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Improving the Predictive Power of 
Calculations for the Warm Dense Matter 

Region  
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#Quantum Mechanics 

C,2&?#QMHbHR#
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5&3=45&.?&/#3=4)29#)>#&#/&284#7&23#)>#7=9(,?(#&"+#3=4#<=)/4#)>#
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3=&3#3=4#4Z&?3#&77/,?&.)"#)>#3=4(4#/&<(#/4&+(#3)#4K6&.)"(#56?=#
3))#?)57/,?&34+#3)#14#()/61/4B#f ##

aB!B%B#C,2&?;#a2)?B#UB#*)?B#0)"+)"#*42B#!#Mbg;#LMG#QMHbHRB#



!"
"#
$#
%
&'

((
)"

#

How do we learn from the Quantum 
Mechanical equations? 

$Z&?3#W&5,/3)",&"#<,3=#4Z&?3#()/6.)"B#
#
$Z&?3#W&5,/3)",&"#<,3=#&772)Z,5&34#()/6.)"B#
#
!772)Z,5&34#W&5,/3)",&"(#<,3=#4Z&?3#()/6.)"(B#
#
!772)Z,5&34#W&5,/3)",&"(#<,3=#&772)Z,5&34#()/6.)"(B#

V+4&//9#<4#<)6/+#/,@4#3)#()/]4#>)2#4Z&57/4#3=4#")"E24/&.],(.?#/,5,3#)>#3=4#
C,2&?#$K6&.)";#3=4#*?=2h+,"842#$K6&.)";#4Z&?3/9B#i"/9#>4&(,1/4#>)2#)"4E
4/4?32)"#(9(345(#(6?=#&(#3=4#W9+2)84"#&3)5B#!/24&+9#>)2#3=4#3<)E4/4?32)"#
(9(345#)>#3=4#W4#&3)5#<4#"44+#3)#(3&23#+),"8#Q&3#/4&(3#"6542,?&/R#
&772)Z,5&.)"(B#T)2#:)"+4"(4+#%&'42#(9(345(#<4#?&"")3#4Z74?3#3)#()/]4#
3=4#*$#+,24?3/9;#4]4"#<,3=#3=4#/&284(3#&"+#>&(34(3#?)576342(#,"#3=4#<)2/+B#
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#My personal view of the field 
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How do we learn from the Quantum 
Mechanical equations? 

$Z&?3#W&5,/3)",&"#

!772)Z,5&34#W&5,/3)",&"#
Qc!'2&?3)2f#W&5,/3)",&"R#

$Z&?3#*)/6.)"#

!772)Z,5&34#*)/6.)"#
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#Speed is also very important 

DFT is increasingly employed in quantum 
MD simulations of hundreds of atoms for 
tens of ps.  This application demands 
functionals that are both accurate and fast. 
Every calculation with a temperature needs 
to be done with MD. Examples: Critical 
points and melting curves for EOS 
construction; Realistic calculations with 
water present. 

DFT-MD (also called QMD) 

Large cells and diffusion:  Since all solid state DFT calculations uses 
periodic boundary conditions, large supercells 
are required for defect simulations in order to 
avoid uncontrolled interactions between 
defects. Calculating diffusion coefficients also 
require nudge elastic band type calculations 
where several copies of the same  
systems are needed. 

The Si ‹110› - split interstitial 
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#Molecular Dynamics 

Specify 
atom 

positions 

Calculate 
forces 

Repeat 

Increment 
time 

Move atoms 
based on forces 

and time step 

M#

g#

G#

J#

b#

a$S-#

!+&734+#>2)5#(/,+4(#19#U9&"#P,Z)5;#*-0B##

CTSE%C#Q)2#&#!V%C#)2#l%CRN#T)2?4(#?&/?6/&34+#<,3=#CTSB#
:/&((,?&/#%CN#T)2?4(#?&/?6/&34+#<,3=#>)2?4#j4/+(#)2#7)34".&/(B#
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W)=4"1428Eo)="#3=4)245N#
a=9(B#U4]B#(,-;#mIpG#QMHpGRB#
S=4#4/4?32)"#+4"(,39#?)"3&,"(#&//#
,">)25&.)"#"44+4+#3)#+43425,"4#
82)6"+#(3&34#72)742.4(#)>#&#(9(345B##
#
o)="E*=&5#4K6&.)"(N#
a=9(B#U4]B#(*';#MMgg#QMHpJRB#
a2&?.?&/#(?=454#>)2#()/],"8#3=4#
K6&"365#54?=&",?&/#72)1/45#1&(4+#
)"#3=4#Wo#3=4)245B#

Walter Kohn awarded the  
Nobel Prize in Chemistry 1998 for 
Density Functional Theory 
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#DFT versus the Schrödinger Equation 

T)25&//9#
4K6,]&/4"3#
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#Kohn-Sham equations: 

V>#<4#=&+#3=4#+,],"4#4Z?=&"84E?)224/&.)"#>6"?.)"&/;#3=4(4#4K6&.)"(#
<)6/+#8,]4#4Z&?3/9#3=4#(&54#+4"(,39#&(#3=4#*?=2h+,"842#$K6&.)";#&"+#
3=6(#],&#3=4#Wo#3=4)245;#<4#(=)6/+#14#&1/4#3)#4Z32&?3#&//#,">)25&.)"#
&1)63#3=4#(9(345B##
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Approximations for the 
exchange-correlation functional 

S=4#>)25#)>#3=4#+,],"4#4Z?=&"84E?)224/&.)"#>6"?.)"&/#,(#6"@")<"B#
P4#"44+#3)#j"+#8))+#&772)Z,5&.)"(B#
S=424#,(#")3=,"8#/,@4#&#>244#/6"?=B#

!%FJ;#0C!;##
[[!;#%43&E#
[[!;#W912,+(#
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#DFT versus Mean Field Theory 

G[!] 

E
xc 

electron 
interaction 
external potential 

Schrödinger view 

F["] 

Properties of the system 

!["] 

!SE !MF !KS 

DFT view 

Kohn-Sham particle 

effective potential 
(non-interacting) 

Mean Field view 

" 

"[!] 

Will always be 

approximate, even with 

the ‘divine’ functional. 

! ! 

! 

AM05, LDA, GGA, 
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Bridges between Fundamental Law of 
Nature and Engineering 
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Equation of State: Example of Material 
input 
:)7742#

C!:#E#+,&5)"+#&"],/#?4//#54&(62454"3(#
V$t#E#,()1&2,?#4Z7&"(,)"#4Z742,54"3(#
*#E#24/4&(4#,(4"32)74(#
WM#E#72,"?,7&/#=68)",)3#
W7#E#7)2)6(#=68)",)3(#
%#E#54/3#/,"4#
:a#E#?2,.?&/#7),"3#
U#E#/,K6,+E8&(#1)6"+&29#

!  0&284#7&23(#)>#7&2&54342#
(7&?4#")3#?)]424+#19#&"9#
4Z742,54"3&/#34?=",K64B#

!  X429#=&2+#3)#843#
,">)25&.)"#)"#
345742&3624;#3=,(#
72)74239#)`4"#,">4224+B#
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U4+#?,2?/4N#0C!#
m/64#?,2?/4N#!%FJ#
m/&?@#?,2?/4(N#u#+&3&#
m/&?@#/,"4N#-4<#$i*#JMHM#
m/64#/,"4N#*$*!%$#JMHF#
U4+#/,"4N#0$i*#JGF#

-)34N#CTS#?&/?6/&.)"(#761/,(=4+#
%&'()&#u#+&3&#<&(#&]&,/&1/4B#
*=)<"#,(#3=4#W68)",)3B#CTS#+&3&#
,(#&++4+#&/()#,"#)3=42#7&23(#)>#
7=&(4#(7&?4#Q4B8B;#?)/+#?62]4#&"+#
54/3#/,"4RB#

*43=#43#&/B#aU0#MFJ;#085501 (2010)#

Predictive DFT calculations for  
EOS construction: Example of Xe 
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/'8'

Bridges between Fundamental Law of  
Nature and Engineering 

S=4#&1,/,39#3)#742>)25#=,8=Ej+4/,39#?&/?6/&.)"(#,(#5)(3#
,57)23&"3#>)2#?&(4(#<=424#4Z742,54"3(#&24#
,57)((,1/4;#+&"842)6(;#&"+^)2#72)=,1,.]4/9#4Z74"(,]4#
3)#742>)25B#
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#Better ab initio methods for f-electron  
systems identified as a Basic Research Need  

Scientific grand challenges: 
•  Resolving the f-electron challenge to master 
the chemistry and physics of actinides and 
actinide-bearing materials. 
•  Developing a first-principles, multiscale 
description of materials properties in complex 
materials under extreme conditions. 
•  Understanding and designing new molecular 
systems to gain unprecedented control of 
chemical selectivity during processing. 
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P=,/4#CTS#,(#]429#(6??4((>6/#>)2#5&"9#5&342,&/(#&"+#5&"9#
72)742.4(;#")3#&//#5&342,&/(#&"+#72)742.4(#&24#4K6&//9#<4//#324&34+#
<,3=#CTSB#S=,(#,(#3=4#?&(4#<,3=;#>)2#4Z&57/4;#&?.",+4(B##
#
P4#=&]4#3<)#72)1/45(N#
#

• #W,8=#&3)5,?#"65142(#54&"(#24/&.],(.?###
##4n4?3(B#

• #0)?&/,v4+#'E4/4?32)"(#54&"(#CTS#4Z?=&"84E#####
##?)224/&.)"#>6"?.)"&/(#Q,"?/6+,"8#!%FJR#&24##
##")3#&??62&34#4")68=B#

We want to be able to do  
DFT based calculations for all materials 
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#Dirac, Scalar Relativistic, and Spin Orbit 
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Heavy Materials: The problematic p1/2 
states 

S=4#C,2&?#7M^b#<&]4>6"?.)"#,(##

&3#3=4#)2,8,";#<=,/4#3=4#(?&/&2E24/&.],(.?#&"+#
Q*?=2h+,"842#$K6&.)"R#)"4(#

&24B#

#P4#"44+#3)#6(4#&#CTS#543=)+#1&(4+#)"#
3=4#C,2&?#$K6&.)"B#S=,(#=&(#144"#,57/454"34+#,"3)#
3=4#U*a3#?)+4#&"+#<4#&24#w6(3#")<#34(."8#<=&3#3=,(#
8,]4(#&(#24(6/3(B#
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#Relativistic Kohn-Sham equations: 
Functionals 

But functionals available from non-relativistic Kohn-
Sham theory use spin densities, not currents. The 
vector potential term is the tricky one, coupling upper 
and lower components. 
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#From currents to spin densities 

Gordon decomposition 

Orbital current: Neglecting this gives! 

Spin density: 
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#Approximate Dirac for spin density 
functionals 

Now ordinary DFT spin functionals can be used. 
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#Core and valence electrons 
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Probing different relativistic treatments in 
Au: Setting the stage 

0.8 0.9 1 1.1 1.2 1.3
V / V0

0

20

40

60

80

100

E 
- E

0 (m
R

y)

SR Double Basis
SR Full Basis
SO Fixed Fraction
SO Fixed Radius
Dirac

V0 = 113.07 bohr3

E0 = -38096.4337 Ry

:)"?/6(,)"N#S=4#
(7,"E)21,3#
?)67/,"8#&5)"8#
3=4#1)"+,"8#
]&/4"?4#4/4?32)"(#
QMF#J+#&"+#M#p(R#,(#
(5&//;#163#")3#
,"(,8",j?&"3B#

:)24#4/4?32)"(#&24#
&/<&9(#324&34+#<,3=#
3=4#C,2&?#4K6&.)"#,"#
3=4#U*a3#?)+4B#
0484"+(#,"+,?&34(#
324&354"3#>)2#]&/4"?4#
4/4?32)"(B#



!"
"#
$#
%
&'

((
)"

#

All Au electrons treated with the Dirac 
equation: Semi-Core (5p) and Valence 

0.9 1 1.1 1.2
V/V0

0

10

20

30

40

50

E-
E 0 (m

R
y)

Semi-Core + Valence
Valence

V0=113.07 bohr3

E0=-38096.432099 Ry

S=4#J7#
4/4?32)"(#&24#
<4//#(47&2&34+#
>2)5#3=4#24(3#
)>#3=4#]&/4"?4#
&"+#?&"#14#
324&34+#,"#3=4#
?)24#Q<,3=#")#
,"342&?.)"#
<,3=#3=4#24(3#
)>#3=4#
]&/4"?4RB#
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#Au 5p treated with Dirac vs Scalar relativistic 

0.9 1 1.1 1.2 1.3
V/V0 

0

10

20

30

40

50

60

E-
E 0 (m

R
y)

Au SR semi-core+valence
Au SR valence only

V0 = 113.07 bohr3

E0(semi-core) = -38095.85298 Ry
E0(valence) = -38096.39783 Ry *,"?4#3=4#")"E

1)"+,"8#J7#(45,E
?)24#4/4?32)"(#+)#
")3#7&2.?,7&34#,"#
3=4#1,"+,"8#&(#
3=4#24(3#)>#3=4#
]&/4"?4;#324&."8#
3=45#(?&/&2#
24/&.],(.?&//9#
8,]4(#3=4#(&54#
422)2#>)2#&//#
])/654(B#
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#Au 5p: Dirac vs variational spin-orbit coupling 

0.8 0.9 1 1.1 1.2 1.3
V/V0

0

10

20

30

40

50

E-
E 0 (m

R
Y

)

Au SO semi-core + valence
Au SO valence only

E0(semi-core) = -38096.01234 Ry
E0(valence) = -38096.41614 Ry

V0 = 113.07 bohr3

X&2,&.)"&//9#&++,"8#
&#24/&.],(.?#
324&354"3#Q(7,"E
)21,3#?)67/,"8R#3)#
3=4#J7#4/4?32)"(#
+)4(#")3#5,5,?#3=4#
>6//#C,2&?#
324&354"3B#
#
S=4#(7,"E)21,3#
?)67/,"8#&5)"8#3=4#
J7#4/4?32)"(#,(#
(32)"8;#")3#&#(5&//#
7423621&.)";#&"+#
3=4#422)"4)6(#
14=&],)2#)>#3=4#
6"74236214+#1&(,(#
&3#3=4#"6?/4,#24(6/3(#
,"#&"#,"]&/,+#
324&354"3B#
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#Ce vs Th 
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#Th DOS 
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#Consequences for heavy elements 

U4/&.],(.?#4n4?3(#"44+#3)#14#,"?)27)2&34+#],&#3=4#C,2&?#4K6&.)"B#
#
P=4"#24/&.],(.?#(45,E?)24#4/4?32)"(#&24#7&2.?,7&."8#,"#3=4#1)"+,"8;#&"+#
3=6(#"44+#3)#14#324&34+#,"#3=4#]&/4"?4;#3=424#,(#")#<&9#&2)6"+#6(,"8#3=4#
C,2&?#4K6&.)"B#
#
!++,"8#C,2&?#7#/)?&/#)21,3&/(#3)#&#(?&/&2#24/&.],(.?#?&/?6/&.)";#&(#+)"4#,"#
()54#?)+4(;#5,8=3#<)2@#163#"44+(#3)#14#]&/,+&34+B##
#
*,57/9#245)],"8#3=4#(7,"E)21,3#?)67/,"8#)"#3=4#J7Y(;#&(#,(#+)"4#,"#()54#
)3=42#?)+4(;#,(#2,(@9B#
#
P4#?&"#]&/,+&34#+,n424"3#324&354"3(#&8&,"(3#C,2&?#24(6/3(#<,3=#3=4#U*a3#
?)+4B#
#
-)34N#!#?&"?4//&.)"#)>#422)2#,"#3=4#]&2,&.)"&/#(7,"E)21,3#?)67/,"8#
?&/?6/&.)"#5&@4(#3=4#am$#>6"?.)"&/#8,]4#x3=4#2,8=3#24(6/3YB#
#
P=,?=#/4&+(#6(#,"3)#3=4#"4Z3#3)7,?N#
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#Confinement physics 

Th Pa U Np Pu Am Cm Bk Cf Es

1.5

2.0

S w
s (

An
gs

tro
m

s)
5f

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

4f5d

!-Pu

J M Wills and Olle Eriksson, Phys. Rev. B 45, 13879 (1992)

5d transition metals

La    Hf   Ta   W   Re   Os    Ir   Pt   Au

actinides

rare earths

$Z742,54"3&/#4K6,/,12,65#])/654(B#

" 0C!^!%FJ^am$#<)2@#
24&()"&1/9#<4//#>)2#J+#
32&"(,.)"#543&/(#QEby^F#
y^zb#yR;#163;#?)"32&29#
3)#4Z742,54"3(;#8,]4#3=4#
(&54#7&2&1)/,?#324"+#
>)2#2&24#4&23=(#&"+#
&?.",+4(B#
#

" C,2&?#324&354"3#")3#
/,@4/9#3)#?=&"84#3=,(#
+2&5&.?&//9B#
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#Thorium AM05 results 
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Dirac  E0 = -53047.878944 Ry
SR      E0 = -53047.524218 Ry
SO      E0 = -53047.670192 Ry

V0 = 220.0 bohr3

0C!#
!%FJ#
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#Summary Thorium 

-)34N#am$#,(#8,],"8#Ly#3))#/&284#])/654#>)2#8)/+B#[4"42&//9#6"+421,"+,"8B#
cP=4"#am$#843(#3=4#2,8=3#4K6,/,12,65#])/654;#9)6#(=)6/+#843#(6(7,?,)6(fB#
*44"#/,@4#&"#,"+,?&.)"#3=&3#&#=912,+#>6"?.)"&/#)2#4Z&?3#4Z?=&"84#,(#"44+4+B##
:)"j"454"3#7=9(,?(d#
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#####?=&2&?342,v4(#=)<#5&"9#(611&"+(#
=&]4#144"#)??67,4+;#&"+#+43425,"4(#
3=4#/4]4/#)>#?)"j"454"3B#! 

µ = (" +
1
2
) 1
l2

! 

" j = ( j +
1
2
) 1
l2

! 

z 

! 

veff

! 

µ (" = 2.38)

! 

j = 0
! 

j =1
! 

j = 2

$"4289#)>#(611&"+(#

:=45,?&/#7)34".&/#

! 

"

Confinement error and Harmonic Oscillator 
model (HO) 

U4/&.]4#422)2(#)>#$Z#)>#3=4#Wi#8&(#
,"32)+6?4+#19#+,n424"3#>6"?.)"&/(B#
#

W&);#!25,4"3)#&"+#%&'(()"##
a=9(;#U4]B#m#.&;#MMJMFg#QbFMFRB#

Wi#5)+4/N#0)?&/,v4+#4/4?32)"#/4]4/(#,"#&#?)"."665B#
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#Electron localization function (ELF) 

! 

ELF =
1

1+ (D /Dh )
2

D = " #
1
8
|$n|2

n

Dh =
3
10
(3% 2)2 / 3n5 / 3

{N#@,"4.?#4"4289#+4"(,39#
"N#4/4?32)"#+4"(,39#
#

CN#@,"4.?#4"4289#4Z?4((#<,3=#
24(74?3#3)#&#1)()"#8&(B#
C=N#@,"4.?#4"4289#)>#&#6",>)25#
4/4?32)"#8&(B#

!BCB#m4?@4#&"+#oB#$B#$+84?)514;#OB#:=45B#a=9(B#/&;#JgHL#QMHHFR#

$0T#|#M^bN#6",>)25#4/4?32)"#8&(#/,@4#
$0T#|#MN#(32)"8#/)?&/,v&.)"##

mB#*,/],#&"+#!B#*&],";##-&3624#,0(;#pIg#QMHHGR#



!"
"#
$#
%
&'

((
)"

#Confinement error and ELF 
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~Z4Z&?3#
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#

Wi#(9(345(N#
-)34;#&//#>6"?.)"&/(#8,]4#3))#"48&.]4#
4Z?=&"84#4"4289#<=4"#$0T#,(#/&284B#
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#ELF in a ‘real’ system: CuO 
$0T#|#M^bN#6",>)25#4/4?32)"#8&(#/,@4#
$0T#|#MN#(32)"8#/)?&/,v&.)"##

:6iN#%)")?/,",?#(326?3624#)13&,"4+#<=4"#
(3&2."8#>2)5#3=4#4Z742,54"3&/#(326?3624##
<,3=#4&?=#+,54"(,)"#(?&/4+#19#gy#

i#

:6#

:6#

:6#

:6#

$0T#�#FBIg#

$0T#�#FBLL#

S=4#=,8=#$0T#248,)"(#&24#&2)6"+#3=4#)Z984"#&3)5(B#
P4#,+4".>9#3=4(4#&(#3=4#248,)"(#<=424#=912,+,v&.)"#
,"#()/,+#5&342,&/(#)??62B#
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Experimental structure of CuO 
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# #
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$ $$

% % %

% %

& &&

& &&

11 22

33 44

55 66

77 88

11 22

33 44

55 66

77 88

Β

! Cu y $ 1!4
" Cu y $ 3!4
# O y $ 1!2%u
$ O y $ u
% O y $ 1!2&u
& O y $ 1&u
! " spins

a

c

i# :6#

$Z742,54"3&/#/&Ä?4#7&2&54342(N#
&#s#GBpIgLÅ;#1#s#gBGbpp#Å;#?sJBMbII#Å#;Ç#s#HHBJGÉ;#6sFBGMIG#

U4?3&"86/&2#(=&74#)13&,"4+#>2)5#CTS#?&/?6/&.)"B#
&#s#GBFgHpÅ;#?^&sMBbg;#1^&sMBF;#Ç#s#HFÉ;#6sFBJ##
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DFT calculations of CuO structure 
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*)/,+#/,"4(N#jZ4+#])/654;#&"+#
>6//9#(326?3624#24/&Z4+#
?&/?6/&.)"(B#
#
C&(=4+#/,"4(N#(326?3624#,(#
24(32,?34+#3)#14#24?3&"86/&2#
<,3=##Ç#s#HFÉ;#1^&#s#M;##6sFBJB#

a24(4"3#>6"?.)"&/(#8,]4#(9(345&.?#422)2(#/4&+,"8#
3)#3))#/&284#4K6,/,12,65#])/654B##i"4#?&"#)13&,"#
3=4#4Z742,54"3&/#5)")?/,",?#(326?3624#>2)5#CTS#
?&/?6/&.)"#163#&3#3=4#<2)"8#])/654B##

*?&/4#sQX^XFRM^g##
XF#,(#3=4#/&Ä?4#])/654#)>#
3=4#4Z742,54"3&/#
(326?3624#

*326?3624(#<,3=#24/&.]4#+,54"(,)"(#
?/)(4#3)#3=4#4Z742,54"3&/#(326?3624#
&24#)13&,"4+#,"#3=4(4#7),"3(B#
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#Confinement error correction scheme 

i

:6#

:6#

:6#

:6#

$0T#�$0T?#

! 

s =
|"n |

2(3# 2)1/ 3n4 / 3

t =
$

(3/10)(3# 2)2 / 3n5 / 3

! 

z 2 =
1
2

W 18" ( 3
5

t # s2)2 s2
$ 

% & 
' 

( ) 

* = z 2(3
5

t
s2
#1)2

*QZR#,(#3=4#0&51423#P#>6"?.)"#

! 

"#x = [l#x
exact ($,z )]/[l#x

DFA ($,z )]%1 :)"j"454"3#422)2(#

U4/&.]4#422)2(#>2)5#+4"(,39#>6"?.)"&/#
&772)Z,5&.)"#QCT!R#12%345%67%89:5;N#

  

! 

"Ex
conf = d! r n(! r )

V (ELF>ELFc )
# $x

DFA (! r )"$x (
! r )

S)3&/#?)"j"454"3#422)2#?)224?.)"#
,"#4Z?=&"84#4"4289N#
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#Confinement error correction for CuO 
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$K6,/,12,65#(326?3624#=&(#144"#(=,`4+#3)#=&]4#(5&//42#
])/654#&`42#?)224?."8#3=4#?)"j"454"3#422)2(B##!%FJ#&"+#
am$#=&]4#&772)Z,5&34#(&54#/,"4#(=&74#&`42#3=4#?)224?.)"B#

:)224?.)"#,(#&77/,4+#3)#3=4#24?3&"86/&2#(326?3624#<,3=#
24(32,?.)"(#3=&3#?^&#s#MBbg;#1^&sM;#ÇsHFÉ;#6sFBJB#
$0T?sFBLL#,(#6(4+B#
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#Self consistency needed for, for example, Si 

!

!

!"#$

!"#"%

"

"#"%

"#$

!

!

!"#$

!"#"%

"

"#"%

"#$

U4/&.]4#+4"(,39#+,n424"?4#143<44"#am$#&"+#0C!#?&/?6/&.)"N##
Q"am$E"0C!R^"0C!#

$0T�FBIg#

$0T�FBIg#

C4"(,39#+,n424"?4#)13&,"4+#>2)5#+,n424"3#>6"?.)"&/(#&24#/&2842#
,"#*,#3=&"#,"#:6iB##
#
S=4#?)"j"454"3#422)2(#=&]4#3)#14#324&34+##
######################################################(4/>E?)"(,(34"3/9#>)2#*,B#

i# i#

*,# *,#

*,#

:6i# *,#
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Si from QMC 
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Si from QMC 
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#Subsystem functionals 

T2)5##
84"42&/#7627)(4#>6"?.)"&/(##

3)##
(74?,&/,v4+#>6"?.)"&/(#

C,],+4#,"3482&.)"#)]42#X##
,"3)#,"3482&.)"(#)]42#(61(9(345(#

A(4#(74?,&/,v4+#>6"?.)"&/(##
,"#3=4#+,n424"3#(61(9(345(#
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#Subsystem functionals 

$]429#(61(9(345#>6"?.)"&/#,(#+4(,8"4+#3)#
?&73624#&#(74?,j?#3974#)>#7=9(,?(;#&772)72,&34#
>)2#&#7&2.?6/&2#(61(9(345B#
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#

:4742/9#&"+#!/+42;#aU0#GJ;#Jpp#QMHIFRB#
#

l6&"365#%)"34#:&2/)#?&/?6/&.)"(#)>#3=4#82)6"+E(3&34#4"4289#)>#
6",>)25#4/4?32)"#8&(4(#Q5)+4/#(9(345(R#)>#+,n424"3#+4"(,.4(B#

#
%)(3#?)224/&.)"#>6"?.)"&/(#,"#6(4#3)+&9#&24#1&(4+#)"#3=4,2#+&3&B#

#
!00#0C!##?)224/&.)"#>6"?.)"&/(#,"#?)55)"#6(4#&24#1&(4+#)"#Qj'4+#

3)R#3=4,2#+&3&B##
#

Qm4>)24#MHIF;#>)2#4Z&57/4;#P,8"42##
?)224/&.)"#<&(#6(4+R#

LDA and Ceperly-Alder 

S)3&/#4"4289#Ñ#4"428,4(#>2)5#@")<"#>)256/&(#s#$Z?=&"84E?)224/&.)"#4"4289B#

T2)5#CTS#T2)5#*$#
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U4&/#
(9(345#

%)+4/N#
A",>)25#
[&(#

]4n#
µ"

0C!##
Q4Z?=&"84#&"+#?)224/&.)"R#

!((654#4&?=#7),"3#,"#3=4#24&/#
(9(345#?)"32,1634#3=4#&5)6"3#)>#
4Z?=&"84E?)224/&.)"#4"4289#&(#
<)6/+#&#6",>)25#4/4?32)"#8&(#<,3=#
3=4#(&54#+4"(,39B#
#
i1],)6(/9#4Z&?3#>)2#3=4#6",>)25#
4/4?32)"#8&(B#

m&(,?#?)"?473#&"+#j2(3#4Z7/,?,3#0C!#761/,(=4+#,"#MHpJ#
Qo)="#&"+#*=&5RB#

The LDA functional 
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U4&/#
(9(345#

%)+4/N#
A",>)25#
[&(#

$+84#248,)"(#V"342,)2#248,)"(#

%)+4/N#
!,29#[&(#

U4&/#
(9(345#

]4n#
µ"

0C!##
Q4Z?=&"84#&"+#?)224/&.)"R#

0![#)2#0!!#4Z?=&"84##
# Ö#0C!#?)224/&.)"#

V"3427)/&.)"#
S<)#?)"(3&"3(#Q)"4#,(###&1)]4;#)"4#,(#,"#,"3427)/&.)"#,"+4ZR##

&24#+43425,"4+#19#jÄ"8#3)#9,4/+#?)224?3#w4//,65#(62>&?4#4"428,4(B#

General functional from subsystem  
functionals: AM05, PRB 72, 085108 (2005) 
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GGA type functionals (blue) are one to three order of magnitudes faster 
to use than hybrids (red). AM05 has the same accuracy as hybrids for 
solids and thus enable accurate and fast DFT calculations of, for 
example, defects in semi-conductors. It also allows for the use of DFT-
MD as an accurate tool in EOS construction. 

Comparison of mean absolute errors (MAE) for properties of  20 
solids calculated with seven different functionals.  

%
!$

#QÅ
R#

%
!$

#Q[
a&
R#

!%FJ#&/()#72)]4(#3=&3#>&(3#!-C#&??62&34#,(#7)((,1/4B#

O:
a#
Mb
I;
#F
IG
LM
G#
Qb
FF
IR
#

AM05 is as accurate as a hybrid,  
but much faster 
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#What is next? 

S=4#?)"(326?.)"#)>#!%FJ#(=)<(#3=&3#3=4#(61(9(345#
>6"?.)"&/#(?=454#?&"#14#&#>26,Ü6/#<&9#)>#?)"(326?."8#
4Z?=&"84E?)224/&.)"#>6"?.)"&/(B#
#
P4#<&"3#3)#6(4#3=,(#(?=454#>)2#+4]4/)7,"8#&#84"42&/#
>6"?.)"&/#3=&3#?&"#&/()#8,]4#8))+#24(6/3(#>)2#()54#(9(345(#
3=&3#724(4"3/9#&]&,/&1/4#>6"?.)"&/(#=&]4#72)1/45(#<,3=N#
#
• #*9(345(#<,3=#x/)?&/,v4+Y#4/4?32)"(;#(6?=#&(#32&"(,.)"#543&/#
)Z,+4(#&"+#&?.",+4(B#

• #*9(345(#<=424#]&"#+42#P&&/(Y#>)2?4(#+)5,"&34#3=4#7=9(,?(B#
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#Subsystem Functional Scheme: 

*62>&?4#7=9(,?(N##
!,29#[&(#

V"342,)2#7=9(,?(N#
A",>)25#4/4?32)"#8&(#

V"3427)/&.)"#
V"+4ZN##
$0Tá#

Confinement physics: 
Harmonic oscillator gas   

! 

Exc = n(! r )
V" #xc (

! r ;[n]) dV

Dividing V into sub-regions where 
different subsystem functionals 
apply 

Specialized functionals 
in different subsystems 
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P=,/4#CTS#,(#]429#(6??4((>6/#>)2#5&"9#5&342,&/(#&"+#5&"9#
72)742.4(;#")3#&//#5&342,&/(#&"+#72)742.4(#&24#4K6&//9#<4//#324&34+#
<,3=#CTSB#S=,(#,(#3=4#?&(4#<,3=;#>)2#4Z&57/4;#4K6,/,12,65#72)742.4(#
)>#4Z7/)(,]4(B##
#
P4#=&]4#)"4#72)1/45N#
#
•  S=4#]&"#+42#P&&/(Y#>)2?4(#

We want to be able to do  
DFT based calculations for all materials 
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IF;FFF#7)24(#
-&")3)5)82&7=9N#bJ#"5#(/,?4(#

UBUB#P,Z)5#43#&/B#OB#%&342B#U4(B#bJ#QbFMFR#Mgpb##

The Future: Hydrocode simulations with explicit 
microstructure 

*,"8/4#?29(3&/#$K6&.)"#
)>#*3&34#"44+4+B#

$Z742,54"3&//9#+43425,"4+#
?)5763&.)"&/#5)+4/#)>#
5,?2)(326?3624#)>#
4Z7/)(,]4(B#
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atomic scale 

(100 nm)

!"#$%&#'(!

)*+',-%.

dislocation 

scale (!m)

grain scale 

(100 !m)

!
"#
$
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/
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$
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electronic 

scale (nm)

/01!%")$.

234562

component scale (cm)

7&'+8&,!

!"+8$!9'(#":

7&'+8&,!

9;$,-.8(*

/-.#"%'8-"+!

/*+',-%.

4<=$(-,$+8'#

/'8'

Bridges between Fundamental Law of  
Nature and Engineering 

S=4#&1,/,39#3)#742>)25#=,8=Ej+4/,39#?&/?6/&.)"(#,(#5)(3#
,57)23&"3#>)2#?&(4(#<=424#4Z742,54"3(#&24#
,57)((,1/4;#+&"842)6(;#&"+^)2#72)=,1,.]4/9#4Z74"(,]4#
3)#742>)25B#
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PETN: The bad news: Equilibrium 
structure 

<=2>?92@;% @%ABC% >D@% +988523%

0C!# IBHpM# FBLMF#

W*$# HBpH# FBLMI# 4(.5&34+#

am$# HBIII# FBLMI#

!%FJ# EEE# EEE# ")#1,"+,"8#

$Z742,54"3# HBgI# FBLMJ# &3#_bHIo#

0C!;#am$;#!%FJN#$"428,4(#
?&/?6/&34+#,"#&#82,+#)>#FBM#Å#
(7&?,"8#,"#&#&"+#FBFM#(7&?,"8#,"#
?^&;#4Z34"+,"8#&3#/4&(3#G#7),"3(#
)"#4&?=#(,+4#)>#5,",5&#Q!%FJ#
?)]42,"8#3=4#am$#5,",5&RB#
#
W*$N#m4?&6(4#)>#3=4#
?)5763&.)"&/#?)(3#)"/9#3=244#
4"428,4(#&24#?&/?6/&34+;#>2)5#
<=,?=#3=4#/&Ä?4#7&2&54342#,(#
4(.5&34+B#

• #0C!#()54.54(#8,]4(#8))+#
5,",565#163#>)2#3=4#<2)"8#
24&()"(;#&"+#")3#?)"(,(34"3/9B#

• #!%FJ#5,8=3#14#14'42#)n#
3=&"#)3=42#>6"?.)"&/(#(,"?4#,3#
?)"3&,"(#")#]&"#+42#P&&/(Y;#
")3#4]4"#>&6/39B#

E@2%:5F%G@@;HI%
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PETN:  
The good news: Intramolecular structure 

• #P4#=&]4#?&/?6/&34+#3=4#5)/4?6/4#
(326?3624#Q1)"+#/4"83=(#&"+#&"8/4(R#,"#
3=4#?29(3&/#4"],2)"54"3B#

• #T6"?.)"&/(#>)//)<#3=4#6(6&/#324"+(#163#
&//#8,]4#&#8))+#+4(?2,7.)"#?)57&24+#3)#
4Z742,54"3(B##

• #S=4#/&284#+,n424"?4(#,"#4K6,/,12,65#
])/654(#3=6(#(345#>2)5#3=4#7))2#
+4(?2,7.)"#)>#3=4#,"3425)/4?6/&2#]&"#
+42#P&&/(Y#1)"+(B#
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#Hugoniots: Circumvent problems at equilibrium 

*);#<4#@")<#!%FJ#+)4(#")3#,"?/6+4#&"9#]&"#+42#P&&/(Y#
>)2?4(#163#3=&3#,3#324&3(#?)5724((4+#5&'42#]429#&??62&34/9B#
#
V+4&N#A(4#4Z742,54"3&/#4K6,/,12,65#])/654#>)2#3=4#&51,4"3#
24>424"?4#163#6(4#3=4#3=4)24.?&/#724((624#&3#3=,(#])/654#
Q&"+#2))5#345742&3624R#&(#724((624#24>424"?4B#QS=,(#
543=)+)/)89#=&(#144"#6(4+#>)2#7)/9542(#14>)24N#!%FJ#
+)4(#")3#1,"+#&"9#)>#3=45B#W)<4]42;#3=4#4n4?3#,(#(5&//#,"#
3=4#7)/9542(;#3=&3#,(;#3=4#3=4)24.?&/#724((624#,(#(5&//RB#
#
$&(9#3)#5).]&34#3=,(#6(,"8#!%FJ;#163#=&2+42#<=4"#9)6#
=&]4#&#>6"?.)"&/#3=&3#8,]4(#&#>&6/39#5,",5&B#
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#Molecular Dynamics 

Specify 
atom 

positions 

Calculate 
forces 

Repeat 

Increment 
time 

Move atoms 
based on forces 

and time step 

M#

g#

G#

J#

b#

a$S-#

!+&734+#>2)5#(/,+4(#19#U9&"#P,Z)5;#*-0B##

CTSE%C#Q)2#&#!V%C#)2#l%CRN#T)2?4(#?&/?6/&34+#<,3=#CTSB#
:/&((,?&/#%CN#T)2?4(#?&/?6/&34+#<,3=#>)2?4#j4/+(#)2#7)34".&/(B#
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a2
4(
(6
24
#

X)/654#

a);X)#

aM;XM#

aEX#W68)",)3#U4/&.)"#

*=
)?
@#
X4

/)
?,
39
#

a&2.?/4#X4/)?,39#

A*E6a#W68)",)3#U4/&.)"#

A*#s#:(#z#*6a#

MBF#&#
MBF#X#

FBHJ#&#
FBIJ#X#

FBHF#&#
FBLb#X#

FBIJ#&#
FBpM#X#

o49#a),"3N#w657#?)"+,.)"(#&24#)"/9#]&/,+#)"#3=4#W68)",)3#

$#Ñ#$)#s#àQa#z#a)RQX)#E#XR#

!772)&?=#MN##
*43#X;#2&57#S;#&"+#()/]4#>)2#<=424#&1)]4#,(#3264B##
!772)&?=#bN##
*43#X;#26"#(4]42&/#S(;#j3#3)#aQSR#&"+#$QSR#&"+#()/]4B#

M#6",3#?4//#
V342&.]4#?)5724((,)"#

aMs#â)C6M#

â)C#s#âM#QC#Ñ#6MR#%&((#

%)54"365#

$"4289# UBWB#4K6&.)"#

a$S-;#X)#&3#gFFo#

Finding the Hugoniot State (P,T,E) for any V. 
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PETN  
DFT-MD calculated single crystal Hugoniot 
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JF=2:@K5N#bLLF#z#bBMHZ##QbFFH#!a*#*::%#a2)?44+,"8(R#
!5>92:%9F:5F%L3%39%$<MN$N#bJIFBJJz#bBbJMpM#Z#E#FBFFFMJJJHM#Zäb#

Epsilon CL-20  
DFT-MD calculated single crystal Hugoniot 
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Epsilon CL-20  
DFT-MD calculated single crystal Hugoniot Ñ##
d#&"+#?)57&2,()"#<,3=#[657Y(#C!:#4Z742,54"3( 

[657#O!a#MFG;#FIgJFH#QbFFIR#

JF=2:@K5N#bLLF#z#bBMHZ##QbFFH#!a*#*::%#a2)?44+,"8(R#

$Z742,54"3&/#])/654#)>#:0EbF#>2)5#-,4/(4"#43#&/;#S432&=4+2)"#JG#QMHHIR#
MMLHgEMMIMbB#abM^"#!sIBIJb;#msMbBJJp;#:sMgBgIp;#ÇsMFpBIbÉ#
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CTSE%C#W68)",)3#
CTSE%C#V()3=425#
[657#C!:;#bFMM#*::%#
m26"+&84#YMF#

T,3(N#g2+#i2+42#m,2?=E%62"&8=&"#
W68)",)3#######m)N#MgBLIGH;#m)YN#pBLGHGH#
V()3=425#######m)N#MgBGLgH;#m)YN#pBLLJJb#
[657#C!:####m)N#MMBbML;#m)YN#pBbMLG#

HNS  
DFT-MD calculated single crystal Hugoniot  
and Isotherm 
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HNS  
DFT-MD calculated single crystal Hugoniot 

CTSE%C###################################################
bLpMz#MBIJ#+7E#MBMbJ$EG#+7b####QãFsM#:]sMBgJR#
:SW#W-*#Qo42/49R##
bpJF#z#bBMJ+7E#MBLFb$EG#+7b ##ãFsb#:]sMBMb##

:SW#W-*EV#m26"+&84á##E�#bJFF#z#bBb+7#

P4#?&"#&"+#<,//#?&/?6/&34#:]#&"+#ã#

m26"+&84N#T,3#3)#*=4e4/+#^#[)]4&(#+&3&#?)51,"4+#<,3=#,"342E
82&"6/&2#(324((#54&(62454"3(#QbFMF#VC*RB# ##
[)]4&(^C&],4(N#j3(#3)#HMy#S%C#724((,"8(#!a*#*::%#bFFJ ##
#

#$Z742,54"3&/#])/654#>2)5#[42&2+#&"+#W&2+9;#!?3&#:29(3B#:G#QMHHIR#
MbIgEMbILB#%)")?/,",?#abM^?;#!sbbBgbp;#msJBJLFp;#:sMGBppL;#
ÇsMMFBFGÉ ##

!((654+#
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W-*EV#
Q:SW#áR#

ãFsMBF;#:]sMBgJ$zMM#

CTSE%C#
Q7E&/7=&R#

ãFsMBF;#:]sMBgJ$zMM#
#

W-*#
Qo42/49R#

ãFsbBF;#:]sMBMb$zMM#

Does it matter? 
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#Kinetic energy functionals 

$q"rsS(q"rz$4Z3q"rz$=&23244q"rz$Z?q"r#
#
#

%,",5,v4#<23#+4"(,39N#$$^$"#s#F#
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#Kinetic energy functionals 

:&/?6/&34#3=4#@,"4.?#4"4289#+4"(,39#% s#S(^X#>)2#&#6",>)25#4/4?32)"#8&(B#
:&/?6/&34#3=4#4/4?32)"#+4"(,39#"##>)2#&#6",>)25#4/4?32)"#8&(B#
#
$Z724((#S(#&(#&#>6"?.)"&/#)>#3=4#+4"(,39#";#S(q"rB#
#
S=,(#,(#3=4#S=)5&(ET425,#&772)Z,5&.)"#>)2#3=4#@,"4.?#4"4289B#

%ST#s#g^J#Qg&bRb^g#"J^g####
%A$[#s#@TJ^J^&b####

"A$[#s#@Tg^g^&b##
å#

S=,(#,(#?)224(7)"+,"8#3)#0C!#>)2#4Z?=&"84E?)224/&.)"#>6"?.)"&/(#
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Kinetic energy functional for surface 
system 

:&/?6/&34#3=4#@,"4.?#4"4289#+4"(,39#>)2#&#(62>&?4#(9(345#
:&/?6/&34#3=4#4/4?32)"#+4"(,39#>)2#&#(62>&?4#(9(345#
#
$Z724((#S(#&(#&#>6"?.)"&/#)>#3=4#+4"(,39#"#
#
S=,(#,(#&#(62>&?4#&772)Z,5&.)"#>)2#3=4#@,"4.?#4"4289B#

S=,(#,(#?)224(7)"+,"8#3)#0!!#&"+#0![#>)2#4Z?=&"84#>6"?.)"&/(B#

P4#?&"#4&(,/9#?&/?6/&34 % >)2#3=4#!,29#8&(B#P4#=&]4#"#>)2#&"#!,29#8&(B##
#

P4#"44+#3)#4Z724(( % &(#&#>6"?.)"#)>#"#&"+#,3(#+42,]&.]4(B#
#

a)((,1/9#<4#"44+#3)#6(4#&"#,"3427)/&.)"#,"+4Z#3)#,"3427)/&34#143<44"#ST#
&"+#!,29B#-44+#3)#24545142#3)#6(4#(&54#+4j",.)"#>)2#&//#(61(9(345(B#
#
X,3)(#43#&/#=&]4#5&+4#&#7&2&54342,v&.)"N#aU!#-(;#FJbJMM#QbFFFRB#
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Kinetic energy functional for confined 
systems 

:&/?6/&34#3=4#@,"4.?#4"4289#+4"(,39#>)2#&#?)"j"4+#(9(345#
:&/?6/&34#3=4#4/4?32)"#+4"(,39#>)2#&#?)"j"4+#(9(345#
#
$Z724((#S(#&(#&#>6"?.)"&/#)>#3=4#+4"(,39#"#
#
S=,(#,(#&#?)"j"4+#(9(345#&772)Z,5&.)"#>)2#3=4#@,"4.?#4"4289B#

P4#?&"#4&(,/9#?&/?6/&34 % >)2#3=4#W&25)",?#i(?,//&3)2#QWiR#8&(B#P4#=&]4#
"#>)2#&#Wi#8&(B##
#

P4#"44+#3)#4Z724(( % &(#&#>6"?.)"#)>#"#&"+#,3(#+42,]&.]4(B#
#

a)((,1/9#<4#"44+#3)#6(4#&"#,"3427)/&.)"#,"+4Z#3)#,"3427)/&34#143<44"#
Wi;#ST;#&"+#!,29B#-44+#3)#24545142#3)#6(4#(&54#+4j",.)"#>)2#&//#
(61(9(345(B#
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#Temperature 

S=424#,(#")#&++,.)"&/#72)1/45#3)#&++#345742&3624#3)#
3=,(#(?=454B#O6(3#)"4#5)24#7&2&54342#3)#&??)6"3#>)2#
,"#3=4#7&2&54342,v&.)"#72)?4+624B#



!"
"#
$#
%
&'

((
)"

#VASP PAW potentials: Standard (old) Kr 
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�5 5 E �Ry�

� 3�Π2

�Π

�Π2

Π
2

arctan�logaritmic derivative�

PAW Kr 07Sep2000AEM RWIGS � 2.50 bohr
��s�red�, p�blue�, d�green, local�, f�orange, local�, 4�pink, local�.

[2&9#+)'4+#/,"4N#gFF#o4/],"#
m/&?@#>6//#/,"4N#MLFFFF#o4/],"#
T425,#/4]4/(#>2)5#3264#?&/?6/&.)"(B#
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#PAW potentials: Still 8 electrons 
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arctan�logaritmic derivative�
PAW Kr 27Jan2010AEM RWIGS � 2.50 bohr
��s�red�, p�blue�, d�green�, f�orange, local�, 4�pink, local�.
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#PAW potentials: Now 18 electrons 
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arctan�logaritmic derivative�
PAW Kr18 v3 Feb2011AEM RWIGS � 2.00 bohr
��s�red�, p�blue�, d�green�, f�orange, local�, 4�pink, local�.
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#Summary 
•  S=4#<&25#+4"(4#5&'42#248,)"#7)(4(#&#7&2.?6/&2#?=&//4"84#<,3=#,3(#56/.36+4#
)>#7=&(4(#&"+#?)574."8#7=9(,?&/#72)?4((4(B#

•  $Z742,54"3(#&24#)>#/,5,34+#6(4>6/"4((#+64#3)#/,5,3&.)"(#,"#&??4((,1/4#
7&2&54342#(7&?4B#!??62&34#?)5763&.)"&/#3))/(#<)6/+#14#]&/6&1/4#
?)57/454"3(B#

•  $]4"#3=4#/&284(3#&"+#>&(34(3#?)576342#<,//#8,]4#6(#6(4/4((#24(6/3(#,>#3=4#
4K6&.)"(#,57/454"34+#&24#3=4#<2)"8#)"4(#)2#,>#3=4#?)5763&.)"&/#&772)&?=#
=&(#/,5,34+#&??62&?9B###

•  C4"(,39#T6"?.)"&/#S=4)29#=&(#3=4#7)34".&/#3)#72)],+4#6(#<,3=#3=4#84"42&//9#
&??62&34#&"+#>&(3#?)5763&.)"&/#3))/#<4#"44+B#

• P4#=&]4#,57/454"."8#3=4#CTSEC,2&?#4K6&.)"(#"44+4+#3)#+4(?2,14#&?.",+4#
5&342,&/(B#

• P4#&24#<)2@,"8#)"#&#84"42&/#>6"?.)"&/#3=&3#<)6/+#&//)<#6(#3)#,"?)27)2&34#3=4#
?)"j"454"3#7=9(,?(#)>#3=4#Wi#5)+4/#(9(345#,"#&#(4/>E?)"(,(34"3#<&9B#

•  S=4#(61(9(345#>6"?.)"&/(#(?=454#,(#&#72)5,(,"8#&772)&?=#&/()#>)2#@,"4.?#
4"4289#>6"?.)"&/(B#
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M4@2O%P9=%Q9F%P9=F%@R52?92S%
$E5&,/N#&45&'(\(&"+,&B8)]#

P41(,34#<,3=#761/,?&.)"(N#='7N^^<<<B?(B(&"+,&B8)]^_&45&'(^#


