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The recent discovery of superconductivity in Sr-doped NdNiO2, with a critical temperature of
10−15 K suggests the possibility of a new family of nickel-based high-temperature superconductors
(HTS). NdNiO2 is the n =∞ member of a larger series of layered nickelates with chemical formula
Rn+1NinO2n+2 (R = La, Nd, Pr; n = 2, 3, . . . ,∞). The n = 3 member has been experimentally and
theoretically shown to be cuprate-like and a promising HTS candidate if electron doping could be
achieved. The higher-order n = 4, 5, and 6 members of the series fall directly into the cuprate dome
area of filling without the need of doping, thus making them promising materials to study, but have
not been synthesized yet. Here, we perform first-principles calculations on hypothetical n = 4, 5,
and 6 structures to study their electronic and magnetic properties and compare them with the
known n = ∞ and n = 3 materials. From our calculations, we find that the cuprate-like character
of layered nickelates increases from the n =∞ to the n = 3 members as the charge transfer energy
and the self-doping effect due to R-d bands around the Fermi level gradually decrease.

I. INTRODUCTION

The discovery of high-temperature superconductivity
(HTS) in cuprates in 1986 triggered an immense amount
of scientific discovery1. Yet, despite more than three
decades of research, no consensus has emerged for the
mechanism of HTS. Among different approaches to ad-
dress this problem has been to look for materials with
similar structures and 3d electron count that are sug-
gested as proxies for cuprate physics. In this regard, fo-
cusing on nickelates has been an obvious strategy, as Ni
is next to Cu in the periodic table2,3. The realization of
the promise of nickelates for HTS came with the recent
report of superconductivity in Sr-doped NdNiO2 with
Tc ∼ 10 − 15 K4,5. This observation does not only con-
stitute the realization of the first superconducting nickel-
oxide material, but also bolsters studying other layered
nickelates – NdNiO2 is simply one of the members of a
larger family of materials6,7.

This low-valence layered nickelate family is represented
by the general formula Rn+1NinO2n+2 (R = La, Nd, Pr;
n = 2, 3, . . . ,∞) in which each member contains n-NiO2

layers, in analogy to the CuO2 planes of cuprates (see Fig.
1). Layered nickelates are obtained via oxygen reduction
from the corresponding parent perovskite or Ruddlesden-
Popper (RP) phases6–8. As of now, only the n = 2, 3, and
∞ layered nickelates have been experimentally realized.
NdNiO2 (112) is the n =∞ member of the series and re-
alizes the hard to stabilize Ni1+: d9 oxidation state4,9–12.
Superconductivity in this material is reached upon hole
doping with Sr that drives the electron count into the
cuprate dome area of filling (with maximum Tc obtained
at d8.8 filling)5. This discovery has attracted a great deal
of experimental13–20 and theoretical21–39 attention. The
n = 2 member (R3Ni2O6 – 326) is far from cuprates in
terms of electron count6,40,41 so we will not study it here.
The n = 3 phases (R4Ni3O8 – 438), with an average Ni
valence of 1.33+ (d8.67), fall into the overdoped regime of

cuprates in terms of electron count and, as such, are not
superconducting even though they have been shown to
be one of the closest cuprate analogs to date42,43. Both
of these nickelates (R438s and R112s) have their own re-
spective shortcomings. In order to reach the dome area
of d-filling, the 112 materials must be hole-doped which
is known to cause structural disorder in the samples4,14,
the 438 materials must be electron doped which is yet to
be successfully done.

In contrast, the n = 4, 5, and 6 members of the series
would all fall into the cuprate dome in terms of elec-
tron count without the need of doping and are hence
very promising materials to pursue. Starting with the
n = 4 compound (R5Ni4O10 – 5410), it would have an
average Ni valence of 1.25+ (d8.75). The n = 5 material
(R6Ni5O12 – 6512) would have an average Ni valence of
1.2+ (d8.80). Lastly, the n = 6 compound (R7Ni6O14 –
7614) would have an average Ni valence of 1.17+ (d8.83)
(see Fig. 1). Even though n = 4 − 6 reduced nickelates
have yet to be experimentally realized, prospects seem
bright as growth of parent La-based RP n = 4−5 phases
have been recently reported44,45. All of these parent
higher-order RP samples correspond to thin films grown
via molecular beam epitaxy (MBE)– obtaining bulk sam-
ples will likely be difficult due to thermodynamic insta-
bilities.

Here, we use first principles calculations to describe
the electronic structure of hypothetical n = 4−6 layered
nickelates (R5Ni4O10, R6Ni5O12, R7Ni6O14 with R =
La), exploiting the prospect that their parent RP phases
can be reduced. We then compare the electronic struc-
ture of these layered n = 4 − 6 materials to the known
n = 3 and n = ∞ members of the series. We find that
a low-spin state for Ni is the preferred ground state for
n = 4−6 compounds, in analogy to the 438 materials and
cuprates. The R-d bands (that have been reported to be
relevant for the low energy physics of the 112 materials)
start playing a role into the electronic structure of layered
nickelates when gradually moving from the n = 3 to the
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FIG. 1. Schematic phase diagram of layered nickelates (top)
and cuprates (bottom) presented as a function of 3d electron
count (I = insulator). For nickelates, only a couple line com-
positions are known in the range of 3d electron count shown:
RNiO2, 112 (n =∞) and R4Ni3O8, 438 (n = 3). Dashed lines
stand for R5Ni4O10, 5410 (n = 4), R6Ni5O12, 6512 (n = 5),
R7Ni6O14, 7614 (n = 6), that have not yet been synthesized
yet. The structure of each of these materials is also shown.
All systems contain n-NiO2 layers and the n = 3− 6 systems
also exhibit a blocking fluorite-slab.

n = 6 members. Importantly, the charge transfer energy
of these compounds gradually decreases when going from
n =∞ to n = 3. All in all, the cuprate-like character of
low-valence layered nickelates is found to decrease with
n.

II. COMPUTATIONAL METHODS

Electronic structure calculations were performed using
the all-electron, full potential code WIEN2k46 based on
the augmented plane wave plus local orbitals (APW +
lo) basis set. The Perdew-Burke-Ernzerhof version of the
generalized gradient approximation (GGA)47 was used
for the non-magnetic calculations. Additionally, we per-
form GGA+U48 calculations to account for the missing
correlations for the Ni-d states. We employ two double
counting schemes in the GGA+U calculations: ‘fully lo-
calized limit’ (FLL) and ‘around mean field’ (AMF). For
both schemes we studied the evolution of the electronic
structure with increasing U (U = 1.5 to 5.5 eV). We
have chosen a non-zero J = 0.7 eV in our calculations to

properly account for the anisotropy of the interaction49.

We have chosen to study all layered nickelates with R
= La to avoid ambiguities in the treatment of the 4f
states that would arise from Nd or Pr. We note that in
112 nickelates, the La variant is, as of now, not super-
conducting upon hole doping (in contrast to the Pr and
Nd counterparts)4 even though the electronic structure
of LaNiO2 and NdNiO2 is essentially the same (except for
the f bands)32. The same conclusion about the similarity
of the electronic structure upon R substitution applies to
the higher-order n = 4− 6 materials. For La438, La5410
and La6512, we used a k-mesh of 10 × 10 × 10 k-points
in the irreducible Brillouin zone, while for the La7614
a k-mesh of 12 × 12 × 12 k-points and for La112 a k-
mesh of 9×9×11 k-points was required for convergence.
We used RMTKmax = 7.0 and muffin-tin radii 2.50, 1.99,
and 1.72 Å for La, Ni, and O, respectively, for all of our
calculations.

III. STRUCTURAL PROPERTIES

We construct the structure of hypothetical La-based
n = 4− 6 nickelates using the structure of the La4Ni3O8

material as a reference. The structure of 438 materials
is tetragonal (with an I4/mmm space group) and con-
tains three NiO2 planes separated by a single layer of R
ions, similar to the 112 materials. However, in contrast
to infinite-layer nickelates (with P4/mmm space group),
in the 438 materials, the NiO2 planes are separated along
the c-axis by a fluorite-like RO blocking slab (see Fig. 1)
that makes the inter-trilayer coupling very weak (this flu-
orite slab is absent in the 112 phase). We safely assume
that higher-order nickelates will have an analog structure
to the 438 materials once synthesized i.e., tetragonal with
an I4/mmm space group, n-NiO2 planes along c, and flu-
orite slabs formed by the rare-earth and oxygen ions as
spacing layers. With these considerations, we have all of
the ingredients to construct the structure for each of the
reduced La-based n = 4−6 higher-order phases. We then
optimize the lattice parameters and internal coordinates
for each phase. Our optimizations were done using a fer-
romagnetic configuration within GGA, the ground state
for these systems (see below).

The optimized lattice parameters for each higher-order
phase are shown in Table I, those for La438 and La112
compounds are also shown as a reference. The in-plane
lattice parameters are almost identical for all compounds
whereas the out of plane lattice parameter obviously in-
creases with the number of layers. Relevant bond lengths
are consistent for all compounds: dNi-O = 1.97 – 1.99 Å,
dLa-Ni = 3.15 – 3.26 Å, and dLa-O = 2.51 – 2.59 Å. All in
all, from our structural relaxations, we find the obtained
bond lengths agree well with the experimentally derived
values for the La438 and La112 compounds which serves
as a benchmark for our relaxations in the n = 4 − 6
structures7,50.
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FIG. 2. Top panels: Non-magnetic band structures for the La-based 438 (n = 3), 5410 (n = 4), 6512 (n = 5), 7614 (n = 6)
layered nickelates (with I4/mmm space group), and for the 112 (n =∞) compound (with P4/mmm space group) within GGA.
Bottom panels: Corresponding Fermi surface for each compound.

n Material a b c
3 La438 3.97 3.97 26.1
4 La5410 3.97 3.97 32.9
5 La6512 3.96 3.96 39.9
6 La7614 3.97 3.97 46.1
∞ La112 3.95 3.95 3.37

TABLE I. Calculated lattice parameters for higher-order nick-
elates (5410, 6512, 7614), as well as experimental 4387 and
11210 lattice parameters. All values are given in Å.

IV. NON-MAGNETIC CALCULATIONS

Fig. 2 shows the non-magnetic band structures and
corresponding Fermi surfaces of the La-based n = 4 −
6 nickelates after the structural relaxations (the band
structures and Fermi surfaces for La438 and La112 using
the experimental structural data are shown as a refer-
ence). In cuprates, a single band of dx2−y2 character
hybridized with O-p states is active in the vicinity of the
Fermi level. For the La112 compound (at d9 filling), in
addition to the dx2−y2 band, there are also La-5d bands
crossing the Fermi level at both A (with dominant dxy
character) and Γ (with dz2 character). As such, the cor-
responding Fermi surface of the 112 material contains
not only a cylinder with Ni-dx2−y2 holes, but also an
electron-like spherical pocket in the center (Γ, with La-
dz2 character) and another electron-like sphere at each
corner (A, with La-dxy character). This has been de-
scribed in earlier literature and quite some attention has

been paid to the role of R-d bands, as they make the elec-
tronic structure and fermiology non-cuprate-like in R112
materials3,21,22,38,51.

The evolution of the electronic structure of La-based
layered nickelates from n =∞ to n = 3 shows one dx2−y2
band per Ni crossing the Fermi level for each material,
as expected (see Fig. 2), with a bandwidth that does not
significantly change with n. In the multi-layered systems
(n = 3 − 6), a splitting between the Ni-dx2−y2 bands is
observed at X as a consequence of interlayer hopping,
similar to that in multi-layer cuprates52. The most im-
portant difference as n increases is the gradual involve-
ment of La-d bands. In the 438 (n = 3) compound the
situation is very similar to that in the cuprates: there is a
single dx2−y2 band per Ni crossing the Fermi level, with
no La-d involvement, as reported before42. In La5410
La-d bands start crossing the Fermi level giving rise to
electron pockets at A and M, and they gradually shift
down to lower energies for La6512 and La7614. Unlike in
the 112 material, there is no La-d band crossing at Γ.

These differences in electronic structure can be eas-
ily appreciated in the corresponding Fermi surfaces also
shown in Fig. 2. In La438 (n = 3) the Fermi surface con-
sists of three Ni-dx2−y2-derived pockets only: the bond-
ing, non-bonding, and antibonding superpositions of the
three layers – the outer hole-like pockets centered around
the zone corner correspond to the lower-lying bands,
while the inner pocket (nearly square-like around Γ)
arises from the antibonding (higher-lying) band. These
Ni-dx2−y2 derived pockets are kept in the n = 4−6 mate-
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FIG. 3. Comparison of the total non-magnetic atom-resolved
density of states for the La, Ni, and O ions in La-based 438
(n = 3), 5410 (n = 4), 6512 (n = 5), 7614 (n = 6), and 112
(n =∞) layered nickelates within GGA.

rials – with extra hole pockets centered around the zone
corner as the number of Ni-dx2−y2 bands crossing the
Fermi level increases with n. The important difference
arises from the La-d bands crossing the Fermi level at
A and M in the n = 4 − 6 systems mentioned above–
the La-d electron-like spherical pocket at A in the 112
compound becomes cylindrical in the n = 4 − 6 materi-
als. The size of this cylindrical pocket increases with n.
The small spherical pocket at Γ in the 112 compound is
absent in the n = 4 − 6 materials (as mentioned above,
unlike in the 112 material, there is no La-d band crossing
at Γ in the n = 4−6 systems). One should note that the
structure of the n = 3−6 nickelates is different from that
of the infinite-layer material as the former have a fluo-
rite blocking layer that cuts the c-axis dispersion, and
causes the changes in the electronic structure and fermi-
ology we have described. Importantly, the Fermi surfaces
of the n = 3 − 6 nickelates are very similar to those of
multi-layered cuprates (see for example Ref. 52), except
for the additional contributions from the R-d bands in
the n = 4− 6 compounds.

To gain a complete description of the non-magnetic
electronic structure, Fig. 3 shows the atom-resolved den-
sities of states (DOS) for the La, Ni, and O ions within
GGA for n = ∞ and n = 3 − 6 layered nickelates.
The density of states plots confirm the above descrip-
tion and clearly show how the La-5d states shift down
in energy as n increases. The centroid of the Ni-d states
does not significantly change across the series. In con-
trast, the O-p centroid shifts to lower energies (away from
the Fermi level) when going from the La438 compound
to the La112 compound (by ∼ 1 eV across the series).
As a consequence, the degree of p − d hybridization in-
creases gradually from La112 to La438. In connection to
this, studies of 112 materials have highlighted their much
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FIG. 4. Charge transfer energies (average and layer-
dependent) plotted versus doping level (x = 1/n) for each La-
based layered nickelate (x = 0 for La112, x = 0.17 for La7614,
x = 0.2 for La6512, x = 0.25 for La5410, and x = 0.33 for
La438).

larger charge transfer energy (∆ = εd − εp) with respect
to cuprates (∆112 ∼ 4 eV whereas prototypical cuprate
values are ∼ 2 eV53). This is a relevant parameter in
cuprates, as many theories of HTS in cuprates are based
on the large degree of p−d hybridization, that ultimately
allows for Zhang-Rice singlet formation54. Importantly,
a decreasing charge transfer energy across cuprates has
been shown to result in higher Tc values53. To obtain a
quantitative estimate for each nickelate, explicit ∆ values
are obtained following Ref. 55 using band centroids (for
Ni-dx2−y2 and O-pσ) calculated as:

Ei =

∫
Egi(E) dE∫
gi(E) dE

, (1)

where gi(E) is the partial density of states for orbital
i. An ambiguity can inevitably be introduced in de-
termining the integration range – we set it to cover the
bonding-antibonding band complex for Ni-dx2−y2 states,
and the DOS range for O-pσ, as the values obtained for
the centroids in 112 and 438 materials using such in-
tegration limits are similar to the on-site energies of the
corresponding maximally localized Wannier functions re-
ported in the literature38,56.

The derived average centroid energies (with respect to
the Fermi level) for Ni-dx2−y2 and O-pσ orbitals, as well
as estimated charge transfer energies are summarized in
Table II. The average charge transfer energy for each ma-
terial increases with n with an overall increase of ∼ 1
eV as could be inferred from the DOSs. We note that
the charge transfer energies calculated from the density
of states-derived centroids agree well with those obtained
using the on-site energies from maximally localized Wan-
nier functions for the n = 3, 4, and ∞ materials (see
Table II and Ref. 57).
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n EO-pσ (eV) ENi-d
x2−y2 (eV) ∆DOS (eV) ∆Wannier (eV)

3 -4.53 -1.02 3.52 3.52 Ref. 56
4 -4.65 -1.04 3.61 3.80 Ref. 57
5 -4.79 -1.07 3.72 –
6 -4.85 -1.05 3.80 –
∞ -5.51 -1.12 4.39 4.40 Ref. 38

TABLE II. Estimates of the on-site energies of the Ni-
dx2−y2 and O-pσ orbitals from the DOSs and the estimated
charge transfer energy. Additionally, we include estimates
of the charge transfer energy obtained via wannierizations
for the n = 3, 4 and ∞ compounds using Wannier9058 and
wien2wannier59.

As mentioned above, many theories of HTS in cuprates
are based on their small charge transfer energy. If this is a
relevant parameter in layered nickelates as well, n = 3−6
phases should then be promising materials to explore.

Fig. 4 shows the charge transfer energy (average and
layer-dependent) versus doping x = 1/n. This plot re-
flects that a linear fit to the average charge transfer en-
ergy is good, even though it shows some slight deviations,
indicating some sensitivities in our estimates. The 112
has effectively a single layer, the 438 and 5410 have in-
ner and outer layers, and the 6512 and 7614 have inner,
next-to-inner, and outer layers. Interestingly, we find the
charge transfer energy is layer-dependent in a systematic
manner within each material: larger on the inner NiO2

layers, decreasing gradually as we move outwards.
In addition to the charge transfer energy, cuprates

are often characterized by their large superexchange (J).
This makes J another parameter of interest when study-
ing cuprate analogs. Including both the Mott-Hubbard
and charge transfer limits, the superexchange can be es-

timated as J =
2t4pd
∆2

(
1
Udd

+ 2
2∆+Upp

)
. Using this expres-

sion with parameters derived from our non-magnetic cal-
culations (tpd and charge transfer energy), and proto-
typical values of the Coulomb repulsion for d electrons
and for the two holes on oxygen from cuprates60, we ob-
tain J438 ∼ 60 meV, J5410 ∼ 53 meV, J6512 ∼ 49 meV,
J7614 ∼ 47 meV, and J112 ∼ 30 meV. The superexchange
decreases with n in layered nickelates, as expected from
the increasing charge transfer energy. This trend also
seems to be consistent with available data for the two
extreme members of the series analyzed here: in the 112
material a small superexchange (∼ 25 meV) has been
estimated from the two-magnon peak in Raman scatter-
ing experiments17. In contrast, for the 438 material a
strong cuprate-like superexchange (∼ 70 meV) has been
recently obtained from resonant inelastic x-ray scattering
experiments61.

V. MAGNETIC CALCULATIONS

Using spin-polarized calculations, we have performed a
full study of the stability of different spin states for differ-
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FIG. 5. Comparison of the atom-resolved densities of states
for the La, Ni, and O ions in La-based 438 (n = 3), 5410
(n = 4), 6512 (n = 5), and 7614 (n = 6) layered nickelates
in their LS-FM metallic ground state within GGA+U (AMF)
for U = 5.5 eV.

ent magnetic configurations in all layered nickelates con-
structing

√
2×
√

2 supercells (with Cmmm space group).

Concerning possible Ni spin states in these materials,
one should start by considering that, for n = 3− 6 nicke-
lates, the Ni ions sit in a square-planar environment with
an average d-filling that can be described as d8+δ (with δ
increasing with n). This is also effectively the picture in
the n =∞ compound (even though a simple ionic count
gives a Ni1+: d9) due to the self-doping effect from R-d
bands. Importantly, there are two possible spin states
for such a Ni: low-spin (LS) and high-spin (HS). These
two possibilities arise from the competition between the
crystal field splitting (∆CF) in the eg states and Hund’s
rule coupling (JH). The LS state (with ∆CF larger than
JH) corresponds to a d-filling (t2g)

6(dz2)2(dx2−y2)δ with
S = δ/2 and moment of δ per nickel. The HS configura-
tion (with JH larger than ∆CF) corresponds to a d-filling
(t2g)

6(dz2,↑)
1(dx2−y2,↑)

1 (dz2,↓)
δ with S = (2−δ)/2 and a

moment of 2− δ per nickel. Understanding the preferred
spin state is crucial to understanding the physics of these
materials. Specifically, a HS spin state is non-cuprate-like
as it involves Ni-dz2 states around the Fermi level, while
a LS spin state is cuprate-like with the involvement of
Ni-dx2−y2 states only.

In order to find the ground state for each compound,
we first compare the energies of the antiferromagnetic
(AFM), ferromagnetic (FM), and non-magnetic states at
the GGA level. Within GGA, the energy of the non-
magnetic state for all compounds is higher compared to
both the AFM and FM configurations by 10−60 meV/Ni.
The energy differences and Ni magnetic moments (LS for
all materials) from GGA calculations on n = 3 − 6 and
∞ nickelates are shown in Appendix A Table III.

Given that the non-magnetic state is higher in energy
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than the FM or AFM in all materials, we investigate the
relative stability between the latter states at the GGA+U
level with the two double counting schemes mentioned
above (AMF and FLL). We note that AMF and FLL are
known to stabilize different spin states: FLL tends to sta-
bilize HS states whereas AMF tends to penalize magnetic
energies and hence has a tendency to stabilize LS states
instead49. The energy differences (EAFM −EFM) and Ni
magnetic moments for each compound from all of our
GGA+U calculations have been tabulated in Appendix
A Tables IV (FLL) and V (AMF). In a high-spin configu-
ration for the Ni d8+δ ions (with half-filled dx2−y2 bands)
an AFM checkerboard configuration is preferred. In con-
trast, the low-spin Ni d8+δ ions (with dx2−y2 bands away
from half-filling) prefer a FM order. Within both the
AMF and FLL schemes, our calculations show a LS-FM
ground state is preferred for the n = 4 − 6 compounds.
The stability of this state has been confirmed using fixed
spin moment calculations. This makes these higher-order
phases similar to the R438 (n = 3) material for which a
LS-FM ground state is also obtained from first-principles
calculations that has been shown to be consistent with
polarized x-ray absorption experiments42. The LS state
is metallic, with all Ni moments remaining below 1µB ,
and the involvement of Ni bands of dx2−y2 character-
only around the Fermi level (see below). In contrast to
n = 3 − 6 materials, for La112 (n = ∞) we find instead
an AFM ground state with a LS-to-HS transition upon
increasing U , in agreement with previous literature3,38,62

This AFM state in La112 remains metallic up to the high-
est U value used, and is fundamentally different due to
the involvement of a flat Ni-dz2 band (in addition to the
dx2−y2) at the Fermi level63.

For metallic R438, the AMF scheme has been shown
to give a description of the electronic structure that is in
much better agreement with experiments42. Given their
similarities, we expect the same for the n = 4− 6 mate-
rials so we adopt this scheme to describe the electronic
structure of their LS metallic ground state. Fig. 5 shows
the atom-resolved densities of states for the La, Ni, and
O ions for n = 4−6 nickelates in their ground state (for a
standard U for Ni of 5.5 eV)42,64,65 – for the correspond-
ing band structures see Fig. 6 in Appendix B. The most
important feature of the solution we have obtained for
n = 4− 6 materials is the LS state nature of the Ni ions
with the sole involvement of one Ni-dx2−y2 band per Ni
around the Fermi level. As mentioned above, this con-
trasts with the nature of the high-spin AFM ground state
obtained in the n =∞ compounds62,63, that is character-
ized by a multi-orbital nature with Ni-dz2 states pinned
at the Fermi level playing a crucial role. In all cases
(n = 4− 6 and ∞), R-d bands still cross the Fermi level
but the LS ground state of the n = 4 − 6 materials is
more cuprate-like in nature as only Ni-dx2−y2 states play
a role in the low energy physics. Overall, the trends with
n of the electronic structure in the LS state are similar to
those of the non-magnetic state: i) there is a shift of the
La-5d states to lower energies as n increases across the

series (more evident in Fig. 6), ii) the centroid of the Ni-d
states remains nearly fixed throughout the series, iii) the
O-p states shift to lower energies with increasing n (by ∼
1 eV across the series). As discussed earlier, these effects
collectively decrease the degree of p− d hybridization as
n increases.

Concerning the LS-FM nature of the ground state we
have described for n = 4 − 6 materials, it is impor-
tant to note that antiferromagnetic states are observed in
cuprates near d9 filling (indeed, we find an AFM ground
state for the n =∞material). However, when hole doped
away from d9, one finds broken symmetry phases in both
the cuprates and layered nickelates66–69. While we have
obtained a LS-FM ground state for n = 4− 6 nickelates,
earlier work on R438s (n = 3) found that this LS state
does in fact compete in energy with a charge and spin-
striped phase42,70. With the higher-order n = 4−6 mate-
rials exhibiting a similar electronic structure to the R438s
(n = 3), we anticipate such broken symmetry phases
or even complex magnetic behavior71 may be present in
these materials as well.

Given that charge/spin-stripe phases would require
large supercells, their analysis is beyond the scope of
this work and we leave this for future calculations and
experimental observations. We point out that a nesting-
driven charge/spin-density wave transition has actually
been previously commented on by Poltavets et al.72 for
the n = 3 nickelate based on its fermiology. Given that
the Fermi surfaces of the n = 3 and n = 4 − 6 materi-
als are indeed similar (see Fig. 2), this can be a likely
possibility in these latter phases as well.

Finally, even though the AFM state is not the ground
state in n = 4− 6 materials, we briefly describe some in-
teresting aspects of it here. First, a LS-to-HS transition
with U is obtained within both AMF and FLL schemes
(akin to that in La112). However, in contrast to La112,
at high enough U values this AFM state in n = 3 − 6
nickelates is insulating, specifically, at U ∼ 2.7 eV for
La438 and U ∼ 5.5 eV for La5410, La6512, and La7614.
We attribute the possibility to open up a gap in the AFM
state in n = 3−6 materials (in stark contrast to the 112s)
to the existence of the blocking fluorite-slab that cuts the
dz2 off-plane hopping. Interestingly, in the AFM state for
n = 4− 6 nickelates there is a tendency for the moments
to disproportionate between inner and outer layers, with
disproportionation being more pronounced in the La5410
and La7614 cases, that lack a mirror plane. The higher
Ni moments are found at the inner layers and gradu-
ally decrease as moving outwards. This effect is present
in both double counting schemes, the FLL scheme only
exacerbates it (see Appendix A Table IV). This dispro-
portionation effect has been seen before in multi-layered
cuprates, where there is a charge imbalance between the
inner versus outer planes73–77.
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VI. CONCLUSIONS

We have used first-principles calculations to study the
electronic and magnetic properties of hypothetical La-
based n = 4 − 6 layered nickelates and compared them
with those of the known n = 3 and n = ∞ materials.
Our calculations show interpolation between cuprate-like
and 112-like behaviour as n increases in these low-valence
layered nickelates. In particular, we find that a low-spin
state for Ni is the preferred ground state of the n = 4−6
compounds analogous to the 438 materials and cuprates.
The self-doping effect due to R-d bands and the charge

transfer energy of these materials gradually increase with
n. As many theories of HTS in cuprates are based on
their large degree of p − d hybridization (small charge-
transfer energy) we argue that n = 3 − 6 layered nicke-
lates are then very promising materials to study in this
context.
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Fernández, K.-J. Zhou, J. Pelliciari, I. Jarrige, J. W. Free-
land, J. Zhang, J. F. Mitchell, V. Bisogni, X. Liu, M. R.
Norman, and M. P. M. Dean, Phys. Rev. Lett. 126, 087001
(2021).

62 J. Kapeghian and A. S. Botana, Phys. Rev. B 102, 205130
(2020).

63 M.-Y. Choi, W. E. Pickett, and K.-W. Lee, Phys. Rev.
Research 2, 033445 (2020).

64 A. S. Botana, V. Pardo, W. E. Pickett, and M. R. Norman,
Phys. Rev. B 94, 081105(R) (2016).

65 V. Pardo and W. E. Pickett, Phys. Rev. Lett. 105, 266402
(2010).

66 J. M. Tranquada, Ferroelectrics 177, 43 (1996).
67 N. Poirot, R. A. Souza, and C. M. Smith, Solid State

Sciences 13, 1494 (2011).
68 Y.-S. Yi, Z.-G. Yu, A. R. Bishop, and J. T. Gammel, Phys.

Rev. B 58, 503 (1998).
69 P. Wochner, J. M. Tranquada, D. J. Buttrey, and

V. Sachan, Phys. Rev. B 57, 1066 (1998).
70 J. Zhang, D. M. Pajerowski, A. S. Botana, H. Zheng,

L. Harriger, J. Rodriguez-Rivera, J. P. C. Ruff, N. J.
Schreiber, B. Wang, Y.-S. Chen, W. C. Chen, M. R. Nor-
man, S. Rosenkranz, J. F. Mitchell, and D. Phelan, Phys.
Rev. Lett. 122, 247201 (2019).

71 S. Huangfu, Z. Guguchia, D. Cheptiakov, X. Zhang,
H. Luetkens, D. J. Gawryluk, T. Shang, F. O. von Rohr,
and A. Schilling, Phys. Rev. B 102, 054423 (2020).

72 V. V. Poltavets, K. A. Lokshin, A. H. Nevidomskyy,
M. Croft, T. A. Tyson, J. Hadermann, G. Van Tendeloo,
T. Egami, G. Kotliar, N. ApRoberts-Warren, A. P. Dio-
guardi, N. J. Curro, and M. Greenblatt, Phys. Rev. Lett.
104, 206403 (2010).

73 B. W. Statt and L. M. Song, Phys. Rev. B 48, 3536 (1993).
74 M. Karppinen and H. Yamauchi, Philosophical Magazine

B 79, 343 (1999).
75 A. Trokiner, L. Le Noc, J. Schneck, A. M. Pougnet, R. Mel-

let, J. Primot, H. Savary, Y. M. Gao, and S. Aubry, Phys.
Rev. B 44, 2426 (1991).

76 H. Kotegawa, Y. Tokunaga, K. Ishida, G.-q. Zheng, Y. Ki-
taoka, H. Kito, A. Iyo, K. Tokiwa, T. Watanabe, and
H. Ihara, Phys. Rev. B 64, 064515 (2001).

77 Y. Tokunaga, K. Ishida, Y. Kitaoka, K. Asayama,
K. Tokiwa, A. Iyo, and H. Ihara, Phys. Rev. B 61, 9707
(2000).

Appendix A: Energies and Magnetic Moments

The energy differences between different magnetic con-
figurations within GGA and GGA+U calculations are
described in this Appendix. Table III shows the results
from our GGA calculations. We include the Ni magnetic
moments for both AFM and FM spin configurations,
as well as energy differences between the non-magnetic

http://dx.doi.org/10.1103/PhysRevResearch.2.023112
http://dx.doi.org/10.1103/PhysRevResearch.2.023112
http://dx.doi.org/ 10.1103/PhysRevX.10.021061
http://dx.doi.org/10.1103/PhysRevX.10.011024
http://dx.doi.org/10.1103/PhysRevX.10.011024
http://dx.doi.org/ 10.1103/PhysRevB.102.161118
http://dx.doi.org/ 10.1103/PhysRevB.102.161118
http://dx.doi.org/10.1103/PhysRevLett.102.046405
http://dx.doi.org/10.1103/PhysRevB.84.180411
http://dx.doi.org/10.1038/nphys4149
http://dx.doi.org/10.1103/PhysRevMaterials.1.021801
http://dx.doi.org/10.1103/PhysRevMaterials.1.021801
http://dx.doi.org/10.1038/s41535-017-0015-x
http://dx.doi.org/10.1038/s41535-017-0015-x
http://dx.doi.org/10.1063/5.0018934
http://dx.doi.org/ 10.1063/1.5143061
http://dx.doi.org/ 10.1063/1.5143061
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1088/0953-8984/9/35/010
http://dx.doi.org/10.1088/0953-8984/9/35/010
http://dx.doi.org/10.1103/PhysRevB.79.035103
http://dx.doi.org/10.1103/PhysRevB.79.035103
http://dx.doi.org/ 10.1073/pnas.1606637113
http://dx.doi.org/ 10.1073/pnas.1606637113
http://dx.doi.org/10.1103/PhysRevB.101.020501
http://dx.doi.org/10.1103/PhysRevB.101.020501
http://dx.doi.org/10.1103/PhysRevB.89.224505
http://dx.doi.org/10.1103/PhysRevB.89.224505
http://dx.doi.org/ 10.1209/0295-5075/100/37001
http://dx.doi.org/ 10.1209/0295-5075/100/37001
http://dx.doi.org/10.1103/PhysRevB.37.3759
http://dx.doi.org/ 10.1038/srep12050
http://dx.doi.org/10.1103/PhysRevB.102.020504
http://dx.doi.org/ https://doi.org/10.1016/j.cpc.2014.05.003
http://dx.doi.org/ https://doi.org/10.1016/j.cpc.2014.05.003
http://dx.doi.org/ https://doi.org/10.1016/j.cpc.2010.08.005
http://dx.doi.org/ https://doi.org/10.1016/j.cpc.2010.08.005
http://dx.doi.org/10.1103/PhysRevB.38.6650
http://dx.doi.org/10.1103/PhysRevB.38.6650
http://dx.doi.org/10.1103/PhysRevLett.126.087001
http://dx.doi.org/10.1103/PhysRevLett.126.087001
http://dx.doi.org/10.1103/PhysRevB.102.205130
http://dx.doi.org/10.1103/PhysRevB.102.205130
http://dx.doi.org/10.1103/PhysRevResearch.2.033445
http://dx.doi.org/10.1103/PhysRevResearch.2.033445
http://dx.doi.org/10.1103/PhysRevB.94.081105
http://dx.doi.org/10.1103/PhysRevLett.105.266402
http://dx.doi.org/10.1103/PhysRevLett.105.266402
http://dx.doi.org/10.1080/00150199608216952
http://dx.doi.org/https://doi.org/10.1016/j.solidstatesciences.2011.04.016
http://dx.doi.org/https://doi.org/10.1016/j.solidstatesciences.2011.04.016
http://dx.doi.org/ 10.1103/PhysRevB.58.503
http://dx.doi.org/ 10.1103/PhysRevB.58.503
http://dx.doi.org/10.1103/PhysRevB.57.1066
http://dx.doi.org/10.1103/PhysRevLett.122.247201
http://dx.doi.org/10.1103/PhysRevLett.122.247201
http://dx.doi.org/ 10.1103/PhysRevB.102.054423
http://dx.doi.org/ 10.1103/PhysRevLett.104.206403
http://dx.doi.org/ 10.1103/PhysRevLett.104.206403
http://dx.doi.org/10.1103/PhysRevB.48.3536
http://dx.doi.org/10.1080/13642819908206803
http://dx.doi.org/10.1080/13642819908206803
http://dx.doi.org/10.1103/PhysRevB.44.2426
http://dx.doi.org/10.1103/PhysRevB.44.2426
http://dx.doi.org/10.1103/PhysRevB.64.064515
http://dx.doi.org/10.1103/PhysRevB.61.9707
http://dx.doi.org/10.1103/PhysRevB.61.9707


9

(NM) and AFM/FM states. In all cases, the FM and/or
AFM states are favored over the NM state across the
series. The results from our GGA+U calculations are
summarized in Tables IV and V. In Table IV, we pro-
vide the energy differences between the AFM state and
the FM state with GGA+U for a range of U values with
the FLL double counting scheme. A qualitative descrip-
tion of the ground state (GS) of each compound, and the
Ni magnetic moments for the AFM and FM configura-
tions in all layers are also provided. The same informa-
tion is provided in Table V for the AMF double counting
scheme.

Appendix B: LS Band Structures

The band structures from our GGA+U calculations
for the LS-FM ground state of n = 3 − 6 layered nicke-
lates within AMF for U = 5.5 eV are shown in Fig. 6.
The majority (minority) spin channels are shown in blue
(red). The evolution of the electronic structure as n in-
creases repeats the same trends observed in the NM band
structures shown in the main text. The La-5d bands be-
gin playing a role in the La5410 (n = 4) compound and
gradually increase their relevance in the La6512 (n = 5)
and La7614 (n = 6) – this effect is particularly noticeable
at Γ.
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Material ENM − EAFM (meV/Ni) ENM − EFM (meV/Ni) NiO2 layer AFM MM FM MM
La438 6.36 23.32 inner 0.30/-0.30 0.51

outer 0.27/-0.27 0.50
La5410 25.52 19.52 inner 0.44/-0.44 0.51

outer 0.34/-0.33 0.49
La6512 40.51 13.92 inner 0.54/-0.54 0.44

next-to-inner 0.48/-0.48 0.47
outer 0.37/-0.37 0.49

La7614 66.25 16.79 inner 0.59/-0.59 0.46
next-to-inner 0.51/-0.51 0.52
outer 0.39/-0.39 0.55

La112 66.81 -2.04 0.68/-0.68 0.31

TABLE III. Energy differences (in meV/Ni) between non-magnetic (NM) and antiferromagnetic (AFM)/ferromagnetic (FM)
spin configurations within GGA for n = 3 − 6 and ∞ materials. Additionally, the magnetic moments (MM) for both the
antiferromagnetic and ferromagnetic spin configurations are shown for Ni atoms in each distinct layer. Magnetic moments are
in µB .

FIG. 6. Band structures of the n = 3 − 6 phases (left to right) from GGA+U (AMF) calculations within the LS-FM ground
state at U = 5.5 eV. Blue (red) shows majority (minority) spin channels.
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TABLE IV. GGA+U (FLL) – Energy differences (in meV/Ni) between a checkerboard antiferromagnetic (AFM) and fer-
romagnetic (FM) state for La-based layered nickelates with n = 3, 4, 5, 6, and ∞ within GGA+U as a function of U using
the FLL double counting scheme. A positive energy difference indicates the FM state is energetically favored, while a negative
difference indicates the AFM state is favored. A qualitative description of the ground state (GS) of the system at each value
of U is provided. Finally, the Ni magnetic moments for both AFM and FM spin configurations are given for each Ni in each
layer. (-) indicates a calculation that could not be converged.

U (eV) EAFM − EFM (meV/Ni) GS NiO2 Layer AFM Moments (µB) FM Moments (µB)
La438

1.5 -13.8 HS-AFM inner 1.1/-1.1 0.68
metal outer 0.92/-0.92 0.67

2.7 -107.6 HS-AFM inner 1.3/-1.3 0.72
insulator outer 1.1/-1.1 0.71

4.0 -216.9 HS-AFM inner 1.4/-1.4 1.3
insulator outer 1.2/-1.2 0.87

5.5 -281.7 HS-AFM inner 1.4/-1.4 1.5
insulator outer 1.3/-1.3 1.3

La5410
1.5 91.5 LS-FM inner 0.97/-0.97 0.76

metal outer 0.54/-0.56 0.73
2.7 114.8 LS-FM inner 1.2/-1.2 0.80

metal outer 0.71/-0.71 0.77
4.0 59.9 LS-FM inner 1.3/-1.3 0.84

metal outer 0.78/-0.78 0.81
5.5 79.2 HS-FM inner 1.4/-1.4 1.4

metal outer 0.93/-0.93 1.3
La6512

1.5 48.1 LS-FM inner 0.69/-0.69 0.80
metal next-to-inner 0.65/-0.65 0.78

outer 0.55/-0.54 0.75
2.7 134.7 LS-FM inner 0.90/-0.90 0.85

metal next-to-inner 0.82/-0.82 0.83
outer 0.69/-0.70 0.79

4.0 79.6 LS-FM inner 1.2/-1.2 0.89
metal next-to-inner 0.61/-0.61 0.88

outer 1.2/-1.2 0.84
5.5 19.5 LS-FM inner 1.3/-1.3 0.94

metal next-to-inner 0.57/-0.57 0.92
outer 1.3/-1.3 0.87

La7614
1.5 13.4 LS-FM inner 0.89/-0.89 0.83

metal next-to-inner 0.64/-0.64 0.80
outer 0.63/-0.63 0.76

2.7 56.3 LS-FM inner 1.1/-1.1 0.87
metal next-to-inner 0.64/-0.64 0.85

outer 1.1/-1.1 0.81
4.0 32.8 LS-FM inner 1.2/-1.2 0.92

metal next-to-inner 0.67/-0.67 0.90
outer 1.2/-1.2 0.85

5.5 inner 1.3/-1.3 -
next-to-inner 0.66/-0.66 -

outer 1.3/-1.3 -
La112

1.5 -143.8 LS-AFM 0.83/-0.83 0.87
metal

2.7 -138.5 HS-AFM 1.04/-1.04 0.93
metal

4.0 -146.4 HS-AFM 1.1/-1.1 0.99
metal

5.5 -135.4 HS-AFM 1.2/-1.2 1.1
metal
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TABLE V. GGA+U (AMF) – Energy differences (in meV/Ni) between a checkerboard antiferromagnetic and ferromagnetic
state for La-based layered nickelates with n = 3, 4, 5, 6, and ∞ within GGA+U as a function of U using the AMF double
counting scheme. A positive energy difference indicates the FM state is energetically favored, while a negative difference
indicates the AFM state is favored. A qualitative description of the ground state (GS) of the system at each value of U is
provided. Finally, the Ni magnetic moments for both AFM and FM spin configurations are given for each Ni in each layer. In
the 112 material, in spite of the moments remaining below 1µB within AMF at all Us, already for a low U value, a d2z band is
pinned at the Fermi level like in the HS state described in Refs. 62 and 63 obtained within FLL.

U (eV) EAFM − EFM (meV/Ni) GS NiO2 Layer AFM Moments (µB) FM Moments (µB)
La438

1.5 17.4 LS-FM inner 0.86/-0.86 0.67
metal outer 0.70/-0.69 0.66

2.7 38.6 LS-FM inner 1.2/-1.2 0.68
metal outer 1.1/-1.1 0.67

4.0 16.0 LS-FM inner 1.3/-1.3 0.68
metal outer 1.1/-1.1 0.67

5.5 49.4 LS-FM inner 1.4/-1.4 0.67
metal outer 1.2/-1.2 0.66

La5410
1.5 13.5 LS-FM inner 0.72/-0.72 0.74

metal outer 0.49/-0.50 0.71
2.7 80.9 LS-FM inner 1.1/-1.1 0.75

metal outer 0.57/-0.57 0.72
4.0 42.6 LS-FM inner 1.2/-1.2 0.74

metal outer 0.47/-0.45 0.71
5.5 25.3 LS-FM inner 1.3/-1.3 0.73

metal outer 0.38/-0.38 0.69
La6512

1.5 43.5 LS-FM inner 0.66/-0.66 0.78
metal next-to-inner 0.62/-0.62 0.76

outer 0.52/-0.52 0.73
2.7 133.3 LS-FM inner 0.73/-0.73 0.78

metal next-to-inner 0.68/-0.68 0.77
outer 0.59/-0.59 0.73

4.0 195.4 LS-FM inner 0.75/-0.75 0.78
metal next-to-inner 0.72/-0.72 0.76

outer 0.62/-0.62 0.72
5.5 34.9 LS-FM inner 1.2/-1.2 0.75

metal next-to-inner 0.30/-0.30 0.74
outer 1.1/-1.1 0.71

La7614
1.5 12.9 LS-FM inner 0.78/-0.78 0.81

metal next-to-inner 0.62/-0.63 0.78
outer 0.56/-0.57 0.74

2.7 89.82 LS-FM inner 1.0/-1.0 0.81
metal next-to-inner 0.56/-0.56 0.78

outer 0.89/-0.89 0.74
4.0 81.9 LS-FM inner 1.1/-1.1 0.79

metal next-to-inner 0.44/-0.44 0.78
outer 1.1/-1.1 0.73

5.5 27.4 LS-FM inner 1.2/-1.2 0.77
metal next-to-inner 0.33/-0.33 0.75

outer 1.1/-1.1 0.71
La112

1.5 -122.4 LS-AFM 0.79/-0.79 0.85
metal

2.7 -86.9 LS-AFM 0.83/-0.83 0.85
metal

4.0 -63.0 LS-AFM 0.84/-0.84 0.84
metal

5.5 -62.3 LS-AFM 0.70/-0.70 0.79
metal
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