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Chapter 2

Methodology

In this chapter, the complete set of computational methodologies used to compute
several properties of the compounds investigated is presented. Depending on the
nature of the property of interest, we made use, for instance, of the First-Principles
Bottom-Up approach to compute the macroscopic magnetic properties of the com-
pounds, starting from the microscopic analysis of all the magnetic interactions. On
the other hand, to study the structural behavior of the materials as a function of tem-
perature, we employed the Ab Initio Molecular Dynamics technique. The whole set
of methods properly combined, helped us to create a reference model to rationalize
the magneto-structural behavior of the systems investigated.

2.1 Introduction

The research presented in the following chapters starts from the microscopic analy-
sis of the radical· · ·radical interactions and how they propagate through the crystal.
As a consequence, a rationalization of the magnetic behavior of the crystal, cor-
related to the structural arrangement at a molecular level, is possible. The ultimate
goal is to highlight the most important magnetic contributions that drive the general
magnetic behavior at a macroscopic level. Ideally, a clever design of new molecule-
based materials might follow, once 1) the radical· · ·radical interactions giving rise
to a specific magnetic coupling are known and 2) the proper control of the crystal
arrangement is performed at the molecular level. Although the engineering of these
magnetic molecular crystals is still in a developer stage, the general understanding
of the “laws” involved in the nature of these compounds has been greatly improved
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over the last few years[1–17]. In this context, theory provides a remarkable con-
tribution towards the fundamental understanding of these systems. In particular,
the First-Principles Bottom-Up (FPBU) procedure has been proved to be a valid and
robust tool to determine the magnetic topology, i.e. how the magnetic interactions
propagate within the crystal under investigation, and to reproduce the macroscopic
property of interests, like susceptibility (�) (see subsection 2.2.4), magnetization (M )
or heat capacity (CP ). Many features characterize the FPBU approach, particularly
relevant are 1) the construction of the Heisenberg-Dirac van Vleck Hamiltonian and
2) the use of the resulting spin states for the evaluation of the macroscopic proper-
ties. The FPBU methodology is also described in some reviews and papers[18, 19]
and in some manuscripts included in this doctoral thesis; but in this chapter a de-
tailed description of each step of the method is provided. It follows an overview
of the methods based on wave function and density functional theory, both used
to derive magnetic exchange coupling values. The chapter concludes with a brief
description of the molecular dynamics techniques, used to investigate the impact of
the thermal fluctuations on the structure, and the minimal energy path formalism
employed to explore the activation energy that drives the phase transition.

2.2 The First-Principles Bottom-Up Method

2.2.1 First Step: Crystal Analysis and Selection of Radical Pairs

The macroscopic property of interest we want to compute in this research by means
of the FPBU approach is the magnetic susceptibility �T of the PDTA and TDPDTA
compounds. In the case of TTTA and 4-NCBDTA materials, it has already been
reported[19–22]. The first step is the extraction of all the possible magnetic rele-
vant radical· · ·radical pairs from the crystalline structures as resolved experimen-
tally from X-ray diffraction. In the case of the bistable systems under investigation,
both low and high temperature polymorphs were chosen in order to reproduce the
experimental susceptibility. It turns out that the spin density of the DTA radicals
is strongly delocalized over the skeleton of the DTA moiety[23]. The TTTA, PDTA,
TDPDTA and 4-NCBDTA compounds will be described in details in Chapter 3. In
particular, all the systems mentioned are characterized to have sets of neutral ra-
dicals which pile up forming columns with a preferential stacking direction. Then,
the JAB values will be estimated by making use of two-molecule clusters. The struc-
tural files used for the analysis were taken from the Cambridge Crystallographic
Database[24]. The AB pairs selection is done according to the N*-N* distance, where
N* is, in the case of the dithiazolyl-based compounds, the nitrogen atom that for-
mally hosts the unpaired electron. The distance threshold used to select the radical
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pairs was set to 10 Å, since the magnetic interaction between them exponentially
decays with distance[25].

2.2.2 Second Step: Calculation of Magnetic Exchange Interaction
(JAB )

Once all possible dimer combinations from the LT and HT polymorphs of the cry-
stal under investigation have been extracted, the calculation of the corresponding
JAB values can be performed. The JAB values do not correspond to an experimental
observable, but they are obtained by fitting the experimental susceptibility curves
with specific models. The calculation of the JAB values, from a theoretical point of
view, is extremely challenging, because of the great accuracy required since they
depend upon tiny energy differences, of the order of a few cm�1 (0.01 kcal/mol),
within absolute energy values that are often 1010 times larger[26]. Moreover, the
exchange coupling values are also strongly structural (and environmentally) depen-
dent, meaning that, a small distortion of the molecule considered or the presence of
intercalated molecular species (e.g. anions), can dramatically change the resulting
magnetic exchange interaction.

In the research presented here, we made use of both wave function-based methods
(like CASSCF and DDCI), and density functional theory (DFT). Moreover, we used
the Ab Initio Molecular Dynamics (AIMD) technique to obtain several sets of con-
figurations, at different temperatures, with the ultimate intent to examine how the
temperature affects the crystal ordering of the molecules and, eventually, the cor-
responding magnetic coupling in a specific model cluster. In the next section, the
Heisenberg-Dirac Van Vleck Hamiltonian (HDVV) will be introduced, followed by
a general overview of the Hartree-Fock, post-Hartree-Fock and Density Functional
Theory methods used to compute the JAB values at different levels of accuracy, high-
lighting the advantages and limits of each technique employed.

The Heisenberg-Dirac van Vleck Hamiltonian

The Heisenberg-Dirac van Vleck (HDVV) Hamiltonian is a model Hamiltonian that
gives the relative energies of the lowest states of a system with two or more magnetic
centers. For two magnetic centers or radicals A and B, it is defined as

Ĥ = �2JAB ŜA · ŜB (2.1)

where the JAB value is the magnetic exchange constant, and ŜA and ŜB are the total
spin operators acting on the magnetic orbitals of radicals A and B, respectively. The
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multiplication by the factor of 2 depends on the authors choice, and an equivalent
derivation of JAB without it can be found [27]. It is customary referring to positive
JAB values (JAB > 0) as ferromagnetic interactions (FM), while to negative ones
(JAB < 0) as antiferromagnetic couplings (AFM).
The JAB values for a system with two electronic states with consecutive multiplicity
may be derived considering the relation

Ŝ
2 = (ŜA + ŜB)

2 = Ŝ
2
A + Ŝ

2
B + 2ŜAŜB (2.2)

and re-arranging it

2ŜAŜB = Ŝ
2 � Ŝ

2
A � Ŝ

2
B (2.3)

This relation leads to the alternative formulation of the HDVV Hamiltonian

Ĥ = �JAB(Ŝ
2 � Ŝ

2
A � Ŝ

2
B) (2.4)

The corresponding eigenvalues can be written down directly as

E(S) = �JAB[S(S + 1)� SA(SA + 1)� SB(SB + 1)] (2.5)

Because the energetic reference point can be selected arbitrarily, then Eq. 2.5 can
be simplified by adding a constant term equal to �JAB [SA(SA + 1) + SB(SB + 1)],
obtaining

E(S) = �JABS(S + 1) (2.6)

For two subsequent eigenvalues (S and S�1), the derived energy difference is given
by

2JABS = E(S � 1)� E(S) (2.7)

where S runs from SA + SB to |SA � SB|+1, forming a regular Landé pattern. The
HDVV Hamiltonian for an extended system with M magnetic centers is

Ĥ = �2
MX

i=1

MX

j>i

JijŜiŜj (2.8)

In principle the sum runs over all pairs of magnetic centers, in practice only a limited
number of pairs can be included. In the Density Functional Theory (DFT) section,
the derivation of JAB within the Broken Symmetry (BS) approximation will be pre-
sented.
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Selection of the Minimal Magnetic Model

The selection of the Minimal Magnetic Model[18] (MMM), in practical terms, is per-
formed based on the limitation of the HDVV matrix that will be fully diagonalized,
as explained in the next Section. The different models chosen as possible suitable
candidates to be representative for computing the macroscopic property of interest,
in this case the magnetic susceptibility, should span the 1D, 2D and 3D arrange-
ments (see Figure 2.1). This is extremely important, because, according to the mag-
netic coupling distributions, the final response may vary a lot. As a function of the
number of spin centers, usually it is worth to explore how, extending the MMM, the
magnetic susceptibility changes. In the Figure 2.1 different models are reported for
illustrative purposes.

 
1D 2D 3D 

 
Figure 2.1: Examples of 1D, 2D and 3D minimal magnetic models, showing the
propagation direction of the strongest JAB exchange values (red and green bars).
The grey lines are the intercolumn JAB values, generally characterized by weaker
interactions.

The most critical part that comes with the selection of the MMM is the inclusion or
exclusion of the weakest spin coupling interactions. This is rather straightforward
when dealing with diamagnetic polymorphs, because usually, there is a negative
dominant JAB value that forces the system to be magnetically silent. But when dea-
ling with HT polymorphs, the selection is much more delicate. It can be noticed that
still there is a JAB value that is more antiferromagnetic compared to the rest, but
many interactions now are of the same order of magnitude, or at most one order of
magnitude smaller. This is well illustrated in the selection, computation and analy-
sis of the results for the PDTA and TDPDTA cases, as discussed in Chapter 5. While
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in the HT-PDTA case, increasing the model size does not affect �T , in the TDPDTA
case instead it has a significant influence, showing that the inter-columns interac-
tions have to be considered in order to properly describe the HT-TDPDTA magnetic
response.

2.2.3 Third Step: Construction and Diagonalization of the HDVV
Hamiltonian

The derivation of the magnetic susceptibility �T , or heat capacity CP (T), is per-
formed accounting for all the energy levels obtained from the diagonalization of
the HDVV Hamiltonian, Eq. 2.8, which, in turn, has been parametrized in Step 2
based on the computed JAB values. The compounds investigated, being molecu-
lar crystals, require a limited model system, representative of the infinite one. This
“minimal magnetic model” comprises the smallest number of radicals whose propa-
gation along the three crystallographic axes reproduces the magnetic topology of
an infinite crystal[18]. The energy levels (see Fig. 2.3) are obtained from the diag-
onalization of the HDVV Hamiltonian, Eq. 2.8. The dimension of the eigenvalue
problem, K(n), is defined as

K(n) =
n!

(n2 )! (
n
2 )!

(2.9)

where n is the number of doublet radical centers. For example, in case of a two-
radical cluster with two unpaired electrons, the spins can couple forming a singlet
and a triplet state, respectively. Instead, if the system is doubled, the four unpaired
electrons can form two singlets, three triplets and one quintet states, respectively.
Fig. 2.2 shows schematically how the different eigenvalues are derived as a func-
tion of the number of spin centers in the model chosen, for a system that is not
subjected to an external electric or magnetic field. It follows that the maximum
number of spin centers per model we can consider is 18. This would lead to a matrix
of 48620 x 48620 elements. Nevertheless, the models chosen have been reported to
be sufficiently accurate to reproduce the macroscopic properties of some nitronyl ni-
troxide molecular crystals[18]. A critical analysis was also performed to establish if
the models to use to reproduce the macroscopic properties of periodic crystals have
to be truncated chains of spin centers (open model) or a sequence of spin centers
where the last one “interact” with the first one (cyclical model). The reader is ad-
dressed to the reference paper for the details of this investigation[18]. In summary,
if the minimal magnetic model is properly chosen, as it is enlarged the macroscopic
properties should converge towards the experimental data.
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Figure 2.2: Branching Diagram showing the number of spin eigenfunctions corre-
sponding to different numbers n of electrons in singly occupied spatial orbitals as a
function of the different spin quantum numbers S.

2.2.4 Fourth Step: Derivation of the Macroscopic Properties:
The Susceptibility

The final step to accomplish in order to compute the magnetic susceptibility of the
compound of interest is to make use of statistical mechanics. It employs the energy
spectrum computed in step 3. The expression used to compute the macroscopic
magnetic susceptibility is

� =
Ng

2
µ
2
B

3kBT
µ0

»

—–

P
n
Sn(Sn + 1)(2Sn + 1)exp

”
�En�E0

kBT

ı

P
n
(2Sn + 1)exp

”
�En�E0

kBT

ı

fi

�fl (2.10)

written in terms of the microscopic energy levels at zero magnetic field[18]. En is
the nth energy level from the HDVV Hamiltonian, Sn is the spin of the nth energy
level (mSn= -Sn, ..., -1, 0, +1, ..., +Sn), g is the gyromagnetic factor, and the constants
N,µB , kB , and µ0 are Avogadro’s number, Bohr magneton, Boltzmann constant and

31



0 2 4 6 8

0

500

1000

1500

2000

2500

 ∆
E 

(c
m
-1
)

Spin Quantum Number (S)

Figure 2.3: Example of energy spectra of the magnetic states found for a 3D MMM
reported in the right-hand side of the plot, comprising 16 spin states (12870 energy
levels). In the particular case of this model, the strongest JAB value propagates along
the stacking direction (red bar), JAB = -110.5 cm�1, while the second strongest cou-
pling interconnect two adjacent columns (blue bar), JAB = 10.1 cm�1. The two layers
are interconnected by a tiny JAB exchange value, that is not considered in the energy
spectra plot (grey dashed lines).

permeability of free space, respectively. As already mentioned above, the units are
in CGS, emu mol�1. It is therefore necessary to point out that, since we are wor-
king with molecular systems, the reference in the “mol�1” term refers to moles of
magnetic centers (radicals).
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2.3 Wave Function-based Methods

2.3.1 The Schrödinger Equation

The time-dependent non-relativistic Schrödinger Equation (TDSE, 2.11) describes
the evolution of a quantum state of a system as a function of time. It was formulated
in 1925 and published in 1926[28] by Erwin Schrödinger, leading to the development
of quantum mechanical tools that still today are used to study and explore material
properties.

Ĥ(r, t) (r, t) = ih̄
@

@t
 (r, t) (2.11)

Often, the TDSE is considered to be the equivalent in quantum mechanics to what
Newton’s law is in the classical one. In the TDSE, the wave function  (r,t) repre-
sents a mathematical description of the quantum state of a system; onto this wave
function, the differential Hamiltonian (Ĥ) operator is applied, allowing to derive
the total energy (ETOT) of the system. If the system considered is isolated such that
Ĥ is not dependent on time, the wave function can be written as a product of a time
independent function and a time dependent part as

 (r, t) =  (r)F (t) (2.12)

After substituting Eq. 2.12 in Eq. 2.11, the separation of variables follows, leading
to two equations, one depending on space and the other on time. In particular, the
equation that depends on space is called the time-independent Schrödinger equa-
tion (TISE), and it has the form

Ĥ(r) (r) = E (r) (2.13)

Despite this simplification, the TISE remains a formidable equation to solve, except
for very simple cases, like the hydrogen atom or hydrogen-like models. This prob-
lem triggered the research for a possible reliable but approximate solution of the
TISE all along the 20th century, and it proceeds still today.

In the general case of a system with multiple electrons and nuclei interacting through
the Coulomb potential, the general Hamiltonian Ĥ operator can be expressed as the
sum of different terms:

Ĥ = T̂N + T̂e + V̂NN + V̂ee + V̂Ne (2.14)

where
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• T̂N is the nuclear kinetic energy operator;

• T̂e is the electronic kinetic energy operator;

• V̂NN is the internuclear repulsion potential energy operator;

• V̂ee is the interelectronic repulsion potential energy operator;

• V̂Ne is the electron-nuclei attraction potential energy operator.

The analytical expression, in atomic units, is

Ĥ = �1

2

MX

A=1

r2
A

MA
� 1

2

nX

i=1

r2
i +

MX

A=1

MX

B>A

ZAZB

rAB
+

nX

i=1

nX

j>i

1

rij
�

nX

i=1

MX

A=1

ZA

riA
(2.15)

where i, j and A, B refer to electrons and nuclei, respectively; MA and ZA denote
the mass and nuclear charge of nucleus A, riA is the distance between electron i
and nucleus A, rij is the distance between electron i and electron j, and rAB is the
distance between nucleus A and nucleus B.

2.3.2 The Born-Oppenheimer Approximation

The Born-Oppenheimer (BO) approximation is extremely important in quantum
chemistry and condensed matter physics fields. It was proposed by physicists Max
Born and J. Robert Oppenheimer[29], in 1927. In qualitative terms, since the electron
mass is ⇠ 2000 times smaller than the proton one and the electrons adapt instan-
taneously to the nuclear motion (i.e. rotations and vibrations), then the electronic
motion can be decoupled from the nuclear one. Generally, nuclei and electrons po-
sitions of a given molecular structure are described by the vectors R=Rj( j=1, ..., Nn)
and r=ri(i=1, ..., Ne), respectively. The partition in nuclear and electronic compo-
nents can be solved in two consecutive steps:

Step 1 : The nuclear kinetic energy term, T̂N , is subtracted from the molecular Hamil-
tonian (Eq.2.14), and the nuclear repulsion terms are considered to be con-
stant. Thus, the remaining terms are grouped into the electronic Hamilto-
nian (Ĥe)

Ĥe = �
nX

i=1

1

2
r2

i �
nX

i=1

MX

A=1

ZA

riA
+

nX

i=1

nX

j>1

1

rij
(2.16)

which leads to the corresponding Schrödinger equation

Ĥe e(r;R) = Ee(R) e(r;R) (2.17)
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yielding the electronic wave function  e(r;R), which describes the motion
of the electrons, explicitly depending on the electronic coordinates but para-
metrically on the nuclear ones. Each atomic arrangement yields a different
function of the electronic coordinates. The total energy of the system, to
which the BO approximation is applied, must include also the constant nu-
clear repulsion term

EPES(R) =
MX

A=1

MX

B>A

ZAZB

rAB
+ Ee(R) (2.18)

Computing EPES for many nuclear conformations yields a Potential Energy
Surface (PES).

Step 2 : Once the electronic problem is solved, then it is possible to solve the SE of
the nuclei. The nuclear Hamiltonian to use in the description of the motion
of nuclei is

Ĥnucl = �
MX

A=1

1

2MA
r2

A + EPES(R) (2.19)

As a consequence, in the BO approximation, the nuclei are moving on a PES
obtained by solving the electronic problem. The solution to the correspon-
ding Schrödinger equation involving the nuclear Hamiltonian is  nucl(R),
which describes the motion of nuclei like rotation, vibration and translation.

Therefore, the total energy ETOT, comprises both the nuclear and electronic contri-
butions. Finally, the total wave function, which includes both the electronic and
nuclear contributions, can be defined as

 (r,R) =  e(r;R) nucl(R) (2.20)
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2.3.3 The Electronic Wave Function

The BO approximation, although very useful, in general is not sufficient to solve
the Schrödinger equation for a molecular system. It is convenient to introduce the
one-electron approximation. It consists in decoupling the movement of the electrons
in the system under investigation assuming that each single electron is moving in
an average potential, which represents the average electron-electron repulsion. As a
consequence of this assumption, each single electron can be described by means of
an effective one-electron Hamiltonian ĥi and by a spatial function (orbital),  (ri), both
depending only on the position of the i-th electron characterized by vector ri. From
each single spatial orbital  (ri) two different “spinorbitals” can be formed

�(xi) =
⇢
 (ri)↵(✓i) ⌘ �
 (ri)�(✓i) ⌘ �

(2.21)

where ↵(✓i) and �(✓i) define two orthonormal spin functions describing the spin
up and spin down configurations, respectively. Then, a possible many-body elec-
tronic wave function  e(x1, x2, ...xn) would be equivalent to the product of the one-
electron spinorbitals

 e(x1,x2, ...xn) = �i(x1)�j(x2)...�k(xn) (2.22)

where the spatial and spin coordinates are grouped in xi = {ri; ✓i}. The wave func-
tion defined by the product of spinorbitals in Eq. 2.22 is called Hartree product (HP).
The HP does not account for the indistinguishability of electrons and does not obey
the antisymmetry principle, which states that

“a many electron wave function must be antisymmetric with respect to the
interchange of the coordinate xi (representing both space and spin) of any two
electrons”[30]

or, in mathematical representation

 e(x1, x2, ...xi, ...xj , ...xn) = � e(x1, x2, ...xj , ...xi, ...xn) (2.23)

which is a general statement of the Pauli exclusion principle[31]. To accomplish this
requirement, the Hartree product is replaced by a determinant as

 e(x1, ...,xn) = (N ! )�
1
2

ˇ̌
ˇ̌
ˇ̌
ˇ̌
ˇ

�i(x1) �j(x1) · · · �k(x1)
�i(x2) �j(x2) · · · �k(x2)

...
...

. . .
...

�i(xN ) �j(xN ) · · · �k(xN )

ˇ̌
ˇ̌
ˇ̌
ˇ̌
ˇ

(2.24)
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where (N ! )�
1
2 is a normalization factor. The antisymmetric wave function defined

in Eq. 2.24 is called Slater determinant. A Slater determinant represents a specific
electronic configuration. A linear combination of an infinite number of Slater deter-
minants can provide the exact solution for a given system.

Linear Combination of Atomic Orbitals (LCAO)

The next approximation we consider in order to find approximate solutions of the
Schrödinger equation for a molecular system is called linear combination of atomic
orbitals (LCAO). The linear combination of M atomic orbitals {�j , j=1, ..., M } (basis
set) defines a molecular orbital  i as

 i =
MX

j=1

cij�j (2.25)

where the coefficients cij are the constants to be determined. If equation 2.25 is
multiplied by the spin functions, ↵(✓i) or �(✓i), the spinorbital �i or �̄i is obtained.

2.3.4 The Hartree-Fock Method

The Slater determinant (Eq. 2.24) associated with the many-electron ground state
(GS) of a generic system, in the Dirac notation, is written as

| 0i = |�1�2...�N i (2.26)

The goal of the Hartree-Fock method is to obtain the best wave function, or alterna-
tively the best set of spinorbitals, which gives the lowest energy possible, applying
the variation theorem[30]

E0 = h 0| Ĥe | 0i (2.27)

where Ĥe is the electronic Hamiltonian. Minimizing E0 with respect to the spinor-
bital selection, brings us to the Hartree-Fock (HF) equation (for a detailed deriva-
tion, see Chapter 3[30]). The HF energy is the lowest possible energy for a single
determinant wave function. The HF equation is an eigenvalue equation of the form

f(x1)�i(x1) = Ei �i(x1) (2.28)

where f(x1) is an effective one-electron operator, called the Fock operator, defined
as

f(x1) = �
1

2
r2

1 �
MX

A=1

ZA

r1A
+ v

HF (x1) (2.29)
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The v
HF(x1) term represents the sum of two fundamental energetic contributions

v
HF(x1) =

X

j

[Ĵj(x1)� K̂j(x1)] (2.30)

where Ĵ , the mono-electronic Coulomb operator, accounts for the average potential
field experienced by the first electron with respect to the others, and where K̂, the
mono-electronic exchange operator, correlates the electrons with parallel spin within
the single determinantal approximation of the wave function. The v

HF(x1) depends
on the spinorbitals of the other electrons, that is the Fock operator depends upon
its eigenfunctions. For an electron in �a, the expectation values of the Coulomb and
exchange potentials Jb and Kb are

h�a(x1)|Jb(x1)|�a(x1)i =
Z

dx1dx2 �
⇤
a(x1)�a(x1)

1

r12
�
⇤
b(x2)�b(x2) = (aa|bb)

(2.31)

and

h�a(x1)|Kb(x1)|�a(x1)i =
Z

dx1dx2 �
⇤
a(x1)�b(x1)

1

r12
�
⇤
b(x2)�a(x2) = (ab|ba)

(2.32)

The exchange operator K̂ emerges because of the antisymmetric nature of the wave
function[30]. The HF equation is solved iteratively by means of the Self-Consistent-
Field (SCF) procedure because the Fock operator depends upon its own solution.
The initial wave function is supposed to be a good initial condition, �trial, but it
is not a solution of the HF equation. Once the iterative process is converged, the
final wave function is then a solution of the HF equation. This procedure is not ex-
plained in details here, since it is fully described in the reference textbook[30]. The
great advantage that the HF theory brings is to reduce the many-electron problem
into a one-electron problem. The accuracy of this method depends on the number of
spatial basis functions �(ri) used to approximate the spatial distribution of an elec-
tron, where | (ri)|2dri is the probability of finding the electron in the small volume
element dri surrounding ri. The more basis functions �(ri) are added, the lower is
going to be the expectation value E0 = h 0| Ĥ | 0i, reaching the so-called Hartree-
Fock limit. In practical terms, the basis function expansion has to be truncated and
the expectation value E0 obtained for any finite number of basis functions will be
always higher in energy with respect so far to the HF limit.
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2.3.5 Different Formalisms of the HF Theory

The nature of the system to treat may put some serious challenges in the correct
representation and definition of its electronic structure. To properly represent it, the
HF method has been successfully developed into three different formalisms, the Re-
stricted HF (RHF), Restricted Open-Shell HF (ROHF) and Unrestricted Hartree-Fock
(UHF). The first method is better suited for the treatment of closed-shell systems,
where the electrons come in an even number and are all paired. These systems can
easily be represented by a single determinant. The ROHF and UHF instead, have
been developed in order to treat open-shell systems, that are generally holding an
unpaired electron in the outer valence shell. In the next three paragraphs, a brief
summary of the three methods is provided.

Restricted Hartree-Fock (RHF)

The RHF procedure provides a “simplified” view of the electronic interactions within
atoms and molecules, supposing that the spatial part of the spinorbitals is identical
for each electron within the considered pair. For a Ne number of even electrons,
there are 1

2Ne spatial orbitals of the form  m(ri), which lead to the HF wave function

 0 =
1?
Ne!

det |�↵a (1)��a(2) ...��z (Ne)| (2.33)

This wave function gives the name to the RHF formalism.

Restricted Open-Shell Hartree-Fock (ROHF)

The ROHF formalism, like the UHF discussed in the next paragraph, is mainly used
to treat open-shell systems. In the case of the ROHF approach, most of the electrons,
except the unpaired ones, are forced to occupy doubly occupied spatial orbitals, (see
Fig. 1.4 ). The ROHF method was first formulated by Clemens C. J. Roothaan[32] in
1960.
The energy expression in the ROHF is

EROHF = 2
X

a

fahaa +
X

ab

fafb(2p
b
a(ab|ab)� q

b
a(ab|ba)) (2.34)

where the hab are the one-electron integrals, the (ab|kl) are the two-electron inte-
grals, pba and q

b
a are the coupling coefficients and fa are the orbital occupations. The

ROHF is preferred to generate the initial wave functions in case of serious spin con-
tamination of the UHF ones.
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Figure 2.4: ROHF scheme. The pairs of electrons are constrained to have the same
spatial orbital  1, while the unpaired electron has its own spatial orbital,  2. It can
be either in ↵ or � configuration.

Unrestricted Hartree-Fock (UHF)

In the UHF method there are no constraints applied onto wave functions. This for-
malism allows for a lowering of the variational energy. Each single electron is de-
scribed by its own molecular orbital. The energy expression in the UHF method
is

EUHF =
N↵X

a

h
↵
aa +

N�X

a

h
�
aa +

1

2

N↵X

a

N�X

b

(J↵↵ab �K
↵↵
ab ) +

1

2

N�X

a

N�X

b

(J��ab �K
��
ab )+

+
N↵X

a

N�X

b

J
↵�
ab

(2.35)

where h
↵
aa and h

�
aa are the expectation values of the kinetic energy and nuclear at-

traction of an electron in the unrestricted orbitals  ↵a and  
�
b . J

↵�
ab is the Coulomb

interaction between two electrons, one in the orbital  ↵a and  
�
b , respectively. J

↵↵
ab

and J
��
ab are the Coulomb interactions between electrons with parallel spin, while

K
↵↵
ab and K

��
ab correspond to the exchange interaction between electrons with pa-

rallel spin. The main drawback of the UHF formalism is called spin contamination.
The spin contamination, in practical terms, is a non-negligible deviation of the ex-
pectation value S

2 for the unrestricted wave function with respect to the true value
S(S+1) for the ground state. The separation in ↵ and � orbitals brings the formation
of unrestricted spinorbitals with different spatial orbitals for different spins. In the
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Figure 2.5: UHF scheme. The electrons are unconstrained and each electron occu-
pies a different spatial orbital.

case of the ROHF formalism, the expectation value of S2, not affected by the above
mentioned spin contamination, is

⌦
S
2
↵

ROHF =
⌦
S
2
↵

exact =

ˆ
N↵ �N�

2

˙ ˆ
N↵ �N�

2
+ 1

˙
(2.36)

whereas, in the case of the UHF

⌦
S
2
↵

UHF =
⌦
S
2
↵

exact +N� �
Occp.X

i,j

|S↵�ij |2 (2.37)

where N↵ and N� are the numbers of spinorbitals with spin ↵ and spin � belon-
ging to the N -electron wave function, and �

POccp.
i,j |S↵�ij |2 is the contribution from

the “contaminants”, where S
↵�
ij is the overlap matrix between the spatial functions

of electrons i and j. The UHF wave functions are not eigenfunctions of S2. They
contain admixtures of higher spin states. If the

⌦
S
2
↵

computed in the UHF approxi-
mation is far from the expected, then the results are affected by spin contamination.

Beyond the Hartree-Fock Method

The main limitation of the HF method is the neglect of the instantaneous electron-
electron correlation (or correlation potential), Ecorr. The Ecorr term is defined as the
difference between the exact non-relativistic energy E0 and the Hartree-Fock energy,
E0, in the limit of the basis set completeness (HF limit)

Ecorr = E0 � E0 (2.38)
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The total wave function represented by a single determinant does not account for the
correlation between electrons. The post-HF methods try to improve the HF method,
by including to some extent electron correlation, either in a variational or pertur-
bative fashion. To the first class belong, for example, the Configuration Interac-
tion[30] (CI) method and the Multi-Reference Self-Consistent-Field[30] (MCSCF),
while to the second class belong the Møller-Plesset[30] (MP), the CASPT2[33–35]
and NEVPT2[35–38] methods. A method which instead is variational in spite of a
perturbative consideration is the so-called Difference Dedicated CI[35, 39, 40] method.

Ideally, including all possible determinants would lead to the lowest possible expec-
tation value. But at the same time, it would increase enormously the computational
cost. In practical terms it is necessary to truncate the multi-determinant wave func-
tion. In the next sections an overview of the post-HF methods used in this work
will be presented. For a complete and detailed description of them, the reader is
addressed to the referenced papers and textbooks, and references therein[30, 41].

2.3.6 Variational Methods

Configuration Interaction

A Configuration State Functions (CSF) is a symmetry and spin adapted linear com-
bination of Slater determinants. One electronic configuration may give rise to se-
veral CSFs, presenting the same total quantum number for spin and spatial parts
but differing in their intermediate couplings. The ground state (GS) wave function
 in the Configuration Interaction (CI) method is obtained by linear combination of
all possible Slater determinants of the correct symmetry (CSF) as

 = C0 0 +
X

a,r

C
r
a 

r
a +

X

a<b
p<q

C
pq
ab 

pq
ab + ... (2.39)

where the  r
a is the singly excited CFSs (different from  0 because it has the spinor-

bital �a replaced by the spinorbital �r),  pq
ab is the doubly excited CFSs and so on,

up to include all the possible excited CFSs. The expansion coefficients Ci are deter-
mined applying the variational principles defined as

⌅ =
h trial|Ĥ| triali
h trial| triali

(2.40)

for which the variation theorem[30] states that for any  trial, ⌅ � E0, where E0 is the
exact energy of the system. If all the CSF are used for a specific basis set, then the
calculation is called full-CI. The exact GS energy derived from the CI method is the
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exact non-relativistic GS energy derived in the Born-Oppenheimer approximation.
For a given basis set, the difference between the GS energy obtained from the HF
and the one obtained from a full-CI, is called basis set correlation energy. It would be
possible to obtain the exact energy of a system by including all CSF, but in practice
it is necessary to limit their number. This is called truncated CI. One possibility of
selection of the determinants to include in equation 2.39, accounts only for the ones
which differ from the Hartree-Fock wave function 0 by no more than some defined
number of spinorbitals. The general CI protocol is not to improve the spinorbitals
but to include more and more excited determinants into the wave function expan-
sion. The use of truncated CI comes with a drawback, called size-consistency. In
practice, the total energy of the system AB computed when the subsystems A and
B are at infinite distance from each other should be equal to the sum of the systems
A and B, separately computed making use of the same method. Truncated CI is not
size-consistent.

Multiconfiguration Methods: The Complete Active Space SCF

Differently from the CI method, where only the coefficients associated to the linear
combination of Slater determinants are variationally optimized, in the general defi-
nition of the Multiconfiguration Methods also the coefficients associated to the lin-
ear combination of the atomic orbitals (cij) are optimized[41]. The procedure is
named Multiconfiguration Self-Consistent Field Method (MCSCF). The optimiza-
tion of both the coefficients cij and Ci gives more accurate results, a priori, including
a smaller number of CSFs. Like in the CI case, also in MCSCF it is necessary to
reduce the number of determinants to be used by applying an efficient truncation
scheme that allows to obtain a good compromise between accuracy and compu-
tational cost. A special case of MCSCF is the Complete Active Space SCF[42–50]
method and its extension, the Restricted Active Space SCF (RASSCF)[51] method.
For the latter, the reader is addressed to the original paper references[51] therein.

The CASSCF scheme is an important and efficient variational method which treats
the full CI expansion of the wave function within a specific restricted set of orbitals.
The spatial wave functions  i, whose cij coefficients are also optimized along the
SCF procedure, are divided into three subspaces: Inactive, Active and Virtual.

Inactive Orbitals : the spatial wave functions with the lowest energy that are doubly
occupied in all configurations;

Active Orbitals : the spatial wave functions are energetically located around the
highest occupied molecular orbital and they are partially occu-
pied;
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Virtual Orbitals : the spatial wave functions are very high in energy, and they are
unoccupied in all configurations.

The selection of the active space depends upon the nature of the system investi-
gated. Once the active space is defined, the CSF included in the calculation are all

Inac%ve	Space	
(p,q)

Ac%ve	Space	
(a,b)

Virtual	Space	
(r,s)

Figure 2.6: Schematic representation of the electronic partitioning within the
CASSCF framework.

the configurations with proper spin and spatial symmetry that come from all pos-
sible permutations of the active electrons over the active orbitals. The choice of the
active space is very critical in CASSCF, because the number of CSF rises exponen-
tially as the number of active orbitals increases. This method recovers the static
correlation contribution, that is the inadequacy of the single determinant GS ( 0)
to describe the quasi-degenerate states of a given molecular configuration[52]. The
CASSCF scheme does not account for the dynamical correlation, that is related to
the movements of the individual electrons and their short range interactions. The
HF method, treating the electrons in an average field, overestimates the probability of
finding two electrons close together, and as a consequence there is an overestimation
of the electronic repulsion energy. In order to account for the dynamical correlation,
other methods have been developed, like Multi Reference CI[52] or Multi Reference
PT[52]. In the variational flavor, the Difference Dedicated Configuration Interaction
is one of them, used in a benchmark process as described in Chapter 5.
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Difference Dedicated Configuration Interaction (DDCI)

The DDCI methodology is designed to obtain accurate energy differences rather
than total energies[35, 39, 40, 53]. DDCI, using the CASSCF wave function as re-
ference, generates eight different kinds of excited Slater determinants. These are
organized into classes (see Figure 2.7) based on the numbers of holes and electrons
in the occupied and virtual orbitals (alternatively called “degrees of freedom”), respec-
tively. In general, the class considering the double replacement from the inactive
to virtual orbitals (2h-2p), is omitted from the CI expansion of the N-electron wave
function (see Fig. 2.7). This set of double excitations is the most numerous and con-
tributes typically for more than 90% to the total correlation energy. The elimination

Figure 2.7: Schematic representation of the DDCI-1, DDCI-2 and DDCI-3 configura-
tions.

of the 2h-2p class is justified by the fact that the corresponding double excitations
do not contribute to second order to the energy differences needed to evaluate the
magnetic couplings (JAB). This simplification relies on the second-order perturba-
tion theory in its quasi-degenerate formulation as explained in details in the review
of Malrieu[53] and co-workers or in the textbook of de Graaf and Broer[27]. In line
to DDCI method, three other levels of calculations are defined, the DDCI-1, 2 and
3, and their definition depend on the number of degrees of freedom solicited in the
CI. This methodology was originally developed by Jean Paul Malrieu[54–57], and it
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has been applied in many works involving the precise analysis of the JAB magnetic
coupling values. The drawback of this method is the extremely high computational
cost due to the extended use of a large set of determinants. On top of that, the size-
consistency problem remains. Both these problems are successfully overcome in the
NEVPT2 method, explained in the next section.

2.3.7 Perturbative Methods

N-Electron Valence State Perturbation Theory

The NEVPT2 method is based on the combination of the CASSCF zeroth-order wave
function and on the zeroth-order Hamiltonian with a bi-electronic nature[35, 53].
The Ĥ0 is derived from the Dyall’s model Hamiltonian ĤD[35, 53], which is mono-
electronic in the doubly occupied and virtual orbitals, whereas it is bi-electronic in
the CAS. From the partition of the zeroth-order energies and wave functions, three
different NEVPT2 variants can be obtained, called totally, partially and strongly con-
tracted. In particular, the last two variants, labelled PC-NEVPT2 and SC-NEVPT2,
have been implemented in the Orca[58] code. Among the many key features cha-
racterizing the NEVPT2 method, making the approach reliable and solid, it is worth
to mention:

No intruder states : In perturbation theory the intruder states are originated from
the quasi-degeneracy in the zeroth order Hamiltonian[59]. The pre-
sence of intruder states may cause a break-down of the perturba-
tion theory. In principle, NEVPT2 is not affected by this problem;

Size Consistency : NEVPT2 satisfies this condition, for which total energy of the
system AB computed when the systems A and B are at infinite dis-
tance correspond to the sum of total energy of the system A and B,
separately. This property is extremely important when evaluating
the dissociation reactions, for instance.

For more details on the NEVPT2 methodology, the reader is referred to the original
works[36–38] and references therein.
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2.4 Density Functional Theory
Density Functional Theory (DFT) provides a good compromise between accuracy
and computational cost, giving the chance to treat moderately large electronic sys-
tems from first principles. It is nowadays one of the most popular computational
procedures for electronic structure calculations and it is used in a wide range of
fields, from physics to material science to chemistry. The DFT method is based on
functionals. A functional is a mapping of an entire function f to a resulting number,
F [f ]; whereas a common function is defined to be a mapping of a variable x to a
number, f(x). DFT describes the electronic states of atoms, molecules and solids in
terms of the three-dimensional electronic density, ⇢, upon which the functionals de-
pend. Hohenberg and Kohn, in 1964, published a ground-breaking article[60] which
led to the development of DFT. They showed that there exists a functional F [⇢] such
that the ground state energy can be expressed as the minimum of the functional:

E[⇢] = F [⇢] +

Z
drV (r) ⇢(r) (2.41)

where ⇢(r) is the charge density, and F [⇢] does not depend on the system. In prin-
ciple, the ground state properties of the system of interacting electrons can be de-
scribed in terms of the charge density only, rather than on the far more complicated
many-particle wave function.

Thomas-Fermi Model

The original DFT method was developed by Thomas and Fermi in 1927[61, 62]. The
conventional approaches use the wavefunction as the central quantity, since it con-
tains the full information of the system. Nevertheless, it is a very complex quantity
that cannot be probed experimentally, and that depends on the 4N degrees of free-
dom (three spatial variables and one spin variable), where N is the number of elec-
trons. In the Thomas-Fermi approach, the kinetic energy of the system of electrons
is approximated as an explicit functional of the density. Electrons are supposed to
be in an ideal system, where they do not interact with each other, and they belong to
a homogeneous gas with density equal to the local density at any given point. The
kinetic energy functional proposed is:

TTF[⇢(r)] =
3

10
(3⇡2)

2
3

Z
⇢(r)

5
3 dr (2.42)

The TF energy functional is then

ETF[⇢(r)] =
3

10
(3⇡2)

2
3

Z
⇢(r)

5
3 dr� Z

Z
⇢(r)

r
dr +

1

2

Z
⇢(r1) ⇢(r2)

r12
dr1dr2 (2.43)
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where the Z is the nucleus charge in atomic units. The GS density and energy are
found once the functional, Eq. 2.43, is minimized for all possible ⇢(r) subject to the
constraint on the total number of electrons

Z
⇢(r)d(r) = N (2.44)

Variational Principle in the Ground State Configuration

In analogy with the variation theorem seen in the wave function Eq. 2.40, also in
DFT the same principle applies in order to obtain the ground state energy for a
given system, as stated in the Hohenberg-Kohn variational theorem

“the energy computed from a guessed density function ⇢(r) is an upper
bound to the true ground state energy E0”.

The full minimization of the functional E[⇢] with respect to all allowed N -electrons
wave functions will give the ground state, ⇢0, and the corresponding energy E0

(Levy and Lieb method [63])

E0 = min
 ! ⇢(r)

E[⇢] = min
 ! ⇢(r)

h | T̂e + V̂ee | i (2.45)

The variation principle defines a procedure to determine the ground state wave
function  0 and energy E0 for a given system with N electrons and a given nu-
clear potential Vext. In conclusion, the ground state energy is a functional of the
total number of electrons and the nuclear potential Vext

E0 = E[N,Vext] (2.46)

The First Hohenberg-Kohn Theorem

The first Hohenberg-Kohn theorem[60] shows that the electron density uniquely
determines the Hamiltonian operator and, as a consequence, all the properties of
the system[64]. It states as follow :

“the external potential Vext(r) is, to within a constant, a unique functional
of ⇢(r); since, in turn Vext(r) fixes Ĥ , we see that the full many particle ground
states is a unique functional of ⇢(r)”

Corollary I

Being the Hamiltonian fully determined, except for a constant shift of the energy, it
follows that the many-body wave functions for all states, ground and excited, are
determined. Therefore all properties of the system are completely determined given
only the ground state density ⇢0(r).
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The Second Hohenberg-Kohn Theorem

The second Hohenberg-Kohn theorem ensures that a certain density is the ground
state density that we are looking for, and it is formulated as follows

“FHK[⇢], the functional that delivers the ground state energy of the system,
delivers the lowest energy if and only if the input density is the true ground
state density”

Corollary II

It states that only the functional E[⇢] is sufficient to determine the exact ground state
energy and density.

Key Problem

The implicit problem that follows from the theorems proposed above is that the
allowed densities need to be compatible with a wave function. This problem is
named V-representability problem. It is clear that while the real ground state is V-
representable, it is not possible to know a priori if the density used is V-representable,
marking a big problem because the trial densities to use may not satisfy the condi-
tion. To overcome the problem, the definition of F [⇢] might be extended to include
such densities, as long as the E0 is still minimized by the correct GS density.

2.4.1 The Kohn-Sham Method

In 1965 Kohn and Sham[65] proposed the revolutionary idea that made available the
use of the DFT approach in computational chemistry and condensed matter physics,
by re-introducing the concept of orbitals in the description. The idea was to substi-
tute the complex interacting many-body system obeying the Hamiltonian in equa-
tion 2.15, with an auxiliary system. This system can be solved because it is formed by
a set of independent non-interacting particles. The Kohn-Sham (KS) ansatz assumes
that the ground state (GS) density of the original interacting systems is equal to that
of the non-interacting ones and it is built upon two main assumptions:

Assumption n°1 : the exact GS density is equal to the ground state density of the
auxiliary system of non-interacting particles;

Assumption n°2 : the auxiliary Hamiltonian is chosen in order to have the usual
kinetic operator and an effective local potential V �

eff(r) acting on an
electron of spin � at point r. The local form is not essential, but
it is a useful simplification which is considered as one of the KS

equation main features.
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The KS ansatz is summarized in Fig. 2.8.

Vext(r) HK(== ⇢0(r) KS() ⇢0(r) HK0===) VKS(r)

+ * * +

 i(r) )  0(r)  i=1,Me (r) (  i(r)

Original System Auxiliary System

Figure 2.8: This is a schematic representation of the Kohn-Sham (KS) ansatz, that
links the original many-body system to the auxiliary one, where the Hohenberg-
Kohn (HK0) theorem is applied.

The double arrow labeled with KS provides the connection in both directions be-
tween the many-body system and the non-interacting particle system; so that the
arrows connect any point to any other point.

2.4.2 The Kohn-Sham Equations

How are the fundamental physical quantities of a real system taken into considera-
tion? The ground state density of the interacting system is assumed to be equal to
the ground state of the non-interacting one. The electron density ⇢(r) and the kinetic
energy TKS[⇢] are respectively defined as

⇢(r) =
NX

i=1

| i(r)|2 (2.47)

and

TKS[⇢] = �
1

2

NX

i=1

h i|r2| ii (2.48)

where  i represents the occupied molecular orbitals and the sum runs over each
occupied molecular orbital N . Similarly, the kinetic energy associated to the com-
plex system is replaced by the kinetic energy associated to the auxiliary one. So, the
universal functional F [⇢] is rewritten as

F [⇢] = TKS[⇢] +
1

2

Z
⇢(r)n(r0)
|(r)� (r0)|d(r)d(r

0) + Exc[⇢] (2.49)
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where TKS[⇢] represents the kinetic energy of the auxiliary system, that is a functional
of the ground state density ⇢0(r). The second term, instead, is the expression for the
Hartree energy in terms of the Hartree density and potential

EHT[⇢(r)] =
1

2

Z
dr vH(r)⇢(r) =

1

2

Z
⇢(r) ⇢(r0)
|(r)� (r0)|d(r)d(r

0) (2.50)

All the many-body effects of exchange and correlation are grouped into the exchange-
correlation energy Exc[⇢]. Exc[⇢][65] can be written in terms of the HK functional
as

Exc = FHK[⇢]� (TKS[⇢] + EHT[⇢]) (2.51)

The determination of the orbitals  i proceed exactly like in Hartree-Fock theory, by
solving, this time, the so called Kohn-Sham equations

H
KS
 

KS
i = "

KS
i  

KS
i for i = 1, ..., N (2.52)

In analogy with the HF method, in Eq. 2.52 we have the Kohn-Sham operator HKS.
The Fock operator and the Kohn-Sham one are almost the same except for the ex-
change correlation potential part, that, in DFT, is defined by the operator Vxc(r), in
contrast to the complicated term defined in HF. Finally, this exchange correlation
potential operator is such that it contains all the many electron effects, in contrast
again to the HF one, which includes the exchange but not the electron correlation.

The optimization of the orbitals  i is, exactly like in HF method, performed self-
consistently. This leads, in the end, to the ground state density of the system from
which, a priori, all the properties of the system can be subsequently derived. The
critical point is to find a way to describe the exchange correlation energy functional.
This point brought to the development, along the years, of a plethora of functio-
nals with different “flavors”, among which it is worth to mention the “Local Density
Approximation” (LDA), the “Generalized Gradient Approximation” (GGA) and so-
called hybrid functionals. These types of functionals will be described below.

The Local Density Approximation

The LDA approximation, that considers the exchange correlation potential term of
a given particle located in r, depends only on the electron density at that specific
point

E
LDA
xc =

Z
⇢(r) ✏LDA

xc [⇢(r)] dr (2.53)
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where the "xc(r) term is the sum of the exchange and correlation contribution

"
LDA
xc (r) = "

LDA
x (r) + "

LDA
c (r) (2.54)

The LDA exchange energy term is derived from the uniform electron gas definition,
in a point r, as

"
LDA
x (r) = �3

4

ˆ
3

⇡

˙ 1
3

⇢(r)
4
3 (2.55)

The correlation terms are inferred from parametric equations fitting perturbative or
Quantum Monte Carlo[66, 67] calculation results. The most used are the Wigner[68],
Perdew-Zunger[69] (PZ), Lee-Yang-Parr[70] (LYP), Perdew-Wang[71] (PW92). The
LDA, being exact for the uniform electron gas, is well suited for the investigation of
homogeneous electron densities, like systems based on the elements of the s and p
blocks of the periodic table. But, in the case the electron density is inhomogeneous,
it is necessary to account for the shape of ⇢(r) around the point r, hence the density
gradient.

The Generalized Gradient Approximation

In the GGA, differently from the previous case, the gradient of the functional is also
used, introducing a semi-local character of the electron density in the formulation
of Exc, in order to account for the shape of the electron density around the point r

E
GGA
xc [⇢,r⇢] =

Z
⇢(r) ✏GGA

xc (⇢(r),r⇢(r))dr (2.56)

Then, the exchange energy term turns out to be

E
GGA
x [⇢,r⇢] =

Z
Fx(s(r))⇢(r)

4
3 dr (2.57)

with Fx corresponding to a function of the reduced density gradient defined as

s(r) =
|r⇢(r)|
6⇡2⇢(r) 4

3

(2.58)

A lot of effort has been put and is still on going in the generation of GGA functionals,
since they provide a better description of not only systems based on the elements
of the s and p blocks, but also, to some extent, to the f and d ones. Among the
most popular GGA functionals there are the PW91[72], BLYP[73] and PBE[74]. The
last one was used in the structure optimizations and ab initio molecular dynamics
calculations in this thesis.
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Hybrid Functionals

The hybrid functionals, introduced by Becke in 1993, are a class of functionals used
to approximate the exchange-correlation that contains a part of the “exact exchange”
from the HF exchange and a part inferred by interpolation of post-HF and semi-
empirical results. The hybrid functional used in the computation of the broken sym-
metry solution for obtaining singlet and triplet relative energies, in this research, is
the B3LYP[75, 76], that stands for Becke, 3-parameters, Lee-Yang-Parr. The B3LYP is
defined as

E
B3LYP
xc = (1� a0)E

LDA
x + a0E

HF
x + ax�E

B88
x + acE

LYP
c + (1� ac)E

VWN
c (2.59)

where a0=0.20, ax=0.72 and ac=0.81[76]. The E
LDA
x is the standard local exchange

functional[77],�E
B88
x is Becke’s gradient correction to the exchange functional, ELYP

c

is the term for the correlation functional from Lee, Yang and Parr[70], and E
VWN
c is

the Vosko-Wilk-Nusair[78] local density approximation to the correlation functional.

2.4.3 Spin Polarized Calculations

DFT, in its general formulation, treats closed-shells systems, where pairs of alpha
and beta spinorbitals are “occupying” the same spatial orbital, therefore, it is spin
unpolarised. Instead, when dealing with open-shell systems, the DFT theory as de-
fined above cannot be used. In order to overcome the problem, like in the UHF
method, a spin polarised DFT formalism has been developed. Like in UHF, also
in this case the ↵ and � spinorbitals have different spatial orbitals, thus, different
energies. Treating separately the ↵ and � spinorbitals leads to separate kinetic and
exchange-correlation energies for each spin considered, while the Coulomb and
external potential energies are calculated for the total density. Then, a different
exchange-correlation operator, one for electrons with ↵ spin and one for electrons
with � spin, results in a different KS Hamiltonian,

ĥ
↵
KS = �1

2
r2 + Vext(r) + VCoul[⇢](r) + Vxc[⇢

↵](r) (2.60)

and

ĥ
�
KS = �1

2
r2 + Vext(r) + VCoul[⇢](r) + Vxc[⇢

� ](r) (2.61)

It follows that the iterative process will provide the solution of the KS orbitals for
each spin type, but, since the Hamiltonians depend upon the total density through
the Coulomb operator, it means that the two Hamiltonians are coupled and they
need to be solved simultaneously. Usually the computational cost of a spin polarised
calculation is ca. twice of a restricted one. Like in the UHF formalism, also here the
final solution might suffer from spin contamination.
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2.4.4 The Broken-Symmetry Approximation

The derivation of the JAB values within the single determinant description of the
spin states like in DFT has led to the development of the Broken Symmetry (BS) ap-
proximation. For a system with two electrons in two open-shell orbitals, the BS
approximation makes use of two determinants, in particular, the High Spin (HS)
one

�HS = |�1�2| (2.62)

and the Broken Symmetrical (BS) one

�BS = |�1�̄2| (2.63)

where the closed-shell orbitals have been omitted for convenience. Because in the
HS determinant the closed shell spinorbitals appear in pairs with slightly different
spatial orbitals[27], the corresponding Ŝ

2 expectation value will be not exactly equal
to 2. Nevertheless, it is generally considered to be a valid description of the triplet
state of the system, leading to

�HS ⇡ �T (2.64)

and

EHS = h�HS|Ĥ|�HSi ⇡ ET (2.65)

More complex is the nature of the BS determinant. Its Ŝ2 expectation value is some-
where in between the singlet and triplet states, prompting the use of a linear combi-
nation of the spin restricted singlet and triplet states[27] like

|�BSi = � |�Si+ µ |�Ti (2.66)

where �2 + µ
2 = 1 is the normalization condition. Accordingly, the energy of the BS

state is

EBS = h��S + µ�T|Ĥ|��S + µ�Ti = �
2
ES + µ

2
ET (2.67)

while the Ŝ
2 expectation value is

D
Ŝ
2
E

BS
= �

2 h�S|Ŝ2|�Si+ µ
2 h�T|Ŝ2|�Ti = 2µ2 (2.68)

Rearranging the normalization condition, we obtain two expressions for µ2 and �
2

respectively

µ
2 =

D
Ŝ
2
E

BS
2

(2.69)
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and

�
2 = 1�

D
Ŝ
2
E

BS
2

(2.70)

These two expressions can replace the corresponding terms of Eq. 2.67, obtaining

EBS =

»

—–1�

D
Ŝ
2
E

BS
2

fi

�flES +

»

—–

D
Ŝ
2
E

BS
2

fi

�flET (2.71)

From here, the formulation for the energy difference between the BS and HS deter-
minants is derived

EBS � EHS = ES �

»

—–

D
Ŝ
2
E

BS
2

fi

�fl (ES � ET)� ET

=
2�

D
Ŝ
2
E

BS
2

(ES � ET)

(2.72)

Finally, following the definition of the HDVV given in Eq. 2.1, the expression for
magnetic exchange coupling J , defined as the difference between the singlet and
the triplet states is obtained

J =
ES � ET

2
=

(EBS � EHS)

2�
D
Ŝ2

E

BS

(2.73)

In the generalization of Eq. 2.73, the unrestricted determinant �HS is considered to
be a good approximation of the spin eigenfunction with maximum multiplicity �max

D
Ŝ
2
E

HS
= Smax(Smax + 1) (2.74)

and the corresponding energy

EHS = Emax (2.75)

Following the same procedure like in Eq. 2.66, the BS determinant is accordingly
written as

|�BSi = � |�Si+ µ |�maxi = � |�Si+ µ |�HSi (2.76)

where the corresponding expression for Ŝ2 is
D
Ŝ
2
E

BS
= �

2 h�S|Ŝ2|�Si+ µ
2 h�HS|Ŝ2|�HSi = µ

2
D
Ŝ
2
E

HS
(2.77)
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leading to the energy expression of the form

EBS =

»

—–1�

D
Ŝ
2
E

BSD
Ŝ2

E

HS

fi

�flES +

»

—–

D
Ŝ
2
E

BSD
Ŝ2

E

HS

fi

�flEHS = �
2
ES + µ

2
EHS (2.78)

Finally, the energy difference between the BS and HS states, derived like in case of
Eq. 2.71, is equivalent to

EBS � EHS = ES �

»

—–

D
Ŝ
2
E

BSD
Ŝ2

E

HS

fi

�fl (ES � EHS)� EHS

)

D
Ŝ
2
E

HS
(EBS � EHS)

D
Ŝ2

E

HS
�
D
Ŝ2

E

BS

= ES � EHS

(2.79)

The previous equation leads to the Yamaguchi[79] expression for the magnetic ex-
change coupling J , defined as

J =
ES � EHS

Smax(Smax + 1)
=

ES � EHSD
Ŝ2

E

HS

=
EBS � EHSD

Ŝ2
E

HS
�
D
Ŝ2

E

BS

(2.80)

that, in the limit case where the magnetic orbitals do not overlap, simplifies to

J =
EBS � EHS

Smax(Smax + 1)� Smax
=

EBS � EHS

S2
max

(2.81)

This formulation of the J was first derived by Noodleman[80] and, in the case of
two magnetic centers with S= 1

2 , it simplifies to

J = EBS � EHS (2.82)
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2.4.5 Kohn-Sham in Plane Waves

The periodic nature of many materials favored the development of DFT based on
plane waves, which better reproduces the repetitive network of atomic or molecular
interactions within a crystal. To accomplish it, the Bloch theorem[64] for a periodic
lattice is efficiently exploited to express the one-electron wave function in terms of
a Fourier expansion. The use of plane waves has the advantage of being mathema-
tically simple to handle and, in principle, it completely spans the Hilbert space[64].
Plane wave basis sets have also the advantage of covering all space equally. The last
thing is extremely important if one does not know a priori the form of the electronic
wave function. In order to achieve a finite basis set, the Fourier expansion needs to
be truncated, introducing a kinetic energy cutoff (Ecf ), defined as

Ecf =
h̄
2

2m
|k + G|2 (2.83)

where k represents the wave vector and G is the reciprocal lattice vector. The choice
of the energy cutoff value determines the truncation of the plane wave expansion at
a particular G. The KS equations are then rewritten as

X

G0

„
1

2
|k + G|2+Vion(G�G0) + VH(G�G0)

⇢
ci,k+G = ✏i ci,k+G (2.84)

The reciprocal space representation of the kinetic energy is diagonal, where the po-
tentials are described in terms of Fourier components. In principle, the secular equa-
tion 2.84 could be solved by diagonalizing the Hamiltonian matrix Hk+G, k+G’. The
size of the matrix is defined by the energy cutoff Ecf . The final energy value de-
pends upon the pseudopotential chosen to describe the atomic species.

2.4.6 Pseudopotentials

The pseudopotential is a mathematical effective potential that mimics the effect of
ionic nuclei and core electrons (see Fig. 2.9). The use and development of pseu-
dopotentials is justified by the fact that the expansion in the plane waves of the
all-electron wavefunction, considering both core and valence electrons, would be-
come prohibitive. Moreover, it would lead to the use of high kinetic energy cut-
offs, because of the “different nature” of the two kind of electrons: the first strongly
bound to the nucleus, the second highly flexible. Since the majority of the physi-
cal properties take place as a consequence of the valence electron interactions be-
tween atoms, then it is reasonable to separate the core from the valence contribu-
tion. In this way, the core states are frozen and are not taken into consideration,
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and the valence electrons are described by means of pseudo wave functions, ma-
king the plane wave basis sets usable in practice. Smoothness and transferability
are main properties which define if a pseudopotential is efficient for a particular
atomic species. Pseudopotentials should be as smooth as possible in order to have a
convenient plane waves expansion (small kinetic cutoff values). While the transfer-
ability (thus accuracy) property is correlated with the ability of the pseudopotential
to produce pseudo-orbitals that are as close as possible to true orbitals outside the
core region, for all the systems containing a given atom[64]. The pseudopotentials
come in different flavors and, among the most popular, there are the so-called Norm-
Conserving[81], Ultrasoft[82] and projector augmented[83] ones.

Vpseudo

V~Z/r

rc
!~Z/r

!pseudo

r

Figure 2.9: Scheme showing the trend of a pseudo wavefunction and potential
(orange), compared to the real Coulomb potential and wavefunction trend of a nu-
cleus (blue). The match between real and pseudo wavefunction is found above a
certain cutoff radius rc.
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Norm-Conserving

The ab initio Norm-Conserving pseudopotentials (NCPP) are generated based on a
specific set of requirements as defined in the work of D. R. Hamann, Schlüter and
Chiang[81]. These requirements guarantee the NCPP to be smooth and transferable,
fixing that

Req. 1 : The pseudo-valence and all-electron eigenvalues coincide for a chosen pro-
totype atomic configuration;

Req. 2 : The all-electron and pseudo atomic wave functions coincide beyond a cho-
sen core radius Rc;

As a consequence, the NCPP equals the atomic potential outside the core region of
radius Rc[64]. The potential is uniquely determined by the wave function and the
energy ".

Req. 3 : The logarithmic derivates of the all-electron and pseudo-wave functions
coincide in Rc;

It follows that both the wave function  l and its first derivative Wln, defined as

Wln(", r) = r
 
0
l(", r)

 l(", r)
= r

d

dr
ln l(", r) (2.85)

are continuous in Rc for any smooth potential.

Req. 4 : Norm-Conservation condition: the charge, integrated inside Rc, agrees for
each wave function;

The integrated charge

Qln =

Z Rc

0
dr r

2| ln(r)|2=
Z Rc

0
dr �ln(r)

2 (2.86)

is the same for  PS
l , radial pseudo-potential, as for the all-electron radial orbital

 
PS
l , for a valence state. Qln conservation ensures that:

• total charge in the core region is correct;

• the normalized pseudo-potential is equal to the orbital outside of Rc.

Req. 4 ensures that the wave function  l(r) and its radial derivative  0
l(r) are con-

tinuous at Rc, for any smooth potential, leading also to a correct representation of
the region between atoms, outside Rc.
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Req. 5: The first energy derivative of the logarithmic derivates of both the
all-electron and pseudo wave functions coincides in Rc.

Finally, according to Req. 5, spherical atoms can be generated and employed in
the description of complex environments like molecules or solids. In other words,
it guarantees that the pseudopotential adapts as a function of the system to simulate.

In particular, for the geometry optimization, variable-cell optimization and AIMD
obtained by means of the CP2K code with the Quickstep[84, 85] engine, we made
use of the norm-conserving Goedecker-Teter-Hutter[86–88] (GTH) pseudopotentials,
which present some advantages like a faster real space integration for large systems
and the high accuracy and efficiency correlated to the use of plane waves.

Ultrasoft

Ultrasoft pseudopotentials were first introduced by Vanderbilt[82] in 1990. As the
name suggests, the idea of UPP is to relax the norm-conserving conditions in order
to generate much softer potentials. It follows that fewer plane-waves can be em-
ployed for simulating systems with almost the same accuracy of the NCPP. How-
ever, it is correlated to a little loss of transferability. In this scheme the pseudo-wave
functions are allowed to be as soft as possible within the core region, so that the cut-
off energy can be reduced dramatically. Technically, this is achieved by introducing
a generalized orthonormality condition. The electron density given by the squared
moduli of the wave functions has to be augmented in the core region in order to
recover the full electronic charge. The electron density is then subdivided into:

• a smooth part that extends throughout the unit cell;

• a hard part localized in the core regions.

The augmented part appears in the density only, not in the wavefunctions. The UPP
have another advantage besides being much softer than the NCPP ones. The UPP
generation algorithm guarantees good scattering properties over a pre-specified
energy range, which results in a much better transferability and accuracy of pseu-
dopotentials. UPP usually also treats “shallow” core states as valence by including
multiple sets of occupied states in each angular momentum channel. This also con-
tributes to high accuracy and transferability of the potentials, although at a price of
computational efficiency.
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2.4.7 Semi-empirical Dispersion Functions: Grimme D3

In the geometry optimizations as well as in the molecular dynamic calculations of
the molecular crystals investigated in this work, the van der Waals interactions play
a critical role, and they have to be accounted for properly. On the other hand, these
interactions have, in practice, no effect on the derivation of the JAB values, being
these values derived as the difference of the total energies for the singlet and triplet
solutions, to which the same contribution for the van der Waals interactions has
been added (because we are dealing with interactions between the same molecu-
lar species). Both LDA and GGA functionals omit this important term. Recently,
several methods have been developed, based on two different “strategies”: the ad
hoc methods and the self-consistent methods[89]. In all the geometry optimizations
and AIMD calculations reported in this work, we adopted the ad hoc method called
DFT-D3[90, 91]. In this case, a three-body independent correction term is added to
the DFT energy, mimicking the van der Waals interactions. For a detailed discus-
sion of these schemes, the reader is addressed to the original paper of Grimme and
co-workers and references therein[90, 92].

2.4.8 Energy Decomposition Analysis

The Energy Decomposition Analysis[93, 94] (EDA) is a powerful method that al-
lows for a quantitative investigation of the intermolecular interactions on the basis
of single-determinant Hartree-Fock (RHF, ROHF and UHF) wavefunctions as well
as in DFT. In our case, the EDA is employed within the DFT framework, evaluating
the intermolecular interactions for the two polymorphic phases of TTTA, the LT and
HT respectively, as reported in Chapter 4. The technical details of the technique are
covered in several articles[93–95] and reviews[96], where also the different imple-
mentations are reported, like, for instance, the EDA-Natural Orbital for chemical Va-
lence (NOVC)[97] or the EDA-Generalized Product Function (BLW)-EDA of Mo[95,
98–100]. In general terms, within the DFT framework, the EDA algorithm allows
to decompose the Kohn-Sham interaction energy (EKS) between the supermolecule
X comprising the monomers A, in several energetic terms, namely the electrostatic,
exchange, repulsion, polarisation and dispersion components,

�E
KS = �E

ele +�E
ex +�E

rep +�E
pol +�E

disp (2.87)

where the E
KS energy is defined as

E
KS = E

KS
X �

X

A

E
KS
A (2.88)
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Since the intermolecular interactions govern the formation and packing of crystals,
the EDA is found to be very useful when an evaluation of the forces acting between
the monomers composing the supersystem is required.

2.5 Dynamical Evolution of the System

The FPBU methodology is mainly used to simulate either the magnetic suscepti-
bility � or the magnetization M or the heat capacity CP . The ultimate intent, in
this work, is the study and comprehension of how the magnetic exchange couplings
propagate and affect the crystals. But, in order to complete the overview and to
rationalize differences and similarities within the DTA-based compounds group, it
is necessary to study the effects of thermal fluctuations in the magnetic response
of the compounds. To this purpose, the Ab Initio Molecular Dynamics method has
been extensively used. The results will be discussed later in Chapter 6. Here a brief
overview of the method is reported, addressing the reader to more exhaustive re-
views on the topic[101, 102].

Towards the Ab Initio Approach

Classical molecular dynamics is based on the integration of the Hamilton’s equation
of motion, once the atomic coordinates q and the linear momenta p are defined

dp

dt
= �@H

@q
(2.89)

dq

dt
= +

@H

@p
(2.90)

The Hamiltonian can be decomposed in two contributions, kinetic and potential

H(q, p) = T (p) + U(q) (2.91)

and the equation of motion can be expressed as

m:q = �rqU (2.92)

that is numerically integrated making use of the Verlet[103] algorithm. Once 2.92
is integrated, the new atomic positions are found. This process takes place until a
user-defined criterion for convergence is met.
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2.5.1 Ab Initio Molecular Dynamics

The study of complex systems like the TTTA, PDTA, TDPDTA and 4-NCBDTA re-
quires high accuracy and precision due to the complex interacting environment.
This descriptive power cannot be achieved by means of the classical MD, because
of the lack of force fields parametrized for neutral radicals. The problem is over-
come by taking advantage of the Ab Initio Molecular Dynamics (AIMD), an ap-
proach that is free from empirical parameters, used instead in classical MD. This
“freedom” comes at a certain cost: the number of atoms that can be treated is li-
mited, around thousands, whereas in the classical one, a priori millions of atoms per
time can be accounted for. The AIMD[101, 102] comes in different fashions like the
Born-Oppenheimer molecular dynamics (BO-MD) or the Car-Parrinello molecular
dynamics (CPMD), just to cite the most common used. The BO-MD includes the
quantum mechanical electronic effects in the calculation of forces and energies. The
CPMD method[104–106] considers the explicit inclusion of a fictitious electron mass
to ensure the adiabaticity in the energy transfer from nuclei to electrons.

The BO-MD Method

If the ionic motion obeys classical dynamics, the Lagrange function of a general
many body system composed of N classical particles, in the BO approximation is

L(RI,
9RI) =

NX

I

1

2
MI

9RI
2
+ U(RI) (2.93)

where the term U(RI) contains the nuclei-nuclei interaction energy and the interac-
tion energy between nuclei and electrons. In the BO-MD, the PES is given by the
solution of the Schrödinger equation for an isolated system as

U(RI) =
X

A<B

ZAZB

|RA �RB|
+min�i [E

KS({�i}, {RI})] (2.94)

The effect of the ionic motion on the electronic one is neglected, being only con-
sidered as a parametrical contribution. On top of that, being the equations solved
at every single time step, the electrons constantly remain in the ground state. This
implies that the potential will be always at the ground state, for each given set of
atomic coordinates. From equation 2.93 follows the derivation of the equation of
motion, by means of the Euler-Lagrange equations, as

d

dt

@L(RI,
9RI)

@ 9RI

=
@L(RI,

9RI)

@RI
(2.95)

63



So then, the equation of motion (EOM) becomes

M :RI = �
@U(RI)

@RI
(2.96)

The delicate electronic term, in the KS approach, is replaced by the extended energy
function of the converged electronic wave function �i as

min{�i}[EKS({�i}, {RI})] = ✏
KS = E

KS +
X

ij

⇤ij [h�i|�ji � �ij ] (2.97)

that includes the orthonormality constraint with the Lagrange multipliers ⇤ij . It fol-
lows that the electronic forces are obtained by taking the derivative of equation 2.97
with respect to RI. Once the minimum is reached applying the variation theorem,
then

F
KS(RI) =

@E
KS

@RI
+
X

ij

⇤
@

@RI
h�i|�ji (2.98)

where the last term of this equation corresponds to the derivative of the wave func-
tion with respect to the ionic positions, and it is maintained only in the case Gaussian
or Slater basis functions are used.

The CP-MD Method

The Car-Parrinello method uses fictitious dynamics[104–106] to keep electrons in the
ground state, by introducing a fictitious electron kinetic mass (Kfict), to ensure the
adiabaticity in the energy transfer between nuclei and electrons

Kfict = µ

X

i

D
9�l
��� 9�l

E
(2.99)

Like in BO-MD case, the Euler-Lagrange equations, applied to the Lagrangian con-
taining the orbitals as fictitious degrees of freedom, give rise to the EOM as

Mi
:Ri = �riE [{�i},Ri] (2.100)

and to

µ :�i(r) = �
@

@�
⇤
i (r)

E [{�i},Ri] +
X

j

⇤j�j(r) (2.101)

where, like in the BO-MD case, the ⇤j is a set of Lagrange multipliers used to pre-
serve orthonormality. Starting from a set of atomic coordinates and wave functions
(orbitals), the positions of the nuclei and corresponding electrons evolve following,
in an iterative process, equations 2.100 and 2.101.
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2.6 Exploring the Potential Energy Surfaces
The description of the systems investigated is pursued also through the detailed
analysis of how each single polymorph is spatially arranged and which are the
main interactions that take place between molecules. To accomplish this kind of
analysis, a representative supercell of each polymorph of each compound investi-
gated is built and subsequently geometrically optimized. The optimization is not
limited to the atomic positions, but it can also include the cell parameters, through
the so-called variable-cell (VC) optimization. By exploring the Potential Energy Sur-
face (PES) (see PES definition within subsection 2.3.2), it was possible to identify
1) the key variables to account to describe the TDPDTA system and according to
those variables, 2) the minimal energy path, explored employing the Nudged Ela-
stic Band method (see subsection 2.6.1). The results of these analyses are reported
in Chapter 6. The algorithm used to optimize these compounds is the Broyden-
Fletcher-Goldfarb-Shanno[107–111] (BFGS), implemented in many quantum che-
mistry codes. Each optimization has been performed at PBE[74] level, with plane
wave DFT codes (Quantum Espresso and CP2K, see section 2.7) at � point. The
VC optimization of the LT polymorphs of the PDTA and TDPDTA compounds con-
firmed that they are already in a minimum of the PES, as expected. The case of the
HT phases, instead, is much more intriguing. The VC optimization of the PDTA ma-
terial showed the occurrence of a dimerization process; in other terms, the columns
presenting a uniform stack arrangement propagating along the b axes rearranged in
order to form alternated eclipsed dimers and ⇡-shifted dimers, in an even way. This
effect has already been observed and reported in the literature[112].

Completely unexpected, instead, is the result of the VC optimization for the TD-
PDTA compound. The HT polymorph is already in a minimum of the PES. As a
consequence, the structure is practically preserved, and it almost coincides with the
experimentally resolved one. This peculiar result triggered our curiosity to research
the cause of this stability. To do so, we employed the corresponding PES of the TD-
PDTA system, targeting the effect of the longitudinal translation of the monomers
in the two-molecule clusters. For sake of comparison, the same kind of analysis is
carried out also for the PDTA system. The procedure follows two steps:

• exploration of the PES by means of the DFT calculations at PBE-D2 level for a
set of two-molecule cluster combinations;

• selection and validation of the minimal energy path connecting the two mi-
nima in the PES at NEVPT2 level with def2-TZVP basis set.

The PES of the PDTA and TDPDTA systems represents the difference in energy com-
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Figure 2.10: Example of PES computed for the PDTA and TDPDTA systems.

pared to their most stable cluster. In Chapter 6 the detailed description of the corre-
sponding energy landscapes as well as the selection and validation of the minimal
energy paths will be provided.

2.6.1 The Nudged Elastic Band Method

The study of how the two-molecule clusters give rise to the FM or AFM magnetic
couplings is only one part of the work needed to rationalize the behavior of the
DTA-based compounds we selected. To find a possible explanation to the intriguing
question concerning the mechanism that drives the LT polymorph to rearrange its
internal ordering, giving rise to the HT one, with a new magnetic ordering, we took
advantage of the technique called Nudged Elastic Band[113–117] (NEB), used to
explore and possibly find the minimum energy path (MEP) between two or more
structural configurations. In general, the MEP is found by constructing a trajec-
tory based on linear interpolation of a set of replicas, named images, of the system.
Between each two images, a spring interaction is added in order to mimic an elastic
band, preserving the distance between images. The MEP is found once these springs
are optimized, minimizing the force acting on each single image.
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Differently from other methods[118–121], the force projection algorithm guarantees
the spring’s forces to not affect the convergence of the MEP, preserving also the cor-
rect distribution of the replicas. At every iteration and on each replica, the true
force and the spring force are decomposed in parallel and perpendicular compo-
nents, once the tangent to the path is estimated. In this way, only the perpendicular
part of the true force and the parallel of the spring force are considered (nudging).
The profile obtained in the MEP can be subsequently used to describe the activation
energy of the reaction path, or, like in our case, to estimate the energy necessary to
trigger the molecular crystal to swap from a LT configuration to a HT one, and vice
versa. The details of the technique are explained elsewhere[118–121].
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2.7 CODES

A brief summary of the principal codes used is here presented, highlighting their
principal features.

2.7.1 Guassian09

The Gaussian09 (G09) code[122] is a package widely used to perform a vast series
of calculations at different levels, ranging from the QM/MM approach to post-HF
methods. Firstly developed by Pople and his research group in 1970, the code has
been extensively improved since then. Now it includes a wide range of DFT func-
tionals and basis sets. It includes many important approximations, like the Broken
Symmetry one. This code has been extensively used in this thesis, especially in the
computation of the JAB values implied in the creation of the magneto-structural cor-
relation maps.

2.7.2 Quantum Espresso

The Quantum Espresso project[123, 124] is an integrated suite of different codes,
specially targeted to the treatment of crystals and periodic structures. It is based on
DFT, plane waves and pseudopotentials, allowing for the treatment of big clusters
and the optimization of supercells.

2.7.3 CP2K

The CP2K[125] code is the principal code used to run the Ab Initio MD simulations. It
is a quantum chemistry and solid physics state software package. It can be “seen” as
an evolution of the CPMD code. It is based on DFT, using a combination of Gaussian
and plane waves approaches called GPW[126] and GAPW[126]. In particular, the
CP2K code takes advantage of the Orbital Transformation[127] (OT) scheme, which
is used for an efficient minimization of the wave functions. It has been extensively
used in the research presented here, to compute the molecular dynamics trajectories
of the PDTA and TDPDTA compounds, exploring a wide range of temperatures.

The Gaussian and Plane Wave Method

The key feature of the CP2K code is an efficient scheme which takes advantage of the
Gaussian and plane waves method (GPW). This method presents many advantages,
like the linear scaling of the Kohn-Sham matrix with the system size, or the use of
rather large Gaussian basis sets[126]. The Gaussian orbitals are used to represent the
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wave functions, whereas the plane waves are used to represent the density matrix.
The main advantages of this hybrid approach are:

• linear scaling of KS energy and matrix, taking advantage of the FFT to com-
pute the Hartree energies;

• The KS matrix and density become sparse as the system size increases, allow-
ing for a linear scaling of the methods to perform density matrix optimization;

• It is memory friendly because of the small number of wave functions and basis
functions to be used, compared to the common plane wave codes.

For more information, the reader is addressed to the original papers where the
Quickstep[84, 85] engine, the GPW method and OT transformation approaches are
discussed in detail.

2.7.4 CPMD

This Ab Initio MD code, based on the Car-Parrinello[104–106] propagation scheme,
is based on DFT and plane waves, and was used to compare the results obtained
with the CP2K one.

2.7.5 Orca

The Orca[58] code is a freeware alternative to G09 code. It has been developed
since 1999 in the research group of Prof. Neese, and it has been extensively used
in this thesis because efficient modules for the post-Hartree-Fock calculations are
implemented, like the Difference Dedicated CI or NEVPT2.
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