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2 Chapter I: Introduction, motivation and scope 

3d transition-metal atoms, which are characterized by the partially filled 3d subshell, 

present us with a variety of compounds and complexes which show various physical properties 

including electrical, magnetic and optical as well as chemical ones. Some of the transition-metal 

complexes also play essential roles in biological species. In the 3d transition-metal compounds 

and complexes, many properties are originated from the localized character of the 3d electron, 

because of which, for example, the strong d-d Coulomb interaction give rise to beautiful 

multiplet structures observed in optical measurements . However the 3d orbitals, more or less, 

hybridize with the ligand orbitals and are extended into the ligand sites. The hybridization 

controls the localized versus extended character of the 3d electrons and affects the physical and 

chemical properties. The present thesis has been motivated by the question how we can 

describe the electronic structures of the 3d transition-metal compounds in which both the d-d 

Coulomb interaction and d-ligand hybridization are strong. In this thesis , electronic structures 

of perovskite-type 3d transition-metal oxides and 3d transition-metal impurities in JJ-VI 

semiconductors, in which the strong d-d Coulomb interaction and d-ligand hybridization are 

competing, are investigated both experimentally and theoretically. 

In the field of solid state physics, many researchers have been fascinated by the 

interesting physical properties of the 3d transition-metal compounds and have been trying to 

clarify the origin of the properties by investigating their electronic structures. Especially, the 

metallic versus insulating behavior of the 3d transition-metal compounds has been extensively 

studied in these decades. Molt and Hubbard have shown that the strong d-d Coulomb 

interaction is essential to explain why some of the 3d transition-metal compounds with partially 

filled 3d band exist as insulators and the others as metals [Moll, 1949; Hubbard, 1963, 1964a, 

1964b]. When the d-d Coulomb interaction is larger than the dispersional part of the 3d bands, 

3d electrons are itinerant and the compound becomes metallic. On the other hand, when the d-d 

Coulomb interaction is larger than the band width, 3d electrons are localized and the magnitude 

of the band gap is determined by the d-d Coulomb interaction. 

Fujimori and Minami [1984] have shown that the band gap of NiO is not determined by 

d-d Coulomb interaction U but by ligand-to-d charge-transfer energy D. by analyzing the 

photoemission spectrum with the configuration-interaction (CI) cluster-model approach. Based 

on the local-cluster and single-impurity approach, Zaanen, Sawatzky and Allen (ZSA) [ 1985] 

and Hiifner [1985] have proposed a classification scheme, where the transition-metal 

compounds can be classified into two regimes according to the relative magnitude of D. and U. 

In the Molt-Hubbard regime, !DU, the band gap is determined by charge fluctuations of a d-d 

type, d" + d" --t dn+t + dn· l and its magnitude is essentially given by - U. In the charge

transfer regime, where D.<U, charge fluctuations of a typed"+ d" --t dn+i + d"L. constitute a p

d type band gap, whose magnitude is - D.. The CI cluster-model approach and the ZSA scheme 

have played an important role to interpret high-energy spectroscopic data including 

photoemission spectra of the 3d transition-metal compounds. The ZSA scheme tells us that the 
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relative strength of the d-ligand hybridization to D. or U determines the metallic versus 

insulating behavior. However, in order to fully describe the metal-insulator transition, the local

cluster and single-impurity models are insufficient and studies on lattice models are required. In 

Chapter 2, after high-energy spectroscopy, which is a powerful tool to study the electronic 

structure of the 3d transition-metal compounds, is introduced, the configuration-interaction 

local-cluster approach for 3d transition-metal compounds is briefly reviewed. As a method 

complementary to the local-cluster approach, the unrestricted Hartree-Fock (HF) calculation and 

perturbation expansion on lattice models are also introduced. 

The discovery of the high Tc copper oxide in 1986 [Bednorz and MUller, 1986], whose 

parent material is layered-perovskite-type Cu2+ oxides with a charge-transfer-type band gap, 

has accelerated the research of the 3d transition-metal oxides. Especially the metal-insulator 

transition of the perovskite-type 3d transition-metal oxides have attracted much interest. The 3d 

transition-metal oxides, especially with high valence such as Cu3+ and Ni3+, are expected to be 

stages in which both strong d-d Coulomb interaction and d-ligand hybridization play important 

roles. In Chapter 3, the photoemission and x-ray absorption study of PrNi03, which shows 

metal-insulator transition, is presented. Both local-cluster approach and HF band-structure 

calculations are applied in order to clarify the origin of the metal-insulator transition. In Chapter 

4, a formally Cu3+, metallic oxide, LaCu03, is studied by photoemission and x-ray absorption 

spectroscopy and subsequent local-cluster and HF band-structure calculations. Key questions 

are how far the local-cluster picture can survive in the perovskite-type 3d transition-metal 

oxides and to what extent the HF band-structure calculations can describe their electronic 

structures. 

In Chapter 5, the spin- and orbital- unrestricted HF calculations are performed for the 

perovskite-type d-p lattice models. Spin and orbital orderings in the perovskite-type 3d 

transition-metal oxides are extensively studied. In Chapter 6, the self-energy correction to the 

HF solution is investigated using the local approximation, which neglects the momentum 

dependence of the self-energy. It is shown that electron correlation beyond the HF 

approximation is essential to explain the photoemission spectra of the various 3d transition

metal oxides. The effects of the momentum dependence of the self-energy is investigated in 

low-dimensional systems such as the Cu03 chain by the expansion around the local 

approximation. As another origin of the momentum dependence of the self -energy, the effect of 

the inter-site Coulomb interaction is also discussed. 

3d transition-metal impurities in semiconductors have been a subject of extensive 

investigations from their technological importance as well as from the viewpoint of basic 

physics [Zunger, I 986]. Especially for the cation substituted transition-metal impurities in II-VI 

semiconductors, the transition-metal ions are coordinated by chalchogen ions and the CI local

cluster approach can be applied to investigate their electronic structures. In Chapter 7, the 

electronic structures of the 3d transition-metal impurities in semiconductors have been studied 
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mainly using the local-cluster calculations. The electronic structures of the 3d transition-metal 

chalcogenides, which can be viewed as the I 00% substituted limit, are also investigated by 

means of the HF band-structure calculation. These calculations give us a clue to link between 

the local-duster picture, which is applicable to the 3d transition-metal impurities in 

semiconductors, and band picture. 

Finally, conclusions of the present work and future prospects are summarized in Chapter 

8. 

Chapter 2: Approaches to the studies of the electronic structure of 3d ... 5 

Chapter two 

Approaches to the studies of the electronic structure 

of 3d transition-metal compounds 

In this chapter, a brief introduction to the high-energy spectroscopy of solids is given for 

readers who are not familiar with this field. Models are also introduced to interpret the high

energy spectroscopy of the 3d transition-metal compounds and to extract pieces of information 

on their electronic structures. The configuration-interaction cluster-model approach and the 

unrestricted Hartree-Fock and self-energy correction method on lattice models are explained in 

detail. 
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2.1. High-energy spectroscopy 

2.1.1. Photoemission spectroscopy 

A schematic drawing of photoernission experiment and the principle of the photoemission 

process in a solid is illustrated in Figs. 2.1 and 2.2 [Cardona and Ley, 1978; Hiifner, 1995]. A 

gas discharge lamp and an x-ray tube are used as laboratory light sources for ultraviolet 

photoelectron spectroscopy (UPS) and for x-ray photoelectron spectroscopy (XPS), 

respectively. Synchrotron radiation from a storage ring can also be used as a photon source. An 

electron bounded in the solid is excited and liberated by the incident photon and escapes into the 

vacuum. The kinetic energy of the emitted electron or photoelectron is analyzed using an energy 

analyzer. The kinetic energy is given by the retarding energy plus the pass energy of the 

analyzer, wruch is detemtined by the geometrical arrangement of the electrodes of the analyzer, 

the voltage difference between them and their work function. By knowing the photon energy hv 

and the kinetic energy of the photoelectron E k measured from the sample Fermi level we can 

detemtine the binding energy E8 through the relation 

If the number of the photoelectrons is plotted as a function of the binding energy, the obtained 

energy distribution curve can be viewed as a replica of the electron energy distribution in the 

solid (see Fig. 2.2). The electron escape depth, which is mainly detemtined by plasmon energy 

losses in the solid, is ranging from 2 to 20 A in the electron kinetic energy range of 

photoernission spectroscopy [Shirley, 1978; Hiifner, 1995]. Therefore, special care has to be 

taken to avoid surface contamination or degradation. Measurements have to be done under an 

ultra-rugh vacuum (UHV) and we have to make efforts to obtain a fresh surface. Although it is 

very difficult to estimate to what extent a spectrum is representative of bulk, we can judge that 

the spectrum is not affected by surface contamination or degradation by monitoring lack of 

structures wruch are empirically found to be due to surface contributions. 

Let us consider a photoernission process from a many-electron system following the 

formulation by Kotani [ 1987] and Gunnarsson and Schonhammer [ 1987]. Here, for simplicity, 

the scattering of the photoelectron during its transportation to the surface and the effect of its 

penetration from the solid to the vacuum are ignored. The system of electrons can be divided 

into three sub-systems, outer electrons, core electrons and a photoelectron. The Hamiltonian is 
given by 

(2.2) 
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hv 

sample I energy analyzer 

~ ---~-!l!__ ''"' J) 
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Fig. 2.1. Schematic drawing of a photoernission experiment. 

hv 
core-level XPS 

Fig. 2.2. Relation between the energy distribution of electrons in a solid and that 
of photoelectrons. 

7 
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where ac and ak+ are creation operators of a core hole and a photoelectron. The first, third and 

fifth terms represent systems of outer electrons, a core hole and a photoelectron, respectively. 

The second term describes an interaction between the core hole and the outer electrons. The 

fourth term expresses an interaction between the photoelectron and the remaining electrons (the 

outer electrons and core hole). The eigenvalue and eigenfunction of the initial state with N outer 

electrons can be denoted by Eo(N) and IEo(N)>. In the fmal states of the valence band 

photoemission, we have N-1 outer electrons and a photoelectron. Therefore; if we neglect the 

interaction between the photoelectron and the remaining electrons, namely, if we neglect the 

fourth term of (2-2) (the sudden approximation), the eigenvalues and wave functions of the 

fmal states are expressed as Ek + Ej(N-1) and lk>IEj(N-1)>, where Ek and lk> are the 

eigenvalues and eigenfunctions of the photoelectron and Ej(N -1) and IEj(N -1 )> are the 

eigenvalues and eigenfuctions of H v with N-1 electrons. Here, we introduce an operator 

representing the photoexcitation process, 

where a;+ is a creation operators of an outer electron and T ki is a matrix element of the dipole 

operator between the one-particle states li> and lk>. 

In the valence band photoemission, from the Fermi's golden rule, the number of electrons 

with energy E is proportional to 

(2.4) 

where E is the kinetic energy of the detected electron and hv is the energy of the incidental 

photon. IEo(N)> in (2.4) includes the vacuum of the photoelectron subspace. If we assume that 

the energy dependence of EkTk/Tki' O(E-Ek) is negligible and that Tk; does not depend on i,/(E) 

is proportional to the single-particle spectral function, 

pPES(E-hv) =I:, I <E /N-l)II:, a;IE0(N)> I' o(E-hv+E {N-1 )-E0(N)) 
j I j 

(2.5) 

(2.5) is transformed through the relation 1/(x +iT])= Pl/x- i1t o(x), TJ ~ +0, 

pPES(E- hv) =-itt; lm<E0(N)Ia7- E _ hv +iT] 1 H v _ Eo(N) a;IE0(N)> . (2.6) 

In the case of the inverse photoemission process, the spectral function is also given by 
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piPES(E-hv)=-.frhlm<E0(N)Iai' h . I H E (N)a+IEo(N)>, (2.7) 
I, I E - v + IT] - v + 0 I 

where E is the kinetic energy of the incident electron and hv is the energy of the detected photon. 

The spectral functions of the photoemission and inverse photoemission processes are related to 

the retarded Green's function at zero temperature, 

Gr;-(z) =-if~ 9(1) <E0(N)I [a 1{1), at-J + IEo(N)> eiz' dt 

= <E0(N)Ia; z + H v ~ Eo(N) a;IE0(N)> + <E0(N)Ia; z _ H v l Eo(N) a(IE0(N)> , (2.8) 

where [ .]+ is an anticommutator. Therefore, we obtain the relation 

pPES(E- hV) + piPES(E-hV) = --irr: lmG~-(E- hv +iT]), T] ~ +0. (2.9) 
1,1 

When a Hartree-Fock-type mean-ftled approximation is applied to the interacting outer 

electrons, the wave function of the ground state is given by a single Slater determinant which is 

constructed from single-particle eigenstates with energies E;. By using Koopmans' theorem, 

(2.9) is reduced to 

pPES(E- hv) + piPES(e-hv) =I:, o(e-hv- E;) (2.10) 
I 

The r. h. s. of (2.1 0) is nothing but the energy distribution of the ground-state density of states 

obtained by the mean-field approximation. 

In the final states of core-level photoemission, we haveN outer electrons, a core hole and 

a photoelectron. If we use the sudden approximation, the eigenvalues and wave functions of the 

fmal states are given by Ek + E"j (N) and lk> IE"j (N)>, respectively, where -Ek and lk> are the 

eigenvalues and eigenfunctions of the photoelectron and E"j (N) and IE"j (N)> are the 

eigenvalues and eigenfunctions of the system of N outer electrons and a core hole. The number 

of electrons with energy E is proportional to 

(2.11) 

lfwe assume that the energy dependence of EkTk/Tkc' O(E-Ek) is negligible and that he does 

not depend on c, JcPES(E) is proportional to the spectral function of core-level photoemission 

process, 
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If the multiplet coupling between the outer electrons and core hole is neglected, E"j (N) and IE"j 

(N)> are expressed by -Ec+Ej(N) and lc>IEj(N)>, respectively, where -Ec and lc> are the 

eigenvalues and eigenfunctions of the core hole and Ej(N) and IEj(N)> are the eigenvalues and 

eigenfunctions of the system of N outer electrons interacting with a core hole. As a result, the 

intensity is proportional to 

2.1.2. X-ray absorption spectroscopy 

X-ray absorption spectroscopy (XAS) is made with use of synchrotron radiation and 

monochromator. A core electron is excited to an unoccupied state in the solid by the incident 

photon. The absorption of the photon can be measured in the transmission mode, in the 

fluorescence-yield mode or in the electron-yield mode [Fuggle, 1992]. The measurement in the 

electron yield mode is easily applicable to any types of samples, but we have to pay attention to 

surfaces of samples because it is as sensitive to surface contamination as photoemission. If the 

absorption of the photon is plotted as a function of the photon energy, the curve reflects the 

unoccupied density of states. 

In the XAS process, the absorption of the photon with the energy E is proportional to 

If we neglect the multiplet coupling between the outer electrons and core hole, (2.14) can be 

transformed into 

/ cXAS(E) = L / cXAS(E) 
c c 

=~~I <E)N+1)1~~.T;cllti£0(N)> 12 

8(E-Ec+£' /N+l)-E0(N)) , (2.15) 

If we assume that T;c does not depend on i and c, JcXAS(e) is proportional to the spectral 

function of x-ray absorption process, 
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If the interaction between the core hole and the outer electrons is neglected, the spectral function 

directly reflects that of the electron addition process. 

2.2. Models for 3d transition-metal compounds 

The Anderson lattice model (d-p model) has been considered to be a good model to 

describe a system where localized transition-metal 3d orbitals hybridize with extended ligand p 

orbi tals. The Hamiltonian of the Anderson lattice model is given by (2.17) - (2.20): 

Hp=Ep _L PL~Piiio+_ .E vk~pll'p +k_l~Pi<ro+H.c. 
k,l, <J • v • k, 1>1'. <J • • v • 

(2.19) 

Hpd= L V~1 . Pflodi,ma+H.c. 
k,l,i,m,u "· ,t,m ' 

(2.20) 

where i and k label the unit cell and the wave vector in the Brillouine zone. m and I are orbital 

indices of the transition-metal 3d and ligand p orbitals, respectively. The second term of the 

Hamiltonian H d represents the on-site Coulomb interactions, which is expressed in terms of 

Racah parameters [Tanabe and Sugano, 1954a, 1954b; Kamimura eta/., 1969; Sugano eta/., 

1970; Griffith 1971] or Kanamori parameters [Kanamori, 1963] (see Appendix I). The 

Hamiltonian H pd describes the hybridization between the 3d orbitals and the Bloch states 

constructed from the ligand p orbitals. The transfer integrals are described in terms of the Slater

Koster parameters {pdcr) and {pdn) [Slater and Koster, 1954]. 

If the localized 3d orbitals at only one site are taken into account, namely, the translational 

symmetry of the localized 3d orbitals is neglected, the Anderson lattice model is reduced to the 

Anderson impurity model. The Hamiltonian of the Anderson impurity model is given by 

replacing (2.18) and (2.20) by 
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(2.21) 

and 

"' pd + Hpd= ~ V: Pr: 1 dmcr+H.c. 
k,J,m,a k,l,m . cr 

(2.22) 

respectively. The Hamiltonian becomes tractable if we make the transformation 

2"'pd2 
IV m(E)I = {...-IVk- 1 I 1>(£-Er:) 

k , l ', m 
(2.23) 

As a result, the Hamiltonian of the Anderson single-impurity model is given by (2.17), (2.21 ), 

(2.24) 

and 

(2.25) 

where W is the band with of the p band. Historically, many calculations using the Anderson 

impurity model have been performed on Ce mixed-valence compounds to explain their 

photoemission and inverse-photoemission spectra and to describe their electronic structures 

[Gunnarsson and Schonhammer, 1987]. Zaanen [1986] has applied the impurity model to 3d 

transition-metal compounds and have shown that the model works well. 

It is still hard to solve the Anderson single-impurity model numerically including both the 

intra-atomic multiplet effect of localized 3d orbitals and the finite band width of the host band 

states. When it is more important to take into account the multiplet effect than the finite band 

width, we can limit the calculation to a cluster including only one transition-metal site and 

nearest neighbor ligand sites. The Hamiltonian of the cluster model is given by (2.17), (2.21), 

and 
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where Pm + is a creation operator of an electron in a ligand molecular orbital with symmetry m. 

2.3. Configuration-interaction cluster-model approach 

The configuration-interaction (CD calculations on the cluster model have been successfully 

applied to reproduce the valence-band [Fujimori and Minami, 1984; Eskes et a/ ., 1990] and 

core-level [van der Laan eta/., 1981; Zaanen et at., 1986; Park eta/., 1988; Okada and Kotani, 

1991; Bocquet eta/., 1992b] photoemission spectra of the 3d transition-metal compounds. In 

this section, a brief description of the CI cluster-model calculation is presented. In the CI 

scheme, the ground state and its charge-conserving excited states, which we call N-electron 

states, are spanned by d", d 11+1L_, ... ,dl OL_IO-n configurations, where!,_ denotes a ligand hole. 

The wave function of the ground state of theN-electron states is written as 

l~n Sn+m,m 
IE (N)>= L L a 0 . ldn+mLm,i> , 0 m= O i = l m, t 

(2.28) 

where I dn+mL_m, i >and Sn+m,m represent an i-th component and the number of basis of the 

dn+mL_m configuration, respectively. The Hamiltonian is given by 

H= 

vl 
(E11+~)l+X!+l 

v2 

0 

V2 

(E11+2~+U)l+X~+2 
(2.29) 

E 11 = E(d"), ~ = E(dn+tjJ - E(d11 ) is the charge-transfer energy, U = E(d"- 1) + E(d"+t)- 2E(d") 

is the repulsive d-d Coulomb interaction energy, where E(dn+mL_m) is the center of gravity of 

the dn+mt,_m configuration. I is a unit matrix and X::'.m represents the Coulomb matrix for 

dn+mL_m configuration relative to its center of gravity, whose trace is zero by definition. V n • 

represents hybridization between the dn+n'-IL_n '-1 configuration and the dn+n 't,_n' configuration, 

which is expressed using the transfer integrals. The energy of the ground state Eo(N) is 

obtained by diagonalizing the matrix of (2.29). The fmal states of the photoemission process, 

namely, the eigenstates of the (N-1 )-electron system, are expressed as 
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(2.30) 

The Hamiltonian is given by 

En-tl+X~-I V' t 0 

V' (En- t+L'l.-U)l+X! V'2 t 
H= 

V' (En-t+2tJ.-U)l+X~+I 
' (2.31) 0 2 

where V' n' is the transfer integral between the dn+n'-2L,n '-2 and dn+n '- tL_n'- 1 configurations. The 

energies and wave functions of the fmal states are obtained by diagonalizing the Hamiltonian 

(2.31). The lowest energy level of the fmal state is the first ionization level, the energy of which 

is denoted by Eo(N-1 ). Using the sudden approximation, the 3d photoernission intensity of the 

j-th fmal state is given by 

I 1

2 
l~n sn + m, m sn+m - l.m . 

/PES ex: L L ..L a 0 - ~ 1 .• Tm it 
J m = O i = l I = I m , l m, t ' 

(2.32) 

where T m, i i ' are transition matrix elements between the dn+m L_m and dn+m-t L_m configurations. 

The fmal states of the inverse photoernission process or the eigenstates of (N+ I )-electron 

system are expressed as 

9-n sn+m + !,m 

IE{N+l)>= L L Yj .ldn+m+IL.m,i> 
J m=O i = l m,l 

(2.33) 

The Hamiltonian of the (N+ I)-electron system can be constructed in the same way. 

En+tl+X~+t V"t 0 

V" (En+t+lHU)l+X !+2 V" 
H= 

I 2 

0 V" (En+t+2tH3U)I+X!+3 

. (2.34) 
2 
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The lowest energy level of the (N+ I)-electron system or the affinity level is denoted by 

Eo(N+l), which is obtained by diagnalizing (2.34). The magnitude of the conductivity gap in 

the cluster scheme is given by 

Egap = Eo(N-1) + Eo(N+l)- 2Eo(N) (2.35) 

Final states of the core-level photoernission process are expressed as 

where£ denotes a core hole. The Hamiltonian is given by 

Ecl+Xc,o 
n n 

vc 
l 0 

vc (E~ +tJ.-Q)l+X~+~ vc 
I 2 H= 

vc (E~ +2tJ.-2Q+U)l+X~+~ 
. (2.37) 0 

2 

Enc = E(£d") and x~.:;:, represents the Coulomb matrix of the f:.dn+mL_m configuration with 

respect to the center of gravity, whose trace is zero by definition. v:. represents transfer 

integrals between c_dn+n'-tL_n'-t and c_dn+n'L_n' . Q is the multiplet-averaged attractive Coulomb 

interaction energy between the core hole and the 3d electron. The intensity of the core-level 

photoernission spectrum is given by 

(2.38) 

The fmal states of the core-level XAS process are expressed as 

(2.39) 

The Hamiltonian for the fmal states of the core-level XAS is given by 
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V"~ 

H= 

E~/+X~·+~ 

V"~ 

0 

(E~+ 1 +L'.-Q+U)I+ X~·+~ 

V"~ 

(2.40) 

The intensity of the XAS spectrum is given by 

I 1

2 
1 -n Sn+m.m S~+m+ l,m 

/cXAS oc E r, '\' aO .yc· j TcXJ:.,S 
J m=O i=l t~l m,t m,t m,u 

(2.41) 

0 

V"c 
2 

(E~+ 1+2L'l.-2Q+3U)I+X~+; 

In the cluster-model calculations for the valence-band spectra, we have three adjustable 

parameters which are to be determined to reproduce the experimental results: L'l., U and (pdcr) . 

The ratio (pdcr)/(pdrc) is fixed to be --2.2 [Mattheiss, 1972; Harrison, 1989]. The multiplet 

splitting of the d" configuration due to intra-atomic Coulomb and exchange interactions are 

taken into account through Racah parameters, A, 8 and C. The multiplet-averaged 3d-3d 

Coulomb interaction U and charge-transfer energy L'l. ford" are given by A - 14/98 + 7/9C and 

Ei - Ep + nU, respectively, where Ei and EP are the bare energy levels of the 3d and 2p 

orbitals. For the transition-metal 2p core-level XPS and XAS, Q is added to the above 

adjustable parameters. The multiplet coupling between the transition-metal 2p and 3d electrons 

is expressed in terms of Slater integrals P., Gl and G3 [Slater, 1960; Yamaguchi et a/., 1982a, 
1982b]. 

We have included the crystal-field splitting IODq which arises from the non-orthogonality 

between the atomic oxygen 2p and transition-metal 3d orbitals [Harrison, 1989]. The overlap 

integrals can be deduced from the linear-combination-of-atomic-orbitals (LCAO) fitting of the 

band-structure calculations by Mattheiss [1972]. We have assumed the ratio of the overlap 

integrals Scr and S7t to the transfer integrals (pdcr) and (pdrc) to be - --0.06 e y-1. The 1 ODq from 

the non-orthogonality is expressed using the overlap and transfer integrals (see Appendix ill). 

In general, it is hard to reproduce both the valence-band and core-level photoemission 

spectra using the same parameter set in the cluster-model calculations because the fmal states 

have different numbers of 3d electrons and core hole. In this work, configuration dependence 

of the transfer integrals has been taken into account to make it possible to reproduce the valence

band and transition-metal 2p core-level XPS spectra with the same parameter set. Following 

Gunnarsson and Jepsen [1989], we have assumed that the transfer integrals between dn·I[._m 
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and d"t.m+I are 80% of those between dnt.m and dn+l£.m+I and that those between r;_dnt.m and 

r;_dn+l£.m+l are 70% of those between dnt.m and dn+I£.m+l 

In order to include the effect of the fmite width of the ligand band, we have to exploit the 

Anderson impurity model for a transition-metal ion embedded in the filled p band with band 

width W . For simplicity, we neglect the multiplet coupling of the d" configuration. In the CI 

scheme, the wave function of the ground state of theN-electron system is expressed as 

J

W/2 JW/2 1E0(N)>=ag ld">+ dE a?(E)Id"+1L(E)>+ dEdE' a~(E,E')Id"+2L(E)L(E')> + ... , (2.42) 
-W/2 -W/2 

where l.(E) denotes a ligand hole with energy E. For example, the fmal states of the valence

band photoemission or the wave functions of the (N-1 )-electron system are expressed as 

. J~ . J~ . IE/N-1)>=~& ld"-
1
>+ dE ~i(E)Id"L(E)>+ dEdE' ~~(E,E')Id"+ 1L(E)L(E')> + ... , (2.43) 

-W/2 -W/2 

intensities of which are given by 

(2.44) 

The final states of the inverse photoemission or the wave functions of the (N+ I)-electron 

system are expressed as 

IE {N+I)>=y1 ldn+l>+ dE y1(E)Id"+2L{E)>+ dEdE' y1(E,E')Id"+ L.(E)L.(E')> + .. . . J~ . J~ . 3 
1 0 -W/2 I -W/2 2 

(2.45) 

the intensities of which are given by 

(2.46) 
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2.4. Hartree-Fock band-structure calculation and self-energy correction 

In order to investigate the effect of the translational symmetry of the 3d transition-metal 

ions beyond the cluster or Anderson single-impurity model, we have to study the Anderson 

lattice model. Since it is almost impossible to obtain the exact solutions of lattice models in the 

presence of strong electron-electron interaction, one has to employ certain approximations. The 

Hartree-Fock (HF) approximation is one of the most straightforward and well-defined 

approximation. In the case of integer band filling, it correctly gives the d bands which are split 

into upper and lower Hubbard bands for strong electron-electron interaction. If we have applied 

the HF approximation to the Anderson lattice model , the Hamiltonian Hd is reduced to the 

mean-field Hamiltonian, 

H'JF=E~.L d7mcrdimcr+ L hmcrm'crd7mcrdim'cr 
l,tna ' ' 1,ma,m'cr' ' ' ' 

+ L U '~ "~' "'~" (d+ d· ·~)d+ u~•d· "'~" . <J ,_, ,_.., ,,_,, ma,mu,m u ,m u 1,ma 1,mu 1,m u t,m u t,m ,mu,m v ,m u 

+ L u ,~ .. ~. ,.,~ .. d+ d · ·~(d+ .. ~.d· ,.,~ .. ) . ,_, ,_,, "'-'" ma, mu,m u ,m u 1,mcr l,mu t,m u 1, m u 
1, rna, m u , rn u , m v 

- '"' U '~ "~' "'~" (d~ d · '~)(d~ u~•d · "'~") . '-' ~'-'' "'-'" ma,mu,m u , m u l,ma l,mu l,m u l,m u t,ma,mu.,m u , m u 
(2.47) 

By solving the HF equations self-consistently, single-electron wave functions are obtained. The 

wave function of the ground state is written as a single Slater determinant constructed from the 

single-electron Bolch states. By means of Koopmans' theorem, the energy distribution of the 

ground-state single-electron states is regarded as a single-electron excitation spectrum. 

However, this assumption is not valid in many cases. 

Starting from the HF solution, we can perform a perturbation expansion with respect to 

the Coulomb terms in order to investigate correlation effect beyond the HF approximation. 

Using the Heisenberg equation of motion for operators A and 8, z<< A; 8>> = <[A, 8]+> + 
<<[A, H]_; 8>>, the Green function satisfies 

where /.l. is Fermi level and Efcr are the Hartree-Fock energy levels. If we define the self-energy 

by 
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-i (~ <Eo(N)l[ [a,t cr• H] _, a+k_ ] 1E0(N)>eiwt-T]t dt = E,t cr(ro)GRk_ (ro) , (2.49) Jo . . cr + • . cr 

the retarded Green's function is expressed as 

(2.50) 

Therefore, by calculating the self-energy, one can obtain the single-electron excitation spectra 

through the relation (2.9). If the self-energy is expanded around the redefmed Fermi level /.l.*, 

namely, 

(2.51) 

the retarded Green's function near the Fermi level is given by 

(2.52) 
ro-(E : -Jl*) -iT]-k, (J k.<J 

where the renormalization constant or weight of the coherent part is expressed as 

- I 

(2.53) 

and Ef.o is the quasi-particle energy. Tl<.o vanishes as (ro- /.1.*)2 as ro ~ /.l.*· In the single

particle excitation spectrum, the intensity of the quasi-particle state near the Fermi level is 

multiplied by the renormalization constant which is derived from the frequency dependence of 

the self-energy. On the other hand, the effective mass can be defmed in terms of the quasi

particle density of states at the Fermi level. The effective mass m• is expressed as the product of 

(!}-mass m"' and k-mass mk, which are defined by 

(2.54) 

FS 
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and 

I 
d£J:IF I k, CJ 

dk FS 
(2.55) 

respectively [Mahan, 1981; Greeff et a/. , 1992]. FS represents that the above formula is 

evaluated on the Fermi surface. 
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Chapter three 

Electronic structure of PrNi03 studied by 

photoemission and x-ray absorption spectroscopy 

21 

The electronic structure of PrNi03 has been studied by photoernission and x-ray 

absorption spectroscopy. By analyzing the spectra using configuration-interaction calculations 

on a Ni06 cluster model, it has been found that the charge-transfer energy !:> is - 1 eV and that 

the Ni 3d and 0 2p orbitals are strongly hybridized in the ground state. From the cluster-model 

calculation, the magnetic moment of Ni 3d is estimated to be- 0.9 Jls, which is close to the 

ionic value of Ni3+ and in good agreement with that obtained from neutron diffraction 

experiment. Using the electronic-structure parameters deduced from the cluster-model analysis, 

we have performed unrestricted Hartree-Fock calculations on a Ni 3d-0 2p perovskite-type 

lattice model in order to study the effect of GdFe03-type distortion on the orbital ordering and 

band gap. 
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3.1. Introduction 

Perovskite-type 3d transition-metal oxides, which exhibit various physical properties, are 

very fascinating systems. One of them RNi03 (R=rare earth) shows a metal-insulator transition 

as a function of the size of the rare-earth ion or of the Ni-0-Ni bond angle. While the least 

distorted LaNi03, which has the rhombohedral structure, is a paramagnetic (PM) metal 

[Goodenough and Raccah, 1965], more distorted RNi03 with a smaller R ion than La has the 

orthorhombic GdFe03-type structure (Fig. 3.1) and becomes an antiferromagnetic (AFM) 

insulator [Lacorre eta/., 1992; Torrance eta/., 1992; Garcfa-Muiioz et a/., 1992a]. Some 

orthorhombic RNi03 with an R ion of intermediate size show metal-insulator transition as a 

function of temperature. The transition temperature increases as the R ion becomes smaller 

[Lacorre eta/. , 1992; Torrance eta/. , 1992; Garcia-Muiioz et a/. , 1992a]. In addition to the 

metallic versus insulating behavior, the magnetic structures of AFM PrNi03 and NdNi03 were 

found to be very complicated and to indicate the existence of orbital ordering [Garcia-Munoz et 

at., 1992b]. In order to reveal the origin of the electrical and magnetic properties of RNi03, it is 

very important to investigate its electronic structure. 

The electronic structures of the 3d transition-metal compounds have been interpreted in 

the framework of the Zaanen-Sawatzky-AIIen (ZSA) scheme [Zaanen et a/., 1985; Hiifner, 

1985], where the transition-metal compounds are classified into two regimes, namely, the Matt

Hubbard regime and the charge-transfer regime. In the Mott-Hubbard regime, the 3d-3d 

Coulomb repulsion energy U is smaller than the ligand-to-metal charge-transfer energy 11 and 

the magnitude of the band gap is given by- U. In the charge-transfer regime, where 11 < U, the 

magnitude of the gap is determined by 11. Recently, it has been pointed out that the electronic 

structures of high valence oxides such as Cu3+, Ni3+ and Fe4+ oxides are characterized by a 

small or even negative charge-transfer energy and the magnitude of the band gap is determined 

by the transition-metal 3d-oxygen 2p hybridization and hence is strongly affected by the 

geometrical arrangement of the transition-metal and oxygen ions [Mizokawa et a/., 1991; 

Bocquet eta!., 1992a; Sarma et at., 1992]. In these compounds, therefore, a small lattice 

distortion may cause a metal-insulator transition. 

RNi03 is a candidate for this kind of compounds and some studies have been done trying 

to understand its electronic structure. From neutron diffraction measurements on PrNi03 and 

NdNi03, Garcia-Muiios, Rodrfguez-Carvajal and Laccorre [1992b] have shown that the 

ordered magnetic moment at the Ni site is - 0.9 J.ls, which is close to the purely ionic value I 

J.lB of Ni3+ and has been taken as evidence for the ionic character of RNi03. Medarde et a!. 

[1992] have performed x-ray-absorption spectroscopy (XAS) of RNi03 and have also 

concluded that the ground state has mainly tf7 character. Very recently, Barman, Chainani and 

Sarma [1994] have reported the photoemission spectroscopy study of LaNi03 and NdNi03. 

They claimed that the difference between the metallic LaNi03 and the insulating NdNi03 is 
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driven by the difference in the transition-metal 3d-to-oxygen 2p transfer integrals within the 

Ni06 cluster. ln this chapter, we have investigated the electronic structure of PrNi03 using 

photoemission and XAS measurement and subsequent cluster-model calculations. It has been 

found that the tf7 and tJBL. configurations are strongly mixed in the ground state and that it does 

not contradict the magnetic moment close to the ionic value. Unrestricted Hartree-Fock (HF) 

calculations have also been performed on a Ni 3d-O 2p perovskite-type lattice model using the 

electronic-structure parameters deduced from the cluster-model analysis in order to investigate 

the relationship between the GdFe03-type lattice distortion and the metal-insulator transition of 

RNi03. It has been shown that the GdFe03-type distortion increases the magnitude of the band 

gap of RNi03. 

The organization of this chapter is as follows. Experimental details are presented in Sec. 

3.2. The methods of the cluster-model and unrestricted HF calculations are described in Sec. 

3.3. In Sec. 3.4, photoemission spectra and XAS spectra are displayed and are analyzed by the 

calculations. 

e Pr • Ni Oo 

Fig. 3.1. Simplified structure of the GdFe03-type lattice. The Ni-0-Ni bond 
angle decreases from I 8()<> as the distortion increases. 
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3.2. Experimental 

Polycrystalline samples of PrNi03 were supplied by Prof. Tokura's group in Uruversity 

of Tokyo. The starting material was prepared by dissolving Pr60 11 and NiO in concentrated 

nitric acid. The excess nitric acid was removed by heating it to 200 °C in air. The remaining 

intimately mixed nitrates were decomposed to black powders at 800 °C in an 0 2 atmosphere. 

After grinding, the powders were sealed in a platinum capsule with KCl03 and pressurized 

under 5 GPa using a cubic anvil high pressure apparatus. Heat treatment under pressure was 

carried out at 1300 °C for an hour [Arima eta/., 1993]. 

Photoelectrons were collected with a Physical Electronics double-pass cylindrical-mirror 

analyzer both for x-ray photoemission spectroscopy (XPS) and ultra-violet photoemission 

spectroscopy (UPS). A Mg Ka x-ray source (hv=I253.6 eV) was used for the XPS 

measurements. The XPS spectra were corrected for the Mg KUJ.4 ghost. The energy resolution 

including both the x-ray source and the analyzer was- 1.0 eV. The binding energy in XPS was 

calibrated using the Au 4[712 peak al 84.0 eV [Hiifner, 1995]. UPS spectra were measured at 

beamline BL-2 of Synchrotron Radiation Laboratory, Institute for Solid State Physics, 

University of Tokyo. The energy resolution was 0.3-0.5 eV for the photon energy ranging 

from 40 to I 00 e V. The Fermi level was determined by evaporating Au on the sample. All the 

photoemission measurements were made at the liquid-nitrogen temperature. In order to obtain 

fresh surfaces, the samples were scraped with a diamond ftle under an ultrahigh vacuum 

(UHV) of low 10·10-Torr. The XAS spectra have been measured at beamline BL-2B of Photon 

Factory, Laboratory for High Energy Physics. The measurement has been done at room 

temperature in the total electron yield mode. The samples were scraped under an UHV of low 

10·9 Torr. The energy resolution was - 0.2 eV at 530 eV. The photon energy was calibrated 

using the 0 Is edge of TiOz at 530.7 eV [Abbate et al., 1992] and the Cu 2p312 edge of Cu 

metal at 932.5 eV [Grioni eta/., 1989]. 

3.3. Methods of model calculations 

3.3.1. Cluster-model calculations 

We have analyzed the photoemission and x-ray absorption spectra using configuration

interaction (CI) calculations on an octahedral Ni06 cluster model (with Oh symmetry) [Fujimori 

and Minami, 1984]. The wave functions for the cluster are spanned by basis functions of the 

ionic configuration d• and the charge-transferred configurations dn+ml.,_m, where /.,. denotes an 

oxygen 2p hole. The wave function of the ground state or theN-electron system is given by 

(3.1) 
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The oxygen 2p-to Ni 3d charge-transfer energy is defined by tl."' E(cf8L.)- E(dl) and the 3d-3d 

Coulomb interaction energy by U "' E(d6) + E(cf8) - 2E(dl), where E(d"/.,."') is the center of 

gravity of the dn!.,_m multiplets or the average of all the terms in the multiplets including the 

degeneracies. The fmal states of 3d photoemission or the (N-1)-electron states, are expressed 

by 

(3.2) 

The energy differences E(dl/.,.)- E(d6) and E(cf81.,_2)- E(dl/.,.) are!;. - U and !l., respectively. 

Corresponding 3d photoemission intensities are given by laobo + a1b1 + azb212 in the sudden 

approximation. In the same way, the wave function of the (N+ I)-electron states are written as 

(3.3) 

These can be regarded as the fmal states of 0 Is XAS if we neglect interaction between an 0 Is 

core hole and Ni 3d electrons. Their intensities are proportional to la1co + azc1i2. 

The fmal states of Ni 2p core-level photoemission are given by 

(3.4) 

where£ denotes aNi 2p core hole. When the Coulomb interaction between a Ni 2p hole and a 

Ni 3d hole is denoted by Q, the energy differences E(£d8L.) - E(£d7) and E(£d9Q) - E(£cf8L.) 

are t;.- Q and !l.- Q + U, respectively. The 2p core-level photoemission intensities are given by 

laodo + a1d1 + a2dzi2. ForNi 2p XAS, the final states are expressed by 

whose intensities are proportional to laoeo + a1e1 + a2ezi2. 

In the cluster-model calculations for the valence-band spectra, we have three adjustable 

parameters which are to be determined to reproduce the experimental results: tl., U and the 

transfer integrals between the Ni 3d and 0 2p orbitals. The transfer integrals are expressed in 

terms of Slater-Koster parameters (pdcr) and (pd1t) [Slater and Koster, 1954]. The ratio 

(pdcr)/(pd1t) is fiXed to be --2.2 [Mattheiss, 1972; Harrison, 1989] and only (pdcr) is taken as 

an adjustable parameter. The multiplet splitting of d" configurations are taken into account 

through Racah parameters, 8 and C, which have been fiXed to the free-ion values [Sugano et 

a/., 1970; Mann]. The multiplet-averaged 3d-3d Coulomb interaction U and charge-transfer 

energy t;. ford" are given by A- 14/98 + 7/9C and c.i- f.P + nU, respectively, where c.d0 and 
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ep are the bare energy levels of the 3d and 2p orbitals. For the Ni 2p core-level spectra, the 

Coulomb interaction between the Ni 2p hole and the Ni 3d hole Q is added to the above three 

adjustable parameters. From previous cluster-model analyses, it has empirically been found that 

the ratio U/Q should be 0.7-0.9 [Zaanen et at., 1986; Okada and Kotani, 1991; Bocquet eta/., 

1992b]. In the present calculation, the ratio U/Q is assumed to be 0.8. When we tentatively 

varied the ratio within the above range, agreement with experimental results were not improved 

significantly. The multiplet coupling between the Ni 2p core hole and the Ni 3d holes is 

included through Slater integrals F2, G 1 and G3, which are also ftxed to the free-ion values 

[Mann; de Groot et at., 1990). 

We have included the crystal-field splitting I ODq which arises from the non-orthogonality 

between the atomic oxygen 2p and transition-metal 3d orbitals [Harrison, I 989]. The overlap 

integrals can be deduced from the linear-combination-of-atomic-orbitals (LCAO) fitting of the 

band-structure calculations by Mattheiss [1972] . We have assumed the ratio of the overlap 

integrals Sa and Sn to the transfer integrals (pdcr) and (pdrt) to be- -0.06 eV·I. The lODq from 

the non-orthogonality is given by -2(V eSe-VnSt2), where v. = -..J3(pdcr), s. = -..J3Sa and V
12 

= 2(pdrt), s/2 = 2Sn. 

In general, it is hard to reproduce both the valence-band and core-level photoemission 

spectra using the same parameter set in the cluster-model calculations because the final states 

have different numbers of 3d electrons and core hole. In this work, configuration dependence 

of the transfer integrals has been taken into account to make it possible to reproduce the 

valence-band and Ni 2p core-level XPS spectra with the same parameter set. Following 

Gunnarsson and Jepsen [1988), we have assumed that the transfer integrals between dn-It,_m 

and dnL_m+l are 80% of those between dnt,_m and dn+IL_m+l and that those between r.dnL_m and 

r.dn+IL_m+l are 70% of those between dnt,_m and dn+lt,_m+I. 

3.3.2. Unrestricted Hartree-Fock calculations 

In order to study the effect of translational symmetry, we have performed unrestricted H F 

calculations on the perovskite-type Ni 3d-O 2p lattice. The unrestricted HF approximation is a 

powerful tool to study spin and orbital-ordered insulating states in the lattice model. Cyrot and 

Lyon-Caen [1975) have made HF calculation on a doubly-degenerate Hubbard model and 

found that the ferromagnetic (FM) state with orbital ordering is favored. Recently, the HF 

calculations have been made for the Cu02 plane, where there is no degeneracy in the 3d orbital, 

to study the metal-insulator boundary in the ZSA diagram [Nimk:ar et at., 1993]. This study has 

shown that the HF approximation is useful to investigate metal-insulator transitions. 

In our model, the intra-atomic 3d-3d Coulomb interaction is taken into account in terms of 

Kanamori parameters, u, u', j and j', for which the relationships u' = u - 2} and j' = j are 

assumed [Kanamori, 1963]. These Kanamori parameters can be related to Racah parameters 
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through u = A + 48 +3C and j = (5/2)8 + C . The multiplet-averaged 3d-3d Coulomb 

interaction U and charge-transfer energy !:J. for the d" configuration are given by u - (2019)} and 

e,P - Ep + nU. 

Our criterion for the self-consistency of the HF calculation is that all the differences of the 

order parameters in the subsequent iteration steps are less than I x l0-3. We have taken 5I2 k

points in the ftrst Brillouin zone for the GdFe03 structure, whose unit cell has four Ni sites, 

and 64 k-points for the actual magnetic structure of PrNi03, whose unit cell ·contains I6 Ni 

sites. In the present calculations, the GdFe03-type distortion of PrNi03 is imitated by rotating 

the Ni06 octahedra of the cubic perovskite structure around the a-axis of the GdFe03 structure 

(see Fig. 3.1 ). 

3.4. Results and discussion 

3.4.1. Core-level XPS 

In Fig. 3.2, we have plotted the XPS spectrum of the 0 Is core level which overlaps with 

the Pr MNN Auger spectrum. The 0 Is peak at 528.3 e V is almost a single peak, which shows 

the cleanness of the surface. The broad structure at - 53 I eV may be derived from surface 

contaminations superposed on the Pr MNN emission. The amount of the contamination is small 

enough for us to analyze the following spectra and to extract information on the electronic 

structure of PrNi03. 
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Fig. 3.2. 0 Is XPS spectrum of PrNi03. The spectrum has been corrected for the 
Mg Ka3,4 satellites. 
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Fig. 3.3. Ni 2p XPS spectrum of PrNi03 compared with the cluster-model 
calculation without multiplet coupling (upper panel). The line spectra are 
decomposed into the tfl , tJ8L., tf.9L_2 and diOL_3 components (lower panel). 
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Fi_g_. 3.4. Ni 2p XPS spectra calculated without dlOQ configuration both in the 
Inlhal and fmal states (curves a and d), with dlOQ only in the initial states (curves b 
and e), with d 10Q configurations both in the initial and final states (curves c and f). 
~urves a, b and c were obtained with the configuration dependence of the transfer 
mtegrals and the others without it. 
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As shown in Fig. 3.3, the Ni 2p core-level XPS spectrum has satellite structures, which 

have been generally observed in late transition-metal oxides. We have analyzed the Ni 2p core

level spectrum using the CI cluster model with and without multiplet effect. The Ni 2p spectrum 

calculated without the multiplet effect are compared with the experimental results in the upper 

panel of Fig. 3.3. Here, we have broadened the line spectra by a Lorentzian, the full width at 

half maximum (FWHM) of which is proportional to the energy separation from the main peak 

[Bocquet et a/., 1992b]. In calculating the Ni 2p core-level spectrum, Q is · assumed to be 

-U/0.8. With U and Q being fixed at 7 eV and 9 eV, respectively, the best fit has been obtained 

for!:>.= l ± I eV and (pdcr) = - 1.5 ± 0.2 eV. The fmal states are decomposed into {;.tfl, f.d8L_, 

f.tf.9J..2 and f.dl OQ components in the lower panel of Fig. 3.3. The main peaks and the satellite 

structures have r;_tf.9L_2 and r:.fiBL. character, respectively. The amount of dl OQ in the main peak 

is not negligible since!:>. is smaller than Q-U in the present calculation. 

Here, we have investigated the effect of neglecting the d' OQ configuration in the fmal 

state of the Ni 2p XPS. In Fig. 3.4, we have plotted the calculated results (a) without the dl OQ 

configuration both in the initial and final states, (b) without the dl OQ configuration only in the 

fmal states , (c) with the dl OQ configuration both in the initial and fmal states. As expected, 

neglecting the dlOQ configuration in the initial state is not serious. However, the lack of dl0L_3 

in the fmal states strongly affects the calculated spectra and would prevent us from estimating 

the parameters accurately. The three calculations have been done including the configuration 

dependence of the transfer integrals [Gunnarsson and Jepsen, 1988]. The failure of neglecting 

d' OQ might be enhanced by the inclusion of the configuration dependence. Therefore we have 

also done the above three calculations without the configuration dependence, which are shown 

in (d), (e) and (f) of Fig. 3.4. The configuration dependence does not so drastically change the 

spectrum. This is because the relative intensity and the separation between the main and satellite 

peaks are mainly determined by the transfer integral between r:.tJSL. and r:.tf.9L_2, where the 

transfer integrals are almost equal to those between tfl and fiSL. in the ground state. 

We have also performed cluster-model calculations for the Ni 2p spectrum by fully taking 

the intra-atomic multiplet coupling into account. When all the configurations up to d 10Q are 

included, the number of basis becomes very large ( 6820). Since numerical diagonalization of 

such a large matrix is difficult, we have employed the Lanczos method [Gagliano and Balseiro, 

1988]. However the amount of the calaulation is still so huge that we could not do iterative 

calculations to fmd the best-fit parameter set. Here, we have done the calculation using the same 

parameter set as that obtained without the multiplet effect. Since the satellite structures are 

broadened by the multiplet splittings, there is no need to apply the extra broadening for the 

satellite part although the inclusion of a weak Lorentzian broadening somewhat improves 

agreement between experiment and calculation. The calculated result using!:>.= I eV, U = 7 eV 

and (pda) = -1.5 eV is compared with the experimental result in Fig. 3.5. The Slater integrals 

between the Ni 2p and 3d orbitals are f'2 = 6.68, G 1 = 5.07, G3 = 2.88 eV [Marm; de Groot et 
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a/., 1990; Okada and Kotani, 1991]. The multiplet-averaged 2p-3d Coulomb interaction Q [= 

pQ- (1/l5)G1 - (3(70)G3] is- 9.0 eV. The Racah parameters 8 and Care fixed at 0.142 and 

0.527 eV, which are 80% of the atomic HF values [Mann; de Groot eta/., 1990; Okada and 

Kotani, 1991]. Although the value of 8 and Care slightly different from those obtained from 

atomic spectroscopy data [Sugano eta/., 1970; Griffith, 1971], the differences do not affect the 

present conclusion. The crystal field from the non-orthogonality is - 0.57 eV for the ground 

state. The Pr 3d core-level photoemission spectrum is very similar to that of Pr203 [Ogasawara 

eta/., 1991] , which indicates that the valence of the Pr ion is exactly 3+. This confirms that the 

formal valence of Ni is 3+. 

900 890 880 870 860 840 
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Fig. 3.5. Ni 2p XPS spectrum of PrNi03 compared with the cluster-model 
calculation with multiplet coupling (upper panel). The line spectra are decomposed 
into the cfl, t:f8l._, cf9l._2 and dl0Q components (lower panel). 
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Fig. 3.6. Pr 3d XPS spectrum of PrNi03. 
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3.4.2. Valence band 

The valence-band photoemission spectra taken at various photon energies from 40 eV to 

1253.6 eV are shown in Fig. 3.7. Since the relative photoioization cross section of 0 2p toNi 

3d and Pr 4/ increases as the photon energy decreases, the structure at 5 e V is dominated by the 

0 2p character and the structure at 1.5 eV is mainly derived from the Ni 2p and Pr 4/ states. In 

order to extract the Pr 4/ contribution from the valence-band spectra, we have measured the Pr 

4d-4fresonant-photoemission spectra (Fig. 3.8). By subtracting the off-resonant spectra (hv = 
120 e V) from the on-resonant (hv = 124 e V) , we obtain the Pr 4f-derived spectrum as shown in 

Fig. 3.8. Here, we have assumed that the intensity distribution of the on-resonant Pr 4f-derived 

spectrum is not changed from that of the off-resonant spectrum. 

·~' . \ 
• 
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Fig. 3. 7. Valence-band XPS and UPS spectra of PrNi03 taken at hv = 40, 64, 
67, 80, 100 and 1253.6 eV. 
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Fig. 3.8. Pr 4d-4f resonant photoemission spectra of PrNi03 taken with on
resonance (hv = 124 eV, dots) and off-resonance (hv = 120 eV, open circles) 
photon energies and their difference spectrum (dots). 
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Fig. 3.9. Ni 3p-3d resonant photoemission spectra of PrNi03 taken with on
resonance (hv = 67 eV, dots) and off-resonance (hv = 64 eV, open circles) photon 
energies and their difference spectrum (dots). 
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Ni 3p-3d resonant-photoemission spectra have also been measured. The photon energy 

dependence of the monochrometer has been corrected using the photon absorption of Au taken 

in the total electron yield mode. As shown in Fig. 3.9, the broad satellite structure ranging from 

7 eV to 15 eV is enhanced by the 3p-3d resonance and can be assigned to a so-called charge

transfer satellite. intensity of the main-band region ranging from 0 eV to 5 eV is reduced from 

64 e V to 67 e V because of the reduction of the photoionization cross section of 0 2p. The weak 

structure at- 9.5 eV, which appears in the spectra taken at low photon energies (hv = 40, 64 

and 67 e V), would be from surface contamination . 

ln analyzing the valence-band XPS spectrum of PrNi03, we have performed a CI 

calculation on an octahedral Ni069- cluster model including multiplet coupling [Fujirnori and 

Minami, 1984]. After subtracting the background due to secondary electrons, the existence of 

the broad satellite structure from 8 to 14 eV becomes clear. We have determined the value of 6., 

U and (pdcr) in order to reproduce the shape of the spectra including the satellite structure. The 

result of the CI calculation is compared with the experimental data in Fig. 3.10. The FWHM of 

the Gaussian is- 1.0 eV, which is mainly determined by the energy resolution of the analyzer, 

and that of the Lorentzian is- 0.4 + 0.3£8 eV, where the first term is derived from the natural 

width of the x-ray source and the second term proportional to the binding energy £ 8 is from the 

life time of the final states. We have added the contribution from the 0 2p band centered at -5 

e V assuming a Gaussian form and the Pr 4/ band obtained from the Pr 4d-4f resonant 

photoemission taking into account the relative cross section of these atomic orbitals [Yeh and 

Lindau, 1985]. Here, we have artificially multiplied the photoionization cross section of the 0 

2p subshell by a factor three, which has been empirically found in previous studies. The XPS 

study of V20 3 by Sawatzky and Post [1979] also shows that the intensity ratios of 0 2p to 0 

2s and of 0 2p to V 3d are three time larger than those calculated. The best-fit parameters are 6. 

= 1.0 ± 1.0 eV, U = 7.0 ± 1.0 eV, (pdcr) = -1.5 ± 0.2 eV, which are consistent with those 

obtained from the Ni 2p core-level spectrum. 

For the present parameter set, the symmetry of the ground state is found to be 2£ 8, 

namely, the Ni ion is in the low-spin state.ln Fig. 3.11, we have plotted the number of d holes 

Nd and the magnitude of spin Sdas functions of 6.. (The other parameters are fixed to the above 

values.) The boundary between the high-spin (4T 18) and low-spin (2£8) states is 6. - 2.0 eV. 

The ground state has 34% dl, 56% d'dL_, and 10% d9L_2 characters and is strongly covalent. The 

calculated local magnetic moment in the low-spin state is 0.91 IJ.s, which is close to the purely 

ionic value and is in good agreement with the neutron diffraction measurement by Garda

Munoz eta/. [1992b]. The reason why the magnetic moment is close to the ionic value of the 

low-spin Ni3+, I IJ.s, in spite of the strongly covalent ground state is as follows. Let us 

consider charge-transfer to the ionic low-spin configuration t 28 ;3t28 .).3e8;. The charge transfer 

of an electron whose spin is parallel to the Ni 3d local spin is more favored by the intra-atomic 

exchange interaction than that of an electron whose spin is antiparallel to the Ni spin. On the 
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other hand, for an electron with antiparallel spin, two e8 orbitals are available for charge 

transfer while, for an electron with parallel spin, only one e8 orbital is available. Since these 

two effects cancel each other, namely, the amount of the charge transfer for the parallel spin is 

almost equal to that for the antiparallel spin, the net local spin of Ni remains close to the purely 

ionic one. Actually, 26% of the ground state is of t28;3t28J,3e8;2£,; type and 30 % is of 

t28t 3t2gJ,3e8;e8J,L,J, type. 

In the fmal state of the valence-band photoemission, rfl L. character is dominant in the 

main band at 1.5 e V, and the satellite region has mainly tJ6 and (/8£,2 character. The d6 character 

in satellite region causes the enhancement of the satellite intensity in the Ni 3p-3d resonant 

photoemission spectrum. The symmetry of the first ionization state is 'A 18 , which has 5% d6, 

53% rfl L. and 42% d'd£,2 characters. Using the same parameter set, the first affinity state with 

3A2g symmetry is found to be dominated by cf8 character ( 84% cf8 and 16% r.fJL.). 

(a) valence band 
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Fig. 3.10. (a) Cluster-model calculation for valence-band photoemission 
spectrum compared with the experimental result. (b) The line spectra are 
decomposed into the rfl, (/8£, and rfJ£,2 components. 
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Here, let us consider the characters of the excitations from the ground state to the first 

ionization and affinity states. The d and p weights of the excitation from the ground state to the 

first ionization state are given by the differences between the net numbers of d and p holes in 

the ground state and those in the first ionization state, respectively. Those of the excitation from 

the ground state to the first affinity state are also given in the same way. In our cluster-model 

analysis, the net numbers of the d and p holes are 2.24 and 0.76 in the ground state, 2.63 and 

1.37 in the fust ionization state and 1.84 and 0.16 in the fust affinity state, respectively. 

Therefore the excitation from the ground state to the fust ionization state has 39% d and 61% p 

character and that from the ground state to the fust affutity state has 40% d and 60% p 

character. Therefore, the band gap of- 2.3 eV obtained by the cluster-model calculation is far 

from being of p-d or charge-transfer type, but has strongly-hybridized "pd-pd" character. 
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Fig. 3.11. Number of d holes Nd and spin Sd in the ground state of the Ni06 
cluster as functions of 11. The parameters (pdcr) and U are fixed at -1.5 and 7.0 eV, 
respectively. 

3.4.3. X-ray absorption spectra 

An 0 Is XAS spectrum reflects the 0 2p weight hybridized into the unoccupied states of 

the transition-metal and rear-earth ions [de Groot et al., 1989]. The 0 is spectrum of PrNi03 is 

shown in the Fig. 3.12, which is in good agreement with that measured by Medarde et al. 

[1992]. The sharp peak at 529 eV is derived from the Ni 3d state and the structures ranging 

from 530 eV to 545 eV are due to the Pr 4/, 5d and Ni 4s, 4p states. If we neglect the effect of 

the 0 Is core-hole potential on the unoccupied states, the fmal state of the 0 is XAS can be 

regarded as the (N+i)-electron state, which is equivalent to the fmal state of inverse 

photoemission. We have calculated the 0 is XAS spectrum using the cluster model with the 
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above parameter set and have compared it with the experimental result in Fig. 3.12. Here, we 

have shifted the calculated 0 !s XAS spectrum by 1.4 eV towards lower photon energy from 

the photon energy equal to 0 Is binding energy in XPS. According to the calculation, the 

dominant peak is due to the first affinity level 3A28 and the high energy tail is derived from 1£8 

and I A 18 states. 

In Fig. 3.13, we have compared the Ni 2p XAS spectrum with the full-multiplet cluster

model calculation, which has been obtained by broadening the line spectrum with a Gaussian 

and a Lorentzian. The FWHM of the Gaussian is - 0.6 e V, which is determined by the energy 

resolution, and that of the Lorentzian is - 0.5 e V, which is derived from the natural width 

[Krause and Oliver, 1979). The parameters used in this calculation are exactly the same as those 

for the Ni 2p XPS spectra. It has been shown that the double-peak structure of the 2P3/2 main 

peak is due to the multiplet splitting. Weak and broad satellite structures, which are located on 

the high energy side separated by - 5 e V from the main peak, are reproduced to some extent. In 

order to improve agreement with the experimental results, an extra broadening of the calculated 

result is necessary. The extra broadening of transition-metal 2p XAS has also been observed in 

the mixed valence compounds such as Li1 .,Ni, 0 2 (van Elp eta/. , 1991] and La1 .,Sr,Fe03 

(Abbate eta/., 1992] and has been attributed to the coexistence of several components with 

different symmetries (in the single-cluster picture) in the ground state. Since PrNi03 is located 

at the metal-insulator boundary, it may undergo this type of extra broadening. 

PrNi03 
0 ls XAS 

525 530 535 540 545 550 

Photon Energy ( e V) 

Fig. 3.12. 0 Is XAS spectrum of PrNi03 compared with the cluster-model 
calculation. The parameters are 6. = 1.0 eV, U = 7.0 eV and (pdcr) = - 1.5 eV. 
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Fig. 3.13. Ni 2p XAS spectrum of PrNi03 compared with the cluster-model 
calculation. The parameters are 6. = 1.0 eV, U = 7.0 eV, (pdcr) = -1.5 eV and fiO = 
9.5 eV. Q = fiO- (l/15)GI- (3nO)G3 = 9.0 eV. 
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From the above cluster-model calculations, it has been found that PrNi03 has a small 

positive 6.- I eV and that the dl and d8L_ configurations are strongly hybridized in the ground 

state. In transition-metal oxides with very small positive or negative t., the magnitude of the 

band gap is strongly affected by the geometrical arrangement of the transition-metal and oxygen 

ions. Actually, RNi03 shows a metal-to-insulator transition as a function of the size of the R 

ion, which controls the magnitude of the GdFe03-type lattice distortion. In order to investigate 

the relationship between the GdFe03-type distortion and the metal-to-insulator transition in 

RNi03, we have made unrestricted HF calculations on a perovskite-type lattice model. 

The magnetic structure of PrNi03 has been found to be very complicated and to give a 

large unit cell containing 16 unit formulas. Each Ni spin is ferromagnetically coupled to three 

nearest neighbor Ni spins and antiferromagnetically coupled to the other three [Garcia-Muiioz et 
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a/., 1992b]. In order to explain this unusual magnetic ordering, it has been proposed that the e
8 

electrons of the low-spin Ni3+ (t28t 3t2g! 3e8t ) are polarized into the 3z2-r2 and x2-y2 orbitals 

for the ferromagnetically coupled Ni pair and are polarized into one of these orbitals for the 

antiferromagnetically coupled Ni pair [Garcia-Muiioz et a/. , 1992b]. Since the magnetic 

structure can be viewed as a mixture of FM and G-, A- and C-type AFM magnetic 

arrangements, these four simplified magnetic structures have been studied. TI1e high-spin state 

with the G-type AFM ordering has the lowest energy and the low-spin metallic state with the 

FM ordering has the second lowest energy for the realistic parameter set: 11 = 1.0 eV, U = 7.0 

eV and (pdcr) = -1.8 eV. The third lowest solution is the low-spin insulating solution with the 

A-type AFM arrangement accompanied by a "3x2-r2"f"3y2-r2".type orbital ordering. The 

reason why the low-spin state is not so stabilized as the high-spin state in the HF approximation 

may be as follows. A single Slater determinant within the HF approximation can be a good 

description of the high-spin state but it fails to describe the low-spin state. Especially, for small 

11, a Heitler-London type wave function i/..J2(1.!lt k!Yt l +I L t .!l!Ytl) has a large weight in the 

ground state, where .!1 and y represent holes in the 3z2-r2 and x2-y2 orbitals, respectively, and 

L and L.v denote holes in the molecular orbitals with the 3z2-r2 and x2-y2 symmetries 

constructed from 0 2p orbitals , respectively. Therefore, the inclusion of this kind of correlation 

effect will stabilize the low-spin state relative to the high-spin state. 1n this work, we have done 

HF calculations for the 16-molecule unit cell with the actual spin arrangement, in which the e
8 

electrons are polarized into "3z2_r2" and "x2_y2" orbitals. The solution has an energy by -50 

meV/unit-forrnula higher than the A-type AFM solution. Further investigations would be 

required to understand why the complicated magnetic structure is realized in the low-spin 
PrNi03. 

It is interesting to investigate how far the HF calculation can describe the photoemission 

spectra or the single-particle excitation spectra. ln Fig. 3.14, the density of states for the A-type 

AFM solution, which is the most stable low-spin and insulating solution for the present 

parameter set, has been displayed. The shaded area shows the 3d-derived partial density of 

states. The 2p and 3d orbitals are strongly hybridized in the states just below and above the 

band gap, in good agreement with the cluster-model analysis. This indicates that the HF 

calculation correctly describes the character of the band gap. In the inset of Fig. 3.14, we have 

compared the experimental result with the density of states where the 2p and 3d partial density 

of states have been multiplied by their photoionization cross sections [Y eh and Lindau, 1985]. 

Here, the photoionization cross section of the 0 2p subshell has also been multiplied by a factor 

three. According to the cluster model analysis, the peak at I .5 eV of the experimental result is 

mainly from the t28 state where the Ni 3d and 0 2p character are strongly hybridized.ln the HF 

calculation, the t28 band is located at 2.5 e V and is shifted towards high binding energy by - 1 

eV from the experimental result. The HF calculation also fails to reproduce the satellite 
structure. 
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Fi~. 3.14. Total density of states and the Ni 3d partial density of states (shaded 
reg10n) for the A-type AFM state. The density of states obtained by multiplying the 
0 2p and Nt 3d partial denstty of states by their photoionization cross sections is 
compared with the experimental result in the inset. 
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ln Fig. 3.15, we have plotted the magnitude of the band gap as a function of the Ni-0-Ni 

bond angle. The band gap increases as the GdFe03-type distortion becomes large for the A

type AFM solutions through the decrease in the intercluster Ni-0-Ni transfer integrals. This 

explains the observation that the increase of the GdFe03-type lattice distortion make RNi03 

insulating [Lacorre eta/., 1992; Torrance eta/., 1992; Garcia-Muiioz eta/., 1992a]. Barman, 

Chainani and Sarma [I 994] , on the other hand, attributed the origin of the metallic behavior of 

LaNi03 versus the insulating behavior of NdNi03 to the difference in the magnitude of the 0 

2p-to-Ni 3d transfer integral : Metallic LaNi03 has larger transfer integrals than insulating 

NdNi03. They also claimed that pressure causes an increase of the transfer integral and turns 

NdNi03 into metallic. Recently, a neutron diffraction study under pressure has been performed 

and has shown that the Ni-0-Ni bond angle and the Ni-0 bond length change at the metal

insulator transition [Medarde eta/., 1995]. This result suggests that both the intra-cluster and 

intercluster changes are responsible for the metal-insulator transition. 
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Fig. 3.15. Magnitude of the band gap as a function of the GdFe03-type lattice 
distortion. 

3.5. Conclusion 

By analyzing the photoemission spectra of PrNi03 using the cluster model, 6. is 

estimated to be- I e V. In the ground state, the Ql configuration is strongly hybridized with the 

d8L. configuration. However, the local magnetic moment is calculated to be 0.9 Jls, which is 

close to the ionic value and is in good agreement with the neutron diffraction measurement 

[Garcfa-Mufioz et at., 1992b]. The HF calculation using the parameters from the cluster-model 

analyses have shown that the GdFe03-type lattice distortion enlarges the magnitude of the band 

gap. The lattice distortion strongly affects the band gap of PrNi03, which has the small 6. and 
the covalent ground state. 

In the present work, we have studied the electronic structure of PrNi03 by the two 

theoretical approaches: the local cluster calculation and the HF band-structure calculation. The 

comparison of the two extremes gives us a clue to understand how strongly correlation effect, 

especially the Heitler-London type effect, affects the metallic versus insulating behavior of 

PrNi03. On one hand, as shown in the previous section, HF calculations can give us a crude 

but useful picture of the metal-to-insulator boundary. The opening of band gaps for small, 

positive 6. has been discussed by Sarma [ 1990] in terms of the strong covalency in the ground 

state and has been called "covalent insulators". Following it, Nirnkar et at. [1993] has studied 
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the metal-insulator boundary for the CuOz plane using the unrestricted HF approximation. The 

HF result, which does not include the Heitler-London type correlation effect, matches the view 

of "covalent"' insulator. On the other hand, the local cluster approach, where the intra-cluster 

Heitler-London type correlation are exactly taken into account, can reproduce the various 

spectra, suggesting that electron correlation within the local cluster is important. Key questions 

are how strongly the Heitler-London type correlation is in the vicinity of the metal-insulator 

boundary and how far the picture of the local cluster model can survive in the real lattice. Since 

the HF calculation cannot reproduce the satellite structure of the valence-band photoemission 

spectra, it is necessary to see how the HF ground states is affected by the correlation effect 

when one attempts to reproduce the photoemission spectra. 
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Chapter four 

Electronic structure of LaCu03 studied by 
photoemission and x-ray absorption spectroscopy 
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The electronic structure of the formally Cu3+ metallic LaCu03 has been studied by 

photoemission and x-ray absorption spectroscopy. In the valence-band photoemission spectra, 

the intensity just below the Fermi level is very weak compared with the prediction of band

structure calculation and a charge-transfer satellite is observed. Such features are commonly 

observed in metallic Cu oxides including the high Tc cuprates. By analyzing the valence-band 

and Cu 2p core-level photoemission spectra using a Cu06 cluster model, the charge-transfer 

energy is estimated to be -1 e V, indicating that the ground state is dominated by the lfl L. 
configuration with which the cf8 configuration is strongly hybridized. However, except for the 

satellite structure, agreement between the experimental results and the cluster-model calculations 

are not satisfactory. Especially, the Cu 2p x-ray absorption spectrum cannot be explained by the 

single-site cluster-model calculation, suggesting the importance of the intercluster interaction. 
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4.1. Introduction 

Since the discovery of the high Tc copper oxides [Bednorz and MiiUer, 1986], the 

electronic structure of the hole-doped Cu2+ oxides has been subject to extensive investigations. 

X-ray absorption and photoemission studies on the high Tc cuprates have revealed that the 

doped holes mainly go into the 0 2p orbitals [Fujimori et at., 1987; Shen eta/., 1987; Chen et 

a/., 1991]. Formally Cu3+ oxides such as NaCu02 and LaCu03 have been frequently used as 

reference compounds in discussing the existence of Cu3+ species in the high Tc cuprates 

[Steiner eta/., 1987; Sarma et a/., 1988]. On the other hand, the electronic structure of the 

formally Cu3+ oxides, which can be viewed as I 00% hole-doped Cu2+ oxides, has attracted 

interest because it remains to be clarified whether the ground states are dominated by ao (real 

Cu3+) or tJ9L. (formaUy Cu3+ but actually Cu2+ plus an oxygen p hole L_) . One of such 

compounds, NaCu02, has been studied by photoemission spectroscopy and cluster-model 

analysis and has been found to have a ground state of tJ9L. character with which ao character is 

heavily mixed [Mizokawa e/ a/., 1991; 1994]. In a compound with this type of ground state, 

the magnitude of the band gap is determined by the relative strength of the hybridization within 

the local CuOn cluster and that between the clusters. NaCu02, which has a 90° Cu-0-Cu bond 

angle, is insulating because the band gap opens due to the strong Cu 3d-O 2p hybridization 

within the Cu04 cluster and the intercluster interaction is weak. On the other hand, in LaCu03 

with a perovskite-type structure, which has an almost 180° Cu-0-Cu bond angle, the 

intercluster interaction is expected to be strong. 

For LaCu03, two types of crystal structures have been reported: a rhombohedrally

distorted perovskite structure synthesized at higher oxygen pressure [Demazeau e/ a/., 1972] 

and a tetragonally-distorted perovskite structure synthesized at lower oxygen pressure [Bringley 

eta/., 1990]. Both the rhombohedral and tetragonal LaCu03 have been found to be poor metal 

[Demazeau eta/., 1972; Bringley et at., 1993].Jt has also been reported that the stoichiometric 

tetragonal LaCu03 shows a semiconducting behavior [Darracq et at., 1993]. Band structure 

calculations using the local-density approximation (LOA) predict LaCu03 to be a Pauli

paramagnetic metal [Takegahara, 1987; Czyzyk and Sawatzky, 1994; Hamada et a/., 1995] . 

Based on the LDA+U calculation, which predict LaCu03 to be an antiferromagnetic (AFM) 

insulator, Czyzyk and Sawatzky [ 1994] have claimed that the tetragonal LaCu03 is a 

semiconductor for the ideal stoichiometry and that its metallic behavior is derived from the 

oxygen deficiency. Few high energy spectroscopic experiments such as photoemission 

spectroscopy, which provide important information on the electronic structure, have been 

reported and the electronic structure of LaCu03 remains controversial. In this chapter, we are 

going to present photoemission and x-ray absorption spectra of the tetragonal LaCu03 and 

results of the configuration-interaction (CI) cluster-model analysis. We have also performed 

unrestricted Hartree-Fock (HF) calculation and subsequent self-energy correction calculations 
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on a Cu 3d-O 2p lattice model using the electronic-structure parameters obtained from the 

cluster-model analyses. 

4.2. Experimental 

Polycrystalline samples of LaCu03 were supplied by Prof. Takeda's group in Mie 

University. A mixture of La203 and CuO was pressed into a pellet and fired at 850°C for 2-3 

hours in air. The product was milled and pressed into a pellet again. After firing at 1000°C in 

air for 24 hours, LaCu02.s was obtained. The sample was further fired at 800°C and 200 atom 

for 48 hours and at 4000C and 400-500 atom for 3-4 days in an 0 2 gas flow. Stoichiometry of 

the compounds was established by iodometric titration. 
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Fig. 4.1. 0 Is XPS spectrum of LaCu03. 
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A Mg Ka source (hv=1253.6 eV) was used for x-ray photoernission spectroscopy 

(XPS). The XPS spectra were corrected for the Mg Ka3,4 ghost. A He discharge lamp 

(hv=21.2 eV for He I and 40.8 eV for He II) were used for ultraviolet photoernission 

spectroscopy (UPS). Photoelectrons were coUected with a PHI double-pass cylindrical-mirror 

analyzer. The resolution including both the source width and the instrumental broadening was 

about 1.0 eV, 0.35 eV and 0.25 eV for XPS , He II and He I, respectively. UPS spectra were 

also measured at bearnJine BL-2 of Synchrotron Radiation Laboratory, Institute for Solid State 

Physics, University of Tokyo. The energy resolution was 0.3-0.5 eV for photon energies 

ranging from 40 to 100 eV. The Fermi level was determined by evaporating Au on the sample. 

The binding energy in XPS was calibrated using the Au 4!712 peak at 84.0 eV [Hiifner, 1995] . 

In order to prevent possible loss of oxygens from the surface, the samples were cooled to 
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liquid-nitrogen temperature (LNT) during the measurements. X-ray absorption spectroscopy 

(XAS) was done at beamline BL-2B of Photon Factory, Laboratory for High Energy Physics. 

The energy resolution was- 0.2 eV at 530 eV. The photon energy was calibrated using the 0 

Is edge ofTi02 at 530.7 eV [Abbate et al., 1992] and the Cu 2p312 edge of Cu metal at 932.5 

eV [Grioni et al., 1989]. The XAS spectra was taken at room temperature (RT) in the total 

electron yield method. In order to obtain fresh, clean surfaces, the samples were scraped in situ 

with a diamond file. The 0 Is core-level spectrum became a single peak by scraping both at RT 

and at LNT (Fig. 4.1), indicating good sample quality. The base pressure in the spectrometer 

was in the low J0-10-torr range for XPS and UPS and was- lxJ0-9 torr for XAS. 

4.3. Results and Discussion 

4.3.1. Core-level XPS 

The Cu 2p core-level XPS spectrum is shown in Fig. 4.2. The binding energy of the Cu 

2p3!2 peak is 934.5 eV, which is -I eV higher than that of CuO and is- 2 eV higher than those 

of Cu20 and Cu metal [Ghijsen et al., 1988]. The Cu 2p spectrum has satellite structures, 

which have been generally observed in late transition-metal oxides. Therefore, we have applied 

the CI cluster-model analysis including the multiplet effect [Zaanen et a/., 1986; Okada and 

Kotani, 1991]. Since in the tetragonal LaCu03 there are four in-plane Cu-0 bonds of 1.909 A 
and two apical Cu-0 bonds of 1.986 A [Bringley eta/., 1993], we have employed an elongated 

octahedral Cu06 cluster with D4h symmetry. The wave function of the ground state is given by 

a linear combination of d8, ct9L_ and d 10t._2 configurations, where !._ represents an oxygen 2p 

hole. The 0 2p-to-Cu 3d charge-transfer energy ~ is defined by ~ = E(cJ9L_) - E(d8) and the 3d-

3d Coulomb interaction energy by U = E(cJ9) + E(cfl) - 2E(d8), where E(dnL_m) is the center of 

gravity of the dnt._m multiplet. The transfer integrals between the Cu 3d and 0 2p orbitals are 

expressed in terms of Slater-Koster parameters (pda) and (pdrc) [Slater and Koster, 1954]. The 

ratio (pda)/(pdrc) is fixed at- -2.2 [Mattheiss, 1972; Harrison, 1989]. The transfer integrals 

between the 0 2p orbitals are given by (ppcr) and (pprc), which are ftxed at 0.60 and -0. 15 eV 

respectively. In addition, we have scaled the transfer integrals following Hanison's rule 

[Hanison, 1989]. The value of (pdcr) given below is for the in-plane Cu-0 bond. The multiplet 

coupling between the 3d electrons is included through Racah parameters 8 and C, which are 

ftxed at 0.150 and 0.667 eV, namely, -80% of the atomic HF values [Mann; de Groot eta/., 

1990; Okada and Kotani, 1991]. The wave functions of the fmal states are given by linear 

combinations of c.d8, c.cJ9L. and c.dl0!._2 configurations, where c. denotes a Cu 2p core hole. The 

multiplet coupling between the Cu 2p core hole and Cu 3d electrons is expressed in terms of 

Slater integrals P., G' and G3, which are also fixed to 7.08, 5.37 and 3.06 eV, namely,- 80% 

of the atomic HF values [Mann; de Groot et al., 1990; Okada and Kotani, 1991]. In the cluster-
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model analysis of the Cu 2p XPS, we have four adjustable parameters:~. U, (pdcr) and the 

multiplet-averaged 2p-3d Coulomb interaction Q [= pQ- (1/15)G' - (3/70)G3]. 

Here, we have ftxed U and Q at 7.0 eV and 9.0 eV, respectively, which are close to the 

values obtained commonly in the cluster-model analyses of the late transition-metal oxides 

[Okada and Kotani, 1991; Bocquet et al., 1992b]. The best fit is obtained for~= -1.0 ± 1.0 eV 

and (pdcr) = -1.7 ± 0.2 eV as shown in Fig. 4.2. The ground state is the high-spin state with 

38, 8 symmetry because the elongation of the octahedra or the ratio of the apical Cu-0 bond 

length to the in-plane one- 1.04 is too small. In order to stabilize the low-spin state compared 

with the high-spin state, the ratio is required to be lager than 1.13 with the best-fit parameter 

set. The ground state has 37% d8, 53% cJ9t._ and 10% di0L_2 characters. The fmal states are 

decomposed into the c.d8, c.cJ9t._ and c.dl0t._2 components in the lower panel of Fig. 4.2. The 

main peaks have both c.dl0L_2 and c.cJ9L. character and the satellite structures have c.cJ9t._ 

character. In the ground state, the net number of the 3d holes is 1.27, which is close to the ionic 

value of Cu2+ rather than Cu3+. In this sense, the electronic structure of LaCu03 given by the 

single-site cluster model is similar to that of NaCu02 [Mizokawa et al., 1991; 1994]. However, 

it is expected that the intercluster interaction is important in LaCu03 which has an almost 180° 

Cu-0-Cu bond. Actually, the asymmetric line shape of the main peak cannot be explained by 

the cluster-model calculation, which may be due to the intercluster interaction beyond the 

single-site cluster model [van Veenendaal and Sawatzky, 1994]. 
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Fig. 4.2. Cu 2p core-level spectrum of LaCu03 compared with the CI cluster model 
calculation (upper panel). Decomposition of the line spectra into fmal-state 
configurations is shown in the lower panel. 
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4.3.2. Valence band 

The valence-band photoemission spectra taken at various photon energies from 40 eV to 

1253.6 e V are displayed in Fig. 4.3. Since the relative photoionization cross section of 0 2p to 

Cu 3d increases as the photon energy decreases, the structures at 3 and 5 e V mainly have the 0 

2p and Cu 3d characters, respectively.ln the UPS spectrum taken at hv = 90 eV, the existence 

of the satellite structure located at- 12 eV is clear. The satellite region from 9 eV to 13 eV is 

strongly enhanced and the main-band region from 0 eV to 7 eV is not enhanced by the 3p-3d 

resonance (hv = 74 eV: on resonance, hv = 70 eV: off resonance), indicating that the satellite 

can be regarded as a so-called charge-transfer satellite. 
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Fig. 4.3. Valence-band photoemission spectra of LaCu03 taken at hv = 40, 
70, 74, 90, 1253.6 eV. 
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Fig. 4.4. (a) Cluster-model calculation (thick solid curve) for valence-band 
photoemission spectra compared with the experimental result (hv = 1253.6 
eV) ofLaCu03 (dots). The thin solid curve indicate the contribution from the 
Cu 3d orbitals which is obtained by broadening the line spectra. (b) The line 
spectra are decomposed into the configurational components. 

49 

The calculated line spectra with t'!J. = -1.0 eV, U = 7.0 eV and (pdcr) = -1.7 eV have been 

broadened with a Gaussian and a Lorentzian and have been compared with the valence-band 

XPS spectrum in Fig. 4.4. The full width at half maximum (FWHM) of the Gaussian is - 1.0 

eV, which is mainly detem1ined by the energy resolution of the analyzer, and that of the 

Lorentzian is- 0.4 + 0.3£8 eV, where the first term is derived from the natural width of the x

ray source and the second term proportional to the binding energy E8 is from the life time of the 

fmal states. The satellite structure, whose existence becomes clear by subtracting the 

background due to secondary electrons, is well reproduced. Here, we have added the 
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contribution from the 0 2p band of a Gaussian form centered at - 3 eV whose relative cross 

section to the Cu 3d band is assumed to be three time larger than that of the atomic calculation 

[Yeh and Lindau, 1985; Sawatzky and Post, 1979]. From the cluster-model analysis, the final 

states both of the main-band region from 0 to 8 eV and of the satellite region from 8 to 13 eV 

are mixtures of the cf8L_ and rfJL,_Z configurations. The first ionization state has 2A 18 symmetry, 

which is obtained by emission from the x2-y2-type orbitals. 

Although the cluster-model calculation gives us an overall picture of the valence-band 

XPS spectrum including the satellite structure, it is unable to describe the structure near the 

Fermi level. In order to investigate the effect of the translational symmetry of the Cu 3d orbitals 

beyond the single-site cluster model, we have performed the HF and subsequent self-energy 

correction calculations on a Cu 3d and 0 2p lattice model. Details of the method of the 

calculations are given in Chapters 5 and 6. In this model, the intra-atomic 3d-3d Coulomb 

interaction is taken into account in terms of Kanamori parameters, u, u', j and j', for which the 

relationships u' = u- 2} and}'= j are assumed [Kanamori, 1963]. These Kanamori parameters 

are related to Racah parameters through u =A + 48 +3C and j = {5/2)8 + C. The parameters 

used for the present calculation are 1'1 = 0.0 eV, U = 7.5 eV, {pdcr) = -1.8 eV and j = 0.92 eV, 

which are close to those obtained from the cluster-model analyses. Tn the HF calculation, a G

type AFM insulating state is lower in energy than a paramagnetic (PM) metallic state, 

contradicting the experimental result. The situation is similar to that found in the LDA+U 

calculation by Czyzyk and Sawatzky [1994]. Here, we are going to compare the density of 

states of the PM solution with the photoemission spectrum. The HF and self-energy corrected 

results are shown in Fig. 4.5. In the insets, the calculated results, where the partial density of 

states of Cu 3d and 0 2p are multiplied by their photoionization cross section and are broadened 

with a Gaussian and a Lorentzian, are compared with the experimental results. For the HF 

result, the FWHM's of the Gaussian and Lorentzian are the same as those for the cluster-model 

calculation. For the self -energy corrected result, the FWHM of the Lorentzian can be fixed at 

0.4 eV. The HF solution for the PM metal is essentially the same as that of the LOA calculation 

[Takegahara, 1987; Czyzyk and Sawatzky, 1994; Hamada eta/., 1995]. In the HF calculation, 

the broad e8 band, in which the 0 2p and Cu 3d orbitals are strongly hybridized, crosses the 

Fermi level. As a result, the calculated t28 band is located at- 3 eV, which is too deep, and the 

deviation from the experimental result is very large. The HF calculation also fails to reproduce 

the satellite structure from 8 to 13 eV. In order to calculate the self-energy around the HF 

solution, we have performed the second order perturbation expansion in Coulomb interaction 

using the local approximation, namely, neglecting the momentum dependence of the self

energy. In the self-energy corrected result, the broad e
8 

band is strongly renormalized and is 

narrowed and part of the spectral weight is transferred to the satellite region. However, the 

band narrowing and the intensity of the satellite structure are too strong, indicating the 

excessive self-energy correction. In the metallic solution, the screening effect may be important 
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and may have to be taken into account, e. g., through the random phase approximation (RPA). 

Inclusion of higher-order RP A-type diagrams is expected to weaken the self-energy correction 

and improve the agreement with the experimental result. 

The intensity just below the Fermi level, which is overestimated in the HF calculation, is 

still too strong in the self-energy corrected spectral function compared with the experimental 

result. In order to reproduce the intensity at the Fermi level using the self-energy calculation, 

strong momentum dependence of the self-energy is required. When the momentum dependence 

of the self-energy is strong and mk/mHF is much lower than I, the spectral weight at the Fermi 

level is multiplied by the factor mk/mHF and is strongly reduced. Here, mHF is the band mass in 

the HF calculation and mk/mHF is defmed by (2.55). In three dimensional systems, the 

momentum dependence of the self -energy beyond the local approximation is not so strong as 

long as the interaction is restricted on the same site [Schweitzer and Czycholl, 1990]. 

Therefore, it is natural to consider that the insufficiency of the momentum dependence of the 

self-energy would not be due to the local approximation but would probably be due to the 

deficit of the present model. 

10 

10 

5 

LaCu03 

HF 

HF+L-

10 

10 5 0 -5 

Binding Energy (eV) 

0 

-10 

Fig. 4.5. Spectral function of LaCu03 calculated using the HF 
approximation (upper panel) and that including the self-energy correction 
calculated using the second-order perturbation (lower panel). The shaded area 
indicates the transition-metal 3d spectral weight. In the insets, the calculated 
results are compared with the valence-band XPS spectrum. 
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In Fig. 4.6, we have plotted the valence-band photoemission spectrum taken at hv = 21.2 

eV. Small but fmite spectral weight is observed at the Fermi level, which is consistent with the 

fact that LaCu03 is metaUic. Our samples have been synthesized by taking care of the 

stoichiometry. The spectra have been taken within 10 minuets after scraping at low temperature. 

Therefore, the oxygen loss in the bulk before the measurement and that from the surface during 

the measurement was avoided as much as we could. At least, this measurement indicates that 

almost stoichiometric LaCu03 has a small but fmite spectral weight at the Fermi level. It should 

be noted that the spectral weight at the Fermi level in the experimental results is also very small 

in the UPS spectra compared with the calculated results which is shown in Fig. 4.5. Such a 

feature has commonly been observed in the UPS spectra of other PM metallic transition-metal 

oxides such as LaNi03 [Kemp and Cox, 1990], Ca 1.xSrx V03 [Fujimori eta/., 1992a; Eisaki, 

1992; Inoue eta/., 1995; Morikawa eta/., 1995) and La 1.xSrxTi03 [Fujimori eta/., 1992b]. 

Because the Hubbard model or the Anderson lattice model with on-site Coulomb interaction 

will not lead to such a strong momentum dependence in the self-energy, the effects of long

range Coulomb interaction or electron-phonon interaction, etc., which are not included in the 

present model, would be necessary to explain the observed reduction. A possible explanation 

will be discussed in Chapter 6, where the effect of the inter-site Coulomb interaction is 
investigated. 
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Fig. 4.6. Valence-band photoemission spectra of LaCu03 taken at hv = 
21.2 eV. 
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4.3.3. X-ray absorption spectra 

The 0 Is XAS spectrum of LaCu03 is shown in Fig. 4.7. The peak at- 528 eV is mainly 

derived from the 0 2p weight hybridized into the unoccupied Cu eg state. If LaCu03 is viewed 

as a 100% hole-doped Cu2+ oxide, the peak corresponds to that growing with the hole doping 

in the pre-edge region of La2.xSrxCu04 [Chen eta/., 1991]. The structures ranging from 530 

eV to 545 eV are due to the La 4f, 5d and Cu 4s, 4p states. 
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Fig. 4.7. 0 Is XAS spectrum of LaCu03. 

In Fig. 4.8, the Cu 2p XAS spectrum is compared with the Cu06 cluster-model 

calculation using the parameter set for Cu 2p XPS. From the local-cluster viewpoint, the 2p3/2 

and 2p112 main peaks located at- 931 eV and- 951 eV, respectively, have r;d10L_ character and 

the broad satellite structures at - 940 eV and - 960 eV to have r;_rfi character. However, the 

2p312 and 2p112 main peaks are split into two structures, which makes it impossible to fit the Cu 

2p XAS by the single-site cluster-model calculation. Let us denote these structures as A, A', B, 

and B', respectively, as shown in Fig. 4.8. Sarma eta/. [1988] and Chen eta/. [1992] have 

observed that the new structure, which is located at- 2 eV higher energy than the main peak, 

grows as an insulating Cu2+ oxide is hole-doped. Van Veenendaal and Sawatzky [1994] have 

calculated the Cu 2p XAS for 50% doped Cu2+ oxide using a two-site cluster model and have 

shown that a new structure, in which the intercluster screening effect is weak, appears on the 
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high energy side of the main structure, in which the intercluster screening effect is strong. 

Therefore, it is natural to consider that structures A and A' are derived from the states strongly 

screened by intercluster interaction and structures 8 and 8' from those weakly screened. The 

Cu 2p XAS spectrum suggests that the intercluster interaction is very strong in LaCu03, which 

has a 180° Cu-0-Cu bond angle. When the intercluster interaction is weak, the splitting 

between A (A') and B (B') is expected to disappear [van Veenendaal and Sawatzky, 1994]. 

Actually, in NaCu02 which has a 90° Cu-0-Cu bond angle, the Cu 2p3f2 and 2p1f2 main peaks 

are almost single peaks (Sarma eta/., 1988]. 
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Fig. 4.8. Cu 2p XAS spectrum of LaCu03 (dots) compared with the cluster-model 

calculation (solid curve). 

4.4. Conclusion 

We have investigated the electronic structure of LaCu03 by means of photoemission and 

x-ray absorption spectroscopy. The charge-transfer satellite observed in the valence-band and 

Cu 2p core-level photoemission spectra allow us to apply the CI cluster-model analyses to 

LaCu03. From the analyses, the charge-transfer energy is estimated to be - -I eV and the 
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ground state mainly has d'Jt._ character although in the ground state the d8 configuration is 

strongly hybridized into the d9L_ configuration. The Cu 2p XAS spectrum, which cannot be 

explained by the single-site cluster-model calculation, shows the importance of the intercluster 

interaction in LaCu03. These experimental results and analyses naturally lead us to the 

conclusion that LaCu03, which has an almost 180° Cu-0-Cu bond angle, is made metallic by 

the strong intercluster interaction while NaCu02, which has a 90o Cu-0-Cu bond angle, is 

insulating because of the weak intercluster interaction. In order to fully understand the XPS and 

XAS spectra of LaCu03, we have to include the intercluster interaction. 

We have also performed the HF and subsequent self-energy calculations on the Cu 3d-O 

2p lattice models using the electronic-structure parameters obtained from the cluster-model 

analysis of the photoemission spectra. The valence-band photoemission spectra including the 

satellite structure is to some extent reproduced but the weak spectral intensity at the Fermi level 

compared with the band-structure calculation cannot be explained by the second-order 

perturbation calculation of the self-energy. The reduction of the spectral weight at the Fermi 

level may be due to the unusual correlation effect which cannot be obtained by the perturbation 

calculation or due to interaction which is not included in the present model such as the long

rang Coulomb interaction and electron-phonon interaction. 


