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The total energy differences between these structures, computed at the quantum
mechanical level by using an all electron Gaussian type basis set and the fill range
hybrid B3LYP functional, is extremely small: 0.2 mE, between SG 167 and SG 62,
1.2 mEj between SG 140 and SG 62, and 4.5 mEj, between the most stable structure
and the cubic, ideal aristotype. These minor differences indicate that the
experimentally proposed SG might be one of the (many) possible alternatives. The
IR and Raman spectra are very rarely used for the identification of the symmetry of
the perovskites at different temperatures. Here we investigate the evolution of the
two spectra (IR and Raman) through the various competing space groups, exploring
the possibility that they might be used for the identification of the low temperature
structure (SG and position of the atoms) of the investigated compounds, and of
perovskites in particular.
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1. Introduction

The ideal structure of ABXj; perovskites is cubic. There are, however, at least three mechanisms which force
a symmetry lowering, and, possibly, an increase of the size of the unit cell, from 1 to 2 or 4 formula units (f.u.):

I.  The Jahn-Teller splitting of the t»; or e, sub-shells of B, when they are partially filled and B is a first row
transition metal (TM).

II. The displacement (say vertically) of the TM at the center of the octahedron, as a consequence of the overlap
of'its d orbitals with the p orbitals of the ligand (usually the second or third TM row atoms are involved, for
which the d shell is more diffuse than in the first row): the inversion center is lost, and this reduces the total
energy (the symmetric position of B turns out to be a maximum).

III. The BXs octahedra rotate with respect to one, two or three cartesian directions [1,2]. This is actually what
happens, for example, in KMnF3, whose most stable space group (SG) is Pbnm (N. 62), and in KVF3, whose
most stable SG is [4/mecm (N. 140) (see References [3,4]).
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A tolerance factor [5], t, defined in terms of the ionic radii [6] of A, B and X:
Y+ 14

t=\/§(Tx+na) .

is usually used for determining the behavior of ABXj3. The above formula is obviously empirical, and based on
ionic radii obtained by best fit from sets of geometrical data, under the hypothesis of the transferability from system
to system. For examples and discussions on the relationship between t and the space group, see the recent paper
by Dubrovin et al. in reference [7].

In many cases, however, the deformation of the unit cell can be so large that the classification with respect
to the three mechanisms described above becomes inaccurate or impossible: if the deformation of the BXg
octahedra is large, the geometry modification cannot be described in terms of a simple parameter, like a rotation
(mechanism III) of the octahedron, or the displacement of the B cation from the center of the octahedron, which
remains essentially regular (mechanism II). In the present case, the situation is the following. Mechanisms I and
II can be excluded because the configuration of the Co d shell is (t2g)° (I), and because Co belongs to the first
transition metal row. As regards mechanism III, the tolerance t factor for LaCoOs is very close to one, when the
Shannon® ionic radii are used, so that a relatively small deformation of the octahedron, if any, is to be expected.

The available experimental determinations of the structure along the series LaBOs [8-20], with B from Sc to
Cu, suggest that most of the systems at the beginning of the series (Sc, Ti, Cr, Mn, Fe, but not V, attributed to a
monoclinic SG) belong to SG Pbnm, N. 62, orthorhombic, whereas the last three members (Co, Ni, Cu) are attributed
to SG R-3c¢, N. 167 (although in the Cu case also a second attribution has been proposed, to SG 14/m, N. 87).

The experimental papers are in many cases very old (when the X-ray or neutron scattering techniques were
not so accurate as nowadays), spanning nearly 50 years [8,9]. Many other technical details (for example the degree
of purity of the sample, its dimension, its crystallinity) might certainly influence the attribution of the structure to
one SG rather than to another. We remind that the attribution is based on statistical arguments, selecting in general
the SG with lowest R factor (corresponding to best agreement) and higher symmetry (a compromise is necessary
between the two variables). We also remind that in most of the quantum mechanical simulations of the properties
of the perovskites, calculations are performed using the SG proposed in the literature, without any cross check
with other possible alternative structures.

In the present manuscript, we decided to tackle the problem from two points of view:

(a) we investigate other possible SGs, which might be more stable, or slightly less stable than the one proposed
by experimentalists.

(b) we explore the differences in the IR and Raman spectra of these competitive structures. It might happen that
structures with very similar total energy are characterized by quite different IR and Raman spectra, that might
be used for discriminating between the proposed SGs.

In the present study, devoted to LaCoOs, first we tackle point (a), comparing the total energy and the
equilibrium geometry when different SGs are imposed: cubic Pm-3m and Fm-3m, tetragonal I4/mcm,
rhombohedral R-3c, orthorhombic Pbnm. As the total energy of these structures is relatively similar, we will
generate then the IR and RAMAN spectra (point (b)), with the aim of:

I.  Exploring if they are stable structures (possible imaginary wavenumbers, see below)
II.  Verifying whether the similar total energy corresponds to a similar spectrum, or, vice versa, to spectra with
quite different features.

The paper is structured as follows:
In section II the computational conditions are defined. In section III the IR and Raman spectra of the FM
solutions are presented for various SGs. The conclusions follow in section IV.

2. Computational Details

The closed shell solutions for the various phases of LaCoOs have been obtained at the B3LYP [21,22] level
by using an all electron Gaussian type basis set and the CRYSTAL code [23,24]. The triple zeta type 9-
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 per formula unit, have been used. The Coulomb and Hartree-Fock exchange series are controlled
by five parameters [23] that were setto T1 =T2=T3 =T4 and T5 =2 x T1, with T1 =10 (for a complete description
of the role of these parameters see also Refs. [25,26]; these values are required for an accurate evaluation of the
small differences between the various phases of the system, ranging between 107 and 107 Ep.. As regards the DFT
exchange-correlation contribution to the Fock matrix, it was evaluated by numerical integration over the unit cell
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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 [23]). The integration
accuracy can be estimated by the error in the electronic charge of the unit cell: 432.000030 electrons, to be
compared to 432.000000 electrons of the unit cell of LaCoO; with 4 formula units in Pbnm (62). All calculations
have been performed by using a supercell of the primitive cell, containing one, two or four magnetic centers.

A. Vibrational frequencies, infrared and Raman spectra
Vibrational frequencies and related properties have been available in CRYSTAL for more than 15 years

(CRYSTALO06) [27]. Frequencies at the I point are obtained within the harmonic approximation by diagonalizing
the mass-weighted Hessian matrix, W, whose elements are defined as [28-30]:
Hp 02E

ai,fj .
&

oug;0ug; @)
where M, and Mp are the masses of the atoms associated with the i and j Cartesian coordinates of atoms a and S.
Energy first derivatives with respect to the atomic positions, g.; = 0E/Ou,;, are calculated analytically for all u,;
coordinates (£ is the total energy, u,; is the displacement coordinate with respect to equilibrium). Second
derivatives at u = 0 are calculated numerically using a single displacement along each coordinate (N = 2, the central
point and a point on the positive direction of the coordinate):

agaj — gaj(o; ----- ’uﬁir ..... )

dug; Ug; A)
or averaging two displacements (N = 3):
agaj Jaj (,..... JUBy e ) — ga]-(O, ..... y = UBGy e )
dug; = 2ug; )

The default value for N is 2; this corresponds to computing 3N-3 displacements, for each of which a SCF +
gradient (G) calculation is performed. The default value for the displacement (0.003 A) is used. Infrared (IR) and
Raman intensities are evaluated analytically through the CPHF scheme [29-33]. The IR and Raman spectra can
then easily be generated.

3. Results

In a previous paper [34], (see also Ref. [35]) by some of the present authors, it has been shown that the most
stable structure of LaCoOs3 belongs to the R-3¢ space group, as suggested by experiments [15,16]. Table 1 shows
however that two alternative attributions are possible for the low energy space group, namely Pbnm, N. 62, and
I4/mcm, N. 140, which differ in energy from R-3c¢ by an extremely small amount, 0.2 mE; (about 63 K) the former,
and 1.1 mEj, the latter. But also the perfect cubic solution is not far, just 4.5 mE, above the R-3¢ energy.

Table 1. Total energy E (in En), cell volume (in A%) and band gap (in eV) of the LaCoO3 perovskite, when the space
group symmetry decreases from Pm-3m (cubic, N. 221) to Pbnm (orthorhombic, N. 62). In SG 221 the unit cell
contains 1 fiu., in SG 140 and 167, 2 f.u., in SG 62 4 f.u. The energies and volumes are per f.u. AE (in mEp) is the
difference with respect to the total energy of SG 221. In SG 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. In
SG 167 the apical angle of the octahedra can deform.

SG E AE \4 Gap

Pm-3m (221) —9832.377967 0 57.182 233

LaCoOs [4/mcem (140) —9832.381335 -34 57.636 2.46
Pbnm (62) —9832.382245 —4.3 57.813 2.54

R-3c —9832.382446 —4.5 57.834 2.55

These small energy differences correspond to small differences in the cell volume, as Table 1 shows (only
0.3% between SG I4/mcem and R-3c, which increases to 1% between SG Pm-3m and R-3c¢). Also the geometry of
the octahedron is very similar: let us consider R, the Co-O distance: in SG 221 and SG 167 the six R are equivalent,
1.926 A (cubic) and 1.956 A (rhombohedral). In SG 140 the six R split in 4 (equatorial), at 1.945 A, and 2 (apical),
at 1.947 A. Finally, in SG 62 three independent R values are possible, which are however extremely similar: 1.951,
1.951, 1.953 A. The Co-O distances differ then in the three most stable SGs at most by 0.011 A (from 1.945 to
1.956 A). In the following, we focus on the difference in the equilibrium geometry of SG 140, 62 and 167. In the
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cubic structure, the six Co-O distances are the same. In space group 167, the compression (positive or negative)
along one of the principal directions (say c) is the only possible deformation: the 8 triangular faces of the
octahedron, which are equilateral in the perfect geometry, become isosceles, with the 070,05 angle increasing
from 60° to 61.3° (O, is an apical oxygen). The other possibility is exploited in SG 140 and 62: the octahedron
remains essentially regular, but rotates by some amount with respect to ¢ in SG 140, where Co;0Co, is 162.8°
instead of 180°. In SG 62, two Co,0Co, angles can describe the rotation with respect to two orthogonal directions,
and are 161.4° and 165.8°, (where Co;, is at the center of the octahedron, and Co; is one of its first neighbors). The
extreme similarity of the solution for SG 140, 62 and 167 is confirmed by the very close values of the band gap
(2.46,2.54, 2.55 eV, respectively). Also the charge and spin densities are extremely similar.

A. The IR and Raman spectra of the cubic phase

In the Pm-3m unit cell, the 5 atoms generate 15 modes at the I" point, organized in 5 triply degenerate peaks,
four of Fy, and one of F», symmetry. One F, triple mode describes actually the translations, so that the vibrational
reducible representation decomposes as follows:

Fr‘zg = 3 Flu + 1 F2u

These modes are of u (ungerade) symmetry, so that they are Raman inactive (only g (gerade) modes can be

Raman active). The components of the 7 vector, representing the electric field, belong to the Fy, irreducible
representation (IRREP), so that the F», modes are IR inactive. The isotopic shift (see Tables below), attributes the
four triply-degenerate Fy, and F», modes as follows:

(1) The modes at 143 cm™! are essentially translation modes of the La cation.

(2) The modes at 209 cm™! (F, symmetry) are rocking modes; the octahedron is rotating rigidly. These modes
are silent both in IR and Raman.

(3) The modes at 282 cm™! are bending movements involving the O-Co-O chain. Co and the two O atoms are
moving in opposite directions, and the 0CoO angle is changing.

(4) The modes at 532 cm™! are stretching movements: the Co-O distance is increasing and reducing.

All modes are triply degenerate: for example there are three bending modes, one along x, one along y and
one along z. The wavenumbers are also shown in Table 2; the right column gives the shift of the modes (obtained
after rediagonalizing the dynamical matrix) when the mass of La, or Co, or O, is increased by 20% in three
independent calculations). As the mass increases, the wavenumbers decrease (or remain unaltered, if they are not
involved at all in the mode). In the case of La, the largest shift, 5 cm™, is for the lowest wavenumber, confirming
that this is the La translation mode. When the Co mass is increased, the largest shift (12 cm™!) is for the bending
mode at 282 cm™!, the other shifts being much smaller (only 3 and 2 cm ™). The last column shows also the shifts
due to the increase of the O mass. As oxygen is the glue of the structure, it is deeply involved in all modes. Note
however that the largest shift, 43 cm™, is for the stretching mode at 532 cm™!, in which the O ions are moving
back and forth.

Table 2. Wavenumbers (v in cm™') and intensities (IR (in kmmol™') and Raman (in A*amu)) for SG 221. A is the
isotopic frequency shift (in cm™) when the mass of La, Co and O is increased by 20% (in three independent
calculations). The intensities (which are extensive quantities) refer to two formula units.

LaCoQO3 Cubic Pm-3m, N 221

N Mode v IR Intensity Raman Intensity A/Co A/La A/O
4-6 Fu, 143 3016 - =3 =5 =5
7-9 Fa, 209 - - 0 0 —18

10-12 Fu 282 5822 - 12 0 —11
13-15 Fiy 532 5846 - =2 0 —43

B. What happens when doubling the cell size from Pm-3m to Fm-3m

In order to make the comparison with the spectra of the tetragonal (SG 140) and rhombohedral (SG 167)
cells, containing both 10 atoms/cell, we doubled the Pm-3m cell to its face-centered counterpart, Fm-3m,
containing 10 atoms/cell. In this case the modes are 27 (three translations must be added to reach 10 x 3 = 30
modes). The total energy, and equilibrium geometry per f.u. are exactly the same, as they should be. At ", however,
now we have more modes, in addition to the ones present in the Pm-3m spectrum. Of the new modes, only one is
of ungerade symmetry, at 402 cm ™!, but essentially null intensity, so it does not appear in the spectrum. The 12
remaining new modes are gerade and then, in principle, Raman active. The Raman intensities are however
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extremely low (essentially numerical noise). One of the g modes is a triply degenerate mode of Fi, symmetry,
corresponding to an imaginary wavenumber at 1771 (i = imaginary unit), that in the Table 3 is indicated as negative.
This confirms that the structure, optimized with SG 225, is not a minimum: it is a saddle point. Releasing the
symmetry constraints, it would fall down towards a lower energy and lower symmetry. There are two F», sets, the
first of which is the symmetric counterpart of the La translation (136 vs 143 cm™), as the isotopic shift confirms
(12 cm™). The second Fagset is at 381 cm ™! (the symmetric counterpart of the Fi, mode at 402 cm ™). The remaining
modes, of E; and A, symmetry, are at much higher wavenumbers (642 and 783 cm™!) than the highest mode in the
IR spectrum.

Table 3. Wavenumbers (v in cm™') and intensities (IR (in kmmol™') and Raman (in A*amu™)) for SG 225. A is the
isotopic frequency shift (in cm™') when the mass of La, Co and O is increased by 20% (in three independent
calculations). The intensities (which are extensive quantities) refer to two formula units. The Raman intensities and
the IR intensity of the mode at 402 cm™! are however just numerical noise. They should be zero like in the Pm-3m
structure, where no Raman active modes are observed.

LaCoQ3 Cubic Fm-3m, N 225

N Mode v IR Intensity Raman Intensity A/Co A/La A/O

1-3 Fig -177 - - 0 0 15

7-9 Fa, 136 - 0.1223 x 1072 0 —12 0
10-12 Fru 143 3033 - -3 =5 =5
13-15 Fay 211 - - 0 0 —18
16-18 Fru 287 5552 - —12 0 —12
19-21 Fa, 381 - 0.5141 x 1072 —13 0 -32
22-24 Fru 402 1.83 - —21 0 0
25-27 Fru 536 5895 - -3 0 —44
28-29 E, 642 - 0.1924 x 102 0 0 =56
30-30 A, 783 - 0.4982 x 1073 0 0 —68

As anticipated, the Raman intensities are essentially null, so that the Raman spectrum is not providing any
additional information with respect to the IR spectrum.

C. From the cubic to the tetragonal and rhombohedral spectra

The tetragonal phase, with SG [4/mcm, differs by 3.4 mEj from the cubic phase. We will address the question
whether this difference is large enough so that it produces important modifications in the IR and Raman spectra;
in particular, whether the three dominant F,, peaks, corresponding to the translation of La, to the stretching and
bending of the octahedron, remain the most visible features of the IR spectrum. In principle, the cubic F;, modes
split into one E, and one A,, mode, and the F», into E, and Bs, (same for the gerade symmetries). The splitting is
however a function of the nature of the mode, and of the deformation of the cell. Let us consider first the IR
spectrum. We can then measure the effect of the small rotation of the octahedron on the spectrum, by looking at
the difference between the E, and the A, (or B»,), and by using two indices (see Table 4): B, the splitting of two
peaks coming from a triply degenerate cubic level, and [, the shift of the baricenter between E, and A,, with
respect to Fy, (same for Fa,). The splitting of the triply degenerated modes is not huge, as Table 4 confirms: 15, 6
and 17 cm™! from the low to the high wavenumbers. The B, values, measuring the shift of the baricenter of the E,
+ A,, band with respect to the cubic position is quite large, +33, +55 and —14 cm™!. However, looking at the
spectrum in Figure 1, the three “cubic” peaks dominate also the tetragonal spectrum (see also Table 5). It should
however be noticed that two additional peaks appear, at 260 and 409 ¢cm™', both related to the rotation of the
octahedron. Their intensity is competitive with the highest peaks coming from the cubic spectrum.

The description of the IR spectrum of the most stable structure, R-3c (see the full set of wavenumbers and
intensities in Table 6), is very similar to the one for I4/mcm, with the extra peaks at about the same wavenumbers
as in the tetragonal spectrum (257 vs 260 cm ! and 425 vs 409 cm™!), but with the important difference that the
peak at 425 cm™!is the most intense of the set of peaks. This peak might be used as a fingerprint of the R-3¢ structure.
The I4/mcm and R-3¢ Raman spectra are quite different from each other, and from the Fm-3m one. However the
intensities remain relatively low, confirming the difficulties of obtaining Raman spectra of these compounds.
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Table 4. The wavenumbers of the modes active in the IR spectrum of the cubic cell (second column), and how they
split in the tetragonal I4/mcm, rhombohedral R-3c and orthorhombic Pbnm space groups. LaCoOs, B3LYP

solution. 1 is the amount of the splitting of the cubic, triply degenerate mode due to the reduction of symmetry. 2

is the shift of the barycenter of the two tetragonal, rhombohedral and orthorhombic modes with respect to the cubic

wavenumber.
Mode Fm-3m I14/mcm R-3¢ Pbnm
Fu Eu Az B1 B2 Eu Azu B1 B2 Biu B2u Bsu B1 B2
1 143 171 186 +15 +33 188 166 —22 +37 250 293 313 +63 +142
2 282 333 339 —6 +55 341 316 25 +50 425 456 476 +51 +170
3 532 524 507 -—-17 -4 522 497 25 —-19 491 513 532 +41 -20

Table 5. Wavenumbers (v in cm™') and intensities (IR (in kmmol™") and Raman (in A*amu)) for SG 140. The red
lines indicate the modes originating from the corresponding cubic mode. A is the isotopic frequency shift (in cm™)
when the mass of La, Co and O is increased by 20% (in three independent calculations). The intensities (which are

extensive quantities) refer to two formula units.

LaCoOs; Tetragonal 14/mcm, N 140

N Mode v IR Intensity Raman Intensity A/Co A/La A/O
1-2 Eg -102 - 0.6668 0 0 9
6-7 Eg 157 - - 0 -13 0
8-8 Bog 161 - 0.185 0 —14 0

9-10 Eu 171 1202 - —4 -6 =5

11-11 A2y 186 539 - —6 —6 -3

12-12 Alg 259 - 0.151 -3 0 -22
13-14 Eu 260 481 - -1 0 -18
15-15 Biu 322 - - -3 0 —-28
16-16 A 333 1617 - —-11 0 -18
17-18 Eu 339 993 - -16 0 -13
19-19 An 388 - - -33 0 =20
20-21 Eg 404 - 2.588 —14 0 -15
22-23 Eu 409 996 - -5 0 -12
24-24 Bag 448 - 0.4259 0 0 -39
25-25 Aoy 507 59 - -1 0 —43
26-27 Eu 524 388 - -3 0 —42
28-28 Azg 598 - - 0 0 =52
29-29 Big 599 - 0.163 0 0 =52
30-30 Az 731 - - 0 0 —64

Table 6. Wavenumbers (v in cm™') and intensities (IR (in kmmol™") and Raman (in A*amu)) for SG 167. A is the
isotopic frequency shift (in cm™) when the mass of La, Co and O is increased by 20% (in three independent
calculations). The red lines indicate the modes originating from the corresponding cubic mode. The blue line shows

that one extra mode (Eg) appears in between the A2, and Eu modes, corresponding to the La translation. The

intensities (which are extensive quantities) refer to two formula units.

LaCoOs3 Trigonal R-3¢, N 167

N Mode v IR Intensity Raman Intensity A/Co A/La A/O
4-5 Eg 116 - 1.6 0 -3 -8
6-6 Azg 145 - - 0 -13 -0
-7 A 166 617 - —4 -6 =5
8-9 E., 183 - 30 0 ~11 -3
10-11 Eu 188 910 - -5 -6 =5
12-13 Eu 257 527 - —4 0 -17

14 Alg 278 - 43 0 0 —24

15 Aoy 316 1438 - -11 0 -16
16-17 Eu 341 2174 - -22 0 -9
18-18 A 371 - - -29 0 —21
19-19 Azg 383 - - 0 0 —22
20-20 A 419 - - -10 0 =25
21-22 Eu 425 2670 - -9 0 -17
23-24 Eg 458 - 75 0 0 —4

25 Aoy 497 1637 - -3 0 —4
26-27 Eu 522 1796 - -1 0 —43
28-29 Eg 585 - 11 0 0 =5
30-30 Azg 713 - - 0 0 —62
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Figure 1. Infrared spectrum of LaCoOs obtained with four different space groups of decreasing symmetry. The
wavenumber and symmetry of the most relevant peaks are shown. In the interval between two dot-dashed vertical
bars (in red), are contained the modes originating from the split of the three modes present in the cubic spectrum.

The wavenumber, symmetry and intensity of all the modes are given in Tables 2—6.

D. The orthorhombic spectrum

The total energy of the Pbnm structure is very close to the R-3c one, corresponding to the lowest energy at
T = 0 K. Both the IR and Raman spectra are however quite different, in many respects. In the IR spectrum, the
original structure of the cubic spectrum is lost to a large amount. The three main peaks split in the [4/mecm and R-
3c SGs, but remain however well separated from each other and from the new peaks originating from the
deformation. In the bottom panel of Figure 2, the separation of the By, B, and B3 peaks, originating from the Fi,
cubic peaks, is larger, and mixed, to some amount, with the new peaks originating from the octahedron rotations.
Also the Raman spectrum differs significantly from the ones of the higher symmetry structures. In particular, the
most intense peak falls at 467 cm™!, whereas the highest one is at 458 cm™! for R-3¢, and 404 cm™' for 14/mem.
The Raman intensities, as a consequence of the reduced symmetry, are higher than for the other symmetries, as
shown in Table 7.
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Table 7. Wavenumbers (v in cm™') and intensities (IR (in kmmol™) and Raman (in A*amu™)) for SG 62. A is the
isotopic frequency shift (in cm™) when the mass of La, Co and O is increased by 20% (in three independent
calculations). The red lines indicate the modes originating from the corresponding cubic mode. The blue line shows
the extra modes which appear in the interval spanned by the B1 B2 and B3 set originating from one of the cubic
modes. The intensities (which are extensive quantities) refer to two formula units.

LaCo0Os3 Orthorhombic, Pbnm, N 62

N Mode v IR Intensity Raman Intensity A/Co A/La A/O
4 Ag 35 0 1.14 x 1072 0 -2 -1

5 Bag 60 0 5.22 0 0 -5
6 Ay 97 0 - 0 -8 -1

7 Big 116 0 1.39 x 1072 0 -10 0

8 Big 138 0 6.25x 107! 0 -8 =7
9 Bau 141 0 - -1 -11 -1

10 Bag 158 0 5.35x 107! 0 —-14 0

11 Bsu 159 5 - -2 -12 -1

12 Ag 167 0 2.00 x 10 0 —-14 -3
13 Big 171 0 6.68 -3 -5 -5
14 Bau 173 575 - -2 -6 =5
15 Ag 180 0 8.37 x 107! -2 -7 -9
16 Biu 184 354 - =5 -10 —4
17 Bog 188 0 5.94 %1073 0 -10 -2
18 Bau 195 362 - -7 =7 -3
19 Ay 211 0 - -13 -1 -6
20 Biu 215 0 - -12 0 -8
21 Ag 255 0 8.71 x 107! -5 0 —22
22 Bau 256 20 - —4 0 -21
23 Ag 265 0 9.00 % 10 -10 0 -22
24 Bau 267 0 - -12 -1 -18
25 Ay 270 0 - -10 0 -5
26 Bsu 271 0 - -6 0 -6
27 Ay 317 0 - —-14 0 -26
28 Bou 317 1834 - -7 0 =17
29 Bsu 327 1771 - —-14 0 -17
30 Biu 331 1451 - -17 0 —-14
31 Bau 333 21 - -16 -3 -13
32 B 347 4 - -8 0 -23
33 Bsg 347 0 9.62x 1073 =5 0 —21
34 Au 353 0 - 8 1 21
35 Bau 358 8 - —-12 0 -20
36 Bog 367 0 1.52 x 1072 -8 -3 =22
37 Au 387 0 - -20 -2 =30
38 Bou 387 3 - -18 0 -26
39 Bou 393 3 - -4 0 =20
40 Big 394 0 3.33x 107! -5 -1 —-16
41 Big 408 0 7.69 x 10 —-14 0 -25
42 Biu 410 660 - -2 0 -26
43 Big 415 0 6.65x 1071 0 0 17
44 Bau 437 1179 - -10 0 —24
45 Ag 467 0 1.18 x 10? -9 0 —41
46 Bsu 468 2 - -1 0 =27
47 Ay 493 0 - -5 0 =37
48 B 499 7 - -4 0 —40
49 Big 503 0 1.85 -2 0 —42
50 Bsu 503 1549 - 0 0 -41
51 Biu 510 1205 - -3 0 —41
52 Ay 516 0 - 8 0 42
53 Bsu 516 0 - -3 0 —34
54 Bou 530 844 - -1 0 —44
55 Bsg 585 0 1.20 x 10 0 0 -51
56 Bag 589 0 9.09 0 0 -51
57 Ag 591 0 6.34 x 1072 0 0 =51
58 Bag 657 0 1.91 x 1072 0 0 =56
59 Big 705 0 3.26 x 1073 0 0 —62
60 Bag 718 0 4.01 x 107!
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Figure 2. Raman spectrum of LaCoOs obtained with four different space groups of decreasing symmetry. The
wavenumber and symmetry of the most relevant peaks are shown. The wavenumber, symmetry and intensity of all
the modes are given in Tables 2—6.

4. Discussion and Conclusions

The evolution of the IR and Raman spectra of the LaCoOs perovskite along the sequence cubic-tetragonal-
rhombohedral-orthorhombic has been explored. The two lowest energy structures, with space groups R-3¢ and
Pbnm, differ by a very small amount of energy, just 1.2 mEy/f.u. Also the equilibrium geometries of the two are
very similar (for example in the distances and angles within the octahedra). These small differences are however
sufficient to differentiate in many respects the IR and Raman spectra, which could be used as complementary tools
for the classification of the lowest energy structure.
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