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Abstract14

The discovery of superconductivity in hole-doped Ni1+ systems with “infinite layer” NiO2 square-15

lattices analogous to the Cu2+ CaCuO2 cuprate has renewed conflicting pictures of the Cu2+−Ni1+16

similarities and distinctions. Recent synthesis of formal Ni1+ La3Ni2O5F with two infinite NiO217

layers per cell provides a novel member of this class. We find that Ni1+ in this material is unusually18

flexible. First principles density functional theory studies reveal a single partially occupied elec-19

tron band derived from density in three interstitial layers that provides self-doping to a Ni1.09+20

charge state. The blocking La(O/F)La layer provides isolation of the NiO2 bilayer to strictly21

two-dimensional electronic and magnetic systems. Fixed spin moment calculations of magnetic22

tendencies reveal behavior unlike previous nickelates, including an essentially vanishing differential23

susceptibility up to a large magnetization and a metastable ferromagnetic (FM) state. Antiferro-24

magnetic (AFM) order is favored energetically as expected; surprisingly both FM and AFM states25

are obtained without correlation (Hubbard U) corrections. Doping away from half-filling by an26

interstitial density derived band and likely two-dimensional fluctuations account for the lack of27

observation of any magnetic transition.28
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I. INTRODUCTION29

After decades of effort to discover superconductivity (SC) in layered Ni1+ square-lattice30

systems that are isostructural and isoelectronic to the parent compounds of high-Tc cuprates31

[1–7], in 2019 SC was discovered in hole-doped NdNiO2 with critical temperature up to Tc ≈32

15 K [8]. Since then, layered superconducting nickelates have attracted intense investigation.33

In hole-doped RNiO2 (R =La, Nd, Pr, Sm) systems [9–12] SC has been observed, with34

onset temperatures reaching Tc ≈ 40 K at ambient pressure for hole-doped SmNiO2 [13].35

SC has been reported also in nominally undoped members [14, 15]. Additionally, SC has36

been discovered in the Ruddlesden-Popper NiO2 multilayered systems: the quintuple-layer37

Nd6Ni5O12 with Tc ≈ 13 K [16], the tri-layer R4Ni3O10 members up to Tc ≈ 30 K under38

pressure [17, 18], and in particular the R3Ni2O7 members with substantially high Tc of 80 K39

under pressure [19–22]. Despite furious experimental [23–42] and theoretical [43–65] efforts40

to understand the SC, consensus of its origin and the unusual behavior of the Ni moment41

remains elusive.42

Behavior of the doped Ni1+ ion lies at the base of this SC. However, a new feature is43

that RNiO2 materials have been established to harbour an interstitial density located at the44

open apical-O position. This band hole-dopes the system, greatly confusing its impact and45

indeed its origin. Such electron-as-anion materials have persisted in interest since the dis-46

covery of a crystal of double crown ether molecules, which in encapsulating a Cs ion expels47

its valence electron into the interstitial region [66–68]. Several theoretical conjectures about48

the character and impact of this interstitial electride band (here called E∗ band) [50, 69–73],49

especially on the SC, have culminated in the determination [37] by angle-resolved photoe-50

mission spectroscopy (ARPES) that its circular Fermi surface (FS) agrees with calculations51

[36] and that the angular dependence of the E∗-band is circular [38]. One evident impact52

is to provide some intrinsic electron self-doping of the cell, hence hole-doping of the Ni ion.53

Our studies demonstrate that the behavior of the Ni1+ ion in La3Ni2O5F is distinct from54

any other nickelate, and that the character of the E∗ band has novel aspects due in part to55

the very effective blocking layer in this new compound.56

As pointed out in our previous works [5, 43, 44] and confirmed by others, the Ni1+ ion57

behaves differently from the Cu2+ ion, despite both being formally 3d9 configurations. Al-58

though substantial antiferromagnetic (AFM) interaction in RNiO2 was indicated by several59
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FIG. 1. a, Tetragonal I4/mmm structure of La3Ni2O5F, composed of bi-infinite-layer NiO2 square

lattices separated by the La1 ion. PbO-type [La2][X][La2] layers provide a blocking layer that

enforces extreme two-dimensionality (see text). Here, X denotes sites equally occupied by O and

F ions. White spheres are centered at the three apical sites and do not represent the shape of

the interstitial density (see text and Fig. 2). b, Sketch of the orbital-projected densities of states

(DOSs) for Ni 3d, O and X 2p, and interstitial E∗ band (IB) in the NM state at the GGA level. c,d,

GGA band structure in the range of −3 to 3 eV, with the fatband plots of (c) Ni 3d and (d) the

E∗ band that dips below EF at the M(A) point. The E∗ fatbands reflect the density throughout

the interstitial region, i.e. not within any atomic sphere. The empty 4f orbitals of La ions are

located in the 2–3 eV range. Symmetry points follow those of the primitive tetragonal Brillouin

zone (BZ), as given in the corresponding FSs. e,f, 3D and 2D-projected FSs colored by orbital

characters, showing the relative contributions of dpσ and interstitial E∗ band. These large surfaces

show extreme 2D character, and the small cylinders circling M -A arise from the E∗ band.

experimental observations [24–27], no AFM order has yet been observed, and has required60

correlation corrections in theory to describe Ni moments. Most indications are that the Ni61

exchange coupling is substantially smaller than in cuprates.62

Recently Wenert, Smyth, and Hayward reported synthesis of the bi-infinite-layered Ni1+63

system of La3Ni2O5F [74], establishing the structure but leaving the magnetic behavior64

unclear, due to ferromagnetic (FM) Ni inclusions that complicate the susceptibility data.65

AFM order was suggested, but in the measured and extractedM/Hext data there was no sign66

of any magnetic phase transition. In isostructural insulating Ni1.5+ La3Ni2O6 [75], similarities67
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with superconducting Cu2+/Cu3+ cuprates were noted [76]. No AFM phase transition was68

detected down to 4 K in the polycrystalline sample [76], but a weak susceptibility anomaly in69

a single crystal was suggested as evidence for (charge or spin) density waves [77], potentially70

linked to theoretically proposed Ni1+/Ni2+ charge ordering [78, 79].71

The focus of this paper is the unusual magnetic behavior shown by La3Ni2O5F. In a sister72

paper [80] we have described and analyzed the unexpected electron band, and circular FS73

of, that is unparalleled in nickelates. While it is nearly impervious to the magnetic behavior74

we describe here, this band displays linear dispersion and lies in the vicinity of a Dirac point75

in partnership with Ni 3d bands, requiring a separate publication.76

II. CRYSTAL STRUCTURE, CALCULATIONAL METHODS77

From the crystal structure of Fig. 1a, the separation of the NiO2 bilayers by the PbO-type78

[La2][X2][La2] blocking layer is evident, in this way La3Ni2O5F is different from isostructural79

La3Ni2O6 by replacement of half of the O ions in the blocking layer by F, and of course the80

extra hole. Also shown by the white spheres are the empty apical sites/cell, which attract81

density due to a favorable Madelung potential and to open space allowing decrease of the82

kinetic energy. The experimental lattice parameters a = 3.9839 Å and c = 19.295 Å [74]83

lead to Ni-O distance d∥(=
a
2
) of 1.992 Å and out-of-plane Ni-Ni distance d⊥ of 3.253 Å.84

The ratio d⊥
d∥

≈ 1.633 can be compared with 1.744 in LaNiO2 [3, 5], so the NiO2 layers are85

closer than in infinite-layer nickelates (ILNs) materials.86

We have investigated the electronic properties and magnetic behavior of La3Ni2O5F, first87

using the generalized gradient approximation (GGA) exchange-correlation (XC) functional88

[81] and secondly the GGA+U approach to include correlation effects, considering the effec-89

tive Ueff = U −JH on Ni ions with the Hubbard repulsion U and the Hund’s integral JH . In90

all calculations the X 2p orbitals are fully occupied, lying in the −6 to −3 eV range below91

the Fermi energy EF or the gap, and the La 5d orbitals are unoccupied. Both all-electron92

full-potential codes wien2k [82] and fplo [83] have been used in various calculations as93

noted.94
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III. NONMAGNETIC ELECTRONIC STRUCTURE95

III.1. Band structure96

The nonmagnetic (NM) band structure is the reference for considering the spin-less or97

spin-fluctuation systems as La3Ni2O5F appears to be, and is often in agreement with ARPES98

of the FS for both nickelates and cuprates. Moreover, the self-doping that drives the hole99

band away from half filling and the extreme two-dimensional (2D) character, to be described100

below, is enough to account for the lack of magnetic ordering. While some aspects are similar101

to those of LaNiO2, several others in La3Ni2O5F are qualitatively different.102

In La3Ni2O5F the bands in the neighborhood of EF are 2D to any physically relevant103

measure: kz dispersion of 1 meV or less [80], then perpendicular magnetic exchange across104

the blocking layer would be J⊥ = 4t2⊥/U∼ 1µeV for U=4 eV. In ILNs, with no blocking layer,105

kz dispersion of all bands is part of the full picture. The LaX2La blocking layer in La3Ni2O5F,106

along with the body-centering structure, is highly effective in isolating the conducting part107

of the cell from neighboring bilayers. The Ni fatbands representation is shown in Fig. 1c;108

the two Ni dx2−y2−O pσ bands (hereafter “dpσ”) are essentially degenerate (non-interacting)109

except when they approach the X point. They cross EF in the usual near-half filling fashion.110

The dpσ pair of bands, including the splitting at the X point, are reproduced in a 2×2111

tight binding model, with on-site energy εo=0.087 eV (relative to EF=0) and hopping pa-112

rameters t100=−0.363 eV, t110=0.094 eV, t⊥=0.039 eV, with the intra-bilayer hopping t⊥113

contributing to the splitting that is visible at X and R in Fig. 1c,d. For comparison, for114

LaNiO2 we had obtained (using the current sign conventions, see in the supplementary in-115

formation (SI)) [5] for in-plane dispersion the similar values εo = 0.093 eV, t100=−0.381 eV,116

t110=0.081 eV, t⊥=0.058 eV. The main differences are the lack of kz hopping and the larger117

t⊥ in La3Ni2O5F, and the band filling.118

The splitting at X and R gives rise to the two van Hove singularities (vHs) around119

−0.2 eV and −0.3 eV in the DOS, shown in Fig. S3 (SI), that figure in the magnetic120

calculations. The dpσ FSs might be considered as nearly degenerate squares with greatly121

rounded corners or alternatively as approximately circular (see Fig. 1f). kz dispersion of122

both the dpσ and E∗ bands is negligible (less than 1 meV). These details are pertinent,123

because the shapes, separations, and dimensionality of FSs are important to models of exotic124
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superconducting order parameters. For future use and analysis, we find from comparing core125

energies, presented in Table S1 (SI), in wien2k [82] that the La2 ion, part of the blocking126

layer, has a lower site energy than La1 by 0.43 eV.127

This dpσ band is however not half-filled, hence less susceptible to Mott insulation and128

magnetic ordering, due to an interstitial electron density related band (E∗) of width 2.5 eV129

that dips 0.5 eV below EF along the M -A line. This doping brings EF closer to the (two split130

by interlayer coupling) dpσ vHs at the X point. Both hole and electron FSs are displayed131

in Figs. 1e and 1f, showing that this E∗ cylinder FS contains 9% of the zone area (0.18132

electrons), giving an adjusted valence Ni1.09+. The FS radius around the A point is similar133

to that of the LaNiO2 ARPES data [36]. However, the kz dispersion of the electron band134

(their β band [36]) cuts off that FS before halfway toward M . The resulting 3D electron135

FS, with incomplete data about its full boundary, makes experimental evaluation of the136

direct volume of the electron FS (the amount of self-doping) uncertain. Their value was137

obtained from the volume of the large dpσ FS, for which experimental uncertainty of the138

radius and the kz dispersion leaves their value somewhat imprecise. The close agreement139

of their data with density functional theory (DFT) results allows the estimate that their β140

FS contains ∼1/3 the volume of the E∗ FS of La3Ni2O5F, however this latter doping must141

be divided between the two Ni atoms in the unit cell. Thus our value of 0.09/Ni, from our142

analysis, indicates for La3Ni2O5F a somewhat larger self-doping per Ni than in LaNiO2. The143

distribution of the electron density is however quite different, as we now describe.144

III.2. Interstitial band145

As mentioned, this E∗ band, with position and character discussed below and analyzed146

more fully in a separate paper [80], is analogous to, but quite different from, the intersti-147

tial band seen in RNiO2 materials that have stimulated several studies [50, 69–73]. In the148

RNiO2 materials where the interstitial density has been referred to an empty sphere (“s149

orbital”) the interstitial density is spherical or nearly so, whether plotted directly [70–72] or150

via a maximally localized Wannier function based on an empty site orbital [73]. However,151

direct plots of Bloch state densities [50, 69] present anisotropic densities that are very dif-152

ferent for near EF states at Γ (La centered and 5d related) and midway between R and A153

(apical site centered).154
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FIG. 2. Isosurface plots (lime-colored) of the E∗ band wavefunction |Ψ(r)| in the NM

state. a,b, Using two different k points depicted at the top inset. c,d, At the same k points as (a)

and (b), respectively, but with a 40% lower isovalue, allowing an additional view of the E∗ shape.

No detectable distinctions were found at the same k points as (a) and (b), but on the π
c plane,

i.e., near the A point. See the text for further discussion.

The real space picture in La3Ni2O5F is qualitatively distinct in the following ways (see155

Fig. 2): (i) the density is not confined to the empty apical O site, instead it is spread out over156

the interstitial region in each of the three La layers, yet it is a single band, see Fig. 1d, (ii)157
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due to large kz dispersion (no blocking layer) the minimum of the electron band in ILNs is158

only around the A corner of the zone, whereas in La3Ni2O5F the band minimum is flat along159

the entire M -A line, (iii) the band is essentially linear from the bottom at −0.5 eV at the160

M upward for 2 eV, with one implication being that it cannot be modeled with a hopping161

parameter or a Fourier expansion, (iv) because it has constant magnitude of velocity over162

this range, the effective mass tensor is purely off-diagonal, since the longitudinal effective163

mass is divergent, (v) it forms a cylindrical FS around the M -A line, see Fig. 1e. This E∗
164

band is effectively a positive energy Dirac band (upward in energy from an impending Dirac165

point [80]). Some of these features of the E∗ band will become important in the magnetic166

behavior discussed below.167

Isosurfaces of the E∗ wavefunctions |Ψ(r)| at two k points are presented in Fig. 2. Each168

bilayer is quantum confined by the blocking layers, allowing k-space attention to be confined169

to the basal plane. The shapes of the E∗ density have a broad maximum density at each170

apical site, with four fat “windmill” arms extending in [110] directions toward the La3+ ions171

in each layer. For Figs. 2c and 2d the k points and wavefunctions are the same as in Figs. 2a172

and 2b, but using a smaller isovalue corresponding to a lower density. It then becomes evident173

that the densities of the left panel, corresponding to three fat “windmills”, are connected174

through Ni 3d orbitals as described in Ref. 80. With this position and shape of interstitial175

density it is natural that there is some mixing with La dxy (same layer) and Ni dz2 orbitals176

(oriented toward the apical site). However, these orbitals are 3 eV above, respectively 1.5177

eV below EF , and being so distant in energy the mixing around EF is secondary.178

IV. MAGNETIC BEHAVIOR179

IV.1. Ferromagnetic order180

IV.1.1. Ferromagnetism within GGA181

Although magnetic order has not been reported in Ni1+ nickelates, GGA calculations182

have sometimes obtained AFM ordered states [5], allowing estimates of the exchange cou-183

pling strength, whereas correlated calculations (DFT+U or DFT+manybody) are required184

to obtain Mott insulating splitting of the dpσ bands. Due to the 2D nature of La3Ni2O5F and185

its self-doping away from half-filling, both of which will oppose magnetic order, we do not186
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FIG. 3. Variations obtained from the constrained moment M in the FSM calculations

using fplo. a, Energy variation ∆E(M). Only above M = 0.8µB does the magnetic energy begin

to increase rapidly. The calculated values at M=0.2 and below, ∆E=0.1 meV or less, indicate the

limit of precision of this calculation. Inset: GGA FM band structure, showing the 0.6 eV exchange

splitting at X, where the constrained FM moment is at the small peak in ∆E(M) at 0.5µB,

and a Lifshitz transition is occurring in the minority FS. Note the lack of any visible exchange

splitting for the E∗ band (uppermost at M), and the lack of mixing with the exchange-split dpσ

bands along both directions around +0.5 eV. b, Calculated external magnetic field Hext(M) (in

meV/µB), which requires less stringent numerical precision than does ∆E(M). The unphysical

negative value of χ for M=0.3–0.6 indicates magnetic instability in that region, an inaccessible

region. The right side indicates the differential susceptibility χ = (dHext/dM)−1, obtained from

the fitting of Hext(M) (blue-line).

expect magnetic order to be observed in La3Ni2O5F and none was seen in the initial report187

[74]. However, to quantify magnetic tendencies we have first considered possible FM order-188
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ing. Defying expectations, unusual FM behavior emerges that distinguishes the magnetic189

behaviors of the dpσ and E∗ bands.190

On general principles based on the in-plane AFM superexchange in nickelates and191

cuprates, FM alignment has been out of the question. Unexpectedly, in a self-consistent192

calculation starting from large Ni moments, a persistent self-consistent FM state is obtained193

in which the dpσ bands are split by 0.7 eV, associated with a moment of 0.68 µB/f.u. (see194

the Inset of Fig. 3a); 0.34µB is small for a Ni moment, more indicative of an itinerant195

moment than a local moment. The energy is above that for M=0, though by only 0.3 meV,196

indicating a metastable state. This result is in sharp contrast to LaNiO2 [5] and CaCuO2197

[84] (and other cuprates) in which a magnetic state emerges only when AFM alignment is198

considered [5], requiring a Hubbard U enhancement. This FM state prompted us to study199

FM tendencies more closely.200

IV.1.2. Fixed spin moment studies201

Peculiar behavior of Ni magnetism in La3Ni2O5F is illuminated by fixed spin moment202

(FSM) calculations [85, 86]. The Hamiltonian is appended by an external magnetic field203

(Hext) term −µB

∫
m(r⃗)d3rHext, m(r⃗) = n↑(r⃗) − n↓(r⃗), n(r⃗) = n↑(r⃗) + n↓(r⃗) with the con-204

straints205

µB

∫
m(r⃗;N)d3r = M ;

∫
n(r⃗;M)d3r = N, (1)

in terms of the spin-resolved densities nσ(r⃗). Hext is varied until the constraint on M is206

satisfied. The external field impacts regions greatest where the polarization is largest, hence207

it is not a rigid shifting of bands by ±µBM as in the Stoner picture. Results from fplo [83]208

using the GGA functional [81] are shown in Fig. 3a. Up to M=0.7 µB there is extremely209

little energy increase, less than 0.3 meV/f.u above M=0. The Ni FM moments (implying210

also long wavelength fluctuations) cost little or negligible energy, indicating that the system211

is almost upon a quantum critical point (magnetic ordering), seemingly unrelated to a large212

value of DOS N(EF ) at EF , i.e. the Stoner picture.213

To calculate the usual magnetic energy expansion ∆E(M) = a2M
2+a4M

4+ · · · is found214

to be unusually challenging for La3Ni2O5F; the expansion only holds for “small M”, however215

the a2 coefficient we find is exceedingly small, making it subject to numerical imprecision,216

choice of XC functional [87], and if changes are exceptionally small, the manner of imple-217
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mentation such as basis set (in)completeness. Finding a2 to be below numerical precision218

puts the system at a quantum critical point (QCP) with respect to FM order. Convergence219

of the calculation and limitation of the expansion is further complicated by a minority vHs220

passing through EF in the region of interest, see the Inset of Fig. 3a. Meanwhile, as the Ni221

moment is increased to ∼0.7µB by (small) Hext, the E∗ FS is only slightly polarized by the222

small splitting (invisible in plots) from Pauli paramagnetism µBNE∗(EF ), and unenhanced223

due to the absence of a Hund’s coupling (Stoner I) in the interstitial density. In the following224

discussion we make use of the resulting external field Hext(M) from FSM calculation that225

is necessary to produce magnetization M , as it is less susceptible to numerical imprecision226

[87].227

The weak maximum in E(M) at M=0.5µB is due to a minority vHs passing through228

EF , indicating a Lifshitz transition. This topological change in the FS will involve small229

to near vanishing velocities in the neighborhood of the X points. There is a minimum230

(metastable state) at M=0.68µB corresponding to the above mentioned FM solution. Both231

the extremely small energy change ∆E(M) and the finding of a metastable FM state are232

unknown occurrences in nickelates.233

An alternative to ∆E(M) is to study Hext(M), formally equal to d∆E(M)/dM but234

known to be less noisy [87]. The FSM behavior of the external field Hext(M) is shown in235

Fig. 3b, with calculated values fit to an eleventh order in M to systematize the structure236

in Hext(M). Between M=0.3µB and 0.7µB, the decrease in E(M) indicates an unphysical237

regime in which the field Hext(M) decreases as the moment M increases, a phenomenon238

that is not uncommon in FSM calculations [85, 86] of weakly or nearly FM materials with239

unstable regions.240

The differential susceptibility χ(M) = (dHext/dM)−1, also shown in Fig. 3b, encounters241

poles atM=0.3µB andM=0.7µB – inflection points of E(M) – between which the unphysical242

negative χ indicates an inaccessible region. (The pole at 0.06µB is a numerical inaccuracy243

where Hext(M) is flat to numerical precision). Hext(M = 0.68µB) is zero at the minimum244

of ∆E(M), the metastable FM state discussed in the previous subsection. At such a point245

M can increase without any first order change in energy – χ diverges. From the AFM246

energies given in the next subsection, this metastable FM state is unlikely to be attainable,247

by somehow becoming stuck in the minimum during synthesis. However, application and248

then release of a laboratory field Hext∼10T might allow the sample to settle into this local249
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minimum (as the DFT GGA calculation does). In addition, in the paramagnetic state at250

Hext=0 La3Ni2O5F surely will have (disordered) Ni local moments with a large susceptibility,251

which is not a part of the current analysis, but see Sec. VI below.252

The mysterious behavior of E(M) and Hext(M) in La3Ni2O5F indicates yet unseen mag-253

netic behavior. The FSM energy change involves three contributions ∆E(M) = EK(M) +254

EP (M) + EXC(M): respectively, the true kinetic energy EK cost [from −(ℏ2/2m)∇2, not255

as often envisioned as the (Stoner) band energy which double counts potential terms]; the256

conventional “exchange” polarization energy EXC ; and the little recognized potential term257

EP (M), the change in the Hartree+external (nuclear) energies due to variation of the total258

density n(r⃗;M) with M .259

This latter term EP [n(M)] is usually passed over (at least in understanding) as the density260

is expected to show insignificant variation withM . However, the dpσ band density is evolving261

in its fractions of dx2−y2 and pσ orbital character across the band. Plots of these density262

changes, via wavefunction character, are provided in Fig. S4 of SI. This change in density263

across EF , which is the region that is involved in ∆E(M), gives a gain in magnetization264

energy comparable to – actually twice as large as – the EXC term. Together they conspire to265

cancel the EK kinetic term (quite precisely), which would normally be expected to dominate266

for nickelate (and cuprate) dpσ bands forced toward FM, when their AFM exchange term267

normally dominates. The separation into EK(M) +EP (M) +EXC components is plotted in268

Fig. S5 of SI, with further description.269

For comparison, for the typical Ni Stoner constant I≈0.5 eV and this moment of270

M=0.34µB/Ni, the Stoner exchange energy/f.u. is twice (two Ni atoms) −1

4
IM2 = −28 meV,271

to be compensated by the band energy cost. The DFT FSM energies are, at M=0.68µB/f.u.:272

magnetic energy gain of −419.7 meV/f.u. (1/3 from EXC), kinetic energy cost of 419.5/f.u.,273

net energy of 0.1 meV/Ni as shown in Fig. 3a, and indicating just how delicate the energy274

balance is. This XC magnetic energy term is a factor of five larger than the Stoner model275

estimate, but does not help to explain such precise cancellation of energies. Back to the276

FM energy of La3Ni2O5F, the FSM magnetization energy only begins to increase sharply277

beyond M=0.8µB (MNi=0.4µB) – the kinetic energy dominates. Results in the next subsec-278

tion indicate that the FM state is unstable with respect to AFM states, which have a factor279

of two larger Ni moments.280
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FIG. 4. G-AFM fatband plots of (a) GGA and (b) GGA+U (Ueff=3 eV) for La3Ni2O5F, in the

range covering the spin-split dpσ bands (red- and blue-colored for spin up and down, respectively).

The splitting of the GGA+U is ∼3.5–4 eV, increased from the GGA value of 2 eV. At the GGA+U,

the bottom of the E∗ band (Γ-Z, folded back by AFM order), now empty, is degenerate with the

top of the majority dpσ band, now a zero-gap semimetal band structure. Larger U opens a gap,

but slowly. Note the extreme flatness of the E∗ band along Γ-Z – no dispersion.
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IV.2. Antiferromagnetic order281

For single layer CaCuO2 with the same d9 configuration, extensive efforts to reproduce the282

observed AFM ordering using GGA were unsuccessful [84]. However, for La3Ni2O5F AFM283

states were readily obtained within GGA for both the aligned (C-AFM) or antialigned (G-284

AFM) AFM NiO2 layers. For energies from wien2k, G-AFM is lower energy than NM, FM,285

and C-AFM by 155, 159, 3.4 meV/f.u., respectively. The Ni moment in the atomic spheres286

for both AFM orders is 0.68 µB, doubled relative to the FM moment discussed above and287

indicative of a spin-half local moment reduced by hybridization with O pσ orbitals. Since288

AFM order is energetically favored in all calculations (which as commonly done at this level289

of neglect of fluctuation effects), it requires the primary attention.290

For the two AFM alignments, the self-doping aspect, i.e. the relative position and filling291

of the E∗ band, is decreased, but only slightly. For G-AFM at the GGA level, the dpσ292

orbitals are already exchange split by ∼2 eV; see the fatband plots in Fig. 4a. This large293

and unexpected exchange splitting is more characteristic of a Mott splitting than an itinerant294

AFM splitting. In fact this result would closely emulate a Mott insulating state except for295

the E∗ band sweeping through the exchange (“DFT Mott”) gap, providing self-doping and296

electron carriers. The top valence bands have majority dpσ character and slightly cross EF297

giving small hole cylinders (see Fig. S11 of SI). The electron tube around the Γ− Z line is298

the E∗ FS, and self-doping is only slightly smaller than for NM and FM levels. Self-doping299

is only affected by correlation effects, as discussed next.300

V. CORRELATION EFFECTS: DFT+U301

Unlike other nickelates and cuprates, including the Hubbard U on FM Ni leads only to302

additional Mott-like splitting of the (already in GGA) magnetic band, and an increase in a303

Ni moment to 0.85µB, more representative of a S = 1

2
ion in an oxide. Inclusion of U reduces304

the energy difference between FM and AFM states: at Ueff = 3 eV, the G-AFM state is still305

energetically favored, by 61 (2.2) meV/f.u. over FM (C-AFM) alignment [compare for GGA:306

159 (3.4) meV/f.u.]. The FM-AFM energy difference decreases with further increase in U ,307

indicative of a more localized moment. For the effect of U : for Ueff = 4 eV, the G-AFM308

state is still energetically favored, by 28 (2.4) meV/f.u. for the FM (C-AFM) states.309
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For Ueff=3 eV, energy differences and applying the usual Heisenberg form of energy310

−1

2

∑
JijSiSj, the exchange parameters can be estimated: in-plane J∥ ≈118 meV (1370 K),311

intra-bilayer J⊥ ≈4.5 meV, 4% of J∥ indicating weakly coupled AFM layers. Estimations312

for the ILNs vary but lie in a somewhat lower range. Although the 3D character should313

encourage ordering in ILNs no magnetic transition has been reported.314

While the self-doping level (Ni valence) is unaffected by both FM and AFM alignments315

in GGA, applying the Hubbard U does have an effect. Due to the relative position of the316

E∗ band bottom (folded back to Γ by AFM order) and the majority dpσ band, E∗ band317

doping decreases with increasing U for G-AFM. This change is likely best considered as due318

to lowering of the majority Ni band by application of U , rather than any upward shift of319

the E∗ band; polarization of the E∗ band is never noticeable.320

Only at Ueff=3 eV is a gap on the verge of opening, as displayed in Fig. 4b: the lower321

conduction band is then solely the interstitial E∗ band – not a Mott insulator, rather a322

“multiband Mott semimetal” in a sense, however, Ni charge has changed to Ni1+ by the323

emptying of the E∗ band. The split 3d band leaves a band of unpolarized, quasi-free electron324

like E∗ carriers that would be populated by further electron doping, e.g. increased F content,325

in the background of a Mott insulating Ni1+ system. The relative band shift (from GGA)326

is changed by roughly half of Ueff in the range we have considered. To emphasize: below327

Ueff=3 eV La3Ni2O5F is an unconventional dpσ – E∗ band semimetal, above this value the328

gap is between the dpσ holes and unpolarized E∗ electrons rather than a Mott gap, and329

La3Ni2O5F becomes undoped – a Ni1+ ion again.330

The eg splitting of G-AFM is different from that of isovalent RNiO2: NdNiO2 shows331

at EF , lying dispersionless, the Ni dz2 band along the kz = π
c
zone face [44], while dz2332

lies 1 eV lower in La3Ni2O5F and is inactive in magnetism but mixes strongly with the333

interstitial density [80]. This behavior reflects an increased eg splitting in La3Ni2O5F and334

affects coupling (or lack thereof) along the ĉ direction. Recall that dz2 had been involved at335

EF in LaNiO2 [5]. At different formal valence, La3Ni2O6 has one more hole (thus Ni1.5+), for336

which no SC nor any magnetic order down to 4 K has been reported. The additional hole337

per f.u. suggests that the dz2 orbital becomes more involved. Indeed, GGA+U calculations338

has indicated for La3Ni2O6 a fully polarized dpσ orbital and a Mott-split dz2 orbital [78]339

(samples are insulating). The extra hole provides a far different picture, reflecting strong340

doping dependence of the bilayer NiO2 system.341
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VI. SPIN FLUCTUATION EFFECTS342

Larson, Mazin, and Singh have translated Moriya’s theory of quantum critical magnetic343

fluctuations near a quantum critical point to a first principles treatment of elemental spin-344

fluctuation enhanced Pd [87]. The corrections involve the first and second derivatives of the345

band energy Ek at EF , the first giving the FS velocity dEk/dk⃗ = v⃗k and the second giving346

the inverse mass tensor µα,β = d2Ek/dkαdkβ, as well as first and second energy derivatives of347

N(E) at EF , all requiring unusually fine sampling on and around the FS [88]. This treatment348

can be applied to La3Ni2O5F, which brings some simplifying aspects.349

Their treatment can be applied to La3Ni2O5F, and a small approximation simplifies the350

result. Let us approximate the dpσ NM FS as circular and isotropic, hence a constant velocity351

v = |v⃗k| over the FS, corrections should be second order in the anisotropy. This description352

is excellent for the E∗ band, however that band seems not to enter the magnetic behavior353

and we will not consider it. The expressions for determining the lowest order q2 contribution354

to the susceptibility χ(q) depend on the derivatives mentioned above. For 2D isotropic355

dispersion Ek = v|k| around the band center, v⃗k = vk̂, and µα,β
k is a symmetric tensor with356

diagonal elements µα,α
k =0 – a divergent longitudinal effective mass – and conventional off-357

diagonal matrix elements that do not enter lowest order spin fluctuation effects. With linear358

dispersion N(E) = E/2πv2 per spin per unit volume, its E-derivative is constant and its359

second derivative vanishes. Likewise, µα,α vanishes, and the coefficients of the q2 terms in360

χ(q) – the lowest order corrections to the band theory value of the susceptibility from zero361

point fluctuations – vanish. This result confronts the general expectation that fluctuations362

should be larger in 2D than in 3D, but requires the linear dispersion.363

There will be a contribution from the strict non-circularity of the dpσ band, to second364

order in the non-circularity. Still, this conventional spin fluctuation renormalization of the365

magnetic response promises to be small. Broader considerations will be the extreme 2D366

character of the spin system, plus the spinwave scattering from the itinerant E∗ carriers,367

probably small in La3Ni2O5F but perhaps important given that small effects may be crucial368

in a system very near a quantum critical point.369
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VII. DISCUSSION AND SUMMARY370

The behavior of the “Ni1+” ion in La3Ni2O5F is fundamentally different from other mono-371

valent Ni oxides, and of course different from isostructural Cu2+ in layered cuprates. The372

effect of the E∗ band seems small except when correlation effects for AFM order decreases its373

self-doping. Within a first principles description, distinctive features that emerge are several:374

(i) a uniquely linear, partially occupied electron E∗ band arising from interstitial density375

(see Ref. 80) crosses the Fermi level giving self-doping, (ii) strong magnetic tendency for FM376

Ni polarization indicating close proximity to a quantum critical point, (iii) a metastable FM377

state with Ni moments of 0.34 µB, (iv) energetically preferred AFM states. These latter are378

of the usual sort, except for the notable fact that they arise even without correlation effects379

(Hubbard U).380

Energetics (neglecting fluctuations) support AFM order in-plane, intra-bilayer coupling381

is minor but favors antialignment of neighboring spins along ĉ in the NiO2 bilayer. Isola-382

tion of the electronic and magnetic states would normally suggest that 2D fluctuations will383

impair AFM order, viz. the Mermin-Wagner theorem [89]. A relevant model comparison to384

La3Ni2O5F is the coupled square bilayer 2D Heisenberg system [90–92]. Like the single layer385

system with related fluctuations it does not order, but differs in detail by having a magnetic386

correlation length that diverges more strongly than in the single layer case [93, 94].387

Expressions from the Moriya theory of spin fluctuations near a quantum critical point388

developed by Larson et al. [87] lead to the possibility that the linearity and isotropy of the389

dpσ band near half-filling may degrade fluctuation effects greatly. The interplay between390

the dpσ and E∗ bands, and implications of the strong two dimensionality, will benefit from391

further study.392

Related comparisons may shed some light. A single layer Ni1+ oxyfluoride La2NiO3F was393

synthesized by Wissel et al. [95] by topochemical removal of F from the AFM insulator394

La2NiO3F2, and involving a structural reduction that can be described as La3Ni2O5F with395

missing La1 and one NiO2 layer. Using first principles methods similar to ours, Bernardini396

et al. confirmed that the same blocking layer resulted in a 2D electronic structure [96]. A397

band that resembles our E∗ band barely touches EF , and Wannierization reproduced that398

band by including additional La d and O p orbitals. Their conclusion was that this single399

layer Ni1+ ion behaves similarly to that of ILNs.400
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A well studied case is La2CuO4, with nearest neighbor J∥∼130 meV (and other intralayer401

couplings) [97]. However the interlayer coupling along the ĉ direction, facilitated by apical402

O, becomes crucial, enabling order with a resulting high Neél temperature TN ≈ 375 K. The403

explanation is that dynamic AFM regions tend to align along ĉ, re-enforcing even a small404

interlayer coupling to promote long range order. The bilayer AFM insulator YBa2Cu3O6+δ,405

with a blocking layer of (BaO)Cu(BaO) has been studied, again there is sufficient coupling406

through the blocking layer to enable AFM order in strongly underdoped (small δ) samples407

[90, 98, 99]. Within the CuO2 bilayer J∥∼120–150 meV and intrabilayer coupling J⊥/J∥∼0.12408

[90, 99], three times larger than for La3Ni2O5F.409

This returns to consideration of the calculated valence Ni1.09+ of La3Ni2O5F, nominally a410

Ni1+ ion. The self-doping places its formal valence as approaching the superconducting re-411

gion of “Ni1+” systems. For the reasons provided, there is no comparable self-doped cuprate412

system, the closest perhaps being some Bi cuprates, with a Bi p band dipping below EF ,413

which incurs complications when attempting to assign a formal valence when the oxygen con-414

centration is uncertain. Then there is the question of long-range AFM fluctuations, brought415

into discussion by the Mermin-Wagner theorem that seems to apply to La3Ni2O5F. In any416

case, self doping by an interstitial band has not been discussed in cuprates. La3Ni2O5F in-417

troduces new physics into infinite layer nickelate considerations, without any comparable418

cuprate; Cu2+ cuprates are antiferromagnetic insulators.419

[1] P. Levitz, M. Crespin, and L. Gatineau, Reduced forms of LaNiO3 perovskite. Part 1.—Ev-420

idence for new phases: La2Ni2O5 and LaNiO2, J. Chem. Soc., Faraday Trans. 2 79, 1181421

(1983).422

[2] P. Levitz, M. Crespin, and L. Gatineau, Reduced forms of LaNiO3 perovskite. Part 2.—X-ray423

structure of LaNiO2 and extended X-ray absorption fine structure study: local environment424

of monovalent nickel, J. Chem. Soc., Faraday Trans. 2 79, 1195 (1983).425

[3] M. A. Hayward, M. A. Green, M. J. Rosseinsky, and J. Sloan, Sodium Hydride as a Powerful426

Reducing Agent for Topotactic Oxide Deintercalation: Synthesis and Characterization of the427

Nickel(I) Oxide LaNiO2, J. Am. Chem. Soc. 121, 8843 (1999).428

[4] V. I. Anisimov, D. Bukhvalov, and T. M. Rice, Electronic structure of possible nickelate429

18

https://doi.org/10.1039/F29837901181
https://doi.org/10.1039/F29837901181
https://doi.org/10.1039/F29837901181
https://doi.org/10.1039/F29837901181
https://doi.org/10.1021/ja991573i


analogs to the cuprates, Phys. Rev. B 59, 7901 (1999).430

[5] K.-W. Lee and W. E. Pickett, Infinite-layer LaNiO2: Ni
1+ is not Cu2+, Phys. Rev. B 70,431

165109 (2004).432

[6] M. R. Norman, Entering the nickel age of superconductivity, Physics 13, 85 (2020).433

[7] W. E. Pickett, The dawn of the nickel age of superconductivity, Nat. Rev. Phys. 3, 7 (2021).434

[8] D. Li, K. Lee, B. Y. Wang, M. Osada, S. Crossley, H. R. Lee, Y. Cui, Y. Hikita, and H. Y.435

Hwang, Superconductivity in an infinite-layer nickelate, Nature 572, 624 (2019).436

[9] M. Osada, B. Y. Wang, B. H. Goodge, K. Lee, H. Yoon, K. Sakuma, D. Li, M. Miura, L. F.437

Kourkoutis, and H. Y. Hwang, A superconducting praseodymium nickelate with infinite layer438

structure, Nano Lett. 20, 5735 (2020).439

[10] S. W. Zeng, X. M. Yin, C. J. Li, L. E. Chow, C. S. Tang, K. Han, Z. Huang, Y. Cao,440

D. Y. Wan, Z. T. Zhang, Z. S. Lim, C. Z. Diao, P. Yang, A. T. S. Wee, S. J. Pennycook,441

and A. Ariando, Observation of perfect diamagnetism and interfacial effect on the electronic442

structures in infinite layer Nd0.8Sr0.2NiO2 superconductors, Nat. Commun. 13, 743 (2022).443

[11] S. Zeng, C. Li, L. E. Chow, Y. Cao, Z. Zhang, C. S. Tang, X. Yin, Z. S. Lim, J. Hu, P. Yang,444

and A. Ariando, Superconductivity in infinite-layer nickelate La1−xCaxNiO2 thin films, Sci.445

Adv. 8, eabl9927 (2022).446

[12] W. Xiao, Z. Yang, S. Hu, Y. He, X. Gao, J. Liu, Z. Deng, Y. Hong, L. Wei, L. Wang,447

Z. Shen, T. Wang, L. Li, Y. Gan, K. Chen, Q. Zhang, and Z. Liao, Superconductivity in an448

infinite-layer nickelate superlattice, Nat. Commun. 15, 10215 (2024).449

[13] S. L. E. Chow, Z. Luo, and A. Ariando, Bulk superconductivity near 40 K in hole-doped450

SmNiO2 at ambient pressure, Nature 642, 58 (2025).451

[14] C. T. Parzyck, Y. Wu, L. Bhatt, M. Kang, Z. Arthur, T. M. Pedersen, R. Sutarto, S. Fan,452

J. Pelliciari, V. Bisogni, G. Herranz, A. B. Georgescu, D. G. Hawthorn, L. F. Kourkoutis,453

D. A. Muller, D. G. Schlom, and K. M. Shen, Superconductivity in the Parent Infinite-Layer454

Nickelate NdNiO2, Phys. Rev. X 15, 021048 (2025).455

[15] H. Sahib, A. Raji, F. Rosa, G. Merzoni, G. Ghiringhelli, M. Salluzzo, A. Gloter, N. Viart, and456

D. Preziosi, Superconductivity in PrNiO2 Infinite-Layer Nickelates, Adv. Mater. 37, 2416187457

(2025).458

[16] G. A. Pan, D. F. Segedin, H. LaBollita, Q. Song, E. M. Nica, B. H. Goodge, A. T. Pierce,459
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M. Bartkowiak, S. Bötzel, F. Lechermann, I. M. Eremin, H. Luetkens, and Z. Guguchia,550

Pressure-enhanced splitting of density wave transitions in La3Ni2O7−δ, Nat. Phys. 21, 430551

(2025).552

[43] M.-Y. Choi, K.-W. Lee, and W. E. Pickett, Role of 4f states in infinite-layer NdNiO2, Phys.553

22

https://doi.org/10.1038/s41586-022-05657-2
https://doi.org/10.1038/s41586-022-05657-2
https://doi.org/10.1038/s41586-022-05657-2
https://doi.org/10.1103/PhysRevLett.129.027002
https://doi.org/10.1103/PhysRevLett.129.027002
https://doi.org/10.1103/PhysRevLett.129.027002
https://doi.org/10.1093/nsr/nwae194
https://doi.org/10.1126/sciadv.adr5116
https://doi.org/10.1103/tptb-8hb4
https://doi.org/10.1103/tptb-8hb4
https://doi.org/10.1103/tptb-8hb4
https://doi.org/10.1038/s41567-022-01660-6
https://doi.org/10.1038/s41563-022-01330-1
https://doi.org/10.1103/PhysRevLett.132.256503
https://doi.org/10.1038/s41567-024-02754-z
https://doi.org/10.1038/s41567-024-02754-z
https://doi.org/10.1038/s41567-024-02754-z
https://doi.org/10.1103/PhysRevB.101.020503
https://doi.org/10.1103/PhysRevB.101.020503
https://doi.org/10.1103/PhysRevB.101.020503


Rev. B 101, 020503 (2020).554

[44] M.-Y. Choi, W. E. Pickett, and K.-W. Lee, Fluctuation-frustrated flat band instabilities in555

NdNiO2, Phys. Rev. Res. 2, 033445 (2020).556

[45] A. S. Botana and M. R. Norman, Similarities and Differences between LaNiO2 and CaCuO2557

and Implications for Superconductivity, Phys. Rev. X 10, 011024 (2020).558

[46] M. Jiang, M. Berciu, and G. A. Sawatzky, Critical Nature of the Ni Spin State in Doped559

NdNiO2, Phys. Rev. Lett. 124, 207004 (2020).560

[47] G.-M. Zhang, Y.-f. Yang, and F.-C. Zhang, Self-doped mott insulator for parent compounds561

of nickelate superconductors, Phys. Rev. B 101, 020501(R) (2020).562

[48] J. Karp, A. S. Botana, M. R. Norman, H. Park, M. Zingl, and A. Millis, Many-Body Electronic563

Structure of NdNiO2 and CaCuO2, Phys. Rev. X 10, 021061 (2020).564

[49] L. Si, W. Xiao, J. Kaufmann, J. M. Tomczak, Y. Lu, Z. Zhong, and K. Held, Topotactic565

Hydrogen in Nickelate Superconductors and Akin Infinite-Layer Oxides ABO2, Phys. Rev.566

Lett. 124, 166402 (2020).567

[50] Y. Nomura, M. Hirayama, T. Tadano, Y. Yoshimoto, K. Nakamura, and R. Arita, Formation568

of a two-dimensional single-component correlated electron system and band engineering in569

the nickelate superconductor NdNiO2, Phys. Rev. B 100, 205138 (2019).570

[51] H. Sakakibara, H. Usui, K. Suzuki, T. Kotani, H. Aoki, and K. Kuroki, Model Construction571

and a Possibility of Cupratelike Pairing in a New d9 Nickelate Superconductor (Nd, Sr)NiO2,572

Phys. Rev. Lett. 125, 077003 (2020).573

[52] V. M. Katukuri, N. A. Bogdanov, O. Weser, J. van den Brink, and A. Alavi, Electronic574

correlations and magnetic interactions in infinite-layer NdNiO2, Phys. Rev. B 102, 241112575

(2020).576

[53] Y.-H. Zhang and A. Vishwanath, Type-II t−J model in superconducting nickelate577

Nd1−xSrxNiO2, Phys. Rev. Res. 2, 023112 (2020).578

[54] S. Bandyopadhyay, P. Adhikary, T. Das, I. Dasgupta, and T. Saha-Dasgupta, Superconduc-579

tivity in infinite-layer nickelates: Role of f orbitals, Phys. Rev. B 102, 220502 (2020).580

[55] F. Lechermann, Multiorbital Processes Rule the Nd1−xSrxNiO2 Normal State, Phys. Rev. X581

10, 041002 (2020).582

[56] C.-J. Kang and G. Kotliar, Optical Properties of the Infinite-Layer La1−xSrxNiO2 and Hidden583

Hund’s Physics, Phys. Rev. Lett. 126, 127401 (2021).584

23

https://doi.org/10.1103/PhysRevB.101.020503
https://doi.org/10.1103/PhysRevB.101.020503
https://doi.org/10.1103/PhysRevResearch.2.033445
https://doi.org/10.1103/PhysRevX.10.011024
https://doi.org/10.1103/PhysRevLett.124.207004
https://doi.org/10.1103/PhysRevB.101.020501
https://doi.org/10.1103/PhysRevX.10.021061
https://doi.org/10.1103/PhysRevLett.124.166402
https://doi.org/10.1103/PhysRevLett.124.166402
https://doi.org/10.1103/PhysRevLett.124.166402
https://doi.org/10.1103/PhysRevB.100.205138
https://doi.org/10.1103/PhysRevLett.125.077003
https://doi.org/10.1103/PhysRevB.102.241112
https://doi.org/10.1103/PhysRevB.102.241112
https://doi.org/10.1103/PhysRevB.102.241112
https://doi.org/10.1103/PhysRevResearch.2.023112
https://doi.org/10.1103/PhysRevB.102.220502
https://doi.org/10.1103/PhysRevX.10.041002
https://doi.org/10.1103/PhysRevX.10.041002
https://doi.org/10.1103/PhysRevX.10.041002
https://doi.org/10.1103/PhysRevLett.126.127401


[57] S. Ryee, M. J. Han, and S. Choi, Hund physics landscape of two-orbital systems, Phys. Rev.585

Lett. 126, 206401 (2021).586

[58] A. S. Botana, K.-W. Lee, M. R. Norman, V. Pardo, and W. E. Pickett, Low valence nickelates:587

Launching the nickel age of superconductivity, Front. Phys. 9, 813532 (2022).588

[59] Z.-J. Lang, R. Jiang, and W. Ku, Strongly correlated doped hole carriers in the superconduct-589

ing nickelates: Their location, local many-body state, and low-energy effective hamiltonian,590

Phys. Rev. B 103, L180502 (2021).591

[60] H. LaBollita, V. Pardo, M. R. Norman, and A. S. Botana, Assessing spin-density wave592

formation in La3Ni2O7 from electronic structure calculations, Phys. Rev. Mater. 8, L111801593

(2024).594

[61] J. Zhan, Y. Gu, X. Wu, and J. Hu, Cooperation between Electron-Phonon Coupling and595

Electronic Interaction in Bilayer Nickelates La3Ni2O7, Phys. Rev. Lett. 134, 136002 (2025).596

[62] S. Abadi, K.-J. Xu, E. G. Lomeli, P. Puphal, M. Isobe, Y. Zhong, A. V. Fedorov, S.-K. Mo,597

M. Hashimoto, D.-H. Lu, B. Moritz, B. Keimer, T. P. Devereaux, M. Hepting, and Z.-X.598

Shen, Electronic Structure of the Alternating Monolayer-Trilayer Phase of La3Ni2O7, Phys.599

Rev. Lett. 134, 126001 (2025).600

[63] S. Ryee, N. Witt, G. Sangiovanni, and T. O. Wehling, Superconductivity governed by janus-601

faced fermiology in strained bilayer nickelates, Phys. Rev. Lett. 135, 236003 (2025).602

[64] B.-Z. Li, C. Wang, P. T. Yang, J. P. Sun, Y.-B. Liu, J. Wu, Z. Ren, J.-G. Cheng, G.-M.603

Zhang, and G.-H. Cao, Metal-to-metal transition and heavy-electron state in Nd4Ni3O10−δ,604

Phys. Rev. B 101, 195142 (2020).605

[65] D.-H. Gim, C. H. Park, and K. H. Kim, Orbital-Selective Quasiparticle Depletion across606

the Density Wave Transition in Trilayer Nickelate La4Ni3O10, Phys. Rev. Lett. 135, 136505607

(2025).608

[66] J. L. Dye, Anionic electrons in electrides, Nature 365, 10 (1993).609

[67] D. J. Singh, H. Krakauer, C. Haas, and W. E. Pickett, Theoretical determination that elec-610

trons act as anions in the electride Cs+ (15-crown-5)2·e−, Nature 365, 39 (1993).611

[68] M. J. Wagner, R. H. Huang, J. L. Eglin, and J. L. Dye, An electride with a large six-electron612

ring, Nature 368, 726 (1994).613

[69] Y. Nomura and R. Arita, Superconductivity in infinite-layer nickelates, Rep. Prog. Phys. 85,614

052501 (2022).615

24

https://doi.org/10.1103/PhysRevLett.126.206401
https://doi.org/10.1103/PhysRevLett.126.206401
https://doi.org/10.1103/PhysRevLett.126.206401
https://doi.org/10.3389/fphy.2021.813532
https://doi.org/10.1103/PhysRevB.103.L180502
https://doi.org/10.1103/PhysRevMaterials.8.L111801
https://doi.org/10.1103/PhysRevMaterials.8.L111801
https://doi.org/10.1103/PhysRevMaterials.8.L111801
https://doi.org/10.1103/PhysRevLett.134.136002
https://doi.org/10.1103/PhysRevLett.134.126001
https://doi.org/10.1103/PhysRevLett.134.126001
https://doi.org/10.1103/PhysRevLett.134.126001
https://doi.org/10.1103/ncbf-9b8m
https://doi.org/10.1103/PhysRevB.101.195142
https://doi.org/10.1103/1tp1-y73g
https://doi.org/10.1103/1tp1-y73g
https://doi.org/10.1103/1tp1-y73g
https://doi.org/10.1038/365010a0
https://doi.org/10.1038/365039a0
https://doi.org/10.1038/368726a0
https://doi.org/10.1088/1361-6633/ac5a60
https://doi.org/10.1088/1361-6633/ac5a60
https://doi.org/10.1088/1361-6633/ac5a60


[70] P. Adhikary, S. Bandyopadhyay, T. Das, I. Dasgupta, and T. Saha-Dasgupta, Orbital-616

selective superconductivity in a two-band model of infinite-layer nickelates, Phys. Rev. B617

102, 100501 (2020).618

[71] Y. Gu, S. Zhu, X. Wang, J. Hu, and H. Chen, A substantial hybridization between correlated619

Ni-d orbital and itinerant electrons in infinite-layer nickelates, Commun. Phys. 3, 84 (2020).620

[72] J.-Y. You, Interstitial s states and chemical pressure as key drivers of enhanced electron-621

phonon coupling in infinite-layer nickelates, Phys. Rev. B 113, 064510 (2026).622

[73] K. Foyevtsova, I. Elfimov, and G. A. Sawatzky, Distinct electridelike nature of infinite-layer623

nickelates and the resulting theoretical challenges to calculate their electronic structure, Phys.624

Rev. B 108, 205124 (2023).625

[74] R. Wernert, R. D. Smyth, and M. A. Hayward, Synthesis of the Double Infinite-Layer Ni(I)626

Phase La3Ni2O5F via Sequential Topochemical Reactions, J. Am. Chem. Soc. , jacs.5c16740627

(2026).628

[75] V. V. Poltavets, K. A. Lokshin, S. Dikmen, M. Croft, T. Egami, and M. Greenblatt,629

La3Ni2O6: A New Double T’-type Nickelate with Infinite Ni1+/2+O2, J. Am. Chem. Soc.630

128, 9050 (2006).631

[76] V. V. Poltavets, M. Greenblatt, G. H. Fecher, and C. Felser, Electronic Properties, Band632

Structure, and Fermi Surface Instabilities of Ni1+/Ni2+ Nickelate La3Ni2O6, Isoelectronic633

with Superconducting Cuprates, Phys. Rev. Lett. 102, 046405 (2009).634

[77] Z. Liu, H. Sun, M. Huo, X. Ma, Y. Ji, E. Yi, L. Li, H. Liu, J. Yu, Z. Zhang, Z. Chen, F. Liang,635

H. Dong, H. Guo, D. Zhong, B. Shen, S. Li, and M. Wang, Evidence for charge and spin636

density waves in single crystals of La3Ni2O7 and La3Ni2O6, Sci. China Phys. Mech. Astron.637

66, 217411 (2023).638

[78] V. Pardo and W. E. Pickett, Metal-insulator transition in layered nickelates La3Ni2O7−δ (δ639

= 0.0, 0.5, 1), Phys. Rev. B 83, 245128 (2011).640

[79] A. S. Botana, V. Pardo, W. E. Pickett, and M. R. Norman, Charge ordering in Ni1+/Ni2+641

nickelates: La4Ni3O8 and La3Ni2O6, Phys. Rev. B 94, 081105 (2016).642

[80] Y.-J. Song, K.-W. Lee, and W. E. Pickett, Dichotomous electronic system in a bilayer Ni1+643

nickelate, arXiv preprint arXiv:2606.10564 10.48550/arXiv.2606.10564 (2026).644

[81] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized gradient approximation made simple,645

Phys. Rev. Lett. 77, 3865 (1996).646

25

https://doi.org/10.1103/PhysRevB.102.100501
https://doi.org/10.1103/PhysRevB.102.100501
https://doi.org/10.1103/PhysRevB.102.100501
https://doi.org/10.1038/s42005-020-0347-x
https://doi.org/10.1103/xqm6-wr7n
https://doi.org/10.1103/PhysRevB.108.205124
https://doi.org/10.1103/PhysRevB.108.205124
https://doi.org/10.1103/PhysRevB.108.205124
https://doi.org/10.1021/jacs.5c16740
https://doi.org/10.1021/jacs.5c16740
https://doi.org/10.1021/jacs.5c16740
https://doi.org/10.1021/ja063031o
https://doi.org/10.1021/ja063031o
https://doi.org/10.1021/ja063031o
https://doi.org/10.1103/PhysRevLett.102.046405
https://doi.org/10.1007/s11433-022-1962-4
https://doi.org/10.1007/s11433-022-1962-4
https://doi.org/10.1007/s11433-022-1962-4
https://doi.org/10.1103/PhysRevB.83.245128
https://doi.org/10.1103/PhysRevB.94.081105
https://doi.org/10.48550/arXiv.2606.10564
https://doi.org/10.1103/PhysRevLett.77.3865


[82] P. Blaha, K. Schwarz, F. Tran, R. Laskowski, G. K. H. Madsen, and L. D. Marks, WIEN2k:647

An APW+lo program for calculating the properties of solids, J. Chem. Phys. Soc. 152,648

074101 (2020).649

[83] K. Koepernik and H. Eschrig, Full-potential nonorthogonal local-orbital minimum-basis650

band-structure scheme, Phys. Rev. B 59, 1743 (1999).651

[84] D. J. Singh and W. E. Pickett, Gradient-corrected density-functional studies of CaCuO2,652

Phys. Rev. B 44, 7715 (1991).653

[85] K. Schwarz and P. Mohn, Itinerant metamagnetism in YCo2, J. Phys. F: Met. Phys. 14,654

L129 (1984).655

[86] G. L. Krasko, Metamagnetic behavior of fcc iron, Phys. Rev. B 36, 8565 (1987).656

[87] P. Larson, I. I. Mazin, and D. J. Singh, Magnetism, critical fluctuations, and susceptibility657

renormalization in Pd, Phys. Rev. B 69, 064429 (2004).658

[88] T. Jeong, A. Kyker, and W. E. Pickett, Fermi velocity spectrum and incipient magnetism in659

tibe2, Phys. Rev. B 73, 115106 (2006).660

[89] N. D. Mermin and H. Wagner, Absence of ferromagnetism or antiferromagnetism in one- or661

two-dimensional isotropic heisenberg models, Phys. Rev. Lett. 17, 1133 (1966).662

[90] A. J. Millis and H. Monien, Bilayer coupling in the yttrium-barium family of high-663

temperature superconductors, Phys. Rev. B 54, 16172 (1996).664

[91] L. Yin, M. Troyer, and S. Chakravarty, Spin-spin correlation lengths of bilayer antiferromag-665

nets, Europhys. Lett. 42, 559 (1998).666

[92] M. Eschrig and M. R. Norman, Dispersion anomalies in bilayer cuprates and the odd sym-667

metry of the magnetic resonance, Phys. Rev. Lett. 89, 277005 (2002).668

[93] S. M. Hayden, H. A. Mook, P. Dai, T. G. Perring, and F. Doğan, The structure of the high-669
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Methods.696

In the tetragonal structure (space group: I4/mmm, No. 139), La2 and Ni ions are located697

at 4e sites (00z) with z =0.3212 and 0.0843, respectively. The other ions occupy the La1698

2b (001

2
), O 8g (01

2
z), and X 4d (01

2

1

4
) sites. In these calculations, the X sites with 50% O,699

50% F occupancy were treated within the virtual crystal approximation. This is reasonable700

because the two atoms are adjacent in the periodic table and are located away from the701

NiO2 layers. For the AFM states a
√
2×

√
2× 1 supercell was used.702

Our calculations were performed with the accurate all-electron full-potential codewien2k703

[82]. Some of the results were confirmed by another all-electron full-potential code fplo [83].704

Correlation effects were considered with the effective Ueff = U − JH =3-5 eV on Ni ions,705

which is the proper range for the nickelates as observed previously [43, 44]. The main features706

remain consistent in this range, although ionic band positions depend on the value of Ueff .707

For the GGA+U calculations, two popular double-counting schemes of so-called “around-708

mean field” (AMF) [100] and “self-interaction correction” SIC [101, 102] were compared,709

resulting in similar trends likely because the d9 formal valence does not leave flexibility in710

treating configurations. Unless stated otherwise, we addressed the results obtained from the711

AMF scheme. The basis in wien2k was determined by RKmax=7.0 and atomic radii of 2.11712

(Ni), O (1.65), X (2.16) and La (2.39), in units of bohr radius. In fplo, the default options713

were used. For the fixed spin moment calculations [85], the BZ in the (nearly) itinerant714

system was carefully treated with a dense k−mesh of 30× 30× 30.715
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