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Intermediate-spin state and properties of LaCoQ
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The electronic structure of the perovskite LaGdor different spin states of Co ions was calculated in the
local-density approximation LDAU approach. The ground state is found to be a nonmagnetic insulator with
Co ions in a low-spin state. Somewhat higher in energy, we find two intermediate-spin states followed by a
high-spin state at significantly higher energy. The calculations show thatdCxia@es oty symmetry form
narrow bands which could easily localize, whilg orbitals, due to their strong hybridization with the oxygen
2p states, form a broad* band. With temperature variation which is simulated by a corresponding change of
the lattice parameters, a transition from the low- to intermediate-spin state occurs. This intermediate-spin
(occupatiortggeé) can develop an orbital ordering which can account for the nonmetallic nature of L,ed€oO
90 K<T<500 K. Possible explanations of the magnetic behavior and gradual insulator-metal transition are
suggested.S0163-18206)07632-1

I. INTRODUCTION the e, states, were not considered. It has recently been
pointed out by several authors that the oxides corresponding

Among the systems showing a semiconductor-to-metalo high formal oxidation states may be negative charge-
transition, LaCoQ is especially interesting because of its transfer systems in the Zaanen-Sawatzky-Allen scheree,
very unusual magnetic behavior, often associated with a lowsulting in an essential modification of the electronic struc-
spin (LS)—high-spin(HS) transition! Although a large num- ture, in particular in a possible stabilization of an IS sfate.
ber of investigations have been carried out since the early A first physical model to explain the transitions in
1960s, the character of the transition and the nature of theaCoO; was proposed and recently revised by Goodenough
temperature dependence of the spin state is still unclear. Fan Ref. 1. It was suggested that for trivalent cobalt in LaGoO
example, the temperature dependence of the magnetic suke crystal-field energys is only slightly larger than the
ceptibility shows a strong maximum at around 90 K followedintraatomic (Hund) exchange energg,,. Thus the ground
by a Curie-Weiss-like decrease at higher temperaturesstate of the Co ion is L$A; (S=0), and the excited HS state
which was interpreted by the authors as a LS-to-HS transi®T, (S=2), according to Ref. 1, is only 0.08 eV higher in
tion. The semiconductor to metal-like transition occurs in aenergy. The corresponding one-electron configurations are
range of 400600 K, well above this transition. The insulat-t5,eq for the LS state and3,e for the HS state. The in-
ing nature of LaCo@ below 400-600 K was attributed by crease in temperature leads to the population of the HS states
Raccah and Goodenough to an ordering of LS and HE Co which is reflected in the magnetic susceptibility measure-
ions in a NaCl-like structuréwith the itinerant electrons in ments. The semiconductor-metal transition was interpreted
a broadband formed by the transition-megglorbitals. This  qualitatively as a formation of &* band from the localized
structural change, however, has not been observed in crysnic g4 states. The long-range order of the LS and HS Co
tallographic studies. Recent neutron-scattering experirentsons was assumed based on the results of x-ray-diffraction
suggest that the semiconductor-metal transition is not premeasurements. Recent neutron-diffraction experimiedits
dominantly magnetic in origin, but a clear picture of its na-not confirm this, but also did not exclude possible short-
ture is absent. range order of this kind.

X-ray photoemissiontXPS) and x-ray-absorptioiXAS) The theoretical description of LaCg@s a difficult task,
studies, on the other hand, have been interpreted in terms bkcause this system exhibits a transition from localized to
a spin change at the semiconductor-metal transftibhere  delocalized behavior, and the two main existing methods—
are, however, several discrepancies in the interpretation. Thene-electron band-structure calculations based on the local-
Co 2p XAS line shape at room temperature looks like LS density-approximatioiLDA) and “model Hamiltonian con-
Co®", which is not consistent with a spin state transition atfiguration interaction” approachdéwhich were both used for
90 K. Also, the valence-band XPS spectrum at 300 K is quitehe compound under consideratfdpr—were constructed for
different from that of a HS compound. So the interpretationthe completely itinerant and fully localized cases, respec-
of the two transitions is still uncertain. tively.

In most previous studies one has assumed a rather ionic Recently Sarmat al® presented results of the local spin
and ligand-field-like starting point. In this picture the possi-density aproximationLSDA) calculations for LMO; (M
bility of intermediate-spin(IS) states as well as local sym- =Mn,Fe,Co,Nj. It was claimed there that LSDA results
metry lowering, orbital ordering, and the large bandwidth ofgave good agreement with the x-ray photoemission spectra.
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Such an agreement is not necessarily proof of an adequatecessary model paramet¢ssch as the Coulomb parameter
description of the electronic structure. A well-known ex- U,'? the exchangd, hopping parameters describing hybrid-
ample is NiO, where LSDA gives a sharp peak at the top ofzation, etc) on a first-principle basis, but the one-electron
the valence band in agreement with XPS, but the nature dftructure of the LDA equations with an orbital-independent
this peak is the Ni 8 t,4 minority spin, while it is generally potential does not allow to use these parameters in the full
accepted that this peak is derived from #ift final state. variational space. LDAU overcomes this problem by using
The real proof of the correctness of the one-electron approxithe framework of the degenerate Anderson model in the
mation would be an absence of the satellites in the photomean-field approximation. In this method, the trial function
emission spectra. Also, the XPS spectra, with which a comis chosen as a single Slater determinant, so it is still a one-
parison was made in Ref. 8, were measured at roonelectron method, but the potential becomes occupation de-
temperature, where LaCq@Qs already not in the low-spin pendent, and that allows one to reproduce the main feature of
state. So these XPS data must be compared with LSDA restrongly correlated systems: the splitting of théand to the
sults corresponding to the magnetic solution and not to accupied lower Hubbard band and unoccupied upper Hub-
nonmagnetic one as in Ref. 8. bard band.

Anisimov, Zaanen, and Andersen proposed a so-called The main idea of our LDAU method is that the LDA
LDA+U method which combines in one calculation gives a good approximation for the average Coulomb energy
scheme LDA and Hubbard model approaches, and is able tof d-d interactionsE,, as a function of the total number df
treat on a “first-principle” basis systems with a strong Cou- electrondN=2 ., n.,., wheren,,, is the occupancy of a par-
lomb correlation. It was demonstrated that this metiiod ticulard,,, orbital:
contrast to the standard LDA&ould describe the existence of
different states of the system under consideration which are E _U N(N—-1) N(N-2) (1)
close in total energyholes in doped copper oxid€sand av 2 4
transition-metal impurities in insulatds.

In this paper we present a study of the electronic structure But the LDA does not properly describe the full Coulomb
of LaCoGQ; in the LDA+U approach. In contrast to the stan- and exchange interactions betweakplectrons in the same
dard LDA there are several stable solutions corresponding t8hell. So we suggest subtractiig, from the LDA total-
different local minima of the LDA-U functional. We have energy functional, and adding orbital- and spin-dependent
found a nonmagnetic insulating ground state in agreemerftontributions to obtain the exaéin the mean-field approxi-
with experiment. We have also found two orbitally polarized mation formula
magnetic solutions corresponding to IS stdtase of them is N(N—1) N(N—2)

a gapless semiconductor and the other is a matal a semi- E=Epa—| U -

conducting magnetic solution corresponding to a HS state of 2 4

the system, which lies much higher in energy. In addition we

found that.tr_weegJ states form brogdbands, whergas tlgée_ +1 Z Umm NmoNm’ — o

states exhibit narrow bands, split by Coulomb interactions mm’,o

into lower (occupied and upper(unoccupied Hubbard

bands. Using the results of these calculations, we propose an +1 E (U = Imm ) Nmo N o - 2
interpretation of the behavior of LaCgOAccording to our m#m’,m’ o

scheme, with increasing temperature there first occurs a tran-
sition from a LS(nonmagnetitinsulating ground state to a
state with an IS(configurationt3,eg). Due to the strong
Jahn-Teller nature of this configuration, this state may de
velop orbital ordering. The orbitally ordered state turns out

to be nonmetallid¢actually nearly a zero-gap semicondugtor Vino (1 =Vipa(N+ > (Unm —Yet) N — o
in our calculations. With a further increase of temperature m’

the orbital ordering may be gradually destroyed, which can

The derivative of Eq.(2) with orbital occupancyn,,,
gives the expression for the occupation-dependent one-
electron potential:

explain the transition to a metallic state observed in LagoO + 2 (Umm = Jmm — Uett) Nine
at 400—600 K. We hope that this information will eventually m’#m
lead to a better understanding of LaGpé&nd other similar

The Coulomb and exchange matridés,,, andJ,,,y are
Il. CALCULATION METHOD
- k
The LDA+U method is based on the assumption that it Uiy ; k", @

is possible to separate all electrons in the system into two
subsets: the localized statdsr LaCoO, these are the Cod3

orbitalg, for which Coulomb intrashell interactions are de- Jmm’:; byF¥, ®)

scribed by the Hubbard-like term, and the itinerant states,

where the averaged LDA energy and potentials are good ap- dr K

proximations. a= Im|Y e Imym’ [Y* [Im’), 6
It is known that LDA calculations can provide all the KT 2k+1 q;—k< [Yigltm)(m'[¥igIm”) ©
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TABLE I. Basis set and MT-sphere radii used in the calculation. tegration in the course of the self-consistency iterations was
5 5 ; performed over a mesh of @5points in the irreducible part
Atom  kf=-0.01Ry «3=—10Ry «5=—23Ry Ryr.A  of the BZ. Densities of states were calculated by the tetrahe-
dron method with 72% points in the whole BZ.

1.77 . . . .
La 6s6pSdaf 6sbp5daf 6sbpsd As the potentials for the various orbitals of Co are dif-
Co 4s4p3d 4s4p3d 4s4p 1.26 - o . i -

o 262 262 9 0.66 ferent in LDA+U, it is not obviousa priori what will be the
sep sep s ' final symmetry of the system under consideration. In prelimi-

nary calculations we assumed for simplicity that LaG&@s
4 k a perfect perovskite-type cubic lattice. To allow the system
b= 77 2 KIm| Yyl Im" )2 (7) to choose the appropriate symmetry by itself, we perform an

2k+1 ==« a ' integration not ovegs part of the BZ as for cubic symmetry

but over; (D,, symmetry group The resulting symmetries
were found to be cubic Pfor the ground(LS) state and
tetragonal O, for the excited states. Practically the same
situation occurs in reaR3c symmetry: the occupancies of
Xy, Yz, andzx orbitals are about the same for the low-spin
configuration as well as that ofz3-r? and x>-y? orbitals.
The degeneracy ofy andyz andzx orbitals is broken in the
other spin states.

where F¥'s Slater integrals andim|Y,,/Im’) are integrals
over products of three spherical harmoniGg, .

For d electrons, one need?’, F2 andF* and these can
be linked to the parameteks (direct Coulomb interaction
andJ (intraatomic exchangeobtained from the LSDA su-
percell proceduré$ via U=F° and J=(F?+ F*%)/14, while
the ratioF?/F* is to a good accuracy constand.625 for 3
elements® For LaCoQ the Coulomb parametet) was
found to be 7.8 eV and the exchange paramé&ted.92 eV.

The LDA+U approximation was applied to the full po- Ill. RESULTS AND DISCUSSION
tential linearized muffin-tin orbita(FP LMTO) calculation
schemé? Crystallographic data being used in the calcula-
tions were taken from Ref. 3. According to them, LaGoO  We start by considering the results of the calculations for
has a pseudocubic perovskite structure with a rhombohedréihe homogeneous regimes, without an extra superstructure.
distortion along the(111) direction. The unit cell contains The possibility of obtaining a solution with orbital ordering
two formula units. Since this rhombohedral distortion isis considered in Sec. Il B.
small (the largest rhombohedral angle is 60.990° at)4we The detailed results of the calculations with crystallo-
use the concept df,; and ey orbitals, as referred to in the graphic data corresponding # K are presented in Table II.
cubic setting in the following discussion. Temperature wasOne must start with equal occupancies of all thrgeorbit-
introduced in our calculations only by the change of latticeals and also of twe, orbitals(e.g.,tggeg) to obtain the LS
parameter and rhombohedral angle according to the data @bnfiguration. The Initial spin polarization vanished during
Ref. 3. The most detailed description of the technical aspectself-consistency iterations, resulting in a nonmagnetic final
of FP LMTO calculations for the perovskite-type complex solution. The charge excitation spectrum has a semiconduct-
oxides can be found in Ref. 15. The optimal choice of theing character in accordance with experimental tatand in
basis set for describing the valence band and the bottom afontrast to the LDA result with the energy gap equal to
the conduction band of LaCa@s presented in Table |. Since 2.06 eV. The top of the valence bafigig. 1) is formed by
the U correction is applied to the Ca orbitals, the value of  the mixture of oxygen @ states with Cd, orbitals, and the
the muffin-tin (MT) radius for Co was chosen close to its bottom of the conduction band predominantly by teor-
value in metallic Co in order to obtain the fulld3density bitals.
inside the sphere. For the correct description of the wave From x-ray photoemission and absorption spédtra gap
functions in the interstitial region, we expanded the sphericalvas estimated to be 0:9.3 eV. The optical measure-
harmonics up to the value &f,,,=5, 4, and 3 for La, Co, and ments'’ gave ~0.5 eV. The larger value of the calculated
O MT spheres correspondingly. The Brillouin-zof®¥) in-  gap can be explained by the well-known fact that a mean-

A. Homogeneous solutions

TABLE Il. Total-energy difference, character of the energy spectrum, occupancies of vaudobisals of
Co, and magnetic moments for various Co spin states in LaCoO

d occupancies

5%  Energy Md-Co
Configuration (eV) gap(eV) Xy yz zx  3z2%2-r2 x2-y? total (up)
t5.eq 206 1] 098 098 099 032 033 720 O
low spin
t540* 024 @ 1T 098 098 098 084 084 713 211
intermediate spin 1 0.07 0.98 0.99 0.23 0.24
t34e3 0.65 013 | 099 099 099 1.00 1.00 678 3.16
high spin | 099 008 011 0.33 0.30

&Total-energy difference relative to the energyt@éeg configuration.
PHalf-metal. Total magnetic moment per unit cell a2
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FIG. 1. The total (in states/eVce)l and partial (in FIG. 2. The total (in states/eV spincell and partial (in

states/eV atojndensities of states obtained in LBAJ calculations ~ States/eV spin atopdensities of states obtained in LBAJ calcu-
for LaCoQ; with Co ions in the low-spin stat(ztggeg configura-  lations for LaCoQ with Co ions in the intermediate-spin state

tion). For thed-Co partial density of states, the solid line denotes (t3g0™ configuration. The Fermi level is denoted by the vertical
t,y Orbitals, and the dashed line &g orbital. dashed line. Arrows corresponds to spin-up and spin-down spin

projections. The other notations are the same as in Fig. 1.
field approximation, which is the basis of our LBAJ ap-

proach, usually overestimates the tendency to Iocahzauoghg (Figs. 2 and B The reason for this is that the antibonding
and hence the values of the gap.

The aim of K to find soluti di o* band(formed bye, orbitals is very broad, and the band
o th ehglrrr: ot our Wtort Wafsco n SOUU 'OTIS (Er?rrzsspo? t'ngsplitting is not strong enough to create a gap in the case of an
0 the higher-spin States of Lo 1ons. Lisually the Siale I35 state. When theg band becomes completely filldtHS

described as 8;4e configuration with the maximum value state, a small gap betweeeg andeé bands appears.

g
In Table 1l the occupation of different orbitals in different

of spinS=2 (magnetic momengkc,=4ug). This corresponds
configurations is presented. One notices that the actual occu-

to the purely ionic model, and hybridization of the Cd 3
orbitals with the oxygen @ orbitals and band formation in a pation is different from the formal “chemical” one, and cor-
responds on the average not to six but rather to seven elec-

solid can renormalize significantly this ionic value. Such a
trons in thed shell. The reason for this is the strong

renormalization4wa;s obtained in our calculatiqsse Table
). .The initial t54e conflguratl?n[two Toles ond}(z,dﬁ,z hybridization of the emptg, orbitals with oxygen p orbit-
orbitals of thet,, setand two omly > »,d,> \» 0ftheegset  gig |n the LS ground state eveey orbital, which is formally
with spin-down(minority) spin projection results in the self- empty, actually has an occupancy of about 0.33, resulting in
consistent solution with a magnetic moment pfyc, 1.3 additionald electrons above the formal six-electron con-
=3.16ug. The total energy of this HS solution is 0.65 eV figuration. In the case of the excited IS state we have a par-
per formula unit higher than the ground-state t53eg con- tially filled broad¢* band, with the total number @ elec-
figuration. The unexpected result is that there exists afrons increased by 0.85 as compared to the LS, state and the
intermediate-spirsolution (second line in Table Il, magnetic number oft,, electrons 0.92 less than in the LS state, having
moment valueug co=2.11ug) which is lower in total en-  as a result a practically unchanged total numbed aflec-
ergy than the HS solutiof0.24 eV per formula unit relative - trons. Therefore, we used the notatiglyo* in the Table Il
to the LS ground stateThis solution was obtained when we tg prevent a misunderstanding, and in accordance with nota-
started from the initial configuratiot,e 5, where only one  tion proposed in Ref. 1. One may also say that despite the
electron was transferred from thg, to ey states. The final  formal oxidation state C8 the real configuration, e.g., in
self-consistent configuration is better described aggastate the IS state, is a mixture 0€geé andt ggeél_- configurations.
with a partially filedo* band (t340*) with the occupancies ~ Some other points concerning the results obtained are
of the a;zz—rz and aj(z_yz orbitals equal to 0.84. In a worth mentioning. As one can see from Fig. 1, the occupied
configuration-interaction language used in the cluster calcustates closest to the Fermi energy in a LS state are mainly
lations, this may be compared todd+d’L state, where formed by oxygen state@ote that in Figs. 1-3 the partial
denotes a hole on the oxygen. densities of states of constituent atoms are given per atom,
The IS state in our calculations turns out to be metallicand there are three oxygen atoms per formula)u@ibnse-
(see, however, Sec. lll)Band the HS state is semiconduct- quently the final state of XPS for a LS state formally corre-
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54 : LS. Experimentally it is established that there is a transition
NN | SR S— from a LS nonmagnetic state to the magnetic one with in-
-10 -8 -6 -4 -2 0 2 4 creasing temperature. According to Ref. 2, this transition oc-
Energy (eV curs in the vicinity of 90 K. As the closest magnetic state is

that with 1S(the HS state lies, according to our results, much
FIG. 3. The total (in states/eV spincell and partial (in ~ higher at 0.65 ey, we ascribe the nonmagnetic-magnetic
states/eV spin atoyrdensities of states obtained in LBAJ calcu-  transition in LaCoQ to the LS-IS transition.
lations for LaCoQ with Co ions in the high-spin staté3,e3 con- It is well known (see, e.g., Ref.)ithat Co in the HS state
figuration. Notations are the same as in Figs. 1 and 2. has a larger ionic radius than in the LS one, and the LS-HS
transitions are accompanied by an increase of volume. Keep-
sponds to ad®L configuration. At the same time the elec- ing that in mind, we carried out calculations of the electronic
tronic excitations mostly reside on &g orbitals hybridized  structure of LaCo@ for different lattice parameters which
with p states of oxygen. However, in the IS case, which incan imitate the influence of temperatuxea thermal expan-
our calculations is metalli¢Fig. 2), the states at the Fermi sion). In Fig. 4 we plot the total energies for various spin
level contain comparable weights of both @y and Op  states of Co as a function of the lattice parameters relative to
orbitals. the energy of the Sgeg state for the lattice parameter corre-
The IS state obtained is fully polarized, which is due tosponding to 4 K. In this figure the actual lattice parameters
the half-metallic ferromagnetic nature of the solution: theused in the calculations are shown on the horizontal axis,
magnetic moment per formula unit isug, i.e., it corre- together with the corresponding temperature séake used
sponds to the spiB=1. In that sense the calculation agreesthe lattice parameters including the lattice constant and
with the ionic picture, in which the IS configuration of Co is rhombohedral angle as a function of the temperature mea-
d® (t34e5), with S=1. sured in Ref. ® One sees that with increasing specific vol-
The IS state of LaCoQin our results turned out to be a ume (or with increasing temperatur¢he energy of the IS
half-metalli¢® ferromagnet, in which only the electrons of state crosses that of the LS state, which corresponds to the
one spin projection are at the Fermi levgéhe other spin LS-IS transition. In our calculation this crossover occurs at
subbands are fully occupigdA ferromagnetic arrangement lattice parameters corresponding to 150 K—somewhat larger
of the magnetic moments may of course be an artifact of théhan the experimental value of about 90 K. Note that the HS
scheme used. In principle, the LBAJ method is intended state still lies very high in energy even at temperatures above
to describe local correlation effects such as a formation 0600 K.
Hubbard gaps and local magnetic moments, which should The total energy for all three solutiofkS, IS, and H$
still be present in the paramagnetic phase. However, technédecreases with increasing volume and minima are achieved
cally in the calculations we have to assume a long-rangenly for lattice parameters corresponding to high tempera-
magnetic order in accordance with the translational symmeture. At this value of the volume the total energy of the IS is
try of the crystal. The results obtained in such a way indicateslightly lower than the LS. It is well known that equilibrium
whether or not there is a gap, and provide an estimate of thealues of the volume calculated with LSDA are always a few
local magnetic moment. percent less than the experimental volume, because LSDA
Although the IS state in the calculations turns out to beoverestimates cohesion. LDAU, on the other hand, under-
metallic, the density of states at the Fermi level is very low,estimates cohesion due to its treating thetates as local-
n(Eg)=0.36 states per eV per one formula unit. This prob-ized. In both cases the calculated lattice parameters signifi-
ably indicates that it would not be so difficult to make this cantly deviate from the experimental values. Goodenough
state semiconducting; see the discussion besec. 111 B). suggested that the magnetic transition in Lag@Ocaused
The results presented above show that the first excitelly the fact that the crystal-field enerdyy is only slightly
configuration lies only 0.24 eV above the ground state withlarger than the intra-atomi¢Hund exchange energy,,.
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— : : _'4: _"': "-'; Ao v exp(—Eq/KT)
; s o o3t o 8T 1y expg(— Eg/kT)’ ®
4.: z ﬁ 4-; .-".T. _g_'.!_. whereE, is the energy gafit was taken in Ref. 2 as a fitting

a b c parametey, andv is the degeneracy of the magnetic state. As

the high-temperature magnetic ground state was believed to

be the HS state in Ref. 2, the degeneracy was taker-4%

[triply degenerated,, orbital times the spin degenera(3s

+1) with S=2; see Fig. &)]. In our interpretation the de-

generacy will bev=18 [triply degenerated,, orbital times

The crystal-field energy is determined by thé-3p hopping  double degeneracy & orbital times(2S+1) with S=1, see

parameters, which strongly depend on crystal volume. HencEig. 5(b)]. Thus the fit ofAa would be as successful with

if one will perform calculations with lattice parameters cor- this interpretation as with the one given in Ref. 2, with ac-

responding to the calculated equilibrium volume, then theually nearly the same value of the energy

delicate balance betweeyy; and A, will be destroyed. Our The picture of an IS state can also help to resolve one

results show that for low-temperature lattice paramefgrs more problem mentioned in Ref. 2: that the correlations be-

is larger thanA,,, but already a small increase in volume tween magnetic sites in LaCgQre not antiferromagnetic

(corresponding to increasing the temperature to 150 Kbut(weakly) ferromagnetic. One should expect only antifer-

would reverse this ratio. romagnetic correlations betwednigh-spin Co®* ions in
Thus from the results obtained we conclude that thevhich thee, shell is halt-filled €3). However, in IS Co,

nonmagnetic-magnetic transition in LaCp@ost probably ions have a nominallye, configuration, and especially if

occurs not between LS and HS states, but betweenand  theseey orbitals are _orderedsee discussion belgvone can

intermediate-spirstates. The reason for the stabilization of have a ferromagnetic exchange interactitre well-known

the IS state may be understood from the following consider€xample is, e.g., ferromagnetic®uF, (Ref. 20].

ation. Different configurations of G6 (d®) are illustrated in

Fig. 5. Heret,, andeg are atomidl states split by the crystal B. Possible orbital ordering in LaCoO,

field (the splittingA=10Dq). In a purely ionic picture one

should expect that, depending on the ratio betwaAeand

FIG. 5. Schematic representation of various @+d’L con-
figurations in low-(a), intermediate{b), and high-(c) spin states.
The open circle denotes a hole in the oxygeshell.

The concept of the LS-IS transition describes quite rea-

intraatomic exchange interactioh either LS or HS states SOnably the nonmagnetic-magnetic transition observed in

should be stabléf the energy of the LS statE, g is taken to  -2C00s. At the same time it was established that the first
be zero, therE,s=A—J and Es=2A—6J, so that the LS transition at~90 K leaves this compound semiconducting,

state is the ground state fax>3J and the HS state—if whereas our calculated IS has a metallic character of the

A<33J; the IS state in this scheme would always lie higher €N€Tgy spectrum. Is it possible to overcome this disagree-
However, as we mentioned in Sec. I, oxides with unusuall)fnext?, ear from Ei he l o doubl
high valence of transition metals have a tendency to have g A IS clear from Fig. f), the IS state has a strong double
d-shell occupancy corresponding to a lower valence, with thé€9eneracyeg configuration. For localized electrons this
extra hole being predominantly located on oxydene ob- would be the typical Jahn-Teller situation. In particular for
tains a configurationl’L instead ofd®). In this situation the KCUFs. it was proposed in Ref. 20 and confirmed by calcu-
d-p hybridization is especially strong, and plays a cruciall""t'onS n Rgf. 21 that th(_ere e.X|sts'a speC|aI. kmd.of or_bltal
role. These considerations are also supported by our calcul@nd magnetic ordering afions in a simple cubic lattice with
tions: see Table II. one e_Iect_ron or hole ina dou_bly degeneraelevel. The
Especially important is the hybridization with tleg or- situation in IS LaCoQis very ;lmllar to the case of KCyF
bitals. One can show that it is stronger for the IS state thaitk€ePing in mind that there exists a permanent rhombohedral
for the HS one: there are more channelspeé, hybridiza- distortion, and that there are already two Co ions in an el-
: g . - " : :
tion in this case(the most favorable configurations of the €mentary cell in LaCog) the “antiferro” orbital ordering
typed’L, admixed tod®, are also shown in Fig.)5In other ~May be consistent with the existing structural data
words, if these configurationsi(L) are dominant, then the We _checked this pOSS|b|I_|ty by repeating the_ calculations,
state corresponding to the grou_nd state of dAeonfigura- assuming now that there exists an orbital ordering. The struc-
tion would have the lowest energy. It is known that &r ture of the corresponding ordered IS state was taken as con-
(Co?*) this is exactly the configuration of Fig(—i.e., the S|st'|ng of fgrromagneﬂc plang®01) with an antlferromag—
one giving a total IS state. This is a possible physical reasofi€li¢ coupling between planes. The occupiggd orbitals
why the IS configuration may lie below the HS one, and ma})/vere assur_ned to alternate; as a starting point the (_)rbltals in
become the ground state for an expanded latticgher tem- WO sublattices were taken a._,2 anddyz_.2; see Fig. 6.
peratures To _supplement this f_|gure with mform_atlon ablout th_e ottler
The nonmagnetic-magnetic transition occurring-@0 K, ~ °roitals, let us co?S|der the Co ion '”.tmégeg configura-
which we now associate with the LS-IS transition, is de—t'_on’_ which has ady2_7z2 _occuplede_g orbital (corresponding
scribed reasonably well by our model. The transition temsSite is marked as 1 in Fig,)6For this state the other thr
perature obtained in our calculatiofis150 K) lies not so far ~ oOrbitals are empty, and t, orbitals are occupied, with the
from that experimentally observed. In Ref. 2 the relativeexclusion ofd y- This choice minimizes the Coulomb inter-
change of the lattice parameteX4) at this transition was fit action energy of,; andey electrons. For the neighboring Co
by the relation(see Ref. 19 ion (site 2 in Fig. § the g4 electron is placed in thdl2722
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turned out to be gapless semiconductinglike. The wege
band which crossed the Fermi level in the case of an IS state

! without orbital order(see Fig. 2is now split. The top of the

z i valence band is formefdor one sublattice, e.g., for Co site 1
J—W a __________ by dy2_,2 states, and the bottom of the conduction band by

* A7 ds2_,2 stateg Figs. 1b) and 7c)] hybridized with the oxy-
1 2 gen states. As for thg,, densities of states, the character of

their energy distribution is practically unchanged in compari-
) . o . ) son with the case of the IS state without orbital ordering. The

FIG. 6. Spin and orbital ordering in an orbital-ordered mterme-spin magnetic moment of Co is found to be Lg7n this
diate spin state for occupiegj; orbitals. For simplicity the perfect orbitally ordered IS state, and it is less than that without
cubic structure of Co ions is shown. . '

orbital order(2.1ug).

. . ) . . When we compare the two IS states with the fixed spin
orbital, and thet,4 hole is placed in thely, orbital. Calcu-  magnetic moment 1.8%, the total energy of the orbitally
lations were made for the real rhombohedral crystal structurg,qered IS state is 0.11 eV lower. The necessity of using a
with lattice parameters corresponding to 71 K. With thisgyeq magnetic moment is due to the limitation of the band-

state as a starting point the self-consistent calculation w ructure scheme. The actual magnetic state of LaOsO
now carried out. The resulting densities of states correspon%own to be paramagnetiwith possible short-range spin or

ing to such an orbital-ordered IS state are presented in Fig. orbital ordering. At the same time, as we already mentioned

First of all it is necessary to point out that this kind of spin above. it is necessary to set a long-range magnetic order in
and orbital ordering is stable with respect to the self- ' Y 9 9 9

consistency iterations, and hence that there exists a solut:j@e calculations(antiferromagnetic for an orbitally ordered

with such symmetry. The nature of the energy spectru state and ferromagnetic for one without orbital ojder
This long-range magnetic ordering imposgad addition to

the intra-atomic exchangsomehow influences both the lo-
-8 -6 -4 -2 0 2 4 cal magnetic moment and the total energy. In the case of
L1 long-range antiferromagnetic order the value of the magnetic
40 a moment is apparently underestimated in comparison with the
real paramagnetic state; for the ferromagnetic one it is over-
estimated. Thus to estimate the relative stability of different
| phases we compare the energies calculated for the same
4 value of the magnetic moment. Our calculations show that in
H the case of equal spin values the orbitally ordered IS state is
14 t 1 b more preferable than the one without orbital order.
| One can now interpret the first nonmagnetic-magnetic
transition(at about 90 K as a transition of Co ions from the
LS to IS states with a specific orbital ordering of occupsgd
orbitals. Our results show that this transition occurs at tem-
peratures lower than 150 K. Under this transition a magnetic
moment on Co sites appears, whereas the material is still
nonmetallic. The spin-only value of theffectivemagnetic
moment, in the case of an IS stat¢S=1), is
Meii=2.83ug—somewhat below the experimental value of
3.1ug—3.4ug. It will be increased by the orbital contribu-
tion, because there is in principle an unquenched moment of
t,y electrons for the configuration3,ey (which, e.g., for
Co?" ions increases the value pf by typically ~0.3ug).
We cannot treat this effect numerically because our codes do
not include the spin-orbit interaction; however, on physical
-1 0 1 2 grounds we expect that this effect should be present. An
Energy (eV) extra change of; may be due to the very strordyp hy-
bridization which leads to a large contribution to the total

: 7 (15 o2 ;

FIG. 7. The total(in states/eV cell and partial (in states/ wave function of a statel I__.(tzgegl:). In this s_tate thezde:f_
eV spin atom densities of states obtained in LBAJ calculations fective moment of the Co ion is that _Of the hlgh—§p|n 0
for LaCoQ; with Co ions in an orbitally ordered intermediate-spin (S=3/2 Compensatefi by the opposite polarization of the
state.(a) Total density of stategper four formula units and both OXYgenp shell (S=—3) [note that this picture is SUPDOVted
sping. (b) Partial Coe, densities of states, e.g., for Co site 1 in Fig. by calculations(see Table i where the local Co spin mo-
6: the solid line is ford,2_,2 states, the dashed line fol,2_,2 ~ Ment is 2. and the total spin moment per unit cell is
states(c) The same agb) in the vicinity of the Fermi level. The 2ug]. This fact may significantly change the value @f;
notations are the same in Fig. 2. measured in the susceptibility experiments.
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The IS state with a nominal configuratiogbeé may have tions(two of intermediate spin and one of high spare also
an orbital ordering because of the doubly degeneggter-  found to be stable, with local magnetic moments on Co sites.
bitals (the strong Jahn-Teller nature of this configuration Thet,, states exhibit narrow bands, while tegstates form
This turned out to be the case in our calculations: the orbitbroad bands. With an increasing lattice parameter corre-
ally ordered state may be crudely described as an alternati@ponding to a thermal lattice expansion, two transitions can
of the occupiedd,2_,2 andd,2_2 orbitals. be expected: the first occurs from the LS state to the IS state,
According to our calculations, this ordering leads to awith orbital ordering, which in our calculation is a zero-gap
splitting of thee, (™) band, leading practically to the zero- semiconductor. The second transition occurs within the IS
gap situation, with the Fermi level lying in the gap. The state and is connected with a gradual disorder of occugjed
second gradual transition to a metallic st&te600 K) with orbitals. We believe that although many details are not yet
an increase of the effective magnetic moment value up telear, the concept of the nonmagnetic-magnetic and
reit=4.0ug May then be associated with the disappearanceemiconductor-metal transitions in LaCp@s connected
of the orbital ordering with increased temperature still withinmainly with intermediate-spin states, is a good candidate to
the IS state. This IS state without orbital order is calculatedexplain the puzzling properties of this interesting material.
to be a metal with a larger magnetic moment. Our calcula-
tions show that the second transition has no relation to the ACKNOWLEDGMENTS
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