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!8! "#$%&'()*+,&'-./0123  

! "456'78&95:;)<=>?5&'@ABC,DEFG"#$%&

'(HIJK6'7HLM&'FENOG"458&9FP4#$QHRSG

T5UVFWX5Y&'@Z[\O],H^_N,DE`G"#$%&'(a

b,Kc&')dG#$e&95fg@hi\O],Hjk)G&'H&'5

l)dGmnGop qrstg@hiC,HRSuv_w_]Kxyd6'7

z#$Q{H|=>?5&'5E}G~�G�=>?5�'�w�,%���

H_,K�)G���_�F�,xHd��_]K\�\G�_;��adb

,@G����H\OG#$gDF��\Gx5&'l5stgF��\O\

�SvG=�5&'d�#$�&'(H\O�S,K����5"#$%&'

(5��r�[�XH\OG�#$�&'()*+,��r�[�X5 F¡

iCyvGxyd¢�)����5 Schrödinger£¤¥5�H_,K 

Hx¦@GWX5&'"="=F§¨��_]HIJ©ª@G��FW«)

C,K�'5¬­)®C,®¯°dG&'l5stgF��\±����5�

�r�[�X)²³_´µF¶S,zPauli5·¸6¹{Kº»H\OG"&')

®C,��r�[�XFi]OG&'5¬­)�C,®¯°F`¼½C,¾a

"#$%&'(5����5��r�[�XzSlater¿À¥{@�wy,K\�

,Á)G&'l5st-./0p dG����5 Hamiltonian)®C,ÂÃÄzÅ

[Ä{H\ORÆÇyG����5��r�[�XFi]O(È�5-./0

p @Å[É5RS£�wÊYÇy,KËÁ)GÅ[É5RS£HdÌ_,`5

5GÍ�&'ÎÏÐ5RS£adÑÒC,ÓÔÉ)ÕÖ× Hartree-Fock 5£¤¥

)4]OØÙ,K 

  

z8-1{�#$%&'(5����Ú#$gD��  

! <&'( Hamiltoniann F ˆ 
H GT5�[�XF! GÛÜÝF E  HC,HG

Schrodinger£¤¥dG 

! ! ! ! ! !  ˆ 
H ! = E! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(8-1-1) 

ab,K<&'( HamiltonianFÞ��)ß+vG 

!         

  

ˆ 
H = {!

!
2

2m
"

1
!

Ze
2

r
1

} +{!
!

2

2m
"

2
!

Ze
2

r
2

} +
e

2

r
12

!!!!!!! !!(8-1-2) 

ab;GàáÄd&'l5&'st-./01FâCKx5&'l5ãähi

dG�#$�&'()d_�å±`5aG�#$<&'()æÜ_Äab,K
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±ç\G��rèÎÏãähiF��\O],K�#$<&'(dË`éê_

�#$%&'(ab,Këì56'èíîradHe,  Li
+
,  Be

2+
,  B

3+
_ï@xy)

m±,KðñMò(ns)
25&'óôFP4 MgGCaGSr _ï56'GðXeò(4f)

25&

'óôFP4 Pr
3+` 1#$ 2&'(ab,K 

 

 

 

 

 

 

 

 

 

<&'( HamiltonianaG��rèÎÏãähi`RÆCyvG 

!

  

ˆ H = {!
!

2

2m
"

1
!

Ze
2

r
1

+#(r
1
)ˆ l 

1
$ ˆ s 

1
}+{!

!
2

2m
"

2
!

Ze
2

r
2

+#(r
2
)ˆ l 

2
$ ˆ s 

2
}+

e
2

r
12

!! !(8-1-3) 

H_,KxyF N&'()T5��õöCyvG 

! ! ! !

  

ˆ H = {!
!

2

2m
" i !

Ze2

ri

+#(ri)
ˆ l i $ ˆ s i}

i=1

N

% +
e2

rijj

N

%
i>

% ! ! ! ! ! ! ! ! (8-1-4) 

ab,K\�\G&'@%X5DEG÷ 8-1-2)øCùJ)G#$7&9H&'

5ú&ãähi!Ze
2
/ r
i
dûü6'5DE5ùJ)d�S_]K8'X(Z)ýÈ&

'X(N)ab,#°6'FRS±DEG"45&'@7�wþy±ÿô ri)b;G

xy>U5&'@75�!)byvG ri )b,&'�w7&9F^,H

{Z-(N-1)}e"+eH_,KY&'@"=ab,DEdG #$#5&') 

 

 

 

 

 

 

 

 

&'< 

p $ 

&'�G 

p $ 

r�< 

r< 

r� 

Ze 

÷ 8-1-1K�#$<&'( 

+Ze 
ri 

rj 

÷ 8-1-2Kr)%AC,Ü&7&9 
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ù,'(&»FRSGZ)(Z-s)H\OÜ&7&9X)Ó*\Oûü+6'èíî

rH\O,;�JKxyd�#$�&'(a-)ØÙ±K 

\�\_@wG".5&'FG/)7�w0]ÿô)b,Y&'5ùJ)d

�S_]K(8-1-4)5!Ze
2
/ r
i
aGZF�Xad_× Z(r)H\_+yv_w_]K1

åOG(8-1-4)FT5��,;�JxHd��_]K�±G%���F,;�J"

.�_23`mn4åO],K 

TxaG (8-1-4)5 HamiltonianFG�5ùJ_|45#ÔG0���5 ˆ 
H 

0
HG

xy)®C,Å[H\O5 ˆ 
H 

'

G)Ô5\ORS,K~�G 

! ! ! !

  

ˆ H 
0
= {!

!
2

2m
"

i
+V (r

i
)}

i=1

N

# ! ! ! ! ! ! ! ! ! ! ! ! ! ! !!!(8-1-5) 

! ! ! ! ˆ H 
'
=

e2

rijj

N

!
i>

N

! + ["
Ze2

ri

" V(ri)]
i=1

N

! + #(ri)li $ si

i

N

! ! ! ! ! ! !!!(8-1-6) 

0 ��� ˆ 
H 

0
5V(r

i
) = !Z (r)e

2
/ r

i
! dGri @6Ç]kdGV(r

i
) ! "Ze

2
/ r

i
ab,@G

ri@78×_,HG#°6'adV(r
i
) ! "e

2
/ r
i
! ab,ùJ_9®¯:;r<=

/z[>5?a@�;GAB)%A\_]:;r<=/{ab,H��C,K

x59®¯:;r<=/5��dG#$gD��(central-field approximation)HC

vy,Kx5��)ù;Gc&')®C, 0��� ˆ 
H 

0
FG�#$�&'(5 ˆ 

H )

DEORS,K 

!5 a^±ùJ)Gûü6'a5&'-./01dGFG'X n 5?%A\G

£ÿG'X l )d%A\_�å±KxydGV(r) = !Ze
2
/ rH]JæH_:;r

<=/)ù,K\�\G(8-1-5)a Zd r5�XH\OGV(r
i
) = !Z (r)e

2
/ r

i
F¡i

\±xH)ù;Gc&'5 0��� ˆ 
H 

0
5-./01ÛÜÝd(n, l))%AC,H

RS,K�#$�&'(5[>£¤¥z!1-4G!5{)d£ÿG'X@�¶\O

],�wab,K[>�XF R(r)=(1/r)P(r)H\OG[>£¤¥d 

! ! ! ! ! ! ! !
  

(!
!
2

2m
)
d
2
P

dr
2
+{V (r) +

l(l +1)!2

2mr
2

! E}P = 0 ! ! ! ! ! !(1-4-12) 

abå±K[>�X@R
n,l
(r) = (1/ r)P

n, l
(r )5ùJ)(n, l))%AC,xHdG!5-4

a^±Ò;ab,K\�\G V(r) = !Z(r)e
2
/ rH\±5aGE! E

n,l
H_,K 

! ! ! ! ! !
  

{(!
!
2

2m
)
d
2

dr
2
+ V(r ) +

l(l +1)!2

2mr
2
}P

n, l
(r) = E

n,l
P
n,l
(r)! ! ! ! ! (8-1-7) 

5�H\OGc&'5 0��� ˆ 
H 

0
5-./01ÛÜÝE

n,l
G[>�XP

n,l
(r )@@

,HRS,K�#$�&'(5AB£¤¥ (1-4-9))d V(r)dI�y_] 
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!"#$%&'()*%+Y
l ,m
(!," ),-%../01234#56789:; 0

<=> ˆ 
H 

0
%?@AB8CD4E#FGHF67I%JKLMNAB# 

! ! ! ! ! !
n, l,m,m s

(r," ,#,s
z
) = (1/ r )P

n,l
(r) $Y

l,m
(",#) $%

ms
(s

z
) ! ! ! ! ! ! (8-1-8) 

OPQR#$S",TUVWXOYZ4D;[\]:;1Y
l ,m
(!," )8CD4 

^_,`Da#bcABP
n,l
(r )8CD4,(8-1-7)%+[:;def;!"# 

ghi8TUVWXajklS4D;de,`D$[8mn1bcAB, 

! ! !
  

{(!
!
2

2m
)
d
2

dr
2
+ V(r ) +

l(l +1)!2

2mr
2
}P

n, l
(r) = E

n,l
P
n,l
(r)! ! ! ! ! ! ! ! !(8-1-7) 

O+D4Z"S;1R!R-%o8,#\]Rpq9rstLuvw V(r)Ex

"yz`"`D1 (8-1-7)O+!`D{|# (8-1-8)%56789:; 0<=> ˆ 
H 

0

89:;?@AB,#=>}`E%ef;1!

~b Hamiltonian,#!

! ! ! ˆ H 
'
=

e2

rijj

N

!
i>

N

! + ["
Ze2

ri

" V(ri)]
i=1

N

! + #(ri)
ˆ l i $ ˆ s i

i

N

! ! ! ! ! ! ! ! ! (8-1-6) 

ef3p!"# ˆ 
H 

'

8��;�F�#67��%~b#8�|#0 <=>��w

��?@�E
n,l
, L-S�8��R#l"8#���%JKL�MN���Q%~

b8�|#L-S �,���8��:;[�Z;1(8-1-6)% ˆ 
H 

'

8��;���#

[!Ze
2
/ r
i
! V(r

i
)]

i=1

N

" ,#&'8gA�ebcAB%�8��R4#~b��w�

�OF�8��l�;1�����8,gA�ef;%e#V(r)O��;$[O

 "`D{|#¡¢�g£R4R.0$[8`;1¤�%�Z(,#Slater-Condon

¥¦[§zS;1 Slater-Condon ¥¦,���¥¦(Multiplet Theory)[E§zS

;�08#¨©Rp 0<=>��w��?@�E
n,l
a67��8�| L-S�8�

�R#5 L-S �aJKL�MN���Q8�|l"8���8��:;[%ª

«!"#¬GH�67I%­7�®¯L%J°±²w³´µ�¶O�Z;1�

|·¸}8,#¹9¤ºe»|�¼;1 

! ¬GH�67I%67��w��89:;$%�Z(,#\] =>O½¾

¿À!ÁÂ`ÃE%%�08ÄZ;!ExS`D1R!R#³´ÅÆ[R4%

¿¬GH�67I%J°±²w�µ�¶ÃO.ÇÈ�ÉS#-%³´µ�¶O

�ÊR#ËF}`+ÌOÍZ;p�8ÎQlS4Ï4D;�Z(ef;1Ð`

;\]�=>e,`Ñ#³´µ�¶[%9ÒÓÔÕ)OÖp�ePQlS4D

;×Ø}`\]�=>ef;[¥+:;$[aÙÚef;1 
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!"#$ N%&'()*+,-./0"%&123,-./4567  

! ()*+48%&' Hamiltonian9: 

! ! !

  

ˆ H 
0
= {!

!
2

2m
1

"
1
! V(r

1
)}+{!

!
2

2m
2

"
2
! V (r

2
)} # ˆ H 

1
+ ˆ H 

2 !!!!!!! (8-1-9)  

;<4%&4()*+ Hamiltonian:123,-./:=4>?@:9)4AB

C.DEFGH4IJGK 

! ! ! ! ! ˆ 
H 

1
!

1
= "

1
!

1
,            ˆ 

H 
2
!

2
= "

2
!

2
! ! ! ! ! ! ! ! ! ! ! (8-1-10) 

=LMK"%&123,-./45N!
1
!
2
OE()*+48%&' Hamiltonian

N ˆ 
H 

0
OPQRSTGI:!

! !

ˆ H 
0
!

1
!

2
" ( ˆ H 

1
+ ˆ H 

2
)!

1
!

2
=!

2
ˆ H 

1
!

1
+!

1
ˆ H 

2
!

2

                                        =!
2
#

1
!

1
+!

1
#

2
!

2
= (#

1
+ #

2
)!

1
!

2

! ! ! (8-1-11) 

8UV4WX9:Y%&4 Hamiltonian9=4%&4,-./4ZEQRL:[

4%&4,-./E9QRLC\]IEAGK^UV4WX9(8-1-10)EAGK

;<4>?@9_CG/`FGab:cd4WeICGKfg:"%&123

,-./45N!
1
!
2
O9:()*+48%&' HamiltonianN ˆ 

H 
0
OPhiJ,-

./`Fj:=4>?@9:Y%&4"#$"%&'EklG>?@4m`F

GK 

no4pqPrjsTt:uv4"#$ N %&'4()*+123,-./

I>?@9:Y%&EwJG"#$"%&'Exyi123,-./I=4>

?@PR\M:)4ABEzlG: 

! ! ! ! ! ! ! =!
1
!

2
" " "  !

n
,            E = #

1
+ #

2
+ " " " + #

n
! ! ! ! ! ! (8-1-12) 

"#$ N %&'4()*+,-./ILM9:"%&123,-./45PR

\{t:>?@9"%&123,-./4>?@4_|mICj:]{`}\

ABE~�GKLaL:�/4%&u;u;P����C\I�Bp��:�

%&'4()*+4,-./E��C��P��:��ILM:"%&123

,-./4_|C59:uv�E9:�R`�C\]I��aGK 
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!8-2"#$%&'()*+,-(./01234560 

! 7-89:;<=->?(@A(,-(BCDE$7F.GHIJKLDM

NO>P(:<.Q(,-:RKS&(=-FTUVH23NO>PWXYZ<

[3:\>P(]^_<.Q,-;<TUVH<./:RKD`aKWL(`

abHcdeD<f,-g(#$%&;hi(jk>)*lmFnopZP>

qrs>_>PLDH>KW 

! tu(.Q,-(vw!xyvwDz{|vw"F<}A!
1
,   !

2
Dp<L(~

,-g(��F���#$%&F! ("
1
,  "

2
)D�KD<L(tu(,-F��H�

r�a���;! ("
2
,  "

1
)D�qKWtu(,-(F��H�r�aK��H��

�K��-F P
12
D�qs< 

! ! ! ! !  ! ! ! ! ("
2
,  "

1
) = P

12
! ("

1
,  "

2
)! ! ! ! ! ! ! ! ! ! ! ! (8-2-1) 

D>KWL(��Ft��qZ�as<�H�K^_< 

! P
12
! ("

2
,  "

1
) = P

12
{P

12
! ("

1
,  "

2
)} = (P

12
)

2
! ("

1
,  "

2
) =! ("

1
,  "

2
) !  ! ! ! (8-2-2) 

D>KW��(/�^_<(P
12

)
2
=1,  P

12
= ±1! :R�< 

! ! ! ! ! ! ! P
12
! ("

2
,  "

1
) = ±! ("

1
,  "

2
) ! ! ! ! ! ! ! ! ! ! ! ! ! (8-2-3) 

:>qrs>_>PWtu(,-F��H�r�aKLD;<����D�sr

KM<tu(,-(����H�pZ<�(tu(� MRKLDH>KW 

! ! ¡#$%&(¢ M4£(� ! ¤�¥V>(symmetric"#$%& 

! ! ¦#$%&(¢ M£§�K� ¤¨�¥V>(anti-symmetric"#$%& 

�¥V:RK^¨�¥V:RK^;<©(.Q,-(QªH«KLDM¬YZ

PKW=-;<­0-<®->?DD¯H<¦(¨�¥V#$%&F°uWL

r_;z{|7-&M±²&(,-:³´µ¶,-!Fermion)D�srKW¡(

�¥V#$%&F°u,-;<·->?:<²&(z{|7-&F°¸<¹º

»,-(Boson)D�srKW 

f=-g(#$%&;<~@(=-F��p�� H;©(¢ M£�K0

¼F°�½s>_>PW¦(,-(��H%pZ<¨�¥V>(anti-symmetric"

#$%&:RKWXYZ<! ("
2
,  "

1
) = #!("

1
,  "

2
):RK^_<̄ p<!

1
= !

2
>_<

! ("
1
,  "

2
) = 0D>_¾KF¿>PWLr;tu(,-M.À��FÁr>PLD

FÂÃ�KWL(0¼;<Pauli(ÄÅTUD�srKW 

! 1­ÆÇ=-g(È�ÉÊ(#$%&DpZ<Ë=-z{|#$%&(ÌF`

a�� <L(ÌM<ÍH<¨�¥V>#$%&:RKÎÏM>PWÐÑ>Ì

:;>e<�Ò�:R�a_rK�Ì(Ë�Ó �FÔPrs<¨�¥#$%
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!"#$%&'(%" Slater)*+,-&'(.)*+/01%23456. 1

789:;<.=>?@.ABC!/3D:;EFGABC!/01HI&(

J"KL&' 

! ! ! ! !  ! =
1

N!
 

"
a1

(#
1
) "

a1
(#

2
) $ "

a1
(#

N
)

"
a2

(#
1
) "

a2
(#

2
) $ "

a2
(#

N
)

$ $ $ $

"
aN

(#
1
) "

aN
(#

2
) $ "

aN
(#

N
)

! ! ! ! ! ! ! ! (8-2-4) 

M:;EFGABC!/NOP&QR;!.STU3a
i
= (n

i
,l
i
,m

i
,m

si
)3VWX&

Y."9Z-&[$3(.9Z.WX&M:;EFGABC!/\]^_H3

(%/9*`ab0cP&'dD*.9Z.WX&M:;EFGABC!]V3

eHfM.dD.:;gh!
1
iEFGghYjkl/mnP&'op3dq*]

V3dq.:;gh!
2
/3rrrr39*s.M:;EFGABC!]V39t

s.:;gh!
N
/mnP&'D:;EFGABC!.u.v*Vew, N!ab

-&[$3ABC!!.xyz.{]1/ N!.|!/}b&'(%, Slater)*

+"KL~"&' 

! ��.:;/��P&(JV3(.)*+,3��.*/��P&(J]X

&[$3)*+V�.)*+](-1)/�b�Y.JX�3��"�zP&'��3

456�"���H1&'��3(.)*+,3 a
i
= (n

i
,l
i
,m

i
,m

si
) J

aj = (nj ,lj ,mj ,ms j
)"fM,-&X$3(%V��.M:;EFGABC!"fM

,-&(J/c�P&'��3��.)"fM,-&[$3)*+.�V=J

X&'(%V Pauli.����]5�P&' 

��)*J(.��)*/�#�J�3��.)*+V ¡1[$3~¢.

Slater)*+V(%/��¡�Y.,Y£1' 

! ! ! ! ! ! ! =
1

N!
 

"
a1

(#
1
) "

a2
(#

1
) $ "

aN
(#

1
)

"
a1

(#
2
) "

a2
(#

2
) $ "

aN
(#

2
)

$ $ $ $

"
a1

(#
N

) "
a2

(#
N

) $ "
aN

(#
N

)

! ! ! ! ! ! ! (8-2-4’) 

! 9¤q.¥�/�#%23!  

! ! ! !  ! ! !

! =
1

2
 
"

a1
(#

1
) "

a1
(#

2
)

"
a2

(#
1
) "

a2
(#

2
)

   =
1

2
{"

a1
(#

1
)"

a2
(#

2
) $"

a1
(#

2
)"

a2
(#

1
)}

! ! ! ! ! ! (8-2-5) 



 145 

!"#$ !
1
"  !

2
%&'()*+&',%!-.&'/%!01 2(3456

%0"#$75.a
1
= a

2
89:+;89#$(8-2-4)!(8-2-4’)<=>?@!6A#$!

@%BC0.DEFDGHI%J89#DGHKLMNOPQ(R?S.Slater

)TU(V:+.Pauli %WXYZ([\]#;^_`%DEFaGHINOP

Q<bc:#$ 

! de%GH<f0ghiKLMjkl(mn!]:+.!( s
z1

) = 1,  ! (s
z2

) = 18

9o.pqrs-
  
!

a1
(
! 
r ),   !

a2
(
! 
r )!t4+.@%uGHI%NOPQ-. 

! ! ! ! !

  

! =
1

2
"( s

z1
)" (s

z2
){#

a1
(
! 
r 
1
)#

a2
(
! 
r 
2
) $#

a1
(
! 
r 
2
)#

a2
(
! 
r 
1
)}

   =
1

2
{#

a1
(
! 
r 
1
)#

a2
(
! 
r 

2
) $#

a1
(
! 
r 
2
)#

a2
(
! 
r 
1
)}

 ! ! ! ! (8-2-6) 

89#$(8-2-6)8.6>
  

! 
r 
1
=
! 
r 
2
89#"c.NOPQ%v-;!"#$@:-.

wx<yhiKLMjzl(mn{|86}~��!"#$KLM<}~89

:+.pqrsPQ<�"�S?S6.}DKLM%GH<}~{�0���

:#��-;89#@!(��]#$;^_`%2EFaGHINOPQ%�

���0B�S.pqrsPQ<�"�S?S6.�)KLM%GH-��0

�_>"?$@:-.2EFaGHI%;^_`NOPQ0�]#�i"��

89#$@%��-.;^_`8-��>S?#GHq%�������(�

�>5 0¡¢�>.��!>S.£QGH%KLM¤¥<.GH�����

��%¦§�8.2EFaGHI%GH�����0¨©]#$@%ª«(^

¬8�*#$ 

!  (8-2-4)­(8-2-4’)% Slater)TU-.&'0B#®¯%°�­ Pauli%WXYZ

(±�0²]0-³´89#$>µ>.¶ %·R0-.)TU%¸¹º%»

<¼|<½?$@%¾6^¬8¿À#$ 
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!8-3"1#$%&'()*&'+,-./  

&'0)12+,-./ 345678 Hamiltonian9:;<=>?@ABCD

E;<FGHA4I#$J&'( HamiltonianK4 

! ! ! ! ! !

  

ˆ H = {!
!

2

2m
" i + V (ri )}+

e2

rijj

N

#
i>

#
i=1

N

# ! ! ! ! ! ! ! ! (8-3-1) 

?L<FMN)OP5678 HamiltonianQ4MR)OP&'0)12+,-.

/ QS<FrijKTUQSV rijWrjiQS<F*XQ NY)&'PSZ[4\)#Q

K N(N-1)/2Y)]L<:PD^_Z<F`abK N(N-1)/2)]L< rij3cd<

\?3ef;<FN=2 )gh!i&'(") rijK 1 YQS<F@[@[4`j

)k)lm)Nd)njKop@A!i>j)b"?@AqrsZ<P4\\QK4

(A8-3-1))tl9uvwxy9r;F 

znOK4nj){|&')}~��)�P��;<��')bQS<F\

Z_Kn&'��'!one-electron operator"?�[Z<F 

! ! ! ! ! ! !
  

ˆ f i ={!
!

2

2m
" i + V(ri )}! ! ! ! ! ! ! ! ! ! ! ! ! (8-3-2) 

z`OK`&'��'!two-electron operator"?�[Z4 

! ! ! ! ! ! ! ! ˆ g ij = ˆ g (ri ,rj ) =
e2

rij

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (8-3-3) 

?��F\)tlLqr�3�l?4(8-3-1)K6)tl9L<F 

! ! ! ! ! ! ! ! ˆ H = ˆ f i + ˆ g ij
j

N

!
i>

!
i=1

N

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (8-3-1’) 

�>��?@AK45678)�9D^� Slater���3�)BB�lFGH

A4n#$%&'()*&'+,-./ 4�m4()*&'+,-./ )��

�!���"K46)tl9��<F 

! E = ! ! "* ˆ H "d#
1
d#

2
! ! ! d#N$$$ = ! ! "* [ ˆ f i + ˆ g ij

i> j

N

%%
i=1

N

% ]"d#
1
d#

2
! ! ! d#N$$$   

     = ! ˆ f i !
i=1

N

" + ! ˆ g ij !
j

N

"
i>

"                ! ! ! ! ! ! ! ! (8-3-4) 

\ZP�)tlLef3�j�3D^<)P��)�wQS<F ¡w9K4

I&'��'4i&'��'?�>��!Slater���"?)¢£¤¥¦)§¨

3D^<F 
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!"#$%&$'()*+,-  

"#$%&$'()*. ,/0123456'789:;< ! ˆ f i ! =>?@

A4#$ i 'BCDE!
i
3,FG3DEH3I1'H4 ˆ f j' ! ˆ f j ! /JK1<

LM3INOP!QIRS-H:;94TU356'VWH:;<,FDE!
i
'

XYOZ=X[\/! j/D?;<]83^'__`a;<KPK4bcDE=

d0'#$/efL`3ghMI1Pi4! j'XYOZ3!
i
/D?2jPklI

iI1<]83bcH:;Pi4 ! ˆ f i ! = !' ˆ f j !' ! H:;<@OK4!'3

!i "! j'mMn?G' SlateropqH:;<d0'o=mMn?@Pi!' = "!

H:;94()*+,FK@RS/3rsKI1Pi4 

! ˆ f i ! = ! ˆ f j ! 9tua;<v/4(A8-3-4)'"#$%&$'w34 

! ! ! ! ! ! ! ! ! ˆ f i !
i=1

N

" = N ! ˆ f 
1
! ! ! ! ! ! ! ! ! ! ! ! (8-3-5) 

`I;<xy'z{|3(1}N)'~'"0H:Ml�H��1<|3^'��`

K2�NH:;/a�I1L`/��<(8-3-5)�y'BCDE�3()*. ,=

�;YH:;Pi��9:;94xy3()*. ,=��@GH:;Pi4B

CDE�3��9��I�21;�H:;< 

! LM=�/��\/���a/34����'���EH:; Slateropq=4

�'�f/4�� H�¡K2j1@¢9£¤9�1< 

! ! ! =
1

N!
 

"
a1

(#
1
) "

a1
(#

2
) $ "

a1
(#

N
)

"
a2

(#
1
) "

a2
(#

2
) $ "

a2
(#

N
)

$ $ $ $

"
aN

(#
1
) "

aN
(#

2
) $ "

aN
(#

N
)

! ! ! ! ! ! ! !  

! ! ! = (N!)
!1 / 2

(!1)
P

P

" #
k1
($
1
)#

k2
($
2
) % % %#

kN
($

N
) ! ! ! ! ! ! ! ! ! (8-2-6) 

LLH4k
i
3(a1,a2, ! ! !, aN )'f¥'�MP"0H4(a1,a2, ! ! !, aN )=¦§n?@"0

RS9(k1,k2 , ! ! !,kN )H:;<�� '(¨©ª«�E',34#$BC¬!
i
­'

®/¯#$'|#$(¨©ª«�E=¦§@'�'H4P34 

! ! ! ! ! P =
!
1

!
2

k
1

k
2

" " " !
N

" " " k
N

# 

$ 
% & 

' 
( =

1 2

k
1

k
2

" " " N

" " " k
N

# 

$ 
% & 

' 
 

'�f/4!°$E'±²-'®p= 1 2 ! ! ! N( )" k
1

k
2

! ! ! k
N

( )/D?;

³�=�a<D�hM@®p9´Eµ'¶·H]¡H�;A3(-1)
P
=+14¸Eµ

H:;A3(-1)
P
=-1 H:;<!°$E'±²-'¹2'®p N!'º¤/012^
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!"#$%&'()*+,-(./!0123%& 

! (8-2-6)# (8-3-5)4567%89 

! ! ˆ f i !
i=1

N

" =
1

(N #1)!
(#1)

P+P'

P'

"
P

" $ k1
(1)$ k2

(2) % % % ˆ f 
1
$ k ' 1

(1)$ k' 2
(2) % % % ! ! (8-2-7) 

8:%&5;! ˆ f 
1
4<=7%!)!

k1
(1)>?29!

k1
(1)!@ABCDEF9GH

4!
k1
(1)IJK8LM)N9O(PQ8:%&RS9N4:F:KT4)9U:

V8Wk
1
= k'

1
2:?(P:F:K&X!!

k i
(i)) ˆ f 

1
4<=YZ9!

k ' i
(i)#[\?

]9^_`ab#<%I9'(F!@ABCDEF9k
i
= k '

i
:FQ23%I9

k
i
! k '

i
:FN8:%&cd]9  0 4:F:K!) (k

1
k
2

! ! ! k
N
) e

k'
1

k'
2

! ! ! k'
N

( )!fg4hF(%&'()ijk+Ilmn`o8pmqr

soH43%'8#tu7%& PeP’!fg23%EF9vwx23d]W9

ywx23d]W9(-1)
P+P’

=(-1)
2P

=+123%&LM8z] ! k1
(1) ˆ f 

1
! k1

(1) !{I

|%&cd](8-2-7))9 

! ! ˆ f i !
i=1

N

" =
1

(N #1)!
(#1)

2P

P

" $ k1
(1) ˆ f 

1
$ k1

(1) =
1

(N #1)!
k

1
ˆ f k

1

P

" ! ! (8-2-8) 

#8:%&}\! k1 I~�F(��9X!����!�{�k�!��:k+

(k
2

k
3

! ! ! k
N
))(N-1)!��3�9�) k1 !���!�K>?I|%&�49 

(A8-2-8)!��!�P4�7%"���(N-1)!�mk�4�7%"o�4:%&RS 

! ! ! ! ! ! ! ˆ f i !
i=1

N

" = k
1

ˆ f k
1

k
1

" = i ˆ f i
i

N

" ! ! ! ! ! ! ! ! ! ! (8-2-8’) 

8:%& 

 

�������!^_`ab�  

������4�7%^_`ab ! ˆ g ij !
j

N

"
i>

" 4\K]W9}�����^_

`ab4\K]!��:D�� ! ˆ f i !
i=1

N

" = N ! ˆ f 
1
!  (8-3-5)94��7%W!

I�F(%& ! ˆ g ij ! # ���9¡¢£�(!i ,  ! j)!�{(i,j))9^_`ab#

¤¥%¦!b§£�>EF9¤¥�LM4)£�8z])|d]K:K&

! ˆ f i ! # ���8ij¨©49¡¢£�(i,j)#(k,l)4ª«¬4£­7%'8)9

Slater *+,!+!Cx#®¯*©'84:%&cd]9ª°Cx±�! Slater

*+,!�²)9!' = ("1)
2
! = !23%&�49 
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! ! ! ! ! ! ! ! ˆ g ij ! = !' ˆ g kl !' = ! ˆ g kl !  

!"#$ ˆ g ij = ˆ g ji  !"#%&'()*+,-.#/01234(i,j)5 N(N-1)/26

"#78, 

! ! ! ! ! ! ! ! ! ˆ g ij !
j

N

"
i>

" =
1

2
N(N # 1) ! ˆ g 

12
! ! ! ! ! ! ! ! (8-3-10) 

&.#$ ˆ g 
12
3(1,2)345(i,j)39:!,;3/01243<=&*+>?!"

#'@A.B$(8-3-5)! i=1&*C3&DEFG!"#$9HIJKI'4L#

(8-3-5)M,NHIJKI'4L#(8-3-10)M,6OHI5PO!Q.B%&'R

SL#TU!"V,HI3WXYZ[(exchange! degeneration)\]=^*+B#$

W_O!Q.B3`78,aDE'bc#\&dce,W9HIJKI3f3g

hijk59:39HIJKI3ghijk3 Nl!"#\&7,WNHIJK

I3f3ghijk59:3NHIJKI3ghijk3 N(N-1)/2 l!"#\

.m,W9bno.pq\MFr!Q#!"st$XYZ[uWnov\3wS

!"#$ 

! xy5W_O!Q.BHI\3/012'zL#{*!"|Cu,%}78

3~�5W_O!Q#�I23��\]��'*+��$9:3 Slater���]

��'*+B#3!,W/0123��\&W�I23��\5�}M N6!D

E!"#$*7*,WPO!Q#7mt7\'z*+5��5��-.#78,

��*.B�t'$ 

! (8-3-10)' Slater���3���(8-2-6)]<�L}e, 

! ˆ g ij !
j

N

"
i>

" =
1

2
N(N # 1) ! ˆ g 

12
!  

! ! =
1

2(N ! 2)!
(!1)

P+P'

P'

"
P

" # k1
(1)# k2

(2)# k 3
(3) $ $ $ ˆ g 

12
# k ' 1

(1)# k' 2
(2)# k' 3

(3) $ $ $  

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (8-3-11) 

&.#$�ghijk]b}e,̂  g 
12
'��L#35,��3�i!5!

k1
(1),!

k 2
(2),

��3� ¡!5!
k ' 1
(1),!

k' 2
(2)!"#$¢.�&M,4£L#W�I23��\

u��'¤B¥V,¦§, 

! ! ! ! ! ! ! (k
1
,k
2
) = (k'

1
,k'

2
) ! ¨5,  (k

1
,k

2
) = (k'

2
,k'

1
)  

!.B&,9HIg©ª«¬z23­®¯Xp78,%3ghijk5°&.

#$±V3²³':B+5,��!´�u9µ*+B#¶,¦§ 

(k
3
,k
4
,! ! !,k

N
) = (k'

3
,k'

4
,! ! !,k'

N
)! !"#¶5,9HIg©ª«¬z23­®¯Xp
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!"#$%"&'()*+,-./012!2#34567289:9;<;

:01=>8#<;:":9'()*+,# 

! k
n
= k'

n
,     n ! 3! &?@&A.# 

(a) k '
1
= k

1
,    k'

2
= k

2
  BCD&345EFG67H0IJKPLP’M.# 

                    (!1)
P+P'

= (!1)
2P
= +1./0IJ# 

(b) k '
1
= k

2
,    k'

2
= k

1
   : CN&34KPM.k

1
,k

2
 &OPQ%RSTU&5 P’ 

                    ./0IJ.# 

! ! ! ! ! ! ! ! ! ! (!1)
P+P'

= (!1)
P

" (!1)
P'
= (!1)

P

" (!1)
P+1

= !1./0IJ# 

GV"%01=>8#(8-3-11)DW,# 

1

2(N ! 2)!
(!1)

P+P'

P'

"
P

" # k1
(1)# k2

(2)# k3
(3) $ $ $ ˆ g 

12
# k' 1

(1)# k' 2
(2)# k' 3

(3) $ $ $  

! =
1

2(N ! 2)!
[ " k1

(1)" k2
(2) ˆ g 

12
" k1

(1)" k 2
(2) !

P

# " k1
(1)" k2

(2) ˆ g 
12
"k 2

(1)" k1
(2) ]  

(a) ,X6Y# (b),XZYG:>8901$&DW&['()*+G,#

k
n
= k'

n
,   n ! 3! &?@5\98901$%"(N-2)]&^_`#34,(N-2)!

abcd/01eT#k
1
,k

2
 &^_`U 2ab/0&.#PGfH0g,#2(N-2)!

&hiPjk1lG#(8-3-11)DW&
1

2(N ! 2)! P

" m no:0k
1
,k

2
 &'()

*+&gp=
j

N

!
i>

! ;:01qr# 

! ˆ g ij !
j

N

"
i>

" = [ # ki
(1)# k j

(2) ˆ g 
12
# ki

(1)# k j
(2) $ # k i

(1)# k j
(2) ˆ g 

12
# k j

(1)# k i
(2) ]

j

N

"
i>

"

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (8-3-12) 

./01DWG/0stu&'()v +P#w&xy:z{|.}~28��

;��./01 

! ! ! a b ˆ g c d ! " a * (#i )"b * (# j ) ˆ g (#i ,#j )" c(#i)" d (# j)d#id# j$$ ! ! ! ! (8-3-13) 

a,b,c,d ,F86�i��f�P}H1�28#$&+���,#

!i = (ri ," i ,# i ,szi ),  ! j = (rj ," j ,# j ,szj )&�]./01'����GfH0+�,g.

���S0!"#Zk&'����GfH0g;�������GfH0+�

;:01 (8-3-12)DW&X6&'()*+,#a b ˆ g a b G��2#a b ˆ g a b = Jab

;�98#n�*��+�(Coulomb integral)p#n��+�(Direct integral)p#n�
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!"#$%&'(!)*+,-./01.23456789:;!<=5a b ˆ g b a

2>?@/01AB=CDEFGHI4JK8LM/+B5 a b ˆ g b a = Kab*N

O4P5QHI<R(Exchange integral))5QHI%&'(!)*+,-./0ST

UVL=5 a b ˆ g a b = Jab > 0, ! a b ˆ g b a = Kab > 0! LM/01.B8WX2Y

ZP=5[J\2]^/0 

! 18_O`GaZ/*5 

! ! ! Qbc/k
1
,k

2
 89:;!<8d)e [ i j ˆ g i j ! i j ˆ g j i ]

j

N

"
i>

" !  

2c/0fA5 

! ! ! ! ! ! ! ˆ g ij !
j

N

"
i>

" = [ i j ˆ g i j # i j ˆ g j i ]
j

N

"
i>

" ! ! ! ! ! ! ! (8-3-14) 

*gh-iZ0jkl8(i, j)=9:;!<Gm/nLM/+B5opqF(i, j)G

WX@/04+45rkl=59:;!<GmsJtuLM/+B5(8-3-13)8

vw+BKx/yz25S{|9}#~�EF8;�'�S�8�|F8��

��*4P8(ki , kj) = (i, j)GWX4PZ/0��=WX�bc/+B�W0 
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!"#$%&'()&*+,-  

! ./01* 0234*5678'9:Slater;<=>?@ABC*D/0EF

0GH/0EF0*IJKL &MNGO/0PQRSTUVW(8-3-4)X 

! ! ! E = ! ! "* ˆ H "d#
1
d#

2
! ! ! d#

N$$$ = ! ˆ f i !
i=1

N

" + ! ˆ g ij !
j

N

"
i>

"     

!         = i ˆ f i
i

N

! + [ i j ˆ g i j " i j ˆ g j i ]
j

N

!
i>

! ! ! ! ! ! ! ! ! ! (8-3-15) 

'YZ[9M9G\]X^_`abcdeZfg`Yh:9ihA[\]N*

jk>lmZ`n9G!o_pqr-aY@st`umZ[ 

v\wG./01* 0 234*5678'9:GD/0xy78*()&>

z{9ABC'+,9:|Z[D/0xy78*()&X./01* 0 234

5678'9:X}~�'9:G�?9Y@\'`9A[9M9G(A8-3-15)*

jk>lmZ�`G\]'+�:|Z[D/0xy78*()&X&78

UProduct functionsW'��]Z[D�GD/0xy78* Slater ;<=X

Determinant functions'MG"#$%&78(Ant symmetric product functions) '�

�]Z[ 

���./01 0 2345678'9:&78>z{9ABC*D/0EF

0*IJKL &XGSlater;<=`+�XZM`b(`��N]Z� 

! ! ! ˆ f i !
i=1

N

" = #
1
($

1
)#

2
($

2
) % % % ˆ f i #1

($
1
)#

2
($

2
) % % %

i=1

N

"  

! ! ! ! ! ! ! = ! i("i)
ˆ f i ! i("i) =

i=1

N

# ! i
ˆ f ! i =

i=1

N

# i ˆ f i
i=1

N

# ! ! ! ! (8-3-16) 

'Y_G"#$%9A Slater;<=>?@ABC'�D*��'YZ[ 

2`G&78`sZH/0EF0*IJKL &>��Z'G\]ab(`�

�N]Z� 

! ! ! ! ˆ g ij !
j

N

"
i>

" = #
1
($

1
)#

2
($

2
) % % % ˆ g ij #1

($
1
)#

2
($

2
) % % %

j

N

"
i>

"  

! ! ! ! ! = ! i("i )! j(" j) ˆ g ij ! i ("i )! j (" j)
j

N

# =
i>

# i j ˆ g i j
j

N

#
i>

#  ! ! (8-3-17) 

'YZ["#$%9A Slater ;<=>?@ABC (8-3-15)'+�Z'G!�T�

�&�(Coulomb integral)-�X��w�Z�G!��&�(Exchange integral)-�

���Y@[�h:G���./01* 0 2345678'9:&78>z{
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!"#$%&'()*+,(E)-./01234"5 

          E = i ˆ f i
i

N

! + i j ˆ g i j
j

N

!
i>

!                          (8-3-18) 

67489:;"5<0<#-$=>=$(8-3-15)3?@A$BCD0EFGH

IJK:;"<#LMN=A@"5O3P2Q=RSTUA<VW0MNLX

Y"5 
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!"#$%&'()*+,-./ 0123-45236789  

! Slater:;<=>?@A#$B6 0CDEFGHIJKLMNO-"#$%&

'()*+,P-Q#$RS$TU#$RS$6VWX)2YZ[\N]^T

_`abc 

! ! ! ! ! ! E = i ˆ f i
i

N

! + [ i j ˆ g i j " i j ˆ g j i ]
j

N

!
i>

!  ! ! !    ! (8-3-15) 

dedc^6fgPhij6kJlm678_e[an`oJpqcr^Ys

tJuan-(8-3-15)6lm=vwJxqny]^TJM]c 

  

i ˆ f i
i

N

! = " i #
!

2

2m
$ i + V(ri)" i

i

N

!

              = % msi

(sz )
2

" i * (r)& [#
!

2

2m
$ # V(r )]" i(r )dv

sz = #1/ 2

+1/ 2

!
i

N

!
 

! ! ! !

  

= !
i
* (r)" [#

!
2

2m
$ + V(r)]!

i
(r)dv

i

N

% ! ! ! ! ! ! ! !   (8-3-19) 

z{6|<P}~6��=78dnq]cV�1�I623Ps
z
= ±1/ 2Tdn-

!
msi
(s

z
)
2

6�=T]e\- m
si
= +1 / 2,   m

si
= !1/ 2 6��\6��Y�-

!
msi
(s

z
)
2

=1T 0_��-16���_�]c�an-����6��I623�

�_�]^TJ�]c(8-3-19)e\-Q#$RS$6VWX)26�P- 0CD

E6Q#$%&'()*kinetic and potential energies,6�Y�]^TP�\eY

�]c 

U#$RS$Y6./ 0123mP- 

! i j ˆ g i j =
j

N

!
i>

! " i(#1
)" j (#2

)
e2

r
12

" i (#1
)" j(#2

)
j

N

!
i>

!  

! ! ! = e
2
! i ("1)

2

! j("2 )
2

r
12

d"
1
d"

2##
j

N

$
i>

$ = e
2
! i (r1)

2

! j(r2 )
2

r
12

dv
1
dv

2""
j

N

#
i>

#  

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (8-3-20) 

z{6|<P-V�1�I623P�[n��6����6����I623

J�]^T=78dnq]c^^J�]��Y-! msi
(sz )

2

,   ! msj
(sz )

2

_ N]c

ded- s
z
= ±1/ 26�P-Q#$RS$6��T¡¢J- 1Y�]£��_�
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!"#$%&'()"*+,-./012$34567/"*+89!:

(A8-3-20).;$<= >'*+,?@"34AB8CDEFGHIJK"48L

/!MHNOPQRST8UVW!XYZ[!: 

! \]*+"^,$(-1)"_)"`ab$ 

! i j ˆ g j i =
j

N

"
i>

" ! # i($1
)# j ($2

)
e2

r
12

# j ($1
)# i($2

)
j

N

"
i>

"  

= ! e
2
" i * (#1)" j * (#2 )" j(#1)" i(#2 )

r
12

d#
1
d#

2$$
j

N

%
i>

% ! ! ! ! ! !  

#c!:! d^"G34()e%&'()K8fW!*+ghi8jkY$ 

! msi
(sz1 ) "!msj

(sz1 ) ! msj
(sz2 ) "!mii

(sz2 )
sz2 = #1/ 2

+1 / 2

$ e
2
% i * (r1)% j * (r2)% j (r1)% i(r2)

r
12

dv
1
dv

2&&
s z1 =#1/ 2

+1/ 2

$  

= ! (msi,  msj ) " e
2
# i *(r

1
)# j *(r

2
)# j(r1)# i(r2 )

r
12

dv
1
dv

2$$ ! ! ! ! ! ! ! (8-3-21) 

#c!:%&'()"l8fW!m+Z!(msi ,  msj )"<>QnoT"p8(q!:

msi = msj = ±1/ 2"rs,$t34()"*+8_)ugv2!:E.E$msi ! msj

"rs,$?@"%&'()"lgw!Y_),xY9!:yzb$\]*+

"^{|,$ 

! i j g j i =
j

N

"
i>

" ! #(msi ,  msj ) $ e
2
% i * (r

1
)% j * (r

2
)% j (r1)% i(r2 )

r
12

dv
1
dv

2&&
j

N

"
i>

"  

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (8-3-22) 

Y9!:}~%&'�I)g�@~HI%&'ABf)"C"�Zf_W!:

%&'�I)Z�9��$X"^,x#c!: 

! ~���"\]*+,�8h#c�${|8(-1)"_)Z��b�!.;$}

~%&'�I)g�@~HI%&'ABf)"CZc!7/$X"\]*+^

,{HIPQRST�E�g����$�g�����!XYZ[!:��f)

"NC��8��$��9%&'g�@HI48,$U�8�/c�UfZ�

�b�!XY, 8¡¢F:��9%&'g�@HIZU�8�/c�XY8

�zbHINOPQRS= ,��W!:\]*+,$X"HINOPQRS=

"��+"£C¤g¥¦Eb�!:§¨H©ª«.;"¬­,®¯9�:°±

8²�W!HIg³´8EF<= >'*+7/#,$X"HIUf8�!PQ

RS= "��Zµ¶��9�: 

·0"��8$1��¸HI�"{PQRS= ,$x¹º»"��f)YEb



 156 

Slater!"#$%&'()* 

! E = i ˆ f i
i

N

! + [ i j ˆ g i j " i j ˆ g j i ]
j

N

!
i>

!  

! !

  

= !
i
* (r)" [#

!
2

2m
$ + V(r)]!

i
(r)dv

i

N

%  

! ! ! + e
2
! i(r1)

2

! j (r2 )
2

r
12

dv
1
dv

2""
j

N

#
i>

#  

! ! ! ! " (msi,  msj ) # e
2
$ i * (r

1
)$ j *(r

2
)$ j (r1)$ i(r2 )

r
12

dv
1
dv

2%%
j

N

&
i>

& ! ! (8-3-23) 

)+(,-./01234256789:;<=>?@ ABCD*34<=>

?@ 2EFG6HI8J)6KLMN(,JOA*734PQ4RST12;

/01UVWXX45(S)6HI8YZ6*<=>?[2B8\]EF+34Y

ZMN(J)$^_D*Hund2`a2b.a)cde'(,342/01YZ

6*/01Rfghij&2kl>MA+m*34no<=>?[kl>M*

734P2<=>?[pqr'(2A*34P2sWq5tOuv2wx2y

zp\(,(8-3-21)2{|2/01q56!(msi ,  msj ))+}~J)6��2��M

N(,��34��$��+8������ST1$�+(����3�)�

+'J)6��+8��McN(, 

)J�M*;34<=>?[(8-3-15)�(8-3-23)A*����34P ˆ 
H 6*

  

ˆ H = {!
!

2

2m
" i + V (ri )}+

e2

rijj

N

#
i>

#
i=1

N

# ! (8-3-1)*t2sWq5!�Slater!"#)D�

��O�8(,!�Slater!"#A* 342 0¡¢£ Hamiltonian 

  
ˆ H 

0
(i) ={(!!

2
/(2m)}"

i
+V (r

i
)pd'(.34wxq5¤�j}~,tD�* ˆ 

H 
0
A

����34P 0¡¢£ HamiltonianMN]*
e2

rijj

N

!
i>

! A ˆ 
H 

0
pd'(¥WMN(

J)$¦§c¨©~,JOª«2¬p­®+¥W¯$°±'(J)2²8³M

N(,D¤D+6�*(8-3-1)´(8-3-15)�(8-3-23)2µ¶$·]¸}�¹\º,»¥

W¼2½¾¿ÀA¦¤ÁÂ2ÃÄ$ÅÆ�8(2Ç�º¤È! (A8-3-1)¤��p

! ˆ 
H ! 2ÉÊ#(8-3-23)$ËÌ�pÍÎ~ÇÏMA+8¤Ð! +�Ñ*(8-3-1)

´(8-3-15)�(8-3-23)2µ¶A*»¥W¼2½¾¿À¤�ÒO�*c}).Ó�+

ÔÕ¤��Ö®O�c×8J)p+(,J2ÔÕA*¡ØM¨©(»ÙÚQ�À

pÛÜm Hartree-Fock2¿¶#Ý)Þm, 
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!8-4"#$%& Hartree-Fock'()*  

+,%'-./0123456789:' ˆ 
H ;(8-3-1)<=>&?@AB>CD

E23F89GHIJK(E)LMN>(8-3-15)O(8-3-23)/PB1Q3(8-3-23);3

RSTUVW/XYZ489[\M]!
i
("),  (i = 1, 2, # # #,N)'4^_`ab/c

Y>d&efg&a<h>Cg'-.ij3!
i
("),  (i = 1, 2, # # #,N)'M]<=>b

LkE2#$%/lmN>Cg1Lno3b/pqLN>RSTUVW/XY

Z489rstu,M]'^_`davwNxhyz;3{-()*'|<}

j1>;@<=>CRSTUVW/XYZ489rstu,M]'^_`d&'

~�a��2�>'<3Ryz�hp���d&�o3Lagrange'���]%/

��C Hartree-Fock'()*&�Q1>{-()*a}j1>C Lagrange'�

��]%L��2;3��(1978)�16.4! L�����a=>C?Z3��!1991"

6����� L�#$��3#$%'�����a=>C#$%L��2;g1j

/� E2¡¢&E23Hartree-Fock'()*'£¤¥¦§¢&3 

! ! !

  

{!
!
2

2m
" i + V(ri )}+ e

2
# j($ j )

2

rij
d$j%

j (&i )

N

'
( 

) 
* 

+ 

, 
- # i($i)  

! ! ! ! ! ! ! ! ! e
2
" j * (#j )" i(# j)

rij
d# j$

% 

& ' 

( 

) * j (+ i)

N

, " j(#i) = - i" i(#i )! ! ! ! (8-4-1) 

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (i =1,2,3, ! ! !!,N)  

<=>C¨©ª3¨«ª'¬; j­i &�®2�>Cg1; j=i'¯ rij=0¥ij

g1/°¢g&/±²N>a3©�'¬<³¯Lg'´Kr�¬LµB2E?

YQ3£¤;¶·t^I¸1>'<3|*¹L j=i/¬LµB2�º�C»L3 

  

{!
!
2

2m
" i + V(ri )}+ e

2
# j($ j)

2

rij
d$ j%

j

N

&
' 

( 
) 

* 

+ 
, # i($i)  

! ! ! ! ! ! ! ! ! e
2
" j *(# j)" i(# j )

rij
d# j$

% 

& ' 

( 

) * j

N

+ " j (#i ) = , i" i(#i) ! ! ! ! (8-4-2) 

<=>CDE23¨«ªL��2;3¼'n�L3½ª'$9&$¾L

! *
i
("

i
)!

i
("

i
)'¿/À¦Z|LN>CD'£¤;V

ex, i
(!

i
)"

i
(!

i
)&ÁÂ<h>g&

aÃ>Ä 

! ! Vex, i(!i)" i(!i) # $ (
e2

rij
)
" *i (!i)" j * (!j )" i(! j)" j(!i)

" *i (!i)" i(!i)
d! j%

j

N

&
' 

( ) 

* 

+ , 
" i(!i) ! ! (8-4-3) 
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!!"#$! *
i
("

i
),  !

i
("

i
)#$%&'( j)'*+,$-./(! j01'2"3

+45$!657,89$-.897:)3;<=>)3;<=?@AB!0$ 

! j("i)#$%&'( j)'*+,7CD)EF36G$-.897:"=>"=

HB!0$IJ;<B+KLM$-N! OPV
ex, i
(!

i
)0QR+7#$N! O7CD"/

(! j)'*+-.0%&'( j)'*+ jS1TN7,PUVWX"$Y;<B+

7#/(!
i
0%&'( i)'*+=7ZR0A;<B+45"3+KV

ex, i
(!

i
)#[

\]^_`ab0cG6+K[\-.0'd*+45"3+Ke;<$(8-4-2)

#$ 

!

  

{!
!
2

2m
" i +{V (ri)} + e

2
# j ($ j )

2

rij
d$ j + Vex,i ($i )%

j

N

&
' 

( 
) 

* 

+ 
, # i ($i ) = - i# i($i) ! ! ! (8-4-4) 

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (i =1,2,3, ! ! !!,N)  

0A+Kfghij'(!
i
(")7 i 0kl/( !

i
7 i #m5@nB7"$

!
i
= (r

i
,"

i
,#

i
,s

zi
)o ! = (r," ,#, s

z
)0n$pq7N ! OS ˆ 

H 
HF
0QRG$rs$

Hartree-Fock7tuv#$ 

! ! ! ! ! ! ! ˆ H 
HF

(!)"
i
(!) = #

i
"

i
(!)$(i =1,2,3, ! ! !!,N) ! ! ! !  ! ! ! (8-4-5) 

7w)A+Kf:xfghy7 Shrodingertuv0z{wv)A;<B+K ˆ 
H 

HF

7C|#}}~�"#3+P$��h ˆ 
H 

HF
)�*+ij�$ij'(P!

i
,   "

i
(#)

"3+!0I��)�n<B+K!
i
#fgh%&��b��$!

i
(")#fghi

j'(0cG6+K 

ft$(8-3-23)"[\-.�I1�n</.�I��*6G$}#�$fgh

��'()'*+�7��Ad�tuvP�56+K  

!

  

{!
!
2

2m
" i + V(ri )}+ e

2
# j($ j )

2

rij
d$j%

j (&i )

N

'
( 

) 
* 

+ 

, 
- # i($i) = ! i" i

(#
i
) ! ! ! ! ! (8-4-6) 

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (i =1,2,3, ! ! !!,N)  

!6# Hartree7tuv0cG6+K(8-4-1)pq7��7�! �P��M=70

A+KSlaterV�v"#A�$ ¡-I��'(!)¢�*6G!7r£)¤+

!0#�54"3+K(8-4-6)=$f:xfghy7 Schrödinger tuv0z{w

v)A;<B+K¥¦§)#$Hartree7tuvP¨©"$ª)$HartreeP�B

Mfghij'(7 ¡-I$ Fock P«�¬­nM Slater V�v)/®n$

Hartree-Fock7tuvI�<B+K 
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! ˆ 
H 

HF
!"#$%(8-4-4)&'()%*+,$-./0123%4!,5678!

9:;<=>?@ABCDE1FG>H(1)IJK;LMNOPQRS9T;U

> V(r)%(2)8VW!XY!679:5Z[>\9ABCDE1%(3)]^C;_

`=>abABCDE1, ()c>de5f>H (8-4-4)$%ghi$j(;+

QR+9:k! SchrödingerlmhenoFG>5%(2), (3)5+QRp9:k;

qrstABCDE1,esYuvwYt>H(2), (3)!"#;x=>yz$%9

TJ{%|}1~�%X��%��x���e�;Z�5wY�[H�s[$�

��1991����NOPtH 

Hartree !lmh� Hartree-Fock !lmh���K;�[s(�tHs(s%

lmh!&'!��:!Q;$%4!9:!67���;<=>�.x�5�

�OYt>!F%XY!67x��8��%�%��%��5f)�telmh

��tPde;$�)�tH�P%�< ABCDE1 V(r)�¡j;fwYt

>v¢F$�t!F%dO�£¤¥¦�)�tH§wY%Hartree-Fock!lmh

!¨©%+QR+9:k!ª«%¬t$%Hartree!lmh!����­tY% ®

�x�esY! Slater�¯h° V(r)�±²%�³��£¤>H­tP�.x�e

´P;µ)O>�.x�!�5¶J;+·=>�F%�.x�!¸¹º3»3

�¼½=>HdO�¾²¿N¥¦�)�tHd!ÀÁ$ÂZoZ�!©Ã¨Ä%

ÂÅÆÇÈ¨Ä�£¤>l�eÉÃÊË()%Self-consistent field!l�%Ìs

Y%SCF !l�eÍ¦OYt>HÎÏ;ÐÃ�[(ÅÑ%ÒÓÔÕ�Ö×FG

²%�s[$%Cowan(1981), ØÙ�1980%1990��Ð���NOPtHØÙ�1990�

()ÚÛeÜtH»ÝÞ1$ÂßàJ:67�ÄFG>5%ÓJ�()!á:

!â�ªãä(OYt>HØÙ�1980�;$%ÓJáå%ÓJ�%Hartree-Fock

!lmh;x=>yz5G>H 

Hartree-Fock !lmh! SCF �$%+æ;%+9:çè!éê"FëÜ! 1

QRp9:k�.x��ìí>eå�NOYt>HCowan(1981)$%+QRp9

:k!á:;ZtY%Hartree-Fock!lmh��¤Y%îï! ab-initioð�ª«

e]ñòÞ1ó3»�ôõsYt>H��ð�ª«5Ð!m�ö��÷Z(%

�P%d!ï!ð�5Ð!UÃ�Ö×�"øNùYt>(�ú>;$ÜtH 
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!"#$%&'()*+,-#$'()*+./01  

234.56$7#$89:;<=>?@ABCDEF Atomic AufbauB7G

C=HBIJHBKC%&LMNO7#$8!PQR=>?1,.STUVR

=CFWXYZB234[!NO71H#$Y\[H]?B6$^._$`N

O7ab=CFWcZ=BdeHB_$f.ag7Hhi$f.ag`j]R

=CFW234.56$,kR=`B#$Y\8lm7Nnab=>?,oR

=HC\]Cp[qFWN r._$,se]f.hi$[tu]6$^8vw

X,xFWcZ=Byy7 N r.#$UVR=w=Bz`tu]#$.{|@

}UG?M~FWcy[HB�bM<X���[Bz`'()*� 8KCtu

]!#$.PQ��18��Z=CFH�[qFWy<86$.��#$��

(ground-state electron configuration)[qFWy.��#$��U��xFy,HB

#$8�.��]�$f.��UVR=CFLU��Fy,,��[qFW�

�@}.56$[#$8B�.��][n, l].�$fUVRCF.LHB�J]

����LM��M<=CF�CRC Handbook of Chemistry and Physics, p B1�W�

L7BKC'()*+.(n, l)%&LMNO7#$8! ¡¢7PQR=>?1

��7£bFWZLZB��#$��7H!¤¡1LM¥<F!¦ ¡]1�

�#$��`§GL¨�M<FW©bªBZ=20. CaLM Z«30. ZnQ[.¬

­[HB��#$��H[Ar](3d)
n
(4s)

2,4�[®Bn=Z-20[qFWZLZBZ«

24�Cr�B29(Cu)H©¥[B[Ar](3d)
n+1

(4s)
1,]R=CFWHartree-Fock ¯°7�

F"#$%&'()*� .±®;,-'()*� ,./0HB²³B!¤¡1L

M¥<F!¦ ¡]1��#$��8��xF.L`´�=B6$.��#$

��Uµ¶xF·."G.�¸U¹ºZ=CFW 

! ! (8-4-1).»¼7½¾LM!
i
* ("

i
)U¿\=B!

i
= (r

i
,"

i
,#

i
,s

zi
)[ÀÁx<ªB"

#$%&'()*+8ÂM<FW 

! ! ! ! ! ! ! i = Hi + (Jij " Kij )
j(# i)

N

$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! (8-4-6) 

XYZBHi = ! i f ! i B Jij ,  Kij ! H(8-3-13)7/ÃZ=��XÄ� ÅÆÀÁ,Ç

ÈÀÁ[qFWÉR=B"#$%&'()*+.ÊHB 

! ! ! ! i
i=1

N

" = Hi

i=1

N

" + (Jij # Kij) =
j($ i)

N

"
i=1

N

" Hi

i=1

N

" + (Jij # Kij)
j=1

N

"
i=1

N

" ! ! ! (8-4-7) 

zË.ÌÍ[HBJ
ii
! K

ii
= 0 ! UÎR=CFWy<HB(8-4-1)Ï(8-4-2).Ð7 j=i

`�Ñ7Ê7´�F,ÒÓZXy,[qFW 
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!"#$%&'()*+E,#(8-3-15)-.# 

! E = i ˆ f i
i

N

! + [ i j ˆ g i j " i j ˆ g j i ]
j

N

!
i>

! = Hi

i

N

! +
1

2
(Jij " Kij)

j=1

N

!
i=1

N

!  !  (8-3-15) 

/01#(8-4-7)23#$%&'()*+E1!%&45'()*6 789,# 

! ! ! E = ! i
i=1

N

" #
1

2
(Jij # Kij )

j=1

N

"
i=1

N

" ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (8-4-8) 

1:;<=.->#$%&'()*+E,!%&45'()*6 !
i
7?>@AB

:C<(8-4-7) 7!%&45'()*6 7?D,#%&EF'()*+>9GH

IJB<(8-3-15) 7$%&'()*+D,#%&EF'()*+79G, 1/2D

K;<LMN#OA#!%&45'()*6 7?P$%&'()*+E Q1R

MNAST1#%&EF'()*+P 1/2QUVW>XYNASMNC;/1>

:;<(8-4-8)7Z[\,#/7VW7]^>_`ANC;< 

ab:cG7%&de7TfD#E = ! i
i=1

N

" #
1

2
(Jij # Kij )

j=1

N

"
i=1

N

" PgOhiBj;

O7I#kl%&de1:;>mCnC<%&deIo:0p#(n, l)Io:;

qUDK;-.#`r# Slaterstu,o:;<Sv#(n, l)IwxDKMNO#

(m, ms)Io:0p#Slaterstu,o:;7D#y72T:z{-7|}7~-

.#EPg�>j;O7I�p0NC;1�Y�p:.:C<!%&45'()

*6 !
i
7?QUD#kl%&deI�S;�D,nC< 

kl%&de7�&>�j; Hartree-Fock ��>2;!%&45'()*6

7�,���1980#1990�>K;7D#��7��7�&P��N�;1��

C<��-U7���-.,�0;����%&de�I ¡ANC;7,#!

%&45'()*+!
i
7?QUI�U0p¢C7D,:B#(8-4-8)7£¤$¥I

�B:;�A17¦§IK;/17E¨DK;<$%&'()*+E1!%&4

5'()*+!
i
7?1789(8-4-8),#�C45-.©ª>%&I�«SMNs

B�17¬­7®¯>�j;°±:�vQA²³�DK;< 

 

�´µ¶�'()*+1 Koopmans7·¸�  

!~¹º%&»�&¼´µ¶7´µ¶�'()*+1,#½}%&Pn¾¿

>À³ÁjvÂ>ÃÄ-.»>ÅY:U0p:.:C'()*+DK;<(8-4-8)

7½Æ,#!%&��7ÇÈ>ÉCN/7´µ¶�'()*+IÊ72T>Ë

¡D³;-PÌYNB0;<(8-3-15)#(8-4-8), N%&»7$'()*+DK;
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!"#$%&E
N
'()# 

! ! EN = Hi

i

N

! +
1

2
(Jij " Kij)

j=1

N

!
i=1

N

! = ! i
i=1

N

" #
1

2
(Jij # Kij )

j=1

N

"
i=1

N

" ! ! ! ! (8-4-8) 

*+,-. k /01&234+#$%&56789:,;)<8=>!"?@

ABC I
k
&DEF'G%H#I

k
I-. k/01/JKLM?@ABCNOPQR

:F01S(N-1)!"TPUVWX01Y/Z01?@ABC&E
N !1'()'# 

! ! ! ! ! ! E
N
+ I

k
= E

N !1 + Ee ! (") = EN!1! ! ! ! ! ! ! ! ! ! ! (8-4-9) 

NOPQE
e
! (")[5678OP01'Y/\]^_?@ABC&`GI#56

78OP/N$%[aNOPQb:,# 

! ! ! ! ! ! I
k
= E

N !1 ! EN
> 0 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  (8-4-9) 

NOPQ (8-4-8)!" N01Y/Z?@ABC# 

! ! ! EN = Hi

i

N

! +
1

2
(Jij " Kij)

j=1

N

!
i=1

N

!  

&#k-.c=/de' k-.8fGPde8eg+,()'# 

! EN = Hi

i

N!1

" +
1

2
(Jij ! Kij)

j=1

N !1

"
i=1

N !1

" + Hk + (Jkj ! Kkj)
j=1

N!1

"  

h8ijP(N-1)[#ik[ j8fGPh[ k&lmTn'/opNOPQk-.

c=de[(N-1)01Y/Z?@ABC&`GQk -.8fGP01qr?@A

BC/ j 8fGPh8in,[#1/2 /sS[t!TnQ k [uvw%,i3#

j[ k&lmTn!"NOPQ k-.8fGPde[(8-4-6)/U01-.?@A

BC8*/mmxyGPz!  

! ! ! ! ! ! EN = EN !1 +Hk + (Jkj ! Kkj )
j=1

N !1

" = EN !1 + #k  

b:,# 

! ! ! ! ! ! ! ! I
k
= E

N !1 ! EN
= !"

k
> 0! ! ! ! ! ! ! ! ! ! ! !  (8-4-10) 

NOPQ$/{T)|}T~�NOPQ$%[ Koopmans/v�'�H%PQU
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