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Superconductivity with a remarkably high Tc has recently been observed in hole-doped NdNiO2, a
material that shares similarities with the high-Tc cuprates. This discovery promises new insights into the
mechanism of unconventional superconductivity, but at the modeling level, there are fundamental issues
that need to be resolved. While it is generally agreed that the low-energy properties of cuprates can, to a
large extent, be captured by a single-band model, there has been a controversy in the recent literature about
the importance of a multiband description of the nickelates. Here, we use a multisite extension of the
recently developed GW þ EDMFT method, which is free of adjustable parameters, to self-consistently
compute the interaction parameters and electronic structure of hole-doped NdNiO2. This full ab initio
simulation demonstrates the importance of a multiorbital description, even for the undoped compound, and
it produces results for the resistivity and Hall conductance in qualitative agreement with experiment.
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I. INTRODUCTION

The recent discovery of superconductivity in hole-doped
NdNiO2 thin films [1–3] has captivated the condensed
matter physics community. Such compounds with a formal
Niþ valence have been theoretically proposed as possible
analogues of the cuprates [4,5], and the exploration of their
electronic structure and pairing mechanism may provide
important insights into the phenomenon of unconventional
superconductivity. NdNiO2 is isostructural with CaCuO2,
which exhibits high-temperature superconductivity upon
hole doping. Ni is coordinated with two oxygens, forming
NiO2 square planes, separated by Nd as a spacer cation
[4–6]. It has the uncommon oxidation value of þ1,
resulting in a d9 electronic configuration. Despite these
obvious similarities with the cuprate superconductors [7],
there are also relevant differences between the nickelates
and cuprates. The energy splitting between the Ni 3d levels
and the O 2p levels is almost twice as large as the
corresponding splitting in CaCuO2 [5,8,9], which puts
NdNiO2 into the Hubbard regime rather than the charge
transfer regime [10], and possibly precludes the formation
of Zhang-Rice singlets. The peculiar structure with missing

apical oxygens significantly alters the crystal field: Several
density functional theory (DFT) [11] calculations
[6,9,12,13] have shown that the 3dz2 orbital is lower than
the 3dx2−y2 orbital, and they predicted the presence of
additional Fermi pockets at the Γ and A points. There is a
single nickel-centered band of 3dx2−y2 character crossing
the Fermi level, and this band has a significant hole
concentration due to self-doping from Nd-5d states, which
indicates an important role played by the low-lying Nd 5dz2
and 5dxy bands.
While the DFT band structure is well established, there is

a general consensus about the strongly correlated nature of
the material, which requires a full many-body description
of a physically motivated low-energy model. On the other
hand, there is an intense debate about the number of Ni
bands that need to be included in a realistic low-energy
model. Some authors have argued that the nickelates are an
almost perfect realization of a single-orbital Hubbard
model [6,14], while other groups have emphasized the
modest splittings between the Ni 3d bands, relative to the
Hund coupling, the importance of high-spin configurations,
and other multiorbital aspects [5,8,13,15]. The origin of
this controversy is that studies based entirely on DFT
calculations miss important correlation and multiorbital
effects induced by Hund coupling, while model calcula-
tions or simulations based on the combination of DFT and
dynamical mean field theory (DMFT) [16] involve ad hoc
parameters and double-counting corrections that substan-
tially affect the results.
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In addition, on the experimental side, the new nickelate
superconductor defies naive expectations: Contrary to the
cuprates, the undoped parent compound is weakly metallic,
and no evidence of an antiferromagnetically ordered state
has been found so far [1,2]. This observation challenges the
widespread assumption of a key role played by antiferro-
magnetic spin fluctuations in the unconventional pairing
mechanism. The superconducting dome is similar to that of
hole-doped La2CuO4 but with a narrower doping window, a
smaller Tc ∼ 10 K, and a double-peak structure [2,3]. Both
on the underdoped and overdoped sides, superconductivity
emerges from a bad metallic (weakly insulating) state. A
recent spectroscopic study [17] supports the multiorbital
Mott-Hubbard picture but also finds weak indications for
the formation of Zhang-Rice singlets [18].
Here, we employ the recently developed multitier

GW þ EDMFT method [19–21], which enables an ab initio
simulation of strongly correlated materials without adjust-
able parameters, apart from the choice of the low-energy
space, to clarify the electronic structure and the importance
of multiorbital physics in undoped and hole-doped NdNiO2.
For this purpose, we extend the GW þ EDMFT method to
two coupled, interacting, low-energy models for nickel and
neodymium containing five and two bands, respectively.
This low-energy theory with self-consistently computed,
dynamically screened, interaction parameters is embedded
without double counting of interaction energies into an
ab initio band structure, as illustrated in Fig. 1. Our
computational scheme starts with a DFT calculation in
the local density approximation (LDA) [22], where we
employ the virtual crystal approximation (VCA) [23] to
realistically account for the shifts of the bands induced by
hole doping. The downfolding to the low-energy subspace
hosting the Nd and Ni bands is achieved with a single-shot

G0W0 calculation. In this way, the high-energy degrees of
freedom are incorporated via a frequency- and momentum-
dependent self-energy and polarization into the bare propa-
gators and bare interactions of the low-energy model. The
latter is solved using self-consistent GW þ EDMFT, with
separate extended DMFT (EDMFT) [24] impurity models
for Nd and Ni. The GW þ EDMFT formalism [25] captures
different aspects of interacting electron systems: GW [26]
describes collective long-range charge fluctuations and
dynamical screening effects, while EDMFT, the extension
of DMFT to systems with nonlocal interactions [24],
captures the effect of local Coulomb repulsions. These
two techniques are combined by replacing the local part
of theGW self-energy and polarization with the correspond-
ing EDMFT estimates. Both the fermionic and bosonic
dynamical mean fields, represented, respectively, by the
hybridization function and interaction tensor, are updated
in the self-consistency loop, resulting in a parameter-free
ab initio simulation, which only requires the definition of a
physically motivated low-energy space. All calculations
were performed at a temperature of T ¼ 0.1 eV.

II. METHODS

Our simulations are based on the parameter-free multi-
tier GW þ DMFT scheme [19–21], which treats different
energy scales with appropriate levels of accuracy and which
self-consistently computes dynamically screened inter-
actions for the low-energy model space.
The initial LDA calculations are performed using the

full-potential, linearized, augmented, plane-wave code
FLEUR [27], with the experimental lattice parameters
for NdNiO2 (a ¼ b ¼ 3.92 Å, c ¼ 3.28 Å [28]), and a
16 × 16 × 16 k-point grid. The crystal symmetry belongs to
the P4=mmm space group. The nickel Wyckoff position is

(a)

(b) (c)

FIG. 1. Low-energy model and computational scheme. (a) First Brillouin zone of NdNiO2 and high-symmetry lines. (b) LDA band
structure and low-energy space spanned by seven bands of predominantly Nd and Ni character. (c) Schematic representation of the
multitier GW þ EDMFT framework: In a first step, the bare propagators and frequency-dependent bare interactions of the low-energy
model are obtained from a single-shot G0W0 downfolding. Then, two impurity problems, for Ni and Nd, respectively, are defined and
self-consistently solved considering retarded interactions, which account for screening effects. To the corresponding local self-energies
and polarizations, we add nonlocal contributions evaluated at the GW level. These frequency- and momentum-dependent objects enter
into the EDMFT lattice self-consistency loop.
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(0,0,0)-(1a), the one of neodymium is (0.5,0.5,0.5)-(1d),
and for oxygen it is (0.5,0,0)-(2f). To treat the 4f states,
which appear unphysically close to the Fermi energy, we
use a manual core setup with the 4f3 electrons in the core.
To also correct the bands originating from the unoccupied
4f states, we use a self-consistent LDAþ U þ cRPA
(constrained random phase approximation) approach,
where the cRPA U [29] calculated for the unoccupied
4f bands is used in a new LDAþU calculation iteratively
until convergence is reached. To simulate the doped
compound, we use the VCA, where the doping is achieved
by replacing a fraction of Nd with Pr, instead of the
experimentally used Sr. This procedure is due to a technical
limitation, which only allows us to dope with consecutive
elements; see Supplemental Material (SM) [30]. The low-
energy model is defined using maximally localized
Wannier functions obtained from the Wannier90 library
[31–34], while the G0W0 calculations are performed using
the SPEX code [35], with 8 × 8 × 8 k points and 250 bands.
Within the low-energy space with two Nd and five Ni

orbitals, we perform a self-consistent GW þ EDMFT
calculation. In this approach, local self-energies Σ̂imp and
polarizations Π̂imp for Nd and Ni are computed from
separate EDMFT impurity problems with self-consistently
optimized fermionic and bosonic Weiss fields G and U,
respectively. To these local impurity self-energies and
polarizations, we add the nonlocal GW components,

Σnonloc
ab ðq; τÞ ¼ −

X

kcd

Gcdðk; τÞWacbdðq − k; τÞ

þ
X

cd

Gloc
cd ðτÞWloc

acbdðτÞ; ð1Þ

Πnonloc
acbd ðq; τÞ ¼

X

k

Gabðk; τÞGdcðk − q;−τÞ

−Gloc
ab ðτÞGloc

dc ð−τÞ; ð2Þ

where Wacbd denotes the elements of the screened inter-
action and Gab those of the interacting Green’s function.
The GW þ EDMFT cycle starts from an initial guess
for Σ̂imp and Π̂imp. Then, given the noninteracting lattice
Hamiltonian ĤðkÞ for the localized Wannier orbitals of the
low-energy space, nonlocal GW self-energies and polar-
izations are computed. The sum of these two contributions
yields the momentum-dependent self-energy Σk and polari-
zation Πq entering the lattice sums,

Ĝloc ¼ 1

N

X

k

(ðĜð0Þ
k Þ−1 − Σ̂k)

−1; ð3Þ

Ŵloc ¼ 1

N

X

q

Ûqð1 − Π̂qÛqÞ−1; ð4Þ

where Ĝð0Þ
k is the noninteracting propagator of the low-

energy subspace, which also incorporates the G0W0 con-
tribution [see Eq. (9) below], and Ûq the “bare” Coulomb
interaction resulting from the initial G0W0 downfolding.
These local Green’s functions and screened interactions
are obtained by inversion in the full (7 × 7) orbital space.
The EDMFT self-consistency condition then demands that
the projections of Ĝloc and Ŵloc onto the Ni and Nd sites are
equal to the impurity Green’s functions and screened
interactions for these sites. Using these Gimp and Wimp

and the impurity self-energies and polarizations, the fer-
mionic and bosonic Weiss fields are computed as

Ĝi ¼ ðΣ̂imp
i þ ðĜimp

i Þ−1Þ−1 i ∈ fNi;Ndg; ð5Þ

Û i ¼ Ŵimp
i ð1þ Π̂imp

i Ŵimp
i Þ−1 i ∈ fNi;Ndg; ð6Þ

and used as inputs for the two EDMFT impurity problems.
(In these inversions, all orbital indices are restricted to
either the Ni or Nd sites.) An efficient continuous-time
Monte Carlo solver [36,37] for models with dynamically
screened interactions [38] then yields the impurity Green’s
functions Ĝimp

i and density-density correlation functions
χ̂imp
i . After the Fourier transformation of Ĝimp

i and χ̂imp
i , the

new Σ̂imp
i and Π̂imp

i are computed from the Weiss fields, the
impurity Green’s functions, and charge susceptibilities:

Σ̂imp
i ¼ Ĝ−1

i − ðĜimp
i Þ−1 i ∈ fNi;Ndg; ð7Þ

Π̂imp
i ¼ χ̂imp

i ðÛ iχ̂
imp
i − 1Þ−1 i ∈ fNi;Ndg: ð8Þ

Since all the self-energy and polarization contributions in
this multitier scheme are diagrammatically defined, we can
connect the different subspaces in a consistent way, without
any double counting. The explicit expressions for the
interacting lattice Green’s functions and screened inter-
actions are

G−1
k ¼ iωn þ μ − εDFTk þ VXC;k − ðΣG0W0

k − ΣG0W0

k jIÞ
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{

LDAþG0W0;G0
I;k

−1

−ðΣGW
k jI − ΣGW jC;loc þ ΔVHjIÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

GW

−ΣEDMFTjC;loc|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
EDMFT

;

ð9Þ

W−1
q ¼ v−1q − ðΠG0G0

q − ΠG0G0

q jIÞ
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{

cRPAþG0W0;U−1
I;q

−ðΠGG
q jI − ΠGGjC;locÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

GW

−ΠEDMFTjC;loc|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
EDMFT

; ð10Þ
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where C refers to the strongly correlated local subspaces
(treated with EDMFT) and I to the full seven-orbital
subspace in which the GW calculation is performed. Note
that ΔVH is the Hartree contribution to the self-energy,
vq is the bare interaction and VXC the exchange-correlation
potential (which is replaced by the G0W0 self-energy).
A detailed derivation of the multitier GW þ EDMFT
approach can be found in Refs. [20,21].

III. RESULTS

A. Occupation and spin statistics

A useful feature of this EDMFT-based method is that it
gives access to the relevant occupation and spin states on Ni
and Nd. In Fig. 2(a), we present the corresponding histo-
grams for different hole dopings. Even in the undoped
compound, where the total density is fixed at the LDA
nominal value, the configuration probabilities PðnÞ, which
measure the fraction of time spent in the indicated atomic
configurations, clearly reveal the multiorbital behavior
of the nickel subsystem: The 3d8 states are relevant and
comparable in magnitude to the naively expected 3d9

states; also, the charge fluctuations to the 3d7 states cannot
be ignored. This distribution is largely due to the self-
doping from Nd, which accommodates up to two electrons.
Interestingly, the configuration probabilities of Ni vary with
the dopant concentration in a nonmonotonic fashion. In
agreement with the results from LDAþU studies [39], we

find that the doped holes essentially end up on the Nd sites,
as can be concluded from the monotonous increase
in the 5d0 configuration. The nonmonotonic behavior
observed on the Ni sites, which have an electron density
pinned at 8.3 (see also SM [30]), results from doping-
induced changes in the hybridization strength and the self-
consistently computed interaction parameters. In the fol-
lowing matrices, we report, for the undoped and the
optimally doped compounds, the screened values of the
effective Ni on-site interaction Uðωn ¼ 0Þ in the upper
triangular section and the effective Hund coupling
J ðωn ¼ 0Þ in the lower one:

ð11Þ

ð12Þ

In particular, we notice that the J values decrease with
hole doping [see also Fig. 2(c)], while the interorbital
interactions increasemore strongly than the intraorbital ones.
In a strongly correlated, half-filled single-band model,

one would expect to find spins with magnitude jSzj close to
one-half and fluctuations to states with jSzj ¼ 0. As can be
seen from Fig. 2(b), in our seven-orbital model, fluctuations
to both high- and low-spin states are significant. The high-
spin states are stabilized by the Hund coupling. Even if the
doping-dependent changes on the Ni ion are small, the
nonmonotonicity in the charge and spin statistics indicates
that the optimally doped compound is closest to the
behavior one would expect from a model containing a
single dx2−y2 band and that the expected increase in the
population of spin-1 moments with hole doping [5,8,15]
only sets in on the overdoped side of the experimental
Tc dome.

B. Local energy renormalizations

The multiorbital nature of the undoped and hole-doped
nickelate compounds is the consequence of local energy
renormalizations induced by the local EDMFT self-
energies. In particular, we find a strong frequency depend-
ence of the real part of Σ̂Ni

loc, which is positive and (except

(a)

(b)

(c)

FIG. 2. Occupation and spin statistics for Ni and Nd. (a) Prob-
ability distributions for the Ni (left) and Nd (right) atoms to be in
the indicated charge states. (b) Probability distributions for the
absolute value of the z component of the spin. The different colors
correspond to different hole dopings (dark red, undoped; red,
close to optimal doping; orange, overdoped). (c) Frequency and
doping dependence for the Hund coupling between Ni-3dx2−y2
and Ni-3dz2 .

FRANCESCO PETOCCHI et al. PHYS. REV. X 10, 041047 (2020)

041047-4



for the dx2−y2 orbital) increasing with decreasing energy. As
a consequence, local energies that correspond to fully
occupied orbitals at high energy become available for
low-energy holelike charge fluctuations (or fast virtual
charge excitations), in agreement with the previously
discussed configurational statistics. To demonstrate this
effect of the self-energy, we present in Fig. 3 the local
energies obtained using three different approaches. We first
consider the diagonal entries of the real-space LDA
Hamiltonian at the origin, ϵLDA ¼ HLDAðR ¼ 0Þ − μ. In
agreement with the LDA results reported in the literature
[6,12], this method yields a picture compatible with a
single-band description. To represent the local energies of
the interacting system, we consider the center of mass of
the local spectral function, ϵ∞ ¼ R

ωAðωÞdω. (This center
of mass includes all the self-energy terms connecting the
different tiers, while just adding the real part of the local
EDMFT self-energy to ϵLDA would, for example, miss the
GW contributions.) Also in this picture, which may be
thought of as the Hartree limit of our result, the Ni states are
mostly occupied, except for the 3dx2−y2 orbital. Finally, to

illustrate the effect of the frequency dependence of
ReΣ̂Ni

locðωnÞ, we recall that the fermionic Weiss field Ĝ−1 ¼
iωn þ μ − Eloc − Δ̂ðωnÞ [with Δ̂ðωnÞ the hybridization
function] is defined with respect to an effective local
energy Eloc determined by the self-consistency equations.
In particular, Eloc incorporates the modifications of the
band structure in the downfolding and the k-dependentGW
contributions to the self-energy. In the EDMFT impurity
calculation, the local self-energy is then added by the
solver to this effective level. Thus, we plot, in the right-
hand level diagrams, the renormalized impurity level
positions ϵ0 ¼ Eloc − μþ ReΣð0Þ. The result indicates a
substantial shift of the 3dz2 and 3dxz;yz orbitals to higher
energies, compared to the Hartree limit, while the 3dx2−y2
and 3dxy orbitals shift to lower energies. The arrows in the
level diagrams demonstrate that increasing the frequency
ωn, where the self-energy is evaluated, to 3 eV (approxi-
mate bandwidth) brings the levels closer to their ϵ∞ values.
In recent LDAþ DMFT studies, Lechermann [9,13]
emphasized the behavior of the Ni-3dz2 orbital, which,
for a large value of the on-site interaction (U ¼ 10 eV),

(a)

(g) (h) (i) (l) (m) (n)

(b) (c) (d) (e) (f)

FIG. 3. Level diagrams and energy-dependent shifts of the accessible states. The results for the indicated dopings are summarized in
the main panels (h), (l), and (n). The level diagrams on the left, marked with ϵLDA, show the average energies of the LDA bands. The
level diagrams in the middle, marked ϵ∞, indicate the center of mass of the correlated density of states, which is plotted in panels (g), (i),
and (m). The level diagrams on the right, marked ϵ0, indicate the level energies of the EDMFT impurity problems, shifted by
ReΣðωn ¼ 0Þ. Energies are plotted relative to the chemical potential, and the numbers near the levels report the orbital occupations. To
illustrate the effect of the ωn dependence of the self-energy, shown in panels (a), (c), and (e), we illustrate with arrows the level shift
produced by increasing ωn to 3 eV (except for the green arrow, where we used 10 eV for a better visualization of the shift direction).
Panels (b), (d), and (f) show the charge susceptibilities for different orbitals on the real-frequency axis.
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empties out and thus enables the system to undergo an
orbital selective Mott transition. Similar multiorbital behav-
ior has also been reported in Refs. [40,41]. Even though our
self-consistently computed, static, on-site interactions are a
factor of 2 smaller, the result in Fig. 3 is reminiscent of this
phenomenology. The same tendency can be seen in the
Ni-3dz2 dispersion of the interacting system (see SM
Figs. 6–8 [30]) in which the flat part of the band is shifted
up in energy very close to the Fermi level.
As a further support of our interpretation, we plot in

Figs. 3(b), 3(d), and 3(f) the Fourier transforms of the local
charge susceptibilities χ̂nnðτÞ ¼ hn̂ðτÞn̂ð0Þi on the real
frequency axis. This quantity defines the screening due
to local charge fluctuations, and the contribution of each
orbital is easily identifiable. As expected, no contribution is
found from Ni-3dxy and Nd-5dxy, which are, respectively,
completely filled and completely empty, while Nd-5dz2
contributes only in undoped NdNiO2, which hosts the hole
pocket at the Γ point. Ni-3dxz=yz fluctuates strongly in
the undoped compound, in agreement with the energy-
dependent shift of the effective level position (red arrow).
Overall, the optimally doped compound is least affected by
charge fluctuations, which suggests that the latter do not
play a role in the pairing mechanism.

C. Fermi surface reconstruction

In Fig. 4, we show how the tight-binding Fermi surfaces
are modified by the interactions. The interacting result
corresponds to the trace of the k-resolved spectral function
evaluated at ω ¼ 0. In agreement with the existing liter-
ature [6,9,12,39], our noninteracting reference system
contains two hole pockets centered at the A and Γ points,
associated with Nd-5dxy and Nd-5dz2 states, respectively.
LDA predicts that this latter band is continuously pushed
above the Fermi level as the hole doping is increased. On
top of this shift, our results, already at the G0W0 level,
indicate a substantial flattening of the bands along the Γ-X
and Γ-M directions [see SM [30] and sketch of the Brillouin
zone in Fig. 1(a)]. Because of the very low carrier con-
centration, there are little additional deformations induced
by the local interactions. The difference between the G0W0

and GW þ EDMFT treatment concerns mainly an increase
in the local energy. The combination of these two effects
yields a broadened Γ pocket, which has the highest in-
tensity at kz ¼ 0 in the undoped compound [see Fig. 4(a)].
Moving to the intermediate value of kz ¼ 0.25 [see
Fig. 4(b)], in addition to the dominant Ni-3dx2−y2 contri-
bution, we notice some spectral weight in the M-A
direction (at the corners of the Brillouin zone), which has
a Ni-3dxz;yz character. This feature is consistent with the
charge susceptibility results for undoped NdNiO2. Finally,
at kz ¼ 0.5, we find significant deviations from the LDA
result. The Ni-3dx2−y2 pocket centered at the Z point gives
way to a Ni-3dz2 feature, as can be seen from the lobes

emerging in the Z-R direction. In this region, the dispersion
is already flat at the LDA level, but, as several of our results
suggest, the interaction effects significantly increase the
local energy. Upon doping, the Γ pocket and the small M-A
weight are removed, leaving the typical dx2−y2 shape at
kz ¼ 0, 0.25, while the lobes originating from Ni-3dz2
states persist. The latter indicates an active role of these
states at the Fermi level in all the studied setups. A general
observation is that the Fermi surface, and especially the
Ni-3dx2−y2 contribution, gets closer to the LDA result with
increasing hole doping, which is consistent with the system
becoming more metallic and less correlated.

D. Optical and Hall conductivities

In Fig. 5, we present results for the optical and Hall
conductivities computed for all the doping levels within
linear response theory. In the limit of infinite dimensions
[42], the irreducible vertex function becomes local, and it
can be neglected when the current vertex is odd with
respect to the k vector [43]. As a consequence, the Kubo
formula for the conductivities requires the evaluation of
bubblelike diagrams involving only the Green’s functions
and current vertices. The response function parallel to an

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FIG. 4. Doping evolution of the Fermi surface. The blue lines
show the LDA Fermi surfaces, while the intensity plots for the
occupied states illustrate the “Fermi surfaces” of the interacting
systems, calculated as the total spectral function at ω ¼ 0. Here,
the intensity scale is relative to the maximum value of this
function. Analogous orbital-resolved plots with a fixed intensity
scale can be found in the SM [30].
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electric field in the y direction is the optical conductivity
ReσyyðωÞ. In interacting systems, it features two contribu-
tions, a Drude-like peak at low frequency, originating from
excitations within the quasiparticle band, and incoherent
structures σincðωÞ at higher energies stemming either from
interband excitations or, for a correlated band, from
excitations to the Hubbard satellites [44]:

ReσyyðωÞ ¼ D
π

τ

1 − ðωτÞ2 þ σincðωÞ; ð13Þ

where τ denotes the relaxation time and D ¼ e2ðn=m�Þ is
the Drude weight written in terms of the carrier density n
and effective mass m�. Our results in Fig. 5(a) capture
both the low- and high-energy peaks with weight that is

transferred from the latter to the former as a function of hole
doping. By separately computing the contributions from
the Nd and Ni sites, we find that Nd yields a high-energy
peak that is essentially fixed at ω ∼ 3.5 eV, regardless of
the doping concentration, so the spectral weight transfer
originates from Ni (see SM [30] for the site-resolved Reσyy

at various doping levels). These observations demonstrate a
more metallic behavior of the Ni subsystem with increasing
hole doping, despite the almost constant occupation and
the increase in the interaction parameters [Eq. (12)]. The
weaker correlations result from the stronger increase in the
interorbital interactions, compared to the intraorbital inter-
actions, and the corresponding weakening of the Hund
couplings; hence, they are a nontrivial manifestation of
multiorbital effects. To quantify the degree of metallicity of
the correlated multiorbital system, we extract the Drude
weight and relaxation time by fitting the low-energy part of
ReσyyðωÞ to Eq. (13). Note that D is inversely proportional
to an effective mass defined for the entire system and is
shown in Fig. 5(b). The result indicates that doping indeed
brings the system into a more-metallic, less-correlated state.
This result is consistent with several measurements [2,3,17]
that report a decrease in the resistivity with hole doping on
the underdoped side of the Tc dome, which appears to be
least affected by disorder. In Fig. 5(b), we also plot the
quasiparticle weight Zx2−y2 obtained from the local self-
energy of the Ni-3dx2−y2 orbital. Both estimates are in
qualitative agreement with the LDAþ DMFT results
reported by Kitatani et al. [14].
Our simulation results indicate that Hund-coupling-

induced correlations are present at least up to T¼0.1 eV.
This appreciable temperature is still lower than the relevant
energy scales of the system, which, for the purpose of testing
the multiorbital nature of the compound, are the energy
separation between the dx2−y2 local energy and the levels of
the low-lying orbitals, as well as the Hund coupling. In the
SM [30], we provide evidence that lowering the temperature
further enhances the multiorbital features. While for the
standard conductivity one needs to take the derivative of
the free energy with respect to the vector potential twice, the
Hall conductivity Reσyxz involves a third-order process,
which requires an additional vertex insertion. In deriving the
Hall current-current correlator, we extended (specifically
for the GW þ EDMFT implementation) the approach
described in Ref. [45] to the multiorbital case, as explained
in the SM [30]. The Hall coefficient, defined as

RH ¼ Reσyxzð0Þ
Reσyyð0ÞReσxxð0Þ ; ð14Þ

characterizes the nature of the charge carriers: It has a
negative sign for electronlike Fermi surfaces, while it is
positive for holelike ones. Our results for RH, in units of the
inverse electron density, are reported in Fig. 5(d) and are in

(a)

(b)

(b)

(d)

FIG. 5. Linear response conductivities. (a) Optical conductivity
as a function of doping. The shading indicates the contribution of
the two sites in the undoped compound. (b) Drude weight as a
function of doping and comparison to the DMFT estimate of the
mass enhancement for the Ni-3dx2−y2 orbital (derivative of the
local self-energy), with values indicated over the points. (c) Hall
conductivity as a function of doping. The curve of the undoped
system has been rescaled by a factor of 10 for better visibility.
(d) Hall coefficient for the whole system and restricted to the Ni
site only.
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qualitative agreement with the recent experimental findings
of Li et al. [2] and Zheng et al. [3].

IV. CONCLUSIONS

To address the physics of doped NdNiO2 in the normal
state, and, in particular, the self-doping effect, we extended
the recently developed GW þ EDMFT approach to multi-
site systems. This method has the significant advantage of
being free from ill-defined double countings or arbitrary
choices of interaction parameters. It captures the dynamical
screening due to long-ranged and local charge fluctuations
and self-consistently computes the local and nonlocal
interactions appropriate for the low-energy model. Our
results allow us to assert with confidence that undoped and
hole-doped NdNiO2 represent genuine multiorbital sys-
tems. Orbitals that, within a DFT description, are expected
to be fully occupied and essentially inert are lifted closer to
the Fermi level by the interactions. As a consequence, other
orbitals than the naively expected Ni-3dx2−y2 also become
involved in low-energy charge fluctuations and in the
formation of high-spin states. We find prominent contri-
butions from d8 and jSzj ¼ 1 local configurations, even in
the undoped compound. The evolution of the metallicity
with hole doping is a direct consequence of the doping-
induced changes in the dynamically screened interorbital
interactions. Therefore, a low-energy model consisting of a
single d orbital with fixed and static interactions misses
important aspects of the physics of undoped and hole-
doped NdNiO2. On the other hand, the high-frequency
(Hartree) limit of our approach seems to be consistent with
the effective single-band picture, and in this sense, our
results reconcile the two fronts of the debate. As a non-
trivial check of our parameter-free ab initio formalism, we
computed the optical and Hall conductivities within linear
response theory and found qualitative agreement both
with the reported decrease in the resistivity in the doping
range least affected by disorder [2] and with the recently
measured Hall coefficients [2,3].
At the temperature considered in this work (T¼0.1 eV),

we found no trace of a magnetically ordered state.
However, from our results, the presence of antiferromag-
netic short-range correlations, or of long-range order at a
lower energy scale, cannot be ruled out. In order to settle
this issue, calculations at lower T and a cluster extension of
the GW-EDMFT approach would be desirable, but such
simulations are currently prevented by technical limitations
and are beyond the scope of the present study.
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