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Chapter 1 

Introduction 

Electron-correlation eifect and resultru1t electron Jocalizalion (a i\· loll insulator) have long 
been an important subject of condensed matter physics jJ J. :ld Lr:ansilion-mela1 ox.i.d('s a rt' 
t-y pical systems, which often become insulating with magn eLir o rdering due to I hP strong 
on-site Coulomb repulsion between th'~ 3d elec trous. In some cases, a transitiou be ween 
a metal and a Matt insulator is observed by a slight change of some parameters (a !\ lo ti 
transition). A famous example that shows such a transilion is V2 0 3 ]2]. in which a metal
insulator transition a t the lowest temperature orcurs with applica tion of pres&u re. ll1 Ll1is 
,.ase. the varied parameter is the bandwidth. whi('h becomes widPr with decrc<lS 'd I aliie~"' 

constants by applying pre.ssw·e. 
Recent discovery of the cup rate superconductors has rcvivt.><J lill' iul<'n)Sl on this pruhl!•m. 

For the cuprates, parent materials are t.loLt insulators with C u :3cf1 t>J,>clron conliguratiou, 
and become metallic with hole doping, showing supcreonuueling t nm~iLion nt Jc,w lc>tnpcr
atures [::lj. lu view of thr :.•loLL lrausilion, th mntal-inhulutor transition <>f th<"' .:uprlli.P is 
induced by a dHmgc of the i.Jand- filling of the ,:otH.IuC'lion !;and. 

A simple theorcti<.:al model describing such <'lectron-c:c,rr<'latetl sysll'lllb is the' lluhba rd 
model, whose Htl milloni<UJ is 

H - - i L (c~cJ" ~ h.c.) 1 l ' :L n,·n,,. 
i)">CT 

where t is th hopping energy of electrons rutd U is thE' on-s ite Coulomb repulsiou enerey. In 
this model, there are two important pru·ameters; on is Lhe strength of declrou cOJTPiation 
U II, and the other is the number of electrons per site n. On I he ba~is uf Litis model, 
the metal-insulator transition of V20 3 is caused by the chang" of Lhe fono<'r paranwLPr. 
wherea.-; that of lh( I'Uprale~ by the chang<' of the laltPr paramPter [ I, .1]. Forth<! syslPmalk 
studies of the el .lron-corre lalPd system, therefore. wP llf'ed R system itt whid1 l;oth two 
pru·arnet rs. Lhe e le tron-corr~· lation sLreng;Lh and tlw cluetron number, C<IIJ hi' controll t>d 
independently. 
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P~>ro\'skite-lype lit.Mium oxidre, R1_,A_/fiO:l (R being a trivalent rare earth, am.J A a 
divalent alka.line earth), ib a system that satisfies such requir<'ITH'nl (Fig. l.l) l6, i , 8, 9. 
10, ll. L2, J :.l, 14, 15. 16, J 7, 18, l9, 20j. The end compound RTi03 has 3d1 electron 
coufiguration in the Ti site, and is a M tt insu.lator irrespective of the species of R ll2]. 
ln oll1er words, this compound is a typical tl:u·ee-dim nsional Mot t insult~tor with n = l. 
The crystal st ructure of this compound is not compll"tely cul•ic, but ha orLI.Jorhombie 
Jist rlion (the GdFe03 structure) as shown in Fig. 1.1, and the clJtmg of th' ionie radius 
of R induces the change of such distortion. As discussed later in detail, this change of the 
distortiou leads to the change of the baud width of the conduction band composed of the Ti 
:3d and oxygen 2p ori..Jital. Thus, the C'hang of the species of R corresponds to the cha.nge 
of the electron-correlation strength in this system. 

On the other hcmJ, (I) the substitution of the trivalent R ion by t.h • dimlent ,1 ion, 
or (2) the introduction of extra oxygen decreases the munber of electrons per Ti site (n) 
from I (nominal hole doping). It is known that with this doping the Molt insulator for 
n - I becomes metallic when the nominal hole conceutration 6 = 1 - n is ~ 0.08 for 
LaTi03, and "'0.4 for YTi03 [10, 13, .14, 15], as shown iu Fig. 1.2. Such a metal-insulator 
(!VII) Lnu1sition \\itb doping is analogous to that of the cupralo superconductors. The 
metallic slal' n ar the phase boundary of the MI transition of thPse compounds show 
characterist ic i..Jeluwior of correlated metals. for example, t>nhanced specific-heat coefficient, 
Paul pa.ra.magn tic s usceptibility (Fig. 1.:3) . and T'l coefftcienl of resistivity [L3]. Such 
i.JPhavior mn be explained theoreticaUy based on t he Hubba rd Hamlltonian [21]. 

1-lowevPr, the previous work main I focuseJ on the R= La system ( wilb a fairly JM'bre 
bandwidth) Rnd the R- Y ~ystem ("~th a relatiwly sm>li.J bandwid th) . and such studies 
only on l wo l<inds of ran' earth wer not sufficient to discuss thE' c.JopendeliC:e of physical 
properties on Lh•ir electron-correlation strength. which can be conlrolled b cbaJlging R. 

loreover, the previous work has made only qualitative discussiou in terms of the two 
panunetcrs, eleclron-c.;orrela.tion strength and band filling. We have also lilLie knowledge 
ai.Juul what happens at the .Ml phase boundary of lhis system, whefl" we expect sotnCc' 
chara.cle rislic behavior of eleclron-correlaled materials. 

The aim of this lhesL~ is to uuderstand I he charaeteristic propP.rLies of the electron
correlat.ed system i..Jy investigatiug R 1_,Ca,Ti03_y,2 as a p.rotot.ypical t.hree-dimeusional 
e lectron-~mTe]A t.ed system. Unique points o[ the preseul work are as foUows: (1) A sys
lmuaLic study with changes of bo h the correlali n slrenglh (a systematic chnnge of R) 
and the i.Jaud filing (fine control of Ca concentration and e lraoxygen). That provid~·s us 
wilh au owra ll feature of the electronic phase diagram of eleelron-corrc.Ja.teJ systems as 
a function of Llm~e parameters, correlation slr·nglh, band lilJing, H.nd temperature (2) A 
detailed sludy of t.he compound n ar theM l phase boundary. We can know r·baracl •ristit
propel·tie' of <t "h,trely metallic" phase from this study. (:3) Optical spectroscopy with 
chru1ges of btmdwidth, band filling, and temperature. That allows the discussion of the 
eledronic ~tructures of the ele tron-correlatecl system in a more quaulit>ttive wn: than !.haL 

R,Ca~ 

0(2) 

Pigure l.l: Schematic figure of the GdPe03-type structure. 
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based on a cottvcnt ional experimental technique. 
The fom1al nf lhis thesis is as follows: ChaptPr I I <.le:;r-rib<'!l the sample preparal ion , 

and transpon Alld magnelic properties of R1 ,Ca.,TiO:qy ·2 . Ott the basis of such results , 
the elef'~roni 8tH! rnagnelir phase diagram of R1 ~C'axTiOa-ey 2 is presented here. Jn 
chapter ll r, optical spCCL1"8 of Rt ,.Ca, TiO:; y 2· parlieularly their uandwidth ( W) mtd 
hole-conc!'ntration (6 l- n) dPpendeneP, is presented. WP discuss the relation bPlween 
thP elec ron-correlation st rE>ngth (C W) and lhe ~loU-gap magni ude in the end compouml, 
and lhe relation uetwe n I' II" and the c\"OJuLion mle of thP in-gap spPdra wilh <.loping. 
In chapter IV, optical bp{'(:tra for lhe metallic cr stals of Rt rCa,Ti03+v 2 with changing 
temperature are prPSemed. \Ve discuss such a temperawre-depem.iem spectra on the basis 
of tit" PXtemJeJ Drude a nalysb. In chapter V, phonon H.aman spectn1 of thP metallic phase, 
which couples with the exc·italion across the PPrmi surface, are pr,~ent d. haplt>r VI is 
devoted [.o conclud ing remarks. 
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Chapter 2 

Transport and magnetic properties 

2.1 Sample preparation and experiment 

All the samples investigated iu this study were prepared by th<> float ing zon" tnf>thou 
similarly to the previous work [15]. tarting materials are R.20 3 (R-La, Pr, ~d, !:>m, 
and Y), Ti02, Ti, and CaTi03. CaTi03 was synthesized by firing C'a '03 tmJ Ti02 in 
air at 1000 C' [or 24 h. toichiometric amount of sources for R1 ,C'a,TiOa. whidt hnd 
been well dried in advrutC'>, werE' mixed and pressPd into rodb 1\'ilh ~ 5mm ~?. To kc>ep 
the stoichiometry of oxygen, WE' have omitted a sinlPring procedure, and directly m0lled 
the pressed bar \\~th use of a floating zone furna<:t' cquippL'll with twc> httlogt'll IIUnps 
and ellipsoidal mirrors. Aunosphere in lite furnare during lh,• crystal growth was w1ri•"l 
to control the oxygen offstoichiornetry of the sample:; (y). whic.:h was dt'lerminr!tl i>y th•• 
thermogravimetric anu!y~is (TGA). Tbc stoichiomclrif' RTiO:soo <:ou iJ be ohtainrd in g11b 
flow of ~0 % J b/ Ar, whereas lhe lTlC:'iting in gas now of ,\t• (G'\) oftC'Il n'.SU!ts its Llw t'Xl'<"\SS 

oxygen (y/ 2 · 0.04 as 11 lypic:al value) . We assume lltal the nclio of R. Ct. 1U1d Ti dr)<'b not 
chrutge from the starling mlio. Thus, the nomin<t.l hole ccmef'lllmlion I> ih givon IJy J' I y. 

X-ray pow<.ler diHraction was measured and showed thaL crystal sln;clurP of all the 
samples investigated here is GdPe03 type. Latliee eons lanls (a,b,<1nd ") ar'> showtt iu J.'ig. 
~.1. The anisotropy f the lattice constants becomes larg<'r wilh smallc>r ionk radius of R 
and smaller Ca concentration. ClS shown in Fig. 2.2, whPre lh<' ratio of a to b i~ pi llc.od. 

Resistivity measurem<'nls were carried oul by th" conventiona l four-prob" lechniqu•· tl::r 
ing indium as an e lectrode. :VJagnetization measurement \\">IS perfm·m<->d Ubing a SQtll IJ 
magnetometer. 
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Figu re 2.1: LaLtice constants of R1_,.Ca,. Ti03+y/2 for R.=Pr, Nd, and Sm against 6. Closed 
circles and squares represent a and b respectively on the left axis, whereas open circles 
represent c on the right tl.Xis. 
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I La Pr '\d Sm y 

Ti-0(1)-Ti J,olld ''ll!(le (dep;r<!<') I 157.5 (1-~2.8) 15ll.7 11G.8 J IO.:l 

Ti-0(2)-' l'i l>onJ <lll!(i<' (dt'gro,.~) I 166.!) (J::i2.:l) lfjQ,:l 117.0 J J:l.? 
W (t•V) I 2A5 :~.:n :.1.27 2 J(i 2.!11 

w I I 0.95 !Hl:l 0.88 0,8:) 

TaLIP 2.1: Ti-0-Ti l;omJ angl» nnd btutthddt h of llw condu!'ti Jll l»lll< I <>f I?Ti03 . Thu valu ~». 
of hrmd angl<' ""'-'from l(,.f_ l6lt'X'-"'Pt for PrTiO:~. whuM' lHond tlngl<'~(in parPllll!t•M•&) arP 
ohtain£>d by th<' imPrpolation of LttTiO:~ a11d \dTiO:. using tht•ir wl<-•rmH'!' l<tc'LOis. 0 ( I) 
tutd 0(~) r,f,.r t.o t lw oxvg<>.n~ 11< Lll't> cliffPrPnl sit<% of tlw GJI-!•03 stru!'tUrP. II ' b thP 
full-wid1h of the c:ondu<'tion bamJ. calculated with tight-l>imJing approximation. Ji ' is thP 
wtio of W of Padt RTi03 to t hat of LnTi03 . 

2.2 Calculation of the bandwidth 

Th(' condu<'tion band of this system is composed of llw Ti :ld 12!1 orbit<! I and 0 2p 1r orbital, 
unci its bandwidth is govemed b_v the Ti-0-Ti bond angle. These GJFeOa-type Liln~tates 
It ave tht' Lilting Ti06 oct.a lwdru , which JpaJs to the dl'nease of tlw Ti-0-Ti bond angiP from 
180'. ComplrtP structural parameters WPl'i? prPvi nu~Jy uPlf'l'tnitwd for RTiO:l by ll! ac LPi111 
cl a/. !ti), 111trJ wi t h us0 of thPir data. the Ollt.'-•,IPctwn bandwidth of lh<> conduction bant! for 
RTi0:1 can l>e r:alcttlaLPd by a tight-binding mmiPI. wltt•rc the ll ;l mil w nian ntatrix hasP<.! 
on tlw lhu·rison·~ parameLerizHLion 1221 takin~ ax:cou nl of Ti :lrl 129 and 0 2p orbital with 
Gdl~'03 lattice dbtortion are diagonalized. The Ti-0-Ti bond angl(o)!; and the full-wiuth 
of the cout!udion band from the ca lcu laLion (II') a re list I'd in 'li1bl<• ~-1- I~ - lli liH-' r;tt io of 
11 · of e>lch HTiOa to thal of La1103 . Among t. hese, t lw minima l l>nnd11idt.h of YTi0;1 i~ 

:; '1t of the rnrudmal one of LaTi03. 
c,1 dopin •· may Blso iltduce a change in the Ti-0-Ti bond ;utgl c> >l nd resuiL<lnt ly in t.lte 

l>wrdwidlh oft hP conduc tion band. Since Lhe Ti-0-Ti hond >lll!(if' of 1?. 1 ,C:a, Ti0;11 v -2 wi1 h 
fin ill• vuJ ue of J ' has not experimentally be('Jl df.'Lennill<'d ;o f,1r, we esti ma t..>J Lhe r·h;Uti{e 
of"- t.o lenutCP factor I instead of the bond <lllgl('. The lolenl!l('" f<l('lOr of LaTiOa is 0.9!'i 
and lha.t of YTi03 is 0. 9, whose difference is "-' o%. On till' (Jt hPr haud. thosP of :\idTi03 
and i\do.aCao.21'i03 Ar'<-' 0.92 ~mt! O.D:l respectively, whose Jiffert>nce is on! ~ I 'X. Thus. 
as long as proper! i<-'S in 1 he small-1· region are disc:usst>d. t lw cha ng<' of th b('ud al!gl,, with 
C'iL doping would be• uegligilll<>, <lnd from now on ll'l' ignon' t II•• ch,,ng" o f the b,l!lclwidth 
with Ca doping. 

In lite spirit of the lluhl;urd mode l, the elect roll-r(lrrelation strl'llgth i~ giv<'n by li W. 

1 !'he i<lkrmt<·r· fnt'Wr nf t. he pcrovskitP struct.urc is giv'"t 1>.1' I (>lt I r 0 ) h/2(t>p; t r 0 )1, wlwrr r 11 , 

1'Ti· anllro nrc- lhf" ionk radii of thr rru·p earth. tit:utillln. :111d oX)'KC'IJ, respc>t·tively. whid1 wns tubtl!rttNJ 
hy H. D. Shannon JAt·l.u C'rysl , A :l2. 7f> l (197u)j. C'rmrcrlll ng !. I>L· dujml >< unpl!'. wr• ' '"''""'' thnl rrt nnd 
I"J'i nrc the lllCfUI wllucs or}{ and ( 'u. and Ti:1 t and Ti"~ I . r<•spP('l i \'Ply 
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where U is the on-site Coulomb repulsion energy. Since tlw I value can he vi<'\\'l'd as 
constant among the /-lTi03 series, 14' - J is used to l'Ppresenl thE' ,.•b·tron-con olatioJJ ~tn•uglh 
below. 

2.3 Transport properties 

Figure 2.3 shows the temperature Jependenc~~ of the resistivity ~ r R1 xCa,TiO:•• u 2 wilh 
R = La, Pr. Nd, and Sm, and with various hole concentmtions. H.llSUILs for Y1 _,.Cn/ l'iO,, 
have been published in Re f_ 1141. Fo r any R, the change of re~islivity with hoiP doping is 
similar: \-Vith increase of hole concen tration {1, the temperut1tr" d!'pendenct• of H'l>i~livit v 
varies from insulating with thermal N::th·ation t ·p to mPtallic (dp, dT is positive). l!o ll:
ever. there a re several R-depende nt feaLUr!?S. (J) Tht• resistivity for Llw Pnd c<>rnpou nd 
(o = 0) increases from R~La to Sm (with decreasE' of W). (2) ThE' hole <'Oncentration that 
is required to make the system metallie increases from J.,,, to Srn. For example. 6 = 0.08 is 
sufficient to make La'Ti03 metaJlic whereas the sam pi with 6 0.09 is still iusulaling for 
Nd, _~Ca,Ti03t u l2 -

To discuss the former point rnor quamitalively. Wt> show an Arrhenius plo t of tht~ rf'
sistivity for the end compounds RTi03 in Fig. 2.4. All Uw datil approxirnat.,)y fo ll ow tlw 

activation-type function p(T) = (Jo exp(6ac1 kaT). when' acliVi!tiOU energy 6 0<1 (thP s l >P'' 
of the line) decreases from YTi03 to LaTi03. \Vp est ima te llrP t-act ,-aJup uf RTiO,. from 
t~e high-temperature parl. and plot 26act as a transport gap aga ins t thl' inversr-> lwud\\'id!l1 
w-' in Fig. 2.5. The :!.6ac1 value decreases linearly with a d • rPas<· of~~' 1• TIH' ~o lid liu<• 
in Fig. 2.5 is tbe result of least-square fitting of lh<' d11ta 11·ith a linear funcl iou. Tid~ li t
Ling suggests that 26act becomes zero at finiL<' value of ~V 1 (~ 0.95). Th<->se cx perintl' lli >li 
results indicate lhat the relation between the rrw.gnituue of liH~ Mott- Uul>banJ g~tp (1:.9) cl<'
pends n the electron-corre lation st r<> ngth (I I( W) in such a way lhat Ey ex: { ' W - (I i 1 j 'lr· 
llere, (U/ W')c is t,he hypothetica l point for the Mott lransiliort with th!' n ] (I> O) fill
ing. We note that recent "alculations of the Hubbard model a t infinite dimension~ 12:3, 21) 
confirmed a metal-insulator r11.nsition for n = J with a finitP va lue of ll W. 
_ The critical R-d penuence of transport prop rti~ also eme rges whPn i hP hole doping(<'') 
tuto the end compound RTi03 causes the metal-insulator transition. In l'ig. 2.6, insulati ng 
and m tallic samples are plotted by closed circles aud open ci rdes, n%J!f'<'livcl , in 8 ~i' 1-h 
space. Here, we define a n insulator as the one wbos • dp dT is tll'gati w ow•r the w!toh,o 
temperature range. ll is dear from this figure that the nominal hoi!' conr;entration that 
is needed to cause th_ meta1-ins:_ilator ransition (•\) incn.!~<'.l; wilh incrllase of Pleclron
corre lation strength W 1. The w - ' depeudenc<' of fc appt->a.r.; to be a linear functiou. 11s 
inclki!.ted by 11 solid line. lvloreover. the 1-i'r 1 value at which c he<'omPs 7.ArC> approx inwtely 
coincides with the 011e at which 26 . 01 becomes zero in 1" ig. '2..:.. This imliCl!L"» ; J do~<' 

inlPrrc lation between 6~ and the magniLudP o f thf' Motl g<tp in illl' Pnd compound. 'l'h<lt is 
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Figure 2.3: Temperature dependence of resistivity in crystals of R1_,Ca, TiOJ+y/2 for 
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to say, 6c increHses in proportion with the ~rDnsporl gap in the end ~1ot l iusulator. On ~he 
basis of a simple Lhn•o7dim nsional llubbard modl'i that tak s ;tc<·oum of only Llw on-sitP 
Coulomb interaction, the sys~ern should become nw~allic wi h nun-Zl'r h. Thf' insulali11g 
phase wi~h finite b in Fl 1 ,.Ca, TiO~+y/2 is perhaps C<tused by soliie cornbittl'<l efkcl of the 
electron correlalion and othm'S (static disorder or Pi<'dron-plionon intrractiou), whic'h i~ 
discussed in the Iauer section. 

2.4 Magnetic properties and p hase diagrams 

The end compounds FI.Ti03 wi~h relatively large ioni radius for n nre k11own lo show 
antifeJTomagnetism with slight spiu-canti.ng, giving rist> to a small ~ponlam.'Ous tnagnc>tiza
tion [9]. To de~errnine the anliferromagnetic(A P)-ordPriug temperalu r> TN of ench sarnp!P, 
magnetization measurements werP carried out by the following proc:t>dur : The sampl<• W>ts 

at first cooled down l .SK with applkation of magnetic field uf 5UIJOO Oe, tht•tt the lllug
netic Held was d creased to 100 Oe, and the magnctiza t ion of tht• sample was nwasureJ 
i11 a warming run. The temperature dependence of the mcasur<"J magnetization of /tTiOa 
is shown in Fig. 2. 7, where T/< for each compound is indit:aled by cut arrow. The r!'sults 
for R= La, Pr, Nd are consistent with those pre\~ously report"d po, 7, 19]. As fm- 11s WP 
know, the AF ordering of SmTi03 is observed for the fi1'Sl lime in the pre.sent study. On 
the other hand , YTi03 shows ferromagnetic ordering below Tc ~ :30 K [l L 9]. 

ln F'ig. 2.8 the magnetit.~ordering temperatures of RTi0:1 are plolLed by closed drdf\~ 
together wi h the resu lts reported by Greedan [9[, as a funclion of 1~ · 1

• ln lilf' smnf' 
figure results for La1 x Y., 'f'i03 together with those by Goral el al. [25] an• also ploll<'d for 
comparison, where the eel temperatur cr:~) deneasPS with incn•nfie of y !'Oll<'('lll!'H linn 
(increase of IV 1) down to zero, and then a ferromagnetic onJPri ng UfJJ!"'ars and th" C'uriP 
temperature (Tc) increases with further increase of Y roncr>nlralion. Th<· resull of h:TiO:. 
with change of the species of R. in the present study t\bo follows this trend, whPn i.Jol h 
of them are plotted as a function of w-I ' However, i~ should be noted that a simp!!' 
one-band Hubbard model hardly explains such a rapid decrease of 7N a1ld the appeArruwe 
of ferromagnetic ordering with an iucrease in WI I In RTi03 , conduction electrons ar<> 
accommodated in nearly triply degenerate Ti 3d t29 orbitals, and Lh~ degenerate (multi
band) Hubb,u·d model seems appropriate to describe the experinwmal results. llecenlly, 
Mizokawa et aL [26] invesligated ll1e spin structure of RTiO:s by a llartree-Fock calc-u lation 
a nd found that ~ rrornagnct ic ordering is favored when taking a!'count of lltP degPm!ntt.:y of 
3d orbi.tals. However, they claimed that the rhange of W alone doPS not Pxplain Llw dtangr• 
of the spin structure from nnlifE'JTomagnetir lo ferrornagn!'lic <mJering, but thal a .) aim
Teller dist r ion is important. In any case. the ferromagneli<· ordf'ring is aewmpanied by 
the ordering of the degenerated :3d orbitals. In facL. snr:h an orhitlll ordering has recently 
been confirm J. by a polari7.ed nentrou-scaltering expPrimenl [27[. l-loreover, a rer:enl hand 
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Figure 2.6: Insulating crystals (ci05ecl circles) and metallic ones (open circles) are plolted 
in vf;-t_o space. Par the definition of '·metallic" t1nd ··insulating" cryslals, see text. The 
solid line is the guide lo the eyes, representing a. linear relalion thal separates Lhe space 
into insul>lting and rnelallic regions. 
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c:akulalion of YTiOJ by Lilt> gr•!H'ralizetl gradieut <lpproximntiun (C:GA) taking <H'COUllt of 
its OdFl•O,. di~lort ion bUc:c:rods in reproducing a [P!romagnc>tic spin slate with li1P orbital 

ordm·ing. 
As shown in Pig. '2.7, lite• magnitudE' of the' lll<lb'lJ<'t iz<ltion l>c'low T\ dlffers by sevcml 

onlers of rnab'llitud<' dc•pPndiJJg 011 the •pecie.& of H. \Vc• IJI<'>lliured the rm1gnelizalion "urvc.'> 
al 5 K for PrTiOJ and NdTiOJ as ~hewn in Fig. 2.!:). For PrTiOj large hysterisis was found 
with magnetic fiPid whereas alrnost no hysterisis for !'\JTiO:c. \eut rou scaltPring measurf'
ments of thesr> compounds inuivate that PrTiO:c [8j,md \uTi OJ f20flwve qualilativC>Iy the 
srune> spin configLU·ation both at the Ti site• and the rarc'-c'arth site> lwlow TN. At prPSem it 
is not dear why the M- Il c'Uf\T' l•clow T,, b.•htw<'~s differently with dilft>renl species of rare 
Parth. W" ~peculate, how<'VPt. lhal such <1 vmi<'ly in thc• m;lgnetism of RTi03 a ris~s from 
lhf' 3d-4f int<>ract ion hf't\1'<'<'11 Ti and R. 

W"' measumd ll1• ma~neliza.lio n of R1 ,Ca,.Ti0Hy'2 with finite 6( ;· I y). The resu lts 
for Pr 1 _~Ca.,TiOJ I Y 2 and Srn 1 ~C~~ Ti03+y/2 ;tre exemplificu in Pig. 2.10. The magucliz<t
t ion of Nd 1_,Ca.,Ti0 3 was also measu red and fo und to ugrPP with Lhal previously reported 
[t9[. IrrespectivE' of n, '['N d~>creases and fi na lly d isappe>trs with i.ncrE'~1Se of 6 for lh resp .c
l ive compnuud. F'igure 2.11 is a plot of I;'~ as a [unction of 6. Dashed lines corresponu to 
the metal-i nsulator phase l•oundary determined by resisli vity measuremeuts as describ J 
abovP. The AF phase extends to nea r the melal-iusulalor pll<1Se boundary for any R. whidt 
goPs to a higher f po~ilion from R = La to Sm. lu other worub. the AF phase survi\•es as 
lonp; as JopPd huh'S arl' localized. Such a. correlation l>etween the AF slate and lhe carrier 
localization is also seen in cuprate:; such as La1 rl'ir.,Cu0 1 [:!] nud R2_,('e,Cu04 [29[, and 
other transition metal. oxide!> such as La1 ,Sr, V03 f:30J. This plwnomenou is qualitatively 
understoou as follows: ][doped holes are localized. th<"y will acl as impurities wit. h S 0. 
and such ilflpurit.ic:; do not effecth·ely destroy the AF orucring as in H diluled spin syst<'JTL 
But if a clopHd holP becomes mova ble, it will a ffect many site:; with fairly shor t lime scalt•, 
and wi II dPstroy the long-mnge 1\ P o rde ring. 

Figure 2. t2 &how:; ·he eleclrouir phase diagnun of the present Rt xCa..,T iOHY. 2 syst~>rn 
as a funet. ion of If W , c .1: I y, aud T. T he T- fi V\ ' plane M ~ - 0 i11dicalc>s th<tt TN 
tl<!CreasPs with increase of correlation strength r· IV fo r th" end compou nd. The 7'-b plane 
indkaleb thalth' 7-:. clr>tTens<>s with increase of hole conccnlr.llion f'. The 1· W-1' plane at 
T - 0 in Jical<>s that L><Jl h the insulating phase aud the anlifC'tTomagneti<· phase survives 
up lo IIU-g<'r f. wilh larger 1· W . 

2.5 Behavior near phase boundaries 

As se.>n in Fip;. 2. ll, lhc>rc exists a metallic region wlwr<' thP ,\ r stale shows up >1l low 
t.PlTiperaturJ> [lf•J. Figurr• 2.11 shoWI. rt>sisti\' ily (p) , th•• S<'<'nnd 7 -dc>riVtllive c>f t h<' r ·istivit.y 
(rflp rrr2

), f\lld mugn<'ti7.!ltinu (,11) at 100 ()p (~ign aling the AF nrd,riug with ,;light &pi n-
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Figure 2.8: Nee! (I;'>~) a nd Curie (Tc) temperaLures of RTiOJ (closed circles) and 
La, Y 1_,Ti03 (open circles) as a function of t.V-1

• The data from literature (Ref. [9, 25J) 
are a lso shown. The d,1shed lines Me the guide to the eyes. 
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Figure 2.10: Te mperoture dependence of magneti<:ation for (a) P r1_:rC<l:r Ti03~y;2 >lnd (b) 
Sm 1_:rC>l:r Ti03+y/2 . The measurement condition is tlte S<lllle s in P'ig. 2. 7. 
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<'>til ling) for Pr1 ,Ca.,TiOa yt2 with f. 0. 14, <lli a l pic:a l eX<Wtp iE> in such a n•gion. 
TN is "' 80 K lor this samp!P. and Lhe slop<' of p(7') dlH ngc:> from positiv•.' 1.0 ll<'g~tive 
at t his ternpermmP. A sharp peak is observed for d2p d7<2 at lh<• sam e> t•'mpernlurc, 
indiwting a s teep change of the slope of p(T) tll ·r~. Ln sptle nf sud1 a crili<!al changt> of 
resistivity with magnPLic onkri ng, the resisth·ity do•~ not diverge (i.e., th<' r nduc:t.h•ity 
doc& not. l.Jec:omP. ~ero) but rPITitlins finite at the k1w.•st tompl!raturc (2 K) of tiH' prespnt 
!TIPU£urernPttt. as shown in the inset of Fig. 2.t:~ wbPrP ~onuuctivity b plottal llh a function 
ci T . This indirate5 thatlht> phase bdow 80 K i& an A F rneLalhr phtlS<'. Thus. WC' muy call 
t his 11s the transition from Lhe high-ternperature-m·tal (IIT:VI) lo the Jow-temperature
autifo>rornagu~'tic:-met.ai ( J:rAFM). Such an AF' metill l ~t!S lH)I'll observf'd for V20,. with 
slight V vacancy [:3J I, w!l!'rt' a &p in density wave with an incommensurate wav•' Y••etor was 
n bserve.d by neutron diffra.dion measurement [32[. It would be interesting to inVI'~Liga.t.<• 
wh ther su h flO incommensu rate spin ordering also mdsts in these tita nates . 

The crysta Is near the i>ordPr between the me Lallie phase anJ paramagc.nli iusul tl Ling 
(P I) phase a lso show 11 novd behavior. Figure 2. l4 shows the temperature depenJ t> uce 
of p for Sm 1 ·rCa.,TiOHu/2 with - 0.24. The p value <1L room femper!lture is ~ lO 
mHcm, and around 200 K it sha.rpl decreases with decrease of temperature down to ~ 0.2 
mfl m. Note th>tl tlw temperature for Lhe resistivity anomaly does not con espoml to LhocL 
of magnetic ordering, s ince Tr.: is much !ower than this mnperature. /\ sirnilm· rPSib livily 
change has also be<•n observed for Y1_xCa,.TiO,! with x ~ (UO [10[, <lild thPse n m be 
regm-ded as a I rAnsilion from a high-temperat ure PI ( HTPI ) phase to Jow-lf'rnrwralurr> 
mctttllit- (LTM) phase. The rPfore, the phase boundary bf'l Wt'en the Pl and met>~ II i<• ~late 
~hown by da.~hed lines in Fig. 2.11 and Fig. 2.12 i& not com pleL<> Iy parallel lo tlw T-axis . 
!.Jut is slight I indinnJ (going to larger 6 with higher T') . • uch an e!et: tronic phasP diagram 
is quile similar to those f V203 [2jrutd NiS2 .,Se~ [:~3 , :vll, though the abscissa is differ nL 
for th<'se systems; namely, the band filling for R1 '"Ca . ./I'iO:hu 2 and the bmtdwidth for 
V2 0 3 or Ni.' 2 ,.Se,. Receul numerical calcu lations [21, 1Sj based ou the llubbard moue l in 
inJ:inil dimensions have r produced the HTPJ-I: f\11 transition, which ca.u he interpreted 
as t.he disappeHra.nc:e of t.he eoherent peak in Lhe dPttsity of sta.Les. which is resp()nsil.Jle for 
lht~ metallic r nrluc l ion , with increuse ofT. 

In lhe rnela llic phase of La 1 .,Sr%Ti03 , t he res isLivity p follows '[2 rela t ion from th • 
lowest w mpPratnre to fairly high temperature (~ 300 K) [ 1 :~1 - Such a r 2 dependenc(' of 
the resislivil.y p is also observed for lhe meta llic phm;es of olhPr R systems. However. 
a d~>viation from this 7-<2 rPlat ion is observed in lh • vicinity of the rnetaJ-insulal r phase 
boundmy. In Fig. 2.15 wt> plot pus a fun Lion of 'f2. !len•, the rt?.sidual resistivity (po) is 
sublractHd am! th • val uPs of p- p0 nre normalized for the respr>ctive m mpow1ds so that 
llw slopP nppPmo lhP S<Ulle. For Pr1 .r<'<l-./fi03+9 2. t lw p val uP for f, 0.21 shows the T'2 

m la lion d0\\11 to thP lmws t tempera tum, wher eas as f> dec rens<>s f' beJ:,rins lo deviate from t he~ 
7"2 n•lati >11>11 low l<'lll JWnl lures. This J r>vintion is 11ppnn•nily n•IHIP•l to tile IIT~ J-I :fi\l'i'v l 
lra th~iLion n;; dt>snib,,d """""· For t 0. 1'1 1\· is I) K (<lpproximaLPiy corre~. ponding 
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Figure 2.13: Magnetization (M) at 100 Oe, res istivity (p), and second T-detivalivc of p ~s 
a func tion of temper<Uure (T) for Prr -xCa,TiOJ+y/2 with 6 = O.l'L The inset is <L plot of 
the conduc&ivicy (= l /p) <1ga.insl T. 
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to the tempemtur for the tmmmum resistivity) but Llw tiPvialion from '( 2 re lation i& 
observable up t. higher temperature ~ 1-10/(. Thi6 implies that strong antifenoinagnetk 
fluctuation persis\6 well above TN in the doped system. which gives rise to Hdditional 
catTier scattering process other than th n rmal oue contributing the T"l tlependence. On 
the other hand, the deviation (rom Lhe T2 relation is observed for Sm 1 :r 'a .. x TiO,.,_v 2 (and 
also Yt -xCa,. Ti03 y'2) at higher temperatures. which wou ld bP related to hP liTPl-LT~I 
transition. For th~.se smaller-tv systems. the temperature range where I' li >llnws t h" I'2 

relation is suppressed to lower temperature as the system <1pproarhes Lhe ~ II tnuu;ition. 

2.6 Summary 

We have investigated transport and magnetic proper! ies of H.1 xCa.x Ti03+y !2 whose i>Hnd
width (or strength o f electron eorrelation) all(J band fi!Jlng can boLl! be contro!letl i>y tlw 
ch:;~nge of the (R, Ca) composition. The charge-gap magnitude (E9 ) of the end eompounds 
RTiOa, as well as th' hole concentration requi red to make the sample mel!lllic (c\.}. challp;t' 
with the correlation strength in a way that ex lJ ' IV - (U ' W)c· 

The Nee! temperature ('T;") iu RTi03 decreases from La Lo Sm (\l'ith decrPasing h>tud
width W). and YTiOa becomes a fe rromagnet at lm t<? mperaLurP. Surh a decTeasf' of TN 
and appearance of the ferromagnetism should be altri butcd lo tlw deg nent t·y of Ti :!d 129 

orbital as well as the orb ital ordering. T.v also dl'Creasf's with hole doping, but r<'nwins 
fi11ite as long as the compound remains insulating. 

The Rt -xC!!x Ti03+y/2 crystals near the Ml phase boundary show cbanwteristic ht'
havior. OnE' is the transition from a. high-temperalurP-rnP. tallit· to a low-tl'nl(JPf<Jture
antiferromagnetic phase. Resistivity shows an up- 11rn at Lh<' tmnsil ion tt>mperatu rt·• but 
its value remains finite at the lowest temperature (2 Kin this expc~ritnPnl), indit ·a ting t 11£• 
existence of Lhe anli ferromagn>Lic metallic sLa.te. The olher is lht• Lrlmsition from a high .. 
tempemlure-parama.gnetic-insuJa.ting to a.low-temperHture-meLn.ll ic phase. In l•o h ~1\SP-~, 
a. deviation from aT'- dependence is observed for ohe resisti,·iLy in ltw met>lili<' pht~~r·s lll'<lr 
the phase boundary. 
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Chapter 3 

Optical spectra: bandwidth and 
band-filling dependence 

3.1 Optical spectroscopy 

Ref! ctivily measur ment of solitls I1>1S been a uasic t<Ochniqu~ lo inve~ ligat • llwir e l<~d roni ~ 

structures. Reflectivity is tiel rmined by a complex diPlt!cl ri c- fum:Lion of rrysl aJs , " ·hit-h 
refiects the cxril .d sl<"tles of electrons. In particular, this rnt>as w· •merrt had b(,.'<'" usPd for 
measuring Lh •'lectr rric structures of insulators and sf'rrricnndrwt or •. 

' ince the discovery of the high Tc cuprale superronducton;, hml"<'\'<'1", refb:til"ity 111<'>1-

surement lras also i>cen applied to investigate metallic sltll<'s nnd rnetal-irrsulator lrnllsi
tions. for example. refiec livily measurements of tlw cuprates ha.w r: larified that a d111rg<' 
gap caused by electron correlation is present in the end corn pound. whir·h co!Japs<'.s anrJ thr> 
·' in-gap stat "evolves with hole doping J36. 37, :JSJ. FurUwrrrrom, rf'fi PCliviLy measnrnnu•nls 
with changing ternp<•mlure haw revealed charac lt•rislic pruperliPs of c11 pn1l" ~U fJI'r<:onduc

lors i.e., opening of the supercond ucting gap beloll" T, J:~9J a~ well as n normal-statn gap 
above Tc [40. 41J. 

[n this section and then •xt section, we describe refleclivily meusUf"CIIH ' Ill~ of l h" pr>rovskil.<-'
type Litanates. [n thi~ chapter, bandwidth ( W) cu1tl baml-filliug deperrdPrrce of" llrf' opt icHI 
spectrum of R,_.,Ca/fi0 3+y/2 i~ presented and discus~ed. TernperaLun-' dPperrde11ce of tlrP 

opt,ical spectra is presented in the next chapter. 

3.2 Experiment 

\Ve rneasured reflectivity from 0.01 e\f to tO eV . Tlr(' way of rn.,lsuring l"l'ffPr-livit · <11 
certain energy ranges is shown in Table. :n. 

To obtain Lhe absolute value of reflectivity. we rn!'fl~lll"('d l.hP inw rrsity rl r.he irrcitiPnt 
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1::norgy (e \') ~louodtromHt.or J)ptf'I'IOr Light sou ref' 

0.0 1-0.0H (Far lnfmrcd) Si holnmc·tc··r Cloher l:unp 

0.00-0.8 (Mid lnfrarrcl) Fourier-transfer LYP~ c:toh0.r lamp 

0.6-l.!i (i\car lufr:cred) grut.mg type 
l.2-:l (\"isible) grnting type Si 

2.1-0 (Uit ravinlet J grating type c:al' Xe la1np 

·t-10 (\"ncllUtll l:lt raviulet .) Seya-'hunioka type pllol.ottnilt.ipli('r synchrotrull mdint.iott 

T<tllle 3.1: Tile way of measuring rt'flc:clivily al sped fie photun-euergy rangc•s in Lhr prPsrnt 

experiment. 

Jiy;ht by selling !1 n>f<.rc' ll"<' mirror (<1 Hat glass on whi<'h Au is P\'Hporatl'd) aL Lhe ti<11nple 
posilion llc•low ]}j cV. wltc•n• rt'fl~L·tivily of Au is man• than 99% . Abovc> l.f> c>V. we did 
not usc• a P'lferPncl' mirror hut dirc•c:lly detected tht> im·ident lighl by changing lltf' lighl 
pass. We also used R microscope spe<'l r<>l1ll'LAr in th" miJ-infnw·•d region (0.05 0.8 c->V). 
This spectrometer can focus t.he im•id,nllight on lh<' d0nn pan of thP s;unplc surface. and 
can avoid the ~cattt>ring f ~he light by the rough snrfael'. Thus. tlw absolute value of 
ref! "l.ivil.y obl!tin.cJ J,y lids S[J(~dromeLer is more reliable I batt I hat by the conventional 

met,hou. 
Tcmpcralur> cJppendPnce of rPfl<>.clivity II'<U> mPasur~d hy Sl'lLing I he sample iu a li P 

cryoslal, in which th,• srunple can l;e replil~:c.•l mechanically with the referenc-e mirror. 

3.3 Kramers-Kronig transformation 

Reflectivil is givPn by the following equation . 

R(w) = l~:~r 
where R(w) is refleclivily nnrl f(w) is complex dir•l••('lric function. Sine<~ ~(w) h<1s llw 
rNtl and imaginary part, they cannot be obtained dirrr.lly from rdleclivity. llowev<>r. t.he 
real nnd im11ginary par t of t(w) an• not imlepemlent but correlated with each other by 
a Kramers- Kronig relation. By using su h a r lation. w l:an obtain boUt the real and 
irunginary parl of the Ji<>lectric function from thr C'Xperimcnt<llly obtctinccl reflectivity. 

Jn pml'ticc, Wt! first obl<'tin Lltf' phctsc' ~l1ift of elc>c·trir V<'C'Lor of light upon r<'ff'ction [O(w)l, 
which b giwn by the rPfleclil'ity with the following Krant •r:;-Kronig relation. 

O(w) - ;rr fJ .h -~~ ~~,;118. (:l.2) 

l'his c•qwtti >II itwludt>; till' w intl'!!,T<Ii from l\ r<• to infinity, tUid for IIH• outside of t lw 
[rc•qtt •tw' regin whPrc,> n•nec·tivity w,1s mt·asun•d PXf)Prim<'nl.ally, II'<' tll<Hk llw eon.sla tt t 

extrapolaLion in the lower-frequency regiott and R w 1 1 extrapolation 111 the• higher-
frequency region. 

The refh:Livit.y and Lhc phase shift are connerwd with tlHl •'Omp!Px dklc>r·tric · IUih'l ic•tt 
as follows: 

J R(w) exp( iiJ) 

Therefore, we can obtain both Uw real and imaginary pari of llw Jilllt'clric f11ndion frocn 
the measured reflectivity and tlw ph<U>e shift obtained from Eq. (3.2). 

WP also oblruned Lhe optical r.ouductivity CT(w). which relates lo the imaginary pnrt of 
the dielectrie function in the following way; 

CT(w) = wr.2(w). 
471' 

(T I) 

The zero-frequency limit of CT(w) should coincide with the de "onJurtivity (mcipro<·tll n'
sistivity), and this coincidenc can be a possib!P check of the r<'liabiJit of Llw cxpPritnc>nlal 
data. 

Typical reflecliviLy spectra and corresponding opliCtll c·onducLivity spectra ar<' shown in 
Fig. 3.]. From now on in Lhis dtapter, we prP.sc>nt only plical eondurlivily 'P'"'tnl-

3.4 Optical spectra for RTi0:1 

Figure :).2 shows the optica l eonduclivily spectrum of l "dTiO,, <t& a lypiqli 11 l :Vloll 
insu lator, together wiLh Lhat of CaTiO~ as a typical ·n () b, 11d insulttlor. In th•• sp<'drwn 
of dTi03 (Lhe sol id curve), Lwo structures at l.E, PV and 5 c>V <lr'' prominent. In l lt r• 
spectrum of CaTiOa (the dashed curve). on 1 h•' oth r band, 1 hl'r" is no slruclnr<' c·orrc-
sponcling to the 1.5 e V pc~ak of the NdTiO" spectrunt, hut Llw ~boulder a.l 1 r>V i~ Jikr>ly 
lo eorrcsponJ lo the 5 eV peak oft h' NdTi03. Therefor<'. tft,. 5 ,.y peaks of lhr• dTiO .. 
spectrum and lhe 11'V shoulder of lhe CaTi03 :,pectrum cnn L<• ;1s~i~I1Pd w tlw c•l•• :trolli< 
excitation from lhr ocr.upif•d oxygen 2p lcvello tltl' uttCJ<:c'UJ>i•'J Ti :~d lr·v~l (ttpp"r llu bl>ard 
b1111d for 1 dTiO~ ). and thP lJ, ~v peaks o f tlw t,JTiOJ sp<'Clnun. whi<'h is "'''''Ill in llw 
C'aTi0:1 ~pedrum , c8 n lw assign .u to the electronic exdlal icm from Llt<' occ' upi<~d (lowc•r 
llubbard b;uid) to llw unoetupi<'d (uppl'r llubbm·d band) Ti :~d lc>vr>l, as illuMrated in tlH' 
figurP. 

'J'hr> R d(']Pndence of the the lvlolt-gap 'Xcilalion spectnnn (frmn lowc•r to UfJJH'r Jlu b
b<lrd band) is shown in Fig. :3.:3. The ba11dwidlh of "~d t RTiO:, ttoruwliz •l to tlwt of 
L<tTi03 ( W Wnt Wca) is shown i11 the figun•. TltL' olt ucturc• of lltP op<'<'lrttlll mov<'s to 
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IowPr '11<'rgy with dP<:re11.~e "f li' (from Y to La). In lilt' s tudy of the ~ l olt-gt1p sl rut·
lur<> for v2 o~ I !2J, the f' ll<' l'gy gap 2~ was detPrrnint~l by fitting the spt'Clra to tiH" form 
rr rro(E _ 2~):!.12 • llmwver. &uch /!;~/2 dPp~ndt'llc:c W<1S not d<'arlv oL•sPrv<>J in thl:' ~ fl<'C
lra for till' Litanaws. Thus. we PbLimateJ a n ene r·g1 gap 2~ h) ••xlrnpolaling >1 &t<'•']JIV 
inr·rea»ing part of a(.v) to z!'ro (daslwd lines). Th,, n'Siutwl »[><'<tml 1\'Pighl insid<' Lh<' !\<1fl 
rnav bP n"signod lo tl!C' rPnlnan l due to ve1y s light tJ,.,•iati<>ll ,,r ~ fron1 z•'JO. 

Figur<' :). Ish •WS tit<' li ' 1 dt'p<'n<l<'nce of :lt> llmmalizr'd lo II' (2~ II'). log<'llwr with 
th<" aclivntion r> nl'rgy nurnwlized to II ' (2~aCJ_ lr) dl'tern1illt'J by J'<'sistil·ity me<~sur'lfl('lttb 
of RTiO:. Jp(T) p0 Pxp(~ac1 kaT)]. rl ere. lr 1 of th<' .1.· axih <'<HTt'sponds to tlw_slreng h 
cl tit<' e!Pt:L ron rotTelation. 2~ and 2~acr have nearly llw Stl m~· Jpp~ndencl' 011 II' 1, i.e .. 
linearly d<-•:ro<Jses with decrease of li· - l_ We not t hat simi!,u· II ' 1 dependence is obbcrveJ 
for V20 3 [-12]. E tnwolation of' tile data points of 2~.., !If by the IJnear function (11 solid 
liue) crossrs thP 2~ () line (the I axis) at the finit e va lue of II' (rv O.!J7). lt s•'<'IllS 
rNISOIInhle to<: nsider t.ilal this value corresponds to th · <'l'ilical I'M IUP of tile baHdwidtl!
control Mott trausiUon [( IJ ' W),.] at which the <'11arge g>lP clos<'~ aud the ~ystem b<"t'Oirws 

mf• Lallic for n I. 
Hccent calculltlions of the Hubbard model at infinite dimensions [ 2~~ . 2l] confinned " 

tnC'Lal-insulntor tnmsition for n l with 11 finite value of f ' II'. a11J qua.nlilalivc ly I:'X

plaiucd th<' U II' depend<'nce of the magnitude of the \ loll gap in V20J. i.e., 2~ oc 
(U II') - (ll ' W)., [· 12]. !Lis notable that2~ is approximawly lWO times larger than 2~•rt· 
Such drvi!llion may 11rise from the overestirnaLi n 2~ l1y th<' linem· extrapolation of the 
spcdnL llowPver. the deviation between the two valut•s (2~ > 2~001 ) \\'HS also fou nd in 
v2 :l ['12], and that has be n attributed to til<' pinning of t'h<' lnic<l l polculi<ll tll a 1\'t'<l k 

impurit · ' ''vt'l, whieh is not dear in til<' op tical <:onductivity spP<'I ra. 

3.5 Optical spectra with hole doping 

Figurr- :j.5 shows IT(w) sp t.ra for s<'Veral species of R. cmd vnrioub Ca concent rHlions . lien'. 
6 ( l- n) stands for Llw nomimu munber of ~ol~>s per Ti silt!. \Ve show LhP b<1ndwidth 
o f each RTi0:1 normalizetl to that of LaTi03 (W 11\-'n ~l 'Ln) in lh<' figure. 

In the Ca.':i' of rl. d ( d 1 %Cax'ri03), for arnp!P. u(w) nt ~ 0 (t t - 1) shows 
n •gligibl~ spectrn l weight below lL8 PV bul slP.eply increaS•\~ <lhovc 0. ~v. corn'bponJing 
to the .Molt-gap excitation As Jiscussed in the last se<'t ion. Such a spPctrum arising [rum 
th i? ~ loLl-gap •xd lttlion is redured in its intensity will< incrC<1S" of c. while thaL insid<' 
the gap in< ' r 'I\SP.::; . This in-gap spectrum is pinned to zero conduc tivity at w ~ 0 \\'h t> n t 
is snwll (for c•xmnpl<', ~ 0.09 for R Nd). COITCSjJOndinf( lo the insulating lwhttvior or 
this cry~t,l l in n·~istivity. ' l'h • ronductivi t. ;1( w ~ n b •como:; nOII-Z<'ro wh<'n tlw system 
bt•<'olli<'S 111<? tnlli c• (~ IJ. l8 for R !'\d). a nd changt•s into a Drude- lilw s]W<'I nun (wlwn~ 
condur livity rlt'<'' rt '<lst•s with inn .asc of w) wi t h furthc' r inC'I'<'<ISe of b. We• notc• that such 
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F igure .3.3: Optical conductivity spectra of the compou nd for n = I (R.Ti03 ). The band
width of each RTi03 normalized to that of LaTi03 (I·V = IVn/ IVLa) is also shown in the 
fi gure. Dashed lines are the extrapolation of the steeply increas ing part. of the spectra, and 
ttrrows show the inl r'Section of such extrapolated lines and the x axis, representing the 
ene rgy gap of RTi03. 
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Figure 3.4: J\t- 1 clependenc of 26 (an energy gap obtained by optical conduct ivity spec
tra) and 2Ll.acl (two limes activat ion energy obtained by the temperature dependence of 
resistivity) normalized to the bandwidth (W). The solid line is the resu lt of least-square 
fitting of the data of 2Ll..ct/ W to the linear function . 
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Figure 3.5: Optical conductivity spectra for R 1_xCa, TiOJ with R=La, :\d, Sm, and Y. 6 
is nominal hole concentration, i.e., = I - n where n is the number of d electrons per Ti 
site. J,if = Wn/ Wt,a is the one-electron bandwidth of each RTi03 normalized to that of 
L,{J'i03• D,lshed straight lines indiC<lle the energy gap for 6- 0. 
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"dwng" of Ll11• spPctrurn with doping (a cbnuf!;P of l>und filling) is similar to Lh,1t of tlu • 
cupralr>, <Utd W<>uld hr> A rhar·adA<'ihlie lwltavior for doped \ loll iu~ulotors . 

a(.v) r.hang<~b with invn.!aBe of' b in a.similaJ· way irn>:>pec tive of the spr>cies of h' aB ~ IIOW!i 
in Pig. :J.5. llowt•ver, il is remarkable lhalthe r-•volution ratr oft hr• in-gap sp~ctnlltl with(' 
tl(•pr•nds (1 11 t liP spn!'ies of /?.. Fot PX<U IIple. 10 o/c hole-Joping is sufficiPnt for n- La to C\'oi v. 
thr> [)rudc-li k• • spr¥·Lrum with la rge spect nll wt•ighl. \\ hen'<lli only t lw ill-gap spe<'LI1Jrn 11·iLlt 
smn ll spectral weight is observed for n Sm wi th the sumP hok r·onct•ulralion. This means 
thatlh" r•volutk•n rat<> of the in-gap spect rum decrPases with decn•asl' of 11". 

1b makP quanliL<tli\'e disC'ns-sion of this point. w p d fine the pff -cliw numi.H?r of r•lec trons 

(.\'en ) as 

whenJnl.() i; the frr>e elect ron mass <tllu .\ ' the uumber of Ti atoms per llllit volumr-> . This 
value corre~.ponds to the numlwr of elcdmns that contributes LO thf' excitlt t io11 b<.>low 
w. Jn the simple DrudP mc,dr->1 , Necr of tltt' Drude penk (the Dl'llde weight) is id,mtkal 
to (nJN) I (m' j m0). wh8f'E' n, anu mo is th8 conccntnttion !1J1d the e(fe<'tive mass of the 
conduction ntt-rrier::.. 

\Vc• f<JUncl lhRI J\'c1r(w) of the spectra i~ nPa.rly ind0pendr•nt of<' with w- 2..', •• V. \1·hid1 
indude.ti both specLn:t.l weights for Llw in-gap ~tate• und for Lh•• :. Iott-gap cxr it ation. In 
ot.hPr worJs. the sum of tltP spectral weight of tht•se two parts is ne<trly COll t*' I"\'Pd und•'r 
Vllriulioll oft>. hut th" spoctral weight is Lransfern>J from tho• ldott-gap-exr:itntinn ])>lrt to 
th• in-gap pnrt acr~s the isosbP.lic point (~ 1.1 t>V for '\d 1 _,C'uxTiO:~) - Thus. t!t t• value 
J eflned as 

when• w, stands fort he isosbPtic.: point, is the spec! raJ weight of the in-gap stat<' tn\n5fPrred 
from lhe higher-enrrgy region with doping. This value should correspond to the Drude 
IV"ighL for metallic .~arnples. 

V" • adopted we (isosbrli poinL) of l. O. Ll. L'l. J.J , and l.fi e \' for R - Lit, Pr,. cl , 
S111 , <UIU Y, rntipeet ively. Such an inerease of the isosbet it• poiul euergy wiLl! dr•crease of l,i r 
rPflr'C'ls Lht• iucrea&<' of the euergy gap 2L1 wil!t {; 0. 

We plot X1ugap· which is normalized to .V0 that is lit' Drude wPight for I ' = 0 and t> 0 
(n L). 1 a& a funrtion of,~ in Fig. :-!.6. The linea r incrc>ase of X;.,gnp with 6 is silrlil,u· to 

1This val ue was estiwatcd a.."' follows: \Ve obt.aiucd .\ iug11p of Ln1 .r r..rTiO, ov,.r the whole fill in~ range 
from I he v(w) spetlfa reported in Ref. ]II]. and found that .\'1,..,1, for .r · 0.5 (i.e .. n 0.5) linearly 
in('Tf!ct..<>es wi .h n (not., I -n). Such 11 n•lation for thP low hand filling_ is in atC"ordanre whh the rrsul! 
of numericnJ studies (H.r•f. !tt l); nnJncl~r Ninr.aJl linearly intrea .. · with n for n 0. 1. HJid the Jtlcl,gniludc is 
llet.trly l iudepondt'Hl. rJtus, \\'C lltadr• n lin(·ar l~Xt rnpo\n t. ion for the point !-- of IJ 0.5 tO 1t- l (c'· 0) 
in tht' n \"!'t. .\'iiiJ~· l P plut. nnd uhl.ttiul'd t.hf' v~lluf' So for 1..,,, 1 ..cSr.c l'i(h HS 1lu• t' I {<'• 0) intersec ion 
(~ 0.'15) . Tlw vnlu~ of IV., for f\IIOI.Iil'r n w:c< dooi.Cllniou~l by l lw l'<'ln.tion N,,,,· .\"·'·"A \l (~~- lVr/ ' (,j r.,). 
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thP result of cupraLc>s anJ ot hr•r :3d transit.ion- tn<'t tll oxide'S j:!tJ, :lb . t::lJ and is ,.,,n~isl••nt 

with severallheorr>lical studies ['1·1, 45, 16, 17J basPd <•n thr• !Iul>biird li~H1iil(lninn. ~t>lid 
lines are the rPsult of 1<'<\St-squ>Ire filLing t th~ fun<' l ion, 

(U ) 

As can be seen in Pig. :!.6, the slope of Lhe line. i. e .. thP (' \'<li ue. rl•'<Tf'>l~c·s 11·it h U<'<TI'HM' 

of 11". To ch·~ck the possible dependPnc·• of .\'1.,gap tltld ('on I he <1uopted ,-,lltll' of u;<, W<' 
also Ct1lculaled i\'1ugap for 1 d1 Tl'a,TiO~ with"'' 0. r~ \' (op<'ll ~quatT'S nnd thP dnslwt! 
line) instead f l.l eV, <l nu found that the v.rri<lli(>ll of(' <•rigi11n l••d from tht' diffprent u:, 
values L~ not so i<trge "s to t\ffect the Jiscussion b .low. 

Figure 3. 7 shows the J.i ' 1 (slrr•ngth of elect ron r·or-rPlat io11) cl<>penucnc.:<·' of (' 1 (Jo\\'f•r 
panel), where Cis thf' n1Le of the Drude-pa rt evolul ion witlt ,, dl'fi11Pd i11 8q. (:l.7). togr>tlll'r 
with the value of 2L1; 11' and 2L1actl W (upp<>r P<1twl) rliBc nss•~d in the last stof'limL .Just 
as 2L1j W , c-l also dlo't: l'<Jc<SOS Jinen rJy wilh d('Cr<Jc1SC' oJ ~if 1 'J'!Jp bOiid Jim' in thP f<•W<'I' 
panel is th r~ult of a. least-square fiLLing to tlw lint•a t l'uni'Lion. l l i~ not\0'\\'tH'l liy lhnl 
t lw Vcllue of W 1 al whi rh •- I becomes zero is ne;trly lllf' ~run<' ~~ li1P valuo• at ll"hich 
26 becomes zero. Tlti~ mea n~ Lhat tht> evolution n1tP of tl1e in-gap &peclrum wiLI1 t is 
critical ly (divergently) enhanced as Lhe slrength of cl<'t' tron t'orrrlmion (I · IV) nppm<U hr 'li 
lhe critical value of the bandwidlh-controll\ lott lnutsilion (I II ")'", following tl1e n•lmi 11. 

(' oc [(I " II ') - (U II') ,J 1
• 

According to the ca lculation of one dimensional Jl uhl>anl s.vstr•n1 usinl\ tlw ll<' tlu • nn:-.at;-; 
for large If limil I4&J, N;.,gap in r: reases linParl_v with to J -11. for t!H' snw ll /> litrtit, awl t!H• 
copffici c>ut C' i& given such ''s 

(' 

wh >n> ~V ~I in <JJ)('-dinwnsional system:,. I! nw<'\'<'1'. 1 his l'nnclionnl fonn shows no r·riti• •n l 
h~>liavior <1L fin itt' V<llurs of l 1 I JI ', in c:onlm,.,t tn th<' ""M' cl Llw JH'r•sr>nt "om pounds. Tlw 
calculation of LwC'-dimen&ional 1\ ubbard systPtrt using "X"' I dingt)lwlization trto •I hod l l·IJ 
indicat<·)S that the U111' d<'prndence of Cis qiJH!itali\'rh til" S>IIIIP. ns that of til<' IIIII' 

dimf' nsion. The differ .11('<' lw tween our t'XfJPrilltr"'nt"l result <111d th<' c:>Jlcnlat iuns in illWPI" 
dimensions ;tpparentJy COITieb from thf' diffPI'f>llC'C (,[ l IJr • rtlil-J.\IIil.\lrJ o> ur (/ 1 Jl'), (r•ril inrJ 
\"aiUC'B for the l>andwidth-• ·onlro! :-. Iotl lrru1silion) : (I II'), is Z<' I'O r(lr llil' oil• ' <I I' l\\"0 
dimensional syst m; (i.t•., the ground slat<.' iti tllwtlVS un i11suhtl.tJt for 11 l with nun-z<'ro 
If W). while it is likel r,\ fini "va!tu• for the pr<>sPnt <'<l llljJOUIIIb tlwt ib" lhn '<~dilll"ll~i()IW] 

~ystem. 
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Figure 3.6: Gffective number of electrons of the in-gap state (N;ugap) nom1alized to that 
for U = 0 and 6 = 0 (N0) as a function of 6 for R 1_,Ca.,Ti03 with R=La, Nd , Srn, andY. 
Straight lines ttre the resu lt of leas t-square fitting to the function N;ugap/ No = Co. 
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Figure 3.7: Upper panel: J,V- 1 dependence of 26 (an energy gap obtai ned by optical 
conductivity spectra) and 26nc< (t ii"O Limes activation energy obtained by the temperature 
dependence of resisth·ity) normalized to Lhe bandwidth (W) . The .olid line i~ the result 
of least-square fitting of the data of 26.c,/ W to the linear function. Lower panel: IV- 1 

dependence of C- 1
, where C is the rate of the Drude-part cvoltttion wilh 6 defined in Eq. 

(3.7). The solid line is the result of least-square fitting to the linear funct ion. 
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3.6 The insulating st a te with finit e doping 

The insulating phasP not only exists at half-filling but altio persists in the finite-dopi ng 
region for the prest'nt Ti oxidE'. For example in ;'l/d 1 xC'ttx Ti034y 2• the/'- -= U sample shows 
a tivation-typ<' temperalur" Ll pendPnce of resistivit . and a clear gap-lik~ structure in the 
optk'<ll conducli vity spectrum, as indicated in Fig. :i.8. Such an insulating state com<'!> fmm 
the on-site Coulomb inl<"raclion (i.e., being a ~1otl iusulalor) as Jescribecl abovE'. Wheu Lhe 
9'i'< holes nre dopecllo this l\ loU insulator, the resistivity kcPps on increusing with decrease 
of temperature, hut ith LempPrature dependence deviates from t liP artivation type. In the 
optical conduct ivity spectrum, the in-gap staLe increases insidP llw 1\lott-ga]J structure of 
1 he - 0 spectnun, but the maguit ude of conducti viLy at zero •'nergy n'mains aJmos1 zero. 
This type of an ins11laLor with finite hole C()nCPillralion ~<1 nno t be Pxplained by u simple 
Hubbard moclel thal Lakes account of only on-siLP Coulomb intE>raction. For the 18'Yt~ 
eloped sample, resistivity J ec re<\SC's with decrease of tempt'ralure. anJ the magnituJc of 
conJu<'livity al ~'ro energy [CJ(w ~ 0)] becomes finit e, i.e .. the sample is metullic, a!Lhough 
the s hape of CJ(w) is uot a simple Drude-lype. Such an insulating pha5e away from the 
integer filling is wiJely observed in other transition metal oxiJes such as perovskiVHype 
van,tdates [:!OJ and tn<lngauiles.[ !8]. 

As discussPd in ' IMpter 2. the critical hoiP concentration of the insulator-metal transition 
(<\) J<'[Wnds on the strength of electron corre lation (Fig. 2.6) approximately as 

(:3.10) 

The 'Xpcrime.ntol V<1htt' for (11 W)c in Eqs. (1.7) <md (1.lll) is nemly idenlit:ttl <tS sren 
for lhe r.ompa rison bPlWet•n Fig. :1,7 and 2.6 in Chapter 2. Thus. we cru 1 dPrive a simple 

law from Eqs. (:l.6). (:t/). and ((3.10) 

(:3.11) 

The value of N,. corresponds to th(o' spectrul weight of the in-gap stale hat lli requ.ir 'd 
fur metallic nduclion. lu other words, the in-gap state C<tUSed by hole doping Jocs nol 
conlributP to Lhe rn~Lallit' couductiou if its speetral weight is less than a certain vahw. lu 
Flg. ::1.9 , we plot .\'1ugap us a function of for several R. ll €' r<'. we plot insulating samples 
(in wbi('h dp dT is negativ~ at all tempemtures) as closed symbol& and metallic mws as 
open symbols. This figure clearly sh ws the existence of the c riti ca l value Xc (~ 0.03) that 
separates th ' insulating nnd metnllic regions. which cloC>.s n 1 dPpeud on R or the c ritical 

hole conc~nt rat ion C>c . 
Ke ping such o fettlurE' in mind. let us coltsidPr the possib!P origin of thP insu lating 

state with finite Japing. One is thal the ranJom potrmtial might loc-alize the conduction 
r.arri 11;, i.( •., AnLlersou loca lizaLi n.[Lj Such an cffeet is observed in Joped semic:oncluctors, 
wiH•re lhP dop<llll ilsf'll' ;l<'ls as random potential and llH' snmple remains insttlating up 
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Figure 3.8: (a) p vs. T - 1 for d,_,Ca,.,Ti03+y/2 with{; = 0, 0.09 and 0.20, and (b) optical 
conductiv ity spectra CJ(w) for the corresponding crystals. 
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Figure 3.9: Spectral weight of the in-gilp state (Niugnp) as a function of 6 for 
R1-xCa .. ~Ti03+y/2 . Closecl symbols represent insulating crystals tlnd open symbols the 
meta.llic ones. Circles, squMes, rhombuses, and triangles represent I~=LH, Pr, Nd, and 
Sm, respectively. The dashed lin • indicates the crilic<tl value of N1,gap (~ 0.03) for the 
mettll-insnlator lmnsi I ion. 
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Lo cri ical doping conccnlnttion. In the present R1 xCn,.TiO:l-y ·2 ~ystem. th•• triv»l,•nt 
R and divalent C'<t fornt~ ,, solid solution . which rou ld act <IS mndo1n potential for llw 
conduction carriern. Another possib le rigitt forth<> insulating sLat<' is the eleclro11-phonon 
interaction. by which eonduction Cll rriers could lw lomliZ!,J as snwll polarons. In both 
cases , localization or d<>l o<:t~lizttlion of the condurtion uuTiers d<'pf'nds on whl'llwr t!J,. 
transfer energy {bandwidth) for comJucLion c:arriers is srrwlh•1 or luq~< ·r than tl crilk>ll vnlur•. 
In fact, Millis et al. [tl9[ n•cently invr>sligaled th<' efrro!t·t of Plec tron-phonun iDt<'nH'tiOII u11 
conducLioD carriers b tl dyn>~mical mean field mPlhod, ;lltu found tlt ttl the<' r<>:;i5livit.r 
shows a semiconducting bPhavior when a dimensiotd s P<lrant<'lPr .X _q2 kt (t is tlw 
transfer energy of electrons. _q the coupling constant of electron-phonon lotenl~;Uoll. <llld 
k lbe elastic force constant) is larger than a critica l value. Surh scenarios 111"!• cnnsisLent 
with the abovementioned feature (existcncP of Xc). proviclmJ lltal t It(• spf'c t raJ W<'ight of the 
in-gap statr! N;uf!.i>p r presents the ··renormalizeJ" bandwiuth for t lw carriero with strong 
electron correlation. [n other words, doping cont r Is such ff'IIOrmalizeJ banuwidlhs, wltid1 
increase propor"lionally with doping conceutralion, and LhP system l>ccornos met,cllic wi1Pll 
the hole concentration, and resultanlly th rcnormalizeJ baildwiuth is larger than the 
critical value. 

3.7 Summary 

We investigated the optical spectra for R1 xCa/riOJ, ntryiug th'" slrengllt of,,,,,, tr<•n 
correlation (l 11') as wPJI <1S the band filling 11 I - t>. With derreas<> of 11 lrotr1 I 
(inrrcase of b from 0), the spcnral weight of the ~1ot L-gnp ••xdt<llion b r,..ducP<I a uri tl1H! 
of the in-gap stale increase's linr.arly. \VP found that the n1t<> of tlw in-gap sial<· d<'Y<Jiulion 
with 6 is crit ically enhanC('d t1S [/ II " appro<l.Ches Lhr crit il';t} ,·nlue ollllf' hllmlwidllH·outrol 
Matt transition fo r n l [(l't W)r], inlhe manner [ [ll' l\1- (1 / W )0 [ 

1 It W<l~ 11l~o fouud 
that the mntRI-insulator transition at a finit<' hole doping lt•wl in wries or R1 ,Cn/l'iO~ , y l2 

takes place when lhe spectral weight of the in-gap sl!tte in Lhe opt kal coudnc:Uvily spnclrum 

reaches the COITUnon cri ·in\l value. 
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Chapter 4 

Optical spectra: temperature 
dependence 

4.1 Introduction 

J 11 ChaptP.r :1, the bandwit.lth and b1U1d-fiUing dependem:e of optical spectra are investigated 
for R1 7 Ca.rTiOJ 1yr2 at roo1n temperature in 1·iew of the effeetive number of f' IPr-lrons. 
whk-h is tlle int<'gratml val uP of the optical ronductiYity. In this f' hapler, ,,., discuss th t• 
JeirljJPnttun, depPlltli-'nce of the sp('(;tra with more qunlitalive llllal ·s is. l n particular. we 
fo<"us 011 the sper·tra for metallic crystals near tlw lr!Ptal-insulatnr pi!H~e boundary. It is 
kllt>\\"11 that such s~~rnplt.,; show chara<'leristic be>ha1·iors of t.IJP conP!ated lllf'Lals.[l:!J such 
ns "nhanct'<l spe<'ifk-hP>11 ~;odfi<'irmt m1cl Pauli stlliceptiiJility. <111U 7'" rl' lillion i.n resis t il·ily. 
Furl bPnnore, <IS tlesc ri bPd in Chapter 2. the r;r sta l on til<.' wrg<-' of the metal-insulator 
ph>~SP. boundary shows amiferrornagneUc ordering with m<'t<tllic rondu('t ion •tt low temper-
Hltlrn. 

llere, two crystals t1re chosen for the oplical spectroseopy. One is CeTi03+y.'2 , which 
shows a mP.LaJiic· bel1<1vior in resisti vity but shows Hntif'-' tTOillllgn ti(' ordering al 70 K (tht> 
upper panel of l'ig. tl.l). The other is C€(1.90 Ca0 _00 'l'iO:l+v;2 • whirh is 11 pnranwgnctic ITI >tal 
down to lhe lowest temperature (the-' lower panel of Fig. ~-L ln Fig. 4.2, a sehemalic phns<' 
ui>1grHm of thP perov~kilP tit<Utates '"' a func:li on cl T-6 i~ ilhl$lrated, ill which j)Obilions 
of those cornpotln<.b <lrP shown by arrows. 

4 .2 Optical spectra in the PM phase 

Th~· uprwr pan Is of Fig. 1.:3 show t he te iTlp,.ra.t un> (T) tlepc•nuen<'<' of re f! ('Ct ivily for 
(_',>Ti03+y 2 above 1-;., 70 I< (left) tllld ('r>{l~5 Ca0_0,,Ti0:hu 'l ant.l (right) . For both com
pounds, tlw roflectil"ity inc rctlS s tOII'artls 100 'Y.- with decn'<lSP of <'lll'T'b'Y nl "II l <'nl penlturl'~, 
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f.igure 4.1: Resist ivity (left axis) and magnetizt<Lion at 100 Oc (right <\Xis) as a function of 
T for CeTi03.,.y;2 (the upper panel) t11ld Ce0.95 C1005Ti03.,.y/ 2 (the lower panel). 
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Figure 4.2: Schemt1.lic pl1<1se di<<gram of Rt -zC>t,TiOJ+y/2 as a funct ion of 8 and T. Pl, 
AF, and P ,f represent 1t paramagnetic insulating, antiferromagnetic, and paramagnetic 
metallic ph<1Se, respectively. Positions of CeTiOJ+Y/2 and Ce0.05 C<10.05 TiOJ+u/2 are shown 
by tlrl"OII'S. 
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wl1ich is a. lypi <'n l ~pectrulll for melt\ IS. Compnrin~ t lw spc•dr>~ <>f tit" l wo cutnpound~ at 
ti"l' st>ITit> 1'. thP reflec·tivity of Ce0. 95 (\>o.or.'l'i03~ y · 2 b hi~-:h"r tlwn that of CVI'iO., 112 • 

With decrease of T, the renedivity incn~H~P' for both 'C>lllJ)OII!ldo. Houghly SJJI'Ilking. 
higher ref·\ect.ivity in a metal lic phase corre~ponds to \.ugc~r cotH.lw:t ivit,v, and so. :;ut It hc>l<~ 
cot1Centrt1lion dep -nd nee anc.l T dc>pt'lldl'!l<:" of re fl e~:ti l"ity is qualitntiwl) cou~ihtPnt with 
behavior of their de rc~i&tivity. 

Op ica \ conductivity spe< t ra ubtnim~ from KrmnPrs-Kroni~-: t mnsforrrwtiott> of tht• 1"•'

flectivity are shown in the lower panel of Fig. 1.:3. For (\>'riO,, 9 2 (left). tit•• sp··· I rum''' 
290 K is rather a Hat one which slightly increasc>b with J••t re11b< · of L'tli' rgy. ttr'WUlpauyiug 
sharp peaks below 0.1 c>V corresponding to optical pltClnon tnoc!rs. \Vit h d<~T•'•'~'' <>1' 1 
(above J J,..), the low-energy conductivity(< 0.7 eV) in• 't"NIS<., when•ns till' high-c•nergy •·c·n
ductiviLy decreases. On the other hand, tbc optical ('()l!dlH'tivity ~po<'t m fc•r mm·<· m>'lulli•· 
compound, e0_g5Cau.o5Ti03+y 2 (right), incr<'nses mon• hh<lrply with J~>ctw1sc of <'110'1'6':>' 

thM t hat for 'eTi03+y/2. With decrease> ofT, the I w-enc>rb'Y conducti\•ily ( < 0. l ··V) 
incre.ases where<>s lhr.• high-energy conductivity ch;r.reobC's .. sirnilt~rly to Lhe T dcp<'lldPncL' <•I 
CeTiOHy/2· 

The functional form of a s imple metal is given hy tlu• Drude [ot mula !WI 

( 1.1 ) 

where ..up is the plasma frequency and T th relaxmiun limP olllw c·ondul'tion c..'lrti"r~ . This 
ftmction has a Lorenlzian shape whosr; peak is cemerP£.1 at ZNO c•tt<'r~y and whoM' inu•grah•d 
weight and width is given by wi, 18 and 1 T. r·espect iwly. On t.ill' h>tsis of Litis fulll tiou.t! 
fo rm. lhe experimenl!tl results can be qualilalivr,~\y iulerprr'lNI thatlh<' S('lllLPrillg ral" 1 T 

increases wilh T , and lhat of Ceo.u5Ca0.05Ti0:1+y 2 is smalil•r lh>111 that of ('PTiO,, ,, '2 wlt<'ll 
they ar · compared nt lhc same T. However, such H simple> fonnula ca nnol ,.,Hnplc>Lt•lv 
reprod nce t he mqJC'rimenlal spectrum. 

For more quantitative discussion. we Mtnlyze l lw spPI:i !"II by I h<' PXLC'ndt>d Dn.u \p tn<~h· l ,I5 J I 
where lbe energy dependence of the sca ttering rate Dncl th0 c>fli•ctivt' ntnss is t<>k"ll into ac
coun t in the fol lowing way; 

_ w~ r(w) 
a(u.~) - •171" I + [m• (..v) 1ml2u.~2r(w) 2 • 

2 lm' (w) 1111r(.v)2 
-wp I 1 lrr,-(u;)h·n)2..u2;(w)2' 

(4.2) 

Ht>rl', m' (w) <~ n cl l ' r(w) are the .... -dE'penu'lll lf!as' a111l tit'' s•·Hill'l'ing til( <" nf tl1" nm
dndion carriers, 111 the unr uormali7.t'd mass, and wp (u ttn'Jtonrwliz,.J piHSIII" frN<II"Il cV) 

= J4rrne2 'm, where n is the dPnsity of carriers. \Vr tu lopLPd lit" pl<~s t n<~ frf'qUPilry wP 
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Figure 4.3: ReAectivity (the upper panel) and optical conducth·ity O"(w) (the lower panel) 
spectra for CeTiOJ+y/2 (the left side) .utd Ceo.95 Ca0.05 Ti03+y/2 (the right side). Note tha.L 
only the spectra above TN = 70 K are shown for CeTi03+y/2· 
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2.0:3 eV for CeTi03.;-y;2 and 2.25 eV for C<>-o.usC'Ho.or.Ti03 , ,1 2 so that rn' 111 bP<"Oilleb unity 
at l eV. 

The result of the analysi~ is shown in Fig. 4.4. The 111
1 111 value (upper panel) i~ l'n ililll<'Pd 

with decrea8e of..,; for both compou nds, though the cuhnnt\'ITlt'nt is lflore pronuu1wt>d for 
CeTi03-rv; 2 . However, there is little T depeudC'nCP of 111' rn. On t lw utl.e.r htUHI. Lht• 
scattering rate I T shows both ..,; ru1d T depenuf'nC•'· It b not.aule llwt l T(JJ) shifts 
almost rigidly with T for both compounds. In olhPr words. lhl' magniwde of llw 1·hangt• 
in 1 T with T doeb not depend on..,;. To see tlw.sC' 7 Jepeudl'ncP man• dP.11rly. wP plot 
the value of l Tat 0.1 PV and 0.5 e for Ceog5Ca0.osTiO:I+y 2 as a funt·liou of 7'2 in Fig. 
4.5. TilE' l /r values at w 0 from the de resistivity iti <tlso ploltrd, which is obtailwd 
[rom the relation cr(w 0) - (w~T , ..J1r) with the S>1mP plato!TI<1 fn'qucneywp as that u~ed 
in the extended DrudP analysis. The resistivity of this L'Oil!pound is known [(• ~how T2 
dependence as described in Lh~· previous section. and u,u:>. I 'r(..,; O) becomPs lil ll'!lr 
against 'f'2, as seen in f.ig. 4.5. Such J'l relation is also s•~en for I Tat O.l "" <tnd O.P.i PV, 
a.nd the T 2 coefficient is almost ident ical with that at ,_., tJ. This i11tlimLe.to that llw T 
dependent pan of l ' r doeb not depends on w. 

Such characleristic u; and T Jependence r I T in Lill'~C I:OIIlJ!OillldS C<lll be di•scrilwd 
Ltwt l r(w. T) is the sum of Lh w-dependenl, thC' 1'-dPPf'Hiknt. tutu Llw residual part. 

I l I I 
-- = -+---+-
r(w. T) To r(w) r(T) · 

(J.:l) 

This relation implies that the change of conductivity with 7' is Jominal<>d only J,y lllP 

l r(T) term fr m the de value (0 eV) to ,..._, I eV. lorPoYer. tlt'' I r(T) is giwu hy • \ f'l 
below room tempPraLur . and thus. only tbe va!U<' 1l is lhl' rel<•vaJJt parRilll'l<'r domiualiup; 
Lhe Lcmpr>rature d pendcnce of Lhe conductivit y. 

We nole that Eq. (1.:3) is consisl•mt with the T <1lttl <' ll l'rb'Y dq>Pndem·p of thP ><'alt.Pring 
rate of the conduct ion carriers in the F' rmi-liquiu Lltcory.[f,2[ In il~t• Fl-•rmi-l.iq, tid tllf'ory. 
1/T(w) UJid 11 r(T) sh uld have w2 and ~ d p •ncii'IICI' itt tltf' low ..,; f T lil1lil , and Llw 
coefficient of Tl in I r(T) is larger than that of u.~2 in l r(w) loy a factor of 1r2 (~ 9.1l) 
[52]. The 7'2 relation in L; r(T) is d arly ousPrvcd below 290 K in · o.9aC'H{).On'l' iOJ t y '2 >1& 

described above (l'ig. -1.5) . and the coefficient is "' 2Hl cV 1 lrorn t.I1P ric V<t.lu;,. On lht• 
other hand , 1 r(u.~) shows saturation behavior abovP "' 0.1 p\f l<>r both compnUIJ<.b and 
appears to follow t be w2 relation only below O.ltN. Tlw uppt>r panf'l of Fig. 4 .ti plot~ 1 he• 
l ; r as a function of u.~2 for Ce0.u5Ca0_05 TiO:~cv ·2 at sPwral LPtnp<'raL•trc:,. Tlw f'!,,,,>J d rdc:, 
sh ws the J · value of I, Tat the corresponding T. Vv0 ntn Pst intat c· thC' ~·2 coPfficit>nl n:, 
...... 12 PV 1 (shown by the da:,hed sl.raight line). Then>forP. u,., ntli<, of tht• 1"2 coPffki<>lll 
L the u.~2 co fficient is 17 in the 'XpPrimcnl. which appc>ars ahnosl t:onsisiPnt wi h Uw 
theoretical value, allowing for the experimental error. 

We also plot l j r(w) as a funcl.ion of w2 for CeTiO;Hy/2 at several l<'tnperatunc!b (abovn 
TN) in t he lower panel of foig. 4.6, together with the de v11lue (cios~d circles). It is rallH'r 
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Figure 4.4: w-depende11l effective mass m' (w) (the upper panel) and scattering rate li.fr(w) 
(the lower panel) from the extended Drude analysis for CeTiOJ+u/2 (the left side) and 
Ceo.95 Cao.o;;Ti03 ... y;2 (Lhe right side). m'(w) is normalized lo Lhe unrenormalized mass m 
(See text). 
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Figure 4.5: Scattering rate h/ r at 0. 1 eV, 0.5 eV from the extended Drucie analysis, and the 
de val ue of the scattering rate from conventional de resistivity measurement, as a function of 
T for Ce0.95 Ca0.05 Ti0Hy/2 . The de value is obtained from the relation u(w = 0) = w;r/ 4rr 
with the same plasma frequency ,,s that used in the extended Drud ana lysis. 
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Figure 4.6: w-dependent scattering rate h/ r(w) as a. function of the ( hw )2 at sever a I temper
atures for Ceo.g0Cao.oa Ti03+y/2 (the upper panel} and CeTiOJ+y/2 (!.he lower panel). Closed 
circles represenl the de scattering ra.te esLimaled from the de resistivity. The dashed line 
in Lhe upper panel is for the estimation of Lhe w2 coefficient in h.fr(w}. 

56 

difficult to qu>~ntilativdy Pstimale tlw ..v2 coeflkiPnl itt J r(-") flllllt this figurl'. diH' to tlw 
st ructures 11rising from oplical-pltonons bPiow O.J PV. Furllic•r, 1111' de n~islivity (lh<' de 
scnltering rat<') doc~ not completP.Iy obey the T 2 tPiation PV<'Il nl)l)w TN f"r CVf'i0.1 ,~ 2 . 

Quolit.alivdy spr•aking. b th Llw slope or the ..v2-i r(-"} f'llt"I'<'S >II (h.._•)2 < O.lll P\'2 (~hown 
in Pig. 4.5 anJ the slope of the T- p cun·es (shown itt l•' ig. I.J) un• sPVf'rallitJit'S largPr 
for CeTi03+!J '2 Uwn for Ce0 u5 Ctl{J.O,'fi0:1~u 2 . ittdin:lling Lhut lh<' rat ic, e>l' llw T"! codlicie•n\ 
to lht> _.,z codficit•nt is not so rnuch difi<'n•nl bPtw<~·n two eontpouud&. This itnplit~ Llwt 
the rcrmi-liquid pidure holds goocl for this perovskilP tilnn11lPs 1'\'('11 ill I he• vi<'init) nl [IJ,• 
metal-insulator phase Loundar~' in thr' pMamaJ<nelic mdn.Uie phaM'. 

4.3 Comparison with othe r systems 

IL is interesting to comp<li'P tile w- nnd T-Jeprmkut ~<"alkriug; rnlP l r(w, r) a ttd <'ffediw 
mass m' (w, T) oft he present litamttes with those of th<e cupralt•, which is <Lt loLlwr typiC' a I 
doped-i'v lott system <lt1ll is known to shuw ttot t-l;enui-liquid-like• L>eltavintb. ,\ ttoln.ltl<• r<'~ult 
of t;he extended Drude analysis for I he cupral<> [ 10, ll] is tlu• >1ttmm•lous lcmp~>rnt un• 
dqJendPnce of I r(..v) in tltt• uudenloped region in lhP nnrnw I st 111 C'. For l3i221:! itt l IH' 
underdopf'J region ('7~ 67 K),[ 10] for PXample. J r(-") is "l[Jpn::ss<'d br•Jow '110 C"tfl 1 

with decrease of lempemtur (a.bo1·e Tc). whereas il ib almost T-iJJdc>peuJcnt ahol'l• tlmt 
frcquenc·y, as sh<>Wn in Fig. I. 7. Such a supprPssion of J r(-") with dPC'l"l'<tsing Ton I.\ :tl 
liH' low-..; region is qu8lilati1·el JifferPJJL from thP ttnilornt dtHtlf!/' of J r(w} >lg>ti th'l w lot 
the pr!'Senllilanal!•. but is similar to LhP bpedral dwng;P ohs<'f\'<'d itt tht> supPrr•nudtwting 
stt>tP of the S>nne c·ompound. This suggeslh that 11 pst'udog>~p <'Xisl.s lor Lht• tnHIPnJopPd 
eupniLe even i11 thf' nonna l ~I at<>. On thf' ollwr ltnnd, Llw I r(u1) sp<'<·l ra for ill~> owrd• 'l"'d 
Tl2201 (Tc = 23 K) shows a rigid shift 11·ith a dwngt• ofT. which is simihlr to lite i>Pii<wior 
of the present t itan<1tes. 

ThE:" refore, a r; ros~over from thl' l"Prrni-liquid-lik behHvior I o L111• tiO!t-Fenni-liquid-lik~> 

behavior (pseudog<q; behavior) with dncre<lse of hole• N)m•e•rll r11tion i~ a d111mc:tr·ri~tie· f<'a
ture in Lhe optical speC'I.ra of cup rates. On 1 h11 c:onl nu·y. l(>t' LIH• pn'S<'Ill lilaJw.tr. both 
CeTiOa+!J/2 (smaiiPr hole coacenlmtion) . which is Joc:<tl••d on th" V<'rg>' of tlw lJie•t•tl
insulator ~ransilion, a nd ('<'o.!1sC"<J.OsTi0:1 ry/2 (l>trg<'r hoi" e•otwr>utml ion} ~>how Fr•rnti-liquid
like behavior in the paramagnetic rnetnlli<' plwst•. In nt lwr wotrlb, th· · tilaJt>1tr> bhows the• 
Fe rmi-liquid-like bPbnvior for any hole conct>ntralion in I h" paramagw•t i• tn>•tnllic: r<'giun, 
and thaL is in contrast Lo the behavior of the eupratPS. 

Another e.xample Lhat shows anomalous behavir>r in l r(w. T) aud 111' (w. 7') ih Lite> he'<li'Y
Fermion compounds. A lypical one is URu2Si2 ,[.•.:Jj in which 111' (-") b <'Jthanc·•,J 1111d I r(w) 
is suppressed below 100 em 1 with d •cr!'<tsing T below 70 K. wh• lt<' lhr condw lion c11rri<'I"S 

show coherent motion and resistivity drops with dr•:n•Hsinp; T (Fig. I. ). Sut'h r~>nunrwl
iza.Lion f 1 he low-energy effecliw llltL.~S and scattering r11Le is i"!l;[Jullsiblf' for llw <• tilwue•e•d 
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specific-heal coefficient b a factor o[ 25 at lhe lowe::.t lt>mp<•rntun' in this <'OmpounJ. \Ve 
note that a similar beh!wior is obserwtl for the c-axis spectrum of thP quasi-IW<J-dimen&ional 
compound Sr2Ru0,1 .J5~J (fig. 4.9), which show::. sup<>rC'onductivily hf'low 1 K. 

Compared with those compotmds. til' present litannt<·~ ::.how LhP enhanc<'m•'lll of th<• 
effe.clive millis m' (i.L!) at low energy (shown in Fig. 1.1). tog•'tlwr with llw Pnhan<'em<•nt uf 
specific-he<lt coefficient [n , 17[, but do nut show nny ll'lli[Jl'rmure depPndPIIl 'P of 111' (w). 
al leasl below 290 K. Such difference between the titam1Les and heavy-Frnuion• ·ompountl> 
appears to come from 1J1e tlif[erem T nnd,.; sca le thal tlomimw•s the eiedroni<· &~rut'lun-s 
between the&e two sybtems. In URu2 i2 • the ~nhancement of m' (w) is ti~'€11 only below llJl) 

em - I ru1d the temperature dependence of m' (w) is observed belo11· 70 K. as seen in Fig. 1. . 
On the other band. the enhancement of m• (u:) of the lila nates is obserw-<l below -v 0.2 eV 
as shown in Fig. 4.4, whose energy scale i& at least one ordPr of magnitude larger than Lhal 
of URu2Si2 . Thus, the temperature range wherP the tempen\1111'<' dPpendeiH'<' of m' (..:) i& 
seen in tbis litmmtes is expected to be higher than tlw room ten11wraturP. In rhis sen"'• 
transport. and optica l measurements at higher l.crnpPrat urcs tlwn til!' present work would 
be he lpful lo understand t.he renormalization oft he effel'Liw mass mtd tilt> bC<lllm·ing rat.<• 
of the perovskite ti.ttmates. 

4.4 Optical spectra in the AF phase 

'eTi03~y··2 undergoes the antiferromagnct.ic-ordering lronsilion al1N 70 K. H<~islivily 
Lakes the minimum at lhat lemperat.ure. and keeps on in<TI'!i~ing with furl llPr uPcr<'a.~" 11f 
T, as shown in lhe upper P<lnel of fig. 4.1. 

Reflectivil 'and the low-en<' rgy conduc1 ivily ,,lso decrem;<>s with d<'<T<'Itsiug T hPinw 7',; a~ 
shown in Fig. 1.10. which is consisLent "~i.h Lh<' T dependenr·p oft ill" resistivity. llml'<•wr, 
the optical coudul'Livity spectrum (the lower panel or l·'ig. •1.10) <l l llw low<;:>t '/' (:, K) 
do s not show a gap-like structure, but smoothly incr<'ase~ with dr>creasP of uJ, ext:!'pl for 
tlw opticlll-phonon stru('Lure:;; below 0.~ e.V. Moreovt~·, Lht• va lue of the de <:onduetivit.y 
almost coinc ides wi.lh that of the opt ical conductivity tll lhf' low!).q <' tl<'rb'Y of lh<' pr<•s•'lll 
measurement(~ 0.01 eV). and Lhus, it is unlike! thal ~ gap-lik•' slrudure is pn!f>ellt bPIOII 

0.01 eV. Therefor • optical spectrum for CPTiOJ,y /2 below T"' is t.hal of'' m<'lal with no 
gap-like structure. 

The extended-Drud" analysis wlls appliP.d to 1 he lll!'talli" sp<'cln1 bc!Clw h: anti rr>sttlls 
are shown in Fig. ·1.11. The effr .l ive m~ss m' (w) show::. little T dependi'IW<', indic1tli11g that 
the spectral weight coutributing metallic conduet ion barely d<~creases I>~· low T,..,.. On tltr> 
oLher hand, the sc.ttteriug n1te 1 r(w) iucreases with dPCTP<IS'' ofT. It ih nota\Jl,, Llwl llw 
change of 1 r(w) with Tis not uniform against..;, ltut 1 r(w) iwrr'''"'"' lnrgcr for s1rwllf'rw. 
That is qua.Jilatiwl different from 1 he behavior <Jbove 7':-1. wher<' J r(~.<.•) dl!utgr~~ uniformly 
against w . This sugg~~ts that the change of 11 r(w) with T i& dominated by dilferunt origins 
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abovr.> and below '11.. 
Th0n~ are va rio us cxampi Ps thal show a nliferrm nag 11<'lll" onll' ring in n lll<'l<lllic ph<lSP. t\ 

famous one is Cr met~tl ,[f•'•· .SoJ 1 hich become~ th' :o.pin-d<'nsit1·-wm•t> (S D\V) s tat<' ' "' ''"' 
312 K due lu lhe nest ing of lhe H•nni su rfaeP. .\ssodnl<'d with lil<' SD\V 1 mnsi l io11. 
opt ical conduclh·ity [5 i ] o r Cr decn)aSes beiOII' 1000 ('ITI I whPn'HS in<·r·c·<lSf'S >lhfll'l' that 
frequency, making up a gap-like strut'tu re. as shown in Fig.l!.l:l . Simila r gap-like stnH lure~ 
in the oplica.l conuu~ tivity speC"lnt or the sow SlttlP \\"PI'<' a lso nhsPrl'l'rl fur UHu2Si2.[t.:l 
(TtV[TSF)2Pl-6 ,[5 J and so on. Recenlly. a similar clmngc• o f t he• nplit'al•·cHiduc ti vi ty with 
decreasing T has been observed for 1\d 1 &JC<•o. 17Cu04.[fi9[ 11h irh sho11 s l>o rPly lll<>tnJii,· 
conduclion but also >Ulliferrornagnetic orderi11g bc>low 1.50 K. 

The absence of such a gap-like structure in Llw optictll specl nnll of I liP pn•st'nt tit a ll <lL<' 
can be explained in se1·cral ways: One exp la11 <1 1 ion ib hasc)d on i he SD\V mod•• l .iu~t <1S 
t he case of Cr me tal. but assume:; that cl very sma ll p<lrt of t!H' l·l•rmi 'urf<l<"<' dis~pp<'<U's 
by th> SOW ga p forrnalion. r\ ccordingly, missing SJ!<'<'tnll wPight with the gap k>nrl<ltiuu 
is so small s lha.t lhe gap-like structure L~ hardly observed experimenta lly i11 the opli<'nl 
spectrum. lu such a case, the staggered moment induced by the SDW sta t<' wo uld l>P 
o rders of rnagniLuJc smaller tha.ll Lhe full mome nt Ti'1 "' 1Jt13. Sn f<l l'. th,• re is nu lii'Uliutl 
SC<lltering measurement of tlw pc~rovs ki tf'-typc• titanate t h<ll shows both lrtr•ta.llic condw ·t inn 
and antiferronmgn<'li•· ordering. \l~·asurem<~ut ,f L11" patlem of till' spin-••rJ,•ring ;Is 11"••1 1 
as the ITI<lgnilude of lhe ordered momem e>f such compoumb ll'nui J giv" a •Tucinl l<'SI for 
that scen<lrio of tlwir ontifPrromagnetic ordering. 

Another possible S<"<' tHlrio is to take account of tlu• tll'o diffrn•nt kiwi& of i'IP•·tron~. un•• 
of which D<'t~ tlS eond uctiOII ('H ITi('J'S >l lld t hP ol bf' r of whidl tl<'IS ,I_, [O<"H}iz<•d s pins. 1 f 1!11• 
ilnt ife rrorrwgnPli<· ordering oe<·urs only for tlll' lon1lized , pins. and ··(,nJ•wt ion cn rri•·rs ur> · 

affected only through llw inler<\elion with sur h locn li :wd spin~, " ''"could cxp<'C't I h• • that 
the rluc tuat ion of Lhe order<'d pins scatters tho condtit'li cm carri• •rs and tl111 ilu-rous•• r,f 
t he ir SCalt.ering rai. P. b low T_~ , as observecJ in the t•X p0rilnl' llt . 

In lhe presrnt tilml!lles. t he conduetio u ca rri em !ll"l' M~<:c,lnmodat•·rl in th•• triply drg•·n
e ral erl 'l'i :3d lzu o rbila b. As a resu lt. th rP sh uiJ I><• thn•<' diff,.rent l•l•rmi su rl w·t•s in 
the band strucltm• of thf' c ubi c RTi03.!60]lwo o f 1\hid1 hMce ligl•kr •·ff.- tive ll li1&' '"'J 
the rest of which has hcm·iN eff(•ctiv lfl<l.'·iS. Thus. <JilP <'all <'XJ><'cl for th<' <crysl>tl "' '"r 
the m .tal- insula tor plws<' botlllut~ry th<\l P!cdn.JIIS with li g ln.<'r .,CJ;•<:til'r> 111ass "r" d.-loutl
ized and tt<: t ,,,... c· nduc lion carriers. where,u, lho~c with hPuvh•r <• ffrct iw 1fl a.~s >lJ " lo<·aliz<'l 

Jue to the eleclr n-corrc lation r~ ffec·t and ad ,, loca li z<'d "" ' 'fl"td s. \V•• ll (JI<' th•l l " pl'l'
liminary study [G I] indicate.~ thnt Lh\' 1-l tlll eo<'ffici ent o f' ll"• crystal in th" vici ni y cJf tlw 
rnelnl-insulalor phtlSe boundttry i~ larger (sugge:,1 ing "nailer rarri<'r lllllllU<'r) l1111n thtll of 
Lhe crys tal suffici ntly away from LhP. l>oundnry. The ~ t aggnrPd rn<Hnent is 11<>1 """"Ss<Hil y 
much sma lk' r than ii 'B i11 this sc<~ll <l rio . s incu it is approxitnat<'ly dP tr•rlllin,, JI>v tiH• r~tio 

of thP number of I c.:a li z!>.d spins >llld conduc:ticm c:nrrir rs. On I h<' """;, of tl<ib ~!'I'll<~ rio. 
however, I he oplh.:t1 l cundu<.:li v it.y specl rum is lh"' Sill II of llH· •·o11lribuLio 11 fro111 cundul' lion 
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catTiers (producill!\ n DruJ like spectrum) anJ that from lon1lizeJ e·atTie rs (prodttl'ing <\ 

broad peak). Snch <l fea lun' is not compatible ll'ilh the cxtenJed DruJP atw l y~ is allow, 
which is essenti a lly a ontl-componcnt model. 

4.5 Summary 

'l(>mperal ure dependPnce of optic<tl spectrll wer inw•stig<\l l?d fo r Ct>Ti0hy 2. ll'hich shows 

meta llic- conJuction but <lltlifetTOtnab'l1etic ordering at 70 K, a nd c~U51.5Cao.oaTiOJ•y'2· 
which is a ptHamagn<~tie metal down to the lowPst tempPn1 tUt'<'. E ·tended Drude anol

ysis has revealed llwl t emp<' rature depend~nce o f LIH' cotH.lue ti\'ity in tlw p<tramagneti c 
phase ca n be attribute<.! to the unifo rm (•hange of 1 he sea t Lt>ring mte of c nJucliott c;u·
riers l jT(w) 11gainst w, whereas the effecliw mass 111' (w) is aim st T' indcp()nde nl. Such 
a change of 1 'r(w) with Tis consistent with the l~'enni-liquiJ theory. but in conln1st lo 
1 he be havior of tho cupraLe supt'rconductors. On the other !tand. optical conductivity of 
( ~p'fiOHy/2 in the aalift•rTornt~gnetic phase is decrc<1St>d in Lhe low-energy reg-ion with d L'
crea~ing T , but do > not show <lilY gap-like structurE' ewnnt t h<' lowest ternper>llure. 'uch 
a spectral clwng<' suggPsLs thai Lhe spectra l we ight conlributiag the metallic conduC' tion 
barely dt>cn~«se with antiferromagneLic ordering. bul the st~alLcring rare l ' r(u.1) inc tWl~<~ 
in thl' low-energy rt•gion. 
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Chapter 5 

R aman spectra 

5.1 Introduction 

Raman-scatwri ng mt~as urement is known as a pow<' rft tl tedlltiqut• to im'l'sLigHl <' o pli, ·a l 
phonou modes, e:;pr>cia ll ' in insulaLon;. The phonon spectrurn in H<l lll<Hl sc·,J lt<• ring o f itt

su.lators is Jominat d by the coupling betweett the phonun <lnd e l<·d ron-hole pairs <T<'al<•d 
by an inie7'band xcilatio n [fi2]. On the other hHnel. rta ntna-scatlPriag is also u:;pful to 
iJtvesligatc the e lect roni c cilntion of niPta ls . In that case>, Llu·• light Prnits lht> inlraband 
e loclron-holt• pair across the Fermi swfw.:e. Such PIP<·Lroni c Haman Sp<'<'Lra haw cxpPri
m •nlally be<' tt obsen•<'d in various compounds [62J, incluJing Lh<' pt'<'SI'nl pC'mvski le-l,;p<' 
titan ales j6:3j. 

l n this cha.plC' r. WP desc ri be systematic invcs lig<l lioll of Lit" phonon Hntn>l n sp<·<· tra o l 
Lhc perovskite- type titanate. \Ve have found lhot the phonon sp,•cl ra show 11p only in I be• 

metalli c region. <llld that lhP intc>rtsiLy o f thE's" speetm dnse•ly r'·'iHLPs lo tlw vall!" o f ea rri Pr 
e ffect ive mass. wllich r: rili ea lly iacreascs as the :V IJ phas<' bou ndHry b >ipprondtf•d. Tllis 

indi <1L0 that SUC'h phO IIOll modes are domin<>ted by the·• cottpling bf'llw•e•n llt•' phonon nnd 
the in/raband c l'<'Lron-hol c' pairs t\CI'Oss the Fe rmi surfncP of Lhr• ni i'Ln llic slalP. \Vr> disctlSh 
quanlil<~iive re laliotl be twel'n Lhe phono n inL<'nsiLy i11 Rama n sp<'r·tnl and till' <' i, ~: lrfJ ni <• 

parameters of trt eitlls. 

5 . 2 Experiment 

r\ 51<1.5 nm line from an argon io n lase r wm, usPd as an iucidPnl light, whoM' illtPnsily 

was typica lly :30 nt \V. and it W>ls frwused on th<' sMnplt' su rfm·<" by " conw•x I Pn~ i11lo 
tile ~ 0.2 mnv/J spot. Th" scallered light ill n n'•arly ] ,IC' kll'>~rd-sc ·Htl<-' t ' ing g<'<Hil"l ry was 
collecled >111J disp~>rsed by :llriple monochrollt<ltor Pquipp<>d with att illt<'IISifi\•,1-rliod('-M'I'>IY 
detector. Two polarizPrs [o r Lh<> inc ident ~~ond ,r•ai,I.Prf'<J light. were Itstxl [o r sP.I<~:Ung tile 
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specific• pCJillrization coufiWJmLion. A sdv-'rnatk figurr• of till• metl~ummt•nt ~ysU-'tn is shown 
in Fig. 5.1. All tlw ~p<Klra wPre calibrateu to the iltstrunmutal seusilivity ru, wcll as to 
the pem•tmt.ion clepl h of tfw inciuent anu sc:attercd light ttbing opl it:al c·on~tamo (Jbi.<t1neJ 
fmm thr Kramers-Krouig anttlysis of the reflerti,·ity spnr'lra, so thctl wr otn cornpttrP the 
r<'lativr spr'Clntl ill unsiLy b~t\\"f't'll differ••nl sampl%. 

5.3 Phonon spectra in Raman scattering 

We show tile HilrnttJJ-Scattering sp~>ctra of (n) La1 :r r,. Ti03+y'2 HIIU (h) Y 1 xC''"" TiO:,·y ·2 

at 50 I< for the poht.rized C'onfiguraLion. in which the polarization of an inciuem and scat
tered light are parallel, in Fig. 5.2 . \Ve clearly s<>e some phonon JlE'<tks, shown by lrinnglC~. 
in 1 h£' figure, for the ml'tallic samples for 2: 0.04 in R La m1d for l' 2: 0. 15 in H. Y. 
By contrast. t he phonon p aks almost Jisapp ar in th insulating pht1Se, ftJr /) - 0.0 I in 
R= La, n.nd for .r::; o.:w in R Y. Namel y, th phonon Haman in •nsi t i ~ show a critiCQ! 
change upon the Ml transition. 

Tbe compoumk La1 ., 'rx1'i0:1~y;2 for x::; 0.3 <tnd Y 1_.cCa,.TiO,..,.y,2 for a ll x, have 
ort b rhombically distorted p •rovskite (GdFeO:;type) &Lructure& ]l J. l-1] in which lhP size of 
the unit n>IJ i& J2ap x J2c~.p x 2a1, (ap being the !at lief! spa!'i.ng in the simple cubic perov~kite 
structure). Thr>refol'(•, several Haman-active phoHOJI modes (7.4 1_9 + 78, 9 + SB29 + SB39 ) 

&hould <'xisl according to t lw group theory anaivsb ]h4) for thP S<llllplc> · whose spectra ilrf' 
shown in Fib'l;.5.2 (u) <tnd(b). OnlheolherbanJ. La 1 ..,Sr,/l'iOJ.y 2 1orJ.: > 0.4lwsa t·ubic 
perovskite &lructurc• ]ll] with no I'Ul.man-actiw• mode, aJLd we obserVL'U the disappearanre 
of phonon struclun·s for J.' > 0. 1 associated with &uch an orthorhc11nuic-cubic tnutsition . i\s 
sh ,,.u in Fig .. ">.3. Tlt.is indicates that the phonon struC'tUr<o's shown in Fig. 5.2 (<~) ;md (b) 
ttre not the Jisorder-i.ndu('ed modes but intriusi<:<t.lly Hanwn-adiv<· phonoH modes inherent 
in the distorted perovskite slrurtur•. 

We also meMU r'U I he dPp larized con figuration spectra. in which I he polarizalion of an 
incident light is perp<>nd icular to that of a scattered light. ,\s shown in Fig .. ~,.4, the phonon 
peaks be~wleen 200 100 rm 1 (inuicated by closed triangles) weaken but those below 200 
em 1 (indicotcd by open triangles) remain sLrong as well in their in~ensity. IL is thus 
tlppa.rpnl that Lhe phonon modes b•lwc*'n 200 400 c·m 1 tbL• 1\ 1_9 symmetry. On the other 
hand, the phonon s~ructure at 200 em 1 is composed of llw A 19 moue and otltt•r sylllrnetry 
lnOU<:JS (a~ Big• B2g, or B:.g) with ne<trl . uegeneraled [reqU<'IIC'ies. 

Figure 5 .0 shows the i\ 19 phonon spectra between 200 lOll em 1 for R Pr. !'\u. and Sm 
at 50 K. The mel<J-insultt!.or pht>se bounuary is shown by a dash<'d line for P.aeh R seril'b, 
and Lhe itttensiLy of these phonon spec:tra shows a critical change upon thP !1-U lrausilion 
nlso for R Pr, Nd, ami Sm. 

Let usc nsider poss·ihle consequence of the 1·-dependent changes in the lattice structure. 
X-ray measurenwnls IJI, 11 , 6.5] reve,tled lhat the orthorhuJnhicily of Llwse systems in-
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scattered light t\ re pcrpendicul>H) spectra for La1_,S rx Ti03+v/2 with x = 0.1 (Lhe upper 
pm1el) and Y ,_,Cax Ti0~+11/2 with x = 0.5 (Lhe low •r p<mel) at 50 K. 
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cre;tSP-~ A~ 1.· d<'-<T''<l~<'s. Such an l~dep<•ndenl btnJ('illra l <'hangt' would !carl to Lht> im· rw1~e 

of 0peC'ln1l intPJJSily of lt,llnMJ-at·tiV'' phonon lllOUP with d<~rma~<' of J'. bPca us<' tlw jJhnnon 
J!lo<l<! of intPr<'S I IH~:oJlli'S [~aut <lll-a ctivt' cxacLiy owin).\ to 1 he• orlltorll olnbic di stortion. This 
pr('(licilon i~. h oii~·Vt•r, in colll r<l< lidion with l111• "Xfl"rim<'ntal result Llwt Lllf' pbt>non in
IP nsily rather d<'t:r<!<IS•'!> as .1· dP<TPaSP~. imlicaling that lh<' < l1anp;o• uf t lw nli1gnitudr> .,f ti ll' 
i>tLlim rJi,torlion b not lht> major origin fo r th<·' \'Hriation of the• phonon intensity. 

,\nothN possihl" origin of such >t spectral chango• is lh<' resona nc<' pffeo·t of the incidPnl 
(or scatl<'red) light. wh t>re the R»l1laJl intensity lwcomr>s strong if lhP eue rgy of lltP in
ddent fscatlered light coincides with the s trong absorption peak of lhe op tical speelnn11. 
This effec:l is iu fad 1 he mo~ dominant for the phonon Hi11T1<1 n intensity of t~onvcnlio ual 
band irtsul~tors. In lhis s ·~Lcm , hO\\'PW~r , the lowest elect.rouic level \\'it h a large osciiiHI.or 
sLrength, whi<' li is llw 0 2p Ti :ld dHu·ge tmnsfE'r (CT) t'xc:it atiotl at ~ ~.0 PV Ill , l ·tj. is 
too far for the iuc ideni .lighi n rgy (2 . .J.l e V) to be l'l¥;Oitated with. tts ~howu in Fig. 5.o 
l'o1' R= LA And Y series. Furthermore. the sper· t nt.! position of tlw CT ex cit a lion tl 'pends 
1: rather littlf', as cxempliOed in lhe same figure with lhP spel' tr>1 for metallic (solid lines) 
Mtd insulating (dashed lines) crystals. Thus. we ca n roudude thal the resonan r.P e ffee l is 
noL the r.a use of lhe observed variation of lhe phonon spect r~l imensity iJ1 the lita nales. 

Considering th<> ftt<: t th>\l the ch<tnge of the phonon intensity is correlated ,,·ith the 
l\ 11 tnu tsilion for fiw rliffpn•nt R series with diffPrl.'nt .\If phase boundaries , Llw obserw'd 
bPlml'ior should hP attributr•r! to the change of the cl;ctronir· ~l11tt' ll<'>ll' th co Fermi lt•vl' l. 
ln olhPr words, th<' phonou mode is o,trongly coupled with tlt,, 111/mband r>x<· it a ti 11 <llTtJos 
tlw Fermi lew!, <111d mudt less with I ho• !lllerbn.nri exdtut ion. Sud1 <I •·unpling with th,, 
intrab11nd excitation i& allowed only in the metalli c· st;\t t' unt not in the in~ulating ~tate 
wiLh !I c!targt' gap l~trgPr Lhnn the phonon f'nergy. 

5.4 Calculation of phonon modes 

Por the assignment of th<> phonon modes observed in tlw Ra man speC'lrum (mninl with 
the A19 symnwtry), cakulalion of thr> phonon freq u<' nr·y wa~ madP for R. La using a forr·p 
consinnl mod l: A Jirst , three stretching forep constants h twC'ell tho' ne>1 rest n ighhor 
Ti-0. 0-0. and L>1-0 atoms wpre assumed ill <1 ,.uhic l>Pro,·skite lntlice. The magnitud<' 
or L!wse forte conslauts (5:1 Nm l for Ti-0. :!5 .'\m I far 0-0, and :!5 Nm I for L11-0) 
wc>rr det t>m1ined Lo reprod ucE' the frequenC'y of L}lf' lhri'P infnH<'d-allowed modes in " cubic 
Jwrovskite structurP, whi<·h ht\d expNinlt' UL<t.!ly lx :PJI obLaitll'd <1S J 66cm 1. :n7r·m 1, nntl 
fi(ifkm 1 for LaTiOJ.OO· 1 ThPII. H.>111J<ln-allm\'t" l JtlodPo with ihC' 1\ 19 s tmnet.r_v wen· 
t·aJr•ulaled lnking twr:ount ol the CJFe 0 3-typ<' distonion fill<' LaTi0.1• ln Fig. fi. l. tlw 

1 11 <~1T\ t. IH.' GdF't-{J:t-t.vpt' distor1ion of this C0t11pouod i~ ignnrcd. ln rae!, splilling nncJ C.lppcnuwe of 
pllOl\Otl I !lOde::; du IO l)l(.l c:rll-"t"t);\-lyp(\ dist.orl ion Is llf'gli~jl ,lf· ill I.IH· opl ic·al ('Ollclut•t ivi ty SJ>C('I rt\111 of 

L:lT'iO:~.w , a."- ~hun in th(' hnvf'l' ptluf'l of Pig. 5. 7 
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resu lts of I he calculation (thl' upper panel), togethe r with the expPrimE'nLAI Sjl!'l'i ra (the 
lower panel) of LaTi03.00 for the optical conductivit spectrum (I he dashc~J line) and of 
[,aTi03m for the Rmn>Ul-scallering spectrum (LIJP solid line) mv pre.5e11led. 2 N,>rmal 
coordinates of the A 19 phonollS [rom ihe c:aJculation t1 1'> show11 itl Fig .. 5.8. 

As can he seen i11 these llgun;s, R.am<l!1-allowc J mQdt>s bPI ow 200 em 1 cmwspomls lo 
the modes 1 and 2, in which La atoms mainly movE' (''rM<'-Pnrlh mod<J''). Th<' 2 Ocrn 1 

structure in lhe LaTiOJ.o4 speetrum, which is composed of two pPtLks ,iudgiug from th<' 
~pectra of other R. roiTt>Sponds to the rnod~ 3 aml l in th.- cakulalion , in whiL:h the Ti00 

octahedra is rif:,..;d!y Li lting ("tilting mode") . On tb other hand , ihe ca lculaled n1odes G. 
6, and 7, where Ti06 octahedra is distorted (''distortion mode"). arP h>trdly seen in I hf' 
ex peri me L. 

Therefore, among the seven A 19 modes, the rare-earth modes >10d t.he tiliing Jllodc-,; 
have strong intensity whereas the distortion modes have wea k imensity in Lhe Hanlllll
scattering ~pectrum of the present L.iLanates in the rnetallie phns<~. Sinm Lhe rtHe- <11th 
modes could ue strongly affected by the disorder a rbing frol!l the rnixPd R./Ca(Sr), W<' 
avoid the quantitative disc u~sion of Lhe rare-E'arlh modes, !.Jut focus on l he beh<lVior of l111' 
tilting moues below. Tlw reason why the intensity of the n1rr>-<~a rt.h modes and th<' Lilting 
modes i~ ~trong wh • r<'a~ that of the distortion modes is WPt1k is qualit.Hli\'ely diso·ussed in 
the laiter sect ion. 

5.5 The intensity of phonon R aman spectrum in met
als 

Figure 5.9 shows the int egrated intensity of the tilling modt., with thr• 111,q ~y1rundry u~ 

a funclion of/) for R= Lt1. and Y. The dtlshed lines indi t:<l.lP llu• Ml p llll~<' holuui<II'Y, ns 
determined by llw resistivity tneasur •meul. As d eu rly st'<·n, Uw spednd illtPusitv o f llt<'S~' 
modes in the rnelallic regions d creases a~ th 1\.ll phase bouuua 1y i~ <ipproadH•d . aud 
ttlmos l disappears in the insulating regiott~ [or bolh La and Y s<'de::;. 

Figure 5.JO shows the t. hre~LJimensional plot of lhe inl.••nsit y of llh' s111T1e rnodc~ "·' I> 

function of to >end I f W (which depend~ on lhe species of /~) f01 five different R syst<·Hns, 
in<:luding Pr, Nd, and Sm series . The 6 range of the in~ulatin~ stale (1 he shadP <11'<><1) 
increases with increasing Ut W (wiLh smaller ioni l' wdiu~ of R). 11s discuss<'.t.l iu d •tail in 
lh' previous chapter. J PV<~rtheless, the spedral intensity in lll<' rnel<11lic· phas<' d<'<:P'a8CS 
almost to ZPI'O as the Ml pi1>1Se boundary is approaehed for any n srrif!S. 

fu1mHn sct~ttering in mcl.t~b was theordit:al!y studir><l by Milb,, lamdudi11, and !3 tu-:;t<'in 
(MMB) [liOI. Accordi ng to their llwory, llw ~ca llnring en>% h<'<'lion of' PV<'JJ p11rily plionotl , 
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Figure 5.6: Plot or lhe optical conductivity spectra. [u(w)J for La1_xSrxTiOHy/2 (the upper 
panel) and Y t-:rCa;r Ti03+y/2 (the lower panel) wilh various hole concentrations, together 
with the energy position of the incident light or rtaman sc~;tttering (shown by arrows). 
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figure 5. 7: The upper panel: u(w) spectra of optical phonons (the d,1shed line) and fre
quency positions of lhe A 19 modes (shown by triangles) by the calculation (see text). The 
lower panel: the optical conductivity spectrum of LaTi03 oo (the dtl.~hed line) and the 
lhman-scattering spectrum of LaTi03•04 (the solid line) in the exper·imenl. 
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Figure 5.8: 1ormal coordinates of the A 19 modes from the calculalion. Solid circles, open 
ci rcles, and shaded circles represent Ti, 0, and R atoms, respectively. Each number refers 
to the number in rig. 5. i . 
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lo which th A 19 phonon uelongs, i& given b 

cfl I /ph 2 

dr2_, . ex: 2 ( _ ) 2 Jo, I . 
' UW lph + W Wp !o 

(5.1) 

wh r8 Wp!J is ll1<' phonon frequeuc·y and /ph b tlw width of 1 he piiOJJOll ~p<'t:lm. b \ b til•' 
ITIOdUJRtiOn of tiJP SUSCeptibility uy the atomic dispJaCt'lllf>lllS, which i~ givr•n hy 

\. -

(.'i.2) 

where w, is an incident light frcqueucy. v a normalization volumP, k 1 h , dif~'rence in wnw 
nu mbers of an inddcnt and sc<nlered light, H tt reciprnc;1llau icc vr~·tor , f(k) f(Bk) llu• 
Fermi distribution function, and Jk) th e l:llodJ functiou. \fPI(k) is the Fourier t·odfidc•nt 
of \i(Il(r ), which is the inner prorhwt of an atomic displnccmeul and ,. dPriv;1tiVl' .,f lllf• 
electron-ion potential. In tilt' limit of k « kF, (k dr ok·rJk2) Pquab <'> k2,kr +k· 

To elucidate lhP chang" of the phouon intensity with 1· in t!H• mr•tallic rPgion of th<' 
lit<mium oxide system withi11 the framPwork of thA l ~IB tlworv, th,• most importanlt <' rtrl 
is [!(k ,) - J(k, I kJL IE(k 1)- E(k 1 k )J in Eq. (ii.2). who~" k 1 suumwtion •·•quais lhr• 
response fLUwtion. H we Lalw ac.count of liH• phonon lrl'qucney as 11n <'X lPnsioll of t h•• 
adiab,ttic 1\I~ I B-thr>ory, a11d ucglecl, <IS n crud" approximiltion. t h,• k nnd k 1 d<'JI''"d""'." 
of LH 1/(ll(k + H)(k1 I kJ£•<k+H)·rJkt). then 0),_ iH)('OnJr•s such II& 

(ii.:~) 

where f is the eli iectrir; fundion. t\cconJingJy. lhe i11Ltmsity of Liw phoiiOll spP.rtnun in 
Haman scattering b gin•n by 

(f.. I) 

Ln the present experiment, Lhe c ndition that w,, > kv1•· ltol<k Thus. wr e>llt approxi
mate c(w, k) uy the Drude model: 

4rrnc2 I 
£,"'- ((w, k) ~ --,--

2
--.-

1
,- . 

Ill uJ -L W 
(fl.fi) 

where n is A carrier de11sity, m: an effe<'liw~ mass f Lh'' cMTi<•rs. nnd )' 1 h•· inV<' t-s•' n'
lclxalion tim of tl1 P <'>Hriers. In the low LempPralurr> limit, tiH' origi11 of LIH• r<•I>IXIILir,ll 
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is lhe ~CHttering by the ilnpurity and iwre r lll!W be r<'g<11'dt•J <lti IH'Hriy t:Onstant f'CH lhr 
composition (1-) rang•' of intPrrsl. Th· n. Gt]&. (f •. I) >11ld (5.5) indicntP Liwt th<' phoJt<>n 
inlen~ity in t h(' HamHII-S<:~tt tl'riJtg ~pedm of tncl;lls b propot Liwwl Lo (n m' )~. 

To t'fill1par" t hP t•xpPrimcntal rt•s ttllh with lite ~ 1 113 Lh<'<JJ'Y. wn h<tVf' plotl<'<ilhl" nunllo l
ized phonon inlcn,ily n' u function of n 1171' in L<t 1 zSr..,TiO:l y 2 t111J Y t ,.Ca..,TiO~+y·2 ill 

Fig. 5.9. lien•. we defined the normaJizeJ phonon illl<'ll,ily (f) as a dh·isi n of the bare 
imeusity [,y ~in2 0. 1dwn> ()is a 'fi-0-Ti bond angle . ln <~<>JTt'<'t lh<' Jiflim•nce of onhorhom
birity itt Path Mltnpi<'. ., \VR d<>riveu n ·111 ' from <'iec:troni•· hpl'<·ifie-hPt1l cnl'ffid<'nl (/) 
1n. 171, whidt is proportional to m'n1 '5, with the cunfirmeJ n•lation tlwt the number of 
<'tHTi••r p••r Ti site ·~quais the band filling 1-J'. The s•·u l· ·~ ol th•• <•rdinnl•' and Lh•• <lbscissn 
<H't' in arbitrtuy uuits , but llw relative 1·alues for t)ach &atllplt• C<llt br eompart•u with •'tH'lt 
othc1. Ah roiet1rly seen in Fig .. S.ll , t Itt• nornJalizt.'CI ittL0nsiLy sln>ngly r~orrelat<'S with 1!, m'. 
ru1u all the expnrimcntnl points lo<:tlt e ne>H the Jt1slwtlline in f.ig. 5.1 1 wid h represents 
the relation i <X (n / rn'f. 

'T'hc vtdue of cruTinr eff,cLivc mass (n1') plays an important role in Lh fl11l tra nsition of 
these li l!UlaLe ~ysLl.'m~; i. e., m • is critical! · enht\nccu as x is tlecn'>1sed to the l\n ph<U->L' 
boundnry from the mr•tallic s ide 11:3, 17, l6], owing to the dPctron corrC'i<H ion e!l'ect. Thus, 
tlte dflcre;1se or thr phonon int!.'nsity in th<> metallil' region when tlw systt•m approilch0~ LhP 
Ml r, lwse bounuar (ns shown iu Fig. 5.9) is atlribuLC<l to such enhancement of the n1rr ir>r 
Ill (;ISS. 

\Vc• should note that 111' ap pPming iu Eq. (5.5) i:; a simp!<' batld mass. whereas the d l'cc
tive mass rl'llonnaliwd b • lhe l'IPcl rotH;orrelation c!l'e<t b usrd in th<' pr<'Senl dis,ussion. 
In litis sPnse. IIIOr<' sophi&ticaL J theory that takes account nf tlw Plt'<'Lron correb.lion <'ffpf'[ 
directly wCJuld be dcsirPd. llowever. the :V I !l iB modd with llt • asstllnptinu tlwt m' appenr
ing in Eq. (5.5) cotTt•sponds to the effective mass renorrnalizeu by :;uch a corr<'lalio11 ef~·c·l 
s ms lobe quite a good standpoin t, judging from lhe <!X[Jl'timcttt>1 lly obta illC'•l relatiou 
J ex (nlm') 2 intwcordancP with the ir theory. 

5.6 Mode dependence of the Raman intensity 

ln &t. (.'i.2). ih<' phonoii-modP-dPpl'tidc·•nllenti is o11 ly \ ·tt>(k ~ H ). whk h r ·• prP~ •nts l he 
chang• of lhe •lndmiiic fitructun• with Lh<> >Uomil' displaceme11t accon liiig lo lh<' IIOrtiit1l 

3The p rcs~J I I. phonon tnodo wnuld not be Raman-active in lh~ cubk p~rovskit ~. but becomes i{w.nan
al·t ive lH-'f.~:U.ISf? of till' ort ltorl1<unbic di~tort iou. 'TherefCII'C. \'ariat.ion of or1 horhombicity ttlso leads 1 o vn ri
at.iou or I he phonon iuiC'n:o:;it.y. 11 is known hat. int.eusity of snc:-h u mode is pruportionaJ t.o the square 
or on <>rder p•u·amet~r or the distortion. [For rxemple. see D . .J . Lockwood rt ul. A11lw.ruwni<- L<£1!irt•$. 
Slm tum/ 1ransilions uwl Mrlling (Lricten. ~oordhoff) t-17 (1[174); E .. J. Samudsen el l!l.. .J . Phys. (' 12. 
2007 ( 107fl).J \ \'r horl.' ru.lopWI si nO "-' tho order parmneter illtd rotTl'l'tNI thP ~frt'<'l or Int.! it·<• di>It>rtion. 
1' 111' vnlu~orsin2 0 is wit hin t he rnng<'orO.O 2 0.2 16. 
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n/m* (arb.units) 

Figure 5.11: Normalized intens ity of t he At9 tilting modes as a function of nlm' ; c losed 
squa res for La ,_,SrxTiOJ+y/2 and closed circles for Y1_7 C<t,Ti03+11/2. The magnitude of 
n/m' is derived from the values of the e lect ronic specific-hettl coefficient. (See texl.) 
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COO!·di !lal (\. 

As r!escr ibcJ in I hP prc•vinu~ r·hapler, among thr JXlf'tlflll'tt'r-s of lh . cry~ ta l strurLun•. the• 
most Jornirwnt oJre for thP. PIP('lrtJfliC' slnwtun' is tilt' Ti-0-Ti bond nngl", which clrtt•rnrim·~ 
the .,n.,.ell'dron htmdwidth uf llw r·<·ndur·tion btHHl. This 'J'i- -Ti bond angl<• is detrnnin,~d 
by tltn Lilliug >lftglr• ofTiOt; o<'Lalwdra. Thus. the tilting JlltHI•·'· "hich nwJulate Llw Lilting 
angle of th~ TiOo 0"t<lheura. dimctly nwdul>lli' I hr• bandwidth or t hr ronJuction band or 
I hf' mPLRLiiC' bUlle. Tlrub. the tr•rm I '(fl(k + H) for the Lilting lll!>dCh is xpeclc><l to he• 
l<lrgrr· compnn>tJ wnh that for other modi's. 

The rr>ason why I hr r>lnH'llrth modes'"" also 'trong in thr>ir int!'llbity is not detlt' so far. 
One possible irllerprdaliOfl b that thP RfCa(Sr) atom has a Jru·l:\<' ••ffed on the elt>Ct ronic 
si nwt ure through the long-nlJJge Coulomb interact.iou (:VIahdclung potential) <tnd the clis
plaeern ut of Lhr) R/C'n(Sr) <~tom would modulate the charge distribution of tlw conduction 
bru1d composed nf Ti :3d nnd 0 2p level·. 

Sudr a strong S(J(>dral illll'nsity of the specific ph non mod8S is ob~-erved in Ranwn 
sc<li tering of ~<'vera! insulators. One <lX<\mple that sh uld bP conrpMt>d with liH' pre~ent 
rc5 ult is Lnll'lnOJ ,[67) wher<! t.lw .)uhn-Teller Jistortiou is proutinenl and is Jomint\ lll for 
lhe elet'tronie slrudurt> of thr• insulating ph11se. Jn the R<tman ~pc>t:Lrurn of this com pound, 
LhP ".Jahn-'T\>Jier mode", which modulate thP magnitude of the .)ahn-T<'IIer distortion (cor
responding lO (h(• moJe 5 and ti in Fig. 5.8) is stronger in its intensit • than other modes. 
This indical!->s tlwt the ell.><: t.ron-phonou coupling of Llw .Jalm-Tellcr Inodf' is stronger tltall 
that of olh •r modr'S. 

The pres •nt n•sult of the Lit auates suggests I hat strollg intensity of the specific· phollull 
moJes in til Raman spL'ct rum of metals is al&o the COilM'qta•nce of"' dran1cleristic relation 
b<'lwc~.>n Lire clcnronif' st ru .Lure anJ Lhe lattice uistarlion. This implies that H.aman
SC<Hl•)ring ctill also be" good probe for tire electrouk structure and electron-lattice coupling 
of mHt•lk 

5.7 Summary 

We measured H.aman-seat lering spectra for R 1- xCa,.TiO;s+y·l and found that the phonon 
~pectra wen? obs rved only in the metallic region anJ Llwir intensiL decreases as the Ml 
phase• b undar is tlpproadwd. Tl1<1~e phonon Rarr1<1J1 ~p~cLra He strongly coup! d with 
the inlmband excitation across Llw Fermi levPI. and their intensity bears close relati on to 
the value of tlwir ""rri L' r ,,ffl'ct ive mass that is rennrntalizcd I> · the' e lectron corre lation 
dfer:l. i\mong lh' Htli11<11H\l lowed mod('S. the Lilting mouPJ:> in whiC'h the Ti06 oc't<1 hr>c)rA 
i~ rigidly tiltin!!; bavc stroug inten~ily. which is consistent with the eiectrouic• slrudnre of 
ih<' prcbenl lilant1Le:; lhtll is ~LroHgly afferLPu by the Ti-0-Ti bond tlngle. 
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Chapter 6 

Conclusions 

We have investigated the perovskite-type t itanate Rr - xCa/fiO"+u/2 , whose bmtdwidth (or 
strength of electron correlation) and band filling CM both be controlled by the cha.nge of 
the species of R, (rare earth) and Ca dopi11g/extra oxygen, respectively. 

Charge-gap magnitude (E9 ) of the end compound RTiOJ as well as the hole concc>ntralion 
( - x + y) required to make the sample metallic (6c) changes with t.he correlation sl.rr>ngt.h 
in a way that oc Uf W - (IJ1 W)c, where (U W)c is the hypot.hetica l critical value of 
the bandwidth-control Molt tnmsition for n - l. The 1 eel ternperatur" (1! ) in RTiOa 
decreases from La. Lo Sm (with decreasing banJwiJth W). T,.,- also deereases with hole 
doping. but remains finite as I ng as the compound remains insulating. An electroni t· 
phase diagram of R, x a, Ti03+y 2 <1s a typical elecl ron-correlaled system \V<1& obal>lined 
as a function of bandwidth and band filling. 

The RI _,Ca,. Ti03+Y/2 crystals on the verge of the phase boundary ~how chn.rac tr> ri~Lic 
behaviors, such as the transition from a h.igh-temp ralure-rnetalli" to a low-temperat urr'
antiferromagnetic phase, and the transition (rom a high-tempemture-paramagnelk-insululing 
to a low-temperaLum-metalli c phase. 

OpticaJ spectra f r Rt-xC!I:. Ti03 wer investigated, varying lhe strPugt.h of P]c•ctron 
correlation (U/111) as weLl as the band filling n - I -b. With decrease of n lr<>m I 
(increas of li from 0), the spectral weight of the Molt-gap exrila tion is red uceJ ;utd that 
of the ill-gap slate increases linearly. The rate of Lire in-gap ~l<lte rvolution with o is 
criticaJ!y enhrulCed as Ul W approaches (U; W) c, in the manner of [U W - (U W) r) 1• ll 
was also found that the metal-insulator transition al a finite hole doping level in a ~<'ries 
of RJ _.,Ca,. Ti03+Yt2 Lakes place when the spedml weight of the in-gap stale in thP OJ;li< ·al 
conductivity reaches the common critical vaJue. 

Temperature drpPndence of optical spenra were investigate~] for CcTi03.,. . 12, which 
shows metallic condticlion but antiferromagnetir· ordering at 70 K, anJ ('r ~0 _95 C!l,,_05Ti0.1 _ y ·2 • 

which is a parama.guelic metn l down Lo the lowest temperatun•. Extended Dnrd" <1I!iUVhis 
htl~ revealed Uwt temperature dependence or th£~ condtwtivity in the panm1agneli£' pl;asc 
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can b., aUrilmted to Llw u11ifm m clwnge of the sc<lft ring ntlc of conduction CNriers 1 r(w) 
a~;aim,t w, whereas the effective mass m' (w) is almost T independent. Such a changt~ of 
l r(w) wiLh T i:; Ponsistenl with the Fermi-liquid theory, but in cont rast W the behavior 
of the cuprate 8Uperconductors. On the other hand, optical condurtivity of CeTiO:l+y 2 

in the amifflrromagneLiC' phase is decrea.ed in the low-energy region with decreasing T, 
but does not show any gajrlik strudure even at the lowe.~t tcmp0rature. 'uch a spec
tral change suggests that Lhe spectral weight conlribuLing the mel<lllic onduct inn barely 
df~reas!' with antiferromagnelic ordering, l.Jm the scattering ralt> l r(w) increa.es in th<-' 
low-euergy region. 

We also measured H.aman-scatLcring spectra for R1 ,Ca./L'iOJ+y'2 <1.11J found that the 
phonon &pectra were observed only in the metallic region and th ir imen ity decreases 
as thfl metal-insulator phase boundary is approached. These phonon Raman spe 'lra a r ' 
slrongly coupleu with the intmband excitation across Lhe fermi level. and their inLensiLy 
bears dose relati u o the value of their carrier effective mass that i~ renormalized by the 
el ·t.ron correlation effecL Among the Haman-allowed modes, the Lllting modes in which 
the TiOr. o"La.hedra is rigidly tilling have strong intensity, which is consistent with the 
el cLronir structure of the present titanates lhaL is strongly affected by Lhe Ti-0-Ti bond 
angle. 

ln the presem study, the physical properties of the electron-correlated system and their 
dependence on its bandwidth, band filling. and temperature have been clarified in quanti
tative ways. There are also several p ints lhal remain or newly appear a, unresolved is:,ue& 
through this study: 

L The chan-u.:ter of the antiJerromagnetic metal near the Ml phase bow1dary: How larg' 
is the spin moment and what is the wave vector of the anliferr magnetic ordering? 

2. ls Lhe tn111sition from the antiferromagnetic insulator, Lhrough the anti ferromagneti c: 
meta l, to the paramagnetic metal continuous with a f'bange of lxUld filling or i.Jand
wiclth't If so, wha is the critical exponent of &uch Lrausilions '! 

:3. Is Lhe (' hangP f plical specLra wilh ternperalurt' as ob~erwu in Cet . ,Cax1'i03~ y '2 
universal for other elcdron-con >laLed systems? 

4. What i~ the origin of the insulating phase with fiuite hole doping? Is Lhere any 
charaderislic temperature dependence of. for example, optical spectra in this phase? 

5. Are there any other syslem& that show similar phonon spectra auu their effective-mass 
dependence as ob,erved in H.a.nmn-srattering spectra of the titanates? 

These issues will lw clarified in future sLUdies. 
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