"#$%&' ()1 *+$,&*%-).-&'().F'+.1)
1$01*'&0-)*'#)#&(&+*%)0"12.+$,-

- (1<$%'3FSH (-9 (/* ' %>$<(F$G(

3+$4*")5* "'&)

30."%*)6'+$,*7&"*%%$)3.2%,&",$)#&)3+.#&)89*' 7*:))
, &$-+$)<)6+*%=

>$0+.,$)(&93)*+)+ IFBY& " ()*+,-.*/(*%6(012.34'+5*+6$%8& ' (7(012.38.4%92./9: (;$:'+1$<-(=169<$>*%-(9-1%2 (2 @; (B=4CB=€D
+19$)8?2#.-)3%%6*1)6'+$, ="+ 06) @$'+,$)4",):1$",$:0*%6)A1=-&0-B):,&$-+$B)C* .* =) DE<)FGB)FHDG



+1$)-*(*)"4):1$)*#)%$'(+1)-0*%$-

length [m]
103 —
106 —
109 nano scale
T h=1 time [s]
| | | | |

| | | | |
10-15 10-12 10-° 10° 10-3



+1$)-*(*)"4):1$)*#)%$'(+1)-0*%$-

length [m]
103
106
109 nano scale
| h=1 et
| | | I I

| | | I I
o 107 109 106 103



+1$)-%(*)"4):1$)*#)%$' (+1)-0*%$-

length [m] thermodynamics
10-3 & finite elements

electra

109

1015 1012 109 106 103



size/duration

-&7%$)9-1)*00.,*0=

classical empirical methods

pair potentials
force Pel
shelFmo

pirical methods

ethods

accuracy



size/duration

-&7%$)9-1)*00.,*0=

classical empirical methods
pair potentials
force Pel
shell'mo

pirical methods

Hartree-Fo

ethods

accuracy



$H(1%398*%0.%*:""-J)K1*+B)K1=B)K1$'B)]



$H(1%398*%0.%*:""-J)K1*+B)K1=B)K1$'B)]

K1*+J-&1.%*+$)+1$)2,"2$,:$-)"4) *+$,&*%-).-&'()301,L#&'($,)*'#)
M*NK$%96)$/.*:™-)*"#)01$!&0%%)0"12"-&:")*- )+ 1$)< ) &'2.+)
&'(,$H&S+-



$H(1%398*%0.%*:""-J)K1*+B)K1=B)K1$'B)]

K1+ -&!.9%*+$)+1%$)2,"2%,:$-)"4)*+$,&*%-).-&'()301, L#&'($,)*'#)
M*NK$%%)$/.%:"-)*#)01$!&0%%6)0"12"-&: ") *-)+ 1$)*<')&'2.+)
&'(,SHES'+-

K1=J +1$=)*$)*00.*+$)*#9%H1$-"JE&" "1&>#'



$H(1%398*%0.%*:""-J)K1*+B)K1=B)K1$'B)]

K1+ -&!.9%*+$)+1%$)2,"2%,:$-)"4)*+$,&*%-).-&'()301, L#&'($,)*'#)
M*NK$%%)$/.%:"-)*#)01$!&0%%6)0"12"-&: ") *-)+ 1$)*<')&'2.+)
&'(,SHES'+-

K1=J +1%$=)*$)*00.,*+$)*'#%H1$-"IJ&"1&>#'
K1$J &4)0.,,$'+%=)*9*&%*?%3)*22,"N&!*:"-)I*0$)+1$)0*9%0.%* ")

5'$-1HI*#)+1$),$-.%046)5% 1% 258 #) ") 1$% &' (4.%),$-.%+-)0*)
2$)"2+*&'$#)K&+1)01$*2$,)I$+1"#-Q



$H(1%398*%0.%*:""-J)K1*+B)K1=B)K1$'B)]

K1+ -&!.9%*+$)+1%$)2,"2%,:$-)"4)*+$,&*%-).-&'()301, L#&'($,)*'#)
M*NK$%%)$/.%:"-)*#)01$!&0%%6)0"12"-&: ") *-)+ 1$)*<')&'2.+)
&'(,SHES'+-

K1=J +1%$=)*$)*00.,*+$)*'#%H1$-"IJ&"1&>#'
K1$J &4)0.,,$'+%=)*9*&%*?%3)*22,"N&!*:"-)I*0$)+1$)0*9%0.%* ")

5'$-1HI*#)+13),$-.%46)5% 1% 250 #) ") I$* &' (4.%),$-.%-+-) 0"
2$)"2+*&'$#H)K&+1)01$*2$,)1$+1"#-Q

-&1'%>1&(+12*+



*2)&'&:")-&!. %o*:"'-

o' (r,R;t) ( h 02 h* 02

| B . A
5 OM OR2  2m Or? 'V(r’R)>' (rRs?)



*)&'&:")-&!.%*: M-

O (T,R;t)_ - /512/ K2 H2 I | |
" Ot N ( }W 2m or?2 V(r,R) (I Rst)

M)<SJ)+1$)5",'<R22$'1$&!$,)*22,"N&!*:")

|12 | 2

o5+ V(LR) ! (fIR)= E(R)! (rIR)




*)&'&:")-&!.%*: M-

O (T,R;t)_ - /512/ K2 H2 I | |
" Ot N ( }W 2m or?2 V(r,R) (I Rst)

M)<SJ)+1$)5",'<R22$'1$&!$,)*22,"N&!*:")

|12 | 2

o5+ V(LR) ! (fIR)= E(R)! (rIR)

| E(R)
IR

MR =



HE'-8+=<4.'0:"*0)+1$",=

12 12
4 | . |
5+ V(,R) | (IR)= ER)! (r[R)
2 2 2
V(I‘,R): e ) Z; | Z e e 1

! +
2|RJ|I RJl |I'i! R|| 2|I‘i! I‘jl



HE'-8+=<4.'0:"*0)+1$",=

12 |2
|y | = |
> 172 V(r,R) (r[R) = E(R)! (r|R)
et 7,7 7, e? e? 1
V(r,R) = 2 =

! +
2|R,|I RJl |I'i! R|| 2|I’i! I'jl



HE'-8+=<4.'0:"*0)+1$",=

| - +V(r,R) ! (r[R)= E(R)! (r|[R)

e’ Z,Z; Z, e e’ N\ 1
V(r,R) = | ¥
R SRR ! R ZM
$ ST

e’ Z Z;
2 R " Ry

V(r,R)! + V(1)



HE'-8+=<4.'0:"*0)+1$",=

| - +V(r,R) ! (r[R)= E(R)! (r|[R)

e’ Z,Z; Z, e e’ N\ 1
V(r,R) = | ¥
R SRR ! R ZM
$ ST

3
V(rLR) ! S |R.ZI"ZJRJ| + V(1)
(= I"u(nP

\Y



HE'-8+=<4.'0:"*0)+1$",=

| - +V(r,R) ! (r[R)= E(R)! (r|[R)

e’ Z,Z; Z, e e’ N\ 1
V(r,R) = | ¥
R SRR ! R ZM
$ ST

e Z,7Z;
|
V(r,R). 5 |R| - RJ|+V[!](r)
U"1'<31*1) o
B/ *:m )= ["v(n]
|12 | 2

| —= +V[!](r) ()= A& ()

2m ! r?



4.'0:""*%-

4 )

Glf]:{f}—R

. J




examples:
Glf] =

G[f] =

G[f ]

4.'0:""*%-

4 )
Glf] :{f} —R
f(xo) g
| b
f 2(x)dx
1Y
f°(x)|?dx

a



4 )
examples: Glf]: {f}—R
GIf] = f(xo) g
b
G[f] = f 2(x)dx
ICL
b
G[f] = ' (x)[?dx

approximations:

4.'0:""*%-

Glf] ' o(fi,fz2,aaafy)

X1 X2



4.'0:""*%-

4 )

examples: Glf]: {f}—R
GIf] = f(xo) g

b
G[f] = f 2(x)dx

ICL

b
G[f] = ' (x)[?dx A f_

approximations: /

T
Iy

G
G

! g(f11f21ééé-fN) Xy Xo e X XN
I g(cy,cr,adacy)

fx) = ¢! o(x)



4.'0:""*90)#$,89%:9%-

| : dx O#'ZS
+ !
Glfo + !'f1] = Gl[fo] + ! T1(X) ; f(x) -




4.'0:""*%)#3$,&9*:9%-

G[fo+ !f1]= G[fo]+ ! f1(X) - dx + O !ZEI




4.'0:"*%)#3$,&9*:9%-

. ,, #
dx + |
G[f()"‘ 'f]_] — G[f0]+ | 1(X) f(X) .
'G 179
F(X)' o, h"f

S(¥! 2)]! GL/(¥)]
3G o _ i GLICA + o E
0 f(x) 110




$)V$/O/O! II< $ - )
1

| E(R)

MR="—"R

12 |2

I (r|R)
R) ! (r|R)= E(R)

' V(r,

! 2m ! r2 ’




+1$)VEN%!*"<TH="1*)+1%",$!

MR =1 !IIE;R)
!2 !2 ) |
st + V(LR) ! (1IR)= E(R)! (rR)
: |'q’!! | — Eg' | A
!I,E: 277




+1$)VEN%!*"<TH="1*)+1%",$!



+1$)VEN%!*"<TH="1*)+1%",$!
P!, = E !

=L ST AT T

" "
= (WL [Hy (W) + (O [HY @)+ (B [Hy 97



+1$)VEN%!*"<TH="1*)+1%",$!

P!, = E !

<‘I” Ho [Ty ) + (T [HY (W) + (0 [Hy O] )
= Ey (U7 [0y ) + (W [07])) + () [H{ W)



+1$)VEN%!*"<TH="1*)+1%",$!

P!, = E !

(W, |, [T, Y

I

RTE

= (W] [Hy [0) + (W) K] [0) + (2 [Hy [9])
= By (U] [0 ) + (0 [9])) + (0, [H{ [ W)

E,

(00 (HY)



+1$)VEN%!*"<TH="1*)+1%",$!

P!, = E !

|, |, Y

Uy [Hy W)+ (W [HY (@) + (0 [H [0
(U] W)+ (0 107 )) + (0 [H] )

!M+ (H/)

|
il ITI/\—



+1$)VEN%!*"<TH="1*)+1%",$!

9,1, = E !,

OFy

S = ([ )




+1$)VEN%!*"<TH="1*)+1%",$!

9,1, = E !,

Ex= min (U|H,|T)
AT pin (T



+1$)VEN%!*"<TH="1*)+1%",$!

@!!!:E!!!

Ex= min (U|H,|T)
CEIREY

g(A) = min G|z, A

X



+1$)VEN%!*"<TH="1*)+1%",$!

|'q)! | | — E! | !
Ey= min (U|H,|V
A {t: ):1}< ‘ A| >
| |
g(\) = min Gz, \ .S

X !



+1$)VEN%!*"<TH="1*)+1%",$!

|'q)! | | — E! | !
Ex= min (U|H,|T)
- ()=1}
Nep
g(\) = min G[z, \] >
X ' 'x:x(!)

T~

g(A) = Glz(A), Al



+1$)VEN%!*"<TH="1*)+1%",$!

|'q)! | | — E! | !
Ex= e i (VY
I
g(\) = min Gz, A > !I—G{ =0
' Xx=X(!)
‘/. ) "Gl
g(A) = Glz(A), A] - g(t)=x() o t




+1$)VEN%!*"<TH="1*)+1%",$!

|'CP|I | — EII !
Ex= e i (VY
4 IG' )
g(\) = min Gz, A - | — =0
/ L ;X(!) y
I I , : "G
g(A) = Glz(A), A] > g(1) = x ()& toa




V'"1$'?$,(<U"1")ST;

:_%Z'ﬂ 22|r — |+ZV



V'"1$'?$,(<U"1")ST;

7 | 2 | 2 1 e’ v
2m & !r§+2;|ri—rj|+; (ri)

1

E[V] = min( ©+ 1+ P
| " £
= min (! B+ W[ Y+ p(r)V(r)dr

E(r): N | (r,rz,éém)|2dr2ééérNj




V'"1$'?$,(<U"1")ST;

12 |

H=—
sz'!

2 1 62
— Vri

E[V] = min( ©+ 1+ P
| " £
= min { [+ W)Y+  p(r)V(r)dr

)\
E(r): N | (r,rz,éém)|2dr2ééérNj

2,"29%,:$-J ¥ E[V]is convex (requires some work to demonstrat
"E

V() (from Hellmann-Feynman)

¥ I(r)=




V'"1$'?$,(<U"1")ST;

7 | 2 | 2 1 e’ v
2m & !r§+2;|ri—rj|+; (ri)

1

E[V] = min( ©+ 1+ P
| " £
= min { [+ W)Y+  p(r)V(r)dr

)\
E(r): N | (r,rz,éém)|2dr2ééérNj

2,"29%,:$-J ¥ E[V]is convex (requires some work to demonstrat
"E
| = -
¥ 1(r) V() (from Hellmann-Feynman)

0"-$/.$'0%$-J e V(r)=!(r) (1st HK theorem)
e F[l|=E — /V(r)! (r)dr is the Legendre transform of E

+ E[V]=min [F ]+ / V(r)!(r)dr] (2nd HK theorem)



V'"1$'?$,(<U"1")ST;




U"1'<31*)ST;

Flp] = Tolp] + % / p|(rr)_,0(r1!"|) drdr’ + E . [p]



U"1'<31*)ST;

Flp] = Tolp] + % / p|(rr)_,0(r1!"|) drdr’ + E . [p]




U"1'<31*)ST;

L € o)
Pl =Told + 5 [ o et + Bl

vks [L1(r)

| "(r |

" (r) Ir! r'] " (r)



U"1'<31*)ST;

L € o)
Pl =Told + 5 [ o et + Bl

vks [L1(r)

T () ., 1Ex i

E ((r)) Fe I ey V(= ¢
| 2
A 1) GIRMOEEANG

r)= |"vO)PPHR ! W

Vv




SNOL*($<0",,$%*:")$'$,(=)4.'0:"*%-

» LDA (Kohn & Sham, 600s)
I

' " H
Exc['] = "xc 1(r) t(r)dr

» GGA (Becke, Perdewet al., 800s)
!

Excc= '(N"cea(t(r),|' 1()|) dr
» DFT+U (Anisimovet al., 900s)

Eprr +ul'] = Eprr + Un(n" 1)

» hybrids(Beckeet al., 900s)

Enyor = #E5 + (1" #)Eggat+ E°

» meta-GGA(Perdew, early 2KOs)
!

Emcea= ! (N#
" H
"maea (), [! ()], &(r) dr
19
$(r) = |1 2%(n)|°

2

» VdW (Langreth & Lundqvist, 2KOs)
!

L (D! (r)#
| vaw [11(r, r))drdr’

Evaw =

» aaa



U3)$/.*:""-)4,")4.'0:"*%)!&' &I & 7*:™

E[{!},R]= ! LI !(r)nzl (D gr v v(r, R dr +
’ 2m Y "2 |
e #)#r)

) TENE drdr + Eyc[#




U3)$/.*:""-)4,")4.'0:"*%)!&' &I & 7*:™

E v RI= 0 oDy v R dr+
| 2m Y "2 " |
& HOHT) . .

E(R)=min E[{!},R]
4 {r)
() y()dr = "y



U3)$/.*:""-)4,")4.'0:"*%)!&' &I & 7*:™

E v RI= 0 oDy v R dr+
| 2m Y "2 " |
& HOHT) . .

E(R):n{]!ir;'E[{!},R] E |
# | _» !'" lK(?) p— | VL " u(r)
L) y(r)dr ="y v oy




U3)$/.*:""-)4,")4.'0:"*%)!&' &I & 7*:™

E v RI= 0 oDy v R dr+
| 2m Y "2 " |
& HOHT) . .

E(R)=r?!ir;'E[{!},R] e !
# | » !... |K(?) — | vu ) U(r)
L) y(r)dr = "y v uv

| 2

| " 24 vks [PI(r) "v(r) = &" v(r)

2m



0698 ()+1$)U"1'<31H) S/ *:-

U(r) = D (i v)is (0

Lv(r) ! (v, )



0698 ()+1$)U"1'<31H) S/ *:-

| E
55 v u(r)

ON



0698 ()+1$)U"1'<31H) S/ *:-




0698 ()+1$)U"1'<31H) S/ *:-

'Eks

OIS
\ €i,v)="1  hks[c(i,j)ei,v)+

L vuc(l, V)



?7*-&-)-$1P/.&,$!$'+-



?7*-&-)-$1P/.&,$!$'+-

| (effective) completeness easily checked and systematically
Improved



?7*-&-)-$1P/.&,$!$'+-

| matrix elements easy to calculate and/or H! products easily
calculated on the Ry



?7*-&-)-$1P/.&,$!$'+-

| Hartree and XC potentials easy to represent and calculate



?7*-&-)-$1P/.&,$!$'+-

| orthogonality is a plus



+1$)5%"01)+13$",$!)W)2%*'$)K*9$-

&'X'&+$)0,=-+*%-

l&\
Y,

l (x+ L)=1(x)

| (x + @) =e™ @1 (x)
L (x) = €™ u(x)

Uk (X + @) = U (X)

u(X) = c(n)el T ¥
n



2%

O*

|$<

K*
93)7*
2*-&
)-$
+

| C
L (1)
| (J)"
i (r)
hQ

j(r) € —q E
— S —
\/7 -
q;-r
() 2m
J2<
~ L
ut



20H*'$<K*9P) ?*-&-)-$+-

()= i)

J

" _ 1 qI‘ h2 ,
! (r) ) ﬁel j %qj § ECUt
2$,&"#&O)?".'#*,:)O"'#&:m_

s

!(X+"):!(X)! G = o



20H*'$<K*9P) ?*-&-)-$+-

()= i)

J

" _ 1 qI‘ h2 ,
! (r) ) ﬁel j %qj § ECUt
2$,&"#&O)?".'#*,:)O"'#&:m_

s

!(X+"):!(X)! G = o

X|&+$)_:_+$!'))06); ))1))

o
|
P



20H*'$<K*9P) ?*-&-)-$+-

()= i)

J

1 ..
= ﬁelqj 5= = E cut

2$,&"#&O)?".'#*,:)O"'#&:m_

L (x+ ") =1 (x) !

X'&+%$)-=-+$!-)))§)3

%)

o
|
P

o e

| ‘\/
= a =




AY-J)2,"-)W)0"-



AY-J)2,"-)W)0"-

| approach to completeness easily and systematically checked
(IK+GJ|? < Ecut)



AY-J)2,"-)W)0"-

| approach to completeness easily and systematically checked
(IK+GJ|? < Ecut)

| basis set independent of nuclear positions (no Pulay forces)
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approach to completeness easily and systematically checked
(Ik+G|* < Ecut)

basis set independent of nuclear positions (no Pulay forces)
matrix elements and H! products easily calculated

density, Hartree, and XC potentials easily calculated
orthonormality

basis set depends on volume shape/size (Pulay stresses)

uniform spatial resolution (no core states!)
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Ateam at Lawrence Berkeley National Laboratories reported the discovery of elements 116 and 118 in June 1999.
The same team retracted the discovery in July 2001. The discovery of elements 113, 114, and 115 has been reported but not confirmed.
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Ateam at Lawrence Berkeley National Laboratories reported the discovery of elements 116 and 118 in June 1999.
The same team retracted the discovery in July 2001. The discovery of elements 113, 114, and 115 has been reported but not confirmed.
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Ateam at Lawrence Berkeley National Laboratories reported the discovery of elements 116 and 118 in June 1999.
The same team retracted the discovery in July 2001. The discovery of elements 113, 114, and 115 has been reported but not confirmed.
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