
!"#$%&'()$*&+,'-(")($..,"/*0$#'(123(
$45(."--*%&'(,'0'5*'-6(12378

9$:'"(;"<"<<*"4*
3='",>($45(?*0+&$@"4(")(9$#',*$&-(

AB2CD(C$+-$44'

E5F$4<'5(G",H-=".("4(I*J=KB',)",0$4<'(L(I*J=K3=,"+J=.+#(
9$#',*$&-(?*0+&$@"4-(+-*4J(M+$4#+0(A?BNA??O

PQRPRSTPQ



O+#&*4'

!"#$%&'"()*()+,"-*"./01"2,)-(34"$%%(-5&6$7-8+4"+9::)++"+2-(&)+

!";-2$<=)"*$&=9()+"*(-6"=$:>"-*")=):2(-8&:":-(()=$7-8+

!"./0?@1"A,$2"&2"&+4",-A"&2"A-(>+4"+9::)++"+2-(&)+

!"0,)"6)$8&8B"-*"@"$8'"&2+":$=:9=$7-8"*(-6"=&8)$(C()+%-8+)

!"D-6)")52)8+&-8+1":$=:9=$7-8"-*"@"*(-6"./E0"$8'"./0?@?F

!"GH)(H&)A"-*")5$6%=)+"*-("2,)"$I)(8--8",$8'+C-8"+):7-8



1'4-*#>()+4<@"4$&(#='",>(U123V



1'4-*#>()+4<@"4$&(#='",>(U123V

0$*4($5F$4#$J'6



1'4-*#>()+4<@"4$&(#='",>(U123V

0$*4($5F$4#$J'6

P. Hoenberg and W. Kohn, Phys. Rev. 136, B864 (1964)

I"'4%',JKW"=4(#='",'06



1'4-*#>()+4<@"4$&(#='",>(U123V

0$*4($5F$4#$J'6

X$,*$@"4$&('4',J>()+4<@"4$&6

P. Hoenberg and W. Kohn, Phys. Rev. 136, B864 (1964)

I"'4%',JKW"=4(#='",'06



E..,"/*0$@"4-("4(A5:



E..,"/*0$@"4-("4(A5:
123(*-($4(!"#$%(%&!'()



E..,"/*0$@"4-("4(A5:
123(*-($4(!"#$%(%&!'()

84)",#+4$#'&>D(#='('/$<#(*"$+,-+.'%+/.'0.Y



E..,"/*0$@"4-("4(A5:
123(*-($4(!"#$%(%&!'()

9"-#(<"00"4($..,"/*0$@"4-(U'YJYD(C1E($45(ZZEV($,'(%$-'5("4(#='(&'1'2!.!'3-+!4!$%('.+2#-(

C1E6

ZZE6

84)",#+4$#'&>D(#='('/$<#(*"$+,-+.'%+/.'0.Y



I"[(['&&(5"'-(U$..,"/*0$#'V(123([",H



I"[(['&&(5"'-(U$..,"/*0$#'V(123([",H

-#,+<#+,$&($45(F*%,$@"4$&(.,".',@'-(")(5*$0"45

N. Mounet, et al., PRB 71, 205214 (2005)



I"[(['&&(5"'-(U$..,"/*0$#'V(123([",H

-#,+<#+,$&($45(F*%,$@"4$&(.,".',@'-(")(5*$0"45

N. Mounet, et al., PRB 71, 205214 (2005)
Shukla et al., arXiv:1603.08947 (2016)

-#,+<#+,$&(5')",0$@"4(")(%,*5J0$4*#'(+45',(B



B,"%&'0$@<(0$#',*$&-6(39("/*5'-

\(B"",('-@0$#'(")(-#,+<#+,$&(.,".',@'-
!+56+2('3.7+-%#%!+85!9:
\(9$J4'@]$@"4(+45','-@0$#'5
\(G,"4J(",5',*4J(")(-#$#'-

E..,"/*0$#'(123(U'YJYD(C1E(",(ZZEV6



B,"%&'0$@<(0$#',*$&-6(39("/*5'-

\(B"",('-@0$#'(")(-#,+<#+,$&(.,".',@'-
!+56+2('3.7+-%#%!+85!9:
\(9$J4'@]$@"4(+45','-@0$#'5
\(G,"4J(",5',*4J(")(-#$#'-

E..,"/*0$#'(123(U'YJYD(C1E(",(ZZEV6

2'O

3""(-0$&&(",(4"(%$45(J$.



B,"%&'0$@<(0$#',*$&-6(39("/*5'-

\(B"",('-@0$#'(")(-#,+<#+,$&(.,".',@'-
!+56+2('3.7+-%#%!+85!9:
\(9$J4'@]$@"4(+45','-@0$#'5
\(G,"4J(",5',*4J(")(-#$#'-

E..,"/*0$#'(123(U'YJYD(C1E(",(ZZEV6

2'O

3""(-0$&&(",(4"(%$45(J$.

N="0%"='5,$&(5*-#",@"4("F','-@0$#'5



C"<$&*]$@"4("4(5')'<#-

;'OS("/>J'4(F$<$4<>

S. Fabris et al., PRB 71, 041102 (2005)

3='(#["('/#,$('&'<#,"4-(&'^(%'=*45(%>(#='(O(F$<$4<>($,'(5'&"<$&*]'5("F',(_(;'($#"0-



A&'<#,"4*<(&"<$&*]$@"4($45('4',J>6(
0*/'5(F$&'4<'(0$#',*$&-

;$#="5'-(K(C*/9BO_("&*F*4'-



C*9BO_9BO_

A&'<#,"4*<(&"<$&*]$@"4($45('4',J>6(
0*/'5(F$&'4<'(0$#',*$&-

1*-<=$,J'(")(#='(%$:',>

;$#="5'-(K(C*/9BO_("&*F*4'-



C*9BO_9BO_

A&'<#,"4*<(&"<$&*]$@"4($45('4',J>6(
0*/'5(F$&'4<'(0$#',*$&-

`7
`7

`7
`7

S7
S7

S7
S7

1*-<=$,J'(")(#='(%$:',>

;$#="5'-(K(C*/9BO_("&*F*4'-



C*9BO_9BO_

A&'<#,"4*<(&"<$&*]$@"4($45('4',J>6(
0*/'5(F$&'4<'(0$#',*$&-

SYa7

SYa7

SYa7

SYa7`7
`7

`7
`7

S7
S7

S7
S7

1*-<=$,J'(")(#='(%$:',>

;$#="5'-(K(C*/9BO_("&*F*4'-



C*9BO_9BO_

A&'<#,"4*<(&"<$&*]$@"4($45('4',J>6(
0*/'5(F$&'4<'(0$#',*$&-

SYa7

SYa7

SYa7

SYa7`7
`7

`7
`7

S7
S7

S7
S7

1*-<=$,J'(")(#='(%$:',>

9(*4(SYa7("/*5$@"4(-#$#'6(1!%#44,$+2('3.7+-%#%!(

'&'<#,"4*<(5'&"<$&*]$@"4(<"0.,"0*-'-6

\()",0$@"4('4',J*'-($45($F',$J'(F"&#$J'-

\('b+*&*%,*+0(-#,+<#+,'-D(0$J4'@]$@"4D('#<

;$#="5'-(K(C*/9BO_("&*F*4'-



A&'<#,"4*<(&"<$&*]$@"4($45('4',J>

LixFePO4 F. E. (meV/FU) Voltage (V)

Exp > 0 ~ 3.5

GGA -126 2.73

LixMnPO4 F. E. (meV/FU) Voltage (V)

Exp > 0 ~ 4.1

GGA 63 2.82



O#=',(.,"%&'0$@<(0$#',*$&-



O#=',(.,"%&'0$@<(0$#',*$&-

0*/'5KF$&'4<'("/*5'-62'`O_R;"`O_



O#=',(.,"%&'0$@<(0$#',*$&-

I3?;(U'-.'<*$&&>(5".'5V

!"!#$S

%"&'()$

0*/'5KF$&'4<'("/*5'-62'`O_R;"`O_



O#=',(.,"%&'0$@<(0$#',*$&-

I3?;(U'-.'<*$&&>(5".'5V

!"!#$S

%"&'()$

0'#$&(#"(*4-+&$#",(#,$4-*@"4-6(XOS

0*/'5KF$&'4<'("/*5'-62'`O_R;"`O_



9"&'<+&$,(5*--"<*$@"46(IS($45(IS7



9"&'<+&$,(5*--"<*$@"46(IS($45(IS7



9"&'<+&$,(5*--"<*$@"46(IS($45(IS7

;<=<+>'&!.?+@<+6'(,AB#.$&!C?+D<+E#.2?+B$,!.$!+8FGGH:



C*4'$,*#>(")(#='('4',J>

1*--"<*$@"4(")($4(='#',"K4+<&'$,(5*$#"0*<(0"&'<+&'(cd

J. Perdew et al., PRL 49, 1691 (1982)

3='(#"#$&('4',J>(*-(.*'<'K[*-'(&*4'$,(U%'#[''4(*4#'J',(F$&+'-(")(!V



9"&'<+&$,(5*--"<*$@"4(),"0(123



9"&'<+&$,(5*--"<*$@"4(),"0(123
84)",#+4$#'&>(#='('/$<#((((((((((((((*-(4"#(H4"[4($45($..,"/*0$@"4-($,'(4''5'5(U'YJYD(C1ED(ZZEV



9"&'<+&$,(5*--"<*$@"4(),"0(123
84)",#+4$#'&>(#='('/$<#((((((((((((((*-(4"#(H4"[4($45($..,"/*0$@"4-($,'(4''5'5(U'YJYD(C1ED(ZZEV

!"#$%&'()$*&+,'-6(0"&'<+&$,(5*--"<*$@"4-(U'YJY(ISV6

A/$<#6

1236



9"&'<+&$,(5*--"<*$@"4(),"0(123
84)",#+4$#'&>(#='('/$<#((((((((((((((*-(4"#(H4"[4($45($..,"/*0$@"4-($,'(4''5'5(U'YJYD(C1ED(ZZEV

!"#$%&'()$*&+,'-6(0"&'<+&$,(5*--"<*$@"4-(U'YJY(ISV6

A/$<#6

1236

",

'b+$&(.,"%$%*&*#>



9"&'<+&$,(5*--"<*$@"4(),"0(123
84)",#+4$#'&>(#='('/$<#((((((((((((((*-(4"#(H4"[4($45($..,"/*0$@"4-($,'(4''5'5(U'YJYD(C1ED(ZZEV

!"#$%&'()$*&+,'-6(0"&'<+&$,(5*--"<*$@"4-(U'YJY(ISV6

A/$<#6

1236

",

'b+$&(.,"%$%*&*#>



9"&'<+&$,(5*--"<*$@"4(),"0(123
84)",#+4$#'&>(#='('/$<#((((((((((((((*-(4"#(H4"[4($45($..,"/*0$@"4-($,'(4''5'5(U'YJYD(C1ED(ZZEV

!"#$%&'()$*&+,'-6(0"&'<+&$,(5*--"<*$@"4-(U'YJY(ISV6

A/$<#6

1236

",

'b+$&(.,"%$%*&*#>



9"&'<+&$,(5*--"<*$@"4(),"0(123
84)",#+4$#'&>(#='('/$<#((((((((((((((*-(4"#(H4"[4($45($..,"/*0$@"4-($,'(4''5'5(U'YJYD(C1ED(ZZEV

!"#$%&'()$*&+,'-6(0"&'<+&$,(5*--"<*$@"4-(U'YJY(ISV6

A/$<#6

1236

",

'b+$&(.,"%$%*&*#>

3='(<+,F$#+,'(")(#='('4',J>(*-('/$JJ',$#'5



A/$<#(F-(123(#"#$&('4',J>(

A/$<#

123



3='(U-*4J&'K.$,@<&'V(%$45(J$.(e.,"%&'0f

=:.6RR&$0.Y#+KJ,$]Y$<Y$#Rg=$5&'>R--SR)',0*J$-R5^R-*R?*Y.=.

?*(%$45(-#,+<#+,'

http://lamp.tu-graz.ac.at/~hadley/ss2/fermigas/dft/si/Si.php
http://lamp.tu-graz.ac.at/~hadley/ss2/fermigas/dft/si/Si.php


3='(U-*4J&'K.$,@<&'V(%$45(J$.(e.,"%&'0f

=:.6RR&$0.Y#+KJ,$]Y$<Y$#Rg=$5&'>R--SR)',0*J$-R5^R-*R?*Y.=.

?*(%$45(-#,+<#+,'
3='(%$45(J$.(),"0(U$..,"/*0$#'V(123(*-(gTYh('XD
-0$&&',(#=$4(#='('/.',*0'4#$&(J$.D(gPYP('X

http://lamp.tu-graz.ac.at/~hadley/ss2/fermigas/dft/si/Si.php
http://lamp.tu-graz.ac.at/~hadley/ss2/fermigas/dft/si/Si.php


3='(U-*4J&'K.$,@<&'V(%$45(J$.(e.,"%&'0f

=:.6RR&$0.Y#+KJ,$]Y$<Y$#Rg=$5&'>R--SR)',0*J$-R5^R-*R?*Y.=.

?*(%$45(-#,+<#+,'
3='(%$45(J$.(),"0(U$..,"/*0$#'V(123(*-(gTYh('XD
-0$&&',(#=$4(#='('/.',*0'4#$&(J$.D(gPYP('X

I"['F',D(,'0'0%',6(123(*-($(J,"+45(-#$#'(#='",>i
U$45(#='(-.'<#,+0(*#(.,"5+<'-(*-(4"#(.=>-*<$&V

http://lamp.tu-graz.ac.at/~hadley/ss2/fermigas/dft/si/Si.php
http://lamp.tu-graz.ac.at/~hadley/ss2/fermigas/dft/si/Si.php


3='(U-*4J&'K.$,@<&'V(%$45(J$.(e.,"%&'0f

=:.6RR&$0.Y#+KJ,$]Y$<Y$#Rg=$5&'>R--SR)',0*J$-R5^R-*R?*Y.=.

?*(%$45(-#,+<#+,'
3='(%$45(J$.(),"0(U$..,"/*0$#'V(123(*-(gTYh('XD
-0$&&',(#=$4(#='('/.',*0'4#$&(J$.D(gPYP('X

I"['F',D(,'0'0%',6(123(*-($(J,"+45(-#$#'(#='",>i
U$45(#='(-.'<#,+0(*#(.,"5+<'-(*-(4"#(.=>-*<$&V

2+45$0'4#$&(J$.6

[*#=($..,"/*0$#'(/<()+4<@"4$&-6
\(#='(j,-#(#',0(*-($..,"/*0$#'
\(#='(-'<"45(#',0(*-($%-'4#
\("#=',(*4$<<+,$<*'-(0$>($,*-'($-(['&&(U'YJYD("4(#='(
(((-#,+<#+,'V

http://lamp.tu-graz.ac.at/~hadley/ss2/fermigas/dft/si/Si.php
http://lamp.tu-graz.ac.at/~hadley/ss2/fermigas/dft/si/Si.php


12378



123786(J'4',$&(*5'$



123786(J'4',$&(*5'$
E(F',>(-*0.&'(*5'$6(&'#k-(5'-<,*%'(&"<$&*]'5(!"",(#"'&'<#,"4-([*#=($(I+%%$,5(I$0*&#"4*$4(
'0%'55'5(*4(#='(e<,>-#$&(%$#=f

V. I. Anisimov et al., PRB 48, 16929 (1993) A. Liechtenstein et al. PRB 52, R 5467 (1995)



123786(J'4',$&(*5'$

G'($55(#='(I+%%$,5()+4<@"4$&D(-+%#,$<#(*#-(92(F$&+'(U#"($F"*5(5"+%&'K<"+4@4JV

E(F',>(-*0.&'(*5'$6(&'#k-(5'-<,*%'(&"<$&*]'5(!"",(#"'&'<#,"4-([*#=($(I+%%$,5(I$0*&#"4*$4(
'0%'55'5(*4(#='(e<,>-#$&(%$#=f

V. I. Anisimov et al., PRB 48, 16929 (1993) A. Liechtenstein et al. PRB 52, R 5467 (1995)



123786(J'4',$&(*5'$

O,*J*4$&()",0+&$@"46

G'($55(#='(I+%%$,5()+4<@"4$&D(-+%#,$<#(*#-(92(F$&+'(U#"($F"*5(5"+%&'K<"+4@4JV

E(F',>(-*0.&'(*5'$6(&'#k-(5'-<,*%'(&"<$&*]'5(!"",(#"'&'<#,"4-([*#=($(I+%%$,5(I$0*&#"4*$4(
'0%'55'5(*4(#='(e<,>-#$&(%$#=f

V. I. Anisimov et al., PRB 48, 16929 (1993) A. Liechtenstein et al. PRB 52, R 5467 (1995)



123786(J'4',$&(*5'$

O,*J*4$&()",0+&$@"46

G'($55(#='(I+%%$,5()+4<@"4$&D(-+%#,$<#(*#-(92(F$&+'(U#"($F"*5(5"+%&'K<"+4@4JV

3='(I+%%$,5(<",,'<@"4($<#-(-'&'<@F'&>("4(&"<$&*]'5(U!(",(#V(-#$#'-6((

E(F',>(-*0.&'(*5'$6(&'#k-(5'-<,*%'(&"<$&*]'5(!"",(#"'&'<#,"4-([*#=($(I+%%$,5(I$0*&#"4*$4(
'0%'55'5(*4(#='(e<,>-#$&(%$#=f

V. I. Anisimov et al., PRB 48, 16929 (1993) A. Liechtenstein et al. PRB 52, R 5467 (1995)



123786(,"#$@"4$&&>(*4F$,*$4#()",0+&$@"4
3='('/.,'--*"4(")(#='(<",,'<@F'(e78f()+4<@"4$&(-="+&5(%'(*45'.'45'4#(),"0(#='(-.'<*j<(
<="*<'(")(&"<$&*]'5(-#$#'-

A. Liechtenstein et al. PRB 52, R 5467 (1995)



123786(,"#$@"4$&&>(*4F$,*$4#()",0+&$@"4
3='('/.,'--*"4(")(#='(<",,'<@F'(e78f()+4<@"4$&(-="+&5(%'(*45'.'45'4#(),"0(#='(-.'<*j<(
<="*<'(")(&"<$&*]'5(-#$#'-

[=','6

$,'(W"=4K?=$0(-#$#'-( $,'($%&'$()*!($#"0*<(",%*#$&-(U!(",(#V(

A. Liechtenstein et al. PRB 52, R 5467 (1995)



E(-*0.&',()",0+&$@"4



E(-*0.&',()",0+&$@"4
Al'<@F'(*4#',$<@"4-6



E(-*0.&',()",0+&$@"4
Al'<@F'(*4#',$<@"4-6

C'#k-(4'J&'<#(*4#',$<@"4($4*-"#,".>6



E(-*0.&',()",0+&$@"4

E^',(-"0'($&J'%,$YYYY Dudarev et al., PRB 57, 1505 (1998)

Al'<@F'(*4#',$<@"4-6

C'#k-(4'J&'<#(*4#',$<@"4($4*-"#,".>6



I"[(5"'-(*#([",Hm



I"[(5"'-(*#([",Hm
n'<$+-'(")(#='(,"#$@"4$&(*4F$,*$4<'(['(<$4(+-'($(5*$J"4$&(,'.,'-'4#$@"46



I"[(5"'-(*#([",Hm
n'<$+-'(")(#='(,"#$@"4$&(*4F$,*$4<'(['(<$4(+-'($(5*$J"4$&(,'.,'-'4#$@"46

[=',':



I"[(5"'-(*#([",Hm
n'<$+-'(")(#='(,"#$@"4$&(*4F$,*$4<'(['(<$4(+-'($(5*$J"4$&(,'.,'-'4#$@"46

[=',':

B"#'4@$&6



I"[(5"'-(*#([",Hm
n'<$+-'(")(#='(,"#$@"4$&(*4F$,*$4<'(['(<$4(+-'($(5*$J"4$&(,'.,'-'4#$@"46

[=',':

B"#'4@$&6

B$,@$&("<<+.$@"4-(")($#"0*<(-#$#'-
$,'(5*-<"+,$J'5

B"#'4@$&(5*-<"4@4+*#>(,'K'-#$%&*-='5(
U$45(*4-',#'5(*4(#='(-.'<#,+0V

E(J$.(".'4-6 



;=$,J'(&"<$&*]$@"4(*4(;'OS(



;=$,J'(&"<$&*]$@"4(*4(;'OS(
;'OS("/>J'4(F$<$4<>

123 1236(5'&"<$&*]$@"4(")('/#,$(<=$,J'(US('KV("4(
_(;'($#"0-($,"+45(#='(O(F$<$4<>



;=$,J'(&"<$&*]$@"4(*4(;'OS(
;'OS("/>J'4(F$<$4<>

123 1236(5'&"<$&*]$@"4(")('/#,$(<=$,J'(US('KV("4(
_(;'($#"0-($,"+45(#='(O(F$<$4<>

C"<$&*]$@"4(")(#='('/#,$
<=$,J'("4(#["(;'($#"0-
$,"+45(#='(O(F$<$4<>

12378

S. Fabris et al., PRB 71, 041102 (2005)



(`7
((S7

(`7
S7 `7

`7
`7
`7

9BO_

S7
S7

S7
S7

C*9BO_
C*TYa9BO_

C*/2'BO(_6(<=$,J'(",5',*4J($45('4',J'@<-

LiFePO4LiFePO4 Li0.5FePO4Li0.5FePO4 FePO4FePO4

Method 2+ 3+ 2+ 3+ 2+ 3+
DFT 6.22 6.11 6.08 5.93

DFT+U 6.19 6.19 5.68 5.65



(`7
((S7

(`7
S7 `7

`7
`7
`7

9BO_

S7
S7

S7
S7

C*9BO_
C*TYa9BO_

C*/2'BO(_6(<=$,J'(",5',*4J($45('4',J'@<-

LiFePO4LiFePO4 Li0.5FePO4Li0.5FePO4 FePO4FePO4

Method 2+ 3+ 2+ 3+ 2+ 3+
DFT 6.22 6.11 6.08 5.93

DFT+U 6.19 6.19 5.68 5.65



C*/2'BO_6()",0$@"4('4',J>($45(F"&#$J'



C*/2'BO_6()",0$@"4('4',J>($45(F"&#$J'

Method F. E. (meV/FU) Voltage (V)

Exp > 0 ~ 3.5

DFT -126 2.73

DFT+U 159 4.06



A&'<#,"4*<(&"<$&*]$@"4(*4(<='0*<$&(,'$<@"4-

H. Kulik et al., PRL 97, 103001 (2006)

123(UZZEV 12378



X*%,$@"4$&(.,".',@'-(")(39("/*5'-6(12B378
12B3786

I+%%$,5(#',0(#"((((((((((((((6((



X*%,$@"4$&(.,".',@'-(")(39("/*5'-6(12B378

94O !*O
A. Floris, S. de Gironcoli, E. K. U. Gross, and M. Cococcioni, Phys. Rev. B 84, 161102 (2011)

12B3786

I+%%$,5(#',0(#"((((((((((((((6((



A&'<#,"4*<(&"<$&*]$@"4($45(0$J4'@-0
!*S94Z$

E+-#'4*#' 9$,#'4-*#'(



A&'<#,"4*<(&"<$&*]$@"4($45(0$J4'@-0
!*S94Z$

E+-#'4*#' 9$,#'4-*#'(



A&'<#,"4*<(&"<$&*]$@"4($45(0$J4'@-0
!*S94Z$

E+-#'4*#' 9$,#'4-*#'(

123

12378



2'O6(123($45(12378
123 12378



2'O6(123($45(12378
123 12378

M. Cococcioni and S. de Gironcoli, PRB 71, 035105 (2005)

✓o4-+&$@4J(<=$,$<#',
((((UZ$.(")(,*J=#(-*]'V

✓E29(J,"+45(-#$#'(
(((UE2ooV

✓N="0%"='5,$&(
((((5*-#",@"4



O,%*#$&(",5',*4J6(2'O

2'S7

!"(J$.6(0'#$&&*<(J,"+45(-#$#'



O,%*#$&(",5',*4J6(2'O

2'S7

!"(J$.6(0'#$&&*<(J,"+45(-#$#'

#SJ(-#$#'-(U<+%*<V $PJ(7(S'J(-#$#'-(
U,="0%"='5,$&V

;2(-.&*p4J



O,%*#$&(",5',*4J6(2'O

2'S7

!"(J$.6(0'#$&&*<(J,"+45(-#$#'

#SJ(-#$#'-(U<+%*<V $PJ(7(S'J(-#$#'-(
U,="0%"='5,$&V

;2(-.&*p4J
123(-"&+@"4
U0'#$&&*<V

'J
$PJ



O,%*#$&(",5',*4J6(2'O

2'S7

!"(J$.6(0'#$&&*<(J,"+45(-#$#'

#SJ(-#$#'-(U<+%*<V $PJ(7(S'J(-#$#'-(
U,="0%"='5,$&V

;2(-.&*p4J
123(-"&+@"4
U0'#$&&*<V

'J
$PJ

12378(-"&+@"4
U*4-+&$#",V

'J

$PJ



E4(",%*#$&K",5','5(-"&+@"4



E4(",%*#$&K",5','5(-"&+@"4
;$4(#='(0'#$&&*<(-"&+@"4(%'(+45',-#""5($-($(<"0%*4$@"4(")(*4-+&$@4J(J,"+45(-#$#'-m(

G"+&5(#='(e78f(<",,'<@"4(-#$%*&*]'(#='(*4-+&$@4J(Z?m



E4(",%*#$&K",5','5(-"&+@"4
;$4(#='(0'#$&&*<(-"&+@"4(%'(+45',-#""5($-($(<"0%*4$@"4(")(*4-+&$@4J(J,"+45(-#$#'-m(

G"+&5(#='(e78f(<",,'<@"4(-#$%*&*]'(#='(*4-+&$@4J(Z?m

'J

$PJ



E4(",%*#$&K",5','5(-"&+@"4
;$4(#='(0'#$&&*<(-"&+@"4(%'(+45',-#""5($-($(<"0%*4$@"4(")(*4-+&$@4J(J,"+45(-#$#'-m(

G"+&5(#='(e78f(<",,'<@"4(-#$%*&*]'(#='(*4-+&$@4J(Z?m

TYa 7((TYaON
'J

$PJ



E4(",%*#$&K",5','5(-"&+@"4
;$4(#='(0'#$&&*<(-"&+@"4(%'(+45',-#""5($-($(<"0%*4$@"4(")(*4-+&$@4J(J,"+45(-#$#'-m(

G"+&5(#='(e78f(<",,'<@"4(-#$%*&*]'(#='(*4-+&$@4J(Z?m

TYa 7((TYaON
'J

$PJ

$PJ
'Jq



E4(",%*#$&K",5','5(-"&+@"4
;$4(#='(0'#$&&*<(-"&+@"4(%'(+45',-#""5($-($(<"0%*4$@"4(")(*4-+&$@4J(J,"+45(-#$#'-m(

G"+&5(#='(e78f(<",,'<@"4(-#$%*&*]'(#='(*4-+&$@4J(Z?m

TYa 7((TYaON
'J

$PJ

$PJ
'Jq

AP AS



E4(",%*#$&K",5','5(-"&+@"4
;$4(#='(0'#$&&*<(-"&+@"4(%'(+45',-#""5($-($(<"0%*4$@"4(")(*4-+&$@4J(J,"+45(-#$#'-m(

G"+&5(#='(e78f(<",,'<@"4(-#$%*&*]'(#='(*4-+&$@4J(Z?m

TYa 7((TYaON
'J

$PJ

$PJ
'Jq

AP AS

AP(r(AS



E4(",%*#$&K",5','5(-"&+@"4
;$4(#='(0'#$&&*<(-"&+@"4(%'(+45',-#""5($-($(<"0%*4$@"4(")(*4-+&$@4J(J,"+45(-#$#'-m(

G"+&5(#='(e78f(<",,'<@"4(-#$%*&*]'(#='(*4-+&$@4J(Z?m

TYa 7((TYaON
'J

$PJ

$PJ
'Jq

AP AS

AP(r(AS

,="0%"='5,$&(5*-#",@"4(F-(B



?+00$,>(")(#='(J'4',$&(#='",>(.$,#

!"./0?@"&+"<$+)'"-8"$":-(():7-8"+,$%)'"-8"2,)"J9<<$('"6-')=

!"K2",)=%+"&6%(-H&8B"2,)"=-:$=&L$7-8"-*":,$(B)"$8'"M9$877)+"2,$2"

')%)8'"-8"&2"N)OBO4"6$B8)7:"&82)($:7-8+P

!"K2":$8"<)")5%):2)'"2-"A-(>"*-("8-8"')B)8)($2)"B(-98'"+2$2)+

!"@+)"A&2,":$()"&8"%()+)8:)"-*"')B)8)($2)"B(-98'"+2$2)+"N)OBO4"/)GP



;"0.+@4J(8



3='(0'$4*4J(")(8

V. I. Anisimov, J. Zaanen, O. K. Andersen, PRB 44, 943 (1991) S. L. Dudarev, et al., PRB 57, 1505 (1998)



3='(0'$4*4J(")(8

V. I. Anisimov, J. Zaanen, O. K. Andersen, PRB 44, 943 (1991) S. L. Dudarev, et al., PRB 57, 1505 (1998)



3='(0'$4*4J(")(8

V. I. Anisimov, J. Zaanen, O. K. Andersen, PRB 44, 943 (1991) S. L. Dudarev, et al., PRB 57, 1505 (1998)

I+%%$,5(86(-.+,*"+-(<+,F$#+,'(")(#='(
'4',J>YYY



3='(0'$4*4J(")(8

V. I. Anisimov, J. Zaanen, O. K. Andersen, PRB 44, 943 (1991) S. L. Dudarev, et al., PRB 57, 1505 (1998)

YYY(5*-<"4@4+*#>(")(#='(/<()+4<@"4$&(

I+%%$,5(86(-.+,*"+-(<+,F$#+,'(")(#='(
'4',J>YYY



I+%%$,5(8(),"0(j,-#K.,*4<*.&'-

\(8(<",,'-."45-(#"(#='(-.+,*"+-(<+,F$#+,'(")(#='('4',J>(#"(%'('&*0*4$#'5(



I+%%$,5(8(),"0(j,-#K.,*4<*.&'-

\(8(<",,'-."45-(#"(#='(-.+,*"+-(<+,F$#+,'(")(#='('4',J>(#"(%'('&*0*4$#'5(

\(E(j4*#'(<"4#,*%+@"4(5+'(#"(#='(,'K=>%,*5*]$@"4(")(",%*#$&-(0+-#(%'(-+%#,$<#'56(



I+%%$,5(8(),"0(j,-#K.,*4<*.&'-

\(8(<",,'-."45-(#"(#='(-.+,*"+-(<+,F$#+,'(")(#='('4',J>(#"(%'('&*0*4$#'5(

\(E(j4*#'(<"4#,*%+@"4(5+'(#"(#='(,'K=>%,*5*]$@"4(")(",%*#$&-(0+-#(%'(-+%#,$<#'56(

2,"0(#='(-'&)K<"4-*-#'4#(J,"+45(-#$#'(
U-<,''4'5(,'-."4-'V



I+%%$,5(8(),"0(j,-#K.,*4<*.&'-

\(8(<",,'-."45-(#"(#='(-.+,*"+-(<+,F$#+,'(")(#='('4',J>(#"(%'('&*0*4$#'5(

\(E(j4*#'(<"4#,*%+@"4(5+'(#"(#='(,'K=>%,*5*]$@"4(")(",%*#$&-(0+-#(%'(-+%#,$<#'56(

2,"0($(5*$J"4$&*]$@"4($#(j/'5(."#'4@$&
UeW"=4K?=$0(,'-."4-'fV

2,"0(#='(-'&)K<"4-*-#'4#(J,"+45(-#$#'(
U-<,''4'5(,'-."4-'V



I+%%$,5(8(),"0(j,-#K.,*4<*.&'-

\(8(<",,'-."45-(#"(#='(-.+,*"+-(<+,F$#+,'(")(#='('4',J>(#"(%'('&*0*4$#'5(

\(E(j4*#'(<"4#,*%+@"4(5+'(#"(#='(,'K=>%,*5*]$@"4(")(",%*#$&-(0+-#(%'(-+%#,$<#'56(

2,"0($(5*$J"4$&*]$@"4($#(j/'5(."#'4@$&
UeW"=4K?=$0(,'-."4-'fV

2,"0(#='(-'&)K<"4-*-#'4#(J,"+45(-#$#'(
U-<,''4'5(,'-."4-'V

M. Cococcioni and S. de Gironcoli, PRB 71, 35105 (2005)



?'<"45(5',*F$@F'-



?'<"45(5',*F$@F'-
\(?'<"45(5',*F$@F'-(<$4(4"#(%'(5*,'<#&>("%#$*4'5(),"0(123(<$&<+&$@"4-



?'<"45(5',*F$@F'-
\(?'<"45(5',*F$@F'-(<$4(4"#(%'(5*,'<#&>("%#$*4'5(),"0(123(<$&<+&$@"4-

\(C'J'45,'(#,$4-)",0-(<$4(='&.(+-6

C'#k-($..&>($(-=*^(#"(#='(."#'4@$&($<@4J("4(&"<$&*]'5(-#$#'-6

E()+4<@"4$&(")(#='($#"0*<("<<+.$@"4-(<$4(%'(5'j4'5($-6



?'<"45(5',*F$@F'-
\(?'<"45(5',*F$@F'-(<$4(4"#(%'(5*,'<#&>("%#$*4'5(),"0(123(<$&<+&$@"4-

\(C'J'45,'(#,$4-)",0-(<$4(='&.(+-6

C'#k-($..&>($(-=*^(#"(#='(."#'4@$&($<@4J("4(&"<$&*]'5(-#$#'-6

E()+4<@"4$&(")(#='($#"0*<("<<+.$@"4-(<$4(%'(5'j4'5($-6

2*,-#($45(-'<"45(5',*F$@F'-(<$4(%'('$-*&>("%#$*4'56

M. Cococcioni and S. de Gironcoli, PRB 71, 035105 (2005)



C*4'$,(,'-."4-'(*4(.,$<@<'



C*4'$,(,'-."4-'(*4(.,$<@<'
E..&>($(.',#+,%$@"4(#"(#='(."#'4@$&($<@4J("4('$<=(I+%%$,5($#"0s
<"0.+#'(#='(,'-."4-'(")(#='("<<+.$@"4-(U),"0+-3I!($!44+$#4$34#J'.-V



C*4'$,(,'-."4-'(*4(.,$<@<'
E..&>($(.',#+,%$@"4(#"(#='(."#'4@$&($<@4J("4('$<=(I+%%$,5($#"0s
<"0.+#'(#='(,'-."4-'(")(#='("<<+.$@"4-(U),"0+-3I!($!44+$#4$34#J'.-V

N'-."4-'(0$#,*<'-6



C*4'$,(,'-."4-'(*4(.,$<@<'
E..&>($(.',#+,%$@"4(#"(#='(."#'4@$&($<@4J("4('$<=(I+%%$,5($#"0s
<"0.+#'(#='(,'-."4-'(")(#='("<<+.$@"4-(U),"0+-3I!($!44+$#4$34#J'.-V

N'-."4-'(0$#,*<'-6

Al'<@F'(*4#',$<@"4-6

M. Cococcioni and S. de Gironcoli, PRB 71, 035105 (2005)



?+00$,>(")(CN(<$&<+&$@"4-(")(8



?+00$,>(")(CN(<$&<+&$@"4-(")(8

• 2+&&>($%(*4*@"('-@0$#'(")(#='('l'<@F'(*4#',$<@"4(U4"(J+'--(",(-'0*'0.*,*<$&
'F$&+$@"4(4''5'5V



?+00$,>(")(CN(<$&<+&$@"4-(")(8

• 2+&&>($%(*4*@"('-@0$#'(")(#='('l'<@F'(*4#',$<@"4(U4"(J+'--(",(-'0*'0.*,*<$&
'F$&+$@"4(4''5'5V

• ;"4-*-#'4<>(")(#='('l'<@F'(*4#',$<@"4-([*#=(#='(5'j4*@"4(")(#='('4',J>()+4<@"4$&(
$45(")(#='("4K-*#'("<<+.$@"4-
O#=',(&"<$&*]'5(%$-*-(-'#-(<$4(%'('b+*F$&'4#&>(+-'56(J$+--*$4D(G$44*',()+4<@"4-D('#<



?+00$,>(")(CN(<$&<+&$@"4-(")(8

• 2+&&>($%(*4*@"('-@0$#'(")(#='('l'<@F'(*4#',$<@"4(U4"(J+'--(",(-'0*'0.*,*<$&
'F$&+$@"4(4''5'5V

• ;"4-*-#'4<>(")(#='('l'<@F'(*4#',$<@"4-([*#=(#='(5'j4*@"4(")(#='('4',J>()+4<@"4$&(
$45(")(#='("4K-*#'("<<+.$@"4-
O#=',(&"<$&*]'5(%$-*-(-'#-(<$4(%'('b+*F$&'4#&>(+-'56(J$+--*$4D(G$44*',()+4<@"4-D('#<

\(;"4-*-#'4<>([*#=(#='($..,"/*0$@"4(+-'5(*4(#='(/<(#',0(")(#='('4',J>



?+00$,>(")(CN(<$&<+&$@"4-(")(8

• 2+&&>($%(*4*@"('-@0$#'(")(#='('l'<@F'(*4#',$<@"4(U4"(J+'--(",(-'0*'0.*,*<$&
'F$&+$@"4(4''5'5V

• ;"4-*-#'4<>(")(#='('l'<@F'(*4#',$<@"4-([*#=(#='(5'j4*@"4(")(#='('4',J>()+4<@"4$&(
$45(")(#='("4K-*#'("<<+.$@"4-
O#=',(&"<$&*]'5(%$-*-(-'#-(<$4(%'('b+*F$&'4#&>(+-'56(J$+--*$4D(G$44*',()+4<@"4-D('#<

\(;"4-*-#'4<>([*#=(#='($..,"/*0$@"4(+-'5(*4(#='(/<(#',0(")(#='('4',J>

\(A$->(*0.&'0'4#$@"4(*4(5*l','4#(<"0.+#$@"4$&(-<='0'-Y



?+00$,>(")(CN(<$&<+&$@"4-(")(8

• 2+&&>($%(*4*@"('-@0$#'(")(#='('l'<@F'(*4#',$<@"4(U4"(J+'--(",(-'0*'0.*,*<$&
'F$&+$@"4(4''5'5V

• ;"4-*-#'4<>(")(#='('l'<@F'(*4#',$<@"4-([*#=(#='(5'j4*@"4(")(#='('4',J>()+4<@"4$&(
$45(")(#='("4K-*#'("<<+.$@"4-
O#=',(&"<$&*]'5(%$-*-(-'#-(<$4(%'('b+*F$&'4#&>(+-'56(J$+--*$4D(G$44*',()+4<@"4-D('#<

• ;$.#+,'-(#='(F$,*$@"4(")(+([*#=(-.'<*'-D(-.*4D(<,>-#$&(-#,+<#+,'D(F"&+0'($45(
->00'#,>

\(;"4-*-#'4<>([*#=(#='($..,"/*0$@"4(+-'5(*4(#='(/<(#',0(")(#='('4',J>

\(A$->(*0.&'0'4#$@"4(*4(5*l','4#(<"0.+#$@"4$&(-<='0'-Y



OF',F*'[(")(-"0'('/#'4-*"4-



?'&)K<"4-*-#'4#(<$&<+&$@"4(")(8



?'&)K<"4-*-#'4#(<$&<+&$@"4(")(8

E[{αI}] = min
ρ

�
EDFT [ρ(r)] + αInI

�



?'&)K<"4-*-#'4#(<$&<+&$@"4(")(8

E[{αI}] = min
ρ

�
EDFT [ρ(r)] + αInI

�

χIJ =
dnI

dαJ
χIJ

0 =
dnI

0

dαJ=⇒ {∆nI}



?'&)K<"4-*-#'4#(<$&<+&$@"4(")(8

U I
out =

�
χ−1

0 − χ−1
�
II

E[{αI}] = min
ρ

�
EDFT [ρ(r)] + αInI

�

χIJ =
dnI

dαJ
χIJ

0 =
dnI

0

dαJ=⇒ {∆nI}



?'&)K<"4-*-#'4#(<$&<+&$@"4(")(8

U I
out =

�
χ−1

0 − χ−1
�
II

I"[(<$4(8(%'(<"0.+#'5(),"0($(12378(J,"+45(-#$#'m

E[{αI}] = min
ρ

�
EDFT [ρ(r)] + αInI

�

χIJ =
dnI

dαJ
χIJ

0 =
dnI

0

dαJ=⇒ {∆nI}



?'&)K<"4-*-#'4#(<$&<+&$@"4(")(8

U I
out =

�
χ−1

0 − χ−1
�
II

I"[(<$4(8(%'(<"0.+#'5(),"0($(12378(J,"+45(-#$#'m

χIJ =
dnI

dαJ
χIJ

0 =
dnI

0

dαJ=⇒ {∆nI}

E[{αI}] = min
ρ

�
EDFT [ρ(r)] +

�

J

UJ
in

2
Tr[nJ(1− nJ)] + αInI

�



?'&)K<"4-*-#'4#(<$&<+&$@"4(")(8

U I
out =

�
χ−1

0 − χ−1
�
II

I"[(<$4(8(%'(<"0.+#'5(),"0($(12378(J,"+45(-#$#'m

χIJ =
dnI

dαJ
χIJ

0 =
dnI

0

dαJ=⇒ {∆nI}

− −E[{αI}] = min
ρ

�
EDFT [ρ(r)] +

�

J

UJ
in

2
Tr[nJ(1− nJ)] + αInI

�



?'&)K<"4-*-#'4#(<$&<+&$@"4(")(8

;><&'(+4@&(8"+#(q(8*4(q(8-<)(

U I
out =

�
χ−1

0 − χ−1
�
II

χIJ =
dnI

dαJ
χIJ

0 =
dnI

0

dαJ=⇒ {∆nI}

− −E[{αI}] = min
ρ

�
EDFT [ρ(r)] +

�

J

UJ
in

2
Tr[nJ(1− nJ)] + αInI

�



?'&)K<"4-*-#'4#(<$&<+&$@"4(")(8

;><&'(+4@&(8"+#(q(8*4(q(8-<)(

U I
out =

�
χ−1

0 − χ−1
�
II

3='(<$&<+&$@"4(")(8(<$4(%'($&-"(0$5'($'.-,-%!.%+0,%&+%&!+$()-%#4+-%(3$%3(!(%>(.',)",0*4J($(
-#,+<#+,$&(".@0*]$@"4($^',('F',>(<$&<+&$@"4(")(8Y

3='(<><&'(*-(*4#',,+.#'5([='4(%"#=(-#,+<#+,'($45(I+%%$,5(.$,$0'#',-(=$F'(<"4F',J'5Y

χIJ =
dnI

dαJ
χIJ

0 =
dnI

0

dαJ=⇒ {∆nI}

− −E[{αI}] = min
ρ

�
EDFT [ρ(r)] +

�

J

UJ
in

2
Tr[nJ(1− nJ)] + αInI

�



E+#"0$@<(<$&<+&$@"4(")(8
;$&<+&$@"4(")(#='(I+%%$,5(8(),"0(1'4-*#>(2+4<@"4$&(B',#+,%$@"4(3='",>

-+0("F',(0"4"<=,"0$@<(.',#+,%$@"4-

j4*#'(5*l','4<'-(*4 12B3(*4

K(."*4#(.',#+,%$@"4Γ



E+#"0$@<(<$&<+&$@"4(")(8
;$&<+&$@"4(")(#='(I+%%$,5(8(),"0(1'4-*#>(2+4<@"4$&(B',#+,%$@"4(3='",>

-+0("F',(0"4"<=,"0$@<(.',#+,%$@"4-

j4*#'(5*l','4<'-(*4 12B3(*4

K(."*4#(.',#+,%$@"4Γ

V I
pert = αI

�

mk

|φI
mk��φI

mk|

∆nI
sc ,'$5(),"0("+#.+#



E+#"0$@<(<$&<+&$@"4(")(8
;$&<+&$@"4(")(#='(I+%%$,5(8(),"0(1'4-*#>(2+4<@"4$&(B',#+,%$@"4(3='",>

-+0("F',(0"4"<=,"0$@<(.',#+,%$@"4-

j4*#'(5*l','4<'-(*4 12B3(*4

K(."*4#(.',#+,%$@"4Γ

V Iq
pert = αI

�

mk

e−iq·RI |φI
mk+q��φI

mk|

∆nI
sc =

�

q

e−iq·RI ∆nI
q

V I
pert = αI

�

mk

|φI
mk��φI

mk|

∆nI
sc ,'$5(),"0("+#.+#



E+#"0$@<(<$&<+&$@"4(")(8
;$&<+&$@"4(")(#='(I+%%$,5(8(),"0(1'4-*#>(2+4<@"4$&(B',#+,%$@"4(3='",>

-+0("F',(0"4"<=,"0$@<(.',#+,%$@"4-

j4*#'(5*l','4<'-(*4 12B3(*4

E+#"0$@"4(")(#='(<$&<+&$@"4($45(."--*%&'(.",@4J("4(e=*J=K#=,"+J=.+#f(.&$t",0-
A/#'4-*"4(")(#='(0'#="5(#"(<&"-'5K-='&&(->-#'0-

K(."*4#(.',#+,%$@"4Γ

V Iq
pert = αI

�

mk

e−iq·RI |φI
mk+q��φI

mk|

∆nI
sc =

�

q

e−iq·RI ∆nI
q

V I
pert = αI

�

mk

|φI
mk��φI

mk|

∆nI
sc ,'$5(),"0("+#.+#



12378()",(<"F$&'4#(->-#'0-



12378()",(<"F$&'4#(->-#'0-6(?*('(Z$E-

;$4(12378(*0.,"F'(#='(%$45(J$.('-@0$#'()",(%$45(-'0*<"45+<#",-m



12378()",(<"F$&'4#(->-#'0-6(?*('(Z$E-

Si GaAs
a (A) B (GPa) Eg (eV) a (A) B (GPa) Eg (eV)

DFT

DFT+U

Exp

5.48 83.0 0.64 5.77 58.4 0.19

5.36 93.9 0.39 5.74 52.6 0.00

5.43 98.0 1.12 5.65 75.3 1.42
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!*O

NiO
a (bohr) B (GPa) Eg (eV)

GGA

GGA+U

GGA+U+V

GGA+U+Vsc

Exp

7.93 188 0.6

8.07 181 3.2

8.031 189 3.6

7.99 197 3.2

7.89 166-208 3.1-4.3
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A&'<#,"4*<($45(-#,+<#+,$&(.,".',@'-(")(?*($45(Z$E-

Si GaAs
a (A) B (GPa) Eg (eV) a (A) B (GPa) Eg (eV)

DFT

DFT+U

DFT+U+V

Exp

5.48 83.0 0.64 5.77 58.4 0.19

5.36 93.9 0.39 5.74 52.6 0.00

5.37 102.5 1.36 5.65 67.5 0.90

5.43 98.0 1.12 5.65 75.3 1.42

V. L. Campo Jr and M. Cococcioni, J. Phys.: Condens Matter 22, 055602 (2010)
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V. L. Campo Jr and M. Cococcioni, J. Phys.: Condens Matter 22, 055602 (2010)
GGA GGA+U+V



X"&#$J'($45()",0$@"4('4',J*'-(")(C*/2'BO_

Method F. E. (meV/FU) Voltage (V)

Exp > 0 ~ 3.5

DFT -126 2.73

DFT+U 159 4.06

DFT+U+V 128 3.48



X"&#$J'($45()",0$@"4('4',J*'-(")(C*/2'BO_

Method F. E. (meV/FU) Voltage (V)

Exp > 0 ~ 3.5

DFT -126 2.73

DFT+U 159 4.06

DFT+U+V 128 3.48

e- on Fe LiFePO4LiFePO4 Li0.5FePO4Li0.5FePO4 FePO4FePO4

Method 2+ 3+ 2+ 3+ 2+ 3+
DFT 6.22 6.11 6.08 5.93

DFT+U 6.19 6.19 5.68 5.65

DFT+U+V 6.22 6.22 5.77 5.76



Method F. E. (meV/FU) Voltage (V)

Exp > 0 ~ 4.1

DFT 63 2.82

DFT+U 212 4.31

DFT+U+V 206 4.15

X"&#$J'($45()",0$@"4('4',J*'-(")(C*/94BO_

e- on Mn LiMnPO4LiMnPO4 Li0.5MnPO4Li0.5MnPO4 MnPO4MnPO4

Method 2+ 3+ 2+ 3+ 2+ 3+
DFT 5.30 5.19 5.17 5.11

DFT+U 5.19 5.11 5.05 4.96
DFT+U+V 5.23 5.22 4.99 4.99
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