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In the present Rapid Communication, we explore superconductivity in NdNiO2 and LaNiO2 employing a
first-principles derived low-energy model Hamiltonian, consisting of two orbitals: Ni x2-y2, and an axial orbital.
The axial orbital is constructed out of Nd/La d , Ni 3z2-r2, and Ni s characters. Calculation of the superconducting
pairing symmetry and pairing eigenvalue of the spin-fluctuation mediated pairing interaction underlines the
crucial role of the interorbital Hubbard interaction in superconductivity, which turns out to be orbital selective.
The axial orbital brings in material dependence to the problem, making NdNiO2 different from LaNiO2, thereby
controlling the interorbital Hubbard interaction-assisted superconductivity.

Introduction. While the mechanism of superconductivity
in cuprates [1] still remains debated, attempts have been made
in the search for superconductivity in transition-metal oxides
other than cuprates. Nickelates, Ni being the neighboring
element to Cu, turns out to be most promising in this respect.
Towards this goal, a number of attempts has been made [2–7],
but superconductivity in these systems remained elusive. In
this connection, the stabilization of unusual 3d9, Ni1+ va-
lence in LaNiO2 and NdNiO2 [8,9] has generated interest.
A recent report [10] of superconductivity in 20% Sr-doped
NdNiO2 with a Tc of 9–15 K has reignited this interest with
reports of several theoretical studies [11–23] devoted to its
understanding.

The most sought after issue, in this respect, has been
whether Nd/LaNiO2 (N/LNO) can be described within the
same theoretical framework as cuprates. While undoped
cuprates are strong insulators [24], undoped N/LNO is re-
ported to be a bad metal [8,10]. Comparing the electronic
structure with that of cuprates, the most obvious difference
is the large O 2p-Ni 3d charge transfer energy for Ni1+

compared to the small O 2p-Cu 3d charge transfer energy for
Cu2+, resulting in a significantly weaker hybridization with
O 2p compared to cuprates. This fact has been evidenced in
electronic structure calculations [13,18] as well as in terms
of the absence of a prepeak in x-ray absorption spectroscopy
(XAS) near the O K edge [25]. This also provides justification
for the weak superexchange in NNO compared to strong anti-
ferromagnetism in undoped cuprates [26]. The large charge
transfer energy puts the Ni 3d levels higher up in energy
compared to Cu 3d , which facilitates their hybridization
with usually empty Nd/La d bands. While the hybridization
of in-plane Ni x2-y2 with out-of-plane Nd/La d orbitals is
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negligible, they can hybridize via Ni 3z2-r2 and Ni s [18,27].
The Nd/La-Ni hybridization has been signaled in additional
low-energy shoulder features in XAS and resonant inelastic x-
ray scattering (RIXS) spectra of N/LNO [25], with predicted
mixing from rare earths as large as 44% [25]. Thus while
in the case of cuprates, the intercalated non-copper-oxide
layers act as spectators, playing the role of a simple “charge
reservoir,” in the case of N/LNO the rare-earth layer may
provide active electronic degrees of freedom. This prompted
Hepting et al. [25] to suggest a two-band model, consisting
of a three-dimensional (3D) rare-earth band coupled to a Ni
x2-y2 derived 2D Mott system. Interestingly, a more recent
report shows a sign reversal of Hall resistivity with doping
and temperature [28], which may further evince the two-band
scenario.

Given this background, a natural question would be, can
doped carriers give rise to superconductivity in such a two-
band model description of NNO and LNO, and if so, is there
any difference between NNO and LNO. This still needs to
be explored, though superconductivity in nickelates has been
explored within the framework of one-band and three-band
models with on-site correlations [12], a one-band Hubbard
model [14], a multiband Ni d-Nd d Hubbard model within
the fluctuation-exchange approximation [11], as well as from
strong-coupling starting points [20–22].

In the present Rapid Communication, we first construct a
two-band model, starting from the self-consistent-field den-
sity functional theory (DFT) and by retaining Ni x2-y2 and
Ni s orbitals in the basis, and downfolding the rest. Here,
our main finding is that the Ni s basis forms an axial orbital,
resulting from the hybridization of Nd/La 3z2-r2, Nd/La
xy, Ni 3z2-r2, and Ni s. Moreover, while the downfolded
Ni x2-y2 Wannier orbital is very similar in the La and Nd
compounds, the detailed nature of the axial orbital sets these
two materials apart, giving a clue as to its possible role in
material-dependent superconductivity.

We next solve the pairing eigenvalue and pairing
eigenfunctions of the spin-fluctuation mediated pairing
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interaction, computed within the DFT-derived two-Wannier-
orbital Hubbard model. We find that (i) in the Nd compound,
the superconducting (SC) coupling constant λ grows almost
exponentially with the interorbital interaction Vsd , while the
intraorbital interactions alone are not conducive for supercon-
ductivity. In a crude analogy with the renormalization theory,
we can say that intraorbital interactions are “marginal”—
they do not directly mediate superconductivity—while the
interorbital interaction is a “relevant” parameter for super-
conductivity. (ii) Second, in NNO, we find that the pairing
eigenfunction turns out to be orbital selective: being 2D x2-y2-
type for the Ni d orbital, and 3D 3z2-r2-type symmetry for the
axial orbital. The same study in LNO results in a single x2-y2

wave pairing symmetry, but with a SC coupling constant sig-
nificantly smaller than that of NNO. Our findings emphasize
the importance of the axial orbital and a two-band model in
which the orbital-selective pairing symmetry is augmented by
the interorbital interaction.

DFT band structure and two-band model. The DFT band
structure is computed in the plane-wave basis, as implemented
in the Vienna ab initio simulation package (VASP) [29] with the
projected augmented-wave (PAW) potential [30] and choice
of generalized gradient approximation [31] (GGA) for the
exchange-correlation functional [see Supplemental Material
(SM)] [32]. The results for undoped N/LNO are shown in
Figs. 1(a) and 1(b). The band structure of N/LNO, which is
well studied in literature [12,17,18,33], primarily consists of
O-2p dominated bands ranging from about −8 eV to about
−3 eV, Ni-3d dominated bands ranging from about −3 to
2 eV, and Nd/La-5d dominated bands ranging from about −1
to 8 eV. The low-energy electronic structure has two bands
crossing the Fermi level: one canonical Ni x2-y2 band creating
a hole pocket centered around the M (A) point, bearing a
strong resemblance to cuprates, and the other one is derived
out of Nd/La d mixed with Ni characters creating electron
pockets at the � and A points. While the generic features are
found to be similar in the band structures of NNO [Fig. 1(a)]
and LNO [Fig. 1(b)], there are subtle differences. Comparing
the Ni x2-y2 bands in the two compounds, the bandwidth
of Ni x2-y2 in the LNO band is smaller by about 0.2 eV
as compared to NNO. The corresponding kz dispersion is
also smaller for LNO compared to NNO. This kz dispersion
highlights the mixing with the axial orbital, making the Ni
x2-y2 band deviate from its 2D nature, as emphasized by Lee
and Pickett [18]. Comparing the second band, we find that
first the Nd d-Ni derived electron pocket centered around � is
about −0.4 eV lower in energy in NNO as compared to LNO,
making the self-doping effect more pronounced in the Nd
compound compared to the La compound. Second, the width
of the second band is about 1 eV smaller in LNO compared to
NNO.

These subtle but important material-specific differences of
the electronic structure of nickelate compounds get reflected
in the Wannier functions [34] defining the downfolded two-
band structure, designed to reproduce the two low-energy
bands of the DFT band structure. In order to construct the
low-energy two-band structure, we retain Ni x2-y2 and Ni
s degrees of freedom, and downfold the rest. This choice
is guided by the four-band model of cuprates [35,36], with
a material-dependent axial orbital formed by combining

FIG. 1. (a), (b) The DFT band structure (thin,
black) together with a downfolded two-band structure
(thick, blue) for NNO and LNO, plotted along
the high-symmetry points of a tetragonal unit cell,
�(0, 0, 0)-X (π/a, 0, 0)-M(π/a, π/a, 0)-�-Z (0, 0, π/c)-R(π/a, 0,

π/c)-A(π/a, π/a, π/c)-Z . The fatness in the DFT band structure
corresponds to Ni x2-y2 (orange), Nd 3z2-r2 (magenta), and Nd xy
(red). (c), (d) The Ni x2-y2 Wannier function in the downfolded
two-band basis for NNO and LNO. (e), (f) Same as (c) and (d), but
plotted for an axial orbital. Plotted are the constant value surfaces
with lobes of different signs colored as yellow and cyan.

Cu s, Cu 3z2-r2, apical oxygen pz, and orbitals of farther axial
cations. In the present case, starting from such a four-band
model, we further downfold O px and O py due to the larger
charge transfer energy between Nd d and O p in nickelates,
compared to cuprates. We find that matching between the
downfolded two-band and DFT bands (see Fig. 1 and SM)
is as good as that obtained within the three-band model in
Ref. [17] and the 17 Wannier projection bands in Ref. [16],
justifying the goodness and sufficiency of the minimal two-
orbital model.

The resultant Wannier functions corresponding to the
downfolded two-band structure are shown in Figs. 1(c)–1(f)
for N/LNO. The x2-y2 Wannier function which forms the
pdσ antibonding combination [Figs. 1(c)and 1(d)] is found
to be identical between the Nd and La compounds. We
note that the p-like tail of the x2-y2 Wannier functions sit-
ting at the O sites shows asymmetry between the positive
and negative lobes, which signifies the mixing with diffuse
Ni s. The material dependence, however, shows up in the
Wannier function which forms the axial orbital [Figs. 1(e)
and 1(f)]. We find this axial orbital is a hybrid between Ni s,



Ni 3z2-r2, Nd/La 3z2-r2, and Nd/La xy (see SM). Inspecting
this orbital, we find that starting from the central Ni atom,
Ni 3z2-r2, which bonds to Ni s, and antibonds to O px/py,
bonds strongly with the predominant feature of Nd/La 3z2-r2

and xy, highlighting the hybridization between Ni and Nd/La
d . Thus an effective axial orbital is created in a downfolded
basis which takes into account all the contributions, other than
Ni x2-y2, including that of the interstitial weight. We find that
the Ni 3z2-r2/Ni s character is more in the La compound
[Fig. 1(f)] compared to the Nd compound [Fig. 1(e)], while
the Nd 3z2-r2/Nd xy character is less in the La compound
compared to the Nd compound. This makes the axial orbital
much more cylindrical in NNO [Fig. 1(e)] and more spher-
ical in LNO [Fig. 1(f)]. This differential nature of the axial
orbital is reflected in both in-plane and out-of-plane hopping
interactions within the two-band description (see SM) as well
as the energy of the axial orbital (εs) measured from the
energy of x2-y2 (εd ) lying 0.25 eV higher in NNO compared
to that in LNO. The in-plane hopping is found to be 30%–20%
larger in NNO compared to LNO. The out-of-plane hopping,
especially the hopping connecting axial orbital to axial orbital,
shows significantly larger values for NNO compared to LNO
(1.2–7 times), accounting for about a 1 eV larger bandwidth
of the axial band in NNO compared to LNO.

Calculation of superconducting properties. In analogy with
cuprates [37], pnictides [38], and heavy-fermion supercon-
ductors [39], we assume superconductivity in the present
compound is spin-fluctuation mediated. The estimated
electron-phonon interaction turns out to be too small to sup-
port the observed Tc [17]. Based on a two-band Hubbard
model, we obtain the pairing potential by considering the
bubble and ladder diagrams [37–40],

�̃(q) = 1
2 [3Ũsχ̃s(q)Ũs − Ũcχ̃c(q)Ũc + Ũs + Ũc]. (1)

The “tilde” denotes a tensor in the orbital basis. The subscripts
s and c denote spin and charge fluctuation channels, respec-
tively. Ũs/c are the on-site interaction tensors for spin and
charge fluctuations, respectively, whose nonvanishing com-
ponents are (Ũs,c)αα

αα = Ud/s for intraorbital x2-y2 and axial,
and the interorbital component is (Ũs,c)ββ

αα = Vsd (α �= β are
orbital indices) [41]. χ̃s/c are the spin and charge density-
density correlation functions (tensors in the same orbital
basis), computed within the random-phase approximation (see
SM). The application of a weak-coupling theory may be
justified by the fact that the exchange scale in nickelates is
smaller than in cuprates.

We compute the eigenvalue and eigenfunctions of the
pairing interaction �̃(k − k′) on the 3D Fermi momenta, by
solving the following equation,


ν (k) = −λ
1

�BZ

∑

ν ′,k′
�′

νν ′ (k − k′)
ν ′ (k′). (2)

Here, ν, ν ′ denote band indices, and �′
νν ′ is the pairing interac-

tion, projected onto the band basis. λ is the pairing eigenvalue
(proportional to the SC coupling strength), and 
ν (k) is
the corresponding pairing eigenfunction. Since the pairing
potential is repulsive here, the highest positive eigenvalue λ,
and the corresponding pairing symmetry, can be shown to
govern the lowest free-energy value in the SC state [40].

FIG. 2. (a), (b) FS topologies in NNO plotted as a function of
kx − ky (−π → π range) at kz = 0, and π . Blue (Ni x2-y2) to red
(axial) colors depict the orbital contributions at each kF . (c) Plots
of static spin susceptibility for two intraorbital, interorbital, and total
(Tr χ̃s, summing over both intra- and interorbital contributions) chan-
nels, for qz = π , and qx, qy : 0 → π . All color bars are separately
normalized for visualization. (d)–(f) Same as in (a)–(c) but plotted
for LNO.

The origin of the unconventional pairing symmetry, and
the role of Fermi-surface (FS) nesting can be understood as
follows. For � > 0 and λ > 0 in Eq. (2), the pairing symmetry

ν (k) must change sign over the FS to compensate for the
negative sign in the left-hand side of Eq. (2). 
ν (k) changes
sign between the two q = k − k′ points, and either between
different or the same bands which are connected by the
momentum q at which �′

νν ′ (q) acquires strong peaks. The
loci of the peaks in �′

νν ′ (q) are primarily dictated by the FS
nesting, while the overall amplitude is determined by Us,d and
Vsd . We fix the hole doping level at x = 0.2, which is about
the optimal doping for NNO [10,28].

In Fig. 2, we show the FS topology for NNO [Figs. 2(a)
and 2(b)] and LNO [Figs. 2(d) and 2(e)] at two kz cuts,
with the corresponding orbital weight indicated by the red to
blue color map. The FSs are seen to be strongly 3D, which
is typically detrimental for FS nesting strength. However,
owing to the particular orbital weight distributions, there arise
dominant nesting channels, which are highly orbital resolved.
Interestingly, there is a complete orbital inversion among two
FS sheets between kz = 0 and π . While the large hole pocket
centering the zone boundary and the electron pocket in the
zone center of the NNO Brillouin zone (BZ) is of Ni d (x2-y2)
and axial character (s), respectively, in kz = 0, they reverse
their roles in kz = π . The Ni d orbital enjoys a FS topology
similar to the cuprates case in the low kz region, giving
a nearly 2D FS nesting feature around Q = (π, π, 0) and
hence a dx2−y2 -pairing symmetry. On the other hand, the axial
orbital acquires FS nesting, considerably weaker in strength
compared to the Ni d orbital case, at Q = (π, π, π ), which is
responsible for the 3z2-r2-type pairing symmetry. The FS for
LNO, shown in Figs. 2(d) and 2(e), is topologically similar



FIG. 3. Computed values of orbital resolved pairing eigenfunc-
tion 
α (k) plotted on the FS at two representative cuts kz = 0
[(a)–(c)], π [(b)–(d)] for NNO. (a), (b) and (c), (d) give orbital
contributions for Ni x2-y2 and the axial orbital, respectively. (e)–(h)
Same as (a)–(d), but plotted for LNO.

to NNO, except it almost loses its FS pocket at the � point.
Since this heavily weakened FS pocket is dominated by the
axial orbital in NNO, the multiband picture is less prominent
in LNO. This is also reflected in the far weaker contribu-
tion of the interorbital susceptibility, to be discussed in the
following.

The orbital-resolved spin susceptibility for NNO is shown
in Fig. 2(c), which highlights the importance of the interorbital
contribution. The relative contributions from the axial orbital
(s) and interorbital (s-d), compared to Ni d , are found to
be 1/10th and 1/5th, respectively. In comparison, in LNO,
they are 1/100th and 1/20th, respectively. This makes the
total susceptibility dominated almost entirely by the d-orbital
contribution for LNO, while the significant interorbital orbital
contribution makes the total susceptibility in NNO apprecia-
bly different from the d-orbital contribution [cf. Figs. 2(c)
and 2(f)].

In Fig. 3 we plot the pairing eigenfunction 
(k) for
the highest eigenvalue λ, but projected onto the different
orbital channels as 
αβ = ∑

ν 
νφ
α∗
ν φβ

ν (k dependence is
suppressed for simplicity), where α, β are orbital indices, and
ν is the band index. φα

ν is the eigenvector of the two-band
Hamiltonian. In NNO, we clearly observe that the pairing
symmetry of the Ni d orbital onto the FS is a pure dx2−y2 =
cos kx − cos ky type, with very little or no three-dimensional
component. On the other hand, the projected pairing sym-
metry on the axial orbital can be described by a simple kz

dispersion as cos kz, with no signature of the basal plane
anisotropy. In contrast, in LNO compound, the axial orbital’s
contribution to the FS is drastically reduced, and hence the
calculated pairing symmetry changes to a simple dx2−y2 .

Finally, we study how the pairing strength λ depends on the
choice of the Hubbard interaction parameters, Us, Ud , and Vsd ,
which unravels as an interesting scenario. First, focusing on
NNO, we find that λ increases almost exponentially with Vsd

(cf. Fig. 4), while neither Ud nor Us is effective in enhancing
λ [42]. Thus, an appreciable λ is obtained only when Vsd

becomes appreciable. Second, relative to NNO, the pairing

FIG. 4. Evolution of SC coupling constant λ as a function of
interorbital Hubbard interaction Vsd for a choice of Ud = 0.9 eV
and 0.6 eV for NNO and LNO. The insets show the variation of
λ as a function of Us and Ud in NNO for Vsd = 1.5 eV (left) and
Vsd = 0.5 eV (right) [42].

strength grows much more slowly with Vsd in LNO. Thus even
for an appreciable value of Vsd , the pairing strength in LNO is
much smaller than NNO. This in turn highlights the important
role of the interorbital interaction Vsd for superconductivity
in nickelate compounds under discussion, and their material
dependence.

Conclusion. In summary, motivated by the two-band sce-
nario [22,25,28] proposed for RNiO2 (R = La, Nd), we
derived a two-band Hamiltonian out of DFT calculations,
keeping the Ni x2-y2 and Ni s degrees of freedom active,
and integrating the rest. The latter forms an axial orbital
from a combination of Nd/La d , Ni 3z2-r2, and Ni s, and
encodes the material dependence. The calculation of the su-
perconducting properties in such a two-orbital picture shows
an orbital-selective pairing for the Nd compound, while it is
found to be only of x2-y2 symmetry in the La compound.
Most importantly, we find that while the SC pairing grows
almost in an exponential fashion with the interorbital Hubbard
interaction for the Nd compound, it is not helped by the
choice of intraorbital Hubbard interactions. We note that Vsd

effectively also includes the Hund’s coupling. Due to the
combined effects of Hund’s physics and charge screenings
enhanced by Vsd [42], the effects of Us,d are presumably
superseded by Vsd . Though the same holds well for the La
compound, the growth of a pair interaction with Vsd is much
weaker than in the Nd compound, presumably justifying the
fact that superconductivity has been so far observed only for
the Nd compound [10,28].

Note added. Recently, we became aware of a tunneling
experiment by Gu et al. [43] reporting two superconducting
gaps.
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