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We report n-iicroscopic t,otal-eiiergy electroiiic-st,ructiire calculat,ions for the materiais rang- 
iilg from typical semiconductors to  exotic new inaterials. Tl-te calculat.ions have been per- 
forined within t,he local dcnsity approxinia.tion (LIIA) in density functional theory. The 
result,s ancl t,lieir comparison witli experiments eluciclat,e success and limitatioil of LDA. 

To c x ~ l a i i i  aiid t,lieii predict. plierioniena in n a  

ture o11 the basis of a11 initio calcula.t,ioils are fasci- 

nating challenges in science. Local density approxi- 

ination (LIIA) iii density fuiict,ioilal t,heory['l lias been 

shown to ,e an effective t,ool for such cl~allenges[~]: 

Altliouglt the LDA fails (.o describe excitecl states i11 

conclensed mat,ters qua.~-it.it,a.t,ively[3]. it providcs very 

accurate structural a.nd elect.ronic iiiforiila.t.ioiis aboitt, 

tlieir ground states. I11 this t d k ,  I will present tot~a.1- 

energy elect ronic-structure calculat~ions mithiii tlie LDA 

for sevcral materiais. I start  wit,h ali issue of the Si 

.iracancy wl-iicli is a paradigil-i of defect,s i11 seiiiiconduc- 

tors, and also conta.ins import,ant aspects in seimicon- 

ductor physics. I next report the resu1t.s for microscopic 

mechanismii for arst:i-iic substitutional adsorption on tlie 

Si(100) surface whirh is gencrally regarded as ai1 initial 

st,age of epit,axial growt,li. IGimlly, I cliscuss elcctroiiic 

striictures clf dopeci fullericles. An ernpliasis i.,; piit oii 

a l l~~l ine-ear  ;i1 iluped fullerides wliicli have recent.ly Iteeil 

discovered to Lc supercoi~cluct~iiig. 

11. Calcule tion 

Since det,ails liave beeii giveii e lsemlier r~~"] ,  I will 

giue only a brief description of tlie cíiIcula.tiona1 met.lioc1. 

First,, niiclei a.nd core electrons are siniulated by pseu- 

dopotentia.ls whicli are generated by atomic (ionic) 

LDA ca1cula.tioris. Tliey are ilorn~conserving[~I and 

lia~re liigh tra.nsferabilit,y. Second, interactions among 

valciice elect,rons are t,reatecl hy the LDA in density 

f~~i ic t ional  theory. For tlie excbange-correlation energy, 

we use tlie Ceperley- illder forid71 as is parainetrized 

by Perdew ancl ~ u i l g e r [ ~ ] .  Third,  plane waves are 

iisccl as basis to expa.nd valence-electron wavefunctions 

and t,lius valence-electrori charge d e n ~ i t ~ [ ~ I .  In large- 

sede  cdculatioiis, electroil-degrees-of-freedom is con- 

venient,ly opt.imized to  niininiize the total eriergy, or 

in otlier words a.n effective Schrodinger (Koliii-Sharii) 

equa.tioil is solvecl, by ikrative methocls. The  pre- 

coi~dit.ioned conjiigate-gradicnt-method which we use 

is ai1 exa.mple. We a.lso use the  conjugate-gradient- 

met,liotl to opt,imize nuclear(ionic)-degrees-of- freedom 

(gc2ometry optimization). We adopt an alternat,ive 

miniinizat,ion procedure i11 whicli the  electron-degrees- 

of-frecdonl and the ioriic-degrees-of-freeclom are opti- 

inized coilse~utively[ '~],  i11 contrast with t.he simul- 

taiieous ~pt, iniization[ '~I.  The calculational condi- 

tioris: such as t.he validity of t,lie Kleinman-Bylander 

approxiination[12], tlie sizes of supercells used in calcu- 

lat.ioils, tlie ciit,off energirs in the plane-wave-baçis sets, 

thr iii1i1-iber of li points ir1 Brillouin zone for the  integra- 

tiori, ctc, a.re mel1 exaniined to obtain reliable results[". 
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I liis LDA clescril>es severa1 aspects in condensed 
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i.e., covalency, fl exibility of boncl network, i.e., ela.stic- 

ity, and effect of cha.rge tra.sisfer a.snorig diffcreiit atoms, 

i.e., ionicity, are satisfact,orily described in the LUA. 

Electron correlation is not completely trea.ted in t,he 

LDA, but i t  is partially incluclecl iil the sclieme. Plie- 

nomena iii condensed ma.t,ters a.re regarclecl as a com- 

petition among these int,era.ct,ions. Hence it is not sur- 

prising tl1a.t the LUA nicely describes phenoinena in 

real materiais. 

111. Vacancy in silicon 

Ai1 example which exhibits such a, competit,iosl is the 

vacancy i11 Si crystal. If we remove a. Si a tom fronl tlie 

crystal, we have a vacasicy which incluces deep levels in 

the gap between valence and conduction ba.nds. Tlie 

deep levels consist mainly of four sp3 dangling 1)onds 

genera.ted by removing tlie Si a,t,om. Aclmlly, a &ate 

iiamed a i  with tota.11~ symmetric Iincar combination 

of the dangling 11onc-l orbitals appears just below t,he 

valence-band-top. Tlie remaining three states wit,h the 

symmetry of t z  appea.r in t,he ceilter of the gap. In the 

case of the neutra1 vaca.ncy, two electSrons a.re accoinmo- 

dated in this triply degenerate level. 147e thus expect 

Jahn-Teller type, symilzetry-lo~veririg: distortion around 

the vacancy. This is a competition between hybridiza- 

tion, or tlie rebonding energy, and the elasticity. Fur- 

thei., we liave more tliail one electron iu the deep level 

so tha t  electron correlation is also expected to p1a.y a 

role. 

In fact, for negatively-cliargecl va.cancy V- ,  tliere 

has been a controversy about the effect of elect.ron cor- 

relation. From tlle Electroii Paramagnetic Resoi~a.nce 

(EPR) mea~urement [ '~ ] ,  t,he Jaliii-Teller d i~ to r t~ ion  is 

considered to talie place, and the syininetry lowcrs from 

T,I t o  G o .  But semiempirica.1 molecular orbital t,he- 

ory combined wit,h t,he est.iiiiate of Ja.1111-Teller energy 

does not lead to the grouiid state of lliis ~ ~ i i ~ m e t r y [ ~ " ] .  

Hence, it ha.s been argued tha,t the electron correla.tion 

is impor tmt  and its explicit incli~sion, a.s i11 the config- 

ura.tion intera.ction treatment, is iiecessary to espla.iii 

Figure 1: Contour plots of the wavefunction of the deep 
level in V-': (a) in the (001) plane, (b) in the (110) plane, 
and (c) in the (101) plane. The Si lattice sites are shown 
by solid circles, aiid t,he vacancy is situated at the center of 
eacli figure. 

t,he experiment. 

IIowever, tlie LDA calculation provides nice 

r e s u l t ~ [ ~ ] .  The total-energy optirnization for the  216- 

site supercell leads to  a stable rebonded geometry in 

whicli 11ot~h Jahn-Teller- type symmetry-lowering dis- 

tortion aiid trhe breatliing-type symmetry-keeping dis- 

tortion take place. The obtained geometry has the sym- 

nietry of C2,, which is consistent with the EPR experi- 

inent. In tl-ie geomet,ry each two of four dangling bonds 

forins a. pa.ir, and there is an energy barrier from this 

geometry tro another equivalent geometry in which dif- 

ferent two dangling bonds form a pair. The calculated 

barrier is 0.12 eV wliich is comparable with the corre- 

sponding experiniental value of 0.07 eV. 

Figure 1 is a iva.vefrinctio11 of the deep level of V- . 

111 general, wavefunctions of deep levels are considered 

to  be localized. But a surprise in Figure 1 is, although 

it is indeed localized, the wavefirnction is extendecl in 

an  a.nisotropic fa.sliion. There are atomic chains along 

(110) direction in diamond structure. The  wavefunc- 

t,ioii of the cleep level of V -  extends along this direc- 

tion. We also observe some distortions in the ba,ck- 

bond region around tlie vacancy. We can compare this 

ivavefunction ivith Electron-Nuclear-Double-Resonance 

(ENDOR) rnea . su re i i~en t [~~ .  To  cluantify the compari- 

son, we show both theoretical and experimental values 

of tlie wavefunct,ion a t  each Si site around the vacancy 

in Figure 2. I t  is clear tha t  the experimental values of 

thc wavefunction along (110) direction is much larger 

thaii the values a t  another Si sites, in accord with the 

present calcula.tion. The agreement between the calcu- 

lation a.nd the experiment is satisfactorily good. 
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Figure 2: Thc amplitude of tlie wavefunction at nuclear sites 
plotted agaiiist the distarice fiom the vacancy site. Calcu- 
lated results ,Lre shown by circles and tlie ENDOR data ale 
shown by trimgles. Tlie atomic sites on the zigzag chains 
in tlie {110) plane are coniiected by solid lines (calculated 
results) and c aslied lines (ENDOR data). 

IV. S u b s t i i ; u t i o n a l  a r s e n i c  a d s o r p t i o n  o n  s i l icon 

(100) 

The  next example is tlie substitutional As adsorp- 

tion oii the Si(100) surface. This is rega.rded as ali ini- 

tia1 sta.ge of 1ieteroepitaxia.l growt,li of GaAs o11 Si which 

is of technological importaiice. The Si(100) surface ex- 

hibits a well-known dimerized structure: Each two of 

top-layer Si atoins forms a dinier and the dimers are 

lined up in one direction, leading to  2 x 1 structure. 

Atomic steps are always observed. Tlie co~nmonly ob- 

served are sir.gle-layer and bilayer steps. When the sur- 

face is slightly misoriented, e.g., inclined toward (110) 

direction by 3everal degrees, it shows tlie bilayer steps 

dominantly; the bilayer st,ep na.nied DB iil wliich the 

dimers on ea:h terrace are parallel to tlie st,ep edges. 

111 case tha t  As is adsorbed o11 this Si(100) by one 

monolayer, what we would naturally expect is the 1 x 2 

structure with As dimers: The As atoins are a,dsorbed 

on the 2 x 1 Si surface, break the exist,ing Si dimers, 

and form nevi As dimers. The  resulthg As dimers are 

rotated by 90' compared with the original Si dimers just 

beca.use of a inherent feature of the diamond structure. 

This is what is actually observed in cxperiments a t  low 

tenipera.ture (T < 4 0 0 ~ ~ ) [ ' ~ ~ ~ ~ ] .  At higher temperature 

(400°Ç < T < 600°C), however, I t  is o b s e r ~ e d [ ' ~ ~ ~ ~ I  

that  tlie surface shows the 2 x 1 dimerized structure 

with t,he top-layer As dimers unrotated compared with 

the original Si dimers. 

To  explain this surprising phenomenon Alerhand et 

al. have performed total energy calculations for the 

two types of bilayer st,eps for the As-covered ~ i (100) [~" ] .  

'l'hey have found that  one type where the As dimers 

are parallel to the st,ep edges has lower energy than the 

other wliere the climers are perpendicular to the edges. 

This implies that  the dinier-rot>ated 1 x 2 structure 

made by tlie As adsorption is metastable. A counter- 

argurnent tha t  substitutional As adsorption occurs on 

a t,errace has come from Tronip et  al. based on low- 

energy electron inicroscopy and scanning tunneling mi- 

croscopy (STM) rneasurements[lg]l. They consider that  

tlie As a.toms 011 top replace the underlying Si atoms, 

leading to  a 2 x 1 reconstruction of the As-covered sur- 

face. In both arguments, the relaxation of the surface 

stress is the only driving force for the phenomenon: I t  

is consiclered to  be relaxed a t  the step edges in the for- 

rner, and on the terrace in the latter. Further, little is 

knowii a.bout reaction pathways toward the lower en- 

ergy stat,es. 

We here propose a microscopic niechanism to  ex- 

plain this phenoinenon occasionally called the sublat- 

tice clilemma. We present the total-energy electronic- 

structure calculations which support a dimer exchange 

niechanism in mhich As dimers adsorbed on top of 

t,he din~erized Si surfa.ce substitute the sub-surface Si 

a.toins, and then the Si atoms displaced diffuse to  

another sit,e on the terrace or, more likely, t o  step 

edges. The driving force for the exchange is not surface- 

stress as was imagined but newly discovered n bond- 

ing bettveen the top-layer and the subsurface-layer Si 

a.ton~s['~]. 
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Figure 5: Cliarge t1ensii.y of ali occnpied state near the srir- 
face Brilloiiin zone boniidary ( k  = x/2ao(3/8, 3/8,0)) .  A .?r 

bontl betrveen Si(2) and Si(4) denoted by the solid circles is 
sliowii o11 i.11~ vertical plaiie cutting tlie two Si at.oms. The 
valiie of tlie liigliest contour is 3.5 x 1 0 - ~  e / ( a . ~ . ) ~ :  and tlie 
siihsequeiit contours differ by a factor of 1.65. 

Figure 3: Schernatic top vieívs of severa1 geoiiict,ries iii tlie 
excliange rneclianism for si~bst~it~iit~ional As atlsorptioii on 
Si(100). Tlie opeii aiid t,lic crossed circles rcpresciii, Si antl 
As atoms, respect,ively. (a) As dirrier on S'i(líIíJ), (b )  Si 
clirner 0x1 underlyiiig As (tlie niinihercd Si at,oiris are rcferred 
iii text),  (c) As-Si Iieterodinier oii Si(lOU)> ( d )  Si dimer on 
Si(lOfJ), (e) -4s dinier on iiriclerlying .As antl ,Si at,oins. (f) Si 
diiner oii uiiderlyiiig foui As at,oiiis, antl (g) As cliiiiers oii 
Si(100). Eacli figure dcpict.s a lialf o l  t.lie 2x 2 ptriodic c-tll iii 
lat,eral direct,ioris wliicli is iisctl iii t,lic. j ~ i . c w n t .  calciilat~ioiis. 

Fignre 
tion on 
of Fig. 
Si aiid 

4: Stable geomct.ry afitr sul)stitiitional A s  adsorp- 
Si(100): correspoiiding to t,lic sclieiiiatic illiistratioii 
3 (b). Tlic open and t.lie crossc.tl spliç.res tlmot.c tlie 
As atoins, respect.ively. 

Tl ie  íirst geometry iil tlic tliinci excli;i.iigc process is 

slioivii i n  Fig. 3(a): Arsc~i ic  a to ins  l->ir:iili a Si &li-icr i ~ i d  

ali .As dimer is forrned oii t.lic Si 2 x I tliiiic\rizcd siiiface. 

T h e  A s  diiiier is rot,atc:tl hy <)O0 rvit.1-i rcspcct í.o tlie Si 

dimcrs .  \\'c lmve cxamincd a diiiicr excliar~gc: process in 

wliicli tlie troo As a t o m s  in Fig. :](a) substit,ut,c tli(: sul>- 

surface Si at,oms. T h e  resiilting gconietry is a Si cliiner 

o11 tlie 2 A s  a n d  2 Si a.í,oms (Fig. .3(h)). Tlie calculated 

hea t  of forina.tion of t,his reitction is ca.lciila.tet1 t o  b e  

0.7 eV: 'The dimer exclia.iigc is a.n c:xot,lir:imic rr.:ict,ioil. 

T h e  geonietry a f k r  dimer excha.nge is accurately deter- 

i~i i i ied by t h e  LDA calculation a s  in Fig.  4. 1Ve observe 

a flcxihle rocoiistriiction of i.lie top layer Si a t o m s .  T h e y  

a r ( .  I~ric:lilt~cl aiicl Rat,teiied consitlerably. A s  a result,  t h e  

distaiice h a t n w r i  t h r  top-layer Si a n d  t h e  sub-surface 

Si heconies sliorter tlian t h e  ilistance between t h e  two 

t.013-lriycr Si a.t,oms. T11c mavefuttction helow t,he Fernii- 

Icvel in this  g e o i ~ i e t . ~ y  plott,ed in a plane which contains  

t,lie t,op-laytx Si aiicl t lir suh-siirface Si is s h o ~ v n  in Fig. 

5. Tl ic  wavefi~nctioii  ex1iihit.s .rr-bonded c h p ~ a c t e r  he- 

bwccii t,lie top-laycr aiid t,he sub-surface Si a tonis .  In 

o t l i ( ~ r  W O I ~ S !  t~ l~x t . ron ic  s t ruc ture  changes frori-i nietallic 

t.o sernicoiidiicting iipon tlie c l i i n t ~  exchange. 'I'his is 

tlic origin of t h e  cnergy ga.in in t h e  exchange process. 

Next ,  these Si atoiiis are  desorbetl frorri t h e  s i te  

(I'ig.3(11)) a n d  cliffuse to anot,her s i te  on a terrace 

(Fig.3(d)) ,  o r  a s tep  cdges. Tl ie  rema.iiiing a t o m s  form 

two As-Si l-ictero-diincrs a s  jri Fig,3(c),  'The total-  

t.ii(:rgy difference I~e twecn  t.lic iiiitial a n d  the  final s ta tes  

i11 t.his reaction is calciilatecl t o  h e  0.4 eV. Again this  

rcactiori of t lie desorption a n d  the subseqilent diffusion 

is esot,hermic. T h e  next  d imer  exchange could take 

place o11 tlie As-Si liet,ero-dimer site.  New A s  at.oiiis 

come t o  hreali t h e  Iictero-dimer a n d  form a As d imer  

(Fig.3(e)).  These A s  a.t,oms again subs t i tu te  t h e  siib- 

surface Sj  a.toins (Fig.S(f))] aacl tlien tlie displaced Si 
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atoms cou:d diffuse away (Fig.S(d)). T h e  calculated 

heat of for nat,ion is 0.8 eV for this exchange reaction, 

a.nd it is O 6 eV for the subsequent diffusion rea.ctioii. 

Both are e:cothermic reactions. 

Tlie As diiners fornied by these coiisecut,ive exot,her- 

mic reactions (Fig.3(g)) are uiiro- ta.ted compared with 

tlie starting Si dimerized surface. Tlie subla.tStice- 

dilemma is naturally explained. Of course t,here are 

several coir peting process, such as As diff~~sion process 

l~efore tlie xcliange.  But w1ia.t I like to eiupliasize is 

tliat the diiiler exchange process is exot,lierinic: a.ncl the 

reason for tlie exot1iermicit.y is tlie new ir-bonded struc- 

ture betwetn tlie top-layer and tl-ie siib-surfa.ce la,yer Si 

atoms, or i11 other words, t,he flexible reconstruction in 

tlie resulting geometry. 

Figure 6: C~.lciilated tunneling current density for the As- 
Si liet,erodimer witli bias voltage (a) V =-2 eV, (B) V = - 1  
eV, and the As dimer rvitli (c) V =--2 eV, and (d) \r = -1 
eV. In tlie ri& half of each figure, the ciirrent densitg for 
tlie averaged Si asgmmetric diiner is sliown. Tlie crossed 
circles denotc: the position of As atoins. Tlie values of t.he 
higliest contc~ur are 3.10 x 1 0 - ~  e/(a.ii)%ii (a): 1 .85  x 
e / ( a . r ~ ) ~  in ( 1 , ) :  3.88 x e/(a.ii)' in ( c ) :  arid 1.70 x 
e / ( a . i ~ ) ~  in (<I): respect,ivelg. Tlie stibsecpnt contoiirs differ 
by a factoi oC 1.5. 

Fig. 6 is the ~alcula t~ed iniages in sca.nning tttnneling 

microscopy (STM) of the As- Si lietro-dimer ancl the 

As dimer, along 6 t h  the iinage of t,he Si climer. We 

note several interesting features. In the -4s-Si hetro- 

dimer, The  As site beconies bright,er with increasing 

tlie bias v011 age (with incliicling lower st,ates below t,he 

Fermi level). This is the consequence that  the  energy 

of tlie As dangling bond, which constitutes the As-Si 

hetero-diiner, is lower than that  of the Si dangling bond. 

We observe a cliange in brightness with varying the 

bias volt,a.ge also for the As dimer. In any case, we 

find significailt difference among the Si dimer, the  As 

dimer and the As-Si hetero-dimer. Hence experimental 

observatioli of tliese iinages could be an evidence for 

the dimer exchange niechanism presented here. 

V. Alkaliiie-eaith doping in solid 

\&'e iiow move to  a story of CCU which has a unique 

sliape of a. soccer ball with 60 carbon atoms located a t  

tlie 00 vertices of tlie ba l1[~~1.  The carbon soccer balls 

were found to  be condensed in a crystalline formIZ2], 

a.nd it is a semiconductor with an  energy gap of about 

2 e ~ [ ~ ~ , ~ ~ 1 .  Alkali-atom doping makes this material 

meta.llic ancl superconducting with the  transition tem- 

peratiire T, more than 30 IdZ5]. Electronic structures of 

tlie pristine CFO and alliali-doped are summarized 

as f ~ l l o w s [ ~ ~ ] .  (i) In the pristine Cso which is of the face 

center cubic (fcc) structure, the highest occupied band 

(va.lence band) named h, is fivehold degenerate, and 

tlie lowest unoccupied baiid (conduction band) named 

tl, is trriply degenerate a t  the Brillouin zone center. 

(ii) Tlie next lowest conduction band named t ig,  also 

triply degenerate, is located about 1 eV above the tl, 

hand. (iii) In alkali-doped C60 (fulleride) A,Cso, elec- 

troii of alkali atoms are transferred to .rr orbitals of C60 

ba.lls, since tlie ionization energy of an  alkali a tom (K,  

Rb ,  Cs) is much smaller than that  of a Cso ball. (iv) 

In tlie superconducting fcc &Cso, the alkali atoms oc- 

cupy every tetrahedral and octahedral interstitial sites, 

a,nd the ti, band is half filled with the transferred elec- 

trons. Hence this material is an  ionic metal. (v) The 

h 6 C G u  is experimentally an  insulator. this is simply ex- 

plaincd by the fact that  6 electrons are enough to  fill 

the ti, conduction band. (vi) I t  is also f ~ u n d [ ' ~ ]  tha t  

there is an  unique linear relation between the observed 

Tc a.nd the calculated Density of States near Fermi level 
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Figure 7: Energy-band striict,iires of (a) QrC.CGO> (b) Ii.vpot~lietica1 iindoped Licc Cco, antl (c) BacCco. Energy is meastired 
froni t,lte Ferrni level denoted by the liorizoiit~al lines. 

in pressurizecl ICaCso aiid R I I : ~ C ~ [ ~ .  

I t  wa.s iecently fouiicl t1ia.t a.llíaliiie-eartli doping also 

produces supercoi~cluct~ivit~y: C a s C ~ o  (T, = 81\')[~'], 

BauCso (Te = í'1<)[~~1, ancl SrijLGO (rc = Uí)[30].  The  

latter two are particularly int,erestjing sirice t,heir crys- 

ta.1 structure (body ceiiter cuhic (bcc)) a.nd i,lie com- 

position are ident,ical t o  alltali-cloped AFCGO wliich is 

an  insulator. Naive thinking 1ea.d~ t,o a. concliision t1ia.t 

BaGCGO ancl SrcCGo a.re a.lso iiisiila.t,iiig, since fiill charge 

transfer results in t,lie coi~iplet~e occupancy of t,lie ti,, 

ancl the next lowest ti,, coiiductioii bancls. W c  havc 

found tliat tliis is not tlie case, however. Tlie reasoii 

is hybridization betfweeii x or11ita.l of t*lie Imll ancl tlic 

allraline-earth orbita.ls, in particular, (1 o r l ~ i t a . l s [ ~ ~ ] .  

Fig. 7 sliows ca.lculated eiiergy baiids of SrUCco and 

Ba6Cso. In SrcCco, tl-re ti,, conductioii ba.nds are coni- 

pletely occupied. 'Tlie ncxt lowest baiicl ti!, is partially 

occupied, since it hybiidizes wit,li 4d st,at,e of Sr and tlie 

upper x bancl. As a result, SscCGO is t,lie fiist exai-riple of 

seniimetallic fullerides. A possible reason foi tliis stroiig 

liybridizat~ion coulcl I x  a recluctioii of t,lie iiiter-hall dis- 

tance: Iii ÇrsCso, tlie distaiice betwecii CGo clust.eis is 

9.53 A,  5% sliorter t1ia.n the value i i i  pristiiie Cco But 

this is not the a.nswer. Fig.-i(li) is t,he cnergy bands 

of hypotlietical uncloped bcc Çco wliicli lias the idem 

tical structure with Srr,Çso. l'he energy bantls of t.liis 

hyp0tliet~ica.1 Cco are significa.nt,ly cliffereiit froin t.liose 

of SrcCso. Ratlier, tlic ba.nds in Fig. 7 ( b )  is almost 

identical (.o t,lie ba,ncls of 1ii;(:Kf1. 

Tlie situa.tion is t,lie followiiig. For a iieulral Sr 

atom, tlic 5s level is occupied by 2 elcctmis. Tlie ioii- 

izat.ion ciiergy is smdler  tha.n tha t  of cluster so tha t  

t.11~: elect,roii is traiisferrcd to  ír orbit,als in Sr-doped Ce0. 

\I:l-ien t,l-ie Sr is ionized, however, tlie 4d level is lowered 

a.ncl close to tlie 5.5 level. Furtlier, in Sr6Cso the Sr 

at,om 1ia.s a. higli coorclination nuniber; there exist 5 or 

6 iieighbor carbon atoms. This coordination nuniber 

iavors tlie c1 sta.te with which the ÍT orbitals are hy- 

bridized. IIence tlie clectron is trmsierred from the 5s 

stat,e t.o tlie x state,  a.nd pa.rtially transferred back to 

tlie 4d state. This conibination of charge transfer ancl 

the hybridization renclers the material seinimetallic. At, 

t,lie sa,nIe time, tlic interba.11 distance is reduced; i.e., the 

hyhridiza.tion woilts as a glue for tlie soccer balls. 

Iii Ba6Cco, t,he situatioii is cssentially same with 

SrtiCGO Fig. 7(c) is t . 1 ~  energy bands of BacCso. I t  is 

agaiii a semimetal. But in this case, the 5d level of Ba is 

sli;l-it,ly l-iigher than t,lie 4d level of Sr. Then the mixing 

bet,wceii t,lie ti!, anel tlie 5d becoines less prominent so 

tliat the  density of sta.tes near the Fermi level is srnaller 

t1i:i.n t,ha.t in Sr6Lso. A ncw fea.ture, liowcver, has come 

up i11 this case. Tha t  is tlie inter-ball or the  intra-ball 

st,a.te. Sliis sta.te has t,he amplitude both within and 

bet,weeii the soccer balls, anel not on atomic sites. Tlie 

iiitra; a.nd ii~t~er-ball st,at,e is an a.na.logy of the interhyer 

stat,e in grapliite intcrcalation coinpounds, a.nd gener- 

ally exist,s in a,nisot~iopic ma.terials or the materiais with 

large vacant spaces. Iri the case of BasCso, the s ta te  is 

situated a t  about 1 eV above t,he Fermi level, and push 

5d aiid tslie upper rí stat,es toward the Fermi level. This 

is the reason wliy BaGCso also becomes a semimetal. 
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VI. In s h o r t  

I ha.ve p:esent,ed our LDA calculatioils for a defect 

in Si, a.n ini3,ial sta.ge of heteroepihxy, ancl a.n a.lka.line- 

earth doped CGo Of course, there renia.iii severa1 issues 

unclnrificd. But thc LDí1 calcuIat,ioiis provide us fair 

de~cript~ion of the  phenomeiia ir1 a va.riet,y of nmterials. 
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