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Using a density-functional theory plus dynamical mean-field theory methodology, we compute
the many-body electronic structure and optical conductivity of NdNiO2 under the influence of large
scattering rates on the Nd(5d) bands and including dynamical interactions on the Nd(5d) orbitals
with shifts of the Nd-Ni d-level energy difference. We find a robust conducting pathway in the
out-of-plane direction arising from strong hybridization between the Ni-dz2 and Nd(5d) orbitals.
This pathway can be “short-circuited” if this hybridization is suppressed through large electronic
scattering rates but is not reduced to zero even by very large beyond-DFT shifts of the Nd-Ni
d-level energy splitting. The computed in-plane conductivity for NdNiO2 predicts the material to
be a “good metal” in contrast to experiments indicating the material is a “bad metal” or “weak
insulator”. Our results motivate future experiments measuring the c-axis resistivity as a proxy for
the speclator bands and suggests the essential difference between the infinite-layer nickelates and
the cuprates is dimensionality of their electronic structures.

I. INTRODUCTION

The discovery of superconductivity in infinite-layer [1–
4] and quintuple-layer [5] nickelates establishes the “d9”
layered nickel compounds with the generic chemical for-
mula Rn+1NinO2n+2 (n ≥ 2; R = La, Pr, Nd) as a novel
family of materials that can provide new insights into su-
perconductivity. In particular, the structural and chem-
ical similarities to the high-Tc cuprates [6] suggest that
the materials may provide an important perspective on
electronically mediated high transition temperature su-
perconductivity.

Despite the structural and electronic similarities be-
tween the cuprates and nickelates, there are many impor-
tant differences in their physical properties [7–20]. The
parent-phase of the cuprates is an antiferromagnetic insu-
lator with a ∼ 1.5 eV charge gap and a room temperature
resistivity ≳ 100 mΩcm, while the stoichiometric infinite-
layer nickelates are at most only weakly insulating with
ρ ∼ 1 mΩcm near room temperature [21–23] and no re-
ported evidence of long-range antiferromagnetic (AFM)
order [24, 25].

Basic quantum chemical (formal valence) arguments
as well as density functional theory (DFT) electronic
structure calculations indicate that in both the high-Tc

cuprates and the layered nickelates the transition metal
ion (Cu or Ni) is in or near a d9 valence state with the
hole in the d-shell residing in the dx2−y2 orbital so that an
important feature of the DFT-level electronic structure
of both the cuprate and nickelate materials is a quasi-
two-dimensional transition metal derived dx2−y2 band
crossing the Fermi level [26, 27]. In the cuprate mate-
rials the dx2−y2-derived band is the only relevant near
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Fermi surface band, whereas the electronic structure of
the nickelates includes additional bands Nd(5d) orbitals
hybridized with other Ni d-orbitals (see Fig. 1) [7, 28].
These additional bands, sometimes referred to as “spec-
tator” or “self-doping” bands, are a crucial difference be-
tween the cuprate and nickelate materials, and their role
in the low-energy physics of the infinite-layer nickelate
is a subject of great current interest [7, 9, 11, 29–32].
At minimum the spectator bands affect the low energy
physics by changing the relation between the carrier den-
sity in the Ni dx2−y2 band and the chemical composition,
so that the stoichiometric NdNiO2 compound has a frac-
tionally filled dx2−y2 band and is not Mott insulating.
However, it is possible that the “spectator” bands play
a more important role in the physics, for example by
allowing other d-orbital character near the Fermi level,
opening the possibility of “Hund’s physics” [16].

In this paper, we present the results of computational
experiments designed to shed light on the physics of the
spectator bands and on one of the observables that may
enable experimental determination of their role. We show
that the different components of the conductivity ten-
sor are sensitive reporters of the presence and physics of
spectator bands, and therefore present the conductivities
following from each many-body electronic structure cal-
culations in comparison to the experimental resistivity
data [21]. Our calculations study two possibilities. First,
we consider what may be termed the “standard model”
of the nickelate materials in which all of the interesting
physics is carried by the Ni(3d) orbitals (specifically, the
x2 − y2 orbital), which are treated as correlated (within
DMFT) and give rise to physics rather similar to that of
the cuprates, while the other bands are treated on a non-
interacting (DFT) level. In these “standard model” com-
putations we add in addition a phenomenological scatter-
ing rate to the “spectator band” states; tuning this rate
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FIG. 1. (a) Crystal structure of infinite-layer NdNiO2 with Nd
(green), Ni (cyan), and O (red) atoms. (b) Brillouin zone with
the path along high-symmetry directions shown in green for
plots of the DFT band structure εν(k) and spectral function
A(k, ω). (c) Band structure of NdNiO2 within DFT with
orbital character shown for Nd-dz2 , Nd-dxy, Ni-dz2 , and Ni-
dx2−y2 depicted.

to a large value effectively removes the contributions of
the spectator bands to the transport enabling a deter-
mination of transport signatures of the spectator bands.
In a second set of computational experiments we include
interactions both on the Ni and on the Nd d states and
manipulate the many-body electronic structure via an
adjustment of double counting potentials using a charge
self-consistent combination of density-functional theory
and dynamical mean-field theory (DFT+DMFT) in or-
der to determine whether the presence of the spectator
bands is a robust consequence of the level on which the
beyond-DFT correlations are treated.

The rest of this paper is organized as follows. In
Section II we present the theoretical and computational
methods. In Section III we present the ”standard model”
electronic structure and optical conductivity of NdNiO2

assuming many-body correlations only on the Ni orbitals
but controlling the contribution of the Nd orbitals to
transport via a phenomenological scattering rate (Sec.
IIIA) and then we consider a more general interacting
model with correlations included also on the Nd(5d) or-
bitals within DMFT (Sec. III B). Section IV is a sum-
mary and conclusion, indicating also directions for future
research.

II. METHODOLOGY

We use different charge self-consistent density-
functional theory plus dynamical mean-field theory
(DFT+DMFT) frameworks to compute the many-body
electronic structure and optical conductivity of NdNiO2.
The computations use the experimental lattice parame-
ters of the tetragonal P4/mmm symmetry stoichiometric
NdNiO2 compound [1] (see Fig. 1a).
For DFT we used the all-electron, full potential aug-

mented plane-wave plus local orbital (APW+lo) basis
set method as implemented in wien2k [33] with the
Perdew-Burke-Ernzerhof (PBE) version [34] of the gener-
alized gradient approximation (GGA) for the exchange-
correlation functional. A dense k-mesh of 40×40×40 is
used for integration in the Brillouin zone for the self-
consistent calculations. We used RMTKmax = 7 and
muffin-tin radii of 2.5, 1.93, and 1.71 a.u. for Nd, Ni,
and O, respectively. The Nd(4f) states are treated as
core states.
For the DMFT calculations, we construct either a sin-

gle impurity problem for the full 5-orbital Ni(3d) shell or
two impurity problems: one for the 5-orbital Ni(3d) shell
and one for the 2-orbitals Nd(5d) orbitals {Nd-dz2 , Nd-
dxy} which participate in the fermiology of this material.
Both scenarios are treated within the single-site DMFT
approximation. The atomic-like orbitals are created via
the projection method [35, 36] with a large energy win-
dow of size −10 to 10 eV around the Fermi level.
We determine the interaction parameters by calculat-

ing the static Coulomb interaction U(ω = 0) within the
constrained random phase approximation (cRPA) [37] as
implemented in VASP [38–40]. The Coulomb matrix
elements are evaluated from maximally localized Wan-
nier functions (MLWF) [41] using Wannier90 [42]. To
obtain similarly localized orbitals as used in DMFT we
construct Wannier functions in a large energy window
for all Ni(3d), Nd(5d), and O(2p) orbitals. To evalu-
ate the constrained polarization function we use the pro-
jection scheme via the constructed MLWFs [43]. The
cRPA calculation is performed on a 9 × 9 × 9 k-mesh
(plus finite size corrections), with ∼360 empty bands,
and using a plane wave cut off of 333 eV when evaluat-
ing the polarization function. The resulting Coulomb
tensor is then symmetrized in the Ni(3d) and Nd(5d)
sub-block to obtain the interaction parameters. The
interactions on the Ni impurity are governed by the
rotationally-invariant Slater Hamiltonian parameterized
by the Hubbard U = F 0 = 7.1 eV and Hund’s cou-
pling JH = 1

14 (F
2 + F 4) = 1 eV. For the Nd impurity,

we apply an appropriate two orbital Hubbard-Kanamori
Hamiltonian with U = 4.2 eV and JH = 0.44 eV. The
fully-localized limit (FLL) formula is used for the dou-
ble counting correction, which has the following form:
ΣDC = 1

2U
′N(N − 1) with N being the total occupation

of the Ni or Nd site. The term proportional to J is not
written. Throughout this work, we lave used U ′ = U
unless otherwise indicated.
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FIG. 2. Summary of momentum resolved spectral data, A(k, ω), along high-symmetry lines in the Brillouin zone for a
DFT+DMFT calculation with the 5 orbital Ni(3d) shells treated as correlated with constant self-energies applied to the
Nd(5d) states. (a) ΣNd(ω) = 0, (b) ΣNd(ω) = −i eV, and (c) ΣNd(ω) = −10i eV. (d) Spectral function A(k, ω) for CaCuO2 in
the metallic state.

We employ a continuous-time quantum Monte Carlo
(QMC) algorithm based on the hybridization expansion
method as implemented in TRIQS/cthyb [44, 45] to
solve the Ni and Nd impurity problems. To reduce
high-frequency noise in the QMC data, we represent
the Green’s function in a basis of Legendre polynomi-
als and sample the Legendre coefficients directly within
the TRIQS/cthyb solver [46]. All calculations are per-
formed at a system temperature of 290 K (β = 40 eV−1)
in the paramagnetic state. Maximum entropy methods
are used to analytically continue the QMC data and the
diagonal components of the self-energy from Matsubara
space to real-frequency space [47].

From the electronic structure obtained from the var-
ious DFT+DMFT calculations, we compute the fre-
quency dependent optical conductivity within the Kubo
formalism, as implemented in the TRIQS/DFTtools soft-
ware package [35]. The locality of the DMFT self-energy
means that vertex corrections may be neglected. The
frequency dependent optical conductivity is given by

σαβ(Ω) = Nspπe
2ℏ

∫
dω Γαβ(ω +Ω/2, ω − Ω/2) (1)

× f(ω − Ω/2)− f(ω +Ω/2)

Ω

where

Γαβ(ω, ω
′) =

1

V

∑
k

Tr
[
vα(k)A(k, ω)vβ(k)A(k, ω′)

]
(2)

The spectral function A and velocity operator v are ten-
sors in the space of band indices and the velocity operator
in direction α ∈ {x, y, z} is

vανν′(k) = −i⟨ψν(k)|∇α|ψν′(k)⟩/me (3)

the matrix elements of v are computed within the
WIEN2k optics code [48] on a dense 60×60×60 k-mesh.
For numerical stability, we use a broadening of 10 meV
for the calculation of all optical conductivity data.
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FIG. 3. Calculated optical conductivity from DFT+DMFT
(Ni(3d) correlated) (a) in-plane and (b) out-of-plane with dif-
ferent scattering rates applied to the Nd(5d) orbitals. Addi-
tionally, optical conductivity for CaCuO2 in the out-of-plane
is given for comparison in (b). The experimental DC conduc-
tivity is denoted by the shaded red region.

III. RESULTS

A. Basic electronic structure and scattering effects

Fig 1c shows the non-interacting (DFT) band struc-
ture of NdNiO2 calculated within DFT for NdNiO2 along
the high-symmetry path in the Brillouin zone shown in
Fig 1b. The orbital characters of the bands are high-
lighted. The basic features of the low-energy physics
of NdNiO2, as described in previous works, are re-
vealed [7, 11, 28]. A quasi-two-dimensional Ni-dx2−y2

derived band crosses Fermi level and is analogous to
the Cu-dx2−y2 band found in DFT calculations of the
cuprates. In addition, the DFT calculation reveals an
electron pocket of mainly Nd-dz2 character centered at
the Γ point and a second pocket, of mixed Ni-dz2/Ndxy
character centered at the A point [7, 49]. These two
bands accept carriers from the Ni-dx2−y2 band; the con-
sequences of this “self-doping” effect are still up for de-
bate [7, 9, 11, 29–31].

Using a DFT+DMFT framework where the five Ni(3d)
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FIG. 4. Summary of momentum resolved spectral data, A(k, ω), along high-symmetry lines in the Brillouin zone. (a) Conven-
tional DFT+DMFT calculation with the 5 orbital Ni(3d) shells treated as correlated. (b) DFT+DMFT calculation where the
5 orbital Ni(3d) shell and the Nd-{dz2 , dxy} orbitals treated as correlated. (c) Same as (b) with an adjusted double counting
term UDC = U ′. (d-f) Corresponding interacting Fermi surfaces for (a-c), respectively, in the kz = 0 plane where the A-centered
pocket does not cross the chemical potential.

orbitals are treated as correlated and all others are
treated as uncorrelated, we perform many-body elec-
tronic structure calculations for NdNiO2. We then intro-
duce an additional electronic scattering onto the Nd(5d)
states by adding a constant self-energy of the form
ΣNd(ω) = −iη, where η is a real, positive constant.

Figure 2 presents the results as a false-color plot of the
trace of the band-basis many-body spectral function for
three choices of phenomenological scattering rate. Fig.
2a presents the standard model results with no broad-
ening of the Nd-derived bands. The band structure is
similar to the DFT band structure, except that the Ni-
dx2−y2 band is substantially narrowed. Panel Fig. 2d
presents the results of an analogous DFT+DMFT calcu-
lation for CaCuO2 which is isostructural and chemically
analogous to NdNiO2. Within the single-site DMFT ap-
proximation the accepted interaction parameters (U = 7
eV, JH = 1 eV) leave CaCuO2 in its metallic state
and antiferromagentism or cluster DMFT methods are
needed to reproduce the observed insulating behavior
[11, 50]. Importantly, there is no hybridization between
the Cu(3d)-Ca(3d) orbitals exhibited by no dispersing
band present between the M and A points (see Fig. 2d).
For ΣNd = −1i eV (Fig. 2b), the Nd-dz2 band becomes so
strongly broadened that the Γ-centered spectator pocket
is no longer visible while the A spectator pocket, al-
though broadened, remains visible, in part because of

the admixture of Ni dz2 states. Figure 2c shows that for
ΣNd = −10i eV all of the Nd(5d) states are so broad-
ened that only the single Ni-dx2−y2 band is visible at the
chemical potential.

Figure 3 summarizes the optical conductivity in the
low-frequency regime computed from the different spec-
tral functions shown in Fig. 2. For the in-plane con-
ductivity (Fig. 3a), we find that additional scattering
effects on the Nd(5d) states decreases the Drude peak
with a maximum decrease by about 50% for ΣNd = −10i
eV showing that the spectator bands contribute about
half of the in-plane conductivity in the standard model.
The out-of-plane conductivity shows a similar system-
atic trend with a much stronger depletion dropping to
essentially zero at larger scattering rates showing that
the spectator bands completely control the out of plane
conductivity.

This conclusion is reinforced by the CaCuO2 out of
plane conductivity also shown in Fig. 3b, which is nearly
zero for CaCuO2 and matches the calculation for NdNiO2

when the hybridizing kz band is destroyed via a large
scattering rate. The in-plane conductivity for CaCuO2

(not shown) is significantly larger than NdNiO2, which
is a consequence of the different Fermi velocities at the
chemical potential from the dx2−y2-derived bands in each
material (compare Fig. 2a to Fig. 2d). This highlights
an important electronic difference between the cuprate
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FIG. 5. (a) Local spectral functions for the Ni (only eg or-
bitals shown) and Nd impurity problems for three different
computational experiments performed. (b) Matsubara self-
energies for the Ni-eg orbitals: dx2−y2 (left) and dz2 (right).

and infinite-layer nickelate in terms of the strong c-axis
coupling exhibited by the nickelate.

B. Dynamical interactions applied to the Nd(5d)
orbitals

This subsection presents the results of a second compu-
tational experiment, where we add electronic correlations
within DMFT to the Nd(5d) orbitals (dz2 , dxy), with in-
teraction parameters obtained from cRPA, to understand
how additional beyond-DFT interactions might influence
the electronic structure of NdNiO2 and how these effects
might be revealed in the optical conductivity. Figure 4
summarizes the k-resolved spectral data for the second
set of computational experiments. Figure 4a is repeated
from Fig. 2a for reference. The corresponding Fermi
surface in the kz = 0 plane is shown in Fig. 4d.
Figure 4b shows the spectral function, A(k, ω) from

a DFT+DMFT calculation with the 5 Ni(3d) and 2
Nd(5d) orbitals treated as correlated (referred to as
Ni(3d)+Nd(5d)). Interestingly, the Γ-pocket band aris-
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FIG. 6. Calculated optical conductivity for different
DFT+DMFT electronic structure theories (a) in-plane and
(b) out-of-plane. The experimental DC conductivity is de-
noted by the shaded red region.

ing from the Nd-dz2 has been shifted up with respect
to the overall spectrum. The strongly kz dispersing hy-
bridized Nd band centered at the A-point remains essen-
tially unchanged between the two calculations (Fig. 4a
vs. Fig. 4b). The interacting Fermi surface reveals the
significant reduction in the size of the Nd-dz2 electron
pocket (see Fig. 4e). The area of the Ni-dx2−y2 sheet
remains essentially constant.

In DFT+DMFT calculations the double counting term
plays a crucial role especially for transition-metal ox-
ides [51, 52]. Operationally, this term controls the rel-
ative energy shift of the correlated states with respect
to the uncorrelated states with the goal of canceling
out the correlation contributions encoded in the DFT
exchange-correlation functional. In Fig. 4c, we alter
the double counting potential to attempt to displace the
Nd(5d) states away from the chemical potential by set-
ting U ′ = UDC = 10 eV ∼ 2UNd. This changes the dou-
ble counting potential ΣDC from −0.78 eV for U ′ = UNd

to −3.1 eV for U ′ = UDC. This treatment results in a
complete removal of the Nd-dz2 electron pocket. How-
ever, the hybridizing kz band remains unchanged. We
note that this is in contrast to the mechanism of a con-
stant scattering rate shown in Fig. 2c. The Fermi surface
sheets generated from the Ni-dx2−y2 bands remain con-
stant across all calculations (see Fig. 4(d-f)).

Figure 5 further reveals the low-energy spectrum for
these three different calculations. Across the three
calculations, the quasiparticle spectral weight of the
Ni-dx2−y2 states remains dominant around the chem-
ical potential. The Nd-dz2 states gradually decrease
and eventually become fully depleted at ω = 0 when
the double counting potential is adjusted. Spectral
weight from the hybridized Ni-dz2 states also decreases
at the chemical potential in connection to the Nd-dz2

removal. The electronic correlations captured quanti-
tatively from the quasiparticle renormalization factor
Z = (1 − ∂ImΣ/∂ωn

∣∣
ωn→0

) increase for the Ni-dx2−y2

as the Nd(5d) states are pushed further away from the
chemical potential (see Fig. 5b). This reveals the prox-
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imity of the Ni-dx2−y2 to a Mott-like state that may be
masked by the presence of the hybridized Nd(5d)-Ni-dz2

states [53].
We now turn to the resulting optical conductivity

shown in Fig. 6. The Drude peak for the conductiv-
ity in the plane (σxx) shows a systematic decrease across
the three different DFT+DMFT calculations for NdNiO2

(see Fig. 6a). There are two contributions to this de-
crease. First, the the in-plane conductivity contributions
from the Nd(5d) states are systematically removed. Sec-
ond, the electronic correlations of the Ni-dx2−y2 increase
resulting in a smaller (larger) quasiparticle renormaliza-
tion Z (mass enhancement m⋆/m). In the low-frequency
regime, the optical conductivity reads [31]:

Reσ(ω) =
σDC

π

τ

1− (ωτ)2
+ σinc(ω), (4)

where σDC = (Zn)e2 and n is the carrier density.
Thus, lowering Z decreases the Drude peak σDC. In-
terestingly, the out-of-plane conductivity remains essen-
tially unchanged across the three different calculations as
shown in Fig. 6b. In all three of these calculations, there
is no mechanism that alters this hybridizing kz band
which offers the only route for conduction out-of-plane.
Therefore, σzz remains mostly unchanged.

IV. SUMMARY AND DISCUSSION

One motivation for the current interest in NdNiO2 and
related materials is the perspective that these compounds
provide on the relationship between superconductivity
and electron correlation effects. The family of nicke-
late materials shares with the family of cuprate mate-
rials a low energy electronic structure prominently fea-
turing a two dimensional approximately half-filled band
derived from the transition metal dx2−y2 orbital and sub-
ject to strong interactions. An important difference be-
tween the two material families is the presence, in the
Ni-compounds, of “spectator bands” derived from Nd d-
orbitals that are present near the Fermi level and provide
both a three dimensional dispersion (in the case of the
infinite-layer nickelate) or strong interlayer coupling (in
the case of the 3 and 5 layer compounds) and a “self
doping” effect in which the occupancy of the x2 − y2 de-
rived band becomes non-integer even at stoichiometric
compositions and holes are introduced into the d3z2−r2

orbital. There are two spectator bands: one centered
at the Γ point derived from Nd d3z2−r2 and apparently
weakly coupled to the Ni states, and one centered at the
A point derived from Nd dxy states and coupled to Ni
d3z2−r2 states.

Understanding the role of the “spectator bands” in the
physics of the materials is an important open question.
This paper explores the spectator band issue via a set of
computational experiments that treat the correlations on
the Nd site on the same level of theory as the correlations

on the Ni site, consider various modifications of the stan-
dard theory that change the contributions of the specta-
tor bands to the low energy physics, and present the fre-
quency dependent conductivity (especially the interband
conductivity) as an important experimental diagnostic of
the effects of the spectator bands because the Nd orbitals
provide a robust conducting pathway along out-of-plane
direction (in the infinite layer material NdNiO2) or low-
lying interband transitions (in related materials such as
Rn+1NinO2n+2 (n ̸= ∞) where a RO2 slab cuts the c-axis
dispersion [49, 54]).

We find, consistent with previous results [16, 31], that
the standard correlation theory which treats the Nd or-
bitals as weakly correlated predicts that NdNiO2 is a
good metal with rather isotropic conductance, in con-
trast to experiment which shows that the in-plane con-
ductance is large, characteristic of a “bad metal” (the
out of plane conductance is not known). Modifying the
model by adding a large ad-hoc scattering rate to the Nd
orbitals completely suppresses the interplane conductiv-
ity, but reduces the in-plane conductivity by only a factor
of two or so without changing the theoretically predicted
good metal behavior, which arises from charge transfer
from the Ni bands to the Nd bands, leading to doped,
conducting Nd states. In our calculations we used inter-
action parameters obtained using the well-accepted ‘c-
RPA’ method. However, based on previous literature
[16], we believe that altering the interaction parameters
(within a reasonable range) will not change the impor-
tant features of our results, in particular the metallic
conductivity of the stoichiometric compound.

We then extended the theory to treat correlations on
the Nd sites on the same DFT+DMFT level as the cor-
relations on the Ni sites. The interactions seem to de-
plete the Γ pocket, leaving the minimum energy of this
band very close to the Fermi level, while not significantly
changing the A pocket. We further adjusted the relative
energies of the Ni and Nd d-states by changing the “dou-
ble counting correction” in the calculation. With modest
adjustment the Γ pocket can be entirely removed [55] but
the A pocket is robust even to large changes, so that at
this level of theory the strong c-axis coupling is not al-
tered by electronic correlation effects. Indeed, previous
studies have shown that in the vicinity of the A pocket
there is significant hybridization also with interstitial
states that do not have a clear atomic origin[9, 20, 53].
These interstitial states would not be subject to local cor-
relation effects, perhaps accounting for the resilience of
the A pocket. Furthermore, our adjustment of the spec-
tator band states acts as a “governor” on the correlations
of the strongly correlated Ni-dx2−y2 states, masking via
the self-doping effect a potential nearby Mott-like state.

In summary, the computational experiments per-
formed here show that both the “standard model”
DFT+DMFT approach (correlations only on the Ni site)
and any reasonable deformation of it lead to a calculated
in-plane DC conductivity that is incompatible with avail-
able experiments, because the spectator bands cannot be
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eliminated from the low energy theory. The dc and opti-
cal interplane conductivity, as well as angle-resolved pho-
toemission experiment measurements especially of the A-
pocket, are important tests of the theory. On the theo-
retical side, our work sets the stage for a systematic ex-
amination of beyond DMFT correlation effects (d-wave

superconductivity, magnetism) on the Nd bands.
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vakov, D. Córdova Carrizales, A. T. N’Diaye, P. Shafer,
H. Paik, J. T. Heron, J. A. Mason, A. Yacoby, L. F.
Kourkoutis, O. Erten, C. M. Brooks, A. S. Botana, and
J. A. Mundy, Nat. Mater. 21, 160 (2022).

[6] J. Bednorz and K. Müller, Z. Phys. B 64, 189 (1986).
[7] A. S. Botana and M. R. Norman, Phys. Rev. X 10,

011024 (2020).
[8] F. Lechermann, Phys. Rev. B 101, 081110 (2020).
[9] F. Lechermann, Phys. Rev. X 10, 041002 (2020).

[10] F. Lechermann, Phys. Rev. Mater. 5, 044803 (2021).
[11] J. Karp, A. S. Botana, M. R. Norman, H. Park, M. Zingl,

and A. Millis, Phys. Rev. X 10, 021061 (2020).
[12] Z. Chen, M. Osada, D. Li, E. M. Been, S.-D. Chen,

M. Hashimoto, D. Lu, S.-K. Mo, K. Lee, B. Y. Wang,
F. Rodolakis, J. L. McChesney, C. Jia, B. Moritz, T. P.
Devereaux, H. Y. Hwang, and Z.-X. Shen, 5, 1806
(2022).

[13] Z. Liu, Z. Ren, W. Zhu, Z. Wang, and J. Yang, npj
Quantum Materials 5, 31 (2020).

[14] M.-Y. Choi, K.-W. Lee, and W. E. Pickett, Phys. Rev.
B 101, 020503 (2020).

[15] S. Bandyopadhyay, P. Adhikary, T. Das, I. Dasgupta,
and T. Saha-Dasgupta, Phys. Rev. B 102, 220502 (2020).

[16] C.-J. Kang and G. Kotliar, Phys. Rev. Lett. 126, 127401
(2021).

[17] J. Kapeghian and A. S. Botana, Phys. Rev. B 102,
205130 (2020).

[18] J. Krishna, H. LaBollita, A. O. Fumega, V. Pardo, and
A. S. Botana, Phys. Rev. B 102, 224506 (2020).

[19] E. Been, W.-S. Lee, H. Y. Hwang, Y. Cui, J. Zaanen,
T. Devereaux, B. Moritz, and C. Jia, Phys. Rev. X 11,
011050 (2021).

[20] H. Chen, A. Hampel, J. Karp, F. Lechermann, and A. J.
Millis, Frontiers in Physics 10 (2022).

[21] D. Li, B. Y. Wang, K. Lee, S. P. Harvey, M. Osada, B. H.
Goodge, L. F. Kourkoutis, and H. Y. Hwang, Phys. Rev.

Lett. 125, 027001 (2020).
[22] M. Osada, B. Y. Wang, K. Lee, D. Li, and H. Y. Hwang,

Phys. Rev. Mater. 4, 121801 (2020).
[23] K. Lee, B. Y. Wang, M. Osada, B. H. Goodge, T. C.

Wang, Y. Lee, S. Harvey, W. J. Kim, Y. Yu, C. Murthy,
S. Raghu, L. F. Kourkoutis, and H. Y. Hwang,
arXiv:2203.02580 (2022).

[24] J. Fowlie, M. Hadjimichael, M. M. Martins, D. Li, M. Os-
ada, B. Y. Wang, K. Lee, Y. Lee, Z. Salman, T. Prokscha,
J.-M. Triscone, H. Y. Hwang, and A. Suter, Nature
Physics 18, 1043 (2022).

[25] M. A. Hayward, M. A. Green, M. J. Rosseinsky, and
J. Sloan, J. Amer. Chem. Soc. 121, 8843 (1999).

[26] B. Keimer, S. A. Kivelson, M. R. Norman, S. Uchida,
and J. Zaanen, Nature 518, 179 (2015).

[27] W. E. Pickett, Rev. Mod. Phys. 61, 433 (1989).
[28] K.-W. Lee and W. E. Pickett, Phys. Rev. B 70, 165109

(2004).
[29] J. Karp, A. Hampel, M. Zingl, A. S. Botana, H. Park,

M. R. Norman, and A. J. Millis, Phys. Rev. B 102,
245130 (2020).

[30] B. H. Goodge, D. Li, K. Lee, M. Osada, B. Y. Wang,
G. A. Sawatzky, H. Y. Hwang, and L. F. Kourkoutis,
Proc. Natl. Acad. Sci. 118, e2007683118 (2021).

[31] F. Petocchi, V. Christiansson, F. Nilsson, F. Aryaseti-
awan, and P. Werner, Phys. Rev. X 10, 041047 (2020).

[32] Z. Li and S. G. Louie, arXiv:2210.12819 (2022).
[33] P. Blaha, K. Schwarz, F. Tran, R. Laskowski, G. K. H.

Madsen, and L. D. Marks, The Journal of Chemical
Physics 152, 074101 (2020).

[34] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev.
Lett. 77, 3865 (1996).

[35] M. Aichhorn, L. Pourovskii, P. Seth, V. Vildosola,
M. Zingl, O. E. Peil, X. Deng, J. Mravlje, G. J.
Kraberger, C. Martins, M. Ferrero, and O. Parcollet,
Comput. Phys. Commun. 204, 200 (2016).

[36] M. Aichhorn, L. Pourovskii, V. Vildosola, M. Ferrero,
O. Parcollet, T. Miyake, A. Georges, and S. Biermann,
Phys. Rev. B 80, 085101 (2009).

[37] F. Aryasetiawan, M. Imada, A. Georges, G. Kotliar,
S. Biermann, and A. I. Lichtenstein, Phys. Rev. B 70, 1
(2004).

[38] G. Kresse and J. Hafner, Physical Review B 47, 558
(1993).

[39] G. Kresse and J. Furthmüller, Physical Review B 54,
11169 (1996).

[40] G. Kresse and D. Joubert, Physical Review B 59, 1758
(1999).

[41] T. Miyake, F. Aryasetiawan, and M. Imada, Physical
Review B 80, 155134 (2009).

http://dx.doi.org/10.1038/s41586-019-1496-5
http://dx.doi.org/10.1038/s41586-019-1496-5
http://dx.doi.org/10.1021/acs.nanolett.0c01392
https://arxiv.org/abs/2105.13492
http://dx.doi.org/10.1002/adma.202104083
http://dx.doi.org/10.1002/adma.202104083
http://dx.doi.org/ 10.1038/s41563-021-01142-9
http://dx.doi.org/https://doi.org/10.1007/BF01303701
http://dx.doi.org/10.1103/PhysRevX.10.011024
http://dx.doi.org/10.1103/PhysRevX.10.011024
http://dx.doi.org/10.1103/PhysRevB.101.081110
http://dx.doi.org/10.1103/PhysRevX.10.041002
http://dx.doi.org/10.1103/PhysRevMaterials.5.044803
http://dx.doi.org/ 10.1103/PhysRevX.10.021061
http://dx.doi.org/ 10.1016/j.matt.2022.01.020
http://dx.doi.org/ 10.1016/j.matt.2022.01.020
http://dx.doi.org/ 10.1038/s41535-020-0229-1
http://dx.doi.org/ 10.1038/s41535-020-0229-1
http://dx.doi.org/10.1103/PhysRevB.101.020503
http://dx.doi.org/10.1103/PhysRevB.101.020503
http://dx.doi.org/10.1103/PhysRevB.102.220502
http://dx.doi.org/10.1103/PhysRevLett.126.127401
http://dx.doi.org/10.1103/PhysRevLett.126.127401
http://dx.doi.org/10.1103/PhysRevB.102.205130
http://dx.doi.org/10.1103/PhysRevB.102.205130
http://dx.doi.org/ 10.1103/PhysRevB.102.224506
http://dx.doi.org/10.1103/PhysRevX.11.011050
http://dx.doi.org/10.1103/PhysRevX.11.011050
https://www.frontiersin.org/articles/10.3389/fphy.2022.835942
http://dx.doi.org/10.1103/PhysRevLett.125.027001
http://dx.doi.org/10.1103/PhysRevLett.125.027001
http://dx.doi.org/ 10.1103/PhysRevMaterials.4.121801
https://arxiv.org/abs/2203.02580
http://dx.doi.org/ 10.1038/s41567-022-01684-y
http://dx.doi.org/ 10.1038/s41567-022-01684-y
http://dx.doi.org/10.1021/ja991573i
http://dx.doi.org/10.1038/nature14165
http://dx.doi.org/10.1103/RevModPhys.61.433
http://dx.doi.org/10.1103/PhysRevB.70.165109
http://dx.doi.org/10.1103/PhysRevB.70.165109
http://dx.doi.org/ 10.1103/PhysRevB.102.245130
http://dx.doi.org/ 10.1103/PhysRevB.102.245130
https://www.pnas.org/content/118/2/e2007683118
http://dx.doi.org/10.1103/PhysRevX.10.041047
https://arxiv.org/abs/2210.12819
http://dx.doi.org/ 10.1063/1.5143061
http://dx.doi.org/ 10.1063/1.5143061
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/http://dx.doi.org/10.1016/j.cpc.2016.03.014
http://dx.doi.org/ 10.1103/PhysRevB.80.085101
http://dx.doi.org/ 10.1103/PhysRevB.70.195104
http://dx.doi.org/ 10.1103/PhysRevB.70.195104
http://dx.doi.org/10.1103/PhysRevB.47.558
http://dx.doi.org/10.1103/PhysRevB.47.558
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevB.80.155134
http://dx.doi.org/10.1103/PhysRevB.80.155134


8

[42] A. A. Mostofi, J. R. Yates, G. Pizzi, Y.-S. Lee, I. Souza,
D. Vanderbilt, and N. Marzari, Computer Physics Com-
munications 185, 2309 (2014).

[43] M. Kaltak, Merging GW with DMFT, Ph.D. thesis, Uni-
versity of Vienna (2015).

[44] O. Parcollet, M. Ferrero, T. Ayral, H. Hafermann,
I. Krivenko, L. Messio, and P. Seth, Comput. Phys.
Commun. 196, 398 (2015).

[45] P. Seth, I. Krivenko, M. Ferrero, and O. Parcollet, Com-
put. Phys. Commun. 200, 274 (2016).

[46] L. Boehnke, H. Hafermann, M. Ferrero, F. Lechermann,
and O. Parcollet, Phys. Rev. B 84, 075145 (2011).

[47] G. J. Kraberger, R. Triebl, M. Zingl, and M. Aichhorn,
Phys. Rev. B 96, 155128 (2017).

[48] C. Ambrosch-Draxl and J. O. Sofo, Comp. Phys. Com-
mun. 175, 1 (2006).

[49] H. LaBollita and A. S. Botana, Phys. Rev. B 104, 035148
(2021).

[50] J. Karp, A. Hampel, and A. J. Millis, Phys. Rev. B 105,
205131 (2022).

[51] H. Park, A. J. Millis, and C. A. Marianetti, Phys. Rev.
B 90, 235103 (2014).

[52] X. Wang, M. J. Han, L. de’ Medici, H. Park, C. A. Mari-
anetti, and A. J. Millis, Phys. Rev. B 86, 195136 (2012).

[53] Y. Gu, S. Zhu, X. Wang, J. Hu, and H. Chen, Commu-
nications Physics 3, 84 (2020).

[54] H. LaBollita, M.-C. Jung, and A. S. Botana, Phys. Rev.
B 106, 115132 (2022).

[55] L. Si, W. Xiao, J. Kaufmann, J. M. Tomczak, Y. Lu,
Z. Zhong, and K. Held, Phys. Rev. Lett. 124, 166402
(2020).

http://dx.doi.org/ https://doi.org/10.1016/j.cpc.2014.05.003
http://dx.doi.org/ https://doi.org/10.1016/j.cpc.2014.05.003
http://othes.univie.ac.at/38099/
http://dx.doi.org/ http://dx.doi.org/10.1016/j.cpc.2015.04.023
http://dx.doi.org/ http://dx.doi.org/10.1016/j.cpc.2015.04.023
http://dx.doi.org/http://dx.doi.org/10.1016/j.cpc.2015.10.023
http://dx.doi.org/http://dx.doi.org/10.1016/j.cpc.2015.10.023
http://dx.doi.org/ 10.1103/PhysRevB.84.075145
http://dx.doi.org/ 10.1103/PhysRevB.96.155128
http://dx.doi.org/ https://doi.org/10.1016/j.cpc.2006.03.005
http://dx.doi.org/ https://doi.org/10.1016/j.cpc.2006.03.005
http://dx.doi.org/10.1103/PhysRevB.104.035148
http://dx.doi.org/10.1103/PhysRevB.104.035148
http://dx.doi.org/10.1103/PhysRevB.105.205131
http://dx.doi.org/10.1103/PhysRevB.105.205131
http://dx.doi.org/10.1103/PhysRevB.90.235103
http://dx.doi.org/10.1103/PhysRevB.90.235103
http://dx.doi.org/ 10.1103/PhysRevB.86.195136
http://dx.doi.org/ 10.1038/s42005-020-0347-x
http://dx.doi.org/ 10.1038/s42005-020-0347-x
http://dx.doi.org/10.1103/PhysRevB.106.115132
http://dx.doi.org/10.1103/PhysRevB.106.115132
http://dx.doi.org/10.1103/PhysRevLett.124.166402
http://dx.doi.org/10.1103/PhysRevLett.124.166402

	Conductivity of infinite-layer NdNiO2 as a probe of spectator bands
	Abstract
	Introduction
	Methodology
	Results 
	Basic electronic structure and scattering effects
	Dynamical interactions applied to the Nd(5d) orbitals

	Summary and Discussion
	Acknowledgments
	References


