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Using density functional based LDA+U method and linear–response theory, we study the mag-
netic exchange interactions of the superconductor Nd1−xSrxNiO2. Our calculated nearest-neighbor
exchange constant J1 = 82 meV is large, weakly affected by doping and is only slightly smaller than
that found in the sister compound CaCuO2. We however find that the hole doping significantly
enhances the inter–layer exchange coupling as it affects the magnetic moment of the Ni–3d3z2−r2

orbital. This can be understood in terms of small hybridization of Ni-3d3z2−r2 within the NiO2

plane which results in a flat band near the Fermi level, and its large overlap along z direction. We
also demonstrate that the Nd-5d states appearing at the Fermi level, do not affect the magnetic
exchange interactions, and thus may not participate in the superconductivity of this compound.
Whereas many previous works emphasize the importance of the Ni-3dx2−y2 and Nd-5d orbitals,
we instead analyze the solution of Ni-3dx2−y2/Ni-3d3z2−r2 minimal model using Dynamical Mean
Field Theory. It reveals an underlying Mott insulating state which, depending on precise values of
the intra–atomic Hund’s coupling less or larger than 0.83 eV, selects upon doping either S=0 or S=1
two–hole states at low energies leading to very different quasiparticle band structures. We propose
that trends upon doping in spin excitational spectrum and quasiparticle density of state can be a
way to probe Ni 3d8 configuration.

PACS numbers:

I. INTRODUCTION

Since the discovery of high–temperature supercon-
ductors (HTSCs)[1], tremendous theoretical and experi-
mental efforts have been devoted to understanding the
novel physics of this family of compounds[2–4]. All
HTSCs are comprised of quasi–two–dimensional CuO2

planes separated by charge reservoir spacer layers, and
their parent compounds have antiferromagnetic (AFM)
order with very strong in–plane magnetic exchange in-
teractions, belonging to the class of charge–transfer
insulators[5]. Upon doping, holes occupy the O–2p or-
bital, and due to the strong hybridization between Cu–
3dx2−y2 and O–2p orbitals, a Zhang–Rice singlet is
formed[6]. It has been widely accepted that the HTSCs
can be described by an effective single band t–J model,
with different parameters explaining the variation in Tc
in different materials [7, 8].

Inspired by HTSCs, the search for possible novel su-
perconducting behavior in nickelates has been attract-
ing significant attention, as their structure and electronic
configuration is similar to that of the cuprates [9–12]. Un-
fortunately, the monovalent Ni ion is strongly unstable
and scarcely formed in mineral compounds, making, for
example, LaNiO2 difficult but possible to synthesize[10].
First–principles Local Density Approximation (LDA)
based calculations revealed an important difference be-
tween LaNiO2 and its sister infinite–layer HTSC com-
pound CaCuO2 : the Fermi surface of CaCuO2 consists

of only one two–dimensional band, while LaNiO2 seems
quite three–dimensional, with La–derived 5d states and
Ni–3d states crossing the Fermi level[13]. Numerical
calculations predicted AFM magnetic order[13, 14], but
magnetization and neutron powder diffraction observe no
long–range order in LaNiO2[11]. At high temperatures
(150K < T < 300K), the susceptibility of LaNiO2 can
be fitted by the sum of a temperature independent term,
and a Curie–Weiss S = 1

2 paramagnetic term with a large
Weiss constant (θ = −257K), indicating a significant cor-
relation between Ni spins[11]. LaNiO2 shows metallic
behavior, but resistivity increases at lower temperatures
and no superconducting state has been observed [9–11].

Recently, Nd0.8Sr0.2NiO2 thin films were synthesized
on a SrTiO3 substrate using soft–chemistry topotac-
tic reduction, and superconductivity with considerably
high Tc (up to 15K) was observed[15]. The supercon-
ducting phase displays a doping–dependent dome for
Nd1−xSrxNiO2 (0.125 < x < 0.25), which is remark-
ably similar to that of the cuprates [16, 17]. Very re-
cently, superconductivity has also been observed in doped
PrNiO2[18].

These breakthroughs have stimulated large–scale the-
oretical efforts to understand the nature of the supercon-
ductivity in rare–earth nickelates. LDA band structures
[19] predict that both Nd–5d and Ni–3dx2−y2 orbitals
contribute significantly to the Fermi surface of parent
compound NdNiO2. Most calculations treat the three
4f electrons in Nd3+ as core electrons, although the role
of Nd–4f has been emphasized recently[20]. Many–body
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perturbative GW calculations result in almost no mod-
ification to the Fermi–surface topology and its orbital
composition[21]. Focusing on the Fermi surface, differ-
ent minimal models have been proposed to describe the
low energy physics of this material using a Wannier func-
tion approach, including: a three–band model with Ni-
3dx2−y2 , Nd–5d3z2−r2 and an interstitial s orbital[22];
a three–band model with Ni–3dx2−y2 , Nd–5d3z2−r2 and
Nd–5dxy[23, 24]; a two–band model with Ni–3dx2−y2 and
Nd–5d3z2−r2 [25, 26]; and a four–band model[27]. The ef-
fect of topotactic hydrogen has been discussed as well[28].

Several works addressed strong correlation effects
among Ni 3d electrons [29]–[46] Due to a large energy
difference between O–2p and Ni–3d levels, the undoped
NdNiO2 has been suggested to be a Mott insulator, and
a coexistence/competition between low energy S=0 and
S=1 states has been proposed for the hole doped case
[29] where some Ni ions would acquire a formal 3d8 con-
figuration. The origin of these two–hole states has been
discussed in a recent literature[30–35]. As it is commonly
accepted that the undoped Ni 3d9 configuration corre-
sponds to the hole of x2 − y2 symmetry, the two–hole
states produced by doping can either end up as intraor-
bital singlets or interorbital triplets. It has been first
pointed out[29] that the S=1 state maybe incompatible
with robust superconductivity, and indeed exact diago-
nalization study of Ni impurity embedded into the oxy-
gen environment [29] as well as a number of many–body
calculations using a combination of LDA with Dynami-
cal Mean Field Theory (DMFT)[30, 33] pointed to the
formation of the intraorbital singlets.

The first–principles physics of competing Ni-3dx2−y2

vs. Ni–3d3z2−r2 , and the connected issue of having the
Ni–3d3z2−r2 states at the Fermi level with hole dop-
ing has been first put forward in Ref. [34]. In addi-
tion, the role of Ni-3dx2−y2 and Ni-3d3z2−r2 orbitals has
been emphasized in Ref. [30]. A recent GW+DMFT
work [36], highlighted Ni-3d3z2−r2 flat–band physics as
well as Ref. [37]. Furthermore, a variant of the t–J
model with S=1 has been proposed and shown to ex-
hibit d–wave superconductivity[32]. Symmetries of the
pairing states based on a two–orbital Ni-3dx2−y2/Ni-3dxy

model Hamiltonian with competing S=0 and S=1 two–
hole states have been discussed[31]. DMFT calculations
for the two–orbital Ni–3dx2−y2/Ni–3d3z2−r2 system ar-
gued that a multiorbital description of nickelate super-
conductors is necessary [35]. Excitations and supercon-
ducting instabilities have also been explored by a ran-
dom phase approximation [38]and by a variant of the t-J
model[39]. Local spin, charge and orbital susceptibilities
have been calculated using a combination of DMFT with
a local quasiparticle self–consistent GW method and em-
phasized the Hund’s physics of Ni–eg electrons[40].

No sign of magnetic order has been observed in
the original report on superconductivity in NdNiO2[15],
which may be attributed to defects, such as unwanted

hydrides or hydroxides that might form as by–products
of the creation of the rare Ni+ oxidation state during
the synthesis of this compound. Another consideration
is that LaNiO3 is close to an antiferromagnetic quan-
tum critical point (QCP)[47], therefore it is reasonable
to expect that with lower dimensionality, NdNiO2 would
pass the QCP and display magnetism. Very recently,
strong spin fluctuations and considerable AFM exchange
interactions have been observed in NdNiO2[48] as well as
nuclear magnetic resonance (NMR) data [49] provided
an addtional evidence for quasi–static AFM order be-
low 40 K and dominant spin fluctuations at higher tem-
peratures in Nd0.85Sr0.15NiO2 bulk materials. The ex-
change interactions have also been discussed in several
works [23, 50–52]. The calculated electron–phonon in-
teraction (λ ≤ 0.32) is too small to explain the 15K Tc

in this material[22], meaning the spin excitations, which
are thought to be responsible for the superconductivity
in HTSCs[2–4], are worth careful investigation.

In this work, based on a density functional LDA+U
method and linear–response theory[53], we perform de-
tailed studies of exchange interactions for both parent
and doped NdNiO2. The method does not rely on a to-
tal energy analysis, and instead directly computes the ex-
change constant for a given wave vector q based on the re-
sult of the magnetic force theorem [54]. Our results show
that although the Fermi surface of undoped NdNiO2 is
quite three–dimensional, its magnetic exchange interac-
tion J has a clear two–dimensional feature with large
in–plane J1 = 82 meV and much smaller out–of–plane
Jz1. However, the Ni–3d3z2−r2 band close to the Fermi
level is quite flat, therefore within the LDA+U method
for a reasonable range of the values of Hubbard U above 4
eV, holes introduced by doping preferentially occupy the
Ni–3d3z2−r2 orbitals while Ni–t2g states remain remark-
ably inert. The in–plane J1 remains largely unaffected
by doping, but the magnetic moment of the Ni–3d3z2−r2

orbital and the out–of–plane Jz1 both grow significantly
in accord with recent findings[37] Our calculation using
a constrained–orbital–hybridization method [55] unam-
biguously demonstrates that while Nd–5d makes an im-
portant contribution to the Fermi surface, it has almost
no effect on the magnetic exchange interaction. It is ex-
pectable result, since it is known that Nd-5d orbitals have
negligible hybridization with Ni orbitals [22, 56]. This
means the magnetic excitations in hole–doped NdNiO2

can be described by an effective model including Ni–
3dx2−y2/Ni–3d3z2−r2 orbitals whose role has been em-
phasized in many recent works [19]–[46].

To gain additional insight, we discuss the solutions
of such two–band model on the basis of Dynamical Mean
Field Theory using the parameters deduced from our
band structure calculations. In contrast to the static
mean field description, such as LDA+U, where holes oc-
cupying Ni–3d3z2−r2 states promote interorbital triplets,
whether S=0 or S=1 state emerges from our DMFT sim-
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FIG. 1: Band structure of (π,π,0) AFM ordered NdNiO2 from
LDA+U calculations with U = 6.0 eV. (a) undoped NdNiO2

with Nd–5d oribtal character shown in red, (b) constrained
orbital-hybridization calculation for NdNiO2 with the Nd–5d
band shifted up by 2 Ry. The position of the Fermi level
corresponds to 0.2 hole doping.

ulation depends on a precise value of the intraatomic
Hund’s coupling JH in the vicinity of its commonly ac-
cepted range of values 0.5–1 eV. This leads to very dif-
ferent quasiparticle band structures. We thus propose
that trends upon doping in magnetic exchange interac-
tions and quasiparticle density of states can be a way to
probe Ni 3d8 configuration.

Our paper is organized as follows. In Section
II we describe our LDA+U and constrained–orbital–
hybridization calculations for the exchange interactions.
In Section III, we discuss a minimal two–band model that
emerges from our study and its solution based on Dynam-
ical Mean Field Theory. Section IV is the conclusion.

II. CALCULATIONS OF EXCHANGE
INTERACTIONS

We perform our density functional based electronic
structure calculations within the full potential linear–
muffin–tin–orbital (LMTO) method[57]. To take into
account the effect of on–site electron–electron interac-
tions between Ni–3d orbitals we add a correction due to
Hubbard U using the so–called LDA+U approach[58].
Although, the experimental situation on magnetism in
nickelates is still unclear, hinted by the cuprate physics,

TABLE I: Calculated exchange interactions, J1, J2 (in-plane
nearest, next-nearest) and Jz1, Jz2 (out-of-plane nearest,
next-nearest) in meV for various hole dopings x. Posi-
tive/negative sign denotes AFM/FM interaction. We also list
the calculated total magnetic moment at the Ni site, Mtot,
and magnetic moment at the Ni-3d3z2−r2 orbital, M3z2−r2 ,
(in µB).

x J1 J2 Jz1 Jz2 Mtot M3z2−r2

0.00 82.24 -4.84 -3.40 -23.00 0.97 0.17
0.05 71.84 -5.08 -21.40 -22.40 1.03 0.23
0.10 65.88 -5.68 -39.36 -18.48 1.07 0.27
0.15 64.60 -4.68 -59.04 -11.08 1.08 0.30
0.20 58.20 -4.16 -80.88 -5.56 1.15 0.35
0.25 57.36 -2.84 -97.36 -4.84 1.16 0.38
0.30 50.76 -2.16 -105.52 -2.88 1.23 0.44

an assumption of the AFM ordered state in the parent
compound should be a good starting point for a theo-
retical modeling. Ultimately, if AFM spin fluctuations
in the doped state are responsible for superconductiv-
ity, the exchange interactions in the ordered state set the
scale for those fluctuations, which justifies this assump-
tion and provides the basis for our static linear response
calculation of J’s. An alternative measure of those spin
fluctuations would be a full calculation of wavevector and
frequency dependent spin susceptibility directly in para-
magnetic state. Although possible, in principle, it is a lot
more involved and goes beyond the scope of this work.

We vary the parameter U for Ni–3d between 4.0 and
8.0 eV, and find that the essential properties and our con-
clusions do not depend on the value of U in this range[59].
Below we report our results for exchange constants with
U = 6 eV and Hund’s JH = 0.95 eV. Experimental lat-
tice parameters have been used[15].

The magnetic exchange interactions J(q) were eval-
uated assuming a rigid rotation of atomic spins, using
a previously developed linear–response approach [53].
This technique has been applied successfully to evaluate
exchange interactions for a series of materials, includ-
ing transition–metal oxides[53], HTSCs[60], Fe–based
superconductors[61]; europium monochalcogenides[62],
orbital–ordered noncollinear spinel MnV2O4[63], and
Dirac magnon material Cu3TeO6[64]. We also use
a constrained–orbital–hybridization method to provide
theoretical insights into the various contributions[55] to
the exchange interactions in hole doped NdNiO2. To
avoid the effect of the very narrow Nd–4f bands, we
shift the three occupied Nd–4f orbitals downward while
shifting the rest of the Nd–4f band upward by using a
constrained–orbital approach [55]. Since the obtained re-
sults do not depend on the magnitude of the shifts, we
display the results with the Nd–4f bands shifted by ±2.0
Ry.

Similarly to previously reported band structure cal-
culations for LaNiO2[13, 22, 24, 27], there are two bands
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TABLE II: Calculated exchange interactions (in meV) for
x=0.2 hole doped NdNiO2, with Nd-5d shifted upward by
various energies (in Ry).

Shift (Ry): J1 Jz1
0.05 64.28 -84.04
0.10 65.48 -83.76
0.50 69.68 -75.52
2.00 71.92 -78.96

crossing the Fermi level in the LDA band structure of
NdNiO2, with one band primarily derived from the Ni–
3dx2−y2 orbital and the other consisting of predomi-
nantly Nd–5d character. Just as with LaNiO2[13, 22],
there is a gap between Ni–3d and O–2p bands (around -
3.5 eV). Moreover, Ni–O bond length in NdNiO2 (1.96 Å)
is slightly larger than the Cu–O bond length in CaCuO2

(1.92 Å). Thus the bandwidth of the Ni–3dx2−y2 band
correspondingly smaller than that of the Cu–3dx2−y2

band. While in both NdNiO2 and CaCuO2, the 3d3z2−r2

orbitals have very small dispersions along the ZRAZ
line, the dispersion of the Ni–3d3z2−r2 state along ΓZ
is considerably larger than that of Cu–3d3z2−r2 . More-
over, compared to Cu–3d3z2−r2 , the Ni–3d3z2−r2 band
lies closer to the Fermi level. These two features are ex-
pected to significantly affect the magnetic behavior in the
hole doped NdNiO2.

We now perform the LDA+U calculation to exam-
ine magnetic exchange interactions in undoped NdNiO2.
Our results show that the exchange coupling is large for
the nearest–neighbor J1 within the NiO2 plane. The sign
of this term is AFM, and thus the NiO2 layer shows a
(π,π) spin ordering. There is some debate about the
magnitude of the exchange interaction, with estimates
ranging from much less than that of cuprates [23, 29, 50]
to comparable to the value of exchange interaction in
CaCuO2[26, 51, 52]. Our calculated value of J1 is 82.24
meV as referenced to the form of the Heisenberg Hamil-
tonian

H =
1

2

∑
ij

JijSiSj (1)

with S=1/2. The estimate of J1 =25 meV from the
Raman scattering experiment of the two–magnon peak
[48, 50] is significantly smaller. Recent resonance X–ray
scattering experiments performed for trilayer nickelate
La4Ni3O8 report this value to be 69 meV[65]. The in–
plane J1 that we compute is only about 25% less than
that found in CaCuO2[60]. We attribute it to a smaller
Ni–3d and O–2p hybridization and larger energy split-
ting between Ni–3d and O–2p as has previously been
pointed out[13]. Consistent with the result of (π,π,0)
spin ordering being slightly more energetically favorable
than (π,π,π), our calculation produces a small out–of–
plane FM exchange interaction, with nearest neighbor
J1z = −3.4 meV and second nearest neighbor J2z = −23

meV, respectively. Our calculations reveal that the mag-
netic moment at the Ni site (0.97 µB), residing mostly in
the 3dx2−y2 orbital, is much larger than that at Cu sites
in HSTCs.

There exists a fairly flat band right at the Fermi level
along the ZRAZ line, in the band structure of the mag-
netic ground state configuration of NdNiO2, as shown in
Fig.1(a). This flat band has predominantly Ni–3d3z2−r2

character, and plays an important role when hole doping
is considered. The very small in–plane dispersion of the
Ni–3d3z2−r2 band can be understood as a consequence of
the symmetry of the Ni–3d3z2−r2 orbital, which can only
weakly hybridize with the neighboring O–2p.

To examine the doping dependence we perform a se-
ries of hole–doped calculations, varying the number of
holes per unit cell from 0.05 to 0.30 by using the vir-
tual crystal approximation. These calculations show that
the hole doping within this range does not significantly
change the shape of the band structure apart from shift-
ing the Fermi level downward. Regardless of the hole–
doping concentration, the Ni–t2g band is almost fully
occupied and does not contribute to the magnetic mo-
ment. The magnetic moment of the Ni–3dx2−y2 orbital
is also unaffected by the hole doping. Instead, the holes
preferentially occupy the flat Ni–3d3z2−r2 band, and, as
a result, the magnetic moment of this orbital increases
with doping as shown in Table I. Noting the considerable
Ni–3d3z2−r2 band dispersion along ΓZ, and the forma-
tion of magnetic moments in this orbital, one can expect
the emergence of out–of–plane magnetic exchange inter-
actions. This result has been confirmed by our linear
response calculation. As shown in Table I, hole doping
significantly enhances the out–of–plane Jz1, while the in–
plane J1 remains mostly unaffected.

The 5d orbital is spatially very wide, and can have
a crucial effect on the magnetic exchange interaction
through 4f –5d hybridization, even though it is empty
and located above the Fermi level[62]. In NdNiO2, the
Nd–5d band appears at the Fermi level, making it im-
portant to understand the role of the Nd–5d orbital in
magnetic exchange interactions. We address this issue by
using a constrained–orbital–hybridization approach[55].
We perform the calculations with the Nd–5d band shifted
upward by various values. Fig. 1(b) shows the band
structure for the case where the Nd–5d band is shifted
upward by 2 Ry. As one can see, the AFM insulating
state emerges from this calculation for the undoped case,
while hole doping vacates the Ni–3d3z2−r2 band within
kz = π/c plane.

Our calculation shows that both in–plane J1 and out–
of–plane Jz1 exchange interactions are not sensitive to
the position of the Nd–5d band as shown in Table II,
clearly indicating that the effect of this orbital on the
magnetic exchange interactions is negligible. A similar
calculation was performed for LaNiO2 to further confirm
these findings[59]. While the obtained values of the ex-
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FIG. 2: Calculated spin–wave dispersions for the undoped
NdNiO2 (cyan), and 0.2 hole-doped NdNiO2 (blue), with
U=6eV. For comparison, we also plot the results of CaCuO2

(red)[60].

change interactions are slightly different, the key features
discussed above are the same.

We illustrate the effect of increasing out–of–plane ex-
change interactions in doped NdNiO2, using an antiferro-
magnetic Heisenberg model, Eq. (1). Its linear spin–wave
dispersion is given by

ω(q) = S
√

[J11(q) − J11(0) + J12(0)]2 − [J12(q)]2

where J11(q)/J12(q) are the exchange interactions within
the same/different sublattices. (A quantum correction
factor Zc ≈ 1.18 which is sometimes used [60] in front
of this formula is omitted here) We plot these disper-
sions in Fig. 2 for both undoped and 0.2 hole–doped
NdNiO2 in Fig. 2, along with those of CaCuO2 for
comparison[60]. We utilize our calculated exchange con-
stants as a function of the wavevector for this purpose,
and not their nearest neighbor fits shown in Table I.
This procedure fully accounts for the long–range effects
of the interactions. Our model demonstrates some dif-
ferences between the spin–wave dispersions of NdNiO2

and CaCuO2. Notably, the peak around ( 1
2 , 0, 0) is re-

duced in NdNiO2 compared with CaCuO2, as a conse-
quence of the smaller in–plane exchange couplings, and
is largely unaffected by doping. In contrast, the out–of–
plane exchange interactions strongly depend on doping,
which can be seen in the changing dispersion along ΓZ.
In undoped NdNiO2, an out–of–plane Jz2 dominates over
the vanishing nearest neighbor Jz1. Doping amplifies Jz1
while suppressing Jz2, resulting in the disappearance of
the valley at (0, 0, 1/2) in the dispersion. Thus, in con-
trast with HTSCs, our calculation of J ’s here predicts a
strongly doping dependent resonance that could in prin-
ciple be observed in neutron experiments.

III. TWO–BAND MODEL

A minimal model for the electronic structure of
NdNiO2 that emerges from the present study should in-
volve Ni–3dx2−y2 and Ni–3d3z2−r2 orbitals only. Their

(
)

FIG. 3: (a) Non–magnetic LDA band structure of NdNiO2

with the orbital character of Ni-3dx2−y2 and Ni-3d3z2−r2

states shown in red and green, respectively. (b) The corre-
sponding two-band tight–binding model[59].

role has already been emphasized in many recent
works[19]–[46] and, as we argue here, their importance
is based on sensitivity of magnetic excitations to the po-
sition of various orbitals. The parameters of the model
can be obtained by tracing the orbital character of these
states from the non–magnetic LDA calculation. We show
this in red for Ni–3dx2−y2 and in green for Ni–3d3z2−r2 in
Fig. 3(a). The derived two–band tight–binding model is
illustrated in Fig. 3(b). In the large U limit, such model
at a quarter filling by holes (3 electron filling) is expected
to exhibit a Mott insulator for 3dx2−y2 band, with the
lower Hubbard band placed below 3d3z2−r2 state. Its
antiferromagnetic solution in the Hartree–Fock approxi-
mation will result in the band structure very similar to
the LDA+U result shown in Fig. 1(b), which also as-
sumes that the t2g states of Ni, although appear in the
same energy range, are apparently irrelevant. According
to our LDA+U calculation with U &4 eV, doping sends
the holes primarily to the 3d3z2−r2 state promoting in-
terorbital triplets. This is seen in Fig. 1(b) where the
Fermi level shifting downwards unoccupies the 3d3z2−r2

band in kz = π/c plane which explains doping depen-
dence of the orbital occupancies shown in Table I.

The described picture should however be contrasted
to the genuine strong correlation effect that prompts to
consider an additional hole to be injected into either Ni
x2 − y2 or 3z2 − r2 orbital resulting either in an intraor-
bital singlet or interorbital triplet. This is different from
cuprates, where holes end up in low–lying O 2p band
forming Zhang–Rice singlet states[6]. Here, it is not the
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FIG. 4: Calculated probabilites for the three electron S=1/2
and two–electron S=0 and S=1 states as a function of Hund’s
coupling JH using Dynamical Mean Field Theory and Contin-
ious Time Quantum Monte Carlo Method for the two–band
model of NdNiO2 corresponding to doping by 0.2 holes (fill-
ing by 2.8 electrons in the model). An inverse temperature of
β = 40 is used in the calculations.

relation of Hubbard U to the crystal field splitting ∆ be-
tween x2 − y2 and 3z2 − r2 levels but the competition of
the Hund’s rule JH and ∆ which should be examined to
understand the origin of the two–hole state in the doped
case[29, 30, 33–35]. To illustrate the proximity of both
(S=0 and S=1) solutions, a simple diagonalization of the
3d8 shell with U=6 eV and our deduced from Fig. 1(b)
crystal field splitting ∆=2.2 eV reveals that the lowest
energy state is S=0 for JH < 0.9 eV, and S=1 otherwise.
This value is well within the range of generally assumed
Hund’s rule exchange energies for transition metal ox-
ides and highlights a delicate balance in extracting the
two–hole ground state configuration.

Although a number of full–fledge multiorbital
LDA+DMFT calculations have been recently carried
out to understand the many–body physics of doped
NdNiO2[30, 33, 43], a strong sensitivity of the solution
to the input parameters, such as JH , is expected. This
has been already highlighted in the earlier work simu-
lating two semicircular densities of states with the crys-
tal field splitting as a parameter [35]. To gain a further
qualitative insight, here we study our derived two–band
model using Dynamical Mean Field Theory[66] and Con-
tinuous Time Quantum Monte Carlo method[67]. The
parameters U=6 eV and ∆=2.2 eV are fixed while JH is
adjusted. The undoped case of Ni 3d9 S=1/2 state cor-
responds to the electronic filling equal to 3 in this model,
where we easily recover a paramagnetic Mott insulating
state with the gap of the order of U that opens up in the
x2 − y2 band and with the 3z2 − r2 states that remain
completely occupied. Doping this model with 0.2 holes

(filling by 2.8 electrons) results in finite probability to
find either S=0 or S=1 states in addition to S=1/2 that
depends on JH . These probabilities extracted from the
Quantum Monte Carlo simulation are shown in Fig. 4
very close to our earlier estimate of 0.9 eV.

Our results for the k–resolved spectral functions are
summarized in Fig. 5, where a comparative study is pre-
sented for the two quasiparticle band structures corre-
sponding to S=0 state (JH is set to 0.6 eV, Fig. 5(a))
and to S=1 state (JH is set to 1 eV, Fig. 5(b)). One can
see from the calculated spectrum for JH =0.6 eV that the
3z2−r2 state remains completely occupied while the dop-
ing primarily affects the x2 − y2 band which now shows
a typical for DMFT three–peak structure with the two
Hubbard bands appearing below and above the Fermi
level and a renormalized quasiparticle band that crosses
EF . The k dispersion for all three features is similar to
the original dispersion of the x2 − y2 band.

A different picture emerges from the calculation with
JH = 1 eV shown in Fig. 5(b). In this case, renormal-
ized quasiparticles of the 3z2−r2 character appear at the
Fermi level which illustrate the formation of the interor-
bital triplet states. A very strong peak in the quasipar-
ticle density of state is expected to be present at EF due
to the non–dispersive portion of the 3z2−r2 band within
the ZRA plane. At the same time, the x2−y2 band does
not develop a three–peak structure and is characterized
by the two Hubbard bands as in the undoped case. A very
similar behavior has been already predicted in a recent
work[34] where it was termed as the “Kondo resonance”
property, carried by the Ni-3z2 − r2 character.

Our previous LDA+DMFT calculations [43] per-
formed for JH = 0.95 eV are in somewhat agreement
with this result although the appearance of the flat band
was detected by us earlier only at a higher doping (˜0.4).
The origin of this discrepancy may lie in a more com-
plex interplay between crystal fields and double counting
effects in a self–consistent multiorbital simulation or in
an analytical continuation of the QMC derived spectral
functions resulting in a smaller and/or more broadened
spectral weight as compared to the result of the model.
We have additionally checked the probabilities of various
spin states within LDA+DMFT and they are mostly in
line with what we observe in Fig. 4.

Since the Hund’s coupling JH of 0.8 to 0.9 eV is well
within the range of commonly accepted values, we can-
not make a definite conclusion about whether S=0 or
S=1 scenario is realized for doped nickelates. However,
possible future angle–resolved photoemission (ARPES)
experiments may provide important insight since as illus-
trated by our calculations the quasiparticle band struc-
ture is very different between the two cases. Further-
more, while ARPES spectra in the hole–doped HTSCs
show waterfall–like behavior[68], we do not expect wa-
terfalls to appear here due to a lack of oxygen states at
energies close to EF and associated physics responsible



7

FIG. 5: Quasiparticle band structures of the two– band model
of NdNiO2 obtained by Dynamical Mean Field Theory and
Continious Time Quantum Monte Carlo Method for the dop-
ing level of 0.2 holes: (a) Calculation for Hund’s coupling
JH = 0.6 eV that corresponds to S=0 two–hole state; (b)
Calculation for JH = 1 eV corresponding to S=1 two-hole
state. An inverse temperature β = 40 is used for the calcula-
tions.

for the formation of the low energy states[69].

IV. CONCLUSION

In conclusion, using the LDA+U method, we have
calculated magnetic exchange interactions for the doped
NdNiO2 novel superconductor. We find that the parent
compound is mostly two–dimensional, with large nearest
neighbor in–plane, and small out–of–plane exchange in-
teractions. Upon doping, the out–of–plane coupling Jz1
was found to increase dramatically, while the in–plane J1
is almost unchanged. To clarify the origin of these trends,
we analyzed the symmetry of the holes induced by dop-
ing which were found to be primarily of the 3d3z2−r2

character promoting the formation of interorbital triplet
as Ni 3d8 ground state configuration. We also investi-

gated the role of the Nd–5d states, which contribute sub-
stantially to the Fermi surface of NdNiO2. Shifting this
band upward using a constrained–orbital–hybridization
method has little effect on exchange interactions, which
leads us to conclude that Nd–5d states have negligible
effect on the spin fluctuations and the superconductiv-
ity in NdNiO2. A minimal two–band model with active
Ni–3dx2−y2 and Ni–3d3z2−r2 orbitals has been further
studied with DMFT to reveal an underlying Mott insu-
lating state which upon doping selects either S=0 and
S=1 two–hole states depending on the Hund’s coupling
in the range of its commonly accepted values 0.8 to 0.9
eV. Should S=1 state be valid, we rely on our LDA+U
result to predict that upon doping the spin susceptibility
gains three dimensionality as it gets enhanced along ΓZ.
This can be readily observed in neutron experiments and
can be one way to probe the two–hole configuration. We
also rely on our DMFT result to predict a formation of a
strong quasiparticle peak at the Fermi level detectable by
ARPES experiments. A small anisotropy in Hc2 was in-
deed discovered very recently [70] illustrating the three–
dimensional nature of NdNiO2 which starkly contrasts
with the two–dimensional superconductivity in HTSCs.
At the same time, most recent x–ray absorption spec-
troscopy (XAS) and resonant inelastic x-ray scattering
(RIXS) experiments are found to be consistent with a d8

spin singlet state [71]. These results should be important
in future studies of nickelate superconductors.
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