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Emergent normal-state Mottness in the infinite-layer NdNiO, superconductor
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We present a computational study based on density functional plus dynamical mean-field theory calculations
for the normal-state electronic reconstruction of pure and hole-doped NdNiO, superconductors. Our results
capture the 7' dependence of the electrical resistivity, providing a many-particle interpretation of the emergence
of pseudogaplike features at low energies as well as the weakly insulating regime seen in experiment. We show
how Mottness manifests itself in the weak localization to bad-metallicity crossover due to strong correlation in
the e,-shell one-particle spectral functions and self-energies.
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I. INTRODUCTION

The discovery of superconductivity in Sr-doped NdNiO,
thin films [1] marks the nickel age of superconductivity [2].
After a host of experimental and theoretical efforts, this family
of layer superconductors now includes a range of hole-doped
systems [3,4], Pr or La and other rare-earth ions in place of Nd
[5-8], and the quintuple-layer system NdgNisO, [9], among
other higher-order layered systems [10]. As for the cuprates,
the basic structural element in the infinite-layer nickelates is
the NiO, square lattice [2]; see Fig. 1. A number of theory
studies indicate that orbital degrees of freedom [11-13] and
electronic correlations are relevant in this material class [14],
and hence a fundamental question in this field is whether
orbital selectivity and Mott-Hubbard physics play any role
in determining the electronic state that might host unconven-
tional superconductivity coexisting with intrinsic magnetism
arising from Mottness [15,16]. Although magnetic impuri-
ties might be present in the real solid [17], a recent muon
spin rotation-relaxation study [18] reports an intrinsic mag-
netic ground state, regardless of the rare-earth ion or doping
concentration which arises from local moments on the Ni
sublattice [18]. Importantly, the coexistence of magnetism
with superconductivity suggests an underlying physics with
similarities akin to some Fe superconductors [19], which
might be qualitatively distinct from the doped cuprates [20],
prompting the question, To what extent are nickelates and
cuprates similar [21,22]? Here, we shed light on this problem,
showing that the paramagnetic normal state of the NdNiO,
parent compound is in close proximity to Mott localization.
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We unearth the important role played by two-orbital electron-
electron interactions [11,12,23] in the e, shell of pure and
hole-doped NdNiO5.

The 3d° nickelates (Ni'* nominal state) such as NdNiO,
have long been considered in the context of divalent 3d°
cuprates (Cu®") [22,24]. Despite being isostructural to the
(S1,Ca)CuO, compound, it remains unclear how similar these
two superconducting families really are. Notable here is the
recent cluster dynamical mean-field theory (DMFT) study
on minimal models for NdNiO, and CaCuO, systems [25],
which shows that the stoichiometric compounds are antifer-
romagnetically ordered. Moreover, according to this study,
at low doping, superconductivity in both materials is limited
by competition with long-range antiferromagnetic order, and
superconductivity emerges at around the same hole doping for
both compounds. It is worth noting, however, that the cuprates
are charge-transfer insulators instead of being at the verge of
Mott localization as in some Fe superconductors [19,26], and
doped holes appear in the oxygen p band while Cu is retained
almost in its 3d° character with the concomitant formation
of the Zhang-Rice singlet [27]. Finally, in infinite-layer Ni
superconductors, there is a large pd-band gap so the system
might be closer to Mottness [28], and holes would reside more
predominantly in the Ni 3d bands [15,29], similar to Fe-based
superconductors [19].

Also noteworthy for infinite-layer nickelates are the re-
sistivity upturn near 50-70 K in the parent compounds and
the normal-state resistivity which is approximately linear in
temperature T before approaching the superconducting phase
transition [1,15,30] as well as the T dependence of the Hall
coefficient. The doped infinite-layer nickelates possess Hall
coefficients that, while sensitive to factors such as doping con-
centration [3,4,31,32], thickness [33], and cation composition
[7,31], remain negative at all temperatures or exhibit a zero
crossing. This seems to suggest a two-band picture with sub-
stantial electron- and hole-pocket contributions [8,29,34]. It
should be noted that attention has been given to the multiband
character of NdNiO,: In the paramagnetic normal state, in
addition to the Ni-d,2_,> band, the Nd-5d states also cross the
Fermi level, Er. The latter leads to the appearance of electron
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pockets at the I" and A points, with mainly Nd-d,» and Nd-d.,
orbital character, respectively. These electron pockets give rise
to self-doping of the large holelike Ni-d,>_,» Fermi surface
[10,22,34,35]. However, the mixing between Ni and Nd states
is small, leading to bands with a single orbital characteristic
[34]. Thus, since we are mainly interested in the electronic
structure reconstruction upon hole-doping the NdNiO, par-
ent compound, in this paper we will focus on a two-orbital
model composed of Ni-x?> —y? and Ni-z? electronic states
[11,12,23]. As shown below, this two-orbital model treated
within the density functional plus dynamical mean-field the-
ory (DFT+DMFT) [36] correctly describes the evolution of
the weakly insulating state [2] towards a strange bad metal
with nearly linear T dependence of the electrical resistivity as
seen in experiments for Sr-doped NdNiO, films [1,15].

II. THEORY AND RESULTS

It is now recognized that the electronic properties of
infinite-layer nickelates are determined by the complex
interplay between different factors, including the on-site
Coulomb repulsion (3.0 < U < 10eV) [11-13,22,29] and
the Hund’s interaction (0.7 < Jy < 1.0eV) [12,13,16] as
well as multiband and multiorbital degrees of freedom
[8,11-13,16,29]. Based on DFT calculations [12], the one-
electron Hamiltonian relevant to multiple-layer nickelates
is HO = Zk,a,a ea(k)ci‘;,a,cck»av” + Zi,a,a ng[,a,g, where a =
x? —y?, 72 denotes its e, orbitals. €,(k) is the one-electron
band dispersion, which encodes details of the one-electron
(DFT) band structure [12], and the €’ are the corresponding
on-site orbital energies, whose bare values are read off from
the orbital-resolved DFT spectral functions. These e, orbitals
are the relevant one-particle inputs for two-orbital DMFT,
which generates a weakly insulating electronic state in close
proximity to Mott localization, as shown below. Neglecting
the Nd-5d states at the one-particle level [11,12,23], the
correlated many-body Hamiltonian relevant to NdNiO, and
analogs reads Hiy = U ), , NiatMia,y + U’ Zi,#b nialip —
Ju Zm#b Sia-Sip. Here, U = U — 2Jy is the interorbital
Coulomb interaction term. We evaluate the many-particle
Green’s functions [G, ,(w)] of the two-orbital Hamiltonian
H = Hy + Hjy using the two-orbital iterated perturbation the-
ory as impurity solver [37]. This real frequency perturbative
ansatz has a proven record of good semiquantitative agree-
ment with experiment for a range of correlated materials,
and it gives results in qualitative accord with continuous-time
quantum Monte Carlo (CT-QMC) calculations for correlated
multiorbital (MO) systems [38].

A detailed understanding of the electronic structure of
correlated electron systems requires special methods and nu-
merical tools, for example, the continuous-time hybridization
algorithm and the constrained random phase approximation
applied in Ref. [12]. The DFT+DMFT approximation takes
inputs from DFT, such as the orbitally projected density of
states (DOS) or the energy bands, the on-site energies, and
the crystal field splittings. Figure 2 shows the orbitally pro-
jected DOS derived in Ref. [12] (see Ref. [39]), which is
used here as input to two-orbital DMFT calculations. Similar
to Ref. [12], the Green’s functions are calculated using the
single-site DMFT approximation in which only the site-local

FIG. 1. Tetragonal (space group [4/mmm) crystal structure of
NdNiO,. Infinite NiO, square lattices are stacked along the ¢ axis,
with Ni in square planar coordination (blue squares). Nd is gray,
Ni is green, and O is red. Ni-O bonds (blue) are highlighted. Eight
conventional unit cells are shown.

matrix elements of the self-energy between correlated orbitals
are retained. As seen, the x> — y? spectral function displays
two peaks: one at 0.37 eV below Er and the second one
at 6.0 eV binding energy reflecting the hybridization of Ni-
d,>_,» and O-2p states, which divides the x* — y? spectra into
bonding and antibonding portions. For the z> orbital sector, the
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FIG. 2. Evolution of the e, spectral functions of NdNiO, for
three different U values and fixed Jy = 0.75 eV. The bare (DFT)
density of states (DOS) [12] is shown for comparison. Notice the
electronic reconstruction due to sizable two-orbital correlations and
the downshift of the z> orbital. Insets show the evolution of the
self-energy real (left) and imaginary (right) parts with increasing U.
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different methods used in Ref. [12] predict slightly different
Ni-3d weights in the bonding region; however, in all cases
the spectral function for the z> orbital shows nearly one-
dimensional orbital character with sharp peaks at —2.4 and
—0.98 eV, as visible in Fig. 2. Interesting as well is the fact
that this orbital component is not hybridized with the O-2p
bands but with the Nd-5d states lying above Fermi energy,
resulting in a weak tail at energies above Er. From a general
perspective, the emergence of z> electronic states above Ef
compensate to some extent self-doping effects arising from
the hybridization between Nd-5d conduction electrons and
Ni-3d valence bands [29,41,42]. How the x> — y? and z> DFT
spectral functions of NdNiO, are reshaped by two-orbital dy-
namical correlations [11,12,23] and hole doping is our focus
below.

Let us now present our DFT4+DMFT results. In Fig. 2 we
show how the orbital-resolved spectral functions of NdNiO,
obtained for three different U values and fixed Jy = 0.75 eV
are reshaped as compared with the bare DFT DOS. As seen,
at U = 3.0 eV the shape of the x> —y> DFT DOS is par-
tially retained while the z> spectra are shifted towards Ep
(see our discussion below). However, in good qualitative
accord with earlier calculations [12,13], lower and upper
Hubbard bands (LHBs and UHBs, respectively) emerge in
the correlated electronic structure of NdNiO;. On increasing
the on-site U, these incoherent electronic states are trans-
ferred to higher energies with the concomitant narrowing
of the Kondo-quasiparticle resonances [43] at low energies
near Er. Finally, at the critical U, = 9.0 eV, NdNiO; is in
the Mott side of the correlated phase diagram [44], with a
Mott-Hubbard gap emerging across Ep. Future photoemission
spectroscopy studies are called for to corroborate our predic-
tion of an emergent Mott localized electronic state in strained
infinite-layer nickelates, where the U/W ratio (W is the bare
one-particle bandwidth) is expected to increase in the real
solid [44].

To further prove the correlated electronic structure recon-
struction of NdNiO,, in the insets of Fig. 2 we show the
frequency dependence of the self-energy [X,(w)] imaginary
(right panels) and real (left panels) parts; the latter deter-
mines the quasiparticle mass enhancement [12,13]. From our
results, it is evident that X 2(w) for U > 6.0 eV has larger
values at negative frequencies as compared with the x*> — y?
orbital, yielding incoherent electronic excitations and caus-
ing the formation of local moments (LHBs). In the metallic
regime, our DFTH+DMFT results reveal a quadratic-in-energy
dependency characteristic of Landau-Fermi liquid (LFL) met-
als [43] in ImX,(w) at low frequencies. The real part of the
self-energy [ReX,(w)] also displays the characteristic linear
LFL behavior at low energies. At U, the self-energies show
strong particle-hole asymmetry and a diverging w dependence
responsible for Mott localization. Finally, our results in Fig. 2
show that orbital differentiation in NdNiO, is reflected in the
self-energies. The z* orbital shows much stronger correlations
below E than the x> — y? one, with higher local moments and
steeper slope in ReX,(w).

It is worth noting here that the appearance of stronger
electronic correlations in the z? orbital as compared with
the x?> — y? orbitals remains rather counterintuitive since the
former is almost fully occupied in the bare one-band picture.

Normally, for the one-band Hubbard model, electrons are
rather weakly correlated in systems far from half filling. How-
ever, this canonical understanding does not hold completely
true for MO systems with sizable interorbital correlations
[45]. As aresult, the effective band filling combined with two-
orbital Hartree shifts leads to charge flow from the x> — y?
orbital to the z> orbital, in analogy with that reported for a
spin-polarized ferromagnetic system where the valence band
DOS of the majority spin channel is shifted towards Er [45]
while the less polarized channel is barely affected [45,46].
Also relevant to NdNiO; is the fact that the x> — y? orbital has
a larger bandwidth as compared with the z> orbital, implying
a reduced U/W ratio. Moreover, the intensity of the Van
Hove singular peaks which are shifted towards Ef is higher
for the z? orbital as compared with the x> — y? orbital. In
this situation, sizable interorbital Coulomb correlation effects
induced by U’ will promote an extended Van Hove singular-
ity regime similar to that discussed, for example, for doped
graphene [47] and Sr,RuOy4 [48]. We shall mention here that
in low-dimensional systems the DOS diverges and the excess
of charge carriers enhances intrinsic electronic correlations
[49], an effect which is now commonly referred to as an
extended Van Hove singularity [47]. Accordingly, our results
in Fig. 2 indicate that strong electronic correlations in the z?
orbital of the NdNiO, parent compound result from interplay
between orbital polarization and the proximity of its Van Hove
singularity to Ep. This is the key step, which allows us to
understand the two-orbital electronic reconstruction in this
system.

To characterize the Mott localized [44] as well as the
pseudogap regime [26] in NdNiO,, in Fig. 3 we show its
orbital-resolved DOS at the border of the first-order Mott
metal-insulator transition, which according to our theory takes
place at U. = 9.0 eV. Interestingly, this value is consistent
with extant theoretical results where at a reasonable large
interaction strength U = 10 eV the e, orbital sector is Mott
insulating [50]. More importantly, in Fig. 3 we show that
pseudogapped (V-shaped) spectral functions near Er emerge
in the incoherent metallic regime of NdNiO,. Upon reduc-
ing the strength of the on-site Coulomb interaction U, the
pseudogap phase evolves towards an electronic state with
asymmetric Kondo quasiparticles [43]; see our results for
U = 8.0 eV. However, if our proposal is to hold, the critical
metal at the border of the Mott transition in NdNiO, should
be characterized by pseudogapped electronic states at low
energies, and future experiments [26] on samples free from
extended defects [30] could verify this aspect. As seen, the
DFT+DMFT electronic structure in Fig. 3 shows large-scale
changes in spectral weight transfer (SWT) below the critical
phase boundary. As shown in Fig. 3, the relatively large range
of the V-shaped pseudogap spectrum is closely related to
the frequency dependence of the self-energy imaginary parts,
which show deviations from the w? dependence of canon-
ical LFL metals [43]. Below the Mott transition only our
results for U = 8 eV show characteristic LFL-like features,
while close to Mottness the self-energies display sublinear
w dependence of power-law liquids [51]. Similar self-energy
behavior to that shown later in Fig. 5, with sublinear en-
ergy dependence, was also found in Fe-based superconductors
[52,53], suggesting a common scenario of correlation-induced
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FIG. 3. Electronic reconstruction near Mott localization in
NdNiO,. Notice the first-order phase transition from a Mott insulator
to a pseudogap metal. Insets display the frequency dependence of the
self-energy imaginary and real parts, showing considerable changes
across the Mott transition.

multiorbital electronic reconstruction in correlated supercon-
ducting materials.
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FIG. 4. e, orbital occupancies as a function of the on-site U.
Notice the reduction of the orbital polarization upon increasing U
and its suppression at U, = 9.0 eV. The inset shows the evolution
of the on-site orbital energies €, as a function of U. An important
feature to be seen is the sudden reduction of €2 at the Mott transition.
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FIG. 5. Effect of hole-doping the NdNiO, parent compound on
the e, spectral functions (main panels) and self-energies (insets)
computed using U = 8.75 eV. Particular features to be seen are the
large spectral weight transfer and the orbital differentiation at low
energies upon small changes in the total band filling 7.

For the sake of completeness, in Fig. 4 we display the
orbital occupation n, ., computed using the orbital-resolved
spectral functions of the two-orbital Hubbard model for
NdNiO;. As in Ref. [54] we observe clear changes in or-
bital polarization, particularly at energies close to U,. These
responses are characteristic of strongly correlated systems,
where the changes in the orbital occupation are linked to
dynamical fluctuations in the reconstructed electronic state.
Notably, orbital polarization is reduced approaching U, driv-
ing continuous changes in the correlated spectral functions as
in Fig. 3. Our results in Fig. 4 imply a continuous reduction
of ferro-orbital order due to a U’-induced, strong interorbital
proximity effect with the spectral weight below U, being
continuously removed from the z> orbital sector and trans-
ferred to the x> — y* orbital sector in spite of the spin state
[55]. Also interesting are our results in the inset of Fig. 4,
showing the evolution of the on-site orbital energies €,, or
the center of gravity of the correlated spectral functions, as
a function of U. As seen, with increasing U, DFT+DMFT
severely renormalizes the center of gravity of each orbital
promoting changes in the correlated spectral functions as dis-
played in Figs. 2 and 3. This fact, generic to MO systems,
is an interesting manifestation of correlation-induced orbital
rearrangement and controls the changes in the correlated elec-
tronic spectra across the Mott transition. Due to particle-hole
asymmetry and anisotropic DFT one-particle energies and
hoppings, two-orbital correlations renormalize the e, orbitals
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of NdNiO, in different ways, leading to intrinsic orbital se-
lectivity [36,56]. Within DFT+DMFT, this orbital-selective
mechanism involves two renormalizations: Static (two-orbital
Hartree) renormalization shifts the e, bands relative to each
other by amounts that depend on their bare on-site orbital
energies and occupations. In addition, dynamical effects of
U and U’ drive large SWT over wide energy scales [56].
This result implies that in correlated electron systems, small
variations of on-site U drive appreciable SWT, producing
orbital-selective renormalizations of the on-site energies. As
seen in Fig. 5, near the Mott transition the z> orbital is the most
severely affected. At the critical U, = 9.0 eV we observe an
abrupt reduction of €2, while €,2_,» remains nearly unchanged
across the Mott metal-insulator transition.

To get more insights into the normal-state electronic struc-
ture reconstruction of NdNiO,, we now focus on the effect
of hole-doping the parent compound. Even though no exper-
imental data exist, the generic appearance of novel electronic
states in a wide variety of other correlated electron systems
makes this an important question to inquire into. Our aim here
is to build upon the strengths of correlated electronic structure
modeling to introduce additional dynamical SWT via hole
doping within the range relevant to experiments [2]. As seen
in Fig. 5, our results for fixed U = 8.75 eV and Jy = 0.75 eV
[57] confirm that metallicity is enhanced upon hole-doping the
pseudogapped parent compound [1,9,15]. This is tied to the
fact that the Kondo-quasiparticle resonance is shifted towards
Er upon doping. An intriguing observation, however, is the
change in the orbital-selective SWT induced by doping with
an orbital-dependent narrowing of the Kondo-quasiparticle
peak and the partial SWT from the valence band to the UHBs.
What is the origin of these orbital-selective features? In cor-
related electron systems such as NdNiO,, scattering between
different carriers in orbital states leads to two main effects: an
orbital-dependent shift of the e, bands relative to each other
via static-Hartree contributions (from the static part of the
orbital-dependent self-energies), and strong dynamical corre-
lations due to sizable U, U’, and Jy which cause appreciable
SWT over large energy scales upon carrier doping. Thus, for
hole-doped NdNiO;, coexisting Kondo-quasiparticle compo-
nents with a distinct electronic line shape should be visible at
low energies, in spite of large-scale SWT induced by strong
electron-electron interactions. These are stringent tests of our
proposal, and experimental verification should place it on
solid grounds.

Finally, in Fig. 6 we show the T dependence of the elec-
trical resistivity p(7) computed using the orbital-resolved
DFT+DMFT spectral functions of pure and hole-doped
NdNiO, for U = 8.75¢eV and Jy = 0.75 eV [58]. As seen
in the main panel of Fig. 6, the DFT+DMFT result for the
NdNiO; parent compound shows a resistivity upturn below
100 K, a fingerprint of the weakly insulating state reported in
the literature [2]. While in experiments the resistivity upturn
is found to be below about 50-70 K [1,15,30], our results in
Fig. 6 are in good qualitative accord with those reported for
NdgNisOi6 [9], where the insulating upturn sets in close to
150 K. Interestingly, upon hole doping the resistivity upturn
is shifted to low T, until it disappears for a total e, electron
band filling of n = 2.7. At small hole doping (n = 2.9) the
resistivity shows the “S”-like shape characteristic of a pseu-

|

2.4
Expt. (x=0.2) 77 nilo
— DFT+DMFT (n=2.9) -_1-5§ — Zﬁg
i 1408 n=2.7
B 1ys 2
o 1.6 é
S |l 1=
=%

0 ' 100 ' 200 ' 300
T (K)

FIG. 6. Resistivity vs temperature (normalized to the p(T) of
the NdggSrg,NiO, [1] superconductor) for pure and hole-doped
NdNiO, obtained using the DFT+DMFT spectral functions for fixed
U = 8.75 eV and different total occupancies n. Notice the insulating
upturn in the resistivity of the stoichiometric compound and the “S”-
like shape for n = 2.9. This suggests a pseudogapped metal similar to
an FeSe superconductor [59]. Inset: Theory-experiment comparison
of p(T) for a hole-doped NdNiO, superconductor. Notice the quasi-
linear 7' dependence of the transport data above 35 K in experiment
[1], which is qualitatively reproduced by DFT+DMFT.

dogapped metal similar to Fe-based superconductors [53,59].
Moreover, for n = 2.8 the “S”-like form of p(7") is smoothly
suppressed, and only a tiny insulating upturn similar to those
reported in Refs. [4,5] is visible below T ~ 10 K. Finally,
for n =27, p(T)>=T at low T, and the Fermi-liquid-like
(FL-like) T2 form is not observed upon partially hole-doping
the parent compound. The underlying reason for this behav-
ior is that at large U, U’, the moderately non-FL. behavior
is not destabilized by hole doping. Thus, with decreasing
total electron concentration of the e, shell, p(T) becomes
less weakly insulating, smoothly going over to a bad-metallic
state at low temperatures [1,9,15]. In reality, as seen in the
inset of Fig. 6, in superconducting NdNiO, an unconven-
tional superconducting transition cuts off the low-T crossover
to a pseudogap metal, but the overall T dependence of the
DFT+DMFT resistivity in the normal state resembles that
reported in experiment [15], where the normal-state resistivity
is approximately linear with temperature before approaching
the superconducting transition.

III. CONCLUSION

To summarize, we have used DFT+DMFT for a two-
orbital Hubbard model to derive a correlation-induced elec-
tronic reconstruction in infinite-layer nickelates. In particular,
considering NdNiO; as a suitable template, we have analyzed
its paramagnetic weakly insulating and metallic behavior, un-
raveling it as an effect of two-orbital dynamical correlations.
Also interesting is the orbital-selective electronic behavior
obtained at the border of the Mott metal-insulator transi-
tion, where pseudogapped electronic excitations emerge at
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low energies. As shown here, this arises from charge-carrier
scatterings due to interplay between two-orbital polarization
and electron-electron interactions, and this could be tested
by a combination of spectral and transport measurements on
bad-metallic samples. Such studies are called for, and should
corroborate our proposal of two-orbital normal-state Mottness
in infinite-layer NdNiO; [1,15] and related compounds [9].
Whether quantum criticality associated with a first-order Mott
transition in conjunction with the development of a non-
LFL metal [60] will be confirmed in infinite-layer nickelates
is in our view of great interest. Our work provides a mo-
tivation to consider closer similarities between hole-doped
NdNiO;, and the Fe-chalcogenide superconductors. As in
some Fe-chalcogenide systems, superconductivity in NdNiO,
manifests as an instability of an anomalous bad metal. Based
on a theory-experiment comparison we suggest that NdNiO,
is an ideal candidate for testing this and the idea of strain-
induced electronic localization in the Ni superconductors. Our
findings thus provide a compelling motivation to consider
these systems at the border of the Mott transition and suggest

a promising route to understand the pseudogaplike behavior
[26] as well as the Mottness collapse without metallization
[61] in non-LFL liquid materials.

Information on the data underpinning the results presented
here, including how to access them, can be found in the
Cardiff University data catalogue [62].
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