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if!i. --<-9 J: ? ft:lki~Elt::.tt0 -c1r '-9 i:: :Jj ;t t?h -c1r '9. ~c.) 1::. J..JO I\ y ro:>lJ1i.!\lJ.&~I<I>::J:§ 
"Z'f:l:"to:>'11!:-i-;!f.rtJ~~:lliJHf ?, ;:tLI:l: bipolaron o:>~J/dti::MJ.i:.;T9:f'H'f:~:f!kl'¥~f$-e' 
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lr'""C, ~:li:J\ti.!iU.J!'fiili:-z"~5)1)¥~::Yt?1H0::Yti!!IJ.AEH1'P, :.! fil\!lltio:>:fHh-t:'tLI::lt l-c, 
¥-Fil&if.Jft::Yt'il.l:rA~:7 J-tv1t~lft::.. ;l:f, Mit\\l.:1l'i:H.ilt~-z'O)A~:7 J·;t-- 1:1: Fermi edge .a:­
t!ii?, 1il\i'/J>f;:ftkl.-e'<b9;:i::J,r~Fl-clr'-9o t::.tcL, Ferllli lc\·IJ:.-z"O)~~~:J:,J·~< 
~~-t'Y 7'1f.Jtt~.O~Ir '1r Ji!.it-c:to ~, A~:7 J--;v>Jffi&"o:>$< t:J:J: ~ ji]j::r:.;:f.;v~-1ll!Jo:> 
incoherent Tf~5il.:f$0 -c~' 9, t::., {tU!it~~f4i:HI -e'l'.t, '~fnffkFf.MIJX,I.:{t? f!fl s ft 
~-t::t7"t.I~Wl.OOJ~tLt;::o ~ Gl.:, i\'lil.ful.M~~1<1>:1-'§o:>A~:7 1-;vf:l:i:,J:? t:• Fermi level _t 
l"~!l\1.'.\r-JJI Ol.:ftiJ, gapless l::.ft0""C~'.:5=i::'IJ1)3-1J,0t;:, ;:o:>.j;EJO)A~:7 J--;v(;:":)~' 

-c Fermi leve 1 1iili:""t'o:>)~~i,r;E;1it~(JI::il¥tJT L..tdii.*, A~:7 f-.;v5!Il~l:l: Penni levcltJ> 
6iJlU0t;: ::r:...t-;v~-o:>=*=l.:ilf''ffi'I.:J: < J:t-1¥~ L- ""Cv'0;: c-JJ>~J ~JJ L..t::o :::.nl'.t, ifiit.!il.M§ 
~1<1>:-f§IJl bipokuon liquid i:: ft 0 ""Cir '0;: c ~~·®:-t -9 i::, Efros-Shklov. kii tJ~J!I!~(fJ 

1.:71K L...t;::i!iLht;:: ~l:::to It .:5 r oft CouJomh gapJ n> ~ ;.t -c ~ '.:5 "J'tllittf.J,r'lffi < ;r-llil:-t 
Qbo:>""t'ib-9. ~ 6~::, l:.-'e30, o:>-&Q.il;fE!o:>.A--<::7 J--;vi::X:tL--ctJnJ:fi'f<o:>1l¥f!TH1'1r', -t 
O)A ~:7 f.. ;v-!Jll.ful.~f;: {JI(ff:-t 9 ;fifll~o:>~il!l.Wir i:: soft CouJomb gap 0) !l!tl~bitl"J11l 
~¥1:."~ -9;: i:: 1r ~lr't~· L..t::.o = o:>::. i::i?' 6, Ti 101 i:: 8 30 1 i:: l:l: Verwey ~ttrAil.3fi[_t 
'-'· JHEJlfl':7-o :.---;tJn>xi!icrt~-eib0-JJ'-' , ~.:r-~-=t-Hili11=J+J i:: 7 :.---?'· Att.~r.rmt 
o:>:WJ;l!l:IJ;Jit-g- L- ""Cir '.:5 = i:: 11'J11!1l¥~ntc. ~ 61::, Verwey ~:ii~M J: IJ t -r 0 i:: iSJIEil. 
11llll"l:l:~ -tt~Ji.ll,f§"'- i:: :tt1l'-t 9ill, ~(;:qii_if$ ful.IJZ J: I? 1.!11Eil.1JliJl"l:l:mf;iffJ<Jr-7J;%.JVt~h 
9 t: lr'? *!C-(f.Jf,tlj&.)J'J!I¥0Wii~ ~ jif.j;g-l::)ft L.. -c~~Q;: t: ~;:.JVt.J;iJ 1..- t::., 

Bao -xKxBiO:~ (BKBO) (';l:, ~?X:lc pcrovskite :fili.J1!!1t~0, -to:>ffl:"f{ Bfl.Bi03 (;J:, 
CD'vV~ff~i*l"ib9tJ>, 8<1 .a:- r..; ""t'IEH~L--clr'< ;:i::l.:.l:0""C7.l\-Jv1r p-~7"l""Cv' < 

i::' .?' = Xc c~o.3 ) 1iili""t', olii:J\tl.!il.Jr*.J 30 "0)~~¥71*"'-i::4':li:J\tT9. =O)~ftl.!il. 

i3rri, ilf~~o:>®ftl#o~f~~f*i:: L- -cl:tilf''ffir::i'ili~'rEii3r'-'ib ~, -to:>~~W.o:>i JJ-=X 

AI::~.Cdl>:J'tit;::.tL-c~t::o ~"' l:l:, BKBO o:>llit/ir\1 (x = 0.0 O.G, OG J;(.tf'.t~m~~ 

JJ!-) 1rff:llr'""C, 0 l s ~1!)1Jffill"o:>X~!Nl&0::Yt (XAS) .&.lfX~:l't'liH-73-:l't (X.PS) 1r 
Dlr', BKBO o:>'I.!H:i*ii!l1r~~(f.Jf;:~~t::o ::. o:> J:? tt*~i¥Jtt:rvf'lEI:l:;<!i::lVf'll:-JJ;fJ.Jc\lJ 
""CI:."ib0, XA o:>ti;JIH.:J: I?, 131-:BO o:>ilfo51f~-=t-~*ii!lf:J:, m-;v l"-7"ib I::{JI( 
ff l-""C;'fi;Welf.JI.:l[{ti· -9;: i:: il;J3'7.P0 t;:, -:t: t:., !NJ&~lli{~o:>t~J1!!~;: ":)v'""C, X= 0.30 

i:: 0.40 o:>r~,-e'lltFiftA~7 J--;v~!I!IJfo:>J:\ll;k:il>~Ghtco ::.tL/'1, :1: = x,. l.::toft9:1l'i: 
~M~l~~~I::MJZ;-t -9, BKBO I.:X.t L- -c l:l:, Ba.rPbH:Bi03 (BPBO) -JJ'00Jl~'l1t 

i:: L.. -c;;o 6h ""Cir '-9-!J'>, fili'i~o:> XAS o:>T'- ?' 1r J;t~-t 9;: i:: ~::J: 0""C, 1"- t'/:1'1::. 
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J::. 0-c']! ~ il:ii:. ~ tL0 ';U; f-.flf~l7)~fl::.il':li::tli¥J!.:;\V.c -:>n '0:. c ::a-aA G tH:: Lt.:.. -
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!Cbt:. 0 "t"!il]i;wH.:~ffiJrt 0 :_ c "Z'<b0t:.. ~ t:., -'tO)JJRI&l l± 3 f!l!~l7)1jWJ1!fiC J:: 0 -c ~t_c 
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BKBO I.: :lOt- '""C liti\'i~HH~ij:Kf'F-0 -c;B2{i::.i.l>:£i{h 0:. c n' G 'IR-Tfr.r-T:!'I'Ili 11=ffl iJ>, -'t 
h-t:'*1.;:Ett~ll9-z'i!?0. ;t.t:., Ti.07 -z'l:t, fi!;J1\fi7)!Jt15-I.:J::.0-c, :tlfMt'lli:'J-:t)(if!ll7) 
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Chapter 1 

Introduction 

1.1 Electron-electron and Electron-lattice In­
teractions 

Elcclron-eleciron a.nd c]cclro.n-latlicc' .inl.erac l ions arc two main orig ins which 
Jea.cl to diverse physic;c] properties or solido. Ln sorn 'cas . il may be Pnougb 
l.o lake only one of I be two into n.cromil:: Polar n. which gTea lly affects 1.11e 
t he rmaJ and eJect.rica.J propert ies of ionic O.J' COV<>lent sys tems. is one of l.h(• 
most l'ypica.l and irnpo.rta.n t plJenomena caused by the ekrl.r011- Iall ire, ill­
t -raction. Electrical cond11c1ivity in simple mdills is a.Jso explained by this 
inlera.ction. On tl1e otJ1er hand. mn.ny cases <Wf' al so known when· e]ecl.ron­
eleclron interaction plays a dominant role mU1er l.b<Jn eler tron- la.t lice inter­
a.cl ion as we Jearn i11 the s landa.rd th OT)' of magnetism. NeverLJ,cJess. both 
inkraclions <trc a.c tnally competing in sorn ·cases. y ielding com pi •x phys ica l 
properties of solids. In fad . t ile compel ilion bdwern the two is observed or i~ 
expected to be signi.fi ca.nt in such systems as thosf' whi ch show a. spin- Peinls 
transit ion. a Verwey transit ion. a.nd <1 cl1aroc ordering of ·tripe form . 

Among them . the format ion of non-magncl ic s i·nglet pairs of e lectrons 
is the most illus tTa.live of the cornpel.it.ion. Wh n il is fonn ed in tl.1 e real 
spa.c ' . I he pair is ca.Jied '" bipolaron"'. llisl oricaJJy. I. he concept or bipolaron 
was firstly proposed by Anderson IJ.l]. L I ns bTiefly sumJn<Hi ze his idea in 
order to clarify our st;mdpoinl. H s arl.ed from a imple model expresst>d ""' 

( 1.]) 

where c,. is the ann ihilation opera.! or of a.n elect ron will1 spi11 a al sile i. 
nio = cLc; •. and T , a la.tlice deformation. The pa.rmnel.crs l. U. C a lid g 
a:rc Li1e transfer mali·ix ei<"Jnenl. be l ween sites , 1.he on-site Co11lomb r<'plil sioll. 
1.be elastic consta.ut. and the electron-phonoJJ coupling consl.aJ1f. respectively. 
By t•liminaling .r , by minimizing the ll1ird term of Eq. (l.l ). the following 
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df<·r ti v<· ILnlliltuui au i- obt ai rwd : 

H ,jj. =_,I: ,.~"c'" + (t - ..... ·1 2: n,-, o i-n· ( 1.2) 
IJ" 

1dwr<' S = f i- lit<' ]<ti l icc ddonrwtion c·rwrgy, servi11g rts '' ni l<'rion of Lite· 
slr<' nglil of lit<• t•]pclro!i- lallirc inl<•rarlion below. r\n d<'I'SO!J di scussc•d LlJHI 
hil>olaroll < an· fortii <~J wlt<'n I < S. :\l t hough it may be too simplified. 
tlti s rnodPI give< llrf' best <'XaJnple of tbe romp<'li lion bel ween i ll<' elc-rtrO!i­
"b·tron a11d ('kclron-laili r-<' inl<'raclions . "I'll<' spiu-l'ei<-•r ls (SP ) lnwsilion 
giv<'s artollrer e xampk of tl"• siugkt p;,jr wlril•· tlr SP sta.tf' is insulating 
with 111<' pairs ord<'wd. b<'iltg diffcrt·nl frotn hi polaron>. 

In thi s llwsis WI' haw studied litre<' diff<O'rent oxide!' nam<··h·. NaVoO"•· 
"I i., Or. aud Ha 1 -r l O:r Bi0~ ( 111\BO). wlw re dt<trad<'ri,;l ic ph as ' t n~;J s if io11~ <1. 1:~ 
observ<'d. Whil<' 1 h<'y are all r>la.ted t.o a siuglet-pair form<ttion in comrrtOII , 

I h<' I nlll sil ion ~ ill'<' diffC'rc·nl. in na.lnre from compound to compound. \ <V(• 
wou ld lik<· to bri efly cl ·scrib<' t he physico.! proper! i<'« of f.lt<' f,Jnec systems 
mul thiC' conteut aud rop<' of our work b •low. 

,,\. , 0 0 , which lta,~ b Cll known since 1970's [I .2]. reecnLI_y allracled con­
Ri<kr<ih l<' nt t(•ntion as lsobe and Uecht l1.3] pointed onl. .i11 l99(; tJml fbi :; 
i;; the f'e(·ond exil.mp 1<1 of iuorga;nit spin- Peierl s (S P) compound . disco\'cred 
following CuGeO:t [ I .11]. whil organic SP materials have been known since 
1915 [J..i]. M r indication of ll.1e SP 1Tansi1ion in Na\-'20 5 appears in the 
rna~;,rnet.ic suscC'pLibi li ty \('/') [1.3] . whi ch shows a broad maxirnurn il.J"OlJttd 
~ :'QO 1\ with a rapid decrease hPiow T; = :34 1\. implying the forma.lion of 
,,, non -maon,tic spin-sing! l pair due l.o !.he SP l.ra:nsilion. Above 7/ . x( T ) is 
well C'Xp lai liNI by I bat of a S = 1/ '!. Olle--dim<'nsioual (J.D) anti fenoma.gne l.i c 
(,\ F) ll cisenberg cltain. While it is doubHnl nown.days whether Na.V2 0 j is 
a true ·p compouud or not [l.G. 7]. its puzzling belta.vior vmvides a.11 a.clivc 
field of rr•,earrlt fo r both <·xperimenl<tlisls and I heorisls where til e p~l. f. e111 s 

of c!t arg<' order willt lltt• $inglel of.ale below T1 is supposed lo he dominated 
m<>i11l y by l' a.nd S. \ 'n.rious charge orckring p<ttterns are pl'Opos<•d based 
011 Eq. ( 1. 1) for tire O!l<-'-dirnensionol r ha.in or I add r where.! ~ tr'-' competes 
wil It S [!.. ]. PE l11<'rullt1'ements \l"f'T<'. how<•ver, cxperirnen laJly difficult lo 
pcrfonn i11 this tcrnpera.lurc rcgio11 as Teporl ed iu Chap ter :3. 

In conlra~l. lhc behavior a-F a typica.l J D-AF chain. ll'ltich explains I he 
p] Jy~i ca.l propnlics f I hi> componnd well above 7'1, is ~npposed to be d<'leT­
minrd mostly by It bas significant importance lo tudy to what. extent 
[.' nut cxpla.iu Litis componnd in Uri s temperature range. lr1 a.cldil i ll. lto11· 
a lO-AF chain lwh.avcs is t lw most bas ic but not tri vial p.rohlem among 
\'arious quanlum-,pi n syslerm; ~uc!t "" spin- ladcl<'r. llalda.nc. spiu- Peierl s and 

I. J. Ti.10 7 3 

fru stral ed I lc-is<•Jttwrg s_n kms. l1 1 Cltapl.er :3. IIH·r<'for<•. lite sluch· of tl"· 
singlc-partid<' cxcii,aliOJt and its nnilf•· IC'trlj><'TRIUre ,.n-ecl s in Na \ :20 -; has 
hce11 perfonn~·d from thi s \'iew point. Q1tanl.ilali\'f· rli scussio11 ha.s<•d on tlw 
I'('Sult of llll' ca lnd atio11 of tit · IIJ /-./ mod<'l oi fi nite 1<-rnpPrRinrrs \\' ill be• 
pn•;f'Jtit'd. 

Ti.Or has been krtow11 siuce 19.)0',-; as a mernbet· of ~ l agrh~ li pl,;"es. whtdt 
form " hornologmt s sc·riPs or lrir- lini r C:Oil1[l01111dS of I lw forll1 T ,. 02n- l ('J 
= l'i or \ ' . •I < n ~ 10 ) [Ul] . \·1-ltile 1\lagneli-plta.~!' cmnpo111Hls und!'l'go 
various phase t ransition s. Ti.t07 a.tl.nt.cled parlirular al.f<'lilior, iu 1970's to 
C"arly J!) '0\ as a lypica·l systell'l where a singkt pal1 of iwo pohu·o11 ~ . i. e. 
hipolaron. i: form<'d iu rc·al i' pace [.1.10]. lucl eed. Chakraverf y <'xplained 11«11 
t lt e inlersil e bipola.rou is rea.lizrd in liti s componnd by introdu cing tl tc iltler­
site Cou lomb iHf era.dio11 in to l~q. ( 1.1 ). Om· of t.he priJt cipal rnotivaf ious to 
~t11tl y Ti.tO r al l.bal lime wa s lo im·esl.igak whether a. system composed of 
rea.l-spa.re si nglet. pairs show s11perconductivity or not. Such a concept of 
"bipolaron superronducfivity" proposed more lba.n twen ty yf'a r~ ago [J.II ] 
has atlmcl.ed many r 'S('a.rchers up t.o rtow a.u cl il.s realization is sl ill under 
con lrov '1"'.\' [1.12. Ll]. AJtJ10ugh no supc·rcon d1J cl ivily h<1S been ob"•rved 
i11 Ti,,O, mH.I Tela,ted compmrn ds. lwo snccess iv<' phasf' transi l.ioJt S obst· rvcd 
in T i.tO r a r<· intf'resling themselves and n ·eel lo be· rlerincd: The one is a 
mel a l-lo-:emicomludor lra.11sition <tf I !j.J 1\ ami I he oUter is a sem iconducl or­
fo-scrniromluciOl' tnlJJsi.Liou a.l ~ l-10 h which can be vie,Pd as a Vc·rwev 
fraJtsil ion. l'lw th ree p],a.-;es separated by Lite· I wo I r<tnsilions bavt' bef'n iJ;­
tcrpret. -·d <J S a. polaron ga.-; . a bipolaron liqui d. a.nrl a bipola.ron solid . implying 
competitiou between lbe elect ron-electron <>n d c lcctrott-lal Lice inter<.tclions i11 
Ti.10 7 • 

Om motivation of Cha.pf·er -1 has been to study the el<•cl ronic sl ru clure of 
Ti,07 as <1 fun cl..ion of1 ernpera.f"ure.in order Lo c.haraclcri 7-e the t hree phases 
where s ign i~ cant competili <m b •lweeJl (i a.nd S is expcct.f'd. Among t he 
three pha-;es, tlw singk~pa.rliclc e . .-xciL<d.iou i11 t.he bipolaJ·on- licptid pl.1ase i. of 
partic1 tl il.r interest sin ce dynamical disorder is inherent, in I hi s plta;;e ofTi,10 7 . 

which is one of the few system s where the existence of dv11amica.l disord<'r 
lt<1S been f'SI.il.b lisltcd. V\ie ha ve performed a quan1.il.al;ivc ~:ompa.1·ison of l.he 
result s of Ti~0 7 with that of !.he~ Verwf'y compo11nd 1~30 ,. 

131\BO io; a r markable rom pound irr I hall he discoveTy of if ;; supcn:onducli\'­
ity wa ~ molivatecl1.heore1icall:-· by ba.nd-s l n rcl nre ea.Jcu ];,tion [1.1-1] in 19 '' 
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jt"l aft<•r llu· rliscoW'>.\ of high l r: cnpr~t" s >qwrconductor<. ' J J, .. pa.rc11l 
con tpouml 11 n Hi0 ·l is il chill',£!.<~ d<'n Si l y-w;, yp (('I}\\') illSnJatot· ill t011lrasl lo 

Ill(' prC>clicliou ol'nl<>ll." band-sln>rlmc cakulillion ~ I h ill it is a !liC'Ial with ll w 
il<tlf- fill<'d I! CJu-deg<•neral<' l~ i 1,.,- 0 '2p <wl ibo11diu.g baud nos'i"g t hl• IO!•nni 
1,.,.,.1. lly inrrt·~.si ng lhe 1\ cmllrnl .r frmn 0 l11 :1' > 0. i. e .. b.1· lwl<· dopi11g 
i11l o I! a lliO". 13h LJO 1111(krg<><'s il >el nicondu r tor-lo->' tlpercondn<:lor I ransi-
1 io n at I ' = :r ~ o.:l\. ., lw I nmsi 1 ion 1 em pent.11.1 J"( ' beronH'S the "ighcsl 
( ~ 30 1\) a t .r = ,,., [ l .l.'i). wl1 id1 is I J,.,l,iglwsl among tl>c ropJWr-fr<'0 oxidt!s. 
\\' hilt• Hl<lll)' cx perirneni<~ l s l11dics h a,·e hec·n pcrformPd so far on UJ\ HO in­
cl uding ln ii1Sporl. opt ira ! aliCI lnnrwling expeJ"imcnl.s. t.l,e mecl1a.ni .sm of it s 
sllpl'r ·oudncti,·ity has not yet been st•ltkd: Altl10ugl, I he e::-.-pla.nillion us­
ing t!w co 11 v ntiona.J B 'S llwory l1as been mad(' [l.'l6]. tile> pos. ibiliiy of 
olhc>r r·xolic m1·clmnisrns such ;1..s bipohuo11 snpcrconrlucli vily has nol. been 
c•xchHkd [J.J <). Since 13al3i03 shows " CDW mdcr will! the SLit.b l s?+ 
sil<'b which <>rP do11bl y ocrllpiccl b:-· 6s elect rom. il may be possible to con­
. ider tha.l s ilJ g le t. pa.irs of el<•rl.rons are form d in Tf'al space induced by .local 
COW finc1tmlion a.lH..I kad Lo the rlose-Einsteir1 condcn"tl.ion of 1 be sing! -1. 

pairs as w11s 1.T~a1Pd u sing lh<:! n<'gali''"-U 1-lu bba.rd mod<··! [l.l -' . 19] simii<u 
to Eq. (1.~) . ll euce. illvesligat.ion into 1!1c (•)ect roni cslrnclurf' of FlKBO will 
serve 1 ill' ~c>lncidat io11 of I !11· mechanism of it s snperr ollchtcl.i,·it y. 

From thi s viewpoint. x-ray "b ·orvtion speclroscopy (XA. ) <ul(l x-ray pho­
loc·m ission spPr\roscop y (X PS) sludiE·s have b<'eu performed on 81\BO in a 
~ysicmat.ic way for the flrsl lime. XAS gives Wi i11forrnation about the nn­
uccupi<'d electroni c st a tes and. therefore. is suitable for sindy ing the effect 
of hoi doping on tl"' dectron.ic structure of such a ho)c>-doped sys tem as 
131\130. In addition. comparison with BaPh,_, Bix0 3 , a compound closely 
H·lalecl to Bl\!30 , has been performed. The coTe- level sltifls of B KBO ob­
·erwd hy XPS will be tli scnss<-!d in terms of Lhe chemical potenli<\l s ftift du 
to the bole eloping. By m;ing tlw fenoi liquid theory. the str ngi.h of [i will 

be discussed. 

1.5 Scope of this Thesis 

f11 thi s lhe -is. W<' will s tudy th ·electronic st rurturf' of lh <:' three kinds of 
m<~tal oxides. nm(tely. NaV2 0 5 . Ti.10 7 • a.nd Bf\BO where ei<'rlron-electron 
arid el<'rlron-latiice intenJ.tlions aa·e thought to .play a significa.nl 11.nd some­
limes competing role. ThesP ompmmcls seem to ban• tlwir own / i and S. 
possibly cbara.cteriziug there physic~! properties. Our "rope is to nndcr&La.ncl 
Llw el cl'ronic structme underlyir1g the compoun Is thTougb pho1'oem issio11 
spectroscopy (PES) meas urements . TJ,ere are almost no experimental rnelh­
od to invC>si igate the I' I .rtron-eleciJ·on ami e lectron-la.tt ice irJI eracboHS a.l' t he 
• R.mc Lime. Ac111ally. PES probes photoelecirotl s from Ll1e compounds 1mder 
stud y all I. 1 berefore, is one· of the most powerfnl m ethods lo investig;~te the 

1.5. Sn!JI' of lhr8 Thrsi.; 5 

c•lc•c lmui c slntci iiTI' am! ck-l'l ron correlation in '"lids. \\ 'hi lt' the infonmllion 
0 11 IIH' o l h ·r. I hat is. tlH· "kr t ron-l;rl l icr i111c'r" I io 11. io; obtained indir<·c·tlv. 
onr inl ercst io; lo stud.'· how th•' e lf< 'CI of""' elc•clmll- lat.lic .. ilii<T<~C ti on ,;~ 
W<'li as lh<' <'kcl.ron co rrel;tlimt appc•ars i11 1l1e <'i<•r iiOllic s triiCII!re obt;,inc·d 
b.\ ' P"S- \\ ·,. believe that S11Cl1 "" app n l<H' h is llf'C <''""·'· io fulh u11dersla ud 
li1e pl,ys in11 proper I i<'s of l h<'sl· chantrl eri>l ic syst E'lll s.. -

The p1·esen l I hesis ifi orgalli7.<'d as follows . T hE> prin ciple of PES i ~ de­
scribed in Clmpl.er :2. \.\ '('also describ<• I he dPiail, of r·xpninwnlal ~ellt p 

wjl h '""C'ral a.pp<natuses newly d<•sign<'d f01 the pr< ·sc•nt work. Th<· PE. 
studies of N;1\'2 0c,. 'li,07. and BI\HO a.r<" preseJJit-•d in C'hap\('tS :l. I. a11d 
ii . respec t iv~> l y. 'ha.ptcr (i is de,·ot.ed l.o condnsion. 
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Chapter 2 

Photoemission Experhnent 

In th.is C'Jmpler. we will ucscribe llw principiP of phot.oem.ission spcclros .. opy 
;md the <'XP rirnenlal selnp which wa.o; nsed for llw prcsenl thesis. 

2.1 Principles ofPhotoemission Spectroscopy 

Th<' l<>cl mique ofphol.oc·rni 'S ion sp<'cl.roscopy ( PI~S) ha> hf'en wirlcl.v used as 
on(' or I he mosl sn i I a.blc m ethods lo sludy I h< · eke\ ron ic IT·ncl u r<' of sol ids. 
In this s<'c l ion , we will sn rnrnari zc l be prin ciples of litis rn e llwd [2.1 j. lJc·l ail ' 
of t ltc artmd expc·rirncnl~. l sehtp arc reported in I he followiHg sect ions. 

Au clt·ctron which absorbs a pl,oton of eltcrg." "'' c<l.n lw <:'milled from 
the solid a.s a pholoe lcc lron. In this process . tho en rgy conscrv<d.ion rnle 
bolus: 

EJ:;n = lw - <I> - Ea. (2. 1) 

wltere EL,, sla11cls for Lhe kineti c eneTgy or the (•milled elecl r011 measured 
from lltc vacmnn level ( E'vao) . <!>for the work l'tmclion of lhe solid undt•r sl.ndy, 
and ER for the binding energy. i\ schematic diagram of !.he p!tol ocmission 
process is sltOWll in Fig. 2.1. In rea l experiments lite kincl ir energy ( Eun) 
mea.smecl from the l·'crmi level (Ep ) is cliredly obscrvec.l Tather t it an E%,. · 
Then. 

(:..2 ) 

l11 the on •-elecl ro11 approx im at ion. l<oopll1 a ns · lhcorern [2.2] is assmned 
to bold in t he pholoemi sion process. namrly. 

(2.3) 

where c1. is Lbc Ha.rtree- l·'ock orbital euergy of a Bloch elcclron wilh momclt­
tnm k iii lbe initi al tate measured from ul(~ clte miral f)Ol cnl i<il (Jl ). T!Jis 
assumption is va.lid when the wa.vdtmclions of both lhe iuitial and final sl<ttes 
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E 
EF~-----=~----

Spectrum 

Sample 
E 

Valence 

Core Levels 
Es 1--------

hv 

hv 

N(E) 

Figure 2.1: Schematic diagram of PES. The density of states N (E) (left panel) can be 
obt<Lined by measuring the PE ·spect rum I( E) (right panel) . f(E) is broadened due 10 

Lhe inst.ruruellt.al resolut.ion and t.he photohole lifeiirne effect. 

of the system in the photoemission process <tre expressed by single Slat r de­
terminants of the !V- and (N - I)-electron sys tems, respective'ly. It is also 
~ssurned that the remov<tl of an electron from the system does not influence 
the wavefunctions of the rem<tining electrons. Furthermore, if the t ransition 
rmttTix element between <1 Bloch electron in the initial stale and a photoelec­
tron in the final sl<tle is constant , the photoemission spectrum J(Ea) a.s a 

function of Ea can be expressed as: 

I(Ea) ex L cS(Ea + ck) ex N( - Ba ), 
k 

(2.4) 

which gives the density of s tales (IV) of Bloch electrons in lhe solid under 
study. Since the momentum parallel to the surface of a. sing! crystal sample is 
conserved throng!t the phol.oemissiou process, by measuring emission angles 
of photoelectrons as weU as Ek;,, the momentum-resolved photoemiss ion 
spectrum I (k, E8 ) can be obtained. This gives the principle of a.ngle-n')solved 
photoemiss ion spectroscopy (ARPES). 

Thus. the electronic lructure of the occupied states such a.s the core 
levels and the valence band can be obtajned by mea.suring the energy spec-

11 

trnlll of ph Jlockrl roll "·' s liowll i u JCig. 2. 1. In the <<J Jll< · "'"·"· th<• iii\T I' 'I'­
piJoloPmis,;ion speclTosropy J<><'<'al s the <'l<•r tronic s ii'IH' llll'l' of n uort'H]Jic•d 
,; [ales b.\' injN liug (' ler·troll s o i' v;u·_,· ill o ('TH' rg ic•< ou lo l h< · S<1 lrlf>l<· Hucl de l<'< l­
inn phot o11 s •milt<'d fr<llll it. 

N('X l. 11'1 lh take 'IIHtll\'-f' i<'ctrou e fl'crls inlo >tr couul h<• I'OtJ d ti ll' ' ' '"' 
r lc·r tnm a pprox im a.l ion. ln. I hi > mon' g <' IICI ali zl'd descri pt io11 . . phot<J< 'm issiun 
pn,n·<s is n•gnrd<'d a< til(' r<'mm·n,J ofn.ll e lect rou from t h<' groTJJJd stat e 1111 {;) 
of lh<' .Y-<>krtron 'ys l<'m ll'iiJ, JJ<'rgy C0\' . J,•n,v in g th<· syst<•lfl in an exr il!'d 
s l. <~. l<' l ljl ~·- 1 ) <;f lilt• ( X l )-l'i<•ctroll sy« tem ll'ill1 •Jl •rgy t. ,;-- 1. l' h< 'TJ. E r; 
giv<'s 1 he dill' n ·nr<' be tween 1:.'0" and E;'!- 1

• n<1mel v, 

F..'u = E;!-' - /:.'~ + 11. 

\I sing Fermi's golden rule . tl 1e pholoemi"' ion spec! rurn. which no\\· <OtTr~ 
spoHds to I II<' s ing le-par! ide ··xcii.alion s pC'ctrum of I lw sy s l<'tll. iR exprcsH'd 
(I.S 

wher<e <Lk is Lh ann ihilation op erator of the ekcLrott occupy ing the orbit<d 
k. In terms of I he Green function formaJi srn. Eq. (2.6 ) Ca1 1 ])(' !'('\Hill <'11 in 
anoll~<•r ex pressiou [2.3]. Lei ~he G reen fn!lclioa G'(l·.t ) d1•fi11 erl >T s: 

(Lr) 

where o). is the creation per<tlor of au c leclroJJ with momentum k <uld 7' 
is Wick's timc-onleriTi g opera.! or. By Fonricr- lransfonniuo f.q. (2.1). the 
well -k11ow11 forrrmla. ca iiC'd Lehrna11J1 rcpr(' <'111 <1.1 io11 i · derived: 

G'(k ) 1"' d N (k. z) j" I 11 h(A. :) 
, " .C..: = = + c :: --'---'-

'' w -z ~ i 11 -oo w -::-iq' 
(:1.8) 

\Vh<'rP 

rl '( k . ..:) nnd A h(lr.u: ) "re called electron ;wei IJOk• spednd functions. rcspec­
li,·ely. U: i11g !.he ideo lily 

I l . - -. = p - 'f l r. c5(~· ). 
~·± 11] .t 

(2.9) 
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Oll<' obi a in s 
(2.10) 

and 

(1. 11 ) 

11"· f01n11d<• ofl.<·n ll><'d i11 pholocmissi011 SJWctroscopy io fina.lly ublai11ed: 

I 
l(u:) .:x - I: lm G(l• . w) . 

Ti k 

(:112) 

Now il beconws d,•;,.r I hat Lh,• irn<lgi11a.ry part of I ht• Green funcl ion ca11 
Jw JD('asmcd by phol <wmi-;; ion sped n)>copv. Similarly. tlw elect ron specira.l 
fu11d ion .1);(/ •. w 1 is m<•a: ured by iu\'<'rFe-photoemissioll spedmsrop.''. 

ll c re. lei us ~ec some exarnpl<"s of the spcclral lin<•,bap<> ba.sed 011 lite 
abo"'' forma.! is m. !Ising I he IJyson N tu>tl.ion [2.~]. 

(.'(/ .. w) = G'0 (k.w) -j ~(k.w)C(k.u.~). (2.13) 

wl1cn• (;0 (k . c.:) and :S(k .w) represent lilt· Gn:en !'unction o1 a non-interacting 
eleciron or i10l<• and I he self-energy, rf'.spedi,·cly. AppJ,,·ing Go(Lw) = (..,;­
td- 1 [:U]. 

' 1 
{,(k.u.:) = "'('· )' 

vJ - !k - ___s ,., • u.' 
(2 l4 ) 

First . in Li1<' sirnple~ l. tase w!.ere I lie m•e-elcctron picture is exacLly applicablP 

with ~{Lu.•) = 0. 
l (w) I: <S(w - q.) 

holds. w],idl is l(oopman ·I beorcrn itselL Se · fo'ig. 2.2 (a.). 
,\s " s('coml examp le . if :S(k. w) i r10t :wro. 

l~(k.w) 

rr [(L<.'- q- Re~(k.w) ) 2 + (lm:S(k.w))2
] 

(2 .1 3) 

(2.16) 

12. 11) 

For silflpli,ily. lel 11s i hink i he F'ermi li <JU.id with a local self-euergy. whcrt' 
~(k.u.•) = :Stu.•) holds. which is s11pposed to b<> a. good approximation when 
tlw iulerarlion is >f shorl-nu1ge [2.4]. Then. 

~(w) :: - aw- ibw~ (a., b > 0) 

l1olds nf'a.r I h<" Fermi b ·d (w = 0), yir·klit lg 

bw2 

ro [(w- r k + aL<.')~ + b2w"] 
::2 i)u) 2 

(2. 1 ) 

(2.19) 

(2.20) 

..!./. Priflnplr~ of f>//(}/ociiii-<SIOI/ Sprr!t·,J,.;t·o py 

(a) 

(b) 

A (k, w) 

A {k, w) 

incoherent 
part 

Energy 

E, 

coherent part 
(quasi-particle peak) 

Energy 

e, + Re 2:{w) E, 
= ZE, 

13 

F'i gu1·P 2.2: Spt-nral function (a) \1.:hPll thf" one-t'h!CI ro.1r rtrproxirnalion is ~xa.t· ll~ appli 
cab le and (b) wlten the f•lec11ro rr corTelatiou is c0 11sicl rPd. 

Hcre. z = ( l + o)- 1 < l. As sh wn in Fig. 2.2 (b) . llw peuk positio11 of 
lhe quasi-pa.rl.i c lc whicl1 is ·aJled .. coherent p~rl " i located al Lo' = ~<k with 
I he spec! raJ wciohl =· Tl1e rerna.ining sped ral weight i ~ t.r<l.nskrred l.o lJ1<• 
"ill cohe r(•nl pa.Tt" <twa.y from l.h , Fermi kvel. "I hese ph<'IIOT!l<!Tia, a.re dll<' to 
· lectron correlation which a.lso aJkcts ollwr physica.l propcrties it! obse rn)(l 
i.11 l.he cnhm1cement of I he cocfficicnt of lltr d<' ·lron ic specific h ·a.l with the 
J'a.cto.r of :::- 1 > 1. Thus. the ratio of tl1e sp<-'clral weight bel ween I he coherent 
a.nd incoherent pa.rts rcnccl lbe sl:rcnglh of electron conelalion as observed 
i11 I. he Ti and \.'oxides [2..'\]. In Chapt<"r 4. we will s Lhal. the P I~S spect ra of 
Ti.10 7 in tJw mcl.aJlic phase has a sma.ll coherent pa.rl with a la.rge inrohere11l 
parl. implying tlw s.ig;niiicance of electrm1 coHcJa.tior1 ir1 t hi s system. 

As m~v bf' ain'aciy clear from t he above exa.mple .. it rnusl be ernpha, ized 
tha.lt h<' information on the final stales wbidJ is .obln.im•d i11 the P l':S mea­
su rements docs nol ncressa.rily rdlecl. ~he properl.ics of lhe grm111cl sl.aJ<> for 
·Lrongly corre la.l.ed sys tems. !\mo11g 0 11 e of ll1e 111ost cxl. rctn exa.rnples far 
fron1 tri\·ia l is the onc~dirnen sionaJ correlated syslern ll'liose excilalion spec­
tra are contin11um with the cha.ra.derislic di spersiOII S called "sp inoll .. <trld 
"ho lo n''. Tl1ese fea.lures ca.n never be obtained in l.hc on(•-Piectron approxi­
m~lion . This subject will hf' discussed in more detail iu Chaptf'r 3. 
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Hemispherical 
Electron Analyzer 
bt-metals~ne!ded) 

Inner Sphere 

Outer Sphere 

Exit Slit 

Entrance Slit 

Stainless Chamber 
Side View 

Electron Lens 
(j.i -metal shielded) 

XYZ-Stage, 
Rotary Feedthrough, 
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• 

FiguTe 2.3: Sketch of the VSW sysi.em 1vith the V W hemispherical elect ron analyzer. 
The principle of t.hE" hemispherical elect.rou analyzer is also shown . Note that actual 
t.rajecLodes of pho1.oelenrons are more cornplicaled due to the ~l.ectron l~us composed of 
several parts wit.b various parameters. R1 and R2 are tbe radn of Lhe 1nner and outer 
herrti!$pheres

1 
respectively. 

2 .2 Exp erimental Setup 

In this s clion. we will describe two ma.jor photoemission systems wh.ic:h are 
used for the pr~sentthesis. One is an ARPES system which was implemented 
ir1 the system (the VSW sys tem), which was built seven years ago. Most 
of th e data of N a V 2 0 5 presented in Chapter 3 were obb1in.ed u sing this 
imtnnnent. Th other wa a.n ultraviole t photoemission spectr oscopy (U PS) 
system which wa.s new! built m<tinly by the a.uthor with tbe help of some 
coworkers for the purpose of obtaining spectra of higher quality. All the 
spectra of Ti4 0 7 reported in Chapter 4 were obtained on this newly- built 

!IPS sp e f.rorneter (the OM ICRON system ). 

2.2 .1 ARPES Syst em 

The SW system h ad a VSW hemispherical electron analyzer installed in 
the 1-'-meta.l-sh.ielded sta.inJ s chamber. Figure 2.3 shows the sketch of the 
sy tern . The sp ecifications of this system are tabulated in Table 2.1 at the 
e nd of this section. The light source wa.s a VG dischuge lamp. .A. sam­
ple is mounted on a sample stage m ade of copper which can b e cooled by 
an IWATAN ! closed-cycle He-refrigerator down to ~ 20 K. The euerg1es of 
photoelectron s emitted fTOm the sample sur face ue analyzed by the VSW 

:!.J. l~'.rpnunrulol St!up 15 

ht'llli>p heri r<li t·lf"cl roll amliy7eJ. wltoH" p1 inciple is ''~ fo]Jqw" ! IJ<• <'mill<·d 
pli<•t<ll'it•ci ro11 s li•·s l <'Iller 1 ht· l')el"l l'll!t l<•tJ ". wl,<·re I ht•y Hn' foru,<•d by lli<'<IT" 

of <>lt·cfro,lalic fi<·ltk lheJt, llJ(•y go into III<' anal~·zer where oul.) pho l<wl<·<·­
lru!ls witlt <I giveu euerg-' ( pa ss <'IWrg\' Ep) ca11 p~'s tl11ong h tl1r <•lerl ro­
slt~lic lield cre;11cd belw<'elliheonl<'r~lld innerspll('l"t'". l"illall .) .li tenn rnb<•t 
of p!JuiO<'l<'clrous which r<·arh th<• rhamt !Iron i' C<)l tJJkd . TIJ(' r<·so lnlton 
of Hit ideal hcm is pht•ric;d <'lec l ron nna !_,·zc•r .::,.1~· is xvress diu ;1 sim plitit•d 
<·qwt,l ion a.c; 

' m n2 
.::,.[. = f~'r(-fi" -t -). 

:! 10 . j 
(2.21) 

wher · "'- F(,, _ and o a.rc I h,, >- lit size. tlt<• rnea11 radi11> of I he hemisphere,;. nnd 
III<' i1ccep tane<· angle a.l fh<' ('11\ra.nc .. , Jit. N0 = ( R1 -+ /i2)/2. w] , ·n• 1! 1 and 
Rz ar<' Ill<' radii of I he inner and 0uter lterni sp h<·rr, _ Using ilto pararnclcr 
Ro = JjQ mm 11nd o/2 = -1° of t.h c \ 'SW a.mt.!yzer. .::,.1~' = 5 me\' i:: bi.<Ji ned 
~rEp= l cV and w = I mm. ,·\!though o is dep<'ltdeitt 011 lh<" re la.rding 
voll a.ge ( = Ep - Ekin +6_4 . whN(' <I> A is lite' \\'(JTkfun cl ion r t he a nalyz,·r) . I his 
vahw falls in tlw same order a.s th<' actual rcs0lul.ion ~ I , me\' mea:m n :d 
al lht' F<'nn i edge or gold at 20 1\. Tbc dl' l' ia.t ion b eiW<'Cll f he· id c<d '"'d 
aetna! ins\ rumen tal Tesoln1 ions may be du e t.o sn ·cra.l re<Jsons: I he incomplete 
focu sing of photoclectroJJ• due to inhomogeneity of th <· cl ectro~ tatic- fi ·Ids i,, 
the spectrometer. the Ouc1naLion. of I h ~· power supplies and Lh<" gro und I vel. 
res idual tni\gneti c field in lhe s pcctrorne l ,r. external 110is••s, nnd so on . 

Tit<' VS\-\' elcctTOll a.11a.lyzcr had an acc-epl.ance angle of ±'1° which was 
loo large for I he ptn·po• or A H PL::S lflf'HSnrPmenl.s . H l'l!Cf'. Wt' lmd lo nar­
row down lh~ acc<•plnme angle. As s hown i11 Fig . 2-'1, thi s wal' TtJa!i zed by 
ins1'<1lliug a slit with <tn apf'rlnre at the entraun· of th cleclrou l~m; o f ih<' 
~nal_1·zcr . Thf' diameter of the apertme was sel 2.0 mm . which gcometrica.ll y 
yie ld<"d the <tGC'ptancc aHgk of ±1.0°. Uy nsi11g a. rotary fcedthroug]L thiF 
ap rhrr<' slit <;an be both instaJ Jed and r mow·d qui ckly from I h<' oul.sitl · f 
the speclromel.er without brcnkinrr the vacu um. 

Prior Lo the measur I'll nts of NaV20 0 • w ha.d tes ted ARPES mca.:w re­
m ents on cJ aved s urfaces of high ly orientated pywly ti c graphite ( !l OP n. 
ARPES sp ectra meas ured using hv = 2J .2 e\' at .va riou- take-oir aJ •g l s o·s. 
whi ·hare deftn d as in Fig. 2. '1, are s.hown in Fig . 2Ji (a.). Afl·r lwving con­
v rted o·s t.o the mom nta in the crystal, th c:oq)crimcnta.l band s f ru ct urc 
plot. wns obtained as s!Jown in the density plot of Fig. 2.5 (b) '. While JJ OP(; 
i ~ a good layc·reu compound. it has rolatiom1! di sordn of iu layers . fonn iug 
a "mosaic'' cry·t;1.l. .'\ ~a result , i l "''" impossible to di slinguis b b t we<' ll 
I hC' I''- I( and f - M in tJ,, OriJ!ouin zone. 8 xcPpi for thi s, the obt a inC'd re­
sult is con siste nt wit !, t he pr<'vio11s rt'port• of ARPES ., t ncl y on ingle-cry l.al 

graph it (2.5-8]. 11 .is .instru ct ive to comp<~re the C..'=pcril1lent with ih<' resu lt 
o f 1-h<' band-s I n tcture caJculal ion [2.9] s.hown in F ig. 2.6. 0111' .r<'sult agrees 

1'fhis kind of ;:nwl_vsis will b~ ue~riht>d in dP.tail iu ClHI.pl e,. ::L 
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Top View 
(Measurement Stage) 

VSW Analyser 
(Electron Lens) 

F igure 2.4: AH. I ;PS sysu::n 1 wt lh all aperture of a. dia1neter of 2.0 nun, wh ich . was set 
<I I 1lw (!fllra!lct: of 1 he electron l t> IIS of 1 he hernisph("' ri<: ;d e l ~· tron a.naJyz~r. Tins fi gur(~ 
corrt~poii(Js to the: lOp view or t.lte lil('asurent~IH Sl a.ge shown in fig. 2.:L Tl!f" a.perl ure 

~lil was /IIOU!Ited on t1H· rolary feedt.hrough which t' ll<t.bl c~d us ro insta.ll and remaw-· tlw 
apPrHJre ::oli1 wid-lout breakmg tlit: vacuum . The deft.nitiou of 11! ~ takr-off ang((• 0 i:-. itlso 

given 

JHOPGJ 0 

10 8 2 0 

Binding Energy (eV) 

M K 

(b)~ 
0.0 0.5 1.0 1.5 

Momentum (A-1
) 

2 .0 

Figur e 2.5: (11 ) A H PES sp~c.t ra of JI OPG measlll'ed "-' various t.ake-off augles fl. (b) The 
density plot of 1.he second derivativt> of thP sp~clra. 
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Figure 2.6: C'a.lcular.ed e 11 erg_v band :st ruct ur of g n~ phit e [2.Hj. 

with the ir r<-'s uiL for example. i11 that the gn•rh it: cros,<·s llw FNrn i lf'v<'l a t 
llw ]\ poirll. Th<' broad non-di sper siv<· b<tncl al En~ ~l <• \ ' i> a t tributed to 
a sur ra.('!' slate [2.1]. 

\Vc e\'aJu a.Led the lfecl of lhe aperlnr as follows. In Fi'. 2.7 (a) . tlw 
spcct.ra. of II OPG mea sured with the ap•rllll'<'' li ' a.nd wilhoni it are shown 
by so lid a.ncl clas h d n1rves. respf'cliv•l_v. The forrm•r sperlra appa re ntl y 
hav<· sJHtrper peaks than Lhe laJ t cr. Cspeci<>lly. in Lhe spectra al 0 = 31°. 
39°. and 41 • taken with the aperture olit.. two d i, persing f<•al.ul'l'S arm>nd 

Ea ~ ::1--4 e \' arc observed. which can b<> har dly seen in the spect ra. with >UI 
thf' a.pertnre s lit. By furth er ana lyzing t he:;<• result:; as s l10wn in Fig. 2.7 (b) 
and consi d<•ring that the acrepl<trlce angl<' without tht• a twrlnre slit is ±4° . 
it wa.s pla.u sib.lc U.m t Lbe a.pcrlme s lit wit h a dia.nwter of 2.0 nun sure ly gives 
t be accep L<1.!1Ce <mgle of a.bout ±J 0 as geometri c~ lly <'Xped<'~L 

Actually. we took La.uc photos of amples to fix Lhc cryst.aJ oricnl.<tlions 
!)('fore- AR.PE m easurements. We reco rded t he orienl.al ion of tl1e crys tal on 

t,he sample ho.lcl cr , since the La.ue photos wn<' taken onl.sidt•lhe sp ec( ro.meler. 
A sample ho ld •r for recOTding ll1 e La.u<' resu lts was new ly desigm•d for lhis 
purpose. After ha.ving prepared trw A llPES setup as descri bf•d above. UH' 
ARP ES meas urements of Na.V~O r, werf' p erformed with suf£cient rclia.bility 
and re producibilit y. 

2.2.2 OMICRON UPS Syste m 

The VS W system WILS built sewn y -·ar:; a.go. which wa a st.a.te-of- tlte-arl 
analyzer at LJmt tim <' with (1,.. energy rcsoln lion of ~ :20 me\ ' . llowever. 
since the techniq ues of PES mea;;un:men ts bnve rna.d a. rerrmrka.blc progress 
in t hese fe w _years, cnerg·y resolution SO: -5 rne · wa s achieved 11 wa.da_v ~ . ll ence. 
a. nf'w UPS sysLern was p lanned Lhree yea:rs ago . which a.im ·d a.t u,c followi ng 

point s. 
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"Figure 2.7: (a.) Specl'ri.l ('lf HOPG rnea:;ured with Lhe aperture slii ;Uid wHhotu it arE" 
shown by solid and da:;l1ed lilieS, respeC' rivt'l~1 • 'fl 1i" feat urf'S i 11 til e spe<:t.ra \\'ith the aperl.ure 
slit , which are indicatt':{l by vert.ka.l ha.rs, are ha.rd ly ob.· rved iH the spect ra wi thou t it. 
(b) fiaud dispPrsion!oi obtti.ined from T}Je lSp~d ti-l wi th Lhe a.p~rl tl!'e slit <\nd WJI hotJI if. 
T!J(l result withoul Tht' a.pertllrf'- $lit failed to di:·Hiuguish the baud which dispt-rS('S rapidly 
t>spt'd•d ly for tiL €" region indica! ~d by a circle. 

• 11 ftcbiel'cs the energy resolution betll'r than 10 m eV. 

• In order 1,o shie ld ll1 ' terrestrial rnilgnct.i c fie ld. the va.cumn chamber 
is cornpos<>d of J.I-Til<"la.L .-\ t the same time. I he ba.se pressm e in t,be 
sped roml'i.<'r is c;..lJectcd to be improved. bcc-aus · I be surface a.rea ca,n 
be rf•ducccl d11c t,o disu e of J-1-metal shields insiue the speclromct -'r. 

• It l1 as eno11gh room lo insla.ll a LEED system. A LEED sys tem wilh 
Auger >]Wctroscopy will be usefnl in prep;u i.ng s<Jmples in si f1t. 

• It has a lower op ra.ting J.ncssure when using th II ' discharge lamp, 
which i• poss ib le by pumping the nutin chamber with a turbo molecu lar 
pump (ThlP ) a.)l(] with aJl ion pnmp ( IP ) a.l I he sa.mo;> lime. 

• ll cools samples down lo 7 1..: using a new dosed-cycle lie refrigerator. 

Pigure 2. ' , ]JOws a sketch o f ll1<' m ni n pa.rt of t],e OIVIICHON ysl<'m. 
rh<' specific<~lions of the OMICRON ~ys lem compared with the \' IN sy:r 

Lem ar tabul <•l<'d in TH.ble 2.1. While i1 has " slight ly smaller radius 

2.l. E.rpu-illlrlllol .'irlup 

Magnetic Transfer 
Rod (VG) 

Top 
View 

(Aperture 
for ARPES) 

Measurement 
Stage 

Preparation 
Stage 

Diamond File 

Au Evaporation 
Cell 

Side 
View 

Ti Sublimation Pump 
(Varian) 

- ------- 50 em 

Figure 2.8: Sketd1 of tile rn aiu part. of the OMIC'IlOl\' t 'PS system 
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01\HC'HON S.\'Rft>tn \ 'S\\. "Yi'l0m 
( 'liambcr fHnt'la.l clmrnber sf (ljn 1(\Ss chmnbcr 

with fHOC'IHI shields 
l·:l<'ct rn11 Analy7.<'r Ol\UCHON vsvv 

(EA-12.; l lll) (Ci<L"-t.'\0) 
l·:n<'rg_\' RPsolul ion 1.-l lll<', . 18 m · V 

(;d F<'rmi <·dgc) 
Line WidlJ, of Xe 5p;1;2 7 me\ ' 

(gas plwse) 
C'liarntdtron Type Five Chmm ·llrons Single 
1\lr'>tTJ H11din s (llo ) 12.1 nun 150 rnrn 
Pass Etlerg:>• ( /;'p) 2: 0.;'\ e\' 2: I "'" An·eplance :\ ngl<> (o) ±!". ±-1°. a.!Hl ±8° ±4° (ftxed) 

J k Di ~rha.rg<' Lamp VG VG 
IP Varia11 Va.c i<lu P.Jm:·;oo \JL\'AC' UTM- 1.50 

TP Va.ria.n \'2.)0 
Bas Pr<'ssnrc < 1 x w-•• 1Drr :\ X 10- 1

' To.rr 
0 p<'rating Press me l x Jo-" ToTr J x 10-s Ton 

liP Rdrigend r 0.'\ 11\ IN JWAT.'\N I 
(\'204 .. ' L) (0310) 

Lowe" I '1'<-m pera t nr(;' 7 1\ 20 1\ 
B,ca.ch<'J at Sample 

'1'<-mpcrnfure C'onlrollcr Sci ntific lnslrumettts (homemade ystem)~ 

(1\ lodel 9650) 
1 hermOJD<'ler ~ilicon diocl(' Lliermocouple 

Ot..hn i\pvara.fnr< Sampk• Tnmsfer¥ Sam p i, T'ra.nsfer~ 

Oxford LEED :\p rt urc Sli t"' 
ANELV,\ Ion Gun Sample Cleaver~ 
A1tncaling Stage* 

Tablt:> 2.1: Compariso11 beLween. Lile 0 1\ II CRO?\ a.ud VS\N systems. 'The- rt.Stt!risks indj­
caL~ a !JO !IIf'IIHL(i ~ i:tppnra.\U:i. 
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flu = IFr rnm lillltl !],., VSW a.n;rlyn·r ( /-4! = l'lll mm) . tlw O~IICBOt 
<lllalyzC'r lia> a mor<" opf imi '-C'd <'kctroll l<>n s sysfnn a.nd" tnttlli-rllalltlcllnlll 
detector. wbich prollliS<' lrig)H'J <''IIcrgy rC'>o lnlion a.11< l mor<' dTi,·if>lil coll<'c-
1 io11 of pho\()('kcfTOl/5. H'S]WCI in•J.1·. I'Jw syst <'Til was ;rJn,o;.J CUtn pl<'f <•d ill f [t<' 

spriug uf I 99, . wltik I lu•re Wt'r<' ldl Hllllf' :rnore dt•l·ices sncl1 '" a d<';ll·ing 
fool and a.n a.perlurc ~ lit to i><' ir,.;fallcd. Tlw energy resolution ''' limilled 
from the Fnrni <'clgc of gold ha s .not yet r<'ached lh<' <'Xp<'tterl vain < JO 
me\ ' . wl1ik li•c line width d Xt> .)p_,12 i11 the gos pl,as<' i s ~"'"\.. 11,. rea<on 
for tl1 e~<' devia.l im1s is now u11der investigaf ion. 1 he cooling ilJid temper, .­
ill!'<' control ~ystern work as we· expect.etl. wlticlt is signllk<ntlly imporla111 i11 
llml. for C'Xa.mple. rnnch more c mpt111nds are s11perconducti ng ul 7 1\ tl1<11t 
at 20 1\. The ba se ami opera.! i11g preS>nre.s arc gn•ally imprcll·ed comp<•rPd 
to those ,iu llw \' \V s.vstem. enabling 11s to confilln<' mea.sur<'flH' IIl s for a 
mucli lon g<'r I imc. The 111C<L'illrt'rnenf. or Ti407 Wit.> Sllrcessfully don<' in I he 
O~JI CRON UPS sys tem thanks to tl"' <'i'flci<'nt photu<'l<' rtrort arquisitiou of 
llw OM IC'HON ana.Jyzcr and lite stable ll'mpera.f.me ·o,trol sys lt'rll. 
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Chapter 3 

One-Din1ensional 
Matt-Hubbard Insulator 
NaV20 s 

We have mad(• an angl<~ resoil'ccl pboloemiss ion (A H PES) <l 11dy of Na.\.' 2 0 ,. 
whicl1 unuergoes a sp in- 1-'cicrls- Jik<' lransitioo al T = ~ll 1\. ami mli\.lyzed I J, " 
res11ll s i11 lerms of a one-Jimcn,; iona l (JD) ~l olt - lln bbard (~ lll ) insulator 
or a [[) a utiferrornagnctic chain with ne~rest-n ig hbor cxcl,ang" inlcnt.ction 
.I ~ 360 K The .'\RPES spectra of the 0 211 l1and as well as the \ :~rf band 
are found to be highly anisotropic. refl ect ing tl1<• one-dirncnsionalit y of l h<' 
e.IPdronic slruclure of NaV20 5• The ~ pect ra of tl1 e \i :jd band. which cor­
respO IIds to the lower lhJ bbard band. nne \"NY sensitive to changes it' th E' 

m eas uremen t ternpcr<elnre of IIH• order~./. We ' ""·e compa n·d l he ex peri­
mental res nils wil h lhe oue-pm·l icle Fpectral fun ction of tl,e (llH.Hli men•iorml 
t-J Inode l al fini(c tempen~tmes calcula t eel by exact diagonaliz<tl ion. Good 
O\'Crall ag rccnwnl is obl<tiued be twc<'n •xperiment a.nd theo ry. w], icb indi­
cates ll1e exist<'JI CC of holou aud spinon excitations in Lbi s system. rellccl­
ing the s pin-charge separation clue to the redu ' cl dimens ionality. Allhougl1 
they <er • more drMt ic th an t h<·" ( heore tic<el prcdicliou . t.fw cxperim<'nl a.l finite 
lemp<'ra.( ure effects h ;wc been partl _v exp la.in (•d according l.o I J,e scenario of 
spin-charge sep<tnd ion , which ma.y be xpress d as fi t<' Fermi surl"acc <> IT eel 
of the spinon band . 

The co11Le11L of this dm.pt er was reponed in: K. 1'-oba.ya.s li i, T. Mizokawa. ,\ . F'uJinaol'i , 
~1'1 - Jsobe 1 aud Y. eda: Singl t->-Partidt: Exdt.n.tion:? in Ouf"- Dimensional ~l on- ll ubba.rc.l 
ln; uh"or ;\;cV,05 • Phys. Rev. Leu . 80 , 3121 (199 ): K. t \ olJ~<yasli i, T. \ tizobwa, A. 
Fuj irnori. ,\-!. Jsohe. andY. Ueda.: Angle f\ ewlwd Pliotoemission tudy ofll1e Spiu- Peierl< 
y>t.~m o 1-l\a V2 0 5 • . J. 81eetrol! SpecJrosc. Hel11.1. Plienoi n., 92. 87 ( t ~98); 1\ 1\obayashi . 

1'. ~ l izokaw", A. f'ujim ori , ~1. tsobe, Y. Ueda , T . Tohyama. and S. i\laeka.wr<: finite 
Tf'mpenuu1·e 8fff!c't.S i11 Qu e-dimensional ~lotl - ll ubbard Twwl ator: Angle- RP,solvt?d Pho·· 
loemission Study of Na 11 os V, 0 5 , l'hys. Rev . Lett. 82. '03 ( i!J99) . 
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26 ( 'hfiJilrr 1. 011<-1J111u n.,io11ol .1foll-lfniJ!wiYI lll .;u lo!tn· A" I ·,o-, 

3 .1 Introduction 

n'-\r,\ 10;-, ha-. a.tlt~ldecl ronsidC'rrthlc rdlf'll ion as liH''<'C H id exalllplt'OI'in­
or)'.aJiic spil!-P<·ic•J Is (.'' P) compon11<i' _:!.II discm·<'r<'d follow in.!!. ( '11 (;<'():. [-L!]. 
\VI,il<' i'<a\ 20 ,, 1 ils('lfwH<; Kll\lii'TJ IJJOrc· thn.n lwc·nly )'<'Hr' >~.go :J.::j. "" illdi ­
<<~lion of ill<' !->P I ra.JJ~il imt was n·n·TJ tl_,. poi11kd 011t IJ_y bob<· fllld l fc·d« _:L !J 
lhroTJgh the t<'TilJWHJillH' (/') dq><'nd<'llr<' of JJJit,gm>li r sn>rf'plibilily \ (fl . 
,\ s ' 1"""'1 in 1-'ig. :1.1 . JIJ(•Iwhavior of \(T) i~ pecul i<u i11 that it"'" n broad 
m;,_\ilnllnl around ~ :100 1\ with a rapid decreeS(' below 7' = 71 = :11 1\. 

i111plyin" tl"· forlllation of a I!Oll ll.I<Lgnclir spin-singl<'l pair c.ln<' lo tl w SP 
lr:,n-iliou. """"'' '/' = T1• '" sl ,own by a soLid line in Fig. :1.1 . ·\(T) is well 
lit ted Jo 1 he rhan1eterist it cun·e for L[,,• S = 1/2 one-dirneJJsimml ( I D) a11t i­
f('nOrn<egll<'lit (AF) ll eisf'JJberg ch~iu (so-ra lkd Honm·r-F'isrlter rurv · [:1.-lj) 
wJih lleHrest- JJeigl,boJ f'xciJaJJg<' iiJieractiOJJ ./ ~ -~ 60 1\. llntiluow. Tnany ex­

perimenh [:!.:)] hav<' eslabl isheclll!iJ.t Lit e trausilion al 7' = f/ is arcompa.uied 
by tbe fonnil.lio11 of spin-si11glel pRirs alld a la.itic<.' distorlimt. holb of which 
ar<' J WC'essHr~· <'OlHiitions for I he ~ P lrC1n $i1ion. 

E ~j 
~2v 
~ 
0 

'X, 
X 

H = 1T 

100 200 300 400 500 600 700 

Tem perature (K) 

F igure 3.1: ~ l f\guetk :susrt>ptihi lity of Na\" :105 Jueasured i-u a field of JT over a. widP 
t.emperat w·(" nlllge. 'Tite snlid line rep r~settt.s a fit Lo the Honnf'r- Fisher cu rve wit.h J -... 5f)0 
K t:LJj. J\ ra.pid Jccrea~e be !O\-~,· T = 34 1\ impl ies the forrna.tion o f a no u- ru(lgllet ic spiu­
sir!~ lel du ro tb(' SP ~ran.silion . 

J\'a\'2 0,, of"" orthorh ombic structure consis t s of la yers (a&-pla.nes) of 
\ 0, squme pynunids isolated by inter- layer Na. ions. The \ '0 5 pyramids 

ntuniug alo11g 1 he &-a.xi s <ne shariBg corners a long l],e chai n direcl.ion . C rys­

lalographically. however, il is controvers ial whet her i.h <" \'atoms iu llw VOs 
pyn1mids <11'<" mixecl-1·a lent ( \ '4 + : \ '5+ = l : 1) [:J.~{j m· uniform-va.lenl. 
( V''-'+) !:3Ji], M sbown in Figs. :3 .2 ;mtl :3. ~!. respectively. The fonncr c ry 1 al 

),a· tilt' llO!l-Centrosymmel ric space- g roup CJ"- P2t mn ~while l he ]at ter ba.s tit • 

18a.r \ '20 5 COiltpo::,t.os a series of vanad ium hrouzes wirlr fiye- phases as a fuJJctiou of .t: 

such as o'<\ o, \-' 20 5 (0.10 ..;; ,. ~ I). d '1:\, \ '20:, (0.22 S x S 0.-10) and so on [:l.I] . 

.9.1. 111/mdnction 27 

C<'ntrosymnw1 ric space group D~~-Pmrnn. owadays the l ~ttcr motlPI has 

beconw r.nore convin ci ng due to rec<·nt reports on the s<·veral x-ray difl'rnc­
lion experiments for Na.V20 5 [3.7. 8]. The l,tlir(' con~t.anb arc repor1.etl to 

be a= 11.316 A. b = 3.fill A. and c = cJ.T97 'A [3.6j . In Lit mixetl-va.lent 
moc.lel, w],ich had been widely believed since UJC firsl report by Carpy and 
G a ly [:!.3], this com pound can be regarded as a ha ll~ fillecl chain. Figure ~J.:I 
(a) schemat ica lly represents a chai11 of S = l/2 spins .locali zed on the V''+ 
ions running along the b-axis in pclJ'allel with an em pty chain CO IJ s isti ng of 
y5+ ions. In this pict me. r fleeting the fac t that the V )5 pyram ids share 

comers, this system is expected to beha.vc as an ideal l D AF system or. in 
olh r word, a J 0 half-filled M H system with the neare. t-neighbor exchange 
inl,eraction of .J. This e:Kplains the be havior of A('J') a t l' » '1; and, at the 
sam e time, the transition is also understood within this ·cherne, being much 

simple r thaxt CuGe03 [3.9] . In the tUJiform-valent ca.se. whose possibili ty 
was s uggested by the crystal stru ctur ' study [3 .6] and t he N IVlR study [3.1 0]. 
NaV 20 5 is v iewed as a quarter-fill d ladder system. From !.his viewpoint, 
the l,ra.n ition at: 1' = T, may well be explained as a t ransition into a specific 
kind of charge-ordered phase from lhe uniform phas rather than as a s imple 
SP transition [3. 11- 14]. 

F igm·e 3.2: Crystal structure o[ a'-NaV 20 5 .in the mixed-valent model[3.3]. The v•+o5 

and y 5-t Q5 pyramids rw:ming r\.long the b-axis ate sbown by 'vbit.e and dark-shaded square 
py ramids. respectively. The row of the V4 +Q 5 pyramids forms a. chain . Open circles 
indicat.e ini.erlayer Na+ ions. 

The energy bands of NaV20 5 b ased on the uniform- va!erJt case were ob­
tained within density function a l theory using the local-density appwxima.tion 

(LOA) [3.6] . The calculated energy di sp ersions and t he density o.f states of 

the V 3d bands a.re shown in Pig. 3.5. According to the tight-binding anal­
ysis of this result, the bands of dxy ch aracter labelled as a form a pair of 
bonding and anti-bonding bands of the la.dder2 . Whil· the result of the caJ­
culat.ions predicts this compound to be m tallic, reflecti·ng that each V ion 

has 0. 5 3d electron , the inclusion of electron conela.tion effects within the 

2Since there are two weakly-coupled ladders in a un it cel l, Lhe number of the bands 
denoted by a js not. two but. fou r1 which is not intrinsic here. 
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Figw·e 3.3: ('ry,tal structure of cr'-t aV2 0 5 i·n Liw uniform-valent. model f3.G]. The 
V4 -5+Q5 pyra.rnids running aloug the b-axis are shown by t,he gray-shaded square pyra-mids. 
Tlw pair of two ehains forrns a ladder. Open drcles indica.t.e llnerla.yer Na ions. 

____.. b--8XJS 

Figure 3 .4: Ladder st.ruct.ure i_n the vaua.diurn planes of NttV205 . Only va.nadjum atoms 
are shown with each line corresponding Lo a V-0 -V bond. (a) The rnixed-valent case 
(see Pig. :1.2). Open and black circles represen t V5T and v-H ions, r spectively. (b) The 
uniform-valent case (see l'ig. 3.3). The ovals represent Lite V-0-V rnolecular orbitals in 
the rung. Gray cirdes represent V4

·
5+ ions. 

\1 3d bands wou ld lead to the experimentally observed imulating behavior. 
Consequently. t he bonding bancl can be t hought to be h a.lf-fiJ!ed, forming 
a 10 AP Heisenberg system with t he spin 1/2 per rung as schem>1lica.!ly 
shown in Fig. 3.4 (b), which explains the behavior of x(T) well a.bove T,. ·In 

this sense, Na\i2 0 5 is mapped onto'' half-filled NfH insuh1tor [:l. 6]. Such a 
trea.tm nt starting from the V-0- V molecular orbitals has a.! so been made in 

Ref. (3.11]. 
T he difference between these two models is significant arouncl or below 

T, in terms of Lhe charge ordering pattern. What. kind of pa.ltern is re­
alized at low tempera.1 ure is an unsettled problem beiTtg m1der intensive 
study [3 .1 2- 15]. lndeed . the possibili ty is not limited Lo the two types shown 
in Pig. 3.4. On the other hand , there is general agreement l ha.t Na.V2 0 5 be­
haves as an ide<tllD AF Heisenberg chain well above T1 , wltich is supported 

l>ofh experimentally and theoretically M stated above. 
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Figure 3.5: v 3d lmnd dispersions and density or SLaLes or :-:av,o, (3.ti). IJ-' denote 
the d.ry· rly ;:. rl:s:. d.zr~-y1 1 and d3~2_,.:.~ orbitals, respE:'t' tiveJy. ~ol.e tha.t dlis n:suh without 
elt>~~ u·on corrP-Iation prffiicts nteta.l!k bel1avior ror ;\'a\ '20 5 . 

Now. it is of gre;,.l inl<>r l how tit<' <'xcilal ion spc·cf.re of a 10 A P !Tc isen­
berg c;ha.it t bc!Hwe>, b<>cause I be most basic Uttl f~.r fTOm I rivi<tl i5 lhc ex­
ci t.alion sped.ra of i.lw J D A P chain arnong, va.rions quil.ntmn-spin sysf ms 
sucu as spi n- ladcler. lf;tJJane. spin- Pf' ierb and frusl.ralecl Hcisettb<·Tg, sys­
tems. Tltcor<'f.ical work 011 it.s excit.a.tion sp ctra based OTt the Hubbard 
model or t-.J mod<'l h~s shown signs of spin-cha.rge separation: a.s a r0sulf of 
one-dirn<'nsionalit.y, the degrees of freedom of an el<'cf"nm are Jecouplecl into 
spin-like and cho.rg,e-like elementa.ry excit <1liom c<~lled "spinuu" and '·bolon" . 
resped.ivcly [3 .1 6. 17]. The cuscovery of tlte !t .ig,!t-7(· cnpral.es !ta.s invoked T·c~ 
newed iuferesl. in this pbenomeno11 b ·ca.llsf' of poss il>le relationship l)('lwecn 
i.he spin-charge sep<cration aJJd the mccha11ism of high-Tc snpercondu ti\'­
if.y [3. 1 ]. 

i\ngl rewlvcd p!tofoem ission spectroscopy (A RPE ') is a powerful1cch-
1Tiqn · in Uta! the obserwd rnoJTJ clltmn-resolved spe ·l ra can be dir<"clly com­
pared with 1 lworcl ic<tl ~ingk-p«rlicl c . .-xcila.l ion specf ra. Kim Fl al. [3. 19] 
pt!rfo rnwd a pionecriug ARPES ludy on lh 1.0 cha.r,ge-lrans f<'r (C'T) iJJ­
snlator rCu02 aiiCI founJ lhal lhe spcdm a.grc<' w II witlt the llteorclica.J 
one-particle spectra of lhc 10 t-J rnod<'l wilh r ealistic parameters. identi fl'­
iug Sltch spinon ancl holon excitations. as will be desc ribed in rlef"il belo~"­
Since Ute t-J mode"! is an eiiedive low-energy Jl ami!Lonian of the more re­
oli slie but complic:a.tcd p-d model for the Cu-0 chai11. il is ni1.1 uraJ lo ask 
whether simpler ~JH sy tems [:3.20] cm1 be describ d by the ll ubb<crd model. 
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In thi s st'clion . we h<n'<' bri<·ll~· dt"st:rilwd ill<- phy~ i r"l pt·otwrlit~> of 
Na\'1 0:, m.1cl di,cn,wd ile lwhaviors a.-; a I D ~f ll sy~letJl. Om 'l'OJlC' i11 

thi s dt a pter is lr• present lite .\11PJ·:S r<'lillil' on N<>.\ '10 r, includiug finil<'-
1 e-m pc-ra I Ul(' <'ffcrt s 11.nd lo i n1·e:, ligal c Ito\\' 1 h<' cJ,aracf erisl ir I(> a I llreo of a 'I!) 

~Il l 'ysle111 a.pp<~a.rs in thi s romponnd. ,\fkr liin·iJJg described •·:-.pnillwutal 
d<'laih, in Sec :1.2. w • pr<cseut \'Xj)<'rimental resnlls of x -ray p]IOioetllission 
speclnHopy (XPS) ami ,\HPE 'tudies of Nar\-lO;; (.r = ()_fJ(i a.nd 1) ill 
S<-'<. :1.:1. In Sec. :L·I. thmrf'lira l .-akula.tiolls on thf' excitation SJwrlr<i. JJS­
inl! tl1e 1 J) 1-J model at flnil<' t.c-mp<·ra.lnres ar<> showJJ. finally. we Hlilkf' a 

qt~ltJiitalive r·omp<1ri sm1 lwiln•en theory a.wl experiment i11 Sec. :3 .5. 

3.2 Experiment 

Sing! c-ry ~Lal sloidtiOJnetrir Nii.\'20 .; sample> a.nd Na-delicieut Na.r V~O;; 
(.r = 0.96) samples Wf'r<" provid<>d by Prof. \'. l 'eda. and !Jr. ~l. lsobe of 

ISSP. llnivf'rsitv of Tokyo. The Na-ddiri<·Td <~ 0 _,6 \ -t Or, '"" a lmost tlw 
same llJilglJcl ic .properli~·s as Na.\'20 5 except thai !.he phase tra.nsilion is 

suppre~sed [3.2 1]. Nearly t lw same tmg11el.ic b ·ba.1·ior a.bovc J; of ilw lwo 
compo;;itions is rea..sona.blc bcn1.1Be I he 4 o/1, Na deficienc~' wou ld have neg­
ligible ~>ffrcl OJJ the spin corrcla.lion because of LL(' s]Jort correlation length 
((1F) abm·e 1' ~ T1 [:3.22]. Though remaining a-11 ins1da1or. Nao.,1oV2Q, is 
lllOr<' C'Olldudivc U1a.n Na.V2 0 5 due Lo t.hP doped holes ,~.,, sJ,owJJ Fig. :3.6. 
which fa.vor ·cl om <·xp.-rimculs a.s de.>cribecl below. Tlworelica-lly. a corre­
loied I D Mil s_vslem is insu.laling onJ_,- whf'n i1 is half-filled [3 .16] and, tiJerc­
fore. 111e insnla.ling beha1·ior of lbe "hole-doped" Nao.9oV2 0 s is self-tropping 
presmnably ca.usetl by llw polentiaJ di so rder due to tile Na vacancies or i.lte 
eleclroll - lattice coupling. 

-2 .,.~ Na,v,o, single crystal.,-~ ,. . ., 

II b - axis ~.,. ..,M 

-- •C" / 
••0!1) -

~~~-:ol t!IU 2:XI.~c: )0() 

'"' 

010 

FjguJ·e 3.6: Logarithm of t lte eleet rical condut•t ivity ploued aga.inst. T-l/"2 of 1\a.:r V~Os . 
Th~ in:;et shows iltP rPsi:nivity [:3 21] . 
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Sill)!.l<' ('I)'S! ale of N<1\ 20 ,, wcr<' pn']Hlr<'d b.1 IIi<' self- llnx mel bod. ,\ftPr 

I11Wi11g pr<'pill'c-'d powder "'"llpl<'> of Nao.:m\ '2 0:. by Ill!' solid-siel<• n •artimt 
of mix! llr<'' willt appropriol<' molar r<>l ios of ,\if• \ 0 :<- \ ' 20 -, and \ 20 ; f:U J. 
single rry;;la.l s of Na0 _,m\ 20 , W('T<' obiaill<'d by lt<•alilll! "srn«ll cTySI <ti of 
sto ir ltimrwlric Na\ ,o,, emb<'ddcd ill" large 'lllfllllil.' or iht' f'O\\'d<>r >' i1Inplc• 

of N>~ti .:~ti'-'cOc, i11 an <' I'<H'lJated sil ica i11bc <>I (i:}0°C' for u w<•ck l:l.2:l]. Typical 
si;,:<· was ~ 1 . o.;:; > ,; lllll1 ~. 

Tl1e X PS nwasJtrc•nl(•ni s W<'W performed fl>r sl nicliiomC>I ric [\;a\ ' 10~ n<ing 

!Itt' J\ ·lg 1\o li11e (p ltulon encrg_v hv = }1:):3.6 (•\') and a P ill double-pas" 
rylindricoi- Inirror an<~lyzer wit II lilt• t'JJergv resnlntion f ~ I ,. , ._ . i<mpl(•' 
\\'(']'(' scraped in stht wii iJ a. din.mond tile. Tit base pr!'ssm(' i11 I J,,. \ P . 
spectrometer was ~ fi x 10- '0 l'orr. Tlw measur<--nJcl!l s m~rc p rforHt<'O at 
room tcmpemlme ill <mler l.o ;woid charging effect. Calibmli n n!ld eslitna-

1 ion of 1 he insiJ"llmPtJI a] resolution were dmt<' us ing go ld Cl'ilporatcd "" the 
sam ple smfacc df'fill ing A11 cJ.f7t2 = 8-1.0 e\1. 'J h lola] rf'.~o l tti)on w<ts ~ 1 
e \ "_ inchHiing both lhc liglJI so llrcc and tl1e ins tnnneJJLi!l reso lul ion. 

\\'e look Laue plio I ogmplJS of alllhe s<tmples 1.0 fix I he crysl al orient a lions 
b<'fore 1\ RPES measurements . The si ng]<' o·~·st<de coul d he cleuv<•d para llel 
lo the o.h plane to give mi:rr r-l ikc Sll t-filce,. For lhe surface. cl<'<wed m .;ilu. 
we d<•lt•ct<•d LIJ e laser reflection fTOJJl 1 he sam p iP surface to calibral · a11gl s 
norma.J to th - su rface. r\ 11P ES 1nea ttremenls liSing lite lie I and II (' II 
resoua.l!ce lines (lw = 21.2 a.nd '10.8 f'V. rCSJleclively ) t-tniliE>d from a Vannm1 
G<'JJera.tor di scharge lamp were made ll si u,g" VSW hemi-s pher ica l analyzN. 

The a ugu la.r and energy r<'snhli ion of our oper<t l.ion wert' ±1 ° and ~ 80 - 100 
mr·V. respectively. \;\'e also did a.ngle-inl.egr<~t.ed pholoem iss ion spedrosc<•PY 
(!\ !P ES) rnc•surcrne nts for I he sa.rnp les scnlped iu .-utu witl1 a diammHI fd ·. 
The scraped sur fa.c<·s are supposed t.o rellecl no crysto l sy mmetry. gi1·ing 
us informal ion a. bout the momentmn-iul.egra.ted densi ly of "tales ( JJ OS ). 
Ca.Jibration was clone us ing ilw pnsil im1 of lh<' Fermi edge of gold cl'<tporal d 
or1 I be sample surfaces. ~ l easu rcments for Na.V20 5 we re d JJ(' only at room 
IPmperalure (300 1\). below which severe charging effect prohibited us from 
doing m easure1nenl s . As mentioned above. non- Loichiomelric Nao_96 V20 0 is 
lllOrP comlucli,·e lba.n No V-10,, which made it possib le for the rn a~urcrnent 

l<'rnpent lme t o r ange from T = '120 I\ (~ 0.21J :» T't) to room temperature 
:~00 J\ (~ 0.5'1.1). Temperature was controll,·d withi n the a.cC"ura.ry of ±0 .. ) 
1\_ Wr-- checked Umt measurements were possib l tmlil down lo 0 1\ . The 

measu rements were performed for several tim<'s for cliff r nt sampl • surfaces 
to confirm lhe reproduc-ibilityof the resu lts. Furthermor . for Na{J_,,;\1 20,;. we 

cn.refully cychl l.h<' temperatures of c leavage a.ncl measmemenls in order lo 

exclud ~ny extrins ic effects such a' snrfa.c deg.radal ion and contamination, 
which ma.y build up with Lime a.ft. •r clca.vir, g. To a., ·oid auy cha.rgi11g elTects. 

the inteusi ty of light from tlw eli cha.rg<" lamp was set as we-ak a~ poss ihle. 
The base pressm e of the a.na.lyzer clwmbt'r Wa.'i below 'I X I o-JO Torr. 
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3.3 Results 

3.3.1 Core-Level Spectra 

In Il l(• l. op pa.JI Pl o r F ig,. :l.l is , IJ OII'TI lhl' XP S s ped rulll o r 1], ., , . '2}Ji f " , 3/2 

And () I s ('Q I'(' leve ls for Na \ ' ,o,. Til(' ll<'<l.r ly R)TIIlll e t r ic ·J,e p<> o r l lu' 0 I ' 

COI<'- In ·<· l peak indica! <' ' hi g l, <jlm li ly o f t lJ C' sampl..-. r o r ron qm riso11 . lite· 
~ pt'C \r (i o f ! l,c CO l(' levclo o f \ ' 20 r, and .J-Na<J.3:J V, Os (>'<unpiC'> Rl lppli c·d by 
P rofs . ~\. Onoda ami II. Na.ga• ;, wo) a.rc oJso plot led iu ti1C' bo t t orn panf' l 
of Fig. 3.i. Tl~t·~· hav<" IW<-'11 sh ift ('d so as l.o l nntcb the ir 0 I ~ con·- levcl 

posi tio 11 s to !h a l of No \'20 ,,. \ 20 ; ha< 11 0 :3d eleclnm wl1il e 13- a0.3;1 \' 20 ;; . 

a rn cmber of tl w va nad it11 n b ron z<•s. '"" JJUin.inally :1cf l.1 T elec tron if Na i;; 
fu lly io uizo>d. In l"ig. :u. ll1 e \ 2r•3/ , con~ l<·wl p os ition of V20 ;; is 1nmk<'d 
h.v --;\ .. . \Vh ile peak :\ also <'xi: t s in common in 1 he sp t,cl ra of Na \ ' 2() , and 
, 1-N <>o.:~.1 \' 2 0 ,. the la tter comJ>OIIIHis Jwve nnother feature labell ed a.s '· rr· in 

I J,,, figure. Feature 13 i ~ fm1nd lo be only a wea.k s].Jotdde r in B- 1ao.J3 \'20 o 
hut is as •tro11g <Os A in Na.V20 5. Ou the a.Rsuwption th.a.l the ra.lio of l.lw 
iulens it y betwP<-n r\ a.ncl B is pl'Opor l,ionallo Ill<' nomim1l ra l io b<~tween V"+ 
und v·•+. we conld decompose Lh e V 2p sp edrn into str11 clures r\ a.ncl lJ 
as s],own iu F'ig . 3.8 . w]wre llw liueshape i convo.luted wi t h a 'a.ussian 
and a. Lorentz ian fmt clion whi ch represent Ute instrument a l n :solu l iou aJ!d 
t ]J(' <·ore-J,ol e lifetime broadeni ng, respPcLive]y. The fad that Na 20 5 <111d 

535 530 525 520 515 
Binding Energy (eV) 

Fig-u re 3 .7: XPS spectra o ftl1 e V 2p and 0 l s t:o re levels for o1-NaV, O, . B-Nao 33V"O;, 
a.nd \'2Q5_ 'fhe peak label led by A i ~ coJJlmonly observed in a.ll the spec tra. Tbe two 
arrow:; iudicate t.he extra feature B of o'-:'Ja V:!0 5 and B· Na.o .. '"ia V2 0;, wlt kh is uot observed 
in \ "10 r. . 
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F ig w· · 3.8: :\PS spectr~ o f the V 2}' ar.d 0 b core levels for (a) ct1-N aV20 ; , (b) iJ 
Ntto3::tV2 0 lh cmcl {c) \ "?Oa wi th tl1 f r~:-:.ults of decomposition illlo~tructures A and B. Tbe 
fitted curve a rrd dc(;OJ 11posed (· ur ve~ correspond ing Lo A a11d B origin urf.! showu hy lines 
Dashed li11 e shows t.he in1 egral ba.ckground. 

p-N a0 .33V 20 5 have component B aL almost the same posi lion supports ihe 

a.ppropr ialeness of the decomposition. 1-i •' nce, i\ a.T1d 13 " rc at t ributed i.o 
s ign als frorn V H and v•+, respectively. This result is comislent with I hex­
ray a.bsorplion spectroscopy ()\ ,\ ) rn a.s un•rn e nl. at !.he·\' j,· _ dgt' (5.46!) ke V 

for va.na.dium mel<tl ) [:3 .15]. wh ich is a bulk-scn o; ili v~ probP. ThP con. is lcncy 
betwcc•n both , therefore. indicates llmt lh<• mixed , ·alence oh<erveu in lhe 
X PS spcdra is not. due I o lh<> , nrf~.re effect . 

ll mns l bC' noted here llml I he a,bovc observations do not necessa.rily m eccn 
l ha1 I h<' V a l.oms a.re 8fa.l i cally in the mixed val n t s tal e. On the co11lra.ry, as 
sho>111 in Fig . 3.9, accordiug to the NM R. men.sur m enl for 5 1\i [3.L0j. only a 

s ing le V ;; ite is observed above T = T, while t wo V sites cl a rly appear b<'low 

tlte lra.nsition lempera.lure against the m.i xed-vnlen l model a.bove 7' = T,. 
This is cx-plain<'cl a.s due to the difl'cr<'llf lim scales of the different m e a.s ur<'­

lnCTtls : Nl\Ht is a. s low probe o f order "' 1.06 - 107 Hz. wh.ilc measurem ents 
using x-rays are mu ch fas ter probes of order ~ 101 · Hz and uelt'Cl H aud 
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\ •+ ···p;~ra[(']_y. Our ohsen'81 ion. lli en·fon ·. do<' nol coniTadir l wit II hoi h of 
tl•e pos:;ihlo • cry,I;,J o; lnl<'ll!r<·" inlrorhorcd in SPc. ;~.l. In llw nnil(,rrn- l·al<'lll 

,..,., •. when·lh \-0-\ rung [orl!l .• a •nolenolarorhitil.l. N~ ln det!'cts asiugle 

\ sil o• willoi11 I hr• I im ~cal<' of N Il l H wlii lr· Hl f>il ~ lrt'ntents using x-rays del r•cl 
rnoro• I han oil" \ ' sit <· rho<' liJ tlo eit fast lime scele . if I lit• limP sntl<' of the 
cl.-clron tran,f<•r b,·tw<>r•nliH• \ <~1om ' faJi s ht>twcer• ~ 106 and lO w li z. 
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NaV20 5 
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F igure 3.9: Tc• ln pf'rat ure d~pt:ndeuce of the N M R spf>CLrum around T1 of a. singl~ crystal 
Na v~o5 [:~ I OJ . Only sigmLis frolll ~i n g,le v sites are observed a.bovP T = T, while tile signals 
tlt-arly spill iuto i wo as indiraLed by ! -A'~ and j.13 .. below the tra.n:,i tiou Lernperaiure. 

3.3.2 Electronic Structure in the Entire Valence-Band 
R egion 

Figure 3.10 Jtows the AlPES spec t ra. o f NaV206 mcasm •d usino HG I 
(In;= 21.2 c \' ) ;111d HP [I (fw = 40. ' eV) at :300 K. The background due to 
5<' ·ondary t•INtrons has been su btra cted for tlJC He I spectn orn . The prorni­
n ·nl fealmes at £ 8 = :J- 8 eV are the 0 lp band while tJ,e weaker stm d m es 
between 0 and 0 eV are the V ;1d band. Thf'n ' <ne three dis tinct sl rnd.ures 
in the 0 2p bam! at £'8 ~ -1, ~ 6. and ~ ~ c V as indi cated by t he verl. ical 

bars in the figure. The diiTereli (T in the intensity ratios of the structures for 

the d ifferent -photon e11crgie: r n,•ds I h • s trength o f hybri d ization be lween 
ll•e 0 :!.7' and V 3d orbita.l . ' inc the pholoiouiza tion cross-sect ion per V 
:lr/ elect ron rclati vf• lo 0 2p e lrdron is estimat e d lobe ~ 0.7 >ll. hv = 21.2 
c\' and ~ 1.2 al il v = 40. eV [:3.24]. the stru ctme a rmwd Ell ~ 4 (•\', 

35 

wltivh lwrom ··s wr>eke r in C0111pa ri"o'' wi th lh ·· otll<' l 111·o ;;trurl ure,; in going 
Jrrnn fw = 21.2 to -IO .R ,.\ ". i ~ lho111!hl of 0 2p li On-bond ing cl1ara.cter. The 

stn•rl ures aronnd Ea = .j 8 e\' are o f 0 2p-\" :1r/ bondi11g rlmracln. 

.D 

~ 

He I -·~. 

hv 0 21 2:~r~l · .. 
.. - ·. 
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INaV20 5 j 

300 K 
Angle Integrated 

-'···· .... .... ~ 
.£ __..,_·-
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10 8 6 4 2 0 
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Figm e 3.1 0: AlP ES spectra of i\'aV,05 me"'" "·•d using l ie I (/ov = 2L2 eV) and He II 
(/w = ~0 .8 eV) a1 :JOO to;. 

l·'igure :3.11 shows the geomet ry of lJ,e ARPES m easu rem ents and the 
defin itimt of t he takc~off a.ng iE>s ()an d d> of ploo l.oe leclromr'. By ·ca nniii!', I he 
momentmn in lhc l·lrillo11irl zon<" (BZ) vaTyiug IJ or cf; . we ob ta in ed A HYES 
spect ra ;tlong l he k l_ b aJJd k II b cu Lo; as indicated in fig. 3.lL J-lere>tft e r. ka 
aJICI k-b aTe lhc momenta {A_,) a.l ong t l1e a- aJJd b- axes in units o f I h<" i11Ve rse 
of lhe con e ponding la ttice constaut. res pective ly. dJ and 0 a.re rclol.ed to I lo • 
mom ·nta ka and k-b by 

a.nd 

wh re "'· is tl, 
fi gu.re 'l.l :3 

(3.1 ) 

(3.2 ) 

The 

30ne of the a.ugles (0 or ¢) wa.....; conLrolled wiLhin the accuracy of ±0.5o- whi le the other 
was estiu1ated from the reAection spot of the l as~r within lhe accuracy of 3°, because 
only siugl axi:) (;au bP colltroll t:d in out· ex periult>nt a.l SPLup. 
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F.ig rtre 3.11: Defin ition of lhe take-off angles C, and 0 of photoelectrons in the A RPES 
II!ea.su remeUI s. 

Figure 3.12: Various cuts in the BZ . By changi ng 0 or ~' we can scan the mo mentum in 
tlte BZ as indicated by arrows. 

upper panel shows the spectra with mom ntum p;uallel to the b-axis (k IJ b), 
and lhe bottom panel those with momentum parallel to the a-axis (k 1. b). 
T he spectra have been normalized to Lhe area of lhe 0 2p band between 
E 8 = 3 and " eV. Tl1 e k II b spectra in t he upper panel of Fig. 3.13 clearly 
show dispersive 0 2p features as marked by the dashed curves as a guide to 
Lhe eye. Around t.he r point (t. a.ke-off angle 0 = if> = 0°) the spect.Ta have 
three dislirlcl peaks. congjslent wilh the AIPES spectra. ln conlTast with t hi s 
observation, the k l. b spectra in the bottom panel are nearl y independent 
of angle. A slight modulation of the positions of spectral features does not 
reflect the BZ symmetry along the a-axis, indicating that this is due to a 
gradual variation of the photoemission matTix elements with t he take-off 
angle. The clear contrast between the upper and bottom panels of Fig. 3.13 
supports the view that Na V2 0 5 has a highly aJJisotropic electronic structtue 
with sizable dispersions only along the b-axis. This strong arusotropy is 
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F ig ure 3.13: ...-\RP E :;pect ra of j'\~;l \.205 fo r various take-off a..ugle::. 0 HJJd ¢. \_;pper 
panel: k II b-a.xis_ Lower pa11 el: k .L b-a:<i>- Tue dashed lines ilre determined bv the >€Cond 
derivative of the spt':dni, etnphasiz ing th P. d ispers.iug feaLures of th~ 0 2p b;t;id:i. 
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11ul olll·ious from I he crpial ~ln1t1ure alo11<'. IH>W<·'\'l'L benHH' il l1a;; '' lwo­
rlim<·l~>ional \ - 0 uel work ill llw ob-plar\C' [s('<' I· igs. :L! a.nd :t :l j . Ples\!lllabl~--
1 lu• di ; p<' l siun' of ll1e 0 2p hands nre l)rf'Ciomiuaut l_v Cilll'><'d hy hyl>ridi2<ttio11 
willi ill<'\ :1r1 s l<ll<·>'. wl,ich are a.rrangpd in I lie oll<~dinwu<ional w~y. 

f'i xl . W<' IU111J>tll'l' lh;·s.· n•snll s wilh !hos<' of Na0 o,.\'20;. h1 Fig. :).J .J. 
:\HPI::S spt•dru of Na<J_,.\.JO; in I he <·nlir(' valt>J>C<' band nwasm('d nl L2ll 

I\ .. ud .lOll 1\ r"giou arc sh<JWn by I liP solid <\.Jid dasl1<>d curvc·s. n·spediv<>ly. 
lly cou1paring bdwet>!l tlw lc II b spectn1 (Ill(' npp ·r l>auel of Pig. :l.J-1) 
a11d 1\w k l_ /1 p('ctra (lhe bollom pam•! of l•' ig. :1.1 -1). ih(' 0 'l.J! baml 
ol ruclurc· wn < ag~in fonnd lo lw VN}' nnisol ropic: l]w h- II b spcdr<1 show rich 
di;;rwr, iw f('alnr<> whil<' th 1se with momentum of~ - l_ b havp 110 di:;pC'rsimls . 
'llj)pC>rtiJig I h one-dim<'nsionalily of N<1;)_qc,V 20;,. The disper,ive featmes 
,,r tl11• 0 ~p bnnd well agrf'<' with I hose ofstoirhiOtn<•tri<· a\' 20 5 dcscribC'u 

<~buY('. imlic:aliu,g th~. l lh<• :-mall amouut of Na deficiency has no a.ppr •cinble 
i111111 nee on I lit' 0 211 band stn1d 11 r<' of N <lQ.9I;V ~0:;. PurtJ1 :nnor . the 0 
:!.p ~perlra ha.ve no ohvions lel!lpenll.l !re-depel!dcnt dmuges. f•xrepl tha.l lll(-' 

' pecln• al '300 1\ are somewhat broader ll1a-11 those a.l l:2U 1\ due lo tbcnmd 
broorkning. ' I his iuseliSil ivity l,o the lempera.lmt' of t he 0 2p hand makes a 
rhu ronln»t to llw l't'!Tiarknhle cha11 ges of lll(-' \' ?.d bnnd ci<'scrib<>cl below. 

ll ~ing 8q . . (:t I) and (:!.2) . we lmve obtained tbe exper imental baud strn c­
IUT<' at 120 1\ for the 0 2p band along tlw 1.- II &-axis and ll1 e k l_ &-axis us 
. hown in Pigs ... n (>1) a nd (b). r · p<"cliv<'ly. The band slruclmes aTe incli­
<"alccl by tilt> open circ les wlwse positions and sizes are delermined by t he 

uegativt' peak positions and tbeir st rengths of t.lJe second derivatiYeS of the 
ori!l,i nnl sper:lra, respetlively. The i11Lensily plol.s derived :from t !"' second 
derivatives of the origina l sp<>ctJ·a are <>.!so show1.1 in gray sca le i11 Figs . :) . 15 
(a) and ( b), wlum· wl1ile pari in d ical.es t.l1 e position of llw bands. Soucl 
run· .s show the tlis persing fea.l.ures of t l1e 0 2p band I bus obl<>.inecl . While 
1 h<• band :;I rue lure derived fro111 l he spectra of 300 I ~ is somew hat broader 

1 han I ha.l at 120 1\ due to thennaJ broa.dening, both are consistent wilh ea.ch 
\)I her. .-\round I he r point l he elect ronic sl ruclme along lbe k II b-axi con­
s is Is of lhre<:> dislin t band> ce.nlerecl <•l E11 ~ 3.7. ~ 5.:1 <t11d ~ 7.0 eV. The 
hand origiJial.f•d around Eu ~ 3.1 eV a.l tl>e I' point disperses toward k = rr 
wil h l'p!ill ing. The ot.lJt•r parts starlin g from Eu ~ 0A e\1 a.n d ~ 7.0 eV <tt 
I h~ [' point also di :;pcrsC' lowar I!.: = rr point" . In ·on I ra.sl. the h- l_ b sp<'ctra. 
in Fi_g,. :3.10 {b) arC' a.lmosl independent of morne.ril.tnll 1.0 • This supports the 
,.i<-•w that ao_06 V20 5 slill has a highly a.nisotropic electronic st ruclme with 

Fi4abk dispersions on ly o.loHg 1 he b-a.xis in spite of t lw Na deliciency4
. 

-1 \\"J,,I t- some result~ or tl1e baud-structure c;dculations for 1\f\.V·)On werf' rece1 1t lv rf'­
ported [iL25 , :LOL 110 calcula.! ions are available for the di:iper:,ion ~f 0 2p band of tsh is 
system. 

....--.. 
C/) 

:<::: 
c 
::J 

..ci ,_ 
co .._.... 
>. 

:t:: 
C/) 

c 
Q) -c 

>. 
:<::: 
C/) 

c 
Q) -c 

10 8 6 4 2 
Binding Energy (eV) 

0 

8= 
36° 
32° 
28° 
24° 
20° 
16° 
12° 
80 
40 
00 
-40 
-80 

-1 2° 
-16° 

<I>= 
16° 
14° 
12° 
10° 
80 
60 
40 
20 
00 
-20 

39 

F'igur<> 3.14: fl R.P ES spec!r:t of 1\1\o.••\ "00, fo1· ,·ariou. oake-<>ff "ngles 0 and CJ. Upper 
panel: I• 11 b-a..x is. Lower pa.ncl: k .l /)>-axis. Small structures appea.ring a.round Ea = V 
eV iu the /o II b spectra at 120 1-\ r.Lre probably du~ 10 some physborption 011 the coaled 
sample Surface, wlJidt \-o,.·a;; uot [ound LO in0ueuc:e the intrin~i<: baud disp rsions. 
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Fign.l'(' 3.15: 0 '2 , , b;H,d :-;1 !'UCIII ff ' or :\au '·lh\ ~,0:-, ;.doug, (~•) r lw J.- II /, axi:-; a.ud (b) dlt-' k l. 
b-:t'\.rs ;tt l:.W I\ 0!''11 ('irdt":, :t-1'4-' rite 1wah pt1:-.i ti o tl :-:.dt! t.f"rt11illffi by tlu .. &<.:ond dt"r·ivfitin• 
of ' Itt ~p(•d r;l , \\ I ICJ~ :-iY.~~ ;m• df'pt4 1\d c• fll Oil llJ(' Jlrl ( Jl;-. 11 ic :-. nr ,,, ~ (>t"~tk:,. rl w ha. ·k~T0llll<.l 
i:- ll<lt :-.uhtractd l fr<HII til ... or·i!J,i na.l ~IJt-'d r il. \V l,jd, doc.-. tl <JI :-.ig,nifknnt ly illnt!l 't tcf' tl~t• 
o i 1l aittt•U l'a ttd ~~ r tWt nr<· \\ \· a)s(J ~ll(J(' I'iiii]>Ost•d tl11 g,n ·y :-;ndt: pinT uf tl1 e- :-.,~, ·wHJ dni\';.\1 i vt~ 
of I It t ~tWd fll '-l<ll td 1' 111'\(•:-:: i lldica.lt> dt~ di~pra•::d u g. fea tures or 1 lh· 0 'l.jJ band. 

3.3.3 E l ctronic Structure in t h e V 3d-13 a nd Region 

\l e lir' l di<rn -;s llw 'Y IIll fl<'lry of lhf' ocnq>icd \ . :;,/ orbila.l. Looking <o t 
IH>t !1 t lw /. 1/ h ''"" I, _l b >< ]wrtra i11 Figs. :1.1 :l and 'U I. IV<' no I ire l]mt 
"'" inll'll'il\" .. f lh<· p< ';1k or \. :11) cb<oracrf'r lakes a lllillillllllil <mnnrd ill<' 
non11 1d cmi<siun ( 0 = rJ = 0"). To lw •non~ qmnil il alive. Il l<' /J d<•twnd<'TH"<' 
I ( \ .!tl) I I ( O:!.t<l- \1 lr<'T<' I I \ ':l(/) ll!i d I ( O:!.r>) ill"(' 1\w ;} rca or llr<· •pc('f .... ;Jl"OIIllti 
llw \ :lr/ band "nd lire 0 :!.p hm1<l. l"('<prrtil·<· l_l'. is plol i<'d in I"i!;. :3.1 (f' . 'I lw II 
d<•pPnd,·nr<' of I (\ ;~d) j i ( O "lp) is shown for two ki11rl s o[ UZ sc;).lr of Jo/ < ::i" 
a11 d io/ > Ill ' "·' plultcd by cJ,1s<•d nwl O)' t'n ci 1cl<'s. n•spl'cli,·<·lv. In til<' 
rormcr r<J S(' . i ll<' r<•i<llivc inl.cw:i ll" <II (} ~ o• is as \\'('itk a_, n.lmo'il J.,d[ oft II<' 
lal lt•1. "I IIi>< obsen·a(io!l r<~. ll IH' e,p];,incd b_v ill< ' f<Jds Ili a! !lw <H;tnp il'd \ ' 
:1,/ or hila.! '"" approx i111al ('ly .r<J sy nnncl rv lying in I be o/1-pl an<' [:l.fi. ~~] and 

;"' \\"e do lldl dil'i(' U:-i:-. lhf' di't><' l or the phoiOdt!f"li"Oil Uiffr~h·tiOtl ill jlli ~ 1i ~l ll't ... l lw plot 

i~ 11\l 'l liiiiiP,.rnl 0111) at (}1 < 10° . 

.J .. I. Rt .su/1.> 41 

-20 0 20 40 
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F ignrc 3.16: 0 dependences of l ( \"3dJ/ f (O:!p) for 1wo kinds of BZ scan or J¢ 1 < 5' <tnd 
lm l > 10° ar~ plot ted br rlosed a.nd opf'll d rrl es, re. ... pe<:·tivd y. 

I hc;n-forc I lw l norma.! cmi~s ion from til is orbil>tl is forbidden due Lo ~e lccl.ion 

rules [:1.2R]. Tlw fnJI explanation is as follows: Tbc pboloernission iTll ensi t.y 
I is proportional to J(J/p/i)/ 2 where Ji). /f). <>Tid rare tbc inil.illl sial • 
llr , fiaal ~tal e, an d \he momcrilnn• in lh(' dipole or» ralor. 1ow . w<· focus 
on llw the pbolo ·led. ron cmi,sion from I he V 3d orbila.l in !,],e tli recl iou 
nonmtl to lh<• ub plane. In !I.e onP-ekdron description. Ji) o;: /3ri) J(!J t ·- •) 
am] /f) ex /t'i"')/\v;;'- 1

) hold [3 .2 J (11l•o see Sec. 2. 1) wberc /e'h) represent s 
the wa.vef1m ction of the photoelectron emill<"d norma.! to l.be ub plane. Hy 
noticin~ the w-c>tlktl w-selec lion rule of Wigncr-Cck>ut 's I heorern [3.:W]. llie 
ma.lrix ··lelllent (e'"'Jp/3d) is zero when J3d) oc :ry . while il is no! zero when 
j:Jd} <X yz or :::3· . 

It is noted that t he origin of I h<' wea.k !nil fin it~ in len ·ity for !.he normal 
em is ·ion. which slwws no \empora.t ure dependence as we ·hall sec below. may 
he explained by the Lil t ing of the V0 5 pymmids from 1 h<' ab plane [3.3] or 
by the backgrountl due to scallf'red cledrons as observed .in c11pra.tcs [:.!.1 9]. 

Figures 3. 17 (;c) m•d (b) sl1ow the resnlt for the k: /1 b nl with ai = J.'j' 
mea.smrrl <tl 120 h a.nd 300 1(. res pect.ivcly. By s(;a.niling such a. cn t. we could 
avoid the r point where t be rnal ri x-elern<'nt t•ITects prohibit emi ss ion from 
d,.,r The four spedra. plotted w.ilh lhi ·kcr rHrvcs in t·a.dt panel indi ca.tc the 
spectra taken at kb ~ D. rr /2. n. anti :~ rr/2. Th' \' 'ld ba.nd Joc<ll ,d b<'twf'en 
Ea = 0 and 2.5 V is broad and shows r1o sp •elm] w ight <tt lhe F rrrti level 
( EFl. Teflectiug its insulalin~ beha.v ior. Tli(! broad peak c ··ntered at. E8 ~ I 
•\'. which hilo also been observed in other vanad ium oxides such as insulating 
LaV03[:uo] . rnet,allic SrV03 and a VOJ [3.22. 23]. would be a.llriblli ed to 
lhc lower Hubbard band or its remn ant fea t me. whi c:l1 is separated from Ill<' 
11pper Hn bba.rd ba.n d by \he Coulorn b repulsim1 en eT~}" l ' . 

The obtaiu tl 120 K spectr<t s ho\\" ri ch di spersing fea tures. In go iTig from 
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F igur-. 3.1.7: Speclra for a k IJI' cut me•~'ured ill (a) 120 K a nd (b) 300 K. 'fhe four 
spect.rA plo1 ted wi11i Ll1icker tUl·ves in e~wb figure indi ·a~e t. he spectra a! ko :::::: 0, rr/2, rr, 

and 3r./2 

kb = 0 l.o rr/2. a single peal centered a.l Ea = 0.9 eV is split i11l.o lwo 
fea.IHTes: the spli lliug, becomes largest a.t k; = r./2 with lwo fecllures located 
al E8 ~ 0.7 a.nd ~ 1.4 eV. The 0. 7 e pea.k ilwn dC' T<'oses in in tensity in 
going from k; = rr/'.!. Lo rr and only a. single broad pea.k is lefl al Ea ~ 1.1 
eV al the BZ boHudary 4 ~ r.. The k;-dependence of the spectra betwee1.1 
k; = 0 and 21T is almosl sy mmetTic with rcsp cl to b = rr. which excludes 
:< ignificant chaJJges in !Le pholoemi ss io11 m<J.Irix elements betwe<'n tlw fir st 
and ecoud uz·s. Bv COlil.rasl.. the 300 1\ spectra sJJOw less pronounced 
fca.lur<'s !han lht• 120 ]{ specl r~. 

Figure :3. 18 (a) shows a quanlitali\'c com p<lri sm t bel ween I be 120 l \ spC'c­
lra aud the 300 K ~pcclnt or Nao.ur. V206 obla ill d aJong k II b. In Pigs. 3.1 ' 
(b). (c), aud (d), we pTeseul inlc·nsity plot · derived fJ"orn l11e 1:10 1\ spt•ctra.. 
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Figw·c 3.18! (a) TempPra.lure depend ence of 1l u~ l·[! b spt>c·tnt uJ easu red n.t 120 1\ and 
300 l{ are shown by "olio 'lllU dashed curves. ' I hey l iie~•e bee11 IIOI'IIIalized lo lit ~ ar a 
bet.we~n En =. 0.0 e\ ' aud 2.5 eV ;tft.er hf-l..viug subtracted the in1 egral batkground. Tile 
fou r :-,pertra plot.ted wilh thicker curves iJ1 e~u- 11 figun~ J u dic·au~ th f> ~pectra al lq, :::-0, <i/'2. 
r., a11d 37r/2. (b) l nlen"ity plot at 120 IC (c) ln tensitv ploL ai 30fl f( (d) l11 lensily !>lot of 
1t.e :lllO " -120 K diff• r• nce specLra.. 
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I J,,• :l()(] h Slh 'Ct ra. all< I llr(> ciifJ"erf'IICC' <Jlt't'l J'H lwiW<'<'U I he :!OQ J\ <Uifi I::'IJ h 
'Jl"' Int. which will be r<'fem•d lo as Ill<' ··:J()() ]\-I:W 1\ .. speclr~. l 11 l· ig,. :J. I' 

(<t). ~11 llrt· sp••riri1 lt<l\'(' b<'(>Tt n rmaliz<•d lt.J IIi<• ar<'H of I itt' lowf'r l.l11bbard 
b>~11d uf\ ' .lr/ o1igin bC'tw<·en J-:8 = 0.0 t•\. <tmi2J• .,\."after ha1·ing sttbl.rarf<·d 
the illf<·gral batkg,rotnr<L !11 go ing from f= 1201\ to :100 1\.llH• s pcctra at 

kh = {) "'"'" lx·ronw a bro11.Jer p••ak with a longer \;til t.ownTCis lriglr b.imling 
c1wrgies. •\ s for t l11• spedra a.l h. ~ 7i /'!. . lhe peak loral.cd at Ea ~ 0.7 e\' 
h<·cmnt·~ w<·aker «nd tlrat HI~ lA eV stro11ger in goi11g fro111 120 I\ to :300 1\ . 
Tlt<'S<' ohst·n·<lf ion' an• more ci<'i1.rly n·~ogni ;:ed in I he intensity p lots s hown 
in F igs . . LJR (b) awl (c). The ittll'nsity plot of thf' !lOO 1\-120 1\ diffcrerrre 
spectra. in l•'ig. :\.1 8 (d) cka.rlv ;;}rows tiJ<tl spec! ra.l- weighl l ransfer of ord('r 
~ l p\ is c<lu'ied hy G t rit<~temperatnr<• cfferfs and llra.l this p lr enornem• oc­
cu rs dcpcmlirrg not only on th<· <'rt<"rgy E8 bnl a.lso on t he rnornen t urn k;. 
] I rnust be cmph<1.sized here t!mt t lw intensity plot s sl10wn iu figs. 3 .18 (b), 
(r}. and (d) clearly r<"O <oct lh<! symm t ry of 1:3Z of tlr iR system , supporting 
t hal m tr obs<>n·ations o.re intrinsic. As shown in Fig. :>.LD. we "lso per fonneJ 
.-\HI-'ES measun·nwnls at 200 1\ and rouflrrnf•d t lmt the clr<1.ngcs a.TE' g ra.dua..l 
<1s a function of lt'mpera.tur<• in goirtg from 120 1\ to JOO 1\ bei11g consist<•nt. 

with Fig. 1.1 8 (d). 
Th S<' ch a.ra.cleri;;tir firri\c-\empcra.iltre d l'ects of Llte l: II b speclra belweeJr 

120 h. aJtd 300 1\ become more vivid through cornpa.rison witl r the result o f 
lh<" k j_ b ~pccf.r<t .. Th • I, .L b c1lf in Pig. 1.:20 (a) shows a clear tempera.I.UJ"e 
d •p ndcnr<' and '' weak angle depeudeHce except fo r a.Tound tIre r point 
(0 = ¢ = 0°) . b t addition. the abso lute intensit y at lite r poin t was found 
I o be redu ·t>cl to ba.l f o f those at <P > I 0° as shown fjg . 3. 16. Cons.idering 
t lw ;:y syn mwtry of t he ccupied V :1d orbital and I be sel 'ct io.n ru les as 
nrentionerl above. we conclucl<:' t ha.l t he obta.ined I t>m per a,tuTe dependence 
results fTo tn iutJ-itlSic fln ite-tcmpeTalnre effects of t he V 3dru ha.ncl and t.ha.t 
tlr<• momentum dependence along Lhe k .L b di rection i' th;e l.o th e matrix 
t" lcmt>nl effects of lite d,. orbital. The intensity plots in figs. 3.20 (b) and 
(c) Sltpporl tha.t there is on ly a sligh t k.-depend(•nce in t !te k J. b spectra 
xr.ept. J'or m·ound the r poiJ tL which ma.kes clear contrast to t hose shown 

in Figs. 3. 1·' (b) mtd (c). T he in\t!us.i t.y plol of tbe 300 K-120 K difference 
spectra along t.lte k .L b cul is also show.n in Fig. :3.20 (d) . 

ll1 a.cldil ion to tlt(' discnssion OJt the lln it e-t.emperalurt> efl"ecls observed in 
Nao.s6V 20r,. it ism aningful t cornpar<" the resnl l o f I a.\' 20 5 with thai of 
Na096 \ ' 20 ; lak<"u at 300 J(. whose intensity plols are shown in Pig. :3.21 (a) 
ami (b). respectively. Although l ltc sp c\ra of the more insul a.liTig NaV20 .; 
are di iilorted l01n.rd high ·r EB due to weak cha,rging effect even al :300 1\ , t he 
mothtlalirrg l"eatme obseTVed in Na0 _90 V20 5 is also seen in. etV2 0 5 . Det ai ls 
of Ute results of NaV~05 a.re d('FCribeJ in Appendix A. 

By not.iug lh~l Lite fiuiLe-l.empm·a.lmeeff<"rls strongly depend ou the mo­
trl<'ttlurn (k- = J.:b . Urey ore clearly not due to simple lherma.l broa denittg or 

3..1. f-.1 Mnrlt·l C'rdcuiiLiion,, 
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Figure~ 3.19: Temperature de-pendeuce of 1.he /,· II b spect r ~" t.Li specifk rno.ntt>nlr\. k~; ~ O, 
rr/•1, Tr/2, ~;;/4, and rr m ea::;ured ut :100 K , :WO 1\. , aud 120 1\. . Tlte I PHlp ra.ture·dcpr.ndant 
changes u.re fou nd t.o he graduaL 

dtargiTtg effects. The fo llowing two poi nt s are r>toa.rk d: 

1. h r lite temperatu re range tudied here, Llr ere is 11 0 p]u<se transit io11 t bat 
rnay give ri se to such a. dram<1l. ic change. 

2. The energy sca le of I he s pect ral chat tge is nol of order kT ~ 0.03 
e bul of or deT ~ 1 V. Tbese phenomcJ ta a.re o)::>viously beyond L.he 
convenliomtl b"nd picture ;wd wou ld rnO<>ct sf rong correla.t ion cff" Ls. 

As d iscussed in Sec. :l.l. t.h is compound ca.n be 1· iewed as a. I D i\ F svsl. Ill 

at T » T, a.nJ . therefort>. tb -•x perirnental T ··ttl is could b inlerprde;l as a. 
manifestation of the nature of suc h a ronela.i.<'d syst.em. In lire rt•s l f thi. 
chaplc-r . wt• wi l l interpr •1. the spect ra. from luis view point. 
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Fig"''" 3.20: (•) l'ernperitlllre depeude11ce of the h· j_ b opectra. They have been nor­
uHdiud ~o thf' an~a b,..tween Eo= 0~0 e\ · 3Jld 2 .. 1 «~V afler ha.ving subt racted Lhe int cgrnl 
ba<·k~ round. (b) lmensity plot at 120 1\ . (c) In tensity plo1 a\ 300 1' . (d ) lnl en,ity plot of 
Lh~ 300 h: -120 1\ differem:e spenra. ~ole til a( the spt>('l.ra rt.t J~l > 10° art" consisLPnt with 

the k Jl b >Pe<·tra at 0 ~ 0'. 
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J:.l'igure 3.21: Colllparison bei Wefl l I he srwc t ra. of (a) :\an C!!} v'.!o,, a.ud (b) ~a \ ':40!). hotJt 
of which were IIJ~H:o;u red a.t :WO 1\:. 

3.4 t-J Model Calculations of the Excitation 
Spectra of lD AF Chain 

Sine Li<•b and Wu [1.1 G] fouml that I he u~gH"S of fre dom of e.n elect 1'011 
iu LD wrreln.led ')'S t<·ms ar<' decmtpl<'d i11lo coll<··cl iw· spi 11 auJ cl•a.rg<· ele­
mm•tary excitations called spin on a.lHI holo11 , r<'spect i,· ly. lll a.JI.)' t. heorel ic;,J 
st uJi s on i.h<• <'XciiHiion sp ·clra ha.vC' bt·en pcrfonr1<'d ba.~<'d 011 l h<' lh1bbard 
model or /.-./ mod •I. Parameter · a.ppPming in lhos<' moclds arc t.hc I r;msfC'r 
integral l (> 0) between nearest neiohbors, Uw on-site Coulomb cn<"rg:.' If 
and tiw ex chang<' coupLiug consl.atil. J ( ~ ' 11 2 f U for l'/ I » I ). TlJ(' mod<:'i :; 
a.r<~ given by: 

for the l D t-J lllodel <tnd 

"' 
for the LD llubbenl model. wl• cr<' c,. is lhl" amJi J,j hJ!ioll operator of'"' 
el<"ctron will1 spill u n.l sile i . Ciu = r.:;~(l - "•-~ ). n,, = r-loc," . ;md 5, is the 
spill open1tor of a.n t'l<'ctron loc;dized al site i. 'orel l11 <lfJU Pa.ro la auaJylically 
obtained I he s ino·k~pa.rtide excitation spedm in ca.~<' of t it <' U --t (J --t 
0) l iJ J-1 \tbbarcl model [3 .1 7]. slo rting from the so-called Ogata-Sh iba wa.ve 
l'unciiou [:3. :!3]. which embodies lit<' spin-clmrge separ<~.tion. Their re:;nlt js 
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Figm<• 3.22: (a) Singlc- pa.rticleexoicati oJI spe.<"im of th e r·- oc (.!-> u) JD Hubbard 
rnodt•l Ill va.rioos k polnb. Tlw dCJi Led and daslrt-d lines indicate thr ltolon :md spino11 
hntndws. rc?~pcnivr>ly f:L 17J. (b) The intensity piaL of tlw stunt' Pxcitat,ion ~pectra l lere, 
r:o = 0 

shown in l 'ig. ~.:tl. Dotted and da.-!ted lint's indiml<· I he holou and spinon 
nr;IJlchcs. respecliveJy. 111<' holon d ispcrsiou lt as two IJl·a.nch Cllts a.l 

w(k) = Eo± 21 sill k for 0 S /, :S: 1r. 

bdwC'cn which there exjsl cont.imnnn excit.a.lion s. The spinon branch is Jo­
cu.ted aL 

(k) = { £ 0 + 21, 
w Eo - 2t. 

for 0 < k < r./"2 
for r. / 2 < k S r. 

(3. fi ) 

and lin.> ll<l di spersion for J -+ 0. As will he di scussed he low in detail for finite 
I ' or .f . by applying th ,exact di ;1.go nali ~<a1ion metllod, il ha s been rotntd tlmt. 
lite singl -part irle spectral fmtction has spinon artd ],ololl branches whose 
<'uerg_v scale is give11 by .J ami t, r<~s pectively [3.:.1-1<!7). 

Experiment all~·. an A RPES st udy ha s been reported for a. I D charge­
tTans r<' T type insul <t-1 r STCu02 by I<irn rl ul [:J.J !l]. Parameters whid1 cha.r­
a.ct~·rizc it~ e lectronic structun· are J ~ 0.2 e\" and I= O.(iO eV. The resull is 
shown in l·'io. 3.2:3. 'I he left. pone! shows spectra between k = 0 a.]J(] ;r/2, and 
t h<" right panel show. sp<.'ctra bel ween /.; = ;r /2 and ;r. 1-il'rc, /.: is momentum 
<lloug t h(• J D axis of Sr 'u 0 1 . The m;1in ~ al nr with a. mnximum at k = rr/ "2 
bas a ~ynnnelrical dispersion toward k = 0 ami k = rr witJ, 1 he width of~ l 
e\ '. The dispnsion i ·. however, asy mmPI ric wil h re .. pecl to k = "/ '1.: The 
spectra in the lcf panel how a broad Jeatnre cenlered around Q .. ) e\". while 
the ~pectm in I he rigbt p11-nel how no such fca lurcs. 1\im rl nl. ass igned t l'<' 
main feature lo tlw bolon baud and tl1<' broad feature to ll1e spi11011 ba.nd. 
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F igtne 3.23: A RP ES specLra froru SrCu02. "The left pauel hots spec! ra fro1 n k positions 
betweeu 1 aud ;r/"2 a.nd tlH• right panel fronr rr/2 torr. Differ nl IIPtrks n.r~ uuidt>s w 1.\w 
eye-. Th e solid trian~l e:; n.re u:-;~d for d1P pPaks which are ccrl aiu and the qu~slio1r rnark:-. 
when ther(' is wme ambiguity. Tile :;penra. in tiH,. left panel sl1 ow et. broad fea turP whidl 
implies Lhtll there may exist multiple featurf's. The line segJnenl s i11dinu e Lht .. uppPr and 
lower bounds fot: 1 !Je disper,ive feaLttrc>s 1:!.1 9]. 

This agre<-'s well with ·alc11lalious on tlte 10 l- .1 model a.i T = 0 witlt t and J 
a.pp ropriate to this cornpotmd. exhibiting suclt spinon HJJd bolon cxcit;1tions. 
The l,heoret ica.J calcula.tions correspond to the rcs11lts at T = 0 shown in 
Pig. 3.n 

Unlik · SrCu 02 with large J ~ 2000 1\, Jiuit e-ternperalurf' e ffects can be 
more sigitjfica.nt i11 the Na V20o sys l ern beca11se t be cluing • iu l.h • meas ure­
ment lemperatm ·can become o r order J "''i60 1\. which is Llw parameter 
chaJ·acteri zi ng excitation s on 1 he low l·'ut'rg)' scale . Th l D t-J mod<"l has 
bC'en adopted to calculn.l.e the one-paTtide 'peclral ftmd ion ,1 (k.w) at liniie 
l.emperatnres by I he exact dia.gonaJizat ion method (3.3- ]. As the bPint vior 
of \(7') well abov!o' T, iudic<tles. the l-.1 mod 1 is v<tlid a;: one or tlte sim­
plest models to describe Lhis sys L<·m in t hC' 1empera.lur region consider<'d. 
Tt may be appJjc;tble noL only to lhP lJalf~fiJJet! c:hain Cil se [3. 1, 3], but also 
to lhe quarier- flllecl l<tddcr ca..>C' where eatb del <'I ron iF J oe~ liz ·d i11 a runo 
consisting of two V atoms [3.6, 10]. l11 tbe la.dder case. only the }la.lf-fill ecl 
boncliug band is t a.k n into account becmtse no electrons are iu the a.ntibond-
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ing '"""! [: LGJ. I he qmHJ, •r-fi ll<'d laddn can IJ(' TIW[>]Wd on to tiT<' half-filh·d 
rl!iTill Ji' <ill< ' nlll-;id<"r" onlv Ilw Jmlf- f!Jled bonding bnnu a:nd b_v an nppropri ­
atr· 1nodion11ion of Iii<> pa r~lll < 'l<•n "l ~ nd ./ [3 .(i. 11 ]. In addi1ion. 11"" 1- J 
mod.-! has Ih adv,llllage u\'t'r Ihr l!IOl'<' r<•<Jii tir J·llli>bard mod ·I in Il 1a.l Iii<' 
formc•r ca.n lr<'al IM,e;<'r clu<IC'f~. whi ch is cnlcial for t h<' cli scm~iOJ1 of finik 
t<·mp ·nlllll'<' <'Iii-ct.<. Tl1e spc·rlral f11n clion .1(k . ...:) i' given by 

t l (/.,u.:) = * L ,-M:;"IU-:V - l [ck,Ji. :V)[' 
' f.n 

.1(...:- E( -t E;'-' ). (:3.7) 

when· Z = L:,,.-.,E;" is ti Tc' partition function. l' igm·C' 3.2-.1 show' 111e resu ll s 
fm a lmlf- lill<'d 14-s il e t- J duslcr will! .l/ 1 = l j:3 at 'l' = 0 . .1 /'1. il.JI(] .1 / 2 
ralndat<-d by Profs. T . Toll_yMmla ml S. IVI>l<'bwaof !MR. Tohoku Llniwr:;i\y. 

IJere. we wmdd lik<' to ndrl somr· t c>dmi cal comments 011 the ca.lnda-
1 ions. In the O'Tlf'-dimensiona.l /- ./ mock!. a 1-1-silt• clu sl<-r is Jar e ('nough 
for st11dying lll<' spinon all(! holm1 structures in A(k.w) ill zero t mper<l­
hm•. AI fi11il<' lcmp<'ra.hnt•s. how<'VCT. the >IJergy-k\'c l ;; pacin • between I he 
grou11d st;i.l (• <tnd low-en<'rgy excited slcdes sho1dd 1,... checked ca.rcfn lly du 
l.o liT<' Rrnall ;; ize of the clusl<-r. Bee~ uS(' t h<' e11ergy separation betwePn I lw 
oround nud lint exrit('d slat<'>' is roughly J /4. we can say tha.t relia.bk resull s 
arc obtajned in I !tc regi011 7' ~ J /4 . Tlw I wo l<'rnpeTal.ures T = J f'l an<l 
./ /'2. wltcn• I l1e comparison between experiment ~ .ml theory will be lil a tiC'. 
[;dl within Jhis rc·giott. 1\ddiliona.!Jy. Na vacm!C-it's itt Na0.wV 20 5 are rnor<' 
sparsely Jist ributed t.lmu llw cluslc•r size used for thE' exa.ct dio.gonaJization 
c<dnda.tion. w[,i ch justine. our quanfitat.ive co111parison hct·ea.fter. 

At T = 0. lite spccl.rill rtlllclion .•\ (1.-.c.Y) ~all be irlluiti,·cly intf•rprC'ted 
as a couvolu I .ion o l' spinon and hoi on sp ct. ral )unctions, as is schematiutll y 
dra\\'Ll in Pig. :L'J.!i [:l.19j . \.Vhcn one dectwn is removed from the l D ..\ f · 
clmiJt I.hroug], the phot.oernission process. Olte phololtole left beh ind is sp lit 
iJtto two obj('ct.s ;md propago.lc· a.long tlt<' chain. On<:> is the charge dcfecl 
called holo11 with lhe hopping energy l and the other is the spin kink co.lled 
spinon with llT<' exchange CJ1ergy J. Hence. bot!J of them have I heir owu 
,nergies a11d 111 >menta 11ndcr the constra.iuts: 

(:3.8) 

where 1.:. k,, . and kh are the momenta of the ph t.ohok . spinon, a.nd llo lon, 
respccli v<"ly. and 

(3.9) 

wl• •re E. E, . Eh are llw e11ergies of t.he photohole. spinon. a.nd holon. re­

spcdh·<'ly. 1 his ~rgu menl is based on the fact thai I he spin par t of the t -J 
Ham iltonian ca.n be Iran sformed jnlo au i111 eracli ng spin less fcrmjon sys tem 
through tl1e .lordan-Wigner trans ~ rmation. In this scemnio, a. holon can lw 

.J..{. 1-J Jlodrl Crdculatmrh ... 

-4 -3 -2 -1 0 2 
wit 

3 

k/rr = 
1 

6/7 

5/7 

4/7 

3/7 

2/7 

1/7 

0 

51 

F igure 3.24: Spec~ral funrtion of Ll1e ilalf- fill ed 14-site 1-J model wi~h .f/1 = 1/3 aT 
various Lernperal.ures calcu laLed by Profs. T. 'foh."'·a.u1a and S. Maeka.\'\o'a. Til e L!Ji ck solid 
a.nd dashed curves indicate th e singularities of t.he :;pi11on a.nd holorr braudrt::s, J' to\'ipf"ci ivdy. 

viewed as a. spinless fermion occupying <~n empl.Y bftnrl of tlw width of 41. 
while a sp inon conesponds to a hoi in !.he half-fi lled .band with th<" width 
;; J whose fermi rnomeuLum6 is located a.l k, = r.)'2. and ">rr /2 a' "hown in 
1-'ig. 3.2G {n) and (b) (~U9]. Thus. Lhc spectral functioJT is obtained I lnough a 
<·mll·olntion of spino11 <LDd !Jolon excitation. 11nder t lTC COlT train I of Cqs. (;J. ') 
and (:l.9 ) ru; shown in fig. 3.26 (c). Tht> lim,s hape of the spinon brancb is 
determined by the ba.nd edg<: si11g111arity of the holon band <1.\ k,, = 0, rr 

nThe term "Fermi morneuLurn .. aud ··Fermi surface .. whicil will. b used below 111ig111 

uot be appropriat e in t.he s1.rid seu~e. bEK;a.use- \.he distribution function of spinon8 is not 
of a F'ermi- Dirae fuoCbiou. Ju fact,, i1,.-; te.n1pera.t.ure dep nd eJJ c~ j;, theoret it:ally uud en..r aT 
I his .morue11 L l ~ver Lh e l ess, there is a11 energy cut-off at 1.:!< = 1r/2 rt.JJcl 37i /'2. which could 
be cornpared La a Permi surJa.ce, and the Fermi bUI'[(\.Ce will be blurrt>d over the ene.rgy 
s<;ale - kT :ct fiuit • temperat ures [3. 19, 40]. 



52 

and lrt. whn<•a ,; I !tat of I lw lu)lon hanrh is tl••ll'nllirt<•d by 11"• ff'rllli <'Jf).< ' 

,:ing-IIIHriT.\ of tlw spinon ha.nd <1l /.. ,, = 71/'.!. ~nd h / 2 [:1.17. 1Dj. 

~hoton 

. --· ~ f photoelectron 

"Tl T a{r T f 
photohole 

D 
t I Ht I ~ ~ iT iT 1"T 

spinon 
ks-

halon 
-kh 

Figm·t" 3.25: t:;cJJf'llHi.t ic diagraw of 1 !Jf" pbot otomis.-;ion procets:s iu a 1 0 Af' chain. T il l" 
tl t-gn~c. ... of freer..lom <.lf th e cre<llt'd pJtot,oholc'" are splil iuLO a spi 11 011 amJ ~ holon with 
di!Ter.m velocilie> [:l-10] . In Lite case wliere i\a\ 'oO; is tre"Led as" quaner- fi lled ladder 
sysLe-rn. Lil f' sn es :,hown by drcles correspond to Lh~ V- 0 - \ ' Juolecu la.r 01·hitals in tlt t> rllng 

as sh0\'1-'11 iu Fig . :~ .4. 

At finite lempPra.lures, the existencf' of the F'<"rmi S'l trfan• of spinon exci­
tations makes significant infiuenrc on thE' exc il.al ion spec Ira [3.4 0]. In fac t. 
lltf' ' ingularily of tltf' holou bram:h due lo ll1e l"xisleuc<· o f Lhe spinon fermi 
snrfH('C' i> easily . tncared out. over I be en I ire energy range o f 4t (» T ~ .J ) at 
finite tcmp('T'<>I.\ires of order .J [:3.4 0]. As s hown in Fig. :J.26 (J), the sp clnd 
w •igh t oft he spinou branch labcl lrd as o ())is I ransferred from 0 < k < r./2 
(r./2 < k < r.) to rr/2 < k < r. (0 < k < rr/2) . At the sa.me time. the in­
\('n;;iLy or I h , hoi II branch dccrea.s s. The lost spectr al weight is tr ansferred 
from the spinon branch to a. wide energy region, ma.king t.h sp •ct.ra.l feat ures 
less prO II<lUTICNI and mor<• symrnetrir with respect to k = rr/2. 

3.5 Discussion 

Now we make a compa.T i ~on b tween the f'x perimcntnJ and theoretical spec­
Ira. Figure :3.21 (a) shows experimental pecira for selt'cted momentum 
values. F'igmes 3.27 (b) and (r) show th inl,f'nsity plot in ll1e E-k p.la.nc on 
the grey scale. 'onespomlingly. we show in Figs. :3.21 (d)-( f) the theoretical 
ope· ·lra at T = .1 /~ ~ 150 I (solid lines) and 7' = .1/ 2 ~ 300 1\ (dn.shed 
lines) a.ftcr Ga11•sian broadening wilh 1 he wid th 2.5t and their intemity plots. 
Here. we have assunt<"<l that l = 3.1 = 0.15 eV. whi ch is pla.nsible beca.nse 

3.5. D<.<C1tssion 
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Fig•u·e 3.26: (a) Open circle denotes a. spinon :L~ a hole in the h alf-fil led spinon band. 
(b) Closed circle is a holon as a spin-less fermion in the empty halon band . (c) Spectral 
function obta ined throug h a convolution of t.he spi non band and the halon band [3. 19]. (d) 
At T > 0, Lhe intensities at Lhe halon and spi uon branches decrease and the lost spect.ral 
weight. is transferred lo t.he directions indkat.ed by arrows. 

.] = 4t2 /U ~ 0.05 eV [3 .1] and U = 2-4 eV in typical vanadium oxides [3 .23, 
4!]. Comparing (a)-( c) and ( d)-(f), overall agreement between experi'ment 
and theory is satisfactory. ln tbe low temperature region (T = 120 l< or J /4), 
the observed shift of the peak posit ion between kb = 0.0 and 0.95r. may be 
attributed t.o the existence of the spinon bTanch , resu lt ing in the asymme­
tTy of the spectra with respect to k = r. /2. Besides, between kb = 0.32r. 
and 0.72r., there are two dispersing features. which may be assigned to the 
two ha lon branches as predicted in the tht.'Oretic;J.l spectra. These findings 
are also substantiated in the comparison between (b) a.nd (e). Unlike the 
l D cuprates, where the intense 0 2p stru cture obscmes t he higher binding 
energy parl of the ha lon and spinor1 branche [3.19]. the whole struclme of 
theoretical A.(k,w) can be compared with the exverimental results of the 
present compound. 

In the high temperature region (T = ~lOO l< or .J /2), both the ex peri men-
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Figu1·e 3.27: CornpaTison betwfen the expe-riruental and lheorHka.l spectra. Panel (a) 
shows the AR.PE, spectra. of Nao.ooV•O, wit h the intensity plots iu panels (b) and (<:). 
Pnnels (d), (e) a11d (f) ; how th rheoretica l count•rpart$ <·akulaled for t he half-fill ed 14-site 
1-.1 model. I! ere J = 0.05 e\'. 
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Figure 3.28: 'pectra are plotted for k = ko ~ 0, 2rr/7. 4rr/7 , and 6rr/1. (a) Experi­
meui. (b) T heor:-·. 'The diO'ereure specl ra. f'ron1 th~ /, = kh = 0 spertr11111 are a.lso show n, 
empht\tiir.ing tl1e dispersi n.!?, parL from t lte original spec1 ra. 

i a.! and lh orelical resnlls become broader and more symmetric with respect 
l.o k = "/2. Tl1 • tendeJt cy of the experirn ·ntal spect.ml weigld redislri butiou 
du lo ll11iie 1ernpcra.ture is grm;s]y reprocluc~·cl by the theory a,s seeu in the 
i11tensity plots in Fig. :Ln. ATOund k ~ 0, >tgreemeut is >xcellcn l. In ordHr 
to focus Olt Lite spect ral weigh1 lmns fer caused by tlte fmite-tcmp ra ture d­
fc-·cts. tht' experimenta.J ami theoret icaJ spech-a are plotted mte over <tnotb r 
fork= kb ~ 0. 27r/7, 47r / i. aut! 6-.j i in Figs. :1.2. (a) and (b). respectively. 
Tltc diff<:'rellce speclra frow the k = kb = 0 spedrntl1 are a.lso s how11. T!te 
dill'erence spC'ctra thus obtained . which exlrac1 Lite d ispf'rsing fNlUTc from 
t he original spectra in the E-k spa.ce. resemble between theory and exp r­
imeut. To th is ex1en1, the expcrimeiJtal finite tcmpera.tnr f'ffccls may be 
a.tl ri buted lo the existence of 1hc spi uon F(•rmi surface, wh ich thcor tically 
causes thC' drarnal ic spec1ral redistribution over the CJ11ir(' E-k spa.c with 
changi 11g temperature. 

To be morc precise, h.owever . lher> •xis1. some di sc repa.n ·ies bctwt<<'n 1 he­
ory ;wei experiment . When 1 he tclllp n tl.mc i~ iTt crea ·ed from 120 K lo 



56 

(J) 
c 
'6 
c 

i:D 

('JIIIJ!f r r I Onr -/)uu r n ,;"'"'' \I <>11-11 rr/J/Jrrr d In-"'" l11r .\'rr \ -, 0-, 

0.5 1.0 1.5 

Momentum ktf'rr 
2.0 0.0 0.5 1.0 1.5 2.0 

Momentum kfrr 

(l'ig:un." 3.29: (a) Cx:pcrit llt! JJiil) itttensi ty plo t (.I f ll a,) :WO I{- 1. 201\ di fferencr srennt. (h) 
'1Jt t'C11'f't ica.l inte1t:iity pJol of til t:! ··Jf2-Jj r· dirrerem:e Spt->c tra.. ··+··and .... iudi ca.~t· t\w 
btgn of the difftrf' u<"t> 

:ll)() 1\ _ l hc· SJ><'r lra cli;llJg<' more· rh mm!l icnlly limn llw t ITeorc·l ica l predic­
tion.'" S<'<' ll iu liT <' compil ri sou bel\\'ccn l' igs. 1.2' (ll) ilnd (b) a l :100 1\. 
liT J ·' i g~- ::!.~!)(a) and ( b). il r<' experin wnta.J an d lh<·orelicnl i11kll ' ily plo15 of 
i ll<' d iiTn nrc betw en l l1 c high and lo\\' letJJpcralures ar<' s lr owlr . IV!' nolicc 
ih<Ji lhC' finiLe-lr'nlpN<Tilll'c effects inllucncc lire di ,i ribuliou of tlu• ~pedral 
wciP, hl JJI<>re widely in II"',,._ ~,- space llwn I he calndal ions predicl. 1-'mll,e r­
ll t<>re. while I h tcmpc•ratm·p dependelJC<' i< rilflr •r well simulalt-d by I h<•orv 
ul lcb ~ 0- 0.:l:br. at /;0 ~ O.iin lhc• fe:tlmc a,round Ra = O.T e\1 in c·xp<:·r­
inwnl lo.;c•s mul' h of its spec·! ril-l weigld in going from 120 E lo ;)QQ 1\. in 
di sagr <'lll<>llt wit h t heOTy. h1 add it ion. ilronml 1.-, ~ ;r in go ing from 120 1\ 
i<l 100 1\, the <'X f"'rirt'J cnla l spectra los(' spectral W('ighl a.l Ea < 0.8 c\' and 
n long<·r tail tlcvc·lop .; on I h<' higl1 binding energy sid<' m d.ike 1.l1c I heor<'l icnl 
specl1<1.. AI lo11 lcmp ra.tnrcs, where I he decay of" plt olohol r· i ~ probably 
dorninak I by pllrcJ_,. c•lccironic nx,cJumi~ T n> whik· ot lwr dr•c() _V dmnnc• ls may 
bC'COTIH' av;lila.blc ai higl1 er lt't!lperail lrcs. !\sa (·cH!d id a.le. \\'(• may consider 
elc·c-l ron-pllmttllt intc·r~clion a.nd possi ble charge di sordn [:L-12]. wiJich m<~.v 
become important at higher l<·mperat ur<"-> . 1 hC' difi'<·reJH'<' hclw<·Pn Lh<· 1-J 
JfiOUei ()nd I ltc I h Tbhord lJIOJ I ·~~ well <LG Lln> ucg<·n er<~cy of' I he \ ' :'Jr/ orbitals 
rniglil be a.uotkr origin fqr I hc- di ~crepancy. 

,\llolh<'r kind of disrr<'JH1lt('_l' also <'x is ts belwf'en lit •ory ar1d experiJnenl: 
The <·')( perilii('JJial ' fl<'rtra hal't' mnrh larger 1\'idl h llta ll lh<: llteon·lical 8JWC-

1Ta at bolh 120 k a.11d :!00 J\ _ a.lthOH" I' lhc IIJ<'ordind spPctn ha ve bePn 
aln•ad_1· hroudened by Lhe Gaus,ian with I he wid I h 'J._ .-,/ ~ 0.:3<' c·\·_ Si 11 cL' I bi" 
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C:anssi>111 bwad<'T rill g s<'<'llt~ ~ u!TiciPlll io plrr•JJu iJl<'liOiogically lak<• >HTOITII I 
of th imlrmll(' lll a.l <'Tr~"rg,y >nld rnt>lll<'Jrillln r<'o<>iulillns m1cl lhC' lif('linw of 
ph(liohoks. i.lre dist:rr·pa.JH'_I' >1 ill H'ID<Tining in llw 'P<'CI raJ widtlr sLulTi d b~· 
altri lmled lo tire oill<'r r<liJ,es. Tire· pos,;ih lr• origins which 1nay hr<Mrh•u the 
t'Xpt•rirnC'Tiiill Sp<'cira a.r!' lire t• IJ'c·cl of ri<-fr·cl s <I.IIUI ht• <mfac!' s late. Def<'rl s. 
which inn·it;rbl~· exi,;l mr tlw r lr·av,•d ollrfan•. lm-•a.k I he rn-'s t a! Sl'lllmd r\' 
loca lly. prC'sumably n•sulli11 g in ilr f' hrC!adeJring of I he !\ I!P I~'-i spe;lra. 'Jir ~ 
dTccl.l' of sHrl'il.re slates wc·n· rc·cr•nlly cli srussed for olh!'r l'il,na.dinm oxides 
Lilt_,.. C'az \ '0 :, b_v Maili rl rd. [:3.-H] . wlr o ci fl. inwd tlra.l tlw broad strurlmr• 
arOilllcl EB "" I <'\' in II~<• nllra.,·iold plrnt.oemission sp<'cl ra of snrh rom­
pounds ha.v•· signifiranl conl. ri lul iou from 1.1"· surfacr· st.al<>. l'l1 ei r ohs .I' Vi1-­

l imr rna:v g ive a clu<' lo the origin of I he bro~dc-'ll ed slru dur<' of Na V20 5 . 

3.6 Conclusion 

\\ie hav<' rna.d<' en A RP ES :; tud_,. or the IIJ ~-111- i~' pe (or 10 ,\F) insu lalor 
Na V "0 ; a ncl N<~{) .OG V ?Os. First. ihf' All.P I~S S JWCI ra revea.l I. hal t he g.roso 
elecl ronic ;;1.1-uchne of l he v>tlenc' b;md is bjghly ani sol ropic. SPcond . we lT<J.VC 

ma.de an !\ RPB sl.uJ_v of Nao.oc V20 5 by changing l11 e lempeml lll'e and rouuJ 
ih al a. strong spectral weigh t red istrib11i.ion occurs .ill t il e lower ll llbba.rcl 
ba.ncl. Abo we have compared the i\H PP.S spec t ra "'ilh the one-pa.rl.irle 
sp-•ctra l functiou of lhe 10 t- .J JTJodcl <tl finilc l:ernperalures calnTlalecl bv 
(he exact di>tgOlia.Jj za.lion method. Tire overa.J I aoToenwni between 1 h eo.r~ 
and experinl<'nt implies that the-· spin-cha.rge s<'pa.rotion picture is vlT.Iid i;1 
I h' excila.t.i on spec Ira of I hi s system . .'\!though ll1ey a,re more drastic than 
t h<· tlworel ica.l prediction . t he experimenta l finite lentpemlure er~ cis have 
been part ly expl a ined by the theory, whi ch may be expr ssed a.s I he F'ermi 
sm l'a.ce effect of lhf' pinon band. 
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Chapter 4 

Successive Phase Transitions In 
Bipolaron Systern Ti4 0 7 

w(' h<lVC p<·rformed ii pbolocmi ss ion study of Ti.,O, ~round it s lran -; ition 
tempera.fmps so as to cover the rn<'l<tlli c (T > J3-l K ). hig h- tempcra lur<' 
imu leling (l .j . j I( > 7' <, 1-10 1\ ). and low- L<'Tnpcralmf' insnleting ( 140 I( 
_::: T) phases. Wl1ile tl•e 0 2p ha.ml is almost tmchanged with I.Clllp<'r"lure. 
ihf' sperlra oft he Ti ;;I[ b""' I exhibit lhrcf' cl'".rac teris li c spectral lill<'shap<'s 
<'orrespondirw t.o t]l(' thrc • phases. P<trtie1da.rly. the spectn of lh<· hig h­
tempera.turo SCillic ndnding phase an: ga.pless a.t tlw F'errni le\'el. whirl• is 
inl<"rprf'Lcd es a sol'! Coulomb gap due to dy nmnica.l tlisorder. In acid it in11. 
we p<'rfonned a qua.rditativE· rompar i<;on with F'e30 ,1• whicJ, exhibits " ch<lrg<' 
order-disorder trans ition (Verwey transition ) as in the case of Ti.10 7 . and 
fonnd t !.at I h<> • p<>cl ra of I:C.:,O• in I he high l<'mperal ure phase are a.! so well 
interpreted by ass tmlin)2: a C01.dornb gap. These ob~<·rvations indica !<- il1ai 
dvmnnica.l dism·Jer pos ib.lv rnakes a. s igni·fi ca.nl inih1c•nce on the physical 
prop<"rlies of boll• Pe;,O., in the high lempera.tme pha' • and Ti 10 7 ir1 the 
high- temperature iusula.ling phas t•. 

4.1 Introduction 

T IH:' til anium oxid" Ti.10 7 is a, member of ~hgueli ph as •s . whicl. l'orm a ho­
mo.logmJs serit·' of l,riclinic cornpm1nds of the l'orm '1\ 0 ,r. -J (T = Ti or \!. 
4 .$ n S l 0) [4.1 J. Jn 1970'F to early .19 o·s. thi s compnuud wes intensively 
studied as a typical system ll'here a. pair of I wo pol a rollS Dl r al space . i. e . 
hipola.Ton. exits [4.2 5]. Ti, 0 7 is a. sys tem with norn.im1I :3d"·5 electron pe r Ti , 
a.J.Iowixtg I wo possib le 1·alence stat e• . Ti 3+ (3d1 ) antl TiH (:~rfO ) . The d dri­
cal resis tivity(! a.ml l11 , magneti c suscepl ihility \. show pecu liar lemperatur 
dependences as shown in Fig. ~.I (a) [4.6- ]. lt s l1ows meta.Jlir conductiv­
ity at high l.ernpern.t.urc (md<JIIic pha e: M ). With rlccrf'as ing temperature. 
it undergoes a Jnetal- to-semicclllductor trans ition at 7~\/ s = 15·1 K with '' 
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Fignn•4.1: (a) E-le<·trin\.l re.:sj~ti\' i t.y a.nd lllagnPl icsu:K·eptibility ofTi10-;- p iOLLt!dagaitJSt 

n··d pnwrd tl'rllpc·rai ure !'1 () j. (b) ll ("•lt capacitr of Ti40-; rt...., a fuurtion of I.Rt npNa.t.ure 11.3, 
(i] 

' 1e<'p Incn'aM' i11 p hy li1fc(· order' of magn itude although p. which scf'ms 
lo be of <tcli\'<tfio11 fy-pc. is rdal.in: ly sm all ~ 1.0 fkm compared Lo ordi­
II"r.V semiconductors (l ii_g,h-l<'mperalun• insula.tir1g phase: HI). Subs<'qTien lly. 
a 'emi cot,du cl.or-lo-semicondlldor phas<' tnws.ilion occms a.l Tss ~ 1"10 E' 
with a furl hc•r ri sf' iu p by three orders of magnitude (low-temperatme insu­
li:ll i111; plmse: Ll). Tlw tnmsi~ion at T = '(<;s ex hibits a thermal hysl.eresi> of 
~ -~ ](.On the olher hand.\· which i ~ a.tl. r.ibuled l.o Pan li paramagnet ism 
in llw I\ I pl1asc . drops at T = ?:115. implying t he formation of non -magnetic 
singlet p~ir~. The residwtl \ belo"' 7' = T\rs- w},ich issma.JI and lempera.tme­
imkp\"ndenL is allribulcd to \ 'an VJeck para.rnag11Ptism ·re lated l.o the matrix 
elm nents b ··t \\'een the singlet and I riplcl sl a l.es of I. he pairs l1 . .5]. As shown in 
Fi . 1.1 (b). the ternpera.lmt' dq>c·nclcnce of I l1 e specific heal has lwo peaks 
cenler\"d at T = TMs and T'ss . whose shapes <tr\" chamct.eri.>li c of lirst-order 
lransil ions [11.1. 6]. 

1 he crystal slrnctme of Ti.,07 is based on t he ruf·ile Ti 0 2 slrucbm' as 
shown .in Fig. 4.2. h 1 rulilt> Ti 0 2• where Ti06 octa hedra ;ne running a lo11 g 
IIH" rulil•· c-axis wit h tl1cir edg<' shared. I. he chains couta.cl each other a.t 
l hc corncrs of ll1e TiO~ octa.hedTa .. Ao shown in Fig. 4.3. Ti.10 7 consi>l.s of 
rll lil<>-like blocks composed of chains of fonr Ti06 octnhcdra lining i.nfinit.ely 
i11 paraJlel. The rutile-like b locks ai'<" sepa ra.lcd by nysla]lo rapl ii C shear 
planes along which I he Ti06 odal1edra sharE> fnc<'s while they shnre edges 
ins idf' Lhc blo<:ks. The crystal >ymmetry i> I riclinic with fom formula;; per 
U11il e<>l] ( pace g1·oup II <tl both 29, 1\ and 1'1 .) ]\ will, t he lott ie ·' param-

1 'T~ shows a_ deviat1ou of- 5 K dependiJJg on sam pi~ l4.7] 
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Figtu·e 4.2: Rutile struc LUre of Ti02, where Ti06 oc:t.ahedra are rurllljJJg along t.he c-ax.is 
with their edge shared, forming a.n infin ile one-dimensional ch'l-in. The c:ha.ins on lad eflch 
other aL the corners of the octahedra.. 

F igure 4 .3: Stac:lriug of t.he T i06 octahedra. i11 TL,07 . Successive sections of three ru tile. 
like blocks are separated by the two thick lines indicat.ing the crystaJiograpbic shear planes. 
The arrow indicates lbe pseudo--rutile c-a.x is. The numbers 1

1 
2, 3, and 4 refer to the 

crysLallographicall y dilie rehL Ti sites. 

eters of a= 5.597 A, b = 7.125 A, c = 20.429 A, c.=· G7.70°, {3 = 57.16°, 
and 1 = 108.76° at 298 K) [4.1 0] . ll has four different ryst<tllographic Ti 
sites labelled as I, 2, 3. a.nd 4 in Fig. 4.3 . Hence, they form two types of 
octahedral chains alm1g the pseudo-rutile c-ax is, such as Ti(3)-T i( I)-Ti(l)­
Ti(3) and Ti(4}Ti(2)-Ti(2)-Ti(4). which will be referred to the 3113 cha.in 
and the 4224 chain, respectively. below. The T i-Ti distances and the T i va­
lences estimated from the average Ti-0 inlera.Lom ic distance in each T.i0 6 
octahedron using t he bond strength/bond length method ar li ted in Ta­
ble. 4.1 [4.6]. The schematic crystal structures or the Ll, HI , nnd M phases 
a,re shown in Figs. 4.4 (a), (b), and (c), re pectively. In theM phase. t he four 
crystaJlographicaUy different Ti sites are similar with an uniform valence of 
3.5 a.~ determined above. In the LI phase, the clw.rges are locaJized on the 
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T;thl.f• 4.1: Top: Dis1u1we:; between crystal lographicaJirdiffereul 'Ti sites (i11 :\ ) a1· 29~ 1\ 
(~· I i>h:l.Se). 1-10" (IIJ pl!it.'._). and 120 I( (LI pha.•e) i•e• FilJ.. 1..3]. Ooi.IOIJI : Ti v'"""""" 
~sttiiHlH~<l fro111 lh t- average Ti-0 intetatow i<: dist.an<'e in each TiO~ (JC'La.he.dron (<1.6). 

:J JU rba.iliS ocrupied by ri :J+ with fhe e!nply 422-l chains OC'Ilpied by Ti ''+ 
>i lcs. T lo f' r bai11s in the 111 -pha.sc arc likely to bP i11 <1 dynamically d isordered 
>l<olc art<lrding fo lhc>PI<'rlTOll pararn<tgnelic rcsononre (E PH ) st.ucly [11.-'1. 9] 
a ll houglo a nv<'fold snpcrstrnd ure for the Ill plla.sf' wns o ure reported ['1.10]. 
'J ],<, plw.<t' diagram of (Ti 1_xV,),10 7 a.s de cribed below a.lso support s t bC' 
c•xistence of tlw disordC'red slate in l}Je Ill phase <tt .1·--, 0 [see Fig. ·1.5 (c)]. 

(a) Ll phase , (b) HI phase (c) M phase , 
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F.igu rfl4. 4: Sdif' lnat.ic crysta.l strut.:t.ure ofTi40 7, wbP.re only tl1e cht-~.ins paral lel to the 
pseudo- rut i)P r-a..xi!, truncated by sh~tu planr~ a.re ~hown [1L2] . 'rile th ick lines i11dicitle 
the shea.r planes. (a.) Cryi"tal strurture of Ti40 7 in tlw Ll phase. where tl1e chains ar 
ordered. (b) Disordered model for tile JIJ plia;e [1 .2. 4. 10). (c) Crystal s1.ruct ure of1'i.10 7 
in L!Jf> i\1 phasr where all the Ti sites ha.vt a uHifonn n!.lenc~ of :L5. 
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B;"cd 011 f lt<'f-<' obst>rvatim1 s. Uw physin,J pr<,pcrl iPs of I i 10 7 hrove h<'< 'll 
<'xp lain<•d lo$ follow <. In lhl' U pl1;os<'." ,f dcclro11 is loca.li 7.NI in r•arh I j"+_ 
TiJ+ pai1· imide lhc :lll1 chain . wl1.idJ <occounts for flo<· SC'lllicmodllrlillg lw­
h;ovic,r and f lw low lemjH'r<of un·-indPp<'lldenf magnel ic snse<'Jll ibilily. !;1 f II<' 
~I ploa.«<' . tlo<' dl'locoli zal ion or lh!' rl electrons giw·s ri -.• to il metallic IH'h ;w­
'or. For I he- liT phast'. I he l'xisf<>roC(' o r tlisordNed Ti"+-Ti3+ pairs wit II no 
long-ra.ngC' ordc>r resull s in the low st•micondn ct ing resis ri1·i1y all(l lh<• dia ­
m;,gnet ic susceptibility [4.2]. From I loi s vi<>wpoinl . I loP I rausition a l T = T:9s 
is interpreted a~ an onlcr-disordC'I' I ransiliou <1f Ill<' I i"+- I j'l+ pair<. lllo.lll<'h·. 
bipolarom. The 1. 1 and ll l ph a'"' orrcspond to" solid a nd a licp1id of bip<!­
larono. resperlivcly. Above T = '/ 'li S · the bipolaron i' di ssncia.fNI iHLo IW<! 
pol".ro11 S. y ielding md a I lie conduc1 ivit y and Pauli pararnag1trol ism. 

Tlw ord('r-d isonler lrallSiliOIJ or bipolarons discns"ed abm·c· has bt'('JI n ·­
ferrcd lo as a. Verwey lra.ns.ilion [~.6. II J. The Verwey lra.nsition [-1.1:1J was 
origina.lly pointed out for F<·30.1 at T1 - ~ I :20 1\. Pe3 0 ., has two possi ble ,·a­
lene sla.f cs of Ft•2+ ami Fe3+. a.na. logol!S f o Ti 4 0 7. Tlie cl1argc-ordercd sl ill'" 
in Fc:,O., ;wd Ti,10 7 arc. however. cliJTcrent in f.lmi the cali ns in lhfl for111e r 
ha.ve ma.gn<'ti c moments result..ing ilo the fcrrirnagn<'Lic long-range' order while 
i11 Ll10latf er the diama.g:nclir cation p;ti-rs arc formPd. It is 110kd 1haJ lloe 
conduct ivities in Ti ,,O, 11-bove T = T~l! S and Fea0 4 abo1' 1' =Tv ar ~ JO" 
and ~ 102 n- 1cm - 1. respe lively, bot], of which arP small compared to an 
ordimny metal. 

Sinn ' the Ill phase in Ti.,07 . which is of p;u-ticular interes t as a dis­
order d system , is sf. a.bl ·· only within the smaJI temperature inl<' rval. f lw 
physical properti es of (T.i,_, V.r).10 ; ha.ve bee11 studi d imLea cl. where 1 hi' 
s table tcmpcratme r<mge of l11e in l.<-rrnedi~.te disordered pl1ase is rnu b wider 
!han in pure Ti 4 0,. Pigures -'! .. ) (a.)- (d) show !.he physical properties of 
(Ti 1_,,Vx).10 7 [4.-5]. Tlw cl · clric>l resis tivity for the \!-subst ituted com­
pounds wil.b nuious .r (o/r) is plot.led agajnsl Lhe recip rocalle111pera.lure in 
Fig. 11.5 (<t). Tl1e slcc·p m<·taJ-lo-sernicomluctor t rm~ s.i t i on n·maill s for a ll the 
compounds while llw semi ·onduc!or-to-se:micondndor l.raT1siLion is smeared 
oul with increasing ;r and van isl1 es between .T = O.Tl all(] O.:JS o/i. The 
mognetic susceptibility s.howu iu Fig. 4.3 (b) also iudicalcs Llmt 1 h ~· nlelal­
f.o-sem iconductor transition sl ill exists in all fhe V->ubstitulcd samp les a.s in 
pure Ti4 0 7 , s.ignali11g !.he lonna!. ion off he '1 iJ+-Ti"+ p, irs below T = THs­
ln lh.i s phase, tbc susceptib ility is not. wa.ma.gnet ic but of CnriP-I.yp' wit lo lht! 
Curie tempera.t.ure of<~ K and the efl'ecl ivc rnag~wtic moment of 2 ± O.Lp.8 
p<'r vanad ium , which ca,11 be explained by tJ.e existence of Ti"+- \'3+ pa.irs 
011 wlo .iclo a.J1 excess f'lect ron is trapped in addil.ioJI to a pair of two elcc­
l.rom [4.5]. The phase dingntrn of (Ti 1 __ , V,),10 7 i11 Fig. 4.5 (c) was ohla.in ·d 
from the electTical resisti1·i1 y, magn ti c SIISccplibilil.y, EPH ond calorimet­
ric measurements. Th<- couducli vit,y in the iHlermedia.te (HI ) phase (the 
sem iconducl.iug di ordered p h<l.<e) ju ·t below T = TMs can bt• ntted to a.u 
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Figut·<: 4.5: Physical propenies of ('Ti ,_, \ ', )4 O, [1.oj. (a) Electrical resistivity plotted 
agaius1 recipro a.l tempera turE' showing 1he va.nishingofthe Ll plirtse a.bovt<: :r (o/c):::: 0.3~­
(b) ~ l agnet.ir susceptibility ploued against t.e111perat.ure for"'(%)= 0, 0. ! , 0.56, O.o5. 0.9·1, 
and 1.02. (c) Ph,lSe diagntrn. (d) Activatiou e nergy E,. (left-hand scale, lowe.r curve) and 
prf>--expaueutial factor ITo (right -ha11d sca.le, upper curve) in Lire illtennedjale (Hl ) pha&. 
(the sern icoudu<·t.ing disordered phase) just hdow T = T.>o..rs-
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FiguJ'C 4.G: Elect rlcal tesist ivity of (Ti 1-.r \ . .r)10, in lite semicon d11rt in.g phost-- at low 
t.emp~.rDLUres plo<Led 1.tgai11St T-114 for J:(%)= IJ , 0.1. 0.513, 0 55. 0.91. >elld l.f)2 Jitbelled 
<IS /1, 1:1. C, D. 1::, a11d F. rPSpef't.ively [<1.5] . 

adivalimt-lype "onchtctivif.y a= a 0 cxp(- E./ khT). whose a.cliv<ttio11 f'nergy 
Ea aud coef!kienl a 0 ar plotted as" !'unction or x irt Pig. '1.5 (d ). 1\ddilion­
a.lly. it is worl h men! ioning 1 hat illC' r<>~~i stiv il_v or tlw semic:onducting pha.s(> 
al lower ternpcra.lures is not or lhe activation-t..vpe but is well Glted lo the 
"''ria.ble-ra.nge-hoppinv ( \ rflll) form p ex exp (- (70/ 7' )") ['J..)j. F'igur<' -1.6 
shows ill electri cal re.sisl ivity p lotted au-niusl T- •1-• a.s exp<xled fo r VRII i11 
''· tlmw-dimcns ional system. 

As for l.he elect ronic structure, photo<'mission sp<'droscopy (PCS) a.nd 
x-wy ab,orjltion spec! roscopy CX :\S) sl udies or lh is syslefll were reported by 
Abbate fi ol. [4 .13. l-1] a.s shmnt in Figs. 4.7 (a) and {b). respectively. With 
!.he energy r<'solution of 0.2 e\' !'OT PES aJH.l 0.25 eV for XAS, lb y could 
obtain liffcl'(·nt specl ra fm- the iVl phase and Ll phase . .I n thi s cho pler. we 
report on the P ES spectra. of I hi · compound oblainetl with a much ],igher 
en rgy resolui ion o f ~ 50 meV. Our a ifll of the present work is two-l'o.l cl. 
One i ·to rocus on I he variat ion or the PES spectra. a.nd hence J.l,e e l cl1·onic 
st mcl.ure of T i.101 as a fuuclion or lemperat\11'<'. The other is i.he single­
particle excii.a.tion spectra of disordered systernF wh.ich shmtld he observed 
in th · Fll pl1asc. As ror t. Le !alter s1tbj ci. a com para.tiv<' di scnssion willt the 
PES result o r Fe,,O ., [4 .15] will be fPrform<'ti. 

4.2 Ex periment 

Siuglc crystals or Ti,.07 Wf'T supplied by Dr. T. Tonoga.i and Prof. H . Tak>lgi 
of IS P. U11iversily o r Tokyo. The c.rysta.ls were grown by the vapor I ram pori 
method [-!. 7. 16. II]. Tj 30 5 powder was Rrsl prepared by heating a mixture 
of a prescribed amount or Ti and Ti0 2 powder al 1.100 ' ' ror z4 !tom; in 
""' evacmt.led . seal d quartz tube. A mixture of 2 g or the r<'-'illltanl Ti 30 0 

powder a.nd 60 mg or TeCLt. ac ing a. a tr~.nsport agent, were lhe 11 sca led in 
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Figure 4. 7: (••) \'"lo"we-bauu PES sp•·driL of Ti., O, <tl T =50 1-: (Lile LJ ph;c,e) ""d :!00 
K (!he ~I phrt.<w) mr.nsured a.t. h1" = '15 ~\", where 1lu.~ COlli rihution from Ti :Jd t-lf't'trons 
i~ rf't->Omlnlly enhruJcf'd. Thf' result shows 1 hat tlte Ti Jd band is shifted bv-... 0.25 ('\" 
tOWi\rd:, higlwr hiHdiug ("'IJergie:-; in llw Ll phase spectrum. (b) 0 1. .. XJ\S ;pect.ra a.t at 
I'~ RU 1\ (ohe LJ plia:;e) and :JODI\. Two peak> arouud '"' ~ 5:1tl-5:15 eV ~re :utribllled 
L<\ du~ l:t.g a.lld f.y subbands, wllich show a c rysta.l f1 eld split.t.ln~ or ....... 2.4 PV l4.la]. TheSf" 
peaks nre ~hif1 ed hy .- O.ll-0.7 eV toward::. highe r ent>rgie. .... in 1he L"l phase. 

Rn evacnal.ed qnm·lz t1tbe with a diameter of lO mm and a k•nr!.tlt of ~.bon L 

200 nnn. Tl1e luhc wa.~ kept for T cloys i11 a gradient furnace~ of a source 
tcmp<·ralnrf' of 1130 oc_ Tlt(' obtained single cry~tals h<td T,\IS = 1?\,j 1\ and 
J:~s ~ 1'10 1\. 

Llltraviolct pltolol'missio11 spectroscopy (UPS) measurements were per­
funne<.l usi11 g an OM ICRO N ltr·mi-spherica.l iillalyzer and the li e I rCS011illJCe 
line (lw =21 .2 <'V) from a. Varnum Generator discharge lamp as a. li gh t 
s01 1rC<'- 'a.lil>rCllion and cslinmtion uf U1e instnnnenLal resolution were don e 
11sing An evaporated on the sample surfaces by measuring the Fermi cdg<•. 
Tlw <'li<Tgy resolution was sc i ~50 meV in the present e>.l)erimenls in order 
to rollc-rl a llllliJbcr of spectra a.fler a ~ingle c.leave. Samples with a typical 
size of 4 x l x 0 .. ) mrn'' were clea.vccl in siht. Ev<'ry rlca:1·age gave a rmtgh 
surfa.ce. a,n as, ernb ly of ra:udornly-orientated srn,.ll fa.ccl. s. Since t],e analvzer 
ltas <m a.cceplance angle of ±-'0

• lhe obtained spectra were supposed 1.~ b 
a.ngl·-inlegrated p.holocmission (A l PES) spertra. lnclccd. the speclra were 
alrnosl in<.lependenl of Lbe (l,no le of the oricnl a.tion of th<' de~\·ecl smfaces. 
\Ve clwcked ll:ca.l the mea uremenls on the sa.mpl smfaces scraped in situ 
with a di<tmond file yi<>lded a.! most llw s~m results a.s those obtained fort he 
clca.ved surfaces. The rn<'asmernenL lempen•Lure ranged from 7' = l20 K to 
!TO I\_ covering the three phase,<; of Ti_,O,. The ll"mperalme "'' .. contro lled 
within I he acc:macy f ±0.2 I\ using a. digit.allemperalure coni rol ler made bv 
Scient ilir lnstrlt!Ilenls. ] ll(;. Whilr I h(' ca.libn1led ilicon-diode thermomet~r 
WaS USed. tlter eXisted a difference Of~ 2 ]\ befW('eJl iht' l€'mpcra.t11f(' Of t he 
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tlwn noJJl<'l ('r atul I hnl HI l he sa 111 piC' 'Irrfa.r<'' 1. \\ ·' ca libra t f'd t lw I h<'rmonH~ 
In taking this inlo <ICC01l11l. ror llu· nwasm('ill<'nl s illlhf' Ill plta.se. W(' look 
'lwrial caH' in cha11ging llu-• t<·rnpl'f;Jturc lu al\lid it< OI<'I'S!JOotiHg lo wilhir 1 
O.,j 1\ . Tlw bas<• pn•ssurc i11 lh ,:pcd ronwlcr was less 11tan 1 • Jo- •o !orr. 
B<·low. \\' s J,ow reproducibll" Tesults foT S('\'('ntl ~ample surrare · which Wt'l'(' 

oblaitt<'d wi1l,in a few hmtn' ;1 ft('r clc~I·H.g<'. 

4.3 Results and Discu ssion 

4.3.1 Electronic Structure in the Entire Vale nce-Band 
R egion 

l·'igJtTC oj_ shows PP.S ·pecl.ri;l or I he eJJlir(• wd{'tl('{' b<tnd of Ti ,o, me;L,mrd 
using lw = ll.2 <'\ ' photonf' R.l no.rit1t1S Lernpcral-t.trc' covPring llH' i'd. Ill. anti 
Ll phases. The spectra ~~~~· been nonnH.Ii z<'d I I he ;uea b<'l W<'<'Tl bimlino 
<'11ergies (Ea) of 0 a11d lO ~>V. l 'h · prvminPnl fealures al Ea = :1 9 e\' ar~ 
tlw 0 2p band wlti]., tlte wealwr structure's bdw<'<'ll 0 at1tl 2 t'V <tre [JI(' Ti 
:3d band. Judging from lite lillcs lmpe or t h<· spectra or llw ' l i 'Jd band itt 
I he expanded scale. Tss was fouud to li e IJct wee11 132 and 116 1\ for 1 hi s 
cleavage. There are Lwo di stin ct sl ruclmes in the 0 2p band at Ea ~ .'i and 
~ T e . In the previous rC's nl l s hown in r; .... 4.1 (a) [ !Tl]. t h<·' ;j E'\' slnorlnrc 
i · weakly visible as a shoulder. while I hC' T c\' one ap p •ars a.~ I he dom in anl 
feature. TJJe difrcrcnr(' or the illlC'!Isil i s bet we(' II tho• pre\' ious H- n] n,ncl 
presenl resltll s reflects I hn si.reJtglb or hybridizalivn bc•f.ween t he 0 2p a.nd 
Ti 3d elecLrons. Since !.he spectra t.a.ken ;d hv = ·I'><' mo·l 1 h~:: resonanc ' 
condition of Ti 3p ---7 :ld transition , lhr re,ommUy enhanced s lrn cture around 
£13 ~I e\.' is or 0 2p-Ti :3d bonding chRmcter. Th :) cV sl rnclmf' is !tt'n ·c 
atlTibul('d l.o sla.les of 0 2p non-bonding citaract.er. As s how11 i11 Fig. 1J.8 , 

ll.ter<' appears a.lrnost no LemperaturC' cll"pendence in tbc positiono am] widLhs 
of th -· 0 2p band even across llu• two ph ase lntnsilions . indicating tital illf' 

crystallogTapitic dis lor tion with lit e pha.'e traJJsitions mak<'s no. or little ir 
any. influence on the 0 2p band. consislcnl with the prcvi01 ts rel'uli [~L13J . 

4.3.2 Electronic Structure in the Ti 3d-Band R egion 
across the Phase Transitions 

Figure ,J.g show the PJ::S spectra in the Ti 3d bm1d region. As inclicale<.i hy 
t.br a.rrows in Fig. LJ. 9 . tl1e S!lJTlple wa.o; UTSl cooled anJ then heated so a.s to 
cross lwicc each o r the cwo pha.>e-lr<tnsi !.ion t emperalmcs ofT i.,07 . Tit , ftrsl 
spectrum in the bot lorn of Fig. '1. 9, which was rllCn , mecl a! 157 1\ (> r:us) 

2'fl1e metal-t.o-seJJJicoiJdlH;tor l·ransit ion thus occurred ;u t. l1e sa.nJP tnf'a.sured t euJ]Jt r a­

ture of T1\fS = 154 K thwughout the experilllenlti . 
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Fjgul'e 4.9: PES spet'L ra o[ Ti407 Jlled.':i ured hy J-i f' l (h11 :=:::: 21.2 eV J in <:hangiug lhe 

1.e111peralure a.< 157 !\ ---l 118 [\ ---+ 142 I' ---+ IJ6 I(----> 142 K ----t H~ K ---l !57 1\ fro111 
tlte bottom to the top of the figurt-. The alt.ribut.ed plla-;es are la.heled in Lile right of t.be 
figure. 

s hows a bmacl ma.xjrrJUut around Ee = 0.1!\ \'with n w ~.k bnl fiuile l"ermi 

edge. rcOeniug its roet<tllic uature. On coo ling from T = 157 I~ to 148 1\. 
the sp ec:trum loses t he PPrmi edge, indicating t hal t ltc- Ill phose is 110 longer 
rnera lli c. Wherea.s t he 1<12 K speclnnn in th ' cooli11g was iden t ica.J to th 1·1' 
K one, !he spectrum chang cl in going lo 1:16 K o.nd s howe-d the sha-rpes! peak 
a t Ea ~ 0.85 eV. Since lhesf' chang s occur wit J, the <'lt<;>rgy sca.le muclt la ro cr 
than t.!J e in sLnt me:ulal energy reFoh tlion ~-30 me \ ' _ we conc luded that the 157 
K a:ucl I ~6 1\ s pectra reOec t I h intri n. ic electron ic sl ruclure of tlw M ant! 
Ll phases o f Ti4 0 7 , re. p<1rt ivcly. b ·tw en whi ch !.he HI phase was situated. 
T'ss for the cooling existed bet. ween 136 and J -12 1\ . These three spectra were 
al so sJwwn in the top paJtel of Pig. 4. 1 0. The difference spectrum belw en 
llte Jl.[ and Ll plta.~r ( i.ltc M- LI di~ renee speclnnn) and tha.t between l hc I-ll 
ami Ll pha.~e (lll<' III- LI difl"ercn c · spect rum ) a.re shown in t it bol.lom panel 
of Fig. •I. I 0. 

Nexl. we hea t d the am ple from 136 K to 157 1\ as shown in lbe top 
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F igure 4.10: Top panel: PES spectra corresponding Lo lh~ lhree phases ofTi4 0 1. T hey 
hav been normali zed Lo their a rea between EB = - 0.2 eV and 2.0 e V. T he arrow fo r the 
Ll s pectrum ind icates a gap (Ec). Bottom panel : The M- Ll and HI- Ll di fference spectra. 

half of Fig. 4.9. Interestingly, the 142 I< spectrum was found to be identical 
to the 136 1\ spectrum, not to the 142 K spedntm in the cool ing as more 
clearly seen in Fig. •-1.11. That is, Tss for the heating was located between 
142 and 1'18 I< for this sample, compared to between 136 and 142 I< in the 
cooling. This difrerence in Tss between heating and cooling is due to thermal 
hysteresis between the Ll and H l phases. as has been observed in the electrical 
resistivity ( ee Fig. 4.1), thermopower [4.9] . optical transm ission [4 .18], and 
CP R. mea.smements [4.4, 9]. To extract the hysteretic behavior, we have 
defined the integrated P ES intensity S(T) as a. funct ion of temperature as 

(4.1) 

where I (E, T ) is the PES intensity. S(T) obtained for E1 = 0.5 eV and E2 = 

4.-1. llr.sults onrl DiscJJssion 

• cooling 
o heating 

1.2 0.8 0.4 0.0 
Binding Energy (eV) 
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F igure 4 .11: Spectra ofTi4 01- Two 142 I( spectra are different. between in the cooling 
aud i 11 the healing due t<) U1e hysteresis ef:fecL. 
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Figw-e 4 .12: Integrated PES intensity S(T) defu1ed by Eq. (•1.1) r.alculaoed [or E1 = 0.5 
eV and E2 = 1 eV. The upward- and dov • .-nward-tr iangles denote values in the heating ~wd 
cooling processesJ respectively. T he sol id li ne is gu ide t.o Lhe eye. 

1 e is p lotted in Fig. 4.123
, indicating that this behavior was reprodu cible 

for several thermal cyclings crossing ~"ts and Tss- Since the speed of cooling 
and heating was kept almost constant during tllis ileralion , t he width of tbe 

3 A s l.ighL change of E1 aod E2 does not seriously affect. t.lie qualitative t rend shown in 
Pig. 4.12. 

- ----~ '- ' 
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hy,f<'r<>sis was G 12 h in I hf' prc•prlf case. whik. a.c' liially. tlw wid I!, Wil S fom•d 
I o depclld both Oil sarnplt•, and <HI ll •crnl<l I rycliug a.rouncl Ill(' SS I ra.ns.i I ioll . 
b1·ing nms ist<'Jil wil h I he· previo11-; H·porl.s. I' he rc11son for I hi s llli<"<'Jl ainly 
ill lh' hyslc·Tc·sis widll1 wa s alt ribuled lo tlw rl1lclc·al ion ofdouu1insol'lhe Ll 
phi!S(' l'()(•x isl illg wi I" ill . l<'SI or I he C'l',YSlal which is ,[ill in the Il l pl!<l-Ses 1-U. 
9. 1'\j . I hi < ro11ld be e"plaineu i ll lenn s ol' the spinodal decomposit ion. AI 
thi s moment. llwrc• i. 110 infonnal.ion abm 1t l11e size of su ch domain s. on 
whicl1 difTuse scall erill g, ex pNim!'lll.s llSillg x-r;,_v nr ll!'UtTon would slwd some 
light. NevNihe lc" . llw di scr<'le niJ<I rf'producible lx·havior ,,[ lht' spectral 
rhange shown ill Fig. I. U sl rong]_, supporls lba.t lhP iiJierrn.,dial.<' phase 
consis t s of almost sing,lc• Ill pbaoe wilh negligiblf' amo unt of lite L1 pba.se . 
1\'hilf' the I'ES spPrl.nl of 1T-T<tS1 sl1ow hysle:relic be hav ior with width of 
~ I 00 1\ [ 1.1 9J. I hC' -pr<'~enl. res nil is in teres I i.ng in tlmt hyste resis i1 1 s uch " 
narrow l<"mpn<>lnre range is obsen ·ed by PES measurements . 

PES Spectra of t h e M Phase 

Let 11 ~ Ji scus,; lhf' J\·1-. Ill- . and Ll- plms<" spectra in detail below. rirs l , 
\W focu ,; on the ~l-pba se ·p<·tlm. The Ti :ld orbital occnpied by Pieclrons is 
thought to lw approximately the 3dx'-y' orbital [LIAJ. where 3· is t.l1e diTeclion 
or the p~Clld O·l'llt il<' r·-axi,;_ In the M ph as·, the I ra.n ofer integral t betweC'n 
I il<' neighborirP d~'-u' orh il a!~ is es timated ~ 0.40- 0.'17 c·V ['1.20] for i he 
I j.' J i d i,:t o11 ci· of 2.9- 3.0 A (Table. !.J.J )- Then, as a firs t approx ima.i ion. 
Ti,O~ ha-' a ;; iHg i•• han d of tit e width W ~ 41, quarter of which is occupied 
and s h 11ld h<' obSfTVNI "'- o ·cupi<'d s tales in PES. Apporent ly, most of the 
sp<>ctral w<'ighl of th<" ocC'11pied sl.at.es exists al higher binding energi s around 
I he broad maximum cenl.erPd at E8 = 0.75 eV. A similaT broad feature 
lws bN'n obs<>r ved a, t En ~ 1- L) e \ ' in tll<' spectra of tbTee-dimens ional 
vanadium a nd titanium oxides wi th 3d' configuratio11 such as LaTi03 and 
Yli01 [4.2 1- 2 ]. The feal ure has been int erprctC'cl a.s the in coheren t pa.rl. 
of I h<' sp ec! ral fur,rl.ion ac('omp ;l.Tl_ying I. he qnasi-par lide xc.italions orollnd 
f:,'p". ThP rel a-tive intens ity o r the in coherent pari. Lo tiJa.t o r the" coherent pi!,TI. 
local.ed around I he Ferm i level is known to be signi lC<~ntly d •pende1il on l11 e 
s treng~h or,, , ·ctron correlat ion l~-21]. Indeed. tbis efTecl Cil!J be PT<''Cl1led 
by th<' parnm<·ier t '/11', where U <1n d W a,re the m a.gnit ndes of Hw on-site 
Coulomb energy and the one-e lectron lmnd width. respeclivf'l y ['1.21 ]. lt 
is added ht·rt• tl ml we have a l: o discussc>d the struclme corresponding to 
t.ll(-' inroherenl pari in lite s pectra or lhe OllP--climensiona] NaVzO; in Sec, :J 
n.JI.I,ougb I tiP mom 'Til lUll cli sp r' ions uave b<'c>n ohserved in t hi s region for 
Na\lzO,. 1o rol1erenl speclrnl Wf'igbt a.ppcilJ's al Ep for N<J.V2 0 5 , ince il. is 
an in sulaloT. 

\\'hat is c!Jarac1Pri ~t ic in Ti,O: io that I he coberenl part. which overh1ps 

4 DeLa.ils hi'\..ve heen d1scus.~cl iu Cha.ptf' r 2. See F'ig . 2.2 . 
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the lail of lhC' inr IIPr 'lli pe~ k. is so w••a k in int<' ll sit v thai it is li<~nlh­
dis lingu ishabi<- from tlw incohN<'nl p,u·l. ·1 hi~ impl ies 1 l1nl tl1 <' ~I pha,,e ,;r 
Ti ,,O, i' a, s trongly corrP!at ed nwtnl. wl,·n · til<' molio11 of llw ronduction 
eJ,. rtrom in fiJi < sysiC'tn i• highly itiCOh•·r<·nL 'Jon<Jgai , I nl. [ 1.~. 8] ohsen·ed 
"T 1 dcpc•nd<·m·e in I he I'<'Si<livily in tit <' low- lempNalmc nwlnllic phasP or 
'Ji,O , lllld<'r high pn•ss11re. Assumi11g ll1<' 1\aclow;,ki- \\ 'oods rcl~lion. IIIey 
oblni1wd tl1<' e.l eclr nic spcciJk !J<•al coclflricnt 1 = 10 ·o m.J f h 1!1lol. whi ch 
is q11if<' <'Hlmnced tompar>~ble lo ; = iiO mJf l..:~mol for \ ' 1 0:~ [Ll-1]. '[ h<' 
·nhanccd Pmili sll sr.Pp lihilily [-L:l. ~]and 1lw reduc('d Dmde W<"ig hl in lhP 

op tical collduct ivil y !Li] ol' the ~! - pitas<" 'I i 10 7 arc als0 ilmdogon to tlte 
rnda llic phase o f V 2 0 ;. >~nd su ppOI'\ t II(· s f rougly correlil.t d pirlnre. 

PES Spectra of t h e L l Phase 

Nex t. lel us focu s 011 I he• LI -p base spectra wl1i ch co1Tespond lo si ngle-pa.rlirlc 
excilalim1s i11 til<' c!Hngc ordc·rcd si <Lie. !11 goin,g fmm the ~· I phase to tbe Ll 
phas . t.lw pea.k a t /:.'a = 0. 'i eV bec-omes s l1a,rper mtd a clcu gap is open 
Ec- ~ 0.21 eV as sbown in Fig. -1.10' . Ec is eonsistcnl with Lhe pre ,·io11s PCS 
s l.ndy. wbich s bow a shift ofi he leading edge ncar EF by~ 0.2~ eV in going 
from the i\il pha .. -;e to 1.], Ll phase ['-1 . 13] 11s shown in Fig . . •J.T. The opening 
of the ga.p in the emiconducting phase of Ti4 0 7 has been a.tl :riblll.f'd lo I he 
fonna..tion of bipolarons. The concepl of bipolaron was firstly proposed by 
AndeTson [4.25] fm amoTphous s•micOlHhlclOTS. where two c leclrons l'or rn a, 
si ng le! pa.iT on a. s ingle silc in o rde r lo ~ompensaie t h.- Cou lomb re-pulsion U 
by the energy gain clue to IilLI icc d formalio11. Lr,ter. thi s roncc'pl was ap­
plied l:o Ti4 0 7 l-!.26]. It was point d out I hat l.l1e llf'ar sf neighbor 'oulomb 
wpul~ic>11 \ ' is weaker ihan the Oll·sil(' Coulomb r pulsion U <111d the l.otal 
energy n\!1 he f·urllter JowC!'f•d. leatli11g Lo il1e !'ormation o f a sing]el-pa.ir b0-
i.ween I he nea1·est n<'ig hbor sit es. The bipol aron bi11di"" energy Eb .i s Lint s 
given by 

•) '2 

Eb"" -.Q - 1', (4.2) 

wher g is !.he elec\ron-phoHon co11pling pa.ra.J'nel er a 11d C is the elastic con­
sl a.nL Eo w'L~ esl. ima.tecl Lo be~ O.Hi eV from Lhe ;wal_ys is of lh , EPH line 
width ['1.26]. r;b is of I he sa.me order as Ec . witich is lhc energy for a lo­
calized bipola.ron to be d •composed into lhc phoi<Jeled ron and 1 hP pol a-Ton 
with latti e dis lorlion Iei.ain d. 

imultn.nem1sly with the opening ofl .l i<' ga.p, consickriibl<;> SfWCiral W<'ighl 
tran sfer ocClll'S over a. much Jar er energy range than Ec as can b<· seen in 
llJ<' M-Ll difference speclTum in Fig. 'LlO. ll is intPrest. iug lo rompa.rc t he 

0 1-J ft n~. Wf' on ly roughly estilna.ted E:r ...... 0.21 eV without paying any at,Le lltiOIJ IO the 
instrunumta.l resolulioll . .\ lore qua.ntitatlvt" f!'eauneut or lit e l iard gap will he petrorwed 
below (••• Fig. 4.16 («)), 
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F igure 4.13: PES (a) and :V\ S l4.1i\] (b) spe<:Lm or Ti.1 0~ in Lhe ~~ aud Ll ph.,;es. 

PES a.~ wf'll as XAS [4.U] speclrB between th<' Ll a.nd 1\ J plmses. as hown 
in Fig. ~1.1 3. In the XA sp ctra. lhc l29 and e9 lcvclo of Ti 1d were observed 
separately with the spLi1ti11g of~ 2.!i eV a.s shown .in Fig. 4.7 (b). Wbi le thi s 
splil.lilJg was imlepeml<'nl of 1f•rnperature. the posil.io11 of the un occupiecl t29 

IPv<'l was shifted to higher photon energies by ~ 0.7 f'V .in going from t he 
M pitas<' t.o the Ll phn s<'. lf we f'sfima.t.P t he opt.ica.l gap E9 ap by combining 
lh · i lu·eshold sltifl of the XAS and P E spectra. f:9 ap ~ 0.5 e is obtained 
as s hown i11 Fig. 4.13 . which is m uch larger ll~<w lhe measured oplica.l ga;p 
of~ 0.25 eV [4 . .1 8]. lf tl •e Fermi level may b • pinned >\t Lbe bottom of t lw 
C011duct.imt band n'< suggested by .'\ bba.te el rrl. [4 .J :3]. a band gap of ~ 0.2 
('\'would h<' obtaiw·tl . in n.gr<'ernenl wit.L l it e value of l he optical gap. Th<' 
negat ive thermopower vahw. iudica(ing tha.l Ti.10r i ~ of n-type. s11 pport.s 
t,lteir sugges liou [Li .9]. 

!"or further qmmt.ilaliv(' discussion on the lineshape of Lh<' Ll -plmse spec­
tnt. it. is neces ary to compare it wit L lh<..'Orel.ica. l specha ca.lcn la,led using 
the Frohlich or .fl olstein model. 1n general, if t.l1e pltonon encr.gy is ltegligible 
in compa.ri ort wilh 11' or if l.]p · lcct.ron-phonon conp ling consla.I ll is small. 
such inleradion in mei.a.l doc•s no!. e>1.use significant .influ nee on the PES 
spcclm <'XCcp1 for <lr0111Hi eF [-1.27]. However , if these condiliom do not 
hold , P8 spectra ;u·e sign ifi ca.nll y inDueJJcecl or a. metal-lo- insul a.t.or tran­
sition. in rnos1. cases a t raJISiLion into a charge-density-wave (C OW) sta.t,e. 
mBy occnr and a gap is opened a\ t:p. At the same time. the P ES SJ)ecl.ra 
are gn'<Lt ly aO'ected. witer · large spectral weigli l teuds to tr ansfer from tlw 
regiou a round /!Jp to higher binding e nergies. Although the Ll phase of T i40 r 
i,: not in the COW slat.· bul in lh ord red sial<' of bipolarons . it won.Jd be 
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F ig ure 4.14: Tlte eiP.c ·tmn densi ty of sLate:-, .V(w) o f' ll1 e Hol:-;tein mode-l cakulai ed ott 
half filli~1g for lhe Ein~tf'in ~honon ..uo- -1 .0f for i\11 8 x !S Ia.! 1 ic-f-1 aJ t.euJpf"ra.iurl' O. l t [ L2$) . 
wher(' f IS tl1e transff:>r I liCit n:\ e l <~ 111 e nt hct.wNHI t lw nea.rbl ueighbor :.;ilt>:; . g i:::; tl 1e eleclroll­
pllonoll coupliug const,ant . 

worth compariug il. witit sncit themeti ca.l calc-nlo.lion s. Por exn.mpl<'. V<•ki c 
and Whilf' [4.2 ] calcn la.l d tite liingle-pa.rtic.le excila l ion SJWdra bas<'Cl on 
lite Hols1t•iu model using qua.1il.nm !Vlonl<-' Carlo met hod. Figm<' 4.J~ s hows 
I be calcuhtl<~d 'l clr n den ity of slates N(u;). inclicaling il,;o! there em<'rgeo 
" CDW gap armmd w = 0 in going from lit • weak ·oupling case g = O.fi to 
I ite strong coupling ca.~e g = :LO. F'or g = 2.0 I it e CD \\' ga p is of ord r ~ Q.;"ii 

(l ~ 0.5 PV for Ti,,Or) <tnd tJ,c weigitl of I h incoherent p~rl sh. ws u peak 
at w ~ ±at. l n spite of t b nnpl•ys ic;,.ll y large Ein tein pli onm1 fn·quPnc_y 
wo in llwir caJcul<tli<m, I he calcni<ll<•d linesha:pe [4 .2<'] sc<'fns consistent with 
our obsPrv;l.liou lor Ti ,,07 . Experimentally. however. there is no snell n sharp 
fea,ture co•-rcspondiug to tJw coherent Jl<'B.k as sitown in Fig. 1.1 ·I [4 .28] no! 
only i 11 the Ll phase bnl also in the 1\ l pha.s<'. This di cyepancy is proba­
bly due l.o Froh lich inlera.rt.ion [4.29j or du<' to el.,dron corre la.lion incl udi1tg 
long- r::t11ge Cmd mb i11tera.ctim• [-1.22]. If titose iJtleraclions arP taken in lo 

accom•l., llw sdf-energy :S(k, w) . where [is tbe eleclrmt rnornenlum in the 

sys tem. becomes strongly k-ckpencleut and I he DOS near Er- is su ppressed. 
Those competing effects, elccl ron-t'lectrou <mel electron-phonon inleracl ions, 
shonld be trea.led in a model includ.ing both [4 .30] . which has n l yet been 
wel l unclersl.oocl . 

PES Spect r a of t he HI Phase 

The l ll -p lm~e sp ectra take a.n interrnediat e line hape between the LI ami 
J\,[ SJ etlra.: They show no Fermi edge and ltavc a. somewhat broader pea.k 
<11 Ea = 0.7.5 e\1 I han llmt of ll"~ Ll-pha.se . peclm. If W<' eslimat !.he 
ga.p of ll1€' 111 pha.sf' as in lh LI spectTa (F'ig. l.lO) . 0.12 f'V is obla.ined . 
The situation is . .how<"ver. more delicate since I her • appears no rea.! gap in 
the HI phase as subsla.nlia.led in the HI- Ll difference spectra i11 tlte bollom 
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F igm ·e 4.15: PES opecrr" of Ti40 7 plol,!ed ag'Cinsl E~ for En> 0 aud -E~ for Ea < 0. 
'T''he st ra.ight line:o; a.rf" guid<! to the eye 

of Fi. ·1.10. Indeed . th spc·ctra.l inle11·i ty vanishes on ly a.l. Ea = 0.0 f' V. 
fi gure <1. J!) s hows I be ' Pe ·tra plolled <lga.inst E'~ for En > 0 and - E~ for 
Ea < 0. As shown in F'ig. 4. I .j . th e M- plnLs<· sp<'CITa are convex ncar EF 
will• an .-nlmncPd Fermi edge. while the Ll spect ra.. which have a. '·hard gap", 
a.re concave. ln contrast , the fll -plmse spectra. form a.n almost straight line 

rrorn E~ = 0.00 to~ 0.08 ""~ (0.0 $ Ea ;S 0.3 e \' ) as indiu>tcd in Fig . '1.13. 
This cl<'<u-lv mean that the spcrtTa a.rc t.aJlgenl to E'F with the power law 
exponent <;f ~ :2. Por more qua.n tit.a.t i vC' aua.l_ysis taki11g the m<perirnent.a.l 
resohlli 11 into account. W<' have performed a linesl.ape analysis for t he Ll­
and H 1-ph a.se spectre .. Tl!C following linesl1a.pe / ( E = Ea. T) wa.s assumed 
with fre<' pa.ntm elcrs a2, bo. and Eo: 

f (E. T) = l o(E. Tl + h9 (H), 

where l 0(E. '1') is I he intrin sic part exw eosed as: 

l o(E.T)= { ~2(£ - Eo)
2
PrD(E.T). forE ~ Eo 

forE < Eo, 

(-U) 

(4 A) 
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wher,• i" icn(E. /') is lu' Frnn i- IJ ir;tr f11ncl ion a l T >1 ll hough I he• eOC.ct of 

f ico( e. T) is ll <'"ligi bly 11"<'<1 k ON a " '{' lu(l-.',.. n = 0 and T ~ 1-'iO 1\ . l ;q( /':) 
r<'pr<'s<" ll h Ill<' co-nsl.anl bac kg1·ouucl o f lh I'IC.". sp<'<"lr<> givC' II b~ 

( 1.-i) 

/"'o wa.s fix<"d 0 for I he Il l phase while• it wa" Rllow<'d IC' takf' a r.nil vnl uc· fm 
II If' Ll plnhe. l n s trurnent<~.ll'<'sol"tion II"!\' iurluded llmlllgh t lw <"Oli\'oi11l ion 
of / (F:. 7') will, i.IJP Gaussi;H, of F\\" Ht\.1 ':iO In<' \. A< shown i11 Fio . . J.J G (<~) . 
ll1(> resu lt of l be fitting is sat isfa.dory. <'<pecially for fh(' Ill s p<"rlra. between 
- 0.1 S En ::; 0.:3 c\ ' . We a lso show parl of til rf'<;fJ!Is in Fig. cl.JG (b ) on tlw 
log-lo~< scale to c·JnpJ,a.size the (E- Er)' d pcnci<"nc<' of !he 111 pi"'-'''· wl•irh 
rnakcF a c lear con trast to t.he LJ pha.se in Pig . J.l(i (c). The reso lnlion of 50 
ntf'V is inJiue111. ia.l only for EB ;S 0.05 e\' . Thus . I oc 1':2 is CJ11ite conYincing 
around I he Penni leYel or the 111- phas<' spC'c lra. 

WE· propos I ha.t tJ:1e above plJCliC)Inenon p<'ruliar to tl•e 111-pl,;l.S(' sperl ra 
:m1 bf' explained as a conseqncnc<' or I]IC' dynarnin1 l disc,rdcr iniiC·'rcHI in 

thi · ph;Lse. wh<Joe <'x is lence bas bec11 eslnl,lish"d lhrougl1 EPB results ['lA). 
Theorcti cn I >I ll die~ o f di sordered s~•s telll s have a long history sinn• 19-'i8 wl,<'n 
,\ndersou n•ised a con cept of e lect ron loral izatiou due to di sorder [4.:31). 
1 len•. we briefly summ cri 7..(' t he si.ng le-pm·l,icle exci lalion ·p c; l ra pr<>tli cl!'d 
for tJ,csc system s: According t,o 1\lts hule r and Arono\' [4.:32], II)(' IT<'ct of 

di sorder i.n a metal appean: as a cu sp :x jE- E'r.]i i11 t lw UO · !V(E) in the 
vicinity of Ep. Experimcnl aJJ,·, an indic<il.im, of 1 his cusp - like d<'plction or 
N(E) has bee11 reported for , e, _ _,A 11x [-l.:J :~j, gran u lar AI wire [<1.34). and 
La.Ni,_,'j £ 0~ (T = ~· I n , F'e . a.nd Ni) H-3-5] by tur11,eling a.Jid pbotoemiss ion 
spPctroscop~'· 011 t. he oth r ha.nd , El"ros and 'hklovs kii ( lcS) ['Uu. 37] ha.vf' 
pr<> tli cted thal ,\"(E) of" disorder-drivPll in su l<ttor shows ' '· ""so ft g<>.p"' calkd 
Coulomb gap a.t Ep: 

(Hi) 

wher<'" is the diel ,cl ric (Onsla.Jil. The esS<'lKe of !heir argume n1 i> qnil<' 
simp le a.s fol lows [-1.:·!6]: Cons ider a. t.hre -dimensi na.l disorder d s_ys l!·m 
cornpo ·cd of lucaJi zed elc'clrouic states close to t.:F wlwre t'lec lrOJI-el ·ctro11 
inl.e racl ion U,, = t:

2 f4rrt<·r,, exists be tween a11y l.wo sl ates i ;mel j. ll c·n •. 
r;, = )r,- T1 ) is t.J, e distance between lhe lwo loca.Ji z<-'d s taLes. If we deno <' 

llw cncrg ic · of si11g le-part icle excita.tions of the ocu1pi ,d . tate i a.nd th • \'a­
cant si.R.tc j by E, ami Ej. respecli1·ely. llw fol lowing inequa lit}' s hould hold 
for I. he lra.ns.fer of a.n e lectron from stat c 1 to sl<cte .i, 

in order for tl1.<' syslern to be s la.b le . Here. last lcrm Jepr<,se!I LS tbf' cxilonic 
effect of tLe cre<tl.ed electron-hole p<1.ir between th sta t <': i a.nd .i · Now. lei 
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Figure <1. 16: (a) Hesul t of i,h fitti11g of1he LJ . and Ill-phase spectra to Eq. {4.4) . T he 
arrows indicat.{'! £ 0 for ~l1e L l phase. As mentiouPd in the lext , LhP fitting ha::. been per­
formed wiLh the tustrUineJtlol resolutio11 of 50 111eV included. (b) T he HI-phase sped ru m 
a.nd tu rtu ed curve plotted on tue log-! g scale. (c) T l1e Ll pl1ase speccrum and lhe fitt d 
cun ·e plot.. ted on llte log-log scale. 
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II < <t<~ttrn(• lli<tl _\ ( e,.-) = 911 of () il!ld <'011Sid<'r ;I Sllt n ll ('IIP1'g_l' interval L 
cctlkn-·d a l E,.-. Jll<' rnt>nT1 di s ln11Ge H. helween Ill<' s la!r•, willtin tlii ' iulc-n·al 

I I ' 
i> (( ~ (.'/11£)-- " incc A I L') t{ ' /:' ~ J. If r; « ~ = e 'g,i /( ln·)~ . lit<• lll<'iltl 

inln<H' lion e1wrgy h<'lwc<·JI tit<• s l~l<·s r2f'l:udl = (1 2/ l:rn )(-'ju l:)t c:<rc<··us 
1:' and Cq. (-1.7 ) hr<'nh down. Tlwr<'f<11'<'- .V(/<'F) = 0 rnnsl hold. N!'>.l. if 
wt· assmn<' .\ (!~) :x J;" . il is <'ilsi l_v rir'dllc •d in n similar mannN I hal v ~ 2 

slioulti bold in ordf'r lu ·atisfy l~q . ( 1.7) for 11n_v P < ~- lnd<•<'d , 11ndn long­
rang<' Coulomb ini.PI'aclion. !I lim rir-al ralndal i m' (• l. :l ~] hav<' shown I bat IIi • 
demil.y of s iug le-p <l riic-ll' states hils IIi<' form of 1-:q. ( l.!i ) a rcnmd Ep. T111' 
width ,:.,.r or llte wft Co11lornb gap is giv('n by: 

(-1.8) 

wh<'re !\'0 is the noninl!'rac1int; d usily of sta les at EF- I l1e opening of I be 
Con lomb gap reflects lhe fad I ha.l ,.J,·drom; in Ti,07 a rc 1 ·alized a.romtd 
Ep. As far .u I. he li11csl1a.pe is con cCTTi<'d. I.J1r' Ill-ph ase spec! ra. agw•· well 
willi tl1e ES theory. 

Thr' magnitude of tile' CouiOJnb gap ~c In s been estimated a.s fo llows : 
If we assume a fw -eleclroll- lik<-' parabolic di ·pe rs ion for Ti.10 7 • /'>0 is of 
order of ~ l x l0 - 1 e\ '- ',\-:1. a typical va.lu• for s imple m<'t.a.l s .. llhough 

lhere is no r(·porl<-d ,- ,-nlue fo r ' I i 101- if r; i la.ken lo be ~ 10 as in a11 
ordinary s<'micond uctor . ~c is ·tima.tecl t·o be~ 0.2 c•V. If wr ta.kc 1 = 70 
80 m .J f l\'mol ['1.7. 8], No C(jllals ~ j' X 10-2 ev-•A-~ _ y iclcliug ~c ~ 0.3 
eV. A" t he eslimalerl ~c fa llo in Lhe same range as our obscrvatiou. we may 
conclude lbat l he p<'ctt liar HI- phase sperlrn <tr · cons·istenl wit], llw opeTiing 
of t he Coulomb gap. 

Experimentally. l l1e C'oul01nb gap was observed in tm111cling •pert roscopy 
nteasur(' tncnts for the doped setnic ndudor i:B [4.10. 'JD]. whose gap wa~ 
very small 0.7:j meV du e Lo low No. As for P ES Tnea.snrcmcJits. Davies a.nd 
Pranz [-1.:38] firs t poin ted out the po-sibi lity of a Coulomb ga.p op ning in 
the speclra o f Na,.Tay W, _,, O:, (<!A I]. t tl,e sam<' lime. tht·y predicted the 
possible existence of a Coulomb gap for T i.101 a.J IU F'e:l0 4 . too. wl1ile 11 0 

quaJJtilativf' a.n alysi~ on lh experimental spe tra l1as becu performed yel. 

In tlu s sense. the result of I :x (E- BFf with a. plausible .6.c in ll 1<' 111-
pha,;e spc•dra of Ti,1 0 7 is the firs [ indication of <t Coulomb gap using PES. 
Since om measu rements wer performeu 011 cleaved surfaces. extri11sic effec:ls 
such as disorder ind uced by scraping ca.u be aJcly excluded. There m ight 

-xist d fect s in I he c leaved surfaces of T i.10 7. bul Lh<' i1lfluenc<' of I hem is 
nol. supposed lo bt• s ignifica n t s ince tl1e spedra of Ti.10 7 s how the dist inct 

hard gap iu t he Ll phas below Tss signaling Lhe charge ordering . Suclt 
an ord •ring gap would nol be observed if the defecl.s alfectecl as a. nmdom 
polentiaJ n.t t he sur fa ce which is also implied by the d rnmalic impurity df<•rt 
a~ seen in Pig. '1.5 ( ). It should a lso be emphasized l]w i subs liluliomtl 

-­
·- --~-~--
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cmnpo11nds snc·h "" L~Ni 1 _7 ' l .r 0 ~, ( I = ~- ln. Fr·. and Ni) [-1.:3.">) bas s la.lic 
disorder. w],jle fi .10 7 is n clymnni ra ll~· di sordered sysi<'m . A> we s hnll see 

hdow. Fi·~,O 1 sl1ows d. siTlli i<JI Coulomb gap bchfwior. 
!lcJWeVt'l. tli<'rc rcr11ain snrrw problc111s to I<' solwc.l for the a bon• ini<!rpn·· 

I"' i011 of t he p\,ot<,<·missiuu spec!~"' '· 1 he !irs ! i;; about lt w I lw bipolnrorl­
liq"icl natme influence. tht• 111-pllaM' sp ec1 ra. If Llic bipolaroni' ar<' s table 
ohjN·ts. a linitc- energy will be needed to ext rae! a phot.o<·kctrorl from a 
bipo\;>rulJ as wa.s ohset'\Td i 11 tl1c 1.1-phase s pcdr<1. hut I he H 1-ph;cse SpPc\ ra 

s\i w only ll so ft gap. I Inc . the resu lt of t.lil' EPH >indy rna.y be relevmcl. 
t\rconliHg to La.kkis rl rd. [-1.-J]. EPH. measllrenceHI 'i del.ecl!S'd s ignals from 
' \ i'+ reuters of impmity origi11 for lhe Ll phas all(\ detected no sigm1ls for 
t\11· Il l phase. This illdicalcs tha.t T;'l+ cenl ·rs with life time short er than 
10-w sec may exisl int!Je Ill phase [4.·1]. Su ch a sJ,ort life lime is. how .ver. 

much longer than tl1<• time sca.\c of plco1oemi,sicm proc('ss <~.lid 1h · refore the 
d\'ltamiral disord<>r is rxpect.ed Lo plnv u dominant rol<' in t lw PCS spectra, 
n:s ulting in 1 be Coulomb gap. The s~cond problem is t he consist ency wii.li 
the clcclric<tl re.sislivily p. The \ogp· T -t plot o f (Ti 1_ T ,.).,0; iJI F'ig. 4.6 
shows V HJI behe\' i rat low temperillurcs, which snpporl s t], ex is t enn• of 

local ized s l.af e~ anmnd EF· llow VC!'. log (I sltonlcl bc>hav(' i\.5 ()( r-t ra.tlwr 
llwn :x r- ~ if the Cun lomb gap exist s ['1.42]. Unambignous d Lennim11i011 of 
the exp01wnl seems cl.i.ff.iruJt in this case fwm !.he dnla s hown i11 Fig. 1.6 s ince 
til,• tempcralme rnngc .i s not wide nougb . In addition. 1 he LI-p base T i.O, 
also shows power-law behavior of log p presumably du - t,o d ilu l<" impurity. 
whil<> tlJi s fac t does nol neccssa.r ily contradict with thp observed }c ard gap 
ill tlw Ll phnS(' ill the PES spertra sin e the density or S1fltc giv ing rise lo 
such VH II p rocess 1\~th large resis tivity is supposed to b too small lo be 

det<'cl <•d in P CS tn asuremenls. 

Schematic Diagram of the Spectra 

So far. we have discussed Lhe PES specLra of lhe ~1. H L and Ll phases in 

del.a.il. In Fig. tJ.l7 , schema.lic dia.gTmn s for the DOS of 1 he three phases are 
s hown. In l]l(' I ph11..sc. Lhe sing]e-pmlic\e excila.lion sp ectnnn has a reduced 

colwrent pari will, larg ·• spec! ral weight in the incoherent part.. reflecting 
strong ckclron correlation <t<; wel l as .-\ectron-latlice coupling. This resu lts 

in t.he psn1uoga.p behavior at Er a.s ohown in t he Iigure. On clecre11..s ing 
lt>rnperai.ur<' down to the Ill phase. lbe lallice becomes softened to allow 
a. lempoml forma. l. ior1 of polanm pairs, while electrons or bipola.rons can 

hop b<'twc~·n site . T his lea.dF lo lh bipo laron liquid st ate with relativel y 
low 1·esi tivity for a sewicondu c.tor. ReAccling 1110 dynamics of bipolarOJIS, 
I h._.. DOS hows rut op<::11ing of t.lt<' ·ofl Cmt!omb gap. This s t.a.l e may be 

rel ied a bipo\aronic W igner glass a was pointed ou repeated ly [4 .6 , 9. I 1) . 

On fmlhcr clecreasing temp rat me into the LJ phase. tlw la.t1 ice becomes 
. ofLCIJ<'d enongh l.o rapt me elect rml'i . To lower t be lot a! energy of localized 

Ti40 7 Verway Transitron Pl'laseTransrtron 

T <T., I T,, <T< T.,. I T.,.<T 
L1 Phase HI Phase M Phase 

Charge Ordered 
(Bipolaron Solid) 

(lncot1erent 
Part) 

Charge Disordered Charge Disordered 
(Bipolaron Liquid) (Polaron Gas) 

Figtu·e 4 .17: Scl rmnett ic.: di{tgram:-; of DO for tlw \ '1. rn , and Ll pha.sf'::. of Ti.1Q7 
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bipolarOTI S. a charge ordered s tale is rea.li zed with a hard gnp, which may be 
called --Verwey" gap. WhiiP only Lhe most dominant a.spc•ct is emphas iu•d for 
each pl1a.s<' in F'ig. 4.1 T for simplicity. the e lectron-e lectron intcmct.ion and 
the declron- laHicc interaction a re compei ing in a ll tbe plmse~ . To add to 
bot.h, lh<' cffc'cl of di,order .is found to inOucrH'(' significan tly o11 the 111- pl1a li(' 

s pectra .. 

4.3.3 Comparison with Fe30 4 

Jl is worth comparing T i,,O, ir1 lice fll phn s with F'e3 0 4 a.bm·e llw Ver­

wey lramit ion t<'mpera.ture 7\, ::: UO 1\:. It hes been be lic·ved t l1<tl cha.rgf!s 
are ordered below Tt• while they ;ne disordered above Tv. leading to Uw 
chamcleristic transport properl i ·s of this ma.t crials. Chain ani cl al. ['1.1 .5] 
reported a lng h-resolutcon P CS study of t hi s COII1Jl0lllld af va.rious lt•mpcra­
lures. 1-1 r , w presen t a,n analysis of lheir rcs1d l in I h ' context of a Coulomb 
gap driven by diso rder. Figur '1.1 (a) shows lhe spccl.ra of F'ea ,1 measured 
u sing lw = 21.2 •V wit.!J the irt trumenl.aii·cso lution of 70 me\·. As show11 

in Fig. 4 .18 (a). I lcey obsen· ·d that 1\w .intensity ai EF in the metall ic pha.se 
evo lves fi.S t he temp ·ratmc in creases. They corJc\udr d that it reflects th 

existence of s \,ort-rauge order (. RO ) above Tv while RO is gr<1dually lost 
wilb increa.sing l emper~lnre. As was pe1.fonm•d for Ti.10 7 in Fig. 4.l5. we 

have plotted ihC' spec tra a.gaj nst E~ for Ea > 0 and -ElJ for Es < 0 in 
Peg. -1.1 8 (b) . ll becomes cle~rer I haf the inlen ity at EF increaf'cs as the 

temperature ri ses as lca..inm1i of "'· [~ .15] point -e\ out. and more interest-
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(a) ., -.. ··, Fe304 
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Fig111 e 4.18: (") Sredra o f Pe3 0 4 "' 100 I{ (< 'li·L 140 l~, (> 7\·). 200 K . an_d, :100 
1\ TIH~a.~ured using hv = 21.2 eV [4 l5) (b) Plou ed u.gams1 £13 for EB > 0 ,llld -EB for 
t., 8 < 0. l'hf' solid lillf· in th~ 140 1\ spcct nJlll is guidt' 10 the eye. 

· o] )• ,·1 ·15 'ound 1 h·•L the l40 K spPcLn 1m almost fall s on a stra.igbl lin ' a.l t]1 0 . , I' f • 

En ~ 0.01 e V (~ ins lrnmeu t. <1l resolution). ln contrast. ~he 100 h ~pe ·\rum 
is s li ghLly collcavc, sigl1a.ling H ltard gap. whil the lOO h <l.nd 300 I\ spcrtra. 
a.rc convex . This observation is analogous to the LJ-. Ill -, a.J Jd J\il -pha'c sp('c­
lra of Ti4 0 7 . It is t.l1ercfore impl ied tba.l di sorder inherent. i11 Pe,,O" plays a 
,jg11 ifi ca.nt role in t he P E spf'clra. <nm md Tv. F<•3 0 4 is , however. different 
from Ti.10 7 i11 l.lm.l t.he l -10 ]( s pectn1111 . which wmdd correspon cll.o lh•: HI­
phase spect ra of Ti .10 7 • does not va.ui sb a.l E,. but shows a clear PenllJ edge 
a.s is lhe hioh-Lernpt•raLm metal lic stale a.l T > 200 h .. The dJfrerence b '-

1 wee11 Ti,,0 7 in t il . 1-11 phase and Fe3 0 ,1 just above Tv is prob<lbly re~~.ted ~ ; 
t he difTcrcnct> magnilmles of the condu ctlvJly (~ 0.1 versus~ 10 l1 em . , 
respectively) b •t wet:H i.l 1e ·e com pounds, a.ltbough bo th s how clmntcten ll(' 

sign of disorder. . , . . 
We ha ve perrormed a qmml.ilati ve linesha.pe amtl 'SlS on FeJ O.,. Sunil~ 

lo Eq. ('lA) . we ha.v<·· mod · leJ lh(' spectra. f (E = Ea.T) at 140 K. 200 h , 

a nd 300 1\ with fom param!'ters a.<; follows: 

I (£. 1') = lo(E.1'H h,q(E). 

where f o( E, 7') for 140 1\ . :200 f\. ~ .nd 300 I< is Llie intrinsic part expressed 

as: 
(4.10) 
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when• Oo IT'pr<''('TI Is <1 Jl11ile intensi ty a.l /:',.. Only for I itt• 100 1\ o< JWc1nnn . 
/" ( /•) . / ')is as,nmerll o be. 

Ia( t~· . /') = - ·J · 
{ 

fl l( I:J- Pt l~ 
lJ . 

ror c > L'o 
for C < Eo. (· 1.11 ) 

wherr· /:'o rcpw•senl" a Lard ga p. l0 irwlly. io1 (C) n·pn•senls I he liuc·~' bRck­
gro n!l(l or ill(' PES ,;pC'c1J a gi1·e11 by 

(-1. 12 ) 

Sine.<' I he iil l<'ns ity of i "" sp<'<ITa ( J [ FPJO., is \'t'TY low arouJI(I eF. il was 
nee "arl' lo ass unw the lin<'ar ba.ck~o·TotnJCJ ch i<' l.o 1 he> sa.l.elliLes of t.bc pli<)loll 
S01 Jrten lns1. rmncnla l TcsoluliOJJ was illcitJded 1lll·o11gh the t'OTJvolul.ion of 
! ( E, 1') wit.!, a GallSsimJ of PW1 I ~I ~ 70 meV l.cJ. l -'>] . 

The titling wa.s s<Liisfa.c lorily performed as shown in Fig . .J.Jll (a) b<·­
lwern Ea = - 0.1 5 r \ ' and 0.1!> eV. Th' 100 1\ spcrlnnn shows a. ha.rd 
ga p of E:o ~ 50 me \' a.s in di c't"'d bv an il.rrow. I n l·'ig. -1.19 (h). l11 re-­
sulls of t he filli ng /0 (£. T ) ar<' showJI without tlw ba.ckgronud 1;

9
(n ;end 

tlie ins lrumental bro;cdenin ,g. The dashf'rl curve. represcnl I he origin<LI de n­
sit y of st ales without the finil.<>-l.cmpenllun· Permi- Dira.c fnn cl ion (na.me)y, 
/ 0 (£. T = 0). the cui ofT ill. t';p in order to clarif~· tlie 11nile DOS <ll eF ). 
The most i11 te resling point <1f !. hi . fillin g is th a.l I he finite i11 tensil y at EF 
evolves sysl.emalicall y with increasing tcrnpcral m e. Jn Pig. 4.20. the mlio 
ao/a 2 betw.:.-en the inl.cnsily a t Ep . wh ich coutrih11Les lo l,hc .. m elalUr" con­
duclivily, nnd the magnit.ud<> of t ],e £ 2 term . whi 1 represent s Llw di,order , 
js s!Jown. The el •d rica! coli due l i,·ily dab of Fe3 0 4 ['1.4 '\j is s11perimp ~ed 
iu l!Je l1 gtll'f' . The rJo /"2 vaJ u •s at 140 1\. 200 1\. and :100 1\ fonn a slraigh l 
liJIC whirb extmpolales to 0 at. ll9±!', 1..: ~ 7',•. Tl1is observation , namc·ly, 
uo/a2 ::x T - Tv s lrm1gly iudi ca.les ll 1at t he /11 ac (E- E,.f hole],; jus t abow 
Tv. 1\ lcmpera.tur · ooe> up a bovC' T~· . the fi11i te inlc11Si\y at. E,. grows up 
in proportion to 7' - Tl' . .J. - H. Pm-k el al. [11.44] rC'ported tl~>ll ll1e .-pecl.ra 
of FeJ04 a.t no 1\ sJ.ow 110 Fermi edge, whi ch is nal1tra. ll y liTH.l r• rs lood a~ duf' 
to the smruJ a0 /a 2 . Their res11 lt seems to obey I · ( E - EF) 2 supporting 
our ana.Jysis . 

Scbemat ic di agrams for the DOS of F~,304 a:re shown in Fig. -1.21. Sine<' 
the e l<'clronic sl,ructmc of Pe3 0 ,1 jusL abow· T" shows a sl.rong analogy wi l h 
T i.10 7 iu t.lte HI pl~<. ·e. we propose tl1 ~L the 'ou lomb g"p exist in F<~30 .1 j ust 
above Tv a.nd co.ntiuuously evolve· inLo a pseu dog~p 1v>!l above Tv. V\"hile 
clutrges are ordereJ in Pe:J0 ,1 below Tv . tlw order-d isorder tr a nsition occurs a.l 

6 t.:11li ke the case of FeaO.,, tLe satellite o f the pbolo11 source. which is compo,;ed of 
h11 = 2:1 .09, 2:1.75, and 24 .05 t \' for hv = 21.22 eV [•1.43), gives Oll i)' II Cgligibly small 
influence ou lht :->pt<:dra of 1'i.10 7 arouud EF beC<tUse Lhe structurf' a.rouud E 8 = 2 PV in 
tl1eJJ1 is til rn o:;t flat as shown in rig. f-1. • while t.h€!r.e ex.isls a l a.l'ge feature in the spet:t.ra 
of l·'ea0 4 around EB = 2 e\ ' [4. 15]. 
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Figure 4.19: («) Resuh~ of the filling of the PES spectm <>f Pe304. Ope11 ci rc:les aud 
solid Jines s) 1ow •he ex pe ri1nemal spectra and 1lo e fit1.ed curve / (E.7). respec! 1vely. (b) 
H.esu ll~ of t.hf> fill..ing with01 Jt. t.he baC'kground fo9 (E) . The solid curve a.nd das.h d <·urve 
repn»;ent fn(E, T) and /o(E. T = 0) (o:<il off at EF), respect ively. '!'lie arrow>"' (a) and 
(b) ropre<etll L11. 
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Livity of Fe3 0 4 is also show n by a dasloed line [1.45]. 

4-3. Resulls and Discus.<ion. 89 

Crossover 

i . 

Charge Ordered Charge Disordered 

F ig ure 4.21: Schem&tic diagrams of DOS of Fe3 0 4 for Lile charge-ordered phase• (T < 
Ji, ). lhc charge-disordered phase with strong R.O (T 2; 7i· ), and the cl• arge-disordered 
phase with weak SR.O (T » Tv). 

Tv, above which charges are disordered with finite SRO . namely, the system 
is in the Wigner glass state [4.42). This results in the Coulomb gap at Tv and 
the pseudogap above Tv in the PES spectrum. The SRO is gradual ly lost and 
the system becomes more l,miform and moT' metalli c as the temp rature goes 
up, which yields the lemperaturt~dependeni i11tensity at EF. This picture 
is consistent with recent optical study of Fe30 ,1 [4.45] in tl.at the effective 
number of electrons monotonously increases above Tv up ~o 300 l(. ln Ti 4 0 7 . 

the temperature range of the Hf phase is only a few I< and th · first-order 
phase transition into theM phase occurs and, therefor·, such a. crossover-like 
behavior a.s in the case of Fe3 0 4 is not observed. Wt• therefore conclude tha.t 
disorder possibly plays an important role in the physical properties in Fe30 4 
above Tv as we!J as in the Hl-pba.~e Ti,,0 7 . 

Finally, two points are rem<erked. First , one cannot totally exclude the 
presence of a tiny Fermi-edge in the H !-phase spectra of T'i4 0 7 from the exper­
imental da~a. ln fact, by fitting the J-JI-phase spectra ofTi,10 7 with Eq. ('1. 1 0) 
instead of Eq. (4.4), we have obtained a. finite va.lueof a0 fa 2 :S 2 x 10- 3 ev-2 

which seems to dec.rease to zero toward 1\s. Jn the ·ase of the spectrum 
shown in Fig. 4.16 (b), for example, t he obtained a0 fa 2 ~ 0.5 x J,Q-3 eV-2 

give a finite Fermi edrre. but is not larger than the error bar. Thus, the fu1ite 
ao/a2 seems too small and temperature range of the HI phase too naTTow for 
the pmpose of accmate discussion as performed for Fe3 0 4 . A precise PES 
study of the V-substituted compounds (Ti 1_x x)4 0 7 around their ph>tse­
tran ition temperatures may serve for more quantitative discussion on t he 
temperature-dependent finite DOS at EF coexisting with the Coulomb gap. 
As a second remark. the real \1\iigner glass state seems unstable toward charge 



, l(kring i11 both I i.10, ciTicl n·,.O;. ln d<'<'cl. ~.pprvachiuf!. from the ntelallic 
sidr. f.e:,0 1 lltHkr!!,<W~ lltr Vrrwry lr~11sili01 t i11t.o >1 clt>Jrgc-order<'d s lniC' w; 

~<lOll <Ui "o /u1 r<'adt!'s ll. l'n•sJI!!Iabl_y. ,jmilar Coulomb-gap lwlt<L'·ior cou ld bc· 
oh~ervocl in Jllt<'r sys i<·Trt s s11rh <1'< J-Na_,.\" 2 0o (0 .. ·; < :r ::; 0."1)." l,ipol;nollic 
c·ompcHntd [· 1.'). ·Jfij when· a11 ordf'r-di,orcler trmtsil ion of bipolarot" occnrs 
at ~ :1011 1\ [I. II. JSj. 

4.4 Conclusion 

In conrlllsio11. we lt<wc· p<'rfonnecl a PC. slr.1dy of TL10 7 con~ring its LL Il l. 
awl ~ I phasf's. vVItil<·• lltc 0 lp baitci is a lmost in~<-'Jtsilive l.o I lie lempera.lure 
v;u·iafion. l l1r opf'c lra of Ill<' Ti :jd bMJcl show cllara.cterislic lemp<•ralure­
d<'pendcnl o;pcc l ra COJT<'sponcli!!g to the tlner ph< cs. Efl. •ds of thermal 
Jtysl eresi:, W<'r!' also obscrv('cl in I he PES speclra. The spec1m of lhe ~I p.ba.se 
it!"<' sirn iJm·lo the spcrlr<1 of three-dimensior1al vanadium and l.ilaniurn oxides 
with :lc/1 configura-lion. refl•·cfing the strong clectron-correlalicm inherent in 
ll1is Rys lf'TIL !11 Ill<' spC'rlrc• of t.lt U phas •, a r.11 .it c ""P was observed . We 

discn. sed its lineshape in term :; of ·I ·Lron-pJwnon interaction. TJw >pednt 
of I hi' fll pbase are gaplpss ami can b" .Gt.led to (E - EF? near Ep. WP 
iHkrprded this as a soft, Co11lomb gap resulting from a bipolaron liq11id la.ft:> 
or a bipolaron ic \\'i gl~<'f gla..qs. fly r a,na l_vzi11g lhe P ieS spe ·Ira of Fc,,O_, 

lite Cou lomb gap was also found just above Tv. inclicaling t he sigT1ill cant 
role of clisorclcr and lo11g- range Coulomb inleradio11 in I. he metalJi · pha.se of 
F<:·:10,,. \Vi lh increasiTil', lemp<'ratme. lhe Coulomb gap in FP30 4 is forme! 
lo conlilllJOUsly ··volv!' into a pseudogap i11 lhf' rnelallic stale. whereas the 
first-order 111-l.o-1\'l l.nmsilion in Ti,10 7 preclud ;; lhe observa.tion of lhe cor­
respondi11g emil im1011S cha.nge. We bave poi11led oul tlml cl isord r possibly 
rla_vs an important role in the phy ical properties of Fe,.O,, above T1· as well 

as in t h<' 111-pha'w Ti,, 0 7 . 
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Chapter 5 

Insulator-Superconductor 
'Transition in Ba1-xK xBi03 

W<• have perfoTmed x-r<1y ebsorpl ion spec! rosco py (Xt\S) and x-rily phvtoe­
mi ·sion spectroscopy (X I-'S) s tudies of single crysl<d ll a 1_.r l\.r 11 i0,. (R I\ BO ) 
covering_ the wl1o le nnnposilio.11 nwge 0 :::; :r· :S 0.60. Spvcn,l fcatnr(' s in 
t he oxygen Is ('Or<> X.-\ S sp•·cl.ra sl1ow syst f' matic cha.uges with :r . Sp<'cl rill 
W<'ight a.ronnd l hc abso rpl ion thn•s ho ld increases with hole doping ~nd shows 
a litlilc j tunp between ~· = 0.:30 <tnd 0.'10. whicl, signals the rn<'Lill-insu lator 
I ransit i011. \V,. lt<tve cmnt>>tred I he obi <tined r ul b with band-st rnc l un• cal­
culations. Compa.rison with t.he X!\ result s of Ba.P b , _x BixO :~ (HPHO) has 
revealed quite' different doping dependences lwtw<'etl 131\BO a nd BPBO. W<• 
ha.,·c a lso observed ·ys l.erna t ir core-lrwl s hifts in i.h <' XPS spectra''' well as 
in l.be XAS t lm· ·IJO!d M ftwctions of;-. which can be atlTibut<•d to a rltem­
ica l polen t.i a.l shift ~.ccompa.ny iHg I he hole doping. T l1 e obsNvcd rhcmiod 
pol "n ti a l shift is fouuJ to be slower than lLa.t predi ctE-d by lhc rigid band 
model ba,cd on the b<J nd-s in.tchu·e calct lla tions. We ;ma lyze t he dep<'THlcuce· 
oft he chemi cal pol('ntia l shift on til<' hoi<- d ping in 'l.errnsofa simvle Ferrni­
liquid theory and di scus. " possi blc r<'le\"<UH:c of i.ht' pseudogap in the roela.llic 
phase. 

5.1 Introduction 

The bole-doped bisrnnthatc Ba.1_, 1\ .rBiO:l (Bl\'BO ) has been fa.scimtl ing re­
searchers s ince its di scovery [0. 1. 2] for ils di verse physical pr pcrlics such 
as superconductivity, mel al- itl su.lat:or transition a.nd charge-density wave 

Tl1 e c:o nt ~ JII of 1bj.:; cha.pte.r WH.:, reported i11 : 1\.. l\obayasl!i , T. M1zokrt.wa, :\ I no, .1 . 
i\ l at~ullo, A. Fujimori , H . SamattL, A . Mishiro. Y. Nag('lta, a.ud F. :\f. P. de GI'Oot: Doping 
D~pe11de11ce of \.he EI<X"t ronic Slrtwl ur~ of Ba1_, ",Bi03 Studied hy X-Jhy Ab,orplion 
Spectroscopy. Phys. Rev. B 59. 151110 (1D9D). 

9'i 
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Figut·e 5.1: Basi r crys 1al s1ruc1u.re of BJ{BO is. i. e .. the three-d imensional perovskit.e 
::i!lrUCI ure. IJ1 e BiO,i octahed ra are tilted and shows breathiug for .t < Xc . 
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Figw·e 5.2: Phase diagram of the BI<BO system \.\''ilh lhe corresponding space groups. 
"lilting" and "breathing'' indicates those of the mo. octahed ra [5.3, 11] as drawn in 
Fig 5.3. 

( D'vV) formation. Although il is basi ally a. simple three-dimensional per­
ovskit.e a.s shown in l~ig . 5.1.. t he crysta.l structure is adually di storted 
(0 S ~· < :t'c) or cubic (.1: , < x) depending on :z: . where x, ~ 0.38. Figure 5.2 
shows the comp.licated phase diagram of BKBO showing the tilting or breaLh­
ing of the constituent Bi06 octahedra for x < :t'c [.5.3]. In Fig. 5.3, some 
examples of Lhe tilting or breathing of BKBO are shown. 

The parent compound BaBi03 is an insulator in contrast to the pTedidion 
of many band-structure c<tlculalions Lhat it is am tal with the half-filled non­
degenerate Bi 6s-O 2p anti bonding barJd crossing the Ferm i level ( EF) [5.4-7) 
as shown in Figs. 5.4 and 5.5. Thi discrepancy between band t heory flJH1 

experiment has been <tttributed to a charge disproport.ionation of Bi in to 
B?+ and BiH sites or a COW forma.Lion accompanjed by the breathing of 

-'i . l. lnt rodurtion 97 
(c) Cubic 

Figtu·c 5 .3: Tiliit~g aotl breall1i11g of the IJiO" odal•edra io BhBO [5.:1] C•rd e> de1101 ~ 
Ba. or K ions. (a) Monocli ni(' ~u· u c t, urc· witll tilLing a.nd b1·e:t1ltiug. (lJ) Ort.horhollll...ic 
S lrucLur~ with til! ing. {e) CuiJj(' strueture. 

the Bi06 o ta.hedra [5.4 . S) . llowever. ca.lcu l<ttions on hy poth<'iical rharg<'­
ordered st a.t.es l'ajled Ia open l], e ba,nd gap a11d t lw import a11ce of ek-e! ron 
carr Ia.! ioll e ll'ed w;u; onspectetl ['i . .J. 9). ~· l ore rf'C<' nl,ly, a band-s truct ur<> 
·a.i<:ulat.ion wl1irh takes iota account both the breal hing a.nd tilting di stortion 
indeed pTedi cled the opcnin ol' an intlirccl gap [!i. 10). 

By inCTea • .,; ing J' from 0. i.e .. by l10le dopi11g into OaDi03 , 13 1\ HO untler­
goes a semirondnclur-to-surwrcondncl.or lraJlsition a( 1· = .t· ,. The tmnsitio11 
lemperaturr (1'c) is highest ~ 30 1\ al .1· = .1· , [.5 .2], whiclt is th e bigh -·sl 
among l.l, e ropper- free oxides. It rema,ius snperconducling up to~- ~ O.G. 
above wh ich lJ,en· i' a. so led ilily limit of 1\ atoms [5. 11). Thos(' st riking 
propert.i •s have ofle11 bee11 compa red with lbose of I be typical cupmlc sys­
tem La2-TSrxCuO., ( LSCO). which a lso shows a transit ion from the insulating 
La2 'u0,1 int o tlw superconducting pha.s<' with holt' el oping. Unlike Ol< FlO . 
however , l he cryst<tl slrucl ure of LSCO is of l hc layered perovs ki te type and 
lhe parent materi<tl La.2 Cu0 4 is an mlliJerrornagndic insul<1lor rallwr tl1an 
<c C OW insulator. II is noled that 0 1\DO bea r · a clos<' relalions l,ip wiiiJ 
the Ba.Pb, _.r 0 i.r0 3 (B P BO) system. whith shows superconcl11ctivify lwt.w<'Pn 
~· = 0 a.nd ~ 0.35 with the maxinmm 7'c of~ L2 K around .1· ~ 0.2.- [5.12] . 
The origi11 of ll1e superconducti,·ii_v i11 OKOO a.s well as in BPHO has no! 
been settled yet: £l oUt systems are sp electron system . without magucti · 
ion s. excluding the possibility or magnetic pairiug meclm.ni ms. 

To <'Xpl<tin th cba.ra.ct.erisL ic p roperlics or 01\80 and BPBO. many l heo­
rdical studies including the band-st ruclmP ·a lcula.lion : werer<'porled. While 
the band-structure calcula.t.iom could explain the CD\·V formation in Ba.Bi0:1 

a.s described above. Tak<'gaJcara [.'i.9] pointed on! 1l1 at I h<' observed breat hing­
mode distortion tJ,eoretically ill<luce~ only a direct gc1 p ~ 0.9 cV whi ch is 
quit.e a small value compan~cl to the oplica.l ga:p of~ 2 ,..v [.5 .13] and. tl, ere­
fore. thal thE' lluite gap fo rmation in BPBO (0.1 < .t < l ) is due Lo a 
correla liou eff<>ct. of lhe Bi G.< electrons. lu l11i sense. electron correlation 
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Figure 5.4: Cakuhuccl energy ba11d struc tiHf' of Ba.BiO::~ . The Ui ()s 0 2p amiboading 
ba nd is crossing J:,F r5.5] . 
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Figur e 5.5: C<tkuhted total and oxygen I' pa.rLia.l dl'nsily of s laLes (D OS) o f Ba Bi03 
rtround £p DOS a.round Ep earn~ ft·o111 13i O.>t- 0 2p ani ibonding hu.nd [5.5}. 

witJJiu i],, Hi Gs ban d s hollld not be n<•g lected compared to tire elecil·oJJ­
i<t1iice jutcractimJ in spi te or the general recognitio11 t ha.t the us electrons 
form a weilkl y coJT<'ia.l d system. Aclua.ll_v, th e latter 01·crcomcs the form er 
in BaBiO, . yielding 1 h<' s la.ble Bi3+ sites which arc doubly occupied by 6s 

electrou>. lu lhe mos t. sin1ples l case.. sud1 a. system wn.s tre<tled using the 
negat ive-( · Hubbard lliOdel s!.<nling from lhe chaTge-djsproportionaled stale 
Ba 2(Bi3+ Bi"+)0 6 [f>-14. Jii]. which cou ld explain the ga.p forma.iim1 and I he 
doping dependence of the supercondudivify qua.lita.t il'cly. As anot l1er ap­
pnmch. u siug the Holsteir1 modd. Noack d a/. [5 .16] su ccf!ssfnll y di scussed 
th com p et it ion betw eu CD\\' aud supercondncl.i vity a.s a run ction or doping 
in !JaBi0 3. 

nders ta.llding the e lect roni c slrurture of Bl\BO is a neccss~.ry sf.ep t.o 
Ju ci d ~L<' lh<' mcrhanism of it ' s nperconduclivily. So far m>1.ny <'xperinwn-
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F igtu·e 5.6: 0 l s XAS spectra of (l seri b of LSCO. lL d early prove:; tha.t a new s t (t(~ 
labeled - A" d~ve lops in 1he charge-LrHrtsfer g"p jus! above lh e l"'rr"i !~vel hy ho le dop­
ing [1.2i;-j. 

la.l stud if's ha.vc been performed on Bl\ DO includ ing l.nutspori, oplicoJ MHl 
inn11e ling cxp Timcnt s. Qu ite a rew photo'miss ion ~I ndi es !Ja v<' al>o bee.u 
report ed (C r ex<unplc·. Rc·rs. [-3.11- 21]) wl, ile there il a.vc· been re latively rew 
x-r<~y absorp•ion spectwscopy (X A.') ·ludics [.).22-24J. XAS gives 11 s info.r­
matim, about t.hr unoccupied elect ronic stat sand. Lilerdore. is suita.bk for 
studyi11g th · e iTccf. of ho.le dopin g 011 the k ef ronic sl ru ctur -. "·' has bc·cu 
successfully applied to LSCO by Cl11'n d a! [.5.2 -5] . They observc•d Jh a.t a 
new stale develops just above the i''ermi leY!'! by hol e doping to til<' porl'nt 
compound La2CnO" as shown in Fig. 5.(i , clearly proving tlml the f'IC'clroni c 
strudure of LS ·o is described a.s a doped chmge-1.ransrer insuhltOT. !\ s rar 
a;; Bl\ BO COl! Cerns . s..,Jern-sngui et rd. [.'i .22] obs,rved a. prepeak in \he 0 Is 
XA . spect-ra f r Bh BO wi t h :r = 0.0 . 0.:2 a.ncl 0."1 <llld a co ni inuous chnnge 
a.cross t he tnmsition x ~ .1: 0 wns obscrv!'d. Q va.rford el a!. [!i .23J nlso reported 
result for :r = 0.1 n.nd 0.'1 <lend obtained s imilar resul ts. :\ sysf. mali · s tudy 
co1·ering a. wider con cent ration range. however. has !wen lac king. 

In t hi s chapter. we report on a detailed Xi\ .' sh 1dy of Ba.1 _ _,. l\ : Ui03 u sing 
single crystals covering lhe en lire ~vaj l ab l<' 1\ concenlra.tion rangf· (0 :S :r :S 
O.(iO) ror I lr<' first time. C:ra.dna l a.nd system atic o~.· -d epen clenl. c l:tan ges were 
observd for several re~ttnrcs iu tl1e XAS spectra . vV· compm·e lbese results 
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with ilu band-strmtnn' calrnlolions aurl will1 the Xi\S resnlt s of lJP!lO . ,\ 
q 11 a 11 t!iati l'<' a.n nly' i' hal' h· ·<'n made <HI the spc·rtralweighl of I he p rPpeak. 
Ccmtra s l.in ~t rlopill['.lwhaviors fi,,,.,. b<'C'l< rc\'c'alrrl hc•t\\·c•c•n 81\80 <111d Bf'BO. 
\V,• aJ,o pc•rfoiJIIf'd \PS 111<'<bllrcmC'nt s on the core lc' Y<' is of 111\UO. The 
oih<'rvpcl rorc~lc•vt•l <hift s will b,· di l'c lls'ed in tt'l'lll> of 1 he• rhemical pot<'ntiaJ 

~ !Jift dur to til<' holc· dopi11g. 

5.2 Experiment 

8a 1_, 1\, lli0:1 single· nys t al s (,· = 0.1 ll. 0.20. ll.10. 0.40. O .. 'iO ;mel 0.60). w hicl1 
wc·n· om·r!"d b)' Prof. \. Naga.ta. Dr. 11. Sam<tt.a, <md Mr. /\. !Vlislriro of 
1\oyama- Gakuin t tnivc·rsity, werf' g row11 by an elc•ctrochemicalwet hotl from 
a 1~0 11 solution with Ua (O II )l· SH2 0 and Hi2 0 :l · The compositio1 r of each 
sampl<' wa-; dc·tenni11ed by E P ~ I A )0.26]. A IJ a.UiO" single cn·slal supplied 
by Prof. II. J'a.kagi of IS. P. niversity of Tokyo was pmpared by lJIP flux 

nl<'thod. 
:\:\. me11Surem!"lll s were prr fo rmcd a.t ben.mlin<' 13 L-2 8 of Photon Fac­

tory. ll igh Energy .'\ccclera.tor Research Orga.niza t ion. wlr r<> t h highc"t in­
strnmental rcsolulio" was C'Xpected around til • 0 ls absorption ~dge ;nnong 
Jwamlines i11 Jap<1.n. Plrot ou energie>' were calibn>i.ed 11sing thc- Cu 2P3/­
Pdg!" of \'u mel a! at ~HL5 eV [5.27] and the 0 1.• f'dge f La CoO" aL !i29.3 
e\' [.'1.28]. 0 1.~ XAS spc•c t.n wc·rc ll:lken by the Lotal electron-yield method 
with photoelectron ~. ' J he enc·rgy reso lution includi11g the lifetime of I be 0 
1 s rorP hoi<> was~ O.T (•\1 <r.t 5:JO <•V. The sa mples were• cooled down to~ iiO 
1\ usi11g a closed-rye It' l le refrigerator. Tlrr press1n·e in the spPctrometer W<lS 

~ '' x 10- 10 Torr. 
XP S mC'a , urement s were perfo rmed 11sing the Mg 1\o lin (lw = 125:1.6 

eV) and photoelectrons were co llected usi11g a I HI DCJ\'IA. Calibration and 
c·sl.ima.t ion of I Ire instnmwnta.l r •solnt io11 wer don . usi ug go ld eYapora.ted 011 

lJl<' sample 5Lrrfare defin ing Au ~tJ712 = ~4.0 eV . TI1P loLa] resolution was~ I 
e\'. iwlucling bmh l he Eglrt somcc ami Lhe inst runwnt alr!"solu lion. The ba.se 
pwssur<' iu 1 hc· speclronwwr was~ 6 x 10- 10 Ton. All I'"' XPS mcmsurements 
were performed al room t.c•mperalUre ju order to a.void charging eff<'ct in the 

imuJ;,tiug phase. 
The sa.mp lc's were era-peel in siht with a, diamond file for bot.h mc·aJmrc­

ments. For t be XAS rnea.sur<'tuent.s. which are less ~11rface- ·en sitive than 
XPS, samples wer!" snapecl until the >pec;t ra s],owed 110 r,1rlher change. 
The obt;uned X AS spectra seem cousistent with tlw pr vious reports for 
.1· = 0 [5.29] and l' = 0.40 [5.24]. Por the XPS measurements, scraping wa 
perfonnNilllltil the 0 Is con•- lcvel sp ctra, became a singk pea.k. ' "'e con­
finnPd t bat 1 he measu red peak intensity of the Ba .. d X P , core Jeye] was 
proporljonal t.o o·. while those of the 0 .l.s and Bi Jf core levels were <tlmost 

indc•pendent of !'t'. 
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5.3 Results and Discussion 

5.3.1 Overall E lectronic Structure of the Uno ·cupied 
States 

Figure· .i.l s lrows I he \AS spN·fril of IJ a 1_.r l\.r HiO .·, for \ ';uiwr< .r ·s. \\'r sn­
pnirnpose the svc,clrum elf 8aUiO;, (.r = 0.00) on <' ad1 sp<·c·tnull (.1· > O.JO) 
iiS a solid curve•. Normalization of 11 !! the spl'ciTn was pcrforrrwd by peak 
hc·igbi a.1 I he p]JOlOII c·m·rgy lw = :):]:l .j:J.:i c\. In tlw bot torn. diflcrcnn· 
s p<'clrn from l!w [lid3i0, ' pcctrum ;u·e shown. Nota.bl<' s truct.1H<'s fouud i11 
t.lic ~pectra are Jabc·· led a< a- }' in Fig. 1.7. <lllcl tlr<' positions of slruchm•s 11. < 
are plotted i11 Pig . . ).8. 

T ir e 0 J., _\(.'\. sp ·.dra rcpr<•sent i.lre mroccnpied paTtial d en~i t y ofstntr·s 
( PDOS) of p chanrcte"r at the oxyg 11 -;i tP. tmcturc n netil' tlw ahsorption 
Pclge hv ~ 5~8.0-.328.:i p\' grows almost •no11olonously a"s :r incr<'a ~ s, which 
is also subsla.n liatecl ir1 tlH' bol.tonr panc·l uf Fig. Fi.l. At, r = 0.00. llrf' 
shape of tbe pr<'pcilk " is rounckd. whilr it b ·cornos a sharper peak n.t 1' :::0: 

D.\0. For the spect ra 0.10 S :r S 0.:30, where 81{1)0 is i11snlating. llw peak 
grows slow ly as o· i11c:reases. i\( o· = 0.!10 > :rc. where· fli\BO rntpn; th<" 
meta.llic Tegion. th!" p rept'<tk sucld<"H iy b •comes intense '"'d ke!"ps il s hc·iglrt 
until :r = O.liO. The increa se of lhr pr<'peak i" cluc' to l.hc dopetl hok's a.nd 
the rapid growth !'rom .1' = o.ao to 0.<10 would be a.l.tribnted l.o "' l.ransk•r 
of spectral weigl1t lo i.h<' region ncn.r the rhcrnica.l pot.cn\ial. signaling tl.1c 
mel al-in;;n.Jau)r trans it ion. This bcha.vior i;; f\SS rll ially diilcrent !'rom that in 
LSCO (sn• Fig. 0.6). where new spectral wciglrt "·PP<'il l' well below tlw fir st 
p<·a.k of llw insulator La.2 Cn0.1. !\ qu<rJllil<tt.ive discus ·ion a bout t l1e spcclnll 
wt•iglrt of lhc prqJeak will be ma.Je in Sec. 5.3.1 . 

Next. we investigate the behaviors of struct w-es b- f. . trnclur<· b. which 
appears as a shoulder-like structure for 1' = 0.00 a t hv ~ 532 e\' . becom -s 
ohscur<? in going fTom J' == 0.00 I o 0.30 and disappears a.t l' 2 0.'10. l ienee. h 
may he altribuled to Ba character. whirh point. will be di scussed below. Th<" 
behavior ol' st ructure r a.t hv ~ f>13 ii.'\ '1 <•V nnd str uctured a.l lw ~ 5:35 r\! 
is also systematica ll y dcpendenl 011 x. i\l r· = 0.00, feature• r witlr a slightly 
maller fea.tu1·e rl is observed. T hi s t wo-compouc·nt p<·ak c<· ntcrcd around 

lw ~ 5:14 eV is morrotonously shiflf'd to higher plroion <'neTgies with .r. 11ntil 
the center of I he p<"ak reaches h v ~ .)3.) e V. 1\ I t lw sa me I i rne. rl becomes 
stronger than 1· a.t .1· ~ o.:Jo and, finaJly. structnres c and d merge at l' ~ 0. '10 
into a pea.k a.s labelled --c + d'' in Figs. ·'> .7 <llrcl 5. ' . This observation ca·11 

be e:-.l) la.ined a.> follows: , t ru ctures c and d a.rc mai1dy of Fl a rharactc•r a1 
:J· = 0.00. whi le till" su bstiL11Led st<Cte · of J\ clm.ra.cl r "<f>pear at tb -• positiou 
of rl for .1· ~ 0.10 and. lhrr . fore. the gradual chaugc· rcs111ls from I he chaJ1ge 
of the electrortir truct ure d11e lo tbe substi tutiou of 1\ for Ba. '\ s wi ll be 
diSCllss<'d ill ec. !i.:3.2, thi s il' <Liso ' uppmled by the resull of tire X.-\S spec! ra 
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of BPBO [5.29], wher the corresponding c structure does not move to higher 
photon energies so much as that in BJ<BO. 

Besides a- d, the behaviors of lhe structur sin the higher photon energy 
Tegiou are worlh mentioning ;1Jtbough they behave less drastically than those 
near the absorption edge. On one ]Jand , structure c around hv ~ 541 eV 
simply becomes weak wilh ;r, indicalingthat th is st ructure is of Ba. chi!.ra.cler. 
On the other hand. the bTOader str11ct.ur J around hv ~ 547 eV doe not 
change ir1 the entire x range, indicating this to be of Di or purely of 0 
character. 

It is interesting to compare these observations with the previous report 
on the unoccupied states of BKBO studied by inverse pbotoemission spec­
troscopy (!PES) (see Fig. 5.9). Wagener el al. [5.21] assigned stmctures at 
about 4. 7, 9 and 14 eV above Ep (corresponding structures b- e) to Bi 6p, 
Ba 5d, K 3d and Ba 4f states, respectively. As for structl.lfes c. d and e, their 
assignment agrees with ours. If b is assigned to Lbe Bi 6p band M they iden­
tified, our observation that b disappea r" at :r 2 0.40 may indicate a change 
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Fig nrc 5.9: lu t,llf top panel is •.ltow tt lite ll" t:S spectrum of TIKDO [5.21] . The asoign 
HU:'IIIs iudkated in vhe figure correspoud wdlto our result o f XAS of BKBO showu iu the 
hot.tom prt.ltt"l. Sef" ilt f" t f~XI, for deta.i ls. 

In Fig . .'i.IO. \\'e show cornpa.riso!l bctwc<'n thr XJ\. sped.ra of ll a.B iO ~ 
and Hao.v l\ 0 1 BiO;, ;end the theor>tiraJ spectTnm of Ba.Bi03 deTivecl from t!te 
unoccnpied oxygen p PDO S [5.5]. The oxyg n PDOS has been broadened 
wil.lt a C:il.us>i<tu rutd a Lorenl zian wh.i h n·presenl the inst.ru rn ·ntal reso­
lution ~ 0.3 c\' aud \he lifetirrw broadening of 0 is core hole ~ O.J ,.v. 
resp<•<·tively [.5.29]. Tlte eJJergy scaJ' of t!te I hcorel.ical sped rum has been 
shifl•d so as lo compRrt' well with t he cxpcrimenl.«l opeclm. Structmes in 
th theoretical spec b-um are labelled as o-1. Al t hough lhe li nesha.p s of the 
XAS speclra lend to be d.isl.orlcd by lh<' core-hole pol.eniial, lhc theoretical 
peel rum reproclt!Cc, cxpet~m nt to some exl.enl: 51 ntrtltres o. :3 nud ;· S('ern 

lo corrcspond to o. band c (or rl). respc·clivcJy. In addition. it. is interesting 
t. nol.e thal. as for I. he prcpeak a. the lh metical sper1rum resembles the ex­
perimental spect rum of 8a0 .9J\0•1Bi03 rather l.ha.n tha.l of Ba.Bi03 • Because 
both samples arc insula.ting. litis cannot. be explained only by the effect. of 
the core-hole potential. This may be relalecl to the diiTerence of the crys tal 
lntclur , b<"lwceu .1· = 0.00 and :r = 0.10 since !lw strong bTe<tthi ng-type 

dislorlion and the lilliug of lhe Bi06 octahedra exist for". ;S O.l with ~. large 

olrclron-pbonon coupling constant [.'i .3. 10]. 
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!Ba1_xKxBi031 • experiment (x = 0.00 and 0.10) 
. . - theoretical spectrum 
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Photon Energy (eV) 

F igure 5. 10: Comparison of the XAS spectra of BaBi03 rutd Ba0 " 1\o 1 Bi03 (dots) witlt 
t.lte l!Jeoretical spectrum (solid curves) deri ved from the Ultoccupied 0 p PDO [5 .5] . The 
labels o- d are 1~he same as in Fig. 5. 7. 

5.3.2 Comparison with the XAS Spectra of BPBO 

Next we compare our results with the previous report. on the X S spectm of 
llie BPBO system [.5.29]. In the upper panel of Fig. 5.l J , the XAS speclTa 
of "series of BaP bt_, Bix0 3 (0.0 :":: x :":: 1.0) an· shown by dots, witb the 
BaJBi03 XAS spectrum superimposed for comparison'- AlJ the spectra have 
been normalized to their peak height. around hv ~ 534 e\1. We .have labelled 
structures il.S a- e. ln the bottom, the d.iffcrencc spectra from the 13a.Bi03 
spectrum are shown. The positions of simdures a- c are plotted in F'ig. 5.12. 

Although structure b is only weakly visible. structures c. rl a.nd e corre­
spond well to those of 131<130 in F'ig. -5 . T. Unlike Bl\BO. c a.nd rl do not 
greatly change their positions and linesbapes with x. e a.lso does not cLange 
its position with :r. This supports the above il.S ignmcnl for BKBO thai c, 
d ;wd e are mainly of Ba character. On t he other hil.nd. the position and 
lineshape of t he prepeak labelled a change dramatical ly with x, while lh ir 

1Here, we have linearly rescaled the plmton euergies of Lhe spectra meas ured by de 
Groot et al. [5.29] so that Lheir BaBi03 result agrees wPII wilh ours except for the slightly 
bet.ter energy resolut.ion in the present data. 'J'his discrepancy may be due to a. tech nical 
reason, namely, tlt method of the photon energy calibration . 
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Figm-e 5.11: 0 1.< XJ\ ·spectra of'' S<·ri<'S of Da Pb,-x Di.,03 (0.0 S ~ S L O) [5.29]. The 
spect,rurn of BaBiOs is superi mposed on e::lch spectrum. They ha vt bef"n uorm nlized to 
thei r ppa.k height arou nd lw = ~34 e\ " ThP position:" of a-F i.Lr plott~d i11 Fig. 5. 12. In 
the bottom panel are showu lhe differeu<:e tipectr:< from Lhat of BaBi03. 
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Figure 5.12: Posil ions of structures a and c-e iudicated in Pig . 5.1 l. 
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intensity relative to the main peak a.t hv = .533- 535 eV .i s conserved. This 
observation is clearly contrasted with the case of BI<BO, where the inten­
.· it.y of the prepeak increases with x . Th ·· difference spectra in the bottom 
par1el also clarify this point. As for BPBO, the intensity of the prepeak a 
>1 little in creases in going from x = 1.00 to 0.80, and then decreases almost 
monotonously as l : decreases. Unlike BKBO, t here is another structure in 
the difference spectra at hv ~ 530 e V, which doe not behave systematically, 
while the broad clip at ~ 532-533 eV increases with de<.;easing x. Such 
complicated behaviors significantly differ from those of BKBO, refleding tl1e 
different doping processes between BPBO and BKBO. Jn the former sys tem, 
the Bi 6s-O 2p antibonding band is replaced by t he Pb 6s-O 2p antiboncl­
ing band near EF. In the latter system, the doped holes are ra ther simply 
accommodated in the Bi 6s-O 2p antibonding band. The diffeH:ni. doping 
processes are al so reflected on the opposite shifts of peak a in BKBO and 
BPBO (Figs. 5.8 and 5.12). Other structures are shifted more slowly in 
BPBO than in Bl<BO. 



108 

5.3.3 El ctronic Strncture near t h e Fermi Level 

In L!Jis "'tliou . wp di , nl's how doped hol<'s nre acroniJJJOdal<•d in the ll i 
(,s-O 'lp ani ib<>uding loaud iu Bl\00 lm' <l 011 llw doping clFp<·nrleliC<' of I he 
inlt·n~ il.' f Llw pn·p ak. In <>JciN lo cJ,a rMICriz<• how the prc·pl'ak grow• will1 
1\ "ib~lilulion . lhc p<'a.k arouud /w = i.ill .j:j'j e\ ' lta< 1><-'f'll subtrarl<·tl by 
a s~ llllliJJ.!.!. it tu IH• t1 C: c-1u ~~ ln.It. as shown ill Pig . . ).!:). !! ere. th<' sbtv l<·d Cil'C'H 

l'(']'T<'" <'llls ''"' r•xtn.ri<'tl prepeak. In Fig .. j_[ -1. the arc<i :\( .r·) o r tll., prc·pr·ak 
rPial.i\'C' lo l il;d cof t h<· (;;nt~sian i;. plo11.<'rl aH a fnnC'liou of :r. \V<' h a.v~· sru'i<-•d 
.\ (.r) so lha.t .\ (.r = 0.10) = 1.-IU U<>c ' an~<' (.r) wo1tl d be propCJrtionalto ll](' 
1111111h<'r <1f ctnpl_v slates in lh<' 13i 6-•-0 :!.p ant ibonding band if the st rength 
of lit<• l:li (i8-0 2p ilvbridi'l.al ion does not chang<' with :r. 

In acnml<t.TIC<' with I he obsen•;ttion in Fig. -5 .7 l l, al I he prepe<,.k gTOws sys­
l.<'llHl.l ically wil h ,._ l h<' cxl racier! IY( .r) is a m ouotm1otts ly iJJcrca;;i ng fun d i011 
or ,,. ill Ill<' wl,ole ,)'Tang<'. l' il<' das!,!'d lim· in Pig. ::;. 14 repr>·enl.s t.he "ideal 
!tole doping" :V( .1) = I + a·. One c~n see " cleYia.l im1 from litis --ideal" b ,_ 
ltavior below .r = o.:w wil lt a jump between .r = o.:lo and 0.40. i. c., below 
and abov<' .r = .r,. The pres('nt resnll sugg ··sts lbat below x = l'c , doped 
[,oles may nol b<' a~·c-ommodat.ed in lite Bi 6.;-0 2}1 ani il.oncling band i11 I he 
sa.rn<' way as iu them >l;dli c phase. resu ll in' in the redncecl ,'V(o·) m1 I tltt• 
ins1il<t.lit1 •· hch<tvior. lll ol h<>r word:;. FpJ?clra.l wcighi clue lo th<' ('TTtpl')' Oi 
·,.o 2p states. whieil should be vroporlion a.l lo l + .r. is not conccJ\I.ra.t. ... d 
1war !:'F. hul is also disl ribntecl a.wa.v from EF. presuwa.bly overlaid by th<' 
Gauss ian. 

1<'xl. Wt' fo cus 011 tlw ohifl of the t!JTesilold f the X.AS spectra. Fig­
Ill'(' .3. 15 (a) slwws I he XAS spectra. of BKBO ll ('ar the abso rplionlhr<lsholcl . 
We de fin<• 1.1 1(' tlm·slto ld hv I he midpoiut of t.be leading edge as ma.rked hy !'he 
ve rt inJ ba.rs it1 the Ggm<'. Th<• re:;ult of t il e threshol d shifl is shown i11 the 
bottom panel of F' ig. :i .l(i. T he posit ions of t he prepcak 11 around hv ~ 529 
cV are a l ~o in lica.t -·cl by verl ica.l bars in Fig. 'i.l'i (;t) . In oing from :r = 0.00 
lo 0.40. l!,e pn•peak position rapidly moves Iowan! lower photon ncrgies as 
shown in Fig. 5.8. On l il e otl ter baud. t he thresbol cl is shifled more slowly 
tilaJt I hat CJf tile prepea.k in going from x = 0.00 l.o .1' = 0.10, rrwa.11ing l.ba.l 
II'" prc'p<'a.k berotne.s broa.dcr wit h decreasi.ng x . This may have aJt origin 
corm nou wilh I he tlepressimt of tlte sve lral weight. N(,r) in tile insulating 
pha;<e a.ml rnay be attributed lo the struclura.l di sl.orhon and Iii· COW gap 
fom1at i 11 iu the iusula.ting pha<~e. 11 has been reported i11 lJJ<-! opl. ica.l s udy 
l.ila.l ll1e COW gap of ~ 2 cV opens a t :r = 0.00. while il almost collapses 
a.l r<-ady al .r = 0.24 [5. t:J]. On the other hand. in the rnel. a.llic region a.t 
.r ~ 0.40. the shift of ilw Xi\S thres hold seems almost sa.tura.l.ed. Tl1 is saht ­
ra.lion may arise from lh<' difficult,· in I he defirLiliml of l hc thresho ld in I. he 
nwlallic region because of t he pile-up of spectra.! weight nea.r EF. sin ce I he 
0 ls XPS peaJ; sl1ifl bcha\·e · systerna.tically fo r ~-::; 0.50 as reported below. 

The clcprcssiml of.\'{~·) in I he insuJ ~ting ph~se implies a. pos. ib le fa,ilure 
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Figur 5.13: Prepeak of the XAS spectra e.\iraCLed on the assump1i on tbat the p ak at 
hv = 534- 535 eV is a Gaussian . 



110 

1.5 • area N (x) _______ __ f ____ J- ----
i-- ! t 

Fixed 

---
! s 

z 

K Concentration x 

Fir,.,n·c 5.14: Area. N(:t ) of the prepeak rehLtive to that of th. main peak. N(x) has been 
normalized assuming that N(x = 0.40) ~ 1.40. The dashed line represents the '·ideal hole 
doping'' as explained in the text. 

of the simple rigid-band model. In thi s region, doped holes would be locaJjzed 
clue to strong electron-phonon coupEng, wh~ich decreases the spectraJ weight 
near Ep. Tltis is consistent with the report by Puchkov el a/. (5 .30] that 
spectral weight observed in the mid-infrared absorption of tbe insulating 
B KBO is suppressed and that the l.ost spec hal weight is transferred to a 
higher energy region. In contrast, above x = x,. spectral weight of the holes 
introduced by the su bstitution of K for Ba is di stributed near EF, leading to 
the regular behavior of N(:t). 

5.3.4 Core-Level XPS Spectra and Chemical Potential 
Shift 

IJ1 f'igs. 5.15 (b), (c), and (d), we also show the results of the Bi 4ht2 , 

0 ls, and B<t 3d core- level XPS spectra. Tespectively. Accorrung to the 
high resoluwon XPS study [5 .23] , the lineshapes of he core levels of the 
meta.l li c B KBO are not single peaks but of multi-components with an energy­
loss stru ctme on the high binding energy (Ea) side. In fact, the core-level 
spectra in the metallic phase (pa.rticu.larly, ~· = 0.50 and 0.60) show somewhat 
broader peak widths tbmJ those in the insulating phase. In order not Lo be 
cijsturbed by such energy-loss structures, we use the mjdpoint of the lower 
binding energy edge of ach peak. The core-level positjons thus obtained are 
shown by vertical bars in Figs. 5.15 (b), (c), and (d). The results of the 
Bi 4/;12 , 0 J . and B<L 3d core-level bjnding energies relative to x = 0.00 

5 . .J. Jl, suit< ond Oi8r ussion 
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Figun• 5.15: (a) 0 ls X S spectra ofH I\llO near the ed,.orptiont.hreslwld. The lhresh.­
old defined as Lite tttidpojnlofthe peak are tttarked with venical bars. Tit positioll of the 
prepeak o is 1wso sholl"n. (b), (c), and (d) are the XPS spectra of the Bi '1/, 0 ]; and B:t 
3d core levels. Tlw midpoiiH of the pea.k is IIJarked '"'it it lhE: ver ti en.l h:1xs. In eadt paud , 
the spectra have bef"n normalized 1.0 tile peak height . 
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F igul'e 5.16: Sh.ifts of the 0 Is XAS threshold and the 0 ls, Ba 3d, and Bi 4.ht2 XPS 
core levels. ln the top, the average shift of the :X.r'I.S threshold and the XPS core levels 
and t.he i.heorel.ical cheruical potential shift calcu lated by band r~eory [5.5] a.5surniug the 
rigid -baud model are sl 1owu. 

are compiled in Fig. 5.16. In going from x = 0.00 to 0.50 2 , each core level 
gra.dua.l ly moves to lower EB by ~ 0.3- 0.5 eV. The direction and amount 
of the core-level shifts are common to all the core levels in agreement with 
lhe previous result [5.19] . Between X = 0.00 and 0.40 , the shift or the 0 
l s core-level XPS spectrum and the shifl of the threshold of the 0 ls XAS 
spect rum agree with each other quile well, indicating that the XAS threshold 
corresponds loa transition from the 0 ls core level to states at EF. 

Here, it is important to note Lh<tt the core levels of both anion ( 0) and 
cations (Ba. Bi) move in the same direction, indicating tbal the observed 
shifL is a measure of the chemical potential shifl caused by the hole doping. 
We have obtajned the average of the shifts of t he 0 ls XAS threshold and 
the XPS core levels of Ba 3d, 0 ls, and Bi 4/ as plotted by open circles in 
Fig. 5.16 and regard it as the experimentally deduced cbern.ical potential shift 

2T he singular behavior at x = 0.60 might be due to th fa.ct that the sample is near 
the solubility limit of K in the BKBO system. 
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~!'(·'·). C:xcepl for .r = O.GO. ~/l(.r) ckrrC'ase~ mom,fononsJ_, .. In l·i5;. 'i.l(i. 
wr· IW\'<' ;d,<o plo11<-d II"' riiC'm irnl pol<'nl ial shirt ~fl!(.r) pn•dirtcJ by 111<' 
ba.JJJ-~ITnclmc caiclt1<11 ion> ba.<e•d on ·tlw rigid-hand modt·l [·'> .. 'ij hy a da:dtf'd 
r·mv<'. Th<• cpmlil<il ivC' behavior of ~fl(.r) illlplic·~ 1 Ji;,,l I h · dopin." d<']wnd<"uc·e 
of II'"' Hh flO >yslcm obevs lit<' rigid- band mod<' I. "'" poiHI<'d oul bdon· b_,. 
Nmnnlarn<' t1 rd. [.1.10]. Quanti(;olivt~ly. howev<"r. llu• <ll'W>1111I of ~JI(.t) is 
rednc<'d cmnparC'd lo ~11 ;(J·). indica! ing 1.1'"' tJ,,. rigid-band ntodc·l basf'd on 
I be· haliJ-,lnlclli.re calcuh>lion~ cloPs uot succe<··d in the q11anl il<tl.ive expla­
n<ilion of ~p (.r). In Ia.d. WI' found tltaf 0.1 x .0-t,~(J·) well reprud11rc•-; lhe 
~p(:t) as hown by a dolled liu<' i11 I he IJgmC'. Za.kharov r/ ul. [ii .20J observed 
a. u.:l5 eV s lt.ift of the 0 2p band bet we• II .1' = 0.1 filii I 0.1 by pholoemission 
srect roscopy. corrcsponJing lo 111() faclor or~ O.fi. NamalalfiC fi II[. [·J.i.!J] 
also H:poriC'd tbal lhe measured chemical polenlinl shift is rcclucc·d almost 
lo ha.Lf of the LheorPlical predicl.im>. Th,orel.icrtl aualysis on !his fa lor ll'ill 
bl' di scussed beloll'. 

5. 3 .5 A nalysis B ased o n Fermi-Liq uid T h eor y 

In this Rt<cl.ion. we interpret tlte observed c], mica] poknti;d shift ..:-.,,( .r) in 
lliP rn ela lli c pkl-'e (.1' '2: :r .) in lc·nns or a. simple Lund au Fenni- liqu id lheor.v, 
where a rigiJ-band dcscri 1>tion is supposed I o h<· valid [.'i.:J I/. Wh···n 1 h(' 
d islrihnlion function n(kO') oi qu,siparl.iclcs (Q P's) with wa.vc> vector!.- aJ>cl 

spin 0' is changed by a.n inflnilesima.l qnanlity on(h·O'). the totnl ('llc.rgy E of 
th<' system changes by 

o£ = "---' c2n<lll(kO'l+ } L L f (kO'. k 10'1)011(ku)on(k'a'). 
kc- - ~:(1 /;;'q' 

('i.l) 

when> L~.~ is lite· energy of a liOn-inl.era.ct.ing QP and f(kO', /,-' 0' ). wliich is called 
a Lm,da.n pa.ra.nwtcr. is l]w sc ·ond funnional d<•rivalive of E. .f(lcO'.I..-'0') can 
be divided into i he spin->ymmctri r pa.rt. J~(k, /;') nnd the >piu-as,vmm tric 
one .[A(k,k'): 

.f
5

(k. k') = iu(kO'. k' 0') + .f(/<0'. k' - ul J 

.f.-1(/r.k'J = ~(.f(kO'.k 1 0') - f(kO'.k 1
- 0')). 

(:'i.2) 

(.:i.:l) 

{
5·A(k,lc') can be expanded by us i11g Legendre funcl ions P1(cos 0) in l.hc form 

.f5
··

1(k.k') = Lfi~.AP,(cosO) . (5.4) 
I 

Further . .rt"··l is 1·cclmecl to a dim 11 sionless paramelcr F/···' by multiplying 
Vkpm · /rr 2/i. 2 

where 11 i the system volume, kp is lite Fe rmi wave muuber. 
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a.nd 111· is III<"<'IT<•rlivc•ma .-,o fiiiC"QP. We ·J,oii!Pferl.o !·/·..! "'' ll1eLandm1 
pc1ratt1~ter l1er<~(Jffcr. 

\\'r· nlili ze the· f,,Jlowing C"qnlllion wl1ich hold s for"" iso tropic: Fermi liq· 
uid [3.:J:!]. 

('"i.ii) 

II"]H'l"<' .\""(/1) j, the d<:>n~ it y of l"l'll<>nnali~<'d QP"s <II lhC' c:hcmiral pofcnlia.l 
11. ,n,, ;1.nd .'\ •ditl «1"<' the· b<tn• (uJJr<'uonnalized ) band ma<s m"J ilH' bnnd 
d,•nsity of ~la l <'s ( DO.) alp. respectively. <·mel}·~" is tl1C' L;l.ndau pa:r<clll('­
kr in I rodu<·<·d a hov<'. whicl1 rq>resf'nl s 1i1e isolropic (I = 0) spin-symrne1 ric 
p;lrt of I be QJ'-QP rcpuls io11. Sim" the i'kclronic specific heal. codlicieut is 

' 
;r-I o \ ""( ) 

I= 3''t, : fl ' ('.>.6) 

~I' nll< be predi clecl from mca,;urcd 1 if Ff i ~ known [5.:33]. ~iany 
grO\lps [5 .34] hav<' rcporl••d 1 ~ 1.3- :3.-1 m.Jf mol l\ 2. which leads lo 0.65 J.!l 
• tal e~/eV·Bi for i\''(p). Acrording loa mccnf r<'porl [~ . :1 .5]. ; was eslimat('cl 
to b<' :L.I6. I. , aJICI 1.9'i for .r = 0.:!:1.0.31. and 0.11 which yi .ld ;Y· (p) = 0.92, 
0. ~0. and 0. ·~ sla.l /eV ·Bi , rcsp •c t.i,·e ly. On Lhc othCT lut~~d . our resnlt of 
th • cbemiral polent.ia.J shift aronnd ~- ~ 0.4 imlica.tcs Lhal 011 /Ein ~ l .O (s ,. 
Fig.:). ] G), whiclt yields Pi= - O.L < 0 if we u 'e :\'"( !1) = 0. 'S fo r Eq. ('i..'i). 
,\]lcrnalivf' ly. if WC" use N·(/1) slightly larg r t!JaiJ ~ ·1 according as reported 
hy some groups. we obiai11 ;t small. positivC" valne for F{ li enee. we may 
consider f wo diffN •nt "' ·onarios below. namely. 0 ::; F't « I a.nd F05 < 0. 

If 0 < Fl « J, llw QP-QP repulsion is very we~k, wltich is in a clear 
n>nlntSl to tlu· rcsull of LS '0 in the overdoped regime (x > 0.2) wif h 
P0

5 ~ ::l [.).:!:!]. II rna_,. be r<'a..<onable tlwt Bl\130 in lh metal li c region is 
w<'ll dc~rribC"d "'' a Fermi liqnid will! weak eleclrOJJ-eleclron rorn,Jaf.ion since 
f he hvbridized Bi G.~- 0 2p baud lias a large ham! width. HNently. 13ansil 
aJl(l 1\nprzy.k [5 .:16] Lrea.fed 13 1\DO us.ing the first-principles 1\:oniuga- l\obn­
nosloker coherenl-pofenlia.l-approximalion (KI\H - 'PA ) approach and con­
clndt'd thal Ll1e tolid cleu. il.v of stale a.l EF i reasonably wcJI df'scrib•·tl by 
I he Ua13i0a-ba.sed rigid-band mod J in lhe wiJol ~· ra.ngc. If this is tue cas<·\ 
the afon::mentioued a.dju>table parameter 0. -1 in ~!' = 0. '1 >( ~f!b ( a·) yields 
,,· jlllb ~ 2, mear1ing that the clectron-phonon coupling consla.ut.). ~ l siJ,ce 
eleclron-el\'ctron carrel at ion is weak and thC" mass enhancem•nt. will be dorn­
imJted by eke!. ron-phonon irttcractioJI. ). ~ 1 i" plausible t heoreti ca.lly [5 .1 0]. 
whil<' varion e.xp<'rimenl.s have; given diffen•nt A ranging from 0."1 to 2."1 a< 
compiled in Rei". [5.:15]. 

IfF(/ i m·gniive. ilmf'a:!l s I h ~.t th f' infe raclion between QP"s is attractive. 
11 ' houltl be noted lien·thaL tlw Penni liquid still remains tab le for a nega.l.i1· ·· 
P0~ if P(/ > - I [.J.31]. The possibility of a.n a.ltraclive intern.clion between 
QP"s is plausible in lha.f it fovor a superl·onducling pairing or a. charge 
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di sproporlim~<tl.ion. lnclc<:>d. a nega1i,.,, 1·~5 lw - bc•,•n <kdnr<"d for LSCO i11 II~<• 
11nderdoped snpercoodurli11g n•gion f:i.:H]. In I";H·I. il I"" lw<'n inkH, il"elv 
argu"r.l I hal ihe cbargc disproporfion<>fion info 8i"+ and Hi"+ 111<1\' han• ,~. ; · 1 
imporlanlrole in lh e mcta. l · ill ~lllalor lnutsiliou anJ the sup<•rcmldl.l("\ivi f.l· in 
B l\1!0. Sofa c1 a/. f.i.:n) Ln•;ded th<> 13PBO sys l<'nl 111 a "i rnpk mod<·· l wl.;cr<' 
lh" I cal disproponionation on 8i alon1~ is inclndf'd in a ·olwn•nl·pol<-lll.i;,J 
approxirr.mlim1. i\rrording lo lheirresull (Fi.,;; . l in Hef. l'\.31J). tll('cll<'minll 
potential rnovC";; more slowly than llw <'XpC"rl.<<.tion bas<·d on IIi rigid-ba nd 
model. as a res11ll of the disproporlior1a.liou (ltlh<' Ui sii<'S. E'-pcrinlf'nt<l]il·. 
Hc·llman <>nd HaJ·tford [.'i.:18J l"onnd I. hal lilf' conduct iYil y of rnel.allit" Bh UO 
l1a s lwo difl"erenl Cmllribul ions such a,<;, semicoJI(Incl.iii,I\ part aliCI a nwbdlic 
part. 1 hi s was a.! so reproduced in I lw single nyst a is [:-.. 1 I]. Prestll"ilfi bly. 
Lhc Jisproportionation at the Bi sites which dorni11at.cs lh<' insulo.l.iug plmse 
of 13.1\fJO HI ill remnins <' V<'n in I h<• fll<'taJii,· ph as" according lo this sc·<'l<<lrio. 
,\J tbou.gh SJ!ch dispToportional ion a.l tl1 8i sites has been obsC"rved <Js a s1<1t ic 
order only in I he illstdating ph<~.se [.).:L:Lj . if is thcoret i aJI.v prPdil'lecl lila.! " 
kind of ordered stat.e remai11S <t..< " rnixi urc of local CD\\' dornaius even i11 l11<> 
meta.! lie region [;3.39]. 11 ch a <patial lludual icm of rhaTgc disproport.iomd ion 
or locaJ CJJW leads lo ll1e opening of" pseucloga.p in t lw met a llir p.lliLS<" [> . 19], 
which may dPvelop a -hard" DW gap ir1 lh ~ ins11laliug phas·, wh •re the 
charge disproporl iona.tion becomes stal,ic. 

Pin ally, it is noted I hat. ll1c chargC" disproportionat.ion <Ll t.hc l:li silC"<, 
whet her dynamical or slalir.. might lead lo the conlinuOJIS behm·ior of ~p (.r) 
11.cros · ~· = ~· c · wL.il•• I he obs<'rved finite j11mp i11 li<e pr<'p<'ak intens ity JV(,·) 
LelW<>en .r = 0.:30 and 0. -10 indicate. thnt 1.11 rc ·xist.s a dC"Iinil c bonndaTY 
between the insnla.Ling amlm<"la.Jiic phase• ol" Bl\130. l'liesP coni ra.s l.ing f«cl.s 
are kft to be consist cnl.ly clariGed expcrin Jcntally and theorclically in fuf"m . 

5.4 Conclusion 

We ha.ve performed XAS and XP S mc«.smem <?llts of 13 1..:00 in t l1e whole .r 

ra.11g<' (0 :S:: :r ::; 0. 60). Tile X.:\S results show tha.L 1 he O\'Crall electronic 
st.ruc1uTe of the mwccnpied slates cha11ges syslemat.ica.lly with subst it ulion 
of 1\ for Ba .. Tha.L is. t he intensity of the prepea,l; incTea.se rnonolonouslv 
wilh a. finite jump between .1· = O. :lO ~.ncl 0.40. and tlw absorption tbreshol~l 
lllOves toward lowe r energies, al ]pas t in 1 he in"dating plmse. ~ood overall 
agTcemenlwilh I he ba.nd-st.ructure calcu la1 ious has been obta ined. 'ornpn.r­
ison with ihl' XAS res11l t. of lhe BPBO system has revt:a l"d ver~' different 
cloping-cl ··pende I cli ;mg<"s in t.hc elecl,ronic strucluJc between 131\HO and 
OPBO. In I hf' latter sys tem. Pb substil ulior1 replaces t.h pre peak i11 Ba.Bi03 

of 13i 6s-O 2p ani i-bonding character by a.nolh<•r peak of Pb Gs cha.ratkr a.t 
a l1igher er1ergy. The XPS m<"asuremenLs reveal thal the ch.ernical pmenl ial 
shift ~p(1· ) derived hom the core-level shifts moves iu the diH•clion pTedict.ed 
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by t II(• tigiJ- [,and rnod.·l. The (llllOlllll oft h<· s ltift. ltOIVf'Vt'l". i . a.lrno~t Ita.![ or 
t l1ut pn•dict Nl lw the· b>L!Icl-'t ruclur<· ndnll at ious. W<· anal~·z<·d t !tc bl'l~>wiot 
of ~1 , ( rJ in t nn< of a simpk F<-'rllli-liquid theory. 'llw i11tera.ct.ion bet\\'ecn 
cw·~ i" fonnd to lw <'ilhi'T Wt·akly r<'J>Llisiw or <llln,rtiv\'. While lit<:' foTTllf'l' 
rase is consistC'nl will' '' ~"'"'raJ reco1wilion lltai Fll\HO is a weakly corw­
la I ed sv.,t <'tJ 1. wr " J,o rlisnts:;ed. for lJ,' Jn.t ler ca.s ·, I iff' vo;si bi li ry oft he loca I 
rltarg<:disproporlionalion or !oral CO\V rem<tining in tit' lllela.llic n·gion of 
HI\HO. 
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Chapter 6 

Summary 

\·\."<'heY(' performed pliol.oernission spec1roscop_1- ( P l~S) s tudies on 1111'('<' dif­
fcr<'nt kind s of oxicl<> sy. tem. N<t\1 2 0 , . Ti4 0 7 • a11d i:h'r- ,_. 1-:, RiO:. (131-:HO) 
w!,erc• both eledron-clectron mrd clcctrou-hliticc in1erartions ar• thonglil to 
pl ay a significant role. Our main findings art summarized for each s_vstcnr a., 
follow. 

Na V 20 5 The aJlgle-resoh·ed photoemiss imr (1\ H PES) st ncly of Na V 10 " ha;; 
mad(' it cJ ·ar that the e) •ctronic structure of I he-· valence' band is highly 
a nisotropic. The i\ ]\ PES slndy by c·ha.nging the tempera.lme has rev,,;tlcd 
that the lower llu bbard baud slrows massive reclisl ribmion or spectral weight 
over the cuergy-mouH•nl.lnn spaCC'- Th<-' ov •rail agreernc11 t bel weeu UJP oJ'rc­
dirn(~nsiOJra l ( lD ) t-./ model and our observations implies thai ihe spin-c:harge 
S<'paral ion picture is ,-a.Jid i11 tire excil ill io11 spectra. of thi s sys tem. ,\lthouglr 
lhey are mor'? dre.~ t.ic llr~Jl I b<' t hcoret i(<tl prediclion. I he e:xperirnenlal finite 
temperature (' rrects hav ' been pa.rlly explained by the I heory, whicl1 In<ty lw 
expressed a.s I he Penni l<llrfa('e en-eel. of I lw spinon baud. 

Ti,,0 7 Tl1 Ti :ld band shows chamctcristic lempc>ratnr<'-dcpeJrdenl PES 
spect-nl. (:orresponding to the f !tree p1Hl$('S or 1'i.r07- Thr· spectm oft ilf• rnelal ­
lir phase at 1' > 15-1 1\ s how weak cohf'renl part wil h st ro·ngcr incoherent 
pari. igna.ling thai t.he d electrons in Llri > compound arc s trongly condaled. 
In thl' speclra.orlloc low- temperal:ur<:! insulnling phas<' at T ;S HO !\_ a finite 
ga.p is observ<'d reflecting the clt arg<' ordering in this phase. Tl1e spect ra of 
lire high-temperalnre insula.Ling (HJ ) pha.s<' a.t 110 < T ;S lii'l l\ arc g<>pless 
af llr<" Fermi lel'el (EFl and lhe spectra.! inlerrsily around £'p ra.n be well 
expressed as ( E - EFf· This facl impli s the existence of a so rt Coulomb 
gn.p due to clymornical di sorder 11nder t.lr influence or long-range Coulo111b 
interaction. Quantitative clisc11 ·sion on the P8S pedr~ or Fe30 ,1 has lead 
lo (l. physical desniplion consistent with t.he case or Ti4 0 7 . 
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lh> t-TK r BiO, 111<' x-r»y al"orptiou :< prdroscopy (X.\S ) study ou rll\llO 
ha.s n·n·»lccl that tlw iJ\'<'rall,•lf•drunic st. mclmc of ilte unorn<pied slates 

( il<lllg<'' ~.I'Rii'rnatirally with su\,,- tilution or [\ for Ba. In cmtlrasllo llw ('<lS(' 

of [,;,.1_,Sr,C n0.1• tlw inknsily <Ifill<• pn•pe;tk in creas,•s rnoJtolmiOusl.l· willt 

.t' w i I II a li11 i It• jmn p bt•l wrrn ,. = IJ.:Hl <llld 0.40. a.ncl t lt f' absorption l h res llold 
ntoves lownrd lower <'JH'rgi<'s. a t leas ! in I h<• ius11latiu phn.~f'. C::ood overaJI 
agn•t•melll wi1l1 t lw i>and-sl.turlmc ntlntlations ha.~ lwPn obtain<?d. The XPS 
mea.quremeu l ~ t't've<illlt al llw dwmin,lpol<·nt.ia.l s hift derin·d from lit<• con·~ 

l<'I'Pi shifl s move,; iu I iJ,. din·cliou predirlet! by t.he rigid-bm1d IIHHkl. The 
al!lolllll of Ill<' s hift. howcv<'>. is ai1110SI half oft I tnt predict eel by t.he ba.Jld­

st .-nrltll<' ca.lcnla1 ions. According to the a11a lysis of I he s hift basc·t! 011 a 
si ntpl<· l·f>nn i-liq11 id t IH.oory. I. he i11i eracl ion bet ween qltasi-pa.rl iclcs is foul!(! 

to be eilh<'t ll't'akl)· r<"p1d sive or a t lr~rLive. 

As imroduced in C'haptt•r I. t.lw ekrtron corrci<JLioll anti llte el<•ciron­

l<tl I i<<' interaction are roughl.v clmraclcrized by I h ·' on-oil<· C01 domb repul ­
si oT< ( ' and I he )a.ll ice deforn w.J ion em:rgy S ~ r/ JC. where g i" tlte e leciron­
phonou coupling parmnetc:r mtcl (' is l ite elastic constant. Tn Lh<' pTesertl 
work. we l1avc fmmd lh;tl lite PES spectra of those syslerns s how consit!cr­
<tble ~pcctral- weighl. I ransfer with tempera I ure or JJole-conc<'nl rat ion. The 
origin o f tlt ·•se p lwnornena l~<lS been atl.rib11led to elcdron-elrrtron and / OT 
<'i<'cl rou -la.t I ire inlerachon ~ . wl<il<> I he degree of their coni rihul im<s differs 
from comp o ntJd lo compound. ln fact, BKBO h11..~ bren fmmd lo have 
on ly w('a,k el clron concla.tion tlu·ough the core-level sh irt nl<'asnrcJTt Pnl s and 
larg<' c·lecl ron-la.llicc coupling is, tl, ereforc. sugg<'sl eel in order lo explajn the 
Sp<'rlra.l- weighl t.ra.nsfer a.t II<<' sernicondHctor-l.o-meL<tl tra.n silion obsrrYed iu 

the '\AS sp<'clra.. Ln thi s ~<·n sf' . the elcdroll- la.llic<' interactio n seem s lobe 
dominant in 0 1\00, I hal is "(' < S'' . l11 contrast. strou g electron orrelation 
in one dimension explain~ most of the finit{~Lernperalur effects observecl in 
Na\'20r. within I he I I) 1-J model. while there Rt ill remain some Toom io 
bP expla irt •d in order t.o obtain more qtmntiiat.i ve agreemeJlt between t heory 

a.ml c;o,l:><'rimeut. presumably indica.li ng tl."" Jtecessity of inclut!ing eleclron­
latUc<' int<'raction. We owy concluue that Na\'205 in Liti s l<·mr><"ralure ra.ng<' 
is c:q>ressed ns "(i > S". If .PES ro ea.';u rem nts cottlt! be perforrnecl for the 
charge orclrrccl s tate in I he low temperature. the iufonna.l.ion 011 the s1 <tte 

under t h<' competition would be oblain•·tl. wltich is left for future stttcl y. h t 
Ti.10 7 • we haw found a, clear indica.l.imt of both 1 he lono-ra11ge Coulomb 
inlerad ion ami t.he disorder du e lo formation o f mobile bipola.rons. Jn I be 
meta lli c slate. Ti .10 7 has large el<"Clron cOTrelation ll'ith llt(' s ubs tantial efl'ect 

of I he electron- la.tti cf' intemction. In the low-ternpeml.me in~ulating phase. 
"L' ~ S" holds r esuhingin I be ordered s ta.te of bipolarons. l:n tLe intermedi­

ate d isOJ'dert>cl phase. ~ i gniflca.nl in flu ence of long-r~nge Coulomb inlera.c:tior< 

yields a •oft Coulomb gap. :\It hongh lhc• result, nl. soft gap may be mo. l 
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striking. W<' wonld lik<' lo emplii<<iz<' 11,~1 il!i' C'OllljJ('Iiti,,u bf'IW<'C' Il Ill(' lwo 

iulcmctions i11 tl,is pltase br.iJ<.'(S such <ll< c>xotic slat" like· "bipo1Hrm1 liquid" 
into exi:<t...llc<'. :\ simila.r di'sniplion is ll't>li applir,bJ ,• to FC'·10 1. ""PJ'O!I­
ing <llll' inlc·rprelili 'iOll ur Ti.,O,. 13y ('Olllpming dilfc.r<'tll. roks or I ' ilnd s 
in tJ,,,, tltrec· kind s of cmnpe!l1nds. we may co11r·lwi<- t Ita I til(' diflrrr·•K•' in 
liJC' illlpOrl i1l<<'L' of lltP I wo interact iow; yielt!s a I'<Jri<'ty of obs1·,'\'ctl g ronncl 
s talf'i; or Lll<' spin-Pei<·rl s phnsc in NH.\ ~ 0 ;. til(' \ '<-rwr.l sl;d(' in ri,O, . and 
thC' Hlpt•rr:oncinclivily Or cil;ug<'-dC'!iSi\ y-wa\·C s[<tt<• in lJJ\H . rh f' diikrf'TICC' 

of rlime11siollalily may I)(' also s ignificartl: tim· · rl imc'll >illn for f!l\HO . on<' 
rliwen~io11 fm Nov 10 , . a,J](J s trong a11i sotropy in 1 i.10 7 . 

fin,]J_v. our res11 .ll s .gi ,·e a typical exHmple as to how i.h(' colTtpc·lilion 
lwt wcc·n t'i<•cl.ron -t·kclron a.ncl electroll-la.llice inl<'l'ilcl.io11s Hffrcts the• phys 
teal prop<'rlif's. While·• lh('(JJ'('L ica l ln· Hilllents of PI::S SJH'rira de>c rib<•d lw 

parameters or order c\.' Sll ch a.:; I he 011-<ill' Couloml; f'll t•rgy 11 <1,\'(' bf'C'TI well 

e ·t a bli f' hcd. qumttit.ati\'c Lrealmcnl rc l<·vant to loW-<'li<''K' <·'xcilill.ious is far 
from comprehensive llnclerslan cling a nd s till in prog rC's~ . Such pnJhlems an• 
certainly Oll<' of the most irnporl.aJJt problem s iu solid <I <l l(' phys i c~ le·fl to b<• 
soh·ed in fntme. 
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Appendix A 

Alternative Analysis of the 
APRES Spectra of NaV20 5 

In C lmpter 3. we report the ARPF:S ~ pertra of Na{J_96 V20-; at 120 1\ and 
100 K a.ncl u.iscn ssed the phyl'ical meaning of the r S1dl s in detail. :\ctnally. 
in om process of st udy on t he Na.r\'20& (.r = 0.96 oJ1d I ) system. we• !Irs! 
performed ARP ES measurerne11l. of stoicLiornclric Na\ 20 5 a.t :JOO 1\. for 
which we cou ld 110l measm c at low I empPral.ure~ dn<' I o sever<' rl1a.rging f'fl'pct. 
Subseqm·nUy. Uw mea.sun·rn<>nl.s of Na-cldiciC'nl Nau.96 \1205 were sn ccessfnlly 
prr forrn d unjjj dow n to 120 h. .-\ s point<'<! c•ul in 'haplcr :l, I he res ults of 
Na\120 5 arc consistent with the results of Nao.96 V20 5 • Ht'rc. we a.ppntd our 
origina.l a11al ysis on the ARP ES SI)('Ctra of Na\120 5 . 

In Pig. A.l. we show til<' H<' I sp<'cira of the V :3d ba.uu 11onna.liz<'"d to th<' 
pr·a.k J,eig ld a.1 th<' binding energy (En)~ !. .~ t>\.' rather tl,an to Ill<' a.rea. 
For t he rnomcntum ( 1.:) II b spec! ra show11 in Fig. A.l (a), I l1e I a. k<~o iT angl<' 
0 was variPcl frorn - 19° to .)3°. con0sponding to/, = - O.rr. lo I. S;r a.long 
lhr b-axis . T he Lin<'sha.pc of the lowcr binding energy side• oft h<' p<!a k ( E8 = 
Q •. 5- l.2 eV) show.s a wr-·ak b11t clear 1.--u<' J!<'!nd<'u r ' · Th<·· infi<'rt. iou points 
obtained from the semnd deriv;1l ive of lbe sp ect ra an• ma.,·kcd with vertica.l 

ba.rs in the same Ggm<> while thi s dis1wrsion see1 u · to m·<'rlap t,]l(' strm1gcr 
feature cenlf>red at 1~·D = 1.5 eV. The intemity plot in the B-k p lane: on 
the grey scale s hown i11 F'ig . A.l (h ) i11dicat s t h>d t.lu' lowc:r binding energy 
side of the lower ll ubhard band disp rsc. with tllt' periodicity o f "· half of 
lb<' r ·ciprocaJ la.lt.ice vector k = 2;r. In fO'I.ct. the spectr~ at k = -r./2, r./2 
ami :3/2r. have shou ld (->rS around 6)3 = O.'i- l.2 eV. It thus a.ppears that t li <' 
spatia.! periodicity is eiiecliYeiy doubled for tlw ~ l <'clrouic slruct urr· of t he V 
:lr/ states. On the conlra.ry, ll1e J1ighcr binding energy side ( c'a = 1.8- 2.3 
e\.') shows no signals of periodicity r. and I he res uli se rns consistent wil h 

Til coutem of this ~ppendix was r porLed in ; 1\ _ 1\obayashi. T . l\ l izok;nva , A. Pu 
jirnod . i\1 . lsobe. aud Y. l.Jeda: Single-P:nticle Excitcu ious in Om·-Dir11e!ISIOtt.al ~l oL L­
It ubba.rd i11su lat or 1\,.\ 'oOr., P!tys. Rev. LN t 80 . 3121 (199~). 
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F igu re A .l : (a) /, II b spectr<> in Lhe V :!d band region . They are normalized Lo the 
peak heigl!L arouud E8 = 1.5 eV. The verLicallines indicate the i~10 ect iOt: points. (b) The 
inlensity plot. Tlie dashed lines are contours . (c) /; l. b spectra tn the v 3d band regton 
and (d) the iulensity plot. 

the p eriodici ty of 2To a in the 0 2p band. r fl eeting the periodicity of the 
crys1 a] slr11cture (although we could not ciLecl; the 271" periodicity within om 
k-mnge ~ 27r). The structure cenkrecl at. EB ~ 1.5 eV itse lf does not seem 
1o di sperse. We show th k .l b spectra in Fig . A.l (c) with t heir inflectiou 
points marked by vertical line , which signals no di spersive feature. The 
intensity plot. in Fig. A.l (d) also does not show an~' delectable k-dependent 
modulation 011 the loweT binding energy s.ide of the lower Hubbard band. 
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Figure A.2: (a) Liuf:• ... sli ap~ ruHtly::HS of a.u AHPES spedrUIIL 'The tneasured sp 'C I rum is 
plotted with do1.s, / , l..t a.ud Ia wit.lt soli_d c: w·ves, aucl h:1 with a dot-dashf'cl turn~. (h) 
Pl:'ak po;-,it.ious for thf' k ll b :-.penr<'. ohtr~.iu ed front lhe linesh<Lpe t\Jlalysis (clos<~d circiE..os 
and tlte inflrct.ion point s) and 1.he inflecLion points (open ri rdes). (<.:) Pf'ak poshion:-. for 
the k _i b spectra. 

To perform mo r<' quattl.il a.f ive a.mdysi,;. "''" have m ade a. liliP· · hap analy­
sis betw<?en ea = - 0.1 and 2.1 ""on l.hi' a.ssumplion that <>ach specLrurn I 
ca.!t be decomposed into f.wo component s and a.rt itppropria le ba.ckgrouud 1. 

I = l .4 + l a + 109 as s!towlt in Fig. A.2 (11) . II ere. / _. and I ll an· assl!ln<'d to fw 
Ga.ussia.n and represents I r1e dispersive fea.l ure on f l1r lower hiJ ,ding 'tlergy 
>idC' of t he~ 1..5 eV peal ant.! thai of Lh, non-dioper ive ft·aiurc a l ~ l.3 eV, 
respectively. <!.l i hougb acl.lla.l Jines lmpes m a.y be mor<' cuntplica!ed [A.l --'1] . 
hs is assumt•d lo be ' 8~ . Tlte peak position and lhe wid th of Gaussian 
1\ wt>re trea.tccl as fitting para.mete.r. while tJ,ose of B were assumed l.o be 
k-indcpeltdenl I In Fig . .'\.2 (b). we h<lve plotted t lw pmk position or A as 

1TI1 t> posi l ion of peak B ntay ht> weakly dependeut 0 11 J,b bUI wlirn it was a.llow<'d r.o 
vary wilit A.· t,. we could tJot oh1 ain rea.soua.Ole f·onvergeac~ in 1 he leasHKJuares fiu in g. 



128 _. l]i/J< I!di.r . I. . lli•tnnlit•r . i uolrr~i., of thr AfJf!f~'S Sprdm of i\al '
2
0 , 

w<·ll a < ilw infl<'ction poinl s. Tllf' li gme show> llr;t! II,,· mon•c•nlll"' cl<>p.,.,,_ 
di•(( ce of the JX'il k po•i I ion of .- I. \\' h ich is con,;isl (•t il wi I h thaI of l ht' i nil Pet iotr 

poi"! . " '<' Ol> to h"n' t IH· (Wriorlicit y of". fully supporting; ,,,,. ob<<·n·a l io" 
di,cusH•cl ;,bove. 1, Fig. :\.1 (CJ . we show t h<· l'!'Sl dt of I l1c anaJ_,·.qj, of i]](• 

I. _j_ b spc•<·t rli. indicatiug no rle lectabiP lo-drpc·nclenrc·. 

Since!) "> tln' <nc·tical inlerpr<>tatimrs for thes(' obscrl'atimts ),,,.,. bt>en dis­

Cih$<•d already itr Sec. :3. it i• "ol l<'[H'fl.ied her('. Fimi!Jy. I I«• following two 
poinl s il.rc mentioned ba-<·d on llw f<'Sillt ~ of ihl' AHPES spectra of thi ' 
".1''1 f'lll <II r 20 h <md :300 1\ . 

• The spNlra of the· more iusutating NaV 2 0 ; than Na,J.96 \..
2
0

5 
wert' 

• light ly dislort<·d towa.rd l1ighcr EB du e Lo wt'ak charg ing Pffec l even 
at :l()Q 1\. 

• Peak B includes t.h(• spinon and l10lou I ands located at higher bind­
in' energies . . in w.hich we were no! co,Jiclenl whe11 we first analyzed 
Na\'20 5 d"ta. pilortly becfl.use drastic linit.e-t. mpcratme en· cts broade n 
th<> AR.PES spectra~~ :J OO K and partly beca use the s lig ht chargiug 
('ff<·cl : mears 1h(' specln1. of Na\ ' 20 5. 
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