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Chapter 1

Many-electron wave functions

1.1 Molecular Schrodinger equation

The Schridinger equation for a system of N electrons is!

ﬁ\Il(Xl,Xz,...,XN):E\If(xl,XQ,...,XN), (1.1)

where H is the molecular Hamiltonian, which is for a molecule that contains /N electrons
and K nuclei (assumed to be fixed in space)

. . N N
H = : hz‘f‘z Z Qijv (1'2)

where h; is the one-electron Hamiltonian of electron i moving in an electrostatic potential
caused by the nuclei, and g;; is the interaction between the electrons i and j:

1
L ve G — ——— 1.3
V Z\rz R, 9 i — 1] (1:3)

The eigenfunctions or wave functions W(xy,...,xy) describe the electronic structure and
properties of the molecule. {x} are used to collectively symbolize all variables needed to
refer to particles; here the position and the internal degree of freedom, spin. It is necessary
that the wave function is square-integrable,

/\If*(xl, X9, .., XN) VU (X1, X, ..., XN )dX1dXs - - - dxy = K (K finite). (1.4)
Usually we assume that the wave function is normalized, i.e., K = 1.

The corresponding eigenvalues are in the present context the quantized energy levels of
the electronic “cloud” of the molecule. Any two eigenfunctions that correspond to different

1
In atomic units used throughout this course, where i = me = 4meg = 1; ¢ = 1/a & 137.



energy values E,,, E, possess the orthogonality property
/\If:n\lfndxldxg coedxy = 0. (1.5)

Even if two or more eigenvalues happen to be identical, corresponding to a degenerate
state of the system, the different eigenfunctions may still be assumed orthogonal.

If we would like to include the effects of nuclear motion, the molecular Hamiltonian
becomes (now restricting to electrostatic forces only)

H = H,+H,+H, (1.6)
i, - —ggvg%;@j
H, = —%;%V?Jr%;/ZIZJQU

The wave function is correspondingly dependent on both the electron and nuclear variables.
Usually, because of the large ratio m,,/m., it is a good approximation to separate these,
and we may turn our attention to the electronic problem. This is referred to as the Born—
Oppenheimer approrimation. The nuclear-motion Schrodinger equation plays, however, a
central role in molecular spectroscopy. The motion of nuclei can sometimes affect even
those properties that are considered electronic. This is the case e.g. in the Jahn-Teller
effect and the Renner effect. For fixed nuclei, we can write the total energy of the system
simply as

Z1Zy

_. 1.7
R, _R, (1.7)

I
Etot - Eelectronic + 5 ;

Eq. (1.1) provides a basis for molecular quantum mechanics and all the static electronic
properties of the molecule may be obtained by expectation values of the appropriate Her-
mitian operators or using perturbation theory. However, we should note the limitations of
this model:

e Limitations in the Hamiltonian: non-relativistic kinematics, instant interactions, and
the Born—Oppenheimer approximation (that implies 7' = 0)

e Eq. (1.1) is soluble exactly only for a few trivial one-electron systems, such as
hydrogen-like atom or the molecule Hj (see Exercise 1.1)

e Real experiments are not carried out for an isolated molecule, and observation always
involves interaction with the system, and thus a time-independent description is not
sufficient; but the time-independent form of (1.1), HV = 0V /0t, should be applied.



1.1.1 Helium-like atom

For a helium-like atom with a point-like nucleus of charge Z the electronic Hamiltonian,
Eq. (1.2), is
H= h1—|—h2—|—912———V2—£—1V§—£+i.
e 2 Ty T2
Due to gq2, this is a three-body problem, and thereby no closed form solution exists for
the eigenvalue equation (1.1). We start our consideration by an approximation, where g9
is set to zero, i.e. Hy = hy + hy. We can separate the variables in the eigenvalue equation

Hy¥, = EY, by substituting?

W = ®(ry,r2) = x1(r1)x2(r2),

to the eigenvalue equation and dividing by ®, obtaining

ille(I'l) i E2X2(1"2)

a) e D

meaning that ® is a solution if (denoting F = €; + €;)
ille(I'l) = exi(r1)
haxa(r2) = exa(r2),

meaning that y; and y, are solutions of the one-electron eigenvalue problem hX ex.
is a simultaneous eigenstate of the operators hy and h2,

iLl(I)(I'l,I'Q) = 61(1)(1'1,1'2)
h,zq)(]f'l,['g) = 62@(1'1,1'2).

The 1-electron 1-center eigenfunctions that are solutions to the one-electron eigenvalue
problem (this holds only in the absence of §) are the same with the solutions of the
Schrodinger equation for a hydrogen-like atom (note the factor Z),

consisting of the radial part

= ()" B () 2, () (2)

and a spherical harmonic function, explicitly expressed as

204+ 1 (1 —m)!
Yim (0, p) = 1" (cos 0) exp(imp). (1.10)
4 (I 4+ m)!
2Considering only the variables r (position vectors), which in this case are most conveniently represented as the variables of spherical

coordinates, r = (r, 0, p)



In the above, L denotes the associated Laguerre polynomials

LS (z) = %exp(x)x_“% [exp(—z)z"+] (1.11)

and P the Legendre polynomials

ppr(e) = S @y Ty pre= U, (L

These shall be referred to as atomic orbitals (AO). However, this is used also for other
atomic-centered functions with different radial parts, such as sc. Slater- or Gaussian-type
functions.

1.2 Molecular orbitals: the first contact

When moving from atoms to molecules, the first complication is that even the one-electron
eigenfunctions, even when g = 0, are not obtainable in closed form. Instead of the
Ls, 2s, 2p, ... AOs we need polycentric molecular orbitals (MO) that describe the states of
a single electron spread around the whole nuclear framework.

1.2.1 Dihydrogen ion

The one-electron eigenvalue equation in the case of hydrogen molecule ion Hj is iL(Z) = €0,
where
- 1 1 1
h=—-V?*— <—+—).
2 A TR

This may be solved with high accuracy in confocal elliptic coordinates, the solution being
a product of three factors that are in turn solutions of three separate differential equations.
We will, however, go immediately to approximations. It is reasonable to expect that

o(r) ~ caxip(r) (densities close to nucleus A)

o(r) ~ cpxi(r) (densities close to nucleus B)
where ¢4 and cp are some numerical factors. An appropriate trial MO would then be

$(r) = caxioo(r) + cBX100(r)-

Due to the symmetry of the molecule, it is reasonably to assume that there is no higher
density in the other end than in the other; therefore

[6(r)[* = & xioo (1)]” + e [xibo (1)]* + 2cacmXi00 (1) X100 (1),

10
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Table 1.1: Some lowest-energy solutions Y, (Z = 1) (blue for positive, orange for negative phase)



Figure 1.1: The two lowest MOs of H; .

implies that cg = dc4. Thus, it appears that we can construct two rudimentary MOs from
the 1s AOs on the two centers, denoted by

o1(r) = calxio(r) + Xioo(r)]

$a(r) = plxioo(r) — X100(r)];
where the remaining numerical factors ¢/, and ¢z are to be chosen so that the wave functions
will be normalized. These are sketched in Figure 1.1.

MOs build up this way, in linear combination of atomic orbitals (LCAQO), are of great
importance throughout molecular quantum mechanics.

1.3 Spin functions

It is well-known that a single electron is not completely characterized by its spatial wave
function ¢(r), but an “intrinsic” angular momentum, spin, is required to explain e.g. line
emission spectra of atoms in an external magnetic field. Therefore we must introduce a
spin variable m; in addition to r. We further associate operators 3, 3, and 5, with the
three components of spin angular momentum. We will adopt x as a variable taking into
account both degrees of freedom, m, and r, and then introduce spin-orbitals

(%) = ¢(r)o(ms). (1.13)

o describes the spin state and is a solution of an eigenvalue equation §,0 = Ao.
If the orbital state is of energy ¢, then

Wy = e (1.14)
0 = Y, (1.15)

and 1) is a state in which an electron simultaneously has definite energy and z-component
of spin.

12



According to observations, the eigenvalue equation (1.15) has only two solutions for

electrons:
Gy = - .5 =B
S,a0 = —q; 5.0=—-
2 2

often referred to as “spin-up” and “spin-down”. Therefore an orbital ¢ yields two possible
spin-orbitals, ¢ = ¢a and ¢’ = ¢ with the normalization and orthogonality properties

/ a*adm, = / B*Bdm, = 1, / o Bdm, = / B*adm, = 0. (1.16)

Also the total spin operators

S, =

)

Sis (1.17)

M-

1

~

N
) BT S (118)

=1 =1

WE

with eigenvalues of M and S(S + 1), respectively, are needed in the discussion of many-
electron system. They commute with a spin-free electronic Hamiltonian; and any exact
stationary state ¥ is an eigenfunction of them.

1.4 Antisymmetry and the Slater determinant

The fact that electrons are indistinguishable, i.e. |¥(xy,%3)|* = |¥(x2, x1)|?, leads to (when
generalized for N electrons) two possibilities for a wave function:

PVY(xy,X9,...,xy) = Y(x1,X9,...,Xy) symmetric wave function

PU(x1,%x2,...,xy) = ep¥(x1,Xg,...,Xn) antisymmetric wave function

where the operator P permutes the arguments and p is 41 for an even and —1 for an odd
number of permutations.

The choice for an system consisting of N electrons is once and for all determined by the
antisymmetry principle (Pauli exclusion principle): The wave function W(xy,xa,...,Xy)
that describes any state of an N-electron system is antisymmetric under any permutation
of the electrons.

Let us now work out the N-electron wave function. We start by introducing a product
function of one-electron wave functions (spin-orbitals):

@(Xl,Xg, e ,XN) = ’gZ)l(Xl)’(/}Q(XQ) . "QZ)N(XN). (119)

To yield a fully antisymmetric wave function, A number of differently permuted prod-
uct functions must be combined. The combination of permutations is most conveniently

13



expressed as a Slater determinant

B(x1, X, ..., xXy) = M| N (1.20)
Yi(xn)  e(xn) -0 Un(xN)

by which all symmetric permutations are automatically rejected, and thus the Pauli prin-
ciple is fulfilled. Expanded in Slater determinants the exact wave function is written as

U(x1,X2,...,XN) :chq)k(xlax%---uxN)' (1.21)
k

The normalization factor M is reasoned in the following way: when expanded, ® consists
of N'! products, and thus an integrand ®*® would consist of (N!)? products, each of a form
by (%) 2 (%5) - - - N (xp)] [t (Xir )P (x7) - - - Y (X47)]. Tt is evident that unless i =i/, j =
4’ ete. in a particular product, the product will give no contribution to the result, due to the
orthogonality of spin-orbitals. Therefore, there are N! non-vanishing contributions, and as
every contribution is equal to 1 with normalized spin-orbitals, we have [ ®*®dx; - --dxy =
M?N!, hence the normalization factor has the value M = (N!)~1/2,

1.4.1 Approximate wave functions for He as Slater determinants

The Slater determinant of the configuration (1s)? of a helium atom in the minimal orbital
basis is
L | xwo0(ri)a(msy)  xioo(r1)B(ms:)

\/§ Xloo(rz)&(msz) XlOO(r2)ﬁ<ms;)

1
= —|lsa 1s03].
ltsa 195

Note the abbreviated notation that will be used quite extensively hereafter: only the
diagonal elements are displayed, and the explicit expression of variables is omitted — the
left-right order of the variables in this notation will be 1,2, 3,.... Also, note that we have
denoted X,um’s with their corresponding AO labels.

The proper antisymmetric wave functions for the excited 1s2s configuration are in turn

1
oy = —2|13a 250/

NG
o3 = %(|1sa23ﬁ|+|15625a|)
v, = %Ilsﬁ 250

1
Uy = 5 (|1sa 2s8| — |1sf 2sa) .

14



1.4.2 Remarks on “interpretation”

What is the physical meaning of the wave functions introduced earlier? First of all, the
general formulation of quantum mechanics is concerned only with symbolic statements in-
volving relationships between operators and operands, and is independent of the employed
“representation” or “interpretation”.

e In a very “nihilistic” interpretation, MOs as well as spin-orbitals are just mathemat-
ical means for the solution of the molecular Schrodinger equation and no meaning
can be given for them or even their squared norms.

e Perhaps more commonly, a spin-orbital 1(x) itself is thought to be just a mathemat-
ical entity but |1 (x)[*dx is taken to be the probability of a point-like electron being
i an element dx, that is, in volume element dr with spin between m, and m, + dm.
|¢(r)|?dr is the probability of finding an electron with any spin in the volume ele-
ment dr. Also W(xy,Xs,...,Xy) cannot be interpreted; but |V |2dx;dx, - - - dxy is a
probability of the electron 1 in dxy, electron 2 simultaneously in dx,, etc. Then, the
probability of electron 1 being in dx; while other electrons are anywhere would be
equal to dx; [ U*Wdx, - - - dxy.

e We may also think an electron of being delocalized, i.e. not having a more precise
position than that indicated by its spatial part of the wave function ¢(r). Then
|4(r)|*dr would be the amount of charge in an element dr. In other words, in this
point of view a MO can be thought to approximately describe an electron spread
around the nuclear framework. However, as we will see later, MOs can be unitarily
“rotated”, i.e. their form shaped, and they still correspond to the same definite
energy. Which MOs are then closest to the physical ones?

1.4.3 Slater method

It is possible to find reasonable approximations for the wave function with only a small
number of determinants. The optimal coefficients ¢, may, in principle, be determined by
solving a secular problem

Hc = ESc, (1.22)

where the matrices H and S have the matrix elements

H) \1/> (1.23)

H;w = /\D;(Xl’XQ"-'7XN)IA{\I/V(X1>X2>---axN)dxldXQ--.dXN
- <\1;M
Sy = /\II:L(XMXQ’...7XN)\IIV(X17X27...,XN)dxldXQ-..dXN = (0,0, (1.24)

S is referred to as an overlap matriz. The equation (1.22) is the essence of the Slater
method. Observe the introduced Dirac notation for integrals. The coefficients ¢ are then

15



determined by a condition called the secular determinant

HH—E H12 Hln

Hy Hyu—FE ... M,

aooTmoTn oo =o. (1.25)
H, Hy ... Hy—FE

1.4.4 Helium-like atom revisited

Consider the 2-electron Hamiltonian, now including electron-electron interaction, H =
hy + hs + ¢. Let us assume that the wave function ¥ in Example 1.2 approximates the
(1s)? configuration of the He atom. The corresponding energy is obtained as an expectation

value <\Ifl H \I/1>, or by writing the normalization explicitly, as
(] w,)
Ey=—-—" 1.26
SRR 20

i = 5 [ o)l (a0 30m) — alme)3m)
XﬁXlOO(rl)Xloo(YQ) [a(m1) B(msg) — a(mw)ﬁ(mﬂ)]} drydrodmgdm,,

but since the Hamiltonian does not operate on spins, we may perform the spin-integration
immediately [c.f. Eq. (1.16)],

[ atma)tmea) - almea)man)]) [ama)m.s) = alomes) S dinsdins =2
Thus we have
H, = / o(T1)X 00 r2)Hxloo(rl)xloo(rQ)drler
[ mtrohixio(edry [ o (ranaso(ez)drs
+ [ Xino(ea)haxan(rira [ iooey) van(r: e

+/Xfoo(rl)XToo(1"2)§X100(1'1)X100(I'2)d1'1d1'2
- 2615 +J

This result is still a crude approximation, the only difference to the independent-particle
model being the contribution J from the two-electron integral. The next step in the
determination of He energy levels would be to include more and more Slater determinants

16



corresponding to excited state configurations and evaluate the respective matrix elements.
As anticipated earlier, although the exact solution would require an infinite number of
included determinants, the energy spectrum would in practise converge towards the correct
one rather rapidly. However, the analysis of the many-electron problem using this kind of
direct expansion would obviously be extremely tedious, and a more general approach is
needed. Also, the evaluation of integrals gets far more complicated in the case of many
atomic cores.

1.4.5 Slater’s rules

We may indeed devise more systematic rules for the matrix elements. We begin by notmg
that the expectation value over the 1-electron part of the molecular Hamiltonian, Z

will reduce to the sum of N identical terms, since the coordinates of each electron appear
symmetrically in the corresponding integral:

i)zt

The expectation value of the two-electron part is a bit more complicated, as contribu-
tions may arise from terms that differ by an interchange of two electrons; but essentially a
similar argumentation leads to

o

where the former part is referred to as the Coulomb integral and the latter as the exchange
integral. the expectation value of the energy being simply the sum of (1.27) and (1.28).

We also need the off-diagonal elements. Fortunately enough, there are non-vanishing
elements only in two cases:

ﬁ)¢r>. (1.27)

> = ZI (Wﬂ/is ‘g‘ %%) - <1/}r1/}s |g| wswr» ) (128>

rs

e one spin-orbital is different between ® and @’ (¢ # 1,.) when
(o] @) = (vt
e two spin-orbitals are different (¢ # 1), ¥’ # 1)5) when

@

These results are called Slater’s rules. In Slater’s rules, the spin-orbitals are required to be
orthonormal, but the rules may be generalized for matrix elements even in a non-orthogonal
spin-orbital basis.

)+ 3 (s 9l ) — (sl wet)), (129)

SFET

A| @) = (i, 1] ) — (000 191 600)), (1.30)

17



1.5 Further reading

e R. McWeeny, Methods of Molecular Quantum Mechanics (Academic Press, 1992)

1.6 Exercises for Chapter 1

1. A general singlet two-electron state may be expanded as

\I/(Xla X2) - Z Cnlm,nlm|¢nlma ¢nlmﬁ|

nlm

+ Z Cn111m17n212m2<|¢n111m105 ¢n2l2m2ﬁ| - |¢n1l1m1ﬁ ¢n212m2a‘)7

(n1l1m1)>(n2l2m2)

where |¢1¢9| is the two-electron Slater determinant. Show that we may separate the
singlet function into a symmetric spatial part and an antisymmetric spin part:

1

W (x1,x2) = ¥(ry, 1'2)5[04(1)5(2) - 6(1)B(2)]

2. »  Show, that the overlap integral between two normalized s orbitals centred on
nuclei A and B is

S = / Isa(r)lsp(r)dr = (1+ R+ %RZ)eXp(—R)

where R is the internuclear separation. Hint: use the confocal elliptic coordinate
system (u, v, ¢) with

A+ TR
= 1 <u<o
K R =H=
ra—TpB
v = —1<u<l1
R = B>

and 0 < ¢ < 7. In it, the volume element is given by dr = L R*(u? — v*)dudvdg.

3. » Consider the solution of the Schrodinger equation for the hydrogen molecule using
a minimal basis, that is, 1s function for both of the atoms. Sketch the obtained 1o,
and 1o, orbitals, using the expression for the overlap integral given above.

18



Chapter 2

Exact and approximate wave
functions

2.1 Characteristics of the exact wave function

We shall need to approximate the molecular wave function — perhaps drastically — in order
to reach the applicability to molecules with multiple atomic cores and several electrons.
The approximations should, however, carried out with care. For this reason, we will now list
down the properties (either rationalized earlier or simply taken for granted) that an exact
wave function would possess, and on this basis we should seek an approximate solution
that retains as many of the following properties as possible.

The exact molecular electronic wave function V¥

1.

is antisymmetric with respect to the permutation of any pair of the electrons:

~

P\I/(Xl,...,XN) :GPIII(Xl,...,XN) (21)

where ep = +1 for even and odd number of permutations, respectively.

. is square-integrable everywhere in space,

(U|T) = K (K finite) (2.2)

. is wariational in the sense that for all possible variations 0¥, which are orthogonal to

the wave function, the energy remains unchanged:

(SU|W) =0 = (8U|H|T) =0 (2.3)

is size-extensive; for a system containing non-interacting subsystems the total energy
is equal to the sum of the energies of the individual systems.

19



Figure 2.1: Nuclear cusps. Wave functions corresponding to the two lowest eigenvalues of
H, molecule, along the H-H bond (obtained from a FCI calculation in cc-pVDZ basis).

5. Within the non-relativistic theory, the exact stationary states are eigenfunctions of
the total and projected spin operators,

Sy = S(S+ 1)U (2.4)
S.U = MU (2.5)

6. The molecular electronic Hamiltonian (1.2) is singular for r; = r; and thus the exact
wave function must possess a characteristic non-differentiable behavior for spatially
coinciding electrons, known as the electronic Coulomb cusp condition,

. ov 1
lim (arij)ave = §\Il(rij =0), (2.6)

ri5—0

the description of which is a major obstacle in the accurate practical modelling of the
electronic wave function. There exists a condition similar to (2.6) also for electrons
coinciding point-like nuclei, known as the nuclear cusp condition.

7. It may shown that at large distances the electron density decays as
p(r) ~ exp(=2*VIr), (2.7)
where [ is the ionization potential of the molecule.

8. The exact wave function transforms in a characteristic manner under gauge trans-
formations of the potentials associated with electromagnetic fields, ensuring that all
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molecular properties described by the wave function are unaffected by the transfor-
mations.

As we saw in the introductionary survey, some of these — square integrability and Pauli
principle — are included straightforwardly, whereas size-extensivity and the cusp condition
are more difficult to impose but still desirable. Others are of interest only in special
situations.

2.2 The Coulomb cusp

2.2.1 Hamiltonian for a He-like atom
The non-relativistic Hamiltonian of the helium-like atom with the origin at the nucleus,

. 1 1 Z Z 1

Sl el e

has singularities for r;y = 0, ro = 0, and for r; = ry. At these points, the exact solution

to the Schrodinger equation must provide contributions that balance the singularities such

that the local energy

H\I/(rl, I'Q)
\I/(rla I'Q)

remains constant and equal to the eigenvalue E. The only possible “source” for this
balancing is the kinetic energy. It is convenient to employ the symmetry of the helium
atom and express the kinetic energy operator in terms of three radial coordinates ri, 79
and 719, such that the Hamiltonian is written as

g o 1< 82+26+QZ 82+26 1
-2 i1 or?  riorg 1 or?y,  ridris Tio

_(2 I‘128+E ot 8) 0

(2.8)

6([’1, I'Q) =

7 (2.9)

T T12 87"1 To T921 87“2 87"12 ’

2.2.2 Coulomb and nuclear cusp conditions

In Eq. (2.9, the terms that multiply 1/ry5 at 72 = 0 must vanish in HU, which imposes a
condition

ov
87’12

on the wave function. Similarly, the singularities at the nucleus are now seen to be balanced
by the kinetic energy terms proportional to 1/7;:

= %\I’(Tm =0) (2.10)

r12=0

= —ZU(r; =0). (2.11)

r; =0

aT’i
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Eq. (2.10) describes the situation when the electrons coincide in space and is referred to as

the Coulomb cusp condition; whereas Eq. (2.11) establishes the behavior of the ground-state

wave function in the vicinity of the nucleus and is known as the nuclear cusp condition.
Expanding the ground-state helium wave function around r, = r; and 715 = 0 we obtain

ov ov
T 0) =W 0 —ry) — ==
(11,72,0) (11,71,0) + (ro — 11) ral,_, T12 iz, ;
which gives, when the cusp condition (2.10) is applied
ov 1
W (ry,79,0) = W(ry,71,0) + (ra — 1) o + 5\1"2 —ry[W(ry,m,0) + .
2 |pg=ry

Therefore, the cusp condition leads to a wave function that is continuous but not smooth
(discontinuous first derivative) at 7s.

The nuclear cusp condition for the “first” electron when the wave function does not
vanish at r; = 0 (such as the helium ground state) is satisfied if the wave function exhibits
an exponential dependence on r; close to the nucleus:

U(ry, 19, 112) = exp(—Zr1)W(0,79,712) & (1 — Zr1)W(0, 79, 712).

Molecular electronic wave functions are usually expanded in simple analytical functions
centered on the atomic nuclei (AOs), and close to a given nucleus, the behavior of the
wave function is dominated by the analytical form of the AOs. In particular, the Slater-
type orbitals (introduced later), are compatible with the nuclear cusp condition, while the
Gaussian-type orbitals are not.

It should be noted that the cusp conditions in Eqs. (2.10) and (2.11) are written for the
totally symmetric singlet ground state of the helium atom. The cusp conditions in a more
general situation (but still for a wave function that does not vanish at the singularities)
should be written as

. ov 1
TBI—I}O (arij)ave N a\II(TU N 0) (212)
. ov
}11% <a7”i>ave = —ZV(r; =0), (2.13)

where the averaging over all directions is implied.

2.2.3 Electron correlation

Let us at this stage review some nomenclature of electron correlation used in molecular
electronic-structure theory.

e A commonly-used concept, correlation energy, has a pragmatic definition

Ecorr — Lexact — ESD7
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where Egp is a best single-determinant total energy and Fe...; the “exact” energy in
the same basis. This definition is most usable when speaking of molecular ground
states and equilibrium geometries, while outside them it is untenable.

e Fermi correlation arises from the Pauli antisymmetry of the wave function and is
taken into account already at the single-determinant level.

e Static correlation, also known as near-degeneracy or nondynamical correlation, arises
from the near-degeneracy of electronic configurations.

e Dynamical correlation is associated with the instantaneous correlation among the
electrons arising from their mutual Coulombic repulsion. It is useful to distinguish
between

— long-range dynamical correlation and

— short-range dynamical correlation, which is related to the singularities in the
Hamiltonian and giving rise to the Coulomb cusp in the wave function.

2.3 Variation principle

According to the wariation principle, the solution of the time-independent Schrodinger
equation H |¥) = F'|¥) is equivalent to an optimization of the energy functional
(i)
BlY] = ", (2.14)
(¥ |7)
where |U) is some approximation to the eigenstate |¥). It provides a simple and powerful
procedure for generating approximate wave functions: for some proposed model for the

wave function, we express the electronic state |C) in terms of a finite set of numerical
parameters; the stationary points of energy function

(°|#|c)

EC)=——F5"
(C[C)

are the approximate electronic states |C) and the values E(C) at the stationary points

the approximate energies. Due to the variation principle, the expectation value of the
Hamiltonian is correct to second order in the error.

(2.15)

2.3.1 Linear ansatz

A simple realization of the variation method is to make a linear ansatz for the wave function,
m
C) =) _Cili),
i=1
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i.e. the approximate state is expanded in m-dimensional set of Slater determinants. We
further assume here that the wave function is real. The energy function of this state is
given by Eq. (2.15). In order to locate and to characterize the stationary points, we shall
employ the first and second derivatives with respect to the variational parameters:

|H|C) — E(C) (i |C)
EY(©) = ag((})_2<} | 2C|C>
2 OPE(C) <ZH9> E(C){ Al D (1 1C)
E5(C) = 0C;0C; (C|C) _2E§)(C)<C\C>_QEJ()<C)<C\C)’

known as the electronic gradient and electronic Hessian, respectively. The condition for
stationary points, <z ‘]:I‘ C> = F(C) (i |C) is in a matrix form equal to HC = E(C)SC,

where the Hamiltonian and overlap matrix are given by H;; = <2 )]:I ‘ J > and S;; = (i |j).
Assuming that S = 1, we have to solve a standard m-dimensional eigenvalue problem with
m orthonormal solutions Cx = (Ci1x Cox -+ Crx )T, CLCk = 1, with the associated
real eigenvalues Ex = E(Cg), By < Ey < --- < E,,. The eigenvectors represent the
approximate wave functions |K) = Zf\il Cik |7y with a corresponding approximate energy
FEx. To characterize the stationary points, we note that the Hessian is at these points

KEZ(JZ)(CK) = 2(<2 ‘ﬁ) j> — E) (i |7)). We may also express the Hessian in the basis formed
of the eigenvectors:

KBy = o((M B N~ By (M N)) = 2By — Ex)onn = ¥ By, = 2(Bas — By,

K E](é)M is thus singular and K state has exactly K — 1 negative eigenvalues. Therefore,
in the space orthogonal to Cg, the first solution is a minimum, the second a first-order

saddle point, the third a second-order saddle point, and so forth.

2.3.2 Hellmann—Feynman theorem

Many of the theorems for exact wave functions hold also for the approximate ones that
are variationally determined. One of the most important is the Hellmann-Feynman theo-
rem, which states that the first-order change in the energy due to a perturbation may be
calculated as the expectation value of the perturbation operator V: Let |W,) be the wave
function associated with H + aV and |W) unperturbed wave function at a = 0. Then

N U, |H+aV| ¥, . ) .
d?zi)ao = %< 0. [0 i ) :2R8<8aiaaO’H_E(O)"I’>+<‘I”V"I’>
- <\11M\1/> i (2.16)
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In fact, for the Hellmann-Feynman theorem to hold, we need to demand from the
approximate wave functions that they are optimized with respect to the changes induced by
the perturbation: |¥) — |¥) + « |0V /0«). Usually in molecular calculations we construct
our wave function from a finite set of analytical functions attached to the atomic nuclei.
For example, when we distort the molecular geometry, we change the basis set in terms
of which our electronic wave function is expanded, and a wave function optimized at one
particular geometry is not accurately represented in terms of a basis set associated with
another geometry. As a result, the unperturbed electronic is not variational with respect
to these changes and the conditions of the Hellmann—Feynman theorem is not satisfied.

However, this is an artificial difficulty arising from the coordinate representation of
quantum mechanics we presently operate in. The picture presented by the second quan-
tization, the necessary conditions are fulfilled and we are able to employ the theorem for
approximate wave functions in finite bases in exactly the same manner as for exact wave
functions.

2.3.3 The molecular electronic virial theorem

The exact molecular energy is variational with respect to an arbitrary change in the wave
function, particularly of interest are the uniform, normalization-preserving scaling of the
electron coordinates

\I/(I'Z) — \Ifa(ri) = Ong/Q\I/(OzI'Z‘).

Let us partition the electronic Hamiltonian in a bit different manner than earlier:

HR) = T+V(R) (2.17)
T = —%ZV? (2.18)

~ Z[ZJ

R = Y Y e o, 219

and applying this decomposition we may find the stationary points of the energy function
are found at®

0 = ge(wafimle,)] = gt o (o] v) o (e rem]v)]|
= 2<@’T’@>+<@’V( ’ )= <\If’%’a21 \p> Hﬁ—%ﬁm)

This result (2.20) is the quantum-mechanical virial theorem for a field-free non-relativistic
molecular Hamiltonian. The most important observation is that in the molecular equilib-
rium geometries (R = R,), and in the case of atoms

(w[t]¥) = —5(v

6Note that the unperturbed wave function corresponds here to o = 1 instead of a = 0.

V(R.)

\I!> (2.21)
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Furthermore,

<\If ‘T‘ \1f> lr-r. = —E(R.), <\I’ ‘V(Re)

\1f> — 2E(R,). (2.22)

Also these expressions hold for any approximate wave function that is variational with
respect to a uniform scaling of the nuclear as well as electronic coordinates. Note that
according to the last result, no stationary points of positive energy may exist.

The scaling force may be easily related to classical Cartesian forces on the nuclei,
F;(R) = —dE(R)/dR;, by invoking the chain rule

dOéR[
:Z (da )

a=1 T

dE(aR)
da

dE(aR;)
a=1 d(OéR[

=-> R;-F/(R)

a=1

and combining this with virial theorem, we may extract the Cartesian forces experienced
by the nuclei,

S R;-Fi(R) =2 <11/ )T) \11> n <\11 )V(R)‘ x11> . (2.23)

2.4 One- and N-electron expansions

Let us recall: the Slater determinants do not represent an accurate solution to the molecular
Schrodinger equation, but we may express the exact wave function as a superposition
of determinants. Furthermore, it is necessary to expand the molecular orbitals in the
determinants as a linear combination of atomic orbitals

¢a - Z CuaXu(r)- (2.24)

As we will see later, atomic orbitals are further approximated with a set of simpler
functions that are also functions of the coordinates of a single electron. This three-step
procedure is often referred to as the “standard model of quantum chemistry”. To arrive
at the exact solution, i) orbitals in terms of which the determinants are constructed must
form a complete set in one-electron space, and ii) in the expansion of N-electron wave
function, we must include all determinants that can be generated from these orbitals.

All approximations in the solution of the Schrédinger equation should be unambigious
and precisely defined. Ideally, they should be improvable in a systematic fashion; and to
yield more and more elaborate solutions that approach the exact solution. Thus we speak
of different models, levels of theory and hierarchies of approximations.

Computational electronic-structure theory has a few standard models for the construc-
tion of approximate electronic wave functions. At the simplest level, the wave function is
represented by a single Slater determinant (the Hartree-Fock approximation); and at the
most complex level the wave function is represented as a variationally determined superpo-
sition of all determinants in the N-electron Fock space (full configuration-interaction, FCI).
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Figure 2.2: The two-way hierarchy of approximate molecular wave functions

Between these extremes, there are a vast number of intermediate models with variable cost
and accuracy.

It should be noted that none of the models is applicable to all systems. However, each
model is applicable in a broad range of molecular systems, providing solutions of known
quality and flexibility at a given computational cost.
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2.5 Further reading

e D.P. Tew, W. Klopper, and T. Helgaker, Electron correlation: the many-body problem
at the heart of chemistry, J. Comput. Chem. 28, 1307 (2007)

2.6 Exercises for Chapter 2

1. Here we consider, how the error in the energy can be estimated from the norm of the
gradient.

(a) Show that the electronic energy, gradient and Hessian can be expanded around
a stationary point as

E\) = E+%>\TE(2)>\+(9(H>\H3)
EV) = EPA+O(A%)
EP(\) = E® +O(|Al)

In the above, A is the vector containing the wave-function parameters; A = 0
represents the stationary point. F and E®) are the energy and the Hessian at
A=0.

(b) Use these expansions to show that the errors in the wave function and in the
energy are related to the gradient as

A = [EPN]EON) + O(EVN|?)

EXN-FE = %[E(”(A)]T[E(Q)(A)]‘lE(”(A)+O(IIE(”(>\)II3)

2. x Consider the uniform scaling of the electron coordinates,
U(r;) — Vu(r;) = oz?’N/Q\Il(ozrl-).

Here « is a real scaling factor and N the number of electrons. We assume that W(r;)
is normalized.

(a) Shot that the overlap is unaffected by the scaling, i.e.
(U, |V,) = 1.
(b) Show that the expectation values of the kinetic and potential energies transform

(501 02) = (o1

(Vo [V(R)[Wq) = a(¥[V(aR)[ V).

=

v
v

28



3. x» Here, we will consider the use of correlating functions to describe the Coulomb
cusp of many-electron systems. For a system with two electrons and K nuclei, with
the Hamiltonian

H = T+V+yg
R N . 1 1
N Z[ ZI
V=Vi+V,=
R TR 2 Ry
. 1
g=—-—
T12

write the wave function in the form ¥ = ~v®, where v is a continuous correlating
function that depends only on 715, and ® is a smooth function of r; and ry. The
functions v and ® are, of course, finite.

(a) Show that the Schrodinger equation can be written in the form
§y® + [T, 4]0 = (E = V)y® — 1T'5.

(b) Consider the former result as r5 — 0 and g becomes singular. Assuming that
the electrons and nuclei do not coincide, show that the singularity in ¢ must be

A ~

compensated for by a singularity in [T, ] such that gy® + [T, 4] remains finite.
(c¢) Show that

and that for n > 1, [T, 7] contains no terms proportional to 77, .

(d) Consider the expansion of v = 1+ friy + O(rf,) around r1; = 0; determine the
parameter (3 such that gy + [T, 7] becomes nonsingular.

(e) For more than two electrons, we may again model the wave function by @,
where v depends on the interelectronic coordinates 7;; and where ® is a smooth
function of the electronic coordinates r;. Show that the form

V= 1"‘527’@'
i>j

eliminates the two-electron singularities in the many-electron Schrodinger equa-
tion if § is chosen as for the two-electron system.

(f) Determine, which of the following correlating functions remove the singularities
at Tij = 0:

Y= 1‘*‘527’@'

1>7
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[+ 8ry)

1>7

exp (ﬁ > ri])

i>j

1+ Zap exp (ﬁp
P
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Chapter 3

Molecular integral evaluation

3.1 Atomic basis functions

Molecular orbitals can be constructed either numerically or algebraically, of which the for-
mer provides greater flexibility and accuracy, but is tractable only for atoms and diatomic
molecules; for polyatomic systems we are forced to expand the MOs ¢,(r) in a set of some
simple analytical one-electron functions.

Perhaps surprisingly, it turns out that the hydrogenic functions Eq. (1.8) are not ideal
for this purpose; as they do not constitute a complete set by themselves but must be
supplemented by the unbounded continuum states. Secondly, they become very diffuse
and a large number of them is needed for a proper description of both the core and valence
regions of a many-electron atom, especially when located in a molecule.

Therefore, in the molecular electronic-structure theory, x’s are usually functions of
slightly more unphysical origin. Ideally, they should

1. allow orderly and systematic extension towards completeness with respect to one-
electron square-integrable functions

2. allow rapid convergence to any atomic or molecular electronic state, requiring only a
few terms for a reasonably accurate description of molecular electronic distributions

3. have an analytical form for easy and accurate manipulation especially for molecular
integrals

4. be orthogonal or at least their non-orthogonality should not pose problems related
to numerical instability.

Let us begin by reviewing the properties of the hydrogenic functions. As we noted
earlier, they are the bounded eigenfunctions of the Hamiltonian

1 VA
H=--V>-=.
2V T
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and are written as

22\*? [(n—1-1) [22r\ a1 227 Zr
Xnim (T, 0,0) = (?) on(n+1)! < n ) Lo (T> exp <—?)

~~

Rnl(r)
2041 (l—m)! _ . ,
X \/ I +m)!Pl (cos @) exp(imyp).
Vi (6.0)

The energy of the bounded hydrogenic state x,;, is given by

ZQ

B, = -2,
2n2

(3.1)

The degeneracy of the hydrogenic states of different angular momenta — that is, 2/ + 1
degenerate states for every [ — is peculiar to the spherical symmetry of the Coulomb
potential and is lifted in a many-atom system. The notable features of the radial functions
include

e the presence of the exponential
e that Laguerre polynomials introduce n — [ — 1 radial nodes in the wave function.
The diffusiveness of x,;,, for large n is seen from the expectation value of r

3n? —1(l+1)

22 (3.2)

<anm |ﬂ anm> =

In the following we consider basis functions that retain the product form of the hydrogenic
wave functions but have a more compact radial part.

3.1.1 The Laguerre functions

In order to retain the correct exponential behavior but avoid the problems with continuum
states we introduce the following class of functions:

Xt (150,0) = R (r)Yim(0, ) (3.3)
(n—101-1)!

RLF  _  (90)3/2
nl (20) (n+1+1)!

(2¢r) L2 (2¢r) exp(—(r), (3.4)

referred to as the Laguerre functions. For fixed [ and ¢ the radial functions (3.4) with n > 1
constitute a complete orthonormal set of functions, for which

2n+1
LF |4 LF _
<anm |T‘ anm - ZC )

(3.5)
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Figure 3.1: Lagurerre functions.

being thus considerably more compact than the hydrogenic functions for large n and inde-
pendent of [. The Laguerre functions exhibit the same nodal structure as the hydrogenic
ones but their radial distributions R*r? are quite different (¢ = 1/n, Z = 1).

One should note that the orthogonality of the Laguerre functions is valid only with
fixed exponents. It turns out, however, that the expansion of the orbital of a given [-value
of an atomic system requires a large number of fixed-exponent Laguerre functions with
different n. For non-orthogonal, variable-exponent functions Laguerre functions are not
an optimal choice, but we need to introduce functions specifically tailored to reproduce as
closely as possible the different orbitals of each atom.

3.1.2 Slater-type orbitals

In simplifying the polynomial structure of the Laguerre functions, we note that in RLY r
occurs to power [ and to powers n —[ — 1 and lower. Thus a nodeless one-electron function
that resembles Y1 "and the hydrogenic functions closely for large r is obtained by retaining

in the Laguerre function only the term of the highest power of r, yielding the Slater-type
orbitals (STO)

SO0, = RIOMY(6,0) (3:6)
R0y = — I oy texp(—cr) 6)
" [(2n+1)

For the STOs we use the same 1s, 2p,... notation as for the hydrogenic functions, keeping
in mind that STOs are nodeless and now n only refers to the monomial factor r"~*. The
expectation value of 7 and the maximum in the radial distribution curve are given by

R 2n+1
O 1F1Ga) = =56 (3.8)

e = = (3.9)

¢
Also STOs would constitute a complete set of functions for a fixed exponent ¢, and we
could choose to work with a single exponent and include in our basis orbitals (1s, 2s,...),
(2p, 3p,...), (3d, 4d, . ..), all with the same exponent. Alternatively, we may describe the
radial space by functions with variable exponents. For each [, we employ only the functions
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of the lowest n, yielding a basis of the type ((1s((1s), 15(Cas), - - ), (20(Cips 20(Cop), - - ), -+ -)
These variable-exponent STOs are given by

Xeuim(1,0,0) = RZP(r)Yim(0, ) (3.10)
ol = —Eggﬁgffi‘(QC i)' exp(—Cur). (3.11)
nt! Qi+2)0 " "

In practice, a combined approach is employed. For example, for the carbon atom, we would
introduce sets of 1s, 2s and 2p functions, all with variable exponents that are chosen to
ensure an accurate representation of the wave function.

3.1.3 Gaussian-type orbitals

The STO basis sets are very successful for atoms and diatomic molecules, but the evaluation
of many-center two-electron integrals becomes very complicated in terms of them. The
basis sets that have established to be the standard practice in molecular electronic-structure
theory are less connected to the hydrogenic functions or actual charge distributions in
molecules. They are called Gaussian-type orbitals (GTO) as they employ the Gaussian
distributions exp(—ar?) instead of the exp(—(r) as in STOs. A large number of GTOs are
needed to describe an STO (or an AO) properly, but this is more than compensated by a
fast evaluation of the molecular integrals.
The spherical-harmonic GTOs are

XSIE%O (Tv 97 ()0) IZSITO <T>)lm<97 ()0) (312)
2(2&)3/4 92n—1-2 e
aTO 2n—1-2 2
RV (r) = i (dn =21 = 31 (V2ar) exp(—ar?). (3.13)

They form a complete set of nonorthogonal basis functions. In above, the double factorial
function is

1 n=>0
n(n—2)(n—4)---2 evenn >0
Il =
e n(n—2)(n—4)---1 oddn >0 (3.14)
1
The spatial extent of the GTOs are
2n — 1 —2
GTO |4] . GTO
~ _— 3.15
<anm |T| anm > 20[ ( )
2n — 1 —1
GTO
= 3.16
rmax 2a ( )

When we compare these results with the case of STOs, we note that much larger number
of GTOs are needed for a flexible description of outer regions of the electron distribution.
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Figure 3.2: Slater and Gaussian-type orbitals compared.

In practice, the use of GTOs with variable exponents differs from the procedure for
STOs. For GTOs, we describe the radial space exclusively by means of variable exponents,
using for this purpose only spherical-harmonic GTOs with n = [ + 1, only powers of r
introduced are thus associated with [ of the spherical harmonics. The following set of
spherical-harmonic GTOs is used:

Xeim(10,0) = R (1) Yinm(6, ) (3.17)
2(2anl)3/4 92n—1-2 L
RSE?("’) = /4 (dn— 21— 3>”(v 2ar)? ! Zexp(—ar?).  (3.18)

Let us finally consider the Gaussian product rule, that is the one of the main reasons
why GTOs are so widely used. The product of two s GTOs x4 = exp(—ar?y) and xp =
exp(—[r%) centered on ry and rp is a third Gaussian

o
XAXB = Xc = €Xp <—m7’§13) exp [_(Oé + 5)7’20] (3.19)
centered on r¢ given by
. ary + frp
T ar 8

3.2 Gaussian basis sets

Of the three general features determining the accuracy of quantum chemical methods-the
choice of the Hamiltonian, electron correlation treatment or truncation of the many-particle
space, and the description of the one-particle space, i.e., the basis set used—the choice of the
basis set is the most crucial one, as insufficient basis sets yield erroneous results regardless
of the level of theory, whereas with a proper basis set, at least qualitatively correct results
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can be obtained for many problems already at the uncorrelated level of theory and using
the non-relativistic Hamiltonian.

The majority of quantum chemical applications employ contracted GTO (CGTO) sets,
i.e. linear combinations of GTO functions with coefficients optimized regarding some
criterion (usually SCF energy) that significantly increase efficiency. There are two widely
used contraction schemes: segmented contraction, where each GTO contributes only to a
single CGTO, and general contraction, where such a restriction is not applied. Examples of
the segmented scheme include the Pople-style basis set families (3-21G, 6-31G,...) and the
Karlsruhe basis sets. The correlation-consistent (cc) basis set families by Dunning and co-
workers are the most widely used generally contracted basis sets. The basic idea behind the
cc sets is that functions that contribute approximately the same amount to the correlation
energy are added to the basis in groups. The cc basis sets provide smooth, monotonic
convergence for the electronic energy as well as for many molecular properties, especially
those originating in the valence region. The polarized valence (cc-pVXZ, X = D, T, Q, 5,
6 corresponding to the number of CGTOs used to represent an occupied atomic orbital)
and core-valence (cc-pCVXZ) sets can be augmented with diffuse functions (aug-cc-pVXZ
and aug-cc-pCVXZ; d-aug-cc-pVXZ and t-aug-cc-pVXZ for doubly and triply augmented
sets, respectively). While these features are favorable and the sets are widely used, the cc-
basis sets become very large at large X, and it is not straightforward to extend the family
beyond the published X values or to new elements. The atomic natural orbital (ANO) basis
sets provide another general contraction approach. The contraction coefficients therein are
atomic ANO coefficients that are obtained by optimizing atomic energies.

The use of increasingly large basis sets that produce results converging to some partic-
ular value is usually regarded as a solution to the problem of basis set incompleteness. In
calculations of molecular properties that originate, e.g., in the region close to the nuclei
(examples include indirect spin-spin couplings and hyperfine couplings), approaching the
basis-set limit using the cc or comparable energy-optimized paradigms may lead to exces-
sively large basis sets prohibiting calculations of large molecules. An alternative and often
used approach is to uncontract the basis set and to supplement it by additional steep basis
functions in the [-shells relevant for the property under examination.

The performance of the different basis sets for a certain molecular property can be
qualitatively understood within a concept, which can be measured by the completeness
profiles

Y(@) =) {9(e)lxm)*. (3.20)

m

Here {x} denotes a set of orthonormalized, contracted or primitive, basis functions, and
g(«) is a primitive “test” GTO with the exponent «, used to probe the completeness of
{x}. The completeness profile becomes unity for all «, for all [-values in a CBS. Y(«)
is typically plotted in the logarithmic scale, against x = loga. In a certain exponent
interval [(min, max] this quantity is intuitively connected to the possibility — from the
point of view of one-particle space — of describing all details of the wave function in the
corresponding distance range from the atomic nuclei. Put simply, atomic properties that
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Figure 3.3: Completeness profiles of (a) cc-pVDZ (b) cc-pVTZ (¢) cc-pVQZ (d) cc-pV5Z
(e) cc-pV6Z (f) cc-pCVTZ (g) aug-cc-pVTZ and (h) aug-cc-pCVTZ basis sets of fluorine.

obtain relevant contributions roughly within [1//0umax, 1/1/0min) from the nucleus can be
reproduced by a basis that has Y(a) = 1 in this interval. This way of thinking can be
generalized to molecular properties that may be dominated by phenomena occurring close
to the expansion centers of the basis functions, i.e., atomic nuclei (region described by
high-exponent basis functions) and/or in the valence region, further away from the nuclei.

3.3 Integrals over GGaussian basis sets

In the following, we will evaluate the one- and two-electron integrals

Ow = <Xu

O) v = [ drxur)0w ) (321)

37



Ouro = (D) [0) 3210 (2)

= [ s, e ()0 ) o 1) (3.22)

such that the AOs (x) are taken as fixed linear combinations of real-valued primitive
Cartesian GTOs o
Giji(r,a, R) = 2y 2y exp(—arg), (3.23)

where the ” Cartesian quantum numbers” ¢, j, k are greater than zero and [ =i+ j + k for
a given total angular momentum quantum number.

The integrals over primitive Cartesian GTOs may subsequently be transformed to in-
tegrals over contracted and/or spherical-harmonic GTOs by linear combinations.

3.3.1 Gaussian overlap distributions

An important property of the primitive Cartesian GTOs is that they can be factorized in
the three Cartesian directions,

Gijk(r,a, R) = Gi(x,a, R;)G;(y, a, R))G.(z,a, R,), (3.24)

where for example G;(z,a, R,) = x% exp(—ax%). We will need also a concept of Gaussian
overlap distribution
Qab(r) = Gijk<r7 a, RA)Glmn(I', b, RB), (325)

that may also be factorized in the same way
Qap(r) = Q5 (7, 0,0, Raw, Rp o) (y, a,b, Ray, R y),,(2,0,0, Ra ., Rp..), (3.26)
where the 2 component (for example) is given by

Qi(x,a,b, Rae, Rpa) = Gi(w,a, Rap)Gi(7,0, Rp ). (3.27)

3.3.2 Simple one-electron integrals

We are now ready to consider simple one-electron integrals, by which we mean molecular
integrals that do not involve the singular Coulombic 1/r interaction. All such integrals can
be factorized in the three directions as

Sab = Sijsklsmn- (328)

According to the Gaussian product rule (3.19), any Cartesian component of the overlap
distribution can be written as a single Gaussian at the centre of charge P,, and we may
thus evaluate the integral

o [o@) 7T
| ot = expl-nx3y) [ exp(—px,%)das:\/;exp(—migx (3.20)

[e.e] —00
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where 1 denotes the reduced exponent ab/(a +b), p = a + b, and

x b xT

P, = altso + bRpo (3.30)
p

Xas = Rus— Rp.. (3.31)

This result provides a basis for a set of recurrence relations by which we may evaluate
simple integrals — overlap or more complicated ones — over GTOs of arbitrary quantum
numbers. This procedure is known as Obara—Saika scheme. There exist other methods
for molecular integral evaluation but we will not discuss them here. The relations are
obtained by considering the behaviour of the integral under coordinate transformation and
their detailed derivation is omitted here but recommended further reading.

The simplest case is the overlap integral

Sap = (Ga |Gy) , (3.32)

for an Cartesian component of which the Obara—Saika relations are written as

T .

Sit1j = XpaSij+ 2_p<ZSi—1,j +Si-1) (3.33)
L. ‘

Si7j+1 = XPBSij + 2_p(ZSi_1’j + ]Si,j—l)- (334)

For the linear and angular momentum as well as for kinetic energy integrals we need
the integrals over differential operators

v = (¢,

In one direction the relations are

o o o
oxe Oyt 029

Gb> . (3.35)

1. e e—
Dfy ;= XpaD§ + %(zDHJ +jDg; y — 2beDy; b (3.36)
€ e 1 - e N e e—

with the e = 0 case providing the starting point and being equivalent with the overlap
integral.

3.3.3 The Boys function

We will now introduce a special function that has a key role in the evaluation of one- and
two-electron Coulomb integrals, the Boys function of order n, defined as

Fo(z) = /0 exp(— )t (3.38)
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Figure 3.4: The three lowest-order Boys functions. The zeroth-order function in cyan,
first-order in blue and second-order in dark blue.

The Boys functions of orders 0, 1 and 2 are illustrated in Figure 3.4. It is a strictly positive
and decreasing function. Its values at x = 0 have a closed-form expression

1
on—+1

1
F,(0) = /0 t*dt =

Different methods for evaluating the Boys function has been introduced. One way is
through recursion; by integrating the function by parts, we see that the different orders
are related by

(3.39)

Foola) = (2n + l)Fn(;g — exp(—1) (3.40)

or

Fo () = 20F,1(x) — exp(—:p)'
2n +1

We would therefore need to calculate the Boys function for the highest or the lowest order

needed, and the others are obtained through the downward or upward recursion, of which

the former is numerically more robust.

(3.41)

3.3.4 Obara—Saika scheme for one-electron Coulomb integrals

The Cartesian one-electron Coulomb integrals,
Qq
Vs = (G| Gy = [ 2405 .42
rc

needed for the one-electron part of the molecular Hamiltonian, may also be evaluated by
using the Obara—Saika recursion relations.
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We again factorize the distribution according to (3.26), and are about to obtain the
integrals through the recursion relations (c.f., below) for auxillary integrals @f}fklmn:

1. .
@ﬁ\-[i-ljklmn = XPA@ZJ‘}[klmn—i_%(Z@ij\iljklmn_'_j@%—lklmn)

1. .
1. 4
Ot ikimn = XPBOpmn + ?p(lgﬁljklmn + 7071 kimn)
—XpeO i = 5 (O + 1O k) (3.44)

1
ijklmn 2_p( i—1jklmn ij—1klmn

with the special cases (that also serve the starting points of the recursion)

Nittmn = Vighimn = Vap (3.45)
2T v
@(])\60000 = ?Kaél FN(pR?gC), (3.46)

where Fly is the Boys function, and we have denoted

o = exp(—pXip). (3.47)

3.3.5 Obara—Saika scheme for two-electron Coulomb integrals

The evaluation of electron-electron repulsion integrals is a highly non-trivial task and due
to their bottleneck status, under intense study since the early days of quantum chemistry.
We will discuss here only one of the numerous schemes that is in accordance with the
earlier discussion, namely the Obara—Saika scheme for Cartesian two-electron integrals,

Jabed = (Ga(r1)Go(r1) |13 | Gelr2)Galra)) = // Qap(r1)2ea(r2)

T12

drler. (348)

The relations feature similarly to the one-electron corresponds a set of auxillary integrals
O. Again, two special cases of them are required:

275/2
N 2
000000000000 = pq\/mK:éJszngN(aRPQ) (3.49)
0
@Zx]xkxlac iyjykyly izjzk?zlz = glwﬂxkxlw iyjykyly iz-jzk;zlz = gade' (350)

In the above, we have denoted K/* = K4 KY K2 [c.f. Eq. (3.47)] and « is the reduced
exponent pq/(p + q). Fy is again the Boys function. In the following, the indices i, 7,
k and [ are the Cartesian quantum numbers for orbitals a, b, ¢ and d in the x-direction.
Starting from these, first a set of integrals with j = k = = 0 is generated by

a 7 o
Oi+1000 = XPA@%OO - EXPQ@%SZ} + % (@fv—looo - 595%00) . (3-51)
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Then, the second electron is treated using the integrals generated in (3.51):

bXAB + dXCD ’l k p
@iOkJrlO = _T@z]gko - 2_q@£\£10k0 + Z@%k—lo - g@é\j—lokO' (352>

In the final step, the Cartesian powers are ”transferred” between the orbitals of the same
electron:

Oijrin = Ouijm + XapOy, (3.53)
Oijriy1 = @ijk+1l+XCD@£}[kl- (3.54)

In this way, we may construct the full set of Cartesian two-electron Coulomb integrals.
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3.5 Exercises for Chapter 3

1.

Verify the expressions for radial extents

(ry = /000 Ryt (7)1 Ry (r)ridr

of (a) the hydrogenic wave functions, (b) the Laguerre functions, (c¢) the radial STOs.

2. x In this exercise, we study the radial form of the GTOs, the most frequently used

basis functions in molecular electronic-structure theory:

RSO (r) = NGO (V2ar) exp(—ar?).

The related functions RGO are obtained by replacing [ by 2n — [ — 2.

(a) Using the integral

< 2n — 7T
/o 7’ exp(—ax2)d:c:( 2n+1) Moﬁ"“’ n>0,a>0

verify that the normalization constant NGT© is given by

2(2ar)3/4 2!

NCTO _ .
ol 34\ (204 1)

(b) Determine the radial overlap between two GTOs:

Salml:/ RSITZO(T)RSQTlO(T)rsz.
0
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(c) By setting ap = By verify that the overlap Sy, ga,: is independent of a;.
(d) Using the integral

n!

m TLZ0,0Z>0
«

/ 2*" exp(—ax?)dr =
0

show that the expectation value of r is

00 2 2l(1+1)!
_ GTO GTO 2 _
)= [ RS =\ S

(e) Use the Stirling approximation for factorials k! ~ kF1/2\/2re™* (k > 1) to
show that (r) is for large [

f) Verify that the radial distribution function 47r2[R$TO(r)]? has a maximum at
al

[+ 1
GTO __
Tmax - 20( .

(g) Consider two GTOs of different [ and exponents. Determine the relation between
o and o so that the radial distribution of these GTOs have the same maximum.

3. Using the Obara-Saika scheme, evaluate the self-overlap integrals (p, |p,) and (d,2 |d,2).

4. Construct the Obara—Saika recursion relations for kinetic-energy integrals
1 2
Tab:_§ <GG‘V ‘Gb>

5. x Derive the Obara—Saika relations for overlap and differential operator integrals,

Egs. (3.33-3.34) and (3.36-3.37).
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Chapter 4

Second quantization

4.1 Fock space

We now introduce an abstract linear vector space — the Fock space — where each Slater
determinant (1.20) of M orthonormal spin-orbitals is represented by an occupation number

vector (ON) k,

B |1 +poccupied
1) = [k, Ko o). kp_{o o oceied (4.1)

For an orthonormal set of spin-orbitals, we define the inner product between two ON vectors
as

(m |k) = [ ] 0mpr- (4.2)

This definition is consistent with the overlap between two Slater determinants, but has a
well-defined but zero overlap between states with different electron numbers is a special
feature of the Fock-space formulation. It allows for a unified description of systems with
variable numbers of electrons.

e In a given spin-orbital basis, there is a one-to-one mapping between the Slater de-
terminants with spin-orbitals in a canonical order and the ON vectors in the Fock
space.

e However, ON vectors are not Slater determinants: ON vectors have no spatial struc-
ture but are just basis vectors in an abstract vector space.

e The Fock space can be manipulated as an ordinary inner-product vector space.

The ON vectors constitute an orthonormal basis in the 2" dimensional Fock space
F(M), that can be decomposed as a direct sum of subspaces,

F(M) = F(M,0)® F(M,1)@®--- & F(M,N), (4.3)
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where F'(M, N) contains all ON vectors obtained by distributing N electrons among the
M spin-orbitals, in other words, all ON vectors for which the sum of occupation number
is N. The subspace F'(M,0) is the vacuum state,

|V&C> = |01, 02, ey OM> . (44)

Approximations to an exact N-electron wave function are expressed in terms of vectors in

the Fock subspace F'(M, N) of dimension equal to (]\]\{)

4.1.1 Creation and annihilation operators

In second quantization, all operators and states can be constructed from a set of elementary
creation and annihilation operators. The M creation operators are defined by

CLTP|/{?1,/{?2,...,OP,...,]{ZM> = Flf;.‘kl,kg,...,lp,...,kM>
CLTP|/{?1,/{?2,...,1P,...,]{ZM> = 0

where

I =[] (=1)k. (4.7)

Q=1
The definition can be also combined a single equation:

a}|k:1, k?g,..., OP,..., k'M> = 5]4?1301—‘1;“{:17 k’g,..., 1p,..., k’M> (48)

Operating twice with a} on an ON vector gives

abal, [k, kay ..o Op, .o, k) = abrpol™ Ky, koo ooy 1py ., kag) =0,
therefore
abal, = 0. (4.9)
For Q > P,
abab ... kp,.o kg = abdigolG . ke, 1g, ..
— 5kP05kQ0P1]§PIé|..., ].p,..., 1Q7>

Reversing the order of the operators,

aga},\...,kp,...,kQ,...) = aTQ(skP0F1]§|...,1p,...,]€Q,...>
- 5kP05kQ0Fl}(—Flé) ‘, 1P7---7 1Q,...>.

and combining the results, we obtain
CLLCLTQ + aga}, k) = 0.
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Substitution of dummy indices shows that this holds for ) < P as well, and is true also

for Q = P. Since |k) is an arbitrary ON vector, we conclude the anticommutation relation
a}ag + aga}g = [ab,, ag]Jr = 0. (4.10)

The properties of the adjoint or conjugate operators ap can be reasoned from those of
the creation operators. Thus, the adjoint operators satisfy the anticommutation relation

lap, aql+ = 0. (4.11)

Let us invoke the resolution of the identity:
ap|k) = |m)(mlap|k),

where, using Eq. (4.8),

B o Oppol'p ifkg =mg + dgp
(mlap|k) = (klap|m)” = { 0 otherwise '

From the definition of ' and from kg = mg + dgp we see that I's = I'S. We may therefore
write the equation as

o 5kP1F11§ lme = k’Q - 5Qp
(m |ap|k) = { 0 otherwise ’

Hence, only one term in ap k) survives:
aP‘k> :5kP1F1}§’|k17"'70P7"'7kM>' (412)

The operator ap is called the annihilation operator.
Combining Eqgs. (4.8) and (4.12), we get

abap|k) = Opp1 |K) (4.13)
apal, k) = 60 k) (4.14)
that leads to
abap + apal, = 1. (4.15)
For P > @), we have
CLJIDCLQ |k> = —(Skpo(stlFl;;Flé |/{Z1, c. ,OQ, Cey 1P7 Cey /{ZM>
aQa}; |k> = 5kP05kQ1Flf;.Flé ‘/{Zl, e ,OQ, Ce 1P7 cey /{ZM> ,

thus we have the operator identity
aLaQ + aQa}B =0 P> Q. (4.16)

Hence,

abag + agal, = [ab, agls = dpo. (4.17)
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4.1.2 Number-conserving operators

The occupation-number operator that counts the number of electrons in spin-orbital P is
introduced as

Np = ahap, Np k) = kp |k) (4.18)

The occupation-number operators are Hermitian, Nt =N , as well as idempotent, N2 =
Np. Using the basic anticommutation relations, we obtain

[NP,CLZ)] = 5PQa’Z? (419)
[NP,CLQ} = —5PQCLQ (420)

So for an arbitrary string X consisting of creation and annihilation operators, e.g. X =

aLaQa pa;r%as, the commutators with N become

[Np,X] = NXX, (4.21)

where N7 is the number of times al, occurs in X minus the number of times ap occurs.

All occupation-number operators added together in the Fock space gives the Hermitian
operator

M
N=> ahap, (4.22)
P=1

which returns the number of electrons in an ON vector, N |k) = N |k), and is therefore
known as the particle-number operator. We find that the number operator commutes with
any string T that contains an equal number of creation and annihilation operators. Such
strings are called number-conserving. In general, the application of the string X to a
Fock-space vector increases the number of electrons by N¥X.

The simplest number-conserving operators are the elementary excitation operators

ES = abag, (4.23)
which give as applied to an ON vector
CLJ]r_—,CLQ|k> = a}élefg|k1,...,OQ,...,k:p,...,k:M>
= 5kpo5kQ1F1éP1]§EPQ|k‘1,...,OQ,...,lp,...,k‘M>
kp — 1
— kpk (1 P
= €pQFQPP(1 k’p)/{?Q ’ k’Q R 0> (424)

where
f1 P<Q
PFOTY 1 P>Q

The case P < @ differs from this result only in the interpretation of €pg, whereas the case
P = @ is covered by Eq. (4.18). Therefore we may write

k 1
apaq k) = epalBLG(1 — ke +drg)kq ‘ /{:QP—>—)5PQ > : (4.25)
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First quantization

Second quantization

e One-electron operator:

e Two-electron operator:

§° = Z Z 9(xi,%;)

i=1 j=i+1

e Operators are independent of the spin-
orbital basis

e Operators depend on the number of elec-
trons

e Operators are exact

e One-electron operator:

f =" froabaq
PQ

e Two-electron operator:

1
A Tt
g= 5 E JPQRSApARASAQ
PQRS

e Operators depend on the spin-orbital ba-
sis
e Operators are independent of electrons

e Projected operators

Table 4.1: Comparison between first and second quantization representations.

The application of a single such operator gives a single excitation, two a double excitation
and so forth.

4.2 The representation of one- and two-electron op-
erators

Expectation values of Hermitian operators correspond to physical observables and should
thus be independent of the representation of operators and states. Therefore, we require
the matrix element of a second-quantization operator between two ON vectors to be equal
to its first-quantization counterpart.

To determine the numerical parameters fpg in the second-quantization representation
of one-electron operators, we evaluate the matrix elements of f between two ON vectors
and compare with the usual Slater rules for matrix elements between determinants. We
are lead to the identification

frq = <¢p fe wQ> (4.26)
grors = (UpYr|G[Yqis) - (4.27)

The parameters gpgors possess the particle-interchange symmetry,
9PQRS = YRSPQ- (4.28)
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In the case of real spin-orbitals, the integrals exhibit the following permutational symme-
tries:

fro = for (4.29)
9grPQRS = Y9QPRS = JPQSR = YQPSR; (4-30)

of which the latter may be further combined with Eq. (4.28) to yield an eight-fold symmetry.

Using the introduced second-quantization representation, we may now construct the
(non-relativistic, spin-free) molecular electronic Hamiltonian in the Born—-Oppenheimer
approximation,

H= Z han}rjaQ + %gpQRSaLaEaSaQ + hpue, (4.31)
P
where ’
hro = [ 030 (—%W Xy ) Vg(x)dx (432
grors = / %(X)%@?ﬁd W’S () e, (4.33)
howe = —ZZ}%ZJJ (4.34)
I#£J

The form of the second-quantization Hamiltonian can be interpreted in the following way:
Applied to an electronic state, the Hamiltonian produces a linear combination of the orig-
inal state with states generated by single and double electron excitations from this state.
With each such excitation, there is an associated amplitude hpg or gpgrs, which represents
the probability of this event happening.

Let A°, B¢ and C°¢ be one-electron operators in first quantization and A, B and C be
the correspondmg second-quantization representations.

e The first-quantization operator aA°+bB¢, where a and b are numbers, is represented

by aA + bB.
e The standard relations
A(BC) = (AB)C (4.35)
t BtAT
are valid.

e For a complete one-electron basis
C¢ = A°B°= C = AB

but for finite basis sets this expression does not hold. The second-quantization op-
erators are projections of the exact operators onto a basis of spin-orbitals. For an
incomplete basis, the second-quantization representation of an operator product de-
pends on when the projection is made.

50



Second quantization treats operators and wave functions in a unified way — they are all
expressed in terms of the elementary creation and annihilation operators: any ON vector
may be written as

k) = X |vac) = [H(ag)kfv] |vac) (4.37)

P=1

and therefore the matrix elements can be viewed as the vacuum expectation value of an
operator
<k ’O’ m> = <Vac

and expectation values become linear combinations of vacuum expectation values.

Xli(}f(m] vac) (4.38)

4.3 Commutators and anticommutators

In the manipulation of operators and matrix elements in second quantization, the commu-
tator [A, B] = AB— BA and the anticommutator [A, B], = AB+ BA of two operators are
often encountered. Referring to the basic relations of the elementary creation and annihi-
lation operators, it is usually possible to simplify the commutators and anticommutators
between strings of elementary operators considerably.

We need to introduce the concepts of operator rank and rank reduction.

e The (particle) rank of a string of creation and annihilation operators is simply the
number of elementary operators divided by 2.

e Rank reduction is said to occur when the rank of a commutator or anticommutator
is lower than the combined rank of the operators commuted or anticommuted.

A simple rule

e Rank reduction follows upon anticommutation of two strings of half-integral rank
and upon commutation of all other strings

is useful for simplifying the expressions.

One useful strategy for the evaluation of commutators and anticommutators is based
on their linear expansion in simpler commutators or anticommutators according to e.g. the
following operator identities (see Exercise 3), and aim at greatest possible rank reduction:

[A,&BQ — [A, BB, + Bi[A, B)] (4.39)

[ABy-B)] = S B BA BB B, (4.40)
. k=1

[A,&BQ — [A, BBy — Bi[A, By (4.41)




4.3.1 Evaluation of commutators and anti-commutators

Let us consider the simplest nontrivial commutator, [a};, azga r]. Moving one of the opera-

tors after the comma out of the commutators by using (4.41),

(ab abar] = [a, absar — ablab, azls (4.45)

and invoking the basic anticommutation relation we have
[ah,, agaR] = —5pRag. (4.46)

Similarly,
[a,p, agaR] = 5PQa'R- (447)

Then, let us evaluate the commutator between two excitation operators, using the
results from the previous example,

[ahag, ahas] = [al, aballag + ablag, ahas] = dgrabas — dpsalag. (4.48)

A slightly more complicated commutator is evaluated by applying Eq. (4.39) and the
previous result:

[T TT]:

apag, ARasay,an f ! tay]

[ahag, ahaslal,an + ahaslabag, alay
= dorabasalay — dpsakagal ay

+oomakasabay — dpyahagsalag. (4.49)

The following double commutator can be evaluated by invoking the result (4.48) twice

[T TT]

aPaQ,[a}/as,aﬁuaN]] = 55M[aLaQ,aRa —5RN[aLaQ,aLaS]

= 5SM5QRGJJJFDGJN - 5SM5PMQEGJQ - 5RN5QManrDaS
+5RN5p5a§VIaQ. (450)

This gives rise to a rank reduction by 2.
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4.4 Orbital rotations

In many situations, e.g., during the optimization of an approximate electronic state or in
the calculation of the response of an electronic state to an external perturbation, it becomes
necessary to carry out transformations between different sets of orthonormal spin-orbitals.

We shall encounter especially cases where the occupation numbers refer to a set of
orthonormal spin-orbitals ¢p that is obtained from another set p by a unitary transfor-
mation

Yp = ZwQUQP- (4.51)
Q
Here, a unitary matriz U is a matrix that fulfills the relation
U'U=UU' =1. (4.52)
The spectral theorem states that any unitary matrix can be diagonalized as
U = VeV,

where V is unitary and € a complex diagonal matrix, €, = exp(idy). Therefore any unitary
matrix can be written as the matrix exponential' of an anti-Hermitian matrix:

U = Vexp(id)VI = exp(iVVT)
= exp(X), X = X (4.53)

By an introduction of the anti-Hermitian operator

k=Y kpoubag, i = —&, (4.54)
PQ

where the parameters kpg are the elements of an anti-Hermitian matrix &, for which
U = exp(—k), the elementary operators d;, ap and state }(~)> generated by the unitary
transformation (4.51) can be expressed in terms of the untransformed operators and states
as

al, = exp(—k)al exp(k) (4.55)
Ffp = exp(—Fk)apexp(k) (4.56)
0) = exp(—~)|0). (4.57)

4.5 Spin in second quantization

In the formalism of second quantization, there is no reference to electron spin. However,
in non-relativistic theory, many important simplifications follow by taking spin explicitly

1
The matrix exponential is defined as exp(A) = > > A" /nl.
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into account. Therefore, we shall separate the orbital space and the spin space,? i.e. a spin
orbital will be denoted by ¢p(x) = ¢,(r)o(ms) = ¢,,. The theory of second quantization
holds unchanged; for example the basic anticommutator now becomes

[a;r;aa Agrl+ = Opogr = Opglor, (4.58)

where, for example, a;f,a is the creation operator associated with the spin-orbital ¢,,-.

4.5.1 Operators in the orbital basis

We may classify the quantum-mechanical operators according to how they affect the orbital
and spin parts of wave functions: Spin-free operators, spin operators and mized operators.
One-electron are written in the spin-orbital basis as

f= Z Z fpqua;JaqT.

po  qT

The integrals vanish for opposite spins in the case of spin-free (or spinless) operators:

fmar = [ 63000 (m)(x)0 x) v,
= Gor [ GO IO = Fbor = 3 Fin

where we have introduced the singlet excitation operator

A

= T
Epy = a;aaqa + a,5043. (4.59)
The two-electron operators are given by
.1 .
g = 5 Z gpa,qT,ru,syapaaruasya,qT_
poqTTiSy

Here, the orthogonality of the spin functions reduce the integrals to

gpavqT,TM,SV - gpq7’850'7'5;u/7 (460)

where ¢,,s are the two-electron integrals in ordinary space, that are always symmetric
with respect to the particle-interchange, gpgrs = grspg, and have the Hermitian symmetry
Gpars = Gypsr 10 the case of complex orbitals; and in the case of real orbitals, we have a
permutational symmetry

Ypqrs = Yaqprs = Gpgsr = Yagpsr-

2
Hereafter, the spin functions o and 3 will be denoted generically by o, 7, p and v.
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The second-quantization representation of a spin-free two-electron operator is then

.1 1 PO 1 .
975 Z 9pqrs Z a;T)oaITGSTaqo ) Z Gpars(EpgErs — 0gr Eps) = 2 Z parsCpqrs-  (4.61)

pgars aoT pgrs pgrs

We have introduced the two-electron singlet excitation operator in the last equality. We can
now express the spin-free, non-relativistic molecular electronic Hamiltonian in the orbital
basis: '
H = Z hpquq + 5 Z gpqrsépqrs- (462)
pq

pars
The one- and two-electron integrals are the same as in (4.31), except that the integrations
are over the spatial coordinates only.

The one-electron second-quantization operators associated to operators that work in
spin space only may be written in the general form

=3 / 63(0)0* () (1) (1) () drdimal, g

poqTt

= Z/J*(ms)fc(ms)T(ms)dmsZCL;UCLW- (4.63)

Three important examples of pure spin operators are the raising and lowering operators
S¢ and S¢, and S¢. The effect of these operators on the (one-particle state) spin functions
is

SeB=a SSa=0

$8=0 Sa=0

1 A 1
SC = —— SC == - .
B 25 el +2a

From these we arrive at the following expressions for the basic spin operators:

S, = Z a;aapﬁ (4.64)
P
S_ = Z a;ﬁam (4.65)
p
- 1
S, = 3 Z (a;aapa — a;ﬁap5> . (4.66)
P

The lowering operator is seen to be the Hermitian adjoint of the raising operator:
5 = S (o) = el = 5
p p
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The operators for the x and y components of the spin angular momentum can be written
in terms of the raising and lowering operators as

S¢ o= (89459

Sy = 5 (S5-59).

l\D|,_.[\:>||—t

from which we obtain the second-quantization counterparts,

A 1

S, = 3 Z (a;aapg + aj)ﬁapa> (4.67)
p

3 1 t t

Sy = % (apaapﬁ — apﬁapa) , (4.68)
P

which may be combined with (4.66) to give the operator for the total spin, 52 = 52+S2+52
As it contains products of one-electron operators, it is a two-electron operator and therefore
somewhat tedious to manipulate. However, the explicit form is seldom needed, because we
are able to employ the standard operator identities: In contrast to the orbital basis, the
spin basis is complete, hence the usual first-quantization commutation relations hold also
for the second-quantization spin operators. One such example is

1S4, 5 Zapaapﬁ, Z Zﬁ’ aqa] = Z (aLaapa — aLﬁapﬁ) —=28,. (4.69)

p

For example, the fine-structure and hyperfine-structure operators of first quantization
affect both the spatial and spin parts of the wave function. An example would be the
spin-orbit interaction operator

N
Vso = Z &(ri)€5 - S5
i=1
The second-quantization representation is obtained in the usual manner as

Vo = 3 [ 65010 () Voo (e, m )y w)7 el

poqt
= > (Ve + VT + iz (4.70)
Prq

where

%zfewwmmwﬁ
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and where the Cartesian components of the triplet excitation operators are given by

. 1
T = 5 (ahatos + afy0,0) (4.71)
- 1
. = % (aLaaqg — aj)ﬁaqa> (4.72)
- 1
T, = 5 <a;aaqa — alﬁaqﬁ) . (4.73)

The second-quantization representation of

e spin-free operators depend on the orbitals but have the same amplitudes (=integrals)
for alpha and beta spins

e pure spin operators are independent of the functional form of the orbitals

e mixed operators depend on both the spin of the electron and the functional form of
the orbitals.

4.5.2 Spin properties of determinants

Slater determinants are in general not eigenfunctions of the non-relativistic Hamiltonian,
but are instead the non-degenerate eigenfunctions of the spin-orbital occupation-number
operators: )

Npo |k) = kyo [k) (4.74)

We also note that the spin-orbital ON operators commute with the spin-projection opera-
tor, i.e. [Sz, Npa] — 0, because the ON operators commute among themselves, and S, is a
linear combination of spin-orbital ON operators. Added by the observation that there is
no degeneracies in (4.74), the Slater determinants are eigenfunctions of the projected spin:

S, k) = Mk). (4.75)

By contrast, the Slater determinants are not eigenfunctions of the total spin. However, it
is possible to determine spin eigenfunctions as simple linear combinations of determinants.
A hint for the procedure is given by an observation that both the total and projected-spin
operators commute with the sum of the ON operators for alpha and beta spins:

[SZ,NPJ+NPQ] = 0

[gzvNPU"i_Npﬁ] = 0,

because Npa + Npg are singlet operators. Such spin-adapted functions are known as con-
figuration state functions.
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4.6 Further reading

e T. Helgaker, P. Jorgensen, J. Olsen, Molecular Electronic-Structure Theory (Wiley
2002), pp. 1-106.

o W. Kutzelnigg, Quantum chemistry in Fock space, in D. Mukherjee (ed), Aspects of
Many-Body Effects in Molecules and Extended Systems, Lecture Notes in Chemistry
Vol. 50 (Springer-Verlag 1989).

e P. R. Surjdn, Second Quantized Approach to Quantum Chemistry (Springer-Verlag
1989).

4.7 Exercises for Chapter 4

1. Verify the commutation and anticommutation relations (142-147) in the lectures.

2. Let & and f be one-electron operators. Show that the commutator [, f] can be
written as a one-electron operator

7, f1 =) Fiqabaq
PQ
with the modified integrals

fEq =" (kprfrg — frrrng)-

R

3. One of the operators that describe the interaction between nuclear magnetic dipoles
and electrons is the Fermi contact operator

Fo = Z ZVK(S(I%' — Rg)si - I
K i

where s is the spin of electron ¢, Iy and v the nuclear spin and the magnetogyric
ratio of nucleus K, respectively, and ¢ the Dirac delta function. Determine the
second-quantization representation of the Fermi contact operator.

4. x Consider two operators appearing in the quasi-relativistic Breit—Pauli Hamiltonian,
the two-electron Darwin operator and the spin-spin contact operator:

. T
HDar(Q) = _E Z 5(rl - r])
i>]
. 8m
1>]
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(a) Show that the second-quantization representation of the two-electron Darwin
operator becomes
HDar(Q) - Z Spqrsa';aaflga'sﬁaqaa
pqrs

where

™ * *
Sure = =75 [ 63010,0)610)0. )i
(b) Show that in second quantization these operators are related as

Hsso = —QﬁDar(z)-

5. x Consider a set of spin-orbitals qu obtained from another set ¢p by a unitary
trasformation

op = ZQSQUQP, U unitary
Q
When U is written in terms of an anti-Hermitian matrix x as

U = exp(—k), k= —k,

show, that the elementary operators d};, ap as well as state }(~)> generated by the

unitary transformation may be expressed in terms of the untransformed operators
and states as

aly = exp(—i)a exp(k)

ap = exp(—~k)ap exp(k)
0) = exp(—&)|[0).

99



60



Chapter 5

Hartree—Fock theory

5.1 The Hartree—Fock approximation

In the Hartree—Fock approximation the electronic wave function is approximated by a single
Slater determinant, and the energy is optimized with respect to variations of these spin-
orbitals. Thus, the wave function may be written in a form

k) = exp(—=k) |0), (5.1)

where |0) is some reference configuration and exp(—&) an operator that carries out unitary
transformations among the spin orbitals; these orbital-rotation parameters for the Hartree—
Fock ground state are obtained by minimizing the energy:

r<a> . (5.2)

The optimization could be carried out using standard numerical analyisis; however, for the
most of purposes more “spesific’ methods are required in order to cope with the compu-
tational cost. We recall that the Slater determinant represents a situation where electrons
behave as independent particles, but are subject to the Fermi correlation. Therefore, the
optimal determinant can be found by solving a set of effective one-electron Schrodinger
equations — the Hartree—Fock equations — for the spin-orbitals, with the associated Hamil-
tonian being the Fock operator

EHF = min <K/ ]:I
K

f = Z fPQCLIoCLQ, (5.3)
PQ

where the elements fpg are called the Fock matriz. A very essential feature of the Fock
operator is that the one-electron part of the “true” molecular Hamiltonian is retained,
but the two-electron part is replaced with the effective Fock operator, so that f —h+V.
The Fock operator incorporates in an average sense the Coulomb interaction among the
electrons, corrected for Fermi correlation:

Z VPQCLJ{DCLQ (54)
PQ
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Veq = Z (9pqrr — gr11Q) , (5.5)

1

where the integrals g are given in Eq. (4.33), with I running over the occupied and P and
@ all spin-orbitals. The first term in Vpg describes the classical Coulomb interaction of the
electron with the charge distribution caused by the others, and the second one, exchange
term, is a correction that arises from the antisymmetry of the wave function.

e The Hartree—Fock equations are solved by diagonalizing the Fock matrix. The re-
sulting eigenvectors are called the canonical spin-orbitals and the the eigenvalues of
the Fock matrix are the orbital energies, fpg = dpgep.

e Since the Fock matrix is defined in terms of its own eigenvectors, the canonical spin-
orbitals and the orbital energies can only be obtained using an iterative procedure;
where the Fock matrix is constructed and diagonalized in every iteration until the
spin-orbitals obtained in a particular iteration become identical to those from which
the Fock matrix was constructed. This procedure is referred to as the self-consistent
field (SCF) method and the resulting wave function the SCF wave function.

e In the canonical representation, i.e., in the frame where the Fock matrix is diagonal,
the electrons occupy the spin-orbitals in accordance with the Pauli principle and
move independently one another in the electrostatic field caused by the stationary
nuclei and by the charce distribution of the N — 1 electrons. The orbital energies
are the one-electron energies associated with the independent electrons and may thus
be interpreted as the energies required to remove a single electron, that is, to ionize
the system. The identification of the orbital energies with the negative ionization
potentials is known as the Koopman’s theorem.

The Hartree-Fock state is invariant to unitary transformations among the occupied
spin-orbitals. Therefore, the spin-orbitals of the Hartree-Fock state are not uniquely de-
termied by the condition (5.2) and the canonical orbitals are just one possible choice of
spin-orbitals for the optimized N-particle state. Any set of energy-optimized orbitals de-
composes the Fock matrix into two non-interacting blocks: one for the occupied, and
another for the unoccupied spin-orbitals. When these subblocks are diagonalized, the
canonical spin-orbitals are obtained.

The final electronic state is obtained as an antisymmetrized product of the canonical

spin orbitals
|HF) = (H amazﬁ> |vac) . (5.6)

Finally, let us make a remark that the Hartree-Fock state is an eigenfunction of the Fock
operator with an eigenvalue equal to the sum of the orbital energies of the canonicial
spin-orbitals

f|HF) = QZQ |HF) . (5.7)
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Figure 5.1: The self-consistent field procedure.

5.2 Restricted and unrestricted Hartree—Fock theory

The exact wave function is an eigenfunction of the total and projected spin operators. The
Hartree-Fock wave function, which is not an eigenfunction of the Hamiltonian (but of the
effective one, the Fock operator), does not possess these symmetries, they must be imposed
on the Hartree-Fock solution.

e In the restricted Hartree—Fock (RHF) approximation, the energy is optimized subject
to the condition that the wave function is an eigenfunction of the total and projected
spins. In a practical implementation of the RHF scheme, it is advantageous to write
the wave function as a configuration state function rather than a Slater determinant.

e In the unrestricted Hartree-Fock (UHF) approximation, the wave function is not
required to be a spin eigenfunction, and different spatial orbitals are used for different
spins.

e In some systems, usually close to the equilibrium geometry, the symmetries of the
exact state are present in the UHF state as well. In such cases the UHF and RHF
states coincide.

5.2.1 Hartree—Fock treatment of H,

For the hydrogen molecule, the RHF wave function is a singlet spin eigenfunction with
doubly occupied symmetry-adapted 1o, orbitals;

|RHF> = aiagaaiagﬁ‘vac>
|UHF) = afblaa;ﬁ lvac) .
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Figure 5.2: Perfomance of RHF and UHF models in Hs.

Let us plot these wave functions as well as the FCI wave function for comparison using the
LCAO approximation for the orbital basis (cc-pVQZ basis set) in Figure 5.2.

At short internuclear distances the RHF and UHF wave functions are identical, pro-
viding a crude but reasonable representation of the potential energy surface. At larger
separations, the RHF wave function behaves poorly for energy, whereas the UHF wave
function falls towards the correct FCI curve. On the other hand, while the RHF wave
function remains a true singlet at all distances, the UHF wave function behaves incorrectly
with respect to the spin, yielding a spin intermediate of a singlet and a triplet.

5.3 Roothaan—Hall equations

We will now consider the classical Roothaan—Hall formulation of the Hartree-Fock the-
ory, in which the MOs are expanded in a set of AOs, ¢, = > i XuCup, Whose expansion
coefficients C are used as the variational parameters.

The Hartree-Fock energy is the expectation value of the true molecular electronic
Hamiltonian (4.62), and is given in the orbital basis by

EO — <HF ’ H’ HF> = hpDyy + % > Goarstpgrs (5.8)
Pq pars
where
D,, = <HF B, HF> (5.9)
dpqrs - <HF |épqrs| HF> : (510)

For a closed-shell state, the only nonzero elements of (5.9) and (5.10) are
Dij = 25”

1
dijtt = DijDy — iDilej = 40011 — 20410k
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and thus the total Hartree-Fock energy is
E© =2 Z hii + Z(Qgiijj = Gijji)- (5.11)
i ij

The energy must be optimized subject to the orthonormality of the MOs. We introduce
the Hartree-Fock Lagrangian

L(C) = E(C) -2 Z Xij (¢ |95) — 045)

and the variational conditions are written in terms of it as

OL(C
0= aé k> = 4h, + 42(29ukjj — Gujjk) — 42 SNk
K - -

J

which gives the condition for the optimized Hartree-Fock state

Fute =Y SuiXin- (5.12)
J

Since the multiplier matrix A is symmetric (for real orbitals), it can be diagonalized by
an orthogonal transformation among the occupied orbitals, A = UeU?, the Hartree Fock
energy being invariant to such transformations. The off-diagonal Lagrange multipliers may
thus be eliminated by an orthogonal transformation to a set of occupied MOs that satisfy
the canonical conditions. In the canonical basis, the variational conditions become

Z fﬁyocuk = €k Z Suucuka (513)

where the elements of the AO Fock matrixz are

ijo = huv + Z(zguuu - gmiu)- (514)

Since fA© is symmetric, we can extend the variational conditions to yield a set of orthonor-
mal virtual MOs that satisfy the same canonical conditions as the occupied MOs, i.e.,
fab = dup€qa- Now, we are able to write the Hartree—Fock variational conditions as

fA9C = SCe, (5.15)

where € is a diagonal matrix that contains the orbital energies. This equation is called the
Roothaan-Hall equations.
The AO Fock matrix can be evaluated entirely in the AO basis,

1
A E AO
;u/O = h’,ul/ + DpU <gHVP<7 B §gﬂ<7p’/> ) (516>
po

where D49 is the AO representation of the one-electron density,

D*° = CcDC”. (5.17)
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Figure 5.3: Roothaan—Hall procedure.

5.3.1 On the convergence of the SCF method

A straightforward implementation of the Roothaan-Hall SCF method (given in the figure)
may fail to converge or may converge slowly. Several schemes to improve the SCF conver-
gence have been introduced; of which the direct inversion in the iterative subspace (DIIS)
method is amongst the simplest and one of the most successful. In the DIIS method, the
information from the preceding iterations is used instead of generating the next density
from the last AO Fock matrix:

20 = w1, (5.18)
i=1

where the DIIS weights w are obtained by minimizing the norm of the averaged error
vector €, = Y ., w;e;,

n n
lof*=2_> w

(e; &) wj,
i=1 j=1 e
ij

subject to the constraint that )"  w; = 1. For this purpose, we construct the Lagrangian

1=1

ij=1
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Figure 5.4: On the left: HyO in its equilibrium geometry, on the right: H,O with its
bonds stretched to double (angle remaining constant). Calculations are carried out in the
cc-pVQZ basis.

the minimization of which leads to the set of linear equations:

Bll Bl2 Bln
B21 B22 BQn
Bnl Bn2 Bnn
-1 -1 —1

from which the weights are solved.

—1
—1

—1

wy 0
Wo 0
w,, 0
A -1

e The C2-DIIS method is similar to the DIIS, but the constraint is ;" ; w? = 1. This

leads to a solution of an eigenvalue problem instead of the set of linear equa tions as
in DIIS; the scheme may handle singularities better.

e In the EDIIS (“energy DIIS”) scheme, the error-vector-norm minimization is replaced
by a minimization of an approximation to the true energy function. It improves the
convergence in cases where the start guess has a Hessian structure far from the

optimal one. It also can converge in cases where DIIS diverges. For non-problematic
cases EDIIS has actually a slower convergence rate than DIIS.

e These are based on either the diagonalization of the Fock matrix or on a direct
optimization of the AO density matrix. Nevertheless, in some cases, even the DIIS
method (and alike) is difficult to converge, when it might be better to use the second-
order Newton method to the optimization of the Hartree-Fock energy. This has been
applied in the literature to the optimization of the AO density matrix (the basis for
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the trust-region or restricted-step method) as well as in a method that carries out
rotations among the MOs.

e The “trust-region SCF” (TRSCF) is the state-of-the-art model in SCF convergence.
It is basically a globally convergent black-box method, where each SCF iteration
consists of a trust-region density subspace minimization and a trust-region Roothaan-
Hall step.

5.3.2 Integral-direct SCF

In every Roothaan—Hall SCF iteration a large number of two-electron integrals is needed
to construct the Fock matrix. Since the same AO integrals are used in each iteration, these
integrals can be written to disk and read in when needed.

In large-scale calculations, this approach becomes impractical due to the large number
of needed integrals. In such cases, the AO integrals are instead recomputed in every
iteration — as soon as a batch of two-electron integrals has been produced, it is contracted
with the appropriate densities. This procedure is known as the direct SCF method.

If the value of an integral is very small, or if it is combined with small density-matrix el-
ements, its contribution to the Fock matrix may be neglected. Therefore, by pre-estimating
the integrals by having some kind of upper limit for them, the number of calculated in-
tegrals in the direct SCF scheme can be reduced dramatically. The computational cost
of the SCF method scales formally as O(n*), where n is the number of basis set func-
tions, but it can be shown that only O(n?) of the two-electron integrals are significant.
Therefore, the direct SCF scheme combined with the pre-screening of the integrals is much
cheaper for large systems. Furthermore, by using so-called fast multipole methods, only
O(n) two-electron integrals is needed, while the rest can be either neglected or evaluated
classically. The bottleneck is then not anymore in the Fock-matrix construction, but in
the diagonalization step (which is an O(n?) procedure).

To overcome the diagonalization bottleneck and to achieve a SCF method that would
scale linearly with respect of the size of the system, and thus be applicable to large molecular
systems such as biomolecules, we would need to optimize directly the AO density matrix.
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5.4 Further reading

e T. Helgaker, P. Jorgensen, J. Olsen, Molecular Electronic-Structure Theory (Wiley
2002), pp. 433-522.

e J. Almlof, Notes on Hartree—Fock theory and related topics, in B. O. Roos (ed),
Lecture Notes in Quantum Chemistry II (Springer-Verlag 1994).

e J. Almlof, Direct methods in electronic structure theory, in D. R. Yarkony (ed),
Modern Electronic Structure Theory (World Scientific 1995), p. 110.

5.5 Exercises for Chapter 5

1. Here we consider the total energies of the singlet and triplet states obtained by
promoting one electron from the occupied canonical orbital ¢; to the virtual canonical
orbital ¢, of a closed-shell Hartree—Fock state. The total energies of the singlet and
triplet states can be written as

o <HF 500 f1.500 HF>
*Eyi = (HF ’i}};oﬁlTA;f HF),
where
0,0 1 i T
Spq = E(apaa/qa + apﬁaqﬁ)
N 1
plq70 = %( ;aaqa - a;rﬁaqﬁ ).

(a) Show that the singlet total energy can be expressed as

~ 1 N
By = (HF |B|HF) + = (HF B[, B[ HF)

(b) Show, that the singlet and triplet energies are related as

3p. = B, —2 <HF ‘EﬁﬁEg;

where E% = af_a;, and B’ = azﬁaw.

2. In this exercise, we shall determine the gradient for the closed-shell Hartree-Fock

energy
B 0 <cs ’exp(/%)lf[ exp(—r) cs>

8/-@1:@

69



for a non-vanishing 4 that contains only real parameters kpg. According to exercise
4.3*, the derivative of an exponential operator is

dexp(—k) _ Z exp [i(Ar — Ag)] — 1

UprUos — UrUps) Gha —i
Drir iOn—rs)  (Prlas ~ Uonlns) fnfis oxp(=5),

RS

where Upg are the elements of the unitary matrix U that diagonalizes x; and Ap are
the real eigenvalues of ik:

ik = UAUT.

The d}; are the creation operators in the eigenvector-basis of k,
d}r; = Z CLJI[%URP.
R

(a) Show that the elements of the gradient are given by

(1) - exp[iAr —Ag)] =1 *
Epg(k) = Z i(Ar — Ag) (UPRUQS - UQRUPS)
RS

(b) Specialize this result to the case kK = 0.

3. * Consider the orbital-rotation operator

k= Z kpolabag — agap),
P>Q

where kpg are real parameters.

(a) Verify the relation
L d
exp|—(k + 0k)] — exp(—K) / e exp[—(k + 0k)z] exp(k2)dz exp(—FK).
0

(b) Using this result, write the first-order variation of exp(—&) with respect to 0~

as
n+1

Jexp(—i) = %gﬁ Ay ... [, 0R] .. ] exp(—F).

>
n=0 ~\~

n commutators

(c¢) Show, that the real antisymmetric matrix x with elements

& P>Q
Wro={ 712 128

can be diagonalized as

k = —iUAUT

where U is a unitary matrix and A a real diagonal matrix.

70



(d) The eigenvectors U define a basis
d}r; = Z QEURP~
R

Show that, in this eigenvector basis, the orbital-rotation operator and its first-
order variation may be expressed as

ko= —i) Apapap
P
ok = Y [U'6kU],, ahaq.
PQ

(e) Using the previous expansions, rewrite the expression for § exp(—k) as

R expli(Ap — A\g)| — 1 e R
dexp(—kr) = — E [;()\I; — )\2))] (U6 U] pgabhag exp(—#).
PQ

(f) Show that the first derivatives of the orbital-rotation operator are given by

O exp(—k) _ Z exp [i(Ar — Ag)] — 1

Ut Ups — UswUpg) aha —R
Drir On—2g)  (prlas = UonUrs) s oxpl =5,

RS

4. * In the optimization of a closed-shell electronic system, the nonredundant orbital-

rotation parameters
o 0 kY
—KAr 0

determine the transformation from the original MOs ¢,(0) to a set of improved MOs
op(K) as ¢p(k) = >, #p(0) exp(—kK)g. A further rotation of ¢,(k) involving the

redundant parameters
_ red __ Krj 0

gives a new MO basis ¢, (p) = >, ¢¢(K) exp(—p)yp which is equivalent to ¢, (k) in the
sense that it gives the same energy; in other words, the total energy is invariant to this
transformation. In this exercise, we show that the choice of redundant parameters
p = 0 minimizes the function

D(p) =) 16p(0) = (p)II%,

which represents the difference between the original and optimized MOs.

(a) Show that the difference measure D(p) can be expressed in the matrix form

D(p) = 2Tr[1 — exp(—r) exp(—p)].
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(b) Show that the first-order variation of D(p) at p = 0 becomes

dD(p) = 2TrWip,

o (5 ) (T )

(c) Show that the exponential of k can be written as

where

exp(—k) = cos A ~k1,B7'sinB
P ~ \kaAlsin A cos B ’
where A = (k’; k)%, and B = (kar &7)"/2.

(d) Use the previous result for exp(—k) to show that p = 0 represents a stationary
point.

(e) Show that, at the stationary point, the second-order variation of D(p) becomes
62D = —TrWépép.

(f) Show that W is positive definite for small & and use this to show that the second-
order variation is positive, implying that the stationary point is a minimum.
Thus, for a closed-shell wave functions, p = 0 gives the maximum overlap
between the rotated and original MOs.
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Chapter 6

Configuration interaction

6.1 Configuration-interaction wave function

The configuration-interaction (CI) wave function is constructed as a linear combination of
Slater determinants (or configuration-state functions):

= ZC b) (6.1)

with the coefficients determined by a variational optimization of the expectation value of
the electronic energy, i.e., by minimization for the ground state

Eqp = mén % (6.2)

As discussed earlier, this is equivalent to the solution of an eigenvalue equation HC =
E¢;C. The construction of the CI wave function may thus be carried out by diagonalizing
the Hamiltonian matrix H;; = <z ’ﬁ

In particular, we have to construct the CI wave function in a finite one-electron basis.
The full CI (FCI) wave function consists of all the configurations that can be generated
in a given basis, and it is most convenient to think it as generated from a single reference

configuration, which dominates the wave function and usually is the Hartree-Fock state,
by the application of a linear combination of spin-orbital excitation operators

IFCI) = <1+ZXA+ > X ) |HF) (6.3)

J >, but more often iterative techniques are used.

where for example

XA HF) = Cfala; |HF)
Xf,B\HF> = CU aAaBalaJ|HF)
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R = Rref R = 2Rref
FE — EFCI Welght E — EFCI Welght
RHF 0.2178 0.9410 0.3639 0.5896
CISD 0.0120 0.9980 0.0720 0.9487
CISDT 0.0090 0.9985 0.0560 0.9590
CISDTQ | 0.0003 1.0000 0.0058 0.9988
CISDTQ5 | 0.0001 1.0000 0.0022 0.9995

Table 6.1: The electronic energies of truncated CI wave functions for the water molecule
(ce-pVDZ basis) relative to the FCI energy.

Thus, we may characterize the determinants in the FCI expansion as single (S), double (D),
triple (T), quadruple (Q), quintuple (5), and so forth excitations relative to the Hartree—
Fock state.

The number of determinants in an FCI wave function is

for a system with n orbitals containing k alpha and k beta electrons. For example, when
n = 2k, Ny ~ 16" /km — for large k, the number of determinants increases by a factor of
16 for each new pair of electrons and orbitals!

6.1.1 Single-reference CI wave functions

As the FCI wave function is obtainable only for the smallest systems, it becomes necessary
to truncate the expansion, so that only a subset of the determinants are included, based
on the excitation level. This is justified, since in general the lower-order excitations are
more important than those of high orders. In principle, this procedure of hierarchal trun-
cation may be continued until the FCI wave function is recovered. Since the CI model is
variational, the FCI energy is approached from the above.

In Table 6.1 the truncated CI functions are examined. Whereas the contributions drop
monotonically, the step from an even-order excitation level to an odd-order is far more
pronounced than the step from an odd to an even-order excitation level; hence the CI
expansion is preferably truncated at even orders. For example, the first useful truncated
CI wave function — the CI singles-and-doubles wave function (CISD) — recovers 94.5% of
the correlation energy, the inclusion of triples on top of that improves the treatment to
95.9%, while as much as 99.9% of the correlation energy is recovered at the CISDTQ level.

6.1.2 Multi-reference CI wave functions

In the stretched geometry 2R, the Hartree—Fock determinant is less dominant. Clearly,
the strategy of defining a correlation hierarchy in terms of excitations out of a single

74



reference determinant such as the Hartree-Fock determinant does not provide the best
possible description of the dissociation process. To overcome this, we may introduce CI
wave functions based on the idea of a reference space comprising more than a single deter-
minant: The multi-reference CI (MRCI) wave functions is generated by including in the
wave function all configurations belonging to this reference space as well as all excitations
up to a given level from each reference configuration, yielding, e.g., the multi-reference
singles-and-doubles CI (MRSDCI) wave function.

The construction of a MRCI wave function begins with the generation of a set of orbitals
and the reference space of configurations. For example, in the water molecule, we would
include in our reference space for instance the configurations obtained by distributing the
eight valence electrons among the six valence MOs in all possible ways (consistent with the
spin- and space-symmetry restrictions).

e MRSDCI model is very accurate, if all the important configurations are included in
the reference space.

e The number of important configurations becomes, however, very large, making thus
the model applicable to quite small systems.

e The choice of the active space requires a lot of chemical intuition and patience.

Another way of truncating the FCI expansion is to construct the wave function from
individual configurations, the selection of which is based on physical intuition or perturba-
tional estimates.

6.1.3 Optimization of the CI wave function

For large CI expansions it is impossible to set up and diagonalize the Hamiltonian matrix
of the eigenvalue equation. However, usually only a few of the lowest eigenvalues are of
interest, and we may determine them by iterative methods, where the eigenvectors and
eigenvalues are generated by a sequence of linear transformations of the form o = HC,
where C is some trial vector. These methods can be devised for both of the CI eigenvalue
problem and the optimization of the CI energy (6.2). The most often used strategies rely
on the second-order Newton’s method and its approximations.

6.1.4 On the disadvantages of the CI approach

CI wave functions truncated at a given excitation level relative to a reference configuration
do not provide size-extensive energies.

e For example, if two fragments are described at the CISD level, then a size-extensive
treatment of the compound system requires that the wave function is augmented
with certain triples and quadruples; more precisely those that represent products of
single and double excitations in the two subsystems.
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e An approach called quadratic CI (QCI) is a size-extensive revision of the CI model.
Other widely used approach to overcome the lack of size-extensivity is the Davidson
correction applied on top of the truncated CI energy.

The CI description of the electronic system is not at all compact. Even though higher
excitations are less important than those of lower orders, their number is enormous. There-
fore, the CI wave function converges slowly with the number of variational parameters.

Both of these problems are due to the linear parameterization in the CI model (6.1).

6.2 Multi-configurational SCF theory

The multi-configurational self-consistent field (MCSCF) theory is a generalization of the
Hartree—Fock wave function to systems dominated by more than one electronic configura-
tion. This method is particularly useful in the description of bond breakings and molecular
dissociation processes.

In MCSCF theory, the wave function is written as a linear combination of determinants,
whose expansion coefficients C; are optimized simultaneously with the MOs according to
the variation principle:

|k, C) = exp(— ZC |7) (6.5)

The ground-state MCSCF wave function is obtained by minimizing the energy with respect
to the variational parameters,

<KJ, C ’ﬁ’ K, C>
Enicser = f’glél %.Cr.C) (6.6)

6.2.1 MCSCF wave function of H,

A two-configuration MCSCF wave function of the hydrogen molecule is
|MC> = Cla’-ll-ogaaiil.ogﬁ |VaC> + CQaJ{Uuaa’-Il.ou,@ |VaC> )

where the variation principle is invoked to optimize the configuration coefficients as well
as the orbitals. Its behaviour in Hy dissociation is sketched in Figure 6.2.1. The solid line
is the MCSCF potential energy curve in the cc-pVQZ basis set. The thick and the dashed
lines are for FCI and RHF, respectively.

For any larger system than the Hy molecule the selection of configuration space is
the greatest difficulty in the MCSCF calculation. It is very often impossible to generate
a sufficient MCSCF configuration, which is computationally tractable. The selection is
usually carried out by dividing the MO space in inactive, active, and secondary orbitals.

e The inactive orbitals are set to be doubly occupied.
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Figure 6.1: MCSCF potential energy curve of Hs.

e The active orbitals have variable occupancies of 0, 1, or 2. The MCSCF expansion
is then obtained by distributing the active electrons in all possible ways among the
active orbitals. In the final optimized state, the active orbitals have non-integer
occupation numbers between 0 and 2.

e The secondary orbitals are unoccupied throughout the optimization.

This scheme is called the complete active space SCF method (CASSCF). We note that the
CASSCF wave function is identical to the FCI wave function, when all the orbitals of the
system are active; and reduces to the Hartree—Fock wave function when the active space
is empty.

In restricted active space SCF (RASSCF) calculations, the active orbital space is further
divided into three subspaces: RAS1, with an upper limit on the allowed number of holes in
each configuration; RAS2, with no restrictions enforced; and RAS3, with an upper limit on
the allowed number of electrons in each configuration. This allows for larger active spaces
than CASSCEF.

In practise, the simultaneous optimization of orbitals and CI coefficients is a difficult
nonlinear optimization problem, which restricts the MCSCF expansions to be significantly
smaller than those encountered in the CI wave functions. By itself, the MCSCF model
is not suited to the treatment of dynamical correlation, that requires large basis sets and
long configuration expansions.

6.2.2 Selection of the active space

One popular approach for the choice of the MCSCEF' active spaces is based on the natural
occupation numbers obtained from a preceding second-order Mgller—Plesset perturbation
theory calculation. For the water molecule in the cc-pVTZ basis in the order (A, By, Bo,
Ay) we obtain
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Natural orbital occupation numbers, symmetry 1

1.99953982 1.98393843 1.96476967 0.02261760 0.01156239
0.00648257 0.00552982 0.00113424 0.00083070 0.00060446
0.00047604 0.00036853 0.00035173 0.00019527 0.00013628
0.00008516 0.00007619 0.00005837 0.00004768 0.00003078
0.00002067 0.00001341 0.00000675

Natural orbital occupation numbers, symmetry 2
1.96724668 0.01959000 0.00552930 0.00068405 0.00064037
0.00042732 0.00035178 0.00013127 0.00005653 0.00004947
0.00001646

Natural orbital occupation numbers, symmetry 3
1.96415036 0.02452309 0.00641995 0.00104230 0.00086705
0.00065869 0.00039618 0.00019746 0.00013435 0.00011930
0.00006217 0.00005180 0.00003331 0.00001667 0.00001255
0.00000755 0.00000429

Natural orbital occupation numbers, symmetry 4
0.00626166 0.00079588 0.00038289 0.00012271 0.00006547

0.00006019 0.00001431

Table 6.2: Natural occupation numbers of Cyv water molecule in cc-pVTZ basis.

We can choose active spaces of different flexibility:

Smallest possible active space seems to be (2,0,2,0), i.e. four electrons in four MOs
3aq, 4ay, 1by, and 2by. This corresponds to a combination of 12 determinants.

For more accurate description, eight electrons distributed on (3,1,2,0) active space,
corresponding to 37 configurations, gives almost similar potential curve.

For further improvement, an eight-electron (6,3,3,1) active space is of high quality
and sufficient for incorporating dynamical correlation effects as well. However, we get
almost the same curve by supplementing the CAS(3,1,2,0) wave function by RAS3
space (3,2,1,0) limiting the number of electrons in RAS3 space to be 2 at maximum.
This reduces the number of determinants from 36240 to 2708.
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6.3 Further reading

e T. Helgaker, P. Jorgensen, J. Olsen, Molecular Electronic-Structure Theory (Wiley
2002), pp. 523-647.

e [. Shavitt, The Method of Configuration Interaction, in H. F. Schaefer I1I (ed), Meth-
ods of Electronic Structure Theory (Plenum Press 1977).

e H.-J. Werner, Matriz-Formulated Direct Multiconfiguration Self-Consistent Field and
Multiconfiguration Reference Configuration-Interaction Methods, in K. P. Lawley
(ed), Ab Initio Methods in Quantum Chemistry (Wiley 1987).

6.4 Exercises for Chapter 6

1. Calculate the non-vanishing one- and two-electron density-matrix elements
Dypg = (0|Ep|0)
pgrs = {0 ]epgrs| 0) = Z (0af,al ar0as| 0)

oT

for the following states of the H2 molecule in the minimal basis:

(a) the single-configuration singlet states

102) = alual, fvao
102) = ol lac)

(b) the two-configuration singlet state
’12;(7» = cos(T) }10§> + sin(7) ’103>

(c) the triplet and singlet ungerade states

1
}3ZI> = = (a’;aa{,@ + a;ﬁaia) |VaC>

V2
1
}1Zj{> = E (agaaiﬁ — agﬁa1a> |vac)

2. x Consider a dimer of two noninteracting H2 molecules, each described in a minimal
basis.

(a) Show that the ground-state FCI wave function can be parametrized as
|FCI> = (]_ + Clﬁl + Cgﬁg + 012b1ﬁ2> |HF> s

where the operator D; = aLlaaLI 50g; 804, Creates a double excitation from the

Hartree-Fock state for molecule .
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(b) Show that the FCI eigenvalue problem becomes

0 K K 0 Co Co
K 2A 0 K (&1 - B C1
K 0 2A K (&) corr Co
0 K K 4A C12 C12

where F.. is the FCI correlation energy of the Hy dimer and

K = Jgugu
2A = 2hyy — 2hgg + Guuuu — Ygggq-

(c¢) Find the ground-state FCI solution.

3. x Assume that we are carrying out an MCSCF calculation of the electronic state
0) = 1i)

where the determinants share a common set of inactive orbitals. Show that, for this
state, the Hamiltonian matrix elements <z ’ﬁ ’ O> may be written in the form

<i ﬁ’0> :%:Fw <2

where 'F is the inactive Fock matrix

EUU]

1 s
0) +3 D Guuey (i evuay | 0) + CP1E

VWTY

and 'E the inactive energy. Obtain an expression for the MCSCF electronic gradient.

4. % Show that the FCI wave function is size-extensive but the truncated Cl-doubles
(CID) wave function is not.
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Chapter 7

Description of dynamical correlation

7.1 Coupled-cluster theory

As noted earlier, the shortcomings of the CI hierarchy — the lack of size-extensivity and
the slow convergence towards the FCI limit — are due to the linear expansion. However,
we may recast the FCI expansion (6.3) in the form of a product wave function

ICC) = |[J( +t,7) | [HF), (7.1)

I

where we have introduced a generic notation 7, for an excitation operator of unspecified
excitation level (D, T, Q,...) and the associated cluster amplitude t,. This (full) coupled-
cluster (CC) wave function differs from the FCI wave function by the presence of terms
that are nonlinear in the excitation operators. Of course, the CC and FCI wave functions
are completely equivalent provided that all the excitations are included.

Since the 7s always excite from the set of occupied Hartree-Fock spin-orbitals to the
virtual ones, [7,,7,] = 0. Due to the presence of the product excitations in the coupled-
cluster state (7.1), each determinant can thus be reached in several different ways. For
example, the determinant |uv) = 7,7, |HF) = 7,7, |[HF) may be reached with an overall
amplitude equal to the sum of the individual amplitude. With respect to this determinant,
the double-excitation amplitude ¢,, is referred to as a connected cluster amplitude and
subsequent singles excitation amplitudes ¢,t, as a disconnected cluster amplitude.

7.1.1 The CC Schrodinger equation

By analogy with the CI theory, we could attempt to determine the CC state by minimizing
the expectation value of the Hamiltonian with respect to the amplitudes. Due to the
nonlinear parameterization of the CC model, the analogous variational conditions would
give rise to an intractable set of nonlinear equations. Hence, in practice coupled-cluster
models are not solved using the variation principle, and the CC energies are therefore
non-variational.
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Instead, by multiplying the eigenvalue equation H |CC) = E|CC) by (u| = (HF| 7l we
obtain the projected coupled-cluster equations

<M’ﬁ]cc> — E (1 |CC), (7.2)
where the CC energy is obtained by projection against the Hartree—Fock state (note that
(HF |CC) =1)

E= <HF )H‘ CC> . (7.3)
These equations are nonlinear in amplitudes as well, but unlike the variational conditions,

this expansion will, due to the Slater’s rules, terminate after few terms, as we shall see
later.

7.1.2 The coupled-cluster exponential ansatz

Because the excitation operators in (7.1) commute, i.e. %3 = 0, the correlating operators
can be written in more convenient form, known as the exponential ansatz for the coupled-

cluster wave function, R
CC) = exp(T) [HF) . (7.4)

where we have introduced the cluster operator
=)t (7.5)
m

In CC theory, a hierarchy of approximations is established by partitioning the cluster
operator in the form

~

T=T+To+Ts+---+1T,, (7.6)

where, for example,

Tl = Ztl Tr —Ztl(lA(l[ (77)

T, = Z B f}IB— ZtIJaAalaBaJ (7.8)

ASB,I>J AIBJ

Each excitation operator in T excites at least one electron from an occupied Hartree—Fock
spin-orbital to a virtual one. It should be noted that for a system with N electrons,
the expansion terminates after N terms. We further note that [TZ,T]] = 0 as a trivial
consequence of the individual excitation operator commutation relations. Moreover,

<HF|7A_M -
%;|HF> = 0,

because it is impossible to excite an electron from an unoccupied orbital.
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To compare the CC model with the CI model, we expand the exponential operator and
collect terms to the same order in excitation level:

exp(T) |HF) = ZC|HF

The lowest-order operators C; are given by

Cy = 1
C, = Ty
~ 1 -
Cy = Th+ =17

2!
1 -
Cy = T?,+T1T2+§Tl3

Cy = T4 + T3T1 + %TETQ + %Tfl,
demonstrating the composition of the excitation processes. The advantages of the cluster
parameterization arise in truncated wave functions and are related to the fact that even at
the truncated level, the coupled-cluster state contains contributions from all determinants
in the FCI wave function, with weights obtained from the different excitation processes.
Similarly with the CI theory, a hierarchy of CC models is introduced by truncating the
cluster operator at different excitation levels. The simplest successful CC wave function
is the coupled-cluster singles-and-doubles (CCSD) model. In this model, the Ty operator
describes the electron-pair interactions and T carries out the corresponding orbital re-
laxations. Its computational cost scales as O(N®). For higher accuracy, the connected
triple excitations have to be taken into account, which leads to the coupled-cluster singles-
doubles-and-triples (CCSDT) model. This model describes already the dynamical correla-
tion almost perfectly, but is computationally very demanding, O(N®) and is thus applicable
to smallest molecules only. The triples excitations can be estimated in a perturbational
way, giving rise to the CCSD(T) method, which is a good compromise between the com-
putational cost (exhibiting an O(NT7) scaling) and accuracy. It is often considered to be
the best single-reference treatment of molecular Schrodinger equation that is applicable in
practise.

7.1.3 CI and CC models compared

Let us at this point compare the CI and CC hierarchies. Owing to the disconnected
clusters, CC wave functions truncated at a given excitation level also contain contributions
from determinants corresponding to higher-order excitations; whereas CI wave functions
truncated at the same level contain contributions only from determinants up to this level.
This is reflected in the convergence towards the FCI limit, which is typical of small systems.
For larger systems, CI starts to behave very badly, while the CC description is unaffected
by the number of electrons.
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Figure 7.1: On the left: The CC dissociation curves of the C,, water molecule in the
cc-pVDZ basis. On the right: corresponding differences between the CC and FCI energies.
RHF reference state is plotted the full line and UHF with the dashed.
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Figure 7.2: The error with respect to FCI of CC and CI wave functions for the water
molecule at the equilibrium geometry in the cc-pVDZ basis.

According to the previous discussion, the projected coupled-cluster equations are writ-
ten as

<HF ’ﬁexp(T)’ HF> - (7.9)

<u ‘ﬁexp(f)

HF> - E<u exp(T))HF>. (7.10)

e The excited projection manifold (| comprises the full set of all determinants up to
the chosen truncation level.

e For the full CC wave function, the number of equations is equal to the number
of determinants and the solution of the projected equations recovers the FCI wave
function.

e The nonlinear equations (7.9) must be solved iteratively, substituting in every itera-
tion the CC energy calculated from (7.10).

It is convenient to rewrite the projected CC equations using the non-Hermitian similarity-
transformed Hamiltonian H = exp(—T)H exp(T):

(HF

exp(=T)H eXp(T)’ HF> = F (7.11)

<u ‘exp(—T)]:I eXp(T)‘ HF> = 0 (7.12)

The equations (7.10) and (7.12) are completely equivalent (yet the equivalence is nontrivial
for all the truncated CC models!), meaning that they yield same amplitudes and energy
upon solution. They are referred to as the unlinked and linked coupled-cluster equations,
respectively. Their computational cost is practically the same, but the linked equations
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have some advantages: Although both yield the same, size-extensive wave function, the
linked equations are size-extensive term by term, that simplifies some perturbational treat-
ments; in addition, the CC approach excited states in mind is more fruitful to start from
the linked equations. The main reason is however the following:

e When the Baker-Campbell-Hausdorff (BCH) expansion
1 1

is applied to the similarity-transformed Hamiltonian, one obtains

TS G g G H PGP PO

(7.14)

the coupled-cluster equations are therefore no higher than quartic in the cluster am-
plitudes — for any truncation level or even for the full CC expansion.

e Due to the Brillouin theorem, the one-particle operators contribute only to second
order. Furthermore, cluster operators higher than the doubles do not contribute to
the CC energy since Hisa two-particle operator. As a result, only singles and doubles
amplitudes contribute directly to the CC energy — irrespective of the truncation level
of the cluster operator. Of course, the higher-order excitations contribute indirectly,
since all amplitudes are coupled by the projected equations.

7.1.4 On coupled-cluster optimization techniques

The elements of the left-hand side of the CC amplitude equation (7.12) constitute the
coupled-cluster vector function €,(t), which can be expanded around the set of amplitudes
of the current iteration t(™:

Q(t(”) + At) = Q(O)(t(n)) + Q(l)(t(”)At SR

where Q© is the vector function calculated from the amplitudes t™ and QW the CC
Jacobian

QE}V) = <u exp(=T™)[H, 7] exp(T("))’ HF> : (7.15)

Then an iterative scheme is established:
e Solve the set of linear equations
QW (M)At = —QO) (t™) (7.16)
for At(™
e Form the improved estimate

£t — ¢ L At (7.17)
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e Iterate Equations (7.16) and (7.17) until convergence in the amplitudes.

In more sophisticated implementations, this Newton-method-like approach is replaced by
a scheme, where the solution of the linear equations as well as the construction of the
Jacobian are avoided by the approximation

n) __ 71 n
At = —g 1D (£, (7.18)

where, e.g. 52‘;’ = (€, + & — € — €j). Usually, the convergence is accelerated by the DIIS
method.

7.1.5 The closed-shell CCSD model

We consider now in detail the important special case of CC theory: the closed-shell CCSD
model. We recall that the singlet CCSD state is generated by |CC) = exp(7} + T3) |HF),
hence only those terms in T; that transform as singlet operators should be retained in the
cluster operator. It is easy to show that

[SiT} ~ 0 (7.19)
[ST} ) (7.20)

These impose important constraints on the cluster amplitudes in the spin-orbital basis.
Due to these, the singles cluster operator becomes

Ty =) tE, (7.21)
and the doubles operator
r 1 ab
=3 Zl;tij EoiEy;. (7.22)
aibj

The cluster amplitudes are symmetric: t‘;}’ = t;’-‘;.

The CCSD energy is obtained from Eq. (7.11). By noting that (HF| exp(—T) = (HF|,
expanding the cluster operators and after some algebra we obtain the form

Eocsp = Bup + % <HF ‘[[ﬁ, T}],T]]) HF> n <HF )[ﬁ, TQ]) HF> , (7.23)

where the Hartree-Fock energy is given by Eyp = <HF ‘ﬁ ‘ HF> By inserting the CCSD
operators to the energy expression and calculating the commutators explicitly we obtain

1 PN A 1 PPN
Eccsp = Eur + QZtatb <HF’HH7 Eqil; Eyj] HF> "‘taf}b <HF’[H7 Eoi By HF>
aibj aiby
1 o e
— Bue 5> (a0 + t012) (HF [, Eui, ]| TP )
aibj
— EHF+Z (2 + t21%) Liajo, (7.24)
aibj
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where we have denoted Lygrs = 20pgrs — Gpsrq-

7.1.6 The equation-of-motion coupled-cluster method

In CC theory, we arrive at a good description of the ground state. The excited states
could be examined by carrying out separate, independent calculation for each state of
interest, using in each case some appropriate zero-order reference determinant. However,
it is usually difficult or even impossible to determine these adequate reference determinants;
it is expensive to carry out individual calculations; and the states obtained in this manner
are not orthogonal, which hinders the identification of the excited states.

Instead, we calculate the excited states in the spirit of CI theory, by a linear expansion
in the space spanned by all states of the form

Z ¢, 7, |CC) = exp(T Z c, 7, |HF) , (7.25)

where the summation is carried out over all the excitation operators present in the cluster
operator. This expansion is referred to as the equation-of-motion coupled-cluster (EOM-
CC) model. The expansion parameters are optimized by the minimization of the energy

<é exp(=T)H eXp(T)’ c>
E(c,c) = — : (7.26)
(cc)

The EOM-CC theory can be thought as conventional CI theory with a similarity-
transformed Hamiltonian, which carries the information about electron correlation; while
the configuration expansions carry the information about the excitation structure of the
electronic states.

7.1.7 Orbital-optimized coupled-cluster theory

In the standard CC theory, we use the Hartree-Fock orbitals and then determine a set of
non-zero single-excitation amplitudes together with higher-excitation amplitudes. Alter-
natively, we could use eXp(Tl) to generate an orbital transformation to a basis in which the
single-excitation amplitudes vanish. This is the idea behind the orbital-optimized (OCC)
theory, in which the orbital-rotation operator exp(—#&) is used instead of exp(T}) (as they
generate the same state to first order),

[0CC) = exp(—) exp(To) [0) , (7.27)

where Tp = Ty + Ty + - -+ + Tiy. The OCC energy is obtained in the usual manner by
projecting the OCC Schrédinger equation against the reference state

Eoce = (0 |exp(~To) exp(i) H exp(~) exp(To)| 0}, (7.28)
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whereas the cluster amplitudes are determined by projection against the manifold o)
spanned by Tp
<Mo

The Brueckner coupled-cluster theory (BCC) is closely related to OCC and differs in some
details of the solution of orbital rotation parameters. Unlike in standard CC theory, the
OCC and BCC orbitals are optimized simultaneously with the optimization of the cluster
amplitudes — compare with the MCSCF theory. Surprisingly, the differences between stan-
dard and OCC/BCC wave functions are small. Only in the rare cases that are characterized
by the sc. Hartree—Fock singlet instability the OCC/BCC are clearly more successful than
the standard formulation.

exp(—Tp)H exp(— )exp(TO)’ 0> = 0. (7.29)

7.2 Perturbation theory

Finally, we consider less rigorous but computationally more appealing improvements of the
Hartree—Fock description, based on perturbation theory. They are rather successful, when
the Hartree-Fock wave function is reasonably accurate.

In Moller—Plesset perturbation theory (MPPT) the electronic Hamiltonian is partitioned
as

H=f+d (7.30)

where f is the Fock operator (5.3) and d the fluctuation potential, which is the difference
between the true two-electron Coulomb potential in H and the effective one-electron po-
tential V of the Fock operator, d = g — V. The zero-order state is represented by the
HartreeFock state in the canonical representation, that is f|[HF) = 3, ¢; |HF), and by
applying the standard machinery of perturbation theory, we obtain to second order in the
perturbation

B = (HF ‘f‘ HF) = (7.31)
I
B = (HF ’@’ HF) (7.32)
2
g _ _ \9a1B7 — 9AsBI| . 733
MF A>BZJ>J€A‘|“€B_€I_€J ( )

Thus, the Hartree—Fock energy is equal to the sum of the zero- and first-order contribu-
tions; and by adding the second-order correction, we obtain the second-order Mgller—Plesset
energy (MP2)

. 2
Eype = Bup — Y 'gAfJ gasmil (7.:34)
A>B,I>J €A B €r €

which is very popular and successful approach to introducing electron correlation on top of
the Hartree-Fock wave function; providing surprisingly accurate and size-extensive correc-
tion at low computational cost. Higher-order corrections are derived in a similar manner,
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Figure 7.3: The MPn dissociation curves of the C,, water molecule in the cc-pVDZ basis.
Restricted MP2 with full and unrestricted with dashed line.

yielding MP3 and MP4 models, but these become rather expensive and are not as appeal-
ing compromise between cost and accuracy as MP2 is. Furthermore, the MPPT series have
been shown to be inherently divergent.

In the coupled-cluster perturbation theory (CCPT) the Hamiltonian in the CC equa-
tions (7.11) and (7.12) is partitioned as in Eq. (7.30). The Fock and the cluster operator

obey the following results:
I
m

A7) 7] = 0f 211 = =0,
Thus we may write the non-Hermitian similarity-transformed Fock operator as
f = f+ Zgutu%m (735)
m
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and we arrive at the working equations of the CCPT:

~

£ — E0+<HF >

HF> (7.36)

A

)

ety = — (u|@|HF). (7.37)
By expanding the cluster operator in the orders of the fluctuation potential we arrive at
the amplitude equations

A

et = — (pu| (@]

HF> (7.38)
where [®](™ contains the n' order part of the similarity-transformed fluctuation potential.
Then the amplitudes would be determined self-consistently from the projected equations
after truncating the cluster operator at some excitation level. The CCPT is most often
used to establish approximations to contributions from some excitations — the most famous
is the non-iterative triples, or (T) correction to the CCSD wave function. Also very suc-
cessful iterative CCPT schemes have been set up, e.g. the CC2 model approximates the
CCSD model with the computational cost O(N%) and CC3 the CCSDT model with the
computational cost O(NT). The CCPT series provides more systematic improvement to
the wave function than the MPPT.

Both MPPT and CCPT are limited to the ground states of systems dominated by a
single configuration. To overcome this, multiconfigurational perturbation theory has been
developed. Most important such theory is CAS perturbation theory (CASPT), where the
zero-order state is taken to be a CASSCF wave function. At the moment, it is the only
generally applicable method for the ab initio calculation of dynamical correlation effects of
open- and closed-shell multiconfigurational electronic system.

7.3 Local correlation methods

Traditional correlated electronic wave function methods, which are built upon the de-
localized Hartree-Fock molecular orbitals (MO) do not exploit the fact that the elec-
tron correlation—i.e., the electron-electron Coulomb cusp—is spatially a rather local phe-
nomenon.

In the recent literature, localized correlation methods have been pursued to overcome
the “scaling wall” encountered in the correlated wave function methods. However, despite
recent progress, there is still a need to formulate and implement new approaches that
exploit the locality of the electron correlation problem.

e Approaches based on introducing locality in the correlation treatment using localized
MOs (LMO) appeared already in 1960s and in the context of CC methods in 1980s.

e An alternative approach was presented by Head-Gordon et al., who formulated the
CC equations in a general non-orthogonal [e.g., the atomic orbital] basis using a
general tensor-based formulation. Scuseria and Ayala presented a transformation
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of the standard MO CC doubles (CCD) equations into the AO basis. Scuseria and
Ayala argued that the solution of the CC equations in the AO basis scales in principle
linearly with respect to N, but their approach seems so far not to have received any
widespread use.

A fully operational local CCSD implementation have been presented by Werner et al.
This implementation, referred to as the local CCSD (LCCSD) method, is based on
localizing the occupied space as suggested by Pulay and coworkers, using traditional
MO localization schemes, and using for the virtual space a projected atomic orbital
(PAO) basis. LCCSD further relies on a spatial division of the system into domains.
Restrictions on the extent to which the interactions between different domains are
accounted for is important for achieving the low-power scaling of LCCSD making the
results deviate from the standard CCSD results.

The equations of correlated wave function theories may also be derived in a biorthog-
onal projected atomic orbital basis, aiming at a black-box formulation that could be
applied to large systems. This formulation also constitutes a good platform to intro-
duce efficient approximation schemes to reduce the number of parameters and thus
the computational scaling. The locality of the PAO basis is reflected in the fact
that the cluster amplitudes, the integrals as well as the correlation energy contri-
butions decay exponentially with respect to the distance between the centers of the
participating PAOs.
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7.4 Further reading

e T. Helgaker, P. Jgrgensen, J. Olsen, Molecular Electronic-Structure Theory (Wiley
2002), pp. 648-816.

e T. J. Lee and G. E. Scuseria, Achieving chemical accuracy with coupled-cluster theory,
in S. R. Langhoff (ed), Quantum-Mechanical Electronic Structure Calculations with

Chemical Accuracy (Kluwer 1995).

e O. Christiansen, Coupled cluster theory with emphasis on selected new developments,
Theor. Chim. Acta 116, 106 (2006).

7.5 Exercises for Chapter 7

1. Evaluate the commutator [I;[ , Ea,] and the expression for this commutator applied to
the Hartree—Fock state [H, E,;| |HF).

2. Verify the overlap between the doubly excited states:
ab
ij

The operator P carries out the permutation Pi‘j»bA‘g’ = A‘;}’ + Al]?‘;.

Cd> = 404c00q0ik0;1 + 4044060310k — 200c0pa0irdk — 2400a0pc0i051

kl
2Pi?b(25aibj,ckdl — Ogjbi,chdl) -

3. * Verify the following commutation relations:

HH : Eai] ,Ebj] = —BhiEaj — B Y (9pbialriaq + IpajaCpai)

rq

+ E (gpbqaequi + gjpiqebpaq)
pq

|:[|:f{7 Eai:| ) Ebj:| ; Eck] - Pi(;‘l;ﬁc Z (gkbipépbic + gpbicépjak) ;

p

and the expressions for these commutators applied to the Hartree-Fock state:

A B B 1) = 2L )
_Pi‘;,b (IEbEaj + Z LikjbEak — Z LcajbEci> |HF>
k Cc

+ <Z gbjcaEbjEci - ZgbjikEbank> |HF)

bjc bik
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A Bui] L Ba] s k| IHFY = =Pl Lyvie o [HF)

ijk
1 d

In the above, we have introduced the notation L,,s = 20p4rs — Gpsrq as well as used
the three-index permutation operator,

abc Aabc __  pabe achb bac beca cba
Pl Al = Alje + Al + Al + Aj + Al

4. * Consider, once again, the Hy, molecule in a minimal basis.

(a) Show that the cluster operator becomes

~ ~ 1 A
T =1y = =t"E,yE,,

299

and that the biorthogonal basis can be expressed as

<uu‘ = (vac| a,pa
99 uBUua-

(b) Show that the unlinked coupled-cluster equations can be expressed as

HF>:E

HF> = 0.

(d) Show, that the linked and unlinked coupled-cluster equations are equivalent.

<HF )H(1 +Ty)

HF>:E

HF> — E<““
99

(c) Show that the linked coupled-cluster equations are

AP A
H(1+T T
<gg\< ) 2

<HF ’ﬁ(l +Ty)

uu P -
1-TH))H(1+ T
(-t o

5. x Construct expressions for the CCSD vector functions
Qo = <C; }GXP(—TQ)I?GXP(TQ)‘ HF>

i)

b . .
Quipj = <?j ‘exp(—Tz)Hexp(TQ)
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6. » The basic idea behind the quantum-mechanical perturbation theory (known as the
Rayleigh—Schrédinger perturbation theory, RSPT) is to partition the Hamiltonian
into two parts, H = HO + U where HO is some zero-order Hamiltonian and U the
perturbation H— Hy. The orthonormal eigensolutions to the zero-order Hamiltonian,
‘\II(O)> with the corresponding energy E(® are then used to expand the eigenfunction
|W) of the exact Hamiltonian.

(a) Show, that

(Hy — EO) ’\1;(")> — U ’\Ij(n_l)> + +ZE(1€) }\p(n—k)>
k=1
and that all corrections to the zero-order energy are obtained as

Em — <\1;(0) ‘U‘ \I;(n—l)>.

(b) Write out explicitly three lowest-order corrections to the energy and to the wave
function.

7. % Consider the wave function correct to n'® order in RSPT:

N

Show that the energy calculated as the expectation value

(w, || w,)
FE=—-——+F7———~
(W [Wr,)
is correct to order 2n + 1. This result is known as the Wigner’s rule. In addition, as
a special case, consider the wave function correct to first order, |¥;) = ‘\I'(O)> + ‘\Il(l)>

and show that the expectation value may then be expressed in terms of the RSPT
corrections as

v ‘H‘\If > ) L PG
<1—1:E<o>+E<1>+ E®+BY
(W1 [Wy) L+ (v [wm)

8. * Here we generalize the RSPT formalism to the expansion of the perturbed states
vy => i)

in a nonorthogonal basis, whose overlap elements differ from the Kronecker delta:
(i 17) # 035

(a) Show that the zero-order equations and the condition for the intermediate nor-
malization become

H,C® = EOgc®
(CNHTSC® = 0.
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Chapter 8

Performance of the
electronic-structure models

Having now considered the most important approximations to the molecular electronic
wave function we will now address their performance in terms of a few numerical examples.
It should be remembered that none of these models (besides FCI, which is inapplicable for
most cases) is an all-around-good one: good performance in some problem and/or in some
system does not guarantee good performance in another situation. In addition, rehearse
the graph concerning the approximations to the one- and N-electron spaces.

8.1 Molecular equilibrium geometries

One of the most common applications of molecular electronic-structure calculations is
the determination of the molecular equilibrium structures. Good geometries are also of
fundamental importance in study of molecular properties.

We consider the mean errors and standard deviations of calculated bond distances and
bond angles as compared to experimental results using a hierarchy of N-electron models
and a hierarchy of Gaussian basis sets. The error is given by A = Pgale — PP and the
mean error and standard deviation by

_ 1 <&
o ; (8.1)

At = | ——=S (A —AR (8.2)

n—14%
=1

They can be conveniently represented graphically in terms of the normal distribution

1 (P—A\’
p(P) = N exp [—5( A )
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Figure 8.1: Performance of various N-electron models in conjunction with one-electron
bases in 29 molecular bond lengths.
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The calculations were carried out for sets of small molecules containing main-group ele-
ments. 29 bond distances and 10 bond angles were calculated, and the results are presented
in Figures 8.1 and 8.2.

Observations:

e The Hartree-Fock model is suitable for only preliminary calculations.

e The CCSD(T) model is capable of providing structures — both bond distances and
angles — of high quality.

e The MP2 model is less accurate but more generally applicable as it is considerably less
expensive. Higher-order MPPT is significantly less accurate but hideously expensive,
i.e., useless.

e The performance of the CCSD model is disappointing. It however performs more
robust than MP2 in some selected cases with complicated electronic structure.

e The CISD model is also rather useless, showing no improvement when the basis set
is increased.

e The basis-set requirements are different for different models. Whereas there is no
much use to use QZ-level basis sets with the Hartree-Fock model (as the results
are not improved), the correlated models require at least a TZ-level basis set, but
preferably the cc-pVQZ basis.

The results suggest the following recipe for the determination of molecular structures:
obtain an initial structure with HF using a DZ-level basis and improve it by using MP2
and a TZ basis. If ever possible, calculate the final geometry in the cc-pVQZ basis using
the CCSD(T) model.

8.2 Molecular dipole moments

The comparison between the experimental and calculated molecular dipole moments is
difficult, as the experiments are measuring the dipole moment in the vibrational ground
state g, whereas the calculations are carried out for the equilibrium dipole moment g,
and thus we would have to carry out a vibrational averaging in order to speak of the same
quantity. However, there are a few experimental values for p., and we shall compare the
performance of our standard models with those. Note, that due to the outer-valence origin
of this property, we have to augment our basis sets with extra diffuse primitive Gaussians;
hence we are using the aug-cc-pVX7Z basis sets. The geometries are optimized using the
same wave function as for the calculation of the dipole moment.

We observe from Table 8.1, that the quality of the calculation is more dependent on
the correlation treatment than the cardinal number of the basis set; yet it is necessary to
augment the basis set. The further augmentation (d-aug-cc-pVXZ basis sets) of the basis
set does not affect the calculated dipole moments significantly.
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Figure 8.2: Performance of various N-electron models in conjunction with one-electron
bases in 10 molecular bond angles.
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Figure 8.3: Changes in bond lengths calculated from A of the cc-pVQZ basis.

Exp. HF MP2  CCSD CCSD(T)
oY/ oY/ oY/ DZ TZ QZ
NH;  1.561(5) 1544 1517 1530  1.541 1513 L1.521
HF  1.803(2) 1.884  1.811 1813  1.799 1.797 1.800
H,O 1.8473(10) 1936  1.864  1.870  1.859 1.845 1.853

Table 8.1: Calculated dipole moments.
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Figure 8.4: Reaction enthalpies.

8.3 Reaction enthalpies

Next, we study the reaction enthalpies of 13 chemical reactions among closed-shell molecules.
The calculations are carried out in the HF-MP2-CCSD-CCSD(T) hierarchy, using the
correlation-consistent basis set hierarchy supplemented with steep functions to provide
core-polarization, which — somewhat surprisingly — must be included in the high-precision
calculation of reaction enthalpies. The results are illustrated in Figure 8.4.

8.4 Notes on total electronic energies

For the total molecular energy, i.e., E in the molecular Schrédinger equation, there is no
experimental counterpart. and we examine it in order to establish a feeling on the sever-
ity of the approximations involved in the calculation. We should recall that there were a
third class of approximations in addition to the truncation of one- and N-electron spaces:
approximations in the molecular Hamiltonian H. To investigate the validity of the use of
the non-relativistic Hamiltonian, we include the leading-order one-electron relativistic cor-
rections that include the spin-orbit interaction (SO), mass-velocity (MV), and the Darwin
(Dar) corrections. The leading-order two-electron contributions, such as the two-electron
Darwin contribution and the spin-spin contact interaction, are smaller by at least one order
of magnitude. The MV and Dar corrections are always of opposite sign. The calculation
is carried out using the CCSDT model for the water molecule in the cc-pCVX7Z bases at
a CCSD(T)/ce-pCVQZ geometry.
Observations:
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Total energy [E}] Energy corrections [mFE}y]

CCSDT HF AF—SD SD—(T) (T)=T SO MV _ Dar
DZ -76.24121 -76.02680  -211.21  -3.04  -0.16
TZ -76.33228 -76.05716  -267.40  -7.65  -0.08
QZ -76.35981 -76.06482  -285.98  -8.99  -0.01 0.00 -255.87 203.69

57  -76.36899 -76.06708 -292.44 -9.52 0.04

Table 8.2: Decomposition of the CCSDT energy of water.
e [t is remarkable how a tiny, less than one per cent fraction of the total energy, plays
such an important role in the determination of molecular properties.

e The leading-order relativistic correction, -52.18 mFj,, is larger than the triples con-
tribution already in water, and gets far more pronounced in systems with heavier
elements present!

e (T) is a very good approximation to full triples.
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