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Single-molecule optomechanics
in ‘pico-cavities’
F. Benz, M.K. Schmidt, A. Dreismann, R. Chikkaraddy, Y. Zhang, A. Demetriadou, C. Carnegie,
H. Ohadi, B. de Nijs, R. Esteban, J. Aizpurua, and J.J. Baumberg
Science 354, 725-729 (2016)

The diffraction limit states that light cannot be focused by conventional systems to arbitrarily
small regions, the minimum size being limited to about half the wavelength of light, corresponding
to a few hundred nanometers for visible light in vacuum or in a dielectric. However, the excitation
of surface plasmons —collective oscillations of the free electrons of metals— allows strongly
enhancing the optical energy in an extremely small ‘hot-spot’ region. Picocavities push light-focusing to the subnanometer region, which introduces the possibility to manipulate individual vibrations
of a molecule.

Plasmon resonances are exploited in a variety of spectroscopy techniques that serve to characterize
molecules. In Raman Spectroscopy, for example, differences of energy between incoming and outgoing
photons provide a fingerprint of the vibrations of the molecule. Standard Raman is very little efficient, but
in Surface-Enhanced Raman Spectroscopy (SERS) the strong confinement of the plasmonic field leads to
a very large enhancement of the coupling strength between light and the molecule, allowing to detect
the signal emitted by even a single molecule. Picocavities squeeze hot spots to the dimensions of
molecules thus making them useful not only to study and spatially resolve single molecules in dense samples, but also to reveal novel phenomena that emerge as the coupling strength is pushed to its limit.

Illustrative image of the molecule-plasmon interaction in a picocavity. The region
between an atomic-scale feature in a plasmonic nanoparticle and a metallic substrate (another nanoparticle or a flat surface) constitutes a picocavity, which is
characterized by optical fields spatially confined to the subnanometer scale.
When a molecule is placed in the picocavity, the light can interact strongly with
molecular vibrations via Surface Enhanced Raman. The obtained signal can be
seen as the consequence of molecular optomechanical processes.

Researchers at the DIPC and Centro de Física de Materiales (CSIC-UPV/EHU) in San Sebastián and the
University of Cambridge have reported in Science that they are able to control the optical response of
picocavities by harnessing the natural wandering of atoms in gold particles. The authors first use a molec-

Different picocavities allow for
selective excitation of individual
vibrations of the molecule

ular layer to create a nanometer gap between a plasmonic particle and a metallic substrate. In such a
structure, an atom will occasionally protrude from the surface, creating the plasmonic picocavity, which
can be detected by carefully monitoring the activity of the Raman signal of the molecules in the gap. By
keeping the temperature at cryogenic temperature, the movement of atoms can be made weak enough
for the picocavity to be stable.

of the molecules. Last, the researchers use a recently developed theoretical framework that treats SERS
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The research team compares the SERS measurements with predictions from model atomistic calcualtions

in analogy to optomechanical systems. This optomechanical analysis reveals that the plasmon-vibration

and show that the subnanometer confinement of light –with the corresponding strong gradient– makes

coupling strength characterizing the picocavity system is extremely large, indicating that these molecular

it possible to efficiently interact with molecular vibrations that would not be excited in a conventional

optomechanical systems can approach the single-photon strong-coupling limit, a regime of large interest

Raman experiment. Remarkably, different picocavities allow for selective excitation of individual vibrations

for the study of quantum phenomena.
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Beyond Dirac and Weyl fermions:
unconventional quasiparticles
in conventional crystals
B. Bradlyn, J. Cano, Z. Wang, M.G. Vergniory, C. Felser, R.J. Cava, and B.A. Bernevig
Science 353, aaf5037 (2016)

An international team of researchers has predicted the existence of several previously unknown
types of quantum particles in materials. The particles — which belong to the class of particles
known as fermions — can be distinguished by several intrinsic properties, such as their responses
to applied magnetic and electric fields. In several cases, fermions in the interior of the material
show their presence on the surface via the appearance of electron states called Fermi arcs, which
link the different types of fermion states in the material’s bulk.

The research, published in the journal Science, was conducted by a team at Princeton University in collaboration with researchers at the Donostia International Physics Center (DIPC) in Spain and the Max Planck
Institute for Chemical Physics of Solids in Germany. The investigators propose that many of the materials
hosting the new types of fermions are “protected metals” which are metals that do not allow, in most
circumstances, an insulating state to develop. This research represents the newest avenue in the physics
of “topological materials” an area of science that has already fundamentally changed the way researchers
see and interpret the states of matter.
The team at Princeton included Barry Bradlyn and Jennifer Cano, both associate research scholars at the
Princeton Center for Theoretical Science; Zhijun Wang, a postdoctoral research associate in the Department of Physics, Robert Cava, the Russell Wellman Moore Professor of Chemistry; and B. Andrei Bernevig,
associate professor of physics. The research team also included Maia G. Vergniory, a Fellows Gipuzkoa
researcher at DIPC, and Claudia Felser, a professor of physics and chemistry and director of the Max Planck
Institute for Chemical Physics of Solids.
For the past century, gapless fermions, which are quantum particles with no energy gap between their
highest filled and lowest unfilled states, were thought to come in three varieties: Dirac, Majorana and Weyl.
Condensed matter physics, which pioneers the study of quantum phases of matter, has become fertile
ground for the discovery of these fermions in different materials through experiments conducted in crystals. These experiments enable researchers to explore exotic particles using relatively inexpensive laboratory equipment rather than large particle accelerators.
In the past four years, all three varieties of fermions have been theoretically predicted and experimentally
observed in different types of crystalline materials grown in laboratories around the world. The Weyl
fermion was thought to be last of the group of predicted quasiparticles in nature. Research published
earlier this year in the journal Nature (Wang et al., doi:10.1038/nature17410) has shown, however, that this
is not the case, with the discovery of a bulk insulator which hosts an exotic surface fermion.
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Two electronic states known as Fermi arcs, localized on the surface of a material, stem out of the projection of
a 3-fold degenerate bulk new fermion. This new fermion is a cousin of the Weyl fermion discovered last year in
another class of topological semimetals. The new fermion has a spin-1, a reflection of the 3- fold degeneracy,
unlike the spin-½ that the recently discovered Weyl fermions have.

In the current paper, the team predicted and classified the possible exotic fermions that can appear in the
bulk of materials. The energy of these fermions can be characterized as a function of their momentum
into so-called energy bands, or branches. Unlike the Weyl and Dirac fermions, which, roughly speaking,
exhibit an energy spectrum with 2- and 4-fold branches of allowed energy states, the new fermions can
exhibit 3-, 6- and 8-fold branches. The 3-, 6-, or 8-fold branches meet up at points – called degeneracy
points – in the Brillouin zone, which is the parameter space where the fermion momentum takes its values.
During the search for materials exhibiting the new fermions, the team uncovered a fundamentally new
and systematic way of finding metals in nature. Until now, searching for metals involved performing detailed calculations of the electronic states of matter. The researchers suggest that this is because the new
fermions require multiple electronic states to meet in energy: The 8- branch fermion requires the presence
of 8 electronic states. As such, a system with only 4 electrons can only occupy half of those states and
cannot be insulating, thereby creating a protected metal.
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Fully fused quinoidal/aromatic
carbazole macrocycles
with poly-radical characters
S. Das, T.S. Herng, J.L. Zafra, P.M. Burrezo, M. Kitano, M. Ishida, T.Y. Gopalakrishna,
P. Hu, A. Osuka, J. Casado, J. Ding, D. Casanova, and J. Wu
Journal of the American Chemical Society 138, 7782-7790 (2016)

This work represents the first demonstration of singlet π-conjugated molecules with poly-radical

characters.

π-Conjugated molecules with open-shell singlet ground state have drawn immense attention of
researchers worldwide due to their unique optical, electronic and magnetic properties that make them
attractive for non-linear optical materials, field effect transistors, and organic spintronics. Successful isolation of various relatively stable diradicaloids motivates us to work towards molecules with poly-radical
character. Theoretically, graphene nanoribbons (including long acenes) with elongated zig-zag edges may
develop diradical and even poly-radical character in the electronic ground state. This behavior has been
experimentally validated in small size polycyclic aromatic hydrocarbons (PAHs) such as teranthene and
quarteranthene, which show moderate to large diradical character. However, synthesis and isolation
of PAHs beyond diradicals, i.e. with higher radical character in the singlet ground state, remains as a challenging task due to tedious synthesis and their intrinsic instability.
The difficulty in modeling organic molecules possessing poly-radical characters can be mainly ascribed
to the strong anti-ferromagnetic bonding interactions between the multiple spins in the singlet groundstate. In other words, the presence of strong polyradicaloid nature in singlet ground state molecules
requires sufficient driving force from closed-shell form to open-shell diradical form and then to higher
poly-radical forms. Previous studies have demonstrated that recovery of one or more aromatic sextet rings
in the diradical form was one of the major driving forces to obtain molecules with a significant diradical
character. In this study, we report the design, challenging synthesis and physical characterization of two
fully-fused carbazole macrocycles 4MC and 6MC, which contain four and six alternatingly arranged
quinoidal and aromatic carbazole units, respectively (Figure 1). The quinoidal carbazole moiety is fundamentally an analogue of pro-aromatic Tschitschibabin's hydrocarbon and has an irresistible tendency to
recover two aromatic sextet rings in the diradical form. Such a simple analysis can be applied to 4MC and
6MC, in which two aromatic sextets are gained at each stage of transition from closed-shell form to openshell diradical form, and then to tetraradical form and finally to hexaradical form (Figure 1).
Various experimental measurements and advanced theoretical calculations indicate that the two fully
fused quinoidal/aromatic carbazole macrocycles, 4MC and 6MC compounds, display very high poly-radical characters in the singlet ground state. They can be regarded as the first true open-shell organic singlet
tetraradicaloid and hexaradicaloid molecules, respectively (Figure 2). Both compounds have small excitation energy gaps and can be thermally populated to high spin excited states, which results in interesting
magnetization behavior even at room temperature. Although the magnetization is very weak, it may imply
an alternative approach to design molecular magnets in the future. Assuming that one can synthesize 2D
and 3D rigid organic frameworks with poly-radical characters in a singlet ground state, thermal population
to high spin states could become significant and the long arrange ordered alignment of the spin would
eventually lead to significant magnetization at higher temperature.
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Figure 1. Closed-shell and open-shell canonical forms of 4MC and 6MC. Clar’s aromatic sextets are highlighted in
blue hexagon.

Figure 2.
First true open-shell organic singlet
tetraradicaloid and hexaradicaloid
molecules.

An alternative approach to design molecular magnets in the future
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Quantum hydrogen-bond
symmetrization in the
superconducting hydrogen
sulfide system
I. Errea, M. Calandra, C.J. Pickard, J.R. Nelson, R.J. Needs, Y. Li, H. Liu,
Y. Zhang, Y. Ma, and F. Mauri
Nature 532, 81-84 (2016)

The quantum behavior of hydrogen affects the structural properties of hydrogen-rich compounds,
possible candidates for room-temperature superconductivity. Hydrogen is the atom more strongly
subjected to quantum behavior. New theoretical results suggest that its quantum nature strongly
affects the recently discovered sulfur hydride superconductor, a compound that at high pressure
has the highest critical temperature reported for any superconductor. This new step towards understanding the underlying physics of high temperature superconductivity was published in Nature.

What governs the behavior of objects in our daily life is a classical deterministic physics, that is, Newton's
laws. These daily objects have both a determined position and velocity. This means, for example, that we
can track an object over time. However, this is not possible in the atomic world, the quantum world.
According to Heisenberg’s uncertainty principle, the velocity and position of a particle cannot be determined at the same time. As a consequence, instead of having a specific position, particles appear to us as
described by a broad wave function that tells us only where it is more probable to find the particle.

treat hydrogen atoms as classical particles predict that at pressures above 175 gigapascals they sit exactly
halfway between two sulfur atoms giving rise to a fully symmetric structure. At lower pressures, though,
hydrogen atoms move to an off-center position forming a short H–S covalent bond and a longer H...S
hydrogen bond. The main conclusion of this new theoretical study is that, when considering the atoms
as quantum particles described by a wave function, the symmetrization pressure for H3S is lowered by 72
gigapascals, that is, well below 155 gigapascals. Thus, the authors propose that the experimentally measured record superconductivity was observed with the symmetric hydrogen bonds.
According to their calculations, the quantum symmetrization of the hydrogen bond has a tremendous
impact on the vibrational and superconducting properties of hydrogen sulfide. Indeed, the first author,
Ion Errea, researcher at the University of the Basque Country (UPV/EHU) and Donostia International Physics
Center (DIPC) explains that “in order to theoretically reproduce the observed pressure dependence of the
superconducting critical temperature, the quantum symmetrization needs to be taken into account”.
One of the biggest dreams of science is to achieve superconductivity at room-temperature, and the
experiment that last year measured superconductivity at 203 kelvin suggests that room-temperature
superconductivity might be possible in other hydrogen-rich compounds. This theoretical study shows that
in all these compounds the quantum motion of hydrogen can strongly affect the structural properties,
even modifying the chemical bonding, and
the electron-phonon interaction that drives
the superconducting transition. All those
advances in understanding the underlying
physics of high temperature superconductivity are a new small step towards achieving
the dream.

In order to theoretically reproduce
the observed pressure dependence
of the record superconducting
critical temperature, the quantum
symmetrization needs to be taken
into account

Hydrogen, being the lightest element of the periodic table, is the atom most strongly subjected to such
quantum behavior. Indeed, its quantum nature affects structural and physical properties of many hydrogen
compounds. An important example is high-pressure ice, where quantum fluctuations of the proton lead
to a symmetrization of the hydrogen bonds. Now, new theoretical results suggest that an analogous quantum hydrogen-bond symmetrization occurs in the recently discovered sulfur hydride superconductor, a
compound that at high pressure has the highest critical temperature reported for any superconductor so
far, 203 K (-70 ºC).
These results were obtained by an international collaboration of researchers from the University of the
Basque Country (UPV/EHU) and Donostia International Physics Center (DIPC); Sorbonne Universités–
UPMC Université Paris 06; University of Cambridge; Cavendish Laboratory; Jiangsu Normal University;
Carnegie Institution of Washington; Jilin University; and Università di Roma “La Sapienza”.
The extraordinary discovery of superconductivity at 203 kelvin at 155 gigapascals last year has led to a
number of theoretical studies aimed at understanding the origin of the astonishingly high-temperature superconductivity. The overall consensus is that H2S is metastable at high pressures and its decomposition
gives rise to several H-S compounds. Then, superconductivity is believed to occur with H3S stoichiometry
and to be conventional in nature, that is, mediated by the electron-phonon interaction. Calculations that
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Structure with symmetric hydrogen bonds induced by the quantum behavior of the protons, represented by the fluctuating blue
spheroids.
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E. Gruber, R.A. Wilhelm, R. Pétuya, V. Smejkal, R. Kozubek, A. Hierzenberger,
B.C. Bayer, I. Aldazabal, A.K. Kazansky, F. Libisch, A.V. Krasheninnikov, M. Schleberger,
S. Facsko, A.G. Borisov, A. Arnau and F. Aumayr
Nature Communications 7, 13948 (2016)
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introducing any damage in the graphene layer.

An international research team, formed by both theorists (DIPC-CFM-UPV/EHU Donostia and CNRS Paris)
and experimentalists (Helmholtz-Center Dresden-Rossendorf, University of Duisburg-Essen and TU Wien),
was able to prove that electrons in graphene are extremely mobile and react very quickly to an ultrahigh
electric field. In the experiments, xenon ions, with a particularly high electric charge, impact on a graphene
single layer film producing a large number of electrons to be torn away from the graphene in a very precise
spot. However, thanks to the theoretical simulations, it was possible to understand that the material is able
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Ultrafast electronic response of
graphene to a strong and localized
electric field
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Snapshots of the perpendicular Jz (a–d) and radial Jρ (e–h) components of the current density for qin=20 at four
different HCI–graphene distances obtained from TDDFT calculations performed in cylindrical (ρ,z) coordinates
with z-axis set along the projectile trajectory perpendicular to the target surface. The figures show that already
above the graphene layer electrons are transferred to the approaching HCI and the current density along the direction of motion explains the charge exchange of the HCI. Extremely high transverse current density (f–h) along
the graphene layer is obtained. The corresponding profiles (lower panels) show the z-dependent transverse current density averaged over a circle of 10 Å in radius. Values exceeding 1012 A cm−2 are obtained. The position of
the HCI is indicated by a small circle, while the position of the graphene layer by the vertical dashed line.

to replace the electrons within some femtoseconds. This resulted in extremely high currents, which would
not be maintained under normal circumstances. Its extraordinary electronic properties make graphene a
very promising candidate for future applications in the field of electronics.
The highly charged Xe ions used in the experiments have initial positive charges up to +35, which means
that 35 electrons have been removed in the ion source before it collides with the graphene film. However,

Our simulations using time dependent density functional theory
reveal the highly non-linear multielectron processes responsible for
the ultrafast response

as it is approaching the film it starts tearing electrons away from the graphene due to its extremely strong
electric field. By the time the ion has fully passed through the graphene layer, it has a positive charge of
less than +10, compared to over +30 when it started out. The ion is able to extract more than 20 electrons
from a tiny area of the graphene film. This means that electrons are now missing from the graphene layer,

Additionally, we show that the experimentally measured keV energy loss experienced by the highly charged

so the carbon atoms surrounding the point of impact of the xenon ions are positively charged.

ion is transferred to electronic degrees of freedom. Mainly the energy is taken away by ionization of several
tens of electrons into the continuum. The holes left in a nm size graphene area as a result of an electron

Our simulations using time dependent density functional theory (TDDFT) reveal the highly non-linear multi-

emission and electron capture by the projectile are so quickly neutralized that there is no time to transfer

electron processes responsible for the ultrafast response (few femtoseconds) of graphene electrons to

the energy to the lattice producing structural defects.

the extremely high electric field produced by the highly charged ion. These processes take place in a few
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nanometers size spot of the graphene layer, something that translates into extremely high current densities

This extremely high electron mobility in graphene is of great significance for a number of potential appli-

both in the perpendicular and transverse directions to the graphene plane, as shown in the figure below.

cations, like the construction of ultrafast electronic devices or connecting optical and electronic components.
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Negative dissipation gradients in
hysteretic materials
M. Jaafar, O. Iglesias-Freire, P. García-Mochales, J.J. Sáenz, and A. Asenjo
Nanoscale 8, 16989-16994 (2016)

There are many processes of energy dissipation and friction that can be seen in our daily lives.
Measuring energy dissipation on the nanoscale is of great interest not only for nanomechanics
but also to understand important energy transformation and loss mechanisms.

In particular, dissipation in magnetic and other hysteretic materials is a fundamental problem that plays
an important role in numerous applications ranging from design and performance of electronic devices
or data storage, to spin-based sensors or biomedical treatments as hyperthermia.

Usually frictional dissipation associated with the relative motion between two bodies, increases as they
approach each other, that is, when their mutual interaction is stronger. Now a group of researchers, led
by Juan José Sáenz from the Donostia International Physics Center (DIPC) and Agustina Asenjo from the
Material Science Institute in Madrid (ICMM-CSIC) describe the unexpected observation of reduction of
the energy dissipated as the distance between a magnetic tip and a magnetized sample decreases.

Although at first sight this is a rather counter-intuitive result, it can be explained in relatively simple terms.
Two small magnets in front of each other try to always to keep their dipole moments in parallel. When
the magnetization of the tip and sample is opposite, some of the spins (that act as a tiny magnets) reorient
themselves as the distance decreases, eventually going back as the tip retracts leading to a hysteretic
process. Magnetic dissipation can be associated to the energy lost when the electron spins flip their
orientation. When the magnetization of the tip and sample is parallel, their mutual interaction is reinforced
and the probability of spin flip is reduced as they approach each other. The micromagnetic simulations
are in good agreement with the experimentally measured values dissipation, the order of femtowatts.

Increasing the tip-sample
magnetic interaction can result in
a reduction of magnetic losses
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Magnetic force microscopy provides a powerful tool to obtain dissipation maps at nanometer resolution by measuring the tiny amount of energy dissipated by a vibrating tip in the proximity of a sample surface. Measuring the
dependence of the energy dissipation with the distance allows separating short-range dissipation processes (adhesion, contact formation, capillary condensation, friction, wear...) from long-range magnetic interactions that
depend on the relative orientation of tip and sample spins.

2016 DIPC 41

DIPC
HIGHLIGHT

2016

Electron-hole pair effects
in polyatomic dissociative
chemisorption: water on Ni(111)
B. Jiang, M. Alducin, and H. Guo
Journal of Physical Chemistry Letters 7, 327-331 (2016)

During World War II the Germans relied on their strong chemical knowledge to overcome the
limited access to critical raw materials that the circumstances of the war itself imposed. One
of these raw materials was Chilean saltpeter (sodium nitrate), which was the base for explosives.
The solution was to use a chemical process designed to produce nitrogen based fertilizers, the
Haber-Bosch process, and use it as an initial step for the production of nitrates.

Schematic representation of electron-hole pair excitations induced by a H2O
molecule scattered off a metal surface.

The Haber-Bosch process, N2 + 3H2 ↔ 2NH3, is still the main industrial procedure for the production of

For dissociative chemisorption, the breakdown of the Born-Oppenheimer approximation could signifi-

ammonia today, and its economic importance is immense, apart from its dramatic and revolutionary im-

cantly affect the dynamics. For example, in the case there were electron-hole (e-h) pairs excitations in the

pact in agriculture during the 20th century. It was developed in 1908 by Fritz Haber and was developed

surface of the metal, part of the energy of the impinging molecule could be dissipated to them instead of

for industrial use by Carl Bosch. The nitrogen is obtained from liquid air. Before WW2, hydrogen was from

being used in the bond cleavage.

water gas and the water gas shift reaction. Now it is obtained by steam reforming of natural gas (methane).
All these reactions depend on the interaction and dissociation of a polyatomic gas on a catalyst. Actually,

Now, a team of researchers, including Maite Alducin, from CFM (CSIC-UPV/EHU) and DIPC, report the

dissociative chemisorption, as it is called, of gas phase molecules on metal surfaces is the initial and often

first explicit examination of the influence of nonadiabatic effects in the surface chemistry of polyatomic

rate-limiting step in many heterogeneous catalysis processes, what explains the great importance of an

molecules, namely the dissociative chemisorption of water on Ni(111). The breakdown of the Born-

in-depth understanding of them.

Oppenheimer approximation in the dissociative chemisorption dynamics, as mentioned, is considered by
the researchers as the interaction of the impinging molecule with low-energy electronic excitations in the

There have been tremendous advances of our knowledge on dissociative chemisorption processes, par-

metal. Such an interaction is approximately represented in classical molecular dynamics by a friction term.

ticularly on mode specificity, namely the different efficacies of vibrational modes of an impinging poly-

Friction models have been successfully used to describe a wide range of nonadiabatic processes on sur-

atomic molecule in promoting the dissociation. And one consequence of this new knowledge is that,

faces. To simplify the calculations, the atoms in the molecule are treated as independent, something that

counterintuitively, dissociative chemisorption processes cannot be described with statistical models, but

has been recently shown to be accurate enough. A second approximation is used, as the atomic friction

with quantum mechanical ones.

coefficients are computed considering that the embedding electron density at the atomic coordinate controls the magnitude of the friction force experienced by the molecule.

The generally successful quantum mechanical models used to describe these processes make use of the
Born-Oppenheimer approximation, meaning that they assume that, when calculating the motions of elec-
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The calculations show that the nonadiabatic effects due to surface excitons are small and have little impact

trons, atomic nuclei are in fixed positions. Given the large number of electrons in the metal and zero

on the mode specificity of the dissociative chemisorption process of water. However, important caveats

energy difference among the electronic levels, it should not come as a surprise that a complete separation

of the model are worth noting. Despite the strong evidence that the independent atom approximation is

(adiabaticity) of the electronic and nuclear motions might not always be satisfied. In fact, there is ample

a reasonable one, the complete neglect of the molecular nonadiabatic couplings is likely to introduce

evidence of nonadiabaticity in surface processes.

some errors. This is a crucial issue to be investigated in the future.
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Quantifying electronic
band interactions in van der Waals
materials using angle-resolved
reflected-electron spectroscopy
J. Jobst, A.J.H. van der Torren, E.E. Krasovskii, J. Balgley, C.R. Dean, R.M. Tromp, and S.J. van der Molen
Nature Communications 7, 13621 (2016)

A crystal can be thought of as composed of atomic layers stacked at regular intervals, and it is
of fundamental importance to understand how the three-dimensional properties of the bulk
crystal emerge from the properties of the planar layers. The van der Waals materials, like multi-

Revealing the
electronic structure of
heterostructures of
graphene and hexagonal
boron nitride by
electron reflection

layer graphene or boron nitride, offer a natural platform for studying the interaction between
the individual layers. The experiment on the diffraction of electrons at very low energies is the
most direct way to study the interlayer conductance in great detail, i.e., with energy and angular
resolution.

An experimental method of angle-resolved reflected-electron spectroscopy developed by the group of
Sense Jan van der Molen (Leiden University) was combined with an ab initio scattering theory for standalone films developed by Eugene Krasovskii (DIPC) to make a definitive statement that the hexagonal
boron nitride (hBN) and graphene do not interact over a wide energy range, despite their very similar electronic structure.
In the experiment, the electrons of very low energies are shone at a stack of few-layer graphene on hBN
at different angles, and the probability of being reflected is measured. The energy-momentum distribution
of the transmitted current shows how the band structure is formed with growing number of layers, see
figure. Stacking together n identical layers gives rise to n – 1 transmission resonances (which in the limit
of an infinite crystal evolve into a conduction band). The study shows that for hBN and graphene the
transmission resonances exist in the same energy range. Thus, in view of the similar interlayer distance in
hBN and graphene and the similar scattering potential wells of the layers one may expect the stacking of
few-layer graphene on bulk hBN to produce no transmission resonances. However, rapid oscillations of
the transmission were clearly observed in the experiment and reproduced and explained by the theory.
This finding is crucial because the efficient electronic decoupling of the layers underlies the high carrier
mobility in graphene-hBN heterojunctions.

Calculated energy-momentum distribution of the reflectivity of three thin films of
hexagonal boron nitride: 1, 3, and 5 monolayers (ML) for the wave vector of the incident electron pointing in the directions Γ
Κ and Γ Μ of the 2D Brillouin zone. Some
characteristic features of the reflection
map are seen already for the 1 ML film,
which reveals their purely 2D origin. For 3
and 5 MLs the transmission resonances at
low energies are clearly seen.

This work presents new insight into the graphene-hBN system. It proves the angle-resolved reflected-electron spectroscopy to be an efficient tool for studying layered materials and demonstrates the predictive
power of the augmented-plane-waves based scattering theory.
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Force-induced tautomerization
in a single molecule
J.N. Ladenthin, T. Frederiksen, M. Persson, J.C. Sharp, S. Gawinkowski, J. Waluk, and T. Kumagai
Nature Chemistry 8, 935-940 (2016)

An international team of researchers from Donostia International Physics Center, Fritz-Haber
Institute of the Max Planck Society, University of Liverpool, and the Polish Academy of Sciences
has shown a new way to operate a single-molecule switch by applying an external force. The
combined experimental and theoretical work, published in Nature Chemistry, opens a unique

Triggering intramolecular
hydrogen atom
transfer in porphycene
on Cu(110)

capability for studying mechanical activation and processing at the single-molecule level,
elementary reactions that are involved in many important biological functions and are crucial in
molecular devices.

Everybody knows the force that is required to activate a light switch on a wall – a finger is enough. But
how much force do you need to apply if the device was dramatically reduced to the “nanoscale world”,
that is, how much force do you need to operate a “single-molecule switch”? This fundamental question
is related not only to basic science but also to potential future applications of molecular devices.
Researchers at Donostia International Physics Center, San Sebastian (Basque Country, Spain), Fritz-Haber
Institute of the Max Planck Society, Berlin (Germany), University of Liverpool, (UK) and Polish Academy of
Sciences, Warsaw (Poland) have succeeded in activating in a controlled manner a “single-molecule switch”
by the force from the atomically-sharp needle of a state-of-the-art scanning probe microscope.
The experimental and theoretical study, reported in the prestigious journal Nature Chemistry, demonstrates
that an intramolecular hydrogen atom transfer can be triggered in a suitable organic molecule adsorbed
on a surface by bringing the sharp metallic tip sufficiently close. The reaction, called tautomerization, is
important in organic chemistry and molecular biology and also an interesting phenomenon for molecular
electronic devices.
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(upper panel) Porphycene molecule on a copper substrate under the atomically sharp needle (tip). (lower panel) Schematic illustration of the operation of the switch.

by simultaneously scanning the tip over the molecule. It was measured that the force required was about
one nano-Newton, which is a little less than the force needed to break a typical covalent bond between
two atoms.

The researchers could not only quantify the force needed to operate their tiny switch, a porphycene
molecule on a copper surface, but also reveal that the switching can be only induced at a very specific
positions of the tip over the molecule, with a spatial resolution of a fraction of a chemical bond length,
namely about 0.02 nanometers. Furthermore, they demonstrated the significance of the “chemical reactivity”
of the tip apex in the force-induced process as the molecule cannot be switched when the apex of the
needle is decorated by a single xenon atom – an inert element that lacks the required chemical reactivity.

The research team also carried out extensive computer simulations in order to elucidate the atomistic
mechanism behind the force-induced switching. The simulations successfully reproduced the experimental results and provided atomistic description on the operation of the single molecule switch. Thomas
Frederiksen, Ikerbasque Research Professor at DIPC explains that “our calculations revealed that the tautomerization, that is the switching, occurs by a reduction of its energy activation barrier upon approach of
a metallic tip. However, the behaviour dramatically changes with a xenon-terminated tip and no tautomerization could be induced because of its inertness and softness”.

Takashi Kumagai at FHI-MPG, who conceived this study, constructed the experimental setup in which an
oscillating needle of a combined atomic force and scanning tunneling microscope is approached within
a few atomic distances to the molecule. The switching showed up as a characteristic feature in the
frequency shifts upon approach of the tip and was also confirmed by changes at the atomic-scale images

The researchers emphasize that the studied force-induced reaction involving changes in the reaction pathway resembles an elementary step in catalytic processes. Therefore, their results also provide a novel strategy to gain a deeper atomistic insight into catalytic reactions, leading to a new control of chemistry at the
atomic level.

2016 DIPC 47

DIPC
HIGHLIGHT

2016

Concentrated solutions of singlechain nanoparticles: a simple model
for intrinsically disordered proteins
under crowding conditions

Our results in SCNPs propose a universal scenario for IDPs: steric crowding in cell environments leads
IDPs to adopt crumpled globular conformations. The well-known transition from self-avoiding to random
coil (Gaussian) conformations in linear polymers is only a particular case, taking place in the limit of fully
disordered IDPs.

A.J. Moreno, F. Lo Verso, A. Arbe, J.A. Pomposo, and J. Colmenero
Journal of Physical Chemistry Letters 7, 838-844 (2016)

By means of computer simulations and small-angle neutron scattering (SANS), we investigate

(a)

(b)

Our results suggest
that intrinsically
disordered proteins
under steric
crowding adopt
crumpled globular
conformations

solutions of single-chain nanoparticles (SCNPs). The conformational properties of the SCNPs
share basic ingredients with intrinsically disordered proteins (IDPs), as topological polydispersity,
generally sparse conformations, and locally compact domains. Our results propose a general
scenario for the effect of steric crowding on IDPs: collapse from sparse conformations at high
dilution to crumpled globular conformations in concentrated cellular environments.

(c)

(d)

(e)

(f)

Single-chain nanoparticles (SCNPs) are an emergent class of soft nano-objects with promising applications in e.g., nanomedicine, biosensing, bioimaging, or catalysis. They are synthesized through intramolecular cross-linking of polymer precursors. A detailed simulation analysis of their conformations reveals that
they share structural ingredients with intrinsically disordered proteins (IDPs), as topological polydispersity,
compact domains and sparse regions.
IDPs are highly abundant in eukaryotes. Their biological function is founded on their internal dynamics
and flexibility, enabling them to respond quickly to environmental changes and to bind with different cellular targets. As a direct consequence of their malleability, the structural, dynamic and associative properties
of IDPs can be affected by macromolecular crowding in vivo, substantially differing from the observations
in vitro at highly dilute conditions.
We exploit the structural analogies between SCNPs and IDPs and investigate the conformational properties
of SCNPs in concentrated solutions. SCNPs provide a model system that shares universal structural
features with IDPs and is free of specific interactions, allowing to investigate separately the purely steric,
excluded-volume contributions to crowding. For this purpose, we combine large-scale simulations of a
generic bead-spring model for solutions of SCNPs, and small-angle neutron scattering (SANS) experiments
on real systems, covering the whole concentration range from infinite dilution to melt density. We analyze
the role of the internal degree of disorder of the SCNP on its collapse behavior under macromolecular
crowding. We find that crowding leads to collapsed conformations of SCNPs resembling those of the
crumpled globular class. This behavior is already found at volume fractions (about 30 %) that are characteristic of crowding in living cells.
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Simulation snapshots. (a): IDP in the limit of full disorder. (b): IDP with a compact domain. (c): Polymer chain. (d): SCNP. (e): Concentrated solution of polymer chains, showing Gaussian conformations. (f): Concentrated solution of
SCNPs, showing crumpled globular conformations.

Single-chain polymer nanoparticles provide a model system
that shares universal structural features with intrinsically disordered
proteins and is free of specific interactions
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High temperature ferromagnetism
in a GdAg2 monolayer

GdAg2

M. Ormaza, L. Fernández, M. Ilyn, A. Magaña, B. Xu, M.J. Verstraete, M. Gastaldo, M.A. Valbuena,
P. Gargiani, A. Mugarza, A. Ayuela, L. Vitali, M. Blanco-Rey, F. Schiller, and J.E. Ortega
Nano Letters 16, 4230-4235 (2016))
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Figure 1. (Top) STM micrograph of
the two-dimensional GdAg2 surface compound. (Left) Remanent
magnetization values at different
temperatures extracted from MOKE
loops measured at zero applied
field. The Curie temperature of the
monolayer (85 K) has been derived
from the fit of the MOKE data.
(Right) Experimental electron band
structure measured by ARPES.
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Fundamental research on magnetism, as well as many potential nanotechnology applications on spintronics, relies on the ability to interface magnetic materials with superconductors, topological insulators,
and organic or inorganic semiconductors. To achieve this, tailoring magnetic properties on structurally

(d)

(a)

(e)

robust substrates is crucial. The survival of the long-range magnetic order upon interface formation is a
basic requirement, and that is the reason why, besides structural stability and chemical inertness, substrate
materials with strong ferromagnetism, i.e., high Curie temperatures (above which ferromagnetism is supAg(111)

pressed), are sought. Although high Curie temperatures are readily found at the surface of some elemenmo
moiré
moir
moi

tary ferromagnetic materials, interfacing them very often results in intermixing and finally in the lack of
structural and magnetic control.

(b)

(c)c

Rare-earth/noble metal monolayer alloys grown on noble metal surfaces represent an interesting alternative as magnetic templates. This is because, besides their structural stability, their nanoscale modulation
offers a way to drive the growth of nanosized structures. In the case of the gadolinium-gold (Gd-Au) combination, by varying the Gd coverage, nanoscale patterns can be tuned. These have been utilized as struc-

(f)

Gd
Ag

dGd-Gd
30°

dGd-Gd
GdAg2

turally robust templates for the self-organization of cobalt (Co) nanodot arrays, which show tunable

moiré

magnetic coupling with the alloyed substrate.
Given the variety of rare earth elements and their exotic magnetism, the observations made on GdAu2
encouraged the team led by F. Schiller and J.E. Ortega, from DIPC and the Materials Physics Center CSICUPV/EHU, to carry out a thorough search combining different rare earth elements and noble metals. Re-

Figure 2. (a,b,c) STM micrographs of the two-dimensional GdAg2 surface compound measured by different STM
imaging settings. They reveal the characteristic long range moiré modulation and the atomic resolution of the
monolayer (unit cell marked in green). (d) Low-energy electron diffraction patterns of Ag(111) and GdAg2 monolayer. STM micrographs of (e) 1ML of H2Pc and (f) Co nanodots grown on GdAg2 confirm the good templating
properties of this surface.

cently, in collaboration with Andrés Ayuela and María Blanco, they completed a detailed experimental and
theoretical investigation, utilizing scanning tunneling microscopy (STM), X-ray magnetic circular dichroism
(XMCD), magneto-optic Kerr effect (MOKE), angle-resolved photoemission (ARPES), and theoretical density-functional theory (DFT) calculations, in order to unveil the electronic structure and magnetic properties
of the gadolinium-silver alloy, GdAg2, in parallel with the structurally identical GdAu2. They noted important

the low value of 19 K of GdAu2. Such difference could not be predicted using previous knowledge of the

and interesting differences between these two alloys.

parent bulk compounds, since these are antiferromagnets with similarly low Neel temperature. Yet this

GdAg2 also revealed optimal templating properties, namely structural stability and nanoscale modulation.

ature depends on the hybrid gadolinium/noble-metal band-filling in each case, in particular, on the pres-

surprising behavior could be explained by the ARPES and DFT results. These prove that the Curie temper-
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In addition, the GdAg2 monolayer itself exhibited excellent crystal quality and ferromagnetic order. The

ence of a high density of in-plane Fermi energy states that mediate RKKY coupling, which is maximum for

researchers found a high Curie temperature of 85 K, which was particularly intriguing when compared to

Ag, but minimum for Au.
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On-surface engineering of a
magnetic organometallic nanowire
M. Ormaza, R. Robles, N. Bachellier, P. Abufager, N. Lorente, and L. Limot
Nano Letters 16, 588-593 (2016)

Using atoms and molecules to assemble the ultimate computing device is an actively pursued
goal. The stakes are high but low-cost, high-efficiency and whopping performances are simply
too good to ignore. One stumbling block in atomic-scale devices is how you actually interconnect
them. Atomic and molecular wires seem to be a good option. Additionally, molecular wires can
be active. They can perform tasks thanks to their internal structure. In the above work, the authors
show one way of creating a hybrid atomic-and-molecular wire using single-atom manipulation,
and characterize its interesting electronic and magnetic properties.

literature was not accurate. It was found that in the metallocene assembly horizontal as well as vertical
ferrocenes are present. In fact, the T-shape interaction between the cyclopentadienyl rings of both, horizontal and vertical, molecules are responsible of the stabilization of the layer.
Next, Co atoms were added to the ferrocene structure, producing a novel Co-Cp-Fe-Cp molecular wire
which can be easily identified in the STM images (fig. a). DFT calculations were crucial to identify the
position of the Co atom, showing the higher stability of Co atom when placed underneath the molecules
and in contact with the Cu surface. This was rationalized by the higher coordination of an otherwise
reactive atom. Remarkably, the calculation showed that the magnetic moment of the Co atoms decreased
a little, while the Fe atom as well as the Cp rings become slightly magnetized. This was experimentally
checked by studying the conductance signal at zero bias and very low temperatures. In the presence of
a magnetic impurity, the wave function of a metal becomes correlated which yields a strong resonance
at the Fermi energy if thermals effects do not destroy the coherence of the wavefunction. The consequence is a peak at zero bias in the conductance at very low temperature. This is called the Kondo effect.
Our hybrid atom-molecule system displayed the Kondo effect, revealing the existence of a small magnetic
moment at the system's position. The most amazing finding of this work is that it was possible to produce
an isolated Co-Ferrocene wire by using a controlled manipulation procedure (fig. b-c), giving rise to same
results as for the wire within the molecular layer. The agreement between theory and experiment was
excellent, giving strong support to the idea that these systems can become of technological interest soon.

Cp

Metallocenes are small molecules composed of two C5H5 rings (one C—H short of benzene) that encapsulate a metallic atom (usually Fe, Co or Ni). This tiny sandwich has some amusing properties. Their bonds
are incredibly sturdy, so it is quite difficult to compress it. However, the sandwich structure allos some
easy parallel displacement of one of the "buns" (C5H5) with respect to the other one. But its electronic
properties are more interesting. The pentadienyl rings (the "buns") capture one extra electron, becoming
charged. Hence the metallic atoms are in valence II (having lost two electrons). Additionally, the rings
imposed an interaction on the metallic atom distorting its electronic structure along one given axis. The
consequence is that the remaining electronic structure is confined to distorted d orbitals of the metallic
atom, inducing sometimes magnetism. Or not. In the case of Fe, which is naturally magnetic with a sizeable 4 Bohr magnetons of intrinsic magnetic moment, the magnetism is totally quenched. Indeed,
ferrocene (C5H5-Fe-C5H5 or FeC10H10) has no magnetic moment. Although if we could increase the
distortion of the molecule along the molecular axes, the splitting among electronic states is reduced and
a high-magnetic-moment state of 4 Bohr magnetons is retrieved. However, the molecules are not easy
to distort and under isolation, the state in the low-magnetic-moment configuration. Cobaltocene
(CoC10H10) has 1 Bohr magneton, and nickelocene (NiC10H10) has 2 Bohr magnetons. There is ample
room for inducing magnetism just by changing the metallic core, while most molecular chemical properties are preserved.
Over the years many researchers have been seduced by this family of molecules, metallocenes, because
one can pile them up creating wires. Such molecular wires are almost a 1-D array of magnetic moments
and can be excellent to produce highly spin-polarized electronic currents. However, this is difficult to
achieve with Fe-based metallocenes. For this reason, the authors of the above work tried to create a hybrid
system combining the non-magnetic ferrocene with magnetic Co atoms. First, they studied experimentally
the assembly of a one-molecule high layer of ferrocenes on a copper surface. By means of scanning
tunneling microscopy (STM) they were able to understand the observed complex molecular pattern. The
experimental work assisted by theory showed that the ferrocene assembly previously published in the
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T-shape

a)

b)

Fe
Co atom

Cp

Co-Cp-Fe-Cp
pick up Fc

1.5nm
c)

deposit Fc
on top of Co

2.0nm
(a) STM image of a self-assembled monolayer of ferrocene (Fc) molecules on Cu surface. The layer is stabilized
by the T-shape interaction between both, vertical and horizontal; molecules. Deposition of Co atoms gives rise
to new molecules (higher contrast in the image), in which the Co atom is placed underneath a vertical molecule
within the layer. Building process of an isolated Co-ferrocene: (b) a ferrocene (Fc) molecule at a step edge is
picked up with the tip of the STM and (c) is afterwards deposited on top of a Co atom by a molecular tip-atom
contact.
Image sizes: (a) 10x10nm2, (b-c) 8x8nm2. Image parameters: (a) -30mV, 500pA, (b-c) -1V, 100pA.
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Substrate-independent
growth of atomically precise
chiral graphene nanoribbons
D.G. de Oteyza, A. García-Lekue, M. Vilas-Varela, N. Merino-Díez, E. Carbonell-Sanromà,
M. Corso, G. Vasseur, C. Rogero, E. Guitián, J.I. Pascual, J.E. Ortega, Y. Wakayama, and D. Peña
ACS Nano 10, 9000-9008 (2016)

Graphene nanoribbons (GNRs), are strips of graphene with ultra-thin width (<50 nm). Graphene
ribbons were introduced as a theoretical model by Mitsutaka Fujita and coauthors to examine
the edge and nanoscale size effect in graphene.

GNRs are very interesting structures, partly due to their attractive
electronic properties. Those properties vary dramatically with
changes in the nanoribbon’s atomic structure in terms of width, crystallographic symmetry, dopant heteroatoms, and edge termination.

Figure 2. (a) Schemes of the chemical reactions of precursor 1 on various metallic surfaces. On Au(111) and
Ag(111), it affords armchair GNRs. On Cu(111), it affords chiral (3,1)-GNRs. (b) de Oteyza et al. (highlighted with
the red line) report the transformation of reactant 2 into chiral GNRs independently of the substrate [Au(111),
Ag(111), and Cu(111)]. Associated STM images are shown for poly-2 after initialpolymerization by Ullmann coupling,
as well as for the final (3,1)-GNR after cyclodehydrogenation, both on Au(111). Steric hindrance causes poly-2 to be
nonplanar. The high parts (circled inyellow) are correspondingly marked in the polymer’s wireframe structure above.

Moreover, the electronic properties can be modulated even further
by the appropriate design of GNR heterostructures. This enormous
tunability of electronic properties is thus extremely promising for
next-generation nanoelectronic and optoelectronic devices. However, the high susceptibility of those properties to minimum changes
in the GNR structure also indicates the stringent need for atomic
precision in GNR synthesis (Figure 1). With the advent of bottom-up
synthesis, increasingly high hopes are being placed on this approach,
but the field is still in its infancy. Actually, although a large pool of GNRs

Figure 1. Schematic representation
of the chiral GNRs synthesized in this
work, with an overimposed scanning
tunneling microscopy image revealing its atomic precision.

with different edge orientations, widths, or heteroatoms (and hetero-

by Dimas G. de Oteyza, Ikerbasque professor working at DIPC and CFM (CSIC-UPV/EHU) and Diego Peña,
from CIQUS and USC, that includes researchers from these institutions plus UPV/EHU, CIC nanoGune,
and Yutaka Wakayama from MANA. The team reports in ACSNano that they have found a way of growing,
independently of the substrate, chiral GNRs that are atomically precise.

structures) should be possible, only a few GNRs have been successfully synthesized with the required selectivity and precision so far.

Inspired by the system-specific growth of (3,1)-GNRs on Cu(111) from precursor 1, the researchers designed

To date, the most widely studied nanoribbon is the GNR with seven dimer lines across its width (7-AGNR)

substrate material. This has been proven on Au(111), Ag(111), and Cu(111), revealing additional advantages

an alternative building block 2 (Figure 2) that renders the same (3,1)-GNRs but now independently of the

that grows from 10,10’-dibromo-9,9’-bianthracene (reactant 1 in Figure 2) in a multistep reaction, including

of the use of this monomer in the growth of selective and atomically precise GNRs, as is the substantially

dehalogenation, polymerization (also known as Ullmann coupling), and cyclodehydrogenation. The syn-

increased length of the resultant GNRs and the low processing temperature required for their formation.

thesis of 7-AGNR has been shown to work reproducibly on substrates such as Au(111), Au(110), or Ag(111).
Surprisingly, the same reactant 1 designed to render AGNRs turned out to form chiral (3,1)-GNRs on Cu(111)
(Figure 2).

Furthermore, the growth process has been followed in detail combining core level spectroscopy, scanning
tunneling microscopy, and density functional theory calculations, providing a clear correlation between
the spectroscopic fingerprints and the different reaction processes, as well as revealing the unusual absence
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The problem was that the careful consideration of the reactions involved indicate that this is a very system-

of a metastable metal-organic intermediate preceding the covalent polymerization in the Ullmann coupling

specific reaction mechanism not translatable to other substrates, based on the surface-catalyzed, selective

process on Ag(111). The substantial GNR lengths achieved and the low processing temperature required

activation of particular C−H bonds. Nevertheless, those results have inspired the work of a team coordinated

to complete the reaction grant this reactant extremely interesting properties for potential applications.
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Peculiar all-metal
σ-aromaticity of the [Au2Sb16]4anion in the solid state
I.A. Popov, F.-X. Pan, X.-R. You, L.-J. Li, E. Matito, C. Liu, H.-J. Zhai, Z.-M. Sun, and A.I. Boldyrev
Angewdante Chemie International Edition 55, 15344-15346 (2016)

A set of lanthanide antimony clusters that represent the first isolable compounds containing an allmetal antiaromatic ring has been prepared by treating lanthanide benzyl complexes with the Zintl
cluster complex K5Sb4 in pyridine solvent and then isolating the anions as potassium cryptand salts.
The electronic structure analysis reveals the antiaromatic character of the rhombic Sb4 rings that

Figure 1. Isocountour plot of the Laplacian of the electron density in the Sb4 antiaromatic unit within the
[La( 4-Sb4)3]3- cluster.

Figure 2. The isosurface plot of the Laplacian of the
electron density ( 2 (r)=-0.001) reveals the bonding
interactions in the Sb4 antiaromatic units of the [La( 4Sb4)3]3- cluster.

serve as ligands to the lanthanide metals. This set of lanthanide clusters, [Ln(Sb4)3]3– (Ln=La, Y, Ho,
Er and Lu), represent the first example of isolable inorganic antiaromatic compounds.

Aromaticity is a ubiquitous term in chemistry referring to the cyclic electron delocalization that leads to
energy stabilization, bond length equalization, and exalted magnetic properties, among other particular
features. Its antonym is antiaromaticity, which was coined by Breslow to refer to situations where “electronic delocalization is destabilizing”. In the past years, the synthesis of new aromatic compounds of inorganic nature has shaken the traditional concept of aromaticity, now extended to include new species
such all-metal aromatic clusters. These days, there are a number of new inorganic species commonly
referred as aromatic, whereas there are very few antiaromatic molecules that are not organic.
The group of Prof. Sun’s from the Changchun Institute of Applied Chemistry, has synthesized a collection
of all-metal clusters, [Ln(Sb4)3]3– (Ln=La, Y, Ho, Er, or Lu), that contain three Sb4 antiaromatic units. These
clusters have been prepared by treating lanthanide benzyl complexes with the Zintl cluster complex K5Sb4
in pyridine solvent and then isolating the anions as potassium cryptand salts. X-ray analysis revealed that
each Sb4 ring is stabilized by a 4-interaction with the lanthanide metal, but the electronic distribution of
each ring structure and the aromaticity of the Sb4 units was unclear.
The groups of Prof. Boldyrev and Dr. Eduard Matito, an Ikerbasque Research Fellow working at the Chemistry
Faculty of UPV/EHU and the DIPC, focused on analyzing the electronic structure of these clusters using
computational calculations. In the [La( 4-Sb4)3]3- cluster computational calculations suggest a formal
assignment of La3+ and three Sb42- units within the cluster, in agreement with simple electron count rules.
However, the electronic arrangement of the Sb42- unit within the [La( 4-Sb4)3]3- cluster is very different
from the isolated Sb42- molecule. Upon coordination with La, the electronic structure of the Sb42- units
changes drastically its electronic distribution, resulting in a less aromatic Sb42- unit. The strong 4-interaction hinders the internal ring delocalization that exists in the aromatic free Sb42- moiety. Comparisions
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Figure 3. The atomic boundary of La
atom in the [La( 4-Sb4)3]3- cluster is
a polyhedric structure with edges
pointing to the Sb4 units.

with non-aromatic and antiaromatic organic analogs, deems to conclude that the Sb42- unit within the
[La( 4-Sb4)3]3- cluster has a rather antiaromatic character, similar to the quintessential antiaromatic organic
compound, cyclobutadiene. These results were published in Angewandte Chemie and highlighted in
Chemistry & Enginnering News.
This set of lanthanide clusters, [Ln(Sb4)3]3– (Ln=La, Y, Ho, Er and Lu), represent the first example of isolable
inorganic antiaromatic compounds. Further advances of aromaticity and antiaromaticity are important in
grasping the properties of metal clusters, bulk metals and alloys, which are valuable for making thin-film
electronic materials.
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Imaging single-molecule reaction
intermediates stabilized by
surface dissipation and entropy
A. Riss, A. Pérez-Paz, S. Wickenburg, H.-Z. Tsai, D.G. de Oteyza, A.J. Bradley, M.M. Ugeda,
P. Gorman, H.S. Jung, M.F. Crommie, A. Rubio, and F.R. Fischer
Nature Chemistry 8, 678-683 (2016)

An international team of researchers has for the first time imaged and identified the bond configuration of the intermediates in a complex sequence of chemical transformations of enediyne
molecules on a silver surface and has resolved the microscopic mechanisms that account for
their behaviour.

Sequence of images of the steps in the reaction of enediyne molecules on a silver surface (A. Riss / Technische
Universität München).

One of the long-standing goals being pursued by chemists has been to succeed in following and directly
visualising how the structures of molecules change when they undergo complex chemical transformations. Reaction intermediates, which are highly unstable substances that form in different steps in a reaction
before the products are obtained, are particularly difficult to identify and characterise owing to their short

The precise identification of the bond configuration of the intermediate species “has made it possible to

lifetimes. Getting to know the structure of these intermediate species may be very helpful in understanding

determine the intricate sequence of chemical transformations along the reaction mechanism from reac-

the reaction mechanisms and, what is more, could have a great impact on the chemical industry, materials

tants via intermediates to end products,” explained Ángel Rubio, the UPV/EHU professor, “and at the same

science, nanotechnology, biology and medicine.

time unravel the microscopic mechanisms behind that intricate dynamical behaviour”.

Now for the first time, researchers have imaged and resolved the bond configuration of the reactants, the
intermediates and final products of a complex, organic reaction at the single-molecule level. The prestigious journal Nature Chemistry has published this research.

Stabilizing the intermediates
By combining the latest advances in numerical calculus and the classical analytical models that describe
the kinetics of sequential chemical reactions, an area that explores the speed of the reactions and the
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The work was carried out by the research groups led by Felix R. Fischer and Michael F. Crommie (University

molecular events taking place in it has been proven. So to explain the stabilization of the intermediates, it

of California at Berkeley and Lawrence Berkeley National Laboratory), and by Angel Rubio (Professor at

is not enough just to consider their potential energy, it is essential to bear in mind the energy dissipation

the UPV/EHU, leader of the UPV/EHU’s Nano-Bio Spectroscopy Research Group, and Director of the

and the changes in molecular entropy, which measures how far a system is organised. The surface, and

Max Planck Institute for the Structure and Dynamics of Matter in Hamburg). The Ikerbasque Research

in particular the interaction of the extremely unstable intermediates with the surface, play a key role for

Professors Dimas G. Oteyza, researcher at Donostia International Physics Center (DIPC) and Miguel

both the entropy and the dissipation of energy, which highlights a fundamental difference between the

Moreno Ugeda from CIC Nanogune played a significant role in the experiments conducted at Berkeley.

surface-supported reactions and gas-phase or solution chemistry.

The team has obtained the images of the chemical structures associated with different steps in the reaction

Such detailed understanding achieved though the synergy between the imaging of the chemical reactions

cascade involving multiple steps of enediyne molecules on a silver surface, using non-contact atomic

of a molecule and the latest advances in computer modelling constitutes a fundamental milestone in the

force microscopy (nc-AFM) with a particularly sensitive tip: it uses a very fine needle that can detect the

analysis of chemical reactions. All this new knowledge may open up countless hitherto unexplored fields:

smallest bumps on an atomic scale (in a way not unlike reading in Braille) as it absorbs a carbon monoxide

future designs and optimizations of heterogeneous catalytic systems, development of novel synthetic

molecule that acts like a “finger” on the text to increase its resolution.

tools applied to carbon-based nanotechnology, as well as biochemical and materials science applications.
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Quantum mechanical description
of raman scattering from molecules
in plasmonic cavities
M.K. Schmidt, R. Esteban, A. González-Tudela, G. Giedke, and J. Aizpurua
ACS Nano 10, 6291-6298 (2016)

When light interacts with a molecule a coherent transfer of energy between light and the vibrations of the molecule can occur, in a process known as Raman scattering. In the Stokes Raman
process, a photon loses a fraction of its energy as it induces the molecule to vibrate. The opposite,
anti-Stokes, process is also possible, where the energy released by the decay of a vibrational state
is gained by a photon.

By measuring the energy of the scattered photons it is thus possible to obtain information about the
vibrations of the molecule, which provides important chemical information for identification and fingerprinting of the molecular species. Notably, although Raman processes are usually very inefficient, they
can be boosted enormously when the molecules are coupled with optical resonances in metallic nanoparticles associated to the excitation of localized surface plasmons. The resulting Surface-Enhanced Raman
Spectroscopy (SERS) has been traditionally understood using classical and phenomenological models,
but a quantum treatment can lead to important new insights about the coherence and quantum properties
of the systems.
The key to SERS is that the plasmonic resonances can localize light very strongly, which leads to a very
efficient interaction with a nearby molecule. When this coupling is modeled using quantum electrodynamics, SERS is described in the same manner as the optical response of a very rich family of physical
systems known as optomechanical (OM) resonators. In fact, the analogy can be seen as more than a
purely formal one. Typical OM systems exploit the coupling between a photonic resonance and a macroscopic mechanical mode, as for example when the mirror in a Fabry-Pérot cavity can oscillate resonantly.
In SERS, the plasmon plays the role of the photonic mode, and the molecular vibration corresponds to
the mechanical oscillation. Thus, SERS can be seen as a molecular OM system.
A collaboration between the DIPC and Centro de Física de Materiales (CSIC-UPV/EHU) in San Sebastián
and the Max-Planck-Institute for Quantum Optics in Germany has shown, in a paper published in ACS
Nano, that this description allows to gain considerable insight into the dynamics of the SERS process.
Notably, it allows to model from fundamental principles a range of phenomena that are not considered
in most typical treatments. These effects include non-linearities in the Stokes signal due to phonon-stimulated emission, strong correlations of the emitted photons and a complex dependence of the emitted
signal on the temperature and the frequency and intensity of the illumination.
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On the left: Schematics of a typical SERS setup, where a molecule is positioned in the hot-spot of a plasmonic
dimer nanoantenna. On the right: Typical Raman scattering spectrum, where the central peak describing elastic
scattering is not shown and the two side-peaks denote the inelastic Stokes and anti-Stokes scattering processes.
The panels underneath show the typical dependence of the Stokes (left) and anti-Stokes (right) scattering on the
power of the incident laser Pinc at low temperatures. The phonon stimulated processes described in this paper
boost the intensity of the Stokes scattering, providing a quadratic dependence on Pinc for intense lasers.

These effects include non-linearities in the Stokes signal due
to phonon-stimulated emission, strong correlations of the emitted
photons and a complex dependence of the emitted signal on the
temperature and the frequency and intensity of the illumination

Such phenomena might be observed in state-of-the-art experiments, and may even have already been
inadvertently revealed in some recent measurements. Furthermore, the quantum treatment of SERS can
have an impact not only for spectroscopy studies, but also on the study of general OM phenomena,
because the values of the vibrational and photonic parameters involved in the plasmon-molecule coupling
are very different to those typically found in other OM configurations. This study thus opens optomechanics
to a new regime of interactions.
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E. Strambini, S. D’Ambrosio, F. Vischi, F.S. Bergeret, Yu. V. Nazarov, and F. Giazotto
Nature Nanotechnology 11, 1055-1059 (2016)
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Figure 1. The multi-terminal Jospehson junction investigated
(the ω-SQUIPT). The normal metal is Cu (red) and the superconducting terminals are made of Al (blue).
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Figure 2. (a) Sketch of the double-loop interferometer with the geometric paths used to determine the topological
index (nL,nR). These are defined by the closed line integral of the gradient of the superconductor phase φ(r) along
the left (nL) and right (nR) loops. (b,c) The density of states at the Fermi energy calculated for two different
ω-SQUIPTs. The blue areas indicate the insulating (gapped) states classified by the topological index in (a). (d,e)
Vectorial representation of the evolution of the topological state along the lines in (b) and (c) accessible in our
experiment.
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In a collaboration between the theory groups of Sebastian Bergeret at the CFM-DIPC and Yuli Nazarov at
the Delft University of Technology, together with the experimental group of Francesco Giazotto in Pisa,
a three-terminal Josephson interferometer has been analyzed. Tunneling spectroscopy measurements reveal transitions between gapped (that is, insulating) and gapless (conducting) states that are controlled by
the phase configuration of the three superconducting leads connected to the junction. These transitions
are topological: a gapless state necessarily occurs between
two gapped states of different topological indices, in much
the same way that the interface between two insulators of
different topologies is necessarily conducting. The topological numbers that characterize such gapped states are given
by superconducting phase windings over the two loops that
form the Josephson interferometer. As these gapped states
cannot be transformed to one another continuously without
passing through a gapless condition, they are topologically
protected. The findings of this work are pivotal for enabling
phase engineering of different and more sophisticated artificial topological materials.
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Josephson junctions based on multiple superconductor terminals offer an unique opportunity to tailor
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the opening and close of the induced gap occurs.
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Figure 3. Comparison between the tunnelling conductance G versus Vbias measured at 30 mK
and calculated for selected values of Φ (= ΦL = ΦR ) for both types of ω-SQUIPTs in Figure 2.
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Large-scale sublattice asymmetry in
pure and boron-doped graphene
D. Yu. Usachov, A.V. Fedorov, O. Yu. Vilkov, A.E. Petukhov, A.G. Rybkin, A. Ernst,
M.M. Otrokov, E.V. Chulkov, I.I. Ogorodnikov, M.V. Kuznetsov, L.V. Yashina, E. Yu. Kataev,
A.V. Erofeevskaya, V. Yu. Voroshnin, V.K. Adamchuk, C. Laubschat, and D.V. Vyalikh
Nano Letters 16, 4535 - 4543 (2016)

Among the astonishing properties of graphene, a high mobility of the charge carriers has placed
this material into the focus of intensive research efforts, aimed at developing high-speed
graphene-based electronic devices. The first device of this family, a graphene field-effect transistor (GFET), still remains a promising candidate for applications in flexible electronic circuits.
Concept of using a single-crystalline lattice-matched substrate as a pattern for unbalanced sublattice doping of graphene. In the top-hollow interface structure impurities
may occupy sites in one sublattice.

An essential handicap that limits the performance of planar GFETs is the absence of a band gap in the
graphene electronic structure. The gap is necessary to reach a high on/off current ratio. In the recent past,
several approaches have been developed for opening and controlling the gap. These methods include
adsorption of atoms and molecules, but the material still remains gapless.

B-graphene with doping asymmetry, a novel material, is worth
considering as a good candidate for electronic applications

A promising approach for the graphene band gap engineering is to introduce a large-scale sublattice asymmetry. When the foreign atoms become randomly embedded only in one graphene sublattice, the resulting system possesses a notable band gap improving the transport properties of conventional GFETs.

The early studies of the graphene/Co(0001) system showed that graphene is formed by randomly oriented

Experimental observation of the discussed unbalanced sublattice doping is quite elusive, though. Doping

domains sticked to the metallic substrate. However, it was recently shown that under certain conditions

asymmetry was detected with scanning tunneling microscopy (STM) in nitrogen-doped graphene, grown

well-oriented graphene can be grown. Such an interface, and particularly its geometry, remain poorly ex-

on a Cu(111) substrate. It was proposed that a possible mechanism responsible for breaking of the sublattice

plored, though. In the present work, the researchers unveil the structural properties of the graphene/Co(0001)

symmetry is related to oscillations in the local density of states driven by the impurities.

interface and show that the cobalt substrate is very well suitable for large-scale unbalanced doping of
graphene with substitutional boron impurities.

Now an international team of researchers, that includes Mikhail M. Otrokov, Evgueni V. Chulkov and Ikerbasque professor Denis V. Vyalikh from DIPC and cooperation partner Dmitry Yu. Usachov from Saint
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In the well-oriented graphene/Co(0001) system, one sublattice of carbon is placed above Co atoms, while

Petersburg State University, using photoelectron diffraction and spectroscopy has demonstrated a selective

the second one occupies the hollow sites. This unique property of the interface makes cobalt an ideal

incorporation of boron impurities into only one of the two graphene sublattices. According to performed

substrate to be used as a platform for the synthesis of doped graphene with impurities incorporated in one

ab initio calculations, such boron-doped graphene possesses a band gap that can be precisely controlled

of the two C-sublattices. This is conclusively demonstrated by the example of the B-graphene/Co(0001)

by the dopant concentration. B-graphene with doping asymmetry is, thus, a novel material, which is worth

system, in which boron impurities preferably substitute carbon atoms in one sublattice, located above the

considering as a good candidate for electronic applications.

hollow sites of the metal substrate.

The approach is illustrated in the figure. When doped graphene is synthesized on a crystal face with hexag-

The ab initio calculations predict that such asymmetrically doped graphene should have an intrinsic band

onal structure and well-matched lattice constant, a strong symmetry breaking may occur. This happens

gap and the width of the gap can be controlled by the dopant concentration. Thus, B-graphene with

when one sublattice, marked as Ct, is adsorbed on top of the substrate atoms of Co(0001), while the other

demonstrated doping asymmetry becomes a novel material, which is worth considering as a good can-

sublattice Ch occupies the hollow sites.

didate for applications in GFETs and other graphene-based electronics.
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