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Motivated by the recent observation of superconductivity in the pressurized trilayer Ruddlesden-Popper (RP)
nickelate La,Ni;O;9, we explore its structural, electronic, and magnetic properties as a function of hydrostatic
pressure from first-principles calculations. We find that an orthorhombic (monoclinic)-to-tetragonal transition
under pressure takes place concomitantly with the onset of superconductivity. The electronic structure of
La4Ni3;Oyo can be understood using a molecular trimer basis wherein n molecular subbands arise as the d»
orbitals hybridize strongly along the ¢ axis within the trilayer. The magnetic tendencies indicate that the
ground state at ambient pressure is formed by nonmagnetic inner planes and stripe-ordered outer planes that
are antiferromagnetically coupled along the ¢ axis, resulting in an unusual 1, 0, | stacking that is consistent
with the spin density wave model previously suggested by neutron diffraction. Such a state is destabilized at the
pressure where superconductivity arises. Despite the presence of d,» states at the Fermi level, the d,2_» orbitals
also play a key role in the electronic structure of LasNi;Oyo. This active role of the d,»_,» states in the low-energy
physics of the trilayer RP nickelate, together with the distinct electronic behavior of the inner and outer planes,

resembles the physics of multilayer cuprates.
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I. INTRODUCTION

Since the discovery of high-temperature superconductiv-
ity (HTS) in cuprates, identifying analogous materials that
could help determine the essential components for HTS has
posed a significant challenge in condensed matter physics
[1]. Recently, superconductivity was discovered in the layered
nickelate family R,;Ni,Oy,4+2 (R = rare earth), providing
a new perspective on this endeavor. Similar to the cuprates,
these reduced layered nickelates have n-NiO, planes, and
superconductivity in them emerges from a 3d°~% (§ = 1/n ~
0.2) electron configuration on the Ni sites. The first su-
perconducting member of the family was the infinite-layer
(n = 0o0) material RNiO; (R = La, Pr, Nd), in which super-
conductivity with a maximum 7, ~ 15 K arises upon hole
doping [2-5]. Subsequently, superconductivity was also found
in the quintuple-layer (n = 5) compound Nd¢NisO;,, which
exhibits a similar 7;. without the need for chemical doping [6].
This series of discoveries showed that akin to cuprates, the
R,+1Ni, 0,4, nickelate series represents a whole family of
superconductors.

The field was recently reinvigorated after the discovery
of superconductivity under pressure (~14 GPa) in bilayer
La3;Ni,O; with a maximum 7. ~ 80 K [7-9]. This ma-
terial with an average Ni*>>* (d7°) is the n =2 member
of the R, 1Ni,O3,+; Ruddlesden-Popper (RP) phases, the
parent compounds of the reduced layered R, Ni,, 05,4, fam-
ily. Unlike reduced nickelates, the Ni atoms in these RP
phases are coordinated by apical oxygens and have a nominal
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electronic configuration for the Ni atoms of 34+ far from
that of the cuprates. The discovery of superconductivity in
this material ignited an explosion of experimental [10—12] and
theoretical [13-37] work. Further, as with the reduced layered
nickelate family, the extension of superconductivity to other
members of the parent R, Ni, O3, RP compounds has also
been perceived as a crucial problem to be tackled. Very re-
cently, superconducting signatures in the trilayer (n = 3) RP
nickelate La4Niz O, under pressure were also experimentally
reported with T, ~ 30 K at pressures ~30 GPa [38-40]. At
ambient pressure, this material exhibits a metal-to-metal tran-
sition that results from an incommensurate density wave with
both charge and magnetic character [41]. The discovery of
superconductivity under pressure in the trilayer RP nickelate
unlocked the R,+1Ni, 03,41 series as a new family of super-
conducting nickelates.

For an emerging novel class of superconductors, it is cru-
cial to find the analogies and differences among the members
of the family. Here, using first-principles calculations, we
analyze the structural, electronic, and magnetic properties
of the trilayer RP nickelate LasNi3Ojo and contrast them
with those of the bilayer material LasNi,O;. We find that
in both materials, an orthorhombic (monoclinic)-to-tetragonal
transition under pressure takes place that is concomitant
with the onset of superconductivity. The electronic structure
of LayNi3Oj¢ can be understood using a quantum-coupled
unit—a molecular trimer basis—for the trilayer wherein n
molecular subbands (bonding-nonbonding-antibonding) arise
as the d. orbitals hybridize strongly along the c¢ axis. A
similar picture has been proposed for LasNi,O7 [13,42]. Our
spin-polarized calculations indicate that the ground state of
LasNizOjp at ambient pressure is formed by stripe-ordered

©2024 American Physical Society
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FIG. 1. “Tetragonalization” of the crystal structure of La,;;Ni,O3,4; (n = 2, 3) under pressure. (a) The ambient pressure structures for
La;Ni,O; (n = 2; orthorhombic Amam crystal setting) and Las;NizO9 (n = 3; orthorhombic or monoclinic crystal settings) transform to
tetragonal (/4/mmm) structures under pressure. Green, gray, and red spheres denote the La, Ni, and O atoms, respectively. (b) Structural data
capturing the structural transition with pressure: absolute difference |a — b| of the in-plane lattice constants (left) and apical Ni-O-Ni bond
angle (right). At ambient pressure, the lattice constants used are the experimentally determined ones.

magnetic outer layers (coupled antiferromagnetically along
the ¢ axis) and nonmagnetic inner layers, consistent with the
spin density wave model suggested by neutron diffraction data
[11]. Such a state is destabilized at the pressures at which su-
perconductivity has been observed. Importantly, as we found
for LazNi, O [42], the d,2_,» orbitals play an active role in the
electronic structure of the trilayer RP nickelate under pressure,
which, together with the distinct behavior of the inner and
outer layers, bears similarities to (multilayer) cuprates [43].

II. METHODS

We used density-functional theory (DFT)-based calcula-
tions to investigate the structural properties, electronic struc-
ture, and magnetic tendencies of LasNi3Ojo under pressures
up to 30 GPa [44,45]. The LayNi3Ojq structural data in the
monoclinic (orthorhombic) and tetragonal settings were taken
from Refs. [46,47], respectively. Structural optimizations of
the crystal structure (unit cell and internal coordinates) were
performed with the plane-wave pseudopotential-based DFT
code VASP [48-50] within the generalized gradient approxi-
mation (GGA) [51] in the nonmagnetic state. For the ambient
pressure structures, only the internal coordinates were opti-
mized. The number of plane waves in the basis was set by an
energy cutoff of 520 eV. The integration in reciprocal space
was carried out on an 8 x 8 x 2 Monkhorst-Pack k-point grid.
The internal forces on each atom were converged to 107°
eV /A. Phonon calculations were performed using the frozen-
phonon method as implemented in PHONOPY [52] interfaced
with VASP for 2 x 2 x 1 supercells of the monoclinic (P2/c)
and tetragonal (/14/mmm) crystal structures.

The electronic structure for each optimized crystal struc-
ture was subsequently calculated using the all-electron,
full-potential DFT code WIEN2K [53]. The Perdew-Burke-
Ernzerhof version of the GGA [51] was utilized for the
exchange-correlation functional. To explore the magnetic ten-
dencies, electronic correlation effects were included using an

on-site Coulomb repulsion U for the localized Ni (3d) states.
The around mean field (AMF) approach was employed for the
double-counting correction [54]. The choice of AMF has been
shown in previous work to give a reliable comparison to ex-
periments in other layered nickelates [55-59] (as we showed
in previous work [42], for LasNi,O; the energetics within
the fully localized limit scheme are qualitatively similar to
the AMF scheme). We used a range of Hubbard U values
from 2 to 5 eV, while the Hund’s coupling Jy was fixed to
the typical value of 0.7 eV for transition-metal 3d electrons.
RK,,.x = 7 was used. Muffin-tin radii (in atomic units) of 2.5,
1.95, and 1.67 for La, Ni, and O, respectively, were employed.
Dense 21 x 21 x 21 (30 x 29 x 11) k grids for the 14/mmm
(P21 /c) crystal setting were used. For the larger supercells
used in some of the magnetic states we calculated, k grids with
similar densities were employed. For computational details on
the La3zNi,O5 calculations, we refer the reader to Ref. [42].

III. RESULTS

A. Tetragonalization and lattice dynamics of the crystal
structure under pressure

Figure 1 shows the evolution of the structural parameters
of the trilayer RP La3Ni,O;9 with pressure (in comparison
to those of bilayer La3Ni;O7). In LasNiyO7, initial x-ray
diffraction (XRD) experiments under pressure revealed that
superconductivity is accompanied by a structural transition
from a low-symmetry Amam orthorhombic phase to a higher-
symmetry (still orthorhombic) Fmmm phase with modest
pressures (>10-15 GPa) [7]. This structural transition is char-
acterized by the suppression of the tilts in the NiOg octahedral
cages. Using DFT calculations, we previously showed [42] (in
agreement with other theory work [62]) that near ~15 GPa,
an orthorhombic-to-tetragonal (/4 /mmm) structural transition
could occur instead [see Figs. 1(a) and 1(b)]. Importantly, this
prediction of the “tetragonalization” of the structure under
pressure is in agreement with recent low-temperature XRD
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FIG. 2. Lattice dynamics of LayNi3;O;( under pressure. (a) Phonon dispersions at ambient pressure (left) and 30 GPa (right) for LayNizO,g
in the tetragonal (/4/mmm) crystal setting. Colors denote phonon branches corresponding to unstable modes. (b) Crystal distortions according
to the X, and X;" irreducible representations (irreps) of the 14/mmm space group in the ab (top) and be (bottom) planes. (¢) Order parameter
amplitudes obtained from AMPLIMODES [60,61] for the X, and X;" irreps relative to the ambient pressure tetragonal crystal structure.

experiments [12], which have confirmed that an /4/mmm
phase arises in LazNiO7 at low temperatures (~40 K) when
compressed to 19 GPa [63].

Analogous structural relaxations for LasNi3Oj¢ using ei-
ther the monoclinic P2;/c or orthorhombic Bmab crystal
structure as a starting point [41,46,64,65] indicate an identical
structural transition with pressure takes place in the trilayer
material [see Figs. 1(a) and 1(b)], in agreement with other
recent theoretical [37] and experimental [66] works. Near
~10-15 GPa, the structure of LasNi3Ojq tetragonalizes with
the collapse of the in-plane lattice constants to the same value
and the suppression of the octahedral tilts. The tetragonal
structure can also be seen to become the more energetically fa-
vored structure with pressure when comparing the enthalpies
of the low-symmetry (P2;/c) and high-symmetry (/4/mmm)
phases (see Fig. 6 in Appendix A).

To gain further insight into the lattice dynamics driving
the transition towards a tetragonal structure in LasNizOy,
we calculate the evolution of the phonons with pressure in
the high-symmetry tetragonal (/4/mmm) setting (see Fig. 2).
At ambient pressure we identify four unstable modes at the
X point with the X,", X, X;", and X, irreducible represen-
tations (irreps) of the /4/mmm space group [see Fig. 2(a)].
The X, irrep corresponds to the distortion of the in-plane
oxygens, while the X;", X,5, and X, irreps correspond to
the distortions of the apical oxygens in the NiOg cage that
are linked to the octahedral tilts [see Fig. 2(b)]. We find that
these four unstable modes become quenched with pressure:
Initially, the X;r mode associated with the NiOg octahedral
tilts is suppressed. Subsequently, the X," mode corresponding
to the in-plane distortion of the NiOg octahedra is quenched
[see Fig. 2(c), as well as further details on the phonon calcula-
tions in Fig. 6 in Appendix A]. Importantly, a symmetry mode
analysis (obtained from AMPLIMODES [60,61]) reveals that the
X, and X;" distortions are the ones responsible for driving the
transition between P2;/c and I4/mmm. Overall, our results

indicate that at the pressure at which superconductivity onsets,
the structures for both the bilayer and trilayer RP nickelates
are tetragonal.

B. Evolution of the electronic structure with pressure

We begin our analysis by examining the pressure-
induced variations in the nonmagnetic electronic structure of
LasNiz;Oqg. A formal valence count for LasNiz;O;q renders an
(average) Ni>®"* ion corresponding to a d733 filling of the Ni
(3d) shell. Within each trilayer complex (three NiOg layers),
one has (on average) four electrons in the Ni e, orbitals,
while the Ni £, orbitals are completely filled. In order to
clearly understand the band fillings in LasNizO,g, the site-
and orbital-resolved band structures are shown in Figs. 3(a)
and 3(b) for the ambient pressure P2;/c phase and for the
14 /mmm structure at 30 GPa, where we distinguish the Ni
eg (d and d,»>_,) orbital contributions from the inequivalent
inner- and outer-layer Ni sites (note that, at ambient pressure,
the electronic structure in the Bmab space group is equivalent
to that of the P2, /c phase, as shown in Fig. 7 in Appendix B).
As expected, in the vicinity of the Fermi level, both the d,>_
and d,» bands are active and strongly hybridized. It should be
noted that the d,» bands are filled quite differently for different
Ni atoms in the structure. In contrast, no relevant distinction
is observed for the filling of the d\>_,» orbitals. These differ-
ences in filling are robust with pressure, and we explain their
origin below.

1. Molecular orbitals

The different band occupations for the inner and outer
Ni atoms can be understood using the differences in d fill-
ing in terms of “molecular subbands” [47,67]. In essence,
n molecular subbands arise in the RP nickelates as the d,
orbitals hybridize strongly along the ¢ axis, with the molecular
picture being due to the natural quantum confinement within
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FIG. 3. Electronic structure of La,Niz;O;¢ at ambient pressure (P2, /c, top row) and P = 30 GPa (/4/mmm, bottom row). (a) and (b) Site-
and orbital-resolved band structures along high-symmetry lines highlighting the Ni d» (red) and Ni d,>_,> (blue) orbital characters for the
inner and outer inequivalent Ni sites for the ambient (P2;/c) and 30 GPa (I4/mmm) phases, respectively. The Ni d_ bonding (B), nonbonding
(NB), and antibonding (AB) bands are labeled. The corresponding crystal structure is shown to the right. (c) and (d) Corresponding Fermi
surfaces for (a) and (b) in the k, = 0 plane with high-symmetry points and «, 8, and y sheets denoted (o’ and S’ sheets are the back-folded

versions of their unprimed counterparts).

the structure provided by the blocking slabs between succes-
sive Ni-O trilayers. As such, for the n = 3 RP nickelate, for
each Ni triple along the ¢ axis with neighbors coupled by
the hopping integral ¢, , the corresponding eigenvalues and
eigenvectors are [67]

& =O, :l:ﬁtl,

1 ey

|€zz> = \/E

The odd-symmetry nonbonding (NB) state (¢ = 0), which
does not involve the inner Ni site, as shown by the cor-
responding eigenvector, is midway in energy between the
even-symmetry bonding (B) and antibonding (AB) states.
This clean picture of molecular orbitals explains the site- and
orbital-resolved band structures we obtain. Importantly, this
picture survives the application of pressure and the structural
phase transition, but with increased splittings among the dif-
ferent molecular orbitals as pressure is applied.

The molecular orbital picture applies to the bilayer
La3Ni,O; material as well, but in that case, one has only
two molecular subbands for the dimer forming a bonding-
antibonding complex (and no effective difference between the
two layers exists in terms of filling, in contrast to the trilayer

1,0, —1), %(1, FV2, 1).

material). As a consequence of this splitting, in the bilayer
nickelate [with an average Ni valence Ni*>* (d7-), which
corresponds to three electrons to be filled for each bilayer in
the Ni e, orbitals] two spin states are possible depending on
how the three electrons fill the e, states: (1) a low-spin (LS)
state, wherein the d,» bonding orbital is doubly occupied but
the antibonding state is empty, with the d,>_,» orbitals being
1/4 filled, or (2) a high-spin (HS) state, in which the bonding
d and d,»_,» orbitals are all half filled (i.e., the majority spin
channel is occupied) and the antibonding d_ state remains
empty. We have found [42] that in La3Ni,O; a low-spin
state is favored in the high-pressure/superconducting phase,
suggesting that the HS solution may be unfavorable for super-
conductivity in this material.

Returning to the trilayer nickelate case, with the above
considerations for the d. splittings (keeping in mind that the
d»_y» states are equally occupied for all the Ni atoms), how
can one fill up the available four electrons in the e, levels?
The different possible states are the following (see Fig. 4):
(1) a nonmagnetic (NM) state, in which an electron occupies
the majority and minority bonding d, states and 1/3 of the
majority and minority d,>_,» bands, (2) a HS state, in which a
d, triplet (bonding-nonbonding-antibonding) is filled in addi-
tion to 1/3 of the majority dxz,yz band, and (3) a LS state, in
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FIG. 4. Level scheme showing the possible spin states for the trilayer RP nickelate La,Niz;O1 using the molecular orbital picture for the
Ni d» states (three Ni atoms are represented; within each trilayer four electrons occupy the Ni e, orbitals). The d,2_,» states are depicted in
blue; the d> states are depicted in red. The bonding (B), nonbonding (NB), and antibonding (AB) d_> bands are labeled. (a) High spin (HS).

(b) Low spin (LS). (c) Nonmagnetic (NM).

which the bonding d,» state is doubly occupied and 1/3 of the
majority d,>_,» band and the majority nonbonding d,» orbital
are filled. We will return to the Ni spin states in LayNizOj in
Sec. C when describing its magnetic tendencies.

2. Fermi surface

To draw comparisons, we start by briefly describing the
fermiology of the bilayer RP La3;Ni,O; (see Fig. 8 in Ap-
pendix C, where we use the notation of the angle-resolved
photoelectron spectroscopy (ARPES) data for LayNiz O [64]
and refer to the different bands as «, 8, and y). Its Fermi
surface consists of one holelike sheet of dominant d,>_» char-
acter («) centered at the corner of the tetragonal zone (M), an
electronlike sheet comprised of mixed e, orbital character (8)
at I', and another hole pocket at M of dominant d,> character
(y). The nature of these Fermi surface sheets does not sig-
nificantly change with pressure. We note that the importance
of the y pocket for Cooper pairing (in s* symmetry) was
recently highlighted: if the y pocket vanishes, s* pairing is
suppressed [26].

The fermiology of LasNizOjg is somewhat similar to that
of its bilayer counterpart, with some relevant differences aris-
ing with pressure. At ambient pressure, the Fermi surface
comprises two different types of sheets [see Fig. 3(c)]: two
large hole pockets centered at the corner of the tetragonal
Brillouin zone (« band, split due to the interlayer hopping
within the trilayer) and an electron pocket (8) centered at
I'. The o pocket has mixed e, orbital characters, while the
B pocket is predominantly d,»_,» in character. The o’ and g’
pockets are the back-folded versions of the o and 8 pockets,
respectively. We do not find the y pocket obtained in ARPES
(with mainly Ni d» character) at ambient pressure at the GGA
level unless the Fermi energy is shifted (as shown in Fig. 7
in Appendix B). It has been suggested [64] that the opening
of a gap in the y—dz2 band accompanies the charge density
wave (CDW) formation at the metal-to-metal transition in
LasNizO;9. We argue that this gap is instead due to back-
folding (see Fig. 7 in Appendix B for the band structure of
a /2 x +/2 cell of the I4/mmm structure, where the gap is
closed).

If pressure is applied to LayNi3Ojo, the Fermi surface
exhibits many of the same features (o and 8 pockets) with the

addition of the y pocket of dominant d,» character at the zone
corner [see Fig. 3(d)]. We also find a small electron pocket
emerging at I' due to the nonbonding 4 band that broad-
ens with pressure and crosses the Fermi level. As mentioned
above, the importance of the y pocket for Cooper pairing (in
s* symmetry) has been emphasized in bilayer nickelates [26].
With the inclusion of dynamical electronic correlations within
single-site DFT4dynamical mean-field theory, the basic fea-
tures of the fermiology that we describe remain the same
under pressure [68—70].

C. Magnetic tendencies with pressure

In order to find the magnetic ground state of LasNi3O,
we performed GGA 4 U calculations with U values
ranging from 2 to 5 eV. Different magnetic states
were targeted including ferromagnetic (FM), A-type an-
tiferromagnetic (A-AFM), C-type antiferromagnetic (C-
AFM), and G-type antiferromagnetic (G-AFM) [depicted in
Fig. 5(a)]. Importantly, we also attempted a so-called M/0/M
(magnetic/nonmagnetic/magnetic) state that consists of outer
planes that are antiferromagnetically coupled with no moment
on the inner planes (corresponding to a magnetic pattern of the
six planes in the unit cell (three per trilayer) as follows: 1, —,
43 1, — |, where — represents a node. Such a magnetic state
was determined from the intensity distribution of the superlat-
tice reflections derived from single-crystal neutron diffraction
data taken to test for the presence of a spin density wave
(SDW) concomitant with the CDW [41]. Note that the slight
incommensurability of the SDW ordering vector in LagNi3Oyg
results in an approximately five-period stripe in the plane [41].

Our results for the magnetic tendencies under pressure are
shown in Fig. 5(b). We find that at ambient pressure, the
ground state of the system is the M/0/M state consisting of
in-plane (7, 0) stripe order with a clear moment differentia-
tion between inner and outer planes. While the inner planes
have nearly quenched Ni moments ~0.10up (close to the
NM state in Fig. 4), the outer planes consist of HS Ni atoms
(with moments ~1.2ug). Importantly, the out-of-plane cou-
pling matches that of the superlattice reflections obtained from
neutrons: 1, —, |.. At 30 GPa, the M/0/M state is destabilized
in favor of a FM state for the supercell sizes we analyzed here
for U values above 4 eV, with HS Ni in both the inner and
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FIG. 5. Magnetic tendencies in LasNi;O; under pressure. (a) Different spin configurations within the trilayer unit attempted in our
calculations. (b) Energy differences between different magnetic configurations at ambient pressure (left) and at 30 GPa (right). The C-AFM
(C) magnetic configuration is taken as the reference. At ambient pressure, we find that the G-AFM (G) state can be converged only for large
values of the Hubbard U, while for smaller values it converges to the C-type AFM solution. (c¢) Layer- and orbital-resolved partial density
of states (PDOS) for the DFT + U ground state at ambient pressure (left) and 30 GPa (right). Positive (negative) is taken for the majority

(minority) spin channel.

outer planes (with Ni moments ~1.2 ug). Electronically, the
low-energy states are dominated by mixed Ni e, states around
the Fermi level [see Fig. 5(c)] in both the M/0/M state at
ambient pressure and the FM state at high pressure, suggesting
both orbitals are relevant for the low-energy physics of this
material. As indicated above, the magnetic solutions we have
obtained display the features of the spin states depicted in
Fig. 4 (HS/LS/NM) but with orbital occupations in the Ni
e, sector that reveal some deviations with respect to those in
the pure ionic limit due to the itinerant character of La4Niz Oy
(see Appendix D and Table I therein for further details).

The crucial conclusions drawn from our magnetic trends
for LagNi3Ojo are as follows: (1) Both ferromagnetic and
antiferromagnetic couplings can be relevant. (2) The transi-
tion between magnetic ground states with pressure is driven
by a redistribution in both the d, orbitals (which control
the out-of-plane electronic structure) and the d,>_,» orbitals
(which dominate the in-plane electronic structure). This sug-
gests that the d,»_,» orbitals play a relevant role in the
physics of LayNizOy9, as we observed in the bilayer mate-
rial [42]. (3) The electronic structure of the inner and outer
layers in the trilayer RP nickelate exhibits distinct electronic

and magnetic behavior akin to that observed in (multilayer)
cuprates [43].

IV. SUMMARY AND CONCLUSIONS

We studied the structural, electronic, and magnetic prop-
erties of the trilayer La4NizO;9 Ruddlesden-Popper nickelate
as a function of hydrostatic pressure (and compared them
with its bilayer counterpart, La3;Ni,O7) from a first-principles
perspective. In both materials, an orthorhombic (monoclinic)-
to-tetragonal transition under pressure was found that is
concomitant with the onset of superconductivity. Their
electronic structures can be understood using a quantum-
coupled unit, wherein n molecular subbands arise as the d
orbitals overlap strongly along the ¢ axis (with a bonding-
antibonding complex being formed for the bilayer and a
bonding-nonbonding-antibonding complex being formed for
the trilayer) that are hybridized with active Ni d,»_y» or-
bitals that control the electronic structure in the plane. In the
nonmagnetic state, the electronic structure does not change
significantly with pressure, other than the introduction of an
extra pocket of d character at the corner of the tetragonal
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zone in LasNi3O;9. The magnetic tendencies of the trilayer
RP nickelate indicate that the ground state at ambient pressure
is consistent with the spin density wave model previously
suggested by neutron diffraction data, with distinct inner
(nonmagnetic) and stripe-ordered outer Ni layers (antiferro-
magnetically coupled along c), giving rise to an overall 1,
0, | stacking. Such a state is destabilized by the pressures at
which superconductivity arises. The distinct behaviors of the
inner and outer planes in the trilayer RP nickelate indicate that
superconductivity might arise from layer differentiation, like
in multilayer cuprates.
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APPENDIX A: LATTICE DYNAMICS FOR LasNi;0yy

As described in Sec. IITA, RP nickelates undergo a
structural transition from a lower-symmetry phase to a higher-
symmetry (tetragonal) phase upon hydrostatic pressure. To
understand this transition, we analyze the lattice dynamics
of LasNizOjg in both the low-symmetry (monoclinic) and
high-symmetry (tetragonal) crystal settings. Figure 6(a) shows
the phonon dispersion for the monoclinic structure at ambient
pressure and 10 GPa. No unstable modes are present in the
phonon spectrum, indicating the crystal structure is stable. In
contrast, we compare these results with the phonon spectrum
for the tetragonal structure with pressure in Fig. 6(b). For
the ambient pressure case, there are unstable modes at the
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FIG. 6. Lattice dynamics of LasNi;O,¢ in different crystal settings. Phonon dispersions for LasNi;O,¢ along high-symmetry lines for
(a) monoclinic (P2;/c) structure at ambient pressure (left) and 10 GPa (right) and (b) tetragonal (/4/mmm) structure at ambient (left)
and 30 GPa (right) pressures. For the monoclinic structure, high-symmetry points in the Brillouin zone correspond to I' = (0, 0, 0),
Z = (0.0,0.5,0.0), D = (0.0,0.5,0.5), B=(0.0,0.0,0.5), A = (—0.5, 0.0, 0.5). For the tetragonal structure, high-symmetry points in the
Brillouin zone correspond to I' = (0, 0, 0), X = (0.0,0.0,0.5), N = (0.0,0.5,0.0), M = (0.5,0.5, —0.5), and P = (0.25, 0.25, 0.25).
(c) Enthalpy difference between the monoclinic and tetragonal structures and tetragonalization of the in-plane lattice parameters for the
monoclinic structure as a function of pressure. (d) Phonons at the X point as a function of pressure. (e) Crystal distortions according to
the X;", X5, and X} irreducible representations (irreps) of the 74/mmm space group in the ab (top) and bc (bottom) planes.
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FIG. 7. Low-energy electronic structure LasNiz O in different crystal settings at ambient pressure. Orbital-resolved (Ni e,) band structures
in the (a) P2;/c, (b) Bmab, and (c) I4/mmm(ﬁ X ﬁ) crystal settings. Red (blue) corresponds to Ni d» (d,2_,2) orbital character. (d)—(f)
Corresponding constant-energy surfaces in the k, = 0 plane at e (left) and eg + 50 meV (right).

X, N, and P points. In the main text, we focused on the
X point because these modes correspond to the monoclinic
distortions [see Fig. 6(e)], while the N and P points do not,
based on a symmetry analysis using ISOTROPY [71]. With
hydrostatic pressure, the unstable modes become quenched
[see Fig. 6(d)], and we see that the /4/mmm structure becomes
energetically more favored based on enthalpy differences [see
Fig. 6(c)].

APPENDIX B: BAND STRUCTURES
AND CONSTANT-ENERGY SURFACES FOR LayNi3O;
IN DIFFERENT SPACE GROUP SYMMETRIES

Figure 7 compares the computed band structure of
LayNizOp at ambient pressure within different crystal set-
tings. Importantly, the monoclinic (P2;/c) and orthorhombic
(Bmab) crystal phases exhibit the gapped d, band men-
tioned in the main text, while the tetragonal (/4/mmm) does
not. This supports our argument that the gapping is due to
band folding and is not associated with the charge density
wave.

We note that in the lower-symmetry structures (monoclinic
and orthorhombic), the gapping of the d,» band removes the
y pocket from the Fermi surface. This pocket is reintro-
duced in the tetragonal setting where this gap is closed [or

with a small shift of the Fermi level (50 meV), as shown in
Figs. 7(d)-7(f)].

APPENDIX C: ELECTRONIC STRUCTURE OF La;3Ni,O;

Figure 8 summarizes the paramagnetic electronic structure
of La3Ni,O7 in the ambient pressure orthorhombic (Amam)
and high-pressure (P =30 GPa) tetragonal (/4/mmm)
structures.

As described before by us and others, focusing on the Ni
e, states near the Fermi level, the Ni d.. states are split by
~1 eV into an occupied bonding and unoccupied antibond-
ing combination in the ambient pressure Amam phase due
to the quantum confinement provided by the nickel oxygen
bilayers of the structure. The Ni d,>_,» dispersion is large,
with a bandwidth of ~2.5 eV, and this orbital remains only
partially occupied. Turning to the electronic structure at high
pressure (P = 30 GPa, Fmmm phase), we find that the overall
electronic structure within GGA is qualitatively similar to
the ambient pressure Amam phase, with some quantitative
differences. The Ni d,>_,» dispersion increases to 4 eV, and
the bonding-antibonding Ni d. splitting increases to ~1.5 eV.
Like in the ambient pressure case, the dominant density of
states around the Fermi level for the nonmagnetic calculation
at 29.5 GPa is that from Ni d,. orbitals, followed by that from
the Nid,»_y» orbitals.
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FIG. 8. Electronic structure of La3Ni,O; at ambient pressure (Amam, top row) and P = 30 GPa (14 /mmm, bottom row). (a) and (b) Orbital-
resolved band structure along high-symmetry lines highlighting the Ni d_» (red) and Ni d,>_,> (blue) orbital characters for the ambient (Amam)
and 30 GPa (/4/mmm) phases, respectively. (c) and (d) Corresponding Fermi surfaces for (a) and (b) in the k, = 0 plane with high-symmetry
points and the «, B, and y sheets denoted. Primed (') sheets denote the back-folded version of the unprimed sheets for the Amam case. Ni d_»

bonding (B) and antibonding (AB) bands are labeled.

APPENDIX D: OCCUPATIONS AND MAGNETIC
MOMENTS IN La4Ni3010

Table I summarizes the layer-resolved magnetic moments
and Ni e, occupations in the different magnetic configurations
shown in Fig. 5. The derived spin states for the Ni atoms
approximately reflect those depicted in Fig. 4, but the Ni e,

occupations do not exactly match those in the ionic limit
because LasNizOjg is an itinerant system with dispersive
d>_y» and dp bands, which introduces significant deviations
in occupations with respect to the pure ionic limit. In order to
assign HS, LS, or NM labels in Table I, we use the derived
magnetic moments from the level scheme in Fig. 4 as a guide.
For high-spin Ni, a moment ~1.3u5 is expected, so we assign

TABLE I. Layer-resolved moments and e, occupations for the Ni atoms in different magnetic states for La;Ni3;O,9 within GGA+U

(U =4eV,Jy =0.7eV).

Solution (pressure) Spin state Layer |m| (in units of ug) d_ (up) d> (down) dy_y (up) d,>_y» (down)
M/0/M (ambient) NM inner 0.10 0.58 0.33 0.37 0.71
HS outer 1.21 0.89 0.19 0.75 0.25
FM (30 GPa) HS inner 1.09 0.77 0.22 0.74 0.20
HS outer 1.23 0.87 0.19 0.75 0.23
A-AFM (30 GPa) HS/LS inner 0.97 0.79 0.29 0.64 0.22
HS outer 1.12 0.86 0.24 0.71 0.21
G-AFM (30 GPa) LS/NM inner 0.39 0.83 0.27 0.37 0.52
LS/NM outer 0.39 0.84 0.25 0.36 0.57
C-AFM (30 GPa) LS inner 0.64 0.58 0.33 0.72 0.32
HS/LS outer 091 0.84 0.22 0.65 0.36
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a HS label to Ni atoms with moments close to this value.
For low-spin Ni, a moment ~0.7up is expected [with some
disproportionation between inner (lower moment) and outer
(higher moment) Ni since the odd-symmetry nonbonding state
has no contribution from the inner layers], so we assign a LS
label to Ni atoms with moments close to this value. For some
cases, the orbital occupations give rise to magnetic moments
in between NM and LS, as well as in between LS and HS, so
this is reflected in the assigned labels.

Note that even though the overall Ni e, occupations within
the Ni muffin-tin spheres (which contain some contribution
from the oxygen tails) are close to two electrons in each
case, a nominal d® filling cannot explain the values and
disproportionation in the magnetic moments we obtain. We
remark that the e, occupations we find are in agreement with
many-body DFT4dynamical mean-field theory occupations
[68,70], which also indicate the number of e, electrons is
approximately two.
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