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X-ray absorption

 



XSPECTRA 
A tool for X-ray absorption spectra (XAS) calculations 
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XSPECTRA (General questions) 
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What is XAS ? 

!08(5,-#

\.J)/4.5#PV0,8#

L4,b#

T0,.(b)F4/#PV0,8#

;4,b#

PV0,8#(%&0J4#

A(8.J70%50%.C#

e454J5%0#



What is XAS ? 
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XAS Physical process  

Challenge: describe core-hole attraction from first principles. 



Chemical and Orbital selectivity 
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Chemical and Orbital selectivity 
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Name of XAS structures 
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Name of XAS structures 
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XAS cross section 

60%b#640b)#'%-/4.V0&-4d#

6).,-#(5,54#Y)57#

,#J%04V7%-4#

\.)W,-#(5,54d#

.%#J%04V7%-4#
\.J)/4.5VK7%5%.#

4.40'8#

T74#b,50)f#4-4b4.5#)(d#

344#!7"#;0%&/40*##E"#278("#!%./"#+,F"##*#=<?#A?BB<C#I%0#b%04#/45,)-("#

?(#!K#(5,54(# ?(#!/#(5,54(#



XAS cross section 
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XAS cross section needs all-electron states 
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PAW for XAS – short explanation 
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PAW for XAS – short explanation 
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PAW for XAS – short explanation 
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PAW for XAS – short explanation 
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XSPECTRA (The lanczos method) 
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Before going on…  
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Directory structure 

3&L/)04J5%08#"H;).,0)4(H#

X404#,--#574#;).,0)4(#.44/4/#5%#0&.#f(K4J50,#,04#).J-&/4/"#

2NS13S#_3S#TXS3S#;\`19\S3"#

3&L/)04J5%08#"H$)K,YO2(4&/%O$4.40,W%.H#

X404#,--#574#).K&5#]-4(#.4J4((,08#5%#'4.40,54#$\21Q#K(4&/%K%54.W,-(#

Y)57#,./#Y)57%&5#,#J%04V7%-4#,04#).J-&/4/"#

3&L/)04J5%08#"He),b%./H#

########################He),b%./O.%7%-4H#

########################H3)a@H########################

Sf,bK-4(#,./#4f40J)(4("#

3&L/)04J5%08#"H94I404.J4(H#

94-4:,.5#K,K40(#Y)57#I&--8#J%.:40'4/#04(&-5(#

,./#574(4#-4J5&04("#



Running XSPECTRA 
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Generation of (GI)PAW pseudopotentials 
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Generation of (GI)PAW pseudopotentials 
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Generation of (GI)PAW pseudopotentials 
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Generation of (GI)PAW pseudopotentials 

#u).K&5K#

#####K(4&/%58K4h@*#

#####--%Jh?*#

#####]-4OK(4&/%KYhw#!"(5,0?(VKL4Vb5O')K,Y"_26v*#

#####5bh"50&4"*#

#####-')K,YO04J%.(50&JW%.h"50&4"*#

#H#

@#

@3##?##<##@"<<##<"<<##?">##?">#

@2##@##?##?"><##<"<<##?">##?">#

#u54(5#

#H#

l#

@3##?##<##@"<<##<"<<##?">##?">#

G3##@##<##<"<<##<"<<##?">##?">#

@2##@##?##?"><##<"<<##?">##?">#

G2##G##?##<"<<##<"<<##?">##?">#

T7)(#z,'#)(#.44/4/#5%#).(405#

A$\C21Q#04J%.(50&JW%.##

).I%0b,W%."#

35,./,0/#:,-4.J4#(5,54(##

J%.]'&0,W%.#I%0#!,0L%.#

K(4&/%K%54.W,-#'4.40,W%.#

T%5,-#.&bL40#%I#21Q#K0%j4J5%0(#

20%j4J5%0(#

6)-4#"H$)K,YO2(4&/%O$4.40,W%.H!OX%-4H!7"-/?").#



Generation of (GI)PAW pseudopotentials 
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Pseudopotential name notation 
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2;S#)(#574#4fJ7,.'4VJ%004-,W%.#I&.JW%.,-#&(4/#



XSPECTRA (Modeling the core hole) 

1c40#'4.40,W%.#%I#574#J%04V7%-4#K(4&/%K%54.W,-*#L&)-/#8%&0#(50&J5&04#Y)57#8%&0#

K(4&/%K%54.W,-#(5,0`(#')K,Y#).#574#,L(%0L).'#,5%b#K%()W%."#

1(#Y4#Y%0Z#Y)57#KLJ#Y4#,-(%#.44/#5%#L&)-/#,#(&K40J4--#5%#b).)b)D4#574#).540,JW%.#

L45Y44.#574#J%04V7%-4#,./#)5(#K40)%/)J#)b,'4#



XSPECTRA (Modeling the core hole) 

1c40#'4.40,W%.#%I#574#J%04V7%-4#K(4&/%K%54.W,-*#L&)-/#8%&0#(50&J5&04#Y)57#8%&0#

K(4&/%K%54.W,-#(5,0`(#')K,Y#).#574#,L(%0L).'#,5%b#K%()W%."#

1(#Y4#Y%0Z#Y)57#KLJ#Y4#,-(%#.44/#5%#L&)-/#,#(&K40J4--#5%#b).)b)D4#574#).540,JW%.#

L45Y44.#574#J%54V7%-4#,./#)5(#K40)%/)J#)b,'4#

X%Y#L)'#b&(5#574#(&K40J4--#L4#R#

240I%0b#/)g404.5#J,-J&-,W%.(#I%0#/)g404.5#(&K40J4--(#,./#(44#Y74.#574#04(&-5#

J%.:40'4("#

9&-4#%I#57&bLd#&(&,--8#8%&#.44/#,5#-4,(5#pV=#1.'(50%b#/)(5,.J4#L45Y44.#574#J%04V7%-4#

,./#)5(#K40)%/)J#)b,'4"#



Running XSPECTRA 

204K,04#$\21Q#K(4&/%#

,./#(&K40J4--#(JI#).K&5#]-4#

$4.40,54#J%04#(5,54#%I#574##

,L(%0L).'#,5%b#A&KI@K-%5J%04"(7C#

"Hf(K4J50,"f#s#K04]f"f(K4J50,").#t#K04]f"f(K4J50,"%&5#

?#

@#

G#

l#

"HKY"f#s#K04]f"(JI").#t#K04]f"(JI"%&5#

!#



Step 2 – electronic density generation 

#uJ%.50%-#

####J,-J&-,W%.hv(JIv*#

####K(4&/%O/)0#h#v{23S_eaOe\9Hv*#

####%&5/)0hv{T+2Oe\9Hv*#

####K04]fhv/),b%./7v*#

#H#

#u(8(54b#

####)L0,:#h#?*#

####J4--/bA?C#h#p"=l<@>p*#

####.,5h|*#

####.58Kh@*#

####.L./h?p*#

####5%5OJ7,0'4h}?"<*#

####4J&5YIJhl<"<*#

#H#

#u4-4J50%.(#

#H#

1Ta+\!O32S!\S3##

["#

3!6#J,-J&-,W%.#5%#%L5,).#574#

4-4J50%.)J#J7,0'4#/4.()58#

|#,5%b(#(&K40J4--"#`%54#.58Kh@#

,(#574#,L(%0L).'#,5%b#+_3T#

)(#J%.()/404/#/)g404.5#I0%b#574#

%5740#,5%b)J#58K4("#

`44/(#5%#L4#(K4J)]4/#Y74.#,##

J%04V7%-4#)(#K04(4.5#5K#J%bK4.(,54#

I%0#574#,//)W%.,-#4-4J50%.#).#

4bK58#(5,54("#

e)0d##"He),b%./H#

]-4d##/),b%./"(JI").#



Step 2 – electronic density generation 

2(4&/%K%54.W,-#I%0#,--#,5%b#58K4("#

!7#h#!,0L%.#Y)57#J%04V7%-4"#

15%b)J#K%()W%.(#%I#574#

5%%#(b,--#(&K40J4--"#

1Ta+\!O32S!\S3#

!7#?@"<#!7O2;SOT+O@Kj"_26#

!#?@"<#!O2;SOT+O@Kj"_26#

1Ta+\!O2a3\T\a`3#J08(5,-#

!7#<"<#<"<#<"<#

!#<"<#<">#<">#

!#<">#<"<#<">#

!#<">#<">#<"<#

!#<"=>#<"=>#<"@>#

!#<"=>#<"@>#<"=>#

!#<"@>#<"=>#<"=>#

!#<"@>#<"@>#<"@>#

UO2a\`T3#,&5%b,WJ#

l#l#l#<#<#<#

[#

u4-4J50%.(#

#H#

e)0d##"He),b%./H#

]-4d##/),b%./"(JI").#



Running XSPECTRA (more details) 

204K,04#$\21Q#K(4&/%#

,./#(&K40J4--#(JI#).K&5#]-4#

"Hf(K4J50,"f#s#K04]f"f(K4J50,").#t#K04]f"f(K4J50,"%&5#

?#

@#

G#

l#

"HKY"f#s#K04]f"(JI").#t#K04]f"(JI"%&5#

$4.40,54#J%04#(5,54#%I#574##

,L(%0L).'#,5%b#A&KI@K-%5J%04"(7C#

!#

!#



Extracting the core-wavefunction 

1-540.,W:4-8*#)I#8%&#7,:4#,#A$\C21Q#K(4&/%K%54.W,-#Y)57%&5#J%04V7%-4#8%&#J,.#&(4#

574#(J0)K5#&KI@K-%5J%04"(7##

P3K4J50,H&KI@K-%5J%04"(7###!"KL4Vb5O')K,Y"_26###t##!"YIJ#

!"YIJ#)(#.44/4/#L8#574#P32S!T91#K0%'0,b"#

T74#J%04#Y,:4I&.JW%.#n)#\`#TXS#1;3S`!S#a6#1#!a9SVXaNS#J,.#L4#%L5,).4/#&().'##

574#-/?"f#J%/4#,./#K40I%0b).'#,.#,--V4-4J50%.#J,-J&-,W%.#%.#574#)(%-,54/#,5%b"#

6).,-#(5,54#Y)57#

,#J%04V7%-4#

\.)W,-#(5,54d#

.%#J%04V7%-4#

1#J%K8#%I#&KI@K-%5J%04"(7#)(#(,:4/#).#574#/)04J5%08#Y)57#574#!#K(4&/%K%54.W,-#

Y)57%&5#J%04V7%-4"#



Running XSPECTRA (more details) 

204K,04#$\21Q#K(4&/%#

,./#(&K40J4--#(JI#).K&5#]-4#
?#

@#

G#

l#

"HKY"f#s#K04]f"(JI").#t#K04]f"(JI"%&5#

$4.40,54#J%04#(5,54#%I#574##

,L(%0L).'#,5%b#A&KI@K-%5J%04"(7C#

"Hf(K4J50,"f#s#K04]f"f(K4J50,").#t#K04]f"f(K4J50,"%&5#

!#

!#

!#



Step 4 – XSPECTRA input file 

u).K&5Of(K4J50,#.,b4-)(5*#7404#Y4#(K4J)I8#574#b,).#).I%0b,W%.#5%#J%.50%-#574#j%Ld#

f,.4(O/)K%-4Hf,.4(OM&,/0&K%-4#

#u).K&5Of(K4J50,#

####J,-J&-,W%.hvf,.4(O/)K%-4v*#

####K04]fhv/),b%./7v*#

####%&5/)0hv{T+2Oe\9Hv*#

####f%.-8OK-%5h"I,-(4"*#

####f.)540h?<<<*#

####fJ74JZOJ%.:h><*#

####f400%0h<"<<?*#

####fO(,:4O]-4hv/),b%./7"f(K4J50,"(,:v*#

####4IO0h{~6S9+\ONSmSN�*#

####f),L(h?*#

####f4K()-%.A?Ch?"<*#

####f4K()-%.A@Ch<"<*#

####f4K()-%.AGCh<"<*#

#H#

240I%0b#,#I&--#J%.W.%&(#I0,JW%.#

J,-J&-,W%.#

T74(4#K,0,b4540(#J%.50%-#574#N,.JD%("##

6)-4#Y7404#574#,#,./#L#J%4ÄJ)4.5(#%I#574#

N,.JD%(#b457%/#,04#(,:4/"#

\.#98/L40'd(45(#574#4.40'8#D40%#).#574#

].,-#(K4J50,"#94,/#57)(#I0%b#(54K#?#%&5K&5"#

T8K4#%I#574#,L(%0L).'#,5%b"#

2%-,0)D,W%.#:4J5%0#%I#574#).J)/4.5#L4,b#



Step 4 – XSPECTRA input file 

uK-%5#.,b4-)(5*#)(#&(4/#5%#(K4J)I8#574#K-%5#%I#574#J0%((V(4JW%.#

!%04V7%-4#-).4Y)/57#A,5%b)J#/,5,C#

`&bL40#%I#Å#K%).5(#5%#L4#&(4/#I%0#ÇAÅC#

_(4#,#540b).,5%0#I%0#574#N,.JD%(#AI,(540C#

S-)b).,54#574#%JJ&K)4/#(5,54(#I0%b#574#

J0%((#(4JW%."#T74#(5,54(#,04#4-)b).,54/#L4-%Y#

574#640b)#-4:4-#(K4J)]4/#).#574#K04:)%&(#(-)/4"##

#uK-%5#

####f',bb,h<"|*#

####f.4K%).5h?<<<*#

####f4b).hV?<"<*#

####f4b,fhG<"<*#

####540b).,5%0h"50&4"*#

####J&5O%JJO(5,54(h"50&4"*#

#H#

9,.'4#%I#Å#I%0#ÇAÅC#



Step 4 – XSPECTRA input file 

uK(4&/%(#.,b4-)(5*#)(#&(4/#5%#(K4J)I8#574#).)W,-#(5,54#Y,:4I&.JW%.#,./#574#K,f#0,/)&(#

`,b4#%I#574#]-4#Y)57#574#J%04V(5,54##

Y,:4I&.JW%.#'4.40,54/#,5#(54K#G#

9,/)&(#/4].).'#574#,&'b4.5,W%.#04')%."#

T7)(#)(#&(4I&-#Y74.#8%&0#K0%j4J5%0(#,04##

,-b%(5#-).4,0-8#/4K4./4.5"#

e%#.%5#&(4#)5#)I#8%&#/%#.%5#Z.%Y#Y7,5#5%#/%"#

#uK(4&/%(#

####]-4J%04hv!"YIJv*#

####0OK,YA?ChG"@*#

#H#

$4.40,--8#,#'%%/#J7%)J4#I%0#0OK,Y#)(#0OK,YhG#0OJ&5H@#%0#'04,540*#,./#0OJ&5#)(#574#

0,/)&(#&(4/#).#,#.%0b#J%.(40:).'#'4.40,W%.#%I#574#K(4&/%"##



Step 4 – XSPECTRA input file 

uJ&5O%JJ#.,b4-)(5#(K4J)]4(#7%Y#5%#J&5#(b%%57-8#%JJ&K)4/#(5,54(#

#uJ&5O%JJ#

####J&5O/4(b%%57h<"?*#

####J&5O(54K-h<"<?*#

#H#

T7)(#)(#/%.4#&().'#I%--%Y).'#04I"##

!7"#;0%&/40*#+"#1-%&,.)*#U"#X"#;4..4b,..*#278("#94:"#;#%:#A?BBpC#K"=GGlVlB"#

+%(5#%I#574#Wb4(#574(4#K,0,b4540(#Y%0Z("#X%Y4:40#5748#/%#.%5#.4J4((,08#04K04(4.5#

574#b%(5#4ÄJ)4.5#J7%)J4#).#540b#%I#!2_#Wb4"#

T74(4#,./#%5740#K,0,b4540(#J%.50%-#574#(b%%57#J&5#%I#%JJ&K)4/#(5,54("#\5#)(#(&''4(54/#57,5#

L4I%04#b%/)I8).'#574b#8%&#04,/#574#04I404.J4#,L%:4"#



Running XSPECTRA (more details) 

204K,04#$\21Q#K(4&/%#

,./#(&K40J4--#(JI#).K&5#]-4#
?#

@#

G#

l#

"HKY"f#s#K04]f"(JI").#t#K04]f"(JI"%&5#

$4.40,54#J%04#(5,54#%I#574##

,L(%0L).'#,5%b#A&KI@K-%5J%04"(7C#

"Hf(K4J50,"f#s#K04]f"f(K4J50,").#t#K04]f"f(K4J50,"%&5#

!#

!#

!#

!#



Output files 

;4()/4(#K04]f"f(K4J50,"%&5#5Y%#%5740#]-4(#,04#K0%/&J4/d#

K04]f"f(K4J50,"/,5#

!%.5,).(#574#P1`S3#J0%((#(4JW%."#\5#)(#,#]-4#%I#574#Z)./d#

É#].,-#(5,54#,.'&-,0#b%b4.5&bd###?#

É#L0%,/4.).'#K,0,b4540#A).#4mCd###<"|<<<<<<<<<<<#####

É#,L(%0L).'#,5%b#58K4d###?#
É#S.40'8#A4mC###()'b,#

##V?<"<<<<<<<<####<"<@=@@=l<#

###VB"|pp@@<=l####<"<@=pp|?<#

###VB"=G@ll?l=####<"<@=|B@|?#

###VB">B|pp@@?####<"<@=B?@p=#

T74#]-4#J,.#L4#:)(&,-)D4/#Y)57#fb'0,J4#H#'.&K-%5#%0#()b)-,0"#

K04]f"f(K4J50,"(,:#

!%.5,).(#,--#574#).I%0b,W%.(#%I#574#N,.JD%(#K0%J4((#A,#,./#L#4J5%0(C#,./#

J,.#L4#&(4/#5%#04K-%5#574#J0%((#(4JW%.#A/)g404.5#L0%,/4.).'H4.40'8#0,.'4C#

%0#5%#J%.W.&4#574#N,.JD%("#

1-Y,8(#Z44K#57)(#]-4#I%0#04K-%Ñ.'"#



Outline 

P13#).#,#.&5(74--"#

P32S!T91#

T&5%0),-(#

T74%08#A21QC#

T74#N,.JD%(#+457%/#

9&..).'#P32S!T91#

e),b%./#

3)a@#

!%.J-&()%.#



Diamond with and without core-hole  

94K4,5#(54K(#@*G*l#5%#%L5,).#574#P1`S3#(K4J50&b#%I#e),b%./#Y)57%&5#,#

J%04V7%-4#).#574#].,-#(5,54#A(44#/)04J5%08#"He),b%./O.%7%-4H#C"#

`%54#574#7&'4#J%04V7%-4#4g4J5iiii#

Q7,5#7,KK4.(#).J04,().'#574#(&K40J4--#()D4#R#



Increasing supercell size 

m408#L)'#()D4V4g4J5(*#574#()b&-,W%.#J%.:40'4(#Y)57#@><#,5%b("#`%54#57,5#

K4,Z#1#)(#.%5#Y4--#/4(J0)L4/#).#e6T"#T74#)(#Y4--#Z.%Y.#).#-)540,5&04"#

+"#T,)--4I&b)40#!"#$%&#29;#pp*#?B>?<=#A@<<@C#



αquartz (SiO2) X4f,'%.,-#J4--#Ö#).VK-,.4#K%-,0)D,W%."#



αquartz (SiO2) – Converged results 

\.#K-,.4#K%-,0)D,W%.#

JV,f)(#K%-,0)D,W%.#



XSPECTRA (Features) 

e)K%-,0#,./#^&,/0&K%-,0#P13#J0%((#(4JW%.#,5#574#U#,./#N?#4/'4("#

!%04V7%-4#)(#b%/4-4/#).#,#(&K40J4--#,KK0%,J7#

P32S!T91#(&KK%05(#,--#(5,./,0/#e6T#I&.JW%.,-(#,:,)-,L-4#).#^_1`T_+VS329S33a*#

A2Ü*2;S*#e6T}_*[C#7%Y4:40#.%5#845#4f,J5V4fJ7,.'4*#X3S<*#X3S?#%0#()b)-,0"#

_-50,(%c#,./#.%0bVJ%.(40:).'#K(4&/%K%54.W,-(#,04#(&KK%054/"#

T74#K(4&/%K%54.W,-#%I#574#,L(%0L).'#,5%b#+_3T#J%.5,).#J%04V(5,54(#).I%0b,W%.#

A$\21Q#K(4&/%K%54.W,-C#

1--V4-4J50%.#04J%.(50&JW%.#)(#K40I%0b4/#&().'#574#$\21Q#b457%/"#

SbK58#4-4J50%.)J#(5,54(#,04#J,-J&-,54/#&().'#574#N,.JD%(#b457%/#,./#574#J%.W.%&(#

I0,JW%.#,KK0%,J7"#



Conclusions and history 

T74#]0(5#:40()%.#%I#P32S!T91#Y,(#Y0)F4.#L8# +"#T,)--4I&b)40#!"#$%&#29;#pp*#?B>?<=#A@<<@C#

\5#Y,(#J,-J&-,W.'#574#/)K%-,0#J0%((#(4JW%.#).#574#.%0b#J%.(40:).'#J,(4"#

P32S!T91#Y,(#K%054/#5%#^_1`T_+VS329S33a#,./#'4.40,-)D4/#5%#574#M&,/0&K%-,0##

J0%((V(4JW%.#,./#574#e6T}_#,KK0%f)b,W%.#L8#

!"#$%&'%&(()(*#+"#!,-,./0,*#1"#34)5(%.4.*#!7"#;0%&/40*#1"#37&Z-,*#,./#6"#+,&0)*#

278("#94:"#;#;<*#<l>??|#A@<<BC#

2-4,(4#J)54#574(4#K,K40(#)I#8%&#&(4#P32S!T91#).#8%&0#Y%0Zi#

,./#%I#J%&0(4["#

2"#$),..%DD)#45#,-"*##E"#278("#!%./4.("#+,F40##$*#GB>><@#A@<<BC"#

!"#$%&'%&(()(*#+"#!,-,./0,*#1"#2"#34)5(%.4.*#,./#6"#+,&0)#*#278("#94:"#;#!"*#<=>?<@#A@<<BC#

N,.JD%(áP32S!T91##Y)57#&-50,(%c#K(4&/%K%54.W,-(#Y,(#/4:4-%K4/#).#



XSPECTRA 
A tool for X-ray absorption spectra (XAS) calculations 

!"#$%&'%&(()(*#+"#!,-,./0,*#1"#2"#34)5(%.4.*#,./#6"#+,&0)##

278("#94:"#;#!"*#<=>?<@#A@<<BC#

2"#$),..%DD)#45#,-"*##E"#278("#!%./4.("#+,F40##$*#GB>><@#A@<<BC"#
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