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The recent and exciting discovery of superconductivity in the hole-doped infinite-layer nickelate Nd;_sSrsNiO, draws strong
attention to correlated quantum materials. From a theoretical view point, this class of unconventional superconducting materials
provides an opportunity to unveil a physics hidden in correlated quantum materials. Here we study the temperature and doping
dependence of the local spectrum as well as the charge, spin and orbital susceptibilities from first principles. By using ab initio
LQSGW+DMFT methodology, we show that onsite Hund’s coupling in Ni-d orbitals gives rise to multiple signatures of Hund's
metallic phase in Ni-e, orbitals. The proposed picture of the nickelates as an e, (two orbital) Hund’s metal differs from the picture of
the Fe-based superconductors as a five orbital Hund’s metal as well as the picture of the cuprates as doped charge transfer
insulators. Our finding uncover a new class of the Hund’s metals and has potential implications for the broad range of correlated

two orbital systems away from half-filling.
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INTRODUCTION

Although the mechanisms of unconventional superconductivity
remain elusive, the discoveries of classes of unconventional super-
conductors have proliferated experimentally. These experimental
efforts revived the interest in correlated quantum materials and
provided opportunities to unveil physics hidden within them. To
illustrate, in the cuprate superconductors', superconductivity
emerges from the bad metallic states realized by doping a charge
transfer insulator?. Strong electron correlation in the bad metallic
normal states arises due to the proximity to Mott insulator
transition>4, i.e,, Mottness. According to the theory of conventional
superconductors, it is improbable that this bad-metallic phase would
support superconductivity. This motivated the theoretical proposals
of superconducting pairing mechanisms beyond the Bardeen-
Cooper-Schrieffer (BCS) paradigm®~”. This in turn lead to the
discovery of other unconventional superconductors wherein a
superconducting phase emerged from the bad-metal parent state
in a different way. For example, in the multi-orbital Fe-based
superconductors®®, the on-site Hund’s coupling (J) promotes bad
metallic behavior in their normal phase'®'3. This gives rise to the
concept of Hundness. Hundness-induced correlated metals, Hund’s
metals'*'6, play the role of a reliable reference system for Fe-based
superconducting materials'>'#1>17-21 and ruthenates'>22-2°,

Recently, the thrilling discovery of Ni-based superconduc-
tors?5-2° turns the spotlight on correlated quantum materials
and their unconventional superconductivity®>3'. NdNiO, and
infinite-layer cuprates, e.g. CaCu02, are isostructural*>33, where
the two dimensional Ni-O plane is geometrically analogous to the
Cu-O plane in the cuprate. The Ni-d,,_,, orbital of each Ni'* ion
can be expected to be half-filled with an effective spin-1/2 on
each site according to the oxidation state rules. In combination,
this makes NdNiO, a promising cuprate analog>4-3°.

However, the differences from cuprates are striking. Its parent
compound is seldom regarded as a charge transfer insulator>>4°-42
and there is no sign of long-range magnetic orders®* down to 1.7 K.
In addition, its parent compound shows a resistivity upturn upon
cooling?®, which is common in heavy-fermion superconductors and

is often due to Kondo effects***4, The sign change of the Hall
coefficient implies that electrons as well as holes may play an
important role in the materials properties?®, implying its multi-orbital
nature*~*¢, Moreover, it is debatable whether the doped hole forms
a spin singlet or triplet doublon with the original hole on a Ni
ion*’>3, suggesting possible Hund metal physics****>%55 These
similarities and differences to various unconventional superconduc-
tors are puzzling, but they do provide a chance to explore hidden
aspects of electron correlation.

In this paper, we explore the multi-orbital physics in infinite-layer
nickelates from first principles. By wusing ab initio linearized
quasiparticle self-consistent GW (LQSGW) and dynamical mean-
field theory (DMFT) method%~>8, we investigate the origin of the
electron correlation in the infinite-layer nickelate normal phases. Ab
initio LQSGW+DMFT is a diagrammatically motivated ab initio
approaches for correlated electron systems. As a simplification of
diagrammatically controlled full GW-HEDMFT approach®-°, it
calculates electronic structure by using ab initio linearized
quasiparticle self-consistent GW approaches®?%3, Then it adds one-
shot correction to local electron self-energy by summing over all
possible local Feynmann diagrams within DMFT®*72 For the
impurity orbital in the DMFT step, we choose a very localized
orbital spanning a large energy window, which contains most
strongly hybridized bands along with upper and lower Hubbard
bands. Having chosen the shape of the correlated orbitals, all the
other parameters to define DMFT problem are determined
accordingly: double-counting energy within local GW approximation
and Coulomb interaction tensor within constrained random phase
approximation (cRPA)”3. This method has been validated against
various classes of correlated electron systems including paramag-
netic Mott insulators La,CuO,>’, Hund metal FeSe®®, and correlated
narrow-gap semiconductors FeSb,”*. Recently, Kondo effects of
USbTe”>7’%, UTe,”’, and NdNiO,’® have been identified by this
method. The calculated electronic structures well explained experi-
mental results from ARPES and electrical resistivity measurements.

Within ab initio LQSGW+DMFT, we found multiple signatures of
Hundness associated with the Ni-d subshell in the compounds.
This finding differentiates the infinite-layer nickelates from the
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Fig. 1 Calculated spectral functions. Total and orbital-resolved

spectral function of LapgBag,NiO, along a high-symmetry line as
calculated within ab initio LQSGW+DMFT at T=300K. Of the two
bands crossing the Fermi level, the lower energy band shows Ni-
dy._y» character, and the other, self-doping band at higher energy is
a mixture of La-d», Ni-d,, La-d,, and Ni-p,.

cuprates. In particular, we found that Hundness becomes apparent
among the Ni-e, orbitals but not the Ni-t,, orbitals. This is a
distinctive feature of the infinite-layer nickelates from Fe-based
superconductors as five-orbital Hund's metals.

RESULTS AND DISCUSSION

Orbital-resolved spectral function

The low-energy electronic structure of La;_sBasNiO, shows multi-
orbital characters. In particular, the two bands crossing the Fermi-
energy have substantial Ni-e, orbital character. Figure 1 shows
the electronic structure of LaggBag,NiO, within ab initio
LQSGW+DMFT. Consistent with the results obtained with other
electronic structure methodologies such as DFT>#37:38:43-45,53,79-85
DFT+DMFT3>>4, and one-shot GoW,%, the total spectral function
shows that there are two bands crossing the Fermi level. Of these
two bands, the lower energy band shows strong two dimensional
character, and it is dominated by the Ni-d,._,. orbital. The
remaining band, the so called self-doping band, is the higher
energy band which shows strong hybridization between other Ni
orbitals and La orbitals. The band dispersion of the self-doping
band varies strongly along the direction normal to the Ni-O plane
(2), demonstrating its strong 3-dimensional character*®. Moreover,
the orbital character of the self-doping band is strongly
dependent on k. In the k,=0 plane, the orbital character of the
self-doping band is mostly La-d,» and Ni-d,28'#2, In contrast, in the
k,=mnc™" plane, where c is the lattice constant along the 2
direction, its orbital character is mostly La-d,, and Ni-p,. This
analysis is consistent with a recent two band model study from
first-principles, showing that the two Fermi-level-crossing bands
can be spanned by a Ni-d,._,. orbital and an axial orbital*>#>%’.
The axial orbital is not centered on a single atom. Instead, its
density is centered on both the Ni and La atoms.
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Table 1.  Electron occupation of Ni-d orbitals in Lag gBag,NiO, and Fe-d
orbitals in FeSe at T=300K.

Materials dyy d,, dy, d, dy_y
Lag gBag2NiO, 1.94 1.89 1.89 1.59 1.04
FeSe 1.22 1.19 1.19 1.44 1.26

Orbital occupations

Orbital occupations in the Ni-d orbitals differentiates the t,5 and e,
orbitals. As summarized in Table 1, the Ni-e,4 orbitals are partially
filled but the Ni-t,, orbitals are fully-filled in LaggBag,NiO,. This
orbital occupation profile is far from a prediction based on
oxidation state rules, i.e,, 2, 2, 2, 2, and 1 for Ni-d,y, Ni-d,, Ni-d,, Ni-
dp, and Ni-d,._,», respectively. Intriguingly, the difference stands
out especially for the Ni-z? orbital, which is far from the expected
double occupation®>88, This discrepancy can be explained by the
hybridization between Ni-d,. and La-d,. orbitals. The strong
hybridization between these two orbitals in the I-X-M-I' plane
makes the Ni-d,. orbital exhibit a dispersion which is distinct from
its dispersion in isolation (the flat band at E-1eV in the Z-R-A-Z
plane in Fig. 1¢)®. Indeed, upon Ba doping up to 0.3, only ~25% of
the added holes go into the Ni-d orbitals, while the remaining
holes go into other orbitals, especially the La-d,,, La-d, and Ni-p,
orbitals (as shown in the Supplementary Fig. 8). This is consistent
with other theoretical studies at low-doping®*28, and it makes the
trgeg differentiation in orbital occupation robust against low
extrinsic hole-doping. Here we note that the orbital occupation as
well as the orbital resolved spectral functions are dependent on
the choice of the Wannier orbitals. To construct atomic-orbital-like
Wannier orbitals tightly bounded and centered on the atoms, we
constructed 31 atom-centered Wannier orbitals for each spin (see
the Supplementary Methods).

Coulomb interactions for Ni-d orbitals and Hund metal
physics

Based on the Coulomb interaction calculation within the
constrained random phase approximation (cRPA), it is legitimate
to assume the dominance of Hundness over “Mottness” in
La;_sBasNiO,. Figure 2 shows the calculate on-site Hubbard (U)
and Hund (J) interactions among five Ni-d orbitals within the
constrained random phase approximation. In teteragonal nick-
elates, the crystal field splits the e, into d,» and d,>_,2, and the t54
into d,, and {d,,, di,}. The calculated crystal field splitting energies
are ~0.2 and ~0.4 eV for the e, and t,, orbitals, respectively. Both
energies are smaller than the static U= 2.56 and J=1.09 eV. The
electronic structure of LaNiO, is affected mainly by U and J rather
than the small crystal field splittings. We therefore used e, and ty
notation to describe differentiated Hund’'s physics among two
groups of ey : {d,dye_2} and tg:{dyy, d d,;}. For comparison,
we plotted the U and J of Ni-d orbitals in NiO and Fe-d orbitals in
FeSe. As is typical, U is strongly frequency-dependent, while J is
not. Interestingly, the static U of the Ni-d orbitals in LaggBag,NiO,
is much smaller than it is in the charge-transfer insulator NiO. It is
even smaller than the U of Fe-d orbitals in the Hund’s metal FeSe.
In contrast, the J of the Ni-d orbitals in LaggBag,NiO, is even larger
than the J of Fe-d in the Hund’'s metal FeSe. In the LQSGW
approach, the crystal-field splitting between two Ni-e4 orbitals was
found to be 0.2 eV, while the splitting between the Ni-d,, orbital
and Ni-d,,,, orbital was calculated to be 0.4 eV. These values were
obtained from the onsite-energy levels of atom-centered Wannier
functions with the desired angular momentum characters. The
crystal-field splitting energy is 0.2 (0.18) eV for d» and d,._,> (dy,
and d,;) in Lag gBag,NiO, (FeSe), which is smaller than U and J. The
bandwidths are more affected by U and J than crystal-field
splitting. The three Fe-d,,, Fe-d,, and Ni-d,._,. are slightly away
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Fig. 2 Calculated onsite Coulomb interaction. a Calculated on-site
Hubbard interaction U and b Hund interaction J for Ni-d orbitals in
Lag gBag ;NiO,, Fe-d orbitals in FeSe, and Ni-d orbitals in NiO within
the constrained random phase approximation. In the static limit, the
U of the Ni-d orbitals in LaggBag,NiO, is much smaller than in NiO
and even smaller than that of the Fe-d orbitals in FeSe. In the entire
frequency range, the J for Ni-d orbitals in LaggBag,NiO, is larger
than the J of Fe-d orbitals in FeSe. c Projected density of states to La-
eg orbitals in LaggBap,NiO, and Fe-ty, orbitals in FeSe.

from half filling signaling possible Hundness or Mottness. Despite
significant variation on U between FeSe and LaggBag,NiO,,
bandwidths of the four orbitals are similar, we therefore can
safely assume the dominant role of Hundness over Mottness in
(La,Ba)NiO,.

In FeSe, all five d orbitals are away from the nominal half-filling.
This is one of the conditions leading to five orbitals Hund’'s metal.
The nominal occupancy of Ni-d is d® by the oxidation state rule.
However, the real occupancy of Ni-d in LaNiO, is expected to be
d°~9, depending on charge transfer from (to) oxygen (lanthanum)
and hole doping, where 0 <6 < 1. Six electrons are occupied in
the t,4 manifold and 3-8 electrons are occupied in the e, manifold.
This is the ideal filling for two-orbital Hund metal physics®.

Signatures of two-orbital Hund metal physics

To understand the origin of strong correlations in the infinite-layer
nickelates further, we calculated the temperature and doping
dependence of Ni-d,._,» local spectra as well as static spin- and
orbital-susceptibility. These one- and two-particle quantities are
“litmus-papers” to quantify the relative strength of Hundness
versus Mottness. Hund’'s metals show various characteristic
behaviors. One is spin-orbital separation: a two-step screening
process in which local spin moment is screened at much lower
temperature than local orbital polarization. Another is the absence
of the pseudo gap in the local spectra. At high temperature when
quasiparticle spectral weight near the Fermi level is transferred
into high-energy Hubbard bands, spectral weight at the Fermi
level is still not negligible and the local spectra is dominated by a
single incoherent peak. In contrast, in the correlated metallic
system where Mottness dominates, spin-orbit separation is
negligible. In addition, the high-temperature spectral weight at
the Fermi level is depleted due to the quasiparticle spectral weight
transfer and pseudogap forms at the Fermi level at the high
temperature. By calculating these quantities, we found multiple
Hundness signatures. More importantly, these signatures are
primarily evident in the active Ni-e; orbitals and not the inactive
Ni-t,4 orbitals.
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Fig. 3 The temperature dependence of the local spectrum of the
spin and orbital susceptibilities. a The temperature dependence of
static spin susceptibility (x°) of d orbitals (red dots), t,4 orbitals (green
diamonds), and eg-orbitals (orange squares) in LaggBag,NiO, and
FeSe. b Orbital-resolved static spin susceptibility (x;) of Ni-d orbitals
in LaggBag,NiO, and Fe-d orbitals in FeSe at T = 900 K. ¢ The
temperature dependence of static orbital susceptibility (x7) of Ni-d
orbitals in LaggBag,NiO, and Fe-d orbitals in FeSe. d Orbital
susceptibility (ij) of Ni-d orbitals in LaggBag,NiO, and Fe-d orbitals
in FeSe at T = 900 K.

Five Ni-d orbitals in La;_sBasNiO, show clear spin-orbital
separation. Figure 3a and c show the temperature dependence of
the static local susceptibility in spin (xz,) and orbital (x7) channels.
These are defined as x5, = > ;_aX5: Xj = J¥ dv(5(1)S;(0)), and
Xi= fg dt(Ni(T)N;(0)) — B(N;)(N;). Here S,(1) is the orbital-resolved
spin operator and N; is the orbital resolved occupation operator.
According to Deng et al.®', the temperatures at which the screening
of the spin and orbital degrees of freedom becomes noticeable are
one of the key measures with which to distinguish between Mott
and Hund physics. These onset screening temperatures in spin and
orbital channels can be obtained by estimating the temperature at
which these susceptibilities deviates from Curie-like behaviors. In
the Mott regime, these two energy scales coincide. In contrast, in the
Hund regime, the orbital onset temperature is much higher than the
spin onset temperature. At a temperature between these two onset
temperatures, the spin susceptibility is Curie-like but the orbital-
susceptibility is Pauli-like. This is exactly the behavior seen in FeSe. In
FeSe, the local spin susceptibility is Curie-like (red dots in Fig. 3a), but
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the local orbital susceptibility approaches its maximum upon cooling
(red dots in Fig. 3c). LaggBag,NiO, behaves like FeSe. The spin degree
of freedom (red dots in Fig. 3a) shows Curie-like behavior. In contrast,
the orbital susceptibility between any Ni-d orbital pair shows a
downturn of the susceptibility upon cooling (red dots in Fig. 3c).

However, there is an important distinction between the Ni-d
orbitals in La;_sBasNiO, and Fe-d orbitals in FeSe: The t,4 orbitals
in La;_sBasNiO, are inactive. In spite that Ni-t,, is almost fully
filled in La;_sBasNiO,, the inactivity of Ni-t,; orbitals for the
Hundness-related two-particle quantities (x; and x7) is a non-trivial
question. Inactivity in the one-particle level (single particle Green’s
function) is not sufficient to assure inactivity in the two-particle
level (the local susceptibilities). This can be illustrated by the
charge susceptibility data obtained within multitier GW+EDMFT
by F. Petocchi et al>>. As shown in Fig. 3 of the paper, the
intraorbital charge fluctuation associated with Ni-d,,,, orbitals is
not negligible but comparable to the fluctuation associated with
Ni-d,2_,» although Ni-d,,,,, orbital is almost fully-filled within their
approach. To convince the inactivity of Ni-t,; orbitals in the two
particle level, their Hundness-related two-particle quantities (x
and x7) should be examined explicitly.

Flrst spin fluctuations are not active among the Ni-t,, orbitals.
Figure 3b shows x;. In FeSe, all possible pairs of Fe-d orbitals show
a strong spin response. In contrast, only the Ni-e; subspace
exhibits a strong spin response in LaggBag>NiO,, while the
response due to the remaining pairs is strongly suppressed. The
temperature dependence of the spin susceptibility in the t,,
subspace ()(fzg) further supports the distinction between the Ni-d

orbital and Fe-d orbitals. Here, szg = Zij:rzgxfj. As shown in Fig. 3a,
xizg (green diamonds) in LaggBag,NiO, strongly deviates from the

Curie-like behaviors of x;,. This does not occur in FeSe. Most
strikingly, )(r approaches zero upon cooling.

Second, the static orbital susceptibility shows the suppressmn
of orbital fluctuations in the Ni-t,, subspace. Figure 3(d) shows x7.
In FeSe, all possible pairs of Fe-d orbitals show a strong orbltal
response. In contrast, the x7 in the Ni-t,5 subspace are strongly
suppressed in LaggBag,NiO,. The temperature dependence of the
orbital susceptibility in the t,4 subspace (x3, ), shown in Fig. 3¢, is
another distinction between Ni-d orbitals and Fe-d orbitals. Here,
in contrast to FeSe, where xg . (green diamonds) follows sz_yz 2
(orange squares), )(nyz (green diamonds) in LaggBag;NiO, strongly
deviates from sz_yz ,(orange squares). Most strikingly,
approaches zero upon cooling.

Once we narrow down our view from all Ni-d orbitals into only
the Ni-e, orbitals, we can successfully find all signatures of a
Hund'’s metal. Two Ni-e, orbitals in La;_sBasNiO, show clear spin-
orbital separation. Figure 3a and c depict the temperature
dependence of static local spin (XS and orbital (x2 2 )
susceptibility. Here xe Z, eXU )(e (orange squares in Flg 3a)
shows Curie-like temperature dependence but x2, g (orange
squares in Fig. 3c) shows Pauli-like temperature dependence.

Here we note that there are two more characteristic phenomena
of Hund’s metal. One is the spin freezing phase®2. At a temperature
where orbital fluctuation is screened but spin flucuation is not, spin
fluctuation doesn’t decay to zero at long imaginary time (t = f3/2),
where § is inverse temperature. The other is orbital-decoupling: the
suppression of the instantaneous interorbital charge fluctuation'
In these two quantities, we also found evidances of Ni-e; Hundness.
Please see the supplementary Figure 4.

Hund’s physics in the infinite-layer nickelates can be tested
further by measuring the temperature evolution of the Ni-
dy>_2-orbital-resolved spectral function, which dominates the
spectra at the Fermi level. According to Deng et al.®', the high-
temperature spectra of the orbital-resolved density of states can
be used to confirm Hund’s metal physics. At low temperature,
spectral weight at the Fermi level is dominated by quasiparticle
resonance peak in both Hund’s and Mott's metallic phase.

Xxy‘yz
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However, at a high temperature when quasiparticle spectral
weight at the Fermi level are transferred to high-energy Hubbard
bands, local spectra distinguish Hund-like and Mott-like metallic
systems. In the metallic phase where Mott features dominate, the
upper and lower Hubbard bands are well separated from each
other due to its proximity to Hubbard-Mott transition and pseudo-
gap forms. In contrast, in Hund’s metallic phase, the upper
Hubbard band is overlapping with the lower Hubbard band and
the whole spectra is dominated by a single incoherent peak that
has a large value at the Fermi level. This Hund’s metallic features
are accompanied by shoulder-like structure in the electron self-
energy imaginary part as well as the inverted slope of the self-
energy real part near the Fermi level®>%3,

Figure 4 shows the temperature evolution of the Ni-d,._,.-orbi-
tal-resolved spectral function of LaggBag,NiO,. Here we note that
the estimated onset screening temperature in the spin and orbital
channels are 3000K and 35000K, respectively. Importantly, up to
T=15000K, we were not able to observe pseudo gap formation
in the Ni-d,._,» projected density of states. Instead, the local
spectrum is composed of a single incoherent peak that has a large
value at the Fermi level. In addition, the center of the incoherent
peak moves away from the Fermi-level upon heating. Further-
more, the correlation part of the electronic self-energy shows
expected Hund'’s metallic behaviors. As shown in the self-energy
in Fig. 4a there is a shoulder-like structure in its imaginary part
self-energy at T=300K. The slope of the real part self-energy is
inverted accordingly. To check its role in the spectral properties,
we constructed an auxiliary Green’s function of Ggux(Eo,E) =
ﬁi(f)’ which is often used to study Hund’s metal physics in the

0 C

various Hund-Hubbard models®*°4. Due to the shoulder-like
structure in the electron self-energy, the band structure of the
auxiliary system is strongly renormalized with a renormalization
factor of 0.2 near the Fermi level. Furthermore, at the negative
bare energy (Ey), there is strong redistribution of the spectral
weight, resulting in an additional incoherent peak. This creates the
waterfall features in the Ni-d,._,» orbital resolved spectral function
in real materials. As shown in the spectral weight in Fig. 4a, the
spectral weight along the [-Z line is split into strongly
renormalized coherent peak and incoherent peak. As the
temperature increases, the shoulder-like structure in the imaginary
part of the self-energy becomes weaker. Subsequently, the
coherenet and the coherent peaks merge.

To clarify the microscopic origin of Ni-e; Hund's metallic
behaviors, we investigate the reduced local many-body density
or local probabilities of Ni-3d multiplet states in the atomic limit.
Figure 5a shows the valence histogram for the Ni-3d multiplets in
LaggBagoNiO,. That is, it shows a partial trace of the density matrix
of the full Hilbert space, where this partial trace excludes the Ni-3d
subsystem in order to reveal the probability that a given multiplet
state in the correlated Ni-3d subsystem is occupied. It is traced
further over the secondary spin quantum number. We decompose
the Ni-3d subspace according to the total charge (N, of the
mutliplet states, and find that for Ny=7, 8, 9 and 10, the most
probable states involve the total spin S, = 1/2, 1, 1/2, and 0 as well
as the occupation of the e, orbitals (Ne,) is 1.47. 2, 3, and 4,
respectively. Interestingly, these can be interpreted as the
multiplets which maximize the total spin of the Ni-e, electron in
each N, subspace; these are not the multiplets which maximize
the total spin of all N-3d electrons in each N, subspace. The
reduced local many-body density on the Ni-e; multiplets shown in
Fig. 5b supports this observation. The most probable Ni-e,
multiplet in each N, subspace is the one with maximum Ni-e,
total spin (Se,). Again, this supports our conclusion that Hund
metallic behaviors are limited to the Ni-e, orbitals.

Many-body state configurations in the Ni-e; subshell have been
discussed extensively. One of the main debates is on the spin
configuration in the Nig, =2 subspace. The two holes (or

Published in partnership with Nanjing University



B. Kang et al.

Bare energy S — kave
—r
s
2
o ]
W
w
T=300K
0.3 0.6
DOS(eV~1)
DOS ‘ — kave
—r
N
3
w
W
W
T=900K
Z0.0 0.3 0.6
I (eV) DOS(eV1)
2 T T
Self-energy DOS — kave
1+ \ L — 4
$ L\
y |
h |
_1 = - -
, . T=2000K
=2 -1 0 Z0.0 0.3 0.6
Z(eV) DOS(eV~1)
2 T T
Self-energy Bare ¢nergy oS : ';ave
1r ]
S \
< 0
ur \
u \
1k \,“ i |
| T=9000K
-2 L L |
-2 -1 0 0.3 0.6
I (eV) DOS(eV1)

npj

Fig. 4 Spectral functions and density of states. Spectral data obtained for Ni-d,._,2 orbital in Lag gBag;NiO; at four different temperatures of
aT=300K bT=900K, ¢ T=2000K, and d T = 9000 K. First column: electron correlation self-energy (£.). Second column: spectral function of

an auxiliary Green's function of A(Eg, E) = —1/m (#&(5)) White dashed line shows the dispersion of the bare band of E = E,. Third column:

orbital resolved spectral function. Fourth column: orbital-resolved density of states and orbital-resolved spectral function at T" point. White
arrows in the second, third and fourth columns indicate the energies of the two peaks in the orbital-resolved spectral function at the I" point.
Gray arrow in the fourth column indicates the peak in the orbital-resolved density of states.

Hund-coupling determines the spin configuration. Crystal field
splitting favors the spin-singlet configuration®®, but Hund
coupling favors the spin-triplet configuration by Hund’s rule. For
the infinite-layer nickelates, two different experimental studies

electrons) in the Ni-e; subspace can give rise to two different spin
configurations: spin-singlet and spin-triplet. For the Ni atom in the
square planar coordination environment, the competition
between crystal field splitting between two Ni-e, orbitals and
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Fig. 5 Valence histograms for the Ni-3d multiplets. a Reduced
local many-body density on the Ni-3d multiplets in LaggBag>NiO, at
T=300K. Each multiplet has been labeled by using the Ni-3d total
spin (S4) and Ni-3d total charge (Ny). The Ni-g, total charge (N,,) are
also shown. b Reduced local many-body density on Ni-e; multiplets
in LaggBag,NiO, at T=300K. Each multiplet has been labeled by
using Ni-e; total spin (S,), Ni-e, total charge (Ne,) and atomic-limit
eigenenergy.

have been conducted on this subject. Rossi et al. reported the
dominance of the singlet configuration by comparing atomic
multiplet calculations with Ni L3-edge X-ray absorption spectro-
scopy (XAS) data of Nd,_,Sr.NiO,%. Hepting et al. reported the
dominance of the triplet configuration by comparing XAS and
resonant inelastic x-ray scattering (RIXS) spectra of LaNiO, with
cluster calculation*®. Our LQSGW+DMFT data shows good
agreement with Hepting et al. As shown in Fig. 5, the calculated
spin-triplet and spin-singlet configurations’ weights are 24%
and 13%, respectively. These are very close to the values of 24%
and 14% obtained by Hepting et al.**. The dominance of triplet
configuration is one of the necessary conditions to realize Hund
metal physics, and this can be an indirect evidence of the Hund
metal physics in the infinite-layer nickelates.

Crystal-field splitting between Ni-e, orbitals and two-orbital
Hund metal physics

In addition to onsite Hund’s coupling, the crystal-field splitting
between Ni-d,» and Ni-d,._,> orbitals is another important factor
to control the physical quantities to judge Hundness versus
Mottness. The crystal field splitting plays a two-faced role in those
quantities. On one hand, it amplifies Hundness signatures. To
illustrate, the non-zero crystal field splitting suppresses spin
Kondo temperature but enhances orbital Kondo temperatures,
thus boosting spin-orbital separation®®. Thus, the spin-orbital
separation in the system with a non-zero crystal-field can not be
the signature of Hundness. On the other hand, it enhances
Mottness signatures. The crystal field splitting makes possible
Ni-e,4 spin-singlet lower in energy than the spin-triplet states®’. It
also increases the separation between lower and upper Hubbard
bands, thus promoting pseudo-gap formation. The enhancement
of the Mottness signatures can be understood by using the
Kanamori Hamiltonian in its atomic limit. By assuming inactivity
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Fig. 6 Cyclotron effective mass. Doping dependence of Ni-d,._,»
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(blue, T=150K) and LQSGW (orange) methods. m, denotes the free
electron mass.

Ni-t,4 orbitals, the local physics at the Ni site may be understood
by the eg-Kanamori Hamiltonian. In its atomic limit with vanishing
intersite hopping, the Hamiltonian is given by

H = —Aang + UZn;m,»l
o i

i#f

+ > (U/ *Jéo‘o’)nianja’ )
ij,0.0

i#f

)
—JZ<CITC:¢ J1Gi1 Cnfufucﬁ)y

Here, A, U, U’ and J are the crystal-field splitting which is positive,
intraorbital Coulomb interaction, interorbital Coulomb interaction,
and Hund’s coupling, respectively. When A =0, triplet states are
always the lowest-energy states in Ng,= 2 subspace. However,
non-zero crystal-field splitting enables the singlet ground states

formation in N, =2 subspace when A> (U=-U+J)° -2
Here we note that U> U’ in the realistic materials. Furthermore,
the A promotes pseudo-gap formation by enhancing the
separation between upper and lower Hubbard bands in the
weakly hole-doped regime from N, = 3 filling. The separation

(U™ is given by U™ = U*|,_o + (2Ne, — 5)A when triplet states
are the ground states in N, = 2 subspace and U*" = U*"|,_  +

(2N, — 5)A — (3Ng, — 8)(\/ /> + A% —J) when a singlet is the
ground state in N, =2 subspace Here Ue”lA o is the energy gap
when A=0. U*f>U¢f,_, in the electron occupation of
2.5<Ne, <3 regardless of N, =2 subspace ground state. For
the derivation, please see the Supplementary Table 2.

Despite the crystal-field-induced enhancement of the pseudo-
gap as well as singlet population, both measures advocate Hund's
metallicity of La,_sBasNiO, as shown in Figs. 5b and 4. Together
with the spin-orbital separation shown in Fig. 3, these signatures
indicate that La;_sBasNiO, is a strong candidate of two-orbital
Hund’s metal.

Measuring the two-orbital Hundness experimentally

We propose another experiment to support Ni-e; Hundness in the
infinite-layer nickelates: the doping dependence of Ni-d,._,> band
effective mass. In a paramagnetic system where the proximity to
Mott transition dominates electron correlation and single-band is
a good minimum model to describe the low-energy physics, the
effective mass is expected to be maximum in the undoped system
and decreases if the system is either hole-doped or electron-
doped. In contrast, as demonstrated by the Fe-based super-
conductors®®, the effective mass of Hund's metals changes
monotonically from hole-doped side to electron-doped side in
Hund’s metals. Figure 6 shows the doping dependence of the
cyclotron effective mass of the Ni-d,._,» bands in the k,=0
plane. Both LQSGW+DMFT and LQSGW methods show that the
effective mass increases monotonically from electron doped side
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to hole-doped side. This monotonic doping dependence of the
effective mass could be confimed by other experiments such as
specific heat measurement as well as angle-resolved photoemis-
sion spectroscopy. In contrast to other signatures proposed in this
paper, the doping dependence of the Ni-d,._,» band effective
mass does not require high temperature measurements.

Hubbard U and Hund metal physics in the infinite-layer
nickelates

We calculated the Slater integral Fo = 2.56, F, = 8.50, and F, = 6.69
eV within cRPA. Then, we parameterized static U=F, and
J=(F,+ F4)/14 having U=2.56 and J=1.09 eV. We compared
our static U and J with the results from Sakakibara et al.>3, who
employed different parametrization of Ug, ,=(Fo + (F>+ F4)4/49)
J=(F2+F4)5/98, and U=Uq4, P -()8/5. Using our Fy=2.56,
F,=8.50, and F,=6.69 eV for ‘the parametrization, we found
Ud, =38, J=0.775, and U'=2.56 eV, which are almost the same
as Ud2 »=381,J=071, and U'=2.62 eV from Sakakibara et al.
However, Sakakibara et al. employed a seven-orbital model®3,
whereas we used 31 Wannier functions including O-p orbitals.
Moreover, a wide range of U values from 2.6 to 5.3 eV have been
reported for a number of orbitals ranging from 2 to 7°>°>#7_ Thus,
our relatively small U using 31 orbitals is not consistent with the
previous results. The inconsistency in U is an important future
research topic.

First, we checked the convergence of the U obtained by cRPA,
as a function of the number of orbitals which is determined by the
Wannier frozen-energy window. As shown in Fig. 7a, the static U
increases and saturates at 2.63 eV (3.87 eV with the different
parameterization) as the number of orbitals increases. However, it
does not reach 5.3 eV from the 7 orbital model>*.

Then we tested the effect of U on the Hundness in the infinite-
layer nickelate. We intentionally increased dynamical part of U and
checked the evolution of Ni-d,>_,. PDOS and local many-body
density. Figure 7b shows PDOS of Ni-d,>_,» at T=9000K. When
we increase the dynamical part of U, Ni-d,._,» occupation deviates
further from the half-filling and the line shape of the Ni-d,>_,» DOS
still shows a single incoherent peak without pseudo gap. This
suggests no significant effect of U on the Hundness in the infinite-
layer nickelates. Figure 7c shows the calculated weights of the
spin-triplet and spin-singlet configurations as a function of the
dynamical U. The dominance of triplet configuration over all U
indicates the minor role of U on the origin of correlated metallic
phase. These results suggest that U is not a dominant factor in the
electronic structure of the infinite-layer nickelates and support
support Hund metal physics in the infinite-layer nickelates.

In conclusion, by using ab initio LQSGW+DMFT methodology,
we demonstrated that on-site Hund’s coupling in Ni-d orbitals
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results in multiple signatures of Hund’s metallic phase in Ni-g,
orbitals. Our finding sheds a light on Hundness in the correlated
quantum materials and has potential implications for the broad
range of correlated two orbital systems away from half-filling and
the role of on-site Hund’s coupling''>%°,

METHODS

LQSGW and DMFT calculations

Following the literature3#43>3.54798688,100 \ye studied La,_sBasNiO,
instead of Nd;_sSrsNiO, to avoid the difficulty in the treatment of
the Nd-4f band. This is acceptable, as it has been reported that
LaNiO, at the lattice parameters of NdNiO, has a similar electronic
structure of NdNiO, within open Nd-f core approximation®®. It has
been experimentally demonstrated that the Nd-4f states of Nd-
based infinite layer nickelates are well localized and do not influence
the relevant physics close to the Fermi level**°®, The effect of Ba
doping has been treated within the virtual crystal approximation.
For its justification, please see the supplementary methods. For the
LQSGW-DMFT scheme, the code ComDMFT® was used. For the
LQSGW part of the LQSGW+DMFT scheme, the code FlapwMBPT®3
was used. For the details of electronic structure calculation, please
see the supplementary methods.
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The data that support the findings of this study are available from the corresponding
authors upon reasonable request.
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