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Recent discovery of superconductivity in the doped infinite-layer nickelates has renewed interest
in understanding the nature of high-temperature superconductivity more generally. The low-energy
electronic structure of the parent compound NdNiO2, the role of electronic correlations in driving su-
perconductivity, and the possible relationship betweeen the cuprates and the nickelates are still open
questions. Here, by comparing LaNiO2 and NdNiO2 systematically within a parameter free density
functional framework, all-electron first-principles framework, we reveal the role Nd 4f electrons in
shaping the ground state of pristine NdNiO2. Strong similarities are found between the electronic
structures of LaNiO2 and NdNiO2, except for the effects of the 4f -electrons. Hybridization between
the Nd 4f and Ni 3d orbitals is shown to significantly modify the Fermi surfaces of various magnetic
states. In contrast, the competition between the magnetically ordered phases depends mainly on
the gaps in the Ni dx2−y2 band, so that the ground state in LaNiO2 and NdNiO2 turns out to be
striking similarity to that of the cuprates. The d−p band-splitting is found to be much larger while
the intralayer 3d ion-exchange coupling is smaller in the nickelates compared to the cuprates. Our
estimated value of the on-site Hubbard U is similar to that in the cuprates, but the value of the
Hund’s coupling JH is found to be sensitive to the Nd magnetic moment. The exchange coupling
J in NdNiO2 is only half as large as in the curpates, which may explain why Tc in the nickelates is
half as large as the cuprates.

Introduction

Since the discovery of high-Tc superconductivity
(HTSC) in the lanthanum-based cuprates in 1986 [1],
understanding the mechanism of HTSC has drawn in-
tense interest [2–6]. Despite vigorous efforts, however,
many unanswered questions still remain and a clear con-
sensus on the underlying mechanism of HTSC has not
been reached. A promising route in this connection is to
find superconducting analogs of the cuprates which could
provide new clues to the origin of HTSC. One such can-
didate materials is the perovskite nickel oxides. Specif-
ically, the infinite-layer NdNiO2 compound holds great
promise since it exhibits an intrinsic 3d9filling much like
the cuprates, although challenges of crystal growth have
presented problems for undertaking systematic investiga-
tions of this material.
Recently, superconductivity in the hole-doped infinite-

layer nickelate NdNiO2 at 9∼15K has been reported
in thin film samples grown on SrTiO3 [7–10], although
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superconductivity in bulk NdNiO2 has not been ob-
served [11]. These results [7] have reinvigorated inter-
est in searching for the microscopic mechanism of HTSC
and stimulated many new open questions [10–20]. No-
tably, superconductivity is present both in hole-doped
NdNiO2 [7] and PrNiO2 [21], but absent in LaNiO2 [7].
This suggests that the Nd (Pr) f -electrons are not merely
spectators, but possibly participate in the emergence of
superconductivity. Interestingly, initial reports showed
metallic behavior in pristine LaNiO2 and NdNiO2 [8, 10]
with no sign of long range magnetic order, persisting
down to low temperatures [11, 22], calling into question
the role of Mott physics in HTSC. However, two recent
transport studies [8, 10] report the presence of a weak in-
sulating phase in pristine NdNiO2, which could in part be
a signature of short-range magnetic fluctuations due to
the intrinsic off-stoichiometry produced by the inhomoge-
neous oxygen deintercalation crystal-growth process [7].

In order to address these questions, a variety of the-
oretical studies have been performed, employing den-
sity functional theory (DFT) [14, 18, 23–25], ‘beyond’
DFT methods, such as DFT+U [18, 26, 27], quasiparticle
GW [28], dynamical mean-field theory (DMFT) [26, 29–
31], and model Hamiltonians [15, 17, 26, 32] that have
been constructed to understand the low-energy physics.
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The bulk of these studies focus on the NiO2 plane, finding
differences in quantities such as the d−p orbital splitting
as compared to the cuprates [18] in accord with experi-
mental reports [33]. However, by focusing on the NiO2

plane neglects the effects of the f -electrons on the elec-
tronic and magnetic structure, despite the presence of
superconductivity in Nd and Pr based compounds but
not in La [7, 21]. The active role of the f -electrons
is also suggested by a Kondo-like logarithmic tempera-
ture dependence of the resistivity and the Hall coefficient
at low temperatures [7], and other recent experiments
demonstrating strong similarities between the infinite-
layer nickelates and rare earth intermetallics [33], al-
though a recent study attributes this strange behavior to
the Nd 5d orbitals [15]. A few electronic structure studies
utilizing the DFT+U [16] and Heyd-Scuseria-Ernzerhof
(HSE) hybrid functional [24] approaches have considered
the f -electrons and find significant hybridization between
the Nd 4f and Ni 3d orbitals near the chemical potential
along with a possible ferromagnetic order. But, these
calculations neglected the effect of spin-orbit coupling
(SOC) crucial to capture the correct f -band splittings
and required the introduction and fine tuning of exter-
nal ad hoc parameters such as the Hubbard U and the
exact-exchange admixture, which limit their predictive
power [34].

In this article, we present a systematic study of the
electronic and magnetic structures of both LaNiO2 and
NdNiO2 using the strongly-constrained-appropriately-
normed (SCAN) density functional [35] with spin-orbit
coupling to examine effects of the f -electron physics.
The SCAN functional has a proven track record of ac-
curately modeling many correlated materials families in-
cluding the cuprates [36–40], iridates [41], and ABO3 ma-
terials [42]. In particular, SCAN accurately predicts the
f -band splitting in SmB6 in good accord with experi-
mental values [43]. We consider several magnetic phases,
whose energy and ordering are found to be quite similar
for LaNiO2 and NdNiO2, reflecting their sensitivity to
the opening of magnetic gaps in the Ni dx2−y2 band. Dis-
persion of this band is quite similar to the corresponding
band in cuprates, as is the order of the resulting mag-
netic phases, with an antiferromagnetic state having the
lowest energy. In line with this, the estimated values of
the Hubbard U are close to those commonly found in the
cuprates, while Hund JH varies for different Nd magnetic
sublattice. In contrast, we find the the intralayer nearest-
neighbor exchange coupling J approximately one half as
large as that in La2CuO4 [36]. Lastly, the 4f -electrons
play an important role in modifying the Fermi surfaces.
We find the charge transfer energy between Ni 3d and O
2p orbitals is large and does not change much with mag-
netic order. These latter findings suggest distinct physics
in nickelates, which could be confirmed by further exper-
iments.

Results and Discussion

Crystal and magnetic structures: Figure 1 shows

the crystal structure of LaNiO2 and NdNiO2 in the
P4/mmm symmetry [22], where NiO2 planes are sand-
wiched together with La or Nd spacer layers. In the
NiO2 planes the Ni sites are surrounded by four O atoms
in square-planar coordination. While the non-magnetic
(NM) and ferromagnetic (FM) phases can be calculated
in the primitive cell [Figs. 1 (a) and 1 (b)], the remaining
three antiferromagnetic (AFM) phases require distinct

supercells. Specifically, we use a
√
2×

√
2×1,

√
2×

√
2×2 ,

and 1 × 1 × 2 supercell for the C-type AFM (C-AFM),
G-type AFM (G-AFM), and A-type AFM (A-AFM) or-
ders, respectively, as shown in Figs. 1 (c)-(e). In the C-
AFM phase, the intralayer coupling in both Nd and Ni
layers is AFM, whereas the interlayer is FM coupled. In
the G-AFM phase both the intra- and interlayer coupling
are AFM. In contrast, the A-AFM phase displays an in-
tralayer FM coupling with an AFM interlayer coupling
for both Nd and Ni sublattices. We note that the cou-
pling between Ni and Nd nearest neighbors is frustrated
in the A-AFM and G-AFM configurations.

FIG. 1. (a) Non-magnetic (NM), (b) ferromagnetic (FM), (c)
C-type antiferromagnetic (C-AFM),(d) A- type antiferromag-
netic (A-AFM) and (e) G-type antiferromagnetic (G-AFM)
phase. The blue, gray, and yellow balls represent La (Nd), Ni
and O atoms, respectively. The blue and gray arrows denote
different magnetic moment directions. Note that there is no
local magnetic moment on La.

Table I gives our theoretically predicted total energies,
lattice constants, and spin magnetic moments for various
magnetic phases of LaNiO2 and NdNiO2. For LaNiO2,
the C-AFM phase is the most stable, with the G-AFM,
A-AFM, and NM phases lying at higher energies. Upon
optimizing the crystal structure we find the predicted lat-
tice parameters for the magnetic phases in good accord
with the experimental values, while those from the NM
phase are quite further away. Moreover, the lattice con-
stant and energy of the FM (C-AFM) phase are almost



3

same as in the A-AFM (G-AFM) phase, suggesting that
interlayer coupling in LaNiO2 is very weak. Finally, our
theoretically predicted local nickel magnetic moment is
∼1.0 µB irrespective of the magnetic configuration.
Our results are in contrast to those found with

GGA+U [18, 44] (U = 3) which predict a much smaller
energy separation between the magnetic configurations
along with reduced magnetic moments of ∼0.7 µB and
∼0.5 µB in the C-AFM and FM phases, respectively. The
reduced moment values could possibly be due to SOC ef-
fects being neglected, but this result is still surprising
since a significant Hubbard U was introduced on the Ni
sites.

TABLE I. Comparison of various theoretically predicted
properties for different magnetic phases of LaNiO2 and
NdNiO2. The lattice constants are for the primitive cell, and
the energies are relative to reference C-AFM phase. The mag-
netic moments in these phases have small variations in mag-
nitude among the different sites of Nd and Ni, so the results
given here are the average values. MNd and MNi represent
the local magnetic moment per Nd and Ni atom, respectively.

LaNiO2

Phases Lattice Constant (Å) Energy MNi

a b c (meV/f.u.) (µB)

NM 3.896 3.896 3.384 +404 0

C-AFM 3.947 3.947 3.347 0 1.02

G-AFM 3.947 3.947 3.345 +21 0.96

FM 3.942 3.942 3.354 +62 0.98

A-AFM 3.941 3.941 3.358 +60 1.00

Exp. [45] 3.959 3.959 3.375 - -

NdNiO2

Phases Lattice Constant (Å) Energy MNd MNi

a b c (meV/f.u) (µB) (µB)

NM 3.866 3.866 3.222 +3840 0 0

C-AFM 3.910 3.910 3.239 0 2.91 1.04

G-AFM 3.911 3.911 3.239 +134 2.91 0.94

FM 3.874 3.874 3.298 +65 3.04 0.94

A-AFM 3.887 3.887 3.269 +141 2.95 0.94

Exp. [20] 3.914 3.914 3.239 - - -

We now compare our LaNiO2 results to the corre-
sponding properties of NdNiO2 (see Table I). For both
compounds the C-AFM configuration is the ground state,
with almost the same energy separation with the FM
phase. However, the energy differences between the other
AFM phases are much larger in NdNiO2 than those in
LaNiO2, with the NM phase lying at 3840 meV/f.u. The
larger energy differences in NdNiO2 between the FM (G-
AFM ) and A-AFM (C-AFM ) phases suggests that the

interlayer exchange coupling is strongly affected by the
presence of the local magnetic moment of Nd. Further-
more, like LaNiO2, the lattice constants of NdNiO2 in
the C- and G-AFM phases are extremely close to the
experimental values compared to those obtained in the
NM, FM, and A-AFM arrangements. The stabilization
of C-AFM order over that of G-AFM appears to be due
to the frustration between Nd and Ni magnetic moments,
clearly illustrating the importance of the Nd f -electrons
in the calculation.

Table I shows the theoretically predicted local mag-
netic moments of Nd and Ni to be ∼3.0 µB and ∼1.0
µB , respectively. This suggests that the electron config-
uration of Nd and Ni are [Xe] 4f3 and 3d9, respectively.
By breaking the Ni magnetic moment down into the var-
ious orbital contributions, we find 0.75 µB and 0.25 µB

on the dx2−y2 and dz2 orbitals, respectively, where the
t2g states have negligible moments. A number of the-
oretical studies in the literature have reported magnetic
ordering and the associated local moments [16, 27, 44, 46]
with strong spin fluctuations possibly playing a key role
in cooper pairing [31, 46, 47]. Specifically, the GGA finds
the local moment on Ni to be significantly reduced, yield-
ing ∼0.52 and ∼0.35 µB in the FM and AFM phases,
respectively [16]. Where the SCAN values are only re-
covered when a large Hubbard U of 8 (5) eV for Nd (Ni)
is assumed [16]. Moreover, a previous calculation utiliz-
ing the SCAN functional [25] surprisingly finds reduced
Ni magnetic moment values of 0.76 µB [25], but these
calculations neglect Nd 4f electrons and SOC effects.
Lastly, the HSE06 hybrid functional finds stabilized mo-
ments of ∼3.03 µB and ∼0.89 µB on Nd and Ni sites,
respectively, for the FM phase [24], similar to the SCAN
values. Overall, the SCAN predictions are closely aligned
with the expected d and f -filling of NdNiO2 without any
fine-tuning.

Electronic structure of NM Phase: Figures 2 (a)
and 2 (b) show the theoretically obtained band structures
and density of states (DOS) for LaNiO2 and NdNiO2 in
the non-magnetic (NM) phase, with the various orbital-
resolved atomic site projections overlaid. For LaNiO2,
Fig. 2 (a), we find two distinct bands crossing the Fermi
level: one of nearly pure Ni-3dx2−y2 character, and the
other composed of Ni (3dz2 , 3dxy/yz) and La 5d orbitals.
The latter band produces a 3D spherical electron-like
Fermi surface at Γ and A [Fig. 2 (c)], whereas the for-
mer generates a large slightly warped quasi-2D cylindri-
cal Fermi surface similar to the cuprates. These find-
ings are consistent with previous LDA [18], GGA [24],
DFT+U [44], and LDA+DMFT [30] studies. We note
that the 3dx2−y2 band bears a striking resemblance to the
corresponding band in cuprates [36], except for a shift of
the VHS energy between Γ and Z planes in the Brillouin
zone. The shifting of the VHS from below to above the
Fermi level along kz is directly reflected in the Fermi sur-
face transitioning from being open to closed in the Γ and
Z planes, respectively [Fig. 2 (c)].

On comparing LaNiO2 with NdNiO2 [Fig. 2 (b)], we
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FIG. 2. Orbital projected electronic structures of NM (a)
LaNiO2 and (b) NdNiO2. (c) The calculated Fermi surface of
LaNiO2 and the projection of Fermi surface on kz = 0 and π/c
plane. (d) Same as (c) but for NdNiO2. Red, green, and blue
indicate the maximum, middle, and minimum Fermi velocity,
respectively.

find all the Ni bands to be relatively unchanged, except
for significant hybridization between the Nd 4f -electrons
and Ni 3dx2−y2 orbitals. Interestingly, this similarity be-
tween the Ni 3d dispersions in LaNiO2 and NdNiO2 per-
sists across all magnetic phases studied [Figs. 3–6]. The
significant hybridization between Ni 3d and Nd 4f lev-
els can give rise to self-doping effects and induce Kondo
physics [23, 25–27, 29]. Such hybridizations also radically
alter the Fermi surfaces. Figure 2 (d) displays a double-
goblet-like hole pocket along the Γ-Z direction, with a
very narrow stem at Γ. Moreover, a large and complex

hole Fermi surface appears surrounding Γ near the kz = 0
plane, along with the formation of electron pockets near
M . We further note that the narrow neck of the goblet
Fermi surface at Γ suggests that the system is close to
a Fermi surface topological transition where the goblet
splits into Fermi pockets centered on the Z point [Fig. 2
(d)].

Electronic structure of C-AFM Phase: Figures 3
(a) and 3 (b) present the unfolded theoretical electronic
structure of LaNiO2 and NdNiO2 in the C-AFM phase.
Similar to the cuprates, the C-AFM order is stabilized
by opening a 2 eV band gap in the dx2−y2 dominated
band. However, unlike the cuprates, 5d and 4f states
fill the gap maintaining the metallic nature of these com-
pounds. For example, the states near the Fermi level in
LaNiO2 are mainly governed by the Ni 3dz2 and La 5d
orbitals [Fig. 3 (a)]. Moreover, an extremely flat band is
found pinned near the Fermi level along the Z−R−A−Z
line, originating from the La 5d and Ni 3dz2 hybridized
orbitals. A similar flat band is found in NdNiO2, along
with a second flat band along Z−R−A, stemming from
Nd 4fNi 3dxy/yz hybridization. These flat band features
have also been observed by Choi et. al [46] where a
large U was used to push the Nd 4f states away from
the Fermi level. These flat-band features also produce
highly anisotropic Fermi surfaces near the kz=π/c plane
for both LaNiO2 and NdNiO2 [Fig. 3 (c) and (d)]. For
NdNiO2 there are two additional heavy electron pock-
ets ellipsoidal in shape [Fig. 3(d)], which are induced by
strong Nd 4f and Ni 3dz2 hybridization.

Electronic structure of G-AFM Phase: While
the C-AFM phase is found to be the ground state, it is
important to study other low-lying phases in correlated
quantum materials that could contribute to various in-
tertwined orders [36, 37, 41–43]. Figure 4 (a) and 4(b)
show the electronic structures of LaNiO2 and NdNiO2 in
the G-AFM phase. The G-AFM magnetic phase exhibits
AFM coupling between the intra- and interlayer magnetic
sites, in contrast to C-AFM where the interlayer cou-
pling is FM. Interestingly, here we find no f -bands near
the Fermi level for NdNiO2, making the Fermi surfaces
in LaNiO2 and NdNiO2 equivalent. While both G-AFM
and C-AFM phases are dominated by the splitting of the
dx2−y2-band, and both have a region of suppressed DOS
within ∼0.7 eV of the Fermi level, they differ in that a
3dz2 band is above the low DOS region in the C-AFM
phase, but below it in the G-AFM phase, causing the
Fermi energy to shift by ∼0.7 eV.

Electronic structure of FM Phase: Figures 5 (a)
and 5 (b) present the electronic structure of LaNiO2 and
NdNiO2 in the FM phase. Although the spin moments of
Nd and Ni were initialized in the same direction, the sys-
tem selfconsists into a ferrimagnetic configuration [Fig. 1
(b)]. Compared with the NM phase [Fig. 2], the Ni
3dx2−y2 and 3dz2 bands are spin split, due to the spin-
polarization in FM phase. In this case the Fermi surface
is composed of a Ni 3dx2−y2 hole pocket (red) at the
M point and an electron pocket from the hybridization
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FIG. 3. Orbital projected electronic structures of C-AFM
phase of (a) LaNiO2 and (b) NdNiO2. The band structures
are unfolded to the primitive 1× 1× 1 BZ. (c) The calculated
Fermi surface of LaNiO2 and the projection of Fermi surface
on kz = π/c plane. (d) Same as (c) but for NdNiO2. Red,
green, and blue indicate the maximum, middle, and minimum
Fermi velocity, respectively.

between Ni 3dz2 and Nd 4f orbitals at Γ point (blue)
[Fig. 5 (b)]. Interestingly, the majority spins in the Ni
3dx2−y2 and 3dz2 bands point in opposite directions for a
given atom. Figs. 5 (c) and (d) show that the Fermi sur-
faces of these two compounds are quite similar, except
that the Γ point electron pocket in Fig. 5 (c) has grown
‘propellers’ in Fig. 5 (d), which is due to hybridization
between Ni 3dz2 and Nd 4f orbitals. We also find a
2D Fermi sheet centered at the M point extending in
the kz direction, produced by hybridization between the
Ni 3dxy/yz and Nd 4f orbitals. Finally, there is an A-
centered hole pocket generated by the Ni 3dx2−y2 band.

Electronic structure of A-AFM Phase: Figures 6
(a) and 6 (b) display the unfolded electronic band struc-
ture and density of states of LaNiO2 and NdNiO2 in the
A-AFM phase. Since the NiO2 layers are ferromagneti-

FIG. 4. Orbital projected electronic structures of G-AFM
phase of (a) LaNiO2and (b) NdNiO2.The band structures are
unfolded to the primitive 1 × 1 × 1 BZ. (c) The calculated
Fermi surface of LaNiO2and the projection of Fermi surface
on kz = 0 plane. (d) Same as (c) but for NdNiO2. Red, green,
and blue indicate the maximum, middle, and minimum Fermi
velocity, respectively.

cally ordered, the resulting band-splitting is quite simi-
lar to the FM phase [Fig. 5]. Figure 6 (a), shows that
the bands near the Fermi level in LaNiO2 are mainly
of Ni 3dx2−y2 , and hybridized Ni 3dz2 and La 5d char-
acter. However, in NdNiO2, we find the main low-
lying states near the Fermi level to originate from Nd
4f states hybridizing with Ni 3dx2−y2 and 3dz2 orbitals.
Notably, around -1 eV we see a strong mixing between
the Ni 3dx2−y2 and 3dz2 orbitals in both LaNiO2 and
NdNiO2 along Γ − X and R − A directions, which are
absent in the NM and FM phases. Such a strong ‘orbital-
mixing’ effect could make the physics in the nickelates
quite different from the cuprates.

From Figs. 6 (c) and 6 (d), the Fermi surfaces of
LaNiO2 and NdNiO2 fall into two categories. (i) The
M − A direction in both materials is similar to the cor-
responding FM Fermi surfaces, except for the splitting
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FIG. 5. Orbital projected electronic structures of FM phase
of (a) LaNiO2and (b) NdNiO2. (c) The calculated Fermi sur-
face of LaNiO2and the projection of Fermi surface on kz = 0
plane. (d) Same as (c) but for NdNiO2. Red, green, and blue
indicate the maximum, middle, and minimum Fermi velocity,
respectively.

along the z-axis due to the AFM stacking of adjacent
FM layers. This effect leads to the appearance of two
pockets near the M point in Γ-plane. (ii) The Γ− Z di-
rection is more reminiscent of the NM case, with a Ni
3dz2 electron pocket at the Γ point in LaNiO2, while in
NdNiO2, the goblet Fermi surface of the NM phase has
split into Z-centered pockets. The blue color of these
features (low Fermi velocity) suggests strong f -electron
mixing.

f-electron dispersions: Based on the preceding
comparison of LaNiO2 and NdNiO2, we find the stabi-
lization of the various magnetic phases of NdNiO2 to
be mainly driven by Ni d-electrons, with the f -electrons
playing only a minor role. In contrast, the Fermi surfaces
are strongly affected by the Nd 4f -electrons, exhibiting
strong mixing with Ni 3d orbitals. While the f -electrons

FIG. 6. Orbital projected electronic structures of A-AFM
phase of (a) LaNiO2 and (b) NdNiO2. The band structures
are unfolded to the primitive 1× 1× 1 BZ. (c) The calculated
Fermi surface of LaNiO2 and the projection of Fermi surface
on the kz = 0 plane. (d) Same as (c) but for NdNiO2. Red,
green, and blue indicate the maximum, middle, and minimum
Fermi velocity, respectively.

form one large cluster in the NM phase, they split into
three subbands once the Nd atoms become polarized with
slight shifts depending on the magnetic order consistent
with our recent work on SmB6 [43].

Comparisons with cuprates: Table II gives the
calculated ∆dp, ∆eg , U, and JH for the various mag-
netic phases of LaNiO2 and NdNiO2, along with the
corresponding values for the cuprates for comparison.
The values of ∆dp for LaNiO2 phases range from 1.58
(FM) to 2.08 eV (G-AFM ), while the corresponding val-
ues for NdNiO2 span 1.82 to 2.84 eV. To illustrate the
charge-transfer gap further and compare to C-AFM of
the infinite-layer cuprate CaCuO2 the partial density of
states for the Ni (Cu) 3d and O 2p orbitals is shown in
Figs. 7 (a) and (c). Here, the O 2p band-center is clearly
lower than the center of gravity of the Ni 3d states by
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∼2 eV in NdNiO2, whereas the O 2p levels are strongly
hybridized with Cu 3dx2−y2 orbitals near the Fermi level
in CaCuO2. To quantify this, we find ∆dp for CaCuO2

in the C-AFM phase to be 0.19 eV, which is significantly
smaller than nickel-based compounds. Additionally, we
estimated ∆dp for the single-layer La2CuO4 in the G-
AFM phase to be 0.6 eV, still much smaller than nicke-
lates. Based on these results, LaNiO2 and NdNiO2 are
closer to the Mott-Hubbard limit rather than charge-
transfer case based on the ZaanenSawatzkyAllen classifi-
cation scheme [48].

FIG. 7. (a) Partial densities of states in the C-AFM phase
of NdNiO2, where red and blue lines represent the Ni a.nd O
2p orbitals, respectively. (b) Single nickel-site-resolved partial
densities of states in the C-AFM phase of NdNiO2, where the
magenta and green lines represent the Ni 3dx2−y2 and 3dz2
orbitals, respectively. And, the red and blue arrows represent
the spin up and spin down channels, respectively. (c) and
(d) same as (a) and (b), except that these panels refer to the
C-AFM phase of CaCuO2.

Interestingly, values of ∆eg for the various magnetic
phases of LaNiO2 and NdNiO2 are very close to 2 eV.
For example, the ∆eg for LaNiO2 in the NM phase is
1.93 eV. Our estimate of ∆eg is consistent with the value
of 1.95 eV obtained in Ref. 18. The similarity of ∆eg

values across the infinite-layer nickelates suggests that
the Nd 4f electrons play a very limited role in splitting
the Ni 3d levels. Additionally, we estimate the value of
∆eg for C-AFM CaCuO2 and G-AFM La2CuO4 to be
close to those obtained from the nickelates [Table II].
This information also can be read from Figs. 7 (b) and
(d), where eg orbitals are quite splitting for both C-AFM
NdNiO2 and CaCuO2.

To gauge the strength of correlations on the nickel site
we calculate the Hubbard U and Hund’s coupling JH for
LaNiO2 and NdNiO2 in various magnetic arrangements
according to Eq.(1)-(3). We find the on-site potential U
for LaNiO2 and NdNiO2 to be almost the same and very

close to values obtained for CaCuO2 and La2CuO4, sug-
gesting strong electron interactions in nickelates. Note
that these estimated U values are also consistent with
recent works [23, 49]. The behavior of JH is more sub-
tle. In general, JH for nickelates and cuprates are very
similar, whereas JHs for NdNiO2 are larger in the A-
AFM and G-AFM phases, suggesting that JH is highly
sensitive to the interlayer coupling.

TABLE II. Comparison of properties of different phases of
nickelates and cuprates. ∆dp and ∆eg represent the split-
ting of the metallic (Ni and Cu) 3d and O 2p bands, and the
splitting of tradition metal ions (Ni and Cu) eg bands, respec-
tively. U and JH are on-site Hubbard potential and Hunds
coupling, respectively.

LaNiO2

Phases ∆dp (eV) ∆eg (eV) U (eV) JH (eV)

NM 1.91 1.93 – –

FM 1.58 2.23 4.88 1.01

A-AFM 1.57 1.93 4.99 1.14

C-AFM 1.68 2.02 5.21 1.11

G-AFM 2.08 2.09 5.70 1.45

NdNiO2

Phases ∆dp ∆eg U (eV) JH (eV)

NM 2.84 1.94 – –

FM 1.82 2.04 5.08 1.23

A-AFM 1.80 2.00 4.99 2.14

C-AFM 2.59 2.11 5.27 1.00

G-AFM 2.25 2.13 5.78 1.94

CaCuO2

Phases ∆dp ∆eg U (eV) JH (eV)

C-AFM 0.19 2.65 5.35 1.29

La2CuO4

Phases ∆dp ∆eg U (eV) JH (eV)

G-AFM 0.6 1.23 4.85 [36] 1.25 [36]

Despite there being no clear theoretical description of
the mechanism of HTSC, the view that spin-fluctuations
play a central role in determining the physical properties
of the cuprates has been gaining increasing support. Fur-
thermore, in this picture, the exchange coupling strength
is a good descriptor of the robustness of superconductiv-
ity.
In order to determine the strength of the exchange

coupling, we map the total energies of the AFM and
FM phases onto those of the nearest-neighbor spin-1/2
Heisenberg Hamiltonian in the mean-field approxima-
tion [36, 50]. The Heisenberg Hamiltonian gives a reason-
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able description of the low-lying excitations for La2CuO4,
and thus a good estimate of the Heisenberg exchange pa-
rameter J [51], and we expect this also to be the case for
the infinite-layer nickelates. In the mean-field limit, the
difference in total energies of the FM and AFM phases is

∆E = EAFM − EFM = JNZS2 (1)

whereN is the total number of magnetic moments, S is
the spin on each site, and Z is the coordination number.
Since the in-plane interactions within the Ni-O planes
in La(Nd)NiO2 are much stronger than the interplanar
interactions, we can take Z = 4. Since we normalize
to one formula unit, N = 1. Using the total energies
for the FM and C-AFM states obtained from our first-
principles computations we find J to be 62 and 65 meV
for LaNiO2 and NdNiO2, respectively. These exchange
parameters are half as large as those in La2CuO4 [36] and
larger than those estimated in Ref. [17]. The small J is
consistent with the finding that the AFM gap is twice
as large as in curpates, which in turn may be related
to the larger value of Ni magnetic moments, which may
be related to smaller Ni-d and O-p hybridization (larger
∆dp).

TABLE III. Comparison of the intralayer exchange coupling
between the two nearest Ni or Cu atoms for LaNiO2, NdNiO2,
and La2CuO4.

LaNiO2 NdNiO2 La2CuO4

J (meV) 62 65 138 [36]

Superconductivity in the cuprates evolves out of a
Mott insulator [3], whereas in the iron pnictides super-
conductivity emerges out of a metallic state [52] with
strong local magnetic fluctuations. Is magnetic order
necessary for d-electron high-Tc superconductivity? The
new Ni-based superconductors appear to be a counterex-
ample. However, both Ni and Nd sites typically display
significant magnetic moments with considerable evidence
of magnetic fluctuations or short-range order [31, 46].
Moreover, the undoped nickelates are not ordinary met-
als, but weak insulators [8, 10]. In our previous SCAN-
based studies of other correlated materials, we found
many low-energy magnetic phases indicative of promi-
nent magnetic fluctuations [36, 37, 43]. In the nickelates,
our study of the various AFM orders finds ∼0.7 eV pseu-
dogap (regions of low DOS) near the Fermi level, which
could explain the weak insulating behavior. In Figure 8,
we compare the AFM gaps in the ground state structures
of the cuprates (a) and the nickelates (b). We find the
gap is about twice as large in the nickelates as compared
to the cuprates [36], which may explain why J is only
half as large in the former.
Hence, we find great similarity between the cuprates

and nickelates, both in the dispersion of the NM dx2−y2

FIG. 8. (a) Cu 3dx2−y2 band for G-AFM La2CuO4. (b) Ni
3dx2−y2 band for C-AFM NdNiO2. Band structures have
been unfolded into the 1× 1× 1 primitive BZ.

band, and in the resulting magnetic orders, with the f -
electrons playing little role in the magnetic transitions
despite significantly modifying the Fermi surfaces. In
principle, the fact that J is only half as large in nicke-
lates as in cuprates could tell us something about why
the Tc dome is only half as large in nickelates. On the
other hand, so far superconductivity has been found in
two rare-earth substituted nickelates [7, 21], but not the
parent La-based compound, suggesting a more signifi-
cant role for f -electrons. An interesting possibility is
that the f -electrons could lead to heavy-fermion physics
(flat bands) not present in cuprates.

Conclusion: We examine in-depth the role of f -
electrons and magnetic ordering effects in LaNiO2 and
NdNiO2 within a parameter-free, all-electron first-
principles framework. The magnetic orders in the nicke-
lates are found to be very similar to those in the cuprates
in that the transitions are driven by the gapping of the
dx2−y2 band. We find a reduced J value in the nickelate
compared to the cuprates, however, which could explain
the weaker superconductivity in the nickelates. While the
4f electrons play little role in the nickelate magnetism,
they substantially modify Fermi surfaces for various mag-
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netic states. Our study further reveals the importance of
fluctuating magnetic order in correlated materials [37].

Methods

All calculations were performed by using the pseu-
dopotential projector-augmented wave method [53] as
implemented in the Vienna ab initio simulation package
(VASP) [54, 55]. A high-energy cutoff of 520 eV was
used to truncate the plane-wave basis set. The exchange-
correlation effects were treated using the SCAN [35]
meta-GGA scheme. Spin-orbit coupling effects were in-
cluded self-consistently. The crystal structures and ionic
positions were fully optimized with a force convergence
criterion of 0.01 eV/Å for each atom along with a to-
tal energy tolerance of 10−5 eV. The Fermi surface was
obtained with the FermiSurfer code [56]. The unfolded
band structures including orbital characters are extracted
from the supercell pseudo-wavefunction calculation [57],
which has been implemented based on the VaspBandUn-
folding code [58].

To facilitate comparison with the cuprates, we calcu-
lated two quantities: (1) charge-transfer energies between
the Ni 3d and O 2p orbitals ∆dp = εd−εp and (2) the en-
ergy splitting of the two Ni eg orbitals ∆eg = εx2−y2−εz2 .
Here, εi refers to the band centers of the corresponding
orbital i. Following previous works, [18, 59] the band

centers are defined as εi =
∫
gi(ε)εdε∫
gi(ε)dε

, where gi(ε) refers

to the partial-density-of-states (PDOS) associated with
orbital i. The integration range for ∆dp is set to cover
the full bonding and antibonding bands [59], whereas ∆eg

is obtained from an integral over the antibonding bands
alone, using an energy window of -3.5 to 2 eV and -4 to
4 eV for the NM and magnetic phases, respectively.
To estimate the on-site Hubbard potential U and the

Hunds coupling JH , we follow the method developed by
Lane et al. [36]. Using the site-projected orbital-resolved
partial DOS gµσ, we determine the average spin-splitting
of the µ levels as follows:

Eµσ =

∫
W

Egµσ(E) dE, (2)

Ed
x2

−y2↑ − Ed
x2

−y2↓ = U(N↑ −N↓), (3)

Eµ 6=d
x2

−y2↑ − Eµ 6=d
x2

−y2↓ = JH(N↑ −N↓), (4)

where N↑ (N↓) is the occupation of the spin-up (down)
dx2−y2 orbital and the integration is over the full band-
width W .

Data availability

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.
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Figures

Figure 1

(a) Non-magnetic (NM), (b) ferromagnetic (FM), (c) C-type antiferromagnetic (C-AFM),(d) A- type
antiferromagnetic (A-AFM) and (e) G-type antiferromagnetic (G-AFM) phase. The blue, gray, and yellow
balls represent La (Nd), Ni and O atoms, respectively. The blue and gray arrows denote dierent magnetic
moment directions. Note that there is no local magnetic moment on La.



Figure 2

Orbital projected electronic structures of NM (a) LaNiO2 and (b) NdNiO2. (c) The calculated Fermi surface
of LaNiO2 and the projection of Fermi surface on kz = 0 and =c plane. (d) Same as (c) but for NdNiO2.
Red, green, and blue indicate the maximum, middle, and minimum Fermi velocity, respectively.



Figure 3

Orbital projected electronic structures of C-AFM phase of (a) LaNiO2 and (b) NdNiO2. The band structures
are unfolded to the primitive 111 BZ. (c) The calculated Fermi surface of LaNiO2 and the projection of
Fermi surface on kz = =c plane. (d) Same as (c) but for NdNiO2. Red, green, and blue indicate the
maximum, middle, and minimum Fermi velocity, respectively.



Figure 4

Orbital projected electronic structures of G-AFM phase of (a) LaNiO2and (b) NdNiO2.The band structures
are unfolded to the primitive 1  1  1 BZ. (c) The calculated Fermi surface of LaNiO2and the projection of
Fermi surface on kz = 0 plane. (d) Same as (c) but for NdNiO2. Red, green, and blue indicate the
maximum, middle, and minimum Fermi velocity, respectively.



Figure 5

Orbital projected electronic structures of FM phase of (a) LaNiO2and (b) NdNiO2. (c) The calculated
Fermi surface of LaNiO2and the projection of Fermi surface on kz = 0 plane. (d) Same as (c) but for
NdNiO2. Red, green, and blue indicate the maximum, middle, and minimum Fermi velocity, respectively.



Figure 6

Orbital projected electronic structures of A-AFM phase of (a) LaNiO2 and (b) NdNiO2. The band structures
are unfolded to the primitive 111 BZ. (c) The calculated Fermi surface of LaNiO2 and the projection of
Fermi surface on the kz = 0 plane. (d) Same as (c) but for NdNiO2. Red, green, and blue indicate the
maximum, middle, and minimum Fermi velocity, respectively.



Figure 7

(a) Partial densities of states in the C-AFM phase of NdNiO2, where red and blue lines represent the Ni a.
nd O 2p orbitals, respectively. (b) Single nickel-site-resolved partial densities of states in the C-AFM phase
of NdNiO2, where the magenta and green lines represent the Ni 3dx2y2 and 3dz2 orbitals, respectively.
And, the red and blue arrows represent the spin up and spin down channels, respectively. (c) and (d) same
as (a) and (b), except that these panels refer to the C-AFM phase of CaCuO2.



Figure 8

(a) Cu 3dx2y2 band for G-AFM La2CuO4. (b) Ni 3dx2y2 band for C-AFM NdNiO2. Band structures have
been unfolded into the 1  1  1 primitive BZ.


	f-electron and magnetic ordering effects in nickelates LaNiO2 and NdNiO2: remarkable role of the cuprate-like 3dx2-y2 band
	Abstract
	References


