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We investigate the electronic structure of nickelate superconductor NdNiO, upon hole doping, by means of
density-functional theory and dynamical mean-field theory. We demonstrate the strong intrinsic hybridization

between strongly correlated states formed by Ni-3d»

—y?

orbital and itinerant electrons due to Nd-5d and Ni-3d >

orbitals, producing a valence-fluctuating correlated metal as the normal state of hole-doped NdNiO,. The Hund’s
rule appears to play a dominating role on multiorbital physics in the lightly doped compound, while its effect is
gradually reduced by increasing the doping level. Crucially, the hole-doping leads to intricate effects on Ni-3d
orbitals, such as a nonmonotonic change of electron occupation in lightly doped level, and a flipping orbital
configuration in the overdoped regime. Additionally, we also map out the topology of Fermi surface at different
doping levels. These findings render a preferred window to peek into electron pairing and superconductivity.
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I. INTRODUCTION

Recent discovery of superconductivity in hole-doped
infinite-layer NdNiO, adds the nickelate material to the family
of unconventional superconductivity [1]. While the crystal
structure of NdNiO; is similar to the infinite-layer copper
oxide superconductors, the electronic structure and magnetic
properties of NdNiO, are very different, which triggers in-
tense on-going discussion. Especially, the O-2p states are
deeply below the Fermi level, which points to a Mott insulator
for NdNiO, [2-5]. The strong insulating behavior is sup-
pressed by the self-doping effect due to hybridization between
Nd-5d conduction electrons and Ni-3d local orbitals [6,7],
producing a bad metal observed in transport measurements.
Additionally, the related magnetic properties can be under-
stood within the similar route [8—12]. Besides these studies on
the parent compound, the microscopic origin for superconduc-
tivity is still elusive [13—19]. Since the nature of normal state
may be responsible for electron pairing and superconductivity,
it is important to determine their charge doping evolution and
connection with superconductivity [20-22].

Let us recall the effect of hole doping on the well-known
copper oxide superconductors where Cu-3d local orbitals is
mediated by the O-2p orbitals. A consequence is that upon
hole doping most of holes reside on the O-2p orbitals [23].
The holes in O-2p orbitals will largely weaken the antiferro-
magnetic ordering and induce strong magnetic fluctuations,
driving the system into d-wave superconductivity [24,25].
Moreover, since the spins on O-2p orbitals strongly interact
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with local spin on Cu-3d states and form the Cu-O spin singlet
(Zhang-Rice state) [26], a single-band 7-J model is believed to
capture essential physics in cuprates [27]. Since the dynamics
of holes play an important role in possible mechanism for
superconductivity in cuprates, it immediately raises questions:
Does the hole doping play a similar role in NdNiO,? If not,
what is the nature of normal state of hole-doped NdNiO,?

To address these questions, one needs the electron occu-
pation and spin information on multiorbitals using unbiased
computations. Despite extensive investigations [28—38], many
open issues still remains, waiting for critical justification. For
example, the hole doping is usually simulated by the shifts
of the energy bands [40]; nevertheless, the possible electronic
state induced by doping Sr has not been well addressed. More-
over, to avoid the discussion of f electrons on neodymium
[39], most of existing literatures made a detour and studied
LaNiO, alternatively, but these calculations are at odds with
the experimental fact that no superconductivity is found in
LaNiO; [1]. In a word, a full-electron ab initio simulation of
hole-doped NdNiQ; is still outstanding.

In this work, we aim at the normal state of NdNiO;, by
performing both density functional theory (DFT) and dynam-
ical mean field theory (DMFT) calculations. First, we build
a realistic doping model to study the effect of Sr doping
continuously and find that the evolution of the electronic states
upon hole doping is nonrigid band like: The electron pocket at
I' point vanishes quickly, and the Fermi level is almost pinned
by the Ni-3d,»_,» orbital. Then we perform a many-body
calculation on the normal state of hole-doped NdNiO, without
considering the f orbitals and compare with the results from
full electron many-body calculations by explicitly consider-
ing Nd-4f electrons. We identify several key features in the
evolution of electronic structure upon hole doping: (1) While

©2021 American Physical Society
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FIG. 1. (a) From left to right: perspective view of NdNiO, supercell with § = 6.25%, 18.75%, and 31.25%. The silver, red, yellow, and
green balls represent Ni, O, Nd, and Sr atoms. (b) Lattice constant in ¢ direction and roughness with respect to 8.

the d° state is the most probable, the weight of d® is much
larger than d'°L (L means a hole on ligand), which points to
a multiorbital physics rather than the charge-transfer picture;
(2) the total occupation of Ni-3d state is close to 8.6, and thus
a lightly doped compound is a valence-fluctuating correlated
metal; (3) the Hund’s rule plays an important role in the lightly
doped compound, and its effect is gradually reduced upon hole
doping; (4) there is a nonmonotonic doping effect in Ni-3d
orbital configuration; (5) significant band renormalization is
observed for the Ni-3d,>_,» state, with mass enhancement of
~2.4. It is quickly suppressed to ~2.1 upon heavy hole dop-
ing. We believe these findings are helpful to understand the
unconventional superconductivity in this system. For instance,
the correlated Ni-3d,>_,» orbital is most relevant for electron
pairing, and the change of topology of Fermi surface could
result in disappearance of superconductivity.

II. METHODS
A. DFT calculations

DFT calculation was performed with the plane wave
projector augmented wave method implemented in the Vi-
enna ab initio simulations package (VASP) [41-43]. The
Perdew-Burke-Ernzerhof version of generalized gradient ap-
proximation (PBE) was applied [44]. To simulate the effect
of Sr doping, one, three, and five Nd atoms are replaced by
Sr atoms in a 2 x 2 x 4 supercell containing 16 Nd, 16 Ni,
and 32 O atoms, as depicted in Fig. 1(a). In this way, we
can consistently mimic the hole doping concentration (§) at
6.25%, 18.75%, and 31.25% lying at the underdoped, optimal
doping, and overdoped regions [20,21]. Considering the fact
that the thin films are grown on the SrTiO3 (001) surface, the
lattice constants in the ab plane of supercell cell are fixed to
a = b =3.92 A while the lattice constant in the ¢ direction
and atomic positions are allowed to relax. For band structure
calculation, we choose the following high symmetric path:
o, 0, 0)-X(z, 0, 0)-M(, m, 0)-I'-Z(0, 0, 7)-R(x, 0, m)-
A(m, m, w)-Z [see Fig. 2(a)]. To show the effect of Sr doping
on electronic structures, all the band structures are unfolded
to the unit cell with the PYPROCAR package [45].

B. DFT4+DMFT calculations

DFT + DMFT calculations were performed using the code
EDMFT, developed by Haule et al. [46] based on the WIEN2K
package [47]. Similar to prior studies, we replace Nd with

La in our calculations, and the doping effect is simulated
by removing conduction electrons in the spirit of virtual
crystal approximation (VCA) [48]. Charge self-consistency is
enforced throughout the calculations. The on-site Coulomb in-
teraction parameters for Ni-3d orbitals are chosen to be F* =
6.0 eV, F? =7.754 eV, and F* = 4.846 eV, respectively, or
equivalently U = 6.0 eV and J = 0.9 eV. We employ nomi-
nal double-counting V,;. = U (ng -1/2)—-J /2(n2 — 1) with
n% =9. The local impurity problem is solved using
continuous-time quantum Monte Carlo (CTQMC) method
[49] at B = 100 eV~! or 116 K. For each impurity problem,
we used 4 x 10° total CTQMC steps in each DMFT iteration,
and self energies from the last five iterations after conver-
gence were averaged and analytically continued to obtain
real-frequency self-energy X(w) using the maximum entropy
method.

III. RESULTS
A. DFT results

We first calculate the lattice constant in the ¢ direction [see
Fig. 1(b)] and observe a linear relation between Sr doping
concentration and ¢, in accordance with experimental results
[20]. After structural optimization, the NiO, plane is no longer
exactly flat as in the pristine compound. To measure the
roughness of the plane, we define roughness as R = max{d.},
where §, is the buckling of each NiO, plane in the supercell (in
unit of A). As displayed in Fig. 1(b), R is less than 0.03 A even
at large 6 = 31.25%, and therefore the effect of structure dis-
tortion on electronic structure is secondary, making it possible
to prepare the atomically flat surface for scanning tunneling
microscopy [22].

The unfolded band structures at different § are shown
in Figs. 2(a)-2(d), where the band structure of the pristine
compound is also plotted to guide the eye. To facilitate our
discussion, we label the Fermi pockets as «, B, and y for
the dominating sheet, pocket at I point, and pocket at A
point in the pristine compound [8,22]. These pockets behave
differently than with Sr doping. Among these Fermi pockets,
the B pocket is very sensitive to Sr doping and almost vanishes
at a low doping level § = 6.25%. Since it is contributed by
Nd d. and Ni d, orbitals, their densities of states (DOS)
gradually decrease to zero as shown in Figs. 2(e) and 2(h).
When § increases to 31.25%, the B pocket has experienced
a blue shift up to 0.86 eV. Such a large shift indicates the
free-particle nature of this pocket. The y pocket, which has
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FIG. 2. [(a)—(d)] Unfolded band structures for different Sr doping concentration. From left to right: § = 0.00%, 6.25%, 18.75%, and
31.25%. [(e)—(j)] Projected density of state with different § on different subspaces with arbitrary unit (a.u.), from left to right: Nd atoms, O

Pxty orbitals, Ni d,a_,

> orbitals, Ni d» orbitals, Ni d,; + d,. orbitals, and Ni d,, orbitals. The weights in panels (e), (i), and (j) have been

rescaled by factors of 2, 1/2, and 1/2. From bottom to top, § increases from 0.00% to 31.25% in each figure.

smaller effective electron mass and thus is more itinerant,
nevertheless has smaller blue shift than the 8 pocket and does
not vanish even at § = 31.25%. In a free-particle picture,
homogeneous hole doping will lead to the drop of Fermi level,
namely, all the bands become rigid and have the same blue
shift. The smaller blue shift of the more itinerant y pocket
reflects that such a pocket is actually more correlated. As we

will show below, such a correlation originates from the Hund’s
coupling between Ni-3d for this pocket is mainly formed by
the Ni d; and d, orbitals [8]. As for the o sheet, its blue shift
strongly depends on §. At smaller 4, it does not shift until
the vanishing of 8 pocket [see Fig. 2(g)]. After that, it slowly
undergoes blue shift together with y pocket. Moreover, since
the o sheet wraps around a large volume, its blue shift is quite
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FIG. 3. k-resolved spectral function from DFT4+DMFT calculations for (a) pristine, (b) 0.2 hole-doped, and (c) 0.4 hole-doped NdNiO, at

116 K. DFT4+DMFT Fermi surfaces of (d) pristine NdNiO,, (e) 0.2 hole-doped NdNiO,, and (f) 0.4 hole-doped NdNiO, from V,. = 47.4 eV
calculations. For clarity purposes, the dominating « sheet is separated from 8 and y pockets in panel (d).
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FIG. 4. Evolution of (a) Ni-3d e, orbital occupation, (b) weight of many-body states, and (c) Ni-3d orbital crystal field splitting under hole
doping. In panel (a), the occupation of d,2_,» is increased by 0.4 to fit in the plot. In panel (b), dfzfy2 indicates d° state with unpaired d,» 2

electron, dS_,/dS_, are d® spin-singlet/spin-triplet states, respectively. In panel (c), Aq (A;) are the energy differences between da_y (dyyyzy)

and d,, orbitals, respectively.

small. In other words, the Fermi level is pinned to the « sheet.
Considering the fact that the o sheet is mainly contributed
by the Ni d,»_,> orbital, such a Fermi surface pinning by the
Ni d>_,» orbital leads to two results: (1) The charge transfer
energy between Ni d»_» and O-2p is reduced since O-2p
experiences a large blue shift [as shown in Fig. 2(f)] [50]. Such
a decrease in charge transfer energy in NiO; plane indicates
more contributions from O-2p orbitals in the Fermi level,
which may explain the existence of “shoulder” structure in
the O-K edge resolved by electron energy loss spectroscopy
(EELS) recently [51]. (2) The splitting between Ni d,>_,>» and
other Ni d orbitals becomes smaller, which drives NdNiO,
towards multiorbital Hund’s physics [52].

We note that the above features upon doping are quite ro-
bust since similar behavior has been repeated with the strongly
constrained and appropriately normed (SCAN) functional (see
Appendix A). In addition, vanishingly small DOS of Sr is
identified around the Fermi level, and therefore Sr doping does
not introduce any Sr orbitals near the Fermi level. Thus, it is
valid to ignore the chemical differences by removing valence
electrons while simulating the doping effect.

B. DFT + DMFT results

We now turn to many-body results from DFT4+DMFT
calculations. In Figs. 3(a)-3(c), we present the k-resolved
spectral function for pristine, 0.2 hole doped, and 0.4 hole
doped NdNiO; from DFT4+DMFT calculations. Despite of
the relatively high temperature (116 K), the electron states
in the pristine compound are already very coherent near the
Fermi level, in accordance with previous reports [9,53]. The
spectral function of the pristine compound is quite similar
to the DFT band structure, giving rise to three sheets of
Fermi surfaces with similar shapes. Hole doping quickly sup-
presses the 8 pocket, which disappears with less than 0.1 hole
doping. Therefore, this Nd-d/Ni-d» derived pocket may
be irrelevant to the superconductivity. The y pocket is also
substantially reduced by hole doping and eventually disap-
pears around 0.3 hole doping. The largest « pocket is only
moderately affected before 0.3 hole doping, due to its large
volume and partial flat band close to the Fermi level at R.
Further hole doping also causes substantial blue shift of the
o pocket. We show the calculated DMFT Fermi surfaces in

Figs. 3(d)-3(f). In the pristine compound, the occupation of
o, B, and y pockets are 0.98 holes, 0.03 electrons, and 0.02
electrons, respectively. Upon 0.2 hole doping, the occupations
of o and y pockets are 1.19 holes and <0.01 electrons,
respectively, while the 8 pocket disappears. In the 0.4 hole
doped compound, only the « pocket remains with 1.32 hole
occupation. Such observation is also consistent with the above
DFT analysis and follows the Luttinger theorem. Moreover,
as a result of the large blue shift of 8 and y pockets upon
hole doping, as well as the pinning of the o pocket due to Ni-
3d,>_», the hybridization between the itinerant electrons and
local Ni-3d orbitals reduces, resulting in sharper quasiparticle
behavior upon hole doping [compare Figs. 3(b) and 3(c) with
Fig. 3(a) (see also Fig. 7)].

We then focus on the 3d orbital occupations of the Ni atom
[Fig. 4(a), also Table I]. The total Ni-3d occupation in the
pristine compound is 8.675 e, and thus the Ni atom is valence
fluctuating between Ni>* (d®) and Ni* (d°). Despite of the
consistent and significant changes in the spectral function
due to hole doping, the doping effect to orbital occupations
clearly exhibits different behaviors for small and large doping
ranges. Surprisingly, for small hole doping (<0.1 hole/cell),
the overall Ni-3d occupation even increases. Once the hole
doping exceeds 0.1 hole/cell, the overall Ni-3d occupations
follow a consistent linear decreasing behavior with respect
to the hole-doping level. Closer examination reveals further
details. Among the 5 Ni-3d orbitals, the #,, orbitals are nearly
fully occupied, and are less relevant to the electronic states
near the Fermi level. Therefore, the 1, orbitals are “frozen”

TABLE I. Ni-3d orbital occupations and effective masses in both
pristine and hole doped compounds for V,. = 47.4 eV. The numbers
within the brackets are the effective mass of respective orbitals cal-

culated using m*/m =1/Z =1 — %ﬁfjmlwn%o .

Doping doa_yp d. doyszy dyy

0.0 1.289 (2.40) 1.648 (1.26) 3.797 (1.25) 1.941 (1.30)
0.1 1267 (2.58) 1.651 (1.28) 3.826(1.27) 1.944 (1.32)
0.2 1.251 (2.43) 1.659(1.26) 3.826(1.27) 1.939 (1.32)
0.3 1.243 (2.43) 1.666 (1.29) 3.824(1.28) 1.932(1.33)
0.4 1239 (2.06) 1.671(1.29) 3.819(1.29) 1.923 (1.31)
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green filled arrows indicate how orbital order evolves with new effects.

during hole doping, although they cannot be ignored in the
discussion of total d occupation. In the following discussion,
we focus on the e, orbitals [12,29,33,38]. The doped hole
will populate on d,>_,», as the occupation decreases with hole
doping as shown in Fig. 4(a). Interestingly, d,» occupation
increases with hole doping. These findings are at odds with
Ref. [32], where the hole mainly goes to d,. orbital. Such a
charge correlation between d» and d,->_,» agrees with the band
shift upon hole doping from DFT calculations. In addition, the
hole doping has a nontrivial effect on the effective mass of the
Ni-3d orbitals as well. As shown in Table I, Ni-3d,>_,» orbital
has the largest m* /m & 2.4, and all other d orbitals show only
mild correlation effect with m*/m around 1.3 in the pristine
compound. While the latter is less affected by hole doping, the
effective mass of d,>_,», which is believed to be most relevant
to the superconductivity, strongly depends on the doping. It
ranges between 2.4 to 2.6 within 0.3 hole/cell doping, and
suddenly drops to ~2.1 with 0.4 hole/cell doping.

We also plot the statistical weight of sampled many-body
states in Fig. 4(b). Again, we see clearly distinct hole-doping
behavior for the small and large doping range. For the small
doping range (<0.1 hole/cell), the d° weight is significantly
enhanced, primarily due to large increase of dfz_yz weight.

Noticing that d),_, denotes d” with unpaired d,2_,2, which is
consistent with the reduced d,2>_,> occupation due to hole dop-

ing. Beyond 0.1 hole/cell doping, the d° weight consistently
drops, whereas the d)?z Ly weight gradually reaches saturation

around 43% at 0.4 hole/cell. Similarly, the d® configuration
weight reduces from 32.7% to 32.1% in the small doping
range, and then linearly increases to 33.9% at 0.4 hole/cell
doping. Nevertheless, within the doping range we investi-
gated, the weight of d® configuration is always more than
three times larger than d 102, and even enhances with 0.4 hole
doping. In a typical charge-transfer insulator, it is the weights
of d'°L that should be comparable to that of d° rather than
d® [29]. Thus, it suggests the multiorbital nature rather than
charge transfer. Moreover, in the pristine and small doping

cases, the spin-triplet states always dominate the d% states
(almost twice the weight of spin-singlet states). However, the
weight ratio between spin-triplet and singlet states quickly
reduces, and becomes close to 1 in the 0.4 hole/cell doped
case. Therefore, Hund’s physics is important in the pristine
and lightly doped system but may lose its importance in the
heavily doped compounds.

Such nonmonotonic doping effect is also observed for
the crystal-field splitting of the Ni-3d electrons. Bare atomic
level of Ni-3d orbitals (with respect to the Fermi level) can
be obtained by fitting the undoped DFT result to a tight-
binding Wannier Hamiltonian, which yields —1.398, —1.459,
—1.676, and —1.919 €V for d>_y2, d 2, d,/.y, and d,, orbitals
[Fig. 5(c)], respectively. The e, orbitals are nearly degenerate
and separated from #,, by a large gap. Such crystal field split-
ting is consistent with the fact that the #,, are “frozen” during
hole doping. In the DFT+DMFT calculations, the electron
density and energies are renormalized, and the orbitals order
as E(dp) > E(dyo_yp)> E(dyy) > E(dy) [Fig. 5(d)] in
the pristine compound. Since d.» has larger occupation than
d,>_y», the orbital order flip between d,> and d,>_,» reflects the
fact that d,>_,> has much larger onsite Hubbard repulsion than
d, which renders the validity of the one-band Hubbard model
[38]. Since d,>_,» occupation is larger than half-filled, the hole
residue on d,>_,» will greatly stabilize the system, as found
in Fig. 4(a). The observation of stronger correlation of d,>_,»
than d is also in agreement with the fact that d,>_,» has a
much larger effect mass than d,.. Normally, for Dy, symmetry
without apical anions, crystal field splitting leads to lowest
dx /2y, d2 instead of d,, orbitals [see Fig. 5(b)]. However, the
NdNiO; compound stems from NdNiO; crystal, where the
octahedral crystal field leads to degenerate #,, and e, splittings
for Ni-3d orbitals [see Fig. 5(a)]. Once the apical 0?2~ anijons
are removed, negative charge occupation accumulates at the
apical oxygen position [4,34], and thus orbitals extending
along the z direction cost energy, raising energies of d,2, d.y,
and d, orbitals. Therefore, the d,, orbital becomes the lowest
lying component. The d_./;, orbitals are less affected than the
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d,, and therefore are also low lying and nearly fully occupied.
This is just what we obtained from DFT results. Such an
orbital order will change with the inclusion of interaction
as in our DFT+DMFT calculations. The d,-_,» is the most
correlated one and its orbital energy is even lower than d,..
Such a orbital order flip has also been reported in a recent
GW-+DMEFT study [54]. In such distorted octahedral crystal
field, the original octahedral crystal-field splitting is character-
ized by the energy difference between d,>_,» and d,, orbitals
Ay = E(d>_y2) — E(d,y) [see Fig. 5(d)], and the effect of
distortion is reflected in the energy difference between d,, and
dyyzy orbitals Ay = E(dy;,) — E(d,y) [see Fig. 5(d)]. We
plot the doping-dependent A and A; in Fig. 4(c). Throughout
the hole doping range, A exhibits linear dependence on the
doping level, but A; decreases below 0.1 hole doping and
then quickly linearly increases with further hole doping. This
leads to an inversion between dy_y» and d;, at 0.4 hole
doping.

Finally, we address the effect of the undetermined double-
counting term. The above reported results were obtained using
a fixed double-counting V,;. = 47.4 eV (or equivalently nom-
inal n° = 9.0), which leads to actual n? close to 8.6. An
n® = 9.0 solution can be achieved by using V,. = 51.84 eV.
In this case, the B pocket disappears even in the pristine
compound, and the size of y pocket is drastically reduced
compared to the above results. Hole doping in this case will
quickly suppress the y pocket, leaving only the o pocket in
the BZ. The d'°L configuration weight is much enhanced
and can be comparable to the d® weight (Table III). In this
case, the hole doping quickly suppress the effect of Hund’s
rule, and the weight of spin-singlet states are comparable to
the spin-triplet states as early as 0.2 hole/cell doping. Nev-
ertheless, the aforementioned nonmonotonic doping effect to
the d-orbital occupation, many-body configuration weight,
crystal-field splitting, and effective mass still remains (Fig. 8

and Tables II and III). Thus, our results are robust with respect
to the choice of double-counting terms.

IV. DISCUSSION

We have performed a systematic study of electronic prop-
erties of the normal state of NdNiO, by DFT and DMFT
methods. The complementary methods show the normal state
of hole-doped NdNiO, as a valence-fluctuating correlated
metal. Hund’s effect and the hybridization effect gradually
are reduced by increasing the doping level. Importantly, we
identify a nonmonotonic many-body doping effect on Ni-
3d orbitals, as evidenced by the electron occupation, orbital
crystal field splitting, and statistical spectral weight of or-
bital configurations. Additionally, the doping effect leads to
the change of topology of Fermi surface and reduction of
correlations, which could be relevant to the underlying super-
conductivity [22].

We would like make several remarks here. First of all,
our results show that the normal state of doped NdNiO, is
quite different from the copper oxide superconductors; in-
stead it is closer to the iron-based superconductors where
multiorbital physics dominates. Second, we identify Ni-
3d,»_,» orbital as the most correlated one, which should
be helpful for building the effective model. Third, some
features shown here could provide plausible understanding
for experimental observations. For example, both DFT and
DFT+DMFT calculations (Figs. 2 and 3) show the O-2p
state moving toward the Fermi level upon Sr doping, which
is consistent with a recent EELS study on the O-K edge
that gives a shoulder structure, pointing to the Ni-O singlet
state [S51]. Finally, we argue that the Nd f electrons influ-
ence the electronic states below the Fermi energy, leaving
the physics close to the Fermi level unaffected. In addition,
the occupations and effective masses of Ni-3d orbitals in
both pristine and hole-doped compounds are qualitatively
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TABLE II. Ni-3d orbital occupations and effective masses in
both pristine and hole doped compounds for V,;. = 51.84 eV. The
numbers within the brackets are the effective masses of the respective

TABLE III. Statistical weights of many-body configurations in
pristine and doped compounds for V,;. = 51.84 eV.

orbitals. Doping d"L d’ dfz 2 d§=0 dg:l
Doping do ds o)y dyy 0.0 21.4% 58.5% 41.9% 6.4% 12.1%
- 0.1 21.2% 59.5% 45.3% 6.8% 11.1%
0.0 1.409 (1.78) 1.768 (1.20) 3.860 (1.20) 1.960 (1.23) 0.2 20.3% 59.7% 46.9% 7.5% 11.0%
0.1 1.379 (1.85) 1.780(1.20) 3.884 (1.20) 1.963 (1.23) 03 19.8% 59.7% 47 8% 8.1% 10.9%
0.2 1.358 (1.84) 1.785(1.20) 3.885(1.20) 1.962 (1.24) 0.4 19.2% 59.5% 48.3% 8.9% 10.8%
0.3 1.346 (1.79) 1.788 (1.20) 3.883 (1.20) 1.959 (1.23)
0.4 1.337 (1.74) 1.792 (1.21) 3.880(1.20) 1.954 (1.23)

similar to the case without f electrons. These arguments
are supported by our full-electron calculation of NdNiO,
by explicitly including Nd-4f orbitals (see Appendix C,
Table IV, and Fig. 9). These results all indicate the f electrons
may be irrelevant in NdNiO,, in good agreement with the
existing experiment [55].

Recently, we have become aware of other works using
GW+DMFT [54] and DFT+DMFT [56,57].
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APPENDIX A: ADDITIONAL RESULTS OF DFT

Since NdNiO, belongs to transition metal oxide materials,
exchange-correlation functionals like PBE will always under-
estimate the band gap. To improve the validity of our DFT
calculations, exchange-correlation functionals in higher stairs
of Jacob’s ladder [58] are useful. One possibility is the hybrid
exchange correlation functionals such as B3LYP or B3PW,
which have reproduced band gaps of transition metal oxide
materials in excellent agreement with the experiments [59,60].
The other possibility is the meta-GGA. The recently devel-
oped SCAN functional [61] makes it possible to treat charge,
spin, and lattice degrees of freedom on equal footing. As
a parameter-free functional, SCAN has shown great success
in different types of bonding systems [62], even in cuprates
[63—65], which is believed to be the typical strongly correlated
system. Therefore, we also use SCAN functional to study the
effect of Sr doping.

The unfolded band structure at § = 0.00%, 6.25%, 18.75%,
and 31.25% is shown in Figs. 6(a)-6(d). Similar to the result

of PBE, the evolution of electronic structure upon hole doping
is non-rigid-like: (1) The B pocket undergoes Lifshitz transi-
tion at a low § around 6.25%. (2) The y pocket does not vanish
even at § = 31.25%. (3) The « sheet pins the Fermi level. The
projected density of state is shown in Figs. 6(e)—6(j). In accor-
dance with PBE, the SCAN functional gives similar results on
the evolution of electronic structure with hole doping.

APPENDIX B: ADDITIONAL RESULTS OF DMFT

In Fig. 7, we show the hybridization function in Mat-
subara frequency from DFT+DMFT calculations. In pristine
compounds, both Ni-3d,>_,> and Ni-3d.. orbitals show strong
hybridization with the conduction electrons, as indicated by
their divergent behavior with w, — 0. A small doping with
0.1 hole quickly suppresses the divergent behavior of both or-
bitals. The doping effect on #,, orbital hybridization functions
is much less prominent.

In Table I, we show the orbital occupation and effective
masses in both pristine and doped compounds, calculated
with V. = 47.4 eV. A decrease of d,»_» effective mass from
0.1 hole/cell doping to 0.4 hole/cell doping can be observed,
and a sudden drop from 0.3 hole/cell doping to 0.4 hole/cell
doping can be identified. A similar decrease of d,>_» effective
mass can also be identified in V;. = 51.84 eV calculations
(Table II); however, the sudden drop from 0.3 to 0.4 hole/cell
doping is absent in V;, = 51.84 eV calculations.

In Table III, we show the statistic weight of sampled many-
body configurations in the pristine and doped compounds
for V. = 51.84 eV. Although the d'°L configuration weight
is substantially higher than V,;. = 47.4 eV calculations, the
nonmonotonic doping effect can still be observed. Similarly,
the nonmonotonic doping effect can also be identified from
the Ni-3d occupation and crystal field splittings in V. =
51.84 eV calculations (Fig. 8).

TABLE IV. In a calculation with f electrons, 3d-orbital occu-
pations and effective masses in both pristine and 0.2 hole doped
compounds. The numbers within the brackets are the effective mass
of respective orbitals.

Doping doa_yp d. doyszy dyy
0.0 1.271 (2.30) 1.631(1.23) 3.775(1.21) 1.942(1.23)
0.2 1236 (2.28) 1.628 (1.24) 3.806 (1.23) 1.945 (1.24)
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APPENDIX C: ELECTRONIC STRUCTURE
WITH f ELECTRONS

In this part, we show the results from DFT+DMFT cal-
culation explicitly considering Nd-4f electrons in Fig. 9.
These calculations are done with Uy = 6.0 eV, Jy = 0.7 eV
on Nd-4f orbitals and U; = 5.0 eV, J; = 0.8 eV on Ni-3d

orbitals. As shown in Fig. 3, the k-resolved spectral func-
tions are almost the same with as the calculations without f
electrons. In addition, the 3d-orbital occupation and effective
masses are also qualitatively the same (see Table IV). Since
the calculations are extremely expensive due to Nd-4f or-
bitals, we have only calculated pristine and 0.2 hole doped
compounds.
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