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Abstract

The discovery of superconductivity in hole-doped Ni'* systems with “infinite layer” NiO, square-
lattices analogous to the Cu?* CaCuOs cuprate has renewed conflicting pictures of the Cu?*—Nil*
similarities and distinctions. Recent synthesis of formal Ni'* LagNiyOsF with two infinite NiOg
layers per cell provides a novel member of this class. We find that Ni'* in this material is unusually
flexible. First principles density functional theory studies reveal a single partially occupied elec-
tron band derived from density in three interstitial layers that provides self-doping to a Nil:09F
charge state. The blocking La(O/F)La layer provides isolation of the NiOs bilayer to strictly
two-dimensional electronic and magnetic systems. Fixed spin moment calculations of magnetic
tendencies reveal behavior unlike previous nickelates, including an essentially vanishing differential
susceptibility up to a large magnetization and a metastable ferromagnetic (FM) state. Antiferro-
magnetic (AFM) order is favored energetically as expected; surprisingly both FM and AFM states
are obtained without correlation (Hubbard U) corrections. Doping away from half-filling by an

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

observation of any magnetic transition.
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I. INTRODUCTION

After decades of effort to discover superconductivity (SC) in layered Ni'" square-lattice
systems that are isostructural and isoelectronic to the parent compounds of high-T, cuprates
[1-7], in 2019 SC was discovered in hole-doped NdNiO, with critical temperature up to 7T, ~
15 K [8]. Since then, layered superconducting nickelates have attracted intense investigation.
In hole-doped RNiOs (R =La, Nd, Pr, Sm) systems [9-12] SC has been observed, with
onset temperatures reaching 7T, ~ 40 K at ambient pressure for hole-doped SmNiO, [13].
SC has been reported also in nominally undoped members [14, 15]. Additionally, SC has
been discovered in the Ruddlesden-Popper NiO, multilayered systems: the quintuple-layer
NdgNi5O49 with T, ~ 13 K [16], the tri-layer R4NizO19 members up to 7, ~ 30 K under
pressure [17, 18], and in particular the R3NipO7 members with substantially high 7, of 80 K
under pressure [19-22]. Despite furious experimental [23-42] and theoretical [43-65] efforts
to understand the SC, consensus of its origin and the unusual behavior of the Ni moment
remains elusive.

Behavior of the doped Nil™ ion lies at the base of this SC. However, a new feature is
that RNiOy materials have been established to harbour an interstitial density located at the
open apical-O position. This band hole-dopes the system, greatly confusing its impact and
indeed its origin. Such electron-as-anion materials have persisted in interest since the dis-
covery of a crystal of double crown ether molecules, which in encapsulating a Cs ion expels
its valence electron into the interstitial region [66-68]. Several theoretical conjectures about
the character and impact of this interstitial electride band (here called E* band) [50, 69-73],
especially on the SC, have culminated in the determination [37] by angle-resolved photoe-
mission spectroscopy (ARPES) that its circular Fermi surface (FS) agrees with calculations
[36] and that the angular dependence of the E*-band is circular [38]. One evident impact
is to provide some intrinsic electron self-doping of the cell, hence hole-doping of the Ni ion.
Our studies demonstrate that the behavior of the Ni'* ion in La;Ni,O;F is distinct from
any other nickelate, and that the character of the E* band has novel aspects due in part to
the very effective blocking layer in this new compound.

As pointed out in our previous works [5, 43, 44] and confirmed by others, the Ni'* ion
behaves differently from the Cu?* ion, despite both being formally 3d° configurations. Al-

though substantial antiferromagnetic (AFM) interaction in RNiO, was indicated by several
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FIG. 1. a, Tetragonal I4/mmm structure of La;Ni,O5F, composed of bi-infinite-layer NiOy square
lattices separated by the Lal 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 (¢) Ni 3d and (d) the
E* band that dips below Er at the M(A) point. The E* fatbands reflect the density throughout
the interstitial region, .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 dpo and interstitial £* 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 required
correlation corrections in theory to describe Ni moments. Most indications are that the Ni
exchange coupling is substantially smaller than in cuprates.

Recently Wenert, Smyth, and Hayward reported synthesis of the bi-infinite-layered Nil*
system of La;Ni,O.F [74], establishing the structure but leaving the magnetic behavior
unclear, due to ferromagnetic (FM) Ni inclusions that complicate the susceptibility data.
AFM order was suggested, but in the measured and extracted M/H,,, data there was no sign

of any magnetic phase transition. In isostructural insulating Ni'->* LagNiyOg [75], similarities
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with superconducting Cu®*/Cu" cuprates were noted [76]. No AFM phase transition was
detected down to 4 K in the polycrystalline sample [76], but a weak susceptibility anomaly in
a single crystal was suggested as evidence for (charge or spin) density waves [77], potentially
linked to theoretically proposed Ni'™/Ni?* charge ordering [78, 79].

The focus of this paper is the unusual magnetic behavior shown by LagzNi,O,F. In a sister
paper [80] we have described and analyzed the unexpected electron band, and circular FS
of, that is unparalleled in nickelates. While it is nearly impervious to the magnetic behavior
we describe here, this band displays linear dispersion and lies in the vicinity of a Dirac point

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

II. CRYSTAL STRUCTURE, CALCULATIONAL METHODS

From the crystal structure of Fig. 1a, the separation of the NiO, bilayers by the PbO-type
[La2][X;][La2] blocking layer is evident, in this way La;Ni, O, F is different from isostructural
LasNiyOg by replacement of half of the O ions in the blocking layer by F, and of course the
extra hole. Also shown by the white spheres are the empty apical sites/cell, which attract
density due to a favorable Madelung potential and to open space allowing decrease of the
kinetic energy. The experimental lattice parameters a = 3.9839 A and ¢ = 19.295 A [74]
lead to Ni-O distance djj(= §) of 1.992 A and out-of-plane Ni-Ni distance d; of 3.253 A.
The ratio ”é—lll ~ 1.633 can be compared with 1.744 in LaNiO, [3, 5], so the NiO, layers are
closer than in infinite-layer nickelates (ILNs) materials.

We have investigated the electronic properties and magnetic behavior of La;Ni, O F, first
using the generalized gradient approximation (GGA) exchange-correlation (XC) functional
[81] and secondly the GGA+U approach to include correlation effects, considering the effec-
tive Ugps = U — Jy on Ni ions with the Hubbard repulsion U and the Hund’s integral Jy. In
all calculations the X 2p orbitals are fully occupied, lying in the —6 to —3 eV range below
the Fermi energy Ep or the gap, and the La 5d orbitals are unoccupied. Both all-electron
full-potential codes WIEN2K [82] and FPLO [83] have been used in various calculations as

noted.
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III. NONMAGNETIC ELECTRONIC STRUCTURE
I11.1. Band structure

The nonmagnetic (NM) band structure is the reference for considering the spin-less or
spin-fluctuation systems as La;Ni,O.F appears to be, and is often in agreement with ARPES
of the FS for both nickelates and cuprates. Moreover, the self-doping that drives the hole
band away from half filling and the extreme two-dimensional (2D) character, to be described
below, is enough to account for the lack of magnetic ordering. While some aspects are similar
to those of LaNiQO,, several others in LayzNi,O F are qualitatively different.

In LagNi,O;F the bands in the neighborhood of Ep are 2D to any physically relevant
measure: k, dispersion of 1 meV or less [80], then perpendicular magnetic exchange across
the blocking layer would be J; = 4% /U~ 1pueV for U=4 eV. In ILNs, with no blocking layer,
k. dispersion of all bands is part of the full picture. The LaX,La blocking layer in La;Ni, O F,
along with the body-centering structure, is highly effective in isolating the conducting part
of the cell from neighboring bilayers. The Ni fatbands representation is shown in Fig. 1c;
the two Ni d,2_,2—0O p, bands (hereafter “dpo”) are essentially degenerate (non-interacting)
except when they approach the X point. They cross EF in the usual near-half filling fashion.

The dpo pair of bands, including the splitting at the X point, are reproduced in a 2x2
tight binding model, with on-site energy £,=0.087 eV (relative to Er=0) and hopping pa-
rameters t100=—0.363 eV, t110=0.094 eV, t,=0.039 eV, with the intra-bilayer hopping ¢,
contributing to the splitting that is visible at X and R in Fig. 1c,d. For comparison, for
LaNiOy we had obtained (using the current sign conventions, see in the supplementary in-
formation (SI)) [5] for in-plane dispersion the similar values €, = 0.093 eV, t190=—0.381 eV,
t110=0.081 eV, t; =0.058 eV. The main differences are the lack of k, hopping and the larger
t1 in LagNi,OF, and the band filling.

The splitting at X and R gives rise to the two van Hove singularities (vHs) around
—0.2 eV and —0.3 eV in the DOS, shown in Fig. S3 (SI), that figure in the magnetic
calculations. The dpo FSs might be considered as nearly degenerate squares with greatly
rounded corners or alternatively as approximately circular (see Fig. 1f). k, dispersion of
both the dpo and E* bands is negligible (less than 1 meV). These details are pertinent,

because the shapes, separations, and dimensionality of F'Ss are important to models of exotic
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superconducting order parameters. For future use and analysis, we find from comparing core
energies, presented in Table S1 (SI), in WIEN2K [82] that the La2 ion, part of the blocking
layer, has a lower site energy than Lal by 0.43 eV.

This dpo band is however not half-filled, hence less susceptible to Mott insulation and
magnetic ordering, due to an interstitial electron density related band (E*) of width 2.5 eV
that dips 0.5 eV below Ep along the M-A line. This doping brings Er closer to the (two split
by interlayer coupling) dpo vHs at the X point. Both hole and electron FSs are displayed
in Figs. le and 1f, showing that this E* cylinder FS contains 9% of the zone area (0.18

LO9% "The FS radius around the A point is similar

electrons), giving an adjusted valence Ni
to that of the LaNiOy ARPES data [36]. However, the k. dispersion of the electron band
(their 8 band [36]) cuts off that FS before halfway toward M. The resulting 3D electron
FS, with incomplete data about its full boundary, makes experimental evaluation of the
direct volume of the electron FS (the amount of self-doping) uncertain. Their value was
obtained from the volume of the large dpo FS, for which experimental uncertainty of the
radius and the k, dispersion leaves their value somewhat imprecise. The close agreement
of their data with density functional theory (DFT) results allows the estimate that their 3
F'S contains ~1/3 the volume of the E* FS of LasNi,O-F, however this latter doping must
be divided between the two Ni atoms in the unit cell. Thus our value of 0.09/Ni, from our

analysis, indicates for La;Ni,O;F a somewhat larger self-doping per Ni than in LaNiO,. The

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

I11.2. Interstitial band

As mentioned, this £* band, with position and character discussed below and analyzed
more fully in a separate paper [80], is analogous to, but quite different from, the intersti-
tial band seen in RNiO, materials that have stimulated several studies [50, 69-73]. In the
RNiO, materials where the interstitial density has been referred to an empty sphere (“s
orbital”) the interstitial density is spherical or nearly so, whether plotted directly [70-72] or
via a maximally localized Wannier function based on an empty site orbital [73]. However,
direct plots of Bloch state densities [50, 69] present anisotropic densities that are very dif-

ferent for near Ep states at I' (La centered and 5d related) and midway between R and A

(apical site centered).
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FIG. 2. Isosurface plots (lime-colored) of the E* band wavefunction |¥(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.

s
c

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

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

The real space picture in LagNi,O:F is qualitatively distinct in the following ways (see
Fig. 2): (i) the density is not confined to the empty apical O site, instead it is spread out over

the interstitial region in each of the three La layers, yet it is a single band, see Fig. 1d, (ii)
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due to large k, dispersion (no blocking layer) the minimum of the electron band in ILNs is
only around the A corner of the zone, whereas in LagNi,O;F the band minimum is flat along
the entire M-A line, (iii) the band is essentially linear from the bottom at —0.5 eV at the
M upward for 2 eV, with one implication being that it cannot be modeled with a hopping
parameter or a Fourier expansion, (iv) because it has constant magnitude of velocity over
this range, the effective mass tensor is purely off-diagonal, since the longitudinal effective
mass is divergent, (v) it forms a cylindrical FS around the M-A line, see Fig. le. This E*
band is effectively a positive energy Dirac band (upward in energy from an impending Dirac
point [80]). Some of these features of the E* band will become important in the magnetic
behavior discussed below.

Isosurfaces of the E* wavefunctions |¥(r)| at two k points are presented in Fig. 2. Each
bilayer is quantum confined by the blocking layers, allowing k-space attention to be confined
to the basal plane. The shapes of the £* density have a broad maximum density at each
apical site, with four fat “windmill” arms extending in [110] directions toward the La** ions
in each layer. For Figs. 2c and 2d the k points and wavefunctions are the same as in Figs. 2a
and 2b, but using a smaller isovalue corresponding to a lower density. It then becomes evident
that the densities of the left panel, corresponding to three fat “windmills”, are connected
through Ni 3d orbitals as described in Ref. 80. With this position and shape of interstitial
density it is natural that there is some mixing with La d,, (same layer) and Ni d,» orbitals
(oriented toward the apical site). However, these orbitals are 3 eV above, respectively 1.5

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

IV. MAGNETIC BEHAVIOR
IV.1. Ferromagnetic order
1V.1.1. Ferromagnetism within GGA

Although magnetic order has not been reported in Nilt nickelates, GGA calculations
have sometimes obtained AFM ordered states [5], allowing estimates of the exchange cou-
pling strength, whereas correlated calculations (DFT4U or DFT4+manybody) are required
to obtain Mott insulating splitting of the dpo bands. Due to the 2D nature of La;Ni, O F and

its self-doping away from half-filling, both of which will oppose magnetic order, we do not

8
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FIG. 3. Variations obtained from the constrained moment M in the FSM calculations
using FPLO. a, Energy variation AE(M). Only above M = 0.8up does the magnetic energy begin
to increase rapidly. The calculated values at M=0.2 and below, AE=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 AE(M) at 0.5up,
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 dpo
bands along both directions around +0.5 eV. b, Calculated external magnetic field Hex (M) (in
meV/up), which requires less stringent numerical precision than does AE(M). The unphysical
negative value of x for M=0.3-0.6 indicates magnetic instability in that region, an inaccessible
region. The right side indicates the differential susceptibility x = (dHex/dM )™t obtained from
the fitting of Hext (M) (blue-line).

17 expect magnetic order to be observed in La;Ni,O.F and none was seen in the initial report

s [74]. However, to quantify magnetic tendencies we have first considered possible FM order-
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ing. Defying expectations, unusual FM behavior emerges that distinguishes the magnetic
behaviors of the dpoc and E* bands.

On general principles based on the in-plane AFM superexchange in nickelates and
cuprates, FM alignment has been out of the question. Unexpectedly, in a self-consistent
calculation starting from large Ni moments, a persistent self-consistent FM state is obtained
in which the dpo bands are split by 0.7 eV, associated with a moment of 0.68 pp/f.u. (see
the Inset of Fig. 3a); 0.34up is small for a Ni moment, more indicative of an itinerant
moment than a local moment. The energy is above that for M=0, though by only 0.3 meV,
indicating a metastable state. This result is in sharp contrast to LaNiOy [5] and CaCuOq
[84] (and other cuprates) in which a magnetic state emerges only when AFM alignment is
considered [5], requiring a Hubbard U enhancement. This FM state prompted us to study

FM tendencies more closely.

1V.1.2.  Fized spin moment studies

Peculiar behavior of Ni magnetism in LaszNi,O;F is illuminated by fixed spin moment
(FSM) calculations [85, 86]. The Hamiltonian is appended by an external magnetic field
(o) term —pi [ m(F)dr Ho, m(5) = my(7) = ny (%), n(7) = ny(7) + n,(7) with the con-
straints

1B /m(F; N)d*r = M; /n(F; M)d*r = N, (1)
in terms of the spin-resolved densities n, (7). Hey is varied until the constraint on M is
satisfied. The external field impacts regions greatest where the polarization is largest, hence
it is not a rigid shifting of bands by +ugM as in the Stoner picture. Results from FPLO [83]
using the GGA functional [81] are shown in Fig. 3a. Up to M=0.7 up there is extremely
little energy increase, less than 0.3 meV/f.u above M=0. The Ni FM moments (implying
also long wavelength fluctuations) cost little or negligible energy, indicating that the system
is almost upon a quantum critical point (magnetic ordering), seemingly unrelated to a large
value of DOS N(EF) at EF, i.e. the Stoner picture.

To calculate the usual magnetic energy expansion AE(M) = ayM?+ay,M* + - - - is found
to be unusually challenging for La;Ni,O,F; the expansion only holds for “small M”, however
the asy coefficient we find is exceedingly small, making it subject to numerical imprecision,

choice of XC functional [87], and if changes are exceptionally small, the manner of imple-

10
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mentation such as basis set (in)completeness. Finding as to be below numerical precision
puts the system at a quantum critical point (QCP) with respect to FM order. Convergence
of the calculation and limitation of the expansion is further complicated by a minority vHs
passing through Er in the region of interest, see the Inset of Fig. 3a. Meanwhile, as the Ni
moment is increased to ~0.7up by (small) H.,, the E* FS is only slightly polarized by the
small splitting (invisible in plots) from Pauli paramagnetism ppNg-(EFr), and unenhanced
due to the absence of a Hund’s coupling (Stoner I) in the interstitial density. In the following
discussion we make use of the resulting external field H..;(M) from FSM calculation that
is necessary to produce magnetization M, as it is less susceptible to numerical imprecision
87].

The weak maximum in F(M) at M=0.5up is due to a minority vHs passing through
Er, indicating a Lifshitz transition. This topological change in the FS will involve small
to near vanishing velocities in the neighborhood of the X points. There is a minimum
(metastable state) at M=0.68up corresponding to the above mentioned FM solution. Both
the extremely small energy change AE(M) and the finding of a metastable FM state are
unknown occurrences in nickelates.

An alternative to AE(M) is to study He. (M), formally equal to dAE(M)/dM but
known to be less noisy [87]. The FSM behavior of the external field H.; (M) is shown in
Fig. 3b, with calculated values fit to an eleventh order in M to systematize the structure
in He,t(M). Between M=0.3up and 0.7up, the decrease in E(M) indicates an unphysical
regime in which the field H.,; (M) decreases as the moment M increases, a phenomenon
that is not uncommon in FSM calculations [85, 86] of weakly or nearly FM materials with
unstable regions.

The differential susceptibility x(M) = (dH.y:/dM)™!, also shown in Fig. 3b, encounters
poles at M=0.3up and M=0.7up — inflection points of E (M) — between which the unphysical
negative x indicates an inaccessible region. (The pole at 0.06up5 is a numerical inaccuracy
where H..,(M) is flat to numerical precision). H. (M = 0.68up) is zero at the minimum
of AE(M), the metastable FM state discussed in the previous subsection. At such a point
M can increase without any first order change in energy — x diverges. From the AFM
energies given in the next subsection, this metastable FM state is unlikely to be attainable,
by somehow becoming stuck in the minimum during synthesis. However, application and

then release of a laboratory field H.,;~10T might allow the sample to settle into this local

11
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minimum (as the DFT GGA calculation does). In addition, in the paramagnetic state at
H..+=0 LayNi,O5F surely will have (disordered) Ni local moments with a large susceptibility,
which is not a part of the current analysis, but see Sec. VI below.

The mysterious behavior of E(M) and H.;(M) in LagNi,O;F indicates yet unseen mag-
netic behavior. The FSM energy change involves three contributions AE(M) = Ex (M) +
Ep(M) + Exc(M): respectively, the true kinetic energy Ef cost [from —(h%/2m)V?, not
as often envisioned as the (Stoner) band energy which double counts potential terms]; the
conventional “exchange” polarization energy Ex¢; and the little recognized potential term
Ep(M), the change in the Hartree4-external (nuclear) energies due to variation of the total
density n(r; M) with M.

This latter term Ep[n(M)] is usually passed over (at least in understanding) as the density
is expected to show insignificant variation with M. However, the dpo band density is evolving

in its fractions of d,2_,» and p, orbital character across the band. Plots of these density

~y
changes, via wavefunction character, are provided in Fig. S4 of SI. This change in density
across Er, which is the region that is involved in AE(M), gives a gain in magnetization
energy comparable to — actually twice as large as — the Ex¢ term. Together they conspire to
cancel the E kinetic term (quite precisely), which would normally be expected to dominate
for nickelate (and cuprate) dpo bands forced toward FM, when their AFM exchange term
normally dominates. The separation into Ex (M) + Ep(M )+ Exc components is plotted in
Fig. S5 of SI, with further description.

For comparison, for the typical Ni Stoner constant I~0.5 eV and this moment of
M=0.345/Ni, the Stoner exchange energy/f.u. is twice (two Ni atoms) —17M? = —28 meV,
to be compensated by the band energy cost. The DFT FSM energies are, at M=0.68u5 /f.u.:
magnetic energy gain of —419.7 meV/f.u. (1/3 from Ex¢), kinetic energy cost of 419.5/f.u.,
net energy of 0.1 meV/Ni as shown in Fig. 3a, and indicating just how delicate the energy
balance is. This XC magnetic energy term is a factor of five larger than the Stoner model
estimate, but does not help to explain such precise cancellation of energies. Back to the
FM energy of LazNi,O;F, the FSM magnetization energy only begins to increase sharply
beyond M=0.8up (Mn;=0.4up) — the kinetic energy dominates. Results in the next subsec-
tion indicate that the FM state is unstable with respect to AFM states, which have a factor

of two larger Ni moments.
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FIG. 4. G-AFM fatband plots of (a) GGA and (b) GGA+U (U.ry=3 eV) for LazNi,O5F, in the
range covering the spin-split dpo 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 (I'-Z, folded back by AFM order), now empty, is degenerate with the
top of the majority dpo band, now a zero-gap semimetal band structure. Larger U opens a gap,

but slowly. Note the extreme flatness of the E* band along I'-Z — no dispersion.
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IV.2. Antiferromagnetic order

For single layer CaCuQ, with the same d° configuration, extensive efforts to reproduce the
observed AFM ordering using GGA were unsuccessful [84]. However, for La;Ni,O.F AFM
states were readily obtained within GGA for both the aligned (C-AFM) or antialigned (G-
AFM) AFM NiO, layers. For energies from WIEN2K, G-AFM is lower energy than NM, FM,
and C-AFM by 155, 159, 3.4 meV /f.u., respectively. The Ni moment in the atomic spheres
for both AFM orders is 0.68 pp, doubled relative to the FM moment discussed above and
indicative of a spin-half local moment reduced by hybridization with O p, orbitals. Since
AFM order is energetically favored in all calculations (which as commonly done at this level
of neglect of fluctuation effects), it requires the primary attention.

For the two AFM alignments, the self-doping aspect, i.e. the relative position and filling
of the F* band, is decreased, but only slightly. For G-AFM at the GGA level, the dpo
orbitals are already exchange split by ~2 eV; see the fatband plots in Fig. 4a. This large
and unexpected exchange splitting is more characteristic of a Mott splitting than an itinerant
AFM splitting. In fact this result would closely emulate a Mott insulating state except for
the E* band sweeping through the exchange (“DFT Mott”) gap, providing self-doping and
electron carriers. The top valence bands have majority dpo character and slightly cross Ep
giving small hole cylinders (see Fig. S11 of SI). The electron tube around the I' — Z line is
the £* FS, and self-doping is only slightly smaller than for NM and FM levels. Self-doping

is only affected by correlation effects, as discussed next.

V. CORRELATION EFFECTS: DFT+U

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

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

Ni moment to 0.85u 5, more representative of a S = % ion in an oxide. Inclusion of U reduces
the energy difference between FM and AFM states: at U.rs = 3 €V, the G-AFM state is still
energetically favored, by 61 (2.2) meV /f.u. over FM (C-AFM) alignment [compare for GGA:
159 (3.4) meV/fau.]. The FM-AFM energy difference decreases with further increase in U,
indicative of a more localized moment. For the effect of U: for U.sy = 4 eV, the G-AFM

state is still energetically favored, by 28 (2.4) meV /f.u. for the FM (C-AFM) states.
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For U.s=3 eV, energy differences and applying the usual Heisenberg form of energy
—% >~ JijSiS;, the exchange parameters can be estimated: in-plane Jj ~118 meV (1370 K),
intra-bilayer J, ~4.5 meV, 4% of J indicating weakly coupled AFM layers. Estimations
for the ILNs vary but lie in a somewhat lower range. Although the 3D character should
encourage ordering in ILNs no magnetic transition has been reported.

While the self-doping level (Ni valence) is unaffected by both FM and AFM alignments
in GGA, applying the Hubbard U does have an effect. Due to the relative position of the
E* band bottom (folded back to I' by AFM order) and the majority dpo band, E* band
doping decreases with increasing U for G-AFM. This change is likely best considered as due
to lowering of the majority Ni band by application of U, rather than any upward shift of
the E* band; polarization of the E* band is never noticeable.

Only at U.py=3 eV is a gap on the verge of opening, as displayed in Fig. 4b: the lower
conduction band is then solely the interstitial £* band — not a Mott insulator, rather a
“multiband Mott semimetal” in a sense, however, Ni charge has changed to Nil™ by the
emptying of the £* band. The split 3d band leaves a band of unpolarized, quasi-free electron
like E* carriers that would be populated by further electron doping, e.g. increased F content,
in the background of a Mott insulating Ni!'™ system. The relative band shift (from GGA)
is changed by roughly half of U.s; in the range we have considered. To emphasize: below
Uerr=3 eV LagNi,O;F is an unconventional dpo — E* band semimetal, above this value the
gap is between the dpo holes and unpolarized E* electrons rather than a Mott gap, and
LagNi,O;F becomes undoped — a Ni'™ ion again.

The e, splitting of G-AFM is different from that of isovalent RNiOy: NdNiOgy shows
at Ep, lying dispersionless, the Ni d.» band along the k, = T zone face [44], while d.»
lies 1 eV lower in La;Ni,O;F and is inactive in magnetism but mixes strongly with the
interstitial density [80]. This behavior reflects an increased e, splitting in La;Ni,O;F and
affects coupling (or lack thereof) along the ¢ direction. Recall that d.» had been involved at
Er in LaNiO, [5]. At different formal valence, LazNiyOg has one more hole (thus Ni'**), for
which no SC nor any magnetic order down to 4 K has been reported. The additional hole
per f.u. suggests that the d.2 orbital becomes more involved. Indeed, GGA+U calculations
has indicated for LagNiyOg a fully polarized dpo orbital and a Mott-split d.2 orbital [78]
(samples are insulating). The extra hole provides a far different picture, reflecting strong

doping dependence of the bilayer NiOy system.
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VI. SPIN FLUCTUATION EFFECTS

Larson, Mazin, and Singh have translated Moriya’s theory of quantum critical magnetic
fluctuations near a quantum critical point to a first principles treatment of elemental spin-
fluctuation enhanced Pd [87]. The corrections involve the first and second derivatives of the
band energy Ej at Ep, the first giving the FS velocity dE}/ dk = Uy and the second giving
the inverse mass tensor u®? = d?Ey,/dk,dkg, as well as first and second energy derivatives of
N(E) at Ep, all requiring unusually fine sampling on and around the F'S [88]. This treatment
can be applied to LasNi, O F, which brings some simplifying aspects.

Their treatment can be applied to La;Ni,O.F, and a small approximation simplifies the
result. Let us approximate the dpo NM FS as circular and isotropic, hence a constant velocity
v = |U)| over the FS, corrections should be second order in the anisotropy. This description
is excellent for the E* band, however that band seems not to enter the magnetic behavior
and we will not consider it. The expressions for determining the lowest order ¢? contribution
to the susceptibility x(q) depend on the derivatives mentioned above. For 2D isotropic
dispersion Ej = v|k| around the band center, v}, = vk, and ,ug’ﬁ is a symmetric tensor with
diagonal elements p5 “=0 — a divergent longitudinal effective mass — and conventional off-
diagonal matrix elements that do not enter lowest order spin fluctuation effects. With linear
dispersion N(E) = E/2mv? per spin per unit volume, its E-derivative is constant and its
second derivative vanishes. Likewise, i, vanishes, and the coefficients of the ¢* terms in
X(q) — the lowest order corrections to the band theory value of the susceptibility from zero
point fluctuations — vanish. This result confronts the general expectation that fluctuations
should be larger in 2D than in 3D, but requires the linear dispersion.

There will be a contribution from the strict non-circularity of the dpo band, to second
order in the non-circularity. Still, this conventional spin fluctuation renormalization of the
magnetic response promises to be small. Broader considerations will be the extreme 2D
character of the spin system, plus the spinwave scattering from the itinerant E* carriers,
probably small in La;Ni, O F but perhaps important given that small effects may be crucial

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

The behavior of the “Ni'*” jon in LayNi,O;F is fundamentally different from other mono-
valent Ni oxides, and of course different from isostructural Cu?" in layered cuprates. The
effect of the E* band seems small except when correlation effects for AFM order decreases its
self-doping. Within a first principles description, distinctive features that emerge are several:
(i) a uniquely linear, partially occupied electron E* band arising from interstitial density
(see Ref. 80) crosses the Fermi level giving self-doping, (ii) strong magnetic tendency for FM
Ni polarization indicating close proximity to a quantum critical point, (iii) a metastable FM
state with Ni moments of 0.34 up, (iv) energetically preferred AFM states. These latter are
of the usual sort, except for the notable fact that they arise even without correlation effects
(Hubbard U).

Energetics (neglecting fluctuations) support AFM order in-plane, intra-bilayer coupling
is minor but favors antialignment of neighboring spins along ¢ in the NiOy bilayer. Isola-
tion of the electronic and magnetic states would normally suggest that 2D fluctuations will
impair AFM order, viz. the Mermin-Wagner theorem [89]. A relevant model comparison to
LasNi,O;F is the coupled square bilayer 2D Heisenberg system [90-92]. Like the single layer
system with related fluctuations it does not order, but differs in detail by having a magnetic
correlation length that diverges more strongly than in the single layer case [93, 94].

Expressions from the Moriya theory of spin fluctuations near a quantum critical point
developed by Larson et al. [87] lead to the possibility that the linearity and isotropy of the
dpo band near half-filling may degrade fluctuation effects greatly. The interplay between
the dpo and E* bands, and implications of the strong two dimensionality, will benefit from
further study.

Related comparisons may shed some light. A single layer Ni'* oxyfluoride LagNiO3F was
synthesized by Wissel et al. [95] by topochemical removal of F from the AFM insulator
LayNiO3Fy, and involving a structural reduction that can be described as LasNi, O F with
missing Lal and one NiOy layer. Using first principles methods similar to ours, Bernardini
et al. confirmed that the same blocking layer resulted in a 2D electronic structure [96]. A
band that resembles our E* band barely touches Ep, and Wannierization reproduced that
band by including additional La d and O p orbitals. Their conclusion was that this single
layer Nil'™ ion behaves similarly to that of ILNs.
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A well studied case is La;CuQOy, with nearest neighbor Jj~130 meV (and other intralayer
couplings) [97]. However the interlayer coupling along the ¢ direction, facilitated by apical
O, becomes crucial, enabling order with a resulting high Neél temperature Ty ~ 375 K. The
explanation is that dynamic AFM regions tend to align along ¢, re-enforcing even a small
interlayer coupling to promote long range order. The bilayer AFM insulator YBayCu3Og.s,
with a blocking layer of (BaO)Cu(BaO) has been studied, again there is sufficient coupling
through the blocking layer to enable AFM order in strongly underdoped (small §) samples
90, 98, 99]. Within the CuO, bilayer .J;j~120-150 meV and intrabilayer coupling .J, /J;~0.12
(90, 99], three times larger than for La;Ni,O,F.

This returns to consideration of the calculated valence Ni'%* of La;Ni,O-F, nominally a
Ni'* ion. The self-doping places its formal valence as approaching the superconducting re-
gion of “Ni'*” systems. For the reasons provided, there is no comparable self-doped cuprate
system, the closest perhaps being some Bi cuprates, with a Bi p band dipping below Eg,
which incurs complications when attempting to assign a formal valence when the oxygen con-
centration is uncertain. Then there is the question of long-range AFM fluctuations, brought
into discussion by the Mermin-Wagner theorem that seems to apply to La;Ni,O.F. In any
case, self doping by an interstitial band has not been discussed in cuprates. LasNi,O;F in-
troduces new physics into infinite layer nickelate considerations, without any comparable

cuprate; Cu?t cuprates are antiferromagnetic insulators.
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Methods.

In the tetragonal structure (space group: I4/mmm, No. 139), La2 and Ni ions are located
at 4e sites (00z) with z =0.3212 and 0.0843, respectively. The other ions occupy the Lal
2b (001), O 8¢ (032), and X 4d (011) sites. In these calculations, the X sites with 50% O,
50% F occupancy were treated within the virtual crystal approximation. This is reasonable
because the two atoms are adjacent in the periodic table and are located away from the
NiO, layers. For the AFM states a V2 x V2 x1 supercell was used.

Our calculations were performed with the accurate all-electron full-potential code WIEN2K
[82]. Some of the results were confirmed by another all-electron full-potential code FPLO [83].
Correlation effects were considered with the effective Uepy = U — Jyg =3-5 eV on Ni ions,
which is the proper range for the nickelates as observed previously [43, 44]. The main features
remain consistent in this range, although ionic band positions depend on the value of U,y;.
For the GGA+U calculations, two popular double-counting schemes of so-called “around-
mean field” (AMF) [100] and “self-interaction correction” SIC [101, 102] were compared,
resulting in similar trends likely because the d° formal valence does not leave flexibility in
treating configurations. Unless stated otherwise, we addressed the results obtained from the
AMEF scheme. The basis in WIEN2K was determined by RK,,,,=7.0 and atomic radii of 2.11
(Ni), O (1.65), X (2.16) and La (2.39), in units of bohr radius. In FPLO, the default options
were used. For the fixed spin moment calculations [85], the BZ in the (nearly) itinerant

system was carefully treated with a dense k—mesh of 30 x 30 x 30.
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The data are not publicly available. The data are available from the authors upon reasonable
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