Photon Statistics Measured with Scanning Tunneling Microscopy Luminescence on
Single Molecules

Title: Photon Statistics Measured with Scanning Tunneling Microscopy Luminescence on
Single Molecules.
When: Thursday, March 7, (2019), 12:00.
Place: Department of Theoretical Condensed Matter Physics, Faculty of Sciences,
Module 5, Seminar Room (5th Floor).
Speaker: Pablo Merino, Max Planck Institute for Solid State Research, Heisenbergstraße
1, Stuttgart, Germany. Instituto de Ciencia de Materiales de Madrid, CSIC, Madrid,
Spain. Instituto de Física Fundamental, CSIC, Madrid, Spain.

P

hoton correlations permit to distinguish between classical and quantum states of

light. Three types of light sources can be considered, coherent, bunched and
antibunched.[1] Despite recent advances in photon statistics on nanoscale systems,
obtaining correlations from individual quantum emitters (QEs) is difficult as nonclassical phenomenology becomes obscured in ensemble measurements. Suppression
of photons from adjacent QEs requires spatially or energetically separation between
them. By contrast, it is possible to address individual QEs even at high densities if a
selective excitation by charge injection is employed. This has the potential to access
classes of light sources which could not be investigated otherwise In this talk I will give
a brief introduction on the experimental observation of photon (anti) bunching from
individual molecular systems with atomic resolution. We have merged correlation
spectroscopy with scanning tunneling microscopy luminescence (STML). By profiting
from STML we can image and identify individual molecular emitters located in the
nanocavity formed between a gold tip and surface. By using the tip to inject current
with atomic precision we are able to excite plasmons and excitons on individual

molecules [2] and demonstrate antibunched single photon emission from C60 films [3].
Additionally, we have measured bunched emission from H2 molecules adsorbed on gold
surfaces. [4]
By analyzing the photon statistics we can conclude that in the first case C60 acts as a QE
and we have a pure quantum-mechanical emission process whereas in the second case
the emission stems from intensity blinking upon H2 motion in the nanocavity and it is
fully classical.
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PhD Position in Nanoscale Thermal Transport – Closed

Position type: PhD position in Theoretical Condensed Matter Physics (FPI fellowship).
Topic: Nanoscale thermal transport.
Duration: 4 years.
Principal Investigator: Juan Carlos Cuevas (http://webs.ftmc.uam.es/juancarlos.cuevas/).
Requirements: Graduate in Physics that have completed a Master in Condensed Matter
Physics or related areas.
When to apply: from 8 to 29 October (2018).
How to apply: via sede electrónica del Ministerio Ciencia, Innovación y
Universidades: https://sede.micinn.gob.es/portal/site/eSede/
Approximate starting date: February 2019.
For more info: contact me at juancarlos.cuevas@uam.es

Description of the project:

T

he general goal of this project is the theoretical study of several fundamental

aspects of nanoscale thermal transport. In particular, we want to improve our current
understanding of the radiative heat transfer and thermal radiation in nanoscale
systems. We also want to elucidate the fundamental physical mechanisms that govern
the heat conduction in atomic-scale junctions. Additionally, we intend to study the
energy dissipation and, in particular, the thermoelectric cooling in molecular junctions.
All these issues are of fundamental importance for many different fields and disciplines
such as thermal sciences, nanoelectronics, nanooptics, and condensed matter physics.
Moreover, these problems are key to developing novel technologies like near-field
based thermal management, thermophotovoltaics, and nanoscale energy conversion.

Resonant Tunneling in Protein-based Junctions
R
e
s
o
n
a
n
t
t
u
n
n
e
ling through an Azurin monolayer.
Article: published in PNAS by Juan Carlos Cuevas, IFIMAC researcher and member of the
Department of Theoretical Condensed Matter Physics.

P

roteins play a fundamental role in numerous biological energy conversion

processes such as photosynthesis, respiration, and a wide variety of enzymatic
reactions. In recent years, redox proteins containing transition metal ion centers have

been integrated into solid-state electronic junctions. The goal is to shed new light on the
electron transfer mechanisms in these biomolecules, but also to investigate the
possibility of using proteins as active elements in novel, bio-inspired electronic devices.
In this context, recent experiments have shown that the electron transport through
proteins can be surprisingly efficient. However, the origin of this efficiency and, in
general, the underlying transport mechanisms remain largely unknown.
New light on this fundamental problem has now been shed in a work published in the
Proceedings of the National Academy of Sciences of USA (PNAS) by a collaboration
between the group of David Cahen (Weizmann Institute of Science, Rehovot, Israel) and
the IFIMAC researcher Juan Carlos Cuevas. In this work, these researchers report lowtemperature (10 K) electron transport measurements via monolayer junction based on
the blue copper protein Azurin that strongly suggest that quantum tunneling is the
dominant charge transport mechanism. In particular, they show that weakening the
protein-electrode coupling by introducing a spacer, one can switch the electron
transport from off-resonant to resonant tunneling, which has never been reported
before in protein-based junctions. Moreover, vibronic features of the Cu(II) coordination
sphere were identified in the transport characteristics, which shows directly the active
role of the metal ion in the resonant tunneling. These results illustrate how quantum
mechanical effects may dominate electron transport via protein-based junctions, which
is clearly at variance with the common wisdom in the field of protein electron transfer in
biological settings. [Full article]

Coupling Molecules and Atomic-scale Plasmonic Fields

Title: Coupling Molecules and Atomic-scale Plasmonic Fields.
When: Monday, May 07, (2018), 12:00.

Place: Department of Theoretical Condensed Matter Physics, Faculty of Sciences,
Module 5, Seminar Room (5th Floor).
Speaker: Rubén Esteban, Donostia International Physics Center, DIPC, San Sebastián,
Spain.

O

ne of the big advantages of metallic nanoparticles for optical applications is

that they support plasmonic resonances that concentrate light much below the
diffraction limit. We discuss how the presence of atomic-scale protrusions leads to
subnanometer hot-spots that can interact efficiently with nearby molecules, affecting
both coherent coupling and spectroscopic measurements. Notably, when the light
confinement is similar to the extent of the molecules, submolecular spatial resolution
becomes possible and the usual description of the molecular response break down.

Peltier Cooling in Molecular Junctions
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tup for the measurement of Peltier cooling in molecular junctions.
Article: published in Nature Nanotechnology by Linda Angela Zotti, member of the
Department of Theoretical Condensed Matter Physics and Juan Carlos Cuevas, IFIMAC
researcher and member of the Department of Theoretical Condensed Matter Physics.

T

hermoelectric cooling is based on the Peltier effect that consists in the

generation of a reversible heat flow in response to the passage of an electrical current.

Thus, depending on the direction of the electrical current in a junction, one can cool
down an electrode at the expense of heating up the other one. Thermoelectric or Peltier
coolers have many applications, especially in electronics, and they possess several
advantages over conventional vapor-compression refrigeration systems, although they
are typically less efficient than these latter ones. In the context of nanoscale systems, a
lot of attention has been devoted to the study of thermoelectricity in molecular
junctions with the hope, in particular, to increase the efficiency of Peltier cooling.
However, in spite of the fact that a lot of progress has been made in probing related
phenomena such as the Seebeck effect (the conversion of a temperature difference into
an electrical current), the observation of Peltier cooling in molecular junctions has
remained inaccessible thus far.
This fundamental problem has now been resolved in a work published in Nature
Nanotechnology by a collaboration between the groups of Pramod Reddy and Edgar
Meyhofer (University of Michigan) and the members of our department Linda Angela
Zotti and Juan Carlos Cuevas. In this work, these researchers report for the first time the
direct observation of Peltier cooling in molecular junctions. This observation was
possible due to the use of a novel experimental platform that combines conductingprobe atomic force microscopy with home-built calorimetric micro-devices with picowatt
resolution. This platform enables the simultaneous measurement of electrical,
thermoelectric and energy dissipation characteristics of molecular junctions. Using this
platform, molecular junctions formed with gold electrodes and a variety of organic
molecules were investigated. Such studies revealed not only the possibility to achieve
molecular-based refrigeration, but they also showed the close relationship between
heating or cooling and the transmission characteristics of these junctions. In particular,
it was shown that the Peltier cooling can be tuned and optimized by an appropriate
choice of the molecular architecture, and all this in exquisite agreement with densityfunctional-theory-based calculations performed in the framework of the Landauer
approach for quantum coherent transport.
The advances reported in this work are expected to stimulate the exploration of atomicand molecular-scale thermal transport and the quantification of the thermoelectric
figure of merit in a variety of interesting molecules, nanostructures and materials. [Full
article]
Reference
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Fabrication of Gold Nano-Crystal Arrays for Molecular Electronics: High Frequency

Molecular Rectifiers and π-π Inter Molecular Interaction Energy

Title: Fabrication of Gold Nano-Crystal Arrays for Molecular Electronics: High Frequency
Molecular Rectifiers and π-π Inter Molecular Interaction Energy.
When: Monday, September 18, (2017), 12:00.
Place: Departamento de Física Teórica de la Materia Condensada, Facultad Ciencias,
Module 5, Seminar Room (5th Floor).
Speaker: Dr. Jorge Trasobares, National University of Singapore, Singapore.

E

-beam lithography was used for versatile fabrication of sub-15 nm single-crystal

gold nanoarrays at wafer-scale by the so-called dot on the fly (DOTF) technique [1].
Here DOTF and other methods are compared evidencing the limiting factors for the
writing speed. Wafer-scale fabrication of such arrays with 50 nm pitch allowed XPS
analysis of a ferrocenylalkyl thiol self- assembled monolayer coated gold nanoarray. We
exploit these arrays as a suitable test bed for Molecular Electronics (ME) [2] and
propose two studies on high frequency molecular rectifiers [3] and inter molecular
Interactions [4].
In a first study, we demonstrate molecular diodes operating up to 17.8 GHz. Direct
current and radio frequency (RF) properties were simultaneously measured with the tip
of an interferometric scanning microwave microscope and S11 parameters show a
diode rectification ratio of 12 dB. In a second investigation, we explore the π-π
intermolecular interactions. This factor is one of the most important to optimize the
transport and optical properties of organic transistors, light-emitting diodes or (bio-)
molecular devices. Electrochemical measurements indicate two different phases
localized on top and facets of the nanocrystals with clear intermolecular interactions
and electrical current statistics on ~3000 molecular junctions confirm the theoretical
prediction [5] of asymmetrical histograms due to cooperative effects.
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Postdoctoral Position at UAM-IFIMAC in Electron Transport Through Proteins and
Peptides – Closed

A

postdoctoral position is available at UAM (Universidad Autónoma de Madrid)

and funded by the Condensed Matter Physics Center – IFIMAC. The candidate will work
under the supervision of Prof. Juan Carlos Cuevas and Dr. Linda A. Zotti on the theory of
electron transport through proteins and peptides. Funding is available for 18 months.
The successful applicant will carry out theoretical simulations on the electron transport
through proteins and peptides by means of Density Functional Theory (DFT)
calculations, Non-Equilibrium Green’s Function Techniques and tight-binding models. It
will be based on a close cooperation with experimental partners.
Applicants are invited to send a cover letter, a curriculum vitae and contact details of 2
referees who may be contacted to Dr. Linda A. Zotti (linda.zotti(at)uam.es)

Applications will be accepted until the position is filled, but those received before the
20th of July 2017 will be guaranteed full consideration.
Requirements:
PhD in solid-state physics or computational chemistry.
Fortran and bash-script programming skills, experience in UNIX-based operating
systems.
Strong background in solid state physics (basic knowledge of DFT and Green’s function
techniques would be beneficial but not necessary).
Good written and oral English language communication skills.
For further information please visit IFIMAC’s website.

Quantized Thermal Transport in Single-Atom Junctions
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single-atom contact.
Article: published in Science by Juan Carlos Cuevas, IFIMAC researcher and member of
the Department of Theoretical Condensed Matter Physics.

W

hat does determine the heat flow through a single atom? This is the ultimate

question in the field of nanoscale energy transport and its answer is crucial to establish
the fundamental laws that should describe the thermal transport in a variety of
nanoelectronic devices. In the context of electrical circuits, the atomic scale was first
reached with the advent of metallic atomic-size contacts and single-molecule junctions
in the 1990s. These systems constitute the ultimate limit of miniaturization and have
emerged as an ideal playground to investigate quantum effects related to charge and
energy transport. Thus for instance, in recent years it has been shown that transport
properties of metallic atomic-size contacts such as the electrical conductance, shot
noise, thermopower, or Joule heating are completely dominated by quantum effects,
even at room temperature. However, the experimental study of thermal conduction in

these atomic-scale systems continues to be a formidable challenge and it has remained
elusive to date in spite of its fundamental interest.
This basic open problem has now been resolved in a work published in Science by a
collaboration between the groups of Pramod Reddy and Edgar Meyhofer (University of
Michigan), Fabian Pauly and Peter Nielaba (University of Konstanz), and the IFIMAC
researcher Juan Carlos Cuevas. In this work, the authors made use of custom-designed
picowatt-resolution calorimetric scanning probes to measure simultaneously the
electrical and thermal conductance of gold and platinum atomic contacts all the way
down to the single-atom level. This study reveals that the thermal conductance of gold
single-atom junctions is quantized at room temperature in units of the universal thermal
conductance quantum. It also shows that the Wiedemann-Franz law relating thermal
and electrical conductance is satisfied even in single-atom contacts, irrespective of the
metal. Furthermore, this work shows that all these observations can be quantitatively
explained within the Landauer picture for quantum coherent thermal transport. In
particular, this theory clarifies that the observations described above are due to the fact
that electrons dominate the thermal conductance in these metallic nanowires, and in
the gold case electrons proceed ballistically through the contacts via fully open
conduction channels.
The experimental techniques developed in this work will enable systematic studies of
thermal transport in atomic chains and molecular junctions, which is key to
investigating numerous fundamental issues that have remained inaccessible despite
great theoretical interest. [Full article]
Quantized Thermal Transport in Single-Atom Junctions

Radiative Heat Transfer in Ångström and Nanometer-sized Gaps
A
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Article: published in Nature Communications by Víctor Fernández-Hurtado, Johannes
Feist, Francisco J. García-Vidal and Juan Carlos Cuevas, Department of Theoretical
Condensed Matter Physics and IFIMAC researchers.

R

adiative heat transfer between closely placed objects is attracting a lot

attention for several reasons. First, recent experiments have finally verified the longstanding prediction that radiative heat transfer can be greatly enhanced over the
classical far-field limit set by the Stefan-Boltzmann law for blackbodies if the gap
between two objects is smaller than the thermal wavelength, which is of the order of 10
µm at room temperature. This is possible due to the contribution of the near field in the
form of evanescent waves (or photon tunneling). Second, this confirmation has
triggered the hope that near-field radiative heat transfer could have an impact in
different technologies that make use of thermal radiation such as thermophotovoltaics,
thermal management, lithography, data storage, and thermal microscopy.
In spite of the progress made in recent years in the understanding of thermal radiation
at the nanoscale, several recent experiments exploring the radiative thermal transport
in nanometric gaps have seriously questioned this understanding. In particular,
measurements on two gold-coated surfaces with gap sizes in the range of 0.2-10 nm
have suggested an extraordinarily large near-field enhancement more than 3 orders of
magnitude larger than the predictions of fluctuational electrodynamics, which is
presently the standard theory used for the description of near-field thermal radiation.
A possible solution to this puzzle has now been proposed in a work published in Nature
Communications by a collaboration between the groups of Pramod Reddy and Edgar
Meyhofer (University of Michigan) and IFIMAC researchers Víctor Fernández-Hurtado,
Johannes Feist, Francisco J. García-Vidal and Juan Carlos Cuevas. In this work, the
authors explore the radiative heat transfer in Ångström- and nanometer-sized gaps
between an Au-coated scanning thermal microscopy probe and a planar Au substrate in
an ultrahigh vacuum environment. Using the apparent tunneling barrier height as a
measure of cleanliness, it was found that upon systematically cleaning via
plasma-cleaning or locally pushing the tip into the substrate by a few nanometers, the
observed radiative conductances decreased from unexpectedly large values to
extremely small ones-below the detection limit of the probe-as expected from
computational results obtained within the framework of fluctuational electrodynamics.
These results suggest that the huge signal reported in recent experiments might be an
artifact due to the presence of contaminants bridging the gap between the tip and the
substrate, thus providing an additional path for heat transfer via conduction. Moreover,
this work shows that it is possible to avoid the confounding effects of surface
contamination and systematically study thermal radiation in Ångström- and nanometersized gaps. [Full article]

References
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Submolecular AFM Imaging and Spectroscopy on Single Molecules Using
KolibriSensorTM and Cantilevers
Title: Submolecular AFM Imaging and Spectroscopy on Single
Molecules Using KolibriSensorTM and Cantilevers.
When: Monday, October 17, (2016), 12:00.
Place: Departamento de Física Teórica de la Materia Condensada,
Facultad Ciencias, Module 5, Seminar Room (5th Floor).
Speaker: Tomoko K. Shimizu, Research Center for Advanced
Measurement and Characterization National Institute for Materials
Science (NIMS), Tsukuba, Japan.

S

ubmolecular imaging using frequency-modulation (FM) atomic force microscopy

(AFM) has recently been established as a stunning technique to reveal the chemical
structure of unknown molecules, to characterize intra-molecular charge distributions,
and to observe chemical transformations. So far, most of these feats were achieved on
planar molecules using the so-called qPlus sensor, a specially designed quartz AFM
sensor. The KolibriSensor, another type of quartz AFM sensor, is also expected to be
capable of high-resolution imaging, but only very few experimental results have been
reported to date.
Here, we present submolecular resolution images and spectroscopic data on single
molecules of a porphycene derivative [1] using small oscillation amplitudes with
KolibriSensors. Force volume measurements with CO-functionalized probes [2] revealed
features that may be related to the isomers of porphycene molecules. We also report a
novel imaging method to achieve submolecular resolution on three-dimensional
molecules and structures using a silicon (Si) cantilever-based AFM operated with large
oscillation amplitudes. At variance with previous implementations, this method allowed
us to simultaneously image both intra-molecular structures and the atomic
arrangement of the substrate [3]. Force volume measurements over C60 molecules
clarified the validity of our method to achieve submolecular resolution [3].
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