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- BASED ON THE VARIATIONAL PRINCIPLE

" GIVES THE BEST FUNCTION DEFINED wTHIN THE SINGLE
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MINIMIZATION OF THE ENERGY £[Wi,..%n] WITH RESPECT O+

TO THE SPIN ORBITALS | SUBJECT TO THE COMgl'BANT THAT TREY
QEHA\N ORTHONORMAL :

SE=0 : E’ € - 2>; SP
, Py .MGRPINGE

o MULTIPLIERS
RS W+
ARBITRARY IMFIMITEsl MAL Aﬂouu‘l‘

THE FIRST VARIATION IN E):

e 6E’=.6&*22. €oq =0
' e T

=23, 81, +32(28)pg -6 Yopg,~ 280 SSpq)=0.

i P VirTuAL cHANGES CAUSED B W

- ®

NEW OPERATORS
JpD W)= Swpmh We()E; | Wai) |
COULOMB OPERATOR MULTIPLIFICATION OF Y BY A» MOHBSIZ

ﬁcpccwqco- g’wp(J)ﬁ- 'tvch)atJ]‘va(L)

EXCHANGE OPERATOR

‘"’ Jm=jw§(c)P(¢)dL.;=j1p;(jch)az*;
INTEGRALS
o (R0 = 15 (S e

HARTREE-FOCK EQUATIONS:

(COEFFICIENTE OF W HAVE TO VANISH)



Nj2

RO = L Epq Wo()  PThE-R2 e

F(L) H(L) “'i. [2Jq(t) ':K (L)] FOCK

/ — OPERATOR
\_/_v-——.———
ONE PARTICLE PART ALSO ONE PARMCLE OPErATOR !

OF THE HAMILTONIAN
AVERAGE POTENTIAL PRODUCED BY
ALL N ELECTROMS EXCEPT ONE

-—-—IJZ'ZA Zl’ez
H 2]1/., i g %’-:‘ “I-J

-

: COULOMB INTERACTION®
% H(O) TWO - PARTICLE OPERATOR

CENIRAL FIELD APPROXIMATION :
H= z,[Hm+ U+ 2, & - 2 u(..)

I.( J J |
/ ELECTRON oozesmnou

A
EFFECTIVE OPERATOR SMALL AS A PERTURBATION

ELECTROSTATIC INTERACTION BETWEEN 4E|.scnzom AN'.D
‘ﬂ-lt—. REST N-| SPREAD AROUND

N/2 CEI\J"IZAL

LD=2 [2Jq@-Kq]  FELD  W=RY
q..

\ Jp(D) %) '—‘[S We'(§) %;.f] W, (;)dE; ] Wn() COULON® OPERATOR.
(

ONE INTEGRRTION PERFORNED
* AVERAGE OVER ALL N-I ELECTRONS

(o ) )plo) Wa( Ddx; = Sgel Yo elugI d;‘?uwﬂser'eem,
e dr;
v

CHE‘.HICHL (D GG (), W
'PHH’SICHL
SINILAR BUT WITHOUT PHYSICAL INTERPRETATION No‘rp\‘noﬂ

EXCHANGE OPERATOR AND EXCHANGE INTEGRAL
(‘)(I) A ]9))

<Pglq P>




B43
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THE ENERGY 15 EXPRESSED AS A FUNCTION OF C-S
PARAMETERS (IT1S EASY TO EVALUATE THE ANGULAR PARTS),

FOR EXAMPLE: {2
E(19)= Fo +60F, +198F, +134F,
E(®P)= Fo tusF, + 33F, - 1283}Fg
E("D)=Fo +19F, - 93Fy +H5 K
E(3F)= Fo - |1O0R, — D3Fy — 286F;
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INHERE NEW PARAMETERS ARE USED

4 CONDON - SHORTLEY PARANM.
F, (npinp)= 25 F¥np,np)

R (nd,nd)=1/ua FRnd,nd); R (nd,nd)= "y Fndnd.)
Fa(nfinf)= Y532 FOneing);  Fy(nding)= Yz FOnfing)
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ORBITAL ENERGY
FOCK ENERGY OF AN ELECTRON THAT MOVES

EQUATIONS IN THE FIELD OF NUCLE| AND REMAINING
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H-F EQUATIONS !

SET OF COUPLED EQUATIONS
IS Zgp = TOTAL ENERGY 2

\ FOYp (D) = 2pWp ()
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HOW TO SOLVE H-F EQUATIONS



Bu.12

PROBLEMS

FROM THE DERINATION OF 1HE HARTREE-FOCK EQUATIONS
IT 1S WEARILY SEEN THAT IN ORDER TO EVALUATE TOTAL ENERGY
OF MANY ELECTRON SVYSTEN 3 THE EOLLOWING CONTRIBUTIONS
HAVE TO BE TAKEN INTD ACCOUNT:

1. Ip FOR EACH ELECTRON,

& qu{ Fog. EACH PAIR OF ELECTRONS WITH ANT- PARALLEL
PROJECTIONS OF SPIN

3. Jpq= Kpg FOR EACH PAIR OF ELECTRONS WITH
- PARALLET PROJECTIONS OF SPIN

ETOTAL: %IP +§3 qu +Z, (qu“‘kpq)
wrs oS '
N "

PROBLEM: ASSUMING THAT EXCHANGE INTEGRAL I,

IN THE CASE OF TWO ELECTRON SKSTEM 1S POSITVE,
SHOW THAT THE TRIPLET STATE 1S OF LOWER
ENERGY THAN THE SINGLET STATE. .

PRO®BLEM : EVALVATE THE TOTAL ENERGY OF Be AtoM
WOITH THE GROVLND CONFIGURATION OF THE For™
As? 28%,
AND EXPRESSIT IN THE TERMS OF APPROPRIATE
HARTREE- FOCK ORBITAL ENERLRIES.



P(r) ARE THE SOLUTIONS OF THE. EQUATION B4.13

(&, +22-ovn- M&"‘—) E)P(r)=0

dw? :
WITH BOUNDARY STURM =~ LIOVVILLE
CONDITIONS - BOUNDARY VALLE PROBLEM
P(0)=P(==)=0

W TorAL FUNCTION ¢ SIMPLE PRODUCT OF SPIN-ORBITALS
H-F ReQuUIRES QSLATER DETERMINANT gunT OF

P, me (T ¥CE)= L Po (7) Yy (18€) X (6)

@ SPIN-ORBITALS FORM ORTHONORMAL SET'

§T°T'AL MUST BE EIGENFUNCTION OF Lzl L‘Z'Szl SZ

COUPLING OF ANGULAR MOMENTA = COEFFICIENTS
3=)16-)) B-j AND TOOLS OF ATOMIC SPECTROSCOPY )

RADIAL EQUATION FOR P, ()

[
( g;z () - 3nL)Pm(“’) = g(~)
BOUNDARY CONDITIONS: B, (0)=0, B, (v) —>0

COUPLED SYSTEMS OF EQUATIONS
IT 1S IMPORTANT TO CONTROL CONVERGENCE TO THE
DESIRED SOLUTION BY , FOR EXAMPLE, NODE COUNTING.
THE H-F EQUATIONS ARE THE SAME FOR
152p *P AnD 45 3p 3P
THE NUMBER OF CHANGES OF SIGN IN THE SOLUTION
Pn[,(ﬂ') SHOULD BE M-—L-1



HOW TO SOLVE H-F EQUATIONS ¢ BH.1

4. NUMERICAL APPROACH
. SELF
SCF : Co:SlsTEMT
FIELD

IN ORDER TO SOWE H-F EQUATIONS , THE FOCK OPERATOR
HAS TO BE BUIT THEREFORE :

@) WO W0 W9 - \wimAL ESTIMATES , FOR EXAMPLS
HYDROGENIC WAVEFUNCTIONS

FOck OPERATOR BUILT OF {"l'.:“’)] => F©
I‘=‘(°’(|’.)"-l-‘q(5) o eq wq(l:) =

Equ) ) q"’i“)) Q'Pm“)
ACCURACY A, &

-

4&)
F(OWq(0) = £q%q(0) =>
E.qcz) ) Ql—h(?')}... Y ()

NO ES 2y (@ Q)
£q YW1, Um

a.l, e

SELF CONSISTENT FIELD

48 - 2 V()] 66 = 20 6(0)

i

WAVE EQUATION FOR A PARTICLE IN
A CENTRAL FIELD

LIKE IN THE CASE OF HWDROGENIC EQUATION =>
SEPARATION OF COORDINATES

(rees)= L P(r) Yym, Xms(6)

M

R(r)
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Table: Hartree-Fock calculation for 1s2p 3P/

=P N AV = AVERAGE ENERGY
Entar ATOM,TERM,Z el OF CONFIGLRATION
Examples: 0,3P,8. or Oxygen, AV.,8.
»Ha,3P,2.
List ths CLOSED shells in the fields indicated (blamk line if none)

- - . E - . = - LA O EE ﬂ’tGQ
- >
Entar electrons ontside CLOSED shalls {(blenk line if nome)

Exaaple: 2s(1)2p(3)
=3 >1s(1)2p{1) EXCITEGD CONRIGURATION

Thers srea 2 orbitals as follows:

is 2p
Orbitals to bs waried: ALL/NONE/=i (last i)/comme delimited list/H
- »all Y
' Default electrom parameters ? (Y/N/H) ;
-» >
Datault values for remaining pearemeters? (Y/N/H)
>

WEAK ORTHOGOMALIZATION DURING THE SCF CYCLEs T
SCF CONVERGENCE TOLERANCE (FUNCTIONS) =@A.000-08) ACCURRACY
NUMBER OF POINTS TN THE MAXTIMUNM RANGE =20 GUMERICAL FUNCTIONS

TTERATION NUMBER 1
SCF CONVERGENCE CRITERIA ({SCFTOL=SQRT(Z»NWF)) = 2.0D-08
EL ED AZ HORM PN
1s 3.5097389 5.5408312 1.0018151 4.180-03
2p 0.25899702 0.35699178  1.0D46569 3.61D-02
2p 0.2628234 0.3932430  0.9662618 9.78D0-03
2p 0.2620724 0.3056921  0.9973008 5.58D-04
LEAST SELF-COMSISTENT FUNCTION I8 1s: WEIGHTED MAXIMUM DPM=4.18D-03
ITERATION NUMBER 2

i

SCF CONVERGENCE CRITERIA (SCFTOL*SQRT(Z*NWF))= 4.0D-08

EL ED AZ BORM - DPM

1= 3.4578763 5.6314990 0.9972158 1.85D-03

2p 0.2631160 0.3068045  0.9984089 3.98D-04

1s 3.4675011 5.8313578  0.9998921 4.08D-05
! 2p 0.2831197 0.3086438  0.9998510 1.04D~05

LEAST SELF-CONSISTENT FUNCTION IS 1s: WEIGHTED MAXTMUM DPM=4.08D-05



Table 3.1 (continued)

ITERATION NUMBER 3

L ——— S S S S

S8CF CONVERGENCE CRITERTA (SCFTOL*SQRT(Z»NWF))= B.0D-08

EL ED AZ NORM

18 3.4674906 5.6313845  0.9999972
2% 0.2631197 0.3966453  0.9999986
1s 3.4674904 5.6313845  0.9999999
2 0.2631197 0.3066453  1.0000000

PN
1.020-08
2.710-07
2.74D-08
8.08D~09

LEAST SELF-CONSISTENT FUNCTION I8 is: WEIGHTED MAXIMUM DPM=2.74D-08

EL ED AZ NORM
1s 3.4674904 5.8313545  1.0000000
2p 0.2631197 0.30664583  1.0000000

Additional parameters ? (Y/N/H)
*n

1.6D0-07
1|
7.68D-10
2.490-10

Bl.l16
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