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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 electronic devices [Aviram1974; Bergfield2013; 

Aradhya2013; Xiang2016]. This technology has been originally proposed as a potential key to 

solve the unbeatable limit in the miniaturization of the devices down to the atomic scale. In 

particular, single-molecule thermoelectricity holds the promise to pave the way for the 

development of more efficient organic-based thermoelectric devices [Malen2010]. The reduced 

dimensionality, the discreteness of molecular energy levels and the possibility to tune their 

properties via chemical synthesis, electrostatic gates, or pressure, among others, have potential 

applications in waste heat recovery or on-chip cooling. Thermoelectric devices based on organic 

molecules would also be more cost-effective, environmentally friendly, lighter and more flexible 

than currently available inorganic thermoelectric devices, which are typically brittle and toxic 

[Zhang2014]. 

More importantly, besides the potential technological applications, single molecules connected 

between two metallic electrodes, the so-called single-molecule junctions, are of great 

fundamental interest and have proved to be exceptional platforms to test quantum transport 

theories [Cuevas2010]. Measurements of thermopower in molecular junctions, i.e. the charge 

response to a temperature difference applied between the electrodes, offer complementary 

information to traditionally performed conductance measurements and are becoming essential 

for the understanding of transport processes at the nanoscale and at the organic-inorganic 

interface [Rincón-García2016]. Major advances have been achieved during the last ten years 

thanks to the development of adequate experimental techniques to measure thermopower at 

the single-molecule level [Reddy2007; Widawsky2012; Evangeli2013] and a close collaboration 

between chemical design, theoretical calculations and experimental measurements towards 

new strategies for its enhancement. 

Complementary, a good understanding about heat transfer at the nanoscale results also 

essential to bring these ideas to fruition and to shed light on the limits of classical theories 

[Dubi2011; Cui2017a]. This is particularly challenging from the experimental point of view 

mainly due to the non-equilibrium effects targeted, the scale of the thermal currents to be 

measured and the intrinsic nature of heat flow, fundamentally different to charge transport. The 

first thermal conductance measurements in atomic contacts [Cui2017b; Mosso2017] and single-

molecule junctions [Cui2019; Mosso2019] have been recently reported, although result for the 

moment restrictive in the experimental conditions (ultra-high vacuum) and require 

microfabrication of devices. 

This PhD Thesis aims at the experimental characterization of charge and heat transport 

properties of single-molecule junctions and atomic contacts to get an insight into their 

fundamental mechanisms and test strategies for thermopower enhancement. The main general 

aspects of our current theoretical knowledge about transport at the nanoscale and concepts 

such as thermoelectricity or heat transfer, are discussed first in this manuscript, in Chapter 1, 

where their particular application to molecular junctions is also introduced. 

To achieve the goal of this Thesis of investigating the thermoelectric response of single-molecule 

junctions, the main experimental technique employed has been a home-built scanning 
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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 measurements of conductance 

and thermopower of single-molecule 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 results obtained for the thermoelectricity of endohedral 

metallofullerenes formed by planar metallic clusters inside a C80 fullerene cage. Namely, 

Sc3N@C80, Sc3C2@C80 and Er3N@C80 molecules connected between gold electrodes have been 

investigated and are demonstrated to show a bi-thermoelectric behaviour, giving positive or 

negative thermopower depending on the molecule orientation, without chemical modification. 

The possibility to tune the value and sign of the thermopower by compression of the molecular 

junctions is also explored, as well as the thermoelectric response of dimer junctions, i.e. two 

endohedral metallofullerenes connected in series. 

Different strategies for thermopower enhancement have been also addressed using the STM-

Break Junction technique and 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 substitution 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 suitability of molecular 

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 junctions, such 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 

simultaneous thermal and electrical conductance measurements. The technique has been 

tested with Au-Au atomic contacts, employing ac lock-in detection combined with a numerical 

theoretical model, and enough thermal resolution of the hot wire sensors even in ambient 

conditions is demonstrated. The possibility to scan the metallic surface with the hot wire via 

tunnelling current is also explored. 
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Resumen 

La electrónica molecular es un campo de investigación muy activo cuyo objetivo último es el uso 

de moléculas individuales como bloques funcionales de dispositivos electrónicos [Aviram1974; 

Bergfield2013; Aradhya2013; Xiang2016]. Esta tecnología fue originalmente propuesta como 

una solución potencial al límite invencible en la miniaturización de dispositivos cuando se 

alcanza la escala atómica. En particular, termoelectricidad basada en moléculas individuales 

resulta muy prometedora para abrir el camino al desarrollo de dispositivos termoeléctricos 

orgánicos más eficientes [Malen2010]. Su reducido tamaño, los niveles de energía moleculares 

discretos y la posibilidad de variar sus propiedades mediante síntesis química, puertas 

electrostáticas o presión, entre otros, tienen aplicaciones potenciales en la recuperación 

energética de pérdidas de calor o en refrigeración local de circuitos integrados. Dispositivos 

termoeléctricos basados en moléculas orgánicas resultarían también más económicos, 

respetuosos con el medio ambiente, ligeros y flexibles que los dispositivos termoeléctricos 

inorgánicos actualmente disponibles, los cuales son típicamente frágiles y tóxicos [Zhang2014]. 

Más importante aún que las potenciales aplicaciones, moléculas individuales conectadas entre 

dos electrodos metálicos, las denominadas uniones moleculares individuales, resultan de gran 

interés fundamental y han demostrado ser plataformas excepcionales para poner a prueba 

teorías de transporte cuántico [Cuevas2010]. Medidas de coeficiente termoeléctrico en uniones 

moleculares, es decir, de la respuesta de las cargas a la aplicación de una diferencia de 

temperatura entre los electrodos, ofrecen información complementaria a las medidas de 

conductancia realizadas tradicionalmente y están convirtiéndose en esenciales para 

comprender los procesos de transporte en la escala nanométrica y en las fronteras orgánico-

inorgánico [Rincón-García2016]. Durante los últimos diez años se han conseguido grandes 

avances al respecto gracias al desarrollo de técnicas experimentales adecuadas para la medida 

del coeficiente termoeléctrico a nivel de una única molécula [Reddy2007; Widawsky2012; 

Evangeli2013] y a una estrecha colaboración entre diseño químico, cálculos teóricos y medidas 

experimentales hacia nuevas estrategias para su mejora. 

De manera complementaria, una buena comprensión de la transferencia de calor en la escala 

nanométrica resulta también esencial para llevar estas ideas a buen término y arrojar luz sobre 

los límites de las teorías clásicas [Dubi2011; Cui2017a]. Esto supone un importante reto sobre 

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 intrínseca del flujo de calor, 

fundamentalmente diferente a la de transporte de carga. Las primeras medidas de conductancia 

térmica en contactos atómicos [Cui2017b; Mosso2017] y uniones moleculares individuales 

[Cui2019; Mosso2019] se han publicado recientemente, aunque resultan por el momento 

restrictivas en las condiciones experimentales (ultra-alto vacío) y requieren microfabricación de 

dispositivos. 

Esta Tesis Doctoral aspira a la caracterización experimental de las propiedades de transporte de 

carga y calor en uniones moleculares individuales y contactos atómicos para obtener 

información sobre sus mecanismos fundamentales y poner a prueba estrategias para la mejora 

de la respuesta termoeléctrica. Los principales aspectos generales de nuestro conocimiento 

actual sobre transporte en la escala nanométrica y conceptos como termoelectricidad o 
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transferencia de calor se comentan en primer lugar en este manuscrito, en el Capítulo 1, donde 

también se introduce su aplicación a uniones moleculares en particular. 

Para alcanzar el objetivo de esta Tesis de investigar la respuesta termoeléctrica de uniones 

moleculares individuales, la principal técnica experimental utilizada ha sido un microscopio de 

efecto túnel (STM por sus siglas en inglés) de fabricación propia y operado en condiciones y a 

temperatura ambiente. La poderosa técnica experimental iniciada en nuestro grupo durante la 

Tesis Doctoral del Dr. Charalambos Evangeli [Evangeli2014] nos ha permitido realizar medidas 

simultáneas de conductancia y coeficiente termoeléctrico de uniones moleculares individuales. 

Una introducción general al STM y detalles técnicos de nuestro equipo experimental y la técnica 

se presentan en el Capítulo 2 de este manuscrito.  

En el Capítulo 3 presentamos los resultados obtenidos sobre la termoelectricidad de fullerenos 

endohédricos metálicos formados por pequeños grupos planos de átomos metálicos dentro de 

un fullereno C80. Se han investigado en concreto las moléculas Sc3N@C80, Sc3C2@C80 y Er3N@C80 

conectadas entre electrodos de oro y se ha demostrado que presentan un comportamiento bi-

termoeléctrico, con coeficiente termoeléctrico positivo o negativo dependiendo de la 

orientación de la molécula, sin modificación química. La posibilidad de modificar el valor y el 

signo del coeficiente termoeléctrico mediante compresión de la unión molecular también se ha 

explorado, así como la respuesta termoeléctrica de uniones de dímeros, es decir, dos fullerenos 

endohédricos metálicos conectados en serie. 

Diferentes estrategias para el aumento del coeficiente termoeléctrico también se han abordado 

utilizando la técnica de STM-Break Junction (STM-BJ) y se presentan en el Capítulo 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 oligómeros de 

porfirinas) para investigar la variación del coeficiente termoeléctrico mediante sustitución 

química 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 

versátiles para explorar diferentes enfoques en la modificación del transporte de carga en la 

escala nanométrica. 

Finalmente, durante esta Tesis se ha desarrollado una nueva técnica experimental para realizar 

medidas de conductancia térmica en uniones nanométricas modelo, como contactos atómicos 

o uniones moleculares, y se introduce en el Capítulo 5. Consiste en un hilo caliente de Pt utilizado 

como calentador local y termómetro así como punta de STM para formar las uniones 

nanométricas y llevar a cabo medidas simultáneas de conductancia térmica y eléctrica. La 

técnica se ha puesto a prueba en contactos metálicos de Au-Au, empleando detección de 

señales ac con un lock-in en combinación con un modelo teórico numérico, y se ha demostrado 

resolución térmica suficiente de los hilos calientes utilizados incluso en condiciones ambiente. 

La posibilidad de escanear la superficie metálica con el hilo caliente mediante corriente túnel 

también se ha explorado. 

 

 

 



7 
 

Referencias 

[Aradhya2013] S. V. Aradhya and L. Venkataraman. ά{ƛƴƎƭŜ-molecule junctions beyond electronic 
ǘǊŀƴǎǇƻǊǘέΦ Nature Nanotechnology 8, 399-410 (2013). 

ώ!ǾƛǊŀƳмфтпϐ !Φ !ǾƛǊŀƳ ŀƴŘ aΦ !Φ wŀǘƴŜǊΦ άaƻƭŜŎǳƭŀǊ ǊŜŎǘƛŦƛŜǊǎέΦ Chemical Physics Letters 29(2), 277-
283 (1974). 

ώ.ŜǊƎŦƛŜƭŘнлмоϐ WΦ tΦ .ŜǊƎŦƛŜƭŘ ŀƴŘ aΦ !Φ wŀǘƴŜǊΦ άCƻǊǘȅ ȅŜŀǊǎ ƻŦ ƳƻƭŜŎǳƭŀǊ ŜƭŜŎǘǊƻƴƛŎǎΥ bƻƴ-
equilibrium heat ŀƴŘ ŎƘŀǊƎŜ ǘǊŀƴǎǇƻǊǘ ŀǘ ǘƘŜ ƴŀƴƻǎŎŀƭŜέΦ Physica Status Solidi B 250(11), 2249-2266 
(2013). 

ώ/ǳŜǾŀǎнлмлϐ WΦ /Φ /ǳŜǾŀǎ ŀƴŘ 9Φ {ŎƘŜŜǊΦ άaƻƭŜŎǳƭŀǊ 9ƭŜŎǘǊƻƴƛŎǎΥ !ƴ LƴǘǊƻŘǳŎǘƛƻƴ ǘƻ ¢ƘŜƻǊȅ ŀƴŘ 
9ȄǇŜǊƛƳŜƴǘέΦ ²ƻǊƭŘ {ŎƛŜƴǘƛŦƛŎ tǳōƭƛǎƘŜǊǎΣ {ƛƴƎŀǇƻǊŜ (2010). 

[Cui2017aϐ [Φ /ǳƛΣ wΦ aƛŀƻΣ /Φ WƛŀƴƎΣ 9Φ aŜȅƘƻŦŜǊ ŀƴŘ tΦ wŜŘŘȅΦ άtŜǊǎǇŜŎǘƛǾŜΥ ¢ƘŜǊƳŀƭ ŀƴŘ 
ǘƘŜǊƳƻŜƭŜŎǘǊƛŎ ǘǊŀƴǎǇƻǊǘ ƛƴ ƳƻƭŜŎǳƭŀǊ ƧǳƴŎǘƛƻƴǎέΦ The Journal of Chemical Physics 146, 092201 
(2017). 

[Cui2017b] L. Cui, W. Jeong, S. Hur, M. Matt, J.C. Klöckner, F. Pauly, P. Nielaba, J.C. Cuevas, E. 
aŜȅƘƻŦŜǊ ŀƴŘ tΦ wŜŘŘȅΦ άvǳŀƴǘƛȊŜŘ ǘƘŜǊƳŀƭ ǘǊŀƴǎǇƻǊǘ ƛƴ ǎƛƴƎƭŜ-ŀǘƻƳ ƧǳƴŎǘƛƻƴǎέΦ Science 355(6330), 
1192-119 (2017). 

[Cui2019] L. Cui, S. Hur, Z. Alaia Akbar, J. C. Klöckner, W. Jeong, F. Pauly, S.-Y. Jang, P. Reddy and E. 
Meyhofer. ά¢ƘŜǊƳŀƭ ŎƻƴŘǳŎǘŀƴŎŜ ƻŦ ǎƛƴƎƭŜ-ƳƻƭŜŎǳƭŜ ƧǳƴŎǘƛƻƴǎέΦ Nature 572, 628-633 (2019). 

[Dubi2011] Y. Dubi and M. Di Ventra. "Colloquium: Heat Flow and Thermoelectricity in Atomic and 
aƻƭŜŎǳƭŀǊ WǳƴŎǘƛƻƴǎέΦ Review of Modern Physics 83, 131-155 (2011). 

ώ9ǾŀƴƎŜƭƛнлмоϐ /Φ 9ǾŀƴƎŜƭƛΣ YΦ DƛƭƭŜƳƻǘΣ 9Φ [ŜŀǊȅΣ aΦ ¢Φ DƻƴȊłƭŜȊΣ DΦ wǳōƛƻ-Bollinger, C. J.  Lambert 
ŀƴŘ bΦ !ƎǊŀƠǘΦ ά9ƴƎƛƴŜŜǊƛƴƎ ǘƘŜ ¢ƘŜǊƳƻǇƻǿŜǊ ƻŦ /60 aƻƭŜŎǳƭŀǊ WǳƴŎǘƛƻƴǎέΦ Nano Letters 13(5), 2141-
2145 (2013). 

ώ9ǾŀƴƎŜƭƛнлмпϐ /Φ 9ǾŀƴƎŜƭƛΦ άThermopower and Conductance of Single-Molecule Junctions and 
!ǘƻƳƛŎ /ƻƴǘŀŎǘǎέΦ tƘ5 ¢ƘŜǎƛǎ όнлмпύΦ 

ώaŀƭŜƴнлмлϐ WΦ !Φ aŀƭŜƴΣ {Φ YΦ ¸ŜŜΣ !Φ aŀƧǳƳŘŀǊ ŀƴŘ wΦ !Φ {ŜƎŀƭƳŀƴΦ άCǳƴŘŀƳŜƴǘŀƭǎ ƻŦ ŜƴŜǊƎȅ 
transport, energy conversion, and thermal properties in organic-inorganic heterƻƧǳƴŎǘƛƻƴǎέΦ 
Chemical Physics Letters 491(4-6), 109-122 (2010). 

[Mosso2017] N. Mosso, U. Drechsler, F. Menges, P. Nirmalraj, S. Karg, H. Riel and B. Gotsmann. άIŜŀǘ 
ǘǊŀƴǎǇƻǊǘ ǘƘǊƻǳƎƘ ŀǘƻƳƛŎ ŎƻƴǘŀŎǘǎέΦ Nature Nanotechnology 12, 430-433 (2017). 

[Mosso2019] N. Mosso, H. Sadeghi, A. Gemma, S. Sangtarash, U. Drechsler, C. J. Lambert and Bernd 
DƻǘǎƳŀƴƴΦ ά¢ƘŜǊƳŀƭ ¢ǊŀƴǎǇƻǊǘ ǘƘǊƻǳƎƘ {ƛƴƎƭŜ-aƻƭŜŎǳƭŜ WǳƴŎǘƛƻƴǎέΦ Nano Letters, doi: 
10.1021/acs.nanolett.9b02089 (2019). 

[Reddy2007] P. Reddy, S.-Y. Jang, R. A. Segalman anŘ !Φ aŀƧǳƳŘŀǊΦ άThermoelectricity in Molecular 
WǳƴŎǘƛƻƴǎέΦ Science 315, 1568-1571 (2007).  

[Rincón-García2016] L. Rincón-García, C. Evangeli, G. Rubio-Bollinger and N. Agraït.  ά¢ƘŜǊƳƻǇƻǿŜǊ 
ƳŜŀǎǳǊŜƳŜƴǘǎ ƛƴ ƳƻƭŜŎǳƭŀǊ ƧǳƴŎǘƛƻƴǎέΦ Chemical Society Reviews 45(15), 4285-4306 (2016). 

ώ²ƛŘŀǿǎƪȅнлмнϐ WΦ wΦ ²ƛŘŀǿǎƪȅΣ tΦ 5ŀǊŀƴŎŜǘΣ WΦ .Φ bŜŀǘƻƴ ŀƴŘ [Φ ±ŜƴƪŀǘŀǊŀƳŀƴΦ ά{ƛƳǳƭǘŀƴŜƻǳǎ 
Determination ƻŦ /ƻƴŘǳŎǘŀƴŎŜ ŀƴŘ ¢ƘŜǊƳƻǇƻǿŜǊ ƻŦ {ƛƴƎƭŜ aƻƭŜŎǳƭŜ WǳƴŎǘƛƻƴǎέΦ Nano Letters 12(1), 
354-358 (2012). 

[Xiang2016] D. Xiang, X. WanƎΣ /Φ WƛŀΣ ¢Φ [ŜŜ ŀƴŘ ·Φ DǳƻΦ άaƻƭŜŎǳƭŀǊ-Scale Electronics: From Concept 
ǘƻ CǳƴŎǘƛƻƴέΦ Chemical Reviews 116, 4318-4440 (2016). 

[Zhang2014] Q. Zhang, Y. Sun, W. Xu and D. Zhu. άhǊƎŀƴƛŎ ¢ƘŜǊƳƻŜƭŜŎǘǊƛŎ aŀǘŜǊƛŀƭǎΥ 9ƳŜǊƎƛƴƎ DǊŜŜƴ 
9ƴŜǊƎȅ aŀǘŜǊƛŀƭǎ /ƻƴǾŜǊǘƛƴƎ IŜŀǘ ǘƻ 9ƭŜŎǘǊƛŎƛǘȅ 5ƛǊŜŎǘƭȅ ŀƴŘ 9ŦŦƛŎƛŜƴǘƭȅέΦ Advanced Materials 26, 
6829-6851 (2014). 



8 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



9 
 

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 macroscopic limit 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 introduction to molecular electronics, motivating the study 

of transport properties in molecular junctions (Section 1.1). The main concepts and theoretical 

background from the macroscopic limit towards the nanoscale are revised in Section 1.2 and 

Section 1.3. In the former, 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 particularities. This is 

complemented with some general aspects about thermal conductance in nanoscale systems 

introduced in Section 1.5. Finally, we discuss on the efficiency of thermoelectric devices and 

present the so-called figure of merit, and we consider the requirements in the application of 

molecular junctions in thermoelectric devices (Section 1.6). 

 

1.1 Molecular electronics  

The term molecular electronics refers nowadays to the field of nanotechnology that pursue the 

final goal of using individual molecules as independent electronic elements 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 knowledge and technological applications. 

Historically1, 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 

ǘƘŀǘ ǎǇŜŜŘŜŘ ǳǇ ŘǳǊƛƴƎ ǘƘŜ мфрлΩǎ ǿƛǘƘ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ǘƘŜ ǎŜƳƛŎƻƴŘǳŎǘƻr industry (based 

on silicon) thanks to the invention of the transistor (1947) and integrated circuits or chips 

όмфслǎύΦ !ƭǊŜŀŘȅ ōŀŎƪ ƛƴ ǘƘŜ ƭŀǘŜ мфрлΩǎΣ ǘƘŜǊŜ ǿŀǎ ŀ ŎƭŜŀǊ ǇŜǊŎŜǇǘƛƻƴ ǘƘŀǘ ǘƘƛǎ ǘǊŜƴŘ ƛƴ 

ƳƛŎǊƻŜƭŜŎǘǊƻƴƛŎǎΣ ŀƭǊŜŀŘȅ ŦƻƭƭƻǿƛƴƎ aƻƻǊŜΩǎ ƭŀǿ ŀǘ ǘƘŀt time (transistors/chip doubling every 

two years), would finally reach άŀ ǘŜŎƘƴƻƭƻƎƛŎŀƭ ŘŜŀŘ-ŜƴŘέΦ aǳƭǘƛǇƭŜ Ǿƛǎƛƻƴǎ ŀƴŘ ƛŘŜŀǎ ŜƳŜǊƎŜŘ 

to find an alternative and one of them was molecular electronics. Several scientists turned 

towards molecules as the key element for the expected next breakthrough after the transistor. 

¢Ƙƛǎ ŀǇǇǊƻŀŎƘ ǿŀǎ ŦƛǊǎǘ ǇǊƻǇƻǎŜŘ ōȅ !ǊǘƘǳǊ Ǿƻƴ IƛǇǇŜƭ ƛƴ мфрсΦ Iƛǎ ƛŘŜŀ ǿŀǎ ǘƻ άŘŜǎƛƎƴ ŘŜǎƛǊŜŘ 

material characteristics from the bottom-ǳǇέ ŀƴŘ ǎŜǘ ǘƘŜ ōŀǎƛǎ ƻŦ molecular engineering, mainly 

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) in the 1958 Conference on Molecular 

                                                           
1 Historical background mainly based on Ref. [Choi2009] and [Cuevas2010]. 
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9ƭŜŎǘǊƻƴƛŎǎΦ !ǘ ǘƘŀǘ ǘƛƳŜ ƛǘ ƳŜŀƴǘ ǘƘŜ ǳǎŜ ƻŦ άŎǊȅǎǘŀƭƭƛƴŜ ƳŀǘŜǊƛŀƭǎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ƛƴ 

ƳƛŎǊƻŜƭŜŎǘǊƻƴƛŎǎέ ƻǊ ǘƻ άƳŀƪŜ ŘŜǾƛŎŜǎ ǳǘƛƭƛȊƛƴƎ ǘƻǇƻƭƻƎȅ ƻŦ ƳŀǘŜǊƛŀƭ ŘƻƳŀƛƴǎέΣ ōǳǘ ǘƘŜ 

progresses made in this direction failed in the commercial 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 eventuaƭƭȅ ŀƴ ƛƴǎǳǊƳƻǳƴǘŀōƭŜ ƭƛƳƛǘ όŀ άbrick wallέ), when the size 

of the microelectronics would reach nanoscale dimensions. Additionally, the convergence of 

semiconductor technology towards the nanoscale supposed a real (and urgent) need 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, Forrest Carter, Robert Metzger, James Tour or Mark Reed, among 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 on the ability to tune 

specific properties in molecules just by chemical design and combine and wire them into a 

larger-scale electronic device. 

With this final goal in mind, a lot of work has been done studying the transport properties of 

single molecules. At the beginning 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 diverse ideas 

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 chemical functionalization have been 

accomplished, for instance. 

The truth is that we are currently close to the limiting size (υͯ ÎÍ) 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 that, molecular 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 years and still nowadays, molecular electronics has offered 

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

ƪƛƴŘ ƻŦ άƴŀƴƻŘŜǾƛŎŜέΣ ōŜƛƴƎ ŀƴ ŜȄŎŜƭƭŜƴǘ ǘŜǎǘ ōŜŘ ŦƻǊ ƛƴǾŜǎǘƛƎŀǘƛƴƎ ǘǊŀƴǎǇƻǊǘ ǇƘŜƴƻƳŜƴŀ ƛƴ ǘƘŜ 

nanoscale [Cuevas2010]. 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 others. Molecules 

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 molecules are still intensively studied. There are 
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many answers to be found before considering molecular electronics as a dead-end and 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 conductance, 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 Electrical transport: from macroscopic to nanoscopic systems2 

Charge transport in macroscopic systems is described by the well-ƪƴƻǿƴ hƘƳΩǎ ƭŀǿ ǘƘŀǘ 

establishes that a potential difference ὠ applied between the extremes of a conductor or 

semiconductor is proportional to the electrical current Ὅ flowing through it, and the constant of 

proportionality is the electrical resistance Ὑ: 

 ὠ ὙὍȢ 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 conductance Ὃ: 

 
Ὅ Ὃὠȟ 

and Ὃ ρϳὙ. 

Eq. (1.2) 

Eq. (1.3) 

The conductance reflects the facility of charge carriers to move and for a macroscopic wire is 

given by the following expression: 

 Ὃ  „
Ὓ

ὒ
ȟ Eq. (1.4) 

where „ is the conductivity of the material and Ὓ and ὒ are the wire cross-sectional 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 reduced to nanoscopic dimensions, 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 dimensions (ὒ or ὡ, the junction 

length and width, respectively) are reduced to just few nanometer or less, they become of the 

order of the Fermi wavelength ‗ of charge carriers, its wave nature needs to be considered and 

we enter in the full quantum regime. In this limit (coherent nanoscale systems), the scattering 

approach is the most popular formalism to describe charge transport and the electrical 

properties [Landauer1957]. It was developed by Rolf Landauer and its central idea is that, 

ignoring inelastic interactions, a transport problem becomes just a scattering 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 complementary aspects can be found. 
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Figure 1.1: Transport regimes and system dimensions. Schematics of a constriction between 
two macroscopic conductors or electrodes. When the system dimensions ὒ or ὡ (length and 
width, respectively) become of the same order than the Fermi wavelength ‗ of charge 
carriers we enter in the full quantum regime. 

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 electrodes, named 1 and 

2. They act as electron reservoirs in thermal equlibrium and have well-defined temperatures Ὕ 

and  Ὕ, 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 scatering is restricted to the electron reservoirs). Let us consider first 

the case of an electron coming from electrode 1 as a plane wave Ὡ , where Ὧ is the wave 

vector. The wave is partially reflected by the potential barrier with a probability amplitude ὶ 

(ὶὩ ) and partially transmitted with a probability amplitude ὸ (ὸὩ ). The transmission 

probability of the electron through the nanojunction is given by כ  ȿὸȿ. 

The electrical current density carried by the electron ὐ can be calculated using the following 

quantum-mechanical expression: 

 ὐ  
ᴐ

ςὭά
‪ᶻᾀ

Ὠ‪

Ὠᾀ
‪ᾀ

Ὠ‪ᶻ

Ὠᾀ

Ὡ

ὒ
ὺὯכὯȟ Eq. (1.5) 

where ά is the effective mass of the particle, ᴐ ƛǎ tƭŀƴŎƪΩǎ Ŏƻƴǎǘŀƴǘ Ὤ divided by ς“, Ὡ is the 

charge of the electron, ὒ is the length of the nanosystem, and ὺὯ ᴐὯȾά is the group 

velocity. ‪ᾀ is the wave function of the incident electron. 

Figure 1.2: Nanoscale junction. (a) Schematic representation of a nanojunction. Two 
macroscopic electrodes, 1 and 2, in thermal equilibrium with well-defined temperatures and 
chemical potentials (Ὕȟ and ‘ȟ, respectively) are connected by a nanoscale system (or 

nanosystem) of length ὒ (of the order of few nanometer). The electrodes allow to inject 
current or establish a potential difference through the junction. (b) The nanojunction is seen 
by the impinging electrons as a one-dimensional 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 molecular junction, we need to consider a sum over Ὧ and include the factor ὪὯ ρ

ὪὯ , where Ὢ and Ὢ are the Fermi distribution functions of electrodes 1 and 2, respectively. 

This factor accounts for the Pauli principle and the fact that the chemical potential of the 

corresponding electrode (‘ȟ) can be shifted by an applied voltage ὠ. It 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 to electrode 2, given by: 

 ὐO  
Ὡ

ὒ
ὺὯכὯὪὯ ρ ὪὯ Ȣ Eq. (1.6) 

It is possible now to convert the sum into an integral and change from variable Ὧ to Ὁ, the 

electron energy, assuming a non-interacting electron gas and using the relation Ὁ 

 ᴐὯȾςά , from where ὨὯȾὨὉ άȾᴐὯ. We arrive then to the following expression: 

 ὐO  
Ὡ

Ὤ
ὉὪὉכ ρ ὪὉ ὨὉȢ Eq. (1.7) 

Equivalently, and considering that the transmission probability is independent of the current 

direction, the current from electrode 2 to 1 can be written as: 

 ὐO  
Ὡ

Ὤ
ὉὪὉכ ρ ὪὉ ὨὉȟ Eq. (1.8) 

and the total current, accounting for the spin degeneracy, is simply given by Ὅὠ  ὐO

ὐO , and thus: 

 Ὅὠ  
ςὩ

Ὤ
Ὁכ ὪὉ ὪὉ ὨὉȢ Eq. (1.9) 

This net current arises then from the imbalance between the populations of both electrodes 

[Agraït2003] fixed by Fermi distribution functions: 

 ὪȟὉ
ρ

ρ Ὡ
ȟ

ȟ

Ȣ Eq. (1.10) 

The voltage effect is included in these expressions in the value of ‘ȟ. Eq. (1.9) is one of the 

forms of the so-called Landauer formula and it illustrates the close relation between electrical 

current Ὅὠ and transmission probability כὉ in nanoscale systems. Assuming low voltages 

(linear regime) and zero temperature (when ὪȟὉ are step functions equal to 0 above Ὁ

ὩὠȾς and Ὁ ὩὠȾς, respectively, and 1 below these energies, Ὁ  being the Fermi energy), this 

expression simplifies to: 

 

 where 

Ὅὠ  Ὃὠȟ 

Ὃ  
ςὩ

Ὤ
Ὁכ  

Eq. (1.11) 

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 the so-called quantum of 

conductance Ὃ: 
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 Ὃ  
ςὩ

Ὤ
χχȢυ ʈ3Ȣ Eq. (1.13) 

From here it is demonstrated that a single-mode conductor, where כὉ ρ, has always a 

finite resistance ρȾὋ ρͯςȢω Ëɱ associated to the resistance at the interfaces between the 

electrodes and the nanosystem (we will further discuss about the conduction modes in 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 scattering 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 present the theoretical treatment to compute the transmission probability of 

a simple situation, namely, the elastic transmission of an electron of energy Ὁ and mass ά 

impinging on a one-dimensional rectangular potential barrier of height ὠ and width ὒ (see 

Figure 1.3).  In classical mechanics, the incident electron will be reflected for Ὁ ὠ, and it will 

be transmitted for Ὁ ὠ. However, in quantum mechanics, its wave nature needs to be 

considered to fully describe its behavior and this translates into a finite 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 so-called quantum tunnelling or tunnel effect and is present 

in a wide range of nanoscale junctions. 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-

molecule junctions. 

To calculate the probability of the particle to pass through the potential barrier, we begin with 

the one-dimensional time-independent Schrödinger equation: 

 

ᴐ

ςά

Ὠ‪ ᾀ

Ὠᾀ
ὠᾀ‪ ᾀ Ὁ‪ ᾀȟ 

where ὠᾀ
ὠ     π ᾀ ὒ
π    ÏÔÈÅÒ×ÉÓÅ

 

Eq. (1.14) 

 

and solve it in the three regions shown in Figure 1.3 (Ὦ  ρȟςȟσ). For the case Ὁ ὠ the 

solutions of Eq. (1.14), i.e. the wave function of the particle in each region ‪ ᾀ, can be written 

as follows: 

 ‪  ὥὩ  ὦὩ   

‪  ὥὩ  ὦὩ  

‪  ὥὩ  

 

Eq. (1.15) 

 

 where  

 Ὧ  Ὧ
ЍςάὉ

ᴐ
ȟ    Ὧ

ςάὠ Ὁ

ᴐ
 Eq. (1.16) 
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Figure 1.3: One-dimensional rectangular potential barrier. ὠ and ὒ are the barrier height 
and width, respectively. In quantum mechanics, an incident particle from region 1, of energy 
Ὁ, amplitude ὥand wave vector Ὧ, is partially reflected and transmitted when impinging into 
the barrier. It is reflected with amplitude ὦ and wave vector Ὧ and transmitted into region 
2 with amplitude ὥ and wave vector Ὧ. This wave is itself partially reflected when reaching 
ᾀ  ὒ (with amplitude ὦ and wave vector Ὧ) and partially transmitted into region 3 with 
amplitude ὥ and wave vector Ὧ. 

Note that no particle approaching the barrier from region 3 has been considered, only a particle 

impinging from region 1. A relation for the coefficients ὥȟȟ and ὦȟ can be found by means of 

ǘƘŜ ΨǿŀǾŜ-ƳŀǘŎƘƛƴƎΩ ƳŜǘƘƻŘ όŎƻƴǘƛƴuity of the wave functions ‪ and their first derivatives 

Ὠ‪ Ὠᾀϳ  at ᾀ π and ᾀ ὒ, i.e. the discontinuities of the potential ὠᾀ). From here we can 

derive an expression of the barrier energy-dependent transmission coefficient כὉ, which is 

the ratio of the transmitted and the incident current densities, ὐ and ὐ respectively. In the 

example we are considering, where Ὧ  Ὧ, the transmission coefficient is directly the ratio 

between the transmitted and incident coefficients: 

Ὁכ  
ὥ

ὥ
 

ρ

ρ
Ὧ Ὧ
ςὯὯ

ÓÉÎÈὯὒ

 
τὉὠ Ὁ

τὉὠ Ὁ  ὠÓÉÎÈὯὒ
Ȣ 

Eq. (1.17) 

This is essentially the probability 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 (Ὁ ὠ). In fact, for a strongly attenuating barrier where Ὧὒḻρ 

[Wiesendanger1994], this probability can be simplified to: 

Ὁכ   
ρφὯὯ

Ὧ Ὧ
ϽὩ  Eq. (1.18) 

or, equivalently, 

Ὁכ   θὩ  Ὡ ᴐ Ȣ Eq. (1.19) 

Then, when Ὁ ὠ, the transmission through the barrier depends exponentially on the barrier 

width ὒ 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, ὠ Ὁ Ⱦ. As stated before, the 

current through the junction is proportional to the transmission (Eq. (1.9)) and thus, Eq. (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 shown in Figure 1.2(a) (where ὒ is 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 during this Thesis (see Chapter 2), and is at the basis of 

STM experiments, where tunnelling currents are investigated. Given two conducting STM 

electrodes (1 and 2) of different materials initially far away one from each other, they are 

electrically isolated and each of them has a certain Fermi energy (Ὁȟ and Ὁȟ, respectively) 

and a work function (ɮ  and ɮ , respectively); the vacuum level Ὁ  is common for both of 

them, as depicted in Figure 1.4(a). The Fermi energy corresponds here to the highest energy of 

the occupied states in each material and the work function is the energy needed to extract one 

of those electrons out of the material. 

Figure 1.4: STM tunnelling barrier. (a) Conducting electrodes far away from each other, 
electrically isolated. Each of them has a certain Fermi energy (Ὁȟ and Ὁȟ, respectively) and 
a work function (ɮ  and ɮ , respectively). The vacuum level Ὁ  is common for both of them. 
(b) When the two electrodes are brought into close proximity and the width of the potential 
barrier ὒ is sufficiently reduced, a small charge transfer takes place at the surface which 
equilibrates the Fermi levels Ὁ of both electrodes. ɮ  is the average height of the potential 
barrier between them. (c) A voltage difference ὠ applied between the electrodes unbalances 
again both sides of the potential barrier and charges in the energy window Ὁ Ὡὠ can tunnel 
through it. 

²ƘŜƴ ǘƘŜ ǘǿƻ ŜƭŜŎǘǊƻŘŜǎ ŀǇǇǊƻŀŎƘ ŜŀŎƘ ƻǘƘŜǊΣ ōŜŦƻǊŜ ǊŜŀŎƘƛƴƎ ǘƘŜ ΨƳŜŎƘŀƴƛŎŀƭΩ Ǉƻƛƴǘ ƻŦ 

contact, and when the 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 occurs from the 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 Fermi level Ὁ , 

as schematized in Figure 1.4(b). ɮ , the effective 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, the so-called bias voltage (ὠ

ὠ ), 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 range Ὁ Ὡὠ have enough 

energy to flow through the barrier generating a tunnelling current proportional to Eq. (1.19), i.e. 

highly dependent (exponentially) on the barrier width ὒ. In STM experiments, this dependence 

translates into exceptionally high resolution in the distance determination between electrodes. 

Considering some numbers as a reference, a barrier width of υ ᴠ and an effective barrier height 

of τ Å6 (valid for most metals), would result in ͯכ ρπ  and varying the barrier width (the 
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distance between electrodes) by ρ ᴠ typically leads to a change of כ by one order of magnitude 

[Wiesendanger1994]. Extended to a three-dimensional 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 commonly-used tip-sample geometry which reduces the tunnelling area. 

Additionally, the tunnelling current expression shows that the transmission is highly influenced 

by the effective barrier height ɮ  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 current Ὅ 

as a function of ὠ, i.e. the Ὅ-ὠ 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 arbitrary shape 

[Simmons1963]. At zero temperature, the net current density is given by: 

where 

 ὐ
Ὡ

ς“Ὤ‌ὒ
ȟὃ  

ς‌ὒ

ᴐ
Ѝςά Eq. (1.21) 

and ‌ is a dimensionless correction factor of order unity. In the case of a small bias voltage 

Ὡὠͯπ, we have ɮ ɮ ɮ Ⱦς and ‌ ρ (see Figure 1.4(c), considering Ὡὠ very small). 

Eq. (1.20) can be then simplified and written as:  

 ὐ  
Ὡ ςάɮ

τ“ᴐὒ
ÅØÐ

ςὒ

ᴐ
ςάɮ ὠȢ Eq. (1.22) 

Thus, the current density ὐ varies linearly with the applied voltage ὠ in the low-voltage range, 

which is known as the Ohmic regime. This formula reflects the linear behaviour of the tunnelling 

current with ὠ at low bias voltages as well as the exponential dependence with the potential 

barrier width and the effective barrier height ɮ . For intermediate voltages Ὡὠ ɮ  an 

additional term with ὠ  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 potential barrier. The average barrier 

height would be typically reduced and the transmission increased [Cuevas2010]. A thorough 

consideration of tunnelling junctions requires therefore the analysis of these effects. 

1.2.3 Scattering formalism ς multichannel Landauer 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 

[Agraït2003; Cuevas2010]. 

In Figure 1.2(a) the electrodes 1 and 2 connecting the nanosystem, as already mentioned, are 

electron reservoirs characterized by a certain temperature (Ὕȟ, respectively) and chemical 

potential (‘ȟ, respectively) and electrons inside them follow Fermi distribution functions 

(ὪȟὉ, 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 open, i.e. there are no spatial 

 ὐ  ὐɮ ÅØÐὃ ɮ ɮ ὩὠÅØÐ ὃ ɮ Ὡὠ, Eq. (1.20) 
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restrictions, and the electron plane waves present continuous wave vectors Ὧ and longitudinal 

energies Ὁ ᴐὯȾςά. For the second case, transverse electron motion through the 

nanosystem is quantized due to lateral confinement. Similarly to a wave-guide 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 denote ὔ  to 

the discrete number of incoming and outgoing modes for electrode ‌ ρȟς, with transverse 

energy Ὁ . These ὔ  modes are generally known as (transverse) quantum channels and, since 

the total energy of a given electron Ὁ can be written as Ὁ  Ὁ Ὁ  and Ὁ is positive, only a 

finite number of channels is possible. 

At this point it is convenient and intuitive to consider creation and annihilation operators for 

incoming (ὥ Ὁ and ὥ Ὁ, respectively) and outgoing (ὦ Ὁ and ὦ Ὁ, respectively) 

electrons of energy Ὁ in the transverse channel ὔ  for electrode ‌. All these operators are 

related through the so-called scattering matrix Ὓ. By definition, this is the ὔ ὔ

ὔ ὔ  matrix that relates all the incoming and outgoing states in both electrodes. The 

scattering matrix has the following block structure: 

 Ὓ  ὶǶὸ
Ƕ

ὸǶὶǶ
ȟ Eq. (1.23) 

where blocks ὶǶ and ὶǶ describe electron reflection back to the reservoirs 1 and 2, respectively, 

and have sizes of ὔ ὔ  and ὔ ὔ . Blocks ὸǶ and ὸǶ in this expression describe the electron 

transmission through the nanosystem and have sizes of ὔ ὔ and ὔ ὔ . 

The most important consequence for our present discussion that can be extracted from Eq. 

(1.23) is the possibility to derive an expression for the current through the nanosystem which, 

accounting for the unitarity of the scattering matrix required for current conservation, can be 

written as: 

 Ὅὠ  
ςὩ

Ὤ
4ÒὸǶὉὸǶὉ ὪὉ ὪὉ ὨὉȢ Eq. (1.24) 

Due to the fact that the matrix ὸǶὸǶ can be diagonalized, it has a set of eigenvalues כ Ὁ, where 

ὲ ρȟὔ ὔ  indexes the transverse quantum channels, and corresponding eigenfunctions, 

typically referred to as eigenchannels or conduction channels. It is advantageous to express the 

current in terms of this natural basis: 

 Ὅὠ  
ςὩ

Ὤ
כ Ὁ ὪὉ ὪὉ ὨὉȟ Eq. (1.25) 

where כ Ὁ are the so-called transmission coefficients (π כ Ὁ ρ). Hence, at the low bias 

voltage and zero temperature approximations, the conductance Ὃ is given by: 

 Ὃ
ςὩ

Ὤ
כ Ὁ Ὃ כ Ὁȟ Eq. (1.26) 

which is the multichannel generalization of the Landauer formula. 

In the case of metallic systems of reduced size, such 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 estimated as ὔ Ḑ ὯὙȾς , where Ὑ is the atom radius. 
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Thus, supported by Eq. (1.26), Landauer formalism accounts already for the quantization of the 

conductance typically observed in metallic atomic contacts [Agraït2003]. 

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

giving a fairly intuitive 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 the nanojunctions, so it becomes necessary to derive it by 

ƻǘƘŜǊ ƳŜŀƴǎΣ ǎǳŎƘ ŀǎ ŘŜƴǎƛǘȅ ŦǳƴŎǘƛƻƴŀƭ ǘƘŜƻǊȅ ό5C¢ύ ŀƴŘ DǊŜŜƴΩǎ ŦǳƴŎǘƛƻƴ ǘŜŎƘƴƛǉǳŜǎ όǎŜŜ 

Section 1.4). Secondly, Landauer formalism is restricted to quantum coherent transport with just 

elastic interactions, although these conditions would only be valid at exactly zero temperature 

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

such as electron-electron collisions or electron-phonon interactions, which can hardly be 

neglected in some cases. Therefore, other approaches as the Landauer-Büttiker formalism or 

ƳŜǘƘƻŘǎ ǎǳŎƘ ŀǎ ǘƘŜ DǊŜŜƴΩǎ ŦǳƴŎǘƛƻƴ ǘŜŎƘƴƛǉǳŜǎ ŀǊŜ ǊŜǉǳƛǊŜŘ ŦƻǊ ŀ proper theoretical 

description of quantum electron transport in these situations. 

 

1.3 Thermoelectric effect: from macroscopic to nanoscopic systems 

Thermoelectricity arises from the coupling between thermal and charge transport and, similarly 

to what occurs with electrical conductance, the theoretical framework differs when dealing with 

macroscopic or nanoscopic systems. Let us begin with the general classical definitions and main 

concepts of thermoelectric phenomena present in bulk conductors (and semiconductors) 

(Section 1.3.1) to introduce later the treatment for quantum thermoelectric effects at the 

nanoscale (Section 1.3.2). 

1.3.1 Macroscopic scale  

There are three thermoelectric effects: 

1) The Seebeck effect: it appears when a temperature gradient ɳᴆὝ is applied along a macroscopic 

conductor or semiconductor. Charge carriers (electrons in the case of Figure 1.5) are 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 electrons towards the cold side of the material leaves 

the hot side positively charged, thereby creating an electromotive electric field Ὁᴆ ὛɳᴆὝ 

across the system, where Ὓ is the Seebeck coefficient. The presence of the electric field finally 

prevents further electron motion and when a steady state is reached (with no current flow), an 

open-circuit potential difference is therefore generated between the extremes. The 

thermoelectric response of a given material, the amount of electrical potential difference per 

unit temperature difference needed, is quantified by the Seebeck coefficient or thermopower 

Ὓ, which is expressed in volts per kelvin, or more often in ʈ6Ⱦ+, and given by: 

 Ὓ  
Ўὠ

ЎὝ

ὠ ὠ

Ὕ Ὕ
Ȣ Eq. (1.27) 

The negative sign in this expression is established by convention in order to have negative 

thermopower when charge carriers are electrons (Ὓ π) and positive thermopower when they 
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are holes (Ὓ π). It is important to remark that this magnitude is defined at the equilibrium 

state under zero current conditions, that is, open-circuit conditions. 

 

 

 

 

 

Figure 1.5: Macroscopic Seebeck effect. When the two sides of a single macroscopic 
conductor or semiconductor are at different temperatures, Ὕ and Ὕ Ὕ (i.e. a temperature 
gradient ЎὝ  Ὕ Ὕ is established along it), an open-circuit voltage difference Ўὠ  ὠ
ὠ, proportional to ЎὝ, appears between the extremes [Kasap2006]. This is due to the fact that 
the charge carriers in the material diffuse from the hot side towards the cold one, which 
generates a net charge imbalance once the system reaches a steady state. 

2) The Peltier effect: it consists on the heating or cooling at the interface between two dissimilar 

conductors or semiconductors (A and B) when a current Ὅ flows through it. The Peltier heat 

absorbed or generated at the junction by unit time can be written as: 

where ɩ  and ɩ  are the Peltier coefficients of conductors (or semiconductors) A and B, 

respectively, and ɩ  ɩ ɩ  is the Peltier coefficient of the junction. The direction of the 

current flow and the value of the Peltier coefficient of the junction determine whether heat is 

absorbed or liberated [Rowe1995]. The Peltier effect is a manifestation of the entropy change 

experienced by the electrical charge carriers as they cross an interface between different 

materials. ɩ  represents how much heat is carried by a unit charge and quantifies the heat 

exchange at the junction per unit current and per unit time. Since it depends linearly on the 

electric current, the Peltier coefficient is sensitive to the sign of the charge carriers of the system, 

as it happens with the Seebeck coefficient. Both serve to determine whether transport is 

dominated by electrons or holes [Dresselhaus2001]. A relation between the Peltier and Seebeck 

coefficient was established in 1851 by W. Thomson (Lord Kelvin): 

The Peltier coefficient is hence generally expressed in 6 (typically Í6 or ʈ6). Finally, it should 

be noticed that other phenomena beside the Peltier effect, such as Joule heating or thermal 

gradient effects (namely, the Thomson effect explained next), can influence the total heat flow 

through the junction. 

3) The Thomson effect: when an electrical current passes through a single homogeneous 

conductor or semiconductor in the presence of a temperature gradient ᴆɳὝ, the material is 

heated or cooled, depending on the flow direction of the current with respect to the 

temperature difference [Rowe1995]. Charge carriers absorb 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 

 ὗ  ɩ Ὅ ɩ ɩ Ὅȟ Eq. (1.28) 

 ɩ ὝὛȢ Eq. (1.29) 
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may occur in any non-isothermal portion of a conductor. For a given current density ὐᴆ passing 

through the system, the generated or absorbed heat rate per unit volume and unit time is: 

The Thomson coefficient † is then a measure of the reversible heat flow within a single 

conductor per unit current and per unit temperature gradient. It is related to the Seebeck 

coefficient through the following expression: 

From here we can see that it is expressed in 6Ⱦ+ or more often in ʈ6Ⱦ+, like the Seebeck 

coefficient.  

Note that Thomson and Peltier effects are present thereby when current flows, contrary to the 

Seebeck effect which exists as long as the temperature gradient is maintained, regardless of 

whether current flows or not [Rowe1995]. 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. 

For the 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 process characterized by the 

Seebeck coefficient Ὓ, also known as thermoelectric power or simply thermopower. It is a 

material specific property and a temperature-dependent coefficient, i.e. Ὓ  ὛὝ. When this 

dependence is known for a material (what is called the absolute thermopower), it is possible to 

calculate the voltage difference between any two points of the system at temperatures Ὕ and 

Ὕ ЎὝ: 

To obtain a more intuitive idea of thermoelectricity mechanisms in macroscopic systems, let us 

consider the case of metals. The thermopower of bulk metals at ambient temperature can be 

described using the aƻǘǘΩǎ ǎŜƳƛŎƭŀǎǎƛŎŀƭ ŦƻǊƳǳƭŀ ώ!ǎƘŎǊƻŦǘмфтсϐΥ 

where „ is the material conductivity. The sign and magnitude of the thermopower, determined 

by „ Ὁ „Ὁϳ , are subject hence to the energy dependence of the conductivity around the 

Fermi energy, which in turn depends on the inelastic relaxation time and the effective 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 materials electrically connected at one end forming a junction (see Figure 

1.6). When a temperature difference is established between this junction and each of the other 

 ή  †ɳᴆὝὐᴆȢ Eq. (1.30) 

 †  Ὕ
ὨὛ

ὨὝ
Ȣ Eq. (1.31) 

 Ўὠ ὛὝ
Ў

ὨὝȢ Eq. (1.32) 

 ὛὝ
“

σ

ὯὝ

Ὡ

„ Ὁ

„Ὁ
ȟ Eq. (1.33) 
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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 

[Rowe1995]. Via a thermocouple, measurements of the voltage difference between two 

materials, A and B, whose thermopower temperature dependence is well-calibrated (Ὓ Ὕ and 

Ὓ Ὕ are well-known), allow to experimentally find the temperature at the junction based on 

the following expression: 

where ὠ  is the measured voltage and Ὕ is the temperature to be found. 

 

 

 

 

 

Figure 1.6: Thermocouple working principle. The voltage measured ὠ  ὠ  between two 
dissimilar materials A and B whose absolute thermopower Ὓ Ὕ and Ὓ Ὕ are well-known 
allows to determine the temperature Ὕ at the junction of A and B. Ὕ is the known 
temperature of reference and is the same for both materials. Ὕ, the temperature of the 
voltmeter, does not affect the thermovoltage measured, provided that Ὕ is the same for A 
and B and that the connections to the voltmeter are made of a same material. 

1.3.2 Nanoscopic scale ς Landauer formalism 

Thermoelectric properties at the nanoscale are drastically different than in the macroscopic limit 

(even the transport mechanisms that determine the thermopower are different) 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 1.2) can be also employed to find an expression for its quantum thermopower, which 

is the goal of this section. 

In the case of a macroscopic material as 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 Figure 1.2(a), when the electrodes 

are at different temperatures, charge carriers become more energetic in the hot 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 is important to keep in mind that, in a constriction, any voltage or 

temperature difference established between the electrodes drop in a distance of the order of 

the constriction diameter, as schematized in Figure 1.7(d) for the temperature. 

 

 

 ὠ Ўὠ Ўὠ Ὓ Ὕ Ὓ Ὕ
Ў

ὨὝȢ Eq. (1.34) 
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Figure 1.7: Macro- vs nanoscale thermopower. (a) Schematic representation of a bulk 
(macroscopic) conductor or semiconductor whose extremes are at different temperatures 
(color gradient from red to blue represents the continuous temperature gradient from the hot 
to the cold side, as shown 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 
temperature). (b) Approximate temperature Ὕ profile as a function of the position ᾀ for the 
system described in (a), showing a continuous temperature gradient in the material. (c) 
Schematic representation of a nanoscale constriction between two macroscopic electrodes 
that act as electron reservoirs. Both electrodes are at different well-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 (electrons) move preferentially towards 
the cold electrode and give rise to a potential difference. Thermopower is thereby dominated 
by quantum transport through the junction (constriction diameter considered to be smaller 
than the Fermi wavelength of electrons). (d) Approximate 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 a distance of the order of the constriction diameter. 

Since thermopower of a nanojunction is a quantum transport property, in the case of coherent 

elastic transport (i.e. non-interacting charge carriers), we can consider the Landauer formula to 

describe the electrical current through the junction Ὅ, given by the already introduced Eq. (1.9):  

The electrical current through a nanoscale system depends thus on the transmission probability 

 for an electron to cross the junction, which is a function of the electron energy Ὁ and depends כ

generally on the geometry of the nanoconstriction and the local electronic structure, which is 

itself influenced by the coupling to the electrodes. Note that, for the moment, no electrical 

voltage is applied to the junction (ὠ  π) and let us remind that Ὢ and Ὢ are the Fermi 

distribution functions of electrodes 1 and 2, respectively, given by Eq. (1.10). The difference 

between both distributions depends on the temperature difference between the electrodes 

ЎὝ  and the chemical potential difference Ў‘  and can be expanded with reference to 

electrode 1 [Malen2010]: 

Writing both derivatives in terms of energy Ὁ:  

 Ὅὠ  
ςὩ

Ὤ
Ὁכ ὪὉ ὪὉ ὨὉȢ  

 ὪὉ ὪὉ  
‬Ὢ

‬‘
Ў‘

‬Ὢ

‬Ὕ
ЎὝ Ȣ Eq. (1.35) 
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the difference between both distributions can thus be expressed as follows: 

Since the thermopower of a system is defined at open-circuit conditions (that is, with no current 

flow), we equal Eq. (1.9) to 0 and replace Eq. (1.37) in it to get:  

Note that some electron-hole asymmetry of the transmission function is required in order not 

to cancel the numerator of this relationship [Cuevas2010]. Assuming that there are no 

transmission resonances close to the equilibrium chemical potential, Ў‘ ὩЎὠ , where 

Ўὠ  is the voltage difference between the electrodes created by the difference in chemical 

potential. In addition, at low temperatures, ‬ὪȾ‬Ὁ Ὁ‏ ‘ and the integral in the 

denominator of Eq. (1.40) simplifies to the transmission evaluated at ‘: 

Finally, considering a Taylor expansion (i.e. כὉ Ὁȿכ Ὁ ‘ Ὁכ‬ ‬Ὁϳ ȿ ) 

and using the Sommerfeld expansion [Ashcroft1976], we get the following expression for the 

thermopower of the nanojunction (by definition Ὓ  Ўὠ ЎὝϳ ): 

where Ὕ is the mean temperature of the electrodes (Ὕ  Ὕ Ὕ Ⱦς) and ‘, the mean 

chemical potential (‘  ‘ ‘ Ⱦς) [Paulsson2003]. 

Furthermore, at zero temperature, the equilibrium chemical potential is the so-called Fermi 

energy Ὁ  and Eq. (1.42) can be written as: 

Eq. (1.43) shows that the thermopower depends on the variation of the transmission for carriers 

above and below the Fermi energy: larger transmission above Ὁ  will cause the electrons to go 

to the cold electrode resulting in negative thermopower and the opposite. It must be remarked 

that, based on Landauer formalism, these equations are only valid for non-interacting charge 

carriers. Furthermore, they have been obtained under low-temperature and small voltage 

approximations (away from transmission resonances) and they also ignore the interaction 
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between phonons and electrons, i.e. phonon drag. A full discussion of their validity can be found 

in Ref. [Dubi2011]. 

 

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 Thesis, is simply a single molecule connected between two metallic electrodes, 

like the one schematized in Figure 1.8. As introduced at the beginning of the chapter, the idea 

of using molecules as electronic components in functional devices or as building blocks of 

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 phenomenology not present in 

ŀǘƻƳƛŎ ŎƻƴǘŀŎǘǎΣ ŦƻǊ ŜȄŀƳǇƭŜΣ ǿƘŜǊŜ ǘǊŀƴǎǇƻǊǘ ǇǊƻǇŜǊǘƛŜǎ ŀǊŜ ǎƻƳŜƘƻǿ ƳƻǊŜ άǊƛƎƛŘέ ŀƴŘ 

limited. Some basic electronic functions have been demonstrated [Aradhya2013], but, more 

importantly, molecular junctions have proved to be exceptional platforms to test quantum 

transport theories and have greatly contributed to shed light on charge transport mechanisms 

at the nanoscale [Cuevas2010; Dubi2011]. 

  

 

 

 

 

Figure 1.8: Molecular junction schematics. Schematic representation of a molecular junction. 
A single molecule, typically formed by a backbone and anchor or binding groups at both ends 
(in its more simple configuration), is connected between two electrodes (1 and 2) that act as 
electron reservoirs. Electrodes are typically metals. 

We focus in this section on the theoretical background needed to understand charge transport 

and thermoelectricity in molecular junctions. Since they are atomic-scale systems, transport is 

in most cases coherent (i.e. based on the elastic flow of electrons through the molecule without 

energy exchange). Thus, many transport properties of molecular junctions can be described and 

understood within the Landauer scattering approach, already introduced for the more general 

example of a nanojunction. For the sake of commodity, let us reproduce here the expressions 

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

(1.43)): 

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 through the molecule itself, i.e. 

through a molecular bridge or backbone (see Figure 1.8). 

Calculating the conductance and thermopower of a molecular junction within the Landauer 

scattering approach requires therefore to obtain first its transmission function כὉ. This is 

normally done by calculating the electronic structure of the junction using density functional 

ǘƘŜƻǊȅ ό5C¢ύ ŀƴŘ ŎƻƳǇǳǘƛƴƎ ǘƘŜ ǘǊŀƴǎƳƛǎǎƛƻƴ ǿƛǘƘ ǘƘŜ ƘŜƭǇ ƻŦ DǊŜŜƴΩǎ ŦǳƴŎǘƛƻƴ ǘŜŎƘƴƛǉǳŜǎ 

[Pauly2008; Bilan2012]. This is a powerful combination that allows to get an insight into the 

transport properties of molecular junctions, but that presents also some limitations. In addition 

to the lack of exact knowledge of the geometry of the junction, which has a strong impact on 

the transmission, the results obtained from DFT calculations present many theoretical 

uncertainties, for example, in the relative alignment of molecular energy levels and the Fermi 

level of the electrodes and in the size of the HOMO-LUMO gap, and 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 description of the 

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 participating in a molecular 

junction. This can be understood by considering ὔ identical molecules in parallel in a junction. 

Assuming that (lateral) interference effects are negligible, the total transmission of the junction 

will be כ ὔכ, where כ is the transmission of one molecule, and applying Eq. (1.12) and Eq. 

(1.43) we obtain that the conductance of the junction would be Ὃ ὔὋ (Ὃ being the 

conductance of a single molecule), while for the thermopower we would have Ὓ Ὓ, where 

Ὓ is the thermopower of a single molecule. 

1.4.1 Transmission function of molecular 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 junction כὉ. As we have previously seen, it is all we need 

for computing its conductance and the thermopower according to Landauer 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 molecule between the electrodes typically results in tunnelling of 

charge carriers through the discrete molecular energy levels. Given its atomic-scale size, an 

isolated molecule by itself, i.e. the free molecule, shows discrete bound states. This can be 

understood considering the free molecule as energetically equivalent to a potential well for 

which energy quantization in confined structures applies. When the molecule becomes 

embedded in a junction, a chemical bond is established with two metallic electrodes and the 

molecule becomes connected. Molecular states then broaden and shift in energy due to the 

interaction with the metals. Transport properties of the whole system are thereby determined 

by the confined energy levels of the molecule between the electrodes, in particular, by the 

strength of the coupling 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 molecule and 

two bulk metallic electrodes, when they are far apart. The energy level scheme of this initial 

situation is depicted in 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 

Ὁ , the isolated molecule shows a discrete number of energy levels or molecular orbitals. By 

definition, these energy states are occupied up to the HOMO (Highest Occupied Molecular 

Orbital), quantified by the ionization potential of the molecule, and unoccupied above the LUMO 

(Lowest Unoccupied Molecular Orbital), which is given by its electron affinity. HOMO and LUMO 

are usually known as frontier molecular orbitals. 

Figure 1.9: Energy level schemes for a molecular junction. (a) Energy diagram at zero 
temperature for two bulk metallic electrodes, far away from each other, and the free 
molecule. Metallic electrodes, considered here to be of the same material, have continuous 
electronic states filled up to the Fermi energy Ὁ and their Fermi-Dirac electron distributions 
are given by step functions. The molecule presents discrete bound states and is thus 
equivalent to a potential well, although it has some energy levels already filled up to the 
HOMO (Highest Occupied Molecular Orbital) and free above the LUMO (Lowest Unoccupied 
Molecular Orbital), exhibiting a molecule-characteristic HOMO-LUMO gap. (b) When the 
molecule is connected between the electrodes, its energy levels may shift in energy and they 
align with respect to the Ὁ of the electrodes which lies within the HOMO-LUMO gap. 
Molecular orbitals also hybridize and become broader due to coupling with the delocalized 
metallic states. This hybridization results into a continuous transmission probability, depicted 
in grey for HOMO and LUMO, with higher probability of transmission at energies related to 
the molecular states. In 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 Fermi level. Notice that in (a-b) there are no voltage or temperature differences 
applied between the electrodes. (c) When applying a bias voltage ὠ to one of the contacts, 
the junction Fermi level is modified and a tunnelling current flowing through it is favored. In 
all these energy schemes (a-c) a molecule showing favorable transport through the LUMO has 
been considered. The equivalent case for transport through the HOMO would simply imply a 
shift upwards of the molecular orbitals depicted here (i.e. a different relative 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 the molecule-metal (organic-inorganic) interfaces. 

According to this assumption, 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 the transport direction and bound states are found between two scattering 

interfaces [Malen2010; Kittel1953; Datta2005]. In this diagram we have also considered the 

effect of temperature in the electrodes function distribution, as it is the case in real systems. 

The continuum of states is filled in this case following Fermi distributions up to the chemical 

potential ‘ or Fermi level. 
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Some charge transfer from the metals to the molecular orbitals may occur, typically resulting in 

a shift of the energy levels with respect to their original position. In fact, the HOMO-LUMO 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 the Fermi level of the electrodes, which is somewhere in 

between the frontier orbitals, is achieved. The Fermi level lies then within the HOMO-LUMO 

gap, occupied states below and unoccupied states above. In principle, many molecular 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. a chemical 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 metal-molecule coupling. 

The local electronic structure of the metals also influences the broadening of the discrete levels. 

Molecular orbitals hybridization results thereby into a continuous transmission probability with 

resonances (pronounced peaks with higher probability of transmission) 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 1.9(a-b)) offer already useful understanding about charge 

transport in a metal|molecule|metal junction. Namely, the energy-dependent probability to 

tunnel between the electrodes through the 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) and shows 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 to ‘) and their bond with the delocalized metallic 

states (the coupling to the extended states of the electrodes). 

Additionally, in the presence of a small voltage difference ὠ between the electrodes, the energy 

level diagram of the molecular junction can be represented as shown in Figure 1.9(c). The 

voltage applied allows to shift the Fermi level or chemical potential ‘ of the electrode with 

respect to the molecular orbitals (whose relative position is hence voltage-dependent) and 

electrons with an energy close to the Fermi level of the junction are free to participate in 

transport. A tunnelling current is generated which enables to explore the conductance Ὃ and 

the Ὅ-ὠ characteristics of the molecular junction (see also Section 1.4.2). 

In the limit in which molecular orbitals are energetically well separated, transmission resonances 

can be approximated by a Lorentzian peak and hence, the transmission probability through the 

molecular orbital ά can be written using the Breit-Wigner formula [Cuevas2010]: 

In this expression, ‐ ὠ is the difference in energy between the resonance and the Fermi level 

‘ (set at zero energy) and it is voltage-dependent as mentioned above. ɜȟ and ɜȟ (divided 

by ᴐ) are the scattering rates associated to the potential barriers at both molecule-metal 

interfaces. They are considered to be energy- and voltage-independent, which is a good 

approximation when the electrodes density of states is rather flat around the Fermi level (valid 

for noble metals like Au). ɜ ɜȟ ɜȟ is hence the broadening of the discrete molecular 

כ  Ὁȟὠ  
τɜȟɜȟ

Ὁ ‐ ὠ ɜȟ ɜȟ
Ȣ Eq. (1.44) 
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level ά (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 double potential barrier model, therefore, the total transmission 

function of the junction כὉȟὠ can be described with resonant Lorentzian peaks at energies 

determined by the molecular levels [Kittel1953]. Note that this expression is especially accurate 

for on resonant transport, i.e. for energies around the discrete level [Datta1995]. Summing over 

all the molecular orbitals participating in transport ὓ, we get that the energy- and voltage-

dependent total transmission of the junction is:  

Since mainly HOMO and LUMO contribute to electron transport, the sum in Eq. (1.45) extends 

usually until ὓ  ς, accounting only for the frontier orbitals. This is the so-called 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 1.10(b)). The levels 

position in the energy diagrams are denoted by ‐ and ‐, respectively, while coupling to the 

corresponding electrode is ɜȟ and ɜȟ, with ά  Ὄȟὒ for HOMO and LUMO respectively. 

The top panel in Figure 1.10(c) shows the energy dependence of the transmission given by Eq. 

(1.45), for the two alignments mentioned. 

Figure 1.10: Two level model applied to a molecular junction. (a-b) Energy diagrams for a 
molecular junction in the absence of a bias voltage (‘ ‘, where ‘ȟ 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 LUMO. (c) כὉ and 
כ ὉȾכὉ for the two level model described by Eq. (1.45) (with ὓ  ς). Blue curves 

correspond to (a)  ‐ ρȢς Å6 and  ‐ ςȢυ Å6, and green ones to (b)  ‐ ςȢυ Å6 and  
‐ ρȢς Å6. The conductance Ὃ is proportional to כὉ at the Fermi level Ὁ and hence it 
is the same for both alignments (a) and (b). The thermopower Ὓ is proportional to 
כ ὉȾכὉ at the Fermi level Ὁ and hence it is positive for (a) and negative for (b). Two 

different symmetric couplings of the molecules to the electrodes have been considered: 
ɜȟ ɜȟ πȢρ Å6 (solid line) and ɜȟ ɜȟ πȢπσ Å6 (dashed line; weaker coupling), 

where ά  Ὄȟὒ accounts for HOMO and LUMO. It can be observed that for Ὁ ‘ Ὁ, 
coupling has a major effect in Ὃ while for Ὓ it only acquires importance when the Fermi level 
approaches the resonant level. For further examples, see Ref. [Cuevas2010]. 

Ὁȟὠכ 
τɜȟɜȟ

Ὁ ‐ ὠ ɜȟ ɜȟ
Ȣ Eq. (1.45) 
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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 ὠͯ π, and find that the conductance of the junction is 

then given by: 

We extract several important conclusions from Eq. (1.46). For example it tells us that, for a given 

level ά whose transmission is expressed by Eq. (1.44), the conductance is maximized when Ὁ

‐ , 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 depicted in Figure 1.10(c), top 

panel). Additionally, the maximum possible transmission through the resonant level is reached 

in the symmetric case, i.e. when both potential barriers are equal or, equivalently, when the 

coupling of the molecular level to both electrodes is the same. In this situation we have that the 

scattering rates ɜȟ and ɜȟ are identical and, satisfying also the resonant condition, in the 

symmetric case we get that כ Ὁ  ρ. The maximum Ὃ of each individual level is hence equal 

to Ὃ, independently of the coupling. This is illustrated with two different examples of symmetric 

coupling in Figure 1.10(c) (solid vs dashed lines). 

Finally, let us consider the case of a temperature difference ɝὝ applied between the metallic 

electrodes (as depicted in Figure 1.11)). Note that, similarly to the nanoconstriction schematized 

in Figure 1.7(c-d), ɝὝ would sharply drop at the molecular junction since we are considering 

coherent transport and the electrodes are electron reservoirs at a well-defined temperature. 

The energy diagram for this case is shown in Figure 1.11. The first consequence of the application 

of the temperature gradient is on the electron distribution of the hot electrode since, when the 

temperature is raised, it extends to higher energies. 

Figure 1.11: Thermoelectricity of molecular junctions and sign of the Seebeck coefficient. 
Energy diagrams for a molecular junction where a temperature difference is applied between 
the electrodes; in particular, the temperature of electrode 1 is raised above that of electrode 
2 (electron distributions are represented in red and blue for electrodes 1 and 2, respectively). 
The transmission function of the molecular junction within the two level model (in grey) is 
schematized between the two potential barriers generated at both molecule-metal 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 and Ὓ π. (b) Electrons above the Fermi 
level have larger transmission probability than those below: the net flow of electrons will be 
towards the cold side and Ὓ π. Note that in both diagrams, no bias voltage is considered 
and the tunnelling currents depicted are produced by the temperature difference applied (as 
far as this is maintained). 

 Ὃ ὋכὉȟὠͯ π Ὃ
τɜȟɜȟ

Ὁ ‐ ὠͯ π ɜȟ ɜȟ  

Ȣ Eq. (1.46) 
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Similarly to the conductance, the thermopower of the junction can be obtained within the 

Landauer formalism (Eq. (1.43)) and the transmission function given by Eq. (1.45). This is plotted 

in Figure 1.10(c), bottom panel, for the two level model. The most important feature is the 

change of sign of the thermopower in the two alignments considered (HOMO vs LUMO 

transport). In comparison with the conductance Ὃ, which is proportional to the transmission 

function כ at the Fermi level (or chemical potential) (Figure 1.10(c), top panel), the 

thermopower Ὓ is related to the slope of the transmission כ, also at the Fermi level, which 

influences its sign: positive for HOMO-dominated transport (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 an essential characterization tool of their transport 

properties [Paulsson2003]. 

Diagrams in Figure 1.11 also reflect the dependence of the sign of the Seebeck 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 cold side (Figure 1.11(b)). This is 

somehow equivalent to the dependence of the sign of Ὓ on the sign of the charge carriers valid 

for macroscopic systems. In the case of HOMO-dominated transport, since Ὓ  π, we may 

speak of hole-like carriers, whereas for LUMO-dominated transport, Ὓ  π and the carriers are 

considered electron-like. 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 variation of the transmission for carriers 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, conductance Ὃ and thermopower Ὓ of a molecular junction depend on the value 

of the transmission function כὉ and its derivative at the Fermi level Ὁ  Ὁ ‘ (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 so-called level alignment, and their broadening, the so-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 conductance 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 question of huge interest for the development of 

thermoelectric devices as we will discuss in Section 1.6. Interestingly, we can observe that near 

a transmission peak, both Ὃ and Ὓ are maximum since both the transmission value and its slope 

are concurrently increased in the proximity of a resonant level. Tuning the level alignment with 

the goal of maximizing conductance and thermopower is then one of the key strategies in the 

experimental research on the transport properties of molecular junctions [Yee2011; Kim2014]. 

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 electrodes. Clearly, a 

smaller coupling results in steeper HOMO and LUMO resonances and hence, in a larger 

thermopower, although conductance is in this case lower except when transport is precisely on 

resonance. 
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Finally, another potentially important effect on the conductance and thermopower of molecular 

junctions is quantum interference, which would result in 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 in the backbone not directly connected to the electrodes. In 

this situation, the transmission close to one of the molecular resonances will not be just a 

standard Breit-Wigner resonance as shown until now [Papadopoulos2006], but will be given by:  

where ɜȟ and ɜȟ represent the coupling to the electrodes; ‐ ὠ and ‐ ὠ are the position 

of the molecular level and the side level, respectively; and ‎ is 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.e. ‎Ḻȿ‐ ‐ ȿ, the transmission has a BreitςWigner resonance at Ὁ ‐ and 

an antiresonance at Ὁ ‐ , where כὉ vanishes. In addition, it has a Fano peak at Ὁḙ‐

‎Ⱦȿ‐ ‐ ȿ. If the Fano peak is at the Fermi level, it will have a large impact on the Ὃ and S, 

as can be seen in Figure 1.12(b). An in-depth tutorial review on quantum interference effects 

can be found in Ref. [Lambert2015]. 

 

 

 

 

 

 

 

 

Figure 1.12: Fano resonance in the transmission function of a molecular junction. (a-b) 
Energy diagram (a) and כὉ and כ ὉȾכὉ (b) for a molecular junction in the case of a 
Fano resonance close to the LUMO and in the absence of bias voltage (‘ ‘, where ‘ȟ is 
the chemical potential of electrode 1 and 2, respectively). כὉ and כ ὉȾכὉ are 
calculated from the model described by Eq. (1.47), using ‐ ρȢυ Å6, ‐ πȢρχ Å6 
(resonance close to the LUMO) and ɜȟ ɜȟ πȢρ Å6, and considering three different 
resonant couplings: ‎ π Å6 (dotted line), ‎ πȢρ Å6 (solid line) and ‎ πȢφ Å6 (dashed 
line). If the Fano peak is at the Fermi level, it will have a large impact on both Ὃ and Ὓ. For 
further examples, see Ref. [Cuevas2010]. 

 

1.4.2 ╘-╥ 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 between them, 

the voltage dependence of the tunnelling current trough the junction, that is, the Ὅ-

ὠ characteristics of the junction, can be addressed. 

 
Ὁכ  

τɜȟɜȟ

Ὁ ‐ ὠ
‎

Ὁ ‐ ὠ
ɜȟ ɜȟ

Ȣ 
Eq. (1.47) 
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Within the Landauer approach, let us recall that the current through a nanojunction can be 

written using Eq. (1.9): 

 Ὅὠ  
ςὩ

Ὤ
Ὁכ ὪὉ ὪὉ ὨὉȢ  

Explicitly including the chemical potential and the voltage, applied to electrode 2:  

 Ὅὠ  
ςὩ

Ὤ
Ὁȟὠכ ὪὉȟ‘ ὪὉȟ‘ ὩὠὨὉȟ Eq. (1.48) 

or, considering it applied to both electrodes:  

 Ὅὠ  
ςὩ

Ὤ
Ὁȟὠכ ὪὉȟ‘ ὩὠȾς ὪὉȟ‘ ὩὠȾς ὨὉȢ Eq. (1.49) 

For the molecular junction we are considering, כὉȟὠ is the energy- and voltage-dependent 

transmission function introduced in the previous section and, for the case of off-resonant 

transport, it is given by the Breit-Wigner formula (Eq. 1.44).  

where ɜ ɜȟ ɜȟ. Assuming a symmetric voltage drop at both interfaces, equivalent to 

assume that the coupling to the electrodes is symmetric (ɜȟ ɜȟ), an analytical expression 

for the current can be derived, in the zero-temperature limit [Cuevas2010]:  

 Ὅὠ  
ςὩ

Ὤ

τɜȟɜȟ
ɜ

ÁÒÃÔÁÎ
ὩὠȾς ‐

ῲ
 ÁÒÃÔÁÎ

ὩὠȾς ‐

ῲ
 Ȣ Eq. (1.50) 

In the low-voltage regime, i.e. before reaching the resonant level, this can be seen as a linear 

and cubic terms with ὠ as the main contributions to the shape of the Ὅ-ὠ characteristics (Ὅὠ 

 ὃὠ ὄὠ ), equivalently to the solution proposed by Simmons for tunnelling currents 

generated with intermediate voltages. 

An important aspect of Eq. (1.50) is that, within this tunnelling model through a double potential 

barrier, Ὅ-ὠ 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, which is not always 

the case. This can be modified within the model considering an asymmetric situation through 

different coupling ɜȟ and  ɜȟ to each electrode. Being the scattering rates different, we can 

assume that the voltage drop at each organic-inorganic interface will be different and include it 

in the model as ‐ ὠ ‐ ὩὠȾς ɜȟ ɜȟ Ⱦɜ. This expression implies that the 

molecular level ‐  will be more influenced by the shift in the Fermi level (Ὁ ‘) of the 

electrode to which it is more coupled. In other words, the molecular level will follow the 

chemical potential, shifted when the voltage is applied, of the electrode to which it is better 

coupled. In the extreme, when the ratio between the couplings is very different to one, the Ὅ-ὠ 

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 the Ὅ-ὠ characteristics can be also introduced 

כ  Ὁȟὠ  
τɜȟɜȟ

Ὁ ‐ ὠ ɜ
Ȣ  
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by establishing a different coupling between the electrode and the molecule directly 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 the molecule and that electrode will effectively largely reduce its 

coupling to that electrode, while tunnelling current would still be allowed and Ὅ-ὠ characteristics 

can be explored as long as the distance between the electrode and the molecule is small enough. 

This is the so-called tunnelling spectroscopy because these Ὅ-ὠ curves and the asymmetry with 

different bias polarity would give us information 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 particular in molecular junctions, 

applying a temperature difference ЎὝ between 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 (energy flow) through the junction from the hot electrode 

towards the cold one. 

Briefly, in macroscopic systems this phenomenon has been traditionally described based on 

CƻǳǊƛŜǊΩǎ ƭŀǿ ώ5ǳōƛнлммϐΦ ¢Ƙƛǎ ƭŀǿΣ ǾŀƭƛŘ ŦƻǊ ǘƘŜ ƭƛƴŜŀǊ ǊŜƎƛƳŜΣ ǎǘŀǘŜǎ ǘƘŀǘ ŀ ǘŜƳǇŜǊŀǘǳǊŜ ƎǊŀdient 

Ὕɳ applied across a bulk material induces a thermal current density Ὦ  which is linearly 

proportional to Ὕɳ and the constant of proportionality is the thermal conductivity of the 

material ‖ (or „  in analogy to commonly-used electrical variaōƭŜǎύΦ CƻǳǊƛŜǊΩǎ ƭŀǿ ƛǎ ǘƘŜƴΥ  

 Ὦ  ‖ɳὝȢ Eq. (1.51) 

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 described to some extent within the 

Landauer scattering formalism presented in this chapter [Wang2019]. Equivalently to bulk 

materials, energy is carried through nanoscale systems by electrons and phonons and thus the 

thermal conductance Ὃ  can be considered as the sum of both contributions: Ὃ  Ὃ ȟ

Ὃ ȟ . Considering typical dimensions of nanojunctions (and molecular junctions in particular) 

and the inelastic mean free path (distance between inelastic scattering processes) of electrons 

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 [Klöckner2017a], resulting in the following expressions for electron and phonon 

thermal currents:  

 ὐȟ  
ς

Ὤ
Ὁ Ὁ Ὁȟὠכ ὪὉȟ‘ ὪὉȟ‘ ὨὉ Eq. (1.52) 

and 

 ὐȟ  Ὤ’כ ’ Ὣ ’ Ὣ ’ὨὉȟ Eq. (1.53) 
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where ’ is the frequency of the phonon, כ ’ is its transmission function and Ὣ ’ and Ὣ ’ 

are the Bose-Einstein distributions of the corresponding electrode (acting as thermal reservoirs), 

which also depend on their temperature. Note that the voltage influence in the Fermi-Dirac 

distribution functions has been included in Eq. (1.52) in the chemical potential of the electrodes 

(‘ ‘ Ὡὠ). 

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 theoretically proposed, since thermal 

radiation or photon tunnelling may occur between the electrodes forming a molecular junction 

[Klöckner2017b]. 

Finally, electrical and thermal properties of nanojunctions can be also combined within the 

scattering approach starting with the measurable thermoelectric coefficients, namely, the 

conductance Ὃ ρȾὙ, the thermopower Ὓ, the Peltier coefficient ɩ and the thermal 

conductance Ὃ  [Finch2009]. They relate the charge and heat currents, Ὅ and ὗ respectively, to 

the voltage and temperature differences applied, ɝὠ and ɝὝ respectively, by the equations:  

 
ɝὠ
ὗ

Ὑ Ὓ
ɩ Ὃ

Ὅ
ɝὝ
Ȣ Eq. (1.54) 

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 coefficients Ὃ, Ὓ and Ὃ  as a 

function of the moments ὒ of the transmission function can be derived:  

 Ὃ  
ςὩ

Ὤ
ὒȟ Eq. (1.55) 

 Ὓ  
ρ

ὩὝ

ὒ

ὒ
 Eq. (1.56) 

and 

 Ὃ
ς

Ὤ
 
ρ

Ὕ
ὒ

ὒ

ὒ
ȟ Eq. (1.57) 

where 

 ὒ Ὁ Ὁ Ὁכ
‬ὪὉ

‬Ὁ
ὨὉȢ  Eq. (1.58) 

 

1.6 Thermoelectric devices: efficiency and figure of merit 

Besides experimentally 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 thermoelectric devices based on organic molecules, serving our work of these 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 organic-based thermoelectric devices 

with a lower cost than present inorganic semiconducting thermoelectrics [Zhang2014]. Devices 

with a high thermoelectric efficiency would enable direct conversion of heat into electricity in 

energy harvesting applications or on-chip cooling in nanoscale electronic devices. Molecular 
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junctions are promising 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 pressure [Rincón-García2016; Cui2017]. 

First things first, a thermoelectric device consists, basically, of alternating branches (or ingots) 

of p-type and n-type materials, i.e. with positive and negative charge carriers, respectively. 

These branches are connected electrically in series (i.e. current flows through all of them, one 

after the other) and thermally in parallel, since they are typically sandwiched between two 

ceramic plates (electrically insulating, but thermally conducting, thus keeping a uniform 

temperature at each side of all the branches). This design is depicted in Figure 1.13 for simple 

thermoelectric devices formed by two branches and operated for their basic straightforward 

applications: power generation and refrigeration. 

Figure 1.13: Thermoelectric devices for power generation (a) and refrigeration (b). (a) 
Schematic representation of a thermoelectric device operating as power generator. An 
electrical current is established thanks to the n-type and p-type thermoelectric materials and 
the temperature difference established. (b) Schematic diagram for a thermoelectric 
refrigerator. The heat sinks (at 4) and cold side (at 4) are metals that form ohmic contacts 
to the active thermoelectric n-type and p-type semiconductors. Establishing a current J 
through the device, a net flow of heat towards the hot side takes place in this configuration, 
thus refrigerating the cold side. From Ref. [Dresselhaus2001]. 

In the case of thermoelectric generators (see Figure 1.13(a)), when a temperature difference is 

established across each of the branches (between the ceramic plates), the thermovoltage 

generated in the alternating positively and negatively charged materials translates into a current 

able to deliver electrical power to an external load connected to the device. 

Inversely, in the case of thermoelectric refrigerators (see Figure 1.13(b)), an electric current 

passing through the branches produces the appearance of a temperature gradient across each 

of them due to heat transfer from one face to the other: it is absorbed at one side 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 power supply and they include energy harvesting 

systems, waste heat recovery or space exploration applications, since they offer autonomous 

sources of electrical power [Rowe1995]. In comparison with thermomechanical conversion 

systems, these unique devices for conversion of thermal to electrical energy result especially 

advantageous in terms of reliability, absence of moving parts and silent operation. With respect 

to standard thermoelectric devices, surmounting their relatively high cost and low efficiency 
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(typically less than υϷ), they are ideally suited for many kind of applications in medical physics, 

ǎǇŀŎŜ ŜȄǇƭƻǊŀǘƛƻƴ ƻǊ ŜȄǇƭƻƛǘŀǘƛƻƴ ƻŦ 9ŀǊǘƘΩǎ ǊŜǎƻǳǊŎŜǎ ƛƴ ƛƴŀŎŎŜǎǎƛōƭŜ ƭƻŎŀǘƛƻƴǎΦ Complementary, 

thermoelectric cooling has been successfully applied in domestic food refrigerators or air 

conditioning [Rowe1995]. The possibility to apply thermoelectric refrigeration directly for on-

chip cooling is especially appealing. Finally, it is also possible to use thermoelectric devices as 

temperature controllers or for thermoelectric thermometry (with a thermocouple, for example, 

as introduced in section 1.3.1). 

1.6.1 Figure of merit 

In a thermoelectric generator the efficiency of conversion of heat into electricity depends mainly 

on the temperature difference ЎὝ Ὕ Ὕ over which the device operates (where Ὕ and Ὕ 

are the temperature at the hot and cold side of the device, respectively), on its average 

temperature of operation Ὕ Ὕ Ὕ Ⱦς and on the performance of the thermoelectric 

material, which is given by its figure of merit ὤ [Rowe1995]. More generally, we can consider 

that the efficiency of a material for converting thermal to electrical energy depends on the 

dimensionless figure of merit ὤὝ, for a specific temperature Ὕ. 

In the case of a bulk material ὤὝ is given by:  

where „ and ‖ are the electrical and thermal conductivity, respectively. As mentioned in the 

previous section, heat is transported by electrons and phonons and, consequently, ‖ ‖

‖ . Eq. (1.59) implies that ὤὝ of bulk materials does not depend on the geometry of the 

material, but only on its physical properties. In contrast, for nanoscale (molecular) junctions, the 

figure of merit is:  

where the thermal conductance can again be decomposed into electron and phonon 

contributions (Ὃ Ὃ ȟ Ὃ ȟ ). Writing explicitly the electron and phonon contributions 

to the thermal conductance, we have:  

where we have taken into account Wiedemann-Franz law, i.e. that the ratio of thermal 

conductance due to electrons to the electrical conductance is proportional to the temperature 

Ὃ ȟ ὒὝὋ, where ὒ is the Lorenz number (ὒ  ὯȾὩ “Ⱦσ ςȢττρπ 7ɱ+ ). 

Based on these expressions of ὤὝ for molecular junctions, determining their thermoelectric 

efficiency (i.e. experimentally measuring the figure of merit) requires the measurement of the 

electrical conductance, the thermopower and the thermal conductance, goals of the present 

Thesis. Using a STM setup introduced in Chapter 2, conductance and thermopower 

measurements of different molecular junctions are presented in Chapters 3 and 4, while for the 

third magnitude, a very demanding task due to the small thermal flows involved, thermal 

conductance measurements are experimentally addressed in Chapter 5 for atomic contacts as a 

proof-of-concept for a novel technique developed. 

 ὤὝ  
„ὛὝ

‖
ȟ Eq. (1.59) 

 ὤὝ  
ὋὛὝ

Ὃ
ȟ Eq. (1.60) 

 ὤὝ  
ὋὛὝ

Ὃ ȟ Ὃ ȟ

ὋὛὝ

Ὃ ȟ ρ Ὃ ȟ ȾὋ ȟ

Ὓ

ὒ ρ Ὃ ȟ ȾὋ ȟ
ȟ Eq. (1.61) 
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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 microscope (STM). 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 scale 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 home-built STM experimental setup 

utilized during the present Thesis (Section 2.3). After this, the experimental 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 STM-Imaging technique and the STM-Break Junction (STM-BJ) 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 data. Finally, and getting ahead slightly into Part 2 (Chapter 5), it 

should be noticed 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 working principle, despite being adapted to measure with a different probe and electronics. 

In summary, the 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 Edmund Weibel in 1982 to perform surface microscopy using vacuum 

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

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 [Binnig1983]. This instrumental 

achievement was undoubtedly a major breakthrough in the history of science. It was so 

ǊŜŎƻƎƴƛȊŜŘ ƛƴ мфус ǿƘŜƴ .ƛƴƴƛƎ ŀƴŘ wƻƘǊŜǊ ǿŜǊŜ ŀǿŀǊŘŜŘ ǘƘŜ bƻōŜƭ tǊƛȊŜ ƛƴ tƘȅǎƛŎǎ άŦƻǊ ǘƘŜƛǊ 

ŘŜǎƛƎƴ ƻŦ ǘƘŜ ǎŎŀƴƴƛƴƎ ǘǳƴƴŜƭƭƛƴƎ ƳƛŎǊƻǎŎƻǇŜέΣ ŀƴ exceptional instrument that made it possible 

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 controlling subnanometer 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 atomic scale. It has been 

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 of systems (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 was also 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 almost every kind 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, especially fields such as condensed matter physics, 

chemistry, biology, optics or materials science [Cuevas2010]. It has also greatly stimulated 

interdisciplinary research because of its broad applications and its ability to probe matter locally 

down to the atomic level. 

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 tunnelling effect introduced in Section 1.2.2. 

The model developed for a one-dimensional rectangular potential barrier can be directly 

extrapolated to a STM tunnelling barrier between two conducting electrodes (typically metals) 

facing each other in close proximity, namely 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. 

The main elements of a STM are depicted in Figure 2.1. A bias voltage ὠ  is 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 electrodes can be 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 reaching thŜ ΨƳŜŎƘŀƴƛŎŀƭ Ǉƻƛƴǘ ŎƻƴǘŀŎǘΩ (see Section 1.2.2). 

Let us remind that this current depends exponentially on the distance between tip and sample 

and thus is very sensitive to small variations. For most metals, changes of ρ ᴠ typically lead to a 

change of the tunnelling current of one order of magnitude [Wiesendanger1994]. 

By monitoring the current it is possible to preserve the tip-sample separation by establishing a 

desired setpoint for a feedback loop that keeps the current constant. An increase (decrease) of 

the tunnelling 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 piezoelements, whose working 

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 PZT and commonly used in STM setups) and it 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 of the piezoelectric material can be achieved by applying a voltage. 
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Figure 2.1: STM working principle. Basic elements of a STM: two conducting electrodes (a tip 
and a sample), a voltage source to apply a voltage difference (the bias voltage ὠ ) between 
the electrodes so that there is tunnelling current (tunnelling of electrons represented in light 
grey) and feedback loop to control the total current or the tip position, depending on the 
scanning mode; the feedback loop is typically connected to piezoelectric elements ὖ to 
control the vertical tip position with subnanometer scale precision (thanks to the exponential 
dependence of the tunnelling current with distance) and to piezoelectric elements ὖȟὖ 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 be the ᾀ-direction. 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 piezodrive ὖ.  

Besides controlling the ᾀ position of the tip, it is common to have additional piezoelements (ὖ 

and ὖ) to also move the tip in the ὼ- and ώ-directions, i.e. in the sample surface plane. In this 

way, surface topography can be probed by scanning the surface with the tip. This is laterally 

displaced over the sample while the feedback loop controls its vertical position (ᾀ) in order to 

maintain the current equal to the setpoint value. Recording the vertical displacements 

performed as function of the lateral tip position gives rise to ᾀὼȟώ 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 is displayed as function of the ὼȟώ 

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 movement 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 prevents mechanical contact. Additionally, piezoelectric elements allow to scan the sample 

surface with the tip and generate three-dimensional ᾀὼȟώ images (in the constant current 

mode). 
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Figure 2.2: STM scanning modes. (a) 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 

vertical position is fixed while scanning (indicated by the dashed line) and the tunnelling 

current is allowed to vary. After Ref. [Evangeli2014]. 

Although powerful, the STM working principle implies two fundamental constraints of STM 

measurements. Firstly, the presence 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 increased to some 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 most remarkable 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 areas, providing thus insights, for example, about crystal lattices parameters. 

STM real-space local information, however, enables to investigate disorder degree on a surface 

or defect structures, for instance. It essentially allows to detect and study non-periodic 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 experimentally form 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 [Agraït1993; Pascual1993; Agraït2003; Xu2003] and 

thermoelectric properties [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 nanoscale junctions [Evangeli2014], as well comment on some adaptations 

incorporated. 
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2.3 STM experimental setup 

During this Thesis, electric and thermoelectric characterization of atomic contacts and molecular 

junctions has been performed using a home-built STM working in ambient conditions and at 

room temperature. The setup was mounted in the group prior to the work described in this 

manuscript [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 brass block 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. They are used for the coarse vertical movement of the head over the table, i.e. 

the tip over the sample. 

Figure 2.3: STM setup employed in our experiments, operated under ambient conditions 
and at room temperature. (a) Image of the three 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 the thermocouple 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 single-molecule 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 grounded in order 

to isolate the STM from external electromagnetic signals (see Figure 2.3(b)). The box is also 

covered inside and outside with a noise-isolating sponge and is hanged from the ceiling using a 

pulley system and elastic ropes to isolate the STM from mechanical vibrations of the building. 

(a) (b) 

(c) (d) 
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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 with a multifunctional card, NI PCI-7833R. Briefly 

describing the whole STM circuit, the card allows us to apply the bias voltage to the sample, 

while the tip is grounded and connected to a current-to-voltage amplifier. The tunnelling current 

through the sample-tip 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, controls the ᾀ-

piezoelement elongation and corrects the tip position over the sample to maintain the 

tunnelling current. ὼ- and ώ-piezoelements are also controlled by the FPGA to acquire STM 

images in constant current mode. Let us describe further all these stages. 

Figure 2.4: Scheme of the home-built STM used during this Thesis. (a) Scheme of the standard 
configuration of the STM. Using a FPGA a bias voltage ὠ  is applied to the sample to 
establish a tunnelling current with the tip which is then amplified in a commercial current-to-
voltage amplifier with a variable gain and recorded with the FPGA; a feedback loop to the 
piezotube controls the tip vertical and lateral position. This configuration is used to perform 
Ὃ and Ὓ measurements with the STM-Imaging 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 resistor is connected before the voltage is applied to the substrate and 
a double-stage home-built I-V amplifier is used. This configuration is employed to perform Ὃ 
and Ὓ measurements with the STM-Break Junction technique (see Section 2.4.3 for more 
details on the technique). 

In our system the bias voltage ὠ  required to establish the tunnelling current is applied to the 

sample by a macroscopic copper electrode electrically coupled to it. The voltage is given by the 

digital-to-analogue converter (DAC) of the card, which has a total output range of  ρπ 6. We 

generally divide this output by a factor ρπ to reduce the voltage output noise, using in 

experiments an actual range of  ρ 6 for ὠ . This is essential to perform thermopower 

measurements where 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 apply slightly larger ὠ . 

Tunnelling current is measured after flowing to the tip, which is grounded. Tips employed in our 

experiments are mechanically cut gold wires (πȢςυ ÍÍ diameter, 99.99% purity, Goodfellow).  

We commonly use a commercial programmable current amplifier Keithley 428, with variable 
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gain (ρπ 6Ⱦ! or ρπ 6Ⱦ! is selected depending on the experiment). The current-to-voltage 

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

FPGA where the analogue-to-digital converter (ADC) transforms it to a digital signal recorded by 

the computer. 

Tip position over the sample is then adjusted using the feedback loop, which in our setup is 

based on a digital proportional-integral-differential (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 pre-established current value. The feedback signal 

generated is sent from the computer DACs (with a  ρπ 6 range) to high voltage amplifiers, in 

particular, Nanonis electronics (a high voltage amplifier HVA4 and its corresponding high voltage 

power supply HVS4). The output signal, with a total range of  ρυπ 6, is then sent to the 

piezotube to control its elongation in the ᾀ-direction.  

Figure 2.5: Schematic diagrams of the current-to-voltage (I-V) amplifiers employed. (a) 

Commercial programmable current amplifier Keithley 428. The I-V 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 ὠ   Ὑ ϽὍ. (b) Double-stage home-
made current-to-voltage amplifier. Tunnelling current is amplified in the first stage and it is 
then directed to a second amplifier and a buffer, thus generating two signals ὠ  and ὠ . 

The piezotube in our STM is directly glued to the brass head (see pictures and scheme in Figure 

2.3(a,c-d)). 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 a piece of circuit board where 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 on the ὼ-direction; two, on the ώ-direction and one, the inner 

face of the cylinder, controls the movements on the ᾀ-direction (vertical movements) (see Figure 

2.6). Lateral displacements of the tip for surface scanning are controlled with ὢ and ὣ voltage 

ǊŀƳǇǎ ƛƴ ǎǳŎƘ ŀ ǿŀȅ ǘƘŀǘ ǘƘŜ ŎȅƭƛƴŘǊƛŎŀƭ ǇƛŜȊƻǘǳōŜ άōŜƴŘǎέ ƭŀǘŜǊŀƭƭȅ ǘƻǿŀǊŘ ǘƘŜ ŘŜǎƛǊŜŘ ŘƛǊŜŎǘƛƻƴΣ 

without any feedback control. The piezotube has been calibrated prior to this Thesis 

[Evangeli2014] and has a total scanning range of ρ ρ ʈÍ  and a total vertical displacement of 

φφπ ÎÍ (conversion factor of ςȢς ÎÍȾ6). 

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

changes has been also used during the Thesis. This has been motivated by the low conductance 
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of some of the molecules investigated, which sometimes made it challenging to measure the 

transport properties of the junction. To be able to characterize both conductance and 

thermopower of these systems, with the so-called STM-Break Junction (STM-BJ) technique 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 (Ὑ  in Figure 2.4(b)). It increases the saturation limit of the current and enables to 

measure a wider range of conductance values, from below the low conductance molecular signal 

(around ρπὋ or even ρπὋ in some cases) up to the tip-sample metallic contact which 

serves as a reference (Au-Au one-atom contact shows a well-known conductance Ὃ  Ὃ

ςὩȾὬ χχȢυ ρπ 3, the quantum of conductance [Agraït2003]). The second major setup 

modification is in the current amplification stage. In this configuration we use a home-made 

double-stage current-to-voltage amplifier with a total gain of ςȢφ ρπ 6Ⱦ! (see circuit 

diagram in Figure 2.5(b)). 

 

 

 

 

 

 

 

 

Figure 2.6: Schematics of the cylindrical piezotube. (a) Piezotube at rest position (no voltage 
applied). (b) Piezotube laterally bent in the ὼ-direction. After Ref. [Evangeli2014]. 

2.4 Simultaneous conductance ╖ 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 perform conductance 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 difference ὠ  

between the extremes of the targeted molecule. In this way, a tunnelling current Ὅὠ  is 

established and the molecular junction conductance Ὃ  ὍȾὠ  can be measured. 

Complementary, Figure 2.7(b) shows the basic requirements for thermopower measurements. 

Let us recall that the thermopower or Seebeck coefficient Ὓ is defined, in open-circuit conditions 

(Ὅ π), by Eq. (1.27): 

 Ὓ  
Ўὠ

ЎὝ

ὠ ὠ

Ὕ Ὕ
Ȣ Eq. (2.1) 

ὼ 

ώ 

ᾀ 
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Thus, considering Figure 2.7(b), a temperature difference ɝὝ Ὕ Ὕ applied between the 

electrodes would generate a thermoelectric voltage difference across the junction Ўὠ ὠ

ὠ. Measuring Ўὠ and knowing ɝὝ, the calculation of the thermopower is straightforward. 

Figure 2.7: Conductance and thermopower measurements in a molecular junction. (a-b) 
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 bias voltage ὠ  across the junction and inject through 
it a proportional current Ὅ  Ὃὠ , where Ὃ is the conductance of the molecular junction. 
Complementary, when the two sides of the molecular junction are at different temperatures, 
Ὕ and Ὕ, as depicted in (b), a thermoelectric voltage difference ὠ ὠ  ὛὝ Ὕ  
(where Ὓ is the Seebeck coefficient of the molecular junction) appears between the electrodes 
in open-circuit 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 simultaneous Ὃ ans Ὓ measurements is also described 

below. In practice, there are two versions of the technique, depending on the molecules under 

study: the so-called STM-Imaging technique (presented in Section 2.4.2) and the STM-Break 

Junction technique (introduced in Section 2.4.3). Both have been used 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 mount ρ Ëɱ resistor on the tip support which acts as 

a heater (see Figure 2.3(c-d)) [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 in good thermal contact with the back of the resistor and the 

temperature drop through the tip has been calibrated to be less than ρϷ [Evangeli2014]. The 

substrate, thermally coupled to the macroscopic copper electrode, is maintained at room 

temperature Ὕ (approximately at σππ +) and hence a temperature difference ῳὝ  Ὕ Ὕ 

between tip and sample is established, where Ὕ is the temperature of the tip (and Ὕ Ὕ . 

We monitor the resulting ЎὝ with two thermocouples placed on the heating resistor and on the 

sample. The temperature drop in the tip is taken into account when determining the actual ЎὝ. 

Depending on the experiment, the temperature difference ranges from ρυ + to τπ +, 

approximately. 

In practice, when applying a ῳὝ and despite the fact that the STM setup is allowed to stabilize 

for around ρυ-σπ minutes before measurements are initiated, the temperature rise generally 

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 STM-Imaging technique (introduced in 
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more detail in Section 2.4.2), the increased thermal drift makes it necessary to use especially 

fast imaging to locate isolated molecules deposited on the substrate and to track them. For 

measurements performed with the STM-Break Junction (STM-BJ) technique (introduced in more 

detail in Section 2.4.3), the molecular junctions formed are 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 temperature difference is not only established between tip and sample 

but also a temperature gradient across the tip-connecting lead appears, which gives rise to an 

additional thermoelectric voltage that needs to be considered. The total thermovoltage 

experimentally measured ὠ  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 junction can be written as: 

ὠ  is the applied bias voltage; Ὃ and Ὓ are the conductance and Seebeck coefficient of the 

junction, respectively, and Ὓ  is the Seebeck coefficient of the tip-connecting lead, which in 

our system is a copper wire, so Ὓ  Ὓ ρȢψσ ʈ6Ⱦ+  [Cusak1958]. The practical 

application of this expression allows us to measure simultaneously both conductance Ὃ and 

thermopower Ὓ as we are going to explain in the next sections. 

 

 

 

 

 

 

 

 

 

Figure 2.8: Schematic representation of the equivalent thermal circuit. The tip is heated to a 
temperature Ὕ above ambient temperature (in red), while the substrate and body of the STM 
are maintained at ambient temperature Ὕ (in blue), establishing a temperature difference 
ЎὝ  Ὕ Ὕ that generates a thermoelectric response both in the junction (in green) and in 
the tip-connecting lead (in orange). Ὓ and Ὓ  are their corresponding Seebeck coefficients. 
The purely electrical circuit consists on the bias voltage applied to the substrate (ὠ ) and 
the current Ὅ flowing through the STM junction of electrical resistance ρȾὋ. 

 
Ὅ Ὃὠ ὛὝ Ὕ Ὓ Ὕ Ὕ  

Ὃὠ ὛῳὝὛ ῳὝ Ὃὠ ὠ ȟ 
Eq. (2.2) 

where ὠ ὛῳὝὛ ῳὝ Ὓ Ὓ ῳὝȟ Eq. (2.3) 
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Before doing so, let us make some further comments regarding the ɝὝ actual value during 

junction formation, while tip and sample are separated just by a molecule 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, ɝὝ remains constant in the timescale of the 

experiments as we see a clear thermoelectric response, 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 the 

drop of temperature takes place since there is coherent transport of electrons through it. 

 

2.4.2 STM-Imaging technique for simultaneous ╖ and ╢ measurements 

The STM-Imaging technique is essentially the technique introduced in Ref. [Evangeli2013] for 

the study of C60 molecules 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 images prior to 

junction formation in order to contact individual fullerenes adsorbed on the Au surface. Once a 

single molecule is targeted, both conductance Ὃ and thermopower Ὓ can be simultaneously 

measured doing small voltage ramps during the approach and retraction of the STM tip with 

respect to the molecule as described in Figure 2.9. 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: Technique for simultaneous conductance ╖ and thermopower ╢ measurements 
within the STM-Imaging technique. (a-b) Tip displacement Ўᾀ and applied bias voltage ὠ  
at the molecular junction, respectively, as a function of time. The bias voltage is maintained 
at a fixed value ὠ during the tip motion (in blue) and every few picometers it is swept between 
ὠ while the tip is stationary (in red). (c) Experimental Ὅ-ὠ traces zooming for voltage values 

close to zero. In the presence of a temperature difference ЎὝ π +, a voltage offset ὠ  
appears. 

The bias voltage ὠ  applied to the sample is kept constant at a given value ὠ (typically around 

ρπ Í6) during the tip motion towards the molecule and backward. The tip motion is stopped 

every few picometers (ρυςυ ÐÍ) and the bias voltage is ramped between ὠ while the tip 

is stationary (typically between ρπ Í6). These low-voltage Ὅ-ὠ traces show linear ohmic 
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behaviour, proving good coupling of the molecule to the electrodes and a HOMO-LUMO gap 

larger than the bias voltage [Joachim1995]. When no temperature difference is applied between 

both STM electrodes, i.e. ῳὝ π + in Eq. (2.2), we have:  

and Ὅ π ! takes place at zero bias voltage in the experimental Ὅ-ὠ curves (see Figure 2.9(c)). 

When a non-zero temperature difference is established between tip and sample, the Ὅ-ὠ curves 

show a ῳὝ-dependent voltage offset at zero current. Replacing Ὅ π ! in Eq. (2.2): 

and therefore, the ῳὝ-dependent voltage offset of the Ὅ-ὠ trace at zero current corresponds to 

the thermovoltage response of the system ὠ , given by Eq. (2.3): ὠ Ὓ Ὓ ῳὝ. In this 

way, measuring ῳὝ and ὠ  and knowing Ὓ  (once the setup electrical offsets are taken into 

account (see Section 2.4.4)), the calculation of the thermopower of the junction Ὓ is 

straightforward. In addition and simultaneously, the slope of the Ὅ-ὠ curve corresponds to the 

conductance Ὃ of the junction. 

Experimentally, when this technique is employed (see results in Chapter 3), the current Ὅ is 

measured using the commercial current-voltage amplifier Keithley 428 with a digitally controlled 

variable gain that is set to ρπ 6Ⱦ! for these experiments (see Figure 2.5(a)). 

Finally, the STM-Imaging 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 formation, the technique enables to 

perform further transport measurements in the very same molecule by successive approach-

retraction cycles of the tip. In each approach-retraction cycle, approximately υπ-ρππ Ὅ-ὠ curves 

are typically shot, giving as many values of Seebeck coefficient. 

2.4.3 STM-Break Junction technique for simultaneous ╖ and ╢ measurements 

Conductance and thermopower measurements using the STM-Break Junction technique are 

very similar to those performed with the STM-Imaging technique introduced in 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 case high-conductance 

molecules such as fullerenes offer the possibility to localize them on the surface [Evangeli2013], 

molecules studied with the STM-BJ technique have typically a much smaller conductance 

όŀǊƻǳƴŘ ǘǿƻ ƻǊŘŜǊǎ ƻŦ ƳŀƎƴƛǘǳŘŜ ǎƳŀƭƭŜǊΣ ŀǘ ƭŜŀǎǘύΣ ǎƻ ƧǳƴŎǘƛƻƴǎ ŀǊŜ άōƭƛƴŘƭȅέ ŦƻǊƳŜŘ ǿƛǘƘƻǳǘ 

prior STM images of the molecules on the surface [Xu2003; González2006; Leary2015]. This is 

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

by means of BJ techniques (see Figures 2.10 or 1.8). Molecules under investigation, defined 

mainly by the so-called backbone (since molecules have usually a linear structure), are 

functionalized at both ends with binding groups, or anchor groups, which favour bond formation 

ƻŦ ǘƘŜ ƳƻƭŜŎǳƭŜ ǿƛǘƘ ǘƘŜ ƳŜǘŀƭ ŀǘƻƳǎΦ .ƛƴŘƛƴƎ ƎǊƻǳǇǎ ŀǊŜ ǘȅǇƛŎŀƭƭȅ άǎƳŀƭƭέ ŎƘŜƳical groups with 

dangling bonds and good affinity for the electrode material, so they are willing to form chemical 

bonds with the metallic delocalized states. 

 

 Ὅ Ὃὠ  Eq. (2.4) 

 π Ὃὠ ὠ ᵼὠ ὠ  Eq. (2.5) 
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Figure 2.10: Schematics of a commonly investigated organic molecule. The molecule is 
typically formed by a functional unit, spacers (in the case of oligomers in particular) and anchor 
or binding groups to favor bonding with the electrodes. From Ref. [Leary2015]. 

Regarding junction formation in the STM-BJ technique, the tip is repeatedly indented into the 

surface, forming a metallic contact with the Au substrate, and then withdrawn. Upon breakage 

of the Au-Au contact, a small gap on the order of πȢς πȢυ ÎÍ opens up between 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, thus allowing for the characterization of the transport 

properties of the junction, in our case, conductance Ὃ and thermopower Ὓ. This junction 

formation process is repeated hundreds of times for each compound and for each temperature 

difference established in order to be able to do a statistical analysis and get the most probable 

values of Ὃ and Ὓ of the investigated molecular junctions. 

The main results of the experiments performed during this Thesis with the STM-BJ technique 

are presented in Chapter 4. Some of the 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 experimental technique parameters has been accomplished in order to be able to 

characterize both conductance and thermopower. Experimentally, current is amplified using the 

home-made double-stage current-to-voltage amplifier described in Figure 2.5(b), with an overall 

gain of ςȢφ ρπ 6Ⱦ!. This large amplification is required to measure molecules with low 

conductance. For this same reason, the bias voltage ὠ  applied to the sample is in this case 

generally set at ρππ-ςππ Í6. Furthermore, a ρς -ɱ resistor is connected in series with the STM 

junction to monitor the Au-Au one-atom contact. These implementations allow us to measure a 

wide range of conductance values from picosiemens (noise level in Ὃ ͯ ρπὋ  ͯψ ρπ  3) 

to tens of microsiemens (Au-Au one-atom contact shows a conductance equal to Ὃ χχȢυ

ρπ 3). Further details are given for each particular experiment in Chapter 4. 

To simultaneously characterize conductance and thermopower of the molecular junctions 

formed, the experimental technique employed is equivalent to the procedure introduced in the 

previous section. Small Ὅ-ὠ curves are recorded in the presence of a temperature difference ЎὝ 

between tip and sample during the breaking of the junctions (i.e. during the retraction of the Au 

tip), as described in Figure 2.11. The tip motion is typically stopped every ςυψπ ÐÍ, 

depending on molecular length and junction stability. The bias voltage, typically set at ὠ

ρππ-ςππ Í6 during tip motion, is then swept typically twice between Ўὠ  ρπ τπ Í6 
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while the tip is stationary. This range of Ўὠ 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 the Ὅ-ὠ ramps in order to be able to discern the transport properties from the 

instrumental noise (see Section 2.4.4). Doing so, the low-voltage Ὅ-ὠ traces show a linear ohmic 

behaviour, proving good coupling of the molecule to the electrodes and a HOMO-LUMO gap 

larger than the bias voltage [Joachim1995]. When no temperature difference is applied between 

both STM electrodes, i.e. ῳὝ π + in Eq. (2.2), we have:  

and Ὅ π ! takes place at zero bias voltage in the experimental Ὅ-ὠ curves (see Figure 2.11(c)). 

When a non-zero temperature difference is established between tip and sample, the Ὅ-ὠ curves 

show a ῳὝ-dependent voltage offset at zero current. Replacing Ὅ π ! in Eq. (2.2):  

and therefore, the ῳὝ-dependent voltage offset of the Ὅ-ὠ trace at zero current corresponds to 

the thermovoltage response of the system ὠ , given by Eq. (2.3): ὠ Ὓ Ὓ ῳὝ. In this 

way, measuring ῳὝ and ὠ  and knowing Ὓ  (once the electrical offsets of the setup are taken 

into account (see Section 2.4.4)), the calculation of the thermopower of the junction 

thermopower is straightforward. In addition and simultaneously, the slope of the Ὅ-ὠ curve 

corresponds to the conductance Ὃ of the junction. In fact, the conductance is measured both 

from the current values recorded while moving the tip (with ὠ ρππ-ςππ Í6) and from the 

slope of the Ὅ-ὠ traces. The values obtained are found to be equivalent, as it is shown in Chapter 

4. 

 

 

 

 

 

 

 

 

 

 

Figure 2.11: Technique for simultaneous conductance ╖ and thermopower ╢ measurements 
within the STM-Break Junction technique. (a-b) Tip displacement Ўᾀ and applied bias voltage 
ὠ  at the molecular junction, respectively, as a function of time. The bias voltage is 
maintained at a fixed value, typically ὠ ςππ Í6, during the tip motion (in blue) and 
every few picometers it is swept twice between Ўὠ while the tip is stationary (in red). (c) 
Experimental Ὅ-ὠ traces zooming for voltage values close to zero. In the presence of a 
temperature difference ЎὝ π +, a voltage offset ὠ  appears. 

 Ὅ Ὃὠ  Eq. (2.6) 

 π Ὃὠ ὠ ᵼὠ ὠ  Eq. (2.7) 
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Thermoelectric properties of each molecule are typically measured for three different ῳὝÓ, 

ranging between ЎὝ Ὕ Ὕ  ρυ + and  ͯσπ + τπ +, monitored with thermocouples 

ǇƻǎƛǘƛƻƴŜŘ ƻƴ ǘƘŜ ǊŜǎƛǎǘƻǊ ŀƴŘ ƻƴ ǘƘŜ ǎǳōǎǘǊŀǘŜΦ /ƻƴǘǊƻƭ άǘƘŜǊƳƻŜƭŜŎǘǊƛŎέ ƳŜŀǎǳǊŜƳents with 

ЎὝ π +, i.e. without heating the tip, are also performed. Experiments at several ῳὝ ensure a 

good linear fit of ὠ  vs ῳὝ values, whose slope gives the average Seebeck coefficient (Eq. (2.1)). 

Further details about the data analysis are provided in Chapter 4. 

2.4.4 Electrical offsets calibration 

One important aspect of the aforementioned techniques is the offsets calibration. 

Thermopower characterization of molecular junctions involves very small thermovoltage values 

measured at zero-current 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 three electrical offsets to be considered when measuring with the STM-Imaging 

technique, shown in the electronic circuit diagram depicted in Figure 2.12: 

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

bias voltage. Its output has a small offset, ὠ. 

- Output current offset Ὅ . When there is no current in the input of the I-V amplifier, the 

output is not exactly zero, it is Ὅ . This is caused by the output offset voltage ὠ  

 ὙὍ , where Ὑ  is the gain of the amplifier [Terrell1996]. 

- I-V amplifier input voltage offset ὠ. This offset is created because the virtual ground of 

the current-to-voltage amplifier is not exactly zero. This translates into an effective 

voltage source at the positive entry of the op-amp whose contribution has to be 

subtracted to the current signal coming from the junction. 

 

Figure 2.12: Electrical offsets in the STM circuit. With switch ὅ (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 formed between the tip 

and the substrate and a known resistor Ὑ that acts as an equivalent junction. After Ref. 

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

following expression:  

where ὠ  is the thermovoltage of the STM junction, given by Eq. (2.3) (ὠ Ὓ Ὓ ῳὝ). 

Ὃ is the STM junction conductance (Ὃ ρȾὙ) and Ὅ is the current flowing through it. In open-

circuit conditions (Ὅ  π),  

This is the correction we apply to each 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 for ὠ or Ὅ ) or every few minutes (ὠ, for instance). 

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

ŜƴŘ ƻŦ ŜŀŎƘ ƧǳƴŎǘƛƻƴ ŦƻǊƳŀǘƛƻƴΣ ǘƘŜ ōƛŀǎ ǾƻƭǘŀƎŜ ƛǎ άǎŜǘέ ǘƻ ȊŜǊƻ ŀƴŘ ǘƘŜ ƻǳǘǇǳǘ ƻŦ ǘƘŜ 5!/ 

channel is automatically registered using the voltmeter, thus ὠ is obtained. The value of this 

offset is typically around υ ρ ʈ6. 

Complementary, Ὅ  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 open (Ὅ  π). The tip in this position allows 

to measure the current noise level Ὅ , that is, the output of the I-V amplifier when there is no 

input (ὠ ) divided by Ὑ  [Terrel1996]. The value of this offset depends hence on the 

amplification gain. 

Finally, ὠ is a bit more complicated 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 a switch (ὅ ƛƴ CƛƎǳǊŜ нΦмнύ ŀƴŘ ŎƘŀƴƎŜ ŦǊƻƳ ǘƘŜ {¢a ƧǳƴŎǘƛƻƴ ǘƻ ŀƴ άŜǉǳƛǾŀƭŜƴǘέ 

junction formed only by a known resistor Ὑ. In this equivalent junction circuit we can write:  

Setting ὠ π we get:  

To calculate ὠ we need also to know Ὅ, the current flowing through the junction. The expression 

for the output at the I-V amplifier, what we actually measure, is given by:  

and hence the current flowing through the junction Ὅ can be written as: 

where, let us remind, ὠ  is the voltage output of the I-V amplifier when there is no input signal. 

The offset ὠ is then given by: 

 ὠ ὠ ὠ ὠ
Ὅ

Ὃ
ȟ Eq. (2.8) 

 ὠ ὠ ὠ ὠȢ Eq. (2.9) 

 ὠ ὠ ὠ ὍὙȢ Eq. (2.10) 

 ὠ ὠ ὍὙȢ Eq. (2.11) 

 ὠ Ὑ Ὅ Ὅ  Eq. (2.12) 

 Ὅ  
ὠ

Ὑ
Ὅ  

ὠ ὠ

Ὑ
 ȟ Eq. (2.13) 
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As we have introduced, ὠ  depends on the gain of the voltage amplifier and hence it is 

convenient that Ὑ is chosen similar to the actual resistance of the STM junction, in order to 

correctly calibrate the offset. ά¢ƘŜǊƳƻǾƻƭǘŀƎŜέ ƳŜŀǎǳǊŜƳŜƴǘǎ ŀƴŘ ƻŦŦǎŜǘǎ ŎŀƭƛōǊŀǘƛƻƴ ǿƛǘƘƻǳt 

temperature difference between the electrodes (ЎὝ π +) 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, and replacing Eq. (2.13) into Eq. (2.8), the offset-

corrected conductance of the junction Ὃ ρȾὙ is thus given by:  

Finally, when measuring with the double-stage current-to-voltage amplifiers (with the STM-BJ 

technique), there are two output current offsets Ὅ  to be considered, one for each amplifier 

output ὠ ȟ and ὠ ȟ, but the equations presented in this section can be directly extrapolated 

and applied to each of the current signals generated by the double-stage amplifier. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 ὠ ὠ  
Ὑ

Ὑ
ὠ ὠ Ȣ Eq. (2.14) 

 
Ὃ  

Ὅ

ὠ ὠ ὠ ὠ

ὠ ὠ
Ὑ

ὠ ὠ ὠ ὠ
Ȣ 

Eq. (2.15) 
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3. Bi-thermoelectricity in endohedral metallofullerene (EMF) junctions 

Fullerenes are molecules formed by carbon atoms typically arranged in fused-rings of five and 

six atoms until forming a closed cage (although some fullerenes can also show a partially open 

cage) [Kroto1991]. Its most common, naturally-occurring and famous member is the pristine 

fullerene or C60, formed by sixty carbon atoms. This allotrope of carbon 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 conditions (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 of pristine fullerene junctions may sometimes result too robust to offer versatility in 

the applications. For example, C60 junctions show a relative alignment of the HOMO-LUMO gap 

such that the closest resonance (the LUMO) is quite far away from the Fermi level Ὁ  of common 

noble metal electrodes, which makes it difficult to improve the transport conditions. In this 

sense, a derivative of the pristine fullerene known as endohedral metallofullerenes becomes of 

great interest. 

Endohedral metallofullerenes (EMFs) 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, 

with the symbƻƭ ΨϪΩ ƛƴ ǘƘŜ ƳƛŘŘƭŜ ώ/ƘŀƛмффмϐΦ CƻǊ ŜȄŀƳǇƭŜΣ ǘƘŜ Ƴƻǎǘ ŀōǳƴŘŀƴǘ ƳŜƳōŜǊ ƻŦ ǘƘŜ 

family is Sc3N@C80 [Stevenson1999; Popov2012]. The main special feature of these molecules is 

the strong ionic bond between the metal atoms in the central cavity and the carbon cage, which 

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 pristine C60. From a chemical 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 near the Ὁ  

(in the best scenario, 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 close to the Fermi 

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

comparison to C60. 

In this Thesis, three endohedral metallofullerenes have been investigated: Sc3N@C80, Sc3C2@C80 

and Er3N@C80, all of them sharing the icosahedral fullerene cage Ih-C80. In particular, we have 

studied the conductance Ὃ and thermopower Ὓ of Au|EMF|Au junctions using the home-built 

scanning tunnelling microscope (STM) and the STM-Imaging technique introduced in Chapter 2. 

Er3N@C80 was synthesized and the three molecules were purified by the group of Prof. Kyriakos 

Porfyrakis, in Oxford University (United Kingdom). As already mentioned, Sc3N@C80 is the most 

abundant EMF and, in addition, it is particularly stable at room temperature and above, quality 

that also applies to the rare-earth-based Er3N@C80 [Nörenberg2008]. In the case of the 

paramagnetic Sc3C2@C80, it has been chosen as an excellent third-party to discern between the 

effect of the chemical nature of the metal atoms or the influence of the inner cluster symmetry 
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on the transport properties of the junctions. Section 3.2.1 contains a more detailed 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 C60 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 of the results obtained when 

experimentally investigating the transport properties of Au|single-EMF|Au junctions and a 

comparison with pristine C60 measurements (Section 3.2). This is followed by theoretical 

calculations for some of the systems investigated performed 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) (Section 3.4) and, finally, we close the chapter with some general 

conclusions (Section 3.5). 

 

3.1 Background: Pristine fullerene C60  

3.1.1 Introduction to C60 

The pristine fullerene C60 is a quite simple molecule in its shape and composition: sixty carbon 

atoms arranged 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 Ih-C60) (see Figure 3.1(a,b)). As a curiosity, the pentagons of the structure are 

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 quite a high electronic affinity (ςȢφ-ςȢψ Å6) 

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

Figure 3.1: Buckminsterfullerene C60. (a) Ball-and-stick representation of the chemical 
structure of the pristine fullerene C60, formed by sixty carbon atoms organized in twenty 
hexagons and twelve pentagons. (b) Chemical structure of the pristine fullerene C60. (c) 
Geodesic dome; image from Ref. http://www.spatialagency.net/database/buckminster.fuller. 
όŘύ ά±ƛŜǿ ƛƴǎƛŘŜ ǘƘŜ ¦Φ{Φ ǇŀǾƛƭƛƻƴ ŀǘ 9ȄǇƻ ст ƛƴ aƻƴtreal. One pentagon is evident and 
ƘŜȄŀƎƻƴǎ ŀǊŜ ŘƛǎǘƻǊǘŜŘέΦ CǊƻƳ wŜŦΦ ώYǊƻǘƻмфууϐΦ 

Although the existence of such a molecule was already theoretically predicted in the late 1960s 

[Katz2006], it was not synthesized until 1984 when Eric Rohlfing, Donald Cox and Andrew Kaldor 

used a laser to vaporize carbon in a supersonic helium beam and formed several clusters that 

included C60 molecules, among others such as C70, although they did not fully realized about the 

impact of their experiment at that moment [Rohlfing1984; Smalley1996]. A 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 C60 [Kroto1985]. This new molecule, the first one of the family to be discovered and the most 

abundant, was deduced to have a cage-like icosahedral structure and was named 

buckminsterfullerene, or informally buckyball, after Buckminster Fuller, an American architect. 

This was due to the C60 structural 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 triangles (see Figures 3.1(c,d)). 

Kroto, Curl ŀƴŘ {ƳŀƭƭŜȅ ǿŜǊŜ ŀǿŀǊŘŜŘ ǘƘŜ мффс bƻōŜƭ tǊƛȊŜ ƛƴ /ƘŜƳƛǎǘǊȅ άŦƻǊ ǘƘŜƛǊ ŘƛǎŎƻǾŜǊȅ ƻŦ 

ŦǳƭƭŜǊŜƴŜǎέ [Smalley1996]Φ !ŦǘŜǊ ǘƘŜƛǊ ΨŀŎŎƛŘŜƴǘŀƭΩ ǎȅƴǘƘŜǎƛǎΣ ǘƘŜǎŜ ƳƻƭŜŎǳƭŜǎ ǿŜǊŜ ŘŜǘŜŎǘŜŘ ƛƴ 

nature, in soot for example [Kroto1988; Buseck1992], and in deep space [Kroto1988; Cami2010], 

making of C60 the most-common naturally occurring fullerene. Very recently, in April 2019, 

ionized C60 molecules in the interstellar medium between some stars have been detected using 

the Hubble Space Telescope [Cordiner2019]. 

The technique for the fullerene synthesis is quite straightforward and one of its strengths is the 

production of macroscopic quantities of the material per day (even several grams of C60 powder), 

allowing its commercial production. Thanks to this, research 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 materials science, optics, 

electronics or nanotechnology have shown great interest on this molecule. Due to its electron-

acceptor nature, C60 has become commonly used in donor-acceptor based solar cells [Katz2006]. 

In addition, its optical absorption properties adjust especially well to the solar spectrum, a 

property that makes of C60-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 high-performance MRI or X-ray imaging, among 

others [Lalwani2013]. 

3.1.2 Thermoelectric measurements in C60 junctions 

The first time a C60 molecule was connected with metallic electrodes using a scanning tunnelling 

microscope (STM) was in 1995 [Joachim1995a] and during the last twenty-four years, C60 

transport properties have been extensively studied in different conditions. Current-voltage Ὅ-ὠ 

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 due to overlapping of the tails of 

the HOMO and LUMO resonances at the Fermi level despite being placed far away from Ὁ . 

Different characterization techniques confirmed a large HOMO-LUMO gap of the free molecule 

when compared to other fullerenes [Yang1987], and a HOMO-LUMO gap of around ρȢυ-ςȢυ Å6 

when adsorbed on gold [Gimzewski1994] (equal to ςȢσ Å6 on Au(111) surface [Rogero2002]). 

This is not a very wide gap in comparison to other organic systems such as alkane or phenyl 

molecules whose HOMO-LUMO gap is on the order of υ-ρπ Å6 [Yee2011]. Thus, C60 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 of fullerene junctions was not measured until 2011 when Yee et al. applied 

their recently developed technique to measure conductance Ὃ and thermopower Ὓ of single-

molecule junctions [Reddy2007] to diverse fullerene molecules (C60, C70 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 contacts (the system of interest for 

this Thesis), they reported a thermopower Ὓ  ρτȢυ  ρȢς ʈ6Ⱦ+, the highest value 

measured to that moment and the confirmation of transport through the LUMO of the molecule, 

which behaves as an electron acceptor.  

Figure 3.2: First thermopower measurements of Au|C60| Au junctions. (a) Schematics of the 
experimental setup employed by Yee et al. 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 temperature differences and linear regression (inset) to find the thermopower value Ὓ of 
C60 molecules connected between gold electrodes. They reported Ὓ  ρτȢυ  ρȢς ʈ6Ⱦ+. 
Figures after Ref. [Yee2011]. 

Transport properties of Au|C60| Au junctions were also investigated by our group. In Ref. 

[Evangeli2013] simultaneous conductance Ὃ and thermopower Ὓ measurements in ambient 

conditions and at room temperature were performed using for the first time the STM-Imaging 

technique (introduced in Section 2.4.2). Figure 3.3 shows that isolated molecules were 

deposited and localized on Au substrates offering the possibility to form single-fullerene 

junctions, with the number of molecules in the junction precisely determined, and explore a 

wide range of configurations via contact formation with many different molecules. Most 

probable conductance value at first contact was found to be ὋӶ πȢρππȢπψ Ὃ. Note that this 

conductance is different to the one obtained when considering the whole Ὃ histogram instead 

of just the values measured right after electrical contact between the tip and the C60. 

In addition, the novel experimental technique based on small Ὅ-ὠ ramps facilitated a more 

complete characterization of the junctions, achieved thanks to continuous and simultaneous Ὃ 

and Ὓ measurements while forming 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 coefficient was ὛӶ ρψχ ʈ6Ⱦ+. In 

Ref. [Evangeli2013] the transport properties of C60 dimers (two fullerenes connected in series) 

were also investigated. As expected, these junctions showed a smaller conductance (ὋӶ

πȢππρψπȢππςς Ὃ) but thermopower was considerably enhanced (ὛӶ σσρς ʈ6Ⱦ+) 

(see Figure 3.3(f,g) and Figure 3.4(d-f)). 
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Figure 3.3: STM images of C60 deposited on Au(111) and conductance ╖ characterization of 
Au|C60|Au and Au|C60| C60| Au junctions using the STM-Imaging techniqueΦ όŀҍŜύ {¢a 
images of C60 molecules on Au(111). (f) Approach (blue) and retraction (red) Ὃ curves for a 
tunnelling gold-gold junction (leftmost traces); gold tip on an isolated C60 molecule (central 
traces); and C60 tip on an isolated C60 molecule (rightmost traces). (g) Histograms of the 
conductance of a gold tip on an isolated C60 molecule (blue curve) and of a C60 tip on an 
isolated C60 molecule (black curve) at the points where contact is established. From Ref. 
[Evangeli2013]. 

Figure 3.4: Simultaneous conductance ╖ and thermopower ╢ measurements of Au|C60|Au 
and Au|C60| C60| Au junctions using the STM-Imaging technique. (a) άConductance at ρππ Í6 
(blue) and thermopower (magenta), simultaneously acquired, for approach on a single C60 
molecule. In this measurement the temperature difference was ῳὝ  ςυ +. The shaded area 
indicates the range of ᾀ for which the Au|C60| Au junction is already formed. (b) Theoretical Ὃ 
(blue) and Ὓ versus distance for a single C60. (c) Histogram of experimental Ὓ values at contact 
for a single C60 molecule, measured at ῳὝ  ρς + (blue) and ςυ + (red). (d) Conductance at 
ρππ Í6 (blue) and thermopower (magenta), simultaneously acquired, during the formation 
of the C60 dimer. In this measurement, ῳὝ  ρς +. The shaded area indicates the range in 
which the C60 dimer is in the junction. (e) Theoretical Ὃ (blue) and Ὓ versus distance for the 
C60 dimer. (f) Histogram of experimental Ὓ values at contact for a C60 dimer, measured at ῳὝ 
 ρς + (blue) and ςυ + (red)έ. 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 STM, finding that in the case of C60 junctions they have little influence with no 

significant spin-splitting due to the spin-degeneracy of the LUMO. The latter, Ref. [Kim2014], 

reports Ὃ and Ὓ characterization 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 ψ 6, a large thermopower tuning of around σππϷ was observed. Proof of on-resonance 

charge transport was also obtained from the shape of the Ὓ dependence on the gate voltage 

applied. 

In summary, pristine molecule C60 has a relatively small HOMO-LUMO gap (ρȢυ-ςȢυ Å6) that 

facilitates chemical potential alignment close to a resonance. When 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 Thesis, Au| C60| Au junctions show quite a high 

conductance, on the order of πȢρ Ὃ, and a negative Seebeck coefficient of approximately 

ςπ ʈ6Ⱦ+. Their conductance seems to be quite sensitive to molecular junction conformation 

details, but not so much the thermopower. C60 is thereby a robust thermoelectric material with 

a consistently-negative 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 electrons through the whole 

molecule? Let us present next the answers we obtain in the case of the endohedral 

metallofullerenes investigated. 

3.2 ╖ and ╢ measurements in single-EMF junctions using the STM-Imaging technique  

The STM-Imaging technique used to investigate the transport properties of endohedral 

metallofullerenes is essentially the same introduced in Ref. [Evangeli2013] for the study of C60 

molecules and was developed in our group prior to this Thesis. Its most important characteristic 

is the use of STM 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 ramps shot while forming and breaking the 

molecular junctions, as it has been introduced in Chapter 2 (Section 2.4.2). The STM-Imaging 

technique offers also the possibility to scan the area around the molecule investigated 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 and thermoelectric properties of 

Au|single-EMF|Au junctions. This includes STM images, conductance vs tip displacement 

characteristics, simultaneous conductance and thermopower measurements, tunnelling 

spectroscopy and, in the case of Sc3N@C80 junctions, compression cycles. 

Most of the study of Au|Sc3N@C80|Au junctions has been published in Ref. [Rincón-García2016]. 
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3.2.1 Motivation: EMFs and introduction to the molecules investigated 

Endohedral fullerenes or endofullerenes consist of a fullerene with 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 a C60 cage was already detected and named C60La [Heath1985]. 

Several carbon-carbon bonds would have to break in order to free the La atom, so the molecule 

is chemically stable. A bit later, in 1991, La@C82 was reported to be the first isolated 

endofullerene and the first stabilized member of a new sub-family: endohedral 

metallofullerenes [Chai1991]. 

Endohedral metallofullerenes (EMFs) are endofullerenes with metallic species trapped inside 

and represent a fascinating class of nanomaterials, whose optical [Ito2007], 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, with charge 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 are typically divided in several groups: (i) mono-, di- 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 rare-earth metals (mainly Sc, Y and La, but also Ti and most 

lanthanides such as Ce, Nd, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) [RodríguezFortea2011a]. 

These molecules are usually synthesized in an arc reactor using metal-doped graphite, in 

contrast to endofullerenes with non-metal atoms, which are generally formed introducing the 

cluster into a previously existing carbon cage. Synthesis of EMFs using the classic Krätschmer-

Huffman electric-arc generator [Krätschmer1990] produces typically low yields (πȢυϷ) and 

samples with multiple isomers, which makes it difficult to study their properties. 

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

when Stevenson and co-workers developed a process to synthesize, isolate and purify some 

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

(M3N@C2n ƻǊ aΩa2N@C2n ǿƛǘƘ ƳƛȄŜŘ ƳŜǘŀƭǎύΦ ¢ƘŜ ƳŜǘƘƻŘ ǿŀǎ ƴŀƳŜŘ ΨǘǊƛƳŜǘŀƭƭƛŎ ƴƛǘǊƛŘŜ 

ǘŜƳǇƭŀǘŜΩ ǇǊƻŎŜǎǎ ŀƴŘ ƴƻǿŀŘŀȅǎ 9aCǎ ŦƻǊƳŜŘ ǳǎƛƴƎ ǘƘƛǎ ǘŜŎƘƴƛǉǳŜ ŀǊŜ ŎƻƳƳƻƴƭȅ ǊŜŦŜǊǊŜŘ ǘƻ 

as TNT molecules. The most abundant TNT (and the third most abundant fullerene after Ih-C60 

and D5h-C70) is Sc3N@C80, 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 band-gap (estimated to be of only πȢψ Å6 [Stevenson1999]) and it is 

particularly stable at room temperature and above [Nörenberg2008]. Complementary, Ih-C80 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, especially promising for 

applications in optoelectronic devices [Guha2005]. For example, erbium containing EMFs 

possess a characteristic ρυςπ ÎÍ emission associated with the Er ion [Macfarlane2001], which 

is of fundamental importance for telecommunication applications. Er3N@C80 in particular is 

magneto-optically active in the near-infrared range and it has potential applications as a readout 

pathway in quantum information processing [Nörenberg2008]. There is also a broad spectrum 
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of scandium containing metallofullerenes, including the paramagnetic Sc@C82 and Sc3C2@C80 

[Popov2012], which can find promising applications as spin probes and quantum information 

ǇǊƻŎŜǎǎƛƴƎ ŎƻƳǇƻƴŜƴǘǎΦ ʆƘŜ ƭŀǘǘŜǊΣ {Ŏ3C2@C80, exhibits a unique diamond shaped EPR with 

respect to the three equivalent Sc atoms [Roukala2017]. 

Considering all these aspects, we have selected three EMFs to investigate in this Thesis: 

Sc3N@C80, Sc3C2@C80 and Er3N@C80. Their chemical structures are shown in Figure 3.5 and in this 

manuscript, we will called them EMF-1, EMF-2 and EMF-3, respectively. All of them have Ih-C80 

fullerene cages to facilitate its direct comparison and comparison with control measurements 

performed with the Ih-C60 molecule, which shares the same symmetry. Another common point 

between these EMFs is the symmetry of the inner clusters, which are in all cases planar units 

[Nörenberg2008]. For EMF-2 an isomer with a pyramidal structure of the inner atoms is also 

possible [RodríguezFortea2011b], but it is not the case in our system. 

Figure 3.5: Endohedral metallofullerenes (EMF) studied. (a) Schematic of the EMF-1 
(Sc3N@C80); note the Sc3N inner moiety in the fullerene cage. (b) Schematic of the EMF-2 
(Sc3C2@C80); note the Sc3C2 cluster inside the C80 cage. (c) Schematic of the EMF-3 (Er3N@C80); 
note the Er3N internal moiety in the centre of the fullerene cage. 

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

(i) Regarding the metallic atoms and valence band electrons, EMF-1 and EMF-2 have both 

three Sc atoms in the inner moiety (with d-electrons in the valence band), while EMF-3 is 

a rare-earth based fullerene whose Er atoms have f-electrons in its valence band. 

(ii) Regarding the non-metallic atoms and inner cluster dynamics, EMF-1 and EMF-3 are both 

TNT molecules with a N in the centre of the encapsulated cluster, while EMF-2 is a 

trimetallic carbide EMF with two C atoms. This greatly affects the mobility of the inner 

moieties. In general, M3N 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 expected to 

be slightly reduced for larger inner molecules, so Er being larger than Sc, Er3N cluster is 

expected to have larger difficulties to freely rotate inside the fullerene. In the case of the 

carbide EMF, Sc3C2 moiety exhibits fast rotational motion between orientations along the 

equatorial six-membered ring belt of the C80 buckyball [Jin2014]. This free rotation is in 

fact what produces the symmetrical EPR spectrum. 

In contrast to these previous connections, EMF-2 and EMF-3 have in principle nothing in 

common besides the fullerene cage. It is important to remark that the Ih-C80 cage is in all cases 

stabilized upon charge transfer from the inner moieties to the external carbon atoms, since the 
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shell is not stable in its empty form. Curiously, trimetallic nitride clusters are neither stable by 

themselves as single molecules. Considering an ionic model of interaction between the moities 

and the cage, we can describe the TNT molecules as (M3N)6+@(C80)6- and the EMF-2 valence state 

as (Sc3+)3(C2)3-@(C80)6- = (Sc3C2)6+@(C80)6- (an unpaired electron remains in the metallic moiety, 

conferring the paramagnetic nature to the molecule) [Langa2011]. Thus, stabilization of the Ih-

C80 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 metallic surfaces have been 

previously reported. Leigh and co-workers investigated self-assembly of Sc3N@C80 and Er3N@C80 

(that is, EMF-1 and EMF-3) on different surfaces (Ag/Si(111), Au(111)/mica, Si(111) and Si(001)) 

using a variable temperature STM [Leigh2007]. Regarding the deposition of EMF-3 on Au(111) 

surfaces, bonding with the substrate was proposed to be mainly van-der-Waals and, more 

interestingly, bias dependent contrast changes were observed in some fullerenes and were 

initially suggested to be due to surface defects in the underlying Au substrate, responsible for a 

Fermi level shift. Further investigation of these bias-dependent contrast anomalies concluded 

that they were possibly caused by different electron density of states on the molecules 

depending on the molecule orientation and the associated charge transfer from the substrate 

[Nörenberg2008]. 

3.2.2 Sample preparation 

Samples prepared consist of the endohedral metallofullerene of interest deposited on a 

polycrystalline gold surface. 

The ςυπ-ÎÍ-thick Au films on glass substrates (ρρρρ ÍÍ , 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 estimated to 

reach a temperature above ωππ + (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 afterwards allowed to cool down 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 monoatomic steps, can be easily found (see next Section 3.2.3). 

Occasionally the Au(111)-ннȄҞо ǊŜŎƻƴǎǘǊǳŎǘƛƻƴ όǘƘŜ ǎƻ-ŎŀƭƭŜŘ ΨƘŜǊǊƛƴƎōƻƴŜΩ ǊŜŎƻƴǎǘǊǳŎǘƛƻƴύ can 

be also observed. 

Endohedral fullerenes are afterwards deposited using the drop-casting 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 with an initial EMF solution 

in 1,2,4-trichlorobenzene (TCB) (ωωϷ, Sigma-Aldrich) of around ρπ - and, adding 

adequate quantities of solvent, get a very dilute EMF solution (ρπ-ρπ -). This is kept as 

much as possible in darkness in order to avoid damaging of the molecules. To deposit them, a 

drop of the low concentration solution is placed on the pre-annealed 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 recipient closed with Parafilm and covered with Al-foil to avoid interaction with 

light. 
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Before starting the experiments and after mounting the sample on the STM, it is allowed to 

stabilize for another hour in order to reach thermal equilibrium with the setup and minimize 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 mechanically cut Au tips as STM 

probes (Goodfellow, πȢςυ-ÎÍ-diameter, ωωȢωωϷ purity). The gold wire is gently soldered on the 

tip support and afterwards cut with a shear movement in order to favour the presence of a single 

Au atom in the apex of the tip. 

3.2.3 Surface and molecule imaging 

STM images of the Au surface and the EMFs adsorbed on it are acquired at room temperature 

(RT) and in constant-current mode with the bias voltage ὠ  applied to the sample. As 

introduced in Chapter 2, the current is measured using the commercial current-to-voltage 

amplifier Keithley 428 with a gain of ρπ 6Ⱦ! in this case (see electrical circuit in Figure 2.4 or 

2.5). For EMF STM imaging we typically use a ὠ  of several hundreds of Í6 (between σππ and 

υππ Í6 in most of the cases, but also up to ψππ Í6 sometimes) and set a tunnelling current of 

around ρ Î! (typically between πȢυ and ρȢς Î!) to control the vertical piezo position and scan 

the surface. 

Figure 3.6 show representative examples of STM images of the three EMFs 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 tunnelling.  

Scan areas presented in Figure 3.6 vary from more than ρππρππ ÎÍ to less than ρπ

ρπ ÎÍ. Thanks to the low EMF concentration of the TCB solutions prepared, we easily localize 

areas on the Au surface where isolated EMFs have adsorbed, preferentially at monoatomic steps 

(Figures 3.6(a,b,d-i)) but also on flat terraces (Figures 3.6(a-c,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 the electron 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 

electron-rich 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 are sitting at these 

positions. 

No clear difference between the three EMFs is observed in the STM images, which might not be 

surprising since the fullerene cage (Ih-C80), which constitutes the external electronic states of the 

molecules, is the same in all cases. 

Van der Waals diameter of Ih-C80 cage is expected to be around ρȢρ ÎÍ, but EMFs in our STM 

images typically present an apparent height of πȢυ-πȢψ  πȢρ ÎÍ and lateral dimensions larger 

than ς ÎÍ. This enlarged lateral dimensions are possibly due to several factors: electronic 

modifications of the molecule upon adsorption (substrate-molecule interactions), overlap of 

wave functions in the vicinity of the tip apex or tunnelling contributions from the 

inhomogeneous background that enlarge the molecule size, among others [Chen1992]. 

/ƻƴŎŜǊƴƛƴƎ ǘƘŜ ƭƻǿ ŀǇǇŀǊŜƴǘ ƘŜƛƎƘǘ ƻŦ ǘƘŜ ŀŘǎƻǊōŜŘ ƳƻƭŜŎǳƭŜǎΣ ŀǎ ƛŦ ǘƘŜȅ ǿŜǊŜ άŜƳōŜŘŘŜŘέ ƛƴ 
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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 gap region than those of the EMFs [Chen1992]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: Scanning tunnelling microscope images. (a-c) STM images of EMF-1 molecules on 
atomically flat Au(111) surfaces showing preferential adsorption at step edges (a), islands (b) 
and isolated molecules (c). (d-f) STM images of EMF-2 molecules on atomically flat Au(111) 
surfaces showing preferential attachment at step edges (d-f) and islands (d). (g-i) STM images 
of EMF-3 molecules on atomically flat Au(111) surfaces showing preferential adsorption on 
terraces (g) and at step edges (g-i). Images have been treated with the Gwyddion software 
ώbŜőŀǎнлмнϐΦ bƻ ǘƘŜǊƳŀƭ ŘǊƛŦǘ ƻǊ ǇƛŜȊƻ ŎǊŜŜǇ ŎƻǊǊŜŎǘƛƻƴǎ ƘŀǾŜ ōŜŜƴ ŀǇǇƭƛŜŘ ǘƻ ǘƘŜǎŜ ƛƳŀƎŜǎΦ 

In general, we do not observe internal molecular structure, probably because 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)). Due to this lack of intramolecular resolution, when 

contacting the molecules we cannot distinguish molecular orientations, which strongly influence 

transport properties of single-EMF junctions as it will be exposed a bit later. UHV experiments 

performed by other groups at low temperatures have indeed shown intramolecular details when 

the rotation of the molecules is frozen [Nörenberg2008]. 

As already observed for C60 [Evangeli2013], the imaging capability is possible not only thanks to 

the relatively high conductance of these carbon-based 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 nitrogen. C60 and 

also EMFs have been reported to diffuse in UHV experiments on the Au(111) surface without 
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adsorbing on it [Fujita1996; Rogero2002]. Hence, the passive action of the ambient water layer 

results a great advantage and allows the controlled single-molecule junction 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 seen in Figures 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 smaller bias voltage favour this mobility of EMF molecules, as well as 

higher temperatures (thermal-induced motion), larger concentrations of molecules or 

adsorption of the molecules on flat terraces as mentioned. 

Additionally, molecules are found to occasionally form 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 mƻƭŜŎǳƭŜǎ ƛƴ ŀƴ ƛǎƭŀƴŘ ƛǎ ŜȄǇŜŎǘŜŘ ǘƻ ōŜ ǘƘǊƻǳƎƘ Ǿŀƴ ŘŜǊ ²ŀŀƭǎΩ ŦƻǊŎŜǎΦ  

In conclusion, RT-STM imaging of EMFs deposited on polycrystalline Au substrates shows stable 

adsorption of the three EMF molecules with submonolayer coverages. Despite not being able to 

obtain intramolecular resolution, molecules seem to do not suffer any bonding-induced 

structural damage, they are generally well anchored to the metallic surface although certain tip-

induced mobility is sometimes observed and they show a clear preference to attach to 

monoatomic step edges. 

Besides 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 allow 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 points (namely, ςυφςυφ or υρςυρς) are 

άǎƭƻǿƭȅέ ǎŎŀƴƴŜŘ όπȢυ-ρ ÌÉÎÅÓȾÓÅÃ) in order to localize flat terraces or monoatomic steps with 

ŀŘǎƻǊōŜŘ ƳƻƭŜŎǳƭŜǎ όCƛƎǳǊŜ оΦтόŀύύΦ ! ŘŜǎƛǊŜŘ ȊƻƴŜ ƛǎ ǘƘŜƴ ǎŜƭŜŎǘŜŘ ŀƴŘ ǿŜ άȊƻƻƳ ƛƴέ 

progressively, imaging intermediate-ǎƛȊŜ ŀǊŜŀǎ ƛƴ ǘƘŜ ǇǊƻŎŜǎǎ ǘƻ ŀǎŎŜǊǘŀƛƴ ǘƘŜ ǘƛǇΩǎ ƭŀǘŜǊŀƭ 

position (see Figure 3.7(b-e)). 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 scanned at a much higher speed, 

approximately at ςȢυ ÌÉÎÅÓȾÓÅÃ or even ρπ-ςπ ÌÉÎÅÓȾÓÅÃ, in 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 to place it directly above the molecule and connect it, forming a single-molecule 

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 molecule right before 

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

on the thermal drift (typically πȢπρ-πȢρ ÎÍȾÍÉÎ) [Evangeli2014] and the piezoelectric creep 

following lateral translations of the tip. Due to these effects, the relative (ὼ,ώ) position of the tip 

ƻǾŜǊ ǘƘŜ ǎǳǊŦŀŎŜ ƛǎ Ŏƻƴǎǘŀƴǘƭȅ ǾŀǊȅƛƴƎΣ ǿƘŜƴ ǘƘŜ ǘƛǇ ƛǎ Ƨǳǎǘ άǎǘŀǘƛƻƴŀǊȅέ ƻǾŜǊ ǘƘŜ ǎǳǊŦŀŎŜ ŀƴŘ ŀƭǎƻ 

while taking a STM image. In this case, without modifying the (ὼ,ώ) piezoelements, the sample 
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might appear displaced 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 formation. However, 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. 

Figure 3.7: Scanning zooming process. (a-e) Scanning zoom to localize and focus on a single 
EMF (an EMF-1) on the Au surface. We start with large area images, where molecules on flat 
terraces and at step edges can be identified, and progressively reduce the scan size until 
centring an individual 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 molecule; 
2) the junction is formed and the EMF becomes electrically connected 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 case it seems to be slightly 
more mobile or the tip more unstable than prior to the contact since there are more jumps in 
the scanning signal. Images in this figure have been treated using the Gwyddion software 
ώbŜőŀǎнлмнϐΦ 

3.2.4 Conductance ╖ vs tip displacement Ў◑ measurements 

Once a suitable single-molecule is targeted, as already introduced in previous Section 3.2.3, and 

in order to measure its conductance Ὃ, 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 ὠ  

while simultaneously recording the current Ὅ. 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 electrodes (step 2 in Figure 3.7(f)). 

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

ǿŜ Ŏŀƭƭ ŀ άŎƻƴŘǳŎǘŀƴŎŜ ǘǊŀŎŜέ ƻǊ άŀǇǇǊƻŀŎƘ-ǊŜǘǊŀŎǘƛƻƴ ŎȅŎƭŜέΦ ¢ƘŜ ŎƻƴŘǳŎǘŀƴŎŜ Ὃ ὍȾὠ  vs 

tip displacement Ўᾀ is monitored during the whole movement of the tip. 
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In these experiments, ὠ  is reduced to just ρπ Í6 and the current-to-voltage gain is switched 

to ρπ 6Ⱦ! to avoid saturation of the ADC input before one Au atom contact is reached (that is, 

Ὃ ͯχχȢυ ʈ3 ͯ ρρςȢω Ëɱϳ , i.e. Ὅ ͯ χχυ Î!, where Ὃ  ςὩ Ὤϳ  is the quantum of 

conductance, Ὡ ƛǎ ǘƘŜ ŜƭŜŎǘǊƻƴΩǎ ŎƘŀǊƎŜ ŀƴŘ Ὤ ƛǎ tƭŀƴŎƪΩǎ ŎƻƴǎǘŀƴǘύΦ ²Ŝ ŎƻƴǘǊƻƭ ǘƘŜ ƳŀȄƛƳǳƳ 

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 approach-retraction cycle begins, the tip is 

approached towards the molecule in steps of approximately πȢπρ ÎÍ (ρπ ÐÍ). To avoid metallic 

contact between the electrodes, the motion of the tip is reversed when the conductance reaches 

the top threshold, Ὃ Ὃ. Ὃ  is generally chosen to be above the conductance 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 approach-retraction cycle is complete. 

Figure 3.8 shows examples of conductance traces (approach-retraction cycles) of the three 

molecules investigated, where approach of the tip is plotted in blue and retraction, in red. 

Leftmost curves in the figure correspond to Au-Au tunnelling junction plotted for comparison 

(Au tip approaching bare Au surface). Conductance traces behave similarly for the three EMFs 

and share characteristics with Au|C60| Au junctions previously reported [Evangeli2013]. Initially, 

when the approach begins, the tip is far away from the surface and the conductance value is 

below the instrumental noise level, that is, around ρπ Ὃ at ὠ ρπ Í6 and the 

aforementioned gain. Then, conductance starts increasing exponentially (linearly in the 

semilogarithmic plots) [González2006] from ρπ Ὃ to ρπ Ὃ, revealing electron tunnelling 

from the tip to the sample without noticing the presence of the EMF [Néel2007]. This is shown 

by a similar apparent energy barrier of about ρ Å6, extracted from the slope of the curves, as in 

the case of Au-Au junctions (Figure 3.8a). These junctions show featureless conductance traces 

with a linear dependence of Ὃɝᾀ when represented in a semilogarithmic scale, which reflects 

tip motion in tunnelling regime. The apparent energy barrier found is approximately five times 

smaller than the Au work function (•  υȢρ Å6) in UHV conditions [Ohno1991]. This 

reduction is typically 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]. 

Traces become usually more unstable between ρπ Ὃ and ρπ Ὃ and a change in the slope 

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, trapped between the molecule and the 

approaching tip right before it slips away and the tip finally connects the molecule. 

The electrical contact point is usually reached at ρπ-ρπȢ Ὃ πȢπρ-πȢπσ Ὃ, depending on 

the EMF as it will be shown below. It typically takes place after a sudden and sharp rise of Ὃ, i.e. 

a jump-to-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 case of Au-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 tip [Joachim1995a]. 

In the contact regime, further 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 eventually deformed, 

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 smaller than the rapid rise of contact 

formation) sometimes observed in the conductance signal in the contact regime [Agraït1995; 

Agraït1996; Rubio1996]. Another possible reason for these jumps in conductance after junction 

formation is local rotation of the molecule being compressed by the tip. 

Figure 3.8: Conductance ╖ vs tip displacement Ў◑ of single-EMF molecular junctions. 
Examples of approach-retraction conductance traces (in blue and red, respectively) for a Au-
Au tunnelling junction as the one depicted on the left (pair of traces a) and five EMF junctions: 
pairs b-c correspond to EMF-1 junctions; d, to EMF-2, and e-f, to EMF-3. The different features 
identifiable during the tip approach have been marked in the blue curve of c: tunnelling regime 
(I); mechanical contact and water layers repulsion (II); jump-to-contact and electrical contact 
point (III), and contact regime (IV). This regime, schematized by the junction on the right, is 
also highlighted with the purple curve for the traces f. Ўᾀ of the different pairs of traces has 
been displaced for the sake of clarity. Ὃ ςὩȾὬ is the conductance quantum (Ὡ is the 
ŜƭŜŎǘǊƻƴΩǎ ŎƘŀǊƎŜ ŀƴŘ Ὤ is PlanckΩs constant). 

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 Ўᾀ, possibly due to elastic deformations of the Au tip apex or the Au atoms below the 

molecule. The tip is typically retracted back into the noise level. 

After each approach-retraction cycle, a small area of the surface is rescanned to confirm that 

the fullerene is still in the same position and hence, that the single-EMF 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 and, at 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 current depends 

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 or after a new approach-retraction 

cycle into the gold surface, but it is sometimes required 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 controlled way. On the other hand, the presence of a fullerene on the 

tip can also be advantageous, as we consider in Section 3.4. 



3. Bi-thermoelectricity in endohedral metallofullerene (EMF) junctions 

 

76 
 

Regarding the reproducibility of the approach-retraction cycles, the exact configuration of the 

molecular junction highly influences its details 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 plot Ὃ vs Ўᾀ 2D histograms of the 

approach curves, which are shown in Figure 3.9(a-c)). The 2D histogram built with 50 

approaching curves of bare Au-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 Ὃ  ͯρπȢὋ that is initially placed in Ўᾀ π ÎÍ. To avoid creating a false 

discontinuity in the 2D histogram, the slope around this Ὃ  is obtained and the individual 

curves are finally aligned using this tunnel slope as a reference. Features introduced with the 

individual examples of approach-retraction 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 the variety of configurations sampled or thermally induced 

fluctuations affecting the charge transport through the junctions [Yee2011]. In fact, EMF-1 

histogram, the one with more curves and, thus, more configurations explored, shows a slightly 

larger dispersion than the other histograms. 

Figure 3.9: Conductance ╖ vs tip displacement ◑ 2D histograms of Au|EMF| Au and Au-Au 
junctions. (a-d) Ὃ vs Ўᾀ 2D histograms of 60 approach curves on single Sc3N@C80 (EMF-1) 
molecules (a), 46 approach traces on isolated Sc3C2@C80 (EMF-2) molecules (b), 36 approach 
curves on individual Er3N@C80 (EMF-3) molecules (c) and 50 approach traces on bare Au (d). 
Complete traces, from tunnelling to tip-compression of the molecules, are shown. The colour 
scale accounts for the number of points in each histogram. 

For direct comparison between the EMFs, conductance 1D histograms for the whole approach 

traces of each molecule, corresponding to the 2D histograms in Figure 3.9(a-c), are presented in 

Figure 3.10(a)). They evidence the different regimes already introduced. A peak corresponding 

to the noise level can be observed below ρπ Ὃ. Between ρπ Ὃ and ρπ Ὃ, a broad peak 

is created by the elastic deformation of the adsorbate layer trapped in the forming junction. 

Finally, due to the compression of the EMFs in the contact regime, a further broad peak is 

created at high conductance values (Ὃ ρπ Ὃ). A sharp final peak in the EMF-2 histogram, 

at Ὃ ρπȢ Ὃ, is an artefact of the measurements in these junctions, caused by extended 

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 higher Ὃ values than the other EMFs. This is possibly due to its paramagnetic 

nature. 

Conductance 1D histograms are also plotted in order to find the most probable conductance 

value ὋӶ of each EMF at first contact, that is, the molecular junction without compression. 
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Focusing only on the first contact of the molecule with the tip, we select the data points 

corresponding to πȢρ ÎÍ of tip displacement right after the jump-to-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 histogram ὋӶ and the corresponding standard 

deviation are collected in Table 3.1. Note that 1D histograms of the complete curves (Figure 

3.10(a)) do not show peaks exactly at these values, being the first-contact 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 first-contact conductance value is πȢπυ Ὃ for EMF-1 

junctions, πȢρπ Ὃ for EMF-2 and πȢπσ Ὃ in the case of EMF-3 single-molecule junctions. Thus, 

considering the three molecules investigated, EMF-2 shows the largest ὋӶ and EMF-3, the 

smallest, being around σπϷ smaller than the carbide-EMF ὋӶ. Comparing to the pristine 

fullerene, let us remind that for Au|C60| Au junctions in ambient conditions the reported 

conductance value at first contact is πȢρ Ὃ [Evangeli2013], very similar to the value shown by 

single EMF-2 junctions while typical first-contact Ὃ values of trinitrate EMFs are generally 

smaller by a factor of two (EMF-1) or three (EMF-3). 

Figure 3.10: Conductance ╖ 1D histograms. (a) Ὃ 1D histograms for the three EMFs 
investigated built with the complete approach traces 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: EMF-1, EMF-2 and EMF-3 single-molecule junctions. The contact regime is highlighted 
in yellow and selected first-contact points (πȢρ ÎÍ after junction formation) are coloured in 
cyan. (c) Ὃ 1D histograms built with the first-contact points of all the approach curves of each 

molecule EMF. Mean values ὋӶ and standard deviations „ of these 1D histograms can be 
found in Table 3.1. 

Table 3.1: Mean first-contact conductance value ╖ for each EMF investigated and standard 
deviation Ɑ╖. Values obtained for the histograms in Figure 3.10(c). 

 ὋӶ Ὃ  „ Ὃ  

EMF-1 (Sc3N@C80) ρπȢ  ρπȢ  

EMF-2 (Sc3C2@C80) ρπȢ  ρπȢ  

EMF-3 (Er3N@C80) ρπȢ  ρπȢ  

 

 

 



3. Bi-thermoelectricity in endohedral metallofullerene (EMF) junctions 

 

78 
 

3.2.5 Simultaneous conductance ╖ and thermopower ╢ vs tip displacement Ў◑ measurements 

After presenting our study of the conductance of single-EMF 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 Thesis, namely, the STM-

Imaging technique, for the simultaneous measurement of conductance Ὃ and thermopower Ὓ 

of single-fullerene junctions [Evangeli2013]. For completeness we summarize here the main 

technical aspects of the experiments performed with EMFs. 

In order to measure the thermopower Ὓ, a temperature difference ɝὝ between 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 substrate, 

meanwhile, is maintained at room temperature (approximately at ςωυ +), monitored with a 

second thermocouple. 

After heating up the tip, temperatures are allowed to stabilize for ρυ-σπ minutes before a new 

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

typically establish a temperature difference ɝὝ of around τς + for EMF-1, στ + for EMF-2 and 

σχ + for EMF-3, monitored every few minutes. It is important to remind that the thermal drift 

increases considerably when heating up the tip, so all the process to find and track a given 

ƛǎƻƭŀǘŜŘ ƳƻƭŜŎǳƭŜ ƛƴ ŀ άǎǘŀōƭŜέ Ǉƻǎƛǘƛƻƴ ǿƛǘƘ ǊŜǎǇŜŎǘ ǘƻ ǘƘŜ ǘƛǇ ōŜŎƻƳŜǎ ƳƻǊŜ ŎƘŀƭƭŜƴƎƛƴƎ ǘƘŀƴ 

when no ɝὝ is applied and 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 conductance Ὃ, with the difference that the tip motion is stopped every ρπ-ςπ 

steps (every ρπ-ςπ pm), both while approaching to and retracting from the molecule, and the 

Seebeck coefficient Ὓ is measured. As described in Figure 2.9 (Section 2.4.2), while the ᾀ-

piezoelectric movement is stopped, small Ὅ-ὠ ramps, typically of  ρπ Í6, are shot and 

recorded. These Ὅ-ὠ curves show a voltage offset at zero current which is proportional to the 

temperature difference ɝὝ applied (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: 

ὠ  ὛɝὝ. Simultaneously, the slope of the Ὅ-ὠ trace corresponds to the conductance Ὃ of 

the junction, which is typically the same as the conductance measured with ὠ  right before 

the Ὅ-ὠ ramp is acquired, as long as the junction is stable enough. In each conductance Ὃ vs tip 

displacement Ўᾀ curve (one approach-retraction cycle), approximately υπ-ρππ Ὅ-ὠ ramps are 

shot, giving as many values of the Seebeck coefficient. 

It is important to notice at this point that Ὅ-ὠ characteristics of EMFs junctions are linear at small 

voltages even when the junction is formed and the molecule is being pressed. This means that, 

even beyond the electrical contact point and physical compression of the molecule, there is a 

linear Ὅὠ dependence proving good coupling of the molecule to the electrodes and a HOMO-

LUMO gap larger than the voltage applied [Joachim1995b]. 

Figures 3.11, 3.12 and 3.13 show examples of simultaneous Ὃ and Ὓ traces measured on 

different single-EMF junctions (EMF-1 junctions in Figure 3.11; EMF-2 junctions in Figure 3.12; 

EMF-3 junctions in Figure 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: Conductance ╖ and thermopower ╢ simultaneous measurements in EMF-1 
junctions. Four examples of approach (a,c,e,g) and retraction (b,d,f,h) cycles on single-
molecule Au|Sc3N@C80|Au junctions, where the conductance Ὃ (in blue and red for approach 
and retraction of the tip, respectively) and thermopower Ὓ (in green and magenta for 
approach and retraction of the tip, respectively) are simultaneously acquired. For the 
molecule in (a-b), Ὓ is always negative, while for that one in (c-d), it is always positive. The 
EMF-1 in (e-f) has a mainly negative Seebeck coefficient and clearly shows correlation 
between small jumps in Ὃ and Ὓ, possibly due to structural rearrangements in the 
configuration of the junction. For the molecule in (g-h) an abrupt change in the sign of Ὓ during 
junction formation is observed. At the electrical contact point (Ўᾀḗ πȢυ ÎÍ), the molecule 
shows negative Seebeck coefficient Ὓ σπ ʈ6Ⱦ+. After moving the tip closer to the surface 
by ЎᾀḗπȢςυ ÎÍ (compressing the molecule), a sudden modification of the junction takes 
place and we observe a drop in Ὃ and an inversion of the sign of Ὓ, flipping from negative to 
positive (Ὓ ρυ ʈ6Ⱦ+). In all these measurements the temperature difference is ЎὝͯ τς +. 
The portion of Ὃ and Ὓ corresponding to contact regime is highlighted in yellow.  

Conductance traces presented in Figures 3.11-3.13 (in blue and red for approach and retraction 

of the tip, respectively) are pretty much equivalent to those already discussed in the previous 

section. Typically, an abrupt jump in the Ὃ 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 jump is typically observed in the thermopower curve as well. In the contact regime 

(highlighted in yellow in the three figures), subsequent jumps observed in Ὃ, possibly due to 

atomic rearrangements, are also reflected in jumps in Ὓ, proving the sensitivity of both signals 

to atomic details. Retraction curves are almost the same indicating that junctions remain mostly 
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unaltered, although typically with some hysteresis with respect to the approach possibly due to 

elastic deformations in the tip. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: Conductance ╖ and thermopower ╢ simultaneous measurements in EMF-2 
junctions. Four examples of approach (a,c,e,g) and retraction (b,d,f,h) cycles on single-
molecule Au|Sc3C2@C80|Au junctions, where the conductance Ὃ (in blue and red for approach 
and retraction of the tip, respectively) and thermopower Ὓ (in green and magenta for 
approach and retraction of the tip, respectively) are simultaneously acquired. Molecules in 
the first two junctions, (a-b) and (c-d), show initially 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, (e-f), has an almost zero Ὓ that changes 
abruptly to a larger positive value in the contact regime of the approach. The reversed change 
is also observed, with some hysteresis, in the retraction curve. Finally, the EMF-2 in (g-h) 
presents a small positive thermopower and shows correlation between Ὃ and Ὓ changes. The 
temperature difference is ЎὝͯ στ + in all these measurements. The portion of Ὃ and Ὓ 
corresponding to contact regime is highlighted in yellow. 

As mentioned, the most remarkable aspect of the thermoelectric characterization of the EMF 

junctions investigated is the possibility to find molecules with both signs of the Seebeck 

coefficient. For example, junctions in Figure 3.11(a-b,e-f) for EMF-1 and Figure 3.13(c-d) for EMF-

3 show all negative thermopower, while junctions in Figure 3.11(c-d) for EMF-1, Figure 3.12(e-

f,g-h) for EMF-2 and Figure 3.13(e-f,g-h) for EMF-3 present positive 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 Seebeck coefficient and because, to the 

best of our knowledge, this is the first time that bi-thermoelectricity, i.e. showing either positive 

of negative Ὓ, is observed in a single material, without requiring chemical modification. 
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Figure 3.13: Conductance ╖ and thermopower ╢ simultaneous measurements in EMF-3 
junctions. Four examples of approach (a,c,e,g) and retraction (b,d,f,h) cycles on single-
molecule Au|Er3N@C80|Au junctions, where the conductance Ὃ (in blue and red for approach 
and retraction of the tip, respectively) and thermopower Ὓ (in green and magenta for 
approach and retraction of the tip, respectively) are simultaneously acquired. Molecular 
junction in (a-b) experiments a gradual change from positive to negative Seebeck coefficient 
as the molecule is compressed. The EMF-3 junction in (c-d) exhibits a mainly negative 
thermopower, while junctions shown in (e-f) and (g-h) present positive Seebeck coefficients. 
Two large abrupt jumps in Ὓ are observed in the approach trace of the fourth junction, (g-h), 
correlated with changes in Ὃ: the first jump in Ὓ is correlated with the contact-formation Ὃ 
rapid increase and the second one is correlated with a small jump down in Ὃ and a subtle 
change in the slope. In these measurements the temperature difference is ЎὝͯ σχ +. The 
portion of Ὃ and Ὓ corresponding to contact regime is highlighted in yellow. 

In addition, some junctions whose Ὓ is initially positive but of small magnitude show a gradual 

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 3.12(a-b,c-d) for EMF-2 

junctions and in Figure 3.13(a-b) for EMF-3 junctions. Based on these observations, we have 

accomplished a complementary experiment with EMF-1 junctions that consists on performing 

άŎƻƳǇǊŜǎǎƛƻƴ ŎȅŎƭŜǎέ ǿƛǘƘ ǘƘŜ ǘƛǇ ǿƘƛƭŜ ǘƘŜ ŎƻƴǘŀŎǘ ǊŜƎƛƳŜ ƛǎ ƳŀƛƴǘŀƛƴŜŘΦ CƻǊ ŀ ƎƛǾŜƴ ƧǳƴŎǘƛƻƴΣ 

we do a total of three compression cycles and acquire Ὃ and Ὓ vs Ўᾀ traces 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 sign of Ὓ, 

simultaneously with jumps in Ὃ (see Figure 3.11(g-h)), suggesting a major change in the junction 

configuration, such as rotation of the whole endohedral metallofullerene 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-h) where no change of sign of the thermopower is observed, 

but the junction shows large abrupt jumps in the Seebeck coefficient correlated with changes in 

the conductance: the first jump observed in Ὓ is correlated with the contact-formation rapid 

increase of the conductance, while the second one is correlated with a small jump down in Ὃ 

and a subtle change in the slope. 

For comparison, we present in Figure 3.14 examples of simultaneous Ὃ and Ὓ measurements in 

Au-Au tunnelling junctions and pristine fullerene C60 junctions, with an applied temperature 

difference of around τς +. The first ones show a small negative thermopower (Ὓͯ ρ ʈ6Ⱦ+), 

in good agreement with previously reported results [Evangeli2015]. The Seebeck coefficient 

remains relatively constant as the tip approaches the surface and the conductance increases 

exponentially (linearly in the semilogarithmic plot). With respect to the C60 junctions shown, 

they exhibit negative thermopower and a jump in the Ὓ traces is typically observed when 

reaching the electrical contact point. In contrast to the results obtained for the EMF junctions, 

large compression of the pristine fullerene sometimes result in a gradual reduction towards zero 

of the thermopower values, as can be seen in the example of Figure 3.14(b). 

 

 

 

 

 

 

 

 

 

Figure 3.14: Conductance ╖ and thermopower ╢ simultaneous measurements in Au-Au 
tunnelling junctions and Au|C60|Au junctions. Examples of individual approach traces in Au-
Au tunnelling junctions (a,c) and Au|C60|Au junctions (b,d) where conductance Ὃ (blue) and 
thermopower Ὓ (green) are simultaneously acquired during the approaching of the tip 
towards the surface or the molecule. In all these measurements the temperature difference 
is  ЎὝ ͯ τς +. 

In order to directly compare the results obtained for the three EMFs and to explore the 

variability introduced by different junction configurations, we perform several measurements 

with each of the endohedral metallofullerenes and collect multiple Ὃ and Ὓ vs Ўᾀ traces of 

Au|single-molecule|Au junctions. Ὃ and Ὓ vs Ўᾀ 2D histograms are presented in Figure 3.15, 

together with 2D histograms for pristine C60 junctions, measured for comparison. 

As in the case of the pure conductance characterization introduced in Section 3.2.4, Ὃ vs Ўᾀ 2D 

histograms in Figure 3.15(a-d) reflect the different features observed in the individual traces. 

These histograms are built with the complete approach of the Ὃ traces, i.e. from tunnelling to 

molecule-compression with the tip, measured at ὠ , and are equivalent to those plotted in 

Figure 3.9. On the other hand, it is more difficult to identify individual-junction behaviours in the 
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Ὓ vs Ўᾀ 2D histograms shown in Figure 3.15(i-l), although contact formation is roughly 

identifiable in the histograms either by an increase in the dispersion of the values (see, for 

example, Figure 3.15(i,j)) or a more or less abrupt step in the general shape of the histogram 

(see, for instance, Figure 3.15(k-l)). In Figure 3.15(e-h), we plot the 2D histograms of the 

corresponding Ὃ obtained from the slope of the Ὅ-ὠ ramps shot to measure the thermopower. 

As it can be seen, these histograms are pretty much the same to those built with the whole 

approach Ὃ traces, indicating that junction configuration is stable during the acquisition of the 

voltage ramps. 

Figure 3.15: Conductance ╖ and thermopower ╢ vs tip displacement Ў◑ 2D histograms of 
Au-EMF-Au and Au-C60-Au junctions. (a-d) Ὃ vs Ўᾀ 2D histograms of 131 approach curves on 
single EMF-1 (Sc3N@C80) molecules (a), 99 approach traces on isolated EMF-2 (Sc3C2@C80) 
molecules (b), 83 approach curves on individual EMF-3 (Er3N@C80) molecules (c) and 50 
approach traces on single C60 molecules (d). Complete Ὃ vs Ўᾀ individual traces, from 
tunnelling to molecule-compression by the tip, are plotted. (e-h) Ὃ vs Ўᾀ 2D histograms of the 
same junctions as (a-d), but where conductance values are obtained from the slope of the Ὅ-
ὠ ramps shot every ρπ-ςπ ÐÍ to measure thermopower (see Section 2.4.2). (i-l) Ὓ vs Ўᾀ 2D 
histograms of the same junctions as (a-d) and the same Ὅ-ὠ ramps as (e-h). Approximate 
temperature differences for each compound (EMF-1, EMF-2, EMF-3 and C60) are ЎὝ ͯ τς +, 
στ +, σχ + and τς +, respectively. The colour scale accounts for the number of points in each 
histogram. 

Further discussing the thermopower 2D histograms (Figure 3.15(i-l)), those of EMF junctions 

evidence the bi-thermoelectricity of these systems, in marked contrast to the pristine fullerene. 

This translates into the possibility to have both positive and negative Seebeck coefficients, 

although each endohedral metallofullerene presents a particular characteristic behaviour. In 

terms of dispersion, EMF-1 and EMF-2 junctions (both scandium-based molecules) show larger 

variability of Ὓ values than EMF-3, whose thermopower dispersion is notably smaller and similar 

to that of the pristine fullerene C60. 
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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 curve and, in a second step, the 

first-contact values from the complete contact regime. In this sense, thermopower Ὓ vs 

conductance Ὃ 2D histograms are especially useful to discern the different regimes and result a 

representation of great interest to find trends 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 that Ὃ values in these histograms (and for now on in this section) 

are those obtained from the slope of the small Ὅ-ὠ ramps. Figure 3.16(a-d) histograms are 

formed with the complete Ὃ and Ὓ traces, including the whole tip movement from the tunnelling 

until close to the metallic contact. Figure 3.16(e-h) gather Ὃ and Ὓ experimental data measured 

in the contact regime, while the tip is in contact with the fullerene cage. Finally, in Figure 3.16(i-

l) only Ὃ and Ὓ values at first-contact, i.e. within πȢρ ÎÍ after junction formation, are collected. 

Figure 3.16: Thermopower ╢ vs conductance ╖ 2D histograms for the three EMFs and the 
pristine fullerene C60. (a-d) Ὓ vs Ὃ 2D histograms built with the data from the Ὅ-ὠ ramps shot 
during the complete traces, from the noise level until close to the metallic contact. Each 
column corresponds to one molecule, as indicated on top. From left to right: Sc3N@C80 (EMF-
1), Sc3C2@C80 (EMF-2), Er3N@C80 (EMF-3) and C60. (e-h) Ὓ vs Ὃ 2D 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 histograms. (i-l) Ὓ vs Ὃ 2D histograms built with 
first-contact values, i.e. within πȢρ ÎÍ after junction formation. These data correspond to the 
junction without compression. All the data in this figure come from the same molecular 
junctions of Figure 3.15. 

We can observe in these histograms, especially in those of first-contact values (Figure 3.16(i-l)), 

that EMF-1 and EMF-3 junctions present slightly smaller conductance values than EMF-2 and C60 

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 trinitrate molecules (EMF-1 and EMF-3) 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 displaced toward negative values. C60 junctions, in good agreement with 

previously reported experiments [Evangeli2013], presents only negative Ὓ. 

In order to quantify and better compare the different systems, we build 1D histograms as shown 

in Figure 3.17. The three different regimes analysed in Figure 3.16 (that is, complete traces, 

complete contact regime and first-contact values) are also considered and plotted separately in 

this figure. Finally, for the first-contact Ὃ and Ὓ 1D histograms, the mean conductance ὋӶ and 

thermopower ὛӶ values and their corresponding standard deviations, „ and „ respectively, are 

gathered in Table 3.2. For the molecular junctions presented in Figure 3.15, 3.16 and 3.17, we 

find that the first-contact ὋӶ is πȢπυ Ὃ in the case of EMF-1 single-molecule junctions, πȢρρ Ὃ 

for EMF-2 and πȢπτ Ὃ for EMF-3 junctions, while the first-contact mean Seebeck coefficients 

are ὛӶ ςȢσ ρχȢτ ʈ6Ⱦ+ for EMF-1, ὛӶ ρςȢςσρψȢχ ʈ6Ⱦ+ for EMF-2 and ὛӶ ρȢς

χȢφ ʈ6Ⱦ+ for EMF-3. For the pristine fullerene C60 we obtain ὋӶ πȢρρ Ὃ and ὛӶ ρφȢσ

φȢφ ʈ6Ⱦ+, in good agreement with previously reported measurements [Evangeli2013]. In the 

case of EMF-2 first-contact thermopower (green curve in Figure 3.17(f)), two peaks appear in 

the 1D histogram, approximately centered at ςυ ʈ6Ⱦ+ and π ʈ6Ⱦ+. 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.17: Conductance ╖ and thermopower ╢ 1D histograms. (a,b) Ὃ and Ὓ 1D histograms 
for complete traces (from tunnelling to molecule-compression) measured for the three EMFs 
investigated (EMF-1 in orange, EMF-2 in green and EMF-3 in purple) and for C60 junctions (in 
grey) for comparison. (c,d) Ὃ and Ὓ 1D histograms for the complete contact regime of each 

molecular junction. (e,f) Ὃ and Ὓ at first-contact 1D histograms whose mean values ὋӶ and ὛӶ, 
and standard deviations „ and „, can be found in Table 3.2. Data in this figure correspond 
to the molecular junctions presented in Figures 3.15 and 3.16. 
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Table 3.2: Mean conductance ╖ and thermopower ╢ values at first-contact for the EMFs 
investigated and the fullerene C60, and corresponding standard deviations, Ɑ╖ and Ɑ╢, 
respectively. Statistical analysis has been performed with the data plotted in Figure 3.17(e,f).  

 Ὃ  Ὃ  „ Ὃ   ὛӶ ʈ6Ⱦ+ „ ʈ6Ⱦ+  

EMF-1 (Sc3N@C80) ρπȢ  ρπȢ  ςȢσ ρχȢτ 

EMF-2 (Sc3C2@C80) ρπȢ  ρπȢ  ρςȢς ρψȢχ 

EMF-3 (Er3N@C80) ρπȢ  ρπȢ  ρȢς χȢφ 

Fullerene C60 ρπȢ  ρπȢ  ρφȢσ φȢφ 

 

As already observed in the previous section, the contact conductance of EMF-1 and EMF-3 

junctions is in fact smaller than that of C60 by a factor of two-three, approximately, while EMF-2 

presents very similar conductance values to C60. Considering only the endohedral 

metallofullerenes, EMF-3 is the one showing the smallest conductance at first contact, although 

is still quite large compared to other organic molecular junctions. 

Regarding the thermopower, conclusions from the mean value of Seebeck coefficient should be 

extracted with care. EMF-1 junctions show a very small mean thermopower, but they can also 

present very large values at first-contact, up to τπ ʈ6Ⱦ+ (as shown by the orange curve in 

Figure 3.17(f)). In the case of EMF-2 junctions, the two peaks in the histograms mean that it is 

equally likely to connect a molecule with a small value of Ὓ close to zero or with a negative 

thermopower with a value similar to that of C60 (see green curve in Figure 3.17(f)). Finally, 

according to the EMF-3 histogram in Figure 3.17(f) (purple curve), this Er-based molecule 

typically shows a small Seebeck coefficient at first contact, with the peak slightly positive but 

close to zero and with a dispersion of values notably smaller than the Sc-based EMFs. 

The bi-thermoelectric response characterized so far in these EMFs junctions, whose 

thermopower can be positive or negative without requiring chemical 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 than the robust properties shown by the 

pristine C60. 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@C82 and Ce@C82 and the empty C82 were reported to present negative Seebeck 

coefficients, enhanced in the endohedral fullerenes with respect to the C82 from Ὓ  

 ςςȢχ πȢω ʈ6Ⱦ+ to Ὓ ͽ   σρȢφ ρȢς ʈ6Ⱦ+ and Ὓ ͽ   σπȢπ ρȢπ ʈ6Ⱦ+. Self-

energy corrected first-principles transport calculations were performed and showed that 

transport in these molecules is mainly through the LUMO localized in the C82 cage, without a 

direct contribution from the lanthanide inner atoms which nevertheless produce changes in the 

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 the total number of metal atoms inside the fullerene cage, which in the case of Ref. 

[Lee2015] is only one atom placed out of centre. 

In the following, we aim at further investigating the peculiar conduct we observe in our 

compounds with 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 Section 3.2.7 we present our results 

when performing compression cycles in EMF-1 and C60 junctions to explore the reproducibility 

of changes in the thermopower values. 

3.2.6 Tunnelling spectroscopy 

Considering the coherent charge transport Landauer formalism introduced 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 bi-thermoelectric behaviour 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 the variation 

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 or negative with respect to the 

Fermi level, the current increases more rapidly [Wiesendanger1994]. 

The STM-Imaging technique results also very advantageous to perform these experiments since 

it allows us to localize individual molecules on the surface. Once the tip is precisely placed on 

top of a single EMF, maintaining the tunnelling current, we perform tunnelling spectroscopy at 

constant height blocking the ᾀ-piezo position and ramping the bias voltage to obtain the current-

voltage (Ὅ-ὠ) characteristics of the molecule. We typically ramp the ὠ  between  ρ 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 large Ὅ-ὠ 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) and weakly coupled to the other one (the tip). This is in fact 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). Ὅ-ὠ curves on top of a crystalline gold surface without fullerenes 

help to determine whether the tip is free of molecules (or at least, the part of the tip interacting 

with the surface). Tunnelling Ὅ-ὠ curves 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 with positive or negative bias voltage. Special care is taken to this respect 

in our experiments because Ὅ-ὠ curves obtained with the same molecule placed on the substrate 

or on the tip would present inversed asymmetry [Evangeli2014]. 

Figure 3.18 shows representative examples of the Ὅ-ὠ characteristics of single EMF-1 junctions. 

Tunnelling spectroscopy on different isolated molecules reveals linear Ὅ-ὠ curves at low voltages 

(up to ςππσππ Í6), showing that the HOMO-LUMO gap of the junctions exceeds in all 

cases the voltage applied in this region and that the transmission varies softly around the Fermi 

level, suggesting off-resonant transport [Joachim1995b]. 



3. Bi-thermoelectricity in endohedral metallofullerene (EMF) junctions 

 

88 
 

 

 

 

 

 

 

 

 

 

Figure 3.18: Tunnelling spectroscopy of EMF-1 junctions. Ὅ-ὠ characteristics (a) and 
differential conductance (b) in tunnelling regime on two different Sc3N@C80 molecules, 
presenting opposite rectifying behaviour. The differential conductance has been calculated 
from a fit of the experimental Ὅ-ὠ curve. 

For higher voltages (above ςππσππ Í6), Au|EMF|tunnel|Au junctions show asymmetric Ὅ-

ὠ 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 C60 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 asymmetric coupling of 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, something which is more directly shown 

by the differential conductance presented in Figures 3.18(b). Molecule-dependent rectifying 

behaviour is also observed in the other two endohedral metallofullerenes investigated. In the 

case of EMF-1 and EMF-3, this variation in the electronic behaviour of particular molecules has 

been also reported in UHV experiments [Nörenberg2008] and has been attributed to different 

orientations of the molecules on the surface and hence, different charge transfer from the 

substrate to the molecules. 

More interestingly, we find a correlation between the asymmetry of the Ὅ-ὠ curves and the sign 

of the thermopower of a given EMF molecule, connected right after the tunnelling spectroscopy 

characterization. We observe that molecules for which the current is higher at positive bias 

voltage present negative thermopower at first-contact, while molecules for which the current is 

higher at negative voltage show positive thermopower. This is consistent with the Landauer 

formalism and with the dependence of thermoelectric properties 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: 

 Ὓ
“ὯὝ

σὩ

ὨÌÎכὉ

ὨὉ
Ȣ  



3. Bi-thermoelectricity in endohedral metallofullerene (EMF) junctions 

 

89 
  

In this expression, כὉ is the junction transmission function dependent on electron energy Ὁ, 

Ὧ  is the Boltzmann constant and Ὕ is the average temperature of the junction. 

EMFs Ὅ-ὠ characteristics are then in good agreement with the bi-thermoelectric behaviour of 

these molecular junctions when they are contacted with both electrodes and, according to Ref. 

[Nörenberg2008], indicate that different orientations of the molecules targeted, which affects 

the charge transfer from the substrate, may be the reason behind different sign of the Seebeck 

coefficient from molecule to molecule. 

3.2.7 Compression cycles for Sc3N@C80 and C60 junctions  

Considering again the contact regime, thermopower after 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 the tip, behaviour which is observed for the three endohedral 

metallofullerenes investigated. 

In order to explore the reproducibility of this conduct we perform an extended experiment, with 

EMF-м ƧǳƴŎǘƛƻƴǎ ƛƴ ǇŀǊǘƛŎǳƭŀǊΣ ŎƻƴǎƛǎǘƛƴƎ ƻƴ άŎƻƳǇǊŜǎǎƛƻƴ ŎȅŎƭŜǎέ ǿƛǘƘ the tip while maintaining 

contact with a given molecule. For this, small amplitude (  πȢυ ÎÍ) fix-size (ςππ points) 

compression (approach-retraction) 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 on the junction. 

Simultaneous variations of Ὃ and Ὓ measured as a function of tip displacement Ўᾀ during three 

consecutive cycles for three different molecules are shown in Figure 3.19. The power factor ὋὛ 

is also calculated and plotted (see Chapter 1, Section 1.6). Compression of the molecules 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 of Ὓ: molecule 1 shows a large positive 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 the tip cyclic compression, we plot Ὃ, Ὓ 

and ὋὛ as a function of time, in arbitrary units, as presented in Figure 3.20(a-c) for the same 

cycles of Figure 3.19. In this representation, the three different compression cycles performed 

on each molecule are clearly 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 of 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 pressure has 

never been reported before, to the best of our knowledge, and has a marked effect on the power 

factor ὋὛ as shown in Figure 3.20(c). For molecule 1, the power factor decreases with 

compression, while for molecule 2, it increases reaching values of around υ Æ7Ⱦ+ . In contrast, 

for molecule 3, ὋὛ remains small during the whole cycle. 
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Figure 3.19: Compression cycles on EMF-1 (Sc3N@C80) junctions as a function of tip 
displacement. (a-i) Reproducible variations of the conductance Ὃ (a-c), the thermopower Ὓ 
(d-f) and power factor ὋὛ (g-i) as a function of the tip displacement Ўᾀ. For molecule 1 (red), 
compressing the molecule results in Ὓ varying from ςπ ʈ6Ⱦ+ to almost π ʈ6Ⱦ+; for molecule 
2 (blue), Ὓ varies from ρπ ʈ6Ⱦ+ to υ ʈ6Ⱦ+; and for molecule 3 (green), Ὓ varies from 
approximately π ʈ6Ⱦ+ to ςπ ʈ6Ⱦ+. Each half cycle corresponds to less than πȢυ ÎÍ. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.20: Effect of compression on Sc3N@C80 single-molecule junctions and comparison 
with C60 junctions. (a-c) Periodical variations of the conductance Ὃ, thermopower Ὓ and 
power factor ὋὛ, respectively, of EMF-1 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 molecules. (d-f) Periodical variations of the conductance Ὃ, 
thermopower Ὓ and power factor ὋὛ, respectively, of C60 junctions, as the STM tip advances 
and retracts during three consecutive compression cycles. Each colour corresponds to a 
different molecule. As in the case of EMF-1 junctions, each half cycle corresponds to less than 
πȢυ ÎÍȢ 
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The periodic nature of these curves indicates that the junction, i.e. the molecule and the gold 

electrodes, deforms elastically in response to the pressure. Larger amplitude ( πȢυ ÎÍ) cycles 

destroy this periodicity indicating the onset of plastic deformation (atomic rearrangements) in 

the gold electrodes [Agraït1995]. Taking into account previous results for gold contacts [Rubio-

Bollinger2001] and the fact that fullerene molecules are much stiffer than gold [Ruoff1991], we 

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

the maximum pressure at the junction during our measurements is about τ '0Á [Agraït1995]. 

The peculiarity of this conduct of EMF junctions can be better understood when compared with 

C60. To do so, we perform the same experiments with the pristine fullerene, i.e. rounds of three 

compression cycles over a given molecule maintaining the contact with the tip. The results 

obtained for three different C60 junctions are presented in Figure 3.20(d-f). We find that the 

Seebeck coefficient is in this case always negative during the three consecutive cycles, as 

expected. Interestingly, the relatively high conductance and thermopower of C60, together with 

the fact that the Seebeck coefficient is consistently negative and its value increases as the 

molecule is gently compressed, result in a power factor increase upon compression to values of 

around ρπ Æ7Ⱦ+ . This means that it is in fact easier to reach high power factor values with C60 

based junctions than with EMFs equivalent systems. However, the variability in 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 of Sc3N@C80 and C60 junctions 

Theoretical calculations performed by the group of Prof. Colin J. Lambert for Sc3N@C80 (EMF-1) 

and C60 junctions have greatly contributed to shed light on the origin of the bi-thermoelectric 

response of the endohedral metallofullerenes. A detailed description of the theoretical 

calculations they performed can be found in Ref. [Rincón-García2016]. We reproduce here the 

main aspects and conclusions of these theoretical calculations. 

To elucidate the origin of the bi-thermoelectric effect of Sc3N@C80 junctions and the behaviour 

shown by the compression cycles, 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 

thermoelectric properties 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 C80 cage and encapsulated Sc3N 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 than πȢπυ 6Ⱦ!ÎÇ. SIESTA employs pseudo-atomic orbitals 

and the relaxation was carried out using a double-zeta plus polarization orbital basis set. Norm-

conserving pseudopotentials were used and an energy cutoff of ςππ 2ÙÄÅÒÇÓ defined the real 

space grid. The exchange correlation functional was LDA. To calculate electron transport, the 

molecule was attached to gold leads and, due to the large contact area of the C80 cage, a υ by φ 

atom layer of Au(111) was taken to be the surface of the lead. The optimum binding location, 

approximately ςȢσ ᴠ, was found by calculating the binding energy as a function of the separation 

distance ᾀ taking into account basis set error corrections. The extended molecule included φ 
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layers of Au(111) and the Hamiltonian describing this structure was produced using SIESTA. The 

transmission coefficient כὉ and thermopower Ὓ were then calculated using the Gollum 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 electrodes ᾀ. The effect of pressure 

on the transport properties was explored by varying ᾀ around the equilibrium distance, ςȢσ ᴠ. 

The orientation of the whole molecule was kept fixed while ᾀ  is 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 the Sc3N 

molecule and therefore transport properties are expected to depend on the orientation of the 

Sc3N, locked in position within the fullerene cage, with respect to the gold surface. — πЈ was 

defined to be the orientation when the plane of the Sc3N molecule is normal to the gold surface, 

such that at — ωπЈ the Sc3N is parallel to the surface. To explore a range of orientations, they 

rotated through ρψπЈ, at intervals of σЈ, and at each angle compute the zero bias transmission 

coefficient כὉ. A third important input to the simulations is the energetic location of the 

molecular energy levels relative to the Fermi energy of the electrodes, since Ὃ and Ὓ are related 

to the value of the transmission and its derivative at the Fermi level. Since the DFT-predicted 

value Ὁ  is not reliable, to find 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, i.e. Ὓ is either positive or 

negative and it always decreases shifting to more negative values as the molecule is pressed, in 

some cases passing through zero. They found that the true Fermi level is located between the 

LUMO resonance and the LUMO of the fullerene cage and takes a value Ὁ Ὁ  πȢςσ Å6. 

With this choice of Ὁ , Figure 3.21(a-c) show Ὃ, Ὓ and ὋὛ as a function of ᾀ, for three different 

orientations of the endohedral molecule (—  ρυπЈ in red, —  υχЈ in blue and —  φσЈ in 

green), which match the experimental behaviour of molecules 1, 2 and 3 in Figure 3.20(a-c). 

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 function כὉ), due to the presence of the 

resonance close to the Femi level (see Figure 3.21(d-f)). For all the orientations, as the tip 

advances, the resonance becomes broadened and shifts to lower energies, as a consequence of 

changes in the imaginary and real parts, respectively, of the self-energy [Lambert2015], that is, 

in the coupling of the molecule to the electrodes. This results 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 an Ὓ that 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 the Sc3N, the same theoretical 

calculations were performed for C60 junctions, 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 3.21(h-i) show 

the transmission functions of Sc3N@C80 and C60 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 in C60 junctions, 

theoretical calculations were also performed similarly to those of the Sc3N@C80 molecule and 

the obtained Ὃ, Ὓ and ὋὛ as a function of ᾀ are plotted in black in Figure 3.21(a-c) and match 

the behaviour observed in the experimental measurements (Figure 20(d-f)).  

Figure 3.21: Theoretical calculations for Sc3N@C80 molecular junctions and comparison with 
C60 junctions. (a-c) Calculated Ὃ, Ὓ and ὋὛ, respectively, for three different orientations — of 

EMF-1 as the tip-molecule separation ᾀ decreases from ςȢχ ᴠ to ςȢρ ᴠ, 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. Calculated Ὃ, Ὓ 
and ὋὛ are shown for C60 junctions (in black). (d-f) Transmission curves כὉ of EMF-1 
junctions for the same three different molecular orientations (—  ρυπЈ in red, —  υχЈ in 
blue and —  φσЈ in green, respectively) and for different ᾀ. The Fermi level is shifted from 
the position given by DFT and the black dotted line indicates the true Fermi level as explained 
in the text. (g) Transmission curves כὉ of C60 junctions for different ᾀ. The Fermi level is 
shifted from the position given by DFT and the black dotted line indicates the true Fermi level 
as explained in the text. In this case, Ὁ Ὁ   πȢρφυ Å6, chosen such as to present similar 
amplitude variations as the experimental curves. (h-i) Transmission curves כὉ for C60 and 
Sc3N@C80 junctions, respectively, showing the calculated HOMO-LUMO 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. [Rincón-García2016]. 

3.4 Conductance ╖ and thermopower ╢ measurements in EMF-dimer junctions using 

the STM-Imaging 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 from the surface to the tip, resulting sometimes 

in a very interesting fullerene-tip if the EMF is well placed on the apex of the Au tip or close to 

it. 

These EMF-tip sallow us, for example, to obtain an improved resolution in the surface scanning 

tip [Schull2009; Nishino2005; Repp2005]. The STM-Imaging 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 transfer of an EMF to the 

ǘƛǇ ōŜŎŀǳǎŜ ƻŦ ŀ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ǊŜǎƻƭǳǘƛƻƴ ƻŦ ǘƘŜ {¢a ƛƳŀƎŜǎΦ LŦ ǘƘŜ 9aC ƻƴ ǘƘŜ ǘƛǇ ƛǎ άǿŜƭƭέ ǇƭŀŎŜŘ 

on the apex (forming a C80-tip), improved resolution of the surface features and smaller 

diameters for the EMFs are observed, as can be seen in Figure 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 the tip. This is for instance the case in the STM image shown in Figure 3.22(e), 

ǿƘŜǊŜ ŀ ǎƳŀƭƭΣ ǊƻǳƴŘ άƳƻƭŜŎǳƭŜέ ƛǎ ƻōǎŜǊǾŜŘ ƴŜȄǘ ǘƻ ǘƘŜ ŦǳƭƭŜǊŜƴŜ ƻƴ ǘƘŜ ǎǳōǎǘǊŀǘŜΦ 

Figure 3.22: STM images with an EMF-tip. (a-c) EMF-1 molecules (Sc3N@C80) on a gold surface 
imaged with an EMF-1 molecule on the Au tip. (d-f) EMF-2 molecules (Sc3C2@C80) on a gold 
surface imaged with an EMF-2 molecule attached to the Au tip. (g-i) EMF-3 molecules 
(Er3N@C80) on a gold surface imaged with an EMF-3 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 
ƭŀǘŜǊŀƭƭȅ ǇƭŀŎŜŘ ƻƴ ǘƘŜ ǘƛǇΦ LƳŀƎŜǎ ƘŀǾŜ ōŜŜƴ ǘǊŜŀǘŜŘ ǳǎƛƴƎ DǿȅŘŘƛƻƴ ǎƻŦǘǿŀǊŜ ώbŜőŀǎнлмнϐΦ 
No thermal drift or piezo creep corrections have been applied to these images. 

These EMF-tips, besides an improved resolution in the surface scanning, allow us also to form 

dimer junctions, that is, connect two fullerenes in series between the electrodes. If the EMF on 

the tip is stable enough, it is sometimes possible to scan the surface to find a second EMF on the 

surface, place the fullerene-tip on top of it and connect both molecules at the same time, as it 

was also previously done in our group for the pristine fullerene [Evangeli2013]. 
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Conductance Ὃ and thermopower Ὓ characterization of EMF dimer junctions has been 

performed. Individual examples of approach traces of Ὃ and Ὓ showing dimer formation features 

are presented in Figure 3.23. The main signature of dimer formation is a 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 substrate and, after πȢυ πȢχυ ÎÍ 

of tip displacement, one or several drops in the conductance are typically observed before it 

starts increasing again. This behaviour in the conductance traces, previously reported for C60 

dimers [Evangeli2013], indicates the formation of a Au|EMF|EMF|Au junction while the 

characteristic shoulder is observed, at a conductance value Ὃ ͯ ρπὋ. 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 the EMF molecules. Conductance keeps 

increasing with further tip displacement toward the surface and a single-molecule junction is 

sometimes observed in the signal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.23: Conductance ╖ and thermopower ╢ individual measurements in EMF dimer 

junctions. (a-b) EMF-1 (Sc3NC80) dimer junctions showing the characteristic shoulder in the 

approach Ὃ trace and both positive and negative Seebeck coefficients during the dimer 

formation. (c-d) EMF-2 (Sc3C2@C80) dimer junctions showing the characteristic shoulder in the 

approach Ὃ trace and positive Seebeck coefficients during the dimer formation. (e-f) EMF-3 

(Er3NC80) dimer junctions showing the characteristic shoulder in the approach Ὃ trace and 

positive thermopower during the dimer formation. 

Thermopower values of the dimer junctions are measured with the same procedure introduced 

for the monomers (single-molecule junctions), stopping the tip movement every few steps and 

shooting small Ὅ-ὠ ramps in the presence of a temperature difference ЎὝ between tip and 
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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 junction-to-junction variability, several approach-retraction curves are 

acquired for each of the EMF dimers. 2D histograms of thermopower Ὓ vs conductance Ὃ are 

plotted in Figure 3.24. In Figure 3.24(a-c) 2D histograms built with the complete approach traces, 

from tunnelling to almost metallic contact formation, are shown, although only the low 

conductance values correspond to dimer junctions. In order to analyse the dimer behaviour, 

data obtained from the Ὅ-ὠ ramps shot during the characteristic shoulder in each individual Ὃ 

curve are selected and 2D histograms of Figure 3.24(d-f) are built. They are the result of 

thermopower and conductance simultaneous measurements while forming and squeezing 

dimer junctions and they collect data from above the instrumental noise 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). 

 

 

 

 

 

 

 

 

 

 

Figure 3.24: Thermopower ╢ vs conductance ╖ 2D histograms for EMF dimers. (a-c) Ὓ vs Ὃ 
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: 35 Sc3N@C80 (EMF-1) dimer junctions, 
48 Sc3C2@C80 (EMF-2) dimer junctions and 52 Er3N@C80 (EMF-3) dimer junctions. (d-f) Ὓ vs Ὃ 
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 formation is difficult 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 behaviour, which also 

applies to the thermopower histograms (Figure 3.25(b,d)). Mean conductance Ὃ   and 

thermopower Ὓ   values obtained from the data of the shoulder (i.e. dimer formation) are 

gathered in Table 3.3, as well as the standard deviations, „ȟ  and „ȟ , respectively. 

Conductance of the EMF dimers is found to be around one and a half orders of magnitude 

smaller than the conductance of single-molecule junctions (see Table 3.2). We obtain Ὃ
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πȢππρς Ὃ for EMF-1, Ὃ πȢππρρ Ὃ for EMF-2 and Ὃ πȢππρς Ὃ for EMF-3 dimer 

junctions, respectively, all of them slightly smaller than the previously reported value for the 

conductance of C60 dimers, Ὃ πȢππρψ Ὃ [Evangeli2013]. Additionally, the double peak 

that appears in the EMF-1 histogram results quite peculiar for conductance measurements. 

 

 

 

 

 

 

 

 

Figure 3.25: Conductance ╖ and thermopower ╢ 1D histograms for EMF dimers. (a,b) 
Conductance Ὃ and thermopower Ὓ 1D histograms for complete traces measured for dimer 
junctions formed with the three EMFs investigated: EMF-1 in orange, EMF-2 in green and EMF-
3 in purple. (c,d) Ὃ and Ὓ 1D histograms for the complete dimer-characteristic shoulder of 

each molecular junction. Mean values Ὃ  and Ὓ , and standard deviations „ȟ  and 
„ȟ , can be found in Table 3.3. The data plotted in this figure correspond to the molecular 

junctions shown in Figure 3.24. 

Table 3.3: Mean conductance ╖ and thermopower ╢ values for EMF-dimers, and 
corresponding standard deviations, Ɑ╖ and Ɑ╢, respectively. This statistical analysis has been 
performed with the data plotted in Figure 3.25(c,d).  

 Ὃ   Ὃ  „ȟ  Ὃ   Ὓ  ʈ6Ⱦ+ „ȟ  ʈ6Ⱦ+  

EMF-1 (Sc3N@C80) 

dimers 
ρπȢ  ρπȢ  ψȢρ ςχȢπ 

EMF-2 (Sc3C2@C80) 

dimers 
ρπȢ  ρπȢ  υȢσ ςρȢχ 

EMF-3 (Er3N@C80) 

dimers 
ρπȢ  ρπȢ  ςȢχ ςπȢφ 

 

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 the molecules forming 

the dimers. Considering the transmission functions shown in Figure 3.21(d-f) for EMF-1 single-

molecule junctions and assuming that a similar mechanism (a LUMO resonance) originates the 

bi-thermoelectric response of the other endohedral metallofullerenes 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. EMF-1 and EMF-3 single-molecule junctions at first-contact 
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show positive and negative Seebeck coefficients mainly centred on zero, with different 

dispersion of values for each of them, while EMF-2 shows values centred on zero but also around 

ςυ ʈ6Ⱦ+. It can be expected, 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 single-molecule 

histograms. Comparison of the values shown in Table 3.2 and 3.3 evidences that this is the 

situation for EMF-3 junctions, the Er-based metallofullerene. Interestingly, the mean 

thermopower of EMF-3 dimers is approximately double than the mean thermopower of single-

molecule junctions, while the dispersion also increases by a factor ςȢχ. The histograms of the 

other two molecules show a slightly larger dispersion in the case of dimer junctions but not a 

clear relation between the mean Ὓ values of dimers and monomers are observed. The tendency, 

though, does change and EMF-1 and EMF-2 dimer 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 favourable than others. 

In particular, dimer junctions exhibit a certain tendency to present positive thermopower values, 

in marked contrast with C60 dimer junctions previously reported to have a mean thermopower 

Ὓ  σσ ʈ6Ⱦ+ [Evangeli2013]. 

3.5 Conclusions 

In this chapter we have presented our experimental investigation of the conductance and 

thermopower of endohedral metallofullerenes (EMFs) single- and double-molecule junctions, 

namely, Sc3N@C80, Sc3C2@C80 and Er3N@C80. The last one was synthesized and the three EMFs 

were purified by the group of Prof. Kyriakos Porfyrakis, in Oxford University (United Kingdom).  

The STM-Imaging technique has been exploited to investigate the transport properties of these 

molecules connected with Au electrodes, in ambient conditions and 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 of the junction. For the three EMF investigated, 

first-contact conductance is found to be slightly smaller than that of the pristine C60 but still quite 

high for organic molecular junctions. Regarding thermoelectricity, all the compounds present 

positive or negative 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 molecules have shown a 

correlation between the asymmetry of the Ὅ-ὠ curves 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 sign 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 Prof. Colin J. Lambert for 

Sc3N@C80 junctions have demonstrated that bi-thermoelectricity 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 inside the fullerene cage and its exact energy and shape are 

molecular orientation- and compression-dependent, in good agreement with the tunnelling 

spectroscopy and the compression cycles observations. 

Additionally, dimer EMF junctions (two molecules connected in series) have shown similar bi-

thermoelectricity with a shift towards positive thermopower and an even larger dispersion of 

values, especially for Er3N@C80 junctions, possibly due to the combined effect of the individual 

molecules. 
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4. Conductance and thermopower measurements with the STM-Break 

Junction technique: fluorenes, oligoynes and porphyrins 

Single-molecule junctions are a key system 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 molecules. Combined experimental and theoretical studies have demonstrated that both 

the conductance and thermopower of single-molecule junctions are dependent upon chemical 

composition and the position of the molecular energy levels with respect to the Fermi level of 

the metal electrodes [Baheti2008]. 

In a single-molecule 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 strategies include varying the chemical composition playing with substituents in the 

core [Baheti2008] or with conjugated vs non-conjugated bridging units [Chang 2014], modifying 

chemical connections in the backbone (para- vs meta-) [Maio2018], varying the anchor groups 

within a family of molecules [Chang2014; Malen2009a; Tan2011; Balachandran2012, 

Widawsky2013; Baheti2008], tuning the position of intramolecular energy levels relative to the 

work function of metallic electrodes [Yee2011; Lee2014; Guo2013], varying the molecular 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 [García-Suárez2014]. Examples of organic 

molecules used in these investigations include fullerenes [Yee2011; Lee2014; Evangeli2013; 

Rincón-García2016a], benzenedithiol [Yee2011; Lee2014; Reddy2007], oligothiophenes with 

thiolate end-groups [Chang2014] and molecules with amine or pyridyl anchors, namely 1,4-

diaminobenzene and “-ŜȄǘŜƴŘŜŘ ŀƴŀƭƻƎǎΣ ŀƴŘ пΣпΩōƛǇȅǊƛŘƛƴŜ ώYƛƳнлмпōϐΦ !ƭƭ ǘƘŜǎŜ ǎƛƴƎƭŜ-

molecule experiments yielded room-temperature values of Ὓ ranging in magnitude from about 

ρ to υπ ʈ6Ⱦ+. 

Within this general background, we present in this chapter our investigation about the electric 

and thermoelectric properties of three different groups of molecules: fluorene-based 

compounds, oligoyne wires and Zn-porphyrin oligomers. In these experimental studies, 

Au|single-molecule|Au junctions are formed with each compound and their conductance and 

thermopower are simultaneously measured in ambient conditions and at room temperature 

using the so-called STM-Break Junction (STM-BJ) 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 side-group on a fix 

backbone, is gathered in Section 4.1 [Yzambart2018]. Next, we focus our attention on the length 

dependence of thermopower of single-molecule 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 (single-triple carbon bonds or porphyrin units, respectively). Finally, conclusions 

about the results obtained for the three series of molecules investigated are gathered in Section 

4.4. 



4. Conductance and thermopower measurements with the STM-Break Junction technique: 
fluorenes, oligoynes and porphyrins 

 

106 
 

4.1 Fluorene derivatives 

To study the influence on transport properties of different side-groups on the same backbone, 

one of the families of molecules 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 (Fl)-

based molecules have terminal pyridyl anchor units at both ends to favour bonding with the Au 

electrodes atoms and they differ only in the substituents at C(9), namely 2H, 2Me, 2OMe, 2CF3 

and O (named Fl-H, Fl-Me, Fl-OMe, Fl-CF3 and Fl-O, respectively). 

 

 

 

 

 

Figure 4.1: Chemical structure of the five fluorene (Fl)-based molecules explored. The series 
consists of 2,7-dipyridylfluorene derivatives with different substituents (2H, 2Me, 2OMe, 2CF3 
and O) at the C(9) position. Molecules are named Fl-H, Fl-Me, Fl-OMe, Fl-CF3 and Fl-O, 
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 (Fl-H in Figure 4.1). This planarized biphenyl molecule has proved to 

perform well as molecular-wire [Atienza-Castellanos2007] and has been chosen as the backbone 

of this family for three reasons:  

(i) it is a well-established system whose conductance has been extensively studied in recent 

years with break-junction techniques [Haiss2008; Vonlanthen2009; Klausen2014; 

Gantenbein2017] although its thermoelectric performance has not, to our knowledge, 

been investigated so far;  

(ii) based on chemical substitution, it is possible to attempt a systematic variation of the 

substituents at C(9) position to attach electron-donating (Me or OMe) or electron-

withdrawing (CF3) side-groups;  

(iii) the C(9) carbon is sp3 hybridized in most of the molecules under study (except in Fl-O), so 

the pendant substituents are not directly conjugated to the -̄system of the backbone. 

This allows us to investigate the effects of non-conjugated side-ƎǊƻǳǇǎ ƻƴ ǘƘŜ ƧǳƴŎǘƛƻƴΩǎ 

thermoelectric properties. In the case of the fluorenone Fl-O, the pendant oxygen atom 

is conjugated to the backbone through the sp2-hybridized C(9) carbon, making this 

compound, in principle, electronically different to the other four. 

Samples are prepared by drop-casting the compounds onto gold substrates. As in Chapter 3, we 

use ςυπ-ÎÍ-thick Au films on glass substrates (ArrandeeTM, Germany), that are flame annealed 

to form a polycrystalline Au(111) surface (see more details in Section 3.3.2). After cooling down 

and retrieving room temperature, the Au substrates are immersed in a ρπ - dichloromethane 
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(DCM) solution ( ωωȢωϷ, Sigma-Aldrich) of the corresponding molecule for σπ minutes 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 least ρυ minutes in order to equilibrate 

thermally and mechanically. Freshly mechanically cut Au wire (πȢςυ ÍÍ diameter, ωωȢωωϷ 

purity, Goodfellow) is used as tips. 

4.1.1 Conductance ╖ characterization 

Conductance Ὃ characterization of the Fl-based compounds is accomplished using the so-called 

STM-Break Junction technique introduced in detail in Chapter 2 (Section 2.4.3), in which 

molecules are connected between the electrodes after the Au-Au metallic contact is broken.  

For all the experiments with fluorene-based molecules, a bias voltage ὠ ρππςππ Í6 

applied to the substrate is employed, as well as a ρς -ɱ resistor connected in series to the 

sample in order to extend the total range of conductance monitored. We use a double-step 

current-to-voltage amplifier with a total gain of ςȢυ ρπ 6Ⱦ!, which allows for an 

experimental total range of conductance (Ὃ  ὍȾ ὠ ) from ρπȢὋ up to ρπȢὋ, 

expanding seven orders of magnitude. Ὃ  ςὩ Ὤϳ  is the quantum of conductance, Ὡ is the 

ŜƭŜŎǘǊƻƴΩǎ ŎƘŀǊƎŜ ŀƴŘ Ὤ is PlanckΩs constant. 

Au|single-molecule|Au junctions are randomly formed when doing approach-retraction cycles 

with the tip, reaching each time the metallic contact, identified by conductance values larger 

than Ὃ (the Ὃ value of one Au atom contact). After indenting the substrate with the STM tip 

and breaking the Au-Au contact, a molecule may be connected between both electrodes, as 

detailed in Section 2.4.3. The low concentration of molecules deposited facilitates the binding 

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 conductance Ὃ vs tip displacement Ўᾀ 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, the signal recovers the tunnelling regime while the tip is still retracting 

(linear dependence with Ўᾀ when plotted in semilogarithmic scale) until the noise level is finally 

reached at the end of the approach-retraction cycle. 

Examples of individual Ὃ vs Ўᾀ curves measured during tip retraction and showing junction 

formation are presented in Figure 4.2(b-f), one for each compound investigated. When a 

molecule binds between the electrodes, the signal in the Ὃ vs Ўᾀ traces abruptly drops from the 

one Au atom contact (Ὃ  Ὃ) 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 remains almost constant, instead of decreasing exponentially as occurs 

with Au-Au 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; González2006]. 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 plateaus generally 

matches the expected molecular length, suggesting single-molecule junction formation. 

Experiments show good junction formation probability, between υπϷ and ψπϷ for all the 
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molecules, as shown in Table 4.1. It is important to notice that, in each of 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. 

Figure 4.2: Individual conductance ╖ vs tip displacement Ў◑ retraction curves. Examples of 
retraction conductance traces for a Au-Au tunnelling junction as the one depicted on the left 
(a) and the five Fl-based compounds investigated (b-f). The relevant features identifiable 
during tip retraction have been marked in (f): one Au atom contact (Ὃ  Ὃ) (I); metallic 
contact breaking (II); conductance plateau signalling molecular junction formation (III), and 
molecular junction breaking (IV). Ὃ ςὩȾὬ is the conductance quantum (Ὡ ƛǎ ǘƘŜ ŜƭŜŎǘǊƻƴΩǎ 
charge and Ὤ is PlanckΩs constant). Ўᾀ of the different traces has been displaced for the sake 
of clarity. The red arrow indicates the direction of increasing Ўᾀ and subsequent Ὃ decrease.  

Table 4.1: Percentage of retraction ╖ vs Ў◑ curves showing a plateau values. 

Molecule Ratio 

Fl-H τψϷ 

Fl-Me υτϷ 

 Fl-OMe χχϷ 

Fl-CF3 χρϷ 

Fl-O υυϷ 

 

Conductance Ὃ vs tip displacement Ўᾀ 2D histograms for each of the fluorene derivatives 

studied are plotted in Figures 4.3(a-e). 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 compare all the individual Ὃ vs Ўᾀ curves, the relative tip displacement of each trace 

is shifted to place the conductance value Ὃ  πȢρ Ὃ at the zero displacement position (Ўᾀ

π ÎÍ). All the aforementioned features present in an individual retraction curve are perfectly 

identifiable in these histograms, which also indicates a most probable plateau length of around 

ρȢπ-ρȢυ ÎÍ for all the molecules. The equivalent Ὃ vs Ўᾀ 2D histogram of Au-Au tunnelling 

junctions is also shown in Figure 4.3(f), where it is evident the characteristic exponential distance 

dependence of conductance. 
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Figure 4.3: Conductance ╖ vs tip displacement Ў◑ 2D histograms. (a-e) Ὃ vs Ўᾀ 2D histograms 
for each of the fluorene derivatives explored. Histograms are formed with 74 Fl-H junctions 
(a), 350 Fl-Me junctions (b), 526 Fl-OMe junctions (c), 548 Fl-CF3 junctions (d) and 374 Fl-O 
junctions (e). (f) Ὃ vs Ўᾀ 2D histogram of 96 Au-Au tunnelling junctions where no molecule is 
connected between the electrodes. In all the cases, the zero displacement (Ўᾀ π ÎÍ) is 
chosen to be the position where Ὃ  πȢρ Ὃ. The colour scale accounts for the number of 
points in each histogram. 

The most probable value of the conductance of each compound ὋӶ is found from the Ὃ 1D 

histograms built from all the conductance values measured and collected in Figure 4.3. The 1D 

histograms for the five molecules investigated are presented in Figure 4.4. In the histograms, a 

peak at Ὃ Ὃ can be identified corresponding to the Au-Au contact. The values on the left side 

of the histograms correspond to the noise level of the system, below ρπȢὋ. An extra peak is 

observed that is not present when measuring only Au-Au contacts (in yellow in Figure 4.4(f)) and 

that corresponds to the molecular junction formation. It comes from the plateaus in the Ὃ vs Ўᾀ 

2D histograms of Figure 4.3 which generates a junction-characteristic peak in the Ὃ 1D 

histograms. Using a Gaussian fit for each compound peak, ὋӶ (the 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 obtained from the fits are shown in 

the corresponding figure and summarized in Table 4.2 to facilitate comparison. We measure a 

very similar ὋӶ value for all the molecules, possibly as a consequence of the similar transport 

pathways in each of them, which are predominantly located on the ̄-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]. 

 

 

 






































































































































































