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The family of rare earth (RE) nickelate perovskites RENiO3 has emerged over the past two decades as an important platform for quantum matter physics and advanced applications. The parent compounds from this family are strongly correlated insulators or metals, in most cases with long-range spin order. In the past few years, carrier doping has been achieved using different approaches and has been proven to be a powerful tuning parameter for the microscopic properties and collective macroscopic states in RENiO3 compounds. In particular, a series of recent studies has shown that carrier doping can be responsible for dramatic but reversible changes in the long-range electronic and magnetic properties, underscoring the potential for use of nickelates in advanced functional devices. In this review, we discuss the recent advancements in our description, understanding and application of electron-doped rare earth nickelates. We conclude with a discussion of the developments and outlook for harnessing the quantum functional properties of nickelates in novel devices for sensing and neuromorphic computation.
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INTRODUCTION
Functional materials exhibit properties that can be harnessed for novel technological applications. Control over selected electronic, magnetic, optical, and/or structural properties is often achieved by stabilizing one particular phase of matter over other competing phases or by tuning the material across phase boundaries. A significant fraction of functional materials is found among transition metal oxides (TMOs) characterized by perovskite structures with chemical formula ABO3. The advantage of the perovskite structure is its flexibility to accommodate atoms of various sizes and its tolerance to stoichiometry variations, making their physical properties highly tunable.
One of the most common ways to modify the physical properties of perovskite-type TMOs is via carrier doping [1]. The latter is typically achieved by partial substitution of atoms with different valence; by creating charged atomic vacancies; or by ion intercalation. Carrier control has been shown to induce emergent properties in the perovskite TMOs including colossal magnetoresistance, unconventional high-temperature superconductivity, quantum criticality, and charge/spin density wave orders [2–6].
This review focuses on the TMO family of rare earth nickelates (RENiO3; RE = rare earth ion), which have for many years attracted the attention of the scientific community owing to their highly tunable electronic properties. The electronic, magnetic, optical, and structural tunability of these systems not only leads to potential applications but also provides new opportunities to realize and understand quantum matter phenomena.
Before discussing the physical properties of doped RENiO3, we review the complex electronic properties of undoped nickelates. RENiO3 has a distorted GdFeO3-perovskite-like structure where the Ni-O-Ni bond angle can be continuously varied by rare earth substitution. The bond angle has been shown to have a profound impact on their electronic properties [7, 8]. In the rare earth series (except La), RENiO3 first undergo a metal (or semiconductor) to insulator transitions and subsequently a paramagnet to antiferromagnet transition. The transition points vary with the size of the rare earth atoms and are concurrent for RE = Nd, Pr. In terms of local electronic configuration, Ni has a nominal electron filling d7 (Ni3+). However, a series of experimental and theoretical studies have identified RENiO3 as a negative charge transfer insulator, with the electronic ground state exhibiting a significant projection onto a 3d8L configuration (L denotes a ligand hole in oxygen orbital) [9–12]. Therefore, RENiO3 has rather unique ground state properties among charge transfer insulators.
Upon entering the insulating state, a disproportionated state emerges where neighboring Ni-O6 octahedra alternately compress and expand, forming a 3D period-2 checkerboard arrangement. In the antiferromagnetically ordered phase, the Ni spins are close to S = 1/2 and order at the wavevector (1/4, 1/4, 1/4) in the pseudocubic cell [13–16]. Since RENiO3 could be hardly synthesized in single crystalline form until recently [17], most earlier studies focused on polycrystalline RENiO3 with varying chemical compositions. Since the development of epitaxial synthesis in the last two decades, many studies of RENiO3 have focused on thin films, whose physical properties can be altered not only via chemical composition, but also by strain, dimensionality, and superlattice engineering [18].
Due to strong on-site Coulomb interactions, the electronic properties of RENiO3 are extremely sensitive to the electron filling of the Ni-O bands. Therefore, carrier doping is another effective and well-established practice of controlling the physical properties of RENiO3. In the following, we will review the recent progress on carrier-doped nickelates. We will focus on recent advances in understanding the physics of rare earth nickelates as a function of carrier doping and the potential functional applications enabled by the latter.
INTERSTITIAL ION DOPING
It has been recently demonstrated that pseudocubic RENiO3 can conduct and incorporate large amounts of dopant ions such as hydrogen, alkali (Li, Na) or alkali-earth metals [19–22]. The ion dopants have been shown to preferentially bond with oxygen and can undergo frequent diffusive hopping to nearby sites via the Grotthuss mechanism [22, 23]. In presence of an external bias (chemical/electrical), the ions will diffuse in and out of the RENiO3 scaffolding with a relatively high ionic conductivity [20, 24].
The incorporation of interstitial ions with low electron affinity adds extra electrons to the conduction states and can dramatically alter the ground state of RENiO3. It has been shown that the incorporated ion concentration can be as high as ∼1:1 ion:Ni ratio [20–22, 25]. Recent studies report that the properties of ion-intercalated nickelates change dramatically: 1) Doping induces a reversible giant resistance switching by eight orders of magnitude at room temperature [19, 20], with accompanying changes from a metallic or semiconducting state (∼100 meV) to a large bandgap insulating state (∼3 eV) [19, 26]. 2) The doping process alters the nickel valence state from Ni3+ to Ni2+ and is independent of temperature, a fundamental departure from thermally-driven insulator-metal transitions previously noted in perovskite nickelates. 3) The ligand holes are getting filled upon doping. 4) The lattice constants can increase significantly (∼10%, depending on the ion species) upon ion intercalation [27]. 5) The (1/4, 1/4, 1/4) antiferromagnetic order breaks down after some critical doping [28]. Many exciting applications have been proposed and realized in these interstitially-doped nickelates, e.g., electronic devices (phase-change transistor) [19, 29–31], fuel cells [22], bio-electronic interfaces [32, 33], electric field sensor [21], as well as artificial cognitive systems [28, 34, 35].
Most of these studies focused on SmNiO3 for its large resistive switching, faster intercalation dynamics, and facile synthesis. The study by Chen et al. examined the hydrogenation of RENiO3 for RE = La, Nd, Sm, Eu [26]. They showed that for rare earth ions with larger atomic numbers, the resistivity could be tuned over a more extensive range with faster kinetics. This general trend unveils the role of the structure in ionic doping. With the decrease of RE radius, the tolerance factor further deviates from 1, and the structure becomes less stable. Thus, the smaller RE compounds are more prone to incorporate and retain interstitial ions. However, the structural changes during the intercalation process cannot alone explain the very large changes in resistivity. From a structural point of view, the expansion of lattice upon intercalation tends to straighten the Ni-O-Ni bonds and should stabilize the metallic state over the insulating state [36, 37]. Therefore, the electronic contribution must be accounted for to explain the colossal resistive switching effect.
In a semiconductor, carrier doping is generally realized by injecting electron/hole carriers into the conduction/valence band so that electrical conductivity increases proportionally to the number of mobile carriers. Carrier doping in RENiO3 by ion intercalation (and oxygen vacancies as will be discussed in the following section) defies this simple notion as the resistance increases by orders of magnitude. Such a phenomenon is sometimes called antidoping [38]. The large increase of the resistance and the bandgap cannot be explained simply by a Fermi level shift as described in the rigid-band model. The physical origin of the antidoping has recently been unveiled by Ref. [38]. A prerequisite of an antidoping system is the existence of partially filled intermediate side bands consisting of trapped holes (electrons) inside the conduction-to-valence bandgap. The intermediate side bands in RENiO3 are represented by 3d8L states consisting of hybridized trapped ligand holes and Ni orbitals. Upon electron doping, the electrons fill the available trapped hole states in the intermediate band and thus significantly alter the Ni-O hybridization. Instead of the shift in the Fermi level, the doping alters the band structure where the density of state of the intermediate side band diminishes and restores the pure O-2p and Ni-3d character of the conduction and valence band. This mechanism increases the effective band gap and leads to extraordinary resistive switching [1].
This interpretation was supported by the DFT calculations in electron doped SmNiO3 and YNiO3 by two different groups [38–40]. As shown in Figure 1, in the undoped compound, the intermediate band is composed of Ni-3d and O-2p states with a gap size of ∼0.5 eV. Upon doping, the doped electrons selectively fill the ligand hole states, transferring the unoccupied intermediate in-gap density of states to the valence band below. The gap is widened to 2–3 eV with no oxygen ligand holes, suggesting a positive charge transfer system upon doping.
[image: Figure 1]FIGURE 1 | (A) The diffusive ionic intercalation process exemplified by hydrogen. The proton (H+, in green) mainly bonds with oxygen and undergoes diffusive rotation and transfer onto neighboring oxygen ions [35]. (B) Resistivity versus temperature for the pristine (black), hydrogen-intercalated (red), and ozone-annealed (green) SmNiO3 thin films grown on LaAlO3 substrates (SNO/LAO). The resistivity increases by eight orders of magnitude upon doping [19]. (C) Density of states of undoped and electron-doped SmNiO3. (D) The squared modulus of the unoccupied intermediated band wavefunctions (green isosurfaces) [dashed-circles in (D)] [38].
DOPING VIA OXYGEN VACANCIES
Similar to ion-intercalated nickelates, creating oxygen vacancies is an alternative chemical route to introduce carriers into nickelates via charge compensation. Since Ni3+ is chemically less stable than Ni2+, the synthesis of stoichiometric RENiO3 polycrystalline ceramics requires high temperatures and high oxygen pressures. Failure to meet the synthesis criteria (whether undoped compound or intentionally oxygen-deficient compounds) often results in cation and oxygen off-stoichiometry issues, manifested by substantial deviations and broadening in the metal-insulator transition temperature and its reproducibility [41–44].
Recently, with the development of the topotactic reduction technique, high-quality RENiO3 thin films with precise-controlled oxygen vacancy concentration could be produced [45, 46]. Studies have shown that the oxygen vacancies can induce novel forms of electronic symmetry breaking including unconventional superconductivity in the infinite-layer nickelates RENiO2 (where Ni is in a 1+ state [45]). Such precise control over the oxygen concentration provides another avenue to tune the physical properties of RENiO3-x in the small x limit.
Studies of oxygen-deficient films have shown phenomena similar to other electron-doped RENiO3, in particular the dramatic increase of the resistance similar to the colossal resistive switching achieved via ionic intercalation [46, 47]. Moreover, oxygen-deficient RENiO3 can be used as an ionic voltage-driven switch. By applying a bias voltage, the oxygen vacancies can be driven toward the electrode to realize a high resistance state. With a reversed bias voltage, the oxygen vacancies redistribute and are pushed away from the electrode, and the device returns to the low resistance state [46]. Numerous intermediate states can be achieved by controlling the strength of the electric field. Although the local oxygen defect concentration can be modified by the electric field, it has been shown that the oxygen vacancies do not aggregate into clusters segregating the undoped/doped domains [47].
Unlike ion intercalation, doping through oxygen vacancies more severely alters the local crystal structure. Depending on the density and distribution of the oxygen vacancies, the Ni local symmetry can be lowered to square pyramidal, square planar and tetrahedral, which leads to a dramatic change in the crystal field splitting (Figure 2A). DFT calculations on these Ni-O local electronic structures have shown a smaller contribution from unoccupied Ni-3d and O-2p 3d8L hybridized states. These states are transferred from the bottom of the conduction band to the top of the valence band. The unoccupied states with Ni2+ are also pushed up in energy, resulting in a 2–3 eV bandgap that characterizes the insulating nature of the doped nickelates [46, 48, 49]. Such a transfer of electronic states was also observed experimentally, where the low-energy density of states near the Fermi energy is continuously shifted to the high energy states in response to the doping changes [50].
[image: Figure 2]FIGURE 2 | (A) Illustration of how oxygen vacancies modify the local crystal field splitting of Ni 3d orbitals, together with the doping effect, leading to opening of the bandgap and resistive switching [46]. (B) Oxygen vacancy formation changes the local symmetry from octahedral to lower-than-cubic. (C) Electrical resistivity at room temperature as a function of oxygen deficiency level in SNO3-x. The resistance can be tuned over eight orders of magnitude. (D) Temperature-doping plot of the magnetic phase diagram in SmNiO3−x. The magnitude of the antiferromagnetic order parameter is color coded in the background [47].
The introduction of oxygen vacancies has been shown to also modify the magnetic properties of RENiO3. The latter were recently explored in SmNiO3-x and NdNiO3-x [47]. Despite the fact that doping linearly suppresses the strength of the (1/4, 1/4, 1/4) antiferromagnetic state, the magnetic properties (correlation length, transition temperature, etc.) are remarkably robust to substantial levels of carrier doping up to a doping threshold of x∼0.1 where magnetic order collapses without an accompanying structural transition (Figure 2D).
There is also evidence of emergent magnetic order in oxygen-deficient nickelates. The parent compound of LaNiO3 stands out as the only member in the RENiO3 family that remains metallic and paramagnetic down to low temperature. The recent reports on the synthesis of the bulk LaNiO3 single crystals have shown an unexpected antiferromagnetic order below 157K with ordering wave vector consistent to (1/4, 1/4, 1/4) as in other RENiO3 [51]. However, it was inconclusive whether this antiferromagnetic order in LaNiO3 discovered by Ref. [51] is intrinsic or resulted from extrinsic oxygen defects, as other studies have shown that magnetic order (ferro- and antiferro-magnetic) could arise upon intentional introduction of the oxygen vacancies [52, 53].
CATION DOPING AND OTHERS
Carrier doping can further be obtained by A-site substitution of the 3+ rare earth ions by other divalent (typically Sr2+, Ca2+) or tetravalent elements (Th4+, Ce4+). Divalent doping adds holes while tetravalent doping adds electrons into RE1-xAxNiO3, changing the formal valence of Ni to (3+x) and (3-x), respectively. Studies have shown that the metal-to-insulator transition temperature is rapidly suppressed upon cation substitution (x < 0.1) [54–58], despite the type of dopants.
The goal of cation doping is to separate the genuine electronic carrier doping effect from steric contribution arising from the change of the A-site ionic radius. In the seminal study by García-Muñoz Ref. [54], by accounting for the size changes of the dopants, they have found that both electron and hole doping suppress the insulating phases by cationic doping (Sr, Ca, Th, Ce) with asymmetric suppression rates for the metal-insulator transition temperature (TMI): hole doping is more effective than electron doping to suppress TMI with the rate:
[image: image]
Since both doping routines lead to a suppression of TMI, the doped carriers are more likely to create a new in-gap state rather than causing a rigid-band shift [54]. The origin of the electron-hole asymmetry is naturally attributed to the hybridization of Ni-O bands. Such a trend is in contrast with the tendency towards strong insulating state upon electron doping via ion intercalation or oxygen removal as described in the previous sections. A possible explanation is that the latter doping processes alter the material at a very local scale, drastically altering the electronic potential in the vicinity of the added (or missing) atom and reducing the local symmetry and potentially the bonding environment. Conversely, cation substitution largely preserves the coordination, leading to a less drastic alteration of the local environment. For carriers introduced in a high symmetry environment, the wavefunction can be more extended in space and thus lead to more delocalized, itinerant states, promoting metallic behavior. Charge compensation mechanism studies and local structure analysis should be carried out in future to better understand the doping processes. The magnetic properties of the cation doped RENiO3 are yet to be explored.
It is worth mentioning that there are also other methods of doping the RENiO3, such as electrostatic gating [59, 60], ionic liquid gating [61–63], and fluorine substitution [64], which are capable of changing the charge carrier density, resistance level, and transition temperature of RENiO3.
CONCLUSION AND OUTLOOK
Carrier doping has historically been a powerful tuning parameter in the exploration of the rich physics of strongly correlated quantum material. We have summarized recent studies of carrier doping effects in the rare earth nickelates RENiO3 and the resulting unconventional phenomena, including giant resistive switching, the antidoping mechanism, the fast and reversible switching of the Ni valence and ligand electronic state, the doping evolution of the coupled electronic and magnetic ground state, and emergent quantum states (superconductivity). These phenomena would not be possible without convergent advances in highly controlled synthesis and doping protocols, and in characterization methods and theoretical modelling.
Doped nickelates also represent a promising platform for new functional devices owing to their high sensitivity to external perturbations. A wide range of proof-of-principle applications has been reported based on their novel electronic transport, magnetic, optical, catalytical, and energy storage/conversion properties. Based on these, major areas of application could be electronic/magnetic switching applications such as multistate switching memory devices for neuromorphic computing [28, 29, 34, 35, 63], optical and photonic modulation technologies [65], and high-density hydrogen storage [22].
At the same time, further studies are necessary to develop a deeper mechanistic understanding of the physics of doped nickelates and their practical applications across multiple scales. A major outstanding question is how the local atomic defects contribute to macroscopic transport properties. First principles calculations incorporating defects in large unit cells are necessary to understand how atomic-scale dopants influence the electronic band structure. At a higher scale, spatial cluster simulations can be helpful to understand the percolative nature of electronic conduction and its variable-range hopping nature. Despite limited studies on the magnetic properties in doped nickelates, more research efforts are needed to produce a unified picture of the magnetic properties and their nanoscale underpinnings. Moreover, a broader canvassing of the doping-temperature phase diagram could possibly unveil new collective states of matter, for example superconductivity at the far end of the electron doping axis (Ni d9 configuration). On the application front, there are many opportunities that can be harnessed by a deeper understanding of the properties of doped nickelates. As an example, various open questions remain to be answered to assess the applicability of doped nickelates for non-Von Neuman architecture computation such as dynamics of multi-state switching; energy landscapes as a function of electron doping and percolation transport physics in inhomogeneous doped films.
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