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For decades transition-metal oxides have generated a huge interest due to the multitude of physical phenomena
they exhibit. In this class of materials, the rare-earth nickelates, RNiO3, stand out for their rich phase diagram
stemming from complex couplings between the lattice, electronic, and magnetic degrees of freedom. Here, we
present a first-principles study of the low-temperature phase for two members of the RNiO3 series, with R = Pr,
Y. We employ density-functional theory with Hubbard corrections accounting not only for the onsite localizing
interactions among the Ni-3d electrons (U ), but also the intersite hybridization effects between the transition
metals and the ligands (V ). All the U and V parameters are calculated from first principles using density-
functional perturbation theory, resulting in a fully ab initio methodology. Our simulations show that the inclusion
of the intersite interaction parameters V is necessary to simultaneously capture the features well-established
by experimental characterizations of the low-temperature state: insulating character, antiferromagnetism, and
bond disproportionation. On the contrary, for some magnetic orderings the inclusion of onsite interaction
parameters U alone completely suppresses the breathing distortion occurring in the low-temperature phase and
produces an erroneous electronic state with a vanishing band gap. In addition—only when both the U and V are
considered—we predict a polar phase with a magnetization-dependent electric polarization, supporting recent
experimental observations that suggest a possible occurrence of type-II multiferroicity for these materials.
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I. INTRODUCTION

Rare-earth nickelates RNiO3 (R = rare-earth element)
are a class of materials exhibiting a particularly rich phase
diagram [1]. Except LaNiO3, these materials undergo a
metal-insulator phase transition (MIT) coinciding with a
symmetry-lowering distortion of the crystal structure [2,3].
This distortion changes the space group from Pbnm, in which
all Ni sites are crystallographically equivalent, to P21/n,
which possesses two inequivalent Ni sites. This occurs be-
cause of the activation of a breathing mode, that contracts and
expands the NiO6 octahedra in a rock-salt pattern. The MIT
temperature, TMIT, is a monotonically decreasing function
of the size of the rare-earth cation (Lu → La) that coin-
cides with the Néel temperature TN for R = Nd, Pr, and
vanishes for R = La. In the last years, rare-earth nickelates
have attracted a great deal of attention, especially for their
application within epitaxial heterostructures [4], which have
been shown to possess crossovers between different magnetic
orders [5], the possibility to manipulate TMIT through elec-
tric fields [6], and exotic types of phase transitions [7,8].
Recently, superconductivity has been induced via apical
oxygen deintercalation together with Sr doping in RNiO3 with
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R = Nd, Pr [9,10]. Finally, recent experiments have suggested
a low-temperature multiferroic phase signaled by additional
Raman-active modes compatible with the loss of the inversion
center in the antiferromagnetic (AFM) phase [11].

Besides the MIT, the nature of the low-temperature in-
sulating phase has been the subject of intense study. An
orbital ordering induced by a Jahn-Teller distortion was
ruled out in favor of charge disproportionation [13]; this
picture had also reached experimental consensus [2,14]. How-
ever, such charge disproportionation has not manifested in
first-principles calculations [15], which show a negligible
difference in the 3d electronic occupations of the two crystal-
lographically inequivalent NiS and NiL (defined below), both
of which have approximately two electrons in the eg states,
and therefore eight electrons in the 3d manifold—an effect
clearly explained within the negative-feedback charge regula-
tion mechanism discussed in Ref. [16]. Hereafter we use the
subscripts S/L, to indicate the Ni ion in the smaller/larger
NiO6 octahedrons, which are contracted/expanded by the
breathing-mode distortion. As rare-earth nickelates are con-
sidered to be negative charge-transfer insulators [17], it has
been proposed that, starting from a configuration with one lig-
and hole (L) on every nickel, the transition (3d8L) (3d8L) �
(3d8L2)S (3d8)L takes place at the MIT [18]. According to
this picture, one NiO6 octahedron contracts and the two eg

electrons on NiS couple with the two oxygen holes, forming
a low-spin state. The other NiO6 octahedron expands and
ends up in a high-spin state owing to the Hund’s coupling.
Similar conclusions have been drawn from an analysis based
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FIG. 1. (a) Unit cell of RNiO3 in the P21/c space group doubled along the direction of the lattice vector a in order to accommodate the
different AFM orderings studied here. Blue (orange) octahedra contain the short (long)-bond nickels, NiS (NiL), respectively. The gray and
the green atoms are the rare-earth elements (R = Pr or Y) and the O atoms, respectively. The other panels show the three AFM orderings
investigated: (b) T -type, (c) B-type, and (d) S-type; here, for clarity, only the Ni atoms are shown. The arrows represent the directions of the
magnetic moments on the Ni atoms and their lengths are proportional to their modulus. In the S/T -type orderings all of the Ni atoms have
a magnetic moment, while in the B-type ordering the nickels with shorter Ni-O bond lengths are nonmagnetic. The green and red planes are
guides for the eyes to visualize planes of spin-up and spin-down moments, respectively. Rendered using VESTA [12].

on density-functional theory (DFT) + dynamical mean field
theory (DMFT) [15,19] (that named the state a “site-selective”
Mott state), DFT+U studies [20,21], multiband many-body
Hamiltonians solved with Hartree-Fock [18,22], and exact
diagonalization methods [23].

Despite such intense theoretical effort, several open ques-
tions still remain. In particular, the precise magnetic order
remains elusive. Indeed, there is wide experimental agree-
ment only on the magnetic propagation vector Q, which
encodes the periodicity of the magnetic order with respect
to the primitive cell of the space group. However, the pre-
cise values of the magnetic moments on the Ni atoms have
not yet been unambiguously determined [2,24]. From first-
principles calculations it has been reported that only small
values of Hubbard U � 2 eV successfully stabilize an AFM
order that is both compatible with the experimental Q and
energetically favorable, with respect to the ferromagnetic
(FM) order [20,21,25]. Still, the values for the Hubbard pa-
rameter were tuned by scanning different values, and were
not calculated rigorously with a well-determined theoretical
protocol, thus preventing predictions to be entirely nonem-
pirical. More importantly, these calculated magnetic orders
have systematically zero magnetic moments on NiS [26].
As it is shown here, this feature is not compatible with a
possible multiferroic nature for RNiO3, which was first com-
putationally predicted [27] and more recently experimentally
highlighted by Raman spectroscopy measurements, which
revealed the emergence of additional phonon modes in the
low-temperature phase, compliant with an inversion symme-
try breaking required for a type-II multiferroic phase [11].
In order to computationally demonstrate such a multiferroic
phase, it is necessary to establish a coupling between a non-
vanishing electric polarization P and the magnetic degrees of
freedom, i.e., to prove a dependence of P on the simulated
magnetic order. A group theory analysis [28] has shown that
a nonzero P can be obtained if the magnetic moments on
the NiS atoms are different from zero, for instance within
the S- and/or T -type magnetic orderings [27] (see Fig. 1).
Unfortunately, for U � 2 eV these latter magnetic patterns
are stable only in a range of amplitudes for the breathing
mode distortion that are much smaller than the experimental

ones [26]. Larger values of U may lead to converged S/T -type
orderings, but they could also cause a FM instability [20,21].

In this paper we use a fully first-principles DFT + U + V
approach that includes both onsite (U ) interactions to capture
the electronic localization and intersite (V ) interactions to ac-
count for hybridization effects [29]. We calculate the Hubbard
parameters self-consistently using density-functional pertur-
bation theory (DFPT) [30,31], thus resulting in a completely
nonempirical theory. In fact the U and V parameters, once
computed, are not arbitrarily adjusted; a philosophy simi-
lar to what is done, for example, for the range-separation
parameter γ in optimally tuned range-separated hybrid func-
tionals [32,33]. For the rare-earth nickelates we studied, our
calculated Hubbard U parameters range from 8 to 9 eV,
and are numerically different for the two crystallographi-
cally inequivalent NiS/NiL. Using these high values of U ,
after an iterative approach aimed to determine the self-
consistent crystal structure and Hubbard parameters, we find
that within DFT + U [34,35]—having only onsite electronic
contributions—the investigated RNiO3 structures would be
found in a FM ground state, in agreement with other the-
oretical studies [20,21] and in contrast with experimental
observations. Moreover, the DFT + U calculated AFM orders
of the S/T -types are also found to have a vanishing breathing
mode distortion and zero band gap, in disagreement with
experiments. Conversely, by including the intersite Hubbard
V interactions between the Ni and O sites, the results change
considerably; in particular, we find qualitatively different final
states for the S/T orderings. In addition to the fact that some
of them exhibit the expected AFM instability against FM
ordering, with DFT + U + V we always recover an insulating
character, consistently with experiments. This feature allows
us to evaluate the electric polarization P, which is found to be
magnetization-dependent, thus providing additional support
for the emergence of multiferroicity [11,27]. We also simulate
the magnetic order with zero magnetic moments on NiS (i.e.,
the B-type ordering, see Fig. 1) and show that this is not able
to generate a polar instability, thus keeping the materials in a
nonpolar phase with a vanishing P. Our results for PrNiO3

and YNiO3—sitting on opposite ends of the RNiO3 phase
diagram—are qualitatively similar, suggesting that these
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numerical findings could also be extended to other members
of the rare-earth nickelate series.

II. COMPUTATIONAL METHODS

In our first-principles calculations we employ both
the rotationally-invariant DFT + U formulation of Dudarev
et al. [35] and the extended DFT + U + V one [29]. The
parameters U and V are calculated from first principles us-
ing DFPT [30,31,40] as implemented in the HP code [41].
The localized atomiclike set of functions defining the oc-
cupation matrices (defined in Ref. [42]) employed in our
calculations consists of atomic orbitals as read from the pseu-
dopotentials, and further orthogonalized through the Löwdin
algorithm [43]. For the calculation of the Hubbard contribu-
tion to forces and stresses, we employ a recently developed
method that uses the solution of the Lyapunov equation to
evaluate the derivative of the inverse square root of the overlap
matrix [44].

All the first-principles calculations are carried out us-
ing the Quantum ESPRESSO distribution [45–47]. We
use a spin-polarized generalized-gradient approximation
(GGA) with the PBEsol prescription for the exchange-
correlation functional [48], as well as a PAW pseudopo-
tential (PP) [49] for O from the Pslibrary v0.3.1 [50]
and ultrasoft (US) PPs [51] from the GBRV (v1.2) and
GBRV (v1.4) libraries [52] for Y and Ni, respectively, as
recommended from the SSSP (efficiency) library v.1.1.2
[53]. For the Pr we used the US PP from the Pslibrary
v1.0.0 (Pr.pbesol-spdn-rrkjus_psl.1.0.0.UPF) hav-
ing the 4 f states frozen in the core. In all our calculations
we use 50 Ry as the plane-wave kinetic-energy cutoff for the
wave functions, 400 Ry kinetic-energy cutoff for the charge
density, Gaussian smearing of 0.005 Ry to converge narrow-
gap magnetic states, and a uniform �-centered 5 × 8 × 6
grid of k points to sample the Brillouin zone. Calculations
of the electric polarization are performed using the Berry
phase approach [54,55] and using a finer 7 × 12 × 8 k mesh.
The calculations of the Hubbard parameters are performed
using 1 × 2 × 2 q points, which corresponds to a supercell
of an equivalent size [30]. We adopt the iterative procedure
detailed in [31,56] to incorporate in the parameters U and
V the dependence of both the electronic structure and the
crystal environment: this consists of a series of alternating
self-consistent structural optimizations and linear-response
evaluations of the Hubbard parameters until both the crystal
structure and the U and V parameters are converged self-
consistently.

III. RESULTS AND DISCUSSION

The AFM magnetic orderings studied in this paper are
shown in Fig. 1. All of these require a supercell of the 20-atom
unit cell of the monoclinic P21/n structure, which in turn
is a

√
2 × √

2 × 2 supercell of the 5-atom cubic perovskite
structure. Previously these orderings have been investigated
using a 80-atom 2 × 1 × 2 supercell of the P21/n space group,
in order to reproduce the experimentally observed AFM prop-
agation vector QP21/n = (1/2, 0, 1/2) [20,21]. To reduce the
computational costs, we have used the P21/c setting of space

group 14, which has the same a and b primitive lattice vectors
as P21/n, but cP21/c = a + cP21/n [11]. In this setting the mag-
netic propagation vector becomes QP21/c = (1/2, 0, 0), only
requiring a doubling of the 20-atom P21/c unit cell (instead
of quadrupling it, as for the 20-atom cell P21/n).

In Table I, we report for each of the AFM configurations
the results of the calculated magnetic moments m, total en-
ergy difference with respect to the FM configuration �E ,
the average bond lengths for the Ni-O octahedra 〈�〉avg, and
the computed values of the Hubbard interaction parameters
U and V . As shown in Table I, DFT + U + V yields two
states for each of the two S/T -type of orderings. Both of
them are energetically degenerate in pairs (within numerical
accuracy): the lowest-energy ones, that we denote as (S/T )(a),
and the higher-energy (metastable) states named (S/T )(b) and
(S/T )(c). As described in Sec. II these states are found with
an iterative self-consistent loop alternating calculations of
Hubbard parameters and crystal structure optimizations until
convergence of the two is reached simultaneously. In general
we find stable points within this workflow, except for the
(S/T )(a) states. For the latter, at each iteration the protocol
produces a periodic reversal of the breathing mode amplitude,
to which equivalent switches of the Hubbard parameters and
magnetic moments are associated. Since the numerical values
of U , V , Ni-O octahedral volumes and magnetic moments
associated to NiS/NiL are always the same, together with the
fact that the total energy differences do not exhibit any varia-
tions but a smooth convergence with the iterations, we argue
that this does not create physical ambiguities, as all the main
features of the final result are well-defined (for more informa-
tion, see the Supplemental Material [36]). This fact, however,
underlines the need of a formulation for Hubbard-corrected
DFT functionals able to take into account the variation of
the Hubbard parameters with respect to atomic positions and
strains, inasmuch as this dependence can be quite signifi-
cant [57].

The total energy differences reported in Table I are calcu-
lated at the relaxed crystal structure with the corresponding
self-consistent, site-dependent U and V Hubbard parameters,
both for the AFM and the FM configurations. Since the fi-
nal U and V are not numerically the same, it follows that
the reference energies are different. This could, in principle,
create ambiguities when comparing total energies calculated
with functionals containing numerically different parameters.
However, we regard the Hubbard term as a correction to the
self-interaction error of the DFT base functional, selectively
applied to the Ni-3d (and O-2p) manifold of the correspond-
ing ground state. According to this point of view it is natural
that different electronic ground states will be characterized
by different self-interaction errors (i.e., different curvatures
with respect to the 3d electron occupancy, see Ref. [42]). As
a consequence we follow Ref. [56] and argue that, for each
electronic state, the corresponding U and V aimed to remove
such errors must necessarily be different.

We highlight that we use orthogonalized atomic states
taken from the pseudopotential as Hubbard projectors (see
Sec. II), while the calculations with U � 2 eV by other
works mentioned above in the text were carried out with
orbital projectors derived from the projector augmented-
wave (PAW) formalism [58]. In general, same values of the
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TABLE I. Structural and electronic properties of PrNiO3 and YNiO3 in the low-temperature phase for different magnetic orderings
computed with different DFT+Hubbard schemes and as measured in experiments. Positive �E means that FM is lower in energy than AFM,
and vice versa. Three types of the AFM order are considered: T , S, and B types (see Fig. 1). Similar information concerning the ferromagnetic
state can be found in the SI [36]. The V interaction parameters are different within a given Ni-O octahedron because of the different Ni-O bond
lengths yielding three inequivalent sites (O1, O2, and O3). However, the differences between the different values of V within a given octahedron
are very small and for conciseness we report their average values; The full results are available in the Materials Cloud Archive [37]. The metallic
(Met) or insulating (Ins) character for each case is also indicated.

Method AFM US/UL (eV) 〈VS/VL〉avg (eV) mS/mL (μB) 〈�S/�L〉avg (Å) �E (meV/f.u.) Met/Ins

PrNiO3

DFT + U S 9.40/9.40 1.54/1.53 2.00/2.00 156 M
T 9.32/9.33 1.52/1.53 1.99/2.00 137 M
B 9.19/8.19 0.00/1.68 1.88/2.03 200 I

DFT + U + V S(a) 8.76/9.61 0.76/0.90 0.64/1.65 1.89/2.03 −26 I
T(a) 8.77/9.60 0.76/0.90 0.69/1.68 1.90/2.03 −23 I
S(b) 9.78/9.33 1.02/0.95 1.14/1.61 1.94/2.02 71 I
T(b) 9.78/9.42 1.01/0.96 1.15/1.61 1.94/2.02 75 I
B 9.60/8.49 0.84/0.71 0.00/1.67 1.88/2.03 90 I

Expt. [38] 1.92/1.97 I

YNiO3

DFT + U S 9.38/9.38 1.51/1.51 2.00/2.00 115 M
T 9.21/9.20 1.49/1.49 2.00/2.00 72 M
B 9.17/8.06 0.00/1.68 1.88/2.04 143 I

DFT + U + V S(a) 8.38/9.49 0.65/0.80 0.15/1.70 1.88/2.05 −94 I
T(a) 8.40/9.50 0.66/0.81 0.18/1.70 1.88/2.05 −91 I
S(c) 9.31/9.25 0.82/0.79 1.32/1.32 1.99/1.99 7 I
T(c) 9.35/9.30 0.84/0.82 1.33/1.33 1.99/1.99 6 I
B 9.54/8.35 0.80/0.68 0.00/1.67 1.88/2.04 61 I

Expt. [39] 1.92/2.01 I

Hubbard parameters can have a different impact on the
electronic structure when applied to different Hubbard pro-
jectors [59]. Therefore, to establish the consistency of two
computational setups in the same range of U parameters, we
have numerically verified for PrNiO3 that with the empirical
U � 2 eV we stabilize a B-type AFM order—even starting
from the S/T -type orderings—that is lower in energy than the
FM configuration, in compliance with previous studies carried
out with PAW projectors.

In Fig. 2 we show the projected density of states (pDOS)
of the T(a) and T(b) types of orderings with and without the
intersite V , and the B-type ordering computed using DFT +
U + V . Equivalent results for the S-type ordering are almost
identical to the T -type ordering. Furthermore, the results for
the B-type ordering obtained with and without intersite V
present no qualitative differences and, thus for the sake of
conciseness we report only the DFT + U + V results. In par-
ticular, we plot the Ni-eg and the O-2p states. The Ni t2g

bands, corresponding to localized, fully-occupied states, yield
narrow peaks located below −5 eV with respect to the highest
occupied states, and for clarity are not reported in the same
figure (they can be found in the SM [36]).

In Table II we show the results of the calculated electric po-
larization P using the Berry phase approach [54,55]. Because
of the polar instability, during the structural optimization the
crystal structure lowers its symmetry, and thus the space group
changes. The newly obtained space groups are reported in the
same table. For the S/T orderings, we mention that we ob-
tained a nonzero P also at the experimental crystal structure, in

agreement with Ref. [27], as the inversion symmetry breaking
is induced at the level of the magnetic space group.

A. Electronic, crystal, and magnetic structures

a. DFT + U . The B-type AFM ordering presents no rele-
vant differences when examined with the two methods, i.e.,
with or without the intersite parameter V : they show a band
gap of � 1.4 eV, very similar magnetic moments of |m| �
1.7 μB on NiL, and it is always found to be higher in energy
than the FM configuration. As shown in Table I, the breathing
mode of the S- and T -type orderings obtained with onsite
interactions only (DFT + U ) disappears, as the Ni-O bond
lengths of the two structurally inequivalent NiO6 octahedra
become equal. In addition, as shown in Fig. 2, the electronic
states associated with these orderings display a semimetallic
behavior with the 3d states of the two Ni atoms becoming
equivalent. This state also exhibits almost the same values of
U interaction parameters and magnetic moments for the two
inequivalent Ni sites. For this reason we conclude that within
this ab initio model, at the self-consistent crystal structure and
Hubbard parameters, purely onsite interactions cannot sustain
the breathing-mode-based structural distortion.

b. DFT + U + V. Upon the inclusion of the intersite
Hubbard interactions between the nickels and the oxygens, the
materials recover the experimentally observed insulating na-
ture. The lowest-energy, semidegenerate states (S/T )(a) share
similar features for PrNiO3 and YNiO3: they display signifi-
cantly different magnetic moments and Ni-O bond lengths for
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(a) (b)

(c) (d)

(e) (f)

FIG. 2. pDOS of the relaxed crystal structure for each magnetic ordering. (a), (b): B-type and T -type, respectively, for PrNiO3. (c), (d):
T(a)-type and (e), (f): T(b)-type and T(c)-type, for both PrNiO3 and YNiO3. The Hubbard functionals employed to produce (a), (c)–(f) include
both the U and the V interaction parameters, while in (b) only the onsite U is present. In the plots the Ni–eg states and the full O-2p projection
are shown. We averaged over inequivalent O atoms and over the two Ni(eg) states for each spin channel. Given the symmetry between
spin-up/spin-down channels for AFM orderings, the notation for majority/minority (maj/min) spin channels is as follows: for a Ni with
positive magnetic moments (m > 0 μB), σmaj = ↑ and σmin = ↓; vice versa for Ni with m < 0 μB. The zero of energy corresponds to the
valence band maximum.

the two inequivalent Ni sites. This difference in mS/mL and
〈�S/�L〉 is larger for YNiO3 than for PrNiO3 mirroring the
larger disproportionation observed for RNiO3 with a smaller
rare-earth ionic radius. Importantly, for these states, the nu-
merically larger (smaller) Hubbard parameters are applied
to the larger (smaller) Ni-O octahedra. The opposite applies
to the B and (S/T )(b)-type orderings. This difference turned
out to be essential for stabilizing (S/T )(a) states as lower in
energy than the FM state. The metastable (S/T )(b) for PrNiO3

states exhibit a substantially smaller NiS/NiL inequivalence
because of a significant reduction of the breathing mode. They
are different from the corresponding (S/T )(c) states obtained
for YNiO3; as in the latter, the breathing mode amplitude
shrinks to zero (see Table I). In addition, both (S/T )(c) dis-
play different electronic occupations in the eg bands (see the
Supplemental Material) and different polar distortions with

respect to (S/T )(a) states, exemplified as opposite signs of
some components of P between S(c) and S(a) (see Table II).

The pDOS in Fig. 2 shows that the materials are negative
charge-transfer insulators, since—according to definition—
the 2p electronic states of the oxygens stand between the
upper/lower Hubbard bands of the 3d states of the two nick-
els. The negative character of charge-transfer is due to the
presence of residual O-2p states in the lowest conduction
bands (the so-called hole-doped ligands) [60]. In all the panels
in Fig. 2, the eg states of NiL [eg(NiL)] present concentrated
spectral weights 5 eV above (minority-spin channel, σmin) and
7 eV below (majority-spin channel, σmaj) the valence-band
maximum (VBM). The situation is similar for eg(NiS) in
DFT + U , as the two nickel sites become structurally equiva-
lent [see Fig. 2(b)]. A reduction in the magnetization on NiS

produces a gradual downshift of the eg(NiS) σmin states, until
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TABLE II. Electric polarization P = Pe + PI (electronic +
ionic) in cartesian axes (the x direction is aligned along â)
in units of μC/cm2 within the different AFM phases calcu-
lated using the DFT + U + V method for PrNiO3 and YNiO3,
together with the space group of the relaxed structures. The po-
larization quanta are (38.3, 19.4, 27.2) μC/cm2 for PrNiO3 and
(38.8, 21.0, 27.6) μC/cm2 for YNiO3. Nonzero components are
highlighted in bold.

State Pe,x Pe,y Pe,z Space group (#)
PI,x PI,y PI,z

PrNiO3

B 0.00 0.00 0.00 P21/c (14)
0.00 0.00 0.00

S(a) 0.00 0.21 0.00 P21 (4)
0.00 0.90 0.00

T(a) 4.25 0.00 2.74 Pc (7)
−0.86 0.00 −2.68

S(b) 0.00 1.72 0.00 P21 (4)
0.00 1.58 0.00

T(b) 11.7 0.00 6.14 Pc (7)
−1.15 0.00 −4.40

YNiO3

B 0.00 0.00 0.00 P21/c (14)
0.00 0.00 0.00

S(a) 0.00 0.07 0.00 P21 (4)
0.00 0.77 0.00

T(a) 1.27 0.00 0.68 Pc (7)
0.13 0.00 0.99

S(c) 0.00 −5.57 0.00 P21 (4)
0.00 3.18 0.00

T(c) −38.0 0.00 1.02 Pc (7)
−0.17 0.00 1.70

they finally merge with the eg(NiS) σmaj in a unique group
of electronic bands centered 2 eV above the VBM in the
limit of vanishing magnetic moments (B-type ordering). The
T(a) states of PrNiO3 and YNiO3 exhibit different conduction
states: for PrNiO3 two separate peaks in the pDOS can be
distinguished at 1 and 3 eV above VBM, while in YNiO3 they
partially overlap at 2 eV above the same level. This effect is
sharply reflected in the magnetization of NiS, that decreases
substantially from YNiO3 to PrNiO3. We attribute this change
in the electronic structure to the larger structural disproportion
for the two Ni that is present in YNiO3 compared to PrNiO3.
The T(b) and T(c) states display a strongly reduced band gap.
Interestingly, in T(c) for YNiO3, the system still remains insu-
lating despite the vanishing breathing mode, in contrast with
DFT + U where instead the gap closes.

B. Magnetism-induced electric polarization

The P21/c crystal structure of rare-earth nickelates is cen-
trosymmetric. However, a group theory analysis shows that
the magnetic space group of the S/T -type magnetic orderings
breaks inversion symmetry, thus allowing symmetry-lowering
polar crystal distortions to occur, resulting in space groups Pc
for T -type and P21 for the S-type [11,27,28]. As described in
detail in Ref. [11], the loss of centrosymmetry in the T -type

ordering is induced by breaking the symmetry of the two-fold
screwaxis parallel to b, while for the S-type ordering it is due
to the loss of a glide plane consisting of a reflection in the
plane perpendicular to b plus a translation along c of |c|/2.
It has been predicted that the T -type ordering would induce
an electric polarization P with nonzero a component along
a and c, while the S-type ordering an electric polarization
predominantly along b [27]. The proposed microscopic mech-
anism consists in a partial charge disproportionation of the
oxygens Oi (i = 1, 2, 3) forming the octahedra (thus creating
two inequivalent Oi and O′

i), which produces a shift from the
Ni-site-centered charge disproportionation to a Ni-O-bond-
centered charge disproportionation, and therefore allowing a
nonzero P to develop. This charge disproportionation of the
oxygens is caused by the presence of neighboring nickels with
different magnetic moments: either with parallel Niσ -Oi-Niσ
or antiparallel Niσ -O′

i-Ni−σ spins σ =↑,↓. Applying the
same argument to the B-type ordering, the charge dispropor-
tionation of the oxygens cannot occur because every O is
surrounded by a magnetic and a nonmagnetic Ni atom and
this results in a zero electric polarization.

We analyze the space groups of the relaxed crystal
structures and calculate from first principles the electric polar-
ization of the magnetic orders investigated using the DFT +
U + V method (the +U functional, having vanishing band
gaps for S and T types, would yield an ill-defined polariza-
tion). As shown in Table II, the relaxed crystal structure of
the B-type ordering presents a centrosymmetric P21/c space
group and its electronic ground state does not exhibit any
electric polarization, in agreement with our previous consider-
ations. On the contrary, the S/T -type AFM orderings display
a nonvanishing P, whose magnitude increases with m(NiS).
This trend is correlated to the proximity of a (semi)metallic
state in the limit of m(NiS) → m(NiL). Indeed, an increase
of the magnetic moment m is caused by an increase of the
difference of the eg(Ni) occupations for the two spin channels,
and thus an enhancement of the energy separation of the as-
sociated eg(σmin) and eg(σmaj) peaks in the pDOS. Therefore,
upon enlarging mS, the eg(NiS) σmin states downshift toward
the VBM, reducing the band gap.

IV. CONCLUSIONS

We studied the structural, electronic, and magnetic proper-
ties of two members of the rare-earth nickelates series: PrNiO3

and YNiO3. We used DFT functionals augmented with onsite
U and intersite V Hubbard corrections, and we determined the
crystal and electronic structures via an iterative self-consistent
procedure alternating structural optimizations and evaluations
of the Hubbard parameters, until convergence between the
two is reached. Calculations were performed without any ad-
justable parameters, as both Hubbard U and V were calculated
from first principles using density-functional perturbation the-
ory; and we showed that the results change qualitatively upon
the inclusion of intersite Hubbard interactions.

We analyzed three different antiferromagnetic orderings:
B, S, and T types. When employing purely onsite electronic
interactions (DFT + U ), the investigated antiferromagnetic
patterns are found to be metastable with respect to a ferro-
magnetic configuration, and some of these (S-type and T-type
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orders) yield a semimetallic electronic structure and lose the
crystallographic inequivalence (bond disproportionation) of
the two Ni sites. Within DFT + U + V , the results for B-type
order are very similar to the ones obtained with DFT+U.
On the other hand, for the S/T antiferromagnetic orderings
two different self-consistent states for each magnetic pattern
are reached: two metastable states with respect to the fer-
romagnetic solution [(S/T )(b) and (S/T )(c) for PrNiO3 and
YNiO3, respectively] with very similar magnetic moments
on the inequivalent Ni sites, reduced breathing mode dis-
tortion and small band gaps; and two lowest-energy states
with respect to all the magnetic patterns analyzed [(S/T )(a)]
with substantially different Ni-O bond lengths and magnetic
moments for the crystallographic inequivalent nickel atoms
and larger band gaps. In the iterative loop over the calcula-
tion of Hubbard parameters and structural optimization, these
latter states oscillate between two identical crystal structures
with inverted breathing mode amplitudes; we believe that this
behavior might be due to the neglect of the derivative of
the Hubbard parameters with respect to the atomic positions
and strains [57], and in general for the lack of a functional

formulation of the method involving the stationarity with re-
spect to the Hubbard parameters themselves.

Without resorting to any adjustable parameter, within the
DFT+U+V approach we naturally predict the occurrence of
a magnetically-induced electric polarization, thus supporting
recent experimental observations pointing to the emergence
of a multiferroic phase in this class of materials. Our results
highlight the importance of the computational methodology
used when studying not only the rare-earth nickelates but
other mutliferroics as well as materials possessing metal-
insulator transitions, for example the ferrates CaFeO3 and
Sr3Fe2O7 [61–63].
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