, Atomic-resolution elemental mapping by STEM-EELS reveals the formation 
of a single intermediate layer between an NdNiO2 film and the SrTiO3 substrate, 
resulting in b, cation stacking sequence across the interface represented 
schematically. The simultaneously recorded annular dark-field (Sim. ADF) image 
confirms the crystalline quality of the film in the mapped region.  

c, Concentration profiles of Ni, Ti and Nd across the interface from the 
region marked by the dashed white box in a show that the intermediate layer 
is predominantly Ti with some Ni occupancy (dashed arrow). The first Nd-
containing atomic plane (solid arrow) forms below the final Ti-containing atomic 
plane, disrupting the ideal SrTiO3–NdNiO2 interface.
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that while an abrupt interface between SrTiO3 and NdNiO2 should host 
a high carrier density 2DEG, a single layer of perovskite NdNiO3 may be 
sufficient to prevent its formation11. We therefore explore the effect 
of oxygen occupancy across the experimentally observed interface, 
taking into account the intermediate layer (Fig. 2). Atomic layers are 
indexed from the intermediate NdTiOy layer 0, with each BO2 plane 
increasing (decreasing) by integer values into the film (substrate). 
The AO and A planes are labelled by medial half-integers. We initially 
neglect any Ni in the intermediate layer and begin with the simplest 
models which approximate the observed cation stacking by using 
a TiO2 plane in layer 0. Layer-resolved densities of states (DOS) are 
calculated for each atomic plane for three cases of oxygen occupancy: 
an abrupt transition from perovskite to infinite layer such that all 
Nd-containing planes are solely Nd and devoid of oxygen (Fig. 2a), 
a single NdO plane between the SrTiO3 and intermediate TiO2 plane 
such that no Ni-containing planes have perovskite-like octahedral 
coordination (Fig. 2b) and a full perovskite NdTiO3 intermediate layer 
followed by infinite-layer NdNiO2 such that the first Ni-containing plane 
is partially coordinated (Fig. 2c).

The DFT + U calculations demonstrate how excess interface 
charge depends strongly on oxygen stoichiometry. The first two 
cases in particular show pronounced band bending, especially 
in the substrate. Each of the structures shows a finite occupa-
tion of Ti 3d states, particularly dxy orbitals. The total charge of the 
2DEG, calculated by progressively integrating the states between 
−0.7 eV and the Fermi energy (EF), is comparatively smallest for the 
SrTiO3–NdTiO3–NdNiO3–NdNiO2 interface in Fig. 2c. In all cases, 
however, the excess charge is localized and suggests that the Ti 

valence in the intermediate layer is considerably modified toward  
3+ rather than 4+.

While the annular dark-field (ADF)-STEM collection geometry 
used in Fig. 1a is sensitive to heavy nuclei, annular bright-field–STEM 
imaging is required for imaging lighter elements, such as oxygen. 
Empty and filled apical oxygen sites in the infinite-layer and perovskite 
structures in the NdNiO2 film and SrTiO3 substrate, respectively, are 
indeed visible on either side of the interface (Supplementary Fig. 8). 
For robust determination of oxygen occupancy and local Ti valence at 
the intermediate layer, however, we again harness the combined high 
spatial and energy resolution of STEM–EELS.

In addition to elemental mapping, STEM–EELS provides the capa-
bility to measure local charge modulations and interface effects24,33. 
Figure 3 shows atomically resolved high-energy resolution STEM–EELS 
spectra probing electronic states across the SrTiO3–NdNiO2 inter-
face. For display purposes, the vertical orientation of the interface 
has been inverted from Fig. 1, such that the SrTiO3 substrate is on top 
and the growth direction (c axis) points down (Fig. 3a). Summed and 
background-subtracted spectra showing the energy loss near-edge 
structure of Ti–L2,3 and O–K EELS edges at each atomic layer are plot-
ted in Fig. 3b,c, respectively, with references shown in grey (Methods). 
The end-member spectra for SrTiO3 and NdNiO2 are consistent with 
‘bulk-like’ measurements of both compounds8,9; spectra in the film 
are consistent with full oxygen reduction to the infinite-layer phase9, 
while the substrate layers show no sign of induced oxygen vacancies34, 
consistent with the high reduction energy of SrTiO3 (refs. 10,11,35).

Intriguingly, the Ti–L2,3 spectra show very little modification across 
the interface other than a reduction in overall intensity consistent 
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Fig. 2 | Model interface charge accumulation. a–c, Optimized atomic 
geometries and layer-resolved DOS for three distinct oxygen interface structures 
between NdNiO2 and SrTiO3(001), each consistent with the experimentally 
observed cation structure assuming a perfect intermediate TiO2 layer which is 

fully square-planar (a), partially coordinated (b) and fully coordinated (c).  
d–f, Visualization of the 2DEG electron density integrated from −0.7 eV to EF 
(yellow) and calculated accumulated 2DEG charge for the interface structures 
shown in a–c, respectively.
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with the observed stoichiometry (Fig. 1) and differences in the orbital 
bonding environment indicated by a subtle change to the L2,3 edge at 
the intermediate layer 0. There is no sign of notable Ti3+ (ref. 33) at the 
intermediate layer. Instead, the small change in the L2,3 edge reflects 
changes to the coordination environment in the intermediate layer, 
which may arise from, for example, structural distortions introduced by 
the partial Ni occupancy so far neglected in our models but addressed 
in greater detail below. Probe tails and other beam-broadening effects 
give rise to the very weak Ti–L2,3 edge signals, which persist in layers  
1 and 2 despite the negligible Ti concentration in these layers measured 
by elemental mapping in Fig. 1.

By comparison, the O–K edge, which tracks chemical and elec-
tronic states as well as bonding environments in complex oxides36,37, 
shows a more pronounced response across the interface. In layers  
−1 to 1, the O–K spectra show clear deviations from linear combinations 
of SrTiO3 and NdNiO2 references. At atomic layer −1, a broadening of 
the ‘ii’ peak, which tracks the A-site cation in complex oxides37, reflects 
the proximity of this layer to both Sr and Nd cations. The intermediate 
layer 0 is fully surrounded by Nd-containing layers and resultingly, 
shows a more complete shift of this peak. Layer 1 can be almost entirely 
described by the NdNiO2 reference (Supplementary Figs. 9 and 10), 
with only a small residual of peak ‘i’ remaining, possibly due to contri-
butions from probe tails extending into layer 0. The stoichiometry of 
layer 1 suggests that the B sites are essentially fully occupied by Ni, with 
little or no Ti extending to this layer (Fig. 1a,c). Layers 2 and above are 
consistent with a fully reduced infinite-layer phase and Ni 3d9 states9. 
Subtle variations in the higher-energy spectral features (for example, 
peak ‘iv’) reflect the metal 4sp bonding states, which are impacted by 
changes to atomic coordination and metal occupancy38–40, effects 
discussed in more detail below.

We thus reconstruct an experimentally derived first-order model 
of the interface oxygen stoichiometry pictured schematically in Fig. 3d 
which matches the theoretical model in Fig. 2c.

NdTiOy
NdTiOy

NdNiO2

SrTiO3

Energy loss (eV)
525 530 540 545 550535

Energy loss (eV)
450 455 460 465 470

In
te

ns
ity

 (a
.u

.)

eg

t2g

t2g

eg

i ii

–1

0

1

2

–2

–3

–4

–5

–6

3

4

Atomic 
layer

O–KTi–L2,3

c

cba

d

–1

0

1

2

–2

–3

–4

–5

3

–6

4

–1

1

2

–2

–3

–4

–5

–6

3

4

At
om

ic
 la

ye
r

Atomic
layeriii

iv

TiO2

NiO2

TiO2

TiO2

NdO

NdO

SrO

SrO

Nd

TiO2

NiO2

c

5 Å 

Fig. 3 | Experimental measurement of electronic structure across the 
interface. a, Representative HAADF–STEM image of the substrate–film interface 
with the atomic layers labelled according to the conventions used here. The 
growth direction is oriented downward as indicated by the arrow c. Coloured 
dots indicate the atomic layers for which each spectrum is a representative 
measurement (Methods). The white square and rectangle highlight the different 

lattice symmetries of the perovskite SrTiO3 substrate and infinite-layer NdNiO2 
film, respectively. b, The Ti–L2,3 edge shows a minor filling between the eg and t2g 
peaks at the intermediate layer 0. c, The O–K edge reflects the progression from 
bulk-like SrTiO3 to NdNiO2. Also plotted are best-fit linear combinations of SrTiO3 
and NdNiO2 references (grey). d, Schematic representation of the observed 
interface structure with the atomic planes labelled.
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DFT + U calculations further validate this structure by cal-
culating the per-layer reduction energy required to remove apical  
oxygens from the perovskite phase of each layer across the interface. 
Figure 4 shows that the reduction energy near Ti is substantially higher 
than near Ni, qualitatively similar to previous calculations on related 
atomic interfaces10,11. The finite concentration of Ti in the interme-
diate layer thus impedes the oxygen reduction from neighbouring  
AO planes.

We next consider the possible impact of Sr doping on both oxygen 
stoichiometry and the electronic structure of doped film interfaces 
with additional experiments and DFT + U calculations that explicitly 
include 10 and 20% Sr doping. As shown in Fig. 4, Sr doping in the 
nickelate film has only a modest impact on the reduction energy of 
oxygen in each atomic layer, confirming that the same oxygen structure 
is expected for all films, including those that fall within the super-
conducting dome4,6,41. Experimental EELS measurements of a doped 
Nd0.9Sr0.1NiO2 film also show comparable structural and electronic evo-
lution across both the substrate–film and film–capping layer interfaces 
(Supplementary Figs. 6 and 7). Figure 5 presents the impact of Sr doping 
on accumulated charge in the intermediate layer assuming the oxygen 
filling determined above. Sr doping is found to marginally reduce the 
interface charge as it introduces holes into the film, as observed by the 
decreasing levels of excess 2DEG charge from the undoped (x = 0%) to 
optimally doped (x = 20%) models. Even for relatively high Sr doping 
of 20%, however, the model suggests a clear tendency toward 2DEG 
formation near the intermediate layer.

The interface model presented in Figs. 2c and 3d thus fails to accu-
rately reproduce the experimentally observed electronic structure of 
the intermediate layer. In particular, while the model suggests finite 
density of excess charge at the interface, experimental observations 
show no sign of a corresponding reduction in Ti valence. We, therefore, 
conclude that the model considered up to this point does not capture 
sufficient details of the system, and it is thus necessary to consider and 
account for the remaining parameter space, namely the observed but 
so far neglected Ni occupancy in the intermediate layer.

We finally consider in conjunction the role of Ni partial occu-
pancy in the intermediate layer and more subtle structural distortions, 
which may play a role in accommodating the excess charge. Quantita-
tive high-angle annular dark-field (HAADF)–STEM measurements 
track the c-axis lattice spacing in each unit cell across the interface  
(Fig. 6a). Figure 6b tracks the progression of the c-axis lattice constant 
measured between consecutive A-site planes observed experimen-
tally and for two theoretical models, each consistent with expected 
values for SrTiO3 and compressively strained NdNiO2

41 in the bulk-like 
regions. In experimental measurements, we observe a local expan-
sion of the lattice across layer −1, between the final SrO and first NdO 
planes. Structural relaxations of the SrTiO3–NdTiO3–NdNiO3–NdNiO2 
interface obtained from DFT + U calculations reproduce a comparable 

expansion of the −1 layer. The model, however, additionally shows an 
even larger c-axis expansion at the intermediate layer 0, which is not 
observed experimentally. Instead, by including Ni in the modelled 
intermediate layer, very close agreement is achieved between the 
experimental and theoretical structures. For the purposes of explicit 
DFT + U calculations, the model assumes a 50% Ti:50% Ni stoichiometry 
in the interface layer, although we note that the real stoichiometric ratio 
may differ somewhat. Still, the inclusion of Ni dramatically reduces the 
Nd–Nd distance (far beyond the Ti–Ni ionic radius difference) and very 
closely replicates the structure observed by HAADF–STEM imaging. 
We ascribe the remaining small discrepancies between experimental 
and theoretical measurements to subtleties which arise from the two 
methods, such as the ordered distribution of Ti and Ni in our models 
of the intermediate layer.

Electronically, this partial Ni occupancy almost entirely quenches 
the 2DEG. Figure 6e reveals that the excess charge is accommodated 
exclusively by the Ni–3dx2−y2 orbitals via Jahn–Teller distortions,  
which serve as a ‘sponge’ for excess charge and preserve Ti4+, as reflected 
in the projected DOS shown in Fig. 6c and comparison of integrated 
2DEG charges in Fig. 6d. Additional DFT + U calculations which explicitly 
include 10 and 20% Sr in the nickelate show more complete suppression 
of the 2DEG charge in doped films (Supplementary Fig. 11). Despite this 
screening of the polar interface, the Nd–5d states are still depleted in 
the layers contained within the model (Fig. 6c).

The combined results of our experimental and theoretical work 
paint a clear picture of the SrTiO3–NdNiO2 interface, which has yet 
been the subject of much speculation. Rather than a strongly polar, 
abrupt atomic interface hosting a large 2DEG, the combined effects 
of atomic cation arrangement, subtle structural distortions and oxy-
gen stoichiometry suppress the buildup of any excess charge. While 
these results demonstrate that the substrate–film interface does 
not itself host superconductivity, DFT + U results show reduced Nd 
5d states within at least the first few atomic layers of the film, which 
suggest electronic reconstruction toward a more cuprate-like Fermi 
surface10,11,23. A similar Fermi surface reconstruction is not predicted 
for bulk NdNiO2 modelled at the same lattice strain provided by the 
SrTiO3 substrate11, so although it is not solely responsible for super-
conductivity, the atomic interface may yet have an important impact 
on the electronic structure of at least some volume of the film. This 
may be reflected in thickness-dependent studies42, but given the cur-
rent materials challenges of synthesizing these films, it is difficult 
to rule out the impact of other extrinsic effects, such as a lattice or  
crystalline disorder.

While our results demonstrate that superconductivity in rare-earth 
nickelates is not driven by interfacial physics, it remains clear that the 
thin-film geometry plays an important role in the materials science of 
this system. We thus discuss two possible explanations which may con-
tribute to the lack of superconducting bulk samples; (1) the substrate 
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provides important structural support during the chemical reduction 
process, or (2) some degree of lattice strain is necessary to stabilize 
superconductivity.

In the first case, previous studies have shown that stabilizing cap-
ping layers of SrTiO3 can dramatically improve the overall crystallinity 
of the reduced infinite-layer films19. It may therefore be necessary to 
explore other routes of oxygen reduction which will not require the 
mechanical support of a substrate. Recent measurements by resonant 
inelastic X-ray scattering suggest that similar considerations may 
also impact, for example, the stabilization of a charge density wave or 
magnon excitations in nickelate thin films, with some apparent cor-
relation between the observation of these states with the presence or 
absence of a capping layer43–46. Again, however, it remains difficult to 
disentangle any intrinsic impact of a capping layer from the extrinsic 
effects of crystalline (dis-)order or lattice strain relaxation in the films.

An extreme example of the second explanation has been demon-
strated in rutile RuO2, an otherwise metallic compound which can be 
made superconducting under very high epitaxial strain47. Applied and 
epitaxial strains have also been shown to enhance Tc in superconducting 
Sr2RuO4

48–50, while a recent report has shown enhancement of Tc by ~70% 
in Pr0.82Sr0.18NiO2 thin films on SrTiO3 under pressures beyond 12 GPa51. 
We note, however, that the native epitaxial strains in thin-film nickelates 
are somewhat lower (0.4% compressive for Nd0.8Sr0.2NiO2 on SrTiO3 
versus anisotropic 2.3% tensile and 4.1% compressive strain for RuO2) 
and that the transition temperatures are appreciably higher (~5–15 K 
for nickelates, ~2 K for RuO2, up to ~3.5 K for Sr2RuO4). It will therefore 
be instructive to more thoroughly investigate the impact of strain on 
the nickelate system through either epitaxial strain or applied exter-
nal strain. Some strain dependence may already be inferred through 
the differences in La, Pr and Nd thin films on SrTiO3 (refs. 4,6,41), and 
epitaxial growth on different substrates, such as the recent stabiliza-
tion of superconducting films on LSAT18,27, may offer a way to access 
further strain variation.

We identified a number of distinct physical mechanisms at work 
across the polar SrTiO3–NdNiO2 interface, including both A- and 
B-site cation placements, lattice distortions and chemical doping. 
Guided by experimental STEM–EELS measurements and a systematic 
exploration of model systems by DFT + U calculations, we disentangle 
individual contributions of each variable within a wide parameter 
space. Our combined experimental and theoretical results provide 
insights for establishing a realistic picture of the infinite-layer nick-
elate superconductors. Despite the polar differences of the substrate 
and film, we have shown that a single intermediate atomic layer of 
Nd(Ti,Ni)O3 prevents the formation of a 2DEG which could act as a 
channel for superconductivity. As superconducting films are realized 
on more substrates, it will be the subject of future work to explore 
the different characteristic interfaces that may form in each case. 
More broadly, the complex atomic structure of this interface should 
be instructive for future efforts to design nanoscale or few-layer 
heterostructures52 and create predictive models of other strongly  
polar interfaces.
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Methods
Sample growth and characterization
SrTiO3 substrates were pre-annealed under standard conditions 
used to produce single-terminated surfaces19,53,54. The infinite-layer 
NdNiO2 on SrTiO3 film presented here was synthesized under the 
‘high-fluence’ laser imaging conditions described in ref. 19. An SrTiO3 
epitaxial capping layer was subsequently deposited1. Atomic force 
microscopy topography images show that a step-and-terrace surface 
is preserved throughout growth, suggesting well-controlled termi-
nation at each atomic layer during growth (Supplementary Fig. 12). 
After the growth, an annealing-based topochemical reduction was 
then employed to achieve the infinite-layer phase using CaH2 as the 
reducing reagent under optimal conditions19. The transition from 
perovskite to infinite-layer phase can be quantified by the change in 
the out-of-plane lattice constant measured by X-ray diffraction θ–2θ 
symmetric scans of the film before and after reduction. The film used 
for experimental measurements in this work shows a reduced-phase 
lattice constant of 3.280 Å, indicating a complete transition to the 
fully reduced infinite-layer phase (Supplementary Fig. 13). Previous 
work9 has shown that even in fully reduced films, local nanometre-scale 
pockets of incomplete oxygen reduction can remain. These regions can 
be identified spectroscopically by a residual pre-peak in the O–K edge 
near ~527 eV. We therefore pre-screen all regions of the sample before 
detailed measurements to avoid regions with signs of residual oxygen 
occupancy. All of the spectroscopic measurements included here have 
been acquired from regions which exhibit no such pre-peak and are, 
therefore, representative of the fully reduced phase.

Atomic-resolution STEM and EELS
Electron transparent STEM samples of each film were prepared on a 
Thermo Fisher Scientific Helios G4 UX focused ion beam using the 
standard lift-out method. Samples were thinned to <30 nm with 2-kV 
Ga ions, followed by a final polish at 1 kV to reduce the effects of surface 
damage. All specimens were stored in vacuum to prevent possible 
degradation in air.

HAADF–STEM was performed on an aberration-correction FEI 
Titan Themis at an accelerating voltage of 300 kV with a convergence 
angle of 30 mrad and inner and outer collection angles of 68 and 
340 mrad, respectively. Elemental maps were recorded with a 965 GIF 
Quantum ER spectrometer and a Gatan K2 Summit direct electron 
detector operated in counting mode. Even in a well-optimized micro-
scope environment, mechanical instabilities result in sample drift dur-
ing measurements on the order of 6 Å min−1 (ref. 55). Due to the longer 
per-pixel acquisition time required for spectroscopic measurements, 
the EELS maps and simultaneously acquired ADF images included here 
(Fig. 1 and Supplementary Figs. 1–5) represent total acquisition times 
of several minutes. While the overall lattice structure is preserved in 
each map (as clearly evidenced by the simultaneously acquired ADF 
accompanying each map), some distortions, such as stretching or 
skewing, in the resulting image are thus unavoidable given the average 
drift rate and total acquisition time. To ensure the utmost fidelity of the 
mapped elemental structure, no drift correction or other postprocess-
ing which could introduce spatial artefacts has been applied to any of 
the elemental maps shown here. These maps and images are therefore 
not reliable for precise measurements of atomic structure and distor-
tions. By comparison, the HAADF–STEM image presented in Fig. 6 and 
used for precision structural measurements is acquired as a series of 50 
rapid-frame images (<1 s per frame), which are subsequently realigned 
and averaged by a method of rigid registration optimized to prevent 
lattice hops56 to produce a high-signal-to-noise ratio, high-fidelity 
image of the atomic lattice. From this image, the position of every 
atomic column is identified using the DAOStarFinder photutils python 
package57. We subsequently measure the distance from each atomic 
column to the next along the vertical (growth) direction (that is, A site 
to A site as illustrated by the bracket in Fig. 6a) across a horizontal span 

of nearly 20 nm, as depicted in Supplementary Fig. 14. Figure 6b shows 
the average of these distances for each horizontal atomic layer. Error 
bars represent the s.d. of distances in each layer. In the substrate, the 
error bars are smaller than the markers.

Layer-resolved STEM–EELS across the substrate–film interface 
(Fig. 3) was performed with <15 pA probe current on a Nion UltraSTEM 
operated at 100 kV equipped with a high-stability stage, an Enfinium ER 
spectrometer and Quefina 2 camera. The effective energy resolution 
measured by the full width at half-maximum of the zero loss peak was 
~0.39 eV. Spectra were recorded as line profiles across the interface 
extending from the SrTiO3 substrate into the NdNiO2 film, with sampling 
density on the order of ~1 pm per spectrum in several regions of the 
film. Integrating over ~0.2 Å centred on each B site yields layer-resolved 
spectra for each data set, several of which have been summed to produce 
the high signal-to-noise series presented here. All spectra have been 
normalized by the total contributed exposure time for each.

Each spectrum is plotted over bulk references shown in grey, which 
are acquired during the same measurements from regions more than 
10 unit cells from the interface. Ti–L2,3 spectra are referenced against 
measurements from the SrTiO3 substrate (Ti4+). O–K spectra at each 
layer are compared with a best-fit linear combination of bulk-like refer-
ences from SrTiO3 and NdNiO2 as determined by a least squares mini-
mization C1 OSrTiO3 + C2 ONdNiO2, where C1 and C2 are non-negative and 
OSrTiO3 and ONdNiO2 are the respective reference spectra. More details of 
the minimization are given in Supplementary Figs. 9 and 10.

Density functional theory
We performed first-principles calculations in the framework of den-
sity functional theory58 as implemented in the Quantum ESPRESSO 
code59. The generalized gradient approximation was used for the 
exchange-correlation functional as parametrized in ref. 60. Static 
correlation effects were considered within the DFT + U formalism61,62, 
employing U = 4 eV on Ni and Ti sites in line with previous work11,23,63,64.

Wave functions and density were expanded into plane waves 
up to cutoff energies of 45 and 350 Ry, respectively (Supplementary 
Fig. 15). Ultrasoft pseudopotentials65 were used in conjunction with 
projector-augmented wave data sets66. The Nd 4f electrons were con-
sistently frozen in the core11,23,35,63,67,68. We used a 12 × 12 × 1 Monkhorst–
Pack k-point grid69 and 5-mRy Methfessel–Paxton smearing70 to sample 
the Brillouin zone. The ionic positions were accurately optimized, 
reducing ionic forces below 1 mRy a.u.−1.

We modelled different infinite-layer nickelate–SrTiO3(001) inter-
faces with varying stoichiometries in superlattice geometry by using 
√2a ×√2a × c supercells with two transition metal sites per layer to 
account for octahedral rotations, strained to the SrTiO3 substrate lat-
tice parameter a = 3.905 Å. The symmetric supercells feature two iden-
tical interfaces on each side and comprise 18 monolayers (MLs) in total: 
9.5 MLs of SrTiO3 substrate, 1 + 1 MLs of NdTiOn (n = 2, 3) or mixed 
Nd(Ti0.5Ni0.5)O3, 1 + 1 MLs of NdNiOn and an additional 4.5 MLs of 
NdNiO2. The figures show half of each supercell. The supercell length 
c was optimized in each case. Hole doping was treated explicitly by 
substituting 10 and 20% of the Nd sites by Sr.

The layer by layer reduc tion energies 11 shown in  
Fig. 4 were calculated from the DFT + U total energies via 
Eif = Elayers≥ireduced − Elayers≥i+1reduced + μO , where μO = 1

2
EO2  models the 

oxygen-rich limit. Here, i = −0.5, 0.5, 1.5 enumerates the A-site layers 
from the SrTiO3 substrate into the nickelate film.

Data availability
The experimental data relevant to the findings of this paper have been 
deposited in the Platform for the Accelerated Realization, Analysis, 
and Discovery of Interface Materials (PARADIM) database at https://
doi.org/10.34863/nf7t-jj61. Additional data, including that contained 
in Supplementary Information and results of the DFT + U calculations, 
are available upon reasonable request to the authors.
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