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1964 Hohenberg Kohn

(Born-Oppenheimer approximation)

H=T+U+V

v(r), r

w(r) T,U,V
= IV OV

V= [v(r)y (ry(r)dr

1 1

U =S I—v (o (e ey’
r—r

1/2

n(r),

27

(2.57)

(2.58)

(2.59)

(2.60)

¥(r)



, n(r)
n(r) = I};I’* (X" () (r)¥(r)dr
= 2 of
Hohenberg  Kohn
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1965 , Kohn Sham

, Hohenberg
Kohn
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ig 2
 0<n,g<1

Al = Gsns)ds,
Py (11y,1i7y) = [[ 75 (X181, X585, X181, X,8, )ds, ds,

o1 (r,n) =y, (rs;,ns))
p (1) = pl (1, n) + pf (7.1)

; p

<01> =Tr(0,p,) =0, (r)py (r,11) |,y dr{
(0,) =TH0,p,) = [[0,(ri1y) py (11 131y |, e dridlr;

_L
=

yl(x{,xl)=Nj---IL|JNquvdx2---de
N(N -1 "
(T)I"'IWNqJNdx3 cedxy,

4

2 (x[X5,x,x,) =

! 2 !
71 (x5 %)) =mj72(x1x2,x1x2)dx2

p(r)=p,(r,r)
= ﬁj:oz (r, r')dr: |
'.',OZ(I’,I”)ZPZ(I”,I”,I”,I")

37

(2.110)

(2.111)

(2.112)

(2.113)

(2.114)

(2.115)

(2.116)

(2.117)



E= <H> =Tr(Hp,) = E(p,)
2.3.4.2
p2 (l", r ’)
(1) = %p(n Yo+ A7)
h(”larz)
E, = H| | p(n)p(rz)[l + h(r,r,) Jdndr,
1
=Jpl+= H| |p(r1)p(r2)h(r1 1y)dridr,
1
= J[p)+L U| |p(r1 )P (11,75 )drdr,
1
. ch(”larz)zp(”z)h(”lyrz) n
P )— fpz(”l rz)d’”z
= ﬁf el )p(r)[L+ h(r, 1) Jdr,

:#p(n)[fp(rz)drz ] p()h(ri 1 ) |
(N-Dp(r)= p(fa 1[N +[ pre (113 )1y ]

[ p..(7,1y)dr, =—1

(sum rule)

(Positive Hole)

38

(2.118)

(2.119)

(2.120)

(2.121)

(2.122)

n



2.3.4.3

5 h(rl9r2)

WS =

n(x) = W (.

|Z1,Zza"'lzv>

WS (x],.. )dx, -+ dx,,

i (x,x) = ZZ[(X{)Z:(xl)

r_.! 1 ! ’
7/2(x1x2,x1x2):—[yl(xl,xl)yl(xz,xz)

_7/1(x{ax2)71(x;ax1)]

p(r) = §| 2P

PaCins o) =2 [001)p() = P17y 1)

P (1,15 i (1y,1) = pf (1) pr (1) + pf (1) pf (17

h(ri,ry) =

P (r1,1my) = p(ry)h(ry,1y)

P (n,n)p (1y,1)
Py (1)py (1)

39

(2.123)

(2.124)

(2.125)

(2.126)

(2.127)

(2.128)
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[ p(ry))h(r,r,)dr,
_ Pi1(1,7) Py (1,11)
SR )
L)y (o
p(lrl)
D r e g dr, (2129)
p(r) i
= —;Zzi(x{)zf(xl)
P(lrl) ij
= p(r)=-1
p(r) p)
2.3.4.4 ( : LDA)
Kohn-Sham
Kohn-Sham E.. T
];‘ Vee
J
E, [p]=(Tlpl-T.[o)+ (V..[p]-J[p)) (2.130)
A0< A<D . A=0
, A=1
Hohenberg-Kohn v Yo,
Foulpl= FE]J: T[pl+7..[p]
AR (2.131)
Exc[p]: (T[p _Ts[p])+(Vee[p]_J[p])
= Flpl-F. )= J1p] (2.132)

F
=hari—2==Jp]
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Fylp]

oA

~(¥* Ve |97 (2.133)

E Jpl=da{¥* 17, 19*)-J[p]

1 _ (2.134)
:”r_pz(”la”z)d’”ld”z_‘][p]
12
) E(rl,rz)
1 _
hd203 (1) = 2 p(r) ()L B rry)] (2.135)
1.1 —
E o= 11— p1)p(3)h 1,73 )i,
12
1.1 _
== p(1)py (11, 1y)dnrdr, (2.136)
27, _
W P (1) = p(n)h(n,1y)
}7(”1:”2)2}7(7”277'1) (2.137)
- ﬁxc(rl’rz)
Jﬁxc(rl’rz)dFZ z.[p(rz)}j(rlarz)drzzl (2138)
ﬁxc(rl’rz) ’
Prc(11575) (spherically averaged
exchange-correlation hole).
SA (r S)—LI o..(r,r)dr'
Pre US) = a0 (2.139)

z
AQ:r=r" =5}



4r[s*dspSt (r,s) = -1

Elpl= 1) 4%dsp2 (9)

pxc ’

1 n,r 2

px(rl,rz):__|pl(l 2)|

2 p(n)
Jpx(rl’rz)dFZ =_1
Px
Py (1) = p (r,1) + p.(1,1,)
.[pc(rl’FZ)dFZ =0
Kohm-Sham

EPMpl=] p(0)e (p(r))dr

Pxc(11572) =p(r2)}7(r1,r2)

LDA

Pt (01,15) = p(e)h (|1 =1y [ p(r,))

42

(2.140)

(2.141)

(2.142)

(2.143)

(2.144)

(2.145)

(2.146)

(2.147)

(2.148)



. z0(| r —r,;p)

p(ry)
p(r))
LDA
2.4
}
{w}

Car-Parrinello

24.1

0

P (11572) =p(r2)}7(r1,r2)

LDA

Pt (1,05) = p(e)h (11, =1y [ p(x,))

LDA

'pXC

total

1.1
Exe (p(rl )) = E.[r_p)I:cDA (l'l I )drz
12

LDA

I,O)I:CDA (rp, 1y )dr, =-1

[8]

43

(2.149)

(2.150)

(2.151)

(2.152)

{w

total
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Kohn-Sham
Self-Consistent Field(SCF: )
Kohn-Sham
K‘%VZJ‘F Vs [p]}\}ll =¢¥,
ot [] (2.153)
&
Vis = VH[p]+[‘9XC[p]+2—Cj+VXC
0
Jy; (e, (ndr =5, (2.154)
Kohn-Sham v Vs - Vs
Hartree V, Poisson
VvV, =—4np (2.155)
, Kohn-Sham Vs  Exc ol
K—%vz +Vis|p] |, = e,
(2.156)

(Self-Consistent Field: SCF)



, SCF

Kohn-Sham

Gauss

; C )

Charge sloshing ,

45

2.1 SCF
SCF SCF

He=¢,c (2.157)

H Hamiltonian , €

Hamiltonian

1000%x1000
. Kohn-Sham
SCF

SCF

pis™ =(1—-a)pi” +apl (2.158)

Potential mixing



AHAIROBETFEES
BUGRSTESSE
THERZEDHD,
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Car-Parrinello

BULETEEERESRD
(HFEE. FERX)
o(©O.n

l

Y

* n-1DBNEFRE
o (n-1,r)

l

Y haHFLL o (nNAY
FHichd

no \
p(nr=p(n-1) ?

Yes

IR EET

2.1 SCF
2.4.2 [6]

Born-Oppenheimer
{R,} 1

21

{(Di,a}

l

EFEE oML
R WERD D

l

REBARRAEAELS
HY=¢ V¥

|

Kohn-Sham



a7

@i}
E[{9,53.{R, }] » El{9,65.{R,}] {79 R}
- AR}
R}
EgoiR,} BO - EgoiR,}
R} , 22 : E[9,51:{R,}]
R}
BO
BO Epo iR}
() () , Car
Parrinello
Car-Parrinello , Kohn-Sham
SCF
molecular Dynamics
()
R}
E[{9;1,{R,}]
E[{9,51,1R, }]
=l§J¢ﬁ*f,a(r)[—%Ai o (1)
7 oo+ v+ B (2.159)
AR

ext
, V
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n(r)y=xn’, n (N =X, (N is(r) (2.160)
E[{(Di,o'}’{Ra}] {(Di,a}
EgoiR,} {95} E[{gi 53R, ]
Eyo (R} =min E[{g; ; }.{R, }] (2.161)
; (P ( )
’ ({wi,a}:{Ra})

1 . 1 :
L=3X—ullfg (NI dr + XM, R; ~ El{p, .}, {R,}]

o (2.162)
+ % 3677 (100 (Dge o (Ndr = 5:6,.:)
(pi,a ¢i,o‘ y M
&
d o .
— = | TP (TD),
dt[&pw(”)J (2.163)
oL oE oo’ *
* == * + z gik' (ok',a'(r't)
09, (rt)  0p,,(rt) Ko
Hi, o (r0)==Ho; o () + E 99 ) i) (2.164)

k,,O',



’ ¢i,o‘

Kohn-Sham

BO

Car-Parrinello

49

7 DFT _ 1 t,. ,H, o
H ——5A+Vex +V Iy (2.165)
OF
My = R—w (2.166)

Car-Parrinello

i, () =-Ho; (r0+el0; o (2.167)
e’ —H ) 0
’ gbi,cf =0 ¢i,a
BO

4 - El{@ic}, {Ral]
- CPEDH CHLE

Esol{R.}]
{@i.a}

{Ra)

2.2 E[{¢’i,a}a{Ra}]



2.4.3 Conjugate Gradient Method [9]

Car-Parrinello ,

, N P ; S (P)

f(x)zc—b-x-k%x-A-x

, LxL A ;

PO =P 4 J0p™, n=0,12,

ﬂ,(n) h(n)
h(’l)

h(n) — _Vf(l)(n))

50

(2.168)

(2.169)

(2.170)



Conjugate Gradient Method

R = g”, n=0
g" +yr R, n=123,--

where
g(n) _ _Vf(P(n))
}/(n—l) _ g(n+1) ,g(n+1) _ (g(n+1) _g(n))‘g(ml)
g(n) .g(n) g(n) ‘g(n)
. h(”+l)'A'h(n)=O | i?&j
DAY =0
(2.171) (2.172) 7
A k)
h(ﬂ) | |
248 SIESTA(Spanish Initiative for

51

h(")

(2.171)

(2.172)

(2.173)

Electronic Simulations with Thousands of Atoms)

: MPI
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3.1
( ) :
3.1 : ,
272kJ/mol [2].

: CH;



e

CH, CH, CH;, CH,
[1].

=32
FE
L

3.1
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CH;

, Staudenmaier

[3].

0.35 0.6

, Roth

CH,4

, CH CH;

, 50eV 1keV

, 50eV 50%

20A

0.5

[4, 5]. , Braganza ,

,» CHa( ) : ,

[6]. ,

CH4 )

[7]
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900K
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3.2
, SIESTA ,
Kohn-Sham(KS) , ,
KS
Troullier-Martines
PBE(Perdew, Burke, Ernzerhof 1996 )[8] KS
() ( )
(Conjugate Gradient) ()
( ) :
, ( ) 0.1A
SIESTA(Spanish Initiative for Electronic Simulations with Thousands of
Atoms) , CPU Pentium4
PC

(PC Appendix
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SIESTA
3.2 . SIESTA C-C 1.4A,
3.4A
3.3 . 24
5
3 ,
7.4x8.6x31.2A
3.3
3.3.1
3.4 ,
c (Z )
Ein'[
Eint = Eaft - (Ebef + nEH) ) (3.1)
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Vacuum Region

Atom

Hydrogen

(s1ahe| anl)) auyders

3.3



Interaction energy (eV)

-6.0

-7.0

-8.0

3.4

—u— |nteraction energy
- - Maximum deviation

Number of adsorbed hydrogen atoms

, H2 8

: CH;

50%

50%

CH;

i I/

: _

[ / o--~"" °.

N E— U} /7 -

B / \.

I n

[ / g

i _e

: »

i /

i /

B - /

[ & T -

[ | | | | | | |
H2 H4 H6 H8 H10 H12 H14
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CH;

3.6 ,

3.6(a) ,

, =2.78A

(C:4x24+H:1x12=492)

3.6(b)

CH.,
CH,
c-C
3.6(b) CH,
XY
, 35
c-C
CH.,

3.5

62



3.5

Initial Condition

¥

Intermediate
state

<&

o

Relaxed Condition

CHa>
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(@)

S

-~
o

Y Axis (Number of Mesh)
8 8 & &8 8

—0.02700

=
o

001323

0.05730
0 20 30 40 0 60 70 8

X Axis (Number of mesh)

002973
01420
01843
02265

(b)

02688

03110

3.6
 (b)

C-C
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Q0
CZ/

(b) Relaxed condition
3.7 . (a)
» (0) : CH . (b) c
XY . C1, C2 CH>

3.5



Deviation [Carbon - ¢ axis] (Ang.)

66

3.7

CH;
CH; 3.5
3.1

CH,

, CH,(n=2,3,4)

-05 | -
—C1
-10 -
—C2
_1.5 1 | 1 | 1 | 1
50 100 150

Number of Calculated Steps
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3.4 :
1.3A
, 1.3A
, 31
CHs, CH,
CHs, CH,
: , 35
3.9 , ,
3.10 : ,
3.7 :
: 3.8
(  3.11). :
0.6A : 3.11(b)
: 3.8 3.11(a) 1.3A



Second layer is removed

- T T~
~

-_— s =

i__ Oé %g. ) ©

D
SHEDO

(a) Five Layers (b) Four Layers

H#

, (b) ( ).
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{ .
(b.1) Relaxed condition (b.2) Relaxed condition

(Five Layers System) (Four Layers System)
3.10 N C))
. (b.2) , (b.2)
. (b) , XY

.C1,C2 CH;
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(@)

r—C1
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1 1
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» CHs

3.12 CH;

C-C

CHs

3.12
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3.32  (900K)

, CH;
, Cc-C
3.13 ,
( ) 900K
3.14 3.15 . 3.14
, X, Y,
\ 900K ,
X, Y
Cc-C
, 900K (0.1ev )
, . , 3.15
3.14 , C-H
. ID C 80fs
2.4A
, C2  30fs :

3.16



: CH;
CHs
900K
CH,
3.15
900K
; CHa

3.19(b)

3.17

CH;

CH;

3.18
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CH,, CHs, CH,4

NOSE(Nose
thermostat)
T = 900K

3.13 900K



3.14

X (Ang.)

Y Axis (Ang.)

¢ Axis (Ang.)

12

0.8 |-
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08 |-
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C-H Distance (Ang.)
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08
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NOSE (Nose
thermostat)
T = 900K

3.17 CHs

3.18 CH3
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3.19 CHs



3.4

4
, 3
( ) ,
, 1 C-CHC-C
Cc-C . , CH
CH | Cc-C
C-CH,-C
C-CH,-C CH, ,

, 3.4A

, C-CH3

CH;



. 900K

4400K
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. Yoshida ,
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; CH, ,
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Ferro [11] . ,
CH3 . , 64
, H, C, CH, CH,,
CH3
H, C, CH, CH,, CHj 0.8,3.4,1.0, 3.6, 1.4eV
. CH; , CHs;

: 3.20 . ,
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Appendix

SIESTA

(Spanish Initiative for Electronic Simulations with Thousands of Atoms)

A.1 SIESTA

SIESTA(Spanish Initiative for Electronic Simulations with Thousands of Atoms)

FORTRAN90
[1].
(LDA-LSD)

(GGA) Kohn-Sham

Kleinman-Bylander

Kohn-Sham

(

) LCAO (linear combination of

numerical atomic orbitals method)

A.2



Kohn-Sham

, CELLXC

Kohn-Sham
, DIAGON

ORDER N

CGVC, VERLET,

NOSE

88

SIESTA

SIESTA

REDATA

DHSCF

ATMA L LRFRER T v 2 )

1L

SIESTA (A4 L—F )

DEERARFHERES
REDATA

=
EFEEFEOHE
DHSCF v 73wl AFwbMidT il
|_ ZFHIEHE)
CELLXC{ZHERHT AT —5TH)
GGA(— iR ‘L BERIR LIEt . PBE)
LDA. LSD(BF{AE >3 Bk
st E-PWS2, CA, PZ)

BEES LUBE AT (Kohn-Sham Eq %82<)

DIAGON (EF & < 100)
CRDERN [ZF# > 100}

—_—
—— RTEOBE
CeVC(HERATL:

VERLET(iE5h B4
MNOSE(gE#: EE—%)

A-1 SIESTA
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B. Parallel Computing

B.1 PC Cluster

PC Cluster , 1993 1994 Donald
Becker Thomas Sterling ,
Beowulf Cluster . Beowulf , AD10
B.2 PC Cluster
[2]. PC Cluster B-1,
B-1 . PC Cluster ,
PC Cluster . Cluster
TCP/IP , hp01-04
GAMMA . , 64bit 64bit SUSE

LINUX OS CPU . TCP/IP



PC Cluster

B-1

PC Cluetr-1

Machine Name

rccluster2 (4 Node)

CPU TYPE Pentium4 EM64T 3.4GHz
MEMORY 2.0 GB (Master) 1.0GB (Slave)
Network Type TCP/IP (INTEL Pro 1000)

PC Cluster-2

Machine Name

rccluster? (2 Node)

CPU TYPE PentiumD EM64T 3.2GHz Dual Core
MEMORY 2.0 GB (Master) 2.0GB (Slave)
Network Type TCP/IP (INTEL Pro 1000)

PC Cluster-3

Machine Name

hpO0l1 - hp04 (4 Node)

CPU TYPE

Pentium4 32bit 3.0GHz

MEMORY

2.0 GB (Master) 1.0GB (Slave)

Network Type

TCP/IP ( INTEL Pro 1000) GAMMA (3Com996)

B-1

PC Cluster

90
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Bl B1 PC Cluster @ {®
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GAMMA

(The Genoa Active Message MAchine)

C.1 GAMMA

CPU
Bandwith  Latency . Bandwith

, : Latency

Latency
, Latency
, Infiniband Myrinet
( )
Genoa Active Message MAchine (GAMMA)
, Active

Messages Network Latency ,

GAMMA



GAMMA ,

C.2

GAMMA

(3Com996)

[3].

PC

, Pentium4(3.0GHz)
Fortran

Siesta

93

pgfa0

(SCF



) , CPU ,
CPU . MPI TCP/IP  TCP/IP MPI
MPI/GAMMA TCP/IP MPI Lo
on off [4].
, CPU TCP/IP GAMMA ,
. GAMMA
GAMMA
CPU
MPI TCP/IP 93s 67s 26s 1.39
MPI/GAMMA 66s™ 66s 0.1s 1.00
115s™ 98s 17s 1.17
C-1 GAMMA TCP/IP (4]

[1] José M Soler et al., J. Phys.: Condens. Matter 14, 2745 (2002).

[2] : :

Annual Review (2001).
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[3] S. Sorensen, ‘Low Latency Cluster Communication: Genoa Active Message
MAchine’, http://www.daimi.au.dk/~pmn/scf00/pro4/report.html.
[4] -

PC i 59, 898 (2004).



