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Examination 2020/2021

COURSE NAME: Compuatational Nanophysics
COURSE CODE: PHY632

TIME ALLOWED: 3 hours

ANSWER ALL QUESTIONS IN SECTION A. CHOOSE ONLY TWO (2)
QUESTIONS IN SECTION B.

THIS PAPER IS NOT TO BE OPENED UNTIL PERMISSION [AS BEEN GIVEN BY THE
INVIGILATOR.

The exam paper has 15 printed pages, including an Appendix.




Section A

Answer all question

[Total= 60 marks]

Question 1

{a) What are nanowires?

[2 marks]
(b) Give any two applications of nanowires

[4 marks]
(¢} What are nanoporous materials? Give examples.

[4 marks]

(d) What is the role of nanomaterials in the field of nuclear power engineering?

[2 marks]
(e) List three (3) size dependat properties of nanomaterials.

[3 marks]

(f) What are Carbon nanotubes? What is the difference between single wall carbon
nanotubes and multi wall carbon nanotubes.

(3 marks]
(g) What experimental technique can be utilized to study CNTs chirality or Asymmetzy
determinastion?
[2 marks]
(h) Explain the electrical properties of carbon nanotubes.
[5 marks]

(i) List five properties of carbon nanotubes that have caused researchers and compahies
to consider using them in several fields.

[5 marks]

130 marks]




Question 2

(a) Describe the following terms

(i) Born-Oppenheimer approximation

[4 marks]
(i) Potential energy curve/potential energy surface
[3 marks]
(iif) Derivative couplings (non-adiabatic couplings)
[5 marks]
(iv) Adiabatic approximation
[3 marks]
(v) Avoided crossings
[3 marks]
{(b) State and prove the variational principle.
[10 marks]
(¢) Give the advantage and disadvantage of a slater determinant.
12 marks]

[30 marks]




Section B

Choose any two question
[Lotal= 40 marks]

Question 3

(a) How many electrons can be put in each of the following:

(i) a shell with principal quantum number n?

[2 marks]
(ii) a subshell with quantum numbers n and €7
[2 marks]
(iif) an orbital?
[2 marks]
(iv) a spin-orbital?
[2 marks]
(b} The Fock operator,f is defined as
F=bt 3 (0~ K). (1)
b
Where the Coulomb (J;} and Exchange (K}) integrals are such that
Ji(ig) = (bljt) and @)
Ko(i) = (ilbs) (3)
The one-electron core hamiltonian (72) is such that
hi; = hij. (4)
Show that the Fock operator is a Hermitian operator.
[8 marks]

(¢) For a CASSCF(m,n) calculation, the number N of singlet CSFs (ignoring any
symmetry restrictions) is given by

ni(n + 1)!
N = 5
Gm)Gm+ ) n — im)l(n — sm + 1)! (5)
Write a program that
(i) Calculates N for a CASSCF(6,6) calculation.
{2 marks]

(ii) Calculate N for a CASSCF(14,14) calculation.

[2 marks]




‘Question 4
(a) Give the two Hohenberg-Kohn theorems.
[6 marks]
(b) What is a local density approximation? What are its limitation?
[4 marks]
(c) What is a hybrid quantum mechanics/molecular mechanics (QM/MM) method?
Describe the different schemes for coupling between the QM and MM parts, in
particular the subtractive schemes, additive schemes, mechanical embeding, slec-

trostatic embedding and polarization embedding.

[10 marks]




Question 5

In the Appendix you are given a Fortran code to perfom a ab ¢nitic HF calculation for a
small diatomic system. The code performs a minimal basis STO-3G calculation for the
HeH™* system. Modify the code to compute the electronic energy for HeH+and H, for the
range . = 0.2,04,...,20 ap, B = 25,3.0,...,5.0 ap and R = 6.0,7.0,...,9.0 ag. Plot
and compare the potential energy curves obtained from the calculations for HeHVand Hs.
By assuming that D, ~ Dy in each case, find the equilibrium geometry (if any) and the
dissociation energy of the molecule. Submit two sets of programs, one modified for HeH+
at R = 5.0 and the other for Hy at R = 5.0 . Compare your results with STO-2G basis
and comment on the differences in energy for the two basis.

[20 marks]
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Appendix A

g**#$$**$$**$$$v#$Vk$*#$*k**é**f$$$*$**$€#*%?$i$$$#$t#$$#$$#**+$$$*$?
|

éMTNII\'IA.L BASIS STO-3G CALCULATION ON MR-

IéTHIS IS5 A LITTLE XY MAIN PROGRAM WHICH CALLS HFCALC

iAE’-’PEND’LX B TWOELECTRON SELF-CONSISTENT-FIELD PROGRAM

HOF MODERN QUANTUM CHEMISTRY by

FAttita Szabo and Neil S. Ostlund
PEG 2nd (1989) Dover Publications INC.
:

Labourly Typed by Michael Zitolo {Fob., 2005}
Edited and Compiled by Michssl Zitolo and Xihua Chen
t

Poleaned up and debugged again by Andrew Long (2012)
! and Davicle (kalium) Dondi {2018)

f$$$$*i*$$$$i*$$$$$$$$$*$4$$i$*$*$#*$4$*#*$#$*#$$$*$#$$$$*$$$*4#*$$#3*

IMPLICIT DOUBLE PRECISION (A-H,0-7 )

I0P=1

N=3

R=9.00D0

ZETA1=2.0925D0

ZETA2=1.24D0

ZA=2.0D0

ZB=1.0D0

CALL HFCAIC(IOP N, R, ZETAL,ZETA2 LA, ZB)

END

Dot oot oo 30 s s e R O B i R K s L R T RS St
SUBROUTINE HFCALC(IOP,N,R,ZETAL, ZETA2,7ZA | 7B)

i

IDOES A HARTREB-FOCK CALCULATION FOR A TWOFLECTRON DIATOM

VUSING THE 18 MINIMAZL STO-NG [BASIS SET

IMINIMAL BASIS SET HAY BASIS FUNCTIONS 1 AND 2 ON NUCLEL A AND B

!

HOP=0 NO PRINTING WHATSORVETR (TO OPTIMIZE EXPONENTS, SAY)

HOP=1 PRINT ONLY CONVERGHED RESULTS

HOP=2 PRINT EVERY ITERATION

IR BONDLENGTH (AU)
TZETAT SLATER ORBITAL EXPONENT (FUNCTION 1}
VZETA2 SLATER ORBITAL FEXPONENT (FFUNCTION 2}

13
ar VZA ATOMIINUMBEER, (ATOM A)

as VAR ATOMINUMBER (ATOM B)

ag !

A7 D e e b R R R S S LR R R o R S S AR K e s s

1

14 IMPLICIT DOUBLE PRECISION{A-H,0-Z)

0 IF (IOP.EQ.0) GO RO 20

st PRINT 10,N,ZA,ZB

5 10 FORMAT( * ’ ,2X, 'S§TO-',11, *G TOR ATOMI!NUNMBERS ° F6.2,7 AND 7 F5.2//)
53 20 CONTINUE

st TCALCULATE ALL TS ONE AND TWO FLEOTRON INTEGRALS

55

B

CALL INTGRL{IOP,N,R,ZETA1,ZETA2,ZA ,7B)
IBE INEFFICIENT AND PUT ALL INTEGRALS IN PRETTY ARRAYS




Bt CALL COLECT(IOP,N,R,ZETAL,ZETA2,7A,7ZB)
s PERFORM THE SCF CALCULATION

54 CALL SCF({I0P ,N,R,ZETAL,ZETA2, 24, 21)
60 RETURN
61 END

R A A

a1 SUBROUTINE INTGRL(IOP,N,R,ZETA1,ZETA2,ZA,ZB)

o5 !

oo |CALCULATES ALL THE BASUINTEGRALS NEFDED FOR SCF CALCULATION

wr | '

55 I LR ERE R P E TR EEEEELEE R R EE T R R N Y L I s L R P o] B

68

0 IMPLICIT DOUBLE PRECISION (A-H,0-%) .
71 COMMON/INT' /812, T11,T12, T22, V11A, V124, V22A , V11B, V128, V22B, V1111, V2111 , V2121 ,V2211 %
DIMENSION COEF(3,3) ,EXPON(3,3),D1(3),A1(3),D2(3),A2(3)

73 DATA PI1/3.1415926535898D0/

7 [ THESE ARE THE CONTRACTION COEFFICIENTS AN EXPONENTS FOR
s LA NORMALIZED SLATER ORBITAL WITH EXPONENT 1.0 IN TERMS OF
7o INORMALIZED 18 PRIMITIVE GAUSSIANS

77 DATA COEF,EDCPON/I.ODO,?,*U.UDO,U.678914D0,0.430129D0,0.0DU,&

& U.444635D0,0.535328D0,0.154329D0,0.270950]30,2*0.0[)0,0.151623D0,&
79 0.851819130,0.0D0,0.109818D0,0.4057711D%,2.22766D0/

50 R2=RsR

a ISCALE THE EXPONENTS (A) OF PRIMITIVE CGAUSSIANS
&2 INCLUDE NOBMALIZATION IN CONTRACTION COBEFFICIENTS {D)

53 PO 10 I=1N

a1

5 A1(T)=EXPON(I ,N)* (ZETAL#%2)

50 D1(1)=COEF(T ,N)* ((2.0D0+A1(1)/PI)*%0.75D0)
b7 A2(T)=FEXPON(I ,N) % (ZETA2%%2)

58 D2({1)=COEF(I ,N)=*({2.0D0xA2{1)/PI)x%0.75D0)

o 10 CONTINUE
oo 1D AND A ARE NOW THE CONTRACTION COUFFICIENTS AND EXPONENTS
g1 VIN TERMS OF UNNOBMALIZED PRIMITIVE GAUSSIANS

42 512=0.0D0

03 T11=0.0D0

o T12=0.0D0

o T22=0.0D0

05 V11A=0.0D0
a7 V12A=0.0D0
a3 V22A=0.0D0
ay V1iB=0.0D0
100 V12B=0.0D0
101 V22B=0.0D0
) V1111==0.0D0
103 V2111=0.0D0
1114 V2121=0.0D0
105 V2211=0.0D0
106 V2221 =0.0D0
197 V2222=0.0D0

ws ACALCULATE ONBELECTIRON INTHGRALS

wy [CENTER A IS FIRST ATOM, CETER B 18 SECOND ATOM

uo 'ORIGIN 18 ON CENTER A ‘

su IVI2A = OFE-DIAGONAL NUCLEAR ATTRACTION TO CENTER. A, EIC.

112 DO 20 I=1,N

112 ) 20 J=1,N

114 TRAP2 = SQUARED DISTANCE BEPWEIN CENTER A AND CENTER P, FTC.




1%
114
17
1%
119
123
i21
122
123
Lid
23
126
L27
128
120
130
4

132
133
134
RE1
136
137
138
19
1)
141

142
143
Fedid

1
LG
47
i-18
140
15
151
152
L34

154
oo
LM5
T
188
103
L6t
161
142

163
i
1GG
HF
167
Hits
1464
1Ty
74

1y

20

RAP=A2(J)+R/(AT(1)+A2(J))

RAP2=RAP*%2

RBP2=(R-RAP)#x2

S12=812+S(A1(1),A2(J) ,R2)*D1(1)+D2(J)
T11=T11+T(A1(1),A1(J},0.0D0)*DI(I)+D1(J)
TI2=T124T(AL(1),A2(J) ,R2)xD1(1)=D2{J)
T22=T22+T(A2(1),A2(J),0.0D0)+D2(T)+D2(J)
VIIA=V11A+V(AL1(1) ,A1(J),0.0D0,0.0D0,ZA)+D1(1)+D1(J}
VI2A=VI2A+V(AL(I),A2(J),R2,RAP2,ZA)*D1(1)+D2(J)
V22A=V22A+V(A2(1),A2(J},0.0D0,R2,2A)+D2(1)+D2(J])
VI11B=VIIB+V(AL({I) ,A1(J) ,0.0D0,R2,28)+«D1(1}+D1(J)
VI2B=VIZB+V(AL(I) ,A2(J) ,R2,RBP2,ZB}+«D1(1)+«D2{J)
V22B=V22B+V(A2(1) A2(J).,0.0D0,0.0D0,ZB)+D2( T )«D2{J)
CONTINUE

TCALOULATE TWO-RLECTRON INTEGRALS

30

40

50

60

70

80

90

DO 30 I=1,N

PO 30 J=1N

DO 30 K=1.N

DO 30 L=I,N

RAP=A2(1)+R/(A2(I)+A1(J))

RBP=R—RAP

RAQ=A2(K) #R/ (A2(I)+A1(L))

RBQ-R-RAQ

RPO-RAP-RAQ

RAP2-RAP«RAP

RBP2=RBP+RBP

RAQERAQ+RAQ

RBQ2=RBO+RBQ

RPQ2-RPQ+RPQ

V1111=V11114IWOR(A1 (1) ,A1(J) ,A1(K) ,AL(L} ,0.0D0,0.0D0,0.0D0)&
«D1(1)+D1{J)+D1(K)+D1(L)

V2111=V21114TWOE(A2(1) ,A1(J) ,A1(K) Al (L) ,R2,0.0D0, RAP2)&
«D2(1)*D1(J)*DL(K)+D1(L)

V2121=V21214IWOE(A2(I) ,A1(J) ,A2(K) ,A1(L) ,R2, R2, RPQ2)&
+«D2(T)*D1(J)+D2(K)+D1(L)

V2211=V221 L{TWOE(A2(T ) ,A2(J} ,A1(K) ,A1(L) ,0.0D0,0.0D0,R2)&
«D2(1)*D2(J)+D1(K)#D1(L)

V2221=V22214TWOR(A2 (1) ,A2(F) ,A2(K) ,A1(L) ,0.0D0, R2, RBQR)&
*D2(1)+D2(J)*D2(K)*D1(L)

V2222=V22224TWOE(A2( 1) ,A2(J ) ,A2(K) ,A2(L) ,0.0D0,0.0D0,0.0D0)&
«D2(1)#D2(J)*D2(K)+D2(L)

CONTINUE

IF (IOP.EQ.0) GO TO 90

PRINT 40

FORMAT(3X, 'R’ ,10X, "ZETAL’ ,6X, 'ZETA2" ,6X, *§12 " ,8X, "T11° /)
PRINT 50, R,ZETAL,ZETAZ,S12,T11

FORMAT(5F11.6//)

PRINT 60

FORMAT(3X, *T12" ,8X, *22° ,8X, "VIIA® ,7X, "VI2A " ,7X, "V22A" /)
PRINT 50, T12,7T22,V11A,VI2A V224

PRINT 70

FORMAT(3X,4OVIIB, 7X,4HV12B, 7X, 4 HV22B,7X, "V1111 7 ,8X, 'V2111 1
PRINT 50, V11B,VI12B,V22B,VI111,V2i11

PRINT 80

FORMAT(3X,5HV2121,6X,5HV2211,6X,5HV2221 ,6X,5HV2222/)
PRINT 50, V2121,V2211,V2221,V2222

RETURN

END
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BT D R R R R R kR R R B R R B ARk R bk ko b PR R sk £ R
175 FUNCTION FO(ARG)

176 1

i POALCULATES THE P FUNCTION

s O ONLY  (S-TYPE ORBITALS)

179 |

150 ! EEEEEEEE T ERETEEEEEE FEEF R R R O R R FR I A T A R T S TRCU ) RO R
181

182 IMPLICTT DOUBLE PRECISION (A-H,0-7)

133 DATA P1/3.1415926535898D0/

L IF (ARG.LT.1.0D-G6) GO TO 106

e TFO O IN TERMS OF THES ERROR. FUNCTION

186 FO=DSQRT(PI/ARG) +*DERFOTHER{DSQRT(ARG) ) /2.0D0

L7 GO TO 20

ws JASYMPTOTUHVALUE FOR SMALL ARGUMENTS

189 10 F0=1.0D0-ARG/3.0D0

L0 20 CONTINUE

191 RETURN

42 END

193

104 ] F R AR A R R R R 0 R R R R R R R ROR B R R ok o o KRR ok
106 FUNCTION DERFOTHER(ARG)

w6 |

w7 JCALCULATIS THE ERBOR FUNCTION ACCORDING T A RATIONAL

ws JAPPROXIMATION FROM M. ABDBRAMOWITZ AND T.A. STEGUN,

1wy THANDBOOK OF MATHEMATICAL FUNCTIONS, DXOVER.

aos LABSOLUTE ERROR. 15 LESS THAN 1.5+10G+%{—7)

201 1CAN BE REPLACED BY A BUILT-IN FUNCTION ON SOME MACHINES

wa |

201 1R R R e o s R bk R R R K T R Rk S R P R b R
204

205 IMPLICIT DOUBLE PRECISION{A-H,0-Z)

206 DIMENSION A(5)

T PATA P/0.3275911D0/

208 DATA A/0.254829592D0, —0.284496736D0,1.421413741D0,&

208 —1.453152027D0,1.061405429D0/

2igr T=1.0D0/(1.0DHP=ARG)

211 TN=T

211 "POLY=A(1)+TN

213 DO 10 1=2,5

21 TN=IN+T

18 POLY=POLY+A({I)*TN

216 10 CONTINURE

a7 DERFOTHER~1.0D0-POLY+DEXP(~AR(G=ARG)

218 RETURN

a1y IEND

2

2| !*$$$$$¢$¥$$$#*$$$$$$$$$$$$$$*?*k#$$$x+x$¢$ﬁ$$$$g
223 FUNCTION S(A,B,RAB2)

way

wed TCALCULATES OVERLAPS TOR UN-NORMALIZED PRIMITIVES

a5 |

ERES NS R R EE ¥ LT R

25 D R R A R B AR R R R BB R R R b B R R R A R K ok b

297

g IMPLICIT DOUBLE PRECISION{A-H,0-Z)

23 DATA PI/3.1415926535898D0/

2ty S=(PI/{AH3))*=1. 5DU*DEXP(—A*B*RAB2/ (AHB)}




231 : RETURN

242 END

233

231 !#**#$*#$$**$#?$#*$*#$*#$$#$$?**%$$$*$4ﬁ*#***$$$?$*?$$8$*#*$T$*$$*+*#¢
win FUNCTION T(A,B,RAB2)

a2 !

zor |CALCULATES KINETTIENERGY INTEGRALS FOR UN-NORMALIZED PRI MITIVES

x|

230 ?#**$i*$*$$$m$$$$&m*#**&***$ﬂ¢#*x#$*$$$i$$$$$r$$r$$$$ﬁ$**+$$i*$a$m$$#x
240

543 IMPLICIT DOUBLE PRECISION (A-H, O-Z}

24 DATA PI/3.1415926535898D0/

213 T=A=B/(A+B) » (3.0D0~2.0D0+A*B«RAB2/ (A+B) ) » ( PI/ (A4B) ) »*1.5D0&

241 *DEXP{ —-A*B*RABZ/ (A+B))

215 RETURN

26 END

247

2E8 !*$$**%$*$?$$#$$$#*?Rk%gﬁ?#*$*$&$*#**%*$$*$$*$$*$*#**?$$$$$4**$$*#*$%*
210 FUNCIION V(A,B,RAB2,RCP2,7C)

250 |

251 [CALCULATES UN-NORMALIZED NUCLEAR ATTRACTION INTECGRALS
!
283 [*$$*$$$$$*$i$$$#*$%*ﬁ##$#$*#*$#****$$**#*$#$$L#$##*$r$$#$*#$*$$*?*$#$

255 IMPLICIT DOUBLE PRECISION(A-H,0-Z)

256 DATA PI/3.1415926535898D0/

T V=2.0D0+P1/(A4B)*xFO{(A+B)+=RCP2) *DEXP({—A+B«RAB2/ (A4B))
258 V=Vx7ZC

259 RETTURN

a6 IEND

I T R S T T T T L L T Ly e R R R R R R R R R R F bk bk b
203 FUNCTION TWOE(A, B, C,D,RAB2,RCD2,RPQ2)

260

ws [ CALCULATES TRORLBECTIRON INTEGRALS FOR UN-NORMALIZED PRIMITIVES

a0 LA B, CD ARE THE FEXPONENTS ALPHA , BETA, ETC,

w07 [RABZ EQUALS SQUARED DISTANCE BETWEEN CENTER A AND CENTER B, ETC.

o8 P Ak smdckw kb ek R R R R R e T e o A P R

210 IMPLICIT DOUBLE PRECISION (A-H,0-2)

271 DATA PI/3.1415926535898D0/

272 TWOE=2.0D0# (PIx«2.5D0) / ({ A1B) » (CHD) +DSQRT{ A4+B+CHD) ) &
213 *FO ((A+B)* (CHD) =RPQ2/ (A+BHHD)) &

274 *DEXP(~A+B+RAB2/ (A+B)—C+D+«RCD2/ (CHD))

a75 RETURN

270 END

DFH fiﬂ?*!hf*dh?*i:imiur$*$wk*$=¥*%wk$iwkxdni$i:?#ir?ﬁshéﬁﬁa?ﬁﬁhe$x:r$xg~k$ﬁaa*suy$xuyggxg$iny$$
279 SUBROUTINE COLECT(IOP,N,R,ZETAIL,ZETA2, ZA, ZB)

%ﬂ!

wi VTHIS TAKES T BASTUNTEGRALS FROM COMMON AND ASSEMBLES THE

awe [RELEVENT MATRICES, THAT IS 3H X XT, AND TWOLLECTRON INTEGRALS

asa i

283 !$*&#$$4$$$m$#$$$#m$$*$$$*#$$$$$4**#&*&*$$$*$$$é$$&r$*$*$¢$$##*$$$$$$$
286

s IMPLICIT DOUBLIS PRECISION (A-H, 0-7)

27 COMMON/MATRIX/S (2,2) ,X(2,2) ,XT(2,2) ,H(2,2) ,F(2,2),G(2,2),0(2,2) ,&
25 FPRIME(2,2) ,CPRIME(2,2) ,P(2,2) ,0LDP(2,2) ,TT(2,2,2,2) ,E(2 ,2)

10




3y COMMON/INT/S12,T11,T12,T22,VI1A, VI2A, V224, V11B, V12B, V22B,&

200 V1111,V2111,V2121,V2211,V2221, V2229
200 TFORM CORE HAMILTONIAN

242 H(1,1)=T113+V11A+V1IB

5 H{1,2)=T12+VI12A+V1I2B

i H(2,1)=H(1,2)

265 H{2,2)=T221V22A+V22B

206 IFORM OVERLAP MATRIX

w7 5(1.,1)=1.0D0

28 5(1,2)=812

28 5(2,1)=58(1,2)

300 3(2,2)=1.0D0

sor [USE CANONICAL ORTHOGONALIZATION

02 X(1,1)=1.0D0/DSQRT(2.0D0%(1.0D04-S12))
203 X{2,1)=X(1,1)

301 X(1 ,2}:1.0D0/DSQRT(2.0DO*(I.ODU—SIZ))
305 X(2,2)=-X{1,2)

suo FTRANSPOSE OF TRANSFORMATION MATRIX
any XT(1,1)=X(1,1)

0% XT(1,2)=X(2,1)

308 XT(2,1)=X(1,2)

10 XT(2,2)=X(2,2)

s IMATRIX OF TWORLECTRON INTEGRALS
A Tr(1,1,1,1)=V1111

513 TT(2,1,1,1)=V2111

a1t TT{1,2,1,1)=Vv2111

#15 TT(1,1,2,1)=V2111

816 TT(1,1,1,2)=V2111

817 TIT(2,1,2,1)=V2121

18 TT(1,2,2,1)=V2121

319 TI(2,1,1,2)=V2121

320 TT(1,2,1,2)=V2121

B21 TT(2,2,1,1)=V2211

322 TT(1,1,2,2)=V2211

393 TT(2,2,2,1)=V2221

321 TI(2,2,1,2)=Vv2231

25 TT(2,1,2,2)=V2221

» TT(1,2,2,2)= V2221

327 TT{(2,2,2,2)=V2222

a2 IF (I0P.EQ.0) GO TO 40

320 CALL MATOUT(S,2,2,2,2,4HS )
330 CALL MATOUL(X,2,2,2,2 ,4HX )
#31 CALL MATOUT(H, 2 ,2,2,2 ,4HH )
a2 PRINT 10

333 10 FORMAT(/ /)

ikt DO 30 I=1,2

Fr D3 30 J=1,2

436 DO 30 K=1,2

58T DO 30 L=1,2

338 PRINT 20, I,J,K,L,TT(1,J,K,L)
w0 20 FORMAT(3X,1H(,412,2H ),F10.6)

240 30 CONTINUE
REH 40 RETURN

a2 END

343

Bl ' R EFES R EEE F R R R G R R B S R (R S S R g S A BRI SRS E-UE O A A S i
e SUBROUTINE SCF (IOP,N,R,ZETA1,ZETA2, ZA , ZB)

aai

11




sar A PERFORMS THE 8CF ITERATIONS

sy

KEH ! R R R R R A EREEEREE R EEE LR R TR e
R

351 IMPLICIT DOUBLE PRECISION (A-H,0-7)

anz COMMON/MATRIX/S(2,2) ,X{2 (2. X1(2,2) H(2,2) F(2,2),G(2,2),0(2,2) ,&
253 FPRIME(2 ,2) ,CPRIME{2 ,2) P(2,2),0LDP(2 ,2Y,TT(2,2,2,2) ,E(2 ,2)

454 DATA PI/3.1415926535898D0/

ses TCONVERGENCE CRITERION FOR DENSITY MATRIX

56 DATA CRIT/1.0D-4/

avr IMAXIMUM NUMBER. OF ITERATIONS

5585 DATA MAXIT/25/

sso HTERATION NUMFFR

atits ITER=0

a6t 1USE CORB-HAMILTONIAN FOR INITIAL GUESS AT F LED (P=0)

sun DO 10 1=1,2

a3 DO 10 J=1,2

461 10 P(I,J)==0.0D0

05 IF (IOP.LT.2) GO TO 20

460 CALL MATOUI{P,2,2,2,2 4HP )

sor 18TART OF ITERATION LOOP

w66 20 ITER=ITER-+1

369 {F {IOP.LT. 2) GO TG 40

S0 PRINT 30, ITER

ary 30 FORMAT(/ ,4X,28HSTART OF ITERATION NUMBER, == ,12)
372 40 CONTINUE

sz ORM TWOELECTRON PART OF FOCK MATRIX FROM P

a7 CALL FORMG -
475 IF (IOP.LT.2) QO TO 50
w76 CALL MATOUT(G,2,2,2,2 ,4HG )

377 50 CONTINUE
gre LADD CORE HAMILTONIAN TO GET FOCK MATRIX

a7 DO 60 1=1,2
ash DO 60 J=1,2
a1 F(1,J) = H{I1,1)+G(1,])

362 60 CONTINUE
sy TCALCULATE BLECTRONIIENERGY

£ EN=0.0D0

e DO 70 I=1,2

ang DO 70 J=1,2

B7 EN=EN+-0.5D0+P (1, J)+{(H(I,J)+F(1,J))
e 70 CONTINUE

w3 [Ir (IOP.LT.2) GO TO 90

30 CALL MATOUT(F,2,2,2,2 4HF )

s PRINT 80, EN

2 80 FORMAT(/// ,4X,20HELECTRONIENERGY = ,D20.1 23
3u1 90 CONTINUE
art VTRANSFORM FOCK MATRIX USING G FOR TREMPORARY STORA(E

305 CALL MULT(F,X,G,2,2)

06 CALL MULT(XT,G,FPRIME, 2 ,2)

a7 TDIAGONALIZE TRANSFORMED FOCK MATRIX

s CALL DIAG(FPRIME, CPRIME, E)

sou VTRANSFORM EIGENVECTORS TO GFT MATRIX O
00 CALL MULT(X,CPRIME, C,2,2)

an FORM NEW DENSITY MATRIX

032 DO 100 I=1,2

e PO 100 J=1,2

awa TSAVE PRESENT DIENSITY MATRIX
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a5 [ BEFORE CREATING NEW ONID

At OLDP(I,2)=P(1,})

w07 P(I,J)=0.0D0

Al DO 100 K=1,1

169 P{I,0)=P(I,J)-+2.0D0+C(I ,K}+C(],K)
1o 100 CONTINUE

A1l I (IOP.LT.2) GO TO 110

412 CALL MATOUT(FPRIME, 2,2 ,2 ,2 ,"F* 7}
L CALL MATOUT(CPRIME, 2 ,2,2,2,°C* ")
414 CALL MATOUI(E,2,2,2,2, 'R 1

e CALL MATOUT(C,2,2,2,2,°! )

416 CALL MATOUT(P,2,2,2,2,°P )

7 110 CONTINUE

a1
ns HOALCULATE DELTA

419 DELTA=0.0D0

120 PO 120 I=1,2

401 DO 120 F=1,2

422 DELTA=DELTA+{P{I,J)—OLDP(1,J))+%2

s 120 CONTINUEG

424 DELTA=DSQRT(DELTA /4.0D0)

125 IF (IOP.EQ.0} GO TO 140

336 PRINT 130, DELTA

127 130 FORMATY(/ ,4X, 3 9HDELTA (CONVERGENCE OF DENSITY MATRIX) = &
428 F10.6,/)

Fi 140 CONTINUE

a0 TCHICK FOR CONVERGENCE

131 IE (DELTA.LT.CRIT) GO TO 160

azz INOT YET CONVERGED

ws {TEST FOR MAXBUM NUMBER OF ITERATIONS
agr DIF MAXIMUM NUMBER NOT YET REACHED

435 1GO BACK FOR. ANOTHER ITERATION

d26 IF(ITER. LT .MAXIT) CO TO 20

a7 ISOMETHING WRONG HERE

453 PRINT 150

130 150 FORMAT(4X,21HNO CONVERGENCE IN SCF)
440 STOP

441 160 CONTINUE
iz TCALCULATION CONVERGED IF I'P (GOT HERE
w13 LADD NUCLEAR BEPULSION TO GET TOTAL FNERGY

114 ENT=EN4ZA+ZB/R

245 IF (I0P.EQ.0) GO TO 180

116 PRINT 170, EN, ENT

aur 170 FORMAT(//,4X,2 IHCALCULATION CONVERGED,//,&
45 4X, 20HELECTRONI!ENERGY = ,D20.12,//,&

oy 4X, 20HTOTAL ENERGY = .D20.12 )

a0 180 CONTINUE

451 TF (IOP.NE.1) GO TO 190

sz TPRINT QUT THE FINAL RESULTS 1F
asa THAVE NOT DONE SO ALRFADY

454 CALL MATOUT(G, 2,2 ,2,2 ,4HCG }
A58 CALL MATOUT{F,2,2,2,2 ,4HF )
455 CALL MATOUT(E,2,2,2,2 ,4HE }
157 GALI; NIATOIJT(C, 2 N 2 N 2 ,2 ,4I'IE )
158 CALL MATOUI(P,2,2,2,2,4HP )

we 190 CONTINUE
we 1PS MATRIX HAS MULLIKEN POPULATIONS

1651 CALL MULT(P,S,0LDP,2,2)
e IF(IOP.EQ.0) GO TO 200
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65 CALL MATOUT(CLDP,2 ,2,2,2 ,4HPS )
164 200 CONTINUE

165 RETURN

1606 END

467

Ui DSk s R R R A R R R K o B Bk s SRR AR R R b g
A6 SUBROUTINE FORMG

4o}

1 CALCULATES THE G MATRDC TROM THE DENSITY MATRIX
a7z AND TWOELECTRON INTEGRALS
i

ara
47 !4‘*-“5&‘:iﬂ=E<4='-F:i=-‘i"-r=f=i.ﬂ#::E::!:#:k%’-'—!‘%:i:4':}:—1:a.&'-‘ki'-'»!ws-‘.ié‘:k:i'-a}':k*if;:*i.':;é:é:#-ii-i.‘a‘r‘:ﬁ-‘::w.l':h!‘-‘é‘#:*n-i:'::I:-F:R:i‘-é‘:k%«}':‘(*r?
475 ‘

76 IMPLICIT DOUBLE PRECISION (A-H,0-2)

47T COMMON/MATRIX/S (2,2) ,X(2 ,2),XT(2,2) H(2,2) ,F(2 2),G(2,2),C0(2,2),&
174 FPRIME(2,2) ,CPRIME(2,2) ,P(2 ,2) ,0LDP(2,2) ,TT(2,2,2 ,2),E(2,2)

170 DO 10 I=1,2

450 DO 10 J=1,2

1 G(I,1)=0.0D0

482 DO 10 K=1,2

153 DO 10 L=1,2

484 G(I,N=G(I SIMHPK, LY (TT(1, ) K, L) -0.5D0+TT(1,L,K, I

A5 10 CONTINUT

156 RETURN

a7 END

453

189 .!*‘-:k*i:—r*s:-ﬁ':ﬂi‘-‘}':iﬂkfr!'M‘:-‘?-‘-}:>§=#-:k‘a:-‘—i-l'r-‘éi&-‘%15~"§=>'r=;<-‘!=-!=k%<-$‘:i=-1:-t:k!rf=§fi.:-v'-=:<#‘-é’:kih“f-*‘d’d-:?:ﬂ:-‘.dkﬁ:\iﬂk‘x::i::k:i:d:ﬂ#*v::
500 SUBROUTINE DIAG(F,C,E)

apr |}

w2 IDIAGONALIZES 1T GIVE BICENVECTORS IN {AND EIGENVALUES 1N B
wy ITHETA 18 THE ANGLE DESCRIBING SOLUITTON

1 !

A95 D R S kR R R R R R KA Ak EE R TR T AR S S
195

107 IMPLICIT DOUBLE PRECISION (A-H,0-Z)

498 DIMENSION ¥(2,2),C(2,2) ,E(2,2)

93 DATA PI/3.1415926535898DD/

5l IF (DAB3(F(1,1})-F(2,2)).GT.1 .0D-20} GO TO 10

s THERE IS SYMMEIRY DETERMINED SOLUTION (HOMONUCLEAR BIATONMIC)

02 THETA=PI/4.0D0

5o GO TO 20

504 10 CONTINUE
sos 1SCOLUTION FOR. HETERONUCLEAR DIATOMIC

506 THETA=0.5D0+DATAN( 2, 0D0*F (1 2)/(F(1,1)-F(2,2)))

507 20 CONTINUE

ses C(1,1)=DCOS{THETA)

508 C(2,1)=DSIN(THETA)

540 C(1,2)=DSIN (THETA)

513 C(2,2)= ~DCOS(THETA)

612 E(1,1)=F(1,1) *DCOS(THETA)##2+F(2,2) # DSIN {THETA) #+2&
513 +H*(1,2)+DSIN (2. 0DO¥THETA)

514 E(2,2)=F(2,2) #*DCOS{THETA) =2+ (1 » 1)« DSIN (THETA)#+2&
15 ~F(1,2)*DSIN(2.0D0«THETA)

5o E(2,1)=0.0D0

617 E(1,2)=0.0D0

sie TORDER BIGENVALUES AND BEIGENVECTORS

519 I (B(2,2).GT.E(1,1)) GO TO 30

s20 TEMP=E(2,2)
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521 E(2,2)=E(1,1)
e E(1,1)=TEMP

a3 TEMP=C(1,2)

52 C(1,2)=C(1,1)

#25 C(1,1)=TEMP

526 TEMP=C(2,2)

w27 0(2,2)=C(2 1)

ao8 C(2,1)=TEMP

520 30 RETURN

30 END

a1

532 1 dmskrmay R KK R R K R A o ok HAE TR RSN E R E R R R SRR A
53 SUBROUTINE MULT(A,B,C,IM,M)

sar !

sso VMULTIPLIES TWO SQUARE MATRICES A AND B TO GET (!
!

546
S Do A sk b s H R R R R R kA g A A A kA SRR ook o g
53y

536 IMPLICIT DOUBLE PRECISION (A-H1,0-7)
510 DIMENSION A(IM,IM) ,B{IM, IM) ;C(IM, IM)
501 DO 10 I=1 M

e BO 10 J=1M

513 C(I,J)=0.0D0

sl DO 10 Ke=1 M

515 10 C(1,J)=C(1 AT JO#B(K, I)

&y RETURN

547 END

AL I E S L i LR g Y R Rk AR S R AR R A h g

556 SUBROUTINE MATOUT(A,IM, IN \M,N ,LABEL}
!

a1 !
sz TPRINT MATRICES OF SIZE M BY N
soen |
A f AR R KR LK ok N b BRI T iy ey F AR R R R o R o Ak bk KA CE Rl S o

550 IMPLICIT DOUBLE PRECISION{A-H, 0O-Z)
557 DIMENSION A(IM,IN)

566 IHIGH=0

559 160 LOW=IHIGH--1

540 THIGH=THIGH+5

561 THIGH=MIN (IHIGIH ,N)

562 PRINT 20, LABEL, (1, IH0W, THIGH)

565 20 FORI\/IAT(/// 33X, 5H THE VA4 6H ARRAY, / JABX,5(10X,13 W6X)/ N
564 DO 30 I=1M

505 30 PRINT 40, I (A(T,T) , J=LOW, THIGH)

566 40 l@Ri\f.[AT(IIO,5X,5(1X,D18.10))

567 I (N-THIGH) 50 60,10

St 50 RETURN

569 END

15




