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Abstract
The thesis is devoted to theoretical investigations of electron-vibration coupling and its effects on optical and electronic properties of single molecules, especially for molecules confined between metallic electrodes.
A density-matrix approach has been developed to describe the photon emission of single molecules confined in the scanning tunneling microscope (STM).
With this new method electronic excitations induced by both the tunneling electron and the localized surface plasmon (LSP) can be treated on an equal footing. Model calculations for porphyrin derivatives have successfully reproduced
and explained the experimentally observed unusual variation of the photon emission spectra. The method has also been extended to study the STM induced
fluorescence and phosphorescence of C60 molecules in combination with the first
principles calculations. In particularly, the non-Condon vibronic couplings have
been exclusively included in the calculations. The experimental spectra have been
nicely reproduced by our calculations, which also enable us to identify the unique
spectral fingerprint and origin of the measured spectra. The observed rich spectral
features have been finally correctly assigned.
The electron transport properties of molecular junctions with bipyridine isomers have been studied in the sequential tunneling (SET) regime by assuming
that the molecules are weakly coupled to metallic electrodes. It is shown that
the strong electron-vibration coupling in the 2, 2’-bipyridine molecule and the 4,
4’-bipyridine molecule can lead to observable Franck-Condon blockade. Taking
advantage of such novel effect, a gate-controlled conductance switch with ideal
on-off ratio has been proposed for a molecular junction with the 4, 4’-bipyridine
molecule.
The effect of the electron-vibration coupling on one-photon and two-photon
absorption spectra of green fluorescent protein (GFP) has been systematically
examined. The hydroxybenzylidene-2, 3-dimethylimidazolinone molecule in the
deprotonated anion state (HBDI− ) is used to model the fluorescence chromophore
of the GFP. Both Condon and non-Condon vibronic couplings have been considered in the calculations. The calculated spectra are in good agreement with the
available experimental spectra. It confirms the notion that the observed blue-shift
of the two-photon absorption spectrum with respect to its one-photon absorption
counterpart is caused by the non-Condon vibronic coupling.
All the calculations are carried out with our own software package, DynaVib.
It is capable of modeling a variety of vibrational-resolved spectroscopies, such

vi
as absorption, emission, and resonant Raman scattering (RRS) spectra. In our
package, the Duschinsky rotation and non-Condon effect have been fully taken
into account. Both time-independent and time-dependent approaches have been
implemented, allowing to simulate the spectra of very large molecules.
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Chapter 1
Introduction
The ultimate goal in device miniaturisation is to build up devices with single
molecules. [1] Among the many possibilities, single molecule based photonic and
electronic devices, in which the optical and electronic properties of molecules
are functionalized, hold great potentials and attracted much attentions recently.
Both the optical and electronic properties of a molecule are closely related to
the electron-vibration couplings. For example, the optical absorption and emission spectra for dipole allowed transitions can be described by the Franck-Condon
principle where the transition probability is determined by the electron-vibration
coupling. When a molecule is inserted between two electrodes to form an electronic device, the coupling between the molecular vibrations and the tunneling
electrons could also affect the transport properties. Understanding of these effects is important for the future applications.
Recent experiments show that the highly localized tunneling electrons in
scanning tunneling microscope (STM) [2] can be used to induce light from single
molecules on metal substrate, [3–5] and electroluminescence (EL) with vibrational
resolution can be achieved. Such a technique has great implications for the design of nano-scale devices such as electrically driven nanoscale light sources [6,7]
and the chemical identification of single molecules [5] . The measured EL spectra
can possess many new features such as tip-dependent emission [3,8] , site selective
emission [9,10] , hot luminescence [8,11] , emission from different electronic states, [5,12]
and so on. Some of these new features seem to be in conflict with the conventional
wisdom. For instance, it is known that the photon emission from most molecules
obeys Kasha’s rule, which states that, for a given multiplicity, the photon emission with appreciable yield can only occur from the lowest excited state state. [13]
This rule is a result of the fast decay of the higher electronic or vibrational energy
1
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levels. The decay rates of these levels are normally several orders of magnitudes
faster than that of the radiative decay. As a consequence, the photon emission
spectrum of a molecule is normally independent of the excitation source. [14] In
order to understand the unusual features observed in the STM induced EL spectra, theoretical modeling which can take into account all possible excitations and
emission processes is highly desired. The major part of this thesis is devoted to
the development of such a theory and computational method. We will show that
the theoretical modeling can provide valuable information that are inaccessible to
the current experiments.
Not like in condensed phases where the nuclear motions play the decisive
rule in the electron transfer, [15] the electron-vibration coupling could be either
constructive [16,17] or destructive [18,19] to the electric conductivity of a molecular
electronic device. In the sequential tunneling (SET) regime, where the conducting
molecule is normally weakly coupled to the electrodes, strong electron-vibration
coupling can significantly suppress the electric current, resulting in a novel effect known as Franck-Condon blockade. [18] Until today, the convincing evidence
of Franck-Condon blockade has not been found for single-molecule junctions, although it was observed in suspended carbon nanotube quantum dots [20] . The
lack of proper understanding of the processes in different molecular systems is
responsible for such a difficulty. In this context, theoretical calculations can be
particularly helpful to provide useful guidelines for the experiments. Moreover,
the possible functionality of the Franck-Condon blockade is also discussed in this
thesis.
One important application of nonlinear optics is the use of laser induced
multi-photon microscopy for biological systems. For example, the two-photon
laser scanning microscopy (TPLSM) [21,22] can provide high three-dimensional resolution, deeper penetration, reduced photobleaching, and weak background fluorescence. [23–25] An important group of two-photon fluorophores is the fluorescent
proteins. The discovery and development of the fluorescent proteins, especially
the green fluorescent protein (GFP), have already revolutionized the field of cell
biology [26] and been rewarded the Nobel prize in chemistry in 2008 [27] . However,
there are still many open questions concerning the two-photon processes of the
fluorescent proteins. For instance, two-photon absorption spectral profiles of many
fluorescent proteins are found to be blue shifted with respect to the one-photon
absorption. [24,28–30] The cause of such spectral changes is still not well understood
although several mechanisms have been put forward [25,29,31] . In this thesis we performed a systematic study based on high accuracy quantum chemical calculations
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aiming to resolving this debate by carefully examining the important role played
by the electron-vibration coupling.
The thesis is organized as follows. The theoretical background including the
theoretical description of molecular vibrations and electron-vibration coupling is
given in Chapter 2. In Chapter 3 we discuss the method for the calculation of
STM induced photon emission together with the main results obtained. Chapter
4 is devoted to the study of the electronic properties of weakly coupled single
molecular junctions. In Chapter 5 we study the optical absorption spectra of the
GFP. A short summary of the results presented in the included publications will
be given in Chapter 6.

Chapter 2
Theoretical background
In this chapter the theoretical foundation of the work presented in this thesis will
be discussed. First we will briefly introduce the classical and quantum descriptions
of molecular vibrations. Some important concepts related to molecular vibrations,
such as normal mode of vibration, normal coordinates, vibrational energy levels
and others, will be reviewed. Then we will describe how vibrations are involved in
an electronic transition between two electronic states. The calculation of FranckCondon factors, which is the core of this thesis, will be discussed in detail. In the
end of this chapter we briefly introduce our DynaVib software which is designed
to simulate vibrational excitations in various spectroscopies.
The work presented in this thesis is based on the Born-Oppenheimer (BO)
approximation. Within the BO approximation, the electronic and nuclear motions
of the system can be treated separately. The total wave function of a molecule
can be written as the product of the electronic and nuclear components as
|Ψ(R, r)i = |ψ e (R, r)i|ψ ν (R)i.

(2.1)

Here R and r denote the nuclear and electron coordinates, respectively. The
superscript e and ν represent the electronic part and the nuclear part of the wave
function, respectively. By solving the electronic Schrödinger equation for sufficient
number of stationary nuclear geometries, a potential energy surface (PES) upon
which the nuclei move can be constructed. Normally it is impossible to construct
a complete PES for large molecules [32] , but it is possible to restrict the calculations
to the concerned part. For molecular vibrations, which are the main topic of this
thesis, only the PES around an energy minimum is required.
5
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Molecular vibration

A polyatomic molecule with n atoms has in total 3n degrees of freedom, among
them 3n − 6 (3n − 5 for linear molecules) are vibrations. The remaining are 3
translational and 3 (2 for linear molecules) rotational degrees of freedom. These
two motions of the molecule can be separated with the molecular vibrations and
in the following we shall consider only the vibrational degrees of freedom.
The nuclei moving on the PES can be treated classically because of their
heavy weight. A classical description can give us some valuable information about
the molecular vibrations, e.g., the frequency of the vibration. On the other hand,
molecular vibrations are quantized motions with discrete energy levels that can
only be described by quantum theory. In order to obtain a complete picture, both
classical and quantum description of molecular vibrations are discussed in this
section.

2.1.1

Classical description

The kinetic energy of the vibration can be written as [33]
2T =

n
X
i=1

 d∆xi 2
d∆yi 2
d∆zi 2 
mi (
) +(
) +(
) .
dt
dt
dt

(2.2)

Here ∆xi , ∆yi , and ∆zi are the Cartesian displacement of atom i around the
equilibrium position.
∆xi = xi − x0 ,
∆yi = yi − y0 ,
∆zi = zi − z0 .
More conveniently, we can define a new set of coordinates, the mass-weighted
Cartesian displacement coordinates q with
q1 =

√

m1 ∆x1 , q2 =

√

m1 ∆y1 , · · · , q3n =

√

mn ∆zn .

(2.3)

Using Eq. 2.3, the kinetic energy can be re-written as
2T =

3n
X
i=1

q̇i2 .

(2.4)
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The potential energy is a function of qi and can be expanded as a power series:
2V = 2V0 + 2

3n
3N X
3N
X
X
∂V 
∂2V 
q
+
q q + ··· ,
0 i
0 i j
∂q
∂q
∂q
i
i
j
i=1
i=1 j=1

(2.5)

where V0 is the potential energy of the molecule at the equilibrium geometry.
To simplify the discussion we can set V0 = 0. The first derivative is 0 at the

∂V
= 0. At this point we can introduce another
equilibrium geometry, thus ∂q
i 0
approximation, the harmonic approximation. Within it, the high order terms in
Eq. 2.5 can be neglected. Accordingly, Eq. 2.5 can be simplified to
2V =

3N X
3N
X

fij qi qj ,

(2.6)

i=1 j=1

with
fij =

∂ 2V 
.
∂qi ∂qj 0

(2.7)

Here fij are the mass-weighted force constants, which are the elements of the
mass-weighed Hessian matrix (f). Newton’s equations of motion can be written
as
3n
X
q̈i +
fji qj = 0, i = 1, 2, · · · , 3n.
(2.8)
j=1

As shown by Wilson et al., one possible solution for this set of differential equations
is
qi = Ai cos(ωt + ϕ),
(2.9)
with Ai , ω and ϕ being the amplitude, frequency and phase of the motion, respectively. Substitute qi into Eq. 2.8 we can get
3n
X

(fji − δji ω 2 )Ai = 0, i = 1, 2, · · · , 3n.

(2.10)

j=1

Here δji is the Kronecker delta (δji = 1 when j = i and δji = 0 when j 6= i). For
Eq. 2.10 to have nontrivial solutions, ω 2 must satisfy the condition
f11 − ω 2
f12
f21
f22 − ω 2
...
...
f3n,1
f3n,2

...
f1,3n
...
f2,3n
= 0.
...
...
. . . f3n,3n − ω 2

(2.11)
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This determinant is an equation of ω 2 , by solving this equation we can get the
3n solutions of ω 2 . For a given solution of ωk2 , the ratio of the amplitude Aik (the
subscript k is added to indicate its correspondence with ωk2 ) can be determined
from Eq. 2.10. The final solution for Aik can be written as
Aik = Kk lik ,

(2.12)

P 2
= 1, Kk is a constant. In the 3n solutions
where lik has been chosen so that i lik
of ωk2 , only the ones corresponding to vibration will be non-zero. It can be seen
from Eq. 2.9 that, for each ωk , all of the atoms in the molecule are oscillating
around its equilibrium position with the same frequency (ωk ) and phase (ϕk ) but
different amplitude (lik ). Vibration modes holding these characteristics are known
as normal modes of vibrations. If we consider only ωk > 0, the number of normal
modes for a polyatomic molecule is 3n − 6 for non-linear molecules and 3n − 5 for
linear molecules.
A practical way to obtain ωk and lik is through the diagonalization of the
mass-weighed Hessian matrix f. In terms of ωk and lik , the 3n equations of Eq. 2.10
can be re-casted into matrix form as
fL = LΛ,

(2.13)

where L is a 3n × 3n matrix of the amplitude (L)ik = lik , Λ is a diagonal matrix
of (Λ)ik = δik ωk2 . It can be seen that ωk and lik can be obtained by diagonalizing
f. It is possible to extract out only the sub-matrices that are corresponding to
0
0
the vibrations from L and Λ. The dimension of the sub-matrices L and Λ are
3n×N and N ×N with N being the total number of normal modes of the molecule,
0
0
respectively. In the following, the prime of L and Λ is removed as the result of
simplification and we shall constrain our discussion to molecular vibrations. The
general solution for qi can then be written as
qi = Ai cos(ωt + ϕ) =

N
X

Kk lik cos (ωk t + ϕk ).

(2.14)

k=1

2.1.2

Quantum description

In order to carry out the quantum treatment of molecular vibrations, it is necessary
to introduce another set of coordinates, the normal coordinates Q. In terms of
the normal coordinates, the kinetic and potential energies can be written in the
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following form:
2T =

3n
X

Q̇2k ,

k=1

2V =

3n
X

(2.15)
ωk Q2k ,

k=1

where ωk is the frequency of the k-th normal mode as given in last section. It has
been proved that Q is related to q through the L matrix as [33,34]
q = LQ,

Q = L−1 q.

(2.16)

From Eq. 2.15, we can see that the molecule can be divided into a series of
one-dimensional harmonic oscillators vibrating with frequency ωk along the normal
coordinate Qk . This can greatly simplify the quantum mechanical description of
molecular vibration. The Schrödinger equation for the molecular vibration can be
written as
N
X
 ~2 ∂ 2
1 2 2 ν
−
+
ωk Qk |ψ i = E ν |ψ ν i.
(2.17)
2
2 ∂Qk 2
k=1
Here |ψ ν i and E ν are the wave function and energy of the molecular vibrations,
|ψ i =
ν

N
Y
k=1

|ψ (Qk )i,
ν

ν

E =

N
X

E ν (k).

(2.18)

k=1

Eq. 2.17 can be separated into the following equations
 ~2 ∂ 2

1
−
+ ωk2 Q2k |ψ ν (Qk )i = E ν (k)|ψ ν (Qk )i,
2
2 ∂Qk 2

(2.19)

where k = 1, 2, · · · , N . ~ is the reduced Planck constant. Each of the equations
in Eq. 2.19 is the Schrödinger equation for an one-dimensional harmonic oscillator
with frequency ωk . By solving these equations, the energy and wave function for
each harmonic oscillator can be obtained as
1
Enνk (k) = (nk + )~ωk ,
2
√
−ωk Q2k /2~2
ν
Hnk ( ωk Qk /~),
|ψnk (Qk )i = Ink e

(2.20)

where nk = 0, 1, 2, · · · is the vibrational quantum number, Ink is the normalization
√
factor, Hnk ( ωk Qk /~) is the Hermite polynomials.
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Figure 2.1
Left: PES and vibrational energy levels for a one-dimensional harmonic
oscillator. Right: Wave functions of the first four energy levels.

Figure 2.1 shows the PES and corresponding energy levels of a one-dimensional
harmonic oscillator. The wave functions of the first four energy levels are also
shown. It can be seen that the energy of the vibration is quantized with energy
difference between neighboring levels equal to ~ωk . Another property is that the
energy of the ground vibrational level (nk = 0) is not 0, with this we can obtain
the zero point energy (ZPE) of the molecule as
1X
E0 =
~ωk .
2 k=1
N

2.2

(2.21)

Vibronic coupling in electronic transitions

Electron-vibration coupling, or vibronic coupling, describes the interaction between the electron motions and the molecular vibrations. It has important implications for many properties of a molecule and plays an important rule in our
understanding of electronic transitions. For example, if we measure the absorption and emission spectra for the model system given in Figure 2.2 (a), a broad
band originating from the electronic transition splits into several peaks due to the
vibrational transitions as shown in Figure 2.2 (b).
The transition probability between two states is proportional to the square
of the transition dipole moment
pif ∝ |µif |2 .

(2.22)

11

2.2 Vibronic coupling in electronic transitions
(a)

(b)

Absorption

Emission

Energy

Figure 2.2
(a) Schematic drawing of the one-photon optical absorption and emission processes. (b) The corresponding vibrationally-resolved absorption and emission
spectra.

Here the transition dipole moment µif = hΨi |~µ|Ψf i. In the BO approximation,
µif can be calculated as
µif = hψiν (Q)|µeif (Q)|ψfν (Q)i,

(2.23)

where µeif (Q) = hψie (q, Q)|~µ|ψfe (q, Q)i is the electronic part of the transition dipole
moment. Because µeif (Q) is dependent on the normal coordinates Q, it is not
feasible to obtain µif directly from Eq. 2.23. However, we can expand µeif (Q) as
a power series of the vibrational normal coordinate Q as
µeif (Q)

=

µeif (Q)0

+

N
X
∂µeif (Q)
a=1

∂Qa

Qa + · · · .

Here µeif (Q)0 is the transition electric dipole moment at the equilibrium geometry
of the initial state. Substituting the above equation into Eq. 2.23 we can get the
final expression for µif as:
µif =

µeif (Q)0 hψiν (Q)|ψfν (Q)i

+

N
X
∂µeif (Q)
a=1

∂Qa

hψiν (Q)|Qa |ψfν (Q)i.

(2.24)

The first term in the right-hand side of Eq. 2.24 is the Franck-Condon (FC) term,
the second term is the Herzberg-Teller (HT) term. Here the higher order terms are
neglected because usually they have rather small contributions to the transition
dipole moment. The overlap integral hψiν (Q)|ψfν (Q)i is called the FC overlap and
its square is the FC factor. From Eq. 2.24 we can see that an electronic transition
is always accompanied by vibronic transitions.
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There exist different approximations in the calculation of µif . The most
famous and commonly used one is the Condon approximation where only the
FC term in Eq. 2.24 is taken into account and the nuclear coordinate dependent
part of the transition dipole moment is neglected. The Condon approximation was
formulated by Condon in 1926 [35] based on the idea proposed by Franck [36] . When
the Condon approximation is invoked, the intensity of the vibrational transitions
are proportional to the FC factors. The Condon approximation is based on the
assumption that an electronic transition happens at a time-scale that is negligible
as compared to the nuclear motion of the molecule. This corresponds to a vertical
transition from the initial state to the final state. This approximation works fine
in most cases, especially for optically allowed transitions. However, for forbidden
or weakly allowed transitions, the non-Condon effect, i.e., the nuclear dependence
of the transition dipole moment (described by the second term in the right-hand
side of Eq. 2.24) must be considered in the calculation.
In order to simplify the expressions, in the following we re-write the wave
function of the molecular vibrations to a simplified form
|ψ ν i = |ni =

N
Y

|nk i.

(2.25)

k=1

The two integrals in Eq. 2.24 have the following expressions
hni |nf i =

N
Y

hnki |nkf i,

k=1
N
hnai |Qa |naf i Y
hni |Qa |nf i =
hnk |nk i.
hnai |naf i k=1 i f

(2.26)

The direct calculation of the integral hnai |Qa |naf i can be avoided by introducing
the lowering (A) and raising (A† ) operators of harmonic oscillator. In terms of A
and A† , Qa is given as
r
~
Qa =
(Aa + A†a ).
(2.27)
2ωa
By substituting it into Eq. 2.26, the expression of hni |Qa |nf i can be re-casted into
r
hni |Qa |nf i =

~
2ωa

Here we used Aa |na i =

√

√
N
na hnai |naf − 1i + na + 1hnai |naf + 1i Y
hnki |nkf i.
hnai |naf i
k=1

√

na |na − 1i and A†a |na i =

√

(2.28)

na + 1|na + 1i. From Eq. 2.26

2.2 Vibronic coupling in electronic transitions

13

and Eq. 2.28 both FC and HT terms can be obtained by calculating the corresponding FC overlap integrals.
Depending on the purpose of the calculation, the vibronic transitions shown in
this section can be evaluated in two different ways: the time-independent method
and the time-dependent method. In the time-independent method, the FC factors
are calculated directly for all the possible transitions and spectra are obtained in
a sum-over-state fashion. The advantage of this method is that it can provide
detailed information on the vibrational transition which sometimes is important
for the results analysis as well as for the further treatments. The main drawback
of the time-independent method is that for large molecules the number of possible
vibrational transitions could be huge and it might be difficult to obtain converged
spectra. This problem can in part be solved by using pre-screening schemes. One
scheme was proposed by Santoro et al. and it has been proven to be very efficient
even for large molecule. [37,38] However, there are situations where it is impossible
to obtain a full convergence with the time-independent method. Such a problem is
not faced by the time-dependent method where the sum-over-state is replaced by
the Fourier transform of appropriate correlation functions. Thus fully converged
spectra can be obtained very efficiently. However, the detailed information of
vibrational transitions are missing in this method. In the following we describe
the theoretical framework of both methods.

2.2.1

Duschinsky transformation

In the framework of the harmonic approximation, it is possible to relate the normal
coordinates of two electronic states of a molecule by a linear transformation
0

Q = JQ + K.

(2.29)

This relationship was first formulated by Duschinsky and it is now known as the
Duschinsky transformation. [39] In Eq. 2.29 and hereafter, we use a prime to label
the initial state quantities. J is a rotation matrix (also known as Duschinsky
matrix) which describes the mixing of the normal modes of the two states. K is a
column vector of the displacement of the PESs of the two electronic states along
the normal coordinates. If the optimized geometries and normal coordinates of
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both states are available, J and K can be calculated as
J = (L0 )−1 L,
K = (L0 )−1 M 1/2 ∆X,

(2.30)

0

where L and L are the normal modes (eigenvectors of the mass weighted Hessian matrix) of the initial and final states, respectively. M is a diagonal matrix
0
of atomic masses. ∆X = X − X is a vector representing the changes of the
equilibrium geometries of the two states.
Alternatively, K can be computed numerically by computing the gradient of
the final state potential energy at the equilibrium geometry of the initial state as
Ki =

Gi
,
ωi2

Gi =

∂E
,
∂Qi

i = 1, · · · , N.

(2.31)

Here Qi is the normal coordinate of mode i.
K can be used to calculate the dimensionless Huang-Rhys factors, for vibrational mode i with frequency ωi , the Huang-Rhys factor Si is defined as
0

ωi Ki2
Si =
.
2~
The square root of Si , λi =
of the mode i.

√

(2.32)

Si , describes the electron-phonon coupling strength

As point out by Sharp et al., the transformation given in Eq. 2.29 cannot
be accomplished when the numbers of vibrational modes are different in the two
electronic states, e.g., when a molecule changes from linear to nonlinear and vice
versa. [40] Thus the calculation based on Eq. 2.29 is limited to transitions without
such changes.

2.2.2

Time-independent method

In 1964, Sharp and Rosenstock derived general expressions for calculating FC overlaps of polyatomic molecules in the harmonic approximation. [40] Their expression
0
for the |0 i → |0i transition together with recursion relationships are the most
commonly used method in the time-independent calculations of multidimensional
FC factors. There are different versions of the recursion relationship, [41,42] in this
thesis we use the one proposed by Ruhoff and Ratner. [42]
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0

For a polyatomic molecule with N modes, the |0 i → |0i transition can be
computed analytically as:
 2N det(Γ0 Γ)1/2
1/2
h0 | 0i =
0
T
det[J(J Γ J + Γ)]
1
0
0
0
× exp K T [Γ J(J T Γ J + Γ)−1 J T − 1]Γ K .
2
0

(2.33)

0

Here Γ and Γ are N × N diagonal matrices of the vibrational frequencies
0

0

Γii = ωi ,

Γii = ωi ,

i = 1, · · · , N.

(2.34)

All of the other FC overlap integrals can be calculated with the following two
recursion relations: [42]
p
1 h
0
0
0
hn | ni = p 0 bα hn − 1α | ni + 2(n0α − 1)Aαα hn − 2α | ni
2nα
N q
X
0
0
+
ni /2(Aαi + Aiα )hn − 1α − 1i | ni
(2.35)
i=α+1

+

N
X
p

i
0
ni /2Eiα hn − 1α | n − 1i i ,

α ≤ β,

i=α

and
0

hn | ni = p
+

1 h
0
dβ hn | n − 1β i +
2nβ

q

0

2(nβ − 1)Cββ hn | n − 2β i

N
X
p
0
ni /2(Cβi + Ciβ )hn | n − 1β − 1i i

(2.36)

i=β+1
N q
i
X
0
0
+
ni /2Eβi hn − 1i | n − 1β i ,

α > β.

i=β+1

Here α and β are the index of the first mode with non-zero quantum number in
the initial state and final state, respectively. Here we have introduced a notation
0
to simplify the expression. For example, hn − 1i | n − 1β i means the quantum
0
number of the i-th mode in |n i and the β-th mode in | ni decreased by 1. In
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Eq. 2.35 and Eq. 2.36 we have used the following matrices
0

0

0

A = 2Γ 1/2 J(J T Γ J + Γ)−1 J T Γ 1/2 − I,
0 1/2

b = 2Γ

0

0

[I − J(J T Γ J + Γ)−1 J T Γ ]K,
0

C = 2Γ1/2 (J T Γ J + Γ)−1 Γ1/2 − I,
d = −2Γ

1/2

1/2

E = 4Γ

T

0

−1

T

0

(J Γ J + Γ) J Γ K,
T

0

−1

T

0 1/2

(J Γ J + Γ) J Γ

.

(2.37)
(2.38)
(2.39)
(2.40)
(2.41)

At 0 temperature limit, the recursion relation can be reduced to
1 h
0
h0 | ni = p
dβ h0 | n − 1β i +
2nβ
0

q
0
2(nβ − 1)Cββ h0 | n − 2β i

N
i
X
p
0
ni /2(Cβi + Ciβ )h0 | n − 1β − 1i i .
+

(2.42)

i=β+1

Form the method described above we can see that the calculation of FC
0
overlaps requires as input the vibrational frequencies of both states (Γ and Γ)
and the Duschinsky matrices (J and K).
Linear coupling model
There are cases when it is not feasible to obtain the needed parameters for
both states, especially when excited state is involved. In such cases, certain approximation has to be made in order to calculate the FC overlaps. One practical
way is to use the linear coupling model (LCM). [43] LCM assumes the PESs of the
initial and final states are the same except for a displacement along the normal
coordinates. Mathematically, such approximation can be written as
0

Γ=Γ,

J = I.

(2.43)

Sometimes the LCM is also named as displaced-harmonic oscillator model or double harmonic model.
As shown in Eq. 2.43, the mode mixing effect is neglected in the LCM, the
0
FC overlap between two vibrational levels |n i and |ni can thus be expressed as
the product of the single mode overlap integrals as
0

hn |ni =

Y 0
hni |ni i.
i

(2.44)
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0

The single mode FC overlaps hni |ni i can be calculated given the Huang-Rhys
factor is known. When n0i 6 ni , it can be written as
ni −n0i

hn0i |ni i = (−1)

S
− 2i

e

ni −n0i
2

s

Si

n0

i
n0i ! X
ni !(−Si )j
.
ni ! j=0 (n0i − j)!(ni − n0i + j)!j!

(2.45)

When n0i > ni , the FC overlaps can be evaluated based on the relationship
0

hn0i |ni i = (−1)ni −ni hni |n0i i.

(2.46)

At 0 K, Eq. 2.45 can be further simplified to
0

ni −

h0 |ni i = (−1) e

2.2.3

Si
2

ni
2

Si

r

1
.
ni !

(2.47)

Time-dependent method

Alternatively, the line shape of a vibrational transition can be calculated by evaluating the appropriate correlation functions in the time domain. In such a timedependent manner, it is not needed to explicitly compute the multidimensional
FC factors. Thus, the method is rather efficient especially for large molecules
where the time-independent method might not be able to obtain fully converged
spectra.
Here we use an one-photon absorption process within the Condon approximation to elucidate the method. The one-photon absorption line shape is given
by
X
γ
0
0
σ (ωI ) = |µeif (Q)0 |2
P (n , T )|hn |ni|2
,
(2.48)
(ωI − ωn0 ,n )2 + γ 2
0
n ,n

0

where ωI is the frequency of the incident light. P (n , T ) is the temperature (T )
dependent equilibrium population of the initial state, ωn0 ,n denotes the energy
difference between the two vibrational states involved in the transition. The line
shape broadening is of Lorentzian type with γ, which is the half-width at halfmaximum (HWHM).
The sum-over-state in Eq. 2.48 can be replaced by the Fourier transform of
the dipole correlation function as
Z
σ(ωI ) =

|µeif (Q)0 |2 Re
0

∞

dt exp[ı(ωI − ωn0 ,n − γ)t]σ(t).

(2.49)
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It has been shown by Yan and Mukamel that σ(t) can be explicitly evaluated
as: [44]
σ(t) = |ψ(t)|−1/2 exp[DT f (t)D],
(2.50)
where
1
0
0
ψ(t) = (C+ S A− + C− SA+ )(C+ SA− + C− S A+ ),
4
0
0
f (t) = −S A− (C+ S A− + C− SA+ )−1 C− , S −1 ,

(2.51)

with
0

A± = (n̄ + 1) ± n̄ exp(ıω t),
C± = 1 ± exp(ıωt),
0

n̄ = [exp(~ω /kT ) − 1]−1 ,
0

Sij = (ωi /ωj )1/2 Jij ,
Di = (ωi )1/2 (−J −1 K)i ,
0

S = (S −1 )T .
In practice, σ(t) can be computed in the time-domain with time-interval defined
as ∆t = 2π/(M × ∆ω), [44] here ∆ω is the desired spectral resolution. M is the
number of time steps to be calculated and it is defined by the preferred energy
window. The energy window has to be given in advance of the calculation. The
time-dependent method has been extended to include the non-Condon effect by
different groups. [45–49] We have implemented the one present by Shuai and his
co-workers. [45]

2.2.4

Comparison of the two methods

In order to show the relationship between the two methods, we adopt the LCM
model as an example, at the condition that the temperature is 0 K and only 1
0
mode is considered. Accordingly, we have n̄ = 0, A± = 1, J = 1, and ω = ω ,
Eq. 2.51 can be simplified as
ψ(t) = 1,
f (t) = −1/2[1 − exp(−ıωt)].

(2.52)
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The correlation function has the form
σ0 (t) = exp{−
It can be expanded in

D2
2

D2
[1 − exp(−ıωt]}.
2

(2.53)

as

∞
 X
 n
σ0 (t) = exp −D 2
1/n! D2 2 exp (−inωt) .
2

(2.54)

n=0

By performing a Fourier transform, the above equation results in
∞
 X
 n
σ0 (ωI ) = exp −D 2
1/n! D2 2 δ (ωI − ωge − nω) .
2

(2.55)

n=0

Comparing with Eq. 2.47, the above equation can be re-written as
σ0 (ωI ) =

∞
X

|h0| ni|2 δ (ωI − ωge − nω) .

(2.56)

n=0

Now it is clear that both method are equivalent.
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Figure 2.3 (a) Vibrationally resolved absorption spectra of a 2-Thiopyridone molecule
as calculation by the time-independent (black line) and time-dependent (red line) methods. (b) The change of the computational times when increase the temperature of the
calculations. The structure of the 2-Thiopyridone molecule is also shown.

In figure 2.3 (a) we give a schematic comparison of the spectra obtained with
the two methods. As can be seen, the two spectra are identical. However, the timedependent method is much faster than the time-independent method as comparing
the computational time. Another advance property of the time-dependent method
is it doesn’t increase the computational cost when the temperature increases, see
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Figure 2.3 (b). Therefore, it is a better choice to simulate the vibrational-resolved
spectroscopy at a finite temperature.

2.3

Electronic structure calculations

As we discussed above, electronic structure calculations, in which the electronic
part of the Schrödinger equation is solved, are needed to obtain required information for the calculation of electron-vibration coupling and the FC and HT factors.
The electronic Schrödinger equation can be written as
Ĥ e |ψ e (R, r)i = E e |ψ e (R, r)i,

(2.57)

with the electronic Hamiltonian
Ĥ e = T̂e + V̂N e + V̂ee .

(2.58)

Here T̂e , V̂N e , and V̂ee represent the kinetic energy of the electrons, the electronnuclear attraction, and the electron-electron repulsion, respectively.
Many methods can be used to (approximately) solve Eq. 2.57. The most
commonly used ones include the wave function based Hartree-Fock, post-HartreeFock methods and the density functional theory method.

2.3.1

Hartree-Fock and post-Hartree-Fock methods

The Hartree-Fock (HF) method is the simplest way to solve Eq. 2.57. In the HF
scheme, the exact many-electron wave function is approximated by a single Slater
determinant of orthonormal one-electron spin orbitals [φi (~xi )] as [50]
φ1 (~x1 )
1 φ1 (~x2 )
|ψ e (R, r)i ≈ √
..
N!
.

φ2 (~x1 ) . . . φN (~x1 )
φ2 (~x2 ) . . . φN (~x2 )
,
..
..
.
.
φ1 (~xN ) φ2 (~xN ) . . . φN (~xN )

(2.59)

with N being the total number of electrons in the system. With the help of the
variational principle, a set of one-electron Fock equations which can be used to
obtain the energy minimum and the corresponding one-electron orbitals, can be
constructed as, [50]
fˆi φi = εi φi , i = 1, 2, · · · , N,
(2.60)
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where the Fock operator fˆi is defined as
fˆi = hi +

N
X

(Jj − Kj ).

(2.61)

j=1

Here hi includes both the kinetic energy and the potential energy caused by the
electron-nuclear attraction. Jj and Kj represent the Coulomb and exchange part
of the Fock potential, respectively. [50] Both Jj and Kj are depending on the oneelectron orbitals, thus, the Fock equations have to be solved iteratively with the
self-consistent field (SCF) procedure.

The main problem with the HF scheme is that the electron-electron interaction is treated in an average manner and the electron correlation is neglected.
Many methods, such as the Configuration Interaction (CI) method, the MøllerPlesset perturbation theory (MPn) method, Coupled Cluster (CC) method, MultiConfiguration Self-Consistent Field (MCSCF) method, have been developed to include the electron correlation. [32] Normally these methods use multi-determinant
wave functions constructed from the HF wave functions, and they are often referred to post-HF methods.

Among the many post-HF methods, the MCSCF method is a popular method
to explore the excited state properties and it is our choice in part of the work presented in this thesis. The MCSCF method uses a multi-determinant for the wave
function and both the coefficients of the determinants and the one-electron wave
functions in each determinant are optimized with the SCF procedure. Thus, it
can be used to generate a qualitatively correct wave function. [32] The main task
for a MCSCF calculation is to select the needed configurations. The Complete
Active Space Self-Consistent Field (CASSCF) method is the most popular approach to this end. In CASSCF, the molecular orbitals (MOs) are divided into
active and inactive spaces. Normally the active space includes only the orbitals
of interest. Then a full CI, where the ground state determinant as well as all
the possible excited determinants are included, is performed to generate all the
needed configurations for the MCSCF optimization. A common notation for the
active space of CASSCF is (n, m) indicating n electrons distribute in m orbitals.
Post-HF methods such as CASSCF can systematically improve the accuracy of
the calculation but usually are very computationally demanding which make them
not suitable to study large systems.
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2.3.2

Density functional theory

The foundation of the density functional theory (DFT) is the two Hohenberg-Kohn
(HK) theorems with which Hohenberg and Kohn proved the one-to-one mapping
between the electron density and the ground state energy (the first HK theorem)
and showed that the electron density can be obtained by the variational principle
(the second HK theorem). [51] In 1965, Kohn and Sham supplied a practical way to
calculate the ground state density by solving the one-electron Schrödinger equation
of a noninteracting fermion system [52]
1
[− ∇2i + ϕi + υxc ]φi = εi φi ,
2

i = 1, 2, · · · , N,

(2.62)

where ϕi includes both the electron-nuclear attraction and the electron-electron
repulsion part of the potential. υxc is the exchange-correlation potential. φi is the
Kohn-Sham orbital. Eq. 2.62 is known as the Kohn-Sham equations. By solving
Eq. 2.62, the ground state density can be obtained as [52]
ρ=

N
X

|φi |2 ,

(2.63)

i=1

with N being the total number of electrons. With ρ in hand, the total energy can
be obtained as [32]
E[ρ] = TS [ρ] + Ene [ρ] + J[ρ] + Exc [ρ],

(2.64)

where TS [ρ], Ene [ρ], J[ρ], and Exc [ρ] represent the Kohn-Sham kinetic energy, the
potential energy corresponding to the electron-nuclei interaction, the electronelectron Coulomb energy, and the exchange-correlation potential energy, respectively. In the Kohn-Sham method, the exact functional form for Exc is unknown,
and it has to take some approximated form. The most common forms of the
exchange-correlation functionals include the Local (Spin) Density Approximation
[L(S)DA] functionals, the Generalized Gradient Approximation (GGA) functionals and the hybrid functionals. The hybrid functionals, where a fraction of the
exact exchange is included, are normally more suited to study molecular systems. [32] As complementary to the DFT method, a time-dependent version of
DFT (TDDFT) as proposed by Runge and Gross can be used to study the excited states. [53]
The majority of the electronic structure calculations presented in this thesis
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were performed by DFT (and TDDFT when excited states were involved) calculations with the popular B3LYP hybrid functional [54,55] . The long-range corrected
Coulomb-attenuating method-B3LYP (Cam-B3LYP) [56] has been chosen to study
a system with charge transfer characters.

2.4

The DynaVib software

Over the past several years we have developed a software, namely DynaVib [57]
(as proposed to describe the Dynamics of molecular Vibrations). It can be used
to simulate molecular vibration related spectroscopy such as vibrational-resolved
optical spectroscopy and resonant Raman scattering. As input the code will need
the force constants of the involved electronic states (at least the force constant
for one states should be given) which can be obtained from quantum chemical
electronic structure calculations. When non-Condon effect is to be taken into account, the code also needs the electronic part of the transition dipole moment and
the corresponding dipole derivatives which can as well be obtained by performing
quantum chemical calculations.
Both time-dependent and time-independent methods have been implemented
which made the code suitable to study for a wide types of molecules. The code
can be readily used to deal with outputs from several popular quantum chemical
packages, including Gaussian, Gamess, Orca and can be easily interfaced with
any other codes. All of the work presented in this thesis is obtained by this code.
Comparison with experimental results show that the code works fine for a large
range of molecules.

Chapter 3
STM induced photon emission
from single molecules
3.1

Background, a short review of the filed

Photon emission from a metal-insulator-metal tunneling junction was first reported by Lambe and McCarthy. [58] Later in 1988, Gimzewski and co-workers
observed photon emission in the tip-sample region of a STM. [59,60] They found
that the measured spectra carry spectroscopic information of the sample which
is comparable to conventional photoelectric spectroscopy. Owing to the intrinsic
advantage of the STM, the measured photon emission maps have nearly atomic
spatial resolution. Since then, STM induced emission has been used to study
various systems, for example, noble metal surfaces [61–66] , quantum wells [67–69] , and
metal islands [70–72] . Different models have been developed to describe the photon
emission from the metallic surface of a STM junction. [73–80] It is well-established
that the photon emission in such system is related to the formation and excitation of the localized surface plasmon (LSP) mode between the STM tip and
substrate. [61,81] During a (inelastic) tunneling process, electrons can lose a fraction of their energy to the LSP which can undergo a radiative decay and emit
light. [82]
Instead of the photon emission from metal surfaces and similar systems, STM
has also been used to excite monolayer or submonolayer of organic molecules supported on metal surface. [83–88] However, the strong coupling between the STM
substrate and the adsorbed molecules can significantly quench the photon emission from molecules and prevent the observation of well resolved optical spectra.
The breakthrough came in 2003 when W. Ho and his co-workers successfully mea25

26

3 STM induced photon emission from single molecules

sured the vibrationally resolved fluorescence from single porphyrin molecules. [3]
In their experiments, the porphyrin molecules are decoupled from the metallic
surface by an ultrathin insulator film (acts as a spacer). Similar method has been
used to observe the photon emission from other porphyrin molecules [9,10] and also
fullerene molecules [5,12,81] . Alternatively, multi molecular monolayers with the first
few layers serve as spacer has also been used to decouple molecules from the STM
substrate and had lead to the observation of vibrational-resolved emission from
porphyrin derivatives. [4,8] The mechanism of the STM induced photon emission
from molecules are different with that for the metallic surfaces. Formation and recombination of electron-hole pairs or to say the excitation and the radiative decay
of molecular excited states are needed for a molecule to emit light. One source of
the excitation is the inelastic electron tunneling (IET) process. In such process the
tunneling electron should have sufficient energy to excite the molecule (eV ≥ E0 ,
with E0 being the energy difference between the ground state and the first excited
state). Such a mechanism is supported by early experiments where the photon
emission can only be observed under large enough bias voltage and the spectral
profile did not show significant bias dependence. [3,4] It is worth to note that W.
Ho et al. also reported the tip-dependent emission spectra which indicates the
LSP can also affect the photon emission from the molecules. In the following we
shall use electroluminescence (EL) to stand for the STM induced photon emission. In a later experiment, Dong et al. reported two intriguing features of the EL
from tetraphenyl porphyrin (TPP) molecules. [8] First, they observed the generation of hot luminescence under bias voltage of eV < E0 . They also found that the
luminescence of the molecule can be tuned when measuring with different STM
tips. Plasmon enhanced luminescence was also observed for fullerene molecules. [12]
Both works strongly indicates that the LSPs should play an important role in the
STM induced molecular EL. Theoretical models have been developed to study the
current induced photon emission in molecular junctions [89,90] and also for STM induced EL [91–93] . Especially in a recent work, by using combined first-principle
calculation and a rate-equation method, Seldenthuis et al. have analyzed the
EL of porphyrin derivatives observed in early experiments. [93] However, in most
works the effect of the LSP induced excitation and emission has been completely
overlooked.

In this chapter we discuss the STM induced photon emission from single
molecules from theoretical point of view. It is worth to point out that the theoretical model can also be extended to describe molecules coupled to metallic
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electrodes in general. In the following we shall first discuss the theoretical framework. Then we give a summary of the main results we have obtained so far.

3.2
3.2.1

Theoretical framework
Excitation and Emission process

Figure 3.1
(a) A schematic picture of the electron tunneling and surface plasmonassisted excitation on a molecule confined in a STM. (b) The excitation and emission
processes. Solid light-green arrows: the electron tunneling pathways. Solid blue arrows,
the plasmon-assisted excitation and emission. Solid yellow and red arrows, electron
tunneling induced emission and spontaneous emission from the first singlet (S1 ) and
first triplet (T1 ) excited states. The internal non-radiative decay processes are indicated
by dashed arrows. Figures are selected from paper 2 and paper 3, reprinted with permission
from American Physical Society and John Wiley & Sons.

A schematic picture of a molecule confined in the tip-substrate nano-cavity of
a STM is shown in Figure 3.1 (a). There are two types of excitations, the first one
is the electron tunneling induced excitation and the other is the surface plasmonassisted excitation. The energetic diagram together with all the possible excitation
and emission processes are shown in Figure 3.1 (b). The molecule is coupled to the
STM tip and substrate with coupling strength γ L and γ R , here and after we shall
consider the STM tip as the left electrode and the STM substrate as the right. γ L
and γ R should be sufficiently small to reduce the quenching of the photon emission
process. In such weak coupling limit, the electron tunneling can be considered as
sequential tunneling. When a bias voltage V is added to the STM, it will open a
potential window between the two electrodes around the Fermi energy EF . The
bias drop can be symmetric or asymmetric governed by the constant α. For
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the electron tunneling induced excitation, it requires both the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital(LUMO)
in the bias window. An electron can tunnel into the LUMO meanwhile another
electron in the HOMO can tunnel out from the HOMO and lead to the formation
of the electron-hole pair required for the photon emission. The possible tunneling
pathways are depicted by solid light-green arrows. The resulting states could be
singlet (S) or triplet (T ) depending on the spin configuration. However, it should
be noted that although triplet state can be formed, but the lifetime of the triplets
is normally much longer than the singlets. Thus, normally the photon emission
will be dominated by the singlet emission. That is why only for certain molecules
STM induced phosphorescence has been observed. [5,12]
The LSP can be considered as localized electromagnetic filed, it can excited
the molecule resonantly into its excited states. In turn, it can also lead to the
resonant emission. The plasmon-assisted excitation and emission processes are
shown as blue arrows in Figure 3.1 (b). Owing to the dipole- and spin-selection
rule, plasmon-assisted excitation can only happen between electronic states with
the same spin multiplicity.
As long as the excited state is populated, the molecule can also spontaneously
emit photon, the spontaneous emission. In the following we shall see the spontaneous emission are similar to the electron tunneling induced emission and they
both are shown as yellow and red arrows. The dashed arrows represent the nonradiative decay processes.

3.2.2

Equation of motion of the density-matrix

The equation of motion of the density matrix for a molecule with N levels can be
written as
ı
∂ρ
= − [Ĥ, ρ] + Γtr ρ + Γph ρ + Rρ,
(3.1)
∂t
~
where
ρ = |ψihψ|
(3.2)
is the Hermitian density operator. Here the wave function of the system is
|ψi =

N
X

Cn |ni,

(3.3)

n=1

where |ni includes both electronic and nuclear part of the wave function |ni =
|en i|νn i. Cn is the (time-dependent) amplitude coefficient for the occupation of
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level |ni. The matrix element of the density matrix is ρmn = hm|ρ|ni = Cm Cn∗ .
As a result, the diagonal element, ρnn = |Cn |2 , gives the probability (or to say
P
population) of the molecule occupying level n and satisfy N
n=1 ρnn = 1. The
off-diagonal element ρmn describes the coherence between level m and n. [94] The
Hamiltonian of the system Ĥ can be split to two parts which can be read as
Ĥ = Ĥ0 + V̂ (t),

(3.4)

where Ĥ0 and V̂ (t) represent the Hamiltonian of the free molecule and the interaction Hamiltonian between the molecule and external electric filed (surface
plasmon), respectively. In matrix representation, Ĥ0 is diagonal with [94,95]
H0,mn = εn δmn ,

(3.5)

where εn is the eigenenergy of level n. Within the electric dipole approximation,
the interaction Hamiltonian can be computed as
V̂ (r, t) = −µ · ε(t),

(3.6)

where µ is the total electric dipole moment. Its matrix elements for two levels
m and n in different electronic states is given by the transition dipole moment as
(see also Eq. 2.24 in Chapter 2)
µmn = hm|~µ|ni = µe (Q)0 hνm |νn i +

X ∂µe (Q)
i

∂Qi

hνm |Qi |νn i,

(3.7)

here we have included both the Condon and non-Condon terms. As we discussed
before, Condon approximation is sufficient for optically allowed transitions while
the non-Condon effect is needed when dealing with forbidden transitions for example in the case of fullerene C60 . The surface plasmon can be considered as a
electromagnetic field by
ε(t) = eE(t)cos(ωt).
(3.8)
Here e, E(t) and ω are the polarization vector, the envelope function and the
resonant frequency of the surface plasmon, respectively. Γtr describes the decay
of the population and the coherence caused by the finite lifetime of the excited
electronic and vibronic levels, [96–98]
Γtr ρ = −

X Γm←n
mn

2

[anm amn ρ − 2amn ρanm + ρanm amn ],

(3.9)
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where amn is a matrix with the only non-zero element (m, n) equals to 1. Γm←n
is the decay rate from the level m to the level n. [97,98] The dephasing rate caused
by the environment is introduced into the density matrix by Γph to describe the
broadening of the emission spectrum.
The last term in Eq. 3.1 describes the electron tunneling induced excitation
and emission processes. We consider the molecule to be weakly coupled to the
electrodes where the tunneling process can be considered as sequential tunneling.
We follow the commonly used rate equation method (it will be discussed in the
next Chapter). In this method Rρ has the following form
Rρ = −

X

[Rn→m ann ρann − Rm→n anm ρamn ],

(3.10)

mn

where the electron tunneling rate between two levels m and n in different electronic
states (we assume Em < En ) can be computed according to Fermi’s golden rule
as [93,99,100]
Rm→n = µmn [γ L f (δE L ) + γ R f (δE R )],
Rn→m = µnm [γ L (1 − f (δE L )) + γ R (1 − f (δE R ))],

(3.11)

with
δE L = En − Em − eαV,
δE R = En − Em − e(α − 1)V.

(3.12)

γ L and γ R are the bare tunneling rates from the right and left leads to the molecule.
It should be noted that γ L and γ R could be different for different levels. α is the
bias coupling constant of the leads. f is the Fermi distribution function
f (E) = 1/[1 + exp(E/kB T )].

3.2.3

(3.13)

Description of the localized surface plasmon

The previous works have shown that the spectral profile of the emitted photon
depends on many factors, for example, the material of the tip and substrate [61,62] ,
the separation between the tip and the substrate, [73–75] the shape of the tip, [80]
etc. Calculations based on the experimental dielectric constants can give reasonable agreement with the measured spectra, see for example Ref. 61. However, a
more realistic model which can take the detailed structures of the tip-substrate
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nano-cavity into account is still missing. Thus, in our work, instead of model
calculations, the LSP defined by the tip-substrate nano-cavity is derived from the
experimentally measured photon emission spectrum of the nano-cavity. Such a
treatment is reasonable because the photon emission is caused by the radiative
decay of the LSP, so that the emission spectrum can actually be seen as the energy
profile of the LSP. As shown in Eq. 3.8, to characterize the LSP we need to know
the polarization (e), the envelope function (E(t)) and the resonant frequency (ω).
The polarization of photon emitted in an STM junction has been characterized
by Pierce et al., and they have shown that the emitted light, thus the LSP, is
dominantly linearly polarized. [64]
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Figure 3.2
(a) The measured photon emission spectrum of a pristine gold surface
measured with a W-tip [8] . The spectrum shows the surface plasmon resonance maxima
at 1.89 eV. (b) The pulse structure of the corresponding surface plasmon mode in the
time domain with resonant frequency ~ω = 1.89 eV and pulse duration τ = 9.5 fs.
Selected from paper 2, reprinted with permission from American Physical Society.

E(t) and ω can be obtained from the measured photon emission spectrum.
An example of the EL spectrum from a pristine gold surface under the excitation
of a W-tip [8] is shown in Figure 3.2 (a). From the energy profile we can find that
the resonant energy of the LSP in this example is ~ω = 1.89 eV. The envelope
function can be obtained with the help of the Fourier transform on the emission
spectrum. For the sake of simplicity, we make another approximation by assuming
the energy profile of the spectrum to be a Gaussian function. This will greatly
simplify the calculation. As a result, the envelope function can be described as
Gaussian pulses with
E(t) = E0 exp[−2ln2(

t − t0 2
) ].
τ

(3.14)

Here t0 = 20τ /1.76 with τ being the duration of the pulse. The amplitude E0 is the
field strength of the LSP. The corresponding pulse structure of the EL spectrum
shown in Figure 3.2 (a) is given in Figure 3.2 (b). The resulting pulse structure
has resonant frequency of ~ω = 1.89 eV and duration of 9.5 fs. Because the LSP
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is excited by the IET process, we have taken a train of pulses when solving the
equation of motion of the density matrix.

3.2.4

Calculation of the emission spectra

By solving Eq. 3.1, it is possible to calculate the photon emission caused by the
three emission processes separately. Both the plasmon-assisted emission and the
electron-tunneling induced emission are stimulated processes and their contributions can be obtained by calculating the work done by the surface plasmon and the
tunneling electron, respectively. We consider level n in the excited state and level
m in the ground state. The work done by the surface plasmon can be computed
as [97,98]
p
Wnm
(t) = Im[Hnm ρmn − ρnm Hmn ].
(3.15)
p
Wnm
(t) is determined by the instantaneous Rabi frequency, its negative part
pE
(Wnm (t), here we add the superscript E to indicate photon emission) represents
the stimulated emission induced by the surface plasmon. Similarly, we can get the
emission part of the work done by the tunneling electrons as
eE
Wnm
(t) = −Rn→m ρnn .

(3.16)

The spontaneous emission at time t is related to the population and the rate of
the radiative decay as
sE
Wnm
(t) = −Γm←n ρnn .
(3.17)
From Eq. 3.16 and Eq. 3.17 we can see that the two emission processes are similar with each other and they both directly related to the population of the excited states. Normally, the non-radiative decay of the vibrationally excited levels
(typically at the scale of 1012 s−1 ) are much faster than the radiative decay rate
(normally around 109 s−1 ) and the electron tunneling rate (depending on the coupling strength, γ = 1µeV corresponding to ∼ 2.4 × 108 s−1 ). Thus, normally only
the ground vibrational energy level will be significantly populated and can emit
photon. It should be noted that the two process are different because Rn→m is
dependent on the bias voltage while Γm←n is an intrinsic property of the molecule.
With all of the three emission processes available, the emission cross section
can then be obtained as
Z ∞
pE
eE
sE
σnm = A
(Wnm
(t) + Wnm
(t) + Wnm
(t))dt.
(3.18)
−∞
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The prefactor A is a constant. Finally we can obtain the power spectrum as
σ(ω) =

1 XX
σnm τnm
.
2
π n m (ωnm − ω)2 + τnm

(3.19)

Here τnm is the HWHM of the emission line, ωnm is the energy difference between
the levels n and m.

3.3.1

Results
EL of tetraphenyl porphyrin molecules
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Figure 3.3
(a) The optimized geometry of the TPP molecule. (b) The electron
tunneling induced excitation and emission together with the spontaneous emission
and nonradiative decay. (c) The plasmon-assisted excitation and emission processes.
~ω0 = 1.89 eV, ~ω = 0.16 eV. Selected from paper 1 and paper 2, reprinted with permission from American Physical Society.

The EL spectra of TPP molecules were measured by Dong et al. in 2010. [8]
In their work, they reported some unusual properties of the measured EL spectra.
With particular interest to us is the surface plasmon modification to the EL spectra. To simulate the EL spectra, we mimic the molecule by a model molecule with
energetic structures derived from the experimental value. The energy difference
between the ground state (S0 ) and first excited state (S1 ) is 1.89 eV, and the vibronic coupling is modeled by one vibration mode with frequency of 0.16 eV and
Huang-Rhys factor of 0.61. DFT/TDDFT calculation yields a transition dipole
moment between the ground and first excited electronic states of 2.13 D. The optimized geometry and the corresponding energy diagram are shown in Figure 3.3.
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For this molecule it is enough to take the Franck-Condon factors into account
to describe the vibrational structure in the EL spectra. In our simulations the
radiative and nonradiative lifetime have been set to 2 ns and 2 ps, respectively.
Bias voltage dependence of the EL spectra
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Figure 3.4
Bias dependence of the EL spectra. (a) The measured EL spectra of the
H2 TBPP molecules at different bias voltages at 300 K. [4] (b) The calculated EL spectra
for the model of TPP molecule. Selected from paper 1, reprinted with permission from
American Physical Society.

As a first example, and also to exam the electron tunneling induced excitation
and photon emission process, we have studied the bias voltage dependence of the
EL spectra of the model molecule [97,98] and compared it with the measured spectra
for a similar molecule [4] . In this calculation the surface plasmon-assisted excitation
has not been included. In the experiments, the EL spectra of the mesotetrakis
(3,5-di-terbutylphenyl) porphyrin (H2 TBPP) molecules were measured under a
series of bias voltages. By gradually increasing the bias voltages, the intensity
of the EL spectra are clearly enhanced. However, the emission profile remained
essentially the same as suggested by the Kasha’s rule, see Figure 3.4 (a). Such
bias voltage dependence of the EL spectra has also been observed for another type
of porphyrin molecule [3] . Our results, shown in Figure 3.4 (b), agree well with the
measured spectra. The enhanced intensity is caused by the increased population
of the excited state at high bias voltage. Due to the decay of population, only
the photon emission from the lowest vibrational level in the excited state can be
observed. Thus the observed spectra can be understood by the Kasha’s rule. It is
worth to note that noticeable spectral changes can be observed in the simulated
EL spectra. We found that such changes is even prominent when the molecule is
asymmetrically coupled to the electrodes (see Figure 3 of paper 2).
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Another interesting experimental observation is that photon emission can still
be observed when the energy of the tunneling electrons is lower than the energy
of the emitted photon. For example, the EL spectrum measured at 1.8 V is still
comparable to the ones measured at high voltages. From simulations we found
that such energy forbidden EL spectra is caused by the thermally assisted electron
tunneling. Detailed study shows that such energy forbidden photon emission could
be observed at temperature higher than ∼100 K, (see Figure 2 of paper 2).
Shaping the emission spectra by LSPs
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Figure 3.5
Left: Measured EL spectra (solid lines) under the excitation of different
LSP modes (dashed lines). Right: Calculated EL spectra of TPP molecule (solid lines)
together with the contributions from the three photon emission processes. Dashed
lines: plasmon-assisted emission. Dotted lines: electron tunneling induced emission.
Dash-dotted lines: spontaneous emission. The insets show the pulse shape for the corresponding LSP modes. Selected from paper 1, reprinted with permission from American
Physical Society.
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As we mentioned before, in a recent experimental work Dong et al. reported
that the EL from the same molecule can be modified by the LSPs defined by the
STM tips. [8] By using properly designed STM tips, they have successfully shown
the on-demand re-shaping of the emission spectra of the molecule. Their results,
the measured EL spectra (solid lines) together with the corresponding LSP modes
(dashed black lines) are given in the left column of Figure 3.5. There we can
clearly see the large variation of the emission spectra of the same molecules. The
positions of the enhanced peaks [(0, 2) in (a), (0, 1) in (c), and (0, 0) in (e)] and
new emission peaks [(1, 0) in (g), (2, 0) in (i)] are in good accordance with the
surface plasmon resonances and indicating the possible correlation between them.
Importantly, the existence of the high energy emission peaks can no longer be
understood by the Kasha’s rule.
To understand the surface plasmon induced modification on the EL spectra,
we have carried out the simulations with the inclusion of the surface plasmonassisted excitations. The measured surface plasmon modes were modeled by
Gaussian pluses which are shown as insets in the right column of Figure 3.5.
In all simulations we observed the resonant plasmon enhancement to the observed
EL spectra. The final results together with the contributions from the three individual emission processes are shown in the right column Figure 3.5. One can
immediately notice the excellent agreement between the simulations and the measurements. Through detailed analysis we can see that the both the spontaneous
emission (dash-dotted lines) and the electron tunneling induced emission (dotted
lines) always give the conventional double-peak profile while the plasmon-assisted
emission (dashed lines) is responsible for the observed spectral changes.

3.3.2

EL of Single C60 Molecules

One of the many potential applications for the STM induced molecular EL is the
identification of molecules at single molecule scale. The first step towards this goal
is the unambiguous assignment of the measured spectra. However, this may not
be an easy task especially when the emission of the molecules are complicated.
One such example is the EL of C60 molecule. The EL of single C60 molecules
with rich vibrational features was first measured by Ćavar et al. in 2005. [5] It was
found that the EL spectra can change drastically under different measurements.
Two types of EL spectra, assigned to fluorescence and phosphorescence, were
reported. In the measured phosphorescence spectrum [see the red line shown in
Figure 3.9(a)], two emission bands with similar shape have been observed and
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assigned to emission from the first two triplet states T1 and T2 which is against
the Kasha’s rule. Although we have seen in section 3.3.1 that Kasha’s rule no
longer holds when the surface plasmon-assisted emission has large contribution
to the spectra. It is not likely to be the case for the phosphorescence (T1 →
S0 transition) because plasmon-assisted process should have no direct effect on
such spin forbidden transition. Later, the same research group reported possible
correlation between the EL spectra of C60 and the LSPs defined by the STM tip
and substrate. [12] In the same work the previously reported phosphorescence was
reinterpreted to be plasmon-modified fluorescence although possible contributions
from the phosphorescence has not been ruled out. It is clear that theoretical
modeling is needed to understand the complex EL spectra of the C60 molecules
and to clarify the confusion.
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Figure 3.6
(a) Optimized ground state geometry of C60 . (b) Calculated free-molecule
fluorescence (blue line) and phosphorescence (red line) of C60 molecule. Part of the figure
is selected from paper 3, reprinted with permission from John Wiley & Sons.

Free molecule fluorescence and phosphorescence
We have firstly calculated the fluorescence and phosphorescence of the C60 molecule
in vacuum, the optimized ground state geometry together with the spectra are
shown in Figure 3.6. From theoretical calculation we can find that the fluorescence
(blue line) and the phosphorescence (red line) are quite similar. They both have
two main emission bands with each band consisting several vibronic side peaks,
the main peak of the two spectra are only separated by 8 nm in wavelength. Such
similarity made it hard to distinguish them experimentally. By comparing the
two spectra, we can also find that the high-energy shoulder which appears in the
fluorescence but not in the phosphorescence. Through further calculations, we
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found that these high-energy peaks can be considered as the fingerprint of the
fluorescence and can be used to identify the two emission processes from each
other. [101] Another valuable information we can get from the free molecule phosphorescence is that the fine structure in the spectrum is caused by the vibronic
coupling of one triplet (T1 ) instead of the first two triplets as suggested by the
experimental study. [5] This indicates the observed phosphorescence for C60 can
still be understood in the context of the Kasha’s rule. [101]
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Figure 3.7
Surface plasmon enhanced fluorescence. (a1) and (b1) The energy profile of the two LSP modes, from Ref. 12, used in the simulation. (a2) and (b2) The
corresponding pulse structure of the two LSP modes. (a3) and (b3) The calculated EL
spectra obtained with different field strength of the LSPs. The EL spectra without the
LSP excitations, with E0 = 0 V/m, are also shown for comparison. Selected from paper
3, reprinted with permission from John Wiley & Sons.
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Intensity

Then we have studied the fluorescence of C60 under the excitation of LSPs
with different field strength. The simulations are done with two different LSPs
given by the experiment, [12] the two LSP modes are shown in Figure 3.7 (a1) and
(b1). The corresponding time-domain structures of the two LSP modes are given
in Figure 3.7 (a2) and (b2). Both LSP modes can lead to intensity enhancement
and spectral modifications to the fluorescence spectra with large field strength
(E0 > 1.0×107 V/m), as shown in Figure 3.7 (a3) and (b3). From our calculation,
we found that although the two sets of EL spectra are quite different with each
other in terms of overall spectral profile, the high-energy shoulders are always
present. And because such emission peaks do not present in the phosphorescence,
we can use it to distinguish the two processes.
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Figure 3.8
Comparison of the calculated (blue solid line) and the experimental (red
solid line) fluorescence spectra [12] of C60 molecule under the excitation of a STM. The
plasmon-assisted emission (dotted line), the spontaneous emission (dashed line), and
the electron tunneling induced emission (dashed dotted line) are also shown. Selected
from paper 3, reprinted with permission from John Wiley & Sons.

When compared with the two EL spectra measured under the excitation of
the two LSP modes, we found only one of them is fluorescence and it is shown
in Figure 3.8 together with the EL spectra obtained with E0 = 5.0 × 107 V/m.
From Figure 3.8 we can see that not only the main features of the measured
spectrum can be nicely reproduced, details such as the high-energy shoulder are
also in good accordance with the measured one. The contributions from the three
individual emission processes are also shown in Figure 3.8 from which we can find
that the plasmon-assisted emission plays an important role and is responsible for
the fluorescence enhancement.
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Figure 3.9
The calculated STM-induced phosphorescence (blue lines) with different
HWHM.[(a) 100 cm−1 and (b) 150 cm−1 ]. The measured EL spectra [red lines, from
Ref. 5 and Ref. 12 for (a) and (b), respectively.] are also shown. The measured spectra
are vertically shifted for comparison. Selected from paper 3, reprinted with permission
from John Wiley & Sons.

STM induced phosphorescence
In order to reveal the origin of the remaining two spectra (shown as red lines in
Figure 3.9), we have compared them with the calculated STM-induced phosphorescence in Figure 3.9. The two calculated spectra are obtained with different
HWHM. One can immediately notice the nice agreement between the measured
and calculated spectra. This also let us to confirm that both of the two measured
spectra are STM-induced phosphorescence. The difference between the two experimental spectra is caused by the different resolution of different measurements.
The good accordance also leads to the conclusion that the first triplet to single
transition (T1 → S0 ) is responsible for the spectra. The two emission bands are
result of vibronic coupling instead of emission from different electronic states.

Chapter 4
Vibrational excitations in single
molecular junctions
Molecular junctions, normally built up by connecting single molecules to metallic electrodes, are often considered as one of the promising building blocks for
future electronic devices. [102] Ever since the first report on the measurement of
the conductance of a single molecule in 1997 [103] , the field has been extensively
explored both experimentally and theoretically. It has been found that the transport property of a molecular junction is related to different factors such as the
confirmation and electronic structure of the molecule, the coupling between the
molecule and the electrodes, just to name a few. Among these factors, the effect
of electron-vibration coupling is of particularly interest. [15,104]
Molecular vibrations can be excited by the tunneling electrons in different
ways depending on the coupling condition between the molecule and the electrodes. When a molecule is strongly coupled to the electrodes, e.g. in a chemically bonded molecular junction, vibrational excitations can only be detected by
the second derivative of the electric current to the bias voltage, which results in
the so-called inelastic electron tunneling spectroscopy (IETS). IETS is very sensitive to the configuration of the junction and has been widely used to detect and
determine the structural details of molecular junctions by combining the experimental measurements and theoretical calculations. [105–111] In this thesis we focus
on another situation where the molecule is weakly coupled to the electrodes. Vibrational excitations become prominent when the coupling between the molecule
and the electrodes (we use γ to describe the coupling strength as in the previous
chapter) is weak compared to the charging energy of the molecule (EC ) and the
energy difference between conducting molecular orbitals (∆E). [112] In this situ41
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ation a molecule can be charged by the tunneling electron and lead to step-like
Coulomb blockade behavior in the current-voltage characteristics. [104]

4.1

Electron transport in the sequential tunneling regime

In the weak coupling limit (γ L , γ R , kB T  EC , ∆E), a tunneling electron can stay
on the molecule for a rather long time during a tunneling process. If this time is
longer than the decoherence time of the electron orbital, the electron transport
can be considered as sequential tunneling (SET). [112] Figure 4.1 (a) illustrates a
typical setup of a weakly coupled molecular junction consisting of a conducting
molecule and the source (left) and drain (right) electrodes. A gate electrode can
also be introduced to form a single molecular field-effect transistor.
(a)

(b)

e-

Source

Drain

e-

αVb

EF

EF

(1-α)Vb

Gate
γL

βVg

γR

Figure 4.1
(a) A schematic picture of a weakly coupled molecular junction. (b) The
energetic diagram in the SET regime. The electron tunneling process is indicated by
the green arrows.

The corresponding energetic diagram of the junction is shown in Figure 4.1
(b). The left and right electrodes can be considered as reservoirs filled with
free electrons that obey the Fermi-Dirac distribution. The coupling between the
molecule and the left and right electrodes are described by the parameters γ L and
γ R , respectively. The discrete molecular orbitals of the conducting molecule can
be considered as the conducting channels for electrons. In the weak coupling limit
the broadening of the molecular orbitals caused by the electrodes is small enough
to be neglected. This is to say the electronic structure of the molecule is not affected by the electrodes. Applying a bias voltage (Vb ) between the two electrodes
can open a potential window. The bias drop on each electrode in determined by
the constant α. When electrons are off-resonance with the conducting channels,
i.e., no molecular orbital sits inside the potential window, the transport will be

4.1 Electron transport in the sequential tunneling regime

43

blocked. Once a resonance is established, i.e., when a conducting orbital enters
the potential window, a rapid increase of the electric current will be observed.
Since the tunneling electron can stay on the molecule for a while, the molecule
thus undergoes a change of charging state. The existence of the extra electron
in the molecule will also prevent another electron from coming in until the bias
voltage is large enough. The gate electrode can shift the molecular energy levels
up or down by βVg with β being the gate coupling constant, thus it can be used
to tune the transport properties of the molecule. EF indicates the Fermi level of
the left and right electrodes.

4.1.1

Rate equations

The transport properties in the SET regime can be described by the rate equation
method. If only one molecular orbital is accessible for transport, the problem can
be simplified to only consider the electron transition between two charging states
0
0
n and n with the charge difference being q − q = ±1. The electric current is
related to the stationary population (or occupation probability) of the molecule.
Consider two electronic states each consisting of a set of vibrational energy
levels, the rate equations that govern the electron transport process can be written
in matrix-form as [18,19,100]
dP
= (R + Γ)P,
(4.1)
dt
where P is a vector with element Pi being the populations of the molecule at state
P
i, Pi satisfies the condition i Pi = 1. R and Γ in the above equation describes
the transition rate and the relaxation in the system. The R matrix has similar
form as defined in Eq. 3.11 and here we re-write it to be:
R
L
,
+ Ri→j
Ri→j = Ri→j
L
R
Rj→i = Rj→i
+ Rj→i
,

(4.2)

where
L
Ri→j
= Fij γ L f (δE L ),
R
= Fij γ R f (δE R ),
Ri→j
L
Rj→i
= Fji γ L (1 − f (δE L )),
R
= Fji γ R (1 − f (δE R )),
Rj→i

(4.3)
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with
δE L = Ej − Ei − eαVb − eβVg ,
δE R = Ej − Ei − e(α − 1)Vb − eβVg .

(4.4)

Here i and j are energy levels belong to different electronic states and we have
assumed Ej > Ei . The superscripts L and R indicate the transition rate of
the left electrode and the right electrode, respectively. Fij (Fji ) represents the
Franck-Condon factor for the transition i → j (j → i). f is the Fermi distribution
function. The decay matrix Γ has the following form

0
0
eq


P
(n
,
T
)
−
δ
ij , i, j ∈ n ,

i
1  eq
(4.5)
Γij =
Pi (n, T ) − δij , i, j ∈ n,
τ


0,
otherwise .
with τ being the relaxation time of the vibrational excited states, normally it is
0
the lifetime of the vibrational excited states. δij is the Kronecker delta. Peq (n , T )
0
and Peq (n, T ) are the equilibrium population of the molecule at state n and n,
0
respectively. At temperature T , the elements Pieq (n , T ) and Pieq (n, T ) can be
calculated according to the Boltzmann distribution as
0

e−Ei /kB T
,
−Ej /kB T
0
j∈n e

Pieq (n , T ) = P

e−Ei /kB T
.
−Ej /kB T
j∈n e

Pieq (n, T ) = P

(4.6)

The stationary population of the molecule at given bias Vb and gate Vg voltages can be obtained when dP/dt = 0. This can be reached by solving Eq.4.1
iteratively with given time step dt. Alternatively, the stationary population can be
obtained by calculating the null space of R+Γ using singular value decomposition.
At stationary state, the electric current I can be obtained by calculating the
net current through the left or the right electrodes. For the left electrode, the
current can be calculated as [99,100]
I=e

XX

L
L
).
− Pj Rj→i
(Pi Ri→j

(4.7)

0

i∈n j∈n

The conductance is defined as the derivative of the current to the bias voltage as
G=

∂I
.
∂Vb

(4.8)
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Figure 4.2 Transport properties of a model molecule. (a) and (b) Current-voltage and
conductance-voltage curves calculated at different gate voltage. (c) and (d) Simulated
current and conductance stability diagrams. γ L = γ R = 0.1µeV, T = 100K, α = β =
0.5.

Figure 4.2 shows the transport properties of a model molecule calculated with
the rate equation method described above. We assume that the molecule consists
only one conducting orbital and is symmetrically coupled to the left and right electrodes with coupling strength γ L = γ R = 0.1µeV. The current-bias voltage and
conductance-bias voltage curves are shown in Figure 4.2 (a) and (b), respectively.
In the calculation the conducting orbital is assumed to be aligned with the Fermi
energy (EF ) of the electrodes so that electric current can be observed as long
as bias voltage is applied when Vg = 0 V. It soon reaches the maximum value
and remains unchanged until next level becomes available. Due to the resonance
between the tunneling electron and the conducting orbital, a strong conductance
peak can be seen at Vb = 0 V. Applying gate voltages can shift the orbital away
from the Fermi energy and finite bias voltages are needed to form the needed potential window between the two electrodes. Because the calculation is done at 100
K, the current steps are rather smooth and the conductance peaks are broadened.
In Figure 4.2 (c) and (d), we plot the two-dimensional maps of the current and
conductance as a function of gate and bias voltages. These maps are called stability diagrams or Coulomb diamonds. The edge of the stability diagrams correspond
to the position of the first electronic transition ( there is only one transition in
this example). The crossing point in the stability diagram is called the degeneracy
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point. The stability diagrams can be measured experimentally and give valuable
information about the energetic structures of the molecule.

4.1.2

Vibrational excitation and Franck-Condon blockade

We have shown in Figure 4.2 the transport properties of a model molecule without
including the vibrational excitations. In reality, an electronic transition is always
accompanied by vibrational excitations. The single current step (conductance
peak) as we have seen in Figure 4.2 will be replaced by a series of current steps
(conductance peaks) corresponding to the vibrational excitations. The height
distributions of the current steps and conductance peaks are determined by the
corresponding Franck-Condon factors. Because the Franck-Condon factors are
related to the electron-vibration coupling strength λ, it is expected that changing
λ could affect the electron transport properties.
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Figure 4.3
Simulated conductance stability diagram for a model molecule coupled to
one harmonic mode with different electron-vibration coupling strength. (a) λ = 1.0 (b)
λ = 4.0.

Figure 4.3 shows the simulated conductance stability diagrams of a model
molecule coupled with a harmonic vibrational mode. The only difference between
the two simulations is the changing of the electron-vibration coupling strength.
In Figure 4.3 (a) the electron-vibration coupling is moderate with λ = 1. It can
be clearly seen that including the electron-vibration coupling can lead to new
conductance channels and give rise to the conductance lines parallel to the edge
of the diamond structure. What’s more interesting is the simulation with strong
electron-vibration coupling strength (λ = 4). The calculated stability diagram is
shown in Figure 4.3 (b). One can immediately notice the large change caused by
the increase of the electron-vibration coupling. Although more vibrational excitation lines are visible in the Coulomb diamond, no conductance peaks around the
degeneracy point can be found. Because of the strong electron-vibration coupling,
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the Franck-Condon factors for the transitions close to the degeneracy point are
close to 0, thus the current is fully suppressed despite the existence of conductance
channel. This novel effect was first reported by Koch and von Oppen in 2005, and
has been named Franck-Condon blockade. [18]

4.2

Weakly coupled bipyridine molecular junctions

Franck-Condon blockade has been observed recently in suspended carbon nanotube quantum dots. [20] However, there is still no report on the observation of
Franck-Condon blockade in single molecular junctions. Moreover, the functionality of Franck-Condon blockade in a potential molecular device is still yet to be
explored.
Franck-Condon blockade is caused by the strong electron-vibration coupling
strength which is related to the geometry changes between different charging
states of the molecule, see the discussion in Section 2.2.1 on the calculation of the
electron-vibration coupling strength. A group of molecules that could be possible
to undergo large geometry changes are the bipyridine isomers. Each bipyridine
isomer consists of two pyridine rings connected by a C-C bond. Charging or decharging could lead to the rotation of the two pyridine rings around the connecting
bond, thus induce large electron-vibration coupling.
In this section, we use weakly coupled bipyridine molecular junctions as examples to show that the Franck-Condon blockade could be observed in certain
isomers of the molecule. By tuning the chemical configuration of the molecule
we show that Franck-Condon blockade can be functionalized to form a molecular
conductance switch.

4.2.1

Observable Franck-Condon blockade

As a first example, we have studied the electron transport properties of three
bipyridine molecular junctions, namely 2, 6’-bipyridine, 2, 4’-bipyridine, and 2,
2’-bipyridine molecular junctions. We have found that the three molecules have
very different electron-vibration coupling strength. It changes gradually from weak
in 2, 6’-bipyridine, through intermediate in 2, 4’-bipyridine, to very strong in 2,
2’-bipyridine. [113] Thus these three molecules are very good examples to study
the effect of electron-vibration coupling on the electron transport properties. We
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Figure 4.4
Chemical configuration and the simulated conductance stability diagrams
for three bipyridine isomers, (a) 2, 6’-bipyridine, (b) 2, 4’-bipyridine, and (c) 2, 2’bipyridine. The calculations are performed for transition between the neutral state and
the singly charged state (0 → 1).

have calculated the conductance stability diagrams for the three molecules. The
simulation results together with corresponding geometrical configurations of the
molecules are given in Figure 4.4. It can be seen that the transport properties of
the three molecular junctions are quite different. For the 2, 6’-bipyridine molecular
junction, all of the modes have rather weak electron-vibration coupling strength
and the dominant conductance channel is the one corresponding to the edge of the
Coulomb diamond. The 2, 4’-bipyridine molecule has some modes with intermediate electron-vibration coupling strength and more new conductance lines shows
up. As a result, the clear edge of the Coulomb diamond starts to fade out. For
the 2, 2’-bipyridine molecular junction, we observe strong Franck-Condon blockade with current blockade region spans from -0.1 V to 0.1 V. This indicates that
Franck-Condon blockade could be easily observed in the molecular junction with
the 2, 2’-bipyridine molecule.

4.2.2

Functionality of the Franck-Condon blockade

Instead of the three bipyridine molecules studied above, we have also calculated
the electron-transport properties of the 4, 4’-bipyridine molecule. The calculated
stability diagrams for the cationic state and the neutral state (−1 → 0) and the
transition between the neutral state and the singly charged state (0 → 1) are given
in Figure 4.5. Interestingly, we can see that the electron transport properties for
the two transitions are quite different. For the −1 → 0 transition, the diamond
structure is similar to that of the 2, 4’-bipyridine molecule and shows no sign
of Franck-Condon blockade. The characteristic in the 0 → 1 transition, on the
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Calculated conductance stability diagrams for 4, 4’- bipyridine molecule.
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Conductance (nS)

Conductance (nS)

(b)

(c) 0.15

8
4
0
-4
-8

0.15

'On' State

0.1
0.05
0

(d)

Conductance (nS)

(a)

Gate Voltage (V)

hand, is close to the one observed in 2,2’-bipyridine molecule and shows strong
Franck-Condon blockade.

0.1
0.05
0
0

2

4
6
8
Time (arb. units)

10

0.015
'Off' State

0.01
0.005
0

-0.4

-0.2
0
0.2
Bias Voltage (V)

0.4

Figure 4.6
Gate-controlled conductance switching of a 4, 4’-bipyridine molecule. (a)
Time dependent gate voltage applied on the molecule; (b) The zero-bias conductance
of the molecule switch between ”on” and ”off” state together with the changing of the
gate voltage; (c) and (d) The conductance-voltage characteristics of the molecule at the
”on” and ”off” states.

The different electron transport properties possessed by the two transitions
also opened a way to the functionalization of the 4, 4’-bipyridine molecule as a
molecular device. The conductance of the −1 → 0 transition is 0.13 nS at zero-bias
voltage. However, due to the existence of the Franck-Condon blockade, the zerobias conductance of the 0 → 1 transition is 0 nS, as can be seen in Figure 4.6 (c)
and (d). The fact that such difference is only related to the reference gate voltages
applied on the molecule suggests that a gate-controlled conductance switch with
ideal on-off ratio can be formed by a 4, 4’-bipyridine molecule. We have simulated
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this conductance switching process by adding a time dependent gate voltage to
the molecule, as illustrated in Figure 4.6 (a). In the simulations the HOMO and
the LUMO have been chosen to be the conducting channel for the −1 → 0 and
0 → 1 transitions, respectively. The gate voltages have been chosen to align either
the HOMO or the LUMO with the Fermi level of the electrodes. The conductance
switching effect is depicted in Figure 4.6 (b). From the conductance-bias voltage
curves for the molecule at ”off” states, as shown in Figure 4.6 (d), we can see that
for the 0 → 1 transition the current is blocked also at the finite bias in the FranckCondon blockade region. Thus the conductance switching effect can be extended
to finite bias voltages without affecting the performance of the device. It is noted
that the conductance switching proposed for the 4, 4’-bipyridine molecule is caused
by the existence of Franck-Condon blockade in certain transitions of the molecule.
It could be a general phenomenon that would be observed in other molecules.

Chapter 5
Optical absorption of the green
fluorescent protein
5.1

Motivation

Spectral difference between the one-photon and two-photon absorption at the
S0 → S1 transition has been observed for several fluorescence proteins. [24,28–30]
For example, for the enhanced GFP (EGFP), the first peak in the two-photon
absorption spectrum has blue-shifted by ∼ 1231 cm−1 when compared with the
one-photon absorption, see Figure 1 in Ref. 24. Such spectral difference is not
expected within the Condon approximation of spectroscopy because same sets of
PESs, (thus, the same FC factors) are involved in the transition. Back to the
1990s, Luo et al. have found that the non-Condon vibronic coupling can lead to
large blue shift of the two-photon absorption spectra of pyrimidine molecule. [114]
This is also true for the blue shift observed in the two-photon absorption spectra of Dioxaborine Heterocyclic Dye. [115] Thus it could also be responsible for
the observed spectral changes in the fluorescence proteins. Such a non-Condon
scenario was analyzed recently by theoretical calculations. [25,31] By using a doubleharmonic parallel-mode approximation to describe the vibronic coupling, Kamarchik et al. observed a blue shift of ∼ 500 cm−1 for the GFP chromophore
hydroxybenzylidene-2, 3-dimethylimidazolinone in the deprotonated anion state
(HBDI− ). However, the agreement with the measured value is far from satisfactory. Such discrepancy could be caused by a number of factors, for instance, the
accuracy of the quantum-chemical method used to describe the PES, the limited
number of vibrational modes included in the calculation as well as the limitation
of the double-harmonic parallel-mode approximation where the mode mixing ef51
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fect (Duschinsky rotation) is neglected. Therefore, a suitable quantum chemical
method with the inclusion of all of the vibrational modes is thus needed to achieve
an in-depth understanding of the spectral variation in the two-photon absorption
of the GFP.

5.2

Theoretical description of the absorption process

One-photon absorption is a linear process where a molecule resident at the ground
state (|ii) can be excited to the excited state (|f i) by absorbing a photon with
energy matching the energy difference between these two states (ω = ωif ), as
shown in Figure 5.1 (a). Two-photon absorption, on the other hand, is a non-linear
process where the molecule is promoted to the excited states by the excitation of
two photons with frequencies ω1 + ω2 = ωif , see Figure 5.1 (b). The energy of the
two photons can be the same or different.
(a)

(b)

ħω2

ħω

ħω1

Figure 5.1
Schematic drawings of the (a) one-photon absorption and (b) two-photon
absorption processes. |ii, |f i, and |νi represent the ground state, the final state and an
intermediate virtual state, respectively.

We have discussed the theoretical description of one-photon process in Chapter 2. Here we only briefly outline the theoretical description of the two-photon
absorption. The two-photon transition matrix element can be written in Cartesian
coordinates as [43,116]
Sαβ =

X hi|µα |νihν|µβ |f i hi|µβ |νihν|µα |f i 
+
,
ω
−
ω
ω
−
ω
ν
1
ν
2
ν

(5.1)
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with α, β = x, y, z. This is a sum-over-state expression with the summation goes
over all the intermediate states. In analogy to Eq. 2.24, the two-photon transition
matrix elements can be divided into the electronic and vibronic part as
Sαβ =

0
e
Sif
(Q)0 hn |ni

+

N
e
X
∂Sif
(Q)0
a=1

0

∂Qa

0

hn |Qa |ni.

(5.2)

0

e
Here hn |ni and hn |Qa |ni are the FC and HT integrals, respectively. Sif
(Q)0 is
the electronic part of the transition matrix elements,

e
Sif
(Q)0

νf
νf
X µiν
µiν
α µβ
β µα 
=
+
.
ων − ω1 ων − ω2
ν

(5.3)

By comparing Eq. 2.24 and Eq. 5.2, we can see that, in the Condon approximation, the one-photon absorption spectrum and two-photon absorption spectrum
should have the same profile because the same sets of PESs are involved in the
transition. The inclusion of the non-Condon effect may lead to difference between
the absorption profiles due to the involvement of HT factors and the interference
between FC and HT terms. The summation of all terms is dependent on the
transition dipole elements as well as the dipole derivatives.

5.3

Calculation results

In our work, we choose the HBDI− as the model of the fluorescent chromophore
of the GFP, since it is widely used in the quantum chemical investigations of the
GFP. [25,117] We have studied both of the two geometrical isomers of the HBDI− .
The geometries of the two configurations are shown in Figure 5.2. Normally the
fluorescent chromophore is in the cis form but isomerisation is possible. [118] Thus
it is interesting to understand the optical absorption properties for both isomers.
The vibronic coupling were simulated by the time-independent method with the
inclusion of Duschinsky rotation as described in Chapter 2.
The first step is to find a method that can give a good description of the PESs
of the chromophore. In order to do so, we have carried out calculations based on
density functional theory (DFT) and complete active space self-consistent field
(CASSCF) methods. The optimized geometries and vibrational frequencies of the
excited state at the DFT level are obtained by time-dependent DFT (TDDFT).
The long-range corrected density functional Coulomb Attenuating Method-B3LYP
(Cam-B3LYP) has been chosen in the DFT and TDDFT calculations. The active
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Figure 5.2

Geometrical structures of the cis-HBDI− (a) and trans-HBDI− (b).

space in the CASSCF calculations includes 12 electrons and 11 molecular orbitals.
In order to obtain high accuracy transition energies we have performed as well
the complete active space perturbation theory to the second order (CASPT2) [119]
calculations. A standard 6-31G(d) basis set has been used through out the calculations. The DFT and CASSCF calculations are performed by the Gaussian 09
software package. [120] CASPT2 calculations are done with MOLCAS 6.4. [121]

5.3.1

One-photon absorption spectra

We have firstly calculated one-photon absorption spectra of the two isomers. It is
found that the one-photon absorption is dominated by the FC part which is common for optically allowed π-π transitions. The simulated one-photon absorption
spectra of cis-HBDI− and trans-HBDI− are shown in Figure 5.3 together with the
corresponding experimental spectra. The calculated spectra have been calibrated
with respect to the first absorption peak of the measured ones. The energy shift
for DFT spectra (-0.58 eV for cis-HBDI− , -0.43 eV for trans) is always larger than
those of the CASSCF/CASPT2 ones (0.17 eV for cis, 0.32 eV for trans), indicating the better accuracy of the later. The DFT spectra can partly reproduce the
measured spectra, for example, the position of the two absorption bands are in
good accordance with the measured spectra. However, the intensity of the second absorption band is clearly underestimated by DFT for both isomers. On the
other hand, the agreement between the CASSCF/CASPT2 spectra and the ex-
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Figure 5.3
One-photon absorption spectra calculated with Cam-B3LYP (middle panels) and CASSCF/CASPT2 (bottom) methods compared with experimentally measured
spectra (top). Left column: cis-HBDI− , right column: trans-HBDI− . The calculated
stick spectra (shown as red bars) are convoluted by a Lorentzian function with HWHM
of 150 cm−1 . The experimental spectra are taken from references 24, 122, and 123
for the EGFP, gas phase HBDI− , and trans-GFP, respectively. The spectrum of the
gas phase HBDI− has been red shifted by 0.05 eV. The calculated spectra are shifted
to match the first absorption peak of the measured spectra. Selected from paper 5,
reprinted with permission from Taylor & Francis.

perimental spectra are quite satisfactory. This indicating the CASSCF/CASPT2
approach is better choice in studying the optical absorption properties of the GFP.
The effect of Duschinsky rotation
In order to understand the role of the Duschinsky rotation on the absorption spectra, we have also computed the corresponding spectra for the cis-HBDI− at the
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Figure 5.4
Comparison of the spectra computed with (black lines) and without (red
lines) the inclusion of the Duschinsky rotation. The spectra are calculated for cisHBDI− with (a) Cam-B3LYP and (b) CASSCF/CASPT2 methods. The spectra are
convoluted by a Lorentzian function with HWHM of 150 cm−1 .

LCM level. The results are shown in Figure 5.4 and directly compared to the
spectra obtained with the inclusion of Duschinsky rotation. From Figure 5.4, one
may conclude that the LCM model can reasonably be used to describe the absorption of the GFP chromophore although small changes are found when comparing
with the spectra obtained from calculations with the inclusion of the Duschinsky
rotation.

5.3.2

Two-photon absorption spectra

The success in the description of the one-photon absorption made the CASSCF
method our first choice for simulating the two-photon absorption spectra. The
Dalton program [124] has been used to calculate the two-photon transition matrix
elements and numerically evaluate its gradients along the normal modes at the
ground-state equilibrium.
In Figure 5.5 we have plotted out the calculated FC and FCHT two-photon
absorption spectra of both isomers, which can directly illustrate the effect of the
non-Condon vibronic coupling on the spectra. As expected, the FC spectra are
similar to the one-photon absorption spectra. Comparison with the available
experimental spectrum shows large derivation in terms of spectral profile and the
position of the maximum absorption peak. Better agreement is obtained when the
non-Condon vibronic coupling is included. As shown in the bottom left panel of
Figure 5.5, the calculated FCHT spectrum for the cis-isomer can nicely resemble
the overall profile of the measured spectra. The maximum absorption peak is much
close to the experimental one. It is clear that the non-Condon effect has caused a
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Figure 5.5
Calculated two-photon absorption spectra of cis-HBDI− (left column)
and trans-HBDI− (right) with the CASSCF/CASPT2 method. HWHM = 150 cm−1
. The experimental two-photon absorption for the cis-isomer (dashed blue line, from
reference 24) is also shown for comparison. The calculated spectra are shifted for better
comparison with the measured spectra. Selected from paper 5, reprinted with permission
from Taylor & Francis.

blue shift of the main absorption peak in the two-photon absorption spectra. Our
calculated blue shift between the one-photon and two-photon absorption spectra
is ∼ 1600 cm−1 , in good agreement with the experimental value (∼ 1231 cm−1 ).
Similar blue shift is also predicted for the trans-HBDI− . Our calculations thus
confirm that the blue shift of the two-photon absorption of the GFP observed in
the experiments is indeed caused by the non-Condon vibronic coupling.
Before we end this Chapter, there is one more question we want to address, that is, can we select only the most important modes when simulating
the vibrationally-resolved spectra. In order to test this, we did calculations with
the LCM model where mode mixing effect is neglected. The calculations are performed for the cis-HBDI− molecule. We have selected the FC active modes for the
molecule by choosing only the modes with Huang-Rhys factor larger than 0.01.
As results, the number of modes need to be taken into account has decreased from
75 to 29. Then we calculated the two-photon absorption spectrum at both FC
and FCHT level, this should give us a picture on the more general situations. The
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Figure 5.6
Comparison of the two-photon spectra computed with the inclusion of all
modes (black lines) and with only the FC active modes (red lines) at FC (a) and FCHT
(b) level. The spectra are calculated for cis-HBDI− with the LCM model. The spectra
are convoluted by a Lorentzian function with HWHM of 150 cm−1 .

simulations results together with the full calculations are shown in Figure 5.6.
From Figure 5.6 (a) we can see that under Condon approximation, to select only
the active modes is sufficient to describe the absorption spectrum. And because
the number of modes needed to include have been reduced, the calculation is
also much faster. However, when the non-Condon effect is considered, a large
difference between the spectra obtained by the simplified calculation and the full
calculation can be seen, as demonstrated in Figure 5.6 (b). The reason behind is
that the FC silent modes may have significant contributions to the HT part of the
spectrum. Thus a selection based solely on the FC activity may not be sufficient
when non-Condon effect have large contribution to the total spectrum.

Chapter 6
Summary of results
6.1

STM induced photon emission from single
molecules

The STM induced photon emissions from TPP and C60 molecules are investigated
by means of theoretical calculations in paper 1-3.
In paper 1 and paper 2, we developed a density-matrix based method to
calculate the STM induced EL from molecules. In the density-matrix approach the
electron tunneling and LSP induced excitations can be treated on an equal footing.
Model calculations for the TPP molecule reproduced corresponding experimental
spectra and nicely explained the observed unusual large variation of emission
spectral profiles.
In paper 3 we studied the STM induced fluorescence and phosphorescence
of C60 molecules. The non-Condon effect which is crucial in the description of
the photon emission from C60 molecules has been included in the density-matrix
approach. The measured spectra were nicely reproduced and correctly assigned
by combined density-matrix approach and DFT calculations.

6.2

Vibrational excitation in single molecular junctions

In paper 4 we studied the vibrational excitation in realistic molecular junctions
based on the bipyridine isomers. Strong Franck-Condon blockade was found in
molecular junctions with the 2,2’-bipyridine and 4,4’-bipyridine molecules. The
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6 Summary of results

functionality of the Franck-Condon blockade was discussed in a molecular junction
with the 4,4’-bipyridine molecules. A gate-controlled zero bias conductance switch
with ideal on-off ratio was proposed.

6.3

Optical absorption of the green fluorescent
protein

In paper 5 we performed a systematic study on the optical absorption properties
of the GFP chromophore HBDI− . The calculated one-photon and two-photon
absorption spectra are in good accordance with the experimental spectra. Based
on the calculation we confirmed that the non-Condon effect is responsible for the
experimentally observed blue shift between the one- and two-photon absorption
spectra.
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