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SetDirectory["F:\Vajihe\integral®]; Directory([];

STM = OpenWrite["Integral (C).dat", FormatType - OutputForm];

Clear (L1, £2, &3, 4, £5, £6, &7, £8, £9, £10, n, m, AO, R1l, R2, result, YM, A, radius, 1]
(#Boron (Tutihasil947)«) (#£=20.26;a=4.73;€=5.11;3=5.94;1t=2.08;y=1.25;u=1.54;
5=1.82;8=0.47;€=0.79;*)

(*Boron (clementil962) %) (x£=4.4661;a=7.8500;£=0.8320;53=1.1565;1t=1.9120;
¥=3.5213;u=0.8783;6=1.3543;8=2.2296;€=5.3665;%)

(#Berelium (L=S,2s+1=1 (2 (1s),4 (2 8) (Clementil962)+)
(¥*£1=3.4703;82=6.3681;£3=0.7516;84=0.9084;£5=1.4236;£6=2.7616;

n=1;m=2;A0=6; %)

(xCarbon (L=S,2 s+1=1) (2 (1s) 4 (28) 4 (2p)) (Clementil962)«)

£1=5.4125; £2 =9.2863; £3 =1.0311; £4=1.5020; £5=2.5897; £6 =4.2595; £7 =0.9554;

£8 =1.4209; £9 =2.5873; £10 =6.3438;

n=1;m=2; A0 = 18;

1
(2+81)""2

Rlsl[r ] = Y EBxp[-Llxr];
\/Factorial[2 #10]
1
2% g2)™
Rls2([r_] = (2+82)™: r® ! wExp[-C2+%1];
\/Factorial[2 *n]
1 1
2% 83)™ 2 2%84)"" 2
R2sl[r_] = 2+ 7 r™ ' «Exp[-£3%zr]; R2s2[r ] = (2xe)” " laExp[-C4xx];
\/}actorial[2 *m) +/Factorial[2 +m]
1
2% E5)™ 2
R2s3[r_] = ,,,( £ —) cee o r™ A Exp[-E5+% 1) ;
A/ Factorial[2 +m]
1
2 * 6 m+2
R2s4[r_] = (2~ C6) ™"l wExp[-L6+r];

\/Factorial [2 *m]

AY



(2% E7)™2

R2pl[r ] r® e Exp[-C7 *r];

VFactorial[2 m]

1
2% L88)"*2
R2p2[r_] = (2% 88) r® e Exp[-L8xr];
\/Factorial[2 * m]

1
2% L89)™* 2
R2p3([r ] = - : (2x89) - ™l xExp[-L9%r];
\/Factorial[z *m]
1
2% L£10)™* 2
R2p4 [r_] = (2x€10) r® 3l xExp[-C10+r];

B ’\/Factoria1[2*m]
Y1ls[6 , ¢ ] = SphericalHarmonicY[0, 0, O, ¢];
Y2s[6_ , ¢ ] = SphericalHarmonicY[0, 0, 6, ¢];
Y2px[6_, ¢_] = SphericalHarmonicY[1l, 1, 6, ¢] + SphericalHarmonicY[1l, -1, 6, ¢];
Y2py[6_, ¢ ] = SphericalHarmonicY[1l, 1, 6, ¢] - SphericalHarmonicY[1l, -1, 6, ¢];
Y2pz[6_, ¢ ] = SphericalHarmonicY[1l, 0, 6, ¢];
(***********************************************************************)

R11 = {R1lsl[rl], R1s2[r1l], R2s1[rl], R2s2[rl], R2s3[rl], R2s4[rl], R2p1[rl],
R2p2[rl], R2p3([rl], R2p4[rl], R2pl[rl], R2p2[rl], R2p3[rl], R2p4[rl], R2pl[rl],
R2p2[rl], R2p3([rl], R2p4[rl]}:

R22 = {R1lsl[r2], R1s2[r2], R2s1[r2], R2s2[r2], R2s3[r2], R2s4[r2], R2pl[r2],
R2p2[r2], R2p3[r2], R2p4[xr2], R2pl[r2], R2p2[r2], R2p3[r2], R2p4[r2], R2pl[r2],
R2p2[r2], R2p3[r2], R2p4[r2]};

YM = {Yls[©, ¢], Y1s[O, ¢], Y2s[6, ¢], Y2s([6, ¢], ¥Y2s[6, ¢], ¥Y2s5([6, ¢], ¥Y2px[6, ¢],
v2px[6, ¢], Y2px[6, ¢]. Y2px[6, ¢], Y2py[6, ¢], Y2py[6, ¢]. Y2py[6, ¢], Y2pY[6, ¢],
Y2pz [6, ¢]., Y2pz[6, ¢], Y2pz[6, ¢], Y2pz[O, ¢]};

Do[

Flrl , r2 ] =R11[[i]] *R11[[j]] *R22[[m]] *xR22[[n]];
¥([6_, ¢_] = Conjugate [YM[[i]]] »¥M[[§]] » Conjugate [¥M[[m]]] »¥x[[n]];
A = Table[Integrate[Sin[©] LegendreP[1l, Cos[0]] Y[O, ¢], {6, 0, 7}, {¢, 0, 2n}], {1, 0, 5}];
result = 0;
Do[
1£ [A[[k]] # 0, 1=k-1;
radius = NIntegrate[Z—i—;; Flx, v], {x, 0, ©}, {y., O, x}] +
x1+2
NInt:egrat:e[yl_l Flx, v], {x, 0, @}, {y., %, oo}]:
result = result + 4 7+ A[[k]] » radius]

o {x, 1, 6}]
(*Print[i,j, m, n ," ----> " ,result]#*); Write[STM, result];

, {i, 1, a0}, {3, 1, A0}, {m, 1, A0}, {n, 1, AO}]

Close [STM];

AA
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[2(34703)} 2(3:’703)} j'r,:e—zxs.wosrdr.[dg
v/ 0

| - 16 Jlﬂe—3.4703/'vz(lﬂe—3.4703/‘)r2dlﬁjdg _ 4 % [
v/
S St g[f 2 éi(re*-’““")]dr OX[2(3ATOR] ey = 785971
0 3 r 0

10 a5 gl aal ol aesles aiile 0 eals e detlels o le polic addy CoS S aed
dloz 5051 Cawd 40 gl 4T ool axies Mathematica |33l o 5 5l ooliiwl b coesl oo 05,9l L3

2l oo (1) alad gl

SetDirectory["F:\Vajihe\integral"]; Directory[]:

STM = OpenWrite ["HOS (B18AO) .dat", FormatType - OutputForm];

Clear L1, L2, £3, L4, &5, L6, &7, §8, £9, L£10, 2, k, result, smatrix, i, j, AO, n, m,
Tl, T2, T3, a, b]; Clear[R1sl, R1s2, R2sl, R2s2, R2s3, R2s4, R2pl, R2p2, R2p3, R2p4,
€1, ¥2, 3, T4, 5, ¥6, 7, ¥8, T9, ¥10];

(*Helium (2 (1s)) (Roetti& Clementil974)x)

(#£1=1.45;52=2.91;2=2;A0=2;n=1;m=1; )

(*Boron (Tutihasil947) ) (*x£=20.26;a=4.73;€=5.11;$3=5.94;1=2.08;¥=1.25;u=1.54;
6=1.82;£=0.47;€=0.79;2=5; %)

(*Boron (clementil962) ) («L=4.4661;x=7.8500;£=0.8320;$3=1.1565;1t=1.9120;
¥=3.5213;1=0.8783;6=1.3543;£=2.2296;€=5.3665;Z=5;%)

(*Berelium (L=S,2s+1=1 (2 (1s),4 (29) (Clementil962) «)
(*£1=3.4703;L2=6.3681;L3=0.7516;54=0.9084;£5=1.4236;L6=2.7616;
n=1;m=2;A0=6;Z=4; *)

{(*Carbon (L=S,2s+1=1) (2 (18) 4 (2s) 4 (2p)) (Clementil962)«)
(#81=5.4125;£2=9.2863;£3=1.0311;L4=1.5020;55=2.5897;L£6=4.2595;L57=0.9554;
£8=1.4209;8£9=2.5873;810=6.3438;
n=1;m=2;A0=18;Z=6; %)

(xboron*)

Ll=4.4661; £2 =7.85; £3 =0.8320; £4 =1.1565; £5=1.9120; L6 =3.5213; L7 =0.8783 ;

£8 =1.3543; £9 =2.2296; £10 =5.3665;

n=1;m=2; A0=18; Z =5;

(2% 21)™ 3 ”

r _J*Exp[—§l *r];
W/ Factorial[2 +n]

1
2% L2)% 2
Rls2[r ] = - ¢ £2) rn_l*Exp[—§2*r];
Factorial[2 +n]

Rlsl(r ]

m+ 2 m+ -
(2v83)™: ™« Exp[-£3xr]; R252[r_] = (2+€a)"2

A/ Factorial[2 +m] WV Factorial[2 *m]
(2+25)7"3

m+ 1
R2s3[r_] = ™« Exp[-L5+r]; R254 [r ] = (2+56)7"2

Factorial[2 *m] Y Factorial[2 xm]
1
2 7Yt 2
(287 rm_l*Exp[—§7*r];
Y Factorial[2 *m]
(2+28)™ 2
4/ Factorial[2 +m]
1
2 9y
- (2+89) ™!« Exp[-L9 *1]);
vV Factorial({2 +«m]
(2+210)™ 2
Y Factorial([2 *m]-

R2sl{r ] = rm_l*Exp[—§4*r];

! *Exp[-L6+r]:

R2pl[r_]

R2p2[r_] = rm_l*Exp[—§8*r];

u

R2p3 [r_]

R2p4 [r_] = rm_l*Exp[—Q’lO*r];



Yls[6 , ¢_] = SsphericalHarmonicY[0, 0, €6, ¢];
Y2s5[6_, ¢_] = SphericalHarmonicY[0, 0, 6, ¢];
= SphericalHarmonicY[1l, 1, 8, ¢] + SphericalHarmonicY[1l, -1, 6, ¢];

Y2px[6_, ¢ ]

Y2py[6_ , ¢_] = SphericalHarmonicY[1l, 1, 6, ¢] ~ SphericalHarmonicY[1l, -1, 6, ¢];
Y2pz[6_ , ¢_] = SphericalHarmonicY[1l, 0, 6, ¢];

¥l[r , 6, ¢_] =R1lslr] «Yls[o, ¢]; ®2[r_, 6 , ¢_] =R1s2[r] xYls([6, ¢]:

3[r , 6_, ¢_] =R2s1[r] »Y¥Y2s[O, ¢p}; T4[r_, 6 , ¢_] =R2s2[r] xY2s[6, ¢];

¥5[r_, 6_, ¢_} =R2s3[r] xY2s[0, ¢]; T6[r_, 6 , ¢_] =R2s4[r] xY2s[6, ¢]:

7 [r_, 6_, ¢_] =R2pl[r] xY2px[6, ¢];: €8[r_, 6_, ¢_] =R2p2[r] «Y2px[6, ¢]:
Z8[r_, 6 _, ¢_1 =R2p3([r] xY2px[6, ¢]; ¥10[r_, 6 , ¢_] = R2p4[r] +¥Y2px[6, ¢];

11 [r , = R2pl[r] xY2py[6, ¢]; T12[r_, P = R2p2 [r] »Y2py [O, ¢];

_]

] =R2p4[r] *Y2py[6, ¢]:
_] =R2p2([r] +«¥2pz (6, ¢];
] =R2p4[r] »Y2pz[6, ¢];

@15(r_, 6_, ¢_] =R2pl[r] xY2pz[6, ¢]; T16[r_, .
217[r_, 6_, ¢_] =R2p3[r] xY¥2pz[6, ¢]; ¥18[r_,
(***************************************************************************************)
¢={®1[r, 6, ¢], ®2[r, 6, ¢], ®3[r, 6, ¢], ®4[r, 8, ¢], ©5[r, 6, @], ¥6[r, 6, ¢],

27[r, 6, ¢}, T8[r, 6, ¢], TS[r, 6, ¢], ¥10[r, 6, ¢}, T1l[r, 6, ¢}, T12[r, 6, ],

$13{r, 6, ¢], Tl4[xr, 6, ¢], T1S[r, 6, ], T16([r, 6, ¢], T17[r, 6, ¢], T18[r, ©, ¢]};:
Do[
Ti(r_, 6_, ¢_] =x?xD[¥[[5]]. £];
T2[r_, 6_, ¢_) =sin[6] »D[T[[F]]. 6]:

1 :
risinfey? *PIELIITL (00 21

» 6, ¢_1 e
T13[r_, 6_, ¢_] =R2p3[r] xY2py[6, ¢]; Tl4[r_, 6_,
@ e

67
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,

T3[r , 6,6 ]=

1
Flr_, 6_, ¢} = , Derivative[l, 0, 0][T1] [r, 6, ¢] +
r

1
r2sin[e]
a=Integrate[—O.S*rz*sin[G] * Conjugate[®[[i]]] »F[r, 6, ¢). {¢, 0, 2xx}, {6, 0, 7},
{r, 0, w}]:
b = Integrate[r xSin[6] + Conjugate[E[[i]]] ~®[[]F]), {¢. 0O, 2%}, {6, 0, 7}, {r, 0, ®}];
smatrix:Integrate[rz*sin[e] * Conjugate [®[[i]]] € [[j]]., {¢, O, 2xm}, {6, 0, 7}, {r, 0, ®}];

result =a-Zx*b; Printfi, " ", §, " -—~-> " , result, " v, smatrix];

Derivative[0, 1, 0] [T2]{r, &, ¢] +T3[r, 6, ¢];

Write(sTM, i, * *, §, * # , result, * *, smatrix];
. {i, 1, a0}, {3, 1, A0}]
Close[STM];

S
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module params

integer N,Number_ Electrons,Z,LDH,LDEVEC,maxit,domain,count,mixflag
real(A) mix,telorance,error,E_HF

integer , allocatable :: indices()

complex , allocatable :: H(:,:),Evector(:,:),Smatrix ()

real(A) , allocatable :: ¢_guess(:,:),c_new(:,:),Evalue(:),h-(;,),U(:,:,:,:),Rho¢y

end module params

!This program self-consistently computes eigen values and eigen vectors of closed-shell atoms
!in the Restricted Hartree - Fock Approximation . N is number of basis set.

program RHF
implicit none

call read_params
call write_inputs

count=-

error=1do

SELF_CONSISTENT LOOP : Do while(error > telorance)

ay



count=count+\
print* count,error
if (count > maxit)then

print*,'error decreases slowly,or iterations is exceeded from max iteration=',maxit

stop
end if
call set_Hamiltonian
call eigen_value
call mixing
call write_output

C_guess=c_new
end do SELF_CONSISTENT_LOOP

write(Y-,*)' Total Energy (eV)  ="'E HF*(yv,y(

end program RHF

! INPUTS

subroutine read_params
implicit none
integer i,j,k,1,a,b,c,d

open(\ -, file="input(C).dat(
open(y-,file="output(C\fAO).dat(
open( -, file="integral(CyAAQ).dat(
open(¥-,file="H-S(Cy¢tAO).dat(

read() -,*)Number_electrons,N,Z

read(\ -,*) maxit,telorance,mix,mixflag

allocate (indices(N),H(N,N),Evector(N,N),Smatrix(N,N),c_guess(N,N&(

&c_new(N,N),Evalue(N),h- (N,N),U(N,N,N,N),Rho(N,N((
read(’ -, *) ((c_guess(i,j),j=1,N),i=1,N¢

Do i=V,N
Do j=\,N
read(¥-,*)a,b,h- (i,j),Smatrix(i,j(
enddo
enddo

Do i=\,N
Do j=\,N
Do k=\,N

v



Do I=\,N
read(y-,*)a,b,c,d,U(,j,k,I¢
end do
end do

end do
end do

LDH=N

LDEVEC=N

domain=N*N

end subroutine read_params

1

! HAMILTONIAN & EIGENVALUES & EIGENVECTORS

subroutine set_Hamiltonian
implicit none

integer i,j,k,llanda

real(A) sunny,sumv,fermi_dirac

'Calculation of Rho(i,j)=y*Sum {C(i,landa)*C(j,landa)} over landa
Do k=y,N
Do I=\,N
sumy=-
Do landa=y ,Number_ Electrons/y

sumy=sum\+c_guess(k,landa)*c_guess(l,landa(

end do
Rho(k,I)=v,- *sum\
end do
end do
! Seting Hamiltonian : H(i,j)=h- (1,))+Sum {[U{i,j;k,1)-- ,0¥U(1,k;j,D]*Rho(k,D)} over
(k,l¢
Do i=\,N
Do j=\,N
sumy=.
Do k=y,N
Do I=\,N
sumy=sumy+(U(i,j,k,1)-- ,6*¥U(i,k,j,D))*Rho(k,I(
end do
end do

H(i,j))=h-(i,))+sumy
end do
end do

! Calculation of Total Energy of Hartree Fock

¢



sumy=-
Do i=1,Number_Electrons/Y

sum=sum\+Evalue(indices(i((

enddo
sumy=-
Do i=\,N
Do j=\,N
sumvr=sumv+Rho(i,j)*h-(i,j¢
enddo
enddo

E_HF = sum)+- a*¥sumy

end subroutine set Hamiltonian

subroutine eigen value

implicit none

integer i,

complex Eval(N),alpha(N),beta(N

call GVCCG (N, H, LDH, Smatrix, LDH, ALPHA, BETA, EVECTOR, LDEVE)

DO =\, N
EVAL(i) = ALPHA()/BETA(i(
enddo

Evaluc =Real(Eval(
call SortIndex(Evalue,N,indices(

Doi=1\,N
c_new(:,1)=Evector(:,indices(1)) ! Align eigen vectors versus its respected energy
Enddo

saformat (W (Yx, 0V .2

end subroutine eigen_value

! MIXING ( LINEAR)

subroutine mixing

use params

usc bro

implicit none

real(A) ¢_new_line(domain),c_guess_line(domaing

integer i

¢ new=mix*c_new+(\-mix)*c_guess

error= sum(abs(c_new - ¢_guess((

end subroutine mixing
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INPUTS:

t=-\. U=y. V=1 JXC=-)

SR WA 2 Gaussed eigen vector
!

OUTPUTS:

Ground state energy of H.F Hamiltonian= -\ Assssy
cigen vector of ground state [LLF= <. AYYYH.Y < OYYYB.¥ <. 0YYYD-Y

Total density = Yoo
Density on atom = L FEEEESN
Total energy of the ground state(y*eien value-(U+Y*V+£¥1)/v .. )= -8,¥

1
!Consider a triatomic hydrogen molecule of triangular shape with onsite energy -

!and hopping integral t. This program solves the HY+ problem within the Restricted Hartree-Fock

lapproximation, (call the onsite Coulomb integrals U, the interatomic Coulomb integrals V,
'and the exchange integrals J ). By solving, we obtain the eigenvalues
! and eigenstates, the ground state charge density and total energy

module params

real U,V,JXC t,Ground_state energy,Density
'real ,parameter :: U=y, t=-1 JXC=.,),V=1.
INTEGER LDA,LDEVEC, N,m
PARAMETER ( N=v,LDA=v,LDEVEC=Y)



real EVALUE(N),c(¥),c_new(y),sv,Emin
complex Hamiltonian(N,N), EVECTOR(N,N)
end module params

program Hy_vElectron

implicit none

real telorance,error

integer i,j,count

sy=sqrt(v,-)

open(Y-,File='output.y- -v")

call read params

count=-

error=1da

telorance=1d-#

do while(error > telorance)
count=count+\

print*,count
call Calculating_Eigenvalues

Emin=minval(EVALUE)
do i=\,N
if(Emin == EVALUE(1)) m=t1
enddo
do i=\,N
¢ new()=EVECTOR(i,m)
enddo
error=sum(abs(c_new-c))
c=C_new

enddo

call write_output

end program Hy_vElectron

subroutine calculating_cigenvalues

call set_hamiltn
CALL EVCHF (N, Hamiltonian, LDA, EVALUE, EVECTOR, LDEVEC)

CALL WRRRN (‘EVALUE', 1\, N, EVALUE, -)
CALL WRCRN (EVECTOR', N, N, EVECTOR, LDEVEC, )

end subroutine calculating eigenvalues

subroutine set_hamiltn

Hamiltonian(y A\)=U*c(V )** v+ (v *V-JXC)* (c(¥v)**v+c(¥)**T)
Hamiltonian(y .v)=t+v*(JXC-V)*c(V)*c(¥)

Hamiltonian(y ¥)=t+¥*(JXC-V)*c(V)*c(¥)
Hamiltonian{r.\)=Hamiltonian(}.v)
Hamiltonian(y.¥)=U*c(Y)**v+(v*V-IXC)*(c(V)**v+c(¥)**T)
Hamiltonian(y ¥)=t+v*(JXC-V)*c(¥)*c(v)

v



Hamiltonian(v.y)=Hamiltonian(1.r)
Hamiltonian(y.y)=Hamiltonian(¥.v)
Hamiltonian(v *)=U*c(¥)**v+(y*V-JXC)*(c(V ) **v+c(Y)**Y)

end subroutine set_hamiltn

subroutine read params
open{\-,File="input_Hry..¥"
' HOPPINGES

read(’ -, ¥)t, U,V JXC

read() -, *)(c(1),i=),N)
Ioy=grFEy

ley=c\

ley=c)

end subroutine read_params

A
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module params

integer N,LDH,LDEVEC

parameter (N=v,LDH=N,LDEVEC=N)

real c(N),c_new(N),Emin,t,u,Evalue(N),n-,mix,telorance,onsite(N)
complex H(N,N),Evector(N,N)

integer m,e,maxit

end module params
1

'This program computes cigen values and eigen vectors of two states system at RHF Approximation !as
a self-consistently. This program is in fact the investigation of charge transfer phenomena by 'using
HUBBARD model.

!

program HY

implicit none

mteger i,count

real error

call read params

count=-

error=yda

write(Y-,*) 'count,error,(¢c_new(i),i=\,N)'

do while(error>telorance)
count=count+\
Iprint* count,error
P

if (count > maxit)then
print* 'error decreases slowly,or iterations is exceeded from max iteration=',maxit
stop
end if
call set_ Hamiltonian
call eigen_value
call mixing
write(Y -, *) count,error,(c_new(i),i=),N)

error=sum{abs(c_new-c))

19



c=c_new
end do
call write_output
end program Hy
1

subroutine read_params

implicit none

integer 1

open(\ -, file="inputi.dat")
open(¥-,file='output.dat’)

read(’-,*) t,u,n-

read(’ -, *) (c(i),i=),N)

read(’ -,*) maxit,telorance,mix

read()-,*) (onsite(1),i=1,N)

write(v-,¥) 'initial guess of ¢(N)=",(c(i},i=\,N)

end subroutine read_params
! -

subroutine set_Hamiltonian
implicit none

HQO 0 )=(u*(c(V)**¥-n-))+onsite(\)
H(1.v)=t

H(y.)=t
H(y.¥)=(u*(c(v)**v-n-))+onsite(¥)

end subroutine set_Hamiltonian
!

subroutine eigen value

implicit none

integer i

call EVCHF (N, H, LDH, Evalue,Evector, LDEVEC)
'do i=y,N

1Evalue())=((H( A )FHE 1)) Y)-(- V) ***sqrt( (HO )-Hr )Y v) ¥* v H(1 .y ) **Y)
IEvector(’y,1)=(H(V.v)/sqrt((Evalue(1)-H( A\ ))¥* v+ (H(V v))**Y))
1Evector(v,1)=(Evalue(i)-H(\ .V ))*Evector(y,i)/H(1.v)
lenddo

Emin=minval(Evalue)

do i=V,N

if(Emin==Evalue(i)) then

m=t

elsc

e=|

end if

end do

do i=\,N

¢ new(i)=Evector(i,m)

end do

end subroutine eigen_value



! —

subroutine mixing
implicit none
¢ _new=mix*c+(1-mix)*c new

end subroutine mixing
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Abstract

By using the Restricted Hartree-Fock Approximation, we solve a many electron system as
an atom with full-filled shell. The Hartree-Fock (HF) equations can be derived by variation
of energy versus antisymmetric wave functions. For solving HF equations, slater type
orbitals (STO) have been considered. Coulomb integrals, non-perturbative Hamiltonian and
overlap integrals can be calculated by using STO’s. Then, HF equations are solved by self-
consistent calculation. After an appropriate convergent process, the Eigen values and Eigen
functions and also total energy of the ground state are being extracted. Finally, the results
are compared with references valus.

Application of this approximation in molecules has been also investigated in triangle
molecule. Hubbard model which is special case of HF cquations in the simple case of two

state systems 1s being studied. Te effect of coulomb potential on charge transfer phenomena

between these two states has been investigated.
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