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Excitation spectra of LaCoO;
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We study the excitation spectra of LaCp@sing a multiorbital tight-binding model. Making the self-energy
correction due to local three-body scattering to the Hartree-RaEk approximation, we calculate the spectral
density for the low-spin phase. It is shown that the band gap is strongly reduced from the HF value, and that
the intensity is transferred from the lower part to the upper part of the valence band and to the satellite in the
spectral density projected onto the Cd 3tates. The results are in good agreement with the spectra of
photoemission experiments. We also calculate the spectral densities for the intermediate-spin phase and the
high-spin phase in relation to the nonmagnetic-to-paramagnetic transition. The peak intensities around the top
of the valence band are smaller than that for the low-spin phase. 1n,£8Co00;, the energies for the
intermediate-spin and high-spin phases are found to become lower than for the low-spin phase with increasing
X, indicating the instability of the low-spin phase. This is consistent with the susceptibility data and the
photoemission spectrgS0163-18207)06020-7

. INTRODUCTION structure using the LDAU method, which is a generaliza-
tion of the local density approximatio(LDA), and found
Transition-metal perovskites b&O; (M denoting  that the intermediate-spirt¥,eg) (IS) configuration has an
transition-metal elemehhave attracted much interest. ESpe- excitation energy |0wer than the HS Conﬁguration_ They Sug_
cially LaCoGQ; has been studied since the early 1960s due t@ested that the transition to the IS state accompanying the
the anomalous spin-state transitichHowever, the nature of  orbital order corresponds to the transition around 90 K. The
the spin states is still unclear as a function of temperaturehermal expansion was expected to help this transition by
The magnetic susceptibilitye shows a broad maximum reducing the excitation energy. They also suggested that a
around 90 K, above which it decreases like a CUrie-WeiS§radua| C0||apse of the orbital order in the IS phase is re-
law. It reaches a plateau around 500 K, and starts to decreaggonsible to the semiconductor-to-metal transition around
again with further increasing temperatufésNeutron scat- 500 K. In their study, however, electron correlations are not
tering experiments® have revealed that no long-range mag- properly taken into account. It is quite natural to think that
netic order exists down to 4.2 K, and that a transition from &he electron correlation plays an important role, since
nonmagnetic phase to a paramagnetic one occurs around 98Co0,; is considered a strongly correlated electron system.
K accompanying an anomalous thermal expanSitm.the  The purpose of this paper is to study the electronic structure

paramagnetic phase it was found that ferromagnetic shorgssociated with the spin-states transition by taking account of
range order is rather Strong. In rES|St|V|ty measurements, dlectron correlations.

gradual transition from semiconductor to metal was observed Electronic structures are usua”y obtained from the band

around 406-600 K.>* According to the neutron scattering calculation based on the LDA. When it is applied to strongly
eXperimentg, this transition is not considered to be domi- correlated electron SystemS, it usua”y faces several prob_
nantly magnetic in origin. In addition, many photoemissionjems. For LaCoQ it predicts a metal and no satellite inten-
spectroscopic studies have been reported on LaCld’  sities below the valence bad@2%?Lin order to improve the
The x-ray photoemission spectroscap{PS) spectra show a DA, the LDA+U method mentioned above has been pro-
satellite structure below the valence bafd?*’which is a posed, but it is still at the level of the mean-field
hallmark of strongly correlated electron systems. There ar@pproximation->?? Although this method correctly predicts
no drastic changes untit 400 K and slight changes between an insulator, the energy spectra are quite different from those
400 and 600 K in the spectra of XPS as well as oxygen 1 expected from photoemission experiments: there are no sat-
x-ray photoabsorption spectroscopyAS).* This behavior  eliite intensities, and the band gap and exchange splitting are
of photoemission spectroscopies contrasts with the remarkoo large; the O p weight is exaggerated around the top of
able change in the-T curve around 90 K with merely a the valence band. Note that the Hartree-F@dk) approxi-
plateau around 500 K? mation using the tight-binding modélgives spectra similar
The quench of the susceptibility at low temperatufes to those given by the LDAU method.
<35 K indicates that Co trivalent ions are in the low-spin  The cluster model calculation is another method widely
(t5,€)) (LS) configuration®® The nonmagnetic-to-para- used to calculate the photoemission spettrd:?*?%Analyz-
magnetic transition around 90 K has been thought to béng photoemission spectra on the basis of this model calcu-
caused by thermal excitation of ions to the high-spinlation, one can estimate several important parameters such as
(t‘z‘geS) (HS) configuration due to a very small excitation Racah parameters, transfer integrals, and the charge transfer
energy'® Recently Korotinet al® calculated the electronic energy. When this method is applied to LaGp@ predicts
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the lattice expansion and the lattice distortion, which usually

#}3— D— lower the energies of the IS and HS phases. As regards the
excitation spectra, a main difference between the spectra of
H the IS and the HS phases and that of the LS phase is that the
A sharp peak around the top of the valence band is split into
several peaks and a part of them is pushed above the Fermi
/] level in the IS and HS phases. This leads to a reduction of
the spectral weight around the top of the valence band, if the

(a) (b) IS or the HS phase is realized. We do not expect that the
spectra are sensitive to the presence of long-range order. Ex-

FIG. 1. (a) Spin and orbital orders for occupieg orbitals in the perimentally the XPS sp%ctra have not clearly changed with
intermediate-spin phaséb) G-type spin order in the high-spin INcreasing temperaturés
phase. Arrows represent the spin direction of Co ions. Furthermore, we studyloped systems La ,Sr,CoO;.
Since the La §, 5p, 5d, 4f states and the Srs5 5p, 4d

the HS phase as the ground state unless Coulomb interaglates are well separated from the Co Sates and the O
tions that are too small are assumed to work on Co sites. ThiéP States, we simply assume that Sr atoms introduce holes in
indicates that the charge-transfer process beyond the clustéle network of Co and O atoms. The present calculation as
is important to make the LS phase the ground state. Also it i¥ell as the HF one indicate the instability of the LS phase
difficult to describe the O g band appropriately. with increasing values.of by !qwermg the energies Qf the IS _
In this paper, starting with an itinerant modéight- and HS phages. The |nstab|I|ty.of the nonmagnetic phas.e.|s
binding model for LaCoO;, we apply the HF approximation consistent vynh the paramagnetic behavior of the suscgpubﬂ—
to the model. The ground state is given by the LS phasdly data, which obey the Curie law down to about 36 Kis
where each Co atom is in the LS configuration. Then using'0t clear whether long-range order is established or not at
the local three-body scattering theory, we make the selfZ€ro temperature. In the photoemission experiment, the spec-
energy correction to the HF solutions. This method has alfral intensity around the top of the valence band decreases
ready been applied to transition-metal monoxides, resultingonsiderably, supporting the instability of the LS phase.
in good agreement with photoemission experiméft&’The ~ The strong ferromagnetic correlations observed by NMR and
LS phase remains the ground state even after including th@éutron scattering experimehf§-*! favor the IS phase, not
correlation effects. It is shown that the excitation spectra fothe HS phase. _ o _
the LS phase are considerably improved from those given by [N Sec. Il, we describe a model Hamiltonian and review
the HF approximation, leading to good agreement with thriefly the three-body scattering theory applied to LagoO
photoemission experiments. The band gap becomée$ Sec. lll, we present _the calcu!ated resultg with some dis-
~0.5 eV. In the spectra projected onto the Ctb Sates, a  Cussions. The last section contains concluding remarks.
satellite structure appears below the valence band, and the
intensity in the lower part of the valence band is pushed
toward the upper part of the valence band, giving rise to a II. CALCULATION METHOD
sharp peak of the Cb,, states. The spectra projected onto S o o
the O 2p states are concentrated in the middle and the lower W& employ a multiorbital tight-binding model, restricting
part of the valence band. the bases within Coqsorpltals .and (0] blorbltals. The ef-
We also study several phases that have higher energiégcts_of La_ato_ms are |mpI|c_|tIy included in the param_eters of
than that for the LS phase, aiming at obtaining some insight{!€ tight-binding model, since the Las%and % orbitals
into the nonmagnetic-to-paramagnetic transition around 9gonstitute core—IgveI states deep below the Fermi level and
K. Since the present calculation is limited by assuming longl-a 5d and 4f orbitals form empty bands around 5 eV above
range spin and orbital orders at zero temperature and tHg€ Fermi levef>?%2t Assuming the cubic symmetry and
present model is too simple to include the crystal distortionN€glecting a small rhombohedral distortion along (bl
we have no intention of discussing directly the spin-stateglirection;™~“we write the Hamiltonian as
transition by exhausting all possible phases. We consider
only two typical phases; one is the IS phase, where each Co H=Hy+H,, (2.1
atom is in the IS configuration with the ferromagnetic spin
order and the orbital order, as shown in Figa)¥° the other
is the HS phase, where each Co atom is in the HS configu-
ration with antiferromagnetic spin order, as shown in Fig.
1(b). Both phases have nearly the same energies about 0.5 B dp gt
eV higher than that of the LS phase per Gd@mula within T_UZD mEm (timj1 dimePji o+ H-C)
the HF approximation, consiségnt with the previous calcula-
tion by Mizokawa and Fujimori® Due to the electron corre- +
lation, the energies of the IS and HS phases become more + E, %, (tﬁ?i’l’pi'api""#H'C')'
than 1.0 eV higher than that of the LS phase per ¢Cfud S
mula. That value is much larger than the spin gap
~0.03 eV4est@maj[ed from the experimenj@T curve for V=2 Ed(m)nidmg+2 Epnjplg’ (2.4)
T<100 K.” This discrepancy may come from the neglect of imo o

A
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<
o

Ho=T+V, 2.2

(2.3
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TABLE I. Tight-binding parameters in units of eV. We neglect the self-energy correction on O sites. This ap-
proximation has worked very well for describing the excita-
Parameter Parameter tion spectra in transition-metal oxid&s?®We refer to Refs.
A 6.20 pdo 178 27 and 28 for details of the method. Once we obtain the

single-particle Green’s functios(k,w), we can calculate

(E; 8';2 pdm _8'22 the spectral density;(w), the total number of electroris,
A 2'03 SSZ _0'18 the local spin momeni on Co sites, and the total energy
100q 1.90 E from the following relations:
1 :
pi(w)==5gMw) > X —1m Gji .ok w)e”,
1 g
H|:§ 2. V1V22V3V4 g(V1V2V3V4)diTV1diTv2div4diV3' (2.6
(2.9

i o .
N=—— >, J do Tr G(K,w)e'®7, 2.7
H, represents the noninteracting part, wh&érandV are 2m K )=

the kinetic energy and the one-body potential, respectively.

Operatorsd;,, and p;;, denote the annihilation of an elec- _ i1 * -
tron with spino in the Co 3 orbital m at sitei and the T 27N, ; _xdwé 0Gjiojio(K,w)E7,
annihilation of an electron with spior in the O 2p orbital (2.9

| at sitej, r%spectiTver. Number ogeratcmﬁm and nﬂU are
defined byn{;,,=d/,,dims» NN =P} ,Pji». The transfer in- i o e
tegrals,ti? |, ti",, . are evaluated from the Slater-Koster E=—x Ek: led"’ Tr{{w+Ho(K)]G(k;w)e' 7},
two-center integrals, ddo), (pdw), (ppo), (ppw). Dif- (2.9
ferent from the case of Ni, the transfer integralsddo), N . .
(ddw), and @ds) can be neglected between Co atc)ms’where’n—>0 gnd N, is thg number .of unit cells. H'ere the
since their distances are larger than the ones between §reen’s functionG(k,w) is a matrix labeled by j{o),
atoms and thereby the parameter values become negligiblyherej represents an atomic site in a unit cell, aridoy
small in accordance with Harrison’s interpolation schéfe. 1abels the orbital and the spin at the sjteThe matrix of
A point charge crystal-field spliting (IBg) is taken into  One-body energidq(k) in Eq. (2.9 is obtained from writing
account so that theddorbital energies are split according to EdS-(2.3) and(2.4) in the momentum space. The sum oker
Ed(eg):Ed_’_GDq, Ed(tzg):Ed_4Dq_ The d-level posi- IS restrlcted_ in th_e first Bnllou’m zone. The chemlqal poten-
tion relative to thep levels is given by the charge-transfer tial u contained in the Green'’s function is determined from
energyA (for the d" configuration,A=E4—E,+nU with Eq. (2.7).
U being the average of the intra-atomic Coulomb interac-
tion). The partH, represents the intra-atomic Coulomb inter- lll. CALCULATED RESULTS
action on Co sites; the Coulomb interaction on O sites is
neglected. The interaction matrix elemey(ty,v,v3v,) is
written in terms of the Racah parametérsB, andC, where Within the HF approximation, the LS phase becomes the
v; labels bothm and . We use the parameter values deter-ground state of LaCo® The number of electrons occupied
mined from the cluster-model analysis of photoemissionn the Co 3 orbitals is listed in Table II. Thé,, orbitals are
spectrat®?>3*which are listed in Table I. almost fully occupied, while they orbitals are partly occu-
First we carry out the HF self-consistent band calculatiorpied due to the strong hybridization to the @ 2rbitals.
by taking 512k points in the first Brillouin zone. We con- Taking account of the self-energy correction lowers the
tinue the iteration until the sum of the square root of the HFground-state energy about 3.3 eV per Gé@mula. The LS
self-energy converges within an error less than 8. We  phase is still found to be the ground state. As also shown in
obtain a stable solution of the LS phase with the lowestTable II, the number of electrons occupied in the Ca 3
ground-state energy. In addition, we also obtain severa®rbitals is little modified by the self-energy correction.
stable solutions having slightly higher ground-state energies Figure 2 shows the calculated spectral densities in com-
such as the IS phase with both a ferromagnetic spin ordeparison with the photoemission spectfd® Within the HF
and an orbital order, and the HS phase triply degenerate witBpproximation, we obtain an insulator with a band gap of as
the G-type antiferromagnetic ordésee Fig. 1 For the latter  large as 3 eV. Note that the LDAU method gives a band
phase, a Jahn-Teller-type crystal distortion is required to lifgap of ~2 eV.*?* These values are much larger than the
the degeneracy, although such effects are neglected in tiexperimental values, ~0.2 eV from the optical
present calculation. We will discuss in the next section thesgneasuremefit and ~0.6 eV from the XPS and XAS
states in detail. spectra>*” Note that the LDA predicts a met&l:?*>*Above
Next, following the procedures of the local three-bodythe Fermi level, a broad structure appefatenoted by &) ].
scattering theory”?® we introduce the single-particle This comes mainly from the unoccupied €gstates, which
Green's function, and calculate the self-eneBfw) local-  strongly hybridize to the O |2 states. Around the top of the
ized on Co sites by taking account of the multiple scatteringvalence band, a sharp peak exists in the spectra of the Co
between three particles excited out of the HF ground stateé3d states. This comes mainly from the €g states. At the

A. The low-spin phase
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TABLE II. Occupancies of varioud orbitals and the local moment of the Co ion for the LS, IS, and HS

phases.
yz zX Xy 372—r? x2—y? m(ug)
LS HF Tl 1.00 1.00 1.00 0.17 0.17 0.00
HF+3 Tl 0.99 0.99 0.99 0.21 0.21 0.00
IS HF T 1.00 1.00 1.00 0.47 0.94 2.12
l 1.00 1.00 0.05 0.11 0.13
HF+2 T 1.00 1.00 1.00 0.55 0.85 2.02
l 0.99 0.98 0.09 0.15 0.16
HS HF T 1.00 1.00 1.00 0.99 0.99 3.49
l 1.00 0.06 0.06 0.17 0.21
HF+3 ) 1.00 1.00 1.00 0.99 0.99 3.39
l 1.00 0.07 0.07 0.19 0.24

same position, the spectra of the @ Btates have a sharp small intensity remains in the lower part of the valence band
peak with the intensity larger than that of the Cd States. [denoted by C)]. As regards the spectral density projected
The large intensity is the result of a strong enhancementnto the O 2 states, the strong intensity found in the HF
caused by the hybridization to the €g, states. In the lower approximation around the top of the valence band is now
part of the valence band, broad peaks appear both in thgreatly suppressed, and only a small intensity remains. Thus
spectra of the O @ stated denoted by ¢) | and in the spectra the O 2 band Q) is concentrated in the middle and lower
of Co 3d stateddenoted by €) . In regard to the latter peak, parts of the valence band, well separated from thet£o
most contributions come from the Qg, states and only a band @). This result is different from the cluster model
few come from the Ce, states. No satellite structures are calculations, where the top of the valence band has a strong
obtained within the HF approximation. These results areD 2p character and the Ofband is well mixed up with the
nearly the same as those previously obtained by Mizokaw&o 3d states. The photoemission spectra are shown in the
and Fujimori®® same figure. With decreasing incident photon energies, the
The self-energy correction due to the local three-bodyintensity of the peak around the top of the valence band
correlations changes considerably the spectra of the HF aplecreases considerably. Since the cross section of the Co
proximation. The band gap is greatly reduced to a value o8d states relative to that of the Qotates becomes smaller
~0.5 eV in good agreement with the experimeltt¥’**The  with decreasing photon energies, this experimental fact gives
spectral weight of the Co®states in the lower part of the support to the present result that the spectra around the top of
valence band in the HF approximation is now transferred tahe valence band consist mainly of the Cd 8tates. The
the upper part of the valence band, and thereby a sharp peakher peaks in the experimental spectra correspond well to
is formed around the top of the valence bdudénoted by the density of states projected onto the @ fates. Below
(B)]. This peak consists mainly of the Gg, states. Only a the valence band, the satellite denoted I8 {s observed
aroundw = — 12 eV 217 |n the present calculation we obtain
T a satellite denoted bylY) aroundw= —14 eV, about 2 eV
deeper than the experimental offeThis discrepancy may
partly come from the neglect of the screening process by the
states of three holes and two electrons.

v=1253.6eV

'l BRI WS

B. The intermediate-spin phase

We consider another stable HF solution, the IS phase,
which has ferromagnetic spin order and the orbital order, as
shown in Fig. 1a). This state has an energy of about 0.5 eV
higher than that of the LS phase per a formula of G.o&s

Intensity

0" LA listed in Table I, one of the,, orbitals is unoccupied, and
15.0 -10.0 -5.0 00 5.0 the e4 orbitals are occupied by nearly 1.6 electrons per Co
® (eV) site. The local moment is 2 ug . The self-energy correction

due to three-particle correlations lowers the energy, but its

FIG. 2. Spectral densities projected onto the osBates(solid ~ €Nergy is about 1.2 eV higher than the ground-state energy of
lines and onto the O @ states(dashed linesfor the LS phase of the LS phase. The s'elf—energy cprrectlon modifies little the
LaCoQ;, within the HF approximation and by including the self- humber of electrons in eactd3orbital.
energy correction. An imaginary part of 0.1 eV is added to the HF  Figure 3 shows the calculated spectral densities for the IS
energy eigenvalues, while a value of 0.3 eV is added to the thregPhase. The HF approximation gives a band gap of
particle energies when the self-energy is evaluated. The origin of-0.5 eV. The orbital order is responsible for opening the
the w axis is set at the top of the valence band. Photoemissiodband gap rather than forming a broad band of theego
spectra are shown for several incident photon energies. states across the Fermi level. A sharp peak appears above the
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FIG. 3. Spectral densities projected onto the @osates(solid FIG. 4. Spectral densities projected onto the @osBates(solid

lines) and onto the O @ states(dashed linesfor the IS phase of lines) and onto the O @ states(dashed linesfor the HS phase of

LaCoQ,, within the HF approximation and by including the self- LaCoQ;, within the HF approximation and by including the self-
energy correction. The origin of the axis is set at the top of the energy correction. The origin of the axis is set at the top of the
valence band. valence band.

. . . HS phase, but it is about 1.6 eV higher than that of the LS
Fermi level. Th'Sf corresponds 10 @ process of adding eIeCf)hase. The number of electrons occupied in the G@it-
trons to unoccupiet, orbitals. In addition, broad structures als is modified little.
appear below and above this sharp peak. They have the rigyre 4 shows the spectral density for the HS phase. The
strong Coey character with the minority and majority spins, yg approximation gives the band gap of3 eV. The self-
respectively. In the valence band, the Cob States are well energy correction reduces the gap to as smal-&s5 eV,
mixed with the O 2 states. and the satellite appears arouad: — 14 eV (below the va-

The self-energy correction modifies greatly the spectra ofence banyl and 10 eV (above the conduction bandA
the IS phase of the HF approximation. The peaB&)X and  prominent peak in the lower part of the valence béooh-
(B2) consist of the Ca, states with minority spin, and the sisting mainly of the Cd,4 stateg in the HF approximation
peaks C1) and (C2) consist of the Cd,,4 states with ma- disappears by the self-energy correction, and thereby the
jority spin. In the lower part of the valence band, only aoverall spectral shape becomes similar to that of the IS phase
small spectral weight of the Cod3states remains. The in- (the peak intensity around the top of the valence band is
tensities of the Ce@, states are widely distributed to form a Smaller than that of the IS phasét is difficult to judge from
broad band, while those of the @ztates are concentrated the phOtoemISSIon Spectra whether the HS phase is related to

in the middle and lower parts of the valence band. the phases at high temperatutgs.
If the paramagnetic phase above€0 K is simulated by .
the state where some parts of the system are in the IS phase, D. Hole doping

the peak intensity near the top of the valence band should e study thedopedsystem La_,Sr,CoO; by assuming
decrease with the spin-state transition. Experimentally such gat Sr atoms introduce holes in the network of Co and O
change is not clear. As regards a gradual change from semitoms. We tentatively assume that one Sr atom introduces
conductor to metal between 400 and 600 K observed irone hole. We consider three typical phases, the LS, IS, and
transport measurement$,it has been proposed that this

comes from the vanishing of the orbital order in the IS ——T7—1

phaset® However, the present calculation predicts that the — 201 1
spectra are nearly independent of the orbital order in the IS @
phase, and therefore that mechanism cannot explain the re- g 00 | 7]
markable change in the XPS and XAS spectra between 400 S
and 600 K3 g 20r .
) ©—@I5-LS, HF+Z
8 40 | HI‘éSl-_IéS,HI'::F+Z ]
o 0—oIs-Ls,
C. The high-spin phase @ E—EHS-LS, HF
We consider the other typical stable HF solution, which W60 - | | L *
has theG-type antiferromagnetic spin order, as shown in Fig. 000 0.10 020 030 040 050
1(b). This state has the energy 0.2 eV higher than that of the X
LS phase per Copformula. As listed in Table Il, all the
3d orbitals with majority spin and one db, orbitals with FIG. 5. Energy differences between the IS and LS phases and

minority spin are fully occupied in each Co ion. The local petween the HS and LS phases, per Go@rmula in
moment is~3.5ug . This state is triply degenerate so that ala, ,SrCo0;. Open marks and filled marks are the values ob-
Jahn-Teller distortion may be accompanied to lift the degentained by the HF approximation and by including the self-energy
eracy. The self-energy correlation lowers the energy of theorrection, respectively.
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N B s e B e TABLE Ill. Hole numbers in the Co 8 states per site obtained

L LagsSr,,000, hon ] by including the self-energy correction.
X LS IS HS
2
g 0.0 3.19 3.23 3.45
SC.’. 0.2 3.32 3.27 3.49
- 0.5 3.53 3.33 3.52

T T —— calculational scheme has successfully been applied to
150 -100 50 00 5.0 transition-metal oxide&”? Although the self-energy correc-
o (eV) tion up to second order with respectowas considered for
transition-metal compound§ such a treatment seems insuf-
FIG. 6. Spectral densities for L@, Co0; for the LS, IS, and  ficient because of large values bf We have obtained the
HS phases. The solid lines represent the spectral density projectéd® Phase as the ground state. It is shown that the self-energy
onto the Co @ states, while the dashed lines represent the oné&orrection changes considerably the spectra of the HF ap-
projected onto the O 2 states. The origin of the axis is set at proximation; a reasonable size of the band gap and the sat-
Fermi level. ellite are obtained, in good agreement with the XPS experi-
ments. For more information on the spectral density
HS phases, which are obtained as metal for finite values gfrojected onto the O 2 states, (K a x-ray emission experi-
x. Figure 5 shows the energy difference between the ISnents are desired.
phase and the LS phase and the one between the HS phaseGetting some insights into the nonmagnetic-to-
and the LS phase, as a functiomxofAs already mentioned, paramagnetic transition, we have also studied the excited
the LS phase is the most stable among the three phasessates, the IS phase, and the HS phase, which have long-
x=0. The LS phase is found to be unstable with increasingange spin and orbital orders. We have not exhausted all
values ofx within the HF approximation. The instability is possible low-energy phases. Also we have not considered the
also obtained by the self-energy correction, which makes therystal distortions, since the tight-binding model seems too
energy differences change more rapidly as a functior.of simple to include such effects. However, it is known that the
The instability of the nonmagnetic phase is consistent wittpverall spectral shape is insensitive to the long-range spin
the paramagnetic behavior of the susceptibility forand orbital orders as well as the crystal distortions. The spec-
x>0.087° tral density in the paramagnetic phase may be simulated by
Figure 6 shows the spectral densitiesxat0.5 for the  mixing the spectral weight of the LS, IS, and HS phases. The
three phases. The intensity of the peak just below the Fernfieak intensity around the top of the valence band is predicted
level is smaller for the IS and HS phases than for the L0 be reduced in the paramagnetic phase. In the photoemis-
phase. A similar decrease is observed with increasing valuegion experiment, the spectra change little around 96 K.
of x in the XPS spectr& order to make clear the relation between photoemission spec-
The Co 3 states should be occupied by fout Boles per  tra and the spin-state transition expected from the suscepti-
site forx=0, if the ionic picture is strictly valid. As shown in bility data, detailed photoemission experiments are desired at
Table 11I, however, the occupied hole number in the @b 3 low temperatures well below 90 K.
states is found to be less than 4 due to the hybridization to In addition, we have studied doped systems,
the O 2 states. A similar result has been obtained by the-&; xS C0oO; by assuming that Sr atoms introduce holes in
LDA +U method. When holes are introduced into the net-the network of Co and O atoms. It is found that the LS phase
work of Co and O atoms, most of them go into the @ 2 becomes unstable under the hole doping. This is consistent
states. This tendency is stronger for the IS and HS phasatith the reduction of the peak intensity around the top of the
than for the LS phase. Since the density of states just belofermi level with increasing values a&fin the photoemission
the Fermi level is dominated by the Cal 3tates, the above experiment.*
result indicates that the rigid band model does not work.
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