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Foreword

In terms of bibliography, despite being no longer "modern" the quantum mechanics pre-
sented here comes mainly from the excellent Modern Quantum Chemistry by Szabo and
Ostlund [1]. Although dating from the 1980s, this book remains a reference book with

a broad scope for usual methods (excluding DFT). To go much further, particularly for
wavefunction-based methods, one can use the book written by Helgaker, Molecular Electronic-
Structure Theory [2], which goes way beyond "Modern Quantum Chemistry" and makes
extensive use of second quantization — neither used nor presented here. The goal here is

to build the foundations of several major families of methods. The emphasis is therefore
placed on several aspects:

¢ The Hartree-Fock method, which constructs the "best" atomic orbitals. It depicts the
classical vision of the electronic structure of molecules by chemists.

¢ Demonstrating a method for partitioning the multi-electron Hamiltonian into a sum of
single-electron Hamiltonians, all while explicitly accounting for the electron repulsion
term as much as possible.

* Explaining the SCF (Self-Consistent Field) procedure, which is the foundation of many
methods in theoretical chemistry.

I would like to warmly thank the people who have contributed directly or indirectly to the
creation of this handout: Vincent Robert, Paul Fleury-Lessard, Jean-Baptiste Rota, Mikaél
Képénékian, Hélene Bolvin, Vincent Krakoviak, Elise Dumont, Tommaso Roscilde, and Tan-
gui Le Bahers. It is through long discussions with them that I have been able to clear my
ideas on various technical aspects and points. I hope that this handout can serve as a mod-
est gateway for the new generation of theoretical chemists. I would like to thank the echem
organizing committee for their kind invitation.

If you notice any errors, mistakes, or inaccuracies, please report them to me at the address
« martin.verot # ens-lyon.fr » with an @ in place of the #.
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Figure 1: Mind map to show common methods used to solve the Schrodinger equation.
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Notations

I will use atomic units, which hides the following constants :

¢ the electron mass m,;

the elementary charge ¢;

the reduced Planck constant #;

the vacuum permittivity 47te;

2
e the Bohr radius ay = 4;?2? ;
e
¢ e? 2
* the Hartree 1 Ha = ;22 = me (47r£0h) '

Notation Meaning

dij Kronecker delta: ;; = 1if i = j, 0 otherwise

a(w) Spin function associated with ms = 1/2

B(w)  Spin function associated with mg = —1/2
R4 Nuclear coordinates
I; Electronic coordinates
N Total number of electrons
Q Total number of nuclei
M Total number of basis function orbitals
Indices
A, B Nuclei
i,j Electrons
u,v, T,k Atomic orbitals
k,m Molecular orbitals
a,b Occupied molecular orbitals
r,s Unoccupied molecular orbitals

«,---,0 Occupied molecular orbitals

Operators

A*=A Complex conjugate
At = At Hermitian conjugate (adjoint) of operator A

O A generic one-electron operator

Q)) A generic two-electron operator

i A one-electron Hamiltonian operator acting on electron i
A A multi-electron Hamiltonian operator

Jab Coulomb operator acting on orbitals ¢, and ¢,

Kap Exchange operator acting on orbitals ¢, and ¢,

E[¥]  Energy operator associated with the eigenvector ¥: E [¥] = W)
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Notation Meaning

One-electron quantities

Xu Atomic orbital (or spin orbital)

) Molecular orbital (or spin orbital)

fla A one-electron Hamiltonian operator acting on electron i

€k Energy associated with an orbital (atomic or molecular): f1|¢) = ex|¢x)

Many-electron quantities

Y, Many-electron wavefunction
I Multi-electronic Hamiltonian operator
E; Energy associated with a complete wavefunction: H|¥;) = E;|'¥;)
Integrals
Riem Matrix element of operator h,
M = <‘Pk > = <‘Pk(ri) 1'] // (Pk r; h(Pm (r;) dr;
Suv Overlap between atomic orbitals x, and yx,,

Syv: Xy‘?(v // Xy Xv

(ijlkl) ~ Two-electron integral, "physicist’s" notation

e I S L SERES

Jab Coulomb integral

Joo = i) = i) = [[[ [[[ loute) - | gyte2) | v di

Kap Exchange integral

Kao = (i) = (711 = [ [[[ 97 60085 (e2) 0y 0001 (52) iy i

(k) = <¢i¢j

Tableau 1: Some notations and their meanings.



Chapter 1

Laying the foundations

We will try to ... solve the Schrodinger equation for a molecular system with Q atoms and
N electrons. We will use the Schrodinger equation in its usual form:®

A", = EloYy, (1.1)
. Q 1 188 7z,72; M1 QN 7 1
A= Y ——Ap+5Y Y 242y oA - ZALY — (1.2)
A 2m 4 . 275 RAB/_i = A d TAi 5T
NG e \/—,\ —/_A N——"
TN VNN T, VNe Vee

where :

o Ty is the kinetic energy of the nuclei ;

e VNN is the nuclei-nuclei repulsion ;

e T, is the kinetic energy of the electrons ;
e Vi is the nuclei-electron attraction;

e V.. is the electron-electron repulsion.

and Y, is the solution, called the wavefunction. It’s a mathematical object function of all the
electronic and nuclei coordinates ¥; =¥ (ry,...,rn,Ry,...,Rg).
Among those terms :

e Ty and Van depend only on nuclei coordinates {R 4}
e T.and Vee depend only on electronic coordinates {r;}

* VNe couples nuclei and electronic coordinates

20r more modestly/pragmatically: do the best we can to obtain an approximate solution of the problem.

7



8 CHAPTER 1. LAYING THE FOUNDATIONS

1.1 The Born-Oppenheimer Approximation

This approximation simplifies the expression of the wavefunction by decoupling the nuclei
and electronic parts :

Y (1’1,. . .,I‘N,Rl,...,RQ) = Te (1‘1,. . .,I‘N;Rl,...,RQ) X TN (Rl,...,RQ) (1.3)
where :
e Yy is the nuclei wavefunction, which depends only on the nuclei coordinates {R 4 };

¢ Y, is the electronic wavefunction which depends only on the electronic coordinates
{r;} but where the nuclei positions are parameters. This is shown by the semicolon ";"
between the two sets of coordinates. It shows that the nuclei are still taken into account
to solve the electronic part of the problem !

The validity of this hypothesis comes from the huge difference of mass between electrons
and nuclei. In the worst case scenario, for an hydrogen atom, the mass ratio is equal to
mp 1,673-107%

P =~ 1836.
me 9,109 -10-31

The full Hamiltonian can be decoupled into two parts thanks to this approximation : a

nuclear Hamiltonian Hy and an electronic one He.

H* = Tx + Van + Te + Vne + Vee (1.4)
Hy = Tn+ Van (1.5)
He = Te + VNe + Ve (1.6)
AnYn = EnPN (1.7)
A.¥Y. = E.Y. (1.8)
HtOtTeTN = (Ee + EN) YN (1.9)

N/

oot

By decoupling the coordinates, we can set aside the nuclear part — which is much simpler to
solve than the electronic one. For purely static nuclei, Ty is void and Ey reduces to :

Q Q 7475

Ev=3) )

A B#£A Rap

(1.10)

The other way around :
e the full energy E™! is easily obtained from the electronic energy E. by adding Ey to it.

¢ for a given and static geometry : the energy difference of the full problem is already
given by the electronic energy difference AE, and it’s even not necessary to compute
En.

To sum it up : the Born-Oppenheimer approximation is a convenient way to focus on
the electronic part of the Hamiltonian (equation (1.8)) which holds the main hurdle to solve
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the Schrodinger equation : the electron-electron repulsion. From now on, we will limit our
focus on the electronic Hamiltonian H, and omit the "e" indix.

Z— (1.11)

Warning : The Born-Oppenheimer holds for most cases. However, it's known to fail
for conical intersections when there is a strong coupling between between potential energy
surfaces of different states. The approximation corresponds to assuming that electrons can
react almost instantly to the change of nuclear coordinates. But sometimes, a small change
of nuclear coordinates has a huge impact on the electronic structure. Som common cases are

¢ at the transition state for chemical reactions;

¢ when studying the dynamics of excited states (photochemical reactions);
ymg y P

* when the Jahn -Teller effect occurs (asymmetric occupation of degenerate orbitals).

1.2 Hartree Product, Pauli Exclusion Principle and Slater De-
terminants

If we ever end up with a problem that can be reduced to a mono-electronic operator /i} for
which we have the eigenstates (¢), called spin-orbitals, and eigenvalues (),

hoe = Px (1.12)
And if the full Hamiltonian can be derived as nearly the sum of the mono-electronic ones

(H ~ Y il). Then, the wavefunction constructed by placing an electron in spin-orbitals is
called a Hartree product :

yhartree (p L 1n) = Pa (11) Py (12) -+ - Pr (TN) (1.13)
By construction, it’s an eigenvector of H' = }; flll :
[y yHartree _ pyHartree (1.14)
with :

E=e€e+e,+ - +e (1.15)

In the Hartree product, we have a 1 to 1 correspondence between a given electron and
the orbital it’s placed into : a,b,.., k are occupied by electrons 1,2, ..., N respectively. But
electrons are undistinguishable particles, so the Hartree product does not hold a correct
physical meaning and is not a proper solution.
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Permutation Operators To write down the Schrdodinger equation, we had to give indices
to electrons in its mathematical expression. But as electrons are indistinguishable, we can
do a permutation of all the indices without changing the operator. We can write down a

" n

permutation operator which exchanges two electrons "i" and "j" :
Pif (xixj) = f (vj,x:) (1.16)
One can note that :

¢ the hamiltonian commute with all 151-]- operators as we have dummy indices for elec-
trons :

P;H =HPj=H (1.17)
As both operators commute, they have a common set of eigenvectors (the {¥}).
* As 155 is the identity operator, all its eigenvalues 7 are equal to +1. (155-‘1’ =¥ =75?%)

¢ Asthe ¥; are also eigenstates of all the permutation operators :

Pi¥ =n¥  avecy ==£1 (1.18)
By definition (or postulate) :

— all the particles for which 7 = —1 for permutations on two indices are called
fermions (those particles have a half-integer spin). Electrons are fermions (with
a spin of 1/2). It means that they must verify the antisymmetry principle : the
wavefunction must be antisymmetric with respect to the exchange of two elec-
trons : ‘Y(...,ri,...,rj,...) = —‘F(...,rj,...,r,-,...).

— all the particles for which 7 = 1 for permutations on two indices are called bosons
(they have an integer spin).

To help us build a wavefunction which fulfills this principle, we can use mathematical
objects built to obey the antisymmetry principle which are called determinants. We will also
try to build normalized wavefunctions. The physical objects respecting both conditions are
called Slater determinants. They correspond to the antisymmetrized product corresponding
to the Hartree product :

(r1)  ¢p(r1) ... ¢x(r1)

¢a(11
Wlrr, . ry) = 1 qba(:l'z) CPb(:rz) qbk(:rz) (1.19)

$a(rn) ¢p(rn) Px(rn)

bc

where all the spin-orbitals ¢, , are occupied by a single electron.” We can use a much
lighter notation than the one used equation (??). It consists in writing only the diagonal
which contains all the meaningful information:

Y(ry, ... tn) = [¢a (1) P (r2) - - P (TN)) (1.20)
= |patpp - - - ) (1.21)

PHere, to write the determinant we placed each orbital in a single column and each electronic coordinate
in a row. But we could have done the opposite without changing the final object as both a matrix and its
transpose share the same determinant.

“The Pauli exclusion principle appears here as a consequence of the antisymmetry of the wavefunction. If
two identical orbitals (sharing the same quantum numbers for atoms), two columns would be identical. And
by construction, the determinant would vanish.
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We can see a Slater determinant as an equivalent for an electronic diagram indicating only
the occupied orbitals (figure 1.1).

vision spin-orbitales vision orbitales

A
(Pt _— (Pu ‘Pl/( e
vision spin-orbitales o L
Pa(ry, w1)  Pp(ry,wi) ... Pr(ry,wr) T T
g _ 1 Pa(t2,w2)  Pp(r2,w2) ... ¢p(r2, w2) — — -
B V/N! o —— —— Pm P —
¢a(rn, wN)  Pp(rN, WN) ¢r(rn, wN) |
= op e
vision orbitales + + <H—
Hlr) For) - ) ++ .
g 1|0 F) o fy(n) + H
VNI| S 1} 1
Pa(rn)  @y(en) Ps(rn) 90 -4 —+ ¢ «H»

Figure 1.1: Equivalence between Slater determinants and the corresponding electronic
diagrams. We can either use spin-orbitals, where a spin-orbital can contain only a single
electron of given spin or use orbitals where we can put two electrons of opposite spin.

Spin-orbitals or orbitals ? Even if the spin does not appear explicitly in the Schrodinger
equation, it is something to consider to describe properly the electronic structure. For molecules
having an even number of electrons, we have two spin-orbitals with the same energy, one
can hold an electron with a ms; = 1/2 spin and the other with a —1/2 spin. In this case, it
means that we can decouple spin (w;) and space variables (r;) and we can re-index orbitals

to keep only the spatial part.

We will still keep some information about the spin of the electron by writing a bar on top
of the orbital if it's occupied by an electron of m; = 1/2 projection and nothing otherwise :

¢pa(r1, wr) = ¢y(r1)a(wr) = ¢y(r1) (1.22)

¢p(12, w2) = ¢ (r2) B(w2) = Pf(r2) (1.23)
(1.24)
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For the Slater determinant given figure 1.1, we have a full correspondance :

Pa(rr,w1)  Pp(ry,w1) ... Pr(r, wi)
‘Y(r1,...,rN,w1,---,wN)=\/% ¢a(r2:,wz) 4>b(r2:,wz) CPk(rzE,wz) 1.25)
$a(tn, wN)  Pp(rN, WN) ¢ (rN, wN)
¢a(11) @z(fl) @(fl)
_\/% 4’;(;2) %(Erz) (Pf(er) (126)
Pa(rn) Py (xn) P5(rn)

—/ —/
= [gay - ditx) = |94y 0)) (1.27)
The two notations for the Slater determinant (equations (1.26) and (1.27)) are nice but
not really useful to perform calculations. For that, we need to be able to expand the Slater
determinants. We can use several rules such as expanding recursively with respect to each
row or column. But in the end, we will always end up with N! terms where :

¢ all the occupied spin-orbitals (¢, to ¢x) appear exactly once,
¢ all the electronic coordinates appear exactly once (r] to ry),

* a + or — sign in front of them, we will write.

It’s the way to pair electrons with orbitals that will change in each term. We will re-organize
each term to put the first-electron first and the N electron last. In this way all the orbitals
will appear, but not in the same order as on the diagonal of the Slater determinant. The set of
required permutations of two indices to go from the "diagonal" order to the other is called a
permutation and is noted ¢, and there are N! of them. In the end, the expanded determinant
can always be written :

Pa(r1) Pu(r1) ... Pr(r1)
1 | ¢a(r2) ¢p(r2) ... ¢x(r2)

o) =051 L (1.28)
$a(rn)  Pp(rn) ¢ (rN)
1 N!
VN ;Sﬁria_@%ﬁ(rl) X - X Pon(1N) (1.29)

==1

with the {c},---, ‘7;11\] } corresponding to the indices {a,-- - ,k} given in a fixed order. An
example for a system with three electrons split into three spin-orbitals is given in appendix
A1, page 45.

1.3 Which Slater Determinants ? The "Single-Determinant"
Approximation

M
From a set of M spin-orbitals, it’s possible to build N Slater determinants: one for each

way to place the N electrons into the M spin-orbitals. For the Hartree-Fock method, we will
use what I will call the "single-determinant” approximation :
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* we will use only one Slater determinant for the wavefunction;

¢ this unique determinant will be the one where all the orbitals with the lowest energies
are occupied.

Warning : A single determinant cannot be a true eigenvector of the full Hamiltonian.
Otherwise we would have solved the N-electron problem thanks to N coupled equations,
each one dealing with only one electron.

1.4 Linear Combination of Atomic Orbitals

As molecular orbitals are functions of R?, if we have a full basis set {x,} for R?, then we
can write them as:

P =Y Clk X (1.30)
H

If the basis set is full, there is no approximation, but, it requires an infinite number of co-
efficients as this vector space is not finite. As a consequence it’s quite common to truncate
over a given set of functions that will be used as basis set of order M. It’s this truncation that
transforms the Linear Combination of Atomic Orbitals into an approximation :

M
b ~ chk?(y (1.31)
M

As all future calculations will have a cost that raises really fast with the size of the basis
set (as M*/8 for integrals for the Hartree Fock method, even higher for post-Hartree-Fock
methods). It is important to have a basis set as small as possible. For real calculations, we
will always end up with a compromise between the cost of the computation linked to the
size of the basis, the accuracy needed and how simple it is to compute integrals with the
chosen basis. There is no such thing as the "best" basis set. For example, if we use plane
waves, the integrals are super easy to compute, but it requires an enormous basis set to be
accurate. On the other hand, with Slater functions, the size of the basis can be much smaller,
but the cost to compute integrals will be really high. Gaussian functions take a bit from both
ends : it requires a basis set of moderate size and the integrals are rather simple to compute.

1.5 The variational principle

The variational principle is a really potent tool to find the ground state. The main idea is to
minimize the following quantity :

A

A
(YY)

E[Y] = (Fe| H|¥e) (1.32)

by playing with all the variables contained in ¥. For the Hartree-Fock method, it means
finding all the coefficients ¢, appearing equation 1.31 to minimize the energy. Usually, we
operate in a way such that ¥ is normalized, but it’s not necessary in principle. This principle
holds only for the ground state, but searching a minimum brings a lot of extra information
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on what we are trying to find : all the derivatives with respect to all the parameters will have
to be zero. We will also be able to use a lot of mathematical tools developed to find minima
and zeros of functions. ¢

For a wavefunction depending on a single parameter ¢, it would mean that we are search-
ing a value {p such that :

oLy _a (M) 133
¢, 9\ (vl /| -
E[y]
E, ‘

& -

Figure 1.2: Illustration of the variational principle : we are trying to minimize the energy, for
a single parameter { here, we hope to find an energy as close as possible to the ground state.

The variational principle gives a really important property of the energy of our trial
wavefunction.

A

E[¥] = minE[Y] > Eg (1.34)

where Ej is the exact ground state energy. Or said in another way : the minimum energy for
a given set of trial wavefunctions gives an upper bound of the energy of the ground state.

Proof If we write the "true" eigenvectors of H as Y ;. They form a complete basis set for
the vector space. We order them by their energy : E; < E; < - -+ and orthonormalize them :

(Ti|T)) =3
And if we decompose our trial wavefunction on this basis set:
¥=) 6T =Y (¥|T) 7T, (1.35)

:C]

dipn principle we could also find maxima of the energy. To check if it’s minimum or not, we can either
compute the second derivative with respect to the parameters or compute E [¥] close to the extrema and see if
it’s above or below the value found for the extremum.
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If the trial wavefunction is normalized, as {T;} are eigenstates of H, E('¥) is easy to
compute:

E [‘If] = <‘Y‘ H ‘T> = <ZC]T] H Zcili\i> = ZC?CI‘ </I\]‘ H | T1> (1.36)
j i i;j
=Y. (Y| H|T)) (1.37)
J :‘l’sj

As Eg < E; V], we have the following inequality :

EM =) c(T;|H|T))> (Zaf) Eg (1.38)
J 7 ]

=E;

As our trial wavefunction is normalized (Z]- c]2> = (Y|¥) = 1. We showed the inequality

and that the equality holds only for the true ground state T ¢. By minimizing the energy we
are getting as close as possible to the ground state energy.

Note 1: The variational principle holds for the ground state of a given spin multiplicity
for a given symmetry and not only for the true ground state. As the Hamiltonian is block
diagonal, the variational principle holds for each block.

Note 2: The quantity min £ [¥] found with the variational principle is an upper bound of
Ep. There is no reason to attain the true ground state energy. The variational principle gives
only an inequality. In a finite basis set, the truncation done with the LCAO gives us many
reasons to have difficulties to reach the true ground state. To be more optimistic : we also
know that by expanding the basis set, we will be able to get closer to the ground state. But
we should also remember that with the Hartree-Fock method, we will be in the vector space
of wavefunctions described by a single determinant which is not the full vector space.

Note 3: In our case, the wavefunction will be an indirect function of all the coefficients
decomposing the occupied molecular orbitals over the basis set functions used for the LCAO
¥ = f({cyx}; {xu}) (the k index runs over the N occupied molecular orbitals from ¢y to ¢;
and the p index runs over the M basis set functions x; chosen for the LCAO). It means that
we are finding the minimum of a function having N x M parameters.

Note 5: It is quite common to perform the same calculation of E[¥] for growing basis sets:
once the energy converges to a given value, it usually means that we took a vector space
big enough to obtain the best minimum to describe the ground state as well as we could
within our set of hypothesis and approximations. If the cost of the computation to attain the
convergence, we have to make a compromise.
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1.6 Lagrange Multipliers

The presentation of Lagrange multipliers given here focuses on quantum theory, for a intro-
duction from a mathematical standpoint, you can watch these videos https://www.youtube.
com/watch?v=8mjcnxGMwFo, https://www.youtube.com/watch?v=5A39Ht9WcuO or go to https:
//tutorial.math.lamar.edu/Classes/CalcIII/LagrangeMultipliers.aspx for simple ex-
amples.

Lagrange multipliers are a convenient way to apply the variational principle while adding
some extra additional constraints linked to the physical meaning of the objects that we are
trying to find. We will build an operator called a Lagrangian by putting together the quantity
we want to minimize and the constraints (stated as "something is equal to zero") multiplied
by an unknown quantity called a Lagrange multiplier :

Llgl = /9] - A X 8l9] (1.39)
S~~~ ~—~— ~—
quantity to minimize = Lagrange multiplier  constraint written as ¢[¢] = 0
where f and § are operators acting on the object ¢. This object combines in a single quantity
both the physical problem and its constraints. It’s a way to gather several equations together.
In quantum chemistry, the constraints are generally linked to the normalization or the
orthonormality of the orbitals or the wavefunction.

After building the Lagrangian, we will derive it with respect to all its variable and require
all derivatives to be equal to zero. This derivation can be either a functional derivative
(where we change continuously the function ¢) or a "common" derivative with respect to
some given variables. In the second case, it means that we require :

oL[p] _ ,

where ¢; is a variable appearing in ¢, such as the coefficient for the decomposition of the
molecular orbital ¢ on the atomic orbitals x,.

1.6.1 A first example : finding the orbitals of a mono-electronic operator

Before using Lagrange multipliers for the full wavefunction, we will show how this mathe-
matical tool can be used to find the orbitals ¢y for a mono-electronic operator h;. As stated
in section 1.5 we will use simultaneously :

¢ the variational principle : we want too minimize the orbital energies

0] <¢k‘ h ‘¢k>

Elpy| = ——F——"F7——
(PrlPr)

e but we also want the orbitals to be normalized which will add a new constraint :

(Pkle) — 1
We will thus create the Lagrangian as :
Ligd = {(oc| b |x) —A [(pilgpe) 1] (1.42)

N————
normalisation

(1.41)

———
« principe variationnel »

= flou] —A8[dn] (1.43)


https://www.youtube.com/watch?v=8mjcnxGMwFo
https://www.youtube.com/watch?v=8mjcnxGMwFo
https://www.youtube.com/watch?v=5A39Ht9Wcu0
https://tutorial.math.lamar.edu/Classes/CalcIII/LagrangeMultipliers.aspx
https://tutorial.math.lamar.edu/Classes/CalcIII/LagrangeMultipliers.aspx
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as the constraint is to have normalized orbital, it is possible to replace (¢x|¢px) by 1 in the first
part of the Lagrangian.

We can now derive £[¢] with respect to all its variables which are the {cur}. We will
consider both real orbitals x, and real coefficients ¢, to make the calculations easier.

aLlp] ° <‘Pk‘ h ‘(Pk> 9 [¢xlg) —1] (1.44)

d Ctk 0 Crk 0 Ctk

For the first term, we have to expand it:

A A S

d Crk dcy

o)+ o B )

(1.45)

As:
<‘Pk‘ h “Pk> = <§Cyk?(y

M M;M
= Y (X | B ) +2 ) curcur (x| B [ x) (1.47)
H V

~— v>u

M
chk)@> (1.46)

h#ﬂ

We can use it to express the derivative :

9 (Pu| b | ¢x
5 < ‘CTk‘ > = zcrkhf’r + ZV; Cykh’f]/ =2 Zcﬂkhﬂ/ (148)

For the second term, we can use the expression of the overlap :

<¢k‘¢k chk +2 2 Cykcvksyv (1.49)
v>u
M ) M M
- chk + Z Z Cykcvks;w (1.50)
H 1 ov#u

to compute the other derivative:

O [(Prlpr) —1] _ 9 (Pelw) _ <a Pr

8 Crk 8 Ctk 8 Crk

)+ (n]2

As we are looking for a minimum of £[¢;], we have :

P > =2 (xclr) = 2)_ xS (1.51)
H

8£<pk

a —22 TH )\STV Cﬂk—o Tzl,"',M (1.52)
Ctk

@Z ey — ASey) cur = 0 T=1,---,M (1.53)
H
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The equation (1.53) is a generalized eigenstate problem. In the basis of the x,, ¢; can be

written as a vector (equation (1.54). And we can write the matrices of h (equation (1.55) and
S in the same basis set :

Clk
gbk = Cyk (1.54)
CMk
h11 th ]’lly th
fl _ h”cl her hry (1.55)
i hue g
han havim
S11 Sy Swm
5= St1 Str Sry (1'56)
Smi v o+ Smum
Equations (1.53) are equivalent to :
(fz - AS‘) b = 0 (1.57)

As fi — AS is an hermitian matrix, the eigenvalues are real. If we find an eigenvector ¢
(not null), it can be easily normalized to normalize it.

Note : We can see that using the variational principle on the Lagrangian is equivalent to
solving the secular equation :

|H—eS| =0 (1.58)

1.6.2 Lagrange multiplier and energy

First Method: doing a othonormalization of the basis set We can orthonormalize the
basis set, (with the Gram-Schmidt method or with any other method). In this basis set, the
problem is a simple eigenvalue problem (as the overlap matrix is the identity matrix). The
expression of /1 written in this basis set will be written ' and equation (1.57) becomes :

(ﬁ/ - /\I) ¢ =0 (1.59)
W = Ay (1.60)
The Lagrange multiplier which was introduced rather artificially equation (1.42) has a

profound physical meaning : it is the energy/eigenvalue ¢ for the eigenvector ¢! Solving
the set of equations found with the variational principle is strictly equivalent to finding all
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the eigenvalues and eigenvectors of equation (1.57) (or equation (1.60)). In practice, only the
lower end of the spectra is of interest. We usually order the eigenvectors ¢y in raising order
of energy. This way it’s easier to build the proper Slater determinant where only the first
spin-orbitals are filled (up to the number N of electrons).

Second method n°2 : Computing explicitly the energy We can also start from (1.57) and
then compute the energy thanks to equation (1.32) :

<47k‘ h ’<Pk> B <Zﬁ46yk)cy’ h ‘fowcvk?(v> B L L Cpeuk <Xy‘ h ‘Xv>

€lpr] = = = MM (1.61)
(Pelpe) (EM ety | M curxs ) Lt S e (X | xv)
We can then multiply equation (1.53) by c7;, and sum over a dummy index 7 :
@2 tu — ASeu) Cu =0 T=1,---,M (1.62)
& Zhwcyk =A Zsrycyk (1.63)
A ZECTkCHk T# =A chrkcﬂk STF (1.64)

hlx

(e ) <Xr i)

As the we have dummy indices, we can the that the left-hand side corresponds to <<Pk ‘ h ‘ 4’k>

(equation (1.47)) and the right-hand side corresponds to (¢x|¢px) (equation (1.50)). We can
again see that A is in fact & [¢y].

1.7 Summary

Up to now we:

1. simplified the Schrédinger equation into two parts : a nuclear one Hy (equation (1.5))
and an electronic one He (equation (1.6)).

2. saw that finding a mono-electronic operator linked to the full Hamiltonian will make
the problem of solving the Schrédinger equation easier

3. saw that spin-orbitals ¢ are eigenvectors of mono-electronic operators and they have
an eigenvalue which is their energy .

4. saw how to build Slater determinants from those orbitals ¥ = f({¢x}). We will take
the wavefunction as a single determinant and we will have to build its poly-electronic

energy E = g({ex}).

These steps are schematically given on figure 1.3. At step 1, 2, 3 and 4, various approxi-
mations are involved:

¢ the Born-Oppenheimer approximation at step 1 ;
¢ the mono-electronic approximation at step 2 ;
¢ the LCAO approximation at step 3 ;

¢ the single-determinant approximation at step 4 ;
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A A A €A E, :
Htot = HN + He .
Etape 1 M |— M :
A,Y =EY : '
E —_—
Etape 2 . z . 1z
He ~ Zhi € _ ¢ ' & -
Etape 3 k ) K — + .
he; = €jd; , : Ep | — ‘I’B/ e
Etape 4 : Eqp| — ¥y
Y~ f({()b]}) €1 |—¢1 Ex - TX\ €_ i
B~ g({ej}) E "
Etape 3 Etape 4
ape ape M

Figure 1.3: Common steps to solve the Schrodinger equation through mono-electronic
operators.



Chapter 2
The Hartree-Fock method

2.1 Mono and Bi-Electronic Operators : the Slater-Condon
Rules

To solve the Schrodinger equation, we will need to compute some terms like (¥ | H | ¥) to
tind the energy associated to Y.

N Q
H= _ZGA“LZQ)”: L (2.1)

T ai —~
A l i>j Y
_ ]v

-~

The Hamiltonian has only two types of terms :

* mono-electronic operators acting on a single electron (for the kinetic and potential en-
ergy)

* bi-electronic operators acting on two electrons (for the electron-electron repulsion)

We saw the computation of some term in section 1.4. But here, we will have some differ-
ences :

¢ instead of working with orbitals, we now have a wavefunction which is a Slater deter-
minant;

e we have bi-electronic terms in H that were not present in h.

21
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2.1.1 Mono-electronic operator terms

We take Qll as a mono-electronic operator acting only on electron i.

Afterwards, all the orbitals will appear in "electron order" : the first orbital will hold
the first electron and so-on (as in equation (1.29)). This way, we will be able to omit the r;
notations for the moment.

Diagonal elements

For the following Slater determinant:

[¥) = | (11) - pr (1) -+ P (xn)) = Pu -~ o+ ;) (2.2)
o 1 N! o N!
<1F ‘ Qll III> = N! <ngn(aﬂ)¢o}ll o '(PO';; e X (Pa'{,\] Qll ngn(av)(l)a,} o '(P(ré o '(P0'1N>
1\4 a
(2.3)
1 N! N! e
= 77 2 2 Sgn(ey) Sgn(ov) (9o P by | O [ Qo1+ b+ by )
| L
(2.4)
1 N! N! n
— 7 LY 580(0,) Sgn(0v) (91 |91 ) -+ (01 | O [901) -+ (P | 9)
Y =011 ” \_:51\1 N ]
. " 2s)

As long as any term i |¢ ;) for any j # i does not have the same indices on the
& y ‘P% ‘Pav Y]

left and right part of the braket, the full term vanishes because of the orthogonality of the
orbitals ¢. As a consequence, among the N! terms, only the ones where Uil = o), pour Vj # i
remain. And in this case, it also means that 0';, = 0'11;, that is to say 0, = 0.

(v o 4>C,5> x (o | O

B 1 N! ) |
)= e i 1;[<¢

bo;) (26)

-~

=1

In this sum, (Tli can take the valuea, ---, T, - - -, . So we must see how many terms of this

kind exist. If we set Uli = a, then all the other N — 1 indices in the permutation are free.
We have (N — 1)! possibilities. It means that we can sum (N — 1)! identical terms for the N
possibilities of o,

(F| O [¥) = (o (r)-9e (1) 9¢ (1) | OF | u (1) - 9o (1) -9 (1n) ) 2)
=N Y (e | O o)) = T (o] O | o)

k=a,- L k=a,-,C
(2.8)
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If we now sum over the N identical Q) operators and not only the i-th one, and if the ¢
are eigenvalues of ();:

N
at= Y O (2.9)
i=1
(¥ | Ot | ¥) :N<‘I’ O ‘I’> - ¥ <¢k‘ O ¢k> - Y & (210
k:a,.../g k:[x,...,g

We find that the full term corresponds to the sum of the expectation values for all the
orbitals as for a simple Hartree product.

If the ¢ are not eigenvectors:

FIOPY) = ), =), (dlulpw) (2.11)
k=a, - ,C

k:“’. .. ,C
An example is given in the appendices (section A.2.1).

Off diagonal elements

We will now compute terms involving different Slater determinants.”
) = g (1) e (1) g (1)) = 9+ 0) 212)
(¥') = |¢w (11) - o (1) -+ b7 (xN)) = [P -~ Por -+ Pg7) (2.13)

The calculation is done in a similar manner as previously. From equation (2.5), we can
see that now there is only a single possibility to have a non vanishing term : oy, must now be
equal to T or 7/, otherwise, we will have a (¢ |p/) which will cancel the whole term. Thus
we have

(¥

A\
Ql

¥) = (gu oo 0u | O [ peir) 214)
- % (po ] O [ r) (2.15)

Then we can deduce that:

¢ if the determinants do differ by more than a single orbital (there would always be a
term (¢|¢p) equal to zero):

e if the determinants differ by only one spin-orbital (which has the index 7 or 7’).
N A

(v| 2o
i

An example is given in the appendices (section A.2.2).

N
LM
i

‘I’> =0 (2.16)

‘{’> =0 (2.17)

2It’s not useful for the Hartree-Fock method but it might be of interest in other cases.
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2.1.2 Bi-electronic terms

The principle is similar. We will first start for two Slater determinants not necessarily equal
for an operator acting on the first and second electron :

[¥) = ga(r1)gp(r2) - pe(ri) - P (rn) (2.18)
[¥') = o (r1)pp (1) - - - P (1) - - - P (1) (2.19)
1 N! N! N
(¥ OF | ¥) = 57 L L Sen(c0) Sen(cn) (gu(ra)p(r2) | OF [ ga(r1)gp(e2) ) x [T oce
THv i=
(2.20)

The matrix element does not vanish if and only if T = T/, Vi > 2. Otherwise, at least one
term on the last part is zero becasue of the orthogonality of the basis set. It means that : the
integral is zero for a bi-electronic operator as soon as more than two spin orbitals differ in the two
determinants considered.

Before going further, we will consider what happens for two Hartree products.

Same determinant: ¢ = Y or {¢y, -, Pr} = {¢Pa, -+, P}

As all orbitals must be identical except the one for electron 1 and 2, we can have only two
cases: :

e o/ =wand p’ = B, then:
(9o ()9 (x2) | OF | gulr)pp(r2) ) = (pulr1)gp(ra) | OF | galri)pp(r))  (22D)
e o/ =Band p' = u, then:

(9o 1)y (x2) | OF | 9a(r1)9p(r2)) = (Pp(r)u(r2) | OF | @a(r1)gp(x2))  (222)

Off diagonal elements

It's not needed in the Hartree-Fock method, but may be of use in a near future. In this case,
there is no restriction on the indices and we have:

¢ If there is a single difference of occupation between the two Slater determinants (a #

o; B/ = B):
(v

e if there are two differences(a # o; B’ # B):

W

e otherwise:

Of |p) = 3 ({utp| OF | gutp) - (guts| OF [gp0n))  223)

OF | ¢) = ((puts | OF |0utp) — (9wt | OF | 0590)) (224)

v

0L ‘¢> =0 (2.25)



2.1. MONO AND BI-ELECTRONIC OPERATORS : THE SLATER-CONDON RULES 25

For a Slater Determinant For the Slater determinant corresponding to the Hartree product
seen equation (2.18) :

N! N!
(v | 0B [¥) = <7 23 Sen() San(n) (fgdz | OF |900002) % by oty (226)
e
Among the N! terms, all those where the permutations differ by more than two indices
are zero. For the remaining terms, there are all possible pairs of spin-orbitals for ; and c7,
and once these two indices are fixed, there are (N — 2)! corresponding permutations all of
which will yield identical terms. Furthermore, for each pair of indices (TV and (7 we have
seen that there are two corresponding terms (equation (2.21) and equat1on (2. 22)) If (7 =0}
and (7 = 02, the two permutations have the same signature. If (7 = 02 and (7 =a}, then in

this case, the signatures of the two permutations are oppos1te

(F|OP[¥)= v =20 & % [(guten| OF |min)on(e)

k=a,-- g m=a,--g;
m;ék
— (Pu(r)ge(x2) | OF | 9(x)pn(x2) )|
(2.27)
“n=D, L L (0| OF [0in) ~ (o] 08 [scom)]
- N(N— 1) Wl Pl PkPm 2 | PkPm PmPk 2 | PrPm
m#k
’ (2.28)
If we now sum over all possible pairs of two-electron operators:
Qtot Z Ql] (2.29)
(] Q) = %ﬁk y g » g {pup | OF | @) = (pndec| OF |9 |
0] k=, L m=a, ;
" (2.30)

The summation over all the 7, j indices give N(N — 1) identical terms, so :

(Y] Ot |¥) = %kﬁ g Y g {(xgur | OF | @upn) = (duge| OF |gep)]  @3D)
7y m:n:é;k",;
1 N N -
-2, L L (9tm | OF | pim) — (ontrc| OF |oupm) | 232)
=Jim =K J

because (rpm | 3% | Pxpm) = {(Pxpm | Q3? | pmx) if k = m, so we can add the missing
term without changing the result.

PBecause an additional exchange is needed to go back to the same permutation.
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This sum contains the sum over all the possible pairs of orbitals of two types of integrals
(which will be discussed in more detail in section 2.2.5):

¢ The first, [i,,, with a "+" sign, where electron 1 occupies the same spin-orbital ¢; and
electron 2 occupies the spin-orbital ¢, on both the left and right sides of the operator.

* The second, K, with a "—" sign, where electron 1 and electron 2 alternately occupy
the orbitals ¢ and ¢y,.
An example is provided in the appendices, section A.3, to illustrate the principle of the

calculation.

An example is given in the appendices (section A.3).

2.2 The Fock Operator

Using the hamiltonian for the Schrodinger equation given equation (2.1) we will use the
method of Lagrange multipliers seen section 1.6.

& N1 < Z 1 Atot Atot
i A TAi i~ Tij
N —~ ~~
I 0
. . N
LI¥] = (Y| H|F) = ) Mow ((Prlm) — m) (2.34)
k,m

where it = YN il et Oft = %Zg&]- rlT]
Then we apply the variational principle seen at section 1.5 doing an infinitesimal varia-
tion 6 of ¥, which is done thanks to a variation of ¢, on the spin orbitals ¢,,.

0 Pm
8 C1k
; :
Yo ¥y (235) it T I R
Om — P+ Opn  (2.36) “nk
0 ¢Pm
d Cpik
We want :
SL[¥]
= 0 (2.38)
& OL[Y] =0 YVopu m=1,---,N (2.39)
OPm
0 Cum

We will compute each term individually :
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e the mono electronic part /!t ;
e the bi-electronic part Ot ;
¢ the part linked to the constraint which is to have orthonormalized orbitals.

We will then write :

SL[Y] = Y 6mLl[Y] (2.41)

2.2.1 Derivation of the mono-electronic part

We will compute the functional derivative :

oMt = (¥ + 0¥ | It

¥+ o) — (¥ At

‘I’> (2.42)

To this end, we will consider a variation of ¥ linked to a variation done on a given orbital
¢m. the "m" index after the ¢ in §;, indicating the kind of derivation we are doing.

i =Y (] i [0 + (ot 0 | B | gt ) — X (] | o0) @99)

k=1,k#m =
= (Pn+-0gm | I | o+ 60m) — (9 | P | pm) (2.44)
= ///r(<i>m + 0m) Iy (@ + Spm) dx — ///r P l1pm dr (2.45)

by linearity of /; and of th integration operator:

= ///r (54);1;11(547”1 dr + ///r(]);;fll&])m dr + ///r 5(,1);;1?11(]),,1 dr (2.46)

We neglect the first term as it is quadratic in ¢, and we consider a small variation :
Sl (S | @) + (| I [00m) (2.47)
As it has to b true for all d¢y, :

htot Z 5 htot < 5\If‘ htot

7)o

2.2.2 Derivation of the bi-electronic part

5\1f> (2.48)

We can do the same kind of calculation for the bi-electronic part starting from equation
(2.32).

(Y| 0P |¥) = % % % [<‘Pk4’l‘ 0y’ ‘4’k4’l> - <‘Pk¢l‘ 0’ “Pl‘f’kﬂ (2.49)

k= I=a, ¢
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For a small variation of ¢, and as if it changes, it’s changing in both the summation over /
and k as we have dummy indices :

1

SO = 2|, Z Z Ja—Kw).
k;ém e la;ém
+ Z ((oCon-9m) | OF [0+ 0m)) = (grtem +3w) | OF | (9 + o))
k;«ém
+ 1:2 ] ({ @+ 00u)gn | OF | (9 +0¢m)g1) — (P + )1 | O | ¢u(gn +I9) ))
. N N
- k_Z; gl_Z; gUkl\Kkll] (2.50)

(12 being linear, we can expand each term :

(9l +09u) | OF | el +09u) ) = [{ |02, puur) + (915¢m) | OF | peg)

(2.51)
(@ +00m)pe| OF | @@+ 0m) ) = (@ni [OF pudr) + (P | OF | 916¢m)
(2.52)
(0gugc| OF | 9om) + (00uerc O 986 )
(2.53)

The last term can be neglected (_) as it is again quadratic in d¢,, and the sum of the first
and last terms in (2.50) cancel out with the last term of (2.50) (~_).

1
As the two terms in the middle of equation (2.50) are equal (which deletes the factor E) :

' = % {900 | OF [ @) + (pep | OF | g )

—(Puge| OF |00 ) — (0guge| OF |om)|  @59)
The summation over the indices is broken but as for m = k the terms cancel each other :
(Onm | OF | pun) = (#ndtu | OF | guepn ) (255)

We can add the term k = m to the sum to restore the symmetry :

5" = 3 [ (089 | OF | @) + (9im | OF | 9489 )

k

—(9um | OF |60uti) — (9im | OF | @) 256)
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2.2.3 Derivation of the constraint of orthogonality

Again, we can do the calculation by doing a variation ¢, (the indices m and k are dummy
indices) :

N N
m <k2 AMem ((PklPpm) — 5k,m)) - ;)\km ((6Pm|px) + (Prl6Pm)) (2.57)

2.2.4 Full Derivation

We can now sum up the three terms and see that w always have a sum of one term and it’s
complex conjugate for all variations d¢y, of ¢y, :

Sl [¥] = <(5<pm‘ i ‘cpm> +; <<(5(Pm4)k‘ oL ‘<Pm¢k> - <(5¢m¢k‘ 032 ‘¢k¢m>)

N
=Y Mk (Opm|¢px) +c.c. =0 (2.58)
k

= /// 6y, (11) <ﬁ1¢m (r1)
+Z</// ¢y (r2) ‘Pk 12) i (11 drz—/// i (r2) 4’m (r2) ¢k (11) drp

_Akm(Pk (1'1) ) > dl‘l +cc.=0 (259)

2.2.5 Fock, Coulombian and Exchange operators

As this relation must be true for any variation ¢, it means that each term must be equal to
zero. It may look intimidating but it can be written in a much simpler way :

N
(0gu]| f |gu) = <64>m ZAkm¢k> (2.60)
k
. N
& fom =Y MemPx (2.61)
k
where we introduced the Fock operator:
P N
=h+)_ (Ji — Ke) (2.62)
k

with :

Jgpm (x1) (///rzwz (r2) ¢k(f2)df2)¢ (11) (2.63)

Ko () = ([ 5 ) (1) ) () e
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where Jj is called the Coulomb operator and K is the exchange operator (see below). Again
the k = m term ar added thanks to equations (2.55) and (2.56) as fmq)m = Kmqu.

The Fock operator is ... a mono-electronic operator! We will thus be able to fall down on
the road paved in chapter 1 (see section 1.7).

But we must not be fooled : doing the variational minimization, we found a lower bound
of the energy for the variational space that we chose, which is the one where we have a single
determinant with "free" molecular orbitals. We should still be aware that :

¢ The variational principle decoupled the N-body problem in N problems of 1 variable.
But doing so, we averaged the electronic repulsion as we integrated over the whole
space. The Fock operator gives the best single-determinant wavefunction and the
"best" orbitals.

¢ We can wonder on the importance of the basis set. Expanding it adds a lot of unoccu-
pied orbitals that do not seem to play any role at the moment.

The Coulomb operator Equation (2.63) defining this operator shows that the Fock opera-
tor lowers the averages electronic repulsion.

figm ) = ([ toete) - () ) g (1) 265

The electron in rq in ¢, "feels" the average repulsion from electron 2 placed in ¢. This
operator is said to be local. As it depends only on ry.
The projection of equation (2.63) over ¢, gives:

@l Bl = [[[[ [[] toee)P = 10w (r0) drzalr (2.66)

We can see that it is the quantic equivalent of the electrostatic potential : instead of having
two point charges in the classical approach, we now have the probability of having electron
1in r; and electron 2 en r; if they lie in ¢, et ¢y respectively.

Exchange operator We can rewrite the operator defined equation (2.64) :

R (1) = ([ 1) (1) ) () e
= JJ[ 0k (52) 2 Pra 91 (52) s (r0)] (268)

where Py, is the permutation operator for electrons 1 and 2, it exchanges both electrons. This
term really come from the antisymmetric structure of Slater determinants (equation (2.26)).
Unlike the Coulomb operator, it is non local as it’s value in r; depends on the value of ¢ in

I>.

Mean-field potential The Fock operator replaced the electron-electron repulsion by an av-
eraged potential v!if :

N
f = i’\l% + ;///rz,wz (P;(k (1‘2) % (1 — pu) (Pk (1'2) dl'2 (269)

oHF
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Canonical form Equation (2.61) is not a standard eigenvector problem as there is the over-
lap matrix on the right-hand side of the equation, however, the A, are matrix elements of
an hermitian matrix (Ax,, = A ). As the Fock operator does not depend on the electron
considered, we can change the basis set to diagonalize the Fock operator in this basis, writ-
ten {¢ }. In this basis set, we fall down to a proper eigenstate problem where the Lagrange
multiplier are the eigenstates of the Fock operator (see section 1.6.2) :

fom = €' P (2.70)
From now on, we will use a basis set where equation (2.70) is valid.

Equation 2.70 looks like a simple eigenstate problem where the problem is just the di-
agonalization of a given matrix for a mono-electronic operator. But in fact it’s much more
complex : the Fock operator itself depends on the spin-orbitals that we are looking for! The
¢ do appear in equation 2.69. Thus, it would be more correct to write the equation as :

F(hr - 7)) X Oy = €n® X ¢y, (2.71)

To underline the non-linearity of the problem at hand. we will see how to solve it in section
24.

2.3 Roothan equations

As the problem is non linear and depends on unknown orbitals, it may seem untractable.
But Roothan proposed a method to do the numerical resolution. The main idea is to use
the LCAO approximation and express everything in the starting basis set of the atomic or-
bitals. Once it’s done, we can do something similar to what was done at section 1.6 with the
problem written as equation (2.70).

M
$m = Y CumXk Vm=1,---,M (2.72)
T
R . M M
Om =Y CumXk = €m Y_ CumXk (2.73)
T T
by projecting on x :
A M R M
< <Xv f <Pm> =) Cum <7cu f ‘Xy> =€em Y _Cum (Xv | Xu) (2.74)
T Iz
M M
vaycym = €m stycym (2.75)
7 T

Which is fully analogous to equation (1.53) :

fc=38ce (2.76)
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where :
€1 0 0 0 C11 e Clm t CIM
A A R 0 €2 0 0 Cy1 °° Coypy -+ CoM
f= (fVH) S:(SVV) =1 C=
0 0 0 em CM1 " Cmm - CMM
(2.77)

These are the Roothan equations.
From now on, we will have to compute the matrix elements f,,:

1 ,
—(1—Pypp)
712

A N M
fou = <Xv hy Xy> + Z<Xv X ZCTkXT

T

M
Xu X ZCKkXK> (2.78)
K

= <Xv i Xy>+

* 1 A
CokCrck <XVXT 5(1 — Ppp) ‘xyxx> (2.79)

. 1 1
CriCrk (<XVXT a ‘XWCK> - <XVXT E ‘XKXV>>

(2.80)
This shows that to compute the full matrix of the Fock operator we will have to compute
three kinds of integrals :

:
:

~[I= ==

x
z

= <Xv fl1 Xpt>+

e mono-electronic integrals for the kinetic energy of /1; :

/ / A (1) (—%A) X (r1) dry (2.81)

e mono-electronic integrals for the potential energy of 1y :

Q
// Xy (11) <— Zé) Xy (r1) dry (2.82)
r A

* bi-electronic integrals of the form :

// /,f1 // 0 X (1) Xz (x2) i?@t (r1) X (r2) dry dr (2.83)

As we have four indices, we have of the order M*/8 of integrals to compute® with
M being the size of the basis set. This huge amount of integrals to compute can be a
limiting factor to perform a calculation (see table 2.1).

2.3.1 Orthogonalization of the basis set

If the starting basis set is orthonormal the Roothan equations (2.76) are directly an eigenstate
problem as the overlap matrix is the identity.

CéM (M+1) (M?+ M+ 2) exactly.
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M number of integrals to compute

4 55

10 1540
100 12753775
1000 125250375250
10000 1250250037 502 500

Tableau 2.1: Number of bi-electronic integrals to compute with respect to the size of the
basis set M.

But there is no reason to have an orthonormal basis set as they are not centered on the
same atoms. Instead of keeping this non-orthonormal basis set which add a lot mathematical
difficulties, it's much simpler to perform an orthonormalization first to make all further
calculations much easier. The new orthonormal basis set will be noted {x;"}.

Any algorithm to do the orthogonalization of a basis set can work but there are two main
ways used (the Gram-Schmidt algorithm is usually not used but it could).

Starting back from equation (1.50) we want a basis set where:

M
Xi =Y zuixu (2.84)
H

M M M M M M
X]L> = <Zzyi?(y ZZV]’XV> =Y ) zz [ xv) = Y. ) 2hizuiSw (2.85)
K v v v

ALY (2.86)

<xf

where Z is the matrix of the coefficients z,;, S is the overlap matrix and Iy is the identity
matrix of size M. This equation gives a constraint that must be verified by Z to fulfill the
orthonormalization.

As S is hermitian, w can diagonalize it thanks to a unitary transformation U (for which
Ul = Iy):

S =usu’ (2.87)

where § is diagonal matrix made from the eigenvalues of S. We can show that all these
eigenvalues are positive (s;; > 0). We can then compute any power of the overlap matrix 5%

A

S* =gt (2.88)

Lowdin orthogonalization The principle is to perform a symmetrical orthogonalization,
to do so we use :

7z =8"V2 =gVt (2.89)

this choice respect the orthonormalization of the basis set :

7187 = EIMQ@@* ata st = 1y, (2.90)
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Canonical orthogonalization We can also choose another choice Z' :

7' =us~1? 7t =12yt (2.91)
qui vérifie également :

787 = s7V2uttstus V% = 1y (2.92)

Note: it may happen that an eigenvalue s;; is really small, then we would have to divide
by a quantity close to zero that may cause numerical problems. It happens with huge basis
sets where a given orbital is nearly a linear combination of some others centered on other
atoms. If it happens, we can solve the problem by getting rid of those useless vectors. To
do so, we can order the s;; in descending order and remove the base vectors for which s;; is
below a given threshold s;; < e. Doing so means that we eliminate redundant vectors in the
basis set.

2.3.2 The same problem expressed in different basis sets

Solving the Roothan equation in this new orthonormal basis set {x:" } brings it to a standard
eigenvalue problem instead of remaining with a generalized eigenstate problem.
Instead of having to recompute all the integrals in the new {x;" } basis set, we prefer to :

—

. compute F in the starting basis set {x,};

2. compute Z which diagonalize S;

3. perform the change of basis set F' = Z'FZ;

4. solve the eignstate problem in the orthonormalized basis set F/ : F'C’ = C'e
5. compute back the coefficient in the starting basis set C = ZC'

By doing so, we can solve the Roothan equations (equation (2.76)) :

FC = SCe (2.93)
FzC' =S5zC'e (2.94)
s Z'FzC =€ 7Sz (' (2.95)
—— S——~
=F éq. (2.86)
— IM
o P =Cle (2.96)

In this way, we only need to compute F’ = Z'FZ instead of computing again all the
integrals.
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2.4 SCF Method

Now we have a full plan to do a Hartree-Fock calculation :

1.

SRS

N

10.

Choose a basis set of atomic orbitals and define the geometry of the molcule and its
charge to define N.

Compute all the mono electronic integrals to obtain lel (defined equation (2.1) or (2.33)
and written equation (2.61) and (2.82)).

Compute the M(M+1) M? + M + 2) bi-electronic integrals.
P ) &

Build a starting set of molecular orbitals ¢;.
Build the Fock operator (équation (2.80)) for the current set of molecular orbitals.

Build the overlap matrix S then diagonalize it thanks to the proper change of basis set
through Z (see section 2.3.1).

Compute the matrix F/ = Z'FZ. (see section 2.3.2)

. Solve the eigenvalue problem F’ : F/C' = C’e. (see section 2.3.2)

. Compute the molecular orbitals in the starting basis set C = ZC'. (see section 2.3.2)

If the calculation did converge (measured with a given convergence criterion on the
energy or on the change of molecular orbitals). It's done, otherwise go back to step 5
with the new set of molecular orbitals.
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Geometry + basis set {x,}

Compute h!' and bi-
electronic integrals

Build a first set of {¢?}

Compute F with the current {cp,’(}

CHAPTER 2. THE HARTREE-FOCK METHOD

Compute S then Z

Compute F in the orthonor-
malized basis set £/ = ZTFZ

Solve F/'C! = (e

Compute C = ZC' &
it gives the new {¢; "'

Otherwise do a new step
with the {¢;"!

Fock solution

If convergence, we have e;'fl and
{¢i*'} : and they are the Hartree-
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Applications

3.1 Orbital energies and total energy

Now that we have the molecular orbitals out of the diagonalization of mono-electronic op-

erator, it’s time to make a link between the orbitals energies {€;} and the energy of the full

state Ey associated to the corresponding SLater determinant (stp 4, section 1.7, figure 1.3).
We can start by computing the energy of a single orbital ¢ :

€ = % - <<Pk hy + i‘, (f — Kin) ‘¢k> (3.1)
= <4’k ’ hn “Pk> + % (Jem — Kim) (3.2)

where Ji,, et K, are the Coulomb and exchange integrals (defined in table 1). The energy is
the sum of the mono-electronic term plus all the bi-electronic integrals which minimize the
average electron-electron repulsion.

For the full energy, we have to compute it for the full Slater determinant corresponding
to the ground state :

(Y| H|Y) N N1
E="__ (¥ |V |¥ vy —|¥Y 3.3
(¥[¥) ZZ; 1 + gw (33)

We computed each term at equations (2.10) and (2.32), wo we have :

N .. 1 N N
E= Y (o|fi|e)+5 ¥ 8 Uon—Ki) (34)
k=a,---,C k=a,- ,{ m=a,,{

Thanks to the Roothan equations, in the atomic orbitals basis, we have:

flll ’Xv>

N M M

E= ZZZC;kak <Xﬂ
kK p v

N M

Y Y ol nCiCumCk <<Xu2cr

k,m HVTK

_|_

1
E ’XVXK> - <XVXT

N[~

37
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where the indices k = «, - - -,  indicate the occupied orbitals in the Slater determinant. The
energy is th sum od the mono-lectronic terms /; and the bi-electronic terms summed over
all pairs. The factor 1/2 being here to avoid double counting for the pair i/j of electrons
placed in ¢ and ¢, respectively.

For a closed shell molecule, equation (3.4) simplifies to:

N/2

E= <(Pfé’hl

N/2N/2

1) 43 L Y @lin — Kin) 36)

r m

On important thing to note is that the total energy E IS NOT the sum of the orbital
energies:

N N 1 N N
E= 3 (o|fifo)ry XY UK (3.7)
k=a, k=a, L m=a,,{
N X N N
£ Y e= ), <¢k’ hy “Pk> Z Y Ukm — Kiem) (3.8)
k=a,+,{ k=a,,{ k=a, -, m=a,-,{

The difference between the two being the double counting of electron pairs in the sum of
the Hartree-Fock energies of the orbitals. This sum overestimates the energy of the ground
states.

If we take into account the double counting of the electron-electron repulsion, we can
still get the energy E by double counting the mono-electronic part and dividing by two:

E= %k_ég ((oc| i | @) +er) (39)

3.2 One-particle reduced density matrix and electronic den-
sities

Once the orbitals are found, the wavefunction corresponding to the ground state can be
found. But the orbitals are not observables. The electronic density on the other hand is an
observable and it’s interesting to compute it.

It is customary to link the square of the wavefunction of a single electron system to the
probability of having the electron in the corresponding portion of space:

o) = el = [[] X s —nx'tm)dn [[] s @is(@)dar 610

where s (wq) is the spin function of the spin-orbital. By construction, if x is normed, p also
is.
We can do the same for a molecular orbital decomposed on a set of atomic orbitals to find
1
p1(r1):

|(Pk’2 (1‘) = (chk)(y ) <ZCUkXV ) (3.11)
M
=L
I

CurCuk Xy (1) X (T) (3.12)

<M§



3.2. ONE-PARTICLE REDUCED DENSITY MATRIX AND ELECTRONIC DENSITIES 39

We can extend this to a multi-electronic wavefunction by building the equivalent opera-
tor :

N N
PP (r) =) pi(x) =) d(ri—r) (3.13)
i=1 i=1
N
PR ) = (Y| o )= Y gk (1) (3.14)
k=a,- ¢

as p'°'(r) is a mono-electronic operator, we can use the results of équation (2.10).

We can expand it over any chosen basis set :

N M M M M
plot(r) = Z g;;c;kcvkxy xv(r) = ;;( Y. kcyk) X (X) xv () (3.15)

k=ua k=a,- ¢

= Pyv

We can introduc the matrix P = Py, called the one-particle reduced density matrix defined
from the matrix of coefficients C defined equation (2.77) : P = (C!)* x C. By knowing P we
know directly p!°'(r) : we have to sum over the corresponding orbitals. We can also use it to
write the Roothan equations to use only the density matrix. Equation (2.80) can be written

as :
A M M [N 1 1
for= (| i | 2) + 21 | Letacn (<xvxr P~ ‘xyxx> — <xvxr — ‘Xqu>)
T K k 12
_I?/_/

(3.16)

. M M 1 1
= <Xv h ‘Xy> +;;P’[‘K (<Xv)(r a ‘X,MXK> - <XVXT E ‘XKXH>) (3.17)

Solving the Roothan equations can be seen as finding a matrix density stable by the iter-
ative SCF procedure. It also diagonalizes F in the basis of the orbitals that can be built out
of the density matrix.

As the Fock operator, the full energy can be computed from equation (3.5) by using the
one-particle reduced density matrix:

M M N
ZzzckaVk <XV ‘ hl ‘Xv>
‘h/—/
P;w
1 1
+5 Z chmcym Zcrkcxk (<XVXT . ‘XWCK> - <XVXT - ‘XKX%>)
yer m 12 r12
PV}‘ Pry
(3.18)
1 1
- %Pﬂ‘/ <XV ‘ hl ‘XV> y;KPWPTK <<XVXT E ‘X‘MXK> — <X1/XT a ‘XKXH>)
(3.19)

— 5 DX P (v + fi) 3:20)
uov






Chapter 4

A new beginning

With the Hartee-Fock method, we saw that we used orbitals as intermediate objects to build
a wavefunction based on a single determinant. But in the end, all the information is con-
tained within the electron density and the reduced particle density matrices. Thus we can
try to take a different approach and use only the density as the object used to solve the
Schrodinger equation, and skip everything related to molecular orbitals. That’s the main
idea behind DFT (Density Functional Theory). This method corresponds to another starting
point to solve the Schrodinger equation as pointed in figure 1. We won’t go into the details
yet but we will only show that this new stance is also valid.

This approach was taken by Thomas and Fermi at the beginning of quantum mechanics,
but fell in disgrace because of the poor results found at that time compared to wavefunction
based approaches. This idea was also based on a naive idea without any solid foundation
proving that it could give the proper solution to the Schrodinger equation. It took another
40 years to start afresh with a landmark paper from Hohenberg and Kohn to revive this field
and obtain much more accurate results.

4.1 First Hohenberg and Kohn Theorem

The aim of this theorem is to prove that thereis a 1 to 1 correspondence between the potential
appearing in the full Hamiltonian and the electron density.

The external potential Vext(r) is (to within a constant) a unique functional of p(r);
since, in turn Ve (r) fixes H we see that the full many particle ground state is a
unique functional of p(r).

This theorem tells us that instead of having to find a function of 3 X N coordinates (3 co-
ordinate per electron) as in the Hartree-Fock wavefunction, a function of only 3 coordinates,
the density, is enough.

7 (1) that do differ by more than a
constant but give the same electron density p(r). Then we can build two Hamiltonians and
two exact wavefunctions (true solutions of the Schrodinger equation) that give rise to the
same electron density :

Proof If we have two external potentials Vey(r) and V.

H — T + Vext + "736 (4.1) H/ — T + Ve’xt + Vee (4.4)
AY = Eg¥ 42) HY =E\Y (4.5)

o(x) :N/---/mzdrz---dm 43)  p(r) :N/---/]T’\zdrz---dm (4.6)

41
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A

We can apply the variational principle for ¥ and ¥’ to H and H' and use H — H' =

A

Vext V/

ext

A

VIHA|Y)=(Y|H|¥Y)+{Y|H-H |Y) (4.7)

—E+ / / / p(r) (Vext — Vi) dr (4.8)

H |Y) = < H -H|Y) (4.9)

—%+[Uﬁ — Vet dr (4.10)

As given by the variational principle, as ¥ and ¥’ differ as they are solution of equations
that differ by more than a constant:

(¥

> =Ey< <‘Iﬂ (4-11)
“Iﬂ> = EO <T ‘ a “Y> (4.12)

(¥

Summing both equations and replacing by the results of equations (4.8) and (4.10) gives:
Eo+ Ej < Eg + E| (4.13)

which is not true, thus we proved that our hypothesis was wrong: Vex(r) and V,,
differ by more than a constant.

As the energy of the ground state is a functional of the corresponding density for all
possible external potentials, it can be written as the sum of a functional depending on the
external potential and a universal functional taking into account the electronic energy and
the electron-electron repulsion:

(r) cannot

Eo] = / / / Ve (£)p(x) dr + T [o] + Ve [0] (4.14)

It defines the Hohenberg and Kohn functional : Fyx [o] = T [o] + Ve [0] which is indepen-
dent of the problem. As the quantity [[[ Vex(r)p(r) dr is a simple one variable integral, it is
"easy" to compute if we have access to p(r). And as a consequence, it means that if we ever
know Fyx and have access to the ground state density of the corresponding Schrodinger
equation, the problem is fully solved.

As we used the variational principle, everything holds as long as we use the ground state
properties (i.e. the ground state density). But it is no longer true for excited states.

4.2 Second Hohenberg and Kohn Theorem

We saw that if we have access to the ground state density, we can make a 1 to 1 correspon-
dence between the external potential and the density. But we do not have yet a way to check
that the density found/used is the true ground state density But we have an ally that we
already met : the variational principle. As E o] = [[[ Vext(r)p(r) dr + Fk [0]. It means
that:

Eo = E[po] < E[o] (4.15)

Thus to find the ground state density:
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e with the variational principle, we have to find the minimum of E [o] out of all possible
p(r).

A common problem is that all densities p(r) are not necessarily linked to a Schrédinger
equation. It means that we should be sure that a given antisymmetric wavefunction
solution of the given Hamiltonian can give rise to the found density. That is called the
V-representability problem. This is a simple problem to state but a hard mathematical
problem to solve. It can be shown that taking only an antisymmetric wavefunction
(not necessarily solution of a Schrodinger equation) is sufficient to obtain a proper
density. Those densities are called N-representable. The Levy scheme (not presented
here) ensures that N-representability of a density (it is a weaker constraint than V-
representability) is enough to have a proper ground state density.

¢ As we will use the variational principle, it means that we will be able to use tools really
similar to the ones that we used for the Hartree-Fock method.

But as Fyyx in not known, we will have to approximate it by another function £, and
the quality of the ground state density found will be directly linked to the quality of

Fik.






Appendix A

Mathematical developments

A.1 Expanding a Slater determinant

For a wavefunction of a system with 3 electrons placed in orbitals ¢,, ¢y, ¢ :

Pa(r1) ¢p(r1) Pe(r1)
Pa(r2) ¢p(r2) Pc(r2)
Pa(r3) Pp(r3) ¢Pc(rs)

que I'on peut développer sous la forme suivante :

1
Y = |(P/1‘Pb¢c> = ﬁ

= % [—Pa(x3)Pp(12)Pc(11) + Pa(r2)Pp(r3)Pe(r1) + Palr3) Py (11)Pc(12)
—¢a(r1)Pp(13)Pe(r2) — Pa(r2) Py (r1)Pc(r3) + Pa (1) Pp(r2) e (13)]
En réorganisant pour conserver 1’ordre des électrons :
= % [—Pe(r1)Pp(r2)Pa(r3) + Pc(r1)Pa(r2)Pp(x3) + Pp(11)Pe(r2)Pa(rs)
—¢a(r1) e (r2)Pp(r3) — Pp(r1)Pa(r2)Pc(r3) + Pa (1) Py (r2) e (13)]

There are six permutations ¢, in equation (A.3) :

o1 = cba Sgn(oq) = —1
0y = cab Sgn(om) = +1
03 = bea Sgn(o3) = +1
oy = ach Sgn(oy) = —1
05 = bac Sgn(os) = —1
0 = abc Sgn(og) = +1

(A1)

(A.2)

(A.3)

(A.4)
(A.5)
(A.6)
(A7)
(A.8)
(A.9)

We can see that Sgn(cy,) equals +1 if the number of permutations needed to go back to the

order abc (on the diagonal) is even and —1 if it’s odd.

A.2 Computation of a mono-electronic operator

A.21 Computation of a diagonal element

This example illustrates section 2.1.1 for the Slater determinant expanded in the previous
section. We suppose that the orbitals ¢; are eigenvectors associated to €;. The full calculation

45
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of <‘I’ ‘ I ‘ ‘I’> should have 36 terms. Among those terms, 30 are equal to zero : those were

the permutation is not the same on the left and right hand side. For example if we have the
permutation o3 on the left and o on the right:

(90(r)c(x2)9u(x3) | I | u(x1)0 (x2)¢c(x3) ) = (po(x1) | B | @ure)) (A10)
X (9e(r2) 9o (r2)) x (ga(rs)Ige(r))

=0 =0
=0 (A.11)

For the 6 remaining terms (identical permutations on the left and the right) the value of the
term is equal to the energy of the orbital occupied by electron 1 in the permutation :

Pa(r)po(r2)e(x3) ) = (@alrr) | Fn [ @ulr)) x 1 x1=¢;
(A.12)

(@a(rr)po(r2)gc(xs) | B

And among those 6 permutations there are always (N — 1)! = 2 permutations where elec-
tron 1 occupies ¢,, ¢ and ¢, respctively (for example, electron 1 is in orbital ¢, for permu-
tations o4 and 0y), so

1 1
<‘P “I’>:6(2><ea+2><eb—|—2><ec)=§(ea+eb+ec) (A.13)

A ~ Y ].
<‘If’ hi+ hy + hs “I’> :3x§(€u+€b+ec):€a—|—eb+ec (A.14)

A.2.2 Off Diagonal Element

We will take another Slater determinant differing by exactly one spin-orbital:

1 [#a(rr) du(r1) ¢alrr)
Y = [paprpa) = 7 Pa(r2) ¢p(r2) Pa(r2) (A.15)

Pa(rs) ¢p(r3) Pa(rs)

There are 6 permutations U;, :

01 = dba Sgn(oq) = —1 (A.16)
0y = dab Sgn(o3) = +1 (A.17)
03 = bda Sgn(o3) = +1 (A.18)
oy = adb Sgn(oy) = —1 (A.19)
0t = bad Sgn(cf) = —1 (A.20)
oy = abd Sgn(oy) = (A.21)

Now, for the 36 terms, all cross terms are again null (with different permutations). For
example, for o] et 0, :

I

(@agsta| s [ @cgatn) = (02| B | 0c) (olpn) (@ulgs) (A22)
=0 =0

And now for the 6 remaining terms, only those where 0; differ only by the first index 1
are not null (/ = 1, 2), the others (I = 3,4, 5, 6) vanish bcause of the orthogonality of the ¢y :
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For ¢f and o3 (difference for électron 1) :

fn "PC‘Pb‘Pa> = <‘Pd‘ hn ‘4’c> <¢b|¢b>@@2
=1 =1

(9a9s9

For ¢} and 05 (no difference for electron 1) :

<‘Pa¢b¢d‘ fll ‘¢a¢b¢6> = <‘Pa WoiPo) \PalPe)
=1 =0

i | @a) (90 lgs) (alge)

Thus we have :

(¥

2
6
it s [ ) = (0 )

¥

A.3 Bi-electronic operators

b ) = (o] I [0c) = 5o B [o0)

47

(A.23)

(A.24)

(A.25)

(A.26)

This example corresponds to section 2.1.2 for the Slater determinant expanded section A.1.

We now want to compute : (¥ | Q32 |¥).

Now, among the 36 terms, we need to keep all the ones where the index for electron 3 is

unchanged. We can form three groups of this kind (equations (A.4) to (A.9)):

®* and 03,
® 0 and 0y,
e o5 and oy ;

Each time, we have four terms, for example for 05/ 05 :

(gupage | OF | popatre) = (da | OF | pugpu)
(9ugupe | OF | pute) = (duths | OF | put)
(gupage | OF | putte) = (da | OF | putr)
(apupe| O | upate) = (#uths | OF | dupu )

(A.27)
(A.28)
(A.29)
(A.30)

For real orbitals, the elements of equation (A.27) and (A.28) are equal. And the signa-
ture/sign of the permutation is the same and we will thus have a + sign. Similarly, the
elements of equation (A.29) and (A.30) are equal but the signature/sign of the permutations

differ, thus we will have a — sign overall.
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We deduce that :
(| 0 [ %) = 2 [{puge| OF | 0100 — (09| OF | 0utr)
+(9ea| OF | 4cgu) — (9ea| OF | pugc)
+ (pope| OF |guge) = (guge | OF [oen)|  (a51)
(Y| 05| ¥) = (Y| 0P+ 0P + 0P |¥) (A32)
= [<‘Pb¢a‘ 0’ “Pb¢a> - <‘Pb§ba‘ 0’ ‘¢a¢b>
+(9ea| OF | 4c9u) — (9ea| OF | pugc)
+(popc| OF |guge) — (guge | OF |oen)|  (a33)

We can see that we have a sum of two kinds of terms over all the existing pairs of electron.
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