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Chapter 1

Many-electron quantum mechanics

1.1 Molecular Schrodinger equation

The Schrodinger equation for a quantum system of N electrons and K nuclei — a molecule
—is!
N 0

HW(Xl,Xg, e XV Xl,X27 c ,XK; t) = ZE\I’(Xl,Xg, e XN Xl,Xg, Ce ,XK; t) (11)
The wave functions U describe all the chemical and physical properties of the system;
subject only to limitations in the Hamiltonian H and the approximations made in the
solution of this equation. The variables {x} and {X} are used to collectively symbolize all
variables needed to describe the electrons and nuclei; here the position in space and the
internal degree of freedom, spin (see Section 1.2).

1.1.1 Molecular Hamiltonian

In (1.1), H is the molecular Hamiltonian, which is for a molecule containing N electrons
and M nuclei with charges {Zx}(K =1,..., M) [1-3]

H = H, +FI +Hen (1.2)
H, = ——ZV2+Z Z v, — ;| (1.3)
i=1 j=i+1

1< ZiZ

H, = —= % _oRAL 1.4
S Leay s A (L)
K=1 K=1L=K+1
M N 7

H, = - ! (1.5)

SR SPIES 1

In atomic units used throughout this course, where i = m, = 4reg = e == 1; ¢ = 1/a ~ 137.
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The wave function is correspondingly dependent on both the electron and nuclear vari-
ables. Usually, because of the large ratio m,/m., it is a good approximation to treat
the nuclei fixed in space. This will decouple the electronic and nuclear degrees of free-
dom, and we may turn our attention to the electronic problem. This is referred to as the
Born—Oppenheimer approximation. Consequently, the first term in (1.5) vanishes and its
second will not affect the solution of the electronic Schrodinger equation. The result is the
standard framework in quantum chemistry, molecular electronic Hamiltonian,

. N . N N
H=Y hi+Y > gy (1.6)
i=1 i=1 j=i+1

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 ¢ and j:

1 Mooz
L L

g” = ‘I'l' —I'j‘il. (18)

In the case of fixed nuclei, the contribution from (1.5) reduces to a simple summation,

Etot - electronlc + = Z Z ZKZL (19)

K 1 L=K+1 ’RK —Ry|

1.1.2 Time-independent Schrodinger equation

In quantum chemistry, usually the time-independent form of (1.1), with now also invoking
the Born—Oppenheimer approximation,

]:I\I/n(xl, X9, ... 7XN) = En\ljn(Xl, X9, ... ,XN), (110)

is under consideration. The corresponding eigenvalues F,, are in the present context the
quantized enerqgy levels of the electronic cloud of the molecule. The eigenfunctions or wave
functions ¥,, describe the electronic structure and properties of the molecule.

Any two eigenfunctions that correspond to different energy values F,,, F,, possess the
orthogonality property

/\P;\Ilmdxldxg coodxy = 0. (1.11)

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.
Furthermore, it is necessary that the wave function is square-integrable,

/\I[*(Xl,XQ, R ,XN)\II(Xl,XQ, R ,XN)dxldXQ Tt dXN =a € R (112)

Usually we also assume that the wave function is normalized, i.e., a = 1.



1.1.3 Limitations

Eq. (1.10) 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 Hermi-
tian operators or using perturbation theory. However, we should recognize the limitations
of this model:

e Born-Oppenheimer approximation. The nuclear-motion Hamiltonian (1.2) plays 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.

e Other limitations in the Hamiltonian (1.6): non-relativistic kinematics, instant in-
teractions, point-like nuclei, and electrostatic interactions only. We will address the
two first of these in Chapter 7.

e Eq. (1.1) has analytical solutions only for a few trivial one-electron systems, such as
hydrogen-like atom or the molecule Hy . Therefore we are resorted to make approx-
imate solutions, aiming at systematic and controllable approximations, as we will
discuss in later Chapters.

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-dependent form (1.1) should be applied. There are also means
for treating dynamical effects in the electronic cloud also within the framework of the
time-independent eigenvalue equation (1.10) [4]. Addressing these methods is out of
the scope of this course.

1.1.4 Example: Helium-like atom

For a helium-like atom with a point-like nucleus of charge Z the electronic Hamiltonian,
Eq. (1.6), is

A A ) 1 Z 1 Z 1

H=h+hy+G2=—--Vi———-Vj——+—.

2 T1 2 T2 T12

Due to g12, this is a three-body problem, and thereby no closed form solution exists for
the eigenvalue equation gl.l).A We start our consideration by an approximation, where g
is set to zero, i.e. Hy = hy + ho. We can separate the variables in the eigenvalue equation
Hy¥, = EV, by substituting?

W = ®(ry,r2) = x1(r1)x2(r2),

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)



to the eigenvalue equation and dividing by ®, obtaining

B1X1(I‘1) E2X2(r2>
x1(r1) " X2(r2)

= F,

meaning that ® is a solution if (denoting £ = €; + €)

ille(rl) = €1X1(1‘1)
haxa(ra) = €axa(ra),

meaning that x; and x» are solutions of the one-electron eigenvalue problem hx ex. ®
is a simultaneous eigenstate of the operators hy and hQ,

ﬁlé(rl,rQ) = 61@(1‘1,1‘2)

hQCD(I'l,I'Q) = 62@(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),

Xnim (750, p) = Rut(1)Yim (0, p), (1.13)

consisting of the radial part

o (2) Bt () () ()

and a spherical harmonic function, explicitly expressed as

Yin(0,p) = \/2l4—; ! g _T_ Zi;Pf“(cos ) exp(imp). (1.15)

In the above, L denotes the associated Laguerre polynomials

o 1 e dn nr—o
L3(w) = — exp(e)a 7 [exp(—z)a™] (1.16)
and P the Legendre polynomials
m - (_1)m 2\m/2 dH_m 2 l. -m __ m(l B m)' m
PM(w) = 5 (1= 27)" P (a” = 1) P =(-1) (l+—m)!PZ (). (L17)
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1.1.5 Example: Dihydrogen ion

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 one-
center Y, functions (1.13) we need polycentric molecular orbitals (MO) that describe the
states of a single electron spread around the whole nuclear framework.

The one-electron eigenvalue equation in the case of hydrogen molecule ion HJ is ng =

€¢, where
. 1 1 1
v (_+—).
2 ra  TB

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) ~ caxine(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

o(r) = caxioo(r) + caX100(T)-

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

o) = & xioo (1)]” + e [xoo(1)]* + 2cacmXi00(1) X100 (1),

implies that cg = 4+c4. Thus, it appears that we can construct two rudimentary MOs from
the 1s AOs on the two centers, denoted by

A
¢1(r) = alxioo(r) + X100(r)]
¢a2(r) = cp [Xfoo(r) - Xﬁ)o(r)]a
where the remaining numerical factors ¢/, and ¢z are to be chosen so that the wave functions
will be normalized.
MOs build up this way, in linear combination of atomic orbitals (LCAQO), are of great
importance throughout molecular quantum mechanics.

1.2 Electron spin and wave function antisymmetricity

1.2.1 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

11



spin variable ¢ in addition to r. We further associate operators 3., 5, and 5, with the
three components of spin angular momentum. We will adopt x as a variable taking into
account both degrees of freedom, o and r, and then introduce spin-orbitals

(x) = ¢(r)n(o). (1.18)

71 describes the spin state and is a solution of an eigenvalue equation 5,7 = An. If the
orbital state is of energy €, then

Wy = e (1.19)
S = A, (1.20)

and 1) is a state in which an electron simultaneously has definite energy and z-component
of spin.
In the case of electrons, the eigenvalue equation (1.20) has only two solutions:

1 1
S, = 5@; $.0 = —55,

with the eigenfunctions a and [ often referred to as “spin-up” and “spin-down”, respec-
tively. Therefore an orbital ¢ yields two possible spin-orbitals, 1 = ¢a and ¢ = ¢p.
These spin functions may be thought as “spikes” at the points s, = +1/2 and s, = —1/2,
respectively, and their normalization and orthogonality properties are

/a*ada = /B*Bdaz 1 (1.21)
/a*ﬁda = /B*ada:O. (1.22)

Also the total spin operators

N
S.o= ) 4. (1.23)

N N
S o= Y g=) (2+8+8) (1.24)

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 U is an eigenfunction of them.

1.2.2 Antisymmetry principle

The fact that electrons are indistinguishable, i.e. [¥(x1,x3)|? = |¥(x2,x1)|?, leads to (when
generalized for N-electrons) two possibilities for a wave function:

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

PVU(x1,%2,...,xy) = ep¥(x1,Xg,...,Xy) antisymmetric wave function

12



where the operator P permutes the arguments and ep is +1 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 ¥ (xy, X, ...,Xy) that describes any state of an N-electron system
is antisymmetric under any permutation of the electrons.

1.2.3 Example: Spin orbitals of 1s?> state of He

When spin is included, the electrons must each be assigned to spin-orbitals 1sa, 1s8, 2sa, . . .
For the 1s? configuration, both electrons may occupy the 1s orbital with the following
choices of spin variables:

i(x1,%2) = Xio0(r1)a(si)Xxi00(r2)a(sz2)
(I)Q(XhXQ) = Xloo(rl)ﬁ(sl)Xmo(I‘z) (82)
3(x1,X2) = Xio0(r1)a(s1)xi00(ra2)B(s2)
Py(x1,%2) = X100(r1)B(51)X100(r2)x(s2).

All of these functions have the same eigenvalue E = 2¢;, of the electronic Hamiltonian.

It is apparent that ®; and ®, are symmetric under interchange of x; and x5, and are
thus non-suitable to describe the electrons. However, we may form linear combinations
of ®’s to obtain the desired behavior under the interchange. For instance, the following
appears to be acceptable:

Wy (x1,%g) = [@3(x1,%X2) — (I)4(X1,X2)}/\/§

1.2.4 The Slater determinant

The previous argumentation may be directly generalized for any N-electron wave function.
For more than two electrons, a large number of differently permuted product functions
must be combined to yield a fully antisymmetric wave function.

Expanded in particular permutations x the exact wave function® is written as

U(xX1,Xg,...,Xy) = Zcﬁtﬁﬁ(xl,XQ,...,xN) (1.25)

K

= > M | epPr(xi)a(xa) - da(xn)| - (1.26)

K

M, are normalization coefficients and ®, is most conveniently expressed as a Slater deter-

mainant
Yr(x1)  Pa(x1) o Ya(xa)

Br(x1, %o, .., xx) = M 1/”(:"2) %(:X” w”(:xz) . (1.27)

hilxn) alew) o Yulw)

3Exact at the limit k — oo
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Combinations which are symmetric under variable permutations are automatically rejected
by the Slater determinant, and thus the Pauli principle is fulfilled.

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

A [1hy (i) (x5) - o () [[101 (X )02 (%) =+ = o (3]

It is evident that unless ¢ = i/, 7 = j’ etc. in a particular product, the product will give
no contribution to the result, due to the orthogonality of spin-orbitals. Therefore, there is
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,

1.2.5 Example: 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
U, = L X100(r1)a(o1)  Xioo(r1)B(01) — Ldet 1sa 1s8].
\/5 XlOO(r2)a(02) Xloo(FQ)ﬁ(Uz) \/§

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 Xpun’s with their corresponding AO labels.

Respectively, the proper antisymmetric wave functions for the excited 1s2s configuration
are written as

1
Uy = —=det|lsa 2sa
2 \/§ ‘ ‘
1
Uy = 5 (det [1sav 2s8| + det |1s8 2sal)
1
U, = ——det|lsf 2sp|

V2
1
Uy = 5 (det |1sa 28| — det |1s5 2sal) .

1.2.6 Example: Helium-like atom revisited

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

value Hy; = <\111 f[’ \Ifl>. Now

Hy = %/{Xfoo(rl)Xmo(rz) [a(01)B(02) — ao2)B(01)]”

14



XﬁXloo(Pl)Xloo(m) [a(01)B(02) — 04(02)5(01)]} dridrydodo,,

but since the Hamiltonian does not operate on spins, we may perform the spin-integration
immediately [c.f. Eq. (1.22)],

/ [a(o1)B(02) — a(o2)B(01)] [a(01)B(02) — a(02)B(01)] dordos = 2.
Thus we have
1'1 X1oo TZ)HXwo( 1)X100(T2)dridry

X100(T1 thlOO(rl)drl X7100(T2)X100(r2)drs

I
\\

+/X100(r2)h2X100(1‘2)d1‘2/Xikoo(rl)Xloo(I‘l)dI‘l

+/XToo(rl)Xioo<r2)§X100(r1)X100(1'2)d1'1d1'2
= 2615+J

This result is still an approximation, with 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 corresponding
to excited state configurations and evaluate the respective matrix elements. As antici-
pated 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.

1.2.7 Slater’s rules

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

f}‘ wr>. (1.28)

15



similar argumentation leads to

@Z%
ij

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 (1.28) and (1.29).

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

(D> = ZI (<¢r¢s |g| ¢r¢s> - <¢r¢s |g| @std}r» ) (129)

s

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

SFET

A| @) = (W 9] ) — W3, 3] ), (1.31)

1.3 Concerning 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.

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

Perhaps more commonly, a spin-orbital ¢ (x) itself is thought to be just a mathemati-
cal entity but |1)(x)[*dx is taken to be the probability of a point-like electron being in an
element dx, or in volume element dr with spin between o and o+do. |¢(r)|?dr is the proba-
bility of finding an electron with any spin in the volume element dr. Also W(xy,Xa,...,Xy)
cannot be interpreted; but ]\If\deldXQ -+ dxp is a probability of the electron 1 in dx;, elec-
tron 2 simultaneously in dxs, etc. Then, the probability of electron 1 being in dx; while
other electrons are anywhere would be equal to dx; f U Wdxs -+ - dx .

However, it might be better to think of an electron as being delocalized, i.e. not having a
more precise position than that indicated by its spatial part of the wave function ¢(r). Then
|¢(r)|2dr would be the amount of charge in an element dr. In other words, in this point
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of view a MO can be thought to approximately describe an electron really 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 One- and N-electron expansions

Let us recall: the Slater determinants do not represent an accurate solution to the molec-
ular Schrodinger equation, but we may express the exact wave function as a linear com-
bination of determinants. Furthermore, we have to expand the molecular orbitals in the
determinants as a linear combination of atomic orbitals

¢a = Z C,uaXu(r)- (132)

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 (within the given Hamiltonian), 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 approrimations.

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).
Between these extremes, there are a vast number of intermediate models with variable cost
and accuracy. These will be discussed in Chapters

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.

Furthermore, there are in fact three general features determining the accuracy of quan-
tum chemical methods:® electron correlation treatment (truncation of the many-particle

4In passing, we note that this orbital-based approach is not the only way for describing the electron
cloud, but there are numerous alternatives, for instance by optimizing the electron density (wave function)
in real space (see e.g. [5] and references therein.

50f course the other and today more popular way for describing the N-electron expansion is the
density-functional theory, see e.g. [6]; a topic that deserves its own lecture course.

6 Assuming a molecule in vacuo, at 0 K
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basis-set limit for a
given N-electron model

&
A L
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&

exact solution in a
given one-electron basis

hierarchy of one-electron

expansions

hierarchy of N-electron models

Figure 1.1: The two-way hierarchy of approximate molecular wave functions

space), and the description of the one-particle space, i.e. the basis set used as well as
the choice of the molecular Hamiltonian. This is schematically illustrated in Fig. 1.2. A
treatment based on the Schrédinger equation (1.1) with an effective electronic Hamiltonian
describing non-relativistic (NR) kinematics (1.6), is adequate only for systems containing
the lightest elements, located in the first and second row of the Periodic Table. For sys-
tems containing heavier elements, a treatment taking into account the effects from special
relativity, will be needed. This will be addressed in Chapter 7.

A

Exact solution

Basis set
completeness

Q*? Electron correlation

(o) ’?f

Figure 1.2: The three features determining the accuracy of a quantum chemical calculation.
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1.5 Further reading

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

e R. E. Moss, Advanced Molecular Quantum Mechanics (Chapman & Hall 1973)
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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 W

1. is antisymmetric with respect to the permutation of any pair of the electrons:
PU(xy,...,xy) = epV(Xy,...,XN) (2.1)

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

2. is square-integrable everywhere in space,

(U|T) =a €R (2.2)

3. is wariational in the sense that for all possible variations 0¥, which are orthogonal to
the wave function, the energy remains unchanged:

(6T|T) = 0 = (SU|H|T) =0 (2.3)

4. 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.
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Figure 2.1: Nuclear cusps. Wave functions corresponding to the two lowest eigenvalues of
Hy molecule, along the H-H bond.

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

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

6. The molecular electronic Hamiltonian (1.6) 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
TEIE}O (87”1']')&\,8 - 5‘1’(723 N 0)7 <26>

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**V1r), (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
molecular properties described by the wave function are unaffected by the transfor-
mations.
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As we saw in Chapter 1, some of these — square integrability and Pauli principle — are in-
cluded 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 Electron correlation

2.2.1 Electron density functions

Ignoring any concerns about the interpretation, let us define the function
p1(x1) = N/‘I’(Xth, o XN)UT (X, Xy, -, X )dXg - dX, (2.8)

and an electron density function that are observable by e.g. X-ray crystallography, by
integrating p over spin,

Pi(ry) = / p(x1)dos. (2.9)

It is possible to introduce corresponding density functions for different configurations
of any number of particles; e.g. for two particles as

p2(x1,%2) = N(N—1)/\1’(X1,X2,...,XN)\I/*(Xl,Xg,...,XN)dX3~"dXN (2.10)

Pg(rl,r2> = /W(Xl,Xg)daldO'Q. (211)

These determine the two-electron densities and tell us how the motions of two electrons are
correlated as a result of their interaction. Because electrons interact only in pairs (i.e. there
are no many-body effects), there is no need to consider any higher distribution functions
than the pair functions.

2.2.2 Example: Density functions of He

Let us consider the 1s2s singlet and triplet states of the helium atom,

1\I’(X1,X2) = % [XlOO(rl)X200<r2) + X200(F1)X100(F2)] [04(01)5(02) - 5(01)04(02)}
3‘I/(X1,X2) = % [Xloo(rl)X200(r2) - X200(I“1)X100(I“2)]
aloy)a(os) M =+1
x ¢ o5 [alo1)B(o2) + Blor)a(ez)] M= 0
B(o1)B(02) M=-1
For the singlet state, we have
1 2 2
p(x1) = 2Xx Z/’Xloo(rl)X%o(rz) + X200(r1)X100(T2)|” |e(01) B(02) — B(01)a(02)]” dradoy
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1

B) [|Xloo(1f'1)|2 + ’Xzoo(rl)m [|04(01)|2 + |5(01)m
P(ry) = /P(Xl)dal = |X100(1"1)|2+ |X200(1“1)|2-

p can be rewritten as

p(x1) = Pa(ry) la(o)|* + Ps(r1) |B(on)],

where the first term vanishes unless o1 = +1/2 and the second unless o7 = —1/2, and thus
1 : :
P,(r;) = §P(r1) density for spin-up electrons
1
Ps(ry) = §P(r1) density for spin-down electrons

These densities are always equal in a singlet state, but in non-singlet states the o and
[-densities differ, giving a resultant spin density. For the first triplet state we obtain

P,(r1) =1, Ps(r1)=0

and for the third
P,(r1) =0, Ps(r;) =1,

while for the second we get

Py(r1) = Ps(ry) = %P(rﬂ

2.2.3 Generalized density functions

Consider a l-electron system, an electron described by a spin-orbital ¢.  The expec-
tation value in this state of any quantity described by operator ' is given by (F) =
[ *(x)Fy(x)dx. We can rewrite this as

(F) = [ Pouix = | Foloxixix

x'=x

by having agreed that F works on functions of x only and setting x’ = x after operating
with F' but before completing the integration. We define the generalized density functions
as

p(x1;x]) = N/\I/(xl,XQ,...,XN)\IJ*(X’DXQ,...,XN)dxg---de (2.12)
N(N — 1)/\Il(Xl,Xg,...,XN)\I/*(X/UX/Q,...,XN)dX3"~dX]([2.13)

W(XDXQ;X/UX/Q) =
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We may discuss all one-electron properties in terms of p(x;;x}) and all two-electron prop-
erties in terms of m(xy,x;x},x}). The spinless analogues are given by

P(ry;;r)) = / p(x1;x}))doy (2.14)
ol=01

II(ry,ro;r),15) = / / (X1, Xo; X}, X5 )dodos. (2.15)
oj=01 Joh=02

2.2.4 The pair function

Let us write the spin-dependence explicitly also in the case of 7:

7T<X17 X23 Xlla XIQ) = Haa,aa(rla ro] r/17 rIQ)OC(Ul)OC(O-Q)OC*(Ui)&*(aé)
+Iop.ap(r1, ro; v, v5)a(or) B(02)a*(07) 5" (0h) + ... (2.16)

which reduces to a four-component quantity when spin is integrated over. Eq. (2.16) can
be written in our notation for the diagonal components, Il,q aa (1, T2; 1, r2) = [0 (ry, r2)
ete., as

ry,ro) = laalr, I'2 apf\Tr1,T2 Ball1, T2 s\r1,r2), .
I(ry, r2) = Haa(r1, r2) + Mag(ri, 1) + Hga(re, r2) + Hgs(r, r2) (2.17)

where each component resembles a contribution to the pair function II from electrons at
r; and ry with spins indicated by the subscript as well as the probability of each spin-
configuration. The two other six non-zero terms in (2.16) vanish in the spin-integration.

The pair-function components in the simple case of a system described by one deter-
minant of spin-orbitals [c.f. Eqs. (2.37) and (2.36)] are (with the similar terms obtained
by a < )

Moa(ri,ra) = Pu(r1)Pa(re) — Pu(re;r1)Py(ry;Ts), (2.18)
Mop(ri,r2) = Po(ri)Ps(ra). (2.19)

From these results we can begin to construct a picture on electron correlation, keeping the
one-determinant approximation in mind: From the latter equation we see that there is no
correlation between the positions of electrons of opposite spins, whilst electrons of like spin
are correlated as their pair function vanishes for ro — r;. This special type of correlation,
referred to as Fermi correlation, prevents electrons of like spin to coincidence in space.

If we leave the one-determinant approximation and suppose that ¥ is an exact many-
electron wave function, the following ramifications for electron correlation hold.

1. Tl,a(r1,12) and g(ry, ra) both vanish like %, for ry — ry, giving zero probability
of finding two electrons of like spin at the same point in space. This follows from
the antisymmetry of U and the resulting antisymmetry of Il aa(ri, ro;r), rh) and
Hoa.0a(r1, re;ry,rh) in both pairs of variables; and may be regarded as the most
general statement of the Pauli exclusion principle.
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2. By writing I1,4(r1,r2) = Py (r1)Pa(re)[1 + f**(r1, r2)] we may define the correlation
hole or the Coulomb hole

Haa
Pa (I'Q)

— Po(r1) = Po(ry) f*(r1,12),

i.e., the difference between the probability of finding a spin-up electron in r; when
one spin-up electron is at ro and the same probability in the absence of the second
electron. The form of the correlation factor f is known for dilute electron gas, but
unknown in the case of complicated potential present in a molecular system. Clearly,
the Fermi correlation requires that f**(ry,rs) — —1 for ry, — r;. This “hole”
integrates to —1:

/Pa(rl)faa(rl,rz)dﬁ =—1Vr,.
3. Similarly, if we write

o5(r1, rs) = Po(r1)Pa(ra)[1 + f*7(r1,12)]

then the correlation hole integrates to zero:

/Pa(rl)fo‘ﬂ(rl, rg)drl =0 \V/I'Q.

The probability should be decreased (i.e. f < 0) near the reference electron due to
the Coulomb repulsion but enhanced further away.

4. The hole function is also known to have a discontinuity of slope, or “cusp” for r; — rs.
See Section 2.2.5 for further discussion.

2.2.5 Example: Coulomb and nuclear cusps in He

The non-relativistic Hamiltonian of the helium-like atom with the origin at the nucleus,

A 1 1 zZ Z 1
H:—§Vf——V§

277 Il ol fri-

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'2>

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

€(ry,ra) = (2.20)
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atom and express the kinetic energy operator in terms of three radial coordinates i, 7o
and 719, such that the Hamiltonian is written as

P20 27\ (020 1
or?2  ror; 1y or?y,  ripdriz T2

7

- 1
H —
2
(rl‘r128+2 Iop 8) 0

Il
|
\TMM
—
VR

G (2.21)

1 T2 0r Ty To1 Oy

The terms that multiply 1/r15 at 715 = 0 must vanish in H W, which imposes a condition

ov
87“12

= %\I’(ﬁz = 0) (222)

r12=0

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

=—Z¥(r; =0). (2.23)

r;=0

87}'

Eq. (2.22) describes the situation when the electrons coincide in space and is referred to as

the Coulomb cusp condition; whereas Eq. (2.23) 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 7, = r and 715 = 0 we obtain

ov ov
\11(7”1,7“2,0) = \I/(rl,rl,O) + (7”2 — 7”1) 8_7’2 . -+ 112 0T12 - =+ ... s
which gives, when the cusp condition (2.22) is applied
ov 1
U(ry,19,0) = W(ry,r1,0) + (re — rq) e + §|r2 — 1y |WU(ry,r,0) + ...
2 lro=ry

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

The nuclear cusp condition for the “first” electron when the wave function does not
vanish at 7, = 0 (such as the helium ground state) is satisfied if the wave function exhibits
an exponential dependence on r; close to the nucleus:

\II(Tl,TQ,le) = eXp(—ZT'l)\IJ<O,7“2,T12) ~ (1 — ZTl)\I/<O,7"2,7"12).

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 in Section 6.1.4, are compatible with the nuclear cusp condition,
while the Gaussian-type orbitals are not.
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It should be noted that the cusp conditions in Egs. (2.22) and (2.23) 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 §\Ij(rlj - O> (224)
: ov
rlianO (arl)ave = —Z¥(r; =0), (2.25)

where the averaging over all directions is implied.

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

e A commonly-used concept, correlation energy [7], has a pragmatic definition

Ecorr = Lvexact — EHF7

where, in a given one-electron basis, Fyr is a best one-determinant total energy and
Fexact the “exact” energy featuring all possible Slater determinants of the system in
the given one-electron basis. This definition is most usable when speaking of molec-
ular ground states and equilibrium geometries, while outside them it is untenable.

o Fermu 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.

o 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 correspondingly to the Coulomb cusp in the wave function.
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2.3 Electron density

2.3.1 Electronic energy by density

The individual expectation values for terms in the electronic Hamiltonian obtain the fol-
lowing expressions using the general density functions:

Z ilz = / IA”Ll p(Xl; Xll)Xm (226)
i xj=x1
<Z 17@> = / Vi p(x1;x))dx; = /f/lp(xl)dxl (2.27)
<Z,§”> = / / f]12 W(Xl,Xz;Xll,Xlz)dxldXQ = /912 7T(X1,X2)dX1dX£2.28)
ij xi=x1 Jxh=x2

The latter expressions for (37, V;) and (2_4;'Gij) are obtained by noting that Vi =V(r)is
just a factor in the integrand, as is g2, and thus the primes may be omitted. Therefore,
the general expression for the N-electron system with the usual molecular Hamiltonian
Eq. (1.6) takes a simple form

K
1 1
E = -5 /VQp(Xl)dxl + g /|r1 — Ry p(x1)dx; + 3 / vy — ro| 7t (X, X )dx 1 dxo,
=1

(2.29)
or, by carrying out the spin-integration,
K
1 2 —1 1 ~1
EF = —5 \Y% P(rl)drl + Z |I'1 — R[| P(rl)drl -+ 5 |I'1 — I'2| H(I‘l, rg)drldrz
=1
= T+ Ve + Vee. (230)

It should be emphasized that these results are valid for all kinds of states and their approx-
imate wave functions of any system. Furthermore, for evaluation of molecular energies and
properties, we do not even need to construct the N-electron wave function, but everything
is exactly described by the electron densities.

2.3.2 Fock—Dirac density matrix

Let us carry out the same for a single Slater determinant W, that we recall to provide an
useful approximation for the ground state wave function, by considering N spin-orbitals
having the orbital factor corresponding to an occupied MO. The energy expression is given
by

H

B o= (w|A|w) = 3 (o [ ) 45 3 (el o) — oot ] b 231)

reoce rseocc
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Assume that we may expand p(x1,x]) in spin-orbitals as

p(x1, %)) Z Prsthr(x1)05 (X)), (2.32)

where the p,s are numerical coefficients; then the expectation value (2.26) can be written
as the trace of a matrix product:

@ h> (

and by comparing to the general expression, we observe that in the one-determinant ap-
proximation prs = dgs. The one-determinant approximation to p(x;;x}) may now be
written as

h‘ ¢T> Tr[ph], (2.33)

p(x1; %)) Z Uy (x1)0 (2.34)

reocc

The expression for 7 follows in a similar manner, and we find

(X, X X0, X)) = ) [ (%) () () )5 () — 4 (e )y (0 )5 ()07 (¢, -35)

rSs

— (X)) plxa Xp) — plxai X4)p(x1: ). (2.36)

The factorization of the two-electron density matrix in terms of the one-electron p is char-
acteristic to the one-determinant approximation: it means that in this approximation
everything is determined by the function p (often called as the Fock—Dirac density matriz).

So far, we have included spin implicitly through the use of spin-orbitals. In the one-
determinant case the we may write spin explicitly, for the case x| = xy,

p(x1) = Pu(r1)a(or)a”(or) + Ps(r1)B(o1)B"(01), (2.37)
where the densities for spin-up and spin-down electrons are
r) =Y ou(r)di(r),  Palr) =) bu(r1)e)(ry). (2.38)
s(a) s(B)

By integrating p over spin, we obtain the electron density in the form
P(I‘l) = Pa(rl) + Pﬁ(rl) (239)

that is, a sum of spin-up and spin-down densities. The excess of spin-up density over
spin-down density,

Qu(r) = 3 [Palrs) = Pofr)] (2.40)

is an useful quantity, which is in fact the density of spin angular momentum around the z-
axis. P(r) and @,(r) are enough to determine all the properties of the electron distribution
in the one-determinant approximation.
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2.3.3 Example: Closed-shell energy

Let us finally consider an important special case, a closed-shell system, in which all spin-
orbitals are doubly occupied, once with o and once with § electron; meaning that P, =
Ps = P/2 and the spin density is everywhere zero. In this case,

P(r) =2 ¢u(r1)ei(ry), (2.41)

sg€occe

and by substituting Eq. (2.37) to Eq. (2.36) we find
1
H(I‘l,rg) = P(I‘l)P(I'Q) — §P(I'2, I‘l)P(I‘l;I'Q). (242)

Substituting these expressions to Eq. (2.30) we obtain an often-used expression for the
closed-shell energy:

E=2%" (¢

2.3.4 Other density functions

B 6r) + 312600131 616.) — (@03l 0s0)] . (243)

Other property densities, in addition to the charge density P(r) and the spin-density Q. (r),
could be defined in the same way. For example, referring to Eq. (2.30),

~2
7(r) = | Plwsr) (5 = 52+ 5+ 57)
would be a kinetic-energy density, since T(r)dr is the contribution to (7") associated with
volume element dr at r. However, point contributions to real observables are not necessarily
real, and the proper definition of the kinetic-energy density is

T(r) = [f"Tf’TP(r; r')] - (2.44)

where the adjoint operator is understood to work on the primed variable only.
Another often encountered density function is the current density

Julr) = 5 [(bu +5),) P(rs1)] ,_ = Re[p.P(r:1)],._, . (2.45)

DN | —

where p denotes the Cartesian z,y, 2z components. For a system in a stationary state
described by a real wave function J = 0, but for a system in the presence of a magnetic
field, circulating currents are always present. A more general form of J is obtained on
introducing field terms in the Hamiltonian via the gauge-invariant momentum operator,

poR=p+A, (2.46)
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where A is the magnetic vector potential from the applied field is derived. The correspond-
ing current density is

J,(r) = Re [#,P(r)]. (2.47)

The kinetic energy density is also modified by the presence of the field, and (2.44) becomes

™-T

L
T(r):[ 5 P(r;r')] :

Finally; it may be shown that for a wave function that satisfies the time-dependent

Schrodinger equation the charge density and the current density satisfy the conservation

equation

OP(r)
ot

When ¥ is an exact stationary-state function, P is time-independent and the net flux of
density out of any region is zero; but with A # 0 there will be in general a steady-state
distribution of non-zero currents, satisfying the usual continuity equation V -J = 0.

V-Jr)=—- (2.48)

2.4 On the optimization of the wave function

2.4.1 Variation method

According to the wariation principle, the solution of the time-independent Schrodinger
equation H |¥) = E |¥) is equivalent to an optimization of the energy functional

E[V] = <‘P—H‘1}> (2.49)

\I/> is some approximation to the eigenstate |¥). It provides a simple and powerful

where

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

e el

“To (2.50)

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.
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2.4.2 Electronic gradient and Hessian

A simple realization of the variation method is to make a linear ansatz for the wave function,

€)=Y il

i.e. the approximate state is expanded as a linear combination of m Slater determinants.
We further assume here that the wave function is real. The energy function of this state is
given by Eq. (2.50). In order to locate and to characterize the stationary points, we shall
employ the first and second derivatives with respect to the variational parameters:

i|H|C) — E(C) (i |C)
EV(C) = agé?) :2< ’ zC|C>
2 ep) () -ECUL o G1e) e (i[O
€ = Goae, P e Oeig % Ocor

known as the electronic gradient and electronic Hessian, respectively.

The condition for stationary points, <z ‘Ifl ‘ C> = E(C) (i |C) is in a matrix form equal
to HC = E(C)SC, where the Hamiltonian and overlap matrix are given by H;; = <z ‘H‘ j>

and S;; = (¢ |j). Assuming that S = 1, we have to solve a standard m-dimensional
eigenvalue problem with m orthonormal solutions C = (Cyix Cox -+ Crur)?, CLCx =
dk 1, with the associated real eigenvalues Fx = E(Cg), B1 < Fy < -+ < E,,.

The eigenvectors represent the approximate wave functions |K) = 27, Cix |i) with a
corresponding approximate energy Ex. To characterize the stationary points, we note that

the Hessian is at these points KEi(jz)(CK) = 2(<2 )I:I‘ j> — Ex (i 7). We may also express
the Hessian in the basis formed of the eigenvectors:

KB = o((M [B| N~ B (M N)) = 2By — Ex)onn = ¥ESy = 2(Bn — By,

K E](VQI)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.

2.4.3 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
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function associated with H + oV and |¥) unperturbed wave function at o = 0. Then
0 <‘I’a 1+al ‘I’a> o, . )
- :2Re<— H—E(O)’\If>+<\1/’v)\1/>

da (T, |0,) da |,
= (w|v]w). (2.51)

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: |V) — |¥) + « |0V /Ja). 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.

dE(a)
da

a=0

a=0

2.4.4 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) — \IJQ<I'Z') = OéSN/Z\I/(OéI'i>.

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

HR) = T+V(R) (2.52)
N 1 9
T — _52% (2.53)
. 717,
V(R) = 2.54
) ;rz—rjr erz TR e ik (254
i>] >J

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

= 2 ] w|_ - L (o) o (v ron] )|
N 2<@‘T‘@>+<@‘V( ’ )= <m'%aﬂ \I/>HF %;31.55)

'Note that the unperturbed wave function corresponds here to a = 1 instead of a = 0.
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This result (2.55) 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

(vfr]w) =3 s

V(R.)

xp> . (2.56)
Furthermore,

(W|7|9) lnon, = ~ER), (¥ |V(R)

x11> — 2B(R.). (2.57)

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 I

dE(aR)
da

dE(aR;)
a=1 d(CYR[

a=1

=-> R, -F;(R)

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

S R, -Fi(R) =2 <\p ‘T‘ qf> + <\p ‘V(R)‘ xp> . (2.58)

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)
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Chapter 3

The Hartree—Fock theory

3.1 The Hartree—Fock approximation

In the Hartree—Fock approxzimation (HF), the electronic wave function is approximated by
a single Slater determinant, and the energy is optimized with respect to variations of these
spin-orbitals.

3.1.1 The HF wave function

In the HF framework, the approximate wave function may be written in a form
k) = exp(—F) |0), (3.1)

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:

n> . (3.2)

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
computational cost.

i

EHF = min <I<.‘,
K

3.1.2 The HF equations and the Fock operator

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 Hamiltonian being
the Fock operator

f= Z froakag, (3.3)
PQ
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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:

V = ZVPQGLQQ (34)
PQ

Vg = Z(QPQH_QPHQ)a (3.5)
I

where the integrals ¢ are given in Eq. (A.33), with I running over the occupied and P and
Q 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.

3.1.3 Self-consistent field method

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

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.

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 (3.2) 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.
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Figure 3.1: The self-consistent field procedure.

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

spin orbitals
|HF) = (H al a 15) |vac) . (3.6)

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) = 2262- IHF) . (3.7)

3.1.4 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.
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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.

3.1.5 Example: 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> = a];agocaiagﬁ ‘VaC>
|UHF) = aLlaa;ﬁ |vac) .

Let us plot these wave functions as well as the exact wave function for comparison using
the LCAQO approximation for the orbital basis:

0.6 2
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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. This effect
is referred to as the spin contamination.

3.1.6 Roothaan—Hall equations

We will now consider the classical Roothaan-Hall formulation [8,9] of the Hartree-Fock
theory, in which the MOs are expanded in a set of AOs, ¢, = > i XuCp, whose expansion
coefficients C are used as the variational parameters.

The Hartree—Fock energy is the expectation value of the true molecular electronic
Hamiltonian (A.62), and is given in the orbital basis by

i |
EO — <HF ’H‘ HF> = > hoaDp 5 D Gparstoars (3.8)
Prq P

qrs
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where

A

D,, = <HF By, HF> (3.9)
dogrs = (HF [épyns| HF) . (3.10)

For a closed-shell state, the only nonzero elements of (3.9) and (3.10) are

1
dijry = DijDy — EDiIij = 40011 — 20410k,

and thus the total Hartree—Fock energy is
EQ =2 "hi+ Y (29 — gijsi)- (3.11)
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 (93 |95) — 045)

and the variational conditions are written in terms of it as

oL(C
0= 8(5 k) = Al + 4> (2055 — Guige) — 4 Suidik:
14 . j

J

which gives the condition for the optimized Hartree-Fock state

fuk =Y Suij. (3.12)
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 ;[Z/OCV]C = €k Z S/JZICI/]C7 (313)

v

where the elements of the AO Fock matriz are

f;f;jo = h,ul/ + Z(zgumz - guiiu)- (314)
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Figure 3.2: Roothaan—Hall procedure.

Since A0 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

fA0C = SCe, (3.15)

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
f;ﬁ/o = h,ul/ + Z DPAO.O <guypa - §gu0pu> ) (316)
po

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

D*° = CcDC”. (3.17)

3.2 Further topics in HF self-consistent field theory

3.2.1 On the convergence of the SCF method

A straightforward implementation of the Roothaan—Hall SCF method (given in the fig-
ure) may fail to converge or may converge slowly. Several schemes to improve the SCF
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convergence have been introduced; of which the direct inversion in the iterative subspace
(DIIS) method [10,11] 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, (3.18)

where the DIIS weights w are obtained by minimizing the norm of the averaged error

vector €, = Y . | w;e;,
lell* = Zzwz €; ]e] Wy,

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

L= ZwZB,]w] 2 (Zw,—1)

t,j=1

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

Biw By -+ B, -1 w1 0
By By -+ DBy, —1 W2 0
Bnl Bn2 e Bnn -1 Wy, O
-1 -1 - =1 0 A —1

from which the weights are solved.

The C2-DIIS method [12] is similar to the DIIS, but the constraint is Y . w? = 1.
This leads to a solution of an eigenvalue problem instead of the set of linear equations as
in DIIS; the scheme may handle singularities better.

In the EDIIS (“energy DIIS”) scheme [13], the error-vector-norm minimization is re-
placed 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.

These are based on either the diagonalization of the Fock matrix or on a direct opti-
mization 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 the trust-region or
restricted-step method) as well as in a method that carries out rotations among the MOs.

The “trust-region SCE” (TRSCF) [14] 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.
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Figure 3.3: 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.

3.2.2 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 [15].

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 inte-
grals 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 functions, 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.

3.2.3 Linear scaling aspirations

It is necessary to reduce the formal scaling of the models in order to apply them to larger
molecular systems. This have been under intense study for many years, and significant

progress have been achieved in the cases of SCF (and density-functional theory), which are
based upon

e The fast multipole method [16]: the number of significant two-electron integrals scales
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as O(N?), but only O(N) have to be evaluated using the standard quantum-chemical
means — the rest can be approximated by far simpler formulas. This applies to AOs
whose overlap is close enough to zero.

e Linear scaling Fock-matrix construction: the contributions to the Fock matrix in the

AOQO basis
= hu + Z D20 (20,0p0 — Guopw) (3.19)

can be prescreened by the AO den51ty matrix.

e Direct optimization of the density matrix [14]: the diagonalization step in the Roothaan—
Hall SCF is avoided. These involve plenty of matrix-matrix multiplications, but the
involved matrices are hoped to be sparse enough (in spatially large molecules) to
allow O(N) evaluation of the multiplications.

3.3 Mgller—Plesset 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 Moyller—Plesset perturbation theory (MPPT) [17,18] the electronic Hamiltonian is
partitioned as
H=f+d (3.20)

where f is the Fock operator (3.3) and P 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, & = g — V. The zero- order state is represented by the
Hartree-Fock state in the canonical representation, that is f |[HF) = > € [HF), and by
applying the standard machinery of perturbation theory, we obtain to second order in the
perturbation

B0, = <HF‘f‘HF>:ZeI (3.21)
1
EQ, = <HF‘¢>‘HF> (3.22)
2 \9a1Bs — gasBil®
Ep = - > T ——— (3.23)
A>B,I>J A B 4 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
Faps = Fup — Z |gAIBJ gAJBIl ’ (3'24)
AsBIsg AT EB =€ =€y
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Figure 3.4: The MPn dissociation curves of the Co, water molecule in the cc-pVDZ basis.
Restricted MP2 with full and unrestricted with dashed line.

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,
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.

3.4 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 IT (Springer-Verlag 1994).
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e J. Almlof, Direct methods in electronic structure theory, in D. R. Yarkony (ed),
Modern Electronic Structure Theory (World Scientific 1995), p. 110.
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Chapter 4

Configuration interaction

4.1 Configuration-interaction wave function

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

C) = ZC i) (4.1)

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

Cl|H|C

FEcp = min
C

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 H ‘ J >, but more often iterative techniques are used.

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

ABIJ

. 1 .
FC)=[14+) X{+-= XAB ... | [HF), 4.3
re = (14 T4 ) 3 5 i 13

where for example

XHF) = Calyay |HE)
)A(f,B|HF) = C’f]BailaLajaJ|HF>.
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R = Rref R = 2}zref
E— 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

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

e (1) - ()

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!

4.1.1 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.

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

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) [19] — 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.

4.1.2 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
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Figure 4.1: CI models
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Figure 4.2: Performance of the MRSDCI model.

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 only 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
indiwidual configurations, the selection of which is based on physical intuition or perturba-
tional estimates.

4.1.3 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 (4.2). The most often used strategies rely
on the second-order Newton’s method and its approximations.
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4.1.4 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.

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 (4.1).

4.2 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; that is, cases with pronouced static correlation. This method is particularly useful in
the description of bond breakings and molecular dissociation processes.

4.2.1 MCSCF wave function

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(— ZO| (4.5)

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

<I<.‘,, C ‘I:I‘ K, C>
Enicscr = min

kc (k,C |k, C) (4.6)

4.2.2 Example: MCSCF wave function of Hy

A two-configuration MCSCF wave function of the hydrogen molecule is [MC) = C’laJ{ggaaLg 5 |vac)+

C’gaLuaaLu g [vac) where the variation principle is invoked to optimize the configuration
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coefficients as well as the orbitals. The solid line is the 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 wnactive, active, and secondary orbitals.

e The inactive orbitals are set to be doubly occupied.

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) [20]. 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) [21,22] 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 CASSCF.

In practice, 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.
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4.2.3 Example: Selection of the active space in H,O

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, Bs,
Ay) we obtain

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

We can choose active spaces of different flexibility:

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

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

e 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.

4.3 Further reading

e [. Shavitt, The Method of Configuration Interaction, in H. F. Schaefer III (ed), Meth-
ods of Electronic-Structure Theory (Plenum Press 1977)
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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)
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Chapter 5

Coupled-cluster theory

5.1 Cluster expansion

5.1.1 Coupled-cluster wave function

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 (4.3) in the form of a product wave function

ICC) = [Hu +t,7,)| [HF), (5.1)

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 (5.1), each determinant can thus be reached in several different ways. For
example, the determinant |puv) = 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 t,, is referred to as a connected cluster amplitude and
subsequent singles excitation amplitudes ¢,t, as a disconnected cluster amplitude.

5.1.2 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
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models are not solved using the variation principle, and the CC energies are therefore
non-variational.

Instead, by multiplying the eigenvalue equation H |CC) = E |CC) by (u| = (HF 7l we
obtain the projected coupled-cluster equations

<u ‘H‘ cc> — E {1 |CC), (5.2)
where the CC energy is obtained by projection against the Hartree-Fock state (note that
(HF |CC) =1)

E= <HF ‘H‘ CC> . (5.3)
These equations are nonlinear in amplitudes as well, but unlike the variational conditions,

this expansion will, due to the Slater’s rules (1.30-1.31), terminate after few terms, as we
shall see later.

5.1.3 The coupled-cluster exponential ansatz

Because the excitation operators in (5.1) 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, X
0C) = exp(T) [HF), (5.4)

where we have introduced the cluster operator
T=> tut (5.5)
o

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

~

T=T+To+Ts+---+1), (5.6)

where, for example,

Tl = Ztl Tr —ZtA(IACL] (57)

r AB:AB _
T, = § by Ty = § 1y GAGIGBGJ (5.8)
A>B,I>J v

Each excitation operator in 7' 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 [TA“TAJ] = 0 as a trivial
consequence of the individual excitation operator commutation relations. Moreover,

<HF|7A—M -
ﬂ\HF) = 0,
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because it is impossible to excite an electron from an unoccupied orbital.
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

Co = 1

él - Tl

A A 1 .

Gy = Tt 517

A 1 .

C3 = T3+T1T2+§T13

. O DU
Ci = Tt BT+ 5T+ 5T

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.

5.1.4 Coupled-cluster model hierarchy

Similarly with the CI theory, a hierarchy of CC models is introduced by truncating the
cluster operator at different excitation levels. The success of the models discussed below
is illustrated in Figure 5.1.

The simplest successful CC wave function is the coupled-cluster doubles (CCD) model [23],
where only the Ty operator is included to describe the electron-pair interactions.

For better accuracy the singles operator should be included too, yielding the coupled-
cluster singles-and-doubles (CCSD) model [24]. In this model, the T} operator describes
the electron-pair interactions and Ty carries out the corresponding orbital relaxations. Its
computational cost scales as O(N®), similarly with CCD.

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 correlation 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 [25], which is a good compromise between the computational cost (ex-
hibiting an O(N7) scaling) and accuracy. It is often considered to be the best single-
reference treatment of molecular Schrodinger equation that is applicable in practise.
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Figure 5.1: Success of the CC model hierarcy. On the left: The CC dissociation curves
of the Csy, 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 5.2: The error with respect to FCI of CC and CI wave functions as a function of
the excitation level. Calculation for the water molecule at the equilibrium geometry in the

cc-pVDZ basis.

5.1.5 CI and CC models compared

Let us at this point compare the CI and CC hierarchies; see Figure 5.2. Owing to the
disconnected clusters, CC wave functions (full line) truncated at a given excitation level
also contain contributions from determinants corresponding to higher-order excitations;
whereas CI wave functions (dashed line) 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.

A further notion outside the figure is that for larger systems, CI starts to behave very
badly, while the CC description is unaffected by the number of electrons.

5.2 Solving the coupled-cluster equations

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

<HF ‘I:Iexp(f)‘ HF> 5 (5.9)

<u ‘ﬁexp(f} HF> = F <[L ‘exp(T)‘ HF> . (5.10)

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.
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e The nonlinear equations (5.9) must be solved iteratively, substituting in every itera-
tion the CC energy calculated from (5.10).

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)f]exp(T)‘HF> " (5.11)
<u’exp(—T)Hexp(T)‘HF> = 0 (5.12)

The equations (5.10) and (5.12) 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
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: When the Baker-Campbell-Hausdorff (BCH)
expansion exp(A)Bexp(—A) = B+[A, B]+5[A, [A, B]]+3[A, [A,[A, BJ]]+- - is applied

to the similarity-transformed Hamiltonian, one obtains

exp(=T)H exp(T) = I + [, T) + {1, ), 7) + [, 71,7}, 7) + ([, 71,7, 71,7,
(5.13)

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

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.

5.2.1 On coupled-cluster optimization techniques

The elements of the left-hand side of the CC amplitude equation (5.12) constitute the
coupled-cluster vector function €,(t), which can be expanded around the set of amplitudes
of the current iteration t(™:

Q(tm) + At) = Q(O)(t(n)) + Q(l)(t(”)At 4o
where Q© is the vector function calculated from the amplitudes t and QW the CC
Jacobian
1 —
Q,uz/ - <:u

Then an iterative scheme is established:

exp(—T™)[H, 7] exp(:fw)) HF> . (5.14)
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1. Solve the set of linear equations
QW (M)At = —QO (t™) (5.15)
for At
2. Form the improved estimate

t D) = ¢ At (5.16)

3. Iterate Equations (5.15) and (5.16) 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) — _—10(0) (4(n)
AtV = —e, Q7 (t), (5.17)

where, e.g. 6?}’ = (ea + & — € —€).

Usually, the convergence is accelerated by the DIIS method (see the discussion in section
3.1).

5.2.2 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 (5.18)
[ST} _ (5.19)

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

Ty =) t'E, (5.20)
and the doubles operator
A 1 "
Ty= zl;ti;’EaiEbj. (5.21)
aibj

The cluster amplitudes are symmetric: t‘;}’ = t?‘;.
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The CCSD energy is obtained from Eq. (5.11). By noting that (HF|exp(—T) = (HF|,
expanding the cluster operators and after some algebra we obtain the form

1 PP
Bceso = Bur + 5 (HF |[H, 1), Ty HE),  (5.22)

HF> + <HF ‘[ﬁ, 7]

where the Hartree-Fock energy is given by Eyp = <HF ‘f[ ‘ HF> By inserting the CCSD

operators to the energy expression and calculating the commutators explicitly we ob-
tain [26]

Focsp = Fup + - Zt“tb <HF‘ By, Eiyj)| HF ) + Zt <HF)HEazEb]} HF )
azbj aibj
— Bur+ - Z (# 4 124 <HF’[[ﬁ,Eai],Ebj] HF>
azb]
= Bur+ Y (£ +12) Ligjp, (5.23)
aibj

where we have denoted Lygrs = 20pgrs — Gpsrq-

5.3 Special formulations of coupled-cluster theory

5.3.1 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

) =Y 7 |CC) =exp(T) ) ¢,f, [HF), (5.24)
p p
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(—f)ﬁ exp('ﬁ)) c>
(cle)

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.

E(c,c) = (5.25)
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5.3.2 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(Tp) |0), (5.26)

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

Eocc = <O )exp(—To) exp(i) H exp(—k) eXp(TO)’ 0> : (5.27)

whereas the cluster amplitudes are determined by projection against the manifold lpo)
spanned by Ty

<MO ‘exp(—TO)f[ exp(—k) eXp(TO)’ 0> =0. (5.28)

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.

5.3.3 Coupled-cluster perturbation theory

In the coupled-cluster perturbation theory (CCPT) [27] the Hamiltonian in the CC equa-
tions (5.11) and (5.12) is partitioned as in Eq. (3.20). The Fock and the cluster operator
obey the following results:

Thus we may write the non-Hermitian similarity-transformed Fock operator as
f - f + Zgut/ﬂﬁw (529)
o
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and we arrive at the working equations of the CCPT:

~

£ = E0+<HF >

Euty = —<,u

HF> (5.30)

d

HF> (5.31)

By expanding the cluster operator in the orders of the fluctuation potential we arrive at
the amplitude equations

~

et = = (| [@)

HF> (5.32)

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 CCP'T 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(N7). The CCPT series provides more systematic improvement to
the wave function than the Mgller—Plesset perturbation theory (MPPT).

In passing, we note that 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) [28], 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.

5.3.4 Local correlation methods

Linear scaling approximations for Hartree—Fock self-consistent field method are carried
out almost routinely at the moment. However, linear scaling black-box correlated wave-
function theory is far away from reality.

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 electron
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. 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 [29, 30].
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In the approach presented by Head-Gordon et al. CC equations are formulated in a
general non-orthogonal [e.g., the atomic orbital] basis using a general tensor-based formu-
lation [31]. Scuseria and Ayala presented a transformation of the standard MO CC doubles
(CCD) equations into the AO basis [32,33]. 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 [34-40], is based on
localizing the occupied space as suggested by Pulay and coworkers [29], 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 biorthogonal
PAO basis (thus without MOs altogether), aiming at a black-box formulation that could
be applied to large systems [41,42]. This formulation also constitutes a good platform to
introduce 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 contributions decay
exponentially with respect to the distance between the centers of the participating PAOs.

5.4 Further reading

e R. J. Bartlett, in Modern FElectronic Structure Theory Vol 11, edited by D. R. Yarkony
(World Scientific, Singapore 1995).

T. Helgaker, P. Jorgensen, and J. Olsen, Molecular Electronic-Structure Theory (Wi-
ley 2002), pp. 648-816.

e T.J. Lee and G. E. Scuseria, in S. R. Langhoff (ed), Quantum-Mechanical Electronic
Structure Calculations with Chemical Accuracy (Kluwer 1995).

O. Christiansen, Coupled cluster theory with emphasis on selected new developments,
Theor. Chim. Acta 116, 106 (2006).
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Chapter 6

Basis sets and molecular integrals

6.1 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.

6.1.1 General considerations

Perhaps surprisingly, it turns out that the hydrogenic functions Eq. (1.13) 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, y’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.
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6.1.2 Hydrogenic functions

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

1 Z
H=--V*-Z2
2

r

and are written as

27\%? (n — 2Zr 2Zr zr
. 9 _ [ %~ 72+ _ar
Xoim (7,6, ) (n) 2(n—|—1 ( > "ll( )exp( n)

Rot(r)
2041 (I —m
X \/ 4—; El n mi P™(cos 8) exp(imy).
Yinn (0.0)

The energy of the bounded hydrogenic state ., is given by
72
S on?
The degeneracy of the hydrogenic states of different angular momenta — that is, 21 4 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

B, = (6.1)

e the presence of the exponential
e that Laguerre polynomials introduce n — [ — 1 radial nodes in the wave function.

The diffusiveness of .., for large n is seen from the expectation value of 7
3n? —1(l+1)
27

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

6.1.3 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:

X%l};n(r» 0,0) = Rr%lF(r)Y}m(& ©) (6.3)
LE 3/2 ( —l= ) 2l+2 r) ex r
B = QO @) BE () exp(=Cr). - (64)
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Figure 6.1: Lagurerre functions.

referred to as the Laguerre functions. For fixed [ and ( the radial functions (6.4) with n > [
constitute a complete orthonormal set of functions, for which

2n+1
<anm |7‘| anm> - 2g ) (65)

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.

6.1.4 Slater-type orbitals

In simplifying the polynomial structure of the Laguerre functions, we note that in RX" 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)

o (r,0.0) = RyC(r)Y(6,¢) (6.6)
T (20 el
R O(r) = —mnﬂ)@m exp(—(r) (6.7)

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"~1. The
expectation value of 7 and the maximum in the radial distribution curve are given by

2n + 1
O [Pl Xy = % (6.8)
= g (6.9)
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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 of the low-

est n, yielding a basis of the type ((1s(Cis), 15(Cas),---), (20(Cips 20(Cop)s - --), - - .) These
variable-exponent STOs are given by

Xutm(7,0,0) = Re (1) Yim (0, ¢) (6.10)
2¢,, 3/2
ol = %@Cm)lexp(—gm. (6.11)

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.

6.1.5 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

Xl (r,0,0) = RS (r) Y (6, ) (6.12)
2(2ar)%/4 92n—1—2 o
GTO _ 2n—1-2 2
RE™O(r) = Yy n 21 = 3)”( 2ar) exp(—ar?). (6.13)

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

1 n = 0
nin—2)(n—4)---2 evenn >0
Il —
m oddn <0
The spatial extent of the GTOs are
2n—1—2
GTO |4 . GTO
AN T 6.15
<anm ‘T‘ anm > 2& ( )
n—1—1
GTO
=\ 6.16
rmax 20{ ( )
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Figure 6.2: Slater and Gaussian-type orbitals compared.

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.

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:

Xat o (r,0,0) = RETP(r)Yim(0, ) (6.17)
2(20,)%/* 2!
GTO _ ! 2
Ry (r) = i ol 1>”(\/2a7") exp(—are). (6.18)

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?) and x5 =
exp(—f3r%) centered on ru and rp is a third Gaussian

af
XAB = €xp <—&—Jr57’,243) exp [~ (o + B)re] (6.19)
centered on rg given by
P OTA + frp
T T a+p

6.2 (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
can be obtained for many problems already at the uncorrelated level of theory and using
the non-relativistic Hamiltonian.
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The majority of quantum chemical applications employ contracted GTO (CGTO) sets,
i.e. linear combinations of GTO functions with coefficients optimized regarding some crite-
rion (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,...) [43,44] and
the Karlsruhe basis sets [45-47]. The correlation-consistent (cc) basis set families [48-53] 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 [54, 55] 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 [56]

V() =) (9(e)xm)*. (6.20)

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 I-values in a CBS. Y(«)
is typically plotted in the logarithmic scale, against * = 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
obtain relevant contributions roughly within [1/,/@max, 1/1/Cmin] from the nucleus can be
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Figure 6.3: Completeness profiles of (a) cc-pVDZ (b) cc-pVTZ (¢) cc-pVQZ (d) cc-pV5Z
(e) ce-pV6Z (f) cc-pCVTZ (g) aug-cc-pVTZ and (h) aug-cc-pCVTZ basis sets of fluorine.

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. It has
been later demonstrated that this property only can be the guiding factor for successful
basis sets in form of the “completeness-optimized” basis sets [57].
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6.3 Integrals over Gaussian basis sets

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

~

O = <Xu O X,,> :/XM@)O(r)XV(r)dr (6.21)
Ouno = (xuDx(1) |02 (20(2)

_ / A(E)X (E1)O() X (£2) o (F2) 1 (6.22)

O

such that the AOs (x) are taken as fixed linear combinations of real-valued primitive
Cartesian GTOs o
Gijr(r,a,R) = 2hyhzk exp(—ary), (6.23)

where the ”Cartesian quantum numbers” 7, 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 (6.17) by linear combinations.

6.3.1 Gaussian overlap distributions

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

Gijk(rv a, R) = Gz(l', a, RJ:)G] (y7 a, Ry)GZ(Za a, RZ)? (624)

where for example G;(z,a, R,) = x% exp(—ax%). We will need also a concept of Gaussian
overlap distribution

Qab(r) = Gijk(r,a,RA)Glmn(r, b, RB), (625)
that may also be factorized in the same way
Qap(r) = Q5 (7, 0,0, Ran, Rpo)Q(y,a,b, Ray, R y),,(2,0,0, Ra ., Rp.), (6.26)
where the  component (for example) is given by

ij (I, a, b, RA’m, RB,m) = GZ(.I, a, RA@)GJ'(I, b, RB@). (627)

6.3.2 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 = SszkZSmn (628)
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According to the Gaussian product rule (6.19), 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 o0 7T
| oids = expl-nx3y) [ exp(—pxzmx:\/;exp(—uxi]g), (6.20)

(e 9] —00

where 1 denotes the reduced exponent ab/(a + b), p = a+ b, and

Ra.+bRp.,
p, — et Ohs, (6.30)
P
Xip = Ras— Rpa. (6.31)

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 [58,59]. 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

Sab = (Gq |Gy) (6.32)

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

1. .

Si+1,j = XPASij + 2—p(ZSZ;17j -+ ]S@jfl) (633)
. .

S@j.;.l = XPBSij + 2_p<ZSi_Lj + ]Si,j—l)- (634)

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

Dl = (G

In one direction the relations are

o o
Oxe Oyl 029

Gb> . (6.35)

Lo e e
1 . e e—
Dity XppDjj; + 2_p(ZDz;1,j + D5y + 2aeDi), (6.37)

with the e = 0 case providing the starting point and being equivalent with the overlap
integral.
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6.3.3 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

1
F.(z) = / exp(—zt?)t*"dt. (6.38)

0
It is a strictly positive and decreasing function. We observe that the values of Boys function

of order n at x = 0 have a closed-form expression

1
2n+1°

1

F,(0) = / 2 dt = (6.39)
0

Different methods for evaluating the Boys function has been introduced. One way is

through recursion. By partial integration of the function we see that the different orders

are related by
Foi(x) = (2n+ 1)F,(x) — exp(—x)2z (6.40)

Fo(x) =2xF,1(z) — exp(—x)2n + 1. (6.41)

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.

6.3.4 Obara—Saika scheme for one-electron Coulomb integrals

The Cartesian one-electron Coulomb integrals,

Vi = (Gulr!| ) = [ 28, (6.42)

needed for the one-electron part of the molecular Hamiltonian, may also be evaluated by
using the Obara—Saika recursion relations.
We again factorize the distribution according to (6.26), and are about to obtain the

integrals through the recursion relations (c.f., below) for auxillary integrals @Z] PRI

1 . .
9217—1 jklmn  — XPA@zjklmn 2p (Z@?[—I jklmn + j@zj'vj—l klmn)

1
®z]+1klmn = XPB@z]klmn ( i— 1jklmn +]®w 1klmn)
1
_XPC@gI:}}nn - 2_( G)zN-il_Eklmn 95\;4_11 klmn) (644)
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with the special cases (that also serve the starting points of the recursion)

@?jklmn = ‘/ijklmn = ‘/ab (645)
2T s
@(%0000 = ?Kal? FN(pR%C% (6.46)

where Fly is the Boys function, and we have denoted

ab = exp(—,uXiB). (6-47)

6.3.5 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,

)$ca(rs)

Guted = (Galr1)Go(r1) 1| Golr2) Gua(ra)) = / / Rt Real®2) e, (oa8)

12

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

27.‘_5/2
N 2
©000000000000 = pq\/nggzKﬁzFN(QRPQ) (6.49)
0
@izjzkzlz iydykylyizjokale = Bizfekale iyjykylyizjokol. = Yabed- (6.50)

In the above, we have denoted K;* = K% K" K7 [cf. Eq. (6.47)] 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

o 7 o
@z‘+1 000 = XPA@%OO - EXPQ@%SF(} + 2_p (@f\fl 000 — 5@?—%00) : (6-51)

Then, the second electron is treated using the integrals generated in (6.51):

bXap +dXcp N i N k N D AN
O, = 0O, — —O;" —0O. o — —6: . 6.52
0k+10 q i0k0 2q i—10ko T 2q i0k—10 q i+10k0 ( )

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

Oijrim = @i+1jkl+XAB@£]V-kl (6.53)
Oijkir1 = @ijk+1l+X0D@f}fkl. (6.54)

In this way, we may construct the full set of Cartesian two-electron Coulomb integrals.
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6.4 Further reading

e T. Helgaker and P. Taylor, Gaussian basis sets and molecular integrals, in Modern
Electronic Structure Theory, Part II, D. R. Yarkony (ed.), (World Scientific 1995),
pp. 725-856

e R. Lindh, Integrals of electron repulsion, in P. v. R. Schleyer et al. (eds.), Encyclo-
pedia of Computational Chemistry Vol. 2, (Wiley 1998) p. 1337.
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Chapter 7

Accounting for the effects of special
relativity

7.1 Relativistic quantum mechanics

7.1.1 Theory of special relativity

In NR classical mechanics, two systems O and O moving relative to one another with
speed v are related with the Galileo transformation x’ = x + vt, with time ¢ treated as
an independent parameter. However, the famous Maxwell equations describing elecromag-
netism are not invariant under Galileo transformation. This problem was culminated in
the Michelson-Morley experiment, in which the speed of light was measured to be constant
in all the directions of movement of the Earth. This was hard to explain with the classical
theory, and the problem was solved in the theory of special relativity by Albert Einstein
(1905), which is based on two postulates: 1. The laws of physics are the same in all inertial
frames of reference, and 2. The speed of light in free space has the same value in all inertial
frames of reference. These are satisfied in Lorentz transformation (1904) !

/

x = 7y(x—vt) (7.1)
= y(t—v'x) (7.2)

2

where v = 1/4/1 — (v/c)?. The direct consequence of the theory of special relativity is that
systems moving relative to each other with constant speed are equivalent, so no absolute
reference system can exist.

7.1.2 Klein—Gordon equation

The straightforward relativistic analogue for the non-relativistic (NR) Schrédinger equa-
tion, H1 = iOy/0t, using a relativistic energy-momentum relation, E? = p*c? + m?c?, is

I Atomic unit system. In the four-algebra, the metric tensor g = diag(1,1,1,—1). Einstein’s summa-
tion convention is used.
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the Klein-Gordon equation

1 2 22
—<§@+V)w—mcw. (73)
The problem with the Klein-Gordon equation lies with the negative energy solutions that
involve a negative probability density.

However, the equation is usable with re-interpreatation of the solutions — Pauli and
Weisskopf interpreted the solution as a current density and Feynman and Stiickelberg
interpreted the negative energy solutions to describe either a particle moving backwards
in time or an antiparticle moving forward in time. The Klein-Gordon equation is sufficient
relativistic wave-equation for spinless paricles.

7.1.3 Dirac equation

To avoid these, Paul Dirac suggested a form of an equation [60,61] that is linear in both
0/0t and V as _
HP"%) = (ca - p + Bmc?), (7.4)

where the factors a; (i = 1,2,3) and 3 are defined by demanding that the relativistic
energy-momentum relation be satisfied.

A comparison of Eq. (7.4) with the energy-momentum relation shows that a; and 3
anticommute and that o? = 3> = 1. «; and 3 are N x N matrices, with N = 4 being
the lowest dimension that satisfies the equation. The equation can be written also in
terms of larger N. The representation of e and 3 is not unambiguous. The Dirac-Pauli

representation
0 a; . 1 0

where g; are the Pauli spin matrices

SO R () R (R B

is the most commonly used.
By multiplying (7.4) with 8 from left and denoting

T = (—Zﬁak,ﬁ), k= 172737 (77)
the resultant equation can be written into compact form as
(YuOu + me)y =0, (7.8)

where 0, denotes differentation with respect to z, = (x,ict). The gamma-matrices (7.7)
can in fact be defined with condition [v,,V.]+ = 2¢,., and every four-matrices fulfilling
this condition can be used as their representation. The representation corresponding to
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Dirac-Pauli representation is the most common. This form of the the Dirac equation for
a free electron can be shown to be Lorentz covariant and describe spin-half particles. The
solution of the Dirac equation is a four-component Dirac spinor.

The solution also contains negative energy solutions, but with a positive probability
density. They were interpreted as positrons, electrons with opposite charge. The positrons
were experimentally observed a few years later [62]. The Dirac spinor can be divided into

w=($>, (7.9)

where 1, and ¢ _ are the large- and small-component solutions. The solutions with large
1, correspond mainly to the positive energy i.e. electronic solutions, whereas solutions
with large ¢ _ correspond to the positronic states.?

7.1.4 On the origin of magnetic energy levels

The substitution p, — 7, = p,—qA,/c, where A, is the 4-vector potential (A, —i¢), yields
the Dirac equation for a particle with charge ¢ in the presence of an electromagnetic field,

[cac- (p—qA/c) + qp + Bmc®] ¥ = i0s). (7.10)

For a constant magnetic field, the scalar potential ¢ = 0 and the stationary state of the
Eq. (7.10) this equation in terms of large and small components becomes

(5

One obtains an equation involving only the upper components by solving for one pair in
terms of the other,

2
%—W)@DJF = ey
m
(e B, = e (7.12)
om ' 2mec’ T '

Here ¢ = 3(—mc? + E?/mc?) is approximately the energy of the particle minus the energy
related to its mass. The first term is analogous to NR treatment of a charged particle in
a magnetic field, which solutions |n, k, m;) that are eigenfunctions of H,,, p., and L, (L
is the orbital angular momentum operator) with eigenvalues p*/2m + (2n + 1)eB/2m, p,
and my, respectively. These are consistent with the classical picture of the charged particle
moving in a helix with axis parallel to the field. The second term describes the interaction

2The non-relativistic limit (¢ — oo) of the Dirac equation, often referred to as the Lévy-Leblond
equation [63], is a Galilei-invariant four-component equation that describes spin one-half particles. It
describes correctly also the interaction between the electron spin and an external magnetic field, with the
gyromagnetic ratio equalling to 2.
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of the spin magnetic moment of the particle with the field. If the uniform field is chosen
to be in xz-direction in (7.12),

(%ﬂiﬁ 0 )(m)zg(wl)
0 %_QTZLCB wQ Q’ZJZ ,

and hence either v, o< |n, k,m;) and 1y = 0 with ¢ = (2n + 2)¢B/2mc + p?/2m or ¢, o
In, k,m;) and ¢, = 0 with ¢ = neB/mc + p?/2m. 1), is an eigenfunction of perpendicular
part of the Hamiltonian with the field, ps, L3, and o3. The eigenvalue of the last is labeled
as 2mg, which can be £1. The lower components are obtained from (7.11). The operator
L, does not commute with the Hamiltonian, and different components of the wavefunction
are associated with different m; values. However, it can be shown with a direct calculation
that the operator

1
J.=L. + z0. (7.13)

does commute with both the Hamiltonian and p,., and hence the relativistic states are
characterised by quantum numbers n, k, and m;. The complete four-component functions

are eigenfunctions of Dirac Hamiltonian with eigenvalues £ = £mc?,/1 — nf;,

|n_17k7mj_%>
0
|n—1,k:,mj—%) )

+ = C
= kc
nokim; * En+mc?
2¢(yn)t/?
E,+mc?

(7.14)

|n7 k? m; + %>
0
’n_ 17k7m]' + %>
n = C_ c(yn
Unem, —%Eg,ijf n,k,mj + 3)

_ﬁhla kamj + %>

(7.15)

Here n =1,2,3, ..., k may obtain any value and m; any half-integer value less or equal to
n— % When n = 0, only the second function is defined. The m; and m, are not defined
in the fully relativistic picture, but they are for the large components. By introducing a
quantum number n’ = n — %(|my| 4+ my), the energy can be expressed as

e = o+ 5 (20" + [mul) + my + 2m,) B (7.16)

which expresses the contributions of the dipole-field interaction explicitly. Therefore, the
quantised magnetic energy levels (Zeeman levels) arise naturally from Dirac theory.
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7.2 Relativistic Hamiltonians for many-particle sys-
tems

7.2.1 Dirac—Coulomb Hamiltonian

As the essence of chemistry is a many-body quantum mechanical problem, it would be
tempting to introduce a way of treating interacting electrons within the Dirac picture
and hence obtain a proper description for the problem. The easiest way to construct a
relativistic Hamiltonian for a many-electron system would be to include the potential terms
that describe nucleus-electron and electron-electron Coulombic interactions,

P =% (HDlrac n Z ZK) N % 3 %7 (7.17)
i#j

- TiK
7

The potentials of this Dirac-Coulomb Hamiltonian affect instantly, and hence HP® is not
Lorentz covariant.

7.2.2 Bethe—Salpeter equation

The Bethe—Salpeter equation [64,65], which is essentially a generalisation of the Dirac
equation for two particles, transforms properly under the Lorentz transformation. It is
an integro-differential equation, which at least in principle can be made accurate to an
arbitrarily high order. The derivation of the equation can be found from text books of
relativistic quantum mechanics, and the equation in the most compact form is written
as [66]

% )9, + mW ) (720D + m®e) (2™, 2?)
/K P W) (2®, 2®)dz® dg @, (7.18)

where superscripts denote particles. The operator K includes Dirac matrix operators and
x-dependent operators. The equation (7.18) can be written into different form separating
space and time variables for each particle as

(D<1> _ @'ai”) <D<1> _ za@) b = Kb, (7.19)

where DU is the Dirac Hamiltonian for the free i particle [Eq. (7.4)], and K is 2B 33
times the integral operator in (7.18). I can be derived from the quantum electrodynamics
as a series valid to any order. The evaluation of KL and t The solution of the resulting
equation is problematic, in the use of the Bethe-Salpeter equation. In addition, and it
features different time variables for the two particles. This is essential for the covariance
but makes physical interpretation more difficult.
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7.2.3 Dirac—Coulomb—Breit Hamiltonian

An approximate relativistic many-electron Hamiltonian can be constructed from the Dirac
Hamiltonian by adding the Breit term [67]

Breit (i - rij) () - ri5)
H" " = - Qoo o (7.20)
that consists of the leading terms in the series obtained from the Bethe-Salpeter equation.
It describes other pairwise additive interactions than the standard Coulomb interaction of
electrons i and j, the first being the magnetic Gaunt term [68], and the second being a
term that describes retardation, i.e. the finite speed of interaction. With this term, the
Dirac-Coulomb-Breit (DCB) Hamiltonian is written as

B =Y ey L % Z/% n % S gy, (7.21)
% 2y

7"‘4
K K irj

It implicitly includes all relativistic effects on the kinetic energy as well as spin-orbit (SO)
interaction. This Hamiltonian is, however, not Lorentz covariant, and it treats the effects
of quantum electrodynamics perturbationally up to O(a?). Practical quantum chemistry
with HP®B is computationally too expensive for many purposes.

In addition, there are some theoretical defects in the DCB Hamiltonian, such as the
Brown—Ravenhall disease [69], or the continuum dissolution, in which any bound multi-
particle state is degenerate with a state containing negative energy continuum solutions.
Another problem is related to the self-consistent field solution of the four-component equa-
tions [the Dirac-Fock(-Breit) method], in which solutions are obtained that not always are
true upper bounds to the exact solution [70]. This is called the finite basis set disease. It
can be at least partially treated using kinetic balance [71], which, however, leads to very
large basis sets. These problems have kept applications of true chemical interest largely,
but not completely, beyond the reach of rigorous four-component methods.

7.3 Quasi-relativistic Hamiltonians

Since chemistry is only concerned with the positive energy solutions of the Dirac equation,
it would be useful to decouple the positive and negative energy components of (7.9) to give
a two-component equation for the positive energy solutions, which could be used in the
same manner as NR equations. There are several ways to reduce H DCB into two-component
form. Such approximate Hamiltonians are usually called quasi-relativistic Hamiltonians.

7.3.1 Foldy-Wouthuysen transformation

One way to decouple the large and small component solutions is to apply the Foldy-
Wouthuysen transformation [72] (FW) on the Dirac Hamiltonian.
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For an electron in potential V', when the zero-level of energy is chosen to be +m.c?,
Eq. (7.11) is written as

(arem vTame) (1) =2 (1)
cd-m V —2mc? (e Vo )

Elimination of the small component (ESC) gives

co - T 1 E-V\! _
=, = — 7 - =X
v 22+ E-V Y 2¢ < LY ) 7Ty Ve
and therefore B
HECy, =V, +cd-wXep, = E,. (7.22)

The Hamiltonian H"5¢ is dependent on the energy E and operates on the unnormalised
large component. In the normalised ESC approach [73], a normalised two-component wave
function is generated, which affects the sc. picture change [74].

Foldy and Wouthuysen [72] introduced a systematic procedure, the Foldy-Wouthuysen
(FW) transformation, for decoupling the large and small components to a successively
higher order of ¢! by finding a unitary transformation that block-diagonalises the four-
component Hamiltonian.

For a positive-energy two-component effective Hamiltonian, the transformation matri-
ces

1 1Lyt
U o— ( \/1+1XTX \/1+X1TX )7 (7.23)

VXX VI+XTX

1 1

Lt _xt

Ul = U= ( VIHXTX VXX ) (7.24)
Vi+xtx VI+XTX

generate the desired two-component FW wave function

() ()

When the energy-dependent X in Eq. (7.22) is expanded with respect to (E — V)/2¢?
to the lowest order, X ~ (1/2¢?)cd - p is obtained, and to order ¢2 in the absence of

electromagnetic fields
1-& 9
U= ( IR ) . (7.26)
2c2 8¢?
This, used with the FW transformation, gives rise to the Pauli Hamiltonian [75] (writing
« instead of ¢71),

) 21 1
HPauh -V % o §a2(p4 _ V2V) + ZQQ(}' . (VV X p) (727)

Here the first two terms correspond to the NR Hamiltonian. The third and the fourth
term represent, respectively, the mass-velocity (mv) and Darwin (Dar) corrections that are
often called the scalar relativistic (SR) corrections. The last term is the SO coupling term.
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7.3.2 Breit-Pauli Hamiltonian

A two-component quasi-relativistic Hamiltonian for many-electron systems with the inclu-
sion of the Breit term, i.e. the Breit-Pauli Hamiltonian, is gained from the Dirac-Coulomb-
Breit Hamiltonian (7.21) for two-electron systems through the FW transformation and a
generalisation to N electrons [1,3,66]. Omitting terms that describe the motion of the
nuclei, the electronic part is written as

H®" = "hi + % > hi, (7.28)
i ij

where the one-electron part is in the presence of electromagnetic fields

ZK

he — — :
; > - (7.29)
K
1
1
- §a2(7r2-2 416 - x ;)2 (7.31)
1 A
+ —062 TK(?@ : (riK X 7'l'l) (732)
4 = TiK
7
n 5042 g Zid(tire ). (7.33)

Eq. (7.29) is the non-relativistic nuclear attraction potential, (7.30) describes non-relativistic
kinematics and spin Zeeman interaction, term (7.31) is a relativistic correction to (7.30),
(7.32) is the one-electron relativistic spin-orbit term, and (7.33) represents the one-electron
Darwin effect. The two-electron part of the Breit-Pauli Hamiltonian consists of

1
o o— - 7.34
J ri; ( )
1 7. . .. N — 7. . :
LGy x ) i (ryj x ) (7.35)
4 Tij
B 7ra25(rij) (7.36)
B 1@2 |:7Tz m; (m rw)grij 773)} (7.37)
2 Tij Tij
LG (ry xm)) - Gj - (ry; x ;) (7.38)
2 T3
1 8 o
- 3 {?5(%)(02 75)
(6’25) 3(0'1'1.1“)(0’ T )
-G j ;5‘ i tij (7.39)
ij v
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Here (7.34) is the Coulomb repulsion between the electrons, (7.35) the two-electron spin-
same orbit term, (7.36) the two-electron Darwin term, (7.37) the orbit-orbit interaction,
(7.38) the spin-other orbit interaction, and (7.39) the electronic spin-spin interaction.

We will in the following form an approximate electronic Hamiltonian for a molecule
carrying a point-like nuclear magnetic dipole i, = vixlxg, where v is the nuclear gyro-
magnetic ratio and I the nuclear spin, in external magnetic field By, obtained by making
a substitution 7 — p + A into HBY. This substitution and the corresponding expansion
is presented in detail in Paper I. In this treatment, the vector potential A is expanded as
asum A = Ag+ Ax + Ay, where Ay is the vector potential corresponding to By in the
Coulomb gauge V - A =0, and

1
A(](I'i) = §B0 X ;0 (740)
I x r;
Ag(r) = oyt (7.41)
ik

are the fields caused by the point-like magnetic dipole moments of nuclei K and L. In
Eq. (7.40), r;o = r; — Rp, where O refers to the gauge origin. The terms containing a
third or higher power in Bj or a second or higher power in Ik or I are omitted. Explicit
forms and physical interpretations of the obtained terms are presented in Tables 7.1, 7.3.2
and 7.3.2.

From the one-electron part, (7.30) is expanded as

1
5 27 A B B WSO WSO hESC B+ B, + i (7.42)

for the NR kinematics. The NR spin Zeeman term 2 becomes

—12 ;- (7 x ;) = Z g - + hEC 4+ hEC 4 RSP 4 B3P, (7.43)

In (7.31), 77 and id; - 7; X m; do not commute when spatially non-uniform nuclear dipole
fields are present, and thus the term is first expanded as

HY = —%042271';1 — %cﬂiz (7}, 7 m X my],

7

+ a Z X om)? (7.44)

3Some text books, e.g. [66,76], consider these terms, especially the Fermi contact interaction hFC, as
relativistic effects similarly with other terms that arise from the reduction from the Dirac equation to
(Breit-)Pauli form, such as the Darwin term. However, according to analysis by Kutzelnigg [77], these
hyperfine interactions are not relativistic effects, but may be derived also from the NR Lévy-Leblond

equation.
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where the anticommutator of the operators A and B is denoted as [A, B] | = AB + BA.
Expanding the first term gives rise to

——Oé Zﬂ_ ~ hmv_|_hOZ KE+hPSO KE+hPSO KE+hDS KE_Fh]B%fKE

—|—h][:)(SLO KE‘f‘hl;(SBQO OZ+hESB(3 OZ+hPSO PSO+hSUSC KE (745)

and the electron-spin dependent second term in Eq. (7.44) becomes

ol Y w6 ) = —%oﬂ; .5, B,

i

~ hSB%—KE+hFI‘{C—KE+hEC—KE+h§(D—KE+h%D—KE(746)

The last term to arise from HY  is

1
—az 7TZ><7TZ2:—§0422(5
~ i, + B, iy, + LB, A R, (T47)

in which the dependence on electron spin vanishes, i.e. (&; - BZ-)2 = B2 as can be seen
when applying (6-A)(cd-B) = A-B +id - A x B. The corresponding “con-con” cross
term, which is proportional to the product of the contact fields of two nuclei that do
not coincide, vanishes everywhere in space. The one-electron SO term (7.32) divides into
field-independent and -dependent SO interactions

1 Z
1o r3K G - (rage x ) a2 BSOW 4 p30W 4 700 4 pROW), (7.48)
K iK

Combining Eqgs. (7.35) and (7.38) of the two-electron part gives rise to field-dependent
and -independent two-electron spin-orbit interactions

1 _'Z. (1 X ;) — 7. . i X .
_L 20 (ryjy xm )Tg G- (ry; X m5) ~ JSS0() | S00() | hSBSOO( . hSB((?O(
ij
_i_h?{s;()(z) +hsoo +hsso _I_hsoo (7.49)

From the first part of Eq. (7.37), two-electron counterparts of the operators in (7.42)
appear, but they are neglected here. This term gives rise to the field-independent electron-
electron orbital interaction term, listed e.g. in Ref. [66], and it is included in Table 7.3.2.

The terms in Tables 7.1-7.3.2 are classified according to their appearance in the orders
of a, and further in accordance with their dependence on i) the electron spin, ii) the nuclear
spin, and iii) the external magnetic field. Indices i,; are used to label electrons and K, L
to label nuclei. The operators with dependence on the index K will appear in a similar
form for nucleus L.
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Table 7.1: The O(a®) terms of the approximate Hamiltonian, H2" in the presence of
point-like nuclear magnetic dipoles and an external magnetic field.

Label Description Operator

hKE Kinetic energy —3 >, V2

hNE Electron-nuclear Coulomb interaction — ik Tzi

hEE Electron-electron Coulomb interaction >0 j%
Spin-dependence, no field-dependence

WYY Nuclear quadrupole interaction -3 IK(;?[}I({ =D Lril ;g:K —iK

Field-dependence, no spin-dependence
h3Z Orbital Zeeman interaction >
h355¢  Diamagnetic susceptibility 3

Spin- and field-dependence
hSB% Electron spin Zeeman 2Ge Y.

The nuclear quadrupole interaction (NQCC) listed in Table 7.1 does not arise naturally
from the present treatment, in which a point-like nucleus is assumed. It arises as the leading
non-trivial term from the treatment of the Coulombic Z/r;x term in presence of a finite
i.e. physically correct nuclear model. However, its inclusion is necessary due to its major
importance in the consideration of the spectral parameters of nuclear magnetic resonance.

The operators of HBY are intuitively interpretable in terms of familiar NR concepts,
and provide an interpolation step between the NR and Dirac regimes. There are inherent
difficulties in Hamiltonians arising from the FW-transformation, as investigated e.g. by
Moss and co-workers [78-81]. Farazdel and Smith criticised the mass-velocity term [82],
pointing out that for large momenta (p > a~'), the mass-velocity term is not obtained
unless the expansion of the square-root operator outside its radius of convergence is used.
Most of the difficulties originate from the fact that the expansions implicitly or explicitly
rely on expansion (E —V')/2c¢?, which is invalid for particles in a Coulomb potential, where
there will always be a region of space close to the nucleus in which (E — V)/2¢* > 1.
Furthermore, several terms pose a d-function singularity at the origin, which is absent in
the Dirac Hamiltonian. These features are ostensibly problematic, as it has been demon-
strated that relativistic effects originate mostly from the region close to nucleus. Numerous
quantitative studies verify, however, the practical feasibility of " for many atomic and
molecular properties.

Other difficulties arise also with regard to the self-consistent treatment of FW trans-
formed Hamiltonians, as the eigenvalue equation H*'W = EWV yields a continuous eigen-
value spectrum without lower bound due to the mass-velocity and SO operators, unless
the operator is not restricted to the solution space of the NR Hamiltonian [83].

Due to difficulties in the iterative solution of FW transformed Hamiltonians, perturba-
tion theory has to be applied. In some cases, e.g. with the heaviest nuclei, the relativistic
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Label Description Operator
Scalar relativistic corrections
h™Y Mass-velocity term L%
RPar()  Electron-nuclear Darwin term §a2 Zl x Zr0(TiK)
hPa 2 Electron-electron Darwin term —Za” Y 0(ry)
ho© Electron-electron orbital interaction 1’y jvi',,vj — (Vi‘”fj?S“j‘Vﬂ' )
W Tig ij
Spin-dependence, no field-dependence
Electron spin
RSO Spin-orbit interaction %azge Zl K ﬁ—’;sz Lk
RSSO Electron-electron spin-orbit interaction —1a’g, >igsi :Tj
ij
hSO9?2)  Electron-electron spin-other-orbit interaction —%oﬂge > iiS) ;TJ
2 (g8 ) (5;-10:) (0155
hSSP(R) Spin-spin dipolar interaction RO j”j(sl %) (:§ rig)(ris ;)
’ ij
RSSC(2) Spin-spin contact interaction —”ngaz i ;8 8;0(ri;)
Nuclear spin
RESO Orbital hyperfine interaction @y > Ik - ii
Electron and nuclear spins
. 12
h$P Dipolar hyperfine interaction 102Gk D, S M . %
1K
hEC Fermi contact hyperfine interaction Tolgeyr D, 0(rik)si - I

Table 7.2: Partial listing of O(a?) terms of the approximate Breit—Pauli Hamiltonian.
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(Table 2.2 continued)

€6

Field-dependence, no spin-dependence

hGE—KE Orbital Zeeman kinetic energy correction 10%3" . 1o - BoV?

h%@SC_KE Diamagnetic susceptibility kinetic energy correction  5a® >, By - [V7, (1%, — riorio)], - Bo
Spin- and field-dependence
Electron spin

hSB%)’KE Electron spin Zeeman kinetic energy correction 10%g. > s - BoV?

hSB?(l) Spin-orbit Zeeman gauge correction $020e YN AN DS 1(”0'”%)_”0”1{ By

1K
hSBSOO(Q) Electron-electron spin-orbit Zeeman gauge correction —gage >} s; - morf# By
hSB?O(Q) Spin-other-orbit Zeeman gauge correction —ioﬁge (i) Wﬂ -By

ij
Nuclear spin

DS : : 1.2 1(riorik)—TioTiK
hg's, Electron nuclear Zeeman modification 50y Y I - —HOIG—IonE L B,

hIPEBC;’OZ Orbital hyperfine-orbital Zeeman interaction }loﬂy;( > oIk [lg—K, liol] - By
3 N

T’L




Label

Description

Operator

PSO—-KE
hK

DSO
hKL

DSO—-KE
hKL

PSO-PSO
hKL

—di
hCOn P
KL

dip—dip
hKL

SD—-KE
hK

FC—-KE
hK

SO(1)
K
SS0(2)
K
S00(2)
K

S S S

DS—KE
hKBo

con
KBy

dip
hKB()

Spin-dependence, no field-dependence
Nuclear spin

Kinetic energy correction of the orbital hyper-
fine interaction

Electron coupled nuclear spin-spin interaction

Kinetic energy correction of the electron cou-
pled nuclear spin-spin interaction

Orbital hyperfine coupled nuclear spin-spin in-
teraction
Contact hyperfine coupled nuclear spin-spin in-
teraction

Dipolar hyperfine coupled nuclear spin-spin in-
teraction

Electron and nuclear spins

Kinetic energy correction of the dipolar hyper-
fine interaction

Kinetic energy correction of the Fermi contact
interaction

Spin-orbit hyperfine correction
Spin-same-orbit hyperfine correction

Spin-other-orbit hyperfine correction

Spin- and field-dependence
Nuclear spin

Kinetic energy correction of the electron nuclear
Zeeman modification

Nuclear spin Zeeman contact hyperfine interac-
tion

Nuclear spin Zeeman dipolar hyperfine interac-
tion

fotye Yo T | V2 |

i

1 4 1(rirTir)—TiKTiL

VKL >ilk 3,3, I

1.6 2 1(rigriL)—TiKTiL
SOTKTL 2, I - |:vz'7 373 N I

1K iL

1.6 Lk L
20°YkvL D i [TgK ; TgL] I,
+

2

[5(riK)—3rimL—1riL + 0(rir)

5
TiL

_2?”@6'71('7% ZZ Ig -

—iOﬁWKVL ZZ Ig - L

5 .5
TikTiK

+1(rigri)] - I

1 4 9 3rigrix—1r?
s Y VK ZZ S; - |:vz7 - :,—5 LI g

iK +

Tatgevie Yosi [V 0(rik)], - Tk

1. 4 1(rig TiN)—TiKTiN
ZO{ ge,yK ZN ZN ZZ Si - T?KTigN ' IK
1(r: je-Tis ) =0 jo T
S OCTINE SYP (LN g,
1 4 / 1(rik Tij)—TiKTij
=300 geVK DLy T e
i ij

TikTij

1.4 2 1(rioTiK)—TiOTiK
R P

_2%&471{ Zl 5(rzK)IK : BO

1 4 31‘7;1(1‘7;}(—17"-2]{
B L I P

.B0

3P7;KI‘7;K—17’-2K
—
i K

=t [9rrin (vix - 1) — 3rigri (P +17)
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Figure 7.1: A schematic illustration of the behaviour of ZORA and Pauli approximations
with respect to the Dirac equation. Drawn after Ref. [74].

effects may be so large that a perturbation theoretical approach is inadequate.

7.3.3 Other quasi-relativistic Hamiltonians

As discussed above, there are difficulties in two-component transformations of the Dirac
Hamiltonian, which arise in the form of divergent terms and singularities when r» — 0.

An alternative approach for decoupling the large and small components of the Dirac
equation is the zeroth-order regular approximation (ZORA) Hamiltonian [84]. The deriva-
tion of the ZORA Hamiltonian proceeds almost in complete analogy with that of the Pauli
Hamiltonian, except here the expansion is carried out with respect to E/(2¢2 — V). In
the derivation of the ZORA Hamiltonian, one proceeds almost in complete analogy with
Pauli Hamiltonian, but the expansion is carried out with respect to E/(2¢* — V). The
Hamiltonian becomes

HZORA — 7 4 %p/Cp + %0((pl€) X p), (7.50)
where K = (1—3a?V)~!. It has similarities with the earlier Chang-Pelisser-Durand zeroth-
order effective Hamiltonian [85]. It has been shown that ZORA behaves well near to nu-
cleus, and that it is variationally stable at zeroth-order. ZORA contains similar relativistic
corrections as are present in the Pauli Hamiltonian but in a regularised form. The inclusion
of the first-order in the expansion yields FORA (first-order regular approximation). ZORA
is bounded from below, up to Z = 137. It has the flaws of not being gauge invariant, and
the ignoring the change in the metrics is problematic. The features and differences between
the Pauli and ZORA approximations are outlined in Figure 7.1, in which the z-axis is the
distance r from the nucleus.

The Pauli approximation breaks down near the nucleus but approaches the correct limit
at large r. ZORA is bounded from below, up to Z = 137, and it is a good approximation
for |V| > |E| > 0, i.e. where the potential dominates, but it does behave erroneously when
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energies and distances are large [74,86]. for large energies and large distances from nucleus
ZORA possesses a dependence on the choice of the zero of the potential, nd in it only
the eigenvalue spectrum, not the eigenfunctions, reflect the actual physics. This is often
referred to as the picture change effect. This difference is due to the fact that the change
of picture [87] is neglected and that the ZORA Hamiltonian does not contain all terms of
the o? order.

The scaled ZORA includes the change in metric, but the picture change is still ignored.
There are other ideas for the regular approximation scheme. In exponential regular ap-
proximation (ERA) [88], an exponential function is added to the definition of the small
component in order to correct the metrics. The idea is to remove the singularity as with
ZORA, without introducing the long-range dependence into the ansatz. In modified ERA
(MERA) [88], part of the relativistic contribution is omitted to avoid spin-orbit terms in
the metric. In infinite-order regular approximation (IORA) [89,90] and its MERA-type
modification (MIORA) [88], the expansion may be taken to infinite order by using an un-
normalised FW transformation, which results in the ZORA Hamiltonian and a non-unit
metric. Filatov and Cremer [91] presented a scaled IORA (SIORA) method, in which
an effective energy-independent relativistic Hamiltonian was obtained by a regular expan-
sion of the exact Hamiltonian for electronic states in terms of linear energy-independent
operators.

Another alternative is an approach with external field projectors. This method has
been developed by Hess [92,93] on the basis of theoretical work by Sucher [94] and Douglas
and Kroll [95]. This scheme is often called the Douglas-Kroll-Hess (DKH) method. In the
method, the FW transformation is carried out up to the first order in the momentum space,
and the result is then split into odd and even parts. After that, the FW transformation
is repeated to order n, with antihermitian matrices W,,, U,, = /1 + W2 + W,,. The form
of the W’s is chosen to cancel certain terms. The resulting Hamiltonian is decoupled, i.e.
it operates on the large and small components independently, to order n + 1. Already U,
includes several relativistic phenomena. DKH is widely used in molecular calculations. It
has the benefit of being bounded from below, with no unphysical states occuring. It also
approaches the correct NR limit.

Several quasi-relativistic schemes based on the elimination of the small component or
other approach have been presented in Refs. [96-102].

Yet another alternative is to apply perturbation theory straight to the Dirac equation,
and to change the metrics between the large and small component, yielding direct (or
Dirac) perturbation theory (DPT) [103-105]. This approach gives non-singular forms for
energy and wave function to arbitrary order. However, it is computationally almost as
expensive as using the four-component framework, and its implementation is considered
to be difficult.

Besides in the Hamiltonian, the relativistic effects can partly be included as “artifacts”
in the formally non-relativistic calculations themselves by using the relativistic effective
core potential (ECP) approach (see e.g. Refs. [106] or [107] and references therein).
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Appendix A

Second quantization

A.1 Basic concepts

In the standard formulation of quantum mechanics (such as that employed in the previous
chapters) observables are represented by operators and states as functions. In second
quantization (SQ) formalism [108], also the wave functions are represented in terms of
operators.

A.1.1 Occupation number vectors

In the SQ formalism, each Slater determinant (1.27) of M orthonormal spin-orbitals is
represented by an occupation number vector (ON) k,

1 poccupied
k) = o = . Al
M = lbi k), ke el (A1)
in an abstract vector space called the Fock space.
For an orthonormal set of spin-orbitals, we define the inner product between two ON
vectors as

(m [k) = H Ompkp- (A.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.
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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), (A.3)

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,

’VaC> = ’01, 02,..., OM> (A4)

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 (]\]\/f[)

A.1.2 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

ab [ky, koy ooy Opy ooy k) = TS ky, koo 1py ..o, kar) (A.5)
ab |ky, Koy 1p, o k) = 0 (A.6)
where
P-1
s =[] (=1k. (A7)
Q=1

The definition can be also combined a single equation:
CLJIr; |]€1, ]{?2, ceey Op, ceey k?M> = 5kP0Fl;—> |]{31, k’g, ceey 1P7 ceey ]CM> (AS)
Operating twice with a} on an ON vector gives

GL(ZL‘kl, kQ,..., OP,..., kM> = andkporlfglkl, ]{32,..., 1p,..., kM) = O,

therefore
abap = 0. (A.9)
For @) > P,
abab | kp,.. k... = abdigolS .. ke, 1g,. L)
- 5kP0(5kQ0Fl;>Flé|..., 1p,..., 1Q,...>.
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Reversing the order of the operators,

aga;|...,kp,...,k:Q,...> = aTQ(SkP()F1f3|...,1p,...,]€Q,...>
= Okp0Ohool S (=TG) ..., 1p, .., 1,0

and combining the results, we obtain
a}ag + aga}ﬁ k) = 0.

Substitution of dummy indices shows that this holds for () < P as well, and is true also
for @ = P. Since |k) is an arbitrary ON vector, we conclude the anticommutation relation

a;ag + aTQa} = [al, aI?]Jr = 0. (A.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,agl+ = 0. (A.11)

Let us invoke the resolution of the identity:

ap|k) =) |m) (map| k),

where, using Eq. (A.8),

B o O™ ifkg =mg + dgp
(map|k) = (k|ap|m)” = { 0 otherwise ’

From the definition of I' and from kg = mg + dgp we see that I8 = I'S. We may therefore
write the equation as

. 5kP1F11§ ime = kQ — §Qp
(m |ap|k) = { 0 otherwise ’

Hence, only one term in ap |k) survives:
(Zp‘k> :6kplrl]§‘|k17"'7OP7"'7kM>' (A12)

The operator ap is called the annihilation operator.
Combining Eqgs. (A.8) and (A.12), we get

abap k) = Opp1 k) (A.13)
apah |K) = b0 |K) (A.14)

that leads to
abap + apal, = 1. (A.15)
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For P > (), we have

aLaQ|k> = —5kP05kQ1FlEPIé|/{31,...,0@,...7113,...,]{5]\4)
aQaJHk) = 5kP05kQ1Fl}{)Flé|]{31,...,OQ,...,lp,...,kZM>,

thus we have the operator identity
aTPaQ + aQaTP =0 P> Q. (A.16)

Hence,

apaq + agap = [ap,aqls = drq. (A.17)

A.1.3 Number-conserving operators

The occupation-number operator that counts the number of electrons in spin-orbital P is
introduced as
Np = abap, Np k) = kp |k) (A.18)

The occupation-number operators are Hermitian, Nt =N , as well as idempotent, ]\7]23 =
Np. Using the basic anticommutation relations, we obtain

[NP,CLTQ] = (5an12 (Alg)
[NP,CLQ} == _5PQGQ (A20)

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

a}aQapaJ}%ag, the commutators with N become

[Np,X] = NXX, (A.21)
where N7 is the number of times a}, occurs in X minus the number of times ap occurs.
All occupation-number operators added together in the Fock space gives the Hermitian
operator

A

N =Y dhap, (A.22)

NE

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 ezcitation operators

ES = abag, (A.23)
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which give as applied to an ON vector

CLTPCLQ‘k> = a};élefg|k:1,...,0Q7...,kp,...,kM>
= (Skpo(SleFléFl;—;EpQ|]{?1,...,OQ,...,lp,...,k’M>
kp —1
_ k 1k . P
= €pQFQPP(1 ]Cp)k?Q ‘ k’Q N O> (A24)
where
1 P<Q
PFOTYI 1 P>Q

The case P < @ differs from this result only in the interpretation of €pg, whereas the case
P = (@ is covered by Eq. (A.18). Therefore we may write

kp —1
apaq |k) = eplBI(1 — kp + 6pg)kq ' kQP_> 5r0 > : (A.25)

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

A.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 ¢Q> (A.26)
grors = (UpURr|§°|ois) . (A.27)

The parameters gpgrs possess the particle-interchange symmetry,

9gPQRS = YRSPQ- (A.28)

In the case of real spin-orbitals, the integrals exhibit the following permutational symme-
tries:

frq = Jfor (A.29)
grPQRS — Y9QPRS — JPQSR — JQPSR; (A-30)
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of which the latter may be further combined with Eq. (A.28) to yield an eight-fold sym-
metry.

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

. 1
H = Z hpQCLJ]r;CLQ + EgpQRSaLaEaSaQ + hnuc, (A31)
PQ

where

hro = [ i) (—%W -3 3) Yo(x)dx (A.32)

Tir
I
grans = [ PEOIROIQOINS) 1y )
12
hnuc - % ZéZJ (A34)
Ty v

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 AC, B¢ and C° be one-electron operators in first quantization and fl, B and C be
the corresponding second-quantization representations.

e The ﬁrst—qgantization operator aAc+ bBC, where a and b are numbers, is represented
by aA+ bB.

e The standard relations

(A.35
(A.36

—
»
~—

~—

are valid.
e For a complete one-electron basis
(= AtB = 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.
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First quantization

Second quantization

e One-electron operator:

e Two-electron operator:

gc - Z Z g(xivxj)

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=>" froabag
PQ

e T'wo-electron operator:

1
AL Tt
g = 5 E gPQRSApARrASAQ
PQRS

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

e Projected operators

Table A.1: Comparison between first and second quantization representations.

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) = Xy |vac) =

[H(a})k’”] |vac)

(A.37)

P=1

and therefore the matrix elements can be viewed as the vacuum expectation value of an

operator

<k )O‘ m> = <Vac ‘)A(IT(OA)A(m’ vac> ,

(A.38)

and expectation values become linear combinations of vacuum expectation values.

A.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.
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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, and aim at greatest possible rank reduction:

[/1,3132: — [A, BB, + Bi[A, B)) (A.39)

(4B B = 3 BiBalA BB B, (A.40)
) k=1

[A,BIBQ: — [A, BBy — Bi[A, By, (A.41)

[A, BB, = zn:(—nklél - [A, Byly - By (neven) (A.42)
. k=1

A, BqBQL = [A, BBy + B\[A, By, = [A, B\ By — Bi[A, By]  (A.43)

[A,Bl. B”L _y (=1)*'B,---[A, By -+ By (nodd) (A.44)
k=1

T

Let us consider the simplest nontrivial commutator, [ap,agar]. Moving one of the
operators after the comma out of the commutators by using (A.41),

[al,, agaR] = [al,, &ghaR - a&[a}, ag|+ (A.45)

and invoking the basic anticommutation relation we have

[ah,, a(gaR] = —5pRa22. (A.46)
Similarly,
[ap, G'ZQQR] = 6PQaR- (A47)

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

[abag, ahas] = [al, aballag + abag, akas] = dgrabas — dpsatag. (A.48)
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A slightly more complicated commutator is evaluated by applying Eq. (A.39) and the
previous result:

T T 1

lapaq, apasayan] ; !

= [dbag,ahaslal,an + ahaslabag, alay]
= (5QR(IJID(156LJ][W(ZN — 5PSCLECLQCL}L\/[CLN

+5QMCLECL56LJ][3GN - 5PNCLECL5'CL;[WCLQ. (A49)

The following double commutator can be evaluated by invoking the result (A.48) twice

labag, [ahas, ajan]] = dsulapag, apal] — drvlapag, ajyas]

= (SSM(SQR(Z}(ZN — 5SM(SPMCLTRCLQ — (SRN(SQMCLJ;;CLS

—|—(5RN(5p5ajwaQ. (A50)

This gives rise to a rank reduction by 2.

A.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 @ZNJP that is obtained from another set ¢p by a unitary transfor-
mation

Pp = Z¢QUQP~ (A.51)
Q

Here, a unitary matriz U is a matrix that fulfills the relation
U'U=UU"=1. (A.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 (A.53)

By an introduction of the anti-Hermitian operator

k= Z HPQCLTPCLQ7 I%T = —I%, (A54)
PQ

!The matrix exponential is defined as exp(A) = > >" A" /nl.
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where the parameters kpg are the elements of an anti-Hermitian matrix &, for which
U = exp(—k), the elementary operators d}, ap and state ‘6> generated by the unitary
transformation (A.51) can be expressed in terms of the untransformed operators and states

as

al, = exp(—k)ah exp(k) (A.55)
Efp = exp(—k)apexp(k) (A.56)
0) = exp(—&)|[0). (A.57)

A.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
into account.

A.5.1 Notation

We shall separate the orbital space and the spin space,? that is, a spin orbital will be
denoted by ¢p(x) = ¢,(r)7(0) = ¢,,. The theory of second quantization holds unchanged;
for example the basic anticommutator now becomes

[a]Tarv Agu]+ = Oprgv = OpgOro; (A.58)

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

A.5.2 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 mixed operators.
One-electron are written in the spin-orbital basis as

f= Z Z fp‘r,qva;raraqv'

pT qu

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

foraqw = /(b;(l')T*(U)fc(r)¢q(r)v(a)drda
Sru [ G011 (0160 (x)dE = i = 3 F

2Hereafter, generic spin functions 7, v, u and v, which may have a value of either a or 3, will be
encountered. Note the slight difference in the notation with the course text book [26].
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where we have introduced the singlet excitation operator

A

Epy = al \age + a;ﬂaqg. (A.59)

The two-electron operators are given by

s 1 oot
g - 2 gp‘r,qv,r‘,u,suapT@ruasyaqv'

pqrSs, TUUY

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

Ipr.qu,rp,sy = gp(JTséTU(S;U/a (A60)

where gy, 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

Gpqrs = Gqprs = YGpgsr = Yqpsr-
The second-quantization representation of a spin-free two-electron operator is then

.1 1 A 1 .
9= B Z Ipqrs Z aLTaivasvaqT D) Z Gpgrs(EpgErs — 0qr Eps) = B Z parsCpgrs-  (A.61)

pars TU 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 thqu + 5 Z gpqrsépqrs- (A62)
pa pars
The one- and two-electron integrals are the same as in (A.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 / 65(1)7(0) *(0) by )00 drdoal g,

_ z;/ﬁ@ﬁ%@m@MEZ@Aw (A.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

S¢f=a Sa=0

S¢B=0 Sa=24

1 N 1
S8 =—36  Sa=+sa
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From these we arrive at the following expressions for the basic spin operators:

S, = Z a;aapg (A.64)
P
S_ = Z alﬁapa (A.65)
P
A 1
S, = 5 Z (a;aam — a;/BaW) . (A.66)
P

The lowering operator is seen to be the Hermitian adjoint of the raising operator:

= 3 ) = Yl = 5
p

p

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

Se = 5 (s5+5)
Y

(& 1 C (&
Sy = 5 (S5 -5),

from which we obtain the second-quantization counterparts,

- 1

S, = 5 Z (a;aapg + aLﬁapa) (A.67)
)

S 1 i i

Sy = % (apaapg — apﬁam) , (A.68)
P

which may be combined with (A.66) to give the operator for the total spin, 52 = gﬁ + S’j +
5;2 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

[5,,5.] = Z al s, Zaf]ﬁ, aqa] = Z <aLaam — a;ﬁapg) = 28S.. (A.69)

p q 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 (see Section 7.3.2)

N
Véo = &(rir )€ - S5

i=1
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The second-quantization representation is obtained in the usual manner as

Vso = Z/(ﬁ o)V (r,0)p,(r)v (a)drdaa;fwaqv
pTqU
= > (vt + %%Tﬁqwzm) (A.70)
Pq

where (0 = z,y, or z)

Ve = / B3 (0)E(r) oy (r)

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

. 1
T = 5 (a;aaqﬁ + aLBaqa> (A.71)
. 1
= 5 (a;aaqﬁ — a;@aqa> (A.72)
- 1
T, = 5 (ai)aaqa - alﬂaqg) : (A.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.

A.5.3 Spin properties of determinants

Slater determinants are in general not eigenfunctions of the non-relativistic Hamiltonian
(A.62), but are instead non-degenerate eigenfunctions of the spin-orbital occupation-number
operators:

Noo |K) = kpo [K) . (A.74)

We also note that the spin-orbital ON operators commute with the spin-projection opera-
tor, i.e. [S., Npg] — 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 (A.74), the Slater determinants are eigenfunctions of the projected spin:

S.|k) = M|k). (A.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.
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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:

S Ny + Nps| = 0

[SZ,NPU—I—Npﬁ] = 0,

because N, + Npg are singlet operators. Such spin-adapted functions are known as con-
figuration state functions.
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Appendix B

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 exam-
ples [26]. 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.

B.1 Total electronic energies

For the total molecular energy, i.e., E in the molecular Schrodinger equation, there is
no direct experimental counterpart. We examine it in order to establish a feeling on the
severity 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
corrections that include the spin-orbit interaction (SO) (7.32), mass-velocity (MV) , and the
Darwin (Dar) corrections, see Table 7.3.2. 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-pCVXZ bases at a CCSD(T)/cc-pCVQZ geometry and presented in
Table B.1.
Some observations:

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 m#FE),, is larger than the triples con-
tribution already in water, and gets far more pronounced in systems with heavier
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elements present!

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

Total energy [E}] Energy corrections [mFEjy]

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
0Z  -76.36899 -76.06708 -292.44 -9.52 0.04

Table B.1: Breakdown of the total electronic energy of water molecule.

B.2 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 = Pl — PP and the
mean error and standard deviation by

A= =) A (B.1)

Aga = ! D (A=A (B.2)

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

1/P—A\°
p(P) = N.exp [—5( —~ )

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 presented in Figures B.1
and B.2, respectively. Figure B.3 illustrate the convergence of the hierarchy of correlation
models.

Some observations:

(B.3)

e The Hartree—Fock model is suitable for only preliminary calculations.
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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 T7Z basis. If ever possible, calculate the final geometry in the cc-pVQZ basis using
the CCSD(T) model.

B.3 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 pp, whereas the calculations are carried out for the equilibrium dipole moment .,
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, reported in Table B.3. 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-pV X7 basis sets. The
geometries are optimized using the same wave function as for the calculation of the dipole
moment.

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.

B.4 Reaction enthalpies

Last, 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
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Exp. HF MP2

CCSD(T)

QZ QZ

DZ TZ QZ

NH;  1.561(5) 1544 1517
HF  1.803(2) 1.884 1811
H,O 1.8473(10)  1.936  1.864

1.541 1.513 1.521
1.799 1.797 1.800
1.859 1.845 1.853

Table B.2: Molecular dipole moments by experiment and theory.

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.
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cc-pVDZ cc-pVTZ cc-pVQZ

HF
e —— .

-5 5 -5 5 -5 5
MP2

-5 5 5 -5 5 ~5 5
MP3

=3 5 -5 5 =5 5
MP4

-5 5 -5 5 -5 5
CCSD

% 5 -5 5 -5 5
CCSIXT)

-5 = 5 —5 5 -5 5
CISD

-5 5 -5 5 -5 5

Figure B.1: Errors in the calculated bond lengths of 29 molecules as a function of the level
of theory.
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cc-pVDZ cc-pVTZ cc-pVQZ

-3"'/ 3 3 el 3 = e 3
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_{_\ . - f \ - - / \ 3
_{\\__ . - / \ 3 e / \ 3
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'{—\1 3 =3 /\ 3 -3 . /\ 3

3 3 =3 3 -3 3

Figure B.2: Errors in the calculated bond angles of 13 molecules as a function of the level
of theory.

116



MP4

experiment 4
MP2 —1— CCSD(T)
A
-0.6 |+0.7
=10 [+15 Y
-1.4 CCsD
Y
MP3
=27 |+235
e
CISD
Y

HF

Figure B.3: Changes in bond lengths calculated from A of the cc-pVQZ basis.

cc-pCVDZ cc-pCVTZ cc-pCVQZ cc-pCV5Z ce-pcV6Z
HF
-80 80 -80 80 -80 80 -80 80 -80 80
MP2
e TN N a s . N
-80 80 -80 80 -80 80 -80 80 -80 80
CCsD
P VAN N e s
-80 80 -80 80 -80 80 -80 80 -80 80
o }\ L A
——
-80 80 -80 80 -80 80 -80 8O -80 80

Figure B.4: Performance of different models in computation of reaction enthalpies.
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