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Abdgtract. We study structure and magnetic properties of L agsBaysCoO;(LBCO)
using ab initio density functional theory (DFT) method based on pseudopotentials and
a plane-wave basis. We find the cubic structure of LBCO isferromagnetic and lower
in energy than the nonmagnetic rhombohedral structure. Through the calculation of
G-point phonons of LBCO in the cubic structure, we determine its structural instabili-
tiesand find that they correspond to the structural phase transition accompanying a
para-ferromagnetic transition observed recently.
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1. Introduction

Trangtion metd (TM) oxides conditute a group of compounds with a wide range of
properties,>? arising from eectron correlations of d-electrons of the TM and their hybridi-
sation with p-dectrons of oxygen. Mixed oxides (for example, ternary) exhibit even
richer variety of properties. Nature of their ground date is highly diverse, ranging from
superconducting, various megnetic, charge and orbitd orderings to ferrodectric. As a
function of temperature or concentration of subditutiond atoms, they show interesting
trangitions to different phases or dates, adding to the richness of their properties and
continue to be fundamentally interesting.®

LaCoO; (LCO), a member of the perovskite family of oxides shows interesting
semiconductor to metal and magnetic to  nonmagnetic  trangtions and its  eectronic
sructure has been extensively studied experimentally*® and theoretically.”® Hole-doping
of LCO by subdtitution of a divaent atom (AsLa _«COs) results in severa changes in its
properties. Electronic spectroscopy study of the subdtitution of St for La, for example,
showed a transition to a metallic State a the concentration of x =02.° Substitution of Ba
was found to make LCO feromagnetic & x =02 and trandform it from rhombohedrd to
cubic structure at x = 0%4.1°

Recently, a gructurd trangtion from the cubic to tetragond <ructure was found to
accompany a paaferromagnetic transtion in LBCO® as a function of temperature. In
vaiance to most of the earlier studies, Fauth et al® reported an ided cubic perovskite
dructure at RT and eattributed the structura transition to Jahn-Tdler distortion favoured
by the intermediate spin-state. An independent confirmation of these results possibly
from atheoretica caculation isdesrable.
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In the present work, we study aomic and eectronic structure and magnetic properties
of LaysBasCo0O; (LBCO) using methods of DFT. A smilar method has been used
earlier in the study of LaMOs’ (M =Mn, Fe, Ni and Co) compounds with good success
and we compare their results for LCO with ours to benchmark our method. We
investigate the structura ingtabilities of LBCO and interpret our results in relation to the
recent experimental observation of astructural transition in LBCO.®

2. Computational methods

Computational methods based on the density functiona theory (DFT)***? have played an
important role in understanding ground state properties of materils. TM oxides with the
TM in the d° date have been extensively studied using these methods. These indlude
binary oxides ferodectricss and many ceramics. The dectron corrdation in  these
maerids due to lack of d-dectrons, are wesk and fairly wel approximated by the
commonly used functiond forms (such as locd dendty approximetion (LDA) or loca
spin density approximation (LSDA))* of the DFT.

TM oxides the TM in a d" dae often have srong corrdation effects limiting the
accurecy of ther gdudies usng DFT methods. In this case, use of modds (for example,
Hubbard modd) with accurate trestment of correlation effects based on many body
theory is common. There is an ongoing effort in combining the strengths of both
methodologies and using them together™® to understand these highly complex materids.
DFT methods provide an important starting point in such sudies and can be used for
these complex materials to extract valuable microscopic information. ™

Ab initio dengty functiona theory caculaions in this work were performed usng the
‘ABINIT" package® We used optimised pseudopotentials'’ for La and Co, and extended
norm-conserving pseudopotentials'® for Ba and O. For high accuracy, we have included
the semi-core dates in the vaence of La, Co and Ba, corresponding to 11, 17, 12 vaence
dectrons per atom respectively and used an energy cutoff of 120 Ry on the plane wave
bass used to represent the Kohn-Sham wavefunctions (this typicaly corresponds to using
16000 plane waves per wavefunction of a 10-atoms unit cell).

We use a locd spin density approximation (LSDA)' for the exchange correlation
functiond. This agpproximaion has been successfully used for many materiads incuding
LaCoO3, BiFe0:;.° While we ae aware of its limitations in obtaning accurate
dectronic structure of strongly correlated systems® such as one studied here, we use it
here mainly to understand structural and some sSimple aspects of magnetic properties.

Due to nontrivid features in the eectronic structure at the Fermi level, we need to use
a fine k-point sampling of the Brillouin Zone in estimating integra quantities such as
densty of dates, megnetization. A 5° 5° 5 mesh with a Fermi—Dirac broadening of
0%05eV is usd in the cdculations of total energies and optimisation of dructure usng
Hdlman-Feynman forces and stresses. A 10” 10” 10 mesh was used the cdculaion of
the dendgty of daes We have checked convergence with respect to both the k-point
sampling and energy cutoff.

Phonon frequencies and eigenmodes have been obtaned by cdculaing the dynamica
matrix usng DFT linear response® Due to the intensive computationa effort involved,
we have used a 3” 3" 3 k-point mesh for the BZ sampling. This is expected to give a
reasonably accurate idea about the structural ingtabilities.
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3. Results
31 Crystal structure

There are three gructurd parameters (a, a and x) for crystals with space group R3c
symmetry, which is the experimentaly observed symmetry of LCO crystals. Maintaining
the space group R3c symmery, we deermine the equilibrium structure through
minimization of total energy with respect to the interna parameter x and unit cel volume
kegping a fixed a the experimentd vaue We find a=581A axdx=0498 in good
agreement with the experimentd’® vaues of a=589A andx=02, discrepancy being
typical of LDA calculations and issimilar to that in the LAPW calculations for LCO.”

The crystallographic data of LBCO a RT was found® to be consistent with the cubic
perovskite dructure (SG. Pm3m), but the same data could dso be refined with a
rhombohedrd (SG. R3c) and low-temperature tetragond (S.G. P4/mmm)  structures
with out much improvement in the qudity of fit. We choose to work with structures of
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Figurel. Electron density of states of LaCoO; asafunction of energy. Positiveand
negative values of the density correspond to spin up and down respectively.
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Pm3m symmetry, due to its smplicity and for investigation of its symmetry-lowering

sructurd ingtabilities. While Ba and La are disordered and occupy the A-site randomly in

expeaimentd samples, we pick an ordered configuration, where the La and Ba occupy the

A-site dternaely dong (111) direction, for use in our caculdions. This results in the
choice of unit cel very smilar to that of the R3c sructure, but with oxygen atoms at the

(6d) Wyckoff position, in steed of (6e). We find the lattice parameter a=38LA within
the LDA errors of experimental value of 38843 A°.

32 Electronic structure and magnetic properties

While LCO is obsarved to be semiconducting, our cdculaions yidd it to be semi-
metdlic with its Fermi energy faling in the pseudo-gap, as shown in figure 1. This is not
too surprising as it is wel-known that the LDA underestimates the band gep and a times
finds systems with narrow gaps to be metdlic. A smilar result was obtained in the earlier
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Figure2. Electron density of states of L aysBaysO3 asafunction of energy. Positive
and negative values of the density correspond to spin up and down respectively.
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DFT-LSDA work on LCO,” where the band gap was quoted to be —02eV and LCO as
smi-metdlic. The orbitad content of eectronic dates has been obtained through
projection of dectron egenfunctions on sphericd harmonics centred a different aoms.
The daes near g are predominantly of Co d-type and are mixed with p-states of oxygen
dightly lower in energy. The states below the p-bands of oxygen are the semi-core states
of caions or s-gates of oxygen. We labd only the dominant orbitd character of different
bandsin figures here.

The p-type conducting property of LCO inferred from Mossbauer studies® is consistent
with our result that the Fermi energy is near the top of the Co d-subbands. It is clear from
figure 1 that the density of states of eectrons with both spins is amost the same, except
for a few minute differences near the Fermi leve. This results in a vanishing (0%6 Bohr
magneton/formula  unit) megnetization, consstent with the non-magnetic nature of LCO
foundexperimentally’® and in the earlier calculation.”

Densty of eectronic states of LBCO in the cubic dructure, as shown in figure 2,
shows it to be metdlic, with a smal (large) density of dates for up (down) spin dectrons
a the Fermi leve. In comparison with LCO, we find a much stronger hybridisation
between p-dates of oxygen and d-states of cobdt, with most of the states in the range of
6€eV bdow the Fermi levd having mixed character. There is no dear separation between
Co and O bhands for up spin eectrons as a function of energy. Strong hybridisation
observed here is consstent with the intermediate or low spin configuration’ The
semicore p-states of Ba gppear close to the O—p bands, and are dightly broadened due to
weak hybridisation with oxygen.

In figure 3, we show dectron band-gtructure for LBCO in the energy range of about
7¢V on both sdes of the Fermi energy &-. The bands that are reatively fla and crowded
in the narrow range of energy typicdly correspond to the d-states of Co (as found through
projection of some of these dtates on to spherical harmonics). It is quite clear that these
ae present about 2eV bdow e for up-spin and a & for down-spin dectrons, making
LBCO dmogt hdf-metdlic. The bands above @ ae widdy dispersed and aise from
mixing with d-states of Laand other states.

There is a maked difference between the densty of dates of eectrons with up and
down spin, giving rise to a nonzero magnetization. Our egtimate of the magnetization is
19mg pea formula unit, in excdlent agreement with the vdue (1¥ g per formula unit)
obtained experimentally® at O0K. We note that the caculated vaue is for the cubic phase
a OK. For LBCO in the R3c dructure with parameters same as that of LCO, we find a
nonmagnetic ground state that is a couple of eV higher in energy than the cubic structure.
This partidly confirmsthe clam in (ref 9) regarding the cubic structure of LBCO at RT.

3.3 Phonons: LBCO

To explore possble sructurd digtortions that will lower energy and preserve ferro-
magnetism, we focus on phonons of the ferromagnetic LBCO in cubic dructure. We
cdculated a (30° 30) dynamicd matrix a& the G point (for the cdl with two formula
units) using DFT linear response, eigenvadues and egenvectors of which (30° 30) give
phonon frequencies and eigenmodes. Dengty of phonons a G point as a function of
frequency is displayed in figure 4, we point out that al the observable long-waveength
modesareinduded init.
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Phonon density of states (LBCO)
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Figure4. Density of states of Gpoint phononsof LBCO asafunction of frequency
(w). Negative values are used to denote unstable modes with imaginary w.

We find two unsteble modes with frequencies of about 110i ot and one a
w=104i om®. As the unit cel of LBCO is obtaned by doubling the unit cell of cubic
perovskite dong (111) direction and replacing one of the La with Ba, there is mixing
between the modes & G and R ((£(111) points of the cubic latice. Further examination
of the drongest ungable modes reveds predominantly E-mode like character, which
corresponds to elongation of the oxygen octahedron or the R¢ mode of the cubic
perovskite®? This is exactly what has been reported in ref. (9). We dso find a component
of rotationa modes (Rs5) of oxygen octahedron in the ungtable mode-eigenvectors.
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4. Conclusions

The sructurd and maegnetization properties of LBCO derived from ab initio DFT
cdculaions agree quite wdl with expeimentd obsarvaions. We find that the ferro-
magnetic cubic LBCO is dructurdly ungtable at low temperatures and should have a
lower symmetry structure obtained by €dongation of oxygen octahedra. This is consistent
with the recent experimental report® of the structural phase transition in LBCO.
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