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Kurzfassung

In der vorliegenden Arbeit wird das Wechselspiel von kohérenten Elektronen und kollek-
tiven Freiheitsgraden, wie z.B. Vibrationsmoden oder lokalen Spins, untersucht. Diese
Kopplung definiert nanoelektromechanische Systeme (NEMS) oder beeinflusst Trans-
portmessungen durch einzelne Molekiile. Dies ist sowohl fiir die Grundlagenforschung
als auch fiir Anwendungen in der Miniaturisierung elektronischer Bauelemente von
Bedeutung.

Die wichtige Annahme dieser theoretischen Arbeit ist, dass sich die kollektiven Frei-
heitsgrade auf den typischen elektronischen Zeitskalen nur langsam verdndern, so dass sich
die Leitungselektronen in einer ndherungsweise statischen Konfiguration bewegen. Dies
ermoglicht die Beschreibung im Rahmen einer Nichtgleichgewichts-Born-Oppenheimer-
[engl.: non-equilbrium Born-Oppenheimer (NEBO)] Néherung. Dadurch kénnen sowohl
die vom Strom auf die kollektiven Freiheitsgrade ausgetibten Kréfte als auch vice versa
die Auswirkungen dieser Krafte auf den Strom beschrieben werden. Hierbei wird der
Landauer-Buttiker Formalismus, in dem kohérenter Transport als ein Streuproblem
aufgefasst wird, auf die Theorie strominduzierter Kréfte erweitert, so dass diese Krafte
in allgemeinen Nichtgleichgewichtssituationen durch die Streumatrix des Systems aus-
gedriickt werden koénnen.

Die in dieser Arbeit hergeleiteten strominduzierten Krifte beinhalten eine mdéglicherweise
nichtkonservative mittlere Kraft, eine geschwindigkeitsabhéngige Reibungskraft, eine
Pseudo-Lorentz- sowie eine fluktuierende Langevin-Kraft. Die gewéhlte NEBO-N&herung
erlaubt es Nichtlinearitaten in der Kopplung und die Abhéngigkeit von Bias- und Gate-
Spannung zu beriicksichtigen. Mit diesem Ansatz werden einige fiir NEMS exemplarische
Modell-Systeme untersucht. Die dargelegte Theorie wird auf die Wechselwirkung zwischen
Elektronen und einem anisotropen magnetischen Molekiil erweitert und es wird die Schalt-
dynamik der Spinorientierung beschrieben.

Die Kopplung zwischen kohéarenten Elektronen und kollektiven Freiheitsgraden bietet
faszinierende Moglichkeiten fir Anwendungen auf nanoskopischen Grofienskalen. Als
ein Beispiel fiir diese Art der Anwendung wird betrachtet, dass den kollektiven Frei-
heitsgraden durch die Wechselwirkung mit koharenten Elektronen Energie kontrolliert
entzogen wird. Es wird diskutiert wie ein Oszillator bis auf den quantenmechanischen
Grundzustand herunter gekiihlt werden kann. Als weiteres Beispiel wird mit moleku-
laren Schaltern funktionalisiertes Graphen untersucht. Wie sich dessen elektronische
Transporteigenschaften, insbesondere der Leitwert, in Abhéngigkeit des Schaltzustandes
verandern wird diskutiert wobei gezeigt wird, dass im Bereich koharenten Transports
Interferenzeffekte die Empfindlichkeit erhéhen. Weitere mogliche Anwendungen der
hier dargelegten Betrachtung beinhalten z.B. den Einsatz von NEMS als Schalter und
Sensoren fiir Ladung oder Masse, als auch den Betrieb molekularer Motoren.
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Abstract

In this thesis we investigate the interplay between quantum transport of coherent electrons
and collective modes. We consider both vibrational modes in nanoelectromechanical
systems and localized spin degrees of freedom in single-molecule junctions. This field has
attracted considerable interest for reasons of basic research and for possible applications
in nanoelectronics.

This thesis focuses on the regime in which the collective modes are slowly varying on
the typical time scale of the electrons. While the latter observe a quasistatic configuration,
justifying the use of a non-equilibrium Born-Oppenheimer approximation (NEBO), they
can affect the collective modes significantly through current induced forces. Within this
approach we study these forces and the associated backaction on the current. Most
prominently, we generalize the Landauer-Biittiker approach, in which coherent electronic
transport is treated as a scattering problem, to the study of current-induced forces
expressing the latter in terms of the scattering matrix of the phase coherent conductor.

These current-induced forces include a, possibly non-conservative, mean force, a
velocity-dependent frictional force, and a Lorentz-like force, as well as a fluctuating
Langevin force. Starting from a microscopic description we derive these forces in terms of
the scattering matrix in general out-of-equilibrium situations. The NEBO approximation
allows us to include non-linearities of the coupling between collective modes and electrons
and to study the dependence of the forces on bias and gate voltages. We apply our
approach to a number of illustrative models of nanoelectromechanical systems, focusing on
generic situations and interesting dynamical behavior, such as limit-cycles. We generalize
our approach to a localized magnetic moment coupled to a coherent conductor and study
how its spin orientation can be switched electronically.

Coupling coherent electrons and collective degrees of freedom opens new roads towards
fascinating functional devices. We explore this possibility in two projects. First, we
consider graphene decorated with photochromic molecular switches. Due to this function-
alization the switching state affects the conductance of graphene which can be used for
the electronic read-out, being particularly sensitive in the presence of interference effects.
Second, we study how the possibility of exchanging energy between vibrational modes and
electrons can be utilized for the design of a refrigerator on the nanoscale. We investigate
how one can cool an oscillator by these means to the quantum mechanical ground state.
Furthermore, our general theory can be useful for the understanding and optimization of
sensors of charge or mass, molecular switches operated in an all-electronical fashion, and
machines, such as molecular motors, at the nanoscale.
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1. Introduction

The ongoing miniaturization of electronic devices, which can be operated at low tem-
peratures, allows for the study of coherent electronic transport through nanostructures.
Quantum mechanical interference effects manifest themselves in a number of transport
phenomena which are accessible by today’s experimental techniques.

The quantization of conductance in a quantum point contact, or measurements of the
magnetoresistance, which probe the Aharonov-Bohm effect are hallmarks of coherent
transport. Similarly, an increased resistivity due to partial interference of scattered
electron waves, known as weak localization, or universal and reproducible variations of
the conductance as a function of external parameters, such as the chemical potential or
an applied magnetic field, show the influence of coherence on transport properties. In
the presence of interactions additional phenomena such as the Coulomb blockade or the
Kondo effect have to be considered. For the theoretical description of coherent transport
the approach by Landauer and Biittiker has been particularly fruitful, which describes
electronic transport through nanostructures as a scattering problem.

In recent years the interplay between coher-

ent electrons and collective degrees of freedom
has attracted considerable interest. Systems
under study include nanoelectromechanical sys-
tems (NEMS), or molecular junctions in which
electrons can couple to vibrational modes or
to localized spin degrees of freedom, as in m
single-molecule magnets. Fabrication of these _ | I
nanoscale devices proceeds, for instance, by
etching down larger structures, or by produc-
ing hybrid structures, or by confining regions Figure 1.1. Illustration of a typical setup
by electrostatic means. In contrast to these under study. A suspended NEMS can be
top-down approaches, single molecules have controlled by means of applied voltages.
been incorporated into transport junctions, cp.
Fig. 1.2, and have been extensively studied. In typical setups, the system (a molecule, a
quantum dot, or a nanomechanical resonator) is attached to electrodes and heat baths
which set the temperature of the environment. The chemical potentials of the leads can
be controlled by an applied bias voltage, while gate voltages are conventionally used
in order to control the energy levels of the system, turning the device into a transistor.
Measuring the current through such a device can then be viewed as a spectroscopic study
of the microscopic properties of the system.

The coupling between coherent electrons and collective degrees of freedom in these
systems is conceptually interesting. It gives rise to qualitatively new dynamics and
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Figure 1.2. Illustration of the breakjunction as considered in the work by Smit et al.
[2002]. A Pt-wire is bent until it breaks so that surrounding Hs molecules can enter
the gap. Transport measurements can reveal that indeed a single molecule has been
adsorbed.

mechanisms of exchanging energy between electrons and collective modes, directly affects
the current through the device, and may add new functionalities to devices, with potential
applications. Transferring energy from the electronic to the collective degrees of freedom,
enables one to maintain stable mechanical motion by compensating for dissipation
mechanisms. This is the foundation for the fabrication of nanoscale machines, such
as nano-cars and molecular motors. The reduced size and high sensitivity of NEMS,
accompanied with strong non-linear behavior, make them also attractive for the usage as
very accurate sensors of displacement, force, mass, and charge. While heat production can
even destroy the device, the opposite process of this energy transfer between electronic
and collective degrees of freedom, namely the possibility of energy-harvesting, might also
be utilized for cooling the system via backaction. This might allow one to study quantum
phenomena at the mesoscopic level, maybe even allowing one to cool a mechanical
oscillator to the quantum ground state. For possible applications it is also important to
control electronically transitions between distinct configurations of the system and to
read out these states through the current, constituting the operation of switches at the
nanoscale.

In this thesis we focus on the interplay between coherent electrons and the collective
modes. We provide a general theoretical description of the action of the current on the
collective modes and the backaction on the current, and we illustrate these concepts
within a number of model systems.

1.1. Electronic transport and collective degrees of freedom

There has been much recent research interest in the effects of vibrations in molecules
and NEMS, and local magnetic moments (molecular spintronics). In order to cope with
the plethora of phenomena in the context of current-induced forces, it is instructive to
treat the relevant limits individually. Independent of the coupling strength between
electrons and the collective modes, two well defined limits can be identified, for which
electronic and vibrational or precessional time scales decouple and which give rise to
different experimental phenomena.



1.1. Electronic transport and collective degrees of freedom

1.1.1. Slow electrons

The limit of slow electronic time scales and weak coupling to the leads is often realized
in molecular junctions which are the building blocks of molecular electronics. When the
electrons reside on the mesoscopic system for times large compared to typical vibrational
or precessional periods, the system can be described in the exact eigenstate basis of
the collective degrees of freedom. For instance the Fock states of the vibrational modes
provide an appropriate basis, which is altered by the presence of electrons depending on
the coupling strength between electrons and phonons.

Due to this interaction, the electronic transport is accompanied by the emission and
absorption of phonons affecting the transport properties. For instance, when the electron-
phonon coupling is weak, vibrational side bands due to phonon assisted tunneling can be
observed in the current-voltage characteristics [Park et al., 2000; Yu et al., 2004]. When
electron-phonon coupling is strong, the current can be strongly suppressed by means
of the Frank-Condon blockade. Leturcq et al. [2009] have measured and analyzed the
electronic transport through a quantum dot on a suspended carbon nanotube, in which
the strong coupling between a longitudinal stretching mode and the electrons in a sample
of high quality allowed them to observe this suppression of the low-bias current.

In this limit of slow collective degrees of freedom the system can be appropriately
described theoretically within a rate- or Master equation, allowing one to study these
phenomena both for fast vibron relaxations and for slow vibron relaxation with the ensuing
non-equilibrium effects. For instance, in the limit of strong electron-phonon coupling,
this can be used for the description of the Franck-Condon blockade physics, ascribing
the pronounced suppression of the low-bias sequential tunneling to an exponentially
small overlap between harmonic oscillator wave functions before and after tunneling, also
explaining vibrational sidebands in the current-voltage characteristics and self-similar
avalanches of electrons which affect the current-noise significantly [Koch and von Oppen,
2005; Koch et al., 2006].

1.1.2. Fast electrons

In the context of nanoelectromechanics, there has recently been much interest in the
opposite regime of adiabatic vibrational dynamics, in which the electronic processes are
fast compared to the vibrational degrees of freedom. Here, electrons propagate through
the nanostructure rapidly, observing a quasistatic configuration of the vibrational modes,
but affecting their dynamics profoundly at the same time. It is this regime of slow
collective modes that the present thesis focuses on.

Seminal experiments on current-induced forces have been performed by Steele et al.
[2009] and Lassagne et al. [2009] who have investigated suspended carbon nanotubes
hosting a quantum dot. These experiments have focused on the flexural mode of the
carbon nanotube, which is considerably slower than the longitudinal ones which we have
mentioned above. The nanomechanical resonator has been excited externally by a nearby
antenna [Steele et al., 2009] or an alternating gate voltage [Lassagne et al., 2009]. The
experiments have been performed at cryogenic temperatures and the vibrations have
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Figure 1.3. (A) Current as a function of the gate voltage demonstrating the regime of
the Coulomb blockade, cp. also Fig.1.4. (B) Resonance signal as function of resonance
frequency and gate voltage. Due to the electrostatic coupling the frequency increases with
the number of electrons N on the dot. When current flows through the device current-
induced forces are excited, as indicated by the dips, in agreement with expectations
(inset). Figure taken from [Steele et al., 2009].

been monitored by measuring the current through the device. Since the vibrations couple
to the density of the electrons on the quantum dot, the rigidity of the oscillator can be
tuned by a gate voltage, in analogy with a guitar string, affecting the resonance frequency,
see Fig.1.3. When current flows through these devices, the electrons move rapidly on the
timescale of the vibrational frequency of the flexural mode. Then a significant backaction
of the single-electron tunneling on the resonator can be observed. Importantly, the
current itself can also excite the oscillator in the absence of an external driving force.
These current-induced forces generally contain non-linear effects and provide damping
mechanisms of the vibrational mode.

In both regimes of fast and slow vibrational degrees of freedom, the electronic transport
through the device can be accompanied by substantial energy transfer between electrons
and phonons. This opens perspectives for cooling nanomechanical systems [Clerk, 2012].

1.2. Outline of the thesis

In this thesis we study the interaction between charge transport and collective degrees
of freedom in electronic nanostructures, focusing on the regime of fast electrons. This
central issue is addressed in the context of several specific projects which we outline in
the remainder of this introduction.

1.2.1. Current-induced forces in NEMS

We study NEMS in which the electrons couple to slowly varying vibrational degrees of
freedom. In the strictly adiabatic limit and in the absence of interactions, the Landauer-
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Figure 1.4. Energy levels and current-voltage characteristics. (left) The electronic levels
of the system are broadened due to the coupling to the leads (blue, dotted line). Inside
the latter the electrons are described by the Fermi-Dirac distribution which are smeared
out at finite temperatures (indicated by the dashed lines). The chemical potentials are
controlled externally such that a bias voltage eVyas = pr, — g drives electronic transport.
(right) Typical plot of the differential conductance dI/dV as a function of V}y,s and a
gate voltage which controls the position of the electronic levels. Current flows when
electronic levels are inside the transport window and the differential conductance is
peaked (indicated by the green lines) when the number of them changes.

Biittiker approach conventionally provides a powerful description of phase coherent
conductors. The success of this formalism raises the question whether it can be also
applied when the slow dynamics of the collective mode affects the conductor. In particular
it would be useful to extend the formalism to the study of current-induced forces in order
to connect with the existing literature and to obtain a general description of these forces.

In fact, this is what we do in Chapter 3. We give a microscopic description of a
nanomechanical system coupled to electronic reservoirs, and derive and study the resulting
forces as well as the backaction of the oscillator on the electronic current in terms of the
scattering matrix. Our main assumption is that the vibrational modes are slow, justifying
to work in a non-equilibrium Born-Oppenheimer (NEBO) approximation. This allows
us to retain the non-linearities of the mechanical motion and the full dependencies on
external parameters, such as the coupling to the environment and the applied voltages.

Our approach delivers an alternative viewpoints compared to previous studies of
NEMS. The case of one electronic level coupled to a single vibrational mode has been
studied with a Green’s function approach in [Mozyrsky et al., 2006; Pistolesi et al.,
2008], where the authors showed that the current-induced forces can lead to a bistable
effective potential and consequently to switching. Lii et al. [2010] have studied the
case of multiple vibrational modes within a linear approximation, finding a Lorentz-like
current-induced force arising from the electronic Berry phase [Berry and Robbins, 1993].
In simple situations, the current-induced forces have been also studied within a scattering
matrix approach in the context of quantum measurement backaction [Bennett et al.,
2010] (see also [Bennett et al., 2011]), and momentum transfer statistics [Kindermann and
Beenakker, 2002]. Further studies of slowly varying mechanical modes include e.g. recent
works on NEMS near continuous mechanical instabilities [Weick et al., 2010; Briiggemann
et al., 2012], or the cooling and amplification of mechanical motion by the backaction of
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conduction electrons [Naik et al., 2006; Stettenheim et al., 2010; Dundas et al., 2009].

It is an advantage of our approach that it allows us to obtain the various forces exerted
by the conduction electrons — namely the average force, a fluctuating force and the
velocity dependent forces (appearing as first-order corrections in the NEBO) — in a
non-perturbative manner, including their dependence on the system’s parameters as well
as non-linear effects of the electron-phonon coupling. We derive these current-induced
forces in general out-of-equilibrium situations and express them in terms of the scattering
matrix of the phase-coherent conductor. Indeed, within the NEBO approximation we can
express the forces in terms of two fundamental quantities, the adiabatic S-matrix and
the so-called A-matrix, of the system. Thus we extend the Landauer-Biittiker formalism
to the study of NEMS, resulting in a unified description of forces and backaction and
providing the opportunity to draw general conclusions from symmetry arguments.

Our study includes several general and interesting features of current-induced forces in
non-equilibrium situations. The dissipation coefficient acquires a non-equilibrium contri-
bution that can be negative. When the electrons couple to more than one vibrational
mode we find that a Lorentz-like force acts on the oscillator and that the mean force
exerted by the electrons can become non-conservative. Electronic control over the details
of the current-induced forces can be utilized for designing switches on the nanoscale. Ad-
ditionally, energy transfer between electrons and vibrational modes can cause interesting
dynamics with possible applications for molecular motors and refrigerators. In Chapter 4
we study illustrative toy models which capture some of these properties.

We discuss the cooling of a mechanical resonator via coupling to conduction electrons
in Chapter 6. There we focus on the regime of slow electrons which absorb single phonons,
providing the possibility of reaching the quantum ground state of the oscillator.

1.2.2. Switching of anisotropic magnetic molecules

In a similar way to our study of the coupling of electrons to vibrational degrees of
freedom, we can also treat the exchange interaction between electrons and a local
molecular magnetic moment.

Using the spin degree of freedom in electronic devices has opened new roads in
nanoelectronics and data storage [Fert, 2008]. In this context of (molecular) spintronics it
is important to have reliable mechanisms for writing and reading the stored information.
Specifically, it is essential to have protocols for manipulating and for detecting the
orientation of the magnetic moment. To this end it is convenient to take advantage of
the coupling between the spins of the electrons, which tunnel from the electrodes, and
the localized magnetic moment of the molecule.

We consider current-induced switching in single-molecule junctions containing an
anisotropic magnetic molecule. Again, our theory applies in the limit in which the
electrons are fast compared to the precession time of the magnetic moments and allows
us to describe the current-induced torques including possible implications for designing
molecular switches in spintronics. Starting from a microscopic description, we can derive
semiclassical equations of motion for the local magnetic moment that have the structure
of generalized Landau-Lifshitz-Gilbert (LLG) equations. These ideas are presented in
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Figure 1.5. Illustration of a molecular switch. An anisotropic magnetic molecule is
described by a bistable potential. The spin orientation can be switched by a current
between the (possibly spin-polarized) leads.

Chapter 5 of this thesis.

In previous works describing magnetic nanoparticles, LLG equations have been derived
in a perturbative way assuming either that the coupling between the electronic spin and
the magnetic moment of the nanoparticle is small and/or that tunneling between the
leads and the nanoparticle is weak [Katsura et al., 2006; Fransson, 2008; Ntunez and
Duine, 2008; Lopez-Monis et al., 2012]. In contrast, our microscopic derivation relies
entirely on the NEBO approximation which is valid in the high-current limit as described
above. As a consequence, our non-perturbative approach allows us to compute how the
parameters of the LLG equation depend on the state of the molecular moment as well as
on the applied bias and gate voltages.

We find that the strictly adiabatic approximation causes a mean torque exerted by
the conduction electrons, while retardation effects result in a renormalization of the
precession frequency and Gilbert damping. In addition, equilibrium and non-equilibrium
fluctuations of the current cause a fluctuating (Langevin) torque. We can express these
torques in terms of the electronic Green’s functions and relate them to scattering theory,
in the latter case extending earlier work [Tserkovnyak et al., 2002; Brataas et al., 2008,
2011] to include an applied bias voltage. In general out-of-equilibrium situations the
conduction electrons can transfer energy to the localized moment by the fluctuations
and, in the presence of spin-polarized leads, via a non-conservative (spin-transfer) torque
and/or negative damping.

In contrast to the study of mechanical systems, the molecular spin is described by
linear equations of motion, affecting the way how the current-induced torques enter the
LLG. We note that the dynamics of the molecular spin automatically includes more than
one collective degree of freedom and that the non-equilibrium spin-transfer torque is an
analog of the non-conservative forces encountered in the study of the mechanical systems.
We apply this study of current-induced torques to the description of a molecular switch
consisting of an (uniaxially) anisotropic magnetic molecule. We exploit the Langevin
equation to identify the relevant switching mechanisms and to derive the current-induced
switching rates. The switching between the two spin configurations can be driven either
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spiropyran merocyanine

Figure 1.6. Switching between the ring-closed (three-dimensional) spiropyran and the
ring-open (planar), zwitterionic merocyanine.

by the fluctuations or, in the presence of spin-polarized leads, by the spin-transfer
torque. Again, both the switching and the read-out of the molecular switch can be
accomplished completely electronically via changing the applied voltages and measuring
the current-voltage characteristics, respectively.

1.2.3. Graphene functionalized with molecular switches

In order to incorporate molecular switches as building blocks in technologically relevant
electronic applications it is essential to produce devices which are easily scalable and to
contact them to the outside world, allowing for electronic transport measurements. We
study the latter in order to read out the switching state of certain molecular switches
which functionalize a layer of graphene.

In particular, photo-induced conformational changes of molecules are possible candi-
dates for the usage in functional molecular devices. An interesting example for such
photochromic switches are spiropyrans which can be reversibly switched between two
conformational states, a ring-closed and an open form. The chemical transformation
between these two conformations can be driven thermally or by irradiation with light.
As indicated in Fig. 1.6, in the reaction a bond between a carbon and an oxygen atom
breaks, which is accompanied by a significant change in geometry and electronic configu-
ration between the two isomers, namely the ring-closed spiropyran and the ring-open
merocyanine. In particular, due to its zwitterionic form the latter has a large dipole
moment [Whelan et al., 2010] which may open new design possibilities for applications.

For possible technological applications it is of major importance to study how the
molecular switches interact with a substrate. For instance, the substrate can modify the
switching process, e.g., by steric hindrance or by quenching of excitations [Piantek et al.,
2009; Bronner et al., 2011]. Conversely, the switch may cause a reversible modification of
the substrate. As an example, the optical absorption of carbon nanotubes functionalized
with spiropyrans has recently been observed to depend on the switching state [Malic
et al., 2011].

In this thesis we discuss a particularly interesting substrate, namely the monolayer of
carbon atoms arranged in a honeycomb lattice known as graphene [Neto et al., 2009].
Here we focus on its electronic properties in order to read out the switching state of
the attached molecules. Due to its conduction properties and the strictly 2d nature of
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graphene, it appears promising to use this — still novel — material as a detector [Schedin
et al., 2007] for the conformational state of attached molecular switches. In Chapter 7 we
provide a theory of the electronic transport properties of a graphene layer functionalized
with the spiropyran-merocyanine system. The light-induced reversible switching between
these two isomers affects the carriers in graphene through the associated change in the
molecular dipole moment, so that the conductivity may serve as an all-electrical read-out
of the molecular switching state.

We present results for both the quasiclassical (Boltzmann) and the quantum-coherent
regimes of transport and discuss how the conductance is affected by changing the molecular
switching state. In mesoscopic conductors, the universal conductance fluctuations make
the conductance a sensitive function of the precise impurity configuration [Al'tshuler
and Spivak, 1985; Feng et al., 1986]. In our study of graphene decorated with switches
we find that such quantum interference effects also cause a particularly large sensitivity
of the conductance of graphene to the molecular switching state. Quite generally, we
find a linear sensitivity of the conductance on the molecular dipole moment whenever
quantum interference effects play an essential role which contrasts with a quadratic (and
thus typically weaker) dependence when quantum interference is absent.

Before we enter into a more detailed discussion of these projects, we use Chapter 2 to
sketch some essential formalisms which we will need throughout this thesis. This includes
brief introductions to the description of transport phenomena in terms of scattering
matrices and of Green’s functions.






2. Formalism

In this chapter we provide the tools which are needed throughout this thesis for the
theoretical description of transport phenomena in mesoscopic systems. We give a
brief introduction to scattering theory in Section 2.1. A complementary description
of nanoscopic conductors coupled to leads is given in Section 2.2 in terms of Green’s
functions. Finally, in Section 2.3 we briefly comment on the Wigner representation which
is used in our study of slowly varying potentials.

2.1. Scattering theory

A powerful and popular approach to mesoscopic transport, in which current flow is
viewed as a problem of scattering theory, was introduced by Landauer [1957, 1970].
In this approach the conductance of the de-

vice is related to the probability that elec-

trons are transmitted through it, as sketched incoming

in Fig. 2.1. Generalizations to multi-channel
[Biittiker et al., 1985] and multi-terminal
[Biittiker, 1986] setups led to the well-known
Landauer-Biittiker formula for current and con-
ductance.

We begin this section with a discussion of the
transverse quantization of momenta in a con-
striction connected to electron reservoirs and
the corresponding quantization of conductance.
Then we show how the in- and outcoming waves
are related through the scattering (S-) matrix,
which encapsulates the transmission and reflection amplitudes of the problem. This is
the foundation for calculating transport properties of the device, as we sketch for the
current at the end of this section.

Our discussion is informed by [Biittiker, 1992; Imry and Landauer, 1999] and the
presentation in the books by Nazarov and Blanter [2010] and Datta [1995].

Figure 2.1. Sketch of a tunneling bar-
rier. An incident electron wave is partly
reflected and partly transmitted.

2.1.1. Quantum-point contact and conductance quantization

As an introductory example to the field we consider a quantum-point contact in a two-
dimensional electron gas as studied experimentally by van Wees et al. [1988] and Wharam
et al. [1988]. The idealized setup consists of a waveguide which is connected to electronic
reservoirs as illustrated in Fig. 2.2.

11
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CONDUCTANCE  (e*/nh)
PR

-18 -16 -14 -12

vaate(l)

GATE VOLTAGE  (v)

Figure 2.2. (left) Illustration of the setup. The waveguide is in contact with reservoirs
at different chemical potentials with u; — po = eV. The width of the constriction can
be tuned by an external voltage Vgate. Inside the constriction, transmitted right-moving
electrons are equilibrated with the left reservoir and vice versa. (right) Point-contact
conductance as a function of the gate voltage. Plateaus of 2e?/h are clearly visible.
Figure taken from [van Wees et al., 1988].

We assume that the transverse dimensions of the waveguide vary adiabatically along
the channel so that transverse and longitudinal motions decouple. The wave functions in
such a waveguide factorize into

wn(w) - 1/1(37) ¢n(wJ_)7 (2’1)

where x is the coordinate along the transport direction and «; denotes the transverse
direction. Due to the lateral confinement, the wave function ¢, () vanishes at the
transverse boundaries such that the transverse motion of the electron is quantized. Thus
¢n(x ) corresponds to the wave function of a particle in a box with the channel-dependent
energy €, () = (whn)?/[2mL(x)]. Within this adiabatic approximation, the plane waves
Y (x) satisfies

n? 02
- = . 2.2

s+ ()| ¥(2) = v () 22)

Due to the adiabatically varying constriction, the n channels in the quantum point
contact do not mix and all the channels are either completely closed (probability of
reflection R,, = 1) or fully open (probability of transmission 7, =1 —R,, = 1). Only the
latter channels, which are shown in the central part of the sketch in Fig. 2.2, contribute
to the net transport. Hence, the current for quantized transverse motion reads

r=2 3 )/i’:v(k)fn(k), (2.3)

n(open

where the factor 2 accounts for spin-degeneracy and v = hk/m is the electron velocity.
Right-moving electrons emanate from the left reservoir, and vice versa, hence their

12



2.1. Scattering theory

distribution function is given by the Fermi-Dirac distribution of the corresponding
reservoir o, namely

1
= ele—na)/keT 1

fa(€) (2.4)
Throughout this thesis we are interested in electronic transport driven by voltage differ-
ences rather than temperature gradients, hence we allow for different chemical potentials
o, but assume all reservoirs to be at the same temperature 7. Accordingly, Eq. (2.3)

becomes

e e?
1= [l - £20) = - Nopen V. (25)

n(open)

where we have assumed small temperatures and used dxe = hv and pu; — pa = eV. Note
that the number of open channels depends on the width of the waveguide. From equating
én(z) with the Fermi energy ep = (hkp)?/(2m) one obtains that Nypen is the largest
integer larger than k:FL;nin /m, with Lzr/“in the minimal width of the constriction.

The quantization of the conductance is in striking agreement with the measurements
by van Wees et al. [1988] and Wharam et al. [1988] in a two-dimensional electron gas in
a GaAs-AlGaAs heterostructure at low temperatures. The quantum-point contact under
study has been defined by electrostatic depletion of the 2DEG and the mean free path has
been ensured to be much smaller than the dimensions of the constriction. Fig.2.2 depicts
how the conductance G = dI/dV changes in quantized steps of 2¢2/h as a function of
the gate voltage (and thus the number of open channels), in agreement with Eq. (2.5).
The quantum point contact is a particular example of a transport setup, with the special
property that all channels are either completely open or closed. In fact, we are interested
in the transport through a general mesoscopic structure which is connected via leads to
reservoirs, which we describe next.

2.1.2. Scattering states and the S-matrix

While the example of the quantum point contact is special, it does point the way to a
general theory of coherent transport in electronic nanostructures. This general theory
is based on the idea that one can separate the mesoscopic conductor into leads and a
scattering region, as illustrated in Fig. 2.3. The leads are modeled as ideal waveguides
and support a finite number of propagating transverse channels, much as in the example
of the point contact. On the other hand, we will not make any specific assumptions
about the scattering region other than the simplification of neglecting electron-electron
interactions. By current conservation, it is sufficient to compute the current in the leads.
Consequently, we can map the problem of coherent transport through a mesoscopic device
to scattering theory. The current flowing in a particular lead depends on the current
injected into this lead from the corresponding reservoir, on the part of this injected
current which is reflected back into the same lead, as well as on the currents which are
injected from other leads and scattered into this lead. Thus the required information is
concisely contained in the S matrix of this scattering system.

13



2. Formalism

Figure 2.3. Tllustration of a two-terminal setup. The scattering region (drawn light blue)
is connected through leads (ideal waveguides) to the reservoirs, which differ in their
chemical potentials u; — ps = eV'. The annihilation operators for carriers in incoming

~

(a;) and outgoing (b;) channels in the two leads i = 1,2 are related through the S-matrix.

In fact, the scattering states provide a convenient basis for expressing the wave functions
of the problem. Inside lead « the scattering state originating from channel m in reservoir
o reads

[5mnei'fan%+san,ame—ikanra . (2.6)

1
Yam(Ta) = zn: \/Win(e)ﬂsn(wL,a)

It is a superposition of the plane wave originating from reservoir « and the outgoing
plane waves from the scattering region. Note that we use a local coordinate system
such that positive z, point from the corresponding reservoir towards the scatterer, and
we write | o = (Ya, 2a). In all other leads 8 # «a this scattering state consists of the
partially transmitted waves originating from c,

Yo Kants, (2.7)

1
¢am(xﬁ) = g \/Win(e)sﬁn,am(bn(ml,ﬁ

Here Sgp om are elements of the scattering matrix, ¢, (x| o) denote the transverse wave
functions with energy ¢, and the wave vectors k,, = \/2m(e — €4 )/h are fixed by the
energy € of the scattering state.

The operators dLm(e) [Gam(€)] create (annihilate) an electron with energy e in the
incoming scattering state originating from reservoir o. These operators obey the usual
fermionic anticommutation relations,

{ahn(€) agn()} = dapbmnd(e — &), (2.8)
{ahn(@) b, ()} = {aam (@), am ()} =0, (2.9)

where {.,.} denotes an anticommutator. Similarly, one can introduce annihilation (cre-
ation) operators by, (€) [b};m(e)] for electrons in the outgoing states in probe «, also
obeying the usual anticommutation relations. These two sets of operators are related via

14



2.1. Scattering theory

the scattering matrix,

ba(e) = 3 Sasle) as(e). (2.10)
B

where the vector aq(€) [by(€)] contains the elements dam(€) [bam(€)] of the transport
channels m = 1,..., N,. S,p are the blocks of the scattering matrix describing the
transmission from reservoir 5 through the scattering region to « (for o # ) while the
diagonal blocks S, contain the information about reflection to the same reservoir. In
Fig. 2.3 the situation is illustrated for two channels in a two-terminal setup.
Conservation of the number of particles implies that the S-matrix is unitary,

SSt=1. (2.11)
Moreover, time-reversal implies the relation

Sam,gn(B) = Sgn,am(—B), (2.12)

where B denotes a magnetic field. In particular this implies S = ST for time-reversal
invariant systems with B = 0.

2.1.3. Landauer Biittiker formula

The current through lead « is expressed in terms of the distribution functions for incoming
and outgoing electrons as

2e ;
=2 e [fire) - 1) (2.13)

where the electron velocity has been canceled against the corresponding factor in the
density of states, as discussed above. The filling factor of incoming particles originating
from the reservoir « is given by the Fermi distribution function of reservoir «,

fare) = (ak(e) - aale)) = fale), (2.14)

see also Eq. (2.3). Using Eq. (2.10), we can relate the distribution function for the
outgoing particles fo" with the known distribution function of the leads so that we obtain

S = (bL(€) - ba(e) = 30" £3() [Sam,onl? (2.15)

B mmn

Ia

where |Som%5n|2 gives the fraction of electrons entering the scatterer through lead 5 in
channel n and leaving it via lead « in channel m.! Therefore we obtain

I, = 275 /dEZZ fﬁ(e) [5a55mn - |Sam,ﬁn’2]

B mn

= 2—; de; fﬁ(e) Ty [505 — Slﬁsaﬁ] R (2'16)

IThe probability of reflection back to lead « into channel m is given by Ram = Zn \Sam,an\Q.

15
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where the trace Tr(...) is over the lead-channels. This is the general multi-channel multi-
terminal Landauer-Biittiker expression for the current. Note that by current-conservation
> o la =0, as encapsulated in the unitarity of the S-matrix.

The situation simplifies for a two-terminal setup as illustrated in Fig. 2.3. Then the
expression above becomes

2e
o= [ de[fi(e) = fa(e)] Tx[t'1], (2.17)
where we have used the unitarity of S and the Nr x N, transmission matrix ¢ = Sgy,
describes the transmission through the scatterer. Assuming zero temperature, this yields
for the zero-bias conductance
2¢?
G = TTr[ﬂlt]. (2.18)
Alternatively one can replace the trace by a sum over all transmission eigenvalues 7, of
the matrix t't. Note that this expression for the conductance is a generalization of the
result in Eq. (2.5) to situations in which the channels are neither completely open nor
completely closed.

2.2. Green’s functions

Throughout the thesis we will often use Green’s functions in order to describe the
dynamics of electrons. In this section we briefly outline the basic properties which we
will use in the following chapters. We have benefitted from the pedagogical discussion in
the books by Haug and Jauho [2008] and Rammer [2007].

2.2.1. Definitions & contour ordering

We are interested in the quantum amplitude for propagation time ' to time ¢. In a general
non-equilibrium situation this time evolution is concisely described by the contour-ordered
Green’s function [Schwinger, 1961; Keldysh, 1965]

G(t,1") = =T () (). (2.19)

Here 7. orders the fermionic annihilation (creation) operators 1 (17) according to the
position of their time arguments on the Schwinger-Keldysh contour, see Fig.2.4. It is
convenient to write this propagator in the matrix form

Gt = ( GoLt) Gt 1) > : (2.20)

Here the indices of G%(t,

t') indicate that the time t (¢') belongs to branch a (b),
where a,b = 1,2 and 1 (2) 1

abels the upper (lower) branch of the Keldysh contour.
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2.2. Green’s functions

Figure 2.4. The Schwinger-Keldysh contour. It evolves from ¢ = —co to 400 and returns
to —oo.

G12(t,t') = G=<(t,t') and G?!(t,t') = G (t,t') are refered to as lesser and greater Green’s
functions and are given by
Grop (8,1) = (W], ()05, (1), (2.21)
Gy (8,1) = —=i(r (£) 0], (), (2.22)

respectively. The propagators on the diagonal are the time-ordered and anti-time-ordered
Green’s functions. It is often more convenient to work in the representation introduced
by Larkin and Ovchinnikov [1975],

g _2< 1 —1 > < g21 g22 -1 1 - 0 gA ) (2'23)
where the Keldysh Green’s function is given by GK = G~ + G< and we have dropped the
time arguments for convenience. The retarded Green’s function is defined as

Gyt (8,1') = —=10(t — ) ({u (8), 01 ()}, (2.24)
where {.,.} denotes the anticommutator. The advanced Green’s function G4,
Go (1,1) = 10(t' — ) ({35 (1), L, (t)}), (2.25)

describes the time-reversed propagation. Here the presence of a particle in state v at ¢
depends on the state v/ at the future time ¢'. Accordingly, the retarded and advanced
Green’s functions are related through G%,(¢,#') = [GA(¥,t),,]*. We also note the relation

Gh-gh=g>-g~. (2.26)

In the following chapters we will use the Green’s functions which appear in Eq. (2.26)
in order to describe the occupation of a given quantum state and its temporal dynamics
in the context of quantum transport. In particular we consider systems, for instance a
quantum dot, which are in contact to leads, and study their transport properties, as
illustrated in Fig.2.5. To be specific, we consider the Hamiltonian

H=H;,+Hp+ Hr, (227)

where the first two terms represent the Hamiltonians of the leads and the dot, and the
last term describes the tunneling between leads and dot. These constituents and the
Green’s functions involved will be discussed below.
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R .. e

Figure 2.5. Illustration of a mesoscopic structure coupled to leads.

2.2.2. Free particles in thermal equilibrium

The leads act as reservoirs for non-interacting electrons kept at fixed chemical potentials
to- They can be described by a Hamiltonian of free particles,

Hp = Z (en — ta) c;cn ) (2.28)
n

where we represent the electrons in the leads by the creation (annihilation) operators

017 (cp), and n = (a,n, kapn) is a general ‘lead’ index, n = 1,..., Ny with No = > N,
with channels n = 1,..., N,, and longitudinal momenta k,,. The temporal dynamics

is described by the Schrodinger equation, and consequently the Green’s functions are
solutions to

(10, — Hp) Gy (t,1) = 6,8t — 1), (2.29)

This can be verified using that the time evolution of the operators is given by —i0;1,(t) =
[Hp,y)(t).2 Tt is easy to see that the (Fourier transform of the) corresponding solution
is given by

GEWN () = —Om__ (2.30)

' €— €, £10F’

where the subscript 0 indicates the free Green’s function. The occupation of state n
is given by <¢7J51/J77> 1QOm7 f < fal(en) [ ZImgéfm]. In thermal equilibrium, the
lesser Green’s function reads

Gy (t = 1') = iy fa(ey)e™ =), (2.31)

with the Fermi-Dirac distribution f,(€) defined in Eq.(2.4). We note that for free particles
the spectral function, given by —2ImGE =gA— QR is proportional to a delta distribution,
see Eq. (2.30).

2.2.3. Coupling to leads: the self-energy

In this section we discuss the equations of motion for propagators of a dot which is
connected to non-interacting electronic reservoirs (possibly at different chemical poten-
tials), see Fig. 2.5. The coupling to leads can cause a shift and a broadening of the

2Note that £ is set to one for notational simplicity.
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2.2. Green’s functions

dot’s electronic levels; this hybridization with the leads will be expressed in terms of
self-energies, as will be pointed out in the remainder of this section. For a more detailed
discussion we refer to the book by Haug and Jauho [2008].

The benefit of the Larkin-Ovchinnikov representation, see Eq. (2.23), is that the
self-energy 33 also has a tridiagonal structure so that the Dyson equation takes the form

(G Y (97 R (SR KN (af 6
g—<0 G + 0 gA 0 A 0 gi) (2.32)
where Gg is the free Green’s function. This provides prescriptions how to connect the
different Green’s functions, as we briefly outline now. Note that we have suppressed all

time arguments and that products of propagators correspond to convolutions in the time
domain. Matrix multiplication yields

GRA = gD 4 GRAZRA) G (2.33)
Gf =g + gfixtigl + gfufgs + gheAgd. (2.34)

These relations between the Green’s functions are often also refered to as Langreth’s
rules.

These propagators will be studied in more detail next. In particular, we show how
the Green’s functions of the dot are affected by the coupling to the leads. The generic
Hamiltonian for the quantum dot reads

HD - Z d;rn [ho]mm’ dm,7 (235)

mm’

where the hermitian M x M matrix hg contains information about the M electronic
levels of the dot. (In the next chapter we will also include an additional coupling to
further local degrees of freedom.) The operator d' (d) creates (annihilates) an electron
in the dot and the indices m, m’ (= 1,..., M) label the electronic levels.

Finally, the Hamiltonian Hp represents the tunneling between the leads and the levels
in the dot,

Hp = (chwymdm +h.c.). (2.36)

T]’m

Due to this coupling with the leads the energy levels will be broadened (and eventually
shifted).

In the next chapter we will express the physical quantities, the current and the forces
exerted by it, in terms of the Green’s function of the dot. First, we define the retarded
Green’s functions

GE (t,t) = —i0(t — t')({da(t), ¢l ()}), (2.37)
GR.(t,¢) = —i0(t — ') ({dn(t),d}, ()}), (2.38)
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where gfjfn contains operators from both the island and the leads and gfn, is the Green’s
function of the dot. The time evolution of the former is described by the Dyson equation

(—i0y — en) GF, (t,1) ng, . (2.39)

Here, the time derivative acts on the second time argument. We solve this equation by
multiplying from the right with the free electronic Green’s function of the uncoupled
non-interacting leads Qé‘% »» given by Eq. (2.30). Then we obtain

Gt t) /dt1 > GE (tt)wh, Go (1), (2.40)

nim

Similarly, the time evolution of the retarded Green’s function of the dot obeys a Dyson
equation containing gﬁjn. We decouple these equations by multiplying (2.40) with the
coupling matrix and summing over all states in the leads:

DGR (t t)wyn = /dt1 > GR, (4 t)Sh (1), (2.41)
n ni

where we have introduced the self-energy

Z wh Gt (= )Wy (2.42)
This allows us to write

10y G (8, 4) =0(t = ') O + Y / Aty G, (L t)SE (L t)
+> R () (ho)mm (2.43)
mi

which is equivalent to Eq. (2.33).
Thus, indeed all information about the leads is contained in the self-energy Em o (t1st),
as given by Eq. (2.42). Later we will particularly use its Fourier transform

Ble) = -1 T, (2.44)

%) = W (e) I W (¢), (2.45)

where II, is a projection operator onto lead o and we have absorbed square root factors
of the density of states in the leads into the (possibly energy-dependent) coupling matrix
W for notational simplicity. We will return to these expressions in the next chapter when
we derive the current-induced forces in a NEMS in terms of the dot’s Green’s functions.

Combining Eq. (2.33) and Eq. (2.34) we obtain with Eq. (2.26) for the lesser Green’s
function

G= =Gy +G"slG5 + g=uiG + g"ugy
=(1+6"2%) g5 (14 34G") + 78G5 (1+ £4G5") + G24G5'2Gg". (2.46)
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Here we have iterated by re-inserting the expression for G< into the right hand side.
Since the leads are non-interacting, we can use (1 + GHL®) G5 = G (G 1G5 = 0, see
[Haug and Jauho, 2008]. Accordingly, Eq. (2.46), becomes

G (1) = /dtl/dtg Z Q,ﬁml(t,tl)EfnlmQ(tl,tg)g,‘?mm,(tg,t'), (2.47)
mmi

where we have restored all time and state indices. Here we use the lesser self-energy
Yo tt) =3 wimg(;m, (t — t')wyyys, with the lesser Green’s function of the leads
g0<m7’ (t —t') given by Eq. (2.31). Note that w and w! do not depend on time and hence
the self energies depend only on time differences. Accordingly, its Fourier transform takes
the form

D) =21 Y fal(e)T(e). (2.48)

2.2.4. Current

Within this formalism we can now give an expression for the current in terms of the
Green’s functions of the dot and the corresponding self-energies. The electronic current
through lead « is given by

In = —e(No) =ie Y wyn(ch(t)dn(t)) + hoc., (2.49)

n,nex
with N, = Zne o c;cn. Consequently, we introduce the lesser Green’s function
Gro(8,1") = (e (') dn (1)) (2.50)

which is, according to Langreth’s rules (see Section 2.2.3), given by

GS (t.1) = / dtr S wh ) [GF, (440G (b — ) + G, (6 11)GE (01 — )] . (251)

nin

Using the expressions for the self-energies the current becomes
L(t) = e / at' tr {GR(t, VS (H, 1) + G5 (6, ¢)SAE )} + hc. (2.52)
_ e/dt’ 6 {G7 (1, )5S (, 1) — G<(t, )82 (¢, 6)}, (2.53)

and is thus completely expressed in terms of the Green’s functions of the dot and its
self-energies.

2.3. Wigner representation

It is often helpful to use the Wigner representation of the Green’s functions. This is
motivated by the fact that the Green’s functions G(t1,t2) oscillate rapidly with the
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relative time 7 = t; — to. At the same time, they frequently depend only weakly on the
central time t = (t1 + t2)/2. In order to separate these fast and slow time scales easily it
is convenient to use so-called mixed or Wigner coordinates, see for instance [Haug and
Jauho, 2008; Rammer, 2007].

In Wigner coordinates, in this section denoted by a tilde, a general function A(ty,t2)
depending on two time arguments reads

A(r,t) = At +71/2,t —7/2). (2.54)

In order to perform an adiabatic expansion of such a function, it is convenient to consider
its Wigner transform,

A(e, t) = /dTeiET/I(T,t), (2.55)

in which a Fourier transform is taken with respect to the relative time. In particular we
will deal with a the convolution, C(t1,t2) = [ dtg A(t1,t3)B(t3,t2), which is, in mixed
coordinates, given by

. . by —ty . ~ by —t
C(T,t):/dtgA(tl—tg,t—i- 32 2V\B(ts — to, t + 32 L

). (2.56)

In order to obtain its Wigner transform we expand A(t; — t3,t + 712} in the central
time ¢,

n! 2

n=0

p ty—t 1ty —ta\" ()
Aty —ts,t+ 32 SES (3 2) O™ Aty — ts,1), (2.57)

and perform a similar expansion for B. Using that the Fourier transform of a convolution
factorizes, we obtain for the Wigner transform of the convolution

C(e, t) = exp [; (058? - 3{1863)} Ale, t)B(e,t)
~ A(e, t)B(e, t) + %86/1(5, )9, B(e, t) — %atjx(e, )0 B(e, t), (2.58)

where we have dropped higher order derivatives in the last line, exploiting the slow
variation with t.

2.4. Summary

In this chapter we have sketched the formalisms which we will use throughout this thesis
in order to describe the systems under study. We have briefly outlined how a mesoscopic
conductor can be treated in terms of the scattering matrix, resulting in the famous
Landauer-Biittiker formula for the conductance. Additionally, non-equilibrium Green’s
functions are common in order to cope with electronic transport properties. We have
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2.4. Summary

introduced the basic ingredients, namely the various Green’s functions in the Keldysh
framework. In particular, we have described the coupling of the conductor to electronic
reservoirs in terms of the self-energy. We will utilize these tools in the next chapters for
the description of transport properties and current-induced forces. For the latter we will
encounter a separation of timescales, which will be treated within the so-called Wigner
representation, which we have briefly described at the end of the present chapter.
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3. Current-induced forces in mesoscopic
systems

In this chapter we investigate the interplay between the current flowing through a general
mesoscopic conductor and slow mechanical degrees of freedom. In these nanoelectrome-
chanical systems (NEMS) the conduction electrons exert forces on the mechanical modes,
which we study, as well as the backaction on the electronic transport.

We consider the limit in which the vibra-
tional dynamics is much slower than the typical
electronic timescales. Thus the electrons mov- d dT
ing through the device experience an approx- ny Yn
imately static configuration of the mechanical - %X -
degrees of freedom. In this limit it is appropri-
ate to use a non-equilibrium Born-Oppenheimer
(NEBO) approximation, which allows us to de- Figure 3.1. Sketch of a NEMS.
scribe the vibrational dynamics in terms of a
Langevin equation containing forces which are
exerted by the current on the mechanical modes.

Subsequent to a short introduction, we describe the theoretical model and derive the
equations of motion of the mechanical degrees of freedom in Section 3.2. We show how
a Langevin equation emerges naturally from a microscopic model when employing the
NEBO approximation and derive the current-induced forces in terms of the microscopic
parameters. In Section 3.3 we employ the scattering matrix approach to quantum
transport to develop a unified theory of NEMS out of equilibrium. In particular, we
show that the current-induced forces can be written in terms of parametric derivatives of
the scattering matrix (S-matrix) of the system, and state general properties that can be
derived from S-matrix symmetry considerations. We complete the discussion of NEMS
in terms of S-matrices by providing a corresponding expression for the charge current in
in Section 3.4.

The results presented here are adopted from [Bode et al., 2011] and [Bode et al., 2012d].

3.1. Introduction

We consider the limit in which the electrons propagate through the nanostructure rapidly,
observing a quasistatic configuration of the vibrational modes, but affecting their dynamics
profoundly at the same time [Naik et al., 2006; Steele et al., 2009; Lassagne et al., 2009;
Stettenheim et al., 2010]. This limit allows us to treat the vibrational degrees of freedom
as classical entities embedded in a quantum coherent electronic environment: pictorially,
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3. Current-induced forces in mesoscopic systems

many electrons pass through the nanostructure during one vibrational period, impinging
randomly on the modes. In this limit, it is natural to assume that the dynamics of the
vibrational modes, represented by collective coordinates X,,, will be governed by a set of
coupled Langevin equations

. oU )
M, Xy + g =Py = va +&. (3.1)

Here we have grouped the purely elastic contribution on the left hand side (LHS) of
Eq. (3.1), M, is the effective mass of mode v, and U(X) an elastic potential. On the
right hand side (RHS) we have collected the current-induced forces: the main result of
this chapter are expressions for these forces in terms of the scattering matrix and its
parametric derivatives. These current-induced forces include the mean force F,(X), the
stochastic force &,, and two kinds of velocity-dependent forces (dissipative friction force
and effective “Lorentz” force) encoded by the matrix 7, (X).

Theoretically, these forces have been studied previously within different formalisms,
as we have outlined in the introduction, Section 1.2.1. In the preceding chapter we
have introduced the basic ingredients which we need for the description of transport
through mesoscopic structures. Note that our discussion of scattering theory, Section 2.1,
resulting in the famous Landauer-Biittiker formula for the conductance of mesoscopic
conductors [Landauer, 1957, 1970; Biittiker et al., 1985; Biittiker, 1986], did not include
time-dependent scattering; the application to time-dependent scattering is the topic
of this chapter. For time-dependent phenomena, scattering matrix expressions have
been obtained for quantum pumping [Brouwer, 1998; Avron et al., 2001], a process by
which a direct current is generated through temporal variations of relevant parameters
of the system, such as a gate voltage or a magnetic field. The case of pumping in an
out-of-equilibrium, biased system has remained largely unexplored so far [Entin-Wohlman
et al., 2002; Moskalets and Biittiker, 2005].

We fully express the current-induced forces in terms of a scattering matrix formalism,
for arbitrary (albeit adiabatic) out-of-equilibrium situations, thus providing the tools for
a systematic approach to study the interplay between electronic and mechanical degrees
of freedom in NEMS. Our formalism allows us to retain the non-linearities of the problem,
which are essential for even a qualitative description of the dynamics, while turning the
problem of calculating the current-induced forces into a scattering problem for which
standard techniques can be applied.

3.2. Microscopic derivation of the Langevin equation

We start our discussion with a description of the model and a derivation of analytical
expressions for the current-induced forces within the NEBO approximation in terms of
non-equilibrium Green’s functions.
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3.2. Microscopic derivation of the Langevin equation

3.2.1. Model

We model the system as a mesoscopic quantum dot connected to multiple leads and
coupled to vibrational degrees of freedom, as illustrated in Fig. 3.1. Throughout this
discussion we consider non-interacting electrons and we set A = 1. The Hamiltonian for
the full system reads

H=H;,+Hr+Hp+ Hyx, (3.2)

where the different terms are introduced in the following.

The dot is coupled to leads which are modeled as non-interacting electronic reservoirs
at fixed chemical potentials. The corresponding Hamiltonian H, is given by Eq. (2.28).
The coupling between the different leads and the dot is described by the tunneling
Hamiltonian Hr, see Eq. (2.36). The dot’s levels hybridize with the leads due to this
coupling as discussed to some extent in the preceding chapter (see Section 2.2.3). We
describe the quantum dot itself by M electronic levels coupled to N slow collective
degrees of freedom X = (X1,..., Xy). This is contained in the dot’s Hamiltonian

op =Y dj, [ho(f()} dy (3.3)

mm/

which describes the electronic levels of the dot and their dependence on the collective
modes’ coordinates X, (v =1,...,N) by the hermitian M x M matrix ho(f().1 The
operator di (d) creates (annihilates) an electron in the dot and the indices m, m’
(= 1,..., M) label the electronic levels. Note that here we allow hg to be a general
function of X and that our analysis is valid for any coupling strength. The Hamiltonian

(3.4)

Hy =Y [2];2 +U(X)

14
v

describes the free evolution of the mechanical degrees of freedom of the dot.

3.2.2. Non-equilibrium Born-Oppenheimer approximation

We use as a starting point the Heisenberg equations of motion for the mechanical modes
which can be cast as

N oU .
M,X, + 2 =S df, [A” X } Ay | 3.5
o5, =~ o [, (35)
where we have introduced the X -dependent matrices
- oh
AV <X) = 20 (3.6)
0X,

'In the present discussion we assume that the tunneling, described by Hr, is unaffected by the coupling to
the localized degrees of freedom. In order to describe for instance STM/AFM-setups, straightforward
generalizations have to be incorporated, involving X-dependent tunnel amplitudes in Eq. (2.36).
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3. Current-induced forces in mesoscopic systems

The RHS of Eq. (3.5) contains the current-induced forces, expressed through the electronic
operators d of the quantum dot. We now proceed to calculate these forces within a
non-equilibrium Born-Oppenheimer (NEBO) approximation, in which the dynamics of
the collective modes is assumed to be slow. In this limit, we can treat the mechanical
degrees of freedom as classical, acting as a slow classical field on the fast electronic
dynamics.

The NEBO approximation consists of averaging the RHS of Eq. (3.5) over times long
compared to the electronic time scales, but short in terms of the oscillator dynamics. In
this approximation, the force operator is represented by its (average) expectation value
(dfAd) x(¢), evaluated for a given trajectory X (t) of the mechanical degrees of freedom,
plus fluctuations containing both Johnson-Nyquist and shot noise. These fluctuations
give rise to a Langevin force €. Hence, Eq. (3.5) becomes

s ou .
M, X, + —— =tr[iA"G=<(t,t)] + &, (3.7)
0X,
where the trace “tr” is taken over the dot levels, and we have introduced the lesser
Green’s function

G (1) = (] () () x 1) - (38)
The variance of the stochastic force &, is governed by the symmetrized fluctuations of

the operator dfAd. Given that the electronic fluctuations happen on short time scales,
&, is locally correlated in time,

<£V(t)§u’ (t/)> = Dz/l/’(X)d(t - tl) ) (39)

as we describe below. (An alternative but equivalent derivation, is based on a saddle point
approximation for the Keldysh action, see e.g. the review by Kamenev and Levchenko
[2009].) Since we are dealing with non-interacting electrons, D(X) can be expressed in
terms of single particle Green’s functions using Wick’s theorem, as we detail below. These
expressions for the current-induced forces show that we need to evaluate the electronic
Green’s function for a given classical trajectory X (¢). In doing so, we can exploit that the
mechanical degrees of freedom are assumed to be slow compared to the electrons. Thus,
we can approximate the Green’s function by its solution to first order in the velocities
X (t).

We now proceed with this derivation, starting with the time evolution of the retarded
Green’s function,

GE L (t. 1) = —i0(t — ') ({dm (1), d], ()P x 1) (3.10)

where {.,.} indicates the anticommutator. We note that since we consider non-interacting
electrons, we can restore the lesser and greater Green’s functions (or the advanced Green’s
function G4) at the end of the calculation by standard manipulations, which we have
outlined in Section 2.2. The Dyson equation for the retarded Green’s function can then
be written, in matrix form, as

— oGl (t,t") = o(t —t') + /dtlgR(t, t)2R(t, ) + GR(t, ) ho(X) . (3.11)
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3.2. Microscopic derivation of the Langevin equation

The coupling to the leads is incorporated in the self-energy %(¢1,t'), which we have
discussed in some detail in Section 2.2.3; see Eq. (2.42) in particular.

To perform the adiabatic expansion, it is convenient to work in the Wigner repre-
sentation, in which fast and slow time scales are easily identifiable. We can use this
representation for the Green’s function G%, since the slow mechanical motion implies
that Gf(t1,t3) varies slowly with the central time ¢ = (t; + t2)/2 and oscillates fast with
the relative time 7 = ¢; — t2. Generally, the Wigner transform of a function A(t1,t2)
depending on two time arguments, is given by Eq. (2.55), which reads

A(e,t) = /dTeiETA(t +7/2,t—17/2).
The Wigner transform of a convolution C'(t1,t2) = [ dts A(t1,t3)B(t3,t2) is given by
G~ AB+ %aﬁfxaté - %atjlaef},

as discussed in Section 2.3. Here we have repeated Eq. (2.58) for the convenience of
the reader and dropped higher order derivatives, exploiting the slow variation with t.
Therefore, using Eq. (2.58) we can rewrite the Dyson equation (3.11) as

1~ G (e—%F — ) — %&QR@tho - %ath (1—0.x7) (3.12)

where the Green’s functions are now in the Wigner representation. Unless otherwise
denoted by explicitly stating the variables, here and in the remainder of this chapter all
functions are in the Wigner representation. Dropping all time derivatives in Eq. (3.12),
one obtains the strictly adiabatic Green’s function

GRe, X) = [e — ho(X) — BR(e)] . (3.13)

Our notation is such that G denotes full Green’s functions, while G denotes the strictly
adiabatic (or frozen) Green’s functions that are evaluated for a fixed value of X (so that
all derivatives with respect to central time in Eq. (3.12) can be dropped). From now on,
GHA<>) denote the Green’s functions in the Wigner representation, with arguments
(e,t), and G4 = (GF)T. The self-energy is given by L%(e) = —irWT(e)W (¢) where W
denotes the coupling matrix to the leads, see Eq. (2.44) in the previous chapter. Thus,
from (3.13) it is easy to see that

Liem - @hy. (3.14)

y —
W 2mi

The following two other identities will be used repeatedly:

ox, G = GEAYGE, (3.15)
-0.Gf = GR(1 - 0.2%)GE. (3.16)
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3. Current-induced forces in mesoscopic systems

These relations are obtained by differentiating G¥ [e — ho(X) — Xf(¢)] = 1 with respect
to X, and €, respectively, multiplying the result with G and using the deﬁpition (3.6).
Finally, with the help of Egs. (3.15) and (3.16), we obtain to first order in X,

G~ GR 4 % Y X, (0.GRAYGE — GRAYO.GRY | (3.17)

G< and G are related through Langreth’s rule, Eq. (2.47), which states G<(t,t') =
[ dty [ dts GE(t,t1)2<(t1,t2)G*(t2,'). Note that in the Wigner representation the lesser
self-energy ¥.<(¢) depends only on € and is independent of the central time, c¢f. Eq.(2.48).
Expanding Eq. (2.47) up to the leading adiabatic correction according to Eq. (2.58), we
obtain G< to first order in X,

G =G< + %X [(0.G)AGH — GRAOG= + (0.GR)AGS — G=AJ.G?] . (3.18)

The frozen lesser Green’s function is

G<=GRo~GY =2m) fo GRWITL, WG, (3.19)

we use G4 = [GT), f, is the Fermi distribution, and TI, is a projector on lead «, see also
Eq. (2.45) and Eq. (2.48). We will also encounter the strictly adiabatic greater Green’s
function, which is given by

G~ =-2miy (1- fo) GRWIL,WG", (3.20)

«

In order to obtain this expression we have used the general relation between the various
Creen’s functions G — G4 = G> — G<, see Eq. (2.26), as well as Egs. (3.14) and (3.19).

3.2.3. Current-induced forces in terms of Green’s functions

We can now collect the results from the previous section and identify the current-induced
forces appearing in the Langevin equation (3.1). Except for the stochastic noise force,
the current induced forces are encoded in tr(G<AY). In the strictly adiabatic limit, i.e.,
retaining only the first term on the RHS of Eq. (3.18), G< ~ G<, we obtain the mean

force d
€
F,(X)=— [ — tr [AYG~] . 3.21
) = [ 55 0 [a7G] (3.21)
The leading order correction in Eq. (3.18) gives a velocity-dependent contribution to
the current induced forces, which determines the tensor 7,,,. After integration by parts,

we find

Ao = / setr (G<A”6€GRA”’ —G<A”’86GAA”). (3.22)

T
This tensor can be split into symmetric and anti-symmetric contributions, v = v° 4+ ~%,
which define a dissipative term ~° and an orbital, effective magnetic field v* in the
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3.3. S-matrix theory of current-induced forces

space of the collective modes. The latter interpretation is based on the fact that the
corresponding force takes a Lorentz-like form, as we will discuss below. Using Eq. (2.26),
and noting that 2 [ deG<0.G< = [ ded.(G<)? = 0, we obtain the explicit expressions

s _ de v A< AV >

5 (X) _/%m_«{A G<A”'0.G } (3.23)
a dE v v

42 (X) :—/%tr{A G<A”'0, (GA+GR)}G. (3.24)

Here we have introduced the notation {M,,}s, = (M, £ M,:,)/2 for symmetric and
anti-symmetric parts of an arbitrary matrix M.

At last, the stochastic force &, is given by the thermal and non-equilibrium fluctuations
of the force operator —d'A?d in Eq. (3.5). Thus, the symmetrized noise correlator reads

EO& ) =5 3 [N (O (O, (), (1)

A A (A (¢ (8) b () (£))]
=tr{AYG” (t, AV G<(t',t)}s, (3.25)

where we have used Wick’s theorem and G (¢, 1) = —i(dm(t)din, (t") x () is the full
greater Green’s function. As indicated by the fluctuation-dissipation theorem, the
fluctuating force is of the same order in the adiabatic expansion as the velocity dependent
force. Thus, we can evaluate the expression for the correlator of the fluctuating force,
Eq. (3.25), to lowest order in the adiabatic expansion, so that we obtain Eq. (3.9), with
de ’
D, (X) = /tr {A”G<A" G>} : (3.26)
27 s
in terms of the strictly adiabatic lesser and greater Green’s functions.

This formalism gives the tools needed to describe the dynamics of the vibrational
modes in the presence of a bias for an arbitrary number of modes and dot levels. When
expressions (3.21) - (3.24) are inserted back in Eq.(3.1), they define a non-linear Langevin
equation due to their non-trivial dependences on X (t) .

3.3. S-matrix theory of current-induced forces

Scattering matrix approaches to mesoscopic transport generally involve expressions in
terms of the elastic S-matrix, cp. the discussion in Section 2.1. For our problem, the
S-matrix is elastic only in the strictly adiabatic limit, in which it is evaluated for a fixed
value of X.

3.3.1. Adiabatic expansion of the S-matrix

As pointed out by Moskalets and Biittiker [2004, 2005], this is not sufficient for general
out of equilibrium situations, even when X (t) varies adiabatically in time. In their
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3. Current-induced forces in mesoscopic systems

work, they calculated, within a Floquet formalism, the leading correction to the strictly
adiabatic S-matrix. We follow here the same approach, rephrased in terms of the Wigner
representation. The full S-matrix can be written as [Aleiner et al., 2002]

Sle,t) =1 — 2ri [WgRWT} (e,1). (3.27)
To go beyond the frozen approximation, we expand S to leading order in X,

S(e,t) ~ S(e, X (1) + Y Xu(t)Ay(e, X (1)), (3.28)

where the strictly adiabatic S-matrix is given by
S(e, X) =1 —2xiW (e)GF (e, X)WT(e). (3.29)

Note that, in line with the notation established before for the Green’s functions, the
strictly adiabatic S-matrix is denoted by S while the full S-matrix is denoted by S.
The leading correction defines the matrix A, which, similar to S, has definite symmetry
properties. In particular, if the system is time-reversal invariant, the adiabatic S-matrix
is even under time reversal while A is odd. For a given problem, the A-matrix has to be
obtained along with S.

We can now derive a Green’s function expression for the matrix A [Vavilov et al., 2001;
Arrachea and Moskalets, 2006]. Comparing Eq. (3.28) with the expansion to the same
order of § in terms of adiabatic Green’s functions we obtain

Ay(e, X) =m0 [W(€)G (e, X)] AV (X)GF (e, X)W(e) (
— W ()G (e, X)AY (X)) [GR(e, X)W . (

3.30)
3.31)
This follows straightforwardly from performing explicitly the convolution in Eq. (3.27)
and keeping terms up to linear order in the velocity X. Current conservation constrains
both the frozen and full scattering matrices to be unitary. From the unitarity of the
frozen S-matrix, STS = 1, we obtain the useful relation

08T + 05

xSt 5T =0, (3.32)

which we will use repeatedly in the following sections. On the other hand, unitarity
of the full S-matrix, STS = 1, imposes a relation between the A-matrix and the frozen
S-matrix. To first order in the velocity X we have

i (0S50St 0Sast
1=88t+ 54t ast4 2 (2292 D292 .
SST+ SAT 4+ AS +2 9 ot a oc ) (3.33)
where A(e, X) =Y., A, (¢, X)X,. Therefore, S and A are related through
i T T
A,S" 4 SA] 5 <8X,, 9c " ocox,) (3.34)

In the next section we will see that the A-matrix is essential to express the current-
induced dissipation and “Lorentz” forces, Egs. (3.23) and (3.24).
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3.3. S-matrix theory of current-induced forces

3.3.2. Current-induced forces

After exploiting the slow variation of the scattering matrix with time we can now express
the results for the current-induced forces of the preceding section in terms of the S- and
A-matrices.

Mean Force

The mean force exerted by the electrons on the oscillator is given by Eq. (3.21). Using
Eq. (3.19) we can express G< in terms of G and G and obtain

F(X)=- / de ) fatr (HQWGAA”GRWT> , (3.35)

where we have used also the cyclic invariance of the trace. In order to write the expression
inside the trace in terms of the S-matrix, we note that 2riGAWIWGE = G4 — GE,
implied by Eq. (3.14), so that

i 408
271'5 0X,’

WGAN'GEWT = (1 4+ 20iw GAWHWGEAYGEWT = (3.36)
Here we have used Eq. (3.29) and Eq. (3.15) in the last equality. Note that this relation
holds for arbitrary magnitude of X. Hence, the mean force, Eq. (3.35), can be expressed
directly through scattering matrices S(e, X) as

B de t oS
F,(X) _za:/mfaTr <HaS aX)' (3.37)

Note that now the trace (denoted by “Tr”) is over lead-space.

An important issue is whether this force is conservative, i.e., derivable from a potential.
A necessary condition for this is that the “curl” of the force, dx, F\, — 0x , F),, vanishes.
In equilibrium the sum over the lead indices in Eq. (3.37) can be directly performed, since
fo = f for all a, and ) II, = 1. Therefore we obtain for the curl

F, OF, f f
OF, 0 _/o'le‘fTr(aS dS 8555T85>

0xX, 080X, J onmi 0X,0X,, 090X, " 09X,

de ast as  as ast
- / ot T (axu X, 90X, ax) =0, (3.38)

where we have used the unitarity of the S-matrix, the cyclic property of the trace, and
Eq.(3.32) in the last line. Thus, the mean force is conservative in thermal equilibrium. In
general, however, the mean force will be non-conservative in out-of-equilibrium situations,
providing a way to exert work on the mechanical degrees of freedom by controlling
the external bias potential [Dundas et al., 2009; Todorov et al., 2010; Li et al., 2010].
Examples will be studied in Chapter 4, where we explicitly study the coupling of two
mechanical modes to the conduction electrons, and in Chapter 5 in the context of magnetic
systems and spin-transfer torques.
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3. Current-induced forces in mesoscopic systems

Stochastic Force

Next, we discuss the fluctuating force £, with variance D, given by Eq.(3.26). Following
a similar path as described in the previous subsection for the mean force Fj,, we can also
express the variance of the fluctuating force in terms of the adiabatic S-matrix. Namely,
we explicitly insert the expressions for the Green’s functions, Egs. (3.19) and (3.20), into
Eq. (3.26), and obtain with the help of the relation (3.36)

de 08 17 a8
/ = —_— / T ! T . .
Dy (X) a%: / 5 Fao Tr{Ha [s axy] I, S axw} (3.39)

Here we have introduced the function F,.(€) = fa(€) [l — fo(€)]. From Eq. (3.39)
it is straightforward to show that D, is positive definite. By performing a unitary
transformation to a basis in which D,,, is diagonal, using II, = II2 and the cyclic
invariance of the trace, we obtain the expression

de oS f a8
= —_— ! ' T / T .
Dy (X) ga/: / 5 Fa Tr{(ﬂa ' na) M ST Ha} , (3.40)

v v

which is evidently positive.

We note that we were able to express both the mean force and the correlator of the
stochastic force in terms of the frozen S-matrix only. This is no longer the case for the
first correction to the strictly adiabatic approximation, given by Egs. (3.23) and (3.24).
We focus on these contributions next.

Damping Matrix

We start here with the first of the terms, which are proportional to the velocity X, the
symmetric matrix ®. This term is responsible for dissipation of the mechanical system
into the electronic bath. The result for v° is given below in Eq. (3.49), and we detail its —
somewhat lengthy — derivation now.

With the aid of Egs. (3.19) and (3.20), the expression for «* given in Eq. (3.23) can be
written explicitly in terms of retarded and advanced Green’s functions as

s

Vo =21y / de fo(—0cfor)tr {A”GRWTHQWGAA”'GRWTHQ/WGA}

+ory) / deFaO/tr{A”GRWTHQWGAA”/(?E (GRWTHO/WGA)} . (3.41)

S

It is instructive to split the factor F,. into a symmetric and an antisymmetric part
under exchange of the lead indices, Fi,w = F , + F3 ,, with

(fa - fa’) : (3'42)

N

S 1 a
ool = §(fa + for = 2fafor) and a!
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3.3. S-matrix theory of current-induced forces

Correspondingly, we split the second line of Eq. (3.41) into symmetric and antisymmetric
parts in the lead indices. Then we can write

Vi —QWZ / de[fol—0cfor) — = aa,]tr{A”GRWTH WGANY GRWL, WGA}

S

s

+2ry / deFe ,tr{A”GRWTH WGAAY 8, (GRWTH WGA)} . (343)

aao’

where we have used the symmetries of the term proportional to F , and have integrated
by parts noting that F?_, vanishes for e — £oo.

Since in equilibrium F? , = F3, = 0 and the second line of Eq. (3.43) vanishes, we
can now regroup terms into an “equilibrium” and a purely non-equilibrium contribution
% = %€ 4 %7€ Thus, using the cyclic invariance of the trace and Eq. (3.36), the first
line of Eq. (3.43) can be written as

1 de oS oS
S’e,q:f — NTr q 11 t 1_[/]L
W 4§/2Wae<fa+fa> { o asaX,}s

1 de 9S8t a8
— 2za:/%(—aefam <HaaXanV,) , (3.44)

where we have used that >, I,y = 1, STS = 1, and Eq. (3.32) in the last line. Note that
in general, v¥° also depends on the applied bias voltage, but gives the only contribution
to the damping matrix when in equilibrium.

To express 7€, given by the second line of Eq. (3.43), in terms of S-matrix quantities,
we rewrite this contribution as

s,ne

- / (;Zfatr{na [ST;;WGAA”/&(GRWT) —ae(WGA)AV’GRWTH . (3.45)

S

where we have exploited > II, = 1 and the identity (3.36). The evaluation of the
commutator, denoted by [., .], is lengthy but can be done straightforwardly with the
help of Eq. (3.14). Finally, we obtain

e 08 ;08
VV/ — / Z fOzTr { ()(VAV' v aXV> }s 9 (346)

in terms of the A-matrix defined in Eq. (3.31). Here we have used the identity

R
1051 A, Comiw A At WG \v Ryt
T 00X, Oe
 o(GRW
— WGAN (GA — GF)AY 8(Gaw). (3.47)
€
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3. Current-induced forces in mesoscopic systems

Note that *yj;ffe vanishes in equilibrium, as can be shown using the properties of the
S and A matrices: Since the sum over leads can be directly performed in equilibrium,
expression (3.46) involves

f
Tr{aSA Al 85} {2

(A ST+SAT>}

0X, )% 0X, .
8S 8s ast  _ast s
T — T =
T {8X S <8Xl,/ R )} 0 (348)

where we have used the unitarity of S and the cyclic invariance of the trace multiple
times. In the first equality, we inserted STS = 1 and used Eq. (3.32), the second equality
follows by inserting the identity (3.34) and using again (3.32).

Finally, combining all terms we obtain an S-matrix expression for the full damping

matrix v*,
de oSt oS
'71/1/ Z/ afaTI‘{ 8X aXV’}s

’
+Z/faTr{ (g; Ay —Ai,aa)i)}s. (3.49)

Note that in equilibrium, by the relation —0.f = f(1 — f)/T" and using Eq. (3.32), the
fluctuating force D and damping ~* are related via

D, = 2T550 = 2T, (3.50)

as required by the fluctuation-dissipation theorem. Our result for 4757 is analogous to
the S-matrix expression obtained for dissipation in ferromagnets in thermal equilibrium,
dubbed Gilbert damping [Brataas et al., 2008]. We will encounter magnetic systems,
both in and out-of equilibrium, in more detail in Chapter 5.

Following a similar set of steps as shown above for the variance D, in Eq (3.40), one
sees that ’yW has positive eigenvalues. On the other hand, the sign of fyw, is not fixed,
allowing the possibility of negative eigenvalues of v*. The possibility of negative damping
is, therefore, a pure non-equilibrium effect. Several recent papers found negative damping
in specific out of equilibrium models [Clerk and Bennett, 2005; Hussein et al., 2010; Lii
et al., 2011], further examples will be discussed in the next chapter.

Lorentz force

The contribution to the Langevin equation — ) , 'ﬁy,X,,/ acts like a Lorentz force and
we want to express the corresponding effective magnetic field? in terms of the S- and
A-matrices in the following.

2Consider for example a two-dimensional problem,X = (X1, X2), in which the antisymmetric part of

the velocity dependent force accordingly reads (72 _8/12> (§1> This corresponds to the Lorentz
12 2

force —eX x B when B = (y{,/e)és is identified as an effective magnetic field.
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3.4. Current

Using Eq. (3.19) for the lesser Green’s function, this effective magnetic field can be
written as

Ne, =i / de>  foTr {HQWGAA" (0.G" + 0.G*) AV’GRWT} : (3.51)

a

In order to relate this to the scattering matrix, we note that taking the derivative of the
A-matrix with respect to X,/ yields [0x ,A,]s = 2 [WGEAY (9.GF)A*GEWT),, using
Egs. (3.15) and (3.31). Therefore we obtain

0A
1 0Ay
')

— on [WGAA”(@GR)A”'GRWT] , (3.52)

which allows us to write v* in terms of the S-matrix as

de 0A aAT
a _ -|- v _ v
)VV/(X) = ga / 2 )aTI' {Ha <S SXV/ SXV/ S) } . (353)

If the system is time-reversal invariant, v* vanishes in thermal equilibrium. The latter
implies ) Il fo = f, so that Eq. (3.53) involves only

04,  OAl AT DA* DA DAS
t v v — v gx T v — . v oot v
Tr{S 9x., 8XV/S} Tr{@XV/ S GXV/} Tr{ 8XV/S +SE)XV/}7

yielding v* = 0 due to the cyclic invariance of the trace. In the last equality, we have
used S = ST and A = —A” as implied by time-reversal invariance.

Out of equilibrium, v* generally does not vanish even for time reversal symmetric
conductors, since the current effectively breaks time reversal symmetry.

3.4. Current

So far we have focused on the effect of the electrons on the mechanical degrees of freedom.
For a complete picture, we also need to consider the reverse effect of the mechanical
vibrations on the electronic current. In the strictly adiabatic limit, this obviously has
to reduce to the Landauer-Biittiker formula for the transport current. Considering
the leading adiabatic correction to the current in equilibrium is closely related to the
phenomenon of quantum pumping, and we will see that our results in this limit essentially
reduce to Brouwer’s S-matrix formula for the pumping current [Brouwer, 1998]. Our
full result is, however, more general since it gives the leading adiabatic correction to the
current in arbitrary non-equilibrium situations [Moskalets and Biittiker, 2005].
The current through lead « is given by Eq. (2.53),

I (t) = e/dt' tr {GR (L )SS(H,t) + G (1, )22 (Y, )} + hec.,
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3. Current-induced forces in mesoscopic systems

as we have discussed in Section 2.2.4. Again we use the separation of time scales and go
to the Wigner representation, yielding

I,=e / ;i; tr {GRS + G2 — 1 (0,679, 55 + 0,670.32) ) + hec.. (3.54)

We split the current into an adiabatic contribution I and a term proportional to the
velocity X,,: I, = IQ+ 1. Next we will express these quantities in terms of the scattering
matrix.

3.4.1. Landauer-Biittiker current

The strictly adiabatic contribution to the current is given by
d
I9(X) = 6/2; tr { (G -GN 25 +G< (28 -, (3.55)

where we have collected the purely adiabatic terms from Egs. (3.17) and (3.18). Inserting
the expressions for the self-energies Egs. (2.44) and (2.48), we can express this as

I9(X) = e/de > faiTr {W[éag(GR — G + 2miGW T, WG] WTHQ} . (3.56)
8

where we used Eq. (3.19). Inserting the adiabatic S-matrix, Eq. (3.29) yields
de
0 = e — T
I,(X) 6/27‘( E f/g’ﬁ{{éaﬁ SIigsS } Ha} (3.57)

5
- e/;; 3" (fa— f3) Tr{SHgSTHa} , (3.58)
5

where we used ) s Sl‘[gS’Jr =1 in the last line. We hence recover the usual expression for
the Landauer-Biittiker current [Biittiker et al., 1985], Eq. (2.16), which we discussed in
Section 2.1. Note that the total adiabatic current depends implicitly on time through
X (t), and is conserved at every instant of time, " I9(X) = 0. In the next chapter we
will demonstrate how the X-dependence of the current can be used for monitoring the
dynamics of the oscillator.

To obtain the dc current, we need to average I, over the Langevin dynamics of the
mechanical degrees of freedom. Alternatively, we can average the current expression
with the probability distribution of X, which can be obtained from the corresponding
Fokker-Planck equation, as done, e.g., in [Mozyrsky et al., 2006; Briiggemann et al.,
2012]. Similar remarks would apply to calculations of the current noise. We will deal with
the Fokker-Planck equation to some extent in Chapter 5 when we study the switching
dynamics of anisotropic magnetic molecules.
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3.5. Summary

3.4.2. First order correction

Now we turn to the first order correction to the adiabatic approximation [Moskalets and
Biittiker, 2005], restricting our considerations to the wide-band limit. The contribution
to the current (3.54) which is linear in the velocity reads

/ ZX tr { (0.GT)A'GRES + [(0.G7) A*G* — GRAM(9.GT)] 24} + hee.

_ y 00 R\ AV Ry7t
- Xl/ . € A Ha
e/de; Eﬁ:fﬁ{ 2 r[(0. G A GRW L Y]
+ e [GEWTTL W GA (WL W (0.GP)AY — A0 (GAW T, I))] }+h.c., (3.59)
after integration by parts and using the cyclic invariance of the trace. Again, we have

inserted Eq. (3.19) for the lesser Green’s function, and expressions (2.44) and (2.48) for
the self-energies. In the wide band limit, the identity

(i/2)8.0x,S + A, = W (9.GT)A*GEWT (3.60)

holds, so that we can write
de i 0%8
E ' t
/ X f@ T [(26 X + A) HﬁS Ha:| +h.c.. (3.61)

After straightforward manipulations we integrate by parts, so that we can split this
expression as

INX)=— % /deX . Z@efﬂImTr{Hag)iHﬁST}
(3.62)

08 as
+/deX ZfﬁReTr{ gy 85 — 21 AnﬁsT}

In equilibrium, the second term vanishes due to the identity Eq. (3.34) and the first
term agrees with Brouwer’s formula for the pumping current [Brouwer, 1998]. As for
the strictly adiabatic contribution, the dc current is obtained by averaging over the
probability distribution of X.

3.5. Summary

In this chapter we have described slowly varying mechanical modes coupled to electrons
flowing through a nanostructure. These mechanical modes are described by a Langevin
equation containing current-induced forces. Under general non-equilibrium conditions
they include
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3. Current-induced forces in mesoscopic systems

e an average force (which can be non-conservative out of equilibrium),

e the damping (with possibly negative eigenvalues, corresponding to energy-transfer
from the current to the oscillator),

e a non-dissipative velocity dependent (“Lorentz”-) force which is present even for
time reversal invariant systems, and

e a fluctuating force originating from noise of the current flow.

We have also calculated how the backaction of these forces affects the current through
the device. The dependence of the current on the vibrational dynamics allows one to
study the current-induced forces by monitoring the electronic transport; this holds already
for the strictly adiabatic current. In equilibrium the first order correction reduces to
the well-known expression for the pumping current. When more than one mechanical
mode couples to the conduction electrons this yields the possibility of transferring charge
through the devices even in the absence of an applied bias voltage.

We have calculated the current-induced forces and the current in a non-equilibrium
Born-Oppenheimer approximation. Starting from a Green’s functions approach we have
related the resulting expressions to scattering theory. Going beyond the strictly adiabatic
limit, we have realized that in general non-equilibrium situations the forces cannot be
expressed solely by the frozen S-matrix but an additional fundamental quantity, the
A-matrix, is needed for the description.

A number of examples which illustrate the description of the various current-induced
forces, which we have derived here, will be considered in the following chapter.
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4. Current-induced forces: Examples

In this chapter we are going to apply our general formalism of current-induced forces to
several simple models which illustrate the peculiar nature of the NEMS. We consider
models which are inspired e.g. by quantum dots, which are coupled to two electrodes,
or molecules in a break junction. The vibrational modes can be excited by the current
flowing through the system which in turn is affected by the mechanical motion.

We consider three model systems of increas-
ing complexity. In Section 4.1 we study a single

electronic level coupled to a single vibrational (a)

mode, like the one illustrated in Fig.4.1 (a). In

Section 4.2 we exploit the situation which is - Y -
illustrated in Fig.4.1 (b): a structure consisting

of two electronic levels which couple to another

vibrational mode. We find that the A-matrix, (b) [

derived in Chapter 3, is needed for the descrip-

tion of this setup and we find the possibility of - () -

negative damping which can be controlled elec-
tronically. As a last example for a NEMS, we
consider the coupling of the electrons with two
vibrational modes in Section 4.3. Specifically,
we find that in out-of-equilibrium situations
the current-induced forces can destabilize the
mechanical vibrations and cause limit-cycle dynamics. We also study how signatures of
the dynamics can be extracted from the current.

The results presented in this chapter have been published in [Bode et al., 2011] and
[Bode et al., 2012d].

Figure 4.1. Exemplary vibrational
modes considered in the main text.

4.1. Resonant Level

To connect with the existing literature, we treat as a first example the simplest case
within our formalism: a resonant electronic level coupled to a single vibrational mode
and attached to two leads on the left (L) and right (R). This model has been discussed
in detail for zero temperature by Mozyrsky et al. [2006] and Pistolesi et al. [2008]. It
provides a simple description on how current-induced forces can be used to manipulate a
molecular switch. Here we derive finite-temperature expressions for the current-induced
forces for a generic coupling between electronic and mechanical degrees of freedom,
starting from the scattering matrix of the system, and show how they reduce to the
known results for zero temperature and linear coupling.

41



4. Current-induced forces: Examples

We consider a single electronic level which is coupled to one mechanical mode, N =
M =1, denoting the mode coordinate by X, the energy of the dot level by é(X), and
the number of channels in the left and right leads by N; and Ng, respectively. The
Hamiltonian of the dot can then be written as

Hp = &X)d'd (4.1)

and the hybridization matrix as W1 = (W*, WR)T, with W = (W,...Wg ) and
a = L, R. Hence the frozen S-matrix, Eq. (3.29), is given by

ori ( wt(wh wk (wh! ) |

S=1-—
L WER (WL)T WwE (WR)T

(4.2)
where L£(€, X) = ¢ — & X) +il', [ =y + T, and Ty = 7 (W*)" - W?. Rotating to an
eigenbasis of the lead channels, this S-matrix does not mix channels within the same
lead, and hence we can project the S-matrix into a single non-trivial channel in each lead,

to obtain 0 JTT=
i 'y I'tlr
=1-— . 4.
S L ( vIt'r  TI'r > (4.3)

To calculate the mean force from Eq. (3.37), we need an explicit expression for the relation
(3.36). This can be easily calculated to be

STﬁf 0€ 2i < FL \/FLFR> (4.4)

9X ~ ToX|cP \ VIiTr  Ta
and hence de [ /T fol 5
€| frl'n + frlR| O€
FX)y=-| — | =" —. 4.5
o= [ 5| % (45)
Analogously, the variance of the stochastic force, Eq. (3.39), becomes
de = Tl Foor [ 0212
DX)=2 [ — —_— == . 4.
o0 =2 [ Rt [ (4.6)

It only remains to calculate the dissipation coefficient . Since there is only one collective
mode, v = 1, v is a scalar and hence v* = 0. Moreover, for energy-independent
hybridization we have that 9.G* = —(G)2, and the A-matrix (3.31) can be written as

A, = —aWGRIGE, AVGRWT. (4.7)

Being the commutator of scalars, in this case A; = 0 and from Eq. (3.49), v* must be
positive and is given by Eq. (3.44). (For an alternative derivation of the positiveness
of the friction coefficient in a resonant-level system, see Hyldgaard [2003]). After some
algebra, we obtain

87‘9 Tai_4 ﬁ 2L I'r VILLR (4.8)
0X) 0X " |0X] | \ VILTr Trg ' '
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4.1. Resonant Level

Figure 4.2. Resonant level. The shape of the effective potential U (X) can be tuned
by the bias voltage. We consider the level to be in the middle of the current window
(eVgate = 0) and the parameters hwy = 0.01 and I" = 0.1. The dimensionless coordinate
is ¥ = (Mw3/\)X and energies are measured in units of A\?/(Mw3).

and hence the damping coefficient becomes

~72
_depT10ufs + a0 fr [‘96} . (4.9)
m L]

v(X) = X

We can evaluate the remaining integrals analytically in the zero-temperature limit
[Mozyrsky et al., 2006; Pistolesi et al., 2008]. In the following we assume pz, > pr. The
average force is given by

1 0¢€ | S ta — € T
Similarly we obtain the dissipation coefficient
. r[oe)? T,
NCEEEADY (411)

o [(ua — &’ Jrl“ﬂ2 7

together with the fluctuation kernel

o< 2 ] o (157) 0

The position of the dot electronic level can be adjusted by an external gate voltage

p=pr

(4.12)

H=KR

eVeate = WTMR — €0, (4.13)

where the factor (ur, + ur)/2 is included for convenience, to measure energies from the
center of the conduction window. The difference in chemical potential between the leads
is adjusted via a bias voltage

evbias = UL — UR - (4.14)
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4. Current-induced forces: Examples

L

_60_ -,uR

Figure 4.3. Sketch of the two-level model. Electrons tunnel through two degenerate
energy levels between left and right leads. Both the hopping between the two levels and
the position of the levels are affected the coupling to the vibrational modes.

For a single vibrational mode, the average current-induced force is necessarily conser-
vative and we can define a corresponding potential. Restricting now our results to linear
coupling, we write the local level as é€(X) = ¢+ AX. This situation is illustrated in Fig.4.1
(a). We show the corresponding effective potential U(X) = (Mw?/2)X? — [dXF(X)
which describes both the elastic and the current-induced forces at zero temperature and
various bias voltages in Fig.4.2. Already this simple example shows that the current-
induced forces can affect the mechanical motion qualitatively. Indeed, the effective
potential U (X) can become multistable even for a purely harmonic elastic force and
depends sensitively on the applied bias voltage.

4.2. Two-level model

For the resonant level model discussed so far, the A-matrix vanishes and the damping is
necessarily positive. We now consider a model which allows for negative damping, see
also [Metelmann and Brandes, 2011]. Our toy model could be inspired by a double dot
on a suspended carbon nanotube or an Hs molecule in a break junction, which we have
mentioned in the introduction. The model is depicted schematically in Fig. 4.3.

The bare dot Hamiltonian corresponds to degenerate electronic states €, localized on
the left and right atoms or quantum dots, with tunnel coupling ¢ in between,

Hy=e€yo’ +tol, (4.15)

where we denote by o# (with =0, ...,3) the usual Pauli matrices acting in the two-site
basis.! We consider a single oscillator mode with coordinate X that couples linearly
to the difference in the occupation of the levels. In our previous notation, this means
A! = X103, The shift of the electronic levels is given by é+(X) = ¢y = A X. This is
shown schematically in Fig.4.1 (b) and further illustrated in Fig.4.4. The hybridization

!The Pauli matrices are given by
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4.2. Two-level model

.\ .................... ‘/gdte >0

Figure 4.4. Cartoon of the positions of the electronic levels in the dot with respect to the
Fermi levels of the leads, depending on the sign of x and the existence of a gate voltage
at zero temperature. The levels are broadened due to the hybridization with the leads I'.
When = > 0, “left” and “right” levels approach the Fermi levels of left and right leads
respectively. (a) For eVgate = 0 the levels align simultaneously for left and right. (b) The
alignment of the levels is inverted. (c) and (d) A finite eVgate produces an asymmetry
between left and right.

matrices are given by I'* = 'y (c” & 03), where the +(—) refers to a = L(R). We can
deduce the tunneling matrix W in terms of the hybridization matrices,

0 3 0_ 3
W= /Tr/n2 JQFU +/Tr/n2 20 . (4.16)

In the wide-band limit, we approximate W and I'y, to be independent of energy. The
retarded adiabatic Green’s function takes the form

GB(e, X) = 1 ( €= & +ilg t ) , (4.17)

A t 6—€_+1FL

with the abbreviation A(X) = (e — é_ +il'z)(e — &4 +ilg) — t2.
For simplicity, we restrict our attention to symmetric couplings to the leads, 'y, =
I'r =T'/2. Hence the frozen S-matrix and the A-matrix become

D [ e—é +iT/2 t
S(E’X)_I_Z< t e—€_+iF/2)’ (4.18)
Tt
Ale, X) =i\ A (4.19)

We can now give explicit expressions for the current-induced forces. The explicit
expressions are lengthy and are given in Appendix A.1, namely in Eqgs. (A.1) and (A.2)
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Figure 4.5. Effective potential for the mechanical motion in the two-level model. The
shape of the potential can be tuned by changing the bias and gate voltages: (a) eVgate = 0,
(b) €Vgate = 0.2 and (c) eVgate = 0.4. We consider the parameters fuwg = 0.01, ¢ = 0.1 and
[' = 0.1. The dimensionless coordinate is z = (Mw3/\1)X and energies are measured in

units of A\?/(Mwd).
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4.2. Two-level model

for the mean force and damping matrix, respectively. The variance of the fluctuating
force can be calculated accordingly. The average force given in Eq. (A.1) combines with
the elastic force to give rise to the effective potential U(X ) depicted, for zero temperature,
in Fig.4.5. As in the case studied in the previous section, the system can exhibit various
levels of multistability when changing the bias.

The results for the friction coefficient, given in Eq. (A.2), are shown in Fig. 4.6
as a function of the dimensionless oscillator coordinate x for zero temperature. The
contribution v%°? to the friction coefficient is peaked at

eVeate £ €Vhias/2 = £/ (M X)? + 12, (4.20)

as depicted in Figs. 4.6 (a) and (c). Neglecting the coupling to the leads, our toy model
can be considered as a two-level system with level-spacing 21/(A1X)2 + t2. Thus, the
peaks occur when one of the electronic levels of the dot enters the conduction window.
When this happens, small changes in the oscillator coordinate X can have a large impact
on the occupation of the levels. This effect is more pronounced when the dot’s levels pass
the Fermi levels that they are directly attached to [corresponding to X > 0 for current
flowing from left to right, see Fig.4.6 (a) and Fig.4.4 (a), (b)]. The broadening of the
peaks is due to the hybridization with the leads, I'/2. When eVgate = 0, two peaks are
expected symmetrically about X = 0, as shown in Fig.4.6 (a) [see also Figs. 4.4 (a) and
(b)]. The effect of a finite gate voltage eVgate is two-fold: it shifts the non-interacting
electronic levels of the dot away from the middle of the conduction window, and hence the
shifted levels €+ pass the Fermi levels of right and left leads at different values of X, Figs.
4.4 (c) and (d). Therefore in this case four peaks are expected, with two larger peaks
located at X > 0, and two smaller peaks located at X < 0. This is shown in Fig.4.6 (c).
The height of the peaks in this case is reduced with respect to the case eVgate = 0, since for
a given peak, only one of the dot’s levels is in resonance with one of the leads. Note that
four real values of X can be obtained only if (eVgate = eVbias/2)2 > 12, cp. Eq. (4.20). A
situation with (€Vgate — eViias/2)? < 12 while (eVaate + eVhias/2)? > 12 is shown in 4.6 (c)

(red-dotted line), where two peaks are present for X1 = +1/\; \/(6Vgate + eViias/2)? — t2
[the small peak at X_ is not displayed in Fig.4.6 (c)], plus a peak at X = 0.

For this model, the A-matrix is generally non-vanishing, which can result in negative
damping for out-of-equilibrium situations. This is due to a negative contribution of ~%™¢
to the total damping. This is visualized in Figs. 4.6 (b) and (d). Negative damping is
possible when both dot levels are inside the conduction window, restricting the region
in X over which negative damping can occur. Indeed, when only one level is within
the conduction window, the system effectively reduces to the resonant level model for
which, as we showed in the previous section, the friction coefficient +* is always positive.
When current flows from left to right, negative damping occurs only for positive values
of the oscillator coordinate X, as shown in Figs. 4.6 (b) and (d). This is consistent
with a level-inversion picture, as discussed recently by Lii et al. [2011]. Pictorially, the
electron-vibron coupling causes a splitting in energy of the left and right levels. When
X > 0, electrons can go “down the ladder” formed by the energy levels by passing
energy to the oscillator and hence amplifying the vibrations. For X < 0, electrons
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Figure 4.6. Damping vs. mechanical displacement in the two-level model. (a) Contribution
%% to the friction coefficient for various bias voltages at fixed gate voltage eVgate = 0.
(b) At the same gate voltage, the total damping, v* = %7 + "¢ exhibits a region of
negative damping due to the contribution of v*™¢. (c) v*¢¢ for various gate voltages with
the bias voltage eVias = 0.8. Note that for both eVgate = 0.2 and eVgate = 0.4, one small
peak for negative x falls outside of the shown range of z. (d) Again, the full damping
~® exhibits regions of negative damping. We choose hwg = 0.01, I' = 0.1 and ¢t = 0.1.
The dimensionless coordinate is z = (Mw/A\1)X and energies are measured in units of

A/ (M)
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4.3. Two vibrational modes

can pass between the two dots only by absorbing energy from the vibrations, causing
additional non-equilibrium damping. For small broadening of the dot levels due to the
coupling to the leads, this effect is expected to be strongest when the vibration-induced
splitting A1 X becomes of the same order as the strength of the hopping t. When X
grows further, the increasing detuning of the dot levels reduces the current and hence
the non-equilibrium damping [see Figs. 4.6 (b) and (d) and Figs. 4.7 (a), (b)]. The
coexistence of a multistable potential together with regions of negative damping can lead
to interesting non-linear behavior for the dynamics of the oscillator. In particular, and
as we show in the next example, limit-cycle solutions are possible, in the spirit of a Van
der Pol oscillator [Hanggi and Riseborough, 1983].

In order to complete the discussion we also calculate the current. The pumping
contribution is proportional to the velocity X and thus small. Therefore we show here
results only for the dominant adiabatic part of the current, which is given by

202/ f.
0= Z/deW. (4.21)

For zero temperature, the behavior of the current is shown in Fig. 4.7 as a function
of various parameters. Figs. 4.7 (a) and (b) show the current as a function of the
(dimensionless) oscillator coordinate x for two different values of gate potential for which
the system exhibits multistability by developing several metastable equilibrium positions.
For Vgate = 0 and independently of bias, the current shows a maximum at the local
minimum of the effective potential 2 = 0, while I ~ 0 for another possible local minimum
at x ~ 0.5 [compare with Fig.4.5 (a)]. The true equilibrium value of = can be tuned via
the bias potential, showing the possibility of perfect switching. For finite gate potential
however, the current is depleted from z = 0 with diminishing bias. Figs. 4.7 (¢) and (d)
show the current as a function of gate or bias voltage for fixed representative values of
the oscillator coordinate x. The current changes stepwise as the number of levels inside
the conduction window changes, coinciding with the peaks in the friction coefficient
illustrated in Fig.4.6. In an experimental setting, the measured dc current would involve
an average over the probability distribution of the coordinate x, given by the solution of
the Fokker-Planck equation associated to the Langevin equation (3.1).

4.3. Two vibrational modes

As a final example, we present a simple model which allows for both a non-conservative
force and an effective “Lorentz” force, in addition to negative damping. For this it is
necessary to couple the two electronic orbitals of the previous example, see Eq. (4.15), to
at least two oscillatory modes which we assume to be degenerate. The relevant vibrations
in this case can be thought of as a center-of-mass vibration X; between the leads, and a
stretching mode X5. (It should be noted that this is for visualization purposes only. In
reality, for an Ho molecule, the stretching mode is a high energy mode when compared to
a transverse and a rotational mode, see Djukic et al. [2005]. Nevertheless, the Hy molecule
does indeed have two near-degenerate low energy vibrational modes, corresponding to
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Figure 4.7. Dependence of the current in the two-level model on various parameters.
Current as function of mechanical displacement for (a) Vgate = 0 and (b) Vgate = 0.4; as
function of bias for (¢) Vgate =0, (d) Vaate = 0.4, (¢) z =0 and (f) = 0.5. We choose
hiwp = 0.01, T' = 0.1 and ¢ = 0.1. The dimensionless coordinate is = (Mw3 /A1) X and
energies are measured in units of A\}/(Mw?).
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Figure 4.8. Curl of the average force and damping coeflicient for the model with two
vibrational modes: (a) The curl of the current-induced mean force F is, in a non-
equilibrium situation, generally non-zero, indicating that the force is non-conservative.
(b) One of the two eigenvalues of v°. Remarkably, it undergoes sign changes. A dissipation
matrix v® which is non-positive definite implies destabilization of the static equilibrium
solution found at lower bias potentials, in this case driving the system into a limit-cycle,
see main text and Fig.4.9. The parameters used are such that A\;/A2 = 3/2. The elastic
modes are degenerate with hwg = 0.014, ', g = %(O‘O +07), and the hopping between
the orbitals is ¢ = 0.9. The dimensionless coordinates are z; = (Mw3/\)X; and energies
are given in units of A2/(Mw3), where A = (A1 + \2)/2.
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rigid vibrations between the leads and a rigid rotation relative to the axis defined by the
two leads.) The stretch mode modulates the hopping parameter,

t— tN(XQ) =1+ A Xs, (4.22)
while the center of mass mode X; is modeled as coupling linearly to the density,
€0 — €(X1) =€+ M1 X1, (4.23)

hence A' = X\o? and A? = Xyo!'. We work in the wide-band limit, but allow for
asymmetric coupling to the leads. The retarded Green’s function becomes

1 [ e—é+il'g t

where now A(X7, Xs) = (e — € +il'1)(e — é+il'g) — t2. The frozen S-matrix can be easily
calculated to be

2 (e—€e+ilp) Ty tvI TR
Se, X1, X2) =1- % < PVTi Ty (c—e+il)Th ) - (4.25)

The A-matrices also take a simple form for this model. Since A! is proportional to the
identity operator,

Ai(e, X1, Xo) = =\ WGR [GRr, o] GRWT = 0. (4.26)

On the other hand, the A-matrix associated with Xs is non-zero and given by

VI 52

Az(e, X1, X2) = —ik A2

(4.27)

From this we can compute the average force, damping, pseudo-Lorentz force, and noise
terms. These are listed in Appendix A.2. At zero temperature, it is possible to obtain
analytical expressions for these current-induced forces. Studying the dynamics of the
modes X 2(¢) implies solving the two coupled Langevin equations given by Eq. (3.1), after
inserting the expressions for the forces given in Appendix A.2. Within our formalism we
are able to study the full non-linear dynamics of the problem, which brings out a plethora
of new qualitative behavior. In particular, analyses which linearize the current-induced
force about a static equilibrium point would predict run-away modes due to negative
damping and non-conservative forces [Lii et al., 2010]. Taking into account non-linearities
allows one to find the new stable attractor of the motion. Indeed, we find that these
linear instabilities typically result in dynamical equilibrium, namely limit-cycle dynamics.
We note in passing that limit-cycle dynamics in a nanoelectromechanical system was also
discussed recently by Metelmann and Brandes [2011].

We have studied the zero-temperature dynamics of our two-level, two-mode system for
different ranges of parameters. In Fig. 4.8 we map out the values of the curl of the mean
force, (V x F)) |, indicating that the force is non-conservative throughout parameter
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Figure 4.9. Limit-cycle dynamics for the model with two vibrational modes. (a) Limit
cycle (blue solid line) and its approach (blue dotted line) at large bias vs. stable
oscillations at low bias (red asterisk) in the Langevin dynamics without fluctuating force.
(b) At large bias voltages, Poincaré sections of the four dimensional phase space show
the presence of a limit-cycle in the Langevin dynamics without fluctuating force. (c)
Several periods of typical trajectories (for different initial conditions after a transient) in
the presence of the fluctuating forces € are shown. The same general parameters as in
Fig. 4.8 are used here.
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Figure 4.10. Current-current correlation function in the presence of noise for the system
with two vibrational modes. The limit-cycle is signaled by a single peak (Vias = 10,
see Fig. 4.9), as opposed to two peaks in the absence of a limit-cycle (Vias = 2.5, 5).
Increasing the bias potential increases the noise levels but the peaks are still easily
recognizable. The results are obtained by averaging over times long enough compared
with the characteristic oscillation times. The same general parameters as in Fig. 4.8 are
used here.

space. We also plot one of the two eigenvalues of the dissipation matrix v*, showing that
it can take negative values in some regions of the parameter space.

We find that it is possible to drive the system into a limit-cycle by varying the bias
potential. The existence of this limit-cycle is shown in Fig.4.9 (a) and (b), where we
show how a limit-cycle is approached and the corresponding various Poincaré sections of
the non-linear system without fluctuations. Fig.4.9 (b) shows the trajectory in phase
space of the (dimensionless) oscillator coordinate z; after the dynamical equilibrium is
reached, for several cuts of the (dimensionless) coordinate 5. Each cut shows two points
in 7 phase space, indicating the entry and exit of the trajectory. Each point in the plot
actually consists of several points that fall on top of each other, corresponding to every
time the coordinate x3 has the value indicated in the legend of Fig.4.9 (b). This shows
the periodicity of the solution of the non-linear equations of motion for 1, xo for the
particular bias chosen. Surveying over the various values of xo reveals a closed trajectory
in the parametric coordinate space x1, x2. Remarkably, signatures of the limit-cycle
survive the inclusion of the Langevin force. Fig. 4.9 (c¢) depicts typical trajectories in
the oscillator’s coordinate space x1, x2 in the presence of the stochastic force, showing
fluctuating trajectories around the stable limit-cycle.

Experimentally, the signature of the limit-cycle would be most directly reflected in
the current-current correlation function, as depicted in Fig. 4.10. We find that in the
absence of a limit-cycle the system is dominated by two characteristic frequencies, shown
by the peaks in Fig. 4.10. These frequencies correspond to the shift in energy of the
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4.4. Summary

two degenerate vibrational modes due to the average current-induced forces F; and Fs.
When the bias voltage is such that the system enters a limit-cycle, the current-current
correlation shows instead only one peak as a function of frequency. This result, as shown
in Fig.4.10, is fairly robust to noise, making the onset of limit-cycle dynamics in principle
observable in experiments.

4.4. Summary

The theory outlined in Chapter 3 allows us to study the non-linear dynamics generated
by the interplay between current and vibrational degrees of freedom within a controlled
approximation. This opens up the path for a systematic study of current-induced forces
in nanoelectromechanical systems. We have discussed a number of illustrative toy models
in this chapter.

As an introductory example we have studied a single electronic level, which is coupled
to a single vibrational mode, and through which electrons can flow. We have shown how
the current-induced forces can be controlled by gate and bias voltages. For instance,
it is possible to create bistabilities in the potential, which is interesting in the context
of all-electrical control over molecular switches. In a slightly more advanced model
system, inspired e.g. by a double-dot or an Hy molecule, we have shown that the damping
coefficient can be negative, expressing an unconventional way of energy transfer from the
conduction electrons to the mechanical mode. Depending on the kind of coupling, in a
system with more than one mechanical mode a Lorentz-like force may arise in addition
to the possibly non-conservative mean force resulting in interesting dynamics such as the
existence of a limit-cycle.

Due to the backaction on the current, in principle the dynamics of the oscillator can be
studied by measuring the transport properties of the device. These examples highlight
that it is essential to include the non-linearities of the coupling to the vibrational modes
as well as the full dependencies on the externally controllable voltages.
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5. Current-induced switching in anisotropic
magnetic molecules

In this chapter we describe the interaction between a localized magnetic molecule and
conduction electrons passing through it, in analogy to the discussion of current-induced
forces in the preceding chapters. In particular, we consider current-induced switching in
single-molecule junctions containing an anisotropic magnetic molecule, providing possible
applications to molecular spintronics. Within our model the conduction electrons couple
to the magnetic molecule through the exchange interaction and we consider the regime
of high currents in which the molecular spin dynamics is slow compared to the typical
timescales of the conduction electrons.

This chapter is organized as follows. We
introduce our model of the single-molecule
junction containing an anisotropic magnetic
molecule in Section 5.2. In the limit of interest,
the molecular spin obeys a non-equilibrium
Langevin equation which takes the form of
a generalized Landau-Lifshitz-Gilbert (LLG)
equation and which we derive microscopi-
cally by means of the non-equilibrium Born-
Oppenheimer approximation. In Section 5.3 Figure 5.1. Sketch of the single-molecule
we derive S-matrix expressions for the various junction. The electronic spins interact
torques entering into the LLG equation, which ith the localized magnetic moment.
generalize previous expressions in the literature
to non-equilibrium situations. This Langevin equation is further explored in Section 5.4,
considering molecular switches with axial symmetry. Switching of the molecular moment
is discussed in Section 5.5, focusing on the effect of fluctuations. There it is convenient
to convert the LLG-equation into a Fokker-Planck equation in order to discuss typical
switching dynamics. In Section 5.6 we consider spin-torque caused by spin-polarized
leads on the magnetic moment, which can also be utilized for molecular switching.

Our discussion closely follows the presentation in [Bode et al., 2012a].

5.1. Introduction
The goal of this chapter is to explore the limit in which the electronic processes are fast

compared to the collective degrees of freedom, in the context of magnetic molecules. We
consider a generic model for an anisotropic magnetic moleculesandwiched between two
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5. Current-induced switching in anisotropic magnetic molecules

metallic (possibly spin-polarized) electrodes at which a bias voltage is applied [Friedman
and Sarachik, 2010].

Work on molecular spintronics has focused on single molecule magnets such as Mnjo and
transition metal complexes. Transport experiments with Mnjo concentrated on signatures
of the magnetic excitations, as revealed by peaks in the differential conductance [Jo
et al., 2006], and a spin-blockade mechanism [Friedman et al., 1996; Heersche et al., 2006].
Research on transition metal complexes, based e.g.on Co, also addresses the Kondo effect
[Park et al., 2002; Liang et al., 2002; Yu et al., 2005; Romeike et al., 2006; Florens et al.,
2011; Parks et al., 2010; Franke et al., 2011]. Related phenomena have been discussed in
molecular spin valves, which have been realized in setups with Cgg [Rocha et al., 2005;
Pasupathy et al., 2004], and more recently in TbPcy setups coupled to nanotubes through
supramolecular interactions [Urdampilleta et al., 2011].

We consider the regime where the typical time for dynamics of the molecular magnetic
moment is much larger than the dwell time of the electrons flowing through the structure,
so that a single electron is subject to a quasistatic configuration of the molecule. Within
this adiabatic regime it is possible to study the coupled electronic transport and spin
dynamics within a non-equilibrium Born-Oppenheimer (NEBO) approximation analogous
to the one adopted in NEMS in the equivalent regime, as we have discussed in the
preceding chapters. The resulting Landau-Lifshitz-Gilbert equations have been the
basis for several previous works in spintronics and nanomagnetism [Katsura et al., 2006;
Kupferschmidt et al., 2006; Fransson, 2008; Nunez and Duine, 2008; Basko and Vavilov,
2009; Dunn and Kamenev, 2011; Lépez-Monis et al., 2012; Tserkovnyak et al., 2002;
Brataas et al., 2008, 2011; Hals et al., 2010]. In particular the spin-transfer torque exerted
by the transport current is well known in the context of layered magnetic structures
[Slonczewski, 1996; Berger, 1996; Ralph and Stiles, 2008]. However, in the setup we
consider, the different coefficients that govern the dynamics of the molecular magnetic
moment show a strong dependence on the bias voltage determined by the electronic
structure of the molecule, also determining the behavior of the electronic current.

Note that we consider a generic and standard model for the molecule which applies to
a wide type of molecular systems, provided that a sufficiently large current flows through
the molecule and that the magnetic moment is sufficiently large to fulfill the adiabatic
condition assumed in the NEBO treatment. In particular, good candidates can be the
Mns- or Feg-based devices. These systems are described by microscopic Hamiltonians of
the type we consider in this chapter, and have rigid magnetic cores with magnetization
M = 10 and an anisotropy barrier DM? of the order of a few meV [Friedman and
Sarachik, 2010; Misiorny and Barnas, 2009; Sanvito, 2011]. Classical descriptions of spin
dynamics have been presented for these molecules in contact to phononic environments
[Zueco and Garcia-Palacios, 2006]. We estimate for the Mnjs- or Feg systems with a
rather large magnetic anisotropy that the Born-Oppenheimer approximation can be
applied when the current through the device exceeds ~ 10nA.
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5.2. Description of the spin dynamics

5.2. Description of the spin dynamics

We consider a minimal model of an anisotropic magnetic molecule embedded into a
single-molecule junction.

5.2.1. Model

We assume that transport through the molecule is dominated by a single molecular
orbital which is coupled to left (L) and right (R) leads at different chemical potentials.
The spin s of the current-carrying electrons couples to a localized molecular spin M
through exchange. Then, the full Hamiltonian consists of three terms

H=H;,+ Hr+ Hy. (51)

The Hamiltonian Hy, = Zn enc%cn models the leads @ = L, R as free-electron systems

(creation operators c:r7 with n = [« ko, o]). We will consider the possibility of spin-

polarized leads, assuming a spin-dependent dispersion ¢,. The tunneling Hamiltonian
Hr = Zn wngc%dg + h.c. describes the hybridization between the molecular orbital

(with creation operator dI,) and the leads. This coupling to the leads through these
two Hamiltonians has been discussed in Section 2.2.3 to some extent. The molecular
Hamiltonian is given by

Hy = ) eodids+ge8- B+ J3- M+ U(M). (5.2)

[

The potential experienced by the molecular spin in the absence of coupling to the external
leads is U (M ) = gaM-B—DM 2. The uniaxial anisotropy of the molecule is parametrized
through the anisotropy parameter D, with easy-axis anisotropy corresponding to D > 0
and easy-plane anisotropy to D < 0. The coupling constant J denotes the strength of
the exchange interaction between the molecular spin M and the electronic spins,

h .
S5i=15 > diol dy, (5.3)

where o/ (with j = z,y, z) are the usual Pauli matrices.! For simplicity, we assume
this exchange interaction to be isotropic. The energy of the molecular orbital ¢y can be
tuned by a gate voltage and B represents a Zeeman field acting on the electronic and
the localized spins with g-factors g. and gq4, respectively.

We now discuss this model within the non-equilibrium Born-Oppenheimer (NEBO)
approximation in the limit of slow precession of the magnetic moment. Our derivation
starts from the Heisenberg equation of motion for the molecular spin,

Mj = Zgjlk[J§l + gdBl]Mk + ngzjk[Msz + MkMz], (5.4)
Lk %

1See the footnote on page 44 for the definition of the Pauli matrices.
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5. Current-induced switching in anisotropic magnetic molecules

where €y, is the antisymmetric Levy-Civita tensor. Within the NEBO approximation,
we can turn this into an equation of motion for the expectation value M (t) = (M (t)) of
the localized spin,

M = M x [-0pU(M) — Js + 68B], (5.5)

with —OpU(M) = —gaB + 2DM.é,. Here, M = M(t) denotes the molecular spin
averaged over a time interval large compared to the electronic time scales, but small
compared to the precessional dynamics of the molecular spin itself. The corresponding
time-averaged electronic spin s = s(t) can be expressed as

50) = () = —walg=(t, 1)o’] (56)

Here G5 ,(t,t) = i(dL(t’ )do(t)) pr(r) is the electronic lesser Green’s function of the
molecular orbital. It is important to note that due to the NEBO approximation, the
lesser Green’s function must be evaluated for a given time dependence of the molecular
spin M (t). As a result, the average electronic spin s(t) depends on the molecular spin
at earlier times. This will be considered in more detail in the next subsection. The
instantaneous contribution gives rise to a force acting on the molecular spin. Retardation
effects produce terms proportional to M , appearing in the equation of motion as Gilbert
damping and a change in the gyromagnetic ratio. Additionally, fluctuations of the
electron spin give rise to a fluctuating Zeeman field 6B acting on the molecular spin.

5.2.2. Electronic Green’s function in the adiabatic limit

From now on, we again set A = 1. We evaluate the electronic lesser Green’s function,
accounting for the slowly varying molecular spin M (¢). The non-equilibrium Born-
Oppenheimer approximation was discussed in detail in Chapter 3 which we now apply
to the magnetic molecule and give explicitly the expressions for the electronic Green’s
functions for this model. We consider the corresponding retarded Green’s function and
— since the electrons are non-interacting— we can obtain G< from GE at the end of the
calculation. Again, we rewrite the Dyson equation in the mixed (Wigner) representation
in order to implement the Born-Oppenheimer approximation. Along these lines we
obtain the Dyson equation for the retarded Green’s function G = G (e, t) in the Wigner
representation, see Eq. (3.12).

In the strictly adiabatic limit we drop the terms proportional to derivatives with respect
to the central time. To this order we obtain the frozen Green’s function

GRe, M) =[e—ey—SF(e) —o-b] . (5.7)

As discussed in Section 2.2.3, the self-energy 2570 (e) accounts for the coupling to the
(possibly spin-polarized) leads, see Eq. (2.44). In the above equation and in what follows,
the Green’s functions, as well as the self-energies, are matrices in spin space with elements
Qﬁa,(e, t) and Zi - (€), respectively. It is convenient to introduce an effective magnetic
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5.2. Description of the spin dynamics

Figure 5.2. Illustration of the setup. The electronic level splits due to the effective
magnetic field, given by b = b(¢). The number of levels in the current window depends
on b, the applied bias voltage eV = ur, — ur and the gate voltage eVy = (ur, + 1gr)/2 — €.

field experienced by the electrons given by
1
b(t) = 5 (JM(t) + geB), (5.8)

see also Fig.5.2. Notice that even if we consider a constant external magnetic field, the
effective magnetic field is time dependent due to the explicit time dependence of the
molecular spin M = M (t).

In next-to-leading order in the Born-Oppenheimer approximation, we keep the time
derivatives with respect to central time to linear order. As discussed in Section 3.2, the
retarded Green’s function becomes to first order in M

Gt~ GF 4 % [8€GR0- bGE — GRo - baEGR} . (5.9)

The lesser Green’s function can now be deduced from the relation Eq. (2.47),2 which
yields

G< ~G< + %<8EG<0- BGA — GRo - b0.G< + 0.Gle - bG< — G0 - b@EGA>, (5.10)

in accordance with the corresponding expression Eq. (3.18). Here we used G< = GFZ<G4
where the lesser self-energy is given explicitly in the Appendix B.1. Note that we
suppressed the arguments of the frozen Green’s functions, G4< = GBA< (e, M).

5.2.3. Electron spin

We can now employ this result for the electronic Green’s function and evaluate the
electron spin. Substituting Eq. (5.10) into Eq. (5.6), we find

Js(M) ~ Js°(M) 4 ~(M)M. (5.11)

2This states G<(t,t') = Jdty [dta QR(t,t1)2<(t1,t2)gA(t2,t'). Here we use G4 = [QR]T.
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5. Current-induced switching in anisotropic magnetic molecules

The first term in Eq. (5.11) contains the average electron spin

(M) = —% / ;i—;tr[G<al] (5.12)

in the strictly adiabatic limit. The correction due to retardation effects associated with
the slow dynamics of the molecular spin are captured by the matrix (M), which follows
from Eq. (5.10) along the lines of the derivation in Section 3.2 using integration by parts
and the relation between the Green’s functions G~ — G< = G — GA. It is appropriate
to split the resulting matrix into vy, = 75, +7f, with the shorthand v;;* = (vik & Vi1)/2.
As we will see, the symmetric part of this matrix,
2
Vi (M) = z / ﬁtr[al8€G>akG<]s, (5.13)
4 2
describes Gilbert damping of the molecular spin, induced by the coupling to the electrons.
The antisymmetric part of the matrix ~,
a _ iz % l R A\ k<
(M) = 1 / 27Ttr[a 9 (G + G*) 6"G<],, (5.14)
will induce a coupling renormalization.

Due to the stochastic nature of the current flow through the magnetic molecule (as
reflected in thermal as well as shot noise of the current), the electronic spin will also
fluctuate, giving rise to a fluctuating torque d1B(¢) acting on the molecular spin. Note
that in the Born-Oppenheimer limit, we can neglect any frequency dependence of this
correlation function on the time scales of the molecular spin, so that the fluctuating
Zeeman field can be taken as locally correlated in time. Therefore, as discussed in
Chapter 3, in the Born-Oppenheimer approximation, the fluctuating Zeeman field 6B
has the symmetrized correlator (6B (t)0B;(t')) = Dy (M) (t — t') with

Dy (M) ‘]2 / de 1o* 6ol (5.15)
=— | —trlo o . :
kl 4 o s
Note that accordingly the fluctuations of the spin can be evaluated using the Green’s
function G<~ to lowest order in b.

5.2.4. Landau-Lifshitz-Gilbert equation

Substituting the expression for the electronic spin, Eq. (5.11), into the equation of motion
(5.5) we obtain a Langevin equation of the Landau-Lifshitz-Gilbert type,

M =M x [—aMU — Js" — 45N — oM + 88]. (5.16)

Note that, unlike in simple versions of a Landau-Lifshitz-Gilbert equation, the effective
exchange field s° as well as the coefficient matrices v* and ~® still depend on the molecular
spin M itself. We can simplify this equation by introducing the vector

1

Cr(M) = 5 > ehim o (M). (5.17)

m
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5.3. Relation to scattering matrix theory

Using that the length of M is conserved, it follows that the antisymmetric part of
merely renormalizes the precession frequency by an overall prefactor

1
This yields the simplified Landau-Lifshitz-Gilbert equation
M = aM x [—aMU — Js" —4*M + 68|, (5.19)

which we will analyze further in the subsequent sections.

When coupled to spin-polarized leads and when a finite bias voltage is applied, the
torque can be non-conservative, yielding the so-called spin-transfer torque [Ralph and
Stiles, 2008]. Also the eigenvalues of «* can become overall negative, providing another
mechanism of energy transfer from the electrons to the localized spin.

Since the stochastic spin dynamics is effectively two-dimensional, it generically exhibits
similar phenomena as NEMS with more than one vibrational mode, which we have
discussed in the previous chapters. Specifically, this includes the non-conservative nature
of the average force in general non-equilibrium situations as well as the presence of the
antisymmetric contribution to the velocity-dependent force. The latter acts, however, in
different ways in the two cases, owing to the different orders of the Langevin equation. In
the vibrational context, this term gives rise to an effective Lorentz force, while it merely
renormalizes the precession frequency in the context of the magnetic molecule.

5.3. Relation to scattering matrix theory

It has already been noted in a series of works by Tserkovnyak et al. [2002], Brataas et al.
[2008, 2011] and Hals et al. [2010] that the coefficients in the Landau-Lifshitz-Gilbert
equation in lead-ferromagnet-lead structures can be expressed in terms of the scattering
matrix of the structure, resulting in expressions for Gilbert damping and the fluctuating
torque in thermal equilibrium and for current-induced spin-transfer torques within linear
response theory. Here we will provide S-matrix expressions which remain valid in general
out-of-equilibrium situations and which include the exchange field and the precession
renormalization in addition to the Gilbert damping with the only assumption that the
precessional frequency of the localized magnetic moment is slow compared to the electronic
time scales. In this section we apply the general discussion from Chapter 3 in order
to provide S-matrix expressions for the various entries in the Landau-Lifshitz-Gilbert
equation.

For adiabatic parameter variations, the full S-matrix of mesoscopic conductors can
be expressed in the Wigner representation as Biittiker [Moskalets and Biittiker, 2004;
Arrachea and Moskalets, 2006] introduced an A-matrix through

S(e,t) ~ S(M(t),€) + M(t) - A(e, M (t)),

repeating Eq. (3.28) from Chapter 3. Note that we expanded the full S-matrix S to linear
order in the velocities M of the adiabatic variables, see [Moskalets and Biittiker, 2004;
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5. Current-induced switching in anisotropic magnetic molecules

Arrachea and Moskalets, 2006]. For the model considered here, the frozen S-matrix and
the A-matrix are related to the frozen retarded Green’s function G*(e, M) through

S(e, M) =1 —2miW G (e, MYWT, (5.20)
Ap(M,€) = wg 0. (WGR) FGRWT — waFato (GRw)|. (5.21)

The average electronic spin s{(M) can be written in terms of the frozen S-matrix
(5.20) by expressing the lesser Green’s function G< = GFX<G4 in terms of the self-
energy X<(e) =imy_, foWTTL,W with II, a projector on lead a, cp. the discussion in
Section 2.2.3. Using the identity 2miW W = (G7)~1 — (G4)~!, we find

de oS
_ E - T 7
a /gwif‘“ Tr <HaS 5 k) (5.22)

for the average electronic spin. Here the trace “Ir” acts in lead-channel space.

The S-matrix expression (5.22) allows us to make some general statements about the
average torque acting on the molecular spin. In particular, we can evaluate the curl of
the average torque, 8Mlsk 8Mk . In Section 3.3.2 we have discussed in some detail that
this curl, and hence the spln—transfer torque, vanishes in thermal equilibrium. However,
in general out-of-equilibrium situations, the curl will be nonzero, giving rise to finite
spin-transfer torque. We will return to this issue when we discuss switching in Section 5.6.

To express the velocity-dependent forces in terms of the scattering matrix in general
non-equilibrium situations, we need to go beyond the frozen scattering matrix S and
include the A matrix introduced above. The Gilbert-damping coefficients appearing in
the Langevin equation (5.19) can then be written as

. de st a9
Vi (M) :Z/M(_aefa)Tr {Ha@Mka}s
oSt oS
o3 [rm{m (Gpa-algg)) . om

The eigenvalues of the first line are strictly positive while the sign of the second line is
not fixed, giving rise to the possibility of overall negative Gilbert damping. Note that the
second line is a pure non-equilibrium contribution, as discussed in Section 3.3.2. Similarly,
we express the antisymmetric part of v as

04, OAl
V(M Z/fa { (STaMi_c‘WIZS>} , (5.24)

which causes a renormalization of the precession frequency, as discussed above.
Similar to the average spin, we can also express the variance of the fluctuating Zeeman
field (5.15) in terms of the frozen S-matrix,

- de g1 08 \' o 05
Dkl Z/ Ja 1_fa) { ( 6Mk> oS BM} : (5'25)
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5.4. Molecular switches with axial symmetry

By going to a basis in which D is diagonal and using IT, = 112, we find that D is a positive
definite matrix, see Section 3.3.2. With this preparation, it is now easy to ascertain
that in equilibrium damping and fluctuations are related by the fluctuation-dissipation
theorem, Dy = 2T,

5.4. Molecular switches with axial symmetry

From now on we specify to the case of axial symmetry, where both the magnetic field
and the polarization of the leads point along the anisotropy axis €,. In this section, we
will derive explicit expressions for the current-induced forces, including their dependence
on the molecular spin M.

We first consider the average torque which is determined by the average electronic
spin. Given that there are two basic vectors in the problem, namely €, and M=M /M,
the spin can be decomposed as

(M) = sy (M)M + s.(M)é. + s,(M)(é, x M). (5.26)
Hence, the average torque exerted on the molecular spin by the conduction electrons is
—aM x Js' = —aM x [sz €, + st (e, x M)] , (5.27)

which is obtained by inserting Eq. (5.26) into the Landau-Lifshitz-Gilbert equation
(5.19). The first term inside the bracket can be derived from a potential, since its curl
vanishes. This becomes more evident from the explicit expressions below using that the
M -dependence of the coefficients stems from the effective magnetic field b experienced
by the electrons and that the length of M is conserved. This contribution modifies
the precession frequency around the z-axis. In contrast, the second term on the right
hand side of Eq. (5.27) has a non-vanishing curl, Vs X [st (e, x M)] # 0, so that
s¢ introduces a mon-conservative torque, providing the possibility of energy exchange
between the conduction electrons and the molecule.

Concrete expressions for these contributions to the current-induced torque can be
obtained from

s:(M) =— i/ ;L;[Gj(e, M) + Gy (e, M) (% + Re[2§]>], (5.28)
st (M) = — % S—;Gf(e, M), (5.29)

as derived by substituting G<, see Eq. (B.4) in Appendix B, into Eq. (5.12) and taking
into account possibly spin-polarized leads with the notation EQR’C(S) = [ZﬁT + Ei i] /2 for
the self-energies.

These general expressions simplify significantly for unpolarized leads.? In particular, the
component s; of the average torque vanishes, and the remaining conservative contribution

3 Unpolarized leads correspond to E(If’s = 0 and one finds that consequently G5 and G5 vanish, see
Egs. (B.4) and (B.5).
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Figure 5.3. Component of the average current-induced torque in a uniaxial situation
for unpolarized leads. Js,(M) is plotted as a function of the applied bias voltage for
different gate voltages eV,. As discussed in the text, Js, changes when the number of
levels in the current window varies at Vi 4= eV/2 = £b (see also Fig. 5.2). The plots are
obtained at zero temperature at the potential minimum ¢ = 0 for the values JM /2 = 0.2,
I'=0.1, g.B/2 = 0.002 and g, = g4. The precession frequency in the absence of coupling
to electron spin and magnetic field is ¢¢ = 2DM = 0.01. All energies are measured in
units of the barrier height without magnetic field DM?.

s, is then found to be s, = s; — sI with

F — € :l: b B

+ o Ho — € T\ Je

M) = E — —_— |+ = . .
s, (M) a T (arctan [ /2 } 2) % (5.30)

Here we assume the limit of zero temperature and introduce the shorthand € = ¢y +Re[X,].

It is instructive to study the dependence of the average torque on bias and gate
voltage. Notice that, due to the effective magnetic field b acting on the electron spin,
the electronic level splits, like we sketched in Fig. 5.2. Consequently, b, the applied
bias voltage eV = pur, — g, and the gate voltage eVy = (ur, + pur)/2 — € control the
number of levels in the current window. This changes from zero (eV/2 > eV, +b) to
one (eVy +b > eV/2 > eVy — b) to two (eVy £ b > eV/2).* The average torque is finite
when just one level, corresponding to e.g.spin-up electrons, is occupied. In contrast, for
sufficiently high bias voltages both spin-up and spin-down electrons participate in the
transport so that no net electron spin acts on the molecule. This is illustrated in Fig. 5.3,
where the average electronic spin on the molecule is plotted as a function of the applied
bias voltage eV for three different values of the molecular level ¢ (as tunable by the gate
voltage eVj).

For Gilbert damping and the fluctuating torque, we restrict ourselves to unpolarized
leads. This choice is motivated by the fact that switching of the molecular spin (as
discussed in the next two sections) is dominated by the average torque for polarized
leads (and thus weakly affected by higher orders in the adiabatic expansion) and by

‘He we assume eV, eVs > 0 for simplicity.
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5.5. Fluctuation-induced switching for unpolarized leads.

the fluctuating force for unpolarized leads. (We mention in passing that expressions for
Gilbert damping and fluctuating force for polarized leads can be readily derived but are
rather cumbersome.)

For unpolarized leads, we can split the Gilbert damping tensor into one part proportional
to the unit matrix and another proportional to a projector onto the z-axis,

M x M =~5TM x M +~*2(M - &,)M x é., (5.31)

where v%! and 72 are scalars. The first term in Eq. (5.31) tends to (anti)align the
molecular spin with the anisotropy axis while the second modifies the precession frequency.
The coefficients v*! and %2 are calculated by inserting G< and G~ from Eq. (B.5) into
Eq. (B.8), resulting in

s, _ % J2Farﬂ(_aefﬁ)
M) _/gw%; (c— et b2+ T2 [(c—é- b2+ (/22 (5.32)

and

sainpy [ de (9eBJ)? Tal's(—0cfs)(c — &)
! (M)_/167r S (=402 +(T/2)2 [(e — e = b)2 + (T/2)2]

(5.33)

The damping coefficient is peaked when the number of levels between py, and pugr changes
and thus vanishes at large voltages when both levels are in the transport window. We
illustrate this dependence of v*! on gate and bias voltage in Fig. 5.4.

As stated above, the prefactor o in Eq. (5.19) is given by a(M) =1/ (1 + C - M), with
C defined in Eq. (5.17). This is calculated in the same way as the damping coefficients,
yielding

_ [ de J2T2T o fo (€ — &)
con=| e er i e op sy O

where we have inserted G< and G~ into Eq. (5.14).

We close this section with the corresponding expression for the variance of the fluc-
tuating Zeeman field, Eq. (5.15), which becomes Dy (M) = DY(M)dy; + D*(M)byby,
where

- _J? [ de Lolgfa(l — f3)
DHM) =5 / GRS D AL NI s T )

=2 _ o [ de Lol'gfa(l— f35) (e — €)?
o =2 f o 2 et o+ (02 e —e—nrr . O

for unpolarized leads. As illustrated in Fig. 5.4, the strength of the fluctuations changes

with the number of electronic levels in the transport window and saturates at high bias
voltages when both levels lie within.
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5. Current-induced switching in anisotropic magnetic molecules

1
£ 7.5-107°
= -5 of
? 5-10 r LT
Q PR —eVy =0
25-1075} —eVy=0.1
- eVy =0.2
0 ‘ ‘
0 02 04 06 08 1
eV
03 (c)
0.4+ _ eVe =0 "'
£ 03 —eVg=01f
eV =02 o
0.2 - ./'I"
N
.

Figure 5.4. Damping and fluctuations as a function of the applied bias voltage. (a) The
damping coefficient v%! is plotted for three different gate voltages. It is peaked when the
number of levels in the current region changes from zero to one to two at V, £eV/2 = £b
(see also Fig. 5.2). (b) At these points the fluctuation kernel D! increases steplike. The
level broadening results from the interaction with the leads encapsulated in I'. (c¢) The
effective temperature Tog = D' /(2v*1) is shown as a function of the bias voltage. The
plots are obtained at the potential minimum ¢ = 0 with the same parameters as in Fig.
5.3. All energies are measured in units of the barrier height without magnetic field DM?2.
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5.5. Fluctuation-induced switching for unpolarized leads.

~1.5 —9ehB/2=0 N
-- gehB/2 = 0.002

_2 .
0 /2 i

W

Figure 5.5. Potential experienced by the molecular spin in the absence of coupling to the
electrons. U(?) is shown with and without an external magnetic fields. All energies are
measured in units of the barrier height without magnetic field DM?2.

5.5. Fluctuation-induced switching for unpolarized leads.

We now apply our results to discuss the switching dynamics for unpolarized leads. In
the absence of coupling to the electrons the molecular spin moves in the potential
U = g4BM, — DM?2. For sufficiently small magnetic fields, two minima are present,
corresponding to parallel and antiparallel alignment of the spin to the magnetic field.
This is shown in Fig. 5.5, where U(9) is plotted for different magnetic fields and 9
denotes the angle between M and the anisotropy-axis. Assume that the molecular
spin is initially aligned parallel to the magnetic field. Due to the interaction with the
electrons the molecular spin fluctuates about this initial state, causing spin flips at a
certain rate which we calculate in this section. Clearly, these fluctuations depend on
temperature and applied bias voltage. If the system is in thermal equilibrium, this is
a standard problem [Brown, 1963]. Our approach allows us to extend these standard
results to out-of-equilibrium situations in the presence of a bias voltage in addition to
finite temperature. We also demonstrate that the orientation of the molecular spin can
be read out by tracking the current through the molecule.

5.5.1. Fokker-Planck equation

Our approach is based on an equivalent Fokker-Planck formulation of the Langevin
dynamics of the molecular spin. We first rewrite the Langevin equation (5.19) for
unpolarized leads. Describing the orientation of the molecular spin in terms of a polar
angle ¥ (measured relative to the applied magnetic field) and an azimuthal angle ¢, and
noting that M /M = ¥éy 4 psinveé,, we find the Langevin equation
Y=« [Mvs’l sind ¢ — 5B¢]
sind ¢ = « [—819U/M — Js,sind + 0By — M (75’1 + %2 sin? 19) 19] . (5.37)

Here the noise correlator is given in polar coordinates by pr = bﬂs@ — D! and
Dgg = D' + [(g9eB/2) cos Usin¥)* D2, with D' defined in Eq. (5.35).
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Figure 5.6. Switching dynamics for unpolarized leads. (a) V is plotted for different bias
and gate voltages. (b) The switching rate 1/712 is plotted as a function of the applied
bias voltage for different gate voltages. (c) The ratio between the switching rates 1/79;
and 1/719 is shown. The plots are obtained with the same parameters as in Fig. 5.3. All
energies are measured in units of the barrier height without magnetic field DM?2.
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5.5. Fluctuation-induced switching for unpolarized leads.

Following standard procedures [Zwanzig, 2001], we now derive the corresponding
Fokker-Planck equation for the probability distribution P(M,t) of the magnetization
vector M at time . We note that the probability distribution for the molecular spin is
conserved for all ¢, [ dM f(M,t) = 1. Hence, we can write a continuity equation for the
probability distribution,

Ouf (M, ) + Or - (M f(M,t)) —0. (5.38)

Inserting Eq. (5.19) for M we get
atf(Ma t) =—-L f(M7 t) — O - (Oé&(t)f(M, t)) ’ (539)

where £(t) = M x dB and the differential operator L is defined via its action on the
function f(M,t) as

Lf=0um- (aM x [—aMU _Js® - VSM} f) . (5.40)

From this follows the implicit solution
t
F(M,t) =" f(M,0) — / dt’ e =Lops - (£(1) F(M 1)) . (5.41)
0

Inserting this again in Eq. (5.39) and averaging over noise, denoted by P(M,t) =
(f(M,1)), yields the Fokker-Planck equation

0.P(M,t) = —L P(M, 1) + %aM (02D)-0pP(M,t) = FP(M,t).  (5.42)

Here we use that the noise is Gaussian and delta-function correlated, (&x(¢)§(t')) =
Dy6(t —t') and introduce the Fokker-Planck operator F.

In the uniaxial situation under consideration, the probability distribution is independent
of ¢ and depends on the angle ¥ only. Therefore, the Fokker-Planck equation (5.42)
takes the particularly simple form

9P, 1) = ﬁaﬁ sin eV 9,6 ) 3(9) P(9,4). (5.43)

This equation has the stationary solution P(¥)sax o exp[—V (9)]/3. Here we have
introduced

- o?D'/2
BW) = TV I AP BT BRI (5.44)
1+ a?M?y (’y + 52 sin 19)
and
9 : /
~ 09U + M s, J sind
P / z
7(9) = / S (5.45)
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5. Current-induced switching in anisotropic magnetic molecules

As long as the anisotropy is sufficiently large, U () has a minimum U; at ¢ = 91 = 0,
another minimum Us at ¢ = ¥ = 7, and a maximum U, at ¥ = 9, with 0 < ¢, < 7.
We assume that this holds also for V(1) and visualize the dependence of V(1) on gate
and bias voltage in Fig. 5.6. One clearly sees that the difference between the values of V
at the minima and the maximum decreases with increasing bias voltage, as one expects
from the behavior of fluctuations and damping, cp. Fig. 5.4.

Note that in equilibrium the ratio D'/(2y%') = T, as dictated by the fluctuation-
dissipation theorem. For zero temperature but finite bias voltages V it is sometimes
instructive to interpret this ratio as an effective temperature in each potential well,
Tog ~ D'/(27%') (as done for instance in the works by Mozyrsky et al. [2006], Pistolesi
et al. [2008] and Nunez and Duine [2008]), see Fig. 5.4. Generally however, both
coefficients, D' and %! are angle dependent and non trivial functions of voltage, as we
have seen explicitly above.

5.5.2. Switching rates

We calculate how long the molecular spin remains on one half of the Bloch sphere. The
mean time 7;; between passing the energy barrier (from the minimum U; to U;) due to
the interaction with the electrons is then found by a standard procedure [Zwanzig, 2001].
We consider the distribution P(M,t) of M which have been at M at time ¢t = 0 and
are inside a given volume at time t. The mean first passage time is then given by

dP M, t
(M) = / dtt / apg —4PML Y (5.46)

where — [[dMdP(M,t)/dt is the distribution of first passage times and [ dMP(M.,t)
gives the number of M which are still in the volume of consideration at time t. The
distribution of M is P(M,t) = e¥'6(M — M) with P(M,t) = 0 when M is at the
boundary of the volume. Inserting this into Eq. (5.46) yields

(M) = / dt / dMett's(M — M) = / dtet'1, (5.47)
where we have integrated by parts and FT denotes the adjoint Fokker Planck operator.
Hence we obtain the differential equation

Fir(M) = -1 (5.48)

for the mean first passage time with an absorbing boundary condition. Accordingly, we
consider an adjoint equation to Eq. (5.43),

BW) g V) g (9 —
gt Oge” "\ sin 0y 7;5(0) = —1/2, (5.49)

with an absorbing boundary condition 7;;(¢,) = 0. The factor 1/2 takes into account
that it is equally likely to go to ¥ 2 ¥y, at ¥ = ¥y,. Solving the equation yields

Im V) o g o
) =2 [  d9S g S V) (5.50)
9 9 B")
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5.6. Spin-torque-induced switching with polarized leads

for passing from 9 < 9, to ¥ > ¥, and an analogous expression for the opposite process.

When the potential minima are well separated and the fluctuations are small, we can
give an analytical expression for the switching rate. In this limit, the integrals in (5.50)
can be evaluated by saddle-point integration (see Brown [1963] for the situation in which
the coefficients do not depend on ¥), yielding

1

~

1
Tij V2r

Hence, the rate depends exponentially on the difference between V evaluated at its
maximum and minimum, respectively, so that it can be tuned by varying bias voltage
and gate potential. The general behavior of 1/7;;, as given by Eq. (5.50), is shown in
Fig. 5.6 for typical values as a function of gate and bias voltages. We have discussed
above that the fluctuations increase with the number of levels in the current window.
This is also reflected in the fluctuation induced transition rates which increase with the
bias voltage accordingly.

sin O/ [V (00)| B(0:) V" (9;)e 1V (Im)=V W01, (5.51)

5.5.3. Current

The current through lead « is given by the change of the number of particles in the lead
times the electronic charge, I, = —ie( [H 5D koo ch oCka,o|)- In the adiabatic limit this
is given by Eq. (3.55), as discussed in Section 3.4. We note that Iy, = —Ip = I/2 and
assume symmetric coupling to the leads, I', = I'p = I'/2. Then we obtain, by inserting
the expressions for the Green’s functions and the self-energies, see Appendix B.1, after
straightforward algebra

€ pr —€FD pWrR—€EFD
r==ry° PL—€F0) _ BrR—€FD 52
i 2 [arctan< Ve ) arctan< Ve ﬂ, (5.52)

which is valid at zero temperature. As discussed above, the electronic level splits due to
the interaction with the effective magnetic field b, defined in Eq. (5.8). When this level
splitting is larger than the level broadening I', the current increases as the number of
levels in the transport window increases, see Fig. 5.2. This is reflected in peaks of the
differential conductance dI/dV as a function of gate and bias voltage. Note that the
splitting of the electronic levels and thus the number of levels in the transport window
depends on the molecular spin orientation since b = b(¢}). As a consequence, the current
is also a function of ¥ and the corresponding current-voltage characteristics are shown
in Fig. 5.7. In principle, this allows one to read out the molecular switch via current
measurements.

5.6. Spin-torque-induced switching with polarized leads

The switching mechanism discussed in the previous section originates in fluctuations of
the molecular magnetic moment, introduced by the coupling to the itinerant electrons.
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5. Current-induced switching in anisotropic magnetic molecules
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Figure 5.7. Current-voltage characteristics. (a) The differential conductance dI/dV is
peaked when the number of levels in the current window changes at Vy + eV/2 = +b.
(b) Obviously, the current changes when the number of level with energy between the
chemical potentials of the two leads changes. (c¢) The level splitting 2b(¢) depends on
the orientation of the molecular spin. The relative difference of the current evaluated at
the two potential minima is plotted as a function of the bias voltage. [(a) and (b) are
evaluated at ¥ = 0. The plots are obtained with the same parameters as in Fig. 5.3 and
all energies are measured in units of the barrier height without magnetic field DM?.]
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5.6. Spin-torque-induced switching with polarized leads
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Figure 5.8. Sketch of the effect of polarized leads inducing spin-torque-transfer (indicated
by the magenta arrow) on the molecular moment. Depending on the polarization and
the current, the spin-torque tends to align the molecular moment either (a) along or (b)
against the magnetic field.

In Section 5.3 we have seen that the presence of polarized leads opens the possibility
of negative Gilbert damping which could favor the switching of the molecular spin.
This mechanism strongly depends on the details of the system, like the value of the
mean chemical potential p and the applied bias voltage. However, for spin-polarized
leads, switching of the molecular moment under general non-equilibrium conditions will
typically be dominated by a different mechanism which is driven by the non-conservative
(or spin-transfer) torque exerted by the coupling to the current carrying electrons. This
term appears already in leading order of the Born-Oppenheimer approximation in which
Gilbert damping and fluctuations can be neglected.

In this section we focus on this spin-torque —Js;(€, x M), see Eq. (5.27), in the
Landau-Lifshitz-Gilbert equation (5.19), where s; is given by Eq. (5.29). We analyze
under which microscopic conditions it is expected to drive switching in our molecular
setup. In the present case it is clear that it moves the vector M along the azimuthal
direction, tending to align it along the magnetic field. Thus, given a tilted molecular
magnetic moment M precessing around the magnetic field, for s; < 0 the spin torque
induces a spiral trajectory moving M toward orbits of smaller radius around the magnetic
field. Instead, for s; > 0 it induces orbits of larger radius enabling the switching to the
opposite hemisphere, with M tending to align opposite to the external magnetic field.

In our model, the behavior of s; can be rather easily analyzed in the limit of completely
polarized leads, e.g., rh = F% =T'/2. In this limit Eq. (5.29) simplifies to

Tt fi— fn
anM | S Tlil(e—e £ b2+ T/2)7

(5.53)

St =
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5. Current-induced switching in anisotropic magnetic molecules

Figure 5.9. Motion of the molecular moment in the presence of spin-polarized leads. For
negative bias voltage eV = —0.4, the magnetic moment is driven toward the positive
z-axis (red curve) while inverting the voltage eV — —eV causes a flip of the magnetic
moment (blue curve). (We consider FE = FE =0.1, Fi = FE =0 and eV, = 0; the other
parameters are the same as in Fig. 5.3.)

More generally, the sign of s; is determined by the condition
sgnfs,] = sgn [(Firg - r}rg) (fr — fR)} . (5.54)

This is sketched in Fig.5.8. When we consider a left lead with spin-up polarized electrons
and FEFE > FiFE, a current flowing from left to right (ur > pg) results in s, < 0
and thus antialignment of magnetic moment and magnetic field. For the opposite spin-
polarization, the spin-torque tends to align the magnetic moment with the magnetic
field.

For a given spin-polarization, inverting the direction of the current can switch the
orientation of the magnetic moment in the same way. This is studied by solving numerically
the equation of motion for the molecular spin in the strictly adiabatic limit, hence
neglecting Gilbert damping and fluctuations, in the presence of strongly polarized leads.
In Fig. 5.9 we show the time evolution of the molecular spin initially slightly deviating
from the magnetic field axis for two different voltages. Clearly, the motion of the molecular
spin is determined by the direction of the current through the molecule, showing that
inverting the bias voltage causes spin-flips in this setup.

5.7. Summary

We have applied the formalism of current-induced forces, discussed in Chapter 3, to an
anisotropic magnetic molecule in a single-molecule junction in which conduction electrons
couple via exchange to the localized magnetic moment.
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5.7. Summary

The features of the current-induced torques allow us to use the anisotropic magnetic
molecule in an external magnetic field as a molecular switch. The read-out of the latter can
be accomplished via the backaction of the molecular spin on the transport current. When
the molecule is attached to metallic leads in a uniaxial setup, we have transformed the
Langevin equation into a Fokker-Planck equation allowing us to calculate the switching
rates between the two stable spin orientations. Transitions between these states are driven
by the fluctuations which we have analyzed — in addition to the mean torque, damping,
and the current — as a function of the applied gate and bias voltages and the orientation
of the molecular spin. In the presence of spin-polarized leads, the switching dynamics is
dominated by the non-conservative (spin-transfer) part of the current-induced torque,
which enables switching between the spin orientations by reversing the direction of the
electronic current.
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6. Cooling NEMS by current

In this chapter we investigate how the coupling of coherent electrons to vibrational modes
can provide the functionality of a refrigerator. To this purpose, we analyze the phonon
population in a nanomechanical resonator under the influence of an electronic current.
In the preceding chapters we have seen that when more than one electronic level is
coupled to reservoirs, the interplay between collective degrees of freedom and conduc-
tion electrons can lead to an interesting exchange of energy between the subsystems.
Here we focus on the situation sketched in
Fig.6.1, in which the electronic levels are tuned
such that electron transport is preferentially
accompanied by the absorption of phonons, =
yielding the possibility of refrigerating a NEMS
by transport currents. We consider a generic
model of a double quantum dot connected to
electronic reservoirs and make several simplify-
ing assumptions to allow for detailed analytical
results. First, we assume that the hopping
amplitude between the dots depends on the
oscillator coordinate and that this is the only
process in which phonons are involved. This
situation might be realized in experiments on
suspended carbon nanotubes, in which the suspended section remains far from the
contacts to the leads. Second, we assume weak tunneling between the two dots.

Figure 6.1. Alignment of electronic lev-
els favoring the absorption of phonons.

With these simplifications, analytical expressions for the rates of emission and absorp-
tion of phonons can be obtained by perturbation theory. Specifically, this allows one to
obtain the non-equilibrium phonon distribution from a simple rate equation. Our goal is
to analyze the limitations on refrigeration imposed by the temperature of the electronic
reservoirs as well as the heat bath to which the oscillator is coupled. We study how the
phonon population can be tuned by external gate and bias voltages. We consider both
the limit of weak and strong electron-phonon interaction. In the latter case, multi-phonon
processes have to be considered which strongly affect the cooling dynamics. Here we
focus on the regime in which the vibrational frequency is large compared to the coupling
between quantum dots and leads. The opposite regime of a slow oscillator remains an
interesting problem for future work. In fact, it is an interesting aspect of our model
that it allows one to access the regimes of both fast and slow vibrations within the same
analytical approach.

Utilizing electron-phonon coupling for the construction of a nanoscale refrigerator has
already been studied in a number of works. In particular, cooling nanomechanical system
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6. Cooling NEMS by current

into the quantum ground state has attracted much attention, see [Clerk, 2012] for an
overview of recent works. Micrometer-scale refrigerators have been reviewed by Muhonen
et al. [2012]. It has been demonstrated experimentally that a 2DEG which is connected
to two quantum dots can be cooled by a current when bias and gate voltages are tuned
properly [Prance et al., 2009]. Cooling nanomechanical systems which are coupled to
superconducting single-electron transistors has been studied in [Naik et al., 2006]. For
the theoretical description of refrigerators rate equations have been used. For instance
an adatom on a wire [McEniry et al., 2009] or the generic model of a single electronic
level coupled to an oscillator mode [Pistolesi, 2009] have been studied. More general
situations have been considered in a number of model systems by Galperin et al. [2009],
relying on non-trivial structures of the density of states to which the mechanical system
is coupled. Cooling of a carbon nanotube, which hosts two quantum dots, has been
studied by Zippilli et al. [2009, 2010].

The remainder of this chapter is organized as follows. The Hamiltonian and the
description of cooling in terms of a rate equation is considered in Section 6.1. In
Section 6.2 we calculate the transition rates for emission and absorption of phonons.
Equipped with this knowledge we solve the rate equations in limiting cases and discuss
the conditions for cooling in Section 6.3.

This chapter is based on unpublished results [Bode et al., 2012b].

6.1. Model

We consider two quantum dots which are coupled to electronic reservoirs as depicted in
Fig.6.1. We describe this setup by the Hamiltonian

H= > (Ha+ Heo+ Bodlda) + Hr, (6.1)
a=L,R

which consists of two dots with energies E7, and Eg in contact to reservoirs modeled by
free-electron Hamiltonians

Ha = Z Ekaczacka. (6.2)
ko

Tunneling between leads and quantum dots is described by

Heo =Y wp,c} do+hec., (6.3)
ka

as we have discussed in Section 2.2.3. The two dots are connected through the tunnel
Hamiltonian

Hrp = t(&)d} dg + h.c., (6.4)

with a tunneling matrix element ¢(z). We assume that this tunneling amplitude depends
on the vibrational coordinate, providing the electron-vibron coupling to phonons with
energy w. This electron-phonon coupling is represented by () = te™**. Here the
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6.1. Model

(dimensionless) oscillator coordinate is expressed in terms of phononic creation and
annihilation operators, & = @ + af, and A denotes the strength of the coupling between
electrons and phonons.

Neglecting the coupling between the two dots, the levels of dot « are hybridized with
the corresponding lead. This hybridization can be described along the same lines as we
have outlined in Section 2.2.3, and the (retarded) Green’s function of the dot becomes

1

GOR(c) = py Tt (6.5)

with the self-energy Y0%(e) = Y ko, | Wk |2g,}§a (¢). Here the free Green’s function of lead «
is given by gf:; () =1/(e —ek, +in), cp. Eq.(2.42). In the wide-band limit, the self-energy
reads 0% (¢) ~ Re[8?]—il', /2, so that the local density of states, p, () = —Im[GYE(¢)] /7,
becomes
J— l—‘a
Pl = olle — e + (Taf2]

(6.6)

with the shorthand e, = E, + Re[X0F].

Now we can include the coupling between the dots. In the basis of the (hybridized)
dots, the occupation of dot o changes as (N,) = —i(t(&) d&(t)d/g(t)) + h.c.|oxp, with
N, = dld,. To lowest order in ¢ we obtain, analogous to Eq. (2.53),

(N = 37 P (Wg™ = W™ ) (6.7)

where P, is the probability for the oscillator to be in its nth excited state. Here we have
identified the rates for transitions between dots a and 8 accompanied by a change of the
phonon population from n to n’ as

a5 = My PIPIRE (6.8)

with the matrix elements M,,_,,» = (n’|e™**|n) and the abbreviations
15" = 2 [ defule) 1= Sa(@)] palelpa) (69)
IZ;nim — 27T/d€fa(6) [1— fa(e F mw)] pal€)pse F mw). (6.10)

Here the local density of states p is given by Eq. (6.6), and f,(e) =1/ (e(ef“‘f“)/Te +1) is
the Fermi distribution of lead a.

Our aim is the analysis of the phonon population. The temporal dynamics of the
phonon population can be deduced from the rates which enter the expression for the
current in Eq. (6.7). This results in the rate equation

dpP,

’ ’ 1
W——Pn n/ Wn " + — Pn/Wn n—;[Pn—quL (611)
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6. Cooling NEMS by current

where W=7 = Yoa oy SB_) " are the rates for a transition from n phonons to n’ phonons
in the system. Note that to lowest order in the hopping amplitude ¢, within our model
transitions always proceed between the two dots, 8 # a. The last term in Eq. (6.11)
is added on phenomenological grounds, describing the relaxation to the equilibrium
distribution P5® = e=™/T(1 — e=«/T) [Koch et al., 2006], with T the temperature of
an additional heat bath that the oscillator is coupled to. In the limit of fast relaxation,
1/7 — o0, the distribution is fixed to its equilibrium value while in the opposite limit
1/7 — 0 the phonon dynamics is driven entirely by the electron-induced processes.*

In particular we are interested in the stationary state of the system so that we will
have to solve the equation B, =0.

6.2. Transition rates

In this section we analyze the rates Wg}ﬁ_} " in more detail.

6.2.1. Franck-Condon matrix elements

The transition rates given in Eq. (6.8) contain the vibrational Franck-Condon matrix
elements for a phonon transition

, [ ¢!
My = [sgn(n’ — )"~ A\@=7=>?/2 %L?*Q(V), (6.12)

with the abbreviations ¢ = min(n,n’) and Q = max(n,n’), and L (z) are generalized
Laguerre polynomials. These matrix elements are calculated as the overlap of eigenfunc-
tions belonging to two harmonic oscillators displaced relative to each other by a distance
V2 ose (With lose = VAMw the oscillator length), see e.g. [Koch et al., 2006].

In the limit of weak electron-phonon coupling, A < 1, the matrix element is proportional
to A279, and accordingly single-phonon processes become dominant in changing the
phonon population. Then the (square of the) corresponding matrix elements become

| My, —snt1|? ~ max(n,n £ 1) A2, (6.13)

which we use particularly in the later discussion.

6.2.2. Zero temperature

At zero temperature we can easily evaluate the integrals in Egs. (6.9) and (6.10) analyti-
cally, provided that both electronic levels lie within the current window, puy > €5, €r > ug.
We assume that the level broadening I' is small compared to the applied bias voltage so
that the electronic levels are not too smeared out.

1We note that in principle this description allows us to treat the electronic reservoirs to be at a different
temperature Te than the temperature T' of the additional bath coupled to the oscillator. Since we are
interested in cooling through a charge current rather than due to coupling to a colder environment,
we focus on T = Te.
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6.2. Transition rates

Figure 6.2. Contributions I" 7™+l to the rates as as function of difference between
the electronic levels. Both electronic levels are in the transport window and the level
broadening is small. When the levels are aligned one electrons tunnel through the junction
without phonon emission or absorption (blue curve). Focusing on single-phonon processes,
we see that phonons are preferentially emitted (absorbed) when the left level is w above
(below) the right level. We plot I"™"*! in units of w for eV = 10, ¢, is varied while
er =V/2,and I' = 0.1.

For processes that do not change the phonon state, we obtain

2T |t|?

W’n%n ~
(EL — ER)Q =+ r2’

(6.14)

assuming symmetric coupling to the two leads, I'y, = I'p = I'. We also note that
Wpg'™ = 0. This has been calculated by means of the relation

 de r or
/—oo 2r [(e— )2+ (T/2)2][(e — )2 + (T/2)2]  (e1 — )2 + T2 (6.15)

Next we consider rates for which mw < eV. We start with the process involving a
transition from left to right dot while exciting m vibrational quanta. Eq. (6.10) yields

n—sn+m __ 2 2 % fL(E) [1_fR(6_mw)] F2
W™ = 1 Ma-snim| / 27 (e —e0)® + (T/27 (¢ — er — mw)? 1 (T/2)7]
2r |t|2|]\4nﬁn+m|2

~ 6.16
(e, —€er — mw)2 + T2’ (6.16)
while WE;’”M” = 0. Similarly we find for the processes with phonon absorption
_ 2T [t?| My —sn—m]?

(e — €r + mw)? +I'?’

and Wp,"~™ = 0. Typical plots are shown in Fig. 6.2, indicating that the electronic
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6. Cooling NEMS by current

levels can be tuned such that either emission or absorption of phonons dominates. Thus
for mw < eV we obtain the transition rates

Wn—>n:|:m ~ 2T ‘Mn%nim|2|t‘2
" (e —er Fmw)?2 + T2

(6.18)

For our purpose of cooling it is optimal to tune the electronic levels such that eg =
er, + mow. Then the expressions above simplify to

2r ’Mn—>n:|:m‘2’t’2
[(mo F m)w]? + T2
2 | M—sn—mo|*[t]*

n—sn—mo ~ 2
w T 7 (6.20)

for eV > mw. Cooling requires faster absorption than emission of phonons, W">"~™ >
Wwn=ntm - Hence, for the resonant process m = mg at small level broadening, I' < 2mgw,
the rate for absorption is much higher than the one for emission of phonons. Additionally,
we note that the emission of phonons, described by the rate W "*™ is only possible for
m < eV/w, see Eq. (6.10). In contrast, the number of phonons absorbed in a tunneling
event is unlimited. The influence of all these phonon processes crucially depends on
the coupling strength between electrons and phonons, encoded in the matrix element
| My, _sn+m|?. This has to be studied by solving the rate equation, which is what we turn
to do in the next section.

Wn—>n:tm ~

for m #mg, (6.19)

6.2.3. Finite temperature

The zero temperature results for the transition rates are the main ingredients for our
investigation of refrigeration by means of a current. Nevertheless, for small voltages,
V < w, in the limit of weak electron-phonon coupling, the dominant rate W">"~1 is
finite while W"~"+1 = (. Corrections to this are imposed by a finite temperature in the
reservoirs which we consider now.

In order to calculate the corrections of the rates above due to a finite temperature in
the electronic reservoirs, we introduce the shorthand

ALFEMT) = I ™(Te) — I05™™(0). (6.21)
For the calculation of this correction we make use of the Sommerfeld expansion,
+oo Mo 7T2
| ah0r@ = [ aer @+ FT0FO) (6.22)

in the limit po < Te for a function F(e) which vanishes sufficiently fast for e — +o0.
Applying this prescription to Eq. (6.10) yields
AIZ;”im(Te)
2

~+ 277%1?{36 [Pal€)pse F mw)l|a — falis . mw)Oe[pale)ps(e F mw)”u@imw

— cfal©)lstmopalis £ me)ps (s) }. (6.23)
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6.3. Solving the rate equation

using the relation f,(€)[1 — fa(€)] = —Te0cfa(e).

As stated above, for weak electron-phonon coupling we obtain for small voltages,
V < muw, that the rates for absorption of single phonons are finite while heating is
completely absent, I"7"*1(0) = 0, see Eqs. (6.10) and (6.20). Accordingly, here the
influence of temperature corrections should be most important. We restrict the following
discussion of finite temperatures to single-phonon processes. In particular, we assume
the two levels €7, < ur and eg > upr are at resonance, eg = €7, + w. Thus it is sufficient
to focus on the two resonant processes I, "' and I}, "'. We obtain in the limit
o — €al >T/2

n—n ~ ﬂ-FQTg 4 4fR(:uL + w) fR(l - fR)’ Ltw
AT T = 12 {<€R — [iR)? " (ur, —€r)® Te(pr — GZ)4 } (6:24)

Assuming small temperatures, T, < eV + w, this simplifies to

27?2
AT T) o~ 42— e 6.25
RL ( e) 3 (ER _ ,UR)5 ( )
In the same limit, the correction to the cooling rates becomes similarly
27? r27?
AP YTy ~ = < e 4 e > : 6.26
pe (1) 3 \(ur —er)®  (er— pr)® (6.26)

which is also quadratic in the temperature. We discuss these results below, after solving
the rate equation.

6.3. Solving the rate equation

In the limit of small electron-phonon coupling, A < 1, we can focus on single phonon
processes, W™~ and the rate equation can be easily solved analytically. In this
limit electrons and phonons couple linearly and the rates for emission and absorption of
phonons, see Egs. (6.8) and (6.13), are given by

WL ~ max(n, n 4 1) 2|2 15, (6.27)

using the abbreviation I+ = "7+l With this restriction the rate equation (6.11)
simplifies considerably and becomes

dP, _
dt - _ (Wn*ﬂH»l + Wn%n 1) Pn + Wn+1~)nPn+1
1
+wnrtenrp,  — = (P, — PY). (6.28)
T

Here we note that only the rates involving phonon processes, V[/”—“”/?"é")7 enter.
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Figure 6.3. Population of the states P5%' in comparison with P;. For large 7 the
population of the ground state Py increases. We consider different temperatures (of
the uncoupled oscillator) T and equilibration rates 1/7 (in units of w), for I /T~ = 0.1
and A = 0.1 (justifying that only transitions n — n £ 1 are considered). The states
Py, Py, ..., Pig are included in the simulation. We approximate that only the rates W7 =741
are non-vanishing.

6.3.1. Analytical solution

From this rate equation we obtain for the average phonon number, 7 =Y, nP,, that
n=— [N - IT)+1/7]m+ NPT + 7%, (6.29)

where 7%4 = (eﬁ“’ - 1)71. Far from equilibrium, 1/7 — 0, the stationary solution of this
equation is given by
I+

ng = ———r, 6.30

Jp—— (6.30)
provided that I~ > I'". Generally, for a positive cooling rate (meaning that \?|¢|*[I~ —
It]+1/7 > 0), the stationary solution is given by
NPTt +n/r 74 — My

—stat __

TR I 11 T e — )

(6.31)

cp. for instance [Zippilli et al., 2009]. Here the last approximation holds when the electron-
induced cooling dominates over the relaxation to equilibrium, A\2|t|> (I~ — IT) > 1/7.
In order to cool the system, i.e. 75 < m°, it is necessary that my < 7°d. From this
condition one can conclude at what temperatures (of the electrons in the leads and the
oscillator) cooling is possible. A system with general A can be studied by searching
numerically for the stationary solution of the rate equation Eq. (6.11). Results are shown
in Fig. 6.3: depending on the initial temperature of the oscillator and the relaxation
rate it is possible to remove phonons from the system, so that the occupation of the
vibrational ground state becomes more likely.
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—7r=1,T=05
. 7=10,T =05
7 =10.T =1.0
- 7=100,T = 1.0
5 10 15 20
-1+

Figure 6.4. Effective temperature as a function of the ratio between the rates for
absorption and emission of a phonon, see Eq. (6.8). We consider different temperatures
(of the uncoupled oscillator) 7' and equilibration rates 1/7 and I"?"~! = 1 (in units
of w), and A = 0.1 (note that only transitions n — n = 1 are considered). The states
Py, P, ..., Pig are included in the simulation.

In order quantify this cooling it is useful to define an effective temperature of the
electromechanical refrigerator. We note that the average phonon energy is always, also
out-of equilibrium, a well-defined quantity, given by F,, = w ), nP,. In equilibrium
one has E,, = w/(e’ — 1) with 1/8 = T. Accordingly, the effective temperature of a
non-equilibrium system can be defined as

T = w/In(1 + 1/7%%%), (6.32)

see, e.g., [Pistolesi, 2009]. In Fig. 6.4 we show at which cooling rates it is possible to
obtain temperature Teg < T', depending on the relaxation towards equilibrium.

6.3.2. Small voltages

At small voltages, eV < w, heating processes are strongly suppressed? which is optimal
for a refrigerator. We consider A < 1, so that only the rates W ~"*! have to be included
and we focus on the resonant situation, €;, = eg — w. For eV < w, we have seen above
that Wn""~1 is finite while the heating rate is absent, W"~"*1 = (0, for zero electronic
temperature in the reservoirs. Then the average phonon population becomes

r
———7n
27 \2|t]?

ﬁst at ~

ed, (6.33)
as given by Eq. (6.31), with 7o = 0. Note that, since we consider the limit of small A, this
equation indicates that the level broadenig I' and the equilibrium towards equilbrium,

given by 1/7, have to be small compared to the hopping amplitude in order to achieve a
phonon population which is smaller than n°1. Note that our approach requires a current

2Electronic heating rates are suppressed in powers of T /w so that we assume that they are slow compared
to the phonon absorption processes.
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6. Cooling NEMS by current

Figure 6.5. Effective temperature as a function of the difference between the electronic
levels for different temperatures and relaxation rates. When the levels are tuned such
that the absorption of phonons is favored, eg = €1, + w, the effective temperature of
the oscillator decreases, provided that w < T. We consider that both levels are in the
transport window and the level broadening is small. ey, is varied while e = V/2, eV = 10
(in units of w), A=0.1, ¢t =0.1, and I' = 0.1.

through the device in order to achieve cooling, hence implying that the operational
principle terminates for V' — 0.

Including the effect of a finite temperatures T, in the reservoirs, where the corrections
to the zero temperature result are given by Eq. (6.25) and Eq. (6.26), we find that cooling
is possible as long as £2,/2¢/(nT) > I'T,, abbreviating ¢ & |1 — €o|. Then we obtain

T T? 1
-6 & 1-(n/3)3TZ/¢

no (634)
within the approximation I' < &. This is the stationary solution for the phonon population
in the limit of vanishing relaxation to the equilibrium, 1/7 — 0, see Egs. (6.30) and
(6.31), and can clearly be smaller than 77°?. Cooling by current in the presence of a larger
applied voltage is considered next.

6.3.3. Large voltages

At high voltages, eV > w, when both levels are in the conduction window, there are
always processes which contribute to heating. The competition between the latter and
the absorption of phonons sets the temperature to which the system can be cooled. We
still consider the limit of small electron-phonon coupling when the levels are tuned to
be at resonance, €5, = egp — w. With the results obtained above, Egs. (6.19) and (6.20),
we obtain I~ = 2/I" and It = 2I'/[(2w)? + I'?], here neglecting the corrections due to
temperature. Thus we obtain

ny = , (6.35)
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which, as outlined above, is the stationary solution in the limit far away from equilibrium,
1/7 — 0, see Eq. (6.30). We note that 7y can be well below the equilibrium value 74,
when temperatures are comparable or larger than w allowing one to cool the oscillator.
For temperatures small compared to w one effectively heats the phonon system. This is
illustrated in Fig.6.5. There we also show that due to the finite width of the electronic
levels cooling (or heating) is also possible slightly away from resonance.

6.4. Summary

In this chapter we have studied how one can use a charge current in order to cool a
nanomechanical system. We have considered a double quantum dot in which the two
dots are coupled to leads and weak tunneling between the dots can be accompanied
by emission and absorption of phonons. It is a general feature of our model that the
electronic levels can be tuned such that emission of phonons happens more often than
absorption, allowing one to remove energy from the mechanical system.

We have studied the phonon population by means of a rate equation and have written
down the general expressions for the rates. These have been evaluated analytically in
some limiting cases, mainly focusing on the regime of weak electron-phonon coupling.
Here the resonance situation ez = €7, + w is favorable, as well as small temperatures and
small I", in order to achieve efficient cooling. When only a few phonons are left in the
system, even a small probability of emitting phonons might prevent to cool down the
system further. We have commented on the effect of a finite (electronic) temperature in
the reservoirs and the temperature of the heat bath coupled to the oscillator which limit
the operational principle of the refrigerator. At the end of this chapter we have focused
on weak electron-phonon coupling; the analysis of strong interactions is a promising topic
for further research. Furthermore it will be interesting to understand cooling mechanisms
in the opposite limit of slow vibrational dynamics, connecting with our results obtained
in Chapter 3.

89






7. Molecular switches on graphene

In the preceding chapters we have considered single molecule switches which can be
both switched and read out through the electronic current through the junction. In this
chapter we consider a different scenario in which many switches affect the conductance
of a layer of graphene. This substrate is particularly appealing for this functionalization
due to its two-dimensionality and its good transport properties.

Here the switching is triggered externally
and we focus on the read-out of the switch-
ing state by current measurements, providing
a theory of the electronic transport properties
of a graphene layer decorated with molecular
switches (as sketched in Fig. 7.1). In particu-
lar, our considerations are motivated by pho-
tochromic molecular switches, in which the re-
versible switching between two conformations
affects the carriers in graphene through the
associated change in the molecular dipole mo- Figure 7.1. Sketch of graphene function-
ment. We provide model calculations of how alized with dipolar molecules.
this modifies the conductance of graphene both
in the quasiclassical (Boltzmann) and in the quantum-coherent regimes of transport. In
the former the scattering on the single impurities are independent of each other while in
the latter interference between multiple scattering trajectories can increase the sensitivity
to the precise impurity configuration.

This chapter is organized as follows. We give a brief introduction to the electronic
properties of graphene in Section 7.2 and comment on its quasiclassical transport prop-
erties in Section 7.3. The influence of the dipoles on the conductivity is studied in
Section 7.4. Coherent processes are considered in Section 7.5. Some technical details of
the calculations are relegated to an appendix.

The results presented here have been published in [Bode et al., 2012c]|.

7.1. Introduction

The very first measurements in graphene on a substrate gave rise to to a linear dependence
of the conductivity on the carrier concentration and thus a — remarkably high — density-
independent mobility [Novoselov et al., 2004, 2005]. This indicates that charged impurities
are the main source for scattering and thus limit the conductivity predominantly while
short range scatterers cause only smaller corrections which become more important for
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7. Molecular switches on graphene

Figure 7.2. Illustration of the two transport regimes considered in this chapter. Consecu-
tive scattering events are considered to be independent in the Boltzmann limit (left) while
interference effects (right) change the transport properties in the mesoscopic regime.

larger carrier concentrations [Ando, 2006; Nomura and MacDonald, 2006; Hwang et al.,
2007].

Graphene provides a particularly attractive substrate for decoration with molecular
switches due to its unique conduction properties, such as the absence of backscattering
and an easily tunable carrier concentration [Novoselov et al., 2004, 2005], as well as its
strictly two-dimensional nature. Especially this last fact suggests that the conduction
properties of graphene could serve as a sensitive detector for the conformational state of
the molecular switches, cp. also the work by Schedin et al. [2007].

In this chapter, we consider the electronic transport properties of graphene layers
functionalized by spiropyran which we briefly described in the introduction, Section 1.2.3.
Specifically, we consider how the conductance of the graphene layer differs between
the switching states which are characterized by very different electric dipole moments.
For isolated molecules, it is estimated [Malic et al., 2011] that the dipole moment is of
order of 6.2D in the ring-closed spiropyran form, while it is 13.9D in the zwitterionic
merocyanine. !

Our calculations of the conductance of the graphene layer consider both the Boltzmann
regime and the mesoscopic regime of coherent quantum transport, see Fig. 7.2. When
the electronic mean free path is much larger than the Fermi wavelength and the system
is sufficiently large, electronic transport is characterized by the quasiclassical Boltzmann
conductivity. In contrast, in the mesoscopic regime, the sample size is no longer large
compared to the phase coherence length, so that quantum interference effects become
important and the conductance becomes sensitive to the particular impurity configuration.
The average magnitude of these fluctuations around their mean value is universal and
of order of the conductance quantum e?/h [Lee and Stone, 1985; Al'tshuler, 1985; Lee
et al., 1987; Kane et al., 1988], and rather small changes in the precise configuration
of the impurities cause significant changes in the conductance due to interference of
multiple scattering trajectories [Al'tshuler and Spivak, 1985; Feng et al., 1986]. Besides
the dependence on the conformational state of the decorating molecules, we also consider
the influence of the densities of charge carriers and impurities, as well as the density and
orientation of the dipolar switches.

1One Debye corresponds to: 1D & 0.2082eA ~ 3.336 x 107°°Cm.
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Figure 7.3. Honeycomb lattice of graphene.

7.2. Electronic properties of graphene

From the theoretical point of view, the electronic properties of single 2d graphene sheets
had been studied several decades ago, in connection to the investigation of 3d graphite
[Wallace, 1947]. Due to the honeycomb symmetry of the lattice, electrons in graphene
behave as massless charged Dirac particles with a constant group velocity approximately
300 times smaller than the velocity of light. Although the linear dispersion stems from
an expansion of the electronic spectrum in the vicinity of two points where valence and
conductance band touch, due to the peculiar bandstructure it holds true over a wide
bandwidth of several electron-Volts. This yields the important consequence that the
low energy massless Dirac description of electrons in graphene remains relevant up to
very large temperatures (much larger than room temperature) and doping levels. Indeed,
similarly to conventional semiconductor structures, both electron and hole doping can be
induced in the sheet through adatoms and/or by applying an external gate voltage.

Starting from a tight-binding description we derive the low-energy Hamiltonian and
the dispersion relation for the charge carriers in graphene. Then we introduce the
(impurity-averaged) Green’s functions, which we need for the description of the transport
properties in the remainder of this chapter. We refer to the reviews by Neto et al. [2009]
and Das Sarma et al. [2011] for a detailed discussion of the electronic properties of
graphene.

7.2.1. Tight-binding description

Graphene has been studied in terms of the tight-binding model, stating that electrons
hop between nearest-neighbor lattice sites, by Wallace [1947] more than half a century
ago. Further details on the underlying atomic structure of graphene can be found, for
example, in [Saito et al., 1998].

The honeycomb lattice of graphene is formed by two inequivalent sublattices on which
the electrons are described by the Hamiltonian

H= — Z t(cjcj —I—C}Ci), (7.1)

<1,7>
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Figure 7.4. Sketch of the dispersion relation € over the k., k, plane. We focus on the
low-energy physics close to the points where the conduction and the valence band touch.

where ¢t ~ 2.8eV is the hopping energy between nearest neighbors, c;r (ci) creates
(annihilates) an electron on lattice site ¢ and the sum is restricted to nearest neighbors.
As depicted in Fig. 7.3, the honeycomb lattice of graphene consists of two triangular
sublattices A and B. Each lattice site has three neighboring ions from the other sublattice
separated by a ~ 1.42A. Thus we can write the tight-binding Hamiltonian as

H=—-t> > |Rp)(Rp+él+hc., (7.2)
Rp

where we have choose a coordinate system in which a B-site is connected with its neighbors
via the three vectors &; = (—a,0), &2 = (a/2,v/3a/2) and &3 = (a/2, —/3a/2). Electrons
in the lattice can be described by Bloch states involving a superposition of the wave
functions of the two sublattices,

[Ye) =Y ua(k)e* B RA) + > up(k)e™ 5| Rp), (7.3)
Ry Rp

where uy(k) [up(k)] give the amplitudes for the occupation of lattice site A (B), and
the sums are over all sites of the particular sublattice. Projecting onto the Schrodinger
equation, H|1,Z)k> = 6k|d)k>, with <RA’ and <RB‘, respectively, one obtains

0 —tzie_ik'é" ua) _ . (ua
—tzieik‘éi 0 up -k ug /)’

Inserting the vectors &; in this expression yields straightforwardly the spectrum

€k = :tt\/l + 4 cos(3%=) cos(@) + 40082(@) , (7.4)

which is schematically depicted in Fig.7.4. Neutral graphene has just one electron per
lattice site and one concludes that the Fermi energy is at €, = 0 around which the
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spectrum is symmetric. Solving for k one sees that in graphene there is no Fermi line
as in usual 2d systems but rather isolated Fermi points. In order to identify the first
Brillouin zone we introduce a minimal set of lattice vectors a1 = €3 — €5 and ag = €3 — e3
as depicted in Fig. 7.3, generating the two inequivalent sublattices. The basis vectors in
the reciprocal lattice are thus by = 27/(3a)(2,0) and by = 27/(3a)(1,+/3). Only the two
Fermi points at position

+kp = i?f/ga (\f) (7.5)

lie inside the first Brillouin zone of the reciprocal lattice. These are the so-called Dirac
points.

7.2.2. Low-energy physics close to the Dirac points

In order to describe the low-energy physics of electrons close to the Dirac points we
expand the Hamiltonian (7.2) around the Dirac points kp as a function of the deviation
(which we denote from now on with k) from these points. After some calculations this
yields

S ko ke ko ok o 36T (1, & i), (7.6)
J J

where the + refers to the two distinct Dirac points. In order to simplify the notation we
introduce an additional phase factor in the amplitudes of the Bloch waves.? Accordingly,
the relevant low-energy bandstructure is captured by the Dirac Hamiltonian

H=TF®H,, (7.7)

describing the two inequivalent Dirac cones inside the first Brillouin zone. This Hamilto-
nian acts on the 4-component spinor (uz, ug, up,u,) with Bloch amplitudes u where
(+, —) labels the Dirac cone and (A, B) the sublattice. Here II* denotes a Pauli matrix?
in the space of Dirac points and Hy is the Hamiltonian of a single Dirac cone,

Hy =hvo - k, (7.8)

where v = 3at/(2h) and o (i = z,y) are Pauli matrices acting in the space of the two
sublattices. One finds the effective dispersion

€sk = shuk, (7.9)

which is linear in k = |k|, and s = +1 labels the conduction and valence bands, respectively.
Obviously, this dispersion can be also obtained from Eq.(7.4) by expanding in the vicinity

. . 27T
2The redefinition of the Bloch amplitudes is explicitly up — eT*?up, where eT? = —ie3 , while u4
remain unchanged, ua — ua
3See the footnote on page 44 for the definition of the Pauli matrices.
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of kp. Note that the Fermi velocity v is roughly 300 times smaller than the velocity
of light and does not depend on the energy [in contrast to the usual case of massive
electrons with e, = (hk)2/(2m)]. The corresponding eigenfunctions of Hy are

alr) = (rlk) = explik o) (). (7.0

where cos ¢(k) = k. /k and Q is the sample area.

In summary, we obtained that, due to the honeycomb lattice structure, low energy
electronic quasiparticles in graphene are described by a Dirac Hamiltonian resembling
the behavior of relativistic massless particles as in quantum electrodynamics. In the
following we consider the two Dirac cones (valleys) to be completely decoupled as is
the case in the absence of short-range scatterers. Consequently, we account for the two
valleys simply through the appropriate degeneracy factor.

The concentration of charge carriers in graphene can be tuned via external gate voltages
which allows one to vary the Fermi wavenumber kr. The density n of conduction electrons
is related to kg through

K

n = g/o dev(e) = =, (7.11)

™

where v(e) = €¢/2n(hv)? is the density of states per spin and valley, e is the Fermi energy,
and g = 4 accounts for the spin and valley degeneracy. We refer to the article by Neto
et al. [2009] for a detailed review of the electronic properties of graphene.

7.2.3. Green's functions

Our discussion of the transport properties is based on a Green’s function approach. The
free retarded (advanced) Green’s function for electrons (focusing on one Dirac cone) is

R(A 1 1+so-k/k
GEN (e, k) = 52 e_%kii(/ﬁ. (7.12)
s==1 ’
The numerators in these expressions act as projectors onto states in the conduction
(s = +1) and valence (s = —1) band, respectively. In the following we consider only
electron-doped systems with a sufficiently high Fermi energy, such that all relevant
processes occur in the conduction band. This allows us to restrict attention to s = +1
only. In fact, both our quasiclassical and our diagrammatic approaches are valid only
when the system is sufficiently far from the Dirac point (characterized by electron and
hole puddles in real samples [Das Sarma et al., 2011]).
Scattering on impurities broadens the electronic spectral function, so that the impurity
averaged (indicated by the overbar) matrix elements of the retarded (advanced) electronic
Green’s function become

NARA) N Ok e/ _ s AR/A
(|G k) = — iy = Gl (k). (7.13)
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Here, the elastic scattering time, evaluated in the Born approximation, is

(ex) E kZ (K[ ViKY 2 0(er, — ), (7.14)
in accordance with Fermi’s golden rule. The electronic mean free path is related to the
scattering time through ! = v7. The impurity potential Vi(r) = Z;V:ll V(r—rj)is a
sum over the individual potentials V' of the IN; impurities which we take to be randomly
distributed. Because the precise impurity configuration is unknown only quantities which
are averaged over all possible impurity configurations are accessible. This impurity

averaging is denoted by

()= /Hj.v;ld(rj/sz) (...). (7.15)

Note that we restrict our discussion to potentials which do neither flip the spin nor

transfer momenta large enough to couple the two Dirac cones. Averaging over the

impurity configurations yields

91+ cosv
2 )

with 9 the angle between k and k', Vj,_+ the Fourier transform of V(r), and n; = N;/Q

the impurity density. The factor (1 + cos®)) reflects the absence of backscattering in
graphene, even for isotropic scattering potentials.

[(R[Vi[RT) 2 = 5 Ve w (7.16)

7.3. Quasiclassical transport properties

Before discussing the influence of molecular switches on the conductivity, we briefly
review the conductivity of doped graphene within a Boltzmann approach [Novoselov
et al., 2004, 2005; Ando, 2006; Nomura and MacDonald, 2006; McCann et al., 2006;
Adam et al., 2007; Auslender and Katsnelson, 2007].

For zero temperature, the longitudinal conductivity is given by the Kubo formula

h N o
o =g—5T [jmlmcg szmGEF} : (7.17)

where the Green’s functions are evaluated at the Fermi energy. The current operator is
Je = (—€)3[Ho, 2] = (—e)vo®, with matrix elements

(Jo)iger = (—e)v(k'|0"|k) = (—e)vcos . (7.18)

To lowest order, the diagram for the impurity-averaged conductivity is depicted in
Fig.7.5. It involves the diffuson, describing diffusive motion of the electrons in the sample,
which we will encounter and discuss in some detail in Section 7.5. Following standard
procedures [Akkermans and Montambaux, 2007] we obtain

=g’ D, (7.19)
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7. Molecular switches on graphene

Figure 7.5. (left) Diagram for the conductivity. The conductivity loop consists of a
retarded (blue) and an advanced (red) impurity averaged Green’s function meeting at
two current vertices. (right) Vertex corrections. The star denotes impurity scattering.
Note that one only has to include diagrams with a retarded and an advanced Green’s
function meeting at a current vertex [Al'tshuler and Shklovskii, 1986; Kane et al., 1988;
Baranger and Stone, 1989].

with D = ’()QTtr/Q the diffusion constant. The movement of an electron through a
conductor is hindered by the scattering on the impurities. Hence in the regime under
consideration, the typical time between these collisions limits the conductivity. In fact,
in Eq. (7.19) enters the rate at which the memory of the k-direction of the incoming
electron is lost. This transport scattering rate is given by

1 2m IV PRETITNANT)
Tuler) %: [(R|Vi|K")[2(1 — cos¥) d(ex — €x1)
T .
= wmiv(ex) (Vi |* sin®9) . (7.20)
Here, (...) 9= 0% dd (...)/(2m) denotes an angular average over the Fermi circle. From

now on, 7 and 7y, without explicit momentum labels are calculated at the Fermi energy.
We also use the notation vy = v(ep). We close this section with a brief discussion of the
transport scattering time for two common sources of scattering, namely short-range and
Coulomb scatterers.

Short-range scatterers

Scatterers with a short-range potential, e.g., point defects or neutral impurities, have
a Fourier transform which is (approximately) independent of momentum, Vj,_, = V.
Thus, due to the density-of-states factor, Eq. (7.20) yields a transport scattering rate
which is proportional to k£ and the conductivity becomes independent of the electron
density. (We assume that the potential still varies smoothly enough that the two Dirac
cones remain uncoupled.) Note that in a conventional 2d system (with the quadratic
dispersion e = (hk)?/(2m) and thus a constant density of states) the scattering rate for
pointlike scatterers is independent of the electron concentration yielding a conductivity
094 X n/nj, in contrast to the situation in graphene.
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7.3. Quasiclassical transport properties

Figure 7.6. The Dyson equation connects the full Coulomb interaction (double line) with
the unscreened interaction (single line). The screening of the other conduction electrons
is contained in the full polarization bubble.

Coulomb scatterers

Another frequent source of scattering in graphene samples are charged impurities, located
at a distance z above the graphene sheet. The Fourier transform of the corresponding
single-impurity potential is

_ 2malw

Ve = . e %, (7.21)

where ¢ = |k — k'| = 2ksin(9/2) for elastic scattering processes. Here, a = e?/(hvk)
denotes the effective fine structure constant which involves the average dielectric constants
of the neighboring media, k = (k1 + K2)/2 [Adam et al., 2007; Das Sarma et al., 2011].
In a solid the conduction electrons screen the Coulomb interaction. The exact screened
Coulomb interaction can be obtained via the Dyson equation depicted in Fig.7.6. The
dominant long wavelength screened interaction has been shown [Gell-Mann and Brueckner,
1957; Schrieffer, 1964] to be given by approximating the exact polarization bubble with
the free one. This procedure is called random phase approximation (RPA). It yields

(7C c c170y/C c1707,/¢c1707/¢€ (¢ c17017¢C
Vi = Vg + VUV + VEID VTV + o= Vg + VIV, (7.22)
which can be easily solved for ‘7; The bare polarization bubble, I1® = T1°(q, ¢), is given

by

de’

i11%(q, €) :g/ o Tr [Gé%(k, )Gk +q,€ + BIE (7.23)
T

where we restrict ourselves to the upper half of one Dirac cone. This is justified as long as

the doping is sufficiently large and the wavenumber small, preventing scattering between

the two different Dirac cones. We are interested in the long wavelength limit ¢ < kr so

that one finds

°(q < kp, e — 0) =~ —guyp. (7.24)

Thus the polarizability is given by the density of states evaluated at the Fermi energy
vp. To summarize, in this Thomas-Fermi approximation one obtains the effective po-
tential f/qc =Vq /e(q). The dielectric function, in the limit of zero temperature, can be
approximated by

e(q) =1- VI’ ~ 1+ qrr/q, (7.25)
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7. Molecular switches on graphene

involving the characteristic wave vector grp = 2wahvgry [Ando, 2006; Nomura and
MacDonald, 2006]. Note that accordingly also the screened Coulomb interaction scales
as < 1/q.

In graphene, the average conductivity is found to be

U%:Lgln

— 7.26
h wa2lyn§’ (7.26)

which is valid at zero temperature, showing that the conductivity increases linearly with
the density of charge carriers n participating in the transport. This result follows from
inserting the transport scattering time 7¢,. into Eq. (7.19). The scattering rates evaluated
at the Fermi level, see Eqgs. (7.20) and (7.14), are

1/ | nfma?v [ I (7.27)
1/7’C N 2/-6‘1:‘ J() ’ '

with n{ the density of charged impurities and the abbreviations

2m som —4zkp sin(9/2) 02
I, }:/ dd sin™(d/2)e { sin® 9 (7.28)
0

Jm 2 [Sln(§/2) -+ ga/2]2 1+ cos v

For qrr/(2kr) = ga/2 = 2 (corresponding to graphene on a SiOy substrate [Adam et al.,
2007]) and 4zkp < 1 we have Iy = 0.071, I; ~ 0.046, I ~ 0.033, Jy ~ 0.18, J; =~ 0.065,
and Jy ~ 0.035.

In summary, the conductivity of graphene is independent of the electron density n
for short-range scatterers and linear in the density for Coulomb scatterers [Ando, 2006;
Nomura and MacDonald, 2006; Adam et al., 2007]. Combining both contributions, one
obtains a linear rise of the conductivity which saturates at higher n. At low temperatures
this behavior is in agreement with many experiments [Novoselov et al., 2004, 2005; Chen
et al., 2008].

7.4. Effect of switches on the conductivity — Boltzmann theory

After these preparations we can now focus on the effect of switches decorating a graphene
monolayer. We consider graphene samples with a dilute and random covering by molecular
switches whose switching states are characterized by different electric dipole moments.* In
this section, we will assume that the electronic scattering is adequately described within
a Boltzmann approach which treats consecutive scattering events as independent. We
will also assume that the switching is only effected externally, e.g., by irradiation of the
sample, and that all molecules are switched so that we need only discuss the conductivity
for the static dipole moments associated with the two different conformations.

“In the spiropyran-merocyanine system, the switching states differ most significantly in their correspond-
ing dipole moments and thus higher order terms in a multipole expansion of the charge distribution
can presumably be neglected.
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7.4. Effect of switches on the conductivity — Boltzmann theory

Consider a molecule with a nonzero electric dipole moment d attached to graphene.
We assume that the electric dipole is located at a distance z above the graphene sheet
with the dipolar potential

d“-’f'—i-dJ_Z

Vd(T, z) = (—e)m.

(7.29)

Here, d); and d are the components of the dipole moment parallel and perpendicular to
the substrate, respectively, and r is a two-dimensional vector in the surface. The two
dimensional Fourier transform of the dipolar potential follows readily from Gauss’s law
V2V4 = 4rep, where p is the charge density of the dipoles. (Note that V¢ is defined
as the potential energy of an electron in the field of the dipole.) Fourier transforming
Gauss’s law and integrating over the out-of-plane component of the wave vector, one
obtains

V4 = 4rie

dg, dj-q+d .
= dmie [ S S (7.30)

2 @+

and therefore

qu _ V;H + Vt;iL’ (7.31)
qu” = 2michv(d) /e) cos pe™ 9, (7.32)
quL = —2rahv(d, [e)e” 7, (7.33)

where ¢ denotes the angle between the wave vector g and d|. Note that qu L is real,

while qu !"is imaginary, reflecting their symmetry properties. The resulting screened
potential is given by f/qd = qu/e(q), with the dielectric function in Eq. (7.25).

We first consider a clean graphene sample where the scattering is entirely due to
the decorating molecular switches with dipolar impurity potential. In such a system,
the electrons are scattered at impurities with a dipole moment (but without monopole
potential), and the averaged matrix elements of the impurity potential read

(7.34)

I PRET*IEWINT) 4 (ahvd/e)? 1+ cos ¥
RVARE = 1l :
iaLyl Q1l+qre/g 2

with nid the density of dipoles. We use d? = d2 (1 + cos? f) /2, where the angle £ measures
the orientation of the dipole moment with respect to the plane such that d; = dcos€.
To be specific, we assume that d| is oriented along an arbitrary direction within the
graphene layer while the perpendicular component is (approximately) the same for all
dipolar switches. Inserting Eq. (7.34) into Egs. (7.20) and (7.14) yields the scattering
rates

,7_d ~
i?ﬁ }— 2(ma)?nd vk (d/e)? { ?2 , (7.35)
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7. Molecular switches on graphene

where Iy and Jo are given by Eq. (7.28). In the absence of other types of scatterers, Eq.
(7.19) yields the conductivity

2
_q4 g€ 1 1
0" == = . 7.36
h (271'0[)212 n?(d/e)Q ( )

Note that this result for the conductivity is independent of the electron concentration.

If the graphene sample is disordered even in the absence of the molecular switches,
it is natural to consider a situation in which the dominant source of scattering is due
to ¢ charged impurities, supplemented by Nid additional dipolar scatterers. For the
moment, we assume that these latter scatterers are not associated with a monopolar
potential. If the distributions of these two different types of scatterers are statistically
independent, the total transport scattering rate is obtained by Matthiessen’s rule through
adding the two individual scattering rates, 1/ thr’d = 1/7% +1/73. Hence, switching the
dipole moments causes a relative change of the conductivity

I 3
L _2(7704)2%57% kle (d/e)2, (7.37)
0

Q(H

reflecting the fact that the conductivity decreases when scatterers are added to the
system. We have used 7@ < &° which holds for kpd/e < 1. This limit is relevant
for typical electron densities in graphene, n ~ 10'2cm™2, and even rather large dipole
moments d ~ 10D (yielding krd/e =~ 0.03). The prefactor in Eq. (7.37) is given by
2(ma)?Jolz/Io ~ 1.7 for impurities close to the graphene sheet, zkp < 1, see Eq. (7.28).
Note that the mean free path . = v is proportional to kg, see Eq. (7.27). Thus, the
influence of the dipoles on the conductivity is quadratic in (kpd/e), which increases
linearly with the electron density n.

Frequently, an attached molecular switch will affect electronic transport not only
through its dipole moment, but may also be associated with a monopolar scattering
potential, e.g., due to some degree of charge transfer between graphene and the molecular
switch. For this reason, we generalize our results to situations with N; charged impurities
(with screened potential ‘7;) and 0V impurities with an additional dipole moment, where
the latter also transfer an amount de = (e of charge to the graphene. Then, the scattering
potential for the latter takes the form V;*d = ch + qu. The corresponding transport
scattering rate, Eq. (7.20), is

1 1 1 1
L T (7.38)
th r+d thl“ T& thr7 de

where 7& and 7{ are given by Egs. (7.27) and (7.35), and we introduce the shorthand

c,d d
i; :té 0 } = —2(5n17r2C0weJ‘{ 511 : (7.39)

with dn; the density of switched molecules. This latter contribution involves interference
between monopole and dipole scattering. Interestingly, d, enters linearly into this
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7.5. Effect of switches on the conductance — quantum coherent transport

contribution while the in-plane component of the individual dipoles cancels out. This

cancellation follows from the fact that V; I'in Eq. (7.32) is purely imaginary, while
the Coulomb potential is real. I; and J; follow from Eq. (7.28) and we have used the
(impurity averaged) matrix element of the total impurity potential

1+ cos ¥
20

- . 1. -
+2(5niCV;VlfJ‘ + 5n1|V;L |2 -+ 55%1"/;“ ’2:| . (740)

(| Vet |k 2 = (ni + 6na¢?) |V |?

The relative change of the conductivity due to switching of the dipole moments is then

2
ff ~ oy 2J0(m) LCled, Je — Iy kpl, (d”/e)ﬂ , (7.41)
g IO
with do = (E°+d — EC) and again assuming that the switching induced change in the
conductivity is small. The prefactors can be approximated by 2(mwa)2Jol1 /Iy ~ 2.3 and
2(ma)?Jolz/Io =~ 1.7 for qrr/(2kr) = ga/2 ~ 2 and 4zkp < 1, see Eq. (7.28).

In the Boltzmann limit scattering events are independent and thus interference can only
appear for scattering channels (such as monopole and dipole contributions) associated
with the same scatterer. Nevertheless, our result (7.41) indicates that such interference
contributions can significantly increase the sensitivity of the conductivity to changes of
the molecular switching state. Indeed, while the change in conductivity due to switching
is quadratic in the molecular dipole moment in the absence of interference, see Eqs.
(7.36) and (7.37), interference gives rise to a contribution which is linear in d , and thus
dominant in the relevant limit kpd/e < 1.

Assuming a perpendicular dipole moment and charge transfer to the graphene, we
estimate that a density of switches én; ~ 5 x 101%m~2 is required for changing the
conductivity by 1%, see Eq. (7.41). (Here we assume n ~ 102cm=2, [ ~ 50nm and
d ~ 10D.)

7.5. Effect of switches on the conductance — quantum
coherent transport

In the previous section we have seen that interference between charge and dipole scattering
originating from the same scatterer can be favorable for the read-out of the switching
state. Now we consider quantum coherent transport, implying that interference between
partial waves scattered at different impurities becomes relevant such that one might again
expect an enhanced sensitivity to the switching state of the molecules.

7.5.1. Mesoscopic fluctuations

Because a macroscopic sample can be viewed as built of a number of mesoscopic phase
coherent subsystems, which are quantum mechanically independent of each other, the
macroscopic measurement effectively averages over these subsystems. The system becomes
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Figure 7.7. Diagrams involved in the UCF. The building blocks of these diagrams are
shown in Figs. 7.8 and 7.9.

self-averaging and is characterized by intensive quantities, such as the impurity-averaged
electric conductivity . At this level, the conductivity can be obtained from the Boltzmann
equation, as we did in the previous section.

In contrast, in the mesoscopic regime (i.e., at sufficiently low temperatures and
small system sizes where the phase coherence length becomes larger than the sample
dimensions), interference between multiple scattering trajectories is important and a
change in the microscopic impurity configuration or a continuous system parameter, such
as the Fermi energy or an applied magnetic field, yields reproducible variations of the
conductance. It is well known that the typical magnitude of these fluctuations around
the mean value of the conductance is universal in the sense that it depends only on the
sample geometry but is independent of the microscopic details of disorder [Lee and Stone,
1985; Al'tshuler, 1985; Lee et al., 1987; Kane et al., 1988]. Importantly, such changes in
the conductance are already effected by rather small changes in the impurity potential
[Al'tshuler and Spivak, 1985; Feng et al., 1986]. This suggests that indeed, interference
terms involving different scatterers may make a graphene sheet, in the regime of quantum
coherent transport, a particularly accurate sensor of the switching state of the attached
molecules. The general concepts of mesoscopic fluctuations have been introduced by Lee
and Stone [1985], Al'tshuler [1985], Lee et al. [1987], and Kane et al. [1988] (see the book
by Akkermans and Montambaux [2007] for a pedagogical account). For the peculiarities
of universal conductance fluctuations in graphene, we refer to [Kechedzhi et al., 2009;
Kharitonov and Efetov, 2008; Rycerz et al., 2007; Berezovsky et al., 2010].

7.5.2. Diagrammatic calculation

We consider charged impurities as the dominant source of scattering and an impurity
potential Vi, which is formed by N; of these Coulomb scatterers. We are interested in
the change of the conductance when the impurity potential changes, V; — V{'. To be
specific, we assume that J/V; charged impurities acquire an additional dipole moment
causing the change in the impurity potential. (We note that the derivation would follow
the same lines, and leave our results unaffected, when dipolar impurities were added to a
background of charged impurities.) For generality, we consider the correlation function of
the conductance evaluated not only for different impurity potentials, but also at different
Fermi energies ep and ef,.
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7.5. Effect of switches on the conductance — quantum coherent transport

A measure for the effect of the microscopic modifications is the conductivity-conductivity
correlation function,

Ac(§)Ao (&) = [o(&) —a(§)][o(&) —a()]; (7.42)

where ¢ is the quantity which is modified (e.g. £ = {ep, Vi}), and the conductivity o is
given by Eq. (7.17). The diagrams representing AcAc consist of two conductivity loops
(one evaluated for Fermi energy ep and impurity potential Vi, the other for € = ep +w
and impurity potential V;’) which are connected by impurity lines. There are two distinct

possibilities to connect the two loops, AcAc = Aohos™ + AO’AO'(b), as shown in Figs.
7.7 (a) and (b), respectively. Note that unconnected loops correspond to &> and hence
do not enter into the variance.

Based on the standard Feynman rules for disordered systems [Akkermans and Mon-
tambaux, 2007], Fig. 7.7 (a) and (b) translate into the analytical expressions

BB = () 4L ? Dt (7.43)
and
Bo©80E)"” = (L) 853 () Re [(Duf@)]. (7.49)
q

which are valid in the diffusive limit, kpl > 1 and wr < 1. The building blocks of the
diagrams, the short ranged Hikami boxes Hj() and the long ranged diffuson D,(q),
are depicted in Figs. 7.8 and 7.9. The corresponding analytical expressions are given

below in Egs. (7.50) and (7.54). The expressions for AcAc™ and AoAs"” also involve
a combinatorial factor of 4, which reflects that the diagrams in Fig.7.7 (a) and (b) are
invariant under interchange of retarded and advanced Green’s functions as well as of
momentum labels. In a time reversal invariant system, additional contributions stem
from replacing the diffusons by Cooperons [Akkermans and Montambaux, 2007]. This is
taken care of by the symmetry factor § = 2 (1) for a system with (without) time reversal
invariance.

We now turn to a brief discussion of the constituents of these fluctuation diagrams,
namely the diffusons D,, and the Hikami boxes H 1(2)- We follow standard procedures
[Akkermans and Montambaux, 2007], which have been also applied to the study of
graphene [Kechedzhi et al., 2008, 2009; Kharitonov and Efetov, 2008; Rycerz et al., 2007;
Berezovsky et al., 2010].

Diffusons

The diffusons D,, describe the diffusive motion of electrons across the sample. As depicted
in Fig. 7.8, they are represented diagrammatically by ladder diagrams in which the two
Green’s functions are connected by any number of parallel impurity lines. Analytically,
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—— e

. R !
> A —

Figure 7.8. Ladder series for the diffuson. The retarded (advanced) Green’s function,
shown in blue (red), is given by éi(k:) [éf;—w(k -q)].

this series of ladder diagrams satisfies the integral equation

D, (kK q) =Us(k — k')
1 I _ _ A A
+ = > Dok, k", q)Gr (k)G (k — q)Us (R — &), (7.45)

where we leave implicit that the two Green’s functions are evaluated for the impurity
potentials Vi and V', respectively, while impurity lines connecting them represent the
correlators V;V;'. For convenience, we use the shorthand notation

PO Q
Ur(k — k') = §<|<k\Vi|k’>|2 + |<k]Vi’\k:’>|2), (7.46)
Us(k — k') = Q (k|Vi|K)(K'|V/|K). (7.47)
In particular, we will need the quantities
h 1 1 1
(th) = 271 (7-6 + 2rd + 2TC’dJ_) ’ (7.48)
h 1 1
<U2> - 27y <TC * 2chdi_> ’ (7.49)

where we have used the notation <Ul> = <UZ(I;: —k )> i for the angular average, evaluated
at k = kp. Solving the integral equation (7.45) results in

- N h/(2mveT?)
Dold) > § o (W 0y = 1)

which is valid for small changes <U1> — <U2> in the impurity configuration, see App.
C for a more detailed description. Here, we also introduced the scattering rate 1/7 =

(27T/h)V0<U1>.

(7.50)

Hikami boxes

In the fluctuation diagrams, see Fig. 7.7, the diffusons are connected by Hikami boxes,
labeled Hy and Ho, respectively, which are depicted in Fig. 7.9. Approximating kpl > 1
and w7t < 1, three diagrams contribute to leading order to the Hikami boxes H; =
HY +HY + B, with i = 1,2.
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Figure 7.9. Hikami boxes H; (top) and Hs (bottom).

The diagram Héa) consists of two retarded and two advanced Green’s functions with
momentum k. In contrast to the evaluation of the diffuson, the Hikami boxes are rather
short-ranged and we can neglect the g-dependences. Because of the vertex corrections a
factor 7, /7 comes with each of the current vertices so that we obtain

Tt Ttr

Héa) = (ev—r>2 Zk:cos2 9 (@i (k:)é:;(k:))2 =27 (ev—)Z vot>, (7.51)

T T

assuming (U; — Us) to be small. The diagram Héb) consists of twice two retarded and one
advanced Green’s function with the same wave vector, respectively, and an additional
impurity cross, so that

Héb) = (ev%)Q z:cos2 9 (@i(k)yéfp (k) ZniWq‘QH(;OSﬁ/ (ai(kl))zéi (k')
k K’

1 (a
—§H2( ), (7.52)

Here we have replaced the sum by an integral and used that the integration over two
retarded and one advanced Green’s function yields a factor (7)2/i while the extra factor

|Vq|? contributes a factor 1/7. The calculation of HQ(C) follows similar lines, but here the
two current vertices are evaluated at different wave vectors with the consequence that
the extra |Vg|? yields a factor (1/7 — 1/7¢,), resulting in

Y = (2 —1) By, (7.53)

In a similar manner the other type of Hikami boxes, Hi, is evaluated. One finds
H fa) = HQ(a) and H 1(b) =H fc) = HZ(C). Combining these contributions yields

4
Hy = 2H; = %DVOTQ. (7.54)
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Conductance-Conductance correlation

We can now combine these building blocks and obtain the correlation function of the
conductance. Relating conductivity and conductance through Ohm’s law, G = (Ly /L, )0,
we obtain from inserting the expressions for diffusons and the Hikami boxes, Eqs. (7.50)
and (7.54), into Eqgs. (7.43) and (7.44) that

2

} : (7.55)

—_ 2Bg? /€22 1 2 1
ACEAGE) = 224 (%) Z{Re <Am+ M) +2‘Am+ -
Am =(mz)? + (my Lx/Ly)z ) (7.56)

Here, we use the abbreviations m = {m,, m,}, and
2

am=- [iw - <U1>/<U2>)} . (7.57)

The boundary conditions of the system, namely perfect leads and hard walls at the
transverse boundaries, imply the quantization ¢, = man/Ly (o = z,y) with m, =
{1,...,00} and m, = {0, 1, ...,00}. We note that both the Hikami boxes and the diffusons
depend separately on the microscopic details of the sample, as encapsulated in the
scattering rates and the density of states. Nevertheless, in the conductance-conductance
correlation function, Eq. (7.55), these quantities cancel against each other such that all
microscopic details enter only through AA.

7.5.3. Results

In order to see the influence of the quantum coherent processes, we first review [Akkermans
and Montambaux, 2007; Kechedzhi et al., 2008, 2009; Kharitonov and Efetov, 2008; Rycerz
et al., 2007; Berezovsky et al., 2010] the variance of the conductance, (AG)? = [G — @]2,
describing the average magnitude of the universal conductance fluctuations. From Eq.

(7.55) (with AX = 0) we obtain

war= % (%) Xt = (%) (759

where 1 ~ 1/15 for L, > L,, and n ~ 0.1 for a square device. Hence the amplitude of
the fluctuations depends on the sample geometry but is universal in the sense, that it
is independent of the electron concentration and the microscopic type or configuration
of disorder. Comparing the amplitude of the fluctuations with the average conductance
yields

(AG)* _ 2yBy L, 1
G IyJom?at Ly kyl.’

(7.59)

again assuming that charged scatterers, cp. Eq. (7.26), predominantly limit the con-

ductance. For a square device this yields \/(AG)*/G ~ 7.1/(kpl.). This indicates that
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Figure 7.10. The normalized correlation function C(V;,VY) = AG(Vi)AG(Vi’)/(AG)z,
plotted as a function of A\.

for charged impurities, the quantum coherent processes are more important at large
Fermi wavelengths and high impurity concentrations (albeit such that our underlying
assumption of kpl. > 1 still holds).

Switching the decorating molecules affects the correlation function AG(V;) AG(VY),
see Eq. (7.55), via a change of the diffuson pole,

L2 (U) —(Ux)1 L2 1
Dn2 (Us) T Dn22rd
~ (20°IoJ2/ Jo) (L / Ly)SNi (ki /1c) (d/e)?, (7.60)

AN =

see Eq. (7.57). Note that this depends linearly on the number of switches dN; and
is independent of the electron concentration. Again, we assume that the monopole
contribution of the charged impurities predominantly limits the conductivity, and
thus (<U1> — <U2>) / <U2> is a small quantity. The prefactor can be approximated
by (2021yJ>2/Jo) =~ 0.028, see Eq. (7.28). The dependence of AG(V;) AG(VY) on AX
can be easily evaluated numerically and is depicted in Fig. 7.10. One finds that the
correlation function varies linearly with A\ for small modifications of the microscopic
impurity configuration. We thus conclude that the typical variation of the conductance
with switching state is given by

(kpd/e), (7.61)

where we lumped the numerical prefactors into xy = Qa\/ (IoJ2/Jo)Ly/Ly which is
X =~ 0.23 for a square device. Note that Eq. (7.61) depends linearly on the dipole moment
d. In contrast to the Boltzmann interference result, this also holds for dipoles which are
oriented parallel to the graphene sheet, d = d)|, as well as for molecular switches which
are pure dipole scatterers. We also note that in the Boltzmann limit, the changes of the
conductance scale with dn; and are larger for clean devices and large electron densities,
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see Eq. (7.41). In contrast, in the mesoscopic regime the changes are proportional to
VN, cf. Eq. (7.61), and larger impurity concentrations n; and large Fermi wavelengths
are favorable for the effect of interference.

Our result Eq. (7.61) indicates that the conductance of mesoscopic samples (here
assuming L, = L, ~ 5um) would be modified by 10% of the UCF even for moderately
low densities of switches dn; ~ 10%cm~2. (Again we assume n ~ 10'2cm~2, | ~ 50nm
and d ~ 10D.)

7.6. Summary

Due to its two-dimensional nature, graphene layers are attractive substrates for function-
alization by molecular switches. In this chapter, we have analyzed how the conductance
of a graphene layer may serve as an all-electrical read-out of the molecular switching
state. Specifically, we have investigated theoretically the spiropyran-merocyanine system
where the two switching states affect the charge carriers via large changes in the electric
dipole moment.

Within a quasiclassical approach, quantum interference has to emerge from scattering
on a single impurity. In this case, we find a strong sensitivity to the switching state
when the molecular switches cause scattering of carriers both through a monopolar
contribution (e.g., due to charge transfer between graphene and the molecular switches)
as well as a dipolar contribution. Specifically, the interference contribution involving the
corresponding scattering amplitudes is nonzero whenever the molecular dipole moment
has a component perpendicular to the graphene layer. In this quasiclassical regime, high
densities of electrons and switches, but otherwise clean samples, are favorable for the use
in molecular electronics.

In the regime of quantum coherent transport, the quantum interference contributions
result in a switching-induced change of the conductance which is linear in the change of
the molecular dipole moment, albeit with a random sign. This mesoscopic contribution
becomes particularly important in samples with low carrier density for the read-out
of the switching-state. In the regime of quantum coherent transport, larger impurity
concentrations and smaller electron densities are favorable for the effect of interference.
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8. Conclusions and QOutlook

In this thesis we have discussed how the transport properties of coherent conductors are
affected by collective modes. We have paid particular attention to the regime in which
the latter, e.g., vibrations or localized spin degrees of freedom, are moving slowly so that
the conduction electrons are subject to a quasistatic configuration. In this limit, we can
work within a non-equilibrium Born-Oppenheimer (NEBO) approximation, in which the
collective modes obey a Langevin dynamics subject to forces exerted by the conduction
electrons. Within the NEBO approximation, we can derive the full dependences of these
forces and of the current on the bias voltage and the collective mode coordinates. In
a central part of this thesis we have expressed these forces in terms of the scattering
matrix of the system, extending the celebrated Landauer-Biittiker approach to the study
of current-induced forces in general out-of-equilibrium situations, and providing a general
theory of the interplay of coherent electronic transport and local collective modes.

In the simplest case of one collective degree of freedom, the Langevin equation contains
an average force, a friction force, as well as a fluctuating Langevin force. The average
force depends only on the mode coordinate and is thus necessarily conservative. The
friction force is linear in the mode velocity, although the friction coefficient will in general
still depend on the mode coordinate. In thermal equilibrium situations, thermodynamic
stability requires that the friction coefficient is positive. This is no longer the case in
general non-equilibrium situations where energy can be transferred from the electronic
degrees of freedom to the collective degree of freedom. As a result, the friction coefficient
can become negative in the presence of a bias voltage. Finally, in thermal equilibrium,
the variance of the fluctuating force is related to the friction coefficient by the fluctuation-
dissipation theorem. Again, this relation no longer holds in out-of-equilibrium situations
but the NEBO approximation allows one to obtain the fluctuating force beyond the
fluctuation-dissipation theorem.

When more than one collective degrees of freedom couples to the current flowing
through the device, several new effects appear. First, the average force can become
non-conservative. Second, the contribution to the force that is linear in the velocity
not only contains a frictional contribution but also an effective Lorentz force. We can
again write these contributions in terms of the scattering matrix of the phase coherent
conductor. This allows one to make general statements about the current-induced forces
from symmetry considerations. For instance, in thermal equilibrium the Lorentz-like
force can appear only in the absence of time-reversal invariance. In out-of-equilibrium
situations, on the other hand, it can be present even in time-reversal invariant systems.
In this thesis, we have carried out this general program both for nanoelectromechanical
systems where the collective modes correspond to localized mechanical degrees of freedom
and for single-molecule junctions containing magnetic molecules.
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8. Conclusions and Outlook

Applying our formalism to the study of NEMS, we have considered the influence of the
applied voltages on the current-induced forces. Here a non-conservative force or a negative
damping coefficient in the Langevin equation might be important in order to overcome
or compensate for other damping mechanisms, generating dynamical instabilities of the
collective mode. We have shown that that this can drive a nanoelectromechanical system
into interesting dynamically stable regimes. Specifically, in a limit-cycle the vibrational
modes vary periodically in time, providing an operating principle for devices such as
sensors or molecular motors. Under certain conditions the average force exerted by the
current can be described by a bistable potential giving rise to electronically controlled
switches.

We have explored this option of switching also in the context of transport through
molecular magnets. Here the resulting current-induced torques have also been analyzed
by means of the NEBO approximation, giving rise to Langevin dynamics of the magnetic
moment. This has been described by a generalized Landau-Lifshitz-Gilbert (LLG)
equation, involving necessarily more than one collective mode degree of freedom. Unlike
previous works, our approach does not follow a perturbative route either in the tunneling
between leads and the molecule or in the coupling between the electronic spin and
the molecular magnetic moment. Accordingly, we obtain the full dependence of the
parameters of the LLG equation on the state of the molecular moment as well as on the
applied bias and gate voltages. In the presence of spin-polarized leads, due to the analog
of a non-conservative force, the orientation of the localized magnetic moment can be
controlled by the direction of the current through the device — a notably useful effect for
switches. We also express the various torques entering into the LLG equation in terms of
the scattering matrix, generalizing previous results in the literature to non-equilibrium
situations.

It is also interesting to consider the backaction of the collective modes on the electronic
transport. For the slow mechanical modes under study, the current can be obtained from
the Landauer-Biittiker formula in the strictly adiabatic limit. When including the first
adiabatic correction in thermal equilibrium situations, the problem becomes equivalent to
adiabatic quantum pumping, which has been studied extensively in the literature. Within
the NEBO approximation, we can generalize these results to out-of-equilibrium situations.
Generally, transport measurements encode information about the collective modes which
can serve, e.g., as a detector of the collective mode dynamics or the read-out of the
switching dynamics.

Starting from a microscopic model we have calculated the current-induced forces in
terms of non-equilibrium Green’s functions and have expressed the results in the language
of scattering theory. In order to express all current-induced forces in terms of the scattering
matrix, we have realized that it is necessary to expand the latter beyond the strictly
adiabatic approximation. This introduces a new fundamental quantity into the problem,
the A-matrix, which needs to be calculated together with the frozen S-matrix for a given
system. The average as well as the fluctuating force can be expressed solely in terms of
the adiabatic S-matrix. In equilibrium, the frictional force reduces to an expression in
terms of the adiabatic S-matrix, in accordance with the fluctuation-dissipation theorem.
Out of equilibrium, however, an important new contribution involving the A-matrix
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appears. In order to express the Lorentz-like force, the A-matrix is always required, even
in thermal equilibrium.

One of the fascinating possibilities opened by systems which couple nanoscale electronic
transport to localized collective modes is the realization of new functional devices. We
have explored this possibility in two specific systems. In one of these, the idea is to
modify the conductance of graphene sheets through attached molecular switches. Due
to its two dimensional nature, graphene is a particularly attractive substrate for this
purpose. Indeed, this two dimensionality suggests that the conduction properties of
graphene will be strongly affected when switching the attached molecules. Specifically,
we have considered the spiropyran-merocyanine system which is characterized by a large
difference in the electric dipole moment between the two switching states. Our theory
suggests that the sensitivity to the switching state is particularly pronounced in the
regime of coherent electronic transport where quantum interference causes universal
conductance fluctuations.

In another device application, we have discussed a setup which allows one to cool a
NEMS. We have investigated the interaction between a vibrational mode and electrons
tunneling through a double quantum dot for general coupling strengths. When the
electronic levels are tuned in an appropriate way, we have shown that the transport
through the device is accompanied more frequently by absorption than by emission of
phonons, providing the functionality of a refrigerator. This may be helpful in achieving
the ultimate goal of reaching the quantum mechanical ground state of the vibrational
mode.

A fascinating topic of recent research is the construction of machines at the nanoscale.
Indeed, several recent experiments suggest that the coupling between electronic transport
and collective degrees of freedom can generate directed (rotational or translational) motion,
such as propelling molecules [Tierney et al., 2011] or so-called nano-cars [Kudernac et al.,
2011]. We believe that our general theory of current-induced forces will have interesting
applications in this context and will thus contribute to the understanding and the
fabrication of these intriguing devices.

113






Appendix

115






A. Current-induced forces

In this appendix we provide some concrete expressions for the various current-induced
forces of the model systems which we study in Chapter 4.

A.1. Current-induced forces for the two-level model

The mean force is given by

FOO) =t [ 5[+ m)”lﬁj{ =
(= o) + X) = + (I/2)"

+(fr — [r)

AP . (A1)

with A(X) = (e — é_ +il'L)(e — €4 +il'g) — 2 as stated in the main text. The friction
coefficient reads v® = v%¢1 + ~%"¢ with

2

yoen A facf OEDIR [t 0/27 + (X +£)

4m IAJ*

+ (2(e = )M X)? = (2(e - e0)t)?]

+ +W [4(e — e0) M X ((€ — €0)® + (1/2)* + (M X)* — t2)]} . (A2)
gone SZALENX [ g ] ! Nﬁf L[ (e o = (ux)? - £2)°

+2(1/2)? (e = o) + (A X)? +£2) + (T/2)"]. (A.3)

A.2. Current-induced forces for the two vibrational modes
model

Here we list the current-induced forces quantities, calculated from Egs. (3.37), (3.39),
(3.49), and (3.53) for the two-modes example discussed in the main text. For convenience,
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A. Current-induced forces

we define the following quantities:

(e—e&?+12+T%_,

gao(€) = AP ; (A.4)

Jaa (€) =2t|(2‘_2€), (A.5)

ga2(€) = _2‘tAF|;_a, (A.6)
c—&)2 2

gas(€) =+ =9 ’Z;l“ t, (A7)

where the +(—) refers to @« = L(R) and with 1 — a = R(L) for « = L(R), and
A(X1, Xo) = (e — E+ilp)(e — E+ilR) — £2.

A.2.1. Mean force

de fa(e)Ta ((e — &+ +T7_,)
F = —92 | = A8
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A.2.2. Fluctuating force
Dy =2 (\1) / e Zfa (1= f3()T5 Y Gaudsu (A.10)
I
de
Dqo —2/\1/\2/ Z fa(€)Ta (1 = f5(€)) T'5 (900981 + ga19s0) (A.11)
D2y =2 (A2) /dez:fa o (1= fa(e)) Ipx
X (9a0980 + 9a1981 — Ya2982 — 9a3953) (A.12)
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A.2. Current-induced forces for the two vibrational modes model

A.2.3. Damping coefficients

= de Z ~0fo()) Tal' D Gy (A.13)
17
de
T =2\ / Z Ja(OTa (~9ef5(€)) T (900951 + gorg0) (A14)
de
V3o =2 (A2) / Z fa(€)la (—0:f3(€)) s (ga0gpo + ga19p1 — 9a2982 — 9a3983)
(A.15)

A.2.4. “Lorentz” term

_ /\1)\2 9 9 e—€|l | fo—fr
Vio = 2t I TRr(T% FR)/dE [8 ‘A’ :| |: ’A‘ :| (A.16)
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B. Magnetic molecules

In this appendix we provide explicit expressions for the self-energies, the Green’s functions,
the expressions s) (M) and ~j; (M), and the noise correlator, which are considered in
Chapter 5.

B.1. Green’s functions

The coupling of molecular electronic leveles with leads has been discussed in Section 2.2.3.
In the wide band limit for the retarded self-energy we obtain

S8 ,(e) ~Re (28 ,) — mivae [wal?, (B.1)

with the approximately constant density of states vy (€) ~ v, and |w|* = (Jlwr|? +
lwg[?)/2. We take into account possibly spin-polarized leads through L%, = [Ef + Ef} /2
as well as T'es = > Ty c(s), Where Ty o) = (Fap £ T0,)/2. We also introduce the

abbreviation I'; /2 = —Im [ZEJ(E) + Z‘gﬁ(e)} ~ vy Jw.

From Eq. (5.7) we find for the frozen retarded Green’s function
114+0-b/b 11—0-b/b
_ - _ + = —

2 eE—b 2 €+
with € = (e — €0 — Ef) ~ ¢ — €+ il'¢/2. Here, we include the antisymmetric part of the
self-energy in the effective magnetic field,

GR(e, M) = 2152 [61 +b- a’] = , (B.2)

€

b(t) = %(JM(t) +g.B) + Xl (B.3)

After some algebra we find the following expression for the lesser Green’s function, see
Eq. (5.10),

G<(e, M) =G5 (e, M)+ Gy (e, M)b- o + G5 (e, M)o* + Gy (e, M)o - (&, x b), (B.4)

where the coefficients are given by

G (e, M) = (S5 (I + 57+ 55 6) 2Reldb — <21,
Gi(e, M) = 5 (5 (OReld + (0},
< 1 < Lels < ~ 7 F?
GZ (e, M) :W{—Ec (E)T + X5 (o)l - [b]* + 7]}7
G (e, M) =W{z§<e>rs - EE (O (B.5)
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B. Magnetic molecules

Here we use A(e, M) = ¢ —b? and b~ b—i(I's/2)é.. Substituting the above expressions
for T'¢ s, it can be seen that G;~(M,€) = 0, for I', , = I'p», implying that this component
of the Green’s function contributes only for polarized leads. The corresponding expressions
for the larger Green’s function G (¢, M) are obtained by replacing X5 = i)°, fa(€)Tq o(s)
by ¥2o = =1, (1 = fal€)) Tq () in the expressions above.

B.2. Electronic spin and damping coefficient

Using the Green’s functions expressions, we find for the mean value of the electronic spin
at the molecule

d
SO(M) = / S {GFb+ GT6. + GF (6. x b)), (B.6)
resulting in Eq. (5.26) in the case of axial symmetry. The explicit expression for the

component parallel to M reads

iJ [de .
Considering a setup with unpolarized leads and the external magnetic field pointing

along the anisotropy axis, hence b = (JM + g.Bé.) /2, Eq. (5.13) becomes

s 7J2 de FaFB(_aefﬂ)
(M) =" / o %3: (= e 02+ (0/2)2 [(c — e — )2 & (T/2 M

J? [ de Tals(—0cfs) (€ — &)
i / 2Py e b1 (2P (- - bt e (B8

This can be decomposed into a term proportional to the unit matrix and a projector
onto the z-axis, as described in Sec. 5.4. Note that the sign of the eigenvalues of v}, is
fixed, corresponding to damping both in and out-of equilibrium.
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C. Molecular switches on graphene

In this appendix we sketch the derivations of the diffuson, which is used in Sec. 7.5. We
follow standard procedures [Akkermans and Montambaux, 2007], which have been also
applied to the study of graphene [Kechedzhi et al., 2008, 2009; Kharitonov and Efetov,
2008; Rycerz et al., 2007; Berezovsky et al., 2010].

The ladder series for the diffuson, Eq. (7.45), is depicted in Fig. 7.8. For low tempera-
tures we consider only processes at the Fermi energy, yielding

—R —A w ’%7
[ deur(en)@L (0)G k- @) = LD, (1)
(Un)
Here we use the abbreviation
fulk,q) = 1+ iwr — (vr)¥(q - k)? —ivrq - k, (C.2)

where the approximation holds in the limit of small w and q. Hence, the ladder series for

the diffuson, Eq. (7.45), becomes
Dy(k,k',q) = Us(k — k') + <U11><Dw(”, k") fu(k” @) Us (k" — k), (C3)
¢f. for example the derivation in [Akkel:maAnsAand Montambaux, 2007]. First we average
over k in order to obtain D, (k’,q) = <Dw(k, K, q)>ic which satisfies the integral equation
Dy (k' q) = (Uz) + L@W(E"? Q) fok” @)U (K" — &) 0. (C.4)

(U)

We approximate
D, (k'.q) ~ Dy (q) + 2k’ - (K'D.,(K' . q)), (C.5)

and introduce the shorthand Dw(q) = <Dw(l%’ , q)> i~ Then, averaging over E’ results in

~ ~ vT 2 n, ~
Du(q) =(U3) + Du(q) Egji (1 Fiwr — %) Cwrq (WD) (C6)

Multiplying Eq. (C.5) with k' and then averaging over k’ yields

<’2’,Dw(£’,7 Q)>f¢/ = 'Y(<’%,Dw(’%,a Q)>,;,r - i(I(UT/Q)Dw(Q))y (C.7)
with v = <I§: KUy (ke — IE:')>,~C,/<U1>. Multiplication of the last line with g yields

2
ny~ A .UTq ~
q- (K Du(k'\q))g = —i75- " Du(a). (C38)
-7

Plugging this result into Eq. (C.6) brings after straightforward algebra Eq. (7.50) for the
diffuson D,(q), as stated in the main text.
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