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Assessing spin-density wave formation in La3;Ni,O7 from electronic structure calculations
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We employ correlated density-functional theory methods (DFT + Hubbard U) to investigate the spin-density
wave state of the bilayer Ruddlesden-Popper (RP) nickelate La;Ni,O; which becomes superconducting under
pressure. We predict that the ground state of this bilayer RP material has traits of both the double spin-stripe and
the single spin-charge stripe phases proposed in the literature as it corresponds to in-plane up/up’/down/down’
diagonal stripes with up/down being high spin (formally Ni**: d*), and up’ /down’ being low spin (formally Ni**:
d"). The main feature of this solution (that is insulating even at U = 0) is the dominant role of the d,2_,» bands
around the Fermi level, which would become doped with the introduction of electrons via oxygen vacancies. In
spite of the similarity with cuprates in terms of the dominant role of d,>_,» bands, some differences are apparent
in the magnetic ground state of La;Ni, O;: the antiferromagnetic out-of-ﬁlane coupling within the bilayer (linked
to the d_ orbitals forming a spin-singlet-like configuration) is found to be the dominant one while in-plane
interactions are reduced due to the stripe order of the ground state. With pressure, this striped magnetic ground
state remains similar in nature but the increase in bandwidth quickly transitions La3;Ni, O into a metallic state
with all the activity close to the Fermi level involving, to a large extent, d,2_,» orbitals. This is reminiscent of the

cuprates and may provide key insights into how superconductivity arises in this material under pressure.

DOI: 10.1103/PhysRevMaterials.8.L111801

Introduction. The observation of superconductivity in
low-valence layered nickelates, first in the infinite-layer com-
pounds RNiO; (R = rare-earth) [1-4], and more recently
in the quintuple-layer material Nd¢NisO,, [5], has produced
tremendous excitement in the condensed matter physics com-
munity in the past few years in the context of unconventional
superconductivity. Structurally, these materials possess quasi-
two-dimensional NiO, planes (analogous to the CuO, planes
of the cuprates) and belong to a larger family represented
by the general chemical formula R, Ni,Oy,4, where n de-
notes the number of NiO; planes per formula unit along the
¢ axis. The discovery of superconductivity in this family of
nickel oxide compounds completed a long endeavor to find
cuprate analog materials in connection with high-T, supercon-
ductivity. Despite many structural, chemical, and electronic
similarities to the cuprates [6], the superconducting layered
nickelates show some relevant differences, the most obvious
one being their reduced superconducting critical temperatures
T, ~ 15K [2-4,7], as well as their larger charge transfer en-
ergies (making them more “Mott” like). Improved crystalline
quality in samples of the infinite-layer nickelate [8], as well as
the application of hydrostatic pressure [9], have shown modest
increases in T, but they still remain far from typical cuprate
values.

Recently, a breakthrough T, near 80 K has been reported
in the bilayer Ruddlesden-Popper (RP) nickelate La3;Ni,O;
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under pressure (P ~14—42 GPa) [10-12]. The bilayer RP,
La3Ni, 05, differs from the previously reported superconduct-
ing nickelates in that it belongs to the parent R, Ni, O3,
series [13]. As such, it possesses layers of NiOg octahedra
[Fig. 1(a)] rather than having the square planar environment
of the reduced RP phases. Moreover, the average oxidation
state of the Ni ions is 2.5+, corresponding to an average
3d7 filling, far from the ~3d%?® filling where 7, is optimal
for the reduced RP phases. This has given rise to a plethora
of experimental [14-17] and theoretical work [18—43]. In
the theory context, special emphasis has been placed on the
multiorbital nature of the electronic structure, particularly on
the pivotal role played by the d;,2_,» (d,2) orbitals and their
strong antiferromagnetic (AF) coupling between layers.
Given that magnetism is a fundamental feature of the un-
doped cuprates, it is crucial to understand the nature of the
magnetic ground state of La3Ni,O; and its evolution under
pressure. Resistivity measurements have shown a kinklike
transition at ~153 K, which responds to an external out-of-
plane magnetic field, implying the existence of a spin-density
wave (SDW) transition [46,47]. Recent SR experiments sug-
gested that a static long-range magnetic order emerges below
148 K, consistent with an SDW internal field distribution
[15,48]. Traces of a possible density wave have also been dis-
covered by nuclear magnetic resonance (NMR) experiments
[16]. Furthermore, investigations utilizing resonant inelastic
x-ray scattering (RIXS) and neutron scattering techniques on
both single-crystal and powder samples of La3;Ni,O7 [44,45]
have corroborated the presence and characteristics of the
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FIG. 1. Crystal structure of La;Ni,O; and the two more likely
stripe models based on experimental data [15,16,44,45]. (a) Crystal
structure of bilayer La;NiO; (shown in the unit cell of the Fmmm
space group used in our calculations) where La, Ni, and O atoms
are denoted by green, purple, and gray spheres. (b) Stripe model 1
consisting of a single spin-charge stripe (up/0/down/0) where “0”
denotes spinless Ni sites (purple). (c) Stripe model 2 consisting of
a double spin stripe (up/up/down/down).

spin-density wave (SDW) order below approximately 150 K.
All of these experimental studies agree on the SDW propa-
gation vector [q= (0.5, 0) in orthorhombic notation], which
has also been correctly predicted by spin susceptibility
calculations [48-50]. Based on these different available mea-
surements, several magnetic structures that may underlie the
SDW state of La3zNi,O; have been proposed. Among the
conjectured spin models, the most likely ones consist of a
single spin-charge stripe (stripe 1), formed by an up/0/down/0
pattern of diagonal stripes, and a double spin stripe (stripe 2),
consisting of an up/up/down/down pattern of diagonal stripes
[see Figs. 1(b) and 1(c)]. These stripe orders were proposed by
RIXS measurements based on fits to the spin wave dispersion
[44] with both “stripe 1” and “stripe 2” qualitatively repro-
ducing the experimental results. The “stripe 2 model was
also proposed by an NMR study where no evidence for charge
ordering was found [16]. In contrast, #SR results support the
single spin-charge stripe (“stripe 1), excluding all possible
magnetic structures without charge stripe formation [15,48].
Inelastic neutron scattering studies found that, within these
two models, the “stripe 1” model was a better match to the
observed excitations [45]. Hence, while all of these experi-
mental studies agree on the presence of spin-stripe formation
and on the SDW propagation vector, with AF coupling within
the bilayer, there is no consensus on the specific type of stripe
order in the plane.

Here, we use density-functional theory (DFT)-based calcu-
lations to shed light on this issue by studying the energetics
of the different spin-charge stripe models suggested in the
literature to ultimately determine the magnetic ground state
of La3Ni,O7 and its evolution with pressure. We find that the
magnetic ground state at ambient pressure is a spin-charge
stripe consisting of in-plane up/up’/down/down’ diagonal

TABLE 1. Nearest neighbor Ni-O distances (in A) after relax-
ation for the ground state (C6) stripe solution at ambient pressure.
There are four in-plane O neighbors for each Ni at the same distance.
The two off-plane (apical) neighbors have different distances: a short
bond between bilayers and a long bond pointing into the fluorite slab.

Ni-O (planar)  Ni-O (top apical)  Ni-O (bottom apical)

Ni** 1.93 2.17 2.0
Ni*+ 1.90 2.23 1.99

stripes with alternating low spin (primed) and high spin (un-
primed) Ni atoms (nominally Ni** and Ni?*, respectively).
The favored out-of-plane magnetic coupling within the bilayer
is found to be AF, as suggested by both neutron scattering
and RIXS experiments [44,45]. This out-of-plane AF order
is the dominant one and is linked to the strong overlap be-
tween the two d, orbitals, which leads to the formation of
bonding-antibonding molecular orbitals. At ambient pressure,
the magnetic ground state we find for La;NiyO7 is insulating
(consistent with the semiconductinglike behavior of transport
data at low pressures [51-53]) with the Ni-d,>_,> states and
ligand O-p orbitals dominating the low-energy physics with
a high degree of hybridization between them. With pressure,
the magnetic ground state remains similar in nature but the
change in bandwidth quickly transitions LaszNi,O; into a
metallic state. Much of the activity close to the Fermi level
involves, to a large extent, the d,»_,» orbitals so their role in
the electronic structure of this bilayer nickelate should not be
disregarded.

Computational methods. Our DFT-based calculations were
performed using the all-electron, full-potential code WIEN2K
[54]. We used as a starting point the optimized structures
obtained as described in Ref. [55] (with relaxed internal co-
ordinates and experimental lattice constants) at both ambient
pressure and 29.5 GPa. Given the large size of the supercells
that would need to be implemented at ambient pressure in
the experimentally reported Amam structure, and to be able
to perform a more direct comparison of pressure effects, we
use the Fmmm structures for both the ambient pressure case
and the 29.5 GPa case. In order to analyze the energetics
of the two more likely stripe configurations described above
(stripe 1 and stripe 2) using DFT calculations, an in-plane
cell doubling was needed relative to the corresponding Fmmm
cells (the supercell space group is Pm): the spin-charge stripe
state (stripe 1) requires two types of Ni atoms to form mag-
netic/nonmagnetic stripes. Overall, for our 2 x 1 cell, a hybrid
between stripe model 1 and 2 (consisting of up/up/down/down
diagonal stripes alternating high spin and low spin moments,
i.e., up/up’/down/down’) turned out to be the most stable
solution when adopting the Perdew-Burke-Ernzerhof (PBE)
version of the generalized gradient approximation (GGA)
as the exchange-correlation functional. Further structural re-
laxations (of internal coordinates only) were subsequently
allowed in this magnetic ground state for this cell size within
GGA-PBE. The resulting Ni-O distances (see Table I) show
a modulation in the Ni-O bond length with longer (shorter)
Ni-O distances for Ni atoms with a high (low) value of the
spin moment.
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FIG. 2. Stable (within DFT + U) spin configurations and corresponding energetics for La;Ni,O; at ambient pressure. (a)—(f) Spin
configurations represented in a magnetic supercell for the bilayer structural unit. (a) C1 corresponds to an A-type AF state, (b) C2 is a G-type
AF state, (c) C3 corresponds to a (i, 0) stripe (up/down/up/down) with FM out-of-plane coupling, (d) C4 corresponds to the stripe model
1 (up/0/down/0), the “0” sites in gray being spinless (with FM coupling out-of-plane), (e) C5 corresponds to a hybrid between stripe model
1 and 2, consisting of diagonal up/up’/down/down’ stripes alternating between high-spin (up/down, larger arrows) and low-spin moments
(up’/down’, smaller arrows) also with FM out-of-plane coupling, (f) C6 is the same as C4 but with AF out-of-plane coupling. (g) Energetics
computed within DFT 4+ U as a function of the Hubbard U (the Hund’s coupling Jy was fixed to 0.68 eV). The corresponding magnetic

moments for all solutions are shown in Table II.

With the optimized structures described above, we studied
the trends in the energetics of different magnetic configu-
rations with the on-site Coulomb repulsion (U) [including
AF-A, AF-C, and a (m, 0)-stripe in addition to stripe 1
and stripe 2]. Our DFT + U calculations were performed
with the local-density approximation (LDA) as the exchange-
correlation functional and the around mean field (AMF) as
the double counting correction term [56] based on the better
description of experimental results for other nickelate com-
pounds within this scheme [57]. We used a range of U values
applied to the Ni(3d) orbitals of 1-5 eV, while the Hund’s
coupling (Jy) was fixed to a typical value for transition-metal
3d electrons of 0.68 eV. A 10 x 10 x 10 k-point mesh was
used for Brillouin zone integration. The basis set size was de-
termined by RKn,.x = 7 and muffin-tin radii (in atomic units)
were set to 2.30, 1.86, and 1.65 for La, Ni, and O, respectively.
Similar electronic structure calculations to the ones presented
here have been successfully used to predict and explain the
charge-stripe and spin-stripe formation in the reduced trilayer
nickelate LayNizOg [58,59] that was subsequently verified by
experiment [60].

Energetics of LazNi,O7 at ambient pressure. We start by
focusing on the energetics of the different magnetic config-
urations at ambient pressure we have converged which are
shown in Figs. 2(a)-2(f). The configurations are as follows:
(C1) corresponding to A-type AF order [consisting of ferro-
magnetic (FM) planes coupled AF out of plane], (C2) G-type
AF order (consisting of AF checkerboard planes with AF
coupling out of plane), (C3) a (r, 0) striped state, suggested
in previous work as the magnetic ground state for La;Ni, O

[28], (C4) an up/0/down/0 pattern of diagonal stripes with
FM coupling out-of-plane (identical to the stripe model 1
of Fig. 1) with 0 meaning nonmagnetic (corresponding to a
Ni**: d7 ion) and up/down corresponding to a Ni**: d® ion,
(C5) an up/up/down/down pattern of diagonal stripes (a hybrid
between the stripe model 1 and 2 of Fig. 1) with a low/high
spin moment pattern with FM out-of-plane coupling (we de-
note this as up/up’/down/down’, unprimed corresponding to
high-spin Ni**), and primed corresponding to low-spin Ni**
(C6) equivalent to C5 but with AF coupling out of plane. We
summarize a few observations before carefully describing the
magnetic ground state. Overall, the stripe 2 state suggested
in Ref. [44] can only be converged with moment dispropor-
tionation (as we describe in detail below) and the stripe 1
model can only be converged when the out-of-plane coupling
is FM (when the out-of-plane coupling is set to be AF, the
moments for the nominally nonmagnetic Ni ions become
nonzero and the solution converges instead to C6). Impor-
tantly, our calculations indicate that the ground state for U <
4 eV is the C6 stripe configuration [as reflected in the energy
differences shown in Fig. 2(g)]. This magnetic ground state
consists of in-plane up/up’/down/down’ diagonal stripes with
alternating high spin/low spin Ni atoms and AF out-of-plane
coupling. Note that the U value from cRPA [21] calculations
in LazNiO7 is ~3 eV, well within the range of stability of
the ground state spin-charge stripe phase we propose. A mag-
netic ground state corresponding to similar high-spin/low-spin
moment formation has also been found for the trilayer RP
nickelate LasNi3Oj¢ [61]. At higher values of U, the G-type
order becomes more stable. Hence, our calculations also show
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TABLE II. Magnetic moments (in wp) for the different magnetic configurations we have obtained for La;Ni,O; at ambient pressure.

Hubbard U (eV) C1 (AF-A) C2 (AF-G) C3 (1, 0) C4 C5 C6
0 Ni2+ 0.47 0.52 0.60 0.81 0.84 0.90
Ni*t 0.47 0.52 0.60 0.04 0.00 0.62
2.7 Ni?+ 1.08 1.05 0.97 1.17 1.10 1.15
Ni*+ 1.08 0.30 0.97 0.06 0.76 0.72
4.0 Ni%* 1.19 1.22 1.08 1.34 1.30 1.30
Ni*+ 1.19 0.22 1.08 0.06 0.77 0.69
54 Ni%* 1.25 1.26 1.16 1.43 1.31 1.38
Ni*t 1.25 0.21 1.16 0 0.35 0.56
6.8 Ni%+ 1.44 1.26 1.22 1.49 1.29 1.37
Ni3* 1.44 0.17 1.22 0 0.17 0.36

that an AF out-of-plane coupling is energetically favored for
all values of U, in agreement with neutron scattering and
RIXS data [45].

Electronic structure of the striped magnetic ground state
of LazNi,O7 and its evolution with pressure. We now analyze
the electronic structure of the magnetic stripe state for U <
4 eV (configuration C6 shown in Fig. 2) corresponding to
an admixture between the single charge-spin stripe and the
double-spin stripe proposed by RIXS. A summary of the elec-
tronic structure is shown in Fig. 3 at U = 3eV. The striped
doubling of the unit cell gives rise to (effectively) two in-

ionic analog for these high/low spin Ni atoms corresponding
to Ni?*: d® (S = 1) / Ni*T: d7 (§ = 1/2), respectively [see
Figs. 3(a) and 3(b)]. The obtained magnetic moments (see
Table II) are consistent with the formal charges we have
quoted, even though they are nominally reduced with respect
to the ionic values due to hybridization with the ligands. To
assess the physical Ni charge distributions, one can directly
compare the decomposed radial charge densities inside the
Ni** and Ni** spheres. The 3d occupations, obtained from
the maximum in the radial charge density plots, are identical
for both ions (and close to d®). The majority and minority

equivalent Ni atoms with low and high spin moments in an
up/up’/down/down’ diagonal striped pattern with the closest

spin valence radial charge densities do differ as they must
to give the moment, but the total 3d occupation is identical.
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FIG. 3. Electronic structure of the charge-spin stripe ground state of La;Ni,O; at ambient pressure. Schematic representation of the stripe
ground state in the (a) ab plane with only the in-plane d,._,» orbitals shown and the (b) ac plane, where the out-of-plane d,» orbitals have been
added. Note Ni** sites correspond to d Ld), ,, and Ni** sites (gray) correspond to d zlzdfzfyz. (c) LDA + U band structure in the magnetic
ground state along high-symmetry lines (U = 3 eV, Jy = 0.68eV) of the Pm space group. High-symmetry points are Y = (1/2,0,0), C =
(1/2,1/2,0), B=1(0,0,1/2), F=(1/2,0,1/2), and G = (1/2, 1/2, 1/2). (d) Corresponding atom-resolved density of states. (¢) Orbital-
resolved Ni-e, partial density of states for the nominally Ni** (left) and Ni*+ (right) sites.
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Such an invariance of the actual d electron occupation in many
charge-ordered oxide systems has been discussed in previous
work [62]. The formal charge of a cation involves its envi-
ronment, including the distance to neighboring oxygen ions
and the Madelung potentials from the structure. This analysis
suggests that the two distinct Ni sites in the stripe ground state
of La3Ni,O; behave as d® ions in terms of charge and as d®/d’
ions in terms of spin. A similar situation is encountered in
La4Ni30g [58]

The charge-spin up/up’/down/down’ striped magnetic
ground state we have obtained naturally opens a gap at the
Fermi level (of ~0.2eV at U = 3eV), as clearly observed
in the band structure and partial density of states (PDOS)
in Figs. 3(c) and 3(d). The gap opens up even at the GGA
level (it simply increases in value when including a U). The
relatively large degree of p — d hybridization can be observed
in Fig. 3(d), resulting in a charge-transfer energy (A) ~3eV.
Given that the derived A is close to the cRPA U value, this
material would be placed as borderline between the Mott and
charge-transfer regimes in the Zaanen-Sawatzky-Allen phase
diagram [63].

We subsequently study the differences in orbital filling
between the high-spin (nominally Ni**: ¢@®) and low-spin
(nominally Ni**: d7) focusing on the Ni-e, orbital-resolved
PDOS (all the t,, states for both Ni ions are filled). The Ni**+
ion has all of the e, majority spin states completely occupied
(for both d,>_,» and d.> orbitals) while the Ni** only has the
majority d» band occupied with the majority d,>_» being
completely empty. As can be seen in the partial density of
states (PDOS), the occupied d orbitals show a double-peak
structure as a consequence of the bonding-antibonding split-
ting that arises due to quantum confinement in the structure
that leads to the formation of these molecular orbitals [64,65].
Importantly, the majority d,» bands form a spin singlet out
of plane: this many-body state is translated in DFT as a
strong AF out-of-plane coupling. Indeed, the energy differ-
ence between the “singlet”-like (AF coupling out of plane)
and “triplet”-like (FM coupling out of plane) configurations
is large (~30meV at the GGA level, rapidly increasing to
~80meV at U = 3eV) as can be seen in Fig. 2(g) by looking
at the energy difference between the C5 and C6 configura-
tions. This large energy difference agrees with the large J;
quoted in Ref. [44], however we caution against consider-
ing this a superexchange interaction which would nominally
decay with U.

Focusing on the d,»_,. orbitals, one ends up with a quarter-
filled band (per Ni bilayer dimer) that alternates full/empty
between neighboring Ni sites forming a charge stripe pattern
in the plane [see Figs. 3(a) and 3(b)]. Subsequently, the gap
opens up between bands that are predominantly d,>_,» in
character, with the conduction band nominally Ni*t and the
valence band nominally Ni>* [as shown in Fig. 3(c)]. Thus,
the stripe pattern we have obtained gives rise to an electronic
structure similar to that derived in the cuprates in terms of a
half-filled d,>_,» orbital (such an orbital simply being quarter-
filled per bilayer dimer in the La3;Ni,O; case instead, so the
bilayer can be thought of as analogous to a single cuprate
layer). Oxygen vacancies that naturally occur in LazNi, Oy
would effectively electron dope this material putting carriers
in the d,>_,» orbitals above the Fermi level.

PDOS PDOS
(states/eV/spin) (states/eV/spin)

FIG. 4. Electronic structure of La;Ni,O; at P = 29.5 GPa in
the proposed striped ground state within LDA + U (U = 3eV, Jy =
0.68eV). (a) Band structure along high-symmetry lines. (b) Orbital-
resolved Ni-e, partial density of states for the nominally Ni** (left)
and Ni** (right) sites.

Further, our calculations show that the favored in-plane
coupling is AF, although in a more complex pattern than the
standard checkerboard one obtained in the parent cuprates (in
that context, we remark that G-type AF order is predicted to
become stable at larger U). As shown in Fig. 3(a), there are
two relevant in-plane magnetic exchanges: AF J; along the
diagonal that corresponds to a direct (77) hopping between the
half-filled d,-_,» bands of the Ni%>* ions at a larger (x+/2a)
distance when compared to cuprates, and AF J, that repre-
sents a superexchange via the low-spin Ni** also at a larger
(x2a) distance compared to cuprates. This should lead to
reduced values of the estimated in-plane exchange constants
with respect to standard cuprate values. This conclusion in
terms of the relative strength of the different Js agrees with
the calculations from Ref. [66].

The electronic structure of the striped ground state we have
obtained is in qualitative agreement with several experimental
observations. First, the insulating nature of the ground state
we obtain agrees with the semiconductinglike behavior seen
in transport data for La;Ni,O7 samples close to stoichiometry
[10-12]. Further, the value of the gap that we obtain is close to
that derived from optical conductivity measurements ~ 0.1 eV
[67]. In terms of the orbital character of the bands around the
Fermi level in our ground state, the d,»_,. states dominate,
with some additional d,> contribution. These results seem to
be in agreement with ARPES data reporting a gap opening
for the hybridized bands at the Fermi energy with dominant
d,»_» weight [68]. Optical data also indicate that the Ni-d,_,»
orbitals dominate at the Fermi level [67].

We now briefly analyze how the electronic structure of
our obtained stripe ground state at ambient pressure (for U <
4eV) evolves under pressure, that is, when sulerconductivity
arises in LazNiyO;. In the ambient pressure solution, both
the valence and the conduction bands were mostly of d,>_,»
parentage, with the valence (conduction) band coming mostly
from nominal Ni** (Ni**). With pressure, both these bands
become broader and then overlap to form a metallic state with
the Fermi level mostly composed of states of d,>_,» character
as can be seen in Fig. 4. The corresponding magnetic moments
keep being consistent with the formal valences of a Ni** and
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Ni** ion quoted above (see Table II). Such a tendency toward
metallicity with pressure is obviously consistent with the ap-
pearance of superconductivity in La;Ni,O; under pressure.
Discussion. We have obtained a striped magnetic ground
state for La3;NipO7 that corresponds to an admixture between
the experimentally proposed double-spin stripe and single
charge-spin stripe as it involves up/up/down/down diagonal
stripes alternating low-spin (d’: S = 1/2) and high-spin (d®:
S = 1) Ni ions. An AF out-of-plane coupling is derived linked
to the d. orbitals being strongly coupled between planes
vis-a-vis molecular orbitals (this strong coupling effectively
removes these orbitals from the low-energy physics that is
dominated by the d,>_,> states instead). Many of the char-
acteristics of the spin-charge stripe state we have obtained
for La3NiyO; at ambient pressure are typical of the cuprates
where charge- and spin-density modulations also take place
[69]. Moreover, the occurrence of diagonal stripes is also
reminiscent of the physics of the hole-doped single-layer
nickelate La;NiO,4 [70-72]. It is important to emphasize that
even though nominally La3Ni,O; corresponds to a quarter-
filled d,>_,» band system (due to its average valence being

Ni>3+), the ground state our calculations yield (consistent
with RIXS, ©-SR, and neutron data) shows the picture is more
complicated: the reorganization of d,>_,» states around the
Fermi level coming from the two inequivalent Ni sites turns
the electronic structure of this material into that of a (doped)
half-filled d,._,» band. In contrast to cuprates, this half-filled
band nominally belongs to only one of the two Ni sites in
the system, the other one providing the doping to it. Another
important (and related) difference with the cuprates is that
while cuprates have a large nearest-neighbor exchange and a
much smaller next-nearest-neighbor exchange, in La;Ni, Oy
the difference between these two interactions is much smaller.
This leads to a more complex competition between magnetic
phases in La3Ni,O5. In addition, there is a dominant AF inter-
layer exchange in the nickelate (linked to the d,> orbitals form-
ing a spin-singlet-like configuration), unlike cuprates. Overall,
the striped ground state we have obtained in La;Ni,O; renor-
malizes the bandwidths, the exchange interactions and many
other characteristics when comparing it to cuprates, even
though the low-energy physics seems to still be dominated
by a single d\>_,» band around the Fermi level. Finally, we
note that even though we have obtained within DFT 4 U an
up/up’/down/down’ magnetic ground state where up/down
corresponds to Ni*t: d® (S = 1) and up’/down’ to Ni**: 47

(S =1/2), a description that corresponds to having a true
d, out-of-plane singlet would be formed by S = 1/2 (d®)
and S = 0 (d7) instead (up/0/dn/0) akin to the so-called sin-
gle charge-spin stripe (stripe-1) model in Fig. 1. Indeed, the
up/up’/down/down’ solution would technically be in dis-
agreement with uSR experiments [15,48] (it would give rise
to two finite field lines, whereas SR reports one finite field
line and one zero field line instead), while the up/0/dn/0 so-
lution would instead be consistent with the uSR data. The
important point is that the magnetic ground state corresponds
to alternating d®-d’ diagonal rows in both cases.

Summary and conclusions. We have presented DFT + U
electronic structure calculations to understand the magnetic
ground state of La3Ni,O7 and its evolution with pressure. We
find that the magnetic ground state at ambient pressure is a
charge-spin stripe consisting of in-plane up/up’/down/down’
diagonal stripes primed corresponding to Ni** (d7) and
unprimed corresponding to Ni** (4%) ions. The energetics
obtained from DFT shed light onto the different spin models
proposed by RIXS, 1-SR, and neutron scattering. This striped
magnetic state is insulating at ambient pressure (but can easily
become metallic via oxygen deficiencies) and, even though
there is some relevant contribution of Ni-d,. states, it is the
Ni-d,»_, states that dominate the low-energy physics (on both
sides of the Fermi level) and as such should not be disregarded
in model calculations. Even though the stripe magnetic ground
state has important similarities with the cuprates, it also dis-
plays some important differences due to the complex in-plane
striped magnetic configuration and the strong off-plane AF
coupling. With pressure, the striped magnetic ground state re-
mains similar in nature but the increase in bandwidth quickly
transitions La3Ni,O7 into a metallic state with all the activity
close to the Fermi level involving, to a large extent, d,>_,»
orbitals. This is reminiscent of the cuprates and may provide
key insights into how superconductivity arises in this material
under pressure.
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