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Abstract

The superconducting nickelates were first proposed as potential analogs to
the cuprate unconventional superconductors in 1999, but it took twenty
years before superconductivity was successfully stabilized in epitaxial thin
films. Since then, a flurry of both experimental and theoretical efforts have
sought to understand the similarities and differences between the two sys-
tems and how they manifest in the macroscopic superconducting and normal
state properties. Although the nickelates and cuprates indeed share many
commonalities within their respective phase diagrams, several notable dif-
ferences have also emerged, especially regarding their parent compounds,
electronic hybridization, and fermiology. Here, we provide a survey of the
rapidly developing landscape of layered nickelate superconductors, includ-
ing recent experimental progress to probe not just the superconducting but
also normal state and other ordered phases stabilized in these compounds.
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1. INTRODUCTION
1.1. A Brief History of Superconducting Nickelates

The discovery of superconducting copper oxides (cuprates) in 1986 by Bednorz & Miiller (1)
motivated a search for analogous unconventional superconductivity in other material systems.
With nickel adjacent to copper in the periodic table, the layered monovalent nickel oxide (nick-
elate) systems such as infinite-layer (IL) RNiO, (R = trivalent rare-earth; Figure 14) were long
considered a promising candidate (2). Following many experimental endeavors, in 2019 Li et al.
were finally able to realize superconductivity in hole-doped Ndg §Sr,NiO, thin films (3) by first
growing epitaxial perovskite precursor NdSro,NiOs on SrTiO; and using CaH,-assisted soft-
chemistry reduction to deintercalate the apical oxygens, thereby reaching the IL phase. The family
of superconducting nickelates has since expanded to include IL La- and Pr-based compounds
(referred to below as La- and Pr-nickelates) substitutionally doped with Sr or Ca (4-6), as well
as quintuple-layer (QL) NdsNisO,,, which stabilizes a similar formal electron count (7, 8). Su-
perconductivity up to almost 80 K was also subsequently demonstrated in the bilayer perovskite
compound La;Ni,O7 under high pressure (14-43.5 GPa) (9, 10), though current understanding
of these two families points toward rather distinct pictures of superconductivity.

In this article, we focus on experimental progress in the layered square-planar compounds,
R,=1Ni, O, (n = 5, o0). Their breakthrough launched significant efforts to rapidly characterize
the growing family of layered nickelates, with a natural emphasis on comparison to the cuprates
(9). Indeed, the emerging electronic phase diagram of hole-doped nickelates shares many broad
similarities to that of the cuprates (Figure 15), including a doping-dependent superconducting
dome, regions of T-linear and T resistivity, and signatures of charge order and other ordered
phases (10, 11, 14-16). In parallel, important differences have also been noted, particularly re-
garding the metallicity of the parent compound and effects of reduced hybridization between
metal and oxygen states in the nickelates (17, 18). This imperfect overlap between two closely
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Figure 1

(@) Basic crystal structure of (i) the precursor perovskite and (i) reduced infinite-layer nickelates, with annular bright-field scanning
transmission electron microscopy images showing the removal of apical oxygens from the R planes. Lattice vectors are indicated in the
pseudocubic convention. (b)) Schematic representation of the known hole-doping phase diagram based on experimental reports so far (5,
10-13). Regions with characteristic temperature (T")-dependent resistivity (o) behavior are indicated with blue, purple, and red shading.
The approximate crossover in Hall resistance (Rp) is marked by a dashed line. Further experiments are needed to establish the doping
dependence of charge-ordered phases.
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analogous systems provides tantalizing potential to better understand the underlying mechanism
of unconventional superconductivity in both. Here, we aim to provide a brief overview of the cur-
rent experimental progress in the layered nickelates (18-27), as well as to identify both pressing
and promising avenues of inquiry for future work.

1.2. Overview of the Crystal and Electronic Structure

The IL crystal structure ABO; (Figure 14) is the simplest primary atomic motif of the super-
conducting cuprates, namely square-planar BO, planes separated by A-site spacer planes (2). In
RNiO,, nickel takes on a formal 1+ valence and a 4° electron count, which can be electronically
doped to stabilize superconductivity. Similar to cuprates, nickelates exhibit a dome in the super-
conducting transition temperature 7 in the hole-doped phase diagram that extends (at the time
of writing) from approximately x = 0.1-0.3 hole doping, with optimal doping considered near
x = 0.15-0.20 (5, 10, 12, 13) (Figure 1). The superconducting nickelate family also includes the
related QL compound NdsNis Oy, (7) (Section 2.4); for clarity, we refer to the combined family
simply as layered nickelates.

At first glance, the structural and electronic similarities as well as the observation of su-
perconductivity and a hole-doped superconducting dome argue for a strong analogy between
the nickelates and the cuprates. However, there exist important distinctions between the two
systems, particularly in the orbital alignment and the fermiology (17). Although the larger on-site
Coulomb repulsion (U) compared to the charge-transfer gap (A) puts the cuprates in the charge-
transfer regime of the Zaanen-Sawatzky-Allen framework (28), the d? covalency is reduced
by the smaller nuclear charge in the nickelates (29-32) such that the charge-transfer energy is
larger than the Coulomb repulsion (A > U), pushing the nickelates toward the Mott—Hubbard
regime (33-35) (Figure 24). This distinction in the band alignment also results in stronger
hybridization between Ni 34 and R 54 bands and additionally forms two self-doped electron
pockets on top of the cuprate-like d,2_» hole bands in the Fermi surface (Figure 2d), making the
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(@) Schematic Zaanen-Sawatzky—Allen (28) electronic structure comparison between the IL nickelates and cuprates, showing the
oxygen 2p and metal (Ni or Cu) 34 states illustrating the increase in nickelate charge-transfer energy A relative to the Coulomb

repulsion U. (b,) Hole doping via Sr-substitution « in Nd;_,Sr,NiO> films results in core-level spectral responses involving both the
O 2p and Ni 3d states. The emergent prepeak on the O-K edge is reminiscent of the Zhang—Rice singlet peak observed in hole-doped

cuprates, whereas the broadening of the Ni-L; 3 edge suggests multiband hole interactions. (4) Schematic representation of an IL
nickelate Fermi surface, showing the Nid,»_,» hole and R d; and 4, electron pockets. Panels z and b adapted from Reference 34
(CC BY-NC-ND 4.0). Panel ¢ adapted with permission from Reference 36. Panel d adapted from Reference 37 (CC BY 4.0).

Abbreviation: IL, infinite-layer.
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nickelates an intrinsically multiband system (2, 17, 32, 35, 37-51). Furthermore, the hybridization
between O 2p and metal 34 is significantly reduced in the nickelates (33-35) such that the doped
holes are found in both the O ligand band (34) and the Ni 34 band (36, 52) (Figure 2b,). A
central question is how these distinctions manifest in the macroscopic superconducting nature
of the nickelates, the understanding of which can potentially further elucidate the underlying
mechanism of unconventional superconductivity in the two systems.

The layered atomic structure of superconducting nickelates suggests strongly anisotropic elec-
tronic behavior, such that they can be considered quasi-two-dimensional (quasi-2D). This is thus
far consistent with experimental measurements of in-plane (§) and estimates of out-of-plane (£,)
coherence lengths (3, 5, 6, 53-58) (see Section 3.1), although further experimental verification is
needed. This picture may be subtly modified, however, by the self-doping mechanism mentioned
above. Experimentally, signs of doped hole interactions with the R 54 bands have been directly ob-
served through local core-level spectroscopy (34), but more concrete clarification about the role
of the R bands and distinctions between the various cation species remain to be demonstrated.
The multilayered compounds (7) may further offer a route to more precisely tune the effective di-
mensionality of this system, as would certain heterostructure (59) or other thin-limit synthesis
approaches (60, 61). Direct out-of-plane transport measurement enabled by further improve-
ments in bulk synthesis or s#-axis-oriented thin film growth (62) will be illuminating, although
experimentally challenging.

2. SYNTHESIS CHALLENGES

Many of the unaddressed or debated properties of the layered nickelates remain so due to out-
standing challenges associated with the synthetic limitations of these compounds, which can be
divided into two categories. First is the difficulty of achieving highly crystalline, single-phase lay-
ered square-planar samples due to the low thermodynamic stability of monovalent nickel. This
encompasses two further material challenges: first, the nontrivial inclusion of structural defects,
which yield significant variations in the electrical conductivity and hamper the observation of
inherent electrical transport properties (10, 12, 13, 63-65), and second, the vulnerability of the
film surface to degradation or secondary-phase formation during the topotactic reduction step (7,
62, 63, 66) and to reoxidation afterward (62, 67), making surface-sensitive measurements such as
angle-resolved photoemission spectroscopy (ARPES) (35, 68) or scanning tunneling spectroscopy
difficult (69, 70). Although the former can hopefully be resolved with continued efforts in crys-
tallinity improvements (10, 63, 71-73), the latter is expected to require more careful experimental
design to access the pristine IL surface.

Second is the unavailability, at the time of writing, of bulk superconducting layered nicke-
late samples. With large critical current density (J..) (see Section 3.1) and the alleviation of polar
discontinuity via interface reconstruction (74) suggesting that the nickelate superconductivity
observed in thin films is indeed a bulk response rather than an interface effect, the absence of super-
conductivity in bulk samples thus far is largely attributed to limited crystallinity due to additional
materials challenges in bulk synthesis (13,72, 73, 75) (see Section 2.3), although intrinsic strain ef-
fects might still be relevant (38). This currently limits the experimental measurements to thin film
geometry, yielding various complications arising from the substrate and (when present) capping
layer and precluding measurements requiring large sample volume such as neutron scattering.

2.1. Topotactic Reduction

Nil* is thermodynamically unstable, such that natural oxides with 1+ valence (the desired 4’
configuration) are uncommon and synthetically challenging. The successful approach thus far has
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been to first synthesize more stable phases (e.g., Ni**), followed by topotactic chemical reaction to
selectively remove some oxygen from the structure, thereby reducing the nickel valence. Synthesis
of IL LaNiO, by this approach using H, gas as the reduction reagent was already reported before
the predictions of superconductivity (76). Ultimately, metal hydrides such as NaH (77, 78) and
CaH,; (79) were found to more reproducibly yield IL nickel oxides, with efforts primarily focused
on LaNiO, expanding to NdNiO, (66, 78) and paving the way for the doped superconducting
compounds (3). Aluminum is also a viable alternative as the reduction reagent (80, 81).

Several important questions about the mechanism and uniformity of oxygen deintercalation
in reduced nickelate samples remain to be explored in greater detail. In particular, both bulk
structural measurements and local spectroscopic probes (34) have indicated various levels of
nanoscale oxygen inhomogeneity within many fully reduced nickelate samples, although mea-
surements across longer length scales (250 nm) suggest the macroscopic distribution is largely
homogeneous (82). It is also an open question if oxygen doping—in which the electronic doping
is achieved by controlling the oxygen stoichiometry (RNiO,,s)—is possible in the IL nickelates
as in some cuprate systems (83, 84) or whether it is forbidden due to a closely competing RNiO;
phase (67). More concretely establishing the precise oxygen stoichiometry and distribution in
these compounds has important implications for understanding both the electronic structure (see
Section 2.4) and competition or coexistence with other local ordered phases (see Section 5).

2.2. Balancing Epitaxial Strain in Thin Films

The synthetic route to layered nickelates carries a twofold challenge to balance the epitaxial strain.
In particular, the choice of the substrate is significantly complicated by a large expansion of the
in-plane lattice constant from the as-grown to the reduced phase: Substrates that are well lattice-
matched to the precursor will impart very high compressive strain on the layered phase, whereas
substrates that are better matched to the layered phases require growing the precursors under high
tensile strain conditions (63, 85). The first superconducting samples demonstrated success with the
latter approach using Sr'TiOs substrates, which are a close lattice match to NdNiO; and related
compounds (3). The tensile strain conditions of the perovskite growth, however, resulted in high
densities of lattice strain—relieving defects, particularly vertical Ruddlesden—Popper-type faults, in
all reported samples (12, 13). Crystallinity improvements were achieved with careful optimization
of the perovskite phase growth conditions (63), whereas mitigating strain effects by growing the
perovskite precursors under lower tensile strain, e.g., increasing the film lattice constant (5) or
decreasing the substrate lattice constant (10, 86), leads to major leaps in the sample quality. This
concept of a Goldilocks zone for epitaxial strain was similarly demonstrated in the layered square-
planar compounds (85). Overcoming strain relaxation will be required to increase sample thickness
beyond the current limit of ~15 nm for superconducting IL samples. As a complement to studies
of the electronic evolution in the thin limit (60), this will enable a more concrete establishment of
the critical thickness above which physical properties can be regarded as bulk-like.

2.3. Bulk Crystals

Thus far, the synthesis of superconducting bulk nickelates remains elusive (71-73, 87, 88). This
initially resulted in different interpretations of the superconductivity observed in thin films, raising
the question of interfacial superconductivity (89, 90). Experimental investigations of the nickelate-
SrTiO; interface, however, revealed a single unit cell intermediate layer atomic reconstruction,
ruling out the possibility of interfacial effects driven by polar discontinuity as the primary driver
of observed superconductivity in these systems (74). Rather, the key differences between thin films
and bulk single crystals seem to be: (#) the large surface-to-volume ratio in thin films compared
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to single crystals (79) and (§) the presence of an epitaxial template with the substrate (and in
some cases a capping layer) (63, 67, 85, 91). The former may play a role in the time and resulting
uniformity of the topotactic oxygen reduction: Single crystals typically require much longer re-
duction times than thin films of similar compounds (63, 72), although the microscopic details of
this process have not yet been systematically explored.

The latter effect can be further broken into two considerations including possible band modi-
fications due to the epitaxial strain imposed on the film (38, 85) and the promotion of single-phase
orientation (85). Local measurements of reduced bulk crystals show promising progress toward
the characteristics observed in thin films of the same compounds (72), but individual crystals are
subject to the formation of and subsequent fracturing along microscale orthogonal crystalline
domains. By contrast, thin films exhibit predominantly single-domain orientation, with some ex-
amples of local lattice reorientation in cases of large compressive strain in the reduced phase (5,
67,85, 92). It therefore seems likely that a key contribution of the substrate is not just mechanical
support but also predefinition of the layered 45 plane to preferentially form single domains in the
reduced sample. Reproducing similar effects in bulk single crystals through appropriate symmetry
breaking or applied external stress may thus be a fruitful route for synthetic improvement in the
future.

2.4. Doping Strategies

To date, the primary method for hole doping the nickelate parent compounds is through sub-
stitutional cation doping of alkali metals (Sr or Ca) on the R site. Encouragingly, reports from
independent groups are in generally good agreement regarding the relative doping-dependent
properties (12, 13), but precise and absolute quantification of the elemental substitution and corre-
sponding hole doping remains challenging. Because the oxygen concentration in these compounds
is used to tune the formal nickel valence, off-stoichiometry in the form of excess oxygen could
contribute additional holes and shift the absolute values of the currently understood doping phase
diagram to higher x. The use of metal hydrides for topotactic reduction in many samples has
also raised questions about the role of hydrogen, including suggestions of hydrogen-incorporated
phases (93-95) and hydrogen-induced doping effects (96). Ding et al. (96) report a strong corre-
lation between superconductivity and metrics of hydrogen incorporation in their films, whereas
bulk neutron scattering studies of LaNiO, (72, 73) and thin film secondary-ion mass spectroscopy
studies of NdNiO, (66) suggest that the majority of excess hydrogen resides in the decomposed
and secondary-phase regions of the samples, arguing against any significant role of hydrogen in
both the structural and electronic aspects of the IL nickelates. Precise quantification of elemental
stoichiometry across many samples is therefore a high priority.

Thus far, elemental characterization has not detected any signs of significant cation order (4,
5, 34, 72), but more investigations into the impact of (dis)order in the cation lattice may be en-
lightening, especially relating to other correlated phases (see Section 5). It has also been proposed
that the dopant species may play a role in defining the effective superconducting dimensionality
in nickelates due to the impact of ionic size fluctuations (61). It might be further possible to tune
the stability of charge order by using a larger dopant such as barium, as has been the case for
La,_,B,CuO4 (B = alkali metal dopant) (97, 98).

Alternative methods of achieving electronic doping and tuning dimensionality without the
introduction of A-site cation disorder have also been pursued. Structural doping has been pro-
posed through heterostructuring approaches based on alternating layers of nickelate and other
oxide compounds (99-101), although experimental efforts thus far have yet to demonstrate su-
perconductivity (59). The average nickel 3d electron count can be tuned according to formal
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valence-counting rules in different members of the layered square-planar homologous series
R,+1Ni, 03,42, of which the (undoped) IL compounds are the » = oo phase. As with the ILs,
these layered compounds are synthesized first in the corresponding Ruddlesden—Popper phase
(R,+1N1,03,4) and subsequently reduced through a similar process of topotactic oxygen deinter-
calation (7, 102, 103). Following the emerging hole-doped phase diagram in IL nickelates (12, 13),
the #» = 5 QL square-planar nickelates are near optimal doping with a formal Ni 3438 character,
and they do indeed superconduct (7). More thorough exploration of this branch in the nicke-
late family tree (e.g., R species, complementary chemical and structural doping) will likely prove
challenging but fruitful.

All of the doping schemes described so far have their own inherent limitations, including in-
evitable A-site disorder, discrete levels of doping, difficulties in the synthesis of higher doping
levels, and underlying growth challenges associated with cation size mismatch. It will be beneficial
to explore other possible routes for doping, such as electrostatic or ionic liquid gating; interca-
lation of ions such as lithium, fluorine, or hydrogen; and oxygen stoichiometry control. These
methods will also open the door to possibilities of electron doping, which has been proposed as
one possible route to realize superconductivity at even higher temperatures in trilayer compounds

(104).

3. SUPERCONDUCTIVITY

The scientific interest in the layered nickelates thus far has been mainly driven by the comparison
to their isostructural analog—the cuprate unconventional superconductors (2). As superconduc-
tivity emerges in both systems upon hole doping a square-planar-coordinated lattice of transition
metal ions with 3d? electronic configuration, it is plausible to expect a shared unconventional
nature of the superconducting phase. Simultaneously, the presence of the additional hybridized
electron Fermi pockets driven by the R bands in the nickelates motivates an examination from
the intermetallic superconductor perspective. In this sense, the nickelate superconductors may be
a unique system that combines aspects of strong correlations related to doped Mott insulators
and complex interplay between the R and Ni orbitals analogous to intermetallic/heavy-fermion
superconductors (105-107).

3.1. Energy Scale

Superconductivity is a macroscopic condensation of paired fermion quasiparticles with an order
parameter characterized by its amplitude (A) and phase (¢). Substantial experimental progress has
been made in clarifying the energy and length scales as well as the angular structure of these two
physical quantities. Relating to the energy scale, two key quantities are the superconducting gap,
characterizing the strength of Cooper pairing, and the superconducting phase stiffness, character-
izing the energy cost of superconducting phase variations. Although the phase stiffness is usually
orders of magnitude larger than the gap, a close interplay between the two can occur, as in cuprate
superconductors (108).

So far, the superconducting gap of NdgsSro,NiO, (7. ~ 13-15 K, where 7. is defined as
the onset temperature of the superconducting transition) has been examined by two experimen-
tal techniques. Performing single-particle tunneling measurements at 350 mK, Gu et al. (69)
observed a V-shaped gap with a gap maximum (2A) of ~7.8 meV = 5.9 kg7, and a full gap
of ~4.7 meV = 3.6 kgT.. Cervasio et al. (109) extracted a superconducting gap magnitude of
2A ~ 3.2 meV = 2.9 kgT, from terahertz reflectivity measurements using the Mattis—Bardeen
model. Substantial synthesis progress, particularly to address limitations due to degradation of
the sample top surface during topotatic reduction (70) (see Section 2), is likely needed before
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a quantitative agreement between the different measurement techniques can be achieved. An
alternative route to measuring the superconducting gap using a planar tunneling technique could
soon become viable following continuous refinement of the growth and reduction processes for
oxide heterostructures involving IL or QL nickelates.

The other energy scale, the superconducting phase stiffness, is closely related to the superfluid
density by the equation J(T) = (h?/po)(nst/m*), where h is the reduced Planck’s constant, p is
the vacuum permeability, #; is the superfluid density, 7* is the electronic effective mass, and /is the
longer of the distance between neighboring NiO, planes and the ¢-axis superconducting coherence
length &,. For thin film geometry, / can take on the value of the film thickness if it is shorter
than &, . To date, n, of IL nickelates has only been extracted from the measured absolute value of
magnetic penetration depth A using the mutual inductance technique, connected by the relation
ng/m* = (1/4ude?)(1/22), where ¢ is the elementary charge. A surprisingly low n;, ~0.003 carriers
per unit cell, is found (110), translating to a superconducting phase stiffness on the same order
of magnitude as the superconducting gap scale. This is in contrast to the estimated normal state
carrier density of ~0.9-2.5 carriers per unit cell based on a single-band interpretation of the Hall
coefficient data (the Hall resistance response is indeed linear against magnetic field up to 14 T)
(10) or ~0.2 carriers per unit cell based on chemical composition (the contribution from the R 54
bands has been calculated to be one order of magnitude smaller) (37). This brings into question
the nature of the superconducting transition in the IL nickelates, where phase coherence could
also play an important role in determining 7, (111). Although these measurements await further
experimental confirmation, they promise a potential 7, enhancement if the phase coherence could
be improved through reduced disorder or increased film thickness (Figure 3¢) (60).

Experimentally, proxies of the superconducting energy scale are more accessible. Critical tem-
perature, critical current density, and critical magnetic field have all been reported by independent
groups (3-5, 10, 13, 53, 55-58, 61, 65, 92, 112-114). Among the three known R variants in the
IL nickelates and the QL nickelate superconductor, as-grown 7 has so far reached up to ~23 K
(10). Figure 32 summarizes the correlation between 7. and the quality of samples reported in the
literature, reflected by the low-temperature normal state resistivity (defined at the superconduct-
ing onset temperature) and the room-temperature to low-temperature resistivity ratio (RRR). As
shown for the case of doping x = 0.2, a nonsaturating trend can be found in which higher RRR and
lower residual resistivity correlate with higher 7T¢, hinting at the possibility of further 7, improve-
ment. Reporting an enhancement of the onset 7, to ~31.2 K by 12.1 GPa hydrostatic pressure
(Figure 3b), Wang et al. (92) also suggested compressive strain as a promising route for increasing
T, in agreement with some theoretical works (38). The concurrent broadening of the supercon-
ducting transition and lattice-scale crystalline reconstruction, however, highlight the competing
interplay between intrinsic and extrinsic strain effects in this system.

J. has been reported for only the IL nickelates so far, varying from 170 kA/cm’ up to
330 kA/cm? (Figure 3¢) (3,4). This value is surprisingly large, on the same order of magnitude as
the depairing current density, JEPT _ /(3367 ) ~ 70-370 kA/cm?. This is unusual consider-
ing the small 7, observed and may reflect a strong vortex pinning potential. Here, A is assumed
to be ~750 nm (110) and H,, the thermodynamic critical field, is assumed to be in the range of
150 Oe to 800 Oe, as discussed below.

As the IL nickelates have been characterized as type-II superconductors (see Section 3.3), there
are two critical magnetic field scales: the lower critical field (H,;), marking the creation of the first
magnetic vortex, and the upper critical field (H;), marking the loss of macroscopic superconduc-
tivity (115). Of the two, H,, has been well characterized in IL nickelates (3, 5, 6, 53, 56, 58, 112,
113) (Figure 3e). Depending on the R element composition, H,, can reach up to over 35 T and
3—4 times the weak-coupling conventional Pauli limit, defined as 1.867, (116-118). Based on the
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Figure 3 (Figure appears on preceding page)

(@) Low-temperature normal state resistivities (closed shapes, left axis) and RRR (open shapes, right axis) of
nominally « = 0.2 hole-doped nickelate superconductors as a function of the superconducting onset
temperature. The red solid line and blue dashed line are guides to the eye. Legend denotes experimental
groups (3-7, 10, 12, 15, 54-56, 58, 60, 61, 64, 65, 86, 112, 113). (b) Temperature-dependent resistivity of a
Pr.8,Sr0.18NiO; sample as a function of hydrostatic pressure. Curves are vertically shifted for clarity.

(¢) Thickness dependence of T. in Ndg §Sr.2NiO; thin films on SrTiO3. (d) Electric field strength (E)
versus current density (J) of a ProgSro2NiO; sample and (inset) J. as a function of temperature.

(e) He — T phase diagrams of an Ndy 775 Sro.225NiO; sample for magnetic fields (7) along the ¢ axis and (#) in
the a-b plane. H. of different definitions are shown, with H¥* corresponding to resistivities reaching ¥% of
the normal state value, HYM corresponding to the onset of magnetic vortex motion, and HA corresponding
to the critical field extracted from Aslamazov—Larkin fitting of the superconducting transition. Panel &
adapted from Reference 92 (CC BY 4.0). Panel ¢ adapted from Reference 60 (CC BY 4.0). Panel 4 adapted
with permission from Reference 4; copyright 2020 American Chemical Society. Panel e adapted with
permission from Reference 53. Abbreviation: RRR, room-temperature to low-temperature resistivity ratio.

temperature dependence of H.;, two groups have attributed the scale of H,, to the combination
of orbital depairing and paramagnetic depairing effects, with the paramagnetic depairing effect
playing a central role in (Nd, Sr)NiO, systems (53, 112). This is in contrast to most oxide super-
conductors in which the paramagnetic depairing effect only comes into play when the alternative
is suppressed by geometric confinement (119). The identification of the paramagnetic depairing
effect implies a singlet pairing nature of the superconducting phase. Combined with the clear
violation of the weak-coupling Pauli limit observed in La- and Pr-nickelates (55, 61, 116), this
further suggests a strong coupling nature of the superconductivity or a nontrivial spin—orbit cou-
pling strength in the system. Several groups have additionally reported a clear dependence of the
H,, scale on the R element (55, 116, 120). Based on angular magnetoresistance (AMR) measure-
ments and crystal field calculations, Wang et al. (116) attributed this dependence to the magnetic
nature of the 4f electrons associated with the R elements.

In contrast, experimental measurement of H, has only been reported once so far.
Chow et al. (54) estimated H,;; ~ 79 Oe for Nd(sSro,NiO, based on field-dependent mag-
netization measurements. Combined with the knowledge of H,, this provides an estimate of
H. = (H.H,)/(nk)~ 150 Oe, where k = A/& ~ 750 nm/4 nm =~ 190. Another estimate could be
made based on the measured A ~ 750 nm and & ~ 4 nm: H, = ®o/2~+27 &) ~ 800 Oe. Here,
®d, is the magnetic flux quantum. Despite the numerical discrepancy between the two estimates,
it is reasonable to expect the actual field scale to be of a similar order of magnitude.

3.2. Superconducting Gap Symmetry

The angular structure of A and ¢ carries strong implications on the underlying pairing
mechanism. Up to now, only the angular structure of A has been probed by examining the low-
temperature dependence of 7;: A fully opened gap results in an exponential saturation of 7, at
temperatures below which the superconducting gap fully opens, whereas a nodal gap shows a
continuing increase in 7. As illustrated in Figure 44, Harvey et al. (110) reported a nonsat-
urating quadratic increase of n; in IL La- and Pr-nickelate samples at low temperatures and
interpreted this as a signature of a nodal superconducting gap. The exponential saturation and
unusual slight downturn of  seen in IL Nd-nickelates were interpreted as an artifact due to the
complications coming from the Nd** 4f magnetic moments. Such a 4f moment-driven distinc-
tion among the three R variants is not only reproduced by another 7, measurement using the
tunnel-diode-oscillator setup (54) (illustrated in Figure 44) but also seen in the H., data (see
discussion in Section 3.1) and the AMR measurements (15, 57, 61, 116). Although IL La- and Pr-
nickelates show twofold azimuthal AMR response (116), Nd-nickelates exhibit fourfold behavior
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(@) Ilustration of the temperature dependence of ns observed in (7) (La/Pr, Sr/Ca)NiO; and (77) (Nd, Sr)NiO; based on experimental
measurements (54, 110). The s of La- and Pr-nickelates follows a power-law temperature dependence with exponents around 2,
whereas the n; of Nd-nickelate exhibits an exponential-like saturation at low temperatures (110). The low-temperature saturation and
slight downturn have been ascribed to an artifact related to the Nd 4f moments (54, 110, 116). () Representative polar (6) and
azimuthal (¢) dependence of Ndo.775Sr¢.225NiO> magnetoresistance at 2 K. Panel 4 adapted from Reference 116 (CC BY-NC 4.0).
Abbreviation: BK'T, Berezinskii—Kosterlitz—Thouless.

(57, 61, 116, 121) (Figure 4b). Another feature observed in the mutual inductance measurement
is the Berezinskii-Kosterlitz—Thouless (BK'T) transition expected in homogeneous thin films in
the form of an abrupt change of n, occurring at the temperature at which the superfluid stiffness
roughly equals the thermal energy (110). This BKT transition temperature is consistent with a
superfluid stiffness calculated assuming superconductivity to be stabilized throughout the entire
film thickness, again supporting a bulk response description as discussed in Section 2.1.

3.3. Length Scale

There are two key length scales that describe the superconducting order parameter. The coher-
ence length & describes the minimum scale for the spatial variation of A, and magnetic penetration
depth 1 describes it for the spatial variation of ¢. Due to the tetragonal crystal structure, both
length scales further have two different values corresponding to spatial variations within and per-
pendicular to the NiO; planes. The in-plane coherence length & of the IL nickelates has been
extracted by performing Ginzburg-Landau fits to the temperature dependence of H; near 7. It
is found to be in the range of 3-7 nm (5, 6, 53-58), as summarized in Figure 54. In contrast, &,
has only been indirectly estimated to be below 1 nm based on the attribution of the observed ther-
mally activated electrical resistance to the motion of in-plane magnetic vortices (53). Although this
is consistent with the expected quasi-2D electronic nature and resembles their cuprate analogs,
direct experimental confirmation of dimensionality in the nickelates remains a challenge, largely
due to the current lack of bulk superconducting samples (Section 2.3).

With in-plane penetration depth 1, on the order of ~1 ym (110), the nickelate supercon-
ductors are classified as strongly type II, hosting broad magnetic vortices (especially in thin film
form) with small nonsuperconducting cores, which have been observed by a recent supercon-
ducting quantum interference device investigation (125). In contrast, there is so far no attempt at
measuring the out-of-plane penetration depth, which most likely would require a breakthrough
in the bulk synthesis efforts.

4. NORMAL STATE

Superconductivity is an instability of the normal state: As such, a complete description of the
superconducting mechanism requires a deep understanding of the normal state. Although most
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Figure 5

(@) &) of various hole-doped infinite-layer nickelates reported so far as a function of hole doping. The solid and open symbols represent
La- and Nd-nickelates, respectively. (5) The low-temperature normal state resistivity of the most conductive superconducting nickelate
samples in each experimental report so far plotted against their room-temperature resistivity. Legends in panels # and 4 denote
experimental groups (3-7, 10, 12, 15, 54-56, 58, 60, 61, 64, 65, 86, 92, 112-114). (c) Temperature-dependent resistivity of the
Nd-nickelates near optimal doping (10) and the prototypical La;_,Sr,CuOy superconductors (122-124). The linear slopes are labeled
on the right in units of 10~*m2-cm-K~1. Abbreviation: LSAT, (LaAlO3) 3 (Sr; TaAlOg)g.7.
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superconductors have a well-understood Fermi liquid normal state, unconventional superconduc-
tors exhibit various unusual behaviors in their normal state, including pseudogap, strange metal,
and bad metal transport (105). Whether these properties are also present in the nickelate systems
can help guide understanding of the superconducting mechanism.

Bad metal behavior is defined around the Mott-Ioffe-Regel (MIR) limit (111, 126), where co-
herent quasiparticle conductivity is lost when the mean-free path becomes comparable with the
interatomic distance within the crystal lattice. In a typical metal, the electrical resistivity p saturates
as it approaches the MIR limit (126, 127). However, in the normal state of unconventional super-
conductors, p is often observed to substantially exceed this limit as the temperature is increased.
Strange metal behavior, another unresolved transport phenomenon of unconventional supercon-
ductors, refers to the linear temperature dependence of the resistivity near zero temperature (128,
129), which cannot be satisfactorily explained by the Fermi liquid theory. Bad and strange metal
behaviors are considered key transport manifestations of unconventionality in the normal state.

For the IL nickelate superconductors, the MIR limit is estimated to be on the order of
500 p - cm, with the precise value dependent on the preferred definition (126) and the assumed
normal state carrier density (see Section 3.1). Despite a large variation in the normal state
resistivity reported in the literature, it is clear in Figure 5b that even the most conductive
sample has a room-temperature resistivity close to the MIR limit. In parallel, measurements of
the optical conductivity observed a broad Drude peak in the normal state (109). The scattering
rate extracted from the frequency dependence fit is roughly 37 meV (~400 K), which is substan-
tially greater than the superconducting energy scale. A recent synthesis improvement has also
revealed linear-in-temperature resistivity near optimal doping extending from the superconduct-
ing transition temperature up to room temperature (10). Although it remains unclear whether
such linearity persists to higher temperatures until structural degradation occurs or would
persist down to 7' = 0 if not interrupted by superconductivity, observations to date are in agree-
ment with an unconventional normal state showing signs of both bad metal and strange metal
behaviors.
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By suppressing the superconductivity with strong magnetic field, Hsu et al. (130, 131) also
examined the nonsuperconducting ground state, which is closely related to—if not of the same
nature as—the normal state. A persistent correlated insulating behavior is observed, which appears
to be a continuation of the disorder-insensitive resistive upturn found in the nonsuperconducting
underdoped IL nickelates. Intriguingly, this correlated upturn is maximally suppressed near the
optimal doping, around where linear-in-temperature resistivity and the temperature-driven Hall
coefficient sign change both emerge. It remains unclear whether such concurrence is coincidental
or carries deeper implications.

5. OTHER PARTS OF THE PHASE DIAGRAM

Based on the current understanding of the hole-doped phase diagram of the nickelate super-
conductors (5, 10, 12, 13), superconductivity is but one of several ground states that emerge
upon carrier doping. In addition to the hole-doped superconducting dome, understanding the
nature of the neighboring ground states and ordered phases in the undoped (x = 0), underdoped
(0 <x £0.1),and overdoped (0.3 < x) regions of the doping phase diagram is therefore crucial for
deciphering the emergence of superconductivity and developing a comprehensive description of
any potential intertwined orders. Given the sample geometry limitations, many of the techniques
used to investigate these ordered phases in the cuprates (e.g., surface-sensitive techniques such as
scanning tunneling microscopy and ARPES or high-sensitivity bulk techniques such as neutron
scattering) are not immediately suitable for the existing nickelate samples. Still, a number of studies
have been conducted by X-ray spectroscopy and scattering, transport, nuclear magnetic resonance,
and muon spin rotation/relaxation (pSR) experiments probing possible additional—particularly
magnetic, charge-density wave, and nematic—orders and other effects.

The undoped parent compound in particular has drawn much attention due to characteristics
that stand in contrast to its cuprate counterpart. At zero doping, a metallic resistivity is seen down
to roughly 50 K, below which an insulating upturn with a log (7')-like temperature dependence is
seen (Figure 6a,b). At temperatures below 10 K, traces of a superconductivity-like resistivity drop
have been reported (5). The underdoped region has a similar temperature dependence of p as the
undoped compound, except for the rapid disappearance of the weak resistive downturn mentioned
above and a gradual decrease of the metal-insulator transition temperature from ~50 K at zero
doping to ~10 K at around x = 0.10 doping (10). The Hall coefficient in these low-doping
regions also has a dramatic nonmonotonic temperature dependence while maintaining a negative
(electron-like) value (Figure 6b) (10, 12, 13). Although this behavior has persisted even with
considerable sample improvements (10), no theoretical models have been able to satisfactorily
capture these temperature-dependent transport properties, which are also in contrast to the
completely insulating behavior (132) and positive Hall coefficients in underdoped cuprates
(133, 134).

Concerning the nature of the resistive upturn in the undoped and underdoped regions, there
are currently two primary schools of thought. One perspective draws attention toward the log (T")
temperature dependence of the resistive upturn, the 1 — T2 resistance saturation at low tem-
peratures, and a nontrivial field suppression of the upturn, motivating a Kondo-impurity-based
interpretation (114, 135). The log (T") downturn of the Hall coefficient is further interpreted as
a natural consequence of the incoherent skew scattering by localized magnetic impurities (114,
136). The other perspective points out the intriguing similarities in the functional temperature
dependencies of the resistive upturn and the Hall coefficient drop, which is attributed to a de-
crease in the contribution to electronic transport by one type of carrier (10). This draws parallels
with the observation of charge ordering, which also disappears upon further hole doping. Either
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Figure 6

(@) Resistivity curves of Nd-nickelate samples with Sr dopings from x = 0.08—0.30 plotted against temperatures from (?) 0 to 300 K and
(i7) 0 to 50 K. () Hall coefficient versus temperature data of Nd-nickelate samples with Sr dopings from x = 0—0.25. Panel # adapted
with permission from Reference 13. Panel » adapted with permission from Reference 12.
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proposal, if true, has significant implications for the superconducting mechanism, and both await
further experimental examination.

In the overdoped region, the layered nickelates behave more similarly to disordered metals
with clear T2 temperature dependence at low temperatures until a small resistive upturn appears
below 5 K (10). Contrary to the upturn seen in the underdoped region, this upturn exhibits a clear
dependence on disorder level and is suppressed upon sample quality improvement (10, 12). The
Hall coefficient also develops a temperature-dependent sign crossover for doping levels x > 0.15.
The doping-driven Hall sign change at low temperatures, where isotropic defect scattering likely
dominates, could be associated with the underlying evolution of fermiology against hole doping,
whereas the temperature-driven Hall sign change could be related to the temperature dependence
of different scattering mechanisms. Thus far, despite several efforts (43, 136, 137), a satisfactory
theoretical description of the Hall coefficient is still missing.

The exact nature of magnetic order in the IL nickelates is still an open question under active
investigation. Thus far, no long-range magnetic order has been observed in undoped bulk single
crystals, polycrystalline powders, or thin films (77, 78, 138, 139), despite observations of magnon-
like dispersions in NdNiO, and PrNiO; thin films, which are suppressed upon hole doping (16,
140) (Figure 7). Evidence for short-range magnetic order has been observed in all IL compounds
across both R and doping series (138, 139, 141, 142). Fowlie et al. (141) draw a comparison between
glassiness of observed order and the spin-glass state in some cuprates, but they point out that in
the nickelates this behavior persists to much higher temperatures, perhaps in closer parallel to the
iron pnictides. However, two studies extracting the intrinsic susceptibility in undoped LaNiO,
report non-Curie-Weiss-like behavior in LaNiO, similar to that in underdoped cuprates (138,
143). In parallel, extrinsic structural factors such as crystallinity limitations and sample geometry
have been shown to affect the stabilization of ordered phases (14, 15). These initial experimental
investigations present interesting implications and call for further understanding of the magnetic
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(@) Magnetic excitation dispersion in an NdNiO; thin film extracted from resonant inelastic X-ray scattering measurements showing the
magnetic mode energy &, and damping factor g,. (b) Temperature-dependent zero-field WSR spectra of LaNiO; suggest the presence of
short-range order below ~75 K while exhibiting no signatures of long-range order. (¢) Summary of different forms of magnetism across
the infinite-layer nickelate series based on pSR analysis. Panel # adapted with permission from Reference 16; copyright 2021 AAAS.
Panel » adapted from Reference 138 (CC BY 4.0). Panel ¢ adapted with permission from Reference 141. Abbreviation: ZF, zero field.

order and its role in superconductivity in the nickelates, which could also shed light on the much
debated role of magnetism in cuprate superconductivity.

Signatures of charge order measured by resonant X-ray scattering have also been reported
in undoped and underdoped IL compounds of all three R species (La, Pr, and Nd) (11, 14, 15,
144). The first report of short-range stripe-like order in (La,Sr)NiO, with incommensurate in-
plane wave vector Q ~ (0.344,0) diminishing with Sr substitution toward optimal hole doping
(11) (Figure 8) was followed by measurements of PrNiO, indicating an additional out-of-plane
component to the charge-order vector, Q ~ (1/3, 0, 0.365) (144). In Nd-nickelate films, reso-
nant X-ray signatures of commensurate in-plane order with Q = (1/3,0) were linked to the direct
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Figure 8

(@) In-plane momentum scattering intensity maps of an NdNiO; film along the high-symmetry directions indicated by the insets.

(b) Extracted intensity of the RIXS charge-order peak for different doping levels in La;_,Sr,NiO; thin films. (¢) Temperature
dependence of the RSXS charge-order peak for an undoped (x = 0) and lightly doped (x = 0.06) La;_,SryNiO; thin films. Panel #
adapted from Reference 15. Panels 4 and ¢ adapted with permission from Reference 11. Abbreviations: RIXS, resonant inelastic X-ray
scattering; RSXS, resonant soft X-ray scattering.
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real-space observation of excess oxygen ordered in locally off-stoichiometric phases, NdNiO,,
(145, 146), but itis unclear at the moment if this is true for all R series of the IL nickelates given the
sensitivity of ordered phases to chemical or structural perturbations such as strain. If charge order
is indeed intrinsic in certain IL nickelates, the direction of the ordering vector could explain the
lack of observed antiferromagnetic (AFM) order that would form along the Q = (4, b) direction (11,
14), pointing to competition between these two phases. Compared to the cuprates, in which charge
order emerges only upon doping away from the half-filled formal 4° configuration, the presence
and robustness of charge order in undoped nickelates would be consistent with self-doping effects
in the metallic parent compounds (11, 14, 32, 37, 46, 136). In this sense, the nickelate parent com-
pound is never strictly undoped, which could also explain the suppression of the expected AFM
Mott insulator ground state and the superconductivity-like transport features (5).

As mentioned in Section 2.4, the possibility that excess oxygen may also contribute some hole
doping away from the nominal value set by cation substitution is still not ruled out, although
the qualitative trends have been thus far reproducible among different groups with different
synthesis recipes. Also currently in question is the potential impact of a capping layer on the
presence of charge order in nickelate films: Rossi et al. and Ren et al. report charge order in
capped La;_,Sr,NiO, (11) and PrNiO; (144) films, respectively, whereas Tam et al. (14) and
Krieger et al. (15) report charge order only in uncapped NdNiO, films (charge order is absent
in their capped films). The impact of intrinsic versus extrinsic effects, such as varying degrees
of crystalline order in films with or without capping layers, in these observations remains to be
understood: Detailed investigation of the film-capping layer interface did not reveal any distinct
electronic modification compared to the substrate-film interface, which is present in all thin films
(74), but future studies to systematically compare between samples produced by different groups
may offer some clarifications in this regard.

6. SUMMARY AND OUTLOOK

Clearly, though the nickelates appear closely analogous to the cuprates in many aspects, there are
notable distinctions that position these compounds as a fascinating materials family in their own
right with several outstanding questions to be addressed (see Table 1). In general, there should
be a concrete establishment of an overall phase diagram in these materials—by either hole (or
electron) doping or formal d electron count—with a basic classification of the ground state. More

Table 1 Summary of nickelate properties
Properties Value/character References Notes
T, <23 K 5-7,10, 12,13, 147 Lower than cuprates
Je ~300 kA/cm? 3,4,58 Lower than cuprates
H. <35T 3,6,53,55-58 Lower than cuprates
&) 3-7 nm 3,5,6,53-58 Similar to cuprates
Aab ~1 pm 54,110 Larger than cuprates
Gap symmetry Nodal (?) 54,69, 110 Same as cuprates
Tnormal state ~0.2-2.5 uc”' () 10,12,13 Same order as cuprates
P300K ~1 mQ-cm 5-7,10, 12,13, 147 Larger than cuprates, exceeds MIR limit
P20K ~100 pQ-cm 5-7,10, 12,13, 147 Larger than cuprates
Magnetic order Short-range AFM (?) 11,15, 16, 141 Persists to high temperatures, similar to iron
pnictides
Charge order Short-range stripe order (?) | 11,14,15,145 Similar to underdoped cuprates

Abbreviations: AFM, antiferromagnetic; MIR, Mott-Toffe-Regel; (?), indicates parameters that require further investigation.
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specifically, measurements or estimates of fundamental properties including electrical resistivity,
carrier density, scattering mechanisms, and magnetoresistance are desired. Other probes of di-
mensionality and anisotropy may also provide useful insights, such as optical conductivity, direct
transport, or superconducting coherence length measurements along the ¢ axis. Eventually, it will
be interesting to examine the doping dependence of the band structure and address questions re-
lating to the magnitude of U, band filling of the doped holes, and the relevance of the R bands
across the nickelate family. Basic experimental characterization of the phonon band structure will
lay the foundation for optical investigations in the future. The competition between supercon-
ductivity and other competing orders (e.g., charge order, magnetism) needs to be more concretely
demonstrated across temperatures and doping levels, along with more systematic investigation of
both direct and indirect impacts of strain, isotope effect, and disorder.

The most crucial breakthroughs will come with experimental measurements of the band
structure and stabilization of superconducting bulk nickelates which will enable ¢-axis transport,
neutron scattering, magnetic susceptibility, and thermodynamic measurements. Both goals high-
light the importance of synthetic advances, which despite recent leaps forward remain a bottleneck
for this field. Indeed, materials improvements have in many cases already demonstrated that ex-
trinsic factors relating to crystallinity cannot be treated lightly. As one of many examples, the
initial discovery of nickelate superconductivity in Nd-compounds noted its absence in doped
La-compounds (3). Although this distinction spurred some early discussion about fundamental
differences between the two R species, in the span of two years it became clear that the initial lack
of La-superconductivity was due to limited sample quality in early specimens (5, 6). In order to
avoid future affliction by “Inverse Occam’s Razor” (148), it is crucial that the material synthesis
advances in parallel with the growing physical understanding of this system, and that any new
physical understanding takes into careful account the contemporary synthetic reality of the in-
vestigated samples. Transparent metrics of both local and global crystalline quality, for example,
by X-ray diffraction and transmission electron microscopy, should be consistently reported along
with other experimental measurements. When possible, experimental measurements should also
be duplicated and samples shared among groups, particularly with the successful demonstration
of diverse synthetic recipes. In spite of these challenges, the long and winding road to nickelate
superconductivity now boasts promising opportunities to make strides toward the fundamental
understanding of unconventional superconductivity.
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