Hartree-Fock method

(things are becoming more complicated)

Quantum Chemistry
Lesson 9
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Ingredients of the H-F method

Ritz variational principle

Fo = ||rz/r)l||m1(¢|ﬁ|¢>

Hamilton operator

(X-representation, B-O approximation electrostatic approximation)
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(Hartree-Fock approximation)
Y CACO RN ¢Y
Y = \/_n—!det : : , {oi|ex) = Zgi/_zl/z Jpz 0" @i (7, )d7 = &

P1(n) - Pn()



Ingredients of the H-F method

Ritz variational principle

Fo = ||rt/r11||m1<¢|ﬁ|¢)

Hamilton operator

(X-representation, B-O approximation electrostatic approximation)
52

5 _ ff _vn N—1 Z]ZKe n— 1 n
H —He — k=1( Ak)"'z:] 1 ZK ]+1||R ” Z k= J+1||r ” Z] 121 1||R] 7,]”
Electronic wave
(Hartree-Fock approximatio
(@D D
Y =—=det| L), Aeiled) =22, s 0 GO0k F T = 8
Vnl! §=-1/

P1(n) - Pn()



H-F method

In summary

E, = (pfnm (1/)(<p1 (pn)|ﬁ|tp(<p1, ...,cpn)) , With constraints ((pj|<pk) = &,

Lagrange multipliers method
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H-F method

In summary
Eo = min (p(@1, - o) [H[(@1, -, on)

€= {ejk} is a Hermitian (symmetric) matrix

U'teU = diag{é,, ..., &,} (QTeQ = diag{&,, ..., &,} )

Lagrange multipliers method
Eo= min_ {(Y(@1, ., o) |H|W(@1, s 00)) = Xjx €k (@jlon) )}
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H-F method

In summary
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H-F method

Energy functional
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H-F method

Energy functional
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H-F equations

The H-F method as a mathematical problem
* variational calculus (with constraints)

* Lagrange equations - ...

Hartree-Fock equations
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H-F equations

Interpretation

* mathematical point of view
* aset of n coupled integro-diferential equations ...
« for n (real-valued) functions of 4 (3+1) real variables, ¢, (7, &)

* physical point of view

* one-electron time-independent Schrédinger equations
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H-F equations

Interpretation
* mathematical point of view

* aset of n coupled integro-diferential equations ...
* for n (real-valued) functions of 4 (3+1) real variables, @ (7, &)

interaction of k-th electron
with all the other electrons

{ 2m Z:] 1 || ”} (Pk(r 5) + { =1,j#k fRs l7=7'|| [ZE’ (,0] (F’ f )(P] (?’ E )] dF’} (Pk(r 5) -

* physical point of view

electron time-indesaada nt Schrodinger equations
interaction of k-th
electron with nuclei

kinetic energy of k-th
electron
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exchange interaction



H-F equations

Hartree method (equations) — additional approximation

* electronic wave function
P(1,2,...,n) = (12 (2) ... o (n)

* Hartree equations
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Energy

Variational principle
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Hartree-Fock approximation
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Restricted H-F method (closed shells)

Wave function
* even number of electrons (pairs with antiparallel spin projections)
* one-electron wave functions
9178 = (P)a(d)
0(7, &) = 1 (F)B(E)
© 937, 8) = p,(Pa($)
@4(7, ) = o (PB(E)

* P17 8) = Py (®alf)
Pn(7,8) = P2 (PP ()



Restricted H-F method (closed shells)

Wave function

°* even num
* one-electron
« 01(7,8) = . (F)
0,(7,8) = p1 (P L&)

« @3(7, &) = P, (Pa(é)
04(1, &) = P, (P L&)

* Pp (78 = ¢n/2(7)a(€)
Pn(7,6) = ¢ 2(PB(E)



Restricted H-F metoda (closed shells)

Wave function
* even number of electrons (pairs with antiparallel spin projections)
* one-electron wave functions

9178 = (P)a(d)
0(7, &) = 1 (F)B(E)
© 937, &) = p(Pa($)
04 (7, &) = d(FB(E)

* P17 8) = Py (®alf)
Pn(7,8) = P2 (PP ()

Restricted Hartree-Fock equations
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The end of lesson 9.



