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Effective models are constructed for a newly discovered superconductor (Nd, Sr)NiO,, which has been
considered as a possible nickelate analog of the cuprates. Estimation of the effective interaction, which
turns out to require a multiorbital model that takes account of all the orbitals involved on the Fermi surface,
shows that the effective interactions are significantly larger than in the cuprates. A fluctuation exchange
study suggests occurrence of d,2_2-wave superconductivity, where the transition temperature should be
lowered from the cuprates due to the larger interaction.
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Introduction.—While it has been more than three dec-
ades since high-7'. superconductivity was discovered in
the cuprates, search for their analogs in noncopper-based
materials has remained a big challenge, both experimen-
tally and theoretically. In particular, nickelates have
attracted attention due to their electronic configuration
close to the cuprates. For instance, LaNiOz /LaAlO5 super-
lattice has been proposed as a possible candidate. There, Ni
takes a 3+ valence with d’ configuration, and the de_y
orbital is lowered in energy below d;._., resulting in a
single electron occupation of the d,>_ . orbital [1-3]. Other
materials considered as having electronic states close to
the cuprates are multilayer nickelates Ln,  Ni, Oy, 1)
(Ln = La,Nd, Pr) with no apical oxygens [4-11], where
the Ni 3d,._,» band is expected to approach half filling as
the number of layers n increases. In particular, the infinite-
layer nickelates (LnNiO,) are of special interest because
Ni'* valence, hence d° configuration, is expected if we
assume Ln3t and O?~ valence [12-18]. First-principles
studies on LaNiO, have pointed out similarities as well as
differences from the cuprates [19,20]. In Ref. [19], it was
found that the layered structure without the apical oxygens
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can favor a low-spin state when holes are doped, as in the
cuprates. Also, these first-principles studies predict anti-
ferromagnetic ordering (but with small energy gain from
the paramagnetic state [20]), while no magnetism is observed
experimentally [13,14]. Superconductivity, despite many
years of challenge, had not been found till very recently,
but superconductivity with 7. = 9 — 15 K has finally been
discovered in a Nd;gSry,NiO, thin film synthesized on
SrTiO5 substrate [21,22]. Now we have a theoretical chal-
lenge for grasping the material’s electronic structure and to
resolve some important puzzles (on the mother compound
being metallic without magnetism, and 7' lower than in the
cuprates).

This precisely motivates the present study, where we first
construct effective low-energy models for the infinite-layer
nickelate to compare them with that for a high-7'. cuprate
as typified by HgBa,CuO,. For the mother (undoped)
nickelate, we shall show that a relatively small amount of
holes are self-doped into the Ni 3d,._,» orbital due to the
presence of La-originated electron pockets, which is likely
to prevent the 3d,._,» band from being in a Mott insulating
state. When we turn to the Sr-doped case, we shall find that
the occurrence of d,»_.-wave superconductivity is sug-
gested as in the cuprates [23], where a large intraorbital
interaction (denoted as U ;,>_2) within the 3d,2_ orbitals
will suppress 7. due to strong renormalization effects.

The model construction is done in three steps. We start
with a first-principles calculation with the local density
approximation using the ECALJ package [24], from which
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we obtain the model parameters in the one-body Hamiltonian
in terms of the standard maximally localized Wannier
functions [25,26]. We then estimate the model parameters
in the many-body Hamiltonian with the constrained random-
phase approximation [27], where we use the tetrahedron
method [28,29] for Brillouin-zone sampling [30].

Next we explore the possibility of superconductivity
and tendency toward magnetism for the obtained low-
energy models with the fluctuation-exchange approxima-
tion (FLEX) [31-34], where we only consider the on-site
interactions. The obtained Green’s function and the pairing
interaction, mediated mainly by spin fluctuations, are
plugged into the linearized Eliashberg equation. We adopt
the eigenvalue A of the Eliashberg equation as a measure of
superconductivity, and the spin Stoner factor ag, given as
the maximum eigenvalue of the product between the bare
Coulomb interaction in the spin channel and the irreducible
susceptibility 7, (see, e.g., Ref. [35]), as a measure of
antiferromagnetism (with A =1 and ag =1 signaling
superconductivity and magnetic ordering, respectively).
The eigenfunction of the Eliashberg equation having the
largest 4 has turned out to be d,>_»-wave pairing through-
out the present study [see the inset of Fig. 3(a)]. For more
details on the FLEX calculation, see the Supplemental
Material [36].

Mother nickelate—We first perform a first-principles
calculation for the mother compound LaNiO, adopting the
lattice parameters determined for NdNiO, in Ref. [14].
Here we consider LaNiO, instead of NdNiO, itself to avoid
ambiguity for the treatment of the f-orbital bands. We show
in the Supplemental Material that LaNiO, and NdNiO, in
fact give essentially the same band structure (except for the
f bands) if we adopt the same set of lattice parameters [36].
The obtained band structure is displayed in Fig. 1, which is
similar to that obtained for LaNiO, in previous studies
[19,20]. A prominent feature, as compared to the cuprates,
is that, on top of the main Ni 3dx2_yz band, other bands that
have La 5d character, mixed with Ni 3d, intersect the Fermi
level. This La-originated electron pockets may be an origin
of the experimentally observed metallic behavior of the
resistivity at high temperatures as well as the negative Hall
coefficient [17,21]. The presence of the La-originated
Fermi surface also suggests that holes should be self-doped
into the Ni 3d orbitals. We also comment on a possible
effect of Nd 4 f electrons in the Supplemental Material [36].

We now construct a low-energy model from the first-
principles bands around the Fermi level. Here, we aim to
construct a model that explicitly considers the Ni- and La-
centered Wannier orbitals. Ni (3d,2_2, 3d52_2, 3d,., 3d,,.),
and La (5d,,, La 5d;,_,) orbitals are known to have
weights on the Fermi surface [20], where d > is a shorthand
for d;,>_,>. In addition, here we opt to include the Ni 3d,,
orbital, whose band actually lies closer to the Fermi level
than Ni 3d5,2_,2 in some portions of the Brillouin zone. In
fact, we notice that the inclusion of the Ni 3dxy is crucial for
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FIG. 1. First-principles band structure of LaNiO, (solid lines).
The band structure of the seven-orbital model is superposed,
where the Wannier-orbital weight is represented by the thickness
of lines with color-coded orbital characters. Top right-hand
panels display cross sections of the Fermi surface at k, =0
(left) and k, = & (right), where the red and blue lines depict Ni-
and La-originated Fermi surfaces, respectively. See the Supple-
mental Material for the 3D plot of the Fermi surface [36].

stabilizing the Wannierization procedure, although it does
not contribute to the Fermi surface. Another possible way
to construct a model is to explicitly consider the oxygen 2p
orbitals. We shall actually construct such models for
discussions on electronic structures, while for many-body
calculations such models have too many orbitals. So we
mainly restrict ourselves to the above seven-orbital model,
which still takes account of the oxygen orbitals through the
Wannier orbitals implicitly. This simplification of incor-
porating the O 2p orbitals in the “d-only” model is often
adopted in cuprate studies by introducing the concept of
Zhang-Rice singlet [48], butin the present nickelate, a d-only
model construction becomes even more natural due to the
weaker d — p hybridization than in the cuprates [19,20].

In Fig. 1, the band structure of the seven-orbital model is
seen to accurately agree with the first-principles band
structure. The estimated values of the on-site interactions
are listed in Table I. We shall later compare these with those
in the cuprates.

From charge neutrality, the total density of electrons in
the seven-orbital model is 9 electrons per unit cell. The
orbital-resolved density is estimated to be nyjz2_,2 = 0.94,
Nig:2 = 1.83, NNidxy = 1.97, NNidxz+dyz = 3.89, nyue2 =
0.12, and ny 44,y = 0.25. If it were not for the bands having
the La character, the d° configuration would give
Nigx>—y> = 1.0. The present result shows that about 0.06
holes per unit cell exist in the Ni 3d,2_,» orbital that are
self-doped from the La electron pockets.

It is thus likely that the self-doping prevents the Ni
3d,>_,» band from being in a Mott insulating state. In
addition, the Fermi surface of the Ni 3d,_,. band is
strongly warped and its nesting is not so good that the
tendency toward magnetic ordering may not be strong. In
fact, previous first-principles studies predict that, although
antiferromagnetism exists in LaNiO, [19,20], the energy
gain from the paramagnetic state is small [20]. In the actual
materials, magnetic long-range order is observed in neither
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TABLE 1. The on-site interactions for the mother LaNiO, compound and p = 0.2 doped compound evaluated
with constrained random-phase approximation. U (U’) are the intraorbital (interorbital) Coulomb repulsions, and J
the Hund’s coupling. U for the seven-orbital model is given for Ni 3d,>_», 3d > and La 5d,,, 5d_> orbitals, and U
and J are interactions between these orbitals. Interactions for HgBa,CuO, estimated in the five-orbital model are

also listed for comparison, where U’ and J are those between 6s and 6p orbitals.

LaNiO, LaNiO, (p=0.2) HgBa,CuO,

V) Seven-orbital Seven-orbital Two-orbital Five-orbital
Uge—y 3.81 4.19 2.57 2.60
Ni/Cu U, 4.55 5.26 2.57 5.96
(3d) U 2.62 3.13 1.25 2.50
J 0.71 0.73 0.52 0.63
U/ Uy 1.99 2.25 2.82
La/Hg Ua2 /U ps py 1.78 2.05 2.22
(5d/6s,6p) U 1.52 1.78 1.87
J 0.37 0.38 0.22

LaNiO, nor NdNiO,, which has been attributed to the
Ni?* centers due to excess oxygens as well as structural
disorder present in the actual materials [13,14]. The present
model construction suggests that the absence of the Mott
insulating state together with the bad nesting may result
in the absence of magnetic ordering even in an ideal,
stoichiometric material. This sharply contrasts with the
cuprates, where the mother compounds are Mott insulators.
The mother nickelate, despite its metallicity, is not super-
conducting, for which we speculate should be because
the electronic state of the Ni 3d,2_,» band, with only a small
amount of doped holes, resembles that of the heavily
underdoped cuprates. The FLEX approximation cannot
treat electron correlation effects in such a regime, so we will
not analyze superconductivity in this regime, and leave
confirmation of this picture for future studies.

Doped nickelate.—We next turn to the Sr-doped case,
where superconductivity is observed experimentally [21].
Since the electron pockets in the mother compound have
large La components, the rigid-band picture should be
invalidated. Here we obtain the band structure using the
virtual-crystal approximation (VCA), adopting the exper-
imental lattice parameters of NdNiO, [14]. Because of
technical reasons in the VCA, we use Ba instead of Sr [49].
The calculation is performed for LajgBa,,NiO, (denoted
as p = 0.2 hereafter), and we construct a seven-orbital
model as in the mother compound. The first-principles
band structure in Fig. 2(a) is seen to accurately agree with
that of the seven-orbital model. The estimated interactions
are listed in Table I.

Performing FLEX calculation for the seven-orbital
model on a three-dimensional £ mesh would be tedious,
especially at low temperatures. Since the Ni 3d,, band
barely hybridizes with the other bands, ignoring this orbital
in the seven-orbital model hardly affects the band structure
for the remaining six orbitals, as shown in Fig. 2(b).
Also, the Ni d,, band is fully filled, so that we expect

that removing this band does not affect the FLEX results.
We have checked this by comparing the FLEX results for
the seven- and six-orbital models at 7 = 0.03 eV, where
we find basically the same results with 4 = 0.214, ag =
0.926 for the seven-orbital model and A = 0.211, ag =
0.926 for the six-orbital model (see also the Supplemental
Material [36]). This enables us to perform the FLEX
calculation down to lower temperatures for the Ni-d,,-
eliminated six-orbital model, where we adopt the inter-
action parameters estimated for the seven-orbital model.
From the studies on the cuprates, the main player in the
superconductivity in the nickelate is expected to be the Ni
3dx2_y2 band, which produces the main Fermi surface. To
see if the orbitals that have no weight on the main Fermi
surface have any effects on superconductivity or the
magnetism (apart from the self-doping effect), we further
construct a two-orbital model [Fig. 2(c)], where only the Ni
3d2_» and 3ds._.. orbitals are explicitly taken into
account [50]. We can notice that the interaction parameters
estimated for the two-orbital model, included in Table I, are
significantly reduced from the seven-orbital counterparts.
This is because the La bands are metallic, so that their
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FIG. 2. The band structure of the doped nickelate with p = 0.2
in (a) the seven-orbital model, (b) the six-orbital model (see text),
and (c) the two-orbital model, with color-coded orbital characters,
superposed with the first-principles band structure (black lines).
Cross sections of the Fermi surfaces are depicted in top right
as in Fig. 1.
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FIG. 3. Temperature dependence of the d,2_.-wave eigenvalue

A of the Eliashberg equation (a) and the Stoner factor ag (b) for
the six- and two-orbital models for p = 0.2. Also shown is the
result for the two-orbital model with the interaction parameters
taken to be as in the seven-orbital model (denoted as U =
“seven-orbital”’). For comparison, result for HgBa,CuQO, in the
five-orbital model (with the same n3,._,» as in the p = 0.2
nickelate) is also shown. The insets in (a) are a log-log plot of 4
versus T (bottom left), and the eigenfunction of the Eliashberg
equation at k, = O (top right; see the Supplemental Material [36]
for other k, cuts) for the six-orbital model of the nickelate
(p=0.2) at T =0.005 eV.

screening effect, when taken into account effectively in the
two-orbital model, is substantial.

To make a quantitative comparison with the cuprates, we
also construct a model for HgBa,CuQO, adopting the crystal
structure determined in Ref. [51]. The on-site interactions
for the cuprates have been estimated in Refs. [52-54]
within the d._» —d. two-orbital models, but here we
construct, to make a fair comparison with the nickelate, a
five-orbital model, where we explicitly take account also of
the Hg 6s, 6p,, and 6 p,, orbitals, whose bands overlap with
the Cu 3d,._» band in energy (see the Supplemental
Material [36]). Although this effect is not as large as that
for the La 5d orbitals in the nickelates, it still enhances the
interactions appreciably, as seen by comparing the values
given in Table I with those in Ref. [52]. We have also
checked that explicitly considering the 7,, orbitals, which
do not contribute to the Fermi surface in the cuprate, has
small effect on the interaction values. Then we can compare
the nickelate and the cuprate, to realize that the interactions
are significantly larger in the former, which should come
from the smaller hybridization between the Ni and the
oxygen atomic orbitals [19,20]. We shall come back to this
point later.

Now we come to superconductivity. Figure 3 compares
the FLEX results for 4 (d,2_,2-wave superconductivity) and
ag (magnetism) in the six-orbital and two-orbital models
for p = 0.2, plotted against temperature. Since the electron
pockets originating from the La orbitals are absent in the
two-orbital model, we take account of the effect of self-
doping there by setting the total density of electrons in such
a way that ny;342_,2 equals the value determined from the

seven-orbital model. We can immediately see that A is

significantly reduced in the six-orbital model. This reduc-
tion of A in the six-orbital model can come from either
larger values of the interaction or the presence of the
electron pockets. To identify which is the cause, we have
performed another FLEX calculation for the two-orbital
model adopting the same interaction values as in the seven-
orbital model, as included in Fig. 3. The two-orbital model
then gives results similar to those in the six-orbital model,
which implies that the main origin of the reduction of 1 in
the six-orbital model is the large renormalization effect due
to the large U ;,2_ 2, rather than the presence of the electron
pockets. Conversely, we can make an observation that
integrating out the La-5d orbitals is inappropriate for the
evaluation of the interaction parameters as far as the FLEX
analysis is concerned. Namely, the two-orbital model with
the on-site interaction Ugye_» =2.57 eV (in Table I)
screened by La-5d orbital results in an overestimation of
A. If we turn to the FLEX result for HgBa,CuQy in the five-
orbital model as included in Fig. 3 for comparison, the
cuprate exhibits larger 1 than the nickelate, with smaller
Stoner factor. This can again be attributed to the smaller
U,y in the cuprate. Hence, the message here is that it is
important to consider the electronic structure peculiar to
the nickelate, where we have a larger U,,2_,> along with a
smaller bandwidth than in the cuprates, which is in turn
responsible for the reduced T, through a strong renorm-
alization effect. We note that in Ref. [55], even larger values
of U,2_,» have been obtained for a seven-orbital model of
NdNiO,. The origin of the discrepancy between their result
and ours, as well as its effect on superconductivity, is
elaborated in the Supplemental Material [36].

The larger interaction and the smaller bandwidth can be
traced back to a larger level offset A, between 3d,>_» and
oxygen 2p, ,, (atomic) orbitals for the nickelates than in the
cuprates [19,20]. To evaluate A;, quantitatively, we have
also constructed models that explicitly consider the oxygen
orbitals: a 23-orbital model (five Ni-3d, six O —2p, five
La-5d, seven La-4f orbitals) for LaNiO,, and a 20-orbital
model (five Cu-3d, twelve O —2p, two Hg-6p, and one
Hg-6s orbitals) for HgBa,CuO,, which gives A;, =
3.7 eV for the nickelate versus A;, = 1.8 eV for the
cuprate; namely, the former is about 2 times larger than
the latter (see also a recent paper [56]). For the cuprates,
suppression of superconductivity due to large A, has been
pointed out [57-59]. The reduction of T, for large A4,
may also be viewed in terms of the strong-coupling
picture, where the superexchange interaction is given as
J oy, /A, with 1., being the nearest-neighbor d,o_» —
P« hopping. If we go back to the “d-only” model taking
the strong-coupling viewpoint, the nearest-neighbor spin-
spin interaction is estimated as J « 1*/U, dx2—y?> Where 7 is
the nearest-neighbor hopping between d,>_» orbitals. The
T. reduction for large U,e2_» and small ¢+ may also be
viewed in this way.

-y

077003-4



PHYSICAL REVIEW LETTERS 125, 077003 (2020)

Conversely, the present study allows us to expect that
reduction of the in-plane lattice constant, which will
increase the Ni d,_,» bandwidth and reduce the interaction
within the Ni d,2_> orbital, should enhance superconduc-
tivity [60]. Hence, the smaller lattice constant in NdNiO,
than in LaNiO, [13,14] may be relevant in the observation
of superconductivity only in the former so far. Applying
physical pressure can thus be a route toward observation of
positive effects on superconductivity in the nickelate family.

Summary.—We have constructed effective models for
the newly discovered nickelate superconductor. For the
mother compound, a small amount of holes are self-doped
into the Ni 3d,>_» orbital due to the presence of electron
pockets. These electron pockets may have relevance to the
metallic behavior observed experimentally [17,21], while
the electronic state of the 3d,>_» band with a hole self-
doping may be close to that of the heavily underdoped
cuprates [23] with no magnetism or superconductivity. For
the Sr-doped nickelate, the FLEX study for the six-orbital
model that incorporates La orbitals indicates that d,2_.-
wave superconductivity is suggested to arise as in the
cuprates, but that a larger interaction within the Ni d,2_
orbital along with a narrower bandwidth than in the
cuprates results in a lower T, due to the strong self-energy
renormalization effect. We may also conclude that, if the
present d-only model captures the essence of the nickelate
superconductivity, this will imply that the strength of the
d — p hybridization (whether the mother insulator is in the
Mott-Hubbard or the charge-transfer regime [61]) does not
qualitatively affect the occurrence of superconductivity.
Important future problems include exploration of related
materials with different elements and/or compositions,
which may result in a possible enhancement of 7.
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