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The discovery of superconductivity in infinite-layer nickelates has ignited stark interest within the
scientific community, particularly regarding its likely unconventional origin. Conflicting magneto-
transport measurements report either isotropic or anisotropic suppression of superconductivity in
an external magnetic field, with distinct implications for the nature of superconducting order. In
order to ensure a most suited model subject to subsequent many-body analysis, we develop a first-
principles-guided minimal theory including Ni d,2_,2, La d3,2_,2, and La d., orbitals. Amended by
the consideration of orbital-selective pairing formation, which emphasises the correlation state of the
Ni 3d,2_,2 orbital, we calculate the superconducting ordering susceptibility mediated by spin fluc-
tuations. We find a parametric competition between even-parity d-wave and, in contrast to previous
studies, odd-parity p-wave pairing, which becomes favorable through a large quasiparticle weight
renormalization for Ni 3d,2_,2 electrons. Our findings not only shed light on the distinctiveness of
LaNiO2 as compared to cuprate superconductors or nickelates of different rare-earth composition
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but also suggest similarities to other candidate odd-parity superconductors.

Introduction.—Since the initial discovery of supercon-
ductivity in Sr-doped NdNiOg thin films [I], the family
of nickelate superconductors has kept on growing and
by now also includes infinite-layer (IL) Laj_,Sr,NiOaq,
Pry_,Sr;NiOs, and La;_,Ca,NiOy [2, [3]. Most intrigu-
ingly, some groups report the onset of superconductivity
even in undoped IL nickelates, suggesting that the even-
tual ground state of sufficiently clean parent nickelates
is a superconducting (SC) state [2, [4H7]. Despite being
isostructural to high T, cuprates, the extend of similar-
ity between these materials remains partially unclear, in
spite of numerous studies addressing this issue [§HI2].

A fundamental subject of discussion is the symmetry
of the SC order parameter (OP). On the one hand, mag-
netotransport measurements indicate isotropic Pauli-
limited behavior with singlet pairing and even parity
in the IL nickelate Ndg 775510.225NiOo [13]. This sce-
nario was supported by many theoretical investigations,
mostly pointing at d-wave order like in the cuprates [14-
[I9]. On the other hand, evidence for anisotropic super-
conductivity that violates Pauli limiting and potential
spin-triplet pairing was reported in La-based nickelate
thin films [5] 20, 21]. Likewise, this anisotropic limiting
behavior for different magnetic-field orientations has re-
cently been observed for free-standing IL nickelate mem-
branes [22]. Variations in the upper critical field within
the nickelate family were ascribed to the different rare-
earth (RE) elements, i.e., the magnetic character of the
4f electrons for the Nd3+ Kramers doublet as opposed to
their absence in La3*, or the nonmagnetic singlet ground
state of Pr3* [23]. A rare-earth-specific order parameter
is also observed by London-penetration-depth measure-

ments [24] 25].

In this Letter, we address the open question of gap
structure and potential odd-parity pairing in IL LaNiO,.
The largest deviation from the cuprates as well as the
strongest effective-mass enhancement can be expected in
the absence of doping. A direct comparison between
for instance NdNiOy and LaNiOs reveals that this ef-
fect is particularly strong in the lanthanum compound
[16]. Moreover, LaNiOy does not host any 4f electrons,
who may influence the SC pairing [26]. Hybridization
with 4f electrons is expected to be non-negligible in Nd
and Pr nickelates [26H29]. To resolve this puzzle, we
adopt the perspective of spin-fluctuation-mediated un-
conventional superconductivity [30] and incorporate the
effect of increased correlations via the orbital-selective
approach known from iron-based superconductors [31l-
[33]. Our calculations reveal that spin-triplet pairing can
indeed be realized in LaNiOs, once an enhanced effective
mass of the Ni 3d,2_,> electrons is taken into account.

Low-energy electronic structure—In contrast to the
parent compounds of the cuprates, which exhibit long-
range antiferromagnetic order, clear signatures of long-
range magnetism are lacking for IL nickelates, suggesting
a paramagnetic ground state, in particular for LaNiOq
[34-36]. Magnetism is often triggered by strong elec-
tronic correlations, which indeed exist in IL nickelates
[9, 16, B7, B8]. In fact, stable magnetic order was pro-
posed based on ab-initio calculations [9] 27) 39, 40]. The
unexpected absence of long-range magnetic order might
be explained by the coupling to itinerant RE electrons,
i.e., by the destruction of long-range order via self-doped
holes, an effect not well captured by mean-field calcu-
lations [0, 4I]. Nevertheless, nonlocal spin fluctuations

have been observed in IL nickelates [T4HT6 27 [35] [36], 41}
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43], which makes spin-fluctuation-mediated superconduc-
tivity the most reasonable mechanism. Furthermore,
muon spin rotation (uSR) has recently demonstrated in-
trinsic short-range magnetic order, also in the super-
conducting state [4]. Scanning-SQUID measurements
found paramagnetic response in Lag g55rg.15NiOs, to-
gether with an inhomogeneous ferromagnetic background
independent of the RE element [44]. However, short-
range magnetic order is not expected to significantly al-
ter the electronic band structure since magnetic effects
lacking long-range periodicity are averaged out. This re-
sults in a Fermi surface that is very similar to the one in
the absence of magnetism. The excellent match between
recent ARPES measurements on Sr-doped LaNiOy [45]
and band-structure calculations of non-magnetic LaNiOq
[12 14, 38, [40, [45] supports this conclusion.

In non-magnetic LaNiOs, the principal contribution at
the Fermi level arises from a band primarily governed by
Ni 3d,2_,> electrons. This results in a large hole-like
and mostly two-dimensional Fermi surface (F'S) similar
to the cuprates. In addition, another hybridized band of
mixed Ni 3d and La 5d character creates small ellipsoidal,
electron-like pockets around the I' and A high-symmetry
points of the Brillouin zone, indicating the multiorbital
and three-dimensional (3D) character of LaNiOy [12, 40,
46). These two electron pockets enable self-hole-doping
of the large d,2_,» Fermi sheet, a process with major
involvement of La 5d states [0, B7]. Especially La 5d.2
and La 5d, orbitals are known to have significant weight
on the F'S [9,[12] [14], where d = is a shorthand notation for
d3,2_,2. Furthermore, these partially occupied electron
pockets might give rise to the negative Hall coefficient,
to the slightly metallic behavior of the resistivity at high
temperatures, and possibly even to the superconductivity
in undoped IL nickelates [2] [3, [14].

Hole-doping the system for instance with Sr induces
changes in the electronic structure. It reduces the self-
doping effect by first shifting the I' pocket above Ep,
followed by the pocket around A in the overdoped re-
gion [9, 16 45 47, 48]. Furthermore, doping reduces
the charge-transfer energy [47], i.e., overall increases the
cuprate-like character of the nickelates. However, the im-
pact on LaNiOs is expected to be less pronounced com-
pared to Nd-/Pr-based compounds regarding charge car-
riers, which is evidenced by the persistent negative Hall
coefficient of Laj_,Sr,NiOs even upon doping [2] 3].

In our effective low-energy Hamiltonian, based on the
non-magnetic electronic structure of the system, we thus
include Ni dy2_,2, La d.2, and La d., orbitals and in-
troduce the operator ¥ (k) = [cig(k),cgg(k),cgg(k)] to
describe the given multiband system. Here, czra(k) is the
fermionic creation operator, where o and [ denote the
spin and orbital index, with [ = 1, 2, 3 referring to the La
5d.2, La 5dyy, and Ni 3d,2_,2 orbital, respectively. We
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FIG. 1. (a) Band structure, (b) density of states, and (c)
3D Fermi surface including the orbital contributions relevant
for the low-energy description of prisitine LaNiOz without in-
clusion of renormalized quasiparticle weights. Magenta, cyan,
and yellow refer to the La d,2, La dy, and Ni d2_ 2 orbitals,
respectively.

thus write the non-interacting Hamiltonian as

Ho =) ¢Lk)h(k), k), (1)
ko

where h(k) is constructed utilizing hopping amplitudes
obtained from the Wannier downfolding of the band
structure derived from density functional theory (DFT),
wherein spin polarization is not taken into account.
Thereby, we capture the important characteristics, as
well as the distribution of orbital characters, of the non-
magnetic FS in agreement with previous DFT [14] 27, [49]
and alternative approaches such as DFT+U [9,50], DFT
+ dynamical mean-field theory (DMFT) [38] 40] or the
GW approximation [51]. Details on the ab-initio calcula-
tions including further justification of the non-magnetic
electronic structure, as well as the Hamiltonian h(k) are
given in the Supplemental Material (SM) [52]. In Fig.
we plot the orbitally resolved single-particle band struc-
ture, as well as the corresponding 3D FS and density of
states (DOS) of our minimal model. Here, La 5d,2> weight
is located mostly around I', while the La 5d,, electrons
have a major contribution around the A point.

Strong correlations and magnetic response.—QOrbitally
differentiated correlations play an important role in IL
nickelates. In particular the Ni 3d,>_,> electrons are
highly correlated, suggesting that they are in the vicinity
of a Mott critical regime [40]. This is evidenced by an



enhanced effective mass and thus reduced quasiparticle
weight Z, which is significantly smaller for the Ni d2_,
orbital compared to the other 3d orbitals [I6, [I8] [38].
In our work, we therefore focus on the effect of a highly
correlated Ni d,2_,» orbital. Previous studies have re-
ported specific values of either the effective mass or the
renormalization factor Z (m*/m = 1/Z) in LaNiOa,
ranging from m*/m ~ 2.81 (Za,, , =~ 0.35) [38, [40],
over m*/m ~ 4.1 (Za,, , ~ 0.24) [53] to m*/m ~ 5.5
(Za,,_,, =~ 0.18) [16] and m*/m ~ 7 (Za,, , =~ 0.14)

or even lower (Z4 0 . Doping would
%& the Ni dy2_,» grbfieﬁy;way f)roim}half filling, where
electronic correlations are strongest, leading to a reduced
mass enhancement [16] 18] 40, [53].

We take this correlation-induced renormalization into
account by means of the orbital selective ansatz [311 [33].
In this ansatz, quampartwles in orbital [ are weighted by
a factor \/Zj, ic., ¢l (k) = VZcl (k) and the Green’s
function in the orbltal basis becomes

T Z (k)

Gll’ k, wn 7“
— Eu(k)’

(2)

where E, (k) is the eigenenergy of band p. Subse-
quently, the bare susceptibility in orbital space x7,,;.1,
requires a straightforward multiplication by the quasi-
particle weights to derive the corresponding quantity

=2, 21,21, Xl112l3l4 q,w) (3)

in the correlated system [31], [33] [42].
In the next step, we introduce local electron-electron

interactions via a multiorbital Hubbard-Hund Hamilto-
nian

Xlll2l3l4 q,w

Hipy = Uni Znnﬂu

+ ULa Z UZYERLZIAN + ULa Z ez

i<l
+ Jra § § Cllg ll/a-/c'blo-/c'bll
W<l oo’
+J! Pt e (4)
La Ci1Ciry Gt LCil 15
U2l

where the coupling constants U, U’, J, and J' denote
the intraorbital Coulomb, interorbital Coulomb, Hund’s,
and pair-hopping interactions, respectively. The orbital
indices 1,1 € (1,2) run over the La 5d orbitals d,» and
dzy. Throughout our calculations, we apply the relations
U =U-(J+J') and J' = J between the coupling con-
stants, which are satisfied in various orbital degenerate
models and if orbital wave functions can be chosen real
[55, [56]. Guided by prior research [14} [18] B8] [40} 53, 57],
we estimate the interaction strengths in this material by
Ura/Uni = 0.5 and consider the values Jp,/Ur, = 0.2, as
well as Jp./Ur, = 0.1. The inclusion of on-site Hund’s
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FIG. 2. Static bare susceptibilities )2?1@314 (q,w = 0) of par-
ent LaNiO; for (a) Za,_, = 1 and (b) Zdo_ o = 0.15.
Magenta, cyan, and yellow refer to the pure La d,2, La day
and Ni d,2_,2 orbital contributions, respectively. The in-
terorbital bare susceptibility ¥9212 is shown in purple. We
use 80 x 80 x 80 k-points for momentum space integration.

coupling J, i.e., of intra-atomic exchange interactions
is expected to be an important ingredient for captur-
ing the correlation physics. LaNiOy shows characteristic
Hund’s metal signatures such as the unexpected absence
of long-range magnetism, the importance of high-spin
configurations, metalliticity, orbital differentiation, and
a decrease of Zds_ with stronger Hund’s coupling J
[18, B8, 40, 57]. These interactions are included in the
calculation of susceptibilities within the random phase
approximation (RPA). Note that in RPA the spin sus-
ceptibility systematically diverges once the interaction
exceeds a critical value U, and indicates a spin-density-
wave instability, below which superconductivity emerges
induced by spin fluctuations.

In Figs. a) and b), the non-interacting suscepti-
bilities )2?1 Lolsls (q,0) are shown separately for the orbital
contributions [ = 1, 2, 3 referring to La 5d,2, La 5d,,,, and
Ni 3d,>_,2, respectively. Figure [2(a) addresses the un-
renormalized case, with the main peaks located around
the M and A points, similar to the cuprates [58]. These
magnetic fluctuations are dominated by Ni dy2_,2 elec-
trons and strongly enhanced upon introducing interac-
tions at the RPA level. In contrast, the diagonal contri-
butions of the La d,2 and dg, orbital reach their maxi-
mum around I'. Moreover, we observe a sizable interor-
bital ¥{;5 feature around the A point.

Physically reasonable reduction of the Ni d;2_,9 quasi-
particle weight results in a clear dominance of fluctu-
ations stemming from the RE orbitals, as can be seen
in Fig. (b), where Z; , , = 0.15. Interactions pre-
dominantly lead to an enhancement of the diagonal La



unrenormalized (B,)

including quasiparticle renormalization (£,)

FIG. 3. Leading pairing structure of LaNiO2 (a) without and (b), (¢) with inclusion of quasiparticle renormalization. The gap
symmetry changes from (a) an even-parity d-wave to (b), (c) a degenerate odd-parity p-wave solution. A color scale highlighting
smaller amplitudes with maximum value of +1 x 10™* was chosen for the insets to reveal, e.g., in panels (b), (c), the horizontal
line nodes on the large FS. (d) Inverse Fermi-velocity 1/vr(k) = 1/|VkE, (k)| giving a measure of the DOS. A total of 8504
points is taken for the 3D gap-structure calculations and we use 60 x 60 x 60 k-points for momentum space integration.

5d peaks around I' but also of interorbital )Zlf“ll;/;’s and

92113“21)2?’ * contributions around I" and A, respectively. The
latter are not notable on the bare level but in particu-
lar the ;z‘f‘f;‘;’ * component diverges together with the in-
traorbital spin susceptibilities Yiia® and Yoo upon
approaching U.. Previous calculations of the LaNiOg
static weak-coupling spin susceptibility for q = (¢, gy, 0)
with converged DFT + DMFT Green’s functions simi-
larly resulted in a maximum near I’ [37]. Such a tran-
sition from primarily antiferromagnetic to ferromagnetic
fluctuations stresses the necessity of reevaluating the SC
pairing symmetries in the regime of strongly renormal-
ized Ni 3d quasiparticle weights [59] .

Spin-fluctuation pairing—Magnetic fluctuations are
seen as a strong candidate for mediating superconduc-
tivity in IL nickelates [14H16] 27, 35, B6, ATH43]. In or-
der to compute the SC pairing interactions, we thus em-
ploy a formalism based on spin-fluctuations [60H62] with
the adjustment of additional quasiparticle renormaliza-
tion when projecting the pairing interaction from orbital
to band space [33] 42]. For this purpose, we solve the
linearized gap equation

d2k/
Aafa(k) = EJ:%}J mnj(k’ K)fa(K), (5)

the eigenvalues of which determine the pairing strength
Aq for the various pairing channels « [63]. The largest
eigenvalue results in the highest transition temperature
[61], while its eigenfunction f, (k) identifies the gap sym-
metry. f‘ij (k, k') represents the renormalized form of the
effective multiorbital pair scattering vertex and momenta
k € C;, X' € C; are constrained to the FS sheets C; ;.
A momentum-dependent measure of the DOS is given by
the inverse Fermi velocity 1/vp(k) = 1/|VkE, (k)|, which
is shown in Fig. d) for the rigid bands of our model.
Here, van Hove features can be observed on the hole-like

FS near the R points. In order to convert the integral
equation to an algebraic matrix equation that can
be solved numerically, the area of the discretized Fermi
surface segments is determined using a Delaunay trian-
gulation procedure [33] [64].

In Fig. 3] we present the leading gap-symmetry func-
tions f, (k) for (a) the unrenormalized and (b), (c) the
renormalized scenario. Unsurprisingly, a simple d-wave
singlet solution is clearly favored for Z; = 1, i.e., when
orbital-selective renormalization is disregarded. Such a
state belongs to the By, irreducible representation of the
point group Dyp, which describes the underlying tetrag-
onal lattice. Here, Cooper pairing from the Ni 3dg2_,»
orbital is predominant, with an almost vanishing gap on
the RE electron pockets around I" and A. This cuprate-
like SC order has been suggested previously based on spin

fluctuations [14HI7, 19 [42].
Once we shift our model into the strongly correlated
regime of deQ_yQ < 0.2, solving the linearized gap equa-
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FIG. 4. Interaction- and renormalization-dependent leading
solutions of the linearized gap equation for Ur./Uni = 0.5
and (a) Jra/ULa = 0.2, (b) Jra/Ura = 0.1. The color scale
represents the ratio Ar/Ag of the eigenvalues of the favored
triplet and singlet channel. The pairing symmetry is F, or
B4 for a leading triplet or singlet state, respectively.



tion yields drastically altered results. The SC gap
is now largest on the La dominated pockets, since the
Ni dy2_,2 quasiparticle DOS is strongly reduced. Even
more importantly, two degenerate p-wave functions be-
come favored, including a sign change on the large FS as
a function of k, and thus opposite signs on the pockets
near I' and A. These p-wave solutions belong to the two-
dimensional representation F, and are likely realized in
the time-reversal-symmetry-breaking (TRSB) state, for
which the weak-coupling condensation energy becomes
largest compared to the remaining possible combinations
of the p, and p, solution [65]. In the presence of weak
spin-orbit coupling (see SM [52]), one naturally expects
an alignment between the z-direction of the spin wave
function and the crystalline c-axis [66]. Therefore, we
can analytically approximate the numerically calculated
SC OP of this spin-triplet state by

d(k) = Agzcosk,(sink, £isink,), (6)

with the magnitude of the quasiparticle gap

A =|d(k)| = AO\/0032 k.(sin® k, +sin®k,).  (7)

Such a state is often referred to as chiral p-wave. More-
over, it is analogous to the so-called Anderson-Brinkman-
Morel (ABM or axial) phase of *He [67, [68] and has been
debated extensively, e.g., for SroRuO, [65] [66] [69]. The
gap resulting from the d vector in @ has point nodes on
the electron pockets for k;,k, = 0,+7 and k, = +kp.
In addition, line nodes are located on the large hole-like
FS for ky, k, = kp and k, = £7/2. In Fig. 4] we present
RPA calculations over an extensive range of input pa-
rameters to substantiate the robustness of our results.
Intriguingly, our conclusions even hold when the effect
of doping is included as a rigid shift of the chemical po-
tential such that the pocket around I" vanishes (see SM
[52]). One potential yet unexplored scenario involves the
doping-induced transition to a distinct OP within the SC
dome.

Our proposal of chiral p-wave superconductivity with
d || z could explain the experimentally observed weaker
suppression of superconductivity for an external mag-
netic field oriented within the basal plane [5] 20, 22| 23].
For triplet superconductors, one would generally not ex-
pect Pauli suppression if d - H = 0, i.e., the align-
ment d || H maximizes paramagnetic limiting effects.
Moreover, the gap in Eq. has point nodes and thus
could cause the quadratic temperature dependence of the
London-penetration-depth [70, [71], which was attributed
to a superconductor with line nodes in the presence of
disorder [24] 25]. Small deviations from quadratic scal-
ing may result from additional weight at the Fermi level,
due to the horizontal line nodes on the Ni dy>_,> dom-
inated FS with low quasiparticle DOS. Besides, recent
1SR measurements provided evidence for the coexistence

of short-range magnetic order and superconductivity in
IL nickelates [4], which indicates TRSB.

Summary and conclusions—Our calculations of mag-
netic fluctuations and the resulting pairing symmetries
reveal potential p, 4 ip, superconductivity in IL LaNiOa,
once an orbital-selective quasiparticle renormalization is
introduced for the Ni d,2_,2 electrons. From our results,
we can conclude that RE physics in LaNiOs is not merely
important for the explanation of a negative Hall con-
ductivity [2] but that superconductivity could actually
emerge from the associated bands. However, one should
keep in mind that the RE metal representative strongly
affects the observed phenomenology of IL nickelates. Ad-
ditionally, the proposed p-wave order would resolve the
controversy surrounding the anisotropic high-field limit-
ing behavior obtained from magnetotransport measure-
ments [5l, 20 22], as well as the quadratic temperature
dependence of the penetration depth [24] 25| [70] [71]. In
this regard, our effective Hamiltonian captures the rel-
evant physics for superconductivity in 112 lanthanum
nickelates, highlighting the importance of multiorbital
processes and the 3D fermiology.

To conclude, our comprehensive investigation provides
strong evidence that IL LaNiOs could exhibit spin-triplet
superconductivity, a phenomenon rarely observed. This
result holds promise for a new research direction within
the field of SC infinite-layer nickelates in particular and
for the understanding of spin-triplet pairing in general.
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Supplemental Material: Orbital-selective spin-triplet superconductivity in infinite-layer LaNiO-
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I. DFT ELECTRONIC STRUCTURE

DFT calculations have been performed using the Vienna ab-initio Simulation Package (VASP) [} 2], employing the projector
augmented wave (PAW) method [3]]. Exchange and correlation effects have been handled using the generalized gradient approx-
imation (GGA) [4H6]] within the Perdew-Burke-Ernzerhof (PBE) approach [7]. A plane-wave cutoff of 500 eV was used for the
truncation of the basis set, while the relaxation of the electronic and ionic degrees of freedom was considered converged when
the output difference between two steps was equal or smaller than 1 x 107%eV and 1 x 1078 eV /A, respectively. The chosen
number of k-points is 16x16x16. Partial occupancies have been determined via Gaussian smearing with a width of 0.1eV.
Spin-orbit coupling (SOC) has generally not been considered, unless stated otherwise, in which case SOC has been included
self-consistently. The comparison between the cases with and without SOC is shown in Fig. [ST(d). The SOC-induced shift in
energy for a given band is typically on the order of 10 to 100 meV. Our calculations therefore indicate that the impact of SOC
is negligible also in the renormalized regime.

In our DFT single-particle calculations, the paramagnetic phase of LaNiOs has been modeled by neglecting the spin-
polarization degree of freedom. To justify this approach, and verify that the non-magnetic configuration accurately describes a
paramagnetic state, we study several supercell configurations (2 X 2 x 3 expansions of the original unit cell) within the disordered
local moment framework, i.e. assigning random magnetic moments to the Ni sites and ensuring that the total magnetic moment
sums up to zero. This setup approximates the behavior of a real paramagnetic material. As shown in Fig. [S2[b) to [S2[f), the
unfolded electronic band structures from several such magnetic configurations, subject to the constraints defined above, closely
align with the results obtained from non-magnetic DFT calculations (Fig. [S2{(a)). This agreement supports the validity of the
non-magnetic approximation for the paramagnetic state and its subsequent use in many-body analysis. For the purposes of the
present work, the terms “non-magnetic” and “paramagnetic” can be considered as interchangeable and synonymous.

Starting from the non-magnetic system and its corresponding electronic structure, Wannier functions [8, 9] have been used
to provide an equivalent description of Bloch states via a maximally localized orbital basis. The Wannier-basis position matrix
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FIG. S1. (a) Isosurfaces of the Wannier orbitals used for the three-band model. The upper left and right panels show top views of the Ni
dy2_,2 and La d,,, Wannier orbitals, respectively. The lower panel shows a side view of the La d > orbital. (b) Comparison between DFT

band structure (gray lines) and bands derived from the three-band Wannier model (red lines). (c) DFT band structure projected onto the three
orbitals of the model: La d,2, La dzy, and Ni d2_ 2. (d) Comparison between DFT band structures, with and without SOC.
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FIG. S2. Electronic band structures of LaNiO2 at DFT level in several paramagnetic configurations. The weight of the dots represents
the contribution of the supercell eigenstate in the primitive BZ. (a) Electronic structure of the pristine unit cell without magnetism. (b)—(f)
Electronic structures of some magnetic supercells with average zero magnetization, unfolded in the primitive BZ.

elements (On|t|Rm), Rm being the maximally-localized Wannier function m in unit cell R, have been used for the tight-binding
(TB) description, as shown in Figs. [ST[a) and [ST(b) [T0HI3]. For the three-band model, the projection functions used to build
the initial guess A(K),n = (Y¥mxk|gn) for the unitary transformation are provided by Ni d,2_,2, La d,,, and La d_> orbitals.
|gn) represents the trial localized orbitals, and |);,,x) are the Bloch states. DFT band structures have been visualized using the
VASPKIT postprocessing tool, as shown in Fig. [ST|c) [14], while VESTA [15] has been used to visualize the Wannier-orbital
isosurfaces and crystal structures in Fig. [ST{a).

II. WANNIER HAMILTONIAN

We introduce the operator ¢} (k) = [cJ{U (k), cgd(k)7 cgg(k)] to describe the given multiband system. Here, ¢/ (k) is the

lo
fermionic creation operator, where o and ! denote the spin and orbital index, with [ = 1, 2, 3 referring to the La 5d 2, La 5d,,

and Ni 3d,>_,» orbital, respectively. We thus write the non-interacting Hamiltonian as
Hy = ¢1(k)h(k)t, (k). (SD
ko

For the derivation of the matrix elements in the Hamiltonian h (k) we employ an energy cutoff of 0.01 eV for the TB hopping
amplitudes. The Hamiltonian is given by

hi1 = e1 — p + 2t (cos kg + cos ky) + 2t77 (cos 2k, + cos 2k,) + 2t5; cos k, + 2t37 cos 2k,

+ 4t757 cos 2k, (cos kg + cos ky), (52)
hoo = €3 — pu+ 2t55(cos kg + cos ky) + 4t535 cos ky, cos ky, + 2t53 (cos 2k, + cos 2k,

+ 455" (cos 2k, cos ky + cos kg cos 2k, ) + 2t5, cos k, + 2t55 cos 2k,



+ 4t55 cos k. (cos k, + cos ky) 4 8t53” cos ky cos ky cos k, + 4t557 cos k. (cos 2k, + cos 2k,
n Stmxyz cos k(cos 2k, cos ky, + cos ky, cos 2k, ) + 2t557 cos 3k,
+ 4t557 cos 2k (cos kg + cos ky ) + 41557 cos 2k, (cos 2k, + cos 2k,)

+ 8Bty V7% cos 2k, (cos 2k, cos ky, + cos ky, cos 2ky,), (S3)
has = €3 — p + 2t53(cos ky, + cos ky) + 455 cos ky cos ky + 2653 (cos 2k, + cos 2k,) + 25, cosk,

+ 8t54° cos ky, cos ky cos k., (S4)
hio = —4t73 sink, sin k,, — 875" sin ky sin ky, cos k, — 8t75° sin k, sin k,, cos 2k, (S5)
his = 8t{3(cos 3/2k, cos 1/2k, — cos1/2k, cos3/2k,) cos 1/2k,

+ 8t73 (cos 3/2k,, cos 1/2k, — cos 1/2k, cos 3/2k,) cos 3/2k,, (S6)
has = —8t54(sin 3/2k, sin 1/2k, — sin1/2k, sin 3/2k, ) cos 1/2k,

— 855 (sin3/2k, sin1/2k,, — sin1/2k, sin 3/2k,) cos 3/2k.. (S7)

We use a chemical potential of 4 = 9.28 eV and p = 9.12 eV in the undoped and doped scenario, respectively. The correspond-
ing TB parameters specified in units of eV are

€1 = 12.3837, €, = 12.3325, €3 = 9.6706, (S8)
#7, = —0.4266, £77 = 0.0401, ¢, = —1.0314, ¢33 = 0.1150, £77* = 0.0155, (S9)
t2, = 0.3964, t2¥ = —0.0602, £33 = 0.0417, t5, = 0.3545, 3 = —0.1680, t34* = 0.0571,

135 = —0.0549, t43% = —0.0242, t22¥ = —0.0230, {32¥* = 0.0210, ¢35° = 0.0113,

15%% = 0.0144, t53*% = 0.0103, t22%** = —0.0107, (S10)
12, = —0.3656, t54 = 0.0941, t3% = —0.0441, 5, = —0.0413, t£¥* = 0.0121, (S11)
tfg = 0.0777, t5Y* = —0.0541, t*4** = 0.0100, (S12)

3 =0.0277, %3 = —0.0142, (S13)
2y = —0.0183, 4% = 0.0198. (S14)

The density of states (DOS) of the unrenormalized system can be obtained from

plwn) = _ﬁ S I Tr{ (i — h(k)] . (S15)
k

III. RENORMALIZED SUSCEPTIBILITIES AND SUPERCONDUCTING PAIRING

Within the orbital selective ansatz [16} [17]], quasiparticles in orbital [ are weighted by a factor \/Zj, i.e., ¢; ( ) = V2 ( ),
such that the Green’s function in the orbital basis Gy (k, w,,) becomes

k
G (k,wp) = \/ZIZI/Z %l Eki (S16)

where E,, (k) is the eigenenergy of band . The renormalized Green’s function enters the bare (non-interacting) susceptibilities,
which after performing Matsubara-frequency summation read as

Z P ( v(k+q) = nr(E,(k))
N o

k,uv

with the Fermi-Dirac distribution n . Here, we have absorbed the quasiparticle weights into the dressing factor
i (&, 9) = /21, 21,21, 21, ali (kK)al2* (k)a (k + q)al* (k + q), (S18)

and aL(k) is the matrix element of the unitary transformation that connects band p to orbital [. The homogeneous or physical
bare spin susceptibility can be calculated by performing the sum

Konys(@ Z X (@, 0 (S19)
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FIG. S3. Static (w = 0) bare susceptibilities of pristine LaNiOz for de2—y2 = 1 in the k, ky-plane for (a) - (d) k. = 0 and (e) - (h)

k. = . In panels (a), (€) X3111, (b), (f) X3222, and (¢), (g) X3533 represent the diagonal La d 2, La dzy, and Ni d2_ 2 orbital contributions,

respectively. Moreover, we show the interorbital susceptibility X'215 in panels (d) and (h). Momentum-space integration is done on a mesh of
60 x 60 x 60 k-points.

of the static (w = 0) susceptibility [18]]. In Fig.[S3] we show plots of the bare susceptibilites X9;11> X9922> X3333> and X{a1o
obtained for undoped LaNiO, without renormalization along 2D cuts (k, = 0, 7) through the Brillouin zone (BZ). Especially
the 9533 component shows nesting features familiar from the cuprates [19]. However, quasiparticle renormalization strongly
dampens these features, such that they become less significant in the renormalized case. Note that for instance the interorbital
susceptibility contribution Y5, would not be observable within the physical susceptibility given in Eq. .

Interactions are included in the calculation of susceptibilities within the random phase approximation (RPA). The spin-
fluctuation and charge-fluctuation parts of the susceptibility are then given by [20]

Wi (@) = (K@ 0L = U@ ) iy (520
Xﬁﬁii;u(qvw) = {%(q,w)[1 + cho(qw)]}ﬂzlzlg,M. (S21)
In orbital space, the spin and charge interaction matrices U® and U*® containing the interaction parameters are given by
U,, Iy =1y =13 =1y,
s Uz, h=1ls#1l =1y,
Ul11213l4 = Jr, li =1 7& I3 =1y, 522
J7, h=la#l =13,
Ur, h=ly=Il3=1y,
—Up+2J;, h=l3#b=1l,
Ulityta1s = 2U! — J,, lh=1ls#l3 =14, 529
Jr h=ly#l =13,

respectively, where 7 € (La, Ni) is the sublattice index.
In order to determine the superconducting (SC) pairing symmetries, we solve the linearized gap equation

d?k!
N (K) = ; 740 j G T 0L K. (s24)

The largest eigenvalue A, of equation (S24) results in the highest transition temperature [18]], while \,, in general determines the
pairing strength for the different pairing channels « [21]]. The corresponding gap symmetries are identified by the eigenfunction
fa(k). The inverse of the Fermi velocity vp(k) = |V E, (k)| gives a measure of the DOS and momenta k € C;, k' € C; are

constrained to the FS sheets C; ;. In Eq. lh f‘ij (k, k') represents the renormalized form of the effective multiorbital pair
scattering vertex and is given by



Dij(k, k) =Re Y /Zi,\/Zi,ali*(K)ala* (k) I} 0 (kK w = 0) /Zi,\/Zipal2 (K)als (-K'),  (S25)

l112l3l4
' ~ s s s c.x c c 1 c
Iy kK w) = { Ui, (k= KU® + = U fo X k—KU +U} , (S26)
l1l21314
S S El S C (&3 C 1 C
l1l2l314(k k ) |: Pk Zs/:l%l4(k k/)U + U _7U i];/:lsl4(k_k/)U +U:|l lalsl . (527
1020304

Here, fll 1,151, determines the orbital vertex functions in the singlet (S) and triplet (7)) channel. Physically, fl112131 , reflects
particle-particle scattering of electrons from orbitals /1, I4 into orbitals ls, [3. The quantities U®, U€, XRPA are matrices in orbital
space and xRPA:5/¢ describes spin or charge fluctuations, respectively.

IV. STABILITY OF RPA ANALYSIS WITH RESPECT TO TB PARAMETERS

A recent debate regarding the pairing symmetry in the LagNisO7 nickelate system [22}[23]] stresses the importance of potential
sensitivity of the RPA method to details of the input band structure and interaction parameters. In order to ensure the robustness
of our results not just with respect to quasiparticle renormalization and interaction strength, which we discuss in the main text,
we also investigate the impact of small modification to the TB model. When doing so, our aim is to keep the overall FS topology
close to the one of the unchanged TB model. This results in a limitation of the variation of the hopping amplitudes. If, for
instance, we vary the parameter 5, by £5%, the pocket around I" notably changes in size, as can be seen in Fig. For larger
changes, it would eventually vanish or touch the Ni 3d,2_,> dominated surface, which represents a major deviation from the
original fermiology. We take this as a point of reference and calculate the paring symmetries for 5% changes to the largest
hopping amplitudes, i.e., t7;, t{;, 55, t55, and t35.

As a result, we find that in all cases the leading renormalized solution still remains a degenerate (p,, p,)-wave state. In
Table [I, we list the corresponding ratio Ay/Ag of leading triplet over singlet eigenvalue for Ur,/Un; = 0.5, Jp,/UL, = 0.2,
Uni = 5eV and 20€V, as well as ZdILy2 = 0.15. Another modification that leaves the general FS topology intact would
be given by alteration of the interorbital, i.e., hybridization terms in the Hamiltonian. Here, we checked the extreme case of
essentially neglecting hybridization by setting all 15, 13, or t23 amplitudes to zero, both individually or together. Exemplary
calculations with J,/Ur, = 0.2 and Uy; = 5€V show negligible changes of Ay /Ag, while confirming the degenerate p-wave
solution. Hence, we conclude that our DFT band structure indeed permits a reliable RPA analysis and physically reasonable
modifications to the TB model do not significantly alter the leading terms of the pairing symmetries.
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FIG. S4. 3D Fermi surfaces, with magenta, cyan, and yellow color referring to La d .2, La d.y, and Ni d2_ 2 orbital contributions, respec-
tively. Shown are (a) the FS from the unchanged TB model, (b) the results from increasing t7; by 5%, and (c) from reducing ti; by 5%.

Usi| unchanged 0955, 10545 095t 1056, 09565 10565 095t 10565 09513 10513

5 ‘ 3.67 3.16 3.73 2.95 3.69 3.47 3.30 3.90 3.44 3.71 3.56
20 ‘ 2.53 1.85 3.96 1.75 4.81 2.48 2.41 2.55 247 2.48 2.50

TABLE L. Ratio Ar/As of the eigenvalues of the favored triplet and singlet channel for Ur,/Uni = 0.5, Jia/Ura = 0.2, and Zd227y2 = 0.15.
The pairing symmetry remains F,, throughout.
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FIG. S5. (a) 3D Fermi surface including the orbital contributions relevant for the low-energy description of doped LaNiO2. Magenta, cyan,
and yellow refer to the La d 2, La dy, and Ni d,2_ 2 orbitals, respectively. (b), (c) Static bare susceptibilities )2?11213 1,(q,w = 0) for (b)
Zd127y2 = 1and (c) Zd127y2 = 0.15 for doped LaNiO2. The interorbital susceptibility %9212 is shown in purple. The mesh for momentum
space integration includes 80 x 80 x 80 k-points.

V. DOPED LaNiO-

Another natural question is whether the observed odd-parity p-wave state is also realized in doped LaNiO,. To investigate
this, we capture the essential impact of doping by a rigid shift of the chemical potential, such that the I'-centered electron
pocket is lifted above the Fermi level. We show the corresponding 3D FS in Fig. [S3|a). In the next step, we analyze the bare
susceptibilities shown in Figs. b) and c). On the one hand, the diagonal susceptibility X3555 looses its main peaks around
the A and M points. On the other hand, once we introduce correlations by setting ZdIQ_y2 = 0.15, the central features are again

given by the intraorbital rare-earth contributions x9;,; and x3,,, around I, as well as the interorbital component Y{,;, around
A. In contrast to undoped LaNiO», the intraorbital La d,, susceptibility X35, now far surpasses ¥V, from the La d.= orbital.
This is not surprising since La d 2 electrons used to contribute mainly to the pocket around I', which has vanished due to doping.

Finally, we also perform calculations of the pairing symmetry in doped LaNiO,, which can be seen in Fig.[S6 Most inter-
estingly, we observe that the essential conclusions made for the SC state of the undoped compound are still valid. The gap now
clearly dominates on the remaining rare-earth pockets around A. In fact, the transition to a favored p-wave happens for even
bigger quasiparticle weights of Z; , 2 < 0.3, which might be facilitated due to a reduced DOS at the van Hove features around
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FIG. S6. Leading pairing structure of LaNiO» (a) without and (b), (c) with inclusion of quasiparticle renormalization. The gap symmetry
changes from (a) an even-parity d-wave to (b), (c) a degenerate odd-parity p-wave solution. A color scale highlighting smaller amplitudes with
maximum value of +1 x 10™* was chosen for the insets in panels (b), (c). (d) Inverse Fermi-velocity 1/vr (k) = 1/|ViE, (k)| giving a
measure of the DOS. A total of 6800 points is taken for the 3D gap-structure calculations and we use 60 x 60 x 60 k-points for momentum
space integration.



R. For de2_7/2 = 0.15, ULy/Uni = 0.5, J1a/ULy = 0.2 and Un; = 5€V, the eigenvalue Ar of the degenerate leading triplet
solutions, i.e., their pairing strength, reaches Ay ~ 8.99\g, with \g belonging to the leading singlet state. Intriguingly, this ratio
is even greater than in pristine LaNiOy, where Ar ~ 3.67\g for the same set of parameters. However, note that doping reduces
the effective-mass enhancement and thus could have a compensating effect.
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