|

) <

The University of Osaka
Institutional Knowledge Archive

Title |EFHEBEDRNREFVROKSHEFHNHDOEMR

Author(s) |MHE, =&

Citation |KFRKZ, 1987, HIHwX

Version Type|VoR

URL https://hdl. handle.net/11094/2002

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



Theory of Resonant Photoemission in Typical Systems

with Strong and Weak Electron Correlation.

Takashi Nakano

DISSERTATION IN PHYSICS

3

THE OSAKA UNIVERSITY
GRADUATE SCHOOL OF SCIENCE

TOYONAKA, OSAKA




Theory of Resoﬁant Photoemission in Typical Systems with Strong

and Weak Electron Correlation

by

Takashi Nakano

1987



" Contents

AbStract teeieveresrsscsnessessrtesccscenasens 3

I. General Introduction ..ccecececccccscccccccns 5

II. XPS and BIS in Cerium Oxides «eeeee. i eeeen 12
2.1. INtroduction eecevecsssocascsosssescscess 12
2.2. Formulation ceeceececccecceconocnassnasns 15

2.2.1 Basis wave functions for CeO2 e 17

2.2.2 Basis wave functions for Ce203 o 23

2.3. Result of Calculation eeeseeececeecns 29
2.3.1 CeO2 ............................ 29
2.3.2 Ce203 ........................... 32

2.4. Discussions .eeecveceesn e esrsscscreas 35

III. Resonant Photoemission in Cerium Oxides and Y-Cerium ..38

3.1. Introduction +secceeceeeecccecrsoccanens 38
3.2, Formulation ececececeecosacnss e 41
3.3. Result of Calculation e, 45
3.3.1 CeO2 and Ce203 ................. L5
3.3.2 Y=C& teveertecanantctsennsssanas 4L6
3.4. Discussions eeceeeececceccrcnncancnns 49

IV. Resonant Photoemission in Black Phosphorus .-.52

L.ol. INtroduction eereeseeecennneeeseconns 52
4L.2. Formulation «eececeeosceeecesaacocnnns 55
4.2.17 One hole final state «¢ceesece.sn 58
4.2.2 Two hole final state «ccceeccccen 61
4.3. Result of Calculation «ceeececeennnn. 64

4.3.1 Parameter dependence of CIS spectra ..65



4.3.2 Comparison with the experimental spectra

Lo Discussions eeecececscecenas ceeeanaens 70
V. Conclusions cecevverececceesnnnanas coevenes 73
Acknowledgements «cceeeereeresncscrnacannnnnanns 75
APPendiX ceeetccietie ittt ettt aeenen 76
REFETeNncCeS +ererretnenenoosnensnnecssosncaacanas 78

Figure Captions

Figures

. 67



Abstract

Resonant photoemission spectra in typical systems with
strong and weak electron correlation are studied theoretically.
As a typical system with strong electron correlation, Ce oxides
(CeO2 and Ce203) are studied. The hybridization between a Ce 4f
electron and an O 2p electron and the Coulomb correlation between
Ce 4f electrons are taken into account. Resonant photoemission
spectrum in y-Ce, as well as core and valence photoemission
spectra in Ce oxides, 1is also analyzed. As a typical system with
weak electron correlation, black phosphorus is studied, where the
valence electron correlation is disregarded.

First, the 3& core photoemission spectra, the valence photo-
emission spectra and the bremsstrahlung isochromat spectra for Ce
oxides are theoretically analyzed by use of the impurity Anderson
model with a filled valence band. For Ce02, some previous analy-
ses are improved to obtain better agreement with experimental
data. For Ce203, recent experimental datgAare analyzed for the
first time. The calculated spectra are in satisfactory agreement
with experihental data by choosing appropriately the parameter
values in the model. It is found that Ce203 is in the almost
trivalent state, whereas CeO2 is in the mixed valence state.

Secondly, resonant photoemission spectra are calculated for
Ce oxides. It is shown that the resonant photoemission can be
analyzed consistently with the above mentioned various spectra.
‘The agreement between the theoretical and experimental - results
gives, especially for Ce203, support to our estimation of parame-

ter values. A similar analysis of the resonant photoemission is



also made for Y-Ce.

Thirdly, the resonant photoemission spectra are calculated
for ©black phosphorus by using a realistic density of states of
conduction and valence bands and by taking into account the
effect of a core hole potential. From comparison of the calculat-
ed spectra with recent experimental data, it is shown that a core
exciton plays an important role both in Fano type resonance and
the enhancement of the Auger electron intensity at the core

electron excitation threshold.



I. General Introduction

Photoemission 1is a phenomenon in which incident photons are
absorbed by a solid (more generally bi_gny materials) and elec-
trons are emitted out of the solid.1) The first observation of
this phenomenon was made in 1887, when Hertz observed that a
spark betweenvtwo electrodes occurs more easily when the negative

electrode 1is illuminated by ultraviolet radiation.z)

Afterward,
the electron was discovered by Thomson,B) and the essential
mechanism of photoemission was understood due to the famous
fheory of the photoelectric effect by Einstein.4) Since the
emitted photoelectron brings important information on the elec-
tronic state in solids from which it was excited by photon, the
photoemission is used to study the electronic structure and many
body effects in solids.1) Since 1960’s, photoemission experiments
have remarkably been developed with the use of the synchrotron
radiation, which 1is the most ideal light source for photoemis-
sion. Now, the photoemission is one of the most important domain
in solid state physics.

Let us consider the photoemission process where photons are
incident with the energy w, the incident direction a and the
polarization direction a, and electrons are emitted with +the
energy e, the émitted direction ﬁ and the spin o. The photoelec-

A

tron current I is generally represented as a function of w, q, a,

A

£, k and g¢:

AN

I=F(e;k;0;w,q,n)- | (I.1)



In usual photoemission spectra, only a few of the variables w, &,
;, £ ﬂ and g are varied, while others are either kept constant
or 1integrated. Depending on the information desired and the
available experimental equipment, the running variable is chosen
appropriately. If . 1is resolved and all other parameters are
fixed or integrated, we get therenergy distributidn curve (EDC),
from which the information of the electronic density of states in

solids is obtained. We often use the binding energy (EB) instead

of €, where EB is defined by

Ep= w-e. (I.2)

If ; is resolved, we get the angle resolved photoelectron spec-
trum, which includes the information of the electronic energy
dispersion in solids. If 0 is resolved, we get the spin polarized
photoelectron spectrum, which provides us with the information of
the electronic spin polarization in solids. If EB is kept con-
stant while w is swept, we get thé co;szént initial state spec-
trum (CIS), which gives the information of the final state of the
photoexcitation (in view of the one electron picture). If ¢ is
kept cdnstant while  is swept, we get the coﬂstant final state
spectrum (CFS), which gives the information of the initial state.
Various kinds of photoemission spectra mentioned here have played
an important role in the study of many body effects in transition
metals, rare earth metals and their compounds, as described
below.

A well known example where the photoemission played an

important role is the study of strong 3d electron correlation in



Ni metal. The photoemission data in Ni was found to be anomalous
in the following points: (i) The 3d band width determined by the
angle resolved photoemissionS))is much smaller than that of the

6)

band calculation. (ii) The exchange splitting of the 3d band

determined by +the spin polarized photoemission7) is also much
smaller than that of the band calculation.é) (iii) In the EDC of
3d band, a sétellite occurs about 6 eV below the Fermi level.8>
After a long standing controversy, these anomalies are well
explained by taking account of the strong electron correlation in
the 3d band and by interpreting that the satellite corresponds to
the final state where two 3d holes are bound in a single atomic
site (so called two-hole bound state).

In 1977, Guillot et al.g) discovered that the intensity of
the " 6 eV satellite " in Ni is resonantly - enhanced when the
incident photon energy approaches the 3p excitation +threshold.
This phenomenon is named " resonant photoemission". The resonant
photoemission is interpreted as the following second order quan-

tum process1o):

First, a 3p core electron is excited to the 3d
band by absorbing the incident photon. Then, the super Coster-
Kronig transition occurs, where a 3d electron makes a transition
to the 3p level and another 3d eléctron is excited to become a
photoelectron.' Therefore, 1in the final state of +the resonant
photoemission, two 3d holes are left behind and they form the
two-hole Dbound state, resuiting in the resonant enhancement of
the 6 eV satellite. 1In this way, the observation of the resonant
photoemission in Ni gave strong support on the 3d electron corre-

lation picture, i.e., the two-hole bound state formation. In

order to interpret the experimental CIS of the resonant photo-



emission, it 1is 1important to take account of the interference
effect (Fano effect)11) betweén the direct 3d photoemission and
the resonant second order process.1o) A strong spin polarization
of the resonant photoemission was also observed experimental-

12)

1y, and well explained theoretically by the above mentioned

10)

electron correlation picture. A similar resonant photoemission

has also been observed in Cu metal and various transition metal
compounds.TB)

Recently, the rare earth systems call much attention because
of the strange behavior of 4f electrons such as the mixed valence
and heavy electron behavior. The photoemission technique is also
found to be very powerful means to studyAthe 4Lf electron state of
these systems. By the analysis of photoemission data, the 4f

states of intermetallic compounds CeRh CeRu

3 59 CeCoz, etc., as
well as an insulating compound Ce02, were found to be in the
mixed valence state, whereas they had been considered +tradi-
tionally in the tetravalent (Ce4+) state. For example, the 3d
'core photoemission spectrum (3d-XPS) of Ce0214’15’17’18> exhibits
three peaks aside from the spin orbit splitting of the 3d levgl.
In the final state of 3d-XPS, a 3d core hole is left behind and
couples with 4f electrons through the Coulomb interaction. There-
fore the structure of 3d-XPS reflects the electronic states of 4f
electrons. By wusing the impurity Anderson model with a filled
valence band,19’2o) the three peak structure of 34d-XPS of CeO2

was analyzed, and the 4f electron number N in the ground state

was found to be about 0.5, although CeO2 had been considered to

be a standard system with tetravalent Ce (i.e., nf=0). In another



form of Ce oxide, Ce,0,, the 3d-XPS has only two peaks, ©'18) pyut
no detailed analysis has been made.

In rare earth systems, the valence photoemission spectrum
(v-XPS), where the 4f electron and valence (or conduction) band
electron are photoemitted, is also used to know the 4Lf state and
its hybridization with the valence (or conduction) band. The
bremsstrahlung isochromat spectroscopy (BIS), where incident
electrons are absorbed and photons are emitted, provides us with
the 1information on the strong correlation of 4f electrons. The
resonant photoemission spectrum (R-XPS) has also been observed at
the 4d threshold of various rare earth systems.21) Similarly to
the 3d resonance in Ni, the mechanism of the 4d resonance of rare
earth systems 1is consideréd as follows: A 4d core electron is
first excited to the 4f state by absorbing the incident photon,
and then the super Coster-Kronig transition occurs,  where a 4f
electron makes a transition to the 4d level and another 4f elec-
tron is emitted. Therefore, only the 4f derived photoemission of
v-XPS is enhanced at the 4d threshold, and this phenomenon is
used as a technique to separate out the f symmetric state from
") Very recently, the v_XPS, BIS and R_XPS

have been observed in CeO2 and Ce203,18) but no satisfactory

other symmetric one.2

theoretical analysis has been performed.

Some observations of R-XPS have also been reported for

‘semiconductors, such as black phosphorus,zz) 23)

24)

silicon, indium

phosphide and germanium diselenide,25) where the electron
correlation of the valence electrons is weak in contrast to the

transition metals and rare earth systems. So it is an interesting

problem to study how the mechanism of the resonant photoemission



in semiconductors is different from that in transition metals and
rare earth systems. In black phosphorus, for example, Taniguchi

et a1.22)

first observed that when the incident photon energy is
swept through the 2p core threshold the CIS of the valence band
photoemission at EB=2.7 eV exhibits a weak Fano type resonance
and the CIS at EB=10.8 eV shows a strong resonant enhancement.

6)

Immediately after this experiment, Kotani and Nakano2 analyzed
the data by wusing a simplified model and showed that a core
exciton state in the intermediate state plays an essentially
important role in the second order resonant photoemissioh proc-
ess: A 2p élegtron is excited by the incident photon to form a
core exciton, and then it decays through Auger transitions. Since
then, however, the effect of the.core exciton has been criticized

127’28) and InP.zA) For black phosphorus, high resolution

29)

in S
measurements have been made very recently. Some spectral fea-
tures of the new data in black phosphorus are different from
those of the previous measurement. Therefore, it is desirable to
reanalyze the R-XPS in black phosphorus with an improved model,
and to study more clearly the role of the core exciton.

The purpose of this thesis is to analyze the resonant photo-
emission 1in some typical systems with strong and weak eiectr;h
correlation. We <choose Ce and its oxides as the typical system
with strong electron correlation and black phosphorus as the
typical system with weak electron correlation. In chapter II, 3d-
XPS, v-XPS and BIS in Ce oxides are calculated by wusing the
impurity Anderson model with a filled band: In the 1limit of

vanishing hjbridization, the ground state of CeO2 consists of the

10



filled valence band wigh no 4f electron occupation, whereas that
of Ce203 consists of the filled valence band and one extra 74f
electron. We improve some previous analyses for Ce02, and give
the first analysis for Ce203. In chapter III, the R-XPS in Ce
oxides and y-Ce is calculated. First, we analyze the CIS spectra
of 0802 aqd Ce203 by using the parameter values determined in
chapter II. Then, we analyze the CIS and EDC of Y-Ce. Although Y-
Ce is a metal, we can apply our insulator model (of Ce,O type)

273
to this case within the lowest order approximation in the 1/Nf

30)

expansion, where Nf is the degeneracy of the f state includ-
ing; both the spin and orbital components. I; chapter IV, the
calculation of the R-XPS in black phosphorus is presented. In
- this calculation, we negleét the correlation between the valence
electrohs, but we take into account the effect of a core exciton
in the intermediate state. We improve our previous theory26) by
using a more realistic model of the electronic density of states
in Dblack phosphorus and by}treating explicitly the effect of the
)

core hole potential.31 We apply this theory to the analysis of

29)

the new experimental data for black phosphorus. Finally we

summarize our conclusion in chapter V.

11



II. XPS and BIS in Cerium Oxides

§ 2.1. Introduction

An insulating compound CeO2 has CaF2 type crystal structure
(in Fig. 1 (a)). It was traditionally considered to be standard
Ce4+ material, but by the recent analysis of photoemission and

photoabsorption data it has been found to be in the mixed valence

4t 3+ 0

state where Ce and Ce configurations (i.e. 4f” and 4f1 con-

figurations) are strongly mixed. The first analysis of 3d—XPS14>
.32)

was made by Fujimori by using a cluster model (Ce08). Then

more detailed analyses were performed by Wuilloud et al.17) and
a1.19)

Kotani et by using an impurity Anderson model with a
filled band. In this model, as shown in Fig. 2, we consider a
system consisting Qf a valence band (0 2p ban@) and a 4f level Ef
on a single Ce site. We take account of the hybridization V
between the 4f and valence band states, and the\Coulomb interac-
tion Uff between 4f electrons. In the limit of vanishing V, the
ground state of CeO2 is described by the filled valence band with
no 4f electron occupation (Fig. 2 (b)). With a finite value of V
the 4Lf state mixes with the valence band, - so that the ground

state can be a mixed state between Afo and 4f1 configurations. In

the final state of 3d-XPS, the 4f level is pulled down to U

€ _
£ “fec
due to the attractive potential of the 3d core hole -Ufc.33)

Then, +the charge transfer occurs from the valence band to the 4f

level, and we have three different configurations Afo, 4f1 and

4f2, by which the three peak structure of experimental 3d-

xps'4:15:17:18) (510 3 (b)) can be explained. By this analysis,
the 4f electron number nf in the ground state is estimated to be

about 0.5.

12



For Ce02, extensive study of 4f state has also been made by
experimental measurements of 2p-photoabsorption (2p-XAS),15) 3d¥

photoabsorption (3d—XAS),34) v-XPS,17’18’35) and 313,17;18,35)

17,20,35)

and their analysis. The experimental data of 3d-XPS, 3d-

XAS, v-XPS and BIS are shown in Figs. 3 (a)-(c). Main results of
these data are analyzed consistently with the analysis of the 3d-
XPS by using the impurity Anderson model. But there remain some
problems in the analysis of v-XPS and BIS. In the previous calcu-

lation of BIS by Wuilloud et al.,17) a weak structure corre-

sponding to the 4f2 final state occurs about 10 eV above . the

Fermi level EF' This structure could not be observed by their

experiment,BS) but, more recently, a weak BIS structure was

18)

observed about 15 eV above E by Allen as shown in Fig. 3 (a).

F
Also, the energy spacing between the upper edge of v-XPS and the

prominent BIS peak calculated by Wuilloud et al.17) seems to be

17,18,35)

somewhat smaller than the experimental result and the

36)

position of the 4f state obtained from the band calculation.
In all of the v-XPS analysis so far made, only the 4f-derived
structure was calculated with disregarding the contribution of
the photoexcitation of the valence band (oxygen 2p band). Taking
account of these facts, we reanalyze the 3d-XPS, 3d-XAS, v-XPS

and BIS of CeOZ.

For another insulating compound Ce203 which has La203 type

crystal structure (in Fig. 1 (b) and (c)), much less study has

16)

been made. Fuggle et al. observed the 3d-XPS, and very re-

cently Allen18) has measured the v-XPS, BIS and 3d-XPS for a Ce0

2
film converted progreésively to Ce,0,. According to their data,

273

13



the 3d-XPS of Ce203 exhibits two peaks apaft from the spin orbit
splitting of 3d level (Fig. 3 (b)). The v-XPS has two peaks in
Ce203 (Fig. 3 (a)), while only one structure in Ce0,, and the BIS
has a prominent peak and a weak structure (Fig. 3 (a)). These
data have not been analyzed theoretically yet, so we analyze then
and discuss the difference in the various spectra between Ce,0

273
and Ce02.

In 8§ 2.2, we present the method éf calculations of 3d-XPS,
v-XPS and BIS in the impurity Anderson model with the spin and
orbital degeneracy Nf. We use both a singlet ground state and a
spin doublet ground state. In § 2.3, the calculated spectra are
compared with the experimental data for Ce02»and CeZOBz' Section
2.4 is devoted to discussions.

14



§ 2.2. Formulation
We consider a system consisting of a filled valence band
with the energy €y in which k is the index of the energy level

(k=1 ~ N), and a 4f level with energy €pe The Hamiltonian of

this system , H, is written as

+ +
H=1IZfea a +c¢e.0aha, +U : !
vk Kkvikv T Ero Bpydey * Upe Tapap30 a0,
V + +
+ —— I
o 5 (akvafv+afvakv). (2.2.1)

The operator as, (i=k,f) denotes the annihilation of an electron
in the state (i,v), where v denotes the combined index to specify
U

both 4f orbital symmetry and spin one ( v= 1 ~ N and V

f)' ff
represent the intraatomic 4f-4F Coulomb interaction and the hy-
bridization Dbetween the valence band state and the 4Lf state,
respectively. In the final state of the 3d-XPS and 3d-XAS, we
change.ef tosef-Ufc, where —Ufc is the core hole potential.33)

| We denote the ground state Qith the energy Eg by |g>. When a
3d core electron is excited, by absorbing the incident photon, to
the high.energy photoelectron state, the state |g> changes to the
final state of the 3d-XPS, [f(3d-XPS)> (with the energy Ef(Bd—
XPS)). When a valence electron (an O 2p or a Ce 4f electron) is
excited, the state changes to the final state of the v-XPS, ]f(v—
XPS)> (Ef(v-XPS)). When one 4f electron is added due to the

incident electron, the state changes to the final state of the

BIS, |f(BIS)> (Ef(BIS)). The first one has a core hole and the

15



same number of valence electrons as those of the ground state,
the second one has one less valence electron and the third one
has one more valence electron than the ground state.

The 3d-XPS, IBd—XPS(EB) is expressed as

I39-xps(Ep) = g l<f(3d-XPS>lg>|2L<EB-Ef(3d-XPS)+Eg), (2.2.2)

where EB=w—¢ denotes the binding energy with the incident photon
energy  and the photoelectron kinetic energy e, and L(X) =
P/[n(X2+F2)]. I' represents the spectral broadening due to the
finite 1life wtime of the core hole and the experimental resolu-

tion.

The v-XPS, IV—XPS(E) is expressed as

M
I (E) = I [<f(v-XPS)|ap, + —2 75 a,  |g>]?
v-XP$ g>|

£ Vo N kR

L(E-+Ef(v-XPS)-Eg), (2.2.3)
where MS is +the ratio of the matrix elements for the

photoexcitations of a valence band electron and a 4f electron. Yo

denotes a state arbitrarily taken among Nf—fold degenerate v.

The BIS, IBIS(E) is expressed as

+ .
IBIS(E) = ? J<f(BIS)|ava|g>|2 L(E-Ef(BIS)+Eg), (2.2.4)

If we use the final states having a core hole, eq. (2.2.4) ex-

presses the 3d-XAS.

16



§ 2.2.1 Basis wave functions for CeO2

In the limit of vanishing V, the ground state of CeO2 is

given by {fo> where the valence band is completely filled and no
4f electron is occupied. (Fig. 2 (b))

f
=1

1£05 =

n a2
< A

ay,lvac>, (2.2.5)

k=1

with |vace> being the vacuum state. When V is switched on, |f0> is

coupled with the following states:

1 1 + 0
fo > = —=— L a. a f£7>,
| K1 W, v fv "kyv ~ (2.2.6)
0 (2.2.7)
2 =/ 2 : al a at  a [£7>
Ifk1k1> /NN =T v v, A O
5 > = 5 Doagy. By 8ny 3, |t
kyko ARFSERENIE I S A U A
(k1<k2) ’ (2.2.8)
6
£ > = /= WN=z)
klklkl f( f ) £ v1>v2>\)3
et S e, A, 1190 (2,29
fvyTkyvy TV, Tkyv, 3 K1V3
3 - 2 5 .
Ifk kpley” // Va(Nam1)(Na=2) v >Vg, Vi v, ,V
11 Np(Np=1)(Ng=2) v >3, V3T VsV

17



+ + +
xdo  a a. a a 7> (k, k) (2.2.10)
£o; Skyvy 2w, T, B ak2v3 17%5

3 1
I 1koks” “/; N1 (N2) i ko v
e\ B 17V2TV31Y ~
+ + + 0 7;)
X a a a a a a ]f’ > (k1<k2<k ), (2.2-1
fvl klv1 fv2 k2v2 f‘v3 ka3 3

Therefore, we take the states (2.2.5)-(2.2.11) as the basis wave
functions for |g> and |f(3d-XPS)>, disregarding the states with

more than three 4f electrons. The diagonal elements of Hamilto-

nian H are given by

<O[1% = N, ey = By, -
<f1 |H|f1' > = (EV -g ¢t ef)ék K
kg 7Tk 1 1
.2
H f > = (E,, - 2¢ + 2e, + U,.)6 .
klkil | I v k, £ Ve %k ke,
2
H]f > = (E,-g, -g, +2¢ ptUpp)8 , 8 .
klk k' k', VT, Tfk, 1%kt ok
3 3 -
<f H|f >z (E,-3e, +3¢ +3U..)8
k kK, |H] kT BT IR P38 Uep) Oy
3 3 _ _ - . B
<f H|f > = (E\,-2¢ €, +3€ e*t3U ) s , 6 v
kK K, ] kK, vk, "ok, 2%k ke, Sk,
TP o IHIED, Kokl = (Bymey -y -ey +3ep+3U4.)
1%k 1% oK 3 1 Ko K
x § § 5
k k') Ckok' 5k k!

The off-diagonal elements of H are, with use of v=V/ W, given by

<fO|H|fi > = MNyv
1

18



lHIf K = v?(qu-d; v 61( ,k' ’ - _ o
1 128"
|| £ ST N1 v(6k1 o )
.
<f |H|f >z /3(N.-2) v 6
kK, Kk £ k, kK'yo
£2 N=7
k K, HIE, k! > gV le k'
<t ISR g RIN=2) v 8 qr Sy
Ky 1 K'q ky Kip,
<fp o THITR o s AEZvs, 0 8y,
kika 2K'3 1 Ky kg KTy
oS by ke Sy kv Sy D

1 1 7273 172 727 3
Since the states |g> and [f(3d-XPS)> thus obtained have the
singlet symmetry (not only the spin-singlet but also the orbital-
singlet), we denote them by "singlet" state.
In the process of v-XPS, a valence band electron or a LT
electron with VO symmetry is removed, so that we have NxN_.-1

f
electrons in the final states |f(v-XPS)>. The basis states are

the following:

1

. o, o < (2.2.13)
£ > . = a a a | £7> (k,<k,)
I k1k2 0 klvo fvo k2v0 1 727

1 1 0 (2.2.14)
| £ > =2 —— = 3 T a. a |£7>, : oL

kyko N1 ¥1V0 v($vg) kov

19



22 A 2
f > = a
| 9K (-1 (Np-2) kyVo “12“2(*“0)

+ + 0
xal a a a l£-> - (2.2.15)
fvl k1v1 fv2 k1v2 ’
2 - 1 %
£ > = —= a a., a
| kikoks™ 07 =1 1Yo TYo 2o v($vg)
+ 0
x afvaKBvlf > (kq<ky), (2.2.16)

2 Y :
f > / a
| 1KoKz /(Nf-1)(Nf-2) ky Vg ViV, (1vg)

K-V [ £7> - (k2<k3)' (2.2.17)

Since the states [f(v-XPS)> thus obtained have the spin-doublet

symmetry, we denote them by "spin-doublet" state. The diagonal

matrix elements of H among these states are given by

Q 0
<f. |H|f., > = (Ey-g, )§
k1 k'l \ kl klk'1 d

1- 1 - _ -
o<fy k2lH|fk,1k,2>O = (EV € "€y +ef)6

1 1 2

1 1
klk k.,k

1 1
<f |H|f > = (E,-¢
kyKs k' k'

2

2
<f |H|f vopr > = (B3 42 o4UR0)6
kyk ky k' k' k' ARG PR S & S 1
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<f H|f = -
0 k1k2k [H] k' k' k! 0 (EV ekl ekz—ek +2€f+Uff)
x § , 8 By
kyk'y Tk kgt s
<fi K.k 'H,fk K. -k (E €, -, +2e.+U__)
2 23 ViTky Ty Tkt trTCrr
x 4 § $
klk’1 k2k'2 k3k'3.

The off-diagonal matrix elements of H among these states are

following:
|H|f > =z v § -v §
kiz 0 kik'y Kik'a s
<t |H|rk > = N=T v &
k k! k’2 - £ \"2 K k'
171,
o<f1 IHIf : > o= /N.=T v Sk, k! 75; k!
1K APLAE £ 1671 O¥K o
1 2 '
<f [H|f > = JIIN.=2) v
\ kyko ' Tk kT ke £ 8 x.%%. k.
1Ky kqyky!
> = v é S .t
klklelf ELAFLIE I kpk's TKqk'y'
el -
< H f - - v 6 (6 6 1 )t
k ko |E] k' k'ok' g £ k k', k2k'2 kok' s
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In |£f(BIS)>, we assume that one 4Lf electron with vy symmetry

is added and we have Nfo+1 electrons. The states are

0
0 (2.2.19)
£2 5 = 127 x arh a1,
Ky N1 TVo vl (duy V1 KVi
£ 14770

lf3 > = /Z e a}v z
kyky (Nf~1)(Nf-2) 0 v1>v2(#vo)

0 (2.2.20)

+ +
X a a a a
fvl klvl fv2 k1v2

lf3 > ://f* 1 a; z :
kiko (No-1)(N-2) V0 v v, (4vg)

+ + O ~
x a. a a. a |£7> (ky<ks,). (2.2.21)
v, klyl fv, k2v2 » 1

Since the states |[f(BIS)> thus obtained have the spin-doublet
symmetry, we denote them by "spin—doublet“>states. The diagonal

matrix elements among these states are the following:

celu|els = Ey *+oeg

2 2 o. (FE..-g. +2€.+U,.)8 1
<fk1iH|fk'1 (Ey=ep, *28e™rr ok kg

3 5 - (F..=-2 + +3U0..)6
<f HIf > (E € b1 /% k',
klkll l N3 VT, TN gk
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3 3 - - - Una)$ 8
HIfZ, > = (E-¢ €, +3€.+3 . '
<fk1k2| | K's VK, TRk, TR TIET Tk k! gk ok

The off-diagonal matrix elements among these states are

<elH|eE > = AT v,
1

2 3 '
<£S |H|f > = VON =27 v §
K, Lk £ k, k',
<£2 |H|f2 > = /N=2 v (8
kl ! f

+4 . )
1,k'2 kl,k'l klk 5

§ 2.2.2 Basis wave functions for Ce.0

273
In the limit of vanishing V, the ground state of Ce203 is

given by the |f1> where the valence band is completely filled and

one 4f electron is occupied in the Ce site (Fig. 2 (c¢)):
1 1 + 0
5 > = /Zgg Ioag, It (2.2.22)
1 1

In eq.(2.2.22), If0> denotes the state where the valence band is

filled and the 4f level is empty (See eq. (2.2.5)). When V is

switched on, lf1> is coupled with the following states:

2! 1 + +
£ > = T 0
| k, /ﬁ%}%%;;;“ voivs 2ey ey @y 107>, (2.2.23)

\

]fi'k > =/ 2 z ]
11 Np(Nam1)(Np=2) v $vs>vg
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X a, a a a a | £~> 2.2.
fvl fv2 k1v2 fv3 klv3 d | ( 24)
3!
Ifk11‘2 ) /%ﬁ ; :
Nf(Nf-l)(Nf-Z) vl%vz#vB
x at a?t a |f0> (k.<k i
fvl fv2 k1v2 fvS ksz 1 %27 (2.2.25)

Therefore, we take the states (2.2.22)-(2.2.25) as the basis wave

functions for |g> and |f(3d-XPS)>, disregarding the states with

more than three 4f electrons. The diagonal matrix elements of H

are given by

—_—

!
Ylupet's s B4 e

2! 2!
<f = -
kllHIfk'1> (EV €y +2Ef+Uff)5k1k'1 ’

03
Hf = (] =
“Tie ke 1 1k'1 (Ey iy et S e
a3 ] |
H|f ' = (Ey-e, =g, +3e,.+3U_..)6 8
klk k' k' VTR T 7R Ok ke Sk,

The non-zero off-diagonal matrix elements of H are, with use of

v=V/v/N, given by

t
<f1|H|fi > = /Nf-l v
1

2
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Since the states lg) and |f(3d-XPS)> thus obtained have the spin-
doublet symmetry, we denote them by "spin-doublet" states.

In the process of v-XPS, a valence band electron or a A4f
electron is removed, so that we have Nfo electrons in the final
states | £(v-XPS)>. The states | £(v-XPS)> are divided into two
classes: One 1is the "siﬁglet" states (not only the spin-singlet
but also the orbital-singlet), which are described by using, as
the basis wave functions, the state ]fo> and the states coupled
with lfo> through V. These basis wave functions are the same as

those wused in describing |g> and |£(3d-XPS)> of CeO In the

o
other class, the states |f(v-XPS)> are described by using the

following basis wave functions:

1 1 + 0

| £, ,0> =F a L a, |r> 2.2.26
k1: f-l k1\)o V‘#Vo) fv ) ( )
Kika 0 ¢! 170 v(#vo) £ v IvoX; 1 727
2 1 + + 0

| £ 0> = //r a L a.. a a (7>,

(2.2.28)

We denote these states by "other symmetry" states, since they
have symmetries other than the singlet and spin-doublet symme-

tries. The diagonal matrix elements of H are given by
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1 1
<f> ,0[H|f 0> = (Ey-g, +e.)8 4
ky | kg VTR, TR Tk kT

) 2
<f OlH|f 0> = (Ey-g, -¢€, +2e.+U..)
0 k1k2’ [ l k'lk'2’ 0 \'4 kl k2 £f °ff

2 2
<f O|H|f 0> = (Ey-g, -€, +2e.+U..)
k1k2’ k'lk'2’ \ kl k2 £ °ff

The non-zero off-diagonal matrix elements of H among these states
are the following:

2 .

1 2 = v§. -v$
<fk’0|Hlf‘k"1’k2’o>o k’kl k’k2 H

1 2 - SN
<fk’O|Hlfk1,k2?o > = Nf 2 de,k

In |f(BIS)>, we assume that one 4f electron with vy symmetry

is added and we have NXNf+2 electrons. The basis wave functions
are the following:
2 - [T at g al, 159 (2.2.29)
- , » L]
Nf fvo V1(#vo) V4
0 :
5 5 - 1 al L a,, ap, a l£7> (2.2.30)
Ifk1> Np(Np-1 £y v1#v2(#vo) fvl fv,7k v, ’
b 2 +
1Ty x>

) (2.2.31)
3 %173
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1 +
a >
kylp /A NpWNpm DI E=E Tvg by dug (hyy)

+ + 0 —
v, 2rv.2x.v.@rv. kv |£7> (2.2.32)

(k1<k2).
The diagonal elements among these states are following:

<r2|H|£%>= Ey+2ep+U,

<fi IH|f3' > = (Ev—ak +3£f‘+3Uff)6k k!

M = (E..-2¢. +4e.+6U,.)6
Y 4 - -g, -g, +4e +6U..)
<f HIf > = (E,~¢ € € £f
k1k2I l k' k', vk, Tk, Er
x 6 § .
klk'1 k2k 5 .
The non-zero off-diagonal elements among these states are
by

<f2|H‘f13{ > = ny—EV )
1
<f3 lHlf . ¢ 2 F Vz(nf"Bj v 61( k!

=/ NE v (8 o *#8y r )

3 1ygipd
<fk1|H|f , 'y 5

k' k!

In summary, we take into account the 4f configurations

given

as

shown in Table 1 in order to describe the various wave functions.

7



We neglect the effect of the conduction band. The multiplet
structure due to the coupling between 4f electrons, and that

between the 4f electron and the core hole, are also disregarded.
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§ 2.3. Result of Calculation
We diagonarize numerically the Hamiltonian, eq.(2.2.1), by
using the basis wave functions in § 2.2.1 and § 2.2.2, and calcu-

late the spectra, egs. (2.2.2)-(2.2.4). We adjust the parameter

values so as to fit the calculated spectra (I I

3a-xps(Ep)y I
(E) and I (E)) to the experimental data. Numerical calcula-
XPS BIS

tions are carried out by assuming the valence band spectrum €y as
=¥ ox-n- 2.3.1
e, = g (Rk-N-1) (2.3.1)

where W is the valenée band width. As an approximation, we take
the value N to be finite, but the convergence of the spectrum
with N is checked to be sufficiently good.19) In +the present

calculations, we use N=6. We also take Nf=14 and W=3 eV (for CeO2

and Ce203). As shown in eq. (2.3.1), we take the center of the

valence band as the origin of the energy € (and also ef).

§2.3.1 CeO2

We first calculate the v-XPS and BIS of CeO2 by using the

following set of parameters, which was used by Jo and Kotanizo)

in the analysis of 3d-XPS and 3d-XAS of Ce02:

set A: V=0.76 eV, €,=1.6 eV, U..=10.5 eV, U c=12.5 eV.

f ff f
With these values, the ground state is the strongly mixed state

between the Afo

and 4f1 configurations, and the averaged 4Af
electron number is nf=O.52. The calculated v-XPS and BIS are
shown in Fig. 4 with the solid curve, where we assume T'= 0.2 +
O.2IE-EF| eV, MS=1.5 and the-relative intensity between the v-XPS

and BIS is taken arbitrarily. This result is in good agreement
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with the following features observed experimentally18): The v-XPS
has only one broad structure with the width of 3~ 4 eV, >The BIS
displays a prominent peak and a weak structure about 13 eV above
the prominent peak, aside from a broad structure corresponding to
the conduction band. From our calculation, it is found that the
v-XPS originates mainly from the photoexcitation of the oxygen
valence band; the contribution of the valence band excitation is
about five times as large as that of the 4f excitation, as 1is
seen from the values of MS=1;5 and ne ~ 0.5. The calculated line
shape of v-XPS in CeO2 is almost unchanged Konly with the change
of the absolute intensity) for any value of MS satisfying MS 2
1.5. It is also found that the prominent BIS peak corresponds to
the 4f1 final state, while the weak structure 13 v~ 14 eV above
this peak corresponds to the 4f2 final state. -The occurrence of
the latter structure at the right energy position suggests that
our parameter values are better than those of Wuilloud et al.17)
However, similarly to the calculation by Wuilloud et,al.,17) our
analysis also gives a somewhat smaller energy spacing EG between
the upper edge of v-XPS and the prominent BIS peak (i.e. the
energy gap), compared with the experimental value of 3’# 4L eV,

In order to improve the calculated v-XPS and BIS, we try to
take another set of parameters:

set B: V=0.9 eV, sf=3.5 eV, Uff=11.0 eV, Ufc=13.0 eV
The values of T and MS are left unchanged. The result is shown in
Fig. 4 with the dashed curve. It is found that the energy spacing
EG'becomes larger, 1in agreement with experimental result.18) The

other spectral features are not very different from those of the
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solid curve. With this set B, the ground state is still in the
strongly mixed state beﬁween Afo and Af1 configurations. However,
tﬁe mixing rate 1s to some extent smaller than that of the set 4,
and the 4Af electron number is nf=0.38.

We ne#t calculate the 3d-XPS and 3d-XAS by ﬁsing the sets A
and B, and compare the results. In Fig. 5 and Fig. 6, respective-
ly, we show the calculated 3d-XPS and 3d-XAS, where we assume
'=0.7 eV. The solid and dashed curves are obtained with the wuse
of the sets A and B, respectively. According to the experimental

data,18)

the 3d-XPS of CeO2 displays three peaks with energy
| intervalsy of about 10 eV and 6 eV. The middle peak has the
smailest intensity and the largest width, while the other two
peaks are strong and sharp. The experimental 3d-XA834) consists
of a main peak and a weak satellite, whose energy spacing 1is
about 5eV.

As found from Fig. 5, both of the sets A and B reproduce the

experimental features of 3d-XPS18)

rather well. To be more exact,
the set A gives a better result; the energy intervals of +three
peaks are 10.4 eV and 6.8 eV for the set A, whereas 8.3 eV and
8.0 eV for the set B. For the 3d-XAS, as shown in Fig. 6, the
result with the set A is to some extent better than the set B
both in the relative intensity and the energy spacing between the
two peaks (the energy spacing is 5.7 eV for the set A whereas 6.4
eV for the set B).

From our analysis of 3d4-XPS, 3d-XAS, v-XPS and BIS, it is
difficult to say which of the sets A and B is better. Both of
them are fairly good, but they have their own fault. It is also

difficult to find a set of parameters with which all of the
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ekperimental data, '3d-XPS, 3d-XAS, v-XPS and BIS, can completely
reproduced, probably due to the limitation of our model system.
However, it should be possible to compromise the two extremes of
sets A and B by taking an intermediate set Dbetween them, and
improve +their faults. For the estimation of the A4Lf <electron
number ne, we therefore consider that nf(=0.52) with the set A

gives the upper bound of n, while n.(=0.38) with the set B gives

f f
its lower bound.

§ 2.3.2 06203

We first study how the calculated 3d-XPS depends on the

parameters V, €., U,.. and U, . In Fig. 7 (a), the 3d-XPS is plot-

£ Uff fe
ted by changing the value of V.. The other parameters are taken to

be £f=2.0 eV, Uff=9.1 eV, U c=12.0 eV and I'=1.0 eV, which are

f
appropriate to describe the 3d-XPS of 09203. The essential role

of increasing V is to increase the interval between the two
peaks. In Fig. 7 (b) and (c), respectively, we show the spectra

calculated for various values of ef and Uff. It is foﬁnd that the

change ~of these parameters causes the change of +the intensity
ratio between the two peaks. In Fig. 7 (d), we show the change of

the spectra by changing U

The change of U gives strong

fe* fec
influence on both of the intensity and energy position of the

peaks.

We choose our parameter values so as to reproduce the ex-

18)

perimental 3d-XPS of Ce which exhibits a remarkable two-

293
peak structure with the energy spacing of about 5eV. (The lower

binding energy peak is weaker than the higher ©binding energy

one.) Then, we obtain V=0.6 eV, €.=2.0 eV, Uff=9.1 eV, U, =12.0

f fe
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eV and I'=1.0 eV. With these parameters, the ground state is found

to be mainly composed of the 4f1 configuration and n_.=1.04. The

f
calculated 3d-XPS is displayed in Fig. 8. The two peaks corre-
spond to the final states where the 4f1 and 4f2 configurations
are mixed strongly, and the 4f electron numbers of the higher and
lower binding energy peaks are 1.42 and 1.84, respectively.

In Fig. 9, we show the calculated v-XPS and BIS. We use [I=

0.2 + 0.2|E-E 18)

F| eV and MS=1.1. On the experimental data, the
v-XPS has peaks: The lower energy peak is much broader than the
higher energy one, and the energy spacing between them is 3 ~ 4

18) has a prominent peak about 8 eV above

eV. The experimental‘BIS
the higher energy peak of the v-XPS. A weak structure of BIS is
also observed about 14 eV above the prominent BIS peak. From our
calculation, the lower energy peak of the v-XPS 1is found to come
mainly from the photoexcitation of the valence band (with the
final states of "other symmetry") and the valence band contribu-
tion 1s about four times as large as the 4f electron contribu-
tion. On the other hand, the higher energy peak of the v-XPS
comes mainly from the 4f electrdn'éicitatidn (with the "singlet®
final states), and the 4f electron contribution is about ten
times as 1large as the valence band contribution. The valence
band-derived XPS with "singlet"” final states is much weaker than
that with "other symmetry" final states, and the contribution
from "other symmetry" final states to the 4f-derived XPS 1is
negligibly small. The prominent BIS peak is found to correspond
mainly to the Afz final state. However, our theory cannot explain

the experimental BIS structure about 14 eV above the prominent
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peak (designated as B in Fig. 3 (a)). The calculated BIS struc-
ture corresponding to the 4f3 final state is too weak to repro-
duce this experimental structure, because the ground state of
Ce203 is in the almost pure 4f1 configuration. The energy posi-
tion of the calculated 4f3 structure is also different by about 5
eV from that of the experimental structure. Except for this
structure, the calculated spectra are in good agreement with the
experimental data.18)

Before closing this subsection, we remark on our choice of
Ms' The relative intensity between the two peaks of v-XPS changes
remarkably according as we change MS as shown 1in Fig. 10. By
comparing the calculated v-XPS with the experimental one, we
estimate Ms v 1.17. It can also be shown. that with this value of
MS the R-XPS observed by Allen18) is well explained, as shown in

the next chapter.
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§ 2.4. Discussions

We have analyzed the experimental 3d-XPS, v-XPS, and BIS in
.Ce203 and CeO2 by using the filled band Anderson model. The main
conclusions which we have obtained from the analysis are as
follows:

(1) In the ground state, Ce203 is in the almost +trivalent
state, whereas CeO2 is in the mixed valence state with ne = 0.4 ~
0.5.

(2) In 3d4-XPS, Ce203 has two peaks, which are the mixed states
between 4f1 and Afz-configurations. CeO2 has three peaks; One is
mainl& composed of Afo configuration and the other two peaks are
the mixed states between 4f1 and 4f2 configurations.

(3) In v-XPS, Ce203 has two peaks mainly corresponding to the
vélence band photoemission and 4f electron photoemission. CeO2
has a broad structure, which is mainly composed of the photoemis-
sion of the valence band.

(4) 1In BIS, Ce203 has one peak, which\ﬁs composed of the 4f2
final state. 0902 has two peaks; One is co;posed of the 4f1 final
state, while the other is composed of the 4f2 final state.

For the point (1), the essential difference of the ground
state between Ce203 and 0902 is understood as follows: When the
oxygen 2p band is filled in the limit of vanishing V, we have one
4Lf electron occupation (nf=1) for Ce203, while no 4f electron
occupation (nf=O) for Ce0,. When we switch on the mixing V, as

19,20)

shown 1in the previous analysis, the Afo and 4f1 configura-~

tions mix strongly in CeO2 because their energy difference E(f1)—

E(fo)=gf—gv (gv being the characteristic energy of the wvalence

-
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béhd) is comparable with V. 1In Ce203, on the other hand, the
energy difference E(f?)-E(f1)=ef—ev+Uff is much larger than V, so
that the ground state remains in the almost pure 4f1 configura-
tion.

For the point (2), the appearance of the Afo final state in
the 3d4-XPS of CeO2 is due to the existence of the Afo component
in the ground state. In Ce203, there is no Afo component in the
ground state, so that the Afo final state does not occur in the
3d-XPS. From Fig. 5 and Fig. 8, we can see that the lowest bind-
ing energy peak of the 3d-XPS in CeO2 is located in between the
two peaks of“the 3d-XPS in Ce2 37 in agreement with the experi-
ment.18)

For +the point (3), 08203 has onei4f electron in the ground
state, so that there is a remarkable 4f elecfron emission peak.
The number of 4f electron in the ground state of CeO2 is small,
'so the emission of 4f electron is much weaker than the emission

of the valence electron. We shall confirm the value of M i.e.

s?
the ratio between the 4Lf electron emission and the valence Dband
electron emission by the analysis of the resonant photoemission
spectrum.

For the point (4), the ground state of‘CeZO3 has little 4}2
component, and thus the 4f3 component in the BIS final states is
very small and there is no peak. The weak structure about 14 eV
above the prominent peak in the experimental BIS may be a struc-
ture of the conduction band. The ground state of CeO2 is composed
of the 4f° and 4f' configurations, so that the BIS has the A4f'
and 4f2 peaks.
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Finally, it is to be remarked that in order to make more
detailed analysis of 3d-XPS, 3d-XAS, v-XPS and BIS in Ce203 and
CeOZ, the effect of the multiplet structure due to the interac-
tion between 4f electron and the core hole, should be taken into

account.
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III. Resonant Photoemission in Cerium Oxides andAy—Cerium

§ 3.1. Introduction

For Ce and its compounds, the behavior of the 4f electron is
often strange, such as the mixed valence and heavy electron
behavior. To study the 4f electron state in these materials,
experimental measurements of various electron spectra mentioned
in chapter 1734135,37-42) and also the R-XP821’43°48) have been
made. The R-XPS 1is mainly observed at 4d electron excitation
threshold. The 4d core electron is first excited to the 4Lf state
by absorbing therincident photon, and then by the super Coster-
Kronig +transition a 4f electron makes a transition to the 4d
level and another 4f electron is excited Aas a photoelectron.
Therefore, only the 4f-derived v-XPS is enhanéed by this mecha-
nism, and we can get from R-XPS the information on the mixing
between the 4f state and the valence (or conduction) band.

Most of the R-XPS measurements have so far been made for Ce

21,48)

metal and metallic Ce compounds, but very recently R-XPS

has also been measured for Ce0O, and Ce,O0 18)

2 R73°
CeO2 and Ce203 are shown in Fig. 11. The intensity of the higher

The CIS of R-XPS of

energy peak of Ce203 (denoted by Ce203

resonantly enhanced at the 4d threshold (about 120 eV), but the

Ce 4f in Fig. 11) 1is

intensity of the lower energy peak of Ce (denoted by Ce 0

203 293
2p in Fig. 11 ) is not much enhanced. For Ce02, the resonant
enhancement 1is also observed. The purpose of this chapter is to

make the first theoretical analysis for the R-XPS of CeO2 and
Ce203, by using the model and parameter values estimated in

Chapter II. Another purpose of this chapter is to analyze R-XPS
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‘of Y-Ce, one of the f.c.c. phases of Ce metal. The R-XPS data of
v-Ce%*)  (EDC at w=50, 110, 120, 130 and 170 eV) are shown in
Fig. 12, where the EDC has two peaks; one peak is very close to

the Fermi level EF’ and the other is about 2 eV below EF' The

intensities of the two peaks have their maximum values (maximum

11))

at different values of w (near 120

11))

of the Fano interference
eV). The minimum of the CIS (minimum of the Fano interference
occurs about 10 eV below the threshold.

For the quantitative argument, the spectrum at the Fano
minimum is wusually substracted from the spectrum at the Fano
maximum to estimate the relative intensity of the 4f derived
emission. After such a procedure for Y—Ce,45) it is found that
the intensity of the 4f emission at EF is roughly a half of the
4Lf emission at about 2 eV below EF. For other trivalent Ce com-
pounds, such as CeAlZ,Ag) this procedure gives almost the same
result. For R-XPS of y-Ce, a theoretical analysis was made by

50)

Sakuma et al., who used the impurity Anderson model by taking
account of only the Afo and 4f1 configurations. Their result
shows that the resonant enhancement occurs at different photon
energies for thé two peaks of the EDC; the resonance for the peak
" near EF occurs at a smaller photon energy than that of the lower
energy peak. This is qualitatively in agreement with experimental
data, but is not quantitatively. )

In § 3.2, we give a formulation of the R-XPS in the impurity

Anderson model with the spin and orbital degeneracy N In § 3.3,

f‘
we calculate the R-XPS for CeO2 and CeZO3 by using the same

parameter values as we used in chapter II to analyze the 3d-XPS,
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'v=XPS and BIS. We also calculate the R-XPS for y-Ce. Section 3.4

is devoted to some discussion.

40



§ 3.2. Formulation

We consider the material system (4f state and valence band)
which is described in the initial, intermediate and final states
of the R-XPS by the following Hamiltonian:

H..= (3-2.1)

X a+

H (initial and final states),
{ fv 2y

H-1U (intermediate state),

fe

v
where H is given by eq. (2.2.1). By absorbing the incident pho-
ton, a core electron can be excited to the 4Lf state, while the
valence electron (4f electron or valence band electron) can be
excited to the photoelectron states. These processes are describ-

ed by the following Hamiltonian:

HR = HV + Hc’ (3.2.2)
where
M (3.2.3)
H = v T .y + Mf L apy,
VN K,V v
+ ' (3.2.4)
ch Mc 3 afV.

Here | Hv represents the excitation from 4f state or valence band
to photoelectron state and Hc represents that from core state +to
Lf state. We assume that Mv’ Mf and Mc are real constants. The
intermediate state having a core hole is changed to final states

by the Auger transition expressed by the following Hamiltonian:

H.= v T (an..a 1 +h-c'), (3.2.5)
A A viv! fv v
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where we assume that Va is a real constant. We do not write
explicitly the creation and annihilation operators of photoelec-
tron and core electron in these Hamiltonians.

We calculate the photoemission spectrunm, IR—XPS(N’E)’ for

the incident photon energy w and the photoelectron kinetic energy

g, in the form

Troxps(w:e)= T [<f|T]g>|*6(umetE Ep) (3.2.6)

1
gt H ——— H

T= H
A, R » 2.7
: v/ HM Hy (3 )

Z= w+ E_ + i
wr B+ in (n~>0+), (3.2.8)

where |f> represents the final state of v-XPS -and |g> represents
the initial state. In the T-matrix of eq. (3.2.7), we take into
account the terms of the lowest order of HR and all orders of HA'
By using the notation |m> for intermediate states, <flT|g> can be

rewritten as

- | 1 Y>
<t|Tlg= <t le ¢ iy <0l Ineal——t— n
M A
<m'[H,|f'><f"[H |g> | -
x {<m']HC|g> + I }. (3.2.9)
e, £ Z - €' - Ep
By using the approximation
s
<m | ————j;———-]m'> A mm ! .
Z-H -H - - i 2.
w-Hp WrE -E +e -A +iy (3.2.10)

where €, represents a core electron energy and
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<m|HA[f'><f'|HA|m>

by m vy = 2 3.2.11
m m E,:f' 'Z-€'—E' ’ ( )
£
we obtain
<fIH,|m><m]H
<f|T|g> = <f|H, |g>+ I [Hy | |5, | &>
m w+Eg-Em+ec-Am+iYm
<m|H,|f'><f'[H |g> :
x {1+ g A v! } o (3.2.12)
eI <m[H, |g>(Z-¢'-E,,)
Then, the spectrum is expressed as
I (w,€) 2 |<r| "s “
_Xps\W,E€ I N.M:5 |<fla + —= ¥ a g> +
R-XP = NeMy rvot T DAy |
+
<flafvoafvlm><mlafv'g> M.va
Z -
x | +
v,m w+Eg—Em+€c—Am+1Ym Mf
@l e Bylne  mvt e L
t 1 - -
e',f Z - €' - Eg, Mf<f’|HA|m><m|Hc|g>
x 6(w—€+Eg—Ef) s (3.2.13)
where
"y (3.2.14)
Ms: Mf ) T

We use the approximation of
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M v, <f'|H,|g> VoA MCVA<f'|HV]g>

v
Mo<f!|Hy Im><m|H_|g> )

"
[e]
-

.m Me<f' [Hy [m><m[H, |g>

(3.2.15)

where AV represents the average with respect to f and m and c¢ is
a real constant, and we assume that Am and Ym are independent of

m. Then, eq. (3.2.13) is rewritten as

M
- 2 S
Igxps(¥2€)% Nellp §|<f|af“o "k kv L
<fla a, |m><m|al  |g>
fvo fv1 fv
+ I ' — cy(q-i)lzé(w—e+Eg—Ef),
m m+Eg—Em+ec+1y
(3.2.16)
where
v,M
q = A c + D (3.2.17)
cMoy Y
and
N | (3.2.18)
€,7 €. A .
The basis wave functions for each state (|g>, lf) and |m>)”

are given in §2.2.1 (for CeO2 type) and 8 2.2.2 (for Ce203). For
the intermediate states, |m>, we use the same basis wave func-

tions as the final states of BIS (lf(BIS)>) (but we use 1]

€ _

f “fe
instead of E%). In our calculation, we neglect contributions of
the conduction band, and the multiplet structure of the interme-

diate and final states due to the coupling between 4f electrons

and that between the 4f electron and the core hole.
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. § 3.3. Result of Calculation
We calculate each state of |g>, |m(R-XPS)> and |f(v-XPS)> in
the same manner as we wused in chapter II, and calculate

eq. (2.2.1). First, We calculate the CIS of R-XPS of 0802 and

Ce203 by using the same parameter values as we used to analyze

the 3d-XPS, 3d-XAS, v-XPS and BIS in chapter II. In this section,

%c is not treated explicitly and photon energy, w, is measured by

E _E 3
n g
2 and.Ce203

For CeO2 and Ce203, there is only one experimental observa-
18)

tion of the CIS spectrum by Allen

§ 3.3.1 CeO

(Fig. 11). For CeO,, we use
two sets of parameter values (set A and set B in § 2.3.1), but as
shown in Fig. 13 (a) and (b), the CIS for the set A is similar to
that for the set B. In these figures, we use Y= 2 eV, c¢=1 and
q=1 (the solid line) or gq=-1 (the dashed line). When we disregard
the photoemission of the valence band by taking MS=O.O, the CIS
spectrum becomes much different from the -experimental one
(Fig. 13 (c¢)). On the other hand, the result with M, = 1.5 seems
to be consistent with the experimental data. It is difficult to
make a more detailed data analysis (e.g., the estimation of the
value q), partly because the data for CeO2 is not very accurate

(as mentioned by Allen18))

and partly because the experimental
back ground is steep. In any case, the tendency of the calculated
CIS spectra is similar to the experimental one, and this implies
that the 4f state is mixed in the valence band.

Next, we calculate the CIS spectrum for Ce203. From +the
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18)

experimental data (Fig. 11), the higher energy peak of v-XPS,

which is named "Ce203 Ce 4f" in Fig. 11, 1is very strongly enhanc-
ed at the 4d-threshold but the lower energy peak of v-XPS, which
is named "Ce203 0 2p", ié not very much enhanced. The calculated
CIS spectra are shown in Fig. 14 with gq=2, c¢=1 and Y=2 eV. The
higher energy peak of v-XPS comes mainly from the 4f -electron
excitation (See § 2.3.2) so that the resonant enhancement is very
large. On the other hand, the lower energy peak of v-XPS comes
mainly from the valence band excitation and the resonant enhance-
ment is small. From this result, we confirm that our choice of
parameter values, especially Ms’ in § 2.3.2 is reasonable and
3+

that the ground-state of Ce

O3 is in the almostbCe state.

2

§ 3.3.2 y-Ce

We analyze experimental data of R-XPS in 7Y-Ce. We assume
that +vy-Ce is an almost trivalent system (has almost one Af elec-
tron) and we can apply the Ce203 type basis wave functions 1in
the insulating model to ¥Ce. The effects of the conduction band
are neglected by taking into account only leading term of the
1/Nf expansion (Fig. 15). For large N., the states in the first
row of Fig. 15 couple with a strength which is independent of ij
while the coupling between the states in the first and second
rows or the second and third rows becomes of the order of 1//ﬁf.
So, we can disregard the electron hole pair in the conduction
band for the limit of Nf=<n(or even for Nf=14).30) The EDC for Y -
Ce (in Fig. 12)44) has two peaks, one is near E; and another is
about 2 eV below EF, when the incident photon energy is suffi-
ciently low or high. When the incident photon energy is about 10
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eV below the 4d threshold, the EDC has only one broad structure.
When the incident photon energy is just at the 4d-threshold, the
intensity of the peak with low energy is enhanced resonantly. The
intensity of the peak at EF is enhanced resonantly at slightly
smaller incident photon energy.

U U

We determine the parameter values V, ¢ 'y Wand

£r Uffr Tfe?

Ms by comparing the calculated EDC of R-XPS at the 4d-threshold

with the experimental one.44) The values are V=0.2 eV, ef=-0.6
eV, Ugp=5.5 eV, U, =9.5 eV, F=o.25+o.1lE-EFl eV, W=1.5 eV and

MS=O.75. We also estimate the back ground I w,E), by the

B.G.(
following expression.

o]

Ip-xps(w,E")dE" | (3.3.1)

Ig.g.(w,E)= ¢ IE |

where C is a constant and we take C=0.2 to reproduce the experi-
mental data.44) In Figs. 16 and 17, we show the calculated EDC
and CIS (E =-0.4 eV and -2.1 eV, which correspond to the peaks of
EDC), respectively, with gq=2, c¢=1 and Y=3 eV. Here, we assume

that W= -12 eV in our previous definition w=Em—Eg corresponds to
120 eV in photon energy of the experimental data, and shown the
number, w+132, in the parenthesis. These spectra are in good
agreement with the experimental data. If we use MS=O.O, the
spectral shape gefore the resonance is different from that with
finite MS. When MS=O.O, furthermore the EDC disappears, at about
10 eV below the resonance, because the contribution from the 4Lt
electron emission disappears by the interference (i.e., the Fano
minimum). Therefore, the finite value of M, is important to

reproduce the experimental data.AA) We also calculate the 3d-
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XPS, 3d-XAS, v-XPS and BIS by using the same parameter values as
those of R-XPS and show in Fig. 18 (for the 3d-XPS and 3d-XAS
with TI=0.7 eV) and Fig. 19 (for the v-XPS and BIS with
r=0.2+0.2[E—EF| eV). They are in agreement with the experimental
data of y-Ce (the experimental data in both Y-Ce and @-Ce are
shown in Fig. 20), 37,46) so that our parameter values are con-
firmed to be reasonable for Y-Ce. We use the Ce203 type Dbasis
wave functions in this analysis, so the initial state has one 4Lt
electron and the final states of BIS have two 4f electrons.

If we use the CeO2 type basis wave functions in the analy-
sis, the resonant behavior and other spectra are different fron
the above results. We calculate the R-XPS by using the same
parameter values as the above calculation but with the CeO2 type
model, and the results are shown in Fig. 21 (a: EDC, b: CIS) with
IEO.2+O.2|E—EFI eV. We also calculate the 3d-XPS, 3d-XAS, v-XPS
and BIS. They are shown in Fig 22 (for the 3d-XPS and 3d-XAS with
r=0.7 eV) and Fig. 23 (for the v-XPS and BIS with I'=O.2+O.2|E--EFI
eV). The initial state has about 0.9 electrons in fhe 4f state.
These spectra rather correspond to the mixed valence materials,

such as a-Ce and CeRhB, and the whole tendency is in agreement

with the experimental data.21’34’38) -
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§ 3.4. Discussions

We have <calculated the R-XPS for Ce02, Ce203 and y-Ce by
using the filled band Anderson model. The main conclusions which
we obtained from the analysis are as follows:

(1) We can reproduce the experimental data with use of the same
parameter values as we used to analyze the 3d-XPS, v-XPS and BIS.

(2) For 09203, the intermediate state mainly consists of the Afz
configuration. The low energy structure is not very enhanced at
the threshold.

(3) For y-Ce, we use the Ce203 type basis wave functioh; The two
peaks in the EDC have the different dependence on the incident
photon energy. The EDC at about 10 eV below the threshold mainly
consists of the conduction electron emission.

(4) With using the CeO2 type basis wave function, we get the
spectrum for the mixed valence Ce compounds.

For the point (1), this calculation of the R-XPS is consist-
ent with the calculation of other spectra, and the parameter
values are found to be chosen as the best set. The model which we
use 1in this thesis is useful to analyze the various electron
spectra consistently for Ce and its compounds.

For the point (2), there is a core hole in the intermediate
state, so the 4f level is pulled down by the core hole potential.
But, there 1is at least two 4f electrons, so that the Coulomb
repulsion works. Then, the energy difference between the 4f2 and

4f3 configurations, E(f3)-E(f2) = (g.-U. ) + 2U - €. (e being
£ \' v

fe ff
the <characteristic energy of the valence band), is comparable

with Uff and much larger than V, so the intermediate state re-
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méins in the almost pure 4f2 configuration. The 1lower energy
structure mainly consists of the valence band electron emission,
but the 4f configuration is mixed a little. From the ratio of
intensities just at the resonance and well away from the reso-
nance, we can check whether or not the value of Ms is reasonable.

‘We can reproduce the experimental data fairly well, so MS is

" found to be chosen as a reasonable value.

For the point (3), the initial state of y-Ce has one Af
electron, which 1is consistent with the fact that y-Ce has the
magnetic moment and Kondo temperature is very low. The model is

the same as. that we used for Ce20 but the behavior of the

3’
spectrum is different from that of Ce203. Y-Ce has smaller value

of U than Ce,0, as found from 4f2 peak of BIS, so the differ-

ff 273
ence between the 4f2 and 4f3 configurations, which is about 2Uff~

Ufc’ is smaller, and these configurations mix each other more
strongly than the case of Ce203 in the intermediate state. This
is the main reason that two peaks in the EDC of y-Ce have their
Fano maxima at different incident photon energies, in contrast
with the case of Ce203. Furthermore, the v-XPS of y-Ce has a
stronger intensity for the lower energy peak, while thét of Cez‘O3
has a stronger intensity for the higher energy peak, because €
of y;Ce is much lower than that of Ce203.

For the point (4), the initial state in the CeO2 type system
has a finite weight of the Afo configuration, and we get a little
different spectrum from that in the Ce203 type system. The two
peaks in the EDC depend on the incident photon energy in a dif-

ferent way, as found from Figs. 17 and 21 (b). This difference
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comes from the difference in the intermediate states, where the
4f1 configuration exists in CeO2 type system, as well as from the
difference in the final states.

The 4d R-XPS is generally under the influence of the multi-
plet effects of the intermediate state. The 3d R-XPS has an
advantage over the 4d R-XPS in that the 3d R-XPS provideé us with
the direct information on the different 4f emission without being
smeared by the multiplet effect. The 3d R-XPS has very large
contrast between the resonant component -and the non-resonant
component,47) so we need to take into account only the resonant
.‘component. However, there is no experimental 3d R-XPS data of Ce
compounds available for comparison with our theory, because the
observétion has been made only with poor resolution due to some
technical difficulty in the relevant photon energy range.47)

We have uséd several approximations in the formulation of R-
XPS, and it is a remaining problem to examine these approxima-
tions in detail. It is also to be remarked that in order to make
more detailed analysis of 4d R-XPS in Ce compounds, we should
take care of a possible difference between the 3d core hole
potential and the 4d core hole potential, and should take into
account the multiplet effect, as well as the core electron exci-

tation to the conduction band.
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IV. Resonant Photoemission in Black Phosphorus
§ 4.1. Introduction

Recently, some observations of R-XPS have been reported for

22) 23)

semiconductors, such as black phosphorus, silicon

25)

and ger-
manium diselenide, where the electron correlation in the va-
lence band 1is weak. In this chapter we discuss the R-XPS of
black phosphorus, which is the most stable form in allotropes of
phosphorus at normal condition. Black phosphorus has a layered
crystal structure (the crystal sfructure is shown in Fig. 24)5?>
ahd is a nérrqw gap semiconductor with energy gap of about 0.3

22,29,54~63)

eV.52’53) In the last decade, many experiments have

béen carried out to study characteristic properties of black

64,65)

phosphorus. Some band calculations have élso been made, and
it 1is shown that the density of states of conduction and valence
bands, respectively, 1increases suddenly a few -electron volts
above and below the energy gap. It is also found that the densi-
ty of states of valence band has ‘three main peaks. The band

structure and the density of states are shown in Fig. 25.

The first experimental observation of R-XPS in black phos-
22) N

6)

phorus was made by Taniguchi et al., and the data was analyzed

theoretically by Kotani and Nakano2 with a simplified model
system. It was shown that a core exciton plays an important role
in the 1intermediate state. The core exciton is excited by the
incident photon at the cofe excitation edge, and decays by the
two different Auger transitions : (i) a direct recombination of

the core exciton with the simultaneous excitation of a valence

electron and (ii) a recombination of a core hole with a valence
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electron with simultaneous excitation of another valence elec-
tron. The process (i) interferes with the photoemission of va-
lence electrons, and gives rise to the Fano-type resonance of the
valence band photoemission intensity. Furthermore, the core-ex-
citon-induced Auger transition (ii) causes a sharp onset of the
Auger electron spectrum, which is much sharper than that of the
normal Auger transition following the photoexcitation of a free
electron-core hole pair. In the model of Kotani and Nakano, the
density of states of the valence and conduction bands is assumed
to be constant, and the effect of the core hole potential is not
explicitly treated but assumed only to produce a core exciton as
an extra state.

For some other semiconductors, however, the effect of the
core exciton has Dbeen criticized by more recent experimental
investigations. For silicon the existence of the core-exciton-

27,28)

induced-resonance seems to be still controversial, and for

indium phosphide the absence of the core exciton effect has been

R4)

reported. For black phosphorus, high resolution measurements

29)

have been made very recently by Takahashi et al., and some

spectral features different from those of the previous experi-

22)

ment have been reported. Considering these facts, we reanalyze

the R-XPS of black phosphorus by using an improved model sys- -
tem.31)

In §4.2, we present our model Hamiltonian and give a formu-
lation of the resonant photoemission spectra. In § 4.3, the re-

sults of numerical calculations of R-XPS are shown. The depen-

dence of spectral features on parameter values included in the
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theory is first studied from a somewhat general viewpoint, and
then the analysis of experimental data29) is made. In § 4.4, some

discussion is given on the effect of the core exciton.
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§ 4.2. Formulation

We consider a system consisting of a conduction band with
the energy ¢ ck? & valence band with €k high energy photoelec-
tron states with € and a nondegenerate core state with ¢ p* For
the core state, we consider only one state on the atomic site O,

which is assumed to be excited by the incident photon. The Hamil-

tonian of this system, H, is written as

H = Hy+U, (4.2.7)
_ + + + +
Ho"i €ck®ex®ek * i €vkavkavk * g €elele +€papap s (4.2.2)

(4.2.3)

where a, (i=ck,vk,e,p) denotes the annihilation operator for the
electron in each state, U represents a core hole potential, which.
is assumed, for simplicity, to be of short rangé and a, denptes
the annihilation operator for a conduction ?lectron on the 0 éite

(core hole site); a, and a,, are related by

1
0 T n Sek oo | (4.2.4)

where N is the number of atoms. We assume that the electrons are
spinless, and disregard the electron-electron interaction in the

valence band and that between a valence electron and a conduction

electron.

The ground state of H is written as
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- + 4+ ' . '
lg > 1 avkaplvac > (4.2.5)

where |[vac> denotes the vacuum state. The ground state energy,

Eg’ is described by

Eg = €p+ ﬁ €k (4.2.6)

By absorbing the incident photon, the core electron can be excit-
ed to the conduction electron states, while the valence electron
can be excited to the photoelectron states. These processes are
described by thé following Hamiltonian:

(4.2.7)

_ + +
HR = (Mcaoap+Mk ezk aeavk)+ h.c.,

where the annihilation operator of the incident photon is omitted
and "h.c." expresses the Hermitian conjugate that represents the
inverse processes. We assﬁme that Mc and Mk are real- constants.
The existence of the core hole potential U is important in the
intermediate state having a core hole, because U modifies the
absorption spectrum of the core electron and it haé a large
influence on the photoemission spectrum. The creation of the core

hole 1is followed by two types of Auger recombinations expressed

by the following Hamiltonian:

Hy =V, + U, , (4.2.8)
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(4.2.9)

+ 4+
v, o= v, ezk (aeapavkao + h.c. ),
+ 4 (4.2.10)
_ z (a_ a_a_,a_,,* h.c. ),
V2 = v, e, k,k” e p vk vk

where VT describes the recombination between a conduction elec-
tron and the core hole, and V2 describes that between a valence
electron and the core hole. We assumed that v, and v, are real
constants. After the Auger recombinations, there are two kinds of
final states. One 1s a state having one valence hole and one
photoelectron. The other is a state having two valence holes, one
conduction electron and one photoelectron. We call the former
"one-hole final state" and the latter "two-hole final state™".

We calculate the photoemission spectrum, I(w,e), for fhe

incident photon energy w and photoelectron kinetic energy €, in

the form
T(w,e) = 2 Ll<f|Tle>|76(w + B - Bpsle - eg) (4.2.11)

where T is the t-matrix given by

_ 1 . C(4.2.12)
V = HR + HA’ (4L.2.13)
Z = w+Eg+in (n=+0), ' (4.2.14)

Here |£> and Ef represent each final state and its energy Q;e is

included in Ef), respectively. By taking account of the 1lowest
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order effects of H, and all order effects of H

R It the spectrum

I(w,e) is written as

I(wye) = 27 L |<f[Ho+H, —3  H_|g>|%6(w+E - _
’ . R A Z—H-HA ng I ( g f)G(E Ee).
(4L.2.15)

We divide I(w,e) into two terms:
I(w,e) = I1(w,€)+I2(w,e), (4.2.16)

where I1(m,€) and Iz(w,e) correspond to one-hole and two-hole

final states, respectively. In the following, we calculated I1

and I2 separately.

§ 4.2.17 One hole final state '

We consider the final states |e,vk>, where we have a photo-
electron with energy € and a free valence hole with ~€vk’ and
describe the intermediate states in terms of |ck,§>, where we
have one free conduction electron with €k and one core hole with
-¢_ . The states |e,vk> and |ck,p> are eigenstates of H and H

P
respectively, and the eigenvalue equations are expressed as

O’

Hle,vk> = Ee,;k]e,§k>’
(4.2.17)

E. - _
e,Vk = Eg—gvk+€e,

Hy ek, B> = By plck.b 2,

(4.2.18)
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Eck,ﬁ = E

g-5p+€ck'
Then, the spectrum 11(w:€) is written, by using egs. (4.2.7),
(4.2.8), (4.2.9) and (4.2.15) as

Ii(we) = 27 2 [<e, vklHp+H,

e,k -H-
Z-H HA

2
Hple>1%6 e B o )e(e-e,)

- 1 ‘ = voSLra @
= 2m pp (-Ep) M +v.<0,p]| (M_|0,p>+M_ = e’ ,vk'>)|
v B k "1 Z-H—HA c ke',k'
B MV -1 - .2
= 2mop, (=Ep) [My+vy (My+ T e 2o o <Ol —=l0,p>]7,
e 3 e]’vkg Z_H—HA .

(4.2.19)
where pv(—EB) is the density of states of the valence band, ', is

that of the photoelectron states, EB;w-e denotes the binding
energy, and |O,§> denotes the state having a conduction electron
on the same site as the core hole. The state |0,p> is represented

by
lo,p> = L1 ek, p> . (4.2.20)
/N k

We calculate <O,§|1/(Z—H—HA)IO,§> by expanding it with respect to
V1 and by using the self-energy part

A _il = 3 SO .
-il <O,pr1G1V1|O,p>, (4.2.21)
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o, = 1 ' (4.2.22)

and then eq. (4.2.19) is rewritten as

2 l‘(Al—qr1)<0,§|Gllo’5> 2
11(w,€) = 2mpM, o, (-Eg) : - - » (4.2.23)
| 1-(8,-ir)<0,5]G,]0,5>
where
M v A
c'1 1
q = — + o o (4.2.24)
k' 1 1

We assume A1,A F1 and q to be constant. After a little manipula-

tion, <O,§|G1|O,5> can be expressed as

kK WTERTEL T8N,

- ~ 1
<O’PIG1lOyP> = N

, (4.2.25)

1
~A+1T

R
k ¥ “p %ck %2 2

where A2 and F2 are real and imaginary parts of the self-energy

i 5 1 P .2.26
Az—lrz = (ck’pr2 Z:ﬁ Vlek,p>, (4 )

which occurs when we expand <ck,§[G1lck,§> with respect to V2.
From eqs. (4.2.23) and (4.2.25), I, is finally expressed in the

following form:
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u+Al-qF1 1 2
L - W¥Ee_-€_, -A_+1T
N k ck 72 2
2 .
11(w,€) = 2"°Mk Ov('EB) Utb. <IT (4.2.27)
1 1 1
1l - L
K w+e —sck—A2+1P2

§ 4L.2.2 Two-hole final state
We describe the final states as le,ck,vk’,vk” ">, where we

have a photoelectron with energy Egr 2 free conduction electron

with €ok and two free valence holes with —evk' and _evk"' The
eigenvalue equation is written as
H|le,ck,vk",vk™"> = Ee’ck,\—,k C ke le,ck,vk ",vk s
bJ
(4.2.28)

E = e = ..
e,ck,vk ", vk = Eg'evk’°€vk”+€e+€ck‘

Y

Then the spectrum 12 is expressed, by wusing egs. (4.2.7),

(4.2.8), (4.2.9), (4.2.10) and (4.2.15), as

I (U),e) = 27 b ,(e ck le \—/ 1" 1
“ ) ) ) k H —— 2
. e,k k', K" Iy 7 H- Hple>|“x

6(N+Eg-Ee,ck,Gkv’;kn)d(e—ee)

1

= 2mp I |v,<ck, pl—= (M ]0,5 >
k Z—H-HA
+ Mo Ie',\—/k”'>)|2 ) d(EB+svk,+evk”-eck)
e:’kllv k’,k"
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v M v
292 5 (2L sag-iTy)
Vi k K

<ck,5l

= 2mp Mi(
- .2 (4L.2.29)
| 0,5>]“S(Eg-¢€,, ),
Z—H-HA
where S(X) is expressed, by taking the top of the valence band as

the origin of energy, as
(X)) = Sogoyley)py(X=ey)dey, ( X0 ). (4.2.30)

By expanding <ck,§l1/(Z—H—HA)lO,§> with respect to V, and by

’
using the relation (v2/v1)2=*VD (see Appendix), eqg. (4.2.29) is

rewritten as

L= -2
, x(af+1) o2k [<ck,plG 10,p>]*S(Ep-e )
Iz(u) £ ) = 2moM, ( ) = — >
D 1+x ll-(Al-iFl)<O,p[GllO,p>|
(4.2231)
where
D = Ipv(ev)dsv, (4.2.32)
; .
2
K = =5 (4L.2.33) ~
Ty
and
P =T, + T,. _ (4.2.34)

We assume A2’ Té andK to be constant. After a little manipula-
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tion, <ck,§|G1|O,§> is expressed as

<ck,§|G1]O,fD> = 1 © (4.2.35)
u

From egs. (4.2.31) and (4.2.35), I2 is expressed in the following

form: B
1 | S(EB—ECK)
L 2. . 7
bood x(qlsn) p 2 ey ma) ey
12(w’€) = <moMy D (l+n<) u+A1'iFl 1
| 1- N L +g_- ~A.+1T
K1 WTERTEL Ay TAT,
(4L.2.36)
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§ 4.3. Result of Calculation

In this section, we calculate the spectra I1(w,€), I.(w;e)

X
and I(w,€) by using a model density of states of black phosphorus
as shown in Fig. 26. This density of states is constructed by
taking account of the experimental photoemission spectra22’29’58)
(for the valence band) and the energy band calculation65> (for
the conduction band). The quantities q, K, u and [ are treated as
parameters, whereas A1 and A2 are not treated explicitly but

regarded as already included in u and ¢ respectively [see

p’
eqs. (4.2.27) "and (4.2.36)]. 1In order to take account of the
effect of the épin—orbit splitting of the 2p core states, we
superpose the spectra with two different’ep, which correspond to
the core exciton excitation ehergiés 130.6 eV aﬁd 131.4 eV,29’62)
with the weights 2/3 and 1/3, respectively. With our model, the
core exciton 1s not a true bound state but a resonance state,
except for too large value of |u|. As an example, the density of
states of the conduction band for u=-1.25 eV is shown in Fig. 27
with the solid line, .compared with that for u=0 (dotted line). A
sharp peak is found slightly above the bottom of the conduction

band and this represents the core exciton;

In § 4.3.1, we investigate how the calculated spectra depend
on the parameter values of q, K , u and I'. There, we confine our
calculations to constant initial state spectra (CIS spectra) of
I1 at EB=2.5 eV and 12 at EB=1O.4 eV, where the binding energy EB
is measured from the top of the valence band. These calculations

are very important in comparing the results with experimental

data, since the main experimental results have been reported for
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these CIS spectra.zg) In § 4.3.2, we adjust the parameter values

so as to fit the calculated spectra to the experimental data.

§ 4.3.1 Parameter dependence of CIS spectra

We show in Fig. 28 the CIS spectra calculated for E =2.5 eV,

B
wﬂich corresponds to the binding energy of the first peak of the
valence band photoemission spectrum (see Fig. 32). The structure
of these CIS spectra in the vicinity of w130 eV originates from
the interference effect (so-called Fano-type resonance)11) be-
tween the direct photoemission process due to Mk and the second
order process- (mainly through the core exciton intermediate
state) due to MC and V1. In Fig. 28 (a) and (b), we show the

change of the spectra by changing q and k. The essential roles of
q and g are understood by noting that the present calculation is

a finite u version of the simple Fano formula, which we have used

26)

in previous theory. In the limit of Ju|s» , eq. (4.2.27) re-

duces to the form

v 2 K (2
, (We )"+ ()

11 = 2ank pv(-EB) ~> , (4.3.1)
w- o+ 1

where §j is defined by(w—eex)/P with the core exciton excitation
energy e, - Therefore, q determines the pattern of the structure
due to the interference effect, while k determines the relative
intensity between the spectrum with the interference (due to the
recombination V1) and that without the interference (due to V2).
Even when u is finite, these effects of q and K are essentially

unchanged, as found from Fig. 28 (a) and (b). For q=0, we have
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tﬁo antiresonance dips at the photon energies corfesponding to
the spin-orbit split core excitons, and with increasing q the
asymmetric peaks also occur. When the sign of q is inverted, the
peaks (dips) are found to change to dips (peaks), except for the
case Qqa0. On the other hand, 1t is also found that when « 1is
increased [from Fig. 28 (a) to (b)] the ampliﬁude of the inter-
ference structure decreases, corresponding to the decrease of the
relative weight of the recombination V1.

The effects of the change of u and T are shown in Fig. 28
(c) and (d), respectively. When u is decreased, the interference
structure is broadened and its intensity becomes small, because
the oscillator strength of the core exciton decreases. The
broadening of the structure also occurs with the increase of the
life time width -P of the intermediate stateé, as found from
Fig. 28 (d). These effects of u and T are essentially the same
when q and K are changed.

In TFig. 29, we show the CIS spectra of I

at EL=10.4 eV,

2 B
which corresponds to the binding energy of the L2’3VV Auger peak
just at the 2p excitation threshold. Also, this binding energy
coincides almost with the fourth peak of the valence band photo-
emission spectrum (see Fig. 32). We show in Fig. 29 (a) th;
spectra for various values of q and x. It is found that the
intensity of I2 changes remarkably (note the different scale of
the ordinate for each figure) with the change of q and x, but the
spectral shape (i.e., the w dependence of 12) is not very depen-
dent on g and k. This is understood from eq. (4.2.36), where I

2
depends on q and k mainly through the g independent factor
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<(q2+1)/(14)2.

The two-peak structure in Fig. 29 (a) comes from the core-
exciton-induced L2’3VV Auger transition. This is clearly seen
from Fig. 29 (b), where we show the change of the spectra by
changing u with other parameters fixed appropriately. When u is
strong, the core exciton 1is excited with a large oscillator
strength and induces the strong L2’3VV Auger transition, result-
ing in the conspicuous twb—peak structure as shown in the case of
u=-2.0 eV in Fig. 29 (b). These Auger peaks have high energy
tails, which come from the Auger transition following the photo-
excitation of  the-unbound pair of a conduction electron and a
core " hole. When |u| is dec;eased, the intensity of the tail
increases, since the oscillator strength of the unbound pair
excitation increases, whereas the inténsity of the core exciton
decreases. Then, the relative intensity between the two peaks in
Fig. 29 (b) is inverted with decreasing |u|l, because the higher
energy peak is superposed on the tail of the lower energy peak.
When u is very weak or u vanishes, the two-peak structure cannot
be found, but we have only a broad peak which originates from the
normal L2’3VV Auger transition following the photoexcitation of a
free conduction electron-core hole pair.

The effect of the change of ' is shown in Fig. 29 (¢). With
increasing I, the two-peak structure is broadened. Furthermore,
the 1intensity ’of I increases with ', as also seen from

2
eq. (4.2.36).

8 4.3.2. Comparison with the experimental spectra

Keeping in mind the effects of q, Kk, u and T studied in g
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4L.3.1, we choose these parameter values so as to fit the calcu-
lated CIS spectra to the experimental ones observed by Takahashi
et al.29) In order to take account of the experimental resolu-
tion, we <convolute the calculated spectrum I(w,EB) (here, the
argument € is changed to EB] with the Gaussian function of appro-

priate width (Aw=AEB=O.15 eV) with respect to w (or E Further-

B)'
more, we take account of the secondary electron intensity, which

is estimated by
£p
Ig(w,Bg) = C [ ° T,55) az (4.3.2)
0
with a conétant C. We choose C=0.045 so as to reproduce the
experimental energy distribution curve for w smaller than the
core exciton edge. In Fig. 30, we show fhe CIS spectra calculated
for EB=2.5 eV and 10.4 eV by using the parameter values of q=-
150, =900, wu=-1.25 eV and r=0.2 eV. This result is in good
29)

agreement with the experimental data, which is plotted in the
inset of Fig. 30.
Of our parameter values, I' 1is estimated from the experimen-

62)

tal data of reflection spectrum. The value of u=-1.25 eV is
chosen so as to reproduce the relative intensity of two peaks \ip
the CIS spectrum at E5=10.4 eV [see Fig. 29 (b)]. From the exper-
imental intensity ratio between the CIS spectra at EB=2.5 eV and
10.4 eV for w131 eV, we find that the factor K(q2+1)/(K+1)2 is
to be taken as about 25. Under this condition, each value of o]
and g is determined in order to give the CIS spectrum at 2.5 eV

consistent with the experiment. It is to be noted that the value

of ¢« should be very large because the experimental amplitude of
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the interference structure is very small. Furthermore, the sign
of q should be negative, because the experimental CIS spectrum'aﬁ
EB=2.5 eV exhibits a peak when w approaches the core exciton
threshold from lower energy side (otherwise, we have a dip).

In Fig. 32 we show the energy distribution curves calculated
for various values of the incident photon energy. For w=120.2 eV,
which 1s considerably smaller than the core exciton threshold,
the spectrum simply reflects the density of states of the valence
band. However, for w =1300131, the intensity of the peak at
EB=TO.4 eV increases resonantly, representing the core-exciton- )
induced L2’3VV Augér transition. When w becomes larger than the
core exciton threshold, the peak shifts to the higher binding

energy side, representing the occurrence of the normal L v

2,3"
Auger transition. These features are in good agreement with the

experimental result (shown in Fig. 31).29)
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§ 4.4. Discussions

26)

We have improved our previous theory of the resonant
photoemission in black phosphorus, and applied it to the analysis

of the recent experimental data. The main conclusions which we

have obtained from the analysis are as follows :

(1) The weak structure in the CIS spectrum for EB=2.5 eV is due
to the interference between the direct valence band photoemission
and the second order process with the core exciton state as an
intermediate state.

(2) The rapid- increase of the CIS spectrum for E_=10.4 eV at the

B
2p threshold, aé well as its two-peak structure, are due to the
core-exciton-induced L2’3VV Auger transition.

In connection with the former point (1), Takahashi et al.
suggested another origin of the CIS structure that it comes from
the low binding energy tail of the spectrunm 12. Near +the 2p
threshold, the intensity of 12 is strongly enhanced, and then
that of the low binding energy tail is also modified. Therefore,
if the tail of 12 has the sufficient intensity at EB=2.5 eV, this
mechanism may explain the observed CIS structure. In order to
examine this possibility, we calculate, with our model system_
the intensity of I2 at EB=2.5 eV as shown in Fig. 33. The inten-
sity thus obtained is plotted in the inset of Fig. 33 as a func-
tion of w. From this calculation, it is found that this contribu-
tion 1is too weak (an order of magnitude weaker) to explain the
experimental CIS structure. Furthermore, by this mechanism the

energies of the two peaks of the CIS spectrum for EB=2.5 eV

coincide with those of the CIS spectrum for EB=1O.4 eV. However,
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the experimental peak energies for EB=2.5 eV are slightly (but
definitely) shifted to the low energy side compared with those
for Eg=10.4 eV. By the mechanism (1) of the interference effect,
the peak energy is a little bit smaller than the core exciton
~excitation energy, when q is negative, as in the case of the
usual Fano resonance (see also Fig. 28).

For the latter point (2), it is to be stressed that in order
to reproduce the experimental two-peak structure we have to take
account of the L2’3VV Auger transitions which are induced not
only by the core exciton state but also by the unbound conduction
electron-core hole pair. The experimental result can neither be
reproduced with too large |u| (where we have the contribution
only from the core exciton) nor with too small Iul (the contribu-
tion only from the unbound pair), as shown in Fig. 29 (b).

More recently, high resolution measurements have been made

by Taniguchi et al.66)

Their data are mainly in agreement with
the present analysis, but some features are different. It seems
that the CIS spectrum for EB=1O.4 eV in the new data has two
components at each spin orbit split component. This fact is
clearly found in the total yield,éz) which is shown in Fig. 34
(a), and it seems that two kinds of core exciton give rise to
this structure. Therefore, we take into account one more compo-
nent whose -excitation energy is about 0.2 eV less than the al-
ready .considered component, and the calculated photoabsorption
spectrum (total yield) is shown in Fig. 34 (b). This result is
very similar to the experimental data and it can be shown that

the calculated CIS is also similar to the experimental one.éé) So
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we can analyze the experimental data fairly well by wusing our
model.

For more detailed theoretical analysis, the present model
should also be improved by taking account of the effects of the
core hole potential with a finite potential range, more detailed
energy band structures and the energy (or momentum) dependence of
Mk’ Mc’ v, and Vo However, the essential features of (1) and (2)
will not be changed even with the improved model, since they are
not very sensitive to the quantitative details of the model
system.

It 1is to be mentioned that the present theory can alsof be
applied +to the.analysis of the previous experimental data by

Taniguchi et al.22)

We obtain the result in agreement with the
experiment by using the parameter values qn70, ¥ v200 and u v -2.5
eV which are different from those used in the analysis in § 4.3.2
(and also different from those of our previous analysis because
of the difference in the model system). It is beyond the scope of
the present thesis to discuss which set of the parameter values
is more reasonable for black phosphorus from a theoretical view-
point, and also to discuss the reason of the discrepancy of the

two experimental data. Finally, we mention that it is an impor-

tant unsolved problem to estimate q and ¢ from the first princi-

ple calculation.
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IV. Conclusions

In this thesis, we have shown that our theory can reproduce
well various experimental spectra for Ce oxides, Y-Ce and black
phosphorus. The main conclusions which we have obtained from the
analyses are as follows:

(1) 3d~XPS, v-XPS and BIS of Ce oxides

In the ground state, Ce203 is in the almost trivalent state,
whereas CeO2 is in the mixed valence state, because the energy
difference between 4f1 and 4f2 configurations in Ce203 is much
larger than V, whereas the energy difference between 4fo and 4f1
configurations in CeO2 is comparable with V. In the final state
of 3d-XPS, the energy difference between 4f1 and Afz configura-~
tions in both materials is comparable with V. So the 3d-XPS has

three peaks 1in Ce02, while two peaks in Ce In the v-XPS,

203.
Ce203 has two peaks mainly corresponding to the valence band
photoemission and 4f electron photoemission. CeO2 has one broad
structure mainly corresponding to the valence band photoeﬁission.
In BIS, Ce203 has one peak, which is composed of mainly the 4f2'
final state. CeO2 has two peaks; One is composed of the 4f1 final
state, and the other is compbsed of the 4f2 final state.
(2) R-XPS of Ce oxides and y-Ce

We can fit the calculated R-XPS to the experimental one with
use of the same parameter values as those we determined from the
analysis of the 3d-XPS, 3d-XAS, v-XPS and BIS. Both of Y-Ce and
Ce203 are in the almost trivalent state, but they show the dif-
ferent CIS behavior of R-XPS. This can be explained mainly from

that the intermediate states of Y-Ce are different from those of

C82 37 because of the different parameter values.
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(3) R-XPS of black phosphorus

The weak structure in the CIS spectrum for EB=2.5 eV is duye
to the interference between the direct valence band photoemission
and the second order process with the core exciton state as an
intermediate state, and the rapid increase of the CIS spectrum
for EB=1O.4 eV at 2p threshold is due to the core-exciton-induced
LZ,BVV Auger transition. So, ‘the core exciton state plays thé
important role as the intermediate state in the R-XPS. Our model
can also be applied to the analysis of R-XPS in the other semi-
conductors which have the wide valence band and weak electron
correlatioﬁl -

Finally we remark some remaining problems. In our model of
Ce oxides, we neglect effects of the ﬁultip}et structure and the
conduction band. In more detailed analysis of BIS and R-XPS, 1t
will be necessary to take account of these effects. When we apply
this model to the analysis of the metallic materials, it is
desirable to show quantitatively the convergence of the 1/Nf
expansion. Furthermore, there should be a limitation in the
impurity Anderson model, and it is also a remaining problem to
show clearly the limitation. For the black phosphofus model, we
neglect the correlation between the valence band electrons and
that Dbetween the valence band electron and the conduction band
electron. We also assume a short range potential as the core hole
potential. When we apply this model to the analysis of copper
halides, above mentionedielectron correlations are important.67)
The effect of finite range of the core hole potential will also

be important in more detailed analysis.
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Appendix

From their defihitions, F1 and F2 are expressed as
- 1 -
r, = -Im <0,p|V, v,lo,p>
L Z - H -V,
2
- LA z é(w—ee+evk), (4.1)
e,k
[ = -Im <ck,p|V 1 V,lek,p>
2 2 7 -H
v g - v -
= 5 e’k"kné(w EatEypt HE o eck). (A.2)
Then, we obtain
Z 6(‘.1)-8 +€ '+€ k" E:Ck)
F2 ~ V2 2 e,k',k" VK
= ( Vi £ 8(w-g _+€_. )
1 e & vk

0 ‘
(e.) de!p (e!) -
vy 2 fdevov v Je —p-g V C'TV

- ck
= (=) (4.3)
0 e o (e_)
J v TviTy
-w
Since wis much larger than the effective range of Eék and € vk
(w “:102 eV and the range of Eék and € vk v 10 eV), eq. (A.3)

can be approximately rewritten as

76



ko ( v1 D vl) D,
where
D =/ p,(g,)de,- (A.5)
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Figure captions
Fig. 1 The crystal structure of Ce oxides.
(a) CeO, (CaF2 type). Big' and sﬁall circles represent O
and Ce atoms, respectively.
(b) Ce203 (La203 type). Big and small cir;les represent O
and Ce atoms, respectively. Shed circles are on the
dot and dashed diagonal line of (c).
(¢) A projection on its base of atoms in the hexagonal
unit of Ce203. The smaller circles are Ce atoms.
Fig. 2 The impurity Anderson model using in this thesis.
(a) Meanings of parameters.

(b) Model for CeO.,.

2
(c) Model for Ce203.
Fig. 3 The experimental spectra of CeO2 and Ce203 after ref. 18
and 34.
(a) The v-XPS and BIS. The upper line denotes CeO,. A and B
designate the position-:of a small peak.
(b) The 3d-XPS. The upper line denotes CeO2.
(c) The 3d-XAS for Ce02.
Fig. 4 The calculated v-XPS and BIS for CeO,. The solid curve

2

denotes parameter set A and the dashed curve denotes
parameter set B (see text). The values of T and MS are
taken to be 0.2+0.2[|E-Ey| eV and 1.5, respectively.

Fig. 5 The calculated 3d-XPS for Ce02. The solid curve denotes
parameter set A and the dashed curve denotes parameter

set B (see text). The value of I is taken to be 0.7 eV.

Fig. 6 The calculated 3d-XAS for Ce02. The solid curve denotes
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

7

parameter set A and the dashed curve denotes parameter
set B (see text). The value of I' is taken to be 0.7 eV.

The dependence of the calculated 3d-XPS for NxN.+1 elec-

f

U and U, . The

tron system on the parameters V, €ps er fo

value of T is taken to be 1.0 eV.

(a) V is changed with Uff=9.1 eV, U c=12.0 eV and € _.,=2.0

10

£ f
eV.
(b) €p is changed with V=0.6 eV, Uff=9.1 eV and Ufc=12.0
eV.
(c) Uff is changedeith VéO.é eV, Ufc=12.0 eV and €f=2.0
eV.
(d) Ufc is changed with V=0.6 eV, Upp=9.1 eV and €.=2.0
eV.
The calculated 34-XPS for 09203 with V=0.6 eV, Upp=9.1
eV, Ufc=12.0 eV, €f=2.0 eV and T'=1.0 eV.
The calculated v-XPS and BIS for Ce203 with V=0.6 eV,
Upp=9.1 eV, U, =12.0 evf €,=2.0, F=O.2+O.2]E—EF| eV and
M =1.1.
s
The dependence of the calculated v-XPS for NXNf+1 elec-

11

12

13

tron system on Ms' The other parameter values are same as
Fig. 9.

The resonant photoemission CIS spectra for CeO, and Ce.O

2 273
after ref. 18.

The resonant photoemission EDC spectra for 7Y-Ce after
ref. 44. |

The <calculated CIS spectra for CeOZat the valence band

center with F=O.2+O.2|E—EF| eV, Y=2 eV and MS=1.5.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

(a) The spectra with the parameter set A (see text).A Solid
line is with gq=1 and dashed line is with g=-1.

(b) The spectra with the parameter set B (see text). Solid
line is with q=1 and dashed line is with g=-1.

(c) The spectra with MS=O.O and the parameter set A. Solig
line is with q=1 and dashed line is with gq=-1.

14 The calculated CIS spectra for Ce203 at the lower energy
peak (the valence band center) and the higher energy peak
with v=2 eV and q=2. | |

15 Schematic representation of the basis states used. Solid
circles show electrons and open circles show holes. The
lines indicate which states‘couple to each other.

16 The calculated EDC for Y-Ce with V=0.2 eV, E:f=—0.6 eV,
Upp=5.5 eV, U, =9.5 eV, W=1.5 eV, [ =0.25+0.1 E-E | eV,
Y=3 eV, qg=2, MS=O.7 and C=0.2 which is for the back
ground (see text).

17 The calculated CIS spectra for y-Ce at the peaks in EDC
with the same parameter values as Fig. 16.

18 The calculated 3d-XPS and 3d-XAS for v-Ce with the same
parameter values as Fig. 16.

(a) The 3d-XPS.
(b) The 3d-XAS.

19-The calculated v-XPS and BIS for Y -Ce with the same
parameter values as Fig. 16.

20 The experimental data for v-XPS, BIS and 3d-XPS in a -Ce
and Y-Ce after ref. 37 and 46.

(a) The v-XPS and BIS.

(b) The 3d-XPS.
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Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

21 The calculated resonant photoemission spectra by use of
CeO2 type basis wave functions with the same parameter
values as Fig. 16. |

(a) The EDC.
(b) The CIS spectra at each peak in the EDC.

22 The calculated 3d-XPS and 3d-XAS by use of CeO2 type
basis wave functions with the same parameter values as
Fig. 16.

23 The calculated V-XPS and BIS by use of CeO2 type Dbasis
wave functions with the same parameter Qalues as Fig. 16.

24 The érystal structure of black phosphorus.

25 The band structure and the density of states of black’
phosphorus after ref. 65.

26 Model of energy bands for black phospﬂorus.

27 Density of states of the conduction band (solid 1line)
modified by the core hole potential u (u=-1.25 eV), in
comparison with that for u=0 eV (broken line).

28 Photoemission CIS spectra of I1(w,€) at E_,=2.5 eV for

B
various parameter values.

(a) q is changed with k=0.5, u=-2.5 eV and r=0.2 eV.

(b) q is changed with k=50, u=-2.5 eV and ['=0.2 eV.

(¢) u is changed with K=900, gq=-150 and ['=0.2 eV.

(d) T is changed with k=900, gq=-150 and u=-1.25 eV.

29 Photoemission CIS spectra of Iz(w,i) at E,=10.4 eV for

B
various parameter values.
(a) x and q are changed with u=-1.25 eV and '=0.2 eV.

(b) u is changed with I'=0.2 eV.
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Fig.

Fig.

Fig.

Fig.

Fig.

(¢) T is changed with u=-1.25 eV.
In (b) and (c), x and q are fixed at 900 and -150,
respectively.

30 Photoemission CIS spectra of I(wW,€) at E_=2.5 eV and 10.4

B
eV, with =900, q=-150, u=-1.25 eV and I'=0.2 eV. The
expe;imental CIS spectra are shown in the inset after
Fig. 3 in ref. 29.

31 The experimental data of EDC in black phosphorus after
Fig. 2 in ref. 29.

32 Photoemission energy distribution curves of I(y,e) for
various photon energies. The parameter values are the
same as Fig. 28.

33 Photoemission energy distribution curve of Iz(w:e) at
w=130.6 eV. The CIS spectrum of I

(w,e) at E,=2.5 eV is

2 B

shown in the inset.
34 The experimental and calculated spectra of yield in black
phosphorus.
(a) The experimental spectrum of yield after Fig. 8 in ref.
62.
(b) The calculated photoabsorption spectrum with taking into
account two component of the core exciton at each

threshold.
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Table

1.

The 4f configurations in order to describe the various

basis wave functions, and their symmetry.

spectrum ground state final state
CeO,, 3d-XPS £0 ¢1, £2 £0 g1 £2 £3
(singlet) (singlet)
v-XPS £90,¢1, 2
(spin doublet)
BIS £l g2 82
(spin doublet)
Ce 40, 3d-XPS £1,0%, 83 £1,5%,£3
(spin doublet) (spin doublet)
v-XPS £ ¢ £2
(singlet) -
£l g%
(other symmetry)
BIS £2 g3, £k
(other symmetry)
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