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x1.1 có

åø�%¶��¿ˆ�ko"
� Ò·F"kŁ�U§ø�Ö�–�<Þ��þ"
t �<Y†��§⁄–F"ø�Öå��<Ú���J§lø�¿´þ5‘§
ø�Ö�–��þ·ý�¿´þ�<Þ"

o /��e?pà�/Ø¡�åflwL50§T·F"Ø¡�<Þ+L5"
XJ= �c�¿����§‰·�¿�),�Ù!§(<Ø�a-"
âffm'��:§�H�[ß<"<Þ�+�stanfordbshan@gmail.com"

�'�“48I·�¡0��Ý�…nØ3B�Æ��[¥�$^(äN¢y
§S�VASPÚGAUSSIAN)"wX�Ñ5���ægC�Ø�ÙG�Jj§Ø
���<k)�c�Ø�–�⁄":-)�,âÕ˘f§��<òƒþ˜�Øä
�ı�'"
<ÞÌ?µ
üRµoNKI�‹<Þ�?>!�Üó�"¿�>�
��Ù!�S

N"
Ì��ökµ
q'|µ?>
DFTnØÙ!¥Ùp�«�¨'�{"
ß˛‚µ?>
~^^�Ù!¥XÛ^VASPO�‹N��5~Œ§‹N

�G��§"
���µ?>
DFTnØÙ!¥Ùp�«�Aˇk:æ�flK"
a�þz�£http://www.quantumchemistry.net⁄–e�l�9�|–µ
�†N�§�Õò�'SN���?Û/“�Ñ�Ô¥���
XÛ|–þz<Þ
XJ\ˆÞþk—��M�’uþfz˘ÚO�Ôn�'Ù§�òLATEX'

�Úª¡u�stanfordbshan@gmail.com"•‹KI�n?6§òs�ó��
�þz<Þ¥Ü•�Ù!§¿3d�¡5†s��z"XJ<Þ¥k?Û�
‚Ø§�ƒ�5&�Ñ"

x1.2 �#�#

2007c4�13F \\Ùp
«¨'�{0�
2006c10�19F \\(1)Ùp�«�Aˇk:æ�flK
2006c10�15F \\(1)�«�‡�{0;(2)XÛ^VASPO�‹N��5~
Œ;(3)‹N�G��§

2006c9�28F þz�5þz<Þ6ó§�“Ø˜
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x2.1 1��nO�

x2.1.1 ˜��n

x2.1.2 �{'aÚ~^^�

x2.1.3 1��nÚB�Eâ

x2.1.4 Æ�+��$^

x2.1.5 xz+��$^

x2.2 nØ˜:

Øuï˜�*NX§<�Ì��óä·��Ø5þfå˘Ú�ØØ5þ
få˘"•�-���ı�·¯‰™�§µH“ = E“
Øu��þfıNflK§M�îþÌ��„–eAÜ':

1. âf�˜U(T)
2. âfm��p�^U(W)
3. âf�	‡|��^(V)
u·H=T+W+V§•�ˇLƒ)¯‰™�§Hˆ = Eˆ,5��ıNflK

�¯…Œ“(~r1(t); ~r2(t); :::)Øu��ˇ~�þfıNNX§̌ ~�)p�’Ø
��'�§|"Uî�ƒ)�NXØ�§u·•��^�«Cq�{5ƒ)
ıNNX"̌ ~�§kn�Ú‰�Cqµ

I Born|Oppenheimer(ý9)Cq
II {z¯‰™�§§XkHartree|Fock�{§�Ý�…nØ(DFT)+Û
��ÝCq(LDA)+...�

III Œ�ƒ)¯‰™�§§XkLCAO,LMTO,APW�
•�ˇ~:

† ^DFTnØ?n>f�>f�m��p�^
† ^�‡nØ?n>f��f�m��p�^
† ^�‹�Cq5?n�f��–ˇ5�.
† ^S����z�{5¶þ>f�I

Born-OppenheimerCq�§H=T+W+V�·>f�I�…Œ§T =
>f�˜U�˛§W = >fm�^§V = Ø�)�‡|"Hohenberg
ÚKohn?�ÚJÑ>fUþE=Ú>f�Ý'Ùk’§�ÑµØÓ�‡|
�Ñ�˜�>f�ÝØ�U�Ó§=V(r)�d‰(r)��(‰§u·‰(r)Ó��
(‰
oâfŒN§l
�Òl�nþ(‰
ø�NX�⁄k5�"

x2.2.1 Hohenberg-Kohn‰n

•�^��ØØ�Ø„��M�îþ5£ª��⁄�fNX

Ĥ = T̂ + V̂ + Ŵ

8 www.quantumchemistry.net
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^�gþfz�£ªÒ·

Ĥ = ¡
~2

2m

X

fi

Z
d3r ^̂+

fi (r) 52 ^̂fi(r) +
X

fi

Z
d3r ^̂+

fi (r)v(r) ^̂fi(r)

+
1
2

X

fifl

Z
d3r

Z
d3r0 ^̂+

fl (r) ^̂+
fl (r0)w(r; r0) ^̂fl(r0) ^̂fi(r)

•�b�üâf�m��p�^·fi��(X¥Õ�^)§�·òNX�uØ
Ó�	|e"Hohenberg-Kohn‰n(†µNX�˜�Uþò==·>f�
Ýn(r)��…"

A.˜��{¿�/

k‰´�|üâfÛ�‡�8ÜP,ƒXe�z����flK

Ĥj`i = (T̂ + V̂ + Ŵ )j`i = Ej`i; v̂ 2 P

Ñ��N⁄�fNX��{¿˜�Ĥj“i = Egsj“i"�–y†§3¯…Œü�
ºY�cJe§�3PÚ˜�¯…Œ“�m���N�’X§òd’XP�C

˜�¯…ŒÚ˜��>f�Ý�m��3��N��’X"•��Iy
†j“i 6= j“0iíÑn(r) 6= n0(r)"�{üy†Xeµ

Egs = h“jĤj“i < h“0jĤj“0i

dC'�n�–��

Egs < h“0jĤ 0 + V̂ ¡ V̂ 0j“0i = E0
gs +

Z
n0(r)[v(r) ¡ v0(r)]d3r

lE0
gsÑu�–^Ó��{í�

E0
gs < Egs +

Z
n(r)[v0(r) ¡ v(r)]d3r

XJn(r) = n0(r),KþªŁØ�“�\ò�ÑEgs + E0
gs < Egs + E0

gs�gæ§
u·•��–�Ñ“ $ N �m��3X��ØA’X§P�D.D¡1 : n(r) !
j“[n]i

k
þ¡�˜:§•��–��Hohenberg-Kohn‰n�1��(ØµN
X˜�e�?Û�*ÿþÔ�ˇ"�ò==·˜�>f�Ý��…"

h“[n]jÔj“[n]i = O[n]

9 www.quantumchemistry.net
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_N�(CD)¡1 : n(r) ! v(r)Kw�•�˜�>f�Ý�&Eß‰
NX⁄
?�	|§\þfi��˜U�˛Úâfm�p�^§•�¢Sþ��
NX
�oM�îþ"

Hohenberg-Kohn‰n��Ñ
Uþ�…�C'A5"

Ev0 [n] := h“[n]jT̂ + Ŵ + V̂0j“[n]i

Ù¥�j“[n]iˇLN8Ü�_N�D¡1��"�âC'�n§Ev0 [n] w,kX
e5� (

E0 < Ev0 [n] : n 6= n0

E0 = Ev0 [n0] :

�Ò·‘§�–ˇL��z�…Ev05��˜��>f�Ý

E0 = minn2N Ev0 [n]

•���–òEv0 [n]�⁄Xe/“

Ev0 [n] = FHK [n] +
Z

d3rv0(r)n(r)

Ù¥§FHK [n] = h“[n]jT̂ + Ŵ j“[n]i
duN�D¡1�NX⁄?�‡|V̂0ˆ’§⁄–FHKò·��˚•�…"ø¿
�X3Ŵ/“�‰��„e§̂ Ø·Ø�f§'f§�·�NNX§FHK [n]ò
Ñk�Ó��Ý�…"
�L>f¤Øf§Øf¤Øf��^�‡|V̂0ò�
Ñy31��¥"

Hohenberg-Kohn‰n==·DFTnØ�˜�§§¿vkw�•�XÛ�
E_N�D¡1‰·�…FHK [n]"¢Sþ§ø�k3,
Cqb‰eâk�U
¢y"

B.˜�{¿�/
•�ØN·ò˜��{¿�/í2�˜�{¿��/"du3{¿�/

e§��‡|  Úı�˜�¯…Œ�ØA§⁄–CØ2·�N�"�·•�
E,�–y†V 6= V 0 ) “V 6= “V 0 ,=C¡1 : “ ! PE,·�—�N�"
�˜��{¿�/��aq�•���–y†D : “ ! N·�N�"Ø

Ó‡|�ØA�¯…Œjˆi; jˆ0iòØAuØÓ�>f�Ýn(r) 6= n0(r),⁄–?
¿��{¿��>f�Ýß‰	|§�Ò·‘(CD)¡1E·�—�N�"
3{¿�/e§�,���‰�>f�Ý��¿Ø�‰ØA��ü��

˜�¯…Œ§���•�5¿�3�‰	|V��/e§���Ñ�Ó�˜�
>f�Ý'Ù�{¿˜��˜�Uþ��ø�fl¢§•��–y†{¿�/
e§oUþ�…Ev0 [n] = FHK [n] +

R
v0(r)n(r)d3r�C'5��˜��{¿�

10 www.quantumchemistry.net
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���Ó"

u·§�âHohenberg|Kohn‰n§��NX�>fUþ�L«�µ

E[‰] = Ts[‰] + Vn¡e[‰] + Ue¡e[‰] =
Z

‰(r)V (r)dr + FHK [‰] (2.1)

Ù¥

FHK [‰] = T [‰] + Uee[‰] = T [‰] + J [‰] + EXC [‰]

EXC·�†;�§�)��UÚ�’U

J [‰] = 1
2

R R 1
r12

‰(r1)‰(r2)dr1dr2 ·†;�¥Õü‰U

x2.2.2 Kohn|Sham �§

Øu��ÕÆ>fNX§HKC'�nkXe/“

Ev(r)[~n] ·
Z

v(r)~n(r)dr + Ts[~n(r)] ‚ E

Ø>f�Ý�C'��µ

–Ev[~n(r)] ·
Z

–~n(r)fv(r) +
–

–~n(r)
Ts[~n(r)]j~n=n ¡ †gdr = 0

Ù¥�†·�
�yâfŒ¯ð
Ú\�.�KFƒf

Øuø���p�ÕÆ�NX§•��–ˇLƒ)Xe�ü>f¯‰

�§��Ù˜�UþÚ>f�Ý'Ù"

(¡
1
2

52 +v(r) ¡ †j)`j(r) = 0

��

E =
NX

j=1

†j n(r) =
NX

j=1

j`j(r)j2

11 www.quantumchemistry.net



þz<Þ[þz�Ñ‹]

y3£��p�^�ı>fNX§ÙUþ�…�–L«⁄Xe�/“µ

E[‰] = Ts[‰] + ENe[‰] + J [‰] + EXC [‰]

= Ts[‰] +
Z

V (r)‰(r)dr +
1
2

Z Z
1

r12
‰(r1)‰(r2)dr1dr2 + EXC [‰]

= ¡
1
2

NX

i

h’ijr2j’ii ¡
NX

i

Z MX

A

ZA

r1A
j’i(~r1)j2d~r1

+
1
2

NX

i

NX

j

Z Z
j’i(~r1)j2

1
r12

j’j(~r2)j2d~r1~r2 + EXC [‰(~r)] (2.2)

•�òþ¡�Uþ�…Ø‰ƒC'§��µ

–E[‰] =
Z

–‰(r)fveff (r) +
–T (‰)
–‰(r)

¡ "gdr = 0 (2.3)

Ù¥

vKS(r) = ¡
MX

A

ZA

r1A
+

Z
‰(r0)

jr ¡ r0j
dr0+VXC(r) VXC =

–(EXC [‰])
–‰

(2.4)

3	‡|v(r)¥$˜��p�^>fNX��§�w�3k�‡|�vKS¥
$˜��ˆ�p�^>fNX��§"‰ö‘§?Û���p�^�>fN
X§Ñ�3��>f��Ý���Ó�ˆ�p�^âf|⁄���NX"

⁄–•��–ˇLƒ)Xe�ü>f¯‰
�§ƒ)NX�˜��Ý…
Œ

f¡
1
2

r2 + vKS(r) ¡ †jgˆj(r) = 0 (2.5)

T�§Ò¡�Kohn¤Sham�§§ò)��ˆi¥ÀÑUþ�$�N�5
O�‰i��:

‰ =
NX

i=1

jˆi(r)j2

duˆÚ„XCÑ�‰k’§⁄––þü“�ˇLgUS�ƒ)§�ÑCq
�>f�Ý‰(r)§2d‰(r)ƒ�˜�Uþ"gTƒ)�6§ª{üXª2.1⁄
«"̌ ~§—'�>Ö'Ù�����f>Ö��5U\"

�â�§2.5§ò�§�ƒ’y
i §�–��Kohn-Sham�§z�ü>f;�
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ª 2.1: �Ý�…O��{�6§ª"
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�UþL�“µ

"i = ¡
1
2

h’ijr2j’ii+
Z Z

‰(~r1)‰i(~r2)
r12

d~r1d~r2+VXC(~r1)‰i(~r)¡
Z MX

A

ZA

r1A
j’i(~r1)j2d~r1

(2.6)
òdü>f;��UþL�“ÚNXoUþ�L�“2.2�’�§•���µ

E[‰] =
X

i

"i ¡
1
2

Z Z
1

r12
‰(r1)‰(r2)dr1dr2 + EXC [‰(r)] ¡

Z
‰(r)VXC [‰(r)]dr

(2.7)

u·§��flK�’�Æ�
���’UEXCø�þ"XJEXC��…
/“°(fi�§@o§EXCØ‰ƒ�ò°(��˜
��Ú�’��J"AO
�5¿�·§ü�Kohn|Sham�§���Uþ�\¿�Ø�XÚ�oUþ§
ˇ�>f�>fm�HartreeU9���’U�›EO�"Ù����Ø·î
�¿´þü>f����"
�•�æ^†¡¯˜��ÿ,Kohn|Sham �§�/“òC��~{ü

X

G

•
~2

2m
jk+Gj2–GG0+Vion(G¡G0)+VH(G¡G0)+VXC(G¡G0)

‚
ci;k+G = "ici;k+G

(2.8)
3ø«L«e,˜UÝ
·Ø�
,�«‡dƒ��Fp�XŒ�Ñ.�§(2.10)�
ƒ)�–ˇLÝ
Ø�z¢y.Ý
����ßu���Uþ ~2

2m jk + Gcj2,Ø
uQkd>fqk�>f�NX,Ý
òC��~
�,�ø�(J�–ˇL
e�!0���‡Cq\–�Ñ.

x2.2.3 DFT¥;�U?�¿´

3DFT¥§Kohn-Sham�§���)lî�¿´þ5‘¿ˆÔn¿´§�
Ò·‘§ø
���¿�l��ıN�p�^�NX¥V\‰~���:f
�Uþ"�·DFT¥��p'fÓâ;�HOMOK·�~	[1]"Ùk†(�
Ôn¿´§Ù��uK�>lU"ø·ˇ����ÆåPNX��lØ«�
�>Ö�Ý�ì?/“·d�pÓâ�HOMOß‰�"du3DFT¥>Ö�
Ý·C'�˜�þ§⁄–Ù˜��>Ö�Ý·�(�§ddíÑHOMO�U
?��uK�>lU"DFT¥Ùƒ�;�Uþ¿ˆ†(�Ôn¿´"
,
3Kohm-Sham�§�nØµeS§⁄k����k(��Œ˘„

´,ˇ~��Slater-Janak‰n"���nØþ�u

"i =
dEtotal

dni
=

Z
dr

dEtotal

dn(r)
dn(r)
dni

(2.9)

x2.2.4 DFTnØ�"�

† ØU^LDA§GGA5£ªr�’�^
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† ØU^5£ªVanderwaalså
† ˆ{^5O��~��XÚ£�fŒ>500⁄

x2.3 ��’Ø‡

x2.3.1 �ÝÝ


•�˜k0�n��ÝÝ
�Vg§œ“¥x = (r; ŝ)·�m�IÚg^
�I�Ü¡"

¡(n)(x1; : : : xn; x0
1; : : : x0

n) = [
N
n

]
R

“y(x1; x2 : : : xnxn+1 : : : xN )

£“(x0
1 : : : x0

nxn+1 : : : xN )dxn+1 : : : dxN (2.10)

�
$���ÝÝ
3þfz˘�'zÚ¢SO�¥�†~^�"Ù¥§
Øu����ÝÝ


¡(1)(x1; x0
1) = N

Z
“y(x1; x2 : : : xN )“(x0

1; x0
2 : : : xN )dx2 : : : dxN (2.11)

Ù¥ÙØ��‰(x) · ¡(x; x)Ò·>f�Ý"I�'��·§¡(1)(x1; x0
1)¥

�x1��·�m¥�x1:§
ØATÚ>f1ØXå5"�Óâf5fi†fi†
3c¡�XŒN¥��
Ny"⁄k�>fÑ·�Ó�§⁄–Ø�3>f1‰
ö>f2�flK"�u�x\eI§·ˇ�3–��‰´¥§•�‹���m
¥�ØÓ�:§�
IP§�§•�P�x1; x2:::
3�mdr1¥Ø�?¿g^�>f�A˙�

P (r1) =
Z

‰(x1)ds1 (2.12)

���ÝÝ
�–L«�1

¡(2)(x1; x2; x0
1; x0

2) =
N(N ¡ 1)

2

Z
“y(x1; x2 : : : xN )“(x0

1; x0
2 : : : xN )dx3 : : : dxN

(2.13)
•���>fÆu⁄�f§⁄–�•���ü�>f�I�§̄ …ŒUC˛
Ò"⁄–���ÝÝ
dXe�5�µ

¡(2)(x1; x2; x0
1; x0

2) = ¡¡(2)(x2; x1; x0
1; x0

2) (2.14)

���ÝÝ
�Ø��§ˇ~���é ' é —Ý ƒ(x1; x2)§�kAˇ�
Ôn¿´"L«Ó�3�I�mdr1Údr2 Úg^�mds1Úds2¥Ø�ü�>

1•�æ^ÚParr Yangaq�8�z�{§8��>fØŒ8"øƒ�¨'Òc�XŒ
ÚChemists' Guide to DFT 1�Ùp�œ“��ü�
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f£?¿ü�⁄�A˙"

ƒ(x1; x2) = ¡(2)(x1 = x0
1; x2 = x0

2)

= N(N ¡ 1)
Z

¢ ¢ ¢
Z

j“(x1; x2; :::; xN )j2dx3 : : : dxN (2.15)

�â�§£2.14⁄§ÙAT÷v–e�5�µ

ƒ(x1; x1) = ƒ(x1; x1) ) ‰(r1; ¾; r1; ¾) = 0 (2.16)

�Ò·‘3�mÓ�:Ó�Ø��Óg^�ü�>f�A˙�""


3�mü:r1§r2Ø�ü�>f£ˆØÙg^⁄�A˙�

P (r1; r2) =
Z

‰(x1; x2)ds1ds2 (2.17)

x2.3.2 Ø’Ø�ÝÚ���ÝÝ


NX�ü>f�ÝÝ
¡(1)(x1; x2)�–ˇLü>f¯…Œ���Eµ

¡(1)(r1; ¾1; r2; ¾2) = –¾1¾2

X

i

f("i¾1)`y
i¾1

(r1)`i¾1(r2) (2.18)

AO�§ØuNX¯…Œ·Slater1�“��/§Ø’Ø�ÝÝ
ƒ(x1; x2)K
�–ˇL���ÝÝ
��[2]"ø¿�XNX⁄k�5�Ñd���ÝÝ

¡(1)(x1; x2)ß‰§k�q���Fock-Dirac�ÝÝ
"

ƒ(x1; x2) = ‰(x1)‰(x2) ¡ ¡(1)(x1; x2)¡(1)(x2; x1) (2.19)

Øug^�Ø��/§•��–¨'Kg^gdÝ

ƒ(r1; r2) = ‰(r1)‰(r2) + ‰(r1)‰X(r1; r2)

= ‰(r1)‰(r2) ¡
X

¾

j¡(1)(r1; ¾; r2; ¾)j2

= ‰(r1)‰(r2) ¡
1
2

¡(1)(r1; r2)¡(1)(r2; r1) (2.20)

Ù¥‰X�u

‰X(r1; r2) = ¡
X

¾

j¡(1)(r1; ¾; r2; ¾)j2

‰(r1)
(2.21)
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�˚H�§•��–y†kXe�’X⁄Æ[3]

¡(n)(x1; : : : xn; x0
1; : : : x0

n) =

flflflflflflflflflflfl

¡(1)(x1; x0
1) ¡(1)(x1; x0

2) : : :
¡(1)(x2; x0

1) ¡(1)(x2; x0
2) : : :

...
...

. . .
...

: : : ¡(1)(xn; x0
n)

flflflflflflflflflflfl
(2.22)

’u�§2.21�y†Xeµ
d�|g^;�`i(x1); `j(x2); `k(x3); : : : ; `l(xN )|⁄�Slater1�“�–

��Xe�/“

“ =
1

p
N

N !X

n=1

(¡1)pnPnf`i(x1)`j(x2)`k(x3) : : : `l(xN )g (2.23)

�\Ø’Ø�Ý�L�“§

‰(x1; x2) =
N(N ¡ 1)

2

Z
8
<

:

NX

i

X

j<i

1
p

N !
[`y

i (x1)`y
j(x2) ¡ `y

j(x1)`y
i (x2)]

£
(N¡2)!X

s

(¡1)sPsf`y
i (x3) : : : `y

l (xN )
| {z }
k(N-2)!«ü��“

9
>>=

>>;
£ “(x1; : : : ; xN )dx3 : : : dxN

=
N(N ¡ 1)

2N !

X

i

X

j<i

[`y
i (x1)`y

j(x2) ¡ `y
j(x1)`y

i (x2)]

£
(N¡2)!X

s

(¡1)2s[`i(x1)`j(x2) ¡ `j(x1)`i(x2)]

=
1
4

X

i

X

j

j`i(x1)`j(x2) ¡ `j(x1)`i(x2)j2

= f
X

i

`y
i (x1)`i(x1)gf

X

j

`y
j(x2)`j(x2)g ¡ f

X

i

`y
i (x1)`i(x2)gf

X

j

`y
j(x2)`j(x1)g

= ‰(x1)‰(x2) ¡ ¡(1)(x1; x2)¡(1)(x2; x1) (2.24)

ø�ª�kflK§Ì�·c¡�1/2XŒ"

x2.3.3 ��’Ø�˙

XJò��>fw�ÕÆ$˜�~f§KØ’Ø�Ý�–�⁄>f�Ý
�ƒ¨µ

ƒ(r1; r2) =
N ¡ 1

N
‰(r1)‰(r2) = ‰(r1)‰(r2)[1 ¡

1
N

] (2.25)

Ùc¡N¡1
N �XŒ·ˇ�XJ��>ffi†3r1� �§K�kN-1�>f�
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UÑy3r2� �þ"
XJ>f·�p�^�NX§KØ’Ø�Ý�/“�’�E,§<�ˇ

~Ú\’ØXŒ�Vg5£ªdu�p�^Úå�Ø’Ø…Œ£�ØuÕÆ
>fCq⁄�Cz"

ƒ(r1; r2) = ‰(r1)‰(r2)gXC(r1; r2) = ‰(r1)‰(r2)[1 + f(r1; r2)] (2.26)

Ù¥gXC(r1; r2)ˇ~��Ø’Ø…Œ§
f(r1; r2)ˇ~�¡�’ØXŒ§Ù¥
�)
dugU!��!’Ø��^Úå�Ø’Ø…Œ�Cz"�
ý¢�
L�>f3�mÑy�V˙§•�Ú\>f3�m,:Ñy�^�A˙

›(r2; r1) =
ƒ(r1; r2)

‰(r1)
= ‰(r2)[1 + f(r1; r2)] (2.27)

›(r2; r1)L«�·ý¢�XJk��>f3r1?
3r2?Ø�>f�V˙"
‰(r2)L
«�K·XJ>f��ÕÆâf3T:Ñy�V˙"üö�m������

† ' é ˜ Ç

hXC(r1; r2) = ›(r2; r1) ¡ ‰(r2) = ‰(r2)f(r1; r2) (2.28)

ˇ~§hXC��^ˇ~·~�>f£�ØuÕÆ>f�/⁄Ñy�A˙§AO
·3r1NC�«�§⁄–hXC�˛Ò·K�"Ù÷vXe�ƒÚ5K

Z
hXC(r1; r2)dr2 = ¡1 (2.29)

� † ' é ˜ Ç�Vg3DFT¥kX�~›��$^§3DFT¥§>f->
f�m��p�^ˇ~�–L«�

Ee¡e =
1
2

Z Z
‰(r1; r2)
jr1 ¡ r2j

dr1dr2

=
1
2

Z Z
‰(r1)‰(r2)
jr1 ¡ r2j

dr1dr2 +
1
2

Z Z
‰(r1)hXC(r1; r2)

jr1 ¡ r2j
dr1dr2

Ù¥c��·†;�¥Ô‰U§
�¡���ˇ~�‰´����’
UEXC

EXC [‰] =
1
2

Z
‰(r)dr

Z
hXC(r; r0)

jr ¡ r0j
dr0 (2.30)

��§XJ•���
hXC ,K�–ØN·�O�M�îþ¥�>f->f�m
��^"
lþ¡�?Ø§•��–w�§hXCÌ�£ª�Ò·>fÑy�Ý�Ø

uÕÆ>f�/�Cz"3'fNX¥§Úåø«Cz��Ì���^·>
f�m����^Ú¥Ôü‰�^"⁄–•��–lVgþ�rhXC?�Ú
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['�⁄��˙(Fermi hole)Ú¥Ô�˙(Coulomb Hole)

hXC = h¾1=¾2
X + h¾1;¾2

C (2.31)

⁄��˙du���^Úå§⁄–��3ug^�Ó�>f�m"ÙA
TkXe�5�µ

Z
hX(r1; r2)dr2 = ¡1 (2.32)

hX(r2 ! r1; r1) = ¡‰(r1) (2.33)

hX(r1; r2) < 0 (2.34)

¥Ô�˙du>f�m�¥Ô‰åÚå§÷vXe�5�:
Z

hC(r1; r2)dr2 = 0 (2.35)

duÙå
·¥Ô‰U§⁄–•��–ý�§Ù�AT·3º�>fNC�
K§
3�lº�>f�/���"
Ù¨'�"·ˇ�¥Ô‰å�^�‹
Úå>f�mA˙'Ù�Cz§
Ø‹UCo�>fŒ"Ó�§hCØug^†
1Úg^�†1��„ATk⁄ØÓ§̌ �g^�†1�>fk�‰�A˙
Ñy3�mÓ� �§
g^†1�>f3�mÓ� �Ñy�A˙�""

x2.3.4 Û��ÝCq£LDA⁄

x2.3.4.1 LDACq0�

Hartree-FocknØÚ�Ý�…nØ����OÒ·�Ý�…nØ¥^�
�’ØUEXC(Exchange-correlation energy)�O
Hartree-FocknØ¥�’Ø
�"�â�Ý�…nØ§d��’ØUEXC·>f�Ý��…"��’Ø
‡(Exchange-correlation potential)·��’ØUØØ�>f�Ý��Œ"Ø
uþ!>fí§��’Ø‡·>f�Ý�…Œ"Øu�þ!�>fí§��
’Ø‡��ßuT:NC>Ö�Ý��Œ"ˇ~�§’Ø��‡�–�⁄Ø
>f�ÝN���Œ����…"�·d�…�°(/“ˇ~·���"

VXC(r) = VXC [‰(r); r‰(r); r(r‰(r)); :::] (2.36)

Ø�’U��{ü�?n�{Ò·Kohn¤ShamJÑ�Û��ÝCq
£Local Density Approximation⁄§LDACq@�§��>f3>fí~rþ��
���’U†XCÚ�Ý3~r?���þ!>fí����’U�Ó§=@�o
����’U�–L«�:

EXC ’ ELDA
XC =

Z
‰(r)"XC(‰(r))dr (2.37)
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Ù¥"XC(‰(r))�r:?�"���’U�Ý"§r§À�T:?>f�Ý‰(r)�
…Œ"LDACqØuþ!>fí��/î�⁄Æ"⁄–•��–ˇ"LDAC
qØ>Ö�ÝCzØì��NXk’�—�(J"LDAØug^�4z�X
Ú�ÑUþ��Û���.
Øu^5Æ�,>fUþ‹kı�ÛÜ���"⁄
–Øu^5Æ�§LDA°Ý¿Øn�"

Øug^4z��/§•�E˛�–^aq�LSDACq"

EX [‰+; ‰¡] = ¡
3
2

(
3
…

)1=3
Z

d3r[‰4=3
+ (r) + ‰4=3

¡ (r)] (2.38)

3–þ�L�“¥§�kg^†1�>f�mk��U"

x2.3.4.2 LDA���U

Øu>f�Ý�‰§g^�¾�þ!>fí�/,��UÜ'�–��[4]µ

"¾
X(‰¾) = ¡

3k¾
F

4…
= ¡

3
4

(
6‰¾

…
)1=3 (2.39)

Ù¥k¾
F = (6…2‰¾)1=3§Øug^�Ø�gd>fí§kF = k¾

F = (6…2‰¾)1=3 =
(3…2‰)1=3

"X(‰) = "¾
X(‰¾) = ¡

3
4

(
3‰
…

)1=3 = ¡
0:458Ry

rs
(2.40)

Ù¥ 4…
3 r3

s = 1
‰§·>f�†;�»"Ù{üí�Ú‰Xeµ3þ!>f

í¥§Hartree-Fock�§�î>)·†¡¯…Œ

’i = eiki¢r=
p

V (2.41)

gd>fí�⁄��˙�L�“�–l�§��§�d§•�˜kO�
g^�¾�gd>fí�ü>f�ÝÝ
§�â‰´

¡(1)(r1; ¾; r2; ¾) =
X

k

µ(k¾
F ¡ k)

e¡ik¢r1

p
V

eik¢r2

p
V

=
1

(2…)3

Z k¾
F

0
k2dk

Z 2…

0
d’

Z
sinµdµe¡ik¢(r2¡r1)

=
1

(2…)2

Z k¾
F

0
k2dk

Z …

0
d(¡cosµ)e¡ik¢ucosµ

=
1

2…2

Z k¾
F

0
dkk2 sin(k ¢ u)

k ¢ u

=
k¾3

F
2…2

sin(k¾
F ¢ u) ¡ (k¾

F ¢ u)cos(k¾
F ¢ u)

(k¾
F ¢ u)3 (2.42)

Ù¥u = r2 ¡ r1§Øuþ!�gd>fí§¡(1)(r1; ¾; r2; ¾)�·r2 ¡ r1�…Œ"
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ª 2.2: gd>fí¥�Ø’Ø…Œ(a)�ª(b)����–w��?kFriedel��

�âØ’Ø…ŒÚü>f�ÝÝ
�’X£º��“2.24⁄

‰(x1; x2) = ‰(x1)‰(x2) ¡ ¡(1)(x1; x2)¡(1)(x2; x1) (2.43)

–9k¾
F = (6…2‰¾)1=3§•��–��g^�u¾�gd>fí�Ø’Ø…Œµ

g¾
X(k¾

F r) = 1 ¡ 9[
sin(k¾

F r) ¡ (k¾
F r)cos(k¾

F r)
(k¾

F r)3 ]2 (2.44)

N·�yg¾
XC(0) = 0§‘†3�mÓ��:Ø�ü��Óg^>f�V˙�

""

òþª�ü>f�ÝÝ
�\�§£2.20Ú2.21⁄"3LDACqe§Ø’
Ø…ŒdXeœ“�Ñ[5]µ

gX(kF r) = 1 ¡
9
2

[
sin(kF r) ¡ (kF r)cos(kF r)

(kF r)3 ]2 (2.45)

Ù¥rs = (3=4…‰)1=3,kF = (3…2‰)1=3 = 1:92=rs·gd>fí�⁄�¯
¥"ª2.2xÑ
gd>fí¥gX �/“"hXÚØ’Ø…Œ�’X�hX =
‰[gX ¡1]£��“2.28⁄"e¡•�òhX�\§��y†LDA/“�hX÷vsum
rule"

Z
d~rhX(~r) =

Z 1

0
dr4…r2hX(r) = ¡1 (2.46)
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Z 1

0
dr4…r2hX(r) =

Z 1

0
dr4…r2‰(gX ¡ 1) (2.47)

=
Z 1

0
dr4…r2‰

¡9
2

[
sin(kF r) ¡ (kF r)cos(kF r)

(kF r)3 ]2

= ¡
18…‰
k3

F

Z 1

0
dx[

sinx ¡ xcosx
x2 ]2(�
x = kF r�Cþ��)

= ¡
6
…

¢
…
6

(^�
kF = (3…2‰)1=3)

= ¡1

�â��’ØU�‰ £́2.30⁄§•��–��LDA��’ØU�Ý�X
eL�“µ

"X(‰) =
1
2

Z
hX(r; r0)
jr ¡ r0j

dr0

=
1
2

Z
‰(gX(r0) ¡ 1)

jr0j
dr0

y=kF r¡¡¡¡! ¡
9…
k2

F

Z 1

0

[sin(y) ¡ ycos(y)]2

y5 dy

= ¡
9…
k2

F
£

1
4

= ¡
3
4

(
3‰
…

)1=3 (2.48)

x2.3.4.3 LDA¥�’ØU

3þ¡LDA��U�í�¥§•��–w�§���˙��3ug^�
Ó�>f�m§�Ò·‘§g^�����>f·��ÕÆ$˜�>f"ø
Ú¢S�Ôn·Ø�˛Ü�§̌ �3ý¢�NX¥§Ø
��U	§�kd>
fm¥Ô�^Úå�˜�’ØU(dynamic correlation)"=ƒü�>fg^�
�§§��m�¥Ô‰å�^�‹ƒ3��>f–�Ø�,��>f�A˙
~�"�’U�O�’�E,"3e'§•��ÑA«Cq��’UL�“"

† �’UÜ'�—dE.P.Wigner£1938⁄�Ñµ

"C(‰) = ¡
0:44

rs + 7:8
(2.49)

† CeperleyÚAlder31980c?1
gd>fí�þf�AkÛ��[[6]§
��
’�°(�’ØU�›�§NıDFT§SÑæ^
Ceperley-Alder�
O�(J"XVASP§SLDA/“��‡§XJPOSCAR�Þ'�pkLEXCH =
CAi�§K‘†’ØU·–Ceperley-Alder�(J�˜:�"
3ý��DFT§S¥§CeperleyÚAlder����[›�ˇ~–�‰

22 www.quantumchemistry.net



þz<Þ[þz�Ñ‹]

�/“�ºŒ[Ü›�5L�"
† Vosko, Wilk, Nusair31980cJÑ�VWN/“�›�[7],Ceperly,Alder(
J�˜:

"C =
Ae2

2
[log[

y2

Y (y)
] +

2b
Q

tan¡1(
Q

2y + b
) (2.50)

¡
by0

Y (y0)

‰
log[

(y ¡ y0)2

Y (y)
] +

2(b + 2y0)
Q

tan¡1(
Q

2y + b
)
¾

]

† PerdewÚZunger31981cJÑ�[Ü›�[8],–Ceperly,Alder(J�˜:

"C = ¡0:048 + 0:031ln(rs) ¡ 0:0116rs + 0:002rsln(rs) rs < 1

= ¡0:1423=(1 + 1:9529
p

rs + 0:334rs) rs > 1

† PerdewÚWang31992cJÑ�[Ü›�[9]"
† GunnarsonÚLundqvistu1976cJÑ�"
eª�N
�«/“�[Ü›��m��O"

x2.3.4.4 LDA3�
{ü'f¥ª�

3��f¥§w�Vee = 0§Ú�§£2.2⁄�’��–��

EX [‰] = ¡J [‰] (2.51)

Øu?Û��ü>fflK§Hartree-FocknØ·°(�nØ§ÙU?·ò
>flNX¥�l�Uþ"ø·ˇ�3ü>f��„e§’ØUî��u",

��U(exchange potential)Kî�ÚHartree‡U(Hartree potential)¥�g
U(self interaction)�-�"�·§du^Hartree-Fock?1-u��O��§
V\1��>f�Uþ¿Ø�)’ØU§¿���Óâ;�¿ØCz§⁄–
-u�òkØ��Ø�"’X3Hartree-FockCqe§Øu1��>f§��
fvkåP�"�·¢Sþ§��f�1��>f·�fåP�"

x2.3.4.5 ��oLDAU
°(O�(�~Œ

¢Sy†§=ƒØu>Ö�ÝCz’�fl�NX§LDA3ˇ~�„��
U�Ñ’�-<÷¿�(J"ø3����§Ýþ·ˇ�˜uþ!>fí
�LDA��‡÷vƒÚ8�^�"

x2.3.4.6 ��oLDA‹$�B�°Ý

lî�¿´þ5ø§$�B�°Ý¿�·LDA⁄Ak�"Ùƒ���·
Û����’Ø‡§XGGAÑ‹kdflK"Ù�ˇÌ�·ˇ���N‰öý
�N�ý¢���’Ø‡VXC = –EXC [‰]

–‰ k���§
3LDA�Û�/“��
�’Ø‡¥KØ�3d��"[10]
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3ü>fCq�DFTnØµep§B�°Ý‰´���£conduction band⁄
>fÚd�£valence band⁄>f�m�Uþ�"

EDF T
g = "N

N+1 ¡ "N
N (2.52)

Ù¥þIN�¿´·NX¥o�kN�>f"


�î�¿´þ�B�°Ý�‰´ATlı>fNX��Ý5�˜"�
�>f�Uþ�–L«�����>f>þ�ü�NX�Uþ�, ¿��–
y†§dUþ��uN + 1�>fNX�LUMO�U?"

"c = EN+1 ¡ EN

= "N+1
N+1 (2.53)

Ó��§d�>f�Uþ�–L«�:

"v = EN ¡ EN¡1

= "N
N (2.54)

ý��B�°Ý�–L«�"cÚ"v�Uþ�

Etrue
g = "c ¡ "v

= "N+1
N+1 ¡ "N

N (2.55)

’��“2.55Ú2.52§•�N·��µ

¢ = Etrue
g ¡ EDF T

g

= "N+1
N+1 ¡ "N

N+1 (2.56)

��^DFT�ü>f;��Ñ5�B�°Ý�’ý¢�B��¢§Ôn
þ�–n)�gUO�N + 1�>fNXÚN�NX⁄����.�Uþ�§
d��Ú��’ØU�ØºYk’"���{ü��.Ò·r�fw��
�>N�C�7Æ¥"gUO�N + 1�>fNX�§��>faÉ��g
U‡�(N + 1)e=C§
gUO�N�>fNX�§��>faÉ��gU‡
�Ne=C"dgU‡���òLy��“���U?��É"

x2.3.4.7 LDA�U?��

�ØuLDACq§Ø��’ØU�U?Ì�8¥3–eü��¡

† 3��’ØU¥�„FÝ?�"
† �Ø3Hartree-FocknØ¥�3�>f�gU�"
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x2.3.5 2´FÝCq£GGA⁄

ØuLDA����U?Ò·r>f�Ý�FÝ&E�„���’ØU�
�…/“p¡5"

x2.3.5.1 GGA�ºŒ/“

�–º�VASPˆþ�GGAºŒø�Ù!"

† PB Perdew -Becke
† PW Perdew -Wang 86
† LM Langreth-Mehl-Hu
† 91 Perdew-Wang 91
† PE Perdew-Burke-Ernzerhof (VASP.4.5)
† RP revised Perdew-Burke-Ernzerhof (VASP.4.5)

x2.3.6 B3LYP

B3LYP·þfz˘+��~^���’Ø‡"

x2.3.7 Ùƒ/“����’U

x2.4 �Ý�…¥�Œ�O�

x2.4.1 Ùp�«�Aˇk:æ�flK

3�«–ˇ5>.^��1��nO��{¥§I��9�3Ùp�«
�¨'flK§~XoU!>Ö�Ý'Ù§–97ÆNX¥⁄�¡�(‰��"
XJæ^˚ˇ�3Ùp�«Sþ!À�k:��{§@o�
��°(�(
J⁄À��k:�Ý7LØ�§l
���~��O�þ"øƒ�O���˙
�~$e"̌ d§I�ˇØ�«p��¨'�{§�–ˇL���k:$��
��p�°Ý"ø
k:�¡��\†þ�:" (Baldereschi)‰ö\Aˇk:""

x2.4.1.1 ˜�g�

�˜��1w…Œg(~k)§•��–òÙ—�FÆ�?Œ[11]µ

g(~k) = g0 +
X

m=1

gmei~k¢ ~Rm

b�,k��PkNX�ÜØ¡5�…Œf(~k)§÷v^�f(T~k) = f(~k); 8T 2
G§K•��–òf(~k)^g(~k)—mXeµ

f(~k) = (1=nG)
X

i

g(Ti~k) = g0 +
1X

m=1

X

i

(1=nG)gmeiTi~k¢ ~Rm
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òþ“�ƒÚ^S›#|Ü�–��£�f0 = g0⁄µ

f(~k) = f0+
X

m=1

(gm=nG)
X

i

ei~k¢T ¡1
i

~Rm = f0+
X

m=1

fm
X

jRj=Cm

ei~k¢ ~Rl = f0+
X

m=1

fmAm(~k)

(2.57)
Ù¥Cm·ål�:1m;��¥�»§U,Sü�§�Cm • Cm+1"Ù¥
�\="·ˇ���^�Cm • jRj • Cm+1äk¥Ø¡5§̌ d÷vd^���
:8ÜR¿Ø·�d��:£=ˇLTNX⁄Æ�:+ö�ˆ{4ü�:›
Ü⁄"�…ŒAm÷ve�^�µ

›=(2…)3
Z

BZ
Am(~k)d~k = 0; 8m > 0; m 2 I

›=(2…)3
Z

BZ
Am(~k)An(~k)d~k = Nn–mn

Am(~k + ~G) = Am(~k); Am(Ti~k) = Am(~k); Am(~k)An(~k) =
X

j

aj(m; n)Aj(~k)

Ù¥Nn·˛ÜjRj = Cn��:Œ"þ¡’uAm(~k)�⁄kÆ5¥§cü^·
�›��§
�¡A�^�KL†AmäkNX�ÜØ¡5!–ˇ59��
5"5¿�þ¡œ“¥�ƒÚml1m'§̌ dI�Øm = 0��„?1üÕ
‰´µA0(~k) = 1§K…Œf(~k)�†þ��µ

„f = ›=(2…)3
Z

BZ
f(~k)d~k = f0 (2.58)

@oTXÛ��f0Q”5¿�§(1)§XJ�3ø��Aˇk:§ƒ�÷vµ

Am( ~k0) = 0; 8m > 0; m 2 I

@oÆ��–�� „f = f0 = f( ~k0)§ø��k:�¡�\†þ�:""�·˚H�
ø§÷vþª^��k:¿Ø�3"Øø�flK�)ß�{Ò·Ø^ü�k:§

æ^÷v�‰^��k�8Ük§|^ø
k:þ…Œ��\�†þO�f0"
�=µ

nX

i=1

fiiAm(~k) = 0; m = 1; ¢ ¢ ¢ ; N ;
X

i

fii = 1 (2.59)

Ù¥N�–�k��"

|^�§(1)§�–��µ

nX

i

fiif(~ki) = f0
X

i

fii +
NX

m=1

nX

i=1

fiiAm(~ki) +
1X

m=N+1

nX

i=1

fiiAm(~ki)fm
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|^�§(2)§�–��µ

f0 =
nX

i=1

fiif(~ki) ¡
X

m=N+1

nX

i=1

fiifmAm(~ki)

�˜�fm�m�O�×�~��5�§•��–Cq���f(~k)�†þ�µ

„f … f0 =
nX

i=1

fiif(~ki)


ò1������Ø�"̌ d§XJ•��–Ø��|k:§ƒ�1⁄8Ü¥
�k:ƒþ�¶2⁄ø
k:3Nƒþ���„e÷v�§(2)§K•�?1Ùp
�«¨'��ÿÒ�–ƒ�Ufl/��°Ý�p�(J"ø�·Aˇk:�
{��:⁄3"�L5ø§ø�L†?1äNO���ÿ•�I�ØO�°
Ý?1ÿ`§�=�y⁄�k:ƒ�þ“�1��v
�"

x2.4.1.2 Chadi-Cohen�{

þ�!•��Ñ
Aˇk:��15"@oø
Aˇ�k:XÛ��Q”
ChadiÚCohen˜kJÑ
�@�{[12]"

˜kØÑü�Aˇk:§k1!k2§øü�k:'O3fN1gÚfN2g��„e
÷vAm(~k) = 0§,�ˇLøü�k:�E#�k:8Üµ

~ki = ~k1 + Ti ~k2

��›�fii = 1=nG"e¡y†ki3fN1g[fN2g��„eE,÷v�§(2)µ�
âk1Úk2�‰´§��Øum 2 fN1gÚm 2 fN1g§k

Am( ~k1)Am( ~k2) = 0

ˇd§
(

X

jRj=Cm

ei ~k1¢ ~R)(
X

jRj=Cm

ei ~k1¢ ~R) = 0

þ“�du

(
X

jRj=Cm

ei ~k1¢ ~R)(
X

i

ei ~k1¢Ti ~R) =)(
X

jRj=Cm

ei ~k1¢ ~R)(
X

l

eiTl ~k1¢ ~R) = 0

=)
X

l

X

jRj=Cm

ei( ~k1+Tl ~k2)¢ ~R = 0 =)
X

l

Am( ~k1 + Tl ~k2) = 0 =)
X

l

Am(~kl) = 0

ˇd�–^ø«�{�)�X�k:§̂ –O�Ùp�«S�¨'"
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XJd��°ÝØ
§K�|^Ó���{UY)⁄#�k:8Üµ

~kii = ~ki + Ti ~k3

Ù¥k3�3m 2 fN3g�„e÷vAm(~k) = 0�Aˇk:§l
U?°Ý"

fl¢þ§XJ�˜NX�Ø¡5§Kfkg¥�k:Œ8�–4��~�"�
Ò·‘§Øu�‰�:k2§�–ØÑÙ¯¥+f ~k⁄

2g§�Œ�n⁄§@o¢Sþ
Uþª�{�EÑ5�ki�knG=n⁄ �ØÓ�:§d��:þ��›�fii =
n⁄=nG"�?�Ú§ˇL:+��ÜØ¡ö�§�–ò�Ü�ki :=\1�
Ùp�«�Ø��Ü'"XJki:�›UÝ£=1�Ùp�«Ø��Ü'¥
ÓkÓ� ��k:�Œ⁄·n~ki

§K3���O�¥§ø�:��›�fi~ki
=

n~ki
=(

P
j n ~kj

)"

x2.4.1.3 Monkhorst-Pack�{

þªChadi-Cohen�{�~|'§�·3äN�A^þ7L˜k(‰2 »
3�5U’�—�k:§dd�ïÑ�k:8ÜâPk’�p��˙Ú°Ý"̌
d§Øuz��äNflK§3O��cÑ7L†L’��¡�Ø¡5þ�'
Û"Øu?�§S
ó§ø·��Øæ��fl�"@o§·˜�3�«’�{
·��)k:����{§Ó�q÷v�§(2)Q”�Y·�‰�§øÒ·ˇ~
⁄‘�Monkhorst-Pack�{[13]"

‹N¥��:~Ro�–Lª�~R = R1 ~a1 + R2 ~a2 + R3 ~a3§Ù¥~ai·¢�m
n���þ�˜¥"MonkhorstÚPackï˘UXe�{y'Ùp�«µ

ur = (2r ¡ q ¡ 1)=2q; r 2 [1; q]

òk:��'þ/“§K���XeL�“µ

~kprs = up ~b1 + ur ~b2 + us ~b3

Ù¥~bi·��m�˜¥"�Chadi-Cohen�{aq§MonkhorstÚPack‰´…
ŒAm�µ

Am(~k) = N1=2
m

X

jRj=Cm

ei~k¢ ~R; A1(~k) = 1

ˇLþª‰´§�AuChadi-Cohen�{¥�›=(2…)3 R
BZ Am(~k)An(~k)d~k§•

��–O�3Xþ⁄)⁄�lÑz���:��Ó�þµ

Smn(q) = 1=q3
qX

p;r;s=1

Am( ~kprs)An( ~kprs) = (NmNn)¡1=2
NmX

a=1

NnX

b=1

3Y

j=1

W ab
j (q)
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Ù¥W ab
j (q) = 1=q

Pq
r=1 ei…=q(2r¡q¡1)(Rb

j¡Ra
j ) 5¿Ra(b)

j (j = 1; 2; 3)Ñ·�Œ§
ˇd�–�ÑW ab

j (q)µ

W ab
j (q) =

8
>>><

>>>:

1; if jRb
j ¡ Ra

j j = 0; 2q; 4q; ¢ ¢ ¢ ;

(¡1)q+1; if jRb
j ¡ Ra

j j = q; 3q; 5q; ¢ ¢ ¢ ;

0; otherwise:

Ù¥1n«�„·ˇ�W ab
j (q)·Û…Œ"Ú\��^�µ

jRa
j j < q=2; jRb

j j < q=2

K��µ
Smn(q) = –mn

�=Am3k:��þ·���"

�Chadi-Cohen�{aq§ò…Œf(~k)^Am—mµ

f(~k) =
X

m=1

fmAm(~k)

Ó��ƒA⁄
m(~k)¿3Ùp�«S¨'§��µ

fm = ›=(2…)3
Z

BZ
A⁄

m(~k)f(~k)d~k (2.60)

ˇ�A1(~k) = 1§⁄–l�§(3)��

„f =
Z

BZ
f(~k)d~k = (8…3=›)f1

�Ñc¡�~Œˇf§�–w�Monkhorst-Pack�{¥�L�“�Chadi-Cohen�
{����"y3òf1�L�“�\þª�§§K

„f = (›=8…3)(8…3=›)
Z

BZ
A⁄

1(~k)f(~k)d~k =
Z

BZ
A⁄

1(~k)
1X

m=1

fmAm(~k) =
X

mfmSml(q)N1=2
m

=) „f = f1 +
X

m>1

fmN1=2
m Sml(q)

Ù¥

Sml(q) =

8
<

:
(¡1)(q+1)(R1+R2+R3)=1; if Rj = nq; j = 1; 2; 3 n 2 I;

0; otherwise:
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�•�3Chadi-Cohen�{¥w����§f(~k)3Ùp�«�†þ��–^f1£
3Chadi-Cohen�{¥·f0⁄"
�Ø�£�§m>1��⁄��"=�ˇLO
\k:�Ýq��{Jp°Ý"ø·ˇ�qO�§�âþ¡⁄ªSml(q)����
�§3Rj����ÿEU�y�§(2)⁄Æ"

�·�â�§(3)��

fm = (1=q3)
qX

p;r;s=1

f( ~kprs)Am( ~kprs) =) f1 = (1=q3)
qX

p;r;s=1

f( ~kprs)

XJq���’��§@o⁄IO��kÒ‹�~�§XÛJpMonkhorst-Pack
�{��˙Q”�˜�NX�Ø¡5§Kk:�Œ8‹���~�"›#�
Ñf1Xeµ

f1 = (1=q3)
P (q)X

j=1

!jf( ~kj)

Ù¥!j·NX⁄Æ:+�Œ�kj�¯¥+��Œ�’�µ!j = nG=n⁄"
P (q)
·Ø⁄kk:?1Ø¡9†£ö��1�Ùp�«¥⁄kØ›Ü�k:Œ"¢
Sþ§XJ?�Ú�˜Ø��Ü'§@oˇLUC!j£C�!j £ fij§Ù¥fij�
›UÝ§‰´�þ!⁄�–?�Ú~�P (q)"̌ �?upØ¡ �þ�k:Ù
¯¥+�Œ��p§̌ d�A�ø
pØ¡k:��›Ò’��"ø�·��
o3VASP�OUTCAR'�¥pØ¡�k:�›’���nØ˜:"

�Chadi-Cohen�{��§P (q)���·Monkhorst-Pack�{�˙p$�
›�I�"'z¥�Ñ
bcc–9fccü«�f¥�P (q)µ

fcc : P (q) =

8
<

:
q(q + 2)(q + 4)=96; q/2 is even;

(q + 2)(q2 + 4q + 2); q/2 is odd:

bcc : P (q) =

8
<

:
q(q + 4)(q + 8)=192; q/2 is even;

(q + 2)(q + 4)(q + 6)=192; q/2 is odd:

�–wÑ§=ƒØu���q�§P (q)�·’���§̌ dMonkhorst-Pack�
{�˙·’�p�"

AT5¿�·§Monkhorst-Pack�{�’��:·òn��m�flK=
z�n�ÕÆ���flK"ˇd§Øu8��f‰öü��f§˜¥�mØ
��§þªMonkhorst-Pack�{¿Ø•^§
7L\–?U[11]"–8��f
�~§Pack�Ñk:��AUeª�{)⁄[14]µ

up = ur = (p ¡ 1)=qa; p; r 2 [1; qa]; us = (2s ¡ qc ¡ 1)=2qc; s 2 [1; qc]
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�=a¶Úc¶'O��"�A�§P (q)����O�Xeµ

Pa(qa) = (fi + 1)(3fi + fl) + –fl0; fl = mod(qa; 6); fi = (qa ¡ fl)=6

Pc(qc) =

8
<

:
qc=2; if qc is even;

(qc + 1)=2; if qc is odd:

þª)⁄k:��{ØAuVASPˆþ¥Øuk:���ï˘µ\Øu8�NX
ATòk:�u�:?"""
I�rN�·§•�3–þ⁄?Ø�⁄kØ¡5þ�X^=ö�§�=

:+Ø¡5"̌ d§ØuÓÆ�«‹X
ÆuØÓ�m+�ü«NX
ó§Ù
ö��U¿Ø��"

x2.4.1.4 Chadi-Cohen�{�¢~

Cunningham3'z5¥Øu���„�ìChadi-Cohen�{'O)⁄
k
:8Ü[15]"•�ÀJo��fÚ���fü«�„?1äN�'Û"

o��f
¢�mÚ��m�˜¥9�:�I'O�µ

~a1 = a(1; 0); ~a2 = a(0; fl); fl < 1; ~R = a(l; nfl)

~b1 = (2…=a)(1; 0); ~b2 = (2…=a)(0; 1=fl); ~K = (2…=a)(k; n=fl)

ÀJ
~k0
1 = (…=a)(1=2; 1=(2fl))§£l‰n�ÛŒ�Am(~k) = 0⁄

–9
~k0
2 = (…=a)(1=4; 1=(4fl))§£l/2‰n/2�ÛŒ�Am(~k) = 0⁄

ø��f�Ø¡ö��fE; c2; ¾1
v ; ¾2

vg§UìChadi-Cohen�{§�–�ïki:
Xeµ

~k1 = ~k0
1 + E ~k0

2 = (1=2; 1=(2fl)) + (1=4; 1=(4fl)) = (3=4; 3=(4fl))
~k2 = ~k0

1 + c2
~k0
2 = (1=2; 1=(2fl)) + (¡1=4; ¡1=(4fl)) = (1=4; 1=(4fl))

~k3 = ~k0
1 + ¾1

v
~k0
2 = (1=2; 1=(2fl)) + (¡1=4; 1=(4fl)) = (1=4; 3=(4fl))

~k4 = ~k0
1 + ¾2

v
~k0
2 = (1=2; 1=(2fl)) + (1=4; ¡1=(4fl)) = (3=4; 1=(4fl))

z�k:��›fii = 1=4"«¿ªXeµ
���f

òþ~¥�fl = 1§Ko��f=C����f"ü«�„�Ì��ØÓ
·Ùp�«Ø��Ü'k
Cz"Xeª⁄«µ
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�–w�3���fe§~k3� ~k4›Ü§̌ d�kn�ØÓ�k:§z�k�
�›�µ

fi3 = 1=2; fi1 = fi2 = 1=4;
3X

i=1

fii = 1

x2.4.1.5 |^Aˇk:O�>Ö�Ý

òBloch…Œ^Wannier…Œ—m§k[16]µ

“~k(~r) = (1=
p

N)
X

m

ei~k¢ ~Rma(~r ¡ ~Rm)

K3�‰k:�>Ö�Ý�µ

‰~k(~r) = “⁄
~k(~r)“~k(~r) = (1=N)

X

mn

ei~k¢( ~Rm¡ ~Rn)a(~r¡ ~Rma⁄(~r¡ ~Rn); ‰(~r) =
Z

BZ
‰~k(~r)d~k

•�›�‰~k(~r)Xeµ

‰~k(~r) = (1=N)
X

m

ja2(~r ¡ ~Rm)j+(1=N)
X

j

0
X

m

ei~k¢ ~Rj a(~r ¡ ~Rm)a⁄(~r + ~Rj ¡ ~Rm)

32 www.quantumchemistry.net



þz<Þ[þz�Ñ‹]

Ù¥ ~Rj 6= 0; ~Rj = ~Rm ¡ ~Rn"̌ d§�˜�Ø¡5§‰~k(~r)q���µ

‰~k(~r) = (1=nG)
X

Ti

‰Ti;~k(~r)

òþ“�\§Kkµ

‰~k(~r) = (1=NnG)f
X

Ti

X

m

ja2(~r¡ ~Rm)j+
X0

j

X

m

X

Ti

eiTi~k¢ ~Rj a(~r¡ ~Rm)a⁄(~r+ ~Rj¡ ~Rm)g

þ“¥§1���TiÚ~kˆ’§��uChadi-Cohen�{¥�f0"
1��¥ˇ
�Ø⁄k�jƒÚ§⁄–�–òø����Xe/“µ

F (~r) = (1=NnG)
X0

j

ei~k¢ ~Rj
X

m

X

Ti

a(~r¡ ~Rm)a⁄(~r+Tl ~Rj = ~Rm) = (1=NnG)
X0

j

ei~k¢ ~=Rj
X

m

S(~r)

þ“¥S(~r)� ~Rjˆ’§��jTl ~Rj ¡ ~RmjO�
4~"��ufm"̌ d‰(~r)��
�µ

‰~k(~r) = f0 +
X

m

X

jRj j=Cm

ei~k¢ ~Rj fm = f0 +
X

m

Am(~k)fm

XJ�3k0§÷vAm( ~k0) = 0; m = 1; 2; ¢ ¢ ¢ §KÆ=�–��

‰(~r) = f0 = (1=N)
X

m

ja2(~r ¡ ~Rm)j = ‰ ~k0
(~r)

�·˚H5ø§ø��k0¿Ø�3"~X§3fcc�f¥�˜1�!�!nC
�§�ÑAm(~k)µ

cos k1 cos k2 + cos k1 cos k3 + cos k2 cos k3 = 0

cos 2k1 + cos 2k2 + cos 2k3 = 0

cos 2k1 cos k2 cos k3 + cos k1 cos 2k2 cos k3 + cos k1 cos k2 cos 2k3 = 0

Ø�3üÕ�k0:Ó�÷vþªn��§"̌ d§I�ˇØ�X�Aˇ�k:§
÷v

nX

i=1

X

jRj j=Cm

fiiei~k¢ ~Rj =
nX

i=1

fiiAm(~ki) = 0;
X

i

fii = 1

K‰(~r) =
P

i fii‰~ki
(~r)"

Chadi-Cohen3'z6¥æ^

k1 = (0:5; 0; 0); k2 = (1:0; 0:5; 0); k3 = (0:5; 0:5; 0)
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n�k:O�‰(~r)��µ‰(~r) = (1=4)‰k1 + (1=2)‰k2 + (1=4)‰k3§��
�—�
(J"
3'z1¥§ƒ�|^k1 = (3=4; 1=4; 1=4); k2 = (1=4; 1=4; 1=4)U?

O�(Jµ‰(~r) = (3=4)‰k1 + (1=4)‰k2"

x2.4.2 Ùp�«�¨'

Øu–ˇNX�1�‰˘O�§3SCF�L§¥£O�FermiU§�E�
ÝÝ
⁄ÚL§�£DOS§̂ ı�*ÿþ⁄Ñ�9Ùp�«£BZ⁄‰�zÙp
�«£IBZ⁄S�¨'"̈ '�'�üa§=N¨'

J(E) =
X

n

Z

V
fn(k)µ (E ¡ "n(k)) dmk (2.61)

Ú¡¨'

I(E) =
dJ(E)

dE
=

X

n

Z

V
fn(k)– (E ¡ "n(k)) dmk (2.62)

=
X

n

Z

E="n(k)

fn(k)
jr"n(k)j

dS (2.63)

du)Û¨'�’Œ�¨'flØı£)Û�{�kÙƒ�
‘:§�¡
ò‹�9⁄§̌ d<��F"��)Û)"O�øüa¨'��{§8ckü
«§'O·Aˇ:�{£special points method⁄Úo¡N�{£tetrahedron
method⁄"

x2.4.2.1 Aˇ:�{

ØuN¨'§��F…Œµ���§�Ø†w�¨…Œf(k) �FourierC�

f(k) = F0 +
X

n=1

0

@
X

jRj=Cn

exp(ik ¢ R)

1

A Fn = F0 +
X

n=1

An(k)Fn (2.64)

Ù¥Cn·ål�:�1nC�¥�»§R�¢�m�¥"��An(k)·Nn�å
�:ål�Ó�†¡¯�U\§Ù¥Nn�å�:�ål£‰�Œ⁄k’"

XJUØ��|Aˇk:§ƒ��n 2 [1; Nn]�§k
NkP

i=1
!iAn(ki) = 0§
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�
NkP

i=1
!i = 1§u·��

f =
Z

IBZ
dkf(k) …

NkX

i=1

!if(ki)

= F0

NkX

i=1

!i +
NnX

n=1

Fn

ˆ NkX

i=1

!iAn(ki)

!

+
1X

n=Nn+1

Fn

ˆ NkX

i=1

!iAn(ki)

!

= F0 +
1X

n=Nn+1

Fn

ˆ NkX

i=1

!iAn(ki)

!

(2.65)

XJf(k)·†w…Œ§@o�XnO�Fn‹×�P~§ƒ1����v–
��Ñ§Ò�CqƒÑ¨'"3¢SO�¥1��~^u´æ5�u�"

÷v^��Aˇk:8Ü§̌ ~^Monkhorst-Pack�Y[13, 14]…�"�@
��kBaldereschi�Y[17]ÚChadi-Cohen�Y[11]"Øun�!8�!ü��
/G�Bravais�f§�I�ƒ^ØÓ�Aˇ:�)�Y"

Aˇ:{�‘:·µ⁄^�k:ˇ~’��§O�þ��"~X3pØ¡
NX¥§̌ ~IBZSA��:§=�ƒoUþ��10¡4 Hartree°Ý"d	§A
ˇ:{�„�pØ¡:’��§dupØ¡:⁄„�Uþ!�Ý�'Ù&E
��§3U�O�¥ˇ~;�ƒ^"

�,Aˇ:{kØı‘:§�·du§�ƒ�¨…Œv
†w§̌ d3
?nU�Ü'Óâ�NX£X7Æ⁄�§O�ÛÜ¨'£XÑ�˙§ü«Æ�
�.¡⁄�§–9O�¡¨'I(E)�§�3(J"k�Øk
��NÆ��‹
Ñy´æflK[18]§$�^þZ�k:�Ø´æ"

7ÆNX�?n

�
ƒAˇ:{^u7ÆNX§<�JÑ
�
Cq?n�{"

1) —°�{£Smearing method⁄"ø«�{^��†w�)Û…Œ£�
ª2.3⁄O�µ…Œ§r⁄�¡?1—°µ

lim
¢"!0

µ0(¢"; ") = µ(") (2.66)

�XJƒ°Ý�Jp§⁄�¡°Ý¢"��§†w…ŒÒ��Cµ…Œ"�
,��¡§��Cµ…Œ§�Aˇ:{⁄�Ñ�Ø��£1��⁄Ò��§ø7L
ˇLO\Aˇk:Œ85)ß"~X^PW-PP?17Æ¾�U�O�[19]§o
Uþ�Ø��uL2.1"�–w�§�^���⁄�¡—°£¢"=0.2 Rydberg⁄
�§IBZS^28�k:Ú^60�k:���Uþ˜���£†¡¯�äU�30
Rydberg⁄¶�⁄�¡—°~��0.01 Rydberg�§Uþ�O\�0:86 £ 10¡3

Rydberg"
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ª 2.3: ò���⁄�'Ù…Œ—°�’�†��⁄�¡

ˇd3�7ÆNX�O��§7LÀ^�ı�k:"�·Øu^Ý�O
�§��@�—°�{Ø��"

L 2.1: L1"ü µRy=0.5 Hartree
¢" Ecut 6 pt./IBZ 10 pt./IBZ 28 pt./IBZ 60 pt./IBZ
0.2 12 2.09£10¡3 4.38£10¡3 4.09£10¡3 4.05£10¡3

20 0.83£10¡3 1.49£10¡3 1.14£10¡3 1.13£10¡3

30 -1.98£10¡3 0.34£10¡3 0.00£10¡3 (-4.2068)
0.01 12 -4.02£10¡3 8.03£10¡3 4.91£10¡3 2.09£10¡3

20 -6.89£10¡3 5.19£10¡3 1.99£10¡3 2.09£10¡3

30 -8.04£10¡3 4.06£10¡3 0.86£10¡3 (-4.2073)

2) Fourier-Legendre—m�{[20]"1�Ú�FourierC�¶1�Ú^��
�Legendre …Œ8—m§��ƒ)Û¨'"ø«�{�,�ÝØfl§�°Ý
Øp"
o¡N�{
ø��{�@dGilatÚRaubenheimer [21]�@JÑ§ÙØ%g�/�


Ñ@�)�k���{"
o¡N�{ˇLr�¨'«�£IBZ⁄y'��o¡N£2���n�

/§1���ª⁄§ò¨'C�Øø
�o¡N¨'�ƒÚ"�â3�o¡N¥
⁄^�¨…Œ�/“ØÓ§q'��5o¡NLT£f�~Œ‰�5…Œ§"��
5…Œ⁄!�go¡NQT£fÚ"Ñ��g…Œ⁄!Ú�5-�g•ÜHT£f��
5…Œ§"��g…Œ⁄o¡N�{§ø
�{o(3'z[22]¥"d	§�µ…
Œ‰–…Œl�¨…Œ¥��§�k<JÑ
ngo¡N�{[23]"
Ù¢§@ˇƒ^�'�ü�¿Ø·o¡N§
·Æ�N"�A/§k�5

Æ�N[21]Ú�gÆ�N�{[24]"–þJ��o¡NÚÆ�N§–9���
„e�n�/Ú��/§���„e��ª§Ú¡�ü/£simplex⁄"Ø�ı
ŒIBZ
ó§duÆ�Nˆ{��W¿IBZ��>.flK§Ø���§̌ d8
cØ�æ^"

Chen�JÑL,	�«o¡N'��{[25]"ƒrIBZy'��X�”:
 u¡:�o¡N�	f§?
rn�¨'=z�÷Xø
�	f¶�þ�
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��)Û¨'"
)Ûƒ)¡¨'
3�5o¡N�{¥§¡¨'I(E)�)Ûƒ)�{Xe"3z��o¡

N�o�”:§Øf(k)Ú"(k)�–'O��ü|�5�§|µ

fl(x; y; z) = p1 + p2x + p3y + p4z (2.67)

Ú

"l(x; y; z) = q1 + q2x + q3y + q4z (2.68)

Ù¥�ºŒpiÚqi�ˇL)o��Œ��§|…�"u·¨'I(E)C�µ

I(E) =
Z

V

f(k)–(E ¡ "(k))dk =
4X

i=1

piIi(E) (2.69)

Ù¥

Ii(E) =
Z

V

„i(x; y; z)–(E ¡ "l(x; y; z))dxdydz (2.70)

Øui=1,2,3,4§k„i(x,y,z)=1,x,y,z"
ø�§I(E)C�o�ÕÆ�¨'"�e5��§-

8
>><

>>:

x = f(e; u; v)
y = g(e; u; v)
z = h(e; u; v)

(2.71)

��"l(x,y,z)= "l(e,u,v)=e"u·

Ii(E) =
Z

Vx;y;z

„i(x; y; z)–(E ¡ "l(x; y; z))dxdydz (2.72)

=
Z

Ve;u;v

„i(e; u; v)–(E ¡ e)
@(x; y; z)
@(e; u; v)

dedudv (2.73)

=
Z

Vu;v(E)

„i(E; u; v)
@(x; y; z)
@(e; u; v)

flflflfl
e=E

dedudv (2.74)

Ù¥�Vu;v(E)·3(u,v)�m¥�¨'«�§ØAuUþ¡E="l(x,y,z) u�
o¡N¥�Ü'"
3�e5�ºŒzL§¥§b�o�”:�Uþ÷v’X"1 < "2 < "3 <

"4£eØ÷vd^�§Kg˜N�o�”:�^S⁄§¿Ú\–e�{z˛
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ª 2.4: ª2

Òµ"ji = "j ¡ "iÚKi=ki+1-k1 (i,j =1,2,3,4)§�K0=k1"�âUþ’X£�
ª2.4⁄§Uþ¡þk:����IXeµ
8
>>>>>><

>>>>>>:

k = K0 +
e ¡ "1

"41
K3 + u

�
e¡"1
"31

K2 ¡ e¡"1
"41

K3

�
+ v

�
e¡"1
"21

K1 ¡ e¡"1
"41

K3

�
("1 < e < "2)

k = K0 + e¡"1
"41

K3 + u
�

e¡"1
"31

K2 ¡ e¡"1
"41

K3

�
+ v

�
¡ e¡"3

"32
K1 + e¡"2

"32
K2 ¡ e¡"1

"41
K3

�

k = K0 + e¡"1
"41

K3 + u
�

¡ e¡"4
"42

K1 + ( e¡"2
"42

¡ e¡"1
"41

)K3

�
+ v

�
¡ e¡"3

"32
K1 + e¡"2

"32
K2 ¡ e¡"1

"41
K3

�

9
=

;
("2 < e < "3)

k = K3 + K0 + e¡"4
"41

K3 + u
�

( e¡"4
"43

¡ e¡"4
"41

)K3 ¡ e¡"4
"43

K2

�
+ v

�
( e¡"4

"42
¡ e¡"4

"43
)K3 ¡ e¡"4

"42
K1

�
("3 < e < "4)

(2.75)

Ù¥0•u•1§0•v•1-u"lª2.4¥�–wÑ§�"1 <e< "4�§¨'«�dü
�n�/|⁄¶�e�u"1‰�u�"4§du�o¡NSvkUþ¡BL§̈
'«��0"

…�
¨'«�S?¿k:��I�§ˇLí��–��¨'Ii(E)¥�
ä�’1�“D(e)µ

8
>><

>>:

@(x;y;z)
@(e;u;v) = (e¡"1)2

"41"31"21
¢ V ("1 < e < "2)

@(x;y;z)
@(e;u;v) =

h
(e¡"1)("3¡e)

"41"31"32
+ (e¡"2)("4¡e)

"42"32"41

i
¢ V ("2 < e < "3)

@(x;y;z)
@(e;u;v) = (e¡"4)2

"41"42"43
¢ V ("3 < e < "4)

(2.76)

Ù¥V=K1¢(K2£K3)§·���o¡NN¨Vtetra�6�"

�"2 <e< "3�§'zþ�Ñ�ä�’1�“�kÙ§�
wqØÓ�/
“§�¢S·���"

ˇL–þ�ºŒz§�–����/“µ
8
>><

>>:

x = tx(E) + uux(E) + vvx(E)
y = ty(E) + uuy(E) + vvy(E)
z = tz(E) + uuz(E) + vvz(E)

(2.77)

Ú

@(x;y;z)
@(e;u;v) = D(E) (2.78)
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u·��¨'���/“µ
8
>>>><

>>>>:

I1 = D(E)=2
I2 = (3tx + ux + vx)D(E)=6
I3 = (3ty + uy + vy)D(E)=6
I4 = (3tz + uz + vz)D(E)=6

(2.79)

O��[!º�[22]"���„��–aq/í�[26]"

x2.4.2.2 )Ûƒ)N¨'

O�N¨'��«�{·Ø¡¨'I(e)?1Œ�¨'µ

J(E) =
Z E

¡1
I(e)de =

Z E

Emin

I(e)de (2.80)

�·•��F"��)Û)"

˜kØJ(E)�C�µ

J(E) =
Z

tetra
f(k)µ (E ¡ "(k)) d3k = V

occ

tetra(E) hfocci (2.81)

Ù¥hfocci·f(k)3o¡NÓâ«S�†þ�§V
occ

tetra(E)·Óâ«�N¨"XJ
rV

occ

tetra(E)��V
occ

tetra(E) = V
6 cocc(E)§Ù¥V/6·���o¡N�N £̈V�

‰´�¡¨'Ü'⁄§u·k

J(E) = V
6 cocc(E) hfocci (2.82)

��o¡N��ÜÓâ�§=cocc(E) = 1§khfocci = hfi = (f1 + f2 + f3 + f4) =4"
�Ò·‘§hfocci·f(k)3o¡No�”:�†þ�"

�âUþ’X£�þ�!ª??⁄§J(E)¨'(JXeµ

8
>>>>>>><

>>>>>>>:

J(E) = 0 (e < "1)

J(E) = V
6

(e¡"1)3

"21"31"41

h
f1 + 1

4 (e ¡ "1)
‡

f21
"21

+ f31
"31

+ f41
"41

·i
("1 < e < "2)

(see later) ("2 < e < "3)

J(E) = V
6

n
f1+f2+f3+f4

4 ¡ (e¡"4)3

"14"24"34

h
f4 + 1

4 (e ¡ "4)
‡

f14
"14

+ f24
"24

+ f34
"34

·io
("3 < e < "4)

J(E) = V
6

f1+f2+f3+f4
4 ("4 < e)

(2.83)

Ù¥fji=fj-fi (i,j =1,2,3,4)§"ji�‰´�þ�!"

�"2 <e< "3�§Óâ«�/G’�E,§I���	?n"•�rÓâ
«2'��nÜ'£�ª2.5⁄§'O¨'"duz�Ü'Ñ·��Óâ�§⁄
–øn�¨'�/“�"4 <e��„aq"O��[!º�[27]"
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2

1

23
1

14

13
24

1

23

1

2

3

4

e

24

13

14

13

24

23

24

ª 2.5: ª3

���„��–aq/í�[28, 29]"

x2.4.2.3 o¡N�{�3�flK

–þ0��·|^�5o¡N�{)Ûƒ)¡¨'ÚN¨'�L§§{
ü�*"�Aˇ:�{�’§�5o¡N�{Ø=�Bravais�f�Ø¡5ˆ
’§
��U��>fÓâ�„ˆ’"Xdw5§�5o¡N�{fi†Ø�
{
§,
�„¿Ø·Xd"

a. ´æ�Ý
�5o¡N�{y'o¡N⁄I�k:Œˇ~�’Aˇ:�{�k:Œı

ü�Œþ?§Uþ�Øuk:Œ�´æØœ£ˇ~¡�´æœ§5¿µøÚSCF‰
(�‘z�\´æ"Ø·Ó�Vg⁄"�
3Ø��°Ý�cJe~�O�þ§
<�JÑ
�
)ß�{"

Blõchl�<[30]ØDÚ��5o¡N�{\–Uß£iLT⁄"ƒ�rN¨'J(E)=
z�Ø�¨…Œ\�ƒÚ�/“§Ù¥��›do¡N�{…�§��¨…
Œf�/“ˆ’"�Ò·‘§�¨…ŒfØº��›�O�£�–Ø’þ�!
�N¨'O�⁄§l
!�
O��m"Øu7ÆNX§ƒ��Ú\
��
^u\�´æ����"iLTU
¢y�Aˇ:{£�)^u7ÆNX�—°
�{⁄���$��—�
�´æ�Ý[31]£,	º�'z[32]�ª2⁄"iLT�
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flK·@�oUþØ�Ü'ÓâŒCz§ø�Cqƒ�T�{ØU^uO�
å§k�ÿ�‹���O�o¡NÑyK��›ÚUþ"d	§duiLT⁄^
�k:��§Ø•u����‹�O�[32]"
3iLT�˜:þ§�]��JÑ
�þ!o¡Ny'Eâ[33]§U
?�

Úü$k:Œ8§JpO��Ý"
Jp´æ�Ý�,��å»§·3[Üf(k)Ú"(k)��ÿØ^�5…Œ§


·^pg…Œ§̌ ~·�g…Œ§=�go¡N£QT⁄�{"QT�{ƒ¨
'�~E,§8c�UØ��Ú��NX�¡¨'[26]ÚN¨'[34]��)Û
ƒ)"Øun�NX§du�g›¡/“E,§Ø
��Ý£DOS§=I(E)¥
��¨…Œð�u1⁄�O�U��)Ûƒ)[35]–	§8c�ı�U���
)Ûƒ)[22]£=§3,
�Ýþ·)Û�§Ù§�Ýþ·Œ��⁄§̌ d¨'
�O�þ��"d	§duŒ�¨'ˆ{;�von HoveÛ:§¨'�´æØ
œ"

b. van HoveÛ:
⁄¢van HoveÛ:Ò·⁄�¡þUþFÝ�0�:§ø3¢SNX¥·ý

¢�3�"ˇLI(E) ���/“�–w�§duUþFÝ��'1§T:�
¨'·uÑ�"�5o¡N�{duƒ^�5…Œ§̌ d=B·)Û�{�
ˆ{;�Û:§ø’3vkÛ:��„e�´æ�œ"ø�–ˇLO\o¡
N'�Œ8��{¯ì\–Uı§���.)ß§7L^pg�[Ü…Œˇ
L)Û��{ƒ¨'"

c. U���
Úå´æœ�,���ˇ·U�u)��§k<rU���:�¡�Û

:"ˆØ·3Aˇ:�{�·3o¡N�{¥§XÛ)ßU���Ñ·��
flK[36]"Xª2.6 ⁄«§ØU�·˜����ä§ò‹��ØÓ���Ýª
�[36]"
��⁄�¡†LU���:§ò‹��NX·7Æ�·�7Æ�‰
5�Ø[37]"
3o¡N�{¥§duQTƒ^pg…Œ5[Üf(k)Ú"(k)§̌ d���Ø

�’LT�î›"
U���Ø����´æflK§��–ˇL'��ı�o¡NCq/)

ß§�øw,·Ø†L�"�äU�����«�{·�âU��FÝ?1
�5‰�g	í[36]§ø«�{‹O\�ıO��m§
�Ø�˙���U�
�JØ—",�«�{·ˇL;�ˇf���›U5�ä��[37]§�–�—
/�Ñø
flK"d	§WinklerJÑr�U���:^�o¡N�”:§�
J�Ø�[29]"

d. �›flK
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ª 2.6: ª4

o¡N�{�3�›flK[38]§~f�º�'z[31]�ª3"e¡'Û�e
�›flK�5
"
•���§pØ¡: uIBZ�>.þ§IBZSÜÑ·��:"ØuAˇ

:�{§3ƒ�IBZS�¨'�§�–|^Ø¡5…���BZS�¨'"b
�BZkN�:+ö�§@orIBZ�¨'ƒþXŒq�Ò�–
"øØ��:
·�(�§�·Ø>.þ�pØ¡:K�3flK"–ª2.7�~§IBZ·BZ�1/4§
ˇdIBZ¥%�:g3BZS7L›E4g£g1§g2§g3§g4⁄"�·IBZ>.þ�:
%�3X›Sµ3BZ¥§���k��¡:§%›E
og¶X:�,kü�§
�†L†£�§�·�d�§¢SE,·��§y3�›E
4g¶YÚM:
�X:aq"⁄–3Aˇ:�{¥§I�ØØÓ�k:ƒ^ØÓ��›5;�
ø�flK"
�Aˇ:�{ØÓ§3o¡N�{¥§��o¡N”:�z�k:§3?

1IBZS�¨'�·�–›Eƒ^�"~XØu�5o¡N�{§du3z�
�o¡N¥khfi = (f1 + f2 + f3 + f4) =4§=o�”:¥�z��Ñ‹ƒ^
�g§⁄–��k:^uı��o¡N�”:§§�ýØ�›Ò·A§��ˇ
L8�z���Ø�›"
du#Nk:›Eƒ^§3z��o¡N�N¨Ñ�Ó��„e§•�F

"z�k:ƒ^�gŒ�Ó§ƒ�§���›Ñ��"̌ d§ro¡N�{¥
��›�Aˇ:�{¥��›?1’�·vk¿´�"�›���^�ˇ~
ØJ¢y§Ù¥§K����Ò·IBZ�'��{"
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4
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4
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3
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2
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ª 2.7: ª5

�r/G’�E,�IBZı¡N'��A�˜�o¡N�§I�rø

o¡N?�Ú'�"ˇ~kü«'�o¡N��Y"1�«µº�n>�¥
:¶1�«µº���>�¥:9Ù�Ø�”:"–BZ���/���N
X�~§§�IBZ���>��n�/¢¡XM §·BZ�1/8"ü«'��YX
ª2.8⁄«"

ª 2.8: ª6

•���§IBZSÜ���:ÑvkpØ¡5§§���›AT·�Ó�§
ˇd1�«'��Y£ª2.8�mª⁄·ØÜ•�"
1�«'��Y£ª2.8�
�ª⁄ÒØ‹E⁄��:��›flK"
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ã 2.9: ã 7

@o   u IBZ> . þ � p é ¡ : ´ Ä k � ­ ¯ K Q º

5 ¿ µ 3 O Ž IBZ > . k :� � ­ ž § Ø ‡ ¿K IBZ ƒ 	 � « • œ

é u   u BZS Ü …3 IBZ> . þ � k: £ X ã 2.8� ¡ : § ¢ ¶ Ú § ¶ þ �

˜ „ : ¤§ du § ‚ „¬ � IBZ± 	 � « • ¦ ^ § Ï d é u 1 ˜ « © • • Y

£ ã 2.8� † ã ¤§ ¡ 3 BZ¥ ^ 
 8g £ IBZ ¥ ´ 1g ¤§ Ï d § � ý é � ­ Ø ´ 1§


 ´ 8¶ ¢ ¶ Ú § ¶ þ ˜ „ k: 3 BZ¥ ^ 
 6g £ IBZ¥ ´ 3g ¤§ Ï d § ‚ � � ­

Ø ´ 3§ 
 ´ 6"

é u @
   u BZ> . þ � k: £ X XM ¶ þ � ˜ „ : ¤§ Ï L ² £ ö Š Œ

± Ñ y 3 BZ> . � Ù §   ˜ § � ö ƒ m ƒ � ˜ ‡ � ‚ ¥ § ¢ S ´ Ó ˜ ‡ : "

Ï d O Ž � ­ ž ‡ r ù 
 � d :� � ­ \ 3 ˜ å " Ï d ã 2.8� † ã XM ¶ þ

˜ „ k:� � ­ Ø ´ 3§ 
 ´ 6"

é u XÚ M: §K ‡ © O • Ä ± þ ü ‡ Ï ƒ §„ ã 2.9" Ï d � ­ © O • 4Ú 8"

Œ± u y §3 1 ˜ « © • • Y ¥ §ý Œõ ê :� � ­ Ñ� u 6§• k ¡ ! XÚ Mù

n ‡ : ~ 	 " Ï d § 3 1 ˜ « © • • Y ¥ § • 3 � ­ ¯ K � k ¡ : Ú BZ�º

: "

^ 1 � « © • • Y • Œa q / Ž Ñ p é ¡ :� � ­ " Œ± u y §� ­ ´ 8-

4-8ù � � m …© Ù � " • k � k: � � v 
 õ ž § â ŒC q @• ˆ‡ k:� �

­ ƒ � "

� ­ ¯ K Ø ´ Ø U )û " k < u y § e æ^ 1 ˜ « © • • Y § é BZ
 Ø

´ IBZ? 1 © • ž § Ò Ø ¬ k � ­ ¯ K £ „ ã ??¤" � ¯ K ´ § é u ä k p é

¡ 5 � N X § ù ¬ ŒŒü $ O Ž � Ç § � Ø € ” "

• 

 ) Ø Ó © • • Y é � ­ � K • § ù p ‰Ñ ü ‡ Ž ~ " Ä k ´ N È
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ã 2.10: ã 8

© " · ‚ æ^ BlÄochl� ‚ 5 o ¡ N •{ §é o ‡ º:   u (0,0,0)§(1,0,0)§(1,1,1)§

Ú (1,1,0)� o ¡ N ? 1 N È © O Ž " Š • ÿ Á § ˆ‡ k(x,y,z) :� U þ • e =

5(x ¡ 0:65)4 + 2( y ¡ 0:33)4 + 3z4" � ¤ ’ U ? © O • 0.5Ú 0.01ž § ü « © • •

Y ��� � ­ ƒ é Ø � X ã 2.11¤ « £ ° (� ­ æ^ 4000‡ ± þ � k: ¼ � ¤§

Ø � ­ ‚ Ä � ­ Ü " ( J L ² § • , ü « © • •{ Ñ k � ­ ¯ K § 
 …1 �

« ‡ î ­ �õ § � 3 k: ê 8 ƒ Ó£ ½ ƒ C ¤ � œ¹ e § § ‚ � È © � ­ ƒ �

¿Ø Œ"

� e 5 ´ ¡ È © O Ž " · ‚ æ^ ‚ 5 o ¡ N •{ O Ž DOS£ = � È ¼

ê f´ 1¤§ o ¡ N ØC §z ‡ k(x,y,z) :� U þ • e = [5( x ¡ 0:65)4 +2( y ¡ 0:33)4 +

3z4] £ j sin (i )j§ Ù ¥ i• U ‘ • I § ù p æ^ 10‡ U ‘ " O Ž u y § � k: ê 8

‡ L 100‡ ± � § ü « © • • Y O Ž � DOS­ ‚ ® Ä � ­ Ü " ü « © • • Y O

Ž � DOS¸ r £   u e¼0.105¤ X ã 2.12¤ « " Œ„ § 3 ¡ È © O Ž ¥ ‡ • Ä ©

• • Y é � ­ � K • § Ø š k: ê 8 ƒ �õ "

Ï L ± þ © Û Œ• § o ¡ N •{ ^u � ‘ Ú n ‘ N X ž § ˜ � • Ä
 é

¡ 5 § ½ õ ½ � Ñ • 3 � ­ ¯ K § Ã { ; • " � ­ ¯ K é N È © O Ž � K •

¿Ø Œ§ � 3 ¡ È © ¥ ' � î ­ § � ­ ¯ K é ¡ È © � K • ‘ X k: ê 8 Ø ä

O õ 
 Å ì~ f "

é u ˜ ‘ N X § ‚ 5 o ¡ N •{ ð z • ‚ ã þ � SimpsonÈ © £ ë „ ©

z [39] � 4.1! ¤" Ø 
 ‚ ã�à: ± 	 § ‚ ã þ? ¿˜ :Ñ 3 È © ¥ ¦ ^ 
 ü

g § 3 þ ! © • � œ¹ e § � ­ ´ 2¶ é u ‚ ã� ü ‡ à: § • , § ‚ Ñ ¦ ^


 ˜ g § � ´ ü ‡ à: ´ � d : § à:� o � ­ E • 2" Ï d é ˜ ‘ N X § 3

þ ! © • � œ¹ e § o ¡ N •{ Ø • 3 � ­ ¯ K "
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ª 2.11: ª9

x2.4.3 EwaldƒÚ

x2.4.3.1 Œ��~Œ

Œ��~Œ·���ßu(�§vkþj�~Œ§̂ 5O�lf‹N‰
ö�:>ÖÚþ!��µ>Ö�mü ��S�p�^�Uþ"–lf-lf
�m��p�^U�~§ÙoU�–��

U ion¡ion =
1
2

X

i 6=j

QiQj

jRi ¡ Rj j
(2.84)

Ecell = ¡fi
(Ze)2

2R
(2.85)

•�–��ˆ��ó�~§O�Œ��~Œ"

x2.4.3.2 ˜�g�

�â1=r’XP~�¥Ô�^·�«�§�^"Øu–ˇ5�n�‹N§
¥ÔU�ƒÚkXe�/“

S =
1
2

NX

i=1

NX

j=i

1
rij

(2.86)

��ƒÚ�{§S‹�âƒÚ��ä�»�K��"
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ª 2.12: ª10

EwaldƒÚ�¥%g�Ò·ò1=r�¥Ô‡'⁄üÜ'§1�Ü'·Æ§
�^§3�‰��ä�»–	P~ØflA��u""ø�§1�Ü'��^U
�–ˇL¢�m�¨'����"1�Ü'��§�^§Øu?¿�rÑ†�
Cz"ø�§1�Ü'��^U�–ˇL=z���m�¨'ƒÚ��"�
ˇ~�…Œ|Ü��{·

1
r

=
erfc(fir)

r| {z }
Æ§�^

+
erf(fir)

r| {z }
�§�^

(2.87)

Ù¥

erf(x) =
2

p
…

Z x

0
exp(¡t2)dt (2.88)

erfc(x) = 1 ¡ erf(x) (2.89)

@oø�erf…ŒkvkäN�Ôn„´Q”Ù¢
erf(r)

r
…Œ·��3�

:�Gaussian>Ö'Ù⁄�)�>‡"bƒ•�3�:kXe�8�z�Gaussian>
Ö'Ù

‰(r) = (
fi

p
…

)3e¡fi2jrj2
(2.90)
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KÙ3�m?¿r:�)�>‡�

`(r) = (
fi

p
…

)3
Z

e¡fi2jr0j2

jr ¡ r0j
dr0

t=r0¡r=====) (
fi

p
…

)3
Z

e¡fi2(t2+r2+2t¢r)2

t
dt

dt=t2dtsinµdµd`===========) (
fi

p
…

)3
Z Z Z

e¡fi2(t2+r2+2tr cos µ)2

t
t2dtsinµdµd`

=
2fi

r
p

…

Z r

0
e¡fi2t2

dt

=
erf(fir)

r
(2.91)

ª2.13·�“2.87�ª«"��§3�‰��ä�»	§Æ§�^ØflP
~�"§
�§�^K3⁄k�r�«�SÑ†�Cz"�Ò·‘§Ewaldƒ
Ú�Ôn¿´Ò·ò�§�:>Ö�¥Ô‡')⁄���pd/“�>Ö'
Ù§Ú��:>Ö~�pd'Ù�üö�Ú"
ˇLXþ�')–�§•��–ò¥Ô‡')�¢�mÚ��müÜ'"

x2.4.3.3 äN¢y

Øu‹N§>Ö'ÙäkÚ‹��Ó�–ˇ5(�"⁄–§•��–ò
>Ö'Ù�FÆ�C�

‰(r) =
X

G

‰(G)eiGr (2.92)

‰(G) =
1
›

Z
‰(r)e¡iGrdr (2.93)

⁄–§>‡Q�–ˇLØ¢�m>Ö�¨'��§��–ˇLØ>ÖF
Æ�'þ�ƒÚ��"

`(r) =
Z

‰(r0)
jr ¡ r0j

dr0

= 4…
X

G

‰(G)eiGr

jGj2
(2.94)

lfm��p�^UXJ^>Ö�FÆ�'þ�–^e“L«"�·§
ø==·��{ü�FÆ�C�§¿Ø‹UıƒÚ�´æ5U"

U ion¡ion =
2…
›

X

i;j

X

G 6=0

QiQjeiG(Rj¡Ri)

jGj2
(2.95)

�·XJ•��âc�!�g�§ò¥Ô‡')⁄�§ÚÆ§�z�§
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ã 2.13: X Û ò Coulomb³ © ) • •§ Š ^ Ú á § Š ^ ü Ü © � ã ) "

49 www.quantumchemistry.net



þ z < Þ [þ z � Ñ ¬ ]

Ù •§ Ü © � � z 3 F á “ � ˜ m Â ñ � é ¯ § 
 á § Ü © � � z K Œ± Ï

L ¢ ˜ m � † � ¦ Ú �� " ù ´ Ï • erf¼ ê � F á “ C † ¥ õ 
 ˜ ‡ • ê P

~ � ‘ "

½(G) =
1
­

X

I

QI e¡j Gj2 =4®2
eiGR (2.96)

Ú d •§ Š ^ ƒ é A � ³ U Ü © •

Á(r ) long =
4¼
­

X

I

X

G6=0

QI
e¡j Gj2 =4®2

jGj2
eiG ( r ¡ R I ) (2.97)


 á § Š ^ � ³ U Œ± 3 ¢ ˜ m È © �� " du •§ Ü © � � z ® ² •

¹ 3 � ˜ m � ¦ Ú p § ¤ ± á § Š ^ 3 ¢ ˜ m � È © Â ñ 5 ‡ Ø ¥ Ô ³ Ðé

õ "

Á(r )short =
X

I

QI
1 ¡ erf (®jr ¡ RI j)

jr ¡ RI j
(2.98)

n Ü þ ¡ � ( J § · ‚ • ª �� ¥ Ô ³ � Ewald¦ Ú L ˆ ª

Á(r ) = Á(r ) long + Á(r )short (2.99)

=
4¼
­

X

I

X

G6=0

QI
e¡j Gj2 =4®2

jGj2
eiG ( r ¡ R I ) +

X

I

QI
1 ¡ erf (®jr ¡ RI j)

jr ¡ RI j

ù ´ ˜ ‡ š ~ ­ ‡ �� ª §Ewald¦ Ú � 2 • / ^ 3 ˆ « 1 ˜ 5 � n Ú ©

f Ä å Æ�[ � § S • ¥ " 3 þ ª ¥ § • ˜ I ‡ 5 ¿ � ´ 3 O Ž ¢ ˜ m � r =

RI ù ˜ ‘ ž § · ‚ ‡ ; • Ñ y © 1 • " � œ¹ " Ù ¢ § r = RI ù ˜ ‘ é N ´

Ï L ) Û ¦ 4 • ��

lim
r ! R I

[
1 ¡ erf (®jr ¡ RI j)

jr ¡ RI j
] !

2
p

¼
® (2.100)

d d § · ‚ Œ± �� l f m ƒ p Š ^ � • ª L ˆ ª

U ion ¡ ion =
4¼
­

X

I;J

X

G6=0

QI QJ
e¡j G j2 =4®2

jGj2
eiG ( r ¡ R I )

+
1
2

X

I 6= J

QI QJ
1 ¡ erf (®jRJ ¡ RI j)

jRJ ¡ RI j
¡

X

I

Q2
I

®
p

¼
(2.101)

x2.4.3.4 ¢ ~ A^

x2.4.4 ‡ ¬ ‚ C q

‡ Ð m ˜ ‡ > f Å ¼ ê § l n Ø þ ` ‡ Ã ¡ õ ‘ ² ¡ Å Ä " ù ‡ ( J Œ

± Ï L Ú \ ± Ï 5 > . ^ ‡\ ± )û " Ï L Ú \ ‡ ¬ ‚ C q § < ‚ U 
 |
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^Bloch‰nï˜�–ˇ5��f�.§ˇL¯ÚO�⁄��‹�§<��
U
��O�L§¥Ú\�–ˇ5^�Ø⁄ï˜flK�K�§¿XÚ��Ø
ø�Ø�"dBloch‰n§•���3��–ˇ5‡|¥§̄ …Œ�����
a‹�¯…ŒÚa†¡¯…Œ�ƒ¨"

“i(r) = exp[ik ¢ r]fi(r)

a‹�¯…Œq�–^�|¯¥�u��¥�'Æ�†¡¯˜—m

fi(r) =
X

G

ci;Gexp[iG ¢ r]

⁄–§o�¯…Œ���

“i(r) =
X

G

ci;k+Gexp[i(k + G) ¢ r] (3:1)

ø�,•�rO�ˆ¡ı�>f¯…Œ�flK=z⁄O�ˆ¡ı�k:,z
�k:Óâk��>f�.l�Kþ5‘,z��k:ÑØ>f‡kK�,⁄–�
O�ˆ¡ı�.,
,k�m��C�>f¯…ŒA��Ó,⁄–�–^��k:
5�O��«�S�k:.ø�,•��I�^k���
k:5O�>f�)
�‡|,l
?�Úƒ��N�oU.

3äN�O�¥,k�mg:Ú†¡¯���Ñ‹�5�‰�Ø�§O�k�
mg:��Ý§–9O�†¡¯���Uþ§ÑU~�Ø�"AOA��Ñ
�·Øu7ÆNXO�þ’�‹
�§̌ �I�g:��5°(�ß‰⁄�
¡"

x2.4.5 GTO˜|)Û¨'

þzO�¥§I��‰˜|5—m'f;�"lnØþ5ø§��˜|
·���§ÒØ‹ØO�(J�)K�"�·3¢SO�¥§Ø�Uæ^��
�˜|§
�U^k��˜|5—m'f;�"¢S�O��mˇ~–˜|
Œ�ng�‰�p��ŒO�§⁄–À��˜|��Cý¢�'f;�§K
⁄I��˜|Ò��§°ÝÒ�p"3þz˜|¥§�~^�kslater/“�
˜|ÚGaussian /“�˜|"
þzO�¥�~^/“�;���·Gaussian Type Orbital§k�ÿ�

{¡�GTO"ø�·Gaussian§S¶i�5
"GTO�˜|��kXe�/
“

`fi(r) = PM (x; y; z)e¡fi(r¡R)2
(2.102)

Ù¥�ºŒfi7L[Ú��–Ú�f;����—�‹Ü"
ı�“PlK�„

Gaussian;���m�6’X§d¥�…ŒY l

m(µ; ’)�Ñ"’X1s�Gaussian;
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� k X e � / ª (2®=¼)3=4e¡ ®j r ¡ R j2
" 5 ¿ Gaussian/ ª � ; �� • ê ‘ p é

˜ m ‹ I � • 6 ´ � g • § 
 Ø ´ ˜ g • " ƒ é Ú slater; � ƒ ' § ‡ ^ � õ

� Gaussian; � 5 Ð m ˜ ‡ © f ; � " � ´ Gaussian/ ª � ; � ä k ˜ ‡ �

U Õ þ � ` : § @Ò ´ ± Gaussian; � Š • Ä | ž § ü ‡ GaussianÄ | � ¦ È

E ä k GaussianÄ | � / ª § Ï d V > f È © � O Ž ŒŒ{ z " 
 V > f È

© 3 DFT g T O Ž ¥ ´ • s O Ž ž m � ˜ Ú " ¤ ± § ^ Gaussian; � Š • Ä

| k | u ~ � o N � O Ž ž m "

PM (x; y; z)e¡ ®(r ¡ R 1 )2
QN (x; y; z)e¡ ¯ ( r ¡ R 2 )2

= RM + N (x; y; z)e¡ (®+ ¯ )( r ¡ ¹R )2

(2.103)

Ù ¥ ¹RL « R1Ú R2± ®; ¯ • � ­ � ¥ %

R =
®R1 + ¯R 2

®+ ¯
(2.104)

± þ � ú ª � ‰p d ¼ ê ¦ È ½ n " ' u GTO • •[ � 0 � § ž ë w ^ ‡ 0

� ¥ � GaussianÙ ! "

x2.5 —Ý • ¼ ?�

x2.5.1 ƒ é Ø —Ý • ¼

x2.5.2 ¹ ž —Ý • ¼

x2.6 ~ „ U ‘ O Ž •{

x2.6.1 ‚ 5 LMTO •{

‚ 5 LMTO •{ ´ � > f O Ž •{ "

x2.6.2 M \ ² ¡ Å Ä {

M \ ² ¡ Å Ä { ´ � > f O Ž •{ "

x2.6.3 KKR •{

KKR •{ ´ Korringa-Kohn-Rostocker•{ � { ¡ " • ´á u � > f O Ž

� •{ "

x2.6.4 � � ² ¡ Å Ä { (OPW)

� � ² ¡ Å Ä { d HerringÄ k J Ñ [40],á u d > f •{ " � ³ n Ø =ï

á 3 OPW•{ � Ä : þ " § � Ì ‡ g Ž Ò ´ ò ë † ¤ …� d > f Ú S Š �

�> f « © m 5 é – " 3 � � ² ¡ Å Ä •{ ¥ § Ï ~ òd > f � & Á Å ¼
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ê Á(v)
k (r )� ¤ X e � / ª µ

Á(v)
k (r ) = eÁ(v)

k (r ) +
X

c0

¯ (c0) Ã(c0)
k (r )

=
1
­

eik ¢r +
X

c0

¯ (c0) Ã(c0)
k (r ) (2.105)

Ù ¥ § Ã(c0)
k (r )´ d S Š � > f � ¤ � BlochÅ ¼ ê "

Ã(c)
k (r ) =

X

R

eik ¢R Á(c) (r ¡ R) (2.106)

d > f � Å ¼ ê Á(v)
k (r )3� l Ø « �/ • ' � ² …§ ¤ ± Œ± k � � ^ ² ¡

Å 5 Ð m " 3 C Ø � « • § d > f • 
 � ± Ú S Š � > f � � � 5 § Å ¼ ê

Ñ y ì � � � � 1 • " ª (2.105)¥ § eÁ(v)
k (r )“ L d > f Å ¼ ê 3 ü ‡ Ø ƒ m

' � ² …� Ü © § 
 � ˜ ‘ K • Û • 3 S Ø N C � Å ¼ ê "

· ‚ Œ± Ï L À � · �� ë ê ¯ (c) ¦ d > f � Å ¼ ê Ú S Š � > f Å ¼

ê � � "

¯ (c) = ¡h Ã(c)
k jki ; hr jki =

1
­

eik ¢r (2.107)

Ï L X d À � ë ê § · ‚ Œ± � y d > f Ú S Š � > f � Å ¼ ê � � "

hÁ(v)
k jÃ(c)

k i = hkjÃ(c)
k i ¡

X

c0

hkjÃ(c0)
k ihÃ(c0)

k jÃ(c)
k i = 0 (2.108)

3 ± þ � í � ¥ § · ‚ ^ � 
 hÃ(c0)
k jÃ(c)

k i = ±cc0� ' X " · ‚ Œ± ^ Xþ � ï

� d > f Å ¼ ê Š • Ä | 5 Ð m ý ¢ � d > f Å ¼ ê "

Ã(v)
k (r ) =

X

G

®k (G)Á(v)
k+ G (r ) (2.109)

X J ^ ± þ � d > f Ä | 5 � E M —î þ § K é � z� Œ± �� d > f � �

�Š " d •{ � Ì ‡ ` : ´

x2.6.5 � ³ ² ¡ Å Ä { (PPW)

� ³ ² ¡ Å Ä { (PPW) ´ OPW•{ � † � í 2 " du · ‚ Ï ~ a , � ´

/ ¤ z Æ…� d > f ,
 Ø ´ @
 S Š � �> f .
 d > f 3� f Ø N C ,• 


Ú $ U ? � S � > f � ± � � , Å ¼ ê ‡ ŒÌ � � ,l 
 ä k é Œ�Ä U .� ù

Ä U � é Œ˜ Ü © � � f Ø N C � ³ U ¤ - ž ,• Ä � � f ØÚ S � > f �

ù « 5 Ÿ ,· ‚ Œ± ^ ˜ ‡ ³ | � f � � � 5 “ O ØÚ S � > f .· ‚ Ó � ^

� ² …� � Å ¼ ê 5 “ O Ø N C � � ì � � d > f Å ¼ ê " ù « p ƒ - ž �

5 Ÿ Ù ¢ ® ² 3 OPW•{ ¥ �� 
 $ ^ " • 
 • wy � L y Ñ ù ˜ : § · ‚
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òOPW�{�d>f¯…Œ`(v)
k (r)£��¯‰™�§¥,�–��’u è(v)
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² FiolhaisJ Ñ � ì C � ³ " Ù Ž Ñ 
 ˜ � � ³ 3 � ä Œ» ? Ø ë Y § F á

“ C † •§ � �� " : "

V(r ) = ¡
z
R

½
1
x

[1 ¡ (1 + ¯x )e¡ ®x ] ¡ Ae¡ x
¾

(2.116)

Ù ¥ x = r=R§ R´ P ~ Œ» "
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·
7
3

(
V0

V
)7=3 ¡

5
3

(
V0

V
)5=3

¸
²

·
1 +

3
4

(B 0
0 ¡ 4)

µ
(
V0

V
)2=3 ¡ 1

¶¸

+1 :5B0

·
(
V0

V
)7=3 ¡

5
3

(
V0

V
)5=3

¸ ·
1
2

(B 0
0 ¡ 4)(

V0

V
)3=2

¸
(4.7)

x4.1.4.3 Ê · G � • § (Universal EOS)

Ê · G � • § ´ d Vinet � < [6]J Ñ � § § é l f ¬ N ! 7 á ! � d ¬ N

± 9 D k í N 3 Ø   � / ¤ � � N �Ñ · ^ " P ¡ V ' X Œ± L « • [7]µ

P(V ) =
·
3B0

(1 ¡ x)
x2

¸
exp[´ (1 ¡ x)] (4.8)

Ù ¥ ´ Š â B 0
0� ½ • µ

´ = 3=2(B 0
0 ¡ 1) (4.9)


 x = ( V
V0

)1=3" � 5 Poirier• Ñ § X J æ^ ˜ ‡ A Cë ê ² = ( V0=V)1=3 ¡

1± 9 g d U F = F0(1+ A² )exp(¡ A² )(F0Ú A´ ~ ê ) @o é Birch-Murnaghan

EOS¦ � • Œ± �� Ê · G � • § "

x4.1.4.4 G � • § � [ Ü § S

² GUI version of EosFit

http://www.ccp14.ac.uk/ccp/web-mirrors/ross-angel/rja/soft/index.html
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† Murnaghan flt code source
http://www.fhi-berlin.mpg.de/th/fhi98md/download/murn.tar.gz

x4.1.5 VASP�Ì��{

VASP^�·†¡¯˜"e¡•�{�0��e�Ý�…nØ3†¡¯
e�¢y"

x4.2 VASP§Sƒ^0�

x4.2.1 ?¨VASP§S[8]

3Redhat 7.3Ú8.0�¯ìþ§̂ ifc 6.01��§mpich-1.2.5.2§?¨vasp4.6�
�"

BLAS:æ^libgoto p4 512-r0.94.so

LAPACK:æ^vasp.4.lib¥�lapack double.o

��Ú‰Xe£øpØ2øªifc�SC§b�ifcfi†SC—
⁄:

1!e1mpich-1.2.5.2§¿SC"lhttp://www-unix.mcs.anl.gov/mpi/mpich/downloads/mpich.tar.gze
1"ƒ^•-tar xzvf mpich.tar.gz 5)Ø§"��mpich-1.2.5.28„"?\T
8„§–dƒ^e¡�•-µ
a) ./configure --prefix=/usr/local/mpich -rsh=ssh --with-cflags=-O \

-f90="ifc -FR -lowercase" --with-f77flags=-O --without-romio -fc=ifc

b) make

c)U^rootÆÒ§?\U8„?1SC"Make installKrmpichSC�/usr/local/mpich8
„"

2!���mpichk’��‚Cþ3Ì8„ere¡�A1\\.bash proflle'
�¥
export PATH=$PATH:/usr/local/mpich/bin export MPI_USEP4SSPORT=yes

export MPI_P4SSPORT=22 export P4_RSHCOMMAND=ssh

,�æ^e¡�•-�#T'�. .bash proflle‰source .bash proflle

3!æ^mpif905?¨vaspøpb�rlibgoto p4 512-r0.94.so�3/usr/local/lib8
„¥"A)?\vasp.4.lib8„¥§rmakeflle.linux ifc P4��⁄makeflle"�\make•
-§m'?¨��libdmy.a b)?\vasp.4.68„¥§rmakeflle.linux ifc P4��
⁄makefller1501�FC=ifcc\þ5”Ò§�Ò·#1801�821�CPPk
’SN\þ5”Ò§U⁄e¡�
#CPP = $(CPP_) -DHOST=\"LinuxIFC\" \ # -Dkind8 -DNGXhalf

-DCACHE_SIZE=12000 -DPGF90 -Davoidalloc \ # -DRPROMU_DGEMV

-DRACCMU_DGEMV

r11361�BLAS BLAS= /opt/libs/libgoto/libgoto p4 512-r0.6.so T⁄Xe
�SNµBLAS= /usr/local/lib/libgoto p4 512-r0.94.so r11661Ú1671k
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' FFT3D � 1 c \ þ 5 º Ò § X e ¡ �

#FFT3D = fft3dfurth.o fft3dlib.o #FFT3D = fftw3d.o fft3dlib.o

/opt/libs/fftw-3.0.1/lib/libfftw3.a

r 2021 Ú 2031 � FC� U • X e � S N µ

FC=mpif90 FCL=$(FC)

r 2121 k ' CPP� 1 c � 5 º Ò � K § U ¤ X e � S N µ

CPP = $(CPP_) -DMPI -DHOST=\"LinuxIFC\" -DIFC \ -Dkind8 -DNGZhalf

-DCACHE_SIZE=4000 -DPGF90 -Davoidalloc \ -DMPI_BLOCK=500 \

-DRPROMU_DGEMV -DRACCMU_DGEMV

r 226Ú 2271 k ' SCA� 1 § \ þ 5 º Ò § U ¤ X e �

#SCA= $(SCA_)/libscalapack.a \

#$(BLACS)/LIB/blacsF77init_MPI-LINUX-0.a \

$(BLACS)/LIB/blacs_MPI-LINUX-0.a $(BLACS)/LIB/blacs

F77init_MPI-LINUX-0.a

L « Ø ^ scalapack¥ " r 239Ú 2431 k ' FFT3D � 1 § U ¤ X e � S N µ

# FFT: fftmpi.o with fft3dlib of Juergen Furthmueller FFT3D =

fftmpi.o fftmpi_map.o fft3dlib.o # fftw.3.0.1 is slighly faster and

should be used if available #FFT3D = fftmpiw.o fftmpi_map.o

fft3dlib.o /opt/libs/fftw-3.0.1/lib/libfftw3.a

r ù 
 Ñ ? U � § � • " 2 make" Ò Ð 
 "

x4.2.2 X Û� ï ‹ I

x4.2.3 Û X O � VASP � Ñ \ © ‡

x4.2.4 X Û J � VASP � Š ’

x4.2.5 X Û © Û VASP � Ñ Ñ ( J

x4.2.6 VASP ƒ ' � � � § S

x4.2.7 VASP § S ¥ � ¦ J ¯ K 9 )û • {

x4.2.7.1 X Û � ˜ Ø Ó � GGA

' u GGA � ³ � ^ { Ú INCAR © ‡ ¥ VOSKOWN � ^ { " 3 O Ž ¥ § �

† ' é ³ � À �� û u^ Ÿ o / ª � POTCAR " Ï ~ Œ± Ï L w POTCAR ©

‡ � headerÜ © 5 • � ´Ÿ o / ª � � ³ .

POTCAR © ‡ µ

||||||||||||||- LEXCH = 91 |||||||||||

|||-

' X LEXCH = 91 “ L GGA � ´ PW91/ ª � � † ' é ³ " 3 INCAR ©

‡ ¥ § Ï ~ Ø I ‡ , 	 • ½ GGA tag" VASP¬ g Ä Š â \ À � � POTCAR ©

‡ 5 � ˜ GGA tag.
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3 VASP� • Ï © ‡ ¥ k X e � © i "it is desirable to use this interpola-

tion (Vosko Wilk and Nusair[46]) whenever the PW91 functional is applied"" ¤

± ` � ^ PW91� � † ' é ³ž § I ‡ • ½ VOSKOWN tag. c Ù ´ ^ PW91O

Ž ^ 5 N X ž §7 L • ½ ƒ A � VOSKOWN tag. ù ´ Ï • N X � ^ Ý ¬ Š â

Ø Ó � ë ê Ú Ø Ó � � † ' é ³ �� Ø Ó � O r "

, 	 ˜ ‡ ~ ^ � GGA´ RPBE§3 VASP4.6� ‡ � ¥ §¿ v k ; € � é RPBE �

� ³ " X J I ‡ ^ RPBE � � † ' é ³ § • I † � ^ PBE� POTCAR § , �

3 INCAR © ‡ p • ½ GGA=RP "

x4.3 VASP O Ž ¢ ~

x4.3.1 ^ VASP O Ž Ã � f � U þ

• � f � U þ • ¡ 13:6eV" 3ù ˜ ! ¥ § · ‚ ^ VASPO Ž H� f � U þ "

é u � f O Ž § · ‚ Œ± æ^ X e � INCAR © ‡

INCAR
PREC=ACCURATE
NELMDL = 5 make five delays till charge mixing
ISMEAR = 0; SIGMA=0.05 use smearing method

æ^ X e � KPOINTS © ‡ " du O \ K :� ê 8 • U U ? £ ã � f m �

ƒ p Š ^ § 
 3 ü � f O Ž ¥ ¿Ø I ‡ " ¤ ± · ‚ • I ‡˜ ‡ K : "

KPOINTS
Comment Line
0
Monkhorst Pack
1 1 1
0 0 0

æ^ X e � POSCAR© ‡

POSCAR
atom 1

15.00000 .00000 .00000
.00000 15.00000 .00000
.00000 .00000 15.00000

1
cart
0 0 0

æ^ I O � H� LDA � POTCAR
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��(JXeµ

OUTCAR
......
k-point 1 : 0.0000 0.0000 0.0000
band No. band energies occupation

1 -6.3145 1.00000
2 -0.0527 0.00000
3 0.4829 0.00000
4 0.4829 0.00000

......

˜k§•��–w�§3��f¥§>f�U?Ø�¡13:6eV"ø·ˇ�
3Hartree-Fock¥§¥ÔÜ'Ú��Ü'��-�§
3LDACqe§dÜ'
ØU��-�§Ú\
gU�Ø�§E⁄U?�£˜"

OUTCAR
......
Free energy of the ion-electron system (eV)
---------------------------------------------------
alpha Z PSCENC = 0.00060791
Ewald energy TEWEN = -1.36188267
-1/2 Hartree DENC = -6.27429270
-V(xc)+E(xc) XCENC = 1.90099128
PAW double counting = 0.00000000 0.00000000
entropy T*S EENTRO = -0.02820948
eigenvalues EBANDS = -6.31447362
atomic energy EATOM = 12.04670449
---------------------------------------------------
free energy TOTEN = -0.03055478 eV

energy without entropy = -0.00234530 energy(sigma->0) = -0.01645004
......

•��–w�TOT EN ¡ EAT OM�Ø�u¡13:6eV"
3þ¡�O�¥k�flK§Ò·H�fkspin,
3þ¡�O�¥•�¿

vk�˜�spin"⁄–XJ•�U^LSDACq§3INCAR¥^ISPIN=2�tag§
K��Xe(Jµ

OUTCAR
......
k-point 1 : 0.0000 0.0000 0.0000
band No. band energies occupation

1 -7.2736 1.00000
2 -0.1229 0.00000
3 0.4562 0.00000
4 0.4562 0.00000
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5 0.4562 0.00000

spin component 2

k-point 1 : 0.0000 0.0000 0.0000
band No. band energies occupation

1 -2.4140 0.00000
2 -0.0701 0.00000
3 0.5179 0.00000
4 0.5179 0.00000
5 0.5179 0.00000

......

......
Free energy of the ion-electron system (eV)
---------------------------------------------------
alpha Z PSCENC = 0.00060791
Ewald energy TEWEN = -1.36188267
-1/2 Hartree DENC = -6.68322940
-V(xc)+E(xc) XCENC = 2.38615430
PAW double counting = 0.00000000 0.00000000
entropy T*S EENTRO = 0.00000000
eigenvalues EBANDS = -7.27361676
atomic energy EATOM = 12.04670449
---------------------------------------------------
free energy TOTEN = -0.88526212 eV

energy without entropy = -0.88526212 energy(sigma->0) = -0.88526212

��f�Uþ��u¡12:92eV"�–w�3LDA¥XJ��g^§ƒU
?�VJp
0:88eV"�uUþÚU?þ��É§Ì�·duLDACqÚå
�§ÚVASP§S���°Ýˆ’"

x4.3.2 ^VASPO�Pd7Æ�‹�~Œ

Pd7Æ�¢�þ�‹�~Œ�3:89”A"3øp§•�^VASPO�§�‹
�~Œ"̃ kòPd⁄ØALDA�POTCAR'����8„e",�O�—INCARÚKPOINTS'
�"POSCAR'�•�òˇL��tcsh�script5�)"

KPOINTS'��–Xeµ

KPOINTS
Comment Line
0
Monkhorst Pack
11 11 11
0 0 0

INCAR'��–Xeµ

70 www.quantumchemistry.net



þz<Þ[þz�Ñ‹]

INCAR
SYSTEM = Pd bulk calculation
Startparameter for this run:

PREC = Accurate
ISTART = 0 job : 0-new 1-cont 2-samecut
ICHARG = 2 charge: 1-file 2-atom 10-const
ISPIN = 1 spin polarized calculation?

Electronic Relaxation 1
EDIFF = 0.1E-03 stopping-criterion for ELM
LREAL = .FALSE. real-space projection

Ionic relaxation
EDIFFG = 0.1E-02 stopping-criterion for IOM
NSW = 0 number of steps for IOM
IBRION = 2 ionic relax: 0-MD 1-quasi-New 2-CG
ISIF = 2 stress and relaxation

POTIM = 0.10 time-step for ionic-motion
TEIN = 0.0 initial temperature
TEBEG = 0.0; TEEND = 0.0 temperature during run

DOS related values:
ISMEAR = 0 ; SIGMA = 0.05 gaussian smear

Electronic relaxation 2 (details)

Write flags
LWAVE = F do not write WAVECAR
LCHARG = F do not write CHGCAR

�)POSCARÚO�‹�~Œ�ó��–^–e�PBS script5�⁄"

PBS script

#!/bin/tcsh
#PBS -S /bin/sh
#PBS -l nodes=4:athlon:ppn=2
#PBS -l cput=384:00:00
#PBS -m ae
#PBS -o output
#PBS -e error.log

# set parameter
set EXEC = 'vasp'
set SRC = '/usr/common/executable'

# change working directory
cd $PBS_O_WORKDIR

# copy fresh executable from depository
cp -f $SRC/$EXEC .

# execute mpi program
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foreach a (3.3 3.4 3.5 3.6 3.7)
echo "a= $a"
cat >POSCAR <<! cubic diamond
$a
0.5 0.5 0.0
0.0 0.5 0.5
0.5 0.0 0.5
2
direct
0.0 0.0 0.0
0.25 0.25 0.25
!

mpiexec -nostdin ./$EXEC

set E=$(tail -2 OSZICAR)
echo $a $E >>SUMMARY
end

# remove executable
rm -f $EXEC

X J Ø ^ Ø I ‡ ^ PBS script§K • \{ ü §X e = Œ" ò Ù ·¶ • lattice"

lattice
#!/bin/tcsh
foreach a (3.5 3.6 3.7 3.8 3.9 4.0 4.1 4.2)
echo "a= $a"
cat >POSCAR <<! fcc lattice
$a
0.5 0.5 0.0
0.0 0.5 0.5
0.5 0.0 0.5
1
cartesian
0.0 0.0 0.0
!
./vasp
set E=$(tail -1 OSZICAR)
echo $a $E >>SUMMARY
end

^ chmod +x lattice § ò Ù U • Œ‰1 © ‡ " , � 3 · - 1 p …\ ./lattice

= Œ"

± e ´ ^ USPP-LDA$ 1 � � � SUMMARY © ‡ " z ‡ O Ž ^ ž 13¦ "£ 3 USPP¥ Pd�

� ä U þ ´ 198.955¤

SUMMARY
3.5 1 F= -.52384500E+01 E0= -.52371846E+01 d E =-.253072E-02
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3.6 1 F= -.58695670E+01 E0= -.58683951E+01 d E =-.234381E-02
3.7 1 F= -.62322232E+01 E0= -.62311104E+01 d E =-.222547E-02
3.8 1 F= -.63932936E+01 E0= -.63921078E+01 d E =-.237151E-02
3.9 1 F= -.64072233E+01 E0= -.64058584E+01 d E =-.272979E-02
4.0 1 F= -.63162916E+01 E0= -.63147061E+01 d E =-.317085E-02
4.1 1 F= -.61523489E+01 E0= -.61504748E+01 d E =-.374817E-02
4.2 1 F= -.59418370E+01 E0= -.59396594E+01 d E =-.435530E-02

^ � Ô ‚ [ Ú ��� ¬ ‚ ~ ê • 3:888ºA,� N ¥ z ‡ � f � U þ ´ Ebulk =

¡ 6:4257"

± e ´ æ^ PAW-LDA ³ $ 1 � ± � � SUMMARY © ‡ " z ‡ O Ž ^ ž 20¦ "

¤ ± ƒ é 5 ` PAW ³ ¤ I ‡ � ž m õ ˜ 
 §ù ´ Ï • PAW ³ � energy cuto®ƒ

é ' � p £ 3 PAW ¥ Pd� � ä U þ ´ 250.832¤"

SUMMARY
3.5 1 F= -.52393107E+01 E0= -.52377274E+01 d E =-.316665E-02
3.6 1 F= -.58814938E+01 E0= -.58798653E+01 d E =-.325695E-02
3.7 1 F= -.62451262E+01 E0= -.62437004E+01 d E =-.285149E-02
3.8 1 F= -.64049388E+01 E0= -.64036223E+01 d E =-.263317E-02
3.9 1 F= -.64158100E+01 E0= -.64143798E+01 d E =-.286044E-02
4.0 1 F= -.63210060E+01 E0= -.63194198E+01 d E =-.317251E-02
4.1 1 F= -.61536329E+01 E0= -.61518107E+01 d E =-.364433E-02
4.2 1 F= -.59385695E+01 E0= -.59364165E+01 d E =-.430601E-02

^ � Ô ‚ [ Ú ��� ¬ ‚ ~ ê • 3:875ºA,� N ¥ z ‡ � f � U þ Ebulk =

¡ 6:4185eV

Œ„ § PAW-LDA Ú USPP-LDA‰Ñ � ¬ ‚ ~ ê Ñ Ú ¢ � ¬ Ü � š ~ Ð §

ü ö ƒ m � � O • é � " 3 ± e ¤ k � O Ž ¥ § X J v k A Ï( ² § · ‚ Ñ

%@æ^ PAW-LDA � ³ " ( Ü U (cohesive energy)�½ Â X e µ

¡ Ecoh = [ Ebulk ¡ N £ Eatom ]=N (4.10)

¤ ± · ‚ ‡ ò � N ¥ z ‡ � f � U þ ~ � ü ‡ Pd� f � U þ § â U Ú ¢ � �

( Ü U ƒ ' � " é u L Þ 7 á � f §O Ž ü ‡ � f � U þ ‡ A O 5 ¿ " VASP�

� • þ ‰Ñ 
 ¦ ( Ü U ¤ I � ü ‡ � f U þ � ? �Š £ • „ VASPÃ þ Pseudopotentials

supplied with the VASP package ˜ Ù ¤" Œ± 3 þ ¡ � � § Pdz ‡ � f LDA �

? �Š • 1.46eV" ¤ ± · ‚ �� LDA C q e Pd� ( Ü U • 4.998eV" d Š Ú ¢

� Š ' î ­   Œ§ ù ´ Ï • LDA Ï ~¤ …L r � ' X " X J · ‚ U ^ GGA �

� ³ § Œ± �� Ú ¢ � ' � ¬ Ü � ( J "

x4.3.3 ^ VASP O Ž L ¡ U

‰L ¡ O Ž ž § 1 ˜ Ú · ‚ I ‡ ÿ Á K :� Â ñ 5 " Ï ~ § 3 R † L ¡ •

• ^ 1‡ K : Ò Œ± 
 § 3 ² 1 L ¡ • • § Œ± ^ Ú N á � a q � K : —Ý "
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Ùg§•��ÿ`ý�þÝ(vacuum thickness)�´æ5"•��E��
�slab�§òý�þÝ¯ìl6”AO\�14”A§NX�oUþUCØ�L10meV�
�ÿ§�–—Ú@�ý�þÝ��IO"–e·��3��(fcc) Pd slab�U
þ�Xý�þÝ�Cz"ÙINCAR'�Xeµ

INCAR
SYSTEM = undeformed fcc Pd (111) surface calculation
Startparameter for this run:

PREC = Accurate
ISTART = 0 job : 0-new 1-cont 2-samecut
ICHARG = 2 charge: 1-file 2-atom 10-const
ISPIN = 1 spin polarized calculation?

Electronic Relaxation 1
NELM = 90; NELMIN= 8; # of ELM steps
EDIFF = 0.1E-03 stopping-criterion for ELM
LREAL = .FALSE. real-space projection
NBANDS = 40

Ionic relaxation
EDIFFG = 0.1E-2 stopping-criterion for IOM
NSW = 0 number of steps for IOM
IBRION = 2 ionic relax: 0-MD 1-quasi-New 2-CG
ISIF = 2 stress and relaxation

POTIM = 0.10 time-step for ionic-motion
TEIN = 0.0 initial temperature
TEBEG = 0.0; TEEND = 0.0 temperature during run

DOS related values:
ISMEAR = 1 ;
SIGMA = 0.20 broadening in eV -4-tet -1-fermi 0-gaus

Electronic relaxation 2 (details)

Write flags
LWAVE = F write WAVECAR
LCHARG = F write CHGCAR
LVTOT = .TRUE.

Ù¥ˇ�Pd·7Æ§ISMEAR���method of Methfessel-Paxton"•�
3���O�(J¥7L�yentropy T*Sø��3OUTCAR¥�–�ÑØ
O£< 1meV=atom⁄"

POSCAR'�Xeµ

POSCAR
Pd surface Calculation

3.875000000000000
0.7071067800000000 0.0000000000000000 0.0000000000000000

-0.3535533900000000 0.6123724000000000 0.0000000000000000
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0.0000000000000000 0.0000000000000000 5.1961520000000000
4

Selective Dynamics Direct
0.0000000000 0.000000000 0.0000000000 F F F
0.3333333333 0.666666667 0.1111111111 F F F
0.6666666667 0.333333333 0.2222222222 F F F
0.0000000000 0.000000000 0.3333333333 F F F

X J é Direct � • ½ •{ £ • Ò ´ © ê ‹ I ¤ Ø Ù � { § • Œ± ^ X e �

† � ‹ I � POSCAR,Ú þ ¡ � � � � d "

POSCAR
Pd surface Calculation

1.0000
2.740038777 0.000000000 0.000000

-1.370019389 2.372943188 0.000000
0.000000000 0.000000000 20.135089
4

Selective Dynamics
Cartesian
0.0000000000 0.000000000 0.0000000000 F F F
0.0000000000 1.581962035 2.2372321073 F F F
1.3700193841 0.790981017 4.4744642247 F F F
0.0000000000 0.000000000 6.7116963320 F F F

KPOINTS © ‡ X e µ

KPOINTS
fcc Pd K points
0
Monkhorst Pack
11 11 1
0 0 0

e L � Ñ 
 æ^ þ ¡ � ë ê� ˜ § � ý ˜ � þ Ý l 6ºAO Œ� 14ºAž o U

9 õ ¼ ê � C z µ

· ‚ Œ± w � § ý ˜ þ Ý Œ� • 8ºAž § N X � o U þ Ò ® ² Â ñ " 
 X

J ‡ � y õ ¼ ê � Â ñ § Ký ˜ þ Ý ‡ \ Œ� 16ºA† m "

Ä k · ‚ ‡ µ þ L ¡ � f " µ þ � ž ÿ Œ± 3 INCAR ¥ � ˜ ± e � ë

ê "

POTIM=0.5 NSW=25 IBRION=2 EDIFFG=-0.03 MAXMIX=40

, 	 § • 
 �� � ( � ( J § · ‚ „ I ÿ Á L ¡ O Ž § A O ´ L ¡ U ´ Ä Â

ñ " · ‚ 7 L � y ¢ SO Ž ¥ ^ �� slab� . v 
þ § slabS Ü � f ä k N á

� � 5 Ÿ " X Û � ä slabS Ü � f ä k N á � � 5 Ÿ Q º ˜ ‡ ­ ‡ � I O Ò ´

� slab� � ê NO \ ž § L ¡ U � C z é � "
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L 4.1: o U 9 õ ¼ ê * ‘ ý ˜ þ Ý� C z
K points sampling : 11£ 11£ 1 K points sampling : 17£ 17£ 1

ý ˜ þ Ý (ºA) o U õ ¼ ê (eV) o U õ ¼ ê (eV)
4 -24.33686665 5.6100
6 -24.21333801 5.6286
8 -24.21287283 5.7525
10 -24.2141146 5.7249
12 -24.2127766 5.7717
14 -24.2134478 5.8566
16 -24.21455433 5.8556
18 -24.21265095 5.8700
30 -24.21363636 5.9055
50 -24.21344003 5.6518

*Pd(111)¡ õ ¼ ê¢ � Š • 5.6" � ´ du · ‚ • ^ 
 4� � f § ¿ …v k µ
þ L ¡ � f § ¤ ± ¿Ø U Ú ¢ � † � é ì "

L ¡ U �½ Â •

¾=
1

2A
[Esurf ¡ N £ Ebulk ] (4.11)

A• � ´ z ‡ L ¡ þ � � f ê §2´ Ï •· ‚ k ü ‡ L ¡ .L ¡ U L « � f / ¤

L ¡ ´ ¤ I ‡ � U þ § ¤ ± L ¡ U � � � L ¡ � ­ ½ "

3 slabO Ž ¥ § ˜ ‡ é ~ ^ � ^ 5 O Ž L ¡ U � ú ª´ Boettger Equa-

tion(PRB 49:23)

¾=
1
2

[E N
slab ¡ N ¢ E]; (¢ E = ( E N

slab ¡ E N ¡ 2
slab )=2) (4.12)

ù p § E N
slab • � ´ N� � slab� o U þ " c ¡ ˜ ‡ 2• � ´ ü ‡ L ¡ " � ¡ ü

‡ 2• � ´ stacking period" 3 Å ì O \ slab� ê � ž ÿ § „ ‡ 5 ¿ Ó ž � ±‡

¬ œŒ� � ˜ —" � X VASPÃ þ þ ` �

It is almost impossible to compare two calculations which di®er in the

number of k-points and in the size of the supercell.

· ‚ l 3� m © ˜ �� O \ Pd� � ê § ± ï Ä I ‡ A � Pd� f

â U ˆ � Â ñ " 3 O Ž L § ¥ § · ‚ � ±‡ ¬ œŒ� � ˜ —"

x4.3.4 ^ VASP O Ž L ¡ � © f á N

x4.3.4.1 ^ Material Studio � ï L ¡ � .

Material Studio ´ ˜ ± õ U r Œ� ^ ‡ §Ù õ U � , Ø == • u

� E � . " 3ù p § · ‚ Ò Ú 
 � Á § ^ Material Studio5 � ï · ‚

¤ a , � � á N L ¡ " • { ü � (111)½ ö (100)¡ ' � N ´ § � ´�

‡ E , :� §' X (110)¡ � � E X J ´Ã ó Ò ‡ � s å í " 
 Material
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L 4.2: L¡U´æÿ`*
K points sampling : 15 £ 15 £ 1 K points sampling : 19 £ 19 £ 1

N Eslab(N) Ebulk(N) Esurf (N) Ef ¡ Vcore Eslab(N) Ebulk(N) Esurf (N) '
3 -17.763625
4 -24.233309 -6.469684 1.6454
5 -30.674313 -6.441004 1.5307
6 -37.100998 -6.426685 1.4591 51.9037
7 -43.560897 -6.459899 1.6584 51.8983
8 -50.000495 -6.439598 1.5163 51.8987
9

*3þªO�¥§�‹���ØC"L¡�f¿�µþ"�„µþ�§L¡U
òü$"

Studioø@^��–�·��E�ıŒ‹N�?¿�¡"•�–�
EPt(110)L¡�~§Ì�L§Xeµ
1�, import��‹�NX,3structure8„p�–ÀJmetal/pure-

metal, Ø�Pt�‹�'�.�\�§•��–w�Pt·fcc�æ(�"
1�, ÀJbuild!cleave surface . ,�3cleave planeØ{µp

�‰I�)n�‹¡�Œ, øp•�ÀJ1 1 0"
1n, ÀJlayer �þÝ, Ò3depthpÀJfraction,�Ò·›E

�‹¡Œ, 5¿øpØ·–ˇŒ"XJ·n��3depthp�‰6 Ò
—
"vkr”�{,�–�B�‰�‰depth�,cleave����–�
âþÝ5recleave.
1o, Ó�3build!crystalÀ�pÀJbulid !vacuum slab �

‰ý��þÝ"3øp§•��‰ý��þÝ�10”A"
�øpÒ�Øıfi†t‰Pt(110)L¡��Ó
"�E��Pt(110)L

¡Xeª⁄«
��§•��–^File!ExportŁür§�Ñ⁄cif‰öpdb'�"

–pdb'��~§–e·�Ñ�pdb'�

REMARK Materials Studio PDB file
REMARK Created: Sat Oct 21 06:15:00 Pacific Standard Time 2006
CRYST1 3.924 2.775 25.260 90.00 90.00 90.00 P1
ATOM 1 PT1 MOL 2 -7.848 -11.772 0.000 1.00 0.00 Pt
ATOM 2 PT1 MOL 2 -7.848 -7.848 0.000 1.00 0.00 Pt
ATOM 3 PT1 MOL 2 -3.924 -7.848 0.000 1.00 0.00 Pt
ATOM 4 PT1 MOL 2 -3.924 -3.924 0.000 1.00 0.00 Pt
ATOM 5 PT1 MOL 2 0.000 -3.924 0.000 1.00 0.00 Pt
ATOM 6 PT1 MOL 2 0.000 0.000 0.000 1.00 0.00 Pt
ATOM 7 PT1 MOL 2 -7.848 -9.810 1.962 1.00 0.00 Pt
ATOM 8 PT1 MOL 2 -3.924 -5.886 1.962 1.00 0.00 Pt
ATOM 9 PT1 MOL 2 0.000 -1.962 1.962 1.00 0.00 Pt
ATOM 10 PT1 MOL 2 -9.810 -11.772 1.962 1.00 0.00 Pt
ATOM 11 PT1 MOL 2 -5.886 -7.848 1.962 1.00 0.00 Pt
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ã 4.1: Material Studio ¥ cleave surface�é { µ

ã 4.2: Material Studio ¥ Build vacuum slab �é { µ
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ã 4.3: ^ Material Studio � ï � Pt(110) L ¡

ATOM 12 PT1 MOL 2 -1.962 -3.924 1.962 1.00 0.00 Pt
TER

Œ„ §© ‡ ¥ l 1 6� �1 8� � ‹ I = • ƒ A � Pt � † � ‹ I §


 1 n 1 ¥ � S N © O ´ Ä ¥ � • Ý Ú ƒ é� Y � " k 
 ù 
& E §

· ‚ Ò Œ± ò Pt � ( � & E ^ � VASP� Ñ \ © ‡ POSCAR¥ "

x4.3.5 æ^ VASP X Û O Ž ¬ N �� 5 ~ ê Cij

x4.3.5.1 � 5 ~ ê � V g [9, 10]

� 5 ~ ê £ ã 
 ¬ N é 	 \ A C ²� • A � f Ý " 3 A C é � �

œ¹ e § N X � SU †A C � Œ� • 3 � g ‚ 5 ' X £ � Ž ½ Æ¤§

� 5 ~ ê Cij Ò ´ £ ã ù « � g ‚ 5 ' X § = � g ‚ 5 ‘ � X ê " æ

^ Voigt I P µ xx ! 1, yy ! 2, zz ! 3, yz ! 4, xz ! 5Ú xy ! 6" A

C Ü þ ²½ Â • µ

² =

0

B
B
@

e1
1
2 e6

1
2 e5

1
2 e6 e2

1
2 e4

1
2 e5

1
2 e4 e3

1

C
C
A : (4.13)
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AåÜþ¾‰´�µ

¾i =
1
V

•
@E(V; †j)

@†i

‚

†=0
; (4.14)

��ý9�5~Œ�µ

Cij =
1
V

•
@2E(V; †k)

@†i@†j

‚

†=0
; (4.15)

3AC����„e§AC�NX�oUE(V; †)UACÜþ†?�U
�V?Œ—m�µ

E(V; f†ig) = E(V0; 0) + V0

6X

i=1

¾iei +
V0

2

6X

i;j=1

Cijeiej + : : : (4.16)

Ù¥E(V0; 0)·ACcNX�oU§V0·ACc���N¨",	§
AC�˜¥

¡!
R 0�ACc�˜¥

¡!
R�m�’X�µ

¡!
R 0 =

¡!
R † (I + †) (4.17)

Ù¥I�ü Ý
"
ˇdÀ�A‰�AC† = e = (e1; e2; e3; e4; e5; e6)§O�Ñ3�

|ØÓÌÝ�ACc�NXoU�Cz(4E = E(V; †) ¡ E(V; 0))§
2�âoU�Cz¤ACÌÝØA��|Œâ:§?1�g…Œ[
Ü���g�XŒ"=���‹N�,��5~Œ‰�5~Œ�|
Ü"ØØÓ�‹X�‹N§ˇ�Ø¡5�’X§§ÕÆ��5~Œ
·(‰�"’XØ8�‹X�‹N§§ÕÆ��5~Œ�µC11, C12,
C13, C33ÚC44"

x4.3.5.2 8�‹N��5ACU�AC’X

Ø8�‹X�‹N§Ù��˜¥�–��µ

¡!
R =

0

BB@

a1

a2

a3

1

CCA =

0

BB@

p
3

2 a 1
2 a 0

¡
p

3
2 a 1

2 a 0
0 0 c

1

CCA : (4.18)

Ù¥aÚc·‹N�‹�~Œ"
�–�\ø��ACe = (–; –; 0; 0; 0; 0)5O�C11 + C12 [11]µ

¢E
V0

= (C11 + C12)–2 (4.19)
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– \ A C e = (0 ; 0; 0; 0; 0; ±)5 �� C11 ¡ C12µ

¢ E
V0

=
1
4

(C11 ¡ C12)±2 (4.20)

é u C33§ – \ A C e = (0 ; 0; ±;0; 0; 0)5 �� µ

¢ E
V0

=
1
2

C33±2 (4.21)

é u C44§ – \ A C e = (0 ; 0; 0; ±; ±;0)5 �� µ

¢ E
V0

= C44±2 (4.22)

• � § – \ A C e = ( ±; ±; ±;0; 0; 0)�� C11 ! C12 ! C13Ú C33� | Ü µ

¢ E
V0

= ( C11 + C12 + 2C13 + C33=2)±2 (4.23)

d d Œ„ § Ï L – \ Ê ‡ A ½� A C § À � ˜ X � Ì Ý ±� A C § �

� ¢ E » ±ê â : § 2 © O U þ ¡ Ê ‡ ' X ª é ƒ A � ¢ E » ±? 1

[ Ü �� � g ‘X ê § • � éá • § �� ¦ Ñ 8 �¬ X ¬ N �Õ á

� 5 ~ ê "

x4.3.5.3 ä N O Ž Ú ½

3 O Ž ž § k A : ‡ A O 5 ¿ � µ a)§ � œS � f 3 A C ´ Ä ¶

þ ¶ b)§ k: � ‚ Œ� ´ Ä v 
 § Ï • 3 A C � § � œ�é ¡ 5 ¬ u

) C z § = ¦ Ó � � k: � ‚ § 3 { � Ù p � « � ) � k: ê 8 ´ Ø

Ó � " Ï d § k: � ‚ Œ� ‡ � � v 
 § ± � y � 5 ~ ê O Ž � ° (

5 ¶ c)§ A C Ì Ý ±‡ � � · ¥ § X J � � � { § ��� A C U£ A C

c � N X � C z ¤ é � § 3 O Ž � 5 ~ êž § ¬ Ú å O Ž Ø � "

e ¡ ± O Ž 8 � AlN£ n  ¶ ( � ¤ • ~ § 3 O Ž L § • Ä
 A

C � � f �   ˜ I ‡ ¶ þ § ä N Ú ½ X e µ

² k é 8 � AlN N á � � ¬ ‚ ë ê £ ¬ ‚ ~ ê Ú � f   ˜ ¤ ` z

Ð §ù � �� ™A C ž � POSCAR§¿ r § € � ¤ e ¡ defvector.fI

‡ ^ �� ˜ ‡ � Ñ \ © ‡ OLDPOS§¿ é OLDPOS‰˜ ‡ ? n "

Ï • OLDPOS3 ‚ ª þ k A Ï ‡ ¦ µ

a ! 3 OLDPOS�1 ˜ 1 § 3 title � i Î G ƒ � § – � ˜ ˜ ‚

2 \ þ OLDPOS¥ � f � « a ê 8 § ' X AlN ¥ k üa �

f § title � • AlN § @o Ò OLDPOS�1 ˜ 1 Ò ´ "AlN 2" "

b ! OLDPOS� ‚ ª † POSCAR� a q § � ´ § • Ð ´ © ê ‹

I 5 � Ñ � f �   ˜ "
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± 8 � AlN • ~ § ù ‡ OLDPOS� S NX e µ

AlN 2
3.11553
1.000000 0.000000 0.000000

-0.500000 0.866025 0.000000
0.000000 0.000000 1.605000

2 2
Direct

0.00000000 0.00000000 0.00000000
0.333333333 0.666666667 0.50000000
0.00000000 0.00000000 0.381483673
0.333333333 0.666666667 0.881483673

² é A ½� A C § 3 e ¡ � defvector.f¥ "De¯ne the strain" Ü © §

r A ½� A C Ï L ‰strain(i) Ý 
 D Š " ' X é þ ¡ J �� e =

(±; ±;0; 0; 0; 0)^ 5 O Ž C11 + C12§ @o Ò é defvect.f¥ � "De¯ne

the strain" U � ¤ X e � / ª µ

C%%%%%%%%% Define the strain %%%%%%%%%%%%%%
strain(1)=delta
strain(2)=delta
strain(3)=0.0
strain(4)=0.0
strain(5)=0.0
strain(6)=0.0

Ù ¥� ‡ defvector.f́ ^ 5 �� , ‡ A C � §# � POSCAR"

A C � a . U "De¯ne the strain" � Ü © 5 ½ Â § 
 A C � Ì Ý

I 3 § S ? È � § $ 1 ? È ��� � ¬ žÑ \ " defvect.f� S N

X e µ

C%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
C >this simple program to get the primitive vectors after C
$\delta$ strain, in order to calculate the independent C
elastic constants of solids. C usage: C!!!!! Please first
prepare the undeformed POSCAR in OLDPOS C >defvector.x C
>type defvector.x > create new POSCAR in file fort.3
C%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

program defvector
real*8 privect,strvect,delta,strten,strain,pos, alat
dimension privect(3,3),strvect(3,3),strten(3,3),strain(6)
dimension pos(50,3)
character*10 bravlat, title, direct
integer i,j,k,ntype, natomi, nn
dimension natomi(10)
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C%%%%%%%%% Read the undeformed primitive vector and atomic postion %%%%%%%
open(7,file='OLDPOS')

C%% In first line of OLDPOS, please add the number
C%% of the type of atoms after the title

read(7,*) title, ntype
read(7,*) alat
do i=1,3

read(7,*) (privect(i,j),j=1,3)
write(*,*) (privect(i,j),j=1,3)

enddo
read(7,*) (natomi(i),i=1,ntype)

nn=0
do i =1, ntype

nn=nn+natomi(i)
enddo

read(7,*) direct
do i=1, nn

read(7,*) (pos(i,j),j=1,3)
enddo

C%%%%%%%%% Read the amti of strain %%%%%%%%%%%%%%%
read(*,*) delta

C%%%%%%%%% Define the strain %%%%%%%%%%%%%%
strain(1)=delta
strain(2)=0.0
strain(3)=0.0
strain(4)=0.0
strain(5)=0.0
strain(6)=0.0

C%%%%%%%%% Define the strain tensor %%%%%%%%%%%%%%%%%%%%%%%%
strten(1,1)=strain(1)+1.0
strten(1,2)=0.5*strain(6)
strten(1,3)=0.5*strain(5)
strten(2,1)=0.5*strain(6)
strten(2,2)=strain(2)+1.0
strten(2,3)=0.5*strain(4)
strten(3,1)=0.5*strain(5)
strten(3,2)=0.5*strain(4)
strten(3,3)=strain(3)+1.0

C%%%%%%%%% Transform the primitive vector to the new vector under strain%%%%%
C strvect(i,j)=privect(i,j)*(I+strten(i,j))

do k=1,3
do i=1,3

strvect(i,k)=0.0
do j=1,3

strvect(i,k)=strvect(i,k)+privect(i,j)*strten(j,k)
enddo

enddo
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enddo
C%%%%%%%% Write the new vector under strain%%%%%%%%%%%%

do i=1,3
write(*,100)(strvect(i,j),j=1,3)

enddo
100 format(3f20.15)

C%%%%%%%%% Create the POSCAR for total energy calculation %%%%%%%%%%%%%%5
write(3,'(A10)') title
write(3,'(f15.10)') alat
do i=1,3

write(3,100)(strvect(i,j),j=1,3)
enddo
write(3,'(10I4)') (natomi(i), i=1,ntype)
write(3,'(A6)') Direct
do i=1, nn

write(3,100) (pos(i,j),j=1,3)
enddo

C%%%%%%%
end

3 defvector.f¥ § � f « a � ê 8 d C þ ntype5 ½ Â � § • Œ

• 10§X J � f � « a ê 8 � Œ§I g C Ã ÄN Œê | natomi(10)±

9 Ñ Ñ ž " write(3,'(10I4)') (natomi(i), i=1,ntype)" � ‚ ª "10I4" "

3 defvector.f¥ � ˜ Ð 
 A ½� A C � §Ò Œ± ? È defvector.f£ ¦

^ g77 -o defector.x defector.f)�� � ¬ defvector.x"

² O � Ð VASPO Ž � Ñ \ © ‡ KPOINTS Ú POTCAR " ± 9 ? 1

� f   ˜ ¶ þ O Ž � INCAR.relax § § � S NX e µ

SYSTEM = AlN ENCUT = 400 ISTART = 0 ICHARG = 2 ISMEAR = 0; SIGMA =
0.2 NSW = 60; IBRION = 2 EDIFF = 1E-5 EDIFFG = -1E-2 ISIF = 2 POTIM
= 0.2 PREC = Accurate LWAVE = .FALSE.

, 	 3 O � é ` z ��� ( � ? 1 o U ? 1 � INCAR.static §

§ � S NX e µ

SYSTEM = AlN ENCUT = 400 ISTART = 0 ICHARG = 2 ISMEAR = -5 EDIFF =
1E-5 PREC = Accurate LWAVE = .FALSE.

o � ` 5 § Ò ´ k é A C � � POSCAR? 1 � ½ Ä ¥ § •

é � f   ˜ � ` z § 2 é ` z ��� ( � ? 1 · � o U O Ž �

� A C N X � � o U E tot (±)" Ù ¥ A C � � Ð © POSCARÏ L defvector.x5

�� "

² é ˜ X � Ì Ý ±� A ½ A C ? 1 þ ˜ Ú � O Ž " • � �� ˜ | E tot (±) ¡ E tot (0)
V0

»
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±ê â " , � é § ? 1 � g ¼ ê [ Ü �� � g ‘ � X ê "

5 ¿ µ E tot (0)´ ™A C ´ N X � o U § V0´ ™A C N X �

N È " 3 VASPO Ž ¥ § ‚ � ê Š ü   ´ eVÚ ºA3" 1 eV/ ºA3 =

160.2 GPa"

c ¡ � � f   ˜ ` z Ú o U O Ž � Œ± Ï L ˜ ‡ bash� �

5 ? 1 § X µ

#!/bin/sh for i in -0.018 -0.015 -0.012 -0.09 -0.06 -0.03
0.00 \

0.03 0.06 0.09 0.012 0.015 0.018
do echo $i | defvector.x cp fort.3 POSCAR

#### cat > INCAR <<! SYSTEM = AlN ENCUT = 400 ISTART = 0 ICHARG = 2
ISMEAR = 0; SIGMA = 0.2 NSW = 60; IBRION = 2 EDIFF = 1E-5 EDIFFG =
-1E-2 ISIF = 2 POTIM = 0.2 PREC = Accurate LWAVE = .FALSE. LCHARG
=.FALSE. !

echo "delta = $i "; vasp

cp CONTCAR pos.$i cp CONTCAR POSCAR

cat > INCAR <<! SYSTEM = AlN ENCUT = 400 ISTART = 0 ICHARG = 2
ISMEAR = -5 EDIFF = 1E-5 PREC = Accurate LWAVE = .FALSE. LCHARG
=.FALSE. !

echo "delta = $i "; vasp

E=`grep "TOTEN" out.$i | tail -1 | awk '{printf "%12.6f \n", $5 }'`
echo $i $E >>SUMMARY

done

² é Ù ¦ A ½� A C § U þ ¡ 1 2Ú 3Ú 2 ‰˜ X � � O Ž �� ƒ

A � ˜ | E tot (±) ¡ E tot (0)
V0

» ±ê â § ± 9 [ Ü "

é Ù ¦ ¬ X (' X � �¬ N )�� 5 A C U ! A C Ú � 5 ~ ê �

' X § Œ± ë • © z [9, 12]"

x4.3.6 ^ VASP O Ž 7 � U ‘ ( �

3 d © ¥ §· ò ^ 7 ¬ N Š • ¢ ~ §5 ` ² X Û ^ VASP4.65 O

Ž � N � U ‘ ( � " Ä k · ‚ ‡ 
 )¬ N 7 � ( � §§ ´ ü ‡ i @3

˜ å � FCCÙ . ™¬ ‚ § ƒ é�   ˜ • (a/4,a/4,a/4), Ù ¥ a=5.4A ´

Œ� � • ¬ ‚ � ¬ ‚ ~ ê " 3 O Ž ¥ § · ‚ æ^ FCC� � œ§ z ‡

� œp k ü ‡ 7 � f "
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�
O�U�(�§•�˜k�?1�ggUO�§��NX
�(�˜�>f�Ý",��‰d>Ö'Ù§ØuÀ‰�Aˇ�K:
?�Ú?1�gU�U�O�"k
I��K:�Uþ���§�Ò
��
•�⁄I��U�"
Ú‰�.-gUO��)�(�˜�>f�Ýµ–e·^���

�'���: INCAR '�µ

SYSTEM = Si
Startparameter for this run:

NWRITE = 2; LPETIM=F write-flag & timer
PREC = medium medium, high low
ISTART = 0 job : 0-new 1-cont 2-samecut
ICHARG = 2 charge: 1-file 2-atom 10-const
ISPIN = 1 spin polarized calculation?

Electronic Relaxation 1
NELM = 90; NELMIN= 8; NELMDL= 10 # of ELM steps
EDIFF = 0.1E-03 stopping-criterion for ELM
LREAL = .FALSE. real-space projection

Ionic relaxation
EDIFFG = 0.1E-02 stopping-criterion for IOM
NSW = 0 number of steps for IOM
IBRION = 2 ionic relax: 0-MD 1-quasi-New 2-CG
ISIF = 2 stress and relaxation

POTIM = 0.10 time-step for ionic-motion
TEIN = 0.0 initial temperature
TEBEG = 0.0; TEEND = 0.0 temperature during run

DOS related values:
ISMEAR = 0 ; SIGMA = 0.10 broadening in eV -4-tet -1-fermi 0-gaus

Electronic relaxation 2 (details)

Write flags
LWAVE = T write WAVECAR
LCHARG = T write CHGCAR

VASP�INCAR'�¥�ØıºŒÑ��
%@�§⁄–XJ
\ØºŒØÙG§�–��^%@�ºŒ�"’X3ø�~f¥§
e¡�’�{ü�INCAR '���–�⁄?Ö:

SYSTEM = Si
Startparameter for this run:

PREC = medium medium, high low
ISTART = 0 job : 0-new 1-cont 2-samecut
ICHARG = 2 charge: 1-file 2-atom 10-const
EDIFF = 0.1E-03 stopping-criterion for ELM
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NSW = 0 number of steps for IOM
IBRION = 2 ionic relax: 0-MD 1-quasi-New 2-CG
ISIF = 2 stress and relaxation

KPOINT © ‡ : · ‚ æ^ g Ä� Monkhorst-Pack K : g� • ª "

é u a q u 7 ¬ N � Œ� N á � § Ï ~ 4x4x4 � K : � ‚ Ò 
 
 "

Monkhorst Pack
0
Monkhorst Pack
4 4 4
0 0 0

POSCAR© ‡ : · ‚ æ^ FCC� œ§ ¤ ± z ‡ � œ• ¹ ü ‡ 7

� f

Si
5.38936
0.5 0.5 0.0
0.0 0.5 0.5
0.5 0.0 0.5
2
Cartesian
0.0000000000000 0.00000000000 0.0000000000000
0.2500000000000 0.25000000000 0.2500000000000

POTCAR © ‡ Ø I ‡ ? 1 ? Û U Ä §• I ò POTCAR © ‡ l �
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