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Part 1 
Introduction to electronic structure 

calculation using DFT 
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Born-Oppenheimer approximation "
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Born-Oppenheimer approximation "
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Multielectronic  Schršdinger equation "
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Slater Determinant "
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! n ! ! n (r 1, r 2, ..., r N ; s1, s2, ..., sN )
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Mean-field approximation "
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Mean-field methods: examples "
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Hartree-Fock  (HF)  -  1935"
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Density functional theory (DFT): definition "

exact  theory 

for systems of N interacting electrons

within an external potential"
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DFT: Hohenberg  and Kohn theorems (1964) "

"
"

The (non-degenerate) ground  state electron  density   
uniquely  determines (to a constant)  
the external  potential  
(and thus  all the properties of the system). 

There is a universal density functional       ,  
not depending explicitly on              , defined as : 

with
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Z
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DFT: Hohenberg  and Kohn (1964) "
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DFT: Kohn and Sham (1965) "
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We	can	find	an	external	potential	VKS(r ) 

for	a	,&%'&'&$-.	system	of		non-interacting	electrons,		
	giving	the	same	ground	state	electron	density	
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DFT: Kohn and Sham (1965) "

system	of	N non-interacting	electrons,		
in	an	external	potential	VKS(r ),  
which	gives	the	same	>9"electron	density	as	the	real	system	
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DFT: Kohn and Sham (1965) "
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What	we	can	write	as	a	functional	of	the	electron	density	in	Ve-e	:	

we  partially  answered  question 1 ! 
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DFT: Kohn and Sham (1965) "
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DFT: Kohn and Sham (1965) "
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DFT: Kohn and Sham (1965) "
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H764-("$946"

_&"12%*'7*4:""

.R"#$%&'(")*+,,-"./!0"

!
! ! 2" 2

2m
+ VH (r ) + Vxc (r ) + V ext (r )

"
! KS

! (r ) = "KS
! ! KS

! (r )



DFT: exchange and correlation functionals "

	In	the	LDA,	DFT	is	still)"/+%')for	an	homogeneous	electron	gas.	

H1%&J('4"&/%2,#+-&K00*(C#:4+#(2&LJ/KM& the	simplest	

4G*+%&>4"<"*,224-%'7,&"4&42>("5,2"%"1%2'7*-4"7&""
%"1(:(<%2%(), "%"%'+*(2&<4,&AH7'+"64&97'("ρB"

=2(62 &424"-+#'4""-&
AL72%*"4G*+%&>4"4&42>(B"

'4"')"4+%$&
$97&>"a4142-4(<l-642"K,&'4<a%2-,"84'+,6 D""

,2",'+42"1%2%84'27?%'7,&""
A4G:"Z467&<I$&6c\79'B"

.Y"#$%&'(")*+,,-"./!0"

✏xc [⇢] = ✏x [⇢] + ✏c[⇢]

E LDA
xc ⌘

Z
! xc [" (r )] " (r )dr



N%2%*4"#F%$&N4*$#%2+&K00*(C#:4+#(2&&LNNKM&

'+4"64&97'(">2%674&'"%'"r "79"'%b4&"7&',"%**,$&' 

@%27,$9"1%2%84'427?%'7,&9"
"
	 4G%81-4:"'+4"A;B&5$&*'7,&%-"

mESE"A4264HD"fE"; $2b4"n"KE"B2&?42+,5"
g"Generalized	Gradient	Approximation	Made	
Simple"h"Phys.	Rev.	Lett.D"YY:CVR;o"A>OOPBE	

.V"#$%&'(")*+,,-"./!0"

DFT: exchange and correlation functionals "

E GGA
xc !

Z
! xc [" (r ), #" " (r )] " (r )dr



Q-5*#$&9)2'+#(24",&LQ8NNKM&

*,837&4"'+4"%C'142<%"'(**%"4+#(2",3'%7&46"3("$97&>"NNK"84'+,69 "H7'+"%"

>7\4&"12,1,2'7,&",5"'+4"%C'142<%"649*27346"3("Q4*+*%%8I('= &

M+4"8,9' "$946:";@JRA"
"
Ad4*b4"<"C"1%2%84'429"<"I44D"p%&>D"S%22B"

.0"#$%&'(")*+,,-"./!0"

DFT: exchange and correlation functionals "

EB3LYP
xc = ELDA

xc + a0(E
HF
x � ELDA

x ) + ax (E
GGA
x � ELDA

x ) + ac(E
GGA
c � ELDA

c )



DFT: SCF cycle"

Crystal	
9'2$*'$24"

%',87*"*%-*$-%'7,&"
! "%',87*"! "

)$142781,97'7,&",5"%',87*""! "

"! "*2(9'%-P"! 7&""

>,+&&,+%0&

C/"#$%&'(")*+,,-"./!0"



DFT: SCF cycle"

S,'4&'7%-"*%-*$-%'7,&"
S,799,&"4c$%'7,&"

f)",237'%-9"*%-*$-%'7,&"
f,+&"%&6")+%8"4c$%'7,&9"

a%-*$-%'7,&",5"! ,$' A*B"

" ! 7&A*B""

"""

a,&\42>4&*4q"
YES

)MrS"

NO 

87G7&>"
! 7&A*B""n "! ,$' A*B"

(1 ! ! )" in + !" out

C!"#$%&'(")*+,,-"./!0"



""""S%2%^%$99"
""""SlslMWa"
""""Sls)Wa"
""""Sa"^lKW))"
""""SIlMr""
""""S%2%--4-"#$%&'$8"),-$'7,&9"
""""S[9*5"A#$%&'$8"W912499,B"
""""#<a+48"
"""")_W)Ml"
""""),*,22,"
"""")1%2'%&"
"""")Ss<ffs"
""""MesdrKrIW"
""""@l)S""
""""[_WX.b"
"

""""l37&7'"
""""lLJ"
""""l_KSsr"
""""l$>84&'46 ")1+427*%-"[%\4 "
""""l',879'7G"M,,-b7'"
""""alLSla"
""""al)MWS"
""""aS.f"
""""aSKL"
""""asp)MlI"
""""LlalSr"
""""LlIMrX"
""""64K,&.f"
""""LJMFF""
""""LK,-C"

""""Wta_M_X^"
""""J7243%--"
""""JIWes"
""""^lKW))"AefB"
""""^lKW))"Ae)B"
""""^le))_lX"
""""^Sl["
""""ml^els"
""""KrIal)"
""""KrISsr"
""""KS#a"
""""X[a+48 "
""""r14&Kt "
""""rsal"

),-76"9'%'4"1+(97*9"%&6"c$%&'$8"*+4879'2("

non-exhaustive	list	

C."#$%&'(")*+,,-"./!0"

DFT: softwares "



DFT: sofwares "

7&57&7'4""
&$8342""
,5"%',89"

24%-"91%*4"

*-$9'42"

&,"1427,67*7'("*,&9'2%7&'"
A%8,21+,$9"%&6"*2(9'%--7&4"

8%'427%-9B"
"

suited	to	molecules	

! 9'"d27--,$7&"?,&4"

1427,67*"3,$&6%2("*,&67'7,&9"

,2"

9$7'46"'," *279'%-9"
supercell	

CC"#$%&'(")*+,,-"./!0"

the main differences between them 



;4,#, "'," 4G1%&6"'+4"f,+&<)+%8",237'%-9"

! KS
i (r ) =

!

n

ci
n " n (r )

K+(:#' &(*5#+4",&
^%$997%&9"

Ialr"

S)99#28+#2&(*5#+4",&
91+427*%-"H%\49"

IKMrD8$-'71-4"9*%''427&>"

A"42%&647%,&
S94$6,1,'4&'7%-9"

atomic	spheres:	Ia",5"2%67%-"5$&*'7,&9""
" """"u"91+427*%-"+%28,&7*9"

interstitial	region:	plane	waves"

S#C%$&54,#,&

IlS["

CN"#$%&'(")*+,,-"./!0"

DFT: sofwares " the main differences between them 



""""S%2%^%$99"
""""SlslMWa"
""""Sls)Wa"
""""Sa"^lKW))"
""""SIlMr""
""""S%2%--4-"#$%&'$8"),-$'7,&9"
""""S[9*5"A#$%&'$8"W912499,B"
""""#<a+48"
"""")_W)Ml"
""""),*,22,"
"""")1%2'%&"
"""")Ss<ffs"
""""MesdrKrIW"
""""@l)S""
""""[_WX.b"
"

""""l37&7'"
""""lLJ"
""""l_KSsr"
""""l$>84&'46 ")1+427*%-"[%\4 "
""""l',879'7G"M,,-b7'"
""""alLSla"
""""al)MWS"
""""aS.f"
""""aSKL"
""""asp)MlI"
""""LlalSr"
""""LlIMrX"
""""64K,&.f"
""""LJMFF""
""""LK,-C"

""""Wta_M_X^"
""""J7243%--"
""""JIWes"
""""^lKW))"AefB"
""""^lKW))"Ae)B"
""""^le))_lX"
""""^Sl["
""""ml^els"
""""KrIal)"
""""KrISsr"
""""KS#a"
""""X[a+48 "
""""r14&Kt "
""""rsal"

non-exhaustive	list	

+''1:TT4&EH7b71467%E,2>TH7b7TI79'v,5vc$%&'$8v*+4879'2(v%&6v9,-76<9'%'4v1+(97*9v9,5'H%24"

C;"#$%&'(")*+,,-"./!0"

DFT: sofwares " the main differences between them 

),-76"9'%'4"1+(97*9"%&6"c$%&'$8"*+4879'2("



Part 2 
Introduction to the calculation  

of X-ray absorption spectra 

X-ray Absorption Near-Edge  Structure 
 

Near- Edge  X-ray Absorption Fine Structure 

CR"#$%&'(")*+,,-"./!0"



;4,#'&#,,)%:"*%-*$-%'7,&",5"'+4"%39,21'7,&"*2,99"94*'7,&""
""""""""""""""""""""""5,2"%"8%'427%-D"7E4ED"%"9(9'48",5""N"4-4*'2,&9"F"Nat"&$*-47"

7&*764&'"G<2%("4&42>(" ,142%',2",5"
'+4"7&'42%*'7,&"34'H44&""
G<2%(9"%&6"'+4"9(9'48" #2#+#4"&,+4+%.&

">2,$&6"9'%'4",5"'+4"9(9'48""
H7'+"4&42>(""""""D"64>4&4249*4&*4""Ei di

9#24"&,+4+%.&&
4G*7'46"9'%'4",5"'+4"9(9'48"

,5"4&42>(""""""E""Ef

�(! !) = 4 ⇡2↵ ! !
!

i,f

1
di

|hf |O|ii|2 �(Ef � Ei � ! !)

XANES modeling "

,+*(2<"4<<"4<"7&'42%*'7,&"

:)"+#%"%'+*(2#'&%112,%*+&
4G":"L.DC"46>49",5"Cd	4-484&'9	

6%4=&4<"<"4<"7&'42%*'7,&""
:(2(%"%'+*(2#'&%112,%*+""

AL4&97'("J$&*'7,&%-"M+4,2(B"
4G":"K	46>49"

CY"#$%&'(")*+,,-"./!0"



Interaction operator between x-rays and electrons "

#2'#$%2+&T8*4-&5%4::"4-4*'2,8%>&4'7*"H%\4"'24%'46"%9"%"0"42%8647%&

k :"H%\4"\4*',2 "
""":"1,-%27?%'7,&"6724*'7,&"ö!

O =
!

i

ö! ár i +
i
2

!

i

ö! ár i k ár i

eik ár = 1 + i k ár + ...

eik ár

%"%'+*#'&$#0("%&+*42,#+#(2,&LB>M&

! ! = ± 1
8%w,27'("4-4*'2,&7*"'2%&97'7,&9"

%"%'+*#'&U)4$*)0("%&+*42,#+#(2,&LBVM&

,3942\%3-4"7&"'+4"K"124<46>4""
,5"Cd"'2%&97'7,&"4-484&'9	

! ! = ± 2

CV"#$%&'(")*+,,-"./!0"



W-4*'27*"671,-4"AW!B"'2%&97'7,&9":""""""

Initial State quantum numbers 
Edge final state 

symmetry 

1 0 K p 

2 0  L1 p 

2 1    L2,3 s+d 

3 0  M1 p 

3 1    M2,3 s+d 

3 2    M4,5 p+f  

  

!  

!

!  

n

K or L1 

1+,',&"4&42>("

L2 

1+,',&"4&42>("

M4 

1+,',&"4&42>("

L3 

M5 

! ! = ± 1

$%"('4"#,%$"57&%-"9'%'4"AH4%b"4-4*'2,&"241$-97,&B":"0)

"('4"#F%$"57&%-"9'%'4"A9'2,&>"4-4*'2,&B":"31,	4,)

:(2(%"%'+*(2#'"'+4,2749"ALJMB"

:)"+#%"%'+*(2#'"'+4,2749""A8$-'71-4'9B"

C0"#$%&'(")*+,,-"./!0"

Interaction operator between x-rays and electrons "



XANES and DFT"

! (! " ) = 4 #2$ ! "
!

i,f

"
"!%f |ö&ár |%i"

"
"2

' (Ef # Ei # ! " )

8,&,4-4*'2,&7* "481'( "9'%'4"Af)B"
*%-*$-%'46"H7'+"%">.)'(*%81("%&"
7&"'+4"4-4*'2,&7*"*,&57>$2%'7,&"

,5"'+4"%39,237&>"%',8 "

J,2"K"46>49:"

! s	%',87*",237'%-""

N/"#$%&'(")*+,,-"./!0"



XANES and DFT: the calculation codes "
."'(149"

>8&&&M+,94"H27''4&"'," *%-*$-%'4"*,24<-4\4-"914*'2%"

V8&&&&M+4"4-4*'2,&7*"9'2$*'$24"*,649D""
""""""""7&"H+7*+"%"1,9'")aJ<12,*499"*,64"H%9"%6646"'," *%-*$-%'4"*,24<-4\4-"914*'2%"

4+&+1%&5%<#22#2<:"8$-'71-4"9*%''427&>"A&,"94-5<*,&979'4&*(D"muffin-tin	1,'4&'7%-B"
continuum, feff , icxanes ,É. 

0%*#($#'&5()2$4*- &'(2$#+#(2,W&&*%'#0*('4"&,04'%&

N!"

'"),+%*W&*%4"&,04'%&

#$%&'(")*+,,-"./!0"



Note: muffin-tin (MT) potential 	

ZONE I

ZONE II

SH&

xrXW"_:"%',87*"91+4249"
"""""""""""""""91+427*%-"9(884'2("1,'4&'7%-9"
"
xrXW"__:"7&'429'7'7%-"24>7,&"

""""""""*,&9'%&'"1,'4&'7%-"
I)""&A(+%2+#4"&

N."#$%&'(")*+,,-"./!0"



XANES and DFT: the calculation codes "
."'(149"

>8&&&M+,94"H27''4&"'," *%-*$-%'4"*,24<-4\4-"914*'2%"

V8&&&&M+4"4-4*'2,&7*"9'2$*'$24"*,649D""
""""""""7&"H+7*+"%"1,9'")aJ<12,*499"*,64"H%9"%6646"'," *%-*$-%'4"*,24<-4\4-"914*'2%"

4+&+1%&5%<#22#2<:"8$-'71-4"9*%''427&>"A&,"94-5<*,&979'4&*(D"muffin-tin	1,'4&'7%-B"
continuum, feff , icxanes ,É. 

0%*#($#'&5()2$4*- &'(2$#+#(2,W&&*%'#0*('4"&,04'%&

NC"

'"),+%*W&*%4"&,04'%&

#$%&'(")*+,,-"./!0"

4+&+1%&%2$&(9&+1%&O?X,:"57&7'4"6755424&*49"84'+,6 "H7'+"fdmnes ""

')**%2+"-:"fdmnes , feff9 " "

Wien2k, CASTEP, Quantum-Espresso (XSpectra), É 



[7'+ "*,649"$97&>"1427,67*"3,$&6%2("*,&67'7,&9"A5,2"*2(9'%-9BD"H4"+%\4"',"%\,76"
,0)*#(), &#2+%*4'+#(2&(9&+1%&%C'#+%$&4+(: &6#+1&#+,&0%*#($#'4""-&*%0%4+%$&#:4<%,E""

%',8 "H7'+"%"*,24<+,-4"
%',8 "H7'+,$' "%"*,24<+,-4"

J4*<%&#2+%*4'+#(2& Y%4=&#2+%*4'+#(2&

.G.""
9$142*4--"

M,"249',24"&4$'2%-7'(":"
A7B! X4>%'7\4"3%*b>2,$&6"*+%2>4"
A77B! WG*7'46"4-4*'2,&"7&"*,&6$*'7,&"3%&6""

NN"

XANES and DFT: periodic boundary conditions and core hole "

#$%&'(")*+,,-"./!0"



N;"

XANES and DFT: periodic boundary conditions and core hole "

45

)2#+&'%""&""
""""""a	P"NE0!=D"c	P";EN/="

"C")7""""R"r"

>Z>Z>&,)0%*'%""""
=	$&7'"*4--"H7'+"!"*,24<+,-4"

"!")7y""".")7""""R"r"

)7"K"46>4"7&"z<c$%2'?"

&&&&&&&&&6#+1()+&'(*%81("%&#2+%*4'+#(2&5%+6%%2&'(*%81("%,&

VZVZV&,)0%*'%""""
						a	P"0EV.=D"c	P"!/EV/="

"!")7y""".C")7""""NV"r"

&&&&&&&&&&&&&&'(27%*<%2'%&&&&&&&&&&&&&&

#$%&'(")*+,,-"./!0"



XANES and DFT: the drawbacks "

NR"

•!"LJM"79"6467*%'46"',"'+4"*%-*$-%'7,&",5"<*()2$&,+4+%&0*(0%*+#%,&&
"3$'"used	here	for	the	modeling	of	excited	statesQ"

" "1,9973-4"$&64249'78%'7,&",5"'+4"4G*7'%'7,&"4&42>749"

"

•!"!+4+#'"8,64-7&>",5"'+4""'(*%81("%8%"%'+*(2&#2+%*4'+#(2&&

'+2,$>+"'+4"9$142*4--"%112,%*+",2"H7'+7&"%"*-$9'42",5"%',89"

"

•!"WG*+%&>4"%&6"*,224-%'7,&"5$&*'7,&%-"79"&,'"4&42>(<6414&64&'""

•! ""7&4-%9'7*"-,9949"&,'"*%-*$-%'46D"'+4"*,&\,-$'7,&"5%*',2"79"%"1%2%84'42"

"

well  identified  

#$%&'(")*+,,-"./!0"



XANES and beyond DFT "

NY"

•!&N2 &[&;%+1%8!4"0%+%*&%U)4+#(2&L;!BM&

•!&H/8/IH&&&A24%-<91%*4"%112,%*+49B"

" ! )+72-4("%&6"*,--E""""""""""""" 

" ! #$%&'$8<a+4879'2("*,649:"Orca D"ADFD"Q-chem D"Q"

" ! r-,\99,& D"S$9*+&7>D"l832,9*+<L2%G-D"I%b,H9b7":"IlS["

" ! FDMNES 

#$%&'(")*+,,-"./!0"

OCEAN "7&'425%*4"



#$%&'(")*+,,-"./!0" NV"

C6/"

' .>"

4>"

C6C"

' .>"

4>"

C6."

' .>"

4>"

C6R"

I)" ' .>"

4>"

C6;"

I)"
' .>"

4>"

' .>D"4>"481'(" 5%\,2%3-4"*%94"

J4.F
"""

J4). "1(27'4"
K3ar "12,'47&"

.&34#"50+*'&%#")0&%'-*")

4>"481'(" %**41'%3-4"*%94"

M7NF"

M7r. "2$'7-4D"%&%'%94"

2$3(D"4842%-6D"
917&4-:a2D"1(2,14:a2"

a2CF"

@CF"

>2,99$-%2:@"

J4CF"

K3aX"12,'47&"

%**41'%3-4"*%94"
4>""""""481'("

' .>D"4>"""""481'("

*27'7*%-"*%94"
' .>D"4>"""""481'("

' .>""""1%2'7%--("481'(""
4>"""""""481'("

4>""""""481'("
' .>""""1%2'7%--("481'(""
4>"""""""481'("

*27'7*%-"*%94"

3d elements  in octahedral site 

a%3%24'"et	alE"SaaS"A./!/B"
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0%4=&KV&
" "-,*%-"W."'2%&97'7,&"!s""""""""""Cd"4>""

"""""""""""""""""""""""""""""""""""""""""F"""
"non-local	W!"'2%&97'7,&"!s"""""""""p"+(3276E"Cd"'.>"A&47>+3EB""""

0%4=&K>"
" ""-,*%-"W."'2%&97'7,&"!s""""""""""Cd"'.>"

0%4=&K@&&
&
"non-local	W!"'2%&97'7,&"!s"""""""""p"+(3276E"Cd"4>"A&47>+3EB""""

Ti4+ in octahedral site 

#$%&'(")*+,,-"./!0"



!!"

0 5 10

Energy (eV)

0

A
bs

or
pt

io
n 

(a
rb

it.
 u

ni
ts

)

E2

E1

!  // [001] 

x 5

A2 A3

A1

E1+E2

0 5
Energy (eV)

Ab
so

rp
tio

n 
(a

rb
it.

 u
ni

ts
)

!  // [001] 

A2
A3

A1

E1+E2

M7r. "2$'7-4D"M7"97'4:"*4&'2,9(884'27*"
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l!"*%-*E"%'"',,"+7>+"4&42>("]"

[Zpq"

Ti4+ in octahedral site 

a%3%24'"et	al."S+(9E"a+48E"a+48E"S+(9E">V:;R!0""A./!/B"
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4>"
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#$%&'(")*+,,-"./!0"
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6%9+46:"&,"*,24<+,-4"

l!"*%-*E"%'"',,"+7>+"4&42>("]"

M+4"!s"*,24<+,-4"79"&,'"%''2%*'7\4"4&,$>+Q"
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LiCoO 2 : the Co K pre-edge  
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