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Chapter 1 

Introduction 

Organic materials have been used by mankind for a long period. From natura! organic 
materials like wood for fire in the beginning of mankind and cheap synthetic materials like 
polyethylene in the middle part of the twentieth century to high-quality synthetic organic 
materials with high-added value at the end of the twentieth century. Organic materials 
or plastics are used in a variety of areas, because of low cost and weight, high strength 
and ease of processing. A well known property of plastics is their poor ability to conduct 
an electrical current. Conventional plastics like polyethylene have a conductivity of a < 
10-10n- 1m- 1 . Undoped inorganic semi-conductors have a conductivity at room temperature 
of a = 10-2 - 10- 1n- 1m- 1 and metals have a conductivity a = 104 - 108n- 1m- 1 . Certain 
polymer materials also exhibit semi-conducting properties. They are the conjugated polymers. 
The research on electrical and optica! properties of conjugated polymers has increased rapidly 
over the last few decades. This is among other things due to the discovery of high conductivity 
in doped poly-acetylene by Heeger, MacDiarmid and Shirakawa [l) in 1977. 
Conjugated polymers contain a path of alternating single and double bound carbon atoms 
along the backbone of the polymer chain. Each atom has only three neighboring atoms, 
leaving one bonding possibility unused. Three valence orbitals hybridize to form a firm a

bond with each of the neighbors. This is called sp2-hybridisation. The fourth valence orbital 
is the Pz orbital and does not hybridize. This orbital mainly lives out of the plane of the 
molecule. It has an overlap with the Pz-orbitals of the neighboring carbon atoms forming the 
7r-system of the polymer chain. An electron in this 7r-system is loosely bound and can travel 
relatively easy in the direction of the chain. 
A polymer system is built of long chains that are curled and folded into one another, resulting 
in a disordered system. In a disordered system there is a lack of translational symmetry. Be
cause of the absence of translational symmetry, band conduction is not possible. The charge 
carriers scatter from imperfections. This leads to localized states. An organic molecular crys
tal is a crystal of small organic molecules stacked perfectly in a crystal. If the molecules in the 
molecular crystal are conjugated, a 7r-system will be formed from the non-bonded Pz-orbitals 
of carbon atoms. The charge carriers in the 7!'-system of the molecule are loosely bound. They 
travel from molecule to molecule by overlap of the 7!'-systems of different molecules. The con
ductivity of an organic molecular crystal depends among other things on the ability of charge 
carriers to move through the material. This is called the mobility of the charge carriers. An 
expression for the mobility of charge carriers can be derived with the Kubo formula [2) and 
depends on the overlap between the 7r-systems of the different molecules. 
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Interesting phenomena have been observed in organic molecular crystals, like lasing [7] and 
superconductivity [6], and electronic devices can be made using organic molecular materials 
as the active layer [8] [9] [10]. The functioning of these devices depends on the mobility of the 
charge carriers in the active layer. Charge carrier mobility vs temperature has been measured 
on naphthalene by Warta and Karl [3], on pentacene and other organic crystals by the group 
of Batlogg [4] [5]. 
The mobility of charge carriers in organic molecular crystals depends on the temperature and 
decreases with increasing temperature at low temperatures. A change in transport mechanism 
is observed with increasing temperature in a numbcr of organic crystals [4]. This is attributed 
to the crossover from band conduction to hopping conduction. At low temperatures, the 
dccrease in mobility is due to the decrease in the effective bandwidth. The effective bandwidth 
has been estimated from the high field saturation velocity in pentacene by Batlogg [4]. This 
figurc is given in figure 1.1. 
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Figure 1.1: The effective bandwidth in pentacene as a function of ternperature. The inset shows the infrared 
adsorption spectrum of pentacene at room temperature. The dashed line is a fit of the effective bandwidth 
to 1.1 

The decrease in the effective bandwidth with increasing temperature can be described with 
electron-phonon coupling theory. The electron-phonon coupling is described with a so-called 
electron-phonon coupling constant g. When the temperature increases more phonon modes 
are excited. The charge carriers interact with these phonons that deform the lattice locally. If 
the charge carriers move through the material, they have to drag the lattice deformation with 
them. This heavily increases the charge carriers' effective mass. The decrease of the effective 
bandwidth D(T) with respect to temperature with the electron-phonon coupling theory and 
with one non-dispersive phonon mode w and one non-dispersive coupling constant g is given 
in equation 1.1. 

D(T) = exp [ - g2 coth( 21i~;)] (1.1) 
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Electron-phonon coupling does not only lead to a decrease in the effective bandwidth. In 
the BCS theory, electron-phonon coupling leads to an attraction between normally repulsive 
electrons so that they can pair up into Cooper pairs. Together with the charge carrier con
centration and the phonon spectrum, the electron-phonon coupling determines the transition 
temperature to the superconductive state. 
The measured effective bandwidth in pentacene is successfully fitted with equation 1.1. This 
is shown in figure 1.1. The phonon energy in the fit is 8.5meV (shown in the inset offigure 1.1) 
and the electron-phonon coupling constant is 0.8. So, only one important phonon mode and 
one electron-phonon coupling constant is assumed. With these values, the effective bandwidth 
vs temperature can be reproduced. But is there only one important phonon mode? And if 
not, how many phonon modes are excited at room temperature? And which of these phonon 
modes couple to the electronic structure of the crystal? To answer these questions, this report 
will take another approach. An attempt will be made to obtain the required parameters in 
the model from first principles and calculate the temperature dependence of the effective 
bandwidth. The report will focus mainly on naphthalene, because its molecules are the 
smallest of the acenes which are solid at room temperature. 
Chapter 2 gives the theory of density functional theory, which is used to calculate the elec
tronic structure and the energy of a configuration of atoms or molecules. The calculations 
have been performed with the program VASP. This program has been developed at the uni
versity of Vienna. Chapter 2 also discusses the tight-binding model, which is used to model 
the electronic structure. Before the electronic structure can be determined, the ground state 
of the crystal has to be determined. This can also be clone using VASP and will be studied 
in Chapter 3. The ground state of naphthalene is determined and an attempt is made to 
obtain the ground state configuration of anthracene. The electronic structure of naphthalene 
is calculated with VASP and modeled with a tight-binding model in Chapter 4. The param
eters in the tight-binding model which cause a bandwidth in the electronic structure are the 
overlap integrals. These overlap integrals change when a phonon mode is excited. Therefore, 
in Chapter 5 the phonon energies and the phonon modes of naphthalene are calculated at r 
in the rigid molecule approximation. In Chapter 6, the electronic structure of naphthalene 
in an excited phonon state is calculated and modeled with a tight-binding model. The ob
tained overlap integrals are compared to the overlap integrals in the ground state electronic 
structure. The Peierls model is used to obtain the electron-phonon coupling constants. Ap
pendix A describes and models the molecular 7r-system of naphthalene and describes the order 
in energy of the 7r-states. Appendix B describes the split of the energy levels, when two wave 
functions approach each other and in Appendix C the standard theory of electron-phonon 
coupling is given with the derivation of equation 1.1. 
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Chapter 2 

Theory 

2.1 Quantum mechanics 

The central problem in quantum mechanics is to solve the many particle Schrödinger equation: 

Hif! = Eif! (2.1) 

The Schrödinger equation is an eigenvalue equation for the energy. H is the Hamiltonian of 
the system and E are the allowed values for the energy. The Hamiltonian of the crystal with 
the valence electrons and the remaining ions is given by: 

(2.2) 

The first and the second term represent the kinetic energy of the ions and the electrons 
respectively. The third, fourth and fifth term represent the ion-ion, electron-electron and the 
ion-electron interaction respectively. Here, Jl, Mi, Rz and Zz are the the momentum, mass, 
position and atomie number of the zth ion and Pi, mi and ri are the the momentum, mass and 
position of the ith electron. The mass of the ions is much larger than the electron mass. In 
the limit of M ----+ oo, the kinetic energy of the ions vanishes and the ions become localized. 
This is called the Born-Oppenheimer approximation or the adiabatic limit. The electrons 
move in the potential of the fixed ions. The Hamiltonian for the valence electrons has the 
following form: 

[ 
n,2 ] 1 e2 1 

H = L --2 V't + V(f'.;) + -2 2:-4 -1- -1 = T + v + u . m . . 1r€o r; - r1 
Z ZJ 

(2.3) 

The first term represents the electron kinetic energy T, the second the potential V of the 
fixed ions, and the third the electron-electron interaction U. There is no external potential 
present. 
Exact solutions of the Schrödinger equation exist only for simple systems with a 'nice' po
tential. Examples are the infinite and finite square well and the hydrogen atom. When the 
potcntial bccomcs more complicated or the interaction term is present, it is impossible to 
solve the equation exactly. Density functional theory offers a way to calculate the electronic 
structure of a many electron system. 
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2.2 Density functional theory 

Numerical calculations have been performed using VASP. VASP is an ab-initio package, de
veloped at the TU Vienna. It is based on density functional theory. The central quantity 
in quantum mechanics is the wave function and all other quantities can be calculated using 
the wave function. The central quantity in density functional theory is the electron density. 
All properties are a functional of the electron density, hence the name. This chapter gives a 
description of the density functional theory largely based on a course given by P. A. Bobbert. 

2.2.1 First theorem 

The first theorem is given by Hohenberg and Kohn [11]. The first theorem states that the 
ground state wave function is a functional of the ground state electron density. The electron 
density n(i) is of course a functional of the ground state wave function w0 (r1 , ... ,rN) and 
the wave function is a functional of the potential v(i). The expectation value of the potential 
part of the Hamiltonian is given by: 

(V) = ('l'IVl'lr) = J drv(i)n(i) (2.4) 

The Hamiltonian of a system with N interacting electrons is given in equation 2.3. The 
ground state wave function Wo ( r1' ... 'r N) satisfies the Schrödinger equation with the lowest 
eigenvalue. The ground state is non-degenerate. Let n( i) be the electron density in the 
ground state. To each v(i) corresponds a unique w0(r1,"., rN) and to each w0 (r1,"., rN) 
corresponds a unique n(i). The reverse is also true. The non-degenerate ground state wave 
function Wo of a system is a functional of the ground state density. It is sufficient to prove, 
that v(i) is a functional of n(i), because v(i) specifies Wo. The proof is given by reductio ad 
absurdum. Suppose that two non-equal potentials, v(i) with corresponding wave function w0 

and v'(i) with corresponding wave function w~, lead to the same electron density n(i). The 
wave functions Wo and w~ cannot be equal because they obey different Schrödinger equations. 
The ground state energies of Wo and W~ are respectively Eo and Eb. From the variational 
principle, it follows that: 

E' 0 (w~IH'lw~) < (%1H'l'lro) = ('lrolHl'lro) + ('lrolV' - Vl'lro) 

Eo + J df'[v'(i) - v(i)]n(i) 

and reversely, it can be shown that 

(2.5) 

Eo <Eb+ J df'[v'(i) - v(i)]n'(i) =Eb+ J df'[v'(i) - v(i)]n(i) (2.6) 

Addition of equation 2.5 and equation 2.6 gives Eb + Eo < Eo +Eb, which is incorrect. 
This means, that two different potentials v(i) and v'(r) cannot give equal electron densities. 
The electron density n(i) determines the potential v(i) uniquely and therefore also the wave 
function '110 . Because v(i) specifies not only '110 , but the whole system, any property of the 
system is a functional of the electron density n(i). 
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2.2.2 Second theorem 

The second theorem is also given by Hohenberg and Kohn. The second theorem states that 
there exists an energy functional of the electron density, which is minimal for the ground state 
density. If this energy functional is known, the ground state density is found by minimizing 
this functional with respect to the density under conservation of the number of particles. The 
energy functional sought for is the following: 

E[n'(i)] (w'IT + v + u1w') = j drv(r)n'(i) + (w'!T + Ujw') 

j drv(i)n'(i) + F[n'(i)] (2.7) 

The functional F[n(i)] is split into the classica! interaction part and an unknown part G[n(i)] 

(2.8) 

The energy functional 2. 7 is minimal with respect to the electron density under conservation 
of the number of particles (f drn(i) = N). This leads to the equation: 

(;:;'\ f d-'I n(f') óG[n(i)] _ 
v r;+ r lf'-f"! + ón(i) -µ (2.9) 

Here µ is the Lagrangc multiplier which is interpreted as the chemical potential. The cnergy 
functional 2.7 does not only apply to the ground state density of the particular system of 
interest, but to any arbitrary electron density n'(f'), that is the ground state density of a 
different system. Introduce an energy functional of the wave function: 

E[w'J (w'IHIW') = (w'jVIW') + (w'jT + Ujw') 

j drv(i)n'(i) + (w'jT + Ulw') (2.10) 

The density n'(i), corresponding to wave function w', is not necessarily the ground state 
density of the system. According to the variational principle, E[W'] is minimal for the ground 
state wave function W. Let W' be the ground state wave function corresponding to the external 
potential v'(i). For ground state density n(i), corresponding to ground state wave function 
W, equation 2.10 also applies. Because E(w'] = E[n'(f')] and E(W] = E[n(f')] and because 
E[w'] > E[w], it also holds that E(n'(f')] > E[n(f')]. The energy functional 2.7 is therefore 
minimal for the ground state density. The functional G[n] is independent of the system, but 
yet unknown. 

2.2.3 Kohn-Sham equations 

To put the theory into a practical scheme, Kohn and Sham (12] consider a system of non
interacting electrons in an external potential with an electron density that is the same as in 
the interacting system. The functional F[n] now consists only of the kinetic part T8 [n] and 
equation 2.9 becomes: 
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JT.[n] 
v.(f') + ón(f') = µ. (2.11) 

with µ 8 the chemica! potential of the non-interacting system. The functional T8 [n] is still 
unknown, hut it is not necessary to know T8 [n]. Because the interaction is absent, the ground 
state wave function is a Slater determinant of one electron wave functions </Ji, obeying the one 
particle Schrödinger equation: 

(2.12) 

The ground state wave function needs to be anti-symmetrie under the exchange of two parti
cles, because of the fermionic character of the electrons. This can be achieved with a Slater 
determinant. The ground state wave function written as a Slater determinant becomes the 
following: 

(2.13) 

The density is 

N 

n(f') = I: 1<Pi(f')l2 (2.14) 

This applies to the non-interacting system. In the interacting system the functional G[n] = 

T8 [n] + Exc[n] is now split into T8 [n], the kinetic energy of the non-interacting system at the 
same density as the interacting system, and a remaining part. The remaining part Exc[n] is by 
definition the exchange-correlation energy. Inserting this in equation 2.9 gives the equation: 

[ ]( ~) JT.[n] 
Vejf n r + ón(f') = µ (2.15) 

with the effective potential given by: 

f ~ n(f") óExc[n(f')] 
VeJJ[n](f') = v(f') + dr lf'- i'J + ón(f') (2.16) 

The exchange force is a consequence of the Pauli exclusion principle. For fermions, with 
an anti-symmetrical wave function, this acts as a repulsing force. The fermions tend to be 
somewhat further apart. And for bosons, with a symmetrical wave function, this acts as an 
attracting force. The bosons tend to be somewhat closer together. The correlation energy is 
a consequence of the electrostatic repulsion. Charged particles have to avoid each other and 
so their movements are correlated. The movements of the electrons in a Slater determinant 
are not correlated. The electron density of the system is given by equation 2.14 and the 
one electron wave functions </Ji obey the one particle Schrödinger equation with the effective 
potential: 

(2.17) 

8 



The equations 2.14, 2.16 and 2.17 are called the Kohn-Sham equations and have to be solved 
self-consistently. The Kohn-Sham equations give the exact density and the exact energy. The 
wave functions c/Ji and the energies Ei of the fictitious non-interacting system have no a-priori 
meaning. They are often interpreted as wave functions and excitation energies. This will also 
be clone in this report. 

2.2.4 LDA and GGA 

The exchange correlation energy is an unknown functional of the electron density. The first 
approximation of this functional is the local density approximation or LDA. The exchange 
correlation energy has the following form in LDA: 

Exc[n] = f drExc(n(r))n(r) (2.18) 

where Exc(n(r)) is the exchange correlation energy per electron of a homogeneous electron 
gas with density equal to the local density. The exchange correlation energy can be split into 
an exchange and a correlation part Exc(n(r)) = Ex(n(r)) + Ec(n(r)). The exchange energy for 
the homogeneous electron gas can be calculated analytically. There is no exact analytical 
result for the correlation energy. In the generalized gradient approximation (GGA) gradient 
corrections for the exchange correlation energy are added to the functional. 

2.3 Electronic structure modeling 

2.3.1 Second quantization 

Manipulations involving wave functions of the Slater determinant type can be complicated, 
because of the large size of the Hilbert space. The way to avoid these complicated manipula
tions is the second quantization. The second quantization works in terms of creation (at, bt) 
and annihilation operators (ak, bk) working on the Fock space. The Fock space is the direct 
sum of the N particle Hilbert spaces. A creation operator creates a particle in a certain 
state and moves the N particle system to a N + 1 particle system. An annihilation operator 
destroys a particle in a certain state and moves the N particle system to a N - 1 particle 
system. Any state in the Fock space can be constructed using creation operators, working 
on the vacuum. A state Ik) can be represented by the action of the creation operator on the 
vacuum 

atlO) =Ik) (2.19) 

The creation and annihilation operators are each others hermitian conjugate. The manipu
lations are clone in terms of the algebra of the operators. Fermion creation and annihilation 
operators obey the anti-commutation relations. 

(2.20) 

Boson creation and annihilation operators obey the commutation relations. 

(2.21) 
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2.3.2 Tight-binding 

Sometimes, the electronic structure of a crystal can be modeled with the tight-binding model. 
The tight-binding model is a simple model and easy to interpret. It is assumed that the wave 
functions of the valence electrons in the crystal differ little from the wave functions of the 
isolated molecule. The potential on a molecule is sufficiently short range and hardly felt on 
neighboring molecules. The Hamiltonian is written in a basis of molecular wave functions, 
where a~ creates an electron in state l<Pn): 

(2.22) 
n n,m 

The first sum is taken over all sites and én= (<PnlHl<Pn) is the on-site energy. The second sum 
is taken over all neighbors of a site, for all sites and tmn = (<PmlHl<Pn) is the overlap integral 
between state <Pm and <Pn· The electronic structure is described in terms of the on-site energy 
and the overlap integrals. The overlap integral will be largest between neighboring molecules. 
The important overlap integrals are given in Chapter 3. The values of these overlap integrals 
in the ground state are given in Chapter 4. The values of the overlap integrals change when 
a phonon mode is excited. The tight-binding model has to be adapted with more overlap 
integrals when a phonon mode breaks the symmetry of the crystal in the ground state. 
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Chapter 3 

Crystal structure 

3.1 Crystalline materials 

Crystalline materials are characterized by their long range order. The crystalline structure 
can be constructed by defining a Bravais lattice R. This gives the following set of points for 
the Bravais lattice: 

(3.1) 

The vectors ä1, ä2 and ä3 span the space and connect two Bravais lattice points. They also 
make up the unit cell. The unit cell is the smallest unit of which the crystal can be built. 
The crystalline material is built from (a group of) ions or molecules put on every point of 
the Bravais lattice. The set of operations that transforms the crystal into itself is the space 
group. The potential due to the atomie cores has the same translational symmetry as the 
lattice v ( r + R) = v ( T). A reciprocal lattice K is defined to benefit from this symmetry. The 

reciprocal lattice vectors K have to satisfy eikR = 1. This gives the following set of points 
for the reciprocal lattice: 

K = m1b1 + m2b2 + m3b3, with m1, m2, m3 integer 

The reciprocal lattice vectors b; are defined by the Bravais lattice: 

(3.2) 

(3.3) 

The potential of the crystal has the same periodicity as the crystal, U ( r + R) = U ( r'). This also 
says something about the periodicity of the wave functions of the crystal through the Bloch 
theorem. The Bloch theorem states that the wave functions of a crystal can be chosen in such 
a way that with every wave function a real wave vector k exists such that the wave function 

obeys 'l/J;;(T + R) = eikR'l/J;;(T). A similar form of the Bloch-theorem is 'l/J;;(T) = eik·ru;;(r'), 
with u;;(r') = u;;(T + R) has the same periodicity as the crystal. 

3.2 Organic molecular crystals 

The class of Organic Molecular Crystals consists of crystalline materials built from small 
organic molecules like thiophene, thienyl or acene molecules. A lot of research has been done 
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to determine the crystal structure of these materials with X-ray diffraction. Examples are 
bithiophene [13], sexithiophene [14], a-hexathienyl [15], pentacene [16] and hexacene [17]. 
The crystal structure of the thiophenes and thienyls is monoclinic, with space group P2if n. 
Tetracene, pentacene and hexacene have a triclinic crystal structure. This chapter will focus 
particularly on the crystal structure of naphthalene and anthracene. 

3.2.1 Naphthalene 

The molecular structure and crystal structure of naphthalene has been studied with X-ray 
diffraction [18] [20]. The molecular structure of naphthalene, calculated with VASP, is shown 
in figure 3.1. The bond lengths in Ángström between the carbon and hydrogen atoms are 
given. The central C-C bond is the longest. The molecular structure of naphthalene is also 
given in [20], where the central C-C bond is not the longest. The differences in inter-atomie 
distances between the calculation and [20] amount to 0.02Á. 

Figure 3.1: The rnolecular structure of naphthalene 

The crystal structure is monoclinic with the following lattice vectors: 

ä = aëx; b = bë'y; c= c(cosf3ëx + sin/3ëz) (3.4) 

The cell parameters are a = 8.235Á, b = 6.003Á, c = 8.658Á and /3 = 125°55' given 
in [20]. There are two molecules in a unit cell and the space group is P2if a. The position 
of one atom is given by (x, y, z) and the positions of other atoms are given by (-x, -y, -z), 
(!a + x, !b - y, z) and (!a - x, !b + y, -z). The relative coordinates of the carbon atoms to 
the lattice vectors are given [20] and shown in table 3.1. Values for the relative positions of 
the hydrogen atoms aren't given. 

atom x y z 
C(l) 0.0472 0.1025 0.0351 
C(2) 0.1148 0.1588 0.2200 
C(3) 0.0856 0.0186 0.3251 
C(9) 0.0116 0.1869 -0.2541 

C(lü) 0.0749 0.2471 -0.0784 

Table 3.1: Relative coordinates given in [20] 

A calculation of the equilibrium structure of naphthalene has been performed, using VASP, in 
the LDA approximation. Both the atomie positions as well as the cell parameters have been 
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optimised. The convergence criterium for the relaxation of the atomie positions in equilibrium 
is the force exerted on each atom. This force was taken to be Fa < 4 · 10-4eV A -l. The cell 
parameters calculated with VASP are the following: 

a = 7.680Á; b = 5.758Á; c = 8.354Á; /3 = 125°39' (3.5) 

The relative coordinates of the carbon and hydrogen atoms, calculated with VASP, are given 
in table 3.2. The molecules are not planar in the calculation with VASP. The atoms stick 
to about 0.0lÁ out of the plane of the molecule. It is not clear whether this is physical or 
whether it is a consequence of the convergence .criterium or numerical noise. 

atom x y z 
C(l) 0.0488 0.1098 0.0390 
C(2) 0.1138 0.1697 0.2293 
C(3) 0.0822 0.0205 0.3376 
C(9) 0.0143 0.1965 -0.2605 
C(lO) 0.0776 0.2604 -0.0761 
H(l) 0.1883 0.3397 0.2881 
H(2) 0.1326 0.0724 0.4850 
H(7) 0.0402 0.3152 -0.3475 
H(8) 0.1527 0.4298 -0.0148 

Table 3.2: Relative coordinates calculated with VASP 

The cell parameters given in the litcrature are slightly larger than those calculated with VASP. 
The deviation of the first lattice vector amounts to almost 7% of the literature value. The 
other two come to about 4%. LDA gives an underestimation of the cell parameters. This 
usually amounts to 1 %-2%. The underestimation by LDA is larger than usual one. The 
cell dimensions have also been calculated with the Perdew-Wang 91 GGA corrections in the 
exchange correlation potential. They gave the following values for the lattice vectors: 

a = 8.950Á; b = 6.302Á; c = 8.890Á; /3 = 125°39' (3.6) 

The cell parameters are now overestimated by about 5%. The LDA approximation is used in 
further calculations. 

3.2.2 Anthracene 

The crystal structure of anthracene has been studied with X-ray diffraction [19]. The crystal 
structure is monoclinic with the lattice vectors given in equation 3.4. The cell parameters 
area= 8.443Á, b = 6.002Á, c = ll.124Á and /3 = 125°36' given in [21] and measured at a 
temperature T = 95°K. There are two molecules in a unit cell and the space group is P2i/ a 

like naphthalenc. The crystal structure of anthracene has also been calculated using VASP 
with the same convcrgencc criterium for the atomie positions as in the case with naphthalene. 
It turned out that the calculation for the relaxation of anthracene into the ground state 
converges very slowly. The relaxation is stopped, when the largest of the remaining forces 
were still Fa ::::::: 5·10-2eV A -l. The relaxation started with the measured cell parameters [21 ]. 
The cell parameters were a = 7.22Á, b = 5.68Á, c = 12.89Á and /3 = 129°30', when the 
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relaxation was stopped. This means that the first lattice vector is underestimated over 14% 
and the second one over 5%. The third lattice vector is overestimated almost 16%. 

3.3 N earest neighbors 

To make a visualization of the molecular positions in the cell, they are described in terms of 
the molecular structure and the orientation in the unit cell. The orientation of a rigid body in 
genera} cannot be describcd by rotation about the three axis independently, because rotation 
operators around different axes don't commute. The final orientation would then depend 
on the order in which the rotations are applied. The orientation is therefore described by 
the rotation of the molecules from the yz-plane to their equilibrium positions with the euler 
angles a, (3 and 'Y [24]. The euler angles are three consecutive rotations. Rotate the system 
first around the z-axis with an angle a, then rotate the system around the new y-axis with 
an angle (3 and at last rotate around the new z-axis with an angle 'Y· This notation preserves 
the symmetry of the space group when a1 = -a2, f31 = f32 and "(1 = -"(2. The euler angles 
in degrees for molecule 1 and 2 are given in table 3.3. 

molecule a (3 "( 

1 -36° -23° 100 

2 36° -23° -100 

Table 3.3: Euler angles for molecule 1 and 2 

The crystal material is built by infinitely repeating the unit cell in the three dimensions 
in space. The origin of a particular unit cell is given by a point in the Bravais lattice, 
R =ia+ jb + kë. An individual unit cell is labeled by the indices {ijk}. If the center of mass 
of molecule 1 in this unit cell is given by RM1 , then the center of mass of molecule 2 in the 
same unit cell is given by RM2 = RM1 + ~(ii + b). The crystal structure of naphthalene is 
shown in three different planes in figure 3.2, figure 3.3 and figure 3.4. The unit cell is shown 
in these pictures with the rectangle or diamond shaped figures. The axes that span the plane 
are shown beside the figures. The two molecules in the unit cell are named 'Ml' and 'M2'. 
They are nearest neighbors. The other nearest neighbors are named 'N'. 
The crystal is built from planes of molecules stacked on each other. Figure 3.2 shows the 
molecules in this plane, spanned by ii and b. This particular stacking is called a herringbone 
structure. The figure shows that molecule Ml in {ijk} has six nearest neighbors in the 
plane. Two of these neighbors are molecule Ml in unit cell {ij+ lk} and {ij - lk}. The 
connection vector is Re = ±b. The connection vector between two molecules is the vector 
that connects their centers of mass. The four other neighbors are molecule M2 in the unit cell 
{ijk}, {i- ljk}, {ij - lk} and {i - lj - lk}. The connection vectors are Re= ±~(ii+b) and 

Re = ±~(ii - b). Figure 3.3 shows the planes of molecules from the side in a plane spanned 
by ii and ë. The molecules are tilted in the plane by the euler angle (3. The figure shows 
nearest neighbors between the herringbone stacked planes. Molecule Ml in unit cell {ijk} is 
nearest neighbors with molecule Ml in unit cell {ik + 1} and {ik - 1} and with molecule M2 
in unit cell {ik+ l} and {i - lk - l}. Index j can be determined in figure 3.4. Molecule Ml 
in unit cell {ijk} is in this figure nearest neighbors with molecule Ml in unit cell {j k + 1} 
and {j k - 1} and with molecule M2 in unit cell {j k + 1} and {j - lk + 1} ( with index i from 
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1/1 
Figure 3.2: The crystal structure of naphthalene in the äb - plane 

N N N* 

Figure 3.3: The crystal structure of naphthalene in the êä - plane 
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Figure 3.4: The crystal structure of naphthalene in the bë - plane 

figure 3.3) and {jk - l} and {j - lk - l} (with index i - 1 from figure 3.3). The connection 
vectors for nearest neighbors in different planes are Re = ±ë, Re = ±a(a + b) + ë1 and 

Re = ±[~(ä' - b) + ë]. The molecules labeled with 'N*' in figure 3.2 and figure 3.3 are the 
next nearest neighbors of molecule Ml. The molecules indicated with 'N*' in figure 3.2 are 
molecules Ml in unit cell {i + ljk} and {i - ljk}. The connection vectors are Re= ±ä. The 
molecules indicated with 'N*' in figure 3.3 are molecules Ml in unit cell { i + ljk + 1} and 
{ i - lj k - 1}. The connection vectors are Re = ± ( ä + ê). They are also indicated, because 
a non-zero overlap integral with next nearest neighbors can give a fine tuning of the band 
structure in the tight-binding model. 
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Chapter 4 

Electronic structure of the ground 
state 

4.1 Naphthalene molecule 

The naphthalene molecule consists of ten carbon atoms and eight hydrogen atoms. That is 
a total of 48 valence electrons and thus 24 filled valence states. The highest occupied state 
is called the highest occupied molecular orbital (HOMO) and the lowest unoccupied state 
is called the lowest unoccupicd molecular orbital (LUMO). The states can be dividcd into 
a-states and 7r-states. The a-states are symmetric with respect to the plane of the molecule 
and the 7r-states are anti-symmetric with respect to the plane of the molecule. The a-states 
mainly live in between atoms, are firmly bound and represent the strong covalent bonding 
between atoms. The density of the valence electrons in the plane of the molecule is given in 
figure 4.1. 

Figure 4.1: The density of the valence electrons in the plane of the molecule 

This is the density of the electrons in the a-states, because the wave function of the 7r-states is 
zero in the plane of the molecule. The carbon and hydrogen atoms are drawn in the picture. 
At the sites of the carbon atoms the electron density of the valence electrons is very low, 
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because of the presence of the core electrons. Figure 4.1 clearly shows the high density in 
between the C-C honds and C-H honds. They are the covalent honds keeping the molecule 
together. Appendix A focuses on the 7r-system of naphthalene. The 7r-states are built from 
the non-bonded Pz-orbitals of the carbon atoms. The electrons are loosely bound in the 
7r-states. Every carbon atom in naphthalene has one non-bonded Pz-orbital and there are 
five occupied 7r-states. They are the MO's with the state numbers n = 16, 19, 22, 23, 24. The 
other occupied states are a-states. Both the HOMO and the LUMO are 7r-states. The HOMO 
and LUMO are shown in figure A.2 in appendix A in upper left and the upper right picture 
respectively. It is seen that both the HOMO and the LUMO are situated on the outer sites 
of the molecule and not on the central C-C bond. 

4.2 Band structure of naphthalene 

The band structure of naphthalene is calculated with VASP and will be modeled with a tight
binding model around the band gap. There are two molecules in a unit cell in naphtalene. 
These two molecules are equivalent in the ground state, because there is a transformation 
transforming one molecule on the other. The on-site energy of the wave functions on the 
molecules will therefore be the same. It first needs to be determined which of the Molecu
lar Orbitals (MO's) of the isolated molecule need to be included in the tight-binding model. 
Therefore the energy spectrum for the isolated molecule is calculated. If the molecules ap
proach each other, their wave functions start to overlap. This causes states to split up, if the 
difference in energy between different states is not substantially larger than the overlap. This 
split-up is calculated in Appendix B in the tight-binding approximation. The difference in 
energy between the HOMO and the LUMO is over 3eV. The differences in energy between 
the states below the HOMO and the HOMO and the states above the LUMO and LUMO 
are over 0.8e V. The overlap integrals are much smaller. Different states of the two molecules 
will not mix and one state for the holes and one for the electrons is therefore sufficient in the 
tight-binding model. This is the HOMO for the holes and the LUMO for the electrons. 
In the tight-binding model the dispersion in the band structure is caused by non-zero over
lap integrals between neighboring molecules. These overlap integrals can be determined by 
calculating the energy spectrum of pairs of molecules. The energy spectrum of a pair can be 
calculated from the energy spectrum of the isolated molecule with the two level problem in 
Appendix B. The wave function of the pair is a linear combination of the MO's of the isolated 
molecule, 11/Jp) = >-114>1) + >-214>2). The coefficients À1 and À2 can be determined by taking the 
inner product of the wave function of the pair with the wave function of the isolated molecule 
>-1 = (4>111/Jp) and >-2 = (4>211/Jp)· 

connection overlap overlap in overlap in 
vector integral HOMO [eV] LUMO [eV] 

b Vi -0.043 0.016 

~(a + b') Vab 0.011 -0.059 
ë Vc 0.001 0.006 

~(a + b') + ë Vcab -0.027 -0.004 

Table 4.1: Overlap integrals obtained with the energy spectrum of a pair of nearest neighbors 
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The two molecules are in general not equivalent in a pair because of different orientation 
towards each other and )q =f- À2. If À1 and À2 are known, the overlap t and the difference in 
energy é 1 - é 2 can be determined. Because the phase factor of the wave function is the same 
at every position, the wave function can be chosen real. The overlap integrals are therefore 
real. The pair approximation is used to determine the overlap integrals for pairs of nearest 
neighbors. The overlap integrals are given in table 4.1. The overlap integrals with the next 
nearest neighbors is also calculated. They are the overlap integrals with connection vector 
Re = a and Re = a + c. They are much smaller than the dominating overlap integrals of the 
nearest neighbors hut not zero. 
The band structure can be constructed directly with a tight-binding Hamiltonian and these 
overlap integrals. The tight-binding Hamiltonian Hn with only non-zero overlap integrals 
between nearest neighbors is given by equation 4.1: 

i,j,k 

( 4.1) 

The summation over i, j and k is the summation over all points in the Bravais lattice R = 

ia+ jb+ kc. With aVk (aUk) the creation operator, creating an electron in state l</i) (l</>2 ) )on 
molecule Ml (molecule M2) in unit cell {ijk} is meant. The dispersion relation that follows 
from this Hamiltonian is given by equation 4.2: 

é + 2Vi cos(27l'kb) + 2Ve cos(27rke) ± 2{Vab[cos(7l'ka + 7rkb) + cos(7rka - 7l'kb)] + 

Veab[cos(7l'ka + 7l'kb + 27l'ke) + cos(7l'ka - 7rkb + 27rke)]} (4.2) 

The wave vector is k = kab1 + kbb2 + keb3, where b1, b2 and b3 are defined in paragraph 3.1 
in chapter 3. The split-up of the HOMO and LUMO in two separate bands in the dispersion 
relation 4.2 is due to overlap between molecules Ml and M2. Overlap between two molecules 
Ml or two molecules M2 doesn't split up the band. 
The band structure calculated with VASP is fitted with the dispersion relation 4.2 to obtain 
the overlap integrals and on-site energy in the tight-binding model. The dispersion relation 
contains five parameters. A specific choice of the k-point sets of the band structure reduces 
the number of parameters. The band structures for three different k-point sets are given in 
the figure 4.2, figure 4.3 and figure 4.4. The first set of k-points is ka = ~' 0 ::; kb ::; ~ and 
ke = 0. The band structure for this k-point set is calculated with VASP and given in figure 4.2. 
The HOMO and HOM0-1 are completely degenerate as are the LUMO and LUMO+l. The 
dispersion relation 4.2 shows this degeneracy and is reduced with the first k-point set to: 

(4.3) 

The fit of equation 4.3 to the band structure in figure 4.2 gives Vi whose value is given in 
table 4.2. The fit is made with the method of least squared fit and the error given is the error 
in this method. 
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Figure 4.2: Band structure fitted with the tight-binding model with nearest neighbor overlap for k-point set 
ka = ! , 0 ::; kb ::; ! and kc = 0 

The second set of k-points is ka = 0, kb = ~ and 0 :::; kc :::; ~- The band structure for 
this k-point set is calculated with VASP and given in figure 4.3. The HOMO and HOM0-1 
and the LUMO and LUMO+l are again degenerate. The dispersion relation 4.2 shows this 
degeneracy and is reduced to 

( 4.4) 

Both the HOMO and the LUMO show little dispersion. The HOMO doesn't fit very well, but 
the dispersion is this band is very small. Because the dispersion is so small, it could be possible 
that there is interaction with another molecule further away. Next nearest neighbor overlap 
is therefore taken into account. The band structure of the HOMO in figure 4.3 calculated 
with VASP is fit with the next nearest neighbor overlap. Next nearest neighbor overlap gives 
extra terms in the next nearest neighbor tight-binding Hamiltonian Hnn· 

Hnn = Hn + L [va(ai!ljka;jk + a7!i1ka&k) + Vac(a;!ljk+la;jk + a:!ljk+la~jk)] +h.c. (4.5) 
i,j,k 

These extra terms in the new tight-binding Hamiltonian give extra terms in the dispersion 
relation E±_n(k). 

(4.6) 

With the next nearest neighbor overlap in the tight-binding model the dispersion relation 4.6 
is reduced with the second k-point set to: 
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E::_n(kc) = E'}:.n(kc) = € + 2Va - 2Vi + 2Vccos(27rkc) + 2VacCos(27rkc) (4.7) 

The fit of equation 4. 7 to the band structure in figure 4.3 gives the value for Vc + Vac, hut the 
fit does not become better. With the next nearest neighbor overlap included the dispersion 
relation 4.6 for the first k-point set becomes: 

( 4.8) 

The dispersion relation for the next nearest neighbor overlap in equations 4. 7 and 4.8 will be 
used to obtain the on-site energy. 

2.92 
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~ <) LUM0+1 
UJ -0.32 

-0.34 

-0.36 

0.0 0 .1 0.2 0.3 0 .4 0.:5 

Figure 4.3: Band structure fitted with the tight-binding model with nearest neighbor overlap for k-point set 
ka = 0, kb = ~ and 0 :S kc :S ~ 

The third set of k-points is 0 :'::: ka :'::: ~ and kb = kc = i· The band structure for this k-point 
set is calculated with VASP and given in figure 4.4. It is easily seen that the tight-binding 
model with only nearest neighbor overlap is not sufficient to describe the band structure 
for this set of k-points. The dispersion relation in equation 4.2 reduces to E±(ka) = c ± 
2J2(Vab cos(7rka) - Vcab sin(7rka)). This dispersion relation is symmetrical around a constant 
energy. The band structure that is calculated with VASP gives a band structure with an 
increasing trend for increasing ka. The dispersion relation 4.6 with the next nearest neighbor 
overlap correction for the third k-point set is reduced to: 

E±(ka) = € + 2Va cos(27rka) - 2Vac sin(27rka) ± 2J2(Vab cos(7rka) - Vcab sin( da)). (4.9) 

The sign of the overlap integrals Vab and Vcab cannot be determined from the fit of the 
dispersion relation to the band structure in figure 4.4. Their relative sign is opposite and 
in table 4.2 their sign is chosen consistent with the values from the pair approximation. 
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Information about the wave functions is needed to determine the sign. The fit parameters 
are also sensitive to a change in the band structure, because of the number of fit parameters. 
A small change in the band structure gives a relatively large change in the fit parameters. 

tight-binding HOMO-l[eV] HOMO[eV] LUMO[eV] LUMO+l[eV] 
parameter 

é -0.39 ± 0.09 -0.41±0.09 2.87 ± 0.05 2.88 ± 0.06 

Vi -0.098 ± 0.002 -0.098 ± 0.002 0.035 ± 0.001 0.035 ± 0.001 
Vab 0.028 ± 0.002 0.028 ± 0.003 0.084 ± 0.002 0.081 ± 0.002 
Ve !Vel < 0.002 !Vel < 0.002 !Vel < 0.002 !Vel< 0.002 

Veab -0.037 ± 0.002 -0.037 ± 0.003 IVeab 1 < 0.003 IVeabl < 0.003 
Va -0.031 ± 0.002 -0.025 ± 0.003 !Val < 0.002 !Val< 0.002 
Vae 0.004 0.004 IVael < 0.002 IVael < 0.002 

Table 4.2: Tight-binding parameters obtained by a fit to the band structure 
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Figure 4.4: Band structure fitted with the tight-binding model with nearest neighbor overlap for k-point set 
0 :::; ka :::; ~, kb = ± and kc = ± 

The LUMO and LUMO+l fit reasonably well with the dispersion relation. There is one 
dominating overlap integral Vab· The values for Vab in the fits with the LUMO and LUMO+l 
are not entirely consistent. And again there is a substantial spread in the on-site energy. The 
LUMO and the LUMO+l cross at 0.47 <ka< 0.48. The wave functions of different bands 
are orthogonal. Wave functions with the same band number but different k belang to the 
same state. The inner product of two wave functions with different k but the same band 
number will thereforc be larger than the inner product of two wave functions with different k 
and a different band number. The inner product of the wave functions before the crossing is 
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taken with the wave functions after the crossing. The state with the lower energy before the 
crossing belongs to the same band as the state with the higher energy after the crossing and 
vice versa. This shows that the bands intersect. The intersection of the bands is described in 
the tight-binding model by a small contribution of other overlap integrals, like Vcab· 

The HOMO and HOM0-1 are also fit with the tight-binding model. There are several overlap 
integrals with a substantial contribution to the band structure. The nearest neighbors Vab 

and Vcab and the next nearest neighbor Va which allows the increasing trend with increasing 
ka are expected to be the important overlap integrals in the fit to the HOM0-1 and HOMO. 
An independent least squares fit of the HOM0-1 and HOMO does not give consistent overlap 
integrals. The overlap integral Vac is used as a parameter to tune the fits. This gives consistent 
values for Vab and Vcab, doesn't affect the value of Va and gives a small value for Vac· A 
reasonable spread of 0.05e V has to be allowed in the on-site energy. The values for the overlap 
integrals in the HOMO and the HOM0-1 are given in table 4.2. The value for Va is larger 
than expected, being a next nearest neighbor overlap integral. From the pair approximation 
it was expected that Va would have a smaller contribution to the band structure. 
Summarizing, the band structure of naphthalene has been modeled with a tight-binding 
model. The parameters of this model are obtained in two ways. First with the pair ap
proximation the energy spectrum of a pair of molecules was calculated. With the two level 
problem and the wave function of the pair and that of the isolated molecule the absolute 
value and sign of the overlap integrals are obtained. The on-site energy cannot be obtained 
with the pair approximation. And second, the tight-binding parameters are obtained with a 
fit to the band structure. The fits to the band structure give consistent values for the overlap 
integrals, except for a large spread in the on-site energy. The values for the overlap integrals 
and the on-site energy are given in table 4.2. The value for the on-site energy is the average 
of the values, obtained from the fits to the band structures in three directions, and the given 
error is the spread in these values with the least squared error from the fit. This gives a 
large spread in the on-site energy. The spread in the on-site energy does not decrease when 
including next nearest neighbor overlap. 
Both the pair approximation and the fit to the band structure show the same dominating 
overlap integrals, but their absolute values differ substantially. The fits to the band structure 
calculated with VASP give substantially larger values for the overlap integrals. The on-site 
energy cannot be determined with the same error margin as the overlap integrals in both 
methods. From the fits to the band structure the sign of the overlap integrals Vab and Vcab 

cannot be obtained. 
What could the reason or reasons be for the inconsistent data obtained with the two different 
methods? A reason for the inconsistency in the dominating overlap integrals could be that the 
pair approximation is not correct. The interaction between two molecules could be influenced 
by the presence of other molecules in a competition for the electrons in a 7r-state. The spread 
in the on-site energy could be due to yet other interactions, resulting in an effective on-site 
energy change in the fits. 
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Chapter 5 

Lattice vibrations 

5.1 Theory 

In the ground state of the crystal, the ions are fixed in their positions and the kinetic energy 
of the ions disapears. The electrons move in the potential of the ions. The energy of the 
electrons depends on the positions of the ions only as parameter. The ground state of the 
crystal follows from the minimization of the energy to the atomie positions: 

"()RE 1 _ with a = 1, 2, 3 and n = 1, · · · , N 
u na {RR}=ü 

(5.1) 

The ground state crystal structure of naphthalene is calculated with VASP in Chapter 3. The 
mass of the ions is very large compared to the electron mass, hut it is finite. The quantum 
mechanica! Hamiltonian, describing the crystal with the electrons and the ions, is given by 
equation 2.2. Consider small displacements Ün of the ions around the ground state positions 
R~. With the displacements small enough, the potential can be expanded in a Taylor series. 
The first order vanishes in the ground state and the series becomes to second order: 

(5.2) 

The zeroth order term in the expansion is the potential that gives the ground state structure of 
the crystal and the second order term describes the dynamics of the crystal. This hamiltonian 
has the following form: 

(5.3) 

Now, the eigenfunctions and eigenvalues of this Hamiltonian need to be determined. For this 
purpose, the classica! equations of motion are derived around the ground state. The classica! 
Hamiltonian of the harmonie potential has exactly the same form as the quantum mechanica! 
one. The classica! equations of motion can be derived from the Hamilton formalism and in 
the quantum mechanica! case the Schrödinger equation has to be solved. But the same basis 
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diagonalizes both these hamiltonians and the eigenvalues will be the same. The classica! 
equations of motions are: 

.. M-1 '"""V, (R-o R-o ) Una = - n ~ a(J n - n' Un 1(3 (5.4) 
n'(J 

Solutions of the general form Una(t) = u~°'eiwt are looked for and because of the translational 

symmetry, u~°' = u~(k)eik·R~. Inserting this into equation 5.4 gives: 

w2 (k)u~(k) = M;; 1 L Va(J(R~ - R~,)eik·(R~-R~,)ui(k) = LDa(J(k)ui(k) (5.5) 
(3,n' (3 

The displacement of an atom induces forces on neighboring atoms. The forces are calculated 
with VASP. The force exerted on an atom is defined as minus the derivative of the energy 
with respect to the atomie position. This is the Hellman-Feynman theorem. The second 
order derivatives of the potential are the elements of the force-constant matrix c~g'. In the 
harmonie approximation they are found by dividing the force F'/:. generated on atom n in 
direction Xa and the displacement of atom n' in direction X(J: 

( -o R-o ) cnn' F'/:. Va(J Rn - n' = a(J = - -, 
u" (3 

The dynamica! matrix Da(J(k) is found using: 

Da(J(k) = L c~g' eik·(Ïi~-R~,) 
n' 

(5.6) 

(5.7) 

The classica! equations of motions in equation 5.4 are reduced to the eigenvalue problem in 
equation 5.5. The eigenvalues w2 (k) define the frequency spectrum and the eigenfunctions 
the phonon modes. The lattice vibrations are now described as an ensemble of independent 
oscillators. This basis also diagonalizes the quantum mechanica! Hamiltonian. The Hamilto
nian is written in second quantization using bt (ki) creating a phonon with frequency Wi at k 
and b(ki) annihilating this phonon. 

'"""-[t- - 1 H =Ho+~ nw(k;) b (ki)b(k;) + 2] (5.8) 
k; 

5.2 Naphthalene 

The scheme of the previous section has been used in an attempt to calculate the phonon 
spectrum of naphthalenc with VASP. It has successfully been used to determine the phonon 
spectrum of diamond and graphite [23]. The interaction between two layers of carbon atoms 
in graphite and two molecules in naphthalene are of the same nature and are both due to 
overlapping 7r-orbitals. To calculate the correct phonon dispersion relations in naphthalene 
every atom has to be moved independently of any other atom it interacts with. Two molecules 
of naphthalene are in a unit cell, that is 20 carbon atoms and 16 hydrogen atoms. If only 
nearest neighbor interaction is taken into account, a supercell of 3 x 3 x 3 times the unit cell 
needs to be taken, that is over 50 molecules. This is computationally not feasible. Even if the 
supercell contains only one unit cell and the frequency spectrum is calculated at r, the total 
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number of degrees of freedom is over one hundred. At r the phase angle between vibrations 
of molecules in different unit cells is zero. The calculations are feasible, hut the interpretation 
of the eigenmodes will be difficult. 
Therefore the rigid molecule approximation is made. The rigid molecule approximation has 
been studied first by Pawley [25]. The equilibrium structure of the naphthalene molecule is 
calculated. In the force calculations this structure is preserved so that there are no internal 
displacements. Internal displacements may alter bond lengths or angles, which generate inter
nal forces. So, the molecule is considered as a rigid body. This approximation is not entirely 
correct, hut this will be discussed later. In the rigid molecule approximation the number 
of degrees of freedom decreases to twelve. They are the six translational and six rotational 
degrees of freedom for two rigid ho dies. The displacements { Xi, Yi, zi} in the cartesian basis 
of the molecules, and the rotations { O:i, .Bi, 'l'i} about these axes, together form the basis of 
degrees of freedom. The subscript i labels the molecules. The translational displacements of 
the molecules are taken as öu = 2 · 10-2 A and the rotational displacements of the molecules 
are ócp = 4 · 10-3rad. This is less than 1 % of the inter-molecular distances. The forces and 
moments on the molecules as rigid bodies are calculated from the forces on the individual 
atoms. The forces on the atoms for the negative displacements are also calculated to average 
out the even anharmonic forces. At r, equivalent molecules in different unit cells are not 
moved independently and therefore the dynamical matrix equals the force constant matrix: 

D ~cnn' ik·(R0 -R.0 ).c C 
af3 = ~ af3 e n n' Unn' = af3 (5.9) 

n' 

The problem is now reduced to a generalized eigenvalue problem: 

w
2 L Jaf3Uf3 = L Caf3Uf3 (5.10) 

f3 f3 

The tensor of inertia is indicated by Jaf3· The inertia related to the translational degrees of 
freedom is the mass M. For a naphthalene molecule M = 128u with u = 1.67 x 10-27 kg. In 
the ground state of the crystal the moment of inertia JMI of the molecule Ml in the cartesian 
basis with respect to its center of mass becomes: 

( 

452.l -78.9 
JMI = -78.9 417.4 

152.4 18.3 

152.4 ) 
18.3 

253.9 
(5.11) 

The elements in the matrix representation of JMI are given in uÁ 
2

. The tensor of inertia 
JM2 of the molecule M2 in the cartesian basis with respect to its center of mass is the same 
as JMI except for J{i2 = JN2 = -Jfi1 and J.fj2 = J:.f2 = -J.fj1 . The principal axes of 
both molecules are not the same. A basis that diagonalizes both matrices can therefore not 
be chosen and so there are non-zero off-diagonal elements in the matrix representation. The 
rotational and translational degrees of freedom don't couple in the force constant matrix. 
The eigenvectors of the gegeneralized eigenvalue problem will therefore be either completely 
rotational or completely translational. The force constant matrix should be a symmetrical 
matrix in the harmonie approximation. The translational part is symmetrie within a percent. 
The transposed elements of the dynamical matrix in the rotational part differ up to 30%. The 
dynamica! matrix is forced to be symmetrie by averaging every element with its transposed 
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element. This hardly affects the phonon energies, because the diagonal elements in the dy
namica! matrix are much larger than the off-diagonal elements. It may affect the eigenmodes. 
The translational phonon energies and the rotational phonon energies with their eigenmodes 
are given in table 5.1 and table 5.2 respectively. In table 5.2 experimental values for the en
ergy of the rotational phonon modes are also given in order of increasing energy [26]. There 
are only three translational phonon modes in table 5.1 and six rotational in table 5.2 and a 
total of twelve degrees of freedom. The three other translational modes have a frequency zero 
and are identified as a displacement of the entire crystal. 

E,;hA:>Y[meV] X1 Y1 z1 X2 Y2 z2 
10.3 0.38 0.00 -0.60 -0.38 0.00 0.60 
12.2 0.00 -0.71 0.00 0.00 0.71 0.00 
16.8 -0.60 0.00 -0.38 0.60 0.00 0.38 

Table 5.1: Translational phonon energies with the eigenvectors 

Molecule 1 and 2 vibrate with a phase angle 7f in the translational modes. These modes break 
the symmetry of the crystal. The only space group operation that transforms the crystal into 
itself is the identity. Molecule 1 and 2 vibrate with phase angle 7f around the x-axis and z-axis 
(degrees of freedom a and 'Y) and in phase around the y-axis (/3) in three rotational modes. 
They are the modes with phonon energy Eph = l0.6eV, Eph = 14.leV and Eph = l7.5eV. 
These modes preserve the symmetry of the ground state of the crystal. Molecule 1 and 2 
vibrate with phase angle 7f around the y-axis and in phase around the x-axis and z-axis in the 
other three rotational modes. These modes break the symmetry of the crystal. There are two 
space group operations that transform the crystal into itself, the identity and the inversion. 
The symmetries of the different states hold for the f-point. In the f-point, the phase angle 
between equivalent molecules in different unit cells is zero. 

E~~P[meV] E:hA!>l-'[meV] a1 /31 'Yl a2 /32 'Y2 
7.3 8.9 -0.47 0.53 0.02 -0.47 -0.53 0.02 
8.8 10.6 0.63 -0.09 0.30 -0.63 -0.09 -0.30 
10.6 12.6 0.47 0.49 0.19 0.47 -0.49 0.19 
11.1 14.1 0.27 0.60 -0.26 -0.27 0.60 0.26 
15.3 17.5 0.30 -0.08 -0.63 -0.30 -0.08 0.63 
18.1 21.1 -0.28 -0.14 0.63 -0.28 0.14 0.63 

Table 5.2: Rotational phonon energies with the eigenvectors 

A distinction between symmetrie and anti-symmetrie modes is made in [26], hut it is not 
clearly explained what this means. If anti-symmetrie means breaking the symmetry, the two 
phonon modes highest in energy are exchanged in the calculations with VASP. Comparing 
the calculated energy spectrum with the experimental one shows that the phonon energies 
calculated with VASP are 15% to 25% larger than the experimentally measured values. The 
calculations are performed with LDA and LDA calculates smaller cell dimensions and stronger 
honds. Phonon energy calculations on diamond gave 1 % smaller cell dimensions and 2% higher 
phonon energies [23]. The calculated cell dimensions are underestimated to 7%. It is therefore 
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expected that the calculated phonon energies are substantially higher. 
The rigid molecule approximation is made to decrease the number of degrees of freedom, 
hut is it correct? The covalent bond between two atoms in the molecule is much stronger 
then the inter-molecular forces. A small change of the bond length will therefore generate 
relatively strong forces. A carbon atom is pulled out of the plane of the molecule. The ratio 
of restoring force to the change in bond length and restoring force to the displacement of the 
entire molecule is "' 102 . Inter-molecular displacements may generate intra-molecular forces, 
hut they are not calculated. The inter- and intra-molecular phonon modes don't couple when 
energies of the intra-molecular modes are much larger than the inter molecular ones. Most 
of the internal vibrations in naphthalene will be similar to internal vibrations in benzene. 
The intra-molecular phonon with the lowest energy in benzene E~enzene ~ O.leV ~ 4kT and 
will therefore not be excited at room temperature. Intra-molecular phonons with the lowest 
phonon energies are those vibrations that don't alter bond lengths in the molecule. There is 
only one displacement left in naphthalene that doesn't alter bond lengths. This is bending 
over the axis through the two central carbon atoms. The phonon energy of the bending mode 
is calculated with VASP. The bending of a molecule gives a restoring force corresponding to 
a phonon energy Eph = 25.7meV. This mode also couples with translational inter-molecular 
modes. This intra-molecular mode is excited at room temperature, hut the energy is relatively 
high compared to the translational modes. The energy and the eigenmodes of the translational 
phonons will therefore not be affected by the coupling. The coupling of this intra-molecular 
mode to the electronic structure can however not be neglected. In larger molecules like 
anthracene, tetracene and pentacene even more of these bending modes will be excited at 
room temperature. 
Summarizing, the phonon modes and the phonon energies of naphthalene are determined at r 
for the rigid molecule approximation. The energies of the phonon modes are parameters that 
are needed in the electron-phonon coupling model. The phonon modes are used to obtain the 
electron-phonon coupling constants. 
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Chapter 6 

Polaron formation 

Polaron formation occurs in crystals in which the molecules are not bound firmly by covalent 
honds. In the organic molccular crystals, the molecules are bound by van der Waals interac
tions and interactions bctween the 7r-systems of the molecules. The molecules can be displaced 
relatively easy. This results in relatively low phonon energies and small bandwidths. This 
is shown in chapter 4 and chapter 5. The interactions between electrons and phonons, the 
electron-phonon coupling, may be so strong, that an electron distorts the lattice as it moves 
through the crystal. The standard polaron theory starts from the following tight-binding 
Hamiltonian: 

H 

(6.1) 

n,i,k 

The fourth term on the right hand side of equation 6.1 gives the coupling between the phonons 
and the on-site energy of the wavefunctions. This term is essential, because an electron needs 
to gain energy in the polaron formation. An addition to this Hamiltonian could be the 
coupling of the phonons to the overlap integrals. A transformation gives the Hamiltonian in 
polaron operators and displaced phonon operators. This transformation and the derivation 
to the new Hamiltonian is given in Appendix C. The Hamiltonian in new operators becomes: 

H I>:: - ng~2w~)AhAn + L nw~(s;/s~ + ~) + L tmnetnenAt,,An + 
n,i,k i,k m,n,i,k 

(6.2) 

m,n,i,k 

The first term in equation 6.2 represents the new on-site energy of the polaron states. The 
decrease in energy is proportional to the phonon energy and proportional to the square of the 
electron-phonon coupling constants. The second term represents the phonon energies of the 
'displaced-lattice' phonons, which are unchanged compared to the original phonon spectrum. 
The third term represents the renormalization of the overlap integrals as an effect of the 
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coupling of the phonons with the on-site energy. This gives a decrease in the overlap integral, 
due to coupling of the phonons with the on-site energy. The magnitude of this decrease is 
derived in Appendix C. The last term represents polaron-polaron interaction. If the density 
of polarons is low enough, this interaction term vanishes. 
To obtain the electron-phonon coupling constants, the two molecules in the unit cell are 
displaced from the ground state into the directions of a phonon mode. The band structure 
is calculated in this excited phonon state. The calculated band structure can then be fitted 
with a tight-binding model. This is done for the ground state of the crystal in chapter 4. The 
tight-binding parameters change in an excited state, because of the electron-phonon coupling. 
The on-site energy cannot be determined accurately enough from the band structure so the 
change in on-site energy cannot be determined. The change in the overlap integrals can be 
determined more accurately. The overlap integrals in the excited phonon state are compared 
to the overlap integrals in the ground state. To obtain the electron-phonon coupling constants 
the Peierls model is used. In the Peierls model it is assumed that the electrons couple to the 
phonons, because the latter modulate the bondlengths and thereby the overlap integrals. This 
is not entirely correct, because in this way the phonons have a direct coupling to the overlap 
integrals. However, a charge carrier gains energy by deforming the lattice and the charge 
carrier alters molecular distances in this lattice deformation. A Taylor series of the overlap 
integral in terms of the bondlength around the ground state value gives a linear depcndcncc 
of the overlap intcgral on the normal modes. The overlap part of the Hamiltonian is described 
with: 

Hov = L [tmnatnan + nwigyin(bi + bJ)at,,an] (6.3) 
m,n,i 

Dispersion of the phonon modes is neglected in first instance. Here tmn is the overlap integral 
between the wave functions on site m and n, a~ creates an electron on site n and bJ creates 
a phonon with frequency Wi and gi is the coupling constant which determines the extent to 
which the overlap integral is decreased. The term that modulates the overlap integral depends 
on the displacement in the normal modes Xi: 

Xi = J n (bi+ b!} 
2mwi 

The change in the overlap integral is now directly related to the displacement xi: 

(6.4) 

(6.5) 

The inertia to displacement in a normal mode Xi is Ji· The excited phonon states can be dis
tinguished in symmetry-preserving phonon modes and symmetry-breaking ones. Symmetry
preserving phonon modes don't break the symmetry of the crystal in the ground state. There 
are still four space group operations that transform the crystal into itself. The two molecules 
in the unit cell are still equivalent and the tight-binding model developed in chapter 4 applies. 
Symmetry-breaking phonon modes break the symmetry of the crystal in the ground state. In 
the rotational ones two space group operations are left and in the translational ones only one. 
The number of independent tight binding parameters depends on the symmetry of the state. 
The band structure in an excited symmetry-preserving phonon mode is described with the 
same tight-binding model as the ground state. The band structure is calculated in an excited 
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Figure 6.1: The band structures m an excited state of the two symmetry-preserving phonon 
modes lowest in energy 
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state of the phonon modes with energy Eph = l0.6meV and Eph = 14.lmeV. The band 
structures are given in figure 6.1. The same k-point sets as those in chapter 4 are used. The 
band structures in the left column of the picture are calculated for a displacement x; = óe = 

0.03rad in the direction of the phonon mode with energy Eph = 10.6me V. The band structures 
in the right column of the picture are calculated for a displacement x; = óe = 0.04rad in 
direction of the phonon mode with energy Eph = 14.lmeV. The tight-binding parameters 
are obtained the same way as those in the ground state of the crystal. They are given in 
table 6.1. 

Eph = l0.6meV Eph = 14.lmeV 
fit parameter HOMO[eV] LUMO[eV] HOMO[eV] LUMO[eV] 

ê -0.39 ± 0.09 2.87 ± 0.05 -0.41±0.09 2.88 ± 0.06 

Vi -0.089 ± 0.002 0.019 ± 0.001 -0.092 ± 0.002 0.039 ± 0.001 
Vab 0.022 ± 0.002 0.084 ± 0.002 0.032 ± 0.003 0.070 ± 0.004 
Vc IVcl < 0.002 IVcl < 0.002 IVcl < 0.002 IVcl < 0.002 

Vcab -0.037 ± 0.002 IVcabl < 0.003 -0.033 ± 0.003 IVcab 1 < 0.003 
Va -0.028 ± 0.005 !Val< 0.002 -0.022 ± 0.004 !Val < 0.002 
Vac 0.004 IVacl < 0.002 0.005 IVac 1 < 0.002 

Table 6.1: Tight-binding parameters of the two symmetry-preserving phonon modes lowest 
in energy 

The coupling constants g;n" that couple the phonon with frequency w; with overlap element 
tmn are calculated with equation 6.5 and given in table 6.2. The inertia to displacement is 
estimated to J = 300uÁ

2 
for the mode with energy Eph = l0.6meV and J = 290uÁ2 for the 

mode with energy Eph = 14.lmeV. 

electron-phonon Eph = l0.6meV Eph = 14.lmeV 
coupling constant HOMO[eV] LUMO[eV] HOMO[eV] LUMO(eV] 

9b 0.72 ± 0.32 1.28 ± 0.15 0.24 ± 0.16 0 
9ab 0.48 ± 0.31 0 0 0.51±0.24 
9cab 0 0 0.16 ± 0.16 0 
9a 0 0 0.24 ± 0.24 0 

Table 6.2: Electron-phonon coupling constants for the two symmetry-preserving phonon 
modes lowest in energy 

The error margins in table 6.2 are the error margins in the overlap integrals obtained from 
the fit to the band structure. Other errors are made in the positioning of the molecule in the 
excited phonon state and the linear dependence of the overlap integrals to the displacement. 
The value of Vi of the LUMO has been halved in the displacement in the phonon mode with 
energy Eph = l0.6meV. 
The band structure in the rotational modes with two space group operations cannot be 
described with the same tight-binding model as the ground state. A new tight-binding model 
will have to be set up, with more parameters. The band structure is calculated in the excited 
state with displacement x; = óe = 0.03rad of the phonon modes with energy Eph = 8.9meV 
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and Eph = 12.6meV. The band structures are given in figure 6.2. The same k-point sets as 
those in chapter 4 are used. The band structures in the left column of the figure are calculated 
in an excited state of the phonon mode with energy Eph = 8.9meV. The band structures in 
the right column of the picture are calculated in an excited state of the phonon mode with 
energy Eph = 12.6me V. The band structures in the kb and kc directions are not degenerate 
in this excited state. The translational modes have only one space group operator and their 
band structure will have to be described with another tight-binding model, with even more 
parameters. 
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Chapter 7 

Conclusions and Outlook 

In this report, an attempt has been made to describe the electron-phonon coupling in naph
thalene. The crystal structure of naphthalene has been calculated with VASP in the LDA. 
The obtained cell dimensions are underestimated up to 73. In covalent honds, LDA gives an 
underestimation of the cell dimensions, hut this is only 13 to 23. The nature of the honds 
between the molecules in naphthalene is not covalent. The interactions between the molecules 
are due to overlap in the n-systems of the molecules and they are van der Waals. LDA tends 
to make a firmer bond and this effect could be larger in van der Waals bound materials, than 
in materials with covalent honds. The cell dimensions have also been calculated with the 
GGA corrections in the exchange correlation potential. This gave an overestimation of the 
cell dimensions of about 53. 
The electronic structure of naphthalene has been modeled with a tight-binding model. The 
tight-binding parameters have been obtained in two different ways, with the pair approxi
mation and by fitting the band structure, calculated with VASP, to the tight-binding model. 
The absolute values of the overlap integrals, obtained by fitting the band structure to the 
tight-binding model, are substantially larger than the overlap integrals obtained with the pair 
approximation. The on-site energy has been obtained with a fit to the band structure, hut 
the error margin in the on-site energy is large. 
The phonon spectrum of naphthalene at r is calculated with the rigid molecule approximation. 
The obtained phonon energies are 153 to 253 larger than the experimental energies. The 
phonon energies are expected to be higher than the experimental value, because they are 
calculated with LDA. 
Electron-phonon coupling constants are calculated with the Peierls model. The Peierls model 
assumes a direct coupling between a phonon and a charge carrier, because the former changes 
distances and angles between molecules. An indication of the coupling constants with the 
symmetry-conserving phonon modes is given. Modeling the electronic structure of a displace
ment of the molecules in the direction of a symmetry-breaking phonon mode requires another 
tight binding model with more parameters. To obtain the electron-phonon coupling constants, 
these parameters need to be compared to the parameters of the tight-binding model in the 
ground state. 
And what about the other acene? It is shown that it is possible to calculate the crystal struc
ture, the electronic structure and the phonon spectrum at r in naphthalene. A calculation was 
started to obtain the ground state crystal structure of anthracene. The calculation converges 
very slowly. Other materials, like tetracene and pentacene, have larger molecules, a larger 
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unit cell and less symmetry. The calculation time will therefore be much larger. The tight
binding model for naphthalene does not apply anymore. This also applies for other organic 
molecular crystals, like thiophene and thienyl crystals. The experimental crystal structure 
may be used as a starting configuration in the calculation of the electronic structure and the 
phonon spectrum. 
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Appendix A 

Molecular Jr-system 

The n-orbitals of the molecule naphthalene are built from the Pz-orbitals of the carbon atoms. 
The first eight are shown in figure A.l and figure A.2. Figure A.l shows the four n-orbitals 
lowest in energy and figure A.2 shows number five to eight. The order in energy from lowest 
to highest is upper left , upper right, lower left and lower right. 

Figure A.l: The four n-orbitals lowest in energy of the naphthalene molecule 
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These figures give a cross-section of the real part of the wave function parallel to the plane 
of the molecule at a distance d = 0.5 A. The dimensions of the pictures are 10 A. White 
represents a positive amplitude and black represents a negative amplitude. In the grey parts 
at the edges of the pictures the wave function has zero amplitude. The spots where the wave 
functions obtains the largest values are the spots were the 7r-orbitals stick out of the plain 
of the molecule. The wave function in the plane on the other side of the molecule has the 
opposite sign. The wave function can be taken real-valued, because the phase angle cp of the 
wave function is the same everywhere. The amplitude of the wave function in the plane of 
the molecule is not given in the figures. It is negligibly small compared to the amplitude 
of the wave function out of the plane of the molecule, hut not exactly zero. It is not clear 
whether this comes from the fact that O' states mix in or that the molecule is not completely 
flat. There are ten unbound Pz-orbitals, so there are also ten ?r-orbitals. It is assumed that 
O'-bonds don't mix in. The electrons in the Pz orbitals are relatively loosely bound and can 
travel rather easily through the ?r-system. The carbon backbone of the molecule is drawn in 
the upper left picture in figure A.l. The ?r-system mainly lives on the carbon backbone. 

Figure A.2: The second four 7r-orbitals of the naphthalene molecule 

The sign of the wave function of the 7r-orbital lowest in energy is either positive or negative 
on one side of the molecule. There is no change in sign on one side. The sign of the 7r-orbital 
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second in energy changes over the length of the molecule. The sign of the 7!'-orbital third in 
energy changes sign over the width of the molecule. A growing complexity of the 7!'-orbital 
is seen with the rise in energy. The electrons are almost free to travel within the molecule, 
hut cannot leave the molecule. A first attempt to model the order of the different 11'-states in 
energy of the 7!'-system is the 'particle-in-a-box' model. The dimension perpendicular to the 
plane of the molecule is not taken into account. An electron is put in a two dimensional box 
of length a and width b. The potential is zero inside the box and infinite outside the box. 
The solutions of the Schrödinger equation with this potential are sinusoidal: 

.J, • (nx1I'X) . (ny1l'Y) 
'i" '"" sin -- sm --

a b 
(A.l) 

with a the length of the box, b the width of the box, nx the number of nodes over the length 
of the molecule and ny the number of nodes over the width of the molecule. The energy is 
relative to the square in the number of nodes: 

(A.2) 

The order of the states in the energy spectrum depends on the ratio r = % . The order of the 
states of the real 7!'-systcm is compared to the order of the states in the model in table A.l for 
r = 1.5 and r = 2. When the dimensions of the molecule are the dimensions of the box, the 
ratio r = 2. When the states extend somewhat outside the molecule r will decrease; r = 1.5 
is taken. 

7!'-system nx ny model model 
r = 1.5 r=2 

1 0 0 1 1 
2 1 0 2 2 
3 0 1 3 3 
4 2 0 5 3 
5 1 1 4 5 
6 3 0 7 7 
7 2 1 6 6 
8 4 0 12 9 

Table A. l: Order of the states of the 7!'-system and the model 

The order of the states of the 7!'-system can be modeled with the particlc in the box model 
reasonably well. The LUMO is exchanged with the LUMO+l, for r = 1.5 the HOMO is 
exchanged with the HOM0-1 and for r = 2 the third and fourth state are degenerate. The 
model starts to break down for higher states. The potential is not infinite at the edges of the 
box. The higher states have a larger energy and will expand further. 
Another way to model the order in energy of the 7!'-states is to find the eigenfunctions of a 
tight-binding Hamiltonian in the space of the atomie Pz-orbitals. The wave functions of the 
7!'-states are linear combinations of the atomie Pz-orbitals. 

(A.3) 
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The wave function of the Pz-orbital on carbon atom i is IP~) = p~tlO) where p~t creates the 
Pz-orbital on carbon atom i. The 7r-system is modeled with a tight-binding Hamiltonian with 
an on-site energy Ei for IP~)and an overlap tij between neighboring Pz-orbitals. The central 
carbon atoms are the atoms C1 and C5. They have three neighboring Pz-orbitals. The other 
atoms only have two neighboring Pz-orbitals. 

~ it i ~ it . 
H = ~ EiPz Pz + ~ tijPz JYz (A.4) 

i,j 

The on-site energy E; = E is assumed to be the same on every atom and the overlap integrals 
tij = t between neighbors are also assumed the same. When the Hamiltonian acts on the 
linear combination, the problem is reduced to an eigenvalue problem: 

The dimension of this eigenvalue problem is ten, because there are ten Pz-orbitals. The matrix 
in this eigenvalue problem is not fully written out. In this matrix all diagonal elements are E, 

all elements next to the diagonal and the elements representing the C1-C5 and C1-C10 overlap 
are t and all other are zero. The eigenvectors and their order in eigenvalue depends only on 
the sign of the overlap integral t, not on the absolute value. The eigenvalue spectrum for 
opposite signs in the overlap integral is the same and so are the eigenvectors, hut the order in 
the eigenvectors is rcversed. The eigenvector lowest in energy for a positive overlap integral 
t is highest in energy for the overlap integral with opposite sign -t. The eigenvectors for a 
negative overlap t are the following: 

i/J(7rl) 
ij; ( 71'2) 

i/;(7r3) 

i/;(7r4) 

i/;(7r5) 

i/;(7r6) 

i/;(7r7) 

i/;(7r8) 

ij;( 7r9) 
i/;(7r10) 

0.46(p! + p~) + 0.30(p; + p~ + p; + P!0
) + 0.23(p; + P! + p~ + p;) 

0.26(p; + p~ - p; - P!0
) + 0.43(p; + p; - p~ - p;) 

0.35(p! - p~) + 0.40(p; - p~ - p; + P!0
) + 0.17(p; - p; - p~ + p;) 

0.41(p! + p~) - 0.4l(p; + p; + p~ + p;) 

0.43(p; - p~ + p; - P!0
) + 0.26(p; - p; + p~ - p;) 

0.43(p; + p~ - p; - P!0
) + 0.26(p; + p; - p~ - p;) 

0.41(p! - p~) - 0.41(p; - P! - p~ + p;) 

0.35(p! + p~) - 0.40(p; + p~ + p; + P!0
) + O.l 7(p; + p; + p~ + p;) 

0.26(p; - p~ + p; - P!0
) - 0.43(p; - p; + p~ - p;) 

0.46(p! - p~) - 0.30(p; - p~ - p; + P!0
) + 0.23(p; - p; - p~ + p;) 

When the first eight wave functions are compared to the wave functions in the figure A. l and 
figure A.2 calculated by VASP the signs of the c; are all correct. 
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Appendix B 

Two-level problem 

Consider a ~air of two equal molecules. The Hamiltonian describing an isolated molecule i 
is Hi = -;m \72 + v;. The molecular orbital c/Ji is an eigenfunction of the Hamiltonian and 
obeys the Schrödinger equation, Hic/Ji = éc/Ji· with eigenvalue é. The Hamiltonian describing 
the pair is: 

(B.l) 

The wave function of the pair is a linear combination of the molecular orbitals, 't/Jp = >..1cp1 + 
À2c/J2. The Hamiltonian of the pair acting on this wave function gives: 

(B.2) 

The inner product of equation B.2 with cp1 and cp2 and the normalizing condition gives with 
(c/J1 lc/J2) = 0 three equations, for eigenvalue Ep and À1 and >..2: 

(é + (c/J1IVilc/J1) - Ep)>..1 + (c/J1IVilc/J2)>..2 
(c/J2IVilc/J1)>..1 + (é + (c/J2IVilc/J2) - Ep)>..2 

>..î + )..~ 

0 

0 

1 

(B.3) 

(B.4) 

(B.5) 

The two level problem can also be represented with second quantization. If a! and a~ create 
an electron on molecule 1 and 2 respectively, the state on these molecules are represented by 
aliü) and a~IO). The Hamiltonian can be expressed in this basis, which gives: 

(B.6) 

Here é1 = é+ (c/J1IVilc/J1), é2 = é+ (c/J2IVilc/J2), t = (c/J1IVilc/J2) and t* = (c/J2IVilc/J1). The overlap 
integral will be chosen real in the remainder of Appendix B: t = t*. The on-site energy need 
not be the same on the two sites, when the two molecules are not symmetrically oriented with 
respect to each other. Again the Hilbert space is spanned by this basis and the eigenfunctions 
of the Hamiltonian are a linear combination of these basis functions: 

(B.7) 

When this Hamiltonian acts on this linear combination, the problem is reduced to the eigen
value problem: 

41 



(B.8) 

The two eigenvalues of this eigenvalue problem are: 

(B.9) 

Inserting these eigenvalues back into the eigenvalue problem gives the coefficients for the 
eigenfunctions. The coefficients for the lower energy E;; are: 

.x-2 

-t 

The coefficients for the eigenfunction for the higher E: energy are: 

-t 

Take the absolute value of the ratio of the >.'s and assume that f1 > E2: 

(B.10) 

(B.11) 

(B.12) 

(B.13) 

(B.14) 

This means that the state with the lower energy E;; 'lives' more on the site with the lower 
on-site energy and the state with the higher energy E: 'lives' more on the site with the higher 
on-site energy as intuitively expected. 
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Appendix C 

Polaron in tight-binding 
approximation 

The standard polaron theory starts from the following tight binding Hamiltonian: 

H 

n,i,k 

(C.1) 

The first term in the Hamiltonian represents the usual on-site energy c and the sum over n 
is taken over all N unit cells. The second term is the overlap tnm = (cf>nlVnlcf>m) between 
neighboring sites and the sum m is taken over all neighbors of unit cell n. The third term 
represents the phonon spectrum, where w~ represents the frequency of phonon i at k. The sum 

over k represents the sum over the first Brillioun zone for all phonon frequencies. The fourth 
term represents the coupling of the on-site energy with the phonons. The coupling depends on 
the phonon energy and also on the so-called coupling constant indicated by gj;, representing 

the coupling of the charge carriers with phonon i at k. The normal anti-commutation relations 
for fermions and commutation relations for bosons apply. The following transformation is used 
on the operators: 

This transformation transforms the operators {at b~} to new operators {At B~?} as AJn = 

UaJ,,ut, Am = Uamut, Bi;/ = Ub~Ut and Bj; = Ub~Ut. AÎn creates an electron dressed 

with phonons. This is called a polaron. Bf,t creates a phonon in the displaced-latticc, a 

'displaced-lattice' phonon. The anti-commutation relations for AJn and Am are the same as 
for aJn and am. The commutation relations for B~t and Bk are the same as for b~ and bj;. 
The Hamiltonian is written in terms of the transformed operators. 
To calculate the transformation from electron creation operator to the polaron creation op
erator first S is defined as: 
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(C.3) 
n i,k 

In this form S obeys the following anti-commutation relation with the electron creation op
erator ai:n: 

Sa t = at S + at C __. [S at] = at C = C at mm mm 'n mm mm (C.4) 

For higher powers S1 this gives: 

The transformation U = e-8 transforms the electron creation operator like: 

00 1 00 1 
Uat = e-Sat = ~ -(-S)1at =at ~ -(-S - C )1 =at e-Se-Cm (C.6) 

m m L l! m m L l! m m 
l=O l=O 

The polaron creation operator AJ:n becomes: 

A):,., = Uat,,ut = at,,e-Cm =at,, exp [ - N- 112 L g~eik·Rn(b~ - b~k)] (C.7) 

n,i,k 

To calculate the transformation from phonon creation operator to the 'displaced' phonon 
creation operator S is redefined as: 

(C.8) 

i,k n 

In this form S obeys the following anti-commutation relation with the phonon creation oper
ator b~t: 

k 

SbiJ = biJ S + D~ __. [S biJ] = D~ 
k k k 'k k 

(C.9) 

For higher powers S1 this gives: 

S1biJ = s1- 1 sbiJ = s 1- 1biJ s + s1- 1 D~ = ... = biJ s 1 + zs1- 1 D~ 
k k k k k k 

(C.10) 

The transformation U = e- 8 transforms the phonon creation operator like: 

UbiJ = e-8 biJ = ~ ~(-S) 1 biJ = b~t ~ ~S1 + D~ ~ ~l(-S)l-l = (biJ + D~)e-S (C.11) 
k k L l! k k L l! k L l! k k 

l=O l=O l=O 

The 'displaced-lattice' phonon operator becomes: 

(C.12) 
n 

The old operators are described in terms of the new operators: 
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Atn exp [N-1/2 L gkeif.R,,(Bk - B~k)] 
i,k 

b{} = Bft - N-1/2 L gkeik·Rn A~An 
n 

(C.13) 

(C.14) 

Equations C.13 and C.14 are substituted in the equation C.l. This gives for the different 
terms in the Hamiltonian: 

n 

i,k 

n,i,k 

n 

i,k m,n,i,k 

n,i,k 

AtnAn exp [N-1/2 L gkeik·Rm(Bk - B~k)] 
i,k 

i,k 

n,i,k 

m,n,i,k 

(C.15) 

(C.16) 

(C.17) 

With g9 the square of g~ is meant and the second term on the right hand side of equation C.18 
can be krewritten with tte anti-commutation relations for the polaron creation operator. 

m,n,i,k m,n,i,k 

(C.19) 
The Hamiltonian written in terms of the new operators becomes: 

H L(ê - ngl?wj;)A~An + L::nwk(BftBk + ~) + L tmnetnenAtnAn + 
n,i,k iJ; m,n,i,k 

(C.20) 

m,n,i,k 

The first term on the right hand side of equation C.20 shows the on-site energy of the polaron. 
The second term represents the phonon energies of the 'displaced-lattice' phonons. And the 
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third term represents the overlap integrals between polaron states at different sites. The 
overlap integrals of the polaron states change with respect to the overlap integrals of the bare 
electron states. An extra factor etnen has entered the Hamiltonian: 

i,k 

exp [Lf~(B~ - B~k)] = f ~{ L f~(Bf - B~k) r (C.21) 
ij l=O ij 

Here fk = N- 1 12g~(eik·Rm - eik·Rn ). The overlap integral changes by interaction between the 
electron states and the phonons. At temperature T = OK no phonon modes are excited and 
the phonon 'bath' is empty c/Jph = JO). At temperatures T > OK phonon modes are excited: 

_ 1 2 _ 1 1 1 t n~ 2t n~ 
c/Jph - Jnk, nk, .. . ) - fo1l fof' ... (B-) k(B- ) k ... JO) 

n~! n~! k k 
k k 

(C.22) 

With nk the excitation of phonon mode i with k to energy E = nwk(n + ~) is meant. The 
total phonon state is thus the excitation of a number of phonon modes. The expectation 
value of etnen with respect to a phonon state is given in the derivation in equation C.23 to 
equation C.24. Because (n}, ... J(Bk-B~k)Jn}, .. . ) = 0 and because (n}, ... J(Bk-B~k)(Bk,-

B~k,)Jn}, .. . ) = Lf1(2nk+l)ókk' only terms with an even value l have a non-zero contribution 

to the expectation value in equation C.23. Because [(Bk- - Bt -), (Bk-' - Bt -,)] = 0 a number 
-k -k 

of (2l - 1)!! pairs can be made. 

- ( 1 J ~ 1 '"' '"' i' (!) ( i' i't ) (!) (!)t 1 - nk, · · · L.,, lT L.,, L.,, h1 · · · jf<ii Bk, - B -k' · · · (Bf(ll - B -f<IJ)Jnf, · · .) 
l=O k'"",f(l) i' ,""i(l) 

(C.23) 

(C.24) 

The expectation value (c/JphJetnenJc/Jph) in this one phonon state is thermally averaged over all 
possible phonon states in equation C.25. This gives the most general expression of (etnen)T 
with dispersion of the phonon frequency and the electron-phonon coupling constant. 

(C.25) 
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The sum over i and k in an exponent can be taken as a product out the exponent and 
f3 = (kT)- 1 . This gives: 

(C.26) 

The sum over nf is taken over all states of excitation n the phonon i can obtain at k, with 

the geometrie series ~ zn = -
1
-. This gives: 

L 1-z 
n=O 

t II [ 1 i 2 1- exp(-f31iw~) J 
(8m8n)T = i,k exp(-2llfl ) 1 - exp(-/31iwk) exp(-llkl2) (C.27) 

Because 11];1 2 is proportional to N-1 a Taylor series with respect to 11];12 is taken in equa

tion C.27. This gives with x = exp( -/31iw'j;)= 

(C.28) 

Because N tends to infinity the limit for N--+ oo gives with lim (1 - Nz )N = e-z: 
N->oo 

(et Gn)T = IIexp [ - (! +-x-)11~12] = IIexp [ - !(1 +x)ll~l2 ] 
m 2 1-x k 2 1-x k 

(C.29) 

i,k i,k 

The product over k can be taken as a sum in the exponent again and for non-dispersive 
phonons Wi and non-dispersive electron-phonon coupling constants gi, this gives: 

Substituting x = exp(-f31iwf) and /3 = (kT)- 1, equation C.30 can be written: 

hw· 
(etnen)T =II exp [ - gf coth (

2
k;)J 

i 
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