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Screening in a two-band model for superconducting infinite-layer nickelate
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Starting from an effective two-dimensional two-band model for infinite-layered nickelates, consisting of bands
obtained from d- and s-like orbitals, we investigate to which extent it can be mapped onto a single-band Hubbard
model. We identify screening of the more itinerant s-like band as an important driver. In the absence of screening

one strongly correlated band gives an antiferromagnetic ground state. For weak screening, the strong correlations
push electrons out of the s band so that the undoped nickelate remains a Mott insulator with half-filled d orbitals.
This regime markedly differs from the observations in high-7; cuprates and pairing with s-wave symmetry
would rather be expected in the superconducting state. In contrast, for strong screening, the s and d,2_,>» bands

are both partly filled and couple only weakly, so that one approximately finds a self-doped d band as well as
tendencies toward d-wave pairing. Particularly in the regime of strong screening mapping to a one-band model
gives interesting spectral weight transfers when a second s band is also partly filled. We thus find that both
one-band physics and a Kondo-lattice-like regime emerge from the same two-orbital model, depending on the
strength of electronic correlations and the size of the s-band pocket.

DOI: 10.1103/PhysRevB.106.134504

I. INTRODUCTION

The recent discovery of superconductivity in infinite-layer
NdNiO; thin films with Sr doping [1] has rekindled inter-
est in Ni-based superconductivity. The interest arises mostly
because they can be assumed to be strongly correlated and
thus in some respect similar to cuprate superconductors. The
two families of compounds also have similar lattices, with
either CuO; or NiO, planes that give them a predominantly
two-dimensional (2D) character. Analyzing the NiO, layer in
analogy to a CuO layer, one expects Ni'* with a d° electronic
configuration, and in both cases expects antiferromagnetic
(AFM) superexchange interactions [2—4]. Indeed, magnetic
excitations in undoped nickelates reveal such AFM correla-
tions [5,6].

However, the parent compound RNiO, (R = La, Nd) does
not show any signs of magnetic ordering [7,8] at low tem-
peratures down to 1.5 K. Moreover, both the insulating NiO,
layer [2,3,9,10] and band-structure calculations [11-18] sug-
gest that other orbitals or bands might be relevant.
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Several approaches suggest that a two-band model should
be a realistic starting model for doped infinite-layer nickelates
[19-24]. It faithfully represents the strongly correlated x> — y?
orbital at Ni ions and the s orbital which collects all remaining
contributions from other orbitals. Indeed, two bands cross
the Fermi energy as shown in Fig. 1. Accordingly, a large
variety of potential pairing symmetries have been presented
[9], among them s- and d-wave states [10,13] as well as
even more exotic s + id pairing [25]. However, alternatively,
single-band [26] and three-band [13,24] models have been
proposed. Experimentally, d-wave symmetry was reported, as
was s-wave [27,28].

Microscopically, two main differences between Cu- and
Ni-based superconductors are (i) larger Ni-O charge-transfer
energy compared to Cu-O, and (ii) the presence of highly
dispersive rare-earth bands in the layered nickelates [4,29].
In cuprates, doped holes go mostly into oxygen sites, where
they form Zhang-Rice singlets with the half-filled Cu(d,>_,2)
states [30]. Due to the larger charge-transfer energy raising
the energy of the oxygen orbitals, Ni-O hybridization is less
important and doped holes likely reside on Ni sites in doped
Nd;_,Sr,NiO; [2,3,31-33]. While oxygen states can thus be
assumed to play less of a role [26], the question of the or-
bital character of doped holes remains and is affected by the
rare-earth band. This band hybridizes with Ni apical states,
thus obtaining some Ni(ds2_,2) and Ni(d,,) character, and
forms a hybrid “axial” s orbital [19]; see Fig. 1. Depending
on where doped holes go, one can expect either that almost
only the d,>_,» states are relevant [26], or that half-filled more
localized d,>_,» states together with itinerant s-like carriers
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FIG. 1. Noninteracting band structure of NdNiO,: (a) Density-
functional theory (DFT) bands crossing the Fermi surface (black)
and two 2D tight-binding models obtained by projecting a Wannier
fit onto the plane along 2D path (red dashed and green dotted). The
Fermi energy £ = p corresponds to the DFT electronic structure.
Inset shows the DFT band structure along three-dimensional path
I'-Z-R-A. Wannier orbitals are also shown: (b) The “d,>_-like”
orbital making up the lower band of model 1; the corresp;onding
orbital of model 2 looks the same. The “s-like” orbitals of models
1 and 2 are given in (c) and (d).

form a Kondo-lattice-like two-band system [4,16,25,32], or
that both scenarios have their point [34].

The purpose of this paper is to investigate how similar
cuprate and nickelate superconductivities are, i.e., whether
and where multiband effects come into play. We find that
screening is a crucial variable and that the two bands (Fig. 1)
can mix considerably at intermediate screening, where pairing
with s-wave symmetry would be expected. Both for very weak
and for strong screening, however, the bands mostly decouple
and the effective physics becomes similar to a single Hubbard
band [26]. We then find a Mott insulator (doped band with
potential d-wave pairing) for strong (weak) correlations. Cor-
relation strength thus emerges as an important factor in the
description of nickelate superconductors.

The remaining of this paper is organized as follows. The
two-band model arises from the electronic structure calcu-
lations as described in Sec. II A, where Fig. 1 also shows
that the dispersion close to the Fermi level can be described
similarly well with quite different Wannier functions [35,36].
Hoppings in the corresponding parametrizations of the kinetic
energy are, however, rather similar so that consistent results
can be obtained that are independent of the choice of the fit.
Electronic interactions are given by two Kanamori parameters
{U,, Ju} and we discuss their screening in Sec. IIB. Here,
the fact that kinetic energy of the rare-earth-dominated band
can be described similarly well with rather different Wannier
functions presents more of a challenge. The different shape

of the orbitals suggests that overlap integrals determining
electronic correlations might also differ substantially. We thus
opt to investigate a very wide range of potential regimes going
from weak to very strong correlations in Sec. III. Results from
exact diagonalization are presented for the density distribution
and spin correlations (Sec. IITA) and for the spectral den-
sity (Sec. III B). We search for superconducting (SC) phases
both in hole-doped and electron-doped systems in Sec. IV A.
Next we present phase diagrams of infinite-layer nickelates in
(Uy, @) planes in Sec. IV B. Two SC compounds, NdNiO, and
LaNiO,, are compared in Sec. IV C. The paper is concluded
in Sec. V.

II. TWO-BAND MODEL AND METHODS
A. Kinetic energy

We start from the kinetic energy in the electronic struc-
ture. The DFT band structure, see Fig. 1, is calculated with
the QUANTUM ESPRESSO code [37-39] using a plane-wave
pseudopotential method [40]; similar calculations were per-
formed previously [19,29,31]. In Fig. 1(a), one finds that two
bands cross the Fermi level. Wannier-orbital models were
obtained to reproduce the two bands crossing the Fermi level.
In both cases, the Wannier orbital corresponding to the lower
band contains substantial Ni(d,>_,») contributions, with some
weight on the surrounding O atoms; see Fig. 1(b). The upper
band is formed by a rather extended s-like state as illustrated,
where Nd(5d) orbitals hybridize with Ni(s) as well as Ni(dy,)
and Ni(d3,2_,2) states. Both are compromises to some extent:
one of the fits (model 2) has a smaller imaginary part, but
the orbitals of the other (model 1) more closely respect the
expected symmetries; see Figs. 1(c) and 1(d). Hoppings are,
however, very similar.

The feature of the band structure that most distinguishes
nickelates from cuprates is the electron pockets formed by the
upper s-like band around the I" and A points in the Brillouin
zone. In the DFT band structure, they contain & 7% of the
occupied states [29], which in turn implies that there are hole
carriers [32] in the x*> —y?> band even without Sr doping.
While 7% self-doping may not seem much, it is in line with
the 5% of Sr doping needed to destroy antiferromagnetism in a
cuprate superconductor La,CuOy4_,, [41]. The I" pocket lying
about —0.4 eV below the Fermi level appears thus to be an
important feature when constructing an effective model.

The Wannier90 interface [42] gives the parametrization

Hkin = ZeadiZGdiaa + Z t;xjﬂd;adjﬁo (1)
iao ijapo

of these two bands, where d,, (d| ) is an electron annihi-
lation (creation) operator at site i for orbital & and spin o.
o = d denotes the Ni(x? —yz)—dominated state of Fig. 1(b),
and o = s stands for the extended s-like state of Fig. 1(c).
Hopping parameters tﬁﬁ and on-site energies €, are given in
the Supplemental Material (SM) [43] for two slightly different
Wannier projections.

With exact diagonalization and the Lanczos algorithm [44],
we can address an eight-site cluster, e.g., the 2 x 2 x 2 clus-
ter that was used to investigate magnetic order [45]. We
are here mostly interested in electronic correlations, which
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predominantly affect the d band (see discussion below). As
this band has nearly no dispersion along the z direction, see in-
set of Fig. 1(a), we use instead a /8 x /8 cluster in the (x, y)
plane. We thus need a 2D projection of the band structure,
which we obtained by a fit that can in turn be motivated by
twisted boundary conditions (TBCs) [46—48]. The resulting
2D bands are shown in Fig. 1(a); hopping parameters and de-
tails of the procedure are given in the SM [43]. This was done
for both Wannier projections, leading to two similar effective
two-dimensional two-band models, whose main differences
concern the upper band. As can be seen in the SM [43], results
of both models are very similar, so that we focus the main part
of the paper on the model 1.

B. Interactions and screening effect

Electronic interactions are taken to be on-site, i.e.,

, ]
Hipe = Z Uahiat iy + (U - ?H> Znidnis

1

— 200 Y Sia-Siutdn Y (dindy dy dy+He). (2)

n,,, is the electron number operator at site i, orbital «, and

spin o, and {S;,} is the corresponding spin operator. In-
traorbital Coulomb repulsion U,—,/s depends on the band «;
Hund’s exchange Jy and interorbital repulsion U’ couple the
bands.

Upper limits for the “bare” U, and Jy are given by their
atomic values U; ~ 8 eV and Jy ~ 1.2 eV, which would be
applicable to a NiO, model for an insulating layer [2,3]. How-
ever, even though Ni-O hybridization is expected to be weaker
than in cuprates (due to larger Ni-O crystal-field splitting),
it is still present, see the orbital wave function in Fig. 1(b),
and expected to substantially reduce effective values [3,30].
Note that U; cannot be related to atomic values for Ni, as
the s-orbital is not even centered on a Ni site [19]. Coulomb
interactions are thus expected to be weaker in the s-like band
because the wave function is far more extended and largely of
Nd 5d character; see Fig. 1(c). While the Coulomb repulsion
U, is almost unscreened in the correlated x — y2 orbitals,
considerable screening occurs for s orbitals. One thus expects
U; > U, and we introduce here parameter o € [0, 1] so that

Us=aUy, Jy=ualy, U =U—2J. 3)

Approaches like the constrained random-phase approxi-
mation might provide estimates for the screened interaction
parameters; however, this is not straightforward. Even though,
as shown above, the two Wannier-projection schemes used
lead to very similar band structures, and thus hopping in-
tegrals, the orbital wave function of the upper band differs
substantially. This would in turn affect effective interactions,
so that we opt here for a model approach, where we investigate
which physics can be expected for various screening scenar-
i0s. The parametrization of Eq. (3) is used here as the simplest
approach capturing the essential features of the electronic
structure, i.e., the interplay of a more and a less correlated
band.

The full Hamiltonian H = Hy;, + Hy thus describes a cor-
related 2D band, which is strongly reminiscent of cuprates, but
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FIG. 2. Orbital electron density (4) as a function of screening
parameter « with Jo/U; = 0.15 for (a) U, = 8.0 and Jy = 1.2;
(b) U; = 4.0 and Jy = 0.6. Solid (dashed) line for eight (six) elec-
trons, i.e., undoped and doped with two holes in NigO¢ units.

that moreover interacts with a more itinerant rare-earth band.
By accepting some electrons, the itinerant s band not only
dopes the correlated d band, but also contains itinerant carriers
[19,31,32]. We are next going to investigate the impact of
these carriers and their remaining correlations.

III. NUMERICAL RESULTS
A. Density of states and spin correlations

First we look at orbital densities,
1 i
Ny = 17; Z<dia6diota>’ (4)

where N; = 8 is the number of lattice sites, @ = s, d, and the
average is obtained for the ground state with 8 (6) electrons.
In the two-band model the undoped compound corresponds
to quarter filling, i.e., eight electrons. For very strong inter-
actions, band dispersion is suppressed and on-site energies
dominate, so that the x> — y? orbital becomes half filled. This
is indeed observed for strong U; = 8 eV and Jy = 1.2 eV; see
Fig. 2(a). The spin-structure factor is here strongly peaked at
(m, ), see Fig. 3(a), so that we recover the familiar picture
of a half-filled AFM Mott insulator [49]. However, we are in
the metallic regime and finite electron density is found in the
s orbital for the uncorrelated band structure of Fig. 1(a).
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FIG. 3. Spin structure factor of undoped system as a function
of screening parameter « with Jy/U, = 0.15 for (a) U, = 8.0 and
J() = 12, (b) Ud = 4.0 and ]() =0.6.
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FIG. 4. Density of states D(w) of undoped nickelate with un-
screened interactions (o = 1). Fermi energy is set to zero; the
densities are normalized to one (per spin). Intraorbital Coulomb
interaction in Eq. (2) is selected at (a) U; = 8 eV and (b) U; = 4 eV.

Figure 2 shows the orbital-resolved density versus screen-
ing parameter «. Here we interpolate between the strongly
correlated and uncorrelated regimes, while keeping a physi-
cally plausible hierarchy of interactions: Uy = aU,; <U; <8 eV.
(For the moment, we keep the ratio Jy/U,; = 0.15 constant.)
In Fig. 2(a), Uy is at its upper limit 8 eV, and for weak to
moderate screening, we find a half-filled x> — y* orbital with
AFM order. However, as soon as Uj is screened by about 40%,
self-doping occurs and some electrons enter the s band. The
same happens for—presumably more realistic—U; = 4 eV,
even without additional screening. The presence of the sec-
ond band thus causes the loss of long-range magnetic order
even for parameter regimes where the x> — y? orbital by itself
would lead to an insulator.

The next question to ask is where holes doped into the
quarter-filled system go. Three regimes emerge; see Fig. 2.
First, in the weakly screened Mott insulator and for large Uy,
the state is AFM and holes naturally enter only the x> — y?
orbital. In contrast, the second regime is found at intermediate
screening [« =~ 0.5; see Fig. 2(a)], or for interactions that are
reduced from the outset; see Fig. 2(b). Finally, in the third
regime of strong screening (o < 0.5), hole doping happens
again into the x> — y? orbital, with the s electrons remaining
unaffected.

Figure 3 shows the spin-structure factor of undoped nicke-
late at four momenta k accessible to the v/8 x /8-site cluster.
In the unscreened limit, see Fig. 3(a), the AFM wave vector
(r, ) dominates for o > 0.6, highlighting the AFM Mott
insulator in the strongly interacting limit. Upon decreasing
a < 0.6, the strongest signal is found at (7, %), but its dom-
inance is far less pronounced. Similarly, in Fig. 3(b), the
strongest signal at (7, ) is suppressed once interactions in
the x*> — y? orbital are weaker.

B. One-particle spectral density

To understand the occurrence of a possible SC phase
in infinite-layer nickelates we consider first the one-particle
spectra in the normal phase. When interactions are unscreened
(¢ = 1), the undoped system is a Mott insulator for U; > 4
eV; see Fig. 4. For U; = 8 eV one finds that the correlated d
band is half filled and a broad gap ~3.5 eV separates occupied
from empty states, with the Fermi energy within the gap;
see Fig. 4(a). The gap in the correlated band consisting of
x%> — y? orbitals is close to 6 eV and unoccupied states above
the Fermi level are the s-band states. This electronic structure
corresponds to an AFM Mott insulator.

When U; = 4 eV, the gap in the correlated band decreases
to ~1.0 eV but the tail of the s band falls below the Fermi
energy which still separates the occupied and unoccupied
states; see Fig. 4(b). However, for this value of U, we cannot
exclude a metallic phase, with a small fraction of electrons
occupying the s states in the thermodynamic limit.

The different behavior in the three regimes mentioned in
Sec. III A is also reflected in the single-particle spectra shown
in Fig. 5. Filling corresponds to doping with two holes and
the TBC is used to resolve more momenta [46—48]. Both for
very strong U; = 8 eV [panels (a) and (b)] and for moderate
interactions U; = 4 eV [panels (c¢) and (d)] (including also
weaker screening with o = 0.5) the correlations induce a gap
in the x> — y? band [50]. The lowest states for electrons are
then in the s band, so that going toward the undoped regime
involves doping the s band. Spectra taken at quarter filling lead
to analogous interpretations. This can be seen in Fig. 4, where
we show the density of states for eight electrons (i.e., quarter
filling). Data were obtained by means of TBCs, integrating
over five sets of boundary conditions.

At strong screening (i.e., for weak s-orbital interactions),
both x> — y? and s states are occupied and can appear quite
close to the Fermi energy regardless of the value of Uy; see
Figs. 5(a) and 5(c). Surprisingly, the spectra shown in Figs. 5
depend little on U, and stronger on the screening. At strong
screening when a = 0.2, the occupied states in the x> — y?
band are rather similar for U; = 8 eV and U; = 4 eV, except
that the curvature of the occupied states changes along the
(7, 0)-(0, ) line. Since this implies that interactions U’ and
Jy between the d and s states here do not play a significant
role, it supports the notion of a correlated (and doped) d band
that is only affected by a metallic s band via self-doping.

In contrast, for stronger correlations, i.e., weaker screening
a = 0.5, spectra shown in Figs. 5(b) and 5(d) are affected by
U,. All electrons are here in the correlated x> — y? states. It
is remarkable that the occupied states fall almost at the same
energies, independently of whether U; = 8 eV or U; = 4 eV
[cf. Figs. 6(a) and 6(b) and Figs. 6(c) and 6(d)]. However,
splitting between the d and s states is clearly affected by Uy
(via U’ and Jy), which indicates that the s and d bands are in
this regime directly coupled, not only via self-doping.

Analogous conclusions can be drawn from the undoped
density of states shown in Fig. 6, where Figs. 6(a) and 6(c)
are extremely similar: In the regime of strong screening, both
bands are partially filled and results hardly depend on U, at
all. As already discussed for Figs. 5(a) and 5(c), this suggests
that correlations between the two bands do here not play a
significant role. In the intermediate regime on the other hand,
both bands are likewise partially filled. The comparison with
Figs. 5(b) and 5(d) indicates that the s states being close to
the Fermi level could be doped away. In this regime, results
depend on Uy, indicating that correlations are here more im-
portant to describe low-energy features close to the Fermi
level.

Interestingly, the screening increases the density of s elec-
trons and simultaneously n, decreases as in the undoped case
ng + ny = 1. This makes the lower Hubbard band (LHB) less
than half filled and considerable spectral weight is transferred
from the upper Hubbard band (UHB) to the unoccupied part of
the LHB (i.e., above the Fermi level i and below the gap). The
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FIG. 5. Single-particle spectra for six-electron system obtained with TBCs and Jy/U; = 0.15. Top: U; =8 eV and (a) @ = 0.2,
(b) @ = 0.5; bottom: U; =4 eV and (c) « = 0.2, (d) @ = 0.5. Blue (red) spectra below  correspond to occupied x> — y> and s states,

respectively. Light spectra above p are for empty states in both bands.

mechanism of such a spectral weight transfer is well known
in the partly filled Hubbard model [51,52] and it explains why
the weight of the LHB exceeds 0.500 per spin. Here doping
in the Mott insulator is mimicked by the partial filling of the
s band. The largest transfer of spectral weight is found at
U, =4 eV and o = 0.5; see Table I. The UHB forms only
in the correlated x> — y? band and no Hubbard subbands form
within the s band even at U; = 8 eV.

Altogether, the densities of states D(w) give a metal-
lic regime for intermediate (¢« = 0.5) and strong (o = 0.2)

1.1 —x2—y? orbital [ (b)
— s orbital
0.8 r
S 0.9
o 0.6 - 0451
=
304 F
8 o2t - 0.063
0. .
1+ (c)
0.8
~
5 0.6F
~ 0.4+ 0.285
3
[ oz 0.400
0.
-4 -2 0 2 6 -4 -2 0 2 4 6
w=p (eV) w=pt (eV)

FIG. 6. Density of states D(w) of undoped nickelate for weak
and moderate screening with @ = 0.2 and « = 0.5: (a), (b) U; = 8
eV; (¢), (d) U, = 4 eV. The conventions are the same as in Fig. 4.

screening of strongly correlated x*> — y? states; see Fig. 6.
A large gap between the Hubbard subbands opens when
U, = 8 eV, this gap is reduced to ~0.5 eV when U; = 4 eV.
Nevertheless the system has still a gap which separates the
Hubbard subbands. The electronic structure for the x> — y?
band is typical for a doped Mott insulator, with the weight of
the UHB reduced by the kinetic processes in a doped system
[51,52]. Indeed, the weight in the LHB above the Fermi en-
ergy increases by ~26 where & stands for the doping in the
LHB, which would also be the weight transferred from the
UHB to the LHB by finite doping. In this regime the s band is
only weakly correlated and Hubbard subbands are not visible.

IV. PAIRING SYMMETRY

A. Search for superconducting correlations

To investigate pairing symmetries we calculate ground
state overlaps [53,54] between the undoped ground state
(N =8) and the one with two holes (N =6), i.e.,
(®(N = 8)|A,|DP(N = 6)), where |P(N)) is the ground state
for N electrons. Pairing operator A,/; corresponds to s- and
d-wave symmetry,

Agja = Z diL,a (dil)u?,u,a’ + di;xy,u,a')’ &)

i,p,0#0’

A=—1,1
where 1 labels x> — y? and s orbitals and the + (—) sign refers
to s-wave (d-wave) pairing. X (§) point to nearest neighbors in
the x (y) direction. We consider here only intraorbital pairs, as

we found interorbital weight to be negligible.

For strong interactions U; = 8 eV and o > 0.6, where the
undoped ground state is an AFM insulator, neither pairing can
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TABLE I. Electron densities n, and n per spin obtained in the
undoped nickelate for screened interactions (o < 1). The weight of
the LHB wy yp is increased by the kinetic weight transfer from the
UHB [51,52].

U, (eV) o g N Wihs WLHB
8.0 0.20 0.328 0.172 0.373 0.701
0.50 0.451 0.036 0.063 0.514
4.0 0.20 0.316 0.182 0.400 0.716
0.50 0.353 0.148 0.337 0.690

be found; the doped holes here prefer to be further apart. In the
intermediate regime, where doped holes were found to prefer
the s-like orbital, s-wave pairing is found; see Fig. 7. The
x> —y* orbital does here not participate in the pair-
ing. The regime would thus be best described with a
Kondo-lattice-like model, where the x> — y? orbital provides
spins and the s-like band itinerant carriers [4,16,25,32].

On the other hand, for strong screening, the pairing is of
d-wave symmetry and the involved holes are in the x*> — y?
states. Both the doped and undoped ground states contain here
finite electron density in the s-like band, but their contribution
to the pairing is small; see the open squares in Fig. 7. Most of
the weight is found in pairs made up of d,>_,» holes. In this
regime, the s-like band does not play an important role [26];
its main effect is to increase hole concentration in the x> — y?
states via self-doping.

In addition to hole-doped NdNiO,, electron-doped
NdNiO; is discussed in Fig. 8, which shows the overlaps
involving the states with 10 and 8 electrons. In the strongly
correlated regime « > 0.5, where the undoped system is an
AFM with half-filled x> — y? orbital, we find a tendency to-
ward s-wave pairs formed by s-band electrons. We find no
pairing for stronger screening o < 0.5 or for U; =4 eV, in
stark contrast to hole doping. The reason is that the x> — y?
orbital of the undoped system is here only partially filled:
extra electrons then enter the x2 — y2 band; see also the un-
occupied states in Figs. 6(a) and 6(b) and Figs. 6(c) and 6(d).
This moves the x> — y? orbital toward half filling and favors
AFM order [55-58] rather than superconductivity.
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FIG. 7. Ground state overlap (®(8)|A,|P(6)) as a func-
tion of screening parameter « for (a) U, =8eV, Jy=1.2¢eV;
(b) U; =4¢eV, Jy=0.6eV. Solid lines indicate s- and d-wave
symmetries; dashed (dotted) line for x> — y? (s) orbital. The shaded
region indicates the region with some triplet tendencies (see text).
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FIG. 8. Ground state of electron-doped superconductors for
U; =8¢V, Jy = 1.2 eV: (a) Ground state overlap [(P(8)|A,|D(10))]
as a function of screening parameter « for s-wave and d-wave
symmetry, see legend, and (b) spin structure factor (S(k)S(—k)) at
selected special points of high symmetry, see legend, and for a filling
of 10 electrons.

B. Phase diagram

We now turn to the influence of Hund’s exchange coupling
and collect information on pairing symmetries, displayed
in the phase diagrams presented in Fig. 9. For strong and
unscreened Coulomb repulsion and not too strong Hund’s
exchange coupling, the undoped system shows AFM order
and no sign of pairing. In this regime, the s-like band is empty
and the x> — y? band is half filled and Mott insulating; see
Figs. 2(a) and 4. For weaker correlations (intermediate screen-
ing), AFM order is replaced by s-wave pairing (practically

 ——
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FIG. 9. NdNiO, phase diagram in (U,, «) plane for increasing
Hund’s exchange, i.e., increasing ratio Jy/U,: (a) Jo/U; = 0.15 (as
used above); (b) Jo/U; = 0.2; (¢) Jo/U; = 0.25; (d) Jo/U; = 0.3.
Triplet tendencies are indicated by gray shading. For Jy/U,; > 0.25
in (c) and (d) AFM order vanishes and the phase diagram contains
only SC phases. Note that the lowest value of U, used (i.e., y-axis
offset) is 2 eV.
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FIG. 10. Phase diagram for LaNiO, under hole doping in the
(Uy, ) plane obtained for (a) Jo/U; = 0.15 and (b) Jy/U,; = 0.25.

only involving s-band holes), while d-wave pairing arises at
strong screening. In this last regime, some electrons are found
in the s-like band, but the doped holes enter the x> — y? band,
see Fig. 2, and pairing involves mostly the x> — y? orbital.
Figure 9 illustrates that stronger Hund’s-exchange pairing
reduces effective correlations, suppresses AFM order, and
promotes d-wave pairing.

In addition to the AFM phase and s-wave or d-wave pair-
ings, we find some indications of triplet pairing, especially at
stronger Hund’s exchange coupling, see Figs. 9(c) and 9(d),
but also for very strong bare on-site interaction U; = 8§ eV,
see Fig. 9(a). Energies obtained for doping with one 1 and
one | hole are here degenerate with the energies obtained
with two 1 holes, indicating that the doped pair is a triplet.
In order to check the stability of this result, we also used
TBCs. The degeneracy is then lifted and the S* = O state has
lower energy, suggesting that triplet pairing might be a finite-
size effect. Moreover, the needed Hund’s exchange would be
rather large (Jo/U; 2 0.25).

C. LaNiO, versus NdNiO,

Furthermore, the electronic properties of the LaNiO,
compound are obtained starting from the electronic struc-
ture [11-18,59-61]. The model parameters are provided by
Ref. [19]. Surprisingly, the hole-doped phase diagram shows
largely s-wave pairing as well as an AFM phase (see Fig. 10).
Some d-wave pairing is also found; however, it requires strong
screening strength o & 0.1 to develop. AFM order is robust
and remains stable even at U; = 4 eV, highlighting the impor-
tance of rare-earth screening required for superconductivity
in LaNiO,. The smaller I" pocket [19] implies pairing toward
s-wave, but its robustness against U; is not expected and
this type of order is more subtle. Compared to NdNiO,, the
parameter range for d-wave pairing is strongly reduced in
LaNiO,, and s-wave pairing dominates the phase diagram. In
addition to d- and s-wave SC phases, we observe nonvanish-
ing of (d + s)-wave at the crossover between the two above
symmetries. Although this exotic type of pairing is interesting,
with the small cluster size used here we cannot argue that it is
stable in the thermodynamic limit.

Figure 11 shows pairing overlaps and the spin-structure
factor for electron-doped LaNiO,. As for electron-doped
NdNiO; (see Fig. 8), strong correlations enhance AFM order
in the x> — y? orbital and allow coexisting s-wave pairing in
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FIG. 11. Electron doping for LaNiO, depending on screening
o and for Jo/U,; = 0.15, U; = 4 eV. The panels show (a) ground
state overlap with two electrons added to quarter filling and (b) spin
structure factor for 10 electrons.

the s-like band. At weak correlations, however, we now find
d-wave superconductivity in the regime without AFM or-
der, in contrast to electron-doped NdNiO,. However, in
stark contrast to the hole-doped scenarios, the d-wave pairs
are composed almost exclusively of s electrons rather than
x> —y?. This result suggests that superconductivity in
electron-doped LaNiO, would be possible.

V. SUMMARY AND CONCLUSIONS

We have used exact diagonalization to investigate an ef-
fective two-band model for infinite-layer nickelates, where
the band with a strong Ni(d,>_,») character can be expected
to be more correlated than the one with a rather extended
s-like wave function of mostly rare-earth character. We focus
here on the interactions in both bands, especially their relative
strength, which also tunes the highly relevant [19] interorbital
interactions between the two orbitals. The latter give interband
interactions and are responsible for the pairing.

On both ends, the very strongly correlated and the strongly
screened regimes, the two-band model can be mapped onto a
single Hubbard-like band. For (unrealistically) strong interac-
tions, we find an AFM Mott insulator without tendencies to
superconductivity. In the more realistic screened regime, the
s-like band takes up some of the charge carriers, which can
easily be accounted for effectively by adjusting the doping
level of the correlated x2 — y2 band [26].

For intermediate screening, in contrast, the s-band hosts
the doped holes forming s-wave pairs, so that it cannot be
neglected. The situation broadly corresponds to a Kondo-
lattice-like scenario, with the caveat that the “localized” d,>_ .
spins can also move [4,25,32]. Hund’s exchange coupling
naturally yields ferromagnetic interaction between itinerant
s carriers and d,»_,» spins, but it is interesting to note
that s-wave pairing at stronger coupling was also obtained
in a similar effective model with AFM spin-spin coupling
[25].

The hopping parameters used were modeled on NdNiO,,
and we find that a self-doped x> — y? band can likely capture
some regimes of a model for hole-doped NdNiO,, while the
s-like band would be expected to play a stronger role at elec-
tron doping. We also used a slight modification of the model
in order to arrive at a model more appropriate to LaNiO, and
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conclude that the s-like band can similarly be expected to play
a stronger role. Electron doping enhances antiferromagnetism,
and s-wave pairing due to the s orbital might then arise,
while d-wave pairing is only found for LaNiO,, but not for
NdNiO;. We find that the overall phase diagrams are similar
for model parameters aiming at NdNiO, and LaNiO,. How-
ever, a mapping onto a single Hubbard band is here applicable
to a significantly reduced part of the parameter space in the
case of LaNiO,, with a much broader regime falling into the
Kondo-lattice-like two-band regime. We thus conclude that
many, but not necessarily all, aspects of Ni-based supercon-
ductors can be discussed in an effective one-band scenario, in
agreement with Ref. [34].

Experimental evidence on pairing symmetry is at the mo-
ment not completely clear. Recent observation on both Nd-
and La-based compounds suggests isotropic nodeless pairing
in Nd nickelate while it is anisotropic nodeless or nodal +
nodeless pairing in La nickelate [62]. Tunneling spectra in
Nd;_,SrNiO, thin films have revealed d- as well as s-wave
gaps [27]. Different surface termination has been conjectured

to underlie this observation and our results might provide a
rationalization: if termination reduces screening locally, it can
push the system into the s-wave regime.

Note added. Recently we became aware of a two-band
model study of nickelates by the Stanford group [63]. A com-
mon feature is the coexistence of a strongly correlated x> — y?
orbital and a weakly correlated s-like orbital which supports
the relevance of such a two-band model for the superconduct-
ing infinite-layer nickelates.
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