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Chapter 1 

General Introduction 

In t hb rhapt er, a bril'f "urvc~· is ~Sivc•n oft hro irl<>as I hat li<' at tiH' basis of 1 he· of hC'r 

rhaptc•ro in this llu•sis. \\'p firs I c•xpl,.i.tt till' hisl(H'il'al b~rkgmnnu of I his 'tud)·. :\<'XI "'" 

dC'riw• sratll-"ri11g rros~ M·<·t ion of s1~1:oud onJ(•r opl inti pl'OI 'C'.S~. UJHI C'Xfllaiu it~ g<• Jar•ral 

prupcrUes. ,\lodel Hamillouiaus. tlw Zhang-1\k!' singl<'t. •·on• t'X('itons ami unuf!•ric;li 

tedmiqu~s arr "kNI'it~d in thr rest of I Lis dtapt<·r. \\ '<·finally slln1tuariz~ ow· wol iYHI ion 

of this llwsis. 

1.1 Historical Survey on High-Energy Spectroscopies 

1.1.1 Core-level spectres opies 

The id~a of invest igalitllt into I he· minoof'O)lic world by '"iur; :t ligl11 r,,, " prolJr had 

rxis t erl b<•fon• th butl • of quantum med•anic·•· ln fact, the• dtroding~r rqu;uion i11 

Lh<' difT0rPnt.ial form, or 1 he HcL"•nbrrg <'<tuaticm in t hc• lllillrix form was aekuowl<•dgPd 

as the basic equation by rrproduring the <'XJ.l!'rimeHtillly ohS<·rwrl optical spr<'tra sud1 

a-< th0 Balmrr series of hydroge11 [l]. The di,cO\·rrv of tin• 'Pill dt•gr<'<'' of fn·<•rlom 

i1-1 also assoc-iai<'d will! sp£'ctrosc·opic <'xp<•rhuental fath ..,urh a~ t lte ZP<.'mau f'ffp(·t or 

t he Pa, hrn-Ba•·k efl'rd [2]. Tu thi' sru.<'. sprr·lrns!'opi~s W<'r<' R nadJe of tht' qwiiiiUIII 

mcchanks. Atomir I hc•ory of spt'!'lro!'.C'OJ>Y hnd hr<'n c·omp!Pt~d hrfon· 1 be rud of IIH' 

\\'orlrl War li hy the famous papN·s by S lal<'l' [:J]. aud by Hilcah [I]. all of which W!'l'<' 

accidrut.ally tit l~d ·'tl •rory of •·omplcx sprc·ITa·•. It "'"" Jh .. ah who ini roduet•d lb~ idra 

of a spherkal trnsor. In lho;r papcn;. ih<•Y dilssified dgc•u;,t;tlrs of an mom conwiui11g 

many c• lcctrons areording to 80(:3} group, and da•·ifiNI i" s<• le,rtion ndc• i11 an nptical 

lrau~il iu u. Si11cc d~~p euough core orbit<tls in mo!t•<'ui!'S or solids uc•arly <'xactly k<·~p tlw 

SO(:J) s .)' ll111l<'lry. llwir lh~orics ofteu apprar as a IPittnotiv iu rorc- lcvr l sprrt.ro-.·op,v 

(CLS) :;luclit•s at. pr~sent. 

Tlw dc\'clupm<•nl of many-body pllysks prtnnoled applical iou of CLS 10. o lid '''UP. 



LPt no ron(·entrat e our attention to that i11 tJue X- ray regimr. Apart from <LU al'adt•mic 

trrnd of re carcb such <LS Fermi ·dgr singularity. it was Si<'gbahn and co-worker; who 

tatcd the significance of CLS in material sdcntt' of solid states. They namC'd X-ray 

photoemission spf'(·tro&copy ES 'A (Electron Spectroscopy for Chemical Analysis) , aud 

had carried out cxtPusivc studit•s on ESCA since their first pnb!ication of lh ir n•view 

u• 1967 [5]. With their systematic analysis. Siegbahn won the Nobrl Priz<' in 198l. 

!3ccanse of the recent dcvolopment of syurhrot rou light ·ources, am! tbr f•stab lishment 

of modern theory of CLS as will cxplaim•d in the next subsection. C'LS forms a hug<• 

rrscarch field iu material scieuce today. 
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Figure 1.1: SrhemaLic explanation of wu·ious l'Orc- levcl spectroscopic~ in an uisulator. 

Th<' horizontru and vert ira ! axes srhema.tirally ropre. cn l the en<lrgy and density of 

states of one-electron stall'. respectively. There are an ('mply upper band and a filled 

valrncc band in t.he sysl.c11.1. The (:ore level is reprcscuted with t he ho rizontal bal'. :\AS 

and XPS arP c.Jas ified imo t b.; lirst.-order optica l process, wllrrea• RXES aud RXES 

arc i.nlo tllP se('oud-order tlptioll prO('CSs. See tl.te t•xplanatiou in the tc:n. 

Figure 1.1 sl.tows a numbrr of modi's of C'LS for an iusulator. Iu X-ra.y absO'lllion 

spectroscopy (XAS), a core elcetron is photoex itcd by an incident X-ray with rnt>rgy 

!! into an 0111pty va!<'ucc state. Roughly peaking, tile density of states (DOS) of 

tutoccupied band wou ld rE·flcct on an XAS speclnnn. In the cas(• of X-ray photoc•mis~iOJt 

spectroscopy (XPS). a core elc"tron is pbotoexcitPd iuto a ltigh-\•ncrgJ' r,ontinutun. 

The energ)• of the photoelectron is simply that of the m re level if ther(• wer~ no con•­

,·alence Cou!Oiub interaction. HowevPr. tbe <•xistt>nce ofvalem:e Elucruation in a das;, of 

materials a nd str011g Cou lomb interaction gives risP to complicatrd spectra. XAS and 
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XPS arc classified into first-order optical processes, wherr "first-order'' uwan~ tbat t!H:y 

c.an be described within a lirsl-o1·dor perturbatiml thPory of electron-photon intPraniou. 

Resonant X- ray emission spectroscopy (R..XES) is a sPcond-order optical pron•Bs. 

where a cor electron is resonantly photoexcitcd to an ~rupty valpnce kvcl. I hen a 

valence e lectron makes a radiative transition to e.mH au X-ray with elJ~rgy w. [n 

t011trast lo XAS and XPS, there is no deep core hoi in the final state, a:ud the uumber 

of e lectrons in the final state is t he sam~ as thal of tlw ground . ta.tc. Thus its spectra 

arc directly compared to t hose of valenc.e le1'd experiments. e. g., optica l couductivit)·. 

RXES , however, has severa l ad1·auta.gcs owr other spectroscopit's. Fi1·st, it is a sit!•­

and shell-selective experiment. For example, one ran separately excite a Cu 2p orbital 

or an 0 J .~ orbital in a Cu02 plan~ of high-Tc cupraLes. by tuning incident pllotou 

energy f! at an appropriate ra nge. This is a common featm·e of CLS. and it makes LS 

free from overlapping cff~cts between, e. g. , the Cu 3r/ and 0 2p orbitals in t.l1~ Cu02 

plane in valence pectroscopies. 

The second advantage of RXES as a photon-in and photon-out Pxpcrirnent b hulk­

sensitivity. wltirb ow s the long escape depth of X-rays. Generally, the es\ape depth of 

X-rays is hundreds of limes longer than that of a photoelertron. which is of order of' at 

most a few ten A [6, 7]. The third advantage of RXES is due to its resonance bt'hAvior. 

By tuning f! at a specjfic, tructure of XAS, one can choose t.hc corresponding Pxcited 

stale "by hand" in I he final state. This freedom is qnite useful to study a gap structure. 

Besides, it is possible in principle that R.,'CES sensitively reflects electron d, na.mil's 

associated with variety of rela.xation processes a.fter the creation of a core hole, t hrougb 

resonant selection of an intermediate state. The four·tl• advautage of RXES is due to it 

selection rule. As will be explained witl.t its explicit spectral function in § 1.2, RXES 

obeys selection rules of a local point group sucl.t as dipole sclect.ion rnl0, il$ w~ll as of the 

lran lational gro up of a whole crystal. T his duality i. extremely suitable for strongly 

correlated systems, where local a~ well as it inerant natur<' of electrons is rralized. 

Let us turn our eyes to other spectros ·opi s agai n. F'igurP l.1 (d) shows ·'normal" 

X-ray cmissiou spectroscopy (NXEJS), where a core electron i.s pllotoexdt.Nl into a high­

energy cont inuum, not into a valence state. E,· idently. its inlt-rmediale state is t.he same 

as the final state of XPS, whereas the intermediate state ofRXES is the s11m"' as that of 

XAS. Despit.e th<' apparent resemblance, NXES is quite diffen'lll froll1 RXES in at least 

two respects. First , the emitted photon energy w is independent of t he incident photon 

energy f! in principle; w roughly reflects DOS of t.hc filled valence hand. Second. apart 

from the phot:oelectron, the number of ele\lrons in the final state decreases by one from 

that of the initial state. Accordingly, one ha..<; to use a spl'cira l funct ion considerably 

different from that of RXES in order to ca lculat~ 'XES spectra. 

Figure 1.2 (a) shows valence photoemission spectroscopy (v-PES or simply PES), 
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Figurr 1.2: Sdwmatie explanation of val<'nc·c spc•t·trosC'opics and Ang<>r t'lcdron <'mis­

sion process in an insulator. See the capt ion in Fig. 1.1 and the r.xplanat.ion in t.hC' 

text. 

where a valeur<' electron is photoexritcd into a high energy continuum, so that tit<' 

valt•nc·<' band information is direct ly obtained. Figure 1.2 (h) shows a radiatiw pror<'ss 

raused by a fast elr ·tron beam. As expel'tPd !'rom th figure. it roughly reflects DOS of 

the unocc: upiNI band. This spectroscopy is called iuversc• photoemission speei roscopy 

(IPES) or Drcutsstrahlung Isocrom<tt Spcrtro ·copy (Bl ). Although these va!c!IC<' spC'C­

tro~eopies hav<" subtlt• things such as SW'faee-sensitivity anti d1arging cfl'e ts for iusula­

tors, cxperimelltal resolution in the lal.cst high-resolution PES is st ill higher than tlmt 

of RXES at pre. cnt, where the resolution of ord<'r of a fpw hundred nwV is n•por t.cd 

a.t best. RC'crnl improvement-S in e..-x.perhnC'utal apparat us ( ], however, wouJcl tn ake 

possible higher resolution (or R..\.ES in tlw near future. 
Figur~ 1.2 (c) shows au Augr·r der·ay proce:s. After a corr hole is photocrcated. 

t'lectronic correlation between electrons cau give rise to a uonradiative decay involving 

a simultaneou; cr!"ation of an ttnbound electron. ~lathcmalicaJly, this is due to a tcm• 

surh as 
(l.l) 

in thr Hamilt onian , when• UA represents Coulomb interaction energy, ami l'~ is a 

C'feation operator of a core electron at a given site r . a1'1 and a1·2 are a tmihilation 

operators of differE'nt kind of valence orbil.ltls, respectively. (3j is a. crc•ation operator of 

an unbound ~tate with energy£. We disc u~s a rolP of the Auger effect in HXES in the 

next section. 

1.1.2 Origin of impurity models 

Tbc <•lfcrls of impurity atoms tln the propcniP~ of a nwta l is of !'Oil id<:'J·ahlr physin.J 

illt.erest , beC'aus<' of its singular brhaYior bryoud uniform Fl'nni liquid theory [!l] . ,.\ 
typi al example b llw rrsistancc minimum, whirh is obst'rvecl in >nth m!'tal~ a~ Cu and 

AI doped with a small amount of Fe or ='li. l11 1961 , Anderson propost•d lhe following 

model [lO], the Anderson model. to discuss tlw ma~nrtir lltomeul of I he iwpw·iti!'s. 

I 
HAnd= I :,:Ck({oak.o + L "dd!du+ "'L (1 'kaL0 rlo + ll .c .)+U1Uic4rl~d~rlt · (1.2) 

k n o v' k ,u 

where ak .• is a <Tealion operator of a condLil't iou clcrtron of the bo't metal with wave 

number k and a spin tomponcnt. a. Similarly, ril is a CTPation operator of th • iu1pw·i1y 

3d orbi tal. Ek and t:d are onc-<'lectron CHergiro vf the conrluctiou hand and I be intpurity 

orbital, respectivP!y. Udd is the Coulomb int<'racl ion of iltc• impurity orbital. I i, is the 

hybridiz:ttion Pllergy helween conduction clC'rt.ron and lhc impurity orhilal .. V is the 

number of atoms of the host metal. In thr li111it of 1\'k/Ut~<il « I, fhud is transfol'lllC'cl 

into the sd model through Schdelfer-Wolff transfonmttion [II]. the mo lei with which 

Kondo giws a clear-cut explanation for the long-stanJiug challt•ngc of the re.sistaurC> 

minimum in 196~ [12]. 
Sinre th<' middle of the 1960s, the impttrity modc•l had been appli<'J to thf> Fcr111i 

edge problem of X~ray spectra. To discuss XAS or XPS speC't ra of si111pl<• metals 1, a lo­

cali~cd core orbital was introduced in place of d0 in H Au<!· and th<• 'ou lomh interaction 

Uc between couduet iou and core orbi tals were adJecl, 

H MND = L Ekal,.,.ak,a- Ur L"b.~ao.a"c +~c( l - nc), 
k ,rT 

(J.J) 

where nr is tht• number of core boll's at a given sil.c, say, the origh t 0 . nc is 0 for tht• 

initial late, 1 for the final state. ab.u i~ a creation operator of the couduction electron 

at t lw site 0 . This is often called l\tahan-Nozic rcs-Dc•Dominicis (~IND) modd [13]. 

Based on Ibis Hamiltonian. Nozieres and De Domin ids (NO) completely disdo,ed t hP 

origin of 1 h<' Penni edge singW'arity [14]. with elaborate techniques in lhose days [15] . 

Subscqul"utly to their celebrated work, Kofani and Toyozawa (KT) dealt wilh core 

level spectra of mNals "~th incomplete shell [16]. T hey add<'d a localized orbital f w 

the MHO model. 

Hwr = L £kaLak 
k 

with which tbey explained a satellite structure of La 3d-XPS of La metal [17]. Figure 

1.3 schematically shows their lht•ory. lu the ground (initial) s tale, La m<'tal takes a 
1"\Vhilr X-ray emission sp(!Ct.ra bad b('eu also discuss('d iu those di:tys, il was regarded as a first order 

optical proccss1 i.e. nrither resonant nor norma1 X-ray <~m ission proC"P$Ses. 
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fo confi guration because the energy of La 4/ level f: 1 is high enough from the Fermi 

energy f:p. In the final state, however, the strong core bole potent.ial Ufr ptills down 

th~ 4/ level, so that "well-s reened" ·1/ 1 and "poorly-screened" 4/ 0 states are realiz~d . 
The former involves the infinite number of elertron-hol~ pairs near the Fermi lc'"d to 

exhibit a divergent line shape at the threshold. The / 0 state can be regarded as a 

virtual bound state occupied by a conduction electron, with a Lorentzian-broariened 

line shape. The I<T theory is the first rcrognition that dynamic screening pro(esses 

due to the local perturbation gi,·e rise to the variet~y of line shapes of corc- lcvd spectra, 

and in this sense it opeued a door to the mod~rn theory of CLS. 

• 
£41--- La4f 

~ 

+ ++La 3d+ 

(a) (b) 

Figure 1.3: Schematic explanation of Kotruti-Toyozawa theory. reprinted from Ref. [17] 

with unessential modifications. (a) In the grotmcl Rl att', La 4/ orbitals are abov<' the 

Fermi Ievt>l cf", and 3d cor~ orbitals are far below EF and filled. {b) A final slate of 

La 3(!-XPS, where a core electron is photoe..xritecl iut.o high-energy contiuuum. The 

st rong core hole potPntial U1r pulls down the 4/ level bPlow £p . A condut·t ion elec-t ron 

screens the core hole th.rongh a finite value of hybridiza t iott between 4/ and cond uction 

elec trons. 

From a viewpoint of theorct ical physics, thP KT tbc•ory can be regarded as an 

epitaph on the :'olD theory, one of the most brilliant tlwories in the l9!i0s. Their 

frrurwwork has prm·idro some topic. ewr since, such as a renorma.lizar. iou group study 

on tbc K'T' modPI [18] and a revisit of the NO t hrory in t he contex t of Tomonaga­

Luttinger theory [19]. 
The next remarkable dPvelopment in CLS was done by Gunnarson and 

Sch6ultamme1· (GS} in 1983 [20]. They applied the KT model to '"a\ nce-flnd uated 

systpms. For CePd3 or Ce02 , the 4/ occupation number in lite ground state takes a 

given value from 0 to l in contrast to the La metal, whert' the 4/ 0 weight i~ predominant 

6 

ill the ground sl atP. If one goes along the l<T tlwory, it is (•xpected that thrl!e peaks 

with maiuly 4/0, 4/ 1 and 4/2 configurations arP observed in C<• 3d-XPS sp~clra. As 

will be explained in § 1.4.1, GS extended t.l.Jc KT model to iududt' the degcnerar.v of 

4/ orbital and the Coulomb interaction betw£•<'11 4/ lectrons, and showed a systematic 

way to calcula te XAS, XPS and BIS. Oue can say that GS lrd the KT tbrory to its 

complete form witilin the impurity problem. The GS model is now rc£ rr<"d to also as 

impuri ty Anderson model. \Ve will use ~he word "impurity mod<>!" for th<' GS-type 

model hereafter. 

1.1.3 Mott-Hubbard vs charge-transfer insulator 

It is not ; mpris i11g that tltc direction of studies on CLS t unted toward application to 

material sciPnc·<' after the C'stablishment of thc> basic eoncrpt. This treud was motivatPd 

by : ucc:cssful works on the rlassifical ion of in ulators such as NiO by Fujituori-Millluui 

(21] and Zaaneu-SawaLzky-A llcu {ZSA) (22]. 

Ti203, \" 203, NiO . etc. have been wcll-kuowu insulators, whl•re Lhf' CoulOiuh intC'r­

action Udd plays an esst•ntial roll' [23]. In faet, they wo uld be lllf'lals arrording to tlu• 

simple band theory if Udd were missing. Pl"io1· to the works by Fnjimori-~ l iuam i and 

ZSA, the low~st charge excitation in thcs~ wmpounds w<>re bc•lieved o bf' madr hy an 

inter-site d-d charge tratL~fer: 

wh~re n is the nominal oc~up>ction numlwr of a material considered, i and j label 

I ransition mel al : it •s. This process gives a duu-gc gap of order of Utttt. and this type 

of insulators have been railed a t- lott-Hubbanl {M I-l ) insulator aft er pioneer works by 

Mott [24] a.nd their mathematical sophisLicat.ion by Hubbard [25]. 

Using a Ni06 
10 oct.altedral cluster model, Fujimori-Miuami discu ·sed photocmission 

spectra of iO, and they concluded from their caknlation that th<> charge gap is rmlizPd 

by a transition to a metal 3d site from it s surroundiug oxygen 2p orbitals. They 

estimat('d the val!Jc of j. 1 =~.0 and Udt~=7.5 for NiO, where charge-t ransfer (CT) energy 

!'. 1 is defined hy the euergy difference 

j.l =' E(d'*1I,_)- E(d"), {1.5} 

where I, ;tands for a ligand hole 2 . ZSA, on the oth •r hand, pPrformed systematic­

est imation of charge gaps in trru1sition metal compounds with the GS t h~ory. They 

classified the insulators into three groups according to relat ivc value between t:. 1 and 

Udtt' MH t.ypP, CT type and their intermed ia te type. Standing on 1 heir c-Inssifir:ation, 

one ca.n regard NiO as aCT insulator b~c.ause of Udd > !'.1. 
20ne should average ovr_r all irr~duci ble repr<~cnl.ationR lo l'valualc tlw Pncrg.v 

7 



ln this ronncction, a whilr aftur their work. . Uo"11ni pr.-fornwd exl(•ush·~ r;~ku l a­

tious on 2p-XPS of M20:1-typc transiLion uwtal ox id<•s with a liiOr, cluster 11Jlldt'l for 

J\/ = Ti. V, Cr, J\Jn aud Fe including full umltiplct [26. 27]. Wbilr he obta ined paratn­

l' tcr V111U<'S that :,. 1 > U,td forTi and V, and :C.t < (Tdd f(>r others. be conelnded that 

Ti. Y, Cr and \In sesquioxides should he classifit•d imo thr intcrmciliate typC' iusulat.or 

b<'cansr of larg(' values of metal-ligand bybridizat inn. Hi• r<•:sulls arr ~mnnH>riZ<•d in 

Fig. 1.1. This condnsiou was supported by Borqm't <'L al .. who also discus,ed 2J>-XPS 

for ' ';u-iDlL' transit ion metal ox ides [28]. Thest• sttulics art' r('prrs<'utatin• of application 

of CLS w invcstig~ttion of e!N·trottit structure for strougly-corrC'latPd insulator,. Til(' 

sit<'-s<'leclivily cncomages us to usc the impurity models for a quamilative ;\nalysL~ of 

core-lrvd spectra. \\.hilr CLS's u~rd additional parameters 'udt as con·-valt•lln' ill­

INaction, it is possiblr• to C's tin11tte thew lo sat isfactory arcurary with tllC' st.andard 

atontir llartrPt•-Foek procrdun• 126. 27] . With COlllE't npornry tmtttrriral diagouali1atiou 

tedmiques and m•w geucratiou synchTOI ron radinl ion sour<·<·s. a ('Oiupara.t iv(' ~t udy ul 

r,his kiud hctw(•rll thC'ory and expcrimrul iu CLS has rstahlishcd n'pttlatiou of lwiu~ 

onr of the 1110st rdiabiP tools to investigate correlated sy~trms. 

CT-type 
10 

cr2.o3 

Mnp3 
• • V203 

Figure 1.1: ThP ZSA diagram lJy Cowmi rt a/. [27]. 1'iz0a, YozO~. Cr203 aud \ln20 1 

~rr locatrd in the illt<'rntcdiatt• n•gion lwlwt•cn CT- <Lnd .\11!-iusulalors. whcr<'a, fi',O.l 

is classi1kd as 11 CT-type ius ulator. 

1.1.4 Non local creening 

,\sis th<• <·a;<• of the thcori('s of Fujimori-TIIiuami or l.iozmui r>t al .. theoretical stndi t•s 

wit It impurity models a rc bnscd on au a.ssumptiou thai a broke11 t ranslational symmetry 
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caknlitiion b. a~ far as transition IU0lill iOIIS ar<• considt•r!'tl. a ~Ood approxinwtiou ror 

transition lllPtal rolllpounus . Au rxact eakulatiou in prinrip!t• shou ld iucludt• also tlw 

translational symmetry of thr tran»il ion 1m•tal ions. Siw·r d-hanrl disp<'rhion width haw 

been hclicvcd to lw usna ll _y v~ry sntal! contpan•rlto L'nd or :,.1, it has hrt•n rxpt•rtrd that 

ncglert of this would only eausr small <'ITDTS in ealct t!atc•d iusnlat ing gaps. and would 

not change l.lw physic·s uulcss perhaps if thr ~aps also turn out to be• very sutall [22]. 
Tlw discovl'r)' or bigh-T, c·ompouud, [29] . hOW('Vl'r. providt•d a I11'W Vit'wpoiut 011 

tlt.is assmnpt ion. and thus on i11tcrprrtalion of eor<•-lt•wl spr.·tnt. Thl' traditional 13C'S 

th<'ory statt•s that Cooper pair creation 111 th<' Frnni sarfafc p,iws rbr to snpcr<'<J ll· 

ductivity [:30]. The high-Tr superconductivity Ls. howt•vN. r·aus<'d hy carri<•r dopinp, 

into iU1 insulating ph11S<•. ln tltc i:nsulatiup; pare111 mmpou11d' such as La lCu0 1• dw 

stoichiom~try lrads to n d9 co11fip;unll ion fm· Cul+ ion,. Si11CI' t h~"· co tnpouncl' with 

>Uth iurompletP fi llP<.l d hand wotLid hr metals if strong [ 'dd W<'r<' ah"' lll. it i~ rJpnr 1 hat 

tbc Coulomb corrdatiOII pn•wnls ll11• motio11 of Pi<>rl ron>. TIH'r<' h a rOIIS<!liSUs that 

thr p;trrnt compounds arr l<>tated iu tlw CT rPghne. L'pon doping. J,y r!'phwiug a ft•w 

percent of La with Sr iu llll' case of La2Cn0 1 for ilL,tnnr<•. a dowtllt hole 111ainly go<•s 

h1lo tll(' 0 2p orbitals. kc~ping away from <'Ucrg<'tically nnfa vorah l<• d" co11lignrat io11. 

Experimental cvidruc<• of thi twgligiJ,I,, rig wt•ighi was giYt'll ],~ · ml<•tW<' PES n•sults 

by Fujimori cf al. [:llj;md other group~ [~2]. SuhSNfll<'nll)•, <'XJ><'rinwntill studies 011 0 

ls-XAS I3Jj ami Cu 2p-XA [34, 35] cond u h·el~· dPmonstrat<·d t hPir m ndu ion. mak­

ing rulluse of thr a<h·antagl's of CLS such as lh!' sit<'~srl<'rtiYity and dipol!'-sl'l<•diYit). 

Tltes<' arP also wonh r~f~rring to ;c~ an CXII11tpl0 f(>J· applicat io11 of CLS to mal~rial 

science. 

The high-7;. sys tems wcr0 improssiv~ for thr fn•~h illlerphty bNwc•rn lon\liz~d (in­

sulating) and itinerant (supcrronduding) natm:l's. ,\ualugous l<> lim~<' sy"tt•ms. it \\W, 

natural lor van Ve~rwndaal aud co-workNs lo aut iripat r rlopiug drp~nd('ncr on Ni 2p­

~'PS of J\/7 :-.: i, .rO (M=Li, I" a) . Ext.<'ndiug thr :'>li06 cluster modt•l of Pujimori-lllinami 

to includt• a ''rc;,crvoir" Ni , thry showN! that a d<>script ion beyond iUJ atomir mnltipll't 

cakulat ion L' required [:J 6j. Subsequently. tb~y discussed inHucuc0 of sup<•n•xduu1gt• 

interaction [;!7, 38] on isotropic Ni 2p-XAS in J\' iO [J9] with tbr reservoir mod<'l , and 

rrportt•d that spin-spin mrrt'lation has a dir<'ct effprt o n tbc sp<'ctra [40]. Encouraged 

by thrsc results. they performrd a cakulaliou ou r\'i 2p-XPS of :'liO wilh a :lh0:r6 

duster modl'i , whcr<' only :ld eg orbitals and th<' a-bondiug 0 2p orhitab arr taken 

into account [41]. Thereby Uwy pointNI out that an c•xprriwcutally observed shotLid<'r 

struct urc i11the maiu mru1ifold of2p-XPS origiuatt•s from aCT st'rC<•uittfl, procc;s from a 

neighboring l"iOr, unit , not m1 ly from thr oxygen or hit a is adjncf'rll w tIll' photocxdtcd 

Ni sit r. This is the first diswvery of nonlocal sctT<'Hing effec ts. 

Their re nJt.s 11rc shown in Fig. l.5 in ctllnparison wil h a n•su ll with :-.'iOG dw;t(•r. 
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10 0 
10 Energy [eV] 

Energy [eV] 

Figure l.f.: The discov ry of nonlocal scr cning cfrert in l'li 2p-XPS of -~iO and 

l'upml('.S [41]. Left: Calculated i 2p-XPS sp<•dnnn with a Ni06 cluster model as 

d<•.-cTibed in the illSet. Right: (a) Experimental spC'ct rum of l'li 2p-XPS [42] . (h) Cal­

C'ulated Ni 2p-XPS sp('<'Lrum with a' i, 0 36 cluster mod<•l as described in the inset. (c) 

Calculated Cu 2p-XPS spect ru m of a Cu30 10 cluster mod~! as described in the inset. 
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where three peaks mai nly d ue to Q.3cfl !,_, t3d8 and t3ril 0 !,_2 wPight are obs.-rvt'd (lc>ft 

figure). f and[,_ repn•sent a hok· at a core orbita l and a ligand orbital, rcspe ·tivdy. !n 

the right figure, the curve (b) exhibits a clear shou ld<•r ·trudnrC' be. ide I he uutiu peak 

at zero. Th is is the contribution of the non local screening. 

MorP surprisingly, they disclos<•d that the main peak of Cu 2p-XPS of GuO and 

bigh-Tc cuprates also originati'S from a noulocal snecning process, where a hole is 

pushed out by a st rong intra-atomic Gu 2p-3d iutcraction into thr neighboring Cu04 

units to form a Zlm1g-Rice singlet [43]. The calc·ulated <'tu·ve in Fig. 1.5 {e) showb their 

result, when• the main peak at zero is i he Zhang-Rice singlet p<•ak. The shoulder at 

about 2 e\' and the satellite at about 9 eV arc attributed to contributions tnainly of 

!l3d10[;,_ and t3rl", respectively. These two peaks have been known frow analybis basc•cl 

on impurity modt•ls. 

Do these striking re5ults mean that all theoretical studi<•> on CLS to date bw;cd ou 

lhe ilupurity models should he thrown away? T he clear answer has not beNl known 

so far . Although a systematic studr on 'LS of transition ruNaJ compounds with such 

"large"-cluster models beyond the impurity limit is dearly rlrsirablP. the limitation of 

memory size of computers prevrnts us li·om invest igalion with realistic models. [u rae!. 

the iurlu,ion of orbital dcgeHerac,r in a multi-metal-ion cluster is c ·trt'mely difli('ull 

witl1in Pxact diagonaliz<Lt ion nwthods. To the author's kuowll•dg<', tlw only <illrmpt 

is a full-wulliplt'l l'alculation of n-.Jeucc >prclm with a Ctt·10t0 duoter hy Ta11<tka and 

.lo [44]. This kind of !'alcuJation ford" materials with 2 $ 11 $ 8 is fRr from lhr ability 

of the presc11L superrompuwrs. ~ow clear tltat a model sind~· lo grasp the essential 

physics is needed. 

At least for uwtal2p-XPS of :-.liO and h igh-1~ Cttpratr&, the rraSOII why the non local 

srrccning effcrt plays the severe role is that Nt.r.h materiRI has a Spl•cifir stal>ilizatiott 

ttwchanism such as the Zbang-Hice singlet f(>rmaliott in !'Uprat. s. In t.bis reol)r('( , van 

Veeucndaal et a/. demonstrated in their analysis m1 Ni 2p-XPS [~ l) that th<! doubly­

peaked strurture dL,appcars when raising llw d orbital energies on sit. 'S other than lhE' 

photo xcitcd ~i atom, because or the ab ence of d orbitals iu the val nee• band rl•gion. 

The strong noulo ·al contribution on 2p-XPS in 'iO ru1d GuO or high-1~ rupmles may 

be related lo f heir character as a typical CT-type insulator [~5]. 

L1.5 A n ew asp ect of nonlocal effects 

Recent dcwlopmcnl of synchrotron radiat ion somces shed a ljght. on uonloca l effects 

of CLS f1·om anot her side. A explainC'd. RXES, whose experimenta l resolution was 

drastica lly improved with such high-bri lliance light source·, lt~s thl' rc>markablr feature 

th<tt it reflec·ts local as well as itinerant ualurl'f. of clc•ctronic systems. Thus, it. is 

expected that nouJocal effects emerge in a specific ma nner different from XAS or XPS. 

ll 



Rt•cc11t rxprrinw11ts on ut~tal3d-2p R.XES of transition tnrt at oxidt>s dear!)' s ugp;t•st I hi> 

s ign. Tc1.11ka rt a/. first reportPrl strange ·xrital ion rtlrrgy (n) dep<'ndrtt .,. of BX ES 

spt•<:tra i11 a rfU compo11nd Ti02 [.t6]. Figun• 1.6 shows Ti :!d-2p llXES of a r/° CIII IIJHJI!Itd 

F'r•Ti0 3 ntt•asurrd by Bntorin et at. [·17]. exhibi t iug a ~itnib>r ti.•alurr to tltM of TiOl. 

\\'P s<'<' that tht'rc is a broad spect rum at about 150 c\ ' for urarl)· all n as if rmit trd 

photon PIIC.rgy {w) had little dt•pPIId<'IIC!' On n. \\'r Citll th<'S(' ']WClrfl flnort•sce'IICl'­

like compOII('Ul lwrr;tftl'r. On tbc ot h<' r band. tlwrr arP obS<•nwl n-dq><•ud!'nl 'PPC'Iril 

which lllO\'C !ll'arly in pa.ralld lO n, ket•pilll!; I hPir Clll'rgy Ji,;tance (rom t.llt' rlaht k Jim• 

ronsta11t. If we arrange the same sprctra with Ramau sltiff, whieh is dPfiucd b) w n, 
they will stand in a line at a value ofRmm111 shift. Ueuec. we rail them simply Ratmut 

compon<'nt ltrre<tftcr. This double•-compow•nt ft'aturr in mctul 3d-2p JLXES is o\J:,Prwd 

iu various tr:tnsition mrtal oxides[~ ] iu aclelition 10th Sl' •·ontpouucls. 

•~o -440 450 460 470 480 

Photon energy (eV) 

F'igurl' L.G: Exp<'rimcntal XAS. 1\'XES ;utd RXES sp!'ctra of F~Ti03 [47]. Tlw 11rrows 

attaclwd to th~ XAS 5pcrtnnn iudicat<' thr cxc itlltion e nergy. Tltc i\'XES ~pe•('( rnm is 
f)t t h<• top of the array of R.XES sp<•rt ra fnr t•xritation f'I!P rgy wdl <JhovP tlw ~<hsorpl io n 

thr~h<Jlcl ( 190.0 r\" ). A sruall but rclillil'l'ly sharp pl•ak at tlw hisht•sl Ctu.itt.<'d photo n 

t•uc t·gy iu <'ach of excitation Nwrgr is tlw l'lastic liuc. Tlw flnorcsn•ucc- likt• 'l't•r·tra arc• 

dearly obscrvC'd. 

The• Huorrscl'nCe-likP spectra arr not understaudablc from a viewpoint of impurity 
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models. X <\S Hlld XPS speeua of TiO~ ;u·e· Pxtn·rn<·h· 1n·II n•pr~>dttrr<l · 1t), ,, Ti01• 

du~tPr modf"l [ l9J. TilliS it is C'XpPdf'd that a dollliW-tlll rla..,~ or iu~r·r lfjl dt.-t'l "tl;jlf• 

wht•tt !1 i~ lllnNI ill the ~tbsorptiou tbn·,hold is fuirl.1· lrw;dm·d iu" phol <•<·x< tf'•! J Jl) 

unil , aud Lhat fiual ~liUP~ !Pft a.f'tf~r au X-ras emis:-~ion pnH'C''' frrJJnfh('~t· iut, ·n 11 r.j 1.:.JT, 

~latrs sho uld '"' ckseribed wit hilt luraJ CT c•x•·itat ious. Ill' Ill!; ,, "'""'ly ciPpPtu!J.r.• ,, 

t h!' well- or· poorly-serrcut•cl nat urrs of lh<' inlrrru<'cliatP stat'''· In ot ltrr wnrch. ' .. • 

iureruwdiat!' Still<' ke<•p; full m<'mory oft ht• incident X-ra.v, a11d tlw c·on"'J""Hiiug flwd 

slate shou ld riPjll'lld on n aerordjuglr. Siur!' !'1\Prg,\ s<·ale• ,,f loc·al ( I I'Xcifitt ions is 

dt•lcnniurel by.;;, or l~rr (sr<' § 1.~). whidt lws I Itt' valtH· ofrmk·r of at most 10 r\'.tltr· 

f'rw rgy cou~ervatiou ntlP 

newr prrdins t lw fluorr•sccnr·c•-Jjkp sppetra ov~r wholr ra Ill\<' oft h<' alN>rpt inn tltr<•sltold. 

E9 and Et b<•ing c·lrrtronil' <'tll'rgirs of thr srouud ~tall• a11d a Httfll otatr. n•spcctiwly. 

It rather pr!'dit-ts on l.v 1 hr rxihtPJJc~ o[ tltf• Haman componrttt . 

Tlw fluor<'srcnc·e-lik<' spc•rlra :,up;grst a dymuuiral dissipation pron•ss of tlw plto­

toexdtrcl c•lectrou, which n·sult~ in los" of tlw m!'mory of llw phot.oC'xcit.t•d sit<'. lJ fLJ,. 

dissip~l ion from th<' photoe•xcitcrl jte to tlw 'urroundiug rP,!'rvoir 'Y'Ic·m twupl<'i<'l.v 

orctus in til(' inlermPdiatc slale. an X-ray t>mbsiou pr<w<~~s H<'I'('S:;;arily r<'.'5C'tHhll~~ ~XES. 

rcsult i11g iu th<• Auorrsecnrc-like sp<'dra. Ht•nrt•. "'" rousid<'f t lw douhlr-contJ><IIU'Il! 

spedra Ia lw a dir<:-n ton~<·qucnce of imerpla~· hPIWP<'n local and ititwntnr <•xdtalion~ 

of an rlertrrmir systenJ. Thi• is a uc•w kiud ofnonlocaldl'ce·t in C'LS. which miJl:ht hriup; 

ahout •t ncw uud<'rstftnrling as to 1 hc loca l-it itwrnnt duality nf 3d syst<•nL,. Top;!'tlwr 

with tlw .. tracutioual" nonlocal dfcrt ,·an \ '<•cnc·udaal rt Ill. lmvr clctttOustr;\ll•d, tlw 

main thcmc of t lti, I hc,is is to s t ucly how t lw uoulon\1 cffPct ~ appmr i11 I'L'i:JC:S SJH'I'I rn . 

1.2 Resonant Scattering 

1.2.1 Quantum theory of radiation 

The classir·al rarliatjou field is govern<•d by the following n•duct•d ~!axwel l equal iun' for 

tlw vl'ctm· potc•ntial A under the radiation (Cou lomh) gauge· [50]: 

( 
1 [)'l) 

\·\ --- A 
c2 i)fl 

\·A=O. 

0 (I. G) 

( 1.7) 

'vVt• adopt tlw MKSA rationaliz<'rl unit throughout tltis s('cl ion . The tnagnetk fidd B 

and electronic field E arc dl'rivl'd front A : 

B =\xA (1. ) 
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E = 8A . (1.9) 
Dt 

Multiplying Eq. (1.6) by 8A j8t, we have 

~i [_"!:_ (8oA) 2 
+ (V' x A )2] = v· [DaA x ('V x A)], (1.10) 

2 81 c2 8t I 

when• the Lransversality condition Eq. (1.7) and mathrruatkal identities that 

V' x(\ x A) = \(V'·A) - (\·\)A 

and 
\· [(V' x A) x ~] = ~ · [\'x( \ x A))- (\ x A )· (\' X 0

0~) 
havl' breu used. The right side of Eq. (1.10) vanishes a("tording to the Gauss' divergence 

t hL'O I"l' lll when int~grated owr the total \"Olunw, so that 

'H, :=: ~ j d0x ( £oE2 + ...!:._ B
2

) 
2 /10 

(1. 11) 

is a time-independent constant . p.0 and £o !U"E' the magnetic permeability aud dielectric 

c·onstant of th vacuum, rcspe<·tivdy. Tb(' integrand oft he above eqnat ion has the u11it 

ofrur.rgy drnsity. because t he units of E aud t:o arr (NC- 1
] and (C2Nm- 2

], Tespcr tivr ly. 

Ilencc, our <"lln iutt'rpret 'H, as the total <'ncrgy fund ion of the radiation field . 

The quadratic fonn in Eq. (1.11) suggests Fourier decomposition as 

) 1 "\' [ , ( ) i(/ ·X ( ) - iq·X] A (x. I = 
2
JV L.., £ oq ,E t e .. + aq.£ t e , 

q ,E 

fmm which we haVI' 

E(x, l) =- 2~ ~ e [ilq ,E(t)eiq·x 1- ilq ,dt)c - iq ·X] 

B (x.l) = ? 
1
JP
1

. "Lie x q [aq,E(IJeiq·X - aq .£(t)e- iq ·x] . 
-Y' q ,e 

( L.12) 

(1.13) 

( l.l4) 

Thr polarizat ion vcdor e is restricted within the plane perpendicular to q accord­

ing to the transversality roudition. Each Fourier component satisfies the rond ition 

a' q ,£=aq .£· By substituting with them, Eq. (J .J I ) rE'ads 

H. <o "\' (. . 2 2 ) r = 2 L- a. q ,eaq ,£ + c q a q ,Eaq ,e 
q .€ 

( 1.1 5) 

a fter som~ >.tlgebra . In tht' free radiation field , this funnion is regarded as tlw Langau­

gia n C for canonit"al coordi nat.cs (aq.£1. Following the standard proeedun! in classic;d 

mrd1anics (51], we dPfine ca nonir·a l momentum Pq£ as 
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Now we introduce lJUanlizcd canonical variables b · postula< ing quantization C"On<li­

tions 

[a - q ,£.Pq•.e] = ili.Oq.q'D£,£' 

[a q ,e,aq•,e•] = ~Jq ,f. , JJq'.£'] = 0, 

where squarr brackets represent the commutator, and the delt as represent th~ Kro­

necker's delta functions. Additioual conditions a~ ... = a- q ,£ aud l'h.e= J1 q ,£ arr nat­
urally assumed. Jn addition, we introduce tlw 13o. e operators as 

t {-f!-owq ·[,£ bq,£ = -2h a- q .£ + ' -h--pq.£ , 
EoWq 

so that the classical Hamiltonian 'H,( { llq ,e-Pq,e}) is a.~sodated with quantum mechan­

ical Hamiltonian Ji, 

H , = "Liiwqb~.t;:bq .e, (J.I6) 
q ,e 

where we denote cjq J by wq . Equation (1.16) cnrourag<·s ns to int.crpr<'t. the Bosr 

operator b~ ,£ as tb1• creation operator of a photon with thP polarization V<'Ctor e and 

wave number \"CCtor q. Aft er a ll , A is quant.iz~d in t<>nns oft hr boson operat or~ as 

( J.J7) 

1.2.2 E lectron-photon interaction 

The electron-photon interact ion is given by [52] 

(1.1 ) 

where i!t(x)l represents the creation operator of lhc PIN·tron field at x. The charge aud 

mass of an electron arc repr~seutcd as and m,, respectively. \Vr postulate thatiJ!(x)t 

<uld IJ!(x) obey he anticomutalion relations (quantization condition ) 

{i!t(x) , ili(x')t} = o:1(x- x') 

{ IJ!(x) , ili(x')} = {w(x)l , i!t(x')1} = O, 

where o3 (x - x') is the three-dimensional version of Dirat·'s de lta function . Since we 

are only int.erestcd iu physics near absorption edge.s. the Thomson tt'rm (eA)2 /2m ,. 

is omitted from Eq. (l.l8). In XAS and IDeES, one can usually assign principal and 
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au~ulat qua !II 0111 rnuuh~rs of c-or<' and ,·a.IPnt<' nrl>itals by ttming t he t•xcilal ion energy 

(1 at til<' ilppropriaiC llbSorption edge :s. l\ow ljt(x)l is <'X)lnllcl<•d as 

llt(x)1 = L [L </lm(X- R)'lkm<T + L q'mc[X- R)' rk"""] ' 
nn m Jllr 

(LJ9) 

whcrP ~~ .. and TJ,..,, ar<' \\"annier functions with atomic quanlum numbers of (n,l. m) 

aud (ur, /t
1

mc:L n.'lspN·t ivcly. tkmu cr<'alt:•s (I val<'IH'C' rleet r011 with a-c·omponPnt of spin 

at R ,it<•. awl ckm.o is lhr samr operator for the con• cl<'clrOH~. Substiltlling tlw 

ahov<' <•qual ion and Eq. (1.17) into Eq. (1.18). Il.1, i~ cxprPsscd as the sumtnation of 

th<' followiug op<'raton, 

T. = _1_ "" ~IQt RT"( R) • v'N~ € 
( 1.20) 

(l.21) T. __ 1_ "" -1q2RT" (R ) 
('- r;;rL-(' £.' ' 

vN R 

whrn• }\' is the uumher of I UP unit C<'ll of the !'lc•dronic· syst.rm, and 

(1.22) 

J'i.(R ) = L (1.23) 

llPrr• wc• dropprrl t lw photon operators. assuming that a pholon with (qt. e) is absorbrrl 

into the rlcctronic sy~trm. ami a photou with [q2 , c') is entitt rd from t.he rkdronic 

syslrm. 1 it= l '/N is t hr volum<' of tht• uuit c·ell. Obviously, T" and r• drscrilws X-ray 

llbsotvtiou unci Pmbsicnl proc:csst•s, rrsprctively. Th!' fa('lor bl'fon• I he F<•rmi oprrators 

is tldiu<'d as 

(n/mlr• iQl x ·p ln,l,.m.,) = j cl3x cf>.,(x)"c• ;q1 x£ · (- ih\) ifr,.<(x). (1.24) 

In 1 hP hard X-ray n•gimc, lltc wavdf'ngth of photon is of ord<'r of 1 A. and is comparabl<' 

to lauic·c• mnsl auts of a cr~·~tal in consideration. 1-knrl' our tunst nol n<'gk•ct thr cxpn­

nrnlial farlor iu Eqs. (1.20) and (1.21). The 'palia l exlrm of lh<' rorr orbital, howcvrr, 

is t•x pN·t<•d to lw murh smaller I han thP lattit<' constams, so that we approximate lhr 

a hov<· t·qua.t iou as 

(1.25) 

3Wc nw ('i\slly t•xtt•nd th<' lh('ory "·hC'n a fC'w urbttab with di(f(,•rf'ul angular momcmtuw pctrlkip<."liP 

in lhl• trnnsition . 

Thjs is tlJP nout ridal low<"st approximation of 1 hf' iHI r~Tal. nud wP n•ff'r to it H!-. olomtr· 

tlipok approxmation 1• :-lol~ thai r,, and 7;. in Eqs. (1.20) <utd (1.21) h!'c-omP til!' form 

of F'ourit.:o.r Sllmm tltion oft hC' alolllic op('nl t or~. 

1.2.3 Perturbation Theory 

Consid<•r a dirrct produrl of th<' PlPrtronir grcmud ''"I<' I!J) hs n uur-photou sial<' 

lq1 e) , and Hillll'rt bpll<'P spaun!'d by sndt stat~' lg; q1 €). Th~ I rausil io11 ~mplitudt' 

from If) = lg; Qtc) lo a !iual >late IF) = If: Q2 e') is ~h<'ll hy 1 he• 8-11tal rix (:iii] ;L, 

Sn = (Fif',( , -ooJil), 

wberr l',(t,t') i• the tiiiH'-<'VOlutiou oprralor of tlw whole• <'it•c·lron-phllton o.\'Sirm frotn 

time 11 to f. in tlw interaction n•prcseutatiou (57]. Thr IOI.:d ll amihouian is given hy 

( 1.20) 

where• 11,, rrprrsonts an rlt'rtrouie Hamilloniau of llw ngcr pron•ss eoutaiuiug llu· 

terms like Eq. (1.1). li is lht· Haruiilolliall nf tlw t'lc•clmllir systrm ol h<•r thau II\ · 

\\'e denot<' ffcp + ll,\ by 11' for a whilc•. Apart from th<' c·~sc· of F= l , thr S'-malrix is 

directly rcdnrcd lo (58] 

from which tlw transition probabilil.\ per lime is obt.ain~rl. 

?" . ~ 
WFJ = -h i(Filf'U,(O. -oo)ll\l ft(E,.•- EJ). ( 1.27) 

We ht•rc• im rodur:t' the T -matrix as 

(FI H'C(O.- )II)= (FITI I ). 

The standard Lippmau-Srhwing<'r I hcory shows I hal I hr T-opNalor ohrys t•quatio11s 

s uch that (58] 

T = H ' + !f'Gli' 

G =Go+ Gn ll'G, 

(1.28) 

(1.29) 

where G 1md Co are resoh·rnt operators which arc• defined :c' ( E, 1111,1 + iO) 1 and 

(E1 - H + iO) 1, r<'sp<'C'liwly. Count iug the nmnhrr of ~tall'> wil bin a rPgiun t1·1q2. and 

dividing Eq. {1.27) by lhr inrid\'nt flux rj \ ', we havp diff<•rpnlial nos' sPction as 

2 

a(F; l ) = ( l 'qzl) I(PITI / )1 2 (i.:jQ) 

--~----------------------- 2~CI 4T hc quadrupolr transition il-i f'Xpcrirnl·utally obst>rvt•d. for c•xawplc•, a~ a prt'lH)ak iu /(-XAS of 

iransition ntPtal oxides !53, 04, 55], when~ the inlru!ilty rauo of dtpOI<' and quadrupole tran~1tion is uf 

ordt>r of LOO. 
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for a trausitiou from I to F such that Ep = E1. 
Now we proceed w a p rturbation th~'Ory with respect to H'. In general, electron­

photon i11tcractiou is much weaker than intera.::tion among electrons. Henc:P we are 

allowed to rvaluate the T-rnatri.x within the second order of Hep for RXES, whereas 

Plcctrou-eled ron interact ion should be takPn to the infinite order. Let us consider the 

contribution of the Auger effect in the context of perturbation theory. To the second 

order of llop, we have 
(1.31) 

whc·re G sat isfies 
(1.32) 

This is nothing but Eq. (1.29) in thP H.11 -t 0 limit. Note that the first term of 

Eq. (1.28) is not <'oulribute to the T-matrix, and that HAIF)=HAII)=O. because both 

F <mel I haw no core hole to decay. 

Exad evaluation of Eq. (1.31) is gt•nerally a Iough task. To avoid mathematical 

complication.~. we iutrodu!'c Fcynman diagrams to represent !.he series of the T-matrb: 

iu Fig. 1.7. If we project out high energy transimt stales that have Auger ~l~clrons 

more than one. only diagrams (b), (c) , ... contribute to give a renormalized intermediate 

state. Assuming 

for si111plidly, where 11·) and lr') are some states with a core hole and no photon, we 

httv(' 

(riGI,·) = E, _ ~r + iO [1 + (·riH;.GoHAI,·)(riGir)] 

from Eq. (1.32), resulting in 

(1.33) 

(1.34) 

Corn•sponding to tlw "opPn oyster" diagram [59] iu Fig. 1.7 (b) or (c), we have "proper" 

sdf-cu~rgy [60] dul' to thr Auger cff~ct as 

(1.35) 

AS depicted iu Fig. 1.7 (d). p denotes Cauchy's principal value. 

Althouj!;b til£' (•uergy and r-dependence of t.h<' iluaginary part of EA (r) considerably 

contributes to relatively shaUow core level photo 'mission sp c·tra, for example Ni 3p­

XP of iCl2 [6lJ or ld-XPS of beavy rare-eart h clcmrnts (62], we take it as a given 
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g q , 

(a) 

+ 

' \A 
I 

~ + 
I 

/ 

g q, 

(b) 

q2 
\ 

~ A 
+ ..... 

\ 

~A 
/ 

g q, g q, 

(c) (d) 

Figure 1.7: Feyuman diagrams of the T-matrix ~xpansion. The• solid ;tnd wavy line' 

represent t lw propagation of clcrtroHic and phut.on stal<'S, 1·esp<'rtivcly. (a) The grouucl 

state 19) absorbs a photon with a wave vcct.or q1 , then I he int.cnnedial.c> slate emits a 

photon with a wave W!'tor q2 , resultiug in a final sl.atc 1/). (h) Tbe same"-' (a) , but 

an Auger e lectron "A" is created once in thP iutemwdiatr slat'· (c) The sRm' as (<t). 

but an Auger electron is <Teatcd twice in the iulermediate stat<•. Tlw t.raJL~ieut st;ttc., 

with two AugE-r el<'clrons are out of the summation. (d) The Auger effP!'I rrnonnali>.t•s 

tbc internwdiate state. 

19 



- - --- - - - ----

rou>lillll r for t•adt '.l''lrnt in c·ou idrraliou in thb tlwsis. Til(' real part of E;\(~") is 

r<•gankcl to haw heru indudrd ill obsc•n·<'<l rnrrgir~ . Togc•t hN with Eq. (1.30 ), WP have 

(1.36) 

wbrrP we ha\ r dropjJ('d a nonresoua nt trrm. whic·b brings about two-photon iul~rruc­

diatr statr' po]. 
Substituting tlw <'xplidt repn.•sl'nlations of flep into Eq. ( !.:36), WI' rNl<'h thr final 

fonu nf Ill(' diffrn·nt ia1 cross sect ion of H.XES. 

( J.37) 

wher q = Q2 Qt , a.nd r·o is the dassie~l radius of drclron 

\\'t" as" tmr tbnt tht' r lN·trouic H<tnti!tonian H i!, cliagmml with respect to tht• rorr 

orbilal, i.P., 

H r.orc = L £~"('~{,rR{u· (LJ J 

R{" 

awl that all llll' •·on• oruitals <tr<' fillt•d in jg). ~ stands for a quaiJlum numbt•r of thr 

•·on• orbital. Equation ( 1.3B) nwans that tlw !'Or<' orbila ls an• localized at <'Adt lallit'r 

site• with no lransfpr I (I thP neighboring sitrs, till' nsstnnption tha t wou ld be justifit•d iu 

I he sofl and hard X-ray <'XC' it ations. As a r<'sult , tl1<• noudinwnsionnl facLOr J\Je€(R) 

wht•n• C:o(n) is rc~dl'fincd as ( £, - H -r if ) 1 with E 1 = E9 + 11. \Ve wril e hereafter 

ilw itwidt•nl rt nd l'tnill~d photon ru~rgi0s as n a ud w. n•sp~cli\'1'1,1'. Thr lo~allntnsit iou 

auiplitudl' .1fe€(R) ohdous ly d~prnds on 11. although we• did uot writt· it Pxpliritly. 

1.3 Some Aspects on Spectral Functions 

1.3.1 Momcutum conservation law in RXES 

Cmt~idc-r rut C'lC't't rm1ic· llant ilt.mtiatt wit It t lw 1 rHuslat ioual s,vntnwtry, i.t'. , 

Tr( R )HTr( R ) 1 = fi 
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ft>r auy Bravais Vt'l'ior R. wlwn• Tr( R ) is tlw I ranslal ion OJll'l'illor 111' tlu· l'lrclroniv 

system. Its ddinition i>, gi\'1'11 hy 

Tr( R) = <'xp( P·R/ ih ), ( 1. Ill) 

wlwre P is the momPnttHtJ op<.,rator 

For the translational HaJnilloJdan , ]g) a nd If) can lw simultant·ous Pip,Pm.tal!'s of hoth 

H and Tr, so 1 hat. for VR , real v<•('I.Qrs K 9 and K 1 ~,xis I snch 1lwt 

Tr(R )Jg) = c•xp(K 9 · R / ili) Jy) 

1 ~(R)If) = !'xp(KrR/ ill)jf}. 

With thl'!;e <'qU>Ilions we ha"e 

(!Jck,,<.l n m'o C:o (Q)tk,..r n m,o I!J) 
= (f]Tr( R )!·b,,ulom'uC:o(H)Ibmo''o"''" 7~(R) 1]y) 

= Uit·b,,, .• lom'uGo(!l)lbmo''om,al9) X <'XP [i(KJ - K 0 )·RJ, 

r!"sulliug in 

.\feE:(R) = J/e€(0) I'XJ> [i (K 1 - K 0 )· RJ. 

Wt• hav!' just ust•d f lw filet. [Go, Tr) = 0. i\'ow Eq. (L:l7) read• 

when• a well-known relation 
1" ik ·R N L... e = 6k,O 
. R 

(1.11 ) 

(1.12) 

(J. J:J) 

(l..t I) 

(1. 15) 

is used. Equation (1.44) states thilt the eross <•rtion i' t.I'J'O uni('" q + K 1 = K 9 is 

satisfied. This is l hr W<tvP \'l'clor cousf'rvation rulP of R.XES j6:!} '•. Equation (1.·1-1) 

show. au csoculial aspcc·t of RXES. The origin of this c·ou~0rYat iou tuk is I he stWllltaticm 

in Eq. (1.:37), whrrr th<' cross SC'rtiou i.s proportinwLl to a fac·1or quill• simi lar to th t• 

dcfini!iou of 1 he structure factor [64. 65]. JfwC' fi.xl'cl a <·tm• hol0 lOa part i<'ular s it<' , tlw 

wavc vcclor consrrvation rule does not bold. This wc•ans thai I hc all t'ort• orbitab in 

the syslent participate in one scattering process. and wt• can say that ti ll' wilw vN·Ior 

consl't\'ation rule is fl result of spatial cohen·nn' of I Itt' "rystal. Intuitively sprakinp;. 

the electron w;cw neal I'd by a phtol'xcital iou snrvivt'' wit houl phasc c·a nrt'llation nuly 

5 \<\'e will bri<'f1y disrw: au additional SU(2) se.Jt:etiOU rull' in !jpin !4 pcu:e m thC' nPxl t•haptPr 
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when it ''fits" to the lattice. ln the case of fu·st order optical processes such as X.AS or 

XPS, however, we can calculate spectra by fixing the core hole site, as shown later. This 

feature makes impurity model , which breaks the translationa l invariance. appropriate 

to study the first-order spectra, but not the case in FLXES. 
On the other hru1d, Mee(O) reflects au internal symmetry of an atom at t.he origin. 

In fact , first , it strictly obeys the dipole selection rule for both X-ray absorpt ion a nd 

emission processes, as seen from Eq. (1.39) . Second, it rcHects a spatial direction of 

orhitals at 0 through the e'· and .:-dependence. With these features, FLXES ·hould bt• 

one of the most useful tools to invc tigatc strongly corn•latcd syst.cms, where intrrplay 

between iti11 rant and localized nature of electrons is realized. 

1.3.2 Elastic-inelastic intensity rat.io 

We Hrst prove a I hem·cm ou the clastic scattering. 

Theorem 1 If .: · .:1 = 0, then intensity of tbe elastic scattering such t hat m=m' is 

zero within the atomic dipole approximation. 

Note that the clastiC' scattNing of a sy trm with no Plectron in the l-shell always 

satisfies the eouditiou m=m'. For r.xample, any elastic scattering of 3d-2p RXES of rfl 

compounds or Cu ·1p-ls FL'CES of cuprates is forbidd~n when E €
1 

= 0 atcorcliug to this 

1 hi'Or<'ln . For proof, wP drfinc a quantity 

(IA6) 

Note that ic•,dm',m) strictly obeys Wiguer-EC"karl's theorem [66] of 50(3). We take 

E= e% for simplicity, wlwr-• e% is t.he unit vector along z-nxis fixrcl to the electron ic 

system. Sinr<' p·e%=p, is the zero compoll(·ut ofsplwriral tensor operators of rank onr-. 

I h~ Wigm'r-Eckart theorem limit~ m to ?nc- Howevrr, this C'Ondil ion is D<'VCr satisfied 

when E • £1 = 0, because •' -p in this case is 1 or -1 component. of t he spllcrkal tensor 

operatQr. llrncc le.,=O foUows in th<• case that m=m'. The condition e · •' = 0 is 

t•xpcrimcntally called "depolarizerf' configuration. 

\\'e sN• f1·om Eq. (1.4.4) that tilf' cross st·ction is O(N2 ) (order of 2
) as far as l e .E 

and Mee(O) is 0(1). Let tiS define a nondinl<'nsiomtl quantity 

ami asst11nc lhatl.:',€ is CJ(l). \Vc 61·st consider a lora.! tmnsition process, whjch will I)(' 

realized when n is tuned 'u a st,atc bound to the COI'f' hole at 0. T his contains two cases. 

OUl' is the l'lastic scaltl'ring prot"SS with m=m'. and the oth<:r is (inelastic) scat ter.iug 

involving au intra-site excitation such as intra-sit<i' t2g -> e9 excitation depicted in 

Fig. 1.8. SinrP the sdeclcd intermediaw slate should have the holP orcupat ion number 
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of order 1 in tbc /,orbital, and morpover the l'ienrou occupation mnnher of ordrr 1 iu 

the 1m• orbital, !Jm•m(O)J ~ 0(1) obviously holds. Wr harP 0(. 2 ) S('uttE•riug intensity 

in thesP cases t hereby. 

fl -. ~ 
3d / 

. ... - . • t2g n : -. 
rvv--\ irvv:: 

\ j (I) 

2p. \-ef. 
atom atom atom 

I 2 3 
position-

~f~ 

·~ 
;yv-\_ ~~ 
~t. ·. : ... ; •• 

wave number-

Figure 1.8: Left: Schematic picture of the intra-site excitation. The 2p-3d-2p RXES 
proce s is shown for instance. Right: RXES pro('es~ in n ball(! iusulator. There ar<' 

an empty conduction band, a filled valence band, and a filled c-orr hand in the ground 

state. For both diab'Talns. n and w represent ineidcnt and rn1iltl'd photon cncrgir>, 

respectively. 

As will be explained in !l1.4.4, there are unbound state~ in tbr int~rmrdial<' stat!' 

even under a strong core hole potential Ur- Utilizing FouriPr transfonuation 

lt = _1_ L 0;k R 1t k mq ..j/ii R n mu t 

we have another expression of Jm'm(O) as 

1 
Jm•m(O) = N2 L (!Jcl,,<.lk2rn'oGo(n)LL_,,.ck,'"' "lg) X r. 

k t.k2 

( 1.47) 

where the wave vedor conservation and Eq. (1.38) arc implicitly as,unwrl. Sine<• t h•• 

photoexcit<"d electron is considerably clelocalized. we arP allowPd to neglect U, i11 the in-

1 cnnediate stale, so that wave number is good q1HU1I umnumber also iu tltP intPruwdiate 

state. Let us c·onsidcr ;w insulator having nearly independent eiPctrous. When the inci­

dent photon energy is assigned to make reson.a.nrc at its absorption PclgP, fG0 (n) ~ - i 

follows. so that 
-i 

Jm'm(O) ~ N L (!Ji krn'olkmal9) , 
k 

where we used the fact that both initial a nd final states have a filled core band, and 

we implicitly assume a conditio11 

r «IV, (1.4 ) 
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w}l('rP II" is 11 baud width of an empty rouduniou band. Forth<' clastic sca11eriug sud1 

that j-g and 111 = 1111• the 111ntrix lc•u•~nt equals thP l•olc O<Tupation lllUtJlwr of 1,, 

orbital in tlw ground slate•. Although otber orbitals. esprcia.lly ligand orbital>. s•rougi)' 

c·outrilmtr• to au uppPr !Janel of the in·ulator in cmu,idcrl\lion. the matrix clrtHrnt is 

still c•xpt•!'tPd to hP 0(1), n•sulting in [Jm•m(O)f ~ O(J ). 

For an indast ir srat t rring, lhPn' is one <•lett ro11 in a conduction baud <Uld !HIP 

holt• iu a mlrncr band in a t)·piral final slate, as ·hown in Fig. 1.8 (right). so that a 

(iwll stnu•f/) giq•s a nmtzc•ro mat.rix cl<•mrnt for a fc•w of lkm'alkmoiY ). Consrqurntly. 

f.J,•,.( O) f ~ 0( tJ for a sp dfic final stall' of this kind. 1\'hile this result leads to a 

<TC>S~ sc•ction of 0( 1). tlw .V dcpcHdeuc<' of det~'ity of ,;ta.tes t<'C'O\'Vrs spf'CI ral iniJ•nsity 

of cJ(:V). This is lwcnusr linal suli<'S of thih kiucl arc dcnsl'iy distrilmtrd in grn~rnl in 

<l rcgiou 'J. fkn<' we have 1V2 intensity for Ill<' f'lastk scat,teriug, wlwr<'as .V inlrw;it~· 

for nonlnl'ally rxl'itP<l inelastir sc·atl.<•riug in this C<L,e. Th~ raJ io of I h~n1 di\'erg<'~ 111 

till' tlwrmodyuamie liulil [67, 92]. 

Expc•rimentn.lly, never is obs<'rved the divcrg<'uce. A paJ't of the reason possibly 

romes from a finite coher nt length of X-ray~. If <Ill incident photon is iucomplctc· 

piRin wave, theN-+ limit is not realistic. aud imrt-fcrcncc bctweeu "frngm nl;'' of 

plain wal'r may occur, resulting in fulile <'!astir intensity. Another possible rrason is 

a.s•oriatrd with Eq ( 1.4.8). n is evident that thr above ('S[imation is forced to Lnak<• 

uwdiHratious iiT ~ ll ' orr has tPrm-dcpendence. At. any mte. quantitati,·r rstimation 

of 1 h<• ratio b cxtn•mely diiJkult 7• We will not c.lisruss tlw clastic scattering lwrcaftcr. 

1.3.3 Other spectral functions 

Apart frot11 a prcofactor, the spcrtral function of RXES is now written as 

Ftu<~;s(w;it) = ~ L fa(fq2E1;yqte)[2o(EJ +"'- £ 9 - !1). 
. I 

Similarly, thr ~1WI'Iral fuurtiou of XAS is written as 

FxAs(fl) = ~ L f(m(R)fT~(R)fg)f 1o(fl- Em+ E9 ). 
I lnR 

(JA9) 

( 1.&0) 

whrrc fw(R)) is a final state with a corc· hole at R. Note the as umption Eq. {1.38). 

l!ndvr thifi :~'sumpli1•H, we rRu clelt•tc> till' position dc>grcc•s of frl'<'dom of a eOr<' bol<' 

" Ut>t·iu~l' c•f thl• it'\sumpuon of tnsulator tht• rl;u, tir lint• is isohtl<'d alone 
•nrn·utly, .llm~ui'7.-Mic•r t·t al rcportf\d an PStinmtiou of tlw ralio within asprt:ilk wodC'I nn 3d~2TJ 

H.XES nf Ti r·ornp()unds !68]. How vcr, thc estlwal.t•d valuf' ~·usitively rl<'JWnds in prindpl<• ou what 

tuauJIJ~·r of lra.usit1on paths is takcu iuto cnusidcraLion. 'tn('f' thry made a tlraSt.ic approxir_ualiou that , 

f' ~·· t hr flffl•f'l nf rorC' holt- pot<•nt ial is routpl(>fl'ly disrPgurdod, thC'ir statement ou the raLio make!' lttllr 
S<'ll!'(' 
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11·on• FxAS · im·t• til(' r >rc hole site is a good qunntnut """'her in tiL<• linn! stnte of 

XAS, 

(111( R) [ T~( R) fg) 

lcadiJJg 1 h<' X S S]Wrtral funriinu to 

(m(O) fT,( R) IT,( R)TE' (0)7~ (R)fl!il 

(m(O) fT~(O)iu)f' iKu R , 

FxAs(H) = L l(m(O)ITi(O)fyW6(H - E,. + £9 ). (l.:J l ) 

Let us rousider hpcrt ral functions of XPS. wiH'w a rorr hole io pllnto<'xdt<•d lO a 

high-energy coni inoJII.n , !IS explain<'d in !i 1.1. Sill<'<' itll<'ral't i11n bet" r·n the photo­

electron and v<tlcnce clec:trons is rt<'gligible, ami till' toni illlllllll stall'S haY<' UParly 1111 

kinds of symmetry. on<' dors not need t.o h<uJdle till' pbotoell'ctron dr~rf"<•s of frc•Nlont 

cxplici t.ly. Apart from a prcfactor. we . N the I ransit ion otwrat<,r of XPS simply l.<l 1.<' 

T., = LTP(R) = L <'nm,o · 
n R ,mr-,o 

leading to the X.PS spcetral function 

Fxps(EIJ) = L i(lt(O)fTP(O)fy)f 2ci(En- E,, E0 ). (1.52) 
I' 

whPre E11 rcpres('nts tlw hinrling cnPrgy, (lnd tlu• T, manipulation ns explained a bow 

ha~ been used. 

NX.ES is the second-ordf'r optical pror<'ss wll\'1'1' 11 cor<' <' iecl rou io <'xritcd by t lu• 

incident photon to high-cnPrgy continuum well above• I he absorpl ion cdgr .. \n t·uergy 

interval of llw continuum levt'ls L~ so dose I bat. I he momclllllln infonnaliOJJ of thr 

system L~ hardly maintained through the ~XES prot<'SH. Tllcn•forc, 11nal slates \\'iii. 

any waw nwuber ;u·e allowed. This situation is mathenlatirally rf'nlized by fixi11g tu<' 

wre hole site. The spectral funrtion of :"XES is t """ given hy 

F:-~xEs(w) = ~ J d<D(e) L IUIT;•(O)G'o(fl- :)T~'{O)iy)f2 
. f,o 

x6(w + £ 1 + <- l! - £~). 

wh<'re D(<) is the dmsity of states of tlw cominuum level :, >tnt! G'n(fl - <) = (£9 + 
fl- '- If+ ir) t. We will lakeD(<) a"' a giV<"n constant. Bf'nwsc of Lh<• iut<·gration 

O\'Pr <:, thP spectral bhapc of NXES clo~s uot depend on !2. 
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1.4 Model Hamiltonians and Their Implications 

1.4.1 Impurity Anderson model 

The impurity Anderson model which GS proposed for a degenerate .Jf system is writtru 

as 

HtMI L [(fJ- UjrnclfJ..afma + L (l'k f!naaku + H.c.)] 
m,o k 

+ If L f!nafmof~•a.fm•a • + L ekalaaka + £c(l- nc), (1.54) 
rn>rn',cr,o' 

where /J,. crPates a4/ electron with an orbital index m and spin component, a, and aLa 

crt•ates a eonduction electron with wave number k and spiu ·ompooent. a. fJ, Ek and <c 

are oJtc-clectron t•nerp;ies for 4/, conduC"tion electron, and con) orbitals, respectively. nc 

is the number of core holes. l•"k is the hybridization strength between 4/ and conduction 

electrons. NotP that this model exhibits a perumtation symmetry such that m H m'. 
Making full u r of this fact implicitly, GS introduced a set of states which ha.vc the 

same permutation symmetry as 4/0 state, and successfully discussed core-level spectra 

of valence- flue! ua ted syst('ms, as explained before. 

To apply this model to transition metal compounds, one should include the 

ftn i. oLrop • of orbitals, which breaks the pcrmutat ion symmetry. A simplified model 

iu whid1 only tlw urarcst-neighbor ligand orbitals are taken into account is often used. 

\V(' rrfer to this model as impurity c·lnster model, 

/-heM L [<d,ct~"d~a + (v,cttaTJ,.u + ll.c.)] +EcLc~.c:~u 
')',0 ' 1o 

+ U.,,l L d~ a cl.,a d~,u' d1•a• - Udc L dLadv.rc~u'c{u'• (1.55) 
"r>'Y'.o,q1 ')",~,o,tT1 

where 1 runs over irreducible representations around the impurity atom. d~a ~nd P~a 
are creation opPralors of a rl orbital ami a ligand molecular orbital, respectively. r~0 is 

a rc>aliou OpNator of the core orbital with a quantum n11mbPr (,. One-elt'ctron Cllcrgics 

of <d., and Ec arc mra.<ured with re pcct to the onc-clc>ctrou energy of lh p orbitals. ln 

gem·ral. mullipolc part f Coulomb interaction and spin-orbit iuteracl ion art' added to 

/lll'M or 1-hAM· Figure 1.9 shows a schema! ic- pict ur<' of HtCM· We uote tl.t"t t berP is 

no trnnof('r lwtwceu di.fl'erPnt -y'., and only U,1d couples them. 

This model describes at least two excitation modes in RXES spectra: 

I. intra-site d-d excitation (IODq). 

2. CT excitations (_j. or I ~rr). 

wlwre we write rcprespnlativr energy scales for each excitation in the brackets. IODq 

lli nystal Hdd sp litting, which is tlw ent'rgy difference typically between 3d(e9 ) and 
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~a_~_rJs 
(Coulomb ~ ' : interaction)~-~.~d 

U core 
'¥3 '¥4 

F igw-e 1.9: Schc•nnttic diagnun of a.tl impmity clust~r model for tmnsit ion tm•tal insula­

tors. The metal 3d orbital and oxygen 2p mo lcrular orbital' arc represPni<'d wi t h c·los<>.d 

and open rircles, respeclivdy. 'rhe darkly- h11ded smaller drcle althe C<'nte1· stands for 

the core orbital. The Coulomb inl.eracUons which corr late diffpr nl symuJetry li <>adJ 

other arc repres('ntrd wil h the shadPd area. 

Jd(f29) orbitals in a nystal of Oh symmetry. I ;.rr is the dfectiv<' h.vbridizalion energy 

betweeu metal and ligand molecular orbitals, and gc•Jl('rally hn_~ a ,·alu<' of order of 

VNd\ ;.. where Nd is the number of unoccupied metal orbitals. 

An exalllplc of intra-site rl-rl excitations has bc•cn shown in Fig. 1.8. Historirally, lltP 

fu·st theoretirHl prcdic:tioo on the observation of iutra-site rl-d Pxcital.ion with FL""<ES 

was given hy Tanaka and Kotani in 1993 for d9 systPllts [69], which is also nomi11a.lly 

d1 configurat.iou iu I he hole picture. lt wa.' tlw first theoretical study of RXES n_~ 

a second-order optical process in the framework of tna11y-body problem (70). V~ry 

recently, Kuiper el at. measured Cu 3d-3p RXES of Sr2Cu02Cl,. and observed t lw 

intra-s ite transition of a hole from 3dr'-y' to 3d•u· a11d to 3d9 , and :3rlyz (71] . To 

disti.ngwsh bet we u 3dxy <tnd 3dp, (or :3dy,). they madt• us(' of the augular dependence> of 

Eq. (1.46). This meastu·t·mc>ul is regarded a-' a quanti tal ivt• PxpPrimcutaJ t·onfu1lHtliou 

of th<' Tauaka-Kotani theory. 

1.4.2 Periodic Anderson model 

For systems in wltich nonlocal screening effpcts 111"1' rxp(•Ct.Pd, the relevant start poiut 

is l ht' periodic Audcrson model 
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This is tlw ll:uuiltoni;UJ with which wr· will im·e,tigatc con•Jr>,•(•i SJll'<'lril in this t!JP,is. 

Thf' first tf'rrn lws nlt·eady ddi.ncd in Eq. (1.38) . f'orr<•sprmdjng to Eq. (J.f>5), ilw 

"~·rmd a ncl third t f'rms an• d<•lined as 

Hdp = L Edvdtndvn +I: EpvJJ!.,..p,,r + I: (r,,,,p),r11v'7'1 + H.r.) 
R·" r,Jt (r ,?' ') .JI.J/ 

+ L (rrdd!nPJJr+H.c.)+l'ddL rltndvnd~,nd"' R 
I R1' ).11.J1 n .v>v' 

(!.5G) 

Hdr - L dr I: dindvnc!nc( R• (l.37) 

n ,v,( 

wlwn• d,l,R n~prescms a l'rPat ion Oj)("ralor of a d C"arrirr wit li H. quam um numhC'r v HI 

R sitr•. Similarly, p;,,. crcatl's a JJ r-arriPr with (r, v), and cln a rrcation operator of a 
rorf' hoi<• wit It ( R. 0. '\'('denote spin :utd orhit.a l quantum numbt•t-s togethcr by GrPrk 

indic<'o ''· I' ami {. U,t1t aud U,~c Ar<' on-site Coulomb intrmrtiOJJ [or d-d and d-corc. 

rr5p<'rl iwly. Not ice the dtnJ11,1• term. wh<•re orbitals with difl'r>rent. local point group 

S)'IHill<'lry arr no longer dPcouplt>d as the case in Eq. ( l.55). It makes hard to cakulatr 

'P<'rtr>l for s.vstc•ms with illl intermediate filling. 

Tltb moe!<• I describes at least fottr exc·il.ation modcs. In addition to I bo" of lit<' 

impurity nt()(lel , 

:!. inlcr-sile spin c.xcilation.' (J). 

I. inl1•r-site d-tl excitation• (f.;Jd), 

whf'rP .I n•pn•seuls llw suprrcxehangc inlcntdion. 

Thcs~ mod1•s appl'ilf in CLS in various phases, dPJWnding on filling aud excitation 

pro<'""· Ll't 11s consider n·lat ivcly simple cas,s: d0 and d 1 fillings. For t.he former, 

vabwe r•xdl.al ions arc mai11ly dominated by only CT <'Xdtat ions. Reca ll tlte fact RX ES 

e>ut slmngly r<'fl<!<:l charge dYJiilllliCs due to cOl'!' hole crP>uion. and that. its rk scripl ion 

would lw llilrd withiu lh<• impurity models. The rd,.tivdy SiUlplc dectronk 't.rur·tllrr 

uf ,(' sy><lems will b1• rath('r helpful to elucidate this s idc of spec·tra. This il; the lhP111l' 

of Chap. 2. 

For d 1 sysl<•uts, all the IIIOdcs are com·pnwd in prindplc. in fact, we will show thai 

iutra- and int<'r-sile ri-d c.xd latiom ru; well ru. CT ~xrital ious are ob>N.,.,,d iu cakulatl'd 

sp<•e tril with spccifk t•xdt at ion eHNgy depl'ndcnce. h is inter;•sting to n•produre in­

l<·rpla.l hl'lw<~·n intra- and inl<'h,itr ,.n·eels. Thi' sub.i<·rl will be rliticu~'ed in Chap. 3. 

For lh<' dt·pPIHi l'nl·<• of iniN-sit<• spin Pxcitation' in RXES, fpw htndil'h han· bern dmw 

so f>11·. and it if. left for 1111• future problem . 

1.4..3 Zhang-Rice s inglet 

Sonu aft<•r till' SJWdrostopic I!!Nhod~ rP\'Ntl0d that !lopanl hol~s are pritnarily Oil uxr­

g<'ll o;iks in high-T, eupra les, Zhang and Ri<'<' propo"·d a picture on th • muductivily 
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iu the dopPd cupral<'h: A dop;mt hull' forms a lonli si11p,k•1 nn " CuO 1 squar<', IIH•n it 

mm·cs over I he whoh• C'uOt plan<' [·13]. 

To t'htdda.t<' Llteir idea, tOn!-tidl'r a i wo-l10IP sing!Pt statt.'. wlu."rr out."' ho]{' i!' IO\'alit.('d 

at a 3d,(.1·2-1?l orbitRI (i lah(']s a Cu site). aud tltt' 11thl'r is <'OiltaillNI in tit•• 0 2p 

molecular orbital arow1d thr 3d, site. Thrs<' orbiwls ar<' d<·><Tilwd ju thl' 1<-•ft fip,urr• in 

Fig. 1.10. Tbc molcrular orbital which couple's with 3d, orhilnl i> 

Lf _ l ( I t 1 
111 - 2 - plt }o - P, , ~ 11 + 1', j n ( l.:i!!) 

with which we can construct A ~inglct slut<' 

where \0) is tlw "'' \lllln ofholrs. Op0raliu11 oflhr lwo-hol spin o perator s1 = (sd+s 1,]1 
djrectlr ]('ads to s2 J.•;) = OJs,). \\'ith rrarrangPuH'HI of""'' of \\'anni<•1· functioub . 

Zhaug and Rice dc•rived a11 dl'rl'tiw 1-lumilton..iau. which d<•snilws till' motion uf this 

kind of singlet state, til' Zhang-Rice si uglct. Thrir l!amiltoHian i' 110w raJI,•d t bl' t-.1 

model. 

It is amusing that the mol ion uf tlw Zhallg-Ric<· ~inglrl is din•ctly obs\·n·rrl in C'u 

2p-XP of tmdoperl cnprates. \Yben au indde11t X-rny photou <·omPs it1I>J th!• 'Y'II'Iu , 

th~· Zbang-R.kc singiN is formed with the following procedure: Tlt<· photo-neat<•d con· 

hole acts as a sl rong repulsive potential to a 3d hole at. I he """r plaqurtt.c,. tlwn t hr :Jd 

hole escapes from th!' siugular plaqucftC'. The slipped hok· go<•s illlo <tuothcr plaqut•ttf> 

to fornt tht> Zlw.ug-Rke singll't iher~. In contra>.! to the phow-dopi11g iu t.hr rasl' of 

vahmce photocmis!>ion, we ran ntll thb procr;s "7JOirntlal dupm_q''. This subjr1·1 will 

be explored iu Cltotp. I. 

1.4.4 Core exciton 

lu this scctiou, WE' skrtdt the core e.xti1on ihrory with an rxactly solvablr• lll()(if•l. Tit<· 

<tim is twofold. First. to supply a basis for 1 hr f'>timat ion of N-dPpendl'IH'<' of 1 he R.XES 

cross section nuder llw core hole poiPnlial U, . S<·<·oud, to givf' an insight into tltc• cnrr 

hoi<• dfect. ebJWrially in ,(' syslcuts. 

Let \L' consid<•r a onr-dimensin11al IIOndcgcucmi<' periodic And<'I'SOII model lln<kr 

<1° filling iu till' limit of U.td/\ Ed>•- E1,1,J -l all(l Ut~d/\T,,d\ -l . ln this limit, 1lw 

system is dt•scrib~d with a ;pin !<·~& Fermion I nodi'! wit houl ( 'dd· s (ar 11.'> prriodk 

sy tem~ are eoncerued, U!r Hamiltonian is deromposPd ar·mrding 1o wavP nuntiJ!•r k 

via Fourier transforr11 (Eq. (J .-17)) , H = L:k hk· By diagoualizing !'ach hko WI' haVl' 11 

band ~l.rurture oft hi' sysll'm. There are illl <'Ill ply condu<·t ion J.aurl and a filled vall'li!'P 

uand in the gronad stat!' under r& filling. as wl'll '"' thP fii!Pd corP baud with no PnPrg,v 
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Figure l.l 0: Left: Explanation of relat.iv<' phases brtween 0 2p and Cu 3d;c'-y' or­

bitals [43]. Right: Sehcmatic picture of the hole-doped CuOz plaue, where a dopant 

l10le forms the Zhang-Riee singlet at the central plaqurtte. 'l'he op n and dosed circles 

rcpretient () 2p and Cu 3dx'-y' orbitals. respcct.i"cly. 'l'hc arrows represent holes. 

dispersion, as shown in Fig. 1.8 (right). As a mod<'l of the onduction band, wP assume 

a cosine-type one-dimensional band 

for til<' first Brillouin zone -1r < k 5 1r with given Nl('rgy con tants '70 and l '· Our 

spin less Ferwion modPl is now writteu as 

f1 = L qalak + H, - Uc L et{a,ch. 
k I 

wll<'r<' "lcrrntes a conduction electron with wave vector k. (t) and c) create a couductiou 

<·leclrnn <utd ».rare hole at I site. H,. dcsl'Iilws the filled valen(·p baud. The cnerb'Y 

origin is defined with respect to the core !Pvcl. 

LN us ('Ollsider the X-ray absorption prol'CSS in th is moue I. As shown in Eq. ( 1.51 ), 

t.h<' only core orbital at a sit , say. the origin 0 i su£fici~nt to ralcu latc XAS spect.rnnt. 

At·<·urdingly, lhc above Hamiltonian i reducer! to a ~IHD type model. 

H = L £A-n[ak + Hv- L'rObOUilcQ, 
k 

(1.59) 

wlwre llMJ is the 1nunbrr of core hole at the origin. Although the transition operator 

ran not be g<'nl'rally writ ten in tl'rms of only al ·~ , we I real " sirnplifi~ :l operator 

in place of Eq. (1.20) under t he assumption that Lht· pol<lrizat ion v<·rtor u[ tlll' indd• ·u1 

p hoton is parallel to the cb!tin. Th<' second equal sign i$ dnt• to FouriPr 1 rausfonnmion. 

This transition operator creates on ly one roudurlion PlN·trou in XAS fina l sta l e (11, 1 ). 

Hence we ran set a j-th eigenstate as 

lc•,) = L A,kalig) 
k 

without loss of generality. OpPrating H to this sta ll' , "'" bave t hl' Schrodin~;<'r rqua1 iou 

to dctcrmint> the coefficients A1k as 

where N is the number of sites. DiYiding the both sid"s by (e; - ~: k), al1Ci unnning 

over k, we have 1 he eigencquat ion 

l J J 
- " ~~- -- (l.GO) 
N "i:- £ 1 - Ek- Uc' 

which is transformed into 

L~: E; ~ Ck=-~ 
ill the thermodynamic limit. For E; < YJo, an analytic· ,oint ion is ohu1ined by using the 

residue theorem, 

~o ='Jo +21'- V(2...,) 2 + U/ , 
where we labeled th is solution with j = 0. Substituting ~:, with <o, w~ have an cigenstat<• 

as 

A 1 Wc( Uc ) 
Ok = ,[NV>: >. - 2..., cosk ' 

where), = V(2"Y)2 + U/. Note that .4.oA- --t -;};; in t!Je limit of 2"'(/Uc ~ 1. so that 

Fourier transformation in Eq. (1.47) shows 

(J .61) 

i. e. a state bound to the core hole. The bound tate loo) is cal!Pd core excitmL 

A graphical representation of Eq. (1.60) show& that otbPr (•ig~nvalucs which do not 

satisfy <j < 1'/o are nearly t he sa me as the ur1perturbed values f:k, so that an eigenstate 

with £ 1 ""E:k has large amplitude only for the k. 

In summary, the XAS fina l states arc classified into two type6. One is the core 

exciton state, which is fairly loca lized arolmd the core hole. The otltl'rs are itim•rant 



-- -- --------------------

l ·tc· wJ 10,c wavP fu nctimL' arc quit e simH<•r 10 thos<' of the unpPrlttrbcd slat<'S. 
~ rl,, ~I . 

As 

suggcsu•rl h)' tlw forn111la nf F'ouril'r transformation 

t 1'\'iklt 
"k = .JR ~c al, 

( 1.62) 

E;~dt of 1 hPsc slat~'' ha:, >tmplit udP of nrdcr o( -JN at the• rorc bole site. . . 

Since 1 he X-ray ahsorptiou process i;; 1 he il•ll·a-sitt• Pxcitation. tlw more probahthty 

10 find a coudurtion clcctrou at the() s ite we ha,·e. tbc more absorptiou iutc·nsit.y we 

oh.,·n·<'. CompariJ1g Ett- (1.61) with Eq. (1.62), we c·an roughly estimate the intensi fy 

ratio bc·twt~f'1i tlu\ ahovr two st.at(•S as 1 : J:. iudka.titlv, tll<' c·o tH.:f'utration of intl"Hsity 

HI the t•xdtnu state. F'igurP 1.11 srhcruatka lly ~bows the .XAS sp!'cl rum. The sam<' 

wonlrl he• 1 rue for a more n•alistic model, although surh aua lytic soluiion is possibly 

bard to 0 1, ta in . Th l~ is ~J1<• basis o f the dis<·ussion on I he N depcrtclcm·<' of tlw R.XES 

rrnss Sf.'<'t i(>n iu § 1 .3. 

0(1) 

exciton 
peak 

energy 

Fi1,'1 1l·c t.Jl: Sd1cw at ir shape of the XAS spectrum. Genera lly. tltt• eontinntnn bn.~ a 

few ~harp peak:- clut• 10th<' v~n Rove singuhuity. 

1.5 Exact Diagonalization Techniques 

1.5.1 La.nczo method 

T hroughtnlt this tlwsis, I he cxat· t diagonalizal ion ll\('thod i: n>Nil o ~a.kulatc the optical 

sp<'<·lra l fuurtinuo. As rxpla iucd. wP arc int~·rcstcd iu dyuamiral properties in largc­

du:-tt•r modt•ls. 01 ber ·' less c.Jmct" numNical approach!•> iilldt as Qua ut tllll "vlonl<' Cerlo 

<net hod' [72) ar<· not suit ablP for ~xtran ing d~·nmniral iufonuat iou . 

Tlw lll'wly d<' ' ' loped 1whniq1t~. the rl nsity mal rix renonnali~a tion group ( D~IHG ) 

apprnac·h [73), i~ a rc•normulization-gwup-likl' rliagoua liall iou method wh(• re tbe basis 

:12 

SPI is optimizt'd to well rc•prodtlt't' ltJin•r t•xdtNl s l<liC.' a> th1• c-lusrPr sit.t• is rxtcudc·d. 

D111RG is now att('p trd ;u, >J staml;trd Ul<'lhod to ndcu lal (' s ra ti r q nant ilit•:- of IIIII'· 

dimensiona l systems. Althoul\h" few a t lelllpls lwvc dour to t•xtcnd 0.\IJl , to oblain 

dyna1nical corrdation 1\mct ions {74 , 75}. the exac--t tLpproarh htl.,.Pd un LAII('tOI'\ fl lgorit hm 

is t w-reutly 1 he ouly reli;\hlc tedmiqn~ for t•valuating t It~ ~c•·otHI-onlPr sp~ct ral fu nctions 

in hight:r dim<'tlSional sysl l'llL'> involving dtar~l' <'xt·itations H 

TbP Lauczo~ algorithm is a procedur~ to Lr<UI~form a IIN·ntit0 ulfltrix H int<J H 

tridiagoualizf•d matrix T via a tll.Litary trau~forutalion 

\Ve rega rd H a. the Ha milt onian of a g ivc•u ~ystelll. aud '<'I tl11• ordPr of H lo be 

Nn (~ a fpw million). Since the nurnhcr of nonzrrp dt·nwms of 11 is ntndt .,ntaJlrr 

t.han fV11
2 in many l'Gl..'"l('S. \\'('ran make a Sllbrouliur in udnlltc'C' I hat l'<'llll'llS flu f(H' a 

eolum11 vector u , using, e.g., JDS method [77). 
Tbe Lauezos itemti,·p proced ure is as follows: Prcparp "" arbitrary eo lu1nn vc•clor 

u 1 and v, = Hu t . R •peill 

then we hav(• 

w , = v,- a,u, 

bt+! = Jw!w, 
u i+l = w, jb1+l 

Vi+l = Hn ,+l, 

and U = (u ,, u 2, u~, · · ·) [78). By diagonalizing T to give au PigPuvcc·tor x ,. we ha\'l' 

a n eigt>nvertor or H ilh u x,. Tbe cigcnvaluc·s ofT and H ar ' ('XH('I ly tlw Salll<' beta liSP 

U is uni tary. :-lotr that tlw number of iteration N, is oftt·n of ordc•r of on ly 100, nnwl1 

sma ller than N n , to obtain the lowest eigeuva lue loa givt•u accuracy, say. O.OOOJ'i{. 

Gerwra lly, the limitation of memory size of l'Otnputers fcuTeH us to rt'peaL the who I<• 

Lancws pror<'ss twit!' to get the grou ud stall' v!'d.or g . LJ, the lirs1 La11rzos prul'l!So\i, 

a ll of a, and b,'s but uone of u, 's are meworizPd. T lic•u tlw l.ridiagouali;.ed ma trix T 

$Very rctent ly. 'lUrwka dc"rlopQd a D~fBG-Iikc approach tu a cc•ll-penurhative rnannN to cakulatr• 

eh.•nron renJoval sp<•nra of onr- or t.wo-dllrl('usiort~l c·upr:urs. [70J. It wouhl bt! po!')sihlf' iu principle• Lo 
cxt..l'ml his rne>thorlt.o <•valua.tr t-:pPCtral fnn<·t ious of tht• M'('ond mrlf'r vrorf'"-.'if>!-> 
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is diagonalized with the Householder rnetl1od [79] to give th~ ~~und slate energy Eg 
. · t - ( I x 2 x 3 . . . xo-'• )1 where T reprcscuts and th(• eorre,-pondwg ~1geuver or xo - xo , o , . o • •, • 

·t· Tl e 1 the second Lanczos !)rocess is started agai11 with the same initial tra.uspos1 1011. 1 1 • • 

vector u
1

• With u, iu each step. we have thP ground state as 

g = Xo 1u 1 + xo2u2 + · · · + XoN'UN,· 

The Lanczo method is easily extended to obtain a spectral function. Consider 

to calrulate th~ XPS spectral function. We prepare the ground stale vector u, = g 

with 1 he eigencn~rgy E
9

• The Lanczos procedure is carried out with a final stale 

Hamiltonian for a given iteration number N, to give the tridiagonalized matrix T. 

Then Tis tliagonalized with the Householder method , re ulting in a set of eigenYalucs 

and eigenvectors 
{£;, / ;li = 1, 2, · · ·, N,}. 

To ubtaiu trausitiou amplitude F)g for oue of the final sates F ., we do not need to 

explicit ly haudle the vector u ;. Since the transformation unit.a.ry matrix U is wriUen 

a~ U = (u1, u 2 , ua . · · ·, u,v, ). the F 1 is expressed as 

F , = Uf, = L_u3 j,l , 

whcr<' j,J is the ;-th elrmrnt of f •. Hence the transition amplitude now reads F1g = 

Ffu 1 = (!, 1) , so that 

(1.63) 

Dy choosing 1 he initial vect.or u; as T•lg) or T 0G0T"iy), the spectral functions of other 

sprctrosropies arc numerically obtained in the same manner. 

1.5.2 Conjugate gradient method 

T lw othN iJJiportant algorithm to evaluat~ 1hc spcc1ral funrtion of RXES and i\XES 

is tbr l3i ' , (hi-conjugate gradient) algoritluu [77, 80]. This is a procedure to evaluate 

a column vert or :.& such I hat 

for a. giwn t·olunm v~ctor b. The matrix A we are interested in is the type A = 

(E
9 

+ n il)l - H , which is not Hermite but t ransposrd symm~tric AT = A. Thr 

unit matri:< is wriu.en as 1. 

'ow lit<' Bi 'G procedure is as follows: For a given column vector b and an arbitnuy 

rol umu v<•c tor x 0 , set r 0 = b - Ax0 and f:J- 1 = 0. Rep(•at 
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' I 
T 0 r,l 

lln = p:fAp1J 

X,•+ I= Xu+ OnPn 

Tn+l = r,. - n,Apn 
r 

!3 = rn lrn+l 
n T r,1r 0 

for n = 0, I, 2, · · · until r ~+ 1 rn+ 1 :5 ~:b l b. where < is A given small r('a l numher ( usuall · 

of order of w- 6), th<.>n the resultant Vf'Ctor Xn+l is"" approximate solution of th~ 

equation Ax = b. Note the discrimination between T and I. Th<•latt<'r mcru1s 11 nuitr 

conjugate such that r~• +' = (r J+1 )', wh~re 1 he sl ar mean~ complex roujugal.~. lt is said 

that matbcmatically little bas been known about convcrg<'ucr b~havior of th<' DiCG 

algorithm [77]. To the author'· experience, Lhr iteration numher g<'fS much smallc•r 

when A is arranged so that all eigenvalues arc positive cll'finiH•. 

To apply these it erativ<' methods to large-dusf<'r". it is <'HSE·ntial to rrdur~ I hr 

dimension of Hilbert space in advance by making full us~ of the space group of t hr 

whole system, as proposrd by Fauo, Onolani and Parola [ 1) . The largest R.XES 

calculation ev'r known was done by Tsutliui Pl a/. for a Jx.J 1-lubharcl model [82]. 

1.6 Scope 

The motivation of this thesis i.~ to clarify the role of nonloral eA·~cts in HXES. It b 

roughly dividrd into two parts. The Iirs1 part is associawd with 1 h~orc1 kal explamtt ion 

of the appearance of the fluoresrcnrP-Iike compou<'nl. iu Jlf 3dr2p RXES of tramil ion 

metal (.M) oxides, which is one of the most importru1t prohleUJ in tlw the01·et ical study 

on RXES. This snbje<:t is explored iu Chaps. 2 a ud 3. ThP otlwr part (Cba.ps. 4 awl 5) 

describes some theoretical aspects of Cu <Jp.Js RXES of <·upratps with special attention 

to the uonlocal screening eff~rt due to the Zhang-Rice oiugiN formatiou. The cbnt~ut 

of each chapter is described somewhat in d~tail below. 

With the aid of uwueriral calculations with a simplili••d periodic· Andersou mod<'!. 

we discuss LhP origin of the fluorescencP-likP coutponent in <J'l systems in Cba.p. 2. A 

crucial role of Lhe tra.nslalional symmetry of the system, the momentum cons~rvation 

law and electronic correlation is demonstrated . ThP rea~ou why an analysis with an 

impurity Anderson model su ressfully explaios llw <'Xp0rim<'ntal Sp(•dra of an j 0 syst~m 

is qualitatively clarified. Tbis chapter is based 011 th<' first proposal of ours on Lhc 

electronic-origin mechanism of thP app •arance of the fluor<'stencc-like component (83]. 

The nondegenoral.e model calculations in Chap. 2 ('Xhihit relatively weak RamaH 

<:omponcnt for a Ti02-Iikc system. We demonstral.~ iu Chap. 3 thal the COP.:&istence 

between Huor<'sC<'IIce-likP and Raman ·omponeut.s is dearly shown by including orbital 
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dc•gcnrnu-y into fhr model. Tlw c:akulated results wrll exp!ltiu the latest expcriwcntaJ 

rhtla 
011 

polarizaliou-rcsolved Ti arl-2p RXES of Ti02 in spite off he stn!phnty oft he 

rrmdrl. Exp<'rimcntally. the mexist,cnrr is obsrnwl also in ~[II system~. We also show 

in this chapter that the Ouorescenre-like component appNH~ in t h<' i\lH ysletos. a~trl 
that orlt ital degeneracy is essf'nlial for it. The auf !tor bdiews that the clcctrontr­

origin tnerhanism or the illlPrplay between fluorf'S('('nCr-likc and Ha.Jllan componcms is 

rswblishP<l by tltl' invrstigatiou in Cbaps. 2 and 3. 
Chapter~ i~ drvoted to studying Cu 4p-ls RXES of Ncl2CuO,. While the nou loeal 

sneeniug r!ft•c·t dnP LO the Zhang-Rice singlet formatiou is known in 2p-XPS, no 011r 

has demonstrated its contribution to R.XES so far. \\' quantitatively prove its esse11t ml 

role in Cn Jp-ls RXES in this chapter for the first tim~ . and giv a dear explanation 

in ter111s of spatial cxt.enl of CT excitations [84], 
Th<•on•tical sl udv 011 newly-developed experimental tc('hniques sudt as momellt.um­

or angle-n'solvcd nXES is auot her interesting tlteutc. T his point is dis<'nssed in Chap. 5 

togcth~r with the latest experimeutal data on u -ipu-ls RXES of Nd2CuO,. We 

wiU show Uml a local t ran. ition operator is suffki~nt to describe tltP polarization and 

angular depcnd~nte of the "6 eV'' CT cxcitat ion, and therefore impurity models would 

work wcU. w~ will also point out that RXES with hard X-rays provides mom~ntmn­

resolv(•d inforwatio11 on electronic tructure in k-spaC<'. 
fn the final rl t >tpl~r . a brief summary of conclusion in this thl'sis is gi\'~n. and 

fut w·<' probl<'lllS me pre. en ted. 

Chapter 2 

A Model Study on Cluster Size 

Effects of Resonant X-Ray 

Emission Spectra 

Clu ter size dependence of XAS, XPS. and RXES are f hroretically f udied witlc a 

one-dimensional periodic Anderson modo>l, which qnalit<tlivel~· dcH<Tibe, <'fJt•rt" of th<' 

translational symmetry for llotnitmlly tfl (or j 0 ) mmpounds surh as T iOl (Ce02). l t 

i~ shown tbat HXES dcpt•ucl~ more sensitively on the cluster siz<' than XAS and XPS, 

o that RXES is a useful probe in studying the d uality lwfwt'<'ll il inPr"nt am] l ondiz~d 

characters of 3d or 4/ electrons. From result~ cakulaf«d by ·haugiug the dustc·r siz~ 

and paranwter values such as d-]J hybridization strength, d-d Coulomb itcH'racfion ctr. , 

it is explai ned why t.he <'xperimental Ce 4f-3tl RXES of CeOt is well rl'produeed by 

calculation with a single-cation impu rity .~nderSOII modPI , but I he T i 3d-2]J RXES of 

Ti02 is not, well rcprodut<'d . 1 

2.1 Introduction 

lt has been aecPpted that one of the key tOtH'epts to uudcrstand eleci.ronir propt>r­

ties of strongly torn•latcd systents involv iug 3d or ·l/ orbitals i~ the duality hetwecu 

localized and itinerant naturPs of P!Pctrons. Higlt-c•nergy spPnrosc·opies havP pL.'lycd 

dfa l roles to invest.igat<' these ;yslptru;. ll is rPa,;onahl<' fh:tt XPS and XAS of tlws<' 

systems arr con. iderabl,v we'l l dPSCribcd "·ith the• iutpnrily And rsou rnod<'l iurlud­

iug a si ngle ratio11 [6, 85], bPcausc a compiNrly lorali?.cd ror<' r)pct ron is itlvolvcd in 

these spectroswpi<'' ami the core hoi(• arrs as a lontlizP<l at tractivf' pot!' llf ial on tlw 

3d or ·1/ ciPctrons. Howf'V<'r, si nce vau \ '('mf'nda"l el Q/. dcmouslmtrd iUiporfance uf 

1T. Ide and A. Kotani , J Phys. Sot .lpu . 67 (1998) 3621 ·3629 . 



nonlocal srreE>ning effects in analys of metal 2p XPS for iO [41\ and high-Tc com­

pounds [86, 87, 88j, those phenomena in which the itinerant property of 3d P}ectrons 

plays an esS<'ntial role have attracted much attrmion in this field. As explained in t he 

precl'ding chapter, it i likely that their itinerancy and their dynamics a re well e.xprcssed 

with R.XES. The main motivation of this chapter is to investigate how their itinerancy 

appears in the spectra. U necessarily needs an extended cluster model beyond the 

•ingle-cation impurity limit.. 
Experimental data of RXES for graphite (89], Si [90] and diamond (91] have shown 

that the wave vector conservation rule, which is a mathematical consequence of the 

ifineraucy of valence electrons, plays an important role in R.XES spectra. Note that 

the wave vector conservation rule holds even when corP hole effects exist [92]. As 

explained in tlw prec<>ding chapter, for trausit,ion metal compou11ds such as Ti02 (46] 
Rnd FeTi03 [4 7\ remarlmble spectral features have becu observed (Fig. 1.6): in addition 

to inelastit· X-ray sntltcring peaks whose emitted photon energy moves in parallel with 

the incident photon energy, giant inelastic spectra arc ob:ervcd at nearly lhe same 

erl('rgy position for any incident photon energy, and they are c:onnectcd smoothly to 

the line shape of !\'XES as the incident photon energy increast>.s far above the a b. orption 

t.hn•shold. We named the former tbe Raman cornpon nt, and the latter the fluorescence­

like component. 
A rect•ut expt•rimental aud theoretica l study on Ti 3d-2p RXES of gas-pha>e 

TiCI.
1 

[93\ dearly suggest that the fluorcsc<'nce-like feature, which is hard to under­

stand with I he singlc-catiou impurity modd, originates from tlw solid state effect . We 

would like to study how the trans lational syuunetry of crystals modifies RXES sprdra 

for the 3d ~ystrm, nml to give a physical pirt ure of the X-ray emission proce.~s. On 

1 he other hand. a.kazawa f<t ~<l. showed tltat. C<·> 4/ -3d RXES of Cc02, which have 

a 4f0 t·onfiguration, is well rcprr>duced with an impurity Andcrsou model (94] despite 

the apparr•nt similarity in dPct runic configuration bel wren d!' and f 0 syst ms. Their 

results is shuwu in Pig. 2.1 for readers' convenience. Now questions come ;uise: What 

systenL~ do impurity ntodels cover? Docs lhe translat ional symmetry give a 11cgligiblt• 

f'ffc•t·t for a system corr<•spoudiug Cc02? To study the~P questions, we adopt a one­

dimPLL~ioual pc•riodic A nclcrson model "·ithont orbital degeneracies as a minimal model 

having explicit translational symmetry. 

The structun• of this chapt.cr is as follows: in § 2.2 w<' explain 1 he model used. Iu 

§ 2.3 wr give n•snlts of numerical calculations on XAS, XPS, TlXES and NXES for 

Ti02- Iikc and Ce02-Iikr systf'ms. In § 2.·1 physical interpretations for these spectra are 

presented wit.u spef'i"l all nt.ion to role of tlw wave vector conservat ion rule. ln the 

last sect iou , we will give a brief sulillnary of 1 he present study. 

B (a) 

Relative Energy ( e V) 

Figure 2.1 : Theoretical and experimental XAS and ILX.ES spectra of c;eo2 . T he thin 

solid curves and dotted thick cmves represent calculated and expedmental rrsults, 

respectively [94]. The calculation was bas<'d ou an impmity Andc·rson tnodPI. The 

experimental spectra wE're measured by Butorin PI al. [95]. Thl' agree 111eut hetwe<•n 

calculated and experimental results is good. 

2.2 Formulation 

We consider a onc-dinwnsional {1 D) version oft he p<'riorlic And<'t"Ou morld: 

where 

and 

Hdp L [(6+c-p)d/.,dtu +epP}0 JJi"]] 
l,u 

+ L L [vd;uP;u + H.c] + Udu L d)1d,td) 1dll• 
~~ u I 

H co.e = L E:rc)0 ttu· 
l,u 

(2.1) 

(2.2) 

(2.3) 

(2.4) 

h1 the above equations, rl}. Cr4.) is a creation op •rator of an elcnron of (1 (t or ~) 
spin on tbl' rl (11) site in l-th unit ·ell, 6 is the charge-transfer energy between d and p 

orbitals, Udd is the on-site d-d Coulomb correlation l'rwrgy, and Udr is the intra-atomit' 
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~···CJe-
(a) dNPN cluster with PBC 

~ 
(b) single-cation 

(impurity limit) 

~ v •d 
(c) reduced 
single-cation model 

Figure' 2.2: Gt'onwtry of t.he system. The closed ciJ·des rcpreSI'nt d and core o rbit aL•, 

and t he op'n rirrl s rrpre.srnt p o.rbiLals. (a) T he mu lti-cat ion dNPN system with 

pcriodir boundary condilion. The rectangle indicates a uni t clusLer of the syst<·m. 

(h) T he si nglP-cation (d1p2) model with opr11 bonn<lary condition. This is used as a 

refen·nre syst<•m representing the smallest duster with a s ingle cat ion. ((')The rcdurrd 

single-c·ation model, where £ is a linear combination of the two p orbitaL• in {b) surh 

'"' Ll = (Pla + TJ~ulf../2, resulting in the value v"iv of d-L transfer energy. 

rore ltok potential. One-electron energy of the p orhitals is represented wit.b £ ,. c)a 
(q .. ) is a rH•at ion (auuihilatiun) operator of a core Plectron wilh one-elerlron c.nergy Ec· 

Cf'<>JJwt ry oft lw systciJJ is shown in Fig. 2.2. \Ve set the number of wuenc<' el.-ctrons 

in tiiC' ground state as 2N for riMPN systrm. and assume the z-c:omponent of t.b~ total 

spin S, t.o b~ z~ro. oie thaL our model explil'it.ly comprises both U<11t and dc , whil"h 

arc cssrntia.l lO have• realistic: discussion on both XAS and RXES [49]. 

The d1p2 duslrr with open boundary !"ondition (Fig. 2.2 {b)) i · nsed as R refcrcnrc 

sy~tcm rt•prcseuting the sltlallcst duster with a s ingh• calion (or tb~ impurity Anderson 

model), anrl largr-duster dfcrts are studied using rl!I'PN dusters with the periodic 

hound<H)" wudil ion (Fi!',. 2.2 (a)) by comp<tring the rrsults C'alcula.l ed wilb diffNent N 

(<tlso with thr d1P2 syst Ill ). 
The scroud t<•rm in Eq. (2.2) cit'scribcs ncarest-n<'ighbor d-p hopping prore ·scs. 

Although th•• pn'srut tnod<'l docs not cxpli ·iL ly indudP orbital degt•neracies, we take 

thrm iuto <t("CCIIIIlt by estimating t he d-p hopping currgy ''as 

(2.5) 

whNe \ "(<'q) and \ "(129 ) arc hybridization ·tn·ngths of thr T i06 cluster model [·19]. so 

that we haw Lhr "" n1<1 b oudirtg-au tiboud ing scparatiou in tlw fi111u state of RXES as 

1 hnl of the T iO,; du ·t.cr IIIOlirl. We expla in the dcri\"aLion in Appl'nrlix. 

Okada and Kotani [ 19] I"Cd paramelN" ,·alue~ \ '(r9 )=3.0 and 1 -(129)=-1.5. from 
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whid> we have u=3.5 (iu units of e\"). Otl11•r pat'Rnwt~" an' rho,c·n to '"' tlw san 1t· a~ 

their estimation: ~ =·1.0 , Litld=4.0 aucl Udr=6.0 (in('\"). Till'S<' will hP refciT(•d t<l as 

·'Ti02-Iik<'" parrun!•lers. 

We have rcgard<'d t.bc d, p and co1·e orbit als as Ti 3cl. 0 2p ~tud Ti 211 OJ'iJilab. 

The Ha111ilt.onian described above can a lso be u& d for ('p 4f-3d RXES . prt"!ra of 

a "Ce02-like"' system by regarding d. p and c a" C<' 4f. 0 2p and CC' 3d orbita ls, 

rcsp clively. Si.Jtce the impiiJ"ity Anderson IIIOclel with lontl 0(3) symmt•try hie' wdl 

reproduced C"' 3rl XAS spectra [94, 96], tb<' J-p hybridit.al iou ,tn•ng-th utappccl outo 

10 Hamiltonian should be simply given b~· 11 = -/f.ll'/2, wlwr<' ·1 1 is t h<' dc•g<'nl'racy of 

4f staLe. Considering the results by .)o and l<otani [UG] and Kakat.>lwa c•l al. [9 1], for 

"Ce02-like" ot.lrulat ion. we usc a p<uamrtN sl't of ~= 1.5, L'ff = lO.O, L'Jr= 13.ll, Hnd 

11= 1.5 eV. 

For our 10 modd, the transit ion operators of the phot011 <tbsorpl ion and t• mis ·ion 

process in t ht• dipole approximation are qui te simplifkd '"~ 

(2.6) 

and 

(2.7) 

in plac·c of Eqs. ( l. 22) and (1.23). fJ I is the wave numhrr of an incidcut photon anrl 

q2 an emi tted photon 2 . Since we ru·p intere ' tl'd in cor<' il'\'(·1 sp0dra in th<' >oft X-ray 

regime, the photon wave uumbers q1 a ud '12 an' takPn approximately <JB ZPro. 

With these operators, the transition operator of RXES b giveu hy 

T(!1) - TeGo(ll)T3 (2.8) 

L c/udt.,.Go(!1)rl/ucla, 
tu 

where Go(!1) is tbc resolvent operator defiued by Go(!1) = (!1 + E9 - H + ir) t, Eg 

being Lbe energy of th ground stale lg). !\'ow the transiliou amplitude of the RXES 

process from IYl t.o a final s tate If) is given by 

V9~J(!1) = L L (J!Tr(/)(Ps)''cb.doaGo(!1)rib.ro.!!l) x ,,.9 (1)(?,,9 )", (2.!1) 
I n : O, I 

where K 9 (/) is tlw eigenva lue of the grou nd state fur the translat iou operator T,(/) 

defined iu Eq. (1.40). P, is the spin-flip opt•rawr defined by 

PsdttP, 1 
= dll 

:.t·w c ha.v<' disr('gardcd the gcomPlrical (an,gular th!pi'Ud(•ut) feu-tor. In n·alisttc thn-c-dim4!Il!iionaJ 
systcmS1 it is quite: inlporta.ui for uudcnaandmg expt~rinwn1al RXES ~pertra. For effcc·t~ of Lhe a 11 g-uhtr 
lh."p nclencc on RXES, S(le, t•.g . . Rt>f [97) . We will cxp1orro angular autl pohmzauon dcpeudeurP- of 
RXES in Chap. 5. 
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Pte., and P,.g is its rigenval ue of t he ground state. Since Tr and P, commute with 

H , and moreover they commute each other, one can always take the ground state a~ 

an eigenvector off h se operators . Tr and P, are also commute with T(!1), so that the 

eigrnvalue of each operators is r.onserved between Jg) and Jf). To evaluate t he amplitude 

numerically, one nreds to carry out the operation ofTr and P, in Eq. (2.9). The former 

is associated with the wave vector conservation rule, which reflects a spatial coherence 

of cr ·st a l (98], as explained in § 1.3. T he latter is associated with th • well-known 

SU(2) rotational symmetry iu spin space [99] , tht> degrees of freedom to choose the 

quantization axis of spin. ote that the SU(2) selection rule limits the final state more 

stringeutly than the simple S, conservation rule does. Thi fart is easily understood by 

considering a two-site d-p model with two electrons. Within S, = 0. we have a triplet 

state 

and one of singlet states 

~ (diP!- dlp~) JO) , 

a~ well ru; trivial singlet states dJd!JO) and PtPtJO) . The tripl!'t state has an eigenvalue 

of P, = l , whereas a ll the singlt>t states P, = -!. Heuce the omission of Ps in Eq. (2.9) 

gc·uerally lc<tds to a breakdown of the couservatiou rule ru:; to P,, and therefore causes 

incorrrrt sp~ctra which do not satisfy the SU(2) st'IPction rule. 

After all. RXES spcetra l function is c·alrulated with the transition am pli t ude 

Eq. (2.9) a.s 

FRxEs(fl,w) = ~ L JU9 ... ,(!1 )12o(w- !1 + E1- E9 ), 

JV-9 

(2.10) 

where w is the cmitt(•d photon energy and we introduce the normali~ation factor 1/N 

in onl~r to coutpare systf'ms of diJfercnt cluster size. 

2.3 Calculated Results 

2.3.1 XPS spectra 

Wt• show XPS spe tra for various duster sizeo with the T i02-like and t he Ce02-IikC' 

paramNers in Fig. 2.3. The calculated line spcetra arc convo lu tC'd with a Lorentz ian 

function of widt t. 1.0 t•\' (IIWH t.-1) r.onesponding t.o tiH' lifetime broadening of t,he core 

holt', as well ru:; cxperimcntnl resolution. 

The XP spectra for tltc T i02-like paramN.ers. howu in Fig. 2.3 (a) have roughly 

two-peak stmetur;• with a strong main peak and a weak ·a tdlite. F'or larger cluster 

~iz~s, we observe that a few very weak peak come arise b~·tweeu them. ln the impmity 
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limit (d1)J2), the main peak torresponds to the bondin~ ; tatr b~tw('Pil r.cfl IUtd rd1b. 
configurations [49], where L. and £ rcpresmt corp 1\JI(I ligaud holes, rrspeniwly. Tit~ 

satellite peak corresponds to the anlibonding stllte. T hP small d ust<>r-sizc dt'pt'udcn<·c· 

suggests that the main and satclllte peaks rould bt· rharart('r iz~d by the above IO<'al 

charge-transfer excitat ion a lso for larger cluster size . . 

Ou the other band, clear three peaks are observed in Ut!' X PS S]JPCI ra for the c~o2-

like parameters (Fig. 2.3 (b)), correspondi ng to tlu·ec ronfigurntious of r./0 • r;./ 11. and 

Q/2/}. T hP t.hrer-pcakrd structure i experimenta lly observed in Ce :Jd-XPS [LOt] , 
and well reproduced with impurity Anderson modrls [94, 96]. T he striking differrucP 

between the Ti02-likt? aud C••02-Iikc systems origiuatcs from , first, the sma ller values 

of v/Uff and vfUJc• and second, t he negat ive v-alue of.::, Uff - u,, [94). As t.br clustt•r 

size increases, we have slightly broader a.nd mor<' M;ym mNrir sltapP' fi>r t.he pt•>tko iu 

t he lowest and the second- lowest bindiug encrgirs . Howc•vrr, t he global st,ructnn' is 

considerably well reproduced with tlw single-ration cluster f 1p-1 . 

2.3 .2 XAS , RXES and NXES spectra for Ti02-likc parameters 

F igures 2A (a)-(c) show XAS, N"XES and R.XES spectra for the T i02- Iike paranwters 

in d1p-1 , d3p3 and d6P6 cltistcr . The va.luc of r ~ r NXES and R.XES is taken as 0..1 

eV 3. and th Lorentzian convolution \\rith width 1.0 ,,y (HWH 1) is made for a ll tlw 

spectra, as in the case of XPS. To compare RXES spectra for various !1's, C>trh of 

original calculated pectra is magnified by a rate indic-ated a' '' x 1 o·· in tbe figw-e. 

ln t he case of the d1p2 syst«m, we see two- inc l a~tic peaks, <'ach of which ruovcs in 

parallel with the in idrut pboton energy !1, i.e. exhibits only lhe Raman component. 

The first (bighPr w) peak C"OITesponds to a single-elenron d.ta.rgc-t,rmlsfer excitation, 

whereas the second one toR two-electron chargp transfer state with dominant d21_2 

weight. It is rather appropriate to cal l thC> former the anti bonding state between tf1 and 

d11!. configw-a t ions, because its energy separation from the dastic line is not ruled by 

t. but ma inly v . These inda ti ·peaks arc necessarily local dta.rgc transfer excit ations, 

and there is uo room for nuorescence- like components. 

ln going from the d1P2 to d~pa clusters, bowt>vcr, W<' fiml some inelastic scatlPr­

ing peaks which do not follow the c.hange of the incident photon cncrgy !1. For the 

d6p6 cluster, the energy w of main RXES peak~ cloPs not follow !1 but is rather con­

stant, and it osci lla tes around the constant energy with the changP of n, exhibit ing the 

fluorescence- like behavior. 

The line shape of NXES also shows, in Fig. 2.4, considerable dependent(' on the 

8We hav<~ exJ>Iicilly related f to the Auger decay process in E<1. (1.35). ln addition, we have to 

consider at. I ast two fartors to cvuJuate r: The experimental resolutiou of th(> iuc1den1 X·ray, and fin ite 

energy iuterval of eigeru;tates duo to finite cluster size. 
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(a) Ti02-like parameters 

Relative Binding Energy [eV] (h) C'c02- lik~ parameters 

Figure• 2.:1: XPS spcc·tra cakulalt•d with various duster sizes for (a) TiOz-like and (h) 

C<•01-likc• paran1rtrrs. 

14 

cluster size: A single peltk is obsc•rved for the XXES of the d1t>; clustc•r-, hut i1 split" 

into two pt'aks for I he riJPJ dustN, and the rclat ivc• intensity oft lw two J>l'aks rhaugcs 

for the dr,pr, cluster. 

2.3.3 XAS, RXES and NXES spectra for Ce02-likc parameters 

Figures 2.5 (a)-(e) show XAS, RXES and :\XE spP<·tra with the CrOz-likP parameter:, 

for various sizes of the cluster. We src tl1at the X.\S spectra IHI\'<' rwo-p<''tk •tructurr. 

The main and sat('llitr peaks corr('spond to the bonding aud ami-bonding stat<'S, n•­

spectivcly, between d' and £121, configurations. The duster siz!' drprmll'nce of XAS 

is quite small, and we only recognize, with increasing duster sit.C'. a slight ill<T<'<L"' of 

the spectral intensity in I hC' r<'gion between thP main pr<tk aJl(l thP satt•llitP. 

The cluster siz<' depcndeuc<' of RXES for the Ce02-Iik<' syst.rrn is n111ch smaller 

than t hat of t.he Ti02-like sysi<'Ul. and the rnrr,zy of lhr mnin itwlastk scarl('l'illA 

featw·C' follows the change of n evrn in the case of lmgr cluster;,. Apart from thc· 

incidPnt photon energy 1, I he sing le-cation tnode l cakulal ion shows a sl rang inC' last ir 

peak, which corresponds to a single rharge-tnu1sfer t•xritalion. ThL• peak sltift s in 

parallel with n, exhibiting the Raman component. With incr<'asing d~tsl<'r siz<', I hP 

corresponding line spC'rtrum shows A fine spectral splitting into som<' lit l(' sp<·c·tra. so 

t hat this inelastic structur i. broadened. Comparing the results cakulatcd with !11'2 

and f6p6 clusters, wP set' 1 hat the single-cation model is a good 'tpproximat.ion for 

describing the R.XES exrept for lhe incident photon energy 1, for whic·h W<' will gi\'l' 

some discussion in the m•xt sec·tion. 

ThP NXES spectrum with j 1p2 cluster has two 1waks, corrC'.>ponding to I he bonding 

a nd anti-bonding slates betwPen J01. and f 11,2 confignralious in I he liual st.at.c. With 

increasing rlu tcr siz(' , the lower t•m,rgy peak is more broadened, but wf' oh&ervP 11111Ch 

~mailer depeudence on the clust.er size compared with the Ti02-like syst.c•m. 

2.4 Discussion 

2.4 .1 Applicability of the ingle-catiou model 

According to Fig. 2.3, it is found I hat the cluster size dC'pcndeuce is exircmcly small 

for the calculated XPS bpe<'tra of hot h t.he Ti02-likc aud C<'U2-IikP ysl<'rrls. \\'hilc• 1 h(• 

XAS sp.,ctra shown in Figs. 2 . .J and 2.5 depend Oll lLe cluster &iz<' slight ly more thau 

XPS, the dcpcndenc<' is s till ext rcmely small. This fact suggl'sts Lhat the siuglc-catiou 

model can wdl describe XPS and XAS, which arc Lypiml exnmplc' of llw first-order 

optical process. Thereby we· justify previous th orctiral ;wa.lysc" of Ti 2p-XPS and 

2p-XAS of Ti02 (·19], as well as Cc 3d-XPS and 3d-XAS of Cr02 [94, UGJ, with im-
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purity modrls. In adru tion, for R..>..'"ES and NXES, it. is shown that th si nglc-<·ation 

model works as a good modt'l for t he Ce02-like system, where on ly the Rama.11 compo­

nent a1 pears. However, il is demonstrated that thE' cluster sizP dependence is greatly 

impol'laut for li1C TiOz- likc system. While the experimenta lly observed fluorcscenrP­

Iikr "peclra iu tfJ sys t.cms[~6, 4i ] are by no means n•produred \\~th t he single-catiou 

model, w' obst•rve t h<' fluoresc;enre-like behav ior wit.h the la.~·ge-cl ustcr model. This 

resul t dl'finitt• ly mea1L~ tbal t he appeamnce of I he JluorcsCCJ.ll'P-Iike >pectra is a rurect 

rouseq11e1WP of tlu' lrausi;Ltioual symmetry of tht• system. Dctuiled discussion on 1he 

origi n of thc· rlustt•r s ize dt•pcndcuce of RXES wi ll be given in 1 he uext subsections. 

2.4.2 Fluoresc nee- like spectra in Large cluste r mode ls 

lu ordN to undc·rstaud tlw duster s ize eff~cl iu ""' Ti02-likP s~·stcm, it is instrnctivP 

to study lll(' situJLI.iou in tlw limit of U.tci = U,~r = 0. In t ltis cas~. the initial a nd 

final sl ales of R.XES ru·c described exartl.r with on -electron Bloch states wi1 h energy 

dispersion (Fig. 2.6): 

(2.11 ) 

Figure 2.7 shows XAS a ud RXES spcrtra for t.ht• d1;p6 clus trr io the limil of 

U.t,t=U.t,=O. Th nnlllh~r of k-points in t.h<' firs1 13rillouin zone of the d6p0 system 

is six , i.P. { 0. rr (3. ±2rr /3. rr}, tllld l he llUIIIber oft hr exrit Pd dPnron cnPrgies is four. 

In acronlm w<' with lhc•sp four points, the XAS S(Jt•ctrum displays four lines. 
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T he 11-dcpeudcnte of RXES spectra iu Fig. 2.7 (solid <'urvc·s), whil'h b unlik tlu• 

Ra.~nan beha,·ior, is a c·mu;cquence of the k-c·ons!'rval ion rul!'. C IO><<' inspe<'t ion show' 

that t he iJ1elast. ic. peri rum for any excitation c·uergy ronsists of thn•p line's . ThPsP 

corre,5pond to stat.Ps with an rlrclron-hole p >Li r in {0. ±rr/3. ±2rr /3 }. from low<'r tv 

higher energy. When n is tuned to 2, for examph>," condurr iou PlPct rou a1 1.- = ±2rrf:l 
is resonantly selected in tlw intermediate state. ThPn thP r(•sultaul fina l stale has an 

elec:lron-bolc pair at k: = ±2rr/3 according to llw A--conservation rui<'. Similarly. nat :1 

(4) !~.ads to an electron-holP pair at k = ±71/3 (k = 0} in ill(' final 'taw. Tb v:d<'m't• 

(conduct ion) band at 1.- = rr is of pure p (rl) c-harnrll'l' as suggeste-d by Eq. (2. 11). 

Hence the final state with an electron-hole pair in 7f has nc• .-ontrihu tion to the RXES 

sprdra within the intra-atomir t raJJSition model as shown iu Eq. (2.7}, and th<' illela.,tk 

scattering process is necessa rily virtual one for t h<• inridenl, photon cu0rgy I . 

If we fix a core bole s ite in the intermed iate slate, I he k-consprvat ion rule breaks 

down. RXES sped ra r:alc:u latcd with a fixed core hole sit.e a r<' ohow n in F ig. 2. 7 

with dashed nLrvcs. In this rase, lhP spectra l shape of RXES is i.hP same as thai 

of XES. T his is bE-cause the excited cond uction electron has no t ml.ribut iou to lh(· 

RJCES spectral shape, so 1 hal the siluation is t lw same a~ NXES. 

These result sugg st the origin of the cluster size c-ffp('[ in the T i02-Iike sysle1n. 

If t he cluster s ize is small, an excited conduction electron is 1wcPssarily localized <Ulcl 

makes an act ive contribution to the X-ray emission proces,. ln this t·ase , lhP emiued 

photon energy shifts iu parallel with the iucidenl photou cucr~y. However, whm I he 

cluster s ize is la rge, we have some int ermediate states in which tlw exriled c;ondur­

l ion electron state is extended in space as iu I he rase of Uad=Udr=O. ThPrrhy thP 

photoexcit.ed clcctrou can be dissipated from the unit cluster with a rore hole to t.be 

surrounding :,ystem. II this dis ipation compl.-tely occurs in the iutPrmedi~.tc Slate, the 

X-my emission process uecessarily resembles NXES, then t l"' lluor!'sceru:e- likP spe..tr:t 

come arise. The dependence of the flnorescenc~-likt• spec: I m 011 n i. xpccted to rom<• 

from the k-const>rvat ion rule within the preseot model (sec G2 .. t.:3}. 

Effects of finit e values of Udd and U,Lc are a lso important iu the Ti02-Iike system. 

fn order to see the effPct of Udc, calrul;tl •d RXES spectra with U«d=O but Udr=6.0 
eV a.~·e shown in Fig. 2.8. In the XAS spectrum W<' observr a strong main peak I, 

which corresponds to a bou nd stale betwe~o th~ core hole and llO elPetron ~xritcd 

from 1he core level, i.e. th core exciton '1. Comparison of Fig. 2.7 and Pig. 2.8 shows 

t hat the RXES spect ra are more broadeued aud exh ibit new fiuc structures becatL~e of 

Udc. which causes excital ions with more t han one Plccl ron-hole pairs in the fiual stale. 

a lthough the final stale Hru niltonian is independent of de· I low(•ver, thr RXES sp •tW'a 

of 2, :3 and 4 in Fig. 2.8 are found to resemble t hose iJI Fig. 2. 7, and this suggests that 

'~See th <' discussion in§ 1.4.4. For an original papN, :o;ee Ref [lOUJ 
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t·or!'-flxcd RXES spectra. Sec the caption for Fig. 2.4. 

these iutcnnediatt• states have ·omewb.at common characters with spatially extendPd 

condnetion electron •tales. 
]L appears that. a w~ak peak located al the highc t energy w shifts in parallel with 

11, but this o<· urs ns a result of the finite size N 6 . 

When we introduce a finite value of Udd, occmTcncc of doubly occupied orbitlll 

~lates is considerably suppressed, and then the R."X.ES in Fig. 2.8 is changed to that 

in Fig. 2.4 (c). The RXES spectral broadening in Fig. 2.8 is somewhat suppressed in 

Fig. 2.4 (c), bPcausc of tlw suppression of more than one deetron hole pairs in lhe final 

slate. Howrver, thc dfect of Udd is not I"Cry strong except for the case of 1, because 

the occuparion nmnber of d electrons is small in mo;t states of lhc Ti02-like system. 

ompaTcd with the Ti02-likc system, tlw duster siz<' dependence of RXES in Ce02-

like syst<•m is nm<·h hmallcr because of til<' smaller value of the hybridization ' '· 

5 All hough U1e stale.ownt. that a finite duM.e.r sit.e IS likely to cxrcssivcly highlight t.hi!' peak L~ true 
within the prrS<'ni mod(•l. tL ma be questionable whNhPr or not il hnlds in rf>alistic systems having 
orbital drgt'nCfllCy. 'rhc C.Xl)C'rimcnba.lly ob:;;t':'rvcd Raman componrut involves nonbonding state:=; (sl:'e 

§ 2 4.4) as well M tliC' antibondiug state, and the intensity ratio between the Raman and Buoresceuce­
likf' coanponf'nts strongly drpeuds on how many state; we have in a uuit cluster, as will be discussed 

m the uext. d1aptt'r , 
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2.4.3 Role of t he k-couservatiou rule 

To study effects of the k-couscn•<ttiou rule iu Ti02-likc and c02-like syst!'JJIS. '"" 

calculate RXES spc tra by fixiug the core orbital on a siuglf' site and compar<' thelll 

with those including the translational syru1nctry of core orbitals (denoted as ·'C'ohrr<'nt 

spectra'' ). The rrsu lts are shown in Pig. 2.9. ThP Ti02-like spert.ra in Fig. 2.9 (a) show 

clear difference between the fixed cort-Lsitc and coherNit spPctra. The fixf'd core-site 

spectra arc considembly broader than the cohereut ones for the incident phoi.on em•rgy 

o( 2. 3 and 4. This is clearly attributed to the k-nonconscrving nature of the fix<'d 

core- ite mod I. Thus, the role of the k-conservatiou rule b ( l) to uarrow the iuclastic 

peak width, and (2) to fluctuate their peak position around that of NXES SJW<'tra. 

Note that the RXES spectral shape depends on the incid('nt photon em•rgy <'vcu 

with tbc corC'-fLxcd k-nonconserving modPI. Thih i, in Mroug r·or•tram to the case 

of Ut~d=Ut~c=O (Fig. 2. 7). Because of finite values of Udtl and (,-,Jc, the pboto-<•xcitcd 

conduction electron iu the intermediate tate cannot be a singll· Blot·b >late, and some 

rearrangement betwet•n the conduction 8Jld vall'nce <'le("[ron states o ("llf in going from 

the iutermediat<• to the fina l states. Therefore, the origin of the depend<'nce of th<' 

fluorescence-li ke spect ra on the in ·idcnt photon Pncr!,'Y b partly the effL-ct of th<' k­

conservat ion rule and partly the effect of Udd and Udr 6. 

6 \Ve discuss thC' contribution of C"rystal field splitting iu th(' next chaptC'r 
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Ac-cording to Fig. 2.9 (b), there is little difference brtwec•u I lw fixed corc•-siw ami 

rohcrc•nl R)CES spc•,·tra for 1 he Ce02-like par:unelers, aiLIJOugh dose ins per! ion ~haws 

1 hal wc• have ;lighl ly broader spectral shapes wil h the fn:eu torr-site• morlel. For I ht> 

Cr02-iike syslrru, tlw quasi-particle b;~ndwidth is of I he sanw ord£>r as the lifetime in 

!he fiual •late. FnrthermorP the small value of v/UJc makes the imrrmediatl:' sta ir 

almosr l<J~'>liit.c•d . T hen clear cluster size dfccts are no! observed. The fact I hat thr 

fixed !'ore-site and cohrrenl spectra are almost the same dm10nstral''' the reason wh~· 

tlrc anrtlysc·~ of 'p -If-3d RXES with the impurity Ander on model lrave srrt·(·essfully 

r<•proclrrc·c•n tho experimental resull, [94]. 

2.4.4 Limitation of the present model 

'v\'e lr rtvc clisrrrssPd qualitat,iv,.ly tl11• clrrst.er size dfcrt of IL'CES in Ti02 and Cc02. ln 

order to •rrakt• a quautil atiYe study, it. is nt·c·cssary to irnprovr tIre model. Firstly. llw 

atornic ;.uTur•gc·rncnl should be developed from th,• 10 chain to a 3D model that is man• 

r~ajj~t ic . Secondly, the r>rhital d(•genPracics of d (or f) and p statt·s should he I a ken into 

arrount. As >hown in Appendix, we have introduced the effective byl ridization v, in 

whkh dfecls of orhital degeneracies on t hP hybridiza tion between (f!l aJJtl d1 L are taken 

into accouUL. \\'ith this efTect.ive hybridization, howewr. effects of orbital degeneracies 

orr the lrybr idiu•tio rr brlwC'CLl r;d1 and r;;_~L configurations in the intermediate .tate 

numot bP w<•ll dcsrrihed. Furthermore, the cfl'cns of' orbital dPgf•uerat:ics are essenti<tl 

iu 1 he cakrr lal ion of RXES for the incident photon C'llCrgy tuned to tire main XAS pNtk. 

As shown by Nakar.awa et a/. [94], tlre main inelast i RXES spec! ra in resonance wil h 

r ir<> XAS rrmin JWa.k of Cc02 originate from I. he nonbonding J' L fin a l states. ins lead of 

I he ant ihonding slate between / 0 and [ 1 L configuraliOJts. Til(' nonborrdiug final states 

orr· rr r orrly by takin!( explil'itly into account. th<' orbital deg~nerades. The s ituation is 

also the sanrr fo r Ti02 . ln I his sense, the present ca lculation of R XES for th~ case I 

i. not rr<Llistir. In the next rhapler, we will discuss t.he cluster si'c dcpcndrorc with 

urger!l'ratr rr rodcis lO remove this limit<ltion. 

2.5 Conclusions 

\Vt• haw rrrrurC'rirally st udird l<trge-cluster efft•c·ls on XPS, XAS, :'>/XES and RXES spec­

tra. Thl' mode•! IH' lral'l' used is a onc·dirnciL~ional noudegrurratc· pt>riodk Amlersou 

rnod£'1, wlrirh is a rninimnl model having the cxpli<'it tr<mslat ional symmetry. It q rrali­

l.ativcly de.c·ribes I hose sp<•<·tra of (fJ ann f 0 cornponnrl. Following results have hrcn 

ohtainrd. 

FirRtly, wP slul\\wl lhnt lh<' <'luster size depcrHkncc is cxtrenwly suppressNl for 

the firs! order opt ira! pron•ss. XPS ann XAS. It suggests r hal a11 impurity mod<•l is 
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Pigurr 2.9: Comparison bc1w~err fixed core-sit e and ('()[wrerrt calculations of RXES 
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fixed corc-sile sp(•C'tra rtre r<'preserrted with dashed lines, and tbc rohcrent ones \dth 

solid line~ . Sc<• the captiorr for Fig. 2.4. 

53 



applicable to analyses oft hese spectra, in contrast to the s~cond-ordcr optical procE>ss, 

RXES and NXES. 
S<•tondly, for Ti02-like .ystcrns, we numerically demonstrated the o<-currencc of 

Huorescence-likc spectra because of the largL~duster cffE'ct. Thrir bE>havior is quali­

tativ~ly tOJL~istenl with th • Ti 3d-2p RXES experiment of Ti02. The origin of the 

Auorescenr~-1ike sp ctra is the existence of spatially extended stales of a conduction 

c•lc'clron in the intPrmediate state.Aparl from the effects due to orbital degPneracy, the 

drpendc•nce of fluorescence- like pcctra on the iucidcnt photon energy originates fTom 

the k-conservat ion rul , as well a.• from the effects of Udd and Udc· 

Thirdly, for the Ce02-Iike system we have shown that the larg<'-cluslt>r effects in 

RXES spectra are fairly suppressed. compared with t hl' Ti02-like system, bt>c:a usc of 

the smallc:r hybridization strength v. The effect of the translational symmetry is the 

broadening of inela•tic: peaks. 

Finally we pointed out that e-xplici t orbital degeneracies should be taken iut.o ac­

c·ount to d~scribe RXES spectra in resonance with the XAS main peak in do a ud j 0 

systems. This subject will be discussed in the next chapter. 

Appendix: Effective Hybridization 

ln a T i06 clustPr modrl with loca l O~o symmetry and with full orbital degeneracies, the 

Hamiltonian of hybridization bNwecn Ti 3d orbitals and 0 2p ligand molcc:ular orbitals 

i> given hy 

H; = L [1 ' (r)d/-,nu1'l'mu + H.c.J , (2.12) 
I ,rn,u 

wlll're r runS OVI'r I.WO irrl'ducib]e representations of 0h , i.e. <y and f2g, and m dis­

tinguishes tll(• 2- or 3-fold dcgeneradcs of thcu1. On thr other hand , in the impurity 

litnit (Pig. 2.2 (h)}, lhr hopping ene•·gy of our modrl satisfies 2v = (d01H idtl,_). where 

ld0) = L]L[io) 1u1<l 

1 
lrl'.I;) = J2 ~4Lulcfl}. 

The ligand orbital L~ is dPfined by (set' Fig. 2.2 (c)) 

IO) d~no tes th<' stat<' whkh has no ' 'alencc electron.• but. has filkd cor<' lew! ·. 

;-./ow we map the hybridiza tion strength of Ti06 cluster onto 10 d-p mode·!. It is 

quitr uatural t·o c.ldiuc our '' as 

(2.l:J) 
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where ld 11,.) is a linear combiuatiou ~nch as 

id' 1,.) = L ctrmu4muPrmul d0
}, (2.1.1) 

r,m,u 

and the coefficients { nrmu} a re chosen to maximize (if<li H; ldt !,} undt·r the uormali"'a­

tion condition Lr,m,u o}."'" = L 

Il is easy to solve the extremum problem iUld show thm tlw dfPctivP hybridizetion 

defined by Eq. (2.13) is given b:v 

(2. 15} 

for 
\f(r) 

Clfrntr = r======= 
J611(1.2g)2 +4 1" hJ2. 

(2. 16} 

Within so-called two-configuration approxirmu.iou, bonding and a.utihotldiug states in 

the final state of RX.ES are defined a.~ lower anc.l higher <'ncrgy eigenstal<•s. respet·tiwl~·. 

of the 2 x 2 Hamiltonian spanned by i£10) and ld 11,.). D.v defiuitiou, t.be bondiug­

antihonding separation of the prPsent singiP-cation model with t lw t>ffl'cti\"f' v is cxar tly 

the same as that of tlu.> Ti06 cluster model. 

ln the case of th<' Ce02-likc sys1 em, we can take 

H; = I. L [ ]~10Pmu + H.c.J (2.17} 
m,u 

with S0(3) symmetry and 7-fold degeneracy of 1=3 orbital. Thet·c>forr, t ht• effertiv<' 

hybriilizat. ion 11 is given by 

v = v'ilfl' 2 . (2.18) 
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- ------------------

Chapter 3 

Interplay between Raman and 

Fluorescence-Like Components In 

Degenerate d0 and d1 Systems 

XAS, !\XES and RXES spcrtra arc t.heoretically studied with a tloubly-degcncrat~ 

onc-tlitul'll~ional periodic Anderson model under Jl ami d 1 fillings. Th.is is a simplified 

modPI of baud in;u lalors sueh a; Ti02, and ~lot.t-Jiubbard insu lators such as Ti203. 
Comparing with none! •geueratr model r.akulatious, we point out the important rol<' 

of orbital dcgetwrary in reproducing CXJWrimental cxritation energy dependence of 

HXES. Tlw calculated rcsults exhibit interp lay between B.a111an and Jluorescence-l.ikc 

~olliponrnt.s iu both band insulator and 1\.lot.t-Hubbard insulator. The fonm•r and 

lattt•r routpOtl('nts reflcrt the Iota! poiut syu11nctry audth~ translatiomtl symmetry of 

til(' oyst.em, rPspr.rlivcly. Our results qualiLativdy well <'xplain Ti 3d-2p RXES of TiOz 

11nd Ti20:1. 

3.1 Introduction 

In this dtapl••r, W<' discuss AI 3rl-2p RXES (:11 b<'iug a 1 rau~itiou m tal ion) for cfl~tnd 

d1 insulvlors with tuult i-M dustrr models including o1·b•tal degenemey. \\'c have pro­

pos~d " mN·ltani>ul of clcrt ruuk origin .iu tl.Jr pr~rrd.ing rhaptC'r for lhe <'xperiment ally 

ohsrrwd flttor<•sc<•nr<'-like "Jlretnl in Ti 3d-2p RXE' [46 , ~7] ($C'<' Fig. 1.6). The key 

point of our pirlurt• is the rxistrnrP of rxtrnded sl<ttcs against the strong Udr in the 

iuteruwdiai.P Stat<•, although surh PXtendecl stal.t'S may h~tvc alruost uegligible weight in 

lhC' XAS SJWCtrtun. Wltrn n (iucidcnt p]ltHOil Plll' rgy) ~' tunPd lhcrr. an electrou ex­

cited to a :)d orbita l can escape to t.hc urighhoriug sitP (Fif!;. ~.l (b)) beraus<> of a finite 

1T . ldfl and ,\, Kotam, .!'uhnuu.ed. 
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valeucP haud width and fin it<' rlc•ct rouir rPhLxatiou tintc oft It<· rorr hole . ·Oll~<·qllt·lltly. 

R.'<:ES spcrtra roughly rdjrct. tlw v~tkurr band d<•usity of ~lat<•s. This lt.,,u,ii iou pro­

cess resrmbles NXES. whirh is sch<•umticll.lly drs<Tibt'd in Fig. 3.1 (a) , i11 thr S<'ns<' that 

a core electron is cxt·itcd to a continuum ·tal<' iu th<> both <·nsr>. Thus. tlllP can call 

th is RXES spectrum NXES-like tlnt>, which bas naturally less H-d!'prnd<'tH'<'. 

For the S1-clepcnclence of B.XES spcrtra, ~linami and :'liasn [102] ''n·ss<'d tlw rolr 

of phonon clegrers of freedom. L!sing "model iurludiug l111• Plc.-trou-phmum coupling 

bul any Coulomb interaction, they insist thlll the origin of til<' flnoresc<' IIC<'-Iik<' wmpo­

nent, "lumiuescence" romponcul in their terminology. is at t ribut<•d to tlw full phonou 

relaxation of dectronic momrntum in lhe intrrmrdiatc stale. The Raman c·ompon<'nl 

is, on the other hand , attributed to lhe zero-phonou proc0ss, mtd I hus dP>.rribc·d wit It 

the simple baud th<'ory. Not.<' that the Raman wmpon~nt in tlwir f>\'lls<' couws [rom 

dclocalized Bloch staJcs, being completely difl'erenl from our I hrory, wh<'r<' local charg,•­

t.ransfer exc.il.ations givr rise to the Raman componPnt. Making a con tparisou bclwN'n 

tbe phonou relaxatiou Lime T11 and lifet imc of tlw cort• hal<' TJI, they condudcd that 

ibe "lumiuescencP" component due to the phouou rela..xatiou conlributrs rontparably 

to tbe Raman component inTi 3d-2p RXES of Ti02. No csscntill.l chaug<' i.ll this mu­

clusion has been made in their sequel theory inclucli.ug cor~ and v~ l rnrl' rxriton rffr,·t, 

W"ithin that approximation which tHk~, only one elenrou-ltol<' pair into aeco•tut [103]. 
Experimcntll.l spectra, however, clearly show the ·ompar<~blP spcclml wPigbl of lbP 

two components even i11 lhe casP of late tran. ilion metal oxides [10~]. wbidt should 

be classified into Raman-dominant materials according to their theory. llcncc it m:ty 

well be questioned wh<.'ther the phonon relaxation n•ally gowms I he• apppararwe of tlw 

fluorescence-like component in tran~ition metal oxid •s, a lthough the phouou coupling 

might play some role iu matcrin.ls eit her wi th 11 long Tft and high DPhyc (CntpPra.ttll'<' 

sucl1 as diamond [105]. 
\Vhile our model successfully expla.ioed rhc origin of tbc fluor<>sceucc-likP spectra. 

the lack of intcrnll.l structure of atonl~ prevents us from discussing feat m·ps of local 

origin such as polarization dcpeudenec in l'LXES. \'cry rerc11t ly, Harada d al. oiJ­

serv d polarizat iou d<>prndcn(·' of Ti 3d-2p l'L'<ES of Ti02, whc•rc a dntst ic rcsona11i 

enhancement occurs when n is tuned at. a atellit <> peak of XAS [LOG]. ancl ~latsubara 

et al. pointed out that it is explained in t~n11s of the selection rul1' of the loc·al point 

group [107]. It is the purposc of the prP~nt dt:tpt!'r to ~xt ' tHI t h<• pr<•vious modPl to 

include orbital degeneracies, and show t.hat cakulated SJ><'CI ra rcpmsPlll ~oe:xiste11cP of 

the Bu01·esc uc<~-lik<• ~t~~d Raman components, lhc latl r b!'iug qualitat,ivcly con~ i ste111 

lo the experimrntal polarization depcndenrc. 

Another purpose of Litis cl.taplor is to tudy the nXES Sp~>ctra iu a Moll-Hubbard 

(l\fH) insnl;uor. If an inter-site chargr•-lransfcr prorcss rrurially contri lmi ('.S lo RXES 
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-core 
(b) fluorescence-like resonant emission 

-core 
(a) normal X-ray emission 

J?igur<' 3.1: SdJPmal ic diagram of (a) I he normal X-ray emission prOC<'SS and (b) tlw 

fluorcscencc-lik~ resonant emission in 3d-2p RXES of tfl compmmc!s. In (a). a cor<' 

rlc(·tron is excitPd by an incicleut X-ray wit b cu~q,'Y n to a high-cn~rgy coutinuum 

far from I. be valence lev~ I. so I hal I be spcctnun of Llw PmittPd X-ray w is related I o 

lb density of &latcs of the filled valence baud (darkly- ·haded area) . [n (b), a core 

clc<"lron is msonanlly t•xcilcd to an extended valcuct> state located between the main 

and CT satelli te peaks of XAS. Then the electron cscapPs from th' corP ha l site, 

wit h prohahi lity involving 3d- ligand hopping integral and relaxation ti me TR of the 

intcruwdiatl' state. AftPr that , the X-ray emission proces~ resemb!P~ thP case (a). 
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spectra in appearance of the fluon•sccntc-like component, it is inlercRting to study how 

R.XES spectra are suffered from change in rlmraner of insulal.ing gnps upon going from 

a band insulato r to a JVJH insulator. Although dFenivc hopping euC'J"gy sccws to be 

considerably rcdured by d-d on- ite Coulomb inl era<"tion, cxperimrnta l data on Ti 3d-

2p RXES of Ti20 3 [108) , which is often referred to as a typical 1\-IH insulator, show 

a clear fluorescence-like component ln the subsequent sections. "'" show l hHt orbi tal 

degeneracy is essential in appearance of the fluoresrcnrc-likc spcclm in i\IH sysl<·ms. 

and we sketch interplay between the fluorescence-like compom•ut and intra- or iutrr-sitr 

d-d excitations in RXES spectra. 

The layout of t he present. chapter is as follows: ln t.he uc.xl scrlion , the models used 

a re explained. As a minimal model wit.h bot.h translational symmetry and orbital d<'­

generacies, a doubly-degenerate one-dimensiona l ( lD) model is inl,roducwl. ln § 3.3 and 

§ 3.4, main fealtu"(JS of ealcnlatecl results a re disrussecl in detail for lf' a nd dt sy. tcms. 

respec:t ivcly, with special attention to I he ro le of orbil,a l d<•gcucracy and tntnslatioual 

symmetry of the ''Ysl.em. ln § 3.5, the aforementi01wd c·oPxisLcnce and rf' lalion wit !J 

experimental data arr discussed. In § 3.6, a bri<•f summary b given. 

3.2 Formulation 

We usc a lD doubly-dcgcnerale perioclir Andcr~on model , which is topologically Pquiv­

aleni to the system schematically desc·ribed in Pig. 3.2 (a). The· Il ami ltouian is wriLlru 

as follows: 

(3.1) 

where the first two terms dcsl:ribl' one-el<>chon part, llw third one :Jd,3d Coulomb 

interaction, ancl the forlh one 3d-core intra-atom ic Coulornb intcra ·tion . 

Ho aud V arc delincd as 

Ho = I:[~"o Q}.Qio + <"o q}0%r + e:,c)0C(o 
l,o 

+ (~ + <o) D/0 DI.- + (.:-. - IODq + <o) d)0 dto ] , 

V I: { d)0 [Vt (ql.,. + Ql+to) + Ut (Qiu + Ql+lu)] 
l,u 

+ D).[·u2(Qiu- Ql+tu) +u2(%r- Ql +lal]} + H.c. 

lu the above equations, d). aud Diu represent creation operators of lwo 3d orbitals with 

sp iu a at 1-th unit c<'ll , res pec-t ively. qf. aud Q). arc creation op ralors of oxygen 2p 

orbitals with one-elec·tron energy <"O· 6 and lODq ar<' Lhe CT enPrgy and the crystal 
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field ~plit t ing energy bet weeu the two 3cl orbit a b. rJ,. is a creation operator of a cor<' 

ck•ctron with tm~-elect ron ruergy f:c· 

and 

The imrraclion terms ar!' dd'ined as 

11M = udt L, (d);dt;d/.dt + D/1Dt1D[, n,,) 
I 

+ Ud2 2( (~d)ucitu) (~D)u,Dtu• ) 

!ide= -Udc L (ci[udlu + D)uDiu) C(u•C1u" 
l ,u,G' 

(3.2) 

wh!'rr Udt (U,11 ) i the ou-sile d-d or D-D (d-D) Coulomb corrl'lation energy, and Udc 

i~ the intra-atomic core-3d int eraction. Exchange and spin-orbit couplings arc omit.t.ed 

for simplkit y. 

The ri-p hopping energies arc reprcseuted with {vt , U2 , llt· u2}. 0Ppending on their 

r laLiv<• pha..~cs and values, there are sonoe ways to include orbital degcrwra.c:y intu this 

model. The single-metal-ion cluster limit of our model is described in Fig. 3.2 (b). 

We rom,idcr that tlw single-M cluster is an effective model of an AI05 cluster. ln 

the case of a MOu cluster with 0 1, symmetry, a subsystem having d(e9 ) orbitals and 

ligand orbita ls with c9 symmct,ry is coupled with a subsystem having d(t29) orbitals 

and ligaud orbitab with t29 symmetry through d-ri Coulomb interaction (cf. Fig. 1.9). 

If then• were uo Coulomb interaction, the subsy ·terns would he corupletcly dccoupled. 

ConsidPring thi. fact , we set 11 1 = u1 and u2 = u2 , then the ligand orbitals ares paratccl 

into two orl hogonal molecular orbitals as 

(3.3) 

and 

(3.'1) 

'ouscquc·nt ly, tlw singlE'-Af duster is reduced to that in Fig. 3.2 (c). Now we t'an 

regard the d-p unit as an dl'cctivc subsystem of tbc cl(t29)-L(I2y) one, and the D-P unit 

itS au cHert ivt• ;ubsysiC'm of I he d(e9 )-L(e9 ) out•, where L stands for ligand molecul>u· 

orbital 2 . 

To evaluate hopping energies, we apply the l'ffcrtivE' hybridization tlwory separately 

to c9 and l29 Cll'bitals. For 129 (d) orbitals. tlw st ;u·ting puiut is t hf' equation 

nHn.:{ (cfi HJcl1p)} =max{ (i'J HJcl(l2g) 1L (129)) }. 

~~--------~~~ 21'hc ot.hl'r dwite that tiJ = n1 nnclv·J = - ttz nl!oeo INlds to thP l'Xactl $'1llll" single-A·! clnsh1r as 

111 Fig 3.2 (r). Sint'l~ tlll'<.;t• two choircs prov(' 10 Uc ex.a.t·tly rqmvalC'nl t>vert in t.hc double-A/ duster 
(JH'riodu· d~lrJ) tasc, al h. ,·nurC'ivahle that lhe C't)llCius.ious in lhe pnosl'nl cltaplt•r do not dn~t.icaJiy 

dt>JWHrl 0 11 lh(' f'IH)ICt' 01 aJ). 
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where JcL'r) = ~ Lu d~Pul!f1 ) . As suggt•strd hy Eq. (3.3) . llw ld1 hand . ide is gi,·en 

by ../2 X 2vj , where ../2 rE'prCSI'llLS the C'Olll ribut ion of spin orw·nPracy. Th~ right ll;uJri 

side is given 1 y v'fi l '{t2,y) . where I '(129) is thP hyhridizatinn stn•ngtlt of a TiOt; dus l<'r 

model. Hence wC' haw- t•t=v'31"(129)/2. Similarly. 1>2 is t'stilwttcd as 1•2 = l ' (r9)/../2. 
For V(P9)=3.0 and 1' (129)=-1.5 e\' [·19) . we haw u1=u 1=l.3 and 11z=11~=2.1 ('\ '. Other 

parameters arc chosen to be the same as Ref. P9J: ~=4.0 . L0Dq= l.7 , Ud1=l -,n=l.0 

and Udr=6.0 fe\ ']. 

Uozmni [109) and Tagurhi [110] report nearly tlll' s~IU<' ,·a hu• of l',bf. Ud,. lODq, 

and l '(e9 ) as U10sC' of Ti02 iu their analyses 011 Ti 2p-XPS of TizOa . so tlull we lak<• 

the same parameter also for d1 oystems in thi~ chapter 3• 

In addition to thP doubly-degenerate nwdds. we usc also non<kgl'JWratC' modrb 

shown in Fig. 2.2 to discuss the role of orbital d<>gC'nc•racy. Tlw valll(• uf I he pammclt•r 

set including d-p hopping en<'rgy 11, CT Pnergy ~.on-site d-d Co ulomb <• ut•rgy Udd• ami 

on-site core-d a t, tractive intcmction Ud,· will he cxpla.inr 1 iu the suhs(•qm•nt . nbsC<'I ion, . 

. 

D 

. . 

(a) 2-lotd d•P• model 

~ 
(b) single-M cluster 

(impurity limit) 

®-!n 
d~ 

(c) reduced 
single-M cluster 

Figure 3.2: The degenomte d-p models u~cd . (a) A topologically cquivaiC'ut ysteru of 

the doubly degenerate periodic d,1p4 model. (b) The ingle-M cl n~ L er model with open 

boundary condition. (c) T lte reduced single-M duster mod(']. wherr d-D Coulomb 

interaction c·oupl<'s the two suh. ystcnL~. For the definition of the orbitals P and p. PP 

the text. ln these figures , the black and wh.itc C'ird('S rcpmsent Ti 3d 1tnd oxygPH 2p 

orbitals, respectively. Tlw d-p transfer with positive sig;n is described "'ilh the solid 

lines, wbcrca: transfer with negative sign is drscribf'd with da..,hecl lin<~~. Note that 

local synuuctries around the nonequ.ivalem 3d orbitals (d and D) an• uot the ~<Ull<'. 

In the present model, X-ray absorption aud PmL%ion procPss<'s at a mPtal sitr l arc 

3 H.cfcrcnce [110] reports a larg<> CT e-nergy 6.5 e \·_ ):otc tha.t t.hi~ torrC'~pon ds to Udn + 0- ~ 10Dq 
in the notation of the presc-nl mudcl. giving ~=3.52 for Uttd=4 .0 a.nd 10Dq= l.7. 
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described with the following operators: 

(3.5) 

(3.6) 

wh rP {a 1,C1 2 } and {b1.1>.!} arc numerical factors. representing polarization dcpemknre 

of tlw RXES. All of them are taken to be unity unless any particular mention is made. 

Tbc transition opPrator of RXES is defined in Eq. (2.8), 

I;T"(l)G0(0.)T"(l). 
I 

It is worth not iug that t.he point group symmetry of operators dluGod/,, aud Dt<TGoDL 
is different from that of dt.CoDfu and Dt0 God)u· Tlte latter !earls to final states with 

a different local point group symmetry from the ground state. As will be discussed, 

it brings about a dass of nonbonding final states. The sp<•ctral function of the RXES 

process has been defined by Eq. (2.10). In this chapter, we use I. he same value f=0.4 eV 

as that in I he prec-eding chapter. 

3.3 Calculated Results 1: Band Insulators 

3.3.1 Nondegenerate rfJ system 

To elucidate role of urbital degeueracy, we first recapitulate results of nondegencrate 

mod~L~ as shown in Fig. 2.2, where the parameter set ~=4. 0, U<td=4.0, Udc=6.0, and 

li=/(2~>J)2 + {2v2)2/2=3.5 rV are used. These m·c the same as those in the preceding 

rhaptt•r. For all XAS, RXES and 'XES spPctra in the present chapter, the momenlum­

t ransfer q is fixed to be zero, and calculated line spectra arc eonvoluted with Lorentz ian 

1..0 eV (HWHJ\1). MorPover, the z-component of the total spiu S, is taken to be zero 

xrept for ·ingk~Af cluster mlculations willt d1 filli11g. 

Figure 3.3 (a) anrl (h) show the calculated spectra with nondegenerate single- and 

mu lti-A/ duster models. Detailed di. cussions on the spectra have been given in the prc­

rcdiug chapter with special attention to the appearance of the fluorescence- like spectra 

in the umlti-M tlust<•r model. Let us briefly review the bonding-ant ihonding separation 

iu l.hc X S ami ILXES spcc·tra within the single-Jil cluster model. When photoexcited, 

thNc ru·e on ly two states {ki/1), [g{l,L;)} in the Hilbert ·pace of the siugle-M cluster. 

Di<tgon11liziug the 2 x 2 Hami ltonian matrix , wt• haw the nergy separation ll'ti between 

the bonding and autibouding stales as 
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Similarly. in th~ final stat<' of RXE , the bondiug-antibonding s.'paration is roughly 

estimated within so-railed two-c-on figural ion <tpproximat ion. 

Not.e that matrix element (d1b,.jH[d0) is ../2 x ../'iv. wlwr<' th~ fir;,t ../2 originates from 

the spin degeneracy. These formulae will gi,·e a rough estimaiiou ou the bon<Ung­

antibonding scparatiou in more claboratc models. 

3.3.2 Degenerate cfJ system 

Figure 3.4 (a) shows XAS, NXES and RXES speet ra ralrulawd with the dPg<'ll('Tfll<' 

single-111 duster mudel. In the XAS spectrum. we observe two strong pcilk' <llld a 

number of suhpeaks in their high euergy tail. Experimentally. four dist itll'l pcah ru·c 

observed in llw main slruct nrc of Ti 2p-3d XAS or cfJ c:omponnds snc·h ru; Ti02 aud 

FcTi03 [46, 47]. Siner our model docs uot include the spin-orbit. intcrat'lion uf lh<• 

core level , the two experimental peaks with lower energies correspond LO till' calc-ulat<'d 

main struchtre. 

We also see 1 hat t be RXES spectra depend on iocidcnl photon vtwrgy n rallwr 

than the simple Raman romponcnt in thr case of the nond<•g••neratc siuglc-M dust er. 

For lower 0. 's such as 1 and 2. the single spectrum whirh linearly shifts a.' n incrcnscs 

is obscrv<•d. This iuelast ic spectrum highlighted with blank bars survivrs for higlwr 

n·s, whereas anothrr spft·trum highlighted with the shaded h'lf suddt>ttly appears for 

5 and 6. This kind of enhanc<'menl. wh n n is larget<'d at a >alellit.e pt'ak uf XA. is 

also obsen·ed iu the nondegeuc·ratc rase, as marked also with shaded bars in Fip;. 3.:3 
(a). However, th uondegcnerate results h~"e no peaks rorrespomling to the series of 

peaks ma!"ked with blank bars in Pig. 3.4 (a). Hence, we conclude I ual this srd<'s of 

peaks originates frmn the orbital degeneracy. Dy the reason disntsscd helow, we call 

these peaks nonbondiug ones hereafter. 

To understand the origin of the iuclasti<" spe<"tra, <"OHsid r I he ra~r of isol ropic limit 

1 hat lODq -f 0 and 111 -f v2 , where thP Hamiltonian recowrs permutation symmetry 

between {d,p) aud (D, P}. \Vithin the two-coufiguratiou approximation, I he l.>onding 

and autibouding states in the final stat<' of RXES are drscrihed with stale I'<'Ctors 

[Oo) = [rfJ} and 

ote that the:e two states have the same permutation sytnnte ry a.' w(lll a' local point 

group symm~>lry. Wit.h a matrL'< l'leruent %rr(d0) = (lojlf[Oo} = j2((2vt)2 + (2v,j2]. 

the bond.ing and antibondiugseparation i. proven to be W0, although rakulated SP<'rtra 
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Pignrc 3.3: XAS, RXES and NXES p~c tra c~tl c ulatcd with 1wndegc1'1erate models under 

rf' filling . (a) the siugle-M aod (b) d 1p1 pPriod ic dusters. For each figm . t he right and 

lr fi pmwb show XA. and RXES spp ·t.ra . rrspN·tiv~Jy. T hcr<> is a lso a NXES spectrum 

at the top of 1 he Array of the RXES curve · in the left pan<' I. The ;m ows in each XAS 

spN·t rum iudicul.e I he position of cxritaliou (>U<"rgies, and the numbPr in the XAS 

spcnra correspond to t.hose of RXES. Th~ clastic scattering peaks are omitted from 

tlu• figur<·s . and tlwy arc replatNI with the arrows. Each of original cnlculated HXES 

spc'ct ra i ~ muguiliC'd by a ral.t• indira.tc'll <'L" "x 3'1
• 
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F'igure 3.4: XAS, RXES and NXES spectra calculated wil b dcgene1·ate IJIOd ·Is undPr 

rfJ filling, {a) t he single-M allCI (b) d4p4 periodir clnst<'rs. See I he tA ption for F ig. :3.3. 
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exhibit somewhat smaller valuP than W0 
4

. Similarly to the nondegcnerate ra.!w. Jg) 

is t be bonding state with relatively large J00 ) \Wight. and the antiboncling state has 

relatively large Jlo) weight. Since the transition operators arc symmetric as t.o the 

permutation, all allowed intermediat.e states have the same symmetry as Jg) in !.his 

cru c. In the 1 wo-ronfiguration approximation, each of them is a linear combination of 

Po)=~ l: (d~ + D~)coiOo ) 
" 

and 

giving bonding and antibonding intcrmediat<' statf'.s. Since ~ + Udd - Udc > 0. t.he 

bonding intcrmcdiat.e st.ate has mainly 110) weight, and would have large o,·erlap wil h 

(4 + D!)c. Jg) . Simi larly, the anti bonding intennediate stat(' ha.s large overlap with 

(d~ + D~)<'oiJ\8) , whrre JAB) is the autibonding final stat.<'. Consequently. absorption 

intensity strongly concemratcs at the main peak, and JAB) is strongly enha.nred when 

fl is tuned at the satellite pellk in the XAS spectra. 

ote that a final state sud1 a.s 

I 'lo) =} l:(d~P~ + D!p.,.) Jcf1
) 

- n 

can contribute to inelast.ic scattering. Tltis has the satliP pcrmutatiou symmetry as 

that of the grouml stale, but local point group symnwtry around the metal ·it<' ic 

di{f('rl'nt. Thi' fact Pucuurages us t.o call it. a noubonding state. [ly the reason <'xplained 

a.ho\'e, it. is t hP ria~ tic lino (ground slate) that the most strongly enhanced whtln fl is 

t nut'!! at tlu· main absorption manifold. The elastic line is, howrvcJ', omittPd front 

th(• figures, . o that the mniu inolastic spectn1 originate from the non bonding states for 

that n. B defiuit ion. the existence of the nonbouding ctates is direct consequcuce of 

orbital degeneracy. The uonbonding stai.P is energetically ~ higher than 1~). being 

nearly ind<'pendl'nt of hybriclization strength. Since tht• euergy of liw bonding statt' is 

estimated a·(;',- ll'o)/2 within the two-couliguration approximation. the nonbouding 
~tate will b~ observed 

ll'oN = (~ + ll'o)/2 

distant from tlw clasliC' line. Note that this is always mailer than !1"0, and tlwrefore 

thP uonhonding stat is located in between t.he bonding and ami bonding states in Roy 
c·asr. 

When a finite• JODq is introduced , we have a finite o?nergy difi'rrcnc·e between gd1- and 

.cD
1
-dominrutt. intormrdiatc states cine to lODq, so that wo? observe the doubly-peaked 

4
f'rom a qua.ntituth·e poiut of virw, thf! IWO·C'onfignraliou al>proxitnatiou is poor one m tbt• context 

of lhC' largt•·iV expan~iou lhcor~; {20, ll iJ b(>eau. t.he number or drgcncrate orbitals is on ly two. 
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structure in the main manifold of the XAS spec· I rum. imilarly. the nonhondiug lines 

split into several ont's in a RXES spcC'trum. Since the Hamiltonian is no I :ynHll<'t ric 

a.s to the permutation, an antisymmetrit state 

1 
JN2o) =? L(d1Po - Dtl'.)Jrf ) 

- 0 

appears as a nonbonding peak in the final state. T his state ha.- til<' same local poittt 

group symmetry as tlw ground stale. Fllrthennore, I ' lo ) split into the following two 

state : 

INJol) = ~ l::rt~P.,.Jrf) 
v2 ,. 
J 

INlo2) = rn l::D!Polrf), 
v2 o 

with energy separation of order of JODq. Thus, W(' ohRcrv<' three nonboncliug lines iu 

tbis case. Generally, anisotropy of l't and vz gives rise lo energy shi ft of the non bonding 

pea.ks. As a result. , Nlo 1- and 120-dominat. slates >tre al'l'idenlally sec•n at, nc;uly 

the same position in Fig. 3.4 (a). The tn1nsi t ion processes in I he singl<•-.i\J dustPr 

is summru·iz<'d in Fig. 3.5, where these l itre(' nonbondin!\ blatcs arc repr sented "•ilh 

the shaded rectaugle. J ote that the uonbondiog stale.> are hardly pPrturlwd with the 

metal-ligand hybridizatiou. 

Theso? features of the degenerate single-M cluster calculation are substa.utially con­

erved in the multi-A/ cluster calculation. Apart from subpc•aks such as 4, the main 

manifold of the XAS spPclrum shown in Fig. 3.4 (b) is c·ontpos<'d of lwo definit<· lin0s, 

and we can naturally attribute these lin~s l.o those states whic·h ha,·e rrlatiwly lArge 

r;,d1 or £D 1 weight in the photoexcited cluster. For RXES spec tra, we sec. firstly, 1 hat 

the nonbondiug stat.es give the main inelastic struct.urc for th<" majn peak resonant<' 

(spectrum I and 2). Secondly, the antibonding stat~ marked with the shaded bar is 

strougly enhaJJted when fl is tuned in the vic-inity of tlw satellite pca.k (spec:trum 7), 

although the satellite peak is greatly smeared out and does not give a ci<'ar st.rud ure. 

Close iuspection shows, however, certain modilicalions aJ·<· ohservrd iu I he spct·t ra 

of loc<tl origin. Firstly. while thP nonbonding states keep en<'rgy separation of ordPr of 

10Dq in the siugle-,\1 clttst.Pr calculation, the SPparation in Fig. :!.4 {h) is ronsid~rably 

contracted bt•tausc> of the finite transfer betwe<>n 1111it t:lustrrs. Whethc>r or not this is 

the case in realistic tb.re<l-dimensional systems is undear I ecause whether tlo separal ion 

betwe<'n the nonbonding . tates get smaller or larger would gr<•atly depend on a band 

structure. Secondly, the intensity ratio of the main XAS peaks is slight ly changed. 

This i possibly associated with a change in rhamcter of Lice main absorption peaks , 

i.e. from the simple bonding state to a core-excitonie state. 

The most ronspicuous change in RXES spectra. is oc<·mrencc of the fluorescence­

like spectra. Figure 3.4 (b) exbibits the inelastic spectra whose position is almost the 
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Figur<' 3.5: Tb~ ~nPrgy sC"bcmc of 3d-2p RXES of tfJ compounds in the s taudard not.a­

t.iou. In thP ini t ia.l and final stales, the meta.l- ligand hybridization creates I he bonding 

(represented with l.hp lowest horizonta l bar) , antibondi ng (t lw highest. bar) and non­

bonding states ( the shaded rPcta.ngle). T hese three kinds of states simila rly exist in th<' 

inf.rrmediatt' state. Wl1ilc the d-p hybridization gives rise lo t.hc bouding-antibonding 

separation, the energy of !lou bonding states is hardly pPrtuTbt•d wit.h the hybridization. 

same as t ha t of ;'I XES for ahnost a ll f!'s higher I han 3. Tltis is : harp comrast to the 

noubondiug-anl ibonding spectra xplaiued above. which hehav<' as if . XES spectrum 

has no rclat ion with RXES. Similarly t.o the uoudegencrat' <'asc. we confirm again 

1 hat I he origin or such spectra is itinerancy in the targeted inl.<•rmediate state. The 

s ubpPak~ in thr high-energy tail of lhP main absorption peaks, such as 3, 4 and 5 in 

Fig. 3.4 (b), originate fr01u a finit e number of k- poiuls, and highly ilinerant accordi ng 

tv tl«• con' exeilon theory. In f<tCI, a detailed aualysis oftlw presenl author shows that 

a photocxcit<•d l' lcctron in the intermediale tate 3 is cleloral izrd main ly through t h<> 

d-11 transfer path , autl lhat a photoexcit.ed cll'clron in tlte inlenn dial states 4 and 5 

is dclocalized tnainly I hrough the 0-P transfer pal h. 

3.4 Calculated Results II: Mott-Hubbard Insulators 

3.4.1 ondcgeuerate rl 1 system 

Figttrr 3.6 ~bows calculated XAS.l\XES and I'LX ES spectra with nondeg!'nerate model~ 

wil h d 1 filling, which simulat es the l.z9 hands of T izO:J. T h<• paramrters are takcu as 

1•= 2.0. -> =2.0. Ut~d=·!.O aud UJ,=6.0 cV [109]. l3ecause of Uttd + !l > Urld• this sysl r rn 

is iu thr 11111 rrgim<' in the Zaaucn-Sawa.tzky-AIIrn diagram [22]. l'lot.e that the lowc·t 

charge <•xdtal iou is madf• by int 'r-sii.C' d-d excitations in thi~ r'a ·e. T hrn it is interesti ng 

to st udy RXE' spN·t ra of ~ !H sysiNm; in tlw context of the nonlora.l (or la rge-du;.tcr ) 

6 

effects. 

In t h<' nondegenNale si ngi<'-M dust<'r model with d1 fillinl\. tlw onJ_r pus,ibll' mil­

figuration iu the inlerntediiltc stal<• is c_dl. so t ltat "''' ha\'0 tlw only >iul\ lt' JWAk in X .-\ S 

spectra in Fig. :l.6 (a). On the ollwr haud, l wo <·on[igurat iOn> of r/1 anrl d2 b. a rr pos~ihh• 

in the final stale. T hn>. we ob ·cn'P the only iudast iC' peak due to r·h<JrgC'-1 r~n,frr 

ll't = J( -> + ['dd )2 + 8t•2 ~ 8.2 r \ ' 

distant from the clastic line, and the R.X.ES SJ>l'!'lra exhib it nrt·<•ssari ly only Ra111au 

component. 

ln the NXES spectrum in Fig. 3.6 we see a strong peak at about - 2 ,. , .and a ".,,,\1< 
structure at abou t - 10 r\'. The former correspond& to a d'1-tlomina nt state, ;utd ill<' 

latt ' r to a d1 b,-d01niuant s1 ate. 

In addition to t he CT p eak. the iut er-sit r d-d rxdtat io n ohoulrl takr part in RXES 

spe 'lra in the mulli-M cluster model. ThcrJ·obserVPrl f1J1 inPlaslir· prak approximatdy 

4.4 eV distant fro m i.ht' elaBtir line in RXES spcctn1 in Fig. 3.6 (b). Whilt• spt·r·l.r<J I 

weigh!. of this pe>tk is strong for lower !l's up 10 5, a su-nclu rc aho ut JO rV dista nt 

from the clastic line is enhanC"ed for f!'s high<'r t han 5. To stndy th~se struelures, we 

calculate valence pholocmission spectra (PES) and l3r~m<sl mhlung bochrontat sp~ctra 

(BIS), whose spN·tra l function· a re written as 

Fms(k,w) 

L J(!JdqJg)J 26(w + E1 - E 9 ) 

I 

L l(!J r!L Jg)J 26(w- E1 + S9 ). 

I 

(:3.7) 

(:3.8) 

Figmc 3.7 shows PES and BJS sp~dra, whr re wr adopl a nondcg<'n(•ra t <• d8p8 r· lustcr 

modcl wilh tbc same parameter to take more k·-poinls. The fi gu rr> clearly shows 1 hat 

I be upper branch of the simple I31o b bands iu thr Ur1d -; 0 limil (solid cmVf•s) 

.o±(k)- eo= ~ (I ± J1 + (4<>/ !l)2ros2 (k/2)) 

is substamia.l.ly modified iJ<tO t he lowrr Hubbard hand (LHJ3) and nppPr llnhh<lrd hand 

( HB). Hencr wr atlrihute thr a fort•Jnentioued lowpr r•n<'T!\.\' strnrt•n·C' in RXES loa 

CT proc!'S; , and t.be higllCJ· energy one to an inter-sil<' d-d I ran&fC'r, which ru lr>s llw 

l\1otr-Huhbard gap. \Yt' call tlw former o11e ·'CT" and t h<' lat lrr "l\ 111 " herf'ilfll•r. Fm­

lhermorc, the int<'llS~ peak al -~ p\' in the !'>XES ~P<'ttrum (Fig. :3.6 (b)) is attributed 

to a radiative transition from LIIB, whereas a bmnp in ib low energy tail to a radia­

tive tra.tsition from t lt r l owe~l va lencr band. Thr' rlifl'er~ncr• in iut •nsity is uat111'ally 

e":plained by differeurl• in r/-weighl of tbe~ ' bands. 

Although I he l\ U1 stru<'tun• in Fig. 3.6 (b) i; compost•cl of lht• single lint·, lhcrt' 

should be genera lly f'HPrgy di~pcrsion in this slrn~tu r .. To ('Onfinu Uti> , we sbow XJ\ S 
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Figure 3.7: PES and DTS peetra calculated with the <laPs nondegeueratc chain. The 

calculated spikes are convoluted wit h Lorenl7ian 0.2 eV (HWI-11>.1). Th~ $Oiit.l curve's 

show thr 13loch bands in the Udd --; 0 limit. The a tTOWH show thr upper and lowpr 

Hubbard bands. The Fermi level is rcprcscnt.Pd with tLc dotted li11c. 'vVe tak<' co as the 

origin of I he energy. 
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and HXES spN'tra cakulat.~d with thP risP8 rlustt'r in Fig. 3.8. wlwrr ~til RXES Sp<'dra 

ar<> plotted as a fmwt ion of Rmnan shift. Thr i\lll ot ruetun' is clearly . een at about 

-3.5 t•\', and the ('T structure at about -9.5 PV. We observ<' energy disp('l'Siou of 

th<' ~Ill ~tructure for spectra 4 and 5. Corresponding to the fact. that only jg·t2) is 

possible i11 t hr singlc-.H cluster limit, the XAS spectrum has the strong peak labeled 

with M, a.~ iu Fig. 3.6 (b). Th<' additional peaks are also observed in its high Pnergy 

tail. Tb<'ir rharaC'lcrs are depicted schematically in Fig. 3.9 (a), where each transition 

pror('SS lll'twecn many-body states is mapped into a counterpart in lllC' one-electron 

picturr. In Ute states corresponding to the m;lin prak !If and the very weak satellit e 

peakS. lit<· ron• hole is mainly screened by the photocxcited de ·tron itself. The peaks 

~ aud :; corre ·pond to the rxritat ion to HB. These are nf'ces. arily ddocalized mtd 

poorly->('f •cued. Thl' peaks 2 and 3 have <lll intennedial.e character of the two state~, 

and t.hcy arc inelcvaut to be depicted as a otw-eh!ct.ron proc·ess. 

Similarly, RXES final stA t.es are visualized in Fig. 3.9 (b) iu terms of the ou(•-elcctron 

dPnsit.y of states. The MH structure is relMed to one el CLrou-bolc pair cl'eaUon between 

UHB ami Lrll3 , wher as the CT one betwc'n UHO and the fi lled ligand band. Th<' 

dispersive !1-dcp · ndence for t.he spectra 4 and 5 is directly associated wit h energy 

dispersion of ' HO. Although this behavior is somewhat simi lar to tht• fluorest·ence-like 

sp(•ctra. its t'twrgy width is too narrow under the realistic parameter set forTi oxides; 

to explaiu th<' expt•rimental trCJJd of, e.g., Ti203 [108). 

3.4.2 Degenerate d1 system 

Figure :J.lO shows XAS, NXES and RXES spectra ca lculated with degenerate inglf'­

M elnsH'r and d 11Jt tuodcls wit h d1 filliug. \\'e fixrd 5',=1/2 for ih<' single-J1/ clustt'r 

eakulnliou. 

L ·l us first cousid('l' th<' s inglc-M duster c·a.~e. \Vc SC(' tha.t tlw main manifoiJ of 

X.AS hpcctra t•xhibits a doubly-peaked s trueture. This i~ rousistcnl LO the cfJ cakul a­

tiou , but ilw lmwr rut•rgy absorption peak is cousiderably supprr . eel bceatL~e of larger 

oc,·upat inn mmth~r in tl"' lower CJJ rgy d-orbit al. \\'c also srr t hat th<" higher brauch 

oft he main mauifold in Fig. 3.10 (a) is c·o mpo;rd of ;J few peaks with extrcm ly small 

t'ncr y S<'lJIITation. This is attrihutrd to the routribution of spin multipl t. \\'hen l1 

is 1 tut<'d at thew 1waks. th<' I'('Sultallt final state would ha"c larg<' D 1 wright. Thus a 

stroug inl'l;c,tir- lll'>tk ohserl'!'d 2.;; rV distant from tht' elastic peak in HXES spt'etrum 

2 is ft ttrihutrd tothr intra-sit(' ri-d <"xcitatiou. wlticb has !wen shown in Fig. 1.8 (lrft). 

\\ dc•not<• this <'xtitation hy "d-ct" hcn•aftcr. Notc· that thr value 2.5 r\1 is the amc 

ordc·r of IOIJq. but fnun a quantitative point of l'icw. it C'OIL~iclrmh ly del'iatr~ from 

51' II is ts :-Ii i I nut• nl!-.t' ror thC' latg<"r 'ttluc Qf tl=3 ~ p\ ', \\~hada roughly simulates both t• 9 aud f 2 9 
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Figure 3.8: RXES and XAS speclm ealculatr•d with t lw d8p8 !lonc/r•gt·llr·ratr c·hai11. Note 

lhat the abscis a is defined as Raman shift w- n, whirh is I hP 5Allle a.'< Ey - Ef. ThP 

elastic line, wbic·h should re idr at Z('ro, is omitted from th!' figur<·. Tit<• <'Xcilat ion 

energies and the numbers attached to the arrow~ in th<' XAS spN·trum torrt'>pond to 

those io the IL"\ES sped ra. 

"MH" "CT" 
(b) 

Figure 3.9: SC'hem<ttic c•xplanation of representative fitwl s t>tt<•s in XAS and RX.ES 

spectra. The sh<tdcd and blank art'as show o<Tupied aud unocr·11piP<l deus it iC'B vf ~tat cs. 

respectively. T he dosed and open C'irdcs rPpn•sPIII an c•l('<·tron an d hole. re,pr<·t ivcly. 

(a) In the iutE•t·nwdiate (XAS final) stale, a con• elct't 1'011 is phot<wxcited to bouucl 

stale. (rcpre,<.>ntcrl with b11rs) or UHB. Tht• labcb ~1. S, I and 5 <·orrcspond to ~bosr 

in Fig. 3.8. (b) Au Pi<'ctron-holc pair is left in tiH' liual stall'. 
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10Dq because of relatively large anisotropy of hybridization VJ and t'2· 

Jn addition to the d-d peak, another struct ure is observed about 10 eV distant 

from the elastic line. This is attributed to clllu:ge-transfcr to the mf•tal site from t he 

neighboring ligand sites. To study the origin of inela.~tic peaks more clearly, we arrange 

the same ~XES sp c·tra with Ra.man shift in Fig. 3.11 (a), where one s~s that t.hc CT 

Rtructurc is distributed over about 4 eV. Unlike the rfJ caso, the permutation symmetry 

does not rule the separation between aotibonding and nonboncling states wlwn a finite 

lODq wm·ks, ln:cm1se the unperturbed state IJ•) = d\Jrfl) is not symmetr ic. \Yi t. hin 

the two-configuration approximation, there are two other state vectors, which have the 

sam point group symmetry as jJ 1) , 

J2 11) = d1vJ.il,) 

1 
J2 12) = ,.,- LD~P,.Jl•)· 

v2 " 
Both of tlwm bave a doubly-occupied metal site. Consider a linear combination of 

these vectors, J2 1 ), uuder condition such that J(2dHJ1 1}l is maximized. Following tlw 

effective hybridization theory, we have 

\ ~rr(d 1 ) = j(2••1) 2 + 2(2v2)2 • 

Diagonaliziug 2 x 2 Hamiltonian spanned by {J! 1), J2,) }, we have bonding-anti bonding 

~epru·a.tion 

\1'1 ~ j(.:::. + UM) 2 + 4V07r, 
which is tht• same order of IV0 . A peak at - 12.6 eV labeled with "AB., in F ig. 3.11 (a) 

originates from this autibonding state, and it is strongly enhancPd when n is tuned HI 

tht• satdlitP strucl urcs 5 and G. being consistent to the tfl case. This is also dcscribPd 

in Fig. :l. JO (a) with t he shaded bars. 

lu this roul!'xt, we> considPr the slate orthogonal to J2J) as the nonbond iug state in 

t he· truncated Hilbert spare, 

This corrPsponds to a peak at -8.8 eV, which is st rongly enhanced in the ~'CES 

spt•ctrum •1. T his fact suggests that t he ~bsorption spectra in the vici nity of the arrow 

labeled with 4 hruJ also uonbondiug dmractN. ln fact, it has relati vely large weight in 

JrD 1;d2f!). which gives rise tor latively large J2 1J) weight a fter radiative t ransition of 

the D el ctron. 
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There io anol hPr class of non bonding states. whid1 has different point group syn l­

mct.ry from lg). Wheu n is tunerl at I he main absorption p •aks, it is tlus class of states 

that an• tlw most strongly C'n!Janccd , as jn the d0 case. Corresponding to jN lol ) and 

IN lo2), stai.P vectors such as 
INttl) = dl£W1 l 

jN112) := ~ :LD!PuiJJ) 
v2 • 

arc of this kind. Thr former contributes to an inc>lastic peak at - 9.3 e\ · when !1 i 

tmwd at 1he peak l , wherea.~ tbe latter contributes an inelastic peak at - 11.3 eV when 

!1 is tmwd atthr peak 2. The energy separation hetw en them is naturally attributed 

to JODq. 
A part from thC' d-d struct urc, the !1 dcpendenrt• of RXES sprrtra has much in 

cou11110II with 1 he ~ spectra in Fig. 3.4 (a) rat her t.han the nondegenerate calculat ion 

i11 Fig. :3.u (a). ThP mu lti-M cluster (d4p4 ) results are shown in Figs. 3.10 {b) and 3.11 

(b). In contrast to the single-- A£ cluster n•sults, we observe fluorescence-like behavior 

there. 'ote that the noudegencrate multi-AJ clust cr calculation in Fig. 3.6 {b) exhibits 

no su('h behavior. T hus we conrludc that it is cs:enlial for the a pperu·ance of thr 

fluorcs• ·<•nce-Ukc spectra in d 1 systems to include orbital dt>generacy. 

Tlw other largtLrluster ffect is iuelru I ic peaks due to int<•r-site d-d excitations. 

Compare F i!;. 3.11 (b) with Fig. 3.8. AB expla iued. t ile latter model is regard<•d as a 

lntut·au•d model to include only the d-p transfer path of the former. We noticP that a 

bultlp at ahout -4 eV in Fig. 3.ll (b) for R)i.ES spectra 1. 2, 3 ancl4. This is attributed 

to t hr inter-~il<' d-d excitation , and labeled witb · ' ~lH", as in Fig. 3.8. Although the 

MH strutturr is sc>parated fmm the CT st ructur<' in Fig. 3.8, one observes that the 

n~11 r r of th<· SJW<"t rit.l weight lllOVt~s to lower enCI'!\1' roughly proportional 1 o !1, [rom 

~ Ill to .T s trudme and beyond, resulting in the fiuorescence-likc spectra in Fig. 3.11 

(h). 
Ou Ill<' other baud , we s<'<' that a structure at about - 10 c\ ' is enhanced for l 

nnd 2, 1md a structure at about - J 1.9 e\' is euhauccd for :1. This is exp lruucd by tlw 

euhRun·nwut of thP ucmbonding states which originRir fro111 JN111), INI t2) and j:'>/2 1). 

Wc· also obsrrvc· an bolatrd peak al - 1.4 due to I hr iut ra-sitl' d-d excitation. ThP 

n•sow1nct' rnhrulrenwut of the antiboudiug iJ<'ak i' also ob. N'vPd for the pectnun 7, 

as cxprrhsrd with the shaded bar iu Fig. 3.10 (b). Figure 3.11 (b) is v<:ry intriguing 

in th<•l tht>>(' >truclun•s of local origin, which arC' sU(Tcssfully explained with siugle-J\1 

c·llk" t•r IIIOd<'l , c·ot'xist witb the aforcmcnt ion d struc:1 urcs due 1 o inter-site dfects. 
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3.5 Discussion 

3.5.1 rfl system 

WP defined a noubonding state as that state which bas no or little hybridization matrix 

elcm~nt o:it h the ground state. Mathematically, this definition may hold in realistic 

three-dimensional systPms. Figures 3.4 (a) and (b) show slight !!-dependence in the 

nonboncling ~t ruct ure, where the sp ctral weight moves from higher energy to lower 

energy branch of lhP nonbondiug peaks in going from the spectrum 1 to 3. As discus Pel 

within the single-Jif cluster model , the energy separation between the two nonboncling 

slat s. whkh originate from INlol) and I IJ 0 2), is attribut<'d mainly to 10Dq. While 

this kind of r1-dependence is ronsistem to expeiimentaJ ft•atme [106]. the calculated 

sp ctra show ronsiderable cluster size dependence of the separation. This i.s au example 

that a feature of local origin is renormalized by multi-.M cluster effects. Apart fro111 

this kind of light dependence, the fad that !!-dependence of lbe nonbonding st.ru<·t.urc 

is not very strong in experimental 'fi 3d-2p RXES of Ti02 [106] suggests that the 

uonbondiug 'Lructure is composed of states with various symmelrie , and these states 

are ltighly snlPart>d out by 0 2p hand effects. 

The latest experimental data on Ti 3d-2p RXES of Ti02 (106] shows a strong 

r~sonanc~ euhaucemPut of a peak 14 eV distant from the elastiC' line when fl is lunecl 

al the saLCJlitc structure of the XAS spectrum uuder a polarized configuration. This 

{'llhnurcmeul i; not ohs~rved in Fig. 1.6, where the depolaiized configuration is adopted. 

This fart mt'allS th>~t t hv 1' excited state corresponding to the 14 e\' peak is the same 

sy 111111etry as lg) , <Uld we naturally attribute it to the auliboncling state, whose origin 

is the loigbt•r energy Pigeustatc iu the truncated Hilben space spamwd by IOo) and 

llo). D spite• of its si1nplicity, our model well Pxplains the rsscul ial physics of t,he 

experimenta l 1·1 e euhaucement. Note that spinless exciton modds [103] r·an nol. 

d~;;nibr th~ CT ~atrllitr of XAS, and therefore by no means describe the experimental 

polnrizatiou dcp<'Illkncc. 

Tlwrr bad hrru a controver yon th<' origin of the satellit<' structure of Ti 2p-XPS 

m 2J)-XA of Ti02 [ 19, 112]. Okada ~nd I<otani conclusively demonstrated that it is 

thr CT s<Jtellile by their lhcorrlical analysis "-ith a TiOs cluster model (·19]. With this 

regard, the polarization depcndcnc of RXES when !1 is tmwd at the satellite structure 

is significant in that it dmmatically proves ils rharaner as the CT salellitr. ~JorrO\·er , 

t hr large bouding-anlibonding epa rat ion offers evidence t hat Ti02 is in the strong 

hybridizaliou r~1,>ime. Thus, parameter e~timations based on the atomic picture would 

bC' subt lr iu many casc•s. 

Apart from the Huon•st'l'JWe-like behavior, the singlr-J\1 clustrr ruodel well exp lained 

the fl-dcpeudcncc of RXES spectra calculated with t.he multi-A! c·luster model. This 
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means that the local transition picture as shown in Fig. :J.5 is at l<'ast pllrt ly applicable 

t.o the Raman component despite the translationlll symmetry of Lhe system. This is 

a conseq uence of the special feature of RXES thai reflrrt s local as well as it inrraut 

nature of t.he system. 

We comment on the relatiw intensity of the st rurlures of local origin, i.<>. the 

antibonding and nonbouding struc tures. CompariJ1g Fig. 3.:1 with Fig. 3.J. w<' SC'<' thai 

they are clearer in the latter than in the former. This suggests a trrud that tht' 111orP 

available internal degrees of freedom a unit cluster has, th<· more weight of speC't ra of 

local origin is ob~crved. The rrason is naturally related to the m1n1b<'r of t ransitiou 

paths. 

3.5.2 d1 system 

We demonstrated I. he appearance of the intra-sil.e ri-d rxcil~t. iun i11 RXES >pe('tra for 

dt systems. Rec:ently Higuchi et al. reported that iut<>nsily of a peak 2.3 rV <list >111t 

from the elastic liue increases with La doping for SrTi03 [113). Sinrc• La,.Srt r Ti03 ha& 

nominally d' filling, their explanation thai. llw 2.:1 rV p!'ak is ntuscd by Ll1<' intra-;,ite 

t29 -t e9 transition (scP Fig.l. ) seems to lw uat.ural. Whih' they ntac.lr c. tiniAtion of 

the value of 1 ODq simply as 2.3 e\', Fig. 3.11 shows considt·rahle clustt•r sizt' d<'pt•mknn• 

of its energy separation from the clastic line. \\'r hav(' th<' value of 2.5 p\' with tht• 

inglc-llf cluster model, whereas 1..1 eV with lhc ruulti-JI! clusl!'r nJOdd. Although 

the latter is fairly close to tbP actual value 10Dq= l.7 eV, wh .lhrr or not ti.Jjs is lhr 

case in realistic three-rlitnl'JJSioual syslPIIlS is uncleaT bC'cause whrtliN it gets smallc•r or 

larger would greatly dep<•ud on a hand struclure. What we r~n say definilf'iy is that 

the anisotropy between t29 and e9 orbitals play a ccrtaiu rul . 

Experimentally observed d-el peak inTi 3cl-2p RXES of Ti20a (108] is much wcak<'r 

than other inelastic spectra Pven when fl is tuned at th<' e9 p~ak in XAS. Figurr· :l.lt 
shows, however, a strong d-d structure. This discrcpaHcy L~ partly atll'ibuted t.o lmw·r 

prohability for el~ctrons to occupy ad (or t29 ) orbital in lg) 6 . In t h~ wPak hybridization 

limit, lg) is trivially dtlll'l ), whicb gives the probability of 1/2 to o<·cupy up or down rl 

orbital. In realisti<' Ti20 3 , the probability is only 1/6. resulting in smaller antpl it ndt• 

of the transition from a !,29 to a core orbital. In this cont<'xt, the maximum int~nsity 

of the d-d pPak would gel larger with increasing the ot·rupat ion nllmber of t29 orbitals, 

i.e .. Ti203 < \'20J < Cr203, <>tc. 

For the CT st,ructure, Fig. 3.l0 show. D-dependenc·e similar to thr n•stdt.s of t h<' 

Jl sy tern in Fig. 3.4. This is related to t.he fact that we clln successfully define the 

antibonding state as explaiuocl in the preceding hection. The lower symmetry of lhe 

1mperturbed d1 state, bowev('r, disturbs the resonante t·uhancem~nl oft he antibonding 

6 Polari~:ation drpendencc is another possible reason. 
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peak a~ compared to d0 Analogous to Ti02 , there is a broad ~atelli te strucwre in 

experimental Ti 2p-XAS of T i203 [108]. Our re>ults on dt systems predict that polar­

ization depend nre of the antibonding peak should be observed when !1 is tmwd at the 

satrlJhe structure. 
For band insulators, we have con!inncd that spat ially extendecl states are in the high 

energy tail oft he maiu manifold ofXAS, and that these states maintain the one-electron 

charac·ter to great cxlc.nt against the strong Udd and Udc · WlJ..i le we have some extended 

states also for l\1J-I insulators, lhey are quite unlike the simple one-elect ron state , bu t· 

cont plir.<t ted many-electron states involving excitations in the Hubbard bands. It is not 

nCC'essaril.v dear what kinds of extended states are created when orbital dcgeneracic 

are introduced in. What one c1m de!init.cly say L~ that the orbital degrees of freedom 

relaxes thP red uction effect due to the Paul principle, and tltcrefor encourages t.hr 

dissipation of a photoexcited electron. In any c<tSe, the ex istence of highly delocalized 

states that. a.rc densely distributed over finite width in an absorption threshold is a 

necessary condit ion to display the fluorescence-like component. in RXES spect n:t. 

3.6 Conclusions 

We have disc ussed the role of orb ital degeneracy in tnetal 3d-2p RXES with periodiC' 

multi-M cluster model5 under rfJ and d1 fillings. We first iovPstigated d0 systems with 

a single- J\1 cluster model. Calculated RXES spectra ·hawed only Raman component, 

which is coruposed of antiboncling and nonbonding states. T he origin of the anti bond­

ing , late C'Ome from totally symmetric states as to the permutation of d . generate 

orbita ls, wh~re<ts that of the nonbonding state comes from tho.~ states which h<tve dif­

ferent 5ynuu~try from the unperturbed ground state [..fl). T IJ..is mathematical definition 

well explains Lbe f!-dep udenre of RXES spe<:t ra, which is quantitatively consistent to 

llw mqwritllentaUy observed rPsonance cnbanremeul of t.l1c antibonding state under a 

polarized con.figuration. 

With a degPJWral.e multi-M duster model, we demonstrated that the above proper­

li\'R of local origin are substantially conserved in RXES spectra. Large-cluster efferts, 

however, wen• observed, first , in I he modulation of int,cnsity rat io betwe n two 111a in >tb­

surpliou pPaks , and second, in the reduction of the peak separation in t.be nonbonding 

sf rurture . i'vhlreovcr, th ird , we again confirmed the appearance of the fl uorescence-like 

HJ\ES spectra, which is compktely missing in lhe single-M cl uster results. Our rPsult 

.is the first cakulat.inn that dPmon trates tlw coexislence of the flnoresc:ence- likc and 

R<tmiUl c·omponrnt.s "' ith a periodic Anderson modPI. 

NPx t we ;,bowed c;llculat.ed n:sults for dt sy~tcms . HXES spectra calcula ted wi th 

nondegcnerat(• tuodels exhibit only HHn'iall c:ompOJt01ll for both sing! - and ev<'n multi-
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1\I cluster mod<'ls, blll lil<' lattc•r resu lt s show nmsiderahlc n-tle prnrlcw·c. \\ 'hilc• a 

structure due tO intl'r-site d-el transition is <>n hancrd fur lowPr ll , a st m rt uH· due to 

CT is enhanced for higher !1. A it hough energy dispt>rsiou of L'HB ~lightly rdll'l·ts on 

the !1-depcndcnce, it is too small to explain the oc-currc11cr of fhtm·csN•urP- like spenra. 

in realistic parameter set for Ti oxides. 

The most remarkable effect of orbiLHl degcu~racy is the appe!lranre of i he 

fluorescence-like spectra in the t.nuiLi-J\1 clustrr cal ·ulat ion, h,;i ng qnali t >U ivP I~· rou­

sistent to cxperirnentul spectra. T he na ive coujN·ture tha t pf[Prtive hopping enc·rg~· 

reduced by d-d on-site Coulomb interaction hinder. the appearance o t hr fluon's<'rncc'­

like behavior does not hold wh<'n the orbital degeu~mry is intrnd ue~d . This resull 

demonstrates the e.sseut ial importance of th~ orbita l d~gcucrary as wdl as t.lw t r>tnsla­

tional symmetry. T hP appearancP of the fluorr. ce>urr- like sprd ra s~rmt< to " ''" !J(·neml 

phenomenon that is obset'Ued whet·ever highly dclocall.zed rontintwm sta le.! r.:nst. 

In addition to the fluorcsceucr-Hke spect.ra, l.hr orbital degr m·racy gh·rs risr io. 

first , a peak due to the imra-sit.e d-d excitation. ThP separation b\'l weru this pPak 

and the elastic line is of order of lODq. but il <'Onsidrrahly depC'nds ou <·luster size. 

Second , nonbonding states 3S well as the ant.ihonding state rontributt• to inclast.ic sp(' -­

tra. Despite t.he difference iu symmetry of the grow1d ·tal.t', the c·alealatc•d rc.,ults 

show !1-dcpcndencc siuJ..ilar to th<• rfl case, from which resonance rnhaurr•nwnt of the 

antibondiug peak is predicted when !1 is tuucd at the XAS satelli lt• struCI. tU"C' undt•r 

polarized configurations. 
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Chapter 4 

Local and N onlocal Excitations 

in Cu 4p-ls Resonant X-Ray 

Emission Spectra of Nd2Cu04 

Theoretical study 0 11 Cu 4p-l s RXES of Nd2Cu04 is given in the context of local 

and nonlocal natures of e l~dronic exl'itations. Detailed analyses with an impurity 

AndP.rsuu rnodPl aud mt.ilti-Cu models are presented, based on the exart cliagonaliza tion 

technique. D.Y investigating partial densities of states, substantial characters of each 

excited slat<> arc clarified. It, is deu10nstrat ed that a disagreement with experimental 

data is unavoidable with the impurity modeL The key concept to solve tlH? difficulty i. 

Zbang-Rice s inglet formation in tlw inlNmediate state of !lXES. We find that it survives 

iu the final s tale of HXES as tlw lowest charge-transfer e..'<citat ion. The limitation of the 

impurity H!Odcl and the essentia l role of nonJocal excitations in RXES are str ssed. 1 

4.1 Introduction 

J d2C'u04 is well known as a moth~r material of n-typc superconductor, 

Nd~ ~ cxCn0.1 y (11.!] , wlticb has aLl ra.clcd special a.ttont ion in the context of appear­

aure oft he elt•ctrou-hole ~-ymmet ry [ l1 5], a cha.ract,er whirh singl<>-band models showd 

have. Nd2Cu04 has two-dimensional (2D) corner-shared Cu02 pla.ues with nominally 

d9 <!Onfiguration, which is believed to be csseut ial for high-Tc superconductivity. Re­

t 11t ly, Cu ·1]>-l.~ HXES of d2C uO,J has been measured by Rill and cowork~rs [ll 6]. 

Tlw u ~71-ls RXES proc~ss is schematically shown in Fig. 4.1. A completely localized 

1" core clt·ctron iti re onantly excited to an empty 4p ronduction band by an iucideut 

phot.on (~ 9 keV), and then the ~'<rite 1 4p electron radiat.ively comes back to the 1.• 

'T. td~ and A l<otmu, J Phys. Soc. Jpu 68 (l999) 3100-3109. 
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core orbital. In the intermediate state (Fig . .J . l (h)). a ,·a leuc<' hole on tit!' cor<' hole 

site is strongly scat.tered to move away to surrounding ·itcs, so tlmt the dynamics of 

t he "dopant " bole such as Zhang-Rice (ZR) singlet fonnalion [-13] wowd h<> strongly 

reflected on the ~'CES sp('ctra. lL is interesting lo SE'C how tlw ZH ~inglet state decays 

or s urvives with going to the fiual stat.cs, and to t•xamine what kind of stat€.' is r rt>atnd 

above the insulating gap through varying the incidem photon en(•rgy. 

Cu 4p 
~ 

U4p3d 

Q£e_ 4--- +-{}lf~ ~ - ~ ~-~ 
Cu3d 

Udc 

Cu 1s 

••• •o• • •• 
I•> ground lbl Inte rmediate tclfinat 

Figure 4.1 : Schcwatic cliagram of Cu ls-4p-J.~ RXES process. Tltc• Llauk eire!<' a nd 

blank arrows repre.sent a l .s c·ore hole and up- or down-spin val0nce holes, respective ly. 

The shaded circles represeut ls or 4p electrons. (a) ThP ground slate wit It ani ifer­

romagn('tit order. {b) 'J'He intcrm diatc sta te, whrre a photon exd!<'d a Ls-elPrtron 

to an empty -lp level (tlw 4p band width is disregarded in this fi gure), creat ing a J.s 

·ore hole. Th<' sh·ong repulsive interaction Ud,· between 3d and l.~ holes gives riRP t.o a 

cll<trge-transfer (CT ) excitation. There i' aJso attraclh'e iJJtt' ract iou U4 pJtl b('tw<•eu tp 

electron and 3d hole, but it can not completely cornpen~a.te Udr· (c) The fiual ta.tt' 

with a CT excitation. The energy difference between the final iutd ground st il.t<'s is 

ob. ervcd as Pnergy loss of the X-ray. 

Figure 4.2 shows the experin1ent.al data of the Cu 4p,.- l.s RXES of Nd2CuO 1 [llG). 

The abs ·issa is the energy loss of X-ray, which is tlw same as lb<' t'nergy diUcrc,un• 

betwL>en the initia l aud final electronic s ta tes, E1 - Eg 2 . T he incident pltotcm Pnf'rgy 

is takeu in the region of Cu ls-4p, XAS, which is shown iu the upper pam•ls of Pig. -1.3 

with the open circles. The first (at 8984 eV) and second (at 8990 eV) feat urcs of the 

Cu 1s-4p, XAS a.re denot d by a main peak and a satellit e, rP.spcctively. lt is . (•en 

in Fig. 4.2 that au inelastic structure at about 6 e\ ' is observed for 8987.5, 8989 and 

21t equals - 1 x (Raman shift ). Although t11e calcuJat.ed R.XES ~pectra will be arranged as a funnion 

of th.i!; quantity lo compare with the e:xperimcntal data, w<' hope.• t.hat the readers do uot. ronfuse thew. 
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8990 l'Y iu audition to the extremely strong elastic peak at zero. Tlw incident pJ10tou 

energy dcp~nncJtcc oft he 6 eY exdt.ation is shown in the lowPr panels ofFig. 4.3 with 

the open cirdes. We recognize that the 6 c.V intensity is strongly cnbauced when i.he 

incidrnt photon energy is tuned at the satellite of the XAS spectrum, but it indicates 

almost no euhau ·emcnt at the main p<>ak position. 

Th<> aim of I his rhapter is to give a theor~ti al int(•rpretation for the e e,q,crimental 

daU1. We will first analyze the experimental data with an impurity Anderson model. 

ThP calculated results will be in fair agreement with t.he experiment., but there exists a 

c ·onspicuotL~ diffPrPnce between the theoretical and exp(•rimcntal r<'sults: Tlw ca.Ic uJated 

6 e V int<'nsity shows a considerable enhancement at the main peak position. In ord<>r 

to rcu1ovc this discrepancy, we will next use a muh i-Cu cluster model. It will be shown 

that the 6 eV intensity is st rongly suppressed at the main peak resonance because of 

the formation of a ZR singlet in tlw intermediate state. 

The layout. of the present chapter is as folJows: In the next section, the modeL used 

ar(' explained. Numerical analysis with the iutpurity Anderson model is des ribcd in 

§ 4.3. We discuss in § 4.4 the role of the nonlocal screening effects with multi-Cu chtster 

models. [n the last section a brief summary of the present study is given. 

4 .2 Formulation 

We• considN a 2D extended periodic Ander. on model including 'u ls and Cu 4p or­

bitaJs, as shown in Fig. 4.4. The explicit form of lhe Hami ltonian is as fo llows: 

where 

aud 

Hd,. -.~,.'~=d~ n.do n. +Tpp I: (-1)01 [PtrPur·•+H.c.] 
R ·• (r ,r '),a-

+ Tpd I: (-I)"' [d~n.Pur + H.r-.] + udd L dtn.drn.dt R.d~ n. · 
(n..r• ),o R 

Hpp = Upp LPi.r1itrPlrP!r • ,. 
H core = CJs L SkSn., 

R 

4 

(4 .1) 

(4.2) 

(4.3) 

(4.4) 

8995 

~ 

~·· ~~w .. ;~_1sgsg 
f~;:)8987.5 

~-· 
- 1 1 4 6 8 10 12 

Enerw Loss ( eV) 

F igure 4.2: Cu 4]!~-I.s RXES of Nd2Cu04 [116] as a function of energy loss. Jncidrut 

photon energies arc tuned in the range of I s-4]>w absorption. The polarizn tion vertor 

of the incident X-ray has an angle 60° to the Cu02 planes, and its n1omentnm- transfl'r 

is perpendicular to those (stlc Fig. 5.2 (a)). The excitat ion pnc•rgics are indicat{'o in till' 

upper panels of Fig. 4.3 with vertical bars. 
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Figuxr 4.3: (a) Lowe•· panel: The 6 c\' intensity as a function of the incident photon 

~nrrgy in u <lp,-1.~ HXES of Nd2CuO~. Tlw open circl~s represent the experimental 

result by Hill ct al. [116). The solid and dashed cunes represent calculated results 

with :-1 Cu1 02o6 cluster for R,. = 0.8 and 1.0, respectively. In accordance with the 

Pxpcrimental resolution [116], all the culculatious are convoluted with Gaussian rc; = 

0.95 ~\' (H\VHM) for lbc scattPrcd photon, and rc; = 0.3 eV for the incident photon. 

Up1wr panel: The open circ:1cs represent experimental Cu ]( -XAS of . d2CuO 1 [117), 

whrre the polarlzat ion vcC'I.or of tlw X-ray is 60° to the Cu02 plane (see Fig. 5.2 (a)). 

Tlt~ dcfinitiou of the two curves are the same as t ht• lower panel, although they are 

couvolut.cd with Lorentzian rL = 0.8 cV (HWHM) to take in lifetime effects, and 

further with ro = 0.8 rV to r~produce llte expcrirncnfallin<? width. (b) The same as 

(a), but <·akulatrd turves are obtained with a Cu50 16 rluster. The calculated XAS 

sperlra an' broaclened with r 1, = 0.8 cV and ra = 1.2 eV. 
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lu these equations, d~R creates a u dr' - y' hole with o spin at R sit.e aucl P~r 
creates a o-bonded 0 2p hole with o spin at ,. site. -' (> O) is thf' c·harg~-transfcr 

(CT) energy betwrcn the p and d orbitals. and inlersife hoppiug tnergy T,.p ancl l),rl 
an• related with the Slater-Koster panunPters jll8] as Tpp = [(pp11') - (ppa)]/2 and 

Tpd = V'3(pdo)f2. The signs of Tpp and Tpd are dcsnib<•d by n 1 and n 2 . whid1 are 

0 or 1, depending on the relative position of a nearest-neighbor 0 -0 a.11d Cu-Cn pair, 

respectively. s_k neates a Cu Is electmn at R sife. udd and Udc a.J'C OIHif.l' C'n 3cl-:3r/ 

and Cu 3d-ls Coulomb repulsion enPrgics, respec·tivcly. 

(b) Cus01s cluster 

Figure 4.4: Geometry of the system. (a) Orbitals in the model. 0 2p0 atlll Cu {1•. 

3d(bl 9 ), -ip,} orbitals arc taken into accow1t. T lw blank (shaded) art>a of tlw ellips<'$ 

represents positive (negative) phase. (b) The Cu50 16 cluster with open boundary 

condition. The oxygPn sites are discriminated with {a" b;, ·;} to coustrud nwl cular 

orbitals in the next section. 

Generally, Cu 4p stales are split off iuto a2 (4p") and e (4p0) symmetriC!> iu tPrm~ 

of the local D411 irreducible representations. For 4p-ls RXES of Nd2Cu0.1, how<>wr, 

both coutributions a.J'e separable because there is no overlap between 1 he cxperimPnlal 

4p" and 4p0 absorption threshold. We only I ake int,o aceour1t t.he ls-4p .. -1.s 1 ransition 

process. The polarization dep<'ndetlce of Cn 4p-ls RXES will be discussed in th~ ucJct 

chapter. Then H4p is given by 

ll-ti>= o.lrnrLQkQR +to L QhQR'· (4..5) 
R (R. ,R' ) 

where Qh cr ales a Cu 4p, electron at R site, to is 4p,-4p, nearest-neighbor hopping 

energy. 

H~pc and H •tpJd desnibe Cu 4p,.-1.• and Cu 4p,-3£/ intra-atomic iuteractions, n~ 
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•Pe~tivdy. Th~ explicit forms are 

and 

Fl1pr = - Utpr L QkQnSnSk 
R 

("-G) 

H,1,3d = - U4p3d L QkQn :Ldtnd~w (4.7) 
R 

l11 accordance• with syst(.'matics of high-Tc compounds discussed by Ohta el al. [ 119] 

;md wii han ab initio c·alculation [120] , we set the valence electron parameters for large­

clustN calculations of Nd2CuO,, as ..':. = 2.5 , Tpd = 1.21 , 7J,r = 0.55 and Udd = 2Upp = 
8.8 [eV]. A band c;;lculatioo for Nd2Cu04 [121] gave the lp. band width 11', = 2.5. 

Thc•reby wr estimate t0 = 0.3 cV, along with one-electron formula of the bandwidt.h 

W, = 81 0 . Udc• U41,3d and U .tpc ru·e set to be 7.5 , 3.0 and 4.0 [cV]. 

In addition to the above model, we definr au impurity Anderson model, which 

contains all 0 27J and Cu 4p orbitals in H , as well as the central Cu 3d and 1.~ orbitals. 

Since tltr system we arc interested in have nominally rfl configuration i11 the electron 

picture, the impurity problem is necessarily a one-hole problem with one electron in I be 

h orbital or tlte 4p orbitals. In order to keep the main-satellite energy eparalion of 

XAS to lw the same as that of the large cluster model, a dif!creut parameter~ = 1.5 e\' 

is w;ed for t hio model [86]. 
As far as the 1s-4p~ absorption process is concenwd, the absorption opemlor Ta is 

gi\'1'11 by 
T, = l: c- iq1 .RQh_Sn, (4.8) 

n 
where q1 is the wave vector of the incident photon. The emission operator Te is defined 

as (7-;.)t wil It t.he sub titution of q1 with q2 , whirh i: the wave vector of the emitted 

photou. Thrn the transition operator of the 4p,-1.• R.XES can be written as 

T(fl) = L SkQnGo(fl)QkSn. 
R 

where Go(fl) i. the re$olve11t operator defined as Go(fl) = (fl + E9 - H + iJ) - I E 9 

anrl n arP Pnergies of th<> grouud statr and the iucideut photon. resp<>ctivcly. We set 

r = 0. t•\' iu the present ralculation , considering semi-empirica l data of the A ugPr 

prot·css [122], and anot her calcnJaliou of R..XES ~ r 3d . ystt'ms [123] . In the above 

t•qual it>n , wp assume that q = q2 - q 1 is perpendicular to the Cn02 plane in accordance 

with tlw cxpt'rimcnl. The polarization dcpendenn• [117] and t.hc q depcudcncc [152] 

of RXE will be discus · d in tlw next chaptt•r. To make sure, I hr explicit forms of 

sped r>J.I fun<·t ions of XAS :tnd ll.'( ES are 

Fx..~s(n) = L 1(1,1Ta[Y)I2J(fl E,, - E9 ) (·Ll 0) ,, 

8 

and 

F1w;~( w; fl) = ..!._ L J(JJT(fl) [g)J 28(w- !1 f. E1 - Eq). ( 1.11 ) 
f#g 

where E~' (EJ) is a final staff> C'IICrgy of XAS (lL'\ES) , and w dt•notes tlu• ('mitll' <l 

photon energy. N is the number of the Cu atoms. 

4.3 Analysis with Impurity Anderson Model 

4.3.1 Properties of e igenstates 

It is well-known that thP eigent'quation of tlw impurity And rson nuHI<•I "' c •xtwLl~ 

coustructed as x- ctJ = E.(x) , wltert' E:d is nnpcrturbcd Ptwrgy of til<' d orhilal, and 

E, (x) is the self-energy function [124]: 

For the 20 periodic system with Cu-0 distance a. thcrr arc two oxygen 2p hand : 

_ { 4Tppsin(k,.a)sin(kya) 
E:1k -

-4Tppsin(kxa)sill(kya) ,j = 2 

.j = I 

For each band, the d-p hybridization energy is 

v,k = { 
-VZiTpd[- sink7 a + ·inkya] , j = l 

-v'2iTpd[sinkxa + $illkya] , j = 2 

The graphical representation of tiP eigPncquation is depicted in Fig. 4.5. We S('~ 

that a bound s tate exists a l -4.3 eV. Th is is tlw ground state Jy). Tlw above qual ion 

still holds for l.he iutermcdiate state uuder substitution of c<f wit It E:d + U 11c - UtpJd, as 

far as the N1ergy dispersion of t he 4p dectron is neglerted. I 11 1 his cas" wt• haw 1 wo 

bound state.~ 1\! aud S, as described in the figure. 

In order to study propPrties of the eigenstat.es further, we <·akulatt' pari ial clt•n&it) 

of staLes (PDOS) which is defined a~ 

(~ . 12) 

for a¢ orbita l. [<11 ) is an eigcn t·at~ oft he syslelll. 3 

3Severa.l authors ha."e tried t.0 dcr.om1.WSe calculated spectra according t.o rllf!crent poiut. gr()up 

symmetry, sec f. . g. Ref. jl27] . \VC? here define th.h; ruudion 111 ord<'r to invP..stigate cont.ributiou of a set 
of state vectors with a .~arne point group 5)•mmecry but differeD! spatial rxt('nt,. 
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Figure 4.5: Grapl1ical representation of the eigeuquations of the 20 impurit-y Anderson 

model with 4 x 4 oxygen network. 

By coi.IStructing molecular orbitals with b,9 symmetry around the impuril.y site, 

it can be easily shown that the impurity Anderson model is equivalent to the model 

shown in Fig. 4.G. A is lhe ucarest-ueighbor orbitals to th Cu site, which is defined by 

(4. 13) 

Starli11g with this, we C'Orne to more accurate dcs<:ription of the whole ~ystem by l.aking 

8, C, ... IIIOlccular orbitals, where B and C arc defined by 

(4.14) 

and 

(4.15) 

resp('c-tively. Sint:E' th y spa11 tbe complete set, note that a sum rule L.p p., = p ru well 

as f de pep= 1 hold~. p reprrscuting the total densit,y of states (TDOS). 

Figure ~.7 (a) shows PDOS of 3d aud lhc A, B Md G orbitals as well a.~ TDOS for 

TlXES final state. \Ve see thlit f!d a.nd PA ha,·e defutitc peaks at the ground state 1wd at 

1U01md 5.2 e\ '. The energy separation i. approximately equal with th~ valut" obtained 

from the fonnul~ of I he bouning-antihonning separation [86j 

in the simple CuO. cluster. This implies that the 5.2 eV p<"ak corrPsponds to the 

anti bonding state. Since these bonding and ru1tibonding orbitals are just two ones in 

90 

T 0 
-t. -2Tpp - PP-£2;-

A B C ~T2 

Figure 4.6: A equivalent model of the 20 impurity Anderson modd. Til(' clos~d and 

open circles represent the impmit.y 3d orbital and 0 2p molecular orbitals, rt>SJ)(~cl i\·el:v. 

The diagonal elements of the eqttival nt Hamiltonian arP dcsrribPd abov<" each of I hP 

circles. The hybridization matrix elements an> de crilwd below each bond, where T1 = 

,/2Tpp and T2 = ./'iTpd· .:-lote that, there happen LO be dPg!'n<'nlries in moiPru l~r 
orbitals b!'yond C. 

the sirnpl<' Cu04 cluster, the 5.2 eV excitation is neMiy local, i.e. the hole SJ)('nd rno&t 

of its time at the plaquette with the impurit-y 4 . 

On the other hand , we notic that the stale at about 2 cV has litt.lc rl Rnd A wdghL 

This means that it is a nearly pure p state, which has lilt!~ amplitndP ;U. I he irnpul'il.)' 

plaquette. ill other words, il is a JJOnlorally excited state. This characlt>r m;tk<Js a sharp 

contrast to the ground st.a.tc and the 5.2 eV excitrd state, and it is directly rcflt•.-l~d in 

the n dcpendeucc of R...'<ES. 

4.3.2 XAS 

Figure 4 .. 7 (b) shows calculated Cu ls-4p XAS and PDOS for the intmmcdia.l.<' (XAS 

fi.ual) ·tate. The energy dispersion of the 4p electron is ncglcrt<'d in thP cakulatiou 

of PDOS for simplicity, but it is fully included in that of XAS. We ob~erv<' a doubly­

peaked structure i11 the calculated XAS spectrum. which has been plot t.cd with 1 he 

dashed curve also in Fig. 4.3 (a). The em,.gy ;eparation betwt>en the ma.in and satcllit<' 

peaks is consistent to that of the experimt'nta l l.•-4p,. XAS spectrum. ff we subtract 

contribution of a steeply increasing backgroull(l spectrum due to the serond;u·y ('lrrtron 

emission process [125, 126] from the experimental one, thes • two spectra would broacily 

agree. 

We see that the major weight of the main peak of XAS, which is d uoted by [M) 

hereafter, li ·s on thr A orbital. This is consistent with l.he standard notation £d10£,. 

in the electron picture, but there are no little weights in horb d and C orbitals. The 

satellite peak of XAS, which is denoted by IS) hereaft\'r, is composeclrnai.nly of the d 

orbital and slightly of the A orbital, being consistent with lhe standard notatioll get'. 

"r..~tiJre exattly. this excitat,ion energy, which rorresponds to the expcrirncut.al v-Jlue 6 e • devcudc; 
on the model= and takes 5.2 eV for the impurity Anderson model , 5.5 PV for Cu.a01o cluster model and 

5.7 f'V for Cns016 cluster model. 
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5.5 
impurity 
t6x16 

J.sf-'-'Pc=-----"""" 

3.5 

2.5 

1.5 
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Figur<' 4 .7: (a) Total and par t ia l cl ~nsit, i f'.s of states of the impuri ty 3c/ orbita l and 0 2p 

molecular orbit als {A, B and C) defined in the text. T DOS and PDOS's a re calculated 

with t!Jc im pmi ty Audcrson model with N "" 16 x 16 oxygen network , and tlwy arc 

eonvolul.<•d with Lorcnl,ia11 r~, = 0.2 eV (HWH I\I). All densities arc normalized so that 

the integra tt1d a rras a rc to be unity. T he shaded b~tr. are guide to eye to represent 

IIIIJWrtnrhed 0 2p band width . {b) 'Total and partia l densities of sta tes (PDOS) in 

the ·intennecliate s ta te. T he f' nergy dispersion of I he 4p electrons is disregMd d for 

simplicit y to calculate PDOS, but it is fully inr luded to calculate XA S. The C u l s-4p, 

XAS spcC'lrum is convolu ted wi t h rL = (1.8 e\ ·. F'or both (a) and (b), ti.Je origin of tllP 

a ]J.-cissll. is adjust ed I o l'lll' lowl'st e igcnt'n~J·gy 
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A~; seen from Fig. 4.7 (a). Jg) as t he in it i;tl sla te o f XAS consist> of d and A orbitals 

approximately in tbe rat io of 5 5. Large weight in t hes~ orbita ls is a JWr<'Rsn l',l' 

condition to have a strong intens ity iu XAS. Althoug b /AI} a nd JS) s imilru· ly fnHiU the 

condition , F ig. 4 .7 (b) shows that their XAS intensities are qui te di[<'rent. T lw rras< 11 

comes from a phase cancella tion mechrutis1o. Both Jg ) a.ncl J,lf) are spli t-off sta les at 

lower energy side of t he cont inuum, whereas JS) is tht~ ~-p li t-ofl' one at th<' nppos it<' s idP. 

Thus we have considerable phase canecllat ion iu I.I.JP proc s Jg) -1 JS). 

4.3.3 RXES 

Calcula ted results of the Cu 4p~-l s R.XES are shown in F ig. +.8, whr re CT exc it n.tions 

appear as inelasti c: spect ra.. Tlw elastic peak is omitted frolll ml<'h spPcl'nun. 

Roughly speaking, we have broader . p(,Ctra when n is t unr d ill J\1 . wbcr('aS A singlr 

feature at around 5.2 e\1 appears for other n. As discussed in t.hr preced ing subsection , 

the value 5.2 eV L' nearly t he same as the boncli ng-anlihoudi.Hg sc pftr~ tioll iu 'uO 1 

cluster. Within t.h<' presen t parameters, it is approxitll at<' ly given hy ll' "" 41pn· Tlu• 

lowest posi t ion of th inelast ic peak is estimated as the euergy diff •renc<' between thr 

bottom of t he p band aud ti.Je bonding state in CuO, d ust<•r: 

-41J1p- ~ ( - !::. - 2Tpp- H') "" ~ + 2Tpd - 3Tpp· 
2 -

This formula gives a rough estimation of the C'T gap from t.he vi<'wpoint of t lw impuri ty 

Andersou model. Since it is believed tbat ( !::. - 2T1,1,) is the samE• order of Tprl for high-'/; 

compoun ds, note tha t a na ive estimation egap""' "" whi ch comes from t he s in1plr limit 

of weak d-JJ hybridization does not hold . 

We now discuss the I! dependence of RXES. First we consider the ra.•e wl•rn r! is ~t l 

IS). 'This intermediate state is strongly JocaHzed in t he impurity plaquette, as shown 

in Fig. 4.7 (b). Moreover , the phase of it ma tches the 5.2 cV excitation w(' ll by t ht• 

aforementioned reason. T I.J us the wain peak of RXES appear a round 5.2 <' V. 

Second , JM) bas no! a little weight in extended orbitals su('h as B. Sine;<' /AJ) is 

mucl1 closer to t.he cont iJlUUm t han Jg) in F ig. 4.5, it well hybridizes wit h p orbit a ls. T h<' 

limit. Udc-+ is helpful to illustra te th<' situat ion. Tlw d hole is c;on•ple t01y pubht•cl out 

to tbe p ba nds in t his case, nat ura lly gei t ing over the nearest-neighbor ligaucl orhi la l. 

In Lhis sense, JM ) as well as t he 2 e \ ' ex itat iou has a liOnloc·al dmmeter, th rough 

which the transition fro m JM) to the sta tes around 2 e\ ' is raused . /M) ha. a lso larg<' 

weight i11 A , so that the overlap wi th the 5.2 eV exei ta tion is large, a lt hough t.ltPre is 1111 

reason for t:he intensity enhancement. l.>y t he phase rnatchiug in 1 his r·as<•. T lus brings 

a bou t the emission intens ity around 5.2 el ' , result ing in the broader Sp<'cua. 

Finally, s ince the a bsorption intensi ty ill the region betwel'n Jilf) ami JS) is ex­

tremely small, spectral shap es of 2, 3 and 4 iu F ig. 4.8 are substant i;dly dc·•terminerl by 
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Figw-e ·1.8: Calculated Cu 4p,-l.~ RXES and XAS spectra for the Cu1 0256 cluster 

(impurity Anderson model). The arrow~ indicate the incident photon energies, and 

tl t•ir numbPrs COlT spond to those in RXES. 

virtual transition process, a lthough the 2 cV excitation is s lightly favorable for these 

inlenucdiat.c slates which have large extended p weighl. 

4.3.4 Exc itat ion en rgy dependence of the 5.2 eV intensity 

Let 11s cousirkr tht· mAchanism of t he lt-d prnde11Ce of the inelastic peak intensity 

around 5.2 eV. For tlw Cu0.1 clust<•r, tbere are onl.Y two slates in the final states of 

nXES. The i11termediate states are also spanned iu two-dimE'nsional Hilbert space as 

far as 1hc t•ncrgy dispcrsiou of -lp electron is disregarded, so that IAf)(MI + IS)(SI = l 

hukb. Sillt"<' lh<' lim• wid! h f is much smal ler than t ht• energy st>paratiou bet we n S rutd 

AI, wt" haVI' tlw following id~ntity bet.wt't'Jl transition ampl itude's lg)-; 15.2) t hrough 

AI >Uid S intcrmPdiHte stales: 

(5.2jT.IM) ~(kf!T.Ig) + (5.2!T.IS)~(SIT.Ig) 

~(5.2IJ;.Talg) = ~(5.2111) = 0, 

which d •tnoustra!(•s t.hat I h~ twu <UnplHudes arc the sarne except for their s igns, and 

thu~ th •l1-srru1 of the 5.2 C"V intensity takes a s~•mmctrir '' -shape". \Vc then take its 

asymmet ry ''-" a mt"aSurC' o f nouloral natm·e of cxtit.al ious. 

94 

-

The ll-sc>UI is plotted in Fig. 4.3 (a) with the dash<•d <'llrvC' 5 • It show' 1hat tlw 

scan takes almost tlw U-shape, a nd that the la rg••-dl!stt•r <'ff<•ct wit h rt"spP!'f to 0 2p 

band plays a minor role. It suggests that the transition process which givt~'i tll\' 5.2 r\' 

excita tion as a final state of RXES is mainly r11led by loca l orbitals sw·b as d aud .4 . 

Recently Nukazawa et al. [94J pointed out I"I JC import<UJcr of mnfiguration dqJt"n­

dence [128J of catiou-ligaud hybridization in Ce ~j-3d R XES of Cr02. In order to >CC 

llw effect, we herr introduce a parameter Rc. whirh rcnormali11•s Tpd of tbc plaqll<'!l\' 

with the core hole as Rc x TP<I in 1 he ir1termedia le (XAS [ilia I) st alt"s. 

T he calculatPd resu lts with Rc = 0.8 arc abo givl'll in Fig. ~.3 (n) (slllitl <'nr\'d . 

AU calculated scans arc normalized o t.hat each hPight of till' maximum p<'ak is ti.J<' 

arne. We ~eo that R, # 1 upprrs. cs I he 5.2 r\' inf<'l"ity (a lthough lll<' supprPssion 

is too sm all to reprod uc·e th<' cxpcritucntal resu lt ) wh<'n n b tuued arou nd I,V ) . aud 

strengt hens its asymmetry. The limi t of Rr -; 0 ht" lps to ma kr the s ituation de;lr. 

Since thr main peak ofXAS has nod weight in lhis ~ase, and morcov~r tht· orbit al .-\ is 

not stabilized tlu·ough d-7J hybridization, the P.xtra p weigh! I'Ont aiJH'cl in tlw l'.xtrudl'd 

B, C, ... orbitals necessarily com<'s into the stat<• to redul'c the IHrge A weight. Also for 

a fini te Rc, it must work to increase the E'.xtcud,•d weight. in IJi f). T hus owriAp between 

IM) ru1d the 5.2 rV e.xrilation lends to hE' d!'neasNI hy Rr in comparison \\ith tha i 

of IS) . This is the <'xplanation of the asymmetric shap<' of I hr ll-scan of th~ 5.2 e\' 

intensity. 

Although th calcu lated XAS with llw hupurity Andl'rson model wel l r<'prodw·"' 

the experimental main-satellite separation, llll're are t·on.sidcrahle di;l'repanricii with 

experimental data in the n-scan of the .5.2 r\' intensity. When l1 is t un<•d at t h<' mai11 

peak of XAS, th<• 5.2 eV intensity always exhib its o11e of til!' two peaks of lh~ -. hfqw 

as far as the impmity Andr~·son model is used. Tlw ob. <'rved suppression r fl"rct <"'-'" 11ot. 

be reproduced at all. Thi~ is nothjng but an indication of n nonlocal effert (wbkh i& 

brought about by Zhang-Rire singlet format ion) in the inlt>rml'diflt<' stal<'S of umlt i-Cu 

dusters, beyoud the simple 0 2p baud effects. It will be di~crt~S<'d in t h II<' Xt sediou 

in detail. 

4A Analysis with Multi-Cu Models 

4.4.1 Properties of eigenstates 

Consideri1Jg the resulLs with the impurity Anderson mod<'i ami thr exp<'rim<'111al fart 

that an antiferromagnelk order of cl holes is realized in lg), we are led to a11 idea !hat 

!ITht:> present. result. is essentially the same as that giveu iu Ref. [116] wilh an impl.lflt.y Auderson 

model , but CJ1t<uttit.uLivcly Lhey arc> slightly difft·renl bt•causc r>f a slightly rliffer<'nt 0 2p baud model 

and slightly different. parameter values. 
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eigc·nst atrs of a mulli-Cu chL,tl'r model arc described ru some superposition of those 

of ca.1·h plaqucttl' [12D]. v\'c expect that there arc relatively local (•xcitations around 

:;.2 t.V. but ~omewhat new states should be treaf<ld around 2 cV abovt• jg) upon going 

fro111 t h<• impurit y to the mnlti-Cu model. 

In order to seet he point in detail, we again talculatc PDOS and TDOS for a Cu:1010 

rlustc>r with HotL'>Cholder mPthod [79], based ou the fan that spectra of Cu30 1o are 

essentially the sanw as that of Cu50 16. We choose 

lA F)= ditd~tdb jval'unm), 

as a counteqJnrt of jd) in the impurity model , aud 

as a e'ouulcrpa.rt of \A), wh('rc the suffix 0 means the central site. and £61. is tbe creation 

OJwrator of its nc;u·cst-ncighbor ligand orhital with local b19 symmetry of tbc local D4, 

group, just as l'q. (4. 13) . The numbering rule is given in the inset of Fig. 4.9 (a). 

ln llfldit,ion to these, wed fine also IB' ) = sJl dodAF) and IC') = cJ,do.IAF'), 

whcr. nJ. and cJ. arc defined by 

(4.16) 

and 

(4 .17) 

r~spcrt. ivcly. 1'!JC orbitals £6., BJ. and cJ. ba,•c a9 symm~t ry in terms of the D211 

inNlutihlc• rrpre,cnt.at ion of the Cu3010 duster, so that all the above .;tate~ have t lw 

sanw symmetry (83,.) as tl 1e ground state. 

The• r~;u l t of the fiual stn.tc is shown iJJ Fig. 4.9 (<>) within t lw energy range tor­

responding w tlw ouc-hole CT excitation (E- £ 9 less than about 7 cV). \Vc see that 

PAl' autl fJA' ha,·<' d fiaitc structu1·cs at the grouud slate and at 5.5 eV. These fpafure.> 

arc ;imilarly obst•rvcd in Fig. l.7. WP tl1u. 1·oncludc that the 5.5 c\' PxdtaLiou is uearly 

lo<:a lizNI in rarh pla<pi(•tfc. i.e. ·'iJ1f ra-plaqucttc" excitation. 

Thcl'c rtrc also some structur<•s in lb<' energy region between jg) and the 5.5 c\' 

c•xcitatiou, whidl arr not ohst•n·t•d iJ1 Fig. -!.7. A detailed calculation shows that tbe 

peak g1 has larg!' owrlap witb slates wlticb haw frustrated d-spin arraugemem . such 

/1' 
1 ~ )odt I j . ) f'Ji! L)- l ' 4d,td01do1 AF' , 

V l "u i - 1 

wlwru N,. is t il<' numher of up-spin hole, and o, i> dl'lcrmincd so that the state is t.ht• 

B :!u reprcst•nt.atiun ofth ovcr~ll syu1uwlry group D1h. Thus we roududc that the peak 

is dill' to bpiu ('X('itution.". 
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Figure .J..9 (a) also shows PDO. ·s ami TDO of Tp1, = (I with t h<' dHsli<'d clln'f's. It 

is observed thai a few penh bt'IW<'Cll 2 and 3 ('\' smvive• with slight I'IICI'(!;)' shifts. Sin<'<' 

lbe impurity Audcrson model is reduced to the Cu01 dnstl'r in this lin1it. wt• conclndP 

that till' ex istence of d-p nPtwork p;u·ticula1· to mnlti-<'u nwnc•b is thcir origiu. Tu order 

to study the propcrtie.$ of these peaks we hPrc ddim• a nt•w PDOS for 

1 t . 
IZ±) = v'2(~1±dll oJ±rlltlrlol 1.\F). (·1. 1 ) 

where the operator z!± is defim•d by 

(.J.19) 

IZ-) (IZ+)) dt>scril)('s a stall' where a hole pushPrl out fron1 tlu· !'cntrnl plaqul'fft• 

forms a local singlet (trip!Pt ) at the Mare'st-ncighhoring plaquct ''''· The phase• fac1m· 

in eq. (4.18) was determined so that its global SJ' lli111Ctry is in agrCPIIll'llf with !hat of 

t he ground stat~ (BJu)· 

According t.o th<' caknlat.<'d rl'sult , Pz- has l'iPil r sf ruct nrc• (Zt) brt wee11 2 aud 3 <•\ '. 

but little weight iu pz 1 . Although the impurity And<'rson lllode l contains 1bc ewiirly 

pure p state in this enerb'Y range, this res ult suggests that thP CT e:critalirm in this 

energy range has ZR singlet like chamcter. Hence the CT gap lll<LY h•• tl fill('d ur t be> 

energy to move a bole [rurn the bonding orbital at a ptarpiPtl<' to t hr surroundinb'S, 

where tbe local singlet is formed. If 2Tpd « ~ h<' ld as Zh»ng and Rice origiually 

d iscussed [43], the biuding energy of lhc local singlet wo111d lw r•limatrrl b,v llwir 

formula -BTid[l /~2 + 1/(Udd- ~) 2]. HowevPr. 0111' p;u·am<'lt•r ~ivc•s 2Tpd e:< ~ - We• 

hence ohtai11 the conrlusion aga.in that thr in1plt' <•sf inwt.io11 that oRat> e:< ~ does n.tJt 

hold. This poiut is mad<' st,i ll dearer by stuclyint~; u 4p-ls HXES of uGl'03, whid1 

has relative ly larger~ (130, 131 ]. Ln fa ·t , our r<'cPnt calculation ~how~ that thP charg<' 

gap is approxima tely half of .0. in CuGe03 . The dct.ailecl disc·u""ion will be publishf'd 

elsewhere. 

Except for this fact , PDOS's iu Fig. 4. 7 and 4.9 have tnuch in common. F<>r <'XaJliple•. 

the 2 eV excitation has hardly AF weight, but has rclaliv<'ly largr weight i11 Pu• IJ nd 

Pr•. 
Similar ;ugmuenls ru·e applicable to tlu· iut •ruJrrliatt· ~ta~<'. Tl11• <·:,kula t<'rl ,.e,u lls 

are given in Fig. 1.9 (h) for the systen• with a mrr uole at ill(' rPnt ra l sitr. The 

energy dispersion of 4p t• it'Clron is neglf'Ct rd ~o ~·alrulal<' PDOS. It is de•arly shown 

that AF weight is transferred to about 6.6 <'\' higher than the Jm,·c·st t•Jiergy stat e, 

being denoted hy ''5". 0/at urally, the ruain strurture in PAP <·orr<'sponds to r:.cfJ in tliP 

st.audard notation of th ' impw·ity Anderson model. 

In addition, first, wc• can assign the low('Sf c•w•rgy feat III'P .. z• to the stat<' wii h 

tbe local s inglH (not triplet). This is the direc·t <'Vidence of appe;u·ancf' of the ZTl 
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3 Pz. 

F'igm·c 4.9: (a) Total and partial densit.ies of states in RXES final s tate for Cu3 0 lO 

rluster, wl.tosP structmes are shown in t.he pand. The definition of the stat~ IAF) 

and so on is given i11 the L.Pxt. The solid and das hPd curves represent Llw resuJI.s 

with Tpp = 0.5[) and 0. respectively. (i.J) TDOS and PDOS in the intermediate (XAS 

final) statr, and Cu h-4p~ XAS spet'trum. Th~ cucrgy dispersion of the 4p elertro11 

is disr garded to calrulatc PDOS, hut fully included to <·alculaw XAS. The solid and 

dashed rurves an' obtained with Rc = l.O and 0.8, respectively. For both (a) and (b), 

Ull' origin of the abs(:issa is adjust d to Le th lowest eigenenergy, and all spectra a1·e 

broadcucd with Lorcntzi1w (r~ = 0.2 eV). who <' ir1tegrat.<1d areas are normalized to be 

unity. 
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singlet in the intermcJiate stat~, also in the final ~taLe ol'2,,.XPS first disrussc•d by van 

VPenenda.al et al. [41], i.e. a hoi~ pushod out by the cowhole potrnt iaJ mm·c, l.o t lw 

neighboring plaquettes to form the local singlPt. SPcoml, s tructurl•s about 1.5 t'\' ahov<' 

the ZR state is attribut ed to a t·hargc•-LransfC'rrcd s tate· having ;1 considc•rabi<• weight in 

the nearest-neighbor orbi tal of Llw corP hole site, c·orrespo11<ling to [AI ) oft be impurity 

Anderson model. 

Figure 4.9 (b) rdso shows Cu ls-4p, X. S. In routrast to the• ilnpurity Audcrson 

model, there are tltr~e strnctures iu XAS, whit'h arc tlw above' discussed Z. :\1 <tnd S. 

This interpretation has close relationship wit h th>lt of 2p-XPS [86, 88]. 

4 .4.2 RXES 

Figure 4.10 shows XAS and RXBS spectra with tho 'u50 16 dustN with op~n hound;lry 

condiliou. Calculated spike speclra of RX.ES ar~ <·onvolutc•rl with Gam,sian r(; = 

0.95 e\' (HWHM} in acrordanre wit.h t.h£' cxp~rimcut.a.l r~solutiou (116]. XAS is 11bo 

broadeucd with Lorentzian r~ = 0.8 to consider the lifet.ime effpt·t ;u~el ra = O.!l e\ ' to 

rrprodure the experimental peak width. To an1id bonndru')' <'I feels , Llw c·orc holr• L., fix~d 

t.o the t·<•utral site for both RXES and XAS. Effcc·ts of spatial coh~r~n ,. a re clisr usst•d 

separately in tl1e next chapter in the context of momemum-t.r•11sfPr d!'pendt' llt!' [11:\2[. 

As is the case of lhe impurity A11dcrsou Ulodd , R...'<ES in Fig. UO IJ<I\'<' two 't ru<'­

tur •s arotwd 2 and 5.7 eV, whic;h are hereafter symbolkall.v d(•notcd by j2) and [~.7), 

respectively. ThP lati Pr va lue is somewhat. larger t hm1 LIJaL oft he impmity and C'ua0 10 
modcb, but closer l.o the expcrimPJttal value. 

The 2 c\ ' intensity is considerably f'n han<'ed wlwn t.hr inddo>ni photon energy fl is 

tuned at the main peak "1" of XAS. Tltis is observed in comlllon wit.h til(' c:asf' of til(' 

impurity Anderson model , but the enhanr ment is cxlrelncly intense in !his case. Tlw 

reason is that both 2 eV excitation and tlte ma.iJJ absorption pPak haw a ZR 'inglt•t, so 

t ha t their ovexlap is very large. Because oft he <•x t.rem\lly strong cla.•tic sratlerinp;. the 

2 eV peak is hardly obs('rvcd in Fig. 4.2. It is established from oxperiint•nt;, l (132] aud 

theoretical results (133, 134] ir1 (be opi ica l conductivity that. tile charge gap of uurlopPd 

high-Tc cuprate is of orde·r of 2 eV. A recent high-resolut io11 cx perirueut iu 11 '111-

1.9 RXES of Sr2 '1102Cl2 [135] successflllly oi.Jsei'\'eS the 2 e\' peak. For th~ rc!Htiv<' 

intensity of the 2 eV peak <lB compaxed to the 3.7 eV one, t,hc spatial coherence of the 

core orbitals seems t.o play some role. We have fixed the rare hole to the rcut ral Cu 

site in tbP present cakulatiou. Roughly speaking, tlti. corm;ponds to that s ituation, 

where R.,\.ES spectra with all kinds of t.bc momentum trausfer q arc mixed up. Ao 

wiU be suggested by a q-dcpend nl calcu lation in the nex r.bapt('r 6. th 2 e V peak 

might be e-xcessively highlight d under this situal ion, as compared to the experimc•utal 

6Sce Fig. 5.9. 
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Fignrr 4.LO: C'altnl at~d Cu ·!prr-ls RXES and XAS spet:tra with the CnsOw cluster 

model. Thr ror~ hole is fixed to I he centra l site ill orde1· to avoid bOUlldary effects. 

T lu• ~r·rows urark<'d with rnrmbers in XAS indicaw intid0nt photon <'nergirs, and the 

rrnmber·s in RX ES represent the cmTr.~pouding c..xcilalion energies. 
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data , where q is pcrpendirular t.o the Cu02 piau<'. At any nrte, otw rreed~ (~-xperimema l 

studies with higher resolution and l hcor •tical t ndics with largc·r dnof<'r, J(Jr d(·t.nilt•d 

discussion on the 2 e V peak. 

On the other hand. · intX' 15. 7) is the in.tra-plaquctte excitation, cotTespu trdiug w t hr 

5.5 eV exci tation of Cu~Oto cluster discussc•d in t.he prcrrdirrg sub. cr t ion , the owrl~rp 

with the ZR stat.e is expertcd to be quire small. The ZR ~I at.r cont~in> a plaqncttc• 

with almo. t uo bole. As a result., t.he 5.7 rV intensity is suppressed when n i6 tu n0d 

itt the XAS main peak. We belicw Ural this is the [nudan r~nt al rurdrauisur of l ire 

experimental suppression effec t,. Note that this condusion is hardly a lfrrterl by Llll' 

abovc-merllioned spatiaJ co her •nee of t he core orbitals. bN·ausC' o l' rite imra-plaqu~ t t<> 

nature of 15.7). 

Since the satellit.e peak ''5'' has the dominant w(•ight iu AF as. howu in Fig,A.D (b) , 

it is likely for this state to have large over!itp with 15.7). l.lw s tat!' a lmost local ized a t 

each plaqnette. This coupling would be prckrrcd also from the phase matchiJl!\ poiul 

of view. In addition. it is expected to have little overlap with tlrt· 2 rV exi'i tHtiorr 

conta ining the ZR si nglet. like sta t.e. Thus the RXES spcct.rurn has an on ly strucl un' 

around the 5.7 e\ excitat ion. 

When n is LU11ed at the shoulder ''2", which was denot.ed by Min the prerPding 

subsection, lhe situation is halfway. T he dominant weight. of~·! lies on 1.4'), but Jnorc 

extended orbitals have no negligible wcigbt as shown in Fig.4.9 (b), S(> that tLc forruPr 

gives rise to the intensity of the 5.7 eY excitation, and the !a t t er ranses the t.ransilion 

to the 2 eV c.xcitatiou. resulting somewhat broader spectra. 

4.4.3 Excitation energy dependence of the 5. 7 e V inte nsity 

Tlw disagreement wit,h t he experimenta l data in t he !!-scan of the 5.2 C'V intensity 

wit.h the impurity Anderson model is essentially cleared up b,v considering tlr<' ~bO\'C' 

multi-Cu effects. 'al ulated !!-scans of the 0 "' . (actually 5.7 cV) intcn ity in ~Pn- 1.• 

RXES of. d2Cu0.1 a re given in Fig. 4.3 (b), wherP the rc. ult.s wit h R,. = 1 and 0.8 <U-(' 

represented with the dashed aud thi(·k solid cun·es, respectively. 

In contrast to the doubly-peaked shape oft he impurity model cakulat ion, t hr rrrtJI! i­

Cu one g ives a triply- peaked structure. Because of I h<' ~upprcssion effect for fl ruMd 

at a10und -3 p\ '. it r('produces the experirneutal data muth betu•r thrur the impurity 

one. 

lntroducing R c, WPSt'C thall.he5.7eV intensity u more suppreSS('(! whC'n !1 is Inned 

at the main peak (Z), bu t en hanced wheu n is tuned al the shl>uldrr (M), improving tlw 

agref'men l with the <'xperiment. TDOS and PDOS's witu Rc = 0.8 for Cu.101o r:l ust,er 

is shown in Fig. 4.9 (b) with the dashed curve. We sec that , first. pz is enha rl{'t'd hy 

Rc 1 1 at t ire lowest state "Z". Th is means that the hole is pushrd out from the con· 
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hole plaqucttc more sLrongl~ ... so that the overlap with the intra-plaquette excitation 

tends to be decreased. On t he other hand, PA' i.• increased around the energy of the 

shou lder "M", being cousist~nt with the discussion in t he subsection .J..3.4. However 

Pli' and Pc• are decreased at this energy, so that the overlap with the intra-plaquette 

excitation tends to he increased. Thi~ mea ns that t he exist(•nce of t.he ZR singlet. state 

redut:es extended nature of the state M. 

Wf• !iually givr• a few corr1ment.s on l.he present study. There is sHght cbscrepancy 

with 1 he experimental data mainly due to the incompleteness of the suppression eifrct. 

Wr have performed th caktLlations with relativ ly small clusters such aB Cu3010 or 

Cu50 16 . All excitat ions necessarily have more or less local r:hara ter as far as tbe 

~y~ I Pm is finite. i\!orcover, it is impossible to avoid boundary effects perfectl y. In OHler 

to makP Ute point d ear. d<•lajled experimental and theoretical analysis is ucedcd for 

one-dimensional systems [136], where one can extend the cluster size wituout facing 

t he limitation of llw memory size of computers. 

4.5 Conclusions 

WP tht•oretically investigated the C'u4pw-l-' RXES of Nd2CuO,, firstly with t he impurity 

Anderson model. Utilizing PDOS func-tions. we fotmd lbat excitations about 5.2 eV 

ubow 1 he ground st.«tc ha ve rons idera.bly localizPd dmntcter. and that excitations 

about 2 t>Y uhov~ t.he ground state are nearly pw-c p states. ha.ving less an1plitude at 

t he plaqnPitr witu the impurity. 

lu t lw large duster ralcula t.ions, however, tbc low cucrgy exdtation.\i rrcat.ed by CT 

proec·~srs have Zl1 singlet bkc character in contrast to the result with the impurity 

Anderson modf' l, although t•xci tations about 5.7 c\' a bow th~ gTound state is sim ilarly 

lot•al ( "i ut rrt-phu1uctte" ). Thi difference is dearly reflcr t!.'cl in tho H.XES sprrtra when 

tb maiu absorption peak is rPsomued. 

A nmspieuous disagrrE'm<•ut with t he Pxperirnental 6 r V iut.cusil-y as a function of 

the in •idcul photon energy could not be rcrno,·ed with tue impurity Anderson model. 

II was <lcinnnst.ra ted 1hal t.he diffil'u lty is solved by consideriug Zhang-Riee singk'l 

format ion, using tht' mull i-Cu moclt'l . 

Vk finally dis ·u · eel t,he role of the configura tion dependPnce of the d-p transfer. 

T he sa tisfad ory agrPI'menl with thr exprrimenl al dat.a is obi a inf'd wil h the large dus ter 

ca lrulalion with R,. 
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Chapter 5 

Polarization and Momentum 

Dependence of Charge Transfer 

Excitations in N d2Cu04 

Polarization and momentum-transfer dcpcndenec in Cn 4J!u·ls rcsouant X-ray PJllission 

spectra (R)CES) of Nd2Cu04 is theoret ically studied. We cxpl!tin t.hc exp ri1urnt~ l 

polarizaliou and angular dependence of t hf' 5. 7 eV extitalion. Comparing n•>ttlts r111-

rulated with single- and mn lti-Cu models, we ronlinu again the essc•nt ial rout ribut ion 

of tbe nonlocal screening effect in Cu 4p0 -l.s. w~ pred ict ronsidcra blc dq><'ndencr of a 

CT excitation at about 2 eV on momentum transfer along l hr Cu02 plan€'s, and iltP 

5. 7 eV excita tion has less d pcndence. 1 

5.1 Introduction 

As explain~d in § 1.1, RXES occupies a unique position in I, ha t it offers rielt iufomwtiou 

on e lt'ctronic structures in terms of both loca l and translational sclcrtion rules. Wi th 

well-polarized X-rays created by synchrotrouligl,t sources, sewral groups have n·portPd 

angular and polarization dependence of RXES in these days [71, 97, 106, I:l7 , t:l ], 

and derived ~igniflcant information on electronic structures. Siner specific resouann· 

enhancement occurs at tbe corresponding absorptiou pP.ak in grnrral, it is of great 

use a lso in that it may give clear explanation ou the origin of somewhat complira ted 

structure of XAS spectra such as Cu K -XAS of LazCu04 [139]. 
Most of theoretical studies on polarization dependence of RXES iu d <llld f elrn ron 

systems within t.he framework f th ' second-order opliml process have bct>n based on 

impurity Anderson models so far. As well as the dip I transition, more complicated an-

1T . IdC and A. Kotauj ) submil,ted. A part of tLis chapter will bu published also in Ref. [I L7). 
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gular and polariza1 ion depcndenc of quadrupolar transition is recently d iscu. sed within 

an impurity Anderson model (140]. T he applicability of impurit.1• Anderson models to 

<mgJe or polarizatio n resolved R."XES is mathematically understood from Eq. (l.37) , 

wherr the scattering amplitude of whole cry tal is expressed as Fourier t rans formation 

oft he local scattering amplitude MedR; !1) of angular and po larization dependence. 

Here we exp licitly write !1-depende . .llce of this an1plitudc defined in Eq. (1.39). As far 

IU Cu 4p-l.~ RXES of Nd2Cu0 4 is concerned, however, it is also apparent from these 

equ ~J.t ions tha t. tho impmily limit di. regards, first, the non local screening effect due to 

tbe Zliaug-R.icc singlet formation, aud second, the momentum transfer (q) dependence 

ofRXES. 

ln this chapter, we discuss t he polariz-ation dependence in Cu 4p-l s RXES of 

Nd2Cu0.1 together with the latest. experimental data. While definite pola.rizat.ion de­

p~ndcuce of u K-XAS in ~his material has been already reported by a nwnber of 

aut hors [14.1, 142, 143], little ha.~ been known about polarization dependence of R.XES. 

Since a Is orbi tal has uo orbital degeneracy, theoretical analysis on polarization de­

pendence is Inuch impler t.ban that of, e.g., 3d-2p transition [107]. Furthermore, t.he 

absence of apex oxygen in Nd2Cu04 and no overlap between ·1Pr. aud 4pu absorptiou 

edges make the s ituation clearer. Thus. comparison with experimental data offers us a 

plain confirmation on the thc'Oretical framework of R.XES. 

lu the preceding chapter, we cons idered the nonlocal screening mechanism for the 

absence of resowmce enlumcement when the main Cu J( -absorption peak is targeted 

by an iur idcut X-ray. Detailed character on spatial direction of 4p orbitals was uol 

used to iuterprvt tht:' Cu 4p--ls RXES spectra. l-Ienee what l.hP ~xp~rimenl.al data with 

difr<•rcnlly polarized pbot.on a rc succPssfull y int<'rpret ed with the same theory i the 

ideal justification of the theory. At the same time, it is interesting to investigate whether 

the nn isotropy in 4p orbita ls affec·t.s t.be streening process in t he valence electronic srate. 

We wi ll chow t·hat the polarizatiou depcndencr ill RXES can be cleru· ly understood in 

terms of thr framework of the sccond-ordCI· optical process. We will also show that Cu 

4Pa·ls spectra. essentia lly follows 4p,.- l s spectra discu ·sed in the preceding chapter. 

Tlw othN point t.hat the impuri ty limit disn:ganls is the q -dependcucc of R.,\:ES . 

Momcut.um resolved R.X ES wi th bard X-rays is a complem ent to angle-resolved PES 

t.o exa.mim• entire Brillouin zone. Hccemly. t.he q-dependeuc:e of RX ES is measured 

for Moll-Hubbard sy tcu1S [144, 1~ 5] and iusula.tiug cuprates [135]. Despite of l. hcir 

siguifkatlC(', there have b en few I bcorctical studi •s on the q-dcpcndcnce o far. Very 

recently. Tsul sui r l al. reported a. numerical c:alculat ion on the q-depenclcnr-e of Cu 

-lp- l s R.\ ES for t hP fist time [82]. Bast•d on an oft'ective -!x4 Hubbard model. they 

cli~tussed lhr• energy clispersiou of the 'u02 pla nes of iusulatiug cuprates. Wit.hiu one-­

di mensional (I D) sy ·t••ms, we will show a model ca lrulatiou o n tl1c q-dependencP of C u 
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4p-Ls RXES of cuprates, and deriv ,-a luab]c information in lhr ronl t•xl of local and 

nonloc:al excitations in . d2Cu04 . 

The layout of this chapter is as folloll'~ . In the IPXI sc•rtiou formulae for Angttln.r 

dep eudent transition oprrators arc given. In § 5.3 wr rxplniu rxpr rimeut a l polari~ation 

dependence with thost' liJ rmulae. In § 5.4 t he role of tlw noulm·aJ sncrniug cffN't i; 

briefly described. In § 5.5 we discuss in Ira- and intcr- plaquetlc na t un•s ofCT cxdta l ion., 

from a viewpoint of q-depcudence ofRXES. !11 t hr fina l srrt ion a briPI' summary is given. 

5.2 Formulation 

5.2.1 Hamiltonian 

The model adopted in tl:tis chapter is the sam e as t hat of thv prl'Ccding chapter pxcrp t 

for terms describing 4p electrons. Calc ulateu results are obtained with t hP mull i-Cn 

(Cus OJG) model or the single-Cu ( u1 0256) modPI (impurit y AndPrsou mode'!). To 

discuss tb!' polariza tion dependence, we introdu('C 4p0 Hamiltonians. 1{11,., /1,11'<' a nd 

H 4p3d· The one-electron part /{,i pu is defined by 

H 4pu- £<pa L L Q!JRQ,,R + t1 L [Q1RQ,.,n+a.X + QbnQv.R+"Y +H.('.] 
R n:=.x,y R 

+ tz L [Qt n Qx,n +•li + Qt RQY, R+•i + H. c.] • 
R 

where Q~R creates a Cu 4p~ (TJ = J',1J) electl'on 11l R sik, .i; IBid y IJ.rf' l w< un it 

vectors a long Cn-0 directioll in tbr Cu02 plaue. o is t.hc 'u-0 di.'tan 't'. 11 and 

t2 arc respectively (ppa) and (pprr) of t lw 4]Ju- orblla ls in terms of thf' SIIIIt'r-Kosl<'r 

parameters [118]. 

H.t pc and H4p3<1 describe Cu 4p--ls and Cu 4p--3d illt.ra-atomic interactions, rcSp('('­

t ively. The explicit forms are 

(.5.1) 

rutd 

(0.2) 

These are the ame as those of in the precedi11g chaptt'r cx<·C'pl for T/ f z a ud t h<' 

11umerical l'alue of U4p3cl· Now tota l Hamiltoula o is writ t.en as 

wbcr the first four terms have been drlinrd in t he p re ediug chapter. AU paramrt~1·s 

are the same as those of t liC precediug cliapf rr cxccp1 for t 1 = 0.24 and t2 = - 0. , and 
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U4pJd=3.3 rV. For the 4p-4p transfer energy parameters lt and 12. we consider a fil·st. 

prinriplc lmnd calculation [121). The differencP between U4pad(cr) and U4p3d(7T) due 

to multipole contribution of the Slater integrals is estimated as 0.34 f.'V ll'i th Cowa n's 

numerical progralh [146) and the empirical reduction factor 0.85 [26), from wllich we 

tak<' the value 3.3 for U.tpJn(cr). 

5.2.2 Angular-dependent transition operators 

Thr genrral form of the X-ray absorption and emll;sion operators bas becu given in 

Eq. (1.22). For ls excitation, it is appropriate for 4p operators to be expressed under 

the CArtesian eoordinates, (4pr, 4py, 4p:). The definition of the coordinates, whose 

origin i~ lixod to a Cu site, is described in Fig. 5.1. WP set unit ,·ectors along t he x, y 

and z axes tn lw e,, iiy and e: · In tiP atomic approximation, we immecliatdy have the 

ls-4p absorpt iou opera.tor as 

Tt( R) = €. L <\ Q~RSR , 
<=.r,y,z 

where we dropped a trivial prefactor. 

Let us dcfinr another set. of unit vector , .i-1 and iJ1 , which arc para llel a ncl pcrpen­

clicnlar to the srattPriug plane, re>pectivcly. Both >tre perpencl ir ular to th<' incidrnl 

Wit\'!' v<·ctor q, . Expl'rirn<'uta lly. it is com·euieJII to expr<•ss the polarization vector in 

lt•rms of thr e unit v<.'don;, 

llcure we obtAin 

€= L euO. 
a::::::.C,,YJ 

Tt(R ) = L Eo(c't · i\)Q~RSR. 

'·" 
(5.3) 

Whil<' thi~ l"orruula :xplicitly assigns the l s-.. 4p transition path. one can <1S ily g<'n-

eralizf' 7'l(R) for a Ur, m,.) ~ (/, m) transition under the atomic dipole approx imation. 

Rt•writiug (111mJ€·pJncfcmc) in terms of spherical tensor operators, wP have 

1';l(R ) = L (/mJC'~I)Jlcmr)A~")(IJ,.Q>,)Ik,.,"rRm,-u C0 • (5.4) 
m.q.O,u 

wherP dipolt• g<'OIIlPtriral function A~"'1 ( 1J, . q>,) is defined hy 

{ 
-~q<·osO, t, - iq\1, , q =± I 

-siuO, ,q = 0 
(5.5) 

i . 
J2Jql<·- · q~. . I}= 0, ±1. (5.6) 
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Tabl<' 5.1: Angular dependt>ut function Dhn (0, 0., ¢,). 

(/Hr) X y 

(.r,2,.f.) cos(O, + 0)cos1J,cos2 <t>; ros(O, + 0)roh0,sin21/), >.i u (O, IJ)siniJ, 

(!h,.it) -cosiJ,sin¢icos¢, rosO,sinr/J,ws<t>, 0 

(hilt) -cos(IJ, + IJ)cos,P,sin¢; ro (IJ,+IJ)ro,d>,siur{l, 0 
(Jh, y!) sin2¢, C'OS2Q, () 

IJ, and <,?, designates the direction of q1 (set' Fig. 5.1) [110). It if, strai!\htfonmrd to 

derive the ge1Pral formula for l.hc X-ray cmissiou due to tlw dipo l•• trans itiou. a.nd 

therefore tha t for RXES. This matter is, however, bryond th<' st·op~ uf tllis d.a.pl.rl". 

On t he a nalogy ofTl(R ), th~ 4p-ls X-my emission npcrntor is giv<• ll by 

r:.(R J= :L L caUi·t\)ShQ<n· (5.7) 
< t:l=i:2,il'l 

where .i2 and fJ2 ar<' unit vE·tlors parallel and prrpendk ular to 1 h~ sr" l lNing plan<', 

rcspert ively, d~fined for the t•mit.lcd wavt' vector q2 (src Fig. 5.1 ). IIPU!"<' W<' obtaiu t h<' 

t ransition op<•rator of RXES at R . 

Te£CR ;!1) = L lpD~6 (0, 1J,,.p,)roShQ<11Go(!1)Q~n · n • 
u,;J,< 

(5.8) 

where D~o.( IJ ,IJ,,¢,) = (13 · <'d(e< · fi) is tabulatvd iu lablf' ii.J. C0 (!1) is the r<'solvrut 

operator defined by (!1+£!1- IJ +ir)- 1• We take r=O.S e\' as in !lw p!WPding r haplPI'. 

EvPntua lly, t he overall operator of ll..'\ ES is given by 

Ted!"!)= L ";q.Rr£'€( R;!1 ), 
R 

where q = q2 - q1 is thP motnentum-transfcr of tlw X-ray. 

5.3 Polarization Dependence 

5.3.1 Experimental data 

Experi menta l data were mcasurE'd for a single cry~ ta l of ' ti2Cu01 undt•r two gE•omNries 

depicted in Fig. 5.2. In the geometry (a), both polarization \"Pdor~ , € ami f', an' 

parallel to the SC"attcring plane, and they takP 30" lO the z-a.xi• (so-called c-a..xL5). In 

the geometry (b), both polarization vectors are pt•rpendicular to the sc:at t<•ring plane, 

being parallel to the airplane. 1 ote that mom ntmn transfrr vcct or is co!llmon to both 

geometries. 
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X 

Figure 5.1: Gcomctriral configura! ion of R.XES. The semici rcle represents the scat I ering 

plane. The solid and open c: ircleH ar<' Cu and 0 !ttoms, r~spertively. :candy a.x<>s a re 

tak •n a.long two Cu-0 directions. t/>1 and 0, designate the direction of the wave vector of 

th • incident photon , q1. q2 is the wa,-e vector of the rm itt.ed photon with a scilttering 

augle 0. Thr polarization V<'Ctor of tlw incident photon is described in terms of Ullit 

v<•clors :i- 1 and y1. The former is paraUel to lbe scat tering plane, whereas the latter 

(not ' hown iu the figw-e) is perpendicular to the scat.tcring plan . These agree with 

each of thp unit v<'<'tors of the :r and !I axes, respectively, in the Hmit ¢,, 0, -4 0. The 

polarization v!'rtor of 1 he Pmilted rhoton is described with .i:2 and ff2, which agree with 

i1 aud 1i1, respect ivdy. in the Umit ¢, , 0, and 0 -4 0. 

(b) e II ab 

Figure 5.2: T lw rxpNimental geometries. (a) Polarization vrctors of I he incident and 

t•mitt d photons arc parallel to the .Tattering plane ('·f.~ 1/c'"). (b) PolaTization vectors 

of lilt' inridPnt and cmiltl'll photons aTe prrp!'nrlir·ular lo t he scattering plane ( "ellab"'). 

For both (a) and (b). the scatt.<•ring angle is f) = 60°, and tlw momentum tran fer 

vt•<·tor is J)l'rpendirular t.o t br Cu02 plane (so-callpd ab-planr). 
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T!Jc upper panel of Fig. 5.3 shows Cu /1- ':i.A . sprrtra lor hot it p;t•nuwtri!>s. \\"e 

observe four distinct bwnps from A Ill 0 forth<> grom<•try (a). wltirlt is tlt•not<'Cl by 

"e r-v llr" in t.hc figur(' , wlwrcas only lwo slr!H'Ill rC C aucl D arc:' ob~Pl'VPd ful' tbP 

geometry (b), whid1 is denoted hy "el[ab". Tltt• fir.<t qurstiun to be answ<•rrd b this 

polarization d<'pcJJdence. 

Analogous to Cu 4p.-ls IL\.ES shown in Fig. -1.2, where the geou1Nry (a) i.o.; adopted, 

a charge-transfer (CT) excitation is observed at about ;:;. 7 e\ ' r nrrgy loss a lso nud<'r t hr 

geometry (b). T he ll-depeJJdrJJce of the 5.7 r \ ' intcrt'<ity is plotted in tlw luwt•r pand of 

Fig. 5.3 for both geometries. T he experimental fl-st·n.n rcprt•scntt•d wit b th•• op u <"irdP; 

is just the same data as in the lower panels in Fig. 4.3 . As srrn in the fil,'llr<' . sf roug 

resonance enhancement is observed only whE'n n rasscs by I hi' ah>OJ'ptiou pc•a k Bin tlw 

case of the gcornet,ry (a). On the other hand, strong t•n bant:<'lll<'llt occm s oul ,v whPn !! 

passes by the absorption peak D iu the cas<: oft lw gl'omct ry (b). To co11firm this, R':i. ES 

spectra under the two gcmnt•trie;; with l1=f2o:8fl90 cV (pPak 13) uud S1 0 :8!HJ9.5 c\ ' 

(peak D) arc shown in the lower aud upp<•r paucl~ iu Fig. 5.1, rrs]Wtf iwly. " '" sec 

that an inelastic peak is observed at about 5.7 c\' in both gromrtries. Hmwvet·, "" 

enhancement ocrurs in the geomet ry (b) wi.Jeu n is t uued at 13 (low<'r paJtl'i) . T bb i, 

the second question. Conversely, no enhancemellf ornu·s in the gconU'I ry (a) whrn n is 
tuned at 0 (upper panel). This is the lhi1·dquestion. ~l<u·covcr, thr maxinnuu intensity 

of the 5. 7 eV peak is considerably different in both casi'S. This is the fourth question. 

5.3.2 Theoretical explanation 

For theoretical descriptiou , we put au assunq)tion, as tl11• lowest. uout.rivial approx­

imation , that dilfercocc bctw~cn u and 1r in U-tpd• U4p<· a nd ' lp-·lp transfers rio uot 

substant ially change the valence states in the intcnuediatr s tat e. Let us Arst ron;idcr 

the angu lar d peudenc<' of K-XAS_ We easily see from Eq. (5.3) that only 4p.- n.i.Jsorp­

tion , i. e. excitat ion to a 4p,. or" 4py orbital. occurs when<: = Yl (thC' g~om~try (b)). 

Tbis is the reason oft he double-peak st ructure i11 the XAS spectrum iu Fig. 5.:J (c·losc•d 

circles), and this fact certifies ilwse peaks as a rcsu.lt of h-4p0 transition . \Vh(•n <:=.ft. 

the formula imnll'diatcly giveth<' ratio of the absorption intensity as 1Lpprox imately 

This result roughly exrla ins t he intensity ratio bl'twe<'ll the fit'Rl and thi1·d ft•atttres of 

the experime11tal XAS d<•scribcd in Fig. 5.:3, where thl' ral io io fouud to be broadly 

consistent to sin260° : cos260° = 3 : 1 by considering a ;tcerly inn~a~ing barkgmund 

spettrum. Now tl te first question h<l' been answer d. 

The function D~6 ru les angu.lar derendence of RXES. \\'hen (~:' . .:) = U12. yt) we 

see that thcr~ is no contribution of 4p, (4p,.) orbital> lwcausc of DZ,.r
11 

= 0. This fact 
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Figure 5.3: U1111e1· !JOn£•1: Cu K-XAS of Nd2CuO,, [117]. T he open and closed cirdes 

represent cxpcrimcut al data under the geometries (a) and (b), respett ively. The solid 

and dotted turvi'S r~prescnl t'alculated Cu ls ~ 4p,. absorption spectra under th' 

geometry (h) with the multi-Cu and ingle-Cu models, respectively. Both curves arc 

('Onvolutcd with Lorentzian r1. = 0.8 r\' (HWHM) to consider lifetime of a 18 hole. 

aud further t•onvoluted with Gaussian [c = 0.8 ,,y (HWHM) for the multi-Cu model, 

and ";th L'r; = 1.2 e\' (HWHM) for the singlc-Cu model to reproduce the e..xperinwntal 

line width. Lower prmcl: tht fl-cl~pl'ndcnce of the 5.7 e\' inten ·ity [117]. Thc definition 

of I hP opPn ami dosed l'irrles is the same as the upp<•r panel. The solid and dotted 

rnrves represent the fl-dependence of intensity of the 5.7 cV peak in Cu 4p,.-!.s RXES 

tllktdated under the g<•omct ry (b) with the multi-Cuan I ~ingle-Cu models, respectively. 

13oth cun·~s arc convo lut.cd with [ a= 1.10 e\ ' (HWH !) for the incident X-ray aud 

with L'c = 1.. t5 r \ · (1IWH~1 ) for the mit ted X-ray. 
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Figure 5.-l: Expt'ri1ncntal polarization dep~ndcutc of Cu 4]1-ls llXES [117]. Th0 Of >I'll 

and clos<'d r ircl<'s W1Tcspoud to I he gconwtries (a) and (b), ,.,.,pertiv<·ly. Ju lb<' upp<•r 

panel n is tuned at I he ab orpt ion peak D, aud in the lower pnuPI n is tnuPd at 13. Th<· 

definition of D and ll are given in F'ig. 5.3. 
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explains no enb<mcemeut ov«.'r lhP 4p, absorption threshold under the geometry (b). 

T his is the a.nsw •r to the second question. 

Next we notice that iJ -; 1h and !h -t x2 transitions are not allowed if the ground 

state jg) is not E rPpresentatioo of the D4,, group 2
. U it is the case, 

{!ITx(fl)jg) = (fjTy(fl)ig) 

follows for a fiiJal state Jf) with the same symmetry as Jg) becatL~e Tx = C4Ty(C4)3
, Ct 

being the rotation operator of rr/4 around the z-a.'<is at a Cu site R . Here we defined 

T<(fl) by 

T<{f!) = L:(';qRsh_Q<nCo(fl)Q~nSn 
R 

for ( = .c,y and z, with q l. R in this case. Thus Dif..xe, = -D~2:t, or D},y·, = - D~-,y-1 
leads to t.hc zero t ransition amplitude. Note that one can not suppress the elast ic line 

by choosing~·~'= 0 as far as q ..1. R holds, because clastic as w~ll as inelastic scattering 

is n<>t allowed in tills case (see § 1.3.2). 

Under the same assumpt.ion on the gromtd tate, emission intensity under the geom­

etry {b) is giwu as T2{fl) = j(/jT,(fl)jg)J2 , and emission intensity uuder the geometry 

(a.) as 

lt (!1) = J(JJTx(fl)cos(O, + O)cosO, + T, (H)sin(O, + O)sinO,Ig)j 2
. (5.9) 

Thus w~ can estimate the intensity ratio bctw~cn rr- and a-n•sonauces under this gc~ 

ornctry as 

giving a : 1r = : 9 for 01 = 0 = 60°. This ratio part.ly answers the third question, 

i.e. the !itfle J'('SODIUIC'C' cnhanccmeut when fl p>.tSSPS by the ~p, threshold under the ge­

Offi<'try (a), although the r~latively large error bars prcvem 11s from further quantitative 

stat.Pmcut. 

Ont' can 11.lso roughly estimate the ratio of ma.xirnum int«.'nsity of the 5.7 eV peak 

for the two geometries. Since the maximum peak is realized at the 4p~ absorption 

tltr~shold in the case of tlw geometry (a), we have It ~ sin2 (8; +0)sin28,J(JJT.(flB)Jg)J2. 

If I(!IT. (!11l)Jg)J wn be regarded to beth~ same order as J(!JTx(flo)l.g)J, the assumption 

tltat is exactly justifkd in the isotropic limit of 4p orhita.Js, we haw the ratio as 

For IJ, = fJ = 60°, this is approximately 0.56. which broadly explains the ratio of the 

5.7 ~v intensity in Fig. 5.4 {the answer to the fourth question). 

1This. assumplion ib numerically justified for uudOp('d i.wo·climt'ntional dusters, CusOuJ and Cu,.012.· 

ll2 

We have studied C11 4p-ls R.XES under only the two gC'ometrics. Although the 

present calculation and experiment show uo clE>ar evidenre that the assll!npt ion we p111 

at the beginning of tbil; subsection breaks down, it may be int<•rcsting to watch the 

angular and polarization dependence of R...'\ ES spectra in a clas · of materials. Ishihara 

and Maekawa recently emphasize the role of anisotropy betwCPn U4pJrl(rr) and U1p~d(a) 
to explain anomalous elastic scattering in orbital ordered !lut rompound~ [117]. Atla­

lyzing angu lar and polarization dependence of al5o inelastic S<'at tering, it is expected 

to obtain more detailed information on spatial direction of orbitals. This subject is left 

for the future st11dy. 

5.4 Incident Energy Dependence 

5.4.1 Calculated results 

We carried out numerical calculations for the geotnet ry (b) again with the mull i-Cu 

(Cus0t6) cluster and the singlc-Cu (Cut 0256) cluster models. Part of the rcsult.s are 

shown in Fig. 5.3 with solid (multi-Cu) and dotted (single-Cu) curves for both pands. 

Corresponding to the experimental structures C and D in tit~ XAS spectra, a doubly­

peaked structttre in the calculated absorption spectra is observed in Llw Hpp<•r panrl. 

For convolution width of the calculated spectm, se<' the figure capt ion. WI.' hardly find 

discrepancy between the multi-Cu and singlc-Cu results, except for slight diff~rcncc in 

the width of the main structure. The resonant b havior of the 5. 7 <'V peak showu in I he 

lower panel is, however , quite different. The multi-Cu modt'l presents a. ingly-peak~d 

!1-dependencc, whereas the single-Cu model presents a doubly-peaked fl-dependencc. 

ate that somewhat larger convolution width of Gaussian ra = 1.1 eV for the incident 

X-my is used to reproduce the experimental resolution, <1.'> eomparPd to Fig. 4.3. While 

the fl-scan of the mult.i-Cu calculation reproduces much better th"n the sing! Cu one, 

the experimental !1-sca.n exhlbits more definite suppression effect when !1 is tuned al 

the peak C. 

To remove this discr~pancy, we performed calculations including the reduction fac­

tor of the d-p transfer, Rc, who e definition ha.5 been giwn in the preccdiug c.ltaptPr. 

Calculated X.AS and RXES spectra with Rc = 0.8 arc s!Jown in Fig. 5.5. Despite till' 

difference in the transition process. th~sc figures arc wry similar to Figs. 4.1l aud 4.10, 

where Rc = 1 calculations are given. The only remarkable dif~ rt' uce is that the main 

ab orption structure is more broadened than in Fig. 4.10. This res ult il; consistent to 

the e:xperimental difference in line width b twcmt the peak A (B) ancJ C (D). 

The fl-scan of the 5. 7 e V peak based on these improved cakuJat.ions is plotted in 

the lower panel of Fig. 5.6. We sec that agreement with the experimental dala {closed 

circles) is considerably improved in the multi-Cu r sult (solid curve) . Specifically, 
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thE> suppres~ion effect when n is tuucd at the main absorplio11 peak is more dearly 

reproduced . While in ·luding Rc=O.B also in the single-cluster case seems to give risP 

to more suppressiou a' compared to that in Fig. 5.3, the overall lirte shape is ·till 

doubly-pea ked , bciug utterly different from the experimental data. 
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AXES Cu 4pcr-1 s XAS AXES Cu 4pcr-1 s XAS 
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Figw-<' 5.5: Cu K-XAS and 4p0 -l.~ R.XES wif h Rc = 0. (a) The impurity Audersou 

modd (Cu 102s6 duster). The XAS spectrum shown iu the right panel is convoluted 

wif h Lurcnt1.ian r 1, = 0.8 e\ ' (H\ 'VlE\l) to consider lif<?limc of a l. core hole, and furl hPr 

COliVOlutcd with Gaussian r (; = 1.2 e\.' (H\'1/ IUJ ) fo reproduce the f'xpc·rimental line 

width . T lu• HXES spectrum shown in the left panel is also eouvoluted with r(; = 1.15 

(1-IWll M) to reproduce the experimental re~olution. (h) The nm lt i-Cu model (Cu50 16 

dusft'r). T he• XAS sp(•cfruuJ showu in !lw right panel is convoluwd with Lorentzian 

r£ = 0.8 eV (HWH~l) to ronsider lifcti111c of a l.s 'ore hole. and fmther convoluted 

wifh Gaussian l'c = 0.8 cV (HWHl\1) to reproduce thr cxp rimental line width. T bc 

HXES •r<·drum showu in fhr left panel is a lso convoluted wifb rc; = 1.15 (HWH~l) to 

reproduce th!' t'xprrimcntal resolution. For (a) and (b), the elastic linr, which shou ld 

be lo!'att•d at zero, is omitted from the fi1,rure. The numbers attached to aJTOWS in cacl• 

XAS SJ>PC't rum COtTPsponds to 1 hose in RXES , representing the excitatiOtl energy. 

5.4.2 Discussion 

13rcaus(' of thl• similarity brtwrrn 4p, and 4pcr spc•ttra. wr uafurally assign the main 

>th,orpt iou J><•a k c·alcu lat.cd with the multi-Cu du ter w that st arc which has a Zhang­

Hire (ZH) "ingh•t af plaqnt•ttes ucighhoring fo the photoC'xeited one. Tlw houlder (3 in 

Fil\. 5.5 {b)) of lh<' main ~tructnrr is attributed to a wrll-snrcm•d fd' 0L-likc state, and 

• exp. 
"' -- Cu~O•& 
·§ ------ Cu102~ 

~ ,., 
·~ 
r:: 
l!l 
E 

• • • 
-20 

• 
'·' 

Figure 5.6: The improved calculations of Cu I<-XAS and tlw H-•~'"" of the :>.7 r\' 

inelastic peak with Rc = 0.8. The closed circles represent again the· c>xperinwnta.l 

results measw-ed under tltc gcom<:>l ry {b) for both panels. SC<' the c·aption in Fig. ~.3. 
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lh ,Hi.C'lli te peak (7 in Fig. 5.5 (b)) is attributed to a poorly-screened ccfl- likc state, 

whcre '-and !,;_ represent core and ligand holes, rcspPclivC'Iy. The main and satdlit e 

~tbsorption peaks iu tlw single-Cu model a re, on the other hand, mai nly cd10 E. a nd r.ifl 
sta tc·s. respect h·ely. 

.q 
~-

ZR ~ 
singt~ehole 

(Liverlap) tsm?\erlap) 

+Oro~ro 
inter-plaquette intra-plaquette 
CT excitation CT excitation 

(~ 2eV peak) (= 5. 7eV peak) 

Figure 5.7: T he <'SSelltial comributiou o f the uonlor-al Srr{'('n ing effect in C u ls-4p-ls 

RXE whcu the iacick•ui photon cuergy 11 is tuned at the• main peak of XAS. 

Whichevpr mode•! is used , there is a cer tain difkrencc in spat ia l extent among these 

stall'~. and this dilfcrence gives rise to lbc 11-dependcncc• of RX ES SJWCtra. As demon­

stratc·d in the J)l'c•r·eding chapt.ct·, lbc ZR sr.a te has the mos t non.loca l character becaust' 

a 3d ho i~ is push<'d out. by the strong ls-:Jd H'pubivr Coulomb int crari ion into neigh­

boring plaqU<'llc', ~o tha.t. it. has little owrlap with intra-plaquette CT stales. Although 

llt t• 41'-3rl torrPlat ion U1pad should more or less distlll"b thP motion of I he ZR singlet.. 

it sc't'Jlls t.o ;J('t as ouly sma ll perturba tion. The fina l states are t he sam e' as tho e of 

IJI, -l., TLXE he<'<tuSt' nf thl' abst•urf' of .J.p el .. clron. As discussed, tlw 5.7 eY inelast ir· 

pr>tk is a r/101,-dmninant anti-bondin!{ state. and the 2 e\' peak is attributrd to an 

exc·italion of a 3rl hole fro111 the uppeT Hu bbard hand to the ZR singlet band. 

T IH' lll<'C'hanism oft lw Sllpj.lrcssiou effect or I he 5. 7 e\' iHeh!stk pc•ak is Sllllllllilrizec.l 

i11 Fig. 5.i. \\ 'hen !l is tuu<•rl at the ZR inl<'rmc•diatc• ~l>tl.c• , thr 5.7 eV final slate is 

unfavora ble lwrausc it is an inlra-plaquette excitation . Tot he c·omrary. the 2 cV fina l 

sta te• ha~ hcrp;t• ol'erlap wi1 h t ltis intenuedi~tte "tate a~ suggested iu the figure. The 

cfrer t of n,. or d ~tn il t•d diSCllb,iou on LlU' !!-d<-pt•urlNt('(' o r RXES spc!'lra subst.amiall~· 

follows those in 1 h<• ptt'C'C'ding chap lrr, and we do not r~pea( i1 ht·r~ . 

LJ6 

5.5 Momentum 'Il·ansfer Dependence 

In the context of local aud nonloc:al l':xcit~ttion;, it in int•resting tu '"''aMtrc lh<' cnc'r~y 

dispersion ovt:'r I.--spa<'<'. because an exC'necl st>tte mmplf•tdy lor;tlizC'd in >t unit cl nst<'r 

should exhibit no energy dispersion. Figure .3.8 shows I h<' <'Xfl<'rlllll'llla l q-cl<•pendt•ncr 

of RX:ES specLra [.117] , where q ;, taken perpendicular to the nb-plal!CS. \\'c find t hat 

there is no shift. in thc peak position . This result dearly suggc•sts wc•ak n1upling hNwec' n 

the Cu02 layers. 

The energy dispPrsion iu a Cu02 plane can l>t• mr•asured by Ml't'l'p ins tht• in-plant• 

component of q. \\'e carried out numerical calc ulation on Cu 4J>-J., RXES for a 1 D 

periodic Cu4012 clnst<'r for q=O. n / 2 a nd rr in the tmi t of (2a) 1• T lw r('sults atT :;hown 

in Fig. 5.9, wuerc wP adop t tbc same pru:a.n1 tc•r »rt a~ that in l"il\ .. 5.5 (h) <·xn•pt for 

Udo=B.O a Note that a ll core orbitals >trc l.ltken iuto aeconn t h<' rr , whereas w~ havr 

fixed a core hole to the central Cn site so f;u·. An;1logous to F' igs .-1..10 a ud 0.5 (b) . 

the main absorpt ion structu re is r:omposcd o( two peak>, a.nd a 'a tC'ilil stru<"t urr i> 

observed about 7 e\" distal! I from t he ma.in pe>tk. HPccnt expcriuwuta l nml 1 hrorctic·al 

studies on high-resolution Cu 2p-XPS of variol.lli c·uprates ohow that the uonlocal.ly 

screening path gives rise to the main peak of Cn 2J>-XPS in one-dini<'H>io Hal as wdl as 

two-dimensional cuprales, as far as the cornf' r-sha rcd >lr u('t ure is ('O CtS<'ruC'd [136. 141), 

.149. 150]. Although clo!>l' inHpection ·bows tuaL each ;pcC"l runt ba;, ;,light dilfrrom·c• 

according to clifien•nc(• in physi 'ai parameters ami dimC'nsiouality. ib<' chanH'ler IJf tlw 

shoulder of the main peak or I. he satellite slructun• is a lso broadly conliiiOII to b<>l h 

dimensionh [151]. Hence we can utilitr the nlkulaterl rPsCtlis 10 iufPI' q-drpr Ctd <· nre of 

the CT excitations in l\d2Cu04. 

For t he q-dependence of t ltc R.XES spectra, we lind in Fig. 5.9 that tho :l e\ ' pr<tk 

eJ<hibits considcralM q-rlependcnce in iis intensity a"d position. Rrc·rutly, Abbawo Ct tt' 

cl al. [135] successfull ,v obserwd <J-dcpendPnce of tlw 2 c \ ' peak, wltkh w11:> hidd t• n 

in the tale of the clastic line in F igs. 4.2, &.l <U ld 5.8, in 'u 411-l.• n XES of a i wo­

dimensioual insulating cuprate. Sr2Cu02Ch. J\ lorron•r , tht•ir PXJ>Printrutal data shnw 

tba.t the CT structure a t abou t 5 e\ - displays lit.tlc q-dependC'nc·e in ill> pc'ak po~i tion '1• 

This i qu>tlitat iv<'ly consistent to F ig. 5.9 , and suggests til!' inlra-plaqucttP nat urr of 

t hP 5.7 eV 'T excited stat(' in Nd2Cu04 . On the rontrary, the stro"g <J-dqwudrure or 

the 2 eV peak ronfinu. the intcr-plaquelrc (mmloc·al) nature· of the 2 e\ ' f'T rx<·itNI 

stale. 

I t is interest ing t.o regard Fig. 5.9 as rcpn•sent iug energy di,per~ion of a I 0 systcnc 

3This value of Uaf' is takf'n m order to kl't'p the mai u-sah•llitt• sf•par<ll iou In XAS spN'trnm th<- sam!": 

a.• that in l'ig. 5.5 (b) . 
4 They a.~ign tbr 5 cV structure to a "shakeup'' sratlcnug. HowPvf'r1 it has br£'1~ eaablishr'd from 

the aualyf.i!i iu the prl"Ceding: fhapu'!r that tlu~ is tlu: d10 k-dominaut anti -bondmg ~lat (>. 
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Ene~gy Loss (eV) 

Figure 5.H: Tht• cxp rimental momentum transfer dependence when q is perpendicu.lar 

to t !JP Cu02 planPs [117). The incident energy f! is tuned at the D peak iu the XAS 

•pectrum. 
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Figure 5.9: The q-dependencc of u 4pq- l s REXS for a one-d imensional cluster as 

'bowu in the inset [152]. Wt• sec that the 2 eV CT excitat ion is strongly q-dependenl, 

whereas the 5.7 t•\' peak has little q-depeudeuce. 
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itself. Recenllr. auglP-rrsolvrd PES tnrasttrPtllt'lll' hal'!' ht•t•n JWrfon lll'd ou (qu,,i) 

I D cup rates, SrC'uO~ ll5:l] ancl SrtCu01 [154]. in llu• c·outt'xt ,,r spm-eharg<• scpu­

ratiou [155, !56] elm• to photodopin~. These rxpcrirnrnl' rr•port that ""''rgy cU,J><'r­

sion of a halon band. wlrith is symmetrir iu r"rh of h<lil'l's of 1 ht• first Brillouiu 1.<>111' 

(k ~ 0 or k < 0) with rc.~pN·t to lhr maximullt HI lk!=rr /2. i., 1>1Udr largc•r 1 han 

that of Sr2Cu02 'h !157]. Fnrlhermorc, they report that lh<'n' i" a spinon band O\"Pr 

-rr/2 < k $ 1rj2 with smaller band width. \\ 'hilt• it ha1> bren Pstahlblwd that tlw zn. 
inglet formation due lo the ··potrolial d piug'' (st•r § 1.1) ill tlw int<'rn<cclial<' Slat•' 

strongly contribute~ to Cu ~p-ls llXES specl ra, l hr rclat ion with 1 h"'" phl'nom<'llil 

tmiquc to lD systems is 11nclcar. This is a subjrct lr fl in tlu• ruturr. 

5.6 Conclusions 

We have studied t.lw polarization dep<•Htlcn<:r of rharg<' translh <'Xl'itation.5 iu ('u •If/· 

l RXES of Nd2 u04 . Starting from the grncral rormnla intrnclue<•cl iu C'hap. I,""'' 

derived a dosNl expression 011 angu lar ami polariz111 io11 rlrpc>ndeut·t• of HXE •. Tht• 

experimenta l polarizal ion dependeucc is surcpssfull~· cxplailll'cl with 11.<1' formula. a11cl 

the fact that the inl"idcnt polarization dependrnce of I he exrit at io11 pro•·<'ss may he• 

exploited to select the intrrmediate state of the rcsomtnl'<' is 'how11. 

.\'exl, we confirmed 1 he mechanism of the suppre. sion of rcsonnnl indastit• sealtt•rin~ 

for nonlocally scrcenc·d intermcdiatl' statr~. Th diffet't' nl·c hrtwt'<' ll lp" A.nd 4p0 g~tvt• 

no drastic change in XAS and RXES spe ·rra. Finally, Wl' rxa miucd tlw q-dl'pPndenn• 

of the CT cxcilatio11s in RXES spectra. The cakula1ed spec·lra showPd, firM , that th" 

5.7 eV peak tlisplays little q-dependence. and sc•cond, that tltP 2 e\' pPak co nsid!'rably 

depends on q. Thl'SC arc intcrprctcd in terms of inl n•- <Lnd inler-plaqurtfr natures oftlw 

excitations. aud nre regardl'd i\S further support of thl' <'Xplanatiou of tbr supprPssion 

ciT eeL 
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Chapter 6 

Concluding Remarks 

We have studied uoulocal ~ffects in RXES with periodic Anderson models. The prluci­

pal conclusiotL~ are twofold . First, the origin of the interplay between fluorescenre-like 

and Raman cotuponNlls has been clarified. Second , the essential contribution of the 

nonlocal screening clfert. on Cu 4p-1s ILXES spcdra has been dPmonstrated. \Ve reca.­

pit.ttlate the conclusions oft his thesis in whal follows. 

ln Chap. 2, we studied the role of the translational symmetry on metal 3d-2p RXBS 

of rf! systems. The model used is a one-dimensional nondegenerate periodic Anderson 

model, which is a minimal model having explicit translational syl1llnetry. It was shown 

that R.X.ES depends more sensitively on the cluster size than XAS and XPS, o that 

R.)CES is a useful probe in studying the duality between itinerant and localized charac­

ters of 3d electrorc•. From results calculated by changing I he cluster size, we proposed 

lhc NXES-likP mechanism for the appearance of the Auorcsrencc-like RXES spectra . lL 

is SllmmarizNl i11 Fig. 3.1. The essential point of our picture is the existence of extended 

slates against I he strong core hole potential in the intermediate state, although . ·uch 

extPu<icd states may have negligible weight in the XAS spectrum. 

Regarding the 3d orbitals as Ce 4/ ones, it was also explained why the experirnenl al 

e4.f-3d RXES ofC'e02 is well reproduced by cal ulations with a single-cation impurity 
A ndersou model. 

fn Chap. 3, ti.Je I heory in lbe preceding chapter wa• extended to include e:xplicit 

orbital degenerary. We devised a doubly-degenerate one-dimensional model which con­

tains two kinds of local point group symmetry, and associated tht'm with e9 and 129 

orbital· in a crystal of o,. •ymmetTy. First we study 3d-2p RX.ES spectra for dP sys­

tems. v illtin the si ngle-metal-ion model, we mathcmatirally defined ant ibonding and 

nonbondiug stall's hy utilizing the local point group symmetry or the permutation 

symmetry beiwcc•n llt<:' dl'getwrat.e orbitals , and successfully e.~plained the experimemal 

polarizatiou df'pendf'nce of l'i 3d-2p RXES of Ti02. In going from t he single-metal-
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ion model to rnulli-metal-ion model , the fluorc.~ ·enc<'-like cmnpouent come:; ari. e, ami 

the calculated speclra clearly exhibit the int<•rplay het W<'Pn the lluort'llet•uc<:'-like and 

Raman components. 

Ne.xt we showed calcu lated results for d1 systems. The ra lculated RXES spec­

tra displayed inelastic structures due to inter- or intra-sill' d-tl cxcit;~Lion !IS w<•ll as 

nonbonding. anti bonding and fluorescence-like strucl ures. We found that the energy 

separation of the inelastic peaks due to the intra-sit<• ri-d exdtation fnun the inelast it• 

line considerably depends on cluster size. The polarization derwndcm·<• similar to the 

dP system was prE'dicted. The orbital degeueracy as well as I he translal ional sy111metry 

i~ essential to the appearance of the Auorescenr<'-like srwrt ra. 

In Chap. 4, we theoretically investigated the Cu lp,- ls RXE of'ldlC'u0.1 with iln­

purity Anderson and large-cluster models. While the fonner model failed to reproduce 

the experimentally observed suppression effect of rrsonauc~ enhancement of till' 5. 7 ,.y 

inelastic peak , we obtained satisfactory agreement with the mqwrhnt•ntnl dttla by using 

~he large-cluster model. Util izing PDOS functions, we found that thl' 2 e\' 'lrurturt• is 

interpreted as an "inter-plaquette" e.xcitatiou t>f a hole frmn a Cu sitr to other plaqu~­

ttes to form a Zhang-Rice singlet, whereas the 5.7 eV cxciti'l.tion i. attributed lo llw 

"intra-plaquette" CT excitation. This difference is dearly reflected 011 tht• cx<"ilatiott 

dependence of RXES spectra. The physical pi<'tw·e of the suppression effeel is sumiJia­

rized in Fig. 5.7, which elucidates the c scntial t'ontributiou of the noulocal ~nrening 

effect on RXES. 
In Chap. 5, first we studied the polarization dependt'nce of charge transfer cxcita· 

tions in Cu 4p-ls RX.ES of d2Cu04 . With a closed expression ou angular and polar­

ization dependence of R..'CES, the experimental polarization dependence is sw·ces~fully 

explained. The calculated XAS and R..XES spectra involving 4p" orbitals substantially 

followed tho. e of the 4p,. We next examiu the q-dependente of 4]1.-ls RXES spectra. 

The •·alculated spectra show, 61·st, that the 5.7 eV peak displays litt.le q-dept•ndt•nc~. 

and second, thal the 2 cV peak considerably depends on q. Th<•sc are interpreted iu 

terms of intra- and inter-plaquette natures of the excitations, and are mnsisteut to the 

interpr<'tation in the prC<'·ediug chapter. 
To complete the investigation, some problems arc left for us. First, for the NXES­

likc mechanism, we ueed to extend more the cluster size to obtain r~sults that ar mor 

conclusive, and need t.o clarify tlte limitation and applicability of the pres nt effec tive 

one-dimeos:ional model. This is interesting also as a >ubjcct to examine new numerical 

algorithms such as DMRG. Within the exart diagonalization method , it is cxlrenwly 

difficult to demonstrate the NXES-like mechanism for realistic thre -dilJlcnsioual, possi­

bly degenerate, models. However, one·dimensioual systt'ms tlwmsclvcs have attracted 

much attention in the context of spin-charge separation (153, 158]. It interesting to 
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study what kind of role' RXES play. in such systems. 

For rupmtc;, R.XES would give significant iuforu1alion also in doped systems h t'­

ra use R.XES sensitiwly rcflt•C'ts cleclrou dynamirs associat.c•d with n•laxation process 

due Ill a carr· hole creatiou. In fact., our (unpublished) cakulat ion predicts cousidcrablc 

dopiug dt•p!'ndcnce of Cu .Jp-1s RX.ES. Together with angle- or momentum-reso lved 

RXES, detailed expPrilll •ntal rutd th~'Oretical sLUdics are l!•ft for the future problem. ln 

this regard , one may inve:,t igate 1 he network dependence in variou• rupratcs. 

\\'e lmvP obtaiu!'d iu Chap. 5 a uegative answer to whet her the anisotropy o f 4p 

orbiutls giVl'S obsermble d~ <·ts on the valence electronic syst!'m. lt is of consjdcrHble 

iutcre.,t to rxaulinc orbital ordering with augular- and polarization-r<'solved RXES. 
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O)ffi}J1l!\iJ' RX ES :A"'-:71-Jt.l.:l]l.tLJ.,::.b~'f·:tf\tlt~-l.> . %®i(:J:.illi, XAS O)i~ t-71.:: .A.. 

~t;lt.J:;f,lv.o¥'-~;J;,i.?-ttt.:ll!i', UJ.kJJ)()_ijlJJ[O)j(~ ~1.: !Jh•;/J•t:H:) i' 5.7 eV ifi:{"ijO)Jj;•)iti1'h l:::' - 7 

tJ< J~I!IM19 )(~ ;~ ~ ~ v ' o tl L7~1Y,kiJJ.O)/Jij t:'- 'I ~.::t:; v' l'~!ilv ')~1!1}11,9 k1J~f.Jt~)! ~ ;f LZ., • 

.: O)::k;®i*'tll~~.lll.fPJT;:, t.:rl), 1JJr/JI:;f~;t:Jll~7;.. ¥- Y /t$!1~1<: Cu K-XAS :13 J: U' RX t;;.c; 

"';11~--<t..: . RXES A« 7 I· lvl.:l±, 2 eV i:lJ:. U' 5.7 eV ili:iti::.~J'~I~1'Ui!<fiLO)f~~lfi;I)<JJI.nl.. , . .::. 

n t,O))Jh/Jti±A.M)I::.J:;f, Jv'\"-l:fl({f- L -c k ~ < 221r:t l.J o -f(l)flW1'1=1±, '1 1 111J;JRIIJW J: rf¥f 

iX!ilimlt{•'if$!fl}jJJi1J.f.SO)Z2JUJ!'I0rl.:tJ<rJ (I))(!]-~ Y!il <}XU.!)!. L -c v '..:(,.:I: 1Jr,f; ~ill.> • liihk9iMi!\O) '~ 

lf\J f10!l:7J< IJ r±. ;.t;, Z>f'!iO)Bil:Jl'WiJHii't:ltHttr-t-;:,.: 1::. -c-rtctu~ .o.:: I:I'Jr-c e. 1.> . ,iJ·rHbS!H;t.l:; 

.t~ t·;f:l:Ji;i;~~ i,ji)IJJ't J., '{, (1)0) , ..fk.<t!~t!;P\!11: J: "' -cc± 5.7 eV 1::- 7 0) AQi Jti/<1'r:11:1: -?v'"C 



c7)'_k~j"- 1 ~ .JI.I~J-t 7,.: i:: iJt~ ~ l.t "'.: 1: iJfJi/tfi2. ~ :h.t..:o 

t,;cc7)t.HIU: .HJtL ~..>-:J , ;k.~ t.: 7 7A 7- t;t~ (Cu5016 7 "JA 7- ) 1::.1: ~iif-1'): Mf5f!:i" 

1;jt(,BLt..: ii'. 1~;M!1!1J f~I\~I.: J:~*if*l:~t.tfJ , K il&~i1.1,/Jc7)ti-7iJt ZRs 1:J:~ fl/l.:i1f~ 

<h ~.: iJ' . g~7NA:1i.~Wf1Jr,;f·t):l: J: fJ il! -l1W:IVJ ~ nt..: . ZRs li-{.<:T! II~H.:Jrf~JiiJf~'IJM~-z'<h ~ t.:. 

rb , .:c7)1lJlW:~ - 71.: J~~~ Lt.:.ll;'fc7) RXES c7)~~xflill'· li, Ji;Jfiirn<ri!.£(ilff$ili1H.:lf--'i lWJk!l jkflilc7) 

~.ffif]tf.t<!j!jv• -tf.tbl:_,, %M1-z'fd.!ifliJ~:h.t..: 5.7 eV ~o -7c7)j!flilil]i')J JiW, rpfllHA:1i,.~l.: i31t~ ZRs 

M!&c7) i[Jf:ic7)Mt,~~<h ~ it.:iittl:l: J: :11.1!. IJ/kJ!Xc7).£ I!- 7 t.:J~ i!!n t.:.ll:jl.: I± 2 eV i!i:f~c7) 

JJ : 1 •~1t~" -7i1'1!111.•)~if.1l'J)Ci"~-t7it, .:ttl±, 'i1\31j;¥-\' ·J ?''i:']-,;LJ.,j,\;1.\l\iJ\ ZRs 1~/ 1-" 

1: l:.illl"'{- 1-" /{ :..- ~' c7)Jfijc7)"<!£ t-iF.fLN'.Efllt UHR~ ~ 7.>.: 1: 'i: ff-U~-,r ~ . tl_tc7)*/L~I±, 

XPS c7)ji)fJE~>.!./.1:'. ~ttU~Foll~i~lilHIJ*i.l~. RXES l::i3v•T'blliH'ft.dMIH:- '}-,;(_~.: 1: 'i::;E 

:;·- ~~~~= ,-F L t.:rJJII'>-cc7) fiJf1E~<Y>-<> . ~ G 1.:. ~!ll fll rJ~JM!l~1*c7)i!1f.:r;¥-~" .. , -:fc7)H/tm Nll-"Z-<> 'Ff.ll: 
I:L"'Cc7) RXESc7)6 ffl ft'i:*L~'bc7)/:~,;L~ . 

;g 5. : Ndl!Cu04 o:l.l'lifJib!fib.ti:l: t.l IH>iii:Ytt> J: tfl.IIbi~ff:ii 

RXES l±,f.c7)).jJ4r n~t.t~-J"ftflt ~E.i!§Nf;l;tt'i: fiillf.\'1.: A~ 7 r Jvi.: .&.F_ll-9 7.> tv' -5 ./\' L v4\'o 

i'i'l H# .., n' 1.J • RXES c7){/it7tt.t v' Lftl rJt1i'ff?i'11±Jiif ~ 1:: ::Ui~ ~H. , #:h ill;liiJfld{ft}t'.f.l± I~ 

-t;-J:fl!J~f,T 7.-J . v'-(h 'bftf iiJ:ftCI)b_kM:li:Jtil#.t ITII.->t.:ffr'%~'fii:i:: L "'C!i!!P~i;tti't.:h~ . 

i-f. :J ~-v/ I· t.: -:;_kft'f:~f.£c7);.:\f.t•G RXES c7)(~;/(;l.:ft{f?-t7.>~#:iliftl:J-'i:~v't.:. o 

l s +AiliiHJtili:l!rti!1 H~t.: t..:" • t.: !i'J, l'JlJjJJW:fll·iJq~ol?-c qt;M!t:: t.: o o .: ttt 'b 1: 1.:. li'H!rc7)'J<: 

~t'i!lH.: t31t1.> u 4p-1 RXES c7)(fruj(;~{+i'lH1¥ii~~~::ij(,JtLt.: . ;J.f~I.:J:tLif 5 . 7 eV !WJ 

g1JthLJ.:c7)J~I!!:}JM)d:tl;-j- JSt.JG.r_;i, Jv-'¥-iJ'. !1.\l:'!\:;I:J: IJk:~ LO eV '(, W-t..:l.> . ir~'~tlltki'iL 

Cl)~ffif]tl:i~v • -r '(, -lrt.t f) c7)i!j\o•1.1'fiJlilliJ ~ tt7.> o .: ttGc7)JU(.t,·t.:{~:'!\:;1i'Hit'EI±, ~ :f$ilift:): [·c7){1ij 

J[;{fi{f-t'U• t,]&·'Ni%:: J: < ,)JI.fYJ ~ ttt.: • .: tt1H,'!il101: :;?::1\:;')'~j~ff. 1: L -c c7) RXES c7)iE;:\ft 

l~:k::t;ft- 'j.,;(_ '"''-' · 
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Cu02 Iilli•'! l:CI)*.'ir'tl±l]liv ' c7)~ . lfjji.:lf<llft.:JJiilJ"-c7) q I:: :NVCI± RXES A « 7 ~11.--l±lii:: 

A..I:' !Mf Lt..:v•o ·h. I ;J,:;[;c7) 7 7 A 7 - f~l\~c7)1ji[[J1lii*J~illir"Jc7) q I:: ~·J -tJ.J :J..~7 I· Jvc7)$: 

ltt,;ntLt.:t.::;, , 2 eV f.rj[c7)'iJ1f\lf;f};!fiJ;f.WJ;@:I±~.ffiv• q ft{{f-i'J:1.1%fJ, 5.7 eVl-J j[c7)f.W;g 

c7) q 1/i:f?i'l: i±l]l)v'.:: 1: 7){~/J \ ~ ttt.: • .:. tti.l•t? 2 eV liiJJ€:c7).iJ!il~ nt;1'H~ 1: . 5.7 eV 16JJgc7) Jn) (f 
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