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Chapter 1

Introduction

1.1 Interference of massive particles

Self interference of massive particles is fascinating. In the 1960s, Richard Feynman [1]
described it as a phenomenon “which has in it the heart of quantum mechanics,” and
it didn’t lose any of its attraction up to the present day. In fact, when the journal
Physics World recently asked for suggestions for the most beautiful experiment ever in
science [2], Young’s original double-slit experiment to demonstrate interference with
light from 1804 [3] was ranked among the top 5, but its application to electrons in
vacuum [4] was cited more often than any other. In this experiment, a beam of
electrons is shot through an apparatus containing an electron biprism which acts as
an effective double slit and the electrons are detected at an observation plane. In later
experiments, only one electron was in the apparatus at a time [5, 6]. The beauty of
these experiments lies in the fact that one can actually observe the emergence of the
interference pattern in time as the electrons hit the observation screen one by one.
Every electron is detected before the next electron enters the apparatus, such that
interactions between the electrons can be excluded as a possible explanation. After 10
or even few 100 electrons, the observed pattern looks more or less random, but after
a few thousand electrons, a clear modulation in the intensity on the screen can be
seen as a manifestation of single particle interference (Figure 1.1). Since then, particle
interference has been demonstrated with neutrons, atoms [7, 8] and molecules as large
as carbon-60 [9] and carbon-70 [10]. Mesoscopic rings contacted to leads and threaded
by a magnetic flux provide the solid-state analogous of the experiment described above
(11, 12].

Interference of electrons in single molecule junctions is a novel effect and has some
analogies to interference on double slits. It manifests itself as perfect destructive in-
terference that causes complete blocking of the current through the junction and has
been predicted for molecules with discrete rotational symmetry such as benzene or an-
nulene rings. The symmetry assures the presence of degenerate states, to which clock-
wise and counter-clockwise angular momenta can be assigned, so that the two paths
around the molecule exhibit a certain phase difference depending on the arrangement
of the contacts. In the last years, this “intramolecular interference” has been inves-
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Figure 1.1: Single electron build up of interference pattern over 20 minutes. At the
beginning of the experiment, bright spots indicating electrons occur at random posi-
tions. When a larger number of electrons is observed, clear interference fringes can be
seen. Pattern after (a) 8 electrons; (b) 270 electrons; (c¢) 2000 electrons; (d) 60,000.
Images taken from [6].
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tigated by several groups in setups with strong lead molecule coupling, using models
[13, 14] or density functional theory [15, 16] to describe the molecule and a Green’s
functions scattering approach that premises strong lead molecule-coupling to calculate
transport properties. In the complementary situation of a molecule weakly coupled
to leads, a generalized master equation approach for the reduced density matrix turns
out to be more convenient to describe intra-molecular interference [17, 18, 19]. This
thesis provides an overview over our work on electron interference effects such as cur-
rent blocking and negative differential conductance in transport through benzene and
multiple quantum dots. The use of interference to obtain control over the molecules
(or quantum dots) spin degree of freedom by all-electrical means, a highly desirable
property for spintronics and spin based quantum computing applications, is proposed.
At this point, it is worth stating that this research on transport through molecules was
not driven by the beauty of interference effects. Instead, it was (and still is) motivated
by the quest for new electronic devices equipped with new functionalities and based
on new materials that provide potential alternatives for the conventional metal oxide
semiconductor field effect transistor (MOSFET) technology, which has opened new
fields in engineering, applied and fundamental science. One of the most prominent
and promising of these new fields is molecular electronics.

1.2 Molecular electronics

The central idea in molecular electronics is to establish electronic devices based on
molecular films, groups of molecules or even single molecules. One of the major themes
in electronics is therefore to build up electronic circuits in which molecular systems act
as conducting elements and to understand or even design the current voltage charac-
teristics of such junctions. These novel molecular building blocks can for example act
as switches, gates, rectifiers or memory elements or provide new functions that need
to be characterized and understood [20].

Aviram and Ratner were the first to propose a molecular rectifier based on a single
organic molecule back in 1974 [21]. However, the field of molecular electronics emerged
only after modern nanoscale fabrication techniques made it possible to construct single
molecule junctions. In 1997, Reed et al. [22] attributed a current voltage curve
measured in a break junction experiment to a single 1,4 benzene dithiol molecule.
Since then, huge experimental and theoretical efforts have been made and created a
diverse and rapidly growing research field.

1.2.1 Measurements of single molecules

Many experimental techniques are available to measure and control current through
molecules. On one hand, there are experiments in which current through a large
number of molecules organized in self-assembled, highly ordered films is measured.
These films are placed on one electrode and then another electrode is placed on top
of it. On the other hand, there are a number of techniques that allow to contact and
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to measure the conductance of a single molecule. Since the latter are more related to
the subject of this thesis, we will describe some of them here in more detail.

Scanning tunneling microscopy (STM) [23] has played a unique role in the field of
molecular electronics. First, it allows to image single molecules lying on conducting
substrates or different orbitals of the very same molecule with submolecular resolution.
In the same setup, one can measure the current through the molecule as a function of
the molecular position. The STM tip can also be used to place metal atoms in contact
with a single molecule on the substrate with atomic precision. An open challenge
in this approach is to reliably contact the metal atoms and to exclude effects on the
conductance coming from the molecule substrate coupling [24]. In other approaches,
one end of the molecule is lifted from the substrate by the tip of the STM and current
through the molecule from the tip to the substrate can be directly measured. The tip
can be pulled away until the contact on one end of the molecule breaks away. After-
wards the tip is lowered again until a new single molecule junction forms. Breaking
and forming of contacts is observed in the current as steplike features. The repeating
of this cycle (see Figure 1.2) allows the statistical analysis of many single molecule
junction measurements in short times. If the STM tip and the substrate are coated
with an insulating layer, the sample can be placed in an electrolyte whose surface
potential can be controlled with a third electrode, acting as a gate. Metal ions can be
introduced to the electrolyte, so that the current through the molecule is controlled by
gate induced reversible chemical binding reactions to the metal ions [25]. Also without
metal ions, potential control of the electrolyte enables to change the charge state of the
molecule [26]. A gate electrode in molecular junctions is in general highly desirable,
since it allows to oxidize or reduce the molecule, and three terminal devices can act
as spectroscopic tools that allow to determine excitation and addition energies of the
molecule.

Therefore, different techniques to fabricate molecular three terminal devices have been
delveloped [27] in addition to STM. The electromigration technique consists in break-
ing a narrow and thin metalwire by a large current density to form two physically
separated electrodes. The formation of the gap can be imaged using transmission elec-
tron spectroscopy. Although some control over the breaking process could be achieved
by a feedback mechanism, the resulting geometry or size remains uncontrollable. Ad-
vantages of devices made by electromigration on top of Al/Al,O3 gate electrodes is
the large gate coupling and the planar geometry (see Figure 1.3 (a)) that offers a large
stability for systematic studies of effects as functions of gate voltage, magnetic field
or temperature. Molecules can be deposited on the sample from solution either before
the gap formation or afterwards. If the gap has about the same size as the molecule,
the molecules can form chemical bonds to both electrodes. However, in general only
few of the prepared samples show signatures of single molecule conductance.

A shadow mask technique can be used to evaporate two gold electrodes on top of a
gate electrode as illustrated in Figure 1.3(b). If the tilt angle of evaporation is high
there is no overlap between the source and drain shadows. Reducing the tilt angle
decreases the source drain gap. The advantages of this technique include the ones of
the electromigration techniques, in addition one has precise control over the gap size
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[28].

Recently, it has been possible to include a gate voltage also in mechanically controlable
break junctions (MCBJ) experiments [29]. In an MCBJ setup, a thin metallic wire with
predefined break points is placed on a substrate. The hole geometry is now bended
with a pushing rod so that the wire breaks, see Figure 1.3(c) . The huge advantage of
this approach is that the distance of the emerging gap can be controlled with picometer
(1) resolution by the pushing rod. The gate coupling, however, is typically orders of
magnitude smaller than in the techniques with planar configuration, which makes it
difficult to access several charge states of the molecule.

In Figure 1.3(d) a sketch of the dimer contacting scheme reported by Dadosh et al.
[30] is depicted. In this approach, a dimer structure consisting of two colloidal gold
particles connected by a dithiolated molecule is synthesized in solution. This dimer
structure can be trapped electrostatically between two gold electrodes (with a gap
much larger than the actual size of the molecule) on top of a gate electrode. The
advantage of this approach is that it allows to fabricate single molecule devices with
high certainty and well defined contacts to the molecule. However, the gold particles
screen the gate potential efficiently, and spectroscopic features of the gold particles are
sometimes superimposed on the conduction characteristics of the molecule.

With all these methods, molecular junctions have been realized and current-voltage
characteristics could be assigned to a single or very few molecules. However, there
are a number of problems that have to be overcome to assure future success of the
whole field. First of all, the placement of the molecule inside the nanogap between the
contacts is basically uncontrolled. A large number of samples have to be prepared to
obtain at least a few where the formation of a molecular junction can be identified.
Related to this is the problem that the conductance of a molecule depends crucially
on its local environment. Still, there is a lack of a technique that can provide reliable
and well defined molecule-electrode contacts. Although the molecules themselves can
be produced identically in large numbers, visions of building millions of atomically
identical electronic devices seem to be doomed because they cannot be fabricated in
a controlled way. In this sense there is still a long way to go, or as Fang Chen put it
in the summary of her recent review article [24]:

Future techniques that can fabricate molecular junctions with molecule-
electrode contacts that are well defined on the atomic scale and that can
characterize the atomic-scale structures of the molecule-electrodes contacts
will contribute enormously to the field of molecular electronics.

1.2.2 Theoretical approaches

Similar to the variety of experimental techniques, also a number of theoretical concepts
to describe transport through molecular devices have been developed. One one hand,
numerical approaches to transport based on the combination of ab initio methods
like density functional theory (DFT) with nonequilibrium Green’s function techniques
have become standard to study transport at the nanoscale [31, 32]. These methods
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Figure 1.2: Forming and breaking of a molecular junction with an STM tip. The tip
is pushed into contact with molecules adsorbed on an electrode. Pulling away the

tip subsequently breaks molecular bridges which can be seen as steps in the current.
Image taken from [24].
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take into account not only the molecule itself, but also the atomistic structure of lead-
molecule interfaces. They are appropriate to investigate quantum transport through
molecular bridges strongly coupled to leads. Complex structures with a large number of
atoms can be described. However, they fail to describe transport through a molecule
weakly coupled to leads, since they are not able to account for effects arising from
Coulomb interaction properly. In nanoscale objects with a small number of electrons,
this interaction provides the dominant energy scale and therefore plays a crucial role.
That is why, on the other hand, approaches to transport are used that explicitly incor-
porate the Coulomb interaction in the molecule. Powerful many-body techniques such
as the numerical renormalization group (NRG) or the density matrix renormalization
group (DMRG) scheme have been developed and applied to the problem of quantum
transport. They can treat a broad parameter regime ranging from weak and to lead-
molecule coupling. However, only very simple models with a limited number of degrees
of freedom can be investigated with these techniques because of the complexity and
the rather large computational costs of these methods.

In semi-quantitative approaches, a realistic model for the molecule that includes the
degrees of freedom relevant for a particular molecule and transport situation is consid-
ered. Specific features in the current voltage characteristics such as Coulomb blockade,
spin blockade, the Franck-Condon effect or negative differential conductance are re-
lated to very different excitations, that can be of electronic or vibrational nature. In
the weak lead-molecule tunneling limit, one calculates the eigenstates of the model for
the isolated molecule and essentially considers them unperturbed by the contact to
the leads. With this approach, one tries to cope with the complexity of real molecules
as well as with the Coulomb interaction, at the cost of a limited ability to describe
intermediate or strong lead-molecule coupling. At the simplest level, transport is de-
scribed in terms of transition rates between molecular states, where the lead-molecule
coupling is treated perturbatively, yielding so called Pauli rate equations. In more
general approaches, also coherences between molecular states are taken into account.
In chapter 3, we provide a technical derivation of the equations for the latter case. The
application to molecular systems includes e.g. the works [33, 34, 35, 36, 37]. Draw-
backs of such approaches are that details of the lead-molecule interface can usually
not be taken into account and these models can have a large number of parameters,
which in general is not desirable.

Thus, the main challenges in molecular electronics are on the experimental side to
provide well defined molecule-electrode contacts, and on the theoretical side to im-
prove the limited correspondence between experimental and theoretical studies. Of
course, the support of new ideas to drive the design of molecular junctions with novel
functionalities is a main task for all scientists working in the field.

1.3 Spintronics and spin-qubit applications

Until recently, the spin of the electrons was ignored in mainstream charge-based elec-
tronics. In spintronics, the spin degree of freedom is either brought into play in com-
bination with the charge of the electrons or used exclusively in new devices, that have



14 | CHAPTER 1. INTRODUCTION

many potential advantages such as nonvolatility, increased data processing speed, de-
creased electric power consumption and increased integration densities. To realize
such devices, technical issues such as spin injection or the control, manipulation and
detection of spin polarization and spin currents have to be resolved [38, 39]. Within
this work, we address possible solutions of some of these tasks.

In particular, quantum dots can be used for spin-based quantum computation. The
unit of information in quantum computing, a quantum bit (qubit) can be formed in
principle by any quantum mechanical two level system. In analogy to the classical bit,
two states, denoted as |0) and |1) are required. The possibility to form coherent su-
perpositions of these basis states allows the application of new algorithms that exceed
classical algorithms in performance by far (polynomial instead of exponential scaling)
for some problems [40]. In spin based qubits, the two possible values of the S, compo-
nent of the electron spin form the basis. In quantum dots (based on single molecule
junctions or made from other materials), the electron number can be precisely con-
trolled and, more important, they provide the possibility of coherent manipulation of
single spins, the essential mechanism in spin based quantum bits. Electric control of
the spin is particularly appealing, because electric fields are easy to generate locally in
contrast to magnetic fields [41]. Tt can be realized either via a mechanism that takes
advantage of the spin orbit-coupling [41, 42, 43, 44, 45] or of tunneling-induced spin
splitting in the Kondo regime [46].

In this thesis, we propose a new mechanism for all-electric spin control that relies on the
current blocking occurring in single molecule based quantum dots due to interference
between degenerate states [19].

1.4 Thesis outline

The outline of this thesis is as follows: In chapter 2, we introduce the Pariser-Parr-
Pople model for conjugated molecules and adopt it to the physics of benzene. The
numerical treatment of the model is described shortly. In chapter 3, we discuss elemen-
tary physics in quantum dots and we introduce the theoretical framework based on a
generalized master equation (GME) for the reduced density matrix to describe trans-
port through quantum dots or molecules weakly coupled to leads. In chapter 4, we
present the results of our transport calculations for benzene. The concept of interfer-
ence single electron transistors (ISETs) is introduced. We also discuss the robustness
of interference effects. In chapter 5, we propose the use of interference blockade in
ISETs to obtain control over the molecules (or quantum dots) spin degree of free-
dom by all-electrical means. In chapter 6, we leave the sequential tunneling regime
and develop a simple theory based on the T-matrix formalism to describe cotunneling
processes in quantum dots.



Chapter 2

The Pariser-Parr-Pople (PPP)
model for conjugated molecules

In transport through molecules, signatures in the current or differential conductance
are directly related to the electronic spectrum of the isolated molecule. The full Hamil-
tonian of such a molecule, however, is by far too complicated to deal with analytically,
and therefore simpler models have to be derived, reflecting the relevant properties of
the molecule.

In the 1950s, Pariser and Parr [47] and Pople [48] developed a model for the m-electron
system of hydrocarbon molecules. It was derived starting from the complete many-
body Hamiltonian and using a set of systematic approximations to separate the elec-
tronic from the nuclear motion and subsequently eliminate the o-part of the electronic
system, which is considered to determine the backbone of the molecule and not to
participate in transport. Linderberg and Ohrn rederived this model in second quan-
tization in 1968 [49]. Recently [33], Hettler et al. were the first to use this model to
calculate the I-V-characteristics of a benzene junction.

2.1 Derivation of the Pariser-Parr-Pople model

In the following, we give a short overview of the derivation of the Pariser-Parr-Pople
(PPP) model for benzene.
The general Hamiltonian for a molecule is

H=T"({Ra}) + T°({r:}) + V" "({Ra}) + V"({Ra}, {ri}) + VI ({ri}), (21)

where {R,},{r;} denotes the set of coordinates for the nuclei and for the electrons,
respectively. T™, T are the kinetic parts of the nuclei and electrons, and V™", V<"
and V°7¢ are the potential terms due to the Coulomb interaction between the nuclei
and electrons. We separate the motion of the nuclei from the electronic problem (Born-
Oppenheimer approximation) by factorizing the wavefunction in an electronic and a
nuclear part:

V({Ra}, {ri}) = x{Ra})0({Ra}, {ri}). (2.2)
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In particular, we assume that T"({R,})0({Ra}, {r;}) = 0 and therefore an effective
(so called Born-Oppenheimer) Hamiltonian for the electronic problem can be derived
that does not contain T™. Moreover, we have to consider the specific form of the
molecular system to be investigated. Within the PPP-model, the focus is on molecules
which consist of carbon and hydrogen atoms. We consider the inner core electrons of
carbon as strongly bound to the nuclei. We thus forget about their dynamics and
concentrate on the four valence electrons of carbon. Three of them are in sp?-hybrid
orbitals in one plane, symmetrically arranged so that the angle between two orbitals
is 120 degrees. These orbitals point in the direction of the neighboring (either carbon
or hydrogen) atom and overlap with the corresponding orbital of this atom. Such
molecular bonds between s- and p-hybrid orbitals, where the orbitals point along the
connecting axis, are called o-bonds, the electrons in the orbitals o-electrons. The
one remaining valence electron is in a p-orbital perpendicular to the molecular plane.
Orbitals of neighboring atoms also overlap to form bonds, but the binding is different
and is called m-bond. Accordingly, we call these electrons m-electrons. In the PPP-
model, the o-electrons together with the core electrons play the role of screening the
Coulomb interactions between the m-electrons and between the m-electrons and the
nuclei, which are dressed with the 1s core electrons and with the o-electrons. The
electronic problem we are dealing with then reads

[T7 + Vrion o yienmion] 6((R, 3 {r;}) = Ea o({Ra}, {1:}), (2.3)

where V7T—n V7T and Vin—on are effective potentials that model the interaction
between 7-electrons and the ions, which consist of the nuclei plus the core and o-
electrons. The positions of the nuclei {R,} enter only as parameters in ¢. The
Hamiltonian in equation (2.3) provides thus a model for the m-electron system of the
molecule in the limit of one p.-orbital per carbon atom, which can be occupied by
at most two electrons with opposite spins (see Figure 2.1). In general, the explicit
form of the effective potentials is not taken into account in m-electron models. Instead
they are parametrized to fit experiments (see section 2.2). In second quantization, this
Hamiltonian for the many-electron problem of the molecule can be written as

M
_ T gt w—ion T
i = Z Z (Tijadiodja + Vijo diodja> (2.4)

ij=1 o

YN Vs ddldygdy, + VT

ijkloo’ "o jo
ij oo’

where d!_, d;, are creation or annihilation operators for m-electrons on site ¢ or j and
o =T, ] is the spin degree of freedom. M is the number of carbon atoms or sites.

In the spirit of the jellium model, we now approximate each ion to be a hole with the
same spatial symmetry as the electron. More explicitly, we define the charge density

operator p(r) to be

pr) = > | D pilr = Ry)p.(r — Ri)dl,dy, — |p.(r — Ri)*d5 | , (2.5)

i,j=1 o
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Figure 2.1: The relevant orbitals for the PPP-model in benzene

where the second term describes holes at the positions R; with the spatial structure
of p,-orbitals in carbon atoms. We can thus rewrite the Hamiltonian (2.4) in the
approximated form:

H=T+YV,

where 7T is the kinetic term and

V- / / s drap(ry)—— (). (2.6)

47T€0|I'1 — I'2|

The definition of V' includes in principle multicentered integrals. In the approximation
of two center integrals we obtain the Pariser-Parr-Pople (PPP) Hamiltonian for an
isolated molecule:

= bzz io l+10’ z—l—la io +UZ L nll ;) (27)

+§Zvij(nn —Hm - 1) (TLjT + n; — 1),
i#]
where we have introduced the parameters b, U and V;;. Additionally n;, = di d. is
the electron number operator for the orbital on site ¢ with spin o. The single-particle
contribution b is defined as

[ [ ey P+ Ol 2 D)

vy — 1y

_ 2h2
+/dr1p’;(r1)%pz(r1 +d),

where d is the vector pointing to the next neighboring site. If two electrons are on the
same site, they must have different spin due to the Pauli principle. This is why the
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on-site Coulomb interaction (the U-term) only involves electrons with opposite spin.

It reads
2 2 2
U = //drldrg ¢ |p2(r1>| |pz<r2)| . (29)

47'('60 ‘I‘l —I'Q‘

Finally, the intersite Coulomb interaction (V;;-term) is between electrons on different
sites independent of the electron spin. It has the form

2 2 d 2
‘/;] = //drldr24e |pz(r1)| |pz(r2+ U)| 7 (210)

TED |I‘1 — 1'2’

where |d;;| is the distance of two carbon atoms and can be estimated by the C'—C bond

length (1.4/?) and the geometry of the molecule. In this work, we want to calculate
transport properties of the molecule in a three terminal setup. Therefore, we include
the effect of a gate electrode into this model. The energy shift due to the gate is
assumed to be linear in the gate voltage and proportional to the number of electrons
N on the system:

Hyare = N (1o — esV,) 522% - (2.11)

where k is a conversion factor, and the zero of £ is deﬁned as the point where the gate
voltage is equal to the equilibrium chemical potential py of the leads. Eventually, we
arrive at the final definition for the PPP-Hamiltonian Hppp = H + Hggte:

HPPP 52 Z dw' 1o + b Z Z e z+la + dz+1adio') (212)

L
+ UZ nip — =) (nay — Z Vij (nar +may = 1) (ngy + njy — 1)
Z#J

In solid state theory, a formally equivalent Hamiltonian with nearest neighbor hopping,
on-site and intersite Coulomb interaction is also known as the extended Hubbard
model.

2.2 The parameters of Hppp

Typically, the parameters b and U are not explicitly calculated. Instead, the parametriza-
tion of the PPP model is optimized by fitting its prediction to the known experimental
excitation energies of benzene in the gas phase. Bursill et al. [50] estimated U and b
to be 10.06eV and —2.539eV, respectively. Other groups find slightly different values
[51, 52|, but in the same order of magnitude. For the intersite interaction, an inter-
polation between long range 1/r behavior and short range behavior which models the
shape of the atomic orbitals is made. One example of such an interpolation is the

Ohno parametrization [53]
U

V=
T VT +ald;P

(2.13)



2.3. NUMERICAL DIAGONALIZATION OF Hppp | 19

where a = (4”;—20[])2, thus ensuring that V;; —

ﬁ\iﬂij as |dz]| — OQ.

Experiments on organic molecules have shown that the so-called addition energy, which
is the difference between the ionization potential and the electron affinity, is heavily
reduced in single-molecule junctions compared to its gas phase value [54, 55, 28]. This
observation is attributed to a screening of the Coulomb repulsion on the molecule
due to the polarizable environment, namely the metallic leads and also the dielectric
substrate that forms the base in many single-molecule junctions. Kaasbjerg et al.
gave a quantitative estimate of this effect for an OPV-5 molecule in a single molecule
junction, and showed that the reduction of the addition energy is not only due to this
effect, but also due to a closing of the HOMO-LUMO gap in polarizable environments
[56]. Accordingly, we expect a reduction of the parameters of Hppp compared to their

gas phase value, in particular of the on-site interaction U.

2.3 Numerical diagonalization of Hppp

Since for every site there are four different possible configurations (|0), | 1), | 1), | T1)),
the Fock space has the dimension 4¥ (= 4096 for benzene), which requires in general
a numerical treatment. In this section, we describe briefly how to represent both the
states and the operators in an organized and manageable way that allows book-keeping
of the states and can be implemented numerically. Any state in the localized basis can
be written as a series of creation operators acting on the vacuum state |0). The anti-
symmetry of this wave-function is assured by the fermionic commutation relations of
the operators. The ordering of the operators has to be established to define the states
uniquely. Conventionally, we order the operators first by their spin index and then by
their site index, so that for a generic state with three spin up and three spin down
electrons

diydb,dfdl, d df, 10), (2.14)

i < j < kandi < j < K. This state can be as well represented in occupation
number representation (see Table 2.1) as a vector with 2M entries v;,, where the first
M entries n;; correspond to the spin up orbitals at site 1 to M and the entries M + 1
to 2M to the spin down orbitals. n;, can either be 1, if there is an electron created in
this orbital, or 0 if there is no electron. The above state (let’s say for example M = 6,
{i,7,k} = {2,3,5} and {¢/,7',k'} = {1,3,5}), would have ny; = ng; = nsz = 1 and
ni, = ns; = ns = 1. In Dirac notation it would read [011010101010). The states
can most easily be labeled with a unique key number by transforming the “binary”
number 111 ...ng111 ... ng; = 011010101010 into an decimal number, in this case

0-2°4+2'40-224+2° +0-2* +2°40-20+ 2" +0-28 + 27+ 29+ 0. 2" = 1706. (2.15)

In this way, every state in the localized basis can be encoded in an integer number from
0 to 4™ —1 =22 — 1. This number can be used for book-keeping. The impact of any
operator that consists of combinations of creation and annihilation operators on these
states can easily be described, just by taking into account the fermionic commutation
relations, so that we obtain the matrix representation of these operators (e.g. Hppp,
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Slater determinant:
occupation numbers:
site 1:

Uz

ni:

binary:

key:

dhydiydlydi df df 0)

1 2 3 4 5 6
01 1010
101 0 1 O
011010101010
1706

Table 2.1: Different representations of a localized state

Pl

!, d,,) in the localized basis. Since the Hamiltonian conserves the particle number

and the z-component of the spin, it is convenient to sort the states according to
these quantum numbers, to obtain a block structure in the matrices. Afterwards, the
Hamiltonian can be diagonalized with the help of standard software packages (Matlab,
LAPACK, etc.) and all other operators are transformed to the eigenbasis.
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Figure 2.2: Spectrum of Hppp calculated for the parameters U = 10eV, b = —2.5¢V .
Only nearest-neighbor intersite interaction is taken into account with the value V' =
6eV. The states are sorted according to their particle number on the x-axis. For
N = 6, the m-electron system is filled and the molecule is neutral. Upper panel:
Spectrum for £ = 0. Lower panel: Spectrum for £ = —4.5eV. This demonstrates the
influence of a gate electrode on the spectrum of the molecule. The energies of states
with different particle numbers are shifted with respect to each other.






Chapter 3

Transport through interacting
quantum dots

Quantum dots are small electronic islands in which the motion of the electrons is
confined in all three spatial directions. Due to the small (nanometer) length scales,
the Coulomb interaction between the electrons becomes important and gives rise to
intricate effects in experiments where electron transport through the island is studied.
In this chapter, we introduce the physics of Coulomb-blockade in quantum dots, which
is needed to understand the results of this work discussed in later chapters.
Quantum dots have been realized in several different ways, for example in semicon-
ductor heterostructures, where metallic electrodes could be defined on top of a two
dimensional electron gas, or in other approaches, where carbon nanotubes or single
molecules were used to bridge the gap between two leads. Molecules are characterized
by a discrete vibrational spectrum, which can serve as a fingerprint of the molecule in
the current-voltage characteristics obtained in single-molecule junctions [55]. However,
the interplay between electronic and vibrational degrees of freedom is not the topic
of this thesis. Instead, we focus on transport through nanoscale objects with a rather
complex electronic spectrum (see e.g. Figure 2.2) that can be attributed either to a
molecule or for example to a complex multiple quantum dot structure, and discuss
effects arising from the electronic problem only.

i—2

I
A ||

Figure 3.1: Sketch of a quantum dot setup. The quantum dot (QD) is weakly contacted
to source and drain leads and capacitively coupled to a gate electrode.
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3.1 Quantum dot physics

3.1.1 Sequential tunneling - Coulomb blockade

In a typical setup, one has source and drain leads with a continuous density of states
weakly coupled to central conducting system with a discrete energy spectrum, usually
called “quantum dot,” the latter capacitively coupled to a gate electrode, see Fig-
ure 3.1. Weak coupling means that electrons can tunnel between leads and dot, but
it implies also that the time between two tunneling events is large compared to the
duration of a tunneling event, so that the number of electrons N on the dot is well
defined. This regime is called sequential tunneling regime. Quantum dot devices are
often called “single electron transistors”, because the underlying physics can be un-
derstood in terms of single electron tunneling events. This is not to say that quantum
dots can be described within a single-particle picture, because the Coulomb interac-
tion, which is an archetypal example of a many-body interaction, plays a crucial role
in these systems.
To understand if a tunneling process is possible, we have to take into account Pauli’s
exclusion principle and to analyze the energetics of the overall system before and after
the tunneling. Essentially, the energy is conserved by the tunneling.
We label the states in the spectrum of the dot with the particle number N and with
a running index i = 0,1,2... for each particle number, so that Ej’ is the N-particle
ground state, EY is the first excited state, and so on. Consider now the situation
where the dot is in the N-electron ground state before the tunneling event. The
(non-interacting) leads are filled with electrons up to their Fermi energy Ef/ 4 Which
coincides with the electrochemical potential ji/q at zero temperature. An electron
with energy ¢ < EX from lead o can tunnel in the N + 1-particle ground state on the
dot, when the condition EY™ — e = E} is fulfilled. It is now convenient to introduce
the N + 1-particle chemical potential of the dot as uV*' = E)'** — EIV. The condition
for adding one more electron in a quantum dot with N-particles from a lead with
Fermi energy EI reads then

EY > Nt (3.1)

To realize electron transport through a quantum dot, electrons must be able to tunnel
onto the dot from one lead (lets say source) and to tunnel out into some unoccupied
state in the other (drain) lead. Under the constrictions that the tunneling out process
requires unoccupied states above the Fermi energy in the leads, and that the tunneling
process is elastic, we find the condition to go from the N + 1- to the N-particle ground
state by tunneling out in the drain as ! > EZ'. The leads will relax into the thermal
equilibrium configuration very fast, in any case before the next tunneling event will
take place. The condition to transport an electron from source to drain lead at zero

temperature therefore reads
Ef >Nt > BE (3.2)

If this condition is fullfilled, one can speak of a transport channel available in the bias
window. A sketch of the chemical potentials of leads and dot in a blockade situation
and at resonance where current can flow is given in Figure 3.2.
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Figure 3.2: Sketch of the electrochemical potentials of leads and dot. In a blockade
situation, the N-particle chemical potentials of the dot are not in the transport window
between pg and pg (panel a). This can be achieved by varying a gate voltage (panel
b). In this situation, current from the source to the drain lead can flow as a series of
sequential tunneling events where the electron number on the dot changes back and
forth between N and N — 1.

As it can be seen from the definition of Hyqe in equation (2.11), the chemical potential
of the dot is linear in the gate voltage V. The Fermi energy of the leads, on the other
hand, can be shifted by the bias voltage V},. For convenience, we always split the bias
symmetrically, such that the Fermi energy of the source is by g + %, the one of the
drain by p1o— %. Thus, the conditions Ef' = p¥*1 and pM*! = EI can be represented

by two lines with slope £2xV, that cross each other at the point

N o _ —
v, — Eq H(foz% E(])V(S*O)7 Vi =0 (3.3)

in a V;-Vy-plot. Together with similar conditions from situations where the dot is
filled with a different number of electrons, one gets a diamond-shaped pattern. Inside
the diamonds, transport is blocked and the electron number can not change. On the
outside, current can flow as a series of sequential tunneling events that change the
number of electrons on the dot by +1. The current-voltage characteristics of quantum
dots are typically presented in such “charge stability diagrams,” where the current is
color-coded and plotted against both gate and bias voltage. Very often the differential
conductance dI/dV is plotted instead of the current. The resulting graph is called
“stability diagram.” The width of a diamond on the V,-axis depends on the gate
coupling factor k. However, since also the slope of the lines depends on this factor, the
height of the diamonds depends on the energy spectrum of the quantum dot only and
not on external coupling parameters. In particular, the N-particle addition energy U
can be assigned to the height of the N-particle diamond divided by the charge quantum
e. UN is defined as the difference of the ionization potential IP = EY ' — EN = —pN
and the electron affinity EA = E) — EX™ = —V+! and can be expressed as

UN =1P —EA = EY"' + BV —2E). (3.4)
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In this way, current measurements as a function of both gate and bias voltage act as
spectroscopic tool and provide detailed information about the central quantum dot
system. The fact that g1 > 4% and that one therefore sees consecutive diamonds
in the stability diagram is a consequence of the Coulomb repulsion of the electrons.
That is why the diamond structures we discussed above are referred to as Coulomb
diamonds. The energy needed to fill the quantum dot with one more electron is called
addition energy.

Within the so-called “constant interaction model”, the addition energy is associated
with the charging of a capacitor and given by the classical expression

(3.5)

where C' is the capacitance of the device. As such F¢ is known as charging energy.
This model yields a diamond structure where all diamonds have the same height and
width, given that the single-particle level spacing A(NV) is negligible compared to F¢.
It works well for metallic and semiconducting quantum dots containing a large number
of electrons. Sometimes, e.g. for nanotubes, this model is extended to incorporate also
the discreteness of the single particle level spacing, which yields diamonds of different
sizes Fc + A(N). In benzene however, the complicated interplay between electron
hopping, on-site and intersite electron interaction makes it impossible to estimate the
electronic spectrum just by taking into account the constant interaction model on top
of the single-particle spectrum. We find that apart from the particle-hole symmetry, no
regularities in the diamonds can be observed and that all the diamonds have different
sizes. We keep in mind though, that Coulomb interaction and charging of the molecule
leads to the characteristic diamond pattern.

At zero temperature, the chemical potential in the leads coincides with the energy
of the highest occupied state, the Fermi energy. At finite temperatures, this is no
longer true, since there are occupied states in the leads in an energy range of a few
kgT above the chemical potential and unoccupied states in the same range below the
chemical potential. To observe Coulomb blockade effects, the temperature must be so
small that the energy scale kT associated with the temperature is much smaller than
the addition energies U. If this is true, it is convenient to express the condition for
transport not in terms of the Fermi energy, but in terms of the chemical potential of
the leads:

ps 2 N2 pua, (3.6)

where the = symbol indicates that the onset of transport is already a few kgT before
the actual resonance. At zero temperature, the current-voltage curve would increase
step-like (“Coulomb staircase”) when a new channel enters the bias window, resulting
in d—like peaks in the differential conductance. At finite temperatures these steps are
smeared out (the peaks in the dI/dV are broadened) over an energy range of ~ kgT.
So far, only ground state transitions have been considered. Of course, a sequential
tunneling process can as well involve one or more excited states. Again, one has
to compare the energies of the system before and after the tunneling. Defining a

generalized N + 1-particle chemical potential as ,uf}”“l = BNt — EJN , one finds that
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Figure 3.3: Charge stability diagram obtained for benzene with the parameters as used
in Figure 2.2. Only ground states and first excited states are included. Ground state
transitions mark the borders of the the red diamonds. Inside, no current can flow and
the charge on the dot is stable. The six-electron diamond around zero gate voltage,
corresponding to the neutral molecule, is by far the largest.
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a tunneling process from an N-particle state with energy EJN to an N + l-particle
EN+1 N+1
1 )
if /LZ+1 2 pg. In stability diagrams, one can therefore see additional lines indicating
peaks in the dI/dV that correspond to transitions between excited states. These lines
cross the borders of the charge diamonds, however, they are not seen inside, because
inside the diamonds only groundstates can be populated. This can be understood
by the following argument: Imagine that one has prepared the quantum dot in an

excited N-particle state with energy EJN and the bias voltage is zero, meaning that

state with energy is possible if ps 2 u and the reverse process is possible

s = ftq = o- Now, after two consecutive tunneling events (from EJN to EZN *1 and then
from ENF! to E]A/), the dot will be in a state with energy EJJ-Y, with j° < j. This follows

from the conditions (for the case from going to N +1) ps > ,uf}Hl and then p, < pN™

iy’
which implies uf}fﬁ 1> p,g *1 and therefore j/ < j. In general, tunneling events can only
decrease the energy of the central system with respect to the Fermi energy of the leads.
In other words, even if the quantum dot is in an excited state at some initial time,
consecutive tunneling events that do not contribute to the stationary current (one can
also think of other relaxation processes) will bring it into the ground state, from where
sequential tunneling is energetically forbidden at small bias values. Only if the bias
is high enough so that current can flow, this will lead to a finite average population
of excited states if the condition us > ugﬂ is fulfilled, and the lines indicating this
condition in the stability diagram will be observed in a measurement.
The charge stability diagram of benzene with the parameters as in Figure 2.2 is shown
in Figure 3.3. For clarity, only groundstate transitions and groundstate-first excited
state transitions are taken into account. The latter are only visible outside the stable
Coulomb diamonds.

3.1.2 Cotunneling

When the coupling between quantum dots and leads becomes stronger, the time be-
tween two tunneling events decreases. At some point, two or more tunneling events
overlap, and these so-called cotunneling events cannot be regarded as consecutive indi-
vidual tunneling processes. In a cotunneling process, an electron tunnels in or out the
dot, leaving the dot in an intermediate virtual state, which can have a higher energy
than the initial state. From this intermediate state, the dot changes back into the
state where it was before or to any other energetically accessible state. Cotunneling
of two electrons can leave the number of electrons on the quantum dot unchanged, or
change it by +2. Furthermore, cotunneling can be either elastic or inelastic. Elastic
means that the energies of the initial and final electron states in the leads are the
same, inelastic means that these energies are different. In the latter case, this energy
has been transferred to the dot and leaves it in an excited state. In quantum dots,
this energy transfer can only be in discrete amounts given by the dots’ spectrum. In
transport experiments, inelastic cotunneling events can be observed as horizontal lines
in the stability diagrams inside the Coulomb diamonds at bias values that correspond
to the excitation energy. A more detailed introduction to cotunneling in interacting
mesoscopic systems can be found in the textbook by Bruus and Flensberg [57].
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3.1.3 The Kondo effect

For even larger dot-lead coupling, the Kondo effect can be observed in quantum dots. It
is an interesting many-body phenomenon, widely studied in condensed matter physics,
which arises from the interplay between delocalized and localized electrons. It was
first used by Jun Kondo in 1964 to explain the low-temperature resistivity minimum
observed in certain magnetic alloys [58]. He explained that particular feature in terms
of an anti-ferromagnetic exchange interaction between the spins of the delocalized
conduction electrons and the spins of the electrons localized at the magnetic impurities.
The Kondo effect has created enormous attention since, with the help of modern nano
fabrication methods, it was observed in quantum dot structures with intermediate
dot-lead coupling [59]. In quantum dots in the Coulomb blockade regime filled with
an odd number of electrons, the interaction of the delocalized lead electrons with the
unpaired spin on the dot leads to a sharp conductance peak at zero bias when the
temperature is lower than a characteristic energy scale, the Kondo temperature T,
which is related to the dot-lead coupling strength and to some intrinsic properties of
the leads like the density of states and the width of the conduction band. It has been
observed in a variety of quantum dots made out of a wide class of materials, e.g in
semiconducting [59], nanotube [60] and single-molecule [61] quantum dots.

A series of tutorial articles on different aspects of Coulomb blockade physics can be
found in the book edited by Grabert and Devoret [62]. A recent review on single-
electron effects in transport through nanoscale devices like quantum dots or single
molecule junctions is e.g. [63]. In Figure 3.4, the results of a measurement on a single-
walled carbon nanotube (SWCNT) quantum dot [64] are shown. Coulomb diamonds
as features of sequential tunneling as well as cotunneling lines and Kondo resonances
can be clearly seen.

3.2 Model Hamiltonian

After having provided some ideas of the phenomenology of quantum dots in the pre-
vious section, we want to give a more qualitative description of the current-voltage
characteristics. To do so, we introduce the Hamiltonian of the overall system as

H = HQD+Hleads+HT7 (37)

where Hqp describes the quantum dot structure. In the case of a benzene junction
Hgp = Hppp. The effect of the gate voltage is already incorporated in Hqgp (see
chapter 2). Hieags describes both the source and drain contact as a Fermi gas of
noninteracting particles

Hleads - Z(Ek - ,ua)clkgcakg7 (38)
ako

where @ = L, R stands for the left or right lead. As a convention, we identify the
source with the left and the drain with the right lead and, and in particular s = pur,
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Figure 3.4: Bias spectroscopy plot of a single-walled carbon nanotube (SWCNT) quan-
tum dot for —10V < V,; < 10V (upper panel) that shows clear features of sequential
tunneling, cotunneling and the Kondo effect. The Coulomb diamonds are seen for
almost every added electron (285), and 88 odd-occupancy diamonds exhibit a zero
bias Kondo resonance. Lower panel: blow-up of five Coulomb diamonds that show

inelastic cotunneling and for odd occupancy Kondo resonances. Experiment by Holm
et al. [64].
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tta = pg. The chemical potentials i, of the leads depend on the applied bias voltage
Msa = Mo £ e%, so that the difference in the chemical potentials of the leads is given
by the bias voltage ps — g = eV4. In the following we will measure the energy starting
from the equilibrium chemical potential of the leads py = 0. The coupling to source
and drain leads is described by the tunneling Hamiltonian

Hr =13 (oot + Chiotlas) (3.9)

ako

where we define df,, as the creator of the electron with spin quantum number o = 41
in the carbon atom (in case of a molecular junction) or quantum dot (in case of coupled
multiple quantum dots) which is closest to the lead a. To avoid confusion with the
reduced density matrix o(¢) introduced in the next section, we will use from now on
the letter 7 for the quantum number of the operator S,.

3.3 Generalized master equation - The dynamics
of the reduced density matrix

The electron dynamics of the quantum dot is obtained by solving the equation of
motion for the reduced density matrix (RDM). In this section, we give a derivation
of this generalized master equation (GME), mainly following [17, 18, 65, 66] and the
textbook of Blum [67]. Our starting point is the Liouville equation for the time
evolution of the density matrix p(t) of the overall system consisting of the leads and
the dot. The tunneling Hamiltonian Hr is treated as a perturbation. We calculate
the time dependence of p(t) in the interaction picture, i.e. we define

o1(8) = Uyt to)plto) U} 1, 1), (3.10)
with the time evolution operator U, (t,ty), given by

1 1
U] (t, tO) = exp (ﬁ (HQD + Hleads) (t - t())) €Xp <_ﬁ (HQD + Hleads + HT) (t - tO) )

(3.11)
and to being some reference time. Using (3.11) and (3.10) the equation of motion
becomes

ap'(t)

o = 0. 0] (312)

with H%(t) = exp (% (HQD + Hleads) (t — to)) HT exXp (—% (HQD + Hleads) (t — to)) By
integrating over time, we get

ih

) = p'to) 5 [ dts [HEE). (1) (3.13)

to

and reinserting (3.13) into (3.12) yields

(0 =~ [k )] + (3) [ o [0, (@) @] G

to
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The dynamics of electron transport is determined by the chemical potentials of the
two leads, but more notably by the configuration of the central system. That is
why, from now on, we treat the time evolution of the reduced density matrix (RDM)
0 = Tricaas{p'(t)}, which is formally obtained from (3.14) by tracing out the lead
degrees of freedom: & = Trieaas{p'}. The trace over lead states in equation (3.14)
reads

&<t>=—(%) |t (10, (1 (1) 0 00)]] (3.15)

The first term in equation (3.14) drops out, because leads and dot can be seen at as
statistically independent at time ¢y, which is natural if Hr is switched on a that time.
Under the trace, the product HA(t)p!(ty) vanishes, because Hy changes the number
of particles in the leads. Up to this point, the equation is exact.

To simplify equation (3.15), several well defined approximations can be made. First,
the leads can be considered as large, macroscopic objects compared to the dot. The
influence of the central system on the leads is only marginal, because of the difference
in size and the tunneling between leads and dot is weak. From now on, we treat the
leads as reservoirs which stay in thermal equilibrium and we write the density matrix
of the overall system as a product of the system and leads density matrices

pl(t) = U(t)pleads = U(t) & PspPd, (316)
where ps and pgq are time independent and given by the thermal equilibrium expression

eXp (_B (Hs/d - ,us/st/d))
Zs/d 7

Ps/d = (3.17)

with g = kBLT the inverse temperature. It can be formally shown that the factorization
(3.16) corresponds to a second order treatment in the perturbation Hr [67].

Second, we see that equation (3.15) is nonlocal in time, which means that ¢(t) at the
time ¢ depends on o(t1) at all times between ¢y and ¢. An equation local in time is ob-
tained by introducing the Markov approximation which replaces p!(t;) = (1) @ pspa
by ol (t) @ pspa. This means, that the time evolution of o/ () is determined by of(t) at
the same time only. This approximation is motivated by the following argument: Equa-
tion (3.15) contains two-time correlation function of the form Trieaqs{preads | [ Bleads},
where [] Bleads is a product of two lead operators at different times. These correlation
functions rapidly decay on the time scale of the dot dynamics so that they can be
replaced by d-functions [37]. In particular the Markov approximation becomes exact
in the stationary limit (¢ — oo) we will focus on. Since we are interested in the long
term behavior of the system, we set ty — —oo, replace t1 by t — t5 and finally obtain
the generalized master equation

o(t) = — (%) /O h dtsTrieads [Hi(2), [HT(t — t2), 0" () preaas] ] - (3.18)

The reduced density operator ¢ is defined on the Fock space of the quantum dot,
yet we can neglect coherences (off-diagonal elements of the density matrix) between
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states with different particle number, since they are decoupled from the dynamics
of the populations. Coherences between states with same number of particles but
with different energy can be neglected, when their energy difference is larger than the
lead-dot coupling strength. Under this conditon, they are irrelevant due to their fast
fluctuation compared to the dynamics of the system. If two states are either exactly
degenerate or their energy difference is large, then the secular approximation can be
applied, meaning that only coherences between degenerate states are kept. In case
of quasi degenerate states, where the energy difference is smaller than the lead-dot
coupling strength, also coherences between these states must be taken into account.
We will discuss such cases in chapter 4.

Here, we show the GME for the case where the secular approximation is valid. To
proceed, we project equation (3.18) into the subspace of N-particle and energy E. To
do so, we introduce the projection operator Png := >, |N EL7)YN E{7|. The sum
runs over the orbital and spin quantum numbers ¢ and 7, respectively. We find for the

block of the density matrix with energy E and particle number N, oNF = Pyg o Pag
the GME

r 1
AE = e F(Hap — E) — — pa(Hgp — E)| di _oNF 1
g — 2 {PNEdOéT |:fa ( QD ) ﬂ_pa( QD ):| daTU + (3 9)
T — i NE
+Pard { Ja (B = Hop) = — pa(E = HQD)} d, o™+ H.c.}

+ FaPNE{dLTf;(E — BN, +d,. [, (E'— E) aN“E’dLT}PNE,

atE/

where ',z = 2F|tp g[*DLr are the bare transfer rates with the constant densities
of states of the leads Dy, g. Terms describing sequential tunneling from and to the
lead « are proportional to the Fermi functions ff(z) := f(z — u,) and f, (x) =
1 — fI(x), respectively. Still in the sequential tunneling limit, but only in the equa-
tions for the coherences, one finds also terms proportional to the function p,(z) =
—Rey [% + %(m — ,ua)}, where 9 is the digamma function. These terms are some-
times called energy non-conserving terms, because they describe virtual transitions to
states that are not energetically accessible. In contrast, the terms proportional to the
Fermi function reflect exactly the condition in equation (3.6) that was derived using
energy conservation. Both the Fermi functions and the digamma function result from
the trace over the leads degrees of freedom [65, 67, 68].

A closer analysis of the master equation allows also to formulate an expression for the
current operator. We start from the definition of the time derivative of the charge on
the quantum dot:

d X
(@) :Tr{Nd} = (I + Iy) (3.20)
where @ = . d! d,_is the operator of the charge on the quantum dot, N is the

particle number operator and Ir, g are the current operators at the left(right) contact.
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Conventionally, in the definition of I;, g we assume the current to be positive when it
is increasing the charge on the molecule. Thus, in the stationary limit, (I, + Ir ) is
zero. We write this expression in the basis of the subspaces of N particles and energy
E:
<[L+[R> :ZTI‘ {NPNEUPNE} :ZTI'{Né'NE}. (3.21)
NE NE

Further we insert (3.19) in (3.21) and take advantage of the cyclic properties of the
trace to find :

(I +1Ir) = (3.22)
Z Z NI TI'{ f+(HQD - E)leJNEdaT + fc: (E - HQD)daTo-NEdTaT]
NE ar

+> Pre [ fHE-EYd " d,_ + f7(E — E)dMaN“E’dLT] }
E/

Notice that the energy non-conserving contributions drop from the expression of the
current operator. Still they contribute to the average current, because they determine
the solution of the GME, which is entering in the current formula in any case. Since
E and E' are dummy variables, we can switch them in the summands containing E’.
Applying the relation:

Z Tr {Pxe g(£")} = Tr{g(Hap)}

where ¢g(£’) is a generic function, we substitute E’ with Hqgp in equation (3.23).
Further we can conveniently rearrange the sum over N, arriving at the expression for
the current:

(I, + In) ZZF Tr

NE oar

{dLTJNEdm[—N fo(Hop=E)+(N+1)f (HQD—E)} (3.23)

+dmoNEdLT[—Nfa<E—HQD>+<N—1>fa<E—HQD>]}.

This relation can be further simplified in order to identify the current operators. The
one corresponding to the left contact is e.g.

I=TL) P [dLTff(HQD — E)d}, —d f; (B~ HQD)dLTi| Pxg- (3.24)
NET
With this relation we can calculate the stationary current as the average (I1) =
Tr{osatl} = —(Ir), With oy as the stationary density operator which is obtained
by setting ¢V = 0 in equation (3.19) and solving the remaining equation for V&
under the condition that Tro = 1.
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3.4 GME and current in the non-secular approxi-
mation

Coherences between states with different energies can become important, when the
difference in their energies has the same order of magnitude as the coupling to the leads.
In this case the secular approximation cannot be applied. We report here the general
expression for the generalized master equation and the associated current operator
in the Born-Markov approximation and under the only further condition (exact in
absence of superconductors) that coherences between states with different particle
number are decoupled from the populations and vanish exactly in the stationary limit:

Ny = —%(E — BNy + (3.25)
r', 7
— Z 773NE {djw [—;PQ(F — Hqp) + fo, (F — HQD)] Aot
atF

1
dom' [_;pa(HQD - F) +fJ(HQD - :| d T}U E/

_Z_JEF{ Mpa(F—HQDH fr(F - HQD)] dor

atF

+
1
dom‘ |:+;p04(HQD - F) + f;(HQD - :| }PNE/

I, 1
+Z;%{owdﬁﬁw F) 4 fE(E — F)

atFF’

~ Lpul B~ F)+ (B~ F)

b oL, [+ EpalF — )+ [ (F - )

~ Lpa(F ~ E) + [ (F - B)

} PNE’

where oRp, is, differently to equation (3.19), in the Schrédinger picture. Equation (3.19)
represents a special case of equation (3.25) in which all energy spacings between states
with the same particle number are either zero or much larger than the level broadening
hI'. Equation (3.25) is derived in the weak coupling limit and bridges all the regimes
from exact degeneracies to weakly and completely broken degeneracies.

The problem of a master equation in presence of quasi-degenerate states in order to
study transport through molecules has been recently addressed in the work of Schultz
et al. [69]. The authors use a different approach, denoted “singular coupling limit”
in the literature, to derive an equation for the density matrix in presence of quasi-
degenerate states.
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The current operators associated to the master equation just presented read:

Pa(F' — Hqp) + fo (F — HQD)}d (3.26)
pa(Hop — E) + f (Hqp — E ]

oy |~ pu(tn ~ F) + i Hon ~ F)| dh P

Nevertheless, within the limits of derivation of the master equation, this formula can
be simplified. Actually, if £ — F < hAI', then F' can be safely substituted with F in
the argument of the digamma functions and of the Fermi functions, with an error of
order k;f < kZ—FT which is negligible (the generalized master equation that we are
con51der1ng is valid for AI' < kgT). The approximation E ~ F breaks down only
it E — F ~ kgT, but this implies £ — F' > hl' which is the regime of validity of
the secular approximation. Consequently, in this regime, terms with £ # F do not
contribute to the average current because they vanish in the stationary density matrix.

Ultimately we can thus reduce the current operators to the simpler form:

I, =T, ZPNE{ + dLT [foj(E - HQD>:| dom'
NET (3.27)

- daT [f;(HQD - E)] dlm—}a

which is almost equal to the current operator corresponding to the secular approxi-
mation. The only difference is here the absence of the second projector operator that
allows contributions to the current coming from coherences between different energy
eigenstates.

3.5 Extension to fourth order

One can extend this so-called Bloch-Redfield approach to fourth or higher orders in
Hr to describe cotunneling, pair tunneling and other effects [37]. A different approach
to derive the GME is a real-time diagrammatic approach developed by Schoeller et al.
[70, 71, 72]. Following this theory, one traces out the leads degrees of freedom at the
earliest possible stage and derive a formally exact equation of motion for the reduced
density matrix (RDM) of the system. Koller et al. [73] showed the equivalence of this
diagrammatic approach with the Bloch-Redfield approach described above.



3.5. EXTENSION TO FOURTH ORDER | 37

While these theories have the advantage of being exact to a desired order, they are
rather involved and already at fourth order in Ht the number of diagrams is quite
large such that a continuation to higher orders seems to be unpractical.

In this thesis, the focus is mainly on effects arising from sequential tunneling processes
which correspond to second order in Hy. Cotunneling processes are described with a
simpler approach based on the T-matrix formalism in chapter 6.






Chapter 4

A benzene interference
single-electron transistor

Interference effects strongly affect the transport characteristics of a benzene single-
electron transistor (SET) and for this reason we call it interference SET (ISET). In this
chapter, we discuss transport through such a device, where the molecule is attached to
the leads in two different configurations. In both cases, we assume that tunneling on
and off the molecule is only possible from the p,-orbitals localized at the atoms that
are closest to source and drain leads. In PARA configuration, atoms on opposite ends
of the molecule are coupled to the leads (we label them as atoms 1 and 4, counting
clockwise around the molecule and starting at the atom which is closest to the source),
whereas in META configuration the contact atoms are atoms 1 and 3 (see Figure (4.1)).

PARA configuration META configuration

Fi—

Figure 4.1: Schematic representation of the two different setups for the benzene SET.
In PARA configuration, atoms on opposite ends of the molecule are coupled to the
leads, whereas in META configuration the contact atoms are next-nearest neighbors.
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Strong differences are visible in the stability diagrams obtained for the two config-
urations. Striking are the selective reduction of conductance and the appearance of
regions of interference driven current blocking with associated negative differential
conductance (NDC) when changing from the para to the meta configuration.

NDC and current blocking caused by interference take place any time a SET presents
an N-particle non-degenerate ground state and two degenerate N + 1-particle ground
states (or two N — 1-particle ground states) such that the ratio between the transition
amplitudes i (1 = 1,2, « = L, R) between those N- and N + l-particle states is
different for tunneling at the left (L) and at the right (R) lead:

NL o NE (4.1)
V2L V2R

Due to condition (4.1) there exist linear combinations of the degenerate N + 1-particle
states which are coupled to one of the leads but not to the other. The state which
is decoupled from the right lead represents a blocking state for the current flowing
L — R since electrons can populate this state by tunnelling from the left lead but
cannot tunnel out towards the right lead. Viceversa the state decoupled from the left
lead is a blocking state for the current R — L. Typically these two blocking states
are not orthogonal and thus cannot form a valid basis set together. The basis set
that diagonalizes the stationary density matrix (what we call in the manuscript the
"physical basis”) contains at large positive biases the L — R blocking state and is thus
different from the physical basis at large negative biases which necessarily contains the
R — L blocking state. More generally the "physical basis” depends continuously on
the bias. Thus only a treatment that includes coherences in the density matrix can
capture the full picture at all biases. By neglecting for simplicity the spin degree of
freedom, the 7-particle ground state of benzene is two times degenerate while the 6-
particle one is non-degenerate. If we choose for the 7-particle states the eigenstates of
the z-projection of the angular momentum we obtain the relation:

N _ R 4ip. (4.2)
V2L V2R

where ¢ is the angle between the left and the right lead. Thus in the meta configuration
(¢ = 2m/3) the condition (4.1) is fullfilled while in the para (¢ = 7) the amplitude
ratios are equal. This condition implies that, in the para configuration one of the
7-particle states is decoupled from both leads at the same time and can thus (in first
approximation) be excluded from the dynamics. In contrast, in the meta configuration,
the linear combination of uniformly distributed eigenstates of the angular momentum
creates states with a peculiar interference pattern. The position of their nodes allows
to characterize them as different blocking states.

Notice that no asymmetry in the tunnelling rates, which are proportional to |y;.|?,
is implied by (4.1). This fact excludes the explanation of the physics of interference
SET in terms of asymmetric couplings, which is used very often to explain NDC in
quantum dots. NDC can occur when the bias gets large enough so that a transport
channel involving an excited state can enter in the bias window in addition to the
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ground state channel. In general, the current increases in this situation. If the excited
state is coupled asymetrically to source and drain leads, namely there is a large tunnel
rate into the dot, but a small tunnel rate out, it will get an average population close to
one and the current will actually decrease. It will decrease because it is composed of
the transition rates between molecular states multiplied with the average population
of the initial state, so that a redistribution of average probabilities in favor of the
excited state, which can only be depopulated by a process with a small rate, leads to
a smaller current. Current suppression in sequential tunneling systems always goes
along with (almost) exclusive population of one particular state.

NDC and current blocking for benzene junctions have also been predicted in the work
of Hettler et al. [33], but in the para configuration and in presence of an external
electromagnetic field. In the para configuration one of the two degenerate 7-particle
ground states is decoupled from the 6-particle ground state at both leads at the same
time. More specifically, due to a selection rule derived in section 4.2, tunneling is
only possible from symmetric to symmetric (with respect to the plane through the
contact atoms and perpendicular to the molecule) and from anti-symmetric to anti-
symmetric states in para configuration. The electromagnetic field however, couples
symmetric and anti-symmetric states. The blocking situation comes about when an
excited 7-particle symmetric state gets populated and decays into the anti-symmetric
T-particle ground state by emitting a photon. This state can neither be depopulated
via tunneling nor decay any further and acts therefore as a blocking state.

In our work NDC occurs despite the absence of an external field and with no asymmetry
in the tunnelling rates.

In the following sections, we will discuss the symmetry properties of the isolated ben-
zene molecule and discuss the results of our transport calculations in terms of these
symmetries. At the end of this chapter, we will show that the surroundings of the
molecule in an SET setup will break the exact symmetry and therefore lift the exact
degeneracies that give rise to the interference effects. We therefore cannot use the
secular approximation any more. Our conclusion will be that also quasi-degeneracy of
two states (meaning £’ — E < I') can cause interference and NDC.

4.1 The Dy, point group

Benzene has a high symmetry and belongs to the Dgj, point group. This group consists
of all the symmetry operations that map the molecule onto itself and it obeys the four
conditions necessary to define a group in a strict mathematical sense: the completeness
of the group, the validity of the associative law, the existence of a unit element and the
existence of an inverse element for each element of the group. 24 different symmetry
operations can be distinguished. These are

1 unity operation, denoted as F in the Schoenflies system,

5 rotations about the symmetry axis perpendicular to the molecule by the angles
i%’r, i%”, and m, denoted as Cg, C3, (s, where in C,, the rotation angle is i%’r,
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Figure 4.2: Symmetry planes and axes for the Dy, point group. Image generated with
the Crystal-package for Mathematica by Jorg Enderlein [74].

1 reflection about the plane of the molecule, oy,

3 reflections about planes perpendicular to the molecule and through two carbon
atoms on opposite ends of the molecule, oy,

3 reflections about planes perpendicular to the molecule and perpendicular to the
connection of two neighboring carbon atoms, oy,

3 rotations about axes lying in the molecular plane and in the plane through two
carbon atoms on opposite ends of the molecule by the angle 7, CY,

3 rotations about axes lying in the molecular plane and in the plane perpendicular
to the connection of two neighboring carbon atoms, CY,

4 improper rotations (rotations about the axis perpendicular to the molecular
plane by angles of :I:%”7 :i:%”, followed by an reflection about that plane), Sg
and Sg,

1 inversion ¢ about the center of the molecule (which is actually the improper
rotation Sy).

All symmetry planes and symmetry axes contain the center of the molecule. In the
above list, these symmetry operations are already divided into classes, each corre-
sponding to a physically distinct kind of symmetry operation such as rotation of w
about equivalent twofold axes, or rotation of £27/6 about a six-fold axis. We make
use of the mathematical power of group theory to classify the molecular orbitals by
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their belonging to so-called irreducible representations of the point group. The irre-
ducible representations completely determine the transformation of the orbitals under
classes of symmetry operations and also specify their degeneracy. Group theory is em-
ployed as well for following the degeneracies of the energy levels when the symmetry
of the molecule is lowered by the surroundings in a SET setup.

For strict mathematical definitions of the concepts of groups, classes, reducible and
irreducible representations of groups and the conventions of the Schoenflies symmetry
notation, we refer to the textbook on group theory by Dresselhaus, Dresselhaus and

Jorio [75].

4.2 Symmetry of the benzene eigenstates

In this section, we will review the symmetry characteristics of the eigenstates of the
interacting Hamiltonian of benzene, focusing on the symmetry operations o, and C,
which have a major impact on the electronic transport through the molecular ISET.
Table 4.1 shows an overview of the states of the neutral molecule (the 6 particle states)
sorted by S, and symmetries. The eigenstates of the interacting benzene molecule
have either A-, B- or E-type symmetries. While orbitals having A or B symmetries
can only be spin degenerate, states with an £ symmetry show an additional twofold
orbital degeneracy, essential for the explanation of the transport features occurring in
the meta configuration.

Transport at low bias is described in terms of transitions between ground states with
different particle number. Table 4.2 shows the symmetries of the ground states (and
of some first excited states) of interacting benzene for all possible particle numbers.
Ground state transitions occur both between orbitally non-degenerate states (with A
and B symmetry), as well as between orbitally degenerate and non-degenerate states
(E- to A-type states).

The interacting benzene Hamiltonian commutes with all the symmetry operations of
the Dgj, point group, thus it has a set of common eigenvectors with each operation. The
element of Dgj, of special interest for the para configuration is o, i.e., the reflection
about the plane through the contact atoms and perpendicular to the molecular plane.
The molecular orbitals with A and B symmetry are eigenstates of o, with eigenvalue
+1, 7.e., they are either symmetric or antisymmetric with respect to the o, operation.
The behavior of the EF—type orbitals under o, is basis dependent, yet one can always
choose a basis in which one orbital is symmetric and the other one antisymmetric.
Let us now consider the generic transition amplitude (N|d,.|N+1), where d,,_ destroys
an electron of spin 7 on the contact atom closest to the a lead. It is useful to rewrite
this amplitude in the form

(Nld,.|N +1) = (Nlolo,d,.olo,|N +1), (4.3)

where we have used the property oflo, = 1. Since in the para configuration both

contact atoms lie in the mirror plane oy, it follows o d, 0! = d,. If the participating
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N #7 # | # states # states with a
certain symmetry
6 6 0 1 1 By
4 Alg
2 Agg
5 1 36 2x6 Ey,
4 Blu
2 B2u
2x6 Elu
16 Ay,
20 Agg
4 2 225 2x36 Eoy
22 B,
17 Bs,
2x39 Fyy
38 Ay
30 Agg
3 3 400 2x66 Eoy
38 By
30 Bsy,
2Xx66 Fiy

2 4 225

1 ) 36
0 6 1

Table 4.1: Overview of the 6 particle states of benzene, sorted by S, and symmetry.
Orbitals with A- and B-type of symmetry show no degeneracy, while E-type orbitals
are doubly degenerate.

states are both symmetric under oy, equation (4.3) becomes

(N,sym|old, o |N + 1,sym) =

voaT v

= (N, syml|d, [N +1,sym) (4.4)

and analogously in the case where both states are antisymmetric. For states with
different symmetry it is

(N,sym|d, |N + 1,antisym) =

In other terms, there is a selection rule that forbids transitions between symmetric
and antisymmetric states. Further, since the ground state of the neutral molecule
is symmetric, for the transport calculations in the para configuration we select the
effective Hilbert space containing only states symmetric with respect to o,. Corre-
spondingly, when referring to the N particle ground state we mean the energetically
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N  Degeneracy  Energy[eV] Symmetry Symmetry behavior

(at £ =0) under o,
0 1 0 Ay sym
1 2 -22 A,y sym
9 1 -42.95 Ay sym
3 4 -57.42 Eyg 2 sym, [2 antisym]
4 3] -68.87] [Ag] [antisym)]
2 -68.37 Esy 1 sym, [1 antisym]
5 4 -76.675 Ey, 2 sym, [2 antisym)]
6 1 -81.725 Ay sym
7 4 -76.675 Es, 2 sym, [2 antisym)|
8 3] -68.87] [Ag] [antisym]
2 -68.37 Esy 1 sym, [1 antisym]
9 4 -57.42 Ey, 2 sym, [2 antisym]
10 1 -42.25 Ay sym
11 2 -22 By, sym
12 1 0 Ay sym

Table 4.2: Degeneracy, energy and symmetry of the ground states of the isolated
benzene molecule for different particle numbers. We choose the on-site and inter-site
Coulomb interactions to be U = 10eV, V = 6 eV, and the hopping to be b = —2.5¢eV.
Notice, however, that screening effects from the leads and the dielectric are expected
to renormalize the energy of the benzene many-body states.

lowest symmetric state. For example in the case of 4 and 8 particle states it is the
first excited state to be the effective ground state. In the para configuration also the
orbital degeneracy of the E—type states is effectively cancelled due to the selection of
the symmetric orbital (see Table 4.2).

Small violations of this selection rule, due e.g. to molecular vibrations or coupling to an
electromagnetic bath, result in the weak connection of different metastable electronic
subspaces. We suggest this mechanism as a possible explanation for the switching
and hysteretic behavior reported in various molecular junctions. This effect is not
addressed in this work.

For a simpler analysis of the different transport characteristics it is useful to introduce
a unified geometrical description of the two configurations. In both cases, one lead is
rotated by an angle ¢ with respect to the position of the other lead. Hence we can
write the creator of an electron in the right contact atom d;T in terms of the creation
operator of the left contact atom and the rotation operator:

dhy = RUd R, 19

where R is the rotation operator for the anticlockwise rotation of an angle ¢ around
the axis perpendicular to the molecular plane and piercing the center of the benzene
ring; ¢ = 7 for the para and ¢ = (27/3) for the meta configuration.

The energy eigenstates of the interacting Hamiltonian of benzene can be classified also
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in terms of their quasi-angular momentum. In particular, the eigenstates of the z-
projection of the quasi angular momentum are the ones that diagonalize all operators
R4 with angles multiples of 7/3. The corresponding eigenvalues are phase factors
e~"? where R/, the quasi-angular momentum of the state, is an integer multiple of A.
The discrete rotation operator of an angle ¢ = m (Cy symmetry operation), is the one
relevant for the para configuration. All orbitals are eigenstates of the C5 rotation with
the eigenvalue +1.

The relevant rotation operator for the meta configuration correspond to an angle
¢ = 2w /3 (C3 symmetry operation). Orbitals with an A or B symmetry are eigen-
states of this operator with the eigenvalue +1 (angular momentum ¢ = 0 or ¢ = 3).
Hence we can already predict that there will be no difference based on rotational
symmetry between the para and the meta configuration for transitions between states
involving A- and B-type symmetries. Orbitals with E symmetry however behave quite
differently under the C3 operation. They are the pairs of states of angular momenta
¢ = 41 or ¢ = £2. The diagonal form of the rotation operator on the two-fold
degenerate subspace of E-symmetry reads:

e_le‘%l O

For the two-fold orbitally degenerate 7-particle ground states |¢| = 2. This analysis
in terms of the quasi-angular momentum makes the calculation of the fundamental
interference condition (4.2) given in the introduction easier. In fact the following
relation holds between the transition amplitudes of the 6 and 7 particle ground states:

Yer = <7g€7'|d}r~z7’6g> = <7g€T’RLd£7—R¢a |6g> = eiiw)WL (4.8)
and (4.2) follows directly.

4.3 Transport calculations

The results discussed here are obtained by solving equation (3.19) in the stationary
limit ¢V¥(¢) = 0 and using the result in the formula for the current in chapter 3. As
input in equation (3.19), we need the eigenenergies of the isolated molecule described
by Hppp, and the matrix elements (N E(7|d’_,|N — 1E'f'7") of the operators df . that
create an electron in a p,-orbital at the contact atom to lead «, written in the eigenbasis
of Hppp. The symmetries of the eigenstates are reflected in these matrix elements.
They act as transition amplitudes for the tunneling event from the state [N — 1E"¢'1")
to | NE{T). The sequential tunneling rates are of second order in these amplitudes.

In Figure 4.3 we present the stability diagram for the benzene ISET contacted in the
para (upper panel) and meta position (lower panel). Bright ground state transition
lines delimit diamonds of zero differential conductance typical for the Coulomb block-
ade regime, while a rich pattern of satellite lines represents the transitions between
excited states. Though several differences can be noticed, most striking are the sup-
pression of the linear conductance, the appearance of negative differential conductance
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Figure 4.3: Stability diagram for the benzene ISET contacted in the para (above) and
meta (below) configuration. Dot-dashed lines highlight the conductance cuts presented
in Figure 4.4, the dashed lines the regions corresponding to the current traces presented
in Figure 4.5 and Figure 4.7, the dotted line the region corresponding to the current
trace presented in Figure 4.6. The parameters used are U = 4[b|, V = 2.4|b|, kgT =
004|b|, hl'y, = hl'g = 1073’b|

(NDC) and the strong suppression of the current at the right(left) border of the 7 (5)
particle diamond when passing from the para to the meta configuration. All these
features are different manifestations of the interference between orbitally degenerate
states and ultimately reveal the specific symmetry of benzene.

4.3.1 Linear conductance

We study the linear transport regime both numerically and analytically. For the an-
alytical calculation of the conductance we consider the low temperature limit where
only ground states with N and N + 1 particles have considerable occupation probabil-
ities in a certain range of the gate voltage. Therefore only transitions between these
states are relevant and we can treat just the terms of equation (3.19) with N and
N + 1 particles and the ground state energies Fy n and Fg n41, respectively. A closer
look at (3.19) reveals that the spin coherences are decoupled from the other elements
of the density matrix. Thus we can set them to zero, and write (3.19) in a block
diagonal form in the basis of the ground states of N and N + 1 particles. Additionally,
since the total Hamiltonian H is symmetric in spin, the blocks of the GME with the
same particle but different spin quantum number 7 must be identical. Finally, since
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around the resonance the only populated states are the N and N + 1 particle states,
the conservation of probability implies that:

L= on+ ) onth, (4.9)
N

where o,,, is the population of the N-particle ground state and n contains the orbital
and spin quantum numbers. With all these observations we can reduce (3.19) to
a much smaller set of coupled differential equations, that can be treated analytically.
The stationary solution of this set of equations can be derived more easily by neglecting
the energy non-conserving terms in (3.19). These are contained in the elements of the
GME describing the dynamics of the coherences between orbitally degenerate states.
With this simplification we derive an analytical formula for the conductance close to
the resonance between N and N + 1 particle states as the first order coefficient of the
Taylor series of the current in the bias:

I'.r f'(AE) 1
G AE) =2 ———A - 4.10
NN (AB) =2 T+ g N (Syar — Sh)f(AE) + Sy (4.10)
where AE = —E, N+ By ni1— (po+keVy) is the energy difference between the benzene

ground states with N and N + 1 electrons diminished by a term linear in the gate
voltage. The derivation of this formula is rather lengthy but not difficult and thus not
given here. Interference effects are contained in the overlap factor Ayxn1:

2
S (N, nldy IN+1,m)N+1,mldh, | N, )
Ay = 27 5 , (4.11)
> [N, nldar | N4-1,m)|

nmot

where n and m label the Sy-fold and Sy, i-fold degenerate ground states with N and
N + 1 particles, respectively. In order to make the interference effects more visible we
remind that dI{T = RLdLRw with ¢ = 7 for the para while ¢ = 27/3 for the meta
configuration. Due to the behavior of all eigenstates of Hy., under discrete rotation
operators with angles multiples of 7/3, we can rewrite the overlap factor:

2

> (N nfdy [N+1,m)[Pet®

nmTt

2>

nmTt

Anng1 = 5 (4.12)

(N, nldy, [N +1,m)

where ¢,,,, encloses the phase factors coming from the rotation of the states | N, n) and
IN +1,m).

The energy non-conserving terms neglected in (4.10) influence only the dynamics of
the coherences between orbitally degenerate states. Thus, equation (4.10) provides an
exact description of transport for the para configuration, where orbital degeneracy is
cancelled. Even if equation (4.10) captures the essential mechanism responsible for
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the conductance suppression, we have derived an exact analytical formula also for the
meta configuration and we present it later on.
In Figure 4.4 we present an overview of the results of both the para and the meta con-
figuration. A direct comparison of the conductance (including energy non-conserving
terms) in the two configurations is displayed in the upper panel. The lower panel illus-
trates the effect of the energy non-conserving terms on the conductance in the meta
configuration. The number of p, electrons on the molecule and the symmetry of the
lowest energy states corresponding to the conductance valleys are reported. The curve
can be continued to negative gate voltages (notice that b < 0) by mirroring about
Vy = 0 and replacing the number of electrons N by 12 — N. The symmetries displayed
in the upper panel belong to the (effective) ground states in the para configuration,
the corresponding symmetries for the meta configuration are shown in the lower panel.
Figure 4.4 shows that the results for the para and the meta configuration coincide
for the 10 «» 11 and 11 « 12 transitions. The ground states with N = 10,11,12
particles have A— or B—type symmetries, they are therefore orbitally non-degenerate,
no interference can occur and thus the transitions are invariant under configuration
change. For every other transition we see a noticeable difference between the results
of the two configurations (Figure 4.4). In all these transitions one of the participating
states is orbitally degenerate. First we notice that the linear conductance peaks for
the 7 « 8 and 8 « 9 transitions in the para configuration are shifted with respect
to the corresponding peaks in the meta configuration. The selection of an effective
symmetric Hilbert space associated to the para configuration results in different ground
state energies of the 4 and 8 particle states in the two configurations, since in the para
configuration the first state participating to transport (the effective ground state) is
in reality the first excited state. This leads to a redefinition of AFE for transitions
involving these states and therefore to a change in the peak position.
In addition, the total degeneracy is reduced from 4 to 2 by cancelling the orbital
degeneracy. The degeneracies Sy, Sny1 of the participating states as well as the ground
state energy are both entering the degeneracy term of equation (4.10)
/
A=— f(AE) : (4.13)
(Sng1 — SN)f(AE) + Sy

In this term, the degeneracies give rise to two effects. First, they shift the maximum of
the conductance peak away from the resonance at AE = 0. This happens because the
symmetric (with respect to AE = 0) function f'(AFE) is multiplied with an asymmet-
ric, steplike function in the denominator. If the degeneracy of the N + 1-particle state
SNt is higher than Sy, the maximum will be shifted to the side where N-particles

are on the quantum dot. This shift is found to be %k‘BTln Sy proportional to the

Sn
temperature and to the logarithm of the ratio SN#1 The second point is that large

degeneracies, entering in the denominator, will in 1éeneral lead to smaller values of A.
The maximum value of this function A for the transition 6 < 7 is given in table 4.3.
The most striking effect regarding transitions with orbitally degenerate states partic-
ipating is the systematic suppression of the linear conductance when changing from
the para to the meta configuration. The suppression is appreciable despite the con-
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ductance enhancement due to the energy non-conserving terms (see Figure 4.4, lower
panel). Thus, we will for simplicity discard them in the following discussion.

The conductance suppression is determined by the combination of two effects: the
reduction to the symmetric Hilbert space in the para configuration and the interfer-
ence effects between degenerate orbitals in the meta configuration. As we can see
from Table 4.3 on the example of the 6 < 7 transition peak, Ay, is higher in the
para configuration but not enough to fully explain the difference between the two
configurations.

Overlap factor | Degeneracy term

A Amax [1/kpT]
PARA 20 0,1715
META e, 0,1111

Table 4.3: Overlap factor and maximum value of the degeneracy term in the para and
the meta configuration for the 6 < 7 transition peak. It is C' = |(64]dL,|74¢T)|*, where
7 and £ are the spin and the quasi angular momentum quantum numbers, respectively.
The values of A« are proportional to 1/kgT.

The second effect determining linear transport is the interference between the E-type
states, which is accounted for in the overlap factor A. The overlap factor is basis
independent, thus we can write the transition probabilities for the 6 « 7 transition
as |(64|d; |7 £7)]* = C, where T and £ are the spin and the quasi-angular momentum
quantum number, respectively. The transition probabilities have the same value, since
all four 7 particle states are in this basis equivalent. This can be seen by taking
advantage of the symmetry properties of the molecular states with respect to the o,
operation and to the rotation operator R, for rotations about a discrete angle ¢ = %,
as introduced in Section 4.2. The starting point is the generic relation between these

two operators:
Reoy = 0y R_g. (4.14)

We can now apply both sides of this relation to the 7 particle ground states |7,, ¢ = £2):
Ry0y|Tg, l = £2) = 0y R_p|Tg, £ = £2). (4.15)

The 7 particle ground states |7,,¢ = +2) are eigenstates of each R,, and the corre-
sponding eigenvalues are phase factors:

Ro|Tg, € = £2) = T2, £ = £2). (4.16)
Thus, equation (4.15) becomes
Ry (av|7g,e - iZ)) = oE2id <av|7g,£ — 12>>. (4.17)
Yet, according to equation (4.16), this equation can only be valid if

0|7, 0 = £2) = |74, 0 = F2). (4.18)
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and, since 02 = 1, A can only be a phase factor. For the calculation of the transition
probabilities we use further the property olo, = 1. Since the left contact atom (atom
1) lays in the reflection plane oy, it is: o dpo! = dy. Also, since the symmetry of the
6 particle ground state is Ay, it is: 0y|6,) = |64). Under these considerations, we can
write for the transition probability to the state |74, = 2):

[(6gldulTg, € = 2)]* = [(6glolo,diolo,|Ts, = 2)]" = (4.19)

v

= [{6gldLov|7g, € = 2)|* = |(64]dL|Ty, ( = —2)] = C.

Under the C5 rotation the symmetric 7 particle ground state does not acquire any

phase factor. Under the (5 rotation however, the two orbitally degenerate states
. . 47 - 47 - .

acquire different phase factors, namely es* and e™ 3", respectively. Thus the overlap

factors A for the 6 « 7 transition are:

1 2
Apara — - |4C)? = 20,

1 . 121
Ameta = % . 2C€+47l + ZCef%l = 50

We see that A is four times larger in para configuration. The linear conductance is
determined by the product between the overlap factor and the degeneracy term. It is
the destructive interference between degenerate E-type orbitals, accounted for in the
overlap factor A, that gives the major contribution to the strong suppression of the
conductance in the meta configuration.

Analytical formula for the linear conductance including the
energy non-conserving terms

In the derivation of the conductance formula (4.10) we neglected the energy non-
conserving terms in the equation (3.19). Since in the GME they appear only in the
dynamics of the coherences between orbitally degenerate states, equation (4.10) is
exact for the para configuration, where the orbital degeneracy is cancelled. This is not
the case in the meta configuration where the orbital (quasi-)degeneracy is essential
for the description of interference. Thus we derived a generic analytical formula for
the conductance, taking into account the energy non-conserving terms. Again, we
give here just the result, because the derivation is lengthy and does not lead to new
insights. It reads

aux(Sx, Sn11) 1203 vy (fE(AE))?

GN’N+1(AE) = €2FAN’N+1A 1+
160 oy (FE(AE) 1 02

(4.20)

Here, it is I' = I',, = I'n. An w41 and A are the overlap factor and the degen-
eracy term introduced in Egs. (4.11), (4.12). The auxiliary function aux(Sy, Sxt1)
in the correction term is zero if there are no orbitally degenerate ground states in-
volved in the transition. If one of the participating states is orbitally degenerate it is

aux(Sy, Sxi1) = 1. The sign in f£(AFE) is defined as follows: f*(AE) has to be used
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if the N particle ground state is orbitally degenerate. If instead the N + 1 particle
ground state exhibits orbital degeneracy, f~(AFE) has to be inserted. The energy non-
conserving terms are included in the factor w = wy|v,—0 = wr|y,—o. It is defined only
if a degenerate state is participating in transport. In case that e.q. the N particle
ground state has two degenerate orbitals |Ng, 1), |Ng, 2), w, with a = L, R reads

Wo = ) {%pa(Eg,N - E’)} (N, 1|d} [N =1, E'I)(N — 1, E'l|d, .|N,,2) (4.21)

B\l

+) {%pa(E' - Eg,Nﬂ (N, Udp [N + 1, BN + 1, B'l]d}, | Ny, 2),
B/l

where p,(z) = —Ret) [+ £ (z — p,)] and ¢ is the digamma function, as defined
in Section 3.3. The presence of these terms reduces the efficiency of the destructive
interference due to a renormalization of the energies of the states involved. In this
expression, a particular choice of the basis is implied, such that (N, i|dLT]N —1,E"l),
(Ng,tld,.|N +1,E"l), i = 1,2, are real and do not depend on i. We will discuss this

and the effect of renormalization on the non-linear current in chapter 5.

4.3.2 Negative differential conductance (NDC) and current
blocking

Interference effects between orbitally degenerate states are also affecting non-linear
transport and producing in the meta configuration current blocking and thus NDC at
the border of the 6 particle state diamond (Figure 4.3). The upper panel of Figure
4.5 shows the current through the benzene ISET contacted in the meta configuration
as a function of the bias voltage. The current is given for parameters corresponding
to the white dashed line of Figure 4.3. In this region only the 6 and 7 particle ground
states are populated.

At low bias the 6 particle state is mainly occupied. As the bias is raised, transitions 6 «
7 occur and current flows. Above a certain bias threshold a blocking state is populated
and the current drops. For the understanding of this non-linear current characteristics,
we have to take into account energy conservation, the Pauli exclusion principle and,
in addition, the interference between participating states. For the visualization of
the interference effects, we introduce the transition probability (averaged over the z
coordinate and the spin o):

. 1 rLe
Pleyin,7) = Jim 0 [ delTen vl 6ol (122

for the physical 7 particle basis, i.e., the 7 particle basis that diagonalizes the stationary
density matrix at a fixed bias. Here 7 is the spin quantum number, n = 1,2 labels
the two states of the physical basis which are linear combinations of the orbitally
degenerate states |74¢7) and can be interpreted as conduction channels. Each of the
central panels of Figure 4.5 are surface plots of (4.22) at the different bias voltages a-c.
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Figure 4.4: Conductance of the benzene ISET as a function of the gate voltage. Clearly
visible are the peaks corresponding to the transitions between ground states with N
and N + 1 particles. In the low conductance valleys the state of the system has a
definite number of particles and symmetry as indicated in the upper panel for the
para, in the lower for the meta configuration. Selective conductance suppression when
changing from the meta to the para configuration is observed.
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The 7 particle ground states can interfere and thus generate nodes in the transition
probability at the contact atom close to one or the other lead, but, in the meta
configuration, never at both contact atoms at the same time.

Energetic considerations are illustrated in the lower panels of Figure 4.5 for two key
points of the current curve at positive biases. The left panel corresponds to the reso-
nance peak of the current. Due to energy conservation, electrons can exit the molecule
at both leads. On the contrary the entry is allowed only at the right leads. The cur-
rent is suppressed when transitions occur to a state which cannot be depopulated (a
blocking state). Since, energetically, transmissions to the 6 particle state are allowed
at both leads, each 7 particle state can always be depopulated and no blocking occurs.
The current blocking scenario is depicted in the lower right panel of Figure 4.5. For
large positive bias the transition from a 7 particle ground state to the 6 particle
ground state is energetically forbidden at the left lead. Thus, for example, the ¢ panel
in Figure 4.5 visualizes the current blocking situation yielding NDC: while for both
channels there is a non-vanishing transition probability from the source lead to the
molecule, for the upper channel a node prevents an electron from exiting to the drain
lead. In the long time limit the blocking state gets fully populated while the non-
blocking state is empty. At large negative bias the blocking scenario is depicted in the
panel a that shows the left-right symmetry obtained by a reflection through a plane
perpendicular to the molecule and passing through the carbon atoms atoms 6 and 3.
We remark that only a description that retains coherences between the degenerate 7
particle ground states correctly captures NDC at both positive and negative bias.

In contrast to the 6 — 7 transition, one does not observe NDC at the border of the 7
particle Coulomb diamond, but rather a strong suppression of the current. The upper
panel of Figure 4.6 shows the current through the benzene ISET contacted in the meta
configuration as a function of the bias voltage corresponding to the white dotted line
of Figure 4.3. The middle panels show the transition probabilities between each of the
7 particle and the 6 particle ground state.

The lower panel of Figure 4.6 shows a sketch of the energetics at positive bias corre-
sponding to the “expected” resonance peak. Here electrons can enter the molecular
dot at both leads, while the exit is energetically forbidden at the left lead due to Paulis
exclusion principle. Thus, if the system is in the 7 particle state which is blocking the
right lead, this state cannot be depopulated, becoming the blocking state.

On the other hand, transitions from the 6 particle ground state to both 7 particle
ground states are equally probable. Thus the blocking state will surely be populated
at some time. The upper plot of the b panel in Figure 4.6 shows the transition prob-
ability to the blocking state that accepts electrons from the source lead but cannot
release electrons to the drain.

As just proved, in this case the current blocking situation occurs already at the res-
onance bias voltage. For a higher positive bias, the transition probability from the
blocking state at the drain lead increases and current can flow. This effect, though,
can be captured only by taking into account also the energy non-conserving terms in
(3.19). We study the influence of these terms in detail in chapter 5.

In the para configuration, the current as a function of the bias voltage is shown in
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Figure 4.5: Upper panel - Current through the benzene ISET in the meta configuration
calculated at bias and gate voltage conditions indicated by the dashed line of Figure
4.3. A pronounced NDC with current blocking is visible. Middle panels - Transition
probabilities between the 6 particle and each of the two 7 particle ground states for
bias voltage values labelled a — ¢ in the upper panel. The transition to a blocking
state is visible in the upper (lower) part of the ¢ (a) panels. Lower panels - Sketch
of the energetics for the 6 — 7 transition in the meta configuration at bias voltages
corresponding to the resonance current peak and current blocking as indicated in the
upper panel of this figure.
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Figure 4.6: Upper panel - Current through the benzene ISET in the meta configuration
calculated at bias and gate voltage conditions indicated by the dotted line of Figure
4.3. No NDC is visible. Middle panels - Transition probabilities between each of the
7 particle and the 6 particle ground state for bias voltage values labelled a — ¢ in
the upper panel. Lower panel - Sketch of the energetics for the 7 — 6 transition in
the meta configuration at bias voltage corresponding to the expected resonance peak.
(compare to Figure 4.5).
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Figure 4.7: Left panel - Current through the benzene ISET in the para configura-
tion calculated at bias and gate voltage conditions indicated by the dashed line of
Figure 4.3. No interference effects are visible. Right panels - Transition probabilities
between the 6 particle and the symmetric and antisymmetric 7 particle ground states.

Figure 4.7. The current is given for parameters corresponding to the white dashed
line of Figure 4.3. In this case, no interference effects are visible. We see instead the
typical step-like behavior of the current in the Coulomb blockade regime.

The panels on the right are the surface plots of

1 L2
Py = Jim Yogp [ aslem @smplel6ar. (423

The upper plot shows the transition probability to the symmetric 7 particle state,
the lower to the antisymmetric. Remember that in the para configuration only the
symmetric states contribute to transport, which means that orbital degeneracies or
coherences between orbitally degenerate states do not play any role in the transport.
Thus in the para configuration, no interference triggered current blocking or NDC can
occur.
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4.4 Reduced symmetry

In this section we study the effect of reduced symmetry on the results presented pre-
viously. To do so, we generalize the model Hamiltonian by taking into account the
perturbations on the molecule due to the contacts and the bias voltage. The contact
between molecule and leads is provided by different anchor groups. These linkers are
coupled to the contact carbon atoms over a o bond thus replacing the corresponding
benzene hydrogen atoms. Due to the orthogonality of © and ¢ orbitals, the anchor
groups affect in first approximation only the o orbitals of benzene. In particular the
different electron affinity of the atoms in the linkers imply a redistribution of the den-
sity of o electrons. Assuming that transport is carried by 7 electrons only, we model
the effect of this redistribution as a change in the on-site energy for the p, orbitals of
the contact carbon atoms:

H1/3‘PP = Heontact = fc Z dj;éo'dao'j o = L, R (424)

where R = 3,4, respectively, in the meta and para configuration, I = 1 in both setups.
We also study the effect of an external bias on the benzene ISET. In particular we
release the strict condition of potential drop all concentrated at the lead-molecule
interface. Nevertheless, due to the weak coupling of the molecule to the leads, we
assume that only a fraction of the bias potential drops across the molecule. For this
residual potential we take the linear approximation Vi,(r) = —%2(r - £y4/ag), where
we choose the center of the molecule as the origin and Iy s the unity vector directed
along the source to drain direction. ag = 1.43 A is the bond length between two carbon
atoms in benzene, a is the coefficient determining the intensity of the potential drop
over the molecule. Since the p, orbitals are strongly localized, we can assume that
this potential will not affect the inter-site hopping, but only the on-site term of the
Hamiltonian:

HIIDPP = Hbias =€ Zfbidjjadia (425)

with &,, = [ dr p.(r — R;)Vi(r)p.(r — Ry).

Under the influence of the contacts or the bias potential, the symmetry of the molecule
changes. Table 4.4 shows the point groups to which the molecule belongs in the
perturbed setup. This point groups have only A- and B-type reducible representations.
Thus the corresponding molecular orbitals do not exhibit orbital degeneracy.

No interference effects influence the transport in the para configuration. Thus we do
not expect its transport characteristics to be qualitatively modified by the new set up
with the corresponding loss of degeneracies.

In the meta configuration on the other hand, interferences between orbitally degenerate
states play a crucial role in the explanation of the occurring transport features. Naively
one would therefore expect that neither conductance suppression nor NDC and current
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| PARA META
Contact perturb. Doy, Coy
Bias perturb. Coy Cyy

Table 4.4: Point groups to which the molecule belongs under the influence of the
contacts and the external bias potential.

blocking occur in a benzene ISET with reduced symmetry. Yet we find that, under
certain conditions, the mentioned transport features are robust under the lowered
symmetry.

The perturbations due to the contacts and the bias lead to an expected level splitting
of the former orbitally degenerate states. Very different current-voltage characteristics
are obtained depending on the relation between the energy splitting 0 ' and other two
important energy scales of the system: the tunnelling rate hAI' and the temperature
kgT. In particular, when 6F < hI' < kgT, interference phenomena persist. In
contrast, when Al' < 0F < kgT interference phenomena disappear, despite the fact
that, due to temperature broadening, the two states still can not be resolved. In this
regime, due to the asymmetry in the tunnelling rates introduced by the perturbation,
standard NDC phenomena, see Figure 4.9, occur.

In the absence of perfect degeneracy, we abandon the strict secular approximation
scheme that would discard the coherences in the density matrix between states with
different energies. We adopt instead a softer approximation by retaining also coher-
ences between quasi-degenerate states. Since they have Bohr frequencies comparable
to the tunnelling rate, they influence the stationary density matrix. Formulas for
the GME and the current taking into account these coherence terms are presented in
section 3.4.

Figure 4.8 shows from left to right closeup views of the stability diagram for the setup
under the influence of increasing contact perturbation around the 6 < 7 resonance.
The orbital degeneracy of the 7 particle states is lifted and the transport behavior for
the 6 < 7 transition depends on the energy difference between the formerly degenerate
7 particle ground states. In panel a the energy difference is so small that the states are
quasi-degenerate: 0F < hl' < kgT. As expected, we recover NDC at the border of
the 6 particle diamond and current suppression at the border of the 7 particle diamond,
like in the unperturbed setup.

Higher on-site energy-shifts correspond to a larger level spacing. Panel b displays the
situation in which the latter is of the order of the level broadening, but still smaller
than the thermal energy (0E ~ hl' < kgT'): no interference causing NDC and current
blocking can occur. Yet, due to thermal broadening, we cannot resolve the two 7
particle states.

Eventually, panel ¢ presents the stability diagram for the case 0F > kg1 > hI': the
level spacing between the 7 particle ground and first excited state is now bigger than
the thermal energy, thus the two transition lines corresponding to these states are
clearly visible at the border of the 6 particle stability diamond.

Figure 4.9 shows closeup views of the stability diagram for the setup under the influ-
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Figure 4.8: Closeup views of the stability diagram around the 6 < 7 resonance for
the system under contact perturbation. The perturbation strength grows from left
to right The parameter that describes the contact effect assumes the values &, =
0.15A1", 2AT", 15kgT from left to right respectively and kg7 = 10AI" .

ence of the bias perturbation at the border of the 6 and 7 particle diamonds. The same
region is plotted for different strengths of the external potential over the molecule.
In contrast to the contact perturbation, the amount of level splitting of the former
degenerate states is here bias dependent. This fact imposes a bias window of in-
terference visibility. The bias must be small enough, for the 7 particle states to be
quasi-degenerate and at the same time bigger than the thermal energy, so that the oc-
curring NDC is not obscured by the thermally broadened conductance peak. A strong
electrostatic potential perturbation closes the bias window and no interference effect
can be detected.

Panel a of Figure 4.9 represents the weak perturbation regime with no qualitative
differences with the unperturbed case. The typical fingerprints of interference (NDC
at the border of the 6 particle diamond and current blocking for the 7 — 6 transition)
are still visible for intermediate perturbation strength (panel b) but this time only in a
limited bias window. Due to the perturbation strength, at some point in the bias, the
level splitting is so big that the quasi-degeneracy is lifted and the interference effects
destroyed. In panel ¢ the quasi-degeneracy is lifted in the entire bias range. There
is NDC at the border of the 6 particle diamond, but is not accompanied by current
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Figure 4.9: Closeup views of the stability diagram around the 6 < 7 resonance for
the system under the effect of the bias potential, displayed for different strengths of
the electrostatic potential drop over the molecule. The parameter that describe the
strength of the electrostatic drop overthe molecule assumes the values a = 25, 12, 0.6
from left to right respectively.

blocking as proved by the excitation line at the border of the 7 particle diamond (see
arrow): no interference occurs. The NDC is here associated to the sudden opening of
a slow current channel, the one involving the 6 particle ground state and the 7 particle
(non-degenerate) excited state (standard NDC).

Figure 4.10 refers to the setup under both the bias and contact perturbations. The
left panel shows the energy of the lowest 7 particle states as a function of the bias.
In the right panel we present the stability diagram around the 6 < 7 resonance.
NDC and current blocking are clearly visible only in the bias region where, due to
the combination of bias and contact perturbation, the two seven particle states return
quasi-degenerate. Also the fine structure in the NDC region is understandable in terms
of interference if we take into account the renormalization of the level splitting due to
the energy non-conserving terms in the condition of quasi-degeneracy.

Interference effects predicted for the unperturbed benzene ISET are robust against
various sources of symmetry breaking. Quasi-degeneracy, 0F < hl' < kgT, is the
necessary condition required for the detection of the interference in the stability dia-
gram of the benzene ISET.
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Figure 4.10: Combination of the bias and contact perturbations. Left panel - Energy
levels of the 7 particle ground and first excited state as functions of the bias volt-
age. Right panel - Stability diagram around the 6 < 7 resonance. The perturbation
parameters are in this case . = 2hI' and a = 12.
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Chapter 5

All-electric spin control in
interference single electron
transistors

i

= \VA

Figure 5.1: Two examples of interference single electron transistors (ISETSs): a benzene
molecular junction contacted in the meta configuration (a) and a triple quantum dot
artificial molecule (b). The source and drain are parallel polarized ferromagnetic leads.

Interference blocking in SETSs is expected whenever a non-degenerate N particle ground
state and two degenerate N + 1 particle ground states contribute simultaneously to
transport and the ratio of the transition amplitudes between those N and N + 1 par-
ticle states is different on the left and on the right, equation (4.1). This condition is
rather general and can be fulfilled not only in benzene ISETS, but for example also in
triangular quantum dots (TQD) (see Figure 5.1), or other systems that show orbital
degeneracies.

In this chapter, we show that in ISETs in the presence of parallel polarized ferro-
magnetic leads the interplay between interference and the exchange interaction on the
system generates an effective energy renormalization yielding different blocking biases
for majority and minority spins. Hence, by tuning the bias voltage full control over
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the spin of the trapped electron is achieved. We present here our results showing spin
selective interference blockade, for both the benzene ISET and the TQD ISET. In the
TQD ISET, we also demonstrate the possibility of switching between components of
an excited triplet states by means of the bias voltage.

The system Hamiltonian for the TQD ISET is given by

3 3
Hppp = fz Z dlyd;y +b Z Z(dzTadiHo + d;r-i-ladia) (5.1)
=1 o i=1 o

3 3
1 1 1
+ U E (niT—é)(nil—a) +§ E V(niT—i-nil—1)(ni+1T—|—ni+1l—1),
i=1 i

where cyclic boundary conditions are implied. Notice the formal similarity to the PPP
Hamiltonian for benzene.

From what we learned in the previous chapter, we would conclude that the interference
blocking is a threshold effect and the current remains blocked until a new excited state
participates to the transport. However, as shown in Figure 5.2, panels a and b, the
current is blocked only at specific values of the bias voltage. In presence of polarized
leads, we observe current blocking at two specific bias values (panels ¢ and d), and
the analysis of the stationary solution of the GME reveals two blocking states with
different spin projection. In the TQD ISET, we find analogous results.

The explanation for the blocking at specific biases only relies on the following observa-
tion: The blocking state (Figure 5.4) must be antisymmetric with respect to the plane
perpendicular to the system and passing through its center and the atom closest to
the drain; this state is thus also an eigenstate of the projection of the angular momen-
tum in the direction of the drain lead. The corresponding eigenvalue depends on the
symmetry of the atomic wave function with respect to the molecular plane: h or 0 for
symmetric or antisymmetric wave functions respectively. At positive (negative) bias
voltages we call this state the R(L)-antisymmetric state 1)) o). But the coupling
between the system and the leads not only generates the tunneling dynamics described
so far, but also contributes to an internal dynamics of the system that distorts the
antisymmetric state, but leaves the systems particle number unchanged.

5.1 Effective Hamiltonian for the internal dynam-
ics

In fact the equation of motion for the reduced density matrix o of the system (equa-
tion (3.19)) can be cast, to lowest non vanishing order in the coupling to the leads, in
the form:

o= —

1 l
ﬁ[Hsys, o] — ﬁ[Heﬁ‘, o] + Liuno. (5.2)
The commutator with Hgys in equation (5.2) represents the coherent evolution of the
system in absence of the leads. It vanishes in the secular approximation. The operator

L. describes the sequential tunnelling processes and it is defined as all the terms in
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equation (3.19) that contain the Fermi function. Finally H.g renormalizes the coherent
dynamics associated to the system Hamiltonian. It includes all the terms containing
the digamma function in equation (3.19). The transition amplitudes v,; between the
N and N + 1 particle states like the ones introduced in equation (4.1) are contained
in both H.g and Li,,. Heg can be written as:

Heff = Zwa‘rLou (53)

where L, is the projection of the angular momentum in the direction of the lead «
and, for paramagnetic systems, it does not depend on the spin degree of freedom
7. Moreover, w,, is the renormalization frequency given to the states of spin 7 by
their coupling to the « lead. Similar effective dynamics has been mapped into the
precession of a pseudo-spin around a pseudo-exchange field [69, 76]. In our case the
presence of parallel polarized leads mixes the orbital and the spin degrees of freedom.
Although H.g is diagonal for what concerns the spin, and thus spin accumulation
due to precession [68] of the spin degree of freedom is excluded, in the presence of
polarized leads, the spin up and the spin down undergo different effective dynamics.
In particular, we find that at the bias voltage where the blocking conditions for one
spin species are exactly fulfilled, the other spin species still feels a renormalization and
thus does not form a completely blocking state. This leads to a full population of one
specific spin species at that bias voltage.

For sake of simplicity we give in the following the explicit form of the transition
amplitudes ~,;, of the operator L, and of the associated frequency w,, only for the
benzene ISET and for the ground state transition 6, — 7, that is characterized by
interference blocking. The argumentation is nevertheless very general and can be
repeated for all the systems exhibiting rotational symmetry. The transition amplitudes
read:

Yot = (6400|d s, |7 07 )60 (5.4)
where |7,07) are the orbitally degenerate 7 particle ground states, ¢ = £2 the z
projection of the angular momentum in units of A and d,;, destroys an electron of
spin 7 in a reference carbon atom M placed in the middle between the two contact

atoms. Moreover, ¢, is the angle of which we have to rotate the molecule to bring the
reference atom M into the position of the contact atom «. The present choice of the

reference atom implies that ¢, = —¢r = 7. In the Hilbert space generated by the
two-fold orbitally degenerate |7, ¢ 1) the operator L, reads:
h 1 ¢i2¢¢a
L,=" ( o T ) (5.5)

To derive the explicit form of this operator, it is convenient to choose the arbitrary
phases of the states |7,¢7) in such a way that the rotation of 7 around the axis passing
through the reference atom M and the center of the molecule transforms |7,¢7) into
—|7, — £7). In other terms

exp(iﬂL—gf) = -7, (5.6)
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Figure 5.2: Benzene ISET: polarized vs. unpolarized configuration. Panel a - Current
vs. bias and gate voltage for unpolarized leads. Panel d - Current vs. bias and gate
voltage for polarized leads (polarization P = 0.85). Panels b and ¢ - Blow up of the
6 — 7 particle transition for both configurations. The unpolarized case shows a single
current blocking line and the trapped electron has either up or down polarization. The
polarized case shows two current blocking lines, corresponding to the different spin of
the trapped electron. The current is given in units of eI’ where I' is the bare average
rate, and the temperature kgT' = 0.010 where b is the hopping parameter
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Figure 5.3: Triple dot ISET: polarized vs. unpolarized configuration. Panel a - Current
vs. bias and gate voltage for unpolarized leads. Panel d - Current vs. bias and gate
voltage for polarized leads (polarization P = 0.7). Panels b and ¢ - Blow up of
the 6 — b5 particle transition for both configurations. The selective spin blocking is
analogous to the one of the benzene ISET (5.2).
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Figure 5.4: Spin control. Panel a - Current (in units of el") through the benzene ISET
vs bias and polarization at the 6 — 7 electrons transition. Panel b - Population of
the majority spin 7 particle state. The two zero current lines at high bias correspond
to the maximum or minimum population of the 7 particle majority spin state and
thus identify the spin state of the trapped electron on the molecule. Panels ¢ and d
- Schematic representation of the spin selective blocking corresponding to the dashed
(c) and dotted (d) lines of the panels a and b.
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Figure 5.5: Blocking condition. Renormalization frequencies wy,, of a benzene ISET as
function of the bias and for different lead polarizations. The current blocking condition
wr, = 0 is fulfilled at different biases for the different spin states. uy = Eév - Eév -1
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where 7, is the first Pauli matrix. The relation is in fact an equation for Lj,; and the

solution reads: .
11
LM_§(1 1). (5.7)

We obtain L, by rotation of Lj; in the molecular plane, namely:

i i h 1 e?2lt¢a
L, = e w% b= [y entels = 5 ( e—i2l¢$a 1 : (5.8)

The frequency w,, is defined in terms of transition amplitudes to all the states of
neighbor particle numbers:

1
war = = S0 T [(Talrldy [SUERSLEN Al |7, — r)pa( B — Er,) +
m{E}

(7yl7|d} | 6{ EYX6{ B} dyr, Ty — £r)pa(Er,— E)| (5.9)

where the compact notation | N{E}) indicates all possible states with particle number
N and energy E, p,(z) = —Ret [% + %(I — ua)] where = 1/kgT, T is the tempera-
ture and ® is the digamma function. Moreover I'?_, = 2%|1§|2Dm/ is the bare tunneling
rate to the lead a of an electron of spin 7/, where ¢ is the tunnelling amplitude and D,
is density of states for electrons of spin 7’ in the lead « at the corresponding chemical

potential u,. We model the polarization in the leads by spin dependent densities of

states: n (1 P) T
ol + ) o=,
Dao’z{ Da(l—P), c=| . (5.10)

Due to the particular choice of the arbitrary phase of the 7 particle ground states,
wer 18 real and does not depend on the orbital quantum number ¢. It depends instead
on the bias and gate voltage through the energy of the 6, 7-ground and 8 particle
states. In Figure 5.5 the black curve depicts wy, as a function of the bias in absence of
polarization: the frequencies corresponding to the two spin species coincide and thus
vanish at the same bias. The same condition,

Wrr = 0, (511)

also determines the bias at which the current is completely blocked. In fact, at that
bias the effective Hamiltonian contains only the projection of the angular momentum
in the direction of the right lead (the drain) and the density matrix corresponding
to the full occupation of the 7 particle R-antisymmetric state (0 = |Yg, o )XVR,q|) is
the stationary solution of equation (5.2). As we leave the blocking bias the effective
Hamiltonian contains also the projection of the angular momentum in the direction
of the left lead and the R-antisymmetric state is no longer an eigenstate of Heg. The
corresponding density matrix is not a stationary solution of (5.2) and current flows
through the system. The L «+» R symmetry of the system implies, for negative biases,
the blocking condition wg, = 0.
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wr/r is also entering the formula for the linear conductance, equation (4.22). Also
there, interference effects are less pronounced due to the renormalization of the involved
states.

We concentrate here on the range of gate and bias voltages at which the dynamics
is restricted to transitions involving the [6,00) and |7,¢7) many particle states of the
benzene ISET.

The seven particle states are spin and orbital degenerate. The general theory of the
GME would require a priori to keep a full 4x4 density matrix describing the 7 particle
subspace. In the presence of parallel polarized leads, though, the coherences between
different spin degrees of freedom can be neglected since spin is always conserved by the
electrons while travelling through the device. The GME can thus be written in terms
of the nine variables collected in the 1x1 matrix 0% and the two 2x2 matrices "™ with
7 =T, |. Due to the rotational symmetry of the system it is more convenient to refer
to another set of variables, namely to describe the dynamics in terms of the occupation
probabilities Wy, W7, and the expectation values of the different projections of the
angular momentum for the system. The new set of variables is:

W = 0%,

Wy, = Tr{c""},
Lor = Tr{Lo,0™"},
L., =Tr{L.c7"}.
The operator L, is the generator of the set of discrete rotations around the axis per-
pendicular to the plane of the benzene molecule that bring the molecule into itself and
can be written within the 7 particle Hilbert space spanned by the vectors |7,67) as
L, = —h|l|T,, where T, is the third Pauli matrix. The operator L, generates, in the
same space, the discrete rotations around the axis in the molecular plane and passing

through the center and the atom closest to the contact «. Finally, the dynamics for
the variables introduced in equation (5.12) is given by the equations:

(5.12)

Wﬁ = 2 Z Fon— [_f;(AE)WES + f;(AE>LaT] ’ (513)
W?T = 22 Lor [fcj(AE>W6 - f;(AE)LaT] ) (514)
Lor = —2Tarfo (AE)Lor + 2 {Tar T (AE) + Dar £ (AE) cos?[|](da — da)]} W

+lar fa (AE) Sin2[|£|(¢o¢ — 9a)|Wrr — Tar fo (AE)(Lar + Lar)

, Sinf20¢](0n = da)

y WarLor, (5.15)
LZ’T - - Z Fan(;(AE)LZT - Qtan“a(gbL - ¢R)](WLT - wRT)(W77' - LLT - LRT)
—2 COt[|€’(¢L - ¢R)]<WLT + wRT)(LLT — LRT)) (516)

where Ty, = T2 _[(6,00|dy|7,67)|* is the tunnelling rate at the lead « involving the
ground states with 6 and 7 particles. Terms describing sequential tunnelling from
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and to the lead « are proportional to the Fermi functions f(x) := f(x — ps) and
fo(x) == 1— fr(x), respectively, and AE = Er, — Eg, — €V, where Eg, and Ey,
are the energies of the 6 and 7 particle ground states. Finally with @ we mean the
lead opposite to the lead a. By using the expression |¢| (to be substituted with 2 for
the 6 — 7 particle transition) we maintained the generality of the equations. The
replacement |¢| = 2 — 1 and the appropriate redefinition of AFE is enough to treat the
6 — 5 transition. Another important generalization concerns the position of the leads.
The para (¢, — ¢r = m) and ortho (¢, — ¢r = m/3) configuration are also treated
within the same equations. In particular one can see that all the terms containing
the renormalization frequencies drop from the equations in the para configuration and
that the equations for the ortho and meta configuration coincide.

The spin splitting of the renormalization frequencies is obtained from equation (5.9).
By introducing the average bare rate I' = w, for simplicity equal in both leads,
and using the fact that benzene is paramagnetic we get:

1
Wa—Wa| = 2FPQ; Z
{E}

(Tgl T |dyy|S{EYNS{ B}l |7, — € 1)
+(7g0 T |d) | 6{ EYN6{ E}d |7y — € T)pa
—(Tol 1 |dpy, [B{EYNB{E}d}y |7y — £ T)pa

—(Tgl 1 by |6{EYX6{ E}|dyy [Ty — £ 1)

X
. (5.17)
X
X

where one appreciates the linear dependence of the spin splitting on the lead polariza-
tion P,. The first and the third term of the sum would cancel each other if the energy
of the singlet and triplet 8 particle states would coincide. An analogous condition, but
this time on the 6 particle states, concerns the second and the fourth terms. For this
reason the exchange interaction on the system is a necessary condition to obtain spin
splitting of the renormalization frequencies and thus the full all-electric spin control.

5.2 Interference blocking for excited states

In Figure 5.3, we see the current stability diagram for a triangular quantum dot ISET.
Interference is visible at the transitions involving an orbitally degenerate ground state,
that is at the transitions 2 < 3, 3 «» 4 (low bias only), 4 «<» 5 (low bias only) and
5 < 6. In Figure 5.6, we show the current stability diagram for the transitions
involving 1 and 2 particle states. No interference is observed for low bias, since the
groundstates for N = 1,2 show no orbital degeneracies. The dominant feature in this
plot is instead the region with strong current suppression at the border of the N =1
diamond, starting a finite bias voltages. In the following, we will demonstrate that the
blocking of the current is due to interference blockade triggered by the first excited
2-particle state, which is a (spin) triplet state with additional orbital degeneracies.
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Figure 5.6: Part of the current stability diagram for the triple dot ISET. The current
is color coded, the scale is in units of el’. Superimposed are blue lines that indicate the
transport conditions, equation (3.2), for various channels. The 1y <> 2¢ ground state
transition is drawn as solid line, dashed and dot-dashed lines correspond to ground-

to excited state or excited- to excited state transitions. The parameters used here in
units of |b]: U =5,V =2, kgT = 0.002.

In Figure 5.7, we present a current-voltage curve for unpolarized leads for a gate
voltage corresponding to the vertical dashed line in the stability diagram, Figure 5.6
(green line). For low bias, no current is flowing due to Coulomb blockade, and the
N = 2 ground state is the only populated state. Once the bias is high enough so that
E: — E} = p* > pg = po — %, electrons can tunnel out into the source, leaving the
dot in the N = 1 ground state. The dots chemical potential p? is indicated with the
arrow ¢ in Figure 5.9. In this situation, electrons can tunnel in from the source to
populate again the N = 2 ground state, so that current can flow as a series of single
electron tunneling processes, that change the configuration of the dot from the N = 2
to the N =1 ground state and back. If the bias is increased further so that also the
generalized chemical potential 2, (indicated by the arrow b in Figure 5.9) is in the bias
window, s > p3y = E?—FE} > uq, the current decreases and eventually vanishes at one
particular point. Interference blockade occurs when the first excited two particle state
can be populated via the transitions 29 — 1o, 19 — 21, namely when the conditions
—% < 2 and 2 > g3 are fulfilled. The state 2; cannot be depopulated by tunneling
W

out into 1y on the right lead due to interference. Only when pg;, > =2 or —% < ui,



74 | CHAPTER 5. ALL-ELECTRIC SPIN CONTROL IN ISETS

0.4 ‘
——P=0

- - -P=0.4
0.35f |

0.3F 7

0.251 ]

0.21

I[el]

0.151

0.1

0.05f

2
v, [ible]

Figure 5.7: I-V-curve at £ = 4.7749|b| (corresponding to the white dashed line in Figure 5.6)
for unpolarized leads (green line) or parallel polarized leads (blue line, polarization P = 0.4).
The current is blocked at three different points.

other channels allow to depopulate the blocking state and current can flow. We see
in Figure 5.6 that the lines indicating these conditions encircle the region where the
current is blocked.

The mechanism for the blocking is the same as described earlier. Degenerate orbitals
of the state E? interfere to form a state which is geometrically decoupled from the
drain lead and therefore cannot be depopulated. This blocking is perfect only at
one particular bias voltage, when the level renormalization induced by the internal
dynamics is not affecting the decoupling mechanism. In Figure 5.7, we also show an
I-V-curve for polarized leads (polarization = 0.4). In this case, the current is blocked
at three different bias voltages, and at each blocking bias a different component of the
triplet state (with S, = —1,0, 1) is trapped on the dot (see Figure 5.8). Also in this
situation the components of the triplet with different S, undergo a different effective
renormalization.

We conclude that interference blockade in SETs can be used to prepare a quantum
dot in a specific triplet state with all electrical means.

The results presented in this chapter were obtained in collaboration with Andrea
Donarini and Milena Grifoni. They were published in

[19] A. Donarini, G. Begemann, and M. Grifoni, Nano Lett. 9, 2897 (2009).
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Figure 5.8: Populations of the relevant states for parallel polarized leads (P = 0.4) at
& = 4.7749]b|. Notice that at each current blocking point in Figure 5.7, the dot is in a
certain component of the triplet state.
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Figure 5.9: Spectrum of the triangular quantum dot for a specific gate voltage that corre-
sponds to the dashed white line in the stability diagram in Figure 5.6 ( £ = 4.7749). Blue
lines indicate the energies of the states, the black dashed auxiliary lines are used to visualize
the (generalized) chemical potentials pu? = pd,, p3y, p3y, ud, corresponding to the arrows
a,b, c,d, respectively.



Chapter 6

Nonequilibrium cotunneling: an
effective Kondo Hamiltonian
approach vs. exact results

In the Coulomb-blockade regime, sequential tunneling transport is exponentially sup-
pressed and processes where two or more electrons tunnel simultaneously become the
dominant transport mechanism [77]. These are called cotunneling processes and have
received a lot of interest in recent years for several reasons. First, applications that
rely on Coulomb blockade in quantum dots are limited by cotunneling. Second, co-
tunneling processes can act as an additional tool in transport spectroscopy to identify
electronic and vibrational excitation energies in semiconducting [78, 79] or carbon
nanotube [80] quantum dots. More recently, the interplay of sequential tunneling and
cotunneling processes was in the focus of both experimental [78, 81] and theoreti-
cal works [34, 82]. This interplay comes about at high enough source-drain voltages,
when inelastic cotunneling processes can lead to a nonequilibrium population of ex-
cited states and therefore enable sequential tunneling processes inside the Coulomb
diamond (cotunneling assisted sequential tunneling).

To calculate the current and other observables in transport through quantum dots in
the Coulomb blockade regime, there are a number of techniques, each of them having
their advantages and (at least practical) limitations. A real-time transport approach
was developed by Schoeller, Konig and Schén [70, 71, 72] to describe nonequilibrium
transport properties of mesoscopic systems with strong Coulomb interaction. Follow-
ing this theory, one can trace out the leads degrees of freedom and derive a formally
exact equation of motion for the reduced density matrix (RDM) of the system. The
theory allows for a systematic expansion in the tunneling Hamiltonian Hr, pinpointing
the different tunneling processes. More specifically, sequential tunneling processes are
attributed to contributions of second order in Hr, cotunneling to such of fourth order,
and so on. The authors also established a diagrammatic representation of the various
terms entering in the equation for the RDM. Alternatively, exactly the same equation
can be derived within a Bloch-Redfield approach iterated to fourth order in Hr.

In systems with normal metal leads (where the spin projection S, is conserved) and
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without orbital degeneracies, a simple rate equation is sufficient to describe sequential
tunneling processes [37]. Within this so-called master equation approach, one calcu-
lates transitions between states of the quantum dot system with Fermi’s golden rule,
again treating Hr as a perturbation. This approach can be generalized to higher order
tunneling processes by making use of the so called T-matrix

1
E—Hy+ iO*T(E)’ (6.1)
where 07 is a symbolic notation for an infinitesimal positive number. The T-matrix,
known from scattering theory, describes the propagation of particles from an initial
to a final state, where the particle can propagate directly or experience an arbitrary
number of scattering (in this case tunneling) events. In particular, transition rates
from the initial to the final state can be calculated up to a given order in Hr. In the
quantum transport context, the T-matrix based approach was e.g. applied to a double
dot structure [34] or to molecular systems where electronic and vibronic degrees of
freedom can be strongly coupled [36]. Compared to the GME, it is relatively simple
and yields good agreement where additional effects due to level shifts and broadening
are irrelevant, namely in the regime where the tunneling induced level width is much
smaller than the temperature. It should be said that effects arising from interference
between (quasi-)degenerate states cannot be taken into account by a rate equation
approach based on the T-matrix. In systems where such effects are expected, the
concept of the GME must be used, because the dynamics of off-diagonal elements of
the RDM, responsible for coherence and interference, is not captured by simple rate
equations.
If one aims at describing cotunneling processes only, implying that the quantum dot is
in the deep Coulomb blockade regime, further simplifications are possible. In particular
it was recently shown by Schmaus et al. [83] for a multilevel quantum dot with odd
filling that a generalized Schrieffer-Wolff [84] transformation can be used to obtain an
effective cotunneling Hamiltonian. Transport can then be calculated using e.g. rate
equations or Green’s function techniques.
In this chapter, we show that an effective Kondo Hamiltonian can be obtainend by
eliminating linear contributions in Ht from H and projecting the leading second or-
der contributions on a subspace with an odd number of electrons. This is equiva-
lent to a Schrieffer-Wolff transformation. Renormalization group techniques for the
Kondo model are available and give correct qualitative and quantitative predictions
for the current and conductance that include higher order tunneling processes. These
techniques can be applied when other excitations are well separated from the regime
covered by the low energy Kondo Hamiltonian. In this thesis, we do not use these
powerful but complex techniques, and restrict ourselves to fourth order rate equations
to describe various cotunneling processes. In particular, a comparison between exact
numerical results up to fourth order in Ht and approximation schemes is made to
identify the validity and accuracy of the approximate methods.
We show here that sequential tunneling contributions can become relevant already
inside the Coulomb diamond, when excited states become populated via inelastic co-
tunneling and enable sequential tunneling processes. At this point, the cotunneling

T(E) = Hr + Hr
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contributions to the rates can become negative, which would lead to an ill-defined set
of rate equations if the sequential tunneling contributions were not large enough to
assure positive definiteness of the rates. In section 6.5, we estimate the gate dependent
renormalization of the energy levels that define the inelastic cotunneling threshold, as
it was observed e.g. in [64].

6.1 Transport

In this chapter, we consider systems without orbital degeneracies and non-polarized
leads, so that a rate equation approach to transport is sufficient. As we want to
calculate cotunneling rates, we iterate the T-matrix to second order in Hp. We label
the states of the quantum dot with their particle number N, the S,-component of their
spin 1 and an additional quantum number [. The rate for a transition between two
states |[N'I'n") — |Nin) of the quantum dot system is then given by

1
- HQD - Hleads + 10t

Ui Ny vy = 2772 (fnig|Hr + HTEA

f7i N/l/n/

Wid(Efy,, — Ei

Horliny)

(6.2)

N’l’n’)‘

Here the sum goes over all possible initial and final states of the leads |ing,) =
INnDir)ig), |fny) = IN'DU)| fL)|fr), the former weighted by a thermal distribu-
tion function W;. The rate equation describing the dynamical population probabilities
of the states is

P = =% Tivwayaag PM+ Y Doy PY (6.3)
Nll/n/ N/l//r]/

where PN is the probability of finding the dot in the state |NIn) and the stationary
solution is given by

Z LNty P = Z Ly PV, (6.4)
N/l/'f]/ N/ll,r]l
with the additional normalization condition

> PN =1, (6.5)

Nln

Equation (6.3) is very intuitive and sometimes just given heuristically. However, to
lowest (second) order in Hr it follows directly from the GME, equation (3.19), by
neglecting off-diagonal elements of the reduced density matrix (RDM) and identifying
the occupation probabilities PV with the diagonal elements of the RDM. With the
help of the stationary solution, we calculate the current as

I= [sequential + [cotunnelinga (66)
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with
Nl
[sequential = Z Z (F\[j\Urlsm)(Nl?ﬂ - F|LNflsm><Nlr]\) Pstatn? (67)
Nliln sm
Nl
[cotunneling = Z Z (Ff]%\%/n’)(Nlm - F\l]/\lf%l’n’XNZM) Pstatn' (68)
Nin LI'n

Cotunneling rates that connect N- and N + 2-particle states are not taken into ac-
count. These processes can be neglected, because they are not seen inside the Coulomb
diamonds and are of small magnitude outside. They were addressed in [85].

For the evaluation of equation (6.2), all possible configurations of the leads with dif-
ferent thermal weight have to be taken into account. We can write the possible initial

states as
> linw) = INgl) Y " lin) > lir), (6.9)
i ir iR

and the final state follows from the initial state by summing over all possible tunneling
processes that connect |[Nnl) with |[N'n'l’). Specifically it means that for the sequential
tunneling rates, we obtain

D U fv) = INFLGUY Y e D i) D i) HIN=1 7)Y choy D lin) Y lin),
! iR iR

koo ir, koo ir,
(6.10)
and for the cotunneling rates

Z |le'77'> = |N77/l/> Z Z Z CL’a’o’Ckaa Z |2L> Z |ZR> (6]‘1)
f kk! oo’ oo’ ir iR

The sum over k and k' are recast into integrals with the replacements
Dka = Doa f dey Vo, where v, is the density of states in lead a. The expectation
value of pairs of lead operators is by definition given by the Fermi function:

SO S (Ll {ilCha Curarer TR iLY Wi = SaBoorier flex = pia).  (6.12)

i, iR

6.2 The Kondo Hamiltonian

In the deep Coulomb blockade regime, each diamond in the stability diagram corre-
sponds to an N-particle ground state. In such a situation, we can describe our system
by an effective low energy Hamiltonian

HY = Y " Ey|N )N In| + Heaas + Hiy,, (6.13)
In

that includes only N-electron states in the quantum dot and transitions between those
via cotunneling events involving virtual excitations of N 4 1 particle states. We can
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derive this equation by lowest order perturbation theory [86]. If we write the state of
the system as the sum of the terms |N — 1), |N) and |N + 1), where |N) represents
all states with electron number N, then the Schrodinger equation can be written as

Hyo1 no1 Hyoaw IN —1) N —1)
Hy xo1  Hxny  Hy o Ny L= M|, 614
Hyii v Hyyr Nyt IN +1) N + 1)

where Hy yv = PyH Py and Py is a projection operator onto the subspace with N
particles. There is no term in the Hamiltonian that connects the N —1 and the N 41
spaces directly. The lead Hamiltonian is not written here, it gives contributions to
the diagonal of the above matrix only. We can now eliminate [N — 1) and |V + 1) to
obtain

1 1

<HNN + Hynga Hyiiv + HNN_Im

HN_1N> IN) = E|N).

(6.15)
Contributions from states with N &+ 2 are of higher order and are thus neglected in
equations (6.14), (6.15). The last two terms in equation (6.15) can be recast into the
form

E— HN+1N+1

i

Jril;v’ Paa’
HéYt:ZZZ[TTW-TU/G|N1n><NZ'n'|+ : %famwzvmxm’nw] oot

kk! oo’ W
DéOél ’VIU/

(6.16)
Details of the calculations are shown in section 6.5. The first term in equation (6.16)
looks like the famous Kondo Hamiltonian with an anti-ferromagnetic spin-spin in-
teraction, but generalized to two (or more) orbitals, while the second is a potential
scattering term. The assumption that N is odd reflects itself in the possible values of
n= j:% for T,]. The expressions for the coupling matrix elements read

NUT |dy |N + 1N + 1s|d!, [ NI |)

/ 1% <
Jll , — tOé (0% 617
- zs: ENZ’ - ENJrls + €prar + 10+ * ( )
e 3 (NU||dl, N = 1s)YN — 1s|d,, [NV 1)
s EN—ls - ENl’ + €ka — Z0+ ’
, " NIT|d |N+1s{N + 1s|d", [NV’
P(ila’ — oo Z< T’ ao| + S>< + S’ aa| T> (618)

— Eny — Enjis + €pror + 107

g5 VLA = 15K~ i N1 1)
En_1s — Eny + € — 10T '

SO

The spin operator of the molecule can be expressed in terms of the vector of the Pauli

. /(01 0 —i 10\
matrices, T = 1oy o o :

1
Sw =5 >IN Ty (NI (6.19)

Ul
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Schrieffer and Wolff [84] were the first to obtain a result similar to equation (6.13)
starting from the single impurity Anderson model. They showed the relation between
Anderson- and Kondo like models using a canonical transformation. The equations
(6.17), (6.18) represent a generalization of their results to more complicated models
with more orbitals and more charge states.

6.3 Different approximations/approaches

In the following, we calculate the current and conductance based on equations (6.2)
and following. We use different approximation schemes of increasing complexity. The
theory by Koller, Leijnse et al. [73, 87] based on the real-time diagrammatic approach
[70] acts as a benchmark for our calculations. In this approach, kinetic equations for
the reduced density matrix exact up to fourth order in Hr are developed. We refer to
it as KinFEg-approach.

6.3.1 First Approximation - cotunneling only

Well inside the Coulomb diamonds, the current is dominated by cotunneling processes.
In a first approximation, we therefore neglect sequential tunneling contributions in
equation (6.2). This is the regime where the system can be described by the low-energy
Kondo Hamiltonian in equation (6.13). As a further simplification, we neglect the ¢
energy dependence in the denominators of the coupling constants J and P. This is
justified for small (compared to the charging energy) bias voltages, so that the electrons
that tunnel to and from the leads have energies around the equilibrium chemical

. 1 N 1 _
potential and thus v B~ v B because of Fni1s — Eny > €, €. The

sums over k and k' in the expression for the rates are recast into integrals, so that we
obtain

ﬁ{[l;lx]\fn/l/‘ = 27 /deVa /dEk/Va/f(Ek — /La)(l — f(Gk/ — N/a’)) (620)

ll/ 2 2
§ (Enty — Engr — € — €x) (L(]I—HJ) + Oy >
n n 2 nn’ nn 9 ’

which can be solved easily to yield for example
FﬁVLanNn’l’| = 27 VL VRN B (_(ENU’Z’ — Ean) — 6‘/[)) (_(ENn’l’ — ENT]Z) — 6%)

i P
S (L +77), + Oy 5 , (6.21)

where ng(x) = is the Bose Einstein distribution function. At low temper-

1
exp(Bz)—1
atures, —ng(—z)r ~ O(xr)r. As a result, the differential conductance is finite but
constant as a function of Vj, until inelastic cotunneling sets in. At this point, the

dl/dV increases steplike, because a new transport channel is available. The resulting
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nonequilibrium distribution of population probabilities generates typically a cusp in
the dI/dV on top of the step.

This approximation is valid for gate voltages inside the N-electron Coulomb diamond,
as long as the denominators of J and P are not vanishing, and for small bias voltages.
We refer to this approximation as Appl.

6.3.2 Second Approximation - cotunneling only

To get a more precise description of the cotunneling conductance, we take into account
in a second approximation the energy dependence of J and P. By shifting the inte-
gration variable €, — €, + uy in equation (6.21), we see that J and P now explicitly
depend on p;, and therefore on the bias voltage. In the rates, one gets a summation
over expressions of the general form

FN/def(e)(l—f(e+ML—MR+ENz—ENl/)) 1 1

e — E1+i0t e — B2 4401’

where F1 and E2 depend on [ and !’ and the summation indices in the expressions
for J and P. If F1 = E2, these expressions cannot be evaluated directly, because of
divergences stemming from second order poles. This problem was stated already in
1994 [88], and a regularization scheme has been developed and become standard within
the T-matrix approach to transport [89, 36]. In this regularization scheme, a finite
width v ~ I is attributed to the molecular levels which enters the denominators as
imaginary parts. This level broadening physically stems from the tunneling coupling,
but is not taken into account by the T-matrix approach. Thus the poles are shifted
away from the real axis so that the integral can actually be performed. The resulting
expression can be expanded in powers of 7 and the leading term is found to be of
order 1/7. Together with the prefactor of the rates, I'?, this term is identified to be
a sequential tunneling term. It is excluded to avoid double counting of sequential
tunneling processes. The next to leading order term is of order v° and gives the
regularized cotunneling rate. At this point, the actual value of the broadening does
not matter and the limit v — 0 can safely be taken. The calculation of the current
with regularized cotunneling processes and disregarding sequential tunneling rates is
referred to as Appll.

6.3.3 T-matrix Approach

Appll fails when cotunneling assisted sequential tunneling processes become accessible.
This can happen well inside the Coulomb diamond, when excited N particle states are
populated via inelastic cotunneling. At the lines given by the resonance condition
of the generalized chemical potential of the dot with the chemical potential of the
leads (dashed lines inside the Coulomb diamond in Figure 6.1) the cotunneling rates
become negative which leads to an ill-defined set of rate equations, unless we include
also sequential tunneling terms and allow also states with N 4+ 1 to be populated.
For the calculation of the rates, we use equation (6.2). This is exactly the T-matrix
approach mentioned in the introduction.
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6.4 Results

We compare now the different approaches applied to a double quantum dot (DD)
system, filled with one electron. The Hamiltonian is given by

2
HDD = Z Z gaffdjladao + bz (d.il.O'dQO' + dgadlo’>
a=1 o o4
+U Z NaiNa| + V(nm -+ nll)(nm + TLQl). (6.22)

«

The parameters we use are (in units of [b[,b < 0): & = =V, U = 18.18, V = 9.32,
[y =g = 2rv|t? = 0.0178, kgT = 0.1136. The energies of the N = 1 states are
En; = £b which leads to an inelastic cotunneling threshold of A = —2b.

In Figure (6.2), the conductance through the DD calculated with the KinEq approach
is plotted on a logarithmic color scale. We see the Coulomb diamond with N = 1.
Outside the diamond, there are additional lines that involve sequential tunneling be-
tween excited states and groundstates. Inside the diamond, at V;, = 1A the threshold
for inelastic cotunneling is clearly visible. Also the onset of the cotunneling assisted
sequential tunneling (see dashed lines in Figure (6.1)) can be seen. In Figures (6.3)
and (6.4), we plot the dI/dV versus bias voltage, calculated using the different ap-
proximation schemes at different values of the gate voltage.

We see that Appl yields good agreement with the KinEq approach only at small bias
voltages. Inelastic cotunneling can be described correctly only if A < E¢, which is
not the case for the parameters here. This situation can be found e.g. in molecular
quantum dots, where the perfect degeneracies in the spectrum of the isolated symmet-
ric molecule are lifted by the asymmetric environment of the source-molecule-drain
junction.

Appll and KinEq agree nicely as long as gate and bias voltages are such that one is in
the innermost diamond defined by the dashed lines (see Figure (6.1)). At its borders,
the cotunneling rates can become negative and the rate equations ill-defined. It is not
valid outside of this region.

Inside the overall Coulomb diamond, the T-matrix approach and KinEq yield almost
exactly the same result. Small relative deviations (few per cent) between the two
approaches can be seen at the resonant lines, which can be attributed to the class of
diagrams not taken into account by the T-Matrix. Larger deviations occur outside of
the diamond (see Figure (6.5)).
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-1 0 1 2
Vg [\

Figure 6.1: Sketch of the Coulomb diamond with one particle. Red lines indicate a
transition between states with zero and one particles, green lines between states with
one and two particles. Solid lines are for groundstate-groundstate transitions that
define the Coulomb blockade region, dashed lines involve excited states.

V, [a/e]

2
v, V]

Figure 6.2: logi0(dl/dV') calculated with KinEq. One nicely sees the general resem-
blance to Figure (6.1). The onset of inelastic cotunneling processes at Vj, = A is clearly

visible.
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10

Appl

|| — Appll
——— T—matrix
KinEq

di/dv [a. u]]

25 3 35 4

15

v, ove]

Figure 6.3: dI/dV as a function of bias voltage calculated with the different approaches
at V; = 1V. Appll yields divergences in the conductance at resonances. The T-
matrix approach and KinEq are well behaved and include also sequential tunneling
contributions which are of order 1/T" larger than the cotunneling rates.
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Figure 6.4: dI/dV as a function of bias voltage calculated with the different approaches
at the center of the diamond (V, = 2V'). Appll and the T-matrix approach coincide
for a large bias range. Appl underestimates the conductance.
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v, [ave]

L]
Figure 6.5: Relative difference in current between KinEq and the T-matrix approach.
Deviations are seen at the position of the resonant lines (see Figure 6.1). Otherwise,

the agreement is almost perfect.
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6.5 Gate-dependent tunneling-induced level shifts

The coupling of the molecule to the leads has certain hybridization effects on the
molecular states, such as broadening of the otherwise delta-like levels, and in addition
a renormalization of the position of the energy levels. To see these effects within a
perturbative approach, a summation to all orders in Ht over at least a certain class of
contributions has to performed [90]. Instead, if we follow Haldane’s scaling approach
[91], the shift of the energy level £y, can be calculated by taking into account all
possible fluctuations it can experience to lowest order in Hr:

5, 21/ l—h@mN4W%WWﬁgfwﬂWHW%WWF
"~ Jp 277 By — (Enas +€) “ Eiy— (Enps —€)
(6.23)
where I'® = 271, [t*|* and D is the bandwidth of the lead conduction band. This shift
does not depend on 7. Evaluating the integrals at T' ~ 0 yields

re 2 El - ENfls — Ha
ok, = — | (N —18|dne | N1 1 i 6.24
D 3 = S vy (6.21)

QoS

+ [(N+1s|dl, [ Nig)|* In

Eln - EN+1S + ,U/a:|
Elr] - EN+1s —-D|’

and in the infinite band limit D — oo we can approximate this as

(ENfls + Mo — Eln)
eV

: re
lim 08, = Z% [|<N 15|dao | NIn)|* In (6.25)

QoS

+ [(N+1s|d,, |NTn)|* In

(Enps — pa — Eiy)
eV

r« D

—Y —In— [(Ninld" |N—1sYN—1s|d__|NI

> 5= I [(NIldl, [N —1s)N —1sd,,| Nin)

QoS

+(Nn|d,,|N+1s{N+1s|dl | Nin)]

_ re o1 (Enas + o — Eiy)
S S [ R e

QoS

+ [(N+1s|dl,, |Nin)|* In

(EN'H.S - Ha — Eln)
eV

_Z_ln_ Nln|dlzadaa+d LO’|NZ77>
6

_ I« (EN—ls + Mo — Eln)
-XQWWlewwwu g

QoS

Ensis — fla — E r« D
+\<N+1s|dLU|Nln>|21n( s 65“ l")} -y =

oo

The difference between two N particle energies entering in the inelastic cotunneling
rates is then gate dependent, but not depending on the exact value of D. The gate

)
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dependence leads to a tilting of the otherwise horizontal cotunneling line in the stability
diagram. This effect has been observed in a recent experiment by Holm [64].

It is very interesting to see the resemblance of this result with the result obtained
by Sonja Koller [90]. She followed the real-time diagrammetic approach by Koénig et
al. [71], and obtained a renormalization by summing a given subclass of diagrams to
all orders in Ht. Translated to our notation, her result for the renormalized energy
difference of two levels Ej,, — Ep,y + 6 £y, — 0 B,y reads

’ 1 B(Exas+ pta — E
0By — 0By = Zg{|<N—1s!daa!Nln>!2\If(§+26< N1 2: ln))

1 Ents — fta — E
+\<N+1s|dL0|Nl77>|2\If(§+zﬂ( NH 2: “7))

Z.5(-EN—15 + Mo — El’n’)
2

1
— (N =15|doo | NI' )| © (5 +

1 Enus — pa — Epyy
— [(N+1s|dl, | NUy) [ @ Ly OENns —p ) (6.26)
2 27
where W is the digamma function and stems from the precise evaluation of integrals as
in equation (6.23) at finite temperatures. In the limit 7" — 0, her result agrees exactly
with ours.

Derivation of equation (6.16)

This section can be regarded as an appendix to this chapter. We derive the expression
for the effective Kondo Hamiltonian, equation (6.16). To evaluate equation (6.15), we
use the projection operators Py and Py, on the tunneling Hamiltonian:

Hyns1 = PvHrPygr =Y 1% Y (Nin|dao| N + Lsmcl,,[NInXN + 1sml|, (6.27)

koo Nln sm

where [n and sm run over all possible N and N + 1 particle states, respectively. We

: N—N+1—-N . __ 1 .
show here the calculation for H, = HNN+1Ei*HN+1N+ Hyiin in

17Hleads+i0+
HY=N=12N e just added the result in equations (6.17) and

some detail, while for
(6.18). We find:

1
H 6.28
E; — Hyiin+1 — Hieaas + 107 NN (6.28)

= Y SN e NI NIl d o [N+ Lsm)N + Lsm

kao K'a’o’ U nn’ ss’ mm/
1
E; — Hyyiny1 — Hieaas + 107

=2 2. 2.0

kao kK'a’o’ II! nn’ sm
s (NI|d o |N + 1sm)(N + Lsm|d!, . |NI'y') .
ENl’n’ - EN-I-lsm + €paror + 10T koo

HNN+1

IN + 18'm'XN + 1s'm/|d}, | NUf XNI' |

ot Crapor | NINY NI
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To see the relation between equation (6.28) and equation (6.16), and to identify the
exchange scattering J, and the potential scattering P ,, we perform the sum over
o and ¢’ in equation (6.28) term by term, for fixed Il', ad/, kk' and Eni1sm = Eniis
for zero magnetic field. Still, we have to sum over m, in words over all the states
with different S, in the multiplet with Energy En.1s. Again, we show the calculation
explicitly for HY "N *1=N_ We obtain

N lld. |N+1 N +1 d, ,INnl
Zzztata 77| O[U| + Sm>< + Sm| aa| Ui > T Ck/o/a'/|NlT,><Nl,n/|

k
ENn’l’ - EN+15 + €raror o

s (NLT [dy IN + 1s OXN + 15 0]d!,, [NV’ l)(; oo INTINN LT
Enyy — Engis + €prary + 107 kal Ko/l
(N1 | |d;|N 4 1s OXN + 15 0[d!, |NT' 1)
; o ChatCuar INT LN T
Envt — Engis + €par) + 10
—i—Ztato‘ (Nl|d | N+1s 15 N+1s 7}—}—2|d qINl')y
Ean’ — EN+ls + €K'/ + 10F

(Nlld,, |N+Ls =3} N+1s n=4|dL, [Nnl') |

— tO(tOé

1t

k:aTCk’a T|an><an |

+) e ke [INDIYNL

Z Enngr — Enyis + €ror) + 107 kot Cart NN I
(6.29)

We want to write this in the form [J~ 7, o Tom T T Ty T T A PootgOyy]

Ch oo Crroras | NIDY NI Here, 7+ and 7~ are linear combinations of 7% and 7v, 7% =
7 £+ i7Y. In particular 7 - 7 = 7577 4+ 77 + 777F = 1 (777" + 7 7") + 7777, In the
following, we identify J™—, J~% J** and P (for simplicity, the indices aa’ and Il’ are
omitted at the moment), and show that J*= = J~ T = J** = J. We do so by using
angular momentum ladder operators ST =3 dl d;; and S~ =>. deiT, where 7 runs

i T
over all the atoms of the molecule, and their 1rnpact on the multiplet states with spin

S and S, =m is

S7IS,m) = hy/S(S + 1) —m(m — 1)[S,m — 1), (6.30)
SIS, m) = hy/S(S + 1) — m(m + 1)|S,m + 1),

together with the commutation relations

(ST dl,] = d,d;, (6.31)
[5%,dy,] = —0m1d,,,
[S7.dl,] = dnd,
(57 d,,] = —051d,;.
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Using equations (6.30) and (6.31), we get
(N1 | |do|N + 1s OXN + Ls 0|d], [NV 1) (6.32)
= (N11|S*d,,|N + 1s YN + 1s 0[d}, STINU |)
= (N1 1 |d,,|N + 1s OXN + 1s 0]d, NI ),
and with this we find that
s (N |dy |N + 1s OXN + 1s 0|d!, [NI' 1)
Eny — Enyis + € + 107

To identify J** and P, we introduce the shorthand notation, M,,=(Nnl|d,,|N +1sm)
(N + 1sml|d!, |Nnl'). Again with equations (6.30), (6.31), one can show that M;; =
M, and My = M;,. With |[Nnl}{Nnl'| = %Zn INnIXNnl'| + 1S}, the last two lines
of equation (6.29) can be rewritten as

JT = J T = tv~

(6.33)

1
Eny — Enjis + €pror + 107

Z [MTT - MlT] Sﬁ/TUZ/O'CLCMO'Ck/a,OJ_I_ (634)

oo’

1
5 Z [MTT + MiT] cLaack’a’o|N77l><an,|

no

Y

from where we identify

JZ = tato/*z

(NLT |dy IN + Lsm)(N + Lsmldl, |NU 1)
Eny — Enqis + €pror + 1007 ’

(NLT |dyi|N + Lsm)(N + Lsmldl, [NV 1)
Eny — Entis + € +1i07

(6.35)

. (N1 1 |d,,|N +1sm)N + Lsml|d, |NI' 1)
P = 4@ ao a'c ) )
Zm: 20': [ ENZ/ — EN+ls + €pror + 10+ (6 36)

The remaining task is to show that J** = J™~ or in other terms that
(N1 | |do;|N + 1s OXN + 1s 0[d], [NV 1) (6.37)
- [(Nl 1 |do| N + 1s 1N + 1s 1|d!, [N 7)
—(N11|d, |N +1s 0N + 1s 0[dL, NI 1) ,

which can be done again by using equations (6.30), (6.31). We use in particular

1 1
(N S nld,,|N+1 S+§ 77+§> = (6.38)

JE+HE+H - m+Hn+3)
VS(S+1) —n(n—1)
from where it follows that equation (6.37) is fulfilled.

The results presented in this chapter were obtained in collaboration with Jens Paaske,
Sonja Koller and Milena Grifoni. A publication is in preparation.

11
N Sn—1ld |N+1S+=n——
(NS n=1ld [IN+1 S+5 n—3),



Chapter 7

Conclusions

We have investigated quantum transport through single molecule junctions with weak
lead-molecule coupling. In chapter 2, the PPP-Hamiltonian for conjugated molecules
was derived and specified for benzene. This model covers the excitations of benzene
relevant for transport, and it is known to give good agreement with experiments on
benzene in the gas phase. As the theoretical framework to describe transport through
the molecule, we have derived the generalized master equation (GME) for the reduced
density matrix (RDM) of the molecule to lowest non-vanishing order in the lead-
molecule coupling in chapter 3.

In chapter 4, we have presented the results of our calculations on transport through a
benzene interference single electron transistor (ISET), attached to the lead in para and
meta configuration. In both cases, transport is characterized by Coulomb blockade. In
meta configuration, we found that destructive interference of degenerate many-body
eigenstates causes a reduction of the linear conductance with respect to the para con-
figuration, and negative differential conductance (NDC) and current blocking at finite
bias voltages. We tested the robustness of the interference effects against breaking of
the exact symmetry of the benzene molecule, which is related to the presence of exact
degeneracies. As the condition for the interference effects to survive, we have found
the quasi degeneracy of two interfering states, meaning that the difference in energy
must be smaller than the molecule-lead coupling strength, 0 ' < hl' < kgT.

The energetic analysis of the sequential tunneling processes together with the Pauli
exclusion principle in the leads and the interference-caused node in the transition prob-
ability of the blocking state would lead to the conclusion that current blocking is a
threshold effect. We find instead that due to the internal dynamics of the molecular
states induced by the coupling to the leads, the interference is perfectly destructive
and the current is blocked completely only at one specific bias voltage. In chapter
5, we proposed to use the characteristic blocking behavior to obtain control over the
molecules spin degree of freedom by means of the bias voltage. In the presence of
parallel polarized leads, different components of spin multiplets experience different
renormalizations, and thus the current is blocked at more than one specific bias voltage.
Every time the current is blocked, the molecule is in a specific state of the multiplet,
and the bias can be tuned to switch between different configurations. Spin control by
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all-electrical means is highly desirable for spintronics and spin based quantum com-
puting applications. In addition to benzene junctions, we propose other realizations
of ISETs. As necessary conditions, we identified the presence of degenerate orbitals
and the possibility to form superpositions of these orbitals that exhibit nodes at one
electrode and not at the other. In particular, these conditions are fulfilled for systems
with discrete rotational symmetry. We showed that qualitatively the same interference
effects as in benzene can be expected in a triangular arrangement of quantum dots.
Multiple quantum dots can be described by Hamiltonians formally equivalent to Hppp,
but with adjusted parameters.

In chapter 6, we left the sequential tunneling regime and investigated cotunneling
processes. We showed that in the deep Coulomb blockade regime the system can be
described by an effective Kondo Hamiltonian. We have derived different approximation
schemes for the cotunneling rates, all based on the T-matrix formalism and a master
equation approach, neglecting coherences. We compared these approximation schemes
to the exact fourth order calculations by Koller et al. [73] and discussed their regimes
of validity as well as their accuracy. The generalized master equation and the T-
matrix approach show good agreement where additional effects due to level shifts and
broadening are irrelevant, namely in the regime where the tunneling induced level
width is much smaller than the temperature.

Perspectives

In the end of this thesis, we want to give some stimulus for a continuation of our work.
Therefore, we list suggestions for future works and some of the problems that could
not be resolved in the framework of this thesis.

e An estimate of the reduction of the addition energy due to screening effects of
the electron electron interaction on the molecule in presence of polarizable envi-
ronments is highly desirable. To calculate this quantity, we suggest to implement
the approach of Kaasbjerg [56] for our model.

e Molecules are characterized by vibrations. The impact of these vibrational modes
on the interference effects is an interesting question that should be addressed.

e A simple method that can deal with degeneracies, and therefore with interference
effects in the cotunneling regime, is of great interest. Is it possible to general-
ize the T-matrix based rate equation approach to include coherences between
degenerate states?

e In benzene, a multi-orbital Kondo effect is expected. To gain a quantitative
understanding of the conductance in the Kondo regime, one can derive the pa-
rameters J and P in the Kondo model from the exact many-body eigenstates of
benzene and use them as an input for renormalization group (RG) calculations.
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Transport through a double-quantum-dot system with noncollinearly polarized leads
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We investigate linear and nonlinear transport in a double quantum dot system weakly coupled to spin-
polarized leads. In the linear regime, the conductance as well as the nonequilibrium spin accumulation are
evaluated in analytic form. The conductance as a function of the gate voltage exhibits four peaks of different
heights with mirror symmetry with respect to the charge neutrality point. As the polarization angle is varied,
due to exchange effects, the position and shape of the peaks change in a characteristic way, which preserves the
electron-hole symmetry of the problem. In the nonlinear regime, various spin-blockade effects are observed.
Moreover, negative differential conductance features occur for noncollinear magnetizations of the leads. In the
considered sequential tunneling limit, the tunneling magnetoresistance (TMR) is always positive with a char-
acteristic gate voltage dependence for noncollinear magnetization. If a magnetic field is added to the system,

the TMR can become negative.

DOI: 10.1103/PhysRevB.77.245313

I. INTRODUCTION

Spin-polarized transport through nanostructures is attract-
ing increasing interest due to its potential application in
spintronics’? as well as in quantum computing.> Down-
scaling magnetoelectronic devices to the nanoscale implies
that Coulomb interaction effects become increasingly
important.*> In particular, the interplay between spin-
polarization and Coulomb blockade can give rise to a com-
plex transport behavior in which both the spin and the charge
of the “information carrying” electron play a role. This has
been widely demonstrated by many experimental studies on
single-electron transistors (SETs) with ferromagnetic leads,
with central element being either a ferromagnetic particle,5-
normal metal particles,”!? a two-level artificial molecule,'" a
C¢o molecule,'? or a carbon nanotube,'? showing the increas-
ing complexity and variety of the investigated systems. Ini-
tially, the theoretical work was mainly focused on the differ-
ence in the transport properties for parallel or antiparallel
magnetizations in generic spin-valve SETs.!42* More re-
cently, the interplay between spin and interaction effects for
noncollinear magnetization configurations attracted quite
some interest both in systems with a continuous energy
spectrum, 2% as well as in single-level quantum dots,?*3¢
many-level nanomagnets,?’ and in carbon nanotube quantum
dots.?® In the noncollinear case, a much richer physics is
expected than in the collinear one. For example, two separate
exchange effects have to be taken into account. On the one
hand, there is the nonlocal interface exchange, in scattering
theory for noninteracting systems described by the imaginary
part of the spin-mixing conductance,® which in the context
of current-induced magnetization dynamics acts as an effec-
tive field.*> Such an effective field has been experimentally
found to strongly affect the transport dynamics in spin valves
with MgO tunnel junctions.*! This effect has also been re-
cently involved to explain negative tunneling magnetoresis-
tance (TMR) effects in carbon nanotube spin valves'® and
called spin-dependent interface phase shifts.?>*? The second
exchange term is an interaction-dependent exchange effect
due to virtual tunneling processes that is absent in noninter-

1098-0121/2008/77(24)/245313(18)
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acting systems.?>28-30:38 This latter exchange effect is poten-

tially attractive for quantum information processing since it
allows to switch on and off magnetic fields in arbitrary di-
rections just by a gate electric potential.

Recently, there has been increasing interest in double-
quantum-dot systems (that can be realized, e.g., in semicon-
ducting structures*® or carbon nanotubes**) as tunable sys-
tems attractive for studying fundamental spin correlations. In
fact, the exchange Coulomb interaction induces a singlet-
triplet splitting, which can be used to perform logic gates.¥
Moreover, Coulomb interaction together with the Pauli prin-
ciple can be used to induce spin-blockade when the two elec-
trons have triplet correlations.*~4° The Pauli spin-blockade
effect can be used to obtain a spin-polarized current even in
the absence of spin-polarized leads; it requires a strong
asymmetry between the two on-site energies of the left and
right dots.

So far, transport through a double-dot (DD) system
with spin-polarized leads has been addressed in few
theoretical?*?*° and experimental!! works, for the case of
collinearly polarized leads only. While Ref. 23 addresses ad-
ditional Pauli spin-blockade regimes when one lead is half-
metallic and one is nonmagnetic, Ref. 24 focuses on the
effects of higher order processes in symmetric DD systems,
which can, e.g., yield a zero bias anomaly or a negative
tunneling magnetoresistance. In Ref. 11, Coulomb blockade
spectroscopy is used to measure the energy difference be-
tween symmetric and antisymmetric molecular states and to
determine the spin of the transferred electron.

In this work, we investigate spin-dependent transport in
the so-far unexplored case of a DD system connected to
leads with arbitrary polarization direction. Specifically, we
focus on the low transparency regime where a weak coupling
between the DD and the leads is assumed. Our model takes
into account interface reflections as well as exchange effects
due to the interactions and relevant for noncollinear polariza-
tion. We focus on the case of a symmetric DD, so that rec-
tification effects induced by Pauli spin-blockade are ex-
cluded. In the linear transport regime, the conductance is
calculated in closed analytic form. This yields four distinct
resonant tunneling regimes, but due to the electron-hole sym-

©2008 The American Physical Society
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source drain

FIG. 1. (Color online) Schematic picture of the model: a double-
quantum-dot system attached to polarized leads. The significance of
the on-site and intersite interactions U and V, respectively, is de-
picted. The source and drain contacts are polarized and the direction
of the magnetizations 1, is indicated by the arrows.

metry of the DD Hamiltonian, each possess a symmetric mir-
ror with respect to the charge neutrality point. However, by
applying an external magnetic field, this symmetry is broken,
which can lead to negative tunneling magnetoresistance fea-
tures. Finally, in the nonlinear regime, some excitation lines
can be suppressed for specific polarization angles, and nega-
tive differential features also occur.

The method developed in this work to investigate charge
and spin transport is based on the Liouville equation for the
reduced density matrix (RDM) in lowest order in the reflec-
tion and tunneling Hamiltonians. The obtained equations of
motion are fully equivalent to those that could be obtained
by using the Green’s function method*>! in the same weak-
tunneling limit. The advantage of our approach is that it is, in
our opinion, easier to understand and to apply for newcom-
ers, as it is based on standard perturbation theory and does
not require knowledge of the nonequilibrium Green’s func-
tion formalism.

The paper is organized as follows. In Sec. II, we introduce
the model system for the ferromagnetic DD single-electron
transistor. In Sec. III, the coupled equations of motion for the
elements of the DD reduced density matrix are derived.
Readers not interested in the derivation of the dynamical
equations can directly go to Secs. IV and V, where results for
charge and spin transfer in the linear and nonlinear regimes,
respectively, are discussed. Finally, we present results for the
transport characteristics in the presence of an external mag-
netic field in Sec. VI. Conclusions are drawn in Sec. VIL

II. MODEL

We consider a two-level DD, or a single molecule with
two localized atomic orbitals, attached to ferromagnetic
source and drain contacts and with a capacitive coupling to a
lateral gate electrode. The system is described by the total
Hamiltonian,

f[:fI@+I§S+IfId+fIT+I§R, (1)

accounting for the DD Hamiltonian, the source (s) and drain
(d) leads, and the tunneling (T) and reflection (R) Hamilto-
nians. The two contacts are considered to be magnetized
along an arbitrary but fixed direction determined by the mag-
netization vectors m,. The two magnetization axes enclose
an angle ©® €[0°,180°] (see Fig. 1). The spin quantization
axis z, in lead « is parallel to the magnetization n, of the
lead. The majority of electrons in each contact will then be in
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Yo Ze

FIG. 2. (Color online) The spin quantization axis of the double-
dot, z@, is chosen to be perpendicular to the plane spanned by the
magnetization directions 71,, 11, in the leads. The latter enclose an
angle O.

the spin-up state. The Hamiltonians I:IX,I:Id that model the
source and drain contacts (a=s,d) read as follows:

Ha = E (8ko'a - /La)cZkaacako'a’ (2)
ko,

§

where ¢, v,

and ¢y, are electronic lead operators. They
create, respectively annihilate, electrons with momentum &
and spin o, in lead a. The electrochemical potentials w,
= oo +eV, contain the bias voltages V, and V,; at the left and
right lead with V,—V,;=V,,,.. There is no voltage drop within
the DD. We denote in the following 8o~ Ma*= Eako-
Tunneling processes into and out of the DD are described

by Hy. We denote with dz%, d o, the creation and destruc-

tion operators in the DD. We assume that tunneling only can
happen between a contact and the closest dot, so that we can
use the convention that the lead indices a=s,d correspond to
a=1,2 for the DD. With ¢, the tunneling amplitude, we find

HT= 2 (tadj;za'acako'a+tzczko'adao'a)' (3)

ako,

The so-called reflection Hamiltonian H » includes reflec-
tion events at the lead-molecule interface.”®3® For strongly
shielded leads, the overall effect is the occurrence of a small
energy shift Ag induced by the magnetic field in the contacts
and built up during several cycles of reflections at the bound-
aries. It reads

ﬁR =—Ag 2 (dLTadaTa - dlladaij )

a=s,d

Finally, the DD Hamiltonian needs to be specified. As the
spin quantization axis of the DD, z, we choose the direction
perpendicular to the plane spanned by z, and z,; (Ref. 30) (see
Fig. 2). The two remaining basis vectors X and y, are along
Z,+7,, respectively along z,—Z, The matrices that math-
ematically describe the above transformations read

1 ( 4 otO | mi0k

Moo= s T >=M’;. 5)
50 \"E _€+10/4 6—10/4 d—=0

+

We express the DD Hamiltonian in the localized basis
such that, e.g., |+,—) describes a state with a spin-up electron
on site 1 and a spin-down electron on site 2 (with spin di-
rections expressed in the spin-coordinate system of the DD).
Such state can be obtained by applying creation operators on
the vacuum state, i.e., +’—>=dT¢d§ l|0>' In general, the order-

245313-2
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TABLE I. Eigenstates of the double-dot system and correspond-
ing eigenvalues and parity. In the limit || — o where the interdot
hopping is unhindered, R— 0 and ay— . For |b|—0, i.e., no in-
terdot hopping takes place, we find that R— + and ay— 1, B,
—0 if U>V; state |2) then becomes degenerate to [2/(0)), forming
a Heitler—London state. In turn, if U<V, then R— —% and ay—0,

Bo—1.

Abbreviation State Eigenvalue Spin
|0) 0.0) 0 0
[leo) 5(l0.0)+[0.0)) &+b 12
[1oo) 5(l0.0)-[0.0)) &-b 12
[2) B4y 2+ UHV-R) 0
+2(12,0)+10,2))
2'(1)) [+, +)
2'(0)) S(+.9-]-.+) 28'+V 1
2'(=1)) I-.-)
27) 5(12,0)-10,2)) 28'+U 0
|2m> %ﬂ +,_>+ _’+>) 2§’+%(U+ V+A) 0

_%)(‘2’0>+|072>)

[3007) 5(2.0)+0.2)) 3E +U+2V+b 12
[3e0) 3(2.0)-]0.2)) 3E+U+2V—-b 12
|4) 2,2) 4E +2U+4V 0

in terms of R=(U-V)/(4|b|):

—— ! i
A=4pNT+ R, ap=t—e
Bl © 0T R RR

ing of the creation operators is defined as dTszTdT Ld§l|0>'
The DD Hamiltonian then reads

Ho= 2 eully dag, + b2 (], dog +dby dis)

aoo oo
U 2 2
- _ i
+ (g— > v) 21 2 dly dao, + UZI Mt Maly
a=1 og a=
+ V(an@ + nll@)(nZT@ + nzl@)’ (6)

where the spin index © indicates that the operators are ex-
pressed in the spin-coordinate system of the DD. The tunnel-
ing coupling between the two sites is b, while U and V are
on-site and intersite Coulomb interactions. In the following,
we consider a symmetric DD with equal on-site energies g,
=¢&,. Thus, we can incorporate the on-site energies in the
parameter ¢ proportional to the applied gate voltage V.
To understand transport properties of the two-site system
in the weak-tunneling regime, we have to analyze the eigen-
states of the isolated interacting system. These states, which
are expressed in terms of the localized states, and the corre-
sponding eigenvalues are listed in Table 1.2 Table I also
indicates the eigenvalues of the total spin operator. The
ground states of the DD with odd particle number are spin
degenerate. In contrast, the ground states with even particle

PHYSICAL REVIEW B 77, 245313 (2008)

number have total spin S=0 and are not degenerate. In the
case of the two-particle ground state, the parameters ¢, and
By determine whether the electrons prefer to pair in the same
dot or are delocalized over the DD structure. Since the eigen-
states are normalized to one, the condition a3+,83=1 holds.
The energy difference between the S=0 ground state and the
triplet is given by the exchange energy,

1 —
J=E(A—U+ V) =2|b|(R+ V1 +R?),

where A=4|b[\1+R? and R=(V-U)/(4/b|).
Besides the triplet, one observes the presence of
higher two-particle excited states with total spin S=0.

Finally, we remark that I:IT and I:IR contain operators of the
DD, de and d,, , in the spin-coordinate systems of the

leads, while I:I@ is already expressed in terms of DD opera-
tors diw and d,, with spin expressed in the coordinate
© ©

system of the DD.

III. DYNAMICAL EQUATIONS FOR THE REDUCED
DENSITY MATRIX

In this section, we shortly outline how to derive the equa-
tion of motion for the RDM to lowest nonvanishing order in
the tunneling and reflection Hamiltonians. The method is
based on the well known Liouville equation for the total
density matrix in lowest order in the tunneling and reflection
Hamiltonians. Equations of motion for the reduced density
matrix are obtained upon performing the trace over the lead
degrees of freedom,” yielding, after standard approxima-
tions, Egs. (13) and (14) below. In the case of spin-polarized
leads, however, it is convenient to express the equations of
motion for the RDM in the basis that diagonalizes the iso-
lated system’s Hamiltonian and in the system’s spin quanti-
zation axis. After rotation from the leads’ quantization axis to
the DD one we obtain [Eq. (21)], which forms the basis of all
the subsequent analysis.

Let us start from the Liouville equation for the total den-
sity matrix p/(¢) in the interaction picture,

di R N
iﬁi)j—t(t) = LH7(0) + Hy(0). (1)), 7

with IEIT and H » transformed into the interaction picture by
I:IIT (= il iHo+H +H ) (i~10) I:IT/R eI Ho+HEHA)(-10)  \where fo
indicates the time at which the perturbation is switched on.
Integrating Eq. (7) over time and inserting the obtained ex-
pression in the right-hand side of Eq. (7) one equivalently

finds

t

L - L
(0 = = AR 6(10)] = L0 P'(10)] - - f di'[ (1)

)

+ Hig(0),LH(t") + Hi (1), ()], (8)

245313-3
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The time evolution of the RDM,

ﬁg(t) = Trleads[ﬁl(t)]’ (9)

is now formally obtained from Eq. (8) by tracing out the lead
degrees of freedom. To proceed, we make the following stan-
dard approximations.

(i) The leads are considered as reservoirs of noninteract-
ing electrons that stay in thermal equilibrium at all times. In
fact, we only consider weak tunneling and, therefore, the
influence of the DD on the leads is marginal. Hence, we can
approximatively factorize the density matrix of the total sys-
tem as

p'(1) = po(1)pbas (10)

where p; and p, are time independent and given by the usual
e PHsta

Zs,d i
where B is the inverse temperature and Z,,,; are the partition

sums over all states of lead s/d.

thermal equilibrium expression for the contacts pg,=

(i) We consider the lowest nonvanishing order in Hyz.

(iii) We apply the Markov approximation, i.e., in the in-
tegral in Eq. (8), we replace p5(r') with p5(#). In other
words, it is assumed that the system loses all memory of its
past due to the interaction with the lead electrons.

Furthermore, being interested in the long term behavior of
the system only, we send #,— —o. We finally obtain the gen-
eralized master equation (GME) for the reduced density ma-
trix,

ilm

PHYSICAL REVIEW B 77, 245313 (2008)

A J - NI
pIO(t) == %Trleads[Hﬁe(t)’ Plo(f)PsPd]

o

1 3 7 A A A
arel R Ttieads (70, [H7(1 = "), po (D) Bl -
0

(11)

A. Contribution from the tunneling Hamiltonian

In the following, we derive the explicit expression for the
GME in the basis of the isolated DD. For simplicity, we omit
the contribution of the reflection Hamiltonian in a first in-
stance. When we shall have obtained the final form of the
GME due to the tunneling term, we will see that it is easy to
insert the contribution from the reflection Hamiltonian. Let
us then start from the tunneling Hamiltonian in the interac-
tion picture,

gg"(t) = E 2 tacjlkoa(daa'a)ij|i><j|exp[i(8i - gj + Sakoa)t/ﬁ]

ak(ra i,j
+Hec., (12)

where (dog )ij=(ildag |j) and (dz%)ij=(i|dz%|j> are the
electron annihilation and creation operators in the spin-
quantization axis of lead « expressed in the basis of
the energy eigenstates of the quantum dot system. To
simplify Eq. (11), standard approximations are invoked.
(i) The first one is the secular approximation: fast oscil-
lations in time average out in the stationary limit we
are interested in and thus can be neglected. Together with
the relation Trleads(ﬁsﬁdczk(raca’k’o-a)=5kk’5aa’ Uo"fa(saka)v
where f,(&4,) is the Fermi function, and the cyclic proper-
ties of the trace we get

X 1 [~
ﬁg(f) = ﬁj‘ dt” 2 |ta|2{2 fa(sakrra) (da(ra)il(dz(fa)lm|i><m|ﬁ®(t)exp[i(8m - & + Suzk(ra)t”/h]
0

ako,

+ 2 (1 _fa(sako'a))(dza-a)il(duzo’a)lm|i><m|ﬁ€9(t)exp[_ i(81 —&n + sak(ra)t”/ﬁ]

ilm

+ E fa(sakzra)ﬁ(D(t) (da(ra)il(dzwa)lm|i><m|exp[_ i(si — & + sak(ra)t"/ﬁ]

ilm

+ 2 (1 _fa(saklra))ﬁ(a(t) (dz(ra)il(dmra)lm|i><m|exp[+ i(sl - & + Sak(ra)t”/ﬁ]

ilm

- 2 (1 _fa(eak(ra))(da(ra)ijﬁ@(t)jl(dlrra

iljm

)lm|i><m|exp[+ i(Sm —g&+ 8ak(ra)t”/h]

- 2 fa(sak(ra)(dz(ra)ijﬁIO(t)jl(dao'a)lm|i><m|exp[_ i(sl — &yt 8ak(rm)tﬂ/ﬁ]

iljm

= 2 (1= ful®ate, ) dag )iipoD(dh JinliXmlexpl=i(e; = &) + & ot )1'11]

iljim

iljm

- 2 fa(gakaa)(dz(ra)ijﬁO(t)jl(daa'a)lm|i><m|exp[+ i(sj - & + Sakaa)t”/ﬁ]} . (1 3)
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(ii) For the second approximation, we notice that we wish
to evaluate single components (n|p5|m) of the RDM in the
system’s energy eigenbasis. Therefore, we assume that the
DD is in a pure charge state with a certain number of elec-
trons N and energy Ey. In fact, in the weak-tunneling limit,
the time between two tunneling events is longer than the

I3 .Y X

pnmN(t)

l

2
: e {
aoy 11" e|N-1) JE€|ENN)  hn' e|N+1)
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time where relaxation processes happen. That is, we can
neglect matrix elements between states with different num-
ber of electrons and only regard elements of f)g, which con-
nect states with same electron number N and same energy
Ey. So, we can divide /31® into submatrices labeled with N
and Ey and find

fa k) ao, ( ) N
(a) + f ( — & )Daa —&j ) +— f (daa' )nh(d )hjp]N (t)

]( Tacr )nl(dao )lj NN(t)

| (1 _fa(sk))Daoa(sk)
(b)+ (1 _fa(sj_sl))Dao'a(Sj_Sl)__f dsk
L e 8/{ - 8j + 8[
[ m@>w<> )
(C) + fa(sh - S.j)DaU'a(Sh - f ‘ ‘| ijN(t) (dmfa)jh(diw'a)hm
[ : (1= fu(8))D e (87)
@+ | (1= fule; = 20D (55— ) + f e ] PN )i i
L n Sk - Sj + 81
(©) = 2(1 = fulen = £)Dag (&4 = ) (dag D iy Dimbry ()
(f) - zfa(sj - SI)Dau'a(sj - 81) (dl-m—a)nl’(dzlo'a)lmpf![l]v_l(t) } (14)

In Eq. (14), we used the notation p“N":= (n|pEENY|m).

By convention, {2, .=, ,X,, } means that in each line
[(a)—(f)], we sum over the indices occurring in this line only.
Notice that the sum over j is restricted to states of energy
E;=Ey=E,=E,, For the states with N* 1 electrons, we have
to sum over all energies; therefore, we indexed the density
matrix with E,=E, in line (e) and E;=E, in line (f). Further,
we replaced the sum over k by an integral, X,
_)fdsako'aDaoa(gak(ra)7 where Daa-a(sakaa) denotes the den-
sity of states in lead « for the spin direction o,, and applied
the following useful formula:

t
f de ko G(Eatg,) f df"e* M eag, ~E)'
0

. f’ G(Sakaa)
= ThG(E) * ih | dews,; . (15)

sakaa - E)

where the prime at the integral denotes Cauchy’s prin-
cipal-part  integration. ~In  our case, G(eno )

=D oo (Eako, Vs (2ako,) With f,=f, and f,=1~f,. In order o
s1mp11fy the notatlons we replaced Eako, by g, in Eq. (14).

B. Transformation into the spin-coordinate system of the
double dot

In Sec. II, we introduced the transformation rules for
changing from the lead spin coordinates o, into the DD spin
coordinates oq. These rules give

dLTa 1 402 4 pHO2 dLTo y
dll - \/E _ e—i®a/2 + e+i®a/2 dzl ’ ( )
a 0]
with @:= —%, 0,:= +%

Thus, Eq. (14) can be easily expressed in the DD spin
quantization axis. For example, it holds

2Dy d d

Oq

(DaT + Dal )2 q)ao'oao ao-Qdcw'O

— _ * T
" 2 (D“Ta Dala)% q)wo—‘fed“”od“‘%’
(17)

where we introduced
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| 70 =00 Hp=-02 X X @, dy dyr [N
(Da(r ol = el@)ﬂé (40) :T OJO: l a  jelN) U@#O’G
o7 0 , Ie|N=1)
e go=| ab=1. 8
For later convenience, we also define
. . The commutator is easily evaluated to be
. 1) Dar fo(E)+ Do fo(E)  0p=0
aon0g 2 Da+df§ (E) - Da—uflf(E) o] # U-é)’ - éTrleads[I:Il ,ﬁle(f)PsPd]
and its related principal-part integral,
! L | E AR 2 E E 0{(7‘@0‘ G@//d ’®1/|‘]>
mr ol , (E) = f deFMOU,O(s)(s -E)". @ jelNIeN-1) 5ol
X({lpo(t) - po(Ddy, dor 1] (19)

C. Contribution from the reflection Hamiltonian ) ) ) )
In order to include this commutator in the master equation

In order to give the full expression for the GME in the  [Eq (14)], let us introduce the following abbreviation:
system’s eigenbasis, we need to compute the contribution

from the reflection Hamiltonian in Eq. (11). In analogy to

what we did to evaluate the contribution from the tunneling Raoyol = _| e AR(@T@T@T{D 1+ 6o, 150(’37)~ (20)
Hamiltonian, we must first transform H ® into the interaction

picture and then perform the secular approximation to get rid ~ Now, we can add Ragyor in Eq. (14) in lines (b) and (d) to
of the time dependence. To start, we express H & in the DD find the final form of the complete master equation in the DD
spin quantization basis, spin-coordinate system. It reads

A0S PS (3 .S .S }{

a_Sd ‘TO‘TQ L' |N-1) JElENN) h,h' €|N+1)

CY(TO(T

(a) + q)ozo’OtT('D F+ @( — € ) + Pao’ 0-®(8h - Sj):| (daob)nh(dT )hjp] NN(t)

(b) + (I):w'@ ’@ F;o’ou"@(sj - 81) - [Pcw' U@( jT 81) + Ra(re(r ]j| (duu)-@)nl(da(r )l_]p_] NN(t)

+ L + N 1
(C) + q)aUOU('D _FCY(TOO'(,D(Sh - sj) - WPQUO‘T ( —-& ):| N (t)(daob)jh(dagb)hm

* - N il
(d) + (I)a (,D _FaUOUQ( 81) + [P‘w'@g@( jT 81) + Raooa"O]:| N (t)(dcw'@)]l(daa"e)lm

O'OU'

~ E,N+1 i
(e) - 2(Da0'®o"®Fm,-®(r/®(8h - Sj)(daae)nh’phfh " (t)(dm,. )hm

E;N-1
() =20, Fry o (8= ) )Pl (Odagt )in: @)
[
D. Current formul ; EnN R
urrent formula PV == DR ly:'"]:’]j,p M)+ 2 R p i (1)
Jj' hh'

We now observe that Eq. (21) can be recast in the follow- - 1
ing Bloch-Redfield form: + R Py (1), (22)
w
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where the sums in Eq. (22) run over states with fixed particle
number: j,j’ e {|EyN)}, h,h' e{|N+1)}, [,I' e {[N-1)}. The
Redfield tensors are given by (a=s,d) (Ref. 38)

NN+1 NN— (-)NN+1
I‘Lmjj 2 2 [5m] (Fszhh; ;zlllj (F J hhm
a l(or h)
NN-1
+ 001, (23)
NN=E1 (+) NN+1 )NN+l
nmkk’ - 2 (Fa k" mnk ak’mnk (24)

F( JNN=1

where the quantities I' "y

Eq. (21). They are

(£)NN+1 ™ o| o+
Fa,nhh’k = E {%q)a(r@”'@|fa| |:Fa(r®o’®(8h_8k)

O—QU(,D

i
* _P;U’ ! (Sh - 8k):| (da(ro)nh(dlu./ )h’k} s
ko Ohdo] ©

can be easily read out from

()NN-1 _ T 2

l_‘a,nll’k - 2 {ﬁ(l)cw'@o’ | a| |: o, o’ (sk_sl)
0’@0'&)
i
-+ :T(PQUQOJO(SIC_ 81) +Rarr®(r/®):|
x(dzoe)nl(daab)l’k} .

With the stationary density matrix f)gxt being known, the
current (through lead a=s/d==*) follows from

I=2ae RGE 2 (F(+ NN+] _ F(+ NN— )P

a,njjn’ a,njjn’ n'n,st

(25)

N l’l,il ,j

We numerically solve Eq. (22) and use the result to evaluate
the current flowing through the DD, as will be Secs. V-VII.
At low-bias voltages, however, we can make some further
approximations to arrive at an analytical formula for the
static dc.

IV. LOW-BIAS REGIME
A. General considerations

A low-bias voltage ensures that merely one channel is
involved with respect to transport properties. Here, we focus
on gate voltages that align charge states N and N+ 1. More-
over, we can focus on density matrix elements that involve
the energy ground states E\’ and E\), only. In the following,
we shall use the following compact notations:

(nlpmy = pll). (26)

ALE )N .
po N = pgv)’

Evaluation of the current requires the knowledge of p
and p(N *1 j.e., a solution of the set of coupled equations that
are obtamed from Eq. (21) or, equivalently, from Eq. (22). In
the low-bias regime, this task is simplified since (i) terms
which try to couple states with particle numbers unlike N and
N+1 can be neglected; (ii) we can reduce the sums over &, h’

PHYSICAL REVIEW B 77, 245313 (2008)

in the equation for ﬁg) and over /,I’ in the equation for
f)g”) to energy-ground states Eg\(,’) and Eg\(,)ll because all the
other transitions are exponentially suppressed by the Fermi
function. Notice, however, that these two approximations are
not appropriate for the principal-part terms since they are not
energy conserving. The resulting equations for ,E)( and pg p+1)
[Egs. (B1) and (B2), respectively] can be found in Appendix
B. In the following, we shall apply those equations to derive
an analytical expression for the conductance in the four dif-
ferent resonant charge state regimes possible in a DD system,
ie.,

N=0—<N=1, N=1-N=2,

N=2<N=3, N=3<N=4. (27)

In all of the four cases, we get a system of five coupled
equations involving diagonal and off-diagonal elements of
the RDM. The matrix elements of the dot operators between
the involved states entering these equations are given in Ap-
pendix A. Before going into the details of these equations, it
is instructive to analyze the structure and the physical sig-
nificance of the involved RDM elements.

B. Elements of the reduced density matrix

N=0. In the case of an empty system, we have only one
density matrix element in the corresponding block with fixed
particle number N=0, i.e.,

poo (1) = : Wy, (28)

describing the probability to find an empty double-dot sys-
tem.

N=1. In this case, we have four eigenstates for the system,
where the two even ones build the degenerate ground state
and the two odd ones are excited states (see Table I). In the
low-bias regime, we only need to take into account transi-
tions between ground states. Therefore, we have to deal with
the 2 X 2 matrix,

1 1 icx
p(le)TleT p(le)Tlel [ Wi owe™ 29
(1 W )TNy ) (29)
Pieltet Plelle] we 1]
The total occupation probability for one electron is

W, = WIT + Wll (30)

The meaning of the off-diagonal elements, the so-called co-
herences, becomes clear if we regard the average spin in the
system,

1
s = ETr[a{’””" P01, (31)

where i=x,y,z and (rf wli are the Pauli spin matrices. This
yields

st = wy sin ay, (32)

(1) _
Sy =wjcosap, S,

1
S =S (Wi =W, (33)
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N=2. For the case N=2, we actually have six different
eigenstates, but only one of them,
spin $=0), see Table I. Only this ground state must be con-
sidered in the low-bias regime, yielding

P2(t) = :W,. (34)

This element describes the probability to find a dot with two
electrons.

N=3. In this case, we have again four eigenstates for the
system, whereas the two odd ones build the degenerate
ground state and the two even ones are excited. In the low-
bias regime, we only need to deal with the 2 X2 matrix in-
volving the three-particle ground states,

3 3 ™
(P(zo)moT p%o)T3ol ) ( Wi wse! 3) (35)
onuaT p3oi'§ol wie™ 3 Wy

The total occupation probability for three electrons is
W3 = W3T + W3L

As for the case N=1, the off-diagonal elements yield infor-
mation on the average spin S@: %Tr[o{’ wli53)(1)] in the sys-
tem through the following relations:

Sff) =wj; COS as, 5;3) =—wj sin a3, (36)

1
S?) = E(WST - W3l) (37)

N=4. Finally, if the double quantum dot is completely filled
with four electrons, we only have one nondegenerate state.
Correspondingly, there is only one relevant RDM matrix el-
ement,

pLi (D) =Wy, (38)

describing the probability to find four electrons in the sys-
tem. The total spin is S=0.

Hence, we see that in all of the four cases [Eq. (27)], we
get a system of five equations with the five independent
physical quantities Wy, Wy, and S(’) S(’) S(’) with i=1 or 3.

C. Conductance formula

We shall exemplarily present results for the resonant
transition N=1+N=2. For the other transitions, similar
considerations apply. The quantities of interest are
Wy, W,, S, () S(l) S, Y which are related throu%h Egs. (32)
and (36) to the den51ty matrix elements of p From Egs.
(B1) and (B2) and Table III, and with W,=1-W, we finally
obtain the following:

=—— E |t I[2F ) () Wy = 4F (1) W,
a—sd
—4F, l(,U«z)S MR (39)

PHYSICAL REVIEW B 77, 245313 (2008)

ES ar -
§0=-T3 |ra|2ki{2ﬁ*;ﬁ<u2>s< - [ ()W,

a=s,d

2 -
= 2P () Wbt + — 5 Palpua, (B} = B

2
X §“>}. (40)

We have introduced the notation 4k = (ao Bo)>. All of the
nonvanishing principle-value factors PZT and the reflection
parameter R,;| have been merged to the following compact
form:

1
Palp {Es} - EYY) = - E[P;n(ﬂl) + Ray 1= KPY; (112)

1
+ ZPZH(ST —&1.) = 7Py (e —£1,)

4
_kEP;Tl(Szm—Sle), (41)

where we introduced the chemical potential ,uNH—E}(Vl |
E(0 and {E,} denotes the four different two-particle ener-
gies. We notice that the set of coupled equation [Eq. (39) and
(40)] for the evolution of the populations and of the spin
accumulation has a similar structure to that reported in Refs.
28, 30, and 38 for a single-level quantum dot, a metallic
island, and a single-walled carbon nanotube, respectively.
Some prefactors and the argument of the principal-part
terms, however, are DD specific. In particular, as in Refs. 28
and 30, we clearly identify a spin precession term originating
from the combined action of the reflection at the interface
and the interaction. The associated effective exchange split-
ting is yB;, where y=—gugp is the gyromagnetic ratio and

N 2 .
Bl = _E |ta|27)ama (42)
Y «

is the corresponding effective exchange field. We now focus
on the stationary limit. In the absence of the precession term,
the spin accumulation has only a S component since, due
to our particular choice of the spln quantization axis, S, ()
=0 holds. The exchange field tilts the accumulated spin out
of the magnetizations’ plane and gives rise to a nonzero S, (1)
component proportional to B; and S (1)

To get further insight in the spm dynamics, we observe
that since we are looking at the low-bias regime, we can
linearize the Fermi function f, in the bias voltage, i.e.,

TABLE II. Matrix elements for the N=0«s N=1 transition in-
duced by operators d,; and d,, a=1,2.

01
|LeT) lel) |1oT) lol)
d1T1<0| é 0 é 0
dy (0| 0 5 0 5
(] . 0 -5 0
dy,:(0| 0 5 0 -5
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fol® = (L+ PEVDT < f(E)(1 - f(= EeBV,). (43)
By introducing the polarization of the contacts,
DaTa(g) - DaLa(g)
Doy (§+ Doy (5

.
we can express the F
0%

pa(g) =

factors as

Fa(® = SDOA=H(1 F (= YepV.).

Fo (9 =po(OF 11 (9,

where D,=Dy; +D, . It is also sufficient for our calcula-
tions to regard the density of states as a constant quantity,
D (é€)=D,. Consequently, the polarization is also constant,
Poé)=p,. Finally, we focus in the following on the symmet-

Iu‘l+l)f( Iu’l+1)

PHYSICAL REVIEW B 77, 245313 (2008)

ric case where both leads have the same properties, which, in
particular, means that tunneling elements, polarizations, den-
sity of states, and reflection amplitude are equal,

h=h=1 Pp1=p2=p,

D,=D,=:D, Rl%_% = Rz%_,,@ =:R.  (44)

2, the conductance
G1,=1,/Vy;,s for the resonant reglme N= 1 < N=2 reads

2 f) f(= o)
f=p) +1
p?sinX(9)
1+ [Byf(p)2T KT cos($)

G1x(®) = >’ By

2

. (45)

Similarly, we find for an arbitrary resonance (i=0,1,2,3),

p*sin’(3)

I/
M) = —62 l ' 2
1z+1( ) Bl( * 1|d | >| f(( 1) /Lt+1)

where [(i+1|d"|i)| is a shortcut notation for the nonvanishing
matrix elements |(E(0)z+1|d’®|E(0)z>| calculated in Tables
I-V. It holds [{1]d’|0)|=[(4|d"|3)|=1/+2 and [(2|d]|1)|
=(3|d!|2)|=k,. Moreover, we gathered together the
principal-part contributions and the ones coming from the
reflection Hamiltonian in the effective magnetic fields,

E2=§1,

- .2 , .
B3=B4:= ;E |ta|27’a(,u4,E§O) —{E)m,.
The latter are defined in terms of the following function:

, 1 .
PQ(M,ES‘” —{Ey}) =~ E[P;”(M) + RaH] - kiPaH(,u,3)

1 1 _
+ ZPD‘“.(830 - 82’) - ZP““.(830 - 82”)

2 »—
- k—PaTl(£30 - 82777) .

Moreover, a closer look to Eq. (46) shows that its angular
dependence is strongly coupled to the square of the ratio
(yB;)/{hT f{(=1)';]}, which is the effective exchange split-
ting rescaled by the coupling and the Fermi function. The
ratio occurs in the denominators, and its value depends on
the gate voltage. As the change of B; under the variation in
the gate voltage is comparatively small, the factor dominat-
ing the gate voltage evolution is the Fermi function. This
accounts for the population of the dot: only if a nonzero spin

1 [Bi (= 1) )20 |G+ 1|21 cos2(2)

) (46)

is present (i.e., odd filling: one or three electrons) the effec-
tive magnetic field can have an influence. That is why cor-
respondingly the renormalized effective exchange splitting
vanishes for even fillings, namely, below 0«1 and 23,
respectively, above the 1+ 2 and 3 <+ 4 resonances. This can
nicely be seen from Fig. 3 (remember that V% —¢, so “be-
low” means larger, “above” means smaller &), where the four
different factors (yB,)?/{f((=1)'u)T'}> are plotted. The
curves belonging to the resonances involving the half-filling
do not immediately go to zero but show a more complex
behavior with some small intermediate peaks due to the in-
fluence of the various excited states present for a two-
electron population of the dot. As we expect, Gy;(€) and
G34(8) [G12() and G,5(é), respectively] are mirror symmet-
ric with respect to each other when the gate voltage is varied.
This in turn reflects the electron-hole symmetry of the DD
Hamiltonian. The parameters of the figures are chosen to be
as follows (b <0):

kyT=4 % 107 Al =4 X 107

V_

(47)

and p=0.8, R=0.05D. As expected, the peaks are mirror
symmetric with respect to the half-filling gate voltage. No-
tice also the occurrence of different peak heights, both in the
parallel and in the antiparallel case. For both polarizations,
the principal-part terms entering Eq. (46) vanish, the spin
accumulation is entirely in the magnetization plane, and the
peak ratio is solely determined by the ratio of the ground
state overlaps 2/k3. For polarization angles ® # 0, 7, the ra-
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TABLE III. Matrix elements for the N=1+« N=2 transition induced by diﬁ and dz o= 1,2. The notation
[2/(s,)), with 5,=0, = 1, specifies which one of the triplet elements is addressed.

12
leT) |lel) [1oT) [To])
dJ{TZ <2g| 0 %ﬁ" 0 *011;',30
’ 1 1
(@' 1) 7 (1) 3 01
v (O)| 0 2 0 -3
2'(-1)] 0 0 0 0
" 1 1
2 ‘ 0 2 0 L
<2m| 0 —ag+By 0 —a—By
il B 2 B 2
. ~—%—Po ~Po
2'(+1) 0 0 0 0
' 1 1
(2 (0)| 5 (1) -3 0l
<2!I‘ _% 0 _l 0
(" | =Py 0 ag+fBy 0
2 2
dJZfT: <2g| 0 %ﬁ" 0 au;ﬁo
’ 1 1
<2 (+l)| _\5 O _\E 0
@) 0 = 0 L
2'(-1)] 0 0 0 0
” 1 1
<2m| 0 —aptBy 0 ag+fBy
i —ay-p ; gt 2
dy: (24 = 0 = 0
2'(+1)] 0 0 0 0
20 -3 0 -3 0
’ 1 L
@'(-1)] ? -5 0l -3
2" 3 0 -5 0
(" | =Py 0 —a—By 0

tio is also determined by the nontrivial angular and voltage
dependence of the effective exchange fields. Finally, as ex-
pected from the conductance formula Eq. (46), the conduc-
tance is suppressed in the antiparallel compared to the paral-
lel case. The four conductance peaks are plotted as a function
of the gate voltage in Fig. 4 for the polarization angles ©
=0 and O=1, top and bottom figures, respectively. These
features of the conductance are nicely captured by the color
plot of Fig. 5, where numerical results for the conductance
plotted as a function of gate voltage and polarization angle
are shown. The conductance suppression nearby @=1r is
clearly seen.

In the following, we analyze in detail the single resonance
transitions. Due to the mirror symmetry, it is convenient to
investigate together the N=0—N=1, N=3—N=4 and N
=1+ N=2, N=2+< N=3 resonances. We use the convention
that for a fixed resonance, the parameter £€&=0 when uy,;
=0.

1. Resonant regimes N=0«<—N=1 and N=3+—N=4

The expected mirror symmetry of Gy and Gs, is shown in
Fig. 6, where the conductance peaks are plotted for different
polarization angles ® of the contacts. Notice that the analyti-

cal expressions [Eq. (46)] (continuous lines) perfectly match
the results obtained from a numerical integration of the mas-
ter equation [Eq. (21)] with the current formula [Eq. (25)].
We also can see that the maxima of the conductance decrease
with ® growing up to 7. It can be shown that the peaks for
®=0 and O =1 lie at the same value of ¢ because the effec-
tive fields B; exactly vanish due to trigonometrical prefac-
tors. In other words, virtual processes captured in the effec-
tive fields B; do not play a role in the collinear cases. For
noncollinear configurations, however, the peak maxima are
shifted toward the gate voltages where an odd population of
the dot dominates because there the effective exchange field
can act on the accumulating spin and make it precess, which
eases tunneling out. These findings are in agreement with
results obtained for a single-level quantum dot,*® a metallic
island,?® and carbon nanotubes.’® To quantify the relative
magnitude of the current for a given polarization angle ®
with respect to the case ®=0, we introduce the angle-
dependent TMR as

Gy N+ (0,8

TMRyy, (0,8 =1 - .
(04 Grne1(0,6)

For the 0+ 1 transition, it reads
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TABLE 1V. Matrix elements for the N=2+«> N=3 transition governed by d,; and d,|, a=1,2.

23
301) [301) 3e1) 3el)
<2g| a+By 0 =By 0
2 2
dyp: 2'(+1)| 0 0 0 0
"0 - 0 -3 0
! £ —_
2 (—|1)| 0] 5 (]) 5
<2/I _5 0 5 0
<2m| -+ 0 agt+By 0
2 2
dy: (2g] 0 -“UT‘% 0 %ﬂ%
2/ (+1)] + 0 L 0
(2'(0)] 0 -1 0 -
2" (=1)] 0 0 0 0
("] 0 3 0 -3
<2///| 0 =By 0 =By
2 2
dyy: (2g] -“UT‘% 0 “%50 0
Q@'+ 0 0 0 0
"0 - 0 7 0
Q') 0 % 0 —%
vl -3 0 -3 0
<2///| =By 0 a+By 0
2 2
dy): (24| 0 e 0 by
Q2'(+1) & 0 -+ 0
2'(0)| 0 -3 0 :
2" (-1)] 0 0 0 0
@ 0 1 0 .
<2///| 0 —agtBy 0 =By
2 2
p? sinz(%) of the TMR at noncollinear angles, we have to remember
TMR, (48)  that the dot is depleted with increasing & For the 0« 1 tran-

= o) -

1 +[Bi/f2(- ,LLI)FZ]COSZ(E)
Hence, the TMR vanishes for ®=0 and takes the constant
value,

TMR,(,) = p?,

at ®=1. For the remaining polarization angles, ® #0 and
O # 1, the TMR is gate voltage dependent and positive. The
behavior of the TMR as a function of the gate voltage is
shown in Fig. 7. To understand the gate voltage dependence

TABLE V. Matrix elements for the N=3+ N=4 transition in-

duced by the operators dZT and dly a=1,2.
34
301) 301) [3eT) 3el)
i L L
dy.<2,2 (1) 5 ol -5
d;l:(2,2 i 0l -5 O1
d%T:<2’2 01 —3 01 —3
d2l2<2,2 —3 0 —3 0

sition, this means that at positive &, the dot is predominantly
empty, so that an electron that enters the dot also leaves it
fast. In this situation, the TMR is finite and its value depends
in a complicated way on the amplitude of the exchange field.
At negative &, the DD is predominantly occupied with an

10
— ] Resonance
g | 01 -
g H 1— 2
5 253 -
F: : 3<—>4
S
=~
!
0 ‘ ‘ PRSP L ot :
20 -5 -0 -5 : :
& [loll

FIG. 3. (Color online) Gate voltage dependence of the renormal-
ized effective exchange splitting entering the conductance formula
[Eq. (46)]. Notice the mirror symmetry of the 0« 1 with the 34
curve and of the 1+ 2 with the 2+ 3 one.
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FIG. 4. (Color online) Conductance at low bias for the parallel
case ®=0 (top) and antiparallel case ®=m (bottom). Notice the
different peak heights and the mirror symmetry with respect to the
half-filling value ¢=0. The conductance in the antiparallel configu-
ration is always smaller than that in the parallel one.

electron that can now interact with the exchange field, which
makes the spin precess and thus eases tunneling out of the
dot. Consequently, Gyn,1(0,8)=Gyp,1(0,€) and the TMR
vanishes. Finally, Fig. 8 illustrates the angular dependence of
the normalized conductance for three different values of the
gate voltage. We detect a common absolute minimum for the
conductance at @ =r, i.e., transport is weakened in the anti-
parallel case. The width of the curves is dependent on the
renormalized effective exchange (yB;)/(I'f). The larger its
value, the narrower the curves because the spin precession
can equilibrate the accumulated spin for all angles but ©
=. Notice again the equivalence of the curves belonging to
&= +2|b| for the 1+2 resonance to the curves with £
= ¥ 2|b| for the 3«4 resonance.

2. Resonant regimes N=1—N=2 and N=2-—N=3

For the resonant 1«2 and 2+« 3 transitions, qualitatively
analogous results as for the 0«1 and 3+ 4 transitions are
found. Thus, exemplarily, we only show the angular depen-

Gle?/h)
0 0.08
4
) 0.06
=0 0.04
i)
e 0.02
N 0
-6
0 5 s gﬁ 2m
O[rad)

FIG. 5. (Color online) Conductance as a function of the polar-
ization angle and of the gate voltage. The minimal conductance
peaks occur as expected at @ =1r.
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FIG. 6. (Color online) The conductance Gy (&) (upper figure)
[G34(8€) (lower figure)] vs gate voltage for different polarization
angles. The mirror symmetry of the conductance peaks for the
0«1 and 3 <4 transitions is clearly observed. Notice the excellent
agreement between the prediction of the analytical formula [Eq.
(46)] (continuous lines) and the results of a numerical integration of
Eq. (21) with Eq. (25) (symbols).

dence of the normalized conductance in Fig. 9, showing the
expected absolute conductance minimum at ®=0.

V. NONLINEAR TRANSPORT

In this section, we present the numerical results deduced
from the general master equation [Eq. (21)] combined with
the current formula [Eq. (25)]. We show the differential con-
ductance j—é(g, Viias) for the three distinct angles @=0, O

07
0.6 - ©=00r— e 3

05k oZoms T :

30, o oor -

Shal et s ]
02F :
0.1F :

0= = 2
&llol]
07
0.6 e 0=00r— A

Sl o ton- ]

=

[N

FIG. 7. (Color online) TMR for the 0«1 (upper figure) and
34 (lower figure) transitions vs gate voltage. The TMR is always
positive and for collinear lead magnetizations, ®=0 and @ =17, in-
dependent of gate voltage.
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(SR
wlt

™ 27
Angle O[rad)

FIG. 8. (Color online) Gy (0)/Gy(0) (upper figure)
[G34(0)/G34(0) (lower figure)] vs polarization angle. For all the
three chosen values of the gate voltage, the curve displays an abso-
lute minimum at ® =1r. Notice the overall agreement of the analyti-
cal predictions [Eq. (46)] given by the continuous curves with out-
comes of a numerical solution of the master equation [Eq. (21)]
together with Eq. (25) (symbols).

=7ET, and O =7, see Fig. 10, top, middle, and bottom, respec-
tively. The results confirm the electron-hole symmetry and
the symmetry upon bias voltage inversion I(£, Vi) =—1(&,
—Viias)- In all of the three cases, we can nicely see the ex-
pected three closed and the two half-open diamonds, where
the current is blocked and the electronic number of the
double-dot system stays constant. At higher bias voltages,
the contribution of excited states is manifested in the appear-
ance of several excitation lines. One clearly sees that transi-

1 WA R

0)

G12(0)/G1(©

0)

G93(0)/Ga3(0

FIG. 9. (Color

G12(9)/G,(0)
[G23(0)/Gy3(0) (lower figure)] vs polarization angle. Notice the
overall agreement of the analytical predictions [Eqgs. (45) and (46)]
(continuous lines) with the data (symbols) coming from numerical
solutions of the equations for the reduced density matrix.

online) (upper figure)
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FIG. 10. (Color online) Differential conductance [‘11—‘1/ for the par-
allel ®=0 (top), perpendicular ®=7/2 (middle), and antiparallel
® =1 (bottom) configurations. The two half diamond and three dia-
mond regions correspond to bias and gate voltage values where
transport is Coulomb blocked. The excitation lines, where excited
states start to contribute to resonant transport, are clearly visible in
all of the three cases. However, a negative differential conductance
is observed in the perpendicular case, while some excitation lines
are absent in the antiparallel configuration.

tion lines present in the parallel case are absent in the anti-
parallel case. Moreover, in the case of noncollinear
polarization, ®=/2, negative differential conductance
(NDC) is observed.

In the following, we want not only to explain the origin of
these two features, but alongside also give another example
for spin-blockade effects, which play a decisive role in the
DD physics. As a starting point, we plot in Fig. 11 (top) the
current through the system for the three different angles ©
={0,7.7} at a fixed gate voltage £=4|b| and positive bias
voltages. We recognize that for eVp;,,<2.4|b|, the current is
Coulomb blocked in all of the three cases. In this configura-
tion, exactly one electron stays in the double-dot. From about
eVyias=2.4|b|, the channel where the ground state energies
u, and u, are degenerate opens (|1ed)«|2) transition) and
the current begins to flow. With increasing bias, more and
more transport channels become energetically favorable. In
particular, for all the polarization angles ©, we observe two
consecutive steps corresponding to [0)«|leo) and
[lea)«|2') transitions. The latter, occurring at about eV,
=4|b|, involves the excited two-particle triplet states [2'(S.)).

The next excitation step, indicated with a circle in Fig. 11
(top), belongs to the |1oad)«|2") transition. The associated
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Occ. probability triplet states

€Vhias[[0]]

FIG. 11. (Color online) Current (top) and triplet occupation
(bottom) for the two collinear (®=0,0=1r) cases and the perpen-
dicular case (@=7) at a fixed gate voltage £=4|b|. Notice the oc-
currence of a pronounced negative differential conductance feature
for perpendicular polarization ® =1r/2.

line is missing for the antiparallel configuration, as well as
the lines corresponding to |[log)«[2"), [led)«|2"),
|2) <> |300), and |1ed) < |2"). Crucially, in all of these tran-
sitions, a two-particle state with fotal spin zero is involved.
In order to explain the absence of these lines, let us, e.g.,
focus on the first missing step corresponding to the
|[1o0) +|2") resonance. In the parallel case (say, both con-
tacts polarized spin-up), there is always an open channel cor-
responding to the situation in which the spin in the DD is
antiparallel to that in the leads (i.e., |10—)). In the antiparallel
case (say, source polarized spin-up and drain polarized spin-
down), originally a spin-down might be present in the dot.
An electron that enters the DD from the source must then be
spin-up (in order to form the [2”) state), but as the drain is
down-polarized, it will be the spin-down electron that leaves
the DD, which corresponds to a spin flip. Now, the presence
of a spin-up electron in the DD prevents a majority (another
spin-up) electron from the source to enter the DD, such that
we end up in a blocking state. The transition is hence forbid-
den.

A similar yet different spin-blockade effect determines the
occupation probabilities for the triplet state (Fig. 11, bottom).
Naturally, for all angles, the probability to be in the triplet
state increases above the resonance at eVy;,,=4/b|, but inter-
estingly, such probability is largest in the antiparallel case.
This is due to the fact that a majority spin in the parallel
configuration (spin-up) can be easily transmitted through the
DD via the triplet states |2'(1)) or |2’(0)). In the antiparallel
case, however, a blocking state establishes (say, again source
polarized spin-up and drain polarized spin-down). Let ini-
tially a spin-down electron be present on the DD. From the
source electrode, most likely a majority electron (polarized
spin-up) will enter the dot. Now, just as in the previous case,
the consecutive tunneling event will cause a spin flip in the
DD because the spin-down electron (majority electron of the

PHYSICAL REVIEW B 77, 245313 (2008)

drain) will leave the dot. So, the DD is finally in a spin-up
state, and once the next majority spin-up electron from the
source enters, the DD ends up in the triplet state [2'(+1)) and
will remain there for a long time due to the fact that the
majority spins in the drain are down polarized. Hence, the
triplet state [2'(+1)) acts as a trapping state.

Notice that the two distinct spin-blockade effects are dif-
ferent from the Pauli spin-blockade discussed in the DD
literature.*-4° Moreover, the second effect, relying on the
existence of degenerate triplet states, is also different from
the spin-blockade found in Ref. 30 for a single-level quan-
tum dot.

Finally, let us turn to the negative differential conduc-
tance, which occurs for noncollinearly polarized leads (see
the dashed blue lines in Fig. 11) and which we find to be-
come more evident for higher polarizations (not shown). By
neglecting the exchange field, we would just expect the mag-
nitude of the current for the noncollinear polarizations to lie
somewhere in between the values for the parallel and the
antiparallel current because the noncollinear polarization
could, in principle, be rewritten as a linear combination of
the parallel and the antiparallel configuration. Now, the effect
of the exchange is to cause precession and therewith equili-
bration of the accumulating spin, which corresponds to shift-
ing the balance in favor of the parallel configuration, i.e.,
enhancing the current. The decisive point is that the ex-
change field is not only gate dependent but also bias voltage
dependent and reaches a minimum around eV,;,,= 8|b|. This
explains the decrease of the current up to this point. After-
ward, the influence of the spin precession regains weight.
The same consideration applies for the other NDC regions
observed in Fig. 10, e.g., in the gate voltage region £~ 2|b|
involving the N=0+«N=1 transition, as described in Ref.
30.

VI. EFFECTS OF AN EXTERNAL MAGNETIC FIELD

In this section, we wish to discuss the qualitative changes
brought by an external magnetic field applied to the DD.
Specifically, the magnetic field is assumed to be parallel to
the magnetization direction of the drain. For simplicity, we
focus on the experimental standard case of parallel and anti-
parallel lead polarizations and of low-bias voltages. Then,
the magnetic field causes an energy shift +E,..,,, depend-
ing on whether the electron spin is parallel or antiparallel,
respectively, to it. For collinear polarization angles, the
principal-part contributions vanish, and the equations for the
RDM are easily obtained. We exemplarily report results for
0«1 and 1+ 2 transitions. Let us then consider the param-
eter regime nearby the 0+« 1 resonance and setup a system of
three equations with three unknown variables, W, Wi, and
Wi,. The first equation corresponds to the normalization con-
dition Wy +W,; +Wy=1. The remaining equations are the
equations of motion for W,y,, which can be written as

W|T=_ > |ta|2[F;T(:u*lT)WlT_F:;T(MIT)WOJ’ (49)

a=s,d

Kl
n
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W11=— > |fa|2[F;L(,U«1¢)W1¢—F:yl(ﬂu)Wo]’ (50)

a=s,d

m
h
where

Mip/] = Mg + EZeeman’ (51)

and F;:(,@(E):Da(,@fi(E). Dg1/y=Dyg= . On the other hand,
Dy =Dy and Dy, 1=Dy+, in the antiparallel case.

Upon considering symmetric contacts (¢,=t,=t, D;=D,
=D), we find the following in the parallel case:

G (0=0)
F 2
= éﬂ— (= )
« pU Q) = fla DT+ Q) + fe )
F= pa )y ) + f= )= ) + fQg)f(= )

(52)
For the antiparallel case, we obtain
G01(® = 77)
1-p? +
=Gy (@ =0) p LA ) +f(u )]

pU ) = Flag D1+ fQgy) + flg )
(53)

Analogously, we find the following for the 1«2 transition:
G(©=0)
Te?k?
2p
plf(= le) -f= MzT)] +f(= pop) +f(= o))

" o o)+ f o) f = pa)) + Faan) f(— o))
(54)

f(/-LzT)f(,U«zl)

G12(® =)
=G(©=0)
1 - p[f(= poy) + f(= pa))]

xp[f(— pay) = f= pap) ]+ f(= pay) + f= pay)
(55)

The remaining resonances are analogously calculated. Figure
12 shows the four conductance resonances for the parallel
and antiparallel configurations. Strikingly, the applied mag-
netic field breaks the symmetry between tunneling regimes
0«1 and 3+ 4, as well as between 1«2 and 2+ 3 reso-
nances in case of parallel contact polarizations. The reason
for this behavior is the following: in the low-bias regime,
transitions between ground states dominate transport. In par-
ticular, the magnetic field removes the spin degeneracy of
|leo) and |300) states, such that states with spin aligned to
the external magnetic field are energetically favored. There-
fore, the transport electron in tunneling regime 0«1 is a
majority spin carrier. For the case 3 <-4, however, two of the
three electrons of the ground state [307) have spin-up, such
that the fourth electron that can be added to the DD has to be
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FIG. 12. (Color online) Conductance vs gate voltage for parallel
(continuous line) and antiparallel (dashed lines) contact configura-
tions and Zeeman splitting Ejeeman=0.05|b|. The magnetic field
breaks the mirror symmetry with respect to the gate voltage in the
parallel configuration.

a minority spin carrier. Therefore, the conductance gets di-
minished with respect to the 0+« 1 transition, and the mirror
symmetry present in the zero field case is broken. Analo-
gously, the broken symmetry in the case of the 1«2 and
2+ 3 transitions can be understood. Correspondingly, the
TMR can become negative for values of the gate voltages
around the 2+ 3 and 3+ 4 resonances. We observe that a
negative TMR has recently been predicted in Ref. 42 for the
case of a single impurity Anderson model with orbital and
spin degeneracies (see Fig. 13). In that work, a negative
TMR arises due to the assumption that multiple reflections at
the interface cause spin-dependent energy shifts. In our ap-
proach, however, where the contribution from the reflection
Hamiltonian is treated to the lowest order, see Eq. (19), such
spin-dependent energies originate from the magnetic-field-
induced Zeeman splitting.

VII. CONCLUSIONS

In summary, we have evaluated linear and nonlinear trans-
port through a double-quantum-dot (DD) coupled to polar-
ized leads with arbitrary polarization directions. Due to
strong Coulomb interactions, the DD operates as a single-
electron transistor, a F-SET, at low enough temperatures. A
detailed analysis of the current-voltage characteristics of the
DD and comparison with results of previous studies on other

04 -
02 -
o
= 0.0
P
-0.2 _
04 -
L L L
-8 -4 0 4 8
&[lol]

FIG. 13. (Color online) TMR vs gate voltage in the presence of
an external magnetic field. In contrast to the zero field case, the
TMR can become negative in the vicinity of the 2+-»3 and 34
resonances.
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F-SET systems with noncollinear polarization (a single-level
quantum dot,*® a metallic island,?® and a carbon nanotube’®)
brings us to the identification of universal behaviors of a
F-SET, i.e., a behavior shared by any of those F-SETs, inde-
pendent of the specific kind of conductor that is considered
as the central system, as well as system-specific features.

The presence of an interfacial exchange field together
with an interaction-induced one is universal. These exchange
fields can act only for noncollinear polarizations and cause
a precession of the accumulated spin on the dot and
therewith ease the tunneling. This effect has various impli-
cations. It determines, e.g., the gate and angular depen-
dences, as well as the height of single conductance peaks and
can yield negative differential conductance features. Another
universal feature is the occurrence of a negative tunneling
magnetoresistance—even in the weak-tunneling limit—if a
Zeeman-splitting exists.

The following features are specific to the DD system: in
the low-bias regime, the problem can be analytically solved,
and for tunneling regimes 0«1 and 12 (23 and 34,
respectively), the system behaves equivalent to a single-level
quantum dot, where the Coulomb blockade peaks are found
to be mirror symmetric with respect to the charge neutrality
point. This mirror symmetry reflects the electron-hole sym-
metries of a system and is therefore typical for the DD, as
well as the ratio of the peak heights. An external magnetic
field lifts this symmetry and can cause a negative tunneling
magnetoresistance. In the nonlinear bias regime, the presence
of various excited states gives rise to interesting DD specific
features. For example, a suppression of several excitation
lines for an antiparallel lead configuration originates from a
spin-blockade effect. It occurs because a trapping state is
formed whenever a transition involves a two-electron state
with total spin zero. A second spin-blockade effect we de-
scribed involves the two-electron triplet state. The common
mechanism of these two spin-blockades is the following: in
both cases, a tunneling event can only occur if initially the
dot is populated with an unpaired electron possessing the
majority spin of the drain. The second step is that a majority
electron of the source will enter, forming a spin-zero state.
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Then, the first electron can leave the dot, causing a spin flip.
If the triplet state is involved, the dot will be left in a trap-
ping state once a second majority electron from the source
enters. Otherwise, we are directly in a blocking state. Finally,
for noncollinear lead polarizations, negative differential con-
ductance can be observed. All in all, due to their universality
and the multiplicity of their properties, F-SETs based on DD
systems seem good candidates for future magnetoelectronic
devices.
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APPENDIX A: MATRIX ELEMENTS OF THE DOT
OPERATORS

Tables II-V show all the possible matrix elements
(N=1]dgq |N) and <N|dmr IN-1) with @={1,2} and o
={1,1}, Wthh occur in the master equations [Egs. (B1) and
(B2)]. Notice that we only need to illustrate either the matrix
elements (N~ 1|d,_|N) or (N|dLUO|N—1) because they are
complex conjugated to each other.

APPENDIX B: MASTER EQUATION FOR THE REDUCED
DENSITY MATRIX IN THE LINEAR REGIME

We explicitly report here the coupled equations of motion
for elements pff,vn)(t) and p(N”)(t) of the RDM to be solved in
the low-bias regime. They are obtained from the generalized
master equation [Eq. (21)] upon observing that (i) in the
linear regime, terms that couple states with particle numbers
unlike N and N+1 can be neglected; (ii) we can reduce the
sum over & and &' and over /,/’ only to energy ground states.
In the remaining energy nonconserving terms, the sum has to
go also over excited states. With gy, : —E,(\?l, —E( being the
chemical potential, we finally arrive at the followmg two
master equations:

+ t (V)
. }{q)ao'eo'éFm,-@(ré(lu‘N+l)(daoo)nh(d / )hjpj (t)
he|N+1)

81) +Rarr®(r ](dcw'O)nl(da(T )llpj (t)

Lpr v o
@,ﬂ.P(l/lT 0' (8h - € )pn] (t)(d“”b)lh(dao-é)hm

- (N+1)
- 2q)a‘r®”/@Faa'Oo"O(lu’N+l)(doarO)nh’ph/;

(r)(dzg(,a)hm},
(B1)
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Notice that we kept the sums over excited states I,h in Eq. (B1) and I,hin Eq. (B2), which are responsible for the virtual

transitions.
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Symmetry fingerprints of a benzene single-electron transistor: Interplay between Coulomb
interaction and orbital symmetry
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The interplay between Coulomb interaction and orbital symmetry produces specific transport characteristics
in molecular single electron transistors (SETs) that can be considered as the fingerprints of the contacted
molecule. Specifically we predict, for a benzene SET, selective conductance suppression and the appearance of
negative differential conductance when changing the contacts from para to meta configuration. Both effects
originate from destructive interference in transport involving states with orbital degeneracy.

DOI: 10.1103/PhysRevB.77.201406

Understanding the conduction characteristics through
single molecules is one of the crucial issues in molecular
electronics.! The dynamics of the electron transfer to and
from the molecule depends on the intrinsic electronic spec-
trum of the molecule as well as on the electronic coupling of
the molecule to its surroundings.

In recent years, the measurement of stability diagrams of
single electron transistor (SET) devices has become a very
powerful tool to do spectroscopy of small conducting sys-
tems via transport experiments. Thus the capability to per-
form three terminal measurements on single molecules? !9
has been a fundamental achievement for molecular electron-
ics. Such molecular transistors might display transport prop-
erties that are very different from those of conventional
SETs. In fact, vibrational or torsional modes’-!? and intrinsic
symmetries of the molecule can hinder or favor transport
through the SET, visible, e.g., in the absence or presence of
specific excitation lines in the stability diagram of the mo-
lecular SET, or in negative differential conductance features.
Many-body phenomena such as, e.g., the Kondo effect, have
been observed as well 2310

Despite the experimental progress, the theoretical under-
standing of the properties of single organic molecules
coupled to electrodes is far from being satisfactory. On the
one hand, numerical approaches to transport based, e.g., on
the combination of Green’s function methods with density-
functional theory have become a standard approach to study
transport at the nanoscale.! However, this technique is not
appropriate for the description of transport through a mol-
ecule weakly coupled to leads, due to the crucial role played
by the Coulomb interaction in these systems. Hence, in Ref.
11, an electronic structure calculation for a benzene molecule
was performed in order to arrive at an effective interacting
Hamiltonian for the 7 orbitals, to be solved to determine the
I-V characteristics of a benzene junction.

In this paper, we consider the electronic transport through
a benzene SET. Similar to Ref. 11, in order to devise a semi-
quantitative description, we start from an interacting Hamil-
tonian of isolated benzene where only the localized p, orbit-
als are considered and the ions are assumed to have the same
spatial symmetry as the relevant electrons. The Hamiltonian
for the isolated molecule possesses 4°=4096 eigenstates, to
be calculated numerically, and whose symmetries can be es-
tablished with the help of group theory. Large degeneracies

1098-0121/2008/77(20)/201406(4)

201406-1

PACS number(s): 85.65.+h, 73.63.—b

of the electronic states occur. For example, while the six-
particle ground state (A;, symmetry) is nondegenerate, there
exist four seven-particle ground states due to spin and orbital
(E,, symmetry) degeneracy. When coupling the benzene
SET to leads in the meta and para configurations (see Fig. 1),
these orbital symmetries lead to very different stability dia-
grams for the two configurations (see Fig. 2). Striking are the
selective reduction of conductance (Fig. 3) and the occur-
rence of negative differential conductance (NDC) features
when changing from para to meta configuration. As shown in
Fig. 4, the NDC effect occurs due to the formation of a
blocking state at certain values of the bias voltage. The
blocking is clearly visible by monitoring the position-
dependent many-body transition probabilities, which, at
given values of the bias voltage, can exhibit nodes at the
same position as one of the contacts. NDC for benzene junc-
tions has been predicted also in Ref. 11, but in the para
configuration and only in the presence of a dissipative elec-
tromagnetic bath. In our work, NDC occurs despite the ab-
sence of the bath. Both of the effects we predict originate
from bias-dependent interference of orbitally degenerate
states: coherences, neglected in Ref. 11, are essential to cap-
ture interference effects when solving the equations for the
benzene’s occupation probabilities. Interference phenomena
in transport through benzene have been recently discussed
also in Refs. 12 and 13. The parameter regime is, however,
very different, as both discuss the strong tunneling limit,
where Coulomb blockade effects are not relevant.

We start from the total Hamiltonian H=Hy,+ H\,qs+Hr,
where the Hamiltonian for benzene reads

Para configuration Meta configuration ;§
Q
6 5 6 5
Source 1 4 Drain Source 1 4
2 3 3
Gate Gate

FIG. 1. (Color online) The two different setups for the benzene
SET considered in this paper.
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Hpen = 502 dyd,,+ bz (i) o+ dy1 o)

1 1

+U = \ny -z

E("T 2)(”’l 2)
+Vz (i +ny = Dy + g = 1). (1)

Here d, creates an electron of spin o in the p, orbital of
carbon i, i=1,...,6 runs over the six carbon atoms of ben-
zene and n,-g=d3'adia. This Hamiltonian respects the D¢, sym-
metry of benzene and also the particle-hole symmetry. Me-
chanical oscillations at this level are neglected and all the
atoms are considered in their equilibrium position. The pa-
rameters b, U, and V for isolated benzene are given in the
literature'* and are chosen to fit excitation spectra. Even if
the presence of metallic electrodes is expected to cause a
substantial renormalization of U and V, we do not expect the
main results of this work to be affected by this change. The
weak coupling suggests that the symmetry of the molecule
will remain unchanged and with it the structure of the Hamil-
tonian (1). The gate voltage V, is introduced by a renormal-
ized on-site energy {=§,—eV, and we conventionally set
V,=0 at the charge-neutrality point. We represent source and
drain leads as two resevoirs of noninteracting electrons:
Hicads =S ko €= )€ o€ aror Where a=L,R and the chemi-
cal potentials u, of the leads depend on the applied bias

voltage u; g= o= % In the following, we will measure the
energy starting from the equilibrium chemical potential
to=0. The coupling to source and drain leads is described by

HT = tE (d.C‘-YU'CCYkU' + clkddao) ’ (2)

ako

where we define d/ as the creator of the electron in the
benzene carbon atom that is closest to the lead a. In particu-
lar, d',E(rzz dZU,d'SI'U in the para and meta configurations, re-
spectively, while d} :=d|_ in both setups. Due to the weak
coupling to the leads, we can assume that the potential drop
is all concentrated at the lead-molecule interface and is not
affecting the molecule itself. Given the high degeneracy of
the spectrum, the method of choice to treat the dynamics in
the weak coupling is the Liouville equation method already
used, e.g., in Refs. 15 and 16. The starting point is the Liou-
ville equation for the reduced density operator &= "Trieqs{p}
=—+Tread[H, pl}, where p is the density operator.!” Due to
the weak coupling to the leads, we treat the effects of Hy to
the lowest nonvanishing order. The reduced density operator
o is defined on the Fock space of benzene, but coherences
between states with different particle number and different
energy can be neglected, the former because they are decou-
pled from the dynamics of the populations, the latter being
irrelevant due to their fast fluctuation (secular approxima-
tion). As a result, we arrive at a generalized master equation
(GME) where coherences between degenerate states are re-
tained. This approach is robust against the small asymmetries
introduced in the molecule by the coupling to the leads or by
deformation as far as the energy splitting that lifts the orbital
degeneracy is comparable to the thermal energy. In particu-
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lar, the results presented in this paper are robust against the
residual potential drop that even in weak coupling could af-
fect the molecule itself. The GME is conveniently expressed
in terms of the reduced density operator o™f=Py;0Pyg,
where Pygpi=2,,|NE€T{NE{ 7| is the projection operator
on the subspace of N particles and energy E. The sum runs
over the orbital and spin quantum numbers € and 7, respec-
tively. Eventually the GME reads

r

d-NEz — E _a{dm.|:f;(Hben - E) + %_pa(Hben - E)

t _NE
5 d,o
aT

+ dTaT|:f¢_x(E - Hben) - Lpa(E - Hben):|dm-a'NE + HC}
aw

+ > T Pudd f(E-ENd'Fd,,

arE'

+ danz_x(E, - E)O' N+1E,d+a-r},PNE’ (3)

where T, z=2T |1, |*D, z is the bare transfer rates with the
constant densities of states of the leads Dy .

Terms describing sequential tunneling from and
to the lead a are proportional to the Fermi function
o= pg):=f1(x) and f(x)=1—f%(x), respectively. Still in the
sequential tunneling limit, but due to the presence of coher-
ences, also energy nonconserving terms appear in the gener-
alized master equation; they are proportional to the function
pa(x)=—Re¢[%+é%(x—,ua)], where ¢ is the digamma
function.'®!” Finally, we write the GME on the basis of the
energy eigenstates for isolated benzene and find numerically
the stationary solution.

A closer analysis of the master equation allows us also to
define a current operator (one per molecule-lead contact)

0.045
0.04

0.035

v, [ble]

0.03

0.025

dlidVle Tk, T]
o
o
N

0.015

0.01

v, [be]

0.005

v 0
el

FIG. 2. (Color online) Stability diagram for the benzene SET
connected in the para (above) and meta (below) configuration.
White dot-dashed lines highlight the conductance cuts presented in
Fig. 3; the white dashed line shows the region corresponding to the
current trace presented in Fig. 4. The parameters used are U=4|b
V=2.4|b|, T=0.04|b|, and T'=10735|.
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ia = 2 PNE [dm—f;(Hben - E)dTa‘r - dTan;(E - Hben)daT]PNE
NET

(4)

and calculate the stationary current as the average I;
=Tr{oyd;}=—Ig, with oy, the stationary density operator.
In Fig. 2, we present the stability diagram for the benzene
SET contacted in the para (upper panel) and meta position
(lower panel). Bright ground-state transition lines delimit
diamonds of zero differential conductance typical of the
Coulomb blockade regime while a rich pattern of satellite
lines represents the transitions between excited states.
Though several differences can be noticed, most striking are
the suppression of conductance and the appearance of NDC
when passing from para to meta configuration.

A zero bias cut of the stability diagrams as a function of
the gate voltage V, is plotted in Fig. 3. Only transitions be-
tween lowest energy states are relevant for the conductance.
The number of p, electrons on the molecule and the symme-
try of the many-body state corresponding to the conductance
valleys are reported. The conductance in the meta and para
configuration is the same for the N=11<12 and N
=10+ 11 transitions, while it is systematically suppressed in
all other cases. In other terms, transitions between states with
A or B symmetry, which do not have orbital degeneracy, are
invariant under configuration change; transitions that involve
both of the orbitally degenerate E symmetry states are sup-
pressed. Destructive interference between orbitally degener-
ate states explains the systematic conductance suppression.
The eight-particle ground state is antisymmetric!' (with re-
spect to the plane through the contact atoms and perpendicu-
lar to the molecular plane), thus excluded from transport in
the para configuration and replaced by the first excited sym-
metric E,, state. This explains the peculiar position of the
7-8 and 8-9 resonances. By neglecting the energy noncon-

0.05

— para analytic
004k “wew para nUMeric ﬁ 1
M 003 “ |
<
N[_‘ ﬁ ]
() F i |
2 0020 45 ;iﬁﬁ 10 1 9 8 ﬁ 7 i1 6
001l Mg ’@k Aig j K \ b ;i Equ L "
0 : : = T x\ j T T
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FIG. 3. (Color online) Conductance of the benzene SET as a
function of the gate voltage in the para (above) and meta (below)
configurations. In the low conductance valleys, the state of the sys-
tem has a definite number of particles and symmetry as indicated.
Selective conductance suppression when changing from the meta to
the para configuration is observed.
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serving terms in Eq. (3), we derived an analytical formula for
the conductance close to the resonance between N and
N+1 particle states,

Gy n1(AE)
|2 (N.nld, IN + 1,m)}N + 1,m|d}, |N,n)|?
:262 LR nmt
I +Tg > [N.nld N+ 1,m)?
"(AE
ol - f'(AE) 5)

(Sns1 = SWAAE) + Sy |’

where AE=E, y—E, v, +eV, is the energy difference be-
tween the benzene ground states with N and N+1 electrons
diminished by a term linear in the side gate; n and m label
the Sy-fold and Sy, ,-fold degenerate ground states with N
and N+1 particles, respectively. Interference effects are con-
tained in the numerator of the third factor (overlap factor A).
In order to make these more visible, we remind the reader
that d;T:R;dLR(p, where R, is the rotation operator of an
angle ¢ and ¢= for the para while ¢p=27/3 forthe meta
configuration. All eigenstates of Hy., are eigenstates of the
discrete rotation operators with angles multiples of /3 and
the eigenvalues are phase factors. The overlap factor now
reads

A=| D (Nonld, N + 1m)Pei®m |, (6)

nmt

where ¢, encloses the phase factors coming from the rota-
tion of the states |N ,ny and |N +1,m). Interference is possible
only when Sy or Sy,;>>1, that is, in the presence of degen-
erate states. It generates a considerable reduction by passing

0.02

o
2
T

Current [eI']
o
Q

o
=

-0.02

-0.6 -0.4 -0.2 0.4 0.6

0
v, ibolfe]

FIG. 4. (Color online) Upper panel: Current through the ben-
zene SET in the meta configuration calculated at bias and gate
voltage conditions indicated by the dashed line of Fig. 2. A pro-
nounced NDC is visible. Lower panels: Transition probabilities be-
tween the six-particle and each of the two seven-particle ground
states for bias voltage values labeled a—e in the upper panel. The
transitions to a blocking state are visible in the upper (lower) part of
the e (a) panels.
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from the para to the meta configuration, as seen in Fig. 3.

Interference also affects nonlinear transport and produces
in the meta configuration NDC at the border of the six-
particle state diamond (Fig. 2). The upper panel of Fig. 4
shows the current through the benzene SET contacted in the
meta configuration as a function of the bias voltage. The
current is given for parameters corresponding to the white
dashed line of Fig. 2. In this region, only the six- and seven-
particle ground states are populated. The six-particle ground
state is not degenerate. The seven-particle ground state is
fourfold degenerate, although the twofold spin degeneracy is
not important since spin coherences vanish in the stationary
limit and the SZ=% and —% density matrices are equal for
symmetry. At low bias, the six-particle state is mainly occu-
pied. As the bias is raised, transitions 6 <=7 occur and current
flows. Above a certain bias threshold, a blocking state is
populated and the current is reduced. To visualize this, we
introduce the probability (averaged over the z coordinate and
the spin o)

L2

P(x,y; € 7) = lim >, dzl(7g € Ay(Pl6g)* (7)

L—»

2L -L/2

for benzene to make a transition between the state |6g) and
one of the states |7g € 7) by adding or removing an electron in
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position 7 and spin ¢. Each of the lower panels of Fig. 4 is a
surface plot of P(x,y;€7) for the seven-particle basis that
diagonalizes the stationary density matrix at a fixed bias. The
upper plot of the e panel describes the transitions to the
blocking seven-particle state that accepts electrons from the
source lead (close to carbon 1) but cannot release electrons to
the drain (close to carbon 5). The energy nonconserving rates
prevent the complete efficiency of the blocking by ensuring a
slow depopulation of the blocking state. At large negative
bias, the blocking scenario is depicted in panel a. We remark
that only a description that retains coherences between the
degenerate seven-particle ground states correctly captures
NDC at both positive and negative bias.

To summarize, we analyzed the transport characteristics
of a benzene-based SET. The interplay between Coulomb
interaction and orbital symmetry is manifested in a destruc-
tive interference involving orbitally degenerate states, lead-
ing to selective conductance suppression and negative differ-
ential conductance when changing the contacts from para to
meta configuration.

We acknowledge financial support from the DFG within
the research programs SPP 1243 and SFB 689.
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Interference effects on the transport characteristics of a benzene single-electron transistor
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Interference effects strongly affect the transport characteristics of a benzene single-electron transistor, and
for this reason we call it interference single-electron transistor (I-SET). We focus on the effects of degeneracies
between many-body states of the isolated benzene. We show that the particular current blocking and selective
conductance suppression occurring in the benzene I-SET are due to interference effects between the orbitally
degenerate states. Further we study the impact of reduced symmetry due to anchor groups or potential drop
over the molecule. We identify in the quasidegeneracy of the involved molecular states the necessary condition

for the robustness of the results.

DOI: 10.1103/PhysRevB.79.235404

I. INTRODUCTION

Molecular electronics, due to perfect reproducibility and
versatile chemical tailoring of its basic components, repre-
sents one of the most promising answers to the increasing
miniaturization demand of information technology. A crucial
issue in molecular electronics is thus the understanding of
the conduction characteristics through single molecules.!

Single-molecule-transport measurements rely on the fab-
rication of a nanogap between source and drain electrodes
and the formation of a stable molecule-electrode contact. Na-
nogaps are nowadays routinely obtained using different tech-
niques  including  electromigration,>'®  mechanical
break-junction,!'~!* and scanning tunneling microscopy.!3-!7
Also the challenging goal of effectively gating a nanometer-
sized molecule in the presence of macroscopic metallic leads
has been achieved.5!*18

A stable contact between molecule and leads is commonly
realized with the mediation of anchor groups attached to the
molecule during its chemical synthesis. Also direct coupling
of the molecule to the electric leads, though, has been very
recently reported.'3> One of the advantages of the first con-
necting method is some control over the contact configura-
tion of the molecule' and the possibility of designing the
strength of the tunneling coupling by choosing specific an-
chor groups.®!72%21 All previous achievements combined
with the experience accumulated with semiconducting and
carbon-based single-electron transistors (SETs) allowed in
recent years to measure stability diagrams of single-molecule
transistor devices thus realizing molecular spectroscopy via
transport experiments.?!°

Single-molecule transistors display transport properties
which are very different from those of conventional single-
electron transistors. In fact, vibrational or torsional modes’-!?
and intrinsic symmetries of the molecule can hinder or favor
transport through the molecular SET, visible, e.g., in the ab-
sence or presence of specific excitation lines in the stability
diagram or in negative differential conductance features.
Many-body phenomena as, e.g., the Kondo effect, have been
observed as well 231022

Despite the experimental progress, the theoretical under-
standing of the properties of single organic molecules
coupled to electrodes is far from being satisfactory. On one
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hand, numerical approaches to transport based on the com-
bination of Green’s-function methods with tight-binding
model or density functional theory have become standard in
the study of transport at the nanoscale.! These methods are
appropriate to investigate quantum transport through mo-
lecular bridges strongly coupled to leads. In this regime vari-
ous groups have recently discussed the possibility of observ-
ing interference effects,”>2° e.g., in conjugated monocyclic
molecules as benzene or annulene.?>? However, for the de-
scription of transport through a molecule weakly coupled to
leads, other methods are required. In the Coulomb blockade
regime, for example, due to the crucial role played by the
Coulomb interaction in these systems it is common to resort
to a Pauli rate equation®’ or to a generalized master equation
for the reduced density matrix (RDM). For example, in the
work of Hettler et al.,>® an electronic structure calculation
has been performed in order to construct an effective inter-
acting Hamiltonian for the 7 orbitals of benzene, and the I-V
characteristics of the corresponding molecular junction have
been calculated within the rate equation approach.

In the presence of degenerate states, however, coherences
of the density matrix influence the dynamics and a master
equation approach is appropriate.?>3® Such coherences can
give rise to precession effects in spin transport’*3 or cause
interference in a molecular single-electron transistor.3%3337
In the present work we wish to generalize the discussion on
interference phenomena in a benzene interference SET pre-
sented in Ref. 37 to the case in which the perfect degeneracy
is broken due, e.g., to contact effects or to the applied exter-
nal bias. To this extent the master equation used in Ref. 37
will be generalized to treat the case of quasidegenerate states.
Conditions for the persistence of interference phenomena are
identified. We observe that the effects of quasidegenerate
states on transport have been very recently addressed also in
Ref. 38. We treat the transport through the benzene I-SET in
two different setups, the para and the metaconfiguration, de-
pending on the position of the leads with respect to the ben-
zene molecule (see Fig. 1). Similar to Ref. 28, we start from
an interacting Hamiltonian of isolated benzene where only
the localized p, orbitals are considered and the ions are as-
sumed to have the same spatial symmetry as the relevant
electrons. We calculate the 4°=4096 energy eigenstates of
the benzene Hamiltonian numerically.

©2009 The American Physical Society
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PARA configuration

META configuration

FIG. 1. (Color online) Schematic representation of the two dif-
ferent setups for the benzene I-SET considered in this paper. The
molecule, lying on a dielectric substrate, is weakly contacted to
source and drain leads as well as capacitively gated.

Subsequently, with the help of group theory, we classify
the eigenstates according to their different symmetries and
thus give a group-theoretical explanation to the large degen-
eracies occurring between the electronic states. For example,
while the six-particle ground state (A, symmetry) is nonde-
generate, there exist four seven-particle ground states due to
spin and orbital (E,, symmetry) degeneracies. Fingerprints
of these orbital symmetries are clearly visible in the strong
differences in the stability diagrams obtained by coupling the
benzene I-SET to the leads in the meta and paraconfigura-
tion. Striking are the selective reduction conductance and the
appearance of regions of interference-driven current blocking
with associated negative differential conductance (NDC)
when changing from the para to the metaconfiguration.

NDC and current blocking for benzene junctions have
been predicted in Ref. 28 but also in the paraconfiguration
and in the presence of an external electromagnetic field. In
our work NDC occurs despite the absence of an external field
in the unperturbed setup and with no asymmetry in the tun-
neling rates. In fact, NDC and current blocking triggered by
interference take place any time a SET presents an N-particle
nondegenerate state and two degenerate N+ 1-particle states
such that the ratio between the transition amplitudes v;, (i
=1,2, «a=L,R) between those N- and N+ I-particle states
is different for tunneling at the left (L) and at the right (R)
lead,

YL, YR
Y2 YR

(1)

Notice that no asymmetry in the tunneling rates, which are
proportional to |v,,|?, is implied by Eq. (1). This fact ex-
cludes the interpretation of the physics of the interference-
SET in terms of standard NDC with asymmetric couplings.
Due to condition (1) there exist linear combinations of the
degenerate N+ 1-particle states which are coupled to one of
the leads but not to the other. The state that is decoupled
from the right lead represents a blocking state for the current
flowing L — R since electrons can populate this state by tun-
neling from the left lead but cannot tunnel out toward the
right lead. Vice versa the state decoupled from the left lead is
a blocking state for the current R— L. Typically these two
blocking states are not orthogonal and thus cannot form to-
gether a valid basis set. The basis set that diagonalizes the
stationary density matrix (what we call in the manuscript as
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the “physical basis”) contains at large positive biases the L
— R blocking state and is thus different from the physical
basis at large negative biases which necessarily contains the
R— L blocking state. More generally the “physical basis”
depends continuously on the bias. Thus only a treatment that
includes coherences in the density matrix can capture the full
picture at all biases. By neglecting for simplicity the spin
degree of freedom, the seven-particle ground state of ben-
zene is two times degenerate while the six-particle one is
nondegenerate. If we choose for the seven-particle states the
eigenstates of the z projection of the angular momentum we
obtain the relation

N _ VR 4ig )
YL Y2r

where ¢ is the angle between the left and the right leads.
Thus in the metaconfiguration (¢p=27/3) condition (1) is
fulfilled, while in the paraconfiguration (¢=1r) the amplitude
ratios are equal. This condition implies that in the paracon-
figuration one of the seven-particle states is decoupled from
both leads at the same time and can thus (in first approxima-
tion) be excluded from the dynamics. In contrast, in the
metaconfiguration, the linear combination of uniformly dis-
tributed eigenstates of the angular momentum creates states
with a peculiar interference pattern. The position of their
nodes allows to characterize them as different blocking
states.

This paper is outlined as follows: in Sec. II we introduce
the model Hamiltonian of the system and present a density
matrix approach setting up a generalized master equation de-
scribing the electron dynamics. We give the expression for
the current in the fully symmetric setup [the generalized
master equation (GME) and the current formula for the setup
under perturbation are given in Appendix A]. Further we
provide a detailed analysis of the symmetry characteristics of
the molecular eigenstates.

In Sec. III we present numerical and analytical results of
transport calculations for the unperturbed setup. We study the
occurring interference effects and provide an explanation of
the phenomena based on symmetry considerations.

In Sec. IV we present the results for the perturbed setup
including a detailed discussion of the transport in this case.
We identify in the quasidegeneracy of the contributing mo-
lecular states the necessary condition for the robustness of
the interference effects. Conclusions and remarks are pre-
sented in Sec. V.

II. MODEL HAMILTONIAN AND DENSITY MATRIX
APPROACH

A. Model Hamiltonian

For the description of the benzene molecule weakly
coupled to source and drain leads, we adopt the total Hamil-
tonian H=H} +Hyqs+Hr+H, ... The first term is the inter-

ben
acting Hamiltonian for isolated benzene,*4!
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ngn = 502 digdig + b2, (djadma +d}, 1 4dis)
io io
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+VY (nip +n; = Dy + 0 = 1), (3)
i

where dja creates an electron of spin o in the p_ orbital of
carbon i; i=1,...,6 runs over the six carbon atoms of ben-
zene and n,-,,=d§0d,-,,.

Only the p, orbitals (one per carbon atom) are explicitly
taken into account, while the core electrons and the nuclei
are combined into frozen ions, with the same spatial symme-
try as the relevant electrons. They contribute only to the
constant terms of the Hamiltonian and enforce particle-hole
symmetry. Mechanical oscillations are neglected, and all at-
oms are considered at their equilibrium position.

This Hamiltonian for isolated benzene is respecting the
Dy, symmetry of the molecule. Since for every site there are
four different possible configurations (|0),]|7),|1),|T1)), the
Fock space has the dimension 4°=4096, which requires a
numerical treatment. Although the diagonalization of the
Hamiltonian is not a numerical challenge, it turns out to be
of benefit for the physical understanding of the transport pro-
cesses to divide H,, into blocks, according to the number N
of p, electrons (from 0 to 12), the z projection S, of the total
spin, and the orbital symmetries of benzene (see Table I).

The parameters b, U, and V for isolated benzene are given
in the literature*> and are chosen to fit optical excitation
spectra. The presence of metallic electrodes and the dielec-
tric in the molecular I-SET, is expected to cause a substantial
renormalization of U and V.**? Nevertheless, we do not ex-
pect the main results of this work to be affected by this
change. We consider the benzene molecule weakly coupled
to the leads. Thus, to first approximation, we assume the
symmetry of the isolated molecule not to be changed by the
screening. Perturbations due to the lead-molecule contacts
reduce the symmetry in the molecular junction. They are
included in Hy,, [see Eqgs. (24) and (25)] and will be treated
in Sec. IV.

The effect of the gate is included as a renormalization of
the on-site energy é=&)—eV, (V, is the gate voltage), and we
conventionally set V,=0 at the charge neutrality point.
Source and drain leads are two reservoirs of noninteracting
electrons:  Hieaas== ato( €= )€y oCaror  Where  a=L,R
stands for the left or right lead and the chemical potentials
M, of the leads depend on the applied bias voltage u; g

Vi . .
=uo* 5. In the following we will measure the energy start-
ing from the equilibrium chemical potential uy=0. The cou-
pling to source and drain leads is described by the tunneling
Hamiltonian

HT = tE (dzza'caka + CZkadaU) ’ (4)

ako

where we define d as the creator of an electron in the
benzene carbon atom which is closest to the lead «. In par-
ticular dj, ,:=d _,d%,, respectively, in the para and metacon-
figuration, while df(,::dfg in both setups.
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TABLE I. Overview of the six-particle states of benzene, sorted
by S, and symmetry. Orbitals with A- and B-types of symmetry
show no degeneracy, while E-type orbitals are doubly degenerate.

No. of states with a

N No.of T No.of | No. of states certain symmetry

6 6 0 1 1 By,

44,
2 Ay,
2X6 Ey,
4 By,
2 By,
2X6 Eyy

16 Ay,
20 Ay,
2X36 Ey,
22 By,
17 By,
2X39 E,,

4 2 225

38 Ay,
30 Ay,
2X66 En,
38 B,
30 By,
2X66 E,

3 3 400

2 4 225

B. Dynamics of the reduced density matrix

Given the high degeneracy of the spectrum, the method of
choice to treat the dynamics in the weak coupling is the
Liouville equation method already used, e.g., in Refs. 32 and
34. In this section we shortly outline how to derive the equa-
tion of motion for the RDM to lowest nonvanishing order in
the tunneling Hamiltonian. For more details we refer to Refs.
34 and 35.

Starting point is the Liouville equation for the total den-
sity operator of molecule and leads p in the interaction pic-
ture, treating Hyp as a perturbation: z'ﬁi%fl:[HI ,p"(#)]. This
equation integrated over time and iterated to the second order
reads as

pir) =~ é[H'T(t),pl(to)] - #I dt'[Hy(0),[Hy(e"), p'(t)]].

(5)

Since we are only interested in the transport through the
molecule, we treat from now on the time evolution of the
RDM 0=Treq{p"()},** which is formally obtained from Eq.
(5) by tracing out the lead degrees of freedom: &

= Trleads{pl}'
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In order to proceed, we make the following standard ap-
proximations:

(i) the leads are considered as reservoirs of noninteracting
electrons in thermal equilibrium. Hence we can factorize the
density matrix as p'(t) = o(t) pypya=0(t) Preads-

(ii) Since the molecule is weakly coupled to the leads we
treat the effects of Hy to the lowest nonvanishing order.

(iii) Due to the continuous interaction of the system with
the leads and at high enough temperature, it is legitimate to
apply the Markov approximation and obtain an equation for
¢ which is local in time [o(?) instead of o(¢') inside the
integral]. In particular the Markov approximation becomes
exact in the stationary limit (—o0) we will focus on. Since
we are interested in the long-term behavior of the system, we
set to——o in Eq. (5) and finally obtain the GME,

-1 ("
O'(t) = ﬁz j dar’ Trleads{[HIT(t)’[HI[‘(t - t”)’ U(t)pleads]]}-
0

(6)

The reduced density operator o is defined on the Fock space
of benzene, yet we can neglect coherences between states
with different particle number since they are decoupled from
the dynamics of the populations. For simplicity, we continue
here the derivation of the GME only for the symmetric case

r
dNE == E Ta{PNEdaT{ﬂ(ngn - E) -

aT
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with exact orbital degeneracy, i.e., neglecting Hy,, (the per-
turbed case is presented in Appendix A).

(iv) Further we also neglect coherences between states
with different energy (secular approximation). They are irrel-
evant due to their fast fluctuation compared to the dynamics
of the system triggered by the tunneling coupling.

Under these considerations, it is convenient to express the
GME in terms of the reduced density operator o™F
=Pne0Pne, Where Pygi= 2 INECTY(NE( 1 is the projection
operator on the subspace of N particles and energy E. The
sum runs over the orbital and spin quantum numbers € and 7,
respectively. The orbital quantum number € distinguishes be-
tween orbitally degenerate states. The exact meaning of ¢
will be illustrated in the next section. In Appendix A we
derive a GME that retains coherences also between quaside-
generate states. That approach treats with special care the
small asymmetries introduced in the molecule by the cou-
pling to the leads. In fact it interpolates between the degen-
erate case treated here and the fully nondegenerate case in
which the GME reduces to a master equation for populations
only. Equation (6) can be further manipulated by projection
into the subspace of N particle and energy E. Since we as-
sume the density matrix to be factorized and the leads to be
in thermal equilibrium, also the traces over the leads degree
of freedom can be easily performed. Eventually, the GME
for the degenerate case reads as

ipa(ngn - E) :| dZTO—NE
7T

+ PNEdTD(T{f;(E - ngﬂ) - ,:_TPCZ(E - ngn):|dm'o—NE + H'C'}

+ E FaPNE{dZTf—c:(E_ E/)O_N_lEldm’-" daﬂf;(E, - E)O-N+1E/dTaT}PNE7 (7)
atB’
|
d o
o 5 . Q) =Tr{No} = +Iy), ()
where I'y g =7 |r; g|*Dy g are the bare transfer rates with the dt

constant densities of states of the leads Dy g. Terms describ-
ing sequential tunneling from and to the lead « are propor-
tional to the Fermi functions f7(x):=f(x—u,) and f,(x):=1
—fr(x), respectively. Still in the sequential tunneling limit,
but only in the equations for the coherences, one finds also
the energy nonconserving terms, proportional to the function
Po(x)=—Re ¢[%+é‘%(x—,ua)], where ¢ is the digamma func-
tion. Both the Fermi functions and the digamma function
result from the trace over the lead degrees of freedom.3%3444

A closer analysis of the master equation allows also the
formulation of an expression for the current operator. We
start from the definition of the time derivative of the charge
on benzene,

where 0=3,(d! d;,~6) is the operator of the charge on ben-

zene, N is the particle number operator, and /1 g are the cur-
rent operators at the left (right) contact. Conventionally, in
the definition of /| x we assume the current to be positive
when it is increasing the charge on the molecule. Thus, in the
stationary limit, (I +1Ig) is zero. We write this expression in
the basis of the subspaces of N particles and energy E,

(IL+1Ix) = E TT{N'PNEG'PNE} = E Tr{Nd'NE}- 9
NE NE
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Further we insert Eq. (7) in Eq. (9) and take advantage of the
cyclic properties of the trace to find

(I +Ixy= >, X2 NI, Tr{— [f(H,, - E)Yd, o™d,,,

NE ar

+fE—H. )d.o™d ]+ > Puelf(E-E')
E/

xd' N, 4+ f(E - E)dmaN“E’dLT]}.

(10)

Notice that the energy nonconserving contributions drop
from the expression of the current. Still they contribute to the
average current via the density matrix. Since £ and E’ are
dummy variables, we can switch them in the summands con-
taining E’. Applying the relation

> Tr{Pyeg(E")} = Tr{g(Hpe,)}

NE’

where g(E') is a generic function, we substitute E' with Hp,,
in Eq. (10). Further we can conveniently rearrange the sum
over N, arriving at the expression for the current,

(I+I)=2 2T, Tr

NE a7
{d},,0Nd o [~ Nfi(Hyep = E) + (N + 1)f 5 (Hpep —

+ dm.(TNEdZ”[— Nf;(E - ngn) + (N_ l)f;(E ben)]}

(1)

This relation can be further simplified in order to identify the
current operators. The one corresponding to the left contact
is, e.g.,

IL = FLE PNE[dLT L(ngn - E)dlif-’-

NET
LT L(E ngn)dLT]PNE' (12)

With this relation we can calculate the stationary current as
the average (I} )=Tr{ogl}=—(IR), With oy, as the station-
ary density operator. The expression of the current operator
for the perturbed system is given in Appendix A.

C. Symmetry of the benzene eigenstates

In this section, we will review the symmetry characteris-
tics of the eigenstates of the interacting Hamiltonian of ben-
zene, focusing on the symmetry operations o, and C,, which
have a major impact on the electronic transport through the
molecular I-SET. Benzene belongs to the D, point group.
Depending on their behavior under symmetry operations,
one can classify the molecular orbitals by their belonging to
a certain irreducible representation of the point group.

Table I shows an overview of the states of the neutral
molecule (the six-particle states) sorted by S. and symme-
tries. The eigenstates of the interacting benzene molecule
have either A-, B-, or E-type symmetries. While orbitals hav-
ing A or B symmetries can only be spin degenerate, states
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TABLE II. Degeneracy, energy, and symmetry of the ground
states of the isolated benzene molecule for different particle num-
bers. We choose the on-site and intersite Coulomb interactions to be
U=10 eV and V=6 eV, and the hopping to be b=-2.5 eV. No-
tice, however, that screening effects from the leads and the dielec-
tric are expected to renormalize the energy of the benzene many-
body states.

Energy(at £=0) Symmetry behavior

N Degeneracy [eV] Symmetry under o,
0 1 0 Ay sym
1 2 =22 Ay, sym
2 1 —42.25 Ajg sym
3 4 -57.42 Ej, 2 sym, [2 antisym]
4 [3] [-68.87] [As,] [antisym]

2 —-68.37 Ey, 1 sym, [1 antisym]
5 4 -76.675 E, 2 sym, [2 antisym]
6 1 -81.725 Ay, sym
7 4 -76.675 E,, 2 sym, [2 antisym]
8 [3] [-68.87] [As,] [antisym]

2 -68.37 Ey, 1 sym, [1 antisym]
9 4 -57.42 E,, 2 sym, [2 antisym]
10 1 4225 Ay sym
11 2 =22 By, sym
12 1 0 Ajg sym

with an E symmetry show an additional twofold orbital de-
generacy, essential for the explanation of the transport fea-
tures occurring in the metaconfiguration.

Transport at low bias is described in terms of transitions
between ground states with different particle number. Table
IT shows the symmetries of the ground states (and of some
first excited states) of interacting benzene for all possible
particle numbers. Ground-state transitions occur both be-
tween orbitally nondegenerate states (with A and B symme-
tries), as well as between orbitally degenerate and nondegen-
erate states (E- to A-type states).

The interacting benzene Hamiltonian commutes with all
the symmetry operations of the D, point group; thus, it has
a set of common eigenvectors with each operation. The ele-
ment of Dg, of special interest for the paraconfiguration is
a,, 1.e., the reflection about the plane through the contact
atoms and perpendicular to the molecular plane. The molecu-
lar orbitals with A and B symmetries are eigenstates of o,
with eigenvalue of *1; i.e., they are either symmetric or
antisymmetric with respect to the o, operation. The behavior
of the E-type orbitals under o, is basis dependent, yet one
can always choose a basis in which one orbital is symmetric
and the other one antisymmetric.

Let us now consider the generic transition amplitude
(N|d,,JN+1), where d,,, destroys an electron of spin 7 on the
contact atom closest to the « lead. It is useful to rewrite this
amplitude in the form

(N|d,,JN+1)y=(N|olod,,ola N+ 1), (13)

where we have used the property o-io-vz 1. Since in the para-
configuration both contact atoms lie in the mirror plane o, it
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follows that avdaoﬁ:da. If the participating states are both
symmetric or both antisymmetric under o,, Eq. (13) is
trivial. For states with different symmetry it is

(N,sym|d,,|N + 1,antisym) = — (N,sym|d,,,|N + 1,antisym),
(14)

implying that the matrix element vanishes. In other terms,
there is a selection rule that forbids transitions between sym-
metric and antisymmetric states. Further, since the ground
state of the neutral molecule is symmetric, for the transport
calculations in the paraconfiguration we select the effective
Hilbert space containing only states symmetric with respect
to o,. Correspondingly, when referring to the N-particle
ground state we mean the energetically lowest symmetric
state. For example, in the case of four- and eight-particle
states it is the first excited state to be the effective ground
state. In the paraconfiguration also the orbital degeneracy of
the E-type states is effectively cancelled due to the selection
of the symmetric orbital (see Table II).

Small violations of this selection rule, due, e.g., to mo-
lecular vibrations or coupling to an electromagnetic bath,
result in the weak connection of different metastable elec-
tronic subspaces. We suggest this mechanism as a possible
explanation for the switching and hysteretic behavior re-
ported in various molecular junctions. This effect is not ad-
dressed in this work.

For a simpler analysis of the different transport character-
istics it is useful to introduce a unified geometrical descrip-
tion of the two configurations. In both cases, one lead is
rotated by an angle ¢ with respect to the position of the other
lead. Hence we can write the creator of an electron in the
right contact atom d} - in terms of the creation operator of the
left contact atom and the rotation operator,

df,=Ryd R 4. (15)

where R 4 is the rotation operator for the anticlockwise rota-
tion of an angle ¢ around the axis perpendicular to the mo-
lecular plane and piercing the center of the benzene ring; ¢
=qr for the paraconfiguration and ¢=(27/3) for the meta-
configuration.

The energy eigenstates of the interacting Hamiltonian of
benzene can be classified also in terms of their quasiangular
momentum. In particular, the eigenstates of the z projection
of the quasiangular momentum are the ones that diagonalize
all operators R, with angle multiples of /3. The corre-
sponding eigenvalues are phase factors e where A ¢, the
quasiangular momentum of the state, is an integer multiple
of fi. The discrete rotation operator of an angle ¢=m (C,
symmetry operation) is the one relevant for the paraconfigu-
ration. All orbitals are eigenstates of the C, rotation with the
eigenvalue of *1.

The relevant rotation operator for the metaconfiguration
corresponds to an angle ¢=27/3 (C3 symmetry operation).
Orbitals with an A or B symmetry are eigenstates of this
operator with the eigenvalue of +1 (angular momentum ¢
=0 or £=3). Hence we can already predict that there will be
no difference based on rotational symmetry between the
paraconfiguration and the metaconfiguration for transitions
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FIG. 2. (Color online) Stability diagram for the benzene I-SET
contacted in the para (above) and metaconfiguration (below). Dot-
dashed lines highlight the conductance cuts presented in Fig. 3, the
dashed lines mark the regions corresponding to the current traces
presented in Figs. 4 and 6, and the dotted line is the region corre-
sponding to the current trace presented in Fig. 5. The parameters
used are U=4|b|, V=2.4|b|, kgT=0.04|b|, Al =Al'g=1073].

between states involving A- and B-type symmetries. Orbitals
with E symmetry however behave quite differently under the
C; operation. They are the pairs of states of angular mo-
menta = =1 or {=*2. The diagonal form of the rotation
operator on the twofold degenerate subspace of E symmetry

reads as
e—i\€\2frr/3 0
C3 = 0 ei\€|2ﬂn'/3 : (16)

For the twofold orbitally degenerate seven-particle ground
states |€|=2. This analysis in terms of the quasiangular mo-
mentum makes the calculation of the fundamental interfer-
ence condition [Eq. (2)] given in Sec. I easier. In fact the
following relation holds between the transition amplitudes of
the six- and seven-particle ground states:

YR = <7g€T|dlI{T|6g> = <7g€T|R(Iﬁd]‘_,TR¢|6g> = e_i€¢7€L’
(17)
and Eq. (2) follows directly.

III. TRANSPORT CALCULATIONS:
FULLY SYMMETRIC SETUP

With the knowledge of the eigenstates and eigenvalues of
the Hamiltonian for the isolated molecule, we implement Eq.
(7) and look for a stationary solution. The symmetries of the
eigenstates are reflected in the transition amplitudes con-
tained in the GME. We find numerically its stationary solu-
tion and calculate the current and the differential conduc-
tance of the device. In Fig. 2 we present the stability diagram
for the benzene I-SET contacted in the paraconfiguration
(upper panel) and metaconfiguration (lower panel). Bright
ground-state transition lines delimit diamonds of zero differ-
ential conductance typical for the Coulomb blockade regime,
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while a rich pattern of satellite lines represents the transitions
between excited states. Though several differences can be
noticed, most striking are the suppression of the linear con-
ductance, the appearance of negative differential conduc-
tance (NDC), and the strong suppression of the current at the
right (left) border of the seven- (five-) particle diamond when
passing from the para to the metaconfiguration. All these
features are different manifestations of the interference be-
tween orbitally degenerate states and ultimately reveal the
specific symmetry of benzene.

A. Linear conductance

We study the linear transport regime both numerically and
analytically. For the analytical calculation of the conductance
we consider the low-temperature limit where only ground
states with N and N+1 particles have considerable occupa-
tion probabilities, with N fixed by the gate voltage. Therefore
only transitions between these states are relevant and we can
treat just the terms of Eq. (7) with N and N+1 particles and
the ground-state energies E,y and E, ., respectively. A
closer look at Eq. (7) reveals that the spin coherences are
decoupled from the other elements of the density matrix.
Thus we can set them to zero, and write Eq. (7) in a block
diagonal form on the basis of the ground states of N and N
+1 particles. Additionally, since the total Hamiltonian H is
symmetric in spin, the blocks of the GME with the same
particle but different spin quantum number 7 must be iden-
tical. Finally, since around the resonance the only populated
states are the N- and N+ 1-particle states, the conservation of
probability implies that

1= o+ 2 o (18)

where 0'}1\1;1 is the population of the N-particle ground state
and n contains the orbital and spin quantum numbers. With
all these observations we can reduce Eq. (7) to a much
smaller set of coupled differential equations, which can be
treated analytically. The stationary solution of this set of
equations can be derived more easily by neglecting the en-
ergy nonconserving terms in Eq. (7). These are contained in
the elements of the GME describing the dynamics of the
coherences between orbitally degenerate states. With this
simplification we derive an analytical formula for the con-
ductance close to the resonance between N- and
N+ 1-particle states as the first order coefficient of the Taylor
series of the current in the bias,

I\ I
Gnn+i(AE) = 232ﬁAN,N+1

B SxSneif' (AE)
(Sne1 = SNOFAE) + Sy |

(19)

where AE=E, N—E, N, +eV, is the energy difference be-
tween the benzene ground states with N and N+1 electrons
diminished by a term linear in the gate voltage. Interference
effects are contained in the overlap factor Ay N1,
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FIG. 3. (Color online) Conductance of the benzene I-SET as a
function of the gate voltage. Clearly visible are the peaks corre-
sponding to the transitions between ground states with N and N
+1 particles. In the low conductance valleys the state of the system
has a definite number of particles and symmetry as indicated in the
upper panel for the para; in the lower for the metaconfiguration.
Selective conductance suppression when changing from the meta to
the paraconfiguration is observed.

AN+ Lm)N + 1,m|d}, [Ny |

> (N,n

nmt

AN,N+1 =
SxSnat 2 [N nld g N + 1,m)|?

nmaTt

where n and m label the Sy-fold and Sy,,-fold degenerate
ground states with N and N+1 particles, respectively. In or-
der to make the interference effects more visible we remind
that dIZT:R;dETRd,, with ¢=m for the paraconfiguration
while ¢=2/3 for the metaconfiguration. Due to the behav-
ior of all eigenstates of Hy,, under discrete rotation operators
with angles multiples of 7/3, we can rewrite the overlap
factor as

du N+ 1m)Pem|

> [(N.n

nmTt

SxSn:12 2 [(N,n

nmTt

(20)

AN,N 1= s
" AN+ 1,m)

where ¢, encloses the phase factors coming from the rota-
tion of the states |[N,n) and [N+1,m).

The energy nonconserving terms neglected in Eq. (19)
influence only the dynamics of the coherences between or-
bitally degenerate states. Thus, Eq. (19) provides an exact
description of transport for the paraconfiguration, where or-
bital degeneracy is cancelled. Even if Eq. (19) captures the
essential mechanism responsible for the conductance sup-
pression, we have derived an exact analytical formula also
for the metaconfiguration, and we present it in Appendix B.

In Fig. 3 we present an overview of the results of both the
para and the metaconfiguration. A direct comparison of the
conductance (including energy nonconserving terms) in the
two configurations is displayed in the upper panel. The lower
panel illustrates the effect of the energy nonconserving terms
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on the conductance in the metaconfiguration. The number of
p, electrons on the molecule and the symmetry of the lowest
energy states corresponding to the conductance valleys are
reported. The symmetries displayed in the upper panel be-
long to the (effective) ground states in the paraconfiguration;
the corresponding symmetries for the metaconfiguration are
shown in the lower panel.

Figure 3 shows that the results for the para and the meta-
configuration coincide for the 10«11 and 11+ 12 transi-
tions. The ground states with N=10, 11,12 particles have A-
or B-type symmetries. They are therefore orbitally nonde-
generate, no interference can occur, and thus the transitions
are invariant under configuration change. For every other
transition we see a noticeable difference between the results
of the two configurations (Fig. 3). In all these transitions one
of the participating states is orbitally degenerate. First we
notice that the linear conductance peaks for the 7+ 8 and
8«9 transitions in the paraconfiguration are shifted with
respect to the corresponding peaks in the metaconfiguration.
The selection of an effective symmetric Hilbert space asso-
ciated to the paraconfiguration reduces the total degeneracy
by canceling the orbital degeneracy. In addition, the ground-
state energy of the four- and eight-particle states is different
in the two configurations since in the paraconfiguration the
effective ground state is in reality the first excited state. The
degeneracies Sy, Sy, of the participating states as well as
the ground-state energy are both entering the degeneracy
term of Eq. (19),

4
Ao ['(AE) , (1)
(Sne1 = SNf(AE) + Sy
and determine the shift of the conductance peaks.

Yet, the most striking effect regarding transitions with or-
bitally degenerate states participating is the systematic sup-
pression of the linear conductance when changing from the
para to the metaconfiguration. The suppression is appreciable
despite the conductance enhancement due to the energy non-
conserving terms (see Fig. 3, lower panel). Thus, we will for
simplicity discard them in the following discussion.

The conductance is determined by the combination of two
effects: the reduction to the symmetric Hilbert space in the
paraconfiguration and the interference effects between de-
generate orbitals in the metaconfiguration. The reduction to
the symmetric Hilbert space implies also a lower number of
conducting channels (see Table III). One would expect a sup-
pression of transport in the paraconfiguration. The actual op-
posite behavior is partially explained by A, (see Table III)
which is higher in the paraconfiguration.

The second effect determining transport is the interference
between the E-type states, which is accounted for in the
overlap factor A. The overlap factor is basis independent;
thus, we can write the transition probabilities for the 6«7
transition as [(64|d; ,|7,£7)[*=C, where 7 and € are the spin
and the quasiangular momentum quantum number, respec-
tively. The transition probabilities have the same value since
all four seven-particle states are in this basis equivalent (see
Appendix C). Under the C, rotation the symmetric seven-
particle ground state does not acquire any phase factor. Un-
der the Cj5 rotation, however, the two orbitally degenerate
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TABLE III. Number of channels participating to transport, over-
lap factor, and resonance value of the degeneracy term in the para
and the metaconfiguration for the 6+ 7 transition peak. It is C
=[(6,/dy,/7,£7)|*, where 7 and € are the spin and the quasiangular
momentum quantum numbers, respectively. The values of A, are
given for kgT=0.04|b|.

Degeneracy term

No. of channels  Overlap factor Aax

SNSN+1 A [1/kgT]
PARA 2 C 0,17
META 4 e 0,11

states acquire different phase factors, namely, ™ and

e~™m3_respectively. Thus the overlap factors A for the 6«7
transition are

1
- 2_
Ay =7 gl4CP=C.

1 A A 1
Ameta= T 8C|2Ce+l477/3 + 2Ce—l4’77/3|2 — gc
The linear conductance is determined by the product among
the number of conducting channels, the overlap factor, and
the degeneracy term. Yet, it is the destructive interference
between degenerate E-type orbitals, accounted for in the
overlap factor A, that gives the major contribution to the
strong suppression of the conductance in the metaconfigura-
tion.

B. NDC and current blocking

Interference effects between orbitally degenerate states
are also affecting nonlinear transport, producing in the meta-
configuration current blocking and thus NDC at the border of
the six-particle state diamond (Fig. 2). The upper panel of
Fig. 4 shows the current through the benzene I-SET con-
tacted in the metaconfiguration as a function of the bias volt-
age. The current is given for parameters corresponding to the
white dashed line of Fig. 2. In this region only the six- and
seven-particle ground states are populated.

At low bias the six-particle state is mainly occupied. As
the bias is raised, transitions 6+« 7 occur and current flows.
Above a certain bias threshold a blocking state is populated
and the current drops. For the understanding of this nonlinear
current characteristics, we have to take into account energy
conservation, the Pauli exclusion principle, and the interfer-
ence between participating states. For the visualization of the
interference effects, we introduce the transition probability
(averaged over the z coordinate and the spin o),

L2
dz|(7n ()] 64)
/2

2
[l

1
P(x,y;n,7) = lim —
( y T) L—o % 2L L

(22)

for the physical seven-particle basis, i.e., the seven-particle
basis that diagonalizes the stationary density matrix at a fixed
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FIG. 4. (Color online) Upper panel—current through the ben-
zene I-SET in the metaconfiguration calculated at bias and gate
voltage conditions indicated by the dashed line of Fig. 2. A pro-
nounced NDC with current blocking is visible. Middle panels—
transition probabilities between the six-particle and each of the two
seven-particle ground states for bias voltage values labeled a-c in
the upper panel. The transition to a blocking state is visible in the
upper (lower) part of the ¢ (a) panels. Lower panels—sketch of the
energetics for the 6 —7 transition in the metaconfiguration at bias
voltages corresponding to the resonance current peak and current
blocking as indicated in the upper panel of this figure.

bias. Here 7 is the spin quantum number; n=1,2 labels the
two states of the physical basis which are linear combina-
tions of the orbitally degenerate states |7g€ 7y and can be
interpreted as conduction channels. Each of the central pan-
els of Fig. 4 are surface plots of Eq. (22) at the different bias
voltages a-c. The seven-particle ground states can interfere
and thus generate nodes in the transition probability at the
contact atom close to one or the other lead but, in the meta-
configuration, never at both contact atoms at the same time.
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Energetic considerations are illustrated in the lower panels
of Fig. 4 for two key points of the current curve at positive
biases. The left panel corresponds to the resonance peak of
the current. Due to energy conservation, electrons can enter
the molecule only from the left lead. On the contrary the exit
is allowed at both leads. The current is suppressed when
transitions occur to a state which cannot be depopulated (a
blocking state). Since, energetically, transmissions to the six-
particle state are allowed at both leads, each seven-particle
state can always be depopulated and no blocking occurs.

The current blocking scenario is depicted in the lower
right panel of Fig. 4. For large positive bias the transition
from a seven-particle ground state to the six-particle ground
state is energetically forbidden at the left lead. Thus, for
example, the ¢ panel in Fig. 4 visualizes the current blocking
situation yielding NDC: while for both channels there is a
nonvanishing transition probability from the source lead to
the molecule, for the upper channel a node prevents an elec-
tron from exiting to the drain lead. In the long time limit the
blocking state gets fully populated while the nonblocking
state is empty. At large negative bias the blocking scenario is
depicted in panel a that shows the left-right symmetry ob-
tained by a reflection through a plane perpendicular to the
molecule and passing through the carbon atoms 6 and 3.

The temperature sets the scale of the large bias condition,
and, correspondingly, the width of the current peak presented
in Fig. 4 grows with it. The peak is not symmetric though. Its
shape depends also on the energy renormalization introduced
by the coupling to the leads* [principal part contribution in
the GME Eq. (7)]. The result is a nonlinear dependence of
the peak width with the temperature. We remark that only a
description that retains coherences between the degenerate
seven-particle ground states correctly captures NDC at both
positive and negative biases.

In contrast to the 6 — 7 transition, one does not observe
NDC at the border of the seven-particle Coulomb diamond
but rather a strong suppression of the current. The upper
panel of Fig. 5 shows the current through the benzene I-SET
contacted in the metaconfiguration as a function of the bias
voltage corresponding to the white dotted line of Fig. 2. The
middle panels show the transition probabilities between each
of the seven-particle and the six-particle ground states.

The lower panel of Fig. 5 shows a sketch of the energetics
at positive bias corresponding to the “expected” resonance
peak. Here electrons can enter the molecular dot at both
leads, while the exit is energetically forbidden at the left
lead. Thus, if the system is in the seven-particle state which
is blocking the right lead, this state cannot be depopulated,
becoming the blocking state.

On the other hand, transitions from the six-particle ground
state to both seven-particle ground states are equally prob-
able. Thus the blocking state will surely be populated at
some time. The upper plot of the b panel in Fig. 5 shows the
transition probability to the blocking state that accepts elec-
trons from the source lead but cannot release electrons to the
drain.

We just proved that in this case the current blocking situ-
ation occurs already at the resonance bias voltage. For a
higher positive bias, the transition probability from the
blocking state at the drain lead increases and current can

235404-9



DARAU et al.

0.04 T

0.02

Current [eI]

Resonance

Resonance

FIG. 5. (Color online) Upper panel—current through the ben-
zene [-SET in the metaconfiguration calculated at bias and gate
voltage conditions indicated by the dotted line of Fig. 2. No NDC is
visible. Middle panels—transition probabilities between each of the
seven-particle and the six-particle ground state for bias voltage val-
ues labeled as a-c in the upper panel. Lower panel—sketch of the
energetics for the 7— 6 transition in the metaconfiguration at bias
voltage corresponding to the expected resonance peak. (compare to
Fig. 4).

flow. This effect, though, can be captured only by taking into
account also the energy nonconserving terms in Eq. (7).

In the paraconfiguration, the current as a function of the
bias voltage is shown in Fig. 6. The current is given for
parameters corresponding to the white dashed line of Fig. 2.
In this case, no interference effects are visible. We see in-
stead the typical steplike behavior of the current in the Cou-
lomb blockade regime.

The panels on the right are the surface plots of
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FIG. 6. (Color online) Left panel—current through the benzene
I-SET in the paraconfiguration calculated at bias and gate voltage
conditions indicated by the dashed line of Fig. 2. No interference
effects are visible. Right panels—transition probabilities between
the six-particle and the symmetric and antisymmetric seven-particle
ground states.

' 1 (L2 )
P(x,y;7) = lim >, — dz[(7,7;(a)sym| ) (r)[6,)*.
L=y 2L) g

(23)

The upper plot shows the transition probability to the sym-
metric seven-particle state and the lower to the antisymmet-
ric. Remember that in the paraconfiguration only the sym-
metric states contribute to transport. Evidently the symmetric
state is in the paraconfiguration nonblocking. Additionally,
since the coherences between orbitally degenerate states and
therefore the energy nonconserving terms do not play any
role in the transport, the physical basis states are not bias
dependent. Thus in the paraconfiguration there are always
nonblocking states populated and no NDC can occur.

IV. REDUCED SYMMETRY

In this section we study the effect of reduced symmetry
on the results presented previously. We generalize the model
Hamiltonian by taking into account the perturbations on the
molecule due to the contacts and the bias voltage. The con-
tact between molecule and leads is provided by different an-
chor groups. These linkers are coupled to the contact carbon
atoms over a o bond thus replacing the corresponding ben-
zene hydrogen atoms. Due to the orthogonality of 7 and o
orbitals, the anchor groups affect in first approximation only
the o orbitals of benzene. In particular the different electron
affinities of the atoms in the linkers imply a redistribution of
the density of o electrons. Assuming that transport is carried
by 7 electrons only, we model the effect of this redistribution
as a change in the on-site energy for the p, orbitals of the
contact carbon atoms,

Hl;en = HCumuct = g(,z dln-daa'» a= L»Ra (24)
ao

where R=4,5, respectively, in the para and metaconfigura-
tion and L=1 in both setups.
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TABLE IV. Point groups to which the molecule belongs under
the influence of the contacts and the external bias potential.

PARA META
Contact perturb. D, Cy,
Bias perturb. Cy, Cy,

We also study the effect of an external bias on the ben-
zene I-SET. In particular we release the strict condition of
potential drop all concentrated at the lead-molecule interface.
Nevertheless, due to the weak coupling of the molecule to
the leads, we assume that only a fraction of the bias potential
drops across the molecule, similar to Hettler et al.*® For this
residual potential we take the linear approximation V,(r)=

—%(r-fsd/ao), where we choose the center of the molecule
as the origin and F4 is the unity vector directed along the
source to drain direction. ay=1.43 A is the bond length be-
tween two carbon atoms in benzene; a is the coefficient de-
termining the intensity of the potential drop over the mol-
ecule. Since the p, orbitals are strongly localized, we can
assume that this potential will not affect the intersite hopping
but only the on-site term of the Hamiltonian,

Hl’)en = Hyjgs = ez éb[djadia (25)

with &, =[drp (r-R)Vy(r)p(r-R,).

Under the influence of the contacts or the bias potential,
the symmetry of the molecule changes. Table IV shows the
point groups to which the molecule belongs in the perturbed
setup. This point groups have only A- and B-type irreducible
representations. Thus the corresponding molecular orbitals
do not exhibit orbital degeneracy.

No interference effects influence the transport in the para-
configuration. Thus we do not expect its transport character-
istics to be qualitatively modified by the new setup with the
corresponding loss of degeneracies.

In the metaconfiguration, on the other hand, interferences
between orbitally degenerate states play a crucial role in the
explanation of the occurring transport features. Naively one
would therefore expect that neither conductance suppression
nor NDC and current blocking occur in a benzene I-SET
with reduced symmetry. Yet we find that, under certain con-
ditions, the mentioned transport features are robust under the
lowered symmetry.

The perturbations due to the contacts and the bias lead to
an expected level splitting of the former orbitally degenerate
states. Very different current-voltage characteristics are ob-
tained depending on the relation between the energy splitting
OF and other two important energy scales of the system: the
tunneling rate I' and the temperature 7. In particular, when
OE<I'<<T, interference phenomena persist. In contrast,
when I' < E<T, interference phenomena disappear despite
the fact that, due to temperature broadening, the two states
still cannot be resolved. In this regime, due to the asymmetry
in the tunneling rates introduced by the perturbation, stan-
dard NDC phenomena (see Fig. 8) occur.
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FIG. 7. (Color online) Close-up views of the stability diagram
around the 6+ 7 resonance for the system under contact perturba-
tion. The perturbation strength grows from left to right The param-
eter that describes the contact effect assumes the values &.
=0.151",2I", 15T from left to right, respectively, and T=10I".

In the absence of perfect degeneracy, we abandon the
strict secular approximation scheme that would discard the
coherences in the density matrix between states with differ-
ent energies. We adopt instead a softer approximation by
retaining also coherences between quasidegenerate states.
Since they have Bohr frequencies comparable to the tunnel-
ing rate, they influence the stationary density matrix. Formu-
las for the GME and the current taking into account these
coherence terms are presented in Appendix A.

Figure 7 shows from left to right close-up views of the
stability diagram for the setup under the influence of increas-
ing contact perturbation around the 6«7 resonance. The
orbital degeneracy of the seven-particle states is lifted, and
the transport behavior for the 6 < 7 transition depends on the
energy difference between the formerly degenerate seven-
particle ground states. In panel a the energy difference is so
small that the states are quasidegenerate: 6F <hl' <kgT. As
expected, we recover NDC at the border of the six-particle
diamond and current suppression at the border of the seven-
particle diamond, such as in the unperturbed setup.

Higher on-site energy shifts correspond to a larger level
spacing. Panel b displays the situation in which the latter is
of the order of the level broadening but still smaller than the
thermal energy (SE=AI"<kgT): no interference causing
NDC and current blocking can occur. Yet, due to thermal
broadening, we cannot resolve the two seven-particle states.

Eventually, panel ¢ presents the stability diagram for the
case OE>kgT>HhI": the level spacing between the seven-
particle ground and first excited state is now bigger than the
thermal energy; thus, the two transition lines corresponding
to these states are clearly visible at the border of the six-
particle stability diamond.

Figure 8 shows close-up views of the stability diagram for
the setup under the influence of the bias perturbation at the
border of the six- and seven-particle diamonds. The same
region is plotted for different strengths of the external poten-
tial over the molecule. In contrast to the contact perturbation,
the amount of level splitting of the former degenerate states
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FIG. 8. (Color online) Close-up views of the stability diagram
around the 6«7 resonance for the system under the effect of the
bias potential, displayed for different strengths of the electrostatic
potential drop over the molecule. The parameter that describe the
strength of the electrostatic drop over the molecule assumes the
values a=25,12,0.6 from left to right, respectively.

is here bias dependent. This fact imposes a bias window of
interference visibility. The bias must be small enough for the
seven-particle states to be quasidegenerate and at the same
time bigger than the thermal energy so that the occurring
NDC is not obscured by the thermally broadened conduc-
tance peak. A strong electrostatic potential perturbation
closes the bias window and no interference effect can be
detected.

Panel a of Fig. 8 represents the weak perturbation regime
with no qualitative differences with the unperturbed case.
The typical fingerprints of interference (NDC at the border of
the six-particle diamond and current blocking for the 7—6
transition) are still visible for intermediate perturbation
strength (panel b) but this time only in a limited bias win-
dow. Due to the perturbation strength, at some point in the
bias, the level splitting is so big that the quasidegeneracy is
lifted and the interference effects are destroyed. In panel ¢
the quasidegeneracy is lifted in the entire bias range. There is
NDC at the border of the six-particle diamond, but it is not
accompanied by current blocking as proven by the excitation
line at the border of the seven-particle diamond (see arrow):
no interference occurs. The NDC is here associated to the
sudden opening of a slow current channel, the one involving
the six-particle ground state and the seven-particle (nonde-
generate) excited state (standard NDC).

Figure 9 refers to the setup under both the bias and con-
tact perturbations. The left panel shows the energy of the
lowest seven-particle states as a function of the bias. In the
right panel we present the stability diagram around the 6 <7
resonance. NDC and current blocking are clearly visible only
in the bias region where, due to the combination of bias and
contact perturbation, the quasidegeneracy of the two seven-
particle states is reestablished. Also the fine structure in the
NDC region is understandable in terms of interference if in
the condition of quasidegeneracy we take into account the
renormalization of the level splitting due to the energy non-
conserving terms.
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FIG. 9. (Color online) Combination of the bias and contact per-
turbations. Left panel—energy levels of the seven-particle ground
and first excited state as functions of the bias voltage. Right panel—
stability diagram around the 6« 7 resonance. The perturbation pa-
rameters are in this case £=21" and a=12.

Interference effects predicted for the unperturbed benzene
I-SET are robust against various sources of symmetry break-
ing. Quasidegeneracy, OE <hI'<<kpT, is the necessary con-
dition required for the detection of the interference in the
stability diagram of the benzene I-SET.

V. CONCLUSIONS

In this paper we analyze the transport characteristics of a
benzene I-SET. Two different setups are considered, the para
and the metaconfiguration, depending on the position of the
leads with respect to the molecule.

Within an effective p, orbital model, we diagonalize ex-
actly the Hamiltonian for the molecule. We further apply a
group-theoretical method to classify the many-body molecu-
lar eigenstates according to their symmetry and quasiangular
momentum. With the help of this knowledge we detect the
orbital degeneracy and, in the paraconfiguration, we select
the states relevant for transport.

We introduce a generic interference condition [Eq. (1)] for
I-SETs in terms of the tunneling transitions amplitudes of
degenerate states with respect to the source and drain leads.
By applying it to the benzene I-SET we predict the existence
of interference effects in the metaconfiguration In order to
study the dynamics of the molecular I-SET, we use a density
matrix approach which starts from the Liouville equation for
the total density operator and which enables the treatment of
quasidegenerate states.

The stability diagrams for the two configurations show
striking differences. In the linear regime a selective conduc-
tance suppression is visible when changing from the para to
the metaconfiguration. Only transitions between ground
states with well-defined particle number are affected by the
change in the lead configuration. With the help of the group-
theoretical classification of the states we recognize in this
effect a fingerprint of the destructive interference between
orbitally degenerate states. We derive an analytical formula
for the conductance that reproduces exactly the numerical
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result and supports their interpretation in terms of interfer-
ence. Other interference effects are also visible in the non-
linear regime where they give rise to NDC and current block-
ing at the border of the six-particle Coulomb diamond as
well as to current suppression for transitions between seven-
and six-particle states.

We provide a detailed discussion of the impact of the
reduced symmetry due to linking groups between the mol-
ecule and the leads or to an electrostatic potential drop over
the molecule. We classify different transport regimes and set
up the limits within which the discussed transport features
are robust against perturbations. We identify in the quaside-
generacy of the molecular states the necessary condition for
interference effects.
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APPENDIX A: GME AND CURRENT IN THE
NONSECULAR APPROXIMATION

The bias and the contact perturbations in our model for a
benzene I-SET lower the symmetry of the active part of the
junction and consequently lift the degeneracy that appeared
so crucial for the interference effects. The robustness of the
latter relies on the fact that the necessary condition is rather
quasidegeneracy, expressed by the relation 6E <Al

Nevertheless, if the perfect degeneracy is violated, the
secular approximation applied to obtain Eq. (7) does not cap-
ture this softer condition. We report here the general expres-
sion for the generalized master equation and the associated
current operator in the Born-Markov approximation and un-
der the only further condition (exact in absence of supercon-
ductors) that coherences between states with different par-
ticle number are decoupled from the populations and vanish
exactly in the stationary limit,

+ da"r|:_ i_pa(ngn - F) +f(;(ng ):|dT }UFE’

atF

- 2 2a UI]::IF{ |:+ pa(F ngn) +f;(F - ngn) :| dar

+ dar|:+ Lq;_pa(ngn - F) +f(:(ngn F):| af} PNE’

+ 2 TPNE{ O'prld

atFF’

+ doropy d, [ —pa(F’ —E')+f(F' —E') - L%pa(F—E) +f(F-E)

where O'EE, is, different from Eq. (7), in the Schrodinger
picture. Equation (7) represents a special case of Eq. (Al) in
which all energy spacings between states with the same par-
ticle number are either zero or much larger than the level
broadening AI'. The problem of a master equation in the
presence of quasidegenerate states in order to study transport
through molecules has been recently addressed in the work
of Schultz and von Oppen.*® The authors claimed in their
work that the singular coupling limit should be used in order
to derive an equation for the density matrix in the presence
of quasidegenerate states. Equation (Al) is derived in the
weak coupling limit and bridges all the regimes as illustrated
by Figs. 7-9.

The current operators associated to the master equation
just presented read as:

1pa(E’ —F)+fi(E'-F')- ipa(E—F) +f;(E—F)]
ar T

(A1)

}PNE’?

L,
I,===2

a 2 PNE{ dchw|: + é_pa(E - ngn) + f;(E - ngn) :| daT

l—|
=1|~

ben) + f_(F ngn) :| daf

|—|
=1I~

ben E) +f+(ngn - E):|

ben F)+f+(ngn_F):| aT}PNF’

(A2)

i
a'r 4
77'

where a=L,R indicates the left or right contact. Neverthe-
less, within the limits of derivation of the master equation,
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this formula can be simplified. Actually, if E—- F<#I, then F
can be safely substituted with E in the argument of the prin-
cipal values and of the Fermi functions, with an error of
order iB;;<kf;—FT which is negligible (the generalized master
equation that we are considering is valid for A" <kgT). The
approximation E~ F breaks down only if E—F~kpT, but
this implies that E— F>AI" which is the regime of validity of
the secular approximation. Consequently, in this regime,
terms with £# F do not contribute to the average current
because they vanish in the stationary density matrix. Ulti-
mately we can thus reduce the current operators to the sim-
pler form,

]a = FaE PNE{+ dlm(E - ngn)]dm"

NE7

- dar[fZ(ngn - E)]djir’

which is almost equal to the current operator corresponding
to the secular approximation. The only difference is here the

(A3)

GN,N+1(AE) = eerN,NH -

SxSne1f' (AE)

PHYSICAL REVIEW B 79, 235404 (2009)

absence of the second projector operator that allows contri-
butions to the current coming from coherences between dif-
ferent energy eigenstates.

APPENDIX B: ANALYTICAL FORMULA FOR THE
LINEAR CONDUCTANCE INCLUDING THE ENERGY
NONCONSERVING TERMS

In the derivation of the conductance formula (20) we ne-
glected the energy nonconserving terms in Eq. (7). Since in
the GME they appear only in the dynamics of the coherences
between orbitally degenerate states, Eq. (20) is exact for the
paraconfiguration, where the orbital degeneracy is cancelled.
This is not the case in the metaconfiguration where the or-
bital (quasi-)degeneracy is essential for the description of
interference. Thus we derived a generic analytical formula
for the conductance, taking into account the energy noncon-
serving terms. It reads as

Here, it is '=I' =I'g. Ay x4 is the overlap factor introduced
in Sec. Il A, Eq. (21). The auxiliary function aux(Sy,Sn+1)
in the correction term is zero if there are no orbitally degen-
erate ground states involved in the transition. If one of the
participating  states is orbitally degenerate it is
aux(Sy,Sns+1)=1. The sign in f*(AE) is defined as follows:
S(AE) has to be used if the N-particle ground state is orbit-

l
o

] ElllX(SN,SN+1)3P2
+ T .
(Sne1 = SW(AE) + Sy 16A§,N+1(SNSN+1)2U7(AE)]2 +P*

(B1)

ally degenerate. If instead the N+ 1-particle ground state ex-
hibits orbital degeneracy, f~(AE) has to be inserted. The en-
ergy nonconserving terms are included in the factor P
=PL|Vbias=0=PR|Vbiag=0' It is defined only if a degenerate state
is participating trarisport. In case that, e.g., the N-particle
ground state is orbitally degenerate, P, with «=L,R read as

P,=> > [ PalEgn — E’)}(N— LE'l|d o Ngn)(Ny,m|d, \N - 1,E'])

E',l nm

22 hpaw' - Eg,N)}<N+ LE'|dg Ny m}(Ngmld N + 1,E"D),

’
E ,l nm

where p,(x)=—Re w[%+é%(x— “o)] and ¢ is the digamma
function, as defined in Sec. II B.

APPENDIX C: TRANSITION PROBABILITIES FOR THE
67 TRANSITION

In the calculation of the overlap factor A in Sec. Il A we
used the relation

(B2)

[(6gldL| 7 € = 2)7 = [(64ldy |74, € == 2)? (C1)
for the transition probabilities between the six-particle
ground state and the seven-particle ground states |7g,€ )
where € is the eigenvalue of the quasiangular momentum.
This relation is now to be proven.

Again, we take advantage of the symmetry properties of
the molecular states with respect to the o, operation and to
the rotation operator R, for rotations about a discrete angle

¢="7, as introduced in Sec. Il C. The starting point is the

235404-14
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generic relation between these two operators,
R¢(TV = O'VR_¢. (CZ)

We can now apply both sides of this relation to the seven-
particle ground states |7,,€=*2),

R¢UV|7g,€ = *2)= UVR_¢|7g,€ = *+2). (C3)
The seven-particle ground states |7g,€ = *2) are eigenstates
of each R, and the corresponding eigenvalues are phase
factors,

RylTpt= £2)=e"27,, 0= +2). (C4)

Thus, Eq. (C3) becomes

PHYSICAL REVIEW B 79, 235404 (2009)

Ry(o|Tgl= £2))=e" 2o |7, €= £2)). (C5)
Yet, according to Eq. (C4), this equation can only be valid if
o Tl = £2)=\T, €= F2) (Co)

and, since 0'2V=1, \ can only be a phase factor. For the cal-
culation of the transition probabilities we use further the
property (rju'vz 1. Since the left contact atom (atom 1) lies in
the reflection plane o, it is o,dy o) =d; . Also, since the sym-
metry of the six-particle ground state is Ay, it is o-v|6g>
=|6g>. Under these considerations, we can write for the tran-
sition probability to the state |7,,£=2)

[(6g]dy |74, € =2)" = |<6g|0':f,(rvdL0'j,0'v|7g,€ =2)
= |<6g|dL0-v|7g’€ = 2>|2
= [(6,]dy |74 € == 2)*. (C7)
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ABSTRACT

Single particle interference lies at the heart of quantum mechanics. The archetypal double-slit experiment' has been repeated with electrons
in vacuum?® up to the more massive Cg molecules.* Mesoscopic rings threaded by a magnetic flux provide the solid-state analogues.>®
Intramolecular interference has been recently discussed in molecular junctions.””"" Here we propose to exploit interference to achieve all-
electrical control of a single electron spin in quantum dots, a highly desirable property for spintronics'>~'* and spin—qubit applications.”®~"
The device consists of an interference single electron transistor,'®'" where destructive interference between orbitally degenerate electronic
states produces current blocking at specific bias voltages. We show that in the presence of parallel polarized ferromagnetic leads the interplay
between interference and the exchange interaction on the system generates an effective energy renormalization yielding different blocking
biases for majority and minority spins. Hence, by tuning the bias voltage full control over the spin of the trapped electron is achieved.

The all-electrical solutions to the challenge of single spin
control that have been proposed®'® and realized'®?° are
based either on spin—orbit coupling'>~!* or on tunneling-
induced spin splitting in the Kondo regime.?’ Our proposal
relies on the current blocking occurring in an interference
single electron transistor (ISET) due to interference between
degenerate states. The conditions for interference blocking
are very generic!! and admit several different realizations.
We consider here for clarity a benzene and a triple-dot ISET,
Figure 1. Both are described by the Hamiltonian

H= Hsys + Hleads + HT (1)

where H,y represents the central system and also contains
the energy shift operated by a capacitively coupled gate
electrode at the potential V,. The Hamiltonian Hy is in both
cases invariant with respect to a discrete set of rotations
around the vertical axis passing through the center of the
system. This fact allows a classification of its eigenstates in
terms of the z component of the angular momentum / and
also ensures the existence of degenerate states with different
[. Then, a generic eigenstate is represented by the ket INIOE)
where N is the number of electrons on the system, o is the
spin, and E the energy of the state. When degenerate states
participate to transport, they interfere since, like the two paths
of the double-slit experiment, they are occupied simulta-
neously by the traveling electron, but in different superposi-
tions under diverse transport conditions. Hy,q describes the
ferromagnetic leads with equal (for simplicity) parallel
polarization P and with a difference eV} between their
electrochemical potentials. Finally, Hr accounts for the weak
tunneling coupling between the system and the leads,

10.1021/n1901199p CCC: $40.75
Published on Web 07/28/2009
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Figure 1. Two examples of interference single electron transistors
(ISETs): a benzene molecular junction contacted in the meta
configuration (a) and a triple quantum dot artificial molecule (b).
The source and drain are parallel polarized ferromagnetic leads.

characteristic of SETs, and we consider the tunneling events
restricted to the atoms or to the dots closest to the corre-
sponding lead (Figure 1). We explicitly consider the Coulomb
interaction only in the central part of the device (see the
Supporting Information) due to the strong confinement
experienced there by the electrons while, apart from the
polarization assumption, we assume a noninteracting ap-
proximation for the leads. In the weak coupling regime the
current through the ISET essentially consists of sequential
tunneling events at the source and drain lead that increase
or decrease by 1 the number of electrons on the system. The
different panels of Figure 2 and Figure 3 show the current
through the benzene and triple dot ISET, respectively, as a
function of bias and gate voltage. As in all SETs at low bias,
so-called Coulomb diamonds, where transport is energetically
forbidden, occur. Within the diamonds the particle number
is fixed as indicated in the figures. The only exceptions are
the charge degenerate points where two diamonds meet. Here
the energy difference of two ground states with consecutive
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Figure 2. Benzene ISET: polarized vs unpolarized configuration. Panel a. Current vs bias and gate voltage for unpolarized leads. Panel d.
Current vs bias and gate voltage for polarized leads (polarization P = 0.85). Panels b and c. Blow up of the 6 — 7 particle transition for
both configurations. The unpolarized case shows a single current blocking line and the trapped electron has either up or down polarization.
The polarized case shows two current blocking lines, corresponding to the different spin of the trapped electron. The current is given in
units of el” where I' is the bare average rate (Supporting Information), and the temperature kg7 = 0.015 where b is the hopping parameter

(Supporting Information).

particle numbers is equal to the equilibrium chemical
potential of the leads. At finite bias the incoming electrons
have enough energy to overcome the level spacing and the
Coulomb repulsion and the current flows. As a signature of
the new states that enter the bias window, by increase of the
voltage the current typically increases steplike.

In ISETs an exception to this picture is represented by
the interference blockade where the current decreases for
increasing bias generating negative differential conduc-
tance (NDC) and eventually vanishes (see green lines in
the panels b and c of Figure 2 and Figure 3). Panels b in
the same figures indicate moreover that, for a given gate
voltage and in absence of polarization in the leads, the current
is blocked only at one specific bias voltage. For parallel
polarized leads, however, at a given gate voltage, the current
is blocked at rwo specific bias voltages, one for each spin
configuration (panels c). As demonstrated below, the block-
ing of the minority electrons occurs for the smaller bias
voltages. As such full control of the spin configuration in
the ISET can be electrically achieved. The interference
blockade and its spin selectivity are also demonstrated in

2898

panels a and b of Figure 4. Along the dotted (dashed) line a
majority (minority) spin electron is trapped into the molecule.
The molecular spin state can thus be manipulated simply by
adjusting the bias across the ISET. In the following we
discuss the physics of the spin-selective interference blocking
and present the necessary ingredients for its occurrence.

This novel blocking is explained by the presence of an
N-particle nondegenerate state and two degenerate N + 1
particle states that simultaneously contribute to transport. It
also requires that the ratio between the transition amplitudes
vui (i = 1, 2, & = L,R) between those N and N + 1 particle
states is different for tunneling at the left (L) and at the right
(R) lead!!

i TR @)
Y2 Vre

This condition is fulfilled in both cases presented in Figure 1

due to the geometrical configuration of the left and right lead.

Due to condition (2), the degenerate states interfere among

Nano Lett.,, Vol. 9, No. 8, 2009



Downloaded by UNIV OF REGENSBURG on August 13, 2009
Published on July 28, 2009 on http://pubs.acs.org | doi: 10.1021/n1901199p

Polarization =0

Vb [Ibl/e]

Polarization =0
3 3

° T -

v, [Ibl/e]

Polarization = 0.7

v, [lolre]

-8 -6

i;‘ b/
5 [ore]

=
2,
Polarization = 0.7
0.12
0.1
0.08
=
0.06 o,
0.04
0.02
0
78 76 -7.4
V_[ble]
g
0.5
0.4
0.3 E

0.2

0.1

Figure 3. Triple dot ISET: polarized vs unpolarized configuration. Panel a. Current vs bias and gate voltage for unpolarized leads. Panel
d. Current vs bias and gate voltage for polarized leads (polarization P = 0.7). Panels b and c. Blow up of the 6 — 5 particle transition for
both configurations. The selective spin blocking is analogous to the one of the benzene ISET (Figure 2).

themselves such to form pairs of blocking and nonblocking
states. The blocking state is only coupled to the source lead
(panels c and d of Figure 4) while the nonblocking one to
both source and drain. An electron that populates the
blocking state can neither leave toward the drain nor, at high
enough bias, return to the source since all energetically
available states are there filled. The nonblocking state is thus
excluded from the dynamics and the current vanishes.

As such we would conclude that the interference
blocking is a threshold effect and the current remains
blocked until a new excited state participates to the
transport. However, as shown in Figure 2 and Figure 3,
the current is blocked only at specific values of the bias
voltage. The explanation of this phenomenon relies on two
observations: (i) The blocking state (Figure 4) must be
antisymmetric with respect to the plane perpendicular to the
system and passing through its center and the atom (quantum
dot) closest to the drain; this state is thus also an eigenstate
of the projection of the angular momentum in the direction
of the drain lead.?! At positive (negative) bias voltages we
call this state the R(L)-antisymmetric state |{gq) ). (ii) The

Nano Lett,, Vol. 9, No. 8, 2009

coupling between the system and the leads not only generates
the tunneling dynamics described so far but also contributes
to an internal dynamics of the system that leaves unchanged
its particle number. In fact the equation of motion for the
reduced density matrix p of the system can be cast, to lowest
nonvanishing order in the coupling to the leads, in the form

p = —glHyupl = +{He p) + Lo 3)

The commutator with Hy, in eq 3 represents the coherent
evolution of the system in absence of the leads. The operator
/un describes instead the sequential tunneling processes and
is defined in terms of the transition amplitudes y,; between
the N and N + 1 particle states like the ones introduced in
eq 2. Finally Hgs renormalizes the coherent dynamics
associated to the system Hamiltonian. It reads

Heff = 2 Wy Lu (4)
oo

2899
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where L, is the projection of the angular momentum in the
direction of the lead a and, for paramagnetic systems, it does
not depend on the spin degree of freedom o. Moreover, @y
is the frequency renormalization given to the states of spin
o by their coupling to the o lead. Similar effective dynamics
has been mapped into the precession of a pseudospin around
a pseudoexchange field.?>** In our case the presence of
parallel polarized leads mixes the orbital and the spin degrees
of freedom. Nevertheless, for what concerns the spin, Heg is
diagonal and thus spin accumulation due to precession’ of
the spin degree of freedom is excluded. Yet, in the presence
of polarized leads, the spin up and the spin down undergo
different effective dynamics. Equation 3 is an example of
Bloch—Redfield equation describing the dynamics of a
system coupled to thermal baths. A more detailed version
of (3) is presented in the Supporting Information.

For sake of simplicity we give in the following the explicit
form of the transition amplitudes y;, of the operator L, and
of the associated frequency wq, only for the benzene ISET
and for the ground state transition 6, — 7, that is character-
ized by interference blocking. The argumentation is never-
theless very general and can be repeated for all the systems
exhibiting rotational symmetry. The transition amplitudes
read

Yoo = (6,001d),17 loYe " 5)
where |7,/0) are the orbitally degenerate 7 particle ground

Current Minority blocking

Polarization
Coulomb blockade

Polarization

Interference H
blockade H 0.2

9]
i<}
&
I}
O
el
Eel
£
2
S
3
o

0 04 08 12 16
Vo [[bl/e]

Figure 4. Spin control. Panel a. Current (in units of el’) through
the benzene ISET vs bias and polarization at the 6 — 7 electron
transition. Panel b. Population of the majority spin 7 particle state.
The two zero current lines at high bias correspond to the maximum
or minimum population of the 7 particle majority spin state and
thus identify the spin state of the trapped electron on the molecule.
Panels ¢ and d. Schematic representation of the spin selective
blocking corresponding to the dashed (c) and dotted (d) lines of
panels a and b.
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states, [ = %2 the z projection of the angular momentum in
units of A, and dy, destroys an electron of spin ¢ in a
reference carbon atom M placed in the middle between the
two contact atoms. Moreover, ¢, is the angle of which we
have to rotate the molecule to bring the reference atom M
into the position of the contact atom o. The present choice
of the reference atom implies that ¢, = —¢gr = 7/3. In the
Hilbert space generated by the 2-fold orbitally degenerate
|7,l0) the operator L, reads

5 1 it
L, = 5 o 2da | (6)

For a derivation of (6) see Supporting Information. The
frequency wy, is defined in terms of transition amplitudes
to all the states of neighbor particle numbers

w(XO' =
1 0 i _ _
p 2 I“m,[(7gla|dMU,I8{E})(S{E}IdMU,I7g loyp(E E;,)
o’{E}

+ (7,001d}, \6{ EYX6{ EYldyo T, —l0Ypo(Eqy — E)] - (7T)

where the compact notation IN{E}) indicates all possible
states with particle number N and energy E, py(x) =
—Rey[(1/2) + (if27)(x — uy)] where f = 1/kgT, T is the
temperature and v is the digamma function. Moreover 'y,
= (2nt/h)It’Dy, is the bare tunneling rate to the lead o of an
electron of spin ¢’, where ¢ is the tunneling amplitude and
Dy is density of states for electrons of spin ¢’ in the lead
o at the corresponding chemical potential u,. Due to the
particular choice of the arbitrary phase of the 7 particle
ground states, @y, is real and does not depend on the orbital
quantum number /. It depends instead on the bias and gate
voltage through the energy of the 6,7-ground and 8 particle
states. In Figure 5 the black curve depicts w,, as a function
of the bias in absence of polarization: the frequencies
corresponding to the two spin species coincide and thus
vanish at the same bias. The condition

w, =0 )

o

determines the bias at which the current is completely blocked.
In fact, at that bias the effective Hamiltonian contains only the
projection of the angular momentum in the direction of the right
lead (the drain) and the density matrix corresponding to the
full occupation of the 7 particle R-antisymmetric state
(p = WraXWr4l) is the stationary solution of eq 3. As we leave
the blocking bias the effective Hamiltonian contains also the
projection of the angular momentum in the direction of the
left lead and the R-antisymmetric state is no longer an
eigenstate of H.g. The corresponding density matrix is not a
stationary solution of (3) and current flows through the
system. The L <= R symmetry of the system implies, for
negative biases, the blocking condition wg, = 0.
All-electric-spin control is achieved, in an ISET, only
in the presence of ferromagnetic leads (or more generally
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Figure 5. Blocking condition. Renormalization frequencies @, of
a benzene ISET as function of the bias and for different lead
polarizations. The current blocking condition w;, = 0 is fulfilled
at different biases for the different spin states. uy = ENg — En- -

a spin injection source) and with exchange interaction on
the system, i.e., an interaction which yields a singlet—triplet
splitting on the isolated system. By manipulating (7) it is
possible to show that the frequency splitting wyt — wgy 18
proportional to the polarization in the a lead but vanishes
in the absence of exchange interaction on the system capable
to lift the singlet—triplet degeneracy of the 6 and 8 particle
states (see the Supporting Information). In Figure 5 we show
the frequencies w;, = 0 vs bias voltage also for finite values
of the polarization P calculated for the benzene ISET, where
exchange splitting is ensured by the Coulomb interaction on
the system. The interference blocking conditions w;, = 0
for the L — R current are satisfied at different biases for the
different spin species. The dotted and dashed lines in Figure
4 are the representation of the relations w; = 0, = 0 as
a function of the bias and polarization, respectively.

The distance between the two blocking biases is of the
same energy scale of the addition energy AE = ug — us,
as can be seen in Figure 5. In fact, even if the splitting in
the renormalization frequencies is of order I';, the distance
between the two points in which the up and the down
renormalization frequencies vanish depends on the particular
dependence of those frequencies on bias. Their dependence
is roughly linear in the interesting region (Figure 5) and with
a slope given approximately by I';/AE. The bias splitting
corresponding to a frequency splitting of order I'; is thus in
the same energy scale of the addition energy.

The realization of a triple dot ISET with injection of spin-
polarized carriers is feasible even if experimentally demanding.
We suggest graphene for the realization of the triple-dot system
due to the possibility of easily evaporating ferromagnetic leads
and to the intrinsically low spin—orbit coupling. Graphene has
been already successfully contacted with ferromagnetic leads,?
while the possibility of defining mesoscopic structures in
graphene sheets electrostatically® or by etching?’ has also
already been demonstrated. For these reasons we think that the
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realization of the proposed all-electrical spin control in ISETSs
in graphene devices is perhaps the most promising even if still
experimentally challenging. Spin injection in semiconductor
heterostructures is at least as challenging, and the relevance of
intrinsic spin—orbit effect also represents a drawback. On the
other hand the high control reached in heterostructure fabrication
should not be forgotten, such that also semiconducting triple
dots are possible candidates for ISETs.

In previous studies'' we have shown that the interference
current blocking does not depend on the perfect symmetry of
the system but rather relies on the existence of quasi-degenerate
states in which the energy splitting is smaller than the tunneling
coupling to the source and drain leads. In the proposed structures
the degeneracy is associated with the rotational symmetry and
it has the advantage of a simple geometrical realization of the
interference conditions (2). Nevertheless the effect is more
general and any other structure exhibiting orbital degeneracy
is a good candidate for an ISET.
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The system Hamiltonian

The Hamiltonian that describes both systems represented in Fig. 1 reads

Hsys = 50 Zdjgdio + bZ (diTGdiJrlG + d;:rlodio)
ic ic
+U Y (mir = 3) (i) = 5) (1)
l

VY (mig +miy = 1) (nigrp + i — 1),
i

where dfa creates an electron of spin o in the p, orbital of carbon i or in the ground state of
the quantum dot i and i = 1,..., 6(3) runs over the six carbon atoms (three quantum dots) of the
system. Moreover njc = dfcdm. The effect of the gate is included as a renormalization of the

on-site energy & = &y — eV, (V; is the gate voltage) and we conventionally set V, = 0 at the charge

neutrality point. The parameters that we have used are b = —2.5¢V, U = 10eV, V = 6eV.

The generalized master equation

We describe the dynamics of the system with a generalized master equation (GME) for the reduced
density matrix p. This equation is obtained from the Liouville equation for the full density matrix
as a perturbation to the lowest non vanishing order in the coupling to the leads by tracing out the
leads degrees of freedom. A generic formulation of the GME for a SET in presence of degeneracies
or quasi-degeneracies can be found elsewhere e.g.! We concentrate here on the range of gate and
bias voltages at which the dynamics is restricted to transitions involving the |6,00) and |7,¢c)
many particle states of the benzene ISET.

The seven particle states are spin and orbital degenerate. The general theory of the GME would
require a priori to keep a full 4x4 density matrix describing the 7 particle subspace. In presence
of parallel polarized leads, though, the coherences between different spin degrees of freedom can
be neglected since spin is always conserved by the electrons while travelling through the device.

The GME can thus be written in terms of the nine variables collected in the 1x1 matrix p® and
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the two 2x2 matrices p’¢® with ¢ =7, |. Due to the rotational symmetry of the system it is more
convenient to refer to another set of variables, namely to describe the dynamics in terms of the
occupation probabilities Wg, W75 and the expectation values of the different projections of the

angular momentum for the system. The new set of variables is:

We = p6g7
W7C7 = Tr{p7g6}7
(2)
Lo = Tr{LocP7gG}a

Lo = Tr{sz7gG}~

The operator L, is the generator of the set of discrete rotations around the axis perpendicular to the
plane of the benzene molecule that bring the molecule into itself and can be written within the 7
particle Hilbert space spanned by the vectors |7,¢0c) as L, = —h|{|o;, where oy, is the third Pauli
matrix. The operator Ly generates, in the same space, the discrete rotations around the axis in the
molecular plane and passing through the center and the atom closest to the contact ¢. Finally, the

dynamics for the variables introduced in Eq. (2) is given by the equations:

W =2) Tuo [—fa (AE)Ws + fo (AE)Lgs]
W76 =2) Tao [fo (AE)Ws — fo (AE)Lgs ]

Lo = —2Tacfy (AE)Lag +2{Tac fo (AE) + Lo f5 (AE) cos?[|¢](¢a — ¢a)] } We
sin2|£|(¢o — 0a)]

+Taofy (AE) sin?[|€](9a — Pa)| W7o — Lacfy (AE)(Lao +Lao) + 4 Waolzo,
Lzo =—- Zracrfo? (AE)LzG - 2tan[|£| (¢L - (DR)] (ch - a)Ro)(W7o —Lis— LRO‘)
—2cot[|¢| (¢ — 9r)] (®Ls + ®rs ) (Lrs — Lio),
(3)

where go = I'95](6,00|das|7,¢0)|? is the tunnelling rate at the lead o involving the ground

states with 6 and 7 particles. Terms describing sequential tunnelling from and to the lead o are
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proportional to the Fermi functions f; (x) := f(x — g) and fg (x) := 1 — f (x), respectively,
and AE = Eg¢, — E7, + €V, where Eg, and E7, are the energies of the 6 and 7 particle ground
states. Finally with & we mean the lead opposite to the lead . By using the expression |/
(to be substituted with 2 for the 6 — 7 particle transition) we maintained the generality of the
equations. The replacement |¢| =2 — 1 and the appropriate redefinition of AE is enough to treat
the 6 — 5 transition. Another important generalization concerns the position of the leads. The para
(¢ — ¢ = m) and ortho (¢, — ¢gr = 7/3) configuration are also treated within the same equations.
In particular one can see that all the terms containing the renormalization frequencies drop from
the equations in the para configuration and that the equations for the ortho and meta configuration

coincide.

Matrix form of the operator L,

The explicit form of Ly is given in Eq. (6). We give here its derivation. It is convenient, for this
purpose, to choose the arbitrary phases of the states |7,£0) in such a way that the rotation of 7
around the axis passing through a reference atom M and the center of the molecule transforms

|7,00) into —|7, — £o). In other terms
exp(iﬂLTM) = —0y, 4)

where 0Oy is the first Pauli matrix. The relation is in fact an equation for Lys and the solution reads:

al 1 1
Lu=73 4)
11
Eventually we obtain Ly by rotation of Ly, in the molecular plane, namely:
i i h 1 ei2|z|¢'a
Lo = e 1%l yenfals — = (6)

2| 2l ’
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where @, is the angle of which we have to rotate the molecule to bring the reference atom M into

the position of the contact atom «.

The spin splitting of the renormalization frequencies

The spin splitting of the renormalization frequencies is obtained from Eq. (7). By introducing the

0
I, +T

0
average bare rate I' = —— 2. for simplicity equal in both leads, and using the fact that benzene

is paramagnetic we get:

1
{E}

(Tol 1 |dyyy IB{E})BL{E}d}y |75 — € 1) pa(E — En,)
(Tl 1 |djy [6{EYN6{E}dyyy |7 — € 1) pa(E7,~ E)
—(7L 1 |dyy |I8{E})S{E}d}y |7 — £ 1) pa(E — E7,)

—(ToL 1 |djy |6{E}}6{E}|dyy | Tg — € ) pa(Er,— E) |,

(7

where one appreciates the linear dependence of the spin splitting on the lead polarization P,. The
first and the third term of the sum would cancel each other if the energy of the singlet and triplet
8 particle states would coincide. An analogous condition, but this time on the 6 particle states,
concerns the second and the fourth terms. For this reason the exchange interaction on the system
is a necessary condition to obtain spin splitting of the renormalization frequencies and thus the full

all-electric spin control.
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