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Abstract

Molecular electronics is a very active research field whose ultimate goal is the use of single
molecules as functional building blocks in electrodi&vices Aviram1974; Bergfield2013;
Aradhya2013Xiang201§ This technology has beariginallyproposed a a potentialkey to

solve the unbeatable limit in the miniaturization of the devices down to the atomic skcale.
particular, singlemolecule thermoelectricity holé the promise to pave the way forthe
development oimore efficientorganicbasedthermoelectric devicegMalen2010. The reduced
dimensionality,the discreteness of moleculamergy levelsand the possibility to tune their
properties via chemical synthesis, electrostatic gates, or pressure, among others, have potential
applications in waste heaecovery or orchip coolingThermoelectric devices based on organic
molecules would also be more cesffective,environmentally friendly, lighter anchore flexible

than currently available inorganic thermoelectric devices, which are typically brittletaxic
[Zhang2014].

More importantly, besides the potential thoological applications, singheolecules connected
between two metallic electrodes, the smlled singlenolecule junctions, are of great
fundamental interest andhave proved to be excepti@ahplatforms totest quantum transport
theories [Cuevas2010]. Measurements of thermopower in molecular junctions, i.e. the charge
response to a temperature difference applied between the electrodes, affenplementary
information totraditionally performel conductance measurements aage becoming essential

for the understaading of transport processes #bhe nanoscaleand at the organiénorganic
interface [RincorGarcia2016]Major advances have been achievedring the last ten years
thanks to thedevelgoment of adequate experimental techniqués measurethermopowerat

the singlemolecule leve[Reddy2007; Widawsky2012; Evangeli2013] and a close collaboration
between chemical design, theoretical calculations and experimental measurenmmsds

new straegies for its enhancement.

Complementary, a good understanding about heat transfer at the nanoscale redsits
essential tobring these ideas to fruitiomnd to shed light on thdimits of classical theories
[Dubi2011; Cui2017a]. This is particularly challenging from the experimental point of view
mainly due to the norequilibrium effects targeted, the scale of the thermal currents to be
measured and the intrinsic nature of heat flow, fundamentally diffetergharge transportThe

first thermal conductance measurements in atomic contacts [Cui2017b; Moss02017] and single
molecule junctions [Cui2019; Moss02019] have been recently reported, although result for the
moment restrictive in the experimental conditie (ultrahigh vacuum) and require
microfabrication of devices.

This PhD Thesis aims at the experimental characterization of clardeheat transport
properties of singlemolecule junctions and atomic contacts to get an insight into their
fundamental mechnisms and test strategies for thermopower enhancement. The main general
aspects of our current theoretickinowledge about transport at the nanoscale and concepts
such as thermoelectricity or heat transfer, are discussed first in this manuscript, ineChiapt
where their particular application to molecular junctions is also introduced

To achieve the goal of this Thesis of investigating the thermoelectric response ofrsmiglzile
junctions, the main experimental technique employed has been a Howile scanning



tunnelling microscope (STM) operating in ambient conditions and at room temperature. A
powerful experimental technique initiated in our group during Dr. Charalambos Evangeli PhD
Thesis [Evangeli2014] has allowed us to perform simultaneous measuats of conductance

and thermopower of singlenolecule junctions. A general introduction to the STM and technical
details regarding our working setup and experimental technique are presented in Chapter 2 of
this manuscript.

In Chapter 3 we present the nélés obtained for the thermoelectricity of endohedral
metallofullerenes formed by planar metallic clusters inside sa fdllerene cage. Namely,
SeN@Go, S6eCG:@Go and EEN@Go molecules connected between gold electrodes have been
investigated and are denmstrated to show a bihermoelectric behaviour, giving positive o
negative thermopower depending on the molecualéentation, without chemical modification.

The possibility to tune the value and sign of the thermopower by compression of the molecular
jundions is also explored, as well as the thermoelectric response of dimer junctions, i.e. two
endohedral metallofullerenes connectedsaries.

Different strategies for thermopower enhancement have been also addressed using the STM
Break Junction techniguend are presented in Chapter 4. Conductance and thermopower
measurements with three different groups of molecules (fluorene derivatives, oligoyne wires
and porphyrin oligomers) have been performed to investigate the tunability of thermopower by
chemical subtitution of side groups, by increasing molecular length and by different coupling
of the units conforming the molecular backbone. Enhancement of the thermopower is found to
occur to more or less extent with all these strategies, demonstrating the sifiyadfilmolecular
junctions as a versatile test bed to explore different approaches to tune charge transport at the
nanoscale.

Finally, during this Thesis a new experimental technique to perform thermal conductance
measurements in model nanoscale junctiogech as atomic contacts or molecular junctions,

has been developed and it is introduced in Chapter 5. It consists of a Pt hot wire used as local
heater and thermometer as well as STM tip to form the nanoscale junctions and to perform
simultaneousthermal and electrical conductance measurements. The technique has been
tested with AuAu atomic contacts, employirag lock-in detection combined with a numerical
theoretical model, and enough thermal resolution of the hot wire sensors even in ambient
conditionsis demonstrated. The possibility to scan the metallic surface with the hot wire via
tunnelling current is also explored.



References

[Aradhya2013] S. V. Aradhya and L. Venkataramap.A yhadcBe junctions beyond electronic
i NJ y aNadminRiasotechnology, 399410 (2013).

®w! AN YMdpTn6 ! @ | GANI Y I y R Chefnicdl RhysiodLatt@&NEBYZ G a 2 f S O dzt
283 (1974).

®w. SNBEFASt RHAM0B8 Wd td . SNEFASER YR ad -l & wliySs
equilibriumheatt y R OKI NHS (i NJ y & [RRybsida Sthtils SolidPB(1Y),12842366 | f S ¢ @
(2013).

®/ dzSgl annmne Wo /& [ dzS@gla FyR 9@ {OK
QELISNAYSY(Géd 22NIR {ORGIMIATAO tdzof A &K Jaz { Ay 3l LE
9 o

[Cui0128 [ ® /dzZAZ wd aAl 2z [/ & WAFy3AS aSeK2FSNI |
GKSNXY2St SOGNRO (NI yaLZhIourhal of Gh2ricalPHySIMEND9Rey OG A 2 V & £
(2017).

[Cui201D] L. Cui, W. Jeong, S. Hur, M. Matt, J.C. Kléckner, F. Pﬁauly, P. Nielaba, J.C. Cuevas, E.
aSeK2FSNI YR t®d® wSRRe® davdd ¥& X1 8 ®RFo@icB8INFRRA, ® i NI y a LI?
1192119 (2017).

[Cui2019] L. Cui, S. Hur, Z. Alaia Akbar, J. €kn€ly W. Jeong, F. PaulyYSJang, P. Reddy and E.
aSeK2FSNIP d¢KSNYI Y 225/ QRazO]) INBdBySOTHFRe B2 E S

[Dubi2011] Y. Dubi and M. Di Ventra. "Colloquium: Heat Flow and Thermoelectricity in Atomic and
a2t SOdzZ I NRaMdryoONiodle2nyPRysi88, 131155 (2011).

W9 Pl y3aAStAnunmoB [/ ® 9@Fy3IASEt AT Y o-Bolhdef G V.2LaEber® @ [ S| N
FYR bad ! ANI OG® a9y AAX\aENIISYAZ i MSlanifE@RNIND PRE NI 2 T/
2145 (2013).

WIGLy3IAStAnunmne [/ & 9@ yISE A P IngleMoBdl AubiFiahSaht | YR / 2
lG2YAO /2yGFrOlaédd tK5 ¢KSaAa OoHAmMnLd®

waltfSyunmne Wo ! d alfSys {& Yo ,SS3I ! @ al 2dzYRI NJ

transport, energy conversion, and thermal properties in orgahiy 2 NHIF YA O KSGSNER 2dzy
Chemical Physics Lette¥81(4-6), 109122 (2010).

[Moss02017] N. Mosso, U. Drechsler, F. Menges, P. Nirmalraj, S. Karg, H. Riel and B. Gotsrahnii
transport through atomi® 2 y (i IN@tiréiNadotechnology2, 430433 (2017).

[Moss02019] N. Mosso, H. Sadeghi, A. Gemma, S. Sangtarash, U. Drechsler, C. J. Lambert and Bernd
D2UAYFIYyYyd® a¢KSN)YIf ¢ Nal2yf BSLOdNIS (WaN@OliEd® yadi:si ¢ 3t S
10.1021/acs.nanoleteb02089 (2019).

[Reddy2007] FReddy, S, ® WI y33 wd | & { S IheimoelegtriclyyhRolécdiar a | 2 dzY R |
Wdzy O (i Scigné&15, 15681571 007).

[RincénGarcia2016] L. Rincdparcia, C. Evangeli, G. RuBalinger and N. Agraitx ¢ K SN 2 LJ2 ¢ S NJ
YSIFAd2NBYSyGa Ay ChemiSalSixfiety Révieddtys)) 428583061 (2046).

w2 ARIFgal&@HnmHB WP wd 2ARIgales tod 5FINYyOSisz wo
Determinationof Conductance and Thermopower of Single Mol§culWdzy Naro Reffei2(®),
354-358 (2012).

@w-AlLy3aunmce 5 - AlLy3AI - @ 2| ySade Electronidsh Bran Congept] SS | Y F
(2 CdzyGheémical Reviewisl6, 43184440 (2016).

[Zhang2014] Q. Zhang, Y. Sun, W. Xuand DdZnNB I Yy A O ¢ KSNX 2 St SOGNR O al G SN.
OySNHe alldSNAIfa /2y@SNIAy3 | SAdvande® Magfia®6) i NXA OA G &
68296851 (2014).

KSSN dazf SOc
SN






Resumen

La electronica molecular es sampo denvestigacion muy activo cuyo objetivo Ultimo es el uso

de moléculas indivigales como bloques funcionales dispositivos electronicos [Aviram1974;
Bergfield2013; Aradhya2013; Xiang2016]. Esta tecnologia fue originalmente propuesta como
una solucién potedial al limite imencible en la miniaturizaciéde dispositivos cuando se
alcanza la escala atomica. En particular, termoelectricidad basada en moléculas individuales
resulta muy prometedora para abrir el camino al desarrollo de dispositivos termoeléctrico
organicos mas eficientes [Malen2010]. Su reducido tamario, los niveles de energia moleculares
discretos y la posibilidad de variar sus propiedades mediante sintesis quimica, puertas
electrostaticas o presidn, entre otros, tienen aplicaciones potenciatedaerecuperacion
energética de pérdidas de calor o en refrigeracion laeatircuitos integrados. Dispositivos
termoeléctricos basados en moléculas organicas resultarian también mas econdmicos,
respetuosos con el medio ambiente, ligeros y flexibles gsedispositivos termoeléctricos
inorganicos actualmente disponibles, los cuales son tipicamente fragiles y toxicos [Zhang2014].

Mas importante aun gue las potenciales aplicaciones, moléculas individuales conectadas entre
dos electrodos metdlicos, las denoradas uniones moleculares individuales, resultan de gran
interés fundamental y han demostrado ser plataformas excepcionales para poner a prueba
teorias de transporte cuantico [Cuevas2010]. Medidas de coeficiente termoeléctrico en uniones
moleculares, es etir, de la respuesta de las cargas a la aplicacién de una diferencia de
temperatura entre los electrodos, ofrecen informacion complementaria a las medidas de
conductancia realizadas tradicionalmente y estan convirtiéndose en esenciales para
comprender logprocesos de transporte en la escala nanométrica y en las frontegamico
inorgéanico [RincénGarcia2016]. Durante los ultimos diez afios se han conseguido grandes
avances al respecto gracias al desarrollo de técnicas experimentales adecuadas pardda medi
del coeficiente termoeléctrico a nivel de una Unica molécula [Reddy2007; Widawsky2012;
Evangeli2013] y a una estrecha colaboracion entre disefio quimico, calculos tet6ricos y medidas
experimentales hacia nuevas estrategias para su mejora.

De manera complaentaria, una buena comprensién de la transferencia de calor en la escala
nanomeétrica resulta también esencial para llevar estas ideas a buen término y arrojar luz sobre
los limites de las teorias clasicas [Dubi2011; Cui2017a]. Esto supone un importarsebre

todo desde el punto de vista experimental debido a los efectos fuera del equilibrio a estudiar, la
escala de las corrientes térmicas a medir y la naturaleza intrinseca del flujo de calor,
fundamentalmente diferente a la de transporte de carga.pgraseras medidas de conductancia
térmica en contactos atémicos [Cui2017b; Moss02017] y uniones moleculares individuales
[Cui2019; Mo0ss02019] se han publicado recientemente, aunque resultan por el momento
restrictivas en las condiciones experimentalesré&itito vacio) y requieren microfabricacion de
dispositivos.

Esta Tesis Doctoral aspira a la caracterizacién experimental de las propiedades de transporte de
carga y calor en uniones moleculares individuales y contactos atémicos para obtener
informacion stre sus mecanismos fundamentales y poner a prueba estrategias para la mejora
de la respuesta termoeléctrica. Los principales aspectos generalesed#ra conocimiento

actual sobre transporte en la escala nanométrica y conceptos como termoelectricidad o



transferencia de calor se comentan en primer lugar en este manuscrito, en el Capitulo 1, donde
también se introduce su aplicacion a uniones moleculares en patrticular.

Para alcanzar el objetivo de esta Tesis de investigar la respuesta termoeléctrica desunione
moleculares individuales, la principal técnica experimental utilizada ha sido un microscopio de
efecto tinel (STM por sus siglas en inglés) de fabricacion propia y operado en condiciones y a
temperatura ambiente. La poderosa técnica experimental iniceadauestro grupo durante la

Tesis Doctoral del Dr. Charalambos Evangeli [Evangeli2014] nos ha permitido realizar medidas
simultdneas de conductancia y coeficiente termoeléctrico de uniones moleculares individuales.
Una introduccién general al STM y dealtécnicos de nuestro equipo experimental y la técnica

se presentan en el Capitulo 2 de este manuscrito.

En el Capitulo 3 presentamos los resultados obtenidos sobre la termoelectricidad de fullerenos
endohédrtos metdlicos formados por pequefios grupaanals de atomos metdlicos dentro de

un fullereno &. Se han investigado en concreto las moléculad @¢o, SeC@Goy EEN@ Go
conectadas entre electrodos de oro y se ha demostrado que presentan un comportamiento bi
termoeléctrico, con coeficiente termdéctrico positivo o0 negativo dependiendo de la
orientacion de la molécula, sin modificacién quimica. La posibilidad de modificar el valor y el
signo del coeficiente termoeléctrico mediante compresién de la unién molecular también se ha
explorado, asi comia respuesta termoeléctrica de uniones de dimeros, es decir, dos fullerenos
endohédricos metalicos conectados en serie.

Diferentes estrategias para el aumento del coeficiente termoeléctrico también se han abordado
utilizando la técnica de SFBreak Junctin (STMBJ) y se presentan en el Capitulo 4. Se han
llevado a cabo medidas de conductancia y coeficiente termoeléctrico con tres grupos diferentes
de moléculas (derivados de fluorenos, cables moleculares de oligoinos y oligbmeros de
porfirinas) para inveggar la variacion del coeficiente termoeléctrico mediante sustitucion
quimica de los grupos laterales, mediante el aumento de la longitud molecular y mediante
diferentes acoples entre las unidades que conforman la estructura central de las moléculas. Se
ha obtenido aumento del coeficiente termoeléctrico en mayor o menor medida con todas las
estrategias, demostrando la idoneidad de las uniones moleculares como sistemas de prueba
versatiles para explorar diferentes enfoques en la modificacion del transportamdg en la
escala nanométrica.

Finalmente, durante esta Tesis se ha desarrollado una nueva té@xmeamentalpara realizar
medidas de conductancia térmica en uniones nanomeétricas modelo, como contactos atomicos
0 uniones moleculares, y se introduceaiCapitulo 5. Consiste en un hilo caliente de Pt utilizado
como calentador local y termémetro asi como punta de STM para formar las uniones
nanométricas y llevar a cabo medidas simultdneas de conductancia térmica y eléctrica. La
técnica se ha puesto a ymba en contactos metalicos de Aw, empleando deteccién de
sefialesaccon un lockin en combinacion con un modelo teérico numérico, y se ha demostrado
resolucion térmica suficiente de los hilos calientes utilizados incluso en condiciones ambiente.
La poshilidad de escanear la superficie metalica con el hilo caliente mediante corriente tanel
también se ha explorado.
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1. Motivation and theoretical background

Miniaturization of electronic devices has made the understanding of charge transport at the
nanoscale an essential necessity, especially in the field of molecular electronics in which
individual molecules can be considered electronic devices themselves. In nanoscale systems,
that is a system in which at least one dimension is on the order of few nanometers, transport
phenomena are not governed by the same rules as in the classical magimdinit and
properties such as the electrical conductance, the thermopower, or even the thermal
conductance of nanosystems, require a quantum mechanical approach in order to understand
and describe them.

In this chapter, we present a general introductim molecular electronics, motivating the study

of transport properties in molecular junctions (Section 1.1). The main concepts and theoretical
background from themacroscopic limit towards the nanoscale are revised in Section 1.2 and
Section 1.3. In thdormer, we focus on the charge transport, while in the latter, the
thermoelectric effect is presented. These concepts are then applied, in Section 1.4, to the
particular case of molecular junctions, which present several particularifidds is
complemened with some general aspects about thermal conductance in nhanoscale systems
introduced in Section 1.5. Finally, we discuss on the efficiency of thermoelectric devices and
present the secalled figure of merit, and we consider the requirements in the appba of
molecular junctions in thermoelectric devices (Section 1.6).

1.1 Molecular electronics

The termmolecular electroniceefers nowadays to the field of nanotechnology that pursue the
final goal of using individual molecules as independent eleatrelements of a more complex
circuit, i.e. using a single organic molecule as an electronic device itself. The reasons to work on
this exciting research field are plenty and of diverse nature, and are founded on the
development of both fundamental knowlge and technological applications.

Historically, besides the fundamental understanding that it offers (we would see this a bit later),

the original motivation is based on the miniaturization of microelectronic components, a race

GKF{G ALISSRSR dzlJ RdAzZNAYy 3 (GKS wmdp n Qéindustiy {bsedi KS RS G ¢
on silicon) thanks to the invention of the transistor (1947) and integrated circuits or chips
OmMpcnaod ! f NBFRe o001 Ay GKS fFGS mMohpnQasz GKS
YAONR St SOGNRYAOaS | f NBItide (tadsktordchip godbling &venNBE Qa f |
two years), would finallyeachd ¥ 0 SOKY 2 8 REO®F A dREBARI S GAaA2ya |y
to find an alternative and one of themwas molecular electronics. Sevesdientists turned

towards molecules as the keyement for the expected next breakthrough after the transistor.

CKAA FLIINERFOK g1 & FANBO LINRPLRASR o0& ! NIKdz2NJ @2y
material characteristics from the bottomizLJé I Y R & Srioledulir&ngimdedngmainly2 F

oriented to new fabrication strategies, and aimed to overcome the limits of miniaturization.

Molecular electronics itself was initially based on these ideas when the concept was publicly

used for the first time by the Colonel C. H. Lewis (Air Force) itof& Conference on Molecular

! Historical backgroundhainly basedn Ref. [Choi2009] and [Cuevas2010].
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progresses made in this direction failed in the enercial implementation and the initiative was

soon abandoned.

In the 1970s the idea gained renewed interest, this time oriented slightly differently, directly
towards the single molecule functionalization. There was still the feeling that the trend in
miniaturization would reach eventiat & |y A y & dzNXRidkyalE), whierSthefsizeY A G o |
of the microelectronics would reach nanoscale dimensions. Additionally, the convergence of
semiconductor technology towards the nanoscale supposed a real (and yrgesd to get a

better understanding of physical properties of matter on a nanometer scale and to find an
alternative [Wiesendanger1994].

To go beyond the silicon integrated circuits, the alternative proposed and explored by Ari
Aviram, Mark Ratner, Forre€arter, Robert Metzger, James Tour or Mark Reetbng others

was to use individual organic molecules specifically designed to behave as functioning electronic
devices, such as diodes or resistors [Aviram1974]. Initially implemented in the existing
technology, molecular electronics was considered to be able to replace completely the
semiconductor technology, once it would become a smaller, faster and cheaper platform than
silicon. This would lead to the ultimate miniaturization of circuits, based oralthigy to tune
specific properties in molecules just by chemical design and combine and wire them into a
largerscale electronic device.

With this final goal in mind, a lot of work has been done studying the transport properties of
single molecules. At thbeginning merely a theoretical proposition [Aviram1974; Carter1983],
the invention of the scanning tunnelling microscope (STM) in 1982 [Binnig1982] (see Chapter 2)
and the vast capabilities of chemical synthesis allowed experimentally testing the didease
proposed [Aviram1988; Tour1991; Reed1997] and they definitely triggered the development of
a field where important progresses have been made. Challenges such as electrically connecting
a single molecule or modifying the transport properties by cloaifunctionalization have been
accomplished, for instance.

The truth is that we are currently close to the limiting size { 1) and that the invention of the
transistor and integrated circuits were the last clear breakthroughs in microelectronics. Their
potential is still being developed nowadays, although the major developments in industry in the
last years are more related to interconnection facilities, accessibility, or data storage than to an
actual big change in the technology itself. Beyond all,thailecular electronics still holds the
promise to be a key element in the next technology breakthrough to come, although now more
oriented to be a silicon microelectronics complement than a competitor [Choi2009].

More importantly, during all these yearsi@ still nowadays, molecular electronics has offered

and keeps offering the opportunity to gain fundamental knowledge essential to think about any

1AYR 2F aylry2RS@OA0S¢ér o6SAy3a +y SEOSttSyid GSaid «
nanoscale [Cues2010]. The capabilities developed since that first molecular conference in

1958 have allowed us to obtain important knowledge about electronic transport itself, but also

about connection requirements, electrode needs or devices stability, among ottfletscules

have proved to be an excellent playground to explore properties such as thermoelectricity at

the nanoscale and other essential questions, such as thermal transport through these systems,

are barely starting to be addressed, reason why moleculestdl intensively studied. There are
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many answers to be found before considering molecular electronics as aeteldnd the
present Thesis aims to try to find some of them. In order to do so, let us present first a brief
overview of electrical conductee, thermoelectricity and thermal conductance of molecular
junctions, moving afterwards to the experimental techniques employed (Chapter 2) and, finally,
to the systems and results investigated during this Thesis (Chapters 3, 4 and 5).

1.2 Electricatransport: from macroscopic to nanoscopic systefns

Charge transport in macroscopic systems is described by thelwél2 6y hKYQa f |
establishes that a potential differeno@ applied between the extremes of a conductor or
semiconductor is proportionab the electrical currentGlowing through it, and the constant of
proportionality is the electrical resistanté

® Y® Eq. (1.1)

Equivalently, the current flowing through the system is proportional to the potential difference
applied and, in this formulation, the constant of proportionality is the electrical conducté&hce
"0 "Od Eq. (1.2)
and’O pj Y. Eq. (1.3)

The conductanceeflects the facility of charge carriers to move and for a macroscopic wire is
given by the following expression:

‘0, Eqg. (1.4)

c:|
>

where,, is the conductivity of the materiahnd "Yand 0 are the wire crossectional area and
length, respectively. Scattering of the charge carriers due to impurities and defects of the
material and the sample dimensions determine then the conductance of a macroscopic wire.

When the size of the wire is reduté¢o nanoscopiaimensions, however, the transport regime
changes. Considering a junction or constriction between two macroscopic conductors or
electrodes, as the one schematized in Figure 1.1, when its dimengiamsaf, the junction
length and widthrespectively) ar@educed to just few nanometer or less, they become of the
order of the Fermi wavelength of charge carriergts wave nature needs to be considered and
we enter in the full guantum regime. In this limit (coherent nanoscale systelms)sdattering
approach is the most popular formalism to describe charge transport and the electrical
properties [Landauerl957]. It was developed by Rolf Landauer and its central idea is that,
ignoring inelastic interactions, a transport problem becomes guscattering problem and the
transmission probability of the charge carriers to cross through the system determines the
electronic transport properties

2 The theoretical background presented in this section is based on the excellent book by J. C. Cuevas and
E. Scheer (Ref. [Cuevas2010]), where further details and complemesiaegts can be found.
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Figure 1.1: Transport regimes and system dimensidhshematics of a constriction between
two macroscopic conductors or electrodes. When the system dimensionsy (length and
width, respectively) become of the same order than the Fermi wavelengtbf charge
carriers we enter in the full quantum rege.

1.2.1 Landauer formula for coherent transport through a nanojunction

Let us consider a nanoscale junction as the one depicted in Figure 1.2(a), that is, a system with
dimensions at the nanoscale electrically connected to two macroscopic electroaesdriaand

2. They act as electron reservoirs in thermal equlibrium and havedeiied temperaturesY

and Y, respectively,and chemical potentials and‘ , respectively We consider a one
dimensional situation where the nanosystem is seen by the electrons crossing the junction as a
potential barrier of arbitrary shape like the one schematized in Figure 1.2(b), and are elastically
scattered by it (ineslastic scateringréstricted to the electron reservoirs). Let us consider first
the case of an electron coming from electrode 1 as a plane Wave whereQis the wave
vector. The wave is partially reflected by the potential barrier with a probability amplitude
(iQ ) and partially transmitted with a probability amplitud® (6Q ). The transmission
probability of the electron through the nanojunction is giverdby s .

The electrical current density carried by the electiorcan be calculated irsg the following
guantummechanical expression:
2 Qr Qo Q L .

— T a - o — =0 Q> Qh Eg. (1.5

o %oa! Yo T g. (1.5
where d is the effective mass of the particle,A & t £ |y O {Q@ividedbgcy ,&is Ithy
charge of the electron( is the length of the nanosystem, and™Q o™ (¥4 is the group
velocity] ¢ is the wave function of the incident electron.

(a) (b)  V(z)
A

Ty Ty ko ek teth
—_— —_—
-—
Te-lkz
“electrode 1 nanosystem electrode 2 J
z=0 z=L z

Figure 1.2: Nanoscale junction@@) Schematic representation of a nanojunction. Two
macroscopic electrodes, 1 and 2, in thermaligiQrium with welldefined temperatures and
chemical potentials“{; and‘ j, respectively) are connected by a nanoscale system (or
nanosystem) of lengtt) (of the order of few nanometer). The electrodes allow to inject
current or establish a poterdl difference through the junction. (b) The nanojunction is seen
by the impinging electrons as a cdenensional potential barrier of arbitrary shape
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When many electrons participate in the transport, as it is the case for a metallic atomic contact
or a mdecular junction, we need to consider a sum o®and include the factoiQ Q p

"QQ , where"Qand ™ Qare the Fermi distribution functions of electrodes 1 and 2, respectively.
This factor accounts for the Pauli principle and the fact that the chaniotential of the
corresponding electrod€ () can be shifted by an applied voltagelt also ensures that only
those states that are initially occupied in electrode 1 and empty in electrode 2 participate in the
current flowing from electrode 1 tolectrode 2, given by:

’ gz AN T~ ™, i ” i
Uo 5 LQQQQpP QQ8 Eq. (1.6)

It is possible now to convert the sum into an integral and change from var@tmeO, the
electron energy, assuming a namteracting electron gas and using the relatidd
0 Q¥ ca , fromwhereQ QO &7 o Q. We arrive then to the following expression:

Vo EDOQOp Q0 Q@ Eq. (1.7)
Equivalently, and considering that the transmission probability is independent of the current
direction, the current from electde 2 to 1 can be written as:

Uo @DOQOp Q0O Q@ Eqg. (1.8)
and the total current, accounting for the spin degeneracy, is simply givé@dby Uo
Uo , and thus:

Ow K >0 Q0 ™0 Q@ Eqg. (1.9)

This net current arises thefnom the imbalance between the populations of both electrodes
[Agrait2003] fixed by Fermi distribution functions:

e~ Y
%O ———8 Eqg. (1.10)
p Q n

The voltage effect is included in these expressions in the valterofEq. (1.9) is one of the
forms of the secalled Landauer formula and it illustrates the close relation between electrical
current'Ow and transmission probability ‘O in nanoscale systems. Assuming low voltages
(linear regime) and zero temperature/fjen’@, O are step functions equal to 0 abo@
QdcandO 'Qdc, respectively, and 1 below these energi@sheing the Fermi energy), this
expression simplifies to:

0 O Eq. (1.11)

where "O %3 (o) Eq. (1.12)

is the electrical conductance of the nanojunction. It is proportional to the transmission
evaluated at the Fermi energy and the constant of proportionality is theadled quantum of
conductanceO:
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o 2 xmiss Eq. (1.13)
From here it is demonstrated that a singteode conductor, wher® O p, has always a
finite resistancep¥’'O< p @k associated to the resistance at the interfaces between the
electrodes and the nanosystem (we will further discuss about the conductamemin Section
1.2.3). It becomes also clear that in order to calculate the conductance of a given nanojunction,
it is required to know its transmission. Before considering a more rigorous derivation of the
multi-channel Landauer formula within the scatitgg formalism, let us introduce a particular
example of transmission probability computation, namely, for the case of an electron impinging
on a rectangular potential barrier

1.2.2 Quantum tunnelling

In this section we preserthe theoretical treatment to compute the transmission probability of

a simple situation, namely, the elastic transmission of an electron of er@rayd massx
impinging on a onelimensional rectangular potential barrier of heiglt and width 0 (see
Fgure 1.3) In classical mechanics, the incident electron will be reflecte@®forw, and it will

be transmitted forO ®. However, in qguantum mechanics, its wave nature needs to be
considered to fully describe its behavior and this translates infmite probability that the
electron passes through the potential barrier, even when its energy is lower than the height of
the barrier. This phenomenon is the-salledquantum tunnellingr tunnel effectand is present

in a wide range of nanoscale juratis. Despite the apparent simplicity of the rectangular barrier
problem, it offers an essential understanding about tunnelling currents crossing a wide variety
of nanojunctions such as scanning tunnelling microscope (STM) junctions or even single
moleculejunctions.

To calculate the probability of the particle to pass through the potential bamsierbegin with
the onedimensioral time-independent Schrédinger equation:
2 Qr a , .

— wal a Qg ah

ca Eq.(1.14)

wherew & @ m g 0
i GEAOXxEOA

and solve it inthe three regions shown in Figure 1 ®( phho). For the casé®©® @ the

solutions of Eq. (1.14), i.the wave function of the particle in each regjon & , can be written

as follows:

r [8Yo) %)
r w»Q 00 Eq. (1.15)
r »0Q
where N N Ncq O, . aw O
0 0 VIO Fo S - Eq. (1.16)
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Figure 1.3: Onalimensional rectangular potential barrierc and 0 are the barrier height

and width, respectively. In quantum mechanics, an incident particle from region 1, of energy
0, amplitude and wave vectolQ, is partially reflected and transmitted when impinging into
the barrier. It is reflected with amplitueko and wave vector "Q and transmitted into region

2 with amplituded and wave vectoiQ. This wave is itself partially reflected when reaching

& 0 (with amplitudec and wave vector "Q) and partially transmitted into region 3 with
amplitudec and wave vectoiQ.

Note that no particle approaching the barrier from region 3 has been considered, only a particle
impinging from region 1. A relation for the coefficiedis,; and®, can be found by means of
0KS WéHd@KAYIQ Yuyidkddwave Quagfidng. yand their first derivatives
Q jQdéata mandd 0, i.e.the discontinuities of the potentiab & ). From here we can
derive an expression of the barrier energgpendent transmission coefficient ‘O , which is
the ratio of the transmitted and the incident current densiti@s,and 0 respectively. In the
example we are considering, whel® 'Q, the transmission coefficient is directly the ratio
between the transmitted and incident coefficients:
. @ p TOw ©O
>0 -— — ————=8
w 0 o . . TOw O wOEI 6L Eq. (1.17)
S oXo)

OE178)

Thisis essentially the@robability for an electron to pass through the potential barrier and, as it
has been advanced, it is different to zero, even in the case that the barrier height is higher than
the particle energy @ ). In fact, for a strongly attenuating barrier wieefQ0| p
[Wiesendanger1994}his probability can be simplified to:

. p ®Q
>0 — M Eq. (1.18
5o 9. (1.18)
or, equivalently,
508 0O 0 — 58 Eqg. (1.19)

Then, wherO ), the transmission through the barrier depenelsponentially on the barrier
width 0 and on the square root of the difference between the barrier height and the electron
energy, which can be seen as an effective barrier height, ‘O T . As stated before, the
current through the junction is propodnal to the transmission (Eg. (1.9)) and thus, Eqg. (1.19)
naturally reflects the exponential distance dependence characteristic of tunnelling currents
independently of the exact shape of the barrier and it is applicable to nanoscale junctions as the
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one stlown in Figure 1.2(a) (whekgis the length of the nanosystem, equivalent to the barrier
width).

This quantum tunnelling effect has a major relevance in scanning tunnelling microscopy, the
main experimental technique employed duringsfi hesis (see Chagpt2), ands at the basis of

STM experiments, where tunnelling currents are investigated. Given two conducting STM
electrodes (1 and 2) of different materials initiafgr away one from each other, they are
electrically isolated and each of them has ataim Fermi energy@ ; andO j;, respectively)

and a work function andB , respectively, the vacuum levéD is common for both of

them, as depicted in Figure 1.4(a). The Fermi energy corresponds here to the highest energy of
the occupiedstates in each material and the work function is the energy needed to extract one
of those electrons out of the material.

......................................................................................... e \
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Figure 1.4: STM tunnelling barrie(a) Conducting electrodes far away from each other,
electrically isolated. Each of them has atam Fermi energy© , andO j,, respectively) and
awork functionlg andlz , respectively. The vacuum levéd is common for both of them.

(b) When the two electrodes are brought into close proximity and the width of the potential
barrier 0 is sufficiently reduced, a small charge transfer takes place at the surface which
equilibrates the Fermi level® of both electrodesly is the average height of the potential
barrier between them. (c) A voltage differen@applied between the electrodes unbalarsce
again both sides of the potential barrier and charges in the energy wii@owQ @an tunnel
through it.
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contact, and wherthe width of the potential barrier is sufficiently reduced by placing the two
systems in close proximity, there is a certain probability for charges to tunnel through the barrier
and reach the second electrode. A small (superficial) charge transfer domurshe electrode

with lower work function to the one with higher work function, where they find empty states of
lower energy to occupy, until an equilibrium situation is reached with a common FermOevel

as schematized in Figure 1.4(B)., the efective barrier height, is determined in this case by
the average work function of the electrodes and depends on the material and the conditions of
the junction.

When a voltage difference is applied between the electrodes, theadled bias voltageu(

@ ), occupied and empty states at both sides of the potential barrier become again
unbalanced as shown in Figure 1.4(c). Electrons in the energy @ngeQ chave enough
energy to flow through the barrier generating a tunnelling current proposido Eq. (1.19), i.e.
highly dependent (exponentially) on the barrier widihin STM experiments, this dependence
translates into exceptionally high resolution in the distance determination between electrodes.
Considering some numbers as a referendeamier width ofu v and an effective barrier height

of T A 6(valid for most metals), would result Bx p 11 and varying the barrier width (the
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distance between electrodes) Ipyv typically leads to a change nfby one order of magnitude
[Wiesendangerl94]. Extended to a threeimensional barrier (as it is the case in real systems),
this exponential dependence results into an exceptionally high lateral spatial resolution as well,
thanks to the commonhlused tipsample geometry which reduces thennelling area.

Additionally, the tunnelling current expression shows that the transmission is highly influenced
by the effective barrier heightz which, in STM experiments, is determined by the work
function of the conducting electrodes and the applied bias voltage. The voltage dependence of
the transmission probability is thus also required in order to compute the tunnelling cui@ent
as a functon of w, i.e. the" @y characteristics of a nanojunction. John G. Simmons solved this
situation in 1963 using the WKB approximation and he derived an expression for the voltage
dependence of the tunnelling current through a potential barrier of a#bjtr shape
[Simmons1963]. At zero temperature, the net current density is given by:

0V 0B AGB®RE B QOWAIDP Qw, Eq. (1.20)
where
Q .. d 0
) —— M —Wco Eq. (1.21
0 B ——Wcd q. (1.21)
and| is a dimensionless correction factor of order unity.the case of a small bias voltage
Q¥ T, we havel B B 7¢ and| p (see kgure 1.4(c), considerin@ avery small)

Eq. (1.20) can béhen simplified and written as:

Q‘.C—GBHA 2D GE a8 Eq. (1.22)

™ 00 2

Thus, the current densityvaries linearly with the applied voltagein the lowvoltage range
which isknown as the Ohmic regime. This formula reflects the linear behaviour of the tunnelling
current with w at low bias voltages as well as the exponential dependence with the potential
barrier width and the effective barrieheight 5 . For intermediate voltage®2®w B an
additional term withcw enters in the expression.

Note also that in the case of STM tunnelling junctions, image charges in the two electrodes
would be induced by the tunnelling current, affecting the gutial barrier. The average barrier
height would be typically reduced and the transmission increg€eevas2010]A thorough
consideration of tunnelling junctions requires therefore the analggihese effects.

1.2.3 Scattering formalisng multichannelLandauer formula

Let us return here to the nanoscale junction previously introduced (Section 1.2.1) in order to
derive the multichannel Landauer formula using the scattering formalism more rigorously
[Agrait2003Cuevas2010].

In Figure 1.2(a) the electrodel and 2 connecting the nanosystem, as already mentioned, are
electron reservoirs characterized by a certain temperatung, ( respectively) and chemical
potential ( j, respectively) and electrons inside them follow Fermi distribution functions
(%, O, respectively) given by Eq. (1.10). Far from the nanoscale system, electron motion can
be separated in longitudinal (along transport direction) and transverse (perpendicular to
transport direction) contributions. For the first one, the system is qpen there are no spatial
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restrictions, and the electron plane waves present continuous wave veQausd longitudinal
energiesO o ‘Q¥cd. For the second case, transverse electron motion through the
nanosystem is quantized due to lateral comfinent. Similarly to a wavguide problem, the
quantization of transverse momentum defines a set of incoming and outgoing modes with
respect to each electrode, which can be different for each of them. Thus, we can dentie

the discrete number of inaning and outgoing modes for electrogle ph, with transverse
energyO . Thesd) modes are generally known as (transverse) quantum channels and, since
the total energy of a given electrd@can be writena$ ‘O 'O andO is positive, ofy a

finite number of channels is possible.

At this point it is convenient and intuitive to consider creation and annihilation operators for
incoming ¢ 'O and® 'O, respectively) and outgoingd( O ando ‘O, respectively)
electrons of energyO in the transverse channel for electrode| . All these operators are
related through the sealled scattering matriXY By definition, this is thed 0

0 0 matrix that relates all the incoming and outgoistates in both electrodes. The
scattering matrix has the following block structure:

vy 1He Eq. (1.23

UL g. (1.23)
where blockd Fandi Haescribe electron reflection back to the reservoirs 1 and 2, respectively,
and have sizesaf 0 and0 0 . Bocksd@dnddHn this expression describe the electron
transmission through the nanosystem and have sizés of 0 and0 0 .

The most important consequence for our present discussion that can be extracted from Eg.
(1.23) is the possibility to degvan expression for the current through the nanosystem which,
accounting for the unitarity of the scattering matrix required for current conservation, can be
written as:

Q .
(o) C—Q 4 @UOFD Q0 Q0 Q@ Eq. (1.24)

Due to the fact that the matrig-ddan be diagonalized, it has a set of eigenvalue® , where
€ pl) 0 indexes the transverse quantum channelad corresponding eigenfunctions,
typically referred to as eigenchannels or conduction channeis advantageous to express the
current in terms of this natural basis:

0w <L > 0Q0 Q0 Q@

0 Eq. (1.25)
whered O are the secalled transmission coefficienta ( > O  p).Hence, at the low bias
voltage and zero temperature approximations, the conductai@e given by:

w— GQ , . o~ i

which is the multichannel generalization of the Landauer formula.

In the case of metallic systems of reduced smgch as atomic contacts whose transverse
dimension approaches the electronic wavelength, the number of channels per atom typically
varies between 1 and 3 and can be estimatedia® QYT , where'Yis the atom radius.
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Thus, supported by Eqg. (1.26gndauer formalism accounts already for the quantization of the
conductance typically observed in metallic atomic cont@&tgait2003)

Despite its success in describing the main aspects of electronic transport in hanoscale systems,

giving a fairlyntuitive idea of transport mechanisms and explaining many quantum phenomena,

scattering formalism does not give a complete theoretical treatment for quantum transport

properties [Cuevas2010]. On the one side, it does not offer any information about the
transmission probability through theanojunctions, so it becomes necessary to derive it by

20KSNJ) YSIyasr adzOK & RSyaiadte FdzyOuaazyl € 0 KS2NZX
Section 1.4). Secondly, Landauer formalism is restricted to quantum colieaesport with just

elastic interactions, although these conditions would only be valikattlyzero temperature

and for electrons at the Fermi energy. Real systems typically show inelastic scattering processes,

such as electromlectron collisions orelectronphonon interactions, which can hardly be

neglected in some case$herefore, other approaches as the LandaBéttiker formalism or

YSiK2R& &dzOK Ia GKS DNBSyQa T dnoger thedngticali SOK Y A |j d
description of quantum electm transportin these situations

1.3 Thermoelectric effect: from macroscopic f@noscopicsystems

Thermoelectricity arises from the coupling between thermal and charge transport and, similarly
to whatoccurs with electrical conductance, the theoretiframework differs when dealing with
macroscopic or nanoscopic systems. Let us begin with the general classical definitions and main
concepts of thermoelectric phenomena present limlk conductors (andsemiconductors)
(Section 1.3.1) to introduce later thieeatment for quantum thermoelectric effects at the
nanoscale (Section 1.3.2).

1.3.1 Macroscopiscale

There are three thermoelectric effects:

1)The Seebeck effedt appears vaenatemperaturegradient®¥Yis applied along a macroscopic
conductor orsemiconductor. Charge carriers (electrons in the case of Figbjeale more
energetic, and hence have greater velocities, in the hot side than in the cold one and therefore
they drift [Kasap2006]. The net diffusion of electrémsards the cold side ohie material leaves

the hot side positively charged, thereby creating an electromotive electric @Ild "YO'Y
across the system, whef#is the Seebeck coefficienthe presence of the electric fielthally
prevents further electron motion and when a steady state is reached (with no current flow), an
opentcircuit potential difference is therefore generated between the extremes. The
thermoelectric response of a given material, the amount of electrio&mtial difference per

unit temperature difference needed, is quantified by the Seebeck coefficient or thermopower
“Y which is expressed in volts per kelvinpmore often inf &+, and given by

Yo W o’o8
YY Y Y

Eqg. (1.27)

The negative gn in this expression is established by conveniiororder to have negative
thermopower when charge carriers are electroié ( 1) andpositive thermopower when they
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are holes Y m). It is important to remark that this magnitude is defined at the equilifor
state under zero awent conditions, that is, opewircuit conditions.

hot cold

AV

Figure 1.5: Macroscopic Seebeck effeahen the two sides of a single macroscopic
conductor or semiconductor are at different temperaturégand”y Y (i.e. a temperature
gradientY’Y Y “Yis established along it), an opeircuit voltage differenc&d®  ®

@, proportionalto Y'Y appears between thextremes [Kasap2006This is due to the fact that
the charge carriers in the material diffuem the hot side towards the cold one, which
generates a net charge imbalance once the system reaches a steady state.

2) The Peltier effectit consists orthe heating or cooling at the interface between two dissimilar
conductors or semiconductors (A aBj when a currentCflows through it. The Peltier heat
absorbed or generated at the junction by unit time can be written as:

0 L 0O L | @ Eqg. (1.28)

wheret andL are the Peltier coefficients of conductors (or semiconductors) A and B,
respectively, and L L is the Peltiercoefficient of the junction. The direction of the
current flow and the value of the Peltier coefficient of the junction determine whetteat is
absorbed olliberated [Rowe1995]. The Peltieffect is a manifestation of the entropy change
experienced by the electrical charge carriers as they cross an interface between different
materials.. ~ represents how much heat is carried by atuwtfiarge and quantifies the heat
exchange at the junction per unit current and per unit tingnce it depends linearly ahe
electric currenithe Peltier coefficient is sensitive to the sign of the charge carriers of the system,
as it happens with the eégbeck coefficient. Both serve to determine whether transport is
dominaed by electron®r holes [Dresselhaus200H.relationbetween the Peltier and Seebeck
coefficient was established in 1851 W Thomson (Lord Kelvin):

% Eqg. (1.29)

The Peltier coefficient is hence generally expressegl (typicallyi 6or{ 6. Finally, it should
be noticed thatother phenomena beside the Peltier effesuch as Joule heating thermal
gradient effects (namelythe Thomson effect explained next), ciafluence the total heat flow
through the junction.

3) The Thomson effectwhen an electrical current passes through a single homogeneous
conductor or semiconductor in the presence of a temperature gradiéit the material is
heated or cooled, dependingn the flow direction of the current with respect to the
temperaturedifference [Rowe1995]. Charge carriafssorb heat when flowing in an opposite
direction to a thermal gradient, increasing their potential energy, and they liberate heat,
decreasing their potential energy, when flowing in the same direction as a thermal gradient. This
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may occur in any neisothermal portion of a conductor. For a given current den$ipassing
through the system, the generated or absorbed hesie per unit volume and unit time is:

A Eq. (1.30)

The Thomson coefficient is then a measure of the reversibleat flow within a single
conductor per unit current and per unit temperature gradient. It is related to the Seebeck
coefficient through the following expression:

-y
N Eqg. (1.31
tYeR 9. (1.31)

From here we can see that it is expressed i+ or more often inf @+, like the Seebeck
coefficient

Note thatThom®n and Peltier effects are presetiterebywhen current flows, contrary to the
Seebeck effect which exists as long as the temperature gradient is maintained, regardless of
whether current flows or nofRowe1995]Finally, it is important to remark that all these three
thermoelectric effects are thermodynamically reversible and independent of the dimensions
and shape of the conductors or semiconductors (or the junctions) involved. This is different, for
example, in the case of the Joule effect (heat generated whenever an electrical current flows
through a resistive material), which is irreversible, proportional to the dimensions of the system
and does not depend on the sense of the current direction.

Forthe purpose of this Thesis, we will focus in the following on the Seebeck effect, commonly
directly called the thermoelectric effect. As already introduced, it consists on the direct
conversion of temperature differences to electric voltages, a processactmized by the
Seebeck coefficienty also known as thermoelectric power simply thermopower. It is a
material specific property and a temperatudependent coefficient, i.€Y  “Y"Y. When this
dependence iknownfor a material(what is calledie absolute thermopower), it is possible to
calculate the voltage difference between any two points of the systeteraperatures’Y and
"Y S‘,,Y

. y

Yo YYQY Eqg. (1.32)

To obtain a more intuitive idea of thermoelectricity mechanisms innosaopic systems, let us
considerthe case of metalsThe thermopower of bulknetals at ambient temperaturean be
describedusingtha 2 0 6 Qa aSYAOf I 3aA0Ff F2NXNdz I ! aKONRF (1

“ 'Q "Y” 'O F]
o Q, 0O

Y'Y Eqg. (1.33)
where,, is the material conductivity. The sign and magnitude of the thermopower, determined
by, O j, 'O , are subject hence to the energy dependence of the conductivity around the
Fermi energy, which in turn depends on the inelastic relaxation time ameffective mass, all

of them material properties.

The most direct and extended application of the Seebeck effect is the thermocouple, widely
used as temperature probes in thermoelectric thermometry. A thermocouple is made by two
dissimilar conducting matels electrically connected at one end formingiaction (see Figure

1.6). When a temperature difference is established between this junction and each of the other
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extremes of the conductors, the corresponding thermoelectric response generated in each
material is different and hence it can be used to know the temperature at the junction
[Rowel995]. Via a thermocoupleaneasurements of the voltage difference between two
materials, A and B, whose thermopower temperature dependence iscaiirated (Y “Y and

Y Y are weltknown) allow to experimentally find the temperatuia the junction basd on

the following expression:

Yy
© Yo Yo Y Y'Y QY Eq. (1.34)

wherew is the measured voltage aritf is the temperature tde found.

Figure 1.6: Thermocoupleorking principle Thevoltage measured> & between two

dissimilar materials A and B whose absolute thermopoWwefY and™Y Y are weltknown

allows to determine the temperaturéY at the junction of A and B.Y is the known

temperature of reference and is the same for both materid¥. the temperature of the
voltmeter, does not affect the thermovoltage measured, provided thais the same for A
and B and that the connections the voltmeter are made of a same material.

1.32 Nanoscopic scale Landauer formalism

Thermoelectric properties at the nanoscale are drastically different than in the macroscopic limit
(even the transport mechanisms that determine the thermopower difeerent) and quantum
mechanics is required in order to describe the phenomena. The Landauer scattering approach
already introduced to describe the electronic transport (conductance) of a nanojunction
(Section 1.2kan be also employed to find axpression for its quantum thermopower, which

is the goal of this section.

In the case of a macroscopic matewa the one represented in Figure 1.7(a), a temperature
difference applied between its extremes translates into the generation of a continuous
temperature gradient along the material (see Figure 1.7(b)). Considering a nanoscale junction or
constriction, as the one previously depicted in Figure 1.1 or Fi2(@), when the electrodes

are at different temperature, charge carriers become more egetic in thehot electrode and

they would preferentially move toward the cold one. Carriers of different charge sign would
accumulate at opposite sides of the nanoconstriction, thus inducing a thermoelectric voltage
(see Figure 1.7(c)). It important to keep in mind that, in a constriction, any voltage or
temperature differenceestablished between the electrodes drop in a distance of the order of
the constriction diameter, as schematized in Figure 1.7(d) for the temperature.
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Figure 1.7: Macre vs nanosale thermopower (a) Schematic representation of a bulk
(macroscopic) conductor or semiconductor whose extremes are at different tempesature
(color gradient from red to blue represents the continuous temperature gradient from the hot
to the cold sideasshown in (b)). Charge carriers (electrons) move preferentially towards the
cold side and give rise to a potential difference. Thermopower is thereby dominated by
electron diffusion (phonon drag contribution is considered negligible above the Debye
temperaure). (b) Approximate temperaturéYprofile as a function of the positioa for the
system described in (a), showing a continuous temperature gradient in the material. (c)
Schematic representation of a nanoscale constriction between two macroscopitodies

that act as electron reservoirs. Both electrodes are at different-defined temperatures
(color gradient from red to blue represents the sharp drop in temperature taking place at the
nanoconstriction, as shown in (d)). Charge carriers (electnmus)e preferentially towards

the cold electrode and give rise to a potential difference. Thermopower is thereby dominated
by quantumtransport through the junctiongonstriction diameterconsidered to be smaller
than the Fermi wavelengttof electrons). (dApproximate temperature profile as a function

of the position for the system described in (c), showing a sharp drop of the temperature at the
constriction. In a nanoscale constriction, any voltage or temperature difference between the
electrodes drop in distance of the order of the constriction diameter.

Since thermopower of a nanojunction is a quantum transpodperty, in the case of coherent
elastictransport (i.e. noAnteracting charge carriers), wean consider the Landauer formula to
describe the electrical current through the juncti@given by the already introduced Eq. (1.9):
Ow K >0 Q0 "™MO QG
The electrical current through a nanoscale system depends thus on the transmission probability
D for an electron to cross the junction, which is a function of the electmergyOand depends
generally on the geometry of the nanoconstriction and thealoglectronic structure, which is
itself influenced by the coupling to the electrodes. Note that, for the moment, no electrical
voltage is applied to the junctior( 1) and let us remind thatQ and "Q are the Fermi
distribution functions of electrode 1 and 2, respectivelgiven by Eq. (1.10). The difference
between both distributions depends on the temperature difference between the electrodes
Y'Y and the chemical potential differencg and can be expanded with reference to
electrode 1 [Mal@2010]:

00 vo ¥ L ¥Y 8  Eq.(1.35)

T Q o T Q o
T Ty

Writing both derivatives in terms of ener@fy
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Lo “QAT %«*Q oL@ Eq. (1.36
T 0 "y o T—B g. (1.36)

the difference between both distributions can thus &epressed as follows:

Q. o o1Q.
L2 O 19 g Eqg. (1.37)

Q0 Q0 : 8’ N T

Since theahermopowerof a system is defined at opagircuit conditions (that is, with no current
flow), we equal Eqg. (1.9) to 0 and replace Eq. (1.37) in it to get:

¢ >0 R °_ T“Q"'Y Q'@ Eq. (1.38)
T o : 8’ N T qg. (1.
% d 'oT < 0 Y'Y > 0 o 19 (5] Eg. (1.39
X vl Fa )
. S B o
y‘ p)v ) O O T—:d)O
Sy v 8 Eq. (1.40)

~1 Q.
p) OT—-d)O

Note that some electrotmole asymmetry of the transmission function is required in order not
to cancel the numerator of thigelationship [Cuevas2010]. Assumitigat there are no

transmission resonances close to the equilibrium chemical poteitial, Yo ,where
Yo s the voltage differenceéetween the electrodes created by the difference in chemical
potential. In addition, & low temperatures,! M O 7 O ‘ and the integral in the
denominator of Eq. (1.40) simplifies to the transmissioaleated at
Y6 P P >0 0 e @ Eq. (1.41
Y aY> Os ol @ a- (1.41)
Finally, considering a Taylor expansion%.60 > Os o ‘ 1 20j1 & )

and using the Sommerfeld expansion [Ashcroft1976], we get the following expression for the
thermopower of the nanojunction (by definitioly Yo Y'Y ):
W “QYQat ® ﬁ
Y o Q Q0

e

“y

Eq. (1.42)

<

where "Yis the mean temperature of the electrodedY( “Y “Y ¥¢) and‘, the mean
chemical potential’( ‘ * ¥¢) [Paulsson2003].

Furthermore, at zero temperature, the equilibrium chemical potential is thealed Fermi
energyO and Eq. (1.42) came written as:

oy “ QY p Q10 “ Qv O
c Q>0 QO c Q>0

8 Eq. (1.43)

Eq. (1.43) shows that the thermopowdepends on the variation of the transmission for carriers
above and below the Fermi energy: larger transmission alidweill cause the electrons to go
to the cold electrode resulting in negative thermopower and dipposite It must be remarked
that, based on Landauer formalismete equations i@ only valid for nosinteracting charge
carriers. Furthermore, they haveeen obtained under loviemperature and small voltage
approximations (awg from transmission resonanceand they also ignoréhe interaction
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between phonons and electrons, i.e. phonon dradull discussion of their validity can be found
in Ref. [Dubi201].

1.4 Electrical conductance and thermopower of molecular junctions

A molecular junction, a particular case of nanoscale junctions and the principal system of
interest of this Thesigs simply a single molecule connected between two metallic electrodes,
like the one schematizeith Figure 1.8. As introduced at the beginning of the chapter, the idea
of using molecules as electronic componeirisfunctional devices or as building blocks o
nanoscale circuits has impelled extensive experimental and theoretical research of charge
transport through molecular junctions. Typical molecular sizes are small enough to be in the full
quantum regime and they offer a large versatility in physical phegnology not present in
FG2YAO O2yiGl O0ias F2NJ SEFYLX ST 6KSNB GNFyaLR NI
limited. Some basic electronic functions have be&Emonstrated [Aradhya2013hut, more
importantly, molecular junctions have proved to be exiiepal platforms to test quantum
transport theories and have greatly contributed to shed light on charge transport mechanisms
at the nanoscal¢Cuevas201Dubi2011]

electrode 1 electrode 2
single molecule
b—‘_‘ [ 4
—
— I/ < by
-
N ) “ v
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g >

I~ -l v
T e
W 4

backbone  anchor or binding groups

Figure 1.8: Molecular junction schematicSchematic representation of a molecujlanction.

A singlemolecule, typically formed by a backbone and anchor or binding groups at both ends
(in its more simple configurationis connected between two electrodes (1 and 2) that act as
electron reservoirs. [Ectrodes are typically metals.

We focus in thisection on the theoretical background needed to understand charge transport
and thermoelectricity in molecular junctions. Since they are atesnade systems, transport is

in most cases coherent (i.e. based on the elastic flow of electtonsggh the molecule without
energy exchange). Thus, many transport properties of molecular junctions can be described and
understood within the Landauer scattering approach, already introduced fomitre general
example of a nanojunction. For the saddecommodity, let us reproduce here the expressions

for quantum conductance and thermopower of these nanojunctions (given by Eq. (1.12) and Eq.
(143)):

cQ .
0O =50 0> O h
Q
o “ QY p Q10 “« QY 0 5
0 Q20 QO 0 Q100

These expressions are the starting point for the incoming theoretical framework employed to
describe transport in molecular junctions, systems where the major particularity is that charge
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carriers physically flow between metallic electrodes 1 and 2 thrahghmolecule itself, i.e.
through a molecular bridge drackbone (see Figure 1.8).

Calculating the conductance and thermopower of a molecular junctigthin the Landauer
scattering approach requiretherefore to obtain first its transmission function O . This is
normally done by calculating the electronic structure of the junction using density functional
GKS2NE 05C¢0 YR O2YLMziAy3a (GKS (GNIyavYAaarzy g
[Pauly2008; Bilan2012This is a powerful combination thatl@awvs to get an insight into the
transport properties of molecular junctions, but that presents also some limitatloreddition

to the lack of exact knowledge of the geometry of the junction, which has a strong impact on
the transmission, the results t¢dined from DFT calculations presentany theoretical
uncertainties, for examplein the relative alignment of molecular energy levels and the Fermi
level of the electrodeand in the size of the HOMIOUMO gapand hence cannot be considered
exact. To this respect, comparison of the theory with the experimental values of both
conductance and thermopower, which are given by the transmission and its slope at the Fermi
level, respectively, provides an essential feedback to obtain a more accurate descrigtien of
molecular junction. For the moment, we present in the next section a simpler model powerful
enough to shed light already on many basic aspects of transport through molecular junctions
and give useful understanding about its conductance and thermopower

Before going into the details, let us make one further remark about an essential difference
between conductance and thermopower. Thermopower, in contrast to conductance, is an
intensive property and is independent of the number of molecules participatirgmolecular
junction. This can be understood by consideringlentical molecules in parallel in a junction.
Assuming that (lateral) interference effects are negligible, the total transmission of the junction
will bed 0D ,whered is the transnission ofone molecule, and applying Eq. (1.12) and Eq.
(1.43) we obtain that the conductance of the junctisould be™O ("0 (O being the
conductance of a single molecule), while for thermopower we would havéYy Y, where

Y is the thermopower of a single molecule.

1.4.1 Transmission function aholecular junctions- Tunnelling in a double potential barrier

We describe in this section a very intuitive theoretical approach to find an expression for the
transmission function of a molecular junctionO . As we have previously seen, itis all we need
for computing its conductance and the thermopower accordimdg.andauer formalism. Thus,

the question that arises is how the transmission is affected by the electronic structure of the
junction. What is the role played by the molecule?

Briefly, the presence of the molecuteetween the electrodes typically results funnelling of
charge carriers through the discrete molecular energy levels. Given its asoale size, an
isolated molecule by itself,e. the free molecule, shows discrete bound states. This can be
understood considering the free molecule as energaty equivalent to a potential well for
which energy quantization in confined structures applies. When the molecat®nbes
embedded in a junctiona chemical bond is established with two metallic electrodes thed
molecule becomes connected.diécular sates then broaden and shift in energy due to the
interaction with the metalsTransport properties of the whole system atteereby determined

by the confined energy levels of the molecule between the electrogeparticular by the
strength of the couphg and the relative alignment of the molecular levels with respect to the
Fermi level of the contacts.
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Let us explain all these aspects in more detail, beginning by considering the free maledule
two bulk metallic electrodesyhen they are far apartThe energy level scheme of this initial
situation is depictedn Figure 1.9(a) in the zero temperature limit and for two electrodes of the
same material. While both metals have continuous electronic states filled up to the Fermi energy
O, theisolatedmolecule shows a discrete number of energy levels or molecular orbitals. By
definition, these energystates are occupied up to the HOMO (Highest Occupied Molecular
Orbital), quantified by the ionization potential of the molecule, and unoccupied above th©LUM
(Lowest Unoccupied Molecular Orbital), which is given by its electron affinity. HOMO and LUMO
are usually known as frontier molecular orbitals.

(a) ] ] (b) 1 1 (c)
LUMO

LUMo

HOMO

HOMO
electrode 1 electrode 2 electrode 1 electrode 2 electrode 1 electrode 2

Figure 1.9: Energy level schemes for a molecular junctia). Energy diagram at zero
temperature for two bulk metallic electrodesfar away from each otherand the free
molecule. Metallic electrodes, considered here to be of the same material, have continuous
electronic states filled up to the Fermi ener@y and their FermDirac electron distribtions

are given by step functionsThe molecule presents discrete bound states and is thus
equivalent to a potential well, although it hasmse energy levels already fillagh to the
HOMO (Highest Occupied Molecular Orbital) and free above the LUMO (Lldn@cupied
Molecular Orbital), exhibiting a molecutdaracteristic HOMQUMO gap. (b) When the
molecule is connected between the electrodes, its energy levels may shift in energy and they
align with respect to théO of the electrodeswhich lies withh the HOMGALUMO gap.
Molecular orbitals also hybridize and become broader due to couplingtivittdelocalized
metallic states. Thisybridization results into a continuous transmission mbitity, depicted

in grey for HOMO and LUM@ijth higher probabilty of transmissiorat energies elated to

the molecular statesin the presence of temperature (as it is the case in real systems), the
continuum of states of the electrodes is filled following Fermi distributions up to the chemical
potential* or Fermiével. Notice that in (#) there are no voltage or temperature differences
applied between the electrodes. (c) When applying a bias voliatgeone of the contacts,

the junctionFermi level is modified and a tunnelling currdlaving throughit is favoed. In

all these energy schemes-¢aa molecule showing favorable transport through the LUMO has
been considered. The equivalent case for transplarbugh the HOMO would simply imply a
shift upwards of the molecular orbitals depicted here (i.e. a difierelative level alignment).

When the molecule is connected between the electrodes, in a first approximation, the
delocalized electronic states of the metals connect to the confined molecular orbitals through
two potential barriers originated at themoleculemetal (organicinorganic) interfaces.
According to thisassumption, a molecular junction can be considered equivalent to a double
barrier structure as the one depicted in Figure 1.9(b), where two tunnelling barriers are in series
with respect to he transport direction and bound states are found between two scattering
interfaces[Malen2010; Kittel1953; Datta2005]. In this diagrave have also considered the
effect of temperature in the electrodes function distribution, as it is the dageal sysems.

The continuum of states is filleth this casedollowing Fermi distributions up to the chemical
potential‘ or Fermi level

27



Some charge transfer from the metals to the molecular orbitals may occur, typically resulting in
a shift of the energy leveisith respect to their original position. In fact, the HOMOMO gap,

i.e. the energy separation between the frontier orbitals, is generally reduced when contacting
the molecule. Additionally, mediated by this charge transfer, a relative alignment of the
molecular levels with respect to thEBermilevel of the electrodes, which is somewhere in
between the frontier orbitals, is achieved. The Felavel lies then within the HOM@Q.UMO
gap,occupied states belownd unoccupied states above. In principle, manglecular orbitals

can participate in transport, although typically only the frontier orbitals have a significant
contribution.

Furthermore, upon connection, molecular orbitals hybridize with the continuum of states of the
metallic electrodes, i.e. éhemial bond is formed between the metallic atoms of the electrodes
and the molecule or its anchor groups (see Figure 1.8). As a consequence, molecular orbitals
broaden and the width of the levels depends on the strength of the matakcule coupling

The locéelectronic structure of the metals also influences the broadening of the discrete levels.
Molecular orbitals hybridization resultserebyinto a continuous transmission probability with
resonances (pronounced peawsth higher probability of transmissi) at energies related to

the molecular states (schematized in grey in Figure 1.9(b) only for the HOMO and LUMO).

These energy diagrams (Figure 1-Bfn offer already useful understanding @i charge
transport in a metal|moleculeinetal junction. Namelythe energydependent probability to
tunnel between the electrodes througthe confined states of the molecule, that is, the
transmission function of the molecular junction, depends on the electronic structure of the
molecule (its molecular orbitals) andmlis resonances at energies close to the position of the
original discrete states. In particular, transmission is determined by the position of the molecular
levels (its relative alignment with respect tQ and thdr bond with the delocalized metallic
states (the coupling to the extendestates of the electrodgs

Additionally, in the presence ofsmall voltage differenced between the electrodes, the energy
level diagram of the molecular junction can bepresented as shown in Figure 1.9(€he
voltage applied allows to shift the Fermi level or chemical potenhtiaf the electrode with
respect to the molecular orbitals (whose relative position is hence voltegendent) and
electrons with an energy close to the Fermi level of the junctom free to participate in
transport. A tunnelling current is generated which enables to explore the conduct@acel
the "@o characteristics of the molecular junctigsee also &ction 1.4.2)

In the limit in which molecular orbitals are energetigallell separated, transmission resonances
can be approximated by a Lorentzian peak and hetigetransmission probability through the
molecular orbitalx can be written using the BreWigner formula [Cuevas2010]:

T3 /3 j

> Ow - . 8 Eq. (1.4)
O - 35 3h

In this expression, ® is the difference in energy between the resonance and the Fermi level
‘ (set at zero energy) and it is voltagdependent as mentioned above. ;, and3 j (divided

by 0) are the scattering ratesssociated to the potential barriers at both molecutetal
interfaces. They are considered to be energynd voltageindependent, which is a good
approximation when the electrodes density of states is rather flat around the Fermi level (valid
for noble meals like Au)3 3 ; 3 j is hence the broadening of the discrete molecular
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leveld (the half width at half maximum, HWHM) due to the coupling and it is produced by its
finite lifetime as a double barrier bound state.

Considering tunnelling in a dold potential barrier modeltherefore, the total transmission
function of the junctiord ‘Ohi can bedescribed with resonant Lorentzian peaks at energies
determined by the molecular levels [Kittel1953]. Nthat this expressioiis especially accurate
for on resonant transport, i.e. for energies around the discrete |fvattal995].Summing over

all the molecular orbitals participating in transpait, we get that the energyand voltage
dependent total transmission of the junction is:

> O 8 Eq.(1.49
0o - 3 5 3§

Since mainly HOMO and LUMO contribute to electron transport, the sum in EB) €kténds
usually untild ¢, accounting only for the frontier orbitals. This is thecatled two level
model and it is depicted in Figure 1.10, showing both the case where the HOMO is closer to the
Fermi level (Figure 1.10(a)) and the case where the LUMO is closer (Figure 1The(lgyels
position in the energy diagrams are denoteg- and- , respectively, while coupling to the
corresponding electrode is ; and3 f, witha "0 for HOMO and LUMO respectively
The top panel in Figure 1.10(c) shows the energy ddeece of the transmission given by Eq.
(.49, for the two alignments mentioned.
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Figure 1.10: Two level model applied to a molecular junctid¢ab) Energy diagrams for a
molecular junction in the absence of a bias voltage ( * , where’ j is the chemical
potential of electrode 1 and 2, respectively). Two different level alignments are presented:
in (a) the Fermi level is closer to the HOMO and in (b) it is closer to the LUNMOO(@nd

D> ‘O7 O for the two level modebescribedby Eq. (1.8) (with 0 ). Blue curves
correspond to (a) p& A@nd-  ¢® A 6and green ones to (b) ¢® A @éand
- p& A 6The conductancis proportional tod ‘O at the Fermi leveD and hence it
is the same for both alignments (a) and (b). The thermopoiv&s proportional to

D O O atthe FermileveD and hencat ispositive for (a) and negative for (b). Two
different symmetric couplings of the molecules to the eledi&s have been considered:
35 35 TAqsoldline)and ; 3 ; T8t A gdashed lineweaker coupliny
where & "a1 accounts for HOMO and LUMO. It can be observed thadfor' O,
cowling has a major effect iowhile for™it only acquires importance when the Fermi level
approaches the resonant level. For further exampdeg Ref. [Cuevas2010].
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Having obtained then an expression for the transmission, we can reconsider Landauer formula
(Eq. (1.12)), for a small applied voltage, and find that the conductance of the junction is
then given by:

T3 13 j

O 0> Ohs m O 8  Eq.(1.46
0O - &mn 3 5 3

We extract several important conclusions from Eq.§}L.For example it tells us that, for a given
leveld whose transmission is expressed by Eq4)l #he conductances maximized whe®

, which is known as the resonant condition. It occurs when the molecular orbital aligns exactly
at the same energy than the Fermi level of the electrodes (as dapictd-igure 1.10(c), top
panel). Additionally, the maximum possible transmission through the resonant level is reached
in the symmetriccase, i.e. when both potential barriers are equal or, equivalently, when the
coupling of the molecular level to both eleodes is the same. In this situation we have that the
scattering ratess  and3  are identical and, satisfying also the resonant condition, in the
symmetric case we getthat O p. The maximunmOof each individual level is hence equal
to "0, independently of the coupling. This is illustrated with two different examples of symmetric
coupling in Figure 1.10(c) (soliddashed lines).

Finally, let ugonsider the case of a temperature differeng€rapplied between the metallic
electrodes (aslepicted in Figure 1.11)). Note that, similarly to the nanoconstriction schematized
in Figurel.7(c-d), 3"Ywould sharply drop at the molecular junction since we are considering
coherent transport andhe electrodes are electron reservoirs at a wadfined temperature.

The energy diagram for thimse is shown in Figure 1.11. The first consequehite application

of the temperature gradient is on the electron distribution of the hot electrode since, when the
temperature is raised, it extends to higharargies.

(a) hot [ 1 cold (b) hot cold

electrode 2

electrode 1 electrode 2 electrode 1

Figure 1.11: Thermoelectricity of molecular junctions and sign of the Seebeck coefficient.
Energy diagramf®r a molecular junctionvhere a temperature difference is applied between
the electrodesin particularthe temperature of electrode fsraised above that of electrad

2 (electron distributiongire represented in red and blder electrodes 1 and 2, respectively)
The transmission function of the molecular junction within the two level model (in grey) is
schematized between the two poteamfibarriers generated at both molecutaetal interfaces.

(a) Electrons below the Fermi level have larger transmission probability than those above: the
net flow of electrons will be towards the hot side aind 1t (b) Electrons above the Fermi
level have larger transmission probability than those below: the net flow of electrons will be
towards the cold side anti¥ 1t Note that in both diagrams, no bias voltage is considered
and the tunnelling currerstdepicted ae produced by the temperature difference applig

far as this is maintained)
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Similarly to the conductance, the thermopower of the junction can be obtained within the
Landaueformalism (Eg. (1.43)) and the transmission function given by Eq. (1.46)s plotted

in Figure 1.10(c), bottom panel, for the two level model. The most important feature is the
change of sign othe thermopower in the two alignments considered (HOM® LUMO
transport). In comparisomvith the conductancéQ whichis proportioral to the transmission
function D at the Fermi level (or chemical potential) (Figure 1.10(c), top panel), the
thermopower“Yis related to the slope of the transmission, also at the Fermi level, which
influences its sign: positive for HOMidminated tansport (in blue) and negative for LUMO
dominated transport (in green). Thus, complementary to the study of the conductance,
thermopower offers an additional fundamental insight into the electronic structure of the
molecular junction and have become ansestial characterization tool of their transport
properties [Paulsson2003].

Diagrams in Figure 1.11 also reflect the dependence of the sigre@eebeck coefficient on

the main molecular orbital involved in transport. For instance, without changing the
temperature difference with respect to the electrodes, more electrons would flow towards the
hot electrode if the Fermi level is closer to the HOMO (Figure 1.11(a)) while if it is closer to the
LUMO, electrons would tunnel preferentially towards the coldes{Figure 1.11(b)). This is
somehow equivalent to the dependence of the sigrivain the sign of the charge carriers valid

for macroscopic systems. In the case of HOt@inated transport, sincéY 1, we may
speak of holdike carriers, whereas for LUMdominated transport,Y  1tand the carriers are
considered electrosike. In reality, as reflected by the expression of the thermopower at the
nanoscale (Eq. (1.43)), it is important to keep in mind that thermopower at the nanoscale
depends on the varigon of the transmission focarriers above and below the Fermi level: larger
transmission above the Fermi level will cause the electrons to go to the cold electrode resulting
in negative thermopower and the opposite.

Summarizing,anductance’Oand thermopowerYof a molecular junction depend on the value

of the transmission function ‘O and its derivative at the Fermilev@® O * (Eq. (1.12)

and (1.43)). Consequently, the position of the HOMO and the LUMO with respect to the Fermi
level of the electrodes, the scalled level alignment, and their broadening, the -called
coupling, are crucial in determining the transport properties of the junction. In particular, the
coupling to the electrodes largely influences the value of the cotahce while the sign of the
thermopower is a signature of the dominant molecular orbital in transport.

More importantly, Figure 1.10(c) offers some clues on how to optimize the conductance and
thermopower of molecular junctions, a questiaf huge interes for the development of
thermoelectric devices as we will discuss in Section 1.6. Interestingly, we can observe that near
a transmission peak, botand"Yare maximum since both the transmission value and its slope
are concurrently increased in the pdamnity of a resonant level. Tuning the level alignment with

the goal of maximizing conductance atimrmopower is then one of the key strategies in the
experimental research on the transport properties of molecular junctions [Yee2(&i2014.

Additionally, another important conclusion can be drawn from Figure 1.10(c) observing how the
transmission resonances vary with the coupling of the molecule to the electr@early, a
smaller coupling results in steeper HOMO and LUMO resonances and hence, gera lar
thermopower, although conductance is in this case lower except when transpoedgselyon
resonance.
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Finally, another potentially important effect on the conductance and thermopower of molecular
junctions is quantum interference, which would resuft more complex features in the
transmission function, reflecting in the form of Fano resonances [Finch2009] or transmission
nodes Bergfield2010]. In the case of the Fano resonance, the interference effect originates
when a molecule has a side group le tbackbone not directly connected to the electrodes. In
this situation, the transmission close to one of the molecular resonances will not be just a
standard BredWigner resonance as shown until now [Papadopoulos2006], but will be given by:
: T3 /3 h
> 0 . . r 8 Eq. (1.47)
O - w 0 - o 3pn 3np

where3 j and3 j represent the coupling to the electrodes; w and- @ are the position
of the molecular level and the side level, respectively; ang the coupling between the
molecular level and the side level (see Figure 1.12). When the side group is weakly coupled to

the backbone, i.¢. L s - g the transmission has a BreW/igner resonance & - and
an antiresonance & - , whered O vanishes. In addition, it has a Fano pealat -
[ s - s Ifthe Fano peak is at the Fermi level, it will have a large impact oiéral S,

as can be seen in Figure 1.12(b). Axdepth tutorial review on quantum interference effects
can be fomd in Ref. [Lambert2015].
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Figure 1.12: Fano resonance in the transmission function of a molecular juncija)
Energy diagram (a) ard O and > ‘O 7> ‘O (b) for a molecular junction in the case of a

Fano resonance close to the LUM@d in the absence of bias voltage ( * , where'  is
the chemical potential of electrode 1 and 2, respectively)O and 2> O71> O are
calculated from the model described by Eq. (1.47), using p®A 6 - ™ YA 6

(resonance close to thLUMO) ands ; 3 Tt A 6 and considering three different
resonant couplings: 1A 6(dotted line),, T A solid line) and 1@ A 6dashed
line). If the Fano peak is at the Fermi level, it will have a large impact ori®@attd "Y For
further examples, see Ref. [Cuevas2010].

1.4.2 k characteristics of molecular junctions

Considering again the molecular junction depicted in Figure 1.9(c), where a molecule is
connected between two metallic electrodes and a voltage difference is applied battiem,

the voltage dependence of the tunnelling current trough the junction, that is, the
wcharacteristics of the junction, can be addressed.
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Within the Landauer approach, let us recall that the current through a nanojunction can be
written using Eq(1.9):

Ow e 20 Q0 "0 Q@
Explicitly including the chemical potential and the voltage, applied to electrode 2:

Q . . . .
0w C—Q D Ow QT Q1 QwQd Eq. (148)
or, considering it applied to both electrodes:

Q . . .
0w (—Q > Ow "QCH Qdc "QOn Qdc Q@ Eq. (149)
For the molecular junction we are considering,Of is the energyand voltagedependent
transmission functionintroduced in the previous section and, for the case ofreffonant
transport, itis given by the BreXVigner formula (Eq. 1.44).
N T3 73 h
> Cw - 3
O - 3

where s 3 ; 3 p.Assuming a symmetrioitage drop at both interfacesquivalent to
assume that the coupling to the electrodes is symmetrig,( 3 j), an analytical expression
for the currentcan be derived, in the zesi@mperature limit [Cuevas2010]:

06 %%AOAGA%Q— AOAGA‘EQ— 8 Eg. (150

In the lowvoltage regime, i.e. before reaching the resonant level, this can be seen as a linear
and cubic terms witliasthe main contributions to the shape tife ‘@b characteristic§ Ow

0 w 6w), equivalently to the solution proposed by Simmons fonnelling currents
generated with intermediate voltages.

An important aspect dEq. (1.50)s that, within this tunnelling model through a double potential
barrier, "@v curves of molecular junctions are symmetric with respect to voltage polarity
inversion as long as the molecule is equally connected to both electrodes. However, this is based
on the assumption that the voltage drop across the junction is symmetric, vidioht always

the case. This can be modified within the model considering an asymmetric situation through
different couplings j and 3 j to each electrode. Being the scattering rates different, we can
assume that the voltage drop at each orgamorganic interface will be different and include it

in the model as- @ - Qdc 3 3 [ 13. This expression implies that the
molecular level will be more influenced by the shift in the Fernevél O ‘) of the
electrode to which it is moreoupled. In other words, the molecular level will follow the
chemical potential, shifted when the voltage is applied, of the electrode to wihishbetter
coupled. In the extreme, when the ratio between the couplings is very different to onéthe
characteristics become very asymmetric, showing a rectifying behaviour.

Asymmetry in molecular junctions can be easily introduced in several ways. For example, directly
in the molecular structure, which can show an asymmetric geometry. This was the original
proposal by Aviram and Ratner for the use of single asymmetric molecules as strongly rectifying
diodes [Aviram1974]. Interestingly, asymmetry in @& characteristics can be also introduced
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by establishing a different coupling betweére electrode ad the moleculedirectly from an
asymmetric junction configuration. For example, when one of the electrodes is kept at a certain
distance of the molecule (something feasible in STM experiments as we are going to show in this
manuscript), the gap between thmolecule and that electrode will effectively largely reduce its
coupling to that electrode, while tunnelling current would still be allowed &irtharacteristics

can be explored as long as the distance between the electrode and the molecule is small enough.
This is the s@alled tunnelling spectroscopy because th&gecurves and the asymmetry with
different bias polarity would give us informati about the electronic states contributing to the
tunnelling current [Wisendanger1994] and whether they are mainly occupied or unoccupied
states.

1.5 Thermal conductance in nanoscopic systems

In the nanoscopic systems considered until now, and in pdaticin molecular junctions,
applying a temperature differenc&"Ybetween the electrodes not only translates into a
thermoelectric response of the system, which is mainly a charge effect as it has been shown, but
it also results into heat transfer (enerdlpw) through the junction from the hot electrode
towards the cold one.

Briefly, in macroscopic systems this phenomenon has been traditionally described based on
C2d2NASNR& ¢ w5doAHnmMmMBd ¢KAA I 63 GdietA R T2 NJ
n"Yapplied across a bulk material inducesthermal current densityQ which is linearly

proportional ton“Yand the constant of proportionality is the thermal conductivity of the

materialll (or,, in analogy to commoniysed electrical varaf SA0 ® C2 dzZNA SNRAaA | ¢

Q In"\8 Eq. (151)

The thermal current density contains in this expression electron and phonons (lattice vibrations)
contributions, both participating in the heat transfer.

Heat transport through nanoscopic systems can be also desctibedme extentwithin the
Landauer scattering formalism presented in this chadi#ang2019] Equivalently to bulk
materials, energy is carried through nanoscale systems by electrons andnghand thus the
thermal conductanc€O can be considered as the sum of both contributicis: O

‘0O 1, . Considering typical dimensions of nanojunctions (and molecular junctions in particular)
and the inelastic mean free patldistance between inelastic scattering process#s}lectrons

and phonons (tens of nanometers in the case of electrons and between a few and tens of
nanometers for phonons), Landauer formalism can be used to describe heat transport in these
junctions [Kléckner2013], resulting in the following expressions for electron and phonon
thermal currents:

f—Q 0 0 > Ow "QOf Qot QO Eq. (152

and

0k O 0’ 0 Q6 Eq. (153)
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where’ is the frequency of the phonon, ' s its transnissionfunctionand™Q * and™Q ’

are the BoseEinstein distributios of the corresponding electrode (acting as thermal reservoirs),
which also depend on their temperaturdlote that the voltage inflance in the Fermbirac
distribution functions has been included in Eqg. (1.52) in the chemical potential of the electrodes

¢ ey

Additionally, in macroscopic systems at low temperatures a further contribution to thermal
currents from photons (electromagnetic waves) might need to be also considered [Dubi2011].
In the case of molecular junctions this has been recently theoreticatlygsed, sincehermal
radiation or photon tunn#éing may occur between the electrodes forming a moleculactjiomn
[KI6ckner2018].

Finally, electrical and thermal properties of nanojunctions can be also combined within the
scattering approach startingvith the measurable thermoelectric coefficients, namely, the
conductance™O pfY, the thermopower™Y the Peltier coefficientt and the thermal
conductancéO [Finch2009]. They relate the charge and heat curré@sd0 respectively, to
the voltage andemperature differences appliedyw and3"Yrespectively, by the equatian

3w Y Y O

. L0 a8 Eq. (1.B)

Note that only electron contribution to heat current is being considered in these expressions. In
the linear voltage and temperature regimes, an expression for the coeffici@fitandO as a
function of the moment® of the transmission functionan be derived:

(O
0 —c,,Qi‘) f Eq. (1.5)
Y P U Eqg. (1.5
ay g. (1.8)
and
. ¢p . 0O
- — P Eq. (1.5
O ov Y T h gq. (1.9)
where
. . 1T D .

1.6 Thermoelectric devices: efficiency and figure of merit

Besidesxperimentally exploring the validity and limits of the theoretical framework discussed
until now, the ultimate technological goal of the present Thesis is the development of more
efficient thermoelectriddevices based on organic molecules, serving oukwbthese years for

the acquisition of strategies in this direction. The study of molecular junctions might pave the
way to the development of new environmentally friendly orgaibésed thermoelectric devices
with a lower cost than present inorganic seomclucting thermoelectricfZhang2014]Devices

with a high thermoelectric efficiency would enable direct conversion of heat into electricity in
energy harvesting applications or -@hip cooling in nanoscale electronic devices. Molecular
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junctions are pronsing candidates to achieve these high efficiencies due to the already
discussed discreteness of the energy levels responsible for transport and the tunability of their
properties via chemical synthesis, electrostatic gates, or pre$RimednGarcia2016Cui2017]

First things first, a thermoelectric device consists, basically, of alternating branches (or ingots)
of p-type andn-type materials, i.e. with positive and negative charge carriers, respectively.
These branches are connected electrically in sefie. current flows through all of them, one
after the other) and thermally in parallel, since they are typicalipdwiched between two
ceramic plates (electrically insulating, but thermally conducting, thus keeping a uniform
temperature at each side d@ll the branches). This design is depicted in Figure 1.13 for simple
thermoelectric devices formed by two branches and operated for their lsisdghtforward
applications: power generation and refrigeration.

(a) (b)

hot

cold

Figure 1.13: Thermoelectric devices for power generation (a) and refrigeration (#).
Schematicrepresentation of a thermoelectric device operating as power generator.
electrical current is established thanks to théype andp-type thermoelectric materials and
the temperature difference establishedb) Schematic diagram for a thermoelectric
refrigerator. The heat sinkgt4 ) and coldside(at4 ) are metals that form ohmicontacts

to the active thermoelectrim-type and p-type saniconductors.Establishing a current J
through the device, aet flow of heat towards the hot side takes place in this configuration,
thus refrigerating the cold sidé&rom Ref. [Dresselhaus2001].

In the case ofhermoelectric generators (see Figure 1.13(avhen a temperature difference is
established across each of the branches (between the ceramic platesthermovoltage
generated in the alternatingositivdy and negatively charged materials translates into a current
able to deliver electrical poweo an external load connected to the device.

Inversely in the case of thermoelectric refrigerators (see Figure 1.13(b)), an electric current
passing though the branches produces the appearance of a temperature gradient across each
of them due to heatransfer from one face to the other: it is absorbed at aige of the device

and rejected at the other.

Applications of thermoelectric generators, despite the simplicity of their working principle, can
become much fancier than a modest light bulb poweuy and they include energy harvesting
systems, wastdeat recovery or space exploration applications, since they offer autonomous
sources of electrical powegiRowel1995]. In comparisowith thermomechanical conversion
systens, these unique devices for ceersion of thermal to electrical energy result especially
advantageous in terms of reliability, absence of moving parts and silent operg¥itm respect

to standard thermoelectric devicesurgnourting their relatively high cosand low efficiency
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(typicdly less tharu B, they are ideally suited for many kind of applications in medical physics,
aLJ OS SELX 2NI GA2Y 2NJ SELX 2A 0 GA 2 gomplémergaryNIi K Q &
thermoelectric cooling has been successfully applied in domestd fefrigerators or air
conditioning [Rowe1995]. Theossibility to apply thermoelectric refrigeration directly for-on

chip cooling is especially appealifignally,it is also possible to use thermoelectric devices as
temperature controllers or for thermelectric thermometry (with a thermocouple, fexample

as introduced in section 1.3.1).

1.6.1 Figure of merit

In a thermoelectric generator the efficiency of conversion of heat into electdejpends mainly
on the temperature differencé”Y "Y Y over which the device operatgsvhere”Y and”Y
are the temperature at the hot and cold side of the device, respectively)its average
temperature of operation”y “Y Y ¥¢ and onthe performance of the thermoelectric
material which is given by itBgure of merit & [Rowel199% More generally, we can consider
that the efficiency ofa material for converting thermal to electrical energy dependsthe
dimensionless figure of merib “Yor a specific temperaturéy

In the case of a bulk material "% given by:
. YX

WY —n Eq. (1.59)
where, andll are the electrical and thermal conductivity, respectivelg. mentioned in the
previous sectionheat is transported by electrons and phorssnd, consequentlyl |l
I . Eq. (1.59) implies thad "0f bulk materialsdoes not depend on the geometry of the
material, but only aits physical properties. In contrast, foanoscalerfiolecula)) junctions, the
figure of merit is:

"OY"Y.

where the thermal conductance caragain be decomposed into electron and phonon
contributions(O O  "O j ). Writing explicitly the electrorand phonon contributions
to the thermal conductance, we have
oy "oY"Y oYY Y o Eq (L)
O i O i Or p Op Oy 0O p Op TOy g

where we have taken intoaccount WiedemannFranz law, i.e. thathe ratio of thermal
conductance due to electrons to the electrical conductaisceroportional to the temperature
O 0 "Y'Owhered istheLorenz numbefd QIQ“ o ¢&8 1T pmt 7N ).

Based on these expressions@fYor molecular junctions, determining their thermoelectric
efficiency (i.e. experimentalljneasuring the figure of mejirequiresthe measurement of the
electrical conductance, ththermopower andthe thermal conductance, goals of the present
Thesis. Using a STM setup introduced in Chapter 2, conductance and thermopower
measurements of different molecular junctions are presente@limapters 3 and 4, while for the

third magnitude,a very demanding task due to tremall thermal flows involved, thermal
conductance measurements are experimentally addressed in Chapter 5 for atomic contacts as a
proof-of-concept for a novel technique dewgled.
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2. Experimental technique: scanning tunnelling microscope (STM)

In this chapter we will introduce the principal aspects of the experimental technique used during
the Thesis: the scanning tunnelling microsc¢f&M). As it is going to be shown, STM results a
highly suitable tool to experimentally investigate the quantum transport properties of molecular
junctions and atomic contacts, due to its capacity to measure tunnelling currents and perform
subnanometer sda displacements.

After beginning with a general overview (Section 2.1), we will describe the STM working principle
and its main elements (Section 2.2) and we will present the Rbuoik STM experimental setup
utilized during the present Thesis (Section 2.3). After this, ékperimental measurement
techniques that have been employed will be introduced (Section 2.4). We have used two
different approaches for simultaneous conductance and thermopower characterization,
namely, the STMmaging technique and the STBteak Junctin (STMBJ) technique. The choice

of one or other technique depends on the particular nanoscale system under investigation. In
addition, Section 2.4 includes valuable information regarding the offsets calibration procedure,
essential to obtain accurate dat&inally, and getting ahead slightly irfeart 2 Chapter 9, it
should be noticd that even the new technique developed to measure thermal conductance at
the nanoscale and fully introduced in that chapter is somehow based on the STM configuration
and woking principle, despite being adapted to measure with a different probe and electronics.
In summarythe STM has been the working cornerstone of this Thesis, the key tool to shed light
on the nanoscale transport properties targeted.

2.1 Introduction

The scanning tunnelling microscope (STM) was developed by Gerd Binnig, Heinrich Rohrer,
Christoph Gerber and Bdind Weibel in 1982 to perform surface microscopy using vacuum

tunnelling currents [Binnig1982]. In particular, Au(110) surfaces were examinednioigtai

topographic images of monoatomic steps and evidencing the great potential of the setup to

inspect surfaces at the nanometer scale. A year later, the (7x7) reconstruction of Si(111) was

probed achieving for the first time lateral atomic resolution fBgi1983]. This instrumental

achievement was undoubtedly a major breakthrough in the history of science. It was so
NEO23ayAT SR Ay mMopyc 6KSY . AyyA3a FyR w2KNBN gSNB
RSaA3dy 2F GKS aoll yy A yesepiiodaligsBument tiaBmatielit @as@bie O 2 LIS ¢
to acquire surface information on the atomic scale directly in real space thanks to a feedback

loop on the vacuum tunnelling current measured between a metal tip and a sample and to the

capacity of controllinggubnanometer scale displacements, based on the use of piezoelectric
materials.

Since then, the STM has become an indispensable tool to investigate surface phenomena and
processes (surface reconstructions, catalysis, surface reactions) at the atomidtdtadebeen
adapted and combined with other techniques to examine multiple and diverse properties
(electronic, magnetic, optic, thermal, spectroscopy, electrochemistry, spintronic, etc.), it has
been employed in the characterization of a wide variety ateys (metallic surfaces, single
molecule junctions, semiconductors, polymers, superconductors, 2D materials, etc.) and it has
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been operated in various environmental conditions (at room, low, or high temperatures; in
vacuum, air, or liquids, etc.).

STM waslso the inspirational trigger for the development of a whole new research field based
on scanning probe microscopies (SPMs). As local probe techniques, they give access to
properties of materials at the nanoscale, otherwise inaccessible, using almast line of
possible interaction between a tip and a sample (such as mechanical forces) as the feedback
control signal. All in all, many different scientific disciplines have experienced great advances in
the last forty years thanks to the STM, especial®ydé such as condensed matter physics,
chemistry, biology, optics or materials scien€uevas2010]. It has also greatly stimulated
interdisciplinary research because of its broad applications and its ability to probe matter locally
down to the atomic legl.

For a more complete vision and explanation of STM history, theory, experiments, applications
and prospects, we would suggest Ref. [Wiesendanger1994] or [Cuevas2010].

2.2 STM working principle

The STM working principle is based on the quantum tunmedfiect introduced in Section 1.2.2

The model developed for a ordimensional rectangular potential barrier can be directly
extrapolated to a STM tunnelling barrieetween two conducting electrodes (typically metals)
facing each other in close proximityamely a tip (electrode 1) and a sample (electrode 2). This
tip-shaped electrode, typically a metallic wire, is one of the main features of the STM since it
acts as a powerful local probe that allows measuring physical properties on the atomic scale.

Themain elements of a STM are depicted in Figure 2.1. A bias valiageis applied with a

voltage source between the tip and the sample whose properties are to be investigated. Using

a coarse movement system (not shown in Figure 2.1), both electrratebe approached, thus

reducing the dimension of the potential barrier between them. When a nanometric separation

is achieved, electronic evanescent waves can go through the barrier and a tunnelling current

flows between the electrodes before reachingth Y'Y S OK I y A Ol ($ee $8&tianyl2). O2y G I Ol
Let us remind that this current depends exponentially on the distance between tip and sample

and thus is very sensitive to small variatioRer most metals, changes p# typically lead to a

change of théunnelling current of one order of magnitud@/iesendanger1994].

By monitoring the current it is possible to preserve thedgmple separation by establishing a
desired setpoint for a feedback loop that keeps the current constant. An increase (dearéase)
the tunneling current is translated into a withdraw (approach) of the tip to maintain the current
setpoint value, thus avoiding mechanical contact between the electrodes.

In practice, this fine gap maintenance is performed by means of piezoelememisewlorking
principle is based on the piezoelectric effect discovered by Pierre Curie in 1880. This effect is
only present in certain materials such as quartz, barium titanate or lead zirconium titanate (also
known as PZandcommonly used in STM setupsjdit consists on the generation of a voltage
difference across the system as a response to mechanical deformations (when squeezing it, for
example). The opposite effect, the one actually employed in STM, is also possible and
compression or elongation ohé piezoelectric material can be achieved by applying a voltage.
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Figure 2.1: STM working principlBasic elements of a STM: two conducting electrodes (a tip
and a samplg a voltage source to apply a voltage differefite bias voltagey ) between

the electrodes so that there isinnelling current(tunnelling of electrons represented in light
grey) and feedback loop to control the total current or the tip position, dependingtan
scanning mode; the feedback loop is typically aemtad to piezoelectric elements® to
control the vertical tip position with subnanometer scale precision (thanks to the exponential
dependence of the tunnelling current with distance) andptezoelectric element$ i) to

scan the surface.

Voltages applied from the feedback loop to the piezoelements can be translated hence into
variations of the tip position, which can be vertically, i.e. perpendicularly to the surface, moved
as required to keep a constant current. We consider this to bedth@ection. In some STM
setups the fine positioning of the electrodes is performed moving the sample instead of the tip,
but we consider here the case where the tip vertical movement is coupled to the piezddrive

Besides controlling thé position of the tip, it is common to have additional piezoelemerits (

and0 ) to also move the tip in thé> and wdirections, i.e. in the sample surface plane. In this
way, surface topography can be probed by scanning the surface with the tip. Thisrédlyat
displaced over the sample while the feedback loop controls its vertical positjdn ¢rder to
maintain the current equal to the setpoint value. Recording the vertical displacements
performed as function of the lateral tip position gives risedteftdo images.This scanning
approach, schematized in Figure 2.2(a), is known as constant current mode and it is the scanning
mode used to obtain all the STM images shown in this Thesis.

For very flat surfaces, another scanning mode called constant height mode becomes of interest.
In this case, the feedback loop is turned off so that the tip vertical movement is blocked, as
depicted in Figure 2.2(b). In these images only the current dagisd as function of thecftd
position, which allows to generate images faster than the constant current mode although tip
and surface may touch, thus losing the information from the tunnelling current, if the surface is
not flat enough or the tip movaent does not correctly follow the sample surface plane.

In summary, a STM is based on a conducting tip that probes locally the sample via electron
tunnelling thanks to the presence of a bias voltage between the electrodes and a feedback loop
that preventsmechanical contact. Additionally, piezoelectric elements allow to scan the sample
surface with the tip and generate thregimensionald ofto images(in the constant current
mode).
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Constant current Constant height

Figure 2.2: STM scanning modésa) Constant current mode. The current between the tip and
the substrate (plotted in yellow and grey, respectively) is kept constant while scanning and
the tip vertical position varies (following the dashed line). (b) Constant height mode. The tip
verticd position is fixed while scanning (indicated by the dashed line) and the tunnelling
current is allowed to vanAfter Ref. [Evangeli2014].

Although powerful, the STM working principle implies two fundamental constraints of STM
measurements. Firstly, thergsence of electrons free to move at a given energy is essential,
which in a certain way establishes a limit to the potential systems that can be studied using a
STM (insulating surfaces result therefore excluded since they would not present tunnel.effect)
Secondly, the distance between the electrodes, or the dimensions of any system connected
between them, must be in the nanometer scale, in order to allow the evanescent electron wave
to go through the potential barrier. This scale can be though increasadme extent if the
potential barrier is reduced by other means, such as intermediate states or higher bias voltage,
or the energy of the moving electrons is increased (with temperature, for example).

Related to the STM imaging capability, one of its tmemarkable features is that this system
works directly in real space and provides local information. This is a significant difference with
traditional diffraction techniques where properties are averaged over macroscopic sample
volumes or surface areaggroviding thus insights, for example, about crystal lattices parameters.
STM reakpace local information, however, enables to investigate disorder degree on a surface
or defect structures, for instance. It essentially allows to detect and studypedodic features

on a sample surface, such as the absence of one atom in the most external crystal layer or even
the presence of a single molecule deposited on it, a feature of fundamental importance for this
Thesis.

Furthermore, STM enables to experimentatiyni nanoscale junctions, such as atomic contacts
or molecular junctions (as we are going to detail a bit later), and it has proven to be a versatile
tool to explore their charge transport [Agrait1993; Pascuall993; Agrait2003; Xu2003] and
thermoelectric preerties [Reddy2007; Widawsky2012; Evangeli2013; Evangeli2015], which
depend on the transmission characteristics of the nanojunctions, as introduced in Chapter 1.

We describe next the main features of the STM setup (Section 2.3) and the technique (Section
2.4) developed in our group prior to this Thesis to simultaneously characterize the conductance
and thermopower of hanoscale junctions [Evangeli2014], as well comment on some adaptations
incorporated.
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2.3 STM experimental setup

During this Thesis, eleatrand thermoelectric characterization of atomic contacts and molecular
junctions has been performed using a hotmglt STM working in ambient conditions and at
room temperature. The setup was mounted in the group prior to the work described in this
manuscipt [Evangeli2014] and it facilitates these combined experiments [Evangeli2013].

The STM setup is principally formed by three brass blocks (see Figure 2.3):
- the head, where the piezotube and the tip support are mounted,;

- the body, which is a massive bradedk used to keep the head mechanically stable over
the sample;

- the table, where the sample and the bias voltage electrode are placed. Two screws with
micromanipulators and an electrical motor also located in the table serve as support of
the body. Thewre used for the coarse vertical movement of the head over the table, i.e.
the tip over the sample.

(a) (b)
Head
Body
Piezotube
Heater,
Sample
holder

Support with |

(©)

piezotube

resistor
thermocouple

tip
sample —=

Figure 2.3: STM setup employed in our experiments, operated under ambient conditions
and at room temperature.(a) Image of the thre brass blocks conforming the STM and its
main elements. (b) Image of the metallic box where the STM is placed, with isolation sponge
inside and outside. (c) Image of the tip support screwed to the piezotube. The resistive
element acting as heater and thikermocouple to monitor its temperature are also visible.

(d) Schematic representation of the tip support and heater. After Ref. [Evangeli2014]

This configuration has been employed to obtain atomically resolved STM images as well as to
form stable singlanolecule junctions [Evangeli2013], thanks to its mechanical stability and low
thermal drift (normal drift of few Angstroms per minute) [Evangeli2014]. The whole STM is
placed inside a box that acts as a Faraday cage since its metallic structure is griouoiti=

to isolate the STM from external electromagnetic signals (see Figure 2.3(b)). The box is also
covered inside and outside with a nois®lating sponge and is hanged from the ceiling using a
pulley system and elastic ropes to isolate the STM fnoechanical vibrations of the building.
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Our STM electronics are schematized in Figure 2.4(a). Data acquisition and communication with
the setup is achieved using a computer withmaltifunctional card, NI PGIB33R Briefly
describing the whole STM circuthe card allows us to apply the bias voltage to the sample,
while the tip is grounded and connected to a curréoivoltage amplifier. The tunnelling current
through the sampléip junction is thus amplified after flowing to the tip and, already converted

to a voltage, it is registered by the FPGA. This one, through the feedback loop, contr@ls the
piezoelement elongation and corrects the tip position over the sample to maintain the
tunnelling current.c> and wypiezoelements are also controlled by tRGA to acquire STM
images in constant current mode. Let us describe further all these stages.

(a) (b)
computer computer
A 4 F 3 v F
FPGA y Y FPGA r'y 7
A 4 A 4
BB B rlp| P
high high
voltage voltage
amplifiers amplifiers
PZT PZT
current
V bias tip = amplifier V bias tip = double-stage
current

—| I— sample —| sample =  amplifier

Figure 2.4: Schemaf the home-built STM used during this Thesig) Scheme of the standard
configuration of the STM. Using a FPGA a bias voliage is applied to the sample to
establish aunnelling current with the tip which is then amplified in a commercial curtent
voltage amplifier with a variable gain and recorded with the FPGA, a feedback loop to the
piezotube controls the tip vertical and latdrposition. This configuration is used to perform
"Oand "Ymeasurements with the STMnaging technique (see Section 2.4.2 for more details
on the technique). (b) Scheme of the second configuration of the STM with two main
modifications: a series resist@ connected before the voltage is applied to the substrate and
a doublestage homebuilt IV amplifier is used. This configuration is employed to perf@®@m
and "Ymeasurements with the STHreak Junction technique (see Section 2.4.3 for more
details onthe technique).

In our system the bias voltage required to establish the tunnelling curreigt applied to the
sample by a macroscopic copper electrode electrically coupled to it. The voltage is given by the
digitatto-analogue converter (DAC) thfe card, which has a total output range ofp 16. We
generally divide this output by a factqr 1to reduce the voltage output noise, using in
experiments an actual range of p6 for @ . This is essential to perform thermopower
measurements whex very small voltages are involved, as we are going to detail a bit later. For
some experiments, such as tunnelling spectroscopy (see results in Chapter 3), a smaller voltage
divider is used in order to be able to applightly largeiw

Tunnelling current is measured after flowing to the tip, which is grounded. Tips employed in our
experiments are mechanically cut gold wire(d | diameter, 99.99% purity, Goodfellow).
We commonly use a commercial programmable current amplifier Kgith&8, with variable
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gain o 161 or p m6M is selected depending on the experiment). The curteatoltage

amplifier circuit is schematized in Figure 2.5(a)). The voltage signal is afterwards received by the

FPGA where the analogte-digital convertefADC) transforms it to a digital signal recorded by

the computer.

Tip position over the sample is then adjgdtusing the feedback loop, which in our setup is
based on a digital proportionahtegratdifferential (PID) controller. When measuring in

constant current mode, the signal received by the card is compared with a predefined setpoint
and the comparison yields a certain error. The PID controller tries to minimize it over time and

adjust the tip position to maintain the prestablished current valueThe feedback signal
generated is sent from the computer DACs (with p 16 range) to high voltage amplifiers, in

particular, Nanonis electronics (a high voltage amplifier HYA4 and its corresponding high voltage

power supply HVS4). The output signal, wathotal range of p v @t is then sent to the

piezotube to control its elongation in thgedirection.

(a)

R;=10%-10°

+15V

—t

Figure 2.5: Schematic diagrams of the curraatvoltage (V) amplifiers employed.(a)
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Commerciaprogrammable current amplifier Keithley 42Z8Bhe Vv amplifier converts the

current into a voltage via an OPA627BP amplifier with a variable gain. The output voltage is

proportional to the input current and is given by

'Y JO. (b) Doublestage home
made currentto-voltage amplifier. Tunnetig current is amplified in the first stage and it is
then directed to a second amplifier and a buffer, thus generating two signalsand @

The piezotube in our STM is directly glued to the brass head (see pictures and scheme in Figure
2.3(a,ed)). A washer glued on the free extreme of the piezotube makes it possible to mount the

tip support on it, using a screw. The tip support is just agigccircuit boardvhere the tip is

welded,and washer and screw are completely electrically isolated from the piezotube. This is
formed by five independent piezoelectric blocks, ordered on an empty cylinder in such a way

that two control the movements othe adirection; two, on thewxdirection and one, the inner
face of the cylinder, controls the movements on thdirection (vertical movements) (see Figure
2.6). Lateral displacements of the tip for surface scanning are controlled witind voltage
(KS O8fAYRNKOI
without any feedback control. The piezotube hbsen calibrated prior to this hesis

NJ Y LJa

Ay &dzOK

61 @

0K G

[Evangeli2014] and has a total scanning range ofp t i
@ @ Iti (conversion factor of & 1 176).

and a totalvertical displacement of

LA ST 20

Additionally to the STM configuration described until now, a second configuration with some

changes has been also used during the Thesis. This has been motivateddy ¢baductance
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of some of the moleculeswestigated, which sometimes madt challenging to measure the
transport properties of the junction. To be able to characterize both conductance and
thermopower of these systems, withe socalled STMBreak Junction (STHRJ) techrgue fully
described in Section 2.4.3, two main modifications are introduced in the STM electronics, as
schematized in Figure 2.4(b). One of them consists on the connection of a resistor in series to
the sample in Figure 2.4(b)). It increases thaturation limit of the current and enables to
measure a widerange of conductance values, frdyalowthe low conductance molecular signal
(aroundp 1 "O or evenp 1 "O in some casgsup to the tipsample metallic contact which
serves as a reference (A oneatom contact shows a wekinown conductancéO O

¢CQTQ x ® p 1 3 the quantum of conductancAgrai003). The second major setup
modification is in the current amplification stage. In this configuration we use a hoate
double-stage currentto-voltage amplifier with a total gain of&® p 1 671 (see circuit
diagram in Figure 2.5(b)).

Figure 2.6: Schematics of the cylindrical piezotulg). Piezotube at rest position (no voltage
applied). (b) Piezotube lateralhent in thewdirection. After Ref. [Evangeli2014].

2.4 Simultaneous conductancg and thermopower{ measurement techniques

Thanks to the STM capacity to measure quantum tunnelling currents, this setup can be also
applied to the measurement of thermoelectric properties of nanoscale systems [Evangeli2014].
In the particular case of molecular junctions, the possibility to perf@onductance and
thermopower experimental measurements can be schematized as depicted in Figure 2.7. As
shown in Figure 2.7(a)), metallic STM electrodes allow to apply a voltage diffesence
between the extremes of the targeted molecule. In thiaywa tunnelling currerOw is
established and the molecular junction conductai®e "“@w can be measured.

Complementary, Figure 2.7(b) shows the basic requirements for thermopower measurements.
Let us recall that the thermopower &eebeck coefficieritis defined, in opertircuit conditions

(O m), by Eq. (1.2:

—3 Eqg. (2.1)
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Thus,considering Figure 2.7(bd, temperature differencea’Y Y "Y applied between the
electrodes would generate a thermoelectric voltage difference across the jun¥tion o
@ . Measuringy@mand knowingg"Y the calculation of the thermopower is straightforward.

(a) electrode 1 electrode 2 (b) hot cold
I 4 o i Tl P o T2
(_' |- _4,’ v » ” ™ ._..4 -4, . \-w___.
‘::‘M e v, SESas e
::' e B - "w: l Vhias 1 ::: o e - "‘.‘,g;l 2

Figure 2.7: Conductance and thermopower measuremeitsa molecular junction (ab)
Schematic representation of a molecular junction. A single molecule is electrically and
thermally connected between two electrodes (1 and 2) that act as electron reservoirs (a). The
electrodes allow to apply an electrical bi@oltage»  across the junction and inject through

it a proportional currenfO  "@v , where"Ois the conductance of the molecular junction.
Complementary, when the two sides of the molecular junction are at different temperatures,
"Y and Y, as depicted in (b), a thermoelectric voltage difference YY Y
(where™V¥is the Seebeck coefficient of the molecular junction) appbat&een the electrodes

in opencircuit conditions.

Both aspects, temperature difference application and thermovoltage measurements, imply
some technical challenges that will be introduced in Section 2.4.1 and Section 2.4.4. The
experimental technique employed for simultaneoi@ans“Ymeasurements is alsdescribed
below. In practice, there are two versions of the technique, depending on the molecules under
study: the secalled STMmaging technique (presented in Section 2.4.2) and the -Bilddk
Junction technique (introduced in Section 2.4.3). Both haenhused during this Thesis.

2.4.1 Equivalent thermal circuit

The major modification introduced in the standard STM setup to perform thermopower
measurements is the addition of a surface moprimresistor on the tip support which acts as

a heater (see Figure 2.3@®) [Evangeli2013]. A current flowing through the resistor heats it up
by Joule effect and allows us to control to some extent its temperature rise above room
temperature. The tip is irgood thermal contact with the back of the resistor and the
temperature drop through the tip has been calibrated to be less thap[Evangeli2014]The
substrate, thermally coupled to the macroscopic copper electrode, is maintained at room
temperature”Y (approximately ato 1) and hence a temperature differenee”yY “Y 7Y
between tip and sample is established, whé¥eis the temperature of the tip (andy “Y .

We monitor the resulting” Ywith two thermocouples placed on the heating resistor amthe
sample. The temperature drop in the tip is taken into account wiketerminingthe actualy”Y
Depending on the experiment, the temperature differenceanges fromp v+ to 1 T¥,
approximately.

In practice, when applying@ “énd despite the fact thathe STM setup is allowed to stabilize
for around p vo Tminutesbefore measurements armitiated, the temperature risegenerally
affects the thermal drift of the setup, which is considerably increased when measuring with a
heated tip. This translates into some practical requirements depending on the particular
experiment carried out. For example, in the case of the &Mkbing technique (introduced in
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more detail in Section 2.4.2), the increased thermal drift makesdessary taise especially

fast imaging to locate isolated molecules deposited on the substrate and to track them. For
measurements performed with the STBfeak Junction (STHRJ) techniquéintroduced in more
detail in Section 2.4.3Yhe molecular junctions formedra typically more unstable than in
normal conditions so their length becomes usually shorter and it is necessary to find a
compromise between the frequency of thermopower measurements and the speed of the

junction breaking.

When heating the tip a temperata difference is not only established between tip and sample
but also a temperature gradient across the-tipnnecting lead appears, which gives rise to an
additional thermoelectric voltage that needs tke considered. The total thermovoltage
experimentaly measuredd contains initially both contributions, from the junction and from
the lead. The equivalent thermal circuit for measuring the Seebeck coefficient is depicted in
Figure 2.8. Considering this circuit, the current through the STM junctiobecamitten as:
0 06 VY Y L tYy Y Y
. Eq. (2.2)
"Ow Yo YY 'Y Ow @ h

where O YOYY oY Y'Y o Eq. (2.3)

@ is the applied bias voltagéDand "Yare the conductance and Seebeck coefficient of the
junction, respectively, antY  is the Seebeck coefficient of the {fmnnecting lead, which in
our system is a copper wire, sOf Y p& q @+ [Cusakl958]. The practical
applicationof this expression allows us to measure simultaneously both conductéiarel
thermopower“Yas we are going to explain in the next sections.

lead
Th | | Zc
| |
hOt Slead(Tc_Th)
2 junction .
e <J—> G Vbias _
<)
1S
e R I
cold . -

TC

Figure 2.8: Schematic representation of the equivalent thermal circtilte tip is heated to a
temperature”Y above ambient temperature (in red), while the substrate and body of the STM
are maintained at ambient temperaturey (in blue), establishing a temperature difference
Y'Y "Y “Ythat generates a thermoelectric response both in the junction (in green) and in
the tip-connecting lead (in orang€)and™Y  are their corresponding Seebeck coefficients.
The purely electrical circuit consists on the bias voltage applied toubstrate (0 ) and

the current@lowing through the STM junction of electrical resistapdeO
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Before doing so, let us make some further comments regardingstivactual value during
junction formation, while tip and sample are separated justhyolecule or even an atom. In
this kind of experiments, precise application and detection of the temperature difference plays
a key role. According to our experiments;Yremains constant in the timescale of the
experiments as we see a clear thermoetertesponse, independently of the total time of the
experiment. The tip and the sample are huge thermal reservoirs where the temperature-is well
defined and the atom(s) or the molecule act in the junction as a nanoconstriction where
drop of temperatue takes place since there is coherent transport of electrons through it.

2.4.2 STMmaging technique for simultaneoug and-| measurements

The STMmaging technique is essentially the technique introduced in Ref. [Evangeli2013] for
the study of Gmolecules and was developed in our group prior to this Thesis, period when it
has been applied to the investigation of the transport properties of endohedral metallofullerene
junctions (see Chapter 3). Its most important characteristic is the use of STM iprage®
junction formation in order to contact individual fullerenes adsorbed on the Au surface. Once a
single molecule is targeted, both conductari@and thermopower'Ycan be simultaneously
measured doing small voltage ramgsring the approach and retraction of the STM wijth
respectto the molecule as described in Figure 2.9.

(a) (c) 20 :
V(AT = 40 K}
Gl - .
g S of
N = :
< ; \
/ L V(AT = 0 K)
R 0 2
(b) Vi (mV)

Vbias (mV)

0 110 220
time (ms)

Figure 2.9: Technique for simultaneous conductarg@nd thermopower{ measurements

within the STMImaging technique (ab) Tip displaementY& and applied bias voltagé

at the molecular junction, respectively, as a function of time. The bias voltage is maintained

at a fixed valuey during the tip motion (in blue) and every few picometers it is swept between
@ while the ip is stationary (in red). (c) Experimentabtraces zooming for voltage values

close to zero. In the presence of a temperature differed®¥ T+, a voltage offseto

appears.

The bias voltages  applied to the sample is kept constant at a given vablugypically around
p 1t 6) during the tip motion towards the molecule and backwafthe tip motion is stopped
every few picometersp( v ¢ W I) and the bias voltage is ramped betweet while the ip

is stationary (typically between p 1@ 6). These lowoltage ‘@ traces show linear ohmic
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behaviour, provinggood coupling of the molecule to the electrodes and a HANUMO gap
larger than the bias voltagdoachim1995When no temperature difference is applied between
both STM electrodes, i.e“Y 11+ in Eg. (2.2), we have:

0 @ Eq. (2.4)

andO Tt! takes place at zero bias voltage in the experimei@alcurves (see Figure 2.9(c)).
When a norzero temperature difference is established between tip and sample@beurves
show aw “dependent voltage offset at zero current. Replacidg 11! in Eq. (2.2):

T Ow Wt w @ Eqg. (2.5

andtherefore, thew ™dependent voltage offset of th@wtrace at zero currentorresponds to
the thermovoltage response of the systein, gven by Eqg. (2.3}b Y Y w Mn this
way, measuringy “dndw and knowingY (once the setup electrical offsets are taken into
account (see Section 2.4.4@he calculation of the thermopower of the junctiofY is
straightforward.In addition and simultaneously, the slope of ti@b curve corresponds to the
conductanceOof the junction.

Experimentally, when this technigue is employed (see results in Chapter 3), the ci@ieent
measured using the commercial currerdltage amplifier Keithley 428 with a digitally controlled
variable gain that is set top 161! for these experirents (see Figure 2.5(a)).

Finally, the STNimaging technique offers also the possibility to scan the area around the
molecule under study after the junction formation in order to monitor possible modifications of
the molecule position. If it remains stable after junction formatitime technique enables to
perform further transport measurements in the very same molecule by successive approach
retraction cycles of the tidn each approachetraction cycle, approximately fp 1 ‘@wcurves

are typically shot, giving as many valuéSeebeck coefficient.

2.4.3 STMBreak Junction technique for simultaneodsand-| measurements

Conductance and thermopower measurements using the -BTdak Junctioriechnique are

very similar to those performed with the STiWaging technique introduceth the previous

section. The main difference lies in the molecular junction formation, which determines also the

kind of molecules targeted with each technique. While in the previous casechigtuctance

molecules such as fullerenes offer the possibibtjocalize them on the surface [Evangeli2013],

molecules studied with the STBUJ technique have typically a much smaller conductance

6F NRPdzyR 62 2NRSNABR 2F YI3IyAddzZRS avYl{fSNE Fd S
prior STM images of the maleles on the surface [Xu2003; Gonzalez2006; Leary2015]. This is

also the reason behind the general chemical structure of most organic molecules characterized

by means of BJ techniques (see FigltdOor 1.8). Molecules under investigation, defined

mainly by the socalled backbone (since molecules have usually a linear structure), are
functionalized at both ends with binding groups, or anchor groups, which favour bond formation

2F GKS Y2tS0dz S 6AGK GKS YSGIf I {cadgrawswith y RAy 3 =
dangling bonds and good affinity for the electrode material, so they are willing to form chemical

bonds with the metallic delocalized states.
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Figure 2.10: Schematics of a commonlweéstigated organic moleculeThe moleculgs
typicallyformed by a functional unit, spacers (in the case of oligomers in particular) and anchor
or binding groups to favor bonding with the electrodEsom Ref. [Leary2G].

Regarding junction formation in the STBd technique, the tip is repeatedly indented into the
surface, forming a metallic contact with the Au substrate, and then withdrawn. Upon breakage
of the AuAu contact, a small gap on the order® 1@ 1 | opens upbetween the electrodes

(due to elastic deformation of the tip apex while breaking the metallic contact) [Leary2015].
When molecules are present in the vicinity of the electrodes, one may bind between the Au
contacts and bridge momentarily the gap, thuaing for the characterization of the transport
properties of the junction, in our case, conductan€®and thermopower™Y This junction
formation process is repeated hundreds of times for each compound and for each temperature
difference established inrder to be able to do a statistical analysis and get the most probable
values ofOand"Yof the inwestigated molecular junctions

The main results of the experiments performed during this Thesis with theERITtdchnique

are presented in Chapter 4. SomEthe systems explored show quite a low conductance which
sometimes make it challenging to measure the transport properties of the junction. In this
respect, several modifications have been added to the experimental setup and optimization of
the experimatal technique parameters has been accomplished in order to be able to
characterize both conductance and thermopower. Experimentally, current is amplified using the
home-made doublestagecurrentto-voltageamplifierdescribed in Figure 2.5(b), with an oatk

gain of¢® p 1 67 . This large amplification is required to measure molecules with low
conductance. For this same reason, thias voltagew  applied to the sample is in this case
generally set ap Tt-at Tt frt 6. Furthermore, @ ¢ mresistor is connected in series with the STM
junction to monitor the AtbAu oneatom contact. These implementations allow us to measure a
wide range of conductance values from picosiemens (noise leW@ ip T 'O« ¢ p T 3)

to tens ofmicrosiemens (AAu oneatom contact shows a conductance equal@® x ®

p 1 3). Rurther details are given for each particular experiment in Chapter 4.

To simultaneously characterize conductance and thermopower of the molecular junctions
formed, the experimental techgue employed is equivalent to the procedure introduced in the
previous section. Sma@ curves are recorded in the presence of a temperature differéfide
between tip and samplduring the breaking of the junctions (i.e. during the retraction of te A
tip), as described in Figure 2.1The tip motion is typically stoppedvery ¢ v ¢ ™ I,
depending on molecular length and junction stability. The bias voltage, typically set at

p T-qt Tt it 6during tip motion, is then swepypicallytwice between Yo pmm TT 6
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while the tip is stationary. This range ¥ values is caused by the large range of conductance
of the molecules investigated. Molecules with a very low conductance require to reach slightly
larger voltages in thé&&oramps n order to be able to discern the transport properties from the
instrumental noise (see Section 2.4.4). Doing soldhevoltage@btraces show a linear ohmic
behaviour, provinggood coupling of the molecule to the electrodes and a HONMIMO gap
largerthan the bias voltagfloachim1995When no temperature difference is applied between
both STM electrodes, i.e"Y 11+ in Eg. (2.2), we have:

"0 "G Eq. (2.6)

and’O Tt! takes place at zero bias voltage in the experimei@alcurves (see Figure 2.11(c)).
When a norzero temperature difference is established between tip and sample @heurves
show aw “dependent voltage offset at zero current. Replactag mt! in Eq. (2.2):

T Ow Wt @ Eq. (27)

andtherefore, thew "“dependent voltage offset of th@uotrace at zero currentorresponds to
the thermovoltage response of the systaim, gven by Eq. (2.3} Y Y  w"Mn this
way, measuring “¥ndw and knowingY  (once the electrical offsets of the setup are taken
into account (see Section 2.4.4Yhe calculation of the thermopower of the junction
thermopower is straightforwardin addition and simultaneously, the slope of ti@v curve
corresponds to lie conductanceéOof the junction. In fact, theeonductance is measured both
from the current values recorded while moving the tip (with p T-q TU it 6) and from the
slope of thé@btraces. The values oliteed are found to be equivalent, as itsisown in Chapter
4.
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Figure 2.11: Techniquer simultaneous conductancg and thermopower{| measurements
within the STMBreak Junction techniquga-b) Tip displacementd and applied bias voltage

& at the molecular junction, respectively, as a function of time. The bias voltage is
maintained at a fixed/alue, typicallyw ¢ Tt 6, during the tip motion (in blue) and
every few picometers it is swept twice betweetYw while the tip is statioary (in red). (c)
Experimental @y traces zooming for voltage values close to zero. In the presence of a
temperature difference/’Y T+, a voltage offseto appears.
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Thermoelectric properties of each molecule are typically measured for three diffeps@t
ranging betweenY’Y Y Y p u+ andx o ® T T, monitored with thermocouples
LR2AaAGAZ2YSR 2y (GKS NBarad2N I yR
Y'Y 1+, i.e. without heating the tipare also performedExperiments at severab “¥nsure a

good linear fit ofd vs “Values, whose slope gives theerageSeebeck coefficient (Eg. (2.1)).

Further details about the data analysis am@vided in Chapter 4.

2.4.4 Electrical offsets calibration

2y lertSwittd dzo & G NI G

One important aspect of the aforementioned techniques is the offsets calibration.
Thermopower characterization of molecular junctions involves very small thermovoltage values
measured at zergurrent conditions and this implies that the zero needs to be well
characterized, i.e. the electronic offsets of the setup need to be precisely known. Additionally,
some of these offsets drift over time, so periodic offset calibration is required.

There are liree electrical offsets to be considered when measuring with the -Biidgjing
technique, shown in the electronic circuit diagram depicted in Figure 2.12:

- Bias voltage offsed . This offset is associated to the error of the DAC that applies the

bias volage. Its output has a small offseb,.

- Output current offsetO . When there is no current in the input of th&/lamplifier, the
output is not exactly zero, it i® . This is caused by the output offset voltage

'Y "O , where'Y is the gain of the amplifier [Terrell1996].

- I\ amplifier input voltage offsab. This offset is created because the virtual ground of
the currentto-voltage amplifier is not exactly zero. This translates into an effective
voltage source athe positive entry of the ommp whose contribution has to be

subtracted to the current signal coming from the junction.
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Figure 2.12: Electrical offsets in the STM circui¥ith switch @ (inside the STM box,
schematized within the blue dashed line) it is possible to switch the input of the current
amplifier (within the brown dashed line) between the STM junction forrbetiveenthe tip

and the substrate and a known resistdf that actsas an equivalent junctionAfter Ref.

[Evangeli2014].
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Considering the equivalent electrical circuit schematized in Figure 2.12, we can write the
following expression:

Q
& b o b Eq. (2.8)

where® is the thermovoltage of the STMnction, given by Eq2.3) (o YY)
“Ois the STM junctioconductance™© pXY) and Qs the current flowing through itn open
circuit conditions'© ),

O ®  ® o8 Eq. (2.9)

This is the correction we apply ®ach thermovoltage value measured and the reason why
electrical offset calibration is so important in thermopower measurements.

Depending on the particular offset, calibration is performed after each junction formation (as it
is the case fow or"O ) or every few minutesu§, for instance).

w is directly measured with a Keithley 2000 voltmeter, also represented in Figure 2.12. At the

SYR 2F SIFOK 2dzyQiliAz2zy F2NXI{GA2y> (GKS oAl a @2ftGl
channel is automatically registered using the voltmeter, thuss obtained. The value of this

offset is typically around pi6.

Complementary)O is also measured at the end of each junction, when the tip is retracted far
away from the surface and hence the STM circuit is ofi@n (r). The tip in this position @ws

to measure the current noise levé |, that is, the output of the-V amplifier when there is no
input (w ) divided by'Y [Terrel1996]. The value of this offset depends hence on the
amplification gain.

Finally,w is a bit more complited to determine because it is not directly accessible and needs

some computation. To avoid the presence of the thermovoltage, magnitude that we want to

find, we use aswitctb( Ay CA I dzNE HdmMuH O YR OKIFy3aS FNRY GKS
junction formed only by a known resistdf . In this equivalent junction circuit we can write:

0 » o O08 Eq. (2.10)
Settingw Twe get:
» o 08 Eq. (2.11)

To calculatey we need also to knoviDthe current flowinghrough the junction. The expression
for the output at the IV amplifier, what we actually measure, is given by:

@ Y 0 0 Eq. (2.12)

and hence he current flowing through the junctioi@an be written as:
0 © 0 © o h Eq. (2.13
N ¥ q.(2.13)
where, let us remindp s the voltage output of theV amplifier when there is no input signal.
The offsetw is then given by:
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Y
& b Lo o 8 Eq. (2.14)

As we have introducedp depends on the gain of the voltage amplifier and hence it is
convenient thatY is chosen similar to the actual resistance of the STM junction, in order to
correctly calibrate the offseth ¢ KSN¥Y 2 @2f G 3S¢é¢ YSIFadaNBYSyitia | yR
temperature difference between the electrode¥"Y m+) are also performed in order to

ensure an adequate calibration.

Conductance measurements also require this offsets calibration. Considering again the
equivalent electrical circuit of Figure 2.12, areplacing Eq. (2.13) into Eq. (2.8), the offset
corrected conductance of the junctio® pXYis thus given by:
W W
0 Y 5 Eq. (2.15)
W W W W W W 0w W

0

Finally, when measuring with the doukdéage currento-voltage amplifiers (with the STHJ
technique), there are two output current offsef® to be considered, one for each amplifier
outputw [ andw f, but the equations presented this section can be directly extrapolated
and applied to each of the current signals generated by the desibige amplifier.
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3. Birthermoelectricity in endohedral metallofullerene (EMF) junctions

Fullerenes are molecules formed by carbon atoms typically arranged in-fingedof five and

six atoms until forming a closed cage (although some fullerenes can also show a patrtially open
cage) [Kroto1991]. Its most common, naturadigcurring and famous member is thpeistine
fullereneor Gy, formed by sixty carbon atoms. This allotropecafbon has proved to be a very
appealing system to study conductance and thermoelectricity, as shown in Section 3.1 for its
previous characterization in our group [Evangeli2013] and other groups [Yee2011; Lee2014;
Kim2014]. Its stability in ambient conditis (and even at high pressures), its high conductance
values in comparison to other organic molecules and its relatively high negative thermopower
are promising features for applications in molecular electronics. However, intrinsic transport
properties ofpristine fullerene junctions may sometimes result too robust to offer versatility in
the applications. For examplegoflinctions show a relative alignment of the HOMOMO gap

such that the closest resonance (the LUMO) is quite far away from the Feat®leof common

noble metal electrodes, which makes it difficult to improve the transport conditions. In this
sense, a derivative of the pristine fullerene knowreaslohedral metallofullerendsecomes of

great interest.

Endohedral metallofullerenes (Btd) consist of a hollow fullerene cage with one or more metal

atoms encapsulated inside and possess unique properties unexpected for empty fullerenes.

They are commonly named indicating first the metal atom or molecule and then the fullerene,
withthesymi2 f WX Q Ay (GKS YARRtS &/ KFcAmbdmB8d C2NI SEI Y
family is SIN@ Go[Stevenson1999; Popov2012]. The main special feature of these molecules is

the strong ionic bond between the metal atoms in the central cavity and the cadogswhich

largely affects the chemical and physical properties of the empty fullerenes [Akasaka2002].

Consequently, EMFs hold the promise to offer variability of transport properties with respect to
its original predecessor, the pristinegd-rom a chenaial point of view, the presence of the inner
atoms incorporate new discrete energy levels (new electronic states) allowing, for instance, to
modify the relative alignment of the molecular levels and even adding new features ne@r the

(in the best scemd@o, new narrow transport resonances), depending on the inner cluster energy
diagram. Regarding the transport performance of EMF junctions, and according to theoretical
calculations [Finch2009; Bergfield2010], the presence of transport resonances dlosd-&rmi

level has in fact the potential to improve both conductance and thermopower values in
comparison to 6.

In this Thesis, three endohedral metallofullerenes have been investigatéd@®s, SeGC@ Go

and EsN@Go, all of them sharing the icosahead fullerene cagen-Gso. In particular, we have
studied the conductancé&®and thermopowerYof Au|[EMF|Au junctions using the hordeuilt
scanning tunnelling microscope (STM) and the &Tiying technique introduced in Chapter 2.
EsN@Gowas synthesizednd the three molecules were purified by the group of Prof. Kyriakos
Porfyrakis, in Oxford University (United Kingdom). As already mentionsdi@®g is the most
abundant EMF and, in addition, it is particularly stable at room temperature and abovéyqual
that also applies to the rarearth-based EAN@Go [N6renberg2008]. In the case of the
paramagnetic SG@Go, it has been chosen as an excellent thpatty to discern between the
effect of the chemical nature of the metal atoms or the influence efitiner cluster symmetry
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on the transport properties of the junctions. Section 3.2.1 contaimsore detaid motivation
of the choice of these molecules

To offer an appropriate background for our experiments, this chapter starts with a section about
the pristine fullerene & and its thermoelectric properties reported by our group and others
prior to this Thesis (Section 3.1). After this, the three aforementioned EMFs and the different
experiments performed are presented, together with a discussion ofekalts obtained when
experimentally investigating the transport properties of Au|singlelF|Au junctions and a
comparison with pristine & measurements (Section 3.2). This is followed by theoretical
calculations for some of the systems investigated genied by the group of Prof. Colin J.
Lambert, at Lancaster University (United Kingdom) (Section 3.3). We present then our
experiments to study the transport properties of EMF dimers (i.e. two molecules connected in
series between the electrodes) (Sectiad)3and, finally, we close the chapter with some general
conclusions (Section 3.5).

3.1 Background: Pristine fullerenesC

3.1.1 Introduction to G&o

The pristine fullerene d&gis a quite simple molecule in its shape and composition: sixty carbon
atoms aranged in the vertices of twenty hexagons and twelve pentagons whose edges (the
covalent bonds between atoms) form a truncated icosahedron that resembles a soccer ball
(symmetry In-Gso) (see Figure 3.1(a,b)). As a curiosity, the pentagons of the struenere
completely surrounded by hexagons and do not share an edge nor a vertex. Despite its structure,
electron delocalization in the molecule is quite poor due to the tendency of the pentagonal rings
to avoid having double bonds, so the fullerene has quitégh electronic affinity (@-c&A §

and is an excellent electron acceptor [Yang1987; Kroto1991].

Figure 3.1: Buckminsterfullerene ¢ (a) BaHandstick representation of the chemical

structure of the pristine fullerene &; formed by sixty carbomtoms organized in twenty

hexagyons and twelve pentagons. (b) Chemidaucture of the pristine fullerene &. (c)

Geodesic domgmage from Refttp://www.spatialagency.net/database/buckminster.fuller

OR0 &+AS¢6 AyaARS GKS | aepldOnd peddgdniis2eyidet &nd 9 ELI2 ¢ T
KSEIFIJd2y&a N6 RAAG2NISRéD CNRY wSTod OYNRBG2Mdpyy B8 d

Although the existence of such a molecule was already theoretically predicted in the late 1960s
[Katz2006], it was not synthesized until 1398den Eric Rohlfing, Donald Canxd Andrew Kaldor

used a laser to vaporize carbon in a supersonic helium beam and formed several clusters that
included Go molecules, among others such ag, @lthough they did not fully realized about the

impact of their experiment at that momentRphling1984; Smalley1996A year later, in
September 1985, Harold Kroto, James R. Heath, Sean O'Brien, Robert Curl and Richard Smalley
repeated the experiment and recognized the most common structure in the mass spectrum as
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a Go[Kroto1985]. This newnolecuk, the first one of the family to be discovered and the most

abundant, was deduced to have a cdie icosahedral structure and was named
buckminsterfullerengor informallybuckyball after Buckminster Fuller, an American architect.

This was due to theggstructural resemblance to the geodesic spheres popularized by Fuller in

the 1940s and 1950s, although this can be misleading since in a geodesic sphere the hexagons

are generally distorted and the domes are usually divided into trianglesHigieees 3L(c,d)).

Kroto,Curt YR {YI ffS& 6SNB 6 NRSR (GKS mdppc b2o6St tN
Fdzf £ S[EBayeBl®Bp ! FGSNI GKSANI WFE OOARSY (It Q aeyikKSaia
nature, in soot for example [Kroto1988; Buseck1988{lin deep space [Kroto1988; Cami2010],

making of & the mostcommon naturally occurring fullerene. Very recently, in April 2019,

ionized G molecules in the interstellar medium between some stars have been detected using

the Hubble Space Telescope [Coeiiz019].

The technique for the fulleme synthesis is quite straightward and one of its strengths is the
production of macroscopic quantities of the material per day (even several gramspofrgier),
allowing its commercial production. Thanks to thissearch interest in buckminsterfullerene
rapidly expanded. It has been extensively studied both for its chemical and physical properties
as well as its potential technological applications and fields such as nateciance, optics,
electronicsor nandechnology have shown great interest on this molecule. Due to its electron
acceptor nature, éshas become commonly used in doraeceptor based solar cells [Katz2006].

In addition, its optical absorption properties adjust especially well to the solartrspeca
property that makes of &based films suitable candidates for photovoltaic applications
[Katz2006]. Pristine fullerenes have also proved useful in biomedical applications such as in drug
delivery or in the design of contrast agents for hjggrformance MRI or Xay imaging, among
others [Lalwani2013].

3.1.2 Thermoelectric measurements ingdunctions

The first time a 63 molecule was connected with metallic electrodes using a scanning tunnelling
microscope (STM) was in 1995 [Joachim1995a] and during the last tfeemtyears, G
transport properties have been extensively studied in different conditions. Cuuadge @o
characteristics of fullerenes adsorbed on diverse noble metal surfaces (Au, Ag, Cu) have been
widely explored as well [Joachim1995b; Rogero2002; Lu2003; Néel2008; Schull2008], showing,
for example, linear behaviour of the current at low voltages tweverlapping of the tails of

the HOMO and LUMO resonances at the Fermi level despite being placed far awa® from
Different characterization techniques confirmed a large HOMMIO gap of the free molecule
when compared to other fullerenes [Yang198id a HOM@ UMO gap of around®-¢c® A 6

when adsorbed on gold [Gimzewski1994] (equat&A 6on Au(111) surface [Rogero2002]).

This is not a very wide gap in comparison to other organic systems such as alkane or phenyl
molecules whose HOMDUMO gap isn the order ofu-p TA gYee2011]. Thus,e£electronic
structure facilitates, upon molecule connection, a fairly good alignment of the molecular orbitals
with respect to the Fermi level of typical metallic electrodes, resulting in a relatively high
conductance [Joachim1995a].

Thermoelectricity ofdllerene junctions was not measured until 2011 when ¥eal. applied

their recently developed technique to measure conductaif@and thermopower Yof single
molecule junctions [Reddy2007] to diverse fullerene molecules (& and PCBM) connected

with different metallic tips (Au, Pt, Ag) (see Figure 3.2) [Yee2011]. The substrate, which was the
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electrode heated to establish the temperature difference required to measure thermopower,
was in all cases Au. Regarding the pristine fullerene and Au cofitaetsystem of interest for
this Thesis), they reported a thermopowel p® p&t @+, the highest value
measured to that moment and the confirmation of transport through the LUMO of the molecule,
which behaves as an electron acceptor.

(@) 7 | (b) N\O\ON
Cold Metal STM Tip | n STM Ti 3 P
©r 2R g
Q) Temien v = [s=-145:1.2uviK
— { S [= 10 20 30
a8 v 3
O
Tamime'AT
Tip Movement PR—" -1500 -1000 -500 0
kT V (rV)

Hot Au Substrate — ([ T~0K [ AT=5K [ AT~10K [ AT~ 16K [ AT~20K [ AT~28K]

Figure 3.2: kst thermopower measurements of Aufso| Au junctions.(a) Schematics of the
experimental setup employed by Yegal A switches system allows to alternate between
current (in blue) and voltage (in red) measurements, giving information about the
conductance and thermopower of the molecular junctions. (b) Thermovoltage histograms for
six temperaturedifferencesand linea regression (inset) to find the thermopower valiéof

Gso molecules connected between gold electrodes. They repoited p ® p&1t d+.
Figures after Ref. [Yee2011].

Transport properties of Aol Au junctions were also investigated by our group.Ref.
[Evangeli2013] simultaneous conductari€and thermopower'Ymeasurements in ambient
conditions and at room temperature were performed using for the first time the -8Midfjing
technique (introduced in Section 2.4.2). Figure 3.3 shows that isolatelécoies were
deposited and localized on Au substrates offering the possibility to form dinigeene
junctions, with the number of molecules in the junction precisely determined, and explore a
wide range of configurations via contact formation with madifferent molecules. Most
probable conductance value at first contact was found té(e T 1 18t JJO. Note that this
conductance is different to the one obtained when considering the wi@éstogram instead

of just the values measured right after etdcal contact between the tip and theC

In addition, the novel experimental technique based on sri@ll ramps facilitateda more
complete characterization of the junctions, achieved thanks to continuous and simultai@ous
and "Ymeasurements whildorming and breaking the junctions. In Figure 3.4 an individual
example of these simultaneous measurements is shown, as well as the histogram built with all
the values found. The reported most probable Seebeck coefficientWas p ¢ xt67+. In
Ref.[Evangeli2013] the transport properties ofo@imers (two fullerenes connected in series)
were also investigated. As expected, these junctions showed a smaller conducidnce (
T8 Tt p Y8t T ¢'@) but thermopower was considerably enhanced ( o o p ¢ 671+)

(see Figure 3.3(f,g) and Figure 3:f{d

64



12x12nm?

12x12nm?

log(G/Gy)

z (nm)

Counts (a.u.)

log(G/Go)

Figure 3.3: STM images ofoCeposited on Au(111) and conductangecharacterization of

Au| GsofAu and Au|Gso| Gso] Au junctions using the STMmaging techniqu@®@ o1 b S0
images of & molecules on Au(111). (f) Approach (blue) and retraction (i@durves for a
tunnelling goldgold junction (leftmost traces); gold tip on an isolated @olecule (central
traces); and 6 tip on an isolated & molecule (rightmost traces). (g) Histogra of the
conductance of a gold tip on an isolategy @olecule (blue curve) and of adQip on an
isolated G molecule (black curve) at the points where contact is established. From Ref.
[Evangeli2013].
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Figure 3.4: Simultaneous conductangeand thermopower 4 measurements of Auso/Au

and Au|Gso| Gso| Au junctions using the STMnaging technique (a)dConductance gb Tt it 6
(blue) and thermopower (magenta), simultaneously acquired, for approach on a sigle C
molecule. In this measurement the temperature difference wd& ¢ u+. The shaded area
indicates the range df for which the AulGo| Au junction is already formed. (b) Theoreti®l
(blue) and'Yversus distance for a singleodc) Histogram of exgimental“YWalues at contact

for a single 6 molecule, measured ab“Y p ¢ (blue) andg ut+ (red). (d) Conductance at

p it 6(blue) and thermopower (magenta), simultaneously acquired, during the formation
of the Go dimer. In this measurementy Y p ¢+. The shaded area indicates the range in
which the Gp dimer is in the junction. (e) Theoretic&®(blue) and Yversus distance for the
Gsodimer. () Histogram of experimentavalues at contact for asgxdimer, measured ab Y

p ¢ (blue) andg ur (redk. From Ref. [Evangeli2013].
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Further studies of thermoelectricity of the pristine fullerene include Ref. [Lee2014] and Ref.
[Kim2014]. In the former, the effect of ferromagnetic electrodes (Ni) on the transport properties
is explored with a STMinding that in the case ofsgjunctions they have little influence with no
significant spirsplitting due to the spifdegeneracy of the LUMO. The latter, Ref. [Kim2014],
reports "Oand “Ycharacterization while tuning the Fermi level position using a gate electrode in
an electromigrated break junction setup with an integrated heater. Within a gate voltage range
of Y6, a large thermopower tuning of aroura Tt 11 Was observed. Proof of aresonance
charge transport was also obtained from the shape of tf#ependence on the gate voltage
applied.

In summary, pristine moleculeschas a relatively small HOMQJMO gap g@-¢& A § that
facilitates chemical potential alignment close to a resa@nWhen connected with Au
electrodes in ambient conditions and at room temperature, transport takes place predominantly
through the broadened LUMO, placed near the Fermi level. In terms of conductance and
thermopower, properties of interest of this Thesi8Y Gso| Au junctions show quite a high
conductance, on the order afi® "O, and a negative Seebeck coefficient of approximately

¢ 1t @+. Their conductance seems to be quite sensitive to molecular junction conformation
details, but not so much the thernpower. Gois thereby a robust thermoelectric material with
a consistentlynegative thermopower.

However, what happens if we add a small molecule or a cluster of atoms inside the fullerene
cage? How do these new atoms affect the transmission of the elesttiorough the whole
molecule? Let us present next the answers we obtain in the case of the endohedral
metallofullerenes investigated.

3.27 and-|| measurements in singEMF junctions using the STNhaging technique

The STMmaging technigque used to imstigate the transport properties of endohedral
metallofullerenes is essentially the same introduced in Ref. [Evangeli2013] for the stugly of C
molecules and was developed in our group prior to this Thesis. Its most important characteristic
is the use ofSTM images prior to junction formation in order to contact individual fullerenes
adsorbed on the Au surface. Once a single molecule is targeted, both conductance and
thermopower can be simultaneously measured in the presence of a temperature difference
between tip and sample by means of small voltage rastps while forming and breaking the
molecular junctions, as it has been introduced in Chapter 2 (Section 2.4.2). Then&givg
technique offers also the possibility to scan the area around the moléoastigated right after
junction formation in order to monitor possible modifications of the molecule position.

In this section, we will briefly introduce some further information about EMFs, the particular
molecules investigated and the sample preparation technique and we will then present the main
results of the experiments we perform to explore the electric &mekrmoelectric properties of
Au|singleEMRAuU junctions. This includes STM images, conductavedip displacement
characteristics, simultaneous conductance and thermopower megmsents, tunnelling
spectroscopyand, in the case of &¢@ Go junctions, compression cycles.

Most of the study oAu| SeN@ Go|Au junctions has been published in Ref. [Rin€arcia2016].

66



3.2.1 Motivation: EMFs and introduction to the molecules investigated

Endohedral fullerenes or endofullerenes consist of a fetlerwith an atom or molecule inside.
Fullerenes are empty cages perfectly capable of housing, in principle, any atom or small
molecule inside the cavity. In fact, in the original experiments of the pristine fullerene discovery,
a La atom encapsulated in@o cage was already detected and namegl@ [Heath1985].
Several carboitarbon bonds would have to break in order to free the La atom, so the molecule
is chemically stable. A bit later, in 1991, La@@as reported to be the first isolated
endofullerene and the first stabilized member of a new sfamily: endohedral
metallofullerenes [Chai1l991].

Endohedral metallofullerenes (EMFs) are endofullerenes with metallic species trapped inside
and represent a fascinating class of nanomaterials, whose optic20pi], electrochemical
[Dunsch2007] or magnetic [Chen2017] properties are determined by the type of metal atom(s)
encapsulated in the fullerene shell. This is due to the generally strong ionic bond between the
inner metal atom(s) and the fullerene, withaige transfer from the metal to the carbon cage.

It is the reason why EMFs show completely different chemical and physical properties than the
corresponding empty fullerenes and why EMFs have attracted particular interest [Akasaka2002].
Metallic clusters ee typically divided in several groups: (i) mendr and trimetals; (ii) metal
nitrides; (iii) metal carbides; (iv) metal oxides and (v) metal sulfides, where metals can be alkaline
metals, group 3 elements and raearth metals (mainly Sc, Y and La, blgo Ti and most
lanthanides such as Ce, Nd, Gd, Tbh, Dy, Ho, Er, Tm, Yb, Lu) [RodriguezFortea2011a].

These molecules are usually synthesized in an arc reactor using-coeed graphite, in
contrast to endofullerenes with nemetal atoms, which are gendha formed introducing the

cluster into a previously existing carbon cage. Synthesis of EMFs using the classic Kratschmer
Huffman electriearc generator Kratschmer199Dproduces typically low yields (t® B and
samples with multiple isomers, which makedifficult to study their properties.

A major step in the consolidation of EMFs as systems of research interest was taken in 1999,

when Stevenson and emorkers developed @rocess to synthesize, isolatad purify some

EMFs in macroscopic quantities, particular, those encapsulating trimetallic nitride clusters

(MsN@Gr 2 NJ aN@&, 6 A GK YAESR YSilItftaoe ¢KS YSGK2R 41 a
GSYLX FGSQ LINRPOSaad YR y2g4lRIFIéa 9aca FT2NNX¥SR dzaA
as TNT molecules. Thaost abundant TNT (and the third most abundant fullerene aft€ko

and Dsi-Gro) is SeN@Go, one of the molecules investigated in this Thesis [Akasaka2002;
Popov2012]. It is known to have a relatively high electron affinity [Campanera2002] and a
relatively small energy bandap (estimated to be of only@ A 6[Stevenson1999]) and it is

particularly stable at room temperature and above [NOrenberg2008]. Complemeritaty,is

the fullerene shell where the largest diversity of clusters are trapped.

With respect to the EMFs family, the large variety of interesting and unique properties shown
results especially appealing. Indeed, their combined fullerene and metallic properties have
made of them a new class of technologically relevant materials, espeg@romising for
applications in optoelectronic devices [Guha2005]. For example, erbium containing EMFs
possess a characterisficu ¢l i emission associated with the Er ion [Macfarlane2001], which

is of fundamental importance for telecommunication apations. EsN@Go in particular is
magnetcoptically active in the neanfrared range and it has potential applications as a readout
pathway in quantum information processing [Noérenberg2008]. There is also a broad spectrum
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of scandium containing metallofefenes, including the paramagnetic Sc@&hd SeC@ Go
[Popov2012], which can find promising applications as spin probes and quantum information
LINEOSaaAy3a O2Y LR GO eldbits(akuSiqué diaindng BliEped EPR with
respect to the threezquivalent Sc atoms [Roukala2017].

Considering all these aspects, we have selected three EMFs to investigate in this Thesis:
SeN@ Go, S6G@ GoandEEN@Go. Their chemical structures are shown in Figure 3.5 and in this
manuscript, we will called them EMFKE EMF2 and EMB, respectively. All of them haveGso
fullerene cages to facilitate its direct comparison and comparison with control measurements
performed with thel-Gso molecule, which shares the same symmetry. Another common point
between these MFs is the symmetry of the inner clusters, which are in all cases planar units
[N6renberg2008]. For EME an isomer with a pyramidal structure of the inner atoms is also
possible [RodriguezFortea2011b], but it is not the case in our system.

(b) EMF-2

Figure 3.5: Endohedral metallofullerenes (EMF) studidd) Schematic of the EMIF
(SeN@Gy); note the Sg¢N inner moiety in the fullerene cage. (b) Schematic of the EMF
(S6G@Go); note the S¢G cluster inside the §gcage. (¢) Schematic of the EIAFEEEN@Go);
note the EgN internal moiety in the centre of the fullerene cage.

There are further points of similarity and contrast between the molecules chosen:

() Regarding the metallic atoms and valence band electrons-EBil EMR2 have both
three Sc atms in the inner moiety (witld-electrons in the valence band), while Elglks
a rareearth based fullerene whose Er atoms h&edectrons in its valence band.

(i) Regarding the nometallic atoms and inner cluster dynamics, EM&nd EMB are both
TNTmolecules with a N in the centre of the encapsulated cluster, while-ENg-a
trimetallic carbide EMF with two C atomghis greatly affects the mobility of the inner
moieties. In general, MN clusters present free rotation inside the fullerene cavity,
without any preferential orientation according to DFT calculations, although the lowest
energy configurations (by a small difference) are those where the metal ions are oriented
towards the [6:5] ring junctions [Campanera2002]. The dynamic rotation is egéat
be slightly reduced for larger inner molecules, so Er being larger thansNogl&ster is
expected to have larger difficulties to freely rotate inside the fullerene. In the case of the
carbide EMF, $G moiety exhibits fast rotational motiobhetween orientations along the
equatorial sixmembered ring belt of the &gbuckyball [Jin2014]This free rotation is in
fact what produces the symmetrical EPR spectrum.

In contrast to these previous connections, ERMEBnd EME have in principle nothing in
common besides the fullerene cadeis important to remark that thé,-Gso cage is in all cases
stabilized upon charge transfer from the inner moieties to the extecaabon atoms, since the
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shell is not stable in its empty forr@uriously, trimetallic nitride clusters are neither stable by
themselves as single molecul€vnsidering an ionic model of interaction between the moities
and the cage, we can describe tH¢TTmolecules as (N)°*@(Go)* and the EMR valence state

as (St):(G)*@(Go)® = (SeG)**@(Go)® (an unpaired electron remains in the metallic moiety,
conferring the paramagnetic nature to the molecule) [Langa2011]. Thus, stabilization lef the
Gp cages and hence of these EMF molecules, is due to an equivalent charge transfer of six
electrons from the inner atomic clusters, enough to avoid the carbon shell disintegration.

Finally, deposition and adsorption of some of these EMFs onto metalliacegrihave been
previously reported. Leigh and-eeorkers investigated selissembly of SBl@ Goand EsN@ Go

(that is, EMFL and EMB3) on diffeent surfaces (Ag/Sifll),Au(111)/mica, Si(11Hnd Si(001))
using a variable temperature STkkeigh2007]Regarding the deposition of EMBFon Au(111)
surfaces, bonding with the substrate was proposed to be mainlydesiWaals and, more
interestingly, bias dependent contrast changes were observed in some fullerenes and were
initially suggested to be due to gace defects in the underlying Au substrate, responsible for a
Fermi level shift. Further investigation of these bilependent contrast anomalies concluded
that they were possibly caused by different electron density of states on the molecules
dependingon the moleculeorientation and the associated charge transfer from the substrate
[N6renberg2008].

3.2.2 Sample preparation

Samplesprepared consist of the endohedral metallofullerene of interest deposited on a
polycrystalline gold surface.

The¢ v-it i-thick Au films on glass substratgs ¢ p d | , Arrandee, Germany) are flame
annealed with a butane gas torch prior to the molecule deposition in order to have clean gold
reorganized in a polycrystalline (111) surface. The surface of the Au samples is estmnated
reach a temperature above 1 ft(emission in the visible range, in a bright orange colour) for
less than one minute, enough for the top layers of material to locally melt and reorganize in a
crystalline order. The sample is afterwarddowed to cool dbwn to room temperature in
ambient conditions. STM characterization of the Au samples shows that the whole surface is not
homogeneously crystalline (i.e. it is not a monocrystal) but large Au(111) atomically flat areas,
generally separated by monoatomicegts, can be easily found (see next Section 3.2.3).
Occasionally the Au(ll))H EKo NB O2y 4-ONHZDOER2 WKBEHNKEYy da@2ySQ NBO
be also observed.

Endohedral fullerenes are afterwards deposited using the abagiing technique. EMFs are
initially in solid state forming a dark powder and, since we aim to address the transport
properties of individual molecules, they need to be diluted in order to be deposited with low
coverages of the Au surface. Proceeding in several steps, we begin vittitigdrEMF solution

in 1,2 4trichlorobenzene (TCB) (w w P SigmaAldrich) of aroundp 1 - and, adding
adequate quantities of solvent, get a very dilute EMF solutm(-p 1t - ). Thisis kept as
much as possible in darkness in order to avoid damadinigeomolecules. To deposit the a

drop of the low concentration solution dacedon the preannealed Au surface for about three
minutes and it is then blown off with streaming nitrogen and allowed to dry overnight in ambient
conditions, in a recipientlosed with Parafilm and covered with-all to avoid interaction with
light.
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Before starting the experiments and after mounting the sample on the STMalioised to
stabilize for another hour in order to reach thermal equilibrium with the setup amimize the
thermal drift. Since the sample is then kept continuously inside the STM in ambient conditions,
they get usually deteriorated after a week of measurements, approximately, moment when a
new sample needs to be prepared. Complementary, we use nmécdldy cut Au tips as STM
probes Goodfellow @ ol [-diameter,w @ w Ipurity). The gold wire is gently soldered on the

tip support and afterwards cut with a shear movemenbider to favour the presence of a single

Au atom in the apex of the tip.

3.2.3Surface and molecule imaging

STM images of the Au surface and the EMFs adsorbed on it are acquired at room temperature
(RT) and in constasmurrent mode with the bias voltagey  applied to the sample. As
introduced in Chapter 2, the current is measd using the commercial curret-voltage
amplifier Keithley 428 with a gain pft6 /1 in this case (see electrical circuit in Figuré @

2.5). For EMF STM imaging we typically uge a of several hundreds df 6(betweeno 1 and

v Tt frt 6in most of the cases, but also up @ Tt it 6sometimes) and set a tunnelling current of
aroundp1 ! (typically betweerr® andp& 1 ) to control the vertical piezo position and scan

the surface.

Figure 3.6 show representative examples of STM images of the tk#fes deposited on
Au(111). The fact that we are able to image these EMFs on the gold surface tells us already that,
despite their thickness, conductance through their molecular orbitals is not negligible with
respect to the metallic electrodes direct tueiting.

Scan areas presented in Figure 3.6 vary from more fhanmp miti to less thanp 1

p 1t [ . Thanks to the low EMF concentration of the TCB solutions prepared, we easily localize
areas on the Au surface where isolated EMFs have adsorbed, prefdiyeaitismmonoatomic steps
(Figures 3.6(a,bs0) but also on flat terraces (Figures 3:68(g)). Preferred bonding at step edges

is to be expected since the Au atoms in these positions have more dangling bonds that the rest,
favouring the adsorption of thelectron acceptor molecules. In fact, covalent bonding of the
EMFs is taking place, which implies hybridization of molecular orbitals and extended electronic
states of the metal surface (as discussed in Chapter 1) and a net charge transfer from the
electronrich substrate towards the molecule is occurring. This bonding is stronger than the
attachment produced by van der Waals interactions and is enhanced at more reactive sites such
as step edges. Thus, most of the EMFs contacted in our experiments arg sittihese
positions.

No clear difference between the three EMFs is observed in the STM images, which might not be
surprising since the fullerene cade@so), which constitutes the external electronic states of the
molecules, is the same in all cases.

Van der Waals diameter df-Gso cage is expected to be aroup® 1 1, but EMFs in our STM
images typically present an apparent height@f-r®) 11 [ and lateral dimensions larger
than ¢1 I. This enlarged lateral dimensions ap®ssiblydue to severalfactors: electronic
modifications of the molecule upon adsorption (substratelecule interactions), overlap of
wave functionsin the vicinity of the tip apexor tunnelling contributions from the
inhomogeneous background that enlarge the molecule size, ngmothers [Chen1992].

/| 2y OSNYyAy3 GKS 26 F LI NBYyld KSAIKIG 2F GKS |
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the Au surface, it is typically caused by the wave functions of the delocalized metallic electrons
extending further into the tunnelling gaggion than those of the EMEShen1992].

(b) (c)

size: 70x70 nm? size: 44x44 nm?

size: 26.5x26.5 nm?
(d) = (e) =
L-!P» - S e

size: 90x90 nm? size: 17.5x17.5 nm? size: 8.8x8.8 nm?

(g) (h) (i)

size: 73x73 nm? size: 90x90 nm? size: 8x8 nm?

Figure 3.6: Scanning tunnelling microscope imagesc) STM images of EMFnolecules on

atomically flat A{l11) surfaces showing preferential adsorption at step edges (a), islands (b)

and isolatedmolecules (c). () STM images of EMEmolecules on atomically flat AL11)

surfaces showing preferential attachment at step edgef @hd islands (d). {¢ STM images

of EMF3 molecules on atomically flat All1) surfaces showing preferential adsdopt on

terraces (g) and at step edgesiJglmages have been treated with the Gwyddion software
ObS6FannmMued b2 GKSNXIFEf RNAFAOG 2N LIAST 2 ONBSLI 02

In general, we do not observe internal molecular structure, propalelcause of blurring of the
atomic detail by thermal averaging. Exceptionally, when the thermal drift is greatly reduced
compared to usual conditions, some internal structure suggestive of the fullerene orbitals has
been observed (see Figure 3.6(f,i)).eDto this lack of intramolecular resolution, when
contacting the molecules we cannot distinguish molecular orientations, which strongly influence
transport properties of singlEMF junctions as it will be exposed a bit later. UHV experiments
performed by eher groups at low temperatures have indeed shown intramolecular details when
the rotation of the molecules is frozen [Nérenberg2008].

As already observed fosgJEvangeli2013], the imaging capability is possible not only thanks to
the relativdy high comluctance of these carbebased molecules, but also because of the
experiments being performed under ambient conditions, a situation in which an ambient layer
is known to be present on top on the Au surface, mainly formed of water and nitrogeand
alsoEMFs have been reported to diffuse in UHV experiments on the Au(111) surface without
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adsorbing on it [Fujital996; Rogero2002]. Hence, the passive action of the ambient water layer
results a great advantage and allows the controlled singiéecule junctio formation.

With respect to the mobility of molecules, those which are adsorbed on terraces are usually
more easily displaced by the tip than those bonded to step edges, which are generally more
stable under scanning and contact formation, as can be geéfigures 3.6(b,g). Diffusion of
molecules, mainly induced by interactions with the tip while scanning, reflects in sudden, short
and discontinuous jumps in the contrast of the STM images. Typically, a higher setpoint of the
tunnelling current or a smalfebias voltage favour this mobility of EMF molecules, as well as
higher temperatures (thermahduced motion), larger concentrations of molecules or
adsorption of the molecules on flat terraces as mentioned.

Additionally, molecules are found to occasiopdtirm small islands or clusters nucleating from

a step edge into a terrace (see Figure 3.6(b,d)). EMFs are usually not very stable in these
aggregates, especially on the edges of the cluster where molecules move easily when scanning.
Interaction between@ f SOdz2f S& Ay 'y A&fltyR A& SELSOGSR (2
In conclusion, RETM imaging of EMFs depaosited on polycrystalline Au substrates shows stable
adsorption of the three EMF molecules with submonolayer coverages. Despite not being able

obtain intramolecular resolution, molecules seem to do not suffer any borditgced

structural damage, they are generally well anchored to the metallic surface although certain tip
induced mobility is sometimes observed atttky show a clear preferemcto attach to
monoatomic step edges.

Beside the aforementioned characterization based on the STM images, our final goal is to
connect an individual EMF molecule between the Au electrodes. To this extent, STM images
result a powerful tool because they @ us to find a single molecule and track it and,
additionally, scan the area around the molecule right before and after junction formation.

Initially, large areas of the Au sample with a lot of poinenfely, vV ¢ V@V p ¢UL p)@re

Gat 2gft @ imddDE FORSHRordér to localize flat terraces or monoatomic steps with

I R&2NDSR Y2fSOdz S& O0CAIdNNBE od106l 00D ! RSaANBR
progressively, imaging intermediateA T S | NBl & Ay GKS LINROS&aa G2 |
postion (see Figure 3.7¢b)). Smaller scale images with less points are gradually reached in

order to focus on a single EMF and the area is reduced down to a scale at which the molecule
occupies most of the image. These small areas are usually scanneduathahigher speed,

approximately ac® 1 E TOMORevenp g 1 E WOMAGK order to track the fullerene on the

surface (Figure 3.7(e)). Repeatedly imaging above a certain EMF we counteract the effect of

thermal drift and piezoelectric creep. The tip positioning precision is increased until we are

finally able toplace it diectly above the molecule and connect it, forming a singtdecule

junction (Figure 3.7(f)) (more details about junction formation will be given below, in Section

3.2.4).

This scanning zooming process, although essential to image the targeted molecubefak

and after contact formation (Figure 3.7(e,g)), can sometimes result quite challenging, depending

on the thermal drift (typicallyrgt prp T 71 E)I[Evangeli2014] and the piezoelectric creep

following lateral translations of the tip. Due to theséegtts, the relativedyw) position of the tip

2OSN) GKS adzNFIFOS Aa O2yaidlyidte GFNBAYy3IS gKSy (f
while taking a STM image. In this case, without modifying i) (piezoelements, the sample
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might appeardisplaced in a second image. In order to focus on a single EMF, we need hence to
actively track the molecule relative movement.

Occasionally another problem may appear when a molecule is transferred to the tip while
scanning or during a junction formatiorlowever, this transfer modifies the images resolution

and thus, STM imaging proves also useful in these cases and serves to monitor to some extent
the cleanliness of the tip. We discuss further about this in Section 3.4.

size: 8.8x8.8 nm? 1 2 3 size: 8.8x8.8 nm?

Figure 3.7: Scanning zooming mess (a-€) Scanning zoom to localize and focus on a single
EMF (an EME) on the Au surface. We start with large area imagdsere molecules on flat
terraces and at step edges can be identifiadd progressively reduce the scan size until
centring an idividual molecule of our choice. (f) Schematic representation of junction
formation once a single molecule is targeted and the tip is positioned over it. It consists of
three steps: 1) the feedback loop is opened and the tip is approached toward the naglecu
2) the junction is formed and the EMF becomes electricatlgnected between the
electrodes,and 3) the tip is retracted back to tunnelling and the feedback loop is again
activated. Section 3.2.4 contains further details. (g) STM image after junction formation which
allows to confirm that the molecule is still in place, although in this caseihs to be slightly
more mobileor the tip more unstablehan prior to the contact since there are more jumps in
the scanning signal. Images in this figure have been treated using the Gwyddion software
ObSEFAHAMHB @

3.2.4 Conductance vstip displacementY » measurements

Once a suitable singimolecule is targeted, as already introduced in previous Section 3.2.3, and

in order to measure its conductand® we carefully position the tip directly above the centre of

the molecule and proceed to contact it as depicted in Figure 3.7(f). First, we open the feedback

loop and move the tip forward toward the molecule (approaching it) at a given bias voltage

while simultaneously recording the curref® In this way, we are able to characterize the

evolution of the junction conductance while it is being formed and, when lastly brought into

contact, electrically connect a single EMF between two Au elecsrdsiep 2 in Figure 3.7(f)).

Finally, after junction formation, the tip is retracted back into the tunnel gap, completing what

gS OFftf I aO2yRdAZOINFOSI ONR BOFE OB NI'B EWILIMNEE OR2 Yy Rdz
tip displacemen®ais monitored during the whole movement of the tip.
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In these experimentsp  is reduced to jusp 1t 6and the currentto-voltage gain is switched
top 61 to avoid saturation of the ADC input before one Au atom contact is reached (that is,
OX X W13* pjpcEM ie. ® x xb! where 'O ¢QjQis the quantum of
conductanceQA & (G KS St SOdokpay aaf [KI|{NEES G20WRa Gl ydoe 2SS O
vertical movement of the tip by predefining a top threshold of conductance, i.e. an upper limit
of current. When the feedback loop is open and the appre@thaction cycle begins, the tip is
approached toward the molecule in steps of approximateigt d i (o ™ [). To avoid metallic
contact between the electrodes, the motion of the tip is reversed when the conductance reaches
the top threshold;O "0."0 isgenerally chosen to be above the condarnte value of the
molecule, once this is known, in order to be sure to form the contact in each tip indentation.
Once the top threshold is reached, the tip is retracted until a bottom threshold of conductance
is registered and the approagitraction cyclds complete.

Figure 3.8 shows examples of conductance traces (appradcction cycles) of the three
molecules investigated, where approach of the tip is plotted in blue and retraction, in red.
Leftmost curves in the figureorrespond toAu-Au tunnellirg junction plotted for comparison

(Au tip approaching bare Au surface). Conductance traces behave similarly for the three EMFs
and share characteristics with AGo| Au junctions previously reported [Evangeli2018itially,

when theapproach begins, thdp is far away from the surface and the conductance value is
below the instrumental noise level, that is, aroudm "O at @ p 1t 6 and the
aforementioned gain. Then, conductance starts increasing exponentially (linearly in the
semilogarithmic pits) [Gonzalez2006] from 1 "O to p 11 "O, revealing electron tunnelling

from the tip to the sample without noticing the presence of the EMEel2007]. This is shown

by a similar apparent energy barrier of abgul 6extracted from the slope of theucves, as in

the case of AtAu junctions (Figure 3.8a). These junctions show featureless conductance traces
with a linear dependence 6030 when represented in a semilogarithmic scale, which reflects
tip motion in tunnelling regime. The apparent energy barf@md is approximately five times
smaller than the Au work functione ( v® A § in UHV conditions@hno1991]. This
reduction is typtally observed when measuring in ambient conditions and it is mainly caused by
the ambient water layer reported to be present on both electrodes [Hahn1998; Evangeli2013].

Traceshecome usually more unstable betweprnt "O andp 1 "O and a change in thslope

of the conductance (a gentle bump) can be observed in most of the curves recorded (see, for
example, the approach of traces c or f in Figure 3.8). This feature has been reported to be a
signature of the already mentioned adsorbate layer, trappedadasin the molecule and the
approaching tip right before it slips away and the tip finally connects the molecule.

The electrical contact point is usually reachegat -p 8 "0 1@t prdt 6O, depending on

the EMF as it will be shown below. It typicalikes place after a sudden and sharp ris&ie.

a jumpto-contact of around half an order of magnitude that can be appreciated, for example,
in traces b, c, d or f in Figure 3.8. This rapid increase is never observed in the cas&uof Au
tunnelling junctions and is a clear evidence of molecular junction formation. At this point, a
chemical bond is established between the fullerene orbitals and the tip metal states without
deformation of neither the EMF nor the tjjoachim1995a].

In the contact regimefurther approaching of the tip towards the substrate results in the EMF
being pressed by the tip and conductance keeps increasing with a strong reduction in the slope.
In this situation, both tip and molecule undergo compression and may be eventualiyresfp
especially the tip apex, structurally softer than the rigid fullerene cages. Elastic deformations
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followed by nanoscale rearrangements of the Au atoms may take place and have been reported
to be the reason behind more sudden jumps (normally smallantthe rapid rise of contact
formation) sometimes observed in the conductance signal in the contact regime [Agrait1995;
Agraitl996; Rubio1996]. Another paossible reason for these jumps in conductance after junction
formation is local rotation of the moletelbeing compressed by the tip.

Az (nm)

Figure 3.8: Conductancg Vs tip displacementY» of singleEMF molecular junctions.
Examples of approaetetraction conductance traces (in blue and red, respectively) for-a Au
Au tunndling junction as the one depicted on the left (pair of traces a) and five EMF junctions:
pairs bc correspond to EME junctions; d, to EME, and ef, to EMF3. The different features
identifiable during the tip approach have been marked in the blue cofegunnelling regime

(I); mechanical contact and water layers repulsion (II); jgoapontact and electrical contact
point (lll), and contact regim@V).This regime, schematized by the junction on the right, is
also highlighted with the purple cunfer the traces fYd of the different pairs of traces has
been displaced for the sake of clarif®. ¢Q 7Qis the conductance quantun)s the

St SO0 NE y Q%s MakdendhsSant). y R

Retraction traces (red curves in Figure 3.8) show generally similar features as described for the
approaches, although some hysteresis is typically observed and they are usually slightly shifted
in ¥4, possibly due to elastic deformations of the Au tipeapr the Au atoms below the
molecule. The tip is typically retracted back into the noise level.

After each approachetraction cycle, a small area of the surface is rescanned to confirm that
the fullerene is still in the same position and hence, that shegleEMF junction has correctly
formed (see Figure 3.7(g)). This inspection allows us also to confirm that the molecule has not
transferred to the tip, as it sometimes happens. If the molecule transfers to the tip, it disappears
from the next image andyt the same time, resolution of the tip improves because of tunnelling
of electrons between the surface and the fullerene instead of directly with the tip [Schull2009;
Nishino2005; Repp2005] (as we have introduced in Chapter 2, the tunnelling currentddepen
on the density of states of both electrodes; a fullerene acting as the apex of the tip gives a
different resolution than a gold atom). When this transfer takes place, the molecule usually
drops by itself from the tip while scanning the next image oeraft new approachetraction

cycle into the gold surface, but itsemetimesrequired to consciously clean the tip in a section
apart, by deep indentation of the tip into the gold, in order to be able to form again single
molecule junctions in a controlieway.On the other hangdthe presence of a fullerene on the

tip can also be advantageous, as we consider in Section 3.4.
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Regarding the reproducibility of the approacdtraction cycles, the exact configuration of the
molecular junction highly influencessidetails which depend, for example, on molecular
orientation or contact geometry. In order to explore a wide variety of junction configurations,
we measure several conductance traces for each EMF and@ist/d 2D histograms of the
approach curves, kich are shown in Figure 3.9¢)). The 2D histogram built with 50
approaching curves of bare Au tunnelling junctions is also included for comparison (see
Figure 3.9(d)). To build these histograms, the individual traces are aligned using a conductance
value 'O x p 1 8"0 that is initially placed inYa Tl . To avoid creating a false
discontinuity in the 2D histogram, the slope around fl}s is obtained and the individual
curves are finally aligned using this tunnel slope as a re@ereFeatures introduced with the
individual examples of approaghktraction cycles in Figure 3.8 are also identifiable in the 2D
histograms, showing good reproducibility of these measurements. Nevertheless, some spread
is observed possibly due to theariety of configurations samplear thermally induced
fluctuations affecting the charge transport through the junctigiyee2011]. In fact, EMF
histogram, the one with more curves and, thus, more configurations explored, shows a slightly
larger dispersiontan the other histograms.

log(G/Gy)

Figure 3.9: Conductancg vstip displacement » 2D histogramsf AUEMF| Au and AuAu
junctions. (a-d) "Ovs Y& 2D histograms of 60 approach curves on sing\N@&Go (EMF1)
molecules (a), 46 approach traces on isolatesfCER Go (EMF2) molecules (b), 36 approach
curves on individual BN@Go (EMF3) molecules (c) and 50 approach traces on bare Au (d).
Complete traces, from tunnelling to tigpompression of the molecules, are shown. The colour
scale accounts for the number pbints in each histogram.

For direct comparison between the EMFs, conductance 1D histograms for the whole approach
traces of each molecule, corresponding to the 2D histogriankdgure 3.9(x),are presented in
Figure 3.10(a)). They evidence the diffdreggimes already introduced. A peak corresponding

to the noise level can be observed belpwt "O. Betweerp 11 "O andp 1t "O, a broad peak

is created by the elastic deformation of the adsorbate layer trapped in the forming junction.
Finally, due tathe compression of the EMFs in the contact regime, a further broad peak is
created at high conductance value® ( p mt "O). A sharp final peak in the ENFhistogram,

at"™O p 1 80, is an artefact of the measurements in these junctions, caused by esten
contact with the tip in some traces, not performed with the other molecules. This histogram also
shows a broader peak for the case of the ambient layer being pressed between tip and molecule,
which reaches highe€©Ovalues than the other EMFs. Thispizssibly due to its paramagnetic
nature.

Conductance 1D histograms are also plotted in order to find the most probable conductance
value "dof each EMF at first contacthat is, the molecular junction without compression.
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Focusing only on the first contaof the molecule with the tip, we select the data points
corresponding taw 1 | of tip displacement right after the jumm-contact in the conductance
traces (or after a large change in the slope). With these points (highlighted in cyan in Figure
3.10(b) for three individual examples), we build additional 1D histograms, plotted in Figure
3.10(c). The mean conductance value of each histogthand the corresponding standard
deviation are collected iTable 3.1. Note that 1D histograms of the complete ear(Figure
3.10(a)) do not show peaks exactly at these values, being thecdirgact hidden inside the
broader peak caused by the whole contact regime (highlighted in yellow in the individual traces
of Figure 3.10(b)). We find that the firsbntact condictance value ig@t UO for EMF1
junctions,® 1O for EMF2 and @8t dO in the case of EMB singlemolecule junctionsThus,
considering the three molecules investigated, EMBhows the largesidhand EMF3, the
smallest, being arouna 1t bsmaller than the carbideEMF® Comparing to the pristine
fullerene let us remind that for Aufso| Au junctions in ambient conditions the reported
conductance value at first contactm "O [Evangeli2013], very similar to the value shown by
single EMR junctons while ypical firstcontact "‘Ovalues of trinitrate EMFs are generally
smaller by a factor of two (EMB or three (EMB).
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Figure 3.10: Conductancg 1D histograms.(a) "O 1D histograms for the three EMFs
investigated built with the complete approactraces included in the corresponding 2D
histogram of Figure 3.9. (b) Examples of approach curves on each of the three EMFs, from left
to right: EMFL, EMF2 and EMB singlemolecule junctions. The contact regime is highlighted

in yellow and selected fit-contact points (@1 | after junction formation) are coloured in

cyan. (c)O1D histograms built with the firstontact points of all the approach curves of each
molecule EMFMean values®and standard deviations of these 1D histograms can be
found in Table 3.1.

Table 3.1: Mean firstontact conductance valug for each EMF investigated and standard
deviationd, . Values obtained for the histograms in Figure 3.10(c).

B0 o
EMF1 (SeN@Go) pre p T
EMF2 (SeG:@Go) pre p T
EMF3 (EEN@Go) pm?d p @
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3.2.5 Simultaneous conductanggand thermopower{| vstip displacementY » measurements

After presenting our study of the conductance of siRBMIF junctions, we aim at the
characterization of their thermoelectric properties. We have already introduced in Chapter 2
(Section 2.4.2) the technique developed in our group prior to this Thesiselpathe STM
Imaging technique, for the simultaneous measurement of conductd@aad thermopower’Y

of singlefullerene junctions [Evangeli2013]. For completeness we summarize here the main
technical aspects of the experiments performed with EMFs.

In order to measure the thermopoweély a temperature difference”Yoetween tip and sample

is stablished by means of a resistive element acting as a heater on the tip support. A
thermocouple placed on top of it serves to monitor the tip temperature. The sutestra
meanwhile, is maintained at room temperature (approximatelygato¥), monitored with a
second thermocouple.

After heatirg up the tip, temperatures are allowed stabilize forp bo Tminutes before a new

thermal equilibrium of the setup is reached and we start measuring. In these experiments we

typically establish a temperature differenséYof aroundt ¢ for EMF1, o t for EMF2 and

o x+ for EMF3, monitored every few minutes. i$ important to remind that the thermal drift

increases considerably when heating up the tip, so all the process to find and track a given
Aaz2ftlGSR Y2i{SOdA S Ay | aadloftSé¢ LRaAlGAZ2Y ALK |
when no3"Yis appliedand it makes it necessary to use fast imaging, even decreasing the number

of lines per image, in order to be able to follow the isolated molecule.

Once an individual endohedral metallofullerene is targeted, we proceed as in Section 3.2.4 to
measure the coductance™Q with the difference that the tip motion is stopped evepyrg Tt
steps (evenp r TPmM), both while approaching to and retracting from the molecule, and the
Seebeck coefficientYis measured. As described in Figure 2.9 (Section 2.4.2), Wialé-t
piezoelectric movement is stopped, smaky ramps, typically of p 1t 6, are shot and
recorded. Thes&aw curves show a voltage offset at zero current which is proportional to the
temperature differences"Yapplied (see Figure 2.9) and the factor of proportionality, once the
electronic offsets of the setup are considered (see Section 2.4.4), is the Seebeck coefficient:
(W) %Y Simultaneously, the slope of tfi@wv trace corresponds to the conductani@of

the junction, which is typically the same as the conductance measureduwithright before

the "@vramp is acquired, as long as the junction is stable enough. In each condut@aatip
displacementYd curve (one approachetraction cycle), approximately #p T 1w ramps are

shot, giving as many valuestbe Seebeck coefficient.

It is important to notice at this point thdBwcharacteristics of EMFs junctions are linear at small
voltageseven when the junction is formed and the taoule is being pressed. This means that,
even beyond the electrical contact point and physical compression of the molecule, there is a
linear'Ow dependence proving good coupling of the molecule to the electrodes and a HOMO
LUMO gap larger than the vayie appliedJoachim1995b].

Figures 3.11, 3.12 and 3.13 show examples of simultan&asd "Ytraces measured on
different singleEMF junctions (EME junctions inFigure 3.11; EME junctions inFigure 3.12;
EMFE3junctions inFigure 3.13)Surprisingly, and before going into the detail, the major feature
of these junctions is that, for all the compounds, thermopower can be positive or negative,
depending on the particular molecule connected.
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Figure 3.11: Conductancg and thermopower - simultaneous measurements in EMF
junctions. Four examples of approacl,¢,e,§ and retraction(b,d,f,h) cycles on singte
molecule Au|SeN@ GoAu junctions, where the conductancéXin blue and red for approach
and retraction of the tip, respectively) and thermopowef(in green and magenta for
approach and retraction of the tip, respectively) are simultaneously acquired. For the
molecule in (&b), "Yis always negative, while fohat one in (ed), it is always positive. The
EMF1 in (ef) has a mainly negative Seebeck coefficient and clearly shows correlation
between small jumps ifO and °Y possibly due to structural rearrangements in the
configuration of the junction. For the ntexule in (¢h) an abrupt change in the sign"dfluring
junction formation is observed. At the electrical contact poiié @1 1), the molecule
shows negative Seebeck coefficiévit o 11 6F+. After moving the tip closer to the surface

by Yaé & d | (compressing the molecule), a sudden modification of the junction takes
place and we observe a drop@and an inversion of the sign of flipping from negative to
positive (Y  p 4 67+). In all these measurements the temperature differencé’® 1 c+.

The portion ofCand“Ycorresponding to contact regime is highlighted in yellow.

Conductance traces presented in Figures 81113 (in blue and red for approach and retraction

of the tip, respectively) are pretty much equivalent to those already dsed in the previous
section. Typically, an abrupt jump in tf@approach curve indicates contact formation which, in
these experiments, can be also identified in the thermopower traces, plotted in green and
magenta for approach and retraction of the tip, respectively. When the electrical contact point
is reached, a jmp is typically observed in the thermopower curve as well. In the contact regime
(highlighted in yellow in the three figures), subsequent jumps observe@ possibly due to
atomic rearrangements, are also reflected in jumpsYiproving the sensitiwt of both signals

to atomic details. Retraction curvese almost the saméndicating that junctions remain mostly
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unaltered althoughtypically with some hysteresis with respect to the approach possibly due to
elastic deformations in the tip
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Figure 3.12: Conductancg and thermopower simultaneous measurements in EME
junctions. Four examples of approacla,¢,e,§ and retraction(b,d,f,h) cycles on single
molecule Au|SE€G@ Go|Au junctions, where the conductanc€in blue and red for approach

and retraction of the tip, respectively) and thermopowef(in green and magenta for
approach and retraction of the tip, respectively) are simultaneously acquired. Molecules in
the first two junctions, () and (ed), show iitially a positive Seebeck coefficient that
undergoes a change of sign as the tip keeps approaching towards the surface and compresses
the molecule. The molecule in the third junction;fiehas an almost zerdrthat changes
abruptly to a larger positevvalue in the contact regime of the approacheTaversedchange

is also observed, with some hysteresis, in the retraction curve. Finally, the2 BEMEgh)
presents a small positive thermopower and shows correlation betvi@and“Ychanges. The
temperature difference isY'Y o t in all these measurements. The portion ‘@and "Y
corresponding to contact regime is highlighted in yellow.

As mentioned, the most remarkable aspect of the thermoelectric characterization of the EMF
junctions investigated ishe possibility to find molecules with both signs of the Seebeck
coefficient. For example, junctions in Figure 3.1 @f) for EMF1 and Figure 3.13{d) for EMF

3 show all negative thermopower, while junctions in Figure 3t} for EMFL, Figure 3.1(&-

f,g-h) for EMR2 and Figure 33(ef,g-h) for EMF3 presentpositive thermopower.This is an
outstanding behavior since, as we introduced in Section 1.1, the pristine fullerene is a robust
thermoelectric material with a consistently negative SeebecKfment and because, to the

best of our knowledge, this is the first time thatthiermoelectricity, i.e. showing either positive

of negative'Y is observed in a single material, without requiring chemical modification.
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Figure 3.13: Conductancg and thermopower - simultaneous measurements in EMF
junctions. Four examples of approach,¢,e,§ and retraction(b,d,f,h) cycles on singte
molecule Au|EsN@ Gg|Au junctions, where the conductancéXin blue and red for apach
and retraction of the tip, respectively) and thermopow@¥(in green and magenta for
approach and retraction of the tip, respectively) are simultaneously acquired. Molecular
junction in (ab) experiments a gradual change from positive to negativd&aecoefficient
as the molecule is compressed. The BEMpnction in (ed) exhibits amainly negative
thermopower, while junctions shown inf§ and (gh) present positive Seebeck coefficients.
Two large abrupt jumps iiYare observed in the approach trace of the fourth junctiorh)g
correlated with changes itD the first jump in"Yis correlated with the contaeiormation "O
rapid increase and the second one is correlated with a small jump dovi@aimd a subtle
change in the slopeln these measurements the temperature difference/i¥ o x+. The
portion of "Oand"Ycorresponding to contact regime is highlighted in yellow.

In addition, some junctions whos#is initially positive but of small magnitude show a grad

change towards negative Seebeck coefficients when the contact regime is maintained and the

molecule is further compressed. This is the case, for instance, in Figure-B,&8jdor EMF2

junctions and in Figure 3.13t9 for EMF3 junctions. Based othese observationsywe have

accomplished a complementary experimemth EMF1 junctions that consists on performing
GO02YLINBaaAzy OeoOfSae gAUK (GKS GAL) 6KAES (GKS 02
we do a total of three compression cychesd acquiréCand"YvsYdatraces without breaking the

contact with the EMF. The results obtained are shown and discussed later in this chapter (see

Section 3.2.7).

Finally, it is also possible to find some individual junctions with abrupt changes in the Sygn of
simultaneously with jumps iiQ(see Figure 3.114qg)), suggesting a major change in the junction
configuration, such as rotation of the whole endohedraktallofullerene triggered by
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compression or thermal induced fluctuations. A similar situation is possibly occurring in the EMF
3 junction shown in Figure 3.13(g where no change of sign of the thermopower is observed,
but the junction shows large abruptmps in the Seebeck coefficient correlated with changes in
the conductance: the first jump observed Ivis correlated with the contaeformation rapid
increase of the conductance, while the second one is correlated with a small jump d6@n in
and a sbtle change in the slope.

For comparison, we present in Figure 3.14 examples of simultari®and “Ymeasurements in
Au-Au tunnelling junctions and pristine fullerengo@unctions, with an appliedemperature
difference of around ¢+. The first ones show a small negative thermopow¥r ( pt 67+),
in good agreement with previously reported results [Evangeli2015]. The Seebeck coefficient
remains relatively constant as the tip approaches the surface and the conductance increases
exponentally (linearly in the semilogarithmic plot). With respect to thg jGnctions shown,
they exhibit negative thermopower and a jump in thétraces is typically observed when
reaching the electrical contact point. In contrast to the results obtained ferBMF junctions,
large comprasion of the pristine fullerengometimes result in a gradual reduction towards zero
of the thermopower values, as can be seen in the example of Figure 3.14(b).
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Figure 3.14: Conductancg and thermopower simultaneous measurements in Afu
tunnelling junctions and Au|GoAu junctions. Examples of individual approatthces in Au

Au tunnelling junctions (a,c) and AufAu junctions (b,d) where conductan¢®(blue) and
thermopower “Y (green) are simultanagsly acquired during the approaching of the tip
tov!ards the surface or the molecule. In all these measurements the temperature difference
isY'Y¥ 1 .

In order to directly compare the results obtained for the three EMFs and to explore the
variability infroduced by different junction configurations, we perform several measurements
with each of the endohedral metallofullerenes and collect multifand “Yvs Y& traces of
Au|singlemolecule|Au junctions"Oand "Yvs Y& 2D histograms are presented in Figure 3.15,
together with 2D histograms for pristinedunctions, measured for comparison.

As in the case of the pure conductance characterization introduced in Section"®&¥¢ 2D
histogramsin Figure 3.15(al) reflect the different features observed in the individual traces.
These histograms are built with the complete approach of @ieaces, i.e. from tunnelling to
moleculecompression with the tip, measured at , and are equivalent to those plotteith
Figure 3.9. On the other hand, it is more difficult to identify indiviguattion behaviours in the
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"Yvs Y& 2D histogramsshown in Figure 3.15(), although contact formation is roughly
identifiable in the histograms either by an increase in thgpdision of the values (see, for
example,Figure 3.15(i,))or a more or less abrupt step in the general shape of the histogram
(see, for instanceFigure 3.15()). In Figure 3.15¢R), we plot the 2D histograms of the
correspondingOobtained from the slope of thé&&w ramps shot to measure the thermopower.

As it can be seen, these histograms are pretty much the same to those built with the whole
approachOtraces, indicating that junction configuration is stable during the acqoisiif the
voltage ramps.
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Figure 3.15: Conductancg and thermopower-|| vstip displacementY » 2D histograms of
AW-EMFAU and AuGso-Au junctions (a-d) "OvsYa 2D histograms of 131 approach curves on
single EMRA (SeN@Gg) molecules (a), 99 approadtaces on isolated EME (SeG@ Go)
molecules (b), 83 approach curves on individual BMEEN@Go) molecules (c) and 50
approach traces on singlesdOmolecules (d). Complet&Ovs Y& individual traces, from
tunnelling to moleculecompression by the tipare plotted. (eh) "OvsY& 2D histogramsf the
same junctions as {d), but where onductance valueare obtainedfrom the slope of théo®
@ramps shot everp . ™ | to measure thermopower (see Section 2.4.2)) (Ws Y 2D
histograms of the same junctions asdjpand the samé@b ramps as (é). Approximate
temperature differences for eiccompound (EME, EMR2, EMF3 and Go) areY'¥ 1 ¢+,
0 ™+,0 X andt ¢+, respectivelyThe colour scale accounts for the numieépoints in each
histogram.

Further discussing the thermopower 2D histografRiggure 3.15(l)), those of EMF junctions
evidence the bthermoelectricity of these systems, in marked contrast to the pristine fullerene.
This translates into the possibilitp have both positive and negative Seebeck coefficients,
although each endohedral metallofullerene presents a particular characteristic behaviour. In
terms of dispersion, EME and EMP junctions (both scandiurhased molecules) show larger
variability of 'Walues than EMB, whose thermopower dispersion is notably smaller and similar
to that of the pristine fullerene &.
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Additionally, since the different conductance regimes that constitute the complete approach of
the tip to form the molecular junctions may show different thermoelectric behaviours, it is
interesting to separate the contact regime from the rest of the cuawmd, in a second step, the
first-contact values from the complete contact regime. In this sense, thermopdWes
conductanceéO2D histograms are especially useful to discern the different regimes and result a
representation of great interest to find énds or possible correlations between these
magnitudes. They are plotted in Figure 3.16 for the three EMFs investigated and the pristine
fullerene. It should be noticed thaDvalues in these histograms (and for now on in this section)
are those obtainedrom the slope of the smaltaw ramps. Figure 3.16(al) histograms are
formed with the completeéCand™traces, including the whole tip movement from the tunnelling
until close to the metallic contact. Figure 3.18(sgather"Oand"Yexperimental da&a measured

in the contact regime, while the tip is in contact with the fullerene cage. Finally, in Figure 3.16(i
) only"Oand"Yvalues at firsicontact, i.e. withirrg 1 | after junction formation, are collected.
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Figure 3.16: Thermopoweﬂ vs conductancey 2D histograms for the three EMFs and the
pristine fullerene Go. (ad) "Yvs"O2D histograms built witthe data from the @b ramps shot
during the complete traces, from the noise level until close to the metallic contact. Each
column ceresponds to one molecule, as indicated on top. From left to rigaN@Go (EMF

1), SeEC@Go (EMF2), EEN@Go (EMF3) and Go. (e-h) “Yvs"O2D histograms of the contact
regime. Only the experimental data measured after junction formation, while the tip is in
contact with the fullerene, is gathered in these histogramb."vs"02D histograms built with
first-contact values, i.e. withing T | after junction formation. These data correspond to the
junction without compression. All theath in this figure come from the same molecular
junctions of Figure 3.15.

We can observe in these histograms, especially in those otfirghact values (Bure 3.164l)),
that EMF1 and EMRB junctions present slightly smaller conductance values than-Elt Go
systems, as already obtained in the pure conductance characterization summarized in Table 3.1.
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With respect to the thermopower, these two trinéte molecules (EME and EMB3) present

both positive and negative Seebeck coefficients mostly centred at zero. Thermopower of EMF
2 junctions, in contrast, despite also showing both signs and a considerable dispersion, seems to
be preferentially displaak toward negative values.s&junctions, in good agreement with
previously reported experiments [Evangeli2013], presents only negative

In order to quantify and better compare the different systems, we build 1D histograms as shown
in Figure 3.17. The the different regimes analysed in Figure 3.16 (that is, complete traces,
complete contact regime and firgiontact values) are also considered and plotted separately in
this figure. Finally, for the firstontact"Oand "Y1D histogramsthe mean conductanc&band
thermopower Yvalues and their corresponding standard deviatignsand, respectively, are
gathered in Table 3.2. For the molecular junctions presemdeigure 3.15, 3.16 and 3.17ew
find that the firstcontact"®is T8t VO in the case of EME singlemolecule junctionsti gO

for EMF2 andm@&@t TO for EMF3 junctions while the firstcontact mean Seebeck coefficients
are™Y ¢& p@i6F+ for EMFL,"Y p @& o p &6+ for EMF2 and"Y pg&

Xx&t 67+ for EMF3. Fa the pristine fullerene & we obtain'd 1@ pO and™Y p &

et 61+, in good agreement with previously reported measurements [Evangeli2013]. In the
case of EMR firstcontact thermopower (green curve in Figure 3.17(f)), two peaks appear in
the 1D hisogram, approximately centered at¢ y 61+ and1tf 61+.
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Figure 3.17: Conductanegand thermopower-|| 1D histograms(a,b)Oand YLD histograms
for complete traces (from tunnelling to molecud®mpression) measured for the three EMFs
investigated (EM# in orange, EMR in green and EMB in purple) and for & junctions (in
grey) for comparison. (c,dpand"Y1D histograms for th complete contact regime of each
molecular junction. (e,fl0and"Yat first-contact 1D histograms whose meaalues'®and ™Y
and standard deviations and, , can be found in Table 3.2. Data in this figure correspond
to the molecular junctions presented Figures 3.15 and 3.16.
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Table 3.2: Mean conductancg and thermopower| values at firstcontact for the EMFs
investigated and the fullerene 4, and correspnding standard deviations@, and Qj,
respectively.Statistical analysis has been performed with the data plotted in Figure 3.17(e,f).

"0 "0 , O Y67+ . 16T+
EMF1 (SeN@ Go) p 8 p 18 € PR
EMF2 (SeG@Go) | pm 8 p e P& P&
EMF3 (EEN@Go) prs p e P& X&
FullereneGso pm?t p 1 P® oD

As already observed in the previous section, the contact conductance ofLEMEBE EMP
junctions is in fact smaller than that ofs®y a factor of twethree, approximately, while EME
presents very similar conductance values t@o, CConsidering only the endohedral
metallofullerenes, EMB is the one showing the smallest conductance at first contact, although
is still quite large comgred to other organic molecular junctions.

Regarding the thermopower, conclusions from the mean value of Seebeck coefficient should be
extracted with care. EME junctions show a very small mean thermopower, but they can also
present very large values atdt-contact, up to 1 16X+ (as shown by the orange curve in
Figure 3.17(f)). In the case of Ef@functions, the two peaks in the histograms mean that it is
equally likely to connect a molecule with a small valuéYafose to zero or with a negative
thermopower with a value similar to that ofsdJsee green curve in Figure 3.17(f)). Finally,
according to the EMB histogram in Figure 3.17(f) (purple curve), thisb&ed molecule
typically shows a small Seebeck coefficient at first contact, with thé& pkghtly positive but

close to zero and with a dispersion of values notably smaller than thasx EMFs.

The bithermoelectric response characterized so far in these EMFs junctions, whose
thermopower can be positive or negativeithout requiring chemial modification and
depending just on the particular molecule connected, is clearly concluded from our
experimental observations and confirms our initial intuition that EMFs could offer a larger
variability in the transport properties investigated thanetimobust properties shown by the
pristine Go. This interesting behaviour is not observed in Ref. [Lee2015], the only other reported
study of thermoelectricity of endohedral metallofullerenes, to the best of our knowledge. In this
reference, Gd@fzand Ce@s.and the empty & were reported to present negative Seebeck
coefficients, enhanced in the endohedral fullerenes with respect to thefrGm Y

¢ & TW6F+t0"Y , o pgi6F+andTy , o Bt P8t 67+. Self
energy correatd firstprinciples transport calculations were performed and showed that
transport in these molecules is mainly through the LUMO localized inghea@e, without a
direct contribution from the lanthanide inner atoms which nevertheless produce changies in
electronic and geometrical structure enough to explain the enhancement in the thermopower.
Compared to our investigated EMFs, the main difference with the systems studied in Ref.
[Lee2015] is théotal number ofmetalatoms inside the fullerene cagehich in the case of Ref.
[Lee2015] is only one atom plateut of centre.

In the followirg, we aim at further investigatinghe peculiar conduct we observiem our
compoundswith complementary experiments presented in Sections 3.2.6 and 3.2.7. Tunnelling
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spectroscopy characteristics are first characterized to get an insight into the behaviour of the
current through the junctions when larger bias voltage values are applied, which give us some
hints about the transmission function of these systems. In Se@&i@7 we present our results
when performing compression cycles in EMBnd & junctions to explore the reproducibility

of changes in the thermopower values.

3.2.6 Tunnelling spectroscopy

Considering the coherent charge transport Landauer formalisradaoted in Chapter 1, the sign

of the Seebeck coefficient is a consequence, and hence a signature, of the slope of the
transmission function of the molecular junction at the Fermi level position. Within this
formalism, the peculiar Bhermoelectric behawiur observed in the EMF junctions investigated
suggests then different sign of the slope of the transmission function at the Fermi level from
molecule to molecule.

Tunnelling spectroscopy characteristics of EMF junctions are performed to explore thewariat

of the tunnelling current with positive and negative bias voltage. In a simple way, this
spectroscopy allows us to gain some insight into the sign of the slope of the transmission
function at the Fermi level, i.e. towards which energies, positive gatiee with respect to the
Fermi level, the current increases more rapidly [Wiesendanger1994].

The STMmaging technique results also very advantageous to perform these experiments since
it allows us to localize individual molecules on the surface. Orediphis precisely placed on

top of a single EMF, maintaining the tunnelling current, we perform tunnelling spectroscopy at
constant height blocking thé-piezo position and ramping the bias voltage to obtain the current
voltage (@w) characteristics ahe molecule. We typically ramp the  between p 6, since
higher values of the bias voltage may result in field emission effects in the apex of the Au tip,
due to working in ambient conditions.

It is important to notice that these larg€w curves are measured while the tip is not in contact
with the molecule and hence the junction coupling is asymmetric and transport is through
tunnelling (see inset in Figure 3.18). Molecules are strongly coupled to one of the electrodes
(the substrate) andveakly coupled to the other one (the tip). Thisinsfact what we use to
extract information about the slope of the transmission function at the Fermi level.

Tunnelling spectroscopy is also a useful tool to confirm that the tip is clean and we do not have
any fullerene on it (since, as mentioned, it is possible that an EMF is transferred into the tip
when a junction is formed)@w curves on top of a crystalline gold surface without fullerenes
help to determine whether the tip is free of molecules (ofestst, the part of the tip interacting

with the surface). Tunnellin@ocurves of Au electrodes are symmetric and follow the Simmons
model, while the presence of an EMF on one electrode or the other introduces an asymmetry in
the current increase witlpositive or negative bias voltage. Special care is taken to this respect
in our experiments becaus@w curves obtained with the same molecule placed on the substrate
or on the tip would present inversed asymmetry [Evangeli2014].

Figure 3.18 shows represtative examples of th@w characteristics of single EMHunctions.
Tunnelling spectroscopy on different isolated molecules reveals li@aurves at low voltages

(up to ¢ T o Tin6), showing that the HOM@QUMO gap of the junctions exceeds ih al
cases the voltage applied in this region and that the transmission varies softly around the Fermi
level, suggesting ofiesonant transporfJoachim1995b]
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Figure 3.18: Tunnelling spectroscopy of EMHunctions. "@v characteristics (a) and
differential conductance (b) in tunnelling regime on two differensN&@Go molecules,
presenting opposite rectifying behaviour. The differential conductance has been calculated
from a fit of the experimentalao curve.

For higher voltages (above; 1 Tto mi 6), AulEMF|tunnel|Au junctions show asymmetfi®

w characteristics, that is, rectifying behaviour. We find that some molecules exhibit higher
current for positive bias voltage (dark brown curves in Figure 3.18), similar to what is observed
in Go junctions, while others have higher current for negative voltage (light brown curves in
Figure 3.18). The rectifying behaviour shown by these curves reflects the aforementioned
asymmetry of the junction structure and it is mainly caused by the asymmetriciogugfl the
molecule to both electrodes. However, the polarity of the bias at which the current increases
faster is a consequence of a nearby resonance, placed on one side or the other of the Fermi
level, depending on the particular molecule measured, sdrimgt which is more directly shown

by the differential conductance presented in Figures 3.18(b). Moledejeendent rectifying
behaviour is also observed in the other two endohedral metallofullerenes investigated. In the
case of EMA and EMB, this variaion in the electronic behaviour of particular molecules has
been also reported in UHV experiments [Norenberg2008] and has been attributed to different
orientations of the molecules on the surface and hence, different charge transfer from the
substrate to he molecules.

More interestingly, we find a correlation between the asymmetry of tecurves and the sign

of the thermopower of a given EMF molecule, connected right after the tunnelling spectroscopy
characterization. We observe that molecules for evhthe current is higher at positive bias
voltage present negative thermopower at firspntact, while molecules for which the current is
higher at negative voltage show positive thermopower. This is consistent with the Landauer
formalism and with the depadence of thermoelectriproperties of molecular junctions on the
magnitude and derivative of the transmission at the Fermi level of the electrodes
[Paulsson2003], given by Eq. (1.44) and reproduced here for the sake of commodity:

“Q'yal b O

Y oQ Q0
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In this expressiorp O is the junction transmission function dependent on electron enédgy
Q is the Boltzmann constant aritfis the average temperature of the junction.

EMFs@n characteristics are then in good agreement with thehsrmoelectric behaviour of
these molecular junctions when they are contacted with both electrodes and, according to Ref.
[N6renberg2008], indicate that different orientations of the molecules tardetghich affects

the charge transfer from the substrate, may be the reason behind diffegigmt of theSeebeck
coefficient from molecule to molecule.

3.2.7 Compression cycles fors8l@ o and Gp junctions

Considering again the contact regime, thermopowater junction formation in individual traces
presents typically an unusual trend towards more negative values, as already introduced in
Section 3.2.5. The Seebeck coefficient becomes normally more negative as the molecule starts
being compressed by theip, behaviour which is observed for the three endohedral
metallofullerenes investigated.

In order to explore theeproducibility of this conduave perform an extended experiment, with

EMFM 2dzy Ol A2y a Ay LI NIAOdzZ | NE the sp/fdile maintayiidg 2y & 02
contact with a given molecule. For thismall amplitude ( T@1 [) fixsize ¢ m @oints)

compression (approaetetraction) cycles, without breaking contact with the EMF. In these

cycles, as the tip advances after the first contact and retracts without breaking it, a variable

pressure is exerted otine junction.

Simultaneous variationsf "Oand"Ymeasured as a function of tip displaceméfitduring three
consecutive cycles for three different molecules are shown in Figure 3.19. The powef@actor

is also calculated and plotted (see Chapte6iction 1.5 Compression of the modeiles with

the tip corresponds to an increase of tip displacement (towards negative values), as well as an
increase in conductance. These three molecules have been chosen as representative examples
of different behaviours ofY molecule 1 shows a large gitive thermopower at first contact (in

red); molecule 2 has initially a small positive thermopower (in blue); and molecule 3 has almost
zero thermopower right after contact formation (in green).

To get a further insight into the variations induced by tigecyclic compression, we pld® Y
and"0Y as a function of time, in arbitrary units, as presented in Figure 3-@0far the same
cycles of Figure 3.19. In this representation, the three different compression cycles performed
on each molecule arelearly identifiable.We observe that for all molecules both the
conductance and thermopower vary monotonically with pressure: the conductance increases
and the thermopower decreases, becoming more negative, as the tip presses the molecule. This
behaviour ¢ the conductance is to be expected, since pressing will result in an increased
coupling and consequently in a larger conductance. However, the behaviour of the
thermopower is most unusual: very large variations are observed and even a change in sign for
molecule 2. This extreme sensitivity of thermopower of molecular junctions to pressigre ha
never been reportedbefore, to the best of our knowledgand has a marked effect on the power
factor "OY as shown in Figure 3.20(c). For molecule 1, the powemirfadécreases with
compression, while for molecule 2, it increases reaching values of atodad+ . In contrast,

for molecule 3;0Y remains small during the whole cycle.
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Figure 3.19: Compression cycles on EMESeN@Go) junctions as afunction of tip
displacement.(a-i) Reproducible variations of the conductaric¥a-c), the thermopowerY
(d-f) and power factofOY (g-i) as a function of the tip displaceme¥i. For molecule 1 (red),
compressing the molecule results’Mvaryingfom ¢ 11 &+ to almostrtf @+; for molecule
2 (blue),"Yvaries from p 1f @+ to vt &+; and for molecule 3 (green)yvaries from
approximatelyrif @+to ¢ 1t @+. Each half cycle corresponds to less tha@ni 1.
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Figure 3.20: Effect afompression on SB@Gp singlemolecule junctions and comparison

with Cso junctions. (ac) Periodical variations of the conductan&® thermopower“Yand

power factor"OY, respectively, of EME junctions, as the STM tip advances and retracts
during three consecutive compression cycles. This is the same data as in Figure 3.19 and the
colours correspond to same three moleculesf)(Eeriodical variations of the conductan€g
thermopower“Yand power factofOY, respectively, of &junctions, as th&sTM tip advances

and retracts during three consecutive compression cycles. Each colour corresponds to a
different molecule. As in the case of Ellfunctions, each half cycle corresponds to less than
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The periodic naturef these curves indicateébat the junction, i.e. the molecule and the gold
electrodes, deforms elastically response to the pressuréarger amplitude ( T@®1 1) cycles
destroy this periodicity indicating the onset of plastic deformation (atomic rearrangements) in
the gold eleatodes [Agrait1995]. Taking into account previous results for gold corjRigksc
Bollinger2001] and the fact that fullerene moiges are much stiffer than go[@®uoff1991] we

can safely assume that most of the elastic deformation corresponds to thiades and that

the maximum pressure at the junction during our measurements is abou® JAgrait1995].

Thepeculiarity of this conduct of EMF junctions can be better understood when compared with
Gso. To do so, we perform the same experiments with thistpme fullerene, i.e. rounds of three
compression cycles over a given molecule maintaining the contact with the tip. The results
obtained for three different g junctions are presented in Figure 3.26§dWe find that the
Seebeck coefficient is in thisase always negative during the three consecutive cycles, as
expected. Interestingly, the relatively high conductance and thermopowegpta@ether with

the fact that the Seebeck coefficient is consistently negative and its value increases as the
moleaule is gently compressed, result in a power factor increase upon compression to values of
aroundp E7#+ . This means that it is in fact easier to reach high power factor values with C
based junctions than with EMFs equivalent systems. However, thebildyian the Seebeck
coefficient offered by Au|[EMF|Au junctions could never be accomplished with the pristine
fullerene.

3.3 Theoretical calculations of the transport properties ofsS@ Go and Go junctions

Theoretical calculations performed by tiyeoup of Prof. Colin J. Lambert fosS$@ Go (EMF1)

and Go junctions have greatly contributed to shed light on the origin of théhbrmoelectric
response of the endohedral metallofullerenes. A detailed description of the theoretical
calculations they erformed can be found in Ref. [Rinc@arcia2016]. We reproduce here the
main aspects and conclusions of these theoretical calculations.

To elucidate the origin of the dthermoelectric effect of SB@Go junctions and the behaviour
shown by the compressiocycles, they used density functional theory (DFT) to simulate the
contact and pressing of the molecule. Employing a combination of the quantum transport code
Gollum [Ferrer2014] and the DFT code SIESTA [Soler2002], both the conductance and
thermoelectricproperties of the molecule contacted between gold electrodes were calculated.

To calculate the electronic structure using the DFT code SIESTA, they obtained the optimum
geometry of the & cage and encapsulated s8Blc molecule by searching through atomic
configurations until the lowest energy was found. In each case the molecule was relaxed until
all the forces on the atoms were less thast B! 1.GIESTA employs psetatomic orbitals

and the relaxation was carried out using a doubdta plus polarizatin orbital basis set. Norm
conserving pseudopotentials were used and an energy cutaff uf2t U A Adefhéd the real

space grid. The exchange correlation functional was LDA. To calculate electron transport, the
molecule was attached to gold leads addeto the large contact area of thestage, a by @

atom layer ofAu(111)was taken to be the surface of the lead. The optimum binding location,
approximatelyc® v, was found by calculating the binding energy as a function of the separation
distanced taking into account basis set error corrections. The extended molecule inciuded
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layers ofAu(111l)and the Hamiltonian describing this structure was produced using SIESTA. The
transmission coefficieri ‘O and thermopowei™Yvere then calculated using ¢hGollum code.

Three major inputs enter into the simulations to reproduce the compression cycles experiments.
The first is the position of the molecule with respect to the electrogeBhe effect of pressure

on the transport properties was explored by varyinground the equilibrium distance,® v.

The orientation of the whole molecule was kept fixed wiilés varied. A second input to the
simulations is the orientation of the molecule with respect to the gold surface. The electronic
structure of the isolated molecule shows a LUMO resonance located primarily on 4He Sc
molecule and therefore transport prapties are expected to depend on the orientation of the
ScN, locked in position within the fullerene cage, with respect to the gold surfacert vas
defined to be the orientation when the plane of thesSaenolecule is normal to the gold surface,
such trat at— w Ttthe SeN is parallel to the surface. To explore a range of orientations, they
rotated throughp @ mal intervals oo Jand at each angle compute the zero bias transmission
coefficientd O . A third important input to the simulations is thenergetic location of the
molecular energy levels relative to the Fermi energy of the electrodes, ‘€)aoe "Yare related

to the value of the transmission and its derivative at the Fermi level. Since therB#icted
value'O is not reliable, to fid the true Fermi level, they computed the transmission as a
function of the energy for different orientations and pressures and a single Fermi energy was
identified that reproduced the experimentally observed behaviour, & either positive or
negaive and it always decreases shifting to more negative values as the molecule is pressed, in
some cases passing through zero. They found thatrteFermi level is located between the
LUMO resonance and the LUMO of the fullerene cage and takes a@alu&®© T8 A 6

With this choice 0D , Figure 3.21(®&) show'Q"Yand"OY as a function o, for three different
orientations of the endohedral molecule{ p v Tindred,— v X i3 blueand— @ oid
green), which match the experimental belawr of molecules 1, 2 and 3 in Figure 3.20(a
These results illustrate that the diverse experimental behaviours can be attributed to different
orientations of the endohedral metallofullerene and reflect the shift towards negative values of
the thermopower with pressure. The origin of this effect lies in the extreme sensitivity to
pressure and orientation of the transmission functionO), due to the presence of the
resonance close to the Femi level (see Figure 3:DL(dFor all the orientations, athe tip
advances, the resonance becomes broadened and shifts to lower energies, as a consequence of
changes in the imaginary and real parts, respectively, of theeselfgy [Lambert2015], that is,

in the coupling of the molecule to the electrodes. Thisules in an increase of the value of the
conductance while the value of the thermopower becomes more negative as the molecule is
pressed. For certain orientations, the junction shows a small positive thermopower and pressing
the molecule produces divthat varies from positive to negative values Figure 3.21(e), in good
agreement with experimental results. The calculations reveal the essential role played by the
coupling of the molecule to the electrodes in the observed changes in the thermopower, while
the deformation of the molecule plays only a minor role, in contrast with the mechanism
proposed in Ref. [Vacek2015], which relied in intramolecular deformation.

To further illustrate formation of the LUMO resonance due to theNSthe same theoretical
calcdations were performed for &gjunctions, showing that in this case the Fermi level is always
located in the smooth, increasing slope of the LUMO peak (Figure 3.21(g)). Figure)3shag

the transmission functions of $¢@Go and Go junctions, respectively, clearly showing that the
main difference between these two systems is the LUMO resonance in the case of the
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endohedral metallofullerene. With respect to the compression cycles g jubictions,
theoretical calculations were alsa@gormed similarly to those of the 8¢@ G molecule and
the obtained’Q "Yand"OY as a function ofx are plotted in black in Figure 3.21¢xand match
the behaviour observed in the experimental measurements (Figure-20(d
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Figure 3.21: Theoreta calculations for SIN@ Go molecular junctions and comparison with
Gsojunctions. (a-c) CalculatedQ "Yand"OY, respectively, for three different orientatiorsof

EMF1 as the tipmolecule separatioi decreases frong& v to ¢® v, which corresponds to
increasing pressure in the first half of experimental cycles. The orientations have been chosen
such as to present similar amplitude variations as the experimental curves. Calc@atéd

and "0OY are shown for & junctions (in lack). (df) Transmission curves ‘O of EMF1
junctions for the same three different molecular orientatiors- ( p v 1InJred — v X id
blueand— ¢ cid green respectively) and for differerit. The Fermi level is shifted from

the position given bYDFT and the black dotted line indicates thee Fermi level as explained

in the text. (g) Transmission curvesO of Gy junctions for differentd. The Fermi level is
shifted from the position given by DFT and the black dotted line indicates thé&é&wumi level

as explained in the text. In this ca¥a, O ® @ A 6chosen such as to present similar
amplitude variations as the experimental curvesi)(firansmission curves O for Go and
SeN@Gpo junctions, respectively, showing the cdlted HOMGLUMO gap. Letters H and L
indicate the HOMO and LUMO peaks of the fullerene cages. The main difference between
both systems is the resonance present in the case of the endohedral metallofullerene. After
figures from Ref. [RincéGarcia2016].

3.4 Conductancey and thermopowerq| measurements in EMimer junctions using
the STMImaging technique

As it has been already mentioned, it was common to find that, after an indentation of the tip to
connect a single EMF, the fullerene had moved fromstinéace to the tip, resulting sometimes
in a very interesting fullerentp if the EMF is well placed on the apex of the Au tip or close to

it.

These EMiip sallow us, for example, to obtain an improved resolution in the surface scanning
tip [Schull2009Nishino2005; Repp2005]. The STilwhging technique results indeed very useful
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to discern when a molecule has been transferred to the tip and it serves to monitor to some

extent the cleanliness of the tip. It is typically possible to detect the transfen &MF to the

GALI 0SOldzaS 2F | OKIFy3aS Ay (GKS NBaztdziazy 2F (K
on the apex (forming a gtip), improved resolution of the surface features and smaller

diameters for the EMFs are observed, as can be seEmgure 3.22. On the contrary, if the EMF

is laterally placed on the tip, some small spherical features on the side of the scanned EMFs are

typically found, being simply a consequence of the lateral interaction between the EMFs on the

substrate and on théip. This is for instance the case in the STM image shown in Figure 3.22(e),
GKSNB | avYlfts NRdzyR aY2fSOdzZ S¢ A& 20aSNUSR ySi

(a) (b)

size: 8.8x8.8 nm? size: 4.4x4.4 nm?

size: 17.5x17.5 nm? size: 17.5x17.5 nm? size: 65.7x65.7 nm?

Figure 3.22: SThiages with a EMFtip. (a-c) EMF1 molecules (SBl@Go) on a gold surface

imaged with @ EMF1 molecule on the Au tip. {§§f EMF2 molecules (S&@Go) on a gold

surface imaged with m EMF2 molecule attached to the Au tip. {g EMF3 molecules

(EEN@Go) on a gold surface imaged witin @MF3 molecule on the Au tip. All of them are

the result of having an EMF in the tip apex, except (e) that clearly reflects an EMF molecule
friSNIffe LIXIOSR 2y (KS GAL LYF3ISEa KI @S 6SSy i
No thermal drift or piea creep corrections have been applied to these images.

These EMHEps, besids an improved resolutionn the surface scanning, allows also to form

dimer junctions, that is, connect two fullerenes in series between the electrodes. If the EMF on
the tip isstable enough, it is sometimes possible to scan the surface to find a second EMF on the
surface, placehe fullerenetip on top of itand connect both molecules at the same time, as it
was also previously done in our group for the pristine fullerene [§&#2013].
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Conductance™© and thermopower Y characterization of EMF dimer junctions has been
performed. Individual examples of approach trace¥0ahd“Yshowing dimer formation features

are presented in Figure 3.23. The main signature of dimer formasoa shoulder in the
conductance signal, highlighted in yellow in the figure. The conductance starts increasing as the
tip with the EMF on it approaches the EMF molecule on the substrateafied @ 1 U |

of tip displacementone or several drops ithe conductance are typally observedefore it

starts increasing again. This behaviour in the conductance traces, previously reported for C
dimers [Evangeli2013], indicates the fornmwat of a Au|EMF|EMF|Au junctionwhile the
characteristic shoulder is observed, at a conductance v&ug 1 "O. The subsequent drop(s)

in conductance are possibly due to atomic rearrangements caused by the increasing pressure
and to finally squeezing out of the junction one of theIFEEmolecules. Conductance keeps
increasing with further tip displacement toward the surface and a singléecule junction is
sometimes observed in the signal.
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Figure 3.23: Conductancg and thermopower| individual measurements in EMF dimer
junctions. (a-b) EMFL (SeNGyg) dimer junctions showing the characteristic shoulder in the
approach™Otrace and both positive and negative Seebeck coefficients during the dimer
formation. (ed) EMF2 (SeG@ Go) dimer junctions showing the characteristic shoulder in the
approach™Otrace and positive Seebeck coefficients during the dimer formatiof). EMF3
(EBNGo) dimer junctions showing the characteristic shoulder in the appro@ttace and
positive themopower during the dimer formation.

Thermopower values of the dimer junctions are measured with the same procedure introduced
for the monomers (singlenolecule junctions), stopping the tip movement every few steps and
shooting small@b ramps in the preence of a temperature differenc¥ Ybetween tip and

95



sample. Diverse thermoelectric responses are observed for the EMF dimer junctions, which yield
both positive and negative Seebeck coefficients as the monomer counterparts.

To better account for junctioto-junction variability, several approagbtraction curves are
acquired for each of the EMF dimers. 2D histograms of thermopdviusrconductanceOare
plotted in Figure 3.24n Figure 3.24(@&) 2D histograms built with the complete approach traces,
from tunnelling to almost metallic contact formation, are shown, although only the low
conductance values correspond thmer junctions. In order to analyse the dimer behaviour,
data obtainedfrom the "@oramps shot during té characteristic shoulder inaeh individualO
curve are selected and 2D histograms of Figure 3:-B4éde built. They are the result of
thermopower and conductance simultaneous measurements while forming and squeezing
dimer junctions andhey collect data fromabovethe instrumentalnoise to the drop in the
conductance when the dimer junction breaks. We observe that these histograms present
peculiar shapes and a distribution of values less uniform than in the case of the monomers
(Figure 3.16).

EMEF-2 EME-3

'S (WV/K)
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20

S (WV/K)
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£y,

-40} (d) T (f)

4 -3 2 A1 0 =4 3 =2 =1 0 =4 <3 2 = 0

log(G/Go) log(G/Go) log(G/Gy)

Figure 3.24: Thermopoweﬂ vs conductancey 2D histograms for EMF dimeréa-c) "Yvs"O

2D histograms built with the complete traces, from the noise level until close to the metallic
contact. Each column corresponds to one molecule, as indicated on top. The number of dimer
junctions used for each histogram is, from left to right: SSN@Go (EMF1) dimer junctions,

48 SeG@Go (EMF2) dimer junctionsand 52 EIN@Go (EMF3) dimer junctions. (d) “Yvs™O

2D histograms of the dimer formation, from the noise level to the drop in conductance, is
gathered in these histograms.

This can be further analysed in the corresponding conductance and thermopower 1D
histograms, presented in Figure 3.25. Dimer formatgodifficult to identify in the conductance
histogram of the whole approach traces (Figure 3.25(a)) and the histogram built just with the
data for the shoulder (Figure 3.25(c)) gives a better idea of the dimers behawibieh also
applies to the thermopwer histograms (Figure 3.25(b,d)). Mean conductaf®oe and
thermopower™Y  values obtained from the data of the shoulder (i.e. dimer formation) are
gathered in Table 3.3, as well as the standard deviatipng, and, j , respecively.
Conductance of the EMF dimers is found to be around one and a half orders of magnitude
smaller than the conductance of singlelecule junctions (see Table 3.2). We obt&@n
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8t 1 pQ for EMF1, 'O gt 1 p@ for EMF2 and™O m3ut p '© for EMF3 dimer
junctions respectively, all of them slightly smaller than the previously reported value for the
conductance of & dimers, O 18t T p @ [Evangeli2013]Additionally, he double peak
that appears in the EME histogram resuftquite peculiar for condctance measurements

(a) EMF-1 | (b)
EMF-2
= EMF-3
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log(G/G,) S (W /K)

Figure 3.25: Conductancg and thermopower-|| 1D histograms for EMF dimerga,b)
ConductancéOand thermopower'Y1D histograms for complete traces measured for dimer
junctions formed with the three EMFs investigated: EMR orange, EME in green and EMF
3 in purple. (c,d)Oand "Y1D histograms for the complete dimeharacteristic shoulder of
each molecular juction. Meanvalues’O and”Y , and standard deviations ; and
- i can be found in Table 3.3. The data plotted in this figure correspond to the molecular
junctions shown irFigure 3.24.

Table 3.3: Mean conductance and thermopower 4 values for EMFRlimers, and
corresponding standard deviationg], andQy, respectivelyThis statistical analysis has been
performed with the data plotted in Figure 3.25(c,d).

o 0 RO Y {6F+ | .h 16T+
EMF:; i(rigl:ls@@o) o8 p T8 117 g
EMdei(rii?s@Céo) o8 p T8 k) ¢ &

Regarding the thermopower, histograms shown in Figure 3.25(d) are more or less centred on
zero but they are not symmetric for positive and negative values. This asymmetry of the
histograms is possibly an indication of some kind of interaction between tileaules forming

the dimers. Considering the transmission functions shown in Figure R(dEMF1 single
molecule junctions and assuming that a similar mechanism (a LUMO resonance) originates the
bi-thermoelectric response of the other endohedral rakdfullerenes investigated, a simple
picture for the thermopower of dimer junctions would be to consider the addition of the
thermopower of each individual molecule participating in the junction, based on Landauer
formalism introduced in Chapter 1. EMFand EMR3 singlemolecule junctions at firstontact
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show positive and negative Seebeck coefficients mainly centred on zero, with different
dispersion of values for each of them, while ERIEhows values centred on zero but also around

¢ Y 67+. It can beexpected, thus, that the addition of the thermopower of two EMFs in series
results also in a histogram centred at zero and with twice the dispersion of the-siudgeule
histograms. Comparison of the values shown in Table 3.2 and 3.3 evidences thattltleis
situation for EMR3 junctions, the Ebased metallofullerene. Interestingly, the mean
thermopower of EMB dimers is approximately double than the mean thermopower of single
molecule junctions, while the dispersion also increases by a fagtomhe histograms of the
other two molecules show a slightly larger dispersion in the case of dimer junctions but not a
clear relation between the meadiwalues of dimers and monomers are observed. The tendency,
though, does change and EMFand EMR dime junctions show a larger probability of having
a positive thermopower than the monomers.

From these observations we deduce that there is possibly interaction between the EMFs
molecules forming the dimers and that some configurations are more favouraatedthers.

In particular, dimer junctions exhibit a certain tendency to present positive thermopower values,
in marked contrast with & dimer junctions previously reported to have a mean thermopower
Y 0 q 67+ [Evangeli2013].

3.5 Conclusions

In this chapter we have presented our experimental investigation of the conductance and
thermopower of endohedral metallofullerenes (EMFs) singled doublemolecule junctions,
namely,SeN@ Go, S6G@Go and EsN@Go. The last one was synthesized and the hEMFs
were purified by the group of Prof. Kyriakos Porfyrakis, in Oxford University (United Kingdom).

The STMmaging technique has been exploited to investigate the transport properties of these
molecules connected with Au electrodes, in ambient condgiand at room temperature. STM
images of individual EMFs on the surface have been used to confirm formation of single
molecule junctions whose conductance and thermopower have been simultaneously acquired,
thus offering information about the evolution dfie junction. For the three EMF investigated,
first-contact conductance is found to be slightly smaller than that of the pristisieu€still quite

high for organic molecular junctions. Regarding thermoelectricity, all the compounds present
positive ornegative Seebeck coefficient depending on the particular molecule connected and
without modifying the chemical composition, an effect that we have named bi
thermoelectricity.

Interestingly, tunnelling spectroscopy performed on different isolated moledudes shown a
correlation between the asymmetry of thi@ocurves and the sign of the thermopower obtained
when contacting the molecule, further indicating a change in the slope of the transmission
function from molecule to molecule.

Tunability of the sig of the thermopower by mechanical compression of the junctions have
been demonstrated by performing consecutive compression cycles with the tip without
breaking contact with the molecules.

Finally, DFT theoretical calculations performed by the group of. Rolin J. Lambert for
SeN@Go junctions have demonstrated that Hthermoelectricity is produced by the presence
of a LUMO resonance close to the Fermi level of the electrodes. This resonance is associated to
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the presence of the metallic cluster insitlee fullerene cage and its exact energy and shape are
molecular orientation and compressioiependent, in good agreement with the tunnelling
spectroscopy and the compression cycles observations.

Additionally, dimer EMF junctions (two molecules connecteddries) have shown similar-bi
thermoelectricity with a shift towards positive thermopower and an even larger dispersion of

values, especially for @ Go junctions, possibly due to the combined effect of the individual
molecules.
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3. Bithermoelectricity in endohedrametallofullerene (EMF) junctions
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4. Conductance and thermopower measurements with the SByvkak
Junctiontechnique: fluorenes, oligoyneand porphyrins

Singlemolecule junctions are a kesystem to address and answer many open questions about
charge transport at the nanoscale [Malen2010]. One of their major strengths is the possibility to
advantageously tune their transport characteristics by means of an appropriate chemical design
of the nolecules. Combined experimental and theoretical studies have demonstrated that both
the conductance and thermopower of singtelecule junctions are dependent upon chemical
composition and the position of the molecular energy levels with respect to thmiHevel of

the metal electrodes [Baheti2008].

In a singlemolecule junction (see Figure 2.10), several structural elements or factors can be
modified to influence on the transport properties in a more or less controlled way. Examples of
reported strategis include varying the chemical composition playing with substituents in the
core [Baheti2008] or with conjugatagnon-conjugated bridging units [Chang 2014], modifying
chemical connections in the backbone (parameta) [Maio2018], varying the anchoraups

within a family of molecules [Chang2014; Malen2009a; Tan2011l; Balachandran2012,
Widawsky2013; Baheti2008], tuning the position of intramolecular energy levels relative to the
work function of metallic electrodes [Yee2011; Lee2014; Guo2013], vahgngdlecular length
[Malen2009a; Tan2011; Widawsky2013; Chang2014], tuning the interaction between two
neighbouring molecules [Evangeli2013], or controlling the transport properties with an
electrostatic gate [Kim2014a] or electrochemically [GagiarezR14]. Examples of organic
molecules used in these investigations include fullerenes [Yee2011; Lee2014; Evangeli2013;
RincénGarcia2016a], benzenedithiol [Yee2011; Lee2014; Reddy2007], oligothiophenes with
thiolate endgroups [Chang2014] and molecules wimine or pyridyl anchors, namely 1,4
diaminobenzene and - SEGSYRSR |yl 2345 YR nZnQoALlNARAYS
molecule experiments yielded roctemperature values ofYranging in magnitude from about

ptouv 1 d+.

Within this generabackground, we present in this chapter our investigation about the electric
and thermoelectric properties of three different groups of molecules: fluorbased
compounds, oligoyne wires and -porphyrin oligomers. In these experimental studies,
Au|singlemolecule|Au junctions are formed with each compound and their conductance and
thermopower are simultaneously measured in ambient conditions and at room temperature
using the secalled STMBreak Junctio(STMBJ) technique introduced in Chapter 2 of this
manuscript (Section 2.4.3).

Our already published study about a group of five fluorene derivatives, where transport
properties tunability is partially achieved by chemical substitution of the-gidep on a fix
backboneis gathered in Section 4 Yzambar2018]. Next, we focus our attention on the length
dependence of thermopower of singtaolecule junctions and present the experimental results
obtained when investigating a family of four oligoyne systems (Section 4.2) and a series of three
oligo-porphyrins(Section 4.3). We analyse in these two sections the influence on the charge
transport of the molecular length, varied by increasing the number of constituent elements of
the backbone (singhriple carbon bonds or porphyrin units, respectively). Finaibnclusions

about the results obtained for the three series of molecules investigated are gathered in Section
4.4.
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4.1 Fluorene derivatives

To study the influence on transport properties of different sgiteups on the same backbone,
one of the families ofmolecules investigated during this Thesis is a series of five 2,7
dipyridylfluorene derivatives with different substituents at the C(9) position [Yzambart2018].

The molecules, whose chemical structures are shown in Figure 4.1, have been synthesized by
the group of Prof. Martin R. Bryce at Durham University (United Kingdom). The fluorene (FI)
based molecules have terminal pyridyl anchor units at both ends to favour tgmdth the Au
electrodes atomand they differ only in the substituents at C(9), nani, 2Me, 20Me, 2GF

and O (named M, FHIMe, FIOMe, FICE and HO, respectively).

R=H FI-H FI-O
R =Me FI-Me
R=0Me FI-OMe

Figure 4.1: Chemical structure of the five fluorene {B§sed molecules explored’he series
consists of 2, dipyridylfluorene derivatives with different substiéats (2H, 2Me, 20Me, 2€F
and O) at the C(9) position. Molecules are nantdti, HMe, FIOMe, HCE and HO,
respectively All the fluorene derivatives bind to the Au electrodes through pyridine anchor
groups at both ends.

Fluorene is a polycyclic aromatic hydrocarbon formed by two phenyl rings linked by an extra
carbon atom in position 9 (H in Figure 4.1)Thisplanarized biphenyl molecule has proved to
perform well as moleculawire [AtienzaCastellanos2007] and has lreehosen as the backbone

of this family for three reasons:

(i) itis a wellestablished system whose conductance has been extensively studied in recent
years with brealunction techniques [Hiss2008; Vonlanthen2009; Klam2014;
Gantenbein2017] although its thermoelectric performance has not, to our knowledge,
been investigated so far;

(i) based on chemical substitution, it is possible to attempt a systematic variation of the
substituents at C(9) position to attach electrdonating (Me or OMe) or electren
withdrawing (CFj sidegroups;

(ii) the C(9) carbon isp® hybridized in most of the molecules under study (except4@)rkso
the pendant substituents are not directly conjugated to theystem of the backbone.
This allows uto investigate the effects of neoonjugated sided NB dzLJa 2y GKS 2dzy C
thermoelectric properties. In the case of the fluorenonelflthe pendant oxygen atom
is conjugated to the backbone through theg?-hybridized C(9) carbon, making this
compound, i principle, electronically different to the other four.

Samples are prepared by dr@asting the compounds onto gold substrates. As in Chapter 3, we
usec -t i-thick Au films on glass substrates (Arrandeé&ermany), that are flame annealed

to form apolycrystalline Au(111) surface (see more details in Section 3/3t&) cooling down

and retrieving room temperature, the Au substrates are immersecpima - dichloromethane

106



(DCM) solution( w @ b, SigmaAldrich) of the corresponding molecule far Tminutes in
darkness and are finally blown dry under nitrogen to prevent that excess material deposits on
the surface during solvent evaporation. Samples are afterwards transferred to the STM chamber
and the whole setup is allowed to stabilize for at lepsbminutes in order to equilibrate
thermally and mechanically. Freshly mechanically cut Au wige f | diameter, w @ w P
purity, Goodfellow) is used as tips.

4.1.1 Conductanceg characterization

ConductancéCcharacterization of the Flased compoundsiaccomplished using the -salled
STMBreak Junction technique introduced in detail in Chapter 2 (Section 2.4.3), in which
molecules are connected between the electrodes after theAumetallic contact is broken.

For all the experiments with fluoreAgased molecules, a bias voltage pTTIC TING
applied to the substrate is employed, as well ag g mresistor connected in series to the
sample in order to extend the total range of conductance monitored. We use a detdye
currentto-voltage amfifier with a total gain of¢® p 1 64, which allows for an
experimental total range of conductancéO( @Fw ) from p T80 up to p 'O,
expanding seven orders of magnitud® ¢Qj Qis the quantum of conductanc®is the
St SO NER y Q%s PewdandahSant: y R

Au|singlemolecule|Au junctions are randomly formed when doing approaetnaction cycles

with the tip, reaching each time the metallic contact, identified by conductance values larger
than "O (the "Ovalue of one Au atom contact). After indenting the substrate with the STM tip
and breaking the A¥\u contact, a molecule may be connected between both electrodes, as
detailed in Section 2.4.3. The low concentration of molecules deposited facilitatesrti@dpi

of a single molecule to the gold electrodes as the tip retracts from the surface, although this also
implies that it is possible to find areas without molecules where junction formation is not
observed. This is for instance the case for the condwei&Bvstip displacementyd retraction

curve shown in Figure 4.2(a). Metallic contact breaking is clearly identifiable in this curve by a
sudden jump down in the conductance of several orders of magnitude. Since no molecule is
present in the junction, ta signal recovers the tunnelling regime while the tip is still retracting
(linear dependence wittadwhen plotted in semilogarithmic scale) until the noise level is finally
reached at the end of the approaghtraction cycle.

Examples of individuaDvs Y& curves measured during tip retraction and showing junction
formation are presented in Figure 4.2{)p one for each compound investigated. When a
molecule binds between the electrodes, the signal in"desYdtraces abruptly drops from the

one Au atom contact@ “O) to a conductance value several orders of magnitude smaller and
then stabilizes giving rise to a conductance plateau, i.e. as the tip separates further from the
surface the conductance remainsreost constant, instead of decreasing exponentially as occurs
with AwAu tunnelling junctions (Figure 4.2(a)). The observation of such plateaus in the
retraction curves is commonly considered as a signature of the formation of a molecular junction
[Xu2003;Venkataraman2006a; Gonzalez2006]. It also finally breaks as the tip keeps retracting
and the conductance drops to the noise level typically with a sudden jump or with direct
tunnelling current between the electrodes. Typical length of the observed platganerally
matches the expected molecular length, suggesting singiecule junction formation.
Experiments shovgood junction formation probability, between 1 Fand Y 1 Hor all the
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molecules, as shown in Table 4ltLis important to notice that, in edcof these approach
retraction cycles, the gold tip is crashed into the gold surface ensuring tip cleanliness and some
local reorganization of the atoms at the apex.

log(G/Go)

NS NS BN CRRY R

0

Az (nm)

Figure 4.2: Individual conductancg vstip displacementY » retraction curves.Exampleof
retraction conductance traces for a A tunnelling junction as the one depicted on the left
(a) and the five Hbased compounds investigated-{b The relevant features identifiable
during tip retraction have been marked in (Bne Au atom contac(O "O) (I); metallic
contact breaking (Il); conductance plateau signalling molecular junction formation (1), and

molecular junction breakingV)."O

¢'Q T'Qs the conductance quantun®f a

GKS St SOGNRYQ

charge andQis Planci@ constant)Ya of the different traces has been displaced for the sake
of clarity. The red arrow indicates the direction of increasiigand subsequeniOdecrease.

Table 4.1: Percentage of retractiof vsY» curves showing a plateau values.

Molecule Ratio
FHH TYP
FiMe vt b
FLOMe X XP
FICR XpPbk
FLO vu b

ConductanceOvs tip displacementYa 2D histograms for each of the fluorene derivatives
studied are plotted in Figures 4.3é. These histograms are formed with hundreds of retract
traces recorded in several experimental runs for each molecule. In order to plot them together
and directly conpare all the individuaDvsYa curves, the relative tip displacement of each trace

is shifted to place the conductance vali@ 1% "O at the zero displacement positioiYd

nti 1). All the aforementioned features present in an individual retractianve are perfectly
identifiable in these histograms, which also indicates a most probable plateau length of around
p8rp® 1 | for all the molecules. The equivaleivs Y& 2D histogram of AWu tunnelling
junctions is also shown in Figure 4.3(f), whiere evident the characteristic exponential distance
dependence of conductance.
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Figure 4.3: Conductancgvstip displacementY » 2D histograms(a-e) "OvsYa 2D histograms
for each of the fluorene derivatives explored. Histograms are formed with-F4jhctions
(a), 350 FMe junctions (b), 526 ¥DMe junctions (c), 548 R junctions (d)and 374 FD
junctions (e). (ffOvs Y& 2D histogram of 96 AAu tunnelling junctions where no molecule is
connected between the electrodes. In all the cases, the zero displaceént tti 1) is
chosen to be the position wher® 1@ "O. The colour scale accounts for the number of
points ineach histogram.

The most probable value of the conductance of each compddhsl found from the"O1D
histograms built from all the conductance values measured and collected in Figure 4.3. The 1D
histograms for the five molecules investigated are presdnteFigure 4.4. In the histograms, a
peak atO "O can be identified corresponding to the Aw contact. The values on the left side

of the histograms correspond to the noise level of the system, belaw®"O. An extra peak is
observed that is not prgent when measuring only AAu contacts (in yellow in Figure 4.4(f)) and
that corresponds to the molecular junction formation. It comes from the plateaus ifQyeYd

2D histograms of Figure 4.3 which generates a junatimracteristic peak in théO 1D
histograms. Using a Gaussian fit for each compound pééke expected most probable value)

and , , the standard deviation, can be obtained. The Gaussian fits are plotted in the
corresponding histogram in a lighter color and the values obtaineah fhe fits are shown in

the corresponding figure and summarized in Table 4.2 to facilitate comparison. We measure a
very similar@value for all the molecules, possibly as a consequence of the similar transport
pathways in each of them, which are predomuntly located on thé -conjugated backbone. The
values we obtain are similar to those previously reported using different BJ techniques for other
fluorene derivatives (with thiol anchor groups) [Haiss2008; Vonlanthen2009].

109

























































































































































































































































