Band structure of La,NiO,,s (LagNi,O,,)
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The monoelectronic band structures of LagNi,O;; at 9 and 300 K are calculated using the extended Hiickel tight-binding method.
Within a rigid band hypothesis and discussing the location of the Fermi level, we obtain band diagrams which corroborate
experimental data such as the evolution of the Curie constant and Ni—O bond length distributions with temperature, as well as
the assumptions of (@) hopping-type conductivity in narrow bands, with at least two type of carriers, (b) a mixed valence for nickel
ranging from +1to +1IL (c) a charge-transfer equilibrium, displaced with temperature, (d) the occurrence of (O5)°~ entities

O Ohnterstitial — Oapex)> although the O?~ hypotbhesis for all oxygen ions in the structure can not be excluded within this study.

apex

Due to its similarities with the superconducting cuprate These experimental features picture the close connection

La,CuQOy; ; and to its capability to accommodate high interca-
lated oxygen rates d, the La,NiO, ; series has been extensively
studied during the last years, from both structural and elec-
tronic properties points of view.!”® Transport and magnetic
properties of La,NiO44; (0<<0.25) were reported in a
previous paper.! The compounds remain semiconducting what-
ever 0 and, for 0>0.11, the transport properties were inter-
preted assuming variable range hopping with at least two
types of carriers. The magnetic susceptibility of La,NiO, ,5
obeys a Curie—Weiss law below 150 K (Cy~0.33 emu K per
Ni); an enhancement of the Curie constant at higher tempera-
tures reveals a change in the electronic configuration of nickel
ions. Detailed structural and EPR studies for this last com-
pound”® revealed the occurrence of a nickel mixed valence
ranging from +1I to +1III, correlated to a strongly distorted
structure; intercalated oxygen atoms (O;) order within the
La,0O, layers, leading to the definite compound LagNi O4.
The monoclinic cell (C2 space group) contains six different
nickel sites, described and labelled in Table 1 and Plate 1. The
interstitial oxygen exhibits two short bonds with apex oxygen
atoms, d(O;—O,p.)=2.17 and 2.25 A at 9 K, 2.18 and 2.28 A
at 300 K; an analysis based on bond orders and Madelung
potentials suggests the existence of (O;)°” entities in the
compound.® A charge-transfer mechanism, described by the
disproportionation equilibrium (1) (see Table 1 and Plate 1 for
Ni ion labels):

Ni*(1)+Ni2*(5 or 6)->Ni2*(1)+Ni2* (5 0r6) (1)

and shifted to left-hand side at low temperature, can account
for the structural differences in LagNi O, between low and
room temperature.

between electronic and crystallographic structures; some
advanced hypotheses have been made: occurrence of a mixed
valence of nickel involving Ni*, Ni?* and Ni*"; existence of
(O5)*~ entities; contribution of several types of carriers to the

Ni(2) . q

Ni(1) Ni(3) Ni(1)

Plate 1 Top view of the (NiOy)s layer in LagNi,O,5, showing the six
different sites for Ni ions. Interstitial oxygen atoms are represented.

Table 1 Ni—O bond lengths (A) of the six nickel sites in LagNi4O; at 9 and 300 K (from ref. 8)

Ni(1) Ni(2) Ni(3) Ni(4) Ni(5) Ni(6)

1.84(2) 1.77(2)

9K 1.98(1)x2 1.88(1)x 2 1.89(1)x 2 1.94(1)x 2 1.94(2) 1.91(2)
2.00(1)x2 1.90(1) x 2 1.92(1)x 2 201(1)x2 1.97(2) 1.98(2)

227(1)x2 220(1)x2 223(1)x2 223(1)x2 2.00(2) 2.01(2)

2.13(2) 2.18(2)

2.20(2) 223(2)

1.85(2) 1.85(2)

300 K 1.93(1)x2 1.90(1) x 2 1.89(1)x 2 1.95(1)x 2 1.96(2) 1.96(2)
1.96(1)x 2 1.90(1) x 2 1.91(1)x 2 201(1)x2 1.97(2) 1.99(2)

220(1)x2 221(1)x2 220(1)x2 226(1)x2 1.98(2) 201(2)

2.10(2) 2.13(2)

229(2) 231(2)
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electrical conductivity and charge-transfer equilibrium with
thermal dependence.

It seemed interesting to check whether these hypotheses
agreed or not with a band structure calculation using the exact
crystallographic structures of LagNi,O,,, refined at 9 and
300 K.° The large unit cell requires a semi-empirical method
for the band structure calculation; the results will serve as a
basis for discussing the points stressed above. The key point
of our approach is keeping the complete structural information
during the theoretical study. The use of first principles or ab
initio methods would require a drastic schematisation of the
structure, which would be regrettable as structural and elec-
tronic properties seem to be strongly interdependent in
LagNi O5.

The strategy of the present work is completely different from
the one used in band structure calculations including corre-
lation effects (for example, Anisimov et al!® included a
Hubbard U parameter in the local-density approximation
formalism, LDA + U, for the study of La, .Sr.NiO,), which
can only be applied to unit cells containing a few atoms.

Method of calculation

We wused the extended Hiickel tight-binding method
(EHTB)'!3 for calculating the monoelectronic band structure
of LagNi,Oy; at 9 and 300 K. A valence atomic orbitals basis
set (Slater-type orbitals) is attached to each atom in the unit
cell. The EHTB method takes into account the complete
crystal structure, via the atomic orbital overlap integrals used
in the calculation of the effective Hamiltonian matrix elements.
The method is not of the self-consistent field type but has been
shown to give a description similar to those obtained with
more sophisticated methods, at least for states lying close to
the Fermi level.!* It generally leads to quantitative information
about those electronic properties governed by the topology
of interactions (hybridisations, band shapes, Fermi
surfaces).!>1°

The total and projected density of states (DOS) curves
illustrate the influence of the various structural distortions on
the band structure, such as band splittings. Another calculated
quantity, defined in the framework of the EHTB method,!>-*°
is of great interest for the study of crystal vs. electronic
structures relationships: the crystal orbital overlap population
(COOP). The COOP is the extension to the solid of the
Mulliken overlap population.! It gives the bonding contri-
bution (in sign and magnitude) of crystal orbitals to a given
bond. When cumulated up to E;, COOPs are related both to
the distribution of bond lengths and to the stability of the
compound.

The guideline of the present study, and the only step beyond
the monoelectronic approximation, will consist of the determi-
nation of the Fermi level position.?>?3 The rather localised
character of 3d states in transition metal oxides may favour
the single occupancy of states close to Eg. In an ionic descrip-
tion, this corresponds to the energy competition between high-
and low-spin states. In the present approach a rigid band
hypothesis is assumed, which implies that the band structure
is not drastically affected by the occupancy of bands. The
comparison with experimental data is used to determine the
Ep position. If a good agreement is found between the exper-
imental features and the electronic structure for a given Ep,
i.e. for a given band occupancy, the rigid band approximation
is considered valid for this study.

Computational aspects

The basis set and related parameters used for lanthanum,
nickel and oxygen atoms are reported in Table 2. We used as
input geometry the crystallographic structure determined from
neutron powder-diffraction data at 9 and 300 K.° The primitive
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Table 2 Extended Hiickel parameters (double-{ expansion is used for
Slater-type d orbitals)

element orbital H;/eV {
La 5d¢ —821 3.78
6s —17.67 2.14
6p —5.01 2.08
Ni 3db —13.49 5.75
4s -9.17 1.825
4p —5.15 1.825
o 2s —323 2275
2p —148 2275

a¢, =0.7765, {,=1.381, ¢,=0.4586. bc, =0.5683, {,=2.00, c,=0.6292.

triclinic unit cells of LagNi,O; at 9 and 300 K contain two
formula units; they are described by a 352 atomic orbitals
basis set. As the K,NiF,-type structure has a pronounced 2D
character, neglecting the translation symmetry perpendicular
to the layers could appear as a good approximation, leading
to a large gain in computational time and memory. However,
the environment of the transition metal layer has to be correctly
taken into account. The 2D character of LagNi O, being less
significant than in the basic K,NiF, structure, mainly because
of the presence of interstitial oxygen atoms, 3D translation
symmetry and reciprocal lattice were used.

For the integration over the reciprocal lattice primitive cell,
the first primitive zone was used instead of the first Brillouin
zone.'® A few k-point grids containing up to 260 points were
tested for the coverage of half of the first primitive zone. A
116 k-points grid was finally chosen as no significant changes
in energy bands and atomic populations were obtained with
denser grids.

The calculations were performed on a CRAY Y/MP-EL
computer after adaptation of the program EHMACC
(Extended Hiickel Molecular and Crystal Calculations, pro-
gram no. 571 of the Quantum Chemistry Program Exchange).
The total and projected DOS, the atomic and overlap popu-
lations as a function of Er were calculated for LagNi,O,; at 9
and 300 K.

Results

Before discussing the location of Ep in the band diagrams,
some features can be extracted from the total and projected
DOS curves. Fig. 1 shows the total DOS as a function of
energy for LagNi,O;, at 9 and 300K and for La,NiO,,
(Bmab space group) for sake of comparison. Projected DOS
gives the different contributions to the bands, in terms of
atoms or atomic orbitals. Fig. 2 focuses on antibonding 3d.>
and 3d,2_,2 character bands, that are denoted ¢*.. and
g*,2_ 2 in the following. Global oxygen contribution is plotted
and the nickel ions contributing mainly to each band or band
stack are indicated. As expected, the relative energies of
o*,2_ > bands are governed by in-plane Ni—O bond lengths,
i.e. by 3d,2_,2-2p, overlap (Table 1). The case of o*,- bands
is not so simple because in-plane Ni—O bond lengths play a
non-negligible role via the overlap between 2p, and the equa-
torial lobe of 3d.- orbital, though the main contribution is due
to apical Ni—O bond lengths (i.e. 3d >—2p, overlap). Compared
with the La,NiO, ,, DOS, the 3d_* bands partly split because
of various types of distortions; it results in very narrow bands
with pronounced localised character and separated by band
gaps, which suggests that the compound remains non-metallic
whatever the location of the Fermi level within the 3d/.*
bands. The lowest energy bands within each band stack
(6*,2-,2 and ¢*,2) are associated with the same type of nickel
ions: Ni(1) and Ni(4) at 9 K, Ni(4) and Ni(6) at 300 K; thus,
the partial occupancy of 6*,2_,2 and ¢*,2 band stacks will lead
to very different electron populations for nickel ions and, as it
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Fig. 1 DOS curves for LagNi,O;; at 9 and 300 K, and for La,NiO, o
(space group Bmab). Dotted line shows the interstitial oxygen
contribution to the DOS for LagNi,O,, and the overall oxygen
contribution for La,NiO, ,,.

9.
9K 300 K
-10.- *
22
X=y
>
2
w
ALb -
E 3
0'22
4
-12.

DOS/states eV~ Ni~*

Fig. 2 DOS curves for LagNi,O,, at 9 and 300 K, focused on nickel
3d character ¢* bands. Dotted line shows the oxygen contribution to
the DOS. Main nickel contributions to the bands are indicated, as
labelled in Table 1.

will be seen in the following, to a mixed valence for nickel,
including Ni*. It can be stressed that, in the case of copper (ir)
derivatives, the distribution of electronic populations can not
be so wide because of the higher number of electrons (the o*
bands stack is 3/4 filled in the case of Cu®™, half-filled in the
case of Ni?*); for this reason the stabilisation of such a
distorted crystal structure and associated Cu*/Cu®** mixed
valence is less expected in the case of doped copper (i) oxides.

Fig. 3 focuses on oxygen 2p character bands. Interstitial
oxygen atoms lead to the formation of very narrow bands,
including a significant contribution of apex oxygen atoms, in
the range from —15 to — 14 eV, i.e. above the usual 2p, bands.
A COOP analysis reveals that these bands are of antibonding
character with respect to the O,pex —O; bonds. Corresponding
O,pex —O; slightly bonding states are found within the 2p band
stack. In addition, the strongly localised character of the
antibonding interstitial oxygen bands suggests that a non-
negligible oxygen Hubbard parameter Uy, should be associated
to them. This will be discussed in the next section.
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Fig.3 DOS curves for LagNi O,; at 9 and 300 K, focused on oxygen
character bands. Dotted line shows the interstitial oxygen contribution
to the DOS.

The main differences between the room- and low-tempera-
ture DOS diagrams of LagNi Oy, arise from the stabilisation
or destabilisation of some ¢*,2 and ¢*,2_ 2 antibonding bands.
Projected DOS (Fig. 2) show that, at increasing temperature,
a destabilisation occurs for the Ni(1) o*,> and ¢*,2_,2 bands
and to a less extent for the Ni(3) o*,2 bands. A stabilisation
occurs for the Ni(6) 6%,-_,> bands and to a lesser extent for
the Ni(2) 6*,2_ > and Ni(5) ¢* > bands. This is related to the
charge transfer or disproportionation equilibrium (1). The
total and projected DOS (Fig. 1-3) show that the narrow
bands retain a significant covalent character. The term ‘local-
ised states’ means that the structural distortions split bands
into molecular orbitals corresponding to NiO,, and O; clusters.
The electrons described by these almost non-dispersive bands
are delocalised on few atoms (nephelauxetic effect), but local-
ised from the crystal point of view. This is consistent with a
hopping-type conductivity in narrow bands.

In order to further discuss the above results we have to
locate Ey using experimental data. In addition, the determi-
nation of Eg leads to assign electronic configurations to the
six types of nickel ions in LagNi Oy;.

Discussion: determination of the Fermi level position

The Fermi level of LagNi,O,, is located in 3d,* bands,
originating mainly from nickel 3d,> and 3d,2_ 2 orbitals. The
bands narrowness and the projected DOS illustrate the local-
ised character of the corresponding states. As a consequence,
the single occupancy of some 3d,* bands may be energetically
favourable with regard to their double occupancy. To each
band filling scheme corresponds a given position of the
Fermi level.

A correct location of Ex. and correct corresponding electronic
configurations should account for: (@) a smooth dependence
between the overlap populations and the Ni—O bond lengths,
which are the only ones affected by the partial occupancy of
the 3d,* bands. The larger the cumulated overlap population,
the shorter the bond. In other words, electronic and crystallo-
graphic structures must be correlated via the induced band
structure, corresponding electronic configurations and overlap
populations. (b) States close to Ep involving those nickel ions
affected by the charge-transfer equilibrium (1). These states
should be also related to the main differences observed between
room- and low-temperature band structures. As described in
ref. 8, the differences between the room- and low-temperature
structures of LagNi,O;, were attributed to a shift of the charge-
transfer equilibrium (1) between Ni(1), Ni(5) and Ni(6) nickel
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ions that are actually involved in the stabilisation or destabilis-
ation of bands between 9 and 300 K. (¢) The occurrence of a
mixed nickel valence (from +1 to +1II1).”® (d) A significant
enhancement of the Curie constant Cy between 9 and 300 K,
corresponding roughly to a higher number of unpaired elec-
trons, i.e. of singly occupied bands.

The localised and antibonding character of the O; bands
suggests a significant Hubbard parameter U, affecting these
oxygen-character bands in particular. Depending on the magni-
tude of U,,, a back-transfer of electrons to the nickel and
hence a formal charge of —e instead of — 2e for the interstitial
oxygen, or the formation of (O;)°” clusters, can occur. As a
matter of fact, Uy, values ranging between 4 and 5eV were
previously proposed for copper and vanadium oxides, using
various spectroscopic methods.?#72¢ The existence of the (O5)*~
species in this material has already been argued in ref. 8§ on
the basis of bond-order and Madelung potential analysis. From
the band structure viewpoint, the (O5)°~ hypothesis gives rise
to one more electron in the 3d character bands for one
interstitial oxygen atom and the mean formal oxidation state
of nickel is lowered by 0.25 (from 2.50 to 2.25).

The band diagrams corresponding to the best agreement
with experimental data, assuming the existence of (O3)°~, are
given in Fig.4. The electronic configurations are given in
Table 3, and curves of Ni—O bond lengths vs. overlap popu-
lations, corresponding to these band diagrams, are given in
Fig. 5. Er crosses a few bands at 9 K as well as 300 K, which
agrees with the description of the electrical properties in terms
of more than one type of carriers in narrow bands.! There is
a higher number of singly occupied bands at 300 K than at
9 K, accounting for an enhancement of the Curie constant at
increasing temperature. As assumed, the nickel ions involved
in the charge transfer equilibrium (1) and reflecting the main
differences between low- and room-temperature band diagrams
are indeed contributing to the bands close to Ep. Monovalent
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Fig. 4 Band diagrams for LagNi,O,; at 9 and 300 K, focused on Ni
3d character o* bands, assuming the formation of (Os)°~ species.
Main nickel contributions to the bands are indicated, as labelled in
Table 1. Dotted lines indicate that two bands overlap. E’ indicates the
upper level occupied by two electrons. Levels between E’ and Ep are
singly occupied.

Table 3 Electronic configurations of Ni ions, assuming that interstitial

oxygen atoms form O3>~ species
9 K 300 K

Ni (1): [Ar] tzg d"?de 2 [Ar]ty°d.>! dxz,y
N1 (2): [Ar] tzg d2'?de M [Ar]ty* d.2"?d,

Ni (3): [Ar] tzg d 16 d o 02 [Ar]ty°d.2"! dxz,yzo

Ni (4): [Ar] to° d,2**d,2_ "¢ [Ar]ty°* d. z“’d 2

Ni (5): [Ar] tzg“ d 1 d z,yz"" [Ar] tzg“ d2"?d.

Ni (6): [Ar] t5° d2"¥d 2 2" [Ar]ty*d. z“’d 2 yz"s
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Fig.5 COOP vs. Ni—O distance diagrams for LagN,Oy; at (@) 9 K
and (b) 300 K, assuming that interstitial oxygen atoms form Oz~
species

nickel does occur in each configuration scheme as expected
from the EPR and structural studies.”®

A few bands appear to be stabilised within each ¢*_> and
o*,2_,2 band stacks. As the occupancy of antibonding bands
is associated to larger bond lengths, these bands are lowered
in energy. For instance, 6*,2_ 2 bands associated with Ni(1)
and Ni(4) are clearly stabilised at 9 K, which indicates a higher
occupancy. [t is important to point out again that the respective
energies of the bands within ¢*,2 and ¢*,2_,2 stacks are not
independent because of the non-negligible overlap between
3d.> and in-plane 2p, atomic orbitals.

Using the same monoelectronic band structures as a starting
point, we assumed in a second stage the interstitial oxygen
ions to be O?” ions instead of forming (O;)°~ clusters, which
corresponds to the above situation, minus one electron per O;
in 3d character bands. A satisfactory fitting with experimental
data can be obtained again (Fig.6 and 7, Table 4). More
especially monovalent nickel [ Ni(1) and Ni(4)] is still present
at 9 and 300 K despite the smaller number of 3d electrons.
The bands affected by increasing temperature, associated to
Ni(1) and Ni(6), lie close to Er at 9 K. Ni(1) and Ni(6) are,
moreover, involved in the equilibrium (1) whose displacement
depends on temperature. Such results suggest that the electron
transfer from the interstitial oxygen atoms towards the NiO,
layers could be not complete.

Conclusion

Extended Hiickel band structure calculations have been per-
formed using the actual crystal structure of LagNi,O;; at 9
and 300 K, in order to correlate the structural features with
the electronic properties of the compound. The band diagrams
were built on the basis of the calculated monoelectronic band
structures, assuming a rigid band model and discussing the
location of the Fermi level in order to fit the experimental
data. The obtained band diagrams allow interpretation of the
electronic properties of LagNi,O,, which can be clearly corre-
lated to its strongly distorted structure. Actually the crystal
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Fig. 6 Band diagrams for LagNi;O;; at 9 and 300 K, focused on
nickel 3d character ¢* bands, in the O?~ interstitial oxygen hypothesis.
Main nickel contributions to the bands are indicated, as labelled in
Table 1. Dotted lines indicate that two bands overlap. E’ indicates the
upper level occupied by two electrons. Levels between E’ and Ey are
singly occupied.
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Fig. 7 COOP vs. Ni—O distance diagrams for LagNi,O; at (@) 9K
and (b) 300 K, assuming that interstitial oxygen atoms form O?~ species

Table 4 Electronic configurations of Ni ions, assuming that interstitial
oxygen atoms form OZ2-species

9K 300 K
Ni (1): [Ar] ty® d M0d [Ar] S d.20de 208
Ni (2): [Ar] ¢ d. dz,,- [Ar]ty d'0d o0
Ni (3): [Ar] ty d M de [Ar] 6o, .20 d o oy
Ni (4): [Ar] tp* d26 d o 20 [Ar]t,° d.2'*d e 07
N1(5) [Ar]tg6d210d7 y [Ar]t26d210d2 ,2

x> =y
Ni (6): [Ar] 4,0 d2"*da [Ar] 6.0 d 2" d

20
2
20
,0-6
2
20

symmetry and bond lengths distribution give rise to a complex
splitting of the ¢* bands, each of them being associated with
specific nickel sites. Conversely, the unequal occupancy of
these bands leads to the stabilisation of different oxidation
states for nickel ions. These features result in a semiconducting
behaviour and in the occurrence of Ni*. The formation of

Ni* ions at low as well as at room temperature can be ascribed
to the existence of ordered interstitial oxygen atoms which
govern the equilibrium between the crystal and electronic
structures, leading to localised cluster states, the Ni—O coval-
ence being preserved.

Band diagrams also corroborate experimental data such as
the hopping-type electrical conductivity, as well as the tempera-
ture dependence of the Curie constant and of the Ni—O bond
lengths distribution. The complex thermal variation of the
thermoelectric power!' can be correlated with the overlap of
%22 and ¢*;: narrow bands at Ep, leading to two types
of carriers.

Interstitial oxygen atoms lead to very narrow
O,pex —O0; 0, €nergy bands. These purely oxygen localised
states can be associated to a significant Hubbard parameter
U,,, supporting the occurrence of (O;)°~ entities in LagNi O .

pp>
The existence of only O?~ ions at all oxygen sites leads also

to a consistent fitting of experimental results, but it seems
ruled out on account of the short O;—O,_,, bond lengths.®
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