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Motivated by the recent experimental discovery of superconductivity in the infinite-layer nickelate
Ndy §Sr,NiO; [Li et al., Nature (London) 572, 624 (2019)], we study how the correlated Ni 3d,>_y» electrons in
the NiO, layer interact with the electrons in the Nd layer. We show that three orbitals are necessary to represent
the electronic structure around the Fermi level: Ni 3d,2_y», Nd 5d;,2_,2, and a bonding orbital made from an
interstitial s orbital in the Nd layer and the Nd 5d,, orbital. By constructing a three-orbital model for these states,
we find that the hybridization between the Ni 3d,2_,» state and the states in the Nd layer is tiny. We also find
that the metallic screening by the Nd layer is not so effective in that it reduces the Hubbard U between the Ni
3d,2_,» electrons just by 10%—-20%. On the other hand, the electron-phonon coupling is not strong enough to
mediate superconductivity of 7. ~ 10 K. These results indicate that NdNiO, hosts an almost isolated correlated
3d,2_,» orbital system. We further study the possibility of realizing a more ideal single-orbital system in the
Mott-Hubbard regime. We find that the Fermi pockets formed by the Nd-layer states dramatically shrink when
the hybridization between the interstitial s state and Nd 5d,, state becomes small. By an extensive materials

search, we find that the Fermi pockets almost disappear in NaNd,;NiO,4 and NaCa,;NiO;.
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I. INTRODUCTION

Since the discovery of high transition temperature (7;)
superconductivity in the cuprates [1], a wide variety of two-
dimensional correlated materials including layered transition
metal oxides, pnictides, chalcogenides, some heavy-fermion
materials, and organic conductors have provided a unique
playground for unconventional superconductivity [2]. Among
them, the high-7. cuprates are of great interest due to their
remarkably simple electronic structure: the Fermi surface con-
sists of only one two-dimensional band. Thus, one may expect
that if just one correlated orbital makes a two-dimensional
Fermi surface, high-T; superconductivity will emerge [3-9].

However, it has been a great theoretical and experimen-
tal challenge to find an analog of the cuprates [10]. One
possible candidate is vanadates, for which we can think of
designing a d' analog of the cuprates [11-14]. However, it is
not an easy task to separate the two-dimensional 3d,, band
from the 3d,, and 3d,, bands. While nickelates can be an
interesting d’ analog of the cuprates, we need to consider
a special heterostructure to remove the 3d;2_,» band from
the Fermi level [15-18]. More recently, Sr,IrO4 and Ba,IrO4
are attracting broad interest as a possible 5d analog of the
cuprates [19-22]. While it has been recently reported that
doped Sr,IrO4 exhibits spectroscopic signatures suggesting a
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d-wave superconducting gap [23,24], a zero-resistance state
has not yet been observed. It should be noted that the system
cannot be regarded as an ideal single-orbital system in that not
only the jeg = % state, but also jeg = % states are involved
with the low-energy physics [25,26]. Therefore, “orbital dis-
tillation” [8] in two-dimensional correlated systems has been
a key issue for realizing an analog of the cuprates.

Recently, Li et al. discovered that the infinite-layer nick-
elate NdNiO, exhibits superconductivity when Sr is doped
[27]. Tt is interesting to note that NdNiO, is isostructural
to the infinite-layer copper oxide CaCuQO, which becomes a
superconductor below 7. = 110 K by hole doping [28]. In
this compound, Ni has square planar oxygen coordination and
is expected to have a d° configuration. Due to the absence
of the apical oxygen, the crystal field in NdNiO, is totally
different from the octahedral ligand field. Notably, the energy
level of the 3d3,2_,> orbital becomes much lower than that of
the 3d,»_y» orbital, even lower than the orbitals labeled 7, in
the octahedral environment [29]. In this situation, only the
3d>_,» band among the five 3d bands intersects the Fermi
level. While this is good news for designing an analog of the
cuprates, the previous calculations based on density functional
theory (DFT) pointed out that there are two complications
[29-33]. One is that electrons in the Nd layer make additional
Fermi pockets. The other is that the charge-transfer gap be-
tween the transition metal 3d states and O 2p states is larger
than that in the cuprates.

©2019 American Physical Society
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In this paper, we focus on the first problem, i.e., the
role of the “additional” Nd 54 Fermi pockets which are
absent in the cuprates. Especially, we discuss the follow-
ing issues of critical importance: (i) What is the minimal
model to describe these additional degrees of freedom in
the Nd layer? (ii) Does the hybridization between the Ni
3d,>_,» band and these additional bands invalidate the effec-
tive single-band 3d,>_,» model? (iii) Does the metallic screen-
ing from the additional Fermi pockets significantly weaken
the effective Hubbard interaction between the Ni 3d._
electrons and help the conventional phonon mechanism? (iv)
Can we switch the presence/absence of the additional Fermi
pockets?

For these issues, we show the following: (i) We need two
orbitals to describe the additional low-energy bands: the Nd
5ds;2_,2 orbital and interstitial s orbital (or the Nd 5d,, orbital
[31]). (ii) In the three-orbital model for the Ni 3d,._,» orbitals
and two orbitals in the Nd layer, the hybridization between
the Ni and Nd layer is weak; thus, the Ni 3d,>_,» electrons are
almost isolated. (iii) The metallic screening by the Nd layer is
not significant, leaving the Ni 3d,>_» electrons strongly corre-
lated. On the other hand, the electron-phonon coupling is not
sufficiently strong to mediate superconductivity of T, ~ 10 K.
(iv) By controlling the hybridization between the interstitial
state and the Nd 5d,, orbital, we can change the size of the
additional Fermi pockets. More specifically, we show that the
additional Fermi pockets almost disappear in NaNd,;NiO4 and
NaCa;NiOs. While the cuprates belong to the charge-transfer
type in the Zaanen-Sawatzky-Allen classification [34], these
nickelate compounds will provide an interesting playground
to investigate the possibility of high-T. superconductivity in
the Mott-Hubbard regime.

The structure of the paper is as follows. After describing
the detail of the methods in Sec. II, in Sec. III A we first show
the band dispersion and the Bloch wave functions at some
specific k points. We will see that the Fermi surface consists
of three bands: the Ni 3d,>_,» band, Nd 5d3._,» band, and
that formed by a bonding state between interstitial and Nd
Sdy, orbitals in the Nd layer. To exclude the possibility of
phonon-mediated superconductivity, we calculate the phonon
frequencies and electron-phonon coupling in Sec. III B. We
show that the electron-phonon coupling constant is much
smaller than 0.5, so that phonons cannot mediate supercon-
ductivity of 7, ~ 10 K. To consider the possibility of un-
conventional superconductivity, we then derive an effective
low-energy model of NdNiO; in Sec. IIIC. By looking at
the tight-binding parameters in the Hamiltonian, and plotting
the projected density of states (PDOSs), we show that the
hybridization between the Ni 3d,»_,» state and the Nd-layer
states is small. In Sec. III D, we perform a calculation based
on the constrained random phase approximation (cRPA) [35],
and estimate the interaction parameters in the three-orbital and
single-orbital models. By comparing the values of the Hub-
bard U, we show that the screening effect of the Nd layer on
the 3dxz,yz orbital is not so strong. In Sec. IV, we discuss how
we can change the band dispersion and realize an ideal single-
component two-dimensional correlated electron system. We
show that the hybridization between the interstitial state and
the Nd 5d,, state is the key parameter for the materials
design.

II. METHODS

Here, we describe the calculation methods and conditions
used in the following sections.

a. Sections IlIA, IIIC, and IIID. The DFT band struc-
ture calculations for NdNiO, are performed using QUANTUM
ESPRESSO [36] with the experimental lattice parameters of
bulk NdNiO,: a = 3.9208 A and ¢ =3.2810 A [37]. We
use Perdew-Burke-Ernzerhof (PBE) [38] norm-conserving
pseudopotentials generated by the code ONCVPSP (optimized
norm-conserving Vanderbilt pseudopotential) [39], which are
obtained from the PseudoDojo [40]. We use 11 x 11 x 11 k
points for sampling in the first Brillouin zone. The energy
cutoff is set to be 100 Ry for the wave functions, and 400 Ry
for the charge density. After the band structure calcula-
tions, the maximally localized Wannier functions [41,42] are
constructed using RESPACK [43].! The three-orbital model
consisting of Ni 3d,>_,», Nd 5d3,2_,2, and interstitial s or-
bitals is constructed using the outer energy window of
[-2 eV : 10 eV] and the inner energy window of [0 eV
: 1.5 eV]. The Ni 3d,2_,» single-orbital model is con-
structed using the outer energy window of [—1.15 eV :
2.05 eV] without setting the inner energy window. The in-
teraction parameters are calculated with RESPACK [43] us-
ing the constrained random-phase approximation (cRPA)
method [35], in which we employ the scheme in Ref. [44]
for the band disentanglement. The energy cutoff for the
dielectric function is set to be 20 Ry. The total number
of bands used in the calculation of the polarization is 80,
which includes the unoccupied states up to ~55 eV with
respect to the Fermi level.

To evaluate the effects due to the difference in DFT
codes and pseudopotentials, we also derive the low-energy
effective models using xTAPP [45]. Although the basic
calculation conditions are the same as those of QUANTUM
ESPRESSO, the xXTAPP calculations employ the pseudopoten-
tials generated as follows: Ni pseudopotential is generated
in a slightly ionic semicore (3s5)>(3p)®(3d)’ configuration
by employing the cutoff radii of r3; = r3, = r3¢ = 0.8 bohr.
The Nd pseudopotential is constructed under the configuration
of (55)2(5p)°(5d)"(6s)?, while that of the core electrons is
(Kr)(4£)3; the 4f electrons are frozen and excluded from the
pseudopotential. The cutoff radius for the local potential is
1.3 bohr, and those for s, p, d orbitals of the pseudopoten-
tial are 1.3, 1.9, and 1.9 bohr, respectively. The 5s and 6s
orbitals share the same cutoff radius. We apply the partial-core
correction with a cutoff radius of 1.1 bohr. To stabilize the
band calculation under the fairly hard pseudopotential of Ni,
the XTAPP calculations adopt the energy cutoffs of 196 and
784 Ry for wave function and the charge density, respectively.
With this condition, almost perfect agreement between the
QUANTUM ESPRESSO and XTAPP results is obtained for the
low-energy band structure and the Wannier function.

b. Section IIIB. Phonon band structure, electron-phonon
coupling constants, and the Eliashberg function of NdNiO,
are calculated based on density functional perturbation theory

!'Algorithms and applications of RESPACK can be found in
Refs. [67-71].
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(DFPT) [46], as implemented in QUANTUM ESPRESSO [36].
We use PBE pseudopotentials obtained from the pslibrary
1.0.0 [47]. The 4f orbitals of Nd is treated as a frozen
core. The kinetic energy cutoff is set to 75 Ry for the
wave function and 600 Ry for the charge density. The self-
consistent field calculation is conducted with 16 x 16 x 16 k
mesh, and DFPT calculation is performed with 8 x 8 x 8 ¢
mesh. Before performing DFPT calculation, the lattice con-
stants are optimized until the stress convergence criterion of
|o| < 0.5 kbar is reached. The optimized values are a = 3.893
A and ¢ = 3.267 A, which reproduce the reported experimen-
tal values within 1% error.

c. Section IV. We use Vienna ab initio simulation
package (VASP) [48] for optimizing the lattice parameters
of LiNd,NiO4, NaNd;NiOy4, and NaCa,NdOs;. The wave-
function cutoff energy of 50 Ry is employed along with
the PBE PAW potentials [49,50] labeled as Li_sv, Na_pv,
Ca_sv, Nd_3, Ni_pv, and 0. The 12 x 12 x 8 k mesh is
employed for the Brillouin zone sampling. For the calcula-
tion of the electronic band structures, we use the ab initio
code OpenMX [51]. We employ the same k mesh as that
of the VASP calculation. We employ the valence orbital sets
Li8.0-s3p3d2, Na9.0-s3p2d1, Ca9.0-s4p3d2, Nd8.0_OC-
s2p2d2f1, Ni6.0H-s4p3d2f1, and O-5.0s3p3d2. The energy
cutoff for the numerical integration is set to 150 Ry.

III. FORMATION OF SINGLE-ORBITAL CORRELATED
SYSTEM IN NdNiO,

A. Band structure

Figure 1(a) shows the DFT band structure for NdNiO,. In
the calculations, the Nd 4 f orbitals are assumed to be frozen
in the core so that dispersionless 4f bands do not appear in
the band structure.

We see that the Ni 3d bands (located from ~ — 3 to ~2 eV)
and the O 2p bands (located from ~ —9 to ~ — 3 eV) are
well separated, which is in high contrast with the cuprate
counterpart CaCuQ; [29]. Because of the absence of the apical
oxygen, the energy level of the Ni 3d3,._,» orbital becomes
far below the Fermi level. Therefore, as far as the Ni 3d
orbitals are concerned, only the 3d,»_,» orbitals form the
Fermi surface.

As already pointed out by previous studies [29,30], on top
of the Fermi surfaces originated from the Ni 3d,._,» orbital,
there are additional Fermi pockets around I' and A points.
Around the I' point, as can be confirmed by the electron
density of the Kohn-Sham orbital [Fig. 1(b)], the Fermi pocket
originates mainly from the Nd 5d;,2_,» orbital [29,30]. On the
other hand, the orbital character of the Fermi pocket around
the A point shows an interesting feature [Fig. 1(c)]. The
electron density has a large weight at the interstitial region
around (0, 0, %) site, which corresponds to the site of the apical
oxygen in NdNiOs. This interstitial state is stabilized because
, 0, %) site is surrounded by cations. Therefore, the NdNiO,
system has a feature similar to electrides where electrons at
interstitial regions play a role of anions [53,54]. The intersti-
tial orbitals form a bonding state with the Nd 5d,, orbital. The
band bottom of the bonding orbital is located at the A point
(green open circle below the Fermi level in Fig. 1). The energy
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FIG. 1. (a) DFT band structure for NdNiO,. The Nd 4 f orbitals
are assumed to be frozen in the core. In NdNiO,, the interstitial s
and Nd 5d,, orbitals form bonding and antibonding states on the
k, = m /c plane. The green open circles at the A point indicate the
band bottom of the bonding band (below the Fermi level) and the
band top of the antibonding band (above the Fermi level). Electron
density of the Kohn-Sham states specified by (b) the blue dot at the
I point and (c) the blue diamond at (7 /a, 7 /2a, 7 /c) point (drawn
by VESTA [52]). The positions of the atoms in the crystal coordinate
are follows: Ni (0, 0, 0), Nd (%, % %), 0] (%, 0, 0), O (0, 0, %).

difference between the bonding and antibonding states at the
A point is more than 10 eV. As we will discuss in Sec. IV, we
can realize a single-component correlated system by control-
ling the energy dispersion of the interstitial bonding state.

B. Phonons

Because NdNiO, has a different Fermi surface topology
from the cuprates, there might be a possibility that the super-
conducting mechanism is different. One of the most funda-
mental questions would be whether the observed supercon-
ductivity can be explained by the phonon mechanism or not.
To investigate this point, we performed phonon calculations
and estimated the strength of the electron-phonon coupling.

Figure 2 shows the calculated phonon and electron-phonon
properties of NdNiO,. The phonon band structure shows no
imaginary modes, confirming the dynamical stability of bulk
NdNiO;. To evaluate the Brillouin-zone-averaged electron-
phonon coupling strength A, we first calculated the coupling
strength for each phonon mode v at momentum ¢ defined as

D 1gmnv k. )18 ng)S Gk rg)-

Ay = ———
1 N(GF)Nkqu ke

Here, wg, is the phonon frequency, N(er) is the DOS at the
Fermi level, Ni is the number of k points, g, (k, g) is the
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FIG. 2. Phonon band structure (left panel), atom-projected
phonon DOS (middle), and the Eliashberg function a*F (@) (right)
of NdNiO,. The dotted line in the right panel shows the accumulated
value of A(w) defined as A(w) = 2 ;" dw'a’F (') /.

electron-phonon matrix element, and &, = €,x — €g is the
energy of the Kohn-Sham orbital m at momentum k relative
to the Fermi level. The double-delta function of A, was
evaluated by the Gaussian smearing method with different
smearing width o. We then calculated the Eliashberg function
@’F(w) and & as &’F (@) = 33 32y, qrwgud(@ — @g,) and

A=2[7 dw%, respectively. The results for «’F (w) and
the accumulated value of A are shown in the right panel of
Fig. 2.

The electron-phonon interaction evaluated with o = 0.04
Ry is A = 0.22. Although the A value changes with the
smearing width as shown in Table I, we confirmed that it
does not reach 0.5 with reasonably small values of o. We
note that the A values of NdNiO, are as small as those calcu-
lated for the cuprate superconductors YBa,;CuszO7 (A = 0.27,
Ref. [55]) and La;_,Sr,CuOy4 (A = 0.14-0.22, Ref. [56]). The
logarithmic average of phonon frequencies and the 7. values
of NdNiO, are also summarized in Table 1. The T, values,
obtained using the Allen-Dynes formula [57] with u* = 0.1,
are too small to account for the experimental results of 7. =
9-15 K. Therefore, we can rule out the electron-phonon
interaction as the exclusive origin of the superconductivity
observed in the doped NdNiOs.

TABLE 1. Electron-phonon interaction A and the logarithmic
average of phonon frequencies calculated for NdNiO, with different
width of the Gaussian smearing. The 7. values are evaluated using
the Allen-Dynes formula with u* = 0.1.

Smearing width (Ry) A wp, (K) T; (K)
0.04 0.22 283 0.00
0.06 0.28 258 0.06
0.08 0.32 249 0.24

C. Minimal tight-binding Hamiltonian

In Sec. III B, we have seen that the electron-phonon cou-
pling is not strong enough to explain the experimental transi-
tion temperature. Next, we consider the possibility of whether
the Ni 3d electron systems can be a playground for unconven-
tional superconductivity. To analyze the electron correlation
effect, it is essential to derive realistic tight-binding Hamilto-
nian for the low-energy electrons near the Fermi level [58,59].
Here, as a minimal tight-binding model to reproduce the band
structure around the Fermi level, based on the orbital character
analysis in Figs. 1(b) and I(c), we propose a three-orbital
model consisting of the Ni 3d,>_,> orbital, Nd 5ds,>_,> orbital,
and interstitial s orbital centered at (0, 0, %) site.

Figure 3(a) shows a comparison between the original DFT
band structure (red solid curves) and the band dispersion
obtained from the three-orbital tight-binding model (blue
dashed curves). We see that the band structure near the
Fermi level is accurately reproduced. Figure 3(b) visualizes
the constructed maximally localized Wannier functions, in
which we see that the Wannier functions have characters of
Ni 3d,» ER Nd 5d5,>_,2, and interstitial s, respectively. The Ni
3d,>_,» Wannier orbital has tails of O 2p orbitals and forms
the antibonding orbital. Similarly, the interstitial s orbital has
an antibonding character with the Ni 3d;,2_,» orbital. It should
be noted that the lobes of the Nd 5d,, orbital with (7 /a, 7 /a)
phase on the x-y plane [then the phases of the lobes from
Nd 5d., orbitals at (0, 0, 3), (1,0, 1), (0, 1, 1), (1, 1, 3) sites
are aligned] participate in the interstitial s Wannier orbital and
form the bonding state. This is the reason why the additional
Fermi pocket around the A point [k = (7 /a, 7w /a, w /c)] can
be described by the interstitial-s-centered bonding orbital or
Nd-5d,,-centered bonding orbital. See Appendix B for the
construction of another three-orbital model using the Nd-5d,-
centered bonding orbital [31].

We show the calculated density of states (DOS) for the
three-orbital model and the decomposition into the three or-
bitals [Ni 3d,>_,» (red), Nd 5d32_, (green), and the interstitial
s (blue)] in Fig. 3(c), and the fat bands (bands weighted by the
orbital components) in Fig. 3(d). Notably, the hybridization
between the Ni 3d,._,» orbital and the other orbitals is negli-
gibly small and the Ni 3d,>_,» orbital form an isolated single
band. From the symmetry consideration, we can show that the
transfer between the neighboring Ni 3d,>_,» and Nd 5d3,>_,
orbitals is zero. The same is true for the transfer between
the neighboring Ni 3d,»_,» and interstitial s orbitals. These
facts and a large difference in the onsite level between the Ni
3d,>_y» and Nd 5d3,>_,» and the interstitial s orbitals (about 2.6
and 2.4 €V, respectively) help the isolation of the Ni 3d,>_,
orbital.

We see that at the Fermi level, the majority of the DOS
is from the Ni 3d,>_,> orbital, but both the Nd 5d;._,> and
the interstitial s orbitals also have finite DOS. The additional
Fermi surface around the I" point is formed by the Nd 5d5,._,»
orbital, whereas that around the A point is formed by the inter-
stitial s orbital, in accord with the orbital character analysis in
Figs. 1(b) and 1(c). The absence of the apical oxygen makes
the lattice constant along the z direction small, resulting in the
large bandwidth of the Nd-layer orbitals. Because of the finite
occupation of the Nd 5d3,2_,> and the interstitial s orbitals, the
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FIG. 3. (a) Dispersion of the three-orbital tight-binding model (blue dashed curves). Red solid curves show the DFT band structure.
(b) Isosurfaces (yellow: positive, light blue: negative) of constructed maximally localized Wannier functions (drawn by VESTA [52]).
(c) Projected density of states (PDOS) and (d) fat bands of the three-orbital tight-binding model. In the fat bands, the size of the symbols

is proportional to the weight of the respective orbital components.

occupation of the Ni 3d,>_,» orbital deviates from half-filling.
The calculated occupation is about 0.87, corresponding to
13% hole doping. This number is consistent with an estimate
in the previous study [29].

The absence of apical oxygen makes the Ni 3d,>_,» band
highly two dimensional. It can be confirmed by the shape of
the PDOS of Ni 3d,»_,» and the negligible dispersion along
the z direction.

D. Correlation strength

The analysis in Sec. III C leads to the conclusion that the
low-energy electronic structure of NdNiO, is well character-
ized by the highly two-dimensional Ni 3d,>_,» band and two
independent Nd-layer bands. Then, an important question is
whether Ni 3d,>_,» bands are strongly correlated or not. To
answer this question, we estimate the strength of the effective
Coulomb repulsion using the cRPA method [35].

First, we calculate the interaction parameters for the three-
orbital model. Table II shows our calculated effective inter-
action parameters of the three-orbital model. The Ni 3d,>_
onsite interaction U is about 3.1 eV, which is comparable to
the bandwidth of the Ni 3d,>_,> band (about 3 eV). Compared
to U for the Ni 3d,>_,» orbital, U for the Nd 5d3.2_,> and the
interstitial s orbitals are smaller, reflecting their larger spatial
spread.

If we take account of the metallic screening by the Nd-layer
orbitals, the effective interaction parameter for the Ni 3d,>_,
orbital will be reduced. To investigate this screening effect, we

calculate the interaction parameter for the Ni 3d,»_> single-
orbital model by including the Nd-layer screening effect.
Table III shows the main Coulomb interaction parameters of
the single-band model. We also show the hopping parameters
in the table. What is interesting is that even when the Nd-layer
metallic screening effect is incorporated, the Ni 3d,2_,> orbital
has an onsite interaction of about 2.6 eV, and the reduction of
U is less than 20%. We note that if the Ni 3d,>_,» intraband
metallic screening effect is further taken into account, U is
drastically reduced down to about 1.2 eV. Therefore, the effect
of the metallic screening by electrons in the Nd layer on the
Ni 3d,>_,> onsite interaction is weak.

The mechanism behind the weak screening effect is sum-
marized by the following three points: (i) The electron density
of the Nd-layer orbitals is spatially separated from the NiO;
plane. Therefore, the electron clouds of the Nd-layer orbitals
cannot directly screen the Coulomb interaction in the NiO,
plane. (ii) The Nd-layer polarization is not strong because

TABLE II. Calculated onsite interaction parameters U in the
three-orbital model. Unit is given in eV. QUANTUM ESPRESSO and
xTAPP give consistent results.

QUANTUM ESPRESSO xTAPP
UNids_p) 3.109 3.129
Unacsaz) 2.108 2.133
[Jinterstitial(s) 1.075 1.121
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TABLE III. Calculated interaction parameters in the single-
orbital model. U is onsite interaction and V, and V, represent nearest-
neighbor interactions along the a and ¢ axes, respectively. ¢, t/,
t” are the nearest, next-nearest, and third-nearest transfer integrals,
respectively. Unit is given in eV. QUANTUM ESPRESSO and xTAPP
give consistent results.

QUANTUM ESPRESSO xTAPP
U 2.608 2.578
v, 0.218 0.223
V. 0.143 0.154
t —-0.370 —0.375
t 0.092 0.091
t” —0.045 —0.044
|U/t] 7.052 6.874
t'/t —0.250 —0.243

the DOS of the Nd-layer orbitals is small at the Fermi level.
(iii) The orbital off-diagonal polarization involving the Ni
3d,>_y» orbital and the Nd-layer orbitals is small because of
the tiny hybridization as discussed in the previous section.
More detailed discussion on the role of the Nd-layer screening
can be found in Appendix A.

Therefore, the Ni 3d._, orbital feels strong onsite
Coulomb repulsion. The nearest transfer ¢ is nearly —0.37 eV,
and thus the ratio |U/¢| amounts to around 7, whose value is
comparable to that estimated for the cuprates [60—65]. There-
fore, we conclude that the Ni 3d,»_. electrons in NdNiO,
form strongly correlated two-dimensional system.

As for other parameters in the table, V, and V, represent
nearest-neighbor interactions along the a and ¢ axes, respec-
tively, which are sufficiently smaller than U. ' and ¢” are the
next-nearest and third-nearest transfer integrals, respectively.
In particular, frustration degree of freedom in the square
lattice ¢/t is nearly —0.25, which is comparable to that of
cuprate [29,66]

IV. BAND ENGINEERING FOR REALIZING PURE
MOTT-HUBBARD-TYPE SINGLE-BAND SYSTEM

So far, we have shown that the electronic structure of
NdNiO; can be accurately described by a single-orbital
strongly correlated Ni 3d,2_,> band coupled weakly to the Nd-
layer electrons. Considering the large charge-transfer energy,
NdNiO, would belong to the Mott-Hubbard type [32] rather
than the charge-transfer type in the Zaanen-Sawatzky-Allen
classification scheme [34]. Therefore, the nickelate would be
an interesting playground for investigating superconductivity
in the Mott-Hubbard-type single-band system, which will
promote the understanding of the high-7; superconductivity
in the cuprates.

Here, we propose a way to perform “band engineering”
to realize a more ideal two-dimensional Mott-Hubbard-type
single-band system, in which almost only the Ni 3d,>_,>» band
intersects the Fermi surface. For this purpose, we need to
eliminate the Fermi pocket around I" and A points originated
from the Nd-layer band. Because the Fermi pocket around
the T" point is already small, we hereafter focus on the Fermi
pocket around the A point.

Energy (eV)

FIG. 4. DFT band structure of NdNiO,. The black dotted and
red solid curves are calculated with the original lattice constant a
and 1.05 x a, respectively. The green open circles indicate the band
bottom of the bonding band between the interstitial s and Nd 54,
orbitals (below the Fermi level) and the band top of the antibonding
band (above the Fermi level).

As we have already discussed in Sec. III A, the band
dispersion of the bonding state between the interstitial s and
Nd 5d,, orbitals takes its minimum at the A point in k space.”
The energy of the band bottom is located well below the Fermi
level (~ — 1.5 eV). The energy of the antibonding state at the
A point is located around 9 eV, and the energy difference is
larger than 10 eV (see Fig. 1).

In order to eliminate the Fermi pocket from the bonding
orbital, there are basically two strategies: (i) reduce the band-
width and make the energy difference between the bonding
and antibonding states smaller; (ii) raise the energy center
of the bonding-antibonding gap. The former is related to the
strength of the hopping between the interstitial s and Nd 5d,
orbitals, whereas the latter is related to their onsite energy
levels. Because the hopping amplitude is easier to control, we
follow the former strategy.

To reduce the hopping amplitude between the interstitial
s and Nd 5d,, orbitals, the simplest way is to increase the
in-plane lattice constant a. By increasing a by 5%, we indeed
see that the energy difference between the bonding and an-
tibonding states at the A point becomes smaller and that the
band bottom of the bonding state becomes closer to the Fermi
level (see Fig. 4). However, the effect is not strong enough to
eliminate the Fermi surface.

Alternatively, let us introduce a new block anion layer, then
we can reduce the hopping amplitude without applying the
tensile strain. Here, the unit cell consists of two anion layers
(NiO; and new anion layer) and two cation layers (such as La
and Nd). It should be noted that the mirror inversion symmetry
with respect to the cation layers is broken. Then, the height of
the center of the interstitial s and cation 5d,, orbitals becomes

>We note thaton k, = 0 plane, the interstitial s and Nd 5d,, orbitals
can also hybridize to Ni 3d;2_,> orbital, whereas on k, = m /c plane,
the hybridization is zero by symmetry. This makes a difference
between k, = 0 and k, = 7 /c planes, where the former has no Fermi
pocket around M point while the latter has the Fermi pocket around
the A point.
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FIG. 5. (a) Crystal structure and (b) DFT band structure of NaNd,NiQy. (c) Crystal structure and (d) DFT band structure of NaCa,;NiOj;.
The green open circles indicate the band bottom of the bonding band between the interstitial s and cation d,, orbital (below the Fermi level)

and the band top of the antibonding band (above the Fermi level).

different. Because of the bending of the hopping path, the
hopping amplitude is expected to decrease.

We have verified several different possibilities for the new
block layers, such as LiO,, NaO,, LiO, and NaO. In the case
of LiO and NaO, to satisfy the charge neutrality, we change
the cation layer from Nd to Sr or Ca. Among them, we find
that NaNd,NiO4 and NaCa,NiQO3, whose structures are shown
in Figs. 5(a) and 5(c), are potential candidates to realize an
ideal two-dimensional Mott-Hubbard-type correlated system.
The band structures for NaNd,NiO4 and NaCa,NiO3; are
shown in Figs. 5(b) and 5(d), respectively. In these materials,
because there exist two anion layers, M point corresponds to
A point in NdNiO,. Remarkably, in both materials, the Fermi
pockets around the M point almost disappear.

Indeed, in these two materials, as shown in Table IV, the
energy difference between the bonding and antibonding states
AE}, (9.298 and 7.650 eV) is significantly smaller than that of
NdNiO; (10.837 eV). Especially in NaCa;NiOs3, even though
the in-plane lattice constant a is smaller than that of NdNiO,,
we see a significant decrease in AE},, which can be ascribed
to the bending of the hopping path on the cation layer. The
increase in the energy difference between the interstitial s and

TABLE IV. Energy of the interstitial s and the cation d,,
orbitals (AE; and AE, , respectively) for NdNiO,, LiNd,;NiOy,
NaNd,NiOy4, and NaCa,NiO;. We also show the energies for the
bottom of the bonding band E;, and the top of the antibonding band
E,. AEy; and AE,, are the energy difference between s and d,, states
and bonding and antibonding bands, respectively. Here, d,, indicates
the Nd 5d,, orbital for NdNiO,, LiNd,;NiO4, and NaNd,NiO,, and
the Ca 3d,, orbital for NaCa,NiOs. E,; and E,  are estimated,
respectively, from R and Z points in NdNiO,, and from X and T’
points in the other materials. In these k points, the hybridization
between the interstitial s or d,, orbitals and the other orbitals becomes
small. E;, and E, are estimated from A point in NdNiO,, and M point
in the other materials. The unit for length is A. The energy unit is eV.

a E.v dey Eh Ea AEvd AE‘ba
NdNiO, 3.921 (expt.) 2.529 3.676 —1.567 9.270 1.147 10.837
LiNd;NiOy4 3.908 3.116 4.212 —1.014 9.545 1.096 10.559
NaNd,;NiO4 4.056 3.739 3.908 —0.271 9.027 0.169 9.298
NaCa;NiO; 3.918 1.421 4777 0.368 8.018 3.356 7.650

Nd 5d,, orbitals (see AE;;) makes the hybridization smaller,
and this is also helpful in reducing AEp,. Finally, let us
mention that the effect is material dependent. For example,
in LiNd,;NiOy, the decrease in AE}, is not so drastic and
the Fermi pocket survives (not shown). However, we see that
the decrease in AEp, is a general tendency, therefore, we
believe that the present results provide a useful guideline for
future material synthesis.

V. SUMMARY

In this paper, we studied the role of the states in the
Nd layer in the newly discovered nickelate superconductor
NdNiO,. While only the 3d,»_,» band among the five 3d
bands intersects the Fermi level, we need at least two states
to represent the Fermi pockets formed by the states in the Nd
layer: one is the Nd 5d;,._,- state, and the other is an inter-
stitial s state, which makes the situation similar to electrides.
In the three-orbital model for these states, the hybridization
between the Nd-layer states and Ni 3d,>_» state is small. We
performed a calculation based on the cRPA to estimate the
interaction parameters. By comparing the results for the three-
orbital and single-orbital models for the Ni 3d,._,» orbital,
we found that the screening effect of the Nd-layer states is
not so effective, reducing the Hubbard U between the Ni
3d,>_,» electrons just by 10%—-20%. On the other hand, the
electron-phonon coupling constant is not larger than 0.5, so
that the phonon mechanism is unlikely. Given the results in-
dicating that NdNiO, hosts an almost ideal single-component
correlated 3d,>_,» electron, we further study whether we can
eliminate the Fermi pockets formed by the Nd-layer states.
We found that these Fermi pockets dramatically shrink if
the hybridization between the interstitial s state and the Nd
5d,, states is reduced. By an extensive materials search, we
found that the Fermi pockets almost disappear in NaNd;NiO4
and NaCa,NiOs. These nickelates will provide an interesting
playground to investigate the possibility of high-7.. supercon-
ductivity in the Mott-Hubbard regime.
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TABLE V. Comparison of cRPA onsite interactions among seven-orbital, five-orbital, three-orbital, and single-orbital models. Unit is given

in eV. QUANTUM ESPRESSO and XTAPP give consistent results.

QUANTUM ESPRESSO xTAPP
7 orbital 5 orbital 3 orbital 1 orbital 7 orbital 5 orbital 3 orbital 1 orbital

UNiGdXZ,\.z) 5.112 2.933 3.109 2.608 5.144 2.841 3.129 2.578
UNi(3dzz)l 6.824 2.649 6.757 2.793

UNiG3dyy) 5.501 3.294 5.488 3.171

UniGdy) 5.841 3.096 5.837 3.099

UniG3d,y) 5.841 3.096 5.837 3.099

Undsaz2) 2.972 2.108 2.950 2.134

Uineerstitial(s) 2.491 1.075 2.453 1.121

R.A)), No. 17K14336 (Y.N.), No. 18HO1158 (Y.N.), No.
16K05452 (K.N.), No. 17H03393 (K.N.), No. 17H03379
(K.N.), No. 19K03673 (K.N.), and No. 19H05825 (R.A.).

APPENDIX A: SCREENING PROCESS FOR THE ONSITE
INTERACTION OF Ni 3d,._,» ORBITAL

In Sec. III D, we have discussed that as far as the three-
orbital model is concerned, the screening effect of the Nd
layer on the NiO, layer is not so appreciable. In this Ap-
pendix, we discuss this point in more detail by comparing
different models including five Ni 3d orbitals.

Table V is a list of calculated cRPA onsite interactions for
the seven-orbital, five-orbital, three-orbital, and single-orbital
models. In the seven-orbital model, the five Ni 3d orbitals,
Nd 5d5,._,2, and interstitial s orbitals are considered. In the
five-orbital model, only the five Ni 3d orbitals are taken into
account.

Here, we focus on the onsite interaction U of the Ni
3d,>_y» orbital. In the calculation of U using the cRPA, the
screening processes within the orbitals included in the model
are excluded in order to avoid the double counting of the
screening [35]. Therefore, the U value is different among dif-
ferent models because the exclusion of the screening is done
in a different way. The comparison of the onsite interaction
parameters shows the following:

(1) The difference in U between the seven-orbital and
five-orbital models is mainly due to screening through the
Nd layer [types (b) and (c) in Fig. 6], which is excluded in
the calculation of U in the seven-orbital model. For example,
since Ni 3d;,._,» orbitals can hybridize with the interstitial s
orbital in the Nd layer, the screening channel shown in the
Fig. 6(b) can be active. Then, the screening from the Nd layer
becomes effective, in accord with the recent cRPA calculation
by Sakakibara er al. [31].

(2) The difference in U between the seven-orbital and
three-orbital models is mainly due to screening through the
NiO; layer [Fig. 6(a)] and partially contributed from the Nd-
layer screening [Fig. 6(b)].

(3) The difference in U between the three-orbital and
single-orbital models arises from the screening process in
Fig. 6(c) only. It should be noted here that the DOS of the
Nd-layer orbitals is small at the Fermi level [Fig. 3(c)], and
then this screening channel can not be drastic [point (ii) in
Sec. IIID]. In addition, the process in Fig. 6(b) becomes
almost irrelevant because the hybridization between the Ni
3d,>_,» orbital and the Nd 5d3,_,» and interstitial s orbitals
is negligibly small [point (iii) in Sec. III D]. The process in
Fig. 6(a) is also irrelevant because the screening process from
the Ni 3d,>_,» orbital itself is excluded in the cRPA [point (i)
in Sec. III D].

(a) (b) (c)
Nd layer Nd layer 9 Nd layer I
: o} : : s
NiO, layer NiO, layer NiO, layer

FIG. 6. Schematic diagram for screening processes for the 3d,2_

> orbital at a Ni site (blue circles). Upper-green and lower-gray layers

represent Nd and NiO, layers, respectively. Dashed lines are Coulomb interactions, and solid oval lines with arrows describe the polarization
in which the red dots represent the polarization points. In the figure, an RPA diagram (symbolically for the second-order one) for the effective
onsite interaction is shown, and three types of screening processes are depicted. (a) Screening process via the intralayer polarization in the
NiO, layer. (b) Screening process via the interlayer polarization. (c) Screening process via the intralayer polarization in Nd layer. The red
points and the blue circles in (a) and (b) may share the same Ni site, although they are depicted at difference positions.
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Therefore, whereas the Nd-layer screening plays an impor-
tant role in the seven-orbital model [31], its effect is small in
the three-orbital model.

APPENDIX B: THREE-ORBITAL MODEL WITH THE Nd
5d,, ORBITAL

As we have already discussed in Sec. III C, the DFT band
dispersion around the A point can also be reproduced by con-
structing the model with the Nd 5d, orbital. For comparison,
we show, in Fig. 7, the calculated band dispersion of this
alternative three-orbital tight-binding Hamiltonian [Fig. 7(a)]
and the resulting maximally localized Wannier function for
Nd 5d,, orbital [Fig. 7(b)]. Compared with the Wannier-
interpolated band in Fig. 3(a), we see differences in the
dispersion of the conduction band.

e

(@ (b)
\
/
N/
=

TN

r XM T Z

Energy (eV)

AN Y

FIG. 7. (a) Dispersion of three-orbital tight-binding model using
Ni 3d,2_y», Nd 5d;,2_,2, and Nd 5d,, orbitals (blue dashed curves).
Red solid curves show the DFT band structure. (b) Isosurfaces
(yellow: positive, light blue: negative) of constructed maximally
localized Wannier function for Nd 5d,, orbital (drawn by VESTA
[52]).
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