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In order to understand the role of hole doping on electronic structure, phase stability and magnetic properties
of LaCoOQ; generalized-gradient-corrected, relativistic first-principles full-potential density functional calcula-
tions have been performed for L3S, Co0; as a function ok, using the supercell approach as well as the
virtual crystal approximatioVCA). It has been shown that the rhombohedral distortion is stabilizing the
nonmagnetidi.e., diamagnetic or paramagnetiground state in LaCof) Spin-polarized calculation on the
hypothetical cubic perovskite phase of LaGashows that the ferromagnetic phase is lower in energy than the
corresponding nonmagnetic phase. The analysis of the electronic structures show that a Peierls-Jahn-Teller-like
instability arises in the ferromagnetic cubic phase and leads to the rhombohedral distortion in;LdBGeO
calculated magnetic moment for LaSr,CoO; as a function of Sr substitution is found to be in very good
agreement with recent neutron scattering measurements. We have successfully explained the hole-doping
induced, nonmagnetic-to-ferromagnetic transition as well as the rhombohedral-to-cubic structural transition as
a function of Sr substitution in La ,Sr,CoO;. Due to the failure of the density functional theory to predict the
semiconducting nature of LaCg@Owe are unable to explain the experimentally observed semiconductor-to-
metal transition in LaCo@by Sr substitution. The origin of the ferromagnetism in, LgSr,CoO; has been
explained through itinerant-band ferromagneti§80163-18209)14047-3

. INTRODUCTION spin-state transitidtP~'° as well as electrical and magnetic
phase transformatiof$''~**in LaCoQ, as a function of
In recent years the number of experimental as well asemperature and/or hole doping. One of the most interesting
theoretical studies on the perovskitd &ansition metal ox- properties of this oxide is its unusual temperature-dependent
ides of ABO; type have increased by the discovery of high-magnetic susceptibility. G ions take nominally the &
T, superconductivity in perovskite cuprateand the obser- configuration and will have nonmagnetice., diamagnetic
vation of a colossal negative magnetoresistance near rooor paramagnetjclow spin (LS) state (ggeg; S=0) dueto a
temperature in perovskitelike La-Ba-Mn-O filhdepend-  crystal field splitting (10q) slightly larger than the Hund’s
ing on the transition metal ion, perovskites exhibit eitherrule coupling'! But, LaCoG exhibits an abrupt increase of
localized or collective behavior of thet electrons. Also de- magnetic susceptibility around 50-100 K which thereafter
pending upon the valence of tiecation, the valence of the decreases following the Curie-Weiss I1&W. This anomalous
transition metal ion changes and this leads to unusual magehavior has been interpreted as a transition from the LS,
netic and electronic properties. nonmagnetic $=0) state to thermally excited high-spin

Lanthanum cobalt oxide (LaCaPhas attracted much at- (HS) magnetic (ggeé; S=2) state with a spin-gap energy of
tention in the past because it shows fascinating changes 6‘.01— 0.08 eV, 4-91L15-20ith a further increase of tem-

the electronic and magnetic properties as a function of €Msara1re the electrical conduction of LaCp&hows a cross-
perature and/or divalent substitution. It is a charge-transfergyer around 500 K from thermally activated semiconduction
type insulator in which the charge gap is formed between they metallic conduction ~1.103 Q cm).’® Recent
occupied O » and the unoccupied Cod3 g, band® How-  neutron-scattering measurements show that this nonmetal-to-
ever, studies by soft-x-ray absorptidXAS) (Ref. 4 and  metal crossover behavior has no magnetic origin.

electron spectroscopiésave revealed that LaCa@ in the The more recent optical conductivity measurements indi-
highly mixed character region between Mott-Hubbard andcate that the high temperature metallic state in LagCb@&s
charge-transfer insulators. The crystal field splittihg; is  an electronic structure very similar to that of a doping-
almost equal to the exchange enerfjy, and this causes induced metallic stat€' Raccah and Goodenoughfound
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that the semiconductor-to-metal transition takes place around
x=0.3 in La _,Sr,Co0; without any abrupt change in the
resistivity. The transport measurements by Bhigteal 22
show that the semiconductor-to-metal transition takes place
aroundx~0.125 and spectroscopic measurements indicate
that the transition is at~0.2.> Recent electrical conductiv-

ity measurementd show that the transition takes place in
La;_,Sr,CoO; at x~0.25 around room temperature. More-
over, the rhombohedral distortion decreases with increasing
Sr concentration and the rhombohedral-to-cubic structural
transition takes place around the composition
Lag 551, C00;. Furthermore, La ,Sr,CoO; has also been
extensively investigated to understand the role of hole dop-
ing on the spin-state transition and magnetic properties of
LaCoQ;. 1819222426 gjnce the hole-doping-induced elec-
tronic structure change is equivalent to temperature-induced ] _
change, it is interesting to study the electronic structure of FIG. 1. Crystal structure of rnombohedral LaCoi0 relation to
LaCoO; as a function of Sr doping to understand the micro-the .CubIC perovs.klte structurag and ay, refer to the rhombphedral
scopic origin of the temperature-induced anomalous behaypetting of the unit cell and, andcy to the hexagonal setting. The

ior. This is one of the motivations for the present investiga-oxygen atoms in the rhombohedral arrangement are displaced with
) respect to the cubic structure @ and the displacement is indi-

tion. cated by dotted circles
In the past the magnetism in L.a Sr,CoO; has been ex- y '

plained by Anderson® theory of superexchange interaction .

and the Zener® double-exchange-interaction theory. From La1-xSKC0O; become itinerant whem>0.125. Although
the magnetic measurements on LgSr,CoO; by Jonker and SO far several explanations are given regarding the magnetic
van Santeff (0<x<0.5) and by Taguchet al? (0.5<x interactions in La_,Sr,CoQO;, no systematic theoretical at-
<1) the magnetic properties of Sr substituted Lagd@s €MPpt has yet been'made to gnderstand microscopiqally the
been explained through superexchange interaction betwedigin of the magnetic properties of LaCe®y hole doping
cobalt ions via oxygen. To explain the composition depen@nd this also motivated the present study.

dent magnetic properties of La,Sr,CoO;, Goodenougff The studies on these compounds are not only of funda-
assumed that the covalent mixing between the transitiof€ntal interest, but also have technological significance.
metal 3 orbitals and the oxygen2orbitals may enhance L21-xSKC00; (x=0-0.6) is a well known ionic conduc-
the superexchange interaction and break down the conditiorl§" that has large diffusion coefficients fof Oas compared

for localized d electrons. Bhideet al22 measured the tem- With other metal oxided®3*As the strontium doped lantha-
perature dependence of kbauer spectra for the ferromag- UM cobaltites also possess high electrical conductivity,
netic region of La_,Sr,CoO; (0=x<0.5) and concluded these are promising cathod materials for use in solid oxide
- : 5,36
that the 31 holes created by the Sr-ion substitution are itin-U€l cells®**and for oxygen permeable membrariéShese
erant both above and below Curie temperattfg) (and all co_mpqunds have furthermore high catalytic activity for_ the
the experimental data are explained on the basis of itineranfxidation of O, hydrocarbons, and alcohBland the elimi-
electron ferromagnetism. Recently Golovargival ®° nation of NO:>* Fairly large magnetoresistance has re_cently
dc resistivity, magnetoresistance and magnetic susceptibilit eekgo observed for '#aXAX%OlO& (A=Ca, Sr, or Bain
studies for La_,Sr,Co0; (0.05<x=0.25) as a function of PUlK™ as well as in thin films: _
temperature as well as magnetic field and the results were 1he rest of this paper is organized in the following way.
interpreted in terms of Zenef% double-exchange mecha- In Sec. Il we give details about the crystal structure of

nism. The conventional itinerant-electron ferromagnets such®-xSxC00s. In Sec. lll, we explain the computational
as Fe, Co, or Ni have charge carriers which are mainlg of method used in the present calculations. In Sec. IV, we dis-

character while the magnetism arises from thelectrons. CUSS the electronic structure and magnetic properties of
However, in the itinerant-electron ferromagnetic oxides, thd-2C0G; as a function of Sr substitution. The calculated re-

d electrons have to possess simultaneously charge as well 84!ts are furthermore compared with the available experi-
spin charactet! Hence the understanding of the origin of the mental results. Flnally in Sec. V the findings in the present
itinerant  electron behavior and ferromagnetism  inStudy are summarized.

La; ,Sr,CoO; would be of fundamental importance.

From the resonance photoemission spectra combined with Il. STRUCTURAL ASPECTS
configuration-interaction cluster model calculations Saébh ) )
al.*2 concluded that ferromagnetic phase of, LgSr,CoO; LaCoQ; has a rhombohedrally distorted pseudo-cubic

are in the intermediate spiifS) state §=1). From magnetic perovskite structure. The space grouRi3c and each unit
measurements, Taguchi al?® propose that Co are in the  cell contains two formula units. With respect to the cubic
LS state and Co are in the HS state in structure, the O atoms are twisted around the crystallo-
La; ,SrCoO; (0.5<x=<1). The time-averaged electron graphic[111] making the symmetry trigondd$,. Figure 1
configuration of cobalt seen in the Mdsbauer specttaand  shows the unit cell of LaCog) indicating both the rhombo-
by electron-transport properti€show that thel electrons in  hedral and hexagonal axes and the cubic subcell. The;CoO
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octahedron is slightly compressed along the hexagenal  TABLE I. The structural parameters for cubic and rhombohe-
axis. The displacements of the oxygen atoms with respect tdral phases of La ,Sr,CoO; used in the present calculatiores

the ideal cubic structure are represented by the dotted circlegd ac represent the lattice constants for the rhombohedral and
and specified with the distortion parametéx in Fig. 1.  cubic phase respectivelin A) and a represent the rhombohedral
When the (Goldschmidt tolerance factor t=d, o/ angle (in degrees The oxygen parameters for théep position

\/Eds-o is less than unity in thé\BO,-type perovskites, a (x,y,z) for the rhombohedral lattice are also given.
cooperative rotation of the corner-shar&Dg; octahedra
about[111] reduces the symmetry from cubic to rhombohe-

Sr content(x)  ag a X y z &

dral. The regular octahedra are topologically able to rotate ¢ 5.37 60.79 0.3021 0.1978 0.75 3.805
without distortion around their threefold axes. The magni- 0.1 532 6049 0292 0208 0.75
tude of the rotation can be evaluated from either the aagle 0.2 536 60.45 0289 0211 0.75
of the rhombohedral unit cell shown in Fig. 1 or from the 0.25 534 60.46 0.2835 0.2165 075 3.789
axial ratiocy, /ay of the hexagonal cell. For the ide@ubic) 03 532 60.47 0278 0.222 0.75
perovskite configuration, /a, =6, «=60°, and the bond 0.4 535 6030 0274 0226 0.75
angleB-0O-B is 180°. As a result of the rotatiatilting), the 05 535 6027 0264 0236 075 3.791
Co-0-Co bond bend$and the angle (163.2°) deviates from 075 541 6000 025 025 075 3.827
the ideal perovskite value. 1.0 5424 6000 025 025 075 3.836

La;_,Sr,CoO; stabilizes in the rhombohedral structure
with space groufR3c in the range 6x=<0.5 and transforms
to a cubic phase with the space groem3m at higher sub-
stitution levels. The rhombohedral distortion decreases wit
increase ok. A similar variation results from thermal expan-
sion for the parent compound LaCgOn LaCoQ;, La at-

expanded in symmetry adapted spherical harmonic functions
ﬁogether with a radial function and a Fourier series in the
interstitial. In the present calculations the spherical-harmonic
expansion of the charge density, potential, and basis func-
i 1. i tions were carried out up th,,=6. The tails of the basis
oms are in 2 (3,3,5), Co atoms areinl2(0 00, and O fynctions outside their parent spheres are linear combinations
atoms in @ (3 + 6x,— 6x,3) position. In Lg_,Sr,CoO;,  of Hankel or Neumann functions depending on the sign of
ox decreases from 0.052 for=0 to 0.014 forx=0.5. The the kinetic energy of the basis function in the interstitial
rhombohedral angle also decreases with increasirfgr x ~ region. For the core charge density, the Dirac equation is
=0 it is 60.79° and is reduced to 60.27° fee=0.5. The solved self-consistently, i.e., no frozen core approximation is
cubic phase may be viewed as a special case of the rhombgsed. The calculations are based on the generalized-gradient-
hedral structure withSx=0 anda=60° as shown in Fig. 1. corrected density functional theory as proposed by Perdew
As the ionic radius of the Sr ion is larger than that of the Laand Wang'®
ion, the unit cell effectively expands when La is replaced by In the calculation of the radial functions inside the
Srin La_,Sr,Co0;. Thereby the tolerance factor will in- muffin-tin spheres, all scalar-relativistic terms are included,
crease and this leads to the rhombohedral-to-cubic structur#iith the small component vanishing at the sphere boundary.
transition. The spin-orbit(SO) term is included directly in the Hamil-
SrCoQ; is a ferromagnet with a Curie temperature of 222tonian matrix elements for the part inside the muffin-tin
K and stabilizes in the cubic perovskite structure. The Cospheres, thus doubling the size of the secular matrix for a
ions are octahedrally coordinated with oxygen ions, whilespin-polarized calculation. Moreover, the present calcula-
the Sr ions are twelvefold coordinated with oxygens alongions make use of a so-called multibasis, to ensure a well
(110). High SP* substitution levels tend to induce oxygen converged wave function. This means that we use different
deficiency. For SrCo@without oxygen deficiency the lattice Hankel or Neuman functions each attaching to its own radial
parameter is determined to lbe=3.836 A from extrapola- function. We thus have twos5 two 5p, two 6p, two 5d,
tion of the experimentAt relation between oxygen content and two & orbitals for La, two 4, two 5p, and three &
and lattice parameter. The structural data for the rhombohe2rbitals for Co, two 3, three 2, and two 3l orbitals for O,
dral structure of La_,Sr,CoO; (x=0-0.5) are taken from two 5s, two 4p, two 5p, and two 4 for Sr in our expansion
a recent neutron diffraction study,whereas, data for the Of the wave function. In the method used here, bases corre-
cubic composition range (05x<1) are taken from Ref. sponding to multiple principal quantum numbers are con-
25. The structural parameters for the cubic and rhombohedré&gined within a single, fully hybridizing basis set. The direc-
phases of La_,Sr,Co0; used in the present calculations are tion of the moment is chosen to be (601 direction. The
given in Table I. calculations were performed for the cubic perovskite struc-
ture as well as the rhombohedRBc structure. Th&-space
IIl. COMPUTATIONAL DETAILS integration was performed using the special point method
with 84 k points in the irreducible part of the first Brillouin
The full-potential LMTO calculatiorf§ presented in this zone for the cubic perovskite structure and the same density
paper are all electron and no shape approximation to thef k points were used for the rhombohedral structure in the
charge density or potential has been used. The base geometypercell as well as the virtual-crystal-approximat{®iCA)
in this computational method consists of a muffin-tin partcalculations. All the calculations were done using the experi-
and an interstitial part. The basis set is comprised of augmental structural parameters mentioned in Sec. Il for both
mented linear muffin-tin orbitals. Inside the muffin-tin  the nonmagnetic as well as the spin-polarized case. Our VCA
spheres the basis functions, charge density, and potential acelculation takes into account the experimentally rep4tted
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structural parameter changes as a function of Sr substitution. I :
Hence, the VCA calculations have taken into account the ¥ :
hybridization effect properly. In this approximation the true ii !
atom in the phase is replaced by an “average” atom which is i i :
¥ '

interpolated linearly in charge between the corresponding
pure atoms. So for the VCA calculations we have not prop- -5 .10 -5 0 5 10

erly taken into account the charge transfer effect, although ENERGY (eV)

the band-filling effects are accounted properly. The chosen - Anaul ) iacted DOS for LaGGD
approximation has an advantage due to its simplicity ang_F!C: 3- Angular-momentum-site-projecte or LaGd
hence we can be able to study small concentrations of Sr if¢ "onmagnetic rhombohedral structure. Note that DOS fos La
LaCoG;. However, for 25, 50, and 75 % Sr substitution we and Cos have been multiplied by a factor of 10.

have made explicit supercell calculations for the cubic agq 39 with the neighboring O @ states, the calculated DOS
well as the rhombohedral structure. Using the self-consistert;es shown in Fig. 2 show broad features. In general a
potentials obtained from our supercell calculations, the de“rarge U tends to split bands into spin-up and spin-down
sity of statesDOS) were calculated using the linear tetrahe- hangs. Because of the extended electronic states the Cou-

dron technique. lomb repulsive energy would be small compared with the
band width, and hence one can expect a nonmagnetic ground
IV. RESULTS AND DISCUSSION state in LaCoQ@. Consistent with the above viewpoint, ex-

perimental observations as well as our calculations show that
the nonmagnetic state is the ground state for LagoO

For a compound with an octahedrally coordinatdon, The angular momentum and site projected DOS for
the low-spin statetf,e) is more stable than the high-spin LaCo0; are shown in Fig. 3. From this figure it is clear that
state (‘z‘geé) when 1@q =2J, 10Dq being the cubic crystal the present theory is unable to predict the semiconducting
field andJ the intra-atomic exchange interactithiThe elec-  behavior of LaCo@ as there is finite density of states
tronic structure of perovskite-type transition-metal oxides argyresent at the Fermi leveEg). In general the LDA under-
described by the three crucial energy parameters, the bandstimate the band gap of the materials. It is interesting to
width W, the Coulomb repulsive enerdy, and the strength note that the optical conductivity studt€show a spin-gap
(Dq) of the ligand field. In the cubic perovskites, the octa-energy of~30 meV and a charge-gap 6f0.1 eV in this
hedral ligand field produced by the O atoms surroundingnaterial. Further, low-temperature resistivity dafa?*>°
each Co atom split the tenfold degenerdievels of Co into  suggest a gap of about 0.2 eV whereas high-temperature re-
sixfold t,4 and fourfolde, levels. The electronic structure of sistivity indicate$> a gap of 0.5 eV and electron-
these materials can be understood by the schematic energpectroscopy measuremetia conductivity gap of 0.6 eV.
diagram proposed by Goodenoufftin such a picture, the;  As the optical conductivity measurements are more reliable,
orbitals of the Co atom fornr bonds with O 2 orbitals  the possible reasons for the failure to predict the semicon-
wheread,, orbitals form weakerr bonds with O D orbit-  ducting behavior of LaCo@by the present theory may be
als. As mentioned by Arim# the hybridization between Co the small value of the charge gap, which is within the accu-
3d and O % is important to explain the electronic structure racy of the present type of calculations. Further, the mini-
of LaCoQ;. Because of the strong covalent hybridization of mum energy gap is a spin gap indicating that Laganot

A. Electronic structure
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a band insulator. It should be noted that the LBA S Co0

method, where the Co &3 orbitals are treated localized 4T } 1 ]
through describing the Coulomb intrashell interactions by the 2F ’\n L\M
Hubbard-like term and the itinerant states are treated through 0

averaged LDA energy and potentials, gives a bandgap of
~2 eV (Refs. 51,52and the Hartree-Fock calculation gives
a bandgap of 3 eV Although the present theory is unable to : .
predict the narrow bandgap behavior in LaGo@&¢ falls on

| La, ,Sr, ,,C00, 4
a pseudogap separating the bonding states from the antibond- djﬁ\w

ing states in Fig. 2. The present finding of metallic behavior
La, 5S:r0 sCo0,

=

o N O~
T

is consistent with the previous theoretical studfes® It is
interesting to note that LDAU as well as HF calculations
give an unphysically large bandgap in this material. Our total
DOS curve for LaCo@ in the rhombohedral nonmagnetic
phase in Fig. 2 show that some parts of theorbitals are
below the Fermi energy and mixed with thg, orbitals.
However, experimental spectroscopic studiegicate that a
finite energy separation exists between theande, states -
and hence the semiconducting behavior arises. Although the
non-spin-polarized calculation for LaCgQ@urns out to pre-
dict metallic behavior, the density of states at the Fermi level
is very low, 1.449 states e\t f.u.”l. This probably also
indicates that LaCo®is close to semiconducting. However,
the nonmagnetic nature of the ground state of LagCo@i-
cates that the magnetic interactions are relatively unimpor- -2
tant and that the crystal field splitting is responsible for the -4
insulating properties. Munakatat al>’ suggested from L L
analysis of the x-ray photoemisson spectrum that the top of ‘1°ENERGY° y 10
the valence ban@vB) should be assigned mainly to (p2 V)
Recently, Saitofet al,*® suggest that LaCogdoes not have FIG. 4. Calculated total DOS for La,Sr,CoO; as obtained
a d-d or p-d gap, but ap-p gap. As the calculated DOS from supercell calculations. DOS refers to the rhombohedral struc-
show a pseudogap in the vicinity of Fermi level, we canture for x=0.25 and 0.5 and to the cubic structure for0.75
identify the nature of the band gap in this material. From Fig.and 1.
3 it is evident that the top of valence band n&aris domi-
nated by the Co 8 to O 2p hybridized band and the nearby rhombohedral distortion is frequently not included in the at-
bottom of the conduction band mainly consists of Cb 3 tempt to explain the electronic structure of LaGoQt is
states. This indicates that the semiconducting behaviointeresting to note that the overall shape of DOS for LagoO
mainly arises from the covalent interaction between Co ands quite different for the rhombohedral and cubic structures
O within the CoQ octahedra. [see Figs. @) and 2b)]. In particular, the threefold degen-
The total DOS of LaCo@in the nonmagnetic rhombohe- eracy of thet,, states and the twofold degeneracy &f
dral structure given in Fig.(3), shows that the O2and Co states are partly lifted due to the reduction in symmetry.
3d states are hybridized and forms the valence band. A In order to understand the changes which may occur in
broad structure appears abokg mainly originating from the electronic structure of LaCaOwe have considered
hybridization of the unoccupied Cey and O 2 states. hetrovalent Sr substitution and calculated DOS for
Around the top of VB a sharp peak occurs which mainlyLa; ,Sr,CoO; as a function ok (Fig. 4) according to super-
arises from the Co @ states. Photoemission spectra obtainedcell approach with the experimental structural parameters as
with decreasing incident photon energy sRewW that the  input. When we go from Lgy<Sr, ,<C00; to SrCoQ accord-
intensity of the peak around the top of VB decreases considng to this illustration, the bands get broader as a result of the
erably. Since the cross section of the Gb<Sates relative to increase in volume. Furthermore, due to the increased ex-
that of the O D states becomes smaller with decreasingchange splitting of the Co®bands(Fig. 4) on going from
photon energies, this experimental fact lends support to the=0.25 to 1, the magnetic moment increases almost linearly
present finding that the features around the top of VB consistFig. 5. As Sr is divalent and La trivalent, removal of elec-
mainly of Co 3 states. From resonant photoemission studtrons from the Co@ sublattice is necessary to balance the
ies, Taguchiet al?® found that the bands in VB of LaCaO charge deficiency introduced by the Sr substitution. Thus VB
are located in a binding energy range of ® eV and com- shows an upward shift towards the Fermi energy as a func-
prise apparently three peaks at 1, 3, and 5 eV and a shouldgon of x (Fig. 4). This is consistent with experimental facts
at 7 eV. Our calculated total DOS for LaCg@n the non- in the sense that the obserf&diltraviolet photoemission
magnetic rhombohedral phafeig. 2(a)] gives a VB width  spectra show that the nonbonding @ evels are shifted
of ~8 eV and shows also three prominent peaks in the VBupwards with increasing Sr doping;0.2 eV forx=0.2 and
region with energy peaks at0.5, —2.6, and—5.2 eV. The ~0.5 eV forx=0.5. Moreover, VB photoemission spectra

DOS (states f.u - eV‘1sp|n‘1)
IS
— é

NN

-4

La,,Sr,,Co0,
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obtained by supercell and VCA calculations. Experimental maggptained from rigid-band-filling, supercell, and VCA calculations.
netic moments are taken from neutron-scattering measurements

(Ref. 9 at 4.2 K and magnetization measuremesf. 70 at 5 K. i hand-filling calculations. For intermediate Sr concen-

trations (0.4<x=<0.5) N(Eg) obtained from the supercell
of Lay_,Sr,Co0; show™ that there is no rigid-band-like be- and VCA calculations are more comparable indicating that
havior in the VB spectrum as a result of the doping. Ourthe effect of charge transfer is less dominant. However, the
calculated DOS curves also show significant changes intraarge deviation inN(Eg) between VCA and the rigid-band-
duced by the Sr substitutidffrig. 4). This indicates that hy- filling calculation indicates that the hybridization is of im-
bridization and charge transfer effects play important roles irportance in this composition range. Recent temperature de-
describing the electronic structure of |LgSr,Co0;. As pendent resistivity measuremeiit8’! show that the
mentioned earlier, our calculations show that there is a sharemiconductor-to-metal transition takes place at 298 K
peak on the low-energy side of the Fermi level in LaGoO aroundx~0.18 in La_,Sr,CoO;. Our calculations do not
andEg falls on this peak for hole dopingk(0.5). This is  confirm this feature, since our calculations suggest a metallic

consistent with the experimental findings in the sense thatharacter throughout the substitution rarfgiele supra.
Hall coefficient measurements indicate the presence of a

large Fermi surface in the conducting high-temperature
phase and which is only little affected by moderate hole
doping® The effective charges evaluated from the infrared reflec-
To obtain a deeper insight into the role of the hole dopingtivity measurements of Tajimaet al®® suggested that
on changes of the electronic structure of LaGa®ar the La;_SKCoO; should have a high degree of covalent chemi-
Fermi energy,N(Eg) values obtained from three different cal bonding. Several other experimental stutifes:*°4%
levels of approximation are shown as a functionxofor ~ also point to the occurrence of substantial covalent interac-
La, _,Sr,CoQ; in Fig. 6. In the rigid-band-filling calculations tion in LaCoQ;. In order to identify the bonding behavior we
we have assumed that the shape of the DOS curve will ndiresent the calculated valence charge density froin eV
change by the Sr substitution. Hence, we have not taken intt® Er in the a plane which is equivalent (@10 plane in the
account the effects of changes in the hybridization effeceubic subcell[Fig. 7(b)]. According to Fig. ) it is clear
and/or charge transfer. In the VCA calculations, we havghat there is a strong directional bonding between Co and O
included the experimentally observed changes in the strugn LaCoG;. The negligible charge density between La and
tural parameters as a function xfHence, the hybridization CoO; as well as the very low electron population at the La
effects are properly accounted for. However, the chargsite (much lower than for a neutral La atgrare clear indi-
transfer effect is only taken into account in an averaged waycations of ionic bonding between La and GoCHence,
In the time-consuming supercell calculations we have dealtaCoO; may be viewed as composed of ¥a and
with all these effects properly. Assuming that thEE() (Co0;)3". In order to understand the role of the chemical
values obtained from the supercell calculations are the modtonding on the rhombohedral distortion in LaGo®e also
correct, we compare tHe(Eg) results obtained according to show[Fig. 7(a)] the valence charge density froml eV to
these three different procedures in Fig. 6. The calculate@; in the (110 plane of a hypothetical cubic variant of
N(Eg) for the range fronx=0 to 0.25 obtained by the VCA LaCo0;. The major difference between Figgarand 1b) is
and rigid-band-filling calculations are mutually comparable.the strong covalent interaction between Co and O valence
However, the numerical values are smaller than those olelectrons in rhombohedral LaCg@ompared with the cubic
tained by the supercell calculation. This indicates that it isvariant for which the valence electrons n&grare mainly in
important to account properly for the charge transfer betweethe nonbonding state. From this result it is clear that the
Sr and its neighbors and this is lacking in both VCA andrhombohedral distortion enhances the covalent interaction

B. Structural stability and chemical bonding
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FIG. 7. Valence charge density contours for
nonmagnetic LaCoQin the (110 plane for(a)
hypothetical cubic andb) rhombohedral struc-
tures. The valence electrons in the range below
Er—1 eV toEg are shown with the 90 contour
line drawn between 0.001 and 0.08 electrons
(a.uy s

between Co and O and this gains the extra energy needed k@ 4f states. In general the octahedral crystal field split the
stabilize the rhombohedral over the cubic phase. This als@o 3d states intd,, andey bands. Owing to the rhombohe-
indicates that the appearance of the pseudogap according dioal distortion their degeneracy is liftdéig. 3).

our calculated DOS in the nonmagnetic rhombohedral phase The ionic radius of St is larger than that of L% .

of LaCoQ; [Fig. 2] is mainly originating from the cova- Hence, when L&' is replaced by $f there will act a nega-
lent hybridization between Co and O. tive chemical pressure on the Cg@nits. This chemical

A correlation exists between the location Bf on the pressure increases primarily the degree of tilting of the octa-
DOS curve and the structural stability of an intermetallichedra and hence the Co-O-Co bond angles as well as the
compound® When we increase the Sr concentration the Cooverlap interaction increase which in turn results in a length-
3d-like peak falls on the Fermi energy in the DOS curve andening of the Co-O bonds in order to compensate for the local
ferromagnetism arises. Also, owing to the coincidenc&pof repulsion between overlapping charge densities. The lobes of
and this peakN(Eg) increase with increasing Sr concentra- the t,4 orbitals point between the oxygen ligands bond,
tion (Fig. 6). For x>0.5, this peak moves away from the whereas those of the, orbitals point directly at the ligands
Fermi level as a result of the decreasing electron-to-atonjo bond. Hence, with Sr substitution the overlap with @ 2
ratio. As the stability of La ,Sr,CoO; mainly originates orbitals will be greater foey thant,q orbitals. This may be
from the covalent interaction between the Ctd 8nd O 2 the possible reason for why tleg states shift to the unoccu-
electrons, lowering of the number dfelectrons in the vicin-  pied region of DOS by Sr substitution. Moreover, since Sr
ity of the Fermi level at higher Sr concentration is expecteddoping is equivalent to hole doping the number of electrons
to give rise to structural destabilization. This may be thecontained in VB decreases with increasing of Sr concentra-
reason for the experimentally reportéd* oxygen deficiency tion. This leads to a systematic shift Bf towards the lower
at high Sr concentrations in La,Sr,Co0O;. energy region of DOS.

In order to obtain a deeper insight into the chemical bond- In order to understand the relative stability between vari-
ing behavior of LaCo@we have given the angular momen- ous compositions of La ,Sr,Co0;, we have computed the
tum, site decomposed DOS in Fig. 3. Here the @oaBd O  total energy of La_,Sr,CoO; in the cubic and rhombohedral
2p states are completely degenerate from the bottom of VBtructures for the ferromagnetic as well as the nonmagnetic
to Eg. This supports also the strong covalent interaction beeases(Fig. 8). Now we can analyze the possible electronic
tween Co and O. As mentioned above, the calculated chargarigin of the stabilization of the nonmagnetic rhombohedral
density in the(110 plane of LaCoQ [Fig. 7(b)] also show  structure in LaCo@ The total DOS of LaCo@in the cubic,
evidence of the covalence between Co and O. The inferrefbrromagnetic and nonmagnetic phases is shown in Fig. 2
covalence in LaCo@is consistent with recent photoemission From this illustration it can be seen that the nonbonding
and x-ray absorption spectroscopy measureniéniis.the  electrons are piled up ned in the cubic, nonmagnetic
upper panel of Fig. 3, the Osxtates are well separated from case. This is an unfavorable condition for stability since the
VB indicating that the O 2 electrons are not participating in one-electron energy increases with increasing concentration
the chemical bonding. In DOS for La, the peak structureof electrons closer t&r. However, when we include spin
~—15 eV arises from the pseudocorg States and are polarization in the calculation thg, levels split in two parts.
well separated from VB. Although the Lap5states are es- As this exchange splitting gives a gain in the total energy of
sentially localized from VB they show considerable disper-the system, the ferromagnetic state becomes lower in energy
sion(Fig. 3. In VB there is a negligible contribution coming than the nonmagnetic stat€ig. 8. So, if LaCoQ should
from the La atomgFig. 3) indicating a nearly ionic situation occur as the hypothetical cubic phase, it would stabilize in
for La. The sharp peak some 4 eV abdye originates from  the ferromagnetic state rather than the nonmagnetic state.
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05 o050 ous Co** —Cd*". Recently Potzet al*” have studied x-ray ab-

X sorption spectra of SrCafand concluded that the Co atoms
in this material are in an intermediate spitfe;, S=1)
ground state. They also pointed out the possibility of an
intermediate-spin state in slightly doped LaGoCFrom
magnetic susceptibility measurements on; Lg&rCoO;

Gangulyet al®! found that C3" at low Sr substitution levels
|.67

FIG. 8. Calculated total energy féa) cubic and(b) rhombohe-
dral phases of La ,Sr,CoGO; relative to their corresponding non-
magnetic states.

However, in the cubic, ferromagnetic phale falls on a ) \ : X
peak in the DOS curve as shown in Fig 2. Hence a&'€in the I1S-state configuration. Recently Yamagetha

Peierls-Jahn-Teller-li8 instability arises and the system INferred from temperature dependent infrared spectroscopy
stabilizes in the lower symmetric rhombohedral structure2N -aC0Q that the splitting of phonon modes resulting from
The Peierls-Jahn-Teller-like instability in the cubic phase acihe spin-state transition and the local lattice distortion can be
cordingly arises from the orbital degeneracy of testate. mterpr_eteq as rflated to the_th(_ermally excited Ii—state spin
For the ferromagnetic and nonmagnetic phases of rhombohdansition in C3*. The substitution of $r for La®" con-
dral LaCoQ, E; falls on the nonbondinglike state in the vesrts its nearest nglghbgr (Z:Obalts into a tetravalgnt Iow.-spm
ferromagnetic case and a pseudogap in the nonmagneti€g;LS), high-spin  {34€3;HS), or intermediate-spin
case. Since the location ofr on the pseudogap (tggeé;IS) state. If we consider a purely ionic picture, the
gives extra contribution to the structural stabifyi. acCo0, ~ @bove spin configurations gives maximunug, Sug, and

stabilizes in the nonmagnetic, rhombohedral structure.  3#e per Co atom, respectively, in SrCeQOThe strong O P
to Co 3d hybridization reduces the exchange splitting of the

t,4 bands, resulting in a small reduction in the magnetic mo-
ment of La_,Sr,CoO; compared with the pure ionic con-
Replacing La with Sr introduces hole states above thdiguration. Our calculated magnetic moment per Co atom in
Fermi level and reduces the electron per atom ratio insrCoQ, is 1.843ug and this indicates that the IS configura-
LaCoQ;. If we assume that the rigid-band-filling principle tion is more favorable than the LS and HS configurations at
works in this case, the reduction in the electron per atonhigher levels of Sr substitution.
ratio is equivalent to shiftindeg towards the lower energy From their experimental results Raccah and
side of DOS. As there is a sharp peak in DOS at the loweGoodenough concluded that the Codelectrons are in a
energy part closer t&Eg in nonmagnetic, rhombohedral |ocalized state in the La-rich region of LaSrCoO;,
LaCoQ;, Sr doping enhanceld(Eg). Hence the Stoner cri- whereas they are collective and contribute to ferromagnetism
terion [N(Eg)I>1; | being the Stoner paramejdor band in the Sr-rich region. Bhidet al?? measured the temperature
ferromagnetism will be fulfilled and ferromagnetism will ap- dependence of Mesbauer spectra in the ferromagnetic re-
pear. gion of iron doped La ,Sr,CoO; (0=x=0.5) and reported
Goodenougff has pointed out that the magnetic momentthat ferromagnetic Co clusters in the Sr-rich region coexist
of 1.5ug in metallic La, sSt, sC0o0; can be rationalized with  with paramagnetic cobalt clusters in La-rich regions in a
an intermediate-spin model having IocaIizEgta configura-  given sample. In order to understand the magnetic properties
tions on each cobalt and an itinerarit band containing 0.5 of the cobalt ions in regions close to the Sr and La clusters,
electrons per Co atom magnetized ferromagnetically. Fronspin polarized Co 8 DOS for Co atoms closer to La and Sr
magnetization measurements in low magnetic fields Itotare presented in Fig. 9 for the L.aSr, ,{C00; case. These
et al® found that there exist spin-glass <&=<0.18) and are obtained by the supercell approach based on experimen-
cluster-glass (0.18x<0.5) regions in La ,Sr,CoO; due tal structural parameters as inputs. From this illustration it is
to the random distribution of Sr and the competition betweerclear thatd states for the Co atoms in both configurations are
the ferromagnetic, double-exchange interaction betweeitinerant and also that both are participating in the ferromag-
Cd** and Cd* and antiferromagnetic superexchange inter-netism. However, it is interesting to note that Co atoms
actions between high-spin states such as'CoCo®" and  closer to Sr are more spin polarized than those closer to La

C. Origin of ferromagnetism
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LaCoO0;. For the cubic and the rhombohedral structures, the

differences in total energy between the ferromagnetic and

nonmagnetic phases obtained by supercell calculations are
shown in Figs. 89) and &b), respectively. Figure(®) places

the nonmagnetic-to-ferromagnetic transition at0.11
which is in good agreement with the results obtained from
VCA calculations. Hence, fok>0.08—-0.11 the ferromag-

Ferromagnetic

f_‘ 000 netic phase is the energetically favored state as also con-

% firmed experimentalf?.

g The possibility of an intermediate-spin state with Fermi
o1 energy between Iocalizettgg andtgg states has been postu-

lated by Raccah and Goodenodgfor x=0.5 (found to be a
metallic ferromagnet From temperature dependent electri-
cal resistivity measurements Thorntenal}? explained the
semiconductor-to-metal transition by stabilization of an
intermediate-spin state associated with a smooth transition
from localizedey to itineranto™ electrons for the Co ions.
Self-energy-correction-included HF calculatighshow that
the LS-to-IS transition takes place in L3S, CoO; at X
~0.08. It is interesting to note that the present calculations
locate the nonmagnetic-to-ferromagnetic transition at the
(Co closer to La possesses a magnetic moment ofuls08 same composition(Fig. 10. This indicates that the
and those closer to Sr 1.4@). This indicates that Co ions in nonmagnetic-to-ferromagnetic transition is associated with
neither of these configurations are in the3Cd.S state in  the spin-state transition in ka,Sr,CoO;. For the rhombo-
Lag 755p »5C00;. A small substitution of La by Sr in hedral structurénote that our calculated total energy for the
LaCoG; significantly changes the electronic structure of thespin-polarized case is higher in energy than the nonmagnetic
Co ions throughout the lattice. Hence, the theoretical resultsase our calculations gave a magnetic moment of
rule out the possibility of stabilization of the Cal2lectrons  1.1ug f.u.”! for LaCoQ;. This indicates that although the
in a localized state in the La-rich region of 15Sr,CoGC;. nonmagnetic state represents the ground state in LgCoO
From ferromagnetic resonance measurements Bahadtitere exists a metastable solution with a magnetic moment of
et al%8 found that the Lande factor takes a single value ofl.lug f.u.”! for this phase. It is worth recalling that the
1.25 irrespective of the &F content in La_,Sr,CoO;.  pronounced field dependence of the magnetic susceptibility
From this observation they proposed that the Co ions are inf LaCoO; ceases at-100 K. Also, the removal of the
one single valence state in this material. Our calculated magiramatic field effect already at the substitution level
netic moments for Co close to La and Sr sites are not mark=0.01 in LaCq_;Cr,O; supports the existence of closely
edly different, indicating that the Co valence states do nospaced energy levels which are easily modified by small
differ much in La_,Sr,Co0,. As our calculated total mag- amounts of paramagnetic substituefitsThe self-energy-
netic momentgFig. 5 are found to be in very good agree- corrected HF calculatioR$gave a magnetic moment of 2.12
ment with the low-temperature neutron-scattering measureand 3.4%.g (Co atom) ~* for the IS and HS state of LaCaQ
ments, we believe that the electrons contributing torespectively. From LDAU calculations, Korotinet al>!
magnetism in this material are of the itinerant-band, ferrofound 2.11 and 3.1@g (Co atom ~ 1, respectively. Our cal-
magnetic character rather than of a localized nature. culations thus suggest that the possible spin-state transition
on temperature increase and/or hole doping is LS-to-IS
rather than LS-to-HS. Furthermore, the small difference in
the magnetic moment of the Co atoms closer to Sr and La in
Magnetization ~measuremefits indicate that the La;_,Sr,CoO; (Sec. IV Q appears to support this inference
nonmagnetic-to-ferromagnetic transition appears in the comand consequently to the rejection of the LS-to-mixed-LS—
position range 0.058x=<0.15. In order to simulate this tran- HS-state transition proposed by Rodriguez and
sition we have calculated the energy difference between norGoodenough®
magnetic and ferromagnetic states of; LgSr,CoO; as a Our calculated magnetic moments for ;1LaSr,Co0;
function of x using VCA calculations. According to Fig. 10 (VCA and superce]l are compared with the experimental
the nonmagnetic-to-ferromagnetic transition takes place dbw-temperature neutron-scattering measurenientsig. 5.
x=0.08 which is in good agreement with experimentalBoth experiment and theory show a trend of increased mag-
findings?* Also the stabilization of the ferromagnetic phase netic moment by hole doping. From saturation magnetization
for x>0.08 is in agreement with the paramagnetic behaviomeasurements on ka,Sr,CoO; Jonker and van Sant&h
observed in the susceptibility for>0.081* Furthermore our  found that the magnetic moment increases with increasing
calculations show that the nonmagnetic state isand takes~1.3ug (Co atom ! at x=0.4. Forx=0.5 the
0.084 eV f.u: ! lower in energy than the ferromagnetic state experimentally observed magnetic moment is 2022ug
in LaCoQ,. This is consistent with the experimental studies(Co atom) 1. This shows that the agreement between ex-
in the sense that the nonmagnetic state is the ground state fperiment and theory is good. It is interesting to note that our

0.1 0.2 0.3 04
X

FIG. 10. Total energy of ferromagnetic {.3Sr,CoO; vsx rela-
tive to the paramagnetic state obtained by VCA calculations.

D. Nonmagnetic to ferromagnetic transition
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calculated magnetic moments obtained from the supercellCo atom) ~!] will be larger than the experimental values
and VCA calculations are mutually consistéRtg. 5). This  [1.8ug (Co atom) ~* according to linear extrapolation of Fig.
indicates the VCA approach is reliable to predict magnetic3 in Ref. 71.
properties of transition metal oxides with hole doping. Fur-

thermore, it should be noted that the magnetic moment ob-

tained from low-temperature magnetization measurerfiénts

is always lower than those obtained from the theoretical cal- We have made detailed investigation of the role of hole
culations as well as from neutron-scattering measurementfoping on electronic structure and magnetic properties of
(Fig. 5. More recent saturation magnetization measuretaCoQ, using supercell approach as well as VCA calcula-
ment$® for x=0.3 at 4.2 K gave a moment of about &7  tions. We have inferred the following.

(Co atom ~*. This indicates that the deviation between mo- (1) Our calculations show that the nonmagnetic state is
ments obtained from the magnetization measurements antle ground state for LaCao0n agreement with experimental
the present theoretical studifig. 5 may be due to experi- observations.

mental errors. However, a discrepancy between experiment (2) We have identified strong covalent interactions be-
and theory above>0.5 can be expected, because the oxytween Co and O within the CqQdctahedra and ionic bond-
gen deficiency is known to increase abowve0.5, in particu-  ing between La and these building units in LaGoO

lar if the samples are not prepared under a high oxygen (3) The density functional calculations with gradient cor-

V. SUMMARY

pressuré>2° rections fails to predict the narrow bandgap semiconducting
The magnetic moments obtained fo=0.2 and 0.3 by behavior. Instead it predicts a pseudogajEat

VCA calculations ard .46,z and 1.5%g (Co atom ~* and (4) The rhombohedral distortion in the nonmagnetic cubic

in good agreement with the experimental vafies 1.5 and  phase is originating from Peierls-Jahn-Teller-type instability.

1.89u5 (Co atom ~! obtained at 10 K by neutron diffrac- (5) The nonmagnetic to ferromagnetic transition in

tion. From magnetization measureméhtshe estimated La,_,Sr,CoO; takes place aroung=0.08 in the VCA cal-
magnetic moment forx=0.25 at 10 K is 1.585 culations andx=0.11 in the supercell calculations. These
(Co atom™! in good agreement with 1.4i% (Co atom~!  values are in good agreement with the experimentally re-
obtained by the supercell calculations. It should be noted thgsorted valuegfor x=0.05 to 0.15.
the magnetic moment increases fran83ug to 1.8%ug (Co (6) The calculated magnetic moments are found to be in
atom ~! when the temperature is decreased from 300 to 1@ood agreement with the experimental values, suggesting
K for x=0.3[1.18ug to 1.5ug (Co atom ~* for x=0.2].*3  that the magnetic properties of {8Sr,Co0; can be ex-
The increasing trend in the magnetic moment as a functioplained through itinerant-band ferromagnetism.
of Sr doping is mainly caused by the narrowing of the bands (7) Present results indicate that the formal “Coin
due to the increase in volufigFig. 4). The experimentally La,_,Sr,CoO; are closer to the IS configuration rather than
establishet? Curie temperature Tc) increases monoto- to LS or HS configuration.
nously with increasingx and reaches a maximum at (8) The calculations suggest that the possible spin state
=0.7, whereafter it decreases linearly with increasinip  transition induced in LaCoby hole doping is from LS to
the range 0.8 x=1.0.2° Our calculated magnetic moment as IS rather than from LS to HS or from LS to a mixed LS and
a function ofx (Fig. 5 increases linearly witk indicating  HS state.
that the decrease incTfor x>0.7 may be associated with the
formation of oxygen vacancies.

In general one expects that the calculated magnetic mo-
ment for SrCoQ should be higher than that obtained experi- P.R. is grateful for financial support from the Research
mentally. Since La ,Sr,CoG; in practice will have oxygen Council of Norway. P.K. acknowledges financial support
deficiency at higher Sr substitutidhpne must expect a low- from the SKB AB, the Swedish Nuclear Fuel and Waste
ering of the magnetic momerjthe magnetic moment in Management Company. P.R. is also grateful to Professor B.
SrCoQ,_ 5 vary from ~0.85u5 to 1.6ug (Co atom ! de-  Johansson and Dr. O. Eriksson for their encouragements, Dr.
pending on the oxygen stoichiometty As our calculated J. M. Wills for generously making his program available for
magnetic moments are valid only for the ideal oxygen con+the present studies, and to Dr. Lars Nordstrand Dr. H.W.
tent, the calculated value for SrCeQ2.52ug Brinks for the useful discussions.
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