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Abstract

Background: The electronic and geometrical properties of LaCoOs, which has a closed shell ground state (Sz=0), are compared with the
ones of KCoFs, presenting a high spin (S;=3/2) ground state. In an ideal fully ionic model, the Co occupancy in the two compounds is d®
(oxide) and d7 (fluoride).

Methods: The analysis of the density of states and of the charge distribution, the latter through a Mulliken analysis, shows that in the oxide
the partially covalent character of the Co-O bonds deeply alters the ideal picture, and that not only the tzg, but also the eg subshell is
occupied, with an overall d occupancy close to 7 electrons (one electron in the eq subshell), very close to the fluoride occupancy.

Results and conclusion: The deformation with respect to the cubic aristotype (SG 221), down to the tetragonal (SG 123, 127 and 140),
orthorhombic (SG 62) and rhombohedral (SG 167) symmetry, with a corresponding increase of the inner degrees of freedom (from 1 to
10) and size of the unit cell (from 5 to 20 atoms), is explored, which confirms that the octahedra remain essentially regular, with an energy
gain along the full group-subgroup chain of only 4.6 mEn (0.125 eV) per formula unit. In spite of the similar total occupancy of the d shell,
the electronic configuration of Co in KCoFs is quite different, with a high spin (tzsgej, with 5o and 2 electrons) ground state.

Keywords: LaCoOz and KCoFs perovskites, B3LYP, Mulliken analysis, d orbital occupancy, octahedra rotation, DOS.

1. Introduction
view, not taking into account chemical aspects
In the fully ionic representation, or according to the  sych as the amount of covalent degree of the bonds
empirical oxidation numbers, the atomic charges in (certainly higher in the oxides, but: how much?)
the LaCoOs perovskite are +3(La), +3(Co) and - \hich might alter the above simplified analysis.
2(0). The corresponding formal charges for KCoFs | the present paper we analyze the electronic
are +1(K), +2(Co) and -1(F). This would  gtrycture (as well as the geometrical parameters) of

correspond, for the common cobalt transition metal, LaCoOs in its ground state, and compare them with
to the 1s°2s?2p°3s?3p°3d’ configuration in the  ha KCoFs ones (see also Refs [1, 2]).

fluoride (olnly the tV\é]O 4s _eollectr?ns of the fne#tr:i: In particular, through a Mulliken analysis, we
a}orrt'l are lost); in tdet OE' (Ie’ ?SO OIT'E of t ed6 discuss if and how the fully ionic model is a
electrons 15 supposed to be 10st, resu’ting In a reasonable representation of the charge

occupancy. The high spin configuration (5:=3/2, distribution in the oxide and in the fluoride
quadruplet) turns out to be the ground state for the ) '
A second crucial aspect of the present

7 - 45 42 ; .
d" case: tzegeg’_WIth >a and 2 eleCtronS’sfor tile investigation is the relative stability obtained by
formally d” oxide case, the closed shell t3g, S:=0  jy506ing different symmetry constraints in the

state turns out to be the ground state. _ optimization process. We will start imposing the
This ionic picture is however an extreme point of
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cubic symmetry (space group Pm-3m, space group
number 221), in which only the lattice parameter is
allowed to change. Then, progressively, we will
follow the group-subgroup chain to SG

P%mm(123), and then P%bm (127) and finally

Pbnm (62). At each passage, the degrees of
freedom in the optimization path increase (from 1
to 10) as well as the number of formula units (f.u.)

(from 1 to 4). Parallel branches to SG I%cm (140)

and SG R-3c (167) will also be explored, and the
energy gain and geometrical modifications will be
commented. A similar path will be followed for
KCoFs, which permits to underline the large
differences between the Co oxide and fluoride.
LaCoOs is particularly interesting, because of its
unusual magnetic behavior originating from the
balance between the crystal field effect and the
intra-atomic  (Hund’s-rule) exchange. In the
ground state LaCoOQzs is a non-magnetic insulator:
Co® is formally 3d®, producing the low-spin (LS;
t24%) configuration.

A spin transition is however observed at about
100 K from the non-magnetic LS state to a
magnetic state which was considered to be the
high-spin (HS) tg*es® state. There are several
discrepancies in the interpretation of the nature of
this state: also an intermediate spin state (1S)
tog°eg! seems to be present above 100 K. It is then
not surprising that LaCoOs has been the object of
many experimental [7, 8, 9, 10, 11, 12, 13]
determinations in various T ranges. In the present
manuscript we will limit our investigation to the
LS t24° state, to which most of the theoretical [14,
15, 16, 17, 18, 19, 20] investigations refer. This
analysis will be followed, in a forthcoming paper,
by the investigation of the lowest energy excited
states, using the A-SCF computational scheme
already applied by some of the present authors for
the investigation of the excited states of NiO [3],
Al203 [4], and defects in diamond (vacancy [5],

2. Computational Details

The ferromagnetic solutions for the LaCoOs and
KCoFs compounds have been evaluated at the
B3LYP [24, 25] level by using the CRYSTAL
code [26, 27, 28]. The triple zeta type 9-
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vacancy plus substitutional nitrogen couple [6]).
As regards the structure of LaCoOs, Thornton et
al. [7] (1986) performed neutron diffraction
experiments in a large temperature interval (4 to
1248 K), and suggested space group R-3c (N.
167) though for one temperature marginal
evidence for R-3 (N. 148) was observed. A few
years later (2004), Haas et al., on the basis of
various X-ray techniques [8], suggested the space
group R-3c (N. 167) as the structure at 700 K, or
possibly its subgroup 12/a (N. 15)

Arimaetal., in 1993, investigated the nature of the
band gap in a large family of perovskites ABOs,
including LaCoOs, for which “the effects of the M-
3d — O-2p hybridization must be included”. As we
will see, the proposed band gap is much smaller
than the largest part of the simulated ones resulting
from the DOS of the ground state.

On the side of simulation, the equilibrium
geometry is usually explored, considering only the
R-3c SG, as proposed by the most recent
experiment [8]. In their systematic investigation of
the full LaBOs family (B = Sc to Cu), He and
Franchini [21, 22, 23] assumed the R-3c structure
for LaCoOs. A large variety of functionals has
been used, ranging from pure LDA [16, 19] to
LDA+U (with various U values [18, 15, 20]) and
the full range hybrid PBEO [19]. Also GW [17] and
HF [14] calculations have been proposed.

All these studies are quoted in the already
mentioned extended paper by He and Franchini
[21, 22, 23], who adopted the PBE and the HSE
functionals, the latter with various values of the
mixing parameter for the exact Hartree-Fock
exchange.

The present paper is structured as follows: in
section 2, the computational conditions are
defined. In section 3 the results are presented,
followed by a discussion and some conclusions in
section 4.

763311(631)G, 8-6411(51d)G and 8-411(1)G
contractions, consisting of 1s, 6sp and 3d shells
(40 atomic orbitals, AOs) for La, of 1s, 4sp and 2d
shells, (27 AOs) for Co, and of 1s, 3sp and 1d
shells (18 AOs) for oxygen, for a total of 121 AOs
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per formula unit, have been used in the case of
LaCoOs. For KCoFs the contractions are 7-311G
and 8-6-511G for F and K (13 and 17 AOs); for
Co, the same contraction is used as in the oxide.
Exponents and coefficients of the basis set have
been optimized in the bulk.

The Coulomb and Hartree-Fock exchange series
are controlled by five parameters [26] that were set
to T1=T2=T3=T4 and T5=2xT1, with T1=10 (for
a complete description of the role of these
parameters see also Refs. [29, 30]); these values
are required for an accurate evaluation of the small
differences between the various phases of the

system, ranging between 107 and 10~° En. As
regards  the DFT exchange-correlation
contribution to the Fock matrix, it was evaluated
by numerical integration over the unit cell volume.
Radial and angular points for the integration grid
were generated through a Gauss-Legendre radial
quadrature and Lebedev two-dimensional angular
point distributions. In the present work, a pruned
grid with 99 radial and 1454 angular points was
used (see XXLGRID keyword in the CRYSTAL
manual [26]). AIll calculations have been
performed by using a supercell of the primitive
cell, containing one, two or four magnetic centers.

Table 1: Variation of the total energy E (in Ep), cell volume (in A3) and band gap (in eV) of the LaCoOs and KCoF5 perovskites,
as a function of the adopted space group. In the fully ionic description, the formal occupancy is d® (t26g) for the oxide, and
d’ (tzsgej) for the fluoride. In SG 221 and 123 the unit cell contains 1 f.u.; in SG 127 and 140, and 167, 2 f.u.; in SG 62,
4 fu. The energies and volumes are per f.u. AE (in mEp) is the difference with respect to the total energy of SG 123. In
SG 127 and 140 the octahedra are allowed to rotate with respect to one axis, in SG 62 they can rotate with respect to three
axes and the d occupancy on B can flip from site to site (this applies to the fluoride case, with partial occupancy). In SG
167 the apical angle of the octahedra can deform. In the case of SG 140D, also the AFM data are reported.

SG E AE Vv Gap

Pm-3m (221) -9832.377967 0.0 57.182 2.33

P%mm (123) -9832.377967 0.0 57.182 2.33

4

LaCoOs P—bm (127) -9832.378592 -0.6 57.461 2.36
%cm (140) -9832.381335 -3.4 57.636 2.46

Pbnm (62) -9832.382245 -4.3 57.813 2.54

R-3c (167) -9832.382446 -4.5 57.834 2.55

Pm-3m (221) FM -2282.307514 +46.9 70.173 3.93

P%mm (123)*FM | -2282.353754 +0.6 70.173 3.93

P%mm (123) -2282.354387 0.0 70.171 3.92

KCoF %cm (140R) FM -2282.354390 0.0 70.171 3.92

3

I%cm (140D) FM -2282.355162 0.8 70.174 3.93

Pbnm (62) FM -2282.355162 -0.8 70.174 3.93

%cm (140D) AFM | -2282.356478 2.1 69.823 4.45

3. Results in the unit cell, increases also the degrees of

In the fully ionic picture of LaCoOs (La®*, O,
Co®", the d occupancy of Co is expected to be
t5,(the two 4s and one of the d electrons are lost,
to give Co®"), compatible with the cubic symmetry.
The effect of the reduction of the SG from cubic
(N. 221) to tetragonal (123, 127 and 140),
rhombohedral (167) and finally to orthorhombic
(62), is shown in Table 1 (data refer to one formula
unit, f.u., 5 atoms in the unit cell). Reducing the
point symmetry, and increasing the number of f.u.

36

freedom in the geometry optimization process, as
shown in Table 4 for the involved SGs (see also the
Appendix). In the tgg configuration of Co, the Jahn
Teller splitting (JTS) and orbital ordering (OO)
mechanisms are then not active, so that the
deformation of the cell, if any, is to be attributed to
the relative size of the three ions. The value of the
tolerance factor t for LaCoO3s and KCoFs3, when the
Shannon [31] ionic radii are used, is very close to
1.0, suggesting that the octahedra deformation, if
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any, is quite small (see also the values in Figure 25
of the He and Franchini paper [21]). Table 4 shows
that in SG 221 and 123 (1 f.u./cell in both cases),
all atoms are in special position, and in the
optimization process only the a (SG 221) or a (= b)
and ¢ (SG 123) lattice parameters are allowed to
vary. Table 1 shows that the additional freedom of
SG 123 with respect to the cubic case is not
exploited, as expected. In SG 127R (see Appendix
for the meaning of R), with two f.u./cell (10 atoms),
the oxygen ion in the ab plane can move, in such a
way that the octahedra rotate with respect to the ¢
axis. In SG 140R, contiguous octahedra along c can
rotate in opposite directions. The energy gains with
respect to SG 221 are 0.6 and 3.4 mEn, respectively.
The further reduction of point symmetry, and
increase of unit cell size in SG 62 (4 f.u./cell, 10
geometrical degrees of freedom in the optimization
process, see Table 4) permits a further energy gain
of 0.9 mEn per f.u.. SG 62 is a local minimum, as
verified by the vibrational frequencies, which are
all positive. The overall energy gain from the
perfect cubic structure is then 4.3 mEn (about 0.12
eV).

When the alternative deformation to SG R-3c is
allowed, the energy gain is just slightly larger, by
0.2 mEn (4.5 vs 4.3 mEn). These energy differences
are more than two orders of magnitude larger than
the ones observed for KCoFs, shown in the lowest
part of Table 1, the exception being the passage
from the cubic case (SG 221, metallic solution, due
to the partial occupancy of the tzg subshell with 5
electrons in 6 holes), to SG 123, in which the 3 tzg
orbitals split in two sets, with two of them (say dx:
and dyz) doubly occupied, and one (say dxy) singly
occupied; in this case the energy gain is as large as
46.9 mEn (at fixed volume, the one optimized for
the cubic solution); the further relaxation of the a
and c lattice parameters reduces the energies by
only 0.6 mEn. The JTS is then the dominant
mechanism in the KCoF3 case.

The optimized structure and energy with SG 127R
and 140R coincide with the ones of SG 123: this
means that in KCoFs the octahedra are not rotating.
In SG 140D (see Appendix) there is a gain of 0.8
mEn per f.u., due to the different occupancy of the
Co d shell in contiguous Co atoms in the ab plane.
This point is discussed at length by some of the
present authors in two recent publications [32, 2]
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devoted to the orientations of the occupied d
orbitals on the 8 B (B= Sc, Ti, Fe and Co) atoms in
a 2x2x2 supercell (containing then 8 B atoms) of
KBFs. All possible different configurations (6561,
grouped in 162 symmetry equivalent classes), have
been optimized and their energy ordered. We can
summarize the results shown in Table 1, as follows:
For KCoFs, the JTS is by far the largest effect as
regards the energy. JTS is null for LaCoOs.

a) There is no octahedra rotation (OR) in KCoFs.
In LaCoOs it accounts for about 3.4 mEn per f.u.
b) We have been unable to observe any orbital
ordering effect in the oxide, whereas in the fluoride
it accounts for about 0.8 mEn per f.u.

c) In the oxide, SG 167 and 62 are nearly equi-
energetic. The experimental determinations, dating
back to 1986 [7] and 2004 [8], attribute the lowest
energy structure to SG 167 (or to its subgroup R3c,
N 161), both at low and room temperature. This is
a quite reasonable choice, being the symmetry of
SG 167 higher than the one of SG 62 (see Table 4).
The present results suggest however that also the
orthorhombic structure might be proposed (it
should be underlined that SG 62 is NOT a subgroup
of SG 167, so that it is not possible to pass from
one to the other by simply attributing to the
experimental numerical noise the deviation of
some fractional coordinates from the values
corresponding to special positions, as it is possible
for increasing the symmetry from a subgroup to its
parent).

d) The gap for the oxide, 2.54 eV, is only 1.4 eV
smaller than for the fluoride, which is expected to
be much more ionic.

The volume of the oxide is much smaller than the
one of the fluoride, due to electrostatics (formal
charges of the anions 2- and 1-, so the Coulomb
forces are 4 times larger for the oxides), and larger
covalent character.

In Table 2 some of the geometrical parameters for
three equilibrium structures of LaCoOs are shown,
whereas the equilibrium volume V for all explored
SGis given in Table 1. The volume V confirms the
energy data, with a maximum percentage
difference as small as 1.12% in going from the
cubic case, with the smallest volume, to the
rhombohedral case, with the largest one (57.18 vs
57.83). As for the energy, the orthorhombic (SG
62) and rhombohedral (SG 167) volumes are
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extremely close (0.021 A3 difference). Both the
energy and volume changes are very small
numbers. The regular trends in Table 1 confirm that
the numerical accuracy of the CRYSTAL code is
very high also for energy differences of the order
of 1-2 mEn. Looking at Table 2, we can estimate
the deformation of the Co-Os octahedron, and La-
O12 dodecahedron. The six Co-O distances are the
same by symmetry both in SG 221 and 167 (1.926
and 1.953 A); in SG 62 they split into three sets,
but the differences are on the third decimal figure:

1.951 vs 1.955 A. So the maximum difference in
the three cases is 0.03 A (1.926 vs 1.955 A).

Much larger is the deformation of the La-O
dodecahedron: it is regular (2.724 A) for SG 221;
it splits in three sets of 3, 6 and 3 members in SG
167, with La-O distances spanning about 0.5 A
(2.476, 2.731, 3.030 A); in the orthorhombic case
they span nearly one Angstrom (the first 9
neighbors are shown in the table). In spite of these
deformations, as already mentioned, the energy
differences are within 0.12 eV/f.u.

Table 2: Equilibrium geometry of various space groups of LaCoOs in the low spin configuration: lattice parameters (in A),
volume (in A%) and atom-atom distances (in A). B3LYP solution. The numbers in parentheses indicate how many

distances coincide.

| || LaCoOs |
| | R-3c (167) | Pbnm (62) I Pm-3m (221) |
a 5.4334 5.5164 3.8525
b 5.4334 5.4324 3.8525
c 5.4334 7.7168 3.8525
a 60.878 90.0 90
B 60.878 90.0 90
¥ 60.878 90.0 90
v 57.834 57.813 57.182
1.953(6) 1.951(2) 1.926(6)
Co-O - 1.951(2) -
- 1.955(2) -
3.305(2) 3.296(2) 3.336(8)
Co-La 3.364(6) 3.420(2) -
- 3.475(2)
2.476(3) 2.420(1) 2.724(2)
2.731(6) 2.513(2)
] 3.030(3) 2.566(1)
La-0 2.688(2)
2.840(2)
3.121(1)

3.1. The density of states

The density of states (DOS) of LaCoOs for four
different SGs (221, 127, 167 and 62) is shown in
Figure 1, where in the valence region only the O p
and the Co d states appear. The La 5s states are at
about -32 eV, and the 5p states at -18 eV, quite
close to the O 2s states, at -20 eV. The 3s and 3p
Co states are much deeper, at -100 and -65 eV,
respectively (energies refer to the top of the
valence band; note also that the all electron basis
set permits to locate inner states, and avoids
artefacts due to pseudopotentials). All these bands
result in sharp peaks in the DOS, with no
dispersion in reciprocal space, as they do not
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overlap with neighbors.

Only the Co d orbitals contribute to the bottom
part of the conduction band, shown in the figure.
The mixed charge transfer (CT, from oxygen to
Co d eq states) and Mott-Hubbard (MH, from Co
tog to Co eg) nature of the electronic transition, as
emerging from the DOS, is evident from the
figure, and confirms the usual indication (see for
example [21]).

The band gap of the most stable structure is 2.55
eV (SG 167 and 62); for SG 221 and 127 it is very
similar, 2.33 and 2.36 eV, confirming that the
structure of LaCoOs remains quite close to the
cubic one, with minor deformations. It should be



Platonenko, et al., 2025, JCMR, 1 (1):34-45, DOI: 10.21608/jcmr.2024.329859.1004

noted that in the figures the attribution of the states
to the tog and eg subshells is correct only for the
higher symmetry groups, 221 and 123, in which
the cartesian x, y and z axes are aligned along a, b
and c. In the other cases the octahedra slightly
deform or rotate, so that the two subsets mix to a
given amount. This point is however irrelevant for
the present discussion.

The calculated band gap of 2.55 eV is much larger
than the one reported as “the experimental gap”
[21, 22, 23], which is as small as 0.1 [21] or 0.3
[9]. The calculated gaps available in the literature
range between 0.0 and 1.06 eV [16, 19] when the
pure LDA is used, between 0.1 and 2.1 eV [18, 15,
20] when LDA+U (with various U values), is
adopted; it is 2.5 eV [19] with the full range
hybrid PBEO functional, and 1.28 eV [17] with
GW, finally, 3.5 eV is reported when HF [14] is
used.

Itis not clear whether the different values reported
in the literature reflect mainly the adopted
functional, or theoretical approach, or are affected
to a large amount also by the other features of the

method, including the kind and extension of the
basis set and the numerical accuracy in the various
steps of the calculation. As a partial answer to this
question, we repeated the calculation for the
lowest energy structure, corresponding to SG 167,
with pure LDA, PBE, PBEO, and HF, for which
other calculations are available. The gaps we
obtained differ in most of the cases from the ones
tabulated by He and Franchini [21]. For LDA and
PBE we obtained a metallic solution. At the other
extreme, for HF we obtained 13.2 eV, much larger
than the one reported by Mizokawa [14], only 3.5
eV. It is clear that Mizokawa’s gap is largely
underestimated, as for small-gap insulators, an
accurate HF scheme produces gaps which are ten
times, or even more, larger than full range or range
separated hybrids. For example, in the LaTiOs
case, the gaps we obtained [33] are 0.3 (B3LYP),
0.6 (PBEO), 11.3 (HF).

We can conclude that the indication of the adopted
method is not enough for guessing the results one
can obtain, as all the other aspects of the method
can play a crucial role.

Figure 1: Density of states (DOS, in arbitrary units) of LaCoOs for four different space groups: cubic (SG 221), tetragonal
(SG 127), orthorhombic (SG 62) and rhombohedral (SG 167). The continuous line indicates the p states of O. The tyg and eg
d states of Co are in blue and pink, respectively. Note however that only in SG 221 the cartesian axes X, y and z coincide with
the a, b and c lattice parameters, so that the directions of the lobes of the 5 d orbitals coincide with the crystallographic axes.
In the other cases the correspondence is in part lost, due to the rotation and deformation of the octahedra.
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Let us consider now KCoFs, whose DOS is shown
in Figure 2, for SG 123 FM, 140 FM and AFM
solutions. In this case three projections are shown.
The figures suggest the following comments:

a) The main difference with respect to LaCoOs, is
that fluorine is not contributing at all to both the
valence and conduction bands, so the transition is
Co to Co, or Mott-Hubbard in nature.

b) In the SG 123 case, where the octahedra
principal axes are along the a, b and c lattice
parameters, the transition is tg to tzg (more
specifically, from dxz+dyz to dxy, with dxz2-y2 being
slightly higher in energy). The gap is 3.93 eV.

c) In SG 140 the octahedra rotate, so that dxy and
dxz-y2 partially mix in the definition of the bottom

Figure 2: Density of states (DOS, in arbitrary units) of KCoF3
for space SG 123 FM, 140 FM, 140 AFM (from top to
bottom). In the AFM case only the positive part of the DOS
is shown, as the figure is symmetric with respect to the
horizontal axis. The continuous line indicates the p states of
F. The tyg d states of Co are split in two sets, dy, + dy, and
dyy. Similarly, the eq states are split in d,; and dy,y» for a
better classification. Note that under rotation with respect to
the ¢ axis (SG 140), dx; and dy, mix, as well as dxy and dx-y.
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of the conduction band, which appears now mainly
to be dxz-y2. The nature of the gap remains however
the same as for SG 123, and its value is the same
too (3.92 eV).

d) As usual, the AFM solution provides much
sharper bands, due to the reduced dispersion in
reciprocal space, in turn due to the reduced Pauli
repulsion between one Co and its first neighbours
(see Reference [34]). As a result, the gap increases
by 0.52 eV.

In summary, the main, crucial difference
between the oxide and the fluoride compounds is
that the anion bands in the latter are deeper in
energy, and do not participate at all to the valence
and conduction bands.

3.2. The charge density and the

Mulliken analysis

The net charges Q, obtained from a Mulliken
analysis applied to the charge and spin density
functions, are shown in Table 3, for the FM and the
AFM (KCoFs only, as LaCoOs is closed shell)
solutions, and refer to the B3LYP functional. In the
ideal fully ionic picture, Q for Co is expected to be
+3 |e| in the oxide, and +2 |e| in the fluoride. This
is not the case, however, with a reduction of
ionicity in the oxide of +1.26 |e| (or 42%: from
3.00 |e| to 1.74 |e]); for the fluoride the reduction
is of only 0.35 |e| (or 18%: from 2.00 |e|to 1.65
le|). The ionicity of the other cation is quite close
to the ideal value (with a reduction of the charge of
3.00-2.70 = 0.30 |e| for La (10%), and of 1.-0.92 =
0.08 |e| for K; 8%). The reduction of the Co
ionicity with respect to the ideal value, is fully
compensated by the corresponding reduction of the
anion: -1.49 |e| instead of -2.00 |e| (26%) for the
oxygen, and -0.87 |e| instead of -1.00 |e| (13%)
for F. As expected, the fluoride is much closer to
the ideal ionic limit than the oxide.

The positive bond population data for the oxide
indicates that there is a fraction of covalent bond
between Co and O (+0.045 |e|, that when
multiplied by 6, the number of Co-O neighbors,
shows that about 1/4 of an electron is shared
between Co and O). B is null between La and Co,
repulsive (negative) between La and O, and
between O first neighbors of Co.

When looking at the population of the d shell (see
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the d shell entry in the table), we observe that it is
close to 7 |e|: there are seven electrons in the d
shell of Co in both compounds. The spin
population of the Co d shell in KCoFs (last column
of Table 3) is close to 3 |e|, indicating that there are
3 unpaired electrons, corresponding to the 5a and
23 occupancy: t3,(3a and 2 B) plus ez (2 ).

The information concerning which one of the 5 d
orbitals is occupied, and which one is not, can be
obtained only when the orientation of the cartesian
axes and of the a, b and c lattice parameters
coincide. This is the case of SG 221, where we
observe that not only the three tzg orbitals are
doubly occupied, but that one additional electron
populates both eg orbitals (about 0.6 |e| on both).

In SG 62 the numbers are similar (apart from
permutations). The situation of SG 167 is slightly
more confused, but the overall occupancy is the
same as in the two other SGs. The overall
occupancy of the d shell of cobalt in KCoFs, as
already mentioned, is the same (about 7 electrons)
as in LaCoOs. In this case, however, each orbital
contains 2 or 1 electron, generating the S; = 3/2
solution.

In summary, the ideal ionic Co*" charge is only
vaguely close to the real situation: Co does not lose
the two 4s plus one of the d electrons. It is rather
Co#™, where the d shell maintains its 7 electrons
as in the isolated atom, and the two 4s electrons
are only partially lost, and partially shared with the
oxygen first neighbors.

Table 3: Atomic net changes Q, population of the d shell of the Co atom, of the individual d orbitals, and atom-atom bond
populations B obtained from a Mulliken analysis. X stands for O or F, A stands for La or K. B3LYP results. The LaCoO3
ground state is a closed shell, S,=0, tzég on Co. The KCoF; ground state is the high spin solution, S,=3/2, tggej on Co.
a+f indicates the total charge density, a-f is the corresponding spin density.

LaCoOs KCoF3
otp otp otp op | ap
R-3c Pbnm Pm-3m 14/mem
Qco +1.742 +1.743 +1.743 +1.65 +1.64
QX -1.481(6) -1.488 -1.488 -0.865 +0.07
QA +2.702 +2.702 +2.703 +0.92 +0.92
B(Co-X) +0.045 +0.045(6) +0.042 - -
B(A-X) -0.029 -0.034 (-0.016) -0.001 0.0 0.0
B(X-X) -0.025 -0.026 -0.026 - -
B(A — Co) 0.00 0.00 0.0 0.0 0.0
d shell 7.073 7.071 7.071 7.185 2.810
dyy 1.494 0.610 1.965 1.100 0.906
dx, 1.060 1.903 1.965 1.993 0.002
dy, 1.060 1.944 1.965 1.993 0.002
dz 1.965 0.650 0.588 1.072 0.929
dyoyo 1.494 1.964 0.588 1.027 0.971

4. Discussion and Conclusions

The equilibrium geometry and total energy of
LaCoOs have been obtained by exploring the high
symmetry cubic aristotype (SG Pm3m, N. 221),
in the closed shell low spin configuration with the
B3LYP functional, and various subgroups
according to the group-subgroup chains:

Pm3m (N.221) — P%bm (N.127) —
I%cm (N.140) — Pbnm (N. 62)
and
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Pm3m (N.221) — R3c (N.167)

SG 221 contains 5 atoms in the unit cell, with 48
point symmetry operators; all atoms are in special
position. In the other SGs the unit cell increases
(up to a factor 4, in SG 62), the number of point
symmetry operators reduces, and the degrees of
freedom in the optimization process increase, as
shown in Table 4. Table 1 shows that:

1) the most stable SG is R3¢ (N.167), in
reasonable agreement with experiments [8, 7];

2) the energy of SG 62 is however quite close
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to the one of SG 167 (only 0.2 mEn difference, or
5.4 meV);

3) the overall gain with respect to the cubic
aristotype is 4.48 mEgn (0.12 eV);

4) to the small energy gains from SG 221 to
SG 167 correspond, as expected, very small
volume and band gap variations,

5) so that the CoOs octahedra remain nearly
regular, as shown in table 2. In SG 167, the most
stable structure, the only deformation is the
increase of the rnombohedral angles from 60.0° to
60.9".

At variance with respect to LaCoOs, in KCoFs
(see the lowest part of Table 1), the most stable
structure is the high spin configuration, with
S:=3/2.

In this case we observe:

1) The energy differences along the group-
subgroup chain, from SG 123 to SG 140D, is even
smaller than for the oxide.

2) Note however that there is a huge energy
gain in going from SG 221 to SG 123, related to
the Jahn Teller splitting (JTS) in the tzg subshell,
containing two electrons in three degenerate
orbitals: the separation of the three levels in two
and one levels generates an energy gain of 46.9
mEn, by far the largest energy difference
appearing in Table 1.

3) Another noticeable difference between the
two compounds is that in the fluoride, the
occupancy of the d orbitals changes on Co atoms
which are symmetry related by a Ca4 operator (let
us suppose oriented along z): dxz and dxy transform
in dyz and dxy, and so on. This is possible when SG
140D is used, in which the C4 operator is at the
center of a square (in the xy or ab plane) with 4 Co
ions on the corners. The energy difference
between SG 123 and SG 140D, due to the flip of

the d occupancy from site to site, or orbital
ordering (OO), is 0.8 mEn only. Both these
mechanisms (JTS and OOQ) are obviously not
active in LaCoOs, which is low spin and closed
shell.

The last point of interest discussed here is the
adequacy of the full ionic representation in the two
compounds, documented in Table 3. The
Mulliken net changes of KCoFs are quite close to
the ionic picture: +1.65 vs +2.00 |e| for Co, +0.92
vs +1.00 |e| for K, -0.87 vs -1.00 |e| for F. The d
shell contains 7.07 electrons, with occupancy very
close to 2 for dxz and dyz, and to 1 for the three
other orbitals; this generates the high spin solution
with S;=3/2.

LaCoOs is on the contrary much farther from the
ionic picture: the net charges are +1.74 vs +3.00
|e| for Co, +2.70 vs +3.00 |e| for La, and -1.49 vs
-2.00 |e| for O. The Co d population is however
very close to the one in KCoFs (7.19 vs 7.07 |el),
indicating that in the two compounds the d shell,
which is quite internal, behave in a similar way;
or, in other words, Co is not giving d electrons to
the neighbors with respect to the isolated atom
situation. It is rather from the 4s electrons that we
have a partial donation to oxygen. This different
ionic-covalent character of the oxide and fluoride
is responsible for the different lowest energy state,
which is low spin for LaCoOs (and consequently
closed shell solution) and high spin in KCoFs. In
a forthcoming paper we will investigate the
energy difference between these two situations
(low and high spin) in the two compounds, by
using the A-SCF scheme already applied by some
of the present authors to the investigation of the
excited states of NiO [3] and Al20s [4], and of
various defects in diamond [5, 6].

Table 4: Information concerning some of the space groups used in this study.

SG(I) SG(N) Bravais Z Nf free
Pm-3m 221 C 1 1 a
P4/mmm 123 T 1 2 ac
P4 /mbm 127 T 2 3 a,c, 01(1)
14 /mcm 140 T 2 3 a,c, O1(1)
R-3c 167 R 2 3 a,c, 01(2)
Pbnm 62 o) 4 10 a,b,¢,01(3),02(2),K(2)

472
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Label, SG(I), number, SG(N), Bravais lattice (C = cubic, T =
tetragonal, O = orthorhombic, R=rhombohedral); Z is the
number of formula units in the cell. Nt gives the number of
degrees of freedom, listed in the free column, including the
lattice parameters (1 for C, 2 for T and R, 3 for O) and the
atomic fractional coordinates. O; and O are oxygen atoms in
the basal plane and along the c¢ axis, respectively. 01(3)
indicates that all three coordinates of the O, ion can vary.

5. Appendix

The definition of the space group (symbol, or
number) does not define completely, in general, the
kind of degrees of freedom within the unit cell. For
each atom, the position must be defined through the
x,y,z fractional coordinates. Consider the case of
perovskites, for example LaCoOs. In the case of SG
Pm-3m (N. 221), all atoms are in special position,
so that the 48 point symmetry operators (PSO),
which in principle might generate 48 La, Co and
O atoms, actually transform in all cases La in itself,
and Co in itself. As regards O, 16 PSO leave the O
position (let us call it O1) unaltered, 16 generate
from O1 a new O atom (O2), and 16 generate Os.
The number of atoms in the unit cell is then 5: one
La, one Co and three O. For the definition of the
unit cell, in CRYSTAL, it is sufficient to define the
coordinates of La, Co and of one O, as the other two
O atoms are generated by symmetry. In the
optimization process only one parameter can be
varied, because the PSOs transform a into b and c,
so that they cannot be optimized independently, as
documented in the first line of Table 4.

The CRYSTAL code, from the very first releases,
exploited the point symmetry. The input for the
generation of the infinite lattice, when the cubic
symmetry (SG 221) is imposed, is very simple:
Line 1: 221

Line 2: 4.5200

Line 3: 3

Line 4: 27 0. 0. 0.

Line5:80.50.0.

Line 6:570.5050.5

Six lines are sufficient for the complete definition
of the geometrical input file, as described at length
in the CRYSTAL manual [26]. Line 1 defines the
group, line 2 the lattice parameter, line 3 the
number of irreducible atoms, lines 4, 5 and 6 give
the atomic number and the

fractional coordinates of the 3 irreducible (i.e. non
equivalent) atoms. They can be identified more
precisely through the Wyckoff symbols.
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When passing to SG P%mm (N. 123), tetragonal,

the number of PSO reduces to 16, ¢ is no more
symmetry related to a and b, but all atoms remain
in special position. The unit cell contains also in
this case 5 atoms, and the CRYSTAL input is as
follows:

Line 1: 123

Line 2: 4.504.50

Line 3: 4

Line 4: 270.00.00.0

Line5: 80.50.00.0

Line6: 80.00.0-0.5

Line7: 570.50.5-0.5

There are two differences with respect to the
previous cubic case:

a) now a and b are not symmetry related to c,
so that an initial guess must be provided for both
aandc (line 2).

b) there are 2 kinds of independent O atoms
in the cell (lines 5 and 6).

But all atoms are in special position, so that the unit
cell, in spite of the number of symmetry operators,
contains 5 atoms, as for SG 221.

Let us consider now SG 127, containing 2 formula
units (10 atoms). Here we discover that there are at
least two different ways of locating the atoms in the
unit cell (corresponding to two different Wyckoff
settings), which are compatible with the chemistry
of perovskites (ratios 1:1:3 for La, Co, O). The two,
to be described below, are here indicated as 127R
and 127D, and correspond to two elementary
deformations of the unit cell with respect to SG 123:
In SG 127R the CoOs octahedra are allowed to
rotate (besides the elongation or shrinking along c,
already possible in SG 123, due to the difference
between a, b and c¢). The CRYSTAL input is as
follows:

Line 1: 127

Line 2: 5.60 4.50

Line 3: 4

Line4: 2700.0.

Line 5: 8 0.2999 0.2001 0.

Line6: 80.0.0.5

Line7: 570.0.50.5

Also in this case the input contains only seven
cards. Note however that the x and y coordinates of
the first oxygen can vary, in such a way that the Co-
O distance in the ab plane remains constant, but the
Co-0O-Co angle along, say, X, is no more 180¢, but
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can be smaller according to the x and y coordinates
in line 5.

Both Co and La are characterized by a Cav point
symmetry.

Among the many other possible settings, the one
we indicated as 127D is of particular interest.

Line 1: 127

Line 2: 5.60 4.50

Line 3: 4

Line 4: 27 0.50. 0.

Line5:80.0.50.5

Line 6: 8 0.75581 0.25581 0.

Line7:570.50.50.5

Note that La and Co are in special positions, which
are however different from the ones in SG 127R.
From the point of view of the deformation in the
unit cell with respect to SG 123, here the Co point
symmetry is just D2n, compatible, for example, with
different Co-O distances in the ab plane. The
octahedra in this case are not allowed to rotate, but
can deform in the two directions, say x and y. This
in turn permits a different occupancy of the d
orbitals in contiguous B atoms in the ab plane.

In summary, the 127R and 127D groups permit to
explore independently the two most important
mechanisms of modification in the unit cell,
namely the octahedra rotation (OR) and the orbital
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