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The recent discovery of superconductivity in oxygen-reduced monovalent nickelates has raised a new
platform for the study of unconventional superconductivity, with similarities to and differences from the
cuprate high-temperature superconductors. In this paper, we investigate the family of infinite-layer
nickelates RNiO, with rare-earth R spanning across the lanthanide series, introducing a new and nontrivial
“knob” with which to tune nickelate superconductivity. When traversing from La to Lu, the out-of-plane
lattice constant decreases dramatically with an accompanying increase of Ni d,2_» bandwidth; however,

surprisingly, the role of oxygen charge transfer diminishes. In contrast, the magnetic exchange grows across
the lanthanides, which may be favorable to superconductivity. Moreover, compensation effects from the
itinerant 5d electrons present a closer analogy to Kondo lattices, indicating a stronger interplay between
charge transfer, bandwidth renormalization, compensation, and magnetic exchange. We also obtain the
microscopic Hamiltonian using the Wannier downfolding technique, which will provide the starting point

for further many-body theoretical studies.
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I. INTRODUCTION

In 1986, the discovery of high-temperature supercon-
ductivity in the copper oxide (cuprate) La,_, Sr,CuQO,
(LSCO) by Bednorz and Miiller ushered in a new era in
condensed matter research [1]. Soon after, a number of
“families” of cuprates were discovered with electronic and
structural similarities. While no consensus yet exists on the
mechanism of superconductivity in these compounds, a
number of characteristics seem to be common across
the different families. Structurally, they consist of quasi-
two-dimensional CuO, planes separated by charge-
reservoir spacer layers, which may contain a number of
different atoms, including both rare earth and/or oxygen.
Electronically, the low-energy degrees of freedom primarily
reside in the CuO, planes, where formal valence counting
would yield Cu?* in a 3¢’ electronic configuration; and
crystal-ligand-field effects would place the orbitals with
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d_» symmetry near the Fermi energy. Characterized as
charge-transfer insulators within the Zaanen-Sawatzky-
Allen (ZSA) scheme [2], the undoped parent compounds
are antiferromagnetic insulators due to strong correlations;
and upon doping, one or more bands emerge and cross the
Fermi level, depending on the material specifics. Aside
from superconductivity, hole doping in the cuprates pro-
duces a rich, complex phase diagram with a number of
distinct, and potentially intertwined, phases [3].

Research into unconventional superconductivity—
superconductivity that does not seem to fall within the
BCS paradigm [4], as in the cuprates—has evolved over
time, and the list of materials now includes heavy-fermion
intermetallics, organic superconductors, ruthenates, and
iron pnictides and chalcogenides. Although the cuprates
share some characteristics with these compounds, espe-
cially the proximity of the superconducting state to anti-
ferromagnetism [5], the lack of a material analog with both
crystal and, more importantly, electronic structure similar-
ities makes it more difficult to draw any general conclu-
sions about a universal mechanism for unconventional
superconductivity, if one exists at all.

Nickel oxide compounds, or nickelates, may provide
such a platform, but they require some unconventional
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chemistry. In variants such as cubic NiO or single-layer
La,NiO,, which is isostructural to the parent compound of
the cuprate LSCO, the Ni-cation has a formal valence of
Ni?* in a nominal 3d® electronic configuration with spin
S = 1. These nickelates can be doped as the cuprates, for
instance, with Sr or O, but they remain insulating. Guided
by theoretical predictions [6,7], this led to the original
discovery of the electronic stripes, which turned out to be of
the “filled” insulating type [8]. This finding, in turn,
inspired the discovery of similar “spin stripes” in the
LSCO family [9], with intriguing relations to charge order
in other cuprate families [10]. A key difference was
identified early on [7] in the form of much stronger
electron-phonon interaction associated with the holes in
the nickelates as compared to the cuprates, rooted in the
strongly Ni-O hybridized lower Hubbard band [11], leading
to much stronger static lattice deformations stabilizing the
filled stripes [7,8]. Substantial literature emerged dedicated
to the physics of these nickelate stripes (see, e.g., the very
recent study [12]). Recent reports even suggest that a three-
layer variant possesses similar stripe-ordered ground
states [12].

Altering the chemical composition, LaNiO; is a rare-
earth perovskite where the Ni-cation would have a formal
valence of Ni** in a 3d” electronic configuration. However,
this electronic configuration would be energetically unfav-
orable, such that this compound is instead a negative
charge-transfer material with a nominal electronic configu-
ration of 3d8L, where L stands for a ligand hole on oxygen
[13]. Unfortunately, such materials also show no signs of
superconductivity.

Using a chemical reduction process [14,15], the apical
oxygens can be removed from the rare-earth perovskite
nickelates, yielding rare-earth infinite-layer nickelates
RNiO,, where R can be any of a number of rare-earth
atoms. These materials are isostructural to the infinite-layer
cuprates with quasi-two-dimensional NiO, planes sepa-
rated by single layers of rare-earth atoms (see Fig. I).
Formal valence counting yields Ni'*-cations with a 3d°
electronic configuration similar to the Cu®>*-cations in the
cuprates. The formal similarities with the cuprates do not
stop there, as the recent discovery of superconductivity in
(Nd, Sr)NiO,, with a T as high as 15 K [16], potentially
makes these infinite-layer nickelates a new platform for
studying unconventional superconductivity.

Previous theoretical work, based on density-functional
theory (DFT) [17,18], and recent experiments [19] have
highlighted similarities between the RNiO, compounds,
primarily with R = La or Nd, and infinite-layer cuprates, as
well as significant differences in their electronic structure.
A host of new theoretical proposals [20-31], also primarily
based on DFT, likewise find both similarities to and
differences from the cuprates. While there is no overall
consensus on the physics at this stage, there is more or less
general agreement on a few observations about the
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FIG. 1. Lattice constant and crystal structure of RNiO,. The

figure shows the DFT(GGA) relaxed RNiO, lattice constants.
Inset: crystal structure for infinite-layer nickelate RNiO,. One-Ni
unit cell (black) for the paramagnetic calculation and two-Ni unit
cells (gray) for (z,7,7) the antiferromagnetic calculation are
shown, respectively.

electronic structure in RNiO,: In the absence of strong
interactions, the low-energy physics in the NiO, layers is
that of a single, holelike band crossing the Fermi energy; in
the presence of strong interactions, the NiO, layers become
“Mott” insulating, although such a state still involves a
significant amount of oxygen character [20]; and unlike the
cuprates, rather than sitting well above the Fermi energy,
the rare-earth band forms small, but significant, metallic
pocket(s) [18,19]. Of course, this leaves much to explore. In
particular, lacking any experimental signatures of magnetic
order in the parent compounds [14,32], what is the nature of
magnetism, if any, in RNiO,, and how might it evolve with
changes in chemical composition and doping? What role
does the metallic rare-earth band play, given its small size,
and what about quasiparticle compensation and extinction?
Ultimately, can one infer something universal about uncon-
ventional superconductivity from the rare-earth nickelates?
Answering these questions, and many others, will require a
great deal more experimental and theoretical work.

To at least begin probing for clues to the underlying
physics in the rare-earth nickelates, and lifting the veil on
general principles of unconventional superconductivity,
here, we present a systematic investigation into the parent
compound RNiO,, where R runs across the entire lantha-
nide series. Based on our electronic structure calculations,
we show that two bands near E contribute to the physics
of these materials. One quasi-two-dimensional band, com-
prised of Ni 3d,._,» and in-plane O 2p, and 2p, orbitals,
has a Zhang-Rice-singlet-like character but with a smaller
oxygen contribution than in the cuprates, which decreases
when going from La to Lu. The bandwidth of this band
increases, as does the in-plane magnetic exchange,
also going from La to Lu. The other band, comprised of
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rare-earth 5d orbitals, crosses £y and forms a small, but
significant metallic electron pocket. This 5d band has a
fully three-dimensional dispersion, corresponding to an
itinerant electron picture with three-dimensional, long-
range hoppings. These two bands hybridize, possibly
forming a new type of Kondo- or Anderson-lattice system,
where the strongly correlated NiO, layer plays the role of
the 4f electrons in the heavy-fermion, rare-earth interme-
tallics. The electron density in the itinerant band is quite
low, so it is unclear what effect it may have on the strongly
correlated Ni 3d,._» band, which is more reminiscent
of the low-energy electronic structure in the cuprates.
Finally, we present a microscopic Hamiltonian and effec-
tive parameters for representative compounds, which can
serve as a starting point for more complex many-body
calculations for specific materials and the infinite-layer
rare-earth nickelate family, in general.

II. CRYSTAL STRUCTURE

The parent compounds of the infinite-layer rare-earth
nickelates RNiO, have four atoms in a primitive unit cell
with space group Pmmm: Ni at (0,0,0), O at (% ,0,0) and
(0,3.0), and R at (3,4.1)—all in units of the lattice
constants a, b, and c, respectively, with a = b, as shown
schematically in the inset of Fig. 1. One expects that the
size of the rare-earth atom decreases with increasing atomic
mass Z. We optimize the lattice constants for compounds
across the lanthanide series using DFT as implemented in
Quantum ESPRESSO [33], with PAW pseudopotentials. As
we will discuss in more detail, we choose to place the 4 f
electrons in the core. As shown in Fig. 1, this optimization
yields a systematic reduction of the out-of-plane lattice
constant ¢ by about 10% across the lanthanide series, as
well as a reduction of the in-plane lattice constant a by
about 5%, assuming bulk material. Thin films grown on an
SrTiO; substrate (experimental in-plane lattice constant of
about 3.91 A and GGA calculated in-plane lattice constant
of about 1% larger [34]) for most of the lanthanide series
would experience an in-plane tensile strain, which would
tend to further reduce the out-of-plane lattice constant
across the series.

Given the stacking, one expects that the out-of-plane
lattice constant should reflect the decreasing radius of the
trivalent rare-earth ions going to the right in the series, which
actually matches the approximately 10% contraction of
the lattice constants of the elemental rare-earth metals quite
well [35]. However, this is in striking contrast with the
RBa,Cu;0,_; system, where the changes in lattice constants
are on the 1% level—accordingly, it was established early on
that rare-earth substitution makes very little difference for the
physical properties (including 7'.’s) in this cuprate family
[36]. One may suspect that this considerable change of
volume going through the series may have a more substan-
tial relationship with the overall electronic structure in

comparison to the 123 cuprates. This relationship is indeed
the case according to our computations.

III. ELECTRONIC STRUCTURE

A. General electronic structure features from
DFT + U calculations

The electronic structure of RNiO, has been the subject of
study for some time [17,18]. Generally, it has been
recognized that the electronic structure near the Fermi
energy consists of several features, including Ni 3d, O 2p,
and R 5d [18,19]. To investigate the evolution of these
features with changes in the rare-earth element and to
properly account for correlation effects in the quasi-two-
dimensional NiO, plane, we perform density-functional
mean-field calculations, including a Ni 3d on-site Hubbard
U, using the LDA + U technique [37], which can provide
information on general trends in the electronic structure
across the lanthanide series.

Figure 2(a) illustrates the electronic structure of NdNiO,
along high-symmetry lines within the body-centered
tetragonal (BCT) first Brillouin zone (BZ) for U = 0, 3,
and 6 eV, respectively. The orbital character of the bands is
superimposed on the electronic structure. Similar sequen-
ces for the other infinite-layer rare-earth nickelates, but
without orbital character, appear in the Appendix A, Fig. 6.
Although no explicit folding occurs for U = 0 eV, we plot
the band structure in the two-Ni unit cell for ease of
comparison. Starting with U = 0 eV, one observes four
bands crossing the Fermi level: (1) two three-dimensional
“Nd bands,” forming pockets near the I' point; and (2)
two quasi-two-dimensional “Ni bands.” The two three-
dimensional pockets with predominantly Nd character form
from the original pockets at the I" point and A point in the
unfolded tetragonal BZ. Note that only the Nd bands cross
the Fermi energy along the I'-Z cut of Fig. 2(a). The two Ni
bands have mixed Ni and O character. We will return to this
point later. Note that there is a significant difference in the
van Hove energy at the X point between the original and
folded bands (about a few hundred meV), highlighting the
quasi-two-dimensional nature of these bands.

While the precise value for the Hubbard U is not
established, one can make reasonable guesses. The value
would likely be larger than that of Ni metal (~2 eV) because
of better screening of the interaction in the metal compared
to RNiO, compounds. Likewise, it would be smaller than the
value in NiO (~8 eV), a prototypical charge-transfer insu-
lator in the ZSA scheme [2]. Figure 2(a) shows the band
structure for NdNiO, while systematically increasing the
Hubbard U. First, the strong Coulomb repulsion forces
the Ni bands to form characteristic upper and lower
“Hubbard bands” separated by approximately U. As with
the O character, we return to the ZS A classification later and
simply refer to these as upper and lower Hubbard bands.
These bands progressively renormalize and flatten with
increasing Hubbard U. At the same time, the Nd pockets
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FIG. 2. Electronic structure of NdNiO,. (a) GGA and GGA + U (U =3 and 6 eV) calculations of the band structure and the
corresponding atomic orbital character of NdNiO,. The “lower Hubbard band” and “upper Hubbard band” splitting in DFT 4+ U
scenarios are apparent; specifically, for U = 6 €V, they are located at about —0.5-0 eV and 3.5-5 €V relative to Ey, respectively.
(b) Visualization of Fermi surface geometry in the first BCT BZ for NdNiO, in the GGA + U (6 eV) calculation. (c) Partial density of
states of NdNiO, in GGA + U (6 eV) calculation—included are contributions from spin-polarized Ni 3d states on one Ni atom to
elucidate the symmetry in the two-Ni cell. In summary, the orbital character of the bands at the Fermi surface is dominated by Nd 54,
forming the electron pocket at the zone center. It is notable that this electron pocket becomes somewhat smaller but does not disappear

with a larger value of U. In contrast, the nickel 3d bands just below the Fermi energy hardly change with different U.

become progressively smaller, and one disappears entirely
for U = 6 eV, with the band bottom just above the Fermi
level at the I" point. The Fermi surface for U = 6 eV consists
of a single, electron pocket centered at the I'" point with
predominantly Nd character, as shown in Fig. 2(b).
Figure 2(c) shows the orbitally resolved partial density of
states with U = 6 eV. First, note the small (albeit signifi-
cant) Nd density of states at the Fermi energy, correspond-
ing to the small Nd pocket in Fig. 2(d). Concentrating on Ni
and O, the O 2p bands lie much further away from the
Fermi energy than in other nickelates [19,38] or, more
importantly, than in the cuprates [39], marking a system
with significantly decreased oxidation level. This case is
further confirmed by the mixing between Ni and O in the
lower Hubbard band, which is much smaller compared to
prototypical charge-transfer insulators like the cuprates.
Specifically, the O content in the lower Hubbard band is
much smaller in RNiO, (between 40% and 48%) than in
CaCuO, (~75%) according to our DFT + U calculations,
as shown in Fig. 3(a) and Fig. 7 in Appendix B. These
observations place NdNiO, (and, more generally, RNiO,)
well inside the Mott-Hubbard regime of the ZSA classi-
fication. As highlighted recently [20], as in the cuprates,

one may view the doped holes as Zhang-Rice singletlike
states, which are, however, now better defined because of
their smaller O-like character. The results presented here
are very much in line with such a picture, showing reduced
O character in the lower Hubbard band, as well as recent Ni
L-edge x-ray absorption (XAS) measurements, which
confirm the 3d°-like state of Ni, and O K-edge XAS,
which highlights significant differences between the O
character in infinite-layer nickelates when compared to
other charge-transfer compounds, and the cuprates [19].

B. Trends across lanthanide series: Bandwidth,
oxygen content, and R pocket

A systematic survey across the lanthanides of the band
structure with U = 0, 3 and 6 eV and the density of states
for the U = 6 eV case is presented in the Appendix A,
Fig. 6. While variations exist with changes in the rare-earth
element, Fig. 3 highlights some of the most important
trends. For U = 0 eV (“noninteracting” Ni bands), one can
extract the effective bandwidth for the quasi-two-dimen-
sional Ni bands, which includes not only the in-plane
dispersion but also the contributions from any out-of-plane
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FIG. 3. Electronic structure of RNiO,. (a) Left axis: oxygen 2p content in percentage of the total for the lower Hubbard model in the

antiferromagnetic GGA + U (U = 6 eV) calculation for RNiO, and CaCuO,. Right axis: effective Ni d,>_,» nearest-neighboring
hopping as estimated by % x bandwidth of the Ni d,»

»_y» band in the paramagnetic GGA calculation. The effective Cu d,>_,» nearest-
neighboring hopping as estimated by é x bandwidth of the Cu d,2_,» band in the paramagnetic GGA calculation is shown by the dashed
line. (b) Rare-earth pocket size in percentage of the first BZ volume. A large pocket (LP) is present for all elements in the lanthanide
series for both U = 3 eV and 6 eV. A small pocket (SP) appears at Pm and the elements to the right for U = 3 eV. SP appears at Tm and

the elements to the right for U = 6 eV. (c) Rare-earth electron pocket effective mass in all principal-axes directions. See Sec. VII for

more information about how data processing was conducted.

hybridization. The trend appears in Fig. 3(a) (left axis).
While the bandwidth is about 3 eV for all compounds, it
monotonically increases by about 10% across the lantha-
nides. This result should come as no surprise considering
the trend in lattice constants shown in Fig. 1: A reduction in
both the in-plane and out-of-plane lattice constants should
lead to increased orbital overlap and, by extension,
hybridization and bandwidth.

Let us now turn to the big discovery revealed by this
band structure study. Given that the lattice is contracting
while the bandwidth is increasing going toward the end of
the series, one would expect that the degree of covalency
associated with the holes in the Ni-O planes should also
increase. However, this is not the case at all. The degree of
oxygen admixture is easy to quantify from the band
structure by inspecting the orbital content of the lower
Hubbard band, and the result is shown in Fig. 3(a). This
oxygen character is very large to the left of the series, as
high as about 48% in La. But we observe that it decreases
by as much as about 40% running across the lanthanide
series. One expects such differences when one goes down
in the periodic system, substituting, e.g., O for S, but not
with the substitution by different rare earth, famous for their
chemical similarity. Figure 6 in the Appendix A may
provide a clue regarding this apparent paradox.
Observing the distribution of the O weight on a large

energy scale, one can discern a trend: Running across the
lanthanide series, the centroid of O weight monotonically
moves to higher binding energy, by perhaps 1 eV from La
to Lu. Such a change would lead to an increase in the
charge-transfer energy and would offset any increases in
hybridization relating to the mixing between Ni and O.
Given the unusual chemistry of these monovalent nickel-
ates, the chemically “inert” lanthanides appear to exert a
spectacular influence on the nature of the oxidation in the
Ni-O perovskite planes.

Another discovery associated with the lanthanide sub-
stitution revolves around the evolution of the R 5d electron
pockets. We already highlighted that, for La, these pockets
are sensitive to U. For U =0 eV, GGA indicates the
presence of “large” volume (LP) and “small” volume
(SP) pockets. However, for U = 6 eV, the small pocket
has disappeared, and only the LP remains, as indicated in
Fig. 2(b). In Figs. 3(b) and 3(c), we characterize what
happens with these pockets going through the series for
U = 3 and 6 eV. Focusing on the volume enclosed by the
LP (orange and blue), we see from Fig. 3(b) that its volume
is decreasing for increasing U, but the dependence of this
volume on R is weak. It is surprising that upon moving
through the series, there is a critical point where the small
pocket reemerges, which happens for U =3 eV at Pm
while for U = 6 eV one has to go all the way to the end of
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the series. Finally, we analyze the effective mass of these
pockets at kp along the high-symmetry directions in
the BCTBZ[Fig.3(c)]. Wefind thatin the in-plane directions,
not much happens upon changing R. All of the action is in the
¢ direction: The mass associated with the LP shows a
significant increase in the series, while the SP shows a quite
strong decrease upon going towards the end of the series.

Notably, these changes to the electronic structure cannot
be explained by volume change alone. When the rare-earth
R is kept constant and the lattice parameters are changed by
an amount comparable to those shown in Fig. 1, the second
electron pocket never appears, small hole pockets start to
appear along I' — X and Y — X, and the effective hopping ¢
is significantly lower.

IV. MICROSCOPIC HAMILTONIAN

Based on the electronic structure discussed above, we
propose a model for RNiO,, involving two-orbitals with an
on-site Hubbard U associated with the planar NiO, band
(Ni band):

H= 2(85”5,04‘51{ nit) + Uan nyy
k.o

+ Z(Vk,iclt,ndi,a + H.c.), (1)

k,i,o

where the first term describes the noninteracting R and
Ni bands, the second term represents the on-site Hubbard
interaction in the Ni band, and the last term describes the
hybridization between the Ni and R bands. Here, &f
represents the momentum-resolved “noninteracting” band
structure, nf is the usual number operator, and the
hybridization term has been written to resemble the typical
form for the Kondo- or Anderson-lattice model with a
hybridization between the dispersive R 5d band, with
Ck (c;;) operators, and the Hubbard-like Ni 3d band, with
d; (le) operators.

We derive parameters for the microscopic Hamiltonian
by performing Wannier downfolding on the band structure
in the one-Ni unit cell with U = 0 eV. Figure 4(a) shows
the band structure and the atomic orbital content of NdNiO,
from DFT calculations. The Ni d,2_,>» band highlighted in
blue crosses E. The other band crossing E has mostly Nd
ds,>_,> character, with some Nd d,, component close to the
A point. Wannier downfolding for the two bands was then
performed to obtain the microscopic Hamiltonian on the
two maximally localized Wannier orbitals as implemented
in Wannier90 [40], using atomic Nid,2_,» and Nd d5 2_,2 as
the initial configuration. The Ni d3._,.» band was not
included because its on-site energy is much lower than Ni
dxz_yz [19], and although Ni d5>_,> weight appears near E,
this comes primarily from the strong hybridization between
Nid_ and R d >. This weight will be incorporated naturally
in the Wannier orbital centered on R d_» when downfolded
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FIG. 4. Wannier downfolding of NdNiO,. (a) GGA calculation
of NdNiO, band structure, and Nd d > (green), Nd d,, (yellow),
and Nid,2_» (blue) atomic orbital content. (b) Dispersion of two-
orbital model based on the Wannier downfolding on the Wannier
orbitals shown in panels (c). (¢) Nd d» -like and Ni d,>_,. -like
Wannier orbitals.

to a two-orbital model. Further symmetrization to reserve
the Dy, symmetry for the Nd d5._. Wannier orbital
and the corresponding Hamiltonian parameters are per-
formed. The converged Wannier downfolding yields the
dispersion shown in Fig. 4(b), with green highlighting
the Nd character and blue highlighting the Ni character. The
two bands mix significantly along I' — X. The correspond-
ing Wannier orbitals are shown in Fig. 4(c), where, by
construction, the Nd Wannier orbital has d3_,» symmetry
centered on Nd and extends out of plane, with a rounded
square shape in plane, while the Ni Wannier orbital has
d,_» symmetry centered on Ni and extends onto the
neighboring oxygen with 2p symmetry. We have per-
formed the Wannier downfolding approach on other
RNiO, materials for R = La, Pr, Eu, and Dy, selectively.
The parameters for these RNiO, are shown in Table 1. The
table lists values above a minimum threshold of 10 meV,
such that the noninteracting R- and Ni-band dispersions
take the form:
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el = el + Zt[oo i cos(k;) + 2t[002]

+ [26f 1,00 +4t101 cos(k +4[102]

4t 110+8tlllcos :

2)
)
)
)

cos(2k,) + 218

+ 8t1 12 €08(2k,) + 81[

0,03 €os(3k.)

cos(2k_)|[cos(k,) + cos(k,)]

113] cos(3k_)| cos(k,) cos(k,)

+ [41 (k
+ 245 2.0.0] +4t201 cos(k,)][cos(2k,) + cos(2k,)]
+ (415 g + 815 1y cos(k)][cos(2k,) cos(ky) + cos(k,) cos(2k, )], 2)
Nl = i 4 2;1[‘1110 glcos(ky) + cos(ky)] + 4t[l 1.0 Cos(ky) cos(ky) + 24‘20,0] [cos(2k,) + cos(2k,)]
[Ztl[f)lo gt 4t1[\1I 0.1 [cos(k,) + cos(k,)] + 8t[1 n cos(k,) cos(k,)] cos(k,). 3)

Recently, different model Hamiltonians have been
proposed for the low-energy physics of infinite-layer
nickelates [20-23], although our model Hamiltonian is

TABLE I. Hopping parameters for two-orbital Wannier down-
folding of RNiO, (R = La, Pr, Nd, Eu, and Dy). The hopping
terms within Ni or R bands represent the matrix elements as
shown in Eqgs. (2) and (3). The cross terms represent the matrix

R-Ni.fR ~ Ni ;
elements for >, . ik 1 5] Cigojosko Cip +isjot kg +k T Symmetri-

cally equivalent terms + H.c. The fractional coordinates are R =
[0.5,0.5,0.5] and Ni = [0, 0, 0] in the paramagnetic unit cell.

Hopping parameters for Wannier downfolding

La Pr Nd Eu Dy
i j k Uk eV)
0 0 0 1132 1280 1305 1360 1413
0 0 1 -0022 -0.132 -0.164 -0214 —-0.240
0 0 2 -0.112 -0.153 —0.172 —-0.185 —0.223
0 0 3 0019
1 0 0 -0028 -0.025 -0.028 -0.033 -0.016
1 0 1 -0164 -0214 -0206 —0.209 —0.220
1 0 2 0033 0035 0.030 0036 0.043
1 I 0 -0062 -0.079 -0.090 -0.061 —0.082
1 I 1 0024 0060 0.066 0.052 0.068
1 1 2 0013 0019 0021 0017 0011
1 1 3 -0.019
2 0 0 0.016  0.027 0.023  0.029
2 0 1 0009 —-0007 -0.012 —0.009 -0.010
2 1 0 —0.014 -0.021 -0.020 —0.023
2 I 1 0.009
i j ok ﬂj‘J y (V)
0 0 0 0267 0312 0308 0314 0.319
1 0 0 -0355 -0376 -0.374 -0.370 -0.385
1 I 0 009 0079 0.09% 0072 0.095
2 0 0 —0.043 —0.033 —0.043 —0.036 —0.041
0 0 1 -0043 -0.038 -0.033 —0.044 —0.061
1 I 1 0013 0021 0.026
1 0 1 —0.020
i j ok t’j]ﬁ' (eV)
2 0 0 -0026 0021 0020 0.017 0.016
2 0 2 0013

I

functionally unique. Including Ni d_» and R d: is
universal as they capture the main features of the bands
across Er, according to both paramagnetic DFT calcula-
tions in single-Ni unit cells and antiferromagnetic
DFT(+U) calculations in two-Ni unit cells. Some theories
take a multiorbital model (more than two orbitals), includ-
ing even Ni d > or R d,,, into consideration. We note that
our two-orbital downfolded model can capture the con-
tributions from R d,, and Ni d as well. Our R d.-like
Wannier orbital has a non-negligible contribution on the Ni
d 2 character, as shown in Fig. 4(c), naturally capturing this
Ni d > contribution. Moreover, based on the DFT + U band
structure, the Ni d > contribution only appears at the bottom
of the upper valence band at the X point, making it less
relevant in the case of light hole doping. Our downfolded R
d»-like Wannier orbital, as shown in Fig. 4(c), has lower
symmetry than the atomic d. orbital, capturing some
contribution from the d,, orbital. Our two-orbital model,
as shown in Fig. 4, also captures well the dispersion around
the A point, where the R d,, pocket is present. For these
reasons, we believe that our proposed two-orbital model is
the simplest model capturing the correct orbital contribu-
tion for infinite-layer nickelates.

V. MAGNETISM AND SUPEREXCHANGE

Regardless of one’s specific beliefs, there is a general
consensus that magnetism is a key aspect underlying the
physics of the cuprates [41-44]. As already mentioned, so
far, there are no experimental results that shed light on the
magnetism of the infinite-layer rare-earth nickelates [16],
although this continues to be the subject of aggressive
experimental inquiry. Nevertheless, our density-functional
theory calculations using LDA + U possess (and our
simple effective model likely possesses) an antiferromag-
netic ground state. Recent articles have attempted to
address the subject of superexchange and magnetism,
specifically for NdNiO, [21-23]. Some theories highlight
similarities to the cuprates [21], while others report sub-
stantive differences, ranging from a nonmonotonic doping
dependence of the magnetism [18] to an order-of-magnitude
reduction in the effective superexchange [22].
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Our effective model Eq. (1), as based on first principles,
bares resemblance to a Kondo- or Anderson-lattice model.
Well known from the heavy-fermion intermetallics, the
Kondo coupling between the itinerant valence electrons
and the localized f electrons or spins may lead to magnet-
ism and magnetic behavior driven by the Ruderman-Kittel-
Kasuya-Yosida interaction [45—47], in turn competing with
the tendency to form nonmagnetic Kondo singlets [48].
Compared to these mainstream systems, two factors in
the electronic structure of the RNiO, series set it apart:
(1) the relatively small size of the rare-earth pocket and
(2) the single-band Hubbard-like nature of the electronic
structure in the NiO, layers.

The modest pocket size implies that the Kondo screening
should be limited, given the fact that there is only a
fraction of an itinerant electron available per localized
spin (Noziere’s exhaustion principle [49,50]). This “Kondo
physics” may be quite sensitive to the details of these
pockets, and one may anticipate that it will therefore be
sensitive to the rare-earth substitution [see Fig. 3(b)].

The other novelty is the large direct hybridization
between the Ni ¢ states. This hybridization will lead to
strong superexchange interactions between the Ni spins,
which we predict to be large compared to the Kondo
couplings involving the electron pockets. For this
reason, one may better view the situation as being closely
related to the effective single-band Hubbard models used to
describe the low-energy physics in the cuprates, enriched
by corrections coming from the small-pocket Kondo
physics. Given the separation of scales, the consequences
of these “Kondo corrections” on the physics of (doped)
Mott insulators should be tractable to quite a degree using
perturbation theory, but this particular situation appears to
be completely unexplored at present.

Let us quantify these superexchange couplings.
Considering either the effective bandwidth [Fig. 3(a)] or
the Wannier downfolding (Table 1), the kinetic scale 7. in
the RNiO, series is very similar to that in the cuprates. The
nature of the effective interaction provides a distinction.
The cuprate parent compounds are charge-transfer insula-
tors with Ugs ~ A ~3 eV. The RNiO, series features a
charge transfer A ~ U and a reduced O content in the lower
Hubbard band, placing these compounds closer to the
single-band Mott insulators, at least within the NiO, layer,
such that Ug; ~ U ~ 6 eV. Taking the standard perturba-
tive expression J = 4t§ff/ U for the superexchange, the
value in the NiO, layer would be smaller than that in
cuprates but only by approximately a factor of 2, or even
less. To further quantify this comparison, we show the
perturbative value of the superexchange J across the
lanthanide series in Fig. 5. We use both the Wannier-

downfolded nearest-neighbor hopping (tl[\{io,o] from Table I)

and one-eighth of the in-plane bandwidth to estimate 7.
The later slightly overestimates the effective hopping due to
longer-range terms. To verify that using a static value of U is

0.14}
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FIG.5. Exchange interaction of RNiO,. Blue triangles show the
exchange interaction J calculated by 412/ U, where ¢ is estimated
by é x bandwidth of the Ni 3d,>_,» band. Green diamonds show
the exchange interaction J calculated by 4¢>/U, where ¢ is the
Wannier downfolding nearest-neighbor hopping for the Ni
3d,._» band. Orange circles are the exchange interaction J
calculated by 42 /U, where t is estimated byé x bandwidth of the
Ni 3d,._» band and U is calculated by the linear-response
method [51]. The cuprate exchange interactions shown by
magenta squares are taken from Ref. [52-55].

a reasonable approximation in the estimate of J across the
lanthanides, we use a DFT perturbation linear-response
method to calculate U, for each RNiO, [51]. This calcu-
lation gives a higher average value of U}, = 9.36 eV but
with a very small standard deviation of only 0.15 eV. As one
can see from Fig. 5, a clear trend emerges across the
lanthanide series in each case, with J getting progressively
larger. For comparison, we show experimental estimates of J
in the cuprates for CaCuO, [55], La,CuO, [53], HgBCO
[54], and NBCO [52]. The conclusion is that the magnitude
and nature of the superexchange interactions in the nickelate
are predicted to be similar to the spin-spin interactions in the
cuprates.

VI. OUTLOOK

One of the dimensions that can be used in the laboratory
to find out which factors matter for electronic properties,
like superconductivity, is chemical composition. In the case
of the present monovalent nickelates, preparing samples
takes much effort, to the degree that high-quality bulk
samples are not yet available. Band-structure methods have
evolved in such a way that they are trustworthy with regard
to predicting the large numbers of relevance to the micro-
scopic nature of the electron systems. In this spirit, we
explored the role of the rare-earth ions in the monovalent
nickelates: Is it worthwhile to substitute various rare-
earth ions?

Given their chemical similarity, we anticipate that such
substitutions are rather easy to accomplish. However, it
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comes at a price: Given the chemical similarity of the
lanthanides, not much may change in the electronic
structure. The case in point is in the early history of the
cuprates, where it was discovered that the rare-earth
substitution had a disappointing effect on the supercon-
ducting 7'.’s in the YBCO system [36]. But the monovalent
nickelates are predicted to be, in this regard, quite different
from the cuprates. In the latter, the ionic spacer layers may
be viewed as lanthanide oxides; the lanthanide ions reside
in caches formed from oxygen, and upon changing the
ionic radii of the former, the oxygen packing has the effect
that barely anything happens with the lattice constants.
The monovalent nickelates are special in that all of these
oxygens are removed and the Ni-O perovskite layers are
kept apart by just the lanthanide ions. As we showed, the
outcome is that, in particular, the c-axis lattice constant is
shrinking substantially going from left to right in the series,
by a magnitude similar to that found in the elemental rare-
earth metals.

According to our calculations, substituting rare earths in
this nickelate is an interesting “knob” to tune microscopic
parameters governing the electron system. Given the
knowledge accumulated in the cuprates, there is reason
to suspect that these may well be important for matters like
the superconducting transition temperature. However, in
the cuprates, they cannot be as neatly controlled as in the
nickelates, given that there is no analogy of the “lanthanide
volume control knob” that we identified in the nickelates.

We find that the gross picture for the electronic structure
of the monovalent nickelates is closely related to the
cuprates. It consists of nearly decoupled two-dimensional
Hubbard-like systems living on a square lattice. Without
doping, they would form a Mott-insulating, unfrustrated,
Heisenberg antiferromagnet, becoming a “Mottness” metal
upon doping, were it not for the fact that these layers are
immersed in a low-density three-dimensional Fermi-liquid
formed from rare-earth 5d-like conduction-band states. The
latter are characterized by small electronlike Fermi pockets
rendering the system metallic even at half-filling, while
these metallic electrons are subjected to a subdominant
Kondo-like interaction with the strongly correlated Ni-O
d,_y» electrons.

How can the “lanthanide knob” be exploited to find out
how this electron system works? A first expectation is that
the 3D “pockets” may be altered by the shrinking ¢ axis.
However, we find that the influence of the ¢ axis on the
pockets is rather marginal: The LP actually shrinks, while
another small pocket may spring into existence pending the
(unknown) value of U. Quite generally, one may turn it
around to claim that measurement of this pocket, e.g., by
photoemission or even quantum oscillations, may be quite
informative regarding the details of the microscopic elec-
tronic structure that cannot be determined accurately on
theoretical grounds (like the U).

Since the very beginning [39], a debate has been raging
in the high-7. community that continues to this day [56]

regarding whether one can get away with a single-band
Hubbard model or whether it is crucial to take into account
the multiband nature of the electronic structure, with prime
suspects being the O 2p states. A complication is that the
way in which the hole states are distributed over oxygen
and copper in the various cuprate families is a rather
complex affair, resting on chemistry that is not easy to
control systematically. The gravity of this affair is high-
lighted in a recent study exploiting nuclear quadrupole
resonance (NQR) to determine these charge distributions
[57,58], which shows a rather strong correlation between
the magnitude of the 7'.’s and the hole density on oxygen
throughout the landscape of cuprate families. In this
regard, the monovalent nickelates may be a new arena
in which to study the issue. Is it as simple as 7_.’s being
lower because the oxygen band is at a higher charge-
transfer energy than in the cuprates, with the effect that
these materials are closer to a “single-band” picture? The
main discovery of our study is the unanticipated strong
dependence of the oxygen character of the holes as a
function of the lanthanide, highlighted in Fig. 3(a). As we
already stressed, lanthanide substitution should be easy to
accomplish with the main effect, according to our compu-
tations, being to substantially change the oxygen character
of the holes. This oxygen content is, in principle, meas-
urable (e.g., by NQR, core hole spectroscopies). Assuming
that there is, indeed, a strong correlation between the
oxygen character and T, [57], the prediction follows that
the optimal 7, should decrease strongly upon substituting
heavier lanthanides, given that, according to our results, the
other microscopic electronic structure parameters should
change only marginally. Such a possibility awaits rigorous
experimental trial.

VII. METHODS

Density-functional theory GGA and GGA + U calcu-
lations for RNiO, were performed using the GGA method
and the simplified version by Cococcioni and de Gironcoli
[59], as implemented in Quantum ESPRESSO [33], employ-
ing PAW pseudopotentials with the 4f electrons placed in
the core (except for La), explicitly to cope with the inability
of current DFT functionals to properly treat the localized 4 f
electrons. Ytterbium was not included in this rare-earth
series analysis because the available pseudopotentials force
zero occupation of the 5d orbitals, resulting in fewer total
valence electrons treated explicitly in the DFT calculations.
This difference led to drastic changes in the Yb band
structure from the trends observed over the rest of the
series. Cerium was not included in this rare-earth series
analysis because of the possible mixed valency. The
remaining rare-earth elements had identical pseudopoten-
tial valence configurations.

The self-consistent field (SCF) calculations used a
k-point Monkhorst-Pack grid of 16 x 16 x 16; the non-
self-consistent field (NSCF) calculation was run
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with 1000 evenly distributed k-points for PDOS. In the
band-structure calculations, there were 20 k-points along
all high-symmetry lines, except along £ — Y, which was
10. For a better estimate of pocket size, in the PDOS
calculations, a Gaussian broadening of 0.340 eV
(0.025 Ry) and an energy grid step of 0.0025 eV were
used.

In the two-Ni BCT unit cell and corresponding BZ, we
found that an antiferromagnetic solution with wave vector
(m,m, ) leads to the lowest energy. For each rare-earth
element, the RNiO, crystal structure was relaxed with an
unrestricted variable cell relaxation as implemented in
Quantum ESPRESSO. These relaxations were done with
the Hubbard U turned off and no spin polarization. All band
structures were calculated using each rare-earth element’s
relaxed crystal structure.

GGA + U calculations for CaCuO, were performed
using the Vienna Ab initio Simulation Package (VASP)
[60]. Including a Hubbard U leads to spin polarization
with the lowest-energy states supporting a G-type anti-
ferromagnet [(z, 7z, x) spin ordering], slightly more
energetically favorable than other types of antiferromag-
netism or ferromagnetic ordering. Antiferromagnetism
doubles the unit cell (as shown in the inset of Fig. 1)
and folds the bands within a new BCT BZ. The DFT + U
calculations shown in this study were all performed with
antiferromagnetic calculations with wave vector (r, 7, 7)
in two-Cu BCT.

As already announced, we placed the 4f electrons in the
core. Especially for DFT + U calculations, this process
saves quite some computational effort, with the added
benefit that the figures representing the band structure do
not get obscured by the many 4f bands, which likely are
irrelevant for our purposes. Such a practice is usually
legitimate when dealing with rare-earth ions in ionic salts.
The controlling factor is whether the R ions have a “stable”
valency. For instance, the trivalent Ce ion is characterized
by a 4f! occupancy of the f shell. Given that the f shell is
“hidden” in the core of the ion, it is characterized by a very
large U > 10 eV, while the hybridization with the valence
states is minute. The outcome is that this f electron turns
into a strongly localized 4f spin that barely interacts with
the other electrons. In most cuprates, one finds that this
rare-earth spin system does not interfere with supercon-
ductivity and other intertwined orders at typical transition
temperatures, while it shows a transition to an ordered
magnetic state at very low temperatures driven by dipolar
interactions. These 4f states only become active when
dealing with a mixed valent situation. The tetravalent state
may become energetically close to the trivalent state,
implying, for example, that in Ce, one encounters a 4f! —
4f% valence fluctuation. This requires fine-tuning but

cannot be excluded beforehand. In the cuprate context, a
famous example is the PrBa,Cu;Og¢ 5 system, which turns
into an antiferromagnetic insulator due to the mixed
valence of the Pr ion [61].

The oxygen ratio in total DOS was determined by
integrating the projected density of states (PDOS) corre-
sponding to the lower Hubbard band for U = 6 eV. The
PDOS used for this integration had a Gaussian broadening
of 0.054 eV (0.004 Ry), much lower than those shown in
either Fig. 3 or the Appendix A, Fig. 6. The integration
used the trapezoidal method as implemented in PYTHON 3’s
numpy.trapz [62,63]. The range of integration was
chosen by taking zeros of the first derivative of the
PDOS near the Fermi energy and near the first local
minimum (about —0.5 eV), which effectively straddles
the lower Hubbard band.

The size of the rare-earth electron pocket, or the Fermi
surface volume as shown in Fig. 3(b), was determined by
approximating the surface as an ellipsoid: The first two
principle semiaxes approximate a circle in plane, whose
lengths are given by the average distance along the I' — X,
'Y, and T'—X directions; the length of the third
principal semiaxis comes from the distance along I" — Z.
We report the volume as a percentage of the total volume of
the first BZ. A higher-resolution k-point path near I" was
used in determining the Fermi energy crossings kg for the
rare-earth bands along these high-symmetry cuts, with 200
k-points in each direction.

Using the same higher-resolution data near I', the
effective mass was calculated from the second derivative
of a parabolic fit to the band structure at the Fermi energy
kg. For parabolic fitting, ten points along the band both
above and below kp were chosen and then mirrored
symmetrically about I" (40 points total per fit). These
points were fit with a second-order polynomial ax® + bx +
c [64], such that d’E/dk> = a & Sa, where da is the
standard deviation of the fit parameter.
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APPENDIX A: LANTHANIDE SERIES
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FIG. 6. Band structures of RNiO, calculated by GGA, GGA + U (U = 3 eV), GGA + U (U = 6 eV), and partial density of states of
RNiO, calculated by GGA + U (6 eV).

APPENDIX B: CaCuO, COMPARISON BAND STRUCTURE AND PDOS

FIG. 7. Electronic structure calculation of CaCuO,. (a) Band structures and partial density of states of CaCuO, calculated by

@) , U=6 eV: CaCu0, (b) 4
L DA, =2
2] ‘\ / » — Cu3d 2]
— 02
P Intensity X30
R o R S — 01
g—z— § ~ —— 2 =
E —
——— 1
— | — Ca3p
Y s a1 ] -6 1 — Ca3d
T 6 Ca4s
-8 -8
r Y X r

Z DOS (arb. units)

DOS (arb. units)

GGA + U (U = 6 eV). (b) Zoom-in intensity of Ca partial density of states of CaCuO, calculated by GGA + U (6 eV).

011050-13



EMILY BEEN et al.

PHYS. REV. X 11, 011050 (2021)

Rare-earth (R) in RNiO2
B PSP PRI a0

2.54 o O RNIO2, LP (U=3)
O RNiO2, SP (U=3)
? O RNiO2, LP (U=6)
. O RNiO2, SP (U=6)
GEJZ.O' g N\  Troe-o. PoRTII © @ volume, LP (U=3)
@® volume, SP (U=3)
= ® volume, LP (U=6)
g — [volume, elecP (U=3)]/2
151 + [volume, holeP (U=3)]/2 T
E ) [volume, holeP (U=6)]/2
8
(0] ]
IS 1.0
0
o+
9
v} ]
2 0.5
o
0.0 1
0.424
T
— 0.40
-~
[
2
5 0.381
()
=
1]
0.36 1 —@— volume decrease
* ® LDA+U
€ Wannier90
0.34 T T T T T T T - .
0 2.5 5 7.5 10 12.5 15 17.5 20

c-axis lattice constant decrease (%)

FIG. 8.

Comparison between volume change with static R = Nd and when rare-earth R changes in RNiO,. Top panel: effects on

electron pockets for the two scenarios. LP and SP represent the large pocket and small pocket for the R 5d orbital, labeled with circles.
When only the volume changes and rare earth stays constant, the second electron pocket (small pocket labeled SP) never substantially
appears, and hole pockets start appearing in various parts of the BZ (namely, along ¥ — X and some along I" — ¥). These anomalous hole
pockets (and one electron pocket at 20%) that appear along the BZ edge are shown at 0.5 times their actual values. Bottom panel:
hopping ¢ estimated by é x (Ni3d,>_,.bandwidth) from the noninteracting DFT calculations. Changes in ¢ from exchanging rare-earth R

are significantly greater than those from a simple volume change.

APPENDIX C: SIMPLE VOLUME CHANGE
WITH STATIC RARE-EARTH ELEMENT R =Nd

When the volume change calculations were conduc-
ted, the relaxed structure of NdNiO, was used as the
equilibrium structure (labeled as 0% decrease); the c-axis
lattice constant decreased in 2.5% increments ranging from
0%-20%; a- and b-axis lattice constants correspondingly
decreased by 10% of the c-axis lattice constant’s decrease
(e.g., when ¢ decreased by 10%, both a and b decreased by
1% of their equilibrium values). These decreases are
comparable to those seen in Fig. 1, where there is a
10% decrease in the c-axis lattice constant and 1% decrease
of the a- and b-axis lattice constants going from La to Lu.
Although the 10% decrease in the c-axis lattice constant
would correspond to the change across the lanthanides, we
decided to extend this analysis to 20% to see the effects of
increased “pressure” on the band structures. These volume
change calculations are shown in Fig. 8.

Ni 3dx2—y2

Er i

|

Z

-2
r

FIG. 9. Estimated Fermi energy shift for Nd ¢St ,NiO,: E for
the parent compound NdNiO, is marked by the white dashed line,

while the estimated £ for Nd gSr;,NiO, is marked by the red
dashed line.
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Ni 3dx2—y

FIG. 10.

APPENDIX D: RATIONALE TO LEAVE Ni 3d
OUT OF THE LOW-ENERGY HAMILTONIAN

Consider the simplistic hypothesis that hole doping
applies a rigid shift to the Fermi level and leaves
the rest of the band structure unchanged (although we
know the Ni-derived bands will behave differently because
of correlation effects, we use this simplistic “doping” to get
an estimate of which bands could potentially be affected).
To approximate how far the Fermi energy will shift, we
compare the valence electrons of the parent compound
NdNiO, to the experimentally superconducting compound
Nd §Sr(,NiO, [16]. In the NdNiO, compound, the pseu-
dopotentials include 66 valence electrons in the two-Ni unit
cell. However, the total number of valence electrons in the
pseudopotentials for Nd, ¢Sty ,NiO, is 65.6. Integrating the
density of states for NdNiO, to this lower filling level gives
us a Fermi energy 0.14 eV lower than its current level. In the
Fig. 9, this simplified estimate of the Fermi energy for
Nd, gSr;,NiO, is shown as the magenta dashed line, and the
white dashed line denotes the Fermi energy for NdNiO, for
Ni 3d_» in the NdNiO, DFT 4 U (U = 6 eV) calculation. It
is evident that even with the simplistic estimate of a rigid
shift Fermi level relative to the band structure, all of the

relevant information is still contained within the Ni 3d,2_,2

band since the 3d> band is far below the “doped” Fermi
level. Figure 10 shows the orbitally resolved band structure
for a larger energy windows.
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