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Electronic, magnetic and optical properties of the
charge-disproportionated YNiO; compound
calculated using the GGA+U method
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The electronic, magnetic and optical properties of YNiOs were studied using the GGA+U method. This
compound presents charge disproportionation with two nonequivalent Ni ion sites, namely, Nil with
Ni®=9* and Ni2 with Ni®*?* A band-structure calculation was performed for the observed P2/n
monoclinic phase; a 2 x 1 x 2 supercell with 80 atoms was used to reproduce the observed magnetic
ordering. The density of states (DOS) calculation clearly showed the bonding differences between the

Nil and the Ni2 sites; the Nil site has a more ionic character, whereas the Ni2 site presents a more
Received 14th March 2024 lent ch ter. The band-struct It dt . lat h ith a band ¢
Accepted 9th May 2024 covalent character. The band-structure results correspond to an insulator phase with a band gap o
about 0.5 eV. The magnetic ordering is antiferromagnetic and the magnetic moments are about 1.24 ug

DOI: 10.1039/d4ra01908c for Nil and around 0.00 ug for Ni2. The calculated magnetic ordering results are in good agreement

rsc.li/rsc-advances with neutron diffraction results. The calculated optical conductivity is similar to previous experimental data.
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1 Introduction

The rare-earth nickelates present a broad range of very inter-
esting physical properties. These include, for instance, a metal-
insulator transition, diverse structural and magnetic transi-
tions, as well as charge disproportionation.”” This variety is
partly related to the interplay between the electronic, magnetic
and structural degrees of freedom in these compounds. In
addition, the highly correlated electronic structures of the rare-
earth nickelates adds to the complexity of their physical prop-
erties. To this end, the study of the relationship between their
electronic structures and their physical properties is highly
desirable. The aim of this work is to study the electronic
structure of the YNiO; compound using the GGA+U method.
The theoretical results are compared to the experimental elec-
tronic, magnetic and optical properties of this compound.
The YNiO; oxide presents a metal-insulator phase transition
around 582 K, which also involves structural and magnetic
ordering changes.*® In the low-temperature phase, the YNiO;
compound is an antiferromagnetic insulator (AFM-I); the elec-
trical conductivity and the magnetic susceptibility results reflect
electron-correlation effects.” The crystal structure in this phase
is monoclinic with space group P2,/n;* the schematic repre-
sentation of the crystalline structure of YNiO; is shown in Fig. 1.
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The AFM-I phase is characterized by a distortion of the NiOg
octahedra, which gives rise to two nonequivalent Ni sites: Nil
sites with larger Ni-O bonds and Ni2 sites with shorter Ni-O
bonds. This difference was attributed to charge disproportion-
ation with charge ordering leading to Ni®~®* and Ni®**** jonic
states.>®° Hereafter, all the calculations and comparisons will
be only concerned with the low-temperature AFM-I phase.

Fig. 1 Schematic VESTA representation of the crystalline structure of
YNiOz with shorter and larger Ni-O bonds indicated by orange and
dark green octahedra, respectively.*®
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The electronic structure of YNiO; was studied using soft X-
ray resonant magnetic powder diffraction,"” X-ray absorption
spectroscopy (XAS)'?> and optical absorption.” The magnetic and
structural properties of this oxide were investigated using
synchrotron radiation diffraction,"® neutron and synchrotron
radiation diffraction,>** and electron spin resonance (ESR) and
susceptibility.">'® The electronic structure of YNiO; was calcu-
lated using several band-structure methods, including: LDA,"
LDA+U,"® LSDA+U,* GGA+U,* and the Hartree-Fock approach.”
Recent results include studies of the optical spectra,” and
additional band-structure calculations.?

Considerable insight on the properties of YNiO; was ob-
tained from the above band structure and by modeling Hamil-
tonian models. But a comprehensive comparison of the
calculations and the experimental results is still lacking and
would be desirable. This work presents the electronic structure
of YNiO; calculated by the GGA+U method. The results are in
reasonable agreement with the available experimental data, and
help to explain the electronic, magnetic and optical properties
of this compound. The results are also interpreted in terms of
the configuration interaction (CI) scheme of highly correlated
pd models. Finally, the interplay between the structural, charge
and spin degrees of freedom is discussed using the CI language.

2 Calculation details

Calculations for the AFM-I phase at room temperature were
performed using the WIEN2k package,* mainly because most
of the available experimental results were obtained under this
condition. This program is based in the full-potential linearized
augmented plane wave (LAPW) method. The GGA exchange-
correlation potential was obtained using the PBEsol scheme,*
and the on-site Hubbard parameter U was set to 1.5 eV. This
value was chosen because it yields the best overall agreement
with the experimental results. We also note that this value is in
line with those previously used for this compound.**?**

The spin-orbit splitting of the Ni 3d orbitals was included to
determine the magnetic ordering. The spin-orbit coupling
determines the orientation of the spin, so it is crucial for the
calculation of the magnetic ordering. But the value of the
coupling constant (about 0.04 eV for Ni) is relatively small, and
does not affect much the electronic structure or the physical
properties. The calculation of the magnetic ordering was
unconstrained, and all the magnetic moments were allowed to
rotate, until the criterion of total energy convergence was
achieved.

The crystal structure was monoclinic and the space group
was P2,/n. The lattice parameters are listed in Table 1; the

Table 1 Comparison between the experimental (taken from Alonso
et al.®) and calculated lattice parameters in YNiOs (all values in A)

Experimental Calculated
a 5.17932 5.13105
5.51529 5.46389
c 7.41656 7.34744
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Table 2 Comparison between the experimental (taken from Alonso
et al®) and calculated relative atomic positions of the different
nonequivalent atoms in YNiOs referred to the monoclinic axes

Experimental Calculated

Atom X y z x y z

Y 0.9816 0.0729 0.2502 0.9796 0.0735 0.2505
Ni1 0.5000 0.5000 0.0000 0.5000 0.5000 0.0000
Ni2 0.5000 0.0000 0.5000 0.5000 0.0000 0.5000
o1 0.0998 0.4705 0.2457 0.0977 0.4729 0.2504
02 0.6973 0.3080 0.0467 0.6942 0.3011 0.0472
03 0.1882 0.2038 0.9465 0.1952 0.2002 0.9501

experimental values were retrieved from Alonso et al.,’ and the
theoretical parameters were obtained by a total energy calcula-
tion. The cell volume was reduced about 2.8% from 211.85 A®
(experimental) to 205.98 A® (calculated).

The nonequivalent atomic positions are given in Table 2; the
experimental results were retrieved from Alonso et al.® and the
theoretical positions were obtained by an atomic force calcu-
lation (the convergence criteria for the force was 1 mRy Bohr ™).
The experimental and calculated average Ni-O bond lengths are
in excellent agreement: 1.994 A (exper.) vs. 1.993 A (theor.) at the
Ni1 site, and 1.923 A (exper.) vs. 1.922 A (theor.) at the Ni2 site.

The maximum wavevector of the plane-wave basis set was
given by RyrKmax = 7.0, the integration was performed using
500 k-points in the irreducible part of the Brillouin zone, the
energy convergence criteria was set to 10 > Ry, and the 2 x 1 x 2
super-cell was formed by 80 atoms (please note that the
monoclinic cell contains four chemical formulas with 20
atoms).

3 Results and discussion

3.1 Band structure and band gap

Fig. 2 shows the projected density of states (DOS) of the YNiO;
compound, separated into the Nil (upper panel) and the Ni2
(lower panel) nonequivalent sites.>'*'* These results correspond
to a stable and fully converged antiferromagnetic insulating
(AFM-I) phase. The DOS for each nonequivalent site are split
into the majority (above) and minority (below) spin bands. The
Fermi level (Ex = 0 eV) separates the occupied states in the
valence band and the unoccupied states in the conduction
band. The Ni 3d and the O 2p bands present a strong covalent
mixing from —7 to +3 eV, whereas the Y 4d bands exhibit a more
ionic character from +5 to +9 eV.

The Ni 3d bands of the Nil1 and Ni2 nonequivalent sites show
clear differences; see the inset in Fig. 2. In particular, the Ni 3d
states contribute more to the bonding part of the Ni 3d-O 2p
bands, from —7 to —4 €V, in the Ni2 site (lower panel). This
means that, as expected, the Nil site is slightly more ionic,
whereas the Ni2 site is more covalent; see below.

The calculated DOS presented here are in good agreement
with previous results in the literature.*'®'**” The calculated
band gap between the valence and the conduction band, about
0.5 eV, agrees with the optical band gap measured by Arima and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Projected density of states (DOS) of the YNiOs; compound
separated into the Nil (upper panel) and the Ni2 (lower panel)
nonequivalent sites. The DOS in each panel are split in the majority
(above) and minority (below) spin bands. The Fermi level separates the
occupied states in the valence band from the unoccupied states in the
conduction band.

Tokura,*® around 0.3 eV, although the present calculation
slightly overestimated the value of the experimental band gap.
We note that the value of the band gap found here is similar to
those reported in recent studies.'®***¢

3.2 Magnetic moments and magnetic ordering

The calculated magnetic moments for the Ni ions at the Ni1
sites are about 1.24 ugp and for those at the Ni2 sites they are
around 0.00 ug. A comparison with the experimental values
obtained by Alonso et al.® using neutron diffraction is shown in
Table 3. The results at the Nil site, 1.4 (exper.) vs. 1.24 ug
(theor.), are in reasonable agreement, but the values at the Ni2
site, 0.7 (exper.) vs. 0.00 up (theor.), are in clear disagreement. It
is worth noting that recent calculations by other groups also
yield a negligible magnetic moment at the Ni2 site.**** Addi-
tional work, both theoretical and experimental, would be
desirable to reconcile this discrepancy.

Fig. 3 compares the antiferromagnetic ordering of the YNiO;
oxide at room temperature obtained by Alonso et al.® (top) with
the result of the present calculation produced with the VESTA
program®® (bottom). The small arrows at the Ni2 sites represent

Table 3 Comparison between the calculated and experimental values
of the magnetic moments in the YNiOs compound

Magnetic moments (ug)

Ni sites Experimental® This work
Ni1 1.4 1.24
Ni2 0.7 0.00

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Antiferromagnetic ordering of the YNiOs perovskite at room
temperature obtained by Alonso et al.® (top) compared to the present
calculated result produced with the VESTA program® (bottom).

the orientation of the residual 0.0083 up magnetic moments
given by the calculation. Despite the discrepancy in the value of
the magnetic moment at the Ni2 site, there is an overall good
agreement in the relative orientation of these moments. Please
note that the use of the 2 x 1 x 2 supercell structure with 80
atoms and the inclusion of the spin-orbit coupling of the Ni 3d
orbitals were crucial to reproduce the experimental magnetic
ordering.

3.3 Optical conductivity

Fig. 4 compares the optical conductivity obtained by Arima and
Tokura® at room temperature and the calculated value of o(w)
for the YNiO; compound. The experimental optical conductivity
of the YNiO; compound presents a narrow band gap of about
0.3 eV,”® whereas the calculated result yields a slightly larger
band gap of around 0.5 eV. Both the experimental and calcu-
lated optical conductivity values reflect the insulating character
of the YNiO; compound at room temperature. Please note the
absence of the Drude peak in the spectra, which is a character-
istic of a metallic phase. The increase of o(w) at higher energies,
above 5 eV, is attributed to the onset of interband O 2p to Ni 3d
transitions.

3.4 Configuration interaction description

The electronic state of the divalent Ni** ions in NiO oxide is
mainly represented by an ionic 3d® configuration.*"*> However,
the trivalent Ni** ions in the LaNiO; compound are not

RSC Adv, 2024, 14, 18291-18295 | 18293
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Fig. 4 Experimental optical conductivity extracted from Arima and
Tokura (ref. 28) compared to the calculation of the YNiOs compound.

dominated by the ionic 3d” configuration, but rather by the
covalent 3d®L configuration, where L corresponds to a ligand (O
2p) hole.**** This means that the third hole does not go to the Ni
3d states, as expected in an ionic approximation, but rather to
the O 2p orbitals, which reflects the larger covalent contribution
to the bonding in this material. In terms of the highly correlated
pd models used to study these materials, this corresponds to
the so-called negative charge-transfer regime.*

In the LaNiO; compound, the oxygen octahedra are similar
and the 3d®L configuration is uniformly spread throughout the
crystal. In the YNiO; oxide, there is a structural distortion in the
octahedra, which produces two nonequivalent Ni sites. The
ensuing charge disproportionation is the result of a charge
redistribution between the Ni®~9" site and the Ni®**?)* site. The
charge redistribution does not involve the strongly bound Ni 3d
states, but rather the loosely bound hole in the O 2p orbitals. In
particular, the Ni1 site (with a larger octahedron and weaker Ni
3d-O 2p interactions) is better described by a 3d® configuration,
whereas the Ni2 sites (with a smaller octahedron and stronger Ni
3d-0 2p interactions) is mainly given by a 3d®L* configuration.23¢

The DFT band-structure method is an independent particle
approach, but it is a first-principles method and takes into
account translational invariance. On the other hand, the highly
correlated pd models consider many-body effects, but they are
based on adjustable parameters and are often applied to small
systems. This discussion illustrates that they have comple-
mentary advantages and limitations. In the present work, the
first method is mostly used because it provides straightforward
results that can be compared with the experimental results.

18294 | RSC Adv, 2024, 14, 18291-18295
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Table 4 Relationships between the structural (Ni-O bonds), charge
(Configuration) and spin (Spin) degrees of freedom for the Nil and the
Ni2 nonequivalent sites of the YNiOs compound

Degrees of freedom

Ni sites Ni-O bonds Configuration Spin
Ni1 Larger 3d® s=1
Ni2 Shorter 3d%L? §=0

3.5 Structural, charge and spin interactions

The YNiO; material presents a clear interaction between the
structural, charge and spin degrees of freedom. The structural
distortion produces a Nil site at the larger octahedra with larger
Ni-O bonds, and a Ni2 site at the smaller octahedra with
smaller Ni-O bonds. This results in charge disproportionation
with a more ionic Ni1 site with a 3d® configuration, and a more
covalent Ni2 site with a 3d®L? configuration. The spin at the Ni1
site, with the 3d® configuration, corresponds to a S = 1 high-
spin state, whereas the spin at the Ni2 site, with the 3d°L’
configuration, is given by a S=0 low-spin state.”**® In turn, this
helps to explain the calculated 1.24 ug magnetic moment at the
Ni1 site, and the 0.00 ug magnetic moment at the Ni2 site. For
an easier reference, the relationships between the Ni-O bonds,
the electronic configuration and the spin state for each
nonequivalent site are listed in Table 4.

3.6 Charge disproportionation

Alonso et al.® used the phenomenological Brown bond-valence
model to estimate the Ni valence; they obtained two different
values of the delta parameter: around ¢ = 0.38 at the Ni1l site
and about ¢ = 0.17 at the Ni2 site. Later on, in the analysis of
the different models used to interpret the neutron diffraction
results, they concluded that 6 = ¢ = 0.35.> The present band-
structure calculation gives a smaller estimate of around ¢ =
0.05. But, as discussed above, a double-cluster method predicts
small changes at the Ni sites and larger changes at the ligand (O
2p) band®* (this is reasonable because O 2p-O 2p charge fluc-
tuations cost less energy than Ni 3d-Ni 3d charge variations).
Using this method, we estimate that the ligand contribution is
about 6 = 0.3.*® The combination of 6 = 0.05 from the band
structure and 6 = 0.3 from the double-cluster calculations is
similar to the value 6 = 0.35 obtained from neutron diffraction
data by Alonso et al.®

4 Summary and conclusions

In summary, we studied the electronic structure of the YNiO;
compound using the GGA+U method with U = 1.5 eV. In
particular, we investigated the charge disproportionation
between the nonequivalent Ni1 and Ni2 sites. The stable phase
at room temperature is an antiferromagnetic insulating (AFM-I)
state. The density of states (DOS) at the nonequivalent Ni1 and
the Ni2 sites present clear differences; in particular, the Ni 3d-O
2p bonds are more ionic at the Ni1 site and more covalent at the
Ni2 site. The calculated band-gap energy is in reasonable

© 2024 The Author(s). Published by the Royal Society of Chemistry
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agreement with the experimental value. The calculated
magnetic moment at the Nil site is in agreement with the
experimental value, but there is a discrepancy in the calculated
moment at the Ni2 site. Despite this disagreement, the calcu-
lated magnetic ordering agrees with the neutron diffraction
results. We note that the use of a 2 x 1 x 2 supercell structure
with 80 atoms and the inclusion of the Ni 3d spin-orbit
coupling were crucial to obtain the orientation of the magnetic
moments. The calculated optical conductivity is in reasonable
agreement with the experimental result. The results are also
interpreted in terms of the configuration interaction (CI)
scheme of highly correlated pd models. Finally, the interactions
between the structural, charge and spin degrees of freedom in
YNiO; are also discussed.
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