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� (Hartree �
��� )

Born-Oppenheimer ��������� , �����! �"$#�%&('�)�*$+-,
.$/$0 �$132�4(5�6 . 7�8 i
) #�% )9�:�; �����$<�6$=�#�%�����>�?�@

(

h̄

2m
∇2 + vH(r)

)

ψi(r) = Eiψi(r) (1)

vH(r) = −e2
∑

α

Zα

|ri − Rα|
+e2

∑

j 6=i

∫

|ψj(r
′
j)|

2

|ri − r′
j |
dr′

j

(2)A =-B3" +-C3DFEHG3D-I�J$K-L3M 6 .
A-N B3" ,OQP <R6S#T%RUSV ) <TWTX ) #T%RYSZR6S[T\T]T# EGRDTI^J_KT` �T�Sa�bTc &SdT)�/SeRfTDSg�hTKRi Uj
k

, l ) [�\ ` U Hatree field
&(m�n

.

Hatree >�?�@�" self-consist �$o�p!5�6 .

1.2 Hatree-Fock ���
�
q �F�3�r s"rtsusv )rwFx UryFc-<FzF{sY M 6
c�| , }�~����$ �����6$z�{�Y M 6 1.

q �����$ �U
Slater

)$��� @ & k X����$X , ��1 w�x U$����<�6&
, @ (2) �!��� )!���T� 1 ) @ (3) Y!�R��6 (

0��
D Y$[ � �!#�%�� )$� �$Z���<�6 ).

VX(ri) = −e2
∑

j 6=i

[

∫

ψ∗
j (r′

j)ψi(ri)

|ri − r′
j |

dr′
j

]

ψj(rj)δχi,χj

(3)

@ (3) U$���!c�@�U Hartree-Fock >�?�@ &(m�n .

1.3 Hatree-Fock ���
�
�����
�
��� ) #�%�" ,

/$e�f�D$��� Z��������$X�a � b
�$��2!�
�$���$�$ �¡
�$"$¢ L�M 6 . £ ) ���$�$#
%¤Y_�¤2S�F�¥X ; �¦<¤6¦£ & U /_eRf¦D_� � &§m¦n .
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Hartree-Fock
) @ L " , [ ��0R��D�) #�%��!}�¸)!��� Z���Y$¹�º�»(5�c�Y , }�[ ��0���D ��"!¹�º

»¼5-XFb3�Hb . ½-c3� ,
�-�Fg-h-K3iF)-¾ pF� � �g�h�K�i U$¹�º�<�6$z�{�Y M 6 .

=�¿�#�%�À�Á��$a�b�X�" ,
/$e�f�D!��� Z���<�6

#�%�Â )$Ã�Ä�Å�Æ�g�h�K�i Y!Ç
4(5�X�b�6 .Rs " 1È ) #�%�Y�É�|�6$Ê )$Ë�Ì�L�M � , #�%�Í�Î & ρ =
1

4πR3
s/3

) �$Ï�� M 6 .

E0 = Ekinetic + EX + EC

=
2.21

R2
s

−
0.916

Rs
(0.031 lnRs − 0.115) (4)

1.4 Ð
Ñ
Ò
Ó
Ô�Õ�Ö
× (LDF)
ØÚÙ ÍÛÎÚÜ �Ý ÚÞ )Úß ¸Úà
" ,Hohenberg,Kohn,Sham 4á�â���$Xâã�pá5
cåäæ#F% )Hç ÁFÂ ) q Ã-ÄFÅFÆFgFhFK3i "r#F% )
#�è�Í�Î ) Ü��$ & ��6$é & b
� x�ê�L�M 6 .

E =

∫

V (r)ρ(r)dr + F [ρ] (5)

ë �34(5-c-ì ` V
)�í3&¼L

, Â )$g-h-K3i E Uî d � k c &$d , ï ) #�%�Í�Î ρ " g�h�K�i U!ð�ñ
�$<�6$#�%�Í�Î��$V���4$�$b .

F [ρ] " ; � g-h-K3i3&¥�-�-ò-� � g-h-K3i-)róL î 2�6 & ����<�6

F [ρ] = Ts[ρ] + EXC [ρ] (6)

Kohn-Sham " ,ρ(r) Y_ôR�_õ¤�¦ö÷�Fø¦�ù�¦ú¦<¤6` �ûU_üû� , =^¿^#^%^À¦Áû�ý~^<û6 �^�^ò^� � g^h^Ki
εXC(ρ)2 U_þ��(X ,EXC U jÿk������ Schrodinger

>�?�@�U$ã�b�c 3.

EXC [ρ] =

∫

ρ(r)εXC(ρ(r))dr (7)

£ ) >F?-@ L " , #-%3� /He3fFDH� �FU ,
��� =� % EHG�D-I�J$K �	� d$� �HX�b36 . £H53" , #-%

2 
 (4) ª�� 2,3 �
3Hatree-Fock 
 ª������ , ������� ª¼¨¼©¼´���������������	���	 �!	"�#%$ · 
 �'&)(�*	+(·
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"!V ) #�%�Y����!XR£$5��!b ����� V���� (
�����

��� e-K ) ����	H5-X-b36-£ & p�4�

�H6 .
� V��

� )�� "����!#�%�� 0 ��ì�"���p�4!�$b�c�| ,
Ø�Ù

#F%FÍ-Îs��� k bF\��s�HÍFÎ ) ���r#F%�� 0 Y��
2-6��sUH�-b36 . £H5sY ,

Ø-Ù Í-Î-Üs�H -Þ )rÃ��& ���$X�b36 .εxc

)�� Á-õ�� � " Perdew 4 ) @ �
Wigner

)���� @ � Xα
) @����$Y M 6� �'�

Schrodinger >�?�@�"$��� ) ���$� î 2�6 .

(

h̄

2m
∇2 + vH(r) + µXC(ρ(r))

)

ψi(r) = Eiψi(r)

(8)

µXC(ρ) =
d(ρεXC(ρ))

dρ

ρ(r) =
∑

i

|ψi(r)|2

vH " Hatree
E$G3D-I�J$K

,µXC " ,
� V����3�

�!
"�$6�#���õ���$�� E$G�D�I�J$K�L�M 6 .q g�h�K�i "$��� ) @ L j�% 6 .

U =

occ
∑

i

Ei −
1

2

∫ ∫

(−e)2ρ(r)ρ(r′)

4πε0|r − r′|
drdr′

−

∫

ρ(r)(µXC(ρ(r)) − εXC(ρ(r)))dr + Uion−ion (9)

εXC(ρ(r)) " , Í�Î ρ
) \���#�%�� 0�) =�#�% M

c
� )$����� � g�h�K�i$L�M 6 .

TB Þ L " ,
����òT� � g�hTK�i , ]�# g�hTK�i YN Á�B L�&�'�L�d 6�£ & ��� , }�¸���� ��( U�)*	% X�b�6 .

1.5 +","-
.0/ dS0R�TD¤& � / dS0R�TDSLTØTÙT0R�TD ÍTÎ¤Y1 �T60�2�SÎRU23Tc % c ØTÙT0R�TD ÍTÎT}R�S TÞRYM 6 .

	$c ,
����ò�� � g�h�K�i$e εXC �$a�b�X ,

� �gTh¦KRi "2465 k ,
�T�¦gTh¦K¤iT)_� U_ü87 k ,

�T�

g�h�K�i U!t*9�: e*;!e α ���T�!X , l�5�<�5 )>=
����?�� ) b�b����$��@�|�6$>�Þ�U Xα Þ &(m�n .

µXα =
3

2
αµX(ρ(r)) (10)

µX =
e2

π
(3π2ρ(r))1/3 (11)
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1T%R�0� )2J8K ÂR"_1T% 9T: ÞRUS�TbR6T£ & Y ç
bRY ��L ÁTÂ��0� )>M8N8O8P�L "S#�% ÅTÆ Y>Q DSRO8PTL�M 6ScR| � Q DSRUT8V Þ 4 YS�TbQ4ù5�XTbR62 

2.1 W"X"Y
�
� , Z"[]\_^"`"a�b
×
� bR�2c � <R6S[8d¦� ÃTÄR)2e8�TóTL �T�R�S RUj�f <�6 5.G "�g�h�%�i /"j K�L�M 6� 

ψk
i (r; t) = Ω−1/2

∑

G

exp(i(k + G)r)Ck+G,i(t)

(12)

£ ) @�" ; ��k (k + G) U�l�m |C|2
L 3�n�£ &

U�o�< . [�d�� )  ) 2 p )�q�d » )$����) ~�r�ú
Y$z�{ L�M 6�Y ,

T�V�)�¾�&�s �$U�g�h�%�ô�� L <
	 % 6�£ & Y L�d 6 .�T� � T8V U � � � �S�TbR62t .ùKujwv0xTDS�T�
{�y )�� Á � U�o�<z 
•
; � g�h�K�i

< k + G| −
1

2
∇2|k + G′ >=

1

2
|k + G|2δGG′

(13)

• { E$G�D�I�J$K
{ ESG�DTI¦J_K " ØTÙ B &}|TØTÙ B (l ~8� ) �
1�2�4(5�6� 

4 ��� !>�U� ´0� *��>� � ·U�>� , ¨¯© �0���!­U�>��� � · .
5TB � �!�(©(ª!�!���!� "�� �$·
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V
pp
l (r−Rα)P̂l = V

pp
loc(r−Rα)+V pp

nloc,l(r−Rα)P̂l

(14)Ø�Ù B���� k X�"
< k + G|V pp

loc(r)|k + G′ > (15)

=
1

Ω

∫

Ω

V
pp
loc(r) exp[−i(G − G′)r]dr (16)

= V
pp
loc(G − G′) (17)

|TØTÙ BR"_[8dT�RUSÊ8dT����� k � l )�� pR4|TØTÙ { ESGRDTIrJýKQ&�� � r ; �8k¤U238nTÊ
dT�RU��Q� ß k � lT5R�S~ k X ESGRDTI^JýK U
Z���» % 6!z�{�Y M 6$c�| � Ê�i	��
 K �! �K
�TJ�D"R K�ç B�@�U!��b�c������!@ & ��6> 

•
/$e�f�D�E!G�D�I�J$K��²����� �$B. &�� ¿��
< k + G|Vcoul(r)|k + G′ >= Vcoul(G − G′)

(18)

< k+G|µxc(r)|k+G′ >= µxc(G−G′) (19)

£$5������ �

Hk+G,k+G′ =
1

2
| � + � |2δGG′ + V

pp

loc( � − � ′)

+ V
pp

nloc( � + � , � + � ′) + Vcoul( � − � ′)

+ µxc( � − � ′) (20)

G ��nFb-X )Hó "�4�� È z-{��3Y �  �� T�V .
�����!b )!L � ; � g�h�K�i (1

2
|k + G|2) Y M 6 qd » Ecut 	 Ls)FíF) Ur�FbFX T�V <s6� ����$X �

Ecut "��������
����2!5
����4$�$b� 
	!c � ��� )  �� T8V �!aTb�XR" � 0�e t e 
 K
U � ôR��: � I"! ��#û�SX�lT5�<�5 ) : � I"! à )
��U FFT

L�$�% õ���& e v g � � <�6� �('
( ) x )

)HÅ-Æ " w % ' ��*3��+-1�� Ø�, k
X-a � , --#-%s".) xs& c � <s6 )HL ,

w % ' �.*L�/ k ø( ���<�6 . £ ) c�|![�d�� Ã�Ä�L " j�f L

d �Sb . lR£ L , ï )Sw % 'RESGRDTI^JýK U>c ��0 U1 ��2 s ��{ E!GRD�I¦J_K �%� d!� �T6�£ & ���^�
X , [�d-� ) j�f U-�sø k n�n í , --#-%-�F�3�H )$w % ) ì�3 L�)�4 6�	$b�U�5 f » % 6 .

{ ESG�DTI¦J_K "S=�6��S�T� )2��L î 2�62 -£T£L
|lm > "!Ê8d�7 ó �! LRM � � r ; ��k l 8 ):9;�< V % )�=�> U < �$6� 

V
pp
NL =

∑

lm

|lm > Vl < lm| (21)

ï )-E$G3D-I�J$K �$~ k X-o�pH5-c-���3�H & ,

{ ESGRD�I^JýK �!~ k XToRp!5TcT�T�R�! ) ) x �
� )�?HK
@ (�����H ) 2 p � 1 ) Y�� k b�{ E$GD�I�J$K U ?!K
@�A ��B�{ E$G�D�I�J$K
& b
� 6.
CF; ��k�Ds��{ ErGsDFI�J$K Y�@s|s4¥5FXFb 6

BHS
|�Ø�Ù�?!K�@:A ��B8{ E!GRD�I^J_K [5] �*�SYE ø(þ��$5�6 (HF Pt).

k p k�� A�N�G�H�I y�J�KL�M�N L " |�O � ç ø ) [8dT�RYSzT{ & �T6!cR|2{E!G�DTI¦J_K U�P�& j �!<R6RQ S�T.P�& j { ESG�DI�J$K
[6] Y��$¸
»(5�X�b�6> T�Vs)VU�W ú ) cs|F� � { ErGsDFI�J$Ks) 1 $

B j�f @ (Kleinman-Bylander B )[7]
� ~F� 0 U(X

� k c	YQv KSxRD�ZTeQD �Tb�[ D�\ v D�]�^ Þ
(Monkhorst-Pack

)�^ Þ )[8] J � U�W FFT[9] Y$�
b�4¯5�X�b�6> "_�` T�V Þ���" � Car-Parrinello Þ
[10] J�a =�b�c Þ (TPA Þ [11],BKL Þ [12],RMM-

DIIS Þ [13]) Y$��b
4(5�X�b�6� 

2.2 (OPW × )

��'R) c � úQ»ù5Tc¦�T�R�S &ù+TCRD � ) [8dT�):d >RU!yTc�<8c � ú�»ù5�cT[�dT��F OPW ��US�
b�6 .d #�%��$~ k X�"!��� L�d �!b�c�| , K L�M�N
U$�
�$£ & Y L�d �$b .

6 egf�h�����i ª "�j�!gkgl egfgmgn ���	� �	 �! 
 �'&
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2.3 APW ×
) x #�%�p�4�-�#�%*	 L o�ø q #�%�Þ . [�d���U��� <�6$c�|�� Ã�Ä �$ ���d���o�U!���$X�b�6 .

E
GRDTI^J K �¦"���&�� DSG � DTE_GRDTI^J K USþQ� .

� &�� D!G � D�E!GRD�I^J_K�)8� 3R��"S>��8kT%� 
l, 	TÀ�k�%� −l F l ) � Ì �! Rl(r)

& Ê�d�7 ó �
 Ylm(θ, φ)

)S� U ,l,m �2n�bTX ó U��¤�_c¦���R�
 χ(k, r) U$þ�b ,

χ(r) =

∞
∑

l=0

l
∑

m=−l

AlmRl(E, r)Ylm(θ, φ)

ì�3 L "S[8dT�RUSÊ8d�7 ó �S L ��� k c íT) USþ
� . � &
� D!G � D�E$G�D�ITJSK�)���
�L���� ���
6����$����`�����U�� k c���U APW � & b
� .

APW �ûY Y f ��� ) ��� 7 Uýy^c^<û�û�ý� ,APW

��U�����X�� � �����$ �U$Z�6 8.

ψk(r) =
∑

g
n

C(k + gn)χ(k + gn, r) (22)

APW Þ�"!Ê�~������ &
� D!G � D�E!G�D�ITJSK
U$þ
�(c�| , a � M � 0 Y U ø 1 >�õ�� E$G�D�I�JK U�3�n I v�) D ��"$��� L�d �$b .

2.4 KKR ×
Q D_R�T�V�)!0�;�D�*$e]R �$>�Þ )��
& n .

ç �%���x�ê U!��b�X�b�6 .

2.4.1 ���������� 

L̂G(r, r′) = δ(r − r′)

< V % L̂ �S~ k X ,
. @RUSyTcT<R�S G U ] v eD �$ & º�!-<�6 . L̂ = ∇2 + κ2

)$` � (L̂ψ(r) =

V (r)ψ(r)),
] v e�D �! �"!��� ) @ L º�!�»¯5�6 .

7χ(k, r) = eiklχ(k, r − l)
8 "�#%$'&%( "*) ©%( " 
 �'+ , , ) ©%-�.�/ !%0�1*2 �$·

G(κ, r − r′) = −
1

4π

exp(iκ|r − r′|)

|r − r′|
(23)

2.4.2 KKR 3
�-�3�r , �-�->-?F@3"r�-� ) @3�-�F6 .

�-� �
"�£$5�U G�H Â���4�5�<�6 ( Y f ��� ó U & 6 )

ψ(r) =
∑

l

∫

G(κ, r−r′)v(r′−vl)ψ(r′)dr′ (24)

L̂G(r − r′)ψ(r′)dr′ =

∫

G(r − r′)V (r′)ψ(r′)dr′

(25)E!GRD�I¦J_K ��"���&6� D!G � D�E!GRD�I^J_K U
��b�6 . �����$ 3��" , � Ì �$ & Ê�d.7 ó �H )��)$ó U$��b�6 .

χ(r) =
∑

lm

ClmRl(E, r)Ylm(θ, φ)

] v e3D �H ����3�(� � k c-�����H �@ (25)
)

d�7 � ψ∗(r)v(r) U�p�2!X , u�� ]$,�e [ +�8 
 K�$L
r ��� k X � 1 k ,

d�7 Y�� k ø!��6 & k X�o
U�9�|�6 .

2.5 LMTO ×
LMTO(Linear Muffin-Tin Orbital) ÞR" ,

T�V�0
�SeuR Y�:
;TbR� W bTcR|Sð í XT�Q»ù5TXTb�62Q DR�T�V Þ L�M 6 .

2.5.1 KKR-ASA 3
ASA(Atomic sohere Approximation) Þ L " , u

� ]S,Te [ +<8 
 K USl¦5 &�� Á �R)SË¦Ì r0
) u=�]S,Te [ +<8 ÊR�Sa d pT�T6 . �^� X , Ê¦~��R� ESGD�I�J!K U�>�º�<�6 . �����$ �"��
&�� D$G � D 9:

(χlm(E, r))
&ùm �!5�6 g�h�K�i$e ~�� 0 U í ní�) U$º�!�<�6 .

4



r < r0 �$a�b�X�" ,

χlm(E, r) = ilYlm(r̂)

[

Rl(E, r) + pl(E)

(

r

r0

)l
]

(26)

r̂ " r U!=�º�� k c�Ê�d . �!a�b�X (θ, φ) U!�� & <�6�£ & U j < .

r > r0 �$a�b�X�" ,
E$G�D�I�J$K Y�� f � )$L ,

χlm(E, r) = ilYlm(r̂)
(r0

r

)l+1

(27)

£!5�"���&
� D!G � D 9�: )!G�+TK (tail)
&¯m �

5�6 .

@ (26),(27)
) � � � �s�-�3� , pl(E) YHº 	-6 .

��&6� D_G � D 9T: )SGT+�K U M�N q Á���� k �R�% c íT)�& , @ (26)
) A

2 B ) Y f � � ó " ç � %� ������������»(5�6!W d$L�M 6 . �
&�� D$G � D9�: U ASA ��� k ,
G�+�K�) ����� k���( ����� ,

Q D"R�O�P Y�@�º
»(5�6 .

2.5.2 LMTO 3
KKR-ASA Us»F4r� U.W ú k X-bs6 . ��&�� DG � D�E$G�D�I�J$K U

VMT = V (r) − VMTZ (r ≤ a) (28)

VMT = 0 (r > a) (29)

& >�º k , �
&�� D$G � D 9�: U

χL(E, κ, r) = ilYlm(r̂)[Rl(E, r) + κ cot(ηl)jl(κr)] (r ≤ a)(30)

χL(E, κ, r) = ilYlm(r̂)κnL(κr) (r > a) (31)

& º�! 9, KKR
&:� ¿�� GT+�K�) �	�
� k º x �

���%9�	�6 .

»¦4ý� 0¤�ýe R U M�� 6ýc¤| ,
ÃTÄ �ý )�
 U_þ��

X^�^1 w¦x^L L � �ûU TzV . � � » 5^c6� &�� DýG �D 9�: U O�� k X U�W ú� 
9κr ´���������� 
�� KKR-ASA ª�
!­��$·

�������
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