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LasNiOy is a prototypical member of the Ruddlesden-Popper nickelate series that offers a valuable
reference point for elucidating the key ingredients behind the intriguing properties of these systems.
However, the structural and electronic properties of LaaNiO4 under pressure and doping remain
surprisingly underexplored. Here, we investigate these properties using density-functional-theory
calculations. We find that its tetragonal I4/mmm structure can be stabilized, not only under pres-
sure, but also at ambient pressure via the partial substitution of La with Ba. In both cases, we
find a pronounced magnetostructural interplay that manifests, in particular, as anomalies in the
lattice-parameter evolution with composition, deviating from Vegard’s law. Moreover, we show that
the combined effects of Ba substitution and pressure leads to qualitative changes in the electronic
structure towards the formal d”-® configuration of the superconducting bilayer nickelates. Further,
while LasNiO4 can undergo a insulator-metal transition with pressure retaining G-type antiferro-
magnetic order, La; sBagsNiO4 exhibits metallic behavior with an enhanced competition between
different magnetic states. Our results thus offer new insights into the interplay of structure, doping,
and magnetism across the Ruddlesden-Popper nickelate series.

Ruddlesden-Popper nickelates serve both as model sys-
tems for studying intertwined charge and magnetic orders
[1], including altermagnetism [2], as well as functional
materials with redox flexibility and mixed electronic-ionic
conductivity for example that make them attractive for
applications in electrocatalysis, solid oxide fuel cells and
next-generation batteries (see e.g. [3-5]). In addition,
they have recently emerged as a compelling new family
of high-T, superconductors, with bulk samples exhibit-
ing superconducting transition onsets up to 92 K un-
der pressure [6-9]. Besides, superconductivity has also
been reported in thin films under epitaxial strain [10, 11].
Similarly to their infinite-layer counterparts [12-14], the
emergence of superconductivity in these systems is diffi-
cult to reconcile with the conventional electron-phonon
mechanism [15, 16]. However, these nickelates appear as
a distinct class of unconventional superconductors featur-
ing a d”° electronic configuration with specific multiband
features. LagNiyO7, in particular, has been predicted to
support s4-wave pairing from its correlated Ni-d,= states
[17] (see also [18]). However, alongside the sy-wave state,
d-wave pairing has also been proposed, which depends
on specific details of the electronic structure and calls for
further clarification (see e.g. [19-29]).

Progress in the field, however, requires a broader
consideration of the entire Ruddlesden-Popper nickelate
family, including their magnetic properties. Early mag-
netic susceptibility measurements on nominal LagNisO7
samples, for example, indicated very low superconduct-
ing volume fractions [30], raising concerns about sec-
ondary phases and structural polymorphs arising from
intergrowth. Partial substitution of La with Pr or Sm
has been shown to stabilize a nearly pure bilayer phase
[8, 9], yet completely eliminating intergrowth with other
members of the series remains an experimental chal-
lenge. Furthermore, neutron scattering measurements

have recently revealed long-range magnetic order in both
LagNizO7 and LasPrNisO7 at ambient pressure [31]. In
this context, the single-layer (n = 1) nickelates war-
rant renewed attention, not only to address synthesis
and phase-purity issues, but also to serve as a reference
point for a comprehensive understanding the electronic
and magnetic properties across the Ruddlesden-Popper
nickelate series.

In this work, we investigate the properties of the single-
layer nickelates as a function of pressure and composition.
Specifically, we use density-functional theory (DFT) to
compute the structural phase diagram of LasNiO4 (see
Fig. 1). Our calculations show that its crystal structure
can be driven to a high-symmetry tetragonal phase by
the application of pressure, which can be either physi-
cal, “chemical” or both. As an illustration, we consider
partial substitution of La with Ba, which not only stabi-
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FIG. 1. (a) Ball-and-stick model of the single-layer nicke-
lates illustrating the orthorhombic (Bmab) and tetragonal
(I4/mmm) structures—with and without NiOs octahedra
tilts—characteristic of these systems.
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lizes the tetragonal phase but also formally dopes the sys-
tem toward the d”-® configuration of the superconduct-
ing bilayer LagNi;O7. Further, we study the electronic
structure and magnetic tendencies of (La,Ba);NiOy, re-
vealing both analogies and differences compared to the
superconducting members of the Ruddlesden-Popper se-
ries. These results underscore the single-layer case as
a valuable reference system for clarifying not only the
emergence of magnetic order, but also the possible com-
petition among distinct superconducting instabilities in
the nickelates.

Methods.

The structural optimizations and non-spin polarized
DFT calculations were performed using QUANTUM
ESPRESSO [32]. In these calculations, we considered
the GGA approximation using the PBE form of the
exchange-correlation functional with PseudoDojo pseu-
dopotentials [33, 34]. The calculations were converged
using a 16 x 16 x 16 k-point mesh for the I4/mmm
structure and a 12 x 12 x 12 for the Bmab one, with
a 100 (400) Ry cutoff for wavefunction (density) and a
Gaussian smearing of 0.01 Ry. For the spin-polarized cal-
culations, we considered the previously optimized crys-
tal structures and used the all-electron code WIEN2K
[35] with the LDA+U exchange-correlation functional
[36]. In these calculations, we used muffin-tin radii of
2.5, 2.0, and 1.60 a.u. for the La, Ni, and O atoms,
respectively, and a plane-wave cutoff Ryt Kpmax = 6.0.
The integration over the Brillouin zone was done using
a Monkhorst-Pack mesh of 10 x 10 x 10 and tetrahedron
method [37] for the primitive cell and equivalent ones for
the supercells when computing the magnetically ordered
structures. Additional structural optimizations were per-
formed for the G-type antiferromagnetic (G-AFM) con-
figuration using the corresponding primitive cell and a
10 x 10 x 10 Monkhorst-Pack k-mesh with a 125 (500)
Ry cutoff for the wavefunction (density) and a Gaussian
smearing of 0.01 Ry. Structures were visualized with
VESTA [38].

To address compositional effects, we focused on the
La — Ba substitution and employed the virtual crystal
approximation (VCA). From the methodological point
of view, this approach is particularly appropriate since
i) the relevant electronic shells in La®* and Ba?T are
the same [39] and ii) they are treated on the same foot-
ing using QUANTUM ESPRESSO and the PeudoDojo. In
addition, to the best of our knowledge, there is no ex-
perimental evidence of positional La/Ba ordering (see
e.g. [40-43]), further justifying the use of VCA. For
Laj 5Bag.5NiOy4 in particular, we thus obtain a = 3.887 A
and ¢ = 12.78 A in the non-spin polarized case, in close
agreement with the experimental values a = 3.842 A
and ¢ = 12.86 A [40]. The reliability of VCA is further
corroborated by the relaxed structure of LaBaNiQy, for
which VCA yields the lattice parameters a = 3.942 A and
¢ =12.69 A, essentially identical to the explicit La — Ba
substitution in the primitive 74/mmm (a = 3.942 A and
c=1261A).

Pressure and compositional effects.

We begin by examining the structural phase diagram of
LasNiO4 under pressure. At ambient pressure, LasNiOy4
adopts an orthorhombic structure with space group
Bmab, characterized by tilted NiOg octahedra, as illus-
trated in Fig. 1 [44]. Symmetry-wise, this phase is a sub-
group of the high-symmetry tetragonal 14/mmm one also
illustrated in Fig. 1 (where the octahedral tilting is di-
rectly related to the X irreducible representation of the
latter). Our non-spin polarized calculations reveal that
applying pressure gradually suppresses the octahedral
tilts as shown in Fig. 2 (empty circles). The correspond-
ing enthalpy difference, AH = AE+PAV | is also plotted
in Fig. 2. According to these results, there should be
a continuous pressure-induced Bmab <> I4/mmm phase
transition in LagNiO4 at 8 GPa.

However, additional spin-polarized calculations for the
experimental G-AFM configuration reveal a significant
magnetostructural coupling in LayNiO4. In particular,
the calculated lattice parameters at ambient pressure
change from (a, b, c) = (5.328,5.465,13.02) A in the non-
spin polarized case to (a,b,c) = (5.459,5.649,12.46) A
in the presence of G-AFM order. The latter values are
in better agreement with the experimental data (see e.g.
[44]). Furthermore, the presence of magnetic order pro-
duces a hardening effect that shifts the calculated criti-
cal pressure of the structural transition to ~ 12.5 GPa
(filled circles in Fig. 2). Apart from this shift, we find
that the overall behavior remains unchanged, in the
sense that non-spin polarized and spin-polarized calcu-
lations cases both yield the Landau-theory scaling rela-
tion 6 o |P — P,|'/? for the tilt angle. Interestingly, we
find that the Ni magnetic moment does not vanish at P,
(although it decreases slightly from 1.32 up at ambient
pressure to 1.23 ug).

Further, the calculated Ni-O bond lengths show no
significant change under pressure. Specifically, in the G-
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FIG. 2. Calculated tilt angle 6§ and enthalpy AH as a func-
tion of pressure in LasNiO4. Empty and filled circles corre-
spond to non-spin polarized calculations and G-AFM order
respectively. In both cases, the supression of the tilt as a fun-
cion of pressure scales as ¢ « |P — PC|1/2 as indicated by the
lines.



AFM configuration, the apical distance changes from 2.24
to 2.17 A only between ambient pressure and 12.5 GPa.
The equatorial bond, in its turn, decreases from 1.97 to
1.89 A. To the best of our knowledge, experimental data
are only available for non-stoichiometric LagNiO44 5 and
PraNiOy4s [45], where excess oxygen likely distorts the
octahedra, precluding direct comparison. Nevertheless,
both calculated and reported changes are small, indi-
cating that the quasi-2D layered character is preserved
across the pressure-driven structural transition.

We now turn to chemical pressure effects by consider-
ing the substitution of La with Ba, whose larger ionic ra-
dius mimics the action of pressure. We find that Ba sub-
stitution in fact reproduces the effect hydrostatic pres-
sure on the crystal structure, in the sense that it leads
to the gradual suppression of the octahedral tilts accord-
ing to a Landau-theory scaling 6 « |z — x.4|"/? with
Zc,p ~ 0.25. This behavior is shown in the top panel of
Figure 3, which correspond to spin-polarized calculations
in the G-AFM configuration (blue circles and blue solid
line for the 6 oc |x — .. g|'/? scaling) [46].

In addition, we find that Ba substitution leads to
the subsequent suppression of the Ni magnetic moment
in the G-AFM configuration, which eventually vanishes
following a similar scaling un; o |z — ¢y |'/? with
Teun; ~ 0.75. As under pressure, we thus find a com-
position range in which the system becomes tetragonal
yet retaining G-AFM order (opposite to the temperature-
driven behavior, where the tilts persist in the absence
of magnetic order [44]). This demonstrates that, de-
spite the presence of sizable magnetostructural coupling,
the structural and magnetic instabilities are fundamen-
tally distinct and can be tuned independently. This fur-
ther implies that, in the general temperature-pressure-
composition phase space, there should be a point in which
both these transitions coincide, giving rise to multiferroic
critical behavior [47].

Further insight into the magnetostructural coupling is
provided by the calculated lattice parameters as a func-
tion of Ba content (Fig. 3, bottom panel). These exhibit
a non-monotonic behavior, deviating from Vegard’s law,
that is in remarkable agreement with the experimental
data (see [40], as well as [42] and the references therein).
By comparison with the tilt angle and the Ni magnetic
moment, we find that this unusual trend is directly cor-
related with the structural and magnetic transitions.

To understand this correlation, it is convenient to take
LaBaNiO, as the parent compound (z = 1 in Fig. 3).
Thus, for decreasing Ba content, Vegard’s law is initially
obeyed in the absence of both octahedral tilts and mag-
netic order. This means that the free energy can be writ-
ten as Fy = 12/ (Ugs + Uyy) + 937wz, + Su?, where
2’ =1 — z and w;; is the strain tensor expressed in the
orthorhombic axes (K is the bulk modulus and g; are
constants). The diagonal components of u;; embody the
relative variation of the lattice parameters which, in equi-
librium, will then scale linearly with 2/ (Vegard’s law).
However, additional couplings of the strain to the mag-
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FIG. 3. (Top panel) Calculated tilt angle 6 and Ni mag-

netic moment pni as a function of the Ba content x in
Las_;Ba;NiO4 (G-AFM configuration). Both the suppres-
sion of the tilt angle and the quenching of the Ni magnetic
moment scale as |z — x.|'/? (blue line for  and red dashed
line for pni). (Bottom panel) Calculated lattice parameters
as a function of the Ba content z in Las_,Ba,NiOy4. Circles
represent “pseudo-tetragonal” or tetragonal lattice parame-
ters (@pseudo-t = \/ab/2 or a and ¢). Squares and triangles
correspond to the orthorhombic a/ V2 and b/ V2 respectively,
whose difference correlates with the emergence of the tilt.

netic and structural order parameters L and @ are also
allowed by symmetry:

FL = gl,LL2(uwa; + uyy) + 93,LL2UZZ7 (1)
Fq = gl,QQ2(Um — Uyy) + 93,QQ2“zZ- (2)

Thus, below the corresponding critical concentrations,
where L \x'—x’c,L|1/2 and Q |x’—$;7Q|1/2, the emer-
gence of these orders modify Vegard’s law producing the
slope changes that can be seen in Fig. 3 (bottom panel).
Remarkably, the strength of the purely structural and
magnetostructural couplings, g; ¢ and g; 1, respectively,
turn out to be comparable in Las_,Ba,NiOjy.

Electronic structure.

Next, we discuss the evolution of the electronic struc-
ture of these systems. The parent compound LasNiQOy is
formally associated with a Ni d® configuration. In over-
all, the calculated electronic structure shows only mod-
erate modifications as a function of pressure, with rather
small changes associated with the “tetragonalization” it-
self. Thus, we consider the tetragonal I4/mmm struc-
ture at ambient pressure to illustrate the main features
of the electronic structure of LasNiO4 in the non-spin
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FIG. 4. Electronic structures and Fermi surfaces of LaaNiOy in its I4/mmm phase (left) and Lai.5Bao sNiO4 (right), both at
ambient pressure. Note that, while the blue d,2 flat bands yield the blue Fermi surface sheets, there is a k-dependent mixing

between the d,2_,

2 and d,2 states that yield the red Fermi surface sheet. In other words, there is no 100% correspondence

between the colors of the Fermi-surface sheets and their orbital character.

polarized case (see Fig. A4 for a comparison between
I4/mmm and Bmab). The calculated electronic struc-
ture is shown in Fig. 4 (see Fig. A5 for the electronic
structure at 8 GPa). The Ni-3d derived states can be sep-
arated according to their projections into e, = dy2_y2.2
and tay = dyy/zz/y. states, which are partially filled
and completely occupied respectively. Further, the band-
width of the Ni-dg2_,2 states is ~ 3.5 eV, while the Ni-
d,2 ones produce a flat-band feature that dominates the
DOS at the Fermi level. From the projected DOS, we
find the occupancies Nd,s_» = 1.03, nqg_, = 1.60 and

ng,, = 5.84. The difference from the nominal d® con-
figuration can be ascribed to the hybridization with the
0-2p states. In fact, the charge transfer energy is ~ 3 eV,
which is a typical cuprate-like value similar to that of the
superconducting bilayer and trilayer nickelates. When it
comes to the Fermi surface, it is formed of two sheets
of hybridized Ni-e, states. However, compared to the
bilayer and trilayer cases, the d,» sheet is considerably
more dispersive along k,. Also, including electronic cor-
relations at the GW level results in a self-doping effect
from a La-5d state (see Fig. A6 in Appendix). We note
that, although its detailed analysis is beyond the scope
of the present work, a similar situation takes place in the
bilayer and infinite-layer cases [48, 49].

structure of

We now turn to the electronic

Laj 5Bag.5NiOy4, where the nominal electronic configura-
tion changes to d”°. The calculated electronic structure
is illustrated in Fig. 4 (see Fig. A4 for a comparison with
LayNiOy4 using the Bmab structure of the latter). As we
see, hole doping with Ba is mainly absorbed by the Ni-e,
manifold, which does not occur in a simple rigid-band-
shift fashion. Specifically, the Ni-3d,2_,2 bandwidth de-
creases while the Ni-3d,2 one increases. The occupancies
of the different Ni-3d orbitals become nq, , = 1.17,
na, = 1.27 and ng,, = 5.91. Further, we find that
the Ni-3d,2 states still yield the main contribution to
the DOS at the Fermi level, followed by the O-2p and
the Ni-3d;>_,2 ones. In fact, the mixing between Ni-e,
and O-2p states increases as the charge-transfer energy
reduces to ~ 1.8 eV. Further, Fermi surface retains its
topology and main qualitative features. Specifically, the
Fermi-surface sheet associated with the Ni-3d,> flatband
remains present and, despite the larger size of the Ba
atom, there is no self-doping effect from the La/Ba-5d
states. Interestingly, the Ni-d,2 states eventually form a
2D Fermi-surface sheet resembling that of the supercon-
ducting bilayer nickelate (see e.g [49]).

Magnetism.

We now analyze in more detail the tendency towards
magnetic order of these single-layer compounds by per-
forming LDA+U calculations. For this, we consider



the following configurations: ferromagnetic (FM), A-type
antiferromagnetic (A-AFM) where the first-neighbor Ni
spins are parallel in-plane and anti-parallel out-of-plane,
and G-type antiferromagnetic (AFM) with antiparallel
first-neighbor Ni spins. Note that C-AFM with an-
tiparallel first-neighbor Ni-spins in-plane and parallel
out-of-plane is equivalent to G-AFM in the tetragonal
I4/mmm Ruddlesden-Popper structure which we will
consider hereafter. In addition, we considered in-plane
(0, 7)- stripe AFM order but we were unable to find sta-
ble solutions for this configuration.

We start with LasNiO,4 as the reference compound. In
this case, the G-AFM state minimizes the energy com-
pared to non-spin polarized state as well as to the A-AFM
and FM configurations. The energy difference depends
on the value of the Hubbard U parameter as shown in
Fig. A2. For U = 0 and ambient pressure, the sys-
tem remains metallic and the calculated magnetic mo-
ment of the Ni atom in the G-AFM state is significantly
lower than its experimental value (specifically, 0.64 up
vs. 1.68 pp [44]). For U > 1 eV and the G-AFM config-
uration, a gap opens in the DOS at the Fermi level thus
yielding insulating behavior as in the experiments. Fur-
ther, the results of constrained RPA calculations for the
bilayer case suggest that U ~ 3.5 eV [50] is a realistic
value for these systems. In fact, with U = 3.5 eV the
Ni moment increases to 1.4 pp, which better matches
the experimentally observed value [44] (see also [2] for
additional calculations in the experimental Bmab struc-
ture). At the same time, we observe that the calculated
moment varies for the different magnetic configurations
(see Fig. A2). This difference suggests an intermediate
situation between fully localized spins and itinerant mag-
netism, signalling that a mapping to a Heisenberg model
could be problematic. In fact, unlike the G-AFM state
in which a gap opens, the A-AFM and FM states remain
metallic for all considered U values.

Under pressure, in the range from 0 to 8 GPa, we find
that the tendency towards magnetic order of LasNiOy4 re-
mains strong, with just a slight decrease in overall magne-
tization energy and small changes in the relative energy of
the studied magnetic configurations (see Fig. A2). Fur-
thermore, for U = 3.5 eV, we find an insulator-to-metal
transition for the G-AFM state at ~ 4 GPa (below the
orthorhombic-to-tetragonal structural transition). This
circumstance is illustrated in Fig. 5, which shows the
corresponding DOS at 0 GPa and 8 GPa.

Finally, we consider Laj 5Bag5NiOy4. In this case, we
obtain reduced magnetization energies together with an
intriguing competition between the different magnetic
configurations as illustrated in Figs. 6 and A3. Notably,
we find that the FM and A-AFM solutions are essentially
degenerate. This is a manifestation of the enhanced low-
dimensional character of the system—also reflected in the
shape of the Fermi surface—implying an effective decou-
pling in the out-of-plane direction even under pressure.
Moreover, the relative energy with respect to the G-AFM
configuration turns out to be significantly reduced also,
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FIG. 5. Density of states (DOS) projected on the Ni-
d,2 (blue) and Ni-d,2_,2 (red) orbitals in the G-AFM
ground state of LasNiO4 at ambient pressure and 8 GPa
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FIG. 6. Relative energy and Ni magnetic moment as a func-
tion of pressure calculated for La; 5sBag.sNiO4 (U = 3.5 eV).

as we find it always below ~ 50 meV/Ni (see Fig. 6).
Interestingly, this competition remains as a function of
both U and pressure. For U < 3.5 eV, the configuration
that minimizes the energy corresponds to the G-AFM
state. This can be seen as reminiscent of the parent
compound. For 2 3.5 eV, however, the situation is
reversed, in the sense that the energy is minimized by
FM/A-AFM configurations. In addition, for 2 3.5 eV,
we find an intriguing crossover from FM/A-AFM to
G-AFM as a function of pressure, which is illustrated
in Fig. 6 (see also Fig. A3). This crossover implies
a drop in the magnetic moment of the Ni atom of 0.5 up.

Discussion.

We now turn to the implications of our results, beginning
with the magnetostructural behavior. Our calculations
have revealed a substantial interplay between the octa-
hedral tilts, magnetic order and strain in (La,Ba)oNiOy.
This interplay is a key factor in setting the critical pres-
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sure at which LasNiO4 becomes tetragonal, and further
explains the unusual evolution of the lattice parameters
with composition observed experimentally, which devi-
ates from Vegard’s law.

Further, the comparison between LayNiO4 and
Laj 5Bag5NiO4 reveals the emergence of an intriguing
competition between different magnetic configurations.
This can lead to magnetic frustration and, consequently,
to a paramagnetic-like disordered state. This scenario is
in fact consistent with the glass-like behavior reported
experimentally when the La:Ba ratio is 1:1 [43].

Moreover, if the correlations are sufficiently strong,
this competition can appear as a crossover from FM/A-
AFM to G-AFM order that, at first glance, resembles the
one obtained for the bilayer LagNiyO7 [51]. However, a
closer inspection of the electronic structure reveals a re-
distribution of both d,»>_,» and d,» states in the case
of Laj 5BagsNiO4 (see Fig. 7), pointing to a distinct
microscopic origin of this crossover. Furthermore, the
observation that LasNiO4 becomes metallic under either
physical or chemical pressure suggests a possible modi-
fication of the magnetic-coupling mechanisms, evolving
from superexchange toward direct exchange.

Regarding superconductivity, early theoretical studies
emphasized the crucial role of the multilayer struc-
ture for superconductivity in the Ruddlesden-Popper
nickelates, drawing direct analogies with the bilayer
Hubbard model where si-wave pairing arises near
half-filling for sufficiently large interlayer coupling (see,
e.g., [17, 18]). Subsequent works have also suggested
the possibility of d-wave superconductivity in these
systems, with multiband effects playing a different
role [18-24].  Our results demonstrate that several
key ingredients of this broader picture are present in

the single-layer systems and can be tuned through
pressure and doping. In particular, Ba substitution in
LagNiO4 promotes a metallic fermiology with partial
analogies to the superconducting multilayers, alongside
a similar tendency toward magnetism where different
orders may compete. Notably, the Ni-d,. flatband
supplemented with Ni-d;>_,» states can form a strongly
two-dimensional Fermi surface, which could potentially
support d-wave superconducting instabilities. At the
same time, (La,Ba)2NiO4 lacks the multiband features
necessary for multilayer-Hubbard-model-like s.-wave
superconductivity, making it an interesting case-study
system to isolate the fundamental ingredients behind
the competition of different superconducting instabilities
proposed for the multilayer nickelates (see also [52]
for a theoretical consideration of superconductivity in
LagNiO4).

Conclusions.

We have investigated the effects of pressure and doping
on the crystal and electronic structure of the reference
single-layer nickelate LagNiO4. We have found that the
suppression of oxygen-octahedral tilts, driving a struc-
tural change to a high-symmetry tetragonal I4/mmm
phase, occurs at similar pressures in LasNiO4 compared
to its bilayer and trilayer superconducting counterparts.
Remarkably, this structural change can also be achieved
at ambient pressure through partial substitution of La
with Ba. In this case, we have uncovered a distinct mag-
netostructural interplay that explains the deviation from
Vegard’s law observed experimentally. Beyond stabiliz-
ing the tetragonal structure and eventually suppressing
magnetism, we have also shown that Ba doping induces
subtle but consequential modifications to the electronic
structure, shifting it toward a nominal d”° configuration
similar to the superconducting bilayer compounds, as a
result of which the two-dimensional character of the Ni-
d,2> Fermi-surface sheet is enhanced and there appears an
intriguing competition between different magnetic config-
urations.

Our results thus position divalent-atom substituted
single-layer nickelates like (La,Ba)sNiO4 as valuable
model systems, not only for probing strong magne-
tostructural interplays, but also for mirroring key elec-
tronic features of the superconducting Ruddlesden-
Popper nickelates, while lacking the full multiband char-
acter of the bi- and trilayer compounds. Precisely be-
cause of this latter simplification, they offer a valuable
platform for disentangling the respective roles of struc-
tural symmetry, dimensionality, and electronic config-
uration. Our findings thus clarify essential aspects of
LagNiO4 and provide a foundation for future studies
aimed at isolating the key ingredients behind supercon-
ductivity in the nickelates.
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FIG. Al. Composition versus pressure phase diagram calculated for Las_;Ba;NiO4 in the non-spin polarized case, where the
shade of the circles correspond to the calculated the tilt angle.
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FIG. A2. Relative energy of the different magnetic configurations of LasNiO4 calculated as a function of the Hubbard U
parameter for different pressures.
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FIG. A3. Relative energy of the different configurations of Laj 5Bag.5sNiO4 calculated as a function of the Hubbard U parameter
for different pressures.
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FIG. A4. Comparison between the non-spin polarized band plot and DOS of the parent compound LasNiOy4 in its Bmab and
I4/mmm phases and Laj 5Bag.5NiO4 (using analogous Bmab supercells for the band plots).
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FIG. A5. Electronic structure, PDOS and Fermi surface of LasNiO4 at 8 GPa, to compare with Fig. 4 which is at ambient
pressure. The main difference is only in the dispersion which slightly increases, while the Fermi surface is almost unaffected.
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FIG. A6. Comparison between the calculated electronic structure and Fermi surfaces of LagNiO4 at ambient pressure at the
DFT level and including further correlations within the GW approximation for the self-energy (dots correspond to quasiparticle
eigenenergies on the 6 x6x 6 grid and the solid line to its Wannier interpolation). In this case, we considered a fully relaxed
I4/mmm tetragonal structure whose lattice parameters are a = 3.794 A and ¢ = 13.039A.

For the GW calculation, we used the plane-wave-based code ABINIT [53]. We have used a 16x16x16 standard sampling of
the Brillouin zone (BZ) and a plane waves (PW) cutoff of 65 Ha for the DFT-PBE starting calculation, as well as a Gaussian
smearing of 0.01 Hartree. In the subsequent GW calculations, the BZ sampling has been reduced to 6 x6x6, whereas the PW
cutoffs have been reduced to 40 Ha for the representation of the wave functions and for the exchange self-energy, and further
down to 15 Ha for the correlation self-energy and the screening. We included 170 bands for the calculation of the screening
and 200 for the self-energy. We have carried just only one GW iteration (i.e. GoWy) on top of PBE, using a Godby-Needs
plasmon-pole model [54] and a shift of 0.1 eV to avoid poles/divergences. The final GW band plots and Fermi surfaces,
were interpolated from the 6x6x6 to a denser k-mesh by the WANNIERIO code using a set of 47 maximally-localized Wannier
functions (MLWFs) namely O-2p, Ni-3d, Ni-4p, Ni-3s, La-5d, La-4f and La-3s. All calculations have been done with a Gaussian
smearing temperature Ts of 0.01 Ha.

One can remark a difference between the Ni-3d,2> Fermi sheets in the corners of the BZ (blue) with respect to the ones shown
on Fig. 4. Since the d,2 band is very flat, the corresponding Fermi sheet is extremely sensible to relatively small changes. The
other Fermi sheets, namely mainly Ni-3d,2_,2 (red) and La-5d,2_,2 (orange) are more robust in this respect. The self-doping
induced by the GW lowering of the La-5d,2_,2 band is quite important. We note that the situation is analogous in the bilayer
[49] where the self-doping occurs beyond ~30 GPa, and to a certain extent in the infinite layer. In the latter, the self-doping
by the rare-earth band is already present at the DFT level, at different k-points of the BZ and with different orbitals involved,

namely a mixture of d,2 and d.y states rather than d,2_ 2.
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