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Abstract: Recently, superconductivity was discovered in the infinite layer of hole-doped nickelates
NdNiO,. Contrary to this, superconductivity in LaNiO; is still under debate. This indicates the
crucial role played by the f electrons on the electronic structure and the pairing mechanism of
infinite-layer nickelates. Here, we discuss the role of the electron correlations in the f electron states
and their influence on the electronic structure. We show that the lattice parameters are in good
agreement with the experimental values, independent of the chosen parameters within the DFT+U
approach. Increasing Coulomb interaction U tends to shift the f states away from the Fermi level.
Surprisingly, independently of the position of f states with respect to the Fermi energy, these states
play an important role in the electronic band structure, which can be reflected in the modification of
the NdNiO, effective models.

Keywords: f electrons; rare earth nickelates; electronic properties

1. Introduction

Recently, superconductivity was reported in hole-doped infinite-layer nickelate
NdNiO; at 9-15 K, in thin-film samples grown on SrTiO3 [1-3]. Contrary to the thin layers,
the bulk NdNiO; does not exhibit superconductivity [4]. Superconductivity was also re-
ported in hole doped PrNiO; [5,6], while its occurrence in LaNiO; is still under debate [1,7].

These observations renewed interest in the pairing mechanism and the role played by
the f electrons in rare-earth nickelates [8]. It was established recently that, depending on
the interactions in a two-band model for infinite-layer superconductors [9], pairing with
s-wave or d-wave symmetry is possible [10]. In this context, several theoretical studies of
NdNiO; were performed based on density functional theory (DFT) [11-19], DFT including
correlation on mean field level (DFT+U) [19-23], or combination of DFT and dynamical
mean-field theory (DFT+DMEFT) [18,23-31] approaches.

The long range magnetic order has not been reported experimentally (in achievable
temperatures). Nevertheless, recent experiments show the existence of magnetic corre-
lations in LaNiO; [32] and magnetic and charge instabilities in NdNiO; [33-35]. The
observed charge density wave (CDW), with the same in-plane wavevector (1/3, 0) for Nd
5d and Ni 3d orbitals, disappears when superconductivity emerges in doped NdNiO, [34].
Similarly, for LaNiO,, the CDW is characterized by incommensurate wavevector, and under
doping the charge order diminishes and its wavevector shifts towards the commensurate
order [36]. Such results suggest the existence of charge order and its potential interplay
with antiferromagnetic fluctuations and superconductivity in infinite-layer nickelates.

The modern computational methods based on DFT require an approximate treatment
of the electron exchange and correlation interactions. Typically, the available exchange-
correlation functional within the local density approximation (LDA) or generalized gradient
approximation (GGA) works correctly for several different types of atoms. However,
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rare-earth metals with localized f electrons require special treatment. Generally, the
GGA functionals improve the obtained results compared to the LDA calculations [37,38].
We remark that a good agreement with the experimental data is obtained only when
self-interaction corrections or local Coulomb interactions between electrons are taken
into account [39-41].

Good accuracy can be found within DFT+U schemes, where the Hubbard interaction
(Uesr = U — ], with on-site Coulomb interactions U and on-site exchange Hund’s interac-
tion J) is treated in a mean-field manner, while the obtained results can strongly depend
on the used free parameters: U and | [42]. In the literature, several sets of parameters in
DFT+U were used for Nd, for example, Uy, = 4.8 eV and Jn; = 0.6 eV estimated from
constrained random-phase approximation [43]; Uy, = 6.76 eV and [y, = 0.76 eV used for
the described Nd atom deposited on graphene [44]; U, s = 6 eV for the study of the Nd
cluster evolution [45]; U,rs = 7.5 eV to reproduce the experimental gap in neodymium
gallate (NdGaOs3) [46]. These values cover the expected range, while U,y = 10 eV, used
for the description of NdNiO, [14], we consider too large. The range of used parameters
raises the question of not only the role of the f electron in the electronic properties but also
the realistic parameters describing correlation in rare-earth nickelates.

In this paper, we try to respond to this problem. Using the DFT(+U) calculation, we
studied the lattice parameters. For different sets of U and ], we discuss the electronic
properties, focusing on the density of states and the location of the f electronic states. This
paper is organized as follows. Details of the techniques used are presented in Section 2.
Next, in Section 3, we present and discuss our theoretical results. Finally, a brief summary
is presented in Section 4.

2. Calculation Details

The first-principles DFT calculations were performed using the projector augmented-
wave (PAW) potentials [47] implemented in the Vienna Ab initio Simulation Package (VASP)
code [48-50]. The exchange-correlation energy appearing in the Kohn-Sham equation was
evaluated within the GGA, using the Perdew, Burke, and Ernzerhof (PBE) parameteri-
zation [51]. During calculations, we used the recommended pseudopotentials with the
electronic configuration [He]2522p4 for O, [Ar]3d®4s2 for Ni, while for Nd configurations
[Pd+4£3]5s25p°5d16s? or [Pd]5s25p°4f35d'6s?, for the f electrons treated as the core or
the valence states, respectively. Unless stated otherwise, the f electrons were treated as
valence electrons. The energy cutoff was set to 800 eV. The correlation effects were intro-
duced within DFT+U, proposed by Dudarev et al. [52]. To avoid problems with calculation
convergence, within the DFT+U, the spin—orbit coupling was not included.

In our study, we focused on the roles of the f electrons (for different Uy, values). To
avoid too many free parameters, we set Uy; = 5.0 eV, Jy; = 0.5 €V, Jyg = 0.7 eV, which
were close to the ones used in earlier studies [13,19-21,53-55].

In our investigation, we studied systems with different types of magnetic order (see
Figure 1): non-magnetic (NM, not shown), ferromagnetic (FM), A-type antiferromagnetic
(A-AFM), C-type antiferromagnetic (C-AFM), and G-type antiferromagnetic (G-AFM).
The NM and FM unit cells containing one formula unit were initially optimized with the
10 x 10 x 8 k—point grid. For the A-AFM unit cell, builtasa 1 x 1 x 2 supercell and contain-
ing two formula units, a 10 x 10 x 4 k-grid was used. Similarly, the C-AFM unit cell is re-
lated to the v/2 x v/2 x 1 supercell containing two formula units—here the 7 x 7 x 8 k-grid
was used. Finally, the G-AFM unit cell (related to the V2 x V2 x2 supercell and contain-
ing four formula units) was optimized with the 7 x 7 x 4 k-grid. In all of the cases, the
k-grid in the Monkhorst-Pack scheme [56] was used. As the convergence condition of an
optimization loop, we took the energy differences of 107> eV and 107 eV for ionic and
electronic degrees of freedom, respectively.
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Figure 1. Phases of NdNiO, with magnetic order discussed in the paper: (a) ferromagnetic (FM);
(b) C-type antiferromagnetic (C-AFM); (c) A-type antiferromagnetic (A-AFM); and (d) G-type anti-
ferromagnetic (G-AFM). The magnetic states follow from the orientation of Ni-spins (at gray balls).

3. Results and Discussion
3.1. Crystal Structure

The bulk NdNiO; crystallizes in the P4/mmm symmetry (space group No. 123) [57].
The atoms are located in the high symmetry Wyckoff positions: Ni 1a(0, 0, 0), O 1d(0, 1/2,
0), and Nd 2f(1/2,1/2, 1/2). Experimentally, the average values of lattice constants are
a =3.920 A and ¢ = 3.275 A (the lattice constants obtained by minimization of magnetic
structures for increasing values of Uy are collected in Table 1) [57-59].

As we can see, the obtained lattice parameters a and ¢ agree pretty well with the
experimental results, independent of the values of U and | parameters taken at Ni and Nd
ions, respectively. In this context, the crystal structure cannot be used as an argument to set
some specific values of U and | within DFT calculations.

3.2. Magnetic Ground State

The energies of different magnetic orders are also collected in Table 1. For each
configuration, the magnetic ground state is marked by a bold number in the energy column.
As we can see, for the calculation without the local interactions within the GGA PBE scheme,
the magnetic ground state is incorrectly predicted as having FM order. However, when
Coulomb interactions are included in a more realistic DFT+U picture, the magnetic ground
state is always given as C-AFM phase (which is in agreement with the previous study [60]).
In Figure 2, we present the DOS for magnetic states up to the case with strong Coulomb
interaction Uy, = 9.0 eV and [y = 0.7 eV, which we take as an upper limit of Uy,. Close
to Ung = 9 eV, the energies of C-AFM and G-AFM phases are nearly degenerate.

For all the assumed parameters, the magnetic moments of Nd (from f electronic
states) appear to be close to 3 yp but the dependence on Uy, is weak. Contrary to this,
the Ni magnetic moments strongly depend on the assumed magnetic order and on the
used Kanamori parameters to describe the Coulomb interactions (U and ]) at Ni ions. For
example, for weak interactions (i.e., small values of Uy;), the Ni magnetic moment is equal
to zero for the G-AFM configuration (see Table 1). Increasing Uy; leads to the stabilization
of Ni magnetic moments, stemming from one hole states, around 1 yp. The obtained
Ni magnetic moments are comparable to the ones previously reported for NdNiO; [20],
and are mostly twice as large as those observed in LaNiO, [61] (for similar Hubbard-like
parameters assumed on Ni ions).
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Table 1. Comparison of the predicted NdNiO, system parameters. Bolded energies denote the

magnetic ground states for given sets of interaction parameters.

Phase Lattice Constant (A) E (eV/f.u.) #undg (up) uni (uB)
a c
Experimental values
Ref. [57] 3.919 3.307 - - -
Ref. [58] 3914 3.239 - - -
Ref. [59] 3.928 3.279 - - -
DFT (GGA PBE)
NM 3.909 3.314 —28.464 - -
FM 3.896 3.277 —31.462 3.155 0.184
A-AFM 3.894 3.312 —31.397 3.123 0.081
C-AFM 3.900 3.267 —31.448 3.123 0.404
G-AFM 3.903 3.283 —31.424 3.083 0.406
DFT+U (GGAPBE, Uy;=5.0¢eV,]y;i=05¢eV)
NM 3.891 3.306 —26.203 - -
M 3.925 3.249 —29.618 3.129 0.854
A-AFM 3.926 3.273 —29.568 3.089 0.892
C-AFM 3.952 3.216 —29.594 3.076 1.007
G-AFM 3.871 3.303 —29.170 3.112 0.000
DFT+U (GGAPBE, Uy;=50¢eV,Jyi=05eV, Uyngz=20¢eV, Jys=07¢eV)
NM 3.891 3.306 —26.203 - -
FM 3.937 3.292 —29.287 3.125 0.924
A-AFM 3.929 3.307 —28.948 3.138 0.867
C-AFM 3.941 3.263 —29.303 3.046 0.962
G-AFM 3.879 3.333 —28.629 3.162 0.000
DFT+U (GGAPBE, Uy;=5.0eV,Jy;=05eV, Uynz;=4.0¢eV, s =07¢eV)
NM 3.891 3.306 —26.203 - -
M 3.940 3.284 —28.712 3.061 0.893
A-AFM 3.940 3.290 —28.714 3.056 0.938
C-AFM 3.950 3.263 —28.742 3.031 0.940
G-AFM 3.949 3.264 —28.740 3.004 0.945
DFT+U (GGAPBE, Uy;=5.0eV,Jy;=05eV, Uyz=6.0¢eV, Jnys=07¢eV)
NM 3.891 3.306 —26.203 - -
M 3.943 3.286 —28.483 3.016 0.905
A-AFM 3.944 3.287 —28.483 3.006 0.936
C-AFM 3.955 3.274 —28.517 3.017 0.941
G-AFM 3.954 3.275 —28.515 2.997 0.948
DFT+U (GGAPBE, Uy;=5.0¢eV,Jyi=05eV, Upy;=38.0¢€V,]Jys;=0.7eV)
NM 3.891 3.306 —26.203 - -
FM 3.950 3.294 —28.321 3.014 0.910
A-AFM 3.948 3.297 —28.319 3.004 0.933
C-AFM 3.958 3.285 —28.351 3.013 0.944
G-AFM 3.960 3.286 —28.349 2.996 0.951
DFT+U (GGAPBE, Upy; =5.0eV,Jy;=05eV, Uynz=9.0¢eV, s =07¢eV)
NM 3.891 3.306 —26.203 - -
FM 3.951 3.299 —28.256 3.016 0.911
A-AFM 3.951 3.301 —28.255 3.006 0.933
C-AFM 3.959 3.288 —28.285 3.014 0.946
G-AFM 3.962 3.289 —28.283 2.998 0.953
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The energies of C-AFM and G-AFM are comparable (with small differences between
the ground states). The final ground state energy depends on many parameters, and
any strong statement cannot be given. Nevertheless, the magnetic moment leads to the
more energetically favorable magnetic ordered state (with AFM order). As we mention in
the introduction, the long range magnetic order was not reported in NdNiO,. However,
experimental results suggest the realization of strong anitferromagnetic fluctuations, which
can be reflected in the magnetic ground state found within the DFT+U manner.
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Figure 2. Comparison of the electronic density of states (DOS) of NdNiO, for different magnetic
configurations and model parameters. We take constant values of Uy; = 5.0 eV and Jy; = 0.5eV;
the Coulomb parameter at Nd ions Uy, increases as marked, while Hund’s exchange is constant
and locally stabilizes high-spin states, Jy; = 0.7 eV. The total DOS is shown by the black line,
Ni 5d states by the red line, while the multiplet structure of the Nd 4f electrons is indicated by
gray-shaded maxima.
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(a) 10

3.3. Electronic Density of States

For used sets of U and | parameters, we calculated the electronic density of states (see
Figure 2). In the absence of a correlation effect on Nd atoms (first row), the f electronic
states (marked by gray-filled areas) are located in the close vicinity of the Fermi level.
Having finite [y, stabilizes the high-spin states at Nd ions and gives the multiplet excited
states shown in Figure 2. In the presence of non-zero Uy, and Jny, the f energy levels are
split into several peaks. In such cases, the increasing Uy, leads to shifting the f state’s
peaks from the vicinity of the Fermi level (cf. panels from top to bottom). This is true for
both (occupied and unoccupied) f electron states. This trend is not preserved only for
“extremely” large values of Coulomb interaction U, i.e., Uy, > 8.0 eV (left and right panels
on the lowest row in Figure 2). In this case, the lowest band of the unoccupied f states is
separated and shifted closer to the Fermi energy.

3.4. The Changes in the Electronic Bands due to f Electron States

Now, we briefly discuss the role played by f electron states in the electronic band
structure (Figure 3). To describe their influence, we calculated the electronic band structure
with f electrons treated as valence states, as well as core states (results are shown as blue
and red lines in Figure 3, respectively). Here, we take the magnetic ground state (C-AFM)
obtained for Up,; = 8.0 eV and [y = 0.7 eV.

. — I 10
(b)

—— Total DOS
Nd4f — Ni3d
—— Nd5d —O02p

DOS (arb. unit)

Figure 3. Electronic band structure (a) and density of states (panels (b,c)) of NdNiO; with C-AFM
spin order obtained for different treatments of the Nd f electrons. The band structures (a) for the
f electrons treated as core or as valence states are presented by red and blue lines, respectively.
Related density of states, for the f electrons treated as core or as valence states are presented in
panels (b) and (c), respectively. Results obtained within DFT+U (GGA PBE method) for the Coulomb
interactions Uy; = 5.0eV, Jy; = 0.5eV, Uyny; =8.0eV, Jyg = 0.7 eV.

In the case of f states treated as valency electrons, the occupied f states are located at
energies £ € (—6.0, —4.0) eV. Unoccupied f states are located closer to the Fermi level—in
the electronic DOS, the peaks of f states appear around 1.7,2.2, 3.6, 3.9, and 4.7 eV. The f
states are visible in the band structure in the form of nearly flat bands. The hybridization
between d and f states leads to renormalization of the electronic band structure (around
positions of f states) with respect to the band structure with f electrons treated as the core
ones (cf. blue and red lines in Figure 3a).
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For the electronic states below the Fermi level, the d-f hybridization does not modify
the band structure strongly—the band renormalization is relatively weak. However, the
situation is much more complicated in the case of the unoccupied states located in the close
vicinity of the Fermi level. Introduction of the f electrons leads here to the modification
of the band structure—the bottom of the band at I" point is shifted above the Fermi level.
This can lead to the modification of the Fermi surface, and to the disappearance of a Fermi
pocket. The forms of unoccupied band structures are similar, while the band structure
shift is clearly visible—the bands for the calculation with f electrons as the valence one are
shifted to higher energies.

The band structure modification with the introduction of the f electrons to the cal-
culations is reflected in the electronic DOS (see Figure 3b,c, for DOS obtained when the f
electrons are treated as core or valence states, respectively). As we can see, for the occupied
states, the main peaks in the DOS structure are located mostly at the same energies while
total DOS is modified only by additional f states. Contrary to this, for unoccupied states,
the shift of the states to higher energies is well visible (cf. electronic DOS for the case when
the f orbitals are treated as a valence or core states, presented in Figure 3b,c, respectively).
The largest differences are visible for Nd 54 states. However, some modifications are also
visible for Ni 3d and O 2p states. Such effects should be included in further descriptions of
the strong hybridisation between Ni 3d and Nd 54 states observed experimentally [34].

As we mentioned earlier, the introduction of the f states in the calculations as a valence
electrons can lead to the modification of the Fermi surface (by disappearance of the pocket
at I' point). The band structure renormalization should be reflected in the effective model
describing the NdNiO; system. Recently, many models have been developed, from one
band models based on Ni d,» 2 orbitals [29,61] to the multiband models, such as: (i) Two
orbital models (e.g., based on Nid,>_,» and d» orbitals [17]; Nd d,> and Ni dy orbitals [53],
Nid, 2 and extended s-like state [10]); (ii) Three orbital models (containing Ni d, and
d» orbitals with additional interstitial s orbital [23]; Ni d,2_,» and Nd d.» orbitals with
additional interstitial orbital mixing s and d,, orbitals centered on Nd ions [11]; effective
Nd d., Nd d,>_,> and Ni dy, orbitals [20]; Ni d.» and d,>_» orbitals, and a self-doped
s-like orbital [27]); or (iii) A full 13-orbitals tight binding model in the Wannier orbital
basis [62]. Nevertheless, the role of f orbitals should be introduced indirectly to the model,
by the effective modification of tight binding hopping parameters.

4. Summary and Conclusions

For the suitable parameters of the local electron Coulomb interactions (U and | pa-
rameters) within the DFT+U scheme, NdNiO; possesses the AFM ground state order. The
calculations predict the C-AFM ground state order which we treat here as a prediction for
future experimental studies. In the absence of Coulomb interactions at Nd atoms, the f
states are located in the close vicinity of the Fermi level. The introduction of Coulomb
interaction Upy at Nd atoms, within the DFT+U manner, generates the shift of the f states,
and then the energies of these states are far away from the Fermi level.

In all cases, the f states induce large magnetic moments at Nd ions and, due to this
change of the electronic structure, they still play an important role. Even when the f states
are located above the Fermi level, the d-f hybridization leads to the modification of the
electronic band structure. In particular, the shape of the Fermi surface is modified by d-f
hybridization, which strongly impacts the pairing susceptibility. We show that this effect
can strongly affect the electronic band structure, which is crucial for the adequate theoretical
description and understanding of the physical properties of superconducting nickelates.
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