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lJ't1 iif'ltl rrlJ1-Vil'lii u\l U~'U\ll'U~~U-liif~l1nUl<iliifnTl~'l'Uu 'l\l 
q ~ ft 'l 

LL~U.J1U1,)[JdLih4mj~'hLUun'nl,)[Jurl fHl.J'lJ fl.J LL~U\J1U'.ih1.~\Yh LUumjlt1~l [J~ 
LIYl [JLm\l n1jl,)[J UtJ mt.J ~lJJLm\Jnljjjn1jUjrnlmTyJl.J1Ul,)[Jl~LUUfl Ul\J ~rf\J1UL-rr\l~ ~ 

'U 

1"'.';1~" .. d '" "I tid tI· 1'" mjl'llYl~tJ\JLL~::mj "ll'l"t~n~YH1BDLVHlf'!m~nn~ LnmjL ,WULL fl\l~l.J ")111[J ~~fll1:: 

jULLj\JLL~::jjl'm-lmlumjihlt1GlmjLLntl""{Ulnl~~ ")rlLnlYl.fUj::~11\1mjl,)[J LIYl[Jurl~€l\J
• 'U" 

difun1j~ n Bl1,)[J'lJ €l \I,f\l ~lJJLflj\J n1j~\I L,xUrlnlj1i~;n Gf't1 n BD L~fl ~ n1~nn1j 

LtI~[JUU tI~\ILm\l ~fl.Jfll [Jl~~fll1::jUll j\ljl JJrf\lYh mjYilUl[J~JJlJ1i't1l.J n1[Jflll'l'lJfl.J. . 

-l~lYlriYilmj~nBl LIYl£JlUl'll::flUl\Jfi.Jhmj~nBl1~1Ylh'\~j::n~~lj~\JlYll'\.tl L~~:: LLfl:: 
• • 'U 

h~::€lfln1"1r~hlJJrf\lmiJJ1~IYlUlL U LIYl[Jh Tm.Jn1jl,)[JnTHtI~ [JULltl~.JLflj.J~1\J'lJfl\l, , 
l~IYlUlLUifUfl rn::~ll1""[Jl~Yilmj~mni)\Jmjltl~[JuLLtlfl.JLm\l~fl.J'lJfl.J~~n'U.11wih1[JJJ 

, 'U 

llYl fl flnL"1r1Yl oH\J1um1~nBlLIYl [Jflli[Jm1~lUl rnL-rr.Jl1nMDifUi.~'lJ [Jl[J~~mj~nMli.tI~ 
'" L AI ~~........d d


nl1L 11 eJ IYl [J fl::~ fl JJ'lJ fl \J 1il~ L~ ~ n IYll [J LUflHl n JJjl [J \11 U mjf'! n Ml fll1 JJ'lJ eJ \I nl1\1• 
LLI:lUl'l ~\J\llUl1iimjLtI~ [JU1t1tlUl.Jjjitm~lflruL~fl iin11L~ eJ LIYl [J1il~L~ ~n fl Ul\1 1 1n~lJJ

" . 
rJ.J 1~ iinl1~ n Ml L-rr.J 't1 n MD rl ~1 JJl1tl 1::1J i).J n ~1 n nl 1L tI ~ [JULL tI ~ \I'lJ fl \I"Iffl \Ill \I 

LL tlUl'l ~\J \llUIYl.J mill eJUll::ii ~ fl 1t1 i)\I m1fl fl n lLuu ~11~\J IYllUl LLUUtlfu LL tlU~ i\J\I1u1~ 
(Tunable Bandgap) ~lWrUlm\Jm11,)[J1iilYlfll[J1~~fll1::1ULL1\Jifu flrn::m,)[Jl~~nMl

• • 'U 

m1LtI~[JULLtI~\JLfl1\J~fl\Jfll[Jl~~fll1::mlJJIYlU~\I'lJfl\l Tfl~:: Sr LIYl[Jli"ll'IYl'll€lJJ!;l
'U • 'U 

n1 1~ n Ml111 n n1 1'Yl IYl ~ eJ \I oH.J 1~fuOl1 ~itu ~U, U\J U tI 1::JJl rn1ll.nl1~ n Ml1,)[J1 ll. 

ll\lutlj::m rnn flU~,xld ~ i\J111 mfll.~\JYil m11Lml::vIn~In n11LtI~[Jll.LLtlfl.JLm\l~f1\J 
LIYl [J ~::L~ [J1Yl 111 n n11~ n M1l'lUl~1 L~ flli~;nGf'YlnMDlll.n11~nMlifll.,hlYlu nl1L nlYl 011 

LtI~ [JULLtI ~\J11::ii1t1 LLUU Ll~mh\J'llnmj'YllYl!;l fl.J fl U1.J-n1Yl L'lU lL~::L Ull.~\lrlirnl,)[J miJJ 
'U , 

5u ") ntl'l::~utI""qJ~lLLUU L~[Jl nll. Lrlfll~Yi1 n1j~nMl i)\I ~lIYlU.ffUWi\J.J1UriL nlYlOlj 

LtI~ [JULLtI~.Jll1ll1~"11JJ~U~.J~\Jl'lUl11UL~~::miJJ IIA ,rUl1::LnlYl n1jLfl ~ flUrJ1ll'lJ €l.J 
'U • 

5L~nmtlU'llnflflDml~LLUU s lt1u.J tlflD'Ylfl~LLUU d 1Yl.J,rUllllll~~1111::"11JJ~U~\lifu
'U 

~.J~tl.J1imlJJ ,hflqJ nu t&l~uyjlUnljL'llll1 eJ\J ~rnu::1U~lIYlU.ff'\.\~ i.J \11 UlYll \I ') 'lln~~ 
m1~nMldfl rn::~l,)tI~\I1~~fl\1 LL Ul'Yl1\1n11~nM1 LLUULUU1::UUtlYl tIliy.J~n-iuitt'llLUU 

'U 

sx-LDA 11LL~:;~ ~nljll1""tljlmr.J'llfl L~UeJ LLU:;dfl ~1 1,1, 1:;~ll\J nljGl\J ~ViJJ l'l1U111~ln:;~u
'U 

U11,l,l"ll'1@1 ~l~fuLm\ln111,)[J~JJu1i'lJfl.Jn~JJt~~:;U1Luifu flrn::~l,)tll~y'hn1j~nMl
• 

tl1:: n fl U ~1 [J fill JJ till ~U 1i:; L U ~ [J, l'l i.J .,'I 1 U [j IYl LVI it tI llYi fl fl :: ~ tl JJ LL t'I :; ; IYl Gll 1,1, 'lJ fl \J 

~5L~n~1fluhfl eJfD'Ylfl~lYll.J ') LlYlrJhl~y.J-:'n-nll.itt'l"11JJVlUllL 'l-iu llYltl 1iL"1r~!lULUUlLUU 
fl~Uj:;U1ULL~:;wul1n~JJflUll1"t~~::1,l,lt UL~~ldiiLml1,xJJmnlJJilriLUUj::UULlYlll. , 
~~n111,)tIfltilU1:;~11\JmjL-Ii tlUU'Ylfl11:1..1 L~ fl nl1Gl\l~ViJJvfIYi fllt1 

'U 
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•• • 

• • 

. 
U'YI'" 1 U'YI"l 

1m"mdl,)tl'd~t)"n1d~mnmdbtl~ [J'IUbtl~"1m"~n" bb~:;~~U1i"ll t)" r-I~ntl.11Ul~VI:; 
bb~:;hVl:;t)t)nL'lJ~Tll[jhlml~<ilu~"hH.l1ib'YlTlUTlbb~:;bTl~t)"ijt)~L~flJmdW~'\.l.1 mnt)'U

" 
wUld 1unT)~lbUUnldl,)£.ld1ib'YlTlUTlnTHffm b lJU"ll El"f" ~b t) n.nbb~;:: bmlUmlmU~b tlTl 

1m~1T1i11Un1d~nBln1dbtl~£.lmbtl~" 1fld,,~fl"r-I~n VI~",nmfu~"1imd~l'U1 ruhw 

b'YlflUm.J...."rf-iubbu~ml~VlulbbtiUb 14 t)'Yh md'YhUl [j1m"~fl,,~ih~ii £.ldTlll'm~:;~~lJ1i 
5u 6) r-I~nul1U~b~fln'Yhn1d~nBl1ullbbdnd'f)Elb~u (Ag) bL~;::'Ih1£.l~L~ El unLOJf~ (Ce02) 

t~£.l1umd~lLUumdl,)mrl')£.ll~~"tld;::b~umd~mnr-l~nm t U"ll El"L~Ut~ £.l~'Uhmd" . ........ '" 1 ..lAX 0 1 '" . A
d .... 

d1~~1 nU"llu"r-I~ nUl mL~:;r-I~'Yl bn~'lJUb~u'Yllmd1~ ~m 'Ylfl UTI 'Yll " bb~"b"llUL'Ylfl'Uflmd 

l~d1~lU~Ltlfl~f~ brtu"~ln1Ur-I~nUl t U'lJ u"L~,",fuiiL~ii£.ldlll£.lTll£.l1~Vl1l~<ilu~"~ln 
" .... ~ . '" tld tl d '" .... ..I d d '" "'A ....t m.l [j" ~~ bn~ nldL ~ £.lULL ~"L~ t)'Yl~ ~ u "~1 £.lflll ~~ U~ "'Yl ~~'YlLVldU" ~ f)'lJ u" Wl~ £.l

" . " 
~lmdrl~lLUumdL~lm ~"md'Yl~~ u" mdl~"'[j~"L<n1iL'YlTlUTlmd~lUl rul~£.l1imwil 

yj"'"rf-iUbbU~Tlll~VlUlbb ti u.z1"tl....~~umJ" u ci1 U d:;W,h" md~l LUUnld fi1U ~~t),1~L~. " 
~lbUumd~nBl'Yll"md'Yl<n~u"ltlLbfflf)umd~nBlr-l~"llEl.J"llUl~uUTllflUlt U Ce02 ~u• 
mdLn~mdLtl~£.lULbtl~.J1m.J ~n"lll£.l1~~1l11;::ml~~'U.~.J 1<n £.ll~ihmd~nBlmdLn<n 

" 
mdLtl~tlULbtl~"1fld.J~fl,,1uElUlllTlUl t un~~~ii"llUl~!ill.J 6)nu 4 n~~'lJtl.1~LL~:;'Y'llJll 
ml~~U1 umdLn<nmdL tl~£.lUbbtl~"tm.J~fl"'lJu" r-I~ntl.11U~ii"llUl~L~m~,,~:;iiml~~""'U. 

Ln<nmdLtl~ £.l'U.LLtl~"1m" ~fl,1 ~l~".z1"~j"nwi!1~nml~mn1 U 1uhVl::fl ElnLOJf~l.J1.J'lfU<n 
d", '" 1 tld tl 1 '" X d '" L'lfU ZnO 'Yl~f111~~U UnldL ~£.l'U.bL ~" fld"~dl.J~"'lJUL~u~'lJU1<nuUTllT1~<n~"" . 

md~nBlr-l"r-I~n Ce02 ~ii'lJm<nEl'U.lllfl 10.5± 3.7 nm 'lJ'U.l~flUTllTl36.8± 16.0 nm 

bb~;::'lJU1<nuUlllT1 53.2 ± 14.3 nm 1l1[j1~T111~~U~"~lm'YlTlUVlnTHff£J1bUU"llu,1f,1~. " 
Lun.n"llU<nm;::~l£.l~~ 'Y'llJllr-l,1~~n Ce02 rf"~l~"llUl<n b~~iimdLtl~£.lutm,,~fl"~~n• 
,nn1m,,~fl"LllJlJyj~uflLd<n1tldjutm.J~fl.JLLlJlJ a - PbC121'U.'lfl"ml~~wYibb~n!ill" 

'IJ 

n'U. 1<ntl'Y'llJ11ml~<il'U.~'Yh1iLn<nnl'ntl~£.lutm,1~fl"'lJu"~"~~n Ce02 bb!il~;::"llUl~~U 
ii'lfl.Jnl1.J ~,11~~lmdm::mh~,r~L~ul~ Elcil.JLdnm~ii.Jl'U.l,)£.l~l'Wdl£.l"l'U.ll'Y'llJll• 
~.J~~n Ce02 ~ii"llUl~uUlllT1 9 - 15 nm b~~iimdbtl~rmtf1d,1~fl"~ml~~'U. 22.3• 
GPa .z1.Jii'h~ln1lbrlElb ii£.llJnlJmdLtl~£.l'U.tm,,~fl,1'lJu"(:.J~m~£.ll Ce02 ~ml~~U 
tlj;::mru 31 GPa bb~~.J1iLV;w:h(:.J.J(:.J~n Ce02 ~ii"llWI~El'U.Tllf1L~nnil~:;Ln~md• 
btl~tl'U.1Vld,,~fl"~ml~<ilu~lnil ~,1tf'U.~"iif11l~bU'U.ltlL~il (:.J.J~~n Ce02 ~ii'lJm~ 
ElUTllT1 10.5± 3.7 nm ~::bn~mjbtl~£.lu1m.J~fl,11u'lfl.Jml~~U 19.59 - 22.30 GPa

• 
0 "'.... '" d", +1'U.'Yl1Uf).J.L~£J1nU r-I,1(:.J~n Ce02 'Yl~'lJm<nu~Tllfl 36.8 - 16.0 nm LL~::'lJU1<nEl~TllT1 

53.2± 14.3 nm L~~iimdLtl~£.l'U.lm,1~fl.J1u'lfl.Jfll1~~u~mnnil~"~~n Ce02 ~ii 
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v 

't1.:t" L't1.\,1,I'CLWt!!'t1."~!-y~gRbUr.l t~gRbUl'&''I1.1 t 't1.L~~LU~U~U'll-t 
• r.l ~ll'4-~l'wll't!!f1'mr.l~f1' ~~~'t1.~I'CLWl't!!f1'mr.l~f1'~LUI] \!It!!HO~r.l...~tpl':o''lA.I'Ct~I'C,tt1t't1." 

L\,1,::t!!" ZoaJ u~H't1. tl'L,£.~ l'~~1l't!!f1'1'tlr.l ~f1nLu~~!,~LUutt!!U't1. t ~t L,(l-1I'CLt~Lt·W~' 

gRblA.l'&'LRU~~LU't1..!'-'l'~,l}rt,£l~fl...~!:'t1.Ll'r.lL~ (lmt~L't1.IT.~LLJn~o~ ZoaJ U~HL~UULI'C 

l't!!~t!!::~~~LI'C~f1l'L,£.~N.~l't1.r.l~f1'~Lu~!JwPW~1l~L't1.IT.~LLJnI]O~ ZoaJ U~Hl'HL~I1M 

IJLULr.lttl1~I'CLt~~~~LI'C~f1I111f1r.l ~,l'~ ~~~~~LI'C~f1l'1] 1T.I'C,tt 1 t 't1." l'~ L'I1.1~L~~1] p' 

't1.L't1. \,1,'t1.1] ULI'C't1.Ll'r.lLW ~1U(.'t1.1] r.l ~t't1.Ll'I1U l'1] t!!~~I]~I'CLWI'C't1.r.l~t't1.Ll' X'I1I I F' p-~ -,. ",f''''''' 

UL~~HLt't1.\,1,mtl'~~'wr. ZoaJ tr.l~Wt!!HLtur.lI]'t1.~" wu 9~ -6 ~LLJnl]~L't1.1T. I ~... p ~ pit'll I 
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Q..4o:::l,..:!i A ~ .-J 
~ ru.'UJ U ~H)U, 6)"lJ €h'l tHiii n !irH)'U.L<il tn 

l.h::ntlU~lt1,)Iu,lu,EiL~nme)'U.~Jln 6) Vl1e)'yh1rm1l ':i::UUVI~ltltlU,1l1fl n~f'Il~<ilf, 
m tlu,~~ GflWfU1::1JUib Lfl ~ tlmL~::a L~n<il':itlu,~iieJ'u,mn1t1lCii tlTlu, ~1~11rlLLnU""qjVllL<iltl 

Hlf = Elf 2.1 

L<iltJ if ~tl LLtl':iJ~L'YH ittJu,"lJtl·n::uu~lm')m'ijtJu,1U,1U"lJ tl.J~1~lLU'l-tnT'J 
'II 

e2i1=-L~VJ-L Z,e 
2 

+~ I 
2 

-I~\7;+~ L Z,ZJe 

1 2m ulri-R,I 2 i.j(j;<i l lri-rjl ,2M 2 u (J;<l)IR,-RJ\ 
2.2 

Lrltl M LL~:: m ~tl m~"lJtl.JU1LfI~tJ~LL~::~1~"lJtl.JaL~n<il')tlu, <ill~ih~u R LL~:: 

r ~tl ~lLLVI-U.J"lJtl.JU1LfI~tI~LL~::~lLLVI-U.J'JJtl.JaL~ n<il':i€m <ill~ih~u ~'iI,rYll.J"lJ11iitl1'U. 

~lm11 2.2 u')::ntlu'ii'1t1~~.J.J1U,'iI~,r"lJtl.JaL~nmtlu, ~~.J.Jl'l-tflmh::VI"h.JaL~n<il1t)'U.nu 
A a Q..; Q..; Ii' I A~ Q.,A..... Q..; fi' A a 
'U.1LmW~ ~~.J.Jl'U.f'lntJ1::Vl11.Jm~n<il')tl'U.nu m~ n<il1tl'l-t l'l~.J.Jl'l-t'il~'I-t"lJtl.J'I-t1LfliiltI~ LL~:: 

~~"'.J.Jl'l-tflnrh::Vl11.JU,1LfI~tI~nUU1LfI~tI~ <illmh~u LL<iim,)LLri\rqJVll"lJtl.J~~m');l 
L{h-l.1.u1.~tIln Ldtl.J'illntll')::uuU1::ntlu'ii'1t1tl'U.1l1fl N il 'iI::rh1lfyJ~n'lf'l-tfl~'l-tii1::iu, 

3N 

aL~n<il1tl'l-t ~.Jtfu, If/ ~.J,r'U.tlrJnum 'Hf)~tl'U.~"lJfJ.JaL~n<il1fJ'U.LrllJ'I-t L1t1nm11.h::mrn;l 
'II 

11 m,)u1::mru."lJtl.Jw)f'l-t-fJfJ~LU'l-t1.m~fJf (8orn-Oppenheimer approximation) [1] 

'illn m1U1::m ru."lJfJ.Jwrf'l-t-fJ fJ~L1.lu,1.mlJfJf yJ~n'lf'U.f) ~'I-t~l m')(1 L:U tI'U.fJ rJl 'I-t ')1.l"lJ fJ.J (:.J~
'II 'II 

fI rn,)::'VI'il.JyJ~ n'lfu,f1~'I-t"lJ fJ.J a L~ n<il1fJu,nuyJ~ n'lf'l-tfl ~'I-t"lJ fJ.JU 1 Lf) ~ tI~ rllllf~'iI,r"lJ fJ.J 
'II 

~~.J.Jl'U.,)::Wjl.Jit1 Lf)~tmnUU1 Lf)~tI~LUu,filfl.J~ LL~::1lfmllJGflfl....qj1'I-t~1'1-t"lJtl.J 

aL~n<il')tlu, i.Ji'U. LLtl':iJ~huittlu,'lJfJ.J')::uuaL~n<il1fJ'I-t~U"lLfI~tI~tlr.iii.J~lm')m'ijtl'l-tl.i 
'II 

H = - L £ v; -L Z,e 
2 

+ ~ L ~ 
1 2m ,.1 It; - R,I 2 I.j(j;<i, It; - rj I 

2.3 

~.JLLtl':iJ~L 'm Utl'l-t ;lu.J1.J.j~lm1t:l LLn1.l....qJVllL<ill<il tlCi1,).JLdtl.J"l nmllJ.nu.nml.'lJ fJ.JyJ~ n'lf'U. 

d 1 Q..; 6'Q..; d d ~ a 
fI ~'I-t U,1::UUVI ~l tI fJU,1l1f) m11.l')::m ru.yJ.J n"lf'l-tf) ~'I-t"lJfJ n::uuVI ~l tI tl'l-t1l1f1'i1.J L,)lJ~nT'J, , 
~<ilfiu,1<iltll1tlHij"lJfJ.Jtl'lf111 (Hartree's theory) [2] .J1.J~<il~UyJ~n,r'U.fI~u,"lJtl.J1::UUVl~It1 
tlU,1llfl~.nU.nfJ'I-tllfn~l tlmLUu,(:.J ~f) rn"lJfJ.JyJ~ n'lfu,f1~WlJ tl.J El L~nmm.~L~tl1 LLCiil1tlHfl 
,'II ~ 

mf1111J.j~lm1t:lfJn1JltJ~lJull1.lfi~lJm<ilTItl.JyJ~n'lfu,f)~u,'lJtl.JaL~n<il1tl'U.1.i CiitllJlmfl1 
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~1J@~'t'~11.a..1LUlU! 

L~fipl1"1LUt1.t t1.~ ~t1.!-YLJt1.u.mW1~U~'gt'@IT.'t1.'!tllL't1.~rt Ll~ll-t U1LrtU! 1lt LtA 

9'l 
[ (~)u]:3 :> [ (~) °u ]:3 = °3 

1111::1t'~ IT. 
b 

~YU.L\!)U.t1.Lt't'~ML~UL~~Uml1::U@rr.t'1~U."u.'t1.~1~U ~1 @t'@rr.'t1. t1. "Lt1.~rtLl~L~ '6 F' ~~ nI' 1::J' "'" I'!o f" ~.., I I 

S'l 
[(.I)UJ3=3 

(.I)Ou t1.81\!)U~1g't1.'!tllL't1.~ 

rtLt~t'GIT.t''t1.~G \!)t't1.~111111 ~'t1.'t1..a..u t'M't1.n.1::~'t1.M::'t1.LUYU.I1I1::UG IT.'t1.Lt't'~M
F' I p ~ '"b..9 ,.f" 6

v 

,r F' <"'t\ 

n. b 

UGt1.IlLL!JlUJ~V.lLL!fH~ 't1.U@~Lu.::wt'1'mu.~LL!tWrtU.I1I1::1111~LY '~ (.I) 11:>;1 ,." I '""'f" t::I>F ..." 0 0 

G~ G,.IT. 6 ~rt~L'~~ 't1.;t::'t1.LUY~~1111::111J.~L~'t1.J1~1-U}G1't1.rgmlu.l1gHl1U. 

(waJOalU ull0)f-6JaqualloH) 't1.L1.~1-Utm't1.'HrgllA.rdjofb\lllA. .. .! .. .." .,. 

[£] 't1.)1~tu}G1't1.rgmlU.l1gHl1U.UL~rt~1't1.'!t"Lt1.~rtLW~.!t't1.!-YLJ 

r.!~l J't1.".Mrt~~Y-'t1.Il~~1U~'1't1.Lt'L'~Mt'Grr.'t1.t~t1.tL~'l\JLrt::1~1LU~~"yU~~t'LlA.'t1.L~'t1.r(JU 

JoW'~~111lell::1 't1.~1't1.'!t11 L't1.~rtLt~~,!\'t1.!-Y :rgHl1 u.L'~ ~LL!tWIl L~~1111::1L~fuj111"1LU't1.t 

~~'L~rtLWI1Y::1[1::~1mllnrtLt~f1,£.~·w~n~u.m t t'?~'t1.~1't1.'!tllLt1.~rt LW~.!t't1.!-YLJ 

L'~~1111::111~UL'r.!~'~UtrtLl~,a:~ J't1.".M~~Y 

-'t1.1l ~[11U~mtLt'L'~M Ill~I1GU::1[1t1.'!t" L't1.~rtLt~~,!\'t1.!-Y LJgHl1U.UL~t'G?1t'g." t'G IT. 

't1.t~LVtWIlL~~1111::1L~fuj111"Jot::~~L~UULrtrtY::Lrt~mLl~~t'~ (AJ0841 leUO!pun.::l 

AllSUaO) 't1.'!t"L't1.~rtLW~..tt't1.1l-YLJgHl1U. 'WL'~ ULrt'I\Jl't1.L~1LU't1.tWLIlMJ.U. 

.a..'UL~t'~'t1.' (. ULrt't1.G1\!)U~mt1.t't1.L~rtU.I1I1::1L~fu[1U".a..t::~U.::Lrt ~1ft, L'~~UGM 1::J' ,. b F' ~ o""p ", ~,.,. ~ • Lt 5:"''' ,... 

~U.}Lrgt'Grr.~~I1IlD'::1 J't1.~Mrt~~YN~IT.~l":Irtt1ftlL'E~" 't1.1l~[1'Um'LIl~~1\!)'t1.J::~11't1.~~ 

~YLJL'Qrr.1~Lrtrt}:!g[1!tl1rtY,a:~(. U~'I1I1::W LI1!!Q U1LrtL}:!~UQtA~U.}Lrgt'QIT.gHl1U.t'V! 

P'l 
(N::) NIl! (N,:)"/ll (N::)'/h 

: l!!:!.f =(NX'''''"~''~)J1l (l:)S/h (l~J llh (l:)'/h 1 

(I:) N/II (I~) llh (I~) '/II 
n. 

t1.~1~1JoU~U.rt,[11't1. L.\!)~tlr.! ~,111LrtL}:! 

't1.G1~ u~mL'G f1.!.\!)Lrt rtY (J[1\!)l1rtYLlII.fu n. U,mM' til \!)1't1.81~ U~'Gt'@ IT.'t1.~ ~tl.a..Ut'Mt'G rr. ~ 1::J' 1::J' ~ ,.,l u~ P F" ~ "" po ""'tI ~ ,..!." 
n. n. b 

llleU!WJ8l8p JalelS L'GIT.[11t1.tfJ G1lt ~LL!tl81lL~~1111::UGIT.'t1.~~~Y LJ8't1.Y'~1..~U8tA::~"~ 

http:J[1\!)l1rtYLlII.fu
http:t1.~1~1JoU~U.rt
mailto:t1.U@~Lu.::wt'1'mu.~LL!tWrtU.I1I1::1111~LY
mailto:t'@rr.'t1
mailto:YU.L\!)U.t1.Lt't'~ML~UL~~Uml1::U@rr.t'1~U
mailto:t'@IT.'t1.'!t
mailto:1J@~'t'~11.a


L 

n. n. n. 
!.LUrt~t'",~ n:L'I1.::!.'I1.~~t' I} IT.'IU ~~11 t'1} 1T.f1.!.'11. t~1}::~'I1.I}!'lIJU ~1g t'G 1T.'I1.~ ~'I1.l'-¥LJ 

t'lI.L'IU!.L~MLrt (W9J084lS,400IS) ~G~n:t'GIT.Un:UR llull.t::~ n.L~'I1.rI l::'lURU~rtUt'IT." t'G IT. p "=" t=" '" b"'...,. ~F" ~ 

n.n.::!.n.k~L!'l rtLll.-'I1.J1-~l!.LUrt~L~fuj1~"!.Lu'I1.t (PI8!J lU9lS!SUOO-JI9S) ..~~~'I1.lIJlm~ 

'11.8 ~tA~lI.'!.LU-l!~tt'~'I1.1lt'",~ '11.1} ~~I':l t'jlJl U»L~n:L!,Ut'G~~rtL.u.-'I1.J1-~l!'LUrt~UL~'IUt,'I1.L~ ..,.. . 
'I1.~~'I1.jloYLJ::~" 'I1.~~'I1.!-y~UL~~1n:L!,U'I1.G!..IflU~lgt'GIT.'I1.'!t"L'I1.~rtLWt'~ 'I1.G!"lIJU~'g 

n. 

t'G 1T.'I1.'11. "L'I1.~rtLWn:UflG'I1.IT.~11 t'fl fl U~ L~n:M::~ rt Lll.-'I1. ~~l!.LUrt~ L'IU!.L~MGrt,
 • ...,. I ,p ...,..,...,. .. '" f' 

.!L'I1.Mrt~~~-'I1.flb'!rI1Ub'!"!.LUUL~IflU1UflU~ G~ ( )"W .!I ..." ...,. ~I u "C:.7 F..9"'" .., .1 JA A 

!'U!"UUJU~ ~,,9 ,9..-0 

G~~'I1.G!.lflu~'g n:ll'l1.G!.lflu ~lgt'L~~::!.Lfl~!J!..1fl'l1.2UL~~!Jl~jlU~ G~ t,) HA 

n. 
~fl~~'t,'I1.t'GIT.n:rtG~~flU~UL~LrtUUI}'I1.flLlJflU~ I}~ ( ) I"" fllfll ~ ~..9 ., ...,. F' .JI i"tI ..,. J 4"A 

6°G 
(~):JXA +(:) HA + C~) r"~A =(~)flA 

n. n. 

f1!.'11. t~I}'I1.fl~ml':lt'",fljlu»~~Ml1lfll 'I1.~L!A' (:)flA 
n. '" 

(18ilU910d 9f1!P9JJ3) ~11 t'jljl U~~tI1LlJ~G~tfl~1'I1.1}!'~u~'gn:n:::!'L\MUj1~"!.LU'I1.[}' L'~ 

gOG 

(") 'Ib', ={J 'Ib [{"VA +,<:-] 'I1.t'Ifl~' 'I1.fllT.l rtL.u.-'I1.~~l!.LUrt~ Ufl!.l -t"...,..re. L\ "=".3 J:;J' 

, 
}G 1l1t'~!..1ll.n:.y11 L~~::'lURU",~~~!.LUrt~~1::~ L°G ~!.LUrt~t'G 1T.~1l'I1.!-y ~t'G1T.1fl~ L~L~L~ 

~1rtLll.::~'1'I1.J1-~1ttpUL~t'~~ t'~~I1LlJ'I1.t t,L~U::~t'~ (, t'L~J'I1.,.Mft! ~~-'I1.f.l~f11U~'1'I1.Lt't'~M 

L~'IU Lrt::ql!.LU G'I1.~1!. LU ~t'~~~t'!'Ifl'tl.ft11 L~L~ll!'. Lrt L~ft~t'~ J'I1.",Mft!~~-'I1.fJ~f11um' 
n. , n. 

'I1.LL't'!!M~~M'11. t~I} rtu.::~'I1.~UL~Gn~1UG't1.~t'Lfl GU U~11'11.t,~ Jl::L!.~,~t'2:mmlf1!. 

'I1.1,.1fl1'I1.fJ!:H'l!..LrtL~~~~M'I1.[}1'I1.lW~U~'g t'G IT.jl U»'I1.Lt't'~M::b'!"~~~'tI.LL' L',",,~ M~~Mn:k~l!'l 

'I1.G!.IflU~'gt'GIT.Lfl~tJ!'lIJ't1.2UL~lfllJ1~'I1.",Mrt~~~-'t1.rJ~f11U~'1'I1.Lt't'!!M G~ :JX:if 

~rJ b'! ~ll'l1.t'G IT.n:rt Gb'!
" '" .. n. 


~I1U~ULIlLrtUUI}'I1.rJLlJrJU~'I1.Lt't'~M::~m !.U!.LJgt1.LL't'b'!M G!'~ 'I1.G!'lIJU~1G 

..9 ...,. f" ,., 0""1) -P' .it ...,...,. ~ "" 

n:ll't1.G!..IflU~1g t'L~~::!.LrJ~!J!"lIJ~ rJ t,~n:Gu::!.f1~Jl U »'I1.Lt' L'...b'! M G~ f1 

'I1.GUU~'gt'I}IT.~b'!~t1.Lt't'",~M G~ '.L rJlfll 

L7. 
[ u] :JX:3 + [ u] f] + [ u ] '.L = [ u ]:3 

~t'J~~~1l't1.!-¥ ~ 

f1t'l1. t n:n:::!.t'GlT.rt l!.'I1.Lt't'!! M'I1.rJ ~1 [V] rtLll.-'I1.)t~l 'tI.)t~1-UH}1'tI.JglJglun.gRll UULIl 

(suo!Jenba We4S-U40}t) reL~-'t\}\~l!.Lure~ 

http:n:n:::!.t'GlT.rt
http:U�'I1.Lt't'~M::b'!"~~~'tI.LL
http:Lrt::ql!.LU
http:t"...,..re
http:n.L~'I1.rI


-) (-) ik ·':<P" ( r =Uk r e 
2.10 

2.11 

t~HJ G ;iu nm<iluf'lluJtmJt-J~nffl'\.m~u (Reciprocal lattice vector) LLL'!:::,h Gfhnn 

rl~<il~iJ'vi'U1fnu~~JJ1'Ui'YluuyJ~ (cut off energy) • 

2.12 

(-=) _" (k-) irk I G) ;
<Pk' -L.Cj e 

j 2.13 

t<ilrJ ej (k) ;i[) fhi)Jlh:::ff'Yl~[)J21'UJ'U"J ~Jfi~'L~mr'U'll[)Jfh ej (k) ~:::~)J~lLL'l'llL~tl 
'Ill )Jlrhu,1 ru.'VIlfilflJl)J'VI'U1LL li. u,~ L~nm[)u,~ln~)JnT:i 

n(r) = II(p, (rt 
I 2.14 

L~tl'lllLu~flJT1nrrUJt-JL'!1u,~)Jn11 2.9 '~nnJ'U~JLLnu~ru'VI1~)Jn11tfl~U,-'lfl)J1'U~)Jn11
'" 

2.8 t<ilrJliL)J'Yl1n-rr ~J~:::L~fi1L'oill:::~J[)unmbLL'!:::L'JJ<il~l<ileJU"IluJ {e j } 1'V1~ ~J'Ill1u 
~1'Ulru.'VIlfilflJl)J'VImLLli.u,'ll[)J~L~n<il1uu,1'V1~1u.~)Jn11 2.14 LLLflLU1rJULYirJUflJl)J 

'VIU.1LLli.'U"lJ eJJ ~L~n<il1uu,1'VI ~nuwn)J'VI 'U1 LL li.'U'lJ tlJ ~ L~nmeJ'ULril LnufIJ1)J'VIU,1 LL li.u,'lJ [)J 

~L~n~l1[)u,:nfilL~~lJ~lm~)J ~:::'VIrJ<ilm:::Ul'Um1 LLL'l:::flJl)J'VI'U1LL'\.l,U,'ll[)J~L~n<il1emJu,
• 

~:::LUU,fi1fl11)J'VI'U1LL li. 'U"II [)J ~ L~n<il1€lUrl~rn'U:::~'U 'VI ~J~1mf'U~:::1ifIJ1)J'VI 'U1 LL li.'\.l,'lJ [)J 

2.7 

LU1rJU L YirJUfll1)J'VI 'U1LLli.'U'lJ [).J ~L~n<il1[)u,LLLflWuilfilrf.J~eJ.J~lJ nu, 1l:::'Illfilfl11)J 

'VI'U1LLli.u,"lJ eJJ ~ L~nm[)'ULU ~flJ in rJrrJ ~ L'! LLL'!:::L,rl ffm:::Ul'Um1'Yh.ftl~ tlLullu,nilfil 
'II 

flJl)J'VI'U1 LL li. 'U'll [).J ~ L~n<il1[)u,:nfilL~~lJ~1 nfilflJl)J'VIU,lLLli.'U'lJ[).J ~ L~nm·u'U1'U1[)Un[)'U 

~lm1mL~<il.JLUU,LL~'U1l1WL~~J1nwrl 2.4 
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n(r)= LlqJi(r)12 
i 

n1''i1.l,,)~c'JJ1m~1~nUL'nuc'JJ 

L~EJ'Filln 5L~n<n"JEJu,'J"u,eln (valence electron) ~n ~"t:-Jfllii EJ m"JLn<nl.lfin1lJ1LTl;JLLfl:: 

~3Ju1i'Yn-J.yH~mf:lJ1nn';h5L~nmEltULn'u. (core electron) ~"nm"JL~u,m1nrJL.yhJlJ3J1Lb'YlU, 

inrJrJ-Jt:-J~ L~EJ~<n~l'l,n'U.Tl~u,"J::U1U~~El-J1i T~t1~m~rn::'lJEJ"f1nrJLYiU3JLL~~-Jl~i"1l1Yl~ 
2.5 t~ t1in rJL Yi t13Jl1::n~m~rn::yJ~ni't~fl~'U. 'III;-J111 m::t1diL~ n<n"JfJ'U.LLn'U.L'III;j uu,nuyJ~n,ru, 

.d. ~ • A~ """ 6'.,.::.I.d • ""'~ 
fl fl 'U.11"J-J bb~::m1 lJ'III 'U.1 LL U, U, 'lJ fJ -J u b ~ n<n "JU'U.'lJ El-J fI n til 'Yl t13J 'Yl"J:: t1::n EJu,"J:: t1:: m~ n<n "JtlULLnu, 

l1::L 'Yi1numl3J'IIIU1LLU'U.'lJtl-JElb~n<n"JEJu,111-J Ldm.i.13J1'W111"Jrnl1u,~3Jm"J 2.13 l1::L~u,il 
... ..1 ..... '" ..... '" .9 '" d 1.... '" ... 
~ n'Mrn::l"l-Jn'll''U.flfl'U.'lJ EJ-Jfln til 'Yl t13JL u'U.t:-Jfl"J'J 3J'lJ EJ-Jfl ~u,"J::U,lU'1l-J 'll'111U,'Ju,fl,m"J::U,lUU,tltJ 

nilyj~n,r'U.Tl ~U,111-J 

9 
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~ .. I n.o.l 0 - .d ~ Q... A 1 r.o:=- ~(;' A

LHUu1:LLH<1l.Jn.Jn"nUfit'lmYlr.J:lJUt'l:lIIm.lbYlr.J:IJ <1l[J c fleJ 1:::r.J:"lIeJ.JElLt'lnfil1E1UUnU (core 

electron) [5] 

n(r) =I[I¢II (r)l~ + LQij(r)(¢n IPj )(jJj I¢n)] 
n Ij 2.15 

:B.J P; ~eJ w~fhrUVI~nYl.ffUElrjnmhLLVlU.J'lJEI.JU1LfI~rJH LLt'l::: Qij (r) ~E1 w~n,rULH1:IJVlI
" 

L<1lrJ ([Jj ~E1 w~n,rUfI~U"lIeJ,J~L~nmeJuJ.JVI:IJ<1l LLt'l::: ¢j ~eJ ~n,rUfI~uLrirJ:IJ lu.Jluli'rJ 

:iudL~.yh:n1rnlml:IJLb<iln'ii1.J1um1L~eJn1'1frrn VL rir.J:lJLLlJlJeJt'l<1l11'UeJWrl (ultrasoft 

d "'1' d"'1 "'..1"" Q (r) =0 ...
psuedopotential) 'U.J'<iJ: t:IJYf~11rnIL.JeJU b'lJ Ij Lbt'l:::LLlJlJUElj:IJ-fleJUL'UeJLlYlf'j 

(norm-conservative psuedopotential) YlYi'<iJljrnlL1eJUL'lJ Qij (r) = 0 L,rl1tJ~lrJ 

n1'n.J';i::ClJlrn~h~~\hn,"u~nLtl~U,"-6f'YIiCIJyf,"i 

1U~lU'lJ eJ.J'i"I i.J,J1ULtt'l n L tJ~ r.Ju-H'V\i:IJ~utfdju'i"I~uYli.3.i Hl:1J1jrlVII f11 LL3.iU<ilj,Jicil 1U 

,J1u1i'tJdi.cilL~eJnllimjtJj::::IJ1rnLtlJlJml:IJVlUlLLUmUYn:::Yl (Local density 

Approximation) [4] LLt'l:::LLlJlJ~t'l'iil.JYl~lLU (Generalized Gradient Approximation) [6] 

~1'V\flJmjtJj::::IJ1rnLblJlJml:IJVlUlLLUULU'i"lI::Yl (Local density Approximation) l<1ltJ 

2.16 

pi, I Q..o Q..o 

:IJ fI1 LY11 n lJl'HN \11 U 

10 



m~mU~t1l-Hrv\i~l4'u1f<litl~L~n~JtlU~'YlJlmhLL~11u~L~nmtlULLnff fflmJrtL-lirm1uJu 
'IJ 

rfl'1.ufitl 

bEXc[n(r)] _a(n(r)C:XC (n(r))) 
Sn ( r ) - on (r ) 

2.18 

"" nu 

2.19 

2.17 

LLnffYi:crml~'r'IU1LLUUff~lLff~tl ~~:crmJ~~~Utl~Ul[J E xc (n (r)) 1~[JhfJ:;Lu[JulTI'~ 
<lil,')r1UtltlnLU 1U,')lUl,r[JdL~tln~~n';mr~"lI"it~ CA-PZ (Ceperley, Alder - Perdew and 

Zunger) [7] LL~:;~l'r'1fu'W~,'),')lULL~nLU~[JU-ff'r'li~l4'u1f<liu~L~n~JtlUtltl,')mJuJ:;l..nrn 

LLUU~~<lil,')~11u (Generalized Gradient Approximation) ~,')ffl~l"H1L-li[Ju1uJU~lLtl
'IJ 

LuumJ~VlJUlm,;)lnmJ1JJ:;mrnLL1J1Jml~'r'IU1LLUULQ'Wl:;~ (LOA) 1~[JmJL~~'W,;),r 

'l.Iu,')tlul4'uflltl,')ml~'r'IU1LLUufu~n~Jtm V'n (r) 1~m~1Jn~~n';wi!~"lI"ii.~ PBE
• 

(Perdew, Burke, and Ernzerhof) [8] 

't'ii\l\ll"A'YlDuvJfhllil:::: K-point 

2.20 

')lU1Utlu~L'lS~:;)lU (G) t1nii.[Jl~1~[J'W~,'),')1Uy)'Yl tltl~YJ 

'" 'II 

(G) :crmn~ltll1iiuff~,;):;l'h1'r'11~~~Lu~t1,;)lnff~mJ1",{U-"lI"l~~t1nliitl,')LL1iUth n<li 
, 'IJ 

1 U 'Yll,')u51J1il1iffl mJmi11~Liiu,'),;)ln"lmUL'l.I~'l.I tl~nl"~fhu1 rn ~~,rU~,') Iiiu,')lh:;~l rn~h 
q.,. IV 45"d 

'W~.J.J1U"'Yltl tl~~'Y1l'r'Im:;ff~ 

,)lWmtlu,') k-point Luui~~lUn1JU~m~Jtltl.JL'lS~~~U:;)lU (primitive cell) 1u.. 
"l.Itl.Jll-n.J -;)lU1U'l.Itl.JImfu-"lI"l~tltlfih1~ (Kohn-Sham orbital) .ffumjn1JtlUl~"l.Itl,')mJ

'IJ 

L~unhN1U1U k-point ~'r'If1JJ:;Lu[J1Jl~tl~~u.JeJmnl-u~" (Monkhorst-pack method) 

11 



2.21 

v ~ fl tl13Jl m'lJ fl J L'11 fl Gf 

Wj ~fl tI;im:ilJ 

~3J11mii[J'\.l,m::"11'J k-point 

kj =X1)1 +x2j b2 +X)jb3 l~rJ ~mlm~e)'nutl11lihhuni1J (reciprocal space) bi 
'U 

m1L~eln1i,hulu k-point .yjmnmrJl~ii.yj~u~W1":;'Yhh!j1~(:.JflLi\flrJ~(ln~flJ LL~U[jl ~J 
, 'U 

1wrnJtln1J1il~~lm1mhl~ ~J';flJL~fln1i-;jlU1U k-point YlL'VIm::~3J1umjTl"mlm 

t'f3JnTH'f111'j.l,::: (Equation of state) 

""·mm1LLf1t1"'q)'VI1 ~3Jmjlf1,.{u-'1nmm't~(:.Jmi\fll'J LYl mll1t1'V11fil~iJJ1U jl3J'lJ flJ 

j::1J1J.yhJ1mIil1~lJ 6) 1~rJ'\f'jiJJ1Wn3J~lm1mii[mmi1Ujtl'lJflJtl1mm L1rJn'l1 ii3Jnl1 
'U 'U 

d d", 1~.. tid tI 1 '" 1'" "' ~mu:: '11J~3Jnl1iimU::'YlUrJ3J"l5 mmWIn1:t1nl1L flrJULL flJ fl1J~11J1l1rJ IiIml3J~U 
A ~ d A < 

~Jflm'VIll3JflJ'Yl flfl ~3Jnl1~mU::'lJflJL1J1'lH3Jfl1mLLnu (Birch-Murnaghan Equation of 
'U, 'U 

state) [10] lW1I'JL~3J'i:nm3J flfulLLnu~W1fi'm~3Jnl1~mu:;'lJ flJ L3JflfulbLnu (Murnaghan 

Equation of state) ~JLL~~J1U~3Jnl1 

E(V) = Eo + Bo~ [(V~ / V) +1]- ~oVo 
Bo Bo -1 Bo-l 2.22 

B~ ;ifl flW\olrufJJflJ3Jfl~fl"'~L-nJtl1mmLrirJ1Jni.lml3J~," Ylml3J~'\.l,Lil'\.l,~'\.l,u 
, • 'U 

'VIiJ'iJln~uiinlwr~'\.l,lii3Jnl1~m'\.l,::"IJflJL3JflfulLLn'\.l,1Ii1rJL1J1')jUfl::L3Jflf'\.l,lUnU ~Jd 

Murnaghan equation of state) 'iJln 

_(8EJ =p 
8V r 

ml3J;3J~'\.nh:;'VI11Jml3J~'\.l,Ufl::tl13J11i11 ~fl 
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n 

n. 
~~nQlfot'!!:'f1tnt 

nfl~mtLrtUW~U.U~1 g ~1~NR~fll,,~~1flLn.gQ lltLrt L~ t'm1 (.'!!: '!i.n.rt~'ItllnL~tLUnt 

I.' ~11I.'.It1~n.re~'tUl 't\L~tLU 
'" "'"" 0 

(g nJlnL(.'(.'~M.~~::!',.~nL(.'t'",~ M.n.1l11 t'Lk~(.'Wl(.'Q IT.rt lt~HUL~ 

~1L~lltLrtL~ (g ~tnL(.'(.'~M.~~::-t~nQ-t~U~1~(.'QIT.;:nLl'I~n'!t"Ln~rtLW(.'~ ~1(.'QtlM1Q-t~ 

::~nQ-tI§JU~1Gu.::tl.Lll~ntnL~ Q~ (a181S jO "l!SUap) nQ.tI§JU~1G(.'QIT.::nLll~nn11LtI.~ !:j td'F" 0);:1' !:j ~ , 

rtLW::~11 nLt'(.'~M.n.l'I11(.'Lk~t'Wl L~ufl~1Il.~unqw~Ht't~1(.'QlT.nLKn}l.fll'!t~~~u,1 
n. 

n t (.'~.tI§JLrtrt~~~(.'LU.~!j.rtLI§Jf11n U' L~~nQ.tI§J U~1g (.'Q IT.nL(.'(.'~ M.n.,..~::WLn.gQtLUt'~ 

a;l-¥V:3 =(¥VJIlIH I¥IIJ1l) 

fli§Jl i§Jl L~lltLrtL~ "II n~~WI§J1Ul1;:~~1mttl.L(.'N~M.n.i§J::!.(.'U, n.~Utl.l~U~H
lilA ! p" f' ..... 157 I 'b'1l 

(.'!',.~1t'QIT.tl.LKtl.pfll'!t~~~u,m1..~1 flLn.g(mLt'(.'~Mn.",~::.t (WaJOa41 S,4:l018) ~Q~mQIT. 

lA.n.uHll lA.U U~,::~1' S'l-tLU rt~tI., 'Itltf1rt~ rt LWrttl.fltl.1lA.l~rt~n~, LlA.t'U, ~Nt'flflU~::~1mM. J:7 ~ P l=I' ~ ~ I" 0 f" ~.5I"" ,r 

::nLll~~tl.Q.tI§JU ~'g(.'Q 1T.tI.'!t" Ln ~rtLW~1::~ rtLl!.-tl.JIo~l.tLU rt~L~fuJ111"!',.LUUL~t'~~ 

L~t-ttI.'L\A,'e!l.re~'tUl't\L~tLU 

L'ItltL~~ 

~t'Lf~(.'!',.~FQ~t'L~~::,m",u(.'QlJm!§lL~~::~ULrt~f1 (UO!1!SU8Jl aS84d JapJO pUO:las) t'Q~ 

U.n.i§JL~t'LW(.'!',.~lN~ nllt1.11 ~n1.tLU u.::'ItlIT.tl.t L'ItltL~MlA.t'U~ t'.t~lt'Q~ (.'Ll~;:.tnu(.'(m1 Q ~ F' ..-0 ~ IV r=--ID f=' "'f' ..... ...... F' I 0 

ft~L~!J(.'Q~::~.t~Lrt~f1~I1i§Jl = .1( de) ;:~" 0 =DV 1T.1t1.Q~'l!ItflLlJn:-i§J!J1::~ 

A De 

(UO!l!SU8Jj aS84d JapJo lSJ!j) t'~~~~L~t'Lk~t'.t~1t'~f1'mfl~f11tLU i§J~L~~[JUltl.Q1UL~ 

,.,nI§JU1t'~1'IJ:.LrtL~(g t'L!§l~rtLl~~W!J~'~t'Lk~t'Wlfli§Jl [J~,!-ttl.Q1t'fl~m~~1i§J~::~~n.!J~~1 
n. n. • (I'! 

tl.L(.' (.'~MnJlt',."i§J jln~tI.!J'!:lJ~'Itl Q~'ItllnL~t'~n'!t"LtI.~rtLW~lttl.1-Y ~l!HllUn.1-~L~ 

[J~,!-ttl.Q1 Q~ H 

[J-tUlt1.Q, Q~ S fl~l 

9l-'lSL-H=D 

::tm 

9l-'l-S.L -Ad +:3 =!.) 
n. b 

J:.LUrt~UL~ ~1t'~~rtLl~~tfl LlJi§J~",lt'QIT.t'L~t'wl(.'~f1'mfl~f1'.tLUUQm!1-tLU 

nULW}~~L~~M~'Itl~t'Lu::nLll~-tf1'1l",l§Jn!J' (D ',,6Jaua aaJJ sQQ!8) ~n.!J~~mLt't'",~M 

vl-'l

{[I-J~)}.-'")%+I}[J~)-J~)] ,!£ ~(A)d 

http:J~,!-ttl.Q1
http:nllt1.11
http:11I.'.It


2.28 

l~tI [;2 ~E! ~d'l-l.~'I-l.~!ll'V'1"J.1E!.Jfilfh'l~l~~b~nYl~n fn~l'H1,\''I1L~,nn 
2 2 2 

C2(OJ)=~ LI(v<lrlljl:)15(E~ -E~' -E) 
nco k,v,c 2.29 

~.J ~11'lfil,.rn~ (N) fiE! eJml~d'l-l."J.IE!.Jml~L1d"J.IE!.Jfl~'I-l.LL~m~nLy.J~1!llt11wli~'~,f'l-l., 
b.yjtl1J1ilJml~L1d"J.Iu.Jfl~'I-l.LL~L~~nLW~11'1-l.,nunnmI'1Hlm1{1E!~lJl [J1'1-l.11.h 11.J"JJtl'l-l. ~E! 

It QI .., 'U 

N =n+ik 2.30 

1'1-l.~d'l-l."J.Itl.J~'\,l,Iil!l1'V'1"J.1E!.Jm1'lfil,.rnb~';):::i~w'l-l.inlJi~1.h:::~Yl~n11~~n~'I-l.
'II 

kOJ 
'7=

c 2.31 

2.32 

14 

http:11'lfil,.rn


Sl 

n: MLLl'tlt 

c-~~"c-~ (9z00 '9z00 '9(00) u.~(m~'lLoU(WNHT.ml.'."L~::~m (0 '0 '0) U.r.18ltfH.. Hr.rt8~::8 ~ f''' "'=' I 0 F'I I'='~ 

c-Grr.q1.l.'.11L!p~fl~1 rtG~::8 B 'tl~1~UQQc-Qrr.rtQ~::Q ::~m rtQl€l::Q 17 rtrl~1!bc-Qrr.rtQl€l::Q 

rll~I1QU::tf1 (lIa~ llun) rll11l.'.~t:Hr.1c-~I.'.'tltc-~ w£wd (dnoJD a~8ds) tl€lLrtrt~~l.'.lJ 

~Uf1::lLV~~y~LflU~111111c-Lk~c-WW~1lLo~UQQ::I.'.~l'tl~}1 (loa8) 1 lLok UQQl!!krtrl~1!b 

rt~::LrtI.'.1~rtrl~1.£1 U»::~11 jL'tl",Mrtl! I.'.~-'tlrl ~f11U ~11'tlUc-",~ML~'tt'lLrt::Wll-t UQ ~1tLUQ~1 

Lrt'tlL!1~rl",l!~'tlLC-ULI!~t;1l1rl~1I1rl~f1' L'tt'ltL~~Lrt tvt~UQJr.1'tlQ ~-rt}Q'tl ::~1' ~U;!QlLoU~~~ 

fll111 (IBnUa10dopn8Sd) rtrl~'.£1U~ll-tUQ~1 (p8JJ8 ~llSll\l1818J) MLLl.!lU.Mrt~c-Qrr. 

~t;1I!!~ftk::~m (p8Zp810d Ulds-uou) 'tl1}~c-Qrr.JstkL~M1tLU UL~~I':II!!~ftk~'tt'll'tlL~tLUUQ~' 
• 'tlLc-c-...~ML~'tt'lLrt::tf1Lrt'tlQ.l:.l€lU ~'§c-81!.jL'tl...,M'tlQ::~l1'tlQtl€lU~1§ c-Q rr.'tl11"L'tll.'.rtLl~U;;l.tLU 

'tl~'c-~ (38d) J04J8ZUJ3 ::~" 8>tJns 'M8PJ8d f1~1L'tl~",M~ (UOl1BWlXOJddV 1U8lPBJ8 

P8ZllBJ8U88-V88) f1k~~c-L~~1':1 flfl11 ::~" 'tlU\C-...,~ ML~'tt'lLrt::.l:.f1Lrt'tlQ.l:.l€lU ~1§c-Q rr. 

'tl11"L'tll.'.rtLl~L!\!.LU'tl~'c-~ (Zd-V8) J86unz ::~" M8PJ8d 'J8PIV 'A8jJ8d88 rl~lL'tl~...,M 

~ (UOl1BWlXOJddV Al!SU8a IB~01-V01) ~::LM~1'tl111'L'tll.'.rtLl~l1mlll-tUG~1J~Mrtlll.'.~ 

-'tlrl ~f1'U~11'tlLC'c-~M'tt'lLrt::tf1!.LUrl ~l (1.::10) 'tl1111L'tll.'.rtLl~~.!l~y:rgHbU.U L~rtLlT. 

-'tljt~ltLUrt~Ll.'.fuJl1"tLUUL~~lU1.'tl;t::'tlum~l1fl::tc-Q rr.~flrt~ 1~~'tll€l11~~'tlQ ~~~Jr.1 

.!lltLU'tlll1::Wc-~~11 vOZ MLLl'tlt;1"UL~ [~~] (d31SV8) 80B>t~Bd AOJaU3 IB101 IBP8S .,.'" 

aoppQwB8 rtW11.l:.f11'tl1..~ ~~'tll€l"~g.'tlQ ~tvt~lLo1~~flf1!}';::.l:.,tT-tU Q ~l~kn'tl&fl",~~'tlLc-nt
.. " .. 

%S"G ~ ::~" %£ 'tt'lLrt~f1fJl~1Jr.kUQQ~krtfl~'!b'tltf1kL,!b1U~1.'.1f1~1tLU UL~~t;1LHU~ 
Ib 

C-...rJ C';&"U.U ~ Lrt'tlL!1 ~rl...l!~'tlLC'I1l-ll1fl ~1I1rl~f11LrtL!\;::~" ~k'tl:;t 1 c-Q rt~c-qT.'tltC'~l1'tl~UI!!~!.LU 
'tll U.l:.LrtL~rtLW ll':l'tlMC'Qrr.'tlQU.::~tLUJlU.~::!.rIrtH UtU.U~'Q~' U.C'~L~ rllI!!I1QU;::.l:. rI'tlQ

It 'CII' ,f' ~ ,!J"'=' -I D...-n 't::II' ~ ~ ~r=-I I'!. I U 'b 

C'~" C'&1~l1rt~ rt!lll'tl11 LI.'.Q ~1'tlLc-c-~ MI1U11 C'L~I.'.::tc-Lr..c-Q,tr.'tt'l Lrt::.l:.f1tLU::~l1'tlQtl!lU~1~ 

c-Q rr.;::'tlLU~'tl1111 L'tl '.1.rtLW 'tlLc-c-~ MilU11c-LfH c-Wl fll~flQU::tf1'tl~ LtvttvtVLU.~flrt~ 

• 
,. 

tl!lLrt~f1c-Qrr.N~~~!.LU c-Lk~n~lc-~f1'1'tlfl~f11tLU1!!!J1Jtt L!;A~~~rtLW ~H..£-C'Qrr.c-Lk~ c-Wl 

• ;::~m tl!lLrt~f1c-&'~",~~QrtL~ U~l':Ic-WWc-~L~ fll~I1QU::.l:.f1~ c-LkHC'Wlc-&1~l1rtH'tlUf1Lt 

Q~1 c-HrtLW~tfl LLl1Jr.k U Q Q ~lrtfl~'!bc-Q rr.C-Lf~ c-t~F&'~LLl(j..£-'tlfl ~f1 1.l:.LULHU~tLU'tlbL' 
Ib • Ib 

n'tl&~I!~'tlLC''tlt aVI.'.'tt'l Q ULM'!t;1~~ftkr.l~lc-~'tl~rtLW~tr.l LLlC-r!o"c-Qrr.::I.'.~lc-Qrr.MLLlrlLU 

" " 

c-LU~l1rt~LHU~tLU'tlt rt~::LrtI.'.1~~'tlG 1'tl 1111L'tll.'.rtLl~~.!l~y:rgHb U.C-~ c-~~~ 


rtLl~~tflLLl1Jr.kUQ Q::I.'.~lc-Q rr.(. L'L~~flrt~'IU l 'tlL~tLU~f1 ~,::~rl UC'~t,L~U::~.?U.I1'tlt 

'Itlt'...'H,L~!.LUlMW1:::l;!rRt £ u.u.rt o ~ p 

http:fll~I1QU::.l:.f1
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d 1 ... ..1..,...... ..,VI ..
llTYfYl 3.1 fI'J\lff11\1bbUUl"l~ElEl LWI"IlEl\l'JH1I'J:IJ L'fiElEln L"U'fi 

'\l 

~1n\llu,iil'J-nc.i1U,:IJlV'lU11 -n ff1l11:;ml:IJ~u,ff" ·ih11'J:lJL'fi El ElnL"U~ii1f1d\l fffl\1 UUU 
'\l 

ElEli1'Yl1El:IJUn rtiJ"I''\1jff:IJ:lJl!il1 (space group) Pnma ~\llll.Yl~"L"U~~V\'l.l.ll'J (unit cell) 
'\l 

u"j":ntll.J~ll.J E1::CiltJ3J1Jf)~'lh1tJ1J 4 fl:~f)lI LL~:; t)::~tl6J'lJu.JafJn:aL';)u 8 fJ:li1eJ1J ~.JLLnli1~ 

1ll.1l1V'l 3.2 

,.,r - - - __ _ - - - - -,...I 

~-

1ll.alll."llEl\lm1L~ elnV'l i\l\llU,f1'Yl El Ely.J~ (cutoff energy) ~:;r'hnl1'Yl'fi ffElunl'Jiii L-nl"Il El\l 
'\l 

V'li\l"1ll.'Jl:IJlll.nl1v11ll.1rn t'fifJ~:;L~:IJ~lnV'li\l\llll.f1'Ylm)y.J~ 300 eV LL~:::L~:IJ'iru,-n~::: 50 

eV ~ll.n\l 650 eV ~:::L~~~~"1l1V'lrt 3.3 (n) ~lYlfutfld,,~fl\1LLUUy.J~ElElh<il U~:; ("Il)
'II 
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~lwflJlm.J~fl.JLLlJlJm)'nl1·H)3JUn <?1"'.J'!lI. ~\lL~eJnli~i\l.Jll1.y)mH)'vh~ri 500 eV ll1.m1 

flll1.1rn LtJ1[JlJLTI[JlJnlJ~i.J.Jll1.113J~flll1.1 rnL<?11l1.nT'n~eJn~i\l.Jll1. Tll1 flflv.JYJ~ 550 eV 

~ml3JLL<?1n~h"nll.,h::3Jlrn 0 .04 eV/formula unit 

h~~lll."lJfl"m1L~fln k-point Liyhm111<?1~fllJm1~Lil"lJfl\l~i\l\l1l1.113Jll1.m1flll1.1rn
" 

L "lill.rlll. .zJ\I~H'lm111<?1~fllJll::'li~\I(:..J~fll~~ 3 .4 (n) ~l'V\flJlm.J~fl"LLlJlJyJG'lflflL1~ LL~:: 
" 

("lJ) ~1'V\flJlm\l~f1\1LLlJUflflf(111tl3Jun ~"'!lI. ~"b~flnli k-point 5x5x5 rlU 4x6x3 

~l'V\flJlm\l~fl\1 LLUUv.J~ fltlh~LL~::lm\l~fl.J LLlJU flflf(111fl3JUnm3J~1~U btJ1[JUbTIf.JU
" 

rllJ~i\l.Jll1.113Jriflll1.1mL<?11l1.m1L~tlmhll.lll. k-point ~~.Jnil 
" 

~ml3JLLlilmh\lrlll. 
tJ1::3Jlrn 0.002 eV/formula unit 

(n) 

,-..-
C 
::::J 
CII 

"5 -1940.8 
E 
o 

LL 

3: 
~ 
>
E' -1941.0 
CI 
c 
w 

-19412 

300 350 400 450 500 550 600 650 
Cutoff Energy (eV) 

('lI) 

-1940.5 

~ 

'""c 
~-194O.6 
"S 
E 
~ 
~-194O.7 
>

400 450 500 550 600 650 
Cutoff Energy (eV) 

E' 
CI 
c 
W 

-1940.8 

300 350 
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.d • ., '" d .I d .1 '" '" •• I.~ ....
flTY'fYl 3.3 nTfYl~~€llJnTHn'lJl'lJ€l.JY-IG'l.J.JluTnJJLJJElLuG'l[J'l.muG'l.J~G'l.J.JTIU)l1€lElnn~TV11lJ

'U 

(n) lf1d.J~fl.JLL1JlJ~L'l€l€l11!il ('11) tm.J~11.JLLlJ1JElElft111€lJJUn 
'U 

(n) -1940.6 · 

-1940.7 

2
c 
;;: -1940.8 
::; 
E 
~ 
;> -1940.9 
~ 

~.. 
Ji -1941.0 

-1941.1 
3x3x3 4x4x4 5x5x5 6x6x6 7x7x7 

') 

k-pomt 

("lJ) 

-1940.7532 

-1940.7534 

Gj 

:i -1940.7536E 

~ :; 
> -1940.7538 
Q 

~ 
C 

W 

-1940.7540 

-1940.7542 

k-poilt 

fl1Y-1~ 3.4 m111~~€l1Jm1&:iL,y1'lJ€l.J~i.J.J1U11JJLnElLtl~r.J'j.mtlL'l\l-.ijlulU k-point ~l'Vlf1J 
'U 

(n) lm.Jt1'11.JLL1J1J~G'l€lElh!il ('11) lm.J~fl.JLL1JlJElElft111ElJJUn 
'U 

Ln€l1111UfhYl n~'lJ El\l El::qj €lJJ'lh1r.JJJLLL'l::El El n-UL'1U~ El tilw~'h bLVlU" ~JJIfi L'l LLL'l::Y-li.J.J1U 
'U • 

11JJ'lJ€l .n::1JU~mlJJ~u!3il.J 6)'11 nm1T'ilu1 lli'lJ El.J1U1LLmJJuLtl'UlaJ1ufu1~Y-I €lciinlJ 

~JJm1~mu::'lJEl.JLU1"Il'-LJJ€lfulLLnu~1~u~~1~L~m'l1Th~flqj;~L:n.Ju1aJ1m LLL'l:::VIl• 
Y ",.d .. .d "" • Y !'l.d:.d l' ..... 
tm.J~dl.JrIL~n£Jdl1m1JJqjUm.J 6)'11nm1f1lUllliL€lUt111Ul1qjl'YH!1fi ULL~L'l::mlJJ~U 111 

1~l1dlUmlJJ~U~Yhl~dlqjmdLtl~r.JuutlG'l.Jlm.J~11.J LLL'l::tl1aJ1qjd~~~G'l.J1i '11mfu~.J 

18 



fi1lt1 rntm\l~fl.HLrtUl"I~\I\lllt (band structure) L~tl'U,1JJ11Lfln::::~'VI1-rlth'l'h:J1::::V\,;i1\1 

LL{lUl"Ii\l\lllt (energy band gap) 1'1-l.LL~fI::::ml3Jilt 113J'Yr\l ml3J'VImLLlt'l-l.~m'l-l.:;"lJtl\l 
ih~n<il1tl'l-l. L.yj tl'U,lm tl15-m rl1:::: iu,rltl"I i\l\ll'1-l.1 'I-l.tm\l trfl\1 LLrtUl"Ii\l\ll'1-l.LLfI:;fil'1-l.1 rnV\1 

filfl,j~l~5L~n'Yl~n L.yj tllJ11 Lm1:;~~3J1J1hoR'] LL~']"lJtl\l.nL1rl3J1~ tl tl nl'Il~ 

1'1-l.~1wlltl\lm11~1..lL'VI~nfl,jl1..l1 'I-l..nL1rl3Jl~tl tlnl'Il~ l~L~tlnt~1..lL'V\~n1m.nmrn 3% 

LLfI:; 12.5% l'h1~1~ rl 'U,1 L'IlGfL~3,I~'I-l."lJ tl\l.nL1rl3Jl~ m)fll'1l~JJ1 ~fl,j~ tln'l-l.LUm'Ilfi Gf"lJm~ 

1m!! ~1'V1f1J011t~UL'V\~n1mHJJ1rn 3% LLfI:::: 12.5 % ~:;1iL'IlflGf 2x2x2 LLfI:; 2x1x1 

o cv .d ~,.d ~ dV'l .. I.d ,dol:l 

~13Jfll~1J 'Il\l tl:;~ tl3J~3J1,jfl tl eJ:;~ tl3J"lJ eJ\I L'VI~ nm"lJl bu LL 'Yllt'Yl eJ:;~ eJ3J"lJ tl\l'1lL 1rl3J 

l"Ii\l\ll'1-l.fl'Yltltl~~~L~tln1i fitl 500 eV LL~::::1i k-point 2x2x2 LL~:; 5x5x2 ~TV\f1J 
tm\l~f1,jLL1JmmU1Y'1n"1leJ\I.nL1[J3JL~tltlnl'Il~~{lnt~1..l~1 m 'VI ~n1'I-l.u~mrn 3% LL~:; 

~ ~ 

12.5% m3J~1~U ~1'V1futm\l~fl\1LLUUtltl{t'Yl1tl3JUn k-point ~L~tln1ifitl 2x3x2 LL~:::: 
2x7x4 ~1'V1fu.nL1rl3J1~tJtlnL'Il~~rtnt~u~1m'VI~n1ltu~mrn 3% LL~:::: 12.5% ~l3J~liu 

~ 

l"Ii,j\l1'1-l.LLflmU~ rllt-~mfm-rlt'ITLUmLUU~flI¥i1\1rr11u LL~:;in rfL Yirl3JLLUU eJGl~11'Iltl~rl JJ1 

fi1'1-l.1 rnl"I i\l\lllt113J"lJ tl\l1::::uu~m13Ji'l-l.l¥il\1 "JL.yjtl'VI1~fI~Ln~vln 011t~UL 'VI ~nrh1~ 
"""'" ~ t ... .I d ~.I . ~ d ~ 1 '" '" 

~3J1J'i\L'lI'\I fl1,j~11.:! LufiW'I-l. bu tl r.J1\1 b 1 011LL'Yl'l-l. 'Yl"lJ eJ\I tl:;~ tl3J"lJ tl,j L 'VI ~ n 'I-l.e:l:;~ tl3J"lJ e:l\l'1lL1rl 3J 

~\I~GlI¥i tl ~3JU1i'Yll\11.~~1tl ci1\1L1 LL~:;~3JU1iLoR.:! LL~.:!LU~ rlltLU'VI1tll3-i L~tlih'V\~m~3JL,)13J1 

(n) ('lJ) 

ll::::(;lllJJon i'hm e tl::::(;lllJJllllnsn L~'U 1l::::Iil1lJJL'\o\~n 

111l"1~ 3.5 1m\l ~f1,j"lJ tl\l.nL1[J3Jl~ tltlnl'Il~~{ln1~tJ<¥l1 m 'VI~n 3% 
" 

19 
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(n) ('II) 

!I~li1'1llJ~L1tJlJ e !I::; I1l !llJ!ltlntnL"I'U !I::;I1l'1llJL'I-I~n 

fll'V'l~ 3.6 tm"~fl""lJEl,,.nL~rJli'l~H1Elnl'l!~~rJnt~tl~')[jLl'\~n 12.5% 
'II 
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Li1tl.:J~ln1~llLL1n"JJ tl.:J 1m.:Jm1dLilbLi.mtlii.:JnT.HU~[J~LLU~.:J1m.:J ~fl.:J1)l[Jhl~ml:; 
ml~i~~.:J"l.I tl.:JoUL 1[J~1~ f) f) n1'1l~1u1~ [J~:;L5 tJ~J.:J1 m -n.:J mJ'Y1~~ tl.:J LL~::;nTHh~1 ruYn.:J 

" 
'Y1fJ'jj~ 1ll.uYld~:;n~ll n.JnTHtl~ tJ~LLU~.:J1Tl'j".:J~fl.:JLL~::;~~U1iL-n.:J 1Tl'j".:J~fl.:J ~~U1i'Y1l.:J 
LyJ~l ~~U1iL -n.:JLL~.:J"l.I f).:JoUL1[J~L~tl tlnL'1l'<trion1~uil mVl~nilUU1lJlru 3% LL~::;

" 

r~".i"a~1" ~~n'iJtJ"~L~U3Jl~tJtJn l'li~~n nr~tl~'lUL'VI~nmuhl~d13J~,"a"
~ ~ 

~ln.:Jl~li[Jri~,hu~lLiiim'j"'Y1~~tl.:J1~tlLVI~n1~oUL1!J~1~ f) eJnl'1l'<tLL~ £l.:JhiiiYn.:JilU 

m'j"fhUl ru~.:J LUU rilb~u1~ri~::;rhm'j"fhul ruL ~flVll~~u1i~l.:J ')"l.Itl.:JoUL 1rwl~tHJn'hj<t 

rion1~tlilmV1~nL~tl~nMl~~rid1~~lnm'j"l~tlLVI ~m,j\1.tl1)l[Jhrwn~iu~.:J ~l V11U 
" " 

lm.:J~-n"LLuu~nU1l'1n filTl.:Jri1m.:J~~n LL~::;U1mm"l.l tl.:JoUL1[J~1~f) tln1'1l'~rio n t~Uil!J 
" " 

LVI~n1uu1mru~1.:J ')LU1[JuLritJunu.:Jl~li!Jri~,hum i.JLL~~.:J1'\.1.m'j"1.:Jri 4.1 '\'ill'll 

fl:;~ tllJ"l.Ifl.:J tl tl n'lh~ULL~:;oUL1[JlJri tl tJ1n~Lf1 £.1,'1 nu tl::;~ tl lJ"l.I tl.:JL VI ~m::;L,j'llJl1n~nu tl:;~ fl~ 
" 

"l.Itl.:JLVI~nmn d.:J;]~ Li'itl,'l~ln tl::;~ flWlIf).:J LV1~nii"l.lm~ L~nn'llfl::;~ fllJ"l.I tl.:JoUL 1[J~ LL~::;1U 

m'j"LLYlUri tl:;~ fllJ"lJ fl .:JoUL1£.1 lJil £.I f)::;~ fl ~"l.I f).:J LVI~nrh1~filTl.:Jri1m.:J ~ ~nLL~::;tl1m ~'j""l.I fl.:J 

oUL1tJlJL~mJnL'1l<trionl~uilmV1~niifh~~~.:J ,nn 5.467 A LrltloUL1!'J~L~fltlnL'll<t£l.Jhj
" 

iim'j"lm.lLuu 5.453 A LLfI::; 5.386 A Lrltlml~L,j'~,j'U"l.lf).:JLVI~n1um'j"1~tlL~~;]ULUU 
3% LL~::; 12.5% <inm'hiu 

'ill'j"l.:Jri 4.1 filTl.:Jrilm.:J~~mLfI::;tl1m'il'j""l.Itl,'loUl1[J~1~f) tln l'll<trion 1'iluil tILV1~nrimllJiu 
" 

'" l~'il• Qo (A) tl1m~'j" (A3
) '" A'"'j"::;Lll!JUlll 

Ce02 5.467 163.4 

CASTEPCeO.97FeO.Q302 5.453 162.1 

CeO.87S FeO.12S0 2 5.386 156.7 

Ce02 5.41 158 

='" .r .... '" ... .. 
1 llm'j"L~ tJl LUU"l.I tl.:J1.:J ~Ltln'll 

[12] 

CeO.99Feo.0102 5.39 156 

CeO.97 FeO.030 2 5.37 154 

Ceo.9S FeO.OS02 5.40 157 

Ce02 5.41015 158.354 .r='" '" '" ... .. 
lllm'j"l~!J1LU~"l.If).:J'j",Hnf)n'1l' 

[13] 
CeO.99SFeo.oOS02 5.40783 158.150 

CeO.99 FeO.01 0 2 5.41133 158.457 
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---

---

~l.m11,hu1 ru.~;..J..J1U11WIH)..JnTJLIIIU L'VI ~nL'I111u1wlh1t1 :lJLIII El El n1'111111'\.4U~:IJ1 ru. 

3% LL~:: 12.5% Intihim1:IJ<Ilm'i,'l ii,l:1J1ufu 1~L,r1nU~:lJn111.nll,"::LU~"lf-L:lJElfU1LLnU
'U 

d d.... .,; X ..I"; '" '" 
LL~III,'l1UI1TVm 4.2 LL~::I1TVfYl 4.3 ~U11 ~~,'l,'llWn:IJv::L~:IJ"lJU L:lJm~:lJm1m"lJ:IJ"lJUllEl,'l 

L'VI ~m,r~llulWilL1£J:IJ1111 El El nL'UCil L 'iiEl,'lvlmn1:IJL UU1::LU £JUll El,'l.ziL1t1:IJLIIIEl Eln1'UCil~III~..J 
.d ~ °1 ..... ..... .::::t ... 1'" '" xv1n n11LL'YlWYI"lJ u,'l u::111 €l:IJL 'VI~mn 'VI €l::<ilEl:IJ1l1.JL,WWlJ1:1J1 n ~ El:::111 El:IJ L'VI ~n:lJ1n"lrn Lb~:: 

n11'V11m1:IJL~n£J1111~llEl.JLm,'l~f1,'l~l:1J11nIll1C3i'v1mm.n1~u~1~lIIrim1:IJ<Ilu<ii1,'l"J oi1,'l
'U , 

Lb~III,'llunl1wfr:n:IJim·rmh::wh,'lLElUrl~UnUml:IJ<IlU l'\.4ln~ri 4.4-4.5 (n) ~Uil 

i.tl'V1fUn11LIIIUL'VI~nl".ziL1t1:IJ1I11ElElnL'UCilC3i'1t1U~:IJ1ru. 3% LL~:: 12.5% Lm,'l~fl.JLLUU 

~n1J1f'1nLu~muuu1m..J~fl,'lLLUUElElftYl1El:IJUn ~ml:IJ<IlU 44.8 GPa Lb~::: 14.5 GPa 
'U 

mmh~u <Il,'lLL~III,'llUIll111,'l~ 4.2 rhl~U1:1J11111~1II~,'l 2.94% Lb~::: 5.76% m:IJ~l<1lU ~,'l 

Lb~III,'llUI11~~ 4.4-4.5 ("lJ) 

-::' I-1933.2 

@
-1933.4 

~ \ 
:J 
c 

-1933.6 \ 
co ® 
:J \ 

E \-1933.8 
.... 
0 

'+- -1934 .0 ~ 
>
(]) 

-;:: -1934 .2 " C\OJ.... 
(]) 
c -1934.4 ® 
(]) 

'B
-1934.6 ........ @-... 


@ cubic 
orthorhombic 

- - fitting curve 

32 34 36 38 40 

Volume (A)
3 

m~~ 4.2 nl1W LL~III.:l ml :lJi:IJ~mh:::w;il.:l~ i.:l,nUnUU1:1J111111l eJ,'l.ziL1£J:lJ1111 u u n 1'Ulil 

~nnLllluC3i'1m'VI~nluu1:1J1ru. 3% 
'U 
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~ -1914.6 
c 
:J 

~ 
:J

E -1914.8 
.2 
:> 
~ 
~ -1915.0 
L... 
Q) 
C 

UJ 

-1915.2 

\ 

\ @ ® cubic 


\ orthorhombic
\ \o - - fitting curve 
\ \ 

",. ~ 

"'0 
..'" 
~ . ' 
~~ "

o 
Q;>&,. 

0--0 -e 
32 34 36 38 

Volume (A
3

) 

1l1Vi~ 4.3 mly·htH~.Jml~~i)'y~\.t1rJ~~il"Vi~"'''1,"n1Jtl1~lm'lJtl.J.ut1tJ~1~tltln1<Jl'~ 
~(1n1~u~ltJL~~nhu1mru 12.5% 

'U 

-1922 

:g -1924 
::J 

ro 
:;
E -1926 

.2 
~ -1928 
;., 
0.

2 -1930 
C 
w 

-1932 A 

38 

34 
~V=-2.94% 

32 

10 20 30 40 50 60 
Pressure (GPa) 

('JJ) 

o 10 20 30 40 50 60 

Pressure (GPa) 

(n) 

1l1Vi~ 4.4 (n) nnYhLH~.Jml~i~vr,"iJ~~il.JLtl'"'tlfllln1Jml~~U ('lJ) mlV'lLLH~J 

ml~i~vr,"iJ~~il,.,ml~~,"n1JU1~1~d'lJtl.J.uL1tJ~l~tltlnl<Jl'~~nnl~tl~ltJL~ ~nl,"
'II 

U1mrn 3% 
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-1908 

·c 
:J 

"5'" §-1910 

~ 
~ 
~1912 
iii 
.r: 
C 
W 

-1914 

orthorhombic 
'/'/ 

'/ 

~ 

~ 

/l 

fi cubic 

38 

M 
~ 

~36 
<I) 

E 
::J 

(5 
> 

34 

32 

~ 
().V=-9. 76% 


I 


I 


orthorhombic 

0 10 20 30 10 20 30 
Pressure (GPa) Pressure (GPa) 

(n) ('II) 

fll'rfYi 4.5 (n) m1yJLLff~-3m1lJ"iJ~Uf1::~11-3LtlUrlrrUnUm1lJii'u ('ll) nnyJLLff~-3 
m1lJ;lJ~uf1::~11-3m1lJii'unlJ1J1lJ1m'll tl-3oTIL1rml~ tl anl'15~~rln1~tJ~'J I'J LVI ~n1U 

'II 

tJ1mm 12.5% 

~111-3~ 4.2 m1lJii'u1Un11LtJ~I'J'U.LLtJ~-31m-3 ff11-3 LL~::tJ1mm~~~~-3'lla-3oTIL1I'JlJl~ tl tl n1'151l1~ 
rlnl~tJ~'J1'JL~~n 
'II 

.... 
'Jff~, 

Transition Pressure 

(GPa) 

l1v (%) 

Ce02 27.7 6.61 

CeO.97Feo0302 44.8 2.94 

CeO.87SFeo.12502 14.5 5.76 

Ce02 (n1111~~a-3) [3] 31.5 7.5±O.7 

'lla-3 

1m-3 ffrl-3LLUU~nU1V'!n'llu-3oTIL1VlJl~u unL'15Il1~rln1~tl LV\~n ~m1lJii''U.1J111'J1mV'! Viu'h 
'II 'II 

A A" ~ fI'.:::t. - IV A ~ ..::\I ~ t;"~ <&.,.. a 
m~n~1aU'llu-3uun'15L-;)Uuu1Ul1~ 2p nu m~n<n1uU'lla-3'15L1I'JlJuEl1Ul1~ 5d ~1u 

-na-311-3Vi ;-3-31U'Yl1-3LyJ,:r1 ViUl1 -na-311-31::Vl11-3LLrlUVi ;-3-31U~~~ -3 Lrl am1lJL"JJlJ"JJU'll a-3 

LV\~m~!J.fu ii'-3LLff~-31UmT'-3~ 4.8 ~1V\'fuoTIL1rJlJl<nuanL'151l1 -;):;3J-nu-311-3Vi;-3-31U'Yl1-3 

'lyJ,:r1 5.82 eV LL~::-;)::~~~-3LUU 4.76, 3.83 eV Lrla1~tl~'JI'JL~~n1utl1!J1rn 3% LL~:: 
12.5% mmhii'u L-nUL~ I'J'J nu-nu-311-31::~11-3 LLrlUVi ;-3-31U1::~11-3 ffrl1U::'ll u-3 E5 L~n~1ElU 
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t I I • _ d 'V '"' ~ ~.K ..... 
Yll'HLG1'.J vnrn "lJ"Cl.J11.J1::'VI11.J LLnUYl~.J-J1U~~ ~-J ~1JtlTll1m"l.lWlJU"l.I El-J LVI ~ nL Yl1J'lJU ~-J 

LLG1'~-J1uml1-J~ 4.3 ~lWTIJ'lh1[J1Jl~tlClnL"IlCfi' '<iJ:::cr"1fEl-J11-JYl;-J-J1UYll-Jly.J~1 2.24 eV 

LL~::'<iJ::~~~-JLUU 1.06, 0.68 eV LrlElt~u~lm'VI~n1uU1:lJ1rn 3% LW:: 12.5% ~l1J~lvlU 
.4 .9 '" d '1 "'.. ~.-"Il-J Lu '1M" ~1Jl";)l n Cl::~ Cl1J"l.I Cl-J LVI ~ n Yl El [J U"IlL1 [J 1J Cl Cl n b"Il~ 

'IJ 

"' lG1'~• "1fCl.Jil-JYl;.J.Jl'U.Y11-J 1v.J~1 

(eV) 

Ce02(exp) 6 

Ce02 5.82 

CeO.97Feo.0302 4.76 

CeO.87SFe012S02 3.83 

"' lG1'~• "1fCl-J1Tm;-J-Jl'U.Yn-JLLG1'-J 

(eV) 

Ce02(exp) 3 

Ce02 2.24 

CeO.97Feo.0302 1.06 

CeO.87SFeo.12S02 0.68 

Lrl Cl~";)11rnlml1J'VI 'U.l LL U'U.G1'm'U.::"l.ICl\l.uL1[J1Jl~Cl Cl n l"IlCfi'~ nnt~tl~l m 'VI ~n~U1:lJ1 rn 
" 

~1-J')lJ1L1m1n~nuYl;-J-Jl'U.L-y.JClfii vl-JLL~~.J1'U.1l1Yl~ 4.6 YlU11 El::cnEl1J"l.ICl-JL'VI~n rh1lf 

LLnu'Illm::uG1'iiV-l;\I\ll'U.~l ~\I ~\I'Yh1lf"1fCl\l11JYliJ\ll'U.YnJ1v.J~liif11 ~~ ~\I LL~:: 
LLtlUYl;\I\ll'U.'lJCl\l Cl Clfurl~ 4f iif11~~fmdtll~tlL'VI~n1"u1:lJ1m 3% LL~::";)::L~'U.m1 

L~1J.ffU"l.I tl\l~LnUYl;J\ll'U.U1L') rn"l.l tllJ ~1\1 El rjl\1-i~L '<iJ'U.Ld Cl l~tl~l [J L'VI ~n 1 'U.tl1:lJ1 rn 12.5% 

rh1lf"1fCl\l11\1Yl;.JJ1'U.Y11.JLLG1'.J~~~\lLdClml1JLimj'U."l.ICl\lL'VI~m~1J.ff'U. l~[J'<iJ::i.JLn~1~ 
-i~ L";)'U.LrlCl~";)11rnlml1J'VI'U.1LLUUl.ir11U::"l.I Cl\l-1h1t11Jl~ Cl Cln1'1l<1l~ nnl~tl~J tI L'VI ~n~ 

" 
tl1:lJ1m~1.J ')t~mLtm~~LiluCl::cnCl3.JLLfl::"l.I [J1[J'W";)11rnl1'U."1fl.J1n~Yl;\I\ll'U.L -y.J Clfii vl\lLLG1'~\I 

1'U.1l1Yl~ 4.7 YlUil Lrlm~1JmlmilJi'U."l.ICl.JLVI~nLilltl rh1~mllJ'VIU1LLU'U.l.ir11'U.::"l.ICl\l 

Cl::cn Cl3.J<iiL1tJ 3.J~ LLn U'Ill m:: LLG1'ii n11Ltl~ [JULLtl fl.J ltl ~ Cl L d Clmlmi lJi'U."l.I Cl \I LVI ~m yj 3.J;1'U. 

'<iJ::Ln~LLnlJ'V-l;\I\ll'U.~U1L ') m"l.l ClUU'U.LLr11Yl ;\l \11 'U.L v.J Clfii"l.l Cl.J ~lL~n en1Cl'U."l.I Cl\l Cl::cn Cl1JL 'VI ~n 
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~3JU~L~"U"'''l.Iu,,;zjL~U3Jl~uun1'1i~~nnt~1.I~'u.IL 'YIKn 
OJ 

~~niufh1~ ~ L~n'Yl1mr.J1UriTWlJ tl.Jfil'il1.JlL~:;,h~U~Ill'V'l"lJ tl.J 6lh1tn.ll~ tl tl nl'lf~Ylnn 
'IJ 

l~tJil tIL'VI~nlU.U1:J.J1 ill 3% n~:; 12.5% LL~~.Jbm'V'lYl 4.8 'V'lUil LdtliiL'VI~m~1JL"lilltl 

rh1~Ln~nl'HtI~I'JULltl~.J~~niufill~5L~n'Yl1nL~nUtll'J 1urilufil~U~Ill'V'l"lJtl.J~~niu 
fili.~~L~n'Yl1nriii~'Hl~tl~1Ju1iL:n.JLL~.J L"liU mllJ~llJl'Hllunl'J~~n~mL~.J ilJU1::ff'Ylt 

'IJ 

lum1~~n~mL~.J'V'luil lm.J~n.J~~mLuu~nUlf'lnim~rn:;nn~"lJeJ.J~~niufill~~
'IJ 'IJ 

l~n'Yl1nv::iim1lU ~ I'JULL tl~.J L~mZtll'J Ld tliim1l~lJmllJL"lilJ"liU"lJ eJ.JL'VI ~n~.Jfil~U~Ill'V'l 
"lJtl.Jfill~5 L~n'Yl1nv:;Ullu'VIlmllJ ~11J11Cllunl's"~ ~ n ~ml~.J lL~::ilJU1::ff'Ylifi-n1~::rieJU 

'IJ 

.r VI. IA • 

"lJeJ.J'V'lU~l~tl Lu 

10 
-0% 

8 -3% 
- 12.5% 

6 

4 

2 

c 00:u 
c -2:J-.g 8
tl 
(I) 

Q) 

i:5 6 

4 

2 

0 
0 2 4 6 8 10 

Energy (eV) 

Ill'V'lY1 4.8 filfl.Jyj'l.l eJ.Jl~ ~l~n'Yl1n"lJtl.J.Jh1r.J1Ji.~w tlnl'lf~Y1Clnl~tJil tIL'VI~n 
'IJ 

m1l~lJm11~uL'VI~n1wih1l'JlJl~tl tlnl'lf~yh1~mllJ~1Jl1Cllum1~~n~ull~.J 
~.r '" 1.J ..... ..1 1

'IJ 

...JL'V'llJ"lJU ~ ..m~~.J UIll'V'l'Yl 4.9 YlUll ~m~rn::mll"4mllJ~11J11Cl um1~~nflULL~\J'Yl 
'IJ 

Yli.J.J1Ullil.J 6) iimllJln~L~I'J.JnULL~U11J1 illL ~lJ.ffu 1ULL~fl::U11Jlrnm1t~U'l.Itl.JL'VI~n 
LLfI::Ldm~v11rnlm1L~1J~~n~ULL~.JY1u1L1rn 2 eV "il::YlUil m1t~tJL'V\~nv::yh1~ 

'IJ 

Q.,o .d.~ ~ .d ~ ~ 'i.I ~ d v CI..I I I 

Ylfl.J.J1U'Y1L 1lJ~~ nflULb~.Jfl~ fl.J LJJ tILYlJJmlJJL"lJJJ"lJU"lJ eJ\Jl'VIfl n 'If .Jatl~flfl eJ.JnU"lfeJ.Jll.J 
'IJ 
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l"4iJJ1,"'YI1JLLflJ"lJtlJ.jh1[J:JJ1~tltlnl"U~~rm1~1JiJLLfl~Jl,"~TnJ~ 4.4 ~~~~u~nn 2.24 
'U 

eV "lJtlJ.nL1E.J:JJ1~tltlnl"u~u1fl'YIif~u," 1.06 LL~::: 0.68 eV Lrltl1~1JL'VI~nlmJ1:JJ1ru. 3%• 
LL~::: 12.5% 1iI1:JJ~liu LL~:::Lrlm~';JT'lru.1in'l-fru.:::n"nWU1L1ru.l"4iJ']1," 2 eV LL~::: 6 eV u,] 
lLfl~J1~L~'"11LUWri tl J 11>1 l"4 i>1 >11 ,"LLUU13.iiii1JoyfJozl tl>1 11>1 l"4 i>1 J1,"mJ LLfl>1 LL~:::ozltlJ11J 
l"4 i>1Jl,"'YI1Ji.W~l ~~"lJ tlJ m11~1..l L'VI ~n~ El i:JJ1J1:::~'Y1 if'in1fl:::ri'El,""lJtlJ~,"~1iJ LLfl~J1'" 

fl1l"4~ 4.10 l"4U11 i:JJ1J1:;~l1if-;'n1fl:;ri'El,""lJElJ~,"~1~l"4i>1>1l,"~lJ 6) ii,h1m~HiE.J>1n,"LL~::: 
';J:;:ijm1fl:::ri'El,"'!!ElE.J~>1YiU1L1ru.l"4i>1>1l," 6 eV Lrlmvi:JJ1J1:JJ1ru.n111~1..lL'VI~mU," 3% LL~::: 
12.5% ';J:::r'h1~i:JJ1J1:::~'YIif'in1fl:::ri'tl,""lJElJ~,"~1~l"4i>1J1'U.~l>16) Lvi:JJ:ffm~n,!!tl[J 
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Energy (eV) 

fl1l"4~ 4.9 m1~~n~mLflJ"lJEl>1.nL1[J:JJ1~tltlnl"U~~nn1~1Ji1m'VI~n 
'U 'U 
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m'W~ 4.10 i:JJ1J1:::~'YIli-;'n1fl:::riEl'U."lJEl.J~'U.~1"lJElJ.nL1E.J:JJ1~ElElnl"U~~nn1~1Ji1m'VI~n 
'U 

28 



m"J~mnn1"Jltl~ tlua3Ju1hn,Jn1 t111TV'l"lJ Eh'l·ih1t13J1~ a an1snlff111 tJl~ml3Ji,"a,J~1 tJ 
'IJ 

l1b)M~w-:"ni',"U~ml:IJVIU1UUU1~ tlliL'll'~~l'U.llUUTl~,""J:;,"1U 1,",Jl,"1-,:)<Vtld1~1i'V'li~~l," 

ll~n Ltl~ tl,"-aVl i3JviwlfuUUml3J'VIUllLU ,"L\l. 'V'l1::::.yILL~:;t-I~lih,Jrr11u Ll~::::1iin rJL Yi tJ3J 

Q,; (j 6' J::t. d ~ CL..t<::ti. &:I od. \'I 
llUU a~l11J1snaWl1LL~::::,"a"J3J-f1a,"LsnULTYlW L'V'l af'lnMl~3JUI11111~nl tl111 'V'l"lJ a~snL"JtJ3J L~ 

aanlsn~ m-n ~3Ju1hif~1m~~fl,J fl'"tl"J::::naU~l1t1 ~lTl,JYI1m~t-I~n ~l:IJa~iaLif~, 
U13J1111"J LL~::1m~afl>'J"lJa~i~~Lrlmn~n1"JLU~t1,"LLtl~,Jml3Jiu a:IJu1i111>'Jlw~1 tJ'", 
lh::::naU~1tJ 1m>'J~fl>'JbLtlU'V'l;~,Jl," ml3J'VI,"lLlu,"~m,"::::"lJtJ-3~h~nl11"JtJULL~::::1ia,J11,J 

"J::::'VI'jl-3lltlU'V'l;~~lU ~3JU1iL;r>'JLl~-3 tJ,"u"J::::ntJmh tJ ~lmrilI115L~n111n i3J1h::::~l1lifn"J 
., .t 1 '" l ' ,J '" "1" ,J",A

a::::l1a,""lJtJ,J'V'l'"t-I1 Tl11:IJal:IJ1"Jtl ,"nl"J~~mmLLa-3 Wll'1~11:IJa~LVI," LI11 l13Jt-I~3J1-':)lnm"J 
'IJ 

Ltl~ tJ,"LLtl~-3ml3JIfl,"LW::::1m~afl~ri Ltl~ [J,"bbtl~>'J11.1 J~dtJ""-3~nMlt-1~-':)l nnl"Jt~tll'VI~n 
L,rl1tllwjh1tJ3Jl~aanlsn~1mJ13J1ru 3% Lb~:::: 12.5% ~aa:IJu1i111-3n1[J111'V'l~1>'J ")~n 
... d 1.1 "1 ....... .r
mtl sn-3a"J t-I~ L~~>'J,", 

n1"J~nMln1"JLtl~[J,"LLtl~-3tm>'J~fl,J"lJa>'J-TIL1tJ3Jl~a an'sn~111[Jl~ml3Jlfl,"a-3 'V'lUl1 ri 
'IJ 

Tl113JIflU U"j"J[J1 n1f'1 -TIL1[J 3Jl~ a a n 1sn~iitTl "J>'J ~f1>'J t-I ~ nLLUU ~ nUlf'1 n ri ii'VI ~ ~:lJ3Jll11"J 
'IJ 'IJ 

Fm3m iifilTl-3yjtTl"J,Jt-I~ntl"J:;3J1ru 5.410 A Lb~::::fh3Ja~iab;r,Jtl13J1I11"Jtl"J::::3J1ru 194, 
.. .I J .1" ... tv", ".9 t ... '" GPa -':)::::3Jnl"Jbu~ tJULLu~,J Lm,J ~"J1-3 -':)In Tl"J-3a"Jl,Jt-I~ nLLUU~ nUlf'1n bu'" Tl"J-3 a·n.Jt-I~n 

'IJ 

lluuaalll1 "'Hl:IJUn yjiiVl~~3J3J1I11"J Pnma riml3Ji'"tl"J::::3J1ru 23.8 GPa bl~:::: 28.0 
'IJ 

GPa ~1'V11Unl"Jfhu1 ru~1 r.J'V'l;>'J.Jl,"ll~ n l tl ~rm-~VI i3JW,"lYLLUU fl113JVI," 1 LL Uum'V'll::::yj 

bL~::::ml3J'VIUllLU,"llUUt-I~lih,Jrr11tlI1113J~liu Yill'lftl13J1~"J~~~~lh::::3Jlru 6.74% LrltJ 

Ltl1 [J ULYi tJ U n U,Jl u 1,)tlri ~,hU3J1 'V'l U 11 ~1 Tl,J rit Tl "j,J t-I ~ n Tl113J Ifl'i\ ri rl1 1'lfLii ~ n1 "J 

Ltl~ tl,"LLtl~-3 tm-3~fl-3-':)ln~nulf'1flLih1.tJtlll l1"JtJ3Junii,hIn ~L~ tJ-3 rlU-31,"1itlri~1,":lJl
'IJ 

LLal11,Jl1nl"J1il1nM~w-:"ni',"U~ml3J'VIU1LLU,"al3J1"Jtl tlliUl tl1:;UUri~tl>'Jn1"J~nMl1~ 
bL~ nl"J,il,"1 ru'VI1~13Jtl~;ab:n-3tl13Jl~niiwn3JLLl11n~1,J3J1n L rta,J-':)l nn11tl"J::::3J1 ruin rl• 
b Yi£J3Jril iLY1 [J-311 l~ nl11"Ja,"1-3,"anYil1'If~~~l3Jtl~;aL:n,Jtl13J11111~-31.tl3Jln lrl a b Yi[JUrlU • 
nl"JVhl"Jill15l ~ nl111tl '"J-3'V13J~ ~1'VI1U n1"Jl ~ an1i'V'li-3.Jl,"LL~ m tl ~ [J," -a'VI i3JW,"lYLLUU 

t-I~ ~1-3rr11tl L'VI3Jl::::a:IJ1fi tl"J::::uuri~a>'J nl"J~nMl brta-3~ln.nL1[J3J ll~::::a tl n-ih -':),"ii-;ll,"1'" 

5b~nl11"Jtl,"lfil,J rl,"3J1n r111 'lfml3J'VI 'U.lLLti.,""lJ a.J 11 b~nl11"Jtl,"l,"bLIfi ~::::U1L1 ruiiml3JLLl11nlfil-3 

n,"~,J'V'l ;-3-31,"LL~ n L 1..1 ~ [J ,"-a'VI i3JW,"lYU UU ~ ~1fi1-3rr1hJ1~L~:IJ'V'l~U"lJ a~ emw,"Fn tJ,J ml1J, 
'VI'U.lbLU,""lJ a-311L~nI111a,"b'l111tl~1 [J Lb~::::1,"nl"JL~ an1iinrlLYi[J3J 'V'lUilf1nrlLf1£J1JLLUUtJ~ 

l11"JlsnawrfLL~::::uaf:IJ-Tl a ,"Lsna b 1fiwl'If~~ 1~1fi1-3 rlU LLlfiin rlL Yi [J3JLL UU tJ~ \fl"Jlsnaw111 i 

b1~11 'i\nl"JfilU1 ruua tJnilLrttl,J~lnnl1tl"j::::3J1ruin rlL Yi[J3JLL1J1Jfl~11111'll'awrhu,"nl1~~ 
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b~e)'"L'lJUIJ ~T\'Hl tJmnnm11.h::lJl ru~n Vb -nr.UJbbUU'U.tJfll -~tJ'U.b"llmTY;"-J ~J~TH~Em1i 

~n UL-n rl:IJ LLUU eJiilml6JltJv.JYl1'U.1:uu~c;itJ Jm1ftm~lii 
JJiilunT'jYi,;)11rul~llu1iYllJLv.J~1 ~ln1mJ~11Jbbn1J'V'm"',JJT" 'Ymil ·lh1rl:IJL~ 

tJ tJ nl"llllld1uuw:lll.lv.J~lbiitJ,J~lnihitJJilJYli,1,1l'U.Lv.J~l ~B "litJ,Jil,1 bbt1UYl i,J,1IU 

1:Vlil,1 tJ:~tJll'lJEl,1ElEln-nL'il'U.1'U.ElElfD'Yl Eliil 2p nUEl:~El:IJ'lJEl,1·lh1rlll1UElElfUYltlfl 5d 'lJEl,J 

1m,1~11,1~~mbUUflnU1f1n~,1 ~tJ 5.82 eV lbfl:~:~fi1b~:IJ.ff'U.~1:IJml:IJi'U.mh,1IiiElLiiElJ
'U 'U 

heJIi111 0.01 eV/GPa 'il'U.m::rr,1bn~n11Ltl~rlUUUfl,11m,J~11J "litl,Jl1,1'lJEl,1Lbt1UYli,1,1l'U. 

flli1fl,1LU'U. 4.92 eV blfl::~::b ~:IJ.ff'U.il")El ci1,1Iii ElLiiEl,J1i11:IJTn1:IJiulii tlltl U~~,Jlib~Ui1 
nTH~:lJm1lli'U.LtlrhliLb nU11LiilWD~'lJ'U.1~nl1,1.ff'U.bbfl:;LLn1J'U1 m::mf'lJ VU ~,J.ffurh1i 

'U 

"litl,1il,1'lJ El,1 lbnUYl iJ,1l'U.L ~ :IJ.ff'U.LrlEll~:lJm1 :lJill. LLfl::1U~lU"liElJl1J1:;'VIi1JUnUYliJJIU 

1::VlilJ El::1i1 El:IJ'lJ ElJ El El n'ih~u1UEl ElfDYl tl fl 2p nu El::1i1 El:IJ'lJ ElJ.nL1rl:IJ1'U.El ElfuYl Elfl 4f 

L1rlnil "liEl>'li1JYli,1J1'U.Yl1JU~J~Yh 2.24 eV ~Tnl:IJiuLUmmVbLfl::L~:IJ.ff'U.b~Elrl")
'U 

'il'U.m::rrJ Lnli1 m1lU ~ rmuu flJ1mJ~11J LUUUuuElEl11'Yl1El:IJD mh1i"liElJi1JYliJJIUY11J 

LL~,1flCilflJ Lllu 1.60 eV LLfl::~::L~:IJ.ff'U.L~mrElmrlElL~:lJTnl:IJi'U. lLiil:;1um1Yi~11rul'lJElU 
U'U.'lJElJ Lbt1U11 Ltm.nnU'lJ ElU t'i1J'lJElJLbt1uil.1m::lL~lL~Cil J1iL~'U.il 

"liElJilJ Yl iJ Jl'U.LLuuL3-i 1i11J 

Y11,1~1'U.~:lJU'1lL:n>'l LL~J11i1 rlm1~lU1 ruv.J~ n'llUfilL~ 5l~nYl1n 

'-1" .- "'''' '" ..I OJVI'-": .1flUrl ~1J~11,JbLUUflnUlf'1n'lJt)Jonl1rlllElEln ~6JlCilL1:IJ~~nfl'U.LL~JYlYlfl,JJIUu1:;:lJ1ru 2 eV 
'U 'U 'U 

~A'd a,.....,dJ" "a..., I Q...o ~ 
LLfl::~::bYl :IJ'lJUL:IJ El Tnl:IJCilmYl :IJ'lJU~tl~~ fl ElJnU'D'El>l11JYl fl JJ1UYll>'1 bb~,J 11lJYlJ 

'" .,: .J'" ..1.... 1 "'''' Vi VI'
ml:IJ~:IJ11n1'U.m1~~nflUbb~,1 LYl:IJ'lJU~l rl YlYlflJJIUud:::IJ1 ru 6 eV "Ill1rl:IJ ~~ ElEln ~6Jl~ 

'U 

~ ct ~ ~ ~..r~ ...... .:::x ",1Lo,. Q..o 

Ld:IJCil~ nfl'U.Lb~,1 El nm,J LL~:;'il:;LYllJ'lJ'U.lll tJTnl:IJ~UlYl:IJ'lJ'U.~El~fl fl El,1 nU'D'El>l11,1Yl fl,1,1IU 
'U 

Y11>'1Lv.J~1 in1fru::mlv.J mdCil~ n~'U.bb~,1 rl,1U,1UEl nil "litl,1il>'1Yl i>'l,1l'U. YlIJbL~,1 bUULbUUi.3-i 
'U 

mJb"li'U.L~ rll n"'u"litl,Jil,1Yli,1,1lUY11']Lv.J~1 brltl~mdL1.1 ~ rlmbtl~,J1m']~11']LumbU1JtlUf 

1 'Yl1tl:IJUm::rl1 limlll~:lJl1(llum1~~n~u"lil']Yli'],JlU 2-8 eV L~:IJ.ff'U. bbfl:;'il::~
'U 

ml:IJ~ :IJ11n1um1~~n~'U.b~:IJ.ffULrl tl b ~ llTnl:IJi'U. ~1'V1f'UilJtl1: ffYlif111~:;rltlU'lJEl,J 
'U 

~'U.~1 Lrl El L~:lJml:IJi'U.mlv.J i:IJ 1.1 1:: ffYl ~fn1~:rlEl'U.'lJ El,]vrU~l~Yl ~OJ,1']luliil'] ")~fil 
lmrb~rl>'lnu~Yli,J,Jluliil,1 ")bl~:;~mdl~EmLtlY11']Yli>'l']IU~b~:IJ.ffu 1U'lJru::~LrlElLn~md 
LU~rlmLtl~,J1m']~fl,] LLUU El El11Yl1El:IJD n ~::rh1iilltld::ffYlinl1~::rlEl'U.'lJEl']~U~1 
LU~£Jlmtlfl,]Lu1~£J~fil:1J1nlu"lil']Yli']']1'U. 2-8 eV 

lU~lU~~El']Luum1~n1fl~~'illnmd1Ii1tlLVI~m'lll11.11'U..nb1£J:lJL~ El ElnL"Il1ll YlUil brlEl 

El::1i1 El:IJ'lJ El'] b'VI ~m '11llJILL Yl'U.~ El::1i1 EllJ'lJ t),1.nl1rl:IJ rh1ifilfl,]Yitm,](:.J~ n~~~J LUEl']'illn 

t)::1i1 El:IJ'lJ El'] L'VI ~n~'lJU1Cil L~n nil El::1i1 t):IJ'lJ t),].nb1£J:IJ rh1i t)::1i1 fJ :lJU1L1 ru'lll,] L~ I'J,J fJ::~t):IJ 
~ d " 1'" ~.J' 1 "d '" '" L VI.-d

'lJEl']LVI~mfl~fJ'U.b'lJl:IJl nflt):;li1fJll'lJEl']LVI~nlJln'lJU mJ~11,](:.J~n'lJfJ,1onbdl'JlJ ~fJfJn ~on~Yl 

" ~ ..I... _9 .-d... • 
nn1~U~lm'VI~ntl1:IJlru 3% bL~:: 12.5% Ylml1J~UUddl'JlmflLuUllU1J~nUlfinYllJ'VI:IJ 
... 'U 'U 
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,UJmm Fm3m Ufl:::'il:::Lu~m,j,biluTm\J~fl\J~~mLU1H"Hlf['Yl'HnnJn riihuj~mJl~1 
P ,J "".1 0 "".J T.I 

Of 

'" 01"nma 'YlT111:IJWlUlJ"J:::mrn 44.8 GPa Uf'!::: 14.5 GPa ~l:IJf'!lWlU '1l'\Jn1"J ~lJL~f'!n'Yll ~ 

'llu\Jl1\JYl~\J\J1U'Y1l\JlYh~1f'!Wlf'!\J'illn 5.82 eV ~lwfu'ih1r./:lJuunL'1l'<1fu1~'Yllf" Lrlmnl:IJ
• 

L-ll:IJ-llU"lJtl\Jm~mYi:IJoj}Ubilu 3% bLf'!::: 12.5% 'llu\Jl1\JYl~\J\J1U'Yll\JLyJ~1f'!Wlf'!\Jm~U 4,76 

LLf'!::: 3.83 eV m:IJ~l~U TWlm~~n'il:::LU'YhliLYi:IJLLnU11Lf'!U'1l'1iih:::~u.ffUYl~\J\J1U~\J;ju
Of 

LLf'!:::LLnUYl ~\J\Jlun11\J;ju~\J ~f'!1i"lfu\J11\J"J:::~11\J un U11lf'!WrrnU blnu'ltl m:::Lb~f'! WI f'!\J 1 u 
.,:::i Q.; I I """ .d~ ~'i,.oo ~A 

"lJ rn:::L~ rnnu "lfu\J11\JYl f'!\J\J1U'Yll\J lb~\J'il:::f'!WI f'!\J L:IJ u L Yl:IJml:IJL 'lJ:IJ'lJU'lJ u \J L~ f'! n L n~'illn 

m~nLUL~:lJml:IJ~'U.lbLUU~n1U:::'lJ u\J~L~ u~"Juulu€JUfu'Yl""f'! 4f 'lJu\J-nL1r.J:1J ill1 i"lffl\Jl1\J 

1:::~11\JLLnu11Lf'!ui'nuLLnUYl~\J\J1U1Uflflfih1f'! 4f f'l~f'l\J llf'!:::n1"Jt~tlm~nL~~\J ~f'!~f1 
'k;;\A AI &:iI,:::t.., "1 6' ~ AI .d Q.; oJ 

,nJU~L"lf\JLL~\JT1f1 'lmr./:IJ t~ufln b'51f~'il:::mJWI~nf'lUlL~\J'YlYlf'l\J\J1U 1.06 bLf'l::: 0.68 eV L:lJfI 
Of 

Ly:j:IJml:IJL-ll:IJ-llU'lJfI\Jm~milu 3% LLf'!::: 12.5% m:IJ,h~U~f1~T1Gffl\JnU"lffl\J11\JYl~\J\J1U 

'Yll\JLL~\J ~\J di~'ill n b ~ ~nLU Ly:j:IJml:IJ~Ul LL UU~n1U:::'lJ f1\J ~ L~n~"JflU~U1L1 rn 

LLnUYl~\J\J1Ubwu,myJ ufii Yilli"lfu\Jl1\JYl ~\J\J1U'Y1l\JLL~\Jf'l~ f'l\J "J1:1Jl'f\Jml:IJ~l:lJl1n1 Un1"J 

~~ n~ULL~\J LLf'l:::i:IJu"J:::~'Yllf'-n1"J~:::rif1U"lJ f1\J~u~bL~:lJoj}ULrl f1ml:IJ L -ll:IJ-llU'lJ u\J L~ ~n b ~:lJoj}u.. 
t~ r./ ~f'l m1~ n '!;11ir./Ufl £h:::~11 \J m"J1f1 ~'ill"JrnTru~~ :lJYl1U11"J~1"J1ir./"J:::~uulU1"lfl~.. 
~\JL~LL~~\JLiluLfln ~l"JLLuuril r./"Jl r./\Jluuuud 
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"" 011 'Yl 'Yl 1 11 'Yl '"1 

.... dVl...,.... ... 1 y ,f", Y '" d _9 y. d .. 
1~Ci1'Yl LCi11UnT'J~n'l!fl lUm·mT~tl.flVL~'VI:::~mtll1.L'Yl[J1J'Il,J~Utl. UrI-'1:::'VIlJ IIA 'YllJ. ~ 

mlflnHllll [Jhi~1l11:::1tl.LL1,J1J1lL~1 u Ol,J1J1n1J1 [J1tl.l-tl,Jm1'YlCi1~ tl,J tl Ol\l L 1rim1J~~.htl.
• 

lJl~tl.ijm1fln'l!flL-tl\l'Yl tl 'l!fljitu[J1J11tl.L~'VI:::"llUCi1d l~~:::~tilLLU~,Jri,J n'h~tl.~uLm\l~fl,J 
III [Jhlml1Jitl.~\I ~1 tl.1 'VI nJ~nmltl.VnJlCi1 [JmTY1Ci1~tl\l~tl.~utl.lm,J ~l1\l~ij~nHru::;L\I. 'V'll::; 

~ " 'U 

LL~:::L;j~u1tl.l~Ci1gtl. ")riml1Jitl.unQJ 1tl.11[J~:::L5[Jm tl,Jn11fln'l!fllm,J ~l1\1Jtl.~U11 ~ 
• 

ml1Jitl.L;j~\l1Jln L~ijt:-Jlimhtl.lrum1~u~[Jtl.l'fmtl.::;llU1J fcc-bcc ~1 [Jl1f DFT ll~::: 
'U 'U 

L~~~ln~lfi[J,Jn1Jn11'YlCi1~u\l (H. L. Skriver, 1982, F. Jona and P. M. Marcus, 2006, 
to Q..; .d Q..;.d'

R. H. Mutlu, 1996, V. L. Sliwko, et.a!. 1996) LlCi1~'VI1Ul'fmtl.::;'Ylml1J~tl.l'f\l'lltl. Sr-III 
~ 

~tl. 'ltnlimflm~tl11 Sr-III mm,Jl'f11\lllUU distorted simple cubic ll~hnnn11flnHl 
~tl1J1 ijrrL~tl.tl11Im,m11,JLUtl.LLUU orthorhombic (M. Winzenick and W. B. 

'U 

Holzapfel, 1996) LL~:::1tl.l'fmtl.:::drJ,Jlhlnfl11ijLm.Jl'f11\lriL;j~11J11m::;uL~lLtii~tlO
::.J • 'U 

~1[J ijrrfln'l!fl~tl1J1l~m:lil 51141Lm,Jl'ffl.JriL;j~11J11m:::U"llUCi1L~dtltlnLu Sr-III v::;ij 
~ . 

cvT " ~ ca,... .d 
nu Lm.Jl'f11\lLLUU ~-tin (T. Bovornratanaraks, et.a!., 2006) ll~::;'Ylml1JCi1tl.~,J~Ci1'Yl 

~ . 
~tl\lU~u1in11l'f11J11n~~~L~~tl. l'fmutl.lri[J1Jijl'fmtl.:::lUtl. Sr-V ;g,JijLm\lt:-J~ml1JU 
incommensurate fl~l[Jnuri~ultl. Ba-IV l1[JnLm.JRl1.Jd11 ll'lln-L,j'lUltl. (guest-host 

structure) (M. I. McMahon, et aI., 2000) 

riUl ~tl.h 1Utl.~l~'I!f~ tl ml1JL;j~tlCi1fl~tl,J ntl.1:::'VI11.J n11'Y1~~ tl.J1tl.l'f~1tltl.lYi[J1J~lUtl. 

~ l'f1:::~ u nl4 ll~:::mllJ1;j ~uCi1fl~tl\lnu n11~mil'Yll.J'Y1r)Mli~ij1J1rl m.-l.~tl. l~[Jij~~lfl [J 

Ll'fmJ11 Sr-III tilv:::luuLm.JR11,JLlUU base-centered orthorhombic LL~:::mun1~ln~ 

~u") nUllUU p-tin (Ahuja, B. Johansson, and O. Eriksson, 1998) ll~::;mllJium1 

ltJ~[Jtl.Rrnu:::vln bcc-Sr-III ,nnmlf11tl.lru~tl 40 GPa .'fi-\l'hdrJ.JL;j~tl~fl~tl,Jnu~~ 
.d G,.I J"tM:::a.CLI'ev 0 I 

mTI'lCi1~tl\l'Y1 26 GPa 1J1ntl.n tl.tlnvlntl. t:-Jlv[J[J.J~uvlnn11mtl.JruJl Sr-III lL~::; Sr-IV 
'U 

~tl.L;jl~fitl11m-tlWl~,J.Jltl.~Yi[Junu Sr-V ,tu 'VI1J1[Jml1J11 51t:-J~mdfiltl.Jrunn~tl,J 3JU 
~ 

v:::'Yilm[J11~~1tlmri[JlJv::;~tl\lLU~[Jl4~ml4:::Luu Sr-V L~[JLCi1[JL;j~tl,J~·hu Sr-III Ll~::: 

Sr-IV (A. Phusittrakool, 2008) .'fi-\lf11'Yiltl.l[JdL;jRtlCi1fl~tl.JnUt:-J~m1'Yl~~tl.J utlmlnd 

~~1tlU~Yi[JlJrJ-\lijml1JU1~Uh5u ') 5n1Jln tl cilWziu R~1tlUlri[J1JijR1Ju1il-tl,Jn~ 

(mechanical properties) ~l~:::mlitl.~lbtJ~ntJ1:::'VI~1~ (anomalous anharmonicity) 
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(V.G. Vaks and A.Y.Trefilov, 1988, V.G. Vaks et aI., 1991 , Y. Xie et al.. 2007, Y. 

Xie et aI. , 2008) nTnu'\.4~l'\.'bdJ[J1~fh'li'3JuiJJ,r'\.4L~tlml3J'fl'\.4L~3Joif'\.4 (S. Mizobata et 

aI., 2007) Lrltl':nmlUtlJffml3J1~11 ~H~nl1f11'\.41ruvHn[Jmh~uJhj~tl~fI~tlJnlJm~m1
'IJ 

'Yl~~tlJ rh1iLn~f11rn3JVl1tlhrJ[J1'\.4m11-;)tJll ~3JU1iL:aJn~"l.ItlJ~mtl'\.4Lfl [J3JtlT~:O~l'\.4 

1'\.4nl1LU~[J'\.4LLU~J'Yll']lm,]~fHJ)l[Jhrml3J'fl'\.4~'] rf.:Jd L'1"111::l1m1LU'\.4'fll'\.'bd~[J'J~
'IJ 

Ln~-;)lnel'\.4mn1[J11:::Vlll.:J~h~n~1tl'\.4nU t'V'J'\.4tl'\.4 (electron-phonon interaction) d']ml3J 

LU'\.4'fll'lbd,] [Jd~Li3JLL;J,]oif'\.4Lril1~ EJ'\.4~1n1[J11:::Vlll'] 5L~n~1tl'\.4nU1'V'J'\.4tl'\.4nd,] LL;J'] LL1'] 

oif'\.4L riltr'\.4 t 'V'J'\.4tlwi1.:JLumn tl'\.4i3J"l.Itl,]m1£'\.4"l.1tl,]1i'l~tr'\.4L~tl3Jtv']t~[J~1JnU~3Ju1i• 
L:a-Jn~"l.I tlJi~~"t'\.4 ~"'Jtr'\.4~']:OLVI~1iL~tl1~11 ~3JU1iL:a-J n~tll-;)LU'\.4tl,]ffu1:::ntlU~~1~ru~.. " 

~l:1J11rl1"lftl TIUl [J'VI~tlL~m~3J~J~Jl'\.4 'Yl C]~li1'\.4tl&i~l~~ :IJ11rl1"lftlTI1J1 m·J~ m1'Y1~ ~ tl,]1~ 
.!'1.t~ .. A"'~""'''''' ~.Id....... Vi .I d .1 11'\.4u'\.4'\.4'\.4mWIn~11v[J b~JJJL'\.4'\.4~tl bu'Y1~3JU~LL~:::n~ Lnm1Lu~[J'\.4LLu~']"l.ItlJ ~'VI:::

• 
~~1tl'\.4L:amJ lm-J~nJ1W1hJ1:::'flUn~lJ"l.ItlJmlJJ'fl'\.4 (20 GPa - 40 GPa) 1~1um1 

@11T1J~tlut~[Jm1f11'\.41ru ab initio t~[Jl"lf Perdew Burke Ernzerhof (PBE) 'V'J-:'n';'\.4'\.4m~ 
'I"IUll tmJ~11J fcc LU~[J'\.4i!JJ)lf1L:a,]tm,]~nJLU'\.4tm,]~n,] bcc ~mlJJ~'\.4 1.4 GPa 

LL~:::LU~[J'\.4i!lJ)lf1L:a.:Jhn,]~nJLU'\.4 hcp ~mlJJ'fl'\.4 23.8 GPa GilV11mlnU"l.Itl,] 

screened exchange-Local density Approximation ( sX-LDA) 'V'J-:'n,r'\.4'\.4tl~ 'I"IUllLtl'\.4 

'Y11~U"l.ltlJtfl1J~11'] p-tin :O'I"I~JJ1'\.4~lnlltm,]~nJ hcp 'flJ"t'\.4 m11ili1nu"l.ItlJ sX-LDA 

'V'J~n,r'\.4'\.4m~ 1'il1i~~"l.Itl,]~mtl'\.4L:a[JJJ~tl~fI~tl,]num1'Yl~iiW'] L;itl']-;)ln~~m1fll'\.41ru 
Ii1nU"l.ItlJ PBE 'V'J~n';'\.4'\.4tl~1~~tl~fI~tl,]num1'Y1~~f),] ~~m11-;)v~1'\.4-dm.i1'\.41:::Vlil']1tl

'IJ 

34 

http:V'J-:'n';'\.4'\.4m
http:oif'\.4L
http:Jd~Li3JLL;J,]oif'\.4L
http:aJn~"l.ItlJ~mtl'\.4L


l'U.1:uuYh1rJn':hlff~muLLu'U. (condensed matter) ~'U. l~uri "lHl.JLL-ll,'l "lHl.JLlHll• 
LLfl:nl".l1~l'\mLLU'U.lJ1n") 1J1.J"ljii.~ unYH~mh~tdlff~ull~l.J") rllff~m1JLLu'U.dLLff~,'l• 
€l €lmJlll:ff:r1€l'U.~T1l1 n't'l f] Gl m1~1'U.1:~1J1l fl111Tl"lJ €l.J1:1J1J~'U.") ~.J''i1111:~m)flI11Tll 'U., , 
rld~'U.fl.J~n 'uii.J1:~1J ~ L~n m€l'U. ~mil'U.fl:~ mJ'VI1fl t:IJLfl nfl"lJ €l.Jl~~~'U. t~U't'l f]Gl m1~ 

~ " 
"lJ V.J ~h~nmfl'U.G{1~11n v~1J1tJl~'1~ uYlf]~~m fl'U.~~ ~.J~3.ml1LLtliJ~t mitu'U. 

(Hamiltonian) 

2 2 2 
~ h 2 Z/e eI I II
H = - {7. - +

2m. L • Iri-R/I 2 .. lr i- r jl
L l,/ l,J 

m ~fl~lfl"lJfl.J[iL~n~1Jm.~ e ~flfhu1:1l"lJv.Jih~nmv'U. Z LU'U.LGl"lJ€l:~€l~"lJ€l.Jii.1LTl~UG{, 
r i LU'U.L1TIL(fI€lfu€lm'hLL'VIu.J"lJ EJ.J~L~nmfl'U. LLfl: R / LU'U.nTlL~ flfu €lm'i1u'VIU.J"lJ€l.J 

ii.1LTl ~ [JG{"lJ El.J €l:~ mJ 1~ £J't'lllUU1n eJ~1J1 U't'l i,'l,'ll'U.ll ~tt"lJ El,'l ~ L~n(fl1€l'U. 't'lllttrlG{fl.;IV~1J1£J 
IU Q..; cs'.,;!i ~ , A ~ Q.; 

't'lfl.J.Jl'U.~n[J~.J~~LLUUTlfl€l~U (Coulomb attractive potential) 1:'VI11.Jm~n~1fl'U.nu 
~ ~ 

ii.l LTl fl[J ~"lJ€l.J El:~ €l~ 't'l1JttG{~r11tJ~ El't'li,'l,'ll'U.in rJ"lJ €l.J 5L~ nmeJ'U.rl~ in n'U.L€l.J El cil.JhMi, 
~L~nm€l'U.LU'U.€l'U.111TlrlL'VIiiEl'U.n'U.Yln~1 (identical particles) LL~:ijG{ll'U. Yz ~.J~'U., , 
[iL~n~1JEl'U.1l:~11J11n ~iu~n'U.l~LL~:ll:iiLL1.J~inYll.J G{ii~h ii€l.J1Jln'VI in O11n~ n'U."lJ €l.J 

L't'llfl (Pauli exclusion principle) El ~~1 u~.JU11nn011rndLlfl:LL1,'l~imLuudl3.i~11J11n 
-;)1~€l,'l~1£JG{:JJ011m€l'U.~:JJ~lU") 1~ unYl~mfL1Un't'li.J.Jl'U.~m1JlnUJ1nn011rnd11~ ') 
n'U.11 't'l i.J.Jl'U.lL~mU ~ rm-~'VI i~vr'U.1f (exchange-correlation energy) 

J' "-' .. '" t '" 'II ~,,, ..:
'U.€101Jln'U.'t'l fl.J.Jl'U.,nn't'l fl~l ~~1"lJ El.J El:~ EJ:JJ'VI1€l :JJ lfl nflO1J:fl: n L:JJ't'l~n.J1J'U.n1:Yl.J, ~ 

ii.J ~TU~~r111'J"lJ El.JUYld L'VI ~~ ~Yll.JYl ~mf~ fl €l:~ eJ:JJii:JJl ~:JJlnn11 [iL~ n~1v'U. 'VI fll tJvr'l-l., . 
'VIfllU'VIrl'U.'VI~v €lTll1J:'VIfll mL~'U.l 'I'll ~.J,f'U. 1'U.~1111:rrllu [i l~nmEl'U.1J: 13.ifu1'ii,'l 011 

~ 

LTl~ EJ'U.l 'VIl"lJ €l,'l EJ:~€l:JJlfl £J ~'I-l.~Ell11~1~11n fil'U.l rn1:1JU[i L~ n mEl'U.LL~:fil'U.l rn 

't'lfl~l~~fn €l.J fl:(il€l~ LltJn n'U.l~ lL~ ~'V\"fu G{~1eJ'I-l.LVi U~~'I-l. €lcil.Jrll~n ~111,n'U.UYl'ib~ fl 

Lrlflml:JJ~'I-l.~,'l.ff'U. O11Yl~~fl.J~Tibd,'l [J1~lL~~.Jlil~'U.11 [iL~n~1El'l-l.iia'l-l.~1mV1nU
~ 

ii.1Lfl~tJG{lJ1n.ff'U. (S. Mizobata et aI., 2007) 1~m.jl'1-l.Yll.Ja'U.~Jn1V11:w-.il.J[iL~nm€l'l-l. 
nulrl'l-l.€l'l-l. ~.J,f'l-l. l'U..Jl'1-l.1i"ud 't'l~m~(fIf"lJ€l,'l€l::~El~~,'liiml~~lflqjLLfl:1J::l~mh1ii,,1'1-l. 
tflO1G{~Ellu 
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nTHLrhf'l!VllCilrWnl'd1mifdm.J") ,f'U.flU""''l!'VI1~tl'U.ih.Jmn l~mu'Vn::Lrlm'dlfl 
l1fu[.nm1'U.nl'dfh'U.'nu.rI'hn~ rf.J1'U.LL~"lJtl.J lh:::~l1~llT~"lJtl.JLf1~tl.J'hwnu. n~l LL~::: 
LL'd.J.Jl'U.3J'U.'MrJ ~.J,f'U. 1'U.nl'dLHl1.J....lliVlld nl~.JLtl~E.J'U.3J3J3Jtl.J1'U.m'df11'U.lru.1V1~ l~E.J , " . 
LL l1'U.rI';)::'Vi E.Jl E.Jl3JLL n~3J m'dLL PJjj~1mih.I'U.~'d.J ") L 'dln3J tl.J ~3Jm'dd1 'U.Lil.J'Vi i.J.Jl'U.~.JLU'U. 
~1';)1.JLL~:::1~lCil,;)l n nl'dl1~ ~ tl.J LL~::'Vi i.J.Jl'U.dLU'U.vJ~ni'U."lJ tl.Jf1113JVI'U.l LL l-i'U."lJtl.J 

~L~n~1tl'U. ~Jml3JVI'U.1LLU'U.dtll,;)1l:::Lu'U.vJ~ni'U."lJtl.J~lLLVlu.J~nriwi'b unmUlilm~lilf 
L1E.JnvJ~ni'U."lJtl.JvJ~niw;h "vJ~ni'U.,r~" (functional) l1'lMlid~.Jii~tlL1t1nil "l1'l~li 
vJ~ni'U.,r~"lJrJ.Jml3JVI'U.1LLU'U. ("lJtlJi'iLfinmtl'U.)" (density functional theory) l~tJ~3Jm'd 

.-:::t " .d~ '" ~ 
'Vi 'U.!1 'U."lJ tl.J l1 '1 M!) 'U. f1 tl 

E[n] = T[n] + Urn] + JVex' (r)n(r)dr 

l~tJ nCr) Lu'U.vJ~ni'U.rI'd:::1!ml3JVI'U.1LLU'U."lJrJ.J~iLi-lnme)'U..yj~lLLVll-i.J r ~1.J") E[n] 
f) em i.J.Jl'U.'d13J"/J tl.J'd:::U1JV1 ~l tJ ~L~nmtl'U.LL~:::LU'U.vJ~ni'U.,r~"lJtl.Jml3JVI'U.1 LL U'U."lJ tl.J 

€iL~nlil'dtl'U. T [n] ~tlY-li.J.Jl'U.';)~,hl3J"lJtl.J'd:::1J1J U [n] LU'U.'Vi~""J.Jlm'nrJrf.JVl3J~rlm'U. 
1::1J1Jl~il';)::m,;)1 n LL1.J (:..l im::Vlil.J LVI~15L~nmtl'U.Vl1tl3Jl,;)lnLL1J (:..linl11.J ~ii~ 

Vext Cr) Lum,nrJ1l1rmtln 1iLrltl1:::1J1Jtl~1l1 tl1~~'U.13JlvJ~1V11tl~'U.13JLL~LVI~n 
111 tJ'U.tl n 

d d d~ • I ... ,.....f <"l'"1,,'"
L'Vi rJ VIL wu.l1 ml1 Lu"lJrJ.J l1'lM!) tl E.Jl"'lf~L~'U.3J1 n"lJ'U. L'dl~:::~~ (l.J'd1 tJ~:::Ltltl~'lHl.J 

'Vi';l1r~lJ") b~:lJm'dd5n;m~mrrJtJ l.h:::nl'dLL'dn tll1:::1J1J~L~nlil'dtl'U.tl~1J1[J1CilCilltJ 

y.j~niml~'U.l/Ji (r) f1113JVI'U.1LLl-i'U. nCr) Vll1Cil~ln 

nCr) = Ll/Ji(r)l/Ji(r) = LIl/Ji(r)1 2 

i i 
5~3J1 'Vi,;)-U:rI tl~1J1 tJ'Vii.J.Jl'U.,;) ~-U:~:::L:n [J'U.1'U. 'dU"lJ tl.JvJ~ ni'U.fl~'U.1~~.Jd 

'U 

Exc[n] = Jn(r)Exc(n)dr 
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1~rJflyJ~nil-t cxc (n) LUl-t~;JJll-tLL&lmU~rJl-t-~Vli3Jvr'\.uf~ El ilL~nmEll-tVli1J~,) 
fl113J mjl-t£hl.l ElJ ~ ;"Jll-tLL&In LU~ rJl-t-~VI i3Jvrl-tlll:::ifl-tn'lJfl113Jt"l::: L ~ rJ ~ LL~l-t[hrn"nLl-tm1 

lh:::mrn CXC (n) ~Jll-tu"'1l~ul-tflbL'lJ'lJ';il&lElJl~b~Elnli'mn3JlrJ 

Lrl El b11113J~1ll!JJVl3J~db-nllih unl-t L 11~:::i.~~)JmTYl El~'lJl rJ~ ;"Jll-t113J'l.I Eln:::'lJ'lJ~J 
L Ul-t yJ~n-nmr&l'l.l El" fl11 )JVll-t ILL 'U.l-t'l.I tl" ~L~n~1em LL&l:::~1nVl;n m1~i11:::'lJ'lJ~:::b~ tl n tl r.ill-t 

'II 

.Joel a,.. ~.J I J" ~ VILo 

~1l11:::'YI3J~~J"IU~TYl~~, Vllmlly'hm1V11,hciil~~'l.ItlJ~3Jm1~~JJll-tl-t L11n1l::: b~, 
Y11qJEl'lJrlWn bL~:::LLm'lfl;~tl"m1LLU1~l-t (calculus of variation) L11~'lJl1~;JJll-t~:::fl

'II 

~l~l~~l1i Iii mrl tl y.J~ nil-tfl ~l-tLUl-tluIi11)J~)Jm1d, 

[;:: [7 
2 + Ve f f (r) ] 1/1 i (r) = Ei1/1 i ( r) 

hw Vetter) Lul-timr~dl~~ln~~113J'l.IElJimr~~El3JU Vc imr~lnmfJ"lU 
.. I d 

Q,...o €'IT a....o 6' V ,J'.",. '" 1 "' ......IV 

LL~mu~rJl-t-~VI~)J~l-tll Vxc LU'I:::l'!nrJ1l1rJl-tElm:::lJ'lJ ext ~3Jm1U3JVll-tlqJl nmflrJ"nlJ 

~3JnT'JiJ~l-tmn LL~mlaJVlmrJ'YI1Jv:I;mf~IJnl-tmn L~11:::LUU~)Jm1~1V1f'lJ 

~L~nmElUVli1"~lLfI~Eluftl,"imrv,,~~ Vett (r) Lril,xl-t m1bLn~3Jm1LL'lJ'lJd~1V1f'lJ 
A ~ d 4,..0 I • .... 0 IV ~ ~ 'i.'.d 
tlL&lnqJ1El,"VI,"JIi11 JlrJ n11 m1LLn~)Jm1mVl1'lJ1:::'lJ'lJVI ~l tI El L&l n mEll-t3Jln 6) ~'Yl L~l-tEl 

~3Jm1d$iEl 1f1l-tLL~:::"nl)J (W. Kohn and L. Sham) L11~JL1rJn~)Jm1dl1 ~)Jm1'l.lEloJ 
1f1l-t-"nlaJ (Kohn-Sham equation) bL~:::L1rJnyJ~n-nl-tfl~,"1l1n~)Jm1'1tll ElElfU'YIEl&l'l.lElJ 

1f1l-t-"nlaJ (Kohn-Sham orbital) 

1m.J~fl"LLnlJ~;..JJll-t (energy band structure) LL~:::m1m:::,ntl~1'l.1r}J1.h:::1l, (charge 

distribution) 'l.IEloJ ~L~nmEll-t1~ LL~:::L11~13J11nY11l-tl nrv.j'Jn-n,"LLuJ,b," (partition 

function) 1~1l1n~)Jm1 
Ei 

Z = I 1/Ji (r)1/Ji (r)e -kBT 

i 
~oJyJ~ n-nl-t'Itlb11.1 ~~aJlJ1igwJ 'YIloJv:I ;ntf~Ci~LL~:::El rnVl ~&lI'!1~~fl~ l-tEJn 111 nd L11 VJ 

'II , 

. ~ '" 1 . . ... d. ~ '" 1 
~lm1nfl1l-t') rnLL1J'YIEl:::qJElaJVl1El m~n~m:::'YIlqJElnml-tEl.J~lnm1'Yl El:::qJ El3J Vl1El m~n&l, , 
,x,"ii1::'lJlJ ~h~nmEll-tEl ri~l tI 1~ t1Y11l-t".nULL1J1:::VI";I1J El:::1i1 ElaJVl1El13JL~ n mL~:::ml)J L~l-t1~ 

'II , 

~ln'YIf\~!JlJ'Yl'l.lEl.J L.,~~ml-tl-t- l"jl-tLLaJl-t (Hellmann Feynman theorem) ... ""'•.1" 

aFl )
F] = - (1/J aR] 1/J 
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I 

I 

1~ rHb j ..:I1:::'VIil.J El:::~ EJ:IJ'VI1El 1:IJ b~ n ~iti.n:IJTHnbL1.l1iYll'\.l.') rnIm.J~fl.J~~n~L'VI:lJl:::~:IJ• 
ri~~ (optimized structures) U~:::ll1ll.lYllmrn~:lJu1im.J'W~f'I1~~f3'U."J "lJEl.JEl:::~El:IJ'VI1El, 
l:IJL~n~ mi1wri'U. fhl:IJ~i~"lJEl.Jml:IJ~~'VIrj'U. (Bulk modulus) filfl.J~"lJEl.Jml:IJfj~'VIrju

q \I ~ q 

(elastic constants) filml:IJ~"lJEl.JIvJm)'\.l. (phonon frequencies) j1:IJ1,1.ln.JIm.J~f1.Jn1j 

~U"1JEl.J1vJ'U.El'U. (phonon dispersion curve) ~1 tJ 

L~Elml:IJ~:lJUjrn Ljl~:::mh1n.Jjl[J~:::b~[J~m.JL'Y1flitfl"lJEl.Jn1jYllU1rn'WEli.JL"lJ1.l1~[J
" 

w.Jn'11'U.r'lnrHLUU PAW (P.E. Blochl, 1994, G. Kresse, and J. Joubert, 1999) ~::: 

nl'V1u~1'V1'1iL~nmfJ'U.lubLClU'Wi.J.Jl'U. 4s 4p Ss Liju~b~n~jEl'U.'ff'U.'U.Eln~~ (valence 

q", G'*-' Q...o 6" 

• 
states) LL~:::f~ij"lJEl.Jit1 bfl~[J~"lJ El.J ~mEl'U.bli[J:IJ1if~ihli[J:IJ~ 2.S er>'l~~jtJ:IJ ~l'V1fu 

'Wi..J.Jl'U.LL~ml.l~[Ju-~'VIim·rmf Ljl1ivJ-:'ni'uir~LLuu generalized-gradient 

approximation (GGA) (Perdew and Wang, 1991) 1'U.n1'JElTIU1[J ~'VIfU'Wl'Jl~L~ Elf 

3u"J lUn1jYllU1rnL~LLri fil energy cutoff nl'V1u~11~ soo eV mjb~Eln~~1u• 
irreducible Brillouin zone L~emlj~'U.liLnj~1i1~ Monkhorst-Pack scheme l~rH~Eln 

19S 1J~~l'V1fuIm.J~f1.JLLUU fcc LL~::: bcc 168 1J~ ~l'V1fu Sr-1I1 LL~::: 60 1J~~l'V1fu Sr
, q. 

ml:IJL~n[Jj"lJEl.Jtm.J~fl.Jri~111'):::ml:IJiu~.J~u~:::Yhn'Jrnl~ln bElUl'1~U (enthalpy)
" 

~ml:IJiu1~") l~[J~mu:::riL~n[Jj~~~l'~:::ijLElUl'1~ll~l~~ n1jYllu')rn1J:::1~fil~n~ 
q • 

10 

~mu::: (equation of states, EOS) t~[Jli~:lJn1j"lJEl.J Birch-Murnaghan (F. Birch, 

1947) 

_ 80 V ((Vo/V)B~ ) _ 8 0Vo 
E(V) - Eo + 8' 8' _ 1 + 1 8' - 1 

000 

v 

~lInl1~C11u:U~::Ul3Jl"'lfl111Ji:JJ~~utfj~'V\il"'Y'l~JJ1U U11Jl<il1 
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.'" "'..,U'Yl'Yl 3 ~iiln1dd~U 

n1dLtl~muttliil\l,'f{n,":::'Yl1\lrAd\l"'~1\l"1.lv\lriil'YI:::"'@ldm,uiiU3.J~1n FCC ttl," Bee 

LrlElll.1'1l~,jEl:IJiil'Hl,'lhn,\:::~WHl'\.H YiU:lJJ,'l~El,'l 1m,'l~f1,'l~~llnill l1.h,jTl11~"w ~:lJn1d 
• 'II 'II 

",6' 6' 

U Elm~m'\.\:::"1.1 El,'lLU1'1l-L:IJ El1'U.1LLn'U. 

1m,'l~f1,'lLLUU FCC 1m,'l~"h.muu BCC 

Bo(GPa) 6.9543 x 10-2 6.8208 X 10-2 

B'0 3.3211 3.5021 
Eo(eV) -836.2992 -836.2923 
VOU\3) 54.8176 53.6727 

'VIli.1U eV LLiil:::.A
3 

Lrl ml1'1l~,jEl:IJ iilrr,'l ~El,'l m iil,'l 1l ~ LiJ 'U. ml'W LL~~,'l fl11:IJ im,r'U.lh:::wj1,'lvh~;,'l ,'l1'U.11:IJ Iii El'VI it,'l
• 'II , 

, .1'" ~, .. , ~ ,

'VI 'U.1 f.Hl:::~ El:IJ LLfl::: lJ1:1J1~1'V1 'U.,'l'VI 'U.1 m 'Iliil iil ~ rJ'VI 'U.,'l'VI 'U.1 UEl:::~ El:IJ 

-.-----.--..---.--.---------..-----.--- ..- ...---- .- .-.----.-...----. -..- .-.- . -.-...... ---·---·-..--..·----·----·-.. -..----·----..·--·--------·1 

I 

i 
-835.8 .-, - -..---r------,-----------,---- -.,-----_ i 

3p 
_ -835.9 ~ 
E ; 
o i... ' 
ro -836 ";> j 


ILl 


~ -836.1 1 
ILl ; 
c: 
w -836.2 j 

iii
... 
o 
I- -836.3 ~ 

--- Sr- BCC i 
i,, 

-836.4 - I 
Volume per atom (A"3) i 

111-~-m1~fl;~~ i:IJvr~i;;~;~-~;i~~-~-~L~~;-;J~~~-;·;;d~~~~-~;;-~-i;~~1~'VI~~-~;~-'U.LYi f.J ~ 2 
'II 

1m,'l~f1..:J 

l'U.~El,'lu:5ul1n11 h'VI:::~~1El'U.LYif.J:lJ1l:::jjim~ill:::1m,'l~f1,'lLLUU FCC ill ~.fl11:::LL1~~El:IJ 

11 n ~ LLIii Lrl mJu 5~U1:1J1 ~ 1"1.1 El,'l h'VI::: ~m El 'U.L Yi f.J:IJ ~1 tJ fl11:IJ i'U.1l1 n.fl1 U'U. El n h'VI::: 

~mrJ'\.l.LYitJ:lJ1l:::Ln~m1L11~u'U.LLUiil,'l~m'U.:::'Yl1,'l1m,'l~f1..:Jlu LU'U. BCC 1l1mU 1 1l:::L~'U."h 
~ • I'" .. d '" 1",.t: ..,.., 1 '" 

'II

'" 1"" dL:IJ Eliil~"1.I'U.1I?l"1.l El,'llJ1m~11l'U.n ,'l1l~YlL~'U. fl,'lYJ,'j ~El,'l ~~n'U. iil'VI::: ~~1rJ'U.LYl U:IJ:IJ LL'U.1 'U.:IJ'Yl1l:::• 
• 1d 1 '" "1 • 1 ."1 d 1 '" d "'1 '" llJiilf.J'U. fl1,'l~11,'l"il1n FCC LuLu'U. BCe L'U.rJ..:J1l1n iil'VI:::~~1El'U.LYlU:IJ'Yl:IJ fl1,'l~11,'lLL1.J1.J 
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Bee ,,:;iiV-Hr.J.J1'U'ii EI VI \1,'1 VlU"',m E1:::1fl E1!1~lnl11tlVl:;~Ifl"H) 'ULYi [)!I~iilf11 ,'I~fl,'lLL1111 FCC 

~U~!I1 <il1V1 \1.JVI lil [) L"U tl Gf'ii EI VI \1,'1 VI Ul [) E1::: <il E1!1 Ltil rill. Lrl EI ~ "11 rn1 ~1f1'J11J~'U~ 
LVI U[)'J lb1iLih1n11LU~rJmLUiII,'I~m'U:;L-n,'llm,'l~f1,'1 l<il[)r)l'U'J rn~·h'UlU1LLn1!1 Maple 

Vl1111 ItlVl:;~1fl1E1'ULYirJ!I":::Lu~rJmLUtl,'l~m'U:::m,'l tm,'l~f1,'1"ln FCC lULU'U Bee ~~1 
m1!1~'U1..h:;!I1rn 1.02 GPa IlflrJlfll11,'1~ 2 Lb~<il.Jn11LU1[)11LYirJ11"JJEI!liII~1!fi'''lnn11

'U 

r)1'U'J rn 1'UIm.J,'I1'Ud'ri11"JJE1~tl~l<ill!fi'''l nnl'n'l<ilill E1,'11'Ui E1,'1U~111in11 

~l~r)l'U'Jrnl!fi' ~1~1Ifll!fi'''lnn11 
'Y1<ilill E1.J [1] 

~lf1.J~LLiIIIflYi"U"lJEI.JIm'l:;~IflJtJ'ULYimJ~ ii 

trm~rn:;lm,'l~f1,'1bL1111 FCC rn m1!1<il....'U 0 6.0273 6.0785 

GPa (A) 
~lf1,'1~LLiIIIflYi"U"lJ E1,'1 ttlVl:::~<il1E1'ULYi [J!I~ ii 

trn~rn:::tm,'l~fl,'lbL1J11 Bee "lJrn:::Liilflnl1 

LU~[)'U~m'U:;m,'ltm,'l~f1,'1"ln FCC bUll. 
4.6416 4.4069 

Bee (A) 
~lm1!1~'U~LVlii[)1\b1iLn<il 

nl'nU~rm~m'U:::'Y11.Jtm.J~fl,'l (GPa) 
1.02 3.50 

[1] T. Bovornratamaraks (2001). High-Pressure Structural Studies of Strontium. 

Ph .D. The University of Edinburgh. 

40 



,n m1'rn:lli 2 ~ iun1 :::tI n~ fi1 f1" ~ bb ~ ~1'Y1 'U'lHl" h VI::: ~~rH),u.bYi tI ~~,h1.1.1 rn1~fl 

fil 6.0273 Abdmu1!:.11JbYi!:.l1Jrlufil~1~1~,nnm1'Yl~~tl"~Jflfil 6.0785 A v::L~u"h 
filf1"~Lb~~1'Y1'U~1~vlnn11f11U1 rnfl,htt'tl tlnilL~tI.J 0.84 % ·1.1tl.Jfil~1~lfiivlnm1 
'Yl~~ tl.J J"dfilf111~iU'~b'I''1tttJ11i11idl~ n11b tI~ tJu~rnU:::'Yll.J tf11,,~fl.J"Utl.JhVl::: 

~!il1tlUbYimJ~fltm.J~fl"LbUU FCC ltl~tm.J~fl.Jbbuu Bee ~1~vlnm1f11u1rntfufl 
'IJ 

fil~lnilfilYll~1~vlnn11'Yl~~ tl.JU1:::mrn 2.50 GPa L tttl.J"illnil1 Um1f11U1 rnLbUU 
~ ~ ~r ~ d.f ~ 1" tI"LWlJ iJ'U'U 1J" b11'V"l"ill1rnl1:::uumnllu:::vm (tlrnVlI1~ 0 K) LLiil:: "lfnT~ 1::~lrn"Utl.J 

• 'IJ 

UtlfU-elelVlL'V"lUlm~ elf ~.J~~ li'V"l"ilu'V"l~f'!1~!ilf"Utl"ibLfI~tJ~1~nn1il~1~"ill1rnl ~.Jtfu 
'II 

t~tI~11u filml~~u~1~vlnnT~f11U1rn~"f1'Jd1ifil~~lnilfilml~~""u~1~1~,nnm1 
,,4 ,,~ dV) " .d ~ t '" A 

'Yl~iiI el"'U" ~el ~f1 ~ el.J nu~ ~m1'Yl~ ~ el"'Yl LI31 bb~::: b~ el'V"l"ilTJ"rnl iilVI:::~!il1tlUb 'Yl tJ~"lJrn::Ln~ 

nTHU~tJu~rnu:::'Yll"tm,,~fl" filf1"~bL~I31Yi'U"U el.J hVl::~!il1tl ULYitJ~im~rn:::tm.J~fl" 

LLUU Bee ~f11u1rnlfii~f) 4.6416 A~,,:dfilmnnilL~tJ" 5.3% "Uf)"filf1"~LL~VlYi'U~lVl 
1~"illnm1'Yl131~f)" ~"tfui~m1f11U1rnLLUU "u5u auUh" ~lm1n1ilmli~m~nnl1 
LU~tJu~mu:::'Yn.Jtm.J~fl""Uf).Jt~VI:::~melUL.y;tJ~vlntm,,~fl"LLUU FCC lu~tm,,~fl.J

'IJ 

LLUU Bee 1~ 

L,rl1t1~1 tJ~~nl1U f) n~mu:::"lJ f)" Luh-L~elfm LLnu LL~:::1il~lLU1£JULYitlUrlU"lfVl,rf)~GI
'II • 'II 

"Uel"tGlVl:::~!iljf)UbYitJ~~flin'rtrn:::tm,,~fl.JLLUU Bee l~ml~~"jU 4 
'II_ ••••w . _ . . . _. _._ ___ • •••_._ ••••• • ___•••• _._ • • ____________ _ __• ___. _._••• _ _ _ ._ " 

i 
i 

Volume per atom (AJ\3) i 
----..,....---_ .._ .._--------,-_ ..,-_.. _---_._-----_..._--_._ ... _-_._---_._-------_._-_....•...__._-----_.._------' 

1U 4 ml~ml~im~'ui1:::Vlil.Jl'li,,"lULbiil:::U1~1!iljVlit"Vlti.1m'UGI~"Uf)"tm'l:::~mf)ULritJ~ 2 
'IJ 

tm.J~fl.J 

-833.4 

1 
-833 .6 

E 
-833.80 

~ 

III- -834>
<II 

> -834.2lID... 
<II 
c: -834.4w 
iii 

-834.6~ 

0 
I

-834.8 

-835 

21.7 23.7 25.7 27.7 

- Sr - Beta tin 
--- Sr - Bee 

i 
I 
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1m,]~"hmuu ~ - tin 1m']~11']LLUU Bee 

BoCGPa) 7.5017 x 10-2 1.2568 X 10-1 

Bf 
0 2.5613 1.8934 

EoCeV) -836.0259 -836.2847 
VoCA.3) 52.3182 50.3188 

'VIli.1!'J eV lL~::: A3 

L"1hu~!'J1nUnT1Yl~~tl,]ri 1 "ijlmtl 4 L~u.il 'VIi,]"ijlnrit~'VI:::~<i1'1tlu.LYi!'J:JJLn~nTJ
'U 

Ltl~tlU.LLtl~,]~m'U.:::Yll']1m,]~fl,]11.1 LUu.1m']~fl']LLUU Bee t11L11LYi)Jml)J~'U.1W1:::UU 

1 '" .r 1 .d .1-J. 1 t ... .r.d ~ '" ..A'VItf,]"1Ju. ~'VI:::~(WWU.LYltl)J"ij:::Ln~n11LlJ ~ [J'U.UlJ~,] tfmu.:::Yll,] "1']~11']"1Ju.am)1']'VI1a)J 
'U 

nT1Ltl~tlU.LLtl~']tfm'\.l,:::m,]1m,]~fl,]"ijln Bee 1tl~ Sr-III :H"L~tliliiin1'}m:::1m']~11']
'U 

LLUU ~ - tin yf,]dfilml)J~u.~L'VIit!'J1it11iLnlfin11Ltl~U'U.LLtl~"~m'U.:::Yll,,1"1"tffl" 
"ijln Bee 1tl~ Sr-III LrltlT11'\.1,1m~1[J ttl1Lln1)J Maple 'ViUilfilml)J~'U.~"mh1ii

'U 

filtl1:::)Jlm 31.96 GPa yf"dn11Ltl1[JULYitlu,ra)J~ri1<?l3J1"ijlnn11T11u.1mlu.1m""1'U.tt
'U 

nu,rtJ)J~.yf1~1<?l"ijlnn11Yl~fltJ,]1'U.itl,]tlnu1im1(1nLL~~,]1u.l3n11"~ 4 U~::: 5 
'U ~ 'U 

m1Yl~fltl" [1] 

5.50004 5.53002 

c (A.) 2.99334 2.96748 

cIa 0.5442 0.5366 

m11"YJ 4 LLtflfi"n11Ltl1mJLYimJfilfl\l.yfLL~I31Yi'D""1Jtl'] 1~'VI:::tfI311tl'\.t (~  tin) riml)J~'\.t 35 

GPa 
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Til~f11U1 ill 1~ 
Til~l~i.~~ln 

nTJ'Yl~'Hl.J [1] 

Tilml:IJ~U~LV\'cttJTU.ll~Ln~ 

m1LU~[J'"~rnU:::'Y11.J1m.JGif!.J 

(GPa) 

31.96 24.4 - 26.8 

. 

1ill11.J~ 5 LLGi~.Jm1LU1uuLi1tJufilml:IJ~ui1L'V\rtU1lb1~Ln~m1LU~UUGirnU:::'Yl1.Jtm':H~·h1 

~ln BCC ti ~ - tin 
d , d dVJ ., • tA 

~l n~111.J 'Yl 4 fll fl.J 'YlLL G'l ~'Yl'Il a LL G'l::: c 'Yl L~ ~ln nlWIlU1 rn'IH1.J G'l~::: 

GiI¥11tlULi1u:lJfi~tm.JGi11.JLLUU ~ - tin ~fil1mfL~u.JLrlmu1uuLi1uunufil~11¥1i.~~ln 
m1'Yl~G'ltl.J1U~tl.Ju~U~nTJt~u~fl11:IJLLl¥1mh.Jnuhhnu 1 % Utlmnnd'er~11ff1U 
1:::wil.J cIa fif11U1illl~ ill fl11:IJ~U 35 GPa ~TilGi ..ml1Tilfif11U1rnl~~lnm1'YlCilG'ltl.J 

'II 

LViu.J 1.4 % 6jh~rl~L~ul1 m1f11U10mUU "UDU DuiiJ'lf" Gil:JJ11C1Ul:JJ11if11U1t:U 

tm.JGi11.JLLUU ~ - tin 'IJtl,'! tG'l~:::GiI¥11tluLi1u:IJ1~ LYl11:::u:::tfufilmllJ~urh~rtuTI.'b 

1~Lnl¥1m1Lu~uuGimu:::'Yll.Jtm.JGi11,'!'<Uln BCC ~ ~ - tin nm1~:::Gilm1C1f11U1rnl~ 
,nnn11LtJ~tJULLUG'l,'!(fll1:IJ-nU) 'lJ tl.Jml~Lffutf1,'!1:::~il,'!Yli.J ,'!lu11:IJnutJ~:JJ1I¥1TV\rt,'! 

~1.l.1tJL'IlG'l~ [fl] L'liuL~tJlnulumrnm1LtJ~tJUGirnu:::';ijlntm.J Gi11,'! LLUU FCC d:lu Bee 

';ijlnml1.J~ 4.5 Tilml:IJ~ufiLwcttJlU11idlCilm1LtJ~UUGimu:::'<Ulntfl1.JGi11.JLLUU Bee 

ff RP - tin ~f11Ulrnl~~Til 31.96 GPa lU'lJrn:::~TilmllJ~u~l~~lnnT)mHltl.Jtlri
'II 'II 

lu'lil.J 24.4 ii.J 26.8 GPa ~LiJUL'liudLiitl,'!:JJ1~ln~ml:IJ~UGi,'!.ffU(tJ~:JJ11¥11'lJtl,'!h~:::
'II 

Gil¥11tlUL i1tJ:lJL~nnil 23 A3 
G'l,'!:lJl tCil UU1::::lJlt:U) filYli,'!,'!lU11lJ'lJtl,'! tm~:::GiI¥11fJULi1tJ:IJ~ 

mm.JGif!,'!LLUU Bee LLf'l::: ~ - tin ~Til1niL~tJ,'!nu:JJ1n tCiltJfilml:IJ~l.J'lJtl,'!Yli,'!.Jl'U 
11:IJtlth:::wh.J 0.01 ii,'! 0.04 eV film1Lu~u'ULLtJf'l.J'lJtl,'!ml~Lff'UtT1,'!1:::~il.JYli.J.Jl'U

'II 

11lJLLG'l:::u1:JJ1m~rt,'!~li.l tJ L'Ilf'l ~~,'!iiTilGi.J.ff'U ~.J j;.J G'l1 iTilmllJ~'Ufif11'Ul rnl~Ln~ml:IJ 
'II 

tl~YlG'llCilLLG'l:::~filGi,'!nilTilml:IJ~'U~l~'<Ul nm1'Yl~ G'l tl.J tl £h.JhnI¥11:IJ '<Ulnm1'YlCilf'ltl,'!1'U 
'II 

i tl,'!u~ul1m1Yluil 'lil,'!fll1:IJ ~'U~ Sr-III L~:IJ1.hln[]~'Um:::rf.J L~:IJ~m1Lu~ tJ'ULLUG'l.J 

Gim'U:::'Yll.Jtm,'!Gi11.J.ff'U5nfl.f.J~Tiltlri1:::~il.J 24.4 n.J 37 GPa tJ1:::ntlUnU~n~1111 
'II 

-lll.J~uil filml:IJ~ufiL~iitJ1l'bliLnCilm1Lu~tJUGirnu:::'Yl1.Jlm.JGi11.J~ ~ - tin fi 

1~'<ijlnm1f11'Ulrn~tl 31.96 GPa tf'Umjlu'li1.Jml:IJ~U~.Jn~11 ~.Jtf'Ufilfll1:IJ~'Ufil~ 
'II 
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tJw'9Y(eV} 

';;....................................... 


· 1 ·1 "., 

·z ·z / 
,

.J ·3 (' 

~~------~--~------~--------~ 
M G 

OensoIy d Stotes(elecirons/eY) 

- - lat~ 

~ d
~<il'H)'U.LYlrnJ (FCC) Ylml3J<il'U 0 GPa 

1<iltJml3JVltnLLliwl.lu,]~rn'U.:: ill Fermi-Level (Li'U.1.h::) ii,h 5 electrons/eV 

Enerqy (eY) Enet9Y(eV} 

8~ 
6 c:::-~ 

1~---..c:-
Z 

.. . . ....... -- .. ---- .. ---- . ---- .... ---.---- . . . ~

zS= 
~ 

» 
I 2 3 4 5 6 7 8 9 10 II 12 13 11 15 16 17 16 19 20 

fleosjty d St".s(e!ecl1"",/eV} 

-- latol 

'nJ 7 LL~<il']1m']~f1,] LL nu'V'l i,'l']1'U.(<J11 tJ) LL1.'l::ml3JVI 'U.1 LL'Ii'U.~rn'U.::('l.Id1) 'l.I rlJl~VI:: 
" '" d "-' 

~<ilJEl'U.LYltJ3J (BCC) Ylml3J<il'U. 3.0 GPa 

l<iltJml3JVlmLL'Ii'U.'l.IEl,]~rn'U.:: ill Fermi-Level (Li'U.1.h::) iifi1 1 electron/eV 

·2 

~~------+-----~------+-------~ 
x 

44 



fnetgy (ell) Energy (eV) 

o -- - -- •. 

-I 

-2 

-3 

A M G R 6 10 

Densi:y d Slate«e1ectrons/eV) 

-- total 

..'ltl 10 LLfi~hl tm.Jfifl.JLLtltJ'YH~·'.J.J1U(il[J) LL~::ml~'VIU1LL~UfimU::("lJ11) "llEl.Jh'VI:: 


fi'il1ElULYi[J~ (~ - tin) ~f1'n~iu 32.0 GPa 


t~[Jml~'VIU1LLtiWl.lfl.Jfimu:: rn Fermi-Level (Limh::) ii~l 2 electrons/eV 


Enerqy (eV) Enerqy (eV) 

-1 

-2 

-3 

~ 

_3__ ... _.. ___ .... _._ .. _..... _o . - _. - - _.. 

-I 

-2 

-3 

-1 
~--~----~----~----+---~----+-~ 

M G R o 4 5 10 

Dens~y d Slate«eiectrons/eV) 

- - total 

11.1 11 LLfi~.Jtfl1Jfi11..1LLtlUYHr..1..11U(olll [J) LLfl::ml~'VIU1LLtiUfimU::("lJ11) "ll fl.Jh'VI::.. 
fi'il1muYi[J~ (~ - tin) ~ml~iu 37.0 GPa 


1~[Jml~'VIU1LLtiU"llfl.Jfimu:: rn Fermi-Level (Liutl1::) ii~h 2 electrons/eV 
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Lt> 

n. n, 1:0 I'b 

f\a 9'£l 'It.lLrt::f..f1L~r:'I1.~U~~UU~~k'!c_k'!'I1.u·c_~ML~rl~l 

ed8 0 ~~rtLW 

~ (88:1) rtrl~1'I1.~f..~k'!::\,U11NHT.(g c_L~'I1.Lc_c_~ML~~Ltttvt~U~~'ft'1'I1.~~'I1.~U~~f..LUc-~k'!" l~ [1t 

UOQOJOSqV 

(A9) Aouo<lba", 

9l 5Z >z Cl II IZ OZ 61 91 LI 91 51 >1 £1 ZI II 01 o
",.. ....../,0 

'\ If ~ / +1mlS 

~1000001 

ImlSI 

oooooz 

00Xl5Z 

L-____________________________________________________________________________________________________~I~ 

~ 

d3.LSV3 ff!.um.r1.1 I1t~It1.:::U.~1t!.LUUL~ (sa!J.ladoJd le:mdo) t'~11t'LIA.IM11"f~ I~ ~~ ~ ~ 

~Uf1::tLLJk'!~'I1.lL'C-",~::~t:11'I1.~p t~~l1M::f..[1 
n. 

C_~ C-ll rt rl ~1'11. ~f..~k'!::'.1.t:11~" c_ k'!tt.",~ rt Lt~::tLLJ k'!~trl LLJc_ Lkk'! c_ f..~lc_LU.::'I1.LUk'!'I1.r:l ~[11f..LU 

r:::f!.rtll~1'I1.~f..\£Ik'!::'.1.t:11.rt" C-1J L~-lP~U~ m~':.,!tc-~ 'I1.Lc_l.'~MI1Ll11 I.'Lfk'!c-WL~::U~1~f..LUULf!. 
n. 

1.'~~~~~k'!~t:1H~t1.'~::'.1.t:11'I1.~1rtLWMLLJk'!r:rtr:l~1'I1.8f..~k'!::~t:11L~'11.~',:-tl¥' -lP~[J~'I1.~l~U~'g 
Jl-t::'I1.LUk'!r:~ ~k' ~~'.1. Jl'l1.~I1-YL!A' ft~L~r:::'I1.LUk'!'I1.tt"L'I1.~rtLWL~ (::f..[1'11.!1') !WJa:l 

'I1.Ll.'c_t:1Mn.~::lU.LtI1M un-ri ;:t:1" 888 '88:1 I1m'I.'Lf..k'!c_l~1::'It.lHUt:1rtU.rtr:lU.1'I1.81~k'! -;'b F" tJ "<""lI"'f' f:l' 

;:1t1.t:11c-~f1.;:'I1.LUk'!'I1.tt"L'I1.~rtLWL'It.lf..Lf!.~8~'~ULw~'I1. U~ C-1J 9 [1t) U!l-g ::t:111 888 

11m, c-Lkk'!I.'f..~l::'It.lHU~r:~rtrl ~1'I1.~f..\£Ik'!;:~t:1111.t[fULf..fll.'~l.'ll tL~UI.'~::'It.lfl.U"'t:1'11.UI.'~Mn.U1' 

I.'Lfk'!I.'Wll.'~ ~U[1~rtLt~::tLLJk'! 'It.l ::'.1.t:11'l1.~1t"'~~l1M::f..[1rtrl~1'I1.~f..~k'!::~t:11L~-lP~U8m~ 

't1.'t1.::n::Lf..M' ::'.1.t:111.'~ fl.'I1.LI.' 1.'t:1 MIlUll I.'Lf..k'! 1.'f..~l'l1.rt 1'I1.::'lUHU t:1't1.Lt'I.'~Mn.U" I.'Lf..k'!c-f..~l (deB ';f -'" 6",r ,."...,. .... 

A5Jau3) tt.LI.' I.'~ MI1U" I.'L~I.' ~lLI.'G fl.[j ULf..flf..LUr:ft~::~" rl ~n!1 G'I1.Gf..\£IU~' gr:ft~::f!.[1~'t1.j!
n. n. 

!wJa:l 'I1.Lc-l.''''t:1Mn......~::1L~U~tJ.'.1.'fl G~'t1.LI.'I.'",~ M~::1~::'IU fl.'t1. t't1.Gf..\£IU ~'gll t-lPrt~1rt~' UU::f!. 
n. n. [j

!wJa:l 'I1.Ll.'c_"'~MI1~::1L~UL~[J G~'I1.LI.'I.'",~ MI1",~::W ~l 'I1.LI.'I.'~ Mn.Ll1' I.'Lt:1 UI.'~~[J ~ UL1[1't1.p 

(::f..rm!1') !WJa:l 'I1.LI.'I.'~M~~::1L~'t1.~1::f!. (9 flt) ~U[111.~rtLW::tLLJk'!~rtr:l~1'I1.~f..~k'!::~~1 

C_~ fl.'I1.Lc_l.'~ MIlU11 I.'Lkk'! I.'WL~::Lf..l!'~~p' ~UI.'L~U~"~'I1......~rtLW::tLLJk'!~trlLLJrtrl ~1'I1.Rt~k'! 

n. 
::'.1.t:111.'~f1.::'I1.LUk'!'t1.tt"L't1.'.1.rtLtl!::t:1,1'I1.Lc-l.'~MIlUmLkk'!I.'Wll.'~k'!" ~ ~ 1.'1J 9 [1f.. 

http:fl.'I1.LI
http:tL~UI.'~::'It.lfl.U"'t:1'11.UI.'~Mn.U1
http:Uf1::tLLJk'!~'I1.lL


Absorptm 

~,----------------------------------------------------------------. 

100J00 f
o~----------------~~--------~--~------------------~----~--~ 
o 	 10 20 30 

freq.Jen<:y (eV) 

- Absorption 

f'ld13J~'U 3.0 GPa 

l'il[Jfil~~~\ll'U~\I~'il~rln'il'iln~'Uijfil1.h::mrn 27.5 eV
'U' CU qj 

AbsorptIal 

~.-----------------------------------------------------------------~ 

400000 

100000 

o 	 10 20 30 

Frequency (eV) 

--- Absorption 

1U 114 U~'il\lm1'il'iln~'U~~'UmlL'V\~ni:v-J~1~fil~~\I\llWih\l6)'Hl\ll~'V\:::~'il1emrYimJ (BCC)
" " .. ... 

'Ylf'ld13J'il'U 17.0 GPa 

l'il[Jfil~~\I\ll'U~\I~'il~rln'il'iln~'UijfilU1:::mrn 30.5 eV'tI, '\I <tI 
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100000 

ml:IJ~l4 23.0 GPa 

l~[J~lVli\l\lll4G{\lG{~~l1n~~n~l4ilfh1..h::::IJ1rn 31.5 eV 
cu ct "cu 

Absorplioo 

rooooo,--------------------------------------------------------------------. 

.I 
/ 
! 

100J00 

o 5 8 9 10 11 12 13 14 IS 16 17 18 19 20 21 22 23 21 2S 26 27 28 

Fre~y (eV) 

- - Absorption 

'nJ 16 LLG{~\lm1~~n~Ufl~l4LLajL'VI~nlvJ~lri~lVl i\l\lll4~lJ ")·IH)\ll~'VI::G{~·HmL ri[J:IJ (np 
'II 'II 

tin) Yiml:IJ~l4 32 .0 GPa 

1~ [J~lVl i\l\lll4G{\lG{~ri rl n~~ n ~l4il~11h:::IJ1rn 26.5 eV 
'lI q 'U 'U 
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AhSOfPhOn 
5OOlOO 

iOOOOO ~ 

JOOOO() \ 
200000 

100000 

10 20 30 

Fr~rcy(eV) 

- - Abs«pIion 

1U 17 bL~~-:ln11~~n~ll,fl~ll,bL~L'VI~nLyJ~llifi1'1"li-:l-:l1ll,lih-:l "J'lJEl-:ll~'VI:::~'iml'"LrimJ (R 
'IJ 'IJ p 

tin) lim1lJlilll, 37.0 GPa 

1~tJfi1'1"li\l-:llll,~\I~~linn~~n~ll,flfi11h:::lJ1rn 27.0 eV 
'U q '\I <u 

. . 
\l...- A I q." A (j' I I Q...; A 

~1) 11::: fl11lJ ~ ll, 'Yl LL'il n 'il1-:1 n ll, 111 n n 111 Lfl j 1::: 'VI 'I"llJ 11 fl1 'I"l ~ -:1-:11 ll, ~ -:I ~~ 'lJ El-:l fl ~ ll,
'IJ , 

LLl-i L'VI ~ nLyJ~llih'VI:::a'iljElll,Lri rJlJ~ ~ n~ll,i.~fl fi1 ~-:I-ifll,Lrl Ell~ 'VI::: ~'il1Elll,L ri tJlJ Ln~ n11 
'IJ 'IJ 

Lu~tJll,~mll,:::'Yl1-:11m-:l~f1-:1111n FCC LULUll, BCC LL~:::flfi1~'il~';HrlEll~'VI:::~'il1Elll,LritJlJ 
~ .1../ 1 "'1.1."1 "4,,, ... 1 ., r<~..t
Ln'iln11LlJ~tJll,~mU:::'Yl1-:1 fl1-:1~11-:1 buLlJll, Sr-III "lJ-:llJ~n~rn::: fl1-:1~11-:1LLlJlJ !-I-tin 'Yl-:lU 

1wIi1-:1m1lJ~""ll,lil~'VI:::~'il1f)ll,LritJlJrf-:l 3 tm\la11-:1(FCC. BCC LL~::: ~-tin) flm1lJL~ntJ1 
fi1'1"l ~"'-:I-:11ll,~ -:I~~'lJ f)-:Ifl~ll,LL~ L'VI ~n L yJ~llinn'il~n~ut'il tJ t~'VI:::~'il1Elll,Lri tJlJlI:::flfi1~\I-ifll,

'U q cu 'II ~ 

LLfl:::ihh-:l'l"l i-:l \11ll,'lJ f)-:IY1~'u.LLl-iL 'VI ~n 1 yJvhli nn~~ n~'u.L~n11-:1-if'u.'illlJfi1m1lJlil'u.liL~lJ-if,"
'IJ 'IJ 

lJEl-:l L~'" (Visible light) LLfl:::U1lJ1 ~-:I'iJ'il nl1yJLU~~-:Im1:IJ ~iJl..r'u.lh:::'V\'"ll-:1fi1m1'il ~n ~'u.LL~::: 
, 'IJ 

m1lJiilll, 1~nl1yJiil-:l1u 18 
'IJ 
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160000 

150000 . ~ ... ~ 
c: 140000 j 

::J I 

0 130000 
 ~ 
~ 
;f 120000 

\f(ti
c:: '" \
G: 110000 
G:~ \ ... --_ ....... 

r \' .. .... 
c:: 100000 .... , ... -400nm-Iii: , ---" \ " , ..

90000 -.. ...... __ .. -- ... -.; ,,,." 
--- 700nm 

80000 
0 5 10 15 20 25 30 35 40 45 

fl'l11Jt1U (GPa) 

J1..l 1B nTlyJLbHWh'jml~~iJlr"nf1:;'V\'hJ"1~lJlilliln~~~u~;1u"ri~"ri'ill3JEI"L~U rn ml3Ji'u 
~ ~ 

~1"") 'lJEI"t~v\:;HmElULritl3J 

2SOOOO 

200000 

ISOOOO 

IIXXXXl 

SOOOO 

100 200 300 400 50(] 600 700 

WdVeier>;Jth(nm) 

-- AbsOlptu)n 

"jU 19 LLHIil.J'hm"jlilliln~UTl~ULLl.iL'V\~nLyJ~lrimllJm1Tl~U~1.J G)'lJEh'lhv\:;H'il"jvULrimJ 
~ ~ 

oJ '" 
(FCC) 'YlTllllJ'ilU 0 GPa 


'I .d • "''' ••I.J oJ ... " ...", oJ "'. .d • I

Lliltlfl~ULLlJL'V\~n LlTv'll'YHln'illiln~U LIilIil'YlHlillJmfl11lJm1f1~ULJ"j:;3Jl rn 57.5 nm 

~ ~ , 
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100000 

100 200 300 100 500 600 

Wavelength (rvn) 

-- Absorphon 

11.1 20 LL~vh'l~hm1~~n~'U.fI~'U.bb2.ib~~nhhhyjm1aJU11f1~'U.lih\l ")'llEh'l h~:;~Iil'HmbYimJ 
~ ~ 

.d 0.

(BCC) Y1m1)J~'U. 3.0 GPa 

1~[JfI~mb2.ib'V\~n'1yJ~1~{)n~~n~'U.'1i&i~~~~fi1m1aJU11f1~'U.l.h::mrn 53.5 nm 
~ ~ . 


ReI1ectivty 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 
0 

i\ 
100 zoo 300 400 SIlO 600 700 

Wavelength (nm) 

- - Refle'tiv~y 

11.1 21 bb~~\I~111~m1~::-ntl'U.fI~'U.bb2.ib'V\~n1l'l~1~m1aJU11f1~wlh.J ")'lltl.J1~'V\:;~mtl'U.LYimJ 
~ 

.d 0.

(FCC) Y1m1aJ~'U. 0 GPa 
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0.6 

0.5 

0 .1 

0.3 

0.2 

0.1 

o 100 200 300 400 500 600 700 

Wdvelength (nm) 

-- Ref1ectJv~y 

TIJ 22 LL~~.:J~IlTVmT'Hi::;'I'le:J14f1~14LL3.iL'VI~nlvh~'1~f1T1JJ[J11f1~14~h.:J ')"lltl.:Jlfl'VI::;~me:J'\.m1mJ
'II 

.d .., 
(BCC) 'YlmlJJ~14 3.0 GPa 

~lmu 18 ~::;L~w·hlwri1.JmlJJ~wf.JLL!il 0 Ci.J 3 GPa 'hm')~~n~14f1~14LL~.J
'II 'II 

lwri1.J~~lJJe:J.JL~14"lltl.J lfl'VI::;~me:J14LritJJJii,hln~L;jl"'jn14 (~')u 19 LLfl:: 20 th::ntlu)
'IJ'IJ 

1~ lIm')~~n ~mL~.:J1wri1.:Jd'ii,h ~.J,)::;~U'VIrt.J <'H.J til1ifl1~ L~11~"h1wlh .:Jfl11JJ~14 
'II 'II 

- I r:; i ,,::liI:i ~ -='- ~ d A 


~.JnfllJ L,)lf1J,)~::JJU.JL'VI14 Lfl'VI::~~,)u14L 'Yl tJ3J LLJ14~L 'YllLLfl::;3J fl m~rn::;'YlU LL~.J LJJ tl'Vf'il11rnl 


m]J finu ~1l1 Vl ~::'I'le:J14f1 ~14LL3.i L'VI ~ n 1 vh~'l~'liJ .:JflJ1JJtJl1Tl ~14!ill.J ') (')u 21 LLfl::; 22)
'II 'II 

Vlu"hh'VI::~me:Jm ri tJJJu.l~::;ii;m~rn::;~1~iiml3J3l14111 Liie:J.J~l n~1l1Vlm,)~::;'I'lu14 


Tl~14LL~.Jl14'lil.J~~l3Ju.JL~14e:Jth::;'VIil.J 0.5 Ci.:J 0.7 14e:Jmlnd'rJ.JVluil l14'lil.JmlJJ~14 

'II 

t.JLL!il 0 Ci.:J 40 GPa lfm::;~me:J14LritJ3Jiifilm')~~n~mL~.Jl14'liJ.:J~~lJJe:J.JL~14~.J~~~
'II 'II • 

ml3Ji14 27 GPa 1~tJfhm')~~n~14LL~.:J~mlJJ[J11fl~14 400 LLfl::; 700 nm iifilL'Yilnu 
'II 
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1U~lUit"il::n~ll O;)'Yl rp=tij~ L~[.J1itl ;)nu.JT"iirJ L oJ5;)'Yltl'r1Dtl1::n tlUctl1 rJ1m.J £1'fl.J 

~~n"lJtl.J1""£1'<i1"lJ'\.1.1<i11Viru LLG'l::1m.J£1'f1.J ~L~ml1tl'\.1.1'\.1. tl:: <i1 tl:IJ"lJtl.J1n<i11G'lVi::'Yl 11 '\.1.oU-i'\.1. Lun. , 
d I " 

~ 

",,,, " ' ..." • l.x.d 1 '!l4d 113..1 tl;) LL'\.1.1 m3Jm1LuG'lrJ'\.1.LLu~.J£1'3JU!il!ill.J "J"lJtl.J1l1~ ULLtl1'\.1. L'Wtl "lfb'\.1.nT'S 

Ltl1rJULYi rJU LL~::tlfuJl rJ £1'3JU1i'iil.J 6)rl'Wu 1 m1 ~£1'L!il tlf mJn1l1nd';)::n~11 o.J'Yl tl'r1fi 

y.J~nfWtrG'lm13JVimLLli.'\.1. (Density Functional Theory) ~.JLU'\.1.'Ylfl'r1fiVi~nYh'lf1'\.1.n11 
f)1'\.1.1 rn~lWr1J.J1'\.1.iirJi'\.1.itLLG'l::';)::n~11 O.J'Yltl 'r1fi tltlfU'YltlG'l L oJ5.J 13..1 LG'l ~G'l (Molecular 

Orbital Theory) ~.JLU'\.1.'Yltl'r1D~L~rJlitl.JnUn11£1'n.J~Ull::1l1rJl'\.1.f1~£1'LV1tlfLLG'l::11~O;) 

n11f)lUlrn,h1'WG'l1L1L"nU~~ (polarizability) ~;)';)::'t'hn11f)1'\.1.1 rnLytmLrJnLLrJ::fl~£1'L!iltlf'lf 
it<i1'iil.J ').yj~'W~;).J1'\.1.[j<i1LVirtm1n~L~ [J;)n'\.1.tltl mlnn'\.1. 

1m;)£1'f1;)~~ nLLG'l::m1i<i1 L 1rJ.J ~L~nV11tl'\.1.1'\.1.li1V1 'ii1.J "J ~;) ~G'l'ii€l £1'3..1 UV1"lJ tl.J1nV1 

LVi~ltfU lJjl1';)::nj'\.1. £1'3Ju1i'Yl1.Jly.J~1 £1'3Ju1iL-n.Jm13Jf€l'\.1. £1'3Ju1imhVi~n £1'3Ju1iL-n;)nG'l 

Vi~tl£1'3JU1i'Yl1.J Lf1~ n11iiin~11::uu.yjL'U'\.1.f1~£1'LV1 E)'f~;)~"lJ'\.1.1V1L~nnlTl£1'<i1"lJ'\.1.1<i11mu 
~ 

(Bulk. 
material) LL'ii~"lJm<i11Virunl1 tl::V1 tl3J ~.Jm1~m13JL"hhtf.J1'\.1. 1m.J£1'n.J(:.J~n"lJtl.Jl£1'<i1

~ , 
"lJm<i11mll LLG'l::;n11';)....<i1L 1rJ.J~L~nmtl'\.1.1l1rJ1'\.1.tl::<i1tl3J 

1'\.1.~lU"lJ tl.Jl£1'<i1"lJ'\.1.1<i11Vi rulctl~m1Llu.J1::uu (:.J~ n~L n<i1,;)lnn11L 1rJ.Jil"lJ e:J.J tl::V1 tl3J. ~ 

.J'1 "Jnu1<i1m1rJnu~L1rnltl1 L"D'G'l~Vili.l[J (unit cell) ~.Jlctl~n11LLU;)L"D'~~W"lrJV113J 
~m~rn::"lJtl.JL"D'G'l~Ln'\.1. 7 'lfit<i1 t11::;ntlUctllrJ 1. lV11f1~itn (triclinic) 2. 13..1 1uf1~itn 

(monoclinic) 3. tltlflitl1e:J3JUn (orthorhombic) 4. LV1V11::Ln'\.1.tlG'l (tetragonal) 5. G'lnUlv'lfl 
'II 

(cubic) 6 . l<i111n'\.1.tlG'lVi~tl1e:J3J1u5~1e:J'\.1. (trigonal) 7. uJn"D'::Ln'\.1.tlG'l (hexagonal) 1~rJ1'\.1. 

L'lfG'l~mb[J'ii1.J'lfit~n'\.1.';)::;~ilLLtl1~linlVi'\.1.~'lfil.~"lJtl.J(:.J~n L1rJnl1 Ti1f1.J~"lJ€l.J lfl1.J(:.J~n 

(lattice constant) ~tlnn1Viu~dj'\.1.ilan~1 a, b LLG'l::; c '\.1.tln,;)lnitrJ.J~3J3J~£1'tl~f1~tl.Jnu
'II • 

Ti1f1.J.yjlm.J(:.J~n~.Jtl1::;ntlUctllrJ~3J a. ~ LLG'l:: y L"D'~"lJe:J.JilLLtl1tf.J 6 it ll:::LU'\.1. 

iln1Vi'\.1.~1::;UU"lJ tl.J(:.J~n1UL"D'G'l~Vili.lmL£1'V1;)i.J1t1~ 2.1 '\.1.tlm1ndlmL'iiG'l::;1::;UU(:.J~nrJ.J~
'II 

~lLmli..J"lJtl.J tl::<i1e:J3J~'ii1.Jnmh1,",1::;uu ~~n£1'lm1mLu.Jcie:J rJhi1imu'\.1.tf.JVilJ~ 14 LLUU 

'" d .;y. I "'.. d 1 tl.d . '" ....L1rJm::UU(:.JG'ln'\.1.11 bfl1.J(:.JG'lnU11L1£1' (Bravais lattices) "D'.JLL£1'~" '\.1.1 'Yl 1 L'lf'\.1.L~[.J1n'\.1.
'II 
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LllJU 

i 

1 
1 

I 
1 

• e. 
I 
i 

~-e-~~ 

rr /
iL) 

.Id.. dl.. ~ 
1u'Yl 1 bm.Jc.JflnU11L1~ (Bravais lattices) 'Yl.J 14 LLUU 
'II 

59 



• • 

~1'V1~iJlll'31~';)::ltlm~mnkl'vrfu~1'\.1,i-;iiJ;f'\.1,dfitllll'311~'VI::'Yrnwn,r'U1'ULLrn 4d. , 
~~L~'\.1,1ll'31mi3J~iim1i'1lL1tJ~aL~nmtl'Ul'\.1,tltlfu'Ym~ 4d LL'31n!iil-Jn'U l'1l[Jlll'31n~3Jd

II II , " 

.1 " 1 ,,"" , .J'lJ1::ntlU'1l1[J Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag LL~:: Cd m~~11~~·mn'lltl~1il'31L'V1~1'U• 
iifl113JLL!iln!iil~nwi~LL~'1l~h!illd1~~ 1 [1,2] 

.It'" d, ,~",.J, ~ 
'31111~'Yl 1 m ~~11~ ~·m n, mfl113J'VI 'U1LLu.'U, V'l ~\I\ll'UtJ'1l L'VI'U[Jl'31 tl tl::'31 tl3J LL~::ml~[Jl1V'l'U1i:: 

'lItl.Jlll'31'Yld1'U:n-i'ULLm 4d• 
~1191• Y Zr Nb Mo Tc Ru Rh Pd Ag Cd 

hcp hcp bcc bee hcp hcp ecp ecp ccp hcp 

I 

~11aJ'H"lLm" 10.2 11 .5 12.3 12.4 12.0 10.5 

(103 kg m· 3 
) 

4.48 6.51 8.58 
2 o 6 2 o o 

8.65 

(eV/atom) 
4 .37 6.25 7.57 6.82 6.85 6.74 5.75 3.89 2.95 1.16 

~11aJtll1~"m:~ (A) 3.55 3.18 2.86 2.72 2.70 2.65 2.69 2.75 2.89 2.98 

md1~~ 1 LL~'1l~liLv\'Ull~lWfulll'1l1'ULl{n 4d ii1m,J~fw.j~n 3 'Jl'u.'1l
• 

1J1::mlU!ill tJ1m,J ~fl,J Leln"1ldn'Ue:J ~ LLUU:n'1l~~!il (hcp), ~nUlf'lflLLUUU tl~iL.n'\.4L!ile:Jf. ~ 

(bcc) LL~:: ~n1J1f'1nLLuu:n'1l~~!il (ccp) ,;)::Lv\W-jl111!il'Yl11'\.4:n';'\.41'\.4nfi~dumJ::ii1m,J~fl,J
cu II II It 

(:.J~mLuu:n'1l~~'1l (close-packed structure) ~1 [JW'Uli::l~'VI::~LLojJ~LL1~~.J~~(:.J~1'V11~'VI::• 
'Yll1'Uo'fi-i'Uuniiml3J'VImLLU'\.4~~ l'1ltILL'Ul1U~ml~'VImLLU'\.4'l1 eJ,J1~'VI::L'V\fild,;)lnoUlt111J

~ 

'lI11'l1eJ,J '1l111,J1il!il';)::fl eJtI ") L~3J.ff'UYi ~::UtJ tJ';)'Uii~'Ill~ mn-J LLGh~::fl tJ tI ")~'1l~-J1-"'Ill ~'Yil tI• 
,J .... Q.,.o I Q.; #:S .d d • oJ' .do .d.. 
"1l,J~tl'1lfl~u~nUm'l"l~-J~l'\.4rJ!ilL'VI'\.4tJl (Cohesive energy) 'lItl,J(:.J~m'VI~l'U fltlL:lJtl 

1m-J~fl~ (:.J~ niiV'l~,J~l'U~'1l L'VIittll3Jl m::~-J (:.J~1iml3J'VImUUWlJ tl~ (:.J~niifll ~.Jm3Jll.l 
~ 

!ill tJ Lrl tlYhlT'Hu.lml~ tJl1W'U1i:: LU~ rJ'lI tl-Jl~'1l'llm ~1'VI ill ,;)::V'lU--,i1 iimlm~'~wWlfnUfll 
cv ..s d dI 1 ,d ,dl~ 

, 
d 

'" 
d 01'" ~Q.,.o 

'I"I~~-Jl'\.4tJ'1l L'VI'\.4!:J1"lJ tl,J (:.J ~n '1l tJL3J tJ m'l n3JV'lfl-J-Jl'UrJ~ L'VI'\.4tJ1 ~-J,;)::'Yll 'VIml~ tJ11V'l'U1i:: 
~ 

'lItJ~(:.J~nl'\.41il'31~'\.4i'\.4~~ ~J~'\.41il'31rfJ1'\.4'YllJoUlrJiimL~ ::'lJl1:iJtJ'lJtlJLL[n 4d d';):::iJml3J 

- . d. 
tJ1TYm1i::~Jn111il '31'Yl tJ tJ!il1~n ~1,J 

~ ~. 
~1'V1fu1'Umrn'lJ tJ\I tJ::!il tJ:IJ1'\.4111 '1l LLmd ,;)::V'lUl1"'Ul'\.41'\.4~h~n'1l1tJ'U,r'U'UtJn'lJu\l, 

lll!ill'ULLmdftl'V1fum)fu'YltJ~ 4d LL~:: 5s "'U::ifhiLri1n'U Lrlm~,;)11rn.1LUV'l1::1'UtJtJfu'YltJ~• 
d ;B\I:iJm1L~:IJ.ff'\.4'lJ tJ\lS L~n!il1tl'Ul'U,r'\.4d"'UlnoUltJLl.l'lJl1'lJ tJ \I '31111 \llll '31 tJ tJwmH'ld';)::ii• 
Lfl'lJ orbital quantum number (I) Lri1nu 2 rhli~11J11{l:iJ magnetic quantum number 

l!ilrf\l'VI:IJ'1l 5 fllfitJ -2, -1, 0, 1, 2 ,nn(:.JflLU~tJ'lJtJ\I~~m1'Jl'h~\lL"'UtJfl'\.4mrn'llthHl::'1ltl~ 
Ltl1'1l1L,;)'U Lrlm~,;)11rn.lyj-:' rf-i'Ufi ~'\.41 '\.4~1'U~d=ltll,rtJ\I nu ~ 3J;B\I tl tiL'\.411.ltllft~u.n'Yl1\1 n~:IJ. ~" 

(Spherical harmonic) ~m (e,qJ) LrltJfll , = 2 yj-:'rf-i'UfI~'\.4~ m !iil\1 'J';)::ii~1JLLUU~\ld 
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I 

Y2-2 (fJ ,cp ) _ - (~)2 SIn. 2 fJe-2i,p 
32Jr 

1Y2- ( fJ, cp) = ( ~:Y
1 

sin fJ cos fJe -i,p 

(11 ) 

y;1 (B, cp) = ( ~:rI 

sin Bcos fJe',p 

2
1;0 (B, cp) =C:Jr Y 

I 

(3 cos fJ - 1 ) 


';)::L~'\.l,rh~H'lLUfHJ~dj'\.l,-;jl'\.l,1'\.l,';)1~';)::Y-lU1'\.l, y;0 (fJ, cp) 

.. ... 0 .9 " 0 • m (fJ ) '" '" 1...L'VIfHl,;)~,;)lLu'\.l,<iltJ.J·Yl1nTl113JLLUU Linear superposition "lJtJ.JVl1 1; ,q; tJ'\.l,")LY-ltJ 'VI 

Liy.j~n';wYhu'\.l,fil';)1,1 ~,1,futJtJfU'YltJ~ d ~,1~lm1mii[J'\.l.lirf.J'VI3J<iI 5 tJtJfU'YltJ~fltJ 

I 

d yz = ~i (Y;I - r;-I) =(~~Ysin Bcos fJsin ¢ 

I 

1(I I ) (15 J2 . d.c = .fi 1; +y;- = 4Jr smfJcosfJcos¢ 

(12) 

I ( 2 -2 ) (15 Ji 

I 

. 2d 2 . ' = h Y2 + 1; = - Sin Bcos 2¢ 
x - , ",2 16Jr 

I 

dol =1;°=C:Jr)2(3COS2
fJ-l) 

LrlmlltJtJfu'YltJi.'l L'V\~ldlul1<i1mly.j';):::limly.j LL~<iI~1U':h,1"lJtJ,1 tJtJfU'YltJ~ d rf,1~3J<iI 5 
'IJ 

.... • I .J
LLUU<iI,11u'Yl 2 

'U 
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z 

z 

xy 

d 2 2 x 
x -y 

z 

z 

z 

x 

dxz dyz 

1t1~ 2 1t111~v.J"Jni'U.Yl~'U."lJf)~m)'fu'Y1tliil d J~ 5 LLUU 
" " 

-	 I. Q..> 0,... 0 0,... 0 a..... (/'or:::. 

m1'n~liIltl~1:;'V\11~LLn'U. z nULLn'U. x LLiil:;un'U. y nULLn'U. z liI1:JJiillli1U ~1'V\1UtlmU'Y1f)iil 

d I , ~J~~'iI:;11~ilfJrj1'U.LLn'U. x LLiil:; y LLiil:;fJfJfum:H~ d fl'U.~ 5 fifJ d, ';):;ii;m~ru:;
x -y <u '\J 	 z 

LLliln<iil~ fJ fJn'ttlfi fJ ii~fJ~~ mjU'U.LLn'U. z LLiil:;iil~ LL wm1'U.1:;mu xy fJ rj1il1~ niill~ 
" " 	 " 

Lh'V\'1um1')IiIL1[j~ 5L~nliljfJ'U.hf)fJfu'Y1f)iil<iil~ 6) 11i1[J~J'1.t1,;):;,)IiIL1[j~11i1ULlht'tUIiI1:JJ 

'" 
'V\;nmj 3 ,rfJ~~il. 

1. 	 'V\;nm1nw111'U.L~1~ (Pauli Exclusion Principle) iihml:JJ';h1'U.fJ:;liImJL~tJlntl.';):;ii 

5L~nmfJ'U.~iiLiil"lJmfJtl.i:JJJ~ 4 (n, I, ml' ms) 41rl'U.hJ1wf 

(Aufbau Principle) 
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• • 

mil"b 'jnlillJJ rr"ijlll'il hYt:::'Yljl'U.-n,r'U.U1"'lfU!il~ij1m" ~f1" EiL~mrHmb!i LU'U.LU• 
'illJJYtin"lltJ"tllYlU11 nTnl~H1r.hl~L~nmtl'U."lltl"1l1'i11~Yt:::LLm 4d LL~!iI,,1wm'jl"~ 2• 

AA '" 

LU.J'U.llJJtJLfl n'il1tl'Uo 
'IJ

1m,,~fl" ~L~n'il'jtl'U.1ll1il• 5s 4d 

2 1
Y [Kr] 5s 4d tt t 

2 2 
Zr [Kr] 5s 4d tt t t 

1 4 
Nb [Kr] 5s 4d t t t t t 

1 5 
Mo [Kr] 5s 4d t t t t t t 

2 5 
Tc [Kr] 5s 4d tt t t t t t 

1 7 
Ru [Kr] 5s 4d tt tt t t tt 

1 8
Rh [Kr] 5s 4d t tt tt tt t t 

10 
Pd [Kr]4d tt tt tt tt tt 

1 10 
[Kr] 5s 4dAg t tt tt tt tt tt 

2 10 
Cd [Kr] 5s 4d tt tt tt tt tt tt 

~ln!il1jl"~ 2 '\l:::L~w-.il1.h~'lfu1l11f11mLmd~:::ij~1'U.l'U.~h~nIfl1tl'U.1wff'U. 4d• 
Lvi3Jif'U.~ln'li'luLU"ll'"ni"LL'ii Y ~"ij~L~nIi11Em1wff'U. 4d 1 ~1 ~'U.buf)" Cd ~"ij 
aL~nlfl'jtl'U.L~m.f,,1'U..ff'U. 4d LL~::: 5s 1!i1u1WJ51"LL"m"lltl"LLm1l11i1'iil""I l"li'U. Y, Zr ~:::ij• 
aL~nmtJ'U.l"'U.tlm~ tl~fl"vr'U.ll:::1'U.~l'U.l'U.Utl ULLal~"LviJJif'U.L~rW"l1 'U.1l1Ii1n'ilm"lh"• 

• I I c:iA ~ 

nfll"LLm ~lWYll""ll11"lltl"1fI111"1l1m:::YlU1Tllllf1tlU1" Pd, Ag LLL'!::: Cd ~:::JJm~n'il1tl'U. 

L~3J.ff'U. 4d yf"i'Uo LL'iln'iil"n'U.LL'ii~1'U.l'U.aL~nIi11tl'U.1wff'U. 5s Lrh~'U. 1'i1£JLUYll:::1'Uo Cd ~::: 
ijm1L~JJ aL~ nIfl1e:J'U.~'U.L~ JJ'Yl n.ff'U.~"r'h1iLihttl:::1i1 tlJJ~fi e:JWlll" L~ii U1• 

d A 1~ ~ d A .J.dQ...r .
LJJ tlYl~11rul u'U.1 'U.JJ"ll tl"'j~JJ tl:::1i1 tlJJ'TI"'U.U1JJ~l nm"Yt'U.""ll tl,,'j:::U:::'Yll"1:::'V111" 

ib Lfl~ U~"lltl" ~tl" e:J:::1i1 tl JJ LLfl:::L u'U.u~m rurh ~ £J1-lltl,1T1U1m" ~fl" ~h~ n'il1tl'U."lltl"u'ii~::: 
1l11f111i1um" ~:::YlUilf~ijtl:::1i1 e:JJJ"ll tl"1l1'i11mu:n 4d ~:::ijfilL'!!iI~" "llru:::~LL'!"lltl:::1i1 e:JJJ"ll tl" 

• 

• • 
1l1~HviJJif'U.• n11LviJJif'U.d~:::mlL~nlfl'jtl'U.bUU1'j~e:Jtlfu'YltlL'!.ff'U. 4d• LviJJ.ff'U.~'U.m:::rt" Lrle:J 

f)"1l11i1 Ru f~ijtl:::lflrJJJ~"L~JJLviJJ.ff'U.Liitl"~ln~L~nmtl'U.1'Uo1:::~lmi""1'U.titl U 4d 

~m1()fhu" (shield) aL~nmmt.ff'U.'U.tln~tlti1'Uo'j:::~UYl~~""1'Uo 5s hi' r'h1iLL1"~"'iI'iI 
'IJ 'IJ 
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"lJu\li41LfI~tI~qju~lL~n<il·H)u.ffu 5s G'l<ilG'l\l LtlmJG'l1~'lJUl<ilu:;<iltl:IJh''1qj;fu ,;):;L~ul~il 
HUll,x:lJ'rf(~'lJ tl\l tl:;<il tl:IJd~Lfn'Mrn:;1mtL~[J.JnlHmll,x:IJ'lJtl.Jml:IJ [J1lvrU1i:;LU~tl1U1~<il

• 
"lJU1<ilh'lrui'.JLL~<il.Jlj.j,<il111.J~ 1 l<iltl'lJU1<ilff[~tl:;<iltl3J'lJtl\l1il<il1uHm 4d LL~<il.Ji'\I<ill11\l~ 

~ , 
3 [2] 

1i11il Y Zr Nb Mo Tc Ru Rh Pd Ag• 
ff(~il:;<ila:IJ (A) 1.8 1.55 1.45 1.45 1.35 1.3 1.35 1.4 1.6 

Cd 

1.55 

\llul,)[J;rudl~rhm1fll'j.j,1 rn~1111:1J1rn~h.J"J 'lJEl.JflG'l....~L<il Elf1<iltJ1,nlh<J~niu,ra 
• .,laX "'.... d!'l 0 

ml:IJ~U1HUU'Y1:IJ'V'lU~lU~nn'Y1Cj'M!lmElu<il:IJ (Quantum theory) '1f\lLu'U.m1f11U1rnLLUU 

~altJ tl'U.111f1 ~lVi fu1'U.-il'llEld';):;n fill n\lml3J ~1f1OJ LLG'l:;11 [J G'l:;L~ [J<ilm1vr~U11l:IJ111. ~ 

ii\lnl1lblTI ~~ni'\.nrG'lml:IJVimLL'\.i.'U.1111i'V'lmr.JL1JtJ hl[Jm1fll'U.1rnd~l:1J11nltl111~
'U 

'V'l Lf\l \11 'U.11:IJ'lJ El\l1:;UU~\I in :IJ11mJm El m~i1 [JJJl1'V'l1Jtl\lfl~""l.'IL'ilElf'llU<ilqjl\1 'J1~ 
,;)lnn~f[l~<ilfm uwil:IJ Lrltl~m1ltl:1Jlhi.'Um1LLnll....OJVi11:;UUVi ~1[Jtl'U111f1 ,;):;L1:IJ,;)ln 

~ . 
m1~'ill1rnl~:lJm1"l5l1~\lLllElf~1~.ffunuLl~li'\ld 

H'P(X:I,x2' ..... ,5:N) -= Ef'(.X\,x2' .....'XN) (1) 

Lrltl H ~tl ~h'111Li4'Um1LLOJii~ lmutJ'U. (Hamiltonion) Lm:; \f ~tl L'll'Iil1Jtl\lfllliltlU 

~1tl~m'U.:;L1l1:;'il\l (Eigenstate) 'lJtl\lLLtl'ii~tmu[Jmf'U. E ~El filL1l1:;1l.J (Eigenvalue) ~\I 
Ltl'U~I'Ul'U.'il1\1LL~:;l.'Itl<ilfl~tl\lnUl.'I:lJm11tlLn'U. 'illn~3Jm1 1 ll:;L~'Uil 1'U.~1'U1Jtl\l~~ni''U 

f1~'U.~ml:IJ';uitlu:IJ1n ril1:;uull1:;ntlU~1[JEl'U111f1 N i'l Ldtl~,;)l'H141LU'V'l1:;~~n-iu• 
,d,. 0 , I CV,..~ d .J' 4:t _ ~ ,:;td .d ..... 6"_ d. d 

f1a'U.~1'U."lJ tl\l<il1H~'U\I'V'lU11'W\I n"l5UflG'lU'U.'il:;:lJ1:;Il1U'lJUmlm~1n\l 3 N '1f\l'W\I n"l5'Ufl~U'Y1 

L~m'lltl.JrlUrr\l '111 UVi '\.i.\I LW :;~lh1.'lJ tl,.,5 L~n1il1El'U.1t.n:;uud~l :IJ11ri L oJ1 [JU1~i'\I ~:lJm1 2 

Iflxl ) '1/2Cil) 'I/o\' (.1\) 

IfrC~2) '1/2('~2) 1f/,Ax2 )\fie - -) 1 (2)x\,x1,,, ,,XN = IN! 
N! 

'1/1 (,rN ) V/2(XN ) IfN (xN ) 

64 



l~tJ~ M LL~::: m ~El :lJ1~"lJEl","1LfI~tJ~LL~::::lJlWl.lEl"~L~n~JElU !fi1:lJ~1~U 
R LL~::: r ~El ~lLL'VIti.~"lJEl~,"1LfI~tJ~LL~:::~lLL'1,nt""lJtl"~L~n~JtlU ~l:lJ~l~U 

,:nn~:lJmJrl 3 L'Yltl:lJLLJn~tl W~~"lu';)m.!"lJEl"~L~n~JtlU tl~3J1LUUW~~~T~4imr 
I ~~ A.cI _ - fi' I A~ _4Qr:::: ,.... 

J:::'VI11~ tl L~n~JtlULL~:::U1 Lfl ~ tJ ~ , W~""lUflntJJ:::'VI11" tl L~ n~Jtlunu tl L~ n~JElu, W~""lU 

,;)~,""lJEl"lbLfI~tJ~LL~:::W~""lUl'1nrh:::w-j1~,"1LfI~tJ~nu,"1LfI~tJ~ ~l:lJ~l~U ,;):::L~UL~11 

LLtJij~1'YlLu\'.Ju~1diim1:lJ.uu.nElU:lJ1n rh1'VI'~~l3J1Jn LLri\J"'qJ'VI1l~1~tJ!fi1" u ElfULL~::: 
EltlwLtI'I.4lm:lJtlf (8orn and Oppenheimer) [3] l~L~umLU1~~mJtlJ:::3J1rnLLtJij~1'Yl 

LUtJU~ld 1!fitJ:lJEl"11,"1Lfl~ \'J~'VI tJ~li" Lrlmri tJunu ~b~nmElU rh1~~l3J1JntlJ:::~J1rnl~, 
-h WLf""lWil ~l!"lJ El","l Lfl~ tJ~ii,h LuUflurfLL~:::W ~"~luin rfJ:::'VI11","1 Lfl ~ tJ~Luufilfl".yj

'II 

L1tJnm1t11::::lJl rnd 11 m1t1J::::lJl rn"lJ tl"U El fu-tl ElW LtlULtJL:lJ tlf (80m-Oppenheimer 

approximation) y'h1~LLtJil~l'YlLu\'.Ju~3J1Jn~~Ju~"~:lJmJ 4 
'II 

fI = - h~ L Vf _ L _c 
2 

2, + ~L _e 
2

_ 

2m i"jr;-R1 / 2i,jl'~-/~1 (4)i 

tlVl"LJnm:lJ mJ.yjLLtJil~1'YlLutJu~~1UL'VI~tl 3 L'Yltl:lJ nrJ"L~al:lJTmlb3J1.. 
LLnU"'lli'VIlL~1~ tJ~J" L~tl""ill n L'Yl El:lJ eJumn~tJlJ:::'VI11" ~L~n~1tl'l.4rJ"iimllJ.uU.nEl'l.4tl V 

~ .. 
3J1n Lull 1920 lmr~Lb~:::LyJtlf:iJ (Thomas and Fermi) [4, 5] ~"L~umLul~~~l"ty fitl 

mJ~,;)lJrnlm1lJ'VIUl bL ti.'I.4"lJ tl" ~ L~n~JElULL'YlUmJ~1l1JnnyJ~ rfozrUfl~U1U J:::uu 

~L~n~1tlULLn~ l~tJ~:lJmJw~""lU"lJEl"lmr~LL~:::LyJtlf:iJuJ:::nElU~1tJ 4 L'YlEllJ L'YlEl:lJLL1n 
~ Q.,.o ~d a ~ q,.. ..9 
flm'YlEllJW~""lUll~Wn"L"lJtJU b~LuU 

T[n]= fd 3r ;~ ~(3Jr2t3 n5/ 3 (p) (5) 

LrlEl n(r) fiEl m1lJ'VIUlLLti.U"lJEl"~L~n~JElU 

L'Yl EllJtl!fi3J1fitlWi""lUfln £h:::W:i1" ~ L~ n~JElUnu,"1 Lfl ~ tJ ~ ~13J11n Lii tJu1U 1t1 .. 
"lJEl"mllJVI'I.41LLti. U l<Yi'~"d 

E,,,, [n] =JdJrnV)Vexr(p) (6) 

q\ tJaJl';):::LU'I.4atl'l L'Yl tl lJ:fi" i.<Yi',;)1 n nl1U1:::3J1 rn"lJ El" tJ1'Yl1LL~:::yJ Elffl 1~ tJL 'Yl EllJ UJmuu 

2
I J J 3 n (r) n (F')

"2 d rd r 
I e 

IF _F'I (7) 

LLfI:::L'YlEllJ~~111tJLl1UL'Yltl:lJ"lJtl"WLf""lULL~mtI~tJ'1.4 (Exchange energy) LiitJUi.~LUU, 
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y.J~ni''UUi'l''lJflJf111:IJ'VI'U.lbbU'U"lJ ElJ 5b~nmEl'Um:IJbb'Ul~~"lJElJ t 'YJ3l~bbL'l:::b y.J Elfii 

112 3 , 2/3 5 .' I J 1 e2 n(r)n(r') 
ETF [n] = 2m "5 (3;r-) Jd3

rn /3 (1') +Jd'rn(r) V,m (1') +"2 Jd rd r' IF _F'I 
(9) 

2-fd 3r %(! f3 e n4/3 (f) 

,;):::b~'Ul~11ml:IJ'VI'UlbbU'U"lJElJ5b~n~rm'UiibYitJJ 3 1:::iu.ff'Uml:IJL~1 oi1Jbml~~ 
dinm1nL'l~ml:IJ.nU.nElWlJ El ·n:::UUL'lJL~bU'UEl V1J:lJl n ~lWrU f111:IJ'VI'UlbbU 'UYim1'il1.J 

"lJ flJ1::UU Ly.JElfiil~L1.n~tll1~1 m1(l'VI11~,;)1 nm1'V11 ,h ~1~~"lJ ElJ'I-'H~JJJT"oi1J bU'U'1.um:IJ
• 

biEm'1."ll 
Jd 3rn(r) = N (10) 

rilL~1~tJn11~11J L'llml'U..ijy.J~ni'wuL'l (Lagrange functional) i"d 

L [n] =ETF [ n]+ ACv -Jd 3rn (1')) (11 ) 

A'lA IV 6' :;,:!Io .d .u : _ 

L:lJtl I\., flfl ~lflrnL'llml'U,;) ,;)In'U'U,;)JYll Functional derivative b'V'lEl'VI1'V'lL'lJ"1'U~lH~~J 
~ . 

bb~~J1'U~:lJn11~ 12 

5L[n]=o 
(12)

c5n 
t.JL'I,;)lnm1ril Functional derivative ,;):::bu'Ulum:IJ~:lJm1~ 13 

~: (3'" t n"' (r) + V", (F) +Jd'r' ,~n5;:I-(~re'n" (f) ~,\ (13) 

,;)ln~:lJn11~ 13 ';):::b ~'UL~':hH:lJn11tlvhnULLUU~~ltJ;j'ULLL'I:::dj'U~:lJm1~;j,"mj
'U 'U ~ 

nUfl11:IJVl'U.lLLliU"lJElJ5L~n~nElU tl vlJl1nm:IJuUl~~"lJEl" t Yl~HLLL'I:::b y.J ElfiidrrJflJ LUU'1.U 

htM'lUYllJUDu1i5nrfJ rJJ dj'Un11-W,;)11rn11U1:::UUDd~n~1ElULLnHLrhJu~Jril1irJJ"lJl~ 
i tl:IJL'I"lJ ElJ1:::umn:IJml:IJ LUU';)1J tl tim n u<3i LL'U1 ~~dnuuLuu11mnu1'UYlt] Mn 

'tI cu a :cJ 

y.J~ ni'uUL'lfl11:IJ'VI 'U.lbbU 'Uoi1 Jiin11-W,;)11rnlf111:IJ'VI 'U1 LL U'U"lJ ElJ 5 L~n~1tlULu,"il LbU1 

.d' lit ~a I' A aal ~ .dIV Q.,.o 

'V'lU~lUH1'VI1Un11bbn u ru'VI11:::UU'VI G'll tJ tl'UJllfl UYl'Unl1'V'l ,;)11rnl f~J n"lI''Ufl L'I'U n11 
... v • 

LU~tJ'UbLtJL'I"iti.~L'I~ml:IJV,'jtJln"lJEl,'jU~ru'VIlt'l,'jElVl,'j:lJln Vl~,'j,;)lnJu 1'UU fl.f'!. 1964 tmeJ 
• v 

'ULDfmbL'ldm~''U (Hohenberg and Kohn) [6] L~'V'ltJ1tJl:IJvr~'U.lLLW)~~dt~tJH11" 
.....t '" 11 '" Ylt]M[JU'YJ"lJ'U:IJl 2 "lJtl 1:::ntlmntJ 

1. 'V'l~",nmrn rf"ll tlJ1:::UU';):::b U'U y.J~ ni''UttL'l bb UU'VI iiJ <3i tl'VIiiJ"lJ ElJfl11:IJVlU1LL U 'U 

.. '" tlLL'lmntl'U 

vlnVl~nn11'lJtm1nitrl11iYll1Ul1 L~tl~flJnl1bLnH:lJn11'll't 1~JLvtlfHlm1nrh 
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11 

L-zi\.4llv:::i;11lJ11f1fHvli)~1I V.J1.rqJvn~.J1l.J1.1l1tl rh.J 3Jl n bb~'VI ~mrtl bL 1ndni)L~1~im.!~ 
.d Ad • oCIto ~ d 0 9 ILl d: ~ 'i.I..d .:4 ~II,.; ... 

LnmnU11lnl1'V11fl113J'VI 'U.1LL'U. 'U.1I tl.J mill nCil1v'U.v.J-;)l buWil tl.J'Y'l.J'VI ~n1l vl1i;1v.J"11.JlJ Lvfl113J 

2. 

-;)In'VI ;nnT:rirJ'drh1~L111111Ull b11 ~1lJ11f1Ll.J~tJ\.4filfll11.l'VI l41LL'"\.411 tl.J 


Dd~n'i11tll4V'U. m:::rr.Ji.1l1'Y'l;.J .Jl'U.~1 i;1~ bbill:::filfl111.l'VI'U.l bL '"'U.1I V.J D L ~n'i11mnt\.4L U'U.fil
• 
fl113J'VI\.41 LL '"'U.1I tl.J 1) L~ n'i11tlwYlflnll1tl.J m.il.J 1.1n'i113J 1 melmiJfnuiIl:::1fl~\.4n £J.JLlii>113Jl1f1 

'II 

'VI1W~ni'\.4u~J'U.1'U.1UUUUi'~LLi.J1.III -;)1 nu'U.l~~11 V.J tmelmiJfn LLiIl:::1fl~'U.i>113Jl1{) L~ tJ'U. 
'II 

'Y'l ;.J.Jl'U.113J1I V.J1:::UU1l4 1uw":'ni''U. Uill LLtJ n b U'U.i;1V.J fil'U.l.ll1i.Jll 
'II 

E [ n (/;) ] = Eknown [ n (r) ] + Exe [ n (r) ] (14) 

bU'U.b l1tl3J~i;113J11rl b~tJ'U.i.~1'U.1tILLUlJL~.Jibflll:::~ fi1'U.(:.J~l1nmh.J
'II • 

'U.tlnLVIittlVln,r'U.-;):::111.ltlci1'U.Ll1 v3J Exc 1~tJL11 tl3J Eknown i>113J11f1LWnLiLU'U.~Ll1'U.i.Jd 
'II 

1
£*"0"" [n(r)] = - ;: If d rlf/:V 2lf/, +fd1rVa' (r}rz(r) 

, 

e2 JJ J,n(f)n(r') 
(15) 

+- d 3 rd r +E
2 if - ,;'1 IOn 

1'i1 tJL11 v3J111.J1I11;JJ V L11 v3J LL 1nf1V 'Y'l~.J.Jl'U.-;) iIlt!1I V.J 5L~n'i11tl'U. Lll'U.Ll1 v3J.yji;1v.J~v D'U.'i11 

n'1tJ1fl~ tl3J1h:::'VI11.J ab~n 1iJ1tlW1U'u,1 bfl ~ tJ ~ LL~:::Ll1 v3J~~ll.lf1V D\.41iJ1n'1tJ11:::wh.J 
'II 

Db~nliJ·mmllJDL~nIiJ1tl'U. filml1v3J~~,thtJbu'U. D'U.1iJ1n1tJ1f1~vl.lU1:::'VI11.JibLfI~mnllJ 
• 'II 

ibLfl~ tJ ~ 1'U.fi1'U.1I V.J'Y'l ;.J.Jl'U.Lb~ nL l.J~ tJ'U.-i;1'V1 il.l-w'U.f (Exd LU'U.L11 V3J~i.lii;113J11f1'V\lfil 

liLLlJULLli'U.<i11.J l'U..Jl'U.litJdL~t:mi~nl11.h:::lJ1rnuuu(:.J~Cih.Jrrli.l.J (GGA-Generalized 

Gradient Approximation) [71.J1.J~13J11m~rml'U.1l.J11":lLl.JLii.Jd 
'II 

E~g4[n(r)] = fd}m(r)c,oc (n(r), Vn(?)) (16) 

oJ1'i1tJw":'n'lf'U.,"~.yjL~vnliLuwnuliJ PBE (Perdew, Burke, and Ernzerhof) [4] "11.J 

Exe = EJ( + Ee (17) 

tliJ tJ1'U.fi1'U.1I tl.J'Y'l ~"".J.Jl'U.Lb~ n Ll.J ~ tJ'U.RllJ11f1 L~ tJ'U.lii.Jd 

EgGA[n(f)] = Jd'rn(r)[<III;F (r,,()+H(':o,(,t)] (18) 

Lrltl <mif ~U'Y'li.J.Jl'U.i;1'V1i3JYr'U.f~m)'\~mfl1ltl.J Uniform electron gas bb~::: H(r,,(,t) 

~13J11f1L~ tJ'U.I.Il1LUl4 

(19) 
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25 

I. IVnl 
LiieJ t =-- kF = (37rn P LLi;l::; 

2¢k,n 

2
A =~ [exp {_<lIIi/ /(r¢Je / aO)} -1r (20) 

'hvrru1ua1W'llv.JYli.J.J1Uui;lmtJ~tJufflJJTH1Liirml~1u1tJrr11tJ~.Jd 
~ 

E~GA[n(F)] = fd 3rn(F)<~if (n(F) )!,~ (s) (21 ) 

E;/lni/ = - 3e2k /47r (22)
\ F 

LL~::;~~n';u Fx (s) ~1~11mii[m1~~.J~:JJm1~ 23 

K
Fx (s) =1+ K - 2 (23)

1+ f.Js / K 

o IVnl 
LiieJ s=-- bb~::; f.J=,8(7r 2 /3)=O.21951; K=O.804 

2kF n 

1~tJfilYli.JYli.J.JlltLL~nLtJ~tJ'U.-~Vli~vrltiLLUum1tJ1::;mnmUU~~~1.J'Yl~1LtJ 
"1fil.~ PBE ~lJJ11miitJlt11JJn'U.l~d]'U.~.J~JJn11~ 24 

E~gA[n(F)] ~ fd'rn(f)c:~flif (n(r) )i'xc (r~,.;, s) (24) 

VI;.J-;)lmfltlfl~ltLL~::;"1f1JJ (Kahn and Sham) [54] 1~y'hm1V11fi1~1~~'lmol
• 

~JJm1 24 LL~::;1~~JJn1Tyj~1tJ11.Jfl~ltJnU~JJm1"1fh~.JL-;)eJf L1tJn~JJm1dl1 ~JJm1 
" 

Ifl~'U.-"1f1:JJ (Kahn-Sham equation) 

ffl:JJT'Hl'I.bm1"JJ.J1'U.1~';)1.J1 'U.'Y11.JUDull 

(25) 

';)::;L ~lt11~~m1dLU'U.m1LLntJ~ruVl1"ll eJol1::;UU~ n5L~mneJ'U.L~ tJ1ri eJ £il 'U.l'ln £J£J.J ~~ 
v " 

(Effective potential) ~1l (r) L'YhJ'U. 1~tJL'YleJ:JJl'ln£J£J.J~L'ldtJ1::;neJu~1tJL'YleJ:JJ~.Jll~~.J1'U. 

~:JJm126 

~jJ ( f ) = V,w ( i' ) + VH (f) + Vxc (F ) (26) 

~ ~ Q..J 6"d A ,::::., ~ A ~ I 

L'YleJJJlL1nrnol"ll11 :JJv"ll eJol~:JJ n11 26 fl eJ f'ln tJ'YlLn~,;)l nlt1 Lfl ~ tJ ~LL~::; tlLGln~1eJ'U. ~1'U.L 'Yl eJJJ 

~~eJ.J II'Yl'U.l'ln £J1::;Vll1.J 5l~nlfmmLLGl::; 5 L ~ n<i11eJltLLi;l::;L'Yl eJJJ ~~1'11tJ n nil.tJ1 JJ LU'U.L'Yl vJJ"ll vol. " 
.1.,1 ~ ~ os' d ~ 1 os' 

m1LLfl m u Gl tJ'U.-~VI ~JJYl'U.ll (Exchange-Correlation) LJJ vYl,;)11rn1~JJm1 flVl U-"1f1JJ ';)::; 

YlUl1lJI13.i~lm1n LLn~JJm11~ LllTIrr11tJl~ LdeJ.J,;)lnLLf'lii~1'YlL i1.tm1lt~JJm11Y1~'U.-"1f1JJ 
;J'U.eJ £inUfl11 JJVI U1 LlUIt"ll eJ.J 5 L~n<i11vlt bb~::;fl11:JJVI'U.1 LL U'U."llV.J 5 L~n<i11eJuf)oJr'U.nu~~n';lt

" 
d Vi " ••1 os' ~ d .. ·.9 '" '" AI'" .• 1..... '" .,I

fl~," LL~::;m1';J::; L~Y't.Jn"1fltfl~ltm1Lult';J::;<i1eJol1LLf'lJJ~ 'YlLlttJlt"lleJ.Jl::;uuneJlt 'Yl1 Vl11l'Yl 
" " ...

LVlm::;~:JJth~'1fim11lLn~:JJn11it ~eJl1hoh6J11 (Iterative) l~LllIfmwu~fleJwn~LL<i1lt~~~ 
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(Self-consistent field) ~1'V11U"lJ~U~ElunT'mn~:lJm11mKu-"1l'l:IJ L1:IJ~lnm1m::~ltJ 
y.J~n,rUfl~U fIJ; (r) 1~El~1u~u basis function i.J~:lJm1 27 

fIJi (r) =2>:'IIX11 (f) (27) 

" A ( _ ) '" d '" .9 • ..... I ~ ~..
L:lJtl XJ.I r fltl L<Jf~~lU (basis set) 'YH~Elnu~~ cijJ lUuma-:lJlJ1::~'Ylll"lJEl.J~lU (basis) 

tfU6"I 1~tJYhL1:IJ~U"lJtl.J"1 c L'VI~lddl~~lnm1ff:IJ~'H~"lJ.ffU1J1 mh~.Jlb1J1fhu1rn'VI1J I}J '1 

; 

~lntfu~.J1l1~lw~1~nl'V1U~l-flu ~fl.J El.J~u1~n ElU"lJ tl.J L3.J'Yl1n.n F <B.JUtJ1:IJ1~tJ 
D pv 

F ".~Jd'r.< U{-;~ V' +V., (r)+J d'r'I~~~:I) +V~ (r)} (1') (29) 

u~::trn.J Overlap matrix SJ.lI' ~ln~:lJm1 

5jJv =fd3rX: (r)Xv (r) (30) 

,nmfU~.JLLn~:lJm1u""!!J'VI1"lL1l1~1l.Jtf11u (Generalized eigen value problem) 

(31 ) 

(32) 

'VIi.J1l1nm1LLna-:IJ n11U....!!J'VI1"lL1l1~1l.Jtf11u LLGf1~::1~L<Jf~fll~tlU"lJ tl.J {C } L-ritli 

111ltJa-fl.Jy.J-:'niufl~uI1l11'VI6-il~1l1n~:lJm1 27 LLGf1~.JihnT'~11:IJy.J-:'n,rUfl~ltrf.J'VI:IJ~ 
L-ritl1'V11~"1f111:IJ'VIttlUtiU"lJEJ.J ElL~n~1Ellt1'VI6-i1l1na-:lJm1 28 'VIi.J"\J1ntflt~'lLtJ1tJtJbYitJU 

fl11:IJ'VIltlLLtiu~iL~n~1tlU1'VI6-inUfl11:IJ'VIttlLLtiltEl L~ n!Q1dEJUL~:IJ I11fl11:IJ'VIltlLLtiltii~116-i 

Iiil.J~lnL~:IJ "1f111:lJ'l.mlLLtimfm)~LiJu"1fl11:IJ'VIU1LLtiU"lJtl.J~lL~n~1tlU~Hrnu::~u <B.J 

MiEJfl11:IJ'VI ttl LL tiUYi LL rl~1.J"lJ tl.J 5L~n ~1tlU LLLf1~.J1l1ml:IJ'VIU1LLtiUtfUhM1W) rn'VIl 

~i.J.J1U11:IJ1v.~rnu::~u"lJ tl.J1~UU1l1n~:lJm1~ 25 LLIii'VIlnml:IJ'V\ulLL tiU"lJtl.J ElL~n~1El'\.l. 
rf.J ~El.Jliil.J nlt ~El.J iim1u1uu1.J"lml:IJ'VIUlLLti'\.I.El L~ n!Ql1EluLLLf1~,'I1l11u a-fl,'1Yln rfrJ.Jt:-J~, 
L-rim-lllffm::U1ltn11rh.J'11ii Ellu1lU wh"lml:IJ'VIU 1 LL tiU"lJ El,'l ~L~n~1ElU~ L-llln.J"l~ 

~ ~ 

nl'V1U~l)' m::u'mm1ril.J'lLiudL1tJwhl1h'l51.'lfl ElWn~LL!Qlwv:l1.'l~ 
LL~uln~1~i.J1tJ~ 3 

'IJ 
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n~::~l[J basis function 

!pj (r) = l:>i/l%JI (r) 
JI 

~fl"~ntirr"r..I~ 

2 2 (-')
II 2 -) f 3 ,e n r (-)

--"V +Vexi (r + d r -1_' +Vxc_I r
2m r-r 

nn~um~L~l::~" 

F'Ci =SBA 

~lmluwulutiuhuj n'(r) 


n(F) = n'(r)? 

ffl'VifU,'IIUlitl.:ffud'"1f~f11i,'l~h1um1f11U1rn.~f1 CAmbridge Serial Total, 
.4. 0 1.... ,,1.9 ..

Energy Package (CASTEP) [10) '11.Jmm1f11Ulrn.1::UU u~n'Mrn.::'YlLuUmULLs:I::)Jm1 

1 "'..1 ....... d .9 d .4 .9 .,., '" 
"1ff'j.Jn"1fUfI~ULuUfls:lU1::UIU (plane wave) '11,'1Lu'U bulin)J'YlC)'M!)U'Yl']W.JUs:lflfI (Bloch's 

theorem) ~.J~)JmJ 

CPr. (P) =Uk (r) exp[ikF] 

={~ Cc eXP[iG.r]} exp[ikF] (33) 

= ICC+fexp[i(G+k).r] 
c 

d - '" ... '" LlJfI k flfI nnLCilfl1f1s:1'U(wave vector) 

G ~f1 L1nLCilaf'IJfI,'ILLs:lCilr1'11ffl'Umfu(Reciprocal lattice vector) ittl1)JtCilti 

G=m,b, +m2 +~bJ tCiltlf11 mj Lu'Ui1Ls:I'IJ LLs:I:: bj LU'UL1mCilflf[m.Jc.l~nl'Uu11Jiib2 

ffl'Umfu~.J3jml)J~iJ'V'ruJfnu L 1 nLCil e:rflm.J~~n 1 mJ1flii~1.Ji.Jd' 
'U 

b, = 2Tr x a) ,b2 = 2Tr a[ x a, ) ,b3 =2Tr ( x a2 
) (34)? 

a,' a2 x a3 ) a2 • a3 x a, a3 · a, x a2 

~ln~lJm1 45 'V'lUllm1~~::f11U1rn.c.ls:lbUGW bb3Jb'WtI.Juf11'U k point f11L~t11<llfl.J 
r'i1m111lJf11 G ~Lu'U'lu'l~1'U~1'U1u'll-i~ln~ ~.J1'Um.JuliullbbGflLU'ULtl1l-iL~ LL~,;)ln 
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11.hLUU"lJEh'l~:lJnTHHH\l.~ tJit'1111iL11L~'U'h t:.l~ L\l.~mb~~h'll 'U1tJ~~'U1:;UlU~.:JLVI:iju'UnU
" " 
1l1.mrn"lJu.:Jm1bbn1l.\~:lJnl1"ll't1~.:J b'IJ Elf 1 'Umrn"lJ U.:J i)lU11~ a~1:;<i1.:J t:.l ~m~ [Ji) tillL'a.l"lJEl.:J , " " 

to 2 , 

E = ~lm lei +kl- (35) 

Lrl u~'lJ11rnl'h t:.l ~ L\l.~ tJri:rl~ ;.:J.:Jl'U~1'IJ::::rlfl11:IJ~:IJl1'J1'Um.:J~ ~mf:lJlnn11t:.l~ 
.J ... 

L\l.~[J'Yl~~.:J.:Jl'U~.:J
" 

oCt d.::i \V '"' ~ j I 

b~ [J.:J ~m L\l.~ 1'J'Yl:IJ~ ~.:J.:Jl'U'IJ~Wm n11m 

E elll =£(/ (36)2m CI/I 

nl1TI:lJLLUuhhhn(j]l'!'1 u:IJ ~"nn~(j]11..l LUll. 
'U .. 

If/ji(P) = ~ CG+ k exp[i(G+k).f] (37) 
IO+ki<Gw , 

l~l[Jfil Ecut ribL~(j].:J-Jl"~'U~u Yllci') u1..l1ri ~l~q)ci')wd.:J1'Unl1fhw) rnt(j][Jl1iy,J~n,r'Uti'~ 
fI11:IJ~lL1LLt.l.l.\ <i1.:JL1[Jn11 ~;.:J.:Jl'U~'Yli)i)yJ.;J (cutoff energy) ri'IJ:::uumh'U')m-l~n,rl.\ 
~~'U.yjh1l1.m1fh'U') rn 

'V 

lLun'IJlnil.~u11 l'Unl1LLn~:lJnl1t~~'U-"ll'l:IJ aL~nmu'UluU1L1rnlmfibLfI~[J~ 

.. 
~ v oat ~ Q..o d .J ~ <V 

"lJtJ.:JtJ:::'i1 u:IJ,)l L U'U~tJ.:J1iyJ~ ni'Ufi ~'Uri :rlfl11:IJ~~.:J 6]j.:J m1'IJ:;~11.:J n.:J n"ll''UfI~U'Yl:IJG'l m~rn:; 

~.:Jmil'),jl LU'U~U.:J1ifilY-1;.:J"lll.~'Y1 i) i)yJ.;J ~":IJln ~nJ.:Ju1L ') m€ib~n'i11flU,).:JlmTn1.liii 
" 

fI11:IJL~ £.J1-Ji).:Jnu nl1L n(j]1..l Bn11'J1 L~ ii bL~:;~lJU'1i'Yll"~ ;mf"lJ u.:J-)~~ ~.:JiinTH~'UmLu ') ~ (j] 

"lJfl.:JinrfLYi[J:IJ (pseudopotential) .ffmu'U~.f.:JLnnlwu fI .f'I.1959 1(j][Jnl1bb'Yl'UyJ~n,ru 
fI~U'IJ~.:J~,) [JyJ~ n,rufl~'ULYi [J:IJ (pseudo-wavefunction) LLG'l::: LL 'Yluin rfu.:J t:.l~ih tlin rfbYi [J:IJ 

L~m~'i1f111:IJr.i.:J I'J1n1'Unl1f11'U') rn€h~n'i1'Hm1'UU1b') mit' ;m~m:;"lJ fl"imJb Yitl:IJbb~(j].:Jci.:J, 
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• • 

r 

1U~ 4 yJ-:'n';u.fl~u."lJ V.J ~ L~n<il1tl'\.mncirm~::in tf~ dl<il~lnib Lfl ~ tJ ~n1J ~ L~n<irHJ'u, (Llt'U.U1:::) 
~ . 

eo I I .... ...1 6' Q.,.;o d.d cv ... ~ "" A.d ,d ...9.d 
';)::r:lnu1:::lJ1rnfl1<i11tJn.Jn"Jju.fl~mYltJ3JLL~:::f1ntJL'YltJ3J (L~U.Yl1J) Yl1:::tJ:: r < rc 'lf.JLul41::U::Yl 

'1/ 

Yi~11rnl"h€)L~n<il1tlu.~1::tJ:::~.Jn~11rlTV\lhYhu'U~L~n<il1tl'\.l.LLnU. (core electron) 

\ I 
... "lV / 

, /. ' \!-........!. , 
r" 

I 

I , 
I 

, , 

.' . 

, 

r / 

fil'U1 rn~1 tJliL'lf~f1w'fi~LL<iI'UV1 ~~£l.J ~13JTHllb:lJ11ithwr1Jm1'V11fillLL'VI'U..J~L'VIm::~3J 
.yf~<iI"1Jtl.Jm1i<il11.Jtl::<iltl3J -H.JLU'U~lLL'VIU.J~iil'l~.J.JI'U113J~1 ~<iI ~v ~lLL'VIU.J.yfLL1.J 

m:::'Yh~ tl v:::<iI tl3J LL~~::cirlL"JJl1n ~f1'Utf L~ml nil.tJ13J"lJ tl.J bb 1.J-H.JL'U tJ'Ul~m3J ~3J n11.yf 38 
'1/ 

(38) 

1<i1tJ tllitJ'Ylrl'r}fl"lJtl.J Le'l~3Jl'U-YhtJLL3J'U (Hellmann-Feynman theorem) ~1:lJ11t:l 

fiTu,1rnbb1.J.yfm::'Yh~tltl::<iltl3Jci1.yf i hlci.J~JJm1~ 39 

f:t(r,R)=-~V'2+V (r)+V (r,R)+V" c(r)+V . (R) (40)2 r e - e lon-e A. IOn-Ion 
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• • 

I Ad. ~ .d.J' _ 0 • .R.::t _ r:; do ". A ~ 
tn L"L'I rHU1'I1ttttl'I"lJttn1J~n LL 'VItt']"lJD,]tt1tflfl £.11.1' IilJttttn1"']1'I m:::1'I11il em1 L"L'I £.Ii.1'''lJ D'] LLIilL'l::: 

D:::IilD3J~,]~htt1rni.~~lnGnJm1" 

(41 ) 

nl1"'VI11m']1.1'11']r1fl ci1tti.1'1l11:::tl3Jlili,nftt~fl m1"'VIlvlil~ltllil"lJ fl']YHf']']ltt1"13J oJ1J 
'\J q ~ q 

1iHflb3Jlh1ttm1"'VI1~1il~1 tllild:n fl rj~1 £.I n'\.l,'VI ~1 tJlli 11il tJl1h'VI ~litv:::fll~tJ,yfl3JL'lvlnLm 
q , cu 'lI 

1L~ tJ'\.l,"lJ fl']~ i']']lttL~D1"lf1ttm1"titt'VI1~1'V1 11Jvlil~1 tllil"lJ fl']~ iJJltt ~l'V\'r1J']ltt1,)tJ.:Ettit 

i.~L~flnlli"lJflJu1"D tlLliltt-L vJfll'Ib "lfflf-1n~~vJlflil-"lfl1tt (BFGS, Broyden-Fletcher

Goldfard-Shanno) [11] mr'hm1"f11WJ rn 

m1~mnnT'Hi11']~'\.l,11:; n'\.l,1":;'VI'1l-l D:::1il tl3Jlil13Jl'I '1 ~~DDful'l El fI L-n']13J LL'I~~:n 

ml3J-;ilLUttIiiDm1"til3Jl flTI1Jl£.HL '\.1.11 tX3J"lJD']1.1'3J1J'1iliil'] ")~~ltt1 rnl~vln"i~llilt:rf ltt 

.ffttc;i'\.l,d'L~3JvlnnTn~vT.)rnl1":;1JU13J L~ n fI"lJ D'] i.el11il1"L~ttoJ1,] tll1JT'Hlli'VI L'I"'nn11LLtl1~tt• 
(Variational Principle) 3JTyhm1Llfhrru'VI1., 

z 
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EL 

~'11.f11l' u.1~(m ~~t'~Itl.rl LLJ'I1.tI'f U.LI'f L'!;tt:.~" ~~urmLH.LI'fL~ t' ~~t'lR~~~11 ~~,t:.Ut'Lpr\.::!. 

LI1~!J!.[€)'I1.~::~" 'I1..y ~~LI1~!J!.[€)tI.~~ft~'I1.~!.[€)U~' gL~~!J::~nu\.fufl.'v'IH.LU f¥II\.L~ .. ... 
~ °31117 Il.j-~I °31117 IZ:!I °31117 , U,tz ,~, °31117 I wz (lP) ---+----+-----~-·------~--=H 
T zZ /) I ld Z /' < liJ Z ( d lIJ L v 

nt'...~~l'I1. I1 !roHH.LI'fL~n.n.::tt'~rr.'I1.I11l,u.I~a"I1[€)1
.. 

. ~ 

'I1.~H.[€)I,Lgl~U~mln.n.::t S ~fl.t 

o 

x 

N 
!.. 

a 0 

z 

LlI\.mJ,V"f.LUL[A,LI'f (aldpuPd leUO!lepe/\) 

'I1.~f.fl."f.LUU~1I\.,!1-tlltLI'fL~ t'~tI.~'f.~l,Lglt'~ 11.~ 
b 

u~,I'fln.n.:::f.L'tUf.L~~tLUUL~I'f~'11''I1.~'I1.l 

'I1.t }~[€)'~~~UL~~1'tUt:.'I1.L~~6 t'L~~n.I'f~t'~I1.I'fXtIt:.'I1."f1Ln.g~LI'fL'!;t!.LU~~tl.a'L~I'fLW 

~~U~,I'flt'a-' ~~u.G}~~gRlml'f L[€) I'f ~[€):::~t'L~It\.:::t'I1.y :::.['I'~..M.t'Lk~tLULRU~!.LU 

(,{Joa41.Iel!qJO Jeln~alow) ~lH!1l'flL'~mGu.(!}(H!gfilHA. 

'tU t:.'I1L~tLUL[A,LI'f [~~l (OUUE?4s-pJeJPlo8 

-Ja4:>laH-uap!..OJ8 'S8:18) 'I1ILJt.-[€)tLM l[)~UI-wJt.'U.~M1-'I1[€)1f1 ~!.n.t'~Mt:.U~~ll[)' ~ 1·....9 )j I·" p,=" Ii;:" ~ lA 
• b 

'11'I1JT.11 ~tt1.Lt'I1!.It\.L~ 'I1LI,'I,'~ M.I,'~ 11.~k:'l L~~~n.-fIt\.L~ LIt\.'I1~!.LU'l11i"t~~1'I1LI,'t'...~MI,'~rr.'I1.11 ~,!. .f':' ..... '" ..." I) 

n. n. ., b 

U"UL~~rt~,tT-11»L~:::~11'L~II\.1,%11 ~I ;'!~11 Ullt\.'I1.y 11 t:.~~ ~~11'l[)~ L~~~LIt\.f.LU'I11i"tLI'fL'!;t~;'!~ 
b b b n. 

t'~ I'ft!.t1.Lt't'~M.t'~I1.~~L~l[)~LII\.!.LU ~~'I1p~~I'fk:'l:::t:.LLJk:'l'l1tfl~~I,'Lkk:'lI,'WILIt\.!.LU 

(~p) ((~)AIJ~)-=d 

tLUI'f~UL~~1'tUt'l1L~I,'~I'f~[€):::~ 

:::~[€)1' t'~ rr.~I1~~'t'l1~l[)LU:::WU.t'f.l1'11'I1t'~ k:'l11 ~~1t 'I1t'G 11.1,''1111\.'1 Ll[)I1UtI. I1.U '11'I1LU'~rl ~~'t'l1 I f=' _, D F' ~ ~ F::? "'" I 0 "'"110 ,f"F" ::: I F=' ~ 

n.U~rlt:!~, l'l1.:::t:!"~rlt:!~, l 'I1n.UtI.~!'l[)U ~'QI,'Lllt\.::W U ~'I1LI,'t'~ M.I,'~ l1.'I1.t~ t'11 M.mLtn.M.::~ "" F=' "'" ~ "='..." ~ t:I. ,.J..,..." I P ~ I 

http:LIt\.!.LU
http:I'ft!.t1.Lt't'~M.t'~I1.~~L~l[)~LII\.!.LU
http:MI,'~rr.'I1.11
http:M.t'Lk~tLULRU~!.LU
http:fl.'v'IH.LU


48 

1'D'1l4m1~1'v.1 ru~.J ~1 :JJl1rll-iirml~1l41U ~L'l11:lJ"lJ tl.J lle1~tYll\4£.Jl4"lJ tlJ ~l~n~1tll4l~U1 ~tJ.J ... 
~1.yj'3i~al4mn~r.n~ tJnW;J~:lJm1~ 43 

ir/~( = h(~ )+ h((2 ) (43) 

h1 2 2 ~ , e Z e Z _ (44) 
h(P) = - 2m 'l- - 4Jf&. r ~I- 4,,", I, + ~I 

L1l~:JJl1rl'l'l1~L'llU11l£.J"lJtlJ1:;UUt~£.Jm1lln~:lJm1'D'h~.JL';)tlflltl.J h(P) ,;)lmnm11~ 45 

hlP{f)=elP(r) (45) 

m1v:;LLn~:lJm1d~1:lJT.mrh'~1~ tJ1"15'1'1 ;nm1LLU1~l4 t~ tJm1~fl.Jy.J-:'n';l4fl ~l4,;)lnm1 

n1::,;)ltl basis function ~"'J~:lJm1 

(46) 
p 

·~nmfl4~.J'Yhm1'1'11 overlap matrix llL'l::: core Hamiltonian matrix ,nn~:lJnl"l.yj 47 LLL'l::: 

Spv = fdJrX: (r)xv (r) (47) 

hpo' = fd3rX:' (r)h(r)Xv (r) (48) 

Li1tJ.J,;)lm:::uu~m1 :lJ~:lJ:JJl~·H).Jfiu1::n tlUUlJ~1"lJ elJ L:lJYl~n.n~.J ~fl1.J1 nl4 ~l:lJTW 

lii£.Jl4l:lJYl1n.nrf.J~el.Jl~1l.nu ... 

S = [SII S12 ) UL'l::: h =[hi I h12) 
SI2 SII hl2 hll 

Lrltlhll:lJYl1n.nYl~J~el.J lLtr1~Jl.'b:JJl ml~:lJ m1U"''l!'I'll fl1 L ';)1::';)Jtf1'U (Generalized 

eigenvalue problem) 

he, = Si/; (49) 

~ ;.J.J1l4~f11U1 ms S n:JJll~~S~ ;.J.J1U~Ln~'oij1n m1~:lJ:lJ~y.J-:'n';l4fl ~u1W~l Sl4
• 

LL''m ~;.J.J1Ud~.Jl~l,;~ ;J.J1l.trl ll'I1'oij1.J"lJf).J 1::UU ftl'1'1-ru1::uui.e11~1L,;)Uel::~tl:lJd',;):::~l 
:lJ'l1f11U1 ru ~;JJ1Uf) f) n:lJ'll~~tlJfll~;)d 
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5L 

n. 
L ~f1tL'JI.'~Mll~UJl. 

h 

I.'(H:jI.'~U.I!!@U.G}@@ n.1-I.1.L~'I1.~lt~l~l.I!!UI!!1N:l'11. t'I1.@tlf)U~'gI1M::::~~'I1.[}l::::~L'!1.rtLl~L~fJ~l 
~l.'t1.-Y::::.ll'l1......MI.'L,!-MUtLrtLk:! ftl.::::~rt @If)::::@ L~rtLl~fJLrtl.1.~ L~UL~~'I1.LI.'I.'.....1!! ML~~::::.ll'l1......MfJ LI!!Lk! 

I1m1'l1.~~'I1.loY:ttLll'l1.-yn......l!!uI.'Lu.'t1.t ~l.::::.ll'l1......Mlf)~' l1tLrtU'l rt@ If)::::@ L~n.U.U.JI.tLk!::::~L~U 
L~~'I1.LI.'I.'!M~::::.ll'l1......M.I.'L,!-k:!n.1111'11.~~'I1.loY:ttULI.1. '11. ULlU L~L~rt::::~::::.ll'I1.MfJ LI!! LU.111111@tl.1. ""b' i I J::::' ..." 0 Jr:1 

::::.ll'l1.",MI.'L,!-k:! 111111'11.~ Ln~.g.y lJ'1.' Q 1t,'I1.[}1~'I1.LI.' I.'~ ML~L~L'lUtL~~1,Q ~lL~U I.'Qk:! I.'~u.~l.'IU l'l1.L~ 
n. n. 

U.'t1.LI.'I.'I!!ML~I1UfJ Q'I1.lt,rt' Qtl.1.~' ::::.ll'l1.MI.'Ltk:! l1tLrtLk:!::::~rt Q~::::Q LlI1LtU.::::~U.tLU fJ'I1.~I1ULU.l F ~ I..." I ,f't IA lP t1I lA ..-0 ;'b I f::7,9...." 

n. 
I.'Qk:! I.'",u. '11.~lt~l~l.rt Q~::::Q I.'L~I.1.::::tfl Q'I1.Qt~ U~1g I1M::::~~k:! LU Q1L~I.'lf)k:!ll~l.'I1.~~'I1.loy I.'tAn.M 

" . ,'''''' 
m.LrtLMftl.::::~I.'Qk:!I.'~U.'t1.~ltlf)l~l.rtQ ~::::Q I.'L~I.1.::::tL'LI!!U I.'~'IU l1~I1UL~I.'Q'P1 (IB1!qJO 5U!puoq 

-!lUB) ::::.ll'l1......MfJLI!!Lk!n.mlI!!Qu.G}QQL~UfJ~l::::~ lcb n.~I.'Q~~lf)Qk:!::::tf1'11.111'l1.[}11.'~k:!11~'I1.~~ 
n. 

'I1.loy:tt'l1.l~ ~l.~~l::::.ll'l1......M.I.'L,!-~tLU~~ll1tLrtLk:!JI.tLk!I.'Qk:!I.'~U.'I1.~lt~l~l.rtQlf)::::QI.'L~I.1.::::tflQ 

'I1.Qtlf)Ul!!mUQrtl.1.rt~UrtUL~I.'Q'I1.1 (IB1!qJO 5u!puoq) ::::.ll'l1.M.I.'Uk:!l1l11mQu,I1WQLl'l1.::::'lUHUI!! ~ .., I J::7 P 'T> ;'t, "',9' X" ...." 

'I1.~~'I1.loy:ttUfJ~l lcb UL~Lrt~'I1.~~'I1.1Ly:ttI.'~l.'l§Jmm~'I1.111tAUU 9 ~f1£:UL~ 

n. 
::::.lltlMfJ LI!! LU.n. 1111'11. I!! ~'I1.Jl.U I.'tA::::l!!l1::::.ll'l1.MI.'Ltk:! 11 1111'11. I!! ~'I1..u.U I.'tA 9 U.f1t 

'"tI 0 p""'.9 ...." rtI "'" f' rtI.,.9..." P 

lellqJO 5ulpuoq-lluV 

~, 
/ H-" 

...... • z ...... ~ 
~ 

ldJ" /
V 

lellqJO 5ulpuog 

l l 
-+ 
~ ~ 

z 

~ 
n. 

9 ~f1tL'J>tALW~l.::::~tALWI§JLlLrtI.'Qk:!I.'~u''I1.~~~}':tt 

L'!.1.Q~mJ>L~rtL~ lcb ::::1!!11 lcb 'I1.~~'I1.loy:ttI.'QIt, UOI1BZ!lBWJOU L~Q~ IN ::::~m IN Q~l 
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1\ 
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I ..... 
...... I

"' 'v / 

,nml..lYl 7 v::;L~,"'l~11LOtlVnltlm~~v::;'VnJ~h~nm-el'\.1,-:l::;'V\11"tl::;~m'/l~l~'Hll" 
'IJ 

J,,~tl" 1,"mrn~LU'"tltlfu'YltlmLUU~fl"~,"Ii::;v::;~Ultlm~Ylll::;mh~n~-:lmH)£h::;'V\')l"
'IJ 

f)::;'iltl)Jl~hmll"J"~f)"1,"im~rn::;nl-:l1'l5'1)b~nlimm11:IJr1," ~"w):IJ1-:lrl~m1)JvJ~ni" 
A .r .9 ...... 1 1 '1 '" • d ~ •.1 ...... A .J.9 0 

f1Cl,"LLUUmu,"nl-:l~-:ll\1~,"Ii::; '" :lJbt:ln1;'l blil bb'ilL:lJfl~1l1-:lrn1Y'1 ·m'l5,"flCl,"'YlLu"LLUU'Yl1Cl1[J. , 
~,"Ii::;ll::;b~'"11hJ mfln1 ~Ylll::;:iJvJ~ n-n'Ufl ~'U 'Yl::;1;'Il1.J ~tl::;1i1 fl:IJ"JJ1" L~ [J\Ii.~LCl [J ~"w):lJ1-:lrl

, 'IJ 

~m1)JvJ~n-n'Ufl~'UbLUudLU'UnlTn1Cl1 [J~'U Ii:::1'UlmCl nCll~, 
LOtlf.i1l1-:lrn11,"~lWlJf)"~Cl"'''''l'U Lbe.mm~~i""1,"'lJf)"n1-:l~f1"~WIi::;1'UlmClnt:l, 

1s 1s 

cp,energy 
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L3JEIEJ::Ci1EJ:1J 2 f)::~H.lJJL'JJ11mfn\r;)::y'h1,rLn<?1 nl':l':lumu.z1~nULLGl::nurh1,r':l::iu 

'rl i~~lW'lJ f)~ f)::Ci1 EJ:I,J'J~ ~f)~ £i nTH~f)U~lUVlli.~lu-:Uln L~:JJ 1::iU'rli~~lU~Ln<?1.ffu1mJd 

L~[mil f)f)fU'YleJLH -n~t:JJL~n~ .z1~nl1Ln<?1~Ull::1::Vlil~ f)::<?1f)m::LUUnl1h1iL~nCi11f)U
• 

Liif)~-:Ulnii'rl i~~lU~lnil U~:: nl1L~:JJ ~ L~nCi11f)Ud~f) ~ Luu,lum:JJVI in nl':ln<?1rlW'lJ f)~ L'rll 

~ Lrl f) ~h~nCi11f)U1 Uf) f)fu'Yl f) ~ bbUU ~1l~~Ull::L~:JJ utfJ ~ L~ n<?11f)Uc;l~ f) lu~~-:U::L'JJl1.U 

mf)umf)~1uf)f)fu'Ylf)~LLUU'Yh~lrJ~mf:: t<?1rJi<?1~lWlJf)~nl1mf)Umf)~f)f)fu'Yl€l~LLUU 

y'h~l rJ~ull::d£i~~'Yh1,rml:JJL~i1m'lJ€l~~Ull::~<?1 ~~ 

r'VHil1"L"1fU~~ (polarizability) 

Lrl f)yhnl1fhu1 rnfil'rl i~~lU~<?1 L VlrtfJl'lJ €l ~f1 i~L<?1 €lftU1m~~f1~ LLUU ~l~ G)Utfl 

Vll n'rlUil'rl i~~lU~<?1 LwctrJl ~ tl tl::Ci1 tl:JJ'lJ f)~tm~ ~1l ~£i fi11ntfL~ fJ ~rlU-:U::~l :JJl1t1 LLrJn LLr.J:: 

ml:JJ LLCi1mh~'lJ€l~f1 i~LCi1 €lfL VI ~lJU1<?11<?1 fJYi-:U11rnlml:JJ a-l:JJl1t11 Unl1W1 tlU~Uf)~~ €l 

~ul:JJlw~lVl~tlfill'rl~l1.1L'nU~~'lJ tl~f1i~LCi1 tlfJu 6) 

t 'rlGll1.1L'nfJ~~ ~ tl U1:JJl ru~u~u tlnii~ml:JJ~l:JJl1n~,;)::Ln<?1nl11'rl~111i'lJf)~ 
~11Lrl€l~~11JUf)[jh~Ul:JJlw~1 ~lVlfU~111<?1~b~n<?11n (dielectric) ~L~nmf)uhj

'II 

~1:JJl1rl LfI~€lU~1U€l::W1 €l :JJl~f)[h~ ~ ~1:: rl'l'lh::-:u~u m::-:Ul fJ mh~~:JJ :JJl<?111€lU GJib LfI~ r.J~• 
d. l · "'. 1 ~ "''II '1 '1 ...9 .. • d •
'Ylu1::n€lU<?11rJu1::-:UUln €l::W1€l:JJ'lJtl~~11U-:U:::JJ b<?1 b'rlGl b:JJ L:lJUW1 LuU,lUrJ U~H:JJ€lf)::Ci1f):JJf)fJ

• 'II 'II 

1u~m:JJlw~l ~ul:JJlwl~h-:u::~initlLfI~fJ~luhtif'l'Yll~L~ fJlnu~m:JJ LL~::~~ EiL~nCi11Em 
1Utif'l'Yll~Ci11~aiJl:JJ rl'l ~Ul:JJlW;rl £iml:JJ LaiJ:JJ:JJl n'rl tl,;)::~l :JJl1n~ ~U1::';)J~ ~tl~-:UULLfJnrlU

• 
f)ril~~:JJU1rnL~rmil bn<?1 nl11tl€l €lUlu.i LL~ brl tl~ul:JJlw;rl£iml:JJLaiJ:JJla.iL ~fJ~'rl f)~-:U::

'II 

Lumib bfl~ r.J ~LL~::Eib~n Cil1mw tl n-:UlnrlUtl th~ ~:JJU1rn,;)<?1f'1urfnGll~'lJ tl~U1::,;)Uln bbGl:: 
o:u q cu q 

.1 ... '" "" d.... ... '" • = 'II" d1
u1::-:UGlU ';)::nmbrJn,;)lnnmbGl:::JJLb1~<?1~<?1<?1'1J'~nULLGl::nummll Ln<?1nl1 'rlGll b16Jl' 6Jl'~LL~<?1-1 

, 'II '\I 

l~i~1tJ~ 9 
'\I 

+ 
+ 

E3 

E 
+ 

+ 

+ 

+ 

+ 
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,nnnTHn~ t 'Y'llillL ~.ndnTmtJn~l"1./€lJn~:lJlh::1JlilULLlil::Uln'il::HJ~lilliLn~LU,"L~. , 
ll"llilt:IJL:IJ,"~L~n ') p ,rlm1f'1mJL~tJ1nU~ll.l:IJLW.;J1 E t~fJfl11:IJim·r,"fu€lJ"~t 'Y'llilLLlil:: 

~,"1:IJi.y.J.;J1LU,"~J~:lJnl~Yl 50 

p=a~ (5~ 

L~rJn a 111~lillL~o'fiil~~"l./tJJ€l::~€l:IJ 
Lfl'W!Ul,"hILlilnlil ~:IJ:IJlm~n1J::LaJLU,"'Yl~Jnlil:IJ 'I'lll~,ht 'Y'l,nho'fiil~i;f,"€lcinu, ~ 

Yif'l'Yl1J"I./€lJ~,"1:IJ;BJ im,:'""mfnULLn," 1 '"t:IJ Llilnlil t~rJfl11:IJi:IJvrWlh::'VIi1\1"~t 'Y'llilhmmlif• 
nU~'\.4l:IJLw.;JT:U::LU,"ltJ~\I ~:lJnl~Yl 51 

[ 
P' J= [:" a,> :" ][~'J (51)Py )..\ a q Y2 \-

Pz au a:., a z: E: 

1J1mUJn11" 51 t'Y'llil1h.nil~~1J::LWn€l€lmU," 9 €lJr1tJ~::ntJu ;B\lLtJ~rJ,"LLtJlil\l~l:IJLLn," 
er1\1~\I"l./Eh'Jt:IJLlilnlill, ,"~1"tf'" LLlil::Ld €lL~t 'Y'llil t:IJL:IJ,"~L~n ')d L1rJJ~11ll.Yif'l~1~~,"1:IJi.W.;J1 
Elcil\lLU,"1"::LUrJU1J::L1rJnll Ln~nT~t ~lillL~L6Jli'," (polarization) ,nn'Jl'~,h£\lffi'Jl'l,", 
"l,"iirJ:8,"d1J::r'hm1"Til,"lrufhl~lillh.nil~~,:;)ln~:lJm1"Yl 52 [12] 

(iE(t) 
a=- (~) 

'I (}F(}F 
, j 

LrlEl E t1El~;\I\l1,"~l:IJ"I./€l\l1::UUUlil:: F ~€l~,"1:IJlw.;Jlm:IJU,"1~1\1 ')1::U,l~rJ~'Jl'it i. j =x. 

y. z 

1,"'lf1"JJtJd1J::n ~11 i1 ,'111 tJ lil:: L ~ tJ~m1f11,"1 ru~:lJu1i~l\1 ')"1./ €l\lfl ;~L~ €lfLLlil::1""~~ , 
"I./,"l~1'VIq! 1,"\l1,"1,:;)""rJojfll.di.~f11,"1 ruU1:IJ1rul3h" ') l~fJhlu'HLm:IJ CAmbridge Serial 

Total Energy Package (CASTEP) L~€lnlim1tJ1":::IJlruw~ni'wttiilLLlilmtl~[m
~'VIi:IJvrwIf LLUU~lil~1"rrl1tJ (GGA-Generalized Gradient Approximation) ;B\lvr~'\.4l 
1~t1 Perdew. Burke LLlil:: Ernzerhof (PBE) L~€lnm1"Til,"1ruLLuui.aJfi~~lilm1"t'Y'llillh.n 

"l./tJ\I~iJ," (non-spin polarize) nT~f1Tu,l nt1J :: 'VI tJ~Lrl€lLL1"\lYlm::'I'h~tJ tJ::~a~ijfil,"arJnl1, 
o. , Q...- • ~ 0 :, -5 

0.05 eV/A LLlil::mfl11:IJ LL~n~lJ'lJa"'\"llilJ"l,"1::'VI11\l'lJ,"~tJ,"m1mll.1 ru~lml 2x 1 0 

eV/atom ftl'V1fulm\l,rh\l L~:IJ~,"Ylhl,"nT~f11,"lru':;)::ih~lilln'VIlilltILLUU LL~'VI;\I,:;)lnm1" 

5 
... 

LLlJU fHl 

.yh::ij~~l,"~lL'V1~fJ:IJ (PP). W~lij~flNl:IJ'VI\h'lU'VIlJ1n (CTB). 'Yl~\lLLU~'VIitl (OH). 
~ ~ ~ 

~:lJL'VI~tI:IJLLU,"1"lU (PT) Ulil:: U~.u:IJ~l,"~l:IJL'VI~tJ:IJ (TP) ~"LL~~"lw1u.yj 10 
~ ~ 
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• • • • 

CTB 
OH 

PP 

PTTP 

bh'VIfulU,fhu,"lJEh'l n11L~ El nf1TVH~'.J.Jl'U.T1l1EHlW~ (cutoff energy) ~:fhn11 
11~~EJUn11~L-lll"lJ El.Jf111Un11f11'U.l rn~rHJL~Eln1m.JfrhJ pp 1'U.fI;~L'ilElf"lJEl.JL~mJTYh

'IJ 

n1111'il~ElU 1mJ:ijn1·HU~r.mf11'\Al~"'.J.Jl'U.v1l1ElEJW~L~mln 250 eV L~3J;fwnf'!: 50 eV 

~,"ii.J 500 eV 1'iltl1ifil k point LU'U. 3x3x3 LLf'!::1i'1l'ULUElfL'1l'mf (super cell) "lJ'\.I.1'il
• 

10x10x10 A31~~~~.J1U.yj 11 
'IJ 

0 100 200 300 400 500 600 
-6154 .00 


-6155.00 
 • 
:> -6156.00 
~ 
>.i:!l -6157.00 
(l)

c: 
(l) -6158.00 
3 
0 -6159.00f-< • 

-6160.00 


-6161.00 


Energy cutoff(eV) 


~lmu 11 unwt.J~m"';.J.Jl'"Jl3J ~1'U.LLn'U.'U.El,"~Elf11'\Al;.J.Jl'Uv1l1ElEJW.;J~
'IJ 

L~Eln1i ,;):LV;'\.I,':hf11'\Al;.J.Jl'UJ1~b~~~Lilb~El1i'\Allr.J.Jl'UfI"'YlElEJW.;JU1:mrn 360 eV ~ln 
'IJ 

~f'!d~l~tll~b~EJnYl;.J.Jl,"v1YlElvW.;j.yj 400 eV mhl'Un11f11'U.lrnliivlU 
'IJ 
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,nmfuL~1·11"'[m,,~f1" pp "lJEl"1fl~L~m-rlUL~3J:IJl'Yl~~ElUnTH~~,rl~Y1m'll"lJU1~, ~ 

"lJEl""ll'ULUElfL·IJ'Gl~Ylm:lJl::~3J t~tJr'ilV1U~fll'Y'liJJ1Uf1'YlElEl'Vh~d'lu 400 eV L~Eln k point, 
"lJU1~ 3x3x3 LL~lYhmJ"lU~tJUbLU~""lJU1~"lJElJ"ll'ULUElfL"ll'~~~ln"lJm~ 10x10x10 A3 

LU 
q 

~Ui1""lJU1~ 25x25 x25 A3 t~m~3Jfl1ml3Jrnltii'lU"lJEl""I1ULUElfL"ll'~~-dfl~~::: 5 AL~H~ 
~.:ILL~~.:IluJ"u 12 

~ 

size of supercell 

-6159.812 ,------,----,-----,-------,.----,-------, 

-6159.814 5 10 fo 30 

~ -6159.816 

~ -6159.818 ..
i -6159.82 

~ -6159.822 

-6159.824 
• 

-6159.826 

size of supe reell (A) 

~lmuri 12 LbnutJ ~El'Y'liJJ1UJ"13J"lJElJfli~L~Elf ,hmmuuElu ~Elml3JtJll 
~ 

~lU"lJEl""ll'UnJ Elfb"ll'~~ ~::L~ultii'--hfl1flI13JtJ1ltii'lU"lJ ElJ"ll'ULU ElfL"ll'~~ L~3Ji;iL,r1t"LLIii 15A 
, q ~ 

~J,fu~litJ~JL~m)'UULUElfL'U~~"lJ'Ul~ 15x15x15 A3 
3J1h1UnlJ"fl1Ulru 

~ q 

~ln,fu~Jy'hmJ"'Yl'fi~El1Jb~m'l1fl1 k point riLVI:IJl:::~3J T'fitJr'ilV1U'fifl1'Y'li.:l.:llUf1Y1 

Eltly.j~dl" 400 eV bb~::l"li'"ll'UbUElfb"ll'~~"lJm'fi 15x15x15 A3 U~lfllWJrufll'Y'li.:l.:llWn3J 
q 

Ldal"li' k point "lJ'Ul'fi 3x3x3 bb~::: 1x1 x1 'Y'lUl1'Y'liJJ1Urif11UlruLtii'iifil -6160.01263 

eV lumruril"li' k point "lJU1~ 3x3x3 U~::iifll -6160.011861 eV LdEll"li' k pOint "lJU1~ 
1x1x1 oi1J~:::b~'ULtii":hfllriltii'rfJ~ElJiiml3J1n~b~tJJnU3J1n ~Jb~Elnl"li' k point "lJU1~ 
1x1 x1 LY1 ElU1:::VlrJ~'Yl1'Y'l tJlnJ1'Unl1fllUlru 

H1V11UnlJ"fl1'U 1 rufl1'Y'l iJ Jl,"U'fi LVI~tJllii u El:::~tl3J~13J1J"f:)Yhm1fl1U1 ruL'fil'fi [J 

1"li'~3Jm1ri 53 

E = E Fee ·"'om _ Elowest (53)biOI 10/ 

E lowes, "'..., d d 1"""~lU 101 flEl'Y'l~JJ1ULU~[J"lJElJ'VIUJu::~[)3J 'UfI~~L'fiElJ" 

1UnlJ"f11,"1 rufl1ml3J till vrUll::: bU~ tJ'Yll1~1~ tJ L~3J~l nmJ"'VIlfll d ij ~lnVin'fi 

"lJEl"El:::~tl3Jrifl1Ul rnltii' flTv:i n'fid~:::u~'fiJElr.i1'U1U~lLLV\'ii.Jtl:::'fiEl3JT'fi tJi'fi ~T" (fractional
'U 'lJ 

coordinate) fl1ril~tii'ElJ'\.b:lJlfl runu"lJ,"1'fi"lJ ElJ"ll'Ub U Elfb"ll'~ ~L~Ell'VILtii'~l LbVlUJriU'Yi~~.:1 
'lJ q 
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"1JfhHl::'il El3JlJU'l11.J L1.J erh'lH~ ~ ~lmfU~.:J'I1.1~1 U'VI u,.:J tI::'il El3J~1~i11.J filU"H1.4'VIlfil d ij ";Jln 

~2Jm7fi 54 

~ 2 Z 2d = (X 	-X .) +(Y - V) +(z.-Z .) (54)
1/ ' J I ~ J ' J 

LdElLifil 	 dij LLGi'1~.:J'Y'hmdf11Ul rn'VIlflll3J LJll~Uli::L'"~U"1J€l.:JtI::'ilEl3J1uflim'ilElf d~,. 
d 

";Jln~2JmTYl 55 

(55) 

~ oII':!:I 	 a ~ I d~ dt
L3JEl dij flEl 7::U::m.:Jd::w:il.:JtI::'lltl3Jil'Yl LLrl::El::'ilEl3Jil'Yl j 'iltJfIl dij 'Yl~U'Yl~'il';)::~n 

'I1.1L1.J1iLijufilL~3JiU~lWrlJfil d' ~lmfu~.:J'Y'hnTH'"~tJfil d' 'il13J~3Jm1~ 56 L~El 
(fl' 	 {IV 

d =~±d' 	 (56) 
01 ' 6 i :;:: 1 	 (W 

~lWrlJm7filUlrnfiltYHnhl'll'ui'l&t (polarizability) ~llUmrEl"iim7L1.J~lIWllU'il 
( norm-conservative 

psuedopotential) LL'YlUriinrft fi tJ3J LLlJlJ flrl'il11'll'tlW rl (ultrasoft psuedopotential) iim7 

nl'VIU'il1'VI1il~n'll7Eluii<i'h Lb'VI u,.:J El ci1UlJ1b1 rn 1nGi'-n1 LfI~ tJ~Llrl::nTjfil'l.t") rnLL uud";J:: 
'IJ 

~13Jl7t:l'Y'hLildtlL:Jj~'il ~ rlm1t '\I>lrllL1·lh€l.:JG~llu1uEh~n'il1€lUL 'Yhifu 

lU",,)U"1JtI.:Jnl1filUl rnlUl~'il"1JU1'il1'VI ru l~tI.:J~ln1Ul~'il"1JU1'il1'V\tliii1m,,~11.:J
q v 	 ~ ~ 

'lJEl.:J~~mlrl::l'll'rl~'VIu'l uriiiml3JlL'llnfiil.:Jnmnnr'hllK m1nl'VIU'ilfil k point LL~::fil 

Yli.:J.:Jlufi'YlEltlW~1:Jj~13Jl1t:llifiTil3JnUi.iJ.:J'VI3J'il ~.:J l~tlnlifillm::'I1.1~lnhhnm3J1u 

nl1filu")rn ~1'VIflJm1filu")rn~h1'\I>lrlll1l'll'ui'l&t1ul~'il"1Jul'il1'V1ruiEl.:JYhm7. '" 
L1J~ uULLtl~.:JinrfLfi tJ3JL UULL ulJutlf3J-fI tim'll'tI L 1 fiw u~::nl'V\U'illlK~l U'VIu,.:J"1J tI.:J 

~L~n'll7t1Utlci1nGi'nlJ-n,,)LfI~ U~L'llm~ tJ1 rlurllJrih1Unl1~T\.n rn 1 Ufli~L'lltlf 
'IJ 
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l8 

b ~ b 

l7 WUL~~~~~~k'!" Pl7 l11l1~UL'I1.tfU\,1,t~L'I1.rr.~k'!1-N~rr.~Lfk'!~Wl 
b n. Ib n. 

~~ful~UW~!..~:::m' ~f111 ~ lA.1'1: 1'1:lA.11 GI'1:G ~:::G 1'1:'11. f1U 11!}1I'1:'I1.rr.1'1: 11 ~\,1, lk'! f1!..'11.(}' ~~L'I1.\,1,lA.'I1.M 
., ~ r" ~ F'~ ,,",>"f"¥ 

ft:::~ d~4 ~Grr.l1l'l1.\,1,~~ful ~Gk'!~lA.~~L'I1.\,1,lA.'I1.M~Ll\,1,:::UL~Ut'Ur1GU!..lA.'1I'1:G~:::G td' I " ~ .-""f) <"& F'..f' I I 

£ 
Ib bbb 

I'1:G ~:::G l'1::::m, 11 G1'1: G~:::GI'1: ~~L'11. \,1,(;L~ U:::~l' 1'1: I'1:U lA.1'1:1'1:1'1:11 ~\,1" 
"'" I J::J''1:It1J F' 

n. 
U\,1,f1!..'I1.n., ~~L'I1.\,1,lA.'I1.M 

b<'1l"f"¥ 

!J UGrt:::W(;!..u.f1t:::'tt1RU~~!J~(;Lf~~Wl'11.(}' , d~4 (;Lf~(;!..~l'l1.l¥J I'1:G~:::G '" ~1'1:\,1,t'".u. ~ 

n, ~ b 1\ '" 

flGI'1:G~:::G!J~~fu'~UI1'11.t 'I1.L~ 9 ~~lA.l1q'1\,1,~~fu'~Grr.L!l\,1,~U:!U~:::~mftl'1:~flGfu~~m'~~!J 

::~ ~~J G~\,1, d~~ t'Lf~(;W1I'1:Gl§J:::GL'G~!J(;~l1l1t\,1,jH~fu1'l1.tI'1:Gl§J:::G'I1.l'l1.L~ (lIa~ l!Un) I1Q'1\,1, 

~~fu'(;G rr.(;L~UW~~u.:::~m ~f1'H,\lA.l'1:hu.r1G (IU!od a~lllel) fulA.~~" ~~I'1:lA.(;L!..k'!(;Wl'l1.n., ~ P F -:: P' til l=l'f"" 6'" 

ooq ~Lf~t'!..~ll1~l ~~ ~f1t'l1.tL'~k'!1'L'".~~1Y~Lrr.t'L'LlA.L'Lfk'!~WW~~ doo :::~m ooq 'd04 G~ 
b ~ b 

rum £ t'Lfk'!t'W1rtM:::~ ,l:!l11l1'l1.t'I1.1La-'I1.UU.~UL(;Grr.fU \,1, t ~L'I1.rr.~k'!....lt'Lf~(;W1'I1.t 

t GW1 til ~~"Gft/1 ~m::!HtMlL/1IlLl~::~""L!.~t'~~,
/J ~ :=" 'b ",.1 

}Gl§J'~~~'I1.t 

:::.lL'I1.".M~~'!..LUftl\ll'l1."L'tt1!..L~~G~'11~'n1l1~]J-G~'k'!l'l~t'G rr.(" t'L~~GU.!}}GG'I1.t 'I1.Gt~U~lg 
b 

t'Gt~I1G!..~!..LUtl.l¥J ~ll'tt1ltl.L~!..LU'I1.(}' :::~11 L~~~:::~" }G ~,~~~~Grr.MLLfW ~~1~~UG rtt'f1 

l1!..LftL~t'~ftG ~:::G G~wp.\,1,l~g'l1.Lt'~".~ ML~'tt1ltl.L~tLU!J:::~n:uL~ }G ~'~l'l~tI.(}l ftG~:::G 

N~rr.tl.U l~l1~tLUt'G rr.L'I1.\,1,'11.'11." I'1:LWU G m I1G M., LlA.:::~11 ~m:::.lLtl.M.lLl1ftLl~L~'tt1ltl.L~ ~ ..." ..." • I F 0 f""'" I 0 

b 

!..LUl1k\,1,L~ P 'I1.ftl. t tl.Gt~U~1~'I1.l'l1.L~~~f1'1'I1.11~f1ltLU!JGp' P17 l11l1'l1.t ~L.lL~Grr.ftG~:::G 

9 ~L'I1.rT.}Gl§Jml'l~t'Grr.~Lf~ ~Wl(;~[111'l1.11~ f1,tLU 1'1:,tt ll'l1.'lI1Gk'!lIIl!..ll>tLUL~:::1II,l:!tl.Gll>'I1.t 

pp 
b 

ll111t1.ttl.ltl!:tl.L!'u::lI1,~lWLg t'Grt rww::G 9 WL'I1,ft}G W'~,."I,H~I.'Gftl!.nll~I1G~~l!.W!.LU 

'I1.UULlIIUG G'I1.Ul\,1, ,C'U~~!..~l::mlUI11H.LUtI.' 'I1.Jl.111::t[1GMl O£ ::~" .... ,r'... 1.9 P' 

OZ C'Lk~n~l'11. ~~!}ful!..lL~M.1L~'tt1l'l1.L~!..Lu::m'(" C'L~ftG~:::G(;L~\,1,::t::.lL'I1.",Mt'Grr.nllC'.!!-" 

ftLWC'~UGmf1:::~G~lftG ~::G (;L~\,1,:::!..'I1.~~'I1.1L.v~C'Grr.f1....lA. '11. Gh"t LU L~ml'l1.L~ }G~'~l'l~'I1.t 

::.lL'I1.M~UH.LU I1G~lIIlt~G M' l~::~~" 1'1: G~::G rtt\,1,Lk'!'I1.Gt~U~' GC'Grr.~G lA.f1W GC'Gt~rtGt~ ..." bI' p..."'...,, 0 ~ bI' "".9 

tLU'tt1lttL~::~,l:!t1.l¥Jt1.t l~1'U!..11'11.l¥Jtttf1,."u ll1 !t>1'I1.p.'mlttL~!..LUL~~l~!tf1ft~UL~UGtI. 

11~1 nv ::~" 6v 'nJ C'Grr.}G~'~,.,,~~tttttJb(;~~l1g'::t;!(;Lr.lG(. (;L~!trtl'1:~LRU~tLUL~ 
b 

::HG~~ttl¥Jttt I1l~,l:!I'1:~U}G ~'k'!l'l~f11-\,1,~11 ~'n' 11 ~l'I1.Gt~U~'g(;G rr.~G lA.!J>}G G(;GWrtGW 

!..LU(;l1l'1:lt ftG~:::G G~lI1tt\,1,1~11'11.L(;N~ M::t,'!l1l1 ~'n':::.lL'I1.M.lLI1I'1:LWl1l~f1GU::t[1ttG P17 lUll l?' I f7 5=" ~ F' ~ ~ 
b 

::\,1,~l~L.lL'I1.tftG~:::G 9 ~L'I1.rr.tG~'k'!~~I.'Grr.L'Ltm-W1L'Jl.l~rtl'1:~:::~mL!..~n~1L'~[1'ml1~f1' 
.9 ""b "'" "=" """'" ~ f" 

tLUftl\lltl.ll(;~lL~U:::(Wt,1'I1.t 'I1.l¥Jl1~l ttl¥J z: 'I1.(}'L\,1,G1;' (;f1"::~nG",rr.l,.,,\,1,'I1.t
" ,. 

lI1,::L!.~ll::~"'lUl'l1,L~tLU~H £ uun /J ~ 0 ~ 

http:C'Grr.}G~'~,.,,~~tttttJb(;~~l1g'::t;!(;Lr.lG
http:lL'I1.M~UH.LU
http:W'~,."I,H~I.'Gftl!.nll~I1G~~l!.W!.LU
http:111'l1.11
http:l~g'l1.Lt
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• • 

HCP BCC CCP 

aid ~'A 
..,lu'Yl 11 LL~~"L"lJGH~'V\'U.1!..1"15'U.~ HCP, BCC, LLiiI:: CCP 

~111"~ 41m,,~fl"f.J~n"lJtl,,1~~"lJ'U.l~1'V\(li"lJtl"IiI~h'V\:;1'U.LLr11 4d 
• v • 

y Zr Nb Mo Te Ru Rh Pd Ag Cd 

hep hep bee bee hcp hcp eep eep eep hep 

1m.:J~fl"~~1J1 'U.~El.:JIi1~LL1nm.:Jil!..1ijEl"lJEl"IiI~Lbf:11 4d d~tl hep cl~,nmf,"~:: 
i:i~El.:JIi1~~e:J Nb LLiil:; Mo ~Tm.:J~fl.:JLu~[mludj'U.Lbuu bee 'V\;.:J,;)lnif'U.,;)::LU~!..I,"mfu• 
d1'U. hep 5nfl.f,,1'U.~tl"ln~cl<fim LL~l~.:JLtJ~[J'U.LU'U.Tm.:J~fl.:JLLUU eep l,"u~nru.• 
m.:J~I'U."lJ11fle:J"lJ e:J.:J LLm L tiEl.:J,;)l n El:::~ tllJ"lJ tl.:JIi1~ L'V\ ~ldlJJll';)::~1m.:J ~fl.:JLU,"1m.:Jf.J~n

• 
'V\~El2jn1111 lJ C3l1 LU'U.fl ~~L(j] Elf nrJ.:J~.:Ji:i1m.:J ~fl.:J 5L~n~1e:JU1l1 [J1ua::~ulJlUULLUU 

L~Enn'U. ~.:JYhl~m~llLL 'U.11 UlJn11lU~!..I'U.UUiil"1m.:J~fl.:Jlu;m~rn:::il,;)::ffllJ11n~UL~ 
l'U.~;~L~ufL·lhtL~rnn'U. ~l'V\'rU1U'ff1'U."lJe:J.:Jn11'V\11m.:J~fl.:J~L'V\lJ1::~1.J Ll1L~yhn11 

L~an1m" ~fl.:JL~1.J~'U.~'V\iilln'VI iill!..11.Jly)lnl'l~1'U.1 ru'r'l11mJ ~fl.:J~L 'V\ 1.Jl::~1.J~~~.'fi.:J, 
Vi~11ru.l,;)ln1m.:J ~fl"~jJ~ ;J.:J1U~I~ ~<fi L~ tl'VI1!l11LL'VI'\.i.J"lJ tl" tl::~ El1.J~ L'V\lJ1::~1.J• 
'V\;.:J,;)lnl~lm,,~fl.:J~lnn11~I'U.lnr;h'U.l'U. 5 1m.:J~fl.:JLL~1~.:Jy)ln11~1,"1rn~1.Ju1i 

'iil.:J ') 1<fi[Jn11f11'U.l rnfilml1.J !..I11vr'U.Ii::LU~!..Il'U.f1~~L(j] tlf '111 L~Elm1~~tlUml1.J i1.J~ov'j.nf 

1::'VI11.:J1m.:J ~fl J"lJ tl.:JfI ;~L~ tlfnuml1.J !..Il1vr'U.Ii::: LU~ [J LLiiI::ml';) ~tlUm1LU~ !..I'U.LLU iiI.:J 

mllJ!..I11vrwll::LU~ [J"lJ tl.:J 1m.:J ~flJ~ jJ~ iil"'.:J.:Jl'U.~<fi L'VI iitn~.:J ~<fi Ld tl fI ;~L~ tlf"lJ tl.:JIil~jJ
'IJ • , 

,'hm'U.5L~n~1tlU1wI'U. d L~lJ:IJln.ff'U. filml1.J!..I11vr'U.Ii:;LU~[J~~I'U.l rnL~,;)ln1m.:J~fIJ 
~L'VI1.JI::~~<fiJ.:J 5 ImJ~fl.:J"lJtl.:JIil(j]Lbbll 4d u~~,,1'U.(j]ldl.:J~ 5 

• q 
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>~lil<il• 

PT I TPCTB I OH CTB 

Y 3.22 3.22 3.16 3.32 3.29 

Zr 2.53 - 2.74 2.85 2.80 

Nb 2.24 - 2.50 2.57 2.47 

Mo 1.95 2.37 - - 2.38 

Tc - 2.31 2.30 2.39 -

Ru 2.34 2.36 2.32 2.44 2.39 

Rh 2.48 2.52 2.48 2.56 -

Pd 2.56 2.61 2.59 2.64 2.64 

Ag 2.72 2.76 2.74 2.79 2.79 

Cd 3.27 3.26 3.40 3.33 3.33 

~nl1-J~ 5 LL~<iI-JIm-Jffhm~::frn:lJ!:Jllvi'U,ll::LU~ rJ (A) '1'U,~Jlll::~J-J<iI~'lJ ~-JfI;~L<iI Ed,ml<il 6• 
~::<iI~J-J'lJ~-J1l1<ilhV\::lUn 4d• 

,nnnl'Jfll'U,l nrl-'JlIm"~11-J~L'VI3Jl::~:JJ1'U,f1;~l<il ~fyh '1~'Yl111j':h~1'Vl'rU 


Im-J~11-J CTB 1~~ulm-J~f1-J1l1nnl1fh'U,lrn1'U, Tc lL~:: Rh b'lJrn::~lm-J~11-J OH 


Ll~:: TP ~13Jl-:lC1~ul<i11'U,1l1<ilil~r.il-J'Yln'l!tt<ilVnL1'U,1'U,1l1<il Mo 'U,Elmlndu,,1~~u

q q q 

Im"~11-J PP lu'U,lm"~11-J1l1nnl1fll'\'nrn'lJEI-Jlll<il
q 

Zr ll~:: Nb ll~::~l'VIfuIm-J~fl-J 

PT 1~~ulm-J~11-Jdb1l11?1 Tc• 
d ... 1 1 ",.d.. ~ d

1l1nI?1111-J'Yl 5 1l::l'VI'U,11 'U, Y, Zr ll~:: Tc f11-J~11-J'Yl:JJml:JJ[Jll~l1.1l::lU~V 

~-J~<iI~EI OH ~-Jiifil 2.32, 2.85 ll~:: 2.39 A 1?11J-J~liu til'U,lm-J~11-J.yjiifll1l.J[J11
'IJ • 

vitnr::Lu~V~l~I?1'lJEI-J Y bl~:: Tc U-JfI-JL'VIiiEl'U,n'U,~~lm\l~11-J TP l<i1viimlJ-J[Jllvimr::
q 

LU~[J 3.16 lL~:: 2.30 A 1?11J-J~liu ~l'VIfub Zr Im-J~11-J.yjiimlJ-J[Jllvi'U,1l::lU~£J~'~<iI•
'" '" .flEI PT J-JmlJ-JVl1 2.53 A 

L-:ll~Ullfilml:JJVllvi'U,ll::LU~rJ~fllmrnl~~l'VIflJIm\l~11-J TP LL~:: OH "!lEI\! 

1ll1?1 Nb ~EI 2.50 LL~ :: 2.57 A 1?11J-J~liu ~-J~r.i1wlil\1l~mn'lJ~~nl1fllu.1m1l1n-Jl'U,li[J
• 'IJ 

.yj~l'U,3Jl~Ellu. TP iifilml:JJ[Jllvi'U,1l::lU~rJlwli1-J 2.42-2 .94 A ll~::1u. OH ii~lml:JJ 

[Jl1vitl.1l::lU~rJ1wlh-J 2.46-3.14 A 

1u. Mo ~uIm,J~11,J.yjf11tl.lrn1.~ly:jrJ-J~1J-JIm-J~11,Jll~:: Mo U,JLUtl.lll<ilrlfl;~
• 

L<iltlfii~ ;,J-Jltl.U<ilLwcttn ~ ~ ~::1?1 ~J-J ~-J ~<illtl.miJ-J 1m-J ~11-J.yjiiml:JJ [Jl1vitl.1l::lU~ rJ~-J ~<iI 
ttl II ~ 'U q 
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6~ ~f1t't1.tl:'~H"I:',.,~tvtLW~t't1.:-rt~, P 'I1,!'t1.t't1.(H,l~U~'@'I1,t't1.L~Q~'(.I:'L~~'UJr.~L.!mlJQ~' 
H~~I:'QIT.rJ ~m:::.!l't1.M.tLrJ rtLU~I:'~rI,mrJ ~ n n,Lurt't1.1t't1." LgUkH.. LULUN~,'t1.'t1.UL~ ", F'''' 1<> Flu '" l?' g:t-:: 0 

~L~mt 't1.L~!..LU'I1,t 't1.-YI:'L~~ 

!..LU;\;~Q~I.1.~U~U'llot~LQLrt't1.L~~rJ!~'t1.LI:'I:'~ ~rtl.1.l:'~urJ~'t:ml.m' LI.1.!..LU rJ ~lrJ~~':::.!l't1.",M.tUl 
n, 

rtLt~L~LI.1.;\;~t~'t1.~rl...~S't1.LI:'I:'~Q Y LO'O 't1.!J'rttnf1.'I1,t~QLrt't1.L~~rl!S't1.LI:'UL[t,'tt1t't1.L~ 
b 

!..LUI:H~UL[t,I:'L~U~"'tt1t't1.L~!..LU~H:!cr~rl,.,~S't1.Lm~I.1.L~ Pv tm,~umtrtQ~:::Q 9 ~L't1.IT. 

W~'H~~I:'QIT.rl~m:::.!l't1.M.tLrlrtLt~L~'tt1t't1.L~!..LULt't1.I.1.':::~ n.~L~rtL~ 'II U'6 :::~" 9L'6 ,,9 ro F"'" I 0 • ~ I""tI 0 I) 

'I1,Q'L~cr~t'tt1t't1.L~U'~~t1I~I.1.L~ [9~] n.,.,~L~rtL~ y S9'6 :::~" 69'6 ~~Qrl~~':::.!l'l1,,,,M.tLrl 
b b 

rtLWL~'I1,Ll:'rlUcrl:'~ 1d ::m, dd Q~~HL~'t1.LI:'I:'~M.cr~I:'LfHI:'WlI:'QH 't1.t'~L.!l't1.t 
b 

~LJr.rt!..!...!lrtL~,,~k~~L.!lI,'Qrr.rtQ~:::Q 9 ~L'I1,rr.}Q~'H,.,~lM1M.:::l'l~ULrl't1.l'lULrtL~L~ 

crL~I1M. rtQ~:::QG~trlP.I.1.'~~'t1.LI:'I,'...~M.L~'tt1t't1.L~!..LUUL[t,rtL~k!!..kI,'L~Q y 96'£ :::~" Ov'£ 
b • .. 

Q~L~cr I1~L~rtL~~HL~:::m'~HI:'HrtQ~:::QG~rl~~':::.!l'l1,,.,M.tLrlrtLWcr~I:'LfHI:'Wl't1.Q' dd 

::~" dl I:'LkHI:'WIL~~krl~~'::.!l't1....M.tLrJrtLW'tt1t'l1,L~f.LUI:'QIT.~t1 P8 I:'QIT.1YW't1.t 

[S ~] 

'II 69'6 L~rtLrt't1.Lt1UrJ[t,t'l1,LNA:::'tt1rr. 'II v9';;: Q~rJ~~':::.!l'l1,M.tLrJrtLWL~'tt1t't1.L~f.LU~t1 Pd .. • I=" • F" ", ~ F " ~ F'" . 0 

~L.!lI1~I.1.L~p-~trJ~'I:'~HI:'Wl't1.t::m' [v~l y 09';;: ~k'tt1t'l1,L~Lrt'l1,L!,:!~rJ!S't1.LI:''t1.W::mIT. 
• V9S'l Q~~kmt't1.L~~rJ~~'::.!l't1.,.,M.tLrJrtLl~L~ l.j~ ~L.!l't1.t HO I:'LfHI:'Wll1~l.1.~ 

ULrt't1.-yl,'rJ~'~UtL~crL.!1.I.1.'I1,G~rJ!S't1.LI:' 

I1U~''tt1l't1.L~UI1~~':::.!l'l1,M.tLrlrtLU~L~Ll'l1,I.1.':::l'lI:'JI., n.lbL~rtL~ 'II VV'6 :::~" l£'l Q~~' ""''''' IA 0 f" F"'" I • ~ p'" (J Co S?'.... IA. 

'tt1t't1.L~~'tt1t't1.L~f.LU~t1~rl~l [n] I1~L~rtL~ y vv'l :::~" ££'l l1~m::.!l'l1,,,,M.tLrlrtLWL~ 

• cr HO ::~" d.l I,'LfHI,'WlL~I1M.Lrt't1.L!,:!~I1!S't1.LI,''I1,t'tt1t'l1,L~f.LU~t1 nt:! ~L.!l't1.t't1.t¥! 

• 11 t~U~p-'t1.g:I1,.,~S't1.LI,''I1, t m l't1.L~f.LUL~~lbrtl.1.l,'~U}Q ~m~~'t1.t ~H~L~I1~m 

• :::.!l'l1,,.,M.tLl1rtLWcr~I:'~HI:'Wl't1.G'I,'E Oll\l I,'Qrr.~I,'LfHI,'Wll,'~LAU~ ld Q~~HL~I1~~'::.!l~M 

tLrlrtLWcr~I:'~HI:'Wl't1.t~ y 8£'6 flULyt'rl~~'::.!l~M.tLrlrtLWcrl:'~ 818 Q~ 0l/\/ 'ttt 
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3.6 

E 3.4 
e 
Ui 3 .2 
OJ 
c 
~ 3.0 
L: 

g> 2.8 
Q) 

'0 2.6 c 
0 
.n 

2.4
Q) 
OJ 
CU 
'- 2.2
Q) 
>« 2.0 

1.8 

~ 
"\ "\ 
\

" 
" /

~~"---------.------------" 
•A • 

_______ •• • CTS 

• OH 
• PP 
A PT 
.., TP 

• -"- SULK 

Y Zr Nb Mo Te Ru Rh Pd Ag Cd 

4d 

bbnui>1 bb~~h'lml:IJ tJllvrU 1):::bil,~tJ :iJ'VI'\.b muu A ~lUbLnuueJubuu1ll'il1uLLm~• 
5 v'ilabb'Ymlm>1~fl>1"lJeJ>1fli~b'ileJhU'il~l>1 ') l'ilrJ~b'V\~rJ:lJaJ1L1u bb'Ylutm>1~fl>1 CTS,• 
.J .J '" 1 ~ v.d 1 ~ dI:t I"f,::t

~b'VI,W3J~"lf3J'Ym'YlU m>1~11>1 OH. 'VIlb'VI~rJ:IJ~bL<fi>1bL'YlU m>1~'nJ PP, ~l3Jb'VI~rJ3Jt{b'lJ[Jl
'II 

bb'Ylutm>1t{fl>1 PT bW:::~l:IJb'VI~tJ3Jniuli'laJl~n~u'Ylulm>1~fl>1 TP bfiua~11undl'r~ 
fleJ UiUbbt{<fi>1 tm>1~fl>1~:iJ~i>1>11U[j<fi L'VIiirJ1~>1~t{<fi ~lUL~ua~h~m~Ubbt{<fi>1~lmlaJ

'II , 

£J1lvrU1):::1wJ~<fi"lJm<fi1'V11:u 
• v 

vlmu~ 12 v:::~UblUl t U:lJ1U~111tU~1'V1>111'J 1<fiI'J~lm1rH)~1J1mlUltU3Jnl1 
'II 'II 

bU~l'Jmbu~>1itl<fil<fi rJ'Ylbl~D f)tl'fu'Yl eJ~ b.:n>1 t:lJl~~~ (Molecular Orbital Theory) ~>1 
.d cv .e:t. ~ V Q..; a Q..; a ~,::t A A ~ 

bnl'J1nUnl1b n'il~U1)::; bbUU ~11>1~ U1)::; bb~::;bbUUYll ~l rJ~U 1l::: fl eJ b:IJ eJ :lJnl'H'il:IJm~n'il1eJU 

1wiu d "lJeJ>1fli~b'ileJfbv:i:IJ-J1wil:::bUUnl11Ub ~:lJnl1bn<fivrU1):::bbUUt{fl>1vrU1)::: til1ivrUll::: 

A .".. X Q..;,J Q...o .a I A 
3Jml3Jb'VIUl'JltlUumn"lJU ml:IJrnl~U1)::;bil,~rJ"lJeJ>1fl~~b'il eJ1v>1fl eJrJ ')~'il~>1 L:lJeJ 

Eh~n'il'Hlu1wffu d b~:IJ.ffuvuii>1n~l>1bbm 4d it 'il:::t~:lJiinTH@l:IJab~n'il'Hlu1ut{rnu::: 
rh~l rJvrU1)::: 1111it n<fi nlJfl~l [J <ill eJ eJ n"lJ eJ>1fl it{t'il eJf w:n:IJ rJT)vrU1):::lil,~ tJ"lJ eJ>1fl it{b'ileJf 

~>1l~:IJ.ffU1U,rl>1rll tJ"lJeJ.Jbbm llUl1U:lJb'lfuit~1:IJ11n~ul~rf.J1U1t{Ci1'lJU1Ci11'V1rulb~:::1Ufli~ 
, v 

bYitJ>1 bb~lU 1~<fi"lJm'ilh'l ru'hml:IJ1'J11vrU1):::Lil.~ rJv:::;JblU1 t U:IJ~v::::iJ~lt{>1nil
• v 'II 
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• • 

ll.4V1~~U1f.rf £mLl\-l.ll.4mrn'lJEh'l Cd ~.J~Yl~.J.J1U[j!llL'V\iil'J'JCiiElEl::!llEl3J~13Jln ~::~ml3J 
[Jl1~UTi::LU~rH:Jl1nll1Ulff~'lJU1~lvmj, " 

L~EJ~~11ru.1LL '1.41 1,x3J~1 miuih~T-ll::YlUll1UVI~ffL~EJf fllml3JlJ11~UTi::'lJa.J 
tm.J~fl.JCiil.J ")lJJ~~luLMrn'Jia.Jnutm.J~fl.Jrl~::~Yl~.J.Jlu~lnll",1El~.Jnil u~::Lda 

" 
LL[JnVi~11ru.1LLU11,x:JJ'lJEl.J tm.J~fl.JLLCii~::tm.J~fl.J1UTi1~LLmd~::YluilLLCii~::tm.J~fl.J, 
-;J:;OLLUl t ,xmi1ml:JJrJl1~UTi::bU~ £JL UU11Hl,1nUUYll11 1 U~lrJm1'1.41umrn'lJEl.J 

" 
lm.J~fl.J PT ~,1~::1~mlyhtJ<i11 1~rJ Mo ~ml:JJrJ11~UTi::rl~13JlmYi1nu 1.95 A 

" 
L~m1.1'Jia3J~3J1LtJ1rJU LfirJuml:JJlJ11~U1i:;bo\l~rJi:JJ~Yl1n~rJ1 iLLnU x LUmLnU 

" 
51.J!J.J,h",1Ulm.J~fl.Jrl~ml3JrJ11~U1i:;bo\l~rJ~lrl~~ l~mly.J<i.JLL[i~.J1U1tJrl 13 , " 

••E 0.4 - • CTB
0 
'-
rn • OH...... 
OJ 
c • PP•« ... PT -- 03£ . 

T TP 
OJ • 
C T 
Q.J 

"0 • 
c 0.2 - " 
0 
.0 •Q.J 
OJ 
ro • 
'- •0.1 Q.J 
> 

• 
(> 

ro • • • • • 
Q.J
> • • • • 

:;:; ... T T ...ro 0.0 - T ... ... T + ... ... 
Q.J 

0::: 

Y Zr Nb Mo Tc Ru Rh Pd Ag Cd 

vlmtJrl 13 1m.J~fl.Jrl~ml:JJlJ11~U1i:::LU~rJ~1~~!llaJn\)::YluilLuutm.Jfffl.J" , 
PT ffl"'1U1il~1'1.4 4 <i1n1nYll.J~luil [JijEl'lJ El.J LLn1 4d d'~::YlUilV1~~L~Elfrliitm.Jfffl.J

• 
~l.Jnu~::~fllml:JJ rJ11vrU1i::bU~ rJCiil.J nutm.J ~fl.Jrl iiml:IJ rJ11vrU1i:::~1~~fl awlll.J3Jln, 
t~[J1UVI~~LCilEl~'m.J Zr, Nb LbG'l::: Mo tm.J~fl.J 2 jJ~~:::~ml:IJlJ11~UTi::Lu~mfuwh 
tm.J~fl.J1u 3 jJ~mh.Ji'~L~U ~1UTi1!llm.J~~'lJ11'lJfl.JLbm:.JLbCii Tc LiJu~ultJfhml:IJ, 

'" oJ '1 " ""1'l.1~ Q.,- .J'
[J1TYfl.41i:;LU~LJ'lJfl.J LL~ iii:: m.J ~11.J~:::lJm n~ LVI [J,.'lnU3J1n'lJU 
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• • 

3.4 

•3.2 • 
3.0 

2.8 

•E 
0 
L.. 2.6 
+J 
(/) ••OJ 
c • « 2.4 

•2.2 

2.0 • 
1.8 

Y Zr Nb Mo Tc Ru Rh Pd Ag Cd 

nJ~ 14 ndly.JLL~!ll.Jml:JJi:JJv·l"'u1f1::;Vlr.h.Jml:JJtJT.l~\tlf::;Lu~mlutm.J~fl.J~iiml:JJtJlTWUlf::;
'U 

Lrl €l'W"'iJl1rnlmly.Jml:JJi:JJ~u1f1::;Vlll.Jml:JJ tJll~Ulf::;LU~mlutm.J ~f1.J~ii 

ml:JJtJll~Ulf::;bU~fJiurl~!ll1ubb~H::;lflen "'iJlmtl~ 14 tm.J~fl.Jrliiml:JJtJll~Ulf:::bU~fJ 
q q" 

iU~~!ll3.ln"'iJ::;Li1utm.J~fl.J PT Vl1€l TP L'Yhifu LbH::;"'iJ::;L~ul~llmlvJdii1tHl.JbuuLi1u. " 
'rllGlltUGllVl.JlfJ~.Jen1.J"JJl:JJ nUmlvJ'rl;.J.JlU~en LV\'ctf..ll~€l €l::;en €l:JJrll~y'hm1~m~n1u,hu 

~ €lLtI"lJ €l.J.JlUiifJ.:Bud len fJ 1umrn"lJ €l.J'rl;.J,nu~~ bV\'cttJl~ €l €l::;!ll €l :JJndlvJ"'iJ::;ii1tl1l.JLU~
'U 

'rllGllluGllf)~l~.J €l~UlfJl~ll Lrl€l'rl;.J.JlU~~LV\'ctf..ll~€l€l::;~ €l:JJiifil~.J;fu"'iJ::;cii.J1lf 
" 

1m.J~fl.Jf);~L~€lfb1fJ.J~lnuVlmbbti.u;fuy'h1lfml:JJfJll~ulf::;l~mu~fJ"lJ€l.Jf);~Len€lfJu 

'rl;.J.JlU~!llLV\rtf..ll LUUtl1:JJl rn~.Ju€lnn.J b~n tJ1Jll'rl"lJ€l.J tm.J~fl.J~l.J ")L~ ~.JJu 
LjlL~y'hm1fhu1 rnVll'rl;.J ,nu~~ L Vlrtf..ll ~ €l €l::;en €l:JJ"lJ €l.Jf) ;~Len €lfL y;J €l'YldlUn.J t€l m~1u 

mj'rlUf);~ben €lflU 1t1'Yl1.J~l.J ")~lV\'rU bb~Gl::;lflen
" . 

€l::;en€l:JJ"lJ€l.Jf);~ben€lfrfJ 5lm.J~fl.Jbb~~.J~.Jenl1l.J 6 
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lfl~/tm.J~fl.J ! CTS• OH TP PT PP 

Y 2.51 2.49 2.20 2.04 2.18 

Zr 4.89 4 .89 4.38 4.23 -

Nb 6.82 6.78 6.45 6.07 -

Mo 7.89 - - 7.20 7.64 

Tc - 7.34 7.25 - 7.08 

Ru 5.59 5.55 5.80 5.12 5.47 

Rh - 3.62 3.58 3.02 3.31 

Pd 1.90 1.97 1.81 1.57 1.76 

Ag 1.54 1.42 1.39 1.65 1.61 

Cd 0 .16 0.15 0 .11 0 .12 0.14 

LLtt1~.Jl-i1viTYil~~TI'~ i'U tm.J ~fl.J~~y.j i.J.Jl'UiJ~ bVl'ctr.J1@i ml~~ tnJ ~.J~~~ bb~~tm.J ~'hl~ 
'\J • 

~y.ji.J.Jl'UiJ~bVi rtr.JJ ~ f) f)~~ mm.J bi'l'Uel'U~U~€l.Jlt1lt11r.JUb Yi r.J1JflU.Jl'Uii[J ri f)'UVi,xll~~ ~ 
'\J 

'" ... 
~.J~Tn"Y1 6 

~ln~Tn.J~ 6 y.ju ';il 1'Uli1~ y tm.J~fl.J~~vily.ji.J.Jl'UiJ~LViii[J1@iml~~f)~
• 

~.J~~~f) CTS ~.J1n ~b ~r.J.Jnutm.J~fl.J OH t~[J:iJvily.ji.J.Jl'UiJ~mrtr.J1@if)f)~~€l~ 2.51 
'\J • 

bL~::: 2.49 eV ~l~Gh~u ff'mtm.J~fl.J~~vily.ji.J.Jl'UiJ~miir.J1~f)tl:::~mJ~1~~~fl PT, 
,nn.Jl'Ui~"'r.Jri~l'Umy.ju ·;htm.J~fl.J~~y.ji.J ,n'UiJ<ll miir.J1@if) f):::<ll fl~~.J~~~f) OH t~r.J~ 

'U • 

..... ad, ~I 

y.j~.J.Jl'Ur.J<llbVi'Ur.Jl<llf)f) ::: <llfl~lY11nU 2.50 eV [13] 

1'U Zr y.ju '.htm.J~fl.J CTS bb~::: OH iJ.JfI.Jbi'l'Utm.J1.1'fl.J~~y.ji.J,n'UiJ<llLViiir.J1 
@if)f):::<llfl~~.J1.1'<ll b'l5'Ub~ r.Jl nu~y.juh y t~ r.Jrf.J~f).J tm.J1.1'fl.J~y.j ~"'.J.Jl'UU~LViiir.J1@ifl 

'U • 

fl::<llmJLl'hn'U~ 4.89 eV ffl'Utm.J~fl.Jri~y.ji.J.Jl'UiJ~ miir.Jl~fl f)~<ll tl~~lri~~, hm~~~fl, 
PT t~r.J~vily.ji.J.Jl'UiJ <ll bViiir.J1 ~ f)f) ::: <lltl~l'Yhnu 4.23 eV 

L'Umru:llfl.J Nb y.jUtm.J~fl.J~~vily.ji.J.Jl'UiJ<lllViiir.Jl~f)f):::~tllJ~.J~<ll~vil
'\J • 

1nGfl~r.J"n'Ull~:::bi'l'U5 nfl.f.J~l 'Jly.j1J'lltm.J~fl .J ~:iJy.ji.J.Jl'UiJ<lll'l'iiir.J1~f)tl:::~tllJ~"~~ ~fl 
'U • 

.d Cl1 I (l.;' ~ ~ • 0 

CTS LLtl:: OH '1f.J:lJmy.j~.J.Jl'Ur.J<llm'Ur.J1~tltl ::: <llf):IJ 6 .82 ll~::: 6.78 eV ~n)J~l~1J ~ln 

·31'Uiir.J~~l'Umy.j1Jlltm.J ~fl.J~ ~vily.ji.J.Jl'UU<lllVi iir.J1@itltl:::<ll f) ~~.J ~<ll ~tl.J el'UiULL'In 
'U • 

1'U Nb ~tltm.J~fl.J TP ll~:::Y1'J.J~mrl (tetrahedral) ~.J~y.ji.J.Jl'UU<llLViii[Jl~fltl::<ll€l~ 
o ~ d jQ ,Q..o.4 d. .d 

4 .18 Utl:: 4.15 eV <ll lJJ~l<llU [14] Ll~ ~ l~f)y.j~l'Jrnl my.j~.J.Jl'Ur.J<llm'Ur.J1~tltl:::<lltJ)JY1 

f11'Ulrnl~"lJtJ.Jtm.J~fTJ TP1Yir.Junuril~~lml'Uiir.J~~1'Um~::y.jull:iJvil~.Jnil
'U 

t1'J:::mru 2 .27 eV ~:::lV:'U1~11j:.JG:l~f11'Ulrnl~~ln.Jl'Uiir.JoJfwdjjml)Jbb~n~l.J~ln 
"l'Uiir.J~~l'UmL 'Umrn"lJ f).J Nb ffl'Utm.J~fl.J~jjvily.ji.J.Jl'UiJ<lllWdr.Jl~f)tl::<lltJ)J~l~<ll• 
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1u, Mo 'V'lUl1fl ;~Ul €lf'lJ €l,J1flcn·lj'u.'ilttdju,fltf~lcn t)'fii~l'V'l;.J.Jlu,ucn l'V\'ctErJ~€l 
q 

El::cnEl3J~.J:IJlm~mYiuunu1i1cngu, ')1l1u1u,um 1'ilfJmm,J~fl,J CTB dju,1m,J~flJYlii
'U q 

l'I;",Jlu,u'ill'VliifJl'll Elf)::'il mJ~,JYl ~WdJ~l 7.89 eV ~'m1m,J ~fl,JriiiYill'l ;,J.Jlu,U'ill'VliifJl
'U q 

~ElEl::'il€l3J~l~Ifi'lJtl,J Mo dJu, PT :B,Jii'V'l;,J,Jlu,ulfil'VliifJl'llBEl::cnEl3J 7.20 eV 
q 

flLf~l'iltlfriiiYill'l;.J.J1U,Ulfil'VliifJl'llBB::IfiEl3J1Ifimu~u~"d€J"-;)ln Mo ~El Tc :B,Jii... 
OH dju,1m,,~fl.Jri'V'l;.J"1u,ulfil'VliiUl'lltlB::cne:J3J~.JYl~IfiYl 7.34 eV ~1'VIf1J1u, Tc hil'l1J 

... q 

PT dlu,1m.J~fl.JYlb'VIm::~'il tm.J~fl,JYlii'V'l i,J,Jlu,ulfil'VliifJl'll El El::cnEl3J~l~Ifi~,JLUU, PP 
q q 

..4 d a... d .d f • Q.; 

"D".J3Jl'I~,J,J1U,U'ilL'VIU,fJlcnElEl::cnembYnnU 7.08 eV 

u,Elmnntt1u, Ru ~G'lnTHhu,lrnYll~iiml3J~t)lfifltft).JnU [39] :B,J'V'l1J',htm,,~fl.J 
TP LUU,Im,J~fl"riii'V'l;.J,J1U,UIfi b'VIiifJl~.J~'ilb"liwlu, tcnuYilwLf.J.J1U,[j'ill'VlitfJl'ii ml::cnEl3J 

... q 

YlW1J1U,dlU,J1U,iiYil 4 .07 eV u~::1WnU.Jlu,Un:::UIm,,~fl.JYliiwLf,J"lU,[jcnL'VIii[n
q 

1ntfL~fJ,JnU TP fl€J OH :B,JiiYilWLf,J.J1U,UIfiL'VIiiul'ii€l€l::'il€J3J 3.98 eV ~1u,1u,.J1U,ill""£Jii' 
w1J';htm,,~fl" TP iiwLf,J,Jlu,ulfil'Vliiul'iimJ::cnB3J 5.80 eV LLG'l::1fm~fl.J OH iiYil 

l'ILf""lU,Ulfib'VIUfJl'ii€l€l::cnEl3JbYllnU 5.55 eV :B"J.J~El.J tm.J~fl.JiiwLf,J,J1U,UIfiL'VIii[n'ii€l 
El::'ilEl3JbLIfi n'iil.Jnu,'V'l El~3Jmd 

~l'VIfumrn'lJ€l.J Rh :B.JiidlU,J1U,11fl~i~·bcne:Jf'lJU,1'il 6 El::cnEl3J LUu,L3J~mr3JLUElf 

(magic number) tlfi£Jii1m,J~fl.J OH Luu,1m.J~fl.JYlii'V'lLf.J,Jl'UUcnl'VliifJl'iiElEl::~El3J~.J~1fi 
... q 

ri 3.28 eV [17] ~€llfil'1tfEl.JnU~G'lYlfll'Ulrnl~fl€l OH Lu'Utm.J~fl"Ylii'V'lLf.J.Jl'UUlfil'VliiErJ 
~ElEl::~El3J~,J~1fi tlfi UiiYil 3.62 eV u~::1mJ ~flJriiiYilWG'l"'.J,Jl'UU'ilL'VIii£Jl~t)El::~El3J~l~1fi

... q q 

U,Jfl,JbU'U PT 

~l'V1fUfl Lf~b~ erflJ B,J Pd Yil'V'l Lf,J.Jl'UUIfi l'VIiiul 'ii tl €l::~ El3J~,J ~IfiYlfll'U1 rn liiifil 
... q 

d 'U , ... .<i d d o VI"""1 1"''''1.97 eV 'lJ".Jm~ln flJ.J~Jl" OH LbG'l::m'V'l~"Jl'UfJIfiL'VI'UU1Ylm'Ulrnblfi3Jml3J nG'lLfl£J.J 

n1J [18] :B"'V'lU)l OH Lu'U1m"~fl,,YliiwLfJ"1'UUlfil'VliifJl~.J~IfiL"1i'Un'U tlfiuiiwLf".J1'UUIfi 
... q 

.d • 
L'VI'UfJl~tlEl::~El3J 2.11 eV 

5n~1~'VIi1,Jriiiml3JU1~'UhLUW~Lf'I~fltl b~'U LiiEl"~lnmJl'IU11tm.mfl" PT 
q 

Lu'Utm.J~fl.JYlilYil'V'l;.J.Jl'UUlfil'VliifJl~m)::~e:J3J~.J~IfiLL~::iltm.J~·hJ PP riilw;.J,n'Uulfi 
... q 

d 1 q,..,:::t 0.,... '\,::::t Q...o d d I 0 ~ 
L'VI'UErJ nG'lLflfJ.Jnu PT bIfiU:IJ'V'liil.J.J1U,U'ilL'VI'UU1~e:Je:J::'ilB3J 1.65 bL~:: 1.61 eV cnl3J!;llIfiU 

iiYil'iil.Jn'U'lh::mrn 0.04 eV :B.JJ.J~B.J 1m"~fl"nn'V'lUl1lu'UtI'11.J~fl,,Ylii'V'lLf.J.J1U,UIfi... 
L'VIiiErJ~.J~IfiL"1i'Un'U~ln.Jl'UiifJrir,h'Um (15] tlfifJtm.J~fl.J PT bL~:: PP ilfill'1;.J.J1U,UIfi

'U q 

.,::J I I Q...o 0 0.,... 

L'VI'UU1~e:Jtl:::~€l3JbYllnU 2.04 lbiil:: 2.03 eV ~l:IJ~lIfiU 

1fl~~1 ~lfirllu1 'Uumfl tl Cd 'V'lUl1ilYil'V'l Lf,J.Jl'UUIfi L'VIii£Jl'ii El€J::~ El3JLu~fJ 
q q 

lh::3Jlrn 0.14 eV ~e:Jlfifltfe:J.JnUf.JSlrif11u,1rnli"illn [44] :BJtm,,~fl,JriilYilWLf.J.Jl'U[j1fi 
d • do.d 1::::1 Q...o .cS d I q VI'" 

L'VIU,£J1cne:JEl::cnmJ~.J~cnflEl CTB "IJ"3JW~".Jl'UUlfil'Vl'UfJlcnBtl:::~El3J 0.14 eV ~::b'VI'U blfi11 
... q 

'YIn1m.J~fl.J1'U Cd ilYil'V'l;.J.Jl'UU'ill'VliiUl'lltl El :: cn El3J~lnl1fl;~LcnElfnEl.Jln~ 5'U 6):IJln
q q 
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• • 

1.h::;mrn 10 byh 'Yh1~m~rvnnE.r~h~::;hjW1JflLt~blll€Jf"llUllll 6 tl::;llltl:IJ"lltl.J Cd 1u 
])~~:IJ"lfl&i 

8 .. • eTB 

• PP7 /~-!-. • 

... 
OH 

PT .... ~ ... TP....... 

E 6 -.- BULK 
0 ~ . ,-CO 5>-- . ~ "\ 
~ • I4>
O'l 

•'- .~ 
Q) 3-

• 
... 

W .,.. 
O'l Ic 2
"'C ! 

c . •

\C •in 

0 
, 

-1 I I I I I 

Y Zr Nb Mo Tc Ru Rh Pd Ag Cd 

~lnmlvhtJ~ 15 bbnut-J~e)'WLt\J.J1U~<gIL'VIrtr.n~tltl:::mnJ'VIl-bmuu eV LLnUUfJ'U. 
" 

bUU"lfil~"lltl\Jllllll ';):::L";U11 tm-J~11.J~~wLt\J\Jl,"~~L 'VIrttll<1i€J tl::;lll tl:IJ~.J"~1'U. 3 lll~LL~n 
" 'U " " 

"lltl·mrr:HUu CTB LLfI:; OH n'i1~lmfu1u Mo rJ\Jfl\J~tm\J~11\J CTB Lu'U.tm-J~11\J~~ 
wLt\J.J1U~'i1L'V1rttJ1~ElEl:::llltl:IJ~\J~'i1~ElltJ LLffl~ .;lLtJ~uuLuutm\J,,11.J OH bLi'l::; TP 1uflLt"" . 
Lllltlf"lltl\J Te Lbfl::: Ru 1ll1:IJ~liu ~lmf'"tm\J~n.J~iiwLt\J\J1U~'i1L'VIrtr.n~tltl:::IllEl:IJ".J"1ll" , 
,;):;LtJ~tlULUU OH 1u Rh LLfI::: Pd ~1'V\iuL~UlUU'1l1I3lL~tJ1~iilflJ\J~11.J 2 ii&i mil.J PT• 
buuTm\J,,11.J~iiwLt\J\J1UU~l'V\rtr.n~\J"~ LLfI:::'Ylntm\J~11\J"llEl\J Cd LU'U.tm.J"n.Jri~" . . 
YlLt\J.J1UU~L'V\rtr.n~lmmriEllYi UUrlUflLt"LI3l Elf"ll El\Jlll~ 5u") ~l'V\iuIm,]f{n.Jri~ 
YlLt.J.J1U~~ L'VIrtr.n~l"'i1"ll ElJflLt"LI3l ElflUlllI3lLLrnU~n,;)::;LUU1m,')f{11.J PT tintlubL<1ilu 

" mrn"llEl\JL~ULyh,ru 

,;)lmLU11tX:IJ"llEl\JmlW,;):::L";u11mlW~JtJ11.JLUwvnJl1mnfl 'h 
" 

fllim ul~~l tI'VILtnnlJ 'Yll.JLfliiLM r.n rl'UnlJLnl31 El ElfiJ'Yl Elfl LL U'U ~fl\JWUll:::LLfI::: LLUU'Y'hi;n U 

WUll:::1UWUll:::bflii tl31 Ullllllfl~\J LL In"ll El-J bbrn~ ::: ~nlJbnrfiWUll:::bb'UU~11.JW""Ull:::mn yh1i~
• 

t "'.d ...... '" d ..r ..... "'.....d ..:..r . 'I 
bbUl U:IJ'Yl,;)::;:lJWfI\J\J1UtJI31L'V\Ur.n~\J"llUllllmlU1UWUll:::LbUU~J1JWUll::;'YlLW:IJ"llU ~T'UU 

" "~.J'V\Lt.J"llth'lbLrn-;)lulU"llEl\JWUll::;bbU'UY11fllU'I'IUll:::~:::fi €J tI"J L ~:IJ.ffu Y111lfwfI....\J\J1Uiirfi 

LVlrtr.n"llEl\lflLt~b'i1 Elfflrfifl\J ~lnmlW1u~hu."llEl-Jl~rfi"llUl'i11mULLUlT l!:lJUnrJ\lLUU . ~ 
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• 

• 

• 

• • • 

L,hu~[nnu1'Ufl~~b~ Elf ~J~l:'!1'Unl1f11'U1 Dl.~El~flLtElJnufil'l"l~~.Jl'Uii~L'V\iirn 
(cohesive energy) -;)In [18] t~mm1hr:JJY.H~"'JJ1'UiJ~L'V\ii[J1~tw:::~mJ"lJEl~1~~"lJ,"1~L'VIty 

-;)djfil~J nl1"lJ ElJfl i~b~ Elfb~:JJ El bLl:'!:::1'UUfl~ biJ !..l:JJfil'l"l l:'!""JJ1'UU~L'V\rt[J1~:::iJfil~l:JJln
'U 

~ e:/l1J-;):::bU'Unl1bD1t1ULri t1UfiTI"l~JJ1'UU~ L'V\rttJ1~eH):::~El3Ji3J~'Yl1f t~t1iiLLnU x 

LU14bLnUeJ1J 5J ~l'V\"rU1mJ ~flJ~iifil'l"l ~.JJ1'UU~ b'V\rttl1~ El El:::~t13J~.J ~~ 
'U • 

0.0 

-0.1 
.--... 
E 
0 -0.2iii 
); 
~ -0.3 
>
0) 
L

a> -0.4 c 
W 
0) -0.5c 
"0 
C 

iii -0.6 
a> 
> 

-0.7~ 
03 
0::: 

-0.8 

·• • •..• .. 

• •
• • .. 

.. • 

.. 

CTB 

• OH 
-• PP 

.. PT 
TP 

y Zr Nb Mo Te Ru Rh Pd Ag Cd 

lfllilLLn1 4d 
q 

-;)lnndly.j-;):::LV:'Ul1 lElnl~~~:::'I"lutmJ~fl.J CTS Ul:'!::: OH 114 Y, Zr Ul:'!::: Nb ii 
filLnLtbf) tI.J n'U:JJln L iiEl~~l n'l"l~.J Jl'U[j~ L'VIrt!.n"lJ El.J t fl 1~ ~fl.JJJ &Hl.J LL 'Y1U~:::i.liiJml:JJ 

LL~n~l~n'U ~1'Ulu Rh 1T11J~flJ~iJttlm~-;):::'I"lu:JJln~~~~El OH LL~::: TP ~l'V\'fu 
q 

L14fl~~L~uf"lJu.JL~'U'I"lulm.J~flJl'U 2 il&1Ul:'!:::l'U 3 il&1 ~iJ'I"l~J.Jl'UU~L'VIrt[J1LnLtLf)t1~n'U 

Ldu'Yl1 nl1'V111m~ ~fl~~b'VI:JJ1:::~:JJLLl:'!:::f11'U1Dl.'VI1 bb 'U11,x:JJb~[J1nUml:JJtI11 

vi141i:::Lu~m1:JJn.J U'U11,x:JJ'I"l;~.Jl'UU~ L'V\rttl1~ uu:::~u:JJ"lJ El~fl~~b~uf:JJ1uLt1 h~~1,"d,,::: 
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.d old 0 I d' . ..
"1J'U1~1'VIqj"1JEh'j1n~~1-J")1UbWl 4d L'Uu.J-;)lnnTHu~r.J'ULLu~.J'U~l!JTHl1J,lUf)nfl.Jmd 

trn.Jvi'Ull::.ff'U 1 'Ufl i ~b<il u fl~ 
nTJfhm rn'VIllm.J ,rfl.J ~b~n<ildU'U"1J u.Jfli~L<il uf-;)::L~unlm.J~fl.J.yjii'V'li.J.Jl'Uii~ 

d. d t '" ..I....... .. d. 1 ..... .,

L'VI'Ur.Jl<il uu::;<il u!J ~.JY1~~U~:: Lm.J ~Jl.JY1!J'V'l~ .J.Jl'UtJ~L 'VI'Ur.Jl<il u u::<il U!J~.J 'U~l~U n~3Jl 

~ ~. 
si1.Jiifil ih.J-;)lnlm.J~fl.JLbJnl~hn'U 0.05 eV b~u'YhnlJfll'Ulrni<il~l'U"1Ju.J€h~nmu,"'

1~mu~tJ1'U.,rw~h.J") LrluiinTmfl.Jvi'U.ll::;LU'U.fli~L<iluf l~~~i.J<illdl.J.yj 7 si1\J~l3JlJtl 
ii.13JlbU1r.JUbYi £JUnUi<il~1'U~L~ n<ilJu'U.l 'U.,rwlh.J ")"1Ju.Ju::;m)!JL~r.Jl1~-;)ln<illJl\Jrt 8 

<illJl.Jrj 7 i<il~1'U.~L~nmu,"1'U.uufum)~~1.J")"1Jf).Jfli~L<ilf)f"lJ'U1<il 6 f)::;'ilf)!Jl'U.1n<ilum 4d 
~ 

l'ilmu~r.J 

1n'il, lm.J~fl.J 5 p d 

Y eTS 0.96 0.34 1.70 

OH 0.94 0.35 1.71 

Zr eTS 2.88* 6.23 2.89 

OH 2.90* 6.25 2.85 

Nb eTS 2.77* 6.13 4.10 

OH 2.83* 6.17 4.00 

Mo eTS 2.74* 6.17 5.09 

Tc OH 2.70* 6.26 6.04 

Ru TP 2.63* 6.21 7.16 

Rh OH 0.54 0.17 8.29 

TP 0.60 0.12 8.27 

Pd OH OAO 0.14 9A6 

Ag PP 0.90 0.16 9.94 

PT 0.97 0.10 9.93 

Cd eTS 1.67 0.34 9.99 
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lilVi• 
tfld~H'h:l 

~ '" flLL'!nmvU 
5 P d 

y 1 2 
4d 5s 2.00 0.00 1.00 

Zr 
2 6 2 2 

45 4p 4d 5s 4.00 6.00 2.00 

Nb 
2 6 4 1 

4s 4p 4d 5s 3.00 6.00 4.00 

Mo 
2 6 5 1 

4s 4p 4d 5s 3.00 6.00 5.00 

Tc 
2 6 6 1 

4s 4p 4d 5s 3.00 6.00 6.00 

Ru 
2 6 7 1 

4s 4p 4d 5s 3.00 6.00 7.00 

Rh 
8 1 

4d 5s 1.00 0.00 8.00 

Pd 4d 
10 

0.00 0.00 10.00 

Ag 
10 1 

4d 5s 1.00 0.00 10.00 

Cd 
10 2 

4d 5s 2.00 0.00 10.00 

~L'!1l1nmd~lU1rn~1~1l1n~11'n~~ 21 1UlilCil, Y, Rh, Pd, Ag LLL'!:: Cd 

aL~nmvu~hl'U.md~lu1rnll::L1J'U.Eh~nVldv'U.~mauma~ vvih1L'!1'U..ff'U. 5s LLL'!:: 4d 

Lrh,x'U. ,b'U.1'U.li'lVl~b'V\~tlll::1i5L~n~nv'U.1'U..ff'U. 4s, 4p, 5s LLL'!:: 4d ~Jl'Yhmdf11WJrn 
q 

rf·;l'dLi]'U.~mJl1l1nin UL Yi IJ~~ rll'V1 'U.~rih U1UaL~nVl dv'U.L~vHn~LU'U.a L~nVldv'U..ff'U.l 'U. 

Lh'VIfu LL~L'!::lilVlij~1'U.1'U.l~L 'Y11 fl'U.• 
~1'VIfu1'U. Y rf~lm~Hfl~ CTB btL'!:: OH ~umdLtl~tlmLtlL'!~'lltl~~iL~n~ml'l.nf~ 

h~.ff'U. 5s, 4p LLL'!:: 4d IV1IJnTHU~tlmLUi:;hldLL~VlJliL~'U.11Ldvijmdfifl~vrU1i'::1'U.fI~H 
" ~..d: a..... Q....o 1 ~ 1 ~ .!' ~ t:;O I J A .,ct

LVltlnltlJ Y 1l::~mdLL'!vUd:::VlUy.ji.'lJ,J1U U"lfU 5s 'VI~J'llU flLL'!nVldVU~1U'VIUJllJ~m1 
'\J 

rJ1IJmmvuma,J1U d:::iUy.j~,JJ1U~~lnll~ cld:::iu 4d lV1tl mdLtl~IJ'U.LLUi.'lJiVl~'m 
aL~nmau1u.ffu~1,J ')"lW~lm,Jflfl,Jrf,J~a,J"lJv,J Y ijfh1n~\~tl,Jnumn ~,Ji~HhunT'i 
Ltl~tll.mtlL'!"aL~nVldClu1wffu~1,J ')"lJCl.J y dijfil~JLUU~liu~tlJdCl,J"illnlilVi Zr 

'\J q 

lwff1u'llvJ Zr iVlGhumdLuct(.n;'LLui.'l,J'ihm'U.aL~nVldvu'llv"lm~~f1J CTB LLfl:: 

OH nijfil1mtL~ tlJflUL "liunu IV1tJ1umdb~fl.J'fl~~LCil tJ'f;fu'il::ijmdL~vU"lJ ClJd::iu~i""TU 
5s ;f'U.L"li'U.L~tJJnunul'U.mrn"lJCl.J y ~.J ·Yh1id1V1m·H'fl~ClurJltl5L~nVldClU"illn.ffu 4s 

LLfl::/'VI~Cl 5s lurJJ';u 4d ~.Jll::y.jullmdLtl~[JuLLufl"dijfilHJHVI~l'VIfuflL'!""HLVlvfllvJ
'\J • 

1i'1V11'U.LLtl1d• 
LdClv:l'illdrnlU1~lrnd1u'flbfi:'lL "ltl~1JvJ Pd ~ullmdLtl~mmtlL'!J"lJtlJiVl~1'U. 

'" f:t &::I Q....o • Q....o 6' A ~ .c:t d
flLfl nVldtlU'il::~L'! n~rn::LLCiln m .J'ill Ilfl i.'l ~ L~18j"lJ tl,J li'l~"1lUVI im ')'fl tl mdLtlL'! [JULLtlflJ 

iVl~1W;hu1u5L~nVljtlU"il::ij~n ~rn::Vlj .Joih ~ nUlilVl~~Tu.~11V1 [J1'U.f1fl....~LVltlf"il::ij
q 
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• • • • • • • • • 

• • 

• • 

LLU11U~nT'HtJ~[J'\-l.bLtJ~.Ji~~""J'U8 b~nVlltl'I.Hlln'l1\-l. 4d 'ltJfI.ff'U 5s LdEl.J~ln1'Ut)::;~mJ"lJth1
'IJ 

Pd jj~L~n<illel'UelriL~~.ff'U 4d EltitlGfJ~J1Jji'flmlrrflJ3L~n<illel'UL~~1<ilan 
'IJ " 

,hVl'flJ1'Umru."lJ el.JVl~i~LGl elf Cd ~::;L~'U'l~llmILtJ~ [J'ULLtJ~.Ji<ilfl1W;lTI.n," 

~L~nmel'U1u.ffmh.J 'ljj,hUel [Jmm'UlJjjjml~LL<iln~l.Jnuri'V'llJhtel::;<ilEl~1<il£JLu'V'l1::; 

3L~n<il·H)u1u.zfu 4d ~.Jl~jjmILtJ~[J'UbbtJ~.J~lu1U8L~nmel'U ~,mjultJl~llVlii'fL<ilelf 
"lJel.J Cd ell~l~i'fl)JT'H1Ln<il.ff'\-l.1~~1,'l .~.J fitl<ilVlGfel.JnlJ-iJel~~~lnm1,)lU1 ru1 UfI'm"lJEl.J 

_ d d Q.,'=s d do::::l, ~ " I _ tr A 

ml~tn1'V'lUll::;LU~ [JYl i'f.JJJlnLL~:::'V'l ~,'l n@r,.) L~UmmJVl1 GllmlVl~ i'fL<il el1"lJ el.J1l1<il'1fU<il" , 
~ 1 J', <t "1 "'" 
elU') 'ULunUEl[J1,'lm'U b~"15<il 

fl1um1LtJ~ [J'ULL tJ~,J i<il fl1'\-t"lJ tl -:r~1'\-tl'U8L~nGlJelU1UVl~i'fL~ elfn el,J1l1<il5u")~, 
LVI~Ell"LLrnd~::;'V'llJl<JlL~[J,J L~mrel [J 

~ln<ill11,'l~ 7 LL~::; 8 'V'llJll~L~J J<illelUh.zf'U~l,J ")~:::jjmILtJ~[JULLtJ~.JmnUmJ 
LL<iln~l.Jnu1tJ Lrl eljjml~<il ~1 djUVl~i'fL<il i:J { l<il [J Lrl m:t 1 (:.J ~ ~1.J"lJ el.J-;llU1UEh~n<il1ElU1u.ffl4 

~1.J ")"lJel.Jf\~i'fL<il elf~il'V'l~.J.Jl'UU<ilLVltt[Jl fi.J~i'f<ilnlJ-;l1'UJu3L~n<il1El'\-l.1U.ffU~1.J ")"lJel.J" , 
el::;<ilElm~[J1m~.J~~mlw~::;1~mlWml;wi~vrulf~.J1tJ~ 17. " 

I 

1.0 

0.8 
•

0.6 

0.4  • 
o • 

~ 0.2 • : •c 

~ 0.0 
 - - - - - - - - -

• 
- - - - -

•
- - - - -

• 
- - - - - - - - - - - - - - - - - - -

• 
- - - - -.-• - - -. - - - 

~ -"0 -0.2 

•• ec 
-0.4 ..... • •~ -0.6 -

(l) 

-0.8 -
• ~d-1.0 • • ~s •-1.2 • ~p 

-1.4 -t--r----r---,r--~-.--,--,-___,r__.,.__'I-,.__..._.-r---r----.-,--r--r---r---r.-.---l 

Species Y Zr Nb Mo Tc Ru Rh Pd Ag Cd 

~tJ~ 17 LLi'f<il.Jn11L tJ~ [J'ULltJ~.Ji<ilfl1'U~lU1U8 l~ nGllelU1<il mu~ [J1'U.zfU~l.J 'l"lJel.JVl~fiL<ilElf~jj 
'V'l~.J.J1UU<ilL Vltt[J1i'f.J~i'f<ilLrlel LY1 [JU nUEl:::<il elJJL~rnfflV1'rU1l1<il1umn 4d" . . 
~lnmlW~:::L~ul<JlllLL'\-1.11 u~nTlbtJ~[J'UbLtJ~.J Eh~n<il1ElU1U.zf'\-l.~1.J")1umrn"lJEl.J 

1u y LL~::: Zr fil(:.J~~1.J"lJel.J-;lluJu~L~n<il1el'U1'U.ff'U~1.J 'l ilfilfiEm-iJl.J~.Jnll1l1~5u') 
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LrtEl>1~ln El:::~ El)J'lJ El>11l1~JJ ~El J b Ull.E1:::~ e:J:lJ~ iHlbii'n Cil'HrUmE1umEi>1 EI rJ b~hJ1ll..ffll. 5s 1ll. 
q 'II 

nT'm11>1vrll.1l::: 1:::~u~iJJlll..ffll. 5s ~J [j n~l.ffll. iCil ~lmhll.lll.EiLii'nmtmlu.ffwfh>1 'J~J 
~m1L~)J.ffll.m)Jlu~l !J~JLUW.H'l1l1nmJ1U Eilii'n~JElW~ln.ffll. 5s ~Tv\'fu1l1~ Nb-Rh, 
~Ubbll.ltl!)JmJLnCill~u1CilEle:)'ful'lElt'l'lJElJElErfumlt'l s, p bbt'l::: d ~1'V1fU1ll. Ag iCil~lll.mJ 
.I d .I~« "y "d 1 .d .ld.1 ~« d

Lut'l !Jll.LLut'l.J El Lt'l nCilJElll.ll.~:::~Ull.E1!Jl'l ~Cil lbUt:11 "U.J nlJbut'l Oll.LLut'l>1'lJEl>1El bt'ln~1Elll.Ll'lEl• 
~f1Jvrll.ll:::1ll.iCil~1ll.~l!€)[JdmCil'VI3J1tJ1~11 11'1;1ifbCilElf'lJU1Cil 6 El::~E1)JlulmJ~f1J 2 ml 
'lJ E1.J l~ll.E111lhJ1ifl3J1J t:1~U1~ ~lll.lll.m'~'iJ eJ J Cd rllml::~E1l1ijEi L~n~1E1ll.mEllJmElJ EI rJ 

'II 

L~)JJJlmH)"ml'lElt'l 5s LLt'l:: 4d 1l::i.1i~mllll1bU~!JUbb1.lt'l.J'lJEI.J-;11ll.1uEiLii'n~1E1ll..ffll. 4d 

lll.~i~b~ Elf 

t:-J~nlUl~1ifCil'lJ'Ul~1'V1 oJ bu'Ulm.J,~"hr~ &n:1J1Jt:1~ui.~1l1.J~1:IJ1l1J)J"l51~ im-rrn:::. '" 
.I d .1 1 ,,~ "" d ,J 'l d d .9 ~ d '" .J' Yi ...Q

m1Lut'l£Jll.LLuflJ ~1.J 1if11.J E1Lt'ln~1E1ll.mml'iJU ll.t:-JflnllJ lull.flm~rn::l'l1ifl)JTH1LnCil'lJll. LCil 

111..1 ~>1,fll.~TVlflJ lm.J 1iff1>1iCil~lll.'lJEI-:J 3b ~nmElll.rlf11ll.1 rni.~1l1n~i~l~E1fll::nmll3J1 
'II 

LU1£JUbl1!JunlJlll.mrn'lJElJ lm.Jt:-J~n 

m11.J~ 9 iCil~lll.Eil~nCilJElll.l 'UEI E1fUl'lElflCiil.J 6)'lJ ElJl~~~'lJll.1Cilh~ qjlll.1l1~bLm 4d tCilmU~£J 
• EiL~nmElll.lll.ElElfUl'lElfl 4s llfl:: 5s 

ill (?I• s p d 

Y 0.44 0 .59 1.96 

Zr 2.43' 6 .66 2.91 

Nb 2.25' 6.68 4.07 

Mo 2.22' 6.83 4.95 

Tc 2.31' 6.64 6.05 

Ru 2.38' 6.61 7.01 

Rh 1.16 -0.17 8.01 

Pd 0.59 0.19 9.22 

Ag 0.59 0.62 9.78 

Cd 0.94 1.09 9.97 
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• • • 

• • 

1.2 
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Q) 

c 
t) 	 0.0 
Q) 
L.. 	 -0.2 
~ 	-0.4 "0 
c 	 -0 .6 
0 
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t) 	 -0.8 
Q) 

Q) 	 -1.0 

-1.2 
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-1.8 

I 	 I 

• 	
~ 
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-
-

- - - - - - - - - - - - - -•- - - - ..- - - - -•- - - -.- - - -.- - - - - - - - - - - - - -. - - - 
• • 

-• 
-••• • • 

• 

• L\d 

• • • L\S 

• 	L\p-

Y Zr t\lb Mo Tc Ru Rh Pd Ag Cd 

,nmtJrt 18 bflEl~,;)l'HUlml)Jbbq] mh\l"lJEl\l'ihulu~h~nq]·H)U1 ufliffLq]e:rfY1ii 
"IJ 

'Vl i\l\llUij~L 'Vl'nrn ff \I ffq]"lJ El\l U~fl::1l1q]nu ~ ~n"lJ El\liff~"lJm~1Vi ru"lJ El.J1l1q]ttu,;)::'Vlu'h 1 U 
<u 	 q ,,'U'I 	 't 

ll1i1 Y LLfl:: Zr T111mLq]n~l\11::Vi 'h\l~lL~nil1Elulwiu 5s ,;)::fflm1m~ul~EJ[h\l';~L,;)u, 
1i1FJ~L~nmElU1wiu 5s "lJEl\lflfl"'ffLq]Elf';)::jJn11Ltl~FJmbtlfl\lUEl FJnll1uiff~"lJU1~hru, ., 

iff~"lJU1~1Viru"il::iiLbUl1u)Jbi{FJ~L~nil1emlmruitLvim'bltlfffl\1viull::ff\lnll1ufliffL~lr)f
• ... 	 "IJ 

Hlulwiu 4p fliffLq]Elf';)::iin11L~)J.ff'U'lJ El\l~L~mnElU1UEl Elfu'Yl Elflituewnll1Uiff~, 
"lJm~1ViruL"liunu ,hWJU«~H1U~L~nq]1ElU1WlrU 4d ~lWrUfliffLq] Elf"lJu\l1l1q]n~)Jit';)::ii

... 	 , q 

fll1)JLLq]n~l\1"illniff~"lJU1~1Vi nillimm!n El ~l\111nill)J bL~n11btl~FJULLtl fl\l «~H1U. ., 

~lU1U~L~nq]1uU1UElElfu'Yl Elfl~l\1 ']"lJ El\l1l11J yf\l ffEl \I U"il::iirilUEl £.lnll1Uiff~"1Jm~lmllLL~ 
'" '" ",.d... <,,,, '1.1 d <,,,, 1'" ", ...
tlLflmmm,;)::lJnTHflflElUrnmnnuf.l1U'YlElfl 5s Lu'YluEl1U'YlElfl 4d Ufln'Mrn::L~rnnu 

lumrn"lJEl\l1l1~ Nb-Ru n11Ltl~£.lmLUS1\1«~H1U1l1wJu~L~n~1Elulwiu 4p bLfl::• 
5s 	luflfl"'ffL~Elfiifilum.Jnll1umrn"1Ju\liff~)·lJm~lViru ~luluuufu'Ylu~ 4d tturJ\lfl\llli 

q ... 

'VlUn11LtJ~[mLbUS1\1')lUlu~L~nmElurf\ll 'Uli.'!~'lJU1~1Viru LbS1:::1 Ufl ii.'!b~Elf LL~lm"'ff~ 
.... 	 q 

"lJm~lViqjrJ\lfl\liiuUl1ulJn11btJ~£.lUbbtJfl-J~Li:l n~1ElW;)ln.ffu 5s lu 4p lUn11ffl1\1viUll:: 

1iL~m)[hrl\11u"lJrn::rtlUfl iffL~Elflli'Vlun11LtJ ~ £.lULLU fl-Jit 
"IJ 

~lVifu1ufliffb~Elf'lJElJ Rh LflElnn'nLU1£.lubri£.lunlJiff~"lJU1~lVini,;)::'VllJlln11, " 
LtJ~£.lULLUfl\l«~H1U1l1UlU~L~n~1ElUlwffu<lil\1 61iifilmnnll1Uiff~"lJU1~lVini 1~FJ1U

} 	 q" 
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n. 
U~I1'!1.t~!l'!1.~MI.'Lk~G~' s9 '!1.jL~f11 P17 '!1.jLUL(I,'!1.G~~U~'gl.'~f1'1't1.I]~rll I ~,. • 

nI b 1"& b 

~LU~\J'~(I,~n:L!A' Pd I.'G f1.fUl.it~L't\,f1.~~~l~"~I.'~ fUl.it~L't\,f1.~~!-~t,1"}G~m~t,1~'t\,tt'::u.UUt 

I]G.tt~!l'!1.",MI.'Lk~G~'I.'t,1f1'1't1.rJ~f1H.LU~ P17 '!1.J-'t\,t'!1.G~~u~1g~~mf1.'!1.t s9 '!1.J-'!1.t'!1.G~~u~'g 

'!1.(}'~(I,U,£t~.!l't\,,,,MI.'LkM~LU'!1. t rt l~'!1.l~~~'t\,Gt~U~'gL~,.n't\, ~'~(I,rtlf.r.1 ~lp'UL(I,UG'!1. 

6'!1.G~L'!1.f1.LWULrt~' 't\,f1.~U'MLUGl rtU.~L'!1.f1.W~HW~GtI.iWmrt'!1.U(I, F' • <"tI lh,f' ~ "u:;F' 11 'b I;?., ...",
rt1't1.(}1't1.J,'b 4C1 I.'Gf1.rtG~~G 9 ~L't\,f1.}G~'~~~L~ [6~1 L.ttI.i'!1.G~I]~S't\,Lt'UL(I,'t\,Lt'I]U.f1~ 

,. . t'Gl'!~~GM I.'~ }G~'~~~'!1.t L~UI]Gtt~1f1MfUl.it~L'!1.f1.~~",l't\,t 't\,Gt~U~'g't\,l't\,L~I.'t,1f1'1't1.I]~f1' 
n. 

.tLUt'~ 4C1 t'Grr.WW't\,t~,1't1.l-' rJ l~f11rtL~L~UI.'ML~~t'~~Jlt1:..MI.'4YLrtLtW~1tW.t~U~'g 

n. '" 
t't,1f111't1.1]~f1H.LUnt~~»JitqAI.'~ }G~m~~L~Ut'~MLlJW!JM'!Jp'L~I.i'~Ult'Grr.fUl.it 

~Lnrr.~M!-UL(I,t'G'P' }G~'M",t,m'!1.tL~UI.'~6I.'L~~GU.G}GG'!1.t11~~1f1lh1't\,G.t~U~'gI.'Grr.nt~lh» 

t't,1f1'1t1.I]~f11~LU!JU",rt[U I.i t ~l't\,rr.~~",l't\,tL~f1M~(I,6 n:~L.!lI.'Grr.ru I.i t ~L'!1.f1.~~",lf1~ P17 tll11t1.t 
~Ult'Grr.}G~'~~~t'G f1.6 I.'L~'t\,J-'!1.t '!1.G.tl€lU ~1g'!1.l'!1.L~'!1.t~~» f11] ~,f11]~f1ltLUUL(I, 

• PJ l€lUl'!1.t't\,~'lh,tLC'LflG~1n~1 

::~ill\,1.t~Lnrr.~Y!-::t,1"}G~'M",~~I.'G rr.~'t\,t~lh»I.'G f1.I.'L~U~lll'tLl~1] ~1 d17 '!1.jLl.',..[Jf11 s9 njL 
" ,. . "' .. 

UL~nG.t~U~'gl.'t,1f1'1't1.rJ ~f1H.LU!J::(I,fUl.it~L't\,f1.lh~!-'!1. t~::mrr.'!1.t I] G.ttL~~I.',..[J}G l€l'M",t~mC'Gf1. 

6I.'L~t,1Gu.G}G(mt'!1.G.t~u~,gl.'~f1'1't1.I1~f11tLUrtttll'!1." PJ ::m, 6\1' ~Ulf1JI.iL~ 
,. . fU I.i t lhL'!1.f1.~~",l't\,t L~urlG.tt::~ 

l!'t\,t~~»1.'t,1 f1,ml] ~f1'tLU~11I.'rJ~m~ll1 ~'~mHU~'t\,tf1~'!1.bl'~~~'!1.G.tl€lU~' g 1.'~f1""1.rl ~f11 

• .tLU Pd C'Gf1.tG ~'M~~f1.tI.iL~ Lrt't\,q1~l€lUl'!1.fL.' 1.'~~1rt~1I.'GWf1GWL,p. 1 lItLrtLYft11.'~ " <""b ""b D 

n(ltl€lU~lgtl'!'l P17 't\,jL'!1.trt~lflGI.'GWf1GW't\,G.tl€lU~1g~ Pd N~rr.rtGl€l::GUL~t'G~' S9 n,tL
'" 

n. 

,.. . . .. 
f11 P17 '!1.J-UL~'!1.GUU~,gN~f1"'t\,I1~f11.tLU~~(I,fUl.itlhL'!1.f1.lhM",lf1~I.iL~ Pd ~Ulnt 

P'W11't1.t 6 't\,~ ~UlUL(I,I:'L~I.'g.npL!A1 
,. . 4C1 tll lhl f1M.u.~mHUt,1'!1.n:1't1.ml.i' ~L't\,f1.lh~lI.'Gf1.ULrtI]G'!1.U.'!1.Gt~Ut,11G'!1.ttlL~t't!lf1m1.I]t!lf1' 

"'b 1Ii"'-F' b"..r' l, 'b "'F'~" 0 F' 

.tLUI.'lI. rtG ~~G'!1.t ~UI.'r.l~1l'!UtL~~6 C'L~'!1.jLtlttlG.t~U~'gtlltlL~[Ul.it~Lnrr.~M",t f" 
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1i1~/1m~~f1~, 

c.J~ nT~~h'\.I"'HU. c.Jfl\l1n~1u,i,}tJri ElU,VI,r 1 

1 ....da Q"oo .4 

m~~11~'Y1lJ~~~~1U,tJ~ 

..l. d 
mu,tJ1 ~ El El::~ EllJ~~'Y1 ~~ 

'II , 

1 .....l...... "'" ..l 
m~~11~'Y1lJ~ ~~~1U,tJ~ bVlU,tJ1 

Gi em::~EllJ ~~LiJu,flu,~u ~El ~ 
'II 

1 ....J...... "'" ..l • 
m~~11~'mm ~~~1U,tJ~ LVI u,r.l1~ El El::~ EllJ 

..l 
~~'Y1~~
'II , 

r .....l...... "'" d • 
~m.,l ~l1~'Y1lJ~ t'l~~1U,tJ~LVI U,tJ1~ El El::~ EllJ 

~"d1u,flu,~U~El~
'II 

y 2.51(CTB) 2.49(OH) 2.50(OH) 

Zr 4.89(CTB) 4.89(OH) 

Nb 6.82(CTB) 6.78(OH) 4.18(TP) 

Mo 7.89(CTB) 7.64(PP) 

Tc 7.34(OH) 7.25(TP) 

Ru 5.80(TP) 5.59(CTB) 4.07(TP) 3.98(OH) 

Rh 3.62(OH) 3.58(TP) 3.28(OH) 

Pd 1.97(OH) 1.90(CTB) 2.11(OH) 

Ag 

Cd 

1.64(PT) 

O.16(CTB) 

1.61(PP) 

O.15(OH) 

2.04(PT) 2.03(PP) 

O.14(CTB) 

m11"~ 10 ~i"~1U,~~bv\'cttJ1~ El El::~ EllJ~fhWHU.Lib1.l1tJU b Yi tJU flU c.J~\l1 n~1u,i\l....tJrlElu, W.!1 
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• • 

• • 

vln~~m1~1'U.l ru'Y'l;~~l'U.~~L 'VIrtrn mllJ!.J1TV~"''U.Ti:::LU~ [m~:::lm~fii'l~ 

EiL~n~dtl'U.1'U.fI;fiL~e:rhCl~Ti1!¥l1'U.LLrn 4d 'Y'lUll Ag d'l'U.Lv:ltl~Ti1!¥lL~rnriiilm~fifH PT• • 
Li]'U.lm~ fin~riii'Y'l ;~~1'U.~!¥l L'VIrtrnfi~rifi!¥l 

'IJ • 
5nJ~m1LU~ tI'U.bLU ~ ~ i!¥l rilw;i1wm 

EiL~nCildCl'U.1 'U.fI;mCil Clf PT "lICl~L';1'U.u~iiitmmln 11aJii~ii~m~ru:::LU'Y'l1::~'U. ")ril4lfi'U.h 

am'l1ill[JCl ~l~ i~J'U.~1,)tI~.J'y'hm1Cildlv ~ClUll1'U.Ti1Cilrimj'VI~m~rn n'U.Cl ~l~ CU LL1il::: 
'IJ • 'IJ 

Au v:::iifiaJU1i LVI i,hii'LVI ii Cl 'U. 'V\~mL~mh~n'U.Cl ~1;J11 

mdiiin~lTi1Cil~aJu1i"ll Cl~fI~~b'ilClfl'U.lll!¥lJ~fillJ 3 b~aJ'iJlnn1d~l'U.lrufil'Y'l;~nU 
d oJ . d • I'" '" t 1 ..-.- t ...[JCilL'VI'U.[J1CilClCl:::CilClaJ b'Y'lClbu1[JULmJU Clm~ 'U.md'Y'lUfl1il~LCilCld"ll'U.1Cil 6 Cl:::CilCllJ m~fid1~ 

Iiil;J G)1'U.nlii~:::Tilli.! l~~1il~~Cilldl~fi 11 

LL1il::: Au 

.. .. 
fI~fiLCilCl1 CTS OH TP PT PP 

CU6 2.21 2.12 2.03 2.25 2.23 

Age 1.54 1.42 1.39 1.65 1.61 

AUe 1.83 1.70 1.71 2.05 1.91 

brlEl.y:jvldrulTil'i11'U.'VI:Wb~[J1~El Cu, Ag LL~::; Au L~'U.l~ll1m~fii'1~~ii'Y'l;;J.Jl'U. 
q 'IJ 

~lfi'ilv:::bi]'U.tm.J~n.J PT L'If'U.b~[nn'U. brtCl~vlntm.J~i'l.J Eil~nCil1Cl'U.l~'U.Cln"llCl;JJ;J 3• 
lil'i1L'VIiiCl'U.n'U.~;J'Yh1imm·.J ~i'l;Jfiii'Y'l~;J.Jl'U.~l~~bUmbl.lU L~tlln'U. ril'U.lm;Jfin;Jriii 

'Y'l;;J;Jl'U.~.J~'iI'lJEl.JJ~ 3 Ti1!¥lv:::LU'U. TP 'U.Eln;nndtm~~i'l.J PT Lb~::: PP 1Ufl;~b'ilElfnEl;J
'IJ • q 

lil'i1 Cu LL~::: Ag rJ.Jii'Y'l1il"-.J.Jl'U.~'ilLVlrttll~ElEl:::'ilClaJ1n~Hi[J;Jn'U.mnud::::mru 0.03 LL~::::• 
0.04 eV 'illlJ~liu 3nJ;JrJ.JiifilfiEl!¥lfl~El.JnU.J1ul,)tlfiEl'U.'VIitl<E;J'Y'lU11tm;Jfin.J PT 

'lJ Cl\l'Yl El\lbU'U.tm~ ~i'l.Jfi ii'W ~;J.Jl'U.[j'ilL 'VI rttll ~ El Cl::::'iI EllJ~;J ~'iIt'il [Jiifil 2.18 eV 
'IJ • 
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2.5,-------.-------~------._------~------._----~ 

t 
• 

2.0 
• 

EE 1.5 

.. • 

co 
>. 
~ 
Q) 

~ 1.0 
Ol 
c 
'6 

CTS 
c 

OJ 0.5 
• OH 

TP 
PT 

• PP 

o.o~------.-------~------._------~------._----~ 
Cu Ag Au 

••1 • 1.d " '1 t" .9.d... ~ ..,nnmll"l~u'YI 19 1l:::b'VI'Ull 'U'YIn'l f)1\l~n\l Ag ~:::Lu'Ulll'il'YI3J'YH'l"\ll'U[J\PI
'U • , 

L'VIti[JJ~l~'iI LdmYirJUnlJCu LL~::: Au :B\lLL'U1t ,:r3Jit~EJ'ilf)iEJ"nlJ'YiwlJ1'Ul~'iI'lJ'\.l,l~1mli , , " 

t~[Jl'Ul~~'lJ'Ul~lvlnj Cu iifilV'l;\l\ll'Ufj~L'VItitn~ElEJ:::'ilEJm'YhnlJ 3.49 eV lniL~[J"nlJ. " 
~<&:::iI I 1 I . .... d ,J I ; I ~ A 

Au 'YI3Jfl1 3.81 eV ~1'U Ag fl1V'l~""l'U[J'iI b'VI 'U[Jl@l EJ EJ::~ El3J1l::~n mllll'il'YI\l~EJ\lf) EJ 2.95, 
eV [18} 1llnlt'Ulcq'1'Yhm1~"';)@ln1l'rlV'l;\l\ll'Ufj'ilL 'VIti[JlliiflEJ:::@lEJ3Ji3JvlmfLY1Elvhn~nn• 
tEJm~~-;)::V'llJtm\l~fl"f);~L~EJflmLlJ1Jliil" 'l'lJ EJ\llll'il n~3Jdlcq'1t:.1~~\l1t1~ 20 

• • 'U 
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0.00 .........----r----~--___.-----.----"""T""--_____, 


-0.05 

---.. -0.10 
> 
~ 
E -0.15 
o-co 
>. -020OJ . 
L. 

<D 
c:: 
<D -0.25 
OJ 
c:: 

-g -0.30 
in 

-0.35 

• 
• 

-
• 

• 
.. 

· eTB. 
• OH 

.. .. TP• • PT 
• PP 

-DAD -+-----r-------,...-----,------.----"""T""----I 
Cu Ag Au 

thvri'u1l_t Cu ~lmllJLL@lnwil.J"lJB.J~;.J.Jl'UU@l LV\'ctf.Jl~ aa::@lEllJ"lJB.J1m.JH-n.J 

"". " . ~ J' 1 1 ""1 "d '"PT, PP m~:: CTB ~::lJml_tEltllJlnLL1iI:::~::@l1.Jnl_tlJ1n"lm l_t Ag @ltl:IJ m.JH~l.Jl'lYH~.J.Jll_t 

U@lLYlrtvl~eJa::@lalJ1mrL~v.Jnl_t~El PT LW::: PP ~1l_t Au ~::iimllJLL@lnliil.J"lJEl.J~;.J.Jl'U 
U~LYlrt[JJ~BEl~@lEllJ1mLlii1il:::1m.JH11.Jmn~H~1mf.J 3 1fl~ 'Yll1~m~'VI:lJ1Vl~,;h1l_t Cu'. , 
H1m~(1~u1m.JH11.Jl~ 3 LLUU ~'m1l_t Ag fn~~ulm.JH11.J PP 'VI1El PT LL1iI:::1'\.4 Au ii 

lamH~u lm.JH11.J PT :lJln~~~, 
. 

~d13J~1d...rUfi~L"~~ 

LdeJ'Yl1nT:ifll'Ul rnf11flll:IJ f.Jl1V1'-'I.tll::: L :.1~~ VliiElEl:::~EllJ"lJEhWI;~L@le:)"f 6 a:::~mJ1'\.4 

1f1@lrf.J 3 'Wu'hf11ml:IJ Vl1~l_t1f::LU~viii ElEl:::~EllJLUl_t>hJi.Jm~l.Jri 12
• 

d ,-,.d . '-' .. 
m~l.Jl'l 12 LLH~.JmllJ£.J11'Wl_t1f::LU~f.J (A) "lJEl.JflEl~L~El~"lJl_tl~ 6 El:::~El:IJ'lJEl.J1fl~ Cu, Ag LLEl:::

• 
Au 

'" .. 
f)ElHL~m CTB O: j TP PT PP 

CU6 2.41 2.41 2.36 2.35 2.38 

A96 2.79 2.79 2.74 2.72 2.76 

AU6 2.80 2.81 2.74 2.70 2.76 
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• • 

• • 

~lnCinn.J~ 12 ~::b"'hl.l1 1m.Jflfl.J PT L1lu,1m.JflfIJ~iimIJJtJT1-Wtl.ll::bU~tJ 
#tI.~fl~Hfl:lH) 1~tJ1t1.fH~'-flb~elf"lJel.J Cu 1m.JflTl.J PT ii~lmIJJtJll'V'l~tl.li:;LU~U~elel::~el~

• 
#tI.~ fl~1tl.n~ JJ ~J flel~f1 ~elJ rllJ md~1m.JflfIJdbUUImJ flfIJ~ii'V'l ;.J,nuu~L~iitJ1~f) 
el::CilelJJfl.Jfl~1un~JJ ;)m.h::~lrn 2.25 eV ". . 

3.0 

2.9 

E 	 2.8 
0 
~ 

Vi 
0> 	 2.7 
c 
~ 
.r: 	 2.6 
en 
c 
<D 2.5 

"D 
c 
0 
.0 2.4 
<D 

0> 

(\) 	 2.3 
~ 

<D 
> 
(\) 2.2 

2.1 

·• 	 ·•A 

•
• 
I CTB 

• 	 OH 
TP 

A PT 
• 	 PP 

~lnnn'Vhu~ 21 'V'llJl1 1Ufl;flL~elf"lJtlJllIW1 Cu ~::iimIJJtJll-WUll::LU~tI'lJel.J
" 	 . 

Yin1mJflfl.J;Unllfl;flLCilelf"llelJ Ag LL~:: Au "lJrn::~1m.Jflfl.J~IJ ') 1UfI;flbW1elf Ag• 
,:::::t , Q..oo.d 1 ",.c( Q,...I d ~J".ci 1 'l.I.r;:::t ~ &:t 1 

LL~:: Au ~::JJmflll:IJtJll'V'lUll::LU~tI n~LfltJ.Jntl. "If.Jfl:IJlJ~tI.:lJfl1I:IJ n~LfltJ.JnlJ'Yl'V'llJ 'U. 

1fl~"lJm~1~nJ ;)el1t1.1fl~"lJUI~1~nJ"lJel.J Cu iiml:IJtJll-WU1f::bU~tJ 2.56 A ~1u1t1. Ag
<I QJ <I QJ 

LL~:: Au ii~l 2.89 bL~:: 2.88 A [17] ~lmfu'lirhmd~.J~~mTI.-Jml:lJ!..I11-Wtl.ll::LU~tI• 
iJJ-W'Yl1f"lJelJfI;m~elf1mJflTl.J~I.J ')'li~~~.Jdu~ 22 

" 
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0.12~------~------~------,-------~------,-------~ 

.. 
0.10 


E 

o 
' 
U; 
OJ 0.08 
c 
~ .. 
:5 

tog> 0.06 • 
(l) 

-0 
C 
0 0.04 •..a 
(l) 

OJ • CTB 
ro 
' • OH(l) 0.02> TPro " 

PT 
• PP 

0.00~------4-------~------4-------~------~------~ 

Cu Ag Au 

,nmtJ~ 22 ~::LVlltL~ll f1~~LIile:rf"lJeh'l1l11il'Y1~.J 3 ~:::iJ1m.J~11.J PT LUlt 
'U , 

1m.J ~11.J~iifl'n:lJ[.n1vrl1.li::~1~1il 1El.JGl.J:IJl~ El1m.J~11.J TP LL~ :: PP L~:IJ El Ll~::~::LVll1., 
llfllfl11:IJ £.Jl1vrl1.1l:: l\l.~ui:IJvr'Y11fll1.1m.J~11.J~1.J ")i.hVl1iJfl ~~blil Elf Cu ~::1n ~l~U.J nlt 

:IJln~~Iil~lmfu.~::v\l.J:IJln.ffu.lu. Ag LLGl:: Au Iill:IJ ih~U, 

1u.'lK1"JJEldL~Yhm1f1Tu.1 rnv\1,hu.1U.~ l~nmElu.lu.,ffU.~1.J ")11 :lJii.J ~ L~nmElu.~ 
.uElm1um.h::V\11.JEl::IilEl:IJ"lJEl.JfI~~LIilElfrf.J 5 1m.Ji.'i11.Jlu.lillil Cu, Ag LLGl:: Au 1~HJlu. 

'U , 

1m.Ji.'i11.JfI~"'i.'iLIilElfrf.J 5 "J5UIilL~nmhLLl1.n"J5UIil"lJEl.JEl :: IilEl:IJbL~::;vrU.1l::lill:IJi.'i:IJ:IJlmL~~.J1tJ
'U 'U 

.J 
'Y1 23 
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• • 

~lU 

}~)J 

. .
d • ~ I ,.:::t ~ &:t IQ..;,.. 

'Yl EWm.Jmn.Jflf'l ~b~ El1~:::b1[JmlEl:::~ mJnf'll.J bbf'l:::El:::~ El~'YlbV\ f'l El~:::b1 UmlEl:::~Ell.!~~ 
~ . 

h~f1i~b~Elftm.J ~fl.J PP JUEl:::~El~~mj~1.Jnf'l1.J~::b1[Jn-)lEl:::~ Ell.! [J tJ~ ~lUEl:::~ El:lJ~tJ U 
~ ~ 

fitJ El:::'lIEl:lJ~~, tJ:::'lI El~nf'll.Jbbf'l:::El:::~El:lJ[J ElCll El Ul.Jf'l:::~El.JEl:::~El~ ~lV\iu1 U 1m.J~fl.J OH, 
bbf'l::: TP ~:::bv\U-)lyf.J 6 El:::~El:lJ:crml~~~m~1LbU1Jb~[J1nWYf.JV\~~~.JiJEl:::~Ell.!b~[J.J-nit~ 

'" b~[J1'Yl"'.J 2 mru 

t-lf'ln11f11U1rni~~lW;llU1UEl:::~El~h.tElElfumlf'l~1.J 'T'lJfl.Jfli~b<iltJfyf.J 5 -nii~ 
"lJEl.J1l1<ilyf.J~llJLb~Cll.J';.Jm11.J~ 11 ~:::bv\u-)11Ull1'\Al11lJLb~15b~nWl1tJu1wffu d ~:::• 
fiElWIll.JiJn11bfl~tJUrJl [J<1l1lbVlU.JUtJ[J 1 u'J.Jrn:::~fu~n~dtJu1mfu s ~::::crLbu11U:lJn11rJl [J 

<1l1bb'V\u.Jlu~lm~lJb~tJiJn1dd1lJill'UUfli~l<ilElf 1~[J1UEl:::'lIfllJmn.J"lJEl.J1m.J~fl.J PT 

~:::'\Al1Jm1rJl[J(ihLbmi.J'J.JEl.J5b~n<il1Elu1wffu s lUrJ.J.ffu p uEln~lnd1uEl:::<ilEllJlJ~"lH).J
• 

1m.J~fl.JdrJ.J'\Alule:Ju1~ El Elfu'Yl Elf'l bbUU s-d 1UEl:::<ilEl~~lJlJ1 ufli~bliltJf"lJEl.Jyf.J~llJ1l1<il 
~lWr1Jlm.J~fl.J PP wUle:Ju~CllElflfu'YlEltHluU p-d 1Ufli~b<ilflf'J.JEl.J Au ~lub 

lm.J~fl.J CTS le:Ju~l~b'n,rubl1J1J p-d ~:::'\AlU1UEl:::<ilEl:lJnf'l1.J"lJfl.J Cu Lbf'l:::1UEl:::<ilfllJ~lJ• 
"lJfl.J Ag 1 umru"lJ El.J 1m.J~fl.J TP '\Al1Jn11le:Ju~lCllb'n,rubbU1J p-d l"Iiunu1u€l:::~€llJ~:lJ"lJEl.J• 
Au u€lmlndm1le:J1J1CllbbUU s-p-d rJ.J~lmdnwul~~11U1uEl:::W1fl:lJ"l5ii~~1.J Gj"lJEl.Jfli~ 

.....'" 
b<il €l1'Yl.J 5 bbUtJ 

~lnJu~.J.yhn1df11Ul ru-;llmu5b~n<il1e:m~fl U1:::v\-)1.J El:::<il €l~~1.J Gj1 Ufli~l<il Elf 
~ 

11~n\lml:lJU11vrmf::1:::V\11.Jfl:::'lI El:lJ~1~Lb~~\l1U1U~ 23 -;llU1U~h~ nmtJu~€lUd:::V\11.J 
~ ~ 
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~fl~ri'Ull:::J:::'V'(;h~tl:::'ilmJ'l'ilL'iltlri~~hrtLuuUlnlJlm:::LL~'iI"~"nlJ~fl"ri'UlJ:::rj,nn.ffu 
~lun')fhLUUiilU~:::U"Utln~"nlJmtlumtl"tltlfu'YmiilLbUUyhiilltlri'UlJ::: 

.d 1 "'. IV "" "" . .r.d
~ln'illJl"'Yl 12 'iI tlIlTV'lJl3J~:::LV\UllLml U3Jflll3JtJlll"1UlJ:::~:::3Jm~""lIUL3Jtl 

'IJ 

lJl'ilJJ~lU1U~h~n'ilJtl,"lJln.ffu ~rltJl'i~lJnnIm"~f1,, PT l"IUllml3JtJllri'UlJ:::J:::'VIll"• 
v (L..o -=i I I ...... Q....o 

tl:::'iI tl3Jniill~'ill tl nU~:::3Jm3Jlnnllflll3J tJlll"1Ull:::J:::'VIll" tl:::'iI tl3Jniill" nUtl:::'iI tl3J3J3J• 
~~nUtltl l'i1tl~hnlJ.ntlwnu (overlap) "lItl"yJ~n-nUfl~uJ:::'VIll.J tl:::'iltl3J'lJ tl" tl:::'iI tl3Jniill~ 
~ltlnUJJ~lUtltlnll'lltl"tl:::'iltl3Jniill~nUtl:::'iltl3J3J3J~llil"l""UlJ:::J:::'VIll~tl:::'iltl3Jniill"nU• 
tl:::'iI tl3J3J3JJJml3JLL-ll" LLJ"nll•'''''1''' .d "",.."".d""~'VIJU m"~Jl" PP 'Yl3Jtl:::'iltl3J'Yl~lU 5 tl:::'iltl3J~:::l"IUll~lnlJitlmi1J'lltl~yJ~n"lfU.. 

.d I d V Q.;d. I q" Q.; I ~ Q.; 

fliilUJ:::'VIll~ tl:::'iI tl3J'Yl;)lUm tlnmJm~"nll"ll tl~nlJ"IftlU 'Yl U J:::'VIll~ tl:::'iI tl3J'Yl ;)lUnU 
.. 'IJ .u 

tl:::'iltl3Jtl tl'il LL~'iI~1iL~Ulltl:::'iI tl3J~~luJJnlJ~fl"ri'UlJ:::nu'VIm LLttunll~~fl"nu.. 

tl:::'iltl3J~tltl'il 1UIm.J~fl~ CTB l"IUllri'ltll:::~LL-ll.JL~J.J~~'iI~tlri'Ull:::~~fl.JJ:::'Vdl" tl:::'iI tl3J• 

~ do,.;. .d V Q..,.o a.....,.:;:t "" 

niill.Jm ~tl"'lJ ru.:::'Yll"lUll:::J:::'VIll" tl:::'iI tl3Jniill.JnU tl:::'iI tl3J'Yl tl tl'il3JnlJ"IftlU'YlUUtl tlmn'Yll 

1iU1t1 rnd'l~JJnlJ~fl~ri'Ull III tl1Umr~L'iI tlf l'i1tlim~rn:::~.Jnrill~:::Ln'ilnUtl:::'iltl3J 
CTB 'lltl.:Jlll'ilrf.J~l3J"lfU'il 1Ufli~L'iltlftm.:J~f1.J OH ~:::l"IUll~:::l"IU~lnlJ.ntlUrlUiil'iliil.:J• 

.d. d ~ d 1 .d .... 6' • V Q.; • 

L3Jtl3JnlJLl"I3J'llU'lltl~'lJm'il tl:::'iltl3J umrn'll tl.Jfliil~L'iI tlJ TP ~:::l"IUllnlJ"IftlU'YlUJ:::'VIll" 

tl:::'iltl3J1lt'VIU1~13JL 'VI ~tl3J~l tlnULtl.JLLiil:::ri'Ull:::J:::'VIll.:J tl:::'iI tl3JJ:::'VI11.:J'VIU1~13J L'VI~tl3J~:::JJ 

~l LL'iln~h~nuUtl tllJl n l'i1 tl~lml3J LL'iI n~l.:Jd~:::iil'il iil.:J'ill3J'llUl'il tl:::'iI tl3J~L~3J.fflt Lrl tl 

l'i~1Irn11ltfli~L'iltlf'lJtl.J Au ~:::l"IUllml3JLLii.JLbJ~'lJtl.Jri'UlJ:::J,,~tl~ LLUU1U1m.J ~f1.J TP 
'" lt~:::JJf11L'Yhnu 

1UrilU'll tl.J nllf11Ul rnf1l1l"liill'lIL"IfU~~~lL.Jimh:::1tl'llu1ltnlILWnLw:::fli~L'iltlf 
.d"" "" 1 V"""" d 1 ",,r.. '1 " '1'Yl3Jl"Iiil.J..Jllt nmmJ·Jnu "If.J UmrnUfltl Lm.J~ll.J PT, PP, LLiil::: CTB b'iltlnlJLLtlnLLtl::: 

~3JullnlJ1 l"I iill'1J.n~LL'iln~l.JnU'lltl"13JLiil niil LrltlJJ~Ul3JlyJ~lfl~~m:::~l~ tlfliil""m'iltlf• 
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llNl• 1m;H~'hJ 1l'l~11.'H'niJ~~ (A3 
) 

PT 35.54 

Cu PP 33.92 

CTB 33.90 

PT 50.10 

Ag PP 47.13 

CTB 47.57 

PT 38.35 

Au PP 38.13 

CTB 38.32 

~lmnJ1JYi 13 ~::L~u.'hfh1l'l~11.'H'niJ~~"lJElJ~~"'~L~Ernu.1mJ,rrlJ PP LL~:: 
CTB bLYlU~::I.~:iJml~LL~n~lJnu.lwtfJ~l~1i1~ Lb~1u. CU LL~:: Ag :iJml~Lb~n~lJ"lJElJ, 
Til1l'l~ll.'H'niJ~~"lJ ElJ1mJ ~11J PT nUfli~b~El-flmJ ~11J~1~ii~ PP bL~:: CTB 1~ tJ 

1mJ~11J PT ~:::iJfh1 l'lin hL'1lU~~~Jn';h1mJ~11J1u.~l~ii~yfJ1wln~ Cu Lb~:: Ag 
~ , 

lh::~lrn 5 % LL~:: 6 % m~~l~1J .tJTh1l'l~lhL'1liJ~~Yi~1"nwd'Yhli~lmJmLtJmLtJ:: 
lm"~11" PT ElElnm~ln1m;J~fl;J PP LL~:: CTB 1u.nlJYl~tHl"I.~ klVi1u1u.mm"lJtlJ 

Au l'lUll~l1l'l~li.Jb'1liJ~&t"lJtl;Jfli~b~tlfrf;J~l~1m;J~11..J:iJml~bL~n~lJnmrEltJmnYh 
1inlJutJn bbtJ::~i~L~ tlf"lJtl;JYl tl..Jil tJli1dhj~lmJrl'Yh I.~ €I rJl;J I.Jnm~~lnn1Jf)lu.lrn 

I Q,.; dI d I I vJ" I Il..; lIS .d. I I 

ml'l~..J;Jlu.tJ~bViu.m~ El tl::~tl~n €I 1.1. Vimu.l'lUlll'l~..JJlu.tJ~bViu.m~ €I tl::~El~"lJElJ PT mJ 

~lnfli~b~El-flmJ~11;J 31.1. 6) €I rJl'lEl ~~mJYh1i:iJltlnl ~l'lU~i~L~ €1ftu.lmJ ~11Jd 
~ 

~lnnll1~J;J~flJ PP bLi'l:: CTB 

1Jl~ 
q 

ll'l~lI.JL'1lU~~ (A3 
) 

Cu 53.82 

Ag 44.67 

Au 61 .16 

ElrJ1Ji'~L~u.~lVi1U Cu LL~:: Au fimh::mrn 40 % bb~:: 37 % ~l~ih~1J ~lu.lu.i~<ll, 
"lJm<ll1Vib!i"lJElJL~u.:iJ~11l'l~lhb'1lU~~~lnllb~~""~b~El-fl<ll m~~tJ l.h::mrn 8 % 
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lm.J~11.J "1l'il~ 
CU6 Ag6 AUa 

3d 45 4p 4d 55 5p 5d 65 6p 

~~(3) 9.88 1.13 0.03 9.94 1.10 0.03 9.83 1.21 0.03 
PT 

, 
mn.J(3) 9.86 0.88 0.23 9.92 0.85 0.17 9.81 0.93 0.18 

~lt.1(5) 9.88 0.95 0.17 9.94 0.94 0.13 9.86 1.02 0.14 
PP 

rJeJ~(1 ) 9.84 0.78 0.37 9.91 0.71 0.33 9.81 0.76 0.32 

~~(2) 9.85 1.05 0.13 9.92 1.02 0.10 9.81 1.14 0.12, 
CTS mn.J(2) 9.83 0.99 0.21 9.92 0.95 0.17 9.81 1.06 0.18 

m)~(2) 9.86 0.64 0.45 9.92 0.60 0.40 9.85 0.69 0.35 

OH ~~(6) 9.82 0.89 0.29 9.92 0.83 0.25 9.81 0.95 0.24, 
TP ~~(6) 9.83 0.92 0.25 9.92 0.86 0.21 9.81 0.99 0.20, 

'-----

mI1.J~ 15 ff~~lU'lJ€J.J5b~n~m:m.ffwl.HJn''lJeJ.J€J::~€J~bb~~::''1!ii,~1umf~b~e:J'fJ.J 51m.J~11.J'lJ€J.Jn-l~, Cu, Ag bb~:: Au 
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0.

f1~~ PT PP CTB OH TP I 

L~€l 

'" 
d1 d2 d1 d2 d1 d2 d3 d4 d5 d d1 d2 

-:1 

2.40 2.33 2.44 2.32 2.36 2.45 2.38 2.31 2.46 2.41 2.35 2.37 
Cu6 

0.12 0.45 0.45 0.2 0.62 0.19 0.38 0.15 0.02 0.26 0.35 0.43 

2.79 2.70 2.81 2.7 2.71 2.85 2.76 2.64 2.88 2.79 2.72 2.78 
Ag6 

0.123 0.40 0.38 0.23 0.53 0.19 0.34 0.33 0.05 0.23 0.34 0.30 

2.82 2.66 2.8 2.71 2.69 2.84 2.75 2.71 2.91 2.81 2.73 2.76 
Au6 

0.13 0.35 0.33 0.2 0.47 0.17 0.30 0.20 0.06 0.21 0.29 0.30 

~ .... q" Q,..o ... , 6" 0.,... ...1 6" Q,.; 6"A 1 '" 1 q,... t:.d. d . ~ 
m-:11.J'Yl 16 fI111J UT1'VfU,1i::Lb~::m-:1"I!€lu, 'Yl1J"lJ €l.J~.J n"1lU,f1 ~U,-:1::U,11J~.J1JU,~.Jn"llu,f1~lUbU1Hl€l-:11J'Yl €l~"lJ€l.J€l::~ enJ U,1J1L1 ru1::'V\11.J~€l.J€l::~ €l1J U,f1~ ~b~ €l1'Yl.J 5 

lm.J~fl.J"lJ€l.J1i1~ Cu, Ag bb~:: Au
• 

109 



dd 8~~[$ £ ~L,tH~wp1.~mll~fJ~'~UtUlllIAH~g'tl.L~~~M!J~~LkHn~lrtM~....fJ::t:m 'tI.pqA., 

5V ~~'tI.t~~~~tfJp.IA'~g'tl.u~~M!J~~LkHn~l'tl.[}'L~rtM 1d 8~~[$ l ~LkHL'W1~IAL~ 

L'tI.Wt1.8 UrJ IWtlLL' 111 1_'Ct 

, n. , 

UL(!~HL'~UllllA'~g'tl.LL'L'....~M!J~L'LkHL'W1'tl.LL'rJLt1LU!Jf1!VE~ :)1 ::~" 0V\l 'JZ ~ULL'8fl.}8~' 
, n. 

H~~rtl-IAL~~HL'H UlP.1A'~g'tl.LL'L'....ll M!J~~LfH~W1'tI.LL'rJ Lt,.~kL'E L1 'P.UL(!U8't1. Lrmq1~fJ....(!~'tI.LL' 
, n. 

'tI.t'tl.LL'rJ U.rJ~'I)'rt U L'LtH ~1~1::1l'tl.~nrl' I~' m t 'tI.L~u'~HL' H trJ'tI.lA 1 ~rJ't1.LL'N'! Mrtu'L'L1H L'1~1 
, 

p''''"b 11> 6"1'lIL\ OF' F' p #"'b PF''' 

L~f1M qN ~Ul'tl.t Lrt'tl.L!'1~rJ....(\>.~'tI.LL"t1.t L~UL~L~~l~kmt'tl.L~~L~L~rtM'tI.t'~8fl.}8~'H....~~'tI.t 
n. 

'tI.t¥! Lrt'tl.L!'1~rJ....I!l~'t1.LL'L~UL'k'!8~IAL'rJ~'~UtL~!J,nmt'tl.L~~rt8~::88~UlP.1A'~g'tl.LL'L'~ML~ PJ 

::~11 Pd 'lje! 'ne! 'J,. L'8fl.}8~'H....~~'tI.tL~f1Mrt8~::88~WP.IA'~g'tl.LL'L'....~ML~mt'tl.L~!.LUrtkIAL~ 

'tI.JbL!A.' PJ L'8fl.}8~m...~~!yw't1.t~" 
rb /tI b It! 

'tI.J-WrJ}8 ~'k'!~~'t1.tL~UL'H::I!lU....rt[111At ~L't1.fl.~H!'tI.trJ~m::Jl't1....MtLrJrtLwL~~"L'rJ~mll't1.!lo 'fUlA t , , 
~L't1.fl.~H!'tI.~kf1MLl1Lrtk'!L'En'tI.liW l!>'::mHU~rt!1.1t'tl."L~rtML'EnULI!lU8't1. ~u~m1L'&m8u' 

~ ~ 

G}8 8 gHb U,rtL~!J~'::Jl'tl.....ML'LkH!.LU f1li L'8,.[lotfJ~' L'~rJ LL'IAL~rt1L1LM::mHU....~'tI.~' f1rt11 rtt!JL~rtM 

pp 'tI.,g.'tI.t 'tI.8!'~U~'~ rt~'!.LU!J8pm ~m::Jl~MtLrJrtLt~L~L'~rt'mn~rt1!.Lurt!1.1t'tl."L'8fl.'tI.t¥! 

n. 
L~8~IAL'Hwp.IA'~g'tl.LL'L'~M!J::(!L'Lkk'!L'W1~.t.LUrt....UL'8,.[loW~' 

, 
't1.t¥!!Jf1!1~H~'tI.: n ~'U, ::Jl'tI.",MtLn ftLW!J~L'LkHL'W1L~f1M::M3t~Lm!.LI!l~rtq.LrtL,.[lo' rt 8 ~::88 ~ 

b 

trJp.1A'~g'tl.LL'L'....llML~Ltt8p' 1d L'LkHL'Wl'tI.[}'::I!lU....rt~k'l~'tI.:rJ ~m::Jl't1.....MtLrJ rtLt~!J~L'Lkk'lL'!.~l 

'if LO'O 'tI.~'f1!kL!1.IA't1.8!-1rJ,.,I!l~'tI.LL'UL(!L'L~u~'mLw!J~1mt'tl.L~~~MrJ~1L!1.IA'tI.8!-1rJ,.,(!~'tI.LL'f111 

L'rJ~'~UtrtLt~!J~1'IU t 'tI.L~~n~'U'::!l'tI.",MtLrJ rtLWL~L~rtMrJ~m::Jl'tl.",MtLrJ rtLWL~Lm!.L(\>'~8p' 

'" b
fUlAt ~L'tI.fl.~H...t'tl. t f1M~tLl"'tI.t rJLllL'Lkk'lL'.t.~lL'~rt,1't1.rJ ~rt' 

b b 

!.LUULHL~tLl'1't1.t rJLllL'L,tk'l L'W1 L'~rt'1't1.rJ~rt'.t.LU!JP.rt~Ul£lLJlL'8 fl.rt8l£l::8 9 ~L't1.fl.}8l£l'H~~ 

L~rtMn~'Um~1(. L'L~~8u'G}GGL'G.t.~rt8W!.LU'tI.t¥!~~::~"fW~::8 
, 

8~trJP.1A'~g't1.LL'L'~M 'n~'U'::!l'tl.",MtLf1rtLt~ '~H~rtH::LrtlA'~L'LkHL'WlLlAmU1.L~.t.LUUL(\>' 

b 

: P17 tU1mL~E-'!!'t1.u.LU4)Lg 

p.L'....~~t':I~k(. C-L~L'Lkk'l L'W1L'&'ltrtrtk'l 

'lUt't1.L~rLW g L':i'u,}8l£lm....~~L'LkHI.'W1Ltt~l..'t1.JbUL(\>. (dJJ rtn~lAmLH't\L~rtg.£:rt ::~" tid) f1Lmm, 

ftrJ~lAmLH '(HO) L!1.IA~rL111.'!.u, '(81J) UlrtlArt.tL!1.lArtLk'l~~aL!.~ '(dd) rtn~1A1LJ1.'t1.L~~[$::!.~ 
b 

rJ t,.~rtGU:::.t.rtI.'LkHL'W1 g 'tI.t't1.L~~H~rtH:::LftlA'WLkHC-W1LIII.!.LUl1t~'tI.~ft~' rtL't1.:::!.'tI.~~f1m' 

'tI.~1't1.L~~n..'l1-t f1~1't1.'!1. "L'tI.lArtLt~~,!l'tl.!-yl.'~~~t11~1 (" C'L~~8u'!}}GG'tI.t 'tI.G!'l£lU~'~L'8fl.'tI.t¥l~~ .... b 

::~'mG~:::88 ~tl1P.1A1~g'tl.LI.'I.'~M 'rl~'U':::Jl't1.....MtLl1rtLWIl t~rtGU::!.rt'tl.~ Pv lLl11't1.t ~!-[o'tl.LtU,~Ul 

I.'Gfl.rtGl£l::G 9 ~L't1.fl.}8l£l'H~~1.'8fl.!trtftH:::m'L'L,tHL'W1f18k'!(\>.t.t.l£l.t.LULlA.~1P.'tI.~rJ!-~'tI.LL' 

g-RllU.t\~''tUl't1.L~.tLU't1.t~'t1.LIl~S.tLU~t:ll1t~ 17 ~u.rt 

http:f18k'!(\>.t.t.l�l.t.LULlA.~1P.'tI.~rJ!-~'tI.LL
http:8~trJP.1A
http:L'~rt,1't1.rJ
http:ML'LkH!.LU
http:mt'tl.L~~rt8~::88~UlP.1A
http:trJ'tI.lA


• • 

~tlmnnii'lu.~ ;~L~ tlf"lJ tl,] Cd rln 1m'] ~fl']V'luil~V'li']']lU.U~mrttll ~l w,h~i~L~ tlf"lJ tl"• 
1l1~OZfU~5u.1.h:;1.Ilrn 10 Lrh ~,]m~Vlllltl'·h~:;hj~lllllnV'lU~;~L~tlf"lJU.l~ 6 tl:;~tlmtl"• 
1l1~U'1C3l• 
LrlmtJ1t1U L-ntJUUu.l1,xll nl"'iLl.l~ tI~LLl.l G'l"f11V'l;"']1U.U~ L Vliirn ~ tl tl:;~ till Lrl tI Ei L~n~It1u.lwffu. 

4d L~ll;fu.';)::lCilmlvJ mlllim4'u.fLUU.ll.lV'l1111 UG'l1~~1~']~11.llIn tI~Ul tlLCilCill mLu.l~~ 
'U 

d _ v a Q.; A~ ~Q.; 

Ln til nu ml~It1Umtl,] ~mu.::LLUU ~11"VlU.li::LLG'l::LL1JU'Yll G'll tlVlU.li::"lJ tI'] tI LG'l n~1t1u.mll'Yl'1MiJ 

tltIfU'YltlG'lL-n'] l11bG'lnG'l LflmtJ1t1Ub-ntlU~G'l,;)ln~~lu.lrnL~1U.~;~L~ tlfnulu.l~~"lJu.l~lmu 

VlUilLLu.l1,xllmV'l1111uG'l1~~1ii'iJm1VluL~1U.l~~"lJU.1Vl1Vlru L'Iiu.L~tJ1nu. bWtI']bL~lu.l~Vl
cu q IU q 

"lJ'U.l~1V1 ru~~n"lJtI"1l1~~1" 6) ,ym::iJf11Vli']']1u.UVlm;itll~ ']nl11U.~i~LVltlf 
v q 'U 

bfl tI'Yllm11 Lml:::'tf i~~1U.~1u.l'U.EiL~nmtlu.1V1mu~ tJ1'U.~ i~L~ tlflVI ~1ii'V'lUl11'U.~ i~l~ tlf 

"lJtI,] Y U~::: Zr V'lUm1Ll.l~1l'U.bbl.l~""lJtI"Eib~n~'H1W~lniu. 5s 11.lrr"iu. 4d 

l'U.~i~b~tJf"lJtI,] Cd lliV'lum1bl.l~tlu.bLl.l~,]1u.Eib~n~1t1u.iu. 4d LL~';):::iJm1Ll.l~tlu.LLl.l~,] 
A '" 1 ~ , ~ .1"".I.oJ' "I" .f 1 ~ l'
m~n~1t1u. U.0ZfU. 5s bb~:; 4p L'YllU.U. Lb~:::n11LlJ~tlU.bLlJ~"U.';):::VlU b~1.Iln"lJu. U.l~~"lJU.1Vl VII] 

1'U.~i~b~ tlfv tI']lil~"ll"UVI 3u. 6) iJm1LtJ~ tlu.ul.l~,] iVl~1U.~1U.1U.Ei L~ n~1t1u.lu.;nMrn:;nl'Hn~
• 


leJu1LVlb"lJ-lu.lib~u.1Cilrr11,1.l 


bLu.11,xllm1Ll.l~tlu.LLtJ~" EiL~n~1t1u."lJ tI']~;~L~tlf~lV1fUlil~1 u.umii' Eib~n~':ltJ'U.iu. s ';):;iJ
• 

n11bl.l~1lU.bLtJ~".jilbmll.,]1u.L'~ E1~n,]vru.li:;1u.~;~b~tlf "lJrn:;~EiL~n~IE1u.lwff'U. d f1e)'U.-nl']iJ 

n11bl.l ~ llU.UtJ ~,],xtl tI 

Lrl E1v:l,;)11rnll~~"lJu.1VllVI w,;):::V'lu'"hiJ mlbl.l~ llU.UtJ ~""lJ E1"~1U.1U.Ei L~n~IElu.tI rJl",r~b';)u.nil~. ., 

VlUlu.~i~b~E1fv'U.1V1 6 tJ:::~E111 tlnLlu.lu.mrn"lJtl" Rh ~n11Ll.l~1lU.bLl.l~""lJtl,]EiL~n~Jtlu. 

lu.~i~L~tlf~"nil1'U.l~V1"lJ'\.l,lV11V1 ru 
'U • v 

illt;,J Cu, Ag LUl:: Au : 

mJ~lu.l rnf11V'l ;""lU.UVI L VliitJ1~ El tl:::~ ElllVlUi11l1V1 n~llii'';)::;iJlm,,~fl"~ iJV'li""l'\.l,UVI
q q 

bVl;itJ1~"~~Luu.lm"~n,,lu. 2 mi~El PT u~dm.J~n"ii'';)::;iJV'li''''1'\.l,tiVlmii1l11mrb~tI"nU
'U • 

1m,,~fl" 3 ii&i~El PP l'U.fli~b~tlf1V1t1ml11bbVl n~1']"lJEl"V'li"']1U.tiVlLVI;itl11u.lm,,~fl,,~ 
~E1.JftlV1fu~imVltlf"lJfl"1J1V1millii'mi1u.'Ii1" 0.03-0.04 eV 

• q 'U 

~i~bVlflf"lJU.l~ 6 tl::;V1t111"lJtI" Ag bUu.~i~bVltJf~iJf11V'li""1U.tiVlbVliitll~ tl tJ::V1tlaJ~l~~V1• 
ft1V1fuJn~n~aJii' ~,]inMrn::;L 'Iiu.ii'~11.1l1nV'lULVl1U.l~V1"lJU.1V11VlruL 'IiU.L~ tllnu. 

'l 't q QJ 

lu.~i~LVltJfvtJ']1l1V1 Cu lm"~n" PT, pp LL~:: CTB iJV'li""1U.1:iVlLVI;i1l1~tJtI::;V1tJaJ1n~L~tI"• 
nu.1.Iln ~'m1u.~i~LVlflfvEl" Ag ';)::;iJ LWll"lm,]~fl" PT LL~::: pp L'Yh~u.~iJV'li",n'\.l,1JVI 

v 

http:0.03-0.04
http:n~IElu.tI
http:E1"~1U.1U.Ei
http:E1~n,]vru.li
http:Eib~n~':ltJ'U.iu
http:iVl~1U.~1U.1U.Ei
http:u.Eib~n~1t1u.iu
http:VlUilLLu.l1


• • 

L'VIitrn~tltl:;CiltllJlmlL~[J·;lfl'U. 1.Im::Yi1'U.rHrtiLCiltlfutl.J Au LL~ t'l::tm.Jti1\JIl:::iiY4i.J.Jl'U.V'il 

LVI itrn fi tl'U.-Vl.Jvll.J n'U. 

~ ~m1fhw:Hu.mllJ lJl1~'U.ti::LU~ [JY4U',h1'U.f1 itiLCil tlf1.l tl.J Cu ll:;iifilfldl)J[J11~'U.ti:::LU~ [J~l 
• (V 6'" d:~ Q;.dl V.d "" dVJ"'% t.I (V~

n11fl~tiLCilm1.ltl.J Ag LL~::: Au 'If.Jllfl1l11[J11Y4'U.ti:::LUt'ltJ n~LfI[J.Jn'U. ~~'Yl b'il'U.titl'ilfit'ltl.JnU'Yl 

Y4Ul'U.lti'il1.l 'U.l 'ill'VItlh"1i'U.L~ rnn'U.. ~ 

1m.Jtifl.J PT L1j'U.1m.Jtin.J~iimllJtl11~'U.ti:::LU~1I~ltiCilLti:lJf) Llt'l:::rJ.Jdht1m.Jtin.J~ii• 
~ A d I dd'VG _ .J" 

Y4~.J.Jl'U.tI~L'VI'U.rnCilf) f):::'il tlllti.J'Yl ti'il elnm tI til 'VI 1U til Cil n~lJ'U. 
'U q q q 

.r... 1"'1 '" '1 Q.,.f,J .rv,:t ,Q..o

'U.tlnllln'U.tI.JY4U LL'U.1 'U.lJ f11.J ti1l.JLb~ L'l::: f11.J ti11.J~::::lJml:lJ lJl1 'I"mti::: bUiil [J'VI1.J n'U.lJln1.l'U.CilllJ 

o A~ .d~X.c4"" 
~1'U.1'U.mt'l mldtl'U. 'Yl LY4 :lJ1.I'U.tl n~1 tI 

m1fil'U.1 rni'ilL'f1WlJtl.J 5L~n'il1em1Wff'U.~l.J ")Y4U'hm1~fl.Jvr'U.ti:::1'U.f1i~LCil tl'f1.ltl.JtilCill'U.n~:lJ 
ii'~:::iim1LfI~tl'U.Ultl1.l tl.J 5L~n~1tl'U.lmf'U. s 1.Irn:::~5L~n~1tl'U.lwff'U. d fitlWU1.Jiim1 

.d 0 VIII I 

LfI t'l tl 'U. lJl tim bL'VI 'U..J 'U.tl tI 

l'U.1m.J~n.J PT 1.Itl.JJ.J~lJtil~Y4Um1LfI~tl'U.ultl~ln1)tlfu'Yltl~ s Lu~tltlfu'Yltl~ p LL~:::rJ.J 
• 'U 

Y4UL~U1'iltltlfU'Yltl1il"D'il.~ s-d l'U.1m.Jrn.JLLuuii'5ml1t1 

~1'VI1ul'U.1m.Jtin.J PP, CTB LL~::: TP lJ'nY4UhU1'iltltlfu'Yltliil"D'il.'il p-d l'U.tI:::~tllJ~l.J") 

mm~lnit'1~u1~ 1) tlfu'Yl tliil"D'il.~ s-p-d rJ.J ~llJl1rJY4UL~~dLul'U.1):::~ tl:lJ"D'il.~~l.J "]1.1 tl.Jfliti 

L~tlfJ.J 5 1m.J~fl.J 

~1'VI1Um1fil'U.drnfi11Y4iillL1L'IfU~iY4u'h1'U.f1i~b<lltlf1.ltl.JtilCil Cu Lb1il:: Ag ~mm.Jtifl.JL1j'U.• 
2 mi bbiil::l'U. 3 iJ~ fi11Y4fnL1b'IfU~i~fil'U.1rnL~iiml:lJbb~n~1.Jn'U. bb~1'U.mrn1.ltl.J Au fi11Y4 

iillL1b'Ifu~il'U.1m.J~n.J~1.J ,,)iimlJJlmrb~tI.Jn'U.JJln 

http:Y4U'hm1~fl.Jvr'U.ti
http:lJ1.I'U.tl


.... 	 A 

Ltlm'I'THl1\1tJ\I 

[1] C. 	Kittel. Introduction to Solid State Physics , New York: Wiley, 1996. 

[2] 	L. E. Sutton. Table of interatomic distances and configuration in molecules and ions. 

Special publication No. 18, Chemical Society (1965) 

[3] M. Born and R. Oppenheimer, Ann. Phys. (Leipzig) 84, 457 (1927) . 

[4] L. H. Thomas, Proc. Cambridge Phil. Soc. 23, 542-548 (1927). 

[5] E. Fermi, Zeit. Phys. 48, 73 (1928). 

[6] P. Hohenberg and W. Kohn, Phys. Rev. B 136, 864- 871 (1964). 

[7] J. P. Perdew et al,Phys. Rev. B 46, 6671 (1991). 

[8] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865-3868 (1996). 

[9] W. A. de Heer, Rev. Mod. Phys. 65, 611 (1993). 

[10] S.J. Clark, M.D. Segall, C.J. Pickard, P.J. Hasnip, M.J . Probert, 	K. Refson, and M.C. 

Payne, Zeitschrift fuer Krista/lographie 220(5-6) pp. 567-570 (2005). 

[11] B. G. Pfrommer et ai, J . Comput. Phys. 131, 133-140 (1997). 

[12] J. C. Idrobo, S. Ogut, and J. Jellinek, Phys. Rev. B 72, 085445 (2005). 

[13] Shunfang Li, Haisheng 	Li, Jing Liu , Xinlian Xue, Yongtao Tian, Hao He, and Yu Jia, Phys. 

Rev. B 76, 045410 (2007). 

[14] B. V. Reddy, S. K. Nayak, S. N. Khanna, B. K. Rao, and P. Jena, Phys. Rev. B 59, 5214 

(1999). 

[15] 	F. Aguilera-Granja, J. L. Rodn'guez-Lo'pez, K. Michaelian, E. O. Berlanga

Raml'rez,. and A. Vega, Phys. Rev. B 66,224410 (2002). 

[16] 	 B. K. Agrawal, Savitri Agrawal, Pankaj Srivastava, and S. Singh, J. of Nanoparticle 

Research 6, 363 (2004). 

[17] F, Aguilera-Granja , J. Ferrer, and A. Vega, Phys. Rev. B 74, 174416 (2006). 

[18] M. D. Segall et aI., Molecular Physics 89, 571-577 (1996). 

[19] M. D. Segall et al.,Phys. Rev. B 54, 16317 (1996). 

[20] J. Wang, G. Wang, and J. Zhao, Phys. Rev. B 66,035418 (2002). 





lOP Publishing Journal of Physics: Condensed Matter 

J. Phys.: Condens. MaHer 26 (2014) 025405 (5pp) doL 1 O. 1088/0953-8984/26121025405 

The hcp to fcc transformation path of 
scandium trihydride under high pressure 

T Pakornchote, U Pinsook and T Bovornratanaraks 

Center of Exce.llence in the Forum for Theoretical Science. Department of Physics. Faculry of Science. 
Chulalongkorn University. Bangkok. Thailand 
ThEP. Commission on Higher Education. :128 Si-Ayutthaya Road. 10400 Bangkok. Thailand 

E-mail: thiti .b@chulaac.th 

Received 4 November 2013 

Published II December 2013 

Abstract 
We used density functional theory to calculate the phase stability of the hcp (hexagonal close 
packed) and the fcc (face centered cubic) structures of ScHJ . The hcp form is stable up to 
22 GPa according to the generalized gradient approximation calculation. Then the fcc form 
becomes energetically more stable . In order to provide insight into the phase transition 
mechanism, we modeled the hcp to fcc transition by sliding the hcp basal planes, i.e. (00 l)h 
planes, in such a way that the ABABAB sequence of the hcp form is altered into the ABCABC 
sequence of the fcc form . This sliding was suggested by the experiment. The configurations of 
these sliding steps are our proposed intermediate configurations, whose symmetry group is the 
Cm group. By using the Cm crystallography, we can match the d-spacings from the lattice 
planes of the hcp and fcc forms and the intermediate planes measured from the experiment. 
We also calculated the enthalpy per step, from which the energy barrier between the two 
phases at various pressures was derived. The barrier at 35 GPa is 0.370 e V per formula or 
0 .093 eV/atom. The movements of the hydrogen atoms during the hcp to intermediate phase 
transition are consistent with the result from the Raman spectra . 

Keywords: scandium trihydride, high pressure, density functionallheory, structural phase 
transition 

(Some figures may appear in colour only in the online journal) 

1. Introduction 

ScHx and YHx are compound whose hydrogen concentration 
increases with pressure. When they become dihydrides (x = 

2), they have the fcc structure at low pressure. When the 
pressure increases, the hydrogen concentration increases until 
the compounds reach x = 3 where they become trihydrides . 
It is known that ScH) and YH) have hcp structure. At higher 
pressure, these two trihydrides exhibit hcp to intermediate to 
fcc phase transitions [1-4] . In this paper, we focus on the hcp 
to intermediate to fcc phase transitions in ScH). According 
to the experimental results, ScH) starts to appear at 5.3 GPa, 
and it has the hcp structure in the 5.3-28.9 GPa range. 
ScHJ transforms sluggishly into an intermediate phase in the 
25-45.9 GPa range. The hcp and intermediate phases coexist 
between 25 and 28.9 GPa [I, 5]. Then ScHJ transforms into 
the fcc structure for pressure higher than 45.9 GPa. The 

0953-8984/14/025405+05$33.00 

structure of the SCH3 intermediate phase has not hitherto 
been clearly identified . The x-ray diffraction pattern showed 
a characteristic different from the hcp and fcc ones, i.e. some 
atomic planes derived from the diffraction peaks cannot be 
assigned to any of the hcp or the fcc planes. In contrast, the 
YHJ intermediate phase has already been identified as a long 
stacking sequence of hcp basal planes, i.e. (OOlh planes. The 
x-ray diffraction pattern also shows a mixed characteristic, 
between hcp and fcc structures [6J. In another independent 
study, the YHJ intermediate structure has been classified as 
a C2/m structure [7]. For SCH3, it was suggested that the 
transition from the hcp to the fcc phase is a continuous 
path which conserves the hcp basal planes and also the 
(1IO)h planes [I] . The spacing of these planes decreases 
until SCH3 becomes fcc phase. After the phase transition, 
the (I 10h planes become the equivalent (220)[ planes in 
the fcc phase [I] . In this research, we studied the phase 
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stability of the hcp and the fcc structures of ScH). We 
proposed a transformation mechanism. and constructed the 
transformation path of the hcp to fcc transition, and identified 
the intermediate phase. 

2. The method 

All the calculations in this work were performed using 
density functional theory (OFT) [8, 9] and the self-consistent 
field method, as implemented in the CASTEP code (10) . 
We used the Perdew-Burke-Ernzerhof (PBE) [II] functional 
for the generalized gradient approximation (GOA) [12], 
and also used the local density approximation (LOA) for 

comparison [13, 14]. The k-point separation of 0.02 A-I and 
the energy cutoff (Ec) of 600 eV were carefully chosen from 
the convergence test to guarantee the energy difference of 
less than 1 meY. We preliminarily found that the Sc core 
slightly changes under high pressure. Therefore we chose the 
on the fly pseudopotential whose Sc core is corrected every 
calculation step in order to take the effect of high pressure 
into account. The optimization method used the BFGS 
(Broyden-Fletcher-Goldfarb- Shannon) algorithm [15]. The 
atomic positions of the hcp phase were taken from the 
inelastic neutron scattering (INS) experiment. The Sc atoms 
were placed at the 2c site of the P63/mmc (No. 194) space 
group. fit and Hm label the hydrogen atoms which were placed 
at the 4f site near the ideal tetragonal site (T site) and at the 
4e site near the metal planes (M site), respectively (2] . We 
strictly used this experimentally derived hcp configuration as 
a starting point for the hcp-fcc phase transition. For the fcc 
phase, the Sc atoms were placed at the 4a site of the Fm3m 
(No. 225) space group. The Ho and HI atoms were placed at 
the 4b site on the octahedral site (0 site) and at the 8c site 
on the T site [16], respectively. The two structures give good 
agreement with the experiment in terms of the d-spacings at 
various pressures (see figure I). 

3. Results and discussion 

First, we investigated the phase stability of the hcp and the 
fcc structures . We calculated the enthalpy of SCH3 in both 
structures at various pressures. From the GGA calculation, 
the hcp form is stable at any pressure below 22 GPa, and 
the fcc form becomes energetically more stable from 22 GPa 
onwards. The Raman measurement reports indicate that the 
hcp form starts transforming at 25 GPa [5]. Moreover, the 
GGA results give excellent agreement with the experiment 
in terms of the d-spacing for both phases (see figure I) . For 
comparison. we also performed LOA calculations. Our LOA 
results, however, exhibit a discontinuous jump in the hcp 
form enthalpy at 26 GPa due to a noticeable discontinuous 
change in the 4p ~ 3d electron transfer. The molar volume 
is greatly contracted due to the contracted nature of the 3d 
wavefunction. This contracted volume, however, has not been 
observed experimentally. In addition, the LOA results give 
underestimated values of the d-spacing for both phases (see 
figure I). Thus we will not pursue the LOA calculation further. 
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Figure 1. The d-spacing from the GGA (green symbols). the LDA 
(red symbols) and the experimental results [2] (open symbols). T he 
graphs are divided into three parts: the left part is for the hcp phase 
(circles), the center is for the intermediate phase (triangles), and thl,; 
right is for the fcc phase (diamonds). The blue bars are computed 
from the integer-indexing planes of the em structure. The orange 
bars are calculated from the non-integer-indexing planes of the em 
structure . The bars contain the d-spacing values of the 
configurations of the first to fifth steps. 

Second, we proposed the transformation path from the 
hcp to the fcc structure. Ohmura et al suggested that the 
(IIO}J, plane is conserved [I], and possible plane movements 
may occur along the [IIO]h and the [I1O]h directions. 
Therefore, we proposed that the hcp to fcc transformation 
occurs by sliding some of the (OOI)h hcp basal planes in 
order to alter the ABABAB sequence (hcp) to the ABCABC 
sequence (fcc). At this stage, we limit our discussion to the 
Sc planes, where they can be seen in the x-ray diffraction 
experiment. The behavior of the surrounding hydrogen atoms 
will be discussed later. In the calculation, the hcp form is set 
up in a I x I x 3 supercell. This hcp supercell contains six 
layers of the (00 I)h planes, referred to as ABABAB layers . 
Ouring the transformation. we slid the third and the fourth 
layers along the [llO]h direction in such a way that the AB 
layers become the CA layers. The fifth and the sixth layers 
were also slid along the [i iO]h direction in order to obtain 
the BC layers from the previous AB layers (see figures 2(a) 
and (b» The total transformation displacement (TID) of the 
sliding equals a third of the long diagonal of the rhombus. 
After complete sliding, the hcp form becomes the fcc form, 
and the (II O}J, planes turn into the (220)r planes, as implied 
by experimental observation [I]. 

Third, we explored the possible candidates for the 
intermediate phase. By dividing the TIO of the sliding into 
six equal steps, we slid the (00 I)h planes a distance equal 
to a sixth of the TID per step. At each step, we performed 
partial optimization in order to bring the hydrogen atoms 
to their local stable sites. The corresponding configuration 
will be referred to as a partially relaxed (PR) configuration. 
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Figure 2. Atomic movement tracks during the hcp to fcc transition . The Sc atoms are in urange and the H atoms are in red. blue, and gray. 
These tracks are the projection of the PR configuration unto the ( I 10lh planes. (a) The atomic tracks from the hcp form to the third step. 
(b) The atomic tracks of the fourth to sixth steps. The lighter colors label the earlier steps. The stacking planes are labeled using the standard 
notation A. Band C. The symmetry sites (T and M sites of the hcp form. and T and 0 sites of the fcc form) are indicated for reference. 

At the starting point. the atomic configuration is set to 
the hcp form. At early steps (step number I. 2 or 3). the 
atomic configuration can be viewed as a distorted hcp form. 
The atomic tracks from the hcp form to the third step are 
shown in figure 2(a). The supercell dimensions are scaled 
into common reduced units in order to follow the movement 
of the atoms only. In the first to third steps. the cia ratio 
was found to be in the range of 1.74-1.80. At later steps, 
i.e. the fourth or fifth step, the atomic configuration can be 
viewed as a distorted fcc form. At the sixth step, the atomic 
configuration finally becomes the fcc form. In the fourth to 
sixth steps, cia has dropped to 1.63-1.66. The atomic tracks 
of fourth to sixth steps are shown in figure 2(b) . The atomic 
configurations of the first to fifth steps will be referred to as the 
intermediate configurations. In addition, we noticed that the 
Cm space group can cover the symmetry of these intermediate 
configurations. Our proposed em structure contains six Sc 
basal planes. and the beta angle is between 108° and 109°. 
ft is advantageous that the common space group exists; 
this helps us find the transforming planes and calculate the 
associated d-spacing and compare with the experiment easily. 
Experiment suggested that the (11O)h planes are equivalent to 
the (220)r planes, and the ( 10 I)h planes are split into (II \) f 
and (200)[ planes [2] . From crystallographic consideration of 
our proposed intermediate configurations, we can describe the 
mechanism of this plane splitting as follows ; from figure 3(a), 
we found that the (I12)e", planes are equivalent to the 
(IOlh planes in the perfect hcp form. However. upon the 
transformation, the atoms in the ( I 12)e", planes are di spersed 
and the (111)em planes are formed instead. These (I I l)em 
planes are indeed equivalent to the (111)r planes in the pe~fect 
fcc form (see figure 3(b». A crucial key is that the (111h 
planes also have equal d-spacing to the (10 I)h planes . From 
figure :I(c), we found that the (20 l)em planes are equivalent to 
the (111)h planes in the perfect hcp form. However, upon the 
transformation. the atoms in the (20 l)em planes are dispersed 
and the (202)em planes are formed instead. These (202)em 
planes are indeed equivalent to the (200)r planes in the perfect 
fcc form (see figure 3(d»). Note that the conserved (II O)h 
planes become the (020)cm and then the (220)r planes . It is 
worth discussing here that the newly forming planes of the 

Table 1. The non-integer index of the newly forming planes 
(1Ix)c", and (20y)c", at various pressures. 

Pressure (GPa) x in (1Ix)c... yin (20ylc... 

25.0 2 1 
30.0 1.7 1.2 
32.5 1.4 1.4 
35.0 1.2 1.7 
37.5 1.1 1.8 
40.0 1.1 1.9 
45 .0 1 2 

intermediate phase in the Cm structure can hardly be identified 
using the integer index. For example, the reported (111)cm 
and (202)em planes are just the closest integer-indexing planes 
available. The actual planes are at a slightly tilted angle with 
respect to these integer-indexing planes. Thus, in order to 
find an accurate d-spacing. we must also take the tilted angle 
into account. From these crystallographic relations. we can 
construct the d-spacing associated with some selected planes 
at various pressures. as shown in figure I. The GGA results 
give excellent agreement for the hcp (filled circles) and the 
fcc (filled diamonds) phases, and give reasonable agreement 
for the intermediate phase (blue bars) where the d-spacing 
was taken from the intermediate configurations (first to fifth 
steps). The blue bars represent the d-spacing values from 
the integer-indexing planes. Some discrepancies between the 
calculated and the measured d-spacing values were obvious . 
But if we took the tilted angle into account and converted into 
a non-integer index , as shown in table I, we found a much 
better agreement; see the orange bars in figure I. 

Fourth, we examined the bonding among the Sc and H 
atoms in the PR configurations. and investigated the behavior 
of the H atoms. We performed the population analysis and 
found that in the hcp form at 35 GPa, each Sc atom has 
+0.99 charge (Mulliken charge). and the HI atoms have -0.34 
charge, and the Hm atoms -0.31 charge . Thus, there is a 
strong ionic interaction between the Sc and the H atoms. and 
a strong negative charge repulsion among the H atoms. The 
strong ionic characteristic was also suggested by a previous 
work [17]. We also calculated the atomic pair distribution 
function. The first peak of the H pair distribution is very broad 
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Figure 3. The em structure. For simplicity. only the Sc atoms are shown. (a) The projection of the hcp form onto the (OIOlc .. plane, The 
(201km is equivalent to the (I TI)h plane. (b) The projection of the fcc form onto the (OIOkm plane. The (202km is t:quivalent to the (200)r 
plane. (c) The projection of the hcp form onto the (i I Ole., plane. The (112lcm plane is equivalent to the (10 Ih plane. (d) The projection of 
the fcc form onto the (llOkm plane. The (I Ilk,. plane is equivalent (0 the (111Jr plane. The hcp unit cdls are indicated by green boxes in 
(a) and (c) , The fcc unit cells are indicated by green boxes in (b) and (d). Other essential planes are indicated by colored lines as a guide. 

and centered around 1.80-2.15 A. In the fcc phase at 35 GPa, fcc form. Between these particular steps, in the bottom half of 
the Sc atom has +0.89 charge, and the two HI atoms have the hexagonal unit cell, the blue atoms move toward the T site 
-0.33 charge each, whereas the other Ho atom has only -0.22 of the fcc form, and the red atoms move toward the 0 site of 
charge. The first peak of the H pair distribution in the hcp the fcc form. In the upper half, the blue atoms move toward 
form splits into two separate peaks in the fcc form at around the 0 site of the fcc form. and the red atoms move toward the 
1.90-1.95 and 2.20-2.25 A. This is the direct consequence of T site of the fcc form. This process is called site switching, 
the bonding change. This change in bonding is also associated In a more refined subsequent calculation, we found that this 
with the cia drop during the phase transition. It is readily site switching occurs at the third and I j3 steps, accompanied 
seen that the negative charge repulsion governs the behavior by the reduction of the cia ratio. Raman spectra [5] exhibit 
of the H atoms, and therefore affects the phase transition a peak around 500 cm- I in the hcp phase , This peak can 
mechanism. be observed only when the H atoms are not located at the 

To further visualize the motion tracks of the H atoms center of the octahedron (0 site). In the intermediate phase. 
along the transformation path, we labeled the H atoms in this peak suddenly disappears which means that the H atoms 
the hcp supercell as follows; the gray and blue atoms are at the 0 sites exist. The previous finding is also consistent 
the HI atoms, and the red atoms are the Hili atums (see with ours that during the site switching process some H atoms 
figure 2(a». The corresponding lighter colors label earlier (the red ones in the bottom half and the blue ones in th{; 
steps. In general, the H atoms loosely follow their associated upper half of the hexagonal unit cell) move toward the 0 sites 
Sc atoms; see figures 2(a) and (b) . From figures 2(a) and (b), during the hcp to intermediate transition. The discrepancy 
we see that between the third and fourth steps, the gray atoms between our result and the previous interpretation [5] is that 
move from the T site in the hcp form into the T site in the ours suggested that the SCH3 intermediate phase is not a 
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Figure 4. The enthalpy barrier. The plOI shows the relative enthalpy 
per formula using the hcp form as the reference and the scaled 
displacement at each step with respect to the hcp structure. The tutal 
transformation displacement (TID) is scaled in such a way that 0 
represents the hcp structure and I represents the fcc form. while 
some value in between indicates the intermediate phase. The 
barriers are shown at pressures 25 GPa (squares). 35 GPa (circles). 
and 45 GPa (triangles). and the barrier heights relative to the hcp 
phase are 0.405 eV. 0.370 eV and 0.308 eV respectively. 

long stacking sequence but rather some incomplete stacking 
configuration . 

Finally. we calculated the energy of the hcp form and the 
intermediate configurations (first to fifth steps). and the fcc 
form (the sixth step). Between steps, we made a division into 
three additional steps, making up the total of IS finer steps . 
We constructed the plot of the energy barrier between the 
hcp and fcc phases. The relations between the enthalpy and 
the scaling displacement of each step (the TID is scaled to 
unity) at various pressures are shown in figure 4. We found 
that the configuration of the 1/3 step has a slightly lower 
enthalpy than the hcp form, but the difference is not significant 
enough to alter our prior conclusion. We found for example 
that the barrier height at 35 GPa is 0 .370 eV per formula or 
0.093 eV/atom. These energy barriers are slightly reduced as 
the pressure increases. It is clear that the values of the energy 
barrier are a bit too high for the transformation to be driven 
by temperature alone. There must be some sort of special 
mechanism at play during the intermediate configuration . 
For example, the energy gains from phase boundaries could 
also provide some excess energy to stabilize the intermediate 
phase. The experiment indicated that SCH2 exists eVen in a 
very rich hydrogen environment, and the hcp and intermediate 
phases coexist between 25 and 2S.9 GPa [5) . Also, there could 

be a softening phonon in the [00 Ilh direction, and the phase 
transition Seems to be a displacive or a martensitic transition. 
The Raman spectra also exhibit a shift of the lowest frequency 
peak to a lower frequency during the hcp to intermediate phase 
transition [5) . Furthermore, the fNS experiment showed that 
the Debye-Waller factors of the Sc. HI and Hm atoms are 

0.42,2.40 and 1.50 A2
, respectively, at 95 K whereas the XRD 

experiment was set up at room temperature. The high values of 
the Debye-Waller factor of the H atoms cannot be explained 
by their dynamics alone. Other contributions. such as the H 

atom distribution around their equilibrium sites, must be taken 
into account [2]. The contributions were concealed in our 
static calculation. We suggest that a full dynamic calculation 
might reveal some other stabilization mechanisms of the hcp 
to intermediate phase transformation in ScHJ. 
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The Prediction of Phase Transitions in Calcium under High Pressure 
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Siructural rha,, ~ IransilillllS of .:alciulli lIl\d~r high pr~ssurl' ha ve b,~n illveslie::llcd lip 

10 120 (iI'" lIsing densily fun':lional Ihe,HY (DFT), Scveral cxpcrinll:nlal n:rorled 

siruelurcs wc'rc' c<lI'efully rl' invcsligatcd, Th.: lirsl ~Iru.:lu!'al phase lransilitHl frolll fae.: 

center cubi~ III Ihe hody (enlcr cubic has been ~onlinned , On further cOlllpression. Ihe 

IClragon<l1 II-lin Slruclurc wilh span: group /-II/wlld has shown 10 be il proll1isin" 

candidale Il)!' ('a-III ,Imclurc. In Ihis work . Ihl' lI10sl recenl rcsull on phonon dispcrs io~ 

as well as enlhillpy dilferenee of lhis proposed slruclun: will be rl1'Csc'nled. 


K(~r"'''rrA : C;]icilllll. High Pressurc' , Phas.: Transitillll 

I. INTRODUCTION 

Calcium (Ca) is all alkali-e:1I1h melal. which is wcll 
kn()wn lor lhc slructural pl!a~.: Iransilions linda high 
pressure due 10 th~ ckclrun IrJn~fer from .I' 10 J orhilab. 
/\1 ambiclll pressure. Ihe slable slru,llIr.: of Ca is a I~l\!l' 

cenlered cubic (fcc) slruelUn: with spacc group "'11131/1 , 
Under high pressure , C;] IransliJrlllS ttl Ihe bod" c'cnkr.:d 
cubic (bce) SlmClUre, which Iws space gnlup ";3111. In Ihe 
previous cxperillll;nls by TOllkov alld I'llilyatovsky[ I J IIle 
pressure-volume phas.: diagram has heen reported as well 
:IS Ihe phase lransilion from fCe 10 I:>cc .11 20 (iPa, More 
rccent work hy Oli,inyk and Hul/.apld [2!ltlund Ihal Ihe 
phase transitiun from Ca-II 10 Ca-1I1 is th.: bcc siruclure 
lrans ilion to the se struclun: al 32,0 <11';1. Tin: prediCiiotl 
of high-pressllre phase by y , y oa t'I ,,/. 1JI was ca ic'ulalce! 
using Ihe nwkcular dyn,lIni(S (MDl of Ca wilh ,vI T 
enscmhle ullder lemperalures al .,00. 'iO and :i " 
rC5pecllvdy. The Ihe II-lin s lructure is proposed as a (';j. 
III al 50 K, 

III Ihis· work. Ihe in\·..:stig<llioll h;ls beell foellsed nil Ih,' 
Ihird high pressure phas..: of Ca, Thc' UcnsilY FlIllcliclnal 
Theory (DFT) wa, pcrfonm:d by lIseillt! Ihe g.:n"ali zcd
w"dicnt apprll\lInali\.11l (i(/;\) , The n:suhs llf plwlloll 
dispersion alld enthalpy diffcn:ncc "I' Ihe inlcn:slc'd 
slnlclures, will also he pn,scnlnl. 

2. CAL(,UI.:\TION DET:\ILS 

For Ihe calculalion "I' ph",c tr;lIl s itiuns. C:\STLP [4
~I code has beell uscd alllllg. wilh Ihe sdf-C(lllsiSic'ncc 
field lIIelh"d 161, The e.\c'lI~lIlg,'-rorrelilti"ll fun,' llon:1! 
was ;lls(J adupled by U,'Clllg lhe Ci(i;\ fllneli()Il~1 "I' 
I'crdcv.· · Bllrke-ErnzerllDf (PHI : ) 1.71. Th..: IIltr""ofl 
psCUdoPOlcotial was Irc;lIed III .is, .il' , :lIld -1,1 "',lies " s 
\'ilknee slaleS. The hi ~h prl'SSIirC phases of (';, '\leI! " , 
fee, bec , sc, /'1111/(/ ,IIIIJ ['-I:! . _' \\'ne verilied, Thc C'lI e r!!\' 
CUll)I'!';]1 SOl) eV h"s hn:1I lIsed , - ~ 

The k pt)inl s~lnpling Il)r Ihe I\:l'. hee. sc. /,,,,''" and 
"'<I ,!,} slnlctllres a rc ,)x ',1\ I). 9x'h') . 111.\ 1(1\ 10. 4\"1.\(, 

,.,.., ., 

'( IIH\.-Srondlllg iJUllwr. rei : - h(' ~ I ~ II 17:"0 
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and 4,vh4 respt:C:II\·cly. In Ihis work, Ihl' novel high
pressure phases, II-lin '!Ill! "iI/mllllll. we're curefully 
analyzcd. Thc II-lin Ullil c.:ll s consiSi of 4 ( 'a alOms in the 
sampling !3rilll)uin I.one (RZ), Monkhosl-I'"ck mesh 
(IVIP) used 4x4xX k-poinls for the II-lin slruclurc. for Ihe 
hexagonal slruClurc (P6; rIll1ll1l), il was silnulalcd in the 
unil cell including a Ca alOIll, Thl' nplilllllOl k-point 
sampling in this pha se i .~ ~x~:d 0, hom E V dJW poinls. 
Ihe elll:rgy-volull1': curv" Was lilled hy Ihird order Birch
Mum~ghan <::ljuation 01 SIal.: [l<] Th.: stabililie~ 01 high
prcssure pha, cs were delermim,d by ct,nsitiering Ihe 
minimum .:nthalpy. H .,,[; .PV. The phonon dispersion 
rcl:lIion in II-lin slrue(Utc was inv('sligaleli , The posilivc 
phonon I'n:qll~ncit's mdieillc lhe srabilily of lhc jJ-tin 
slnh; tllrc , felr oplilllum paramelcrs in calculale phonon 
dispersion . Ihc' energy culoll and q-poinl sampling ~re 
~ 10 eV and ~x~x5 q-ptlinl s respcclivcly , II was 

calculaled by lIsing Ihc' linilt' displacemcnt which also 
rcqllires super cell app roach , consists 01'4 ( '" al,lms 

J. RESULTS \ND DISCUSSION 

In Ihis \\'orl; , the slrucIlIral ph:lse lr"ns ilions tIl' 
calcium wen: predicled . 'fh.: I\lgh-pn;s~ure Sllllelun:s 
I'mlll prC\'ioUS sludics w.:re verdied, Moreover, lhe no\·el 

high pressure phases "I' <..'" such as 1'(,.'/11/111/1 ""d 14,; iJJlld 
(the II-tin slrllclme) was alscI carefully n:invcSligated . The 
enthalpy di l'ferencc' IInder pressure or Ihc' int.:rcstcd 
phases h sllelwn In h !' , I , II was 1(lund Ihat Ihe ambicill 
prcssurc phasc' "I' Col is kc ,ll'lIcIUre, UlHkr high 
pn;ssure. Ihe leT s lruelllrc has trallsl(lrm 10 Ihl' hee 
SlllJelur.: al (), (, (iPa. Ihen the bee struelllre Ir~ nsf(lnn Il) 
lh..: li-11Il SlI'lIClur.: ;11 ~2 . ~ (ira , AI e ,xln;mcly high 

pressllre nC , ~ (, Pal. we (uund lhal rh,' II' lin slrllcllne has 
en)" nl to Ih,' /'/111/(/ s lrllclurc', The enth.lipy dilference 

belw,cll Ih,' PIIJlW SlrtlClllfC alld Iht' !'4'! 12 slnlClure 
shuH-ed lhat Ihe /'IIJI/(/ Slructurc' i.< "lIlr" 1;I\'orao lc Ihall 
Ihe P-I I _',2 ,fr\lumC' , In order to study Ihe f'n/lIU SlIlJ,'lure. 
Wt' C(lInparc th.: r,,:sllil ",ilh l'xpcrimCnlJI rq)()r\ [9J. It 
W,b conlirlll Ihal C;J-IV is Ihe' !'nllw slruclulc which is in 
glIOe! agn:':llI e nl wilh experilllelltal rc'stlil. 
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F/GUR~; I. Tht' t'!lIha/flv diflcr~nce of various Slniclurc under 
high pressure compared wilh Iht' r,c phase . 

In 111IS study. the calculatiun will ne focus on the 
pn;diclion'; or the high-pressure phases. whidl are Ihe fl
tin struClun: with space group 141 !:lmd, and Ihc 
hc.xagonill structure with space group PII /IIIII/II/. In Fig.1 
the venical dash linc show stahle pn:ssurc range of each 
phases li)r all the structural phase transitions. However. 
tllr the If-tin qmctllrc. IVC haw tilund that it is stable up 
to tc.~ Gl'n ulltil it trallsliJnn to the PrrlllLl stmrllm:. The 
comparison of Ihe IIVO candidate tor high pressure phases 
in calcium an: the II-lin structure with space group 
/4, /ulI/d and the hcxagonal slructure wilh space group 
Pli/mmm h.:twccn or the dash line at ·-32 to --Xl (iPa we 
found that the II-tin stmetun: i~ more stable Ihan Ihe 
hexagonal structun: under this pressure rangc liJf the 
reason that the cnlhalpy diflcrem;c of Ihe II-tin lower thall 
the hcxagllnal SlrUl:lurc. 

The high-pressure ph;j~e' of Cn from rhis w'.lrk w~s 
wmpan:d wllh the pn:vious ~I\I(lieJ in Tahle I . In r.his 
work . (he f)-tin stmcture was predicted at 32.4 (iPa. while 
it hu~ becn detected ny expcrimellt at ..l() (iPa ill Yan and 
,'f af I')]. Plllnll \Vas also rm:dictcd at ~~.~ (;Pa. \I·hile (he 
cspcrimcnl rl;.'sull n:(1oncd at 1::!7 (~I'il by T Yahuuchi ,'1 

111[1 I) . .. 
In cOlltra;'!' the ,·xperinll.: ntJl rcsulls [2 J showed Ihill 

the bel' ,Iruc'ture transl()rm 10 th..: Sf s(n&cturc at ~2 . 0 

GPa . The,c imply thaI Ih~ fi-lin i, expcrilllcntallv 
unstable at Wllll) lelllll<:ratlll"l;.'. Iloweycr.. our calel/latin:1 
ha, been perfonned at I,m' tClllpcrature (0 K). HOII'e\'er. 
it call be IrL'alcd hy using phonoll dispersion. In Ihe 
previous e.xperill)CIlI or Sr r3J. Sr-I" W<JS obsCI"vcd :I( 
.1(,.0 (iPa by lkscribin!! Ihe diffractiol1 pattern, of' Sr SI

III strllcllIrc is II-lin . which has been rC(1or1ed as a 'P<lCl' 

group /4, ;(//lu/ by 1'. 130VOrnralJnarab 1'/ lit r101. Sr alld 
ea arc the gruup 11:\ Ihen:J(>re. the /I-tin siructurc nuy be 
a probable high (1rcssur.: ,;rrllctllrc lor Co. Our 
\n\'cstigatitln uscd lallicc" dyn:ll1l1cs has bl.'l.'ll carried OUI 
Ill(" C·a . " IS \\".:11 knowlI Ih~t Ihe ttllal cnergy calculation 
by using DFT was asslIfIled <II () K . Howcver. it can be 
d~scribt:d the Ih<'l"In:11 elfcl' t by calculating lartiee 
dynamics. Tht: /i-till Slrtlct1J~~ which is the 
Ihcnnodynalllically stable I\'~s put IIll0 Ihe k',teu h.r 
vibralioll l1ludc:s nfpl1<'IH'Il. "howll in hg. ~ . 

TARLE I. CompariscJns the high-pressure phases of 
Ca with previous studies. 

Phase Pressure (CPa) Method 
fcc 0 This work 
bce 6.6 This work 

20 Experiment I 
SC 100') This work 

32 Experiment' 
fJ-tin 32.4 This work 

.\.:1 Theory' 
Pnrna 1>2.2 This work 

120 Theory" 
IY'~ , ._______-'-'.::ryrim('I~~~_.__ 

FIGlJRE ! . Phonun tlispc,,,,," rdalion "r Ihe Ii- till .<lnICtllre at 

il() (;I'a hy "sing Ihe flllite di'piacetnt:nt Inethutl. 

In ordl?r III clarify the stanility or Ihe. II-till slructure. 
further phollon calculation is required. Therefore, we 

hun: caJclllall.'d Ih.: phonon dispersion at 60 CPa. In Fig . 
::!. Ihc phonon dispcrsioll curve of the proposed Ii-lin 
structure IS shO\\"ll which also indicated positiYe 
frequency ill <til points 

.'\11 the positl\'c' (1hOIl(l1l <iispc'rsioll curve or the II-tin 
strtlCilirc (onJimled the' stability ,,1' II-lill at Illl (;I'a . This 
re .sull SII<'lI"e'd Ihal Ihe li-lill is fa\'orable struclurc :It () K. 
Fwm Ihcse res(lII>. it call be concluded that the II-tin is 
s!:lnk phase <11 0 I\. b('CIUSC il has the 1I11llimum-enthalpy 
strucrurc . H()\\,c\"l::r. it I" alslI possible stahle (1hasc under 
;1 givell lelllplT;llur,· hi!;her than 0 K. 

4. C{)~CLlISI()i\ 

II) order I() predIct Ihe' pha se tr:JllsiliollS of c'aJcium 
under 11Igh prc"urc:. Ihc' p·tin structure cal\:ulatioll used 
J)F r :11 (,(I (il'a ha s pbYt'd all illlpollant roft: . From Ihe 
exp"filllel\lal llleaSUrCIllCll1 19]. ('a-III is a sc stnleture 
U~ - 127 GI'J) Frclill the elltlwlpy difference under high 
prc,slIfe'. the II-tin structure is ;) slable phase Jt tl K. This 
rail bc understood from Ihc results which show thaI the 
enthalpy differcncl' of the' II-I ill ,;tructun: is lower than Ihc' 
hnag,H1al struclure and sc structure. which has been 
uhscn'cd e\pcfllnclltally. H()wl:vt:r. Ihe n:~lIll of Ihe 
phOlHlII Jispcrsi,Hl rc/;)ti,'n indicat.::d Ihat the phonol\ 
di"persion cur\'t' h:l s :111 th e' positive frequency at 60 CPa . 
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Structural Phase Transition in Cerium Oxide under High Pressure 
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Ab initio mel hod using de nsily funclionallheory (DFT) hilS hn:Jl performed lI> inves ti~;lle the 
dkct of high prcssure on bulJ,; CeO:- ,Vl' have conlicllIed prcssure -im.lllced phase lr<1nsiti()n or 
CeO! from /luorite tL' llr1horhuJllhic PbCI:- typ.: slructure. The calculated lattice p:lCallleter, 
transition pressure and oul)'; modulus \.1' CcO, arc' in good agrc::e rnent with previous experimentGI 
and theoretiCll1 results. lr is probable that the stablc high pn:ssure phase is the PbCl:-type structure 
in the case of the gruup 48. lanthanide and actinide di()xides . 

Kenvords: Cerium Oxide, High Pressure, Density Functional Theury 

I, INTRODUCTION 

Cerium oxide or ceria (C.:O~ ) is an interesting mate rial 
which has many applieati()ns in indll~try. CeO: i~ useu in 
automobile c~t~ly'ic converter.; to decre~se polhJlilllr,; Irom 
combustion exhausts because or it s high I)xY1lcn stllr~gc 

c~pabiJity. They can take and release l.xygcn under 
oxidizing and redlleing condi,i,\ns by c()ntinuous 
translcmnation b<::twecn the two Cc oxides, CeO! and Cc~O, 
depending on 'he extcmal oxygell cOllcentr"ti,>!}. Ikc~IISC 

of high dicic.:tric constant and guod epitaxy on Si or Ce 
oxide, it is also viewed a~ 11 prospective malerial tor future 
microelectronic applicati"lls. lIence CeO: is proposeJ to he 
a possible g"te dicicl:tril: material III mdal-o.xide 
semiconductor devices of the next generation [I]. 

There arc a few inves tigation of CeO: under high 
pr~ssurc while it has wide technt.lobical usa1!e . The 
Jlressun:-indllced phase tr~nsilion of CeO: were inl' estigale 
by .x-ray difh3l:,ion r2] and Raman .study· 1.11 and il h,lS 
becn loonu thaI CeO: has twu pha,.: in lluuritc-lypc and 0

PhCI!-type s'ruclllre. Around 11 CPa, the no"rit" phasc 
trJnsrorm 10 the I1-PbCI2 phasc filr bulk CeO: The pr~sent 
work is thcoretical study of the high-pressure struclural 
hehavior ,.1' CeO,. 

2, CALCULATION Df,:TA I LS 

The tL'1a1 c'lIergy alld latlicc pa ralllcte rs have been 
calculated by ah initi ,. mcthutl usillg thc' (, ,\STL I' code [41. 
It is it sofiware package which uses Jensit: functional 
'heory (DFTI lI'ith a pl:lIlc wave hasis scI. The: calcul~lions 
arc In thc framcwl'rk of the g,J1\:ralized gratlicllt 
apprux imatiun ((j(,AI or l'e:rtlew-I3urke-Fnl7.crllOf (PRE! 
[51 and Local-dellsit), appmXilllall\'JI IL[);\ I or C'c'pcricy 
antl Alder data as paramClerized hy Pcrdew and Zunger 
tCA-Pl) [61 tilr the exchanL:e-corn:iation fUlIctioll in Kohll
Shalll equation and tht' s~hclIlc of pscudo-pvlclltiab is 
uhrasofi pscudo-potclltials. We trcat c' d Ceriu/ll Oxide as 
Iluoritc-typc structur, (spac\' group FIII .;111 1,22:")) allli " , 

r-.- • 
"(\lrrt: :ooronJillg. :Iulhur. Td: . Ml x I )\ II I : ~«I 


"'a, ". .1h(1 2~ .'5 ~ 175 : I :"·mui/: !hili .hun.-lmlil.:Il' .lh 


PbCl2-typc or cotunnitc stnlclme (srace' group' Pnnw (2)) 

for geollletry opllmizatiolls as showII ill Fig. I The t:ncrgy 
ellt uff was can-ied nUl at 500 c\!. The Brillouin'zollc 
IJllcgrations wcn: pt:rl(mllc'd USIIlg :; <; x:i antl " x6 ' 3 
Mon).;hurst -Pack grids [7 J J(,r fluor ile phase aud ,,-PbCI: 
phasc, respcl: tivci y. 

To filld the ~ tructural phase transitions , \vc analyze tota l 
energy , volul11e re l~til'lI by ploning of cnergy per formula 
unit (E) and the ir volllllle pcr fOll1'lul ;l unit (V) The 
cakulillion melhod or [-V CU,,' l' is based on l!.COl11ctry 
uptimization the Illlontc and C\llllrlllllt' s tructur~s b-y adliJng 
Sl'vcrJI extl'rnal st n:ssl's . Tile calclll;lted l'ncrgy-volullll: 
points an; lilted t() the Ihirtl order Bir.:h-Murnagh:1II 
equation (If stat;: (EOS) [X] . 

I 1 / , . I / V ' .'H'/I II .' / ..: 1 I'.' 1r ..''j'l (I) 
1 ."(/') . . - L, . +' "" !I --- . I I I;,. I ! -'~ I . I : f> - ~I ' ~' : 
, '" 1(, [, I' ,: 

"I 

i . 1\ / ' ! "'il 
\\fllcn:: Ell i:-. InifllllHl1ll ...:n...:r~y : 1'1/ IS /cro-rrc~s llrc VtJ!tIIT1C: 

8" is zero-pn::ssllrc' hlll~ lIlodulus alld 1(, IS hulk IllOdllillS 

prcs~un; dc ri l ', lIi vc when pressure IS cqu;1110 7l'rn . 

(." 
FIGURE I. ('ryslal SlruClures l.i" ta) Ih~ luhic' IlU"';Il' IlIlI;ll' 
(/-"1111111) clnd (h) IhL' tHth(lrholllb. e 1"lIi,', (1'1/11/(/) or ('cO:. Irerc 
('c :llId () ;111,)111:" :lrt shl\WIl b~ whih..' and t! rl.'Y Lirdcs. rt:~rt..·"': li\'d y . 
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FIGlIRf. 2. The v~rialilln or 101;11 energy wilh c·dl volumc and 
Ihe .:qu:llio" Dr Siale "I' CcO~ lor bOlh l1umile and Ilrlh,lfhllll1t>,C 
phases . (a 'llI" (i(;A : (b) Ill( LDA . 

The Slability uf two struclUres has heen delermined hy 
e~lclliation of (jibhs free ~n.:rgy (G). which is gl\'en hy 
G E'" PI' I 7S. Since densilY lililctional Ihenry IS 
performed at T .-.. 0 K. tjihbs free energy heconlL'S c'lual I\l 

Ihe enthalpy . f( ..- L + PI'. Wr: gave H,,,,,,,,,, is the enthalpy 
of fluorile phase and the enthalpy diffCrence (l1·If,/,,,,,.,,) 
was cllillpared along prcssure 0-5:" Gl'a. 

J. RESULTS ANI) DISCUSSIONS 

For fluorite siructurc'. alkr l'ptimi 7.atil1n at () (;I'a . 
atllll1ie coordin'aks Df Ce and 0 arl' (0. O. 0) alld (() . ~:" . 

0.25.0.25) rcspl'cti\·cly. The cljuilibriulI1 IJllice eOlbt:!lI t i, 
:" .4(,7 and 5.391 li)r (i(/A .md LOA rcspe(\in:ly whirh :l\C' 

in a(!rCCl1lcnt whiL'h cxpCril1lClI1 resuit s . For cOlunllilc 
Slrtll;~Irl~ . the bit ice pammeters an~ "" (d.l~X, h" (,<)2 .• 
alld ('" - .1 .7..JO A lil[ (;(;/\ and II" .'> .".11 . h" 6.l<411 alld 
c" .- .1 .621 A I"or to.-'\ . Till' :l .xia l rJtill ,, :, 1.6.', allci 
16.19. h:1' I .X\l1 JIIU I.<)OX f", (;(," alld 1.1);\ 

" 'spccti\'L'ly which arc ill guod ,Igreellleni Ih~ ralills 
ohsCfvc'd by .:xpcrimcll t for this space t!rllup at :l!lllllspherc 
prc'ssurc. I'lolling or cn~rg.y per (lfIllul a Ullil (r:1 and thcir 
""lulI\(; per formula IInil (I ') is shoWII in Fig. 2. ,\ Iii [0 Ihe 
third Llnkr Kirch·Murnaghan cqua li ull nf slalL' gi\'L' Ihe 
i'xr(l-I're, sun: bu lk IIwdulus IJ, .- IX3 (jl'a of Ihc liuoritc 
phasc' alld 129 (iPa of u-PbCl: pha se 1(1f (il; ;\ hlr 1.1):\. 

Ihe obwincd zL'ro-prcssurc bulk lIlodulw, II" II)X (;I'a "I 
the tlllllrilc phase and I XJ (;Pa of l'lHUfllI I I<: phase. II sllll\\', 
Ihal IhLTc' arc difll:rcnl of hulk II\(HJulus in cach resuli "I" 
!lull"te phas,. Bul Ihe r.:suli III' (:Oluf\lIilc ,tructure i, 
unden:stimah:d. Th.: Iheoretical equi lihriul\\ lalliec constant. 
I.cro-pressun: hulk modulus and transilion pressure II" hOlh 
fluorite alld cotullllitc sirueture arc slInllnarized ill Table I 

The Graph of enlhalpy difkrellcc (/-I·H" ..""" .• "'hich 
comparl' with nULlrit~ ph;),e (H'i"" ,,', • of CcO: is silown ill 
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FIGURF: 3. lhe Graph llr l'lIlh3lpy difkrClicc (11· //", ,,,,,, I which 
I,..'Ulllpare \'\'1111 1111l)nlC pha !\c UllltH .m, ' ) orc~o> 

FIGlJltE -t, (I;)"d Slru(\url' (leH pand) iOnd I<Hal den'''ly oi"~lale, 
(OOS. ri ghl pancil "rccO.~ in ilul,,-ilC ph;)' l' al ;)1Il!>ielll prcssllre . 

FI(;PRF: 5, H~nd Slr"Clwl' (kft 1'~lIdl and 1(11:11 dellsil' or sla lcs 
I DC )S . n~ht P;lIll'll of <. \:<) .' ill l' ~)llllllliIL rha~\.· at )0 CiP" , 

h~ . .1 . Frunt this fil!lIrL'. it ~h(l\\ s that a ph;lse Iransilion or 
C:O: fflllll Illiorilc ~" colUnnill' structure al 27 .7 (iI'" ;lIId 
24 . 1 (il'a \\'llh a fraclional volumc' (kCr~;lsl' tl .(,I% and 
6. X/"." Ii.>r (j(; :\ and I .1):\ re~ J>e,;ti\'ely. So the theo rctical 
tr;lII s ill(11l pressun: i~ ks~ Ihall Ihe experimcntal r!':s lI lt. Th.:: 
L'nor may b. Juc 10 DFT approximation is rCpLlried at 
lemperature equal to 0 K. 

Thl' .:kClfn\l <lispe!'si"\1 cUI'Ve S alollg the high synm>.:tr)' 
Jirc('tiu\ls in Ihe BrilloullI zone fo r IlU()ril~ phase ~Jld 

cotuJl ll it.: phasIC arc gi\'cn ill Fig , 4 at ambienl pressure and 
ill hI! . 5 at .10 Ci l)n . The Fermi energy is sh()wn by the 
dOltc~i lillc . We fO\llld Ihal (\' 0 , has a direct hand gap 
I()c<tled at /' rOIlIf . CeO: is a wide g;lp in'ldalOr OIl ambielll 
pr~!'\s "rt..·. 
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TABLE I. Comparison uf experimental and 1.':lkulatl'd values of Ihe lattice paramclHs. Ihc l.cro-prcssurc hulk 
modulus 8 0 and transition pressure of Ce02 
Fluorite structure Cotunnite structure Transition mdhod 

ao(A) Bo(GPa) 11(..\.) b( ,\) c(,\) p ressu rc (C 1'<1) 

5.4 10 236 5.J71 (,.411< .un J02 
5.406±0.O 10 230±IO 5.457 6.52 1 ,\.4~7 :l04±25 

5.4II·tO.OOI 220±') 

5.38-1 
5.423 

5,467 

S"v)1 


TABLE 2, 

~.CeOl 

176.Y 
192,7 5.%2 b.90J 3.679 142.R 

183 (' .O2!< 6.923 .~ . 740 12'1.3 
19X 5.911 6.X40 .1.621 I XJ.4 

Comparison of Calculated energy band gap 

Band Gap Reference 

1.7 
5.69 
(, 

5.5 
2.24 (2p 0-4f Cc) 
2.13 (2p 0-4I"C,') 
5.IQ (2p 0-5d eel 

_2:79 (~0-5(/ Cd 

[ll) 
[ 101 
[1/ 1 
[12 J 
Thi~ w()rk ((;(,i l\) 

This ""'rk (LD/\) 

This work (GG,\) 
This work (I.()/\ I 

w-----.------.------------'----·-r·~ 

U "-___-'-_ _ __L _._..L.____-'-____--'_-'l 

o 10 20 J() 40 
r"l e~SUIE:! IGP~l 

F1Gl.' H.E (,. Th~ ~/lcr~\" h:l/ld g'~)' "f C,'() , as " lilllcli"11 .. I' 
prcsSIIr\..' . 

The highesl occupied \'aknce I:>and h:JS a 1111 "f Oxygcn 
2p charm:lcr, while Ihe nam)\\' band silliated jllst ahove the 
Fermi Jc\'d is mainly .III,' to f stales nf Cl.'rillll1 , is ~.2 -1 eV 
and 2.1:1 eV for G(j :\ and I. f)" , n:spec liv,' ly. ;\nd Ihe 
energy !!ap is calculated oClwccn thc (lccupi"d 21' oanu 01 ' 
O.\ygcn and ulloccupied band llf 5d :lnd (I, Sial,', <If 
Cerium, situated aoovc the clIlply I' 0;.111.1 of CeriufIl. i ~ 

ahOli1 5.::1 cV which ogr," 'S ,,·cll wiill Il1C;lSlIrCIl1,'/1IS. Our 
c;llculalcd cnergy oand :':'11' ;11 ul1lhicnl prcssur<.: is 
e,lll1parcd wit h rl'iated r ep\Ir1 ~ in Taole 2. Undl'r high 
pressure. Ihe <:nagy h<Jnd gap inneas,' wilh Ihe inncasing 
prc'ssure wi th"lIt discontilluily lInlil the Iransllion pre,surt' 
as shown in Fi~ . (, . The energy gap increases as runel ion of 
Pressure. Ihe ,'Ill;rgy gap innl.';lSe is more prulI'lun(cd in 
GG/\ cOl1l["1recl I,) L1)i\ and l'lIcrgy gal' ur cotllnnile phase 
has slightly increase less than energy gap of nuorite phasc. 

Lanthanide and aClinide dio.xides have I:>een inlcn.:stcd 
for it long tin1\' . Many studies have , hown that 1I1llsi 
lanthanide and aClinide dim ides ha\,' both cuhie nllorilc 

47 TB·LMTO(LDt\ ) 

3l.5t1.O x·ray dilfraClioll 
~I Raman spectroscopy 

s·ra), dillrilcliun 
SIC-LSD 

2X .') C,\ STEP(liG"-PW91) 

27 .7 CASTEP(GGt\·POr:1 
24 . 1 C/\STEI'( LOt\'C'/\ -PZ) 

Reference 

[I) 
[2) 
P) 
[91 
[ll] 
[101 
This work 
This work 

stmcturc ~Ild cotunnile struclure. The both Th01 and UO, 
have pre$sur" -induecd phase transition from l.!ubic fluorite 
phase to orthorhombic phase similar In that or PrO~ has 
been cniculalcd oy TU·LMTO melhod [13. 14). 

In the case (If Ih,' group ~B , 7.rO! "nd HIO! arc stabl e of 
fluorite SlnlClure at high I CIII peril IlIn: and orrh(lrhumbic 
phase up /() 24 C;Pa and 21 (; Pa al high t,'mpcrature, 
n.:speui vcly 115. 17J. The pressure phase Iransition 
sequence IlfTiO.. ill all siudics at room temperature is nllile 
or analasc struclllr,' - • ,,·poO!-lype -. hadctcleyitc-Iype . 
orthllfhomoic slnll': lur,' ~ colllilnite Slrucnlrc: rI flj . For 
Iluoflle phase, il is obs.:rv.:d · aft,' r healing at high 
lemper-lIUfl!. Theil' is nol result or the post · poCI! siructlire 
in any lilcratun:s. so il is probable Ihal Ihe stable high 
pressure phase is the cotunnilc stlueture in the case or the 
group 413 . lanlhanide and actinide di()(ides. 

4. CONCLUSION 

F,'r phase transition, we 11a"e eOlltinued prcssur<::· 
indllc:cd phasl! transilion or CeO .. from tluoritc 10 (~-PbU~ 

type "'mClure. The cakubled lattice paranwtLTs at alnbicnl 
pressure I,'r cuoic phase arc in good agreemenl with 
cxJ!t:rimentul , 'alm:s including the r.llill lur onhorllllmbic 
phase . I'h .; 1""lSili (1n prC'SIlfl! is 1101 l.! lJual 10 Ihe 
cxpcri m.:nl r,'sull ,lilt! th e r~ is "ari 'llion "f Ih,' 7.C rtl-pressun:: 
bulk modulI!' Th l! energy band ),!ap is undereq iJII;rtcd. 
From nl;lIl Y litl:larure~. il seems thai i< -Pb('l ,.lype structure 
IS Ihe stabk phJs,' in Ihe cas.: or Ihe group 4B. iJnlhanidc 
Jlld aClinide dim,ides linda high pressure. 
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Abstract 
Structural phase transformations under high pressure of the chalcopyrite semiconductor Ag[nTez were 
studied using angle dispersive X-ray diffraction (ADXRD) from ambient pressure up to 26 GPa. The 
diffraction patterns of AglnTez at ambient pressure reveal two coexisting phases: (i) the majority 
phase, a chalcopyrite structure which have lattice parameters a = 6.39(6) A and c = 12.61 (5) A with 
anion displacement and tetragonal distortion as 0.24 and 1.97, respectively, and (ii) a metastable zinc 
blende-like structure with a = 6.26(2) A. The first structural phase transition occurred around 3 to 4 
GPa, fcom both of the ambient phases to the cation disordered NaCI-like structure (cd-B I). The 
second structural phase transition was observed at 21 .70 GPa. This high pressure phase has been 
identified as the cation disordered of orthorhombic structure (cd-Cmcm), in which the transformation 
mechanism can be viewed as the (002) plane of cd-B I structure has translated in the [010] direction. 
In the reverse process, the chalcopyrite phase reappear at 0.55 GPa and the cd-B I structure 
completely disappeared with time at ambient pressure. 

1. Introduction pressure and high temperature by several research 
The ternary semiconductors (I-III-VIz) have acquired groups. Most of them reported that the first structural 
considerable interest because of their potential phase transition was to a cation disordered NaCI-like 
application in several optoelectronic devices [1-3] . structure under relatively low pressure range [11-13]. 
Their crystal structure is a tetragonal unitcell with This work reinvestigates the structural phase transitions 
spacegroup symmetry 142d. The unitcell is remarkably of AgLnTe2 under high pressure up to 26 OPa, the 
similar to two unitcells of zinc blende II-VI highest pressure reached experimentally for this 
semiconductors stacking along c-axis. Two distortion material. The third high pressure phase has also been 
parameters, the first one is cation distortion '7=c/a and proposed based on our angle dispersive X-ray 
the other one is anion displacement u= I14+(R2

_vl- R2 diffraction data which reveal well resolved reflections. 1 111 _ 

vl)laz (where R is the bond length between the atoms of The novel transition mechanism was also closely 
those groups), occur due to the unequal interaction investigated. 
between an anion atom (VI) with two cation atoms (1 
and III). Therefore, some of them have shown similar 2. Experiment 
properties to the same anion in II-VI group. For The Angle Dispersive X-ray Diffraction 

(ADXRD) has been carried out to examine theexample, the transition behavior of high pressure 
crystal structure of AgInTez. The Merrill-Bassettphases in CuOaTez and ZnTe [4,5]. AgInTe2 is one of 
diamond anvil cell (MB-DAC) [I4J was performed the widely studied materials in I-III-Viz semiconductor 
to generate the high pressure. The powder sample 

group, which has electronic structure similar to that of and a ruby chip were loaded in the sample chamber, 
CdTe. The first high pressure structural phase which was full of the pressure-transmitting medium 
transition appeared at 3.5 OPa from zinc-blende to (4: 1 methanol-ethanol mixture), and covered by a 
NaCI structure (B I) [6] . AglnTe2 was also extensively tungsten gasket. Ruby fluorescence techniques were 
studied for utilizing in many industrial applications like used for pressure determination [I5J. Data 
the others in same group [7-9] with the direct band gap collection was carried out using synchrotron 

radiation at the wavelengths of 0.46540 andreported at 1.02 eV [\0]. The structures of AgInTe2 
0.44397 A using a two-dimensional image plate were studied under extreme conditions both of high 
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area detector. The setup for ADXRD experiments 
has been reported elsewhere [16] and the refined 
structures were determined using the Rietveld 
refinement method [17]. The bulk moduli of 
AgInTe2 were carried out by using BM- equation of 
state [18] . 

3. Results and discussions 

3.1 Ambient structures 
The ambient diffraction profile of AgInTe2 was shown 
as Figure I (a). Most of the reflections can be explained 
using the chalcopyrite structure. However, there were 
several un indexed peaks as denoted by plus signs (+). 
The unknown structure was successfully assigned as a 
zinc blende-like structure, which has been reported as a 
metastable structure of AglnTe2 under ambient 
conditions [12]. In Figure I(b), using the Rietveld 
refinement techniques in the Generalized Structure 
Analysis System (GSAS) (19] the two coexisting 
phases have been refined with agreement factors Rwp = 

3.85 % and Rp = 2.87 %. The majority was the 
chalcopyrite structure, has lattice parameters a = 

6.39(6) Aand c = 12.61(5) Awith u and '7 as 0.24 and 
1.97, respectively. The other, metastable phase, zinc 
blende-like structure, which has a lattice parameter a = 

6.26(2) A. 
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Figure l(a) The ambient diffraction profile of 
AgInTe2. The peaks that are unindexed when using the 

chalcopyrite structure are denoted by plus signs (+). (b) 
Rietveld refinement of the ambient diffraction profile 
of AgInTe2 . 

3.2 First structural phase transition 
Our finding is consistent with previous reports of an 
order-disorder phase transition of chalcopyrites in 
group I-IU-V12. Above the transition pressure, there is 
a cation-disordered structure, in which the cation sites 
are occupied by either group I or III cations with a 
0.5:0.5 occupancy ratio. The first structural phase 
transition of AgInTe2 is indicated by the new peaks that 
were in the X-ray diffraction profiles, shown as Figure 
2. At 4.14 GPa, the diffraction peaks of the zinc blende 
phase dissolved and new peaks emerged as denoted by 
asterisks (*) . At 6.25 GPa, the original chalcopyrite 
phase had also completely transformed to the high 
pressure phase, which was identical to the high 
pressure of zinc blende. 

The starting transition pressure cannot be precisely 
identified because of the spacing in pressure between 
diffraction patterns. Nevertheless, our experiments 
suggest a transition pressure from zinc blende to the 
new phase in range of 3 to 4 GPa, and from 
chalcopyrite to the new phase in range of 4 to 6 GPa 
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Figure 2 The diffraction profiles of AglnTe2 from 
ambient pressure to 6.25 GPa. The high pressure phase 
start to appear at 4.14 GPa, with new peaks denoted by 
asterisks (*). The transition actually occurred in two 
stages, with the ambient zinc blende structure changing 
to the high pressure phase between 2.84 and 4.14 GPa, 
and ambient chalcopyrite changing to the high pressure 
phase between 4.14 and 6.25 GPa. 

For this high pressure phase, a B I structure was 
proposed by the dichotomy method of DICVOL04 
[20], which in good agreement with previous reports 
[11-13]. However, the broad and asymmetric shape of 
the newly emerging peaks suggests a more complex 
structure of this phase. The nature of the diffraction 
patterns suggests a non-cubic structure. The high 
pressure phase has been compared with cation disorder 
NaCI-like structure (cd-BI) and a cd-Cmcm structure 
using Rietveld refinement as shown in Figure 3, which 
indicated a better agreement with the cd-Cmcm 
structure than the B I structure. Figure 3 (top panel) 
shows the refined B I structure with lattice parameter a 

--- --
Amblelll 



= 5.87(0) A and agreement factors Rwp and Rp were 
4.37% and 3.14%, respectively. Figure 3 (bottom 
panel) shows the refined Cmcm structure with internal 
parameters v = 0.75 for Ag or In and v = 0.25 for Te 
with lattice parameters a, b, and c were 5.80(8), 
5.79(8), and 5.87( I) A, respectively, and agreement 
factors Rwp and Rp were 3.45% and 2.62%, 
respectively. However, the geometry and atomic 
positions of the cd-Cmcm structure with cia = 1.0 II 
and clb = 1.013 still slightly differ from the cd-81 
structure. Therefore, this can be implied that the second 
high pressure structure of AgInTez is a distorted 81 
structure due to the cation disorder effect. This 
phenomenon can be explained by the occupant of two 
types of cation; Ag and In, which has slightly 
difference in size with atomic number 47 and 49, 
respectively. Their difference in atomic sizes resulting 
in the distorted lattice parameters to form orthorhombic 
cd-Cmcm structure rather than the ideal cubic cd-8 I 
structure reported in binary analogous. Another 
supporting evidence also given by the first phase 
transition of analogous CdTe, which was carried out by 
R. J . Nelmes and et al [6J that occurred around 3.5 GPa 
from ambient of zinc-blende to NaCI structure with the 
configurations of Cd (atomic number 48) relatively 
similar to those of Ag and In in the inexact cd-B 1 
structure. 
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Figure 3 The refinements of a cd-81 structure and a 
cd-Cmcm structure at 6.25 GPa were compared. The 

cd-Cmcm structure better matches the data. Inset: 
Pressure-volume diagram of AglnTe2 of chalcopyrite 
and cd-8 I structures. 

The volume-pressure diagram with fitting curves is 
shown in an inset of Figure 3. The bulk modulus of the 
was 34.0 I GPa for chalcopyrite, and 57.51 GPa for cd
8 I, with about 14 % volume reduction. These results 
can be compared with OFT calculations [21], in which 
the first structural phase transition was predicted to 
occur around the somewhat lower pressure of 3.90 
GPa, from the chalcopyrite structure to Cmcm structure 
with about 17 % volume reduction and bulk moduli of 
43.26 GPa and 52 .87 GPa, respectively. 

3.3 The second structural phase transition 
The second structural phase transition in AgInTe2 was 
also closely investigated, using the diffraction profiles 
shown in Figure 4. At 18.65 GPa, the diffraction 
profile is that of the cd-8 I structure, with some 
additional reflections from the tungsten gasket. The 
diffraction profile developed new peaks at 21.70 GPa, 
which emerged close to the cd-B 1 peaks, as denoted by 
cross signs (x) . The unknown peaks still coexisted with 
the cd-8 I phase up to the pressure of 25.97 GPa. This 
therefore suggests the possibility that the transition 
occurred due to slight shifts in planes of the crystal in 
the cd-81 structure, in analogy with the second 
structural phase transition of another CuInSezby both 
of experiments and [22 ,23J. Figure 5 shown the refined 
diffraction pattern of Ag1nTe2 at 21. 70 GPa. Assuming 
the refined structures to be the cation disordered 
orthorhombic cd-Cmcm structure of AgInTe2 and the 
bcc structure of the tungsten gasket, the third phase, 
cd-Cmcm structure has internal parameters v = 0.67 for 
Ag or In and v = 0.19 for Te, with lattice parameters a, 
band c as 5.56(3), 5.74(4) and 5.58(1) A, respectively. 
Therefore, the mechanism of second structural phase 
transition of AglnTe2 corresponded to the (002) plane 
of cd-81 was translationally moved in the [010] 
direction. This geometrical transformation is also 
shown in an inset of Figure 5. 
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Figure 4 The diffraction profiles of AgInTez from 
18.65 to 25.97 GPa. A second structural phase 
transition occurred and the new diffraction peaks first 
appeared at 21.70 GPa, as denoted by plus signs (+). 
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Figure 5 The Rietveld refinement of the diffraction 
profile of AgInTe2 at 21.70 GPa, for a refined cd
Cmcm structure of AgInTez and bcc structure of the 
tungsten gasket. Inset: Shown the geometric 
transformation from cd-B I to cd-Cmcm. 

3.4 The reverse process 
This work also investigated ADXRD profiled during 
the reverse process of reducing the pressure of AgInTe2 
back to ambient pressure, as shown in Figure 6. At 
2.19 GPa, all of the diffraction peaks still appeared in 
the cd-B I structural scheme. After decreasing pressure 
to 0.55 GPa, several new reflections began to appear, 
as denoted by minus signs (-). The cd-B I phase also 
existed after the return to ambient, but slowly 
decreased with time. The ambient phase in this process 
appeared to be chalcopyrite structure, which had 
refined lattice parameters a = 6.39(6) and c = 12.44( I) 
A. This parameter c is notice ably different from that of 
the ambient phase. 
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Figure 6 The diffraction profiles of AglnTez when 
decreasing the pressure from 10.25 GPa down to 
ambient pressure. The chalcopyrite diffraction peaks 
first appeared at 0.55 GPa, which are denoted by minus 
signs (-). The high-pressure cd-B 1 phase coexisted 
with the chalcopyrite phase even at ambient pressure, 
but disappeared with time. 

4. Conclusions 
This work exploited the ADXRD method to investigate 
high-pressure crystal structures and structural phase 
transitions in AglnTez using a diamond anvil cell. The 
first structural phase transition occurred in two stages: 
from the ambient metastable zinc blende-like structure 
to a cd-B 1 structure between 2.84 and 4.14 GPa, and 
from the ambient chalcopyrite to the same cd-B 1 
structure between 4.14 and 6.25 GPa. These results are 
slightly different from the prediction of a previous DFT 
calculation. The second phase transition, cd-Cmcm 
structure is considered to compare with cd-BI 
structure; the distinction between cd-Cmcm and cd-B I 
structures is revealed by the powerful resolving power 
of ADXRD technique with Rietveld refinement. 
However, we suggested that inexact cd-B I structure 
occurred due to the slightly difference in size of the 
two types cations. The second structural phase 
transition was observed at 21.70 GPa from cd-BI to 
cd-Cmcm structure. The mechanisms of transition, the 
(002) plane of cd-B I has translationally moved in the 
[0 I 0] direction which correspond to its family, CulnSez 
and its analogous binary, CdTe. For the reverse 
process, transition from the cd-B 1 phase to the 
chalcopyrite structure was observed to begin at 0.55 
GPa, which differed from the increasing pressure 
process, and the lattice parameter c of chalcopyrite also 
changed. 
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Ab initio calculations were performed for studying the structural phase transitions of GaAs up to 200 GPa. 
By comparing the minimum free energies of structures, we found the thermodynamically stable phases of GaAs 
under pressure beyond GaAs-lII (Imm2) with space groups P61mmm and CsC/-like at the pressure range of 116
147 GPa and 147-200 GPa, respectively. The stability of P6/mmm and CsC/-like phases were confirmed by all 
positive vibration modes of phonon dispersion relations. The transformation path from P6/mmm to C.~c/-like 
phases was fully investigated and found that the upper bound of enthalpy barrier is 0.035 eV. By analyzing the 
results of electronic density of states and elastic parameters, it can be concluded that the GaAs in CsC/-like 
phase is a ductile material, while the P6/mmm phase is brittle. 

I. INTRODUCTION 

Gallium arsenide (GaAs), a HI-V binary compound 
semiconductor, is widely used in many applications 
such as solar cell fabrications and diode devices. The 
stable structure of GaAs at the ambient pressure is the 
zinc blende (ZB) phase, which is similar to the other 
llJ-V binary compounds such as GaP, InP and InAs.' In 
previous studies, it has been suggested that GaAs-ZB 
transforms to an orthorhombic phase near 17 GPa.2 

• .1 

By studying the x-ray-diffraction pattern from 
synchrotron radiation, Weir e/ a/. l suggested that the 
evolution of GaAs structures under high pressure are 
the following: GaAs-I (Z8) ~ GaAs-II (Pmm2) ~ 
GaAs-IIl (lmm2) ~ GaAs-IV (Hex), with the 
transitions pressures of 17, 24, and 60 GPa, 
respectively. The simple hexagonal phase (Hex) in 
GaAs-IV is similar to the ambient pressure phase of 
GaSb.' ·6 Zhang and Cohen) studied the equilibrium 
lattice parameters and internal parameters of GaAs-II 
by using ab initio pseudopotential calculations within 
the local density functional (LOA) in the form of 
Perdew and Zunger. They found that GaAs-II is 
orthorhombic structure, which is thermodynamically 
favored over the rocksalt (RS) structure. Later, 
McMahon and Nelmes~ used the angle-dispersive 
powder diffraction technique and observed that the 
structure of GaAs-II is Crnem. Mujica and Needs~ 
using first principle calculations confirmed that GaAs
II in Cmem structure is more stable than Pmm2. 
Durandurdu and Orabold 10 performed a local-orbital 
quantum molecular dynamic method with a 216-atom 
model of GaAs. They used norm-conserving 

pseudopotentials and Harris functional, and found that 
the GaAs ZB phase transforms to Cmern at 23.5 GPa, 
and Cmem phase changes to Imm2 structure at 57 GPa. 
From the study of the electronic density of states 
(EOOS), they concluded that both high-pressure phases 
of GaAs are semimetals. The stability of vibration 
modes in both high-pressure phases was confirmed by 
phonon density of states (POOS). For very high 
pressure phases, Garcia and Cohen II studied the 3d 
states in Ga compounds with core relaxation effects 
and predicted that body-centered cubic structure should 
be stable phase of GaAs above 125 GPa. 

The theoretical and experimental investigations of 
GaAs in I, II and III phases under high pressure have 
been widely conducted. However, the studies of 
vibrational modes and mechanical properties under 
extremely high pressure (100-200 GPa) in GaAs-N 
and V phases are not completed. In this work, the novel 
investigation of GaAs under high pressure are carried 
out. The enthalpy comparisons of GaAs high pressure 
structures are studied up to 200 GPa. We would like to 
predict the mechanism of path transformation in GaAs 
from IV to V which is well above the experimental 
observation. We also analyze the phonon dispersion 
relations in GaAs N and V so that the stability of 
P6/mmm and CsC/-like phases under the influence of 
lattice vibration can be verified. In order to analyze 
properties of GaAs IV and V, the EDOS, elastic 
constants, namely, the bulk modulus, Young's modulus 
and shear modulus are studied to classify the electrical 
properties and metallization of the phases Nand V. 
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III. CALCULATION DETAILS 

In this work, the ab initio calculations are 
performed based on the density functional theory 
(DFT) as implemented in the CASTEP code. 12

. I; The 
ground states properties such as the electron density 
and the total energy were evaluated by self-consistently 
solving the Kohn-Sham equations. First of all, the 
exchange-correlation functionals were tested by 
comparing the calculated results with the experimental 
results for GaAs-ZB at ambient pressure. The cutoff 
energy and k-point grid of 500 eV and 6x6x6, which 
gave the energy convergence at 5 me V /atom, were 
used. The lattice parameter (a=b=c) in ZB at ambient 
pressure were determined as 5.576 and 5.729 A by 
using the LOA and the generalizaed-gradient 
approximation (GGA) functionals I4-

lt
, respectively. The 

GGA functional of Perdew-Burke-Ernzerhof (PBE) 
was used. The GaAs bulk modulus from the 
experiments'7.'~ is 74.7 GPa, while the calculated result 
of bulk modulus are 75.5 GPa (LOA), and 60.3 GPa 
(GGA-PBE), shown in Table I. 

TABLE I. The lattice parameter and bulk modulus of 
GaA.s-ZB at ~mbienf? gressure compared with the 
prevIOus experIments. . 

ParameterlMethod Exp. LOA GGA

(A) (A) PBE 

(A) 

Lattice parameter 5.653(Ref.17) 5.576 5.729 

Bulk Modulus 74.7(Ref. 17,18) 75.5 60.3 

We found that the LOA functional gives a better 
agreement with the experimental results than the GGA
PBE. The LOA functional was therefore selected for 
the rest of this study. The ultrasoft pseudo-potentials 
that include the electronic configurations 3dJO4s24p' for 
Ga and 4i4/for As were used. The cutoff energy of 
500 eV was found to be suitable for calculating the 
geometry optimization, single point energy, electronic 
density of state (EOOS) and elastic parameter. Forces 
on the optimized atomic positions were calculated by 
using the Hellmann-Feynrnan theorem. The Brouillion 
Zone integration was performed using the Monkhorst
Pack grids 19 of 6x6x6 for ZB phase, lOx 10x8 for 
Cmcm phase, J2x l2x 10 for Imm2 phase, lOx IOx5 for 
P6/mmm phase and lOx lOx 10 for CsC/-like phase. 
These were sufficient to converge the total energies to 
within 5 meV per atom for all structures. The phonon 
density of states (POOS) and phonon dispersion 
relation were calculated by the finite displacement 
method20 using the super cell of2x2x2 unit cells. 

III. RESULTS AND DISCUSSION 

For finding the mechanism of GaAs phase 
transitions, we optimized the interested space groups to 
find the total energy per primitive cell (E) and their 
volume (V) at a given pressure (P). The E-V curves of, 
GaAs in ZB(I), Cmcm(II), Imm2(IlI), Hex(IV), CsC/
Iike(V) and Cinabar(Cin) phases, were fitted by using 
the third order Birch-Murnaghan equation of state"!' :'.2 

as shown in Fig.l (a) . The F-m3m structure has also 
been observed with remarkably higher in energy 
compared to the ZB (about 4 eV). Therefore, the F
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FIG. 1. (a) E-V curves of GaAs in ZB(I), Cmcm(II), 

Imm2(III) , Hex(fV), CsCl-like(V) and Cinabar(Cin) 

phases. The inset showed the lowest-energy structures 

at extremely high pressure that compared with other 

phases (b) The enthalpy difference of GaAs high 

pressure phases compared with the enthalpy's Cmcm 

phase. 
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m3m structure is not included in this figure. Our 
calculation shows that the Cinabar phase is not a stable 
structure under this condition (0 K) because ZB 
transforms directly to the Cmcm without going through 
the Cinabar phase that has the higher free energy. The 
insert graph in Fig lea) showed that Cmcm-like 
structure gives the lowest energy compared with other 
candidate structures. The enthalpy (H) per a formula 
unit of a GaAs space group can be calculated from the 
relation H=E+PV, which is the free energy of system 
at 0 K. The enthalpies of GaAs structures were 
compared under pressure up to 200 GPa. We found the 
minimum enthalpy structures between 0-200 GPa as 
shown in Fig. \ (b), which consist of GaAsI-ZB (0-12 
GPa), GaAsII-Cmcm (12-37 GPa), GaASIII-Imm2 (37
115 GPa), GaAsIV-Hex (\ 16-147 GPa) and GaAsV

CsCI-like (147-200 GPa) respectively. Therefore, for 
lower pressure range, we report the transition sequence 
from ZB-7Cmcm-71mm2 which is in good agreement 
with Durandurdu and Drabold's work. We found that 
the enthalpy of ZB compared to the Cmcm and thp. 
volume reduction during the ZB-Cmcm phase transition 
are larger than those of the Imm2. This can be 
understood since the ZB to Cmcm transition is a 
structural reconstruction, but Cmcm-Imm2 transition is 
a distortion from the orthorhombic structure. Under 
extremely high pressure (> I 00 GPa), we found that 
lmm2 structure changes to the P6/mmm phase which 
confirms the experimental result of Weir et al.4 

Moreover, we showed that the CsCI-like structure is 
the thermodynamically stable phase above P6/mmm in 
good agreement with Garcia and Cohen suggestions. 
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FIG. 2. (a) Structural evolution during the phase transition from P6/mmm to CsC/-like phases were estimated. 
(b) The enthalpy barrier during phase transformation from GaAs IV to GaAsV at 147 GPa. 

In order to explore the nature of P6/mmm -7CsCl
like transItion mechanism, we analyze the 
transformation path between these two phases. Firstly, 
we investigate the transition pressure of 
P6/mmm -7CsCI-like which can be predicted at 147 
GPa where the enthalpy of two structures are equal. 
Secondly, we analyze the transformation path from 
P6/mmm structure. The As-plane was shifted from Ga
plane in direction [110] and the space group of GaAs 
was changed from to Amm2, shown in Fig. 2(a). Lattice 
parameters and angles in the unit cell were optimized 
at 147 GPa. We studied two point of shifted-plane in 
unstable structure (Amm2) and found that the enthalpy 
is increasing along the distance of shifted-plane from 

Ga-plane. Finally, the As-plane was shift to the center 
of unit cell; as a result, the space group was change 
from Amm2 to Cmmm. We found that enthalpy of a 
system is decreasing significantly when the 
orthorhombic Cmmm structure was transform to a 
cubic structure of CsCI-like phase. Hence, we 
concluded that P6/mmm changes to two unstable 
orthorhombic phases during the transition that are 
Amm2 and Cmmm before finally changes to the stable 
cubic CsC/-like structure respectively. The upper 
bound of potential in P6/mmm -7CsCI-like path 
transformation is estimated to be 0.035 eV as shown in 
Fig.2(b). 



From studying H-P curve, we got the phase 
transitions of GaAs up to 200 OPa; however, the 
minimum free energy of a system (G = H-TS or H at 0 
K) is not enough to conclude the stability of lattice at 
finite temperature. We, therefore, studied the vibration 
modes of phonon so that the stability of high pressure 
phases GaAs can be verified. The phonon dispersion 
relation of GaAs-ZB at the ambient pressure was 
investigated and compared with the circles, which are 
data points from the experimental work23 as shown in 
Fig. 3(a). The phonon calculation tested at ambient 
phase gave a good agreement with the experimental 
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report. For GaAs phases IT and III, the vibration modes 
have been anaLyzed by Durandurdu and Drabold. to In 
this work, we, therefore, analyze phonon dispersion 
relation in P6/mmm and CsC/-like phases. Fig. 3(b) 
shows the vibration modes of P6/mmm phase. All 
positive vibration modes confirmed the stability of 
simple hexagonaL phase at 130 GPa. For CsC/-Iike 
phase, we found all positive phonon frequencies above 
160 GPa, shown in Fig. 3(c). Figure 3(d) shows the 
dominated frequencies at 3, 10 and II THz. These 
frequencies were found in both P6/mmm and CsC/-Iike 
phases. 
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GPa. 

Next, we analyze the EDOS in P61mmm and CsC/
like phases compared with ZB and Imm2. In Fig. 4, the 
gap of DOS in ZB phase confirmed that GaAs-ZB is 
semiconductor phase. Moreover, GaAs becomes the 
semi-metal in Imm2 phase at 50 GPa due to having 
small fluctuation near Fermi level of EDOS which 
confirmed the previous work.lo We studied band 
structure of Imm2 and found that the conduction band 
minimum (CBM) is lower than the valence band 
maximum (VBM). However, the conduction band and 
valence band are not fully overlap which causing the 
indirect band in semimetal. ~ 4 For studying EDOS in 
P61mmm and CsC/-like phases, these phases are 
remarkably close to the metallic phases because the 
available states of these phases at near Fermi level do 
not show the reducing of available states . In addition, 

we would like to obtain extensive detail on the 
metallization of GaAs under high pressure. Therefore, 
the elastic properties such as elastic constants (Clj), 
bulk modulus (B), shear modulus (G) and Young's 
modulus (Y) were studied for determining the full 
physical preoperties of GaAs in P61mmm and CsC/-like 
phases. At the beginning, the elastic parameters in 
ambient pressure phase (ZB) were tested by using LDA 
functional as shown in Table II. We found that the 
LDA functional gives a good agreement with the 
previous experiments l'- : > more than using GGA
PBE. The elastic properties of materials such as B. G, Y 
and Poisson's ratios (v) can be estimated by using the 
Voigt-Reuss-Hill procedure?' 2" Voigt and Reuss 
equations are the upper and lower limits of true 
crystalline constants, while the mean value from the 
Voigt (Bv, Gv) and Reuss (BR' GR) approximation is the 
Hill (BH• GH) modulus, which Hill modulus shown in 
Table II . Type of material is classified as brittle 
material if the ratio of BIG less than 1.75, and it is a 
ductile material when the ratio greater than 1.75. 29 30 

From the ration BIG in Table II, it can be concluded 
that GaAs in CsC/-/ike phase is a ductile material 
while P61mmm phase is a brittle. The value of Y i~ 
P61mmm phase is higher than another phase. The the 
type of bonds can be suggested by the value of Y which 
are covalent bond at the range 200-1500 GPa, metallic 
bond at 60-300 GPa and ionic bond at 32-96 GPa 
respectively.11 For P6Immm~CsC/-like phase 
transition, the value of G from P61mmm (145 GPa) to 
CsCl-like (150 GPa) is reducing under pressure 
because of the changing type of bonds in stable phases. 
With the increasing pressure up to 200 GPa, shear 
~odulus in ?ody-centered cubic or CsC/-like phase 
IOcreases rapidly because a cubic structure was equally 
packed in all dimensions from the very high external 
forces ; as a result, the ratio of BIG remarkably reduced. 

TABLE Ii. Elastic parameters in a unit GPa of GaAs-ZB (0 GPa), GaAs-P6lmmm (120 and 140 GPa) and GaAs
CsC/-like (150, 175 and 200 GPa). 

P(GPa) CII CIl Cn Cn Cn Cn CN C55 C66 B G Y BIG 

0 120 53 53 53 120 120 62 62 62 75 48 87 1.56 

120 1235 261 121 121 1235 1375 159 159 487 539 328 1173/1355 1.64 

145 1401 311 150 150 1401 1566 167 167 545 621 359 132311539 1.73 

150 667 587 587 587 667 667 39 39 39 614 39 117 15.7 

175 787 653 653 653 787 787 129 129 129 698 99 195 7.05 

200 965 691 691 691 965 965 262 262 262 782 202 389 3.87 
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IV. CONCLUSIONS 

We performed ab initio calculations in CASTEP code 
for studying the transitions pressure and stability of 
high pressure phases of GaAs between 0-200 GPa. We 
found that LDA functional gives a good agreement 
with the experimental results at ambient pressure better 
than GGA-PBE. The stability of high pressure phases 
at 0 K were considered by comparing the minimum 
free energy or enthalpy of system. It was found that the 
GaAs high pressure phases are GaAs I-ZB (0-12 GPa), 
GaAS U-Cmcm (12-37 GPa), GaAs III-lmm2 (37-115 
GPa), GaAs IV-P6/mmm (116-[47 GPa) and GaAs V
CsCI-like (\47-200 GPa) respectively. The stability of 
P6/mmm and CsC/-like phases were examined from 
phonon dispersion calculations. All positive 
frequencies of vibration modes in phonon dispersions 
relation confirmed the stability of these extremely high 
pressure phases (GaAs-IV and V). Transformation path 
from P6/mmm to CsC/-like phases was estimated and 
found that P6/mmm changes to two unstable 
orhtotrhombic phases during the transition which are 
Amm2 and Cmmm, and then changes to the cubic CsC/
like structure. The upper bound of enthalpy barrier is 
0.035 eV. We also studied EDOS of GaAs under 
pressure and found that the ZB semiconductor phase in 
GaAs changed to semi metal phase in GaAs-III and 
predicted the meta[ic phase for GaAs IV and V 
structures. In addition, physical properties of the 
metallic phases GaAs were examined by analyzing the 
elastic parameters. From the results, it can be 
concluded that CsC/-like phase is a ductile material, 
while the Hex phase is a brittle material. 
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Abstract 

Molecular Dynamics (MD) calculation is one of the most powerful theoretical methods widely 

used to predict and to confirm structural phase transitions. In this work, the MD method has been 

used to verify phase transition from body-centred cubic (bcc) to ,B-tin structure, then. to the Cmcm 

and hexagonal close-packed (hcp) structure, respectively. The transition sequence from previous 

theoretical work::; has been confirmed. In this study, Density Functional Theory (DIT) . has been 

used to calculate phonon dispersion to confirm the stability of {3-tin and hcp phases. The long time 

discrepancies in transition sequence between the calculation and the experimental works has been 

explained by conventional DFT calculation using screened exchange local density approximation 

(sX-LDA). More importantly, the existence of {3-tin structure is finally theoretically predicted and 

the transition nature of Sr has also been revealed . 
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I. INTRODUCTION 

Strontium (Sr) is an alkaline-earth metal , which its phase transition under extreme pres

sure was suggested to be caused by s-to-d orbital electron tran::;fer from lower pressure to 

higher pressure phases l -4. At ambient pressure, strontium possesses a face-centered cubic 

(fcc) structures and transforms to a body-centered cubic (bcc) structure at 3.5 GPa6 At 

higher pressure, it transforms to Sr-III at 26 GPa7 
, to Sr-IV at 41 GPa7 and to Sr-V at 

46 GPa7 
. The phase Sr-V is stable to at least 74GPalO 

Energy-dispersive powder x-ray diffract.ion experiment carried out by M. Winzenick and 

W . B. Holzapfel8 fir::;tly revealed the crystal structure of Sr-III to be orthorhombic ::;tructure 

with spacegroup Imma at. 31.6 GPa. More importantly, t.he recent study9 using full Debye

Scherer angle-dispersive powder x-ray diffraction reinvestigate the crystal structure of Sr-III 

and identified it to be the tetragonal structure with spacegroup 141/ amd named as f)-tin 

structure. 

On further compression, McMahon et al. lO were the first who observed Sr-IV phase at 

above 35GPa using angle-dispersive powder x-ray diffraction , however, its structure was 

not yet determined 10 The Sr-IV structure was later determined to be complex monoclinic 

structure at 37.8 GPa with space group I a which can be viewed as the distorted structure of 

Sr-III, (distort.ed f)-tin structure) by Bovornratanaraks et al. ll , using angle dispersive x-ray 

powder diffraction. In addition, Sr-V was first observed at pressure above 49 GPa and its 

IDfull structure solution was again determined by McMahon et al. to be an incommensurate 

structure having space group of 14/mcm with atomic po::;ition::; (x, y = x+1/2, z = 0) where 

x",,0.15. 

Sr has not only been investigated experimentally9-11. but also computationallyI2,14-16 . In 

early computational work l2 
, phase transition in Sr was predicted using the linear-muffin

tin-orbital-atomic sphere approximation method with the combination of nonlocal exchange 

corrections and the Local-Density Approximation (LOA) which showed that the phase tran

sition of fcc to bcc structure agrees with an experimental work 7 
. Recently, the calculation of 

strontium phases in a medium-pressure-ranged order between 24 GPa and 27 GPa was per

formed by Srepusharawoot et al. 15 using ab initio molecular dynamics calculation . In this 

work, bcc structure is found to transform to R3c structure a t 27 GPa15
. However, from the 

same work l5 , by using OFT, enthalpy-pressure relation sugge::;t::; that the bcc should trans
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l5form to hcp as the hcp has lower energy compared to that of Sr-IV in 20-30GPa range . 

The calculation 15 seemed to disagree with the experiment done by Bovornratanaraks et ai. II . 

Moreover, the calculations14.16 also disagreed with the experiment ll . In addition , another 

type of calculation called ab initio random structure searching (AIRSS)17 confirmed that 

Cmcm structure is one of Sr phases existing between 25 GPa - 40 G Pa and is confirmed to 

be stable by Kim et at. 10. In addition, the Cmcm structure will distorts to the hcp structure 

at 40 CPa I6 . 

From another ab initio calculation by Phusittrakool et al.14 
, Sr-IV was found to be more 

stable than the ,B-tin structure at 20 GPa - 40 CPa range in which the ,a-tin structure has 

been experimentally observed'l . From these evidences. all the theoretical studies of Sr 14-16 

show that under high pressure and 0 K, the ,B-tin structure is a probable structure but not 

at high temperature (i.e. 300 K). This discrepancy between experimental observation and 

theoretical prediction have long been unsolved. 

5In this work, the stability of /1-tin and the recently proposed hcp structure1. will be 

fully investigated by Density Functional Theory (OFT) and Molecular Dynamics (MD). 

16The discrepancy of the exist.ence of ,B-tin structure between previous theoretical studies14

11and experiment.al reports7- will be discussed . In addition, the cause of the discrepancy will 

be illust.rated. 

II. METHOD 

The existence of ,B-tin structure become doubtful as it was found experimentally9 , how

ever, not theoretically14-16. Therefore, there was an attempt15 to investigate the discrepancy 

using MD calculations which were purposefully performed at room temperature in order to 

mimic the conditions used in the experiments9 The MD study l5 was established to apply 

pressure to initial bcc structure which is the lower pressure phase of ,B-tin structure as re

ported in9
,1I. The bcc structure finally relaxed to R3c l5 which is once proposed to be the 

coexisting phase of ,B-tin structure l5 . 

In this work, MD calculat.ions were also established. NPT? ensembles l9 was employed 

for the 16-atom system at 300 K and at under the pressure of 30 G Pa and 40 G Pa when using 

bcc and ,B-tin , respectively, as the initial structures. The Brillouin Zone (BZ) were chosen 

by the Monkhost-Pack mesh (MP) criteria proposed by H. J. Monkhorst and J. D. Pack20 
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In addition , Gamma point (r-point) was used as the k-point sampling. The MD calculation 

showed that the bcc transforms to Cmcm at 30 GPa and the ;3-tin structure transforms to 

hcp structure at 40GPa (see Fig. 1). 

To find structural phase transitions, stability of phases and, moreover, to compare with 

the experiment.al works9
.
11 and the MD calculations described above, DFT calculations were 

8also performed with some known high-pressure phases of Sr, i.e., fcc5, bcc7. , ;3-tin9 , and 

Sr-Iyll structures. 

DFT calculations were configured to use self-consistent field method, the method to find 

the ground state energy has been used23 . Moreover, the Generalized-Gradient Approxima

tion (GGA) of Perdew-Burke-Ernzerhof (PBE)24 exchange-correlation functional has been 

employed with ultrasoft psesudopotential25 which treats 582 , 4p6 and 3d! states as valence 

states. The cutoff energy were set to 700 eY which is optimized to be able to lead the 

calculation to converge. For the fcc and Cmcm structure, the BZ were chosen by the MP 

mesh resulting in 12x 12x 12 k-points for fcc, bcc. ;3-tin , hcp, Cmcm structures and 6x5x6 

k-point for Sr-IY. 

DFT calculations presented in this work were set to perform structural optimization in 

each pressure increasing step. Enthalpy difference was calculated as the first step for phase 

transitions identification (see Fig . 2). To find the enthalpy difference between the ;3-tin and 

the hcp structures between 20-40 G Pa, energy-volume curves were fitted using third order 

Birch-Murnaghan equation of state l8 
. Then the enthalpy was calculated using equation, 

H = E+PV. The intersection point of energy difference curves define phase transition events 

(see Fig . 2). The existence ;3-tin and hcp structure were furt.her investigated using phonon 

dispersion and phonon density of state using energy cutoff of 310 e Y, 3 x 3 x 5 and 5 x 5 x 4 

for q-points, and MP 5x5x8 and 9x9x6 for k-point in both ;3-tin and the hcp structures, 

respectively. Finite displacement method and super cell scheme using PBE functional at 

40 GPa by CASTEP code were employed in these phonon calculations. 

From our experience, ;3-tin and hcp have been the controversial structures among t.he 

11 1bexperiments9• and the calculation works 15. They are, therefore, were specially focused. 

In early calculation work, ;3-tin and hcp structure used PBE16 functional. In this work, 

Hinot only PBE was used in order to reproduce the results I4- , screened-exchange Local 

Density Approximation (sX_LDA)27-29, was also additionally used . Surprisingly, a significant 

improvement of overall energy was obtained as the overall energy was lowered. Cutoff energy 
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used in this calculation were set to be 660 eV with the norm-conserving pseudo-potential30 

calculation treating 582
, 4p6 and 3rJ2 states as the valence states. The brillouin zone (BZ) 

were chosen by the MP resulting in 3x3x5 and 5x5x4 k-points for both 13-tin and hcp 

structures. 

III. RESULTS AND DISCUSSIONS 

From MD calculation demonstrated using enthalpy-us-time step plot shown in Fig. 1, bcc 

structure exhibit.s the transformation to Cmcm structure at 30 CPa and at 300 K. Cmcm 

structure was also previously determined t.o have lower enthalpy compared to that of bcc 

previously calculated using VASplti. From these theoretical evidence, Cmcm was shown to 

exist instead of 13-tin structure which was reported to be present in the experimental work 

done by Allan d al9
. In more profound details, the Crncm structure has been later explained 

by burgers mechanism13 to exist as an intermediate phase of bee-to-hcp transformation. 

The contradiction between experimental discovery9 and theoretical prediction 15, 16 . 13

tin was set as an initial structure and then calculated at 40 CPa and 300 K to find the 

relaxed structure using MD method with NPT ensemble, similarly to what has been done 

in Fig. 1. The calculation shows that 13-tin structure transforms t.o hcp structure and its 

stability undergoes from'" 1.5 ps to 5 ps. The calculation consequently suggested that the 

;3-tin structure is not a positive candidate structure. 

For DFT calculation, the enthalpy-vs-pressure curves of fcc, bce, ;3-tin, Sr-IV, Cmcm and 

hcp structures were shown in Fig. 2. Crossing points of curves from each structure represent 

the fcc-to-bcc transformation at 1.4 CPa and to hcp structure at 23.8 CPa. In addition, hcp 

structure (with space group P6J /mmc) was found to have lower enthalpy compared to Sr-IV. 

The hcp structure was found in this calculation but, surprisingly, not in the experiment9 
. 

The calculation using CCA present.ed in t.his work can be validated as it agrees with the 

previous computational works l5 ,lti. 

From Fig. 2: Cmcm and hcp have proximity of enthalpy. However , hcp structure was 

found to be more energetically favourable than the Cmcm structure calculated using MD 

method. Although the computational resubt described above supports the existence of hcp 

structure, the hcp structure has not been found experimentally9. The disagreement was, 

therefore, further investigated using phonon dispersions which can verify the stability of hcp 
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and, of cour~e, ,B-tin ~tructure~ at 40 G Pa. 

From Fig. 3, phonon dispersion of the ,B-tin structure iti shown to have the negativity 

of phonon branch, which is evidenced along Z-to-A , M-to-G (G is f-point), G-to-Z, Z-to-R, 

R-to-X and X-to-G directions. As a result, not only ,B-tin structure w~ not shown to be 

a good candidate for stable structure at 40 GPa, the hcp structure was calculated to have 

positive phonon frequency which leads the structure to be more favorable (see Fig. 3). 

As Sr iti an alkaline earth metaL it h~ been known to have s-to-d orbital electron 

transfer l 
-

4 for its phase transition under high pressure. One great example is the transition 

between bcc to Sr-IITB was found to have the d-orbital filled when its volume is decreased4 . 

In order to investigate the discrepancy mentioned above, various kinds of functional were 

29tested. The functional LOA26, PBE24 and sX_LOA27- were used in the OFT calculation. 

The valence states electrons of strontium were treated ~ 5s2 
, 4pti and 3~ stateti. 

Energy levels comparison calculated from each functional and also from an experiment31 

were shown in Fig 4. Energy levels were calculated using spin 5052 valence st.ates. One 

electron spin in 5~ is excited and elevated to 5p and, moreover, by having and increasing of 

energy, an electron tipin was then promoted to 4d28 
,29 . In Fig. 4, the calculation from sX

LOA functional demonstrated to have electron configuration corresponding to experiment31 

regarding to the elevation of energy from 5s5p to 5s4d where the other functionals have 

indifferent energy between 5s5p to 5s4d orbitals. It has been demontitrated that the sX

LOA functional can differentiate the energy from 5s5p and 5s4d29 

In brife, sX-LOA functional treats d electron differently compared to other functionals24,26, 

PBE and LOA, see Fig 4. The lack of use sx-LOA functional was later found to account for 

16the absence of high-pressure phase, ,B-tin which was seen in previous theoretical works I4
- . 

The sX-LOA functional is then utilized and compared with PBE (see Fig 5) in hep struc

ture OFT calculation. By using PBE, hcp i~ shown to be stable which does not agree 

with experiments reported in7-9 and computational works reported in 14. In the contrary, 

calculation using sX-LOA agreed with those worJ.;Y as ,B-tin has lower enthalpy and more 

stable compared to that of hcp. 

16As sX-LDA can solved some discrepancies between experimenta19 and theoretical works14


The sX-LOA was use to revalidated the enthalpy different with bcc, hcp and ,B-tin as ~hown 

in Fig. 6. Consequently, (3-tin was finally demonstrated for the first time to be more stable 

than hl.:p (see Fig. 6) and agree well with experimental retiult9 . All in all , this work concludes 
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that sX-LDA is the functional which solved the long-been-discrepancy of ,B-tin existence. 

Even sX-LDA is elaborated to have competence to solve s-to-d orbital problem. It is, 

however, catch a little attention as no one has used the functional for structural phase 

transition prediction but for optical32 , band gap29, band structure electronic density of 

state29 . Therefore. this work trailblazes the use of sX-LDA to find structural transition of 

solids which was validated by solving long-known computational experimental disagreement. 

Although sX-LDA is proven to be a qualified candidate for alkaline-earth met.al, it. should 

also be worth a try for calculation in other elements of this family. 

IV. CONCLUSIONS 

All calculations presented in this work were established to explain high-pressure phases 

of strontium. Molecular Dynamics (MD) method demonstrated the bcc-to-Cmcm transition 

at 300 K and 30 CPa and ,B-tin-to-hcp transition at 300 and 40 CPa. This work originally 

shows the path transitions of lower-pressure phases---'thigher-pressure phases, bcc---'tCmcm 

and ,B-tin---'thcp. 

In further investigation, DFT was used. Functional PBE was further used to recalculated 

and revalidated t.he results from MD. The DFT results demonstrate t.hat the hcp is more 

energetically favourable than the Cmcm structure is and it has lower enthalpy than both 

the ,B-tin structure and Sr-IV. As the (:i-tin structure should actually be the lowest enegy as 

found presented in experiments9,1I, further DFT calculation was established m;ing sX-LDA 

functional. The results from sX-LDA illustrate the existence of ,B-tin which, for the first 

time, agree well with experimental work9 
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FIG . 1. (left) MD calculation of the bcc super cells structure. Cmcm appears some picoseconds 

after the simulation has started. (right) MD calculation of 14I/amd super cells structure demon

strates hcp to appear at some picoseconds after the simulation has started . The graph demonstrates 

the phase transition from 141/amd to hcp 
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FIG. 2. The enthalpy difference of fcc_ J3-tin. hcp. Sr-IV. and Cmcm structure related to the 

bcc structure at ambient pressure. The crossection point of each line represents the occuring of 

transition event. 
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FIC. 3. (reft) Phonon dispersion and density of phonon state of f)-tin at 40 CPa calculated using 

PBE functional. The negative phonon can be interpret that the structure is unlikely to be stable 

and (right) those of hcp structure at 40 CPa was also calculated using PBE functional. The positive 

phonon branch suggests the stability of the structure. 
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various functional. PBE and LDA functional provide indifferent energy of 5s5p and 5s4d while the 

difference is found in experiement and also from the calculation using sX-LDA. 
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FIG. 5. (left) The enthalpy different of ,B-tin to hcp structure calculated using GGA and (right) 

the enthalpy different of hcp stucture to ,B-tin using sX-LDA. at ??? pressure. 
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