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Abstract—After decades of fundamental research, unconventional superconductivity has recently been
demonstrated in rare-earth infinite-layer nickelates. The current view depicts these systems as a new category
of superconducting materials, as they appear to be correlated metals with distinct multiband features in their
phase diagram. Here, we provide an overview of the state of the art in this rapidly evolving topic.
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Fig. 1. Ball-and-stick model of the unit cell of the infinite-
layer nickelates RNiO2 and sketch of the formal 3d9 elec-
tronic configuration of a Ni1+ atom in square-planar coor-
dination. The set of d orbitals is frequently divided into the
subsets eg-like = { , } and t2g-like = {dxy, dxz, dyz}

as in octahedral coordination.
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1. INTRODUCTION
Unconventional superconductivity, understood as

superconductivity beyond the electron–phonon para-
digm, remains a defining problem in condensed mat-
ter [1]. The challenge is exemplified by the high-Tc
cuprates, whose superconducting and normal-state
properties keep puzzling even 35 years after their dis-
covery [2]. To overcome this impasse, a “reasoning-
by-analogy” approach has been perceived as a promis-
ing strategy that can offer valuable insights and new
perspectives. As such, the discovery of iron-based
superconductors reinvigorated the field [3, 4], twisted
bilayer graphene notably spanned the question beyond
bulk systems [5, 6], and nickelates joined the club last
year after Hwang and collaborators reported super-
conductivity in Sr-doped NdNiO2 thin films, the first
for a nickel oxide material [7].

Even though this latter discovery is very recent,
nickelates have been debated as intriguing analogs to
the high-Tc cuprates for decades [8–10]. The analogy
is most apparent precisely in RNiO2 (R = rare-earth)
layered materials (see Fig. 1). In these systems, the Ni
atom features a nominal 1+ oxidation state that for-
mally provides the same 3d9 electronic configuration
of Cu2+ in isostructural high-Tc cuprates. In reality,
however, there are qualitative differences between the
properties of these systems. LaNiO2 for example is
conducting—even though weakly so—with no mag-
netic order reported so far [11, 12], while the cuprates
on the contrary are insulating antiferromagnets in
61
their parent phases. This clearly suggests that the
embedding of the Ni atom in the actual crystal some-
how spoils the tentative resemblance. Thus, the ques-
tion is to what extent the analog d9 picture for the nick-
elates survives the degree of covalency/metalicity of
the actual atomic bonds, together with the eventual
electronic correlations, and other important details of
the overall electronic structure. It is the actual combi-
nation of these traits that defines the new physics that
can eventually emerge in these nickel-based supercon-
ducting materials.

Here, we provide an overview on the current status
of the field. Recent research has unveiled intriguing
8
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Fig. 2. Temperature vs. composition phase diagram of the superconducting infinite-layer nickelates reported so far—i.e. Sr-doped
NdNiO2 and PrNiO2 thin films on SrTiO3 substrates—and corresponding resistivity data (from [13] and [14]). Sr-doping is equiv-
alent to hole doping in these systems. The superconducting Tc reaches 15 K in the best superconducting samples. The resistivity
in the normal state shows metallic behavior as a function of temperature, with a Kondo-like upturn systematically observed for
both underdoped and overdoped samples. The metallicity is however rather poor, and hence these systems can be seen as bad
metals with weakly insulating features. At the same time, enhanced metallicity has been repeatedly reported in superconducting
samples when compared to the non-superconducting ones.
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departures from the initial conjecture. Accordingly,
superconducting nickelates are now depicted as a dis-
tinct class of correlated materials hosting unconven-
tional superconductivity among other interesting
properties.

2. EXPERIMENTAL FACTS

Rare-earth infinite-layer nickelates RNiO2 have
been known for decades. This special type of nicke-
lates can be seen as the n = ∞ members of the series
Rn + 1NinO2n + 2, with each member containing n-NiO2
planes. LaNiO2 was the first synthesized compound of
this type in the early 1980s [15]. However, it took 16
years to reproduce that synthesis, extend it to
NdNiO2, and perform a basic characterization of
these unusual compounds [12, 16, 17]. This is a reflec-
tion of the challenging synthesis of these materials,
typically achieved by first growing the nickelate in its
RNiO3 perovksite version, and then removing the api-
cal oxygens from the NiO6 octahedra with reducing
agents such as hydrogen [18]. This is the so-called
topotactic reduction which, in practice, may have
unwanted consequences such as hydrogen intercala-
tion into the sample [19]. In any case, no supercon-
ductivity has been found so far in this type of parent
phases. This emerges only via charge carrier doping as
in the cuprates, which represents an additional chal-
lenge in the case of the nickelates. In particular, hole
doping the initial perovskite phase via Sr substitution
on the R site pushes the Ni valence from 3+ towards an
unstable 4+. As such, doping and subsequent reduc-
tion has only been achieved by means of thin-film
JOURNAL OF EXPERIMENTAL AND THEORETICAL PH
growth techniques [pulsed laser deposition (PLD) and
molecular beam epitaxy (MBE)] [20], while super-
conductivity in doped bulk samples is yet to be
reported [21–23].

Figure 2 shows the temperature-composition
phase diagram of (Nd,Sr)NiO2 and (Pr,Sr)NiO2
determined from resistivity data [13, 14]. The mea-
sured resistivity as a function of temperature shows
metallic behavior, with a low-temperature upturn sys-
tematically observed (Fig. 2). This upturn can be
attributed to weak localization, or could be reminis-
cent of Kondo physics [24]. At the same time, the
room-temperature resistivity of these materials is
comparatively high and it would result into insulating
behavior in standard perovskite nickelates. In this
sense, these systems can be seen as weak insulators or
bad metals all along the phase diagram, in marked
contrast to cuprates. Besides, no signature of long-
range magnetic order has been reported so far for the
parent infinite-layer nickelates [11, 12, 16]. However,
a recent NMR study has pointed out the presence of
antiferromagnetic f luctuations and quasi-static anti-
ferromagnetic order below 40 K in Nd0.85Sr0.15NiO2
[25].

The superconducting Tc upon hole doping reaches
~15 K. However, the transport data reported so far is
still sample dependent, with nominally equivalent
samples displaying finite resistivity or a complete drop
[13, 26, 27]. Thus, there is hope for a higher Tc in
higher quality samples. Also, whether the original
LaNiO2 reference compound hosts superconductivity
or not remains an important open question. As of now,
superconductivity has only been reported in Sr-doped
YSICS  Vol. 132  No. 4  2021
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Fig. 3. Hall coefficient measured in NdNiO2 and PrNiO2 as a function of temperature and Sr doping [13, 14]. In both cases, the
Hall coefficient below 100 K changes sign as a function of Sr content (x in R1 – xSrxNiO2). The main charge carriers have electron
character in the parent compounds (x = 0), which eventually changes to holes upon increasing doping. This was the first experi-
mental hint of an underlying multi-band picture.
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NdNiO2 and PrNiO2. This difference may be “sim-
ply” due to sample quality and/or the presence of
topotactic hydrogen in LaNiO2—i.e. the formation of
LaNiO2H instead of LaNiO2—as suggested from DFT
calculations [19]. Otherwise, it may be more intrinsi-
cally related to the rare-earth elements themselves—
i.e. closed vs. open 4f shells and the corresponding
magnetic moments.

Figure 3 illustrates the measured Hall coefficient
for RNiO2 that has been observed to change sign both
as a function of temperature and as a function of dop-
ing. Accordingly, at low temperatures, the main
charge carriers change from electrons in the parent
compounds, to holes in the superconducting and
over-doped samples. This evidences an underlying
multiband character in infinite-layer nickelates, which
is another important fundamental difference when
compared to cuprates.

This question has been further addressed by X-ray
spectroscopic techniques [28, 29]. The infinite-layer
nick-elates feature a main absorption peak similar to
the cuprates (the A peak in Fig. 4). This feature can be
naturally ascribed to the presence of Ni-3d states near
the Fermi energy (see below). However, the spectrum
contains an additional lower-energy feature (A' peak in
Fig. 4). This reveals the presence of additional states,
and hence gives further evidence of the multiband
character of infinite-layer nickelates. On the other
hand, the lack of a pre-peak in the O K-edge suggests
that the mixing between oxygen and nickel states is
substantially weaker than in cuprates. This is in tune
with the absence of a clear Mott or charge-transfer
insulating behavior observed in the transport [30]. In
contrast to the Hall data, however, the changes in the
X-ray spectra observed as a function of Sr-doping have
been in turn interpreted in terms of doped holes resid-
JOURNAL OF EXPERIMENTAL AN
ing in the Ni-3  orbitals without necessarily
invoking multiband effects [29].

The single particle tunneling spectrum has been
measured on (Nd,Sr)NiO2 thin films deposited using
MBE [31]. The spectrum was found to be inhomoge-
nous across the sample, with different features at dif-
ferent locations of the sample. One of the predomi-
nant features correspond to a V-shape spectrum,
which can be fitted to a d-wave gap with amplitude
~3.9 meV. However, features corresponding to a full s-
wave gap of about 2.35 meV are equally observed and,
in some cases, even a mixture of the two. This surpris-
ing finding is now open to clarification which requires,
in particular, a better understanding of the surface-
specific local properties.

3. THEORETICAL CONSIDERATIONS
Resolving the degree of connection between nicke-

late and cuprate superconductivity has been the one of
the main motors of a rather frenetic theoretical activ-
ity. A number theoretical tools and ideas were already
on the table for constructive confrontation. The elec-
tronic structure, in particular, has been revisited from
different perspectives and for different purposes.

3.1. Single-Particle Picture

At the single-particle DFT level, the calculations
support the multiband picture of the infinite-layer
nickelates in agreement with experimental data [9, 28,
32–41]. These calculations reveal a large Fermi-sur-
face sheet due to Ni-3  holes akin to that in
cuprates (see Fig. 5). However, the bandwidth of the
corresponding band is comparatively reduced and its
c-axis dispersion is much larger making this system

−2 2
x y

d

−2 2
x y

d

D THEORETICAL PHYSICS  Vol. 132  No. 4  2021



NICKELATE SUPERCONDUCTORS 621

Fig. 4. (a, b) RIXS intensity maps and (c) RIXS loss spectra of the parent LaNiO2 and NdNiO2 compounds, together with the
corresponding XAS spectra at the Ni L3-edge [superimposed black curves in (a) and (b)] (from [28]). The data shows a main peak
A and a lower energy shoulder A'. Both signatures are clearly seen in LaNiO2, while A' is resolved only the RIXS loss spectra for
NdNiO2 as indicated by the arrow in (c). These features confirm the multiband character of these system that results from the
from the hybridization between Ni-3  states and the 5d states of the rare earth.
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Fig. 5. Electronic structure of the reference material LaNiO2 obtained at the DFT level [fat band plot, density of states (DOS)
and Fermi surface from [32] and [44]]. In addition to the main Ni-3  cuprate-like band crossing the Fermi level, the Ni-

3  states are not completely occupied in these systems. Further, the system has a multiband character due to La-5d states that

“self-dope” the main Ni-3  hole Fermi surface and give rise to additional electron pockets. The O-2p sates, in turn, are

comparatively far below the Fermi level.
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non-truly two-dimensional [9, 39]. Therefore, the
analogy with cuprates has limitations already at this
point. Furthermore, the Fermi surface displays addi-
tional electron pockets due to 5d states associated to
the rare-earth 5d states (5  at Γ and 5dxy at A). This
can be seen as a self-doping effect promoted by the
hybridization of these formally empty states with the
Ni-3d bands. This effect is totally absent in the cupra-
tes. In addition, the Ni-3  states turn out to be par-
tially occupied and additionally hybridized with the R-
5d ones. Thus, the full eg-like = { , } sector of
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the Ni-3d states becomes “active” in infinite-layer
nickelates [9, 32].

The presence of R-5d electrons is indeed compati-
ble with the XAS spectrum as well as with the negative
Hall coefficient measured experimentally in the par-
ent compounds. Quantitative agreement with the Hall
data, however, requires to somehow gap out the con-
tribution from the main hole Fermi surface for the
parent compounds [32]. Similarly, the Uemura-plot
phenomenology relating the superconducting Tc to the
magnetic penetration depth in the cuprates can be
recovered in the nickelates only if the contribution
YSICS  Vol. 132  No. 4  2021
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from the main Fermi surface is somehow gaped out
[39]. Note that the former refers to the transport in the
normal state, while the latter does to superconductiv-
ity in its thermodynamic sense. Thus, these quantities
provide complementary insights about the charge-
carrier properties.

Beyond that, one important parameter that can be
obtained from DFT calculations is the difference in
charge-transfer energies. That is, the difference in on-
site energies promoting charge from O-2p to Ni-3d
orbitals. This difference is to be compared to the Cou-
lomb-interaction energy-scale U on the Ni sites, as
this determines whether the system could be consid-
ered as charge-transfer or Mott–Hubbard-like
according to the Zaanen–Sawatzky–Allen scheme
[42]. In spite of some discrepancies in absolute values
among different works, there seems to be a consensus
in that the charge transfer energy in these nick-elates
is larger than in cuprates (~4 eV vs. 2 eV), thereby pre-
cluding nickelate and cuprate from falling under the
same category [43]. The reduced bandwidth of the Ni-
3  states can also be understood from this increase
in charge-transfer energies. These additional depar-
tures from the cuprate picture are again consistent
with the XAS spectrum and the weakly insulating, yet
metallic behavior observed in RNiO2.

These insights, essentially obtained from the com-
parison between experiments and single-particle DFT
calculations, have set the stage and motivated a
detailed analysis of the nickelate-specific electronic
correlations. In this respect, a methodological note is
due on the DFT-based approaches. Undoubtedly,
they provide important fundamental insights. How-
ever, the state of the art is such that the 4f-electrons
introduced by the magnetic rare-earth elements can-
not be treated on the same footing as the rest of states.
This circumstance leaves LaNiO2 as reference com-
pound, in the sense that only here all power of a first-
principles approach can be truly exploited. Otherwise,
the 4f-electrons are treated as core electrons—so that
Nd or Pr become electronically equivalent to La—or
LDA+U-corrected, which may not be totally justified.

3.2. Many-Body Correlation Effects

3.2.1. Cooper pairing. The standard electron-pho-
non mechanism has been ruled out as the main reason
for superconductivity in infinite-layer nickelates [35].
Instead, repulsive interactions mediated by spin-fluc-
tuations were right away argued to drive the Cooper
pairing in these systems [33, 34, 45, 46]. Specifically,
d-wave superconductivity was concluded from com-
plementary random phase approximation (RPA) and
fluctuation exchange (FLEX) calculations for many-
body multi-orbital Hamiltonians in which the non-
interacting part maps the relevant DFT bands. As for
the interaction part, it is now customary to consider
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x y

d
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two-particle on-site interactions according to the
Hubbard–Hund model Hamiltonian

(1)

where nασ = cασ and nα =  +  (  creates
electrons in orbital α with spin σ). Here U and U ' rep-
resent intra- and inter-orbital Hubbard interactions,
J the Hund’s rule exchange, and J' the “pair hopping
interaction.” In practice, these parameters are taken
such that U ' = U – 2J and J' = J which corresponds to
a spin rotational invariance for the overall two-body
local interaction. These interactions were considered
at both Ni and rare-earth sites in [33], while the prob-
lem was simplified in [34] by restricting Ni interac-
tions to the intra-orbital Hubbard U in accordance
with their 3-band description. The results obtained
from these two models are nevertheless compatible
(see also [45, 46]). In fact, in this scenario, the
reduced  bandwidth combined with its presum-
ably large intra-orbital interaction  may explain
the reduced Tc compared to cuprates [33]. This situa-
tion can be traced back to the aforementioned increase
in charge-transfer energy. More recently, these results
have been confirmed using advanced techniques in
which the starting vertex is non-perturbative so that
the local correlations are fully included [47].

The same conclusion about the d-wave symmetry
of the superconducting gap was reached in [34] from a
standard t–J model constructed in a similar way for
the Ni-3  states. Further, the specific self-doping
features of the nickelates have inspired an extended t–
J model that generically addresses the strong-coupling
limit of similar multiband systems [48]. This model is
found compatible with Fermi-liquid behavior and
d-wave superconductivity. Alternatively, if the Hund’s
coupling J between  and  Ni orbitals plays a
dominant role, it has been pointed out that the Cooper
pairing can be interpreted within a spin-freezing sce-
nario as due to local-moment f luctuations, rather than
to pure antiferromagnetic f luctuations [49].

3.2.2. Electronic structure. As mentioned above,
infinite-layer nickelates in their normal state system-
atically show a weakly-insulating or bad-metal behav-
ior, also in the overdoped regime (see Fig. 2). This is
in clear deviation from canonical Mott physics and the
charge-transfer-insulator to Fermi-liquid crossover
that defines the high-Tc cuprates. Yet, a modified cor-
related picture incorporating key multiband aspects is
expected to provide important insights.
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If electronic correlations remain relatively weak,
then it is natural to revise the DFT picture by means of
many-body perturbation theory in the first place. This
enables the ab initio treatment of these correlations,
which has been performed at the GW level [50, 51].
The resulting many-body picture thus includes the
effect of the dynamically screened, but otherwise
long-range Coulomb interaction. The low-energy
physics remains essentially unaffected, with only small
changes obtained in the interacting Fermi surface and
in the quasiparticle spectral weights near the Fermi
level. The Ni-3  bandwidth reduces slightly while
the Ni-3  one increases as the O-2p states are further
shifted to lower energies (1.5 eV further down from the
Fermi level) [50]. The latter, however, represents a
rather substantial change, and hence suggests that the
canonical charge-transfer-insulator picture is even
more unlikely for the infinite-layer nickelates in the
GW framework. These changes are also tied to an
important shift of the empty 4f states [50], which
should be taken as a warning regarding their role in the
overall physics of these materials.

DFT+DMFT (dynamical mean-field theory) cal-
culations according to the model interaction Hamilto-
nian (1) have been performed to further scrutinize the
correlated nature of the different orbitals and clarify
the multiband nature in RNiO2 [44, 47, 49, 52–59]. In
addition, DMFT has also been applied in combination
with the quasiparticle self-consistent GW approxima-
tion in a parameter-free fashion [51, 60]. When it
comes to the low-energy physics, the overall multi-
band picture remains robust and the results confirm
the above trends. However, the effective mass renor-
malization or inverse quasiparticle weight m*/m = 1/Z
undergoes substantial orbital-selective changes [44,
53, 55]. The Ni-  band is found to have a ten-
dency towards localization such that a Mott gap can
eventually open if the Hubbard interaction is large
enough [53, 54]. The R-5d self-doping bands, in con-
trast, remain much more weakly correlated [53, 54].

By modeling the system as a self-doped Mott insu-
lator, a strong Kondo coupling between itinerant and
localized carriers has been attributed to the low-tem-
perature upturn observed in the resistivity data [24].
The proposed model, however, tacitly assumes that
such a localization is completely cuprate-like, while
the actual picture is likely more complex given that the
charge-transfer energy is much larger. In addition, the
Ni-  states are systematically found partially occu-
pied and hence susceptible of charge f luctuations [44,
53, 54], and may even cross the Fermi level under dop-
ing thereby supplementing the system with f latband
features [61]. This  activity promotes the impor-
tance of a high-spin d8 configuration with no d10

involvement, in contrast to cuprates [44, 53, 54].
Interestingly, the Ni-3d total occupancy is found to be
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rather insensitive to hole-doping, as the changes in
carrier density are absorbed as changes in the hybrid-
ization with R-5d and O-2p states [44, 51, 55, 62].
Experimental XAS and RIXS data, however, has been
interpreted slightly differently in terms of a single Ni-
3  orbital where the doped holes tend to reside in
a low-spin configuration [29].

Thus, from the point of view of correlations, one
current picture describes infinite-layer nickelates in
terms of bad-metallic Ni-eg states coupled to itinerant
R-5d bands. Rather than to canonical Mottness, the
bad metallic behavior here is ascribed to Hundness as
the formally occupied Ni-3  orbitals are found to
participate in the low-energy physics in a Hund-
assisted manner [44, 51]. An alternative picture
describes these correlations as dominated instead by
the Ni-3  orbital, thus suggesting that a one band
(plus charge reservoir) Mott–Hubbard-like descrip-
tion of the low-energy physics may be more appropri-
ate [63]. This idea builds on the fact that the self energy
and the spectral function display the characteristic
forms expected in a Mott–Hubbard system, including
the characteristic three-peak structure in the spectral
function and particle-hole symmetric features in the
self-energy above and below the Fermi energy. This
defines an apparent Hubbard vs. Hund dichotomy in
which the multiband aspects of infinite-layer nicke-
lates are emphasized differently [61].

3.2.3. Magnetism. As mentioned above, no sign of
long-range magnetic order has been reported so far for
any RNiO2 parent material [11, 12, 15, 16, 64],
although a recent NMR study shows the presence of
antiferromagnetic f luctuations and quasi-static anti-
ferromagnetic order in Nd0.85Sr0.15NiO2 [25]. In fact, a
magnetic ground state is consistently obtained in the-
oretical studies [9, 28, 32, 57, 58, 61, 65–68]. Both
spin-polarized DFT and DFT+DMFT calculations
reveal a near degeneracy of various types of spin orders
though, implying frustration of magnetic correlations
in infinite-layer nickelates. In particular, using
DFT+DMFT, first- and second-nearest neighbor
exchange constants have been derived that put these
materials in the regime of magnetic frustration upon
doping within a J1–J2 spin model [57]. This unantici-
pated frustration, that allows the suppression of mag-
netic order, arises due to the involvement of both
3  and 3  Ni orbitals. As such, this picture high-
lights the importance of in-plane spin f luctuations in
understanding the physics of these materials and rein-
force the requirement of an effective Ni-  and 
two-band model to describe magnetic excitations in
hole-doped RNiO2 [58].

A complementary point of view is actually obtained
[71] via DFT calculations as the static antiferromag-
netic ground state is characterized by the involvement
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of both  and  Ni bands. This state is peculiar
in that it portrays a f lat band, one-dimensional-like
van Hove singularity of  character pinned at the
Fermi level. This singularity makes the antiferromag-
netic phase unstable to spin-density disproportion-
ation, breathing and half-breathing lattice distortions,
and charge-density disproportionation. These f lat-
band instabilities should inhibit but not eliminate
incipient antiferromagnetic tendencies at low tem-
perature. A different point of view suggests that 5d
conduction electrons could screen the Ni spins, sup-
pressing magnetism and giving rise to a Kondo effect
like that seen in heavy fermion materials [24].

Beyond that, an intrinsic difference that could be
behind differing properties across the RNiO2 series,
notably the emergence of superconductivity itself, is
the presence/absence of magnetic rare-earth elements
[40, 72]. All in all, magnetism in infinite-layer nicke-
lates is still under intense study and further experi-
ments will be crucial to shed some light on this prob-
lem.

3.2.4. Interfacial and surface effects. To date,
superconducting samples of infinite-layer nickelates
have only been obtained thanks to thin-film growth
techniques. The surface/interfaces of these epitaxial
thin-films are readily available for experimental char-
acterization. Thus, the question of whether their elec-
tronic properties match the bulk picture—so that
superconductivity can be preserved and/or supple-
mented with additional local features [31]—becomes
fully pertinent.

This question was first addressed by means of DFT
calculations for RNiO2/SrTiO3 superlattices in [69],
and shortly after in [73]. The epitaxial growth of these
heterostructures can in principle yield different atomic
boundaries between the sample and the substrate.
Consequently, the first important question to clarify is
which interface is actually realized in these systems
[69]. The most obvious configuration corresponds to a
fully reduced nickelate having its (RO →) R layer
directly on top of the TiO2-terminated substrate. This
configuration, however, was found to be energetically
unstable. The reason is that, even if the reduction pro-
cess is effective in the bulk, the removal of the interfa-
cial apical oxygen turns out to be much harder. This is
just a local-scale manifestation of the thermodynamic
fragility of these phases. Thus, the infinite-layer nick-
elate prefers to face a RO layer to the substrate, and the
same conclusion holds even for a direct-growth pro-
cess. This prediction is totally in tune with subsequent
STEM images in which these interfacial oxygens are
visible (see e.g. [20]). The issue, however, is not com-
pletely resolved since, depending on the growth and
topotactic-reduction conditions, NiO2/Sr and
NiO2/SrO interfaces may also be obtained as metasta-
ble configurations. Also, similarly to the topotactic H
[19], the oxygen binding energy can be different for
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different rare-earth atoms, which may render these
configurations even more viable.

In any case, this sort of “chemical” reconstruction
was further shown to produce drastic changes in the
electronic structure at the interface [69]. In fact, the
interfacial chemical reconstruction according to the
R → Sr → RO → SrO sequence is to some extent
equivalent to localized hole doping. This local doping
was found to deplete the self-doping R-5d states at the
interface. Specifically, the R-5d states are first
replaced by Ti-3d ones, which are then pushed above
the Fermi level for the SrO configuration (see Fig. 6).
At the same time, the intefacial Ni-3  states are
driven closer to the Fermi energy so that they mani-
festly participate in the low-energy physics. Thus, the
Kondo-lattice features are expected to be fundamen-
tally different at the interfaces where, in addition, the
Ni-eg sector will likely be fully active. Besides, this sec-
tor is supplemented by a markedly f latband character
of the interfacial Ni-3  states, so that interface-spe-
cific correlation effects may be promoted [69].

This picture was subsequently confirmed for thin
films with asymmetric boundaries [73–75]. In that
case, the different polar discontinuities yield an effec-
tive built-in electric field across the film. The screen-
ing of this field is then an additional ingredient deter-
mining the eventual atomic and electronic reconstruc-
tion. Thus, polar layers can be formed at the surface
and at the interface [74]. These layers show antiparal-
lel NiO2 displacements, but otherwise are decoupled.
At the interface with the substrate, the calculations
reveal the formation of a two-dimensional electron gas
extending over several layers together with the afore-
mentioned depletion of the self-doping R-5d states
[73, 74]. In addition, the combined effect of magne-
tism (G-AFM order) and correlations has been con-
sidered at the DFT+U level [74]. This combination
has been found to enhance the itinerancy of the
Ni-3  orbitals at the interface with the substrate,
while the magnetism is essentially suppressed at the
surface to vacuum. The focus has been put on the sur-
face properties in [70]. Specifically, the effect of the
nickelate termination anticipated in [69] is considered
in detail. Thus, it is confirmed that different termina-
tions yield different electronic structures also at the
surface (see Fig. 6). This is further shown to modify
qualitatively the corresponding Fermi surface. As a
result of this modification, it is argued that the d-wave
superconducting gap expected for the bulk may trans-
form into a s±-wave one at the NiO2-terminated sur-
face. This provides a rather natural explanation to the
local changes in the tunneling spectrum observed in
[31]. Further, it suggests that a surface s + id-wave
state may also be realized under the appropriate con-
ditions.
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Fig. 6. Electronic band structure of the infinite-layer nickelates at the RNiO2/SrTiO3 interface (left) and at the surface (right) for
different atomic configurations (the colors highlight the main contributions of the interfacial/surface Ni-3d states near the Fermi
level; adapted from [69] and [70]). In both cases the nature of the self-doping effect—obtained from the R-5d states in the bulk—
changes or even disappear depending on the local atomic configuration. At the same time, other Ni-3d states are pushed closer
to the Fermi level and locally supplement the system with f latband features.
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4. CONCLUSIONS AND PERSPECTIVES

The recent discovery of superconductivity in
infinite-layer nickelates has created intense excite-
ment. These systems have been rapidly scrutinized
from many different angles, using a battery of experi-
mental and theoretical tools. The initial motivation of
drawing analogies with the high-Tc cuprates has thus
been surpassed. Instead, the accumulated results have
now consolidated these systems as a new class of
unconventional superconducting materials.

Specifically, the rare-earth infinite-layer nickelates
have been confirmed to host a distinct multiband
interplay, on top of which electronic correlations build
and determine the main properties of these systems.
This interplay is present already within the Ni sector
itself, as not only the Ni-3  states but also the Ni-
3  ones are found to be active. This further intro-
duces specific correlation effects and the bad metallic,
or weakly insulating behavior is now understood as a
direct manifestation of these correlations. However, a
Hubbard vs. Hund dichotomy has emerged that is yet
to be clarified. In addition, the rare-earth states intro-
duce extra specific ingredients such as the self-doping
effect and a 4f-ness that may qualitatively be even
more important. When it comes to the central ques-
tion, that is, the emergence of superconductivity in
these materials, it has been ascribed to spin f luctua-
tions (in a broad sense), and there is now experimental
evidence of incipient antiferromagnetic order.

These are now well-established traits of the
infinite-later nickelates. Additional progress to further
clarify these aspects, as well as the actual supercon-
ducting properties beyond Tc can be naturally expected
[76]. At the same time, there are many other crucial
questions yet to be answered. Concerning issues
related to the dependence of superconductivity on the
rare-earth element, much more could be learned if
additional infinite-layer variants could be grown and
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doped. In this context, it is fundamental to determine
whether lack of superconductivity in the LaNiO2 ref-
erence material is intrinsic or not. Another crucial
question is why thin films are superconducting while
bulk samples are not. This may simply be due to sam-
ple quality and doping control. However, there is also
a ~3% c-axis lattice constant difference between bulk
and superconducting thin films. If that difference
alone explains superconductivity, that could provide
additional evidence of the explicit role of the Ni-3
orbital (the same argument would effectively apply to
LaNiO2 in comparison to RNiO2 with smaller R ions).

More importantly, a crucial issue to address is: are
the rare-earth infinite-layer nickelates a solitary beast
or just the tip of the iceberg? That is, is there a whole
new family of nickel-based unconventional supercon-
ductors waiting to be discovered? This question cur-
rently motivates the experimental and computational
search of new alternative materials [77–86]. As men-
tioned above, RNiO2 are the n = ∞ member of the
larger series Rn + 1NinO2n + 2. Other members of this lay-
ered nickelate family are obtained via a similar oxygen
reduction from the corresponding Ruddlesden–Pop-
per phases [87, 88]. The n = 2 and 3 materials, in par-
ticular, have been known for a while and, similarly to
the n = ∞ ones, have also been discussed as candidate
superconductors [77–82]. Recently, La-based n = 4–
6 parent Ruddlesden–Popper phases have also been
synthesized. Reduction of these compounds is partic-
ularly promising as they would realize d-electron
counts that can be directly mapped into the dome area
of filling. In addition, current epitaxial growth tech-
niques can be exploited as an alternative route to engi-
neer Ni-based heterostructures mimicking the
Rn + 1NinO2n + 2 series with the advantage of better
sample quality and doping control [69]. The infinite-
layer case itself has proven to be a challenging but suc-
cessful example in this respect.
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Shedding light on these issues will not only help
understanding superconductivity in these specific
low-valence layered nickelates but will also provide
new perspectives about the nature of unconventional
superconductivity in general.
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