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I. Hartree-Fock�§�ïá

I.1 {{{¤¤¤£££���

1927cÔnÆ[°AVÚÔí�¤
�í
©f�þfåÆO���,mé
þfzÆ��
�,3@��,<�Bm©}Á¦^þfåÆnØ
5)ºzÆÔ�(�ÚzÆy�.�
)ûõ>
fNXÅ½��§Cq¦)�¯KþfzÆ[

MAp(D.R.Hartree)31928cJÑ
MApb
�.¦òz�>fw�´3Ù¦¤k>f�¤�
²þ³|¥$Ä�âf,¿�ÄkJÑ
S�{
�g´,MAp�â¦�b�,òNX>fM�î
�f©)�eZ�ü>fM�î�f�{ü�

êÚ,z�ü>fM�î�f¥��¹��>f
��I,Ï
NXõ>fÅ¼ê�±L«�ü>
fÅ¼ê�{ü¦È,ùÒ´Hartree �§. �
´duMApvk�Ä>fÅ¼ê��é¡�

¦,¦�MAp�§¢Sþ´�~Ø¤õ�.1930
c,MAp�Æ)4�£B. A. Fock¤Úd4A
£J. C. Slater¤©OJÑ
�Ä�|�n�gU
|S��§Úü1�ª.õ>fNXÅ¼ê,ù
Ò´8U�MAp)4��§.

I.2 CCC©©©���nnn���ÅÅÅ½½½������§§§

�þfNX�Hamiltonþ�H,KNX�
åP�Uþ����Schrodinger�§�

Hψ = Eψ (I.1)

¿�¦8�z ∫
ψ∗ψdτ = 1 (I.2)

Uþ²þ�L«�

H̄ =
∫

ψ∗Hψdτ (I.3)

KNX�Uþ���Ú��¼ê�4H̄�4�
��,=

δH̄ − λδ
∫

ψ∗ψdτ = 0 (I.4)

�±y²ùp�Langrange¦fλÒ´NX�U
þ���C{�n�A^° 3uµ�âäN

¯K�A:,kéÅ¼ê��½���.X�3ê
Æ/ªþ'�{ü,3Ônþ�Ün�Á&Å¼
ê.,��âC©�n½Ñ3ù��Á&Å¼ê
e��Ð¼ê��Cq).

I.3 HartreegggUUU|||���ÕÕÕáááâââfff���...

Hartree�{´^C©�n?n¢S¯K
��«�{. HartreegU|�{�Ônã�µ
3�f¥,>fÉ��fØ9Ù¦>f��^,�
±Cq�^��²þ|5�O(ü>fCq,Õ
áâf�.),b��f�Ä�Å¼êL«��
ü>fÅ¼ê�È

φk2(r2) · · · φkz(rz) (I.5)

3dG�e,Hamiltonþ3�fü e�L«
�

H =
Z

∑
i=1

Hi +
1
2

Z

∑
i 6=j

∑
1
rij

(I.6)

Hi = −
1
2
∇2

i −
Z
ri

(I.7)
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ù�Hamiltonþ�²þ��

H̄ = ∑
i

∫
φki

(ri)Hiφki
(ri)d3xi+

1
2 ∑

i 6=j
∑
∫∫ ∣∣φki

(ri)
∣∣2 1

rij

∣∣∣φkj
(rj)
∣∣∣2d3(xi)d3(xj)

(I.8)

38�z^�∫ ∣∣φki
(ri)
∣∣2d3xi = 1, i = 1, 2, · · · , Z (I.9)

e,¦H̄�4�,=

δH̄ −∑
i

εiδ
∫ ∣∣φki

(ri)
∣∣2d3xi = 0 (I.10)

Ù¥εi(i = 1, 2, · · · , Z)´Lagrange ¦f5¿
�δφ∗ki

Úδφki
Ñ´?¿�,Ïd��Hi + ∑

j( 6=i)

∫ ∣∣∣φkj
(rj)
∣∣∣2 1

rij
d3xj

 φki
= εiφki

i = 1, 2, · · · , Z
(I.11)

9 Ù E � Ý � §.d =Hartree�
§Hartree�§´ü>fÅ¼ê¤÷v��
§.�±wÑ,�§�>�)ÒS�1���L
Ù{>fj( 6= i) éu1i�>f�Coulombü
½å�^.Hartree�§�,'�5�õ>
fSchrodinger �§{ü�
,�§´��
��5È©�©�§|,î�¦)(J.Ï
dHartreeJÑæ^ÅÚCq��{,���
�gU��Y5¦)§.�Ò´kb���·�
�¥%|V(0)(ri)�O�§(I.11)¥�

−Z
ri
+ ∑

j( 6=i)

∫ ∣∣∣φkj
(rj)
∣∣∣2 1

rij
d3xj (I.12)

¦)Ñü>fÅ¼êφ
(0)
ki

(i = 1, 2, · · · , Z),,
�^¤���Å¼ê�\ª(I.12),O�Ñ§�
�.'�§��5b��V(0)(ri)��O.�âù
�O,­#N�¥%å|,��V(1)(ri),­Eþã
Ú½,��3�¦�°Ý��S,b��¥%å|
ÚO����¥%å|����,��c�gU.
�±wÑHartreeÅ¼êvk�Ä>f����
é¡�¦.FockU?
Hartree��{,3�Ñ>
fNX�Å¼ê�î��Ä
��é¡5.

I.4 ���IIILLL���Fock���gggUUU|||���{{{

b�âf�m��p�^^,«²þ|�

O,b��p�^�âfg^Ã'. �ÄdN�
�ÓFermif|¤�õNX.�âf�mk�N
�p�^,HamiltonþL«�

H = −∑
i

h̄2

2m
∇2

i +
1
2 ∑

i 6=j
V(ri, rj) (I.13)

�õNX�Á&Å¼êL«¤ÕáâfÅ¼

êψi�¦È�/ª,¿�â���é¡5,L«
¤Slater1�ª�/ª

Ψ(1, 2, · · · , N) =
1√
N!

∣∣∣∣∣∣∣∣∣
ψ1(q1) ψ1(q2) · · · ψ1(qN)
ψ2(q1) ψ2(q2) · · · ψ2(qN)

...
...

. . .
...

ψN(q1) ψN(q2) · · · ψN(qN)

∣∣∣∣∣∣∣∣∣
(I.14)

Ù¥ψiL«��8�z�üþf�,�
¦.3ù«õNÅ¼ê�/ªe,Uþ�²þ�
�

H̄ = (Ψ, HΨ) = − h̄2

2m ∑
i

∫
dτψ∗i (r)∇2ψi(r)

+
1
2 ∑

i 6=j
∑
∫∫

dτdτ′ψ∗i (r)ψ
∗
j (r
′)V(r, r′)ψi(r)ψj(r′)

−1
2 ∑

i 6=j
∑
∫∫

dτdτ′ψ∗i (r)ψ
∗
j (r
′)V(r, r′)ψi(r′)ψj(r)

(I.15)

d8�z^�

(ψi, ψi) = 1 i = 1, 2, · · · (I.16)

�e,�

δH̄ −∑
i

εiδ(ψi, ψi) = 0 (I.17)

εi�Lagrange¦f. éþªO�,��e��§
±9ÙE�Ý�§

− h̄2

2m
∇2ψi(r) + ∑

j 6=i

∫
dτ′ψ∗j (r

′)Vψi(r)ψj(r′)

−∑
j 6=i

∫
dτ′ψ∗j (r

′)Vψi(r′)ψj(r) = εiψi(r)

(I.18)

d=FockgU|�§,�Hartree�§�
',ØÓ�?3uª¥Ñy
³U�^���
�,§´duÅ¼ê���é¡¤�.



I.5 âââfffêêêLLL���eee���FockgggUUU|||���{{{

âfêL��¡�gþfzL�.þã�
IL�e�HamiltonE,´�o÷�Cq,§
�Ñ
âf�m�'é�A(=�{�p�
^).3?�Ú�?n¥k7�râf�m��
{�p�^�Ä?�.3âfêL�e,·��±
r�N�p�^¥�üN�Î]ÀÑ5,¿rÑ
���N�ÎÜ©L«Ñ5.

1.�ÓFermifNX�þf�£ã

|αβγ · · · 〉 = a+α a+β a+γ · · · |0〉 (I.19)

a+α , a+β , a+γ , · · · © O � L 3 ü â f

�ϕα, ϕβ, ϕγ · · ·þ�âf�)�ÎdFermif
����é¡5,��§��«�)�Î÷vX
e�é´'X[

aα, a+β
]
+
= δ alphaβ (I.20)

[
aα, aβ

]
+
=
[

a+alpha, a+β
]
+
= 0 (I.21)

±þüúªV)
Fermif�«�)�Î��
Ü�ê5�.

2.üN�ÎÚ�N�Î�F̂ = ∑N
a=1 f̂ (a)

L«N�üâf�Î f̂ (a)(a = 1, 2, · · · , N)�
Ú.~XâfX�oÄþ!o�Äþ!oÄ
U!oâfê!^Ý!>o4Ý�Ñ´ùa�

Î. �G = ∑N
a<b ĝ(a, b)´��N�Îĝ(a, b) =

ĝ(b, a)�Ú.~Xâf��N�p�^Òáud
a. �±y²,üNÚ�N�Î3âfêL�e
�©OL«¤

F̂ = ∑
αβ

fαβa+alphaaβ (I.22)

Ĝ =
1
2 ∑

αβα′β′
gα′β′ ,βαa+α′ a

+
β′ aβaα (I.23)

3.Hamiltonþ��gþfzUì�gþf
z�/ª�¦,õâfX�HamiltonþL«�

H = ∑
νν′

Tνν′ a
+
ν aν′ +

1
4 ∑

µ nuµ′ν′
Vµν,µ′ν′ a

+
µ a+ν aν′ aµ′

(I.24)

À JFocký � �,UWick½ n,¿ |

^Vµν,µ′ν′��é¡5�,Hamiltonþ�±�¤

H =− 1
2

Vµν,µ′ν′
〈∣∣∣a+µ aµ′

∣∣∣〉〈|a+ν aν′ |〉
∑

µν,µ′ν′

+ ∑
νν′

Tνν′ + ∑
µµ′

Vµν,µ′ν′
〈∣∣∣a+µ aµ′

∣∣∣〉
 a+ν aν′

+
1
4 ∑

µνµ′ν′
Vµν,µ′ν′ a

+
µ a+ν aν′ aµ′

(I.25)

ª¥|〉L«Focký��(L«Fermi¡�e�¤
küâf�Ñ®²�âfWÖ�G�),〈||〉L«
3ý��e¦²þ,Ù¥~ê�éUÌÃ�z.
�d,±þÃª¥üâf��ÀJ�´?¿�,·
��±·�ÀJ¦�H¥�üN�Î�®²é
�z,=

Tνν′ + ∑
µµ′

Vµν,µ′ν′
〈∣∣∣a+µ aµ′

∣∣∣〉 = ενδνν′ (I.26)

þª=Fock�§
Ú\�ÝÝ


ρµ′µ =
〈∣∣∣a+µ aµ′

∣∣∣〉
Ú

Uνν′ = ∑
µµ′

Vµν,µ′ν′ρµ′µ

Fock�§�±L«�

Uνν′ = ∑
µµ′

Vµν,µ′ν′ρµ′µ (I.27)

FockÄeâf�m��{�p�^3ý�
�e�²þ�",�3-u�e²þ�¿Ø�
".��Cq,3FockgU|nØ¥ù���Ñ
�. �8c��Fock�§®²éÐ��Ý
z

,��¦)ù��§,�U^S���ª�ÅÚ
%C,����gU. Ý
z´FockgU|�{
3âfêL�e�~¤õ�/�.3MAp�Æ
)4�£B. A. Fock¤Úd4A£J. C. Slater¤
©OJÑ
�Ä�|�n�gU|S��§Ú

ü1�ª.õ>fNXÅ¼ê��.duO�
þ�(J,HF�§���N
��c.1950c±
�,��X>MEâ�×�uÐ,HF�§�þf



zÆ��¼��vuÐ,3HF�§�Ä:þ,<
�uÐÑ
p?þfzÆO��{,¦�O�°
Ý?�ÚJp,ÏLéHF�§>fÈ©�{z
Úëêz,<��� ~
þfzÆ�O�þ,¦
�é�L1000��f�¥���©f�O�¤
��U.

II. gU|O�

II.1 '''uuuH-F���§§§���AAA:::???ØØØ

H-F�§k�
5�.Äk,§´���ü
>fSchrödinger�§,Fock�Î��uü>f
�Hamilton�Î,�´§���6uH-F�§�
),ÏdH-F�§´�|�~E,���5È©-
�©�§,�U^S���{¦).Ùgù��§
�)Ø´���,du�§���^��
Uþ
�����7�^�,Ïd§�)�U�´Uþ
­¡þÛÜ4��½ö´Q:
Ø´ýé�4

��.��±y²,H-F�§�)�¤
��8�
���¼ê8Ü,/¤�)�mkü����f
�m,©Odk>fÓâ;��ψiÚ>f�Óâ

;��ψa�¤.,	�k'uù��§�)�ü
�½n,=Koopmans1½n±9Brillouin2½n.

3c¡����§¥,ØÓ�Å¼ê~
Xψi!ψj=±eIiÚj\±«©,¢SþäN�
Å¼ê�ØÓNy3L�Å¼ê��X�þf

ênlmlmsþ,�´q¿Ø´3¤k��¹eÅ¼
êÑ�¹
ù
þfê,Ïd�±�âÅ¼êä
N�6=A«þfê5òÙ?1©a.¢Sþ,é
uØÓa.�Å¼ê5`,�©?Ø�Cq�{
�Ø��,Ïdù«©a´7��.3�f¯K
¥,Ú\¥%|Cq,b½³|´¥é¡�,l

)äkR(r)Ylml

(θ, ϕ) �/ª,=�±ò�5�
�§z�»���§,3ù«�¹e5?Ø»�
�Å¼ê.

1�«´»�Å¼ê�Únlk',ù«A
Ï��¹eoÅ¼ê�/ª´ü��Slater1
�ª£
����¹K´õ�Slater1�ª
��5U\¤,~X�f�4��|�Ò´
ù���¹,?nù«�¹�CqÒ´·�
��`�MAp- 4��{£Hartree-Fock

method,HF).1�«´»�Å¼ê�nlms k

',~X3m��|�¥,g^�þ�>fê�
g^�e�>fêØ���
Å¼ê�6g

^þfê,?nù«�¹��{��g^4z
�MAp- 4��{£spin-polarized Hartree-
Fock method,SPHF) ½ö��g^����
MAp- 4��{£spin-unrestricted Hartree-
Fock method,SUHF)¶ù«�{�CqO�
�,E,�Å¼ê�ü��1�ª,Ïd7,�
�§���Å¼êvk¢S�é¡5�,�Ø
´Ŝ2���¼ê. 1n«�¹´»�Å¼ê
Únlmlms Ñk'X,?nù«�¹��{�
�����MAp- 4��{£unrestricted
Hartree-Fock method),Úg^�����{a
q. ±þ1�«�¹Ú1n«�¹,XJ�Ä�
NX�é¡5,quÐÑ
g^í2�MAp-
4��{£SEHF¤±9���MAp- 4��
{£RHF¤�,cö�g�´k^g^ÝK�
Îlψ �ÑŜ2���¼êψs,2^ψs��C©¼

ê¶�ö�Ì�g�´�¦n�{¿��m;
�3é¡ö�eU�½�Ø��L«C�,=\
þ
é¡5�d��.���Ñ,°(Å¼ê�½
÷vé¡5��¦,�÷vé¡5�¦�CqÅ
¼ê�Uþ�Ø�½��Cý¢�.

II.2 ���fff(((������gggUUU|||OOO���

II.2.1 »»»���Hartree-Fock���§§§

c¡J�,�f¯K¥duNX�¥é¡
5�±Ú\¥%|Cq��»�H-F �§3.�
�f;��/ª�Rni li (r)Ylimli

(θ, ϕ)ηi(σ), ò
UþL��Pni li (r) = rRni li (r)��¼�/ª,2
é»�¼êC©��µ[

d2

dr2 −
li(li + 1)

r2 +
2
r
(Z−Yni li (r))− λi

]
Pni li (r)

(II.1)

=
2
r

Xni li (r) +
N

∑
j 6=i,lj 6=li

λijPnj lj
(r) (II.2)

1Aæ�#�Êùd£Tjalling Koopmans¤Ö=�Æ[,ù�½n´1934cZ�#¥ÊùdJÑ�.¥Êùdu1975 c¼
�
ì��ø,�Ø´3Ôn½zÆ+�,
´3²LÆ+�.

2Ùp�,{IÔnÆ[,Ù­���Æ�z�)JÑ
Ùp�«�Vg�
3�©�?Ø4��|���¹,Ï�ù�>Ö©Ù´¥é¡�,³|�Ò´¥é¡�,l
Ú\¥%|¿Ø´�	�{

z,��éuÙ¦�¹,Ú\¥%|��{K´?�Ú{z.Hartree?nm����{O�þé�,
�¦��Ó¿|�ØÓÌ
��üâf�Å¼ê�kØÓ,ØBuA^.Ïd,ShortleyJÑ,�«?n�{,é|�²þUþC©¦4�,�Ñüâf�÷
v��©�§,ù«�{k����Hartree-Fock�{



Ù¥:

Yni li (r) =
N

∑
j

NjY0(njlj, njlj/r)

−Y0(nili, nili/r)

−(Ni − 1)
∞

∑
k 6=0

fk(li, li)Yk(nili, nili/r)

Xni li (r) = −
N

∑
j 6=i

Nj

∞

∑
k=0

gk(li, li)Yk(nili, nili/r)Pnj lj
(r)

λi = −2εi, λij = −2Njεijδli lj




Yk(nili, nili/r) =
1
rk

∫ r

0
Pni li (r

′)Pnj lj
(r′)r′kdr′

+rk+1
∫ ∞

0
Pni li (r

′)Pnj lj
(r′)r′−k−1dr′

±9

fk(li, li) = −
2

4li + 1
ck(li0, li0)

gk(li, li) = −
1
2

√
1

(2li + 1)(2li + 1)
ck(li0, li0)


��§�)
{

Pni li (r)
}
÷v>.^�Ú��8

�^�

P(0) = 0, P(∞)→ 0∫ ∞

0
Pni li (r)Pnj lj

(r)dr = δninj

II.2.2 »»»���Hartree-Fock���§§§���êêê���))){{{

�§£II.1¤�)�±^¼ê�L�
Ñ,=±L��/ª�Ñ�r�,
���A
�Pni li (r)�ê�,Ïdéù«¼ê��©!È
©�$�¿Ø����¼ê@�,
´I�^ê
��{?1.

XJ�§�m>�",Kòz�àg�§.
-

qni li (r) =
li(li + 1)

r2 − 2
r
[
Z−Yni li (r)

]
Kàg�»�H-F�§��¤

d2

dr2 Pni li (r)− qni li (r)Pni li (r) = λiPni li (r) (II.3)

�Pni li (r)Ø�"�«m´[0, R],r§©�M�
©,Úh = R

M ,1k�©�ª:^rkL«,¡�(:
½��:.PPni li (rk) = Pk, qni li (rk) = qk, λi = λ.
K�§(II.3)�^e¡�Cq�©�§%Cµ

1
h
(Pk+1 − 2Pk + Pk−1)− qkPk = λPk (II.4)

½

Pk+1 = −P−k− 1 + (2 + qkh2 + λh2)Pk (II.5)

�A�>.^�C�

P0 = 0, PM ≈ 0

·���)�r → 0�ì?/ª4,Ïd�^?ê
Ðm��{¦�P1, P2�mÞA:��.��Ú
�hv
�,ùA:�ê��±v
°(.l
d
ª£II.5¤��,�½��λ �,��
P0, P1,Ò
�±¦ÑP2,�X�±¦P3��,��PM.�´
éu?¿�λ,PM���ò¬´uÑ�,���
ÀJ·��λ,Ò�±¼�PM ∼ 0�).ù�
�ÿ�λÒ´�§£II.4¤�Cq���,
ê
|(P0, P1, · · ·, PM)�Ñ
�A���¼ê,¦þ
·��~ê�±¦§÷v8�^�.

±þ´ê��{¦)àg�»�H-F�§
�Ì�g�,�¢Sþ�
Jp¦)��ÇÚ°
Ý,I��Ä�
äN¯K.~X,»�¼ê3ré
��/�Czéì�,3r��/�Cz'��
ú,�
��v
°(�),3r��/�Ú�7
Lé�.�»�¼êØ�u"�«mò����
°2,XJÚ�����,(:�õ,O�þÒ�
�,ù��ÿ��:ÒØ´²þ�
.2ö,·�
��£II.4¤ª��ÿ¢Sþ��
»�¼ê
ê��©�1��,Ïd3�¦�°(�O�¥
A���ê��©�1��,ù�Ò´Numerov
��©z�{.d	,XJ�Ä3�fØ��CÅ
¼êCzéì�,^ê��{�J?n,du·�
��ù�³¼êÚ)�ì?/ª,�^?êÐm
��{¦�3"NCA:�Å¼ê��±Jp

O��°(Ý.
÷v�Ó>.^�Ú8�^���àg�

§�)��A�àg�§�)kaq�/�.é
u�½�nili�,)�!:ê�Ó,3�fØNC
Ú�l�fØ?�ì?1��q.�´�àg�
§)��¹'�A�àg�§��E,
.Äk

4�rªu0�,lYk(ni li , ni li/r)�L�ª�±wÑ,§ª�urk+1,dd��àg�»�H-F�§�)�ì?/ª,=Pni li (r) ∼
r(li+1),Ï�ù��ÿ�³¼ê�Ø>Ö�Z�a�lf�³¼ê�Ó



du�§éuPni li (r)Ø´àg�,)ØU¦±?
¿~ê,¤±ØU^k¦Ñ÷v>.^�Ú��
8�^��)28�z��{,7L3¦)L§
¥Ó�¦>.^�Ú��8�^���÷v.Ù
g,����Ð�¬�J±Ïé.ò�§£II.1¤
U��µ

d2Pni li (r)
dr2 = Fi(r)Pni li (r) + Gi

Ù¥

Fi(r) =
li(li + 1)

r2 − 2
r
[
Z−Yni li (r)

]
+ λi

Gi =
2
r

Xni li (r) +
N

∑
j 6=i,lj 6=li

λijPnj lj
(r)

UNumerov�{�©z,�±��e¡��©
�§µ

tj−α(hi)Pj−α + sj(hi)Pj + tj+1(hi)Pj+1 = cj(hi)

j = 1, 2, · · ·M

Ù¥

tj(hi) = 1− 1
12

h2
j Fj

sj(hi) = −(2 +
5
6

h2
j Fj)

cj(hi) =
1
12

h2
j (Gj−α + 10Gj + Gj+1)

Pj = Pni li (rj)

Fj = Fj(rj)

Gj = Gj(rj)

hi = rj+1 − rj

éuù��§,��kü«){,=�q{Ú��
)�ê�§|��{.

c¡·�¤?Ø�Ñ´�ÓO�¥�¯

K,=b½³¼ê�®�,¦�üâf��»
�¼ê.3�ÓO�¥,�±¦Ñv
ê8�
���Ú�A��f;�,±NBNX��Ü
>f.|^ù�ÓO��Ñ�;�,�±­#
O�Yni li (r), Xni li (r)�¼ê,2?1e�Ó�O
�.­E?1e�,���Uüg�O�(J� 
������¦�°Ý��.¤I�S�gêÚ
Ð©ÀJ�Å¼ê´;��'�,¤±�¦�U
ÀJ�C¢S�ÑÑ³¼ê.

II.2.3 »»»���Hartree-Fock���§§§���©©©ÛÛÛ))){{{

»�H-F�§��±^©Û�{5Cq¦
).À��|Ä¼ê,r�f;�L�¤¦��
�5|Ü,òoUþ^ù
�f;��|ÜXê
L«Ñ5,,�3�±�f;����^�e,é
|ÜXê?1C©,¦oUþ�4��,dd�
�'u|ÜXê��ê�§|,¤�Roothaan�
§.^gUS��{)Roothaan�§,=�¦�
;�UþÚ|ÜXê,l
¦�2ù|Ä¼ê¥
NXoUþ����.,�N�Ä¼ê��ê,?
1#��ÓO�,��oUþØ2ü$��,Ò�
��Z�êÄ¼ê|ÜÑ5��f;��Cq

©Û)
.�ê�)�',ê�)�KþU���
°(�),
�O��{Ú�,�´ê�)�´±
ê�L�/ª�Ñ,©Û)ÏLÄ¼ê��êÚ
Xê5L�,BuA^.

II.3 ©©©fff���gggUUU|||OOO���

II.3.1 ©©©fff;;;������gggUUU|||���§§§

©f����õâfNX,lþfåÆ�
*:5w��fNX¿Ã«O,Ïd'u�f¯
K�NõØã,~X��é¡5ÚPauli�n!
üâfCq!gU|Cq�{ÚH-F�§�,é
u©f�´Ó�¤á�.�äN5`�kØÓ
�?.Äk,©fNX�$Ä/ª��E,,3�
ÄNX$Ä�,7LÓ��Ä>fÚ�fØ�$
Ä,�°[�:�I�Ä>fg^;�ÍÜ!>
fg^-Øg^ÍÜ!ØÓØ�m�g^ÍÜ
�.Ú\Å�-c�°%ý9Cq��,·�r©
f�N�²Ä!=ÄÚ�Ä�>f�$Ä©m

?n,
r>f$Ä��fØ$Ä�m��p�
^���6.d	,©fNX¥>f¤?�³|Ø
äk¥é¡5,
�äk:+é¡5,Ïd©fN
X�>fG�ØU^�ÄþnØ½ö^=+5

£ã,
�U^:+5£ã,�
I5©f�>f
G�,ÒØU^�þfêÚ^þfê,
�^©f
¤á:+�Ø��L«PÒ.

(½�`©f;��{Ú¦�`�f;�

��{aq,Ò´rNXoUþL��©f;�
��¼,3�±©f;���8��^�eC©
¦4�,�Ñ©fNX�ü>fSchrödinger�
§,)�=���©f;�¼êÚ;��U
þ.Hartree-Fock�{�ØãÓ�·^u©fN
X,�´du©fNXvk¥é¡5,ÙH-F�§
ØU{z�»��§��^ê��{¦).Ú
þ©J��©Û){aq,�
)ûO�©f



;��(J,�±r©f;�Uì,��À½�
��Ä|Ðm.ù��5é©f;��C©Ò=
z�éÐmXê�C©,Hartree-Fock�§Òl
�|��5�È©- �©�§=z��|ê8
k���ê�§))Hartree-Fock-Roothaan�
§.ù|�§E,´��5�,�U^S���
{¦),���)�´Cq�,Ï��°(%C
?¿¼ê,7L^Ã�õ�,�¢S¥�U�k�
��.Ï~rî�÷vH-F�§�)¡�H-F;
�,
r3À½�k�Ä|e÷vHFR�§�)
¡�gU|©f;�.

Ä|�ÀJ´?¿�,o��K´�Jp
O��Ç,=�¦Ä¼ê�ê8¦�U�,
%
C�°Ýk¦�Up.�@���´òÄ|À�
|¤©f��f;�8Ü.ò©f;�L���
f;��5|Ü��{¡�LCAO-MO�{.ù
«�{U
�^é��Ä|Òr©f;��A

�L�Ñ5,�U©f�5�Ú�f�5�éX
å5,éuÏézÆy��5Æék�Ï.e¡í
�4��|��HFR�§,�©fkN��fØ
Ún�>f.½Âü>f�Î�

ĥi = −
1
2
∇2

i −
N

∑
s=1

Zs

ris

V>f�Î�µ

ĝij =
1
rij

Ù¥Zs�1s��fØ�>Ö,ris ´>fi�
Øs�m�ål,ris ´>fi �>fj�m�å
l.P�m;��{Φi} (i = 1, 2, · · ·, n

2 ),�±�
���fNXaq�UþL�ª

E = 2
n/2

∑
i

fi +
n/2

∑
i

n/2

∑
i
(2Jij − Kij)

ª¥

fi =
〈

Φi|ĥi|Φi

〉
Jij = Jji =

〈
Φi| Ĵj|Φi

〉
=
〈
ΦiΦj|ĝij|ΦiΦj

〉
Kij = Kji =

〈
Φi|K̂j|Φi

〉
=
〈
ΦiΦj|ĝij|ΦjΦi

〉
�©f;�^Ä¼êÐm�

Φi =
m

∑
µ=1

cµiχµ

¿�½Â

(µυ|λσ) =
∫∫

χµ(1)χν(1)g12χλ(2)χσ(2)dτ1dτ2

Sµυ =
∫

χµ(1)χυ(1)dτ1

3ù|ÄeÏLaqc¡�C©?n�±�

�HFR�§

m

∑
υ=1

(Fµυ − εiSµυ)cµi = 0 (II.6)

Ù¥

Fµυ = hµυ +
m

∑
λ=1

m

∑
σ=1

[2(µυ|λσ)− (µσ|λυ)]Pσλ

Pσλ =
m

∑
j=1

cσic∗λj

^Ý
�/ªL�£II.6¤ª�

Fc = Scε, F = h + G (II.7)

Ï~rF,h,G©O��FockÝ
!HamiltonÝ

Ú>fü½Ý
.Ý
P¡��ÝÝ
,S¡�
­UÝ
.£II.7¤ª/ªþ´��2Â���
�§, )§��u�Ïé��C�Ý
c,§Ó�
òSÝ
C�ü Ý
,òF C�é�Ý
ε,ε �
é��Ò´I¦����))©f;�U?.�

BuÏéÝ
c,·�ò£6¤ªC�IO��
�§,ù��uòÄ|��zχτ = χS−

1
2 ,S−

1
2

´S−1�²��Ý
.3ù��Äe,£II.7¤ª
C�µ

Fτcτ = cτε (II.8)

)�§£II.8¤��uéÄ|χτ �jC�,¦
�Fτé�z.

éum��|���¹,k�A���
�HFR�§Ú����HFR�§,�©Ø2K
ã.

II.3.2 gggUUU|||OOO���LLL§§§

HFR�§´��5�ê�§|,�±^S
���{¦).�NÚ½´,Äkrü>fÈ©Ú
V>fÈ©O�Ñ5.,�b½��å©�ÝÝ

,±BEÑå©�FockÝ
.då©�FockÝ

�±¦�1�ÓO�����Ú��¥,d�
�¥q�±O��ÝÝ
,�e5­EcãL§
m©e�ÓO�.XdÌ�e�,���UüÓ
�O���ÝÝ
½oUþ��O���½�

gUIO��,ù�Ò´HFR�§�)
.d¦



��©f;�EÑNX�oG�Å¼ê,�±O
��«I��Ônþ.O�L§�^µãL«X
eµ

III. ±�fÄ�UþO�

a±�fNX´dü�$Ä>fr�

p'é��Ä��¥ÕnNXÚ,�^uu�
�«ïÄõN¯K��{��(5Ú��5.
a±�fNX�Å½��§ØU°(/)Û

¦),�U/Ïu�«Cq�{5?n,e¡|
^Hartree¨Fock¨Roothaan�{?1?n.

III.1 HFR���§§§

éu�f, ~æ^Slater.;���5|
Ü,8�z�Slater.;�kXe/ªµ

φi(r) = [(2ζi)
2ni+1/(2ni!)]1/2·

rni−1 exp(−ζir)Ylm(θ, φ))
(III.1)

Ù¥Ylm(θ, φ)´¥�¼ê,ni, ζi´�Cëê, 3
¢S�O�¥, niÏ~���ê,ÏdSlater.;
����f�Å¼êk�Ó�/ª.d�,eü>
fÅ¼ê|^SlaterÄÐm,=

ψ(r) = ∑
i

ciφi(r) (III.2)

éu�|�½�ni, ζi��,HF�§�z��
|'uÐmXêci���5�ê�§|,¡
�HFR�§.ÙÝ
/ªXeµ

FC = SCε (III.3)

Ù¥,F�FockÝ


Fij =
〈
φi|F̂|φj

〉
(III.4)

F̂�Fock�Î,Ù/ª�£123123123¤,S´�U
Ý


Sij =
〈
φi|φj

〉
(III.5)

ε´���Ý
,��é�Ý
.C´XêÝ
,�
1i����εi�éA�´1i�.du�ÎF̂�º
ü>fÅ¼ê,ÏdHFR�§EI|^gU|{
¦).
éu±�fÄ�,Å¼ê���

Ψ(r1, s1; r2, s2) = ψ1s(r1)ψ1s(r2)χ(s1, s2)
(III.6)

ª¥χ(s1, s2)´�é¡�g^Å¼ê, òÄ¼ê
¥�ni��1,òü>fÅ¼ê��ü�Slater.
;��U\.=

ψ1s(ri) = c1φ1 + c2φ2 (III.7)

Ù¥,

φi =

√
1

4π
2ζ

3
2
i exp(−ζiri) = (ζ3

i /π)
1
2 exp(−ζir)

(III.8)
éuÄ�±�f,Fock�Î�±{ü�¤

F = h + J = [−1
2
∇2 − Z

r
] +

∫
ψ2

1s(r
′)

|r− r′|dτ′

(III.9)
Ù¥,h�ü>f�Î,J�¥Ô�Î.

III.2 êêê������{{{

|^SlaterÄ¼ê�/ª(III.1)Ú8�5O
��UÝ
,��µ

Sii = 1; Sij =Sji = 8(ζiζ j)
3/2/(ζi + ζ j)

3

(i, j = 1, 2)
(III.10)

FockÝ
�±©¤üÜ©µ

Fij = hij + Jij (III.11)

ü>f�Îh�é�Ý
´�µ

hii =

〈
φi|[−

1
2
∇2 −

ζ j

r
] +

ζ j − Z
r
|φi

〉
=

ζ2
i /2− Zζi

(III.12)



h�Î��é�Ý


hij =

〈
φi|(−

1
2
∇2 −

ζ j

r
) +

ζ j − Z
r
|φj

〉
=

− 4ζ2
j (ζiζ j)

3/2/(ζi + ζ j)
3+

4(ζi − Z)(ζiζ j)
3/2/(ζi + ζ j)

2

(III.13)

J�Î�L>f�m�¥Ô³U,�Ï
L¦)Ñt�§

∇2 J(r) = −4πψ2
1s(r) (III.14)

��,dé¡5�{z�µ

d2 J
dr2 +

2
r

dJ
dr

= −4πψ2
1s(r) (III.15)

�§�ê�)kXe4í'Xµ

J(r + h) = 2J(r)− J(r− h)−
2h/r[J(r) + J(r− h)]− 4πψ2

1s(r)h
2 (III.16)

ª¥h�È©Ú�,e�|^4íúª,�IO
�J(0)ÚJ(h)

J(0) =
∫

ψ2
1s(r

′)

r′
dτ′ (III.17)

ò(??)¦±r¿-r = 0��µ

(
dJ
dr

)r=0 = 0 (III.18)

ÏdkµJ(0) = J(h) |^ü�Ðm

�HFR¼ê(III.7),�§(III.3)´2 × 2�Ý
�
§.d

Det(F− εS) = 0 (III.19)

���Ñ���µ

ε1,2 =
−b∓

√
b2 − 4ac

2a
(III.20)

Ù¥,

a = 1− S2
12, b = 2F12S12 − F11 − F23,

c = F11F22 − F2
12

(III.21)

�A���¥�

c21

c11
= − f11 − ε1

F12 − ε1S12
,

c22

c12
= − f11 − ε2

F12 − ε2S12
(III.22)

��Å¼ê���Ñ±�f�Ä�Uþ�µ

E = 2ε1 −
∫

ψ1s(r)J(r)ψ1s(r)dr (III.23)

äNO��,¦;��êζ1, ζ23Ý/

�fþCz5|¢���Uþ,éu�½
�ζ1, ζ2,kO��UÝ
(III.10)Úü>f�
Î�Ý
(III.12,III.13),O�¥Ô�Î�Ý

�,^(III.17)ª,Ú4íúª(III.16)O�¥Ô�
Î,2^F/úª¦È¥Ô�Î�Ý
Jij,r��
���0 ∼ 100,©�10000��må��f.Ðg
S��,duÅ¼êψ2

1s(r
′)¥�ÐmXê��,Ï

d�^φ2
1�O,ù�k

J(r) =
1
r
[1− (1 + ζ1r)e−2ζ1r] (III.24)

| ^ ¦ � � � U Ý 
 ÚFockÝ 
,�
\(III.20,III.22)�����Ú��¥,��O
�Uþ�.|^¦����¥2gO�¥Ô
�Î9ÙÝ
,q������Ú��¥,X
d�ES���gU. e¡�gUN!

�∆Ei−1,i < 10−5,i´S��gê.Ø
UþIO
�	,duHFR Å¼ê´C©¼ê,Ïd�7L
÷v å½n,=µ

vir = V/E = 2

,	,HFRÅ¼ê�ì?1��k��,éur →
∞,ÏLSTOp�ni > l + 1 =�,éur → 0�
1�,�¦»�Å¼ê÷vÜ:^�(cusp condi-
tion),=

cusp = (l + 1)[
1

fnl(r)
d fnl(r)

dr
]r=0 + Z = 0

(III.25)

ùp, fnl(r) = Rnl(r)/rl .

III.3 (((JJJ���???ØØØ

²LÐÚ�|¢�±(½ζ��,3ζ1 =
1.25 ∼ 1.60, ζ2 = 2.44 ∼ 3.30 «m©O
±Ú�0.01Ú0.02O�,(JXã1¤«.O�L
²,HFR�§S�Âñé¯,Ï~10 ∼ 20gS�
=�.



Figure 1: Ý/(ζ1, ζ2)�fþ�±�fÄ�Uþ

e L ¥ � Ñ 
 ÷ v � ¦∆Ei−1,i <
10−5, |vir− 2| < 0.001, |cusp| < 0.01�(J.d
u3O��fÙ¦5��,Å¼ê3r → 0NC
�1�Ï~é(JK���,ÏdÀJL¥1
o1���§�).L¥¤�ε1�²ü ��

�24.99eV�±�f>lU�¢��24.58eV�
C.�Kþ,�Ä¼êÐm¥kÃ¡õ��,)Û
�HF(J�±%Cê�HF�(J,�¢Sþ©
z[9]�O�L²,|^12�STOÐm�O�(J
®²�ê�HF(JA���.

III.4 ÖÖÖ¿¿¿`̀̀²²²

1. ' uSlaterÄ ¼ ê Ä ¼ ê � À J é
uSCF�O�(J�'­�.Slater¼êÄ
|´y3'�~^�,Ù/ª�µ

chinlm(r) = NsRn(ζ, r)Ylm(θ, φ)
(III.26)

Ù¥,Ns´=É~ê,Ns =
(2ζ)(2n+1)/2√

(2n!)
,Ylm´

¥�¼ê,
Rn(ζ, r) = rn−1 exp(−ζr),Ù
¥ζ��(n,l)k'�ëê. n,l,m��ê,C
z����f;�¥n�þfê��

Ó,=µ

l > 0, n > l + 1,−l 6 m 6 l

STO¥��êζ�Ð´U�½²�5K
�?�,
�k<^STOÄ|?1�f
�SCFO�,�â¦oUþ�$��KÀ
�ζ,l
¦Ñ
¤k���>fÓâ;�
�ζnl .�Kþ,�STO^u©fO��,ζA
T­#`À,�´ù��O�þ���Â
�ØwÍ. éu|¤�f�d>f�±
e�z��f;�^��STO�L�Ä
|¡���Ä|.~X,%�f���Ä|
´1s(5.6727), 2s(1.6083), 2pz(1.2107),
2px(1.2107), 2py(1.2107)()ÒS�êi



�ζ�).Clementiuy,eéz��f;
�^ü�ζØÓ�STO�L,Ké�f
�SCFO�(J��Uõ,é©f�Ó
�.ù«Ä|¡�VζÄ|.~X,%�f�
VζÄ|´1s(7.4831), 1s′(5.1117)
,2s(1.8366), 2s′(1.1635)
,2pz(2.7238), 2px(2.7238)
,2py(2.7238), 2p′z(1.2549)
,2p′x(1.2549), 2p′y(1.2549)
�r → 0Úr → ∞�,STOÄäk�
(Å¼ê�ì?1�.°(��f;
�ψlm3�:÷vÜ:^�(cusp condi-
tion)(III.25)
STOÄ|÷vÜ:^��´
Ù­�`:.

2. Ù¦�f�O�¢~
éulHe�Xe�¤k¥5�f½lf,®
²k�'©z�Ñ
HFR�{O��(
J,äN(J�©z[10][11]

3. J.A. Pople��z
þ¡®0�
MAp-4��{,�,Ú\

Ä¼êÚpd.Ä¼ê,l¢^Eké
�ål,´¶3uXª(I.15)@����´
8��õ¥%È©,ù«È©3O�¥�
�106 ∼ 109�.ÅÊ�u²
�«�{,�
¦O�ó�þ~���ü�êþ?.¦�
E
�X��þÅÚU?�Ä¼ê,¿?
1
�þ�O�\±u�, ù´��û
½5�¤Ò,duù«U?â¦MAp-
4��{�±A^u¢S�zÆ¯K.�

?�Ú��©f�(�,<�Ø=�O
��½�.�Uþ, �
¦�²ï��
., ����Uþ���D����ê,
ÅÊ�3@ÏPulay Pó��Ä:þ, m
u
k�O�ù
�ê��{. ÅÊ�
31970 còù
?Ðmu¤���A^
^�GUASSIAN,¿Øä�ÑU?,1990c
�qò�Ý�¼�{Ú\.ù�^�®�
zÆ.2�æ^.�,þã�{�O9>
f��,
�Ñ
>fm��',�éUþ
O�5`,Ø�®Øv1%.

Figure 2: þfzÆO�¤����zÆ�A� U
¡
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