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1. Introduction

In 1965 Gordon Moore predicted that the number of transistors in an integrated cir-
cuit would double every year for the next ten years [1]. This prediction became self
fulfilling and was labeled “Moore’s law* later. It held for a much longer time than the
predicted ten years but as transistors get smaller quantum effects play a larger role and
thus Moore’s law will slow down [2]. To keep up technological progress it is, therefore,
necessary to find alternatives to the predominance of silicon based devices.

A possible solution to further downsize electronic devices is molecular electronics. The
size of molecules is on the (sub) nanoscale and they are perfectly reproducible. The
starting point for the research of molecular electronics was the proposal of a single
molecule rectifier by Aviram and Ratner [3]. However, it took 21 years until the first suc-
cessful electric contact with an individual molecule was reported by Joachim et. al. [4].
They used a scanning tunnelling microscope to measure the dependence of the cur-
rent flowing through a Cgy molecule with respect to the tip-molecule distance. Seminal
experiments [5, 6] have boosted intense investigations in the transport properties of
single molecule junctions [7-10]. A very useful tool to probe single molecule junctions
is the scanning tunnelling microscope (STM). It was invented by Binnig and Rohrer
in 1982 [11] and is widely used to study surfaces with atomic resolution [12, 13], to
manipulate single atoms [14, 15] and to perform spectroscopy on single atoms [16]. It is
a very useful tool to realize single molecule junctions due to its high spatial resolution.
In semiconductors a widely used technique to obtain spectral information directly in
the time domain is THz-spectroscopy [17]. The reason is that in many-body systems
energy differences between relevant states are usually of the order of the energy of a
THz photon.

A new trend is to combine the ultrafast temporal resolution of THz spectroscopy with
the high spatial resolution of an STM [18-20].

In this thesis, we consider a single copper phthalocyanine molecule, from now on de-
noted as CuPc, in a THz-STM junction. We focus on the spin-orbit induced dynamics
in this junction and how to make a connection between them and charge measurements
in pump probe experiments.

In the second chapter we derive a many-body Hamiltonian able to describe CuPc and
analyse its spectrum. Furthermore, we explore how to model the leads of our single
molecule junction and describe the tunnelling processes.

The third chapter is used to derive a transport formalism for the THz-STM. We start
by deriving a transport formalism for the reduced density matrix and neglect the special
geometry and the effect of the THz laser pulses in the beginning. After having derived
our general transport formalism, we discuss how to incorporate these effects into the
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transport formalism.

The fourth chapter is dedicated to a simplified model of CuPc in the THz-STM set
up. We neglect the spin in this chapter and only model the molecule by two quasi
degenerate orbitals. We investigate the pseudospin dynamics of this model to gain a
better understanding of what to expect from the full model. Furthermore, we investi-
gate pump probe schemes to obtain a connection between the internal dynamics and
experimentally possible charge measurements.

In the fifth chapter the numerical investigation of the full model for the molecule in
the junction is presented. The spin orbit driven dynamics are investigated and again
pump probe schemes as a possible way for electronic measurements of the dynamics are
explored.

The sixth chapter is used to investigate the spin-orbit driven dynamics with an analyt-
ical approach. Therefore, we show how to expand the density matrix in its irreducible
components and how to get information about the spin and pseudospin dynamics from
this approach.



2. Theoretical Model of Copper
Phthalocyanine

To describe any quantum mechanical system one needs to know its Hamiltonian. In
many-body problems it is quite a hard task to then solve the resulting Schrodinger equa-
tion since the possible solutions scale exponentially with the degrees of freedom. There
are many electrons in molecules so one needs to treat them in a many-body framework.
A useful tool to describe many-body problems is the second quantization formalism.
In the following chapter a scheme will be presented which allows the derivation of a
many-body molecular Hamiltonian, in second quantization, which can be treated with
analytical and numerical methods. We will present this scheme on the example of Cop-
per Phthalocyanine but there is no fundamental reason why it should not be applicable
to other molecules. Furthermore, we will discuss how to model the leads and tunnelling
processes for our transport calculations.

2.1. General many-body Hamiltonian

For a molecule with N, electrons and N,, nuclei the general many-body Hamiltonian in
first quantization reads [21]

H:Tn—f—fe—f_vn—n—'—‘?e—e—'—‘?e—n- (21)

The individual parts are the kinetic energy of the nuclei with mass M,

T.=> 2]\2, (2.2)

the kinetic energy of the electrons with the electron mass m,
~2

P (2.3)

= 2me
the interactions between the nuclei

Vien = Unon|Ra — Ry, (2.4)

k<l
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the electron-electron interactions

:Zve_em—fﬂ, (25)

i<j

and the interactions between electrons and nuclei

= Z Ve—n
ik

P — Ra\. (2.6)

R, and P, are the position and momentum operators of the nucleus «, whereas #; and
p; are the ones of the i-th electron. Unfortunately, solving the Schrodinger equation
for the Hamiltonian in Eq. (2.1) completely is not feasible for systems of realistic size.
The reason is that too many electrons and nuclei are involved and the resulting Hilbert
space is too big. To obtain a solvable problem we will concentrate on the valence
electrons and incorporate the core ones with the nuclei which are thus replaced by
atomic ions. Furthermore, a commonly used simplification is the Born-Oppenheimer
approximation.[22] It is based on the observation that the masses of the ions are much
larger than those of the electrons, i.e. M; > m., which makes them move slower. This
fact allows us to decouple the movement of the ions from that of the electrons. We will
concentrate in this thesis on the electronic dynamics and assume the ions to be “frozen”
in equilibrium positions.

2.1.1. Second quantization formulation in the atomic basis

With the Born-Oppenheimer approximation and complete freezing of the ions, we can
write Eq. (2.1) in second quantization as [23]

H Z Z >dalad57’b0
aff oo’
¥ (2.7)
+ Z Z O:Z’:gq dala ~vpo' d5q0’ d,@na
ﬁ%‘; o7

Here d' . is the creation operator of an electron in an atomic valence orbital at position
r, with angular momentum [ and spin o. V, is the nuclear (attractive) potential
stemming from the ion at position r.,. The Hamiltonian in Eq. (2.7) consists of a single
particle part and electron-electron interactions. Let us first focus on the single particle
part. We rewrite it as

=33 (hatosno + Viis nor) Ahiodinor (2.8)

aff oo’
in
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accounting for the crystal field corrections with the single particle part,

aimner = 2 (ala|Vy|Bna’) . (2.9)
7721,5

The single particle part can be represented in matrix notation by

hala,ﬁna’ - galoéaﬁélnéaa’ + bala,ﬁna’(l - 5045)' (210)

Here €4, is the on site energy and byi» gno are the hopping integrals between atoms. To
set up the hopping integrals we use the linear combination of atomic orbitals (LCAO)
approach by Slater and Koster [24]. The hopping integrals then adopt the following
form

batopno’ = D Vine (Tag) fe(Pap). (2.11)

3

In this representation [ and n are the sub-shells of the orbitals |al) and |5n), £ denotes
the character of the bond between the sub shells of orbitals [ and n. The possible
values are £ = o, m,9. To determine the type of a molecular bond one can take a cross
section along the bonding axis and compare it to the cross section of a s, p or d type
atomic orbital. A ¢ bond will resemble a s-orbital, a m bond a p-orbital and a ¢ bond
a d-orbital, in their respective cross section [25]. The matrix elements Vj,¢ depend
only on the distance and can be calculated by the method proposed by Froyen and
Harrison [26]. The fe¢(¢as) depend on the angle ¢, which is the angle between the
vector connecting the two bonding atoms r,s = rz — r, and the different coordinate
axis corresponding to the involved orbitals. They can be found in the paper by Slater
and Koster [24].
The second part in Eq. (2.7) describes the Coulomb interaction between the electrons.
Ve is the matrix element of this interaction and has the following form

2l
V;g:gq = /d37“1d37’2<I>zl(r1)‘I)gn(rl)V(Tlg)q)f;p(rQ)(I)(gq(rg) (212)
Here V(r) = J;Or is the Coulomb potential and rj3 = |r; — ro| is the norm of the

difference between the positions r; and rp. The wave functions are ®,(r) = (r|al)
where we have omitted the spin indices.

2.1.2. Transformation to the molecular orbital basis

We assume that the states |alo) and |Sno’) are orthogonal, i.e.
(alo|fno’) = 0as0mdser (2.13)

This is not true in general since they can be centered on different atoms and thus have a
finite overlap. Numerical checks performed in Ref. [23] showed no qualitative difference
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by using this approximation because the overlaps are very small. Diagonalizing the
matrix h of elements Ay gno yields the molecular orbital basis {|io)} which can be
expressed in terms of the atomic basis as

i) =) ciall o), (2.14)
al
with the expansion coefficients ¢;o;. In this basis, the Hamiltonian from Eq. (2.7) is

ﬁmol = Z (giéij + Viijon> CZ;'LUdAjU

! s 55 (2.15)
+§ Z Z ijlﬂgdlg,dlg/dja,
ijkl oo’

It consists of the single particle eigenenergies ¢;, the transformed crystal field correc-
tions

Vii™ =D CaiCionValm (2.16)
ap

in

and the matrix elements of the Coulomb interaction
Vijr = /d37“1d37”2¢§k(rl)¢j(I’l)V(ﬁzWZ(HWZ(rz)- (2.17)

The molecular basis has some advantages over the atomic one. Firstly, we can take
the single particle energies of the molecule and fill the molecular orbitals according to
the Aufbau principle. By doing this we will obtain the energy of the highest occupied
orbital of the molecule and also an approximate solution to the electronic many-body
problem. Furthermore, it allows us to make a huge simplification in the calculations
by enabling us to choose an appropriate set of orbitals which are relevant to transport
and neglect the rest. We do this by splitting the orbitals in Ny frozen orbitals and
N4 dynamical orbitals. In the frozen orbitals we include N¢ orbitals which are always
double occupied, as well as N, orbitals which are always empty. The occupation of
the Ngq dynamical orbitals depends on the chemical potential of the molecule and the
possibility of exchange with the environment. In the smaller space of the dynamical
orbitals we will then incorporate electronic correlations in our calculations to obtain
the full solution of the many-body problem.

2.2. A many-body Hamiltonian for Copper
Phthalocyanine

Copper Phthalocyanine (from now an denoted as CuPc) is a planar organic macrocycle
which consists of an inner ring, made up by alternating nitrogen and carbon atoms.
It possesses four outer benzene rings which are covalently bond to the inner ring. In
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® Carbon

® Nitrogen

® Hydrogen
Copper

Figure 2.1.: Schematic depiction of a CuPc molecule. Taken from Ref. [23].

the center sits a Copper atom, see Fig. 2.1. However, there are many other classes of
metal Phthalocyanines with a different atom in the center, e.g. Mn, Co, Fe etc. CuPc
possesses 195 valence electrons which come from the 1s, 2s and 2p orbitals of the organic
ligand, i.e. the nitrogen, carbon and hydrogen atoms and from the 3d and 4s orbitals
of the copper center. In this section we will make use of the molecular orbital basis
introduced in the previous section to derive a many-body Hamiltonian for CuPc which
is able to account for single particle energies, electron-electron correlations and also for
spin-orbit interaction. The general Hamiltonian will have the form

I:Irnol = FIO + ‘766 + ‘7507 (218)

with the single particle part H,, the electron-electron interactions Vi and the spin orbit
interaction Vgp. Since this work is essentially an extension of the work done by Siegert
et al. [23, 27] we will closely follow this works in the following sections.

2.2.1. Single particle spectrum

Considering that we want to use the methodology introduced in the first two sec-
tions to build a Hamiltonian for the CuPc molecule, in the molecular orbital basis, the
first thing to do is to calculate the single particle Hamiltonian which was presented in
Eq. (2.10). We will use the LCAO schemes introduced by Slater-Koster [24] and Froyen-
Harrison [26] so we need to determine the bonding types between the valence electrons
of CuPc. The molecule is planar, thus its orbitals can be classified into a ¢ and 7 system
depending on their even or odd parity with respect to a reflection symmetry operation.
Accordingly the s, 2p,, and 2p, orbitals of the ligand are part of the o system. The 2p,
orbitals are contained in the 7 system. The 3dyy, 3dy2_y2, 3d,2 and 4s orbitals of the
copper atom are part of the o system. The remaining two d-orbitals, namely 3d,, and
3dy, belong to the 7 system instead. Furthermore, we need the geometrical parameters
which were taken from [28] and the on site energies from [29]. Then, the single particle
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-10 1 d @
L ® 3d,,
§_11 | zx/yz“ : 3dyz

5 -121 5..H : :Zs
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94 96 98 100
Molecular Orbital

Figure 2.2.: CuPc Single particle spectrum in the interesting Figure 2.3.: Ground state configu-

SOMO

region. The color of the inner circle depicts the 7 ,black, or ration in the frontier orbitals for the
the o,grey, bonding character. The inner circle shows the type neutral molecule. The arrows repre-
of the orbital via its color and the weight on the metal center sent electrons with spin up and spin

via the diameter. The energies of the SOMO, HOMO and down. Taken from Ref. [23].
the two LUMOs are marked by S, H, and L Taken from
Ref. [23].

xz/yz*

Hamiltonian h can be numerically diagonalized to yield the single particle energies ¢;,
shown in Fig. 2.2, and also reveal the molecular orbital basis [i) = >, ¢ia|c).

CuPc has 195 valence electrons, hence there is a molecular orbital which is occupied
by a single electron. By using the Aufbau principle we assume that this is the 98th
molecular orbital. Here we can see why using the single particle energies and the Auf-
bau principle is not enough to describe a many-body system, by anticipating results
from the next sections. The reason is that even though the 97th orbital has a lower
single particle energy its charging energy is much higher than the one of the 98th, see
Table 2.2.1. Therefore, in reality the 97th orbital is singly occupied, whereas the 98th is
doubly occupied. We will thus, like in the literature [30-32], refer to the 97th orbital as
SOMO (single occupied molecular orbital) and to the 98th as HOMO (highest occupied
molecular orbital). The next two orbitals which are degenerate in their single parti-
cle energy are the two lowest unoccupied molecular orbitals (LUMOy, and LUMOyy).
These four orbitals will form our dynamical orbitals, also called frontier orbitals, as
introduced in Sec. 2.1.2. They are displayed in Fig. 2.4. The single particle energies
of the frontier orbitals are eg = —12.0 eV, ey = —11.7 €V and e+ = —10.7 eV. This
means that we assume the lower 96 orbitals to be doubly filled at all times. Moreover,
we assume the orbitals above the two LUMOs to be empty. These two blocks of orbitals
will make up the set of frozen orbitals and will be ignored in our transport calculations
as discussed in Sec. 2.1.2. Following this analysis we can conclude that the number
of electrons in the frontier orbitals is, in the neutral state, Ny = 3. The filling of the
frontier orbitals in the neutral state can be seen in Fig. 2.3. We will see in the following
sections that by treating the full many-body problem this filling of the frontier orbitals
is the correct one.
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sz Lyz “
Figure 2.4.: Images of the four dynamical orbitals: SOMO, HOMO, LUMOy, and LUMOy,. Taken
from Ref. [23].

We can see from figs. 2.2 and 2.4 that the frontier orbitals have different contributions
on the copper center and the ligand. To distinguish them we introduce | )¢y and | )pe.
This discrimination will become useful in the analysis of spin-orbit effects. This allows

us to write
|sz/yz> =V 11— C%lez/yz>Pc + CL|3dxz/yz>Cua (219)

where ¢, &~ 0.097 is the contribution of the LUMOs, |Ly,) and|Ly,), on the 3dy, and
3dy, orbitals of the Copper atom. The SOMO can, in this notation, be expressed as

’S> =\ 1— C%|S>PC + CS|3dx27y2>Cu7 (220)

where cg ~ 0.9 is the contribution of the SOMO on the 3dy2_y2 orbital in the center. Due
to symmetry reasons the HOMO does not contribute to the metallic center. Therefore

it is just expressed as
H) = [H)pe. (2.21)

2.2.2. Imaginary representation of the frontier orbitals

The four frontier orbitals can be represented in a rotationally symmetric basis. For
the SOMO and HOMO this representation is the same as before whereas the complex
LUMOs are obtained via a linear combination of the two degenerate LUMOs |Ly,/yx)
yielding .
V2
The complex LUMO orbitals are depicted in Fig. 2.5. In the rotationally symmetric
basis we can classify them by the phase they acquire under a rotation of 7 around a
main rotational symmetry axis, e.g. the x-axis. This phase is &g = 7, &y = 0 and
Pp+ = £7, for the SOMO, HOMO and the LUMOs.

Let us take a look at the Coulomb interaction which was introduced in Eq. (2.17).

|IL+) = (|Lxzs) £1|Ly,)) - (2.22)
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Figure 2.5.: The LUMOs in their complex representation. The color describes the complex phase.
Taken from Ref. [23].

The potential
1 e?

= 2.2
V<r12) 471'60 |I'1 — I'Q‘ ( 3)

only depends on the distance between two electrons and is therefore rotationally in-
variant. We can define a rotation R which shall be again a rotation of 7 around the
main rotational symmetry axis of the molecule with r' = R~'r. This rotation has the
effect

RJj) = ¢™j), (2.24)

where {|j)} are now the four dynamical orbitals. Under the action of R, the wave
functions acquire the phase

Uy (R = () = (F]) = (rlRl) = ¢ (elj) = (). (2:25)
For the matrix elements of the Coulomb interaction one can deduce now
Vi = [ diry [ ot (ea)usy (r)V ()i (ra) o (r2)
= [ [ A e, aDV )i ) ()
= /d37"1/d37‘2¢f(Fl)e_@"%(rl)e@jV(Tm)@/JZ(rQ)e_@Wl(1"2)eiq>l

L i(®—D D
—e ( i j k l)‘/ijl

(2.26)

This relation puts some constraints on the orbitals which can be coupled by the Coulomb
interaction. Their phases, under the rotation R, have to fulfill

(Di — (I)j + q)k — (I)l = 27’L7T, ne”Z (227)

in order to have non-vanishing contributions. This constraint reduces the number of
matrix elements Vj;i; to take into account in the calculations.

10



2.2. A MANY-BODY HAMILTONIAN FOR COPPER PHTHALOCYANINE

For the crystal field correction V‘OH we see:

Vion — R—lv;ijonR = R 1 Z |V |.] {(Pi—P; )VIOII (228)

The phases of the frontier orbitals are all different so we can conclude from Eq. (2.28)
that the crystal field correction is diagonal in our basis.

Vit = Ve (2.29)

In our theory the crystal field corrections are four free parameters and need to be fitted
to experimental data. This gives us a way to express the first two terms of Eq. (2.18)
in the frontier orbital basis of CuPc. Those terms then read:

ﬁggl = Z (€i + 0;) Ay + ZUannu + = ZUl]n f;

[ZJ]

_ - ZZ J%-X (ﬁiUﬁJU djcrdjffd d )

[w] a

+ 5 Z Z JLdldldsd;,

(2.30)

+5 Z Z ( zgdeztodmdjadka + h.c. )

[ijk] @

The indices i,j and k denote the frontier orbitals SOMO, HOMO and the LUMOs,
whereas o stands for the spin. We assume a constant shift for the crystal field corrections
with value § = §; = 1.83 eV. The notation [ijk] denotes that the indices have to run
over different orbitals and 7; counts the number of electrons in an orbital irrespective
of its spin. We introduced some abbreviations for the Coulomb matrix elements in
Eq. (2.30) which are the following: U; = Vj;; denotes the orbital Coulomb interaction,
Uij = Viij; the Coulomb interaction between different orbitals, J7* = Vj;;; the exchange
interaction, JZ-I;- = Viji; is the pair hopping contribution and lastly the split pair hopping
is jgk = Vijit. The Coulomb integrals with four different indices are very small and
are thus neglected. The values for the integrals have been taken from Ref. [23] where
they have been calculated by Monte Carlo integration. The values of the non vanishing
integrals can be seen in table 2.2.1. We can see that the charging energy of the SOMO,
Us, is more than five times larger than the one of the HOMO, Uy, thus it becomes clear
why the HOMO is doubly occupied although it has a higher single particle energy.

11
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Us 11.352 eV J&% = —JF, 548 meV
Un 1.752 eV JE 258 meV
Up)o=U,_ 1.808 eV Jf_ 168 meV
Usu LT N I =T 9 meV
Ust 1.993 eV J = J& 2 meV
UnL 1.758 eV

Table 2.2.1.: Coulomb integrals between the frontier orbitals, SOMO(S), HOMO(H), LUMO+ (+)
and LUMO- (-). Taken from Ref. [23].

2.2.3. Spin-orbit interaction in the frontier orbital basis

In this section we will derive the last missing part of our Hamiltonian in Eq. (2.18),
which is the spin-orbit interaction (from now on SOI). The SOI operator reads in the
atomic basis A o

Vso = Y &.LaSa, (2.31)

a,ly

with a running over all atoms and [, denoting the shells of atom «. Since, & is
negligible for the H,C, and N atoms we evaluate Eq. (2.31) only on the central copper
atom, i.e. « = Cu and [ = 2 corresponding to the d-orbitals, we obtain in second

quantization
2

VSO = &cu ( Z % (CztmTczmT - meidmi)

m=—2
3 /4 » .
- \[2 (dbyd-1t + di dor + h.c.) (2.32)
+ (dbydys +d'yyd 2 + hc.) ) .

The operator aﬁna creates an electron with spin ¢ on the copper atom in the orbital
with the set of quantum numbers (I = 2,m). The parameter ¢, can be found in the
literature [33] and is set to {c, &~ 100 meV. Like all other operators we project Eq (2.32)

on the frontier orbital basis set {S, H, L4+}. By doing this we obtain

VSO =\ Z T (Ci{TTCzLTT - 62£T¢CZLT¢)
=t R (2.33)
+s (dlydy, - +d] ,yds, +hec.).

We get effective SOI constants \; = %fcu|CL|2 = 0.47TmeV and \y = §CUC\S/C§L = 6.16meV.

Thereby all the pieces necessary to write Eq. (2.18) in the basis of our frontier orbitals

12
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are there. It then reads in full glory

Hyo = Z (e; +0)n; + Z Uitipfiy + = Z Uijiin;

[ZJ]

B Z Z Jii (ﬁiaﬁja CZIUCZ;UCZ d )

[l] 4

+5 Z Z Jhdldl,diad;, (2.34)

+ - ZZ( el dbdsdys + hoc.)

lijk] @

+ A Z T (dLTTdLTT - d{ﬂ,CZLT¢>

T=

+ /\2 (CﬂSTCZL—¢ + CZ{-FTCZSi + hC) .

Through numerical diagonalization of H,o it is now possible to obtain many-body
eigenenergies Exy and eigenstates |N, k) which are categorized by the number of particles
and the state index k. The Fock space spanned by ]f[mol has a dimension of 4* = 256
and thus the corresponding Liouville space a dimension of 2562 which makes it difficult
to deal with if one wants to keep coherences. Since in our transport calculations we
will work at low energies only many-body eigenstates with low energies are assumed to
play a role in transport. Thus, we will truncate the Fock space quite heavily as will be
discussed in later sections. Now we will focus on the low energy spectrum of CuPc in
the many-body basis.

2.3. Low energy spectrum of CuPc

The first thing to realize is that Hye as given in Eq. (2.34) possesses three different
energy scales. They are sorted by U > J > A. Here, U is a collection of all Hubbard
like parameters (Us, Uj;), J represents the exchange parameters (J5, J5, J”k) and A
represents the SOI parameters (Ay, Ay). To clarify the effect these parameters have on
the spectrum we will set J, A = 0 in the beginning and determine the ground states for

the neutral and anionic case. Then in two different steps we will analyse what happens

if we let J, A # 0.

13



2.3. LOW ENERGY SPECTRUM OF CUPcC

- S

t Til + T:l

U U+J U+J+A

Figure 2.6.: The anionic low energy spectrum of CuPc with the number of degenerate states d. With
only Hubbard like interaction (U) there is an eightfold degenerate ground state. The exchange interac-
tion introduces a splitting between the two sets of singlets and triplets. SOI introduces further splitting
in the triplet states yielding the spectrum on the right which is used in the numerical calculations.
Adapted from Ref. [23].

2.3.1. Neutral low energy spectrum

First we define the state |2) as
19) = dlydl, [0), (2.35)

where |0) is the molecule with zero particles in the frontier orbitals. [{2) is therefore
the state in which the HOMO is the only occupied orbital. The neutral ground states
found by full numerical diagonalization are

No, o) = d, |9), (2.36)

which are two spin degenerate states and Ny = 3, like already concluded in Sec. 2.2.1.
We will refer to them by
|Dg) = di,|2)

|Dg) = db,192).

The reason for that configuration is like presented in Sec. 2.2.2 that Us >> Uy. There-
fore, these configurations are energetically the most favourable. One of the two possible
configurations can be seen in Fig. 2.3. We denote the energy of those states as EY .

(2.37)

These ground states are not affected by SOI. There are some exchange terms in I:[mol
which create admixtures in these ground states, e.g. J&, 41,—- However, these admixtures
are very small and do not affect transitions between neutral and anionic states and can
therefore be neglected here. We talk about them in a bit more detail in App. A.1.

14
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< e H ?f‘;}: H
Ttl_:’“' S+ s
T;‘:xti‘*x S .J}&}J S

Figure 2.7.: Schematic depiction of the states |T™!) and |S,). The four frontier orbitals are shown
and the arrows indicate occupation by an electron with spin up or down.

2.3.2. Anionic low energy spectrum

With J; A = 0 the anionic ground state is eightfold degenerate and reads
INg + 1, 700") = di,di _.|Q). (2.38)

Here 7 = 4+ denotes which LUMO is occupied and ¢ and ¢’ are the spin indices of the
SOMO and LUMO respectively. The spectrum and its evolution with respect to the
energy scales is depicted in Fig. 2.6. We label the energy in the same way as for the
neutral ground state with EY, ;. There are two possible spin values for the electron in
the SOMO and the LUMO has 4 possible configurations (2 for the spin and 2 for the
orbital part) since the LUMO+ and LUMO- are degenerate. This leads to the eightfold
degeneracy of the ground state. To obtain also eigenstates of the operators S2 and S,
we rewrite the ground states as

1

S7) = =5 (dhydiny — diydi) 1), (2:39)
|T:—r1> = CZ:ETCZ{THQ% (2.39b)
T9) = =5 (dbydLey +didl..) 1), (2.39¢)
T Y) = didf,,|0). (2.39d)

In this representation one can see that there are two sets of singlets, which have zero
total spin, and two sets of triplets, with total spin equal to one. The two sets arise
because there is orbital degeneracy in the LUMOs. Without exchange effects and SOI
they are degenerate. Analogous to the neutral ground states the split pair hopping
introduces small admixtures and a slight energy shift of all states. Since, the admix-
tures are small and the energy shift is the same for all states we neglect them here.
The effects of the split pair hopping on the anionic states can be seen in App. A.1. A
schematic depiction of the states |TT!) and |S,) can be seen in Fig. 2.7.

We explore now the effect of including exchange coupling in the analysis of the spec-
trum. Since, there are two unpaired spins in the ground state (one in the SOMO and
LUMO) only one term of the exchange coupling part in Eq. (2.34) has an effect on the

15



2.3. LOW ENERGY SPECTRUM OF CUPcC

spectrum, which is

- Z ‘]gi (ﬁSUﬁLTU - CZgUdA{TJ’CZSU’CiLTU) . (240)

This is the combination of the terms with ¢ = S,;7 = L and ¢« = L,j = S. They can
be written in one term by applying J$§ = Jr§ and using anticommutator relations for
fermionic creation and annihilation operators. This term lifts the degeneracy between
the singlets and the triplets. The energy of the singlets is raised while the triplets
experience a downshift

Bs = EXg1 + st

2.41
B = B, — JS. 240

Finally, we will take a closer look at the influence of Vo on the anionic low energy
spectrum. Since the SOI constants are much smaller than the Coulomb interaction
terms one can treat the contribution of A in the framework of perturbation theory. To
analyse the effect of SOI on the states |T*!) and |T1') we will separately take a look
at the effect of the terms corresponding to A\; and Ay in Eq. (2.34). The \;-term is just
a counting term and shifts the energy by

AEps = AEq = —\. (2.42)
If we apply the Ay term to |T1') we get
|a) = )\QC?ITJ+¢J}LJ+T’Q> (2.43)

and for |T+)
B = dadl,_,d}_, |00 (2.44)

The states |@) and |b) are not eigenstates of the full Hamiltonian but are coupled by
the pair-hopping term

1 A
DY (i yodl | ooy, +hoc.) (2.45)

To obtain eigenstates of the full Hamiltonian we can form their linear combinations

1, ~
|a) = 7 (lay —18)) ,

b) = j§ (1a) +15))

With this we conclude that also for [T*!) and |T;') the formation of linear combinations
is necessary to obtain the correct eigenstates

(2.46)

T)) = j§ (1771 = T+1)
1

T2) = — (IT3) +T2)

(2.47)
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The energy of |[T;) and |Ty) without A, is
Er, = B, = 2By + Es + Ey, 4+ 40 4+ Uy — J& — A1 (2.48)
The energy of |a) is
E, = 2By + 2By, + 46 + Uy + Uy, + 4Upy, — J2_ (2.49)

and the one of |b)
Ey=E,+2Jf_. (2.50)

To capture the effect of the Ao-term we write an effective Hamiltonian in the basis
{|T1), |a),|Ts), |b)}, with subtraction of a constant background

AFE =2Fy + Eg + By, + 46 + Uy, (2.51)
it reads
_(Hi, 0
H = ( 0 sz) , (2.52)
with
_Jex )\ )\
_ SL 1 2
Hla — ( )\2 E@) 3 (253)
and
_Jex )\ )\
_ SL 1 2
Hy = ( o Eb) . (2.54)

Through diagonalization we obtain four states but we only look at the two interesting
ones for the low energy spectrum, namely

1
1) = \/ﬁ (IT1) +vala)),
— Y
| (2.55)
2) = ——— (IT2) +lt)).
\/1 Y%
with 7,/ & ﬁj\:@}j Their energies are
)\2
Firm—)\——"2
E ex
A
Ey~ -\ — 2

Ey+ JSE+ M\

The admixtures are very small and thus we will neglect them in further parts of this
thesis. They are however present in our numerical calculations. Nevertheless, with this
analysis we can conclude that T; and T, are the lowest lying states of the anionic
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molecule with an approximate energy splitting of

2\3JF

AEjTlT2 ~ E2

~ 20 peV, (2.57)

which corresponds well to the values observed in the full numerical diagonalization. We
write thus in the notation |N, k), introduced in the end of Sec. 2.2.3

4,0) = T3) = == (IT3) - |T4), (2.58)
[4,1) = [T2) = == (JT) + [T21). (2.58b)

V2

In the full numerical calculations also other admixtures are present but they do not
introduce a qualitative difference to this analysis and can therefore be ignored here.
The state |T9) is coupled via Ay to

di,, i), (2.59)

whereas |T?) to
df, 1l 4192). (2.60)

Therefore, they stay degenerate also under the influence of Vo and experience a shift
in energy [23]
A A3
25 Ar—J§
where A; is the energy corresponding to the states defined in eqs. (2.59) and (2.60).
This energy shift is very small since its dependence on the SOI parameters is quadratic.
We can now write the next excited states as

ABp = AP = (2.61)

14,2) = |TY9), (2.62a)
[4,3) = |T2), (2.62b)

by neglecting very small admixtures.
The \; term of Vso changes the energy of |[TT') and |T-!), with respect to Ex , by

AETf = AEp-1 = A1 (2.63)
To shorten the notation in the following we introduce two additional states

L+ 1, L= 1) = df df | |O), (2.64)
S 4,8 1) = dlydl,|2). (2.65)

The application of the A term on |TT') yields

Ao (diydy-y +df yds, +hoc) |TT) = XafS 1,8 §) = Ao|L+ 1, L— |} (2.66)
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and on |T~1)

Ao (dlydiy +df sy +he) [T7) = =XoST,S ) + |l 1. L— 1) (267)
We can conclude that the linear combination

o) = \}5 (T + 171 (2.68)

is an eigenstate of H,o1. The last missing eigenstate is

1
8=

with A; being the energy of |L+ 1,L— |) and Ay the one of |[S 1,S |). The energy of
|a) is not influenced by Ay and thus the energy shift, once again with respect to Er, is
the one given in Eq. (2.63). The energy shift for |3) reads

2\ 2\
T T ) 22 L+ L— ) — —"2 _\JISt.S 2.69
(T = T2) 4+ Tl L 1) = e hlS 1S ), (269

1 1
AEz =X\ — 4\ + . 2.70
o 2<A1+J§f A2+J§’ﬁ> 210

Thus, we write

[4,4) = 18) = —= (T - T2'), (2.71a)

Hg\H
[(\)

_ _ (1 -1
14,5) = |o) = N (T + 171, (2.71D)
where we have omitted the small admixtures to |3). Finally, the analysis of the Singlets,
|S;) and [S_), is very similar to the one of |[T%) and |T%). They stay degenerate and
their energy is shifted, now with respect to Eg, by

A A3

AEg, = AEg = — . 2.72
U g Ay =)

To finalize the discussion of the anionic low energy spectrum we write

4,6) = |S,), (2.73a)
4,7) = |S_). (2.73b)
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2.4. MODELLING OF THE LEADS AND TUNNELLING PROCESSES

We can capture the effects of the SOI on the unperturbed triplet states by an effective
Hamiltonian, in the basis {|T1"), |T9), |T:Y), [T, | T), | TN, 1,

ml 0 0 0 0 a
0 a4 0 0 0 O
0 0 —o/2 a3 0 O
0 0 a —2/2 0 O
0 O 0 0 ay O
@ 0 0 0 0 mf

H = 0516 + (2.74)

The parameters a; - a5 can be obtained from our numerical calculations and are oy =
0.860 meV, as = 2.26 x 1072 meV, ag = 1.66 x 1072 meV, oy = —1.01 x 1072 meV,
and a; = —13.1 eV. This Hamiltonian is able to reproduce the correct energy changes
and correct linear combinations corresponding to the ones we got by our analysis of the
anionic low energy spectrum.

2.4. Modelling of the leads and tunnelling processes

To describe transport through our system we need to clarify how we should treat the
leads which are connected to the system and how we describe tunnelling. In this thesis
we will model the leads as non-interacting Fermi seas which can be described by a
Hamiltonian of the following form

ﬁlead - ngoé;r(gékav (275)

ko

with €y, being the energy of an electron with momentum k and spin o, élT(o_ creates an

electron in the lead. Since, they are considered to be large reservoirs we describe their
density matrix as

R efﬁ<ﬁlead7#1\7) (2 76)
p - Z ) .
where = @%’ N is the particle number operator and Z the canonical partition

function.
To describe the tunnelling between our system and the leads we use a Hamiltonian
according to Bardeen’s tunnelling theory which reads [34]

ﬁtun = Z t?kégkoczio- + h.c.. (277)
ok
In Eq. (2.77) n denotes the different leads, éj]k

1, whereas JIU creates an electron on the system in the orbital ¢ with spin ¢. The
last part are the ¢} which are the tunnelling matrix elements between lead 7 and

» is the creation operator for the lead
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2.4. MODELLING OF THE LEADS AND TUNNELLING PROCESSES

the system. They are calculated as the overlap between the states in the lead |nko)
and the molecular orbitals |io) renormalized by the single particle eigenenergies of the

molecule [35]
th = eir (nkolio) . (2.78)
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3. A Transport Formalism For The
THz-STM

In this chapter we will derive a transport formalism for the THz-STM. Firstly, we will
deduce a general transport formalism without taking the special geometry of the STM
into account. Then we will make a short excursion into the general functioning of an
STM and how to describe it within our transport formalism. In the end we will explore
what effects the THz laser pulses will have on the treatment of the transport problem.

3.1. Transport within the density matrix formalism

In this section we will derive a general transport formalism in the density matrix frame-
work. We will follow refs. [36, 37] for this purpose.

3.1.1. Liouville equation for the reduced density matrix

The density operator can describe a mixture of states |¢,) (n € N) with statistical
weights W,,. The most general form is

=2 Walthn)(¥nl. (3.1)

To obtain a matrix representation of this operator we choose an orthonormal basis set,
{|®,,)}. The states |¢,,) can then be expressed in terms of this basis set as

By plugging Eq. (3.2) into Eq. (3.1) we obtain
p= Z W Gt | i) (P . (3.3)

This is the matrix representation of the density operator in the basis of the Hilbert space.
We will now start to develop a transport formalism for it. The necessary building blocks



3.1. TRANSPORT WITHIN THE DENSITY MATRIX FORMALISM

of an Hamiltonian able to describe transport through a system are
-E[ - -E[mol + ﬁleads + I:Ituna (34)

namely the central system part I:Imol, which in our case is a molecule, the leads I:[leads and
the tunnelling Hamiltonian Hin. They will have the form introduced in the previous
chapter. Let us for now assume that the Hamiltonian Hin Eq. (3.4) is time independent.
Then we can write the time evolution operator as

A

U(t) = e 170, (3.5)

This operator transforms a state |¢(0)) into a state |1)(t))

() = U(®)]4(0)). (3.6)
The time evolution of the density operator is given by
pt) = U)poU (t). (3.7)

Here, py denotes the density matrix at time ¢t = 0, i.e. po = p(t = 0). Differentiation of
Eq. (3.7) with respect to time yields

dp(t) _ iy

. (t) + o)

b h (3.8)
:—ﬁWﬁ@]

- St
>

This equation is called the Liouville-von Neumann equation, which we will call in short
Liouville equation. It is the most fundamental equation in density matrix theory. We
assume the tunneling part in Eq. (3.4) to be a small perturbation to our full system,
i.e. the coupling between the system and the leads is weak (weak coupling limit), and
rewrite the Hamiltonian as

H = Hy+ Hy. (3.9)
We define U (t) = e~ it to transfer the density matrix into the interaction picture
p(t) = Ugp() . (3.10)

By using egs. (3.8) and (3.10) we deduce the Liouville equation in the interaction
picture

(1) = S OM0N0(1) =
+ =080 Hop(t)0o(t) = 05 Ao (1)
D O L (3.11)
+ U3 (0)p(t) HOo(t) — U5 (8)p(t) HoUo (1)
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with
1L, () = U§ () HuwUo(t) = 3 (Hheo Gy €35 dL, (1) + hoc.) . (3.12)
%
ok

The time evolution of the density operator in the interaction picture only depends on
H] . Since we assume the tunnelling Hamiltonian to be a small perturbation to our

system we are able to solve Eq. (3.11) in the framework of time dependent perturbation
theory. The formal solution of the Liouville equation (3.11) is

50 = t0) — 5 [ @t [F (0.0 @) (3.13)

By substituting the formal solution Eq. (3.13) back into the Liouville equation we
obtain

P10 = (0.0 )] - 5 [ @t [BL. 0. (B0 0] 61

We now rename the variables in Eq. (3.13) so that it reads
ﬁw:y@-%cwmwmﬁwﬂ (3.15)
and reinsert it once again into Eq. (3.14) to obtain
. 1
AT I AT I Iy Al
p(t) = h@mﬁp@ﬂ—ﬁ/&PMAHMMprﬂ

(3.16)
Wﬁﬁ/w”mn[%A>WMUﬁWW'

3.1.2. Time local Master Equation

Up to this point everything in our analytical treatment was exact but now we will start
to make some approximations. We will restrict ourself to sequential tunnelling in this
thesis, i.e. we will treat the dynamics in second order perturbation theory with respect
t0 Hyun. Therefore, we drop the last term in Eq. (3.16). Due to this we obtain an
equation which is time local, i.e. the evolution of p at time ¢ only depends on its value
at time ¢ and not on its past. Equation (3.16) describes the dynamics of the whole
system. We are, however, interested in the central system and not the leads. Therefore,
we introduce the reduced density matrix,

ﬁé = Trieads {ﬁl(t)} ) (317)

which we get by tracing out the lead degrees of freedom. Furthermore, this helps in
making the calculations more feasible. If we apply the trace over the leads to Eq. (3.16)
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and drop the 3rd therm we obtain
) 1 rt . .
AT L / I I\ Al
Po= "1z /to At Trieads { | Hlun(8), [Hin(), 5 ()] ] } - (3.18)

tun (t) does not conserve particle number in the leads,
whereas the trace is particle conserving. At ty = 0 the leads and the system are
uncorrelated, this allows us to factorize the total density matrix in a system and a leads
part

The first term is vanishing since I

p'(to) = Po(to)Preads(to)- (3.19)

However, we can always write the density matrix as
PH(t) = Po(t) Dieaas (1) + AP, (3.20)

where Ap! is of the order of Hiu, see page 277 of Ref. [36]. Thus, we neglect it in our
second order treatment and factorize the density matrix at all times

ﬁl<t) = ﬁé(t)ﬁlleads’ (321)

where we have dropped the time dependence in the density matrix of the leads because
they are large reservoirs and thus have so many degrees of freedom that the interaction
with the central system is negligible. The density matrix used to describe them was
introduced in Eq. (2.76). By expanding the commutator in Eq. (3.18) we obtain

L) == X% [ ar]

(t)
Po(t) e ) £ (@) (3.22)
(t)
(t)

with frf (ex) = Tricads {éjlkgénk'a' ﬁleads} being the Fermi distribution in the lead n which
has a chemical potential of 1, and f,"(ex) = 1 — f,f (k). We use

(1) = ettt o (1) o (3.23)

to transform Eq. (3.22) back into the Schrodinger picture. Furthermore, we substitute
t" =t —t' in the integral and let ty go to —oo. This is, in this way of deriving the
time local master equation, a part of our model but can also be derived in the Markov
approximation, see for example refs. [36-38]. With all this we obtain the reduced density
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matrix in the Schrédinger picture

. A L 1 oo
Polt) = — 7 [Hmolap(D(t)} - ﬁ/o dt’%{:% {
jo!

ththdiedin, (—t)po(t) ensre’ fF(ex,)
yljtgkd“f dt (-

10 jo

Jjo
7

p

— 17 1™ diy o (t)dIE, (—
ik ]k ioPo

w'p®(t) jo”(

+h.c.|,

(3.24)

where we have renamed t” to t'. As an example we will now focus on the second line in
Eq. (3.24) to see how to proceed in the calculation. We can write for the time dependent

creation operator

d\jil(_t) — ef%Hmolt d;':o./ e%Hmolt —

SN e #EN B DYN 4 1Bio| ], [NE'le") |N + 1Eic)(NE'lo").

N o
EE' lo"

We then need to solve integrals of the form

Z/ dtt 77* -5 EN Ey_1—enko)t’ f;‘(gka)

f+(5k0)
= lim —iht? T U _
A0+ nZk KI(En — Eyiq —Eko) — I
—AE

i (€)

= lim Z/d€—1h5 €kg)t ]kA_E—g—i)\

A—0t

We identify the tunnelling rate matrices

UWJ——Zt 10(e — ko),
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Figure 3.1.: The block diagonal form of the density matrix with respect to three different particle
numbers. The white space is zero whereas the red spaces contain elements different from zero.

which vary slowly with respect to the energy integration. We can now rewrite Eq. (3.26)
as

h2 : AE —e+iX
. O"L vt oiog - + _
Z ,\LI(I)1+ 7r /dsf (AE —¢)2+ A2

hQFZz W14 —A\ff(e) i(AE —¢)? £ () B
_Z H&(/d ( (AE —e) +>\2]+[(AE—5)2+>\2]W(AE—5))>_

MAE &) fi ()

R2T?. [ ()
P oo (g Ap) -~ L /d
zn: 2 <f ( P AFE — ¢
(3.28)
where P [ denotes Cauchy’s principal value integration. The result of this integral is
fa () 1 ip
P [deo = RUO( + —(AE - ), (3:29)

the real part of the Digamma function, see Ref. [39]. We will denote this from now on
as py(z) = R© (L + L (z — p,))). The density matrix is block diagonal with respect to
the number of particles, N, on the central system, as illustrated in Fig. 3.1. Therefore,
we introduce the projector

Pyg = |NEio){(siEN]|, (3.30)

which projects pg on the subspace with N particles and energy E. The sum over the
indices 7 and o distinguishes between degenerate states. In the following we use the
notation

ng/ = PNEﬁGPNE" (331)
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Collecting the results obtained in the previous paragraph enables us to solve the time
integral in Eq. (3.24) which then becomes

PEE = —

i
ﬁ(E - E,>ng’

Syy g, { o [ 2PuF = ) + 17 (F = )| dio

nkF w
jo'

~ i ~
+ djo’ {_an(Hmol ) + f ( mol — F)] @a}ng’

A

- ZZ m UJ N { {_}_ pn(F — f{mol) + fn_(F - Hmd)} Jja’ (3’32)

nk za
jo'

A 1 A N
+ djcr’ I:ﬂ_pn(Hmol - F) + f;(Hmol — F):| Cil'Lg}PNE/

+ Z Z UZU]P { prF’ dJU [lpn<El_Fl) +f77r(El_F/)] + h.c.

nEFF’ ZO’
Jjo

+ d]o./pFFld\T |:1 pn(F, — El> + f77_(F/ — E,)] + hC}PNE/
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3.2. SCANNING TUNNELLING MICROSCOPY

3.1.3. Interference blocking due to degenerate states

In this section we will take a short detour from
the development of the transport formalism to in-
troduce the concept of a blocking state. The first
prerequisite for a blocking state to occur is a N
particle non-degenerate state and a two degenerate
N + 1 particle state. The condition of degeneracy
can be softened a bit in the sense that the energy
splitting between the two states is smaller than the
tunnelling rates. The second condition regards the
transition amplitudes between the system and the
No Ny + 1 > leads. The ratio of these transition amplitudes at
the source (substrate) and the drain (tip) must not
be equal

Figure 3.2.: Conceptional depiction of
the blocking states. The coupled state (c)
is connected to the Ny state via the tip )
and the substrate. The decoupled state 2sub T2tip

(d) though is only coupled via the sub- where the subscript 1 denotes a transition Ny —
strate. The y-axis shows the grandcan- N 4 1 and 2 vice versa. Due to Eq. (3.33) there
nonical energy of the states. exists a linear combination of the Ny + 1 particle
states which is coupled to one of the leads but not the other. [40] In STMs the condi-
tion (3.33) is met since the tip and substrate have quite different transition amplitudes
as we will see in the following chapters. It can be shown that the blocking state in an
STM set-up is decoupled from the tip [41]. A state which is decoupled from the tip
acts as a blocking state for current flowing from the substrate to the tip, since it can be
populated via a substrate — molecule transition but not depopulated via the tip. This
effect can be for example seen as negative differential conductance in single electron
transistors. [40]

’7lsub % Vltip (3 33)

3.2. Scanning Tunnelling Microscopy

The scanning tunnelling microscope (STM) was invented at the IBM laboratories in
Zurich by Gerd Binnig and Heinrich Rohrer in 1982 [11]. They were awarded a Nobel
prize for the development in 1986. The fundamental physical mechanism behind the
STM is quantum tunnelling. The system one wants to investigate is deposited on a
substrate. The system can be for example a surface or an individual molecule. A
metallic tip is positioned over the system with a distance of a few A. If a bias is applied
between the tip and the substrate tunnelling processes can occur between the substrate
and the system and also between the system and the tip, thus, leading to a tunnel
current. The tunnelling probability is dependent on the overlap of the corresponding
wave functions and thus it is highly dependent on the distance of the tip and the
substrate. In the original paper [11] Binnig and Rohrer used the so called “constant-
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3.2. SCANNING TUNNELLING MICROSCOPY

Figure 3.3.: Schematic picture of an STM single molecule junction. We see the insulating layer above
the copper substrate which the molecules couples to with the rate I'y,p,. The tip couples with the rate
I'iip. Taken from Ref. [23].

current” mode to obtain a surface topography of an Au (110) surface. In this method
one moves the tip in all three spatial dimensions over the surface while keeping the
current voltage at a constant value. Since the current is dependent on the distance
of substrate and tip one can measure a surface topography by keeping the current
constant and measuring the necessary movements of the tip in the z-dimension. The
STM is dependent on a nonzero conductance in its tunnelling junction. Therefore, for
almost 20 years STM studies of single molecules where limited to deposit the molecules
directly on metals and semiconductors. In this case tough the electronic structure
of the molecule is disturbed due to electronic coupling between the molecule and the
substrate [42]. This problem can be solved by depositing a molecule on a thin insulating
layer. Repp et al. [43] were able to obtain electronic images of unperturbed Pentacene
orbitals by evaporating two mono-layers of NaCl onto Cu(111) and then adsorbing
individual molecules onto the substrate. We will show in the following section how
to describe transport across an STM junction, which can be seen in Fig. 3.3, on an
insulating layer within the formalism presented in the previous section.
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3.2.1. The Hamiltonian of an STM junction

The complete Hamiltonian to describe transport in an STM setup is
[:[ == ﬁmol + f{ic + [A{sub + [:[tip + Htuna (334)

with Hyol describing the central system as introduced in Eq. (3.4), H,4 and f[tip
describing the substrate and tip. They are corresponding to the leads in an STM setup
and are described by Eq. (2.75). Hiuy describes the tunnelling between the molecule and
the tip/substrate. The additional term with respect to Eq. (3.4), H.,., describes image
charge effects which are renormalizing the molecular Hamiltonian f]mol. These effects
are quite generic and appear also in single molecule junctions with different geometries
, see e.g. the work by Kaasbjerg et al. [44]. We incorporate these effects with the
effective Hamiltonian

He = 6 (N = N, (3.35)

where N is the particle number operator, Ny = 3 the number of electrons on the
neutral molecule and ;. = 0.32 eV is the strength of the renormalization. This value
can be obtained by modelling the tip, molecule and substrate as capacitors and then
comparing the average values of the electrostatic energies with the addition energy of
the isolated molecule. An STM with an insulating layer between the molecule and the
substrate is highly asymmetrical regarding the effect of the bias across the junction
on the chemical potential, y, of the tip and substrate. The leads are kept at a quasi
equilibrium chemical potential

i () = gty + ple|Viias(t), (3.36)

where ¢, is the parameter describing how much of the bias voltage Vias drops at the
lead n. The dependence of the Fermi and principal functions on the chemical potential
sets the regimes where transport can happen. We will assume in this thesis that the
equilibrium chemical potential is the same for the tip and the substrate with value
p’ = —4 V. To obtain the values for ¢, and to also justify the strength of the image
charge effect we will consider some electrostatic interactions between the molecule and

its environment in the next section.

3.2.2. Electrostatic interactions

The following considerations concerning the electrostatic interactions in the junction
can also be found in Ref. [45]. Depending on the geometry of the setup of a single
molecule junction a substantial part of the applied bias voltage can drop across the
molecule with

|Csub| + |ctip| + [Cmol| = 1. (3.37)
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3.2. SCANNING TUNNELLING MICROSCOPY

We model the tip and substrate as parallel plate capacitors

A
Ctip = 50%7
(3.38)
Ceub = €0€ é
sub 0 rd7

where €y is the vacuum permittivity, e, = 5.9 is the permittivity of NaCl, h is the
tip-molecule distance, d the thickness of the NaCl layer and A = 144A is an estimate
of the CuPc surface. The addition (charging) energy of the neutral molecule is

Us = Engs1 — 2En, + Eny_1, (3.39)

from which we deduce a capacitance of the molecule as

Chnol = (3.40)

F(]’
where the e? in the nominator accounts for the fact that Uy is an energy in the units of
eV. If we connect these three capacitors in series we obtain an estimate of the potential
drop at each one

Cro
Csub/tip/mol = C ot (341)

)
sup/tip/mol

with Ciot = Cy, + Ciip + Crop being the total capacitance of the junction. Deriving
from these considerations we can calculate that for h = 5A, d = 8A and Uy = 2.7 ¢V
about a quarter of the bias is dropping across the molecule. For the relative drops at

the substrate and tip we will use

Csub — 0.16,

3.42
Ctip = —0.59. ( )

The strength of the image charge renormalization can be obtained with the same model
if one assumes the substrate and tip to be grounded and then brings an elementary

charge into the junction. For a more careful description we refer the interested reader
to Ref. [45].

3.2.3. The single particle rate matrices

In this section we explain how we form the single particle rate matrices I'}, ,;, introduced

in Eq. (3.27), for the tip and the substrate. The subscripts o, ¢’ denote spin indices
of the molecule and ¢, j are the orbitals. We allow the tip and substrate to be spin
polarized. We express this by a measure Py of the strength of the polarization with
0 < Py <1, where P7 = 0 means that the lead n is completely unpolarized, whereas
P7 =1 expresses complete polarization. The direction of the polarization is expressed
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3.2. SCANNING TUNNELLING MICROSCOPY

with the azimuth ¢ and the inclination 8. We choose the z-axis to be the one of the
CuPc molecule, as can be seen by the coordinate system in Fig. 3.3. We can thus write
for the spin polarization vector

sin(0") cos(¢")
Py = PJ | sin(0") sin(¢") | . (3.43)
cos(0")

Furthermore, we introduce the vector of Pauli matrices
o=|o,], (3.44)

which are defined by

Oy = <(1) é) o, = (? Bi> 0, = <(1) _01> : (3.45)

The rate matrices consist of two parts, the spin part and the angular momentum
part,i.e.
rr . =I I

01,05 159

(3.46)

where the spin part is the same for the substrate and tip and is only depending on the
polarization of the substrate (tip)

I, = Z (L.+P5-0) (3.47)

In the angular momentum part F?j exist some differences which we explore now. We
will start with the substrate

I = Zts“b*twbé (epko — AE). (3.48)

We introduce the rotation Rg of a symmetry angle ® around the main symmetry axis.
The frontier orbitals will under this transformation acquire a phase which is

Rgli) = e 1%, (3.49)

where [; is the angular momentum of the orbital |i). With this we can rewrite Eq. (3.48)
as
Ssu 27T . .
oyt == A (i| Rb Ro|k) (k|R Re|j) 6 (e o — AE), (3.50)

where A = ¢,,€,. If we relabel k' = Rg|k) this becomes

e = ZAe@(l (ilk') (K']7) O(egcr — AE) = Gl T3, (3.51)
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Since the frontier orbitals all have different angular momentum values we can conclude
from Eq. (3.51) that the orbital part of the substrate tunnelling rate matrix will be
diagonal, i.e.
sub su
Lo = 6,500 (3.52)

The tip however is completely localized. Therefore, we model the angular momentum
part as the overlap of the wave functions of the frontier orbitals at the tip position

L3 (vp) = 07 (rup) s (rap). (3.53)
With all this we write for the complete tunnelling rate matrices

B ~
ity = 50" (Le + Py o) @1,
(3.54)

i h ti o *
Lo (rip) = 5167 (L + PRy - o) 6007 (e )ty (v ).

with ff)“b and fgip being fitting parameters in the theory.

3.3. The THz-STM

To advance nanotechnology it is crucial to understand excitations happening at the
nanoscale. In semiconductors a very successful tool to do this is terahertz spectroscopy.
A system is usually excited via a first (pump) THz laser pulse. After a time delay, ¢4,
a second (probe) pulse is applied to gather information about the excitations caused by
the first pulse, see refs. [46, 47]. There has been a lot of effort to integrate femtosecond
lasers into STM setups with the goal of investigating optically excited vibrational and
electronic states while still having the spatial resolution of an STM [48]. Cocker et
al. managed in 2013 to couple terahertz pulses to an STM [19]. They excited InAs
nanodots which were grown on GaAs by an optical pump pulse. For ¢t ~ 1 — 2 ps
after the photoexcitations the nanodots are negatively charged. For t4; ~ 0.5 — 1 ps
they observed an enhancement in the signal. In 2016 the THz-STM was used for the
first time to observe the mechanical oscillations of a Pentacene molecule directly in
the time domain [20]. A pump-probe scheme where both pulses where THz pulses
tuned in resonance with the Pentacene HOMO was used. The measured current was
periodic with respect to the time delay between the two pulses and Fourier analysis
revealed a distinct peak around a frequency of 0.5 THz. Their interpretation is that
due to tunnelling of an electron from the molecule to the tip the molecule experiences
an impulse, based on the abrupt change to Coulomb and van der Waals forces, which
drives a dominantly vertical vibration. This changes the relative tip-molecule distance
and thus manifests in different currents depending on t4,;. Principally, this method
should also open a door to probe electrical properties directly in the time domain.

We will explore this method in a theoretical way in this thesis with the formalism
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presented in the previous section. The bias voltage as presented in Eq. (3.36)

fin(t) = pty + e Viias(t), (3.55)

will be generated by a laser pulse impinging into the STM junction. We still assume the
chemical potential to be in quasi equilibrium because the change in the large reservoirs
is of adiabatic nature with respect to their decay times. Equipped with a model for the
CuPc molecule and a transport formalism for the THz-STM we will now start to focus
on how to treat this system with numerical and analytical methods. The focus will be
on spin-orbit induced dynamics in CuPc and how to make them accessible in electrical
measurements.
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4. The Two Orbital Model

We will now start to explore the dynamics of the CuPc-THz-STM junction. We will
at first take a step back though, and use a simplified model to describe the molecule,
to get a feeling which dynamics to expect from the molecule. In this model we will
just take the two degenerate LUMOs of CuPc into account and completely neglect the
spin.

4.1. Theoretical description of the model

We model the molecular Hamiltonian as

Hpo = > (5 + Ezhw> Mg, + Ux (N —1), (4.1)
l,=+1 2 2

with € = 0.2eV the single particle energy of the LUMO orbitals. We introduce an arti-
ficial splitting between them via EZ%‘” = £,50peV, which is dependent on their angular
momentum. The Coulomb interaction is included via the parameter U = 1eV. The
particle number operator ny, counts the number of particles in the orbital with angular
momentum ¢, and N counts the total number of electrons on the molecule, i.e.

N =3 (4.2)
L
The tunneling Hamiltonian will be the one as described in Eq. (2.77)

ﬁtun — Z t::]kéj;kad\la + h.C. (4.3)
%
ok

and the leads are described by

A

H, = Z (52k + CneAVbias(t)) Ak s (4.4)

nk

where the bias change, AV}, is generated by a laser pulse. We assume the energy
change to be adiabatic with respect to the decay times in the leads. This yields a
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Figure 4.1.: Schematic view of the tunnelling events allowed from/to each lead. The tunnelling from
and to the substrate is basis independent coupled to all states whereas the tunnelling from and to the
tip is decoupled from some states.

quasi-equilibrium chemical potential

iy = fto + CpeViias(t), (4.5)

with po being the equilibrium chemical potential which is the same for each lead and
1 denotes the tip or substrate. We choose the equilibrium chemical potential to be
Lo = &T—l-% = 0.7eV and we will work in the Coulomb blockade regime, i.e. kg T < U. For
this simplified model we set cg,, = 0.15 and ¢y, = —0.85 to account for the asymmetry
in the bias drop across the junction and neglect the bias drop at the molecule. The
single particle rates will be described by the angular momentum part introduced in
egs. (3.52) and (3.53) and read

lezpf’z(rtip) = Iptr (reip) Ve, (Teip), (16)
FZIE’Z = Fsoubgfz€27

with f?ip =19, =103 eV. Since F;j}?,z is diagonal in any basis the substrate is coupled
to all states in the molecule. The tip, however, is decoupled from certain states and thus
the system can end up in a blocking state as introduced in Sec. 3.1.3. The Hamiltonian
in Eq. (4.1) can be easily diagonalized to obtain the four eigenstates and corresponding

eigenenergies

hw
|1€_1> — E’gi1 =€ — 7, (48)
hw
1001) = Bryy =2+ 2, (19)
12) — By =26+ U. (4.10)
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As a next step we will now focus on the many-body tunneling rate matrices of the
system. The tunnelling rates between many-body states represent a natural tool for
the description of transport phenomena in interacting nanojunctions. They play a
fundamental role in the Master equation (3.32) and, as we will see in the next section,
they are calculated starting from the single particle rate matrices introduced above.

4.2. Many-body tunnelling rates

We define the many-body tunnelling rate matrices as

Doy = D AN + 1dy|N) (N|de|N + 1) T, (4.11)
124

In this section we will mainly focus on the description of the tip tunnelling. Since this
process is responsible for coherences in our set-up and thus determines the dynamics
we want to investigate. To simplify the notation we will drop the z subscript from the
angular momentum quantum number ¢ because we always refer to the z component
in this chapter. Furthermore, we will not explicitly write the position dependence of
the tunneling rate matrices for the tip if it is not needed to understand the presented
equations. For our simplified model the only transitions surviving in the Master equa-
tion (3.32) are the 1 — 0 and 2 — 1 transitions. We define the many-body tunneling
matrix elements for the 1 — 0 transition

(Tor),, = (1|} |0) (0ld[16) T35 = T3} (4.12)

and for the 2 — 1 transition

(1), = (101dz|2) 2ldL1) T3E, (4.13)

with the notation £ = —¢. In the following we will use the subscripts + and — to refer
to the LUMO with angular momentum ¢ = +1 and ¢ = —1 respectively. Analysing the
single particle tunnelling matrix yields for the diagonal elements

D (rup) = POt} (a0 (1)
ro
= gp (wx(rtip) — iwy<rtip)) (wx(rtip) + jwy(rtip)) (4.14)
- f‘gipw* (Teip) V" (reip) = Ft,ip,(rtip),

where we have used the decomposition of the imaginary representation of the LUMOs
into the real orbitals as introduced in Sec. 2.2.1 and depicted in Fig. 4.2.
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\

Ly,
Figure 4.2.: Real representation of the LUMOs.

For the off-diagonal elements we find we find
Pip— (reip) = Ijgipwi(rtip)wf(rtip)
- ngp (tx (r1ip) — 10y (raip) ) (i (Paip) — 100y () ) (4.15)
= 1~18113 (wi (rtip)m(rtip))* = (Ft—ii(rtip))* :

ingf is therefore a hermitian matrix with equal elements on the diagonal. We turn our
attention now to the matrix elements appearing in Eq. (4.13). We find
N 2
(1 |d|2) (2dL1%) = [(2ldL[1£)| =1,
. A * 4.16
1+ 1d12) @ldL11-) = (1 - |def2) @1 1) = 1. (419

-1 1

This can be brought in the more compact form

(16]dg[2) (21d]16) = sgm(e) = {1’ re=r (4.17)
-1, ifl#YL
Putting together egs. (4.13) - (4.17) we obtain
), - 1
(rg) = e i)
(ry), =-rie |
(rig)_, = -1
The description of the substrate tunnelling rate matrices is trivial
Lo = T3> = Tople = I, (4.19)
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We are now equipped with the necessary tools to explore the dynamics of our simplified
model. This will be done in the next sections.

4.3. Dynamics of the system

To describe the dynamics of this simplified model we express the Master eq. (3.32)
in the basis of the molecular Hamiltonian, defined in Eq. (4.7). We use the matrix
structure of the many-body tunnelling rates described in the previous section. We
analyse the blocks of our Master equation (3.32) as visualized in Fig. 3.1. Furthermore
we introduce

- hew
H1 :512_{'70% (420)

which is the Hamiltonian describing the one particle sub block. The zero particle sub
block contains one element and is described by

P =—Tr [Fsub (1 — Eo) + IO fib (Hy — Eo)} P’
T [T o (B — Ep'] + 5 T [ fip (B — o) {160, p')] (4.21)
-+ % Tr {ptjp(-ﬁl - EO) {ngfa pIH )

with {e, e} being the anticommutator and [e, 8] the commutator. The two particle sub
block also has only one element and the equation has a similar form

2 =—Tr [Fsubfs;b(Ez — Hy) + T8 fr, (Ba — ﬁl)} P’
+ Tr {FSUb an(F2 — ﬁl)ﬂl} . ;Tr [fgp(E? - ﬁl) {F'ﬁp, le (4.22)
+ i Tr [ptip<E2 - Hl) [F§12p7 plﬂ .

The one particle sub block is a 2 x 2 matrix and has the following form

(4.23)
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Figure 4.3.: Pseudo spin dynamics of the two orbitals model. (a) The populations of the different
states can be seen. (b) The bias change in the substrate and tip due to the laser pulse are shown. The
red line shows the threshold for the 1 — 0 tip transition and the green line for the 1 — 2 substrate
transition. (c¢) Eigenvalues of the density matrix. (d) Evolution of the pseudospin due to the principal
parts is depicted.

Since, the zero and two particle sub blocks of p only describe the population of the
system no internal dynamics will take place if the system is populated with zero or two
particles. The one particle block has the dynamics of a two level system with (pseudo)
spin /2. It contains the populations of the states |1+) and |1—) and also coherences
between these states which can drive dynamics.

A numerical simulation of this system, with the tip located at z = 5A and y = 0A,
can be seen in Fig. 4.3. In the beginning the system is in thermal equilibrium, i.e.
one particle is on the molecule with an equal probability to be in the { = 4 or £ = —
state. This can be seen in the depiction of the populations in Fig. 4.3(a) and also
the eigenvalues of the density matrix Fig. 4.3(c). After roughly 60 ps the bias pulse
is applied and opens a 1 — 0 tip transition, see Fig. 4.3(b). Consequently we can
observe in Fig. 4.3(a) that the system takes an excursion into the zero particle state
but decays back to the one particle state before the transition is closed. The state in
which the system is trapped in is the one particle blocking state of the type introduced
in Sec. 3.1.3. Fig. 4.3(c) visualizes that the blocking state is a pure state because one
of the eigenvalues of the density matrix is one. Anticipating the next section we just
report here that we see pseudospin dynamics in Fig. 4.3(d). These dynamics enable the
system to leave the blocking state after no more bias is applied.

41



4.4. PSEUDO SPIN FORMULATION OF THE TWO ORBITAL MODEL

4.4. Pseudo spin formulation of the two orbital model

We now want to reformulate our equations of motion (4.21)- (4.23) in terms of a
pseudospin. Therefore, we firstly introduce the pseudospin operators

1 1 1
Ty = 3% Ty = 2% and 7, = 0% (4.24)

with o; being the Pauli matrices. We can decompose the one particle sub block of the
density matrix

P P
pl = ?112 + 705 + TyOy + 1.0, = ?112 + 70, (425)

where we have introduced the populations
Py =Trp! (4.26)
and the expectation values of the pseudospin operators
T = Loy {pla'i} = (7). (4.27)
2

To get a concise formulation we will express all matrices as a decomposition in terms
of the Pauli matrices. We start with the many-body tunnelling rate matrices of the

tip

[t _ 0 (W wm) :f&p< Vs + wz—wg—zwxwy>
N T e I R V3 + 4,
Iy

== (024 02) 1+ (42 = ¥2) 00 + 20athy0, (4.28)
and

ot - Iy
i =Ly (—'ﬁm ’ﬁ;—): 5 (02 +03) 1= (42 =) 00 — 2o |

(4.29)

where we have introduced the notation v/, = (¥|Ly,/y,). We define the “average® tip
tunnelling rate

T
[tip . TP (% + %) (4.30)
and the tip pseudospin polarization vector
o
P2+2
Pl = igiﬁ% . (4.31)
0
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This allows us to bring the tip tunnelling rates in egs. (4.28) and (4.29) in the form

I =T (1, + P}, - o) (4.32a)
M =1 (1, - P}, o), (4.32D)

with o being the vector of Pauli matrices as introduced in Eq. (3.44). To emphasise
clearly why we call P7._ a polarization vector we introduce the angle

tip
2, .
®y;p, = arctan ( f ¢y2> T [Slgn (ﬁi - lD;) - 1} ) (4.33)
wy - wz’ 2
to rewrite
cos(Dip)
tip = | sin(Pup) | - (4.34)
0

T

fip| 1s the

The angle ®, can be seen as the angle of polarization where the norm ‘P

sharpness of the tip. This can be seen by assuming ’Pfip‘ = 0. The tip would then be
completely delocalized and thus the tip tunnelling rate matrices would adopt a diagonal
form analogous to the substrate. To get a compact form of our analytical expressions
in the next chapter we also introduce the “average“ tunnelling matrix for the substrate
which is

f\sub _ wa

sub*

(4.35)

The vector perpendicular to the molecule is n,, = (0,0, 1) since it is planar and we
rewrite the one particle Hamiltonian as

~ hw
H1 = 812 + 71’111101 O (436)

Furthermore, we can decompose every analytical function as

S f(Hy)

f(ﬁl) :1f(ﬁ1)+ 2

Nyol * O, (437)

with

. 1 R
f(Hy) = §Zf(H1M),
e (4.38)
Of (Hy) =Y f (Hyu)
¢
We find for the Fermi functions and principal parts
§f(Hy) o hw < I,
fol i) r )
Opy(Hy) o hw < T,
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and thus will neglect this part and approximate them by

f'r] ~ fn<ﬁ1)7

AR (4.40)
Py (H1) = Py(Hy).

The explicit reformulation of eqgs. (4.21) - (4.23) in terms of populations and pseudospin
is shown in App. A.2. With this formulation of the dynamics we will give an analytic
evaluation of the dynamics in three different bias regime in the next section.

4.5. Analysis of the three different bias regimes

In this section, we will give an analytic description of the dynamics and we will compare
this to our numerical results from Sec. 4.3. For the feasibility of deriving analytic
solutions we need to work in the specific limit

AE < I < kgT < U, (4.41)

and set the equilibrium chemical potential to pg = & + U/2. We will analyse the
pseudospin dynamics of the system in three different dynamical regimes, as shown in
the numerical calculations displayed in Fig. 4.4. The first regime we will investigate is
the free evolution of the system which is denoted as the grey box in Fig. 4.4, i.e. the
bias is

Vbias < (442)

2]ecqp|’

where the < is taken with respect to the scale set by the temperature. As can be
seen best for Vs = 0, but valid for the whole regime, the Fermi functions have the

axis tilting axis tilting
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Figure 4.4.: The numerical results of (a) the pseudospin evolution and (b) the bias. The subdivision
into the three regimes is depicted by color boxes. The grey box denotes free evolution, the green the
tilting of the rotation axis and the red one the preparation phase of the system.
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following values

[E(H = Eo) = f, (B — Hy) = 1,

P i - (4.43)
[y (Hy — Ey) = f (E2 — Hy) = 0.
Since, we set our equilibrium chemical potential to po = € + U/2 it holds that
pn(EQ — El) = pn(El — E()) (444)

With this we are able, in this bias regime, to rewrite eqs. (4.21)- (4.23), analogous
to Ref. [49], as equations for the populations Py, P;, P» and the pseudospin 7. They
adopt the following form

Py=-2>"T"P (4.45)
n
P =23"T"(Py+ P) (4.46)
n
P=-23"T"P, (4.47)
n
T=w (nmol X T) + ftip (PO - PQ) PZ (448)

The equations for the populations have to be complemented by the condition
Po+P+P,=1, (4.49)

which is the fundamental condition that Trp = 1. With this one can easily see that
the populations will be
P():O, P1:1, andsz(), (450)

on a timescale which is set by (f‘tip>_1. The reason why this holds is that the popu-
lations of the zero and two particle sub block are only decreasing in this regime. The
only term which is then remaining in Eq. (4.48) is the precession of 7 around n, with
the frequency w.

The second regime we investigate is reached when the bias is such that the 1 — 0 tip
transition is open but no 1 — 2 substrate transition is allowed. It is represented by
the red box in Fig. 4.4. This means that the bias needs to fulfill

Viias K ——. 4.51
2|ectip| < Vhias < 2|ecqu | ( )
The only Fermi functions which are nonzero in this regime are

fon(H1 — Eq) = foao(Hy — Eo) = f, (BEy — Hi) = +1. (4.52)

Furthermore, we define

R (4.53)
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With this we find for egs. (4.21) - (4.23) in this regime, once again in analogy to
Ref. [49],

PO _ —2FsubP0 + f\tippl + thip]_:);p T, (4.54)
Py = —T"P —2TPPL -7+ 2T Py + 23 TP, (4.55)
n
P2 _ Z 2f‘np27 (4.56)
n
' f‘tip - B
T = [wnmol - T |:ptip(H01) — ptip(HZI)}P;p] X T (457)
_ [tir _ .
— TtPr — 5 PPy, — FtlpPQP;p.
The populations fulfill
Py=0, P,=1and P, = 0. (4.58)

Even though the transition 1 — 0 via the tip is in principle still open the system will
remain in the one particle state. This is the interference blocking state we introduced
in Sec. 3.1.3. The second line of Eq. (4.57) is solved by

T = &. (4.59)

2

However, if we are over threshold the first line can be neglected. The first reason is
that the timescale on which tunnelling events are happening is much shorter than the
timescale set by the frequency w, as can be seen in Fig. 4.3(d). The second reason is
that difference of the principal parts appearing in Eq. (4.57) is highly localized around
the threshold, which is Vij.s = U/2Jectp|. This is shown in Fig. 4.5. However, this term
has contributions on the same timescale as the tunneling events. Therefore, we define
a third bias regime around

(4.60)

with the extra condition that
T # 0. (4.61)

This regime is shown in the green box in Fig. 4.4. The principal parts tilts the

axis of rotation in this regime so that precession does not only take place around the
axis perpendicular to the molecule. Since the correction is rather small the complete
blocking state is a good assumption after the preparation.
We have shown in this chapter that by subdividing the bias in three different regimes
we are able to completely describe our numerical results shown in the last section
with analytical solutions. An experimental access to the dynamics described in this
section may be obtained via a pump-probe schemes. The effects of the dynamics on
the potential measurements in this scheme will be shown in the next section.
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Viias[ 2]

ecup

Figure 4.5.: The difference between the principal parts as appearing in Eq. (4.57). We report on the
x-axis the bias in units of U/ec;;,. One can see that the term is highly localized around 0.5 which is
exactly resonance for the 1 — 0 transition.

4.6. Pump-probe readout of the dynamics

The dynamics of our model may be explored experimentally via a pump-probe scheme.
To this extent the system is prepared via a pump pulse and then after some time t4¢ a
second pulse is applied to read out the state of the system.However, the pseudospin dy-
namics are not measurable directly in a THz-STM set-up. We will in this section make
a connection between the internal pseudospin dynamics and the transferred charge per
pump probe cycle, which is a measurable quantity. As we have seen in the previous
section the free evolution of the pseudospin is described by a precession around the
axis perpendicular the molecule

T=wDmo X T). (4.62)

We will assume a perfect preparation after the pump pulse, i.e.

P’T

7(0) = — ;p. (4.63)
Egs. (4.62) and (4.63) read in components
Ty = —WT, 7.(0) = —; cos(Dip) (4.64)
- - (0) = —; sin(@ys,) (4.65)
=0 ) =0 (460
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These equations are solved by

T:(t) = —; cos(wt + Dyip) (4.67)
Ty(t) = —; sin(wt + Pyip) (4.68)
7.(t) =0 (4.69)

Already at this stage it is possible to make some predictions about the charge trans-
ferred by the probe pulse. If the time delay between the two pulses is tqq = 27/w the
system is in the one particle state specified by

1
Tx(%r) =-3 cos(2m + Dyp) (4.70)
1
Ty(3) = —5 sin(2m + Dy;p) (4.71)
(%) =0. (4.72)

This, however, is the initial state as given in Eq. (4.63) and visualized in Fig. 4.6(d)
which is the interference blocking state. Thus the probe pulse will not transmit any
charge, as shown in Fig. 4.6(c). The other extreme value of the charge transfer is
reached when the time delay is tqe = ™/w. The system is then in the state

T(5) = _; cos(m + Pyip) (4.73)
7(5) = —; sin(7 + Pyip) (4.74)
m(5) = 0. (4.75)

The system is then the “farthest” away from the blocking state so the charge trans-
ferred by the probe pulse will be maximal, see Fig. 4.7(d) and Fig. 4.7(c).

For a more general description of the charge transfer we need to calculate the expec-
tation value of the 1 — 0 transition

1 ei':btip

00 = (0 (o, )] Y0 =T 0T, (4.76)
We rewrite the one particle block of the density matrix as
L 1 1 L.
p(t) = 51 —5 cos(wt + Q)0 — B sin(wt + @yip) 0y (4.77)

As a first step we will calculate the transmitted charge of the pump pulse, i.e. the
system is in thermal equilibrium and therefore pl,.., = /21. We find

. [tip _
(L7 ) therm = 5= Tr {(1 + cos(®Puip) 0 + sin(@yp)ory) 1} = T (4.78)
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Figure 4.6.: Pump probe scheme with t4e) = 27/w between the two pulses. We report the populations
(a), the change in the chemical potential due to the pulses (b), the current per pulse (c) and the

dynamics of the pseudospin (d). Since the system is again in the blocking state when the second pulse
is applied, there is no current flowing during the second pulse.
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Figure 4.7.: Pump probe scheme with 4.1 = 7/ between the two pulses. We report the populations
(a), the change in the chemical potential due to the pulses (b), the current per pulse (c) and the

dynamics of the pseudospin (d).

The pseudospin value 7, is farthest away from the blocking state

thus there is a strong read out pulse visible in panel (c).
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For the time dependent part we obtain

(Cor) (1) =

tip

Tr {(1 + cos(Pyip)0y + sin(Peip)oy) (1 — cos(wt + Pyip) 0, — sin(wt + Pyip)oy) } =

Ttip

Tr {1[1 — cos(Pyip) cos(wt + Py, ) — sin(Pyip) sin(wt + Py )]} =

y 1 1
[tip {1 — i(cos(wt +2dy,) + cos(wt)) ~3 ( cos(wt) — cos(wt + 2®tip))} =

TP (1 — cos(wt)).
(4.79)
The mixed terms vanish between line 2 and 3 of the equation because it holds for the
Pauli matrices that
Tro; = 0. (4.80)

The transferred charge per pump-probe cycle will thus be proportional to the sum of
Eq. (4.78) and Eq. (4.79). It needs to be fitted to the charge transferred via the pump
pulse, i.e.

Quip(t) = Qtip(0) (2 — cos(wt)) . (4.81)

In Fig. 4.8 we see the charge transfer with the tip fixed at the positions z = 5A and
y = 0A. However, the position dependence of the tip is implicitly included in the
tunnelling rate matrix [P and therefore Eq. (4.76) is valid for the whole molecule.
In Fig. 4.9 we show a map of the transferred charge along the positive x-axis of the
molecule and a plot of the absolute value of the wave function. We see that our derived
equation for the charge transfer holds along the axis. The regions where no transfer is
happening is due to nodes in the wave function and thus there is no charge transfer to
the tip possible.

We conclude that we are able to combine the internal pseudospin dynamics of our
model with the measurable charge transfer. This is a very important result because
otherwise there would be no chance to investigate our predicted dynamics by experi-
ments. Equipped with the knowledge about the simplified model we will now return
to the full molecule and investigate the coupled dynamics of spin and pseudospin.
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Figure 4.8.: Charge transfer per pump-probe cycle depending on the time delay between the two
pulses with a fixed tip position at « = 5A and y = 0A.

10
2.5
1
0.5
0 0
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

tael [1/Vsys]

~ © ©
N

o

[
Charge transfer [e]

Ttip [A]
w £ (6]

N

-

Figure 4.9.: Charge transfer per pump-probe cycle. The y position of the tip is fixed at y = 0A,
whereas the x position is varied between = = 0A and 2 = 10A. The red line shows the absolute value

of 1y along the x-axis.
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5. Numerical evaluation of the full
system

Equipped with a better understanding of the orbital dynamics to expect in the system
we will now turn our eye to the THz-STM set up with the full model describing the
molecule. First, we will gather some theoretical prerequisites. After that we will
investigate the dynamics of the full system numerically.

5.1. Theoretical prerequisites

In this section we collect the necessary theoretical prerequisites. First, we explore how
to treat the Fock space, then how to handle the principal parts and finally we give a
definition of our spin and pseudospin operators.

5.1.1. Treatment of the Fock space

As already mentioned in Sec. 2.2.3, the Fock space spanned by the molecular Hamil-
tonian (2.34) has a dimension of 4* = 256. Since, we keep coherences in our transport

A o |
tip

Z sub __ S, S_
=

| Til +T:I

— T -1t

0

— Ty T2

T11+Tf'

_— T;l _ Ttl

L] L} )
CuPc CuPc™

Particle number

Figure 5.1.: Schematic depiction of the considered transitions in the system. We show on the x-axis
the neutral and anionic state of CuPc and on the y-axis the grand canonical energy of the states.



5.1. THEORETICAL PREREQUISITES

calculations the corresponding Liouville space has a dimension of 2562. Despite the
possibility to numerically diagonalize the Hamiltonian the Liouville space is too big to
make numerical transport calculations in a reasonable time frame. However, we are
interested in transport at low energies. This enables us to only take the lowest lying
states of the neutral and anionic molecule into account. They are shown in Fig. 5.1. In
particular we will only consider the states discussed in Sec. 2.3 for tunnelling events.
Such events are described by the real part of Eq. (3.32), i.e. the parts containing the
Fermi functions. The ten states considered for transport make up our active Fock space
of tunnelling events. The imaginary parts of Eq. (3.32) need a more careful treatment.
First of all we exclude them in the parts of the equation which are connected to the
increase of the sub block of the density matrix, i.e. the last two lines. We do this since
the difference between the principal part functions appearing in these two lines is of
order I'}; ; and thus would give us contributions to the Master equation which are of
order (I'}; ,;)?. This however is inconsistent with our second order treatment of the
transport set-up and leads to wrong numerical results.

In the parts of the equation we keep the imaginary parts we still have to be more
careful than for the real parts of the equation. We do that since in the imaginary parts
virtual transitions can happen which must be taken into account when doing transport
calculations. To give an example on how to include the virtual transitions into this
formulation we will take a look at the term

Z Z PNEdAl‘Lgpn(F - ﬁmol)ﬂzja'PNFpPNE/ =

nk ;‘a/

Jjo
S SN INEWEN|ALpy(F — Hug)|N — LEY(F'N — 1|d;or |[NF){(FN|pPyp =

nEFF’ ?o‘/

jo
> S py(F — FYEN,IN — LF)(F'N ~ 1, |NF)|NE) (FN|pPyg.
nFF’ o
Jo
(5.1)
which is appearing in the first line of Eq. (3.32). We neglect the angular momentum
quantum numbers in the projection operators to keep the formula clearly arranged.
The sum over F' only runs over the active Fock space, i.e. the low energy spectrum,
whereas F” will run over all states in the N — 1 particle spectrum. With this we include
all virtual transitions which can happen into our numerical calculations. In the next
section we will define an effective Hamiltonian for the imaginary parts which allows us
to treat the numerics more efficiently.

5.1.2. Effective Hamiltonian for the principal parts

To obtain an effective Hamiltonian for the principle parts we define first

. O
= ZZ 27;,]PNE [djapn(F - Hmol)djo’ + dja’pn(Hmol — F)dja} PNF. (52)
nk @'U,
jo
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We define the effective Hamiltonian for the principal parts as

. M + Mt
j7 Ay

pp — 9

(5.3)

This enables us to include the dependence of the density matrix on the principal parts
into the Master equation (3.32) by

poc —i|Hyp, p|. (5.4)

We will now turn our attention to the definition of the spin and pseudospin operators
for our full system.

5.1.3. Spin and pseudospin operators

Since we are interested in the spin and pseudospin dynamics we need to define operators
which are able to describe them. We define for the spin

S, = Z (02) oo dig: (5.5a)
%:—Zdawﬂw (5.5b)
S, == Z d (02) M/dw , (5.5¢)

ioco’!

with ¢ and j running over the complete set of frontier orbitals. For the pseudospin we
only take the LUMOs into account and define the corresponding operators as

. L, 5
7o =5 (i — 1) S dle(00)eediers, (5.6a)
ee/=+
1
Ty 5 (1 — nH Z dL£U O'y) gldLglg, (56b)
Ef’
5 Z dLga (02)eerdrers (5.6¢)
55’

We define the pseudospin operators in this way to ensure that they fulfill
[7A'a, 7A'5] = iéagﬁ/ﬁy (57)

on the triplet anionic subspace, with €,4, being the Levi-Civita symbol. We now have
all necessary ingredients to turn our eyes to the numerical simulations of the full system.
We do this in the next chapters.
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5.2. SIMULATIONS WITH UNPOLARIZED LEADS
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Figure 5.2.: Simulation of the full system driven by a laser pulse of width 30ps. We report in (a) the
populations of the system, (b) the bias change in each lead due to the laser pulse, (c) the expectation
value of the spin and (d) the expectation value of the pseudospin.

5.2. Simulations with unpolarized leads

We will now show the numerically obtained results for the full system. As a first step
we will investigate the effect of the pulse width on the dynamics and then turn our
attention to the effect of spin polarized leads.

5.2.1. Blocking state in the full system

If we once again set the tip at the position = 5A and y = 0A we expect to find
the same orbital blocking state as in the simplified two orbitals model since it should
only depend on the LUMOs which we took into account in our model. We report
the simulation of the system without spin polarized leads in Fig. 5.2. All simulations
presented in this chapter have been performed at a temperature of T = 30K and we will
neglect the singlet states of the anionic low energy spectrum. This is justified since they
do not have any influence on the spin-orbit dynamics of the system. We set g = —4eV
for our system which has the effect that in thermal equilibrium the molecule will be
in its anionic state. We see in the plot of the populations, Fig. 5.2(a), that before a
laser pulse is applied the system is in thermal equilibrium, i.e. all triplet states have
a nonzero probability of being occupied with small differences due to sizable energy
splittings on the temperature scale. After around 180ps a laser pulse is applied to open
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the transition from the anionic to the neutral state for 30ps which can be seen by the
chemical potential of the tip crossing the green threshold line in Fig. 5.2(b). We can
see now a similar behaviour as exhibited by the model. In the populations, Fig. 5.2(a),
we see that the probability to occupy the neutral state rises when the transition opens,
but then decays even though the transition is in principle still open. We also see in the
population plot that after the transition is closed the mainly occupied states are the
two degenerate triplet states |TY).

To get an understanding why the populations are showing this behaviour let’s assume
that the term containing As in the molecular Hamiltonian, see Eq. (2.34), would be
zero. The four vanishing triplet states would then be eigenstates of the total spin
operator 52 = 5’2 + 35 + Sg Hence, superselection rules prohibit the preparation of a
superposition of these states. The term containing )y introduces small admixtures to
states with different total spin and thus they do not vanish completely but have a very
little probability of being occupied.

The states |T%) are exactly degenerate and therefore can not be responsible for internal
dynamics. Consequently, in Fig. 5.2(c) and Fig. 5.2(d) we see a very small amplitude
in the oscillations of the spin and pseudospin expectation values, respectively. The
corresponding dynamics would probably be too small to be measured experimentally.
Therefore we will not analyse them in more detail. As we will see in the next section
for a shorter laser pulse we ill not completely reach the blocking state and obtain much
more pronounced dynamics.

5.2.2. Shorter pulse to drive the system

In the last section we saw that for a long pulse the system approaches the blocking
state and that the coherent dynamics are then probably not measurable. If we shorten
the time interval in which the transition from the anionic to the neutral state via the
tip is open by a factor of ten, i.e. it is open for 3ps as shown in Fig. 5.3(b), we see in
Fig. 5.3(a) that the system does not have enough time to decay back into the anionic
state. Therefore the lowest and highest lying triplet states, which are almost completely
depopulated if the transition is open for a long time, have a much higher probability to
be occupied and correspondingly the pseudospin oscillations occur with a much higher
amplitude, see Fig. 5.3(d) and Fig. 5.2(d). The oscillations of the spin however are still
very small, see Fig. 5.2(c), but we can already conclude that (S,) seems to be coupled
to (7,) by the spin orbit interaction. Furthermore we see beatings in the pseudospin
oscillations which can be analysed by means of Fast Fourier Transform. We find that
the faster frequency is generated by coherences between |T;' — T*!) and [T+ T~1)
and the slower one by the ones between |T7' + T*!) and |TZ' — T~'). We show the
Fourier spectrum in Fig. 5.4 with a schematic depiction of the triplet states ordered by
their energies in the inset. The red and green arrows show which states are responsible
for which frequency. We report in Fig. 5.5(a) the transferred charge per pump probe
cycle. We vary the time delay between the end of the pump pulse and the beginning
of the probe pulse between tq = Ops and tq, = 50ps. In Fig. 5.5(b) we report the
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Figure 5.3.: Simulation of the full system driven by a laser pulse of width 3ps. We report in
(a) the populations of the system, (b) the bias change in each lead due to the laser pulse, (c) the
expectation value of the spin with (S;) = (S.) = 0 and (d) the expectation value of the pseudospin
with (r,) = (1) = 0.
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report a schematic depiction of the triplet states ordered by their energy. The arrows denote which
states are responsible for which frequency.
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Figure 5.5.: The pump probe scheme to read out the orbital dynamics in the full system. We
see in (a) the transferred charge per pump probe cycle given in electrons. In (b) the corresponding
dynamics are reported where we have shifted the time axis so that the time corresponds to the delay
time between the two pulses.

corresponding pseudospin dynamics. In fact Fig. 5.5(b) is a cut of Fig. 5.3(d) where
we have relabeled the x-axis so that ¢ = Ops corresponds to the state of the system
at tqe = Ops. Remember that from the model evaluated in Chapter 4 we know that
the blocking state and thus the minimal charge transferred per pump probe cycle is
reached if 7, = —0.5, 7, = 0 and 7, = 0. By comparison of Fig. 5.5(a) and Fig. 5.5(b)
we see a striking resemblance of the pseudospin dynamics and the calculated transferred
charge. We also see that the closer the system gets to the blocking state the smaller
the transferred charge becomes. Similarly to the model this is a pseudospin valve effect
with the difference that in the model we had a precession around the axis perpendicular
to the molecule and in this case only the 7, component of the pseudospin is oscillating.
A way of enhancing the dynamics of the spin is to introduce spin polarization in the
leads. We will do this in the next section.

5.3. Effects of a spin polarized tip

In this section we will explore the effects of a spin polarized tip. We will consider a
spin polarization described by the polarization vector

Py, =

tip —

(5.8)

— O O

This leads to the effect that only electrons with spin up will be able to tunnel from
the molecule to the tip. First we will see what happens in the system if we open the
transition from the anionic to the neutral state for a long time and then in a second
step shorten the pulse time and thus the opening of the transition.
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5.3. EFFECTS OF A SPIN POLARIZED TIP

5.3.1. Long pulse to drive the system

We report the numerical evolution of the system driven by a long pulse and a spin
polarized tip, as introduced in Eq. (5.8), in Fig. 5.6. Fig. 5.6(a) shows the populations
of the system. The spin polarization leads to a complete breaking of the superselection
rules and thus the triplet states with S, # 0 have a much higher probability to be
populated than in Fig. 5.2(a). In Fig. 5.6(b) we see the change of the chemical potential
due to the laser pulse. The transition is open for 30ps. In Fig. 5.6(c) one can see that
during the time interval in which the transition is open the expectation value for the
z-component of the molecule approaches S, =]. This can be understood by the fact
that only electrons with S, =1 are allowed to tunnel from the molecule to the tip and
thus the expectation value of the z-component will be lowered by 0.5. Furthermore,
we can observe oscillations in all three spin components in Fig. 5.6(c). However, the
oscillations in S, and S, have such a small amplitude that we will not investigate them
in detail and from now on if we talk about spin oscillations we will refer to the .S.-
component.

Also in the spin dynamics beatings appear, but if we compare them to the pseudo
spin dynamics, see Fig. 5.6(d), it is obvious that the contributing frequencies are much
smaller. Taking a look at Fig. 5.6(d) we see that in contrast to Fig. 5.2(d) oscillations
are also present in the y- and z-component of the pseudospin. The oscillation of the
y-component is a beating of two fast frequencies whereas the z-component one of slow
frequencies. We can conclude that these oscillations are due to spin orbit coupling
since the only thing that changed between Fig. 5.2 and Fig. 5.6 is that the system is
prepared in a state with a nonzero expectation value of the S,-component.

5.3.2. Short pulse to drive the system

In this section we investigate what happens if we shorten the time interval in which
the transition from the anionic to the neutral state is open from 30ps to 3ps. We see
in Fig. 5.7(a) the populations of the system. The difference between the probabilities
of different states being occupied is smaller compared to their difference observed for a
longer pulse, see Fig. 5.6(b). This is consistent with the observations we made for the
system without a spin polarized tip, see Sec. 5.2. In Fig. 5.7(b) we report again the bias
change of the system. We find for the spin, see Fig. 5.7(c), the same behaviour as for
the driving with a longer laser pulse. In analogy to Sec. 5.2 we find that the pseudospin
oscillations have a larger amplitude compared to driving with a long pulse.

In Fig. 5.8 we report the simulation of pump probe schemes in the system with a spin
polarized tip. We vary the delay time between the two pulses from ¢4, = 30ps to
tael = 217ps to show the charge transfer during one period of the spin oscillation. The
corresponding charge transfer per pump probe cycle is shown in Fig. 5.8(a). Figs. 5.8(b)
and 5.8(c) show the corresponding spin and pseudospin dynamics respectively. We have
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Figure 5.6.: Simulation of the full system driven by a laser pulse of width 30ps. The tip is polarized
with a value of S''P =1. We report in (a) the populations of the system, (b) the bias change in each

lead due to the laser pulse, (c) the expectation value of the spin and (d) the expectation value of the
pseudospin.
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Figure 5.7.: Simulation of the full system driven with a laser pulse of width 3ps. The tip is polarized
with a value of S''P =t. We report in (a) the populations of the system, (b) the bias change in each

lead due to the laser pulse, (c) the expectation value of the spin and (d) the expectation value of the
pseudospin.

60
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Figure 5.8.: The pump probe scheme to read out the spin orbit induced dynamics in the full system
with a spin polarized tip. We report (a) the transferred charge per pump probe cycle given in electrons,
(b) the corresponding spin dynamics and (c) the pseudospin dynamics. We have relabeled the time
axis in (b) and (c) so that it corresponds to the delay time between the two pulses.

relabeled the time axis so that the time on which we report the dynamics correspond
to delay times between the two pulses. We can see in Fig. 5.8 a spin valve effect on
which a pseudospin valve effect is superimposed. The better the alignment between
(pseudo) spin and the corresponding (pseudo) spin polarization of the tip is the larger
is the transferred charge per pump probe cycle. This is qualitatively the same effect
we observed in our simplified model in Chap. 4.

We will now conclude our numerical investigation of the system. We have seen in this
chapter that it is possible to drive spin orbit dynamics in CuPc in an THz-STM setup.
We saw in this chapter that the spin and pseudospin show an oscillatory coherent
dynamics which has qualitatively the same effect on the transferred charge per pump
probe cycle as in the simplified model. In contrast to our model the oscillatory dynamics
in this chapter do not only consist of one frequency but show beatings. Furthermore,
one can conclude that interactions between the spin and pseudospin dynamics are
present. We found in the model that the free pseudospin dynamics are described by

T = w(Nye X T). (5.9)

Due to the interactions such a simple description is not possible for the full model
anymore. In the next chapter we take the correlators between spin and pseudospin
into account to get a description of the free dynamics of our triplet states.
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6. Free evolution of the triplet states

In this chapter we investigate the dynamics of the triplet states with an analytical
approach. We focus on the free evolution of those states, i.e. Vi = 0. We start
with a expansion of the reduced density matrix in its irreducible components and
follow for this purpose Chap. 4 of Ref. [36]. We already saw in Sec. 4.4 that we could
rewrite the one particle sub block of the density matrix in terms of its populations and
components of the pseudospin operator. This is a special case of the expansion of the
density matrix in its irreducible components for (pseudo) spin 1/2 particles. We will
now show the general form of this expansion which then can also be used to describe
our triplet states which have a pseudospin of 1/2 but also a spin of 1.

6.1. Irreducible components of the density matrix

For simplicity, we drop the hat notation for operators and will always indicate their
expectation values by bra-ket notation. If one considers an ensemble of particles which
are characterized by angular momentum values of J one can write the density matrix
of this ensemble as

p= > AT(Nka)T()) ko (6.1)

JKQ

Here, K denotes the total angular momentum and () its z-component. T'(J)kq are
the tensor operators for a system with angular momentum J. The number of possible
tensor operators for an ensemble is restricted by the condition

~K<Q<K. (6.2)

The tensor operator with rank K = 0 is a scalar operator and is proportional to the

unity matrix
1

—1
V2J+1

To describe the tensor operators of rank K = 1 we introduce the angular momentum
vector

vp
I=1J,1. (6.4)
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from which we can deduce the spherical vector components as
1

Jy=F—+=

+ \/§

with Jy being the raising/lowering operator. The tensor operators of rank K = 1 are
related to the spherical vector components via

(J, £iJy) and Jy = J,, (6.5)

3
T(T)a = \/(zJ +1)(J+1)J

Jo. (6.6)

In a similar fashion the tensor operators of rank K = 2, also called quadrupole mo-
ments, are related to quadratic combinations of the angular momentum vector compo-
nents J,, J, and J, by

T(J)20 = %(&JZQ ~J?)
N.
T(N)aer = F [(Jode A Jo o) £i(Jy e+ J.,)] (6.7)
N.
T(D)are = 5 [J2 = Iy £i(Jady + 1, 2)]

with

N — 30
TN @I+3) 2+ 1)J2) —1)(J+1)
The triplet states we are interested in are a combination of a pseudospin part with
J =1/2 and a spin part with J = 1. Therefore, we will in the next section take a look

on how to construct a density matrix for particles with J = 1/2 and J = 1 separately
before combining everything together.

(6.8)
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6.2. SPIN AND PSEUDOSPIN TENSORS

6.2. Spin and pseudospin tensors

In this section we will give expressions for the density matrix in terms of its irreducible
components for particles with J = /2 and J = 1. This is done because we need to
describe the pseudospin part of the triplet states which has angular momentum J = 1/2
and the spin part with J = 1. We will start with the J = 1/2 case.

6.2.1. (Pseudo) Spin tensors for (pseudo) spin l/2 particles

Eq. (6.1) implies that for spin 1/2 particles the only tensors we need to take into account
are of rank K = 0 and K = 1. We thus find for the monopole term given by Eq. (6.3)

1

T(ifh = 51 (6.9)

The tensors of rank K = 1 are connected to the corresponding spherical spin operators
by Eq. (6.6). For a system with J = 1/2 we can identify the angular momentum
operators as

J; = 101, i=x,9,2, (6.10)
with the Pauli matrices o;. The tensor operators of rank K =1 are
T(2)10 = V2Jo (6.11)
and their expectation values are
(T(/2)lq) = V2(Jh), (6.12)

where Jg is given by Eq. (6.5). Plugging the results in Eq. (6.1) we find for the density
matrix of spin 1/2 particles

pV? =3 AT(2)kq) T(/2)xa

KQ

,1 + Z 1/2 lQ 1/2) (613)

1 1 1 1
= 51 + 3 Tr{po,} o, + 3 Tr{po,} o, + 3 Tr{po.}o..
This is the expansion we used in Eq. (4.25) to describe the one particle sub block of our
density matrix. Now we know how to expand the density matrix for spin 1/2 particles
in terms of its irreducible components. We will in the next section do this for spin 1
particles.
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6.3. TIME EVOLUTION OF THE DENSITY MATRIX

6.2.2. (Pseudo) Spin tensors for (pseudo) spin 1 particles

The first thing we need on our way to describe the expansion of the density matrix
for spin 1 particles are the definitions of the spin operators describing them. They are
given by

1 010 1 0 —i 0 10 0
Sp=—0=110 1, Sy=—42|1 0 —i|, S,=[0 0 0 |. (6.14)
V2 010 V2 0 i O 0 0 —1
The monopole tensor is given by
1
T(1)go = —=1. (6.15)

V3

By setting J; = .S; we find for the tensors of rank K =1

_ (o)
(T()lg) = NR (6.16)

where Jg is again given by Eq. (6.5). The quadratic combinations of the angular mo-
mentum operators can be constructed according to Eq. (6.7) with Ny = 1. Therefore,
we can conclude that the density matrix for spin 1 particles has the following form

pr= il,)l + ZQ: (T(1)]g) T(Wo + %: (T(1)hg) T(1)2g- (6.17)

6.3. Time evolution of the density matrix

We will now derive analytic expressions for the spin and pseudospin dynamics which
were numerically explored in Chap. 5. We use the effective Hamiltonian describing the
triplet states given in Eq. (2.74). It reads

afy 0 0 0 0

0 a; 0 0 0 0
0
0 (6.18)
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It has the following eigenvalues

1
E1 = Oy =+ s, EQ = Oy =+ A5, E3 = 5(0&1 — 2062 + 2@5),

1 1 1
B, = i(al + 205 + 2a5), Es = 5(—041 — 203 + 2a5), FEg = 5(—a1 + 203 + 2ais5).

(6.19)
The time evolution of the density matrix is given by the Liouville - von Neumann
equation

ey = 5 (A plt) — p() ). (6.20)

Let v, be the eigenvector of the effective Hamiltonian corresponding to the eigenvalue
E,. We define a transformation matrix as

M = [vy,...,vg]. (6.21)
We transform p into the eigenbasis of Heft by
pr = MpM'. (6.22)

In this basis the Liouville - von Neumann equation can be solved by

(o1 )y = D e BB (o (0)) - (6.23)

a,b=1

Now, that we know the time evolution of the density matrix describing our triplet states
we will investigate how to obtain equations for the dynamics of the spin, pseudospin
and their correlators.

6.4. Dynamics of the spin and pseudospin

Equipped with the knowledge about the expansion of density matrices for (pseudo)
spin 1/2 and (pseudo) spin 1 particles from Sec. 6.2 we will construct a basis in which
we can expand the density matrix for the triplet states. Our triplet states have a spin
angular momentum value of Jg¢ = 1 and a pseudospin angular momentum value of
Jp = 1/2. Therefore, a basis which allows us to expand the density matrix of the triplet
states has to incorporate both of these spaces.

We use for the pseudospin operators the notation

1 1 1
Ty = iax, Ty = iay, T, = —0,. (6.24)
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6.4. DYNAMICS OF THE SPIN AND PSEUDOSPIN

We define a basis for the Jp = 1/2 space, by using the spherical components of the
pseudospin operators, as

. 1 : .
b = {ﬁlg, V21, —(1y +i7,), Tp — lTy} , (6.25)

where the ¢ stands for complex since we use the spherical components of the pseudospin
operators, which contain imaginary parts, to define the basis. For the spin operators
we use the definition given in Eq. (6.14) and define a basis for the Jg = 1 space, again
by using the spherical components, by

1 1, -1 oy L . 1
BT _ {\/313’ ﬁsZ? 7(5@, + lSy), 5(536 — ISy), %(253 — Sg - 55)7

1 1
A?Eﬁﬁﬂﬁﬁ%%&+&%m§@@+&&—K%&+&%w(M@

1 1
J&&—@@+m%%+%&mJ&&—%@—m&%+%&ﬂ}

where again the ¢ stands for complex with the same reason as for the pseudospin.
A basis in which we can expand the density matrix describing the triplet states is
therefore

B = By, ® By, (6.27)

since it incorporates the spaces of Jp = /2 and Jg = 1. By identifying the tensor oper-
ators introduced in Sec. 6.1 we can conclude that the density matrix is then determined
by the correlators

(T(Y2) kT (1) krqr) (6.28)

because they are the expansion coefficients of p in the basis B°.

However, it is also possible to define a basis directly by the angular momentum op-
erators. For the pseudospin 1/2 part we can define a basis, using directly the angular
momentum operators, by

7y = {12, 72, e, Ty} (6.29)

where the r stands for real since in this basis no more imaginary parts are present. For
the spin 1 part we need the angular momentum operators and additional quadratic
combinations of them. We can take the real parts of the basis Bf for the quadratic
combinations and then define the real basis for the spin 1 part by

BI - {137 Sza Sxa Sya 2Sz2 - Sﬂ% - SZ’ SxSZ + SZSI’

(6.30)
%&+&%@}ﬁj&%+%&}
In analogy to Eq. (6.27) we get the complete basis of the density matrix by
B" =B, ® Bj. (6.31)

67



6.4. DYNAMICS OF THE SPIN AND PSEUDOSPIN

By introducing the notations
P - 167
Sa,0 =257 — G2 — S;,
sz = Ssz + Sszv

Syz - SySz + Sz527 (632)
Sy =Sz — 52,
Suy = 528, + 5,50,
we can write Eq (6.31) in the explicit form
P S. S, S, Sz Se. S, Swep  Su
B = Ty TZSZ Tsz TzSy 7—zSSzQ TZS:L"Z TzSyz Tsz2y2 TzSzy (633)

Tx Tmsz TxSx T:ESy Tm53z2 Tszz TmSyz TxSnyQ TxSxy

Ty TyS: TySe TySy TySsiz TySi: TySy: TySaz2 TySuy

The components of the density matrix in this basis are now the expectation values of
the operators comprising the basis B”". It holds for an arbitrary operator O that

(O@)) = Tr{Op(1)} - (6.34)

Therefore we can obtain all expectation values for our pseudospin 7; operators, spin .S;
operators, quadrupole moments for the spin and their correlators in this way. Exem-
plarily, we give the solution for 7, here

sl - (s

+ |:3<Sr2y2> + 4(1,) + 2<Tm5322>] cos [(ozl + ay — az) t}

(12(1)) =

+ { — 3(Sy2,2) 4 4(1y) + 2<Tx5322>] cos | (a1 — ag + a) 1] (6.35)

— 6[<TySZ> + <TZSxy>} sin {(al + g — ag)t}
_ 6[<TySz> — <7’ZSxy>} sin [(al —ay + Oég)t}}

where all expectation values on the right hand side have to be calculated at t,. We
show in Fig. 6.1 a numerical simulation of the system, with the same parameters as
in Sec. 5.3.2. We superimpose in Fig. 6.1(c) and Fig. 6.1(d) the analytical solutions
obtained for the spin and pseudospin expectation values. Therefore we choose an initial
time to after the transition from the anionic to the neutral state is closed and use p(ty)
to calculate all the correlators appearing in Eq. (6.35) and the corresponding equations
for different expectation values. We see in Fig. 6.1 that our analytical solutions for
the free evolution match the numerical ones perfectly. Thus, we are able to describe
the free evolution of our triplet states with respect to arbitrary initial conditions. We
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have shown that we understand the dependence of the spin and pseudospin dynamics
on their correlators in a quantitative way.
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Figure 6.1.: Simulation of the full system driven with a laser pulse of width around 3ps. The tip is
polarized with a value of SUP =1. We report in (a) the populations of the system, (b) the bias change
in each lead due to the laser pulse, (c) the expectation value of the spin and (d) the expectation value

of the pseudospin. In (c) and (d) the analytical solutions for the free evolutions are superimposed on
the numerical results.
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7. Conclusion

In this thesis we investigated spin-orbit induced dynamics in a CuPc molecule. We con-
sidered a single molecule junction consisting of a CuPc molecule in a THz-STM setup.
We first derived a many-body model able to describe a CuPc molecule. By choosing
the molecular orbital basis for our description we were able to determine the subset of
orbitals needed to describe transport at low energies. Symmetry arguments enabled us
to reduce the number of Coulomb integrals needed to obtain a complete description of
the electronic interactions in the system. Then, we introduced the spin-orbit coupling
into our model by evaluating a general spin-orbit interaction operator only on the cop-
per atom and projecting it on the set of frontier orbitals. By analysing the spectrum
of this model we found the states relevant for transport at low bias voltages which we
later used in our numerical and analytical calculations. To describe transport through
our junction we showed the derivation of a general transport formalism for the reduced
density matrix where we included the geometry of an STM and the effects of coupling
laser pulses to the system.

Then, we showed that already in a simplified model of the molecule with two quasi
degenerate orbitals we find pseudospin precession. We investigated this numerically
and were able to describe the precession completely within our analytical transport
formalism. The connection between the pseudospin precession and transferred charge
per pump probe cycle was shown numerically and analytically.

In the full model we discovered again pseudospin oscillations but this time coupled to
spin dynamics. We saw in our numerical simulations that the shorter the time inter-
val, in which the transition from the anionic to the neutral state is possible, the more
pronounced the pseudospin dynamics of our system become. We found that in order
to enlarge the spin oscillations in our system we need to spin polarize the tip of the
STM. The reason this increases the amplitude of the spin oscillation is the complete
breaking of superselection rules.

Simulations of pump probe schemes in the full model show a pseudospin valve effect
when the tip is unpolarized and a combined spin and pseudospin valve effect if a spin
polarization is present in the tip. This might provide a way of obtaining information
about the spin-orbit induced dynamics via electronic measurements.

Lastly we investigated the free evolution of the anionic triplet states and showed that
we can describe the dynamics of the spin and pseudospin analytically. By decomposing
the density matrix in its irreducible components we found the dependence of the spin
and pseudospin dynamics on the correlators between the spin operators, pseudospin op-
erators and the quadrupole moments for the spin. Even though, considerable progress
was made in describing a single CuPc molecule in a THz-STM junction there still re-
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main some open questions. The first question is if it is possible to derive an analytical
expression for the charge transfer in a pump probe cycle depending on the spin and
pseudospin dynamics, analogous to the one derived for the simplified model. Also a
better understanding of the preparation done by the pump pulse would be desirable.
As explored in our spectrum analysis of CuPc there are degenerate states present
and therefore one should investigate if the Jahn-Teller effect [50] plays a role in our
CuPc-THz-STM junction. Since our transport formalism is quite general it should in
principal be extendable to arbitrary molecules as long as one is able to find a satisfying
many-body model for them. So there are a lot of possible candidate molecules to be
investigated in the future.
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A. Appendix

A.1. Effect of the split pair hopping on the low energy
spectrum

The split pair hopping term .J f 4+ creates admixtures in the low energy spectrum of
the molecular Hamiltonian (2.34). We write

HH+— Z Z JHTT’dLTU Lt/ JdHUdHU’ (Al)

‘r‘r/iU

to explore the effect of the split pair hopping on the low energy spectrum. On the
doubly degenerate neutral groundstate the split pair hopping has the following effect

HHJr |DT 5 Z ZCZT LTO’ L’T‘O’ 0>
T,7'=%t O (AQ)
HH+ |D¢ Py Z Zd Lro LTO’ 0>

TT/iU

Therefore, the split pair hopping introduces small admixtures into the neutral ground-
states. These admixtures are the same for both neutral ground states. However, they
are very small and only introduce a constant shift, thus we neglected them in our spec-
trum analysis.

The effect on the anionic low energy states is

[:[II:H-—‘S > 2 \/_ ( TdeicﬂLferLTi d J,dLTTdLTJ,dLTT> |0>

ﬁ§+—|T:—r1> - *C%letmdltmﬂjﬂm (A3)
N 11 :
P 0 AT gt
HH+—|T’T> 2 \/— (dST LT\LdLTTd L7l + d ¢dLTTdLT¢dLTT) |0>

Hy, |T") = §Ci§¢deﬂTTdLﬂ|O>'

Similarly, to the effect on the neutral ground states the split pair hopping introduces
small admixtures into the anionic low energy states. However, they are all of the same
type with the SOMO occupied by one electron and three electrons in the LUMOs.
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Again, this only introduces a small constant energy shift of all states and we therefore
neglected the effect in our spectrum analysis.

A.2. Reformulation of the two orbital model equations
into populations and pseudospin

We will show how to reformulate eqgs. (4.21) - (4.23) into equations for the popula-
tions Py, P, P, and the vector of pseudospin expectation values 7. By using the
approximations

) ~ f,(H),
o) = F () "
Py(H1) ~ py(Hy),
and using the notation
HlOEf{I_Eb; H21 EEQ_ﬁl (AS)
we can reformulate eqs. (4.21) - (4.23). We find for Eq. (4.21)
-0 Tsub £+ Ttip £+
po=— |21 fqu (Hio) + 21 fi,(H1o) | p
[ v(Ho) o (Ho) | po A

T [T o (Hio)p' | + T [f (Fho) TP o'

where for the first two terms we used the fact that I'**P and f; are diagonal and for
Ii(t)llp everything except the diagonal part is traceless. For the fourth term we used that
Jup 18 diagonal and the cyclic property of the trace, the fifth term vanishes since pyp,
is diagonal and by also using the cyclic property of the trace. With similar arguments

we find for Eq. (4.22)

P = — [20° foy (Har) + 2T fi (Hon)| p°

_I_

_ _ , (A.7)
+ e [T £, (Hor)p' | + T | Ay (Han )T 0"
Eq. (4.23) adopts the following form
: 114
pl=— s {Hlapl}
1(- i
- 22{ n_(HlO) {F01701} - %pn(HIO) [ngpl}}
1
1 _ 1 1 B ) (AS)
=5 5 { A ) (T o'} = 5 (F) [T, 1)
z
>
g

fE(Hio)T80° + > fr (Hay)Top?,
n
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where we rewrite the hermitian conjugate as an anticommutator for the Fermi func-
tions and a commutator for the principal parts. The commutators in the last two lines
vanish because p, is proportional to the identity.

Now we start to reformulate the equations in terms of the populations and the pseu-
dospin. Since p° and p? only contain one element we can just rewrite

Py=p" and P, =p’ (A.9)

For p; we use the decomposition introduced in Eq. (4.25)

p1 = ]:2)112+Tx<7;z+7'y0y+7z0z = 2112+7"0'7 (A.10)
with
P =Trp' (A.11)
and 1
=T {p'oi} = (7). (A.12)

Furthermore we use the form of the tunnelling rate matrices in terms of the pseudospin
polarization

g =T"(1,+ P} - o)

A.13
g =17 (1, - P} o), (A-13)
where P7, = 0. With this we find for eq. (A.8)
ZT" \fy (Hio) + £, (Hz)| Py
(A.14)

+ZQP’7 |f (o) Py + fy (Hor) Pa) .

The commutators vanish because p, is diagonal and the trace is invariant under cyclic
permutations. For the anticommutators only the parts proportional to the identity
survive since the Pauli matrices are trace less.
For the pseudospin part we need the relations

[a-o,b-o]=2iaxb) o (A.15)

and
{a-o,b-0c}=2a"b. (A.16)
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With this we find
.1 1
T =5 Tr {p 0'} =

f‘tip
T

[Dy(Ho) = By(Hot)| P, x 7

- ; %: fy (Hio)T" [P+ 7] — E S AT [-PP) 4 7]

W (el X T) —

(A.17)

2

n

+ TP fif, (Ho) Po — fop(Hot) P2 | P,
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