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Motivated by the discovery of superconductivity in infinite-layer nickelates RNiO2 (R= rare-earth),
and the subsequent enhancement of their Tc with pressure, we investigate the evolution of the
electronic structure and magnetic properties of this family of materials via first-principles calculations
employing hydrostatic and chemical pressure as tuning knobs. Overall, our analysis shows that
pressure tends to increase the R-5d self-doping effect, as well as the Ni-dx2−y2 bandwidth, the eg
energy splitting, the charge transfer energy, and the superexchange (J). Using the energy scale of J
as a predictor of superconducting tendencies, we anticipate that pressure can indeed be a feasible
means to further increase the Tc in this family of materials.

I. INTRODUCTION

The discovery of high-Tc superconductivity (HTS) in
the cuprates [1] triggered attempts to find analog super-
conducting materials aimed at identifying the requisite
ingredients for HTS [2]. In this context, nickelates have
been intensively investigated given the proximity of Ni to
Cu in the periodic table [3, 4]. Nickelate superconductiv-
ity was first realized in 2019 in hole-doped infinite-layer
Nd1−xSrxNiO2 thin films with Tc ∼ 15 K [5]. This initial
discovery immediately attracted extensive theoretical and
experimental efforts [6–36] that gave rise to the subsequent
discovery of superconductivity in hole-doped infinite-layer
nickelates with other rare-earth cations [10, 37, 38], in a
quintuple-layer nickelate (Nd6Ni5O12) without chemical
doping [39], and most recently in the parent Ruddlesden-
Popper bilayer [40–42] and trilayer [43–45] nickelates upon
applying hydrostatic pressure.

Focusing on the infinite-layer nickelates, these materials
exhibit striking similarities to the cuprates. Structurally,
both materials host two-dimensional square planes of
transition-metal and O atoms [46, 47]. In terms of filling,
both are in proximity to a 3d9 electronic configuration
with superconductivity arising near 20% hole doping. The
eg splitting – correlated with Tc in the cuprates, with
a larger value giving rise to a higher Tc due to reduced
mixing of these orbitals [48, 49] – is also similar in infinite-
layer nickelates [50]. Theoretical and experimental work
suggests an unconventional (d-wave) pairing mechanism
for superconductivity in these nickelates, akin to the
cuprates [11, 32, 51, 52]. Further, a recent analysis of
pressure effects on hole-doped PrNiO2 thin films [53] has
revealed a substantial increase in Tc (from 17 K to 31
K) under 12 GPa, following the pressure-enhanced Tc

trends of the cuprates [54]. In spite of these similarities,
there are, however, some important differences between
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infinite-layer nickelates and cuprates that have been inten-
sively studied [3, 50]. The cuprates are antiferromagnetic
charge-transfer insulators close to the 3d9 limit that por-
tray a single band of dx2−y2 character near the Fermi
level, and are known to exhibit a large degree of O-p and
Cu-d hybridization [2]. For infinite-layer nickelates, the
lower degree of hybridization between the Ni-d and O-p
states, as well as the presence of additional ‘spectator’ or
‘self-doping’ bands of rare-earth (R)-d character at the
Fermi level are distinguishing factors [55]. These rare-
earth electron pockets that self-dope the Ni-dx2−y2 band
preempt the possibility of an antiferromagnetic insulating
state in the parent phase, even though the presence of
strong antiferromagnetic correlations has recently been
reported via resonant inelastic x-ray scattering (RIXS)
experiments [56].

In light of the experimental enhancement of Tc in
infinite-layer nickelates with pressure (together with the
recent explosion of work on superconductivity in pres-
surized Ruddlesden-Popper nickelates), here, we study
the effects of hydrostatic pressure on the electronic struc-
ture and magnetic response of infinite-layer nickelates.
Using first-principles calculations, we report the system-
atic evolution of the dominant similarities and differences
between infinite-layer (RNiO2) nickelates and cuprates
with pressure. Further, we correlate the changes arising
from hydrostatic pressure with changes in chemical pres-
sure, by exploring different rare-earth ions. We find that
both hydrostatic and chemical pressure can be used as
a “knob” to tune the electronic and magnetic response in
infinite-layer nickelates to ultimately enhance their Tc.

II. COMPUTATIONAL DETAILS

The RNiO2 (R = rare-earth) nickelates are the infi-
nite layer (n = ∞) members of the reduced Ruddlesden-
Popper series Rn+1NinO2n+2. Their crystal structure has
been resolved in the P4/mmm space group at ambient
pressure [46, 47] (see Fig. 1(a)). We have performed
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FIG. 1. Crystal structure and lattice stability of pressurized
infinite-layer RNiO2. (a) Crystal structure of RNiO2 nicke-
lates (P4/mmm) where blue, grey, and red spheres denote R,
Ni, and O atoms, respectively. (b) DFT-optimized lattice con-
stants for pressurized LaNiO2 with corresponding rare-earth
cations matched to the in-plane lattice constant of LaNiO2

at a certain pressure. (c) Phonon dispersions for LaNiO2 at
ambient pressure (left) and 15 GPa (right).

density-functional theory (DFT)-based calculations for
the La-based infinite-layer nickelate LaNiO2 under pres-
sures up to 15 GPa, relevant to the experiments in Ref.
[53]. For all pressures, we conducted structural relaxations
using the Vienna ab-initio Simulation Package (VASP),
optimizing both the lattice parameters and the internal
coordinates [57, 58]. The generalized gradient approx-
imation (GGA) as implemented in the Perdew-Burke-
Ernzerhof (PBE) functional was used as the exchange-
correlation functional [59]. An energy cutoff of 500 eV
and a k-mesh of 20×20×20 were adopted with a force
convergence criterion of 10−2 meV/Å. The same struc-
tural optimization procedure was used for RNiO2 (R =
Nd, Pm, Eu, Gd, Ho). The lattice dynamics of RNiO2

were further investigated using the frozen phonon method
with 2× 2× 2 supercells as implemented in phonopy [60]
interfaced with VASP.
Subsequently, for each optimized structure, we ana-

lyzed the evolution of the non-magnetic electronic struc-
ture with pressure using the all-electron, full-potential
code wien2k [61]. In these calculations, we also employed
PBE-GGA as the exchange-correlation functional. We
used RMTKmax = 7 and a k-grid of 19×19×22 for the
Brillouin zone sampling. Electronic structure calculations
for different rare-earth ions (R = Nd, Pm, Eu, Gd, Ho)
were performed using the same computational parame-
ters within the open-core approximation for the R-4f
electrons.

To gain further insight into the electronic structure
and to obtain quantitative trends with pressure, we
downfolded the Kohn-Sham DFT band structures onto
maximally localized Wannier functions (MLWFs) to ex-
tract on-site energies and relevant hopping integrals
as implemented in WANNIER90 [62] interfaced with
WIEN2WANNIER [63]. We chose a d − p basis, where
all the Ni-3d and O-2p orbitals were taken in the initial
projections.
The magnetic tendencies of RNiO2 under the applica-

tion of hydrostatic pressure (for R = La at P = 0-15 GPa)
as well as for chemical pressure (R = Nd, Pm, Eu, Gd,
Ho) were explored via GGA+U calculations employing
the fully-localized limit (FLL) as the double counting
correction [64] as implemented in VASP, with the R-4f
states in the pseudopotential core. Two different values
for the on-site Coulomb repulsion U of 2 eV and 7 eV were
applied to the Ni-3d states to understand the energetic
dependence with U . The Hund’s coupling JH was fixed
to the typical value of 0.7 eV. We considered two different
antiferromagnetic (AFM) configurations that have been
shown to be the lowest energy ones for RNiO2 in previous
DFT works [65, 66]: (1) AFM-G where antiferromagnetic
planes are coupled antiferromagnetically out-of-plane and
(2) AFM-C where antiferromagnetic planes are coupled
ferromagnetically out-of-plane.

III. RESULTS

A. Crystal structure and lattice dynamics

We start by describing the changes in the crystal struc-
ture of LaNiO2 with hydrostatic pressure. The correspond-
ing optimized lattice parameters are shown in Fig 1(b).
As expected, both the in-plane and out-of-plane lattice
constants get reduced (by approximately 3%) from ambi-
ent pressure to 15 GPa. We find that up to the highest
pressure we studied, the space group remains as P4/mmm
(even allowing for symmetry reduction in the structural
relaxations), as reflected in the calculated phonon disper-
sions shown in Fig. 1(c) where no imaginary modes can
be observed in the spectrum for LaNiO2 all the way up
to 15 GPa.
To perform a meaningful comparison between the ef-

fects of hydrostatic and chemical pressure, we make an
approximate ‘one-to-one’ mapping between the in-plane
lattice constant (a) obtained for a certain rare-earth ion
after a full structural relaxation and the corresponding
pressure value applied to LaNiO2. We focus on matching
the in-plane lattice constant as we determined in pre-
vious work that this is the most relevant tuning knob
for the electronic structure across the rare-earth series
for RNiO2 [65]. In this manner, we obtain a correspon-
dence between NdNiO2, PmNiO2, EuNiO2, GdNiO2, and
HoNiO2 and pressures of 2, 4, 6, 8, and 15 GPa applied
to LaNiO2, respectively (see Fig. 1(b)). The accompa-
nying out-of-plane lattice constant for each rare-earth is
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2 GPa 8 GPa 15 GPa

Nd Gd Ho

FIG. 2. Comparison between the non-magnetic electronic structure of RNiO2 with hydrostatic (top) and chemical (bottom)
pressure. Top panels: Band structure along high-symmetry lines and atom-, orbital-resolved density of states (DOS) for LaNiO2

at 2 GPa, 8 GPa, and 15 GPa (from left to right). The orbital character of the bands is denoted for Ni-dx2−y2 (orange), Ni-dz2
(green), and R-d (blue). Bottom panels: Equivalent plots to those of the top row for RNiO2 with R = Nd, Gd, and Ho (from
left to right).

slightly smaller than that obtained for the correspond-
ing in-plane lattice-matched pressure (the optimization
yields a systematic reduction of the out-of-plane lattice
constant c by about 10% across the lanthanide series as
can be seen in Table I in Appendix A). We note that it
has been shown previously [67, 68] that below a critical
rare-earth ionic radius, the P4/mmm crystal structure
becomes unstable in RNiO2 with a lattice instability at
A transforming the structure from P4/mmm to I4/mcm
(see Fig. 6 in Appendix B). However, as mentioned above,
for LaNiO2 the P4/mmm structure is stable for all pres-
sures considered here. Therefore, to perform a one-to-one
comparison between chemical and hydrostatic pressure
in the subsequent sections, we will restrict ourselves to
analyzing all RNiO2 compounds in the P4/mmm space
group.

B. Electronic structure with pressure

We will start by revisiting the basic features of the
non-magnetic electronic structure of LaNiO2 at ambient
pressure. As shown early on [3], three bands near the
Fermi level contribute to the low-energy physics of LaNiO2.
First, a two-dimensional Ni-3dx2−y2 -derived band crosses
the Fermi level, reminiscent of the cuprates. But, as men-
tioned above, the infinite-layer nickelates host additional
La-5d ‘spectator’ bands which self-dope the Ni-3dx2−y2

orbital. These La-5d bands generate two electron pockets:
one at Γ with mostly La-dz2 character and one at A with

kz = 0.0 kz = 0.5
2 GPa
8 GPa

15 GPa

Nd
Gd
Ho

FIG. 3. Top panels: Evolution of the Fermi surface of LaNiO2

under hydrostatic pressure plotted in the kz = 0 (left) and
kz = 1/2 planes (right). Bottom panels: Evolution of the
Fermi surface of RNiO2 (R= Nd, Gd, Ho), displaying the
effects of chemical pressure also in the kz = 0 (left) and
kz = 1/2 planes (right).

mostly La-dxy character. Importantly, the 5d bands have
a three-dimensional dispersion giving rise to strong out-
of-plane couplings [69, 70]. The self-doping effect (that
corresponds to around 5% holes in the Ni-dx2−y2 orbital)
causes a shift away from nominally half-filling. Therefore,
the infinite-layer nickelates can be thought of as equiva-
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lent to underdoped cuprates even at stoichiometry (i.e.
nominal d9 filling). Further, when compared to cuprates,
the O-2p bands in infinite-layer nickelates are much lower
in energy relative to the Ni-3d bands, giving rise to a ∼ 4.3
eV charge-transfer energy, which is much larger than typ-
ical cuprate values ∼ 1 − 2 eV [71]. In this context, an
important question in infinite-layer nickelates has been
their placement on the charge transfer-Mott continuum
defined by Zaanen, Sawatzky and Allen [72]. A recent
RIXS study [73] suggests that the reduced nickelates are
intermediate between the charge transfer and Mott limits.

We now turn to the electronic structure of LaNiO2

under the influence of hydrostatic and chemical pressure.
Fig. 2 shows the band structure evolution – with the
relevant orbital characters highlighted – as well as the
corresponding atom and orbital-projected density of states
(DOS) up to 15 GPa for LaNiO2 as well as for RNiO2 with
R = Nd (matching 2 GPa), R = Pm (matching 8 GPa)
and R = Ho (matching 15 GPa) (further pressures and R
ions are shown in Fig. 7 in Appendix C). We focus first on
the evolution of the Ni-dx2−y2 band that crosses the Fermi
level in LaNiO2 with hydrostatic pressure: its bandwidth
increases monotonically by about 5% with pressures up to
15 GPa. This is expected considering the trend in lattice
constants shown in the previous section: a reduction of the
in-plane constants leads to increased orbital overlap and,
as a consequence, in the hybridization and bandwidth. A
similar increase in bandwidth is observed when reducing
the size of the rare-earth ion from La to Ho.

The electron pockets associated with the rare-earth 5d
bands that cross the Fermi level can be seen to increase
in size with pressure in Fig. 2. To further elucidate this
trend, we also show the corresponding Fermi surfaces as
a function of pressure in the kz = 0 and kz = 1/2 planes
in Fig. 3. While the size of the large hole-like Ni-dx2−y2

pocket does not change significantly with pressure or
rare-earth size, the size of the electron pocket with R-dz2

character around the Γ-point can been seen to gradually
increase in kz = 0 with pressure (the R-dxy pocket at
the zone corners (A) in kz = 1/2 remains essentially
unchanged with pressure instead). While the effects on
the R-5d pockets with hydrostatic and chemical pressure
are similar, the latter systematically gives rise to a larger
electron pocket at Γ. In any case, for both hydrostatic
and chemical pressure, the largest effect on the fermiology
seems to be an increase in the amount of self-doping of
the Ni-dx2−y2 band as the R-5d pockets become enlarged.

Moving to the changes in p− d hybridization, the com-
plex of O-2p bands can be observed to shift down in
energy with increasing pressure (both hydrostatic and
chemical) while the Ni-3d states do not significantly move,
consequently decreasing the degree of p− d hybridization
(see Fig. 2). This is an unexpected effect that has been
described before when analyzing the effects of chemical
pressure in the infinite-layer nickelates [65, 66] (given
that the lattice constants contract while the bandwidth
increases one would in principle expect that the degree
of covalency associated with the holes in the Ni-O planes
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FIG. 4. Quantitative trends in the electronic structure of
RNiO2 with hydrostatic and chemical pressure obtained from
MLWFs: (from top to bottom) crystal-field splitting (∆CF)
between the Ni-eg orbitals, charge-transfer energy (∆CT) and
estimated superexchange (J). The blue curve shows the evo-
lution of each of these parameters in LaNiO2 for pressures
up to 15 GPa, the green curve shows the evolution of these
parameters for RNiO2 (R= Nd, Pm, Eu, Gd, and Ho).

should also increase). With these considerations, to obtain
an estimate of the change in the degree of p−d hybridiza-
tion with pressure, we calculate the charge-transfer energy
evolution ∆CT = εd−εp (referring to dx2−y2 and pσ) from
the on-site energies of MLWFs (see relevant Wannier fits
in Figs. 8 and 9 and on-site energies and hopping in-
tegrals in Table II in Appendix D). The derived values
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of ∆CT with pressure are shown in Fig. 4 where ∆CT

can be seen to increase from 4.27 eV at ambient pressure
up to 4.62 eV at 15 GPa in LaNiO2. A slightly larger
increase is obtained when changing the rare-earth size,
with ∆CT increasing from 4.59 eV to 4.96 eV when going
from NdNiO2 to HoNiO2.

Using the on-site energies from MLWFs (see Table II in
Appendix D), we also analyze the evolution of the Ni-eg
crystal-field splitting defined as ∆CF = εdx2−y2 − εdz2

that can be seen to systematically increase with both
hydrostatic and chemical pressure from ∼ 0.78 eV at
ambient pressure for LaNiO2 to ∼ 1 eV for 15 GPa and
HoNiO2 (see Figure 4). As mentioned above, a larger
value of ∆CF in the cuprates is correlated with a higher
Tc due to the reduced mixing of these orbitals [48, 49].

C. Magnetic tendencies with pressure

In cuprates, the ground state of the undoped com-
pounds (at nominal d9 filling) is an antiferromagnetic
charge-transfer insulator [2]. In infinite-layer nickelates
the situation is slightly different: as mentioned above,
there is evidence of short-range antiferromagnetic fluctu-
ations from RIXS [56] even though long-range magnetic
order has not been confirmed, likely due to the interfer-
ence of the R-5d bands. Regardless, within DFT (and
DFT+U) calculations, an antiferromagnetic ground state
is obtained at ambient pressure [3, 50, 66]. Hence, to
better understand the magnetic tendencies with pressure,
we perform spin-polarized calculations and compare the
energies of the two most stable magnetic states in LaNiO2

at ambient pressure (G-type AFM and C-type AFM). Fig.
5 shows the evolution of the energy difference between
these two magnetic states with pressure (hydrostatic and
chemical) at U= 2 eV (results for U= 7 eV are shown in
Fig. 10 in Appendix E). For LaNiO2 the G-type AFM
state is the ground state up to 15 GPa (and it is further
stabilized as pressure is increased). For RNiO2, as we
move to the right in the lanthanide series, the G-AFM
state continues being the ground state up to Gd, becoming
less stable as chemical pressure is increased. Eventually,
a crossover occurs, so that for Ho the magnetic ground
state is C-type AFM. At U= 7 eV, the G-type AFM state
becomes even further stabilized, as shown in Fig. 10 in
Appendix E.

As mentioned above, in cuprates there is a general
consensus that magnetism is a key aspect underlying
their physics, with the energy scale of Tc being set by the
large values of the superexchange (J). We will also use
the scale of J here as a predictor of the superconducting
tendencies in the infinite-layer nickelates with pressure.
One can in principle extract estimates for the exchange
constants from DFT-energy maps to a Heisenberg model.
However, for RNiO2 the moments obtained in some of the
magnetic solutions disproportionate, implying that such
a mapping is not appropriate. Hence, to estimate the
evolution of the magnetic superexchange with pressure,

G-AFM C-AFM

FIG. 5. Magnetic tendencies of RNiO2 with hydrostatic and
chemical pressure. Top panel: AFM-G (left) and AFM-C
(right) spin configurations. Bottom panel: Energy difference
between the G-type and C-type antiferromagnetic states with
hydrostatic and chemical pressure within GGA-PBE+U (U= 2
eV) for RNiO2. The curve in red shows the energy difference for
LaNiO2 for pressures up to 15 GPa, the blue curve shows the
same energy difference for RNiO2 (R= Nd, Pm, Eu, Gd, and
Ho). The G-type AFM state is the ground state throughout
except for Ho.

we resort to using both the Mott- and charge-transfer
limits in the Zaanen-Sawatzky-Allen phase diagram [72]
(given that in these materials U ∼ ∆CT),

J =
2t4pd
∆2

CT

× (
1

Udd
+

1

∆CT + 1
2Upp

)

Using our estimates for ∆CT and tpd derived from the
wannierizations, together with values of Upp = 7.35 eV
and Udd = 6.00 eV, characteristic of the cuprates [74], we
obtain a J value for LaNiO2 at ambient pressure ∼ 65
meV (very similar to the experimental value obtained from
fittings of the spin wave dispersion derived from RIXS
[56]). Importantly, we find that J increases to a cuprate-
like value of ∼ 90 meV at a modest pressure of 8 GPa, as
shown in Fig. 4. Even though we restricted ourselves here
to pressures relevant to the experiments in Ref. [53] (∼ 12
GPa), in principle an even larger J could be achieved at
higher pressures (see Fig. 11 in Appendix F). This large
increase in the superexchange value (together with the
main electronic structure trends described above) agree
well with previous theoretical calculations [75], that have
predicted an increase in the superconducting Tc of the
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hole-doped Pr infinite-layer nickelate with pressure.

IV. SUMMARY AND CONCLUSIONS

We have investigated the evolution of the electronic
structure and magnetic trends in infinite layer nickelates
(RNiO2) with pressure using first-principles calculations.
Our findings suggest that there is a one-to-one correspon-
dence between hydrostatic and chemical pressure in these
materials. Overall, our results show that pressure (both
hydrostatic and chemical) tends to (i) increase the R-5d
self-doping effect, (ii) increase the Ni-dx2−y2 bandwidth,

(iii) increase the eg splittings, (iv) decrease the degree of
p− d hybridization, and (v) increase the superexchange
(J). Using the energy scale of J as a predictor of su-
perconducting tendencies, we anticipate that hydrostatic
pressure and rare-earth substitution can indeed be a fea-
sible means to further increase the Tc in this family of
materials.
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Appendix A: Additional structural data for RNiO2

Table I summarizes the DFT-optimized out-of-plane (c) lattice constants for pressurized LaNiO2 and the corresponding
in-plane lattice-matched RNiO2.

0 GPa 2 GPa 4 GPa 6 GPa 8 GPa 15 GPa

c(Å) 3.371 3.369 3.353 3.334 3.316 3.262
La Nd Pm Eu Gd Ho

c(Å) 3.371 3.302 3.263 3.206 3.177 3.110

TABLE I. Optimized c lattice constants under applied pressure for LaNiO2 and for RNiO2 with R = Nd, Pm, Eu, Gd, and Ho.
All the lattice constants are provided in Å.

Appendix B: Dynamical instability of RNiO2

As mentioned in the main text, it has been shown previously [67, 68] that above a critical rare-earth ionic radius,
the P4/mmm crystal structure becomes unstable in RNiO2 with a lattice instability at A transforming the space group
from P4/mmm to I4/mcm (see Fig. 6(a)). However, as mentioned above, for LaNiO2 the P4/mmm structure is stable
for all pressures considered here (see Fig. 1(b)). For smaller rare-earth ions, we take Ho as an example and reproduce
the results of previous work [67, 68], where a lattice instability appears at A (see Fig. 6(b)). This unstable mode
corresponds to the A−

4 irreducible representation of the P4/mmm space group and leads to a crystal structure with
rotated oxygens (I4/mcm symmetry). The distorted I4/mcm structure is dynamically stable as shown in Fig. 6(b)
evidenced by the lack of imaginary phonon modes. However, if one applies hydrostatic pressure to HoNiO2 we note
that this lattice instability can be quenched (see Fig. 6(b)).

Appendix C: Additional DFT data for RNiO2 with hydrostatic and chemical pressure in the nonmagnetic state

Figure 7 summarizes the non-magnetic electronic structure for LaNiO2 at additional pressures, and the corresponding
lattice-matched rare-earth cation. The same trends as those described in the main text can be observed.

Appendix D: Wannierization of the DFT bands

To obtain a more quantitative analysis of the DFT electronic structure, we downfold the DFT Kohn-Sham bands
onto a d− p basis of MLWFs. While this procedure does not result in a unique basis, we find that our downfolding
provides a faithful representation of the DFT bands. We compare our DFT bands to the MLWFs-derived bands in Fig.
8 (for different pressures applied to LaNiO2) and Fig. 9 (for different rare-earths) where excellent agreement can be
observed. Our MLWFs are well-localized and atomic-like as indicated by the real space visualization of the MLWFs
corresponding to the Ni-dx2−y2 and Ni-dz2 orbitals (see Fig. 8).



7

A−4

HoNiO2

I4/mcmP4/mmm

(a)

(b)

FIG. 6. Dynamical instability of RNiO2 infinite-layer nickelates. R = Ho is taken as an example. (a) RNiO2 crystal structure
in the high-symmetry (P4/mmm) phase (left) and low-symmetry, distorted phase (I4/mcm) (right). (b) Phonon dispersions
for HoNiO2 at ambient pressure (left) and 15 GPa (center) for the P4/mmm crystal structure. The soft-phonon mode at the
A (q = (1/2, 1/2, 1/2)) point corresponds to an A−

4 normal mode. Phonon dispersion for HoNiO2 at ambient pressure in the
I4/mcm space group with no imaginary phonon modes (right).

0 GPa 4 GPa 6 GPa

La Pm Eu

FIG. 7. Comparison between the non-magnetic electronic structure of RNiO2 with hydrostatic (top) and chemical (bottom)
pressure. Top panels: Band structure along high-symmetry lines and atom-, orbital-resolved density of states (DOS) for LaNiO2

at ambient pressure, 4 GPa, and 6 GPa (from left to right). The orbital character of the bands is denoted for Ni-dx2−y2 (orange),
Ni-dz2 (green), and R-d (blue). Bottom panels: Equivalent plots as those of the top row for RNiO2 with R = La, Pm, and Eu
(from left to right).
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P = 0 P = 2 P = 4

P = 6 P = 8 P = 15
dx2−y2

dz2

FIG. 8. Left panel: Comparison between the DFT bands (black) and the bands derived from our d− p MLWFs (red) for LaNiO2

for pressures up to 15 GPa. Right panel: Real-space visualization of the localized, atomic-like MLWFs corresponding to the
Ni-eg orbitals at ambient pressure.

X M Z R A Z

8
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(e

V
)

Nd

X M Z R A Z

Pm

X M Z R A Z

Eu

X M Z R A Z

Gd

X M Z R A Z

Ho

FIG. 9. Comparison between the DFT bands (black) and the bands derived from our d− p MLWFs (red) for RNiO2 R= Nd,
Pm, Eu, Gd, and Ho.

On-site energies and relevant hopping integrals obtained from the Wannier Hamiltonians for different hydrostatic
pressures and rare-earth cations are summarized in Table II (all quantities in units of eV). Note that O-pσ(π) corresponds
to the in-plane bonding (anti-bonding) with the Ni-dx2−y2 orbital. The in-plane hopping is estimated from tpd which
is the hopping integral from the Ni-dx2−y2 to the bonding O-pσ orbital. The effective tdd hopping can be obtained
using tdd = t2pd/∆CT. From this data, we derive the charge-transfer energy, Ni-eg splitting, as well as estimate the
superexchange J , as discussed in the main text.

Appendix E: Additional DFT data for spin-polarized calculations in RNiO2 with hydrostatic and chemical
pressure

Fig. 10 shows the evolution with pressure of the energy difference between a C-type and a G-type AFM state at U=
7 eV (J = 0.7 eV). The G-type AFM state is more stable for all the pressures and rare-earth ions studied here. The
energetics between AFM-C and AFM-G solutions vary throughout the literature (albeit the energy scales are rather
small) indicating competition between aligning or anti-aligning the Ni moments out-of-plane [3, 65, 76].
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0 GPa 2 GPa 4 GPa 6 GPa 8 GPa 15 GPa
Wannier on-site energies (eV)
Ni-dx2−y2 −1.094 −1.138 −1.147 −1.163 −1.181 −1.172
Ni-dz2 −1.870 −1.954 −1.987 −2.010 −2.036 −2.150
Ni-dxy −1.748 −1.803 −1.840 −1.874 −1.911 −1.982
Ni-dyz/xz −1.632 −1.701 −1.733 −1.760 −1.787 −1.876
O-pπ −4.485 −4.547 −4.589 −4.623 −4.659 −4.782
O-pσ −5.363 −5.444 −5.508 −5.561 −5.614 −5.789
O-pz −4.485 −4.567 −4.606 −4.639 −4.674 −4.764
Wannier hoppings (eV)
Ni-dx2−y2 -O-pσ −1.189 −1.270 −1.289 −1.305 −1.324 −1.347
Ni-dz2 - Ni-dz2 (001) −0.365 −0.360 −0.367 −0.377 −0.386 −0.389

NdNiO2 PmNiO2 EuNiO2 GdNiO2 HoNiO2
Wannier on-site energies (eV)
Ni-dx2−y2 −0.998 −0.992 −1.037 −1.049 −1.058
Ni-dz2 −1.914 −1.939 −1.981 −2.007 −2.057
Ni-dxy −1.785 −1.813 −1.882 −1.914 −1.981
Ni-dyz/xz −1.636 −1.660 −1.735 −1.767 −1.820
O-pπ −4.847 −4.964 −5.170 −5.271 −5.540
O-pσ −5.586 −5.669 −5.793 −5.859 −6.021
O-pz −4.810 −4.901 −5.064 −5.142 −5.342
Wannier hoppings (eV)
Ni-dx2−y2 -Opσ −1.279 −1.298 −1.326 −1.340 −1.372
Ni-dz2 -Ni-dz2 (001) −0.420 −0.436 −0.459 −0.469 −0.500

TABLE II. Summary of the calculated on-site energies and hopping integrals from Wannier functions for pressurized LaNiO2 and
RNiO2 (R= Nd, Pm, Eu, Gd, Ho). O-pπ(σ) denotes the anti-bonding (bonding) O-p orbital in the NiO2 plane. All quantities
are in units of eV.

0 2 4 6 8 15
Pressure (GPa)

5
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3

2

1

0

1

E G
 - 

E C
 (m

eV
/N

i)

La Nd Pm Eu Gd Ho

FIG. 10. Evolution of the energy difference between the G-type and C-type AFM states in RNiO2 with hydrostatic (red curve)
and chemical (blue curve) pressure at U = 7 eV.

Appendix F: Superexchange strength for a broader pressure range

Fig. 11 shows the evolution of the superexchange (J) of LaNiO2 under hydrostatic pressure (up to 35 GPa). Large
cuprate-like values (∼ 110 meV) can be achieved at the largest applied pressure of 35 GPa.
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FIG. 11. Evolution of the superexchange coupling (J) of LaNiO2 under hydrostatic pressures up to 35 GPa.
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