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Surfaces and interfaces of infinite-layer nickelates studied by dynamical mean-field theory
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Infinite-layer nickelate superconductors are typically synthesized as thin films and thus include, besides the
more bulk-like inner layers, distinct surface and interface layers in contact with the vacuum and substrate,
respectively. Here, we employ density-functional theory and dynamical mean-field theory to investigate how
electronic correlations influence these surface and interface regions. Our results show that electronic correlations
can significantly modify the electronic structure, even driving surface layers into a Mott-insulating state with a
3d8 electronic configuration. Moreover, surface termination effects induce a polar field that can shift the � and
A pocket above the Fermi level, even for the undoped parent compound NdNiO2. Finally, for an n-type interface,
often synthesized experimentally, we find the Ti 3d orbitals to become electron doped.
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I. INTRODUCTION

The discovery of superconductivity in infinite-layer (IL)
nickelate films [1] has inspired extensive experimental [2–6]
investigations and theoretical efforts [7–12], sometimes hailed
as a new “nickel age” of superconductivity [13–15]. Despite
these advances, superconductivity has yet to be realized in
bulk IL nickelates, primarily because of challenges in the syn-
thesis and chemical reduction from RNiO3 to RNiO2 [16–19].
Most theoretical studies to date are based on first principle
calculations for bulk. In these studies, often the in-plane lattice
constants are fixed to that of the substrate such as SrTiO3

(3.905 Å) or (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT: 3.868 Å),
while the out-of-plane lattice constant is relaxed within den-
sity functional theory (DFT) structural optimizations. This
procedure is detailed in Ref. [20] for (Pr, Sr)NiO2, including
effects of external pressure. This approach effectively models
a film system of O(20) − O(1000) atomic layers, wherein the
much thicker substrate remains largely unaffected by the com-
paratively thin IL film. Since the IL nickelate film is grown
epitaxially, it epitaxially adopts the in-plane lattice parameters
of the selected substrate. Hence, the above theoretical approx-
imation is suitable for describing the bulk-like inner layers,
but inherently neglects the deviations expected at the surface
(facing vacuum) and the interface (near the substrate). These
surface and interface effects are always present but become
particularly relevant in ultrathin films or heterostructures
consisting of only a few nickelate layers.

Interface-driven polar fields have played a pivotal role in
the emergence of novel two-dimensional quantum states such
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as an emergence of interface two-dimensional electron gas
(2DEG) [21,22] and two-dimensional superconducting states
[23]. Hence, interface effects in IL nickelates are expected to
drive a polar field emerging from the stacking of oppositely
charged R3+ and (NiO2)3− layers in the crystallographic c
direction. For IL nickelates, polar field [24–28] and cation
intermixing [29] have been studied using the DFT(+U ). Ac-
curately modeling such systems requires large supercells—for
example, the one shown in Fig. 1, which contains five IL
nickelate layers and two layers SrTiO3 as substrate.

Including electronic correlations beyond DFT or DFT +
U for IL nickelate surfaces and interfaces—while fea-
sible with advanced methods such as DMFT [30–32]—
remains in its infancy. Notably, Ref. [28] investigated a
(LaNiO2)8|(LaGaO3)4 superlattice containing eight NiO2

layers. The study found that the six inner layers predom-
inantly exhibit Ni 3dx2−y2 character, while the interfacial
Ni 3dz2 orbitals host additional holes. Similar physics has
also been found on the DFT level and experimentally by
the same group [33] for the NdNiO2|SrTiO3 interface that
is included in our slab Fig. 1. These holes, together with
the Ni 3dx2−y2 electrons, form a high-spin state as a result
of Hund’s exchange coupling. Further, in Ref. [34], finite-
layer nickelates of the form Ndn+1NinO2n+2 were investigated
using DMFT and dynamical vertex approximation (D�A)
[35,36]. The DMFT-caluclated electronic structures, and the
critical superconducting temperature TC computed by D�A
demonstrate that these materials can be interpreted as almost
independent n-layer-thick NdNiO2 slabs, that are separated by
Ruddlesden-Popper-type stacking faults.

Experimentally, inhomogeneous distributions of oxygen
and (doped) cations, as well as structural distortions near
the interface, have been studied using scanning tunneling
electron microscopy (STEM), electron energy loss spec-
troscopy (EELS), and x-ray diffraction (XRD) [28,29,37–40].
These investigations generally conclude that the interface
is rather abrupt. Based on the absence of a 2DEG at the
nickelate-substrate interface and detailed comparison between

2469-9950/2025/112(19)/195122(11) 195122-1 Published by the American Physical Society

https://orcid.org/0009-0004-3358-1312
https://orcid.org/0000-0003-4709-6882
https://orcid.org/0000-0001-5984-8549
https://ror.org/04d836q62
https://ror.org/00z3td547
https://crossmark.crossref.org/dialog/?doi=10.1103/v47l-zwnn&domain=pdf&date_stamp=2025-11-17
https://doi.org/10.1103/v47l-zwnn
https://creativecommons.org/licenses/by/4.0/


VERHOFF, SI, AND HELD PHYSICAL REVIEW B 112, 195122 (2025)

FIG. 1. DFT relaxed configurations of a NdNiO2 (001) thin film,
consisting of five NdNiO2 layers on top of two SrTiO3 (STO)
layers. A stoichiometric ratio of Nd, Ni, and O gives either a
NiO2-terminated surface (left) or Nd-terminated surface (right).

experiment and theory, it has been proposed that the interface
is better described by a mixed intermediate NdTi0.5Ni0.5O3

layer [29]. This interpretation aligns with residual oxygen
signatures and Ni–Ti intermixing reported in Ref. [37]. More-
over, Ref. [37] demonstrated that the degree of interface
reconstruction is thickness dependent, likely driven by the
buildup of the polar field with increasing film thickness.
Additionally, Ref. [41] compared the commonly observed
n-type interfaces with the less typical p-type interface found
in Pr-based nickelates, concluding that interface effects are
generally confined to a penetration depth of two to three unit
cells.

Recent angular-resolved photoemission spectroscopy
(ARPES) experiments [42,43], which probe the Fermi surface
of nickelate films with a high surface sensitivity, underscore
the urgent need for improved modeling of both surface and
interface effects.

Furthermore, recently ultrathin superconducting IL nick-
elate films [6,38] have been synthesized, in some cases
comprising only two layers. This means all layers are surface
or interface layers, in sharp contrast to the earlier experiments
in which the films were typically O(30) layers thick. Both
ARPES and ultrathin layers call for a better understanding
of potential differences between bulk-like inner layers, the
surface and the interface layers.

In the present paper, we investigate two different nickelate
films, using a combination of DFT and DMFT. Both struc-
tures, displayed in Fig. 1, contain an interface, an inner bulk,

and a surface part. Our calculations reveal the emergence of
a polar field that causes electronic reconstruction and cation
displacements. The later is cearly visible in the true-to-scale
Fig. 1.

While the occupation of Ni 3dx2−y2 orbitals changes contin-
uously in DFT as a consequence of the generated polar field,
DMFT reveals a more abrupt modulation at the boundary
layers: for the NiO2 surface layer in the left part of Fig. 1
and for the NiO2 interface layer to SrTiO3 in the right part of
Fig. 1, there is a full second hole doped into the Ni 3dxz/yz

and the Ni 3dz2 orbital, respectively. This, together with one
hole in the 3dx2−y2 orbital, leads to the formation of a local
spin-1 moment, because of Hund’s exchange. As an even more
dramatic result of this change from a 3d9 to 3d8 electronic
configuration, the surface layer for the geometry of the left
part of Fig. 1 undergoes a Mott transition and becomes insu-
lating. Similarly, but still a bit different, for the slab of the right
part of Fig. 1 the interface layer toward the SrTiO2 substrate
is an orbital selective Mott insulator, with only the Ni 3dz2

orbital but not the Ni 3dx2−y2 orbital being insulating. This is
in sharp contrast to the metallic behavior observed in the inner
bulk-like layers with 3d9 electronic configuration.

The energetically favored and experimentally more preva-
lent n-type interface corresponds to the NiO2-terminated
surface in our study (i.e., the left part of Fig. 1). In this
surface region, the � pocket, although present in bulk-like
calculations for the parent compound NdNiO2 [44], is shifted
above the Fermi level and might become invisible in ARPES
measurements.

The outline of this paper is as follows: In Sec. II, we
detail the computational methods employed in this study.
Section III A presents the DFT band structure for both sur-
face terminations. In Secs. III B and III C, we show the
DMFT spectra and orbital occupations for the NiO2- and
Nd-termination, respectively. Finally, Sec. IV summarizes
the main finds followed by an outlook. Additional re-
sults are provided in the Supplemental Material (SM) [45]:
Section S1 provides details of the Wannier projection. Sec-
tion S2 presents DMFT self-energies, DFT and DMFT total
spectral functions, Fermi surfaces, and also the layer-resolved
interstitial s (see also Ref. [46]) and Ti 3d bands for the two
slab geometries of Fig. 1. Section S3 includes further studies
on (A) a larger slab, (B) a system without the SrTiO3 substrate,
(C) different temperatures and finally calculations with a
simplified tight-binding Hamiltonian in (D).

II. COMPUTATIONAL DETAILS

We calculate the electronic structure of NdNiO2 films,
which are epitaxially grown on SrTiO3, as shown in Fig. 1.
These slab models consist of a 1 × 1 × 5 NdNiO2 supercell.
Spatial symmetry along the z direction is explicitly broken by
adding two SrTiO3 layers on the bottom and a vacuum of at
least 20 Å above the NdNiO2 films. Here, the SrTiO3 layers
play the role of substrate in experiments, while the vacuum
region separates the film from its periodic images in DFT
calculations along the z direction. This construction allows for
the two distinct slab models shown in Fig. 1, characterized by
either
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(1) NiO2-terminated surface and Nd-terminated (n-type)
interface (left) or

(2) Nd-terminated surface and NiO2-terminated (p-type)
interface (right).

Both supercells are stoichiometric and electrically neu-
tral, each comprising two formula units of SrTiO3 and five
of NdNiO2. The only difference between the two mod-
els is the type of their surface and interface terminations.
The structures are relaxed using DFT within the projector
augmented-wave formalism [47,48] as implemented in VASP

[49,50]. Exchange-correlation effects are treated using the re-
vised Perdew-Burke-Ernzerhof functional for solids (PBEsol)
[51] within the generalized gradient approximation (GGA)
[52]. The in-plane lattice constant is fixed to the value of
bulk SrTiO3 (a = b = 3.905 Å), while the out-of-plane lat-
tice constant c and all atomic positions are allowed to relax.
The structural optimizations are converged until the forces on
atoms fall below 0.01 eV/Å. A �-centered 14 × 14 × 2 k-
mesh is used for Brillouin zone sampling.

After structural relaxations, we calculate the electronic
band structures using the full-potential linearized augmented
plane wave (LAPW) method as implemented in WIEN2K

[53]. Nd 4 f states are treated as open-core states. We con-
struct Wannier functions and the consequent tight-binding
Hamiltonians for the correlated orbitals of the localized
states—namely, Nd 5d , Ni 3d and/or Ti 3d orbitals—by pro-
jecting the DFT bands near the Fermi surface onto maximally
localized Wannier functions [54], using WANNIER90 [55,56],
interfaced through WIEN2WANNIER [57]. These tight-binding
Hamiltonians serve as the respective noninteracting Hamilto-
nian in the following DMFT calculations for the two surface
models shown in Fig. 1. We employ the interorbital Coulomb
interaction U ′ = 3.10 eV (2.00 eV) and Hund’s exchange
J = 0.65 eV (0.25 eV) for Ni 3d (Nd 5d) orbitals.

These values were calculated in Ref. [10] for bulk NdNiO2

within the constrained random phase approximation (cRPA)
[58], as implemented in VASP [59]. For simplicity, we assign
the same parameters to Ti 3d and Sr 4d orbitals as those
used for Ni 3d and Nd 5d orbitals, respectively. As before
[10], we use the Anisomov double counting [60]. Let us
note that there is some uncertainty in the cRPA calculation
of the interaction as well as the double counting correction.
This can slightly affect how much the Nd 5d are shifted up
when their interaction is included (which in any case is better
than not to include this interaction).

The multiband DMFT self-consistency equations are
solved at room temperature (300 K) by continuous-time quan-
tum Monte-Carlo (QMC) simulations in the hybridization
expansion [61] using the W2DYNAMICS package [62]. We
perform the analytic continuation of self-energies to the real-
frequency axis using the maximum entropy method [63],
implemented in the ANA_CONT code [64].

III. RESULTS

A. DFT

Let us begin by discussing the DFT results for the two
models shown in Fig. 1, each consisting of five NdNiO2

layers in contact with two SrTiO3 layers that represent the

FIG. 2. DFT band structures for the NiO2-terminated surface
(left) and the Nd-terminated one (right). The band projections are
colored according to their atomic character, as in Fig. 1.

substrate. These supercell geometries can cover both elec-
tronic reconstruction and lattice deformation. Modeling more
realistic surface effects, such as the adsorption of oxygen
or hydrogen, incomplete layer growth, or the formation of
superstructures is beyond the scope of this work as this would
require even larger cells and experimental evidence which of
these prospective surface effects are realized.

The relaxed structures in Fig. 1 reveal a noticeable dis-
placement of the Ni atoms along z direction in the surface and
interface layer, relative to the intralayer oxygen atoms. In con-
trast, the innermost layers remain almost unchanged, closely
resembling the ideal planar NiO2 sheets as in bulk NdNiO2.
At the interface, the oxygen atoms are significantly closer to
the Nd3+ ions than to the Sr2+ ions in both models, owing to
the stronger electrostatic attraction between Nd3+ and O2−.
The NiO2-terminated surface (left structure in Fig. 1) is en-
ergetically more stable than the Nd-terminated surface (right
panel in Fig. 1) by ENd − ENiO2 = 2.2 eV per supercell. This
DFT finding is consistent with experiments, which predomi-
nantly report the formation of an n-type interface with SrTiO3.

Figure 2 presents the DFT band structures for both slab
models, with the dominant atomic and orbital character of
each band highlighted using the same color scheme as in
Fig. 1. For both slabs, the five Ni 3dx2−y2 bands cross the Fermi
energy. These five bands originate from the slab geometry
with five NiO2 layers and are slightly offset. Additionally,
one Nd-5d-derived band crosses the Fermi energy around
the M point and one or two (in the left and right panel of
Fig. 2, respectively) around the � point. Let us note that the A
pocket, observed in bulk nickelates, corresponds for the finite
slab calculation to the electron pocket at the M point of the
surface Brillouin zone. Hence, while using up to this point the
notation “A” pocket from the literature, we will use “M” point
henceforth, as this is the correct momentum of our finite slab.

The electron pocket around the M point is predominately
of t2g character close to the M point itself. This is because,
without hybridization, the Nd 5d band would go down to
much lower energies (−1.8 eV; where one sees a green contri-
bution in Fig. 2). The band minimum of the M pocket around
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FIG. 3. DFT band structures of the NiO2-terminated surface
(top) and the Nd-terminated one (bottom) projected onto the inter-
face, center and surface layer. Nd and Ni contributions are colored in
green and blue, respectively.

−0.4 eV instead stems from the reconstruction with the Ni t2g

orbital (and is thus blue in Fig. 2).
In the case of the NiO2 termination (left panel of Fig. 2)

additionally the Ti t2g bands (light blue) cross the Fermi
energy. To gain further insight, it is helpful to examine the
layer-resolved band structure shown in Fig. 3, focusing on
the interface, center, and surface layer. Those plots reveal a
pronounced layer dependence and a noticeable shift in the
band centers, as indicated by the arrows. This shift arises from
the internal polar field along the z direction, which acts in
opposite directions for the two slabs calculated. For the NiO2

termination, the negatively charged (NiO2)3− layer only has a
compensating Nd3+ layer on one side. This puts the negatively
charged electrons to a higher potential energy; their bands
are shifted upward. In more detail, the Ni bands shift pro-
gressively upward in energy when moving from the interface
toward the surface. This upward shift leads to a depletion of
Ni electrons at the surface, with the excess charge transferred
into the Ti bands of the substrate, which then become partially
occupied. As shown in Fig. 2 (left panel), the Ti 3d orbitals at
the interface clearly cross the Fermi level, indicating a transfer
of electrons from surface Ni 3d to interface Ti 3d states. This
electronic reconstruction helps to compensate the internal po-
lar electric field generated by the alternating (NiO2)3− and
Nd3+ layers, thereby contributing to the stabilization of the
NiO2-terminated surface.

For the Nd-terminated surface, the polar field, as indicated
in Fig. 3 (bottom), points in the opposite direction compared
to the NiO2-terminated surface. Consequently, the interfacial
Ti bands are located well above the Fermi level, as seen in
Fig. 3 (right), and electrons accumulate at the surface.

In the following DMFT calculations, it is therefore
necessary to include the electron-doped Ti bands for the
NiO2-terminated surface, while this is not necessary for the
Nd-terminated one. Accordingly, we project the correspond-
ing DFT bands to 75 Wannier functions in the former case,

FIG. 4. Layer-resolved, k-integrated spectral function of Nd 5d
orbitals (left column) and Ni 3d orbitals (right column) for the
NiO2-terminated slab. The gray line is the additional interstitial s
orbital, which is located within the Nd planes. The bottom row is
at the interface, the top row is at the surface. The black dotted line
visualizes the polar field shift; the vertical dashed line indicates the
Fermi energy.

and 55 in the later. These Wannier functions include the Ni
3d , Nd 5d , and interstitial s orbitals, as well as the Ti 3d and
Sr 5d for the NiO2-terminated surface. Details of the orbitals
and energy window selected to target DFT bands, along with
a comparison of the DFT and Wannier bands, are provided in
Sec. S1 within SM [45]. Finally, as we will demonstrate later
in the DMFT results (see Figs. 6 and 11 below), the effects of
the polar field observed in the DFT band structure persist even
when electronic correlations are included via DMFT.

B. DMFT: NiO2 termination

Let us now turn to the DMFT results, starting with the NiO2

termination of Fig. 1 (left). Figure 4 presents the k-integrated
DMFT spectral functions, resolved for layer, atom, and or-
bital. The polar field is most clearly seen in the unoccupied
Nd bands. Their center of gravity shifts, as indicated by the
dashed line in Fig. 4, from layer to layer, with the surface
layer at the highest energies. Correspondingly, the filling of
the Nd 5d states in Fig. 5 decreases toward the surface. Note
that the Nd 5d filling stems from two effects: (i) the M and �

pocket where the Nd bands cross the Fermi energy and (ii) the
hybridization with the Ni 3d states. Both effects are reduced
with the gradual up-shift of the Nd bands when approaching
the surface.
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FIG. 5. Comparison of filling in DMFT (solid lines, squares)
and DFT (dotted lines, circles) for different orbitals in case of the
NiO2-terminated slab. Layer 1 is at the interface, layer 5 is at the
surface. Dashed, black horizontals are the fillings for bulk NdNiO2

in DMFT. Black, solid lines in the central row indicate half-filling of
Ni 3dx2−y2 and three-quarter filling of the degenerate Ni 3dxy/3dyz

orbitals, respectively. The Mott-insulating surface Ni 3dx2−y2 and
3dxz Wannier functions are depicted in the two central plots.

Including dynamical correlation effects via DFT + DMFT
leads to significantly more pronounced modifications in the
Ni 3d states. The most striking difference is that, while all
layers remain metallic in DFT (Fig. 3), the NiO2 surface layer
becomes a Mott insulator in DFT + DMFT. This is clearly
evidenced by the DMFT spectral function A(ω) shown in
Fig. 4, where a well-defined gap appears at the Fermi level
for the Ni 3d states in the surface layer (topmost panel).

A physical explanation of the origin of this Mott insu-
lating state can be gained from the orbitally resolved filling
of the different states, which is shown in Fig. 5. The total
DFT and DMFT fillings of the Nd 5d and Ni 3d generally
follow the trend dictated by the polar field. This means that,
at the surface, the Nd 5d and Ni 3d states exhibit reduced
fillings. However, the emergence of a Mott-insulating state
at the surface is linked to an abrupt change in the DMFT
filling. In particular, against the trend of the polar field, the
Ni dx2−y2 orbital becomes approximately half-filled, with an
again larger occupation close to one electron per site. The
overall reduction in Ni 3d electron occupancy (Fig. 5, top-
left) is realized through the depopulation of the Ni dxz and
dyz orbitals, both of which have fillings around 1.5 (Fig. 5,
center-right; i.e., half a hole per orbital). These orbitals are

more sensitive to surface effects because their orbitals’ lobes
extend more along the z direction, making them more sensitive
to reduced coordination and screening effects. This presence
of approximately two holes across three Ni 3d orbitals favors
the formation of a spin-1 local moment and stabilizes the
Mott-insulating state at the surface.

Let us note that without the surface layer, i.e., in a
(SrTiO3)4|(PrNiO2)6 superlattice, the NiO2 surface (now in-
terface) layer is not Mott insulating any longer [65]. Let us
further note that in Fig. 5 (top-left panel), the Ni 3d electron
filling is not exactly eight electrons per Ni site, as one might
expect for a two-hole configuration. This discrepancy arises
from how electron are counted for a hybridized multi-orbital
system in DFT and DMFT. Similar to the situation in bulk
NdNiO2 (dashed black line), the Ni 3d orbitals in our surface
model strongly hybridized with the Nd 5d orbitals. As a result,
the states near and below the Fermi level—although predom-
inantly of Ni 3d character—also contain significant Nd 5d
admixture (see Fig. 4). Conversely, there is also some Ni 3d
contribution to the unoccupied Nd 5d states above the Fermi
level. Because of this hybridization, the effective low-energy
degrees of freedom resemble a 3d8 configuration, even though
the occupation of the “pure” Ni 3d orbitals in the Wannier
basis used for the DFT + DMFT calculations is somewhat
lower. A qualitatively similar reduced dx2−y2 occupation has
also been found in the 10-band model without interstitial s
orbtial [44]. For determining whether there is genuine multi-
orbital physics, one should thus always have a look at the
spectral function. Figure 4 clearly shows an upper Hubbard
band for Ni dx2−y2 , dxz, and dyz orbitals for the surface layer,
i.e., multi-orbital physics. In contrast, for the central layers,
only the dx2−y2 orbital forms spectral weight above the Fermi
energy (beyond the aforementioned hybridization with the Nd
orbitals). One has single orbital physics. Concomitantly, the
k-resolved spectral function in Fig. 6 (discussed in the next
paragraph) shows only the Ni dx2−y2 orbital (plus M and �

pockets) but no other Ni orbital crossing the Fermi energy.
To gain deeper insight into the electronic structure of the

surface model, we compute layer-resolved DMFT spectral
functions A(k, ω) for Nd 5d (Fig. 6) and Ni 3d states (Fig. 7).
This analysis is motivated by the fact that Nd 5d and Ni 3d
states both contribute to the Fermi surface, as supported by
recent ARPES measurements [42,43]. The spectral functions
for the interstitial s orbitals and Ti 3d states are provided in
Sec. S2 within the SM [45]. In all figures (Figs. 6 and 7),
DFT results are shown in the top panels, while the corre-
sponding DMFT spectra are displayed in the bottom panels.
In Fig. 6, the Nd-derived bands exhibit a clear layer depen-
dence, shifting to higher energies as one moves toward the
surface. This is a direct consequence of the built-in polar
electric field. Notably, in the surface and subsurface layers,
the electron pocket at the �-point—clearly present in bulk
NdNiO2 [44]—disappears. This pocket reemerges only deeper
in the slab, from the bulk-like central layers down to the inter-
face, reflecting the impact of surface polarity and dimensional
confinement on the band structure.

The influence of the polar field is similarly evident in the
Ni-derived bands shown in Fig. 7, for both DFT and DMFT
results. Most notably, the Ni dx2−y2 orbital exhibits signifi-
cant renormalization. In the surface layer, this orbital even
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FIG. 6. Layer-resolved, k-dependent spectral function of Nd 5d orbitals in the NiO2-terminated surface obtained from DFT (upper row)
and DMFT (bottom row) along a high-symmetry path through the 2D Brillouin zone. Left column is at the interface, right column is at the
surface.

becomes Mott insulating, consistent with the k-integrated
DMFT spectral function A(ω) discussed earlier. Additionally,
as seen more clearly in the orbital-resolved spectral function
(Fig. 4), the Ni dxz and dyz orbitals undergo a pronounced
splitting into lower and upper Hubbard bands, further un-
derscoring the strong correlation effects near the surface. To
enable a direct comparison between our simulations and ex-
perimental observations, Fig. 8 presents the layer-resolved
DMFT Fermi surface A(k, ω = 0) for both Nd 5d and Ni 3d
orbitals. The panels are ordered from right to left, beginning
with the NiO2 surface layer (labeled as layer 5) to Nd interface
layer (layer 1). Figure 8 clearly illustrates the Mott-insulating
nature of the surface NiO2 layer and the absence of the �-
centered electron pocket in both the surface (layer 5) and
subsurface (layer 4). In contrast, the � pocket emerges in
the deeper layers, particularly near the interface and central
bulk-like regions [66]. Further, the symmetry breaking at
the interface, due to the displacement of the Ni atom and
the loss of the original P4/mmm symmetry, enhances the

hybridization between Ni 3d and Nd 5d orbitals. As a result,
the � pocket appears not only in the Nd-derived spectral
weight but also becomes visible in the Ni spectrum. Con-
versely, the cuprate-like hole Fermi surface originating from
the Ni dx2−y2 orbital is also reflected in the Nd states because
of this orbital mixing.

The employed five-layer NdNiO2 model corresponds to a
2-nm-thick film in experimental epitaxial growth. An impor-
tant question is whether this thickness is sufficient to reliably
capture surface and interface effects. To address this, we
present additional tests in Sec. S3 within the SM [45], demon-
strating that the key results remain robust when increasing
the slab thickness or lowering the temperature. Furthermore,
even in calculations without the SrTiO3 substrate, the NiO2

surface layer remains insulating. However, when using a sim-
plified tight-binding Hamiltonian that includes the polar field
and truncates hopping at the vacuum boundary—but omits
structural relaxations and the resulting crystal field modifica-
tions at the surface—the NiO2 surface becomes metallic. This

FIG. 7. Same as Fig. 6, but now projected onto Ni 3d orbitals.

195122-6



SURFACES AND INTERFACES OF INFINITE-LAYER … PHYSICAL REVIEW B 112, 195122 (2025)

FIG. 8. 2D Fermi surface contribution of each layer and atom (green: Nd, blue: Ni). Interfacial Nd is in contact with a TiO2 layer from the
substrate (left end) and a NiO2 layer faces to the vacuum (right end).

underscores the critical role of lattice relaxation and surface
crystal field effects in stabilizing the Mott-insulating state, as
demonstrated Sec. S3 within SM [45] .

C. DMFT: Nd termination

Next, we turn to the Nd-terminated surface, shown in the
right panel of Fig. 1. In this case, the intrinsic polar field, as
indicated by the dashed line in Fig. 9, points in the opposite
direction compared to the NiO2-terminated structure, placing
the surface Nd bands at the lowest energy. As a result, the
Nd 5d orbitals contribute significantly at the Fermi level in
DMFT calculations. The Ni surface layer remains metallic for
this surface termination, as evidenced by the absence of a band
gap in the spectral function A(ω) (see Fig. 9, top-right panel).
This reversed polar field also leads to an opposite trend in both
total and Ni d orbital fillings compared to the NiO2-terminated

FIG. 9. Same as Fig. 4, but for the Nd-terminated surface.

case, as shown in Fig. 10. Again, we observe an abrupt change
in the occupation of the Ni dx2−y2 orbital. However, for Nd-
terminated surface model, it happens in the interface layer
(layer 1), which becomes half-filled (see Fig. 10, center-left
panel). The reduced Ni 3d occupancy here originates from the
dz2 orbital, which is also approximately half-filled, as seen in
the center-right panel of Fig. 10. Thus, similar to the surface
layer in the NiO2-terminated structure, the interface layer in
the Nd-terminated case hosts approximately two holes in the
Ni 3d orbitals, leading to the emergence of an orbitally se-
lective Mott-insulating state at the interface (see right-bottom
panel in Fig. 9). Here, there is a Mott-Hubbard gap for the Ni
dz2 orbital, while the Ni dx2−y2 still shows a quasiparticle peak
at the Fermi energy (zero). That is, both surface terminations

FIG. 10. Same as Fig. 5, but for the Nd-terminated surface. Here,
the center-right panel shows the filling of Ni 3dz2 orbitals, which is
close to half filling at the interface.
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FIG. 11. Same as Fig. 6, but for the Nd-terminated surface.

exhibit similar physics: The layer with the lowest electro-
static potential (the surface layer for NiO2-termination and
the interface layer for Nd termination) tends to localize holes
and develop a (partial) Mott-insulating behavior. Additional
holes are hence no longer accommodated in the dx2−y2 orbital
alone but instead occupy other Ni orbitals. This signals the
emergence of multi-orbital behavior [67–69].

For the NiO2-terminated surface, which features a square
planar crystal field, the additional holes are primarily located
at the Ni dxz and dyz orbitals. In contrast, the interface layer of
the Nd-terminated surface exhibits a NiO5 pyramidal crystal
field. Here, the Ni dz2 orbital, that points toward the additional
(negatively charged) apical oxygen, is pushed up in energy
and becomes the first to be depopulated after the dx2−y2 or-
bital. This difference in oxygen coordination thus accounts
for the distinct orbital characters involved in the emergent
multi-orbital physics of the two terminations.

The reversed polar field in the Nd-terminated surface is
also evident in the layer- and atom-resolved spectral functions
of the Nd 5d and Ni 3d states, shown in Figs. 11 and 12,
respectively. Similar to the other calculations in this paper, the

Ni 3d orbitals exhibit strong renormalization in DMFT, while
the Nd 5d bands are primarily affected by a layer-dependent
shift. Notably, this shift results in prominent electron pockets
at the M and � points, as seen in the rightmost panel of
Fig. 13. In contrast, these Nd-derived pockets are absent at the
interface layer, underscoring the spatial variation in electronic
structure induced by the polar field.

IV. CONCLUSIONS

In this work, we have investigated the surface and in-
terface electronic structure of the infinite-layer nickelate
superconductor NdNiO2 using DFT combined with DMFT.
By constructing two different realistic slab models we have
uncovered a strong layer-dependent modulation of electronic
correlations, band filling, and orbital polarization. For lack
of more detailed experimental surface information, we have
studied an ideal NiO2- and Nd-terminated surface, without
surface reconstruction. The influence of the intrinsic polar
electric field is inherent to both the surface and interface.

FIG. 12. Same as Fig. 6, but for the Nd-terminated surface, and projected onto Ni 3d orbitals.
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FIG. 13. Same as Fig. 6, but for the Nd-terminated surface. Note that here interfacial NiO2 is in contact with a SrO layer of the substrate
(left end) and Nd faces to the vacuum (right end).

Particularly strong effects are found for the outermost surface
and interface layers.

Especially, our DFT + DMFT calculations show that the
NiO2-terminated surface undergoes a Mott transition in the
topmost NiO2 layer, which becomes insulating. This behavior
is not captured at the DFT(+U) level and highlights the cru-
cial role of local electronic correlations and methods beyond
DFT, such as DMFT. The Mott-insulating state originates
from the switch from a 3d9 to a 3d8 electronic configuration at
the surface. Here, the dx2−y2 orbital becomes nearly half-filled,
while the two dxz/yz orbitals accommodate the remaining
holes. This turns the physics from single-Ni-orbital physics to
multi-orbital physics of the surface layer. The redistribution
of electrons is driven not only by the layer-dependent polar
field but also by the modified crystal field environment at the
surface.

In contrast, the Nd-terminated surface displays a reversed
polar field, leading to different electronic reconstruction com-
pared with NiO2-terminated surface. Here, it is the interface
NiO2 layer (rather than the surface layer, as in NiO2-
terminated surface) that becomes 3d8 and an orbital-selective
Mott insulator with the half-filled Ni dz2 band being in-
sulating and the half-filled Ni dx2−y2 band being metallic.
Let us note that this orbital-selective Mott insulator is close
to becoming a full Mott insulator. For both terminations,
the layer with the lowest electrostatic potential is (par-
tially) insulating. The nature of the participating additional
Ni orbitals differs due to the local ligand geometry—square
planar versus square pyramidal—highlighting the sensitiv-
ity of orbital occupation and correlation strength to local
coordination.

Our analysis of the DMFT spectral function, momentum-,
layer- and orbital-resolved, reveals substantial band renor-
malization and the emergence or disappearance of Fermi
surface features such as the � and M pockets depending
on layer depth and surface termination. From a method-
ological standpoint, we have demonstrated the necessity of
incorporating (dynamical) correlations, spatial inhomogene-
ity, and realistic structural relaxations to accurately capture
the electronic behavior of the surfaces and interfaces of
nickelate superconductors. Our findings have broad implica-
tions for understanding the emergent phenomena in nickelate
heterostructures and thin films. One can speculate that the
observed layer-dependent doping through a polar field might
also play a role for the recently observed superconductivity in
undoped PrNiO2|SrTiO3 superlattices.

Note added. Recently, measurements of ARPES spectra for
NdNiO2 became available [70] and show no � pocket.
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