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Superconductivity is one of the most intriguing properties of matter, described by an attractive interaction that
binds electrons into Cooper pairs. To date, the highest critical temperature at ambient conditions is achieved in
copper oxides. While layered nickel oxides were long proposed to be analogous to cuprates, superconductivity
was only demonstrated in 2019 albeit without clarifying the pairing mechanism. Here we use density functional
theory to show that superconductivity in nickelates is driven by an electron-phonon coupling originating from
a charge ordering. Due to an intrinsic electronic instability in half-doped compounds, Ni'* cations dismutate
into more stable Ni* and Ni** cations, which is accompanied by a bond disproportionation of NiO4 complexes
producing an insulating charge-ordered state. Once doping suppresses the instability, the bond disproportionation
vibration is sufficient to reproduce the key characteristic of nickelates observed experimentally, notably the dome
of T as a function of doping content. These phenomena are identified if relevant degrees of freedom as well as an
exchange-correlation functional that sufficiently amends self-interaction errors are involved in the simulations.
Finally, despite the presence of correlation effects inherent to 3d elements that favor the formation of local Ni
spins, the mechanism behind the formation of Cooper pairs in nickelate superconductors appears similar to that
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of nonmagnetic bismuth oxide superconductors.
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I. INTRODUCTION

Superconductivity is a peculiar property of materials char-
acterized by zero electrical resistance to direct current and
perfect diamagnetism, thereby offering numerous applica-
tions. This state is explained on the basis of an attractive
interaction binding electrons into Cooper pairs [1]. The most
famous superconductors are the cuprates that set the record for
the critical temperature 7, (~138 K) at ambient conditions [2].
However, the identification of the pairing mechanism in these
compounds has been hindered by the absence of analogs. In
this regard, it was long proposed that nickel oxides could host
superconductivity due to their proximity with copper in the
periodic table [3,4]. These efforts recently crystallized in the
infinitely layered phase RNiO, [5-8] and a reduced phase
of the Ruddlesden-Popper series, R, +1Ni,, 02,42 (n =5) [9],
where R is a trivalent rare earth, thereby offering an alterna-
tive playground to understand pairing mechanisms in oxide
superconductors.

Superconducting nickelates adopt the chemically reduced
Ruddlesden-Popper (RRP) structure R, iNi,O2(;+1), where
the most studied case is the limit member n = oo (called the
infinitely layered phase RNiQO;) [Fig. 1(a)]. These nickelates
are based on NiO, planes [Fig. 1(a)] stacked along the ¢ axis
and separated by layers of rare earth R. The motif is then
sandwiched with two RO, fluorite slabs, except when n = oo,
for which only R cations are intercalated between the NiO,
planes. This layered structure of NiO, planes is common to
several oxide superconductors such as cuprates [2], ruthenates
(SrpRu0y) [10], and iridates (SrpIrOy4) [11,12].

Gathering the experimental data from the literature regard-
ing the 7 versus Ni 3d electron count [Fig. 1(b)], it becomes

2475-9953/2024/8(6)/064801(12)

064801-1

clear that superconductivity emerges in a narrow Ni valency
region centered at a 3d®® occupancy. This strongly suggests
that the Ni valency is the determining factor in the transition
toward the superconducting (SC) phase. Most studies in the
literature focus on how transiting from the » = co member
to the SC region is accomplished by hole doping the material
[14-22]. However, these n = oo nickelates are experimentally
found to be bad metals [5], as also found by our density
functional theory (DFT) calculations (see Fig. S1 in Supple-
mental Material [23]). This strategy is quite surprising, and it
is at odds with the usual procedure to reach the SC region in
several oxide superconductors, such as cuprates, bismuthates,
and antimonates, where doping induces the transition from an
insulating state to a metallic, superconducting phase.

This apparent contradiction is alleviated if one reads the
phase diagram of Fig. 1(b) starting from the n = 1 member.
In that regard, studying the electronic properties of La;NiOy,
we find it to be a robust Mott insulator at the DFT level
with a large band gap of 2 eV (see Fig. S1 in Supplemen-
tal Material [23]). Thus, reaching the superconducting phase
starting from La;NiOy4 requires doping a Mott insulator with
electrons. Therefore, one may ask if one can interpret the
superconducting phase of nickelates from the point of view
of electron doping of Mott insulators instead of hole doping
metals. If this is true, then can we get insights on the supercon-
ducting mechanism in these nickel oxide superconductors?
For instance, is there any intrinsic instability in the doped
phase diagram of these nickelates?

In this article, we reveal, on the basis of DFT simulations,
the existence of a charge-ordered (CO) insulating state at
half doping. The CO state is a consequence of an unstable
1.5+ formal oxidation state (FOS) of Ni cations that prefer
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FIG. 1. Structural and electronic properties of nickelates. (a) Reduced Ruddlesden-Popper (RPP) phase exhibited by nickelates consisting
of n RNiO, slabs intercalated between spacing layers. (b) Critical temperature 7, (in kelvin) of rare-earth nickelates versus the Ni 3d electron
count extracted from experimental results available in literature. Experimental critical temperatures 7, are taken from Refs. [5-9,13].

to adopt the 1+ and 24 FOS in the ground state, either as a
RRP n = 2 or as a La 5Sry sNiO;, infinitely layered structure.
The CO phase is accompanied by a bond disproportionation,
producing compressed and extended O4 complexes. Using this
insulating state as a starting point, we then reveal that doping
the material with electrons progressively suppresses the insta-
bility toward disproportionation effects. Then, the distortion is
completely suppressed once we reach an effective Ni valency
of 8.75, reminiscent of the valency required to reach the SC
state experimentally. Thus, it appears that the SC state is in
the vicinity of a charge-ordered state, in close similarity to bis-
muth and antimony oxide superconductors [24—27]. When the
metallic state is reached, we then show that the disproportion-
ation vibration is sufficient to reproduce the experimentally
observed critical temperatures of La;_,Sr,NiO,. Thus, super-
conductivity is dominated by an electron-phonon coupling in
these nickelates, despite the presence of correlation effects
inherent to transition metal cations. All these results are ob-
tained by involving all relevant degrees of freedom, such as
structural lowering events and local spin formation, as well as
an appropriate exchange-correlation functional. Most notably,
the usual non-spin-polarized (nonmagnetic, or NM) solution
is shown to fail at capturing the bond disproportionation ef-
fects and to produce energy solutions at least 150 meV (i.e.,
1800 K) greater than solutions with an appropriate paramag-
netic representation of Ni spin interactions.

II. METHODOLOGY

Prior to discussing the physical properties of electron-
doped nickelates, it is relevant to discuss several critical
elements of the first-principles simulations. The literature
abounds with DFT-based studies of the superconducting
nickelates using a non-spin-polarized (NM) solution, with
symmetry conserving undistorted cells and/or in combina-
tion with a poor description of exchange-correlation (xc)
phenomena, such as involving local density approximation
(LDA) or generalized gradient approximation (GGA) den-
sity functionals. These critical points notably led to rule out
an electron-phonon coupling in RNiO, from a combination

of NM-GGA calculations in Ref. [15] and DFT-LDA in
Ref. [28], the latter highlighting the importance of treating
correlation effects at the prohibitive Green’s function level.
The reason behind these shortcuts comes from limited pos-
sibilities for computing the full electron-phonon coupling
from first-principles simulations: (i) theoretical tools can only
be performed at a non-spin-polarized level so far and (ii)
the calculation is far too demanding in terms of computa-
tional resources to include an appropriate xc functional and
allow symmetry-lowering events (larger cell with less symme-
try). Although fantastic tools for computing electron-phonon
response in nonmagnetic systems with weakly correlated fea-
tures, existing codes are not, however, suited for studying
complex oxide systems involving transition metal elements.
Notably, Ref. [29] demonstrated that LDA-GGA xc func-
tionals as well as the NM approximation fall outside the
appropriate possibilities for describing properties of transition
metal oxide materials. Finally, as we discuss below, a practi-
cal implementation for estimating superconducting quantities
with band-structure techniques goes through the estimation of
band splitting associated with given lattice distortions and/or
vibrations. Within this procedure, superconducting quantities
are related to quantification of band splitting and hence are
extremely sensitive to the choice of the DFT xc functional.
Superconducting properties. We have calculated the re-
duced electron-phonon matrix element (REPME) associated
with a B, distortion by freezing its atomic displacement in the
relaxed ground state. Using the band splitting AE; appearing
in the band structure at the k£ coordinate in the first Brillouin
zone due to the frozen phonon displacement, we compute the
REPME by using the formula D = Az—ﬁk, where u is the dis-
placement of one O atom for the condensed phonon mode—if
it does involve only O motions. This standard procedure
was successful in BaBiO3, SrBiO3, and MgB, compounds
[26,30,31]. In order to calculate the electron-phonon coupling

X, we use the formula A = N(EF)MZZ D?, where N(Ep) is the
B

density of states at the Fermi level per spin channel and per
formula unit, M is the mass of the moving ion in the phonon
mode, and wp is the frequency of the B,. phonon mode. To
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obtain the critical temperature T;, we use the McMillan-Allen
equation [32], 7. = %exp(%), where wjog is the
logarithmic averaged phonon frequency (expressed in kelvin)
and p* is the screened Coulomb potential with conventional
values ranging from 0.1 to 0.15.

The choice of the DFT xc functional. LDA and GGA
cannot sufficiently amend self-interaction errors inherent to
practiced DFT, particularly for 3d transition metal elements.
Therefore, it usually yields metals, while most 3d transition
metal compounds are insulators experimentally [29,33]. Since
the practical implementation for estimating superconducting
quantities relies on the estimation of band splitting in band
structures in the present study, it should be modeled with
care. Involving more evolved DFT functionals such as meta-
GGA or hybrid may help to describe accurately the electronic
features and superconducting properties. This was already
highlighted in Refs. [26,30]. In this study, most simulations
are performed with the strongly constrained and appropri-
ately normalized (SCAN) meta-GGA functional [34]. This
functional is able to predict the correct trends in lattice distor-
tions and metal-insulator transitions in bulk ABO3 perovskite
oxides and trends in doping effects in nickelates and bis-
muthates [26,33,35]. In addition, SCAN does not require any
external parameter as in DFT4U and hence is able to adapt
to different oxidation states of ions as a result of doping or
the appearance of charge orderings. However, this functional
may underestimate the band gap of these strongly correlated
nickel oxides with a low nominal valence—the lower the
formal oxidation state, the larger the self-interaction errors
[36]—as in highly uncorrelated semiconductors. We have thus
benchmarked our DFT SCAN results by performing one-shot
simulations on smaller nickelate systems with a hybrid HSEQ6
[37] functional to evaluate the enhancement of band splitting,
in the spirit of Ref. [30]. Although the hybrid functionals
can sometimes overlocalize electrons and open band gaps in
materials that are metals experimentally such as in the doped
cuprates [38,39], the HSEO6 functional has been already used
in the infinitely layered nickelates and was shown to preserve
the metallic character of the limiting members LaNiO, and
PrNiO, [36]. The standard parametrization of the HSE06
functional was used, namely, with 25% of exact Hartree-Fock
exchange and a range separation of 0.2 A~!. We emphasize,
however, that all calculations have been performed with the
SCAN functional unless stated.

Local spin formation may not be overlooked. Within the
NM representation, all transition metal elements are forced
to have no magnetization at all, i.e., ny =n;, where n is
the number of electrons with spin 4 or |. This is quite
surprising for elements such as Ni exhibiting a 3d° configu-
ration with a spin-unpaired electron in the infinitely layered
RNiO, phase. Alternatively, one may use a supercell with
a true paramagnetic order by randomizing spins at the re-
striction that the sum over all spins must be zero. Using this
representation, we indeed identify that the energy difference
between a fully relaxed NM phase and paramagnetic (PM)
phase in our DFT simulations as a function of doping content
in the La;_,Sr,NiO, phase diagram is massive, with at least
150 meV/f.u. of energy gain by developing a spin-
polarized solution (Fig. S2 in Supplemental Material [23]). It
corresponds to a NM phase that would be stable above at

least at 7 = 1800 K. This value has to be compared with
the 15-25 K targeted for the critical temperature 7. of su-
perconducting nickelates. As we will show later in the paper,
neglecting Hund’s rule for coupling in the DFT simulation
has several dramatic consequences as it prevents structural
lowering events strongly coupled to electronic features and
enables a totally different band-structure problem. Thus, the
NM approximation is not an appropriate starting point for
understanding the superconducting mechanism. Even though
electron-electron interactions are treated with the highest level
of description such as with DFT with hybrid functionals or by
introducing a many-body Green’s function, for instance, the
results are dependent on the input basis, and their application
on a non-spin-polarized input will only produce an improve-
ment of the band dispersion of a non-spin-polarized system.

To circumvent potential spin-phonon couplings, we used a
paramagnetic representation for Ni spins following the strat-
egy presented in Ref. [29]. The Alloy Theoretic Automated
Toolkit (ATAT) package [40] and the special quasirandom
structures (SQSs) [41] are used for identifying the spin ar-
rangement maximizing the disorder characteristic of a random
spin configuration within a given supercell size, although
spins are only treated at the collinear level.

Crystallographic cells, structural relaxations, and analy-
sis. The imposed starting cells correspond to high-symmetry
P4/mmm and the I4/mmm tetragonal unit cells for the RNiO,
infinitely layered phases and the reduced Ruddlesden-Popper
phase, respectively. Solid solutions of the infinitely layered
phase correspond to (Zﬁ, 2\/5,4) supercells with respect to
the primitive P4/mmm cell (32 f.u.). The RRP n = 2 phase is
modeled by a (2,2,1) supercell, corresponding to a supercell
with 176 ions. The choice of these cells is guided by their
ability to accommodate lattice distortions as well as the PM
solution. We then proceed to the full structural relaxation (cell
parameters and shape as well as atomic positions) until the
forces acting on each atom are lower than 0.05 eV /A. The am-
plitudes of the distortions of the relaxed ground states are then
extracted using symmetry mode analysis, taking as reference
the undistorted P4/mmm and I4/mmm cells for infinitely lay-
ered and RRP phases, respectively. This is performed with the
ISODISTORT tool from the ISOTROPY applications [42,43].

Doping effects in superlattices and disordered solid so-
lutions. Doping effects are performed by substituting La3*
cations by Sr’* divalent cations. In the disordered solid solu-
tion (DSS), the disorder characteristic of an alloy is extracted
using the SQS technique developed by Zunger et al. [41],
allowing to extract the cation arrangement maximizing the
disorder and the occurrence of all possible local motifs in a
given supercell size. The DSS cell size is limited to 32 f.u.
in order to have a feasible calculation with PM and/or cation
disorder inducing a P/ symmetry.

Searching for electronic instabilities. The SCAN func-
tional is a local functional of the density matrix unable to
make a distinction between occupied and unoccupied states.
It is therefore unable to identify electronic instabilities in
high-symmetry cells with degenerate partners as performed
in Ref. [29] where one has to impose integer occupancy of a
specific degenerate partner such as (1,0) instead of (0.5,0.5)
for two degenerate orbitals. Instead, we used the strategy
proposed in Ref. [44]: we plot the potential energy surface
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associated with a lattice distortion and seek to see the shape of
the potential energy surface. A shifted single potential whose
minimum is located at nonzero amplitude of the mode then
indicates the presence of an electronic instability, as those
observed for the Jahn-Teller or bond disproportionation dis-
tortions in Ref. [44].

Checks of the existence of electronic instabilities have,
nevertheless, been performed on simpler systems with a
ferromagnetic order of Ni spins by performing two sets
of calculations on a high-symmetry undistorted cell using
hybrid DFT HSEO6 calculations: (i) a calculation where
one enforces similar occupancies of degenerate partners and
(ii) a calculation where one imposes specific orbital occu-
pancies and switches off the symmetry on the wave function.
The difference of energy between calculations (i) and (ii) then
indicates the presence or absence of electronic instabilities at
0 K.

Potential energy surface and phonon frequencies. The po-
tential energy surfaces associated with a lattice distortion
labeled B are computed, taking as a reference the undistorted
P4/mmm and I4/mmm for the infinitely layered and the re-
duced Ruddlesden-Popper phase, respectively. Then a finite
distortion amplitude Qp is frozen in the material and the
energy is computed for different amplitudes. Regarding the
phonon frequencies, a full phonon calculation is not afford-
able since the DSS formula unit supercell contains more than
100 atoms without any symmetry. Instead, we simply com-
pute the potential energy surface of the desired distortion in
the relaxed ground-state structure by freezing different mode
amplitudes as proposed in Ref. [26]. Due to the presence of
an electronic instability that moves the single-well minimum
to nonzero amplitude of Qp, the evolution of the energy AE
is given by the following expression:

AE = Ey+a(Qp — Q0)* + B(Qs — Qo). (1

where « and B are coefficients and Qy signals the force acting
on the electrons even in the absence of Qp (i.e., the electronic
instability). It follows that

AE = Ey+ aQ% + «Q? — 200,0, + BO} + O}
—4B030, — 40,05 + 680505, )
AE = Ey+ («Qj + BO;) + (—20Q, — 4BQ}) 05
+(« +6B05) 05 + (—4B0))05 + BO. (3
AE = Ej+bQy+cQi +dQs + e 03, )

with Ej = Ey + (otQ% + ﬂQg). From Eq. (3), we recover the
linear and trilinear term in Qj signaling the contribution of
the electronic instability. Using a fit of the potential energy
surfaces as a function of Q, with a polynomial expression up
to the fourth order, we can extract all the coefficients of Eq. (4)
and map them to get the mode frequency through the relation

o= \/% e Bum = IMo0}.

Other technical details. DFT simulations are performed
with the Vienna Ab initio Simulation Package (VASP) [45,46].
Projector augmented wave (PAW) pseudopotentials [47] are
used, taking the 3d%4s?, 5p®5d'6s?, and 454 p®5s? electrons
as valence electrons for Ni, La, and Sr atoms, respectively.
The energy cutoff is set to 650 eV and is accompanied by

a 3x 3 x 2 gamma-centered k mesh for the 32 fu. super-
cells. The k& mesh is set to 3x 3 x 1 for the RRP n =2
cell (176 ions/supercell). Wannier functions are built using
the WANNIER90 package [48-51]. In order to have accurate
density of states at the Fermi level, we have employed the
WANNIER90 package [48—51] on top of our electronic structure
calculations. Using the Bloch states for our relaxed 32 f.u.
supercells, we extract the density of states on a very dense k
mesh of 64x 64 x 64 points.

III. RESULTS

Charge disproportionation and insulating state at half dop-
ing. The next member in the doped nickelate phase diagram is
the n = 2 member, which corresponds to a half-doped mate-
rial. We thus inspect the structural and electronic properties of
half-doped nickelates Lag 5SrysNiO, either as a superlattice
(SL) with perfect layering between La and Sr layers along
the ¢ axis or a purely DSS, as well as in the “self-doped”
RRP phase LazNi,O4. All systems possess a Ni!>* 3483
electronic configuration. After structural relaxation using a
paramagnetic solution, we identify that the ground state of
these materials is characterized, among all emergent lattice
distortions, by a bond disproportionation mode B,.—e.g.,
breathing of oxygen complexes—splitting the Ni sites into
cations sitting in compressed (Nig) and extended (Nir) oxy-
gen complexes and forming a layered checkerboard structure
[Fig. 2(a)]. Using a symmetry mode analysis with respect to
the primitive undistorted cell, we find sizable amplitudes of
0.0719, 0.0603, and 0.089 A/NiOz motif in the SL, DSS, and
RRP phases, respectively. The structural relaxations are asso-
ciated with large energy gains with respect to the undistorted
phases of —87, —53, and —32 meV /NiO, motif for the SL,
DSS, and RRP phases, respectively.

The effect of the B,. mode is to produce a clear asymmetry
of the electronic structure associated with the two different Ni
cations in the cell as inferred by the projected density of states
(PDOS) on Nip and Nig cations [Fig. 2(b)] for the half-doped
SL. The Fermi-level physics is dominated by Nip d states
while Nig d states are pushed above Er and separated from the
Nig, states. Furthermore, the O p orbitals do not bring a sizable
contribution to the density of states (DOS) in this energy
range, and the top of these states are, in fact, located 1 eV
below the Fermi level. By looking at the partial charge density
map originating from bands just at the Fermi level Er, a charge
ordering between Nip, and Nig cations [Fig. 2(c)] is identified
with Nip, likely holding more electrons than Nig cations.
The partial charge density maps also highlight the strong
Mott character of these nickelates with negligible spread
of the electronic structure on O atoms. The Mott character
agrees with previous results on undoped materials [52-56].
In addition, the existence of a charge ordering is confirmed
by our computed magnetic moments revealing that Ni sites
bear a magnetic moment of (0.99 + 0.05)up depending on
the nature of the half-doped nickelate (i.e., SL, DSS, or RRP)
and Nig sites have a moment of (0.26 = 0.18)up. The slight
deviation from Oug for Nig sites comes from cation and/or
spin disorders yielding a different local potential experienced
by each Ni cation (see Fig. S3 in Supplemental Material [23]).
Such a deviation was already observed in the DFT-PM state
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FIG. 2. Key properties of half-doped two-dimensional nickelates. (a) Bond disproportionation B, mode splitting Ni sites into Nij, and Nig
sitting in an extended and compressed oxygen complex, respectively. (b) Projected density of states on Nig (solid grey) and Nig (blue line) d
states and O p states (red line) for the 50% doped superlattice. (c) Partial charge density map associated with bands just below the Fermi level
indicated by the orange square in panel (b) in the half-doped superlattice.

of bond disproportionated materials in Ref. [29]. The clear
magnetic moment asymmetry suggests that Nip, cations are in
a Ni'* 34° configuration while Nig cations are in a Ni’* 343
low-spin state.

Aiming at understanding how electrons localize in the
ground state, we have built the Wannier functions (WFs)
associated with the ground state of the 50% doped SL fol-
lowing the strategy presented in Ref. [57]. After minimizing
the spread of the WFs, we infer that (i) all O p states are
doubly occupied; (ii) for Nip, cations all d orbitals are dou-
bly occupied except for the d,>_,» orbital that holds a single
electron; and (iii) for Nig cations all d orbitals are doubly
occupied except the d,>_,» orbital that is empty (see Fig. S4
in Supplemental Material [23]). It confirms that the ground
state of half-doped nickelates is associated with a charge order
between Nij” 3d° and Niz" 3d® low-spin cations. We conclude
here that nickelates with Ni!* cations are prone to exhibit
a bond disproportionation mode B,. producing a charge or-
dering between Ni* 34° and Ni** 348 cations.

As observed in the ABOj perovskites such as RNiO;
(R = Lu-Pr,Y), ABiO; (A = Sr,Ba) or BaSbO3; compounds
[27,29,33,58,59], the effect of the B, mode is to open a band
gap in the material. Our SCAN calculation predicts a weakly

metallic state for the DSS, SL, and RPP with the PM order.
However, this is inherent to DFT functionals that are local or
semilocal operators of the noninteracting density matrix (e.g.,
LDA, GGA) that underestimate the band gap of compounds,
including those of highly uncorrelated semiconductors. Using
a more accurate but prohibitive HSE06 hybrid functional on
short-range spin-ordered half-doped nickelates yields an insu-
lating state (see Fig. S5 in Supplemental Material [23]).

In order to reveal the origin of the disproportionation
effects, we examine the potential energy surface (PES) as-
sociated with the disproportionation mode B,. in the SL,
DSS, and RRP. To that end, we compute the total energy
by freezing some amplitude of the B, mode starting from
a high-symmetry undistorted cell (Fig. 3). In all three forms
of half-doped nickelates, we identify a single-well potential
whose minimum is shifted to nonzero amplitude of the B,
mode. This indicates the existence of a force associated with
an electronic instability acting to remove the electronic degen-
eracy of the 3d®" electronic configuration [44]. Furthermore,
the instability is independent of the form of the structure (i.e.,
SL vs RRP) as well as of the order or disorder of A-site cations
(i.e., SL vs DSS). This suggests that the formal occupancy of
Ni 3d orbitals is the determining factor rather than the type

Lao.Ser.SNiOZ (LNO)]_/(SNO)]_ LagNizos LaO.5Sro_5Ni02 Laolssro_sNiOZ
PM PM PM NM FM
':E 100 T I T I T I T I T I T I L I T )' T I T I
S L (a) - L (b) - - (c) - - (d) o L (e) :
/
CE)N 50 - = - = - = o - = -
= B . - . - . - ,°/ 2 - .
> o
E 0 ﬁ . .-l — Ab—,‘_‘_‘_‘_‘_L P og - WVVVVVVWVVVV_
o i T " m A i } i T i 1
4 ol 1 o 1 , W W N N N
0 005 0.1 0 0.05 0.1 0 0.05 0.1 0 0.05 0.1 0 005 0.1

Bo. mode amplitude (A/NiO, motif)

FIG. 3. Origin of disproportionation effects. Total energy gain AE (in meV/NiO, motif) as a function of the disproportionation B,
mode amplitude (in A/NiOz motif) for the half-doped nickelates using (a) a solid solution, (b) a superlattice, and (c) the n = 2 reduced
Ruddlesden-Popper phases with paramagnetic order. Total energy gain (in meV /NiO, motif) as a function of the disproportionation B,. mode
amplitude (in A/NiO, motif) for the half-doped nickelates using (d) NM and (e) FM order. The point at zero amplitude is set as the reference

energy and corresponds to an undistorted cell.
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tionation mode and (b) asymmetry of Nip. and Nig magnetic moments as a function of Ni 3d electron count (lower scale) or Ni formal oxidation
state (upper scale) for the fully relaxed ground-state superlattices (SL, solid blue squares), disordered solid solutions (DSS, solid red circles),

and reduced Ruddlesden-Popper (RRP, solid green diamonds).

of layered structure adopted by the nickelate. The existence
of an electronic instability associated with the unstable 1.5+
FOS of Ni cations is confirmed by a hybrid HSEO06 calculation
on an undistorted cell for which a d%/d° charge ordering is
more stable by 11.5 meV/f.u. than a d%> occupancy of all
Ni cations (see Fig. S6 in Supplemental Material [23]) and
already opens a finite band gap in the system. We conclude
here that the 1.54 FOS of Ni cations is intrinsically unstable
and is willing to disproportionate to more stable 1+ and
2+ FOSs in the ground state, thereby producing a charge
ordering and a bond disproportionation mode B.

The existence of a disproportionated insulating state at half
doping is confirmed experimentally in LazNi,Og (RRP n =
2) [60,61]. This was also predicted theoretically in Ref. [62].
Nevertheless, the existence of a half-doped infinitely layered
phase is yet to be realized experimentally, although the phase
stability may be questionable. However, should such a phase
exist, it would be characterized by robust disproportionation
effects of Ni!>* cations.

Local spin formation is a key degree of freedom. Allowing
spin degree of freedom and satisfying the basic Hund rule
for Ni cations is crucial since a non-spin-polarized (NM)
DFT calculation yields a single-well potential for B,. whose
minimum is centered at zero amplitude [Fig. 3(d)]. In contrast,
all additional calculations performed with various long-range
spin orders show the stabilization of the mode [see Fig. 3(e)
for the ferromagnetic case]. This agrees with the existence
of the breathing mode B,. in the perovskite RNiO; phase
that requires Hund’s rule to be respected [33] (i.e., formation
of local spins). Nevertheless, disproportionation effects are
unrelated to correlation effects as is extensively discussed in
Refs. [26,29,33,59]. Thus, along with predicting a solution at
1800 K/f.u. above a true PM solution, the NM approximation
cannot capture the relevant structural lowering event associ-
ated with intrinsic electronic instabilities. It is thus irrelevant
for studying the physics of nickelate superconductors.

Doping is a lever to suppress the charge-ordered insulating
state. Having established the existence of disproportionation
effects in half-doped nickelates and of an associated insu-
lating phase, we now use this result as a starting point for
studying the role of doping, i.e., hole doping starting from
pristine LaNiO, material or electron doping starting from

the half-doped Lag sSrysNiO,. The insulating starting point
is similar between all forms of superconducting nickelates
and a common point with the rest of the SC oxides. We now
restrict the study to the DSS for convenience. To that end, we
decrease the x value from 0.5 in La;_,Sr,NiO,. We report in
Fig. 4(a) the trend in bond disproportionation amplitude and
magnetic moment asymmetry between Nip and Nig sites as
a function of the nickel 3d electron count. We observe that
starting from Ni'3* cations (x = 0.5, Ni 3d%?), the bond dis-
proportionation amplitude extracted from a symmetry-mode
analysis decreases until x = 0.25 (Ni 34%7%). For x < 0.25,
the mode is no longer stable. The same conclusions are raised
using the magnetic moments difference displayed in Fig. 2(b)
as well as with a long-range antiferromagnetic (AFM) order
(see Fig. S7 in Supplemental Material [23]). The extinction
of the disproportionation effects at x = 0.25 is reminiscent of
the value at which superconductivity emerges experimentally
in these compounds (x ~ 0.2 in DSS or n = 5 in RRP phases,
corresponding to Ni!?* 3488 cations) [26]. We emphasize
that although using a simpler E-type antiferromagnetic order
(AFME) order compatible with the appearance of B,. modes
in oxides [44], the doped case at 37.5% (3d%%%) is found
to be insulating with the HSE0O6 DFT functional (see Fig.
S8 in Supplemental Material [23]). We conclude here that
doping acts to suppress the disproportionation effects—and
the insulating phase—present in the half-doped nickelates.

Previous experimental works on the RRP phase with n =
3 revealed the existence of a charge-ordered state (Ni'33+
3d%9%) [63-65], as well as an insulating character below
105 K [64,66], in agreement with our simulations. These
findings are also supported by various theoretical works on
the very same compounds, showing that the ground state is
formed of Ni* and Ni%* cations [67], in line with our results
for the doped solid solution. Finally, an earlier theoretical
work also revealed the propensity of the hole-doped NdNiO,
to develop bond- and/or charge-ordered states [68]. We fi-
nally emphasize that oxygen-rich NdNiO,. s samples are also
prone to exhibit charge orderings [69,70], highlighting the
propensity of these doped infinitely layered nickelates to de-
velop charge disproportionation effects.

Vicinity of a charge-ordered state is a prerequisite to su-
perconductivity. We report in Fig. 5(a) the potential energy
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FIG. 5. Phonon frequency of the breathing mode B, upon
doping. (a) Energy gain AE (in meV/NiO,) associated with the
breathing mode amplitude (in A/NiO,) starting from an undistorted
P4/mmm cell for the disordered solution La;_,Sr,NiO, at different
doping contents using the PM order. The reference energy is set to the
value at zero B,. mode amplitude. (b) Extracted squared B,. phonon
frequency (in meV?) as a function of the Ni 3d electron count using
the PM order within the undistorted P4 /mmm (solid red squares) and
real ground-state structure (solid blue circles).

surface of the B,. mode starting from a high-symmetry cell
for different doping contents for the DSS. Starting from the
ideal doping content x = 0.5 (Ni 3d%3), we see a shifted
single well down to x = 0.25 (Ni 3d%75), albeit the mini-
mum is progressively displaced to lower mode amplitudes.
Further decreasing x transforms the shifted single well to a
single-well potential whose minimum is located at zero am-
plitude of the mode, indicating that the electronic instability
associated with disproportionation effects is suppressed. At
this stage, no more charge orderings—and hence semicon-
ducting states—are expected. From x = 0.25 (Ni 3d%7) to
x = 0 (Ni 3d°), the curvature of the total energy as a function
of the amplitude of displacement Qp,. around the origin be-
comes steeper. Aiming at extracting the phonon frequency as a
function of the doping content, we have fitted the PES of
Fig. 5(a) as a function of Qp,. with a polynomial expression of
the form AE = a(Qpoc — Q0)* + B(Qsoc — Qo)*, Where Qo

corresponds to the shift of the energy minimum induced by the
force associated with electronic instability (see Methods for
further details) and « and B are coefficients. Recalling that the
harmonic contribution to the energy is Enym = %M wzQéoc,
where M is the mass of the moving atoms, we directly get
that * = 3.

From the extracted squared B,. phonon frequency as a
function of doping content reported in Fig. 5(b), we see that
w3 strongly hardens from x = 0.25 to x = 0. Above x =
0.25, the B, mode frequency without the electronic insta-
bility would increase. It follows that the B, mode reaches
its lowest frequency wpg,, at the vicinity of a stable charge-
ordered phase boundary, thereby maximizing the probability
of its vibration in the material. In turn, it possibly favors
the punctual formation of coupled electrons and holes on the
lattice, i.e., the Cooper pairs. Although w3 . is rather low
above x = 0.25, electrons and holes are localized in the lattice
due to the finite stabilization of the B,. mode induced by
the electronic instability as discussed above in the paper, and
de facto superconductivity cannot exist. A totally different
picture is achieved with the NM approximation that provides
a monotonous strengthening of wy . with increasing the dop-
ing content (see Fig. S9 in Supplemental Material [23]), in
addition to the absence of tendency toward charge dispropor-
tionation or ordering. Finally, we observe a very slight shift
of w%;oc to higher energies when considering the ground-state
structure [Fig. 5(b)]. It signals the absence of significant cou-
plings between the B,. mode and other lattice distortions, in
contrast to the usual behavior observed in RNiO3 and ABiO;
compounds [26,29,58]. We conclude here that the vicinity of
a charge-ordered phase is a prerequisite for superconductivity
in nickelates.

Nickelates are associated with a single-band system. We
report in Fig. 6(a) the unfolded band structure of the DSS
in the doped region for Laggs5Srg 187sNiO, with the PM
order. We observe a single-band system associated with the
PM state in the SC region, described by a parabola centered
at the A point: the (Y2, ¥2, ¥2) point of the Brillouin zone.
This type of band structure is in sharp agreement with more
complex dynamical mean field theory calculation [71] or the
noncollinear PM DFT of Ref. [72]. The single-band system
agrees with the experimental data analysis performed by Ta-
lantsev [73], who through different adjustments determined
that the nickelate superconductivity should be described by a
single band. Again, this result contradicts the band dispersion
obtained with a NM approximation which produces a two-
band system (see Fig. S10 in Supplemental Material [23]) due
to the absence of Hund’s rule.

From the band structure projected on different atom and
orbital contributions reported in Fig. 6(b), the part of the
parabola crossing the Fermi level along the Z-R-A path is
dominated by Ni d,./d,, orbitals, with smaller contributions
from La states. This is in sharp agreement with spin-
polarized DFT simulations performed by Lane et al. [74] and
Zhang et al. [55,75] that identify a parabola centered at the
A point in undoped NdNiO, compounds with d,./d,. orbital
character. The d,>_,» contributions that we observe do corre-
spond to the impurity states introduced by the doping, and
these orbitals are in fact located 1 eV below and 2 eV above
EF in the undoped samples.
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FIG. 6. Band dispersion associated with Lag g125519.137sNiO,. (a) Unfolded band structure to the primitive high-symmetry P4/mmm cell
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(black), and d., (red) states and total contribution from the A cation (green) states.

In order to track the existence of an interaction between the
Bo. mode and the electronic structure, one can inspect band
splitting along the Z-A path appearing in the band dispersion
at various doping contents (see Fig. S11 in Supplemental
Material [23])—bands dispersing along (0, 0, % — %, %, %
and compatible with the (¥2,Y2,0) B, mode symmetry (see
Fig. S12 in Supplemental Material [23]). One notices that the
band splitting progressively disappears upon adding electrons
in the material. This is reminiscent of the situation observed
in hole-doped bismuthates for which progressively doping the
system transforms the material from a bond disproportionated
insulator into a metal with a single parabola centered at the
I' point [26]. We emphasize that a gap also appears at quarter
distance from the A point. This is due to the disorder intro-
duced on spins in order to mimick a paramagnetic state as
well as the cation subsitutions used to model the solid solution
(see Fig. S13 in Supplemental Material [23]). Therefore, for a
sufficiently electron-doped nickelate (x < 0.25), the DFT cal-
culations suggest that there are no more interactions coming
from the B, mode experienced by the electrons in the ground
state.

At this stage, one may sum up the different observations
raised by the DFT simulations. A strong electron-phonon
coupling exists in the half-doped regime and originates from
an unstable 1.54 FOS of Ni cations that prefers to transform
into more stable 1+ and 2+ FOSs in the ground state. It
results in electron localization with the appearance of Ni™
(3d%)/Ni** (3d® low spin) charge ordering that is accompa-
nied by a Ni-O bond ordering (BO) through a breathing of
oxygen complexes B, distortion. It ultimately results in an in-
sulating phase. Electron doping the half-doped case alters the
electron-phonon coupling albeit preventing the stabilization
of a CO and BO until x = 0.25 in La;_,Sr,NiO, compounds.
For x < 0.25, the electron-phonon coupling associated with
the CO and BO is sufficiently weakened so that no more
electron localization is stabilized nor are Ni-O bond orderings.
One is then left with a metallic state. Although weakened by

electron doping, one may thus question if the electron-phonon
coupling remains sufficiently large in the metallic regime for
mediating the formation of Cooper pairs and producing the
dome of 7, versus doping content. We inspect this possibility
in detail in the following sections.

Superconducting quantities. The electron-phonon coupling
(EPC) is proportional to the inverse of the frequency square
of modes, to the REPME (labeled D) squared, and to the
density of states at the Fermi level, N(Ef) (i.e., A X N (Ep)g—;;
see Methods). Figure 7(a) displays the evolution of N(Ef)
as a function of x extracted using a very dense k mesh. The
DOS at Er diminishes upon hole doping LaNiO, until it drops
at x = 0.25 (3d%7). The behavior between x = 0 (3d°) and
x = 0.1875 (3d®¥1?) agrees with expectation from a free
electron system for which DOS evolves as VE.

We extract the REPME induced by the bond disproportion-
ation mode B,.. To that end, we add an arbitrary amplitude
Opgoc of 0.1106 A/NiOz motif of the B,. mode, i.e., a dis-
placement of 0.0553 A per O atom in the ground-state DSS
structure of La;_,S1,NiO; (x = 0 to 0.25). We identify in the
band structure a gap opening AEy of 0.64 eV along the Z-A
path for x = 0.1875 (see Fig. S14 in Supplemental Material
[23]). The B,. mode induces a REPME D = AE;/Qpgoc =
5.12eVA~! (see Methods). We checked that AE; scales
linearly with u; i.e., D is constant for these amplitudes of
vibration (see Fig. S15 in Supplemental Material [23]). We
report in Fig. 7(b) the REPME as a function for the doping
content. It describes a bell-shaped evolution whose maximal
value is at x = 0.1875 (3d%8!%). This hints at the maximal
T, observed experimentally for such doping content (x = 0.2,
3d3%®). Using the NM approximation as in Ref. [15], we end up
with a totally different behavior with a monotonously increas-
ing D value with increasing x (see Fig. S9 in Supplemental
Material [23]). It nevertheless shows that extracting quantities
within pristine compounds is not appropriate because doping
acts on the REPME value. However, our SCAN-DFT simula-
tions give a lower value for D. We have fitted the evolution of
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FIG. 7. Superconducting properties of doped nickelates. (a) Density of states N(Er) (states/eV/f.u./spin channel) of the DSS nickelates
upon Sr doping. (b) Reduced electron-phonon matrix element (REPME, in eV A~") as a function of the Sr doping content obtained with
SCAN (solid red squares) and rescaled by the HSE06 functional (solid blue circles). (¢) Computed electron-phonon coupling constant (no
units) obtained from REPME, N (Er) and wg,.. (d) Computed critical temperature 7. (in kelvin) from our DFT simulations using usual screened
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are extracted from Ref. [6]. *1: The value at x = 0 presents some uncertainty since the measurement of Ref. [6] was limited to 2 K and the

resistivity did not reach zero.

the D parameter between heterostructures at x = 0.25, 0.125,
and 0.0 in order to extract the enhancement of AE} produced
by an HSEQ6 calculation over a SCAN calculation (see Fig.
S16 in Supplemental Material [23]). We observe a global
enhancement of 40% of the SCAN value. We thus rescale
our AE; on the PM La;_,Sr,NiO; by 1.4 in order to better
describe this property [Fig. 7(b)].

Using the N(Eg), wj,., and REPMEs with the HSE06
correction, we can compute the electron-phonon coupling
for each doping content induced by the sole breathing mode
[Fig. 7(c)]. As one can see, A is dominated by the D?
factor by describing a bell-shaped evolution with a coupling
constant reaching 0.51 at x = 0.1875 (3d®81?%) of Sr doping
content—in the charge-ordered insulating phases, DOS at Eg
is supposedly zero and, hence, there is no superconductivity.
The value of A = 0.51 is very close to the value extracted
by the experimental analysis of Talantsev that identified A
between 0.58 and 0.60 in the optimally doped nickelates
(Ro_gSl‘oQNiOz, 3d8'8) [76]

Using the McMillan equation [32] with the screened
Coulomb potential p* of 0.13 estimated from experimental
data analysis of Talantsev [76] and assuming that wp,. is
the characteristic energy scale for the interacting phonons
contributing to the SC mechanism, our model yields a 7; evo-
lution as a function of Sr doping content, in sharp agreement
with the experimental values available in the literature [6]
[Fig. 7(d)]. Numbers may of course be improved by involving
higher-level DFT functionals such as hybrid DFT or a full
electron-phonon calculation implying all phonon modes; this
is, however, not affordable for a 32 f.u. with spin and cation

disorders, and no electron-phonon calculation technics allow-
ing spin polarization is available to date, to the best of our
knowledge. However, the T, trend is already well captured by
the SCAN functional, thereby suggesting that the bond dis-
proportionation phonon mode is the dominating factor behind
the superconducting properties of nickelates.

The phonon-driven mechanism is not incompatible with
the experimental gap symmetry. The superconducting gap
symmetry is found to be nontrivial experimentally [77-79],
pointing to an anisotropic gap with several pairing symme-
tries. This deviation from the most simple BCS isotropic
s-wave pairing symmetry is usually understood to be a signa-
ture of nonconventional pairing. However, phonon-mediated
superconductivity does not impose any pairing symmetry: a
phonon-mediated mechanism and an anisotropic pairing can
exist since the electron-phonon coupling is momentum depen-
dent. This has been highlighted in nickelates [80] as well as
in cuprates [81]. Notably the pairing symmetry can be even
nodal within a phonon-mediated scheme and the evaluation of
the critical temperature 7. can be done with the same BCS-
type equation without loss of generality [82]. Thus, from the
point of view of calculating the critical temperature, one may
be able to evaluate with a good degree of accuracy using the
usual s-wave equations for superconductors with any paring
symmetry. From the point of view of the pairing symmetry,
we can mainly refer to early theoretical works pointing to an
s-wave pairing symmetry to explain properly the experimen-
tal data of the London penetration depth and the superfluid
current density [73]. This has been also highlighted in some
of the experimental works [77] and in other global studies for
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several superconducting samples [76]. We can conclude here
that our proposed model does not contradict the experimental
data regarding the pairing symmetry and, although we do not
propose a complete picture of it, a s-wave phonon-mediated
scheme seems to be plausible and the easiest explanation.

IV. DISCUSSION

The physical behavior and key quantities extracted with
our DFT simulations in nickelates are reminiscent of trends
in doping and superconducting properties of bismuth oxide
superconductors [24,26]. Most notably, in both families, dop-
ing is a lever to progressively suppress an instability toward
disproportionation effects producing an insulating state and
to drive the material to the vicinity of a charge-ordered
state. Moreover, both compounds are single-band system
superconductors. Our calculations show that nickelates are
phonon-driven superconductors and we thus conclude that
they bear more similarities with bismuth and antimony ox-
ide superconductors than with cuprates. We emphasize that
a recent theoretical work also identifies an electron-phonon
coupling mechanism albeit originating from distinct phonon
modes [28]. This discrepancy could originate from the non-
spin-polarized (NM) approximation used in Ref. [28]. As we
show here, the NM approximation (i) fails to describe phonons
strongly coupled to local spin formations and (ii) produces
a two-band system instead of a single-band system within
a real PM treatment. Consequently, a full electron-phonon
calculation with local spin formation might be the desired ap-
proach to clarify these details. This is, however, not affordable
since it would require full spin-polarized calculation of the
electron-phonon interaction which is not, to the best of our
knowledge, implemented in any DFT code.

From our results, it appears that there are three important
ingredients to reach superconductivity in nickelates: (i) the
phonon has to be soft enough so that it can get locally excited

to produce attraction between the electrons, (ii) it has to pro-
duce a sufficiently large electron-phonon coupling constant,
and (iii) one needs a sufficiently large density of states at
Er to get a large EPC. Since DFT that only treats static
mean-field correlation effects is a sufficient platform to get
relevant quantities and information on the superconducting
mechanism, it suggests that dynamical correlation effects as
codified by the Hubbard model play a marginal role in the
physics of nickelates. However, we do not claim that any other
forms of correlations are not important since allowing local
spin formation is an essential factor to identify the breathing
distortion.

Finally, undoped materials are not necessarily a good
starting point for understanding trends in doping effects and
superconducting properties in oxides. The search for poten-
tial electronic and structural instabilities in the doped phase
diagram appears as a critical aspect. Once the proper starting
point is established, the identified phonon-driven mechanism
common between nickel oxide and bismuth oxide supercon-
ductors therefore calls for new investigations of doping effects
from the point of view of structural distortions and intrinsic
electronic instabilities rather than from the strict point of view
of electron correlation in other oxide superconductors.
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