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The recent observation of superconductivity in hole-doped NdNiO2 has generated considerable
attention. The similarities and differences between this infinite-layer nickelates and cuprates are still
an open question. To address this issue we derive, via-principles calculations, essential facts related to the
electronic structure and magnetism of RNiO2 (R ¼ La, Nd) in comparison to their cuprate analog CaCuO2.
From this detailed comparison, we find that RNiO2 are promising as cuprate analogs. Besides the much
larger d − p energy splitting, and the presence of R 5d states near the Fermi energy in the parent compound,
all other electronic-structure parameters seem to be favorable in the context of superconductivity as inferred
from the cuprates. In particular, the large value of the longer-range hopping t0 and the eg energy splitting are
similar to those obtained in cuprates. Doping further acts to increase the cupratelike character of these
nickelates by suppressing the self-doping effect of the R 5d bands.
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The quest for finding cuprate analogs in connection
with high-Tc superconductivity has followed several
routes [1]. Looking at nickelates has been an obvious
path: Nickel is next to copper in the periodic table, and if
the former could be realized in the 1þ oxidation state, it
would be isoelectronic with Cu2þ [2]. Low-valence-
layered nickelates are the closest cuprate analogs in terms
of their structure as well as in terms of electron count. This
family of materials is represented by the series
Rnþ1ðNiO2ÞnO2 (R ¼ La, Pr, Nd, n ¼ 2; 3;…;∞). Each
member contains n-cupratelike NiO2 layers. The hard-to-
stabilize Ni1þ oxidation state is indeed realized in the
infinite-layer square planar materials RNiO2 (R ¼ La, Nd)
[3,4] with the same P4=mmm crystal structure as the
parent compound of high-Tc cuprates, CaCuO2 (Fig. 1).
The latter has a Tc of 110 K upon hole doping [5]. Still,
doubts have been raised that RNiO2 would be cuprate
analogs. Available transport data indicate that LaNiO2 is
not a charge-transfer insulator [6,7] and there is no
experimental evidence for antiferromagnetic order in
any RNiO2 material [8]. Electronic-structure calculations

of LaNiO2 indicate significant differences from CaCuO2

due to the presence of low-lying La 5d states, as well as an
increased splitting between Ni d and O p levels [9–11].
The recent observation of superconductivity in infinite-

layer nickelates begs a reconsideration of this earlier think-
ing. Li et al. [12] analyzed thin films of Sr-doped LaNiO2

with the goal of hole doping the parent phase. However,
these sampleswere not superconducting. In order to emulate
the chemical pressure effect already reported for the n ¼ 3
member of the series (La4Ni3O8 is insulating at low temper-
ature, whereas Pr4Ni3O8 is metallic [13]), they turned their
attention to theNd counterpart. Indeed, Sr-doped samples of
NdNiO2 did show a superconducting transition, with an
onset at 14.9 K.
In this new context, we analyze the electronic structure of

RNiO2 and do a detailed comparison to that of CaCuO2. In
order to address the cupratelike character of the 112 nickel-
ates, we focus on three key factors that have been deemed to

FIG. 1. Crystal structure of CaCuO2 (left) and LaNiO2 (right).
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be crucial for superconductivity in cuprates: (1) The charge-
transfer energy,Δ ¼ ϵd − ϵp. In cuprates, the smallerΔ, the
largerTc [14].We find amuch largerΔ inRNiO2with respect
to its cuprate analog. (2) The relative strength of longer-range
hopping to nearest-neighbor hopping in a one-band model
(t0=t ratio). This has been shown by Pavarini et al. to correlate
with a high Tc in the cuprates [15]. We find an identical t0=t
ratio in RNiO2 and CaCuO2. (3) The splitting of the two eg
orbital energies, which also correlates with Tc in cuprates
[16]. We find this splitting is also practically identical in the
cuprate and nickelate. All in all, our results highlight the
importance of the t0=t ratio and the eg energy splitting for
superconductivity, and point to the need to reevaluate the
charge-transfer energy criterion as the value of Δ in RNiO2

would put these materials well outside of the bounds for
superconductivity in the cuprate context [14].
Computational methods.—Electronic-structure calcula-

tions were performed using the all-electron, full-potential
code WIEN2k [17] based on the augmented plane wave
plus local orbitals (APWþ LO) basis set. The Perdew-
Burke-Ernzerhof version of the generalized gradient
approximation (GGA) [18] was used for the nonmagnetic
calculations. The missing correlations beyond GGA
at Ni sites were taken into account through LDAþ U
calculations. Two LDAþ U schemes were used: the “fully
localized limit” (FLL) and the “around mean field” (AMF)
[19,20]. For both schemes, we have studied the evolution of
the electronic structure with increasing U (UNi ¼ 1.4
to 6 eV, J ¼ 0.8 eV). The lattice parameters used for
LaNiO2were a ¼ 3.96 Å, c ¼ 3.37 Å, for NdNiO2

a ¼ 3.92 Å, c ¼ 3.28 Å, for CaCuO2 a ¼ 3.86 Å,
c ¼ 3.20 Å. Supercells of size 2 × 2, 3 × 2, and 3 × 3
relative to the primitive P4=mmm cell were employed to
study the effect of Sr doping.
To look for possible magnetic solutions,
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× 2 cells were constructed. Calculations for

different magnetic configurations were performed: (i) ferro-
magnetic (FM), (ii) antiferromagnetic (AFM) in plane with
FM coupling out of plane, (iii) AFM in plane with AFM
coupling out of plane. For all calculations, we converged
using RmtKmax ¼ 7.0. The muffin-tin radii used were
typical values of 2.5 Å for La and Nd, 2.35 Å for Ca,
2 Å for Ni, 1.95 Å for Cu and 1.72 Å for O. A mesh of
25 × 25 × 25 k points in the irreducible Brillouin zone was
used for the nonmagnetic calculations.
To further understand the electronic structure and the

comparison of Ni to Cu, we perform an analysis based on
maximally localized Wannier functions (MLWFs) [21]. For
the spread functional minimization, we used WANNIER90

[22]. Postprocessing of MLWFs to generate tight-binding
band structures, hopping integrals, and plots of Wannier
orbitals was done with WIEN2WANNIER [23]. These values
were also used as start values for a Slater-Koster fit of the
electronic structure [24]. In addition, we perform a simple
tight-binding fit of the dominant dx2−y2-pσ antibonding
band at the Fermi energy.

Comparison of the nonmagnetic electronic structures of
CaCuO2 and RNiO2.—We start by describing some basic
aspects of the electronic structure of CaCuO2 and LaNiO2.
Figure 1 shows the band structures and orbital-resolved
density of states highlighting the Ni=Cu dx2−y2 and dz2 and
O p characters for these two materials. We choose to focus
on LaNiO2 rather than its Nd counterpart to avoid issues
connected with the R 4f states. The effect of La by Nd
substitution in the nonmagnetic electronic structure is
negligible (Fig. 1 of Ref. [25]; further details contrasting
Nd with La can be found here as well).
In both CaCuO2 and LaNiO2, a wide dx2−y2 band crosses

the Fermi level whose bandwidth is reduced by 1 eV in the
Ni case with respect to the cuprate due to the increased p-d
splitting (see below). The bandwidth of the dz2 band (that
appears at lower energies) is in turn increased in the Ni case
due to increased hybridization along c.
The most obvious differences between the electronic

structures of these two materials arise from the different
energies of the spacer cation bands, and the difference in p-d
splitting. The Ca 3d bands extend down to about 2 eVabove
the Fermi level, whereas the La 5d bands dip down and
actually cross the Fermi energy, with the pocket at Γ having
mostly La dz2 character, that at A La dxy character. This is
consistent with previous work [9–11]. These two electron
pockets in the Ni case lead to self-hole-doping of the large
holelike dx2−y2 antibonding Fermi surface (Fig. 2) by about
7%. This self-doping effect from R 5d bands is consistent
with transport data, which indicates weak localization for
RNiO2 [7,12] similar to what is seen in underdoped (as
opposed to undoped) cuprates. In addition, this self-doping
effect is likely responsible for the suppression of magnetism,
and it also implies that the value for optimal doping for Tc
could differ from that of the cuprates. The difference in
charge-transfer energy between Ni and Cu compounds is
obvious from the DOS plot that shows a high degree of p-d
hybridization in CaCuO2, whereas in LaNiO2 the O p states
are located 3–4 eV below the Ni d bands. More detailed
values of on-site energies are given below.
Wannierization.—Since the starting procedure is to

assign orbitals localized at specific sites in the initial
projection to obtain MLWFs, our choice is to take the
obvious set of five Cu=Ni d and six O p orbitals. Inclusion
of the La=Ca dz2 orbital improves the fits. The agreement
between the band structures obtained from the Wannier
function interpolation and that derived from the density-
functional theory calculations is excellent, indicating a
faithful (though not unique) transformation to MLWFs. The
Wannier functions describe d-like orbitals centered on the
Ni=Cu sites (with some O p contribution for the dx2−y2
orbitals) and p-like on the O sites (Fig. 3). The spatial
extent of these functions is small and comparable in the Ni
and Cu cases (∼1 Å2).
The on-site energies and hoppings obtained from the

Wannier fits are shown in Table I. We note that ϵd − ϵp
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(referring to dx2−y2 and pσ) is 4.4 and 2.7 eV for Ni and Cu,
respectively. The former, asmentioned above, is well outside
the range observed for cuprates [14]. Remarkably, thepd and
pp hopping parameters are almost identical for the two
materials, particularly those relevant for the dx2−y2 and pσ
orbitals.We in turn have used these parameters as start values
for Slater-Koster fits to the band structures as shown
in Ref. [25].
Analysis of cuprate criteria in RNiO2.—After describing

basic aspects of the electronic structure of the parent
compounds RNiO2 and CaCuO2, we now turn our attention
to the three criteria that have been deemed to correlate with
Tc in cuprates: (1) the eg energy splitting, (2) t0=t ratio, and
(3) the charge-transfer energy Δ.
(1) eg energy splitting.—It has been suggested that the

Tc of the cuprates is correlated with the splitting of
the dx2−y2 and dz2 energies, with a larger value giving
rise to a higher Tc due to reduced mixing of these
orbitals [16]. We have compared this energy differ-

ence in the Cu and Ni cases using the band centroids
calculated as Ei ¼

R
giðEÞEdE=

R
giðEÞ, as done in

previous work for cuprates [26]. Here, gi is the
partial density of states associated with orbital i. The
integration range covers the antibonding band com-
plex for Ni=Cu eg states. The values we derived for
CaCuO2 are Ex2−y2 ¼ −0.22 eV, Ez2 ¼ −2.36 eV,
giving a splitting of 2.14 eV. For LaNiO2,
Ex2−y2 ¼ 0.20 eV, Ez2 ¼ −1.75 eV, with a compa-
rable splitting of 1.95 eV. From the Wannierization,
the splitting between the dx2−y2 and dz2 energies
(0.7 eV for Ni, 1.0 eV for Cu) is considerably
smaller than that derived from the integration of the
density of states, but still the difference between Ni
and Cu is comparable (0.2 eV compared to 0.3 eV).

(2) t0=t ratio.—Another quantity that has been deemed
important for Tc in the cuprates is the ratio t0=t that

FIG. 2. Top and middle panels. Comparison of the Fermi
surface, band structure (dx2−y2 and dz2 characters highlighted),
and orbital-resolved density of states (Ni=Cu dx2−y2 and dz2 ,
O px, py, and pz) of CaCuO2 and LaNiO2. Bottom panel. Tight
binding fit to the dx2−y2 band at the Fermi energy for both
materials.

FIG. 3. Wannier fits (red) and density-functional theory band
structures (blue) of CaCuO2 (top) and LaNiO2 (middle). Com-
parison of Wannier functions of the dx2−y2 and px character for
CaCuO2 and LaNiO2 (bottom); the rest are shown in Fig. 2 of
Ref. [25]. Colors represent the sign of the Wannier function. The
large spheres are the Ca (cyan) and La (gray) atoms.
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describes the relative strength of longer-range hop-
ping to nearest-neighbor hopping in a one-band
model—materials with a larger ratio have a higher
Tc [15]. To estimate this ratio, we perform a six-
parameter tight-binding fit to the dx2−y2 band at the
Fermi energy. Values are listed in Table II along with
the associated tight-binding functions, and the re-
sulting band structures are plotted in Fig. 2. Note
that these fits differ from those of Lee and Pickett
[9]. In particular, we considered longer-range in-
plane hoppings, and our interlayer functions also
differ, in that they take into account the mixing of

relevant “even” (with respect to the diagonal mirror
plane) states (4s, dz2 , pz) with the “odd” dx2−y2 state
that has a ½cosðkxaÞ − cosðkyaÞ�2 dependence. Then,
the t0=t ratio is defined as proposed by Sakakibara
et al. [16] as ðjt3j þ jt2jÞ=jt1j. The resulting ratio in
both cases is quite large, of order 0.4, comparable to
that observed for the highest Tc cuprates. We note,
though, that t itself for Ni is 80% of that for Cu due
to the increased d�p splitting.

(3) Charge-transfer energy.—Finally, the difference in
on-site p and d energies (i.e., the charge-transfer
energy) in cuprates has also been correlated with Tc,
with smaller values promoting a larger Tc [14]. In
this context, the degree of hybridization between the
p and d states is reduced in the Ni case with respect
to Cu as can be observed from the orbital-resolved
density of states (Fig. 2). Moreover, the difference
between these two on-site energies found from the
Wannier fits for LaNiO2 well exceeds that seen in
the cuprates [14]—a value of 4.4 eV is derived for
the nickelate versus 2.7 eV for the cuprate.

Magnetism in RNiO2.—A C-type AFM state is the
ground state of the system from first principles, even at
the GGA level, with magnetic moments inside the Ni
spheres of ∼0.7 μB. The FM state gives rise to a reduced
magnetic moment of ∼0.2 μB at the GGA level, less stable
than the C-type AFM state by 0.72 meV=Ni. The energy
difference obtained with respect to the nonmagnetic state is
0.70 and 0.69 meV=Ni with respect to an A-type AFM
state. The prediction is then that, although antiferromag-
netism should exist in LaNiO2, the energy gain from the
paramagnetic state is small. Additionally, we should note
that no experimental evidence for antiferromagnetic order
has been reported for RNiO2. In fact, for LaNiO2, the
susceptibility looks Pauli-like except for a low T upturn
that is probably due to nickel metal impurities [4]. As we
commented above, the lack of magnetism is likely due to
the self-doped holes destroying long-range order, an effect
not captured in mean-field simulations.
The results of the LDAþU calculations reported by

Anisimov et al. [2] for LaNiO2 gave a stable AFM insulator
with the only unoccupied d levels being those of the
minority-spin dx2−y2 orbital. This would then be equivalent
to the situation in CaCuO2. However, we cannot reproduce
this insulating state. As U increases, for both the AMF
and FLL schemes (U ≥ 4 eV), hybridization with the
La d states causes the Ni dz2 orbitals to rise in energy
and stabilizes a metallic AFM ground state even further.
This can be clearly observed in Fig. 4 of Ref. [25]. Con-
comitantly, the value of the magnetic moment at the Ni site
increases up to the highest U value used of 6 eV. As stated
above, the moments obtained in the FM and AFM states are
very different, implying that one cannot map the energies
of these states onto a Heisenberg model as done in the
cuprates.

TABLE I. Calculated on-site energies and hoppings for
CaCuO2 and LaNiO2 derived from the Wannier functions. O1
bonds to Ni=Cu along the x direction, and O2 bonds to Ni=Cu
along the y direction.

Wannier on-site energies (eV) CaCuO2 LaNiO2

dxy −2.55 −1.75
dxz;yz −2.44 −1.65
dx2−y2 −1.51 −1.02
dz2 −2.48 −1.73
px O1 −4.20 −5.41
py O1 −2.56 −4.48
pz O1 −2.72 −4.46
px O2 −2.56 −4.47
py O2 −4.19 −5.41
pz O2 −2.72 −4.46

Wannier hoppings (eV)
dxy − py O1 0.71 0.71
dxz − pz O1 0.75 0.73
dx2−y2 − px O1 −1.20 −1.23
dz2 − px O1 0.25 0.20
py O2–px O1 0.53 0.59
px O2–px O1 −0.33 −0.27
py O2–py O1 0.33 0.27
px O2–py O1 −0.37 −0.16
pz O2–pz O1 −0.17 −0.19

TABLE II. Tight binding fits for the dx2−y2 band at the Fermi
energy for CaCuO2 and LaNiO2, along with the ratio t0=t defined
as ðjt3j þ jt2jÞ=jt1j, with ϵðkÞ ¼ P

i tifiðkÞ. Here, wtðkÞ is
½cosðkxaÞ − cosðkyaÞ�2=4. Units are meV. i ranges in the table
from 0 to 5, and corresponds to lattice vectors (0,0,0), (1,0,0),
(1,1,0), (2,0,0), (0,0,1) and (0,0,2).

fi ti (LaNiO2) ti (CaCuO2)

1 249 201
2½cosðkxaÞ þ cosðkyaÞ� −368 −460
4 cosðkxaÞ cosðkyaÞ 92 99
2½cosð2kxaÞ þ cosð2kyaÞ� −43 −73
wtðkÞ cosðkzcÞ −248 −221
wtðkÞ cosð2kzcÞ 67 50
t0=t 0.37 0.37
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Doping studies.—As argued above, because of the self-
doping from the two R-d electron pockets at Γ and A, the
doping for optimal Tc should be different in the nickelate
with respect to cuprates. For a more sophisticated analysis
of doping, we examine the effect of Sr doping by employ-
ing supercells that would give rise to an average d filling of
8.89, 8.75, 8.5, respectively. The corresponding orbital-
resolved densities of states for La d and Ni d are shown in
Fig. 4. The La dxy character at EF is diminished upon
doping as is the La dz2 character. The concomitant effect
can be seen in the orbital-resolved Ni d DOS, where, upon
doping, the dz2 DOS above EF is completely suppressed.
This will act to reduce the self-doping effect mentioned
above and give a more pure single-band cupratelike picture.
This description of the electronic structure upon doping

is consistent with the interpretation of the Hall data for the
doped versus undoped material. For the doped case, a low T
value of RH of þ0.4 × 10−3 cm−3=C is reported [12]. For
this doping (0.2), we obtain, using a rigid band shift of EF,
a value of þ0.2 which rises to þ0.3 if the two small La 5d
pockets are not included (details of the RH calculation [27]
are presented in Ref. [25]). This implies that the large Fermi
surface dominates RH at this doping, consistent with what
is found in the cuprates. In contrast, for the undoped

material, values of RH near zero temperature of −4.6 [7]
and −7.0 × 10−3 cm−3=C [6,12] have been reported. This
is inconsistent with the presence of a large holelike Fermi
surface. Instead, we find a value of −5.2 when restricting
the RH estimate to just the two small La 5d electron pockets
at Γ and A. This implies that the large holelike Fermi
surface is not contributing to the transport in the undoped
material, similar to observations for underdoped cuprates.
RNiO2 materials in the context of other layered nickel-

ates.—RNiO2 have opened up the possibility of a Ni-based
family of unconventional superconductors. In this context,
we note that, based on their electronic structure, the n ¼ 3
members of the series (R4Ni3O8) are evenmore promising as
cuprate analogs. With an average Ni valence of 1.33+, these
materials are in the overdoped regime of the cuprate phase
diagram, and in principle should be superconducting upon
electron doping [28]. R4Ni3O8 compounds have a large
orbital polarization, with the involvement of a single band of
dx2−y2 character near the Fermi level (without R 5d pockets),
and a larger degree of p-d hybridization [13]. In addition,
unlikeRNiO2 materials, they offer the possibility of a parent
insulating antiferromagnetic phase at d9 filling [28].
To summarize, despite negative conclusions from earlier

work, we find that RNiO2 are promising as cuprate analogs.
To show this, we analyze three key factors for super-
conductivity in cuprates and compare them to the infinite-
layer nickelate. In particular, we find an identical t0=t ratio
and near identical eg splitting in RNiO2 and CaCuO2. The
main difference between the two materials is the charge-
transfer energy Δ ¼ ϵd − ϵp, much larger in RNiO2. Our
results point to the need to reexamine this last criterion for
superconductivity as the derived Δ puts the nickelates well
outside the bounds for superconductivity in the cuprate
context (though it could be responsible for the suppressed
value of Tc). Another difference in the parent RNiO2

compounds is the presence of R 5d states near the Fermi
energy in the parent phase. However, we emphasize that Sr
doping further acts to increase the cupratelike character by
suppressing this self-doping effect. In retrospect, then, the
discovery of superconductivity in Sr-doped NdNiO2 should
not be as surprising as it has turned out to be. In that
context, we should note that electron doping of SrCuO2

leads to the highest Tc among electron-doped cuprates [29].
Therefore, electron doping of NdNiO2 could be equally
revealing. Finally, other members of the square-planar
layered nickelate family should be equally promising
candidates for high-Tc superconductivity.
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