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The recent observation of superconductivity in an infinite-layer and quintuple-layer nickelate within the
same R, Ni,Oy,4> series (R = rare-earth, n =2 — 0o, with n indicating the number of NiO, layers along
the ¢ axis), unlocks their potential to embody a whole family of unconventional superconductors. Here, we
systematically investigate the many-body electronic structure of the layered nickelates (with n =2 — 6, 00)
within a density-functional theory plus dynamical mean-field theory framework and contrast it with that of the
known superconducting members of the series and with the cuprates. We find that many features of the electronic
structure are common to the entire nickelate series, namely, strongly correlated Ni-d,2_,» orbitals that dominate
the low-energy physics, mixed Mott-Hubbard/charge-transfer characteristics, and R(5d) orbitals acting as charge
reservoirs. Interestingly, we uncover that the electronic structure of the layered nickelates is highly tunable as the
dimensionality changes from quasi-two-dimensional to three-dimensional as n — oo. Specifically, we identify
the tunable electronic features to be: the charge-transfer energy, presence of R(5d) states around the Fermi level,

and the strength of electronic correlations.
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I. INTRODUCTION

The search for materials with analogous structural, mag-
netic, and electronic motifs to the high-7, cuprates has been
an active field of research for more than 30 years [1,2]. Nickel
oxide (nickelate) materials have been an obvious class of
candidate systems as nickel sits next to copper in the periodic
table, and it can realize a NiT: d° oxidation state, which is
isoelectronic with Cu®* [3,4].

The promise of nickelates in this context was realized in
2019 with the observation of superconductivity in Sr-doped
NdNiO,, referred to as the infinite-layer (n = oco) nickelate
[5], with a Nit (d°) oxidation state and NiO, planes akin
to the CuO; planes of the cuprates. Superconductivity in the
infinite-layer material displays a domelike dependence with a
maximum 7, near 20% hole-doping or a d®® electron filling
[6]. Since this initial discovery, superconductivity has been
observed in other rare-earth flavors of the infinite-layer nick-
elate, namely hole-doped PrNiO, [7] and LaNiO, [8,9], all
with similar 7;’s and superconducting domes. The discovery
of superconductivity in the infinite-layer nickelates has at-
tracted a great deal of theoretical [10-34] and experimental
attention [5-9,35—43]. Importantly, the infinite-layer nickelate
belongs to a large series of layered nickelate materials with
the general chemical formula, R, 1Ni, 05,42 (R = La, Pr, Nd;
n=2,3,...,00). The finite-layer (n # oco) nickelates have
n-quasi-two-dimensional (2D) NiO, planes (like the n = oo
material) but display an additional blocking R-O fluorite slab
interleaved between neighboring blocks of NiO, planes (see
Fig. 1). The R-O layer tunes the dimensionality of the materi-
als as n decreases: from three-dimensional-like in the n = oo
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compound to quasi-two-dimensional as n decreases. In addi-
tion, the number of NiO, planes along the c axis () tunes the
average nominal Ni filling that can be defined as d°~%, where
8 = 1/n. Notably, the quintuple-layer (n = 5) nickelate has a
nominal d%8 (8 = 0.2) Ni(3d) filling that matches the optimal
doping level of the infinite-layer nickelates and the cuprates.
Indeed, recently, superconductivity has been observed in the
quintuple-layer nickelate NdgNisO;, without the need for
chemical doping [44]. The fact that superconductivity has now
been demonstrated in two members of the layered nickelate
series (the only ones so far where an optimal d®® filling has
been attained) suggests that a new family of superconductors
has been uncovered.

In this paper, we systematically investigate the many-body
electronic structure of the layered nickelates (n = 2 — 6, c0)
by including electronic correlations beyond density-functional
theory (DFT) within a DFT plus dynamical mean-field theory
(DMFT) framework and contrast it with that of the known
superconducting members of the series and with the cuprates.
We find that there are many electronic features that span
across the entire nickelate series, namely, strongly correlated
Ni-d,>_,» orbitals that dominate the low-energy physics simi-
lar to the Cu-d,>_,» orbitals of the cuprates, as well as mixed
Mott-Hubbard /charge-transfer characteristics and La(5d) or-
bitals acting as charge reservoirs. We uncover certain features
of the electronic structure of layered nickelates are tunable
with n, specifically, the charge-transfer energy, involvement
of R(5d) states around the Fermi level, and the strength of
electronic correlations. All in all, with the dimensionality (via
the number of layers, n) controlling the electronic structure
of this nickel oxide family, we anticipate that other layered
nickelates should be able to host a superconducting instability
provided that the proper Ni electron filling (near d®®) can be
achieved.

©2022 American Physical Society
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FIG. 1. Crystal structures of the layered nickelates La,Ni, 0,4, for n =2 — 6, oo (from left to right). Each crystal structure contains
n NiO, planes interleaved between R-O fluorite slabs. The stoichiometries for the nickelate series are: LazNiOg (n = 2), LayNi3Og (n = 3),
LasNi Oy (n = 4), LagNisOy, (n = 5), La;NigOy4 (n = 6), and LaNiO, (n = oo). Note that for even n there is no mirror plane. Ni(i), Ni(m),
and Ni(o) denote the inner, middle, and outer inequivalent Ni sites, respectively.

II. METHODOLOGY

The charge self-consistent combination of density-
functional theory plus dynamical mean-field theory
(DFT4+DMEFT) is employed to calculate the many-body
electronic structure of the layered nickelates (n = 2 — 6, 00).
The DFT problem is solved using the all-electron,
full-potential code WIEN2k [45], which is built on the
augmented plane wave plus local orbital basis set (APW+10).
The Perdew-Burke-Ernzerhof version [46] of the generalized
gradient approximation is used as the exchange-correlation
functional. We choose R = La to avoid any ambiguity in
the treatment of 4 f electrons that would arise from R = Nd
or Pr. It seems reasonable to choose R = La for a general
description of the many-body electronic structure, as the
electronic structure of the infinite-layer compounds has been
shown not to significantly change with R [20,33,34]. A dense
k-mesh of 17x17x17 is used for integration in the Brillouin
zone. We used RyrKnax = 7 and muffin-tin radii of 2.35,
1.97, and 1.75 a.u. for La, Ni, and O, respectively.

To gain quantitative insights into the electronic structure
of the layered nickelates, we construct maximally localized

Wannier functions (MLWFs) from the DFT spectrum. We
employed WANNIER90 [47] and WIEN2WANNIER [48] to obtain
the MLWFs. We compute the MLWFs within a wide energy
window, including the Ni(3d), O(2p), and La(5d) orbitals,
which provides orbital energies and allows us to estimate the
charge-transfer energy. We obtained well-localized (albeit not
unique) Wannier functions that correctly reproduce the DFT
band structure.

For the DMFT part, we construct a basis of atomic-like
orbitals from the Kohn-Sham wave functions using a projec-
tor scheme [49-51] spanning a correlated subspace of size
—10 eV to 10 eV around the Fermi level. Each inequiv-
alent Ni site in the crystal structure is treated as its own
quantum impurity problem, where the full Ni(3d) manifold
is treated as correlated and governed by a fully rotationally
invariant Slater Hamiltonian. We parametrize the Slater in-
tegrals with parameters representative of the nickelates: a
Hubbard U = F° =7 eV and Hund’s coupling Jy = (F? +
F*)/14 = 0.7 eV [17,52-54]. The quantum impurity prob-
lem(s) are solved using a continuous-time quantum Monte
Carlo (QMC) algorithm based on the hybridization expansion
method as implemented in TRIQS/CTHYB [55,56]. To reduce
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FIG. 2. DFT band structures for the n = 2 — 6, co (left to right) layered nickelates within the fatband representation, which highlights the
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shown.

high-frequency noise in the QMC data, we represent both
the Green’s function and self-energies in a basis of Legendre
polynomials and sample the Legendre coefficients directly
within the TRIQS/CTHYB solver [57]. The fully-localized
limit formula is used for the double counting correction. All
calculations are performed at a system temperature of 290 K
(8 =40 eV~!) in the paramagnetic state. Maximum entropy
methods are used to analytically continue the QMC data from
Matsubara space to real-frequency space [58].

III. CRYSTAL STRUCTURE AND IONIC COUNT

The layered nickelates are derived from either a perovskite
(n = 0o) or Ruddlesden-Popper (n # oo) parent compound
via oxygen deintercalation. Currently, the n = 2 — 5 parent
Ruddlesden-Popper phases of the series have been synthe-
sized in thin film geometry for R = La and Nd [59,60].
These reduced R,;1Ni,O5,4» compounds crystallize in a
tetragonal structure belonging to either the I4/mmm (n # oco)
or P4/mmm (n = oo) space group. As mentioned above,
the series of layered nickelates contains blocks of n two-
dimensional NiO, planes (with square-planar coordination)
separated by rare-earth layers. For the finite-layer nickelates,
an extra rare-earth fluorite slab is present, separating each
block of n R-NiO, planes (see Fig. 1). Furthermore, each
R-NiO, block is shifted by half a lattice constant in the ab
plane. These two additional structural features (that are not
present in the infinite-layer nickelate) effectively decouple
neighboring R-NiO; blocks along the ¢ direction.

As mentioned above, the average nominal occupation on
the Ni sites for each layered nickelate is d°~%, where § = 1/n.
Specifically, the average oxidation states for n =2 — 6, 0o
layered nickelates are: Ni!'>* (d%%) for n =2 (LazNiyOp),
Ni!3F (d897) for n = 3 (LayNizOg), Ni' 2+ (d87) forn = 4
(LasNisOyp), Ni''Z* (@®®) for n =5 (LagNisOy,), Nil'7+
(d®%%) for n =6 (La;NigOy4), and Nit (d°) for n = oo
(LaNiO,).

Each material contains either an inner (i), inner (i) and
outer (0), or an inner (i), middle (m), and outer (0) symmetry-
inequivalent Ni site along the ¢ axis. For odd n materials, the
inner Ni site acts as a mirror plane for the outer layer(s) (see
Fig. 1). We use the experimental crystal structures for the

2 (blue), Ni-d 2 (pink), La-d > (green), and La-d,, (yellow) orbitals are

n = 2,3, oo layered nickelates [61-63]. As the structures of
lanthanum-based n = 4 — 6 layered nickelates have not been
experimentally resolved yet, we derive their crystal struc-
tures from the experimental structure of the n = 3 material
LasNi3Ogs. For further details on the derivation of the crystal
structures of the n = 4 — 6 materials see Ref. [64].

IV. NONINTERACTING ELECTRONIC STRUCTURE

Figure 2 summarizes the electronic structure of the n =
2 — 6, co layered nickelates at the DFT level. Starting with
the n = 2 material with an average Ni(3d) occupation of d%°
(6 = 0.5), only two partially filled d,>_,> bands (one per Ni)
cross the Fermi level (ep), in a cuprate-like fashion. The split-
ting between these bands (highlighted at X) is a consequence
of the interlayer hopping within NiO, blocks and is analogous
to that of the multi-layer cuprates [65]. Below ¢f, there is
a complex of mostly filled Ni-t,, bands and particularly flat
Ni-d,» bands highlighted in pink. The flat dispersion of the Ni-
d, is a unique feature of the finite-layer nickelates, dissimilar
to the infinite-layer compound, which has a dispersive band
coming from the Ni-d,. orbital along the I' — Z direction. The
flatness of these bands is a consequence of the fluorite slab,
present in all finite-layer nickelates, which cuts the c-axis
dispersion across the neighboring NiO, blocks, as described
above. Above ¢, there are a set of bands of mostly d,, and d.
orbital character stemming from the La sites within the NiO,
blocks.

As the number of NiO, layers increases with increasing
n, we find many of the same features: n partially filled d>_,2
bands coming from the Ni sites, flat Ni-d > bands, mostly filled
Ni-t,, bands, and La(5d) bands above er. However, a key
difference with increasing n is the location of La(5d) bands
as they experience a significant downward shift in energy
with increasing n. For the n = 4 material, a band with La-d,,
character already crosses e giving rise to an electron pocket
at the zone corners of the Brillouin zone that self-dopes the
d,»_» bands. Moving onto the n = 5 and 6 materials, these
electron pockets continue to increase in size as the bands with
mostly La-d,, character shift even deeper in energy. Across
the entire n =2 — 6, 00 series, the n = 2,3 materials are
then markedly different as they lack this self-doping effect.
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FIG. 3. Top panels: k-resolved spectral functions, A(k, w), along high-symmetry lines in the Brillioun zone for n = 2 — 6, oo layered
nickelates (from left to right). Middle panels: Orbital-projected A(Kk, ) for the Ni(3d) shell with: blue denoting the d,_,» orbitals, red denoting
the d orbitals, and green denoting the f,, orbitals. Bottom panels: Corresponding interacting Fermi surfaces A(k, @ = 0) in the k, = 0 plane.

The high-symmetry points in the BZ are denoted.

In fact, because the trilayer (n = 3) nickelate does not have
La(5d) bands crossing the Fermi level, and given its close
in proximity to the cuprate superconducting dome in terms
of Ni(3d) electron count, previous works have suggested this
material to be one of the closest cuprate analogs to date
[66—69]. Furthermore, as n reaches the infinite-layer limit
the electronic structure changes from quasi-two-dimensional
to three-dimensional [64]. This can be easily observed by
looking at the bands around the Fermi level in the k, = 0
(I'-X-M-T') and k, = 1/2 (Z-R-A-Z) planes for the infinite-
layer material. The bands in these two k, planes generate
distinctly different constant energy surfaces and therefore a
rather three-dimensional-like electronic structure relative to
the n # oo nickelates.

According to the Zaanen-Sawatsky-Allen (ZSA) classifica-
tion scheme [70], cuprates sit well within the charge-transfer
regime (U > Acr) with the on-site Coulomb repulsion U
being larger than the the charge-transfer energy (Acr) that
measures the hybridization between the TM(d) and ligand(p)
orbitals. In this regard, the hybridization of the O(2p) orbitals
with the Cu(3d) orbitals is believed to be an essential in-
gredient for the formation of Zhang-Rice (ZR) singlets and
for cuprate superconductivity. At the level of DFT, the hy-
bridization between the Ni(3d) and O(2p) orbitals can be
quantified by Act = &4 — €, where gg4(,, refers to the onsite
orbital energy for the Ni-d,>_y» (O-p,) orbital derived from
fitting MLWFs to the DFT spectrum. For cuprates, a typical
value of Acr is 1 —2 eV. For the infinite-layer nickelate,
values of 4.4 — 5 eV have been obtained with similar meth-
ods [21,71]. We note that the larger p — d splitting in the
infinite-layer nickelates has been identified as one of the main
differences with the cuprates [4,37,38,69,71]. Here, we obtain
charge-transfer energies of Acr(n =2) =3.3 eV, Acr(n =

3)=3.7 ¢V, Actr(n=4)=3.8 eV, Acr(n =5) =39 eV,
Act(n =6) =4.0eV, and Acr(n = 00) = 4.5. As such, as n
increases from 2 to oo, the charge-transfer energy increases
by ~1 eV indicating the increasing hybridization between
the Ni(3d) and O(2p) orbitals for smaller n (larger §) nicke-
lates, i.e., when going towards the 2D limit [72]. This trend
in charge-transfer energies (increasing with n) qualitatively
agrees with the available experimental data for the n = 3,
n =235, and n = oo materials [44]. Assuming a reasonable
Coulomb repulsion of U =5 —7 eV [52], this places the
layered nickelates at the boundary between the charge-transfer
and Mott-Hubbard regimes in the ZSA scheme (U ~ A). In-
terestingly, even though these energies are larger than in the
cuprates, they still lead to sizable superexchanges [68,73].
Therefore, this suggests that the O(2p) states remain an ap-
preciable ingredient for the electronic structure of the layered
nickelates [53,69].

V. DFT+DMFT RESULTS

A. Spectral properties and electronic correlations

With the noninteracting electronic structure of the layered
nickelates established, we now analyze the interacting prob-
lem to investigate the role of electronic correlations. Figure 3
summarizes the k-resolved spectral functions, A(Kk, w) for the
n =2 — 6,00 layered nickelates. The low-energy spectrum
exhibits coherent quasiparticle dispersions corresponding to
the Ni-d,»_> states. Compared to the DFT spectrum, the Ni-
d_y» states are strongly renormalized. Mass enhancements
are derived from the electronic self-energies, m* /mpgr = 1 —
dImX(iw, — 0)/dw, shown in Fig. 4. We find the mass en-
hancement for the Ni-d,>_,» orbital monotonically increases
from m*/mppr = 2.5 to 3.7 as n increases from 2 to oo,
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FIG. 4. Imaginary part of the Ni self-energies (averaged over
inequivalent Ni sites) for the e, manifold in Matsubara space: d,2_»
(left) and d> (right).

which is in agreement with previous DFT+DMFT calcula-
tions [17,53,54,74]. Note that both the e, self-energies and
mass enhancements have been averaged over inequivalent Ni
impurities. Thus, the strength of electronic correlations on
the Ni-d,>_,» states increases with n, which is the expected
trend for a mixed Mott-Hubbard/charge-transfer system as
we approach the d° (§ = 0) limit. This monotonic increase in
mass enhancements with n matches previous works studying
the hole-doping effects on the electronic structure of infinite-
layer nickelates [19,32]. The mass enhancements on all other
Ni(3d) orbitals are much smaller and remain ~1.5 — 1.7.

Figure 3 (middle panels) also shows the orbital character of
the spectral weight using the fatspec representation introduced
in Ref. [75], where blue corresponds to the Ni-dxz,yz orbitals,
red to the Ni-d_. orbitals, and green to the Ni-t,, orbitals. For
the finite-layer nickelates, apart from the Ni-d,>_, states dom-
inating around the Fermi level, the spectral functions reveal
nondispersing spectral weight corresponding to the Ni-d,
states located just below these metallic Ni-d,>_,» states. This
flat Ni-d,» spectral weight retreats away from the chemical
potential as n increases. Similarly, the spectral weight corre-
sponding to the Ni-#,, states experiences a downward shift in
the energy spectrum as n is increased. For the infinite-layer
material, the spectral weight corresponding to the Ni-d,» or-
bital is dispersive along the k, direction and becomes flat only
in the k, = 1/2 plane.

The impurity-resolved local spectral functions shown in
Fig. 5 offer further insights into the low-energy physics
of the layered nickelates. The component corresponding to
the Ni-d,>_,» orbital is dominant at low-energy and exhibits
the characteristic three-peak structure of a mixed Mott-
Hubbard/charge-transfer system. There is some minor Ni-d,»
spectral weight but this arises from the small hybridization
between the Ni-d,»_,» and Ni-d,> states which can be seen
from the fatspec representation of the k-resolved spectral
function in Fig. 3. The local spectral function highlights the
evolution of the flat Ni-d,» band captured in Fig. 3 stemming
from the innermost Ni site. For the n = 2 material, this flat
band is closest to the Fermi level and causes a large peak in the
Ni-d local spectral function. This peak softens as this band
becomes more dispersive with increasing n as the electronic
structure becomes more three-dimensional-like. The Ni-t,

states remain mostly filled and inert by only shifting slightly
downward in the energy spectrum with increasing n.

For the n =4 — 6, oo nickelates, the La(5d) states sur-
vive electronic correlations and remain active crossing the
chemical potential. Despite the fact that these states exhibit
some Ni-d,» weight (see Fig. 3), the Ni-d states remain
only weakly correlated meaning that a significant correlation-
induced shift is not likely to occur. Previous works on the
n = 5 material have shown that these La(5d) states can be
lifted away from the chemical potential by either treating the
La(5d) orbitals as correlated [76] or within a DFT+sicDMFT
framework with strong coupling [75]. Whether R(5d) states
do indeed contribute to the Fermi surface is an open question
and can only be settled with further experiments.

In this context, we calculate the interacting Fermi surface,
Ak, w = 0) in the k, = 0 plane for each material as shown
in Fig. 3 (bottom panels). For all n, there are large holelike
sheets (arcs) coming from the Ni-d,»_,. states, whose van
Hove singularity lies below the chemical potential and a sin-
gle electronlike sheet (squarelike) coming from the Ni-d\2_,.
states whose van Hove singularity sits above the chemical
potential. As we increase n, the splitting between the Ni-d,2_,»
quasiparticle dispersions decreases and the topology of this
electronlike sheet transforms as n approaches the infinite-
layer limit. Additionally, there are electron pockets at the
zone corners of La(5d) character previously discussed for
the n = 4 — 6 materials (that increase in size as n increases).
For the infinite-layer material, the electronlike pocket at the
zone center comes from the La(5d) band crossing at I' of
dp character (see Fig. 3). The electron-like pockets from the
La(5d) band crossing at A of d,, character are only visible
in the k, = 1/2 plane, see for example Ref. [53]. Overall, the
fermiology matches the Fermi surfaces calculated within DFT
[64]. One important difference between the fermiology of
the finite-layer nickelates when compared to the infinite-layer
compound is the overall dimensionality. The finite-layer nick-
elates have a two-dimensional-like fermiology, very similar
to that of the multilayer cuprates, whereas the fermiology of
the infinite-layer nickelates is 3D-like [65]. This reduction in
dimensionality for the finite-layer materials is a consequence
of the difference in structure described previously and further
strengthens the cupratelike nature of the finite-layer nickelates
[64].

B. The role of La(5d) and O(2p) states

Changing the number of layers along the c axis (n) effec-
tively tunes the formal charge on the Ni sites: as n decreases
from n =00 to n =2, one is essentially hole-doping the
nickelate system by § = 1/n, as mentioned above. The conse-
quences of this hole-doping effect are revealed in the overall
k-integrated spectral functions (see Fig. 5, left panel). Starting
with the bilayer (n = 2) material, the Ni(3d) states dominate
the low-energy physics. Most of the spectral weight around
w = 0 corresponds to the Ni-dxz,yz orbitals, as revealed in
the local spectral function (see Fig. 5, right panel). In the
addition spectrum (w > 0), the La(5d) states are far above
the chemical potential. The states corresponding to the Ni-
I, orbitals contribute a large peak just below the chemical
potential. The O(2p) states dominate the remainder of the
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FIG. 5. Left panels: Orbital-resolved k-integrated spectral functions for the n = 2 — 6, oo layered nickelates. The inset shows the orbital-
projected spectral weight corresponding to the O(2p) and La(5d) states around the Fermi level. Right panels: Impurity-resolved local spectral

function(s) for the Ni(3d) manifold.

removal spectrum (w < 0) exhibiting a broad peak centered
around w = —3 eV. Upon increasing n, the complex of O(2p)
states shifts downward in the spectrum, while the La(5d)
states become active around the chemical potential, giving rise
to the self-doping effect described above. The shift in O(2p)
states qualitatively matches the increasing charge-transfer en-
ergy with n discussed in the previous section. Additionally,
the qualitative trends in the electronic spectrum as n changes
agree with hole-doping studies of the infinite-layer nickelate,
pointing to the importance of making comparisons at the same
Ni(3d) filling [24,53,74].

While the metallic Ni-d,»_,» states are dominant around
the chemical potential, there is some nonzero spectral weight
corresponding to the O(2p) states present at all n (see insets
shown in Fig. 5). This spectral feature is reminiscent of the ZR
physics of the cuprates and has been observed in spectroscopic
measurements of the hole-doped infinite-layer nickelates [37].
Additionally, there is a small amount of spectral weight cor-

responding to La(5d) states, which increases with n. For the
cuprates, doped holes reside on the oxygen sites and act as
a charge-reservoir in addition to providing bandwidth to the
Cu(3d) states. In the case of the nickelates, where both O(2p)
and La(5d) states are present near the chemical potential,
the Ni(3d) bandwidth is provided through hybridization with
the O(2p) states, analogous to the cuprates and supported by
experiment [38]. However, unlike the cuprates, the La(5d)

states act as a charge reservoir absorbing most of the dopants
[53].

C. Spin and charge statistics

The DFT+DMEFT builds on an atomic picture of a solid,
thus places a high importance on the atomic multiplets of the
impurity problem being solved. We can gain further insight
into the electronic structure of the layered nickelates by an-
alyzing the probabilities of the atomic multiplets, which are
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FIG. 6. Most probable spin configurations (left) and occupation
number (right) across the layered nickelate series n = 2 — 6, co.

obtained directly from the TRIQS/CTHYB solver. Figure 6
shows the evolution of the three dominant spin states: S = 1/2
(d®), S = 1 (high-spin d®), and § = 0 (low-spin d®). Through-
out the entire series, the significant charge fluctuations are
between the d° and d® charge sectors with essentially no
dependence on n (see Fig. 6). The dominant spin configuration
remains S = 1/2, which is independent of n. The next two
most probable configurations correspond to the low-spin (LS)
or high-spin (HS) states associated with the d® charge sector.
We find that the probability of these two spin configurations
does exhibit a dependence on n. For the n = 2 material, LS
d® and HS d® configurations are essentially equally probable,
while with increasing n the HS d® configurations become
dominant over the LS configurations [25,53,74].

Table I summarizes how the Ni(3d) occupations evolve
across the series of layered nickelates, which have been calcu-
lated from the impurity Green’s function(s). We find the total
Ni(3d) occupation remains essentially independent of n, in
agreement with previous DFT+DMFT works for the n =3
and n = oo materials [25,53]. Within the Ni(3d) shell, the
occupation of the d,»_,» orbital(s) monotonically decreases
with decreasing n. This overall reduction in d,>_,» occupation
is compensated by the filling of the remaining Ni(3d) or-
bitals. It is important to note that these occupations should be

TABLE . Impurity- and orbital- resolved Ni(3d) occupations for
the n =2 — 6, co layered nickelates computed from the impurity
Green’s functions.

Material Ni site N, o Na, Ny, ot
La;Ni,Og Ni(i) 0.96 1.67 5.84 8.47
LayNizOg Ni(i) 1.00 1.62 5.82 8.44
- Ni(o) 1.03 1.66 5.83 8.52
LasNizOq Ni(i) 1.06 1.61 5.81 8.49
- Ni(o) 1.06 1.65 5.81 8.52
LagNisO, Ni(i) 1.10 1.60 5.80 8.50
- Ni(m) 1.08 1.60 5.80 8.49
- Ni(o) 1.05 1.64 5.80 8.50
La;NigO4 Ni(i) 1.11 1.60 5.80 8.51
- Ni(m) 1.09 1.61 5.81 8.51
- Ni(o) 1.06 1.65 5.81 8.52
LaNiO, Ni(i) 1.14 1.58 5.78 8.51

considered on a qualitative level as they are dependent upon
the projectors (i.e., projectors or Wannier functions) used to
create the correlated subspace, as well as on the size of the
correlated subspace [54].

The overall trend in the spin statistics can be understood
from the interplay between O(2p) and La(5d) orbitals. In
cuprates, the ground state electronic configuration is com-
prised of equal amounts of |d°) and |d'°L) (where L denotes
ligand hole), which is expected of a charge-transfer material
with small p — d splitting. The large amount of |d®) in the
ground electronic configurations of the nickelates contrasts
with that of the cuprates. In the case of the nickelates, there is
a larger p — d splitting (large charge-transfer energy) which
increases the significance of the d® states, while decreasing
the relevance of the d'°L states. Furthermore, the larger p — d
splitting forces charge-transfer from the Ni sites to the La sites
that function as a charge reservoir [53,77].

VI. SUMMARY AND DISCUSSION

We have employed charge self-consistent DFT+DMFT
to calculate the many-body electronic structure of the lay-
ered nickelates R, Ni, 0,4, with n =2 — 6, oo within the
paramagnetic state. Despite the significant change in formal
valence on the Ni site, we find the general spectral properties
across the series of materials are remarkably similar not only
to each other, but also to the end member (n = co) which
possesses a different crystal structural (while finite-layer nick-
elates have a spacing R-O fluorite block, the infinite-layer
material does not). For all layered nickelates, the metallic
Ni-d,>_,> states are the most strongly correlated and domi-
nate the low-energy physics making the largest contribution
to the density of states around the Fermi level. We identify
key features of the electronic structure that are a function
of n, the number of NiO, layers along the c axis. Figure 7
summarizes how these key electronic features change with
n: we find that the number of NiO, layers controls the mag-
nitude of the charge-transfer energy [77], the activity of the
La(5d) states around the Fermi level, and the strength of
Ni(3d) electronic correlations. Specifically, upon increasing
n, the Ni(3d)-O(2p) hybridization decreases, increasing the
charge-transfer energy, and the La(5d) states shift closer to the
Fermi level and begin to play an active role in the fermiology
for the n = 4 — 6, oo materials. Furthermore, we find that the
electronic structure of the layered material transitions from
quasi-two-dimensional to three-dimensional in the n — oo
limit.

The layered nickelates have been classified as mixed
charge-transfer-Mott-Hubbard materials [53,69] with respect
to the ZSA classification scheme with our DFT+DMFT
calculations further supporting this classification. In this
regard, the ground state of the layered nickelate systems
contains significantly more d® weight, which is different
than a pure charge-transfer system, like the cuprates. In
spite of the increased d® content, these materials only con-
tain a single strongly correlated orbital (Ni-d,>_,») and the
local spectral function exhibits strong Mott-Hubbard/charge-
transfer character, akin to cuprates. Finally, we uncover the
largest difference between the finite-layer nickelates and
the infinite-layer nickelates is in the dimensionality of the

115132-7



LABOLLITA, JUNG, AND BOTANA

PHYSICAL REVIEW B 106, 115132 (2022)

@ (b) ()
5IIIIIIIIIIIIIIIIIIIII| A6‘4““\““\““\““\““‘ 4I""I""I""I""""'
: i > | =@— La(5d)x100 :-.— dy2—y2 :
L )| Q | =@= Ni(3d) L =@ d i
F 1+ | -0 o@p)x10 _ — a0 1
[ | v4 B LI_37 |
I ] © I ]
[ 11 1 § i ]
- 13, 1 E2p ;
L i 8 i A 4
i 1 2 o \H—o
2_IIII|IIII|IIII|IIII|IIII_ q IC 1_IIII|IIII|IIII|IIII|IIII_
2 3 4 5 6 2 3 4 5 6 « 2 3 4 5 6
n n n

FIG. 7. Key features of the electronic structure as a function of n: the number of NiO, layers. (a) Charge-transfer energy (Act),
(b) Aproj(@ = 0), and (c) m* /mpgr for the e, orbitals (averaged over the Ni impurities).

electronic structure. While the finite-layer nickelates have a
two-dimensional-like electronic structure (mostly due to the
presence of a blocking fluorite slab), the infinite-layer member
has a marked three-dimensional character. This draws the
electronic structure of the finite-layer nickelates closer to that
of the cuprates than the infinite-layer material, even though we
caution towards the need of analyzing electronic structures at
the same nominal Ni(3d) filling to be able to do meaningful
comparisons. All in all, we find similar electronic features at
all n suggesting the possibility that superconducting instabil-
ities may be present in other finite-layer nickelates (beyond

the n = 5 material) if appropriate chemical doping can be
achieved.
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