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Abstract

The status of nickelate superconductors in relation to cuprate high temperature superconductors is
one of the concepts being discussed in high temperature superconductivity in correlated transition
metal oxides. New additions to the class of infinite layer nickelates can provide essential input
relating to connections or distinctions. A recently synthesized compound Ba,NiO,(AgSe),, which
contains isolated ‘infinite layer’ NiO, planes, may lead to new insights. Our investigations have
discovered that, at density functional theory mean field level, the ground state consists of an
unusual e, singlet on the Ni** ion arising from large but separate Mott insulating gaps in both e,
orbitals, but with different, anti-Hund’s, spin directions of their moments. This textured singlet
incorporates at the least new physics, and potentially a new platform for nickelate
superconductivity, which might be of an unconventional form for transition metal oxides due to
the unconventional undoped state. We include in this paper a comparison of electronic structure
parameters of Ba;NiO, (AgSe), with a better characterized infinite layer nickelate LaNiO,. We
provide more analysis of the d® anti-Hund’s singlet that emerges in this compound, and consider a
minimally correlated wavefunction for this singlet in an itinerant background, and begin
discussion of excitations—real or virtual—that may figure into new electronic phases.

1. Introduction

The discovery of superconductivity, after 30 years of attempts, in hole-doped ‘infinite layer’ nickelates
RNiO, (R = lanthanide) [1], has broadened the scope of high temperature superconductivity (HTS). Such
nickelates have identical crystal structures and underlying d° metal atom configurations, yet nickelate
superconductivity has been remarkably elusive. Although the achieved temperatures so far [2, 3], T, up to
15 K, are not yet HTS, the connection is clear. The nickelates have the same square planar transition
metal-oxygen layers, and the same underlying formal oxidation state with a single hole in the 3 d shell: Ni' ™
rather than Cu?™. In both systems, doping the d° configuration toward d® leads to superconductivity [2, 3].
Yet with these and other similarities, essential differences have been uncovered. [4-8]

An early study by some of the authors of the ‘infinite layer’ compound LaNiO, (Ni'*, d°) revealed
substantial differences which emphasized that, while relations between the two ions are evident, Ni'* does
not behave like Cu®* in these structures [4]. When strong correlation effects are included in the band
calculation, there was a strong tendency toward the formation of peculiar on-site ‘singlet’ spin character in a
metallic background arising from spin compensation between the two e, orbitals. This behavior arises in
spite of the formal spin-half (not spin S = 0 or § = 1) criterion of the formal oxidation state. The carriers at
the Fermi level (and below—the hole states) consisted of roughly equal d,>_,» spin up, d,» spin down. This
incipient singlet leaves oxygen ions straying from the O?~ configuration, forming the metallic background.
In the same sort of calculation for Cu?*, a spin-half antiferromagnetic (AFM) insulating state is obtained,
consistent with experiment.

Another distinction from cuprates is that a d® nickelate Ba,NiO,(AgSe), (BNOAS) has been reported [9],
and it contains an infinite-layer NiO, layer. The formally d® cuprate LaCuOj is a conventional although
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metastable metal, with samples being oxygen deficient [10] and typically prepared under pressure. Other
formally d® cuprates are rare. The magnetic character of BNOAS is enigmatic. Conventionally, the d°
configuration should be a non-magnetic singlet, with two holes in the d,>_,» orbital, or a triplet, with spin
parallel holes in each of the e, orbitals. The former has zero (spin) susceptibility, and the latter would have a
Curie-Weiss susceptibility with AFM ordering at some temperature, supposing conventional antialigned
neighbors.

What was observed by Matsumoto et al [9] is (when zero field cooled) a constant value, on top of which
is a rounded peak centered at T* = 130 K with half width ~10 K—apparently some magnetic reconstruction
in an otherwise magnetically inert state. When field cooled, the susceptibility is higher below T*, and a weak
peak is seen at (1,1,0) in polarized neutron scattering at 5 K, suggesting antialigned neighboring moments.
Matsumoto et al suggested a canted AFM state of S = 1 spins to account for the field cooling dependence
below T*, but other aspects of the susceptibility remain to be explained. These are some of the questions we
address.

The report of BNOAS has reinvigorated study of the two dimensional (2D) Kondo necklace model [11],
the 1D version of which was proposed by Doniach [12]. The 2D model consists of a square lattice of
two-orbital sites, with in-plane coupling J between neighboring orbital; states and on-site Kondo coupling K
between orbital; and orbital,. Wu et al have applied the iPEPS (infinite projected entangled pair state)
formalism to obtain the phase diagram of the anisotropic XXZ version [13], finding spin-singlet, supersolid,
and Bose-Einstein condensed phases for various ratios K/J. Finite temperature studies by Singh [14]
included the local S =1 excited states that are exchange coupled to neighboring S =1 states. This spin model
leads to a ground state first-order transition between singlet and antiferromagnetic phases, with finite
temperature behavior being amenable to cluster expansion techniques. Separately, Kitamine et al have
pursued design of d® nickelate materials [15], focusing on A;NiO,X, compounds with A being a divalent
alkaline earth cation and anions X = H, E, Cl, Br, I, the aim being to isolate the d._ > orbital and leave other
d orbitals just below the Fermi energy rather than to engineer magnetic behavior.

The organization of the paper is as follows. Section 2 provides the input to the theoretical work: crystal
structure and computational methods. The non-magnetic electronic structure, including a comparison of d®
and &’ ions in infinite layer environments, is provided in section 3, and the magnetic calculations are
introduced. In section 4 effects of correlations are introduced, and the peculiar band singlet that arises is
discussed and its origin analyzed. Then some analysis of this anti-Hund’s singlet and a corresponding
correlated Hartree—Fock wavefunction is given in sections 5 and 6, with the intent that it might shed light on
the peculiar observed magnetic behavior of BNOAS. A Discussion and Summary is provided in section 7.

2. Crystal structure and methods

2.1. BNOAS crystal structure

BNOAS is usefully considered as [Ba(AgSe),Ba]NiO,—an active co-layer Ni** O, plane separated by thick
Ba(AgSe),Ba blocking layers [9]. The space group is body-centered tetragonal I4/mmm (#139) [9], and the
Ni ion has 4/mmm symmetry. As displayed in figure 1(a), the (AgSe), blocking layer has the FeSe structure:
Ag in the central layer is coordinated tetrahedrally by Se atoms, which in the next layers are neighbored by a
plane of Ba** ions. Ni has no apical oxygen neighbors.

The compound is apparently metastable: it was synthesized under 7 GPa pressure at 850 °C. This is
reminiscent of the superconducting ‘infinite layer’ nickelates, which are only superconducting when grown
in strained perovskite form using layer-by-layer synthesis techniques [1], with O later removed topotactically.
In BNOAS, strain supplied by the (AgSe), layer leads to an anomalously large Ni-O separation of 2.105 A,
which Matsumoto et al [9] argued should put BNOAS beyond an S= 0 to S= 1 transition at 2.05 A. Our
earlier results also indicated a change in electronic behavior [11] around 2.05 A.

2.2. Theoretical methods

Our calculations are based at the density functional theory (DFT) level using the generalized gradient

approximation (GGA) [16] implemented in WIEN2K [17]. In WIEN2K, we used the same input parameters in

our previous studies of BNOAS [11]. The in-plane lattice constant is a = 3.96 (4.21) A for LaNiO, (BNOAS).

The latter anomalously large value is believed to be key to the unusual behavior of the Niion [9, 11].
Correlation effects were included as conventionally done using the DFT+U approach [18] asin [11],

using GGA for the semi-local exchange-correlation effects. In DFT+U, Hund’s coupling was fixed at

J=0.7 eV. For the magnetic calculations on BNOAS, the on-site Coulomb repulsion U = 7 eV was chosen

for most of the studies. We did check that results are fairly insensitive to somewhat smaller values of U. For

example, at U =5 eV, the hopping parameters differed by at most 10 meV. The energy gap (which is not the
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Figure 1. (a) Body-centered tetragonal structure of Ba,NiO,(AgSe),. (b) Tetragonal Brillouin zone doubled along the ¢-axis and
high symmetry points given in the band structure plots below.

Mott-Hubbard gap, see following sections) is small in this range of U, closing around U, ~ 5.5 eV
(specifically, U. = 5.2 eV and 5.8 eV in FpLO (Full Potential Local Orbital) [19] and WIEN2K, respectively). We
note that in WiEN2K U and ] are applied within an atomic sphere. The sphere does not include quite all of the
atomic orbital (whose tails are not well defined anyway), also the atomic function is distinct from the
Wannier function (see below) that might be argued to be a more realistic ‘local orbital’ Both of these aspects
would require, and perhaps justify, a somewhat smaller value of ‘atomic’ U to achieve the same impact of
on-site repulsion.

To construct the maximally localized Wannier functions, we used the WANNIER90 [20] and WIEN2WANNIER
[21] codes, projecting onto symmetry adapted Wannier functions. Two frozen energy windows were
investigated: —5.7 eV to 1.3 eV (—7 eV to 3.5 eV) for 27 (37) starting orbitals, given below, for nonmagnetic
(respectively magnetic, textured singlet) BNOAS. The parameters for BNOAS, included in table 1, are
obtained for Nid, O p, Se (s),p, and Ag (s, p),d orbitals (the orbitals inside parentheses are the additional
orbitals used for the singlet state).

The excellent quality of the Wannier bands for NM BNOAS are shown in figure 2; the corresponding
result for magnetic BNOAS is displayed in appendix A. For comparison, we also calculated Wannier
parameters for NM LaNiO,. For a fit with more flexibility compared with the previous results of Botana and
Norman [22] where Ni d, O p, and La only d,» orbitals were used, we used 23 starting orbitals of La d, f, Ni d,
and O p orbitals within an energy widow of —8.5 eV to 1.8 eV. The excellent representation of the bands is
shown in appendix A.

3. Electronic and magnetic structure

3.1. d8 versus d° configuration

Many of the aspects of the electronic and magnetic structures of BNOAS were presented in our earlier paper
[11], and referring to figure 4 of that paper will facilitate the reading of this section. A different perspective is
gained from identifying how the BNOAS and RNiO, electronic structures of the NiO, electronic parameters
differ in the Ni 4—O p energy range, given the same infinite layer scheme (no apical oxygen) with somewhat
differing environments. The on-site energies and hopping amplitudes obtained from Wannier function
representations are presented in table 1 for R = La. Also shown are the differences between NM and the
magnetic BNOAS parameters, to indicate the changes that result from applying U = 7 eV for correlation
effects.

3.1.1. Orbital site energies nonmagnetic case
On the broadest level, one can consider the mean position of all five d levels relative to the Fermi level Ef,
something that is not often considered because the ,, states are so strongly bound and inert. The mean 3 d
site energies are —0.82 in BNOAS, —1.41 in LaNiO,, indicating an overall ‘chemical shift’ upward of 0.6 eV
in BNOAS of the Ni site. This shift will be due largely to the difference of nearby cation, Ba’>" in BNOAS
versus La’ T in LaNiO,, with some difference arising the different formal charge states.

The eg crystal subsplitting, dcf = €2 _,» — €, is reduced drastically and changed in sign in BNOAS
(—0.07 eV) compared to 0.41 eV in LaNiO,. This LaNiO, character is common in cuprates, leading to many
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Table 1. On-site energies and hopping parameters (in units of eV), obtained from the transformation to Wannier functions using 27
(37) orbitals in the unit cell (see text), for NM (U = 0) and singlet (U =7 eV) states of BNOAS. NM LaNiO, is provided for

comparison. The O1 [%,0,0] and 02 [0,1,0] ions sit along the 4- and b-direction, respectively. Only near-neighbor hoppings are listed,

)5)

others for further neighbors are much smaller although necessary for excellent fits. Boldface and italics denote values for specific
attention. Here, Ay, ., and 6& indicate the crystal field splittings between the centers of t,; and g orbitals, between eg orbitals, and

between p, and p orbitals, respectively.

BNOAS
LaNiO, Singlet
On-site energies NM NM up dn
dxy —1.62 —1.10 —3.84 —4.36
dxz,yz —1.46 —0.79 —4.57 —4.24
de_y —1.04 —0.74 —5.27 2.62
dp —1.45 —0.67 2.43 —5.61
A 0.27 0.19
bet 0.41 —0.07
px=pos O1 —4.85 —3.27 —2.56 —2.38
py =p= O1 —3.34 —2.06 —1.97 —2.01
p: 01 —3.39 —2.09 —1.49 —1.49
Pe=px 02 —334 —2.06 ~1.97 —2.01
Py =po 02 —4.85 —327 —2.56 —2.38
p. 02 —3.39 —2.09 —1.49 —1.49
P
3 1.51 1.21
Hopping amplitudes
dy — px O1 —0.65 —0.53 —0.48 —0.47
de; —p; O1 —0.70 0.56 0.48 0.48
d_y» — po Ol 1.25 0.97 0.98 1.03
dp — ps Ol —0.46 —0.28 —0.70 —0.68
py 02 —p, O1 —0.44 —0.51 —0.08 —0.09
px 02 —p, O1 0.16 —0.22 —0.19 —0.20
py 02 —p, O1 0.16 —0.22 —0.19 —0.20
px 02 —p, O1 —0.23 —0.11 —0.13 —0.13
p. 02 —p, Ol —0.15 —0.01 0.07 0.09

E-E_(eV)

Z

Figure 2. A full valence band Wannier fit to the band structure for NM BNOAS; the two are indistinguishable. As an initial
starting point, the following 27 orbitals were used: d orbitals of Ni and Ag ions, and p orbitals of O and Se ions.

considerations as a single-band system at zeroth order. It is highly unusual that d,. should lie at or above the
d>_,> energy, although the difference in site energies in BNOAS is nearly negligible. These differences will
assume importance in later analysis, especially the effective degeneracy of the two e, orbitals. However,
bandwidths (next section) need also to be considered.

4
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pdos(states/eV-f.u.)

Figure 3. Ni d orbital-projected densities of states (DOSs) in (top) FM and (bottom) AFM at the DFT level. These states are S =1
states, i.e. magnetic Ni. Minority DOSs are plotted downward.

The charge transfer (CT) energy 4 — €, receives close attention in transition metal oxides. From the
mean Ni d and O p site energies, the CT energies are 2.45 eV for LaNiO,, 1.65 eV for BNOAS. This difference
leaves BNOAS nearer the CT insulator—Mott-Hubbard (MH) insulator crossover, in between the MH
insulator nickelates and the CT insulator cuprates. LaNiO, itself is usually considered as closer or in fact in
the MH insulator regime [23]. Of course, the RNiO, infinite layer nickelates have pockets of carriers of other
character [4, 24], thus are considered by many as self-doped Mott insulators [25-27].

3.1.2. Hopping amplitudes
The d-p hopping amplitudes are of special interest since, with the site energies, they determine band
positions and widths and are of interest in evaluating exchange couplings. Since the p bands are fully
occupied, the differences in p-p hopping are not of interest here, but are included in table 1 for reference. As
in cuprates, the in-plane hopping 4, is largest (~ 1 eV), but not necessarily dominant. Some d-p hoppings
are quite different between the two compounds. The hopping d,>_,2-p, = ta,- differs by 25%: 1.25 (LaNiO,)
versus 0.97 (BNOAS). Other d-p hoppings differ by less. These differences affect the shape and the
bandwidths of the important bands, which have e, character. One interesting feature is that magnetism
increases the d» — p, hopping amplitude by a factor of 2.5.

We note that some site energies and hopping amplitudes are sensitive to what orbitals are included in the
Wannier basis set and the energy window. This sensitivity should be taken into account when comparing
these quantities between different practitioners.

3.2. DFT band structure

The tight-binding parameters discussed in the previous section can give an incomplete picture of the
electronic structure. The NM bands of BNOAS are shown in figure 2. Whereas the two eg on-site energies are
essentially the same (d.» is slightly higher), only the d,._,>» band extends above Ef. It does so by 2 eV, due to
the usual large hopping t4,, = 1 eV. The d bandwidth arises from twice hopping d,»-p,-d,» with small
amplitude, which (with other mixtures) leaves the d,» orbital roughly doubly occupied and d,._,» roughly
doubly empty. LaNiO, is much like cuprates, with its d,>_,» orbital about half-filled (with complications due
to the La d orbital dispersion).

In the FM state, the total moment in GGA is 1.29 pp/f.u., consisting of atomic (sphere) moments of 1.04
for Ni, 0.07 for O, and 0.03 for Se (in units of up). This reduction from 2uy reflects itinerant character and
also indicates significant p — d hybridization accounting for reduction from a naive Hund’s value. The AFM
state has a nearly identical Ni local moment.

Considering spin-ordering, only S = 1 states (i.e. magnetic Ni) are obtained at the DFT level. Figure 3
shows the Ni d orbital-projected DOSs for the AFM and FM alignments. In the minority channel, the d,._,
band is unfilled and the d,» band is partially empty, with the other bands fully filled. Note that the minority
d, band is well localized around Er (narrow peak) in both FM and AFM alignments. In the majority
channel, most d bands are nearly filled, but some of the dispersive dxz_yz band crosses
above Ef.
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Figure 4. Left panel: The spin up and spin down bands of the singlet band structure at U = 7 eV. Colors and their thickness of the
fatbands indicate the degree of orbital character as denoted by the inset. Right Panels: (a) Hole spin density isosurface plot
containing the bottom of the conduction bands in the range of 0.2 eV to 1.7 eV. In addition to the characters on the NiO, layers,
Se px + py and Ag s characters are visible. (b) Spin density isosurface plot, which is the integral over the valence bands of the
difference of up and down spin densities. The oxygen participation in the CuO, unit is evident (see text). In the isosurface plots,
the isovalue is 0.015 e/A3.

4. Toward a d° state

4.1. DFT+U electronic structure

The correlated DFT+U band structures lead, as anticipated, to magnetic Ni ions, with the bands shown in
figure 4 (left panel). In this calculation all Ni atoms have the same atomic configuration—the unit cell

is not doubled. At first look, the spin-up versus spin-down differences seem minor. This state occurs

even when applying a small U such as U = U—] ~ 0.3 eV with ] =0.7 eV in the DFT+U approach

[11].

Further analysis reveals qualitative differences: there is spin polarization, but the number of occupied up
(or down) bands is the same, so the net moment vanishes (the choice of ‘up’ [majority d,>_,»] and ‘down’
was arbitrary). Yet the system has FM rather than AFM symmetry; the latter has natural symmetry dictated
vanishing net moment in a doubled cell, and identical up and down bands. Correlation has produced in
BNOAS a state with the symmetry of a FM—distinct up and down bands but no broken space group
symmetry—but vanishing moment. This result is indicative of an ‘anti-Hund’s magnetic state’. Note that
inclusion of U also has increased the moment to near the ideal Hund’s high-spin value of 2u3/Ni for
local-moment AFM or FM order.

This symmetry analysis is reminiscent of a so-called half metallic AFM (or compensated half-metal)

(28, 29] but is insulating. What has occurred is that Mott insulating behavior has emerged in both d,>_,» and
d, orbitals, but with spin-reversed occupation (or equivalently, unoccupied) orbitals. The spin-half
configurations of each orbital are coupled to a singlet. The issue of classical (band) singlet versus quantum
(correlated orbital) difference is discussed in sections 4 and 5.

Due to other active orbitals in the gap region, the band gap is not the MH gap. The gap-edge states
involve Ba d, Se s, p, and Ag s orbitals, and these bands become somewhat magnetically polarized, differently
for the up and down spin directions. Similar bands in RNiO, materials overlap Ep and figure strongly in
theoretical models [22-24, 26, 27].

The next step is to consider orbital character of bands more closely, and to notice that for the up bands,
and unlike cuprates, the unoccupied d band unexpectedly has d,. character, while the down spin hole is in
the d,>_,» orbital. This canceling of spin-half moments in different orbitals was denoted previously [11] as an
‘off-diagonal singlet’, off-diagonal in orbital giving it an anisotropic spin density with vanishing net moment,
yet having exchange coupling to neighbors through the Ni d,>_,» orbitals. Our original report [11] provided
more description of the electronic structure. This DFT+U singlet is, to our knowledge, unique in the
condensed matter physics literature, although such correlated magnetic states have long been studied by
quantum chemists [30].
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Figure 5. Virtual crystal band structures and atom-projected DOSs of AFM (X?->1),NiO, (AgSe), at the DFT level, showing an
energy gap of 0.3 eV. The Ni configuration is d°, with a minority d,2_ > hole.

4.2. Virtual crystal electron doping

To investigate a d° system like RNiO,, one Ba ion is replaced by a La ion. Using the virtual crystal
approximation, both Ba ions are replaced by a virtual ion X>->* with nuclear charge Z = 56.5, restoring the
lattice symmetry and adding one electron/f.u. which goes to the Ni ion. In this calculation, we used the lattice
parameters of BNOAS [11], but the internal parameters are optimized with WIEN2K.

At the DFT level, the AFM state is energetically favored over FM and NM states by 116 and 155 (in units
of meV/Ni), respectively. In both spin-ordered states, the Ni local moment is 0.84 up, consistent with a
strong S = 1 spin reduced somewhat by hybridization, as is common. These energy differences lead, in a
fixed moment nearest neighbor Heisenberg picture, to a superexchange /] = 116 meV. Comparing with values
for infinite-layer nickelates ] = 64 meV from spin wave theory [31] and spectroscopy [32], and the range of
values reported for cuprates ] = 125-158 meV [33], this value for La-substituted BNOAS lies in an
intermediate range. The similarities suggest that electron-doped BNOAS is a candidate for magnetically
coupled superconductivity, perhaps with higher T, than known nickelate superconductors.

The AFM band structure is shown in figure 5. Since a gap opens already for U = 0, we show the results at
the GGA level. At this virtual crystal level, doped holes go primarily into Se s, p bands along the M-A line.
This prospect is much different than discussions of cuprates and related transition metal oxides, where the
question is MH insulator versus CT insulator and where the respective holes reside. In BNOAS the blocking
layer is becoming active, receiving both electron- and hole-doped carriers. Prospects for superconductivity
are a topic for the future, but it seems clear that doped BNOAS will be distinct in behavior from doped
cuprates and most transition metal oxides, with some potential similarity to infinite-layer nickelates.

5. Spin polarization the anti-Hund’s singlet

The character of doped holes and their relationship to superconductivity in HTS cuprates have been a central
concern. The CT, versus MH, characterization of the energy gap leads to a large amount of Zhang-Rice (ZR)
singlet character [34] in doped holes and the electron removal spectrum. The ZR singlet is a coupling of
spin-half Cu spin with an oppositely directed linear combination of planar O p,, orbitals of d,>_,» symmetry.
Holes in a Mott insulator would have simple d,2_,» character, with small (negligible) O character. The d® Ni
ion in BNOAS presents a different reference state, yet singlet versus triplet character becomes a central
feature, albeit on-site rather than involving oxygen.

Including U in the electronic structure calculation to account for on-site repulsion in a mean field
picture, and thereby obtaining magnetic character, causes important changes in the electronic structure and
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the derived band parameters, as shown in table 1 under the two rightmost BNOAS columns. First, it should
be expected that all Ni d orbitals will be shifted: strongly downward if occupied, somewhat upward if
unoccupied. These differences will appear most apparently in the on-site parameters, but a secondary but
still significant effect can be seen in Wannier hopping amplitudes.

BNOAS presents in the calculated ground state not the trivial singlet of a completely unoccupied d.>_ >
orbital, but a singlet with internal character as described in the previous section: there is exchange coupling
within the NiO; layer and weaker coupling between layers, leading to the Kondo sieve model [11] for the
insulating spin system. The results that we present for BNOAS are for this singlet phase, which persists in our
calculations for U > 4 eV, using two different all-electron DFT codes WIEN2K [17] and FpLO [19] and with
various starting spin configurations. In BNOAS, for each spin direction all five majority orbitals are occupied
while one minority orbital is unoccupied. This peculiar singlet that we find to be persistent differs in which
e spin-orbital is unoccupied. Because the spin splitting between majority and minority is so large, the mean
d site energy in the magnetic state becomes less relevant.

For the Ni t,, orbitals, the in-plane dy, orbital is more strongly bound than the other two by 0.3-0.4 eV, an
effect of environment and bonding-type hybridization in-plane. The eg orbitals are of primary interest. The
mean e, on-site energies (majority, minority; see table 1) are nearly degenerate. Individually, the exchange
(up minus down) site energies are around 8 eV, equal to U = 7 eV plus some contribution from Hund’s J and
hybridization effects. The mean d sites energies are 1.0-1.3 eV lower for the singlet case, because there are
more occupied majority orbitals (moved down) than minority orbitals (moved up). Regarding oxygen, only
the p, orbitals show a significant spin dependence, with majority being 0.2 eV lower than minority.

For the hopping amplitudes of BNOAS, only one shows a significant difference due to singlet formation
relative to the NM state. This one is the d,2-p, hopping, normally considered to be insignificant in
square-planar geometry. While it is —0.28 eV in NM BNOAS, in the singlet case it becomes —0.7 ¢V for both
spins. The effect is to spread d,. character into band positions (bonding and antibonding) where it would
otherwise be negligible.

5.1. Origin of the singlet

The underlying feature of significance of the GGA band parameters for anti-Hund’s singlet formation is the
effective degeneracy of the two e, orbital energies. One could consider a unitary transformation among the e,
orbitals but reducing the symmetry without any evident usefulness does not appear attractive. The
anti-Hund’s orientation for spin-half moments costs Ji1/2 = 0.35 eV in exchange energy, for the value of
Ju =~ J = 0.70 eV we have used in our DFT+U calculations (see section 2). The value of pair spin S=0or S
=1 (i.e. the relative spin density orientation) affects the band structure and hence the kinetic energy, the
charge and spin densities, and the correlation energy, with some contribution from the purely Coulombic
(charge density) terms. The energy sources favoring the anti-Hund’s orientation are not clear. It is worth
noting that in LaNiO,, where the e; subsplitting is of the usual sign with a value of 0.7 eV, even then in the
large U regime a similar singlet character (opposite orientation of e, spins) became dominant [4]. Studies
varying the lattice constant, hence the interatomic and interionic separations, could be helpful in
understanding the mechanism of singlet formation.

6. A quantum singlet in an itinerant background

6.1. A minimally correlated wavefunction

The Kohn—Sham (KS) treatment within DFT provides an effective single-particle (mean field) picture of the
system. The ‘singlet’ discussed so far is the classical-spin version of one spin up, one spin down on each Ni
ion, with no quantum nature of the state. A generalization to a quantum singlet in an unpolarized
background (at least in the atomic limit) can be represented by a wavefunction that is a generalization of the
KS or Hartree-Fock (HF) one:

U({ri;}) = A Q(ri1,r2,1)D ({r;2})D ({151 }), (1)

where Q is the singlet wavefunction for particles 1 and 2, and j runs only over the other particle indices. D
(D') is the Slater determinant for the occupied particle states (except for singlet orbitals) with spin up
(down). A is the antisymmetrization operator which finally provides a function W that is antisymmetric
under exchange of any two particles’ coordinates. This wavefunction is heuristic, as the issue of projecting
out particle coordinates 1 and 2 out of the determinants is a remaining problem. (Also, in actual application
it would contain unscreened exchange and no correlation.)
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The determinants contribute nothing to the net spin polarization unless the orbitals are spin-dependent.
The HF states, for local orbitals ¢, ¢, involved in a singlet (eg orbitals for BNOAS), are ¢,,,(1,5) = ¢y (1)]s)
in terms of the spin or |s) (s = %1 for up and down respectively) and the argument of ¢,, is simplified to
¢m(1) for particle 1, etc and the orbitals are the same for both spins (by antisymmetry). The spin-singlet
wavefunction is

Q(1,2) = %([@(1)@(2) + 61 (2)a (1)

x =l 14 = 4] @)

S

in common notation.

6.2. Features of the wavefunction
The charge (+) and spin (-) density operators are

e (r) =D [0(r—rig) £6(r—riy)]. (3)

i

Taking the matrix elements in |Q), one obtains that n, (r) = ¢3(r) + ¢3(r) (which are the KS or HF
values) and, from spin inversion of Q giving only a change in sign, the spin density n_ (r) = m(r) is
identically zero. Thus singlet formation does not change the total density, and the spin density vanishes (at
this level of description) even for anisotropic orbitals ¢,,: the up amplitude of each orbital cancels its down
amplitude. Notice however from equation (2) that the singlet wavefunction itself is textured, i.e. anisotropic,
allowing exchange coupling between sites. If the quantum nature of the singlet is quenched (as in DFT
theory) the non-zero spin polarization is of an incomplete singlet type, similar to that seen earlier [4].

The correlated HF-singlet wavefunction of equation (2) brings new terms into the hybrid Kohn—-Sham
HF equations. The kinetic energy for a given particle includes new ‘spin exchange’ terms

V2 U = (V2Q)D + Q(V?*D) +2VQ- VD (4)

where D denotes the product of the two Slater determinants. The singlet couples the spin directions,
bringing in new ‘exchange’ energies from Q in the kinetic energy. Some alteration in the usual Coulomb
exchange potential will also arise from the singlet spin-mixing. Further analysis requires more specificity of
viewpoint, due to the substantial differences in intent and in form of the HF and the KS equations, or a
possible hybrid HF-KS treatment.

6.3. Excitations above the singlet phase

BNOAS presents interesting complications. Considering the correlated HF wavefunction posited above, the
actual existence of the singlet ground state presents questions. With the spin-coupled e, orbitals removed
from the band structure (the Slater determinants) the calculated band structure (with compensating classical
spins) becomes approximate. In addition, one of the orbitals, say ¢; (d2_,2) is coupled to neighboring ¢,
orbitals in-plane, favoring antialignment, while the ¢; and ¢, orbitals are coupled to a singlet. Neglecting
further interactions (discussed by us earlier [11]) this situation is a realization of the Kondo necklace
Hamiltonian, in the regime where Kondo coupling is dominant.

For weaker Kondo coupling the S =1 state can compete with the S = 0 singlet, with some results in this
regime having been explored by Singh [14]. The triplet nature of the ion, with orientations Ms = +1, 0, —1,
and anticipated local anisotropy due to the environment, provide a rich palette for study. Considering the
unusual susceptibility (reviewed in the section 1) a favored Mg = 0 orientation may be of special interest to
consider for BNOAS. With a small (calculated) bandgap, band excitations are available to participate in
optical conductivity and, virtually, in many-body processes that impact low energy phenomena, including
superconductivity.

7. Discussion and summary

Spin singlet physics in 2D systems has played a large role in cuprate HTS, and similarities of nickelates to
cuprates have encouraged extension of this concept to superconducting nickelates. The dominant concept
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has been that of ZR singlet [34], building on the characterization of undoped cuprates as CT insulators
rather than explicit MH insulators. The latter would involve only d orbital reoccupation by doping or low
energy excitations, while in CT insulators doped holes will lie primarily on neighboring O p orbitals. A linear
combination on four O sites will form a molecular orbital of (d,:_,>) symmetry, and a hole in this molecular
orbital will pair with the central spin-half Cu®* to form a spin singlet, the ZR singlet. While most studies
have assigned nickelates as having more Mott than CT character, the ZR singlet concept is sprinkled through
the recent nickelate literature. The infinite layer nickelates are more often considered from a Hund-Hubbard
viewpoint [35]. We find that electronic structure parameters suggest that BNOAS lies in the vicinity

of a charge transfer to Mott-Hubbard (CT-MH) crossover, making the basic ‘physics’ harder to

pinpoint.

Zhang, Yang, and Zhang (ZYZ) have proposed [25] a generalized singlet construct. Noting that even
undoped NdNiO, has a small concentration of Nd 5d carriers mixing somewhat with Ni d states, they have
proposed that ZR-like combinations of these carriers form a local molecular orbital and form a singlet. Each
occupied Nd singlet removes a spin from the Ni square lattice, and it is proposed that the few percent
provided by Nd inhibits AFM ordering of the Ni spins. These ZYZ singlets might also account for observed
low-T transport behavior. The model was built on the Mott insulator viewpoint before the CT insulator
picture of nickelates became more prevalent. Photoemission spectroscopies are now indicating charge or spin
ordering [36-38] in RNiO; (R a lanthanide atom), complicating any connection between such singlets and
inhibition of geometrical symmetry breaking.

Singlet phases arise in the 2D Shastry-Sutherland spin model in certain parameter regimes, but they have
a different character and origin than those discussed above. On a square lattice of S = % spins, a specific
regime of exchange parameters can result in the formation and ordering of singlets from spins on
neighboring sites or across the diagonal of the square [39]. Such exchange processes enrich the phase
diagram.

In this paper it has been shown by comparison in what ways electronic structure parameters
differ between d® BNOAS and d° LaNiO,. Both share the infinite-layer local environment of the Ni ion,
but the further environment (Ba?* versus La’T etc) affects several parameters. Separately, the strongly
increased in-plane a lattice constant, with related perpendicular changes, has a strong influence on the
physics.
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Appendix A. Wannier fits to the textured singlet bands

Figure 6 provides comparison of the band structures of the textured singlet state of BNOAS. The comparison
is for the correlated DFT+U bands, spin up and spin down (black lines), and the Wannier representation
that includes 37 orbitals in the primitive cell (dashed red lines that mostly overlie the black lines). The
Wannier representation is excellent through the valence bands and in the d bands in the conduction bands.
The lower conduction bands are not representative of Mott insulating, basically localized orbital, states
because they include large dispersion departing from I' toward Z. The dispersion arises from mixing with Se
and Ag s,p states in the same energy region, through Ba and Ni d. orbitals. In the spin up bands, the
conduction Mott band would be flat around 1.2 eV except for the mixing. For reference and comparison with
figure 2, the non-magnetic bands and Wannier fit for LaNiO, are provided in figure 7.

This character is important in considering doping. Upon adding electrons, they will lie in the (AgSe),
blocking layer, itinerant and without much coupling to the Ni spin. This holds for both spin directions,
although the Mott conduction band for spin down lies around 1 eV higher than for the up spin, and is not
easily discernible in the figure.
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Figure 6. Wannier fitting for the textured singlet phase of BNOAS at U = 7 eV. Dashed red lines indicate the fit to the calculated
bands (solid black lines). As the initial starting point for this fitting we used the following 37 orbitals: Ni {d}, O {p}, Se {s, p}, and
Ag {s,p, d} orbitals. For this fit the Se s and Ag s, p bands were added to include lower conduction band hybridization.
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Figure 7. Wannier fit of the bands for NM LaNiO,, providing the parameters given in table 1. For this fit, 23 starting orbitals of La
d,f, Nid, and O p were used.

Appendix B. Band structure of non-magnetic (X>>*),NiO,(AgSe),

Our discussion of electron doping in section 4.2 was based on a virtual crystal treatment of the cations in the
system Ba®" La’ T NiO,(AgSe),, leading to (X*°1), NiO,(AgSe),. Figure 8(a) displays the non-magnetic
band structure and atom-projected DOS of this system. The DOS can be compared with that of the
(preferred energy) AFM DOS in figure 5, and these bands provide a useful reference for how magnetism
affects the electronic structure giving the bands of figure 5. The gap lies at the middle of the d,._,> band,
leading to the classic d° half-filled band system in the 2D square lattice. The opening of the AFM gap leads to
the narrow d» bands lying at the bottom of the gap, which is a central difference compared to d° cuprate
systems, usually discussed in terms of the charge transfer energy difference.
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Figure 8. (a) Virtual crystal band structure and atom-projected DOSs, and (b) Fermi surface (FS) of NM (X2-*1), NiO,(AgSe)»
in the DFT level. The FS is a single cylinder centered at the M point.

The corresponding Fermi surface, shown in figure 8(b), consists of a single 2D cylinder centered at the M
point. The circular shape indicates an incipient 2D nesting instability for scattering |Q| = 2kg (kg is the Fermi
wavevector) for the half-filled band, contributing to the gap that arises for AFM ordering but not for FM
order.

ORCID iDs

Warren E Pickett ® https://orcid.org/0000-0003-4591-7691
Kwan-Woo Lee © https://orcid.org/0000-0002-7305-3280

References

[1] LiD, Lee K, Wang B Y, Osada M, Crossley S, Lee H R, Cui Y, Hikita Y and Hwang H Y 2019 Superconductivity in an infinite-layer
nickelate Nature 572 624
[2] Li D, Wang BY, Lee K, Harvey S P, Osada M, Goodge B H, Kourkoutis L F and Hwang H Y 2020 Superconducting dome in
Nd; —SrNiO; infinite layer films Phys. Rev. Lett. 125 027001
3] Zeng S et al 2020 Superconducting dome of infinite-layer Nd; —Sr,NiO, thin films Phys. Rev. Lett. 125 147003
4] Lee K-W and Pickett W E 2004 Infinite-layer nickelate LaNiO,: Ni'* is not Cu>t Phys. Rev. B 70 165109
5] Choi M-Y, Pickett W E and Lee K-W 2020 Fluctuation-frustrated flat band instabilities in NdNiO, Phys. Rev. Res. 2 033445
6] Nomura Y and Arita R 2022 Superconductivity in infinite-layer nickelates Rep. Prog. Phys. 85 052501
7] Gu Q and Wen H-H 2022 Superconductivity in nickel based 112 systems Innovation 3 100202
8] Botana A S, Lee K-W, Norman M R, Pardo V and Pickett W E 2021 Launching the nickel age of superconductivity Frontiers Phys.
9 813532
[9] Matsumoto Y et al 2019 High-pressure synthesis A,NiO,Ag,Se; (A = Sr, Ba) with a high-spin Ni?* in square-planar coordination
Angew. Chem. Int. Ed. 58 756
[10] Karppinen M, Yamauchi H, Suematsu H and Fukunaga O 1996 Synthesis of various LaCuOj;—, phases by a high-pressure
technique and subsequent post-annealing treatments Physica C 264 268
[11] Jin H-S, Pickett W E and Lee K-W 2020 Proposed ordering of textured spin singlets in a bulk infinite-layer nickelate Phys. Rev. Res.
2033197
[12] Doniach S 1977 The Kondo lattice and weak antiferromagnetism Physica B4C 91 231
[13] Tu W-L, Moon E-G, Lee K-W, Pickett W E and Lee H-Y 2022 Field-induced Bose-Einstein condensation and supersolid in the
Kondo necklace: relation to Kondo-sieve compound Ba;NiO,(AgSe), (arXiv:2107.11936)
[14] Singh R R P 2022 Magnetism of competing high-spin/low-spin states in Ba,NiO,(AgSe), and related two-orbital two-electron
systems Phys. Rev. B 105 064406
[15] Kitamine N, Ochi M and Kuroki K 2020 Designing nickelate superconductors with d® configuration exploiting mixed-anion
strategy Phys. Rev. Res. 2 042032(R)
16] Perdew J P, Burke K and Ernzerhof M 1996 Generalized gradient approximation made simple Phys. Rev. Lett. 77 3865
17] Schwarz K and Blaha P 2003 Solid state calculations using WIEN2k Comput. Mater. Sci. 28 259
18] Ylvisaker E R, Koepernik K and Pickett W E 2009 Anisotropy and magnetism in the LSDA+U method Phys. Rev. B 79 035103
19] Koepernik K and Eschrig H 1999 Full-potential nonorthogonal local-orbital minimum-basis band-structure scheme Phys. Rev. B
591743

[
[
[
[
[
[

12


https://orcid.org/0000-0003-4591-7691
https://orcid.org/0000-0003-4591-7691
https://orcid.org/0000-0002-7305-3280
https://orcid.org/0000-0002-7305-3280
https://doi.org/10.1038/s41586-019-1496-5
https://doi.org/10.1038/s41586-019-1496-5
https://doi.org/10.1103/PhysRevLett.125.027001
https://doi.org/10.1103/PhysRevLett.125.027001
https://doi.org/10.1103/PhysRevLett.125.147003
https://doi.org/10.1103/PhysRevLett.125.147003
https://doi.org/10.1103/PhysRevB.70.165109
https://doi.org/10.1103/PhysRevB.70.165109
https://doi.org/10.1103/PhysRevResearch.2.033445
https://doi.org/10.1103/PhysRevResearch.2.033445
https://doi.org/10.1088/1361-6633/ac5a602
https://doi.org/10.1088/1361-6633/ac5a602
https://doi.org/10.1016/j.xinn.2021.100202
https://doi.org/10.1016/j.xinn.2021.100202
https://doi.org/10.3389/fphy.2021.813532
https://doi.org/10.3389/fphy.2021.813532
https://doi.org/10.1002/anie.201810161
https://doi.org/10.1002/anie.201810161
https://doi.org/10.1016/0921-4534(96)00251-1
https://doi.org/10.1016/0921-4534(96)00251-1
https://doi.org/10.1103/PhysRevResearch.2.033197
https://doi.org/10.1103/PhysRevResearch.2.033197
https://doi.org/10.1016/0378-4363(77)90190-5
https://doi.org/10.1016/0378-4363(77)90190-5
https://arxiv.org/abs/2107.11936
https://doi.org/10.1103/PhysRevB.105.064406
https://doi.org/10.1103/PhysRevB.105.064406
https://doi.org/10.1103/PhysRevResearch.2.042032
https://doi.org/10.1103/PhysRevResearch.2.042032
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1016/S0927-0256(03)00112-5
https://doi.org/10.1016/S0927-0256(03)00112-5
https://doi.org/10.1103/PhysRevB.79.035103
https://doi.org/10.1103/PhysRevB.79.035103
https://doi.org/10.1103/PhysRevB.59.1743
https://doi.org/10.1103/PhysRevB.59.1743

10P Publishing

J. Phys. Mater. 5 (2022) 024008 H-S Jin et al

[20] Mostofi A A, Yates ] R, Lee Y-S, Souza I, Vanderbilt D and Marzari N 2008 Wannier90: a tool for obtaining maximally-localised
Wannier functions Comput. Phys. Commun. 178 685

[21] Kune$ J, Arita R, Wissgott P, Toschi A, Tkeda H and Held K 2010 Wien2wannier: from linearized augmented plane waves to
maximally localized Wannier functions Comput. Phys. Commun. 181 1888

[22] Botana A S and Norman M R 2020 Similarities and differences between LaNiO, and CaCuO, and implications for
superconductivity Phy. Rev. X 10 011024

[23] Jiang M, Berciu M and Sawatzky G A 2020 Critical nature of the Ni spin state in doped NdNiO; Phys. Rev. Lett. 124 207004

[24] Choi M-Y, Lee K-W and Pickett W E 2020 Role of 4f states in infinite-layer NdNiO, Phys. Rev. B 101 020503(R)

[25] Zhang G M, Yang Y-F and Zhang F-C 2020 Self-doped Mott insulator for parent compounds of nickelate superconductors Phys.
Rev. B101 020501

[26] Lechermann F 2020 Late transition metal oxides with infinite-layer structure: Nickelates versus cuprates Phys. Rev. B 101 081110(R)

[27] Karp J, Botana A S, Norman M R, Park H, Zingl M and Millis A 2020 Many-body electronic structure of NdNiO, and CaCuO,
Phys. Rev. X 10 021061

[28] Pickett W E and Moodera J S 2001 Half metallic magnets Phys. Today 54 39

[29] Lee K-W and Pickett W E 2008 Half semimetallic antiferromagnetism in Sr,Cr7 Os system (7 =Os, Ru) Phys. Rev. B 77 115101

[30] Hettema H 2000 Quantum Chemistry: Classic Scientific Papers (River Edge, NJ: World Scientific) provides a collection of seminal
papers in quantum chemistry and physics

[31] Leonov I, Skornyakov S L and Savrasov S Y 2020 Lifshitz transition and frustration of magnetic moments in infinite-layer NdNiO,
upon hole doping Phys. Rev. B 101 241108(R)

[32] Lu H et al 2021 Magnetic excitations in infinite-layer nickelates Science 373 213

[33] Peng Y'Y et al 2017 Influence of apical oxygen on the extent of in-plane exchange interaction in cuprate superconductors Nat. Phys.
131201

34] Zhang F C and Rice T M 1988 Effective Hamiltonian for the superconducting Cu oxides Phys. Rev. B 37 3759(R)

35] ChangJ, Zhao J and Ding Y 2020 Hund-Heisenberg model in superconducting infinite-layer nickelates Eur. Phys. J. B 93 220

36] Tam C C et al 2021 Charge density waves in infinite-layer NdNiO, nickelates (arXiv:2112.04440)

37] Krieger G et al 2021 Charge and spin order dichotomy in NdNiO, driven by SrTiO3 capping layer (arXiv:2112.03341)

38] Rossi M et al 2021 A broken translational symmetry state in an infinite layer nickelate (arXiv:2112.02484)

39] Haravifard S et al 2014 Emergence of long-range order in sheets of magnetic dimers Proc. Natl Acad. Sci. USA 111 14372

13


https://doi.org/10.1016/j.cpc.2007.11.016
https://doi.org/10.1016/j.cpc.2007.11.016
https://doi.org/10.1016/j.cpc.2010.08.005
https://doi.org/10.1016/j.cpc.2010.08.005
https://doi.org/10.1103/PhysRevX.10.011024
https://doi.org/10.1103/PhysRevX.10.011024
https://doi.org/10.1103/PhysRevLett.124.207004
https://doi.org/10.1103/PhysRevLett.124.207004
https://doi.org/10.1103/PhysRevB.101.020503
https://doi.org/10.1103/PhysRevB.101.020503
https://doi.org/10.1103/PhysRevB.101.020501
https://doi.org/10.1103/PhysRevB.101.020501
https://doi.org/10.1103/PhysRevB.101.081110
https://doi.org/10.1103/PhysRevB.101.081110
https://doi.org/10.1103/PhysRevX.10.021061
https://doi.org/10.1103/PhysRevX.10.021061
https://doi.org/10.1063/1.1381101
https://doi.org/10.1063/1.1381101
https://doi.org/10.1103/PhysRevB.77.115101
https://doi.org/10.1103/PhysRevB.77.115101
https://doi.org/10.1103/PhysRevB.101.241108
https://doi.org/10.1103/PhysRevB.101.241108
https://doi.org/10.1126/science.abd7726
https://doi.org/10.1126/science.abd7726
https://doi.org/10.1038/nphys4248
https://doi.org/10.1038/nphys4248
https://doi.org/10.1103/PhysRevB.37.3759
https://doi.org/10.1103/PhysRevB.37.3759
https://doi.org/10.1140/epjb/e2020-10343-7
https://doi.org/10.1140/epjb/e2020-10343-7
https://arxiv.org/abs/2112.04440
https://arxiv.org/abs/2112.03341
https://arxiv.org/abs/2112.02484
https://doi.org/10.1073/pnas.1413318111
https://doi.org/10.1073/pnas.1413318111

	A d8 anti-Hund's singlet insulator in an infinite-layer nickelate
	1. Introduction
	2. Crystal structure and methods
	2.1. BNOAS crystal structure
	2.2. Theoretical methods

	3. Electronic and magnetic structure
	3.1. d8 versus d9 configuration
	3.1.1. Orbital site energies nonmagnetic case
	3.1.2. Hopping amplitudes

	3.2. DFT band structure

	4. Toward a d9 state
	4.1. DFT+U electronic structure
	4.2. Virtual crystal electron doping

	5. Spin polarization the anti-Hund's singlet
	5.1. Origin of the singlet

	6. A quantum singlet in an itinerant background
	6.1. A minimally correlated wavefunction
	6.2. Features of the wavefunction
	6.3. Excitations above the singlet phase

	7. Discussion and summary
	Acknowledgments
	Appendix A. Wannier fits to the textured singlet bands
	Appendix B. Band structure of non-magnetic (X2.5+)2NiO2(AgSe)2
	References


