
Nanoscience Institute   
3rd Workshop 



 



3RD MEETING OF THE  
NANOSCIENCE INSTITUTE | CNR NANO 
OCTOBER 29-30  |  2018   

SCUOLA NORMALE SUPERIORE |  P IAZZA DEI CAVALIERI 7 
P ISA |  ITALY  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
INDEX  
 
 
PRESENTATION 3 

PROGRAM 4 

ABSTRACTS –ORAL PRESENTATIONS 7 

ABSTRACTS –POSTER PRESENTATIONS DAY 1 (OCTOBER 29, 2018) 33 

ABSTRACTS –POSTER PRESENTATIONS DAY 2 (OCTOBER 30, 2018) 59 

POSTER LIST  81 

LIST OF CNR NANO AUTHORS 85 

LIST OF PARTICIPANTS 87 



 2 



3 

PRESENTATION  
 
This booklet includes the program of the Workshop of the Nanoscience Institute of the National Research 
Council (Cnr Nano) that takes place in Pisa on October 29th and 30th 2018. It also lists the participants of the 
workshop and the abstracts of both oral and poster presentations.  

At present, the scientific activities of the Nanoscience Institute are divided into five main research thematic 
areas that include: solid-state quantum technology, fundamental and translational nano-biophysics, 
nanoscale theory modelling and computation, physics and technology of light at the nanoscale, and surfaces 
and interfaces: nanofabrication, imaging, and spectroscopy. The program of the workshop is organized in 
several sessions focused on the above mentioned thematic areas. Each session includes a selected number 
of oral presentations. Furthermore, one session is dedicated to the presentation of the scientific results of 
Cnr Nano funded SEED projects. Moreover, a large number of posters presented at the Workshop will offer 
the participants an opportunity to discuss their recent results. A tutorial presentation on technological transfer 
is also included in the program, to inform the Nano researchers about the legal protection of their results and 
the procedures for patent application at Cnr. 

A special thank goes to the CNR Nano staff for their effort in organising this meeting that represents a 
thriving and enriching moment of our Institute life. 

 

 

Pisa, October 9th 2018 

 

 

Lucia Sorba 
Director of the Nanoscience Institute -CNR 
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PROGRAM - MONDAY OCTOBER 29, 2018 

10:00 Registration and Coffee 

10:45 Welcome and introduction (Lucia Sorba) 

 
I session |  

Chair Andrea Ferretti 

11:00 D. Prezzi | Light Emission from Graphene Nanoribbons: Insights from Ab Initio Simulations [O1] 

11:20 S. S. Ataei | Excitonic insulator in high pressure in 2H-MoS2 [O2] 

11:40 S. Benedetti | Correlation between spectroscopic, electric and optical response in Al:ZnO films [O3] 

12:00 F. Colangelo | Stretching two-dimensional materials using polymeric micro-muscles [O4] 

12:20 L. Bellucci | Graphene-based nanostructured models for energy storage [O5] 

12:40 P. D’Amico | Excitons in MoS2 nanoribbons: width and localization effects [O6] 

13:00 LUNCH 

 II session | SEED 
Chair Lucia Sorba  

14:30 G. Brancolini | Development of a Coarse Grained Model for Nanoparticle-Protein Interactions [O7] 

15:00 A. Ghirri | Coupling nanowire quantum dots and microwave photons in a high-Tc superconducting resonator: first steps 
towards the realization of hybrid single spin quantum circuits [O8] 

15:30 F. Telesio | Exfoliated black Phosphorus Surfaces investigated by Scanning Tunneling Microscopy [O9] 

16:00 V. Zannier | Core/shell nanowires for electronics and thermoelectrics [O10] 

16:30 COFFEE BREAK 

 III session | 
Chair Stefan Huen 

17:00 G. De Simoni | Metallic supercurrent field-effect transistor [O11] 

17:20 M. Carrega | Towards topological applications with hybrid superconducting devices [O12] 

17:40 F. Rossella | Ionic liquid gating of InAs nanowire-based field effect transistors [O13] 

18:00 Poster session & happy hour | Consiglio di Istituto  

20:00 SOCIAL DINNER | Ristorante La Clessidra, via del Castelletto 26, Pisa  
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PROGRAM - TUESDAY OCTOBER 30, 2018 

 
IV session |  
Chair Marco Cecchini  

9:00 K. S. Reichel | Continuous Wave Random Quantum Cascade Lasers at Terahertz Frequencies [O14] 

9:20 A. Pitanti | Optomechanics with all-dielectric chiral metasurfaces [O15] 

9:40 L. Viti | High-Speed Terahertz detectors based on 2D and 0D Nanostructures [O16] 

10:00 G. Bollino | Brevettare al CNR [O17] 

11:00 Poster session & COFFEE 

13:00 LUNCH 

 
V session |   
Chair Giorgia Brancolini  

14:00 A. Portone | Novel architectures for light emitting nanofibers [O18] 

14:20 M. Agostini | Surface-Acoustic-Wave Based Lab-on-a-Chips for Biosensing [O19] 

14:40 A. Mescola | Interactions between antimicrobial peptide Magainin H2 and lipid membranes through 
different biophysical techniques [O20] 

15:00 I Tonazzini | Study of neuronal guidance dynamics in neurodevelopmental disorders models by nano-
engineered platforms [O21] 

15:20 B. Storti | Super-resolution imaging of BMI1 in polycomb Bodies by single molecule localization 
methods [O22] 

15:40 E. Rotunno | Electron beam shaping: controlling the propagation along atomic columns [O23] 

16:00 General discussion  

17:00 Closing Remarks 
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[O1] Light Emission from Graphene Nanoribbons: Insights from Ab Initio Simulations 

D. Prezzi1, C. Cardoso1,2, and A. Ferretti1 

1Cnr Nano, Modena, Italy.  
2Present address: International Iberian Nanotechnology Laboratory, Braga, Portugal. 

 
Owing to their width-dependent sizable band gaps, graphene nanoribbons (GNRs) have attracted increasing 
attention in the last decade as a viable route for graphene-based nano- and opto-electronic applications. More 
recently, the successful production of ultranarrow and structurally well-defined GNRs by means of bottom-up 
techniques has further boosted this research line. While absorption properties have been addressed in depth 
[1,2], emission properties are still largely unexplored. 
We here report on the optical response of finite-length GNRs as resulting from state-of-the-art ab initio 
calculations beyond mean field [3,4]. Our results indicate that bulk-like excitations coexist with below-bandgap 
states localized at the GNR extremities, which are almost independent on the length. By investigating both the 
presence of defects and the effect of the substrate, our simulations allow us to identify unpredicted optical 
transitions in GNRs and to elucidate the origin of below-bandgap STM-induced light emission recently 
observed in suspended GNRs [3], providing a promising route for the realization of bright, robust, and 
controllable graphene-based light-emitting devices. 
 
References: 

[1] R. Denk, et al., Exciton-dominated optical response of ultra-narrow graphene nanoribbons, Nat. Commun. 
5, 4253 (2014). 

[2] G. Soavi, et al., Exciton-exciton annihilation and biexciton stimulated emission in graphene nanoribbons, 
Nat. Commun. 7, 11010 (2016). 

[3] M. Chong, et al., Bright electroluminescence from single graphene nanoribbon junctions, Nano Lett. 18, 
175 (2018). 

[4] C. Cardoso, A. Ferretti, and D. Prezzi, Termini effects on the optical properties of graphene nanoribbons, 
EPJB, in press (2018). 
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[O2] Excitonic insulator in high pressure in 2H-MoS2 

S. S. Ataei1, M. Rontani1, E. Molinari1, D. Sangalli2, and D. Varsano1 

1Cnr Nano, Modena, Italy. 
2ISM-Cnr, Rome, Italy. 

 
We study the pressure induced electronic phase transition in bulk 2H-MoS2, an indirect gap layered material. 
By using accurate ab initio calculations based on the combined many body perturbation theory and density 
functional theory we calculate the exciton dispersion at different applied pressures showing that an excitonic 
instability appears at the pressure of 34 GPa, where the indirect electronic band gap is almost closed and the 
lowest indirect exciton present a binding energy of about 30 meV. The calculated pressure induced electronic 
band gap closure is well in line with the estimated metallisation onset (about 35-40 GPa) reported in previous 
theoretical and experimental results for this material. Our results give promising insights about the occurrence 
of a pure electronic instability and the realisation of an excitonic insulator for a pressure slightly above the 
occurrence of the pressure induced transition to metallic phase of bulk 2H- MoS2. 
 

 



 10 

[O3] Correlation between spectroscopic, electric and optical response in Al:ZnO films 

S. Benedetti1,2, A. di Bona1, G. Vinai3, S. Valeri1,2, A. Catellani1, A. Ruini1,2, P. Torelli3, and A. Calzolari1 

1Cnr, Istituto Nanoscienze, Modena, Italy. 
2Dipartimento di Scienze Fisiche, Informatiche e Matematiche, Università di Modena e Reggio Emilia, 

Modena, Italy. 
3Laboratorio TASC, IOM-Cnr, Trieste, Italy. 

 
Transparent Conducting Oxides have gained large interest because of the peculiar combination of high 
transparency and low electric resistivity, with applications in optoelectronics and plasmonics [1]. Their 
properties can be largely tuned by means of suitable dopants in wide-band gap semiconductors matrix over a 
large range of concentration. However, the presence of structural defects results in an unpredictable 
complexity that prevents a clear identification of chemical and structural properties of the films, thus their 
identification and control is highly desirable. 
We have exploited the chemical sensitivity of Hard X-ray Photoelectron Spectra and Near Edge X-ray 
Absorption Fine Structure in combination with DFT to determine the spectroscopic response of defects in 
Al:ZnO films. Modifications in O1s and O K-edge have allowed to determine the concentration of embedded H, 
Zn vacancies and O interstitials. Contributions coming from substitutional and interstitial Al atoms have been 
identified and related to changes in the oxide stoichiometry and increased oxygen coordination, together with 
small lattice distortions [2]. Consequences on the optical response in the UV-VIS-IR are discussed. This 
provides a tool to control the material response and improve the performance of TCO films.  
 

 
 

Fig. 1: Contributions to the spectroscopic response of defects and dopants in Al-doped ZnO films 
determined combining XPS and DFT. 

 

References: 

[1] K. Ellmer, Nature Photonics 6, 809 (2012).  
[2] S. Benedetti, et al., Phys. Chem. Chem. Phys. 19, 29364 (2017). 
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[O4] Stretching two-dimensional materials using polymeric micro-muscles 
 

F. Colangelo1,2, A. Pitanti1, V. Miseikis3,4,5, C. Coletti3,4, P. Pingue1, D. Pisignano1,6, 
F. Beltram1, A. Tredicucci1,2,6, and S. Roddaro1,6 

 
1NEST, Scuola Normale Superiore and CNR Istituto Nanoscienze, Pisa, Italy. 

2Fondazione Bruno Kessler (FBK), Povo, Italy. 
3Center for Nanotechnology Innovation @NEST, Istituto Italiano di Tecnologia, Pisa, Italy. 

4Graphene Labs, Istituto Italiano di Tecnologia, Genova, Italy. 
5Consorzio Nazionale Interuniversitario per le Telecomunicazioni (CNIT), Pisa, Italy. 
6Dipartimento di Fisica, Università di Pisa and Cnr Istituto Nanoscienze, Pisa, Italy. 

 
The control of strain in two-dimensional materials opens exciting perspectives for the engineering of their 
electronic properties [1,2]. While this approach has been validated in artificial lattices, it remains elusive in the 
case of atomic lattices [3]. The investigation of custom strain profiles indeed requires a high design flexibility, 
which has been hardly achieved so far by available experimental techniques. Here, we address a novel 
method to induce arbitrary strain profiles in graphene using polymeric micrometric artificial muscles (MAMs) 
that contract in a controllable and reversible way under an electronic stimulus. Our method exploits the local 
mechanical shrinkage of poly-methyl-methacrylate (PMMA) under high-dose electron-beam irradiation. The 
pulling geometry and strength are defined by electron-beam nano-patterning, which allows the implementation 
of a vast range of strain profiles. Moreover, the induced strain can be released by heating the sample and later 
restored by re-irradiating the polymer. Implementation of inhomogeneous uniaxial strain and out-of-plane 
deformations are demonstrated and studied by Raman, scanning-electron and atomic-force microscopy [4]. All 
these analysis techniques can be easily combined with the MAMs technology and the present device 
architecture. Moreover, we also discuss the development of alternative device architectures where non-
suspended van der Waals heterostructures (WS2-graphene) are used. In this approach the sliding and 
deformation of the WS2 crystal are enabled by interlayer superlubricity. The flexibility of our experimental 
method opens new opportunities for the investigation of strain-electronics correlation in two-dimensional 
materials. 
 
References: 

[1] F. Guinea, et al., Nat. Phys. 6, 30–33 (2010). 
[2] P. Johari, et al., ACS Nano 6, 5449–5456 (2012). 
[3] M. Polini, et al., Nat. Nanotechnol. 8, 625–633 (2013). 
[4] F. Colangelo, et al., at <https://arxiv.org/pdf/1711.09834.pdf>. 
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[O5] Graphene-based nanostructured models for energy storage 
 

L. Bellucci and V. Tozzini 

 
Istituto Nanoscienze Consiglio Nazionale delle Ricerche, Pisa, Italy. 

 
Graphene-based materials have generated considerable interest in the development of new nanostructured 
materials to be used as efficient solid-state energy storage devices. Therefore, a set of theoretical and realistic 
models for the graphene based material is required to investigate in more details their properties and 
eventually to drive experimentalists in making them. 
Here we propose and implement an algorithm to generate graphene 3D-scaffold with given porosity and 
specific density, and realistic structure (Fig. 1). The algorithm is based on a stepwise generation of graphene 
flakes of size, shape and orientation randomly distributed, until the wanted structural features are reached. The 
structure is subsequently refined by means of molecular dynamics simulations using empirical force fields. 
Optionally, it can be decorated with adatoms (H, O or others) to mimic the real structures. Finally, the structure 
is characterized versus its gas adsorption capability by means of gran canonical monte carlo and/or diffusion 
molecular dynamics simulations. 
 

 
 

Fig. 1: Graphene-based nanostructured model (yellow). In green the 
isosurface within 3.5 Å from the graphene. In red large pores. 
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[O6] Excitons in MoS2 nanoribbons: width and localization effects. 
 

P. D’Amico, D. Prezzi, A. Ferretti, and E. Molinari 

 
Cnr Nano, Modena, Italy. 

 
The formation of 1D wires of carriers at the edges of MoS2 nanoribbons (NRs) represents a case study for 
spontaneous polarization effects. The spatial confinement and the charge accumulation at the edges make 
MoS2-NRs a perfect candidate to investigate interaction effects at the nanoscale, also in view of possible 
applications in solar-energy devices [1,2]. While the electronic and optical properties of MoS2 bulk monolayers 
have been the focus of an intense research, the investigation of MoS2-NRs is at the early stages. We will 
present a first principle investigation of the electronic structure and optical absorption of MoS2-NRs as a 
function of the NR width, as obtained within the framework of many-body perturbation theory, according to the 
G0W0 plus Bethe-Salpeter-Equation scheme. We will show that both width-dependent and width-independent 
mechanisms emerge in the formation of excitonic excitations, and we will explain the relationship between 
those two mechanisms and the edge-localization of the carriers. Since the investigated MoS2-NRs are metallic, 
the present work deals with the fundamental issue of the presence of excitons in metals [3]. 
 
References: 

[1] M. Gibertini, et al., Nat. Commun. 5, 5157 (2014). 
[2] M. Gibertini and N. Marzari, Nano Lett. 15, 6229 (2015). 
[3] F. Wang, et al., PRL 99, 227401 (2007). 
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[O7] Development of a Coarse Grained Model for Nanoparticle-Protein Interactions  
 

G. Brancolini1, S. Corni1,2, and V. Tozzini3 

 
1Cnr Nano S3, Institute of Nanoscience, Modena, Italy. 

2Department of Chemical Science, University of Padova, Padova, Italy. 
3NEST-Cnr, Institute of Nanoscience, Pisa, Italy. 

 
Understanding protein–inorganic nanoparticle interactions is becoming more and more crucial in several 
application contexts. Theoretical modeling and simulations provide complementary approaches for 
experimental studies, and they are applied for exploring protein–surface binding mechanisms, the 
determinants of binding specificity towards different surfaces, as the thermodynamics and kinetics of 
adsorption. In this context, we present the development of a specific Coarse Grained (CG) approach based on 
the integration and extension of multi-scale methodologies to achieve an accurate descriptions of protein-
surface systems. We combine a minimalist CG model (one-bead-per-amino acid) of a fibrillogenic protein [1], 
β2 microglobulin, with a morse network model for a gold-based nanoparticle, [Au25(SR)18]q (q = 0, -1) which 
is known to lead to a potential inhibition of the fibrillation activity [2]. The novelty of the research proposal 
respect to the state-of-the-art, is the description and parameterization of protein-NP interaction based on data 
obtained from docking and enhanced sampling molecular dynamics including information about the diffusivity 
of the gold NPs and protein in solution [3]. 
 

 

Modello	CG	AU+zolfo	
	
Per	vedere	se	la	procedura	funzionava,	l’ho	usata	prima	su	un	caso	facile:	il	
sottoinsieme	per	il	CG	sono	gli	atomi	di	zolfo.	Questi	stanno	ben	legati	
all’oro	per	cui	la	loro	distribuzione	spaziale	è	ben	localizzata,	come	si	vede	
dalla	iso	superficie	riportata	(le	palle	trasparenti).	Il	risultato	è	una	rapida	
convergenza	ad	un	modello	CG	a	18	bead	disposte	in	una	simmetria	
ottaedrica	abbastanza		regolare		

Modello	CG	AU+C	legati	ai	S	
	
Quando	l’operazione	viene	ripetuta	usando	la	distribuzione	dei	C	legati	a	S,	
la	cosa	peggiora:	questi	fluttuano	di	più	e	la	loro	distribuzione	è	distorta.	
Tuttavia	il	programma	ancora	converge.	
La	simmetria	del	poliedro	è	distorta,	tuttavia	credo	che	possa	essere	
simmetrizzata	facilmente	utilizzado	tute	distanze	uguali	tra	il	siti	e	medie.	
Credo	che	la	simmetrizzazione	sia	opportuna	per	non	creare	bias.	Nel	
modello	ci	sono	2	siti	differenti	(6	ai	vertici,	12	sulle	facce	)	a	distanza	
differenti	dall’oro.	La	regolarizzazione	deve	tenere	conto	di	questo	

Questo	per	il	momento	è	quello	che	ritengo	il	modello	più	adatto	e	ha	
l’ulteriore	vantaggio	di	essere	il	più	simile	al	CA	based	per	le	proteine,	visto	
che	il	C	legato	allo	zolfo	è	il	più	vicino	al	Calfa.	
La	figura	accanto	mostra	il	confronto	tra	quelsto	modello	e	quello	dello	zolfo,	
in	effetti	non	cambiano	molto	come	posizione	iniziale.	E	si	potrebbero	usare	
anche	direttamente	i	S,	che	sono	già	regolarizzati.	Però	nel	settare	le	costanti	
elastiche	bisogna	tenere	conto	della	maggiore	flessibilità	dei	C.		
NB:	per	i	parametri	interazione	NP-proteina	conviene	quindi	fare	i	potenziali	
FM	tra	i	Calfa	e	questi	siti	C	legati	allo	zolfo.		

All-atom		 Coarse-grained		

 
 

Fig. 1: All-atom representation of protein and nanoparticle and the corresponding coarse-grained models. 
 

References: 

[1] O. Carrillo-Parramon, G. Brancolini, and S. Corni, A Dynamical Coarse-Grained Model to disclose Allosteric 
control of Misfolding β2-Microglobulin. RSC Advances, 6, 93111 (2016). 

[2] G. Brancolini, D. Toroz, and S. Corni, Can small hydrophobic gold nanoparticles inhibit β2- microglobulin 
fibrillation? Nanoscale 6, 7903 (2014). 

[3] G. Brancolini, S. Corni, and V. Tozzini, Coarse Grained and Multi-scale modeling of bio-functionalized 
nanoparticles, COCIS to be submitted.  



15 

[O8] Coupling nanowire quantum dots and microwave photons in a high-Tc superconducting resonator: 
first steps towards the realization of hybrid single spin quantum circuits 

 
A. Ghirri1, S. Cornia2, F. Rossella3, V. Demontis3, V. Zannier3, M. Affronte1,2, and L. Sorba3  

 
1Istituto Nanoscienze – Cnr, Modena, Italy.  

2Dipartimento FIM, Università di Modena e Reggio Emilia, Modena, Italy. 
3 NEST, Istituto Nanoscienze – Cnr and Scuola Normale Superiore, Pisa, Italy. 

 
The large electric dipole coupling between single electrons in a semiconductor quantum dot and microwave 
photons in a superconducting cavity provides a way to realize coherent spin-photon interfaces, where control 
and readout of single-spin states can be potentially achieved. Amongst different quantum dots 
implementations, bottom-up grown InAs/InP nanowires are particularly robust, showing control of the electron 
filling at temperature exceeding 10 K [1,2]. Additionally, high critical temperature YBCO superconducting 
resonators have been successfully employed for the realization of hybrid quantum circuits, showing an 
excellent stability in a wide range of temperature, applied magnetic field and microwave power [3]. The 
possibility to integrate InAs/InP nanowire quantum dots in a YBCO coplanar resonator is potentially interesting 
for investigating the coherent spin-photon coupling with unconventional materials and to extend the operating 
range of these devices at higher temperature. We report the progress toward the realization of hybrid circuits 
based on InAs/InP nanowire quantum dots and YBCO coplanar resonators, showing the results of the 
fabrication process and the characterization of the first series of devices.  
 

 
 

Fig. 1: (a) Electromagnetic simulation of the electric component of the 9.5 GHz fundamental mode of the 
YBCO/sapphire coplanar resonator. (b) Optical microscope image showing resonator and dc leads. (c, d) 
SEM images showing the contacted nanowire quantum dots devices at different magnifications. 

 

References: 

[1] S. Roddaro, A. Pescaglini, D. Ercolani, L. Sorba, and F. Beltram, Manipulation of Electron Orbitals in Hard-
Wall InAs/InP Nanowire Quantum Dots, Nano Lett. 11, 1695 (2011).  

[2] F. Rossella, A. Bertoni, D. Ercolani, M. Rontani, L. Sorba, F. Beltram, and S. Roddaro, Nanoscale spin 
rectifiers controlled by the Stark effect, Nat. Nanotech. 9, 997 (2014).  

[3] A. Ghirri, C. Bonizzoni, D. Gerace, S. Sanna, A. Cassinese, and M. Affronte, YBa2Cu3O7 microwave 
resonators for strong collective coupling with spin ensembles, Appl. Phys. Lett. 106, 184101 (2015).  
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[O9] Exfoliated black Phosphorus Surfaces investigated by Scanning Tunneling Microscopy 
 

F. Telesio1, A. Kumar1, D. Prezzi2, S. Forti3, A. Al-Temimy3, C. Coletti3, 
M. Serrano-Ruiz4, M. Caporali4, M. Peruzzini4, F. Beltram1, and S. Heun1 

 
1NEST, Istituto Nanoscienze-Cnr and Scuola Normale Superiore, Pisa, Italy.  

2S3, Istituto Nanoscienze-Cnr, Modena, Italy. 
3Center for Nanotechnology Innovation @NEST, Istituto Italiano di Tecnologia, Pisa, Italy. 

4Cnr-ICCOM, Sesto Fiorentino, Italy. 
 

We present results on Scanning Tunneling Microscopy (STM) studies of exfoliated black phosphorus (bP). 
Despite the interest in surface science studies of this layered semiconductor in its few-layer form, there have 
been few studies up to now due to sample preparation challenges, because of the high reactivity of bP with 
oxygen and moisture. We developed a protocol to efficiently prepare samples of exfoliated bP for STM 
experiments, exfoliating bP in an inert atmosphere and using graphene as a flat, conducting substrate. The 
obtained surface is clean (without resist residues or oxidation traces), and bP flakes can be clearly identified in 
atomic resolution images, as shown in Fig. 1(a). We studied the surface evolution with temperature, focusing 
on the regime in which sublimation starts (Fig. 1(b)) and monolayer-deep (Fig. 1(d)) craters, which show a 
preferential orientation, appear on the surface. Thanks to the atomic resolution provided by STM, we were able 
to demonstrate that these craters are aligned along the zigzag crystallographic [100] (Fig 1(c)). We are 
currently studying sub-monolayer coverages of Cu on bP, in order to investigate the growth morphology, and 
possibly doping effects by Scanning Tunneling Spectroscopy. This study is complemented by density 
functional theory calculations and simulations of STM images. 
This work was supported by the CNR Nano SEED project 2017 SURPHOS and the ERC Advanced Grant 
“Phosfun” (Grant Agreement No. 670173). 
 
 
 

 
 

Fig. 1: (a) bP flake on graphene; insets: left: cross section providing thickness, and right: atomic resolution 
image of bP. (b) bP surface after annealing at 400°C for 2h. (c) Atomic resolution image of the region 
marked by the black box in (b), and (d) line profile along the black dashed line in (b). 

 
 
 

Reference: 

[1] A. Kumar, F. Telesio, et al., STM Study of Exfoliated Few Layer Black Phosphorus Annealed in Ultrahigh 
Vacuum, 2D Materials, in press (2018). https://doi.org/10.1088/2053-1583/aadd20 

https://doi.org/10.1088/2053-1583/aadd20


17 

[O10] Core/shell nanowires for electronics and thermoelectrics  
 

V. Zannier1, U. P. Gomes1, O. Arif1, F. Rossi2, M. Rocci1, F. Rossella1, S. Roddaro1, and L. Sorba1 

 
1NEST, Istituto Nanoscienze–Cnr and Scuola Normale Superiore, Pisa, Italy.  

2IMEM – Cnr, Parma, Italy. 
 

Among the peculiar properties of semiconductor nanowires (NWs), one of the most exciting is the possibility to 
create NW heterostructures which can exhibit topological effects and quantum transport phenomena that can 
be exploited for the realization of novel-concept devices. However, the growth of NW heterostructures with 
good morphology, sharp interfaces and optimized electron transport is still challenging. In the framework of the 
Cnr-Nano seed project, we carried out the growth of InAs/GaSb and InAs/InP/GaSb NW heterostructures in a 
radial (core/shell) geometry by means of Chemical Beam Epitaxy. We investigated two different growth 
approaches: Au-assisted and self-catalyzed. For both methods, we optimized the growth conditions (precursor 
fluxes, growth temperature and growth rate for each material of the NW heterostructure) and we characterized 
the NWs by means of scanning (SEM) and transmission (TEM) electron microscopy. In Figure 1 (a) and (b) we 
show the SEM images of two representative InAs/GaSb samples. We obtained a better control of the NW 
morphology and shell uniformity in the self-catalyzed NWs, despite the worse crystal quality. The optimized 
self-catalyzed NW heterostructures with InP barrier and GaSb shell of various thickness were used for the 
fabrication of tunnel field-effect transistors (FETs) in a multiple-configuration device scheme (core/core, 
core/shell, shell/shell). Devices realized with InAs/GaSb core-shell NWs (see Fig. 1 (c, d, e) demonstrated a 
tunable bistability and a strong negative differential resistance [1].  

 
 

 
 
Fig. 1: InAs/GaSb core/shell NWs obtained by means of Au-assisted (a) and self-catalyzed (b) growth. 
Scheme (c) and false-color SEM image (d) of a FET realized with a core/shell NWs depicted in (b). 
Transport measurements of the device in two different configurations (shell/shell and core/shell) (e). 

 
 

Reference: 

[1] M. Rocci, F. Rossella, U. P. Gomes, V. Zannier, F. Rossi, D. Ercolani, L. Sorba, F. Beltram, and S. Roddaro, 
Tunable Esaki Effect in Catalyst-Free InAs/GaSb Core–Shell Nanowires, Nano Letters 16, 7950-7955, 
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In their original formulation of superconductivity, the London brothers predicted [1] the exponential suppression 
of an electrostatic field inside a superconductor over the so-called London penetration depth [2,3,4], λL. 
Despite a few experiments indicating hints of perturbation induced by electrostatic fields [5,6,7], no clue has 
been provided so far on the possibility to manipulate metallic superconductors via the field effect. Here, we 
report field-effect control of the supercurrent in all-metallic transistors made of different superconducting thin 
films. At low temperature, our field-effect transistors show a monotonic decay of the critical current under 
increasing electrostatic field up to total quenching for gate voltage values as large as ±~10 V in titanium-based 
Dayem-bridge devices. This bipolar field effect persists up to ~85% of the critical temperature, and in the 
presence of sizable magnetic fields. We introduce a phenomenological theory accounting for our observations, 
and pointing towards the interpretation in terms of an electric-field-induced perturbation propagating inside the 
superconducting film. In our understanding, this affects the pairing potential and quenches the supercurrent. 
These results could represent a groundbreaking asset for the realization of all-metallic superconducting field-
effect electronics and leading-edge quantum information architectures [8]. 
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Hybrid superconductor/semiconductor devices constitute a powerful platform where intriguing topological 
properties can be investigated. In this talk we present a different approach on hybrid systems in which 
topological properties can emerge. A deep understanding of all prerequisites and fundamental aspects of 
hybrid structures, such as proximity effect and correlations, is crucial in view of the investigation and realization 
of new states of matter. Here we present Josephson junction devices formed by a high-mobility InAs quantum-
well bridging two Nb superconducting contacts. By means of transport measurements we reveal both 
supercurrent flow and well-developed quantum Hall plateau in magnetic field, demonstrating the potential of 
hybrid devices to investigate the coexistence of superconductivity and Quantum Hall effect. We also discuss a 
different, fully tunable, hybrid semiconductor/superconductor device, in which the width, area, and 
supercurrent of the two arms of a SQUID-like geometry can be independently controlled by means of 
electrostatic gating. These developments pave the way to new devices for topological purposes. Prospects for 
the realization of novel and exotic states of matter, such as parafermions, will be discussed. 
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The operation of an ionic liquid-gated field effect transistor based on a single InAs nanowire will be presented 
and discussed [1]. The voltage-biased ionic liquid implements the electric-double-layer inducing the field effect 
in the semiconductor nanostructure, and this allows to achieve the full control over the nanowire transistor. The 
ionic liquid gate is up to 40 times more performing with respect to the back-gate. The temperature dependence 
of the resistance, measured for different doping levels, reveals a clear change in the behavior of the 
nanostructure from fully semiconducting to quasi-metallic. Perspectives of the use of liquid gating techniques 
to operate nanodevices based on III-V semiconductor nanostructures will be discussed. These include 
fundamental and applied studies spanning from carrier density induced phase-transitions to bioelectronics, 
light emission and detection at the nanoscale, bio-sensing. 
 
 

 
 
Fig. 1: (a) SEM micrograph (tilted view) of InAs nanowires grown by chemical beam epitaxy. Inset: top 
view evidencing the hexagonal cross-section. (b) SEM micrograph (top view) of a prototypical InAs 
nanowire-FET: four electrodes define three NW sections. The NW is red-colored; the ionic liquid drop is 
schematically depicted in overlay. (c) Schematic of a liquid electrolyte gated InAs nanowire FET. (d) 
Electrical current flowing in the NW as a function of the applied liquid gate voltage. 
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In a random laser (RL) the supported optical modes are determined by multiple scattering processes [1]. In 
each scattering step, photons undergo a random walk with a particular phase that leads to interference. This 
can localize light inside the laser gain region where the longer interaction of photons leads to enhanced lasing. 
In our work, we demonstrate the first electrically pumped, 2D random quantum cascade laser (QCL) operating 
in continuous wave with a diffraction limited far field profile. The QCL heterostructure is based on a 10 μm thick 
GaAs/AlGaAs heterostructure. On the top contact of our 2D resonator lasers we etch holes in a randomly 
ordered pattern to ~800 nm depth. This allows the light (around 3.1 THz) that is trapped inside the cavity to be 
released. A scanning electron microscope (SEM) image shows a typical fabricated device in Fig. 1(a) with an 
area of 240 μm2, hole diameter of 5 μm, and filling factor (FF) of 11%. This device was tested under pulsed 
operation with a 1 μs pulse width and increasing duty cycle from 20% to continuous-wave. Fig. 1(b) shows a 
far-field image of the spatial mode distribution. The current-voltage (I-V) characteristics and corresponding 
power outputs are shown in Fig. 1(c) for selected duty cycles. Spectra at a 40% duty cycle for various laser 
voltages reveal multi-mode behavior. RLs are photonic systems with an extremely rich physics. Due to the 
combination of high temporal coherence and low spatial coherence, [1,2] they allow to explore interesting 
phenomena in the cavity of semiconductor heterostructure lasers and simultaneously open intriguing 
application perspectives in sensing, imaging and metrology across the far-infrared. 
 

 
Fig. 1: (a) SEM image of 2D random laser. (b) Farfield measurement 50 mm away from laser at 95% duty 
cycle. (c) Current-voltage (left axis) and power (right axis) for selected duty cycles with evidence of lasing 
at 260 mA. (d) Spectra at 40% duty cycle. 
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Metasurfaces and metamaterials have recently been subjected to a focused research effort, owing to their 
amazing properties of shaping and controlling light in fascinating ways. Among the others, a particular 
attention has been devoted to dielectric chiral metasurfaces, which can offer a significant control of the 
polarization state of light while being almost lossless in the near-infrared range. Interestingly, this could offer 
possibilities for interactions with stereochemical compounds which possess a natural chirality.  
With the inclusion of a mechanical membrane resonator, the optomechanical chiral metasurfaces constitute a 
new class of devices with several interesting features; we explored some of them by designing and fabricating 
a minimal 2D chiral device with “L-shaped” holes arranged in a periodic pattern within a ~200nm GaAs 
membrane. Pure modulation of the polarization at the mechanical frequency (~350 kHz) outperforms the 
speed of the widely used liquid crystal modulators (~10 kHz), while operating in different points of the Poincarè 
sphere (according to the impinging laser wavelength) which can be further tailored by targeting particular 
configurations at the design stage. Linear modulation span is mainly limited by the mechanical nonlinearities, 
reaching a ~0.2 rad harmonic modulation, while going over 0.5 rad for an anharmonic one.    
Polarization optomechanics can further be explored, where the polarization state of incoming light affects 
some properties of the mechanical resonator. Through the thermoelastic effect, the mechanical mode 
frequency can be shifted merely by changing the impinging polarization, offering opportunities for novel kind of 
light polarimetry.  
 
 
 
 

 
 
 

Fig. 1: (a): basic device characteristics, SEM micrograph, simulated electric field and comparison between 
simulated and measured (vibrometry) mechanical mode. (b): linear and circular polarization modulation. 
Linear static and dynamical modulation on the Poincarè sphere (one spectral fringe) and full spectrum of 
measured and simulated circular dichroism modulation. (c): Measured and simulated mechanical 
frequency shift as a function of impinging polarization.    
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Terahertz (THz) technology has become of large interest over the last decade, stemming from the capability of 
THz rays to penetrate some specific materials and from their non-ionizing nature. Potential applications, 
include biomedical diagnostics, industrial quality control, homeland security and environmental monitoring. 
Beside these, a renewed interest in ultra-fast THz physics and pulsed-laser technology poses specific 
requirements on the detector performances in terms of response time and sensitivity. Among the variety of THz 
receivers developed so far, only cryogenically cooled superconducting hot-electron bolometers [1] and 
quantum well infrared photodetectors (QWIPs) [2] offer the capability of ultrafast detection (> 1 GHz speed) 
with high responsivities (> 1 V/W). 
In this context, owing to their ultra-fast carrier dynamics, semiconductor 2D materials can play an important 
role for the realization of efficient THz detectors operating at room temperature. For instance, graphene-based 
THz devices have shown sub-nanosecond response times, thanks to the extremely fast THz-light-induced hot 
carriers cooling time (~ ps) [3], but, so far, with low responsivities.    
Another possibility to overcome the need for liquid-helium cooling in ultrafast and sensitive THz receivers is 
represented by the realization of quantum dot infrared photodetectors (QDIPs), where THz response has been 
demonstrated up to 150 K, thanks to the significantly reduced thermal generation of carriers as a result of the 
3D energy quantization [4]. 
Here we present our study and recent advancements on the realization of high-speed THz detectors based on 
hBN/graphene/hBN field effect transistors (GFETs), where we reached response times as low as 40 ns [5] 
(Fig. 1a,b), and quantum dots obtained from InAsP/InAs/InAsP heterostructures (Fig. 1c), axially grown along 
the body of InAs nanowires (NWs).   

 
Fig. 1: (a) Optical image of an antenna-integrated GFET. (b) Time trace of the photocurrent generated 
within the GFET, together with the THz excitation pulse, given by the bias voltage of a 3.8 THz quantum 
cascade laser. (c) SEM image and false color TEM image (inset) of a InAsP/InAs/InAsP heterostructured 
NWs.   
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L’intervento formativo presso l’Istituto di NANOSCIENZE “Nanomeeting 2018”, Ottobre 30, 2018 è finalizzato a 
offrire ai partecipanti l’informativa di base sull’iter della protezione legale dei risultati della ricerca della Rete 
Scientifica nell’ambito di un ente di ricerca pubblico (il CNR nella fattispecie), sulle differenti tipologie di 
privative industriali e loro peculiarità, sui diritti che accompagnano un brevetto o una domanda di brevetto con 
qualche accenno al Codice della Proprietà Industriale. Verrà approfondito il brevetto per invenzione 
industriale, strumento più potente tra le privative industriali per tutelare i risultati della ricerca, illustrando nel 
dettaglio i requisiti di brevettabilità dei trovati inventivi e i principali meccanismi delle procedure di 
brevettazione in Italia e all’estero. Da ultimo verrà data informativa della gestione degli IPR all’interno di un 
ente di ricerca italiano (DSFTM-CNR) e della struttura organizzativa di cui questo si è dotato (Ufficio 
Valorizzazione della Ricerca) per la tutela e la valorizzazione dei risultati delle ricerche condotte all’interno dei 
propri Istituti di ricerca.  
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Light-emitting polymer nanofibers are elongated nanostructures which can be realized through solution 
processing of conjugated polymers or by manipulating composite polymer solutions doped with fluorescent 
nanomaterials [1,2]. The morphological and optical properties of nanofibers can be tailored effectively, allowing 
for achieving light confinement at sub-wavelength scales, transport of light with low propagation losses, 
polarization of the emitted light and optical gain. These properties make nanofibers ideal building blocks 
suitable for light-sources, optical sensors and lasers, opening new perspectives for miniaturized and 
interconnected optoelectronic devices [3]. In this work, we report the realization of light-emitting fibers based 
on conjugated polymers and on inorganic semiconductor nanomaterials, realized by electrospinning and soft 
lithography. Our fibers show polarized light emission and optical gain, evidencing high potentiality as 
components of advanced photonic devices including polarized light sources and nanolasers. The research 
leading to these results has received funding from the European Research Council under the European 
Union’s Seventh Framework Programme (FP/2007-2013)/ERC Grant Agreement n. 306357 (ERC Starting 
Grant “NANO-JETS”, www.nanojets.eu). 
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Processing biological fluids and detecting biomarkers in extremely small sample quantities are the primary 
goals of the biosensor research community. The assay systems should be highly portable, cheap, easy to use, 
besides having a high sensitivity, high accuracy and precision, and low power consumption. These systems 
are the so-called lab-on-a-chips (LoCs). LoCs are chips with a small surface (mm2–cm2) that embed many 
operations that are usually performed by trained personnel in a laboratory facility. These operations include 
centrifugation, reagent mixing, heating, particle separation, cell counting, analyte detection, amongst many 
others. In the last decades, surface acoustic waves (SAWs) have represented a very useful platform to 
successfully address a number of fluidic processes otherwise difficult to control when fluid volumes are 
reduced to the microscale [1]. Examples of complex microfluidic operations that SAWs excel at are mixing, 
particle manipulation, atomization, droplet actuation, fluid pumping, and centrifugal microfluidics. Moreover, a 
unique feature of the SAWs is their confinement on the chip surface, which results in a high sensitivity to 
surface modifications such as molecules adsorption. However, the SAW-based biosensing have been poorly 
explored so far. 
Here, I present two LoCs based on surface acoustic waves (SAWs). The first, Fig. 1, is a SAW-enhanced 
surface plasmon resonance (SPR) biosensor [2], in which SAWs are exploited to induce fluid mixing in 
microchannels, resulting in up to the 82% reduction of the recognition time of the biomolecules. The second is 
a label-free SAW based biosensor [3] for molecular detection in liquids after drying, Fig. 2. This device is 
based on a SAW resonator that comprises two nanostructured interdigital transducers (IDTs) for SAW 
generation and two positive and negative reflectors (PNRs) for the wave confinement. The biosensor has been 
benchmarked against the biotin-streptavidin assay, representative of a variety of biosensing processes. The 
experiments demonstrated a sub-nanomolar limit of detection (104 pM). 
I also discuss the application of these devices in life-science, with particular attention to the possibility of 
detecting cancer biomarkers. 

 
 

Fig. 1: The SAW-enhanced SPR LoC. It comprises of three main parts: an IDT for SAW generation (A), 
four nanostructured SPR sensing areas (B) and a PDMS microchannel with two microchambers (C). The 
two microchambers are designed such that the SAWs affect only (B.1), while they are fully damped before 
reaching (B.2). In the inset, the binding mechanisms in the SAW-driven (B.1) condition and in the control 
chamber (B.2) are depicted. 
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Fig. 2: The SAW-based resonator biosensor. Exploded scheme of the biosensor chip. b) Photo of the 
mounted biosensor chip with external connections for electrical measurements. c1) and c2) 
Representative optical microscope images of a resonator. Scale bars are 200 μm (c1) and 40 μm (c2). 
c3) Representative scanning electron microscopy detail of a PNR (scale bar is 2 μm). 
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A promising alternative strategy in the fight against resistant bacteria is represented by antimicrobial peptides 
(AMPs) [1]. These short molecules usually contain between 12 and 50 amino acids and can be considered as 
bullets to hit physical aspects of an essential structure for microorganisms survival such as their membrane; in 
fact, AMPs do not need specific receptors for binding, thus limiting the development of a definite mechanism of 
resistance by microorganisms. AMPs generally have an amphipathic behavior and own a positive charge 
conferring them specificity against non-eukaryotic membranes. Here, we investigated the activity of Magainin 
H2, an analog of Magainin 2 that exhibits an increased hydrophobicity, on different model lipid bilayers 
(Supported Lipid Bilayers, Giant Unilamellar Vesicles) using different biophysical techniques: Atomic Force 
Microscopy, Micropipette Aspiration technique, optical and fluorescent microscopy [2]. We also compared the 
effect of the peptide on lipid bilayers with different lipid composition, charged and uncharged, with or without 
cholesterol. We demonstrated that the peptide-lipid interaction is strongly related to the model system used; in 
particular, the typical lateral expansion of membrane induced by the interaction with peptides, is initially 
strongly reduced if it is observed in Supported Lipid Bilayers due to the strong interaction with the substrate. 
By comparing different biophysical techniques, we suggested the monolayer spontaneous curvature of lipids 
as the major parameter determining the membrane resistance to the permeabilization by Magainin H2. In light 
of the obtained results, we have also speculated a possible sequence of events leading to the formation of 
pores by Magainin H2. This study fills the gap between theoretical and experimental studies on Magainin H2 
and highlights the importance of carefully choosing a lipid model system to study the mechanism of action of 
AMPs. 

 
 

Fig. 1: Confocal fluorescence microscopy images of POPC + 1% DHPE-Texas Red GUVs dispersed in a 
solution containing 105 mM glucose + 10 µM CF. a) GUVs not exposed to Mag H2; scale bar in the inset = 
5 µm; b) example of a vesicle partially permeabilized after exposing the GUVs to a 1 µM Mag H2 
concentration; c) example of a vesicle completely permeabilized after exposing the GUVs to a 2 µM Mag 
H2 concentration. 
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In the brain, cells are exposed to both physical and chemical extracellular stimuli determined by the 
micro/nano-environment within which they exist: these extracellular instructions orchestrate the wiring of the 
central nervous system. Although the dynamics of neuronal extracellular sensing is emerging as crucial for 
neuronal connectivity and functionality, little is known about these processes in pathological conditions (e.g. 
neurodevelopmental disorders). Nano-engineered substrates are emerging as tools for investigating and 
tailoring the processes that regulate neuronal extracellular sensing. Nano-structured substrates, for example 
nano-microgratings (GRs), are in fact able to induce specific topographical stimuli to neuronal cells, 
resembling in vitro several features of extracellular matrix (ECM) cues, and consequently to tune neuronal 
polarity and migration.  
We here develop and demonstrate nano-engineered platforms to study neuronal sensing and migration 
processes in neurodevelopmental disorders. As pathological models, we focus on the unbalanced levels of 
ubiquitin ligase E3a (UBE3A), which leads to several neurodevelopmental disorders, such as Angelman 
Syndrome (AS) and 15-duplication autisms (15dup). By exploiting electron beam, nanoimprint and/or replica 
molding, we engineer thermoplastic and elastomeric substrates patterned with GRs (i.e., alternating lines of 
ridges and grooves) having line-widths between 500 nm and 10 µm; we develop both physical and 
biochemical (i.e., ECM proteins) directional GRs patterns. We then test primary healthy-control, AS and 15dup 
neurons on our nano-engineered substrates by applying specific biomimetic environmental physico-
biochemical stimuli. We find guidance deficits in AS neurons, which correlate with defective focal adhesion 
pathway signaling. We finally investigate the role of UBE3A in neuronal migration in vivo, by in utero 
electroporation. Our results are further confirmed in vivo, showing that UBE3A is needed during cortical 
layering. We propose nano-engineered platforms as advanced devices for investigating neuronal 
guidance/migration dynamics in vitro, as in an enriched environment able to resemble closely the in vivo 
conditions. This work is supported by MSCA-IF-2017 grant Neuroguide (795948). 
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Fig. 1: Confocal images of WT 
and AS hippocampal neurons 
cultured on GR (at Div4); inset= 

GR pattern. 
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Gene transcription regulation is achieved by multiscale processes including the dynamic organization of the 
nuclear architecture. Polycomb bodies (PcG) have been described as specialized nuclear sub-compartments 
transcriptional repressors loci. Consequently, PcG proteins have been studied in their potential connection to 
cancer stem cells [1]. In the last few years, BMI1 protein has attracted strong interest as main component of 
polycomb regulatory complex 1 (PRC1). The BMI1 gene localizes on chromosome 10 (10p11.23) and encodes 
for a 37kDa protein composed of 326 aminoacids [2]. BMI1 associates with other PcG partners to function as 
an epigenetic repressor, remodeling chromatin through histone 2A (H2A) mono-ubiquitination and subsequent 
methylation at histones [3]. BMI1 is an important crossroad in at least 16 different types of cancer and stands 
out as a promising target in the small list of genes known to regulate cancer cells function [4]. 
We recently tackled the nanoscale characterization of intracellular BMI1 by cutting-edge fluorescence imaging 
methods. Single molecule localization returned the morphological features of BMI1, including its participation 
to protein clusters. In more details, PcG size and distribution has been analyzed by STochastic Optical 
Reconstruction Microscopy applied to fixed human lung adenocarcinoma A549 cells labeled by common 
immunofluorescence methods. Cells were analyzed in native state as well as after drug treatments that are 
known to depress the BMI1 concentration and freeze cells in G2M state. Preliminary results show that the 
treatment, and likely the overall BMI1 concentration, may have influence on PcG assembly and, ultimately, on 
BMI1 epigenetic role. 
 

 
 

Fig. 1: Stochastic optical reconstruction microscopy imaging of BMI1. A) STORM image of a cellular nucleus 
shows significantly detail of BMI1 organization and clustering. B) Zoom of a region identified by the blue box 
in panel A. 
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The beams used in electron microscopy experiment are normally shaped by a hard aperture whose radius is 
imposed by the reduction of the aberrations effect [1]. The introduction of holographic electron beam shaping 
allowed for the engineering of probes with arbitrary complex wave fronts [2,3,4]. 
In this work we report on a detailed analysis of the propagation of electron beams having different shapes in a 
model system, namely a [100] oriented cubic GaN crystal. The analyses are based on the comparison 
between multislice simulations and a reformulated Bloch wave based on the concept of transverse energy as 
the only quantum number. This model allows for a quantitative description of the propagation on the bases of 
the free space properties of each beam. As an example we compared the special case of the 0-th order Bessel 
beam (Figures 1c-d) to an ordinary STEM probe (Figures 1a-b) in order to understand in details the 
“pendellösung” oscillation with the noticeable result that the discrete momentum spectrum of the Bessel 
beams produces a very strong selection on the excited Bloch states that reflects itself on the neat periodicity of 
the oscillations.  
On the other hand, by shaping the beam as the crystal’s 1s state, which can be approximated to a Gaussian 
beam, allows for the minimization of the diffraction/pendellösung effects observed in both apertures limited and 
Bessel probes (Figures 1e-f). In this respect, such a Gaussian beam can be assumed as a diffraction-free 
solution of the propagation. We then foresee the possibility to engineer the pendellösung oscillation of the 
probe in STEM experiments. 
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Fig. 1: a) simulated image of a 
probe formed by a 22 mrad 
aperture at 300KeV and its 
evolution (b) along a [100] GaN 
column. c) simulated image of a 
Bessel probe formed by a 20-22 
mrad ring aperture at 300KeV and 
its evolution (d). e) simulated 
image of a Gaussian probe at 
300KeV and its evolution (f). 
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Aromatic pigments belonging to the class of porphyrins can be exploited as endogenous photosensitizers for 
antimicrobial photodynamic therapy (aPDT) when spontaneously expressed by the target pathogen. In the 
context of growing antibiotic resistance [1], the pathogen Helicobacter pylori (Hp), which spontaneously 
produces and accumulates porphyrins [2], can be an ideal target for aPDT. Hp represents a challenge since it 
silently infects about half of the human population [3], causing in some cases serious pathologies such as 
gastritis, ulcers, chronic inflammation and some forms of cancer. In the framework of a project aimed at the 
development of a novel miniaturized aPDT device, the endogenous porphyrinic mixtures were extracted from 
both a laboratory-adapted and a virulent strain of Hp and characterized in terms of composition, absorption, 
emission and fluorescence lifetime and compared with commercial porphyrins; the photophysical 
characterization of Hp porphyrins was also performed on planktonic and biofilm growing Hp cells. The main 
components of the porphyrin mixtures were identified as PP IX and two different isomers of CP, and their 
relative contribution to the global red fluorescence was examined. We also showed that other porphyrinic 
compounds present in smaller amounts contribute to the global red fluorescence of the bacterial extracts [4,5]. 
HPLC-MS experiments also allowed for the observation of changes in the porphyrin mixture composition with 
aging of the bacterial cultures. 

 
Framework project: “CapsuLight - Design of an ingestible robotic pill based on LED sources for the treatment 
of gastrointestinal disorders” (CUP B52I14005760002) financed by Regione Toscana Bando FAS Salute 2014 
(Italy).  
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Reversibly photoswitchable fluorescent proteins (RSFPs) admirably combine the genetic encoding of 
fluorescence with the ability to repeatedly toggle between a bright and dark state, adding a new temporal 
dimension to the fluorescence signal. Accordingly, in the last years RSFPs have paved the way to novel 
applications in cell imaging that rely on their reversible photoswitching, including many super-resolution 
techniques such as F-PALM, RESOLFT, and SOFI that provide nanoscale pictures of the living matter. Yet 
many RSFPs have been engineered by a rational approach only to a limited extent, in absence of clear 
structure-property relationships that in most cases make anecdotic the emergence of the photoswitching. We 
recently reported how the E222Q replacement is a single photoswitching mutation, since it restores the 
intrinsic cis-trans photoisomerization properties of the chromophore in otherwise non-switchable Aequorea 
proteins of different color and mutation pattern (Q-RSFPs) [1]. We here report on the subtle role of Q222 on 
the excited state photophysics of the two simplest Q-RSFPs by a combined experimental and theoretical 
approach, using their non-switchable ancestor EGFP as benchmark [2]. Our findings link indissolubly 
photoswitching and Q222 presence, by a simple yet elegant scenario: largely twisted chromophore structures 
around the double bond (including hula-twist configurations) are uniquely stabilized by Q222 via H-bonds. 
Likely, these H-bonds subtly modulate the electronic properties of the chromophore, enabling the conical 
intersection that connects the excited cis to ground trans chromophore. Thus Q222 belongs to a restricted 
family of single mutations that change dramatically the functional phenotype of a protein. The capability to 
distinguish quantitatively T65S/E222Q EGFP (WildQ, wQ) from the spectrally identical EGFP by quantitative 
Optical Lock-In Detection (qOLID) witnesses the relevance of this mutation for cell imaging. 
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Fig. 1: Scheme of E222Q protein 
photoswitching: the H-bonds 
established at excited state 
among the twisted chromophore 
and surrounding residues 
(including Q222) seem necessary 
to promote full twisting and 

conversion from cis to trans state. 
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We have investigated in vitro the effect of HSPB8 on the folding and aggregation processes of the maltose 
binding protein (MBP) using optical tweezers. We have mechanically denatured homotetramers of MBP and 
analyzed their folding and aggregation processes in the presence or absence of HSPB8. Our results reveal a 
strong holdase activity of HSPB8, both at high (25 uM) and low concentration (5 uM), which either prevents 
completely the aggregation of denatured MBP molecules or allows the substrate to form only small and 
mechanically weak aggregates.  
Moreover, and importantly, a careful analysis of the data also discloses an unexpected foldase activity of 
HSPB8, which guides the folding process of denatured MBP domains into their native states. Our findings 
highlight new mechanisms of interaction between HSPB8 and its substrates and suggest a more complex 
physiological role for this chaperone than previously assumed. 
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Globoid cell leukodystrophy (GLD) is a rare, rapidly progressing childhood leukodystrophy triggered by deficit 
of the lysosomal enzyme galactosyl-ceramidase (GALC) and characterized by the accumulation of the 
cytotoxic sphingolipid psychosine (PSY) in the nervous system. No resolutive cure is currently available for this 
lysosomal storage disorder (LSD), and treatment is symptomatic and supportive only.  
Enzyme replacement therapy (ERT) would be a very promising choice to treat GLD, but the presence of the 
blood-brain barrier forbids GALC translocation into the central nervous system (CNS). To overcome this issue, 
we encapsulated GALC stabilized as cross-linked enzyme aggregates in poly(lactic-co-glycolic acid) 
nanoparticles (NPs) functionalized with CNS targeting ligands (g7, Angiopep-2 and Tf2 peptide). We 
demonstrate that our NPs are mainly uptaken in lysosomes and can restore the enzymatic activity in GLD 
cellular models. 
However, the recent literature strongly suggests that GALC-deficiency correction is not sufficient to completely 
rescue the GLD phenotype. Thus, supportive therapies specifically addressing secondary targets of the 
disease might be needed to improve the final therapeutic outcome. 
The idea that a group of disorders as LSDs, mainly characterized by accumulation of undigested 
macromolecules within the cell, should be regarded as disorders of autophagy is already becoming 
established. However, differently to many other LSDs, little is known about autophagy in GLD. In a recent 
publication, we activated autophagy by lithium administration in a GLD in vitro model and obtained an 
improvement of cell viability in presence of PSY [1]. Here, we show preliminary results of an in vivo study in 
which the spontaneous GLD murine model (the twitcher mouse) is treated with lithium. Finally, data are 
discussed in view of the possible usage of the autophagy modulation in combination with a main GALC-
deficiency correcting therapy to achieve the complete GLD phenotypic rescue. 
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In the last few decades, new types of cell cultures have been introduced to provide better cell survival and 
development, with micro- and nanoenvironmental physicochemical conditions aimed at mimicking those 
present in vivo. However, despite the efforts made, the systems available to date are often difficult to replicate 
and use. Here we present an easy-to-use surface-acoustic-wave (SAW)-based platform for realizing dynamic 
cell cultures that is compatible with standard optical microscopes, incubators, and cell-culture dishes. The 
SAW chip is coupled to a standard Petri dish via a polydimethylsiloxane (PDMS) disc and consists of a lithium 
niobate (LN) substrate on which gold interdigital transducers (IDTs) are patterned to generate the SAWs and 
induce acoustic streaming in the dish. SAW excitation is verified and characterized by laser Doppler 
vibrometry, and the fluid dynamics is studied by microparticle image velocimetry (μPIV). Heating is measured 
by an infrared (IR) thermal camera. We finally tested this device with the U-937 monocyte cell line for viability 
and proliferation and cell-morphological analysis. Data demonstrate that it is possible to induce significant fluid 
recirculation within the Petri dish while maintaining negligible heating. Remarkably, cell proliferation in this 
condition was enhanced by 36 ± 12% with respect to those of standard static cultures. Finally, we show that 
cell death does not increase and that cell morphology is not altered in the presence of SAWs. This device is 
the first demonstration that SAW-induced streaming can mechanically improve cell proliferation and further 
supports the great versatility and biocompatibility of the SAW technology for cell manipulation [1].  
 

 
 

Fig. 1: On top left and right, respectively, SAW-platform scheme and working principle schematics. The 
IDTs generate SAWs that travel down to the centre of the chip where a PDMS matching disk is placed. 
The SAW scatters through the PDMS matching disk (dark-blue rectangle) into the culture medium (light-
blue rectangle), generating a longitudinal pressure wave that induces acoustic streaming. On bottom left, 
results of the cell-proliferation assay performed on U-937 cells cultured without SAWs (control, red column) 
and with SAWs (SAW1, green column; SAW2, blue column) 48 h after seeding; P < 0.05 control vs SAW2, 
Student’s t-test. On bottom right, (a–f) representative optical-microscopy (a,c,e) and fluorescence-
microscopy (b,d,f) images of the cells cultured under standard control conditions (a,b) and under SAW1-
induced (c,d) and SAW2-induced streaming (e,f). 
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Excitation and inhibition play a never-ending equilibrium game throughout all brain states: neuronal activity is 
finely tuned during sleep, wakefulness and cognitive and sensory tasks by the balancing between excitatory 
and inhibitory cells activity. Recently, it is emerging that a disruption of this dialogue is likely to be at the basis 
of most, if not all, cognitive deficits with a consequent high co-morbidity between epilepsy and autistic 
spectrum disorders (ASD).  
In broad brush strokes, I will describe the most exemplificative results of our research about the relationship 
between excitation/inhibition and cognitive impairment in models of ASD. 
In particular, I will present experiments performed by employing in vivo electrophysiology, two-photon imaging 
and multi-electrode arrays methodologies (1, 2, 3). The final long-term goal of these experiments is to decode 
how neuronal computation is altered in the ASD brain and how these alterations can lead to the cognitive, 
behavioural and social signs of these brain pathologies.  
Finally, I will tell something about the collaboration with Meyer Hospital in Florence for the study of visual 
evoked potentials in human patients. This contribute to give a translational meaning to our ongoing research 
activity. 
 

 
 
Fig. 1: Gain adaptation is one of the fundamental computations performed by cortical micro-circuitry in the 
brain and results from the fine tuning between excitatory and inhibitory neurons (A). Such a property can 
be investigated in models of autism spectrum disorder to study alterations in brain processing and 
excitability flowing into epilepsy. (B) Example of altered visual processing in a model of Phelan-McDermid 
syndrome. 
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β2-microglobulin (β2-m) is the protein responsible for the Dialysis Related Amyloidosis disease [1]. The 
isomerisation of a specific proline, Pro32, is a debated amyloidosis triggering factor, which is believed to 
induce the β2-m aggregation. With Metadynamics [2] simulations for the wild type and the D76N and W60G 
variants, we investigated the structural rearrangements observed in such proteins upon isomerisation of Pro32 
[3] and the effects of the mutations on the relative free energies of cis and trans isomers.  
The interaction with inorganic surfaces also produces effects on β2-m aggregation [4]. Experimentally, the 
fibrils of D76N variant are readily formed in vitro if exposed to a hydrophobic surface like graphite [5], which 
hence can increase the protein fibrillogenicity. We performed Parallel Tempering molecular dynamics 
simulations to provide microscopic insights on the adsorption of an amyloidogenical protein on a graphitic 
surface. 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: (left) free energy surface of Pro32 in wild type, in water solution; (right) D76N adsorbed on graphite layers. 
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With its chemical and physical complexity, the extracellular environment can drive cell morphogenesis, 
migration and differentiation [1]. In particular, the contact interaction of cells with extracellular nanometric 
features has a primary role in regulating physiological [2] and pathological processes [3] in vivo, and can be 
exploited to modulate cell responses in vitro [4]. Extracellular matrix (ECM) morphology information is gathered 
by the focal adhesions (FAs), which act as topographical sensors, which lastly regulates cell sensing, shaping, 
and contractility [5]. 
Here we present our studies about the minimum dimensions capable to guide neurite along directional stimuli 
by exploiting ultra-small nanogratings (NGs) with periodicity from 1 µm to 200 nm. The PFPE intermediate 
mold fabrication process, developed to fabricate nanopatterned surfaces for in vitro tests [6], leads to transfer 
ultra-small NGs from original molds to thermoplastic cyclic olefin copolymer (COC) via nanoimprint lithography 
[7]. 
In particular, we investigated the impact of NG lateral dimension on neurite guidance and FAs development in 
NGF-differentiating PC12 cells, by their shape and size and at molecular level. We also studied the 
involvement of transcription factors yes-associated protein (YAP) and its coactivator TAZ in mechano-sensing 
on NGs. We demonstrated that the loss of neurite guidance appears in NGs with periodicity below 400nm (as 
shown in Fig. 1), correlating with a loss of constriction of FA maturation and spatial organization. Moreover, 
YAP was more activated and localized in the nucleus of cells cultured on all NGs substrates with respect to 
those on flat substrates. We argue that these results might help a rational design of biocompatible scaffolds for 
enhancing nerve-regeneration processes. 

 
 

Fig. 1: Representative scanning electron microscopy images of NGF-differentiated PC12 cells on T1 and 
T200 ultra-small NG. NGs directionality is depicted with a white arrow. While in the case of T1 PC12 cells 
are still aligned to the anisotropic pattern, for T200 NG the alignment, and so the guidance offered to cells, is 
completely lost. Scale bar: 10 µm. 
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Visual evoked potentials (VEP) allow to investigate visual processing in humans in a non-invasive way, for 
both diagnostic and therapy follow-up purposes [1,2]. 
However, recordings in patients with attention deficits, like autistic subjects, can be difficult. According to this, 
we improved the standard system for VEP recording by using virtual reality headset for stimuli presentation 
and developing a new strategy for timing control. 
Indeed, VEP have a time course that lasts about 100ms and, for optimal recordings, a resolution of 
milliseconds is due, whereas most visual stimulation systems have poor time control in the range of 20ms. 
In our study, we built Hermes, a simple and cheap system based on an Arduino board that synchronizes the 
EEG recording with the visual stimuli presentation, obtaining a very narrow distribution of time lag within 1ms. 
This setup produced an increase in the consistency of the EEG recording, which reflected in a higher signal-to-
noise ratio during measurements.  
Finally, we propose the use of this methodology to improve VEP recording in clinics, especially in non-
cooperative subjects, and for phase-dependent analyses. 
 

 
 

Fig. 1: In blue a human VEP recorded with our system (Hermes); the visual response features are well distinguishable 
from noise and at the expected latency. With the traditional method (red line), the VEP is dominated by noise and has 
high latency; not all VEP components can be identified. 
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Glioma is a brain tumor that derives from glial cells and it represents about 40% of all diagnosed central 
nervous system tumors. The most common type of glioma is glioblastoma multiforme, which is one of the most 
malignant tumors that can affect humans, with a median life expectancy of only 14 months. Its invasive 
properties and the presence of the blood-brain barrier make glioma very hard to treat. The standard procedure 
is to remove surgically the main tumor mass, together with chemotherapy and radiation therapy. There are 
only a few drugs that are being successfully used for treating this tumor, the main being temozolomide. 
Unfortunately the tumor is very hard to remove surgically and often resists to drug therapy, thus tumor relapse 
is very common. 
For studying invasive properties of glioma [1], we have produced a fluorescent injectable strain of mouse 
glioma cells and we have obtained fluorescent orthotopic tumors in the mice. We have been performing 
intravital two-photon imaging on this in vivo model. Our focus is tracking cell migration and micromovements, 
also in relation to the extracellular matrix. 
We have also produced a fluorescent strain of glioma cells expressing a genetically encoded calcium sensor 
(GCaMP6s), which we injected to get a GCaMP-expressing tumor in the mice. Our current experiments are 
focused on understanding the correlation between calcium activity and the invasive properties of glioma cells 
in vivo, and the correlation between calcium activity in glioma cells and calcium activity in the host brain cells 
(astrocytes and neurons). 
 

 
 

Fig. 1: 2-photon fluorescence imaging of a glioma (red cells) developing in a mouse brain. In green, 
the second harmonic generation imaging of collagen fibers, that cover the surface of the brain. 
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Sphingomyelin lipids (SM) are involved in many processes occurring at the membrane of mammalian cells [1]. 
In biological membranes they are mainly located in the outer leaflet contributing to a sort of transmembrane 
lipid signaling mechanism. Moreover, the great affinity between sphingomyelins and cholesterol has been 
deeply studied in the context of the “Lipid-Raft Hypothesis”. Lipid mixtures containing a low-melting 
temperature phospholipid, a high-melting temperature phospholipid and cholesterol are able to reproduce the 
main thermodynamic features of mammalian membranes [2]. Among these features, ternary lipid bilayers 
present phase diagrams recapitulating the key aspects of biological membranes and they can easily be 
studied at the micrometer scale by fluorescent microscopy using appropriate fluorescent markers. Of special 
relevance is the immiscibility region between a Liquid-Ordered (Lo) and Liquid-Disordered (Ld) phase located 
at the center of the Gibbs diagram. It should be also possible to find the coexistence of 3 phases: the 
previously mentioned liquid phases and a solid ordered phase So. Studying Giant Unilamellar Vesicles (GUVs) 
composed by Sphingomyelin with asymmetric al acyl chains, cholesterol and DiPhyPC, we found that a 
complex phase diagram is obtained. In fact, it is possible to observe more than two phases excluding the So 
one (Fig. 1). The phase diagram and the geometry of the domains can be affected by changes in the 
thermodynamic parameters such as temperature and the lateral pressure in the bilayers. In the presence of 
(24:1)SM or (24:0)SM we found the presence of domains with a very low line tension (about 0.05 pN). The 
geometry of these domains is largely affected by changes in the bilayer lateral tension. Changes in this 
parameter are able to induce a sort of wetting transition in the domains. We discuss lipid chain interdigitation 
as the possible mechanism producing the complex phase behavior and the role of line tension in shaping lipid 
domains.  
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Fig. 1: Fluorescence microscopy 
image of representative GUVs 
composed by an equimolar mixture 
of DiPhyPC/brain SM/Chol + 1% 
Texas Red-DHPE at 16°C. Together 
with a phase separated GUV 
presenting two different phases 
(GUV 1), a GUV with three 
fluorescence intensity levels is 

observed (GUV 2). 
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The CapsuLight project joins photonics and photobiology for the realization of innovative light sources to 
perform antibacterial photodynamic therapy (aPDT) against Helicobacter pylori (Hp). Hp is a gram-negative 
microaerophilic bacterium which selectively colonizes the mucous layer of the human stomach and duodenum 
where it induces severe gastric infections (chronic gastritis, peptic ulcer, MALT lymphoma and gastric 
adenocarcinoma). Chronic infections are most often associated with the formation of biofilms highly resistant 
to detergents, antiseptics and antibiotics. In recent years, antibiotic resistance has been defined as one of the 
most important challenges in biomedical research. To overcome this problem, we propose the use of aPDT 
based on the presence of Hp endogenous photosensitizers (porphyrins): if appropriately excited by visible 
light, porphyrins initiate photo-reactions leading to the formation of reactive oxygen species (ROS) eventually 
leading to bacterium death. The proof-of-principle has already been demonstrated in scientific literature by the 
use of e.g. modified gastroscopes, for illuminating the stomach by optical fibers. In order to avoid these highly 
invasive and very poorly tolerated devices, an ingestible illuminating pill, containing LED sources to perform 
intra-gastric PDT against Hp in a minimally invasive way will be designed and manufactured. 
The project “CapsuLight - Design of an ingestible robotic pill based on LED sources for the treatment of 
gastrointestinal disorders” (CUP B52I14005760002) funded by Regione Toscana Bando FAS Salute 2014 
(Italy). 
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The extensive use of Cre-reporters to define the spatiotemporal extent of the recombination, rapidly led to the 
plethora of reporter systems currently available. Despite this, the large heterogeneity in sensitivity for Cre 
activity of these systems concerns with the reliability of Cre reporters to monitor the genomic state. On the 
other hand, the expression of Cre-drivers and/or the activation of inducible-Cre lines is often too weak to be 
reliably detected.  

Here, we developed a Cre fluorescent reporter system capable to amplify Cre recombinase activity providing 
increased sensitivity and reliability in monitoring Cre activity. This reporter system is specifically designed to 
develop a new technique for in vivo mosaic mutant analysis in mice by means of two-photon microscopy, and 
allow the study of cell-autonomous effects produced by the lack of a single gene in scattered mutant cells in a 
wild-type environment. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: 20X image of a region of a mouse brain transfected with Beatrix, acquired by means of 
two-photon microscopy; mosaicism produced by Cre recombinase activity is characterized by 
mutated cells (green) and wild-type cells (red). 
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The field of molecular spintronics aims to realize molecule-based logic and storage devices, interfacing 
magnetic molecules with opportune substrates/electrodes. The characterization of molecule-substrate 
interactions is therefore very timely and has raised in the last years a broad interest in the surface physics and 
chemists communities. Along this line, I will present a theoretical investigation of magnetic molecule-substrate 
systems, and I will focus on single ion molecules, namely TM-phthalocyanines (TM=4d and 5d transition 
metals) [1] and Ln double-deckers (e.g. TbPc2) [2,3], deposited on Ni substrates. In particular I will discuss the 
case where a graphene layer is interposed between the molecules and the substrate, highlighting its role in 
mediating the magnetic interaction (see Figure). The calculations have been carried out by state-of-the-art 
density-functional theory methods, as implemented in the VASP and Quantum Espresso packages, comparing 
when possible with X-ray Magnetic Circular Dichroism experiments. 
 

 
 

Fig. 1: XAS and XMCD experiments (left) and sketch of the TbPc2/Graphene/Ni(111) system (right) 
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Spatially indirect excitons (IXs) are long-lived electron-hole pairs which can be optically excited, accelerated in 
gate-generated potential landscapes, and annihilated on demand in excitonic circuits based on semiconductor 
coupled quantum well (CQW) devices [1]. We performed exact Schrödinger propagation [2] of Coulomb bound 
electron-hole pairs, simulating IXs coherent transport in several classes of in-plane static and time-varying 
scattering potentials – wells/barriers, single/double slits [3], dots/antidots, harmonic – using the Split-Step 
Fourier method [2], which fully takes into account the two-body dynamics of the pair (see Fig. 1). We find that, 
even when a weak scattering potential cannot induce internal transitions or dissociation of the pair, scattering 
is substantially influenced by the internal quantum dynamics, and IXs cannot be propagated as a rigid body. 
Comparing with commonly used mean-field methods, we show that, depending on the type of scattering 
potential, dynamic correlations cause 1) renormalization of transmission resonances, 2) strongly enhanced 
tunneling, 3) appearance of diffraction fringes where single-particle scattering would predict none. We show 
that these correlation effects can be accounted for by the phase shifts induced by internal virtual transitions 
during the scattering process. Hence, we propose a self-energy approach which allows to simulate IXs by the 
center-of-mass degrees of freedom alone in a parameter-free local energy-dependent potential, [4] with orders 
of magnitude reduction in numerical load, but insignificant loss of accuracy. We also discuss IX propagation in 
surface-acoustic-wave non-piezoelectric potentials and its application as single-impurity probes, discussing 
recent experiments in light of our calculations [5]. Few-body scattering is a fundamental, yet little studied topic, 
also in chemical and nuclear scattering. Hence, we propose that coherent propagation of IXs in CQWs might 
prove an ideal playground to test models of correlation. 
 

 
 

Fig. 1: IX wavepacket (green) scattering off an anti-dot (blue). 
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By using first principles approaches, we study the optoelectronic and plasmonic properties of two classes of 
materials, namely metal-oxides and metal-nitrides, proposed as alternative to standard noble metals for 
plasmonic applications. We first investigate the origin of near-infrared plasmonic activity of several metal-
oxides: transparent conducting oxides (TCO), such as Al-ZnO and Ta-TiO2, and phases change materials 
(PCM), e.g. VO2. In the former case, we investigate the microscopic effects of metal doping (e.g. Al, Ta) [1] and 
defects (e.g. vacancies) [2] on the optical and electronic properties of TCOs and how this reflects on the 
plasmonic response of surface-plasmon polaritons or layered hyperbolic metamaterials, in connection with 
other dielectric media. In the latter case, we focus on stacked heterostructures resulting from the coexistence 
of metallic and semiconducting phases of VO2. This joint-phase combination, which has been experimentally 
realized, gives rise to a natural hyperbolic metamaterial, which supports the propagation of volume-plasmon-
polariton TM waves (Figure 1) [3]. In the second part of the presentation, we will discuss the plasmonic 
properties of refractory metal nitrides (e.g. TiN, ZrN). We first investigate the plasmon dispersion relations of 
TiN bulk [4] and we predict the stability of surface-plasmon polaritons at different TiN/dielectric interfaces 
proposed by recent experiments. Finally, by combining first-principles theoretical calculations and experimental 
optical and structural characterization techniques, we study the plasmonic properties of ultrathin TiN films (2-
10 nm) at an atomistic level for the realization of ultrathin metasurfaces with plasmonic nonlinear properties 
[5]. 
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Fig. 1: Natural 
hyperbolic 
metamaterial resulting 
from stacking of VO2 
layers in the insulating 
(M1) and metallic (R) 
phases. TM wave 
propagation of volume-
plasmon-polaritons 
along the VO2 

heterostructure. 
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Among the great number of interesting properties of Graphene we can mention the high thermal conductance 
which makes it a good candidate for thermal management, e.g., as heat spreader for transistors and light 
emitting diodes. It has been demonstrated that the main responsible of heat transport are the flexural phonons 
of the acoustic z-polarized branch (ZA phonons) corresponding to out-of-plane transverse vibrations of the 
Graphene sheet with a parabolic dispersion law and very low phonon-phonon scattering rate. Moreover, it has 
been shown that they can constitute a form of dynamical morphing: if coherent flexural phonons are excited in 
counter-phase in alternate layers of a multi-layer structure, they create traveling cavities which can efficiently 
transport hydrogen on macroscopic scales [1]. 
With the aim to separate the anharmonic effect due to the increase of the phonon amplitude from those due to 
the thermal coupling, we have investigated how thermally activated phonons influence the coherent single ZA 
vibration, monitoring effects which have to be considered in practical applications and devices. We have 
performed classical dynamics simulations on a singly excited coherent phonon and then we have embedded it 
in an incoherent phonons bath by superimposing to the starting configuration a set of randomized 
displacements of the velocities, evenly distributed within a given maximum varied to obtain different 
temperatures [2]. We have used the Tersoff empirical force field for the carbon carbon interaction and 
extracted the vibrational spectra relevant for our work directly from the trajectories by the spectral analysis of 
the autocorrelation functions and the principal component analysis implemented in a home-made software [3]. 
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Energy functionals which depend explicitly on each individual orbital density, rather than the total charge 
density, appear naturally when applying self-interaction corrections to density-functional theory (e.g. in the 
case of the Perdew-Zunger or the Koopmans-compliant [1] functionals). In these cases the total energy is not 
invariant under unitary rotations of the orbitals, and functional minimization leads to orbital-dependent 
Hamiltonians. 
Rather than a limitation, we argue that this is a powerful feature, and show how it is possible to interpret the 
orbital-dependency of densities and potentials as an effective and discretized frequency dependency, in close 
analogy to the quasi-particle approximation of frequency-dependent self-energies. Such framework is naturally 
amenable to describe electronic spectroscopies [2], and is free from, e.g., the constraint of having derivative 
discontinuities in the exact formulation. Excellent agreement with state-of-the-art many-body perturbation 
theory, quantum chemistry methods, and experimental data is achieved for ionization potentials and electron 
affinities, fundamental gaps, and deeper orbital levels (photoemission) for both molecules and solids [3-5]. We 
believe that a functional theory for the spectral density is therefore emerging, able to address at the same time 
total energies and spectral properties. 
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Fig. 1: HOMO Orbital 
tomography of NTCDA computed 
by means of different methods 
compared with ARPES data. 

Figure taken from [3]. 
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The electron addition energies of two-dimensional (2D) quantum dots are commonly obtained from the 
ground-state (gs) energies of systems with N-1, N, and N+1 electrons [1]. In this work we assess two 
alternative methods to calculate the addition energies. They resort to (a) the difference of the eigenvalues of 
the highest-occupied Kohn-Sham (KS) orbitals for systems with N and N+1 electrons [2]; and (b) the KS gap 
plus the discontinuity of the exchange-correlation potential – through KS quantities for systems with N 
electrons [3]. While the original definition of the addition energy involves self-consistent gs calculations for 
three different systems, method (a) involves two of such calculations, and method (b) only one. At the 
exchange-only (x) level, we analyze the performance of standard semi-local and (direct) potential 
approximations. We find that method (b) allows us to reduce the computational effort, yet maintaining the 
accuracy. 
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In recent years great interest arose for graphene (Gr) layers grown on non-commensurate transition metal (TM) 
substrates leading to a moiré patterning, to be further used as templates for the adsorption of e.g. magnetic 
molecules. The presence of the graphene interlayer can then result in a partial molecule-substrate decoupling 
at the electronic level, while maintaining the magnetic coupling. A practical realization of this structure has 
been achieved recently by adsorbing TM-phthalocyanine molecules on Gr/Co/Ir [1]. Depending on how many 
Co layers are intercalated on Gr/Iridium [1], Gr can be lattice matched (multi Co layers) or not (e.g., when only 
one Co layer is intercalated). Experimentally it has been shown that these systems can also adsorb oxygen 
stably under graphene, as a way to control Co magnetization, but the mechanisms and structural details of the 
adsorbed oxygen are unclear. Computationally, the adsorption of O on thick Co (0001) films has been studied 
in Ref. [2].  
In this work we perform total energy calculations within density functional theory at PBE level to compare the 
adsorption of O on Co (0001) and Co/Ir(111) with a one monolayer of Co. We have studied a number of 
different adsorption configurations for O, with coverage ranging from 0.25 and 0.5ML, and including 
inequivalent O atoms in the unit cell. Our results show that, for all configurations, the strained Co/Ir system 
absorbs oxygen with binding energies larger (0.25-0.50 eV) than those obtained for O@Co(0001) thick film. 
Our results can be used to support the interpretation of experimental data concerning the kinetics of Oxygen 
intercalation and diffusion. 
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Hedin’s GW approximation allows to reproduce the detailed electronic properties of a large variety of systems. 
Unfortunately, this type of calculation is extremely cumbersome because a detailed convergence of both 
polarizability and self-energy requires the use of a large number of empty states. In order to remove this 
fundamental bottleneck, we have recently implemented in Yambo both response function and self-energy 
terminator techniques as described in Ref. [1]. Results obtained for different systems are discussed in detail.  
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The sub-ps dynamics of photoinduced charge separation is studied in several prototypical photovoltaic 
materials [1-3] by combining real-time Time-dependent Density-Functional Theory and Ehrenfest molecular 
dynamics. The simulations are validated against high time resolution pump-probe spectroscopy and ultrafast 
electron diffraction [4]. The role of coherent coupling between electronic and nuclear degrees of freedom is 
shown to be of key importance in triggering charge delocalization and transfer both in covalently bonded 
molecules [1] and non-bonded bulk heterojunctions [2]. Possible exploitations of our findings in order to design 
and synthesize novel molecular scaffolds for photovoltaic applications are discussed [4]. 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1: Snapshots of the simulated joint electronic and nuclear dynamics of a P3HT:PCBM blend. 
(a) Probability of charge transfer from the polymer chain to the fullerene cage as a function of time. (b) 
Kohn-Sham energy levels mainly involved in the charge displacement. (c) differential transmission (ΔT /T) 
map. 
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Fifty years ago Walter Kohn [1] speculated that a zero-gap semiconductor might be unstable against the 
spontaneous formation of excitons, electron-hole pairs bound together by the Coulomb attraction. This would 
lead to the onset of a gapped thermodynamic phase, intriguingly similar to the BCS superconductor, which 
was dubbed “excitonic insulator”. In a previous work of us [2], we have shown theoretically that an excitonic 
insulator forms in zero-gap (armchair) carbon nanotubes, as the exciton binding is particularly strong due to 
poor screening and reduced dimensionality. Since the armchair family of tubes is a small subset of the broad 
family of carbon nanotubes, here we extend our investigation to narrow gap carbon nanotubes, which are 
typically measured through Coulomb blockade transport spectroscopy. In addition, we take into account the 
effect of spin-orbit coupling, which has been proved to be essential in high-resolution measurements [3,4]. 
The computations are performed within a two band model which we validate through many-body perturbation 
theory from first principles. By varying the chiral angle, radius and the axial magnetic field, we derive the phase 
diagram of the excitonic insulator. Challenging the established paradigm [5], we find that the zero-field 
transport gap is substantially independent from the chiral angle due to the compensation between the excitonic 
and GW contributions to the interacting transport gap. A similar dependence of the transport gap has been 
observed in a recent work [6] at room temperature. 
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The quest for the “excitonic insulator” has attracted great attention since the first proposition of the existence of 
this state of matter fifty year ago, anyway its observation has been somehow elusive. 
In this talk I will show evidence on the realisation of the excitonic insulator in a class of carbon nanotubes, by 
presenting results of first-principles calculations performed by means of many-body perturbation theory as well 
as quantum Monte Carlo on a zero gap CNT. The excitonic order modulates the charge between the two 
carbon sublattices of the armchair tube, opening an experimentally observable gap which scales as the 
inverse of the tube radius and weakly depends on the axial magnetic field. 
These findings invalidate the common wisdom that the ground state of armchair carbon nanotubes is a 
Luttinger liquid. I will discuss the physical origin of this conclusion, related to the strong e-h binding in quasi-1D 
and the almost unscreened long-range interactions in undoped nanotubes. Next, I will also show evidence of 
excitonic instabilities for a 2D transition metal dichalcogenide, MoS2 in T’ phase, a large gap Quantum Spin 
Hall insulator [1]. 
This work is performed together with Massimo Rontani, Sandro Sorella, Davide Sangalli, Matteo Barborini, 
Stefano Corni, Elisa Molinari and Maurizia Palummo and it is partly supported by EU Centre of Excellence 
‘MaX–Materials Design at the Exascale’ (Grant No. 676598). 
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Terahertz (THz) radiation can be efficiently exploited to investigate light-matter interaction phenomena in very 
different systems such as bio-molecules, heterostructures and nanoscale 2D materials. Sub-wavelength near-
field imaging is conventionally achieved by focusing the optical radiation at the apex of a nanometric tip in 
scattering-type near-field optical microscopy (s-SNOM). Despite the strong potential of s-SNOM in 
nanophotonics, s-SNOM microscopy at THz frequencies mostly relies on cryogenic and bulky detectors, which 
represent a major constrain for practical applications.  
Here, we devise a novel, detectorless THz s-SNOM system (Fig. 1a) that provides, for the first time amplitude- 
and phase-resolved near-field imaging with nanoscale in-plane spatial resolution (60-100 nm) [1]. A Quantum 
Cascade Laser (QCL) allows detector-less THz nanoscopy via self-mixing interferometry by simultaneously 
emitting the optical radiation and sensing the backscattered near-field signal from the oscillating SNOM tip. 
Amplitude- and phase-resolved near-field imaging is demonstrated by probing phonon-polariton resonances at 
different THz frequencies in a CsBr crystal and in thin flakes of a topological insulator material, i.e. 
Bi2Te2.2Se0.8 [2,3]. The ability of this detectorless -s-SNOM system to resolve both the amplitude and phase of 
the THz field opens up the possibility of mapping the complex permittivity of a target using QCLs with a high 
spatial resolution, down to a few tens of nanometers. The proved sensitivity to thin-layered samples of our THz 
s-SNOM opens the way to further investigations of resonant 2D-materials and combined Van der Waals 
heterostructures, with potential impact in plasmonics and optoelectronics. 
 

 
 
Fig. 1.a) Schematic diagram of the THz s-SNOM system: the radiation emitted by a THz QCL is focused at the apex of a 
s-SNOM tip and the backscattered signal is sensed by the QCL via self-mixing interferometry. b,c) Topography and 
near-field image (ΔV3) of a thin Bi2Te2.2Se0.8 flake resonantly excited at 2.3 THz. 
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J-aggregates are a class of low-dimensional molecular crystals which display enhanced interaction with light. 
These systems show interesting optical properties as an intense and narrow red-shifted absorption peak (J-
band) with respect to the spectrum of the corresponding monomer [1]. The need to theoretically investigate 
optical excitations in J-aggregates is two-fold: a thorough first principles description is still missing and a 
renewed interest is raising recently in understanding the nature of the J-band, in particular regarding the 
collective mechanisms involved in its formation. In this work we investigate the electronic and optical 
properties of a J-aggregate molecular crystal made of ordered arrangements of organic push-pull 
chromophores[2]. By using a time-dependent density functional theory approach, we assess the role of the 
molecular packing in the enhancement and red-shift of the J-band along with the effects of confinement in the 
optical absorption, when moving from bulk to low-dimensional crystal structures. We simulate the optical 
absorption of different configurations (i.e. monomer, dimers, a polymer chain and a monolayer sheet) extracted 
from the bulk crystal. By analyzing the induced charge density associated to the J-band, we conclude that it is 
a longitudinal excitation, delocalized along parallel linear chains and that its overall red-shift results from 
competing coupling mechanisms, some giving red shift and others giving blue shift, which derive from both 
coupling between transition densities and renormalization of the single particle energy levels. 
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To enhance the generation of THz frequency combs by ultrabroad gain quantum cascade lasers (QCLs) we 
implement a novel approach with on-chip Gires-Tournois Interferometer (GTI), as coupled at one end of the 
QCL cavity, to introduce fine tuning of the group velocity dispersion compensation. Here, the chromatic 
dispersion compensation from the mirror in the GTI is clearly demonstrated by characterising the free running 
electrical beatnote at a gap between GTI and QCL resulting in zero dispersion compared with one that 
introduces too much dispersion. As such, the single beatnote regime with a narrow linewidth is extended 
through a significantly broad (150 mA) dynamical range of a correctly dispersion compensated THz QCL, 
whereas typical multi and/or broad beatnote regimes are consistently registered in no-compensated/off-
resonance case. The robustness and versatility of this scheme makes it ideal for stable short pulses 
generation from a passively mode-locked THz QCL. 
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The improvement of Terahertz Quantum Cascade Lasers (THz QCLs) performance has acquired a crucial 
importance for the application of THz radiation technologies in fields such as medical diagnostics, safety, 
quality control and observational astrophysics [1]. Among the most important goals, the reduction of the 
emission divergence, attaining single mode, frequency tunability and vertical emission are essential features 
for field applications. Here, we propose two different strategies to achieve these results. 
The first one consists in the exploitation of the ambivalent nature of THz light, which lies in between the 
electronics and optics worlds, showing a possible solution by combining dipole antenna elements with optical 
cavity structures. We show that high-quality, subwavelength, whispering-gallery lasers can be combined to 
form a linear dipole antenna, which creates a very efficient, continuous-wave lowthreshold vertical laser 
emission in a collimated beam pattern. For this purpose, we employ a terahertz quantum-cascade active 
region patterned into two 19-μm-radius microdisks coupled by a suspended metallic bridge (see Fig. 1a), 
which simultaneously acts as an inductive antenna and produces the dipole symmetry of the lasing mode. 
Achieving a fully suspended wire, just connected to its ends, would open new perspectives to mix mechanical 
elements with THz resonators. Following the latest trends in optomechanics, we design devices which 
implement some novel laser functionalities like frequency locking and tuning at the frequency of mechanical 
eigenmodes, expected to oscillate around some MHz.  
The second approach is to consider THz quantum cascade lasers operating at a defect mode of a photonic 
crystal bandgap. A triangular lattice of pillars, made by active region itself, is chosen to have the widest 
possible bandgap (see Fig. 1c). The fabricated devices exhibit single frequency emission and low current 
threshold density J th compared to double metal (MM) QCLs of equivalent area which display multi-mode 
operation (see Fig 1d). Lasing in the defect pillars, this novel waveguide design can readily be extended to 
integrate QCLs in photonic circuits by engineering the defect line to point in arbitrary directions or to include 
lossless bends [3]. 
Concluding, the presented architectures constitute a promising route for the miniaturization of THz QCL-based 
sources for sensing and imaging applications. In particular, the first one offers more visionary perspectives in 
the study of optomechanical effects involving active cavities, while the second pave the way for integrated THz 
circuitry and can constitute a platform to study fundamental effects as slow light or Purcell enhancement. 
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Fig. 1. (a) SEM images of the device. In the first image of panel (a) the field of the optical supermode 
relevant for vertical emission is superimposed to the SEM micrograph. (b) IV and LI characteristic at 7K. In 
the inset a map of the measured far-field; the dashed lines are simulated isolines. (c) SEM picture of the 
defect QCL after reactive ion etching and before BCB planarization. The pillars are ∼14 μm tall. The Au/Ni 
mask can be seen on top of the pillars. (d) Light-current-voltage comparison between a defect and a MM 
device. Inset: Far-field emission pattern of the defect laser taken at 18 mm from the facet. 
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Additive manufacturing technologies [1-3] are currently introducing novel paradigms for the design of optical 
and photonic devices and for their fabrication. These technologies rely on the fabrication in a layer-by-layer 
approach of a 3D object starting from its digital model. The object fabrication can be accomplished by either 
curing a liquid pre-polymer via exposure to UV radiation, or by depositing fused polymers and viscous inks. 
Although these methods are currently applied in various research and industrial fields, their use in optics and 
photonics is still challenging [4]. This work reports on the development of advanced UV-stereolithography 
processes for the realization of 3D hybrid devices embedding metal and dielectric nanoparticles. The photo-
polymerization processes are studied by in-situ and real-time methods, to unravel the impact of the embedded 
nanoparticles on the kinetics of the UV-curing. Various 3D nanocomposite systems are designed for optical 
sensing by nanoparticle-enhanced fluorescence and Raman scattering.  
The research leading to these results has received also funding from the European Research Council (ERC) 
under the European Union’s Horizon 2020 research and innovation programme (grant agreement No. 682157, 
“xPRINT”). 
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Nanostructured materials based on nanofibers are widely investigated for their enhanced properties compared 
to bulk materials, and for their application in fields such as bio-sensing, tissue engineering, and drug delivery 
[1-3]. Nanofibers can be produced by electrospinning [4] as non-woven mats suitable for in-vivo implants, 
supporting a 3-dimensional architecture which can combines morphological cues directing cell behaviour, as 
well as the capability of controlled release of drugs, proteins and complex biological molecules. These 
biological agents can be embedded by coaxial electrospinning technologies in core-shell fibers, which realize a 
suitable micro-environment for preserving their functions [5,6]. Here, we report on the design and realization of 
core-shell nanofibers embedding chromophores and luminescent proteins. The microscopically molecular 
release kinetics is investigated by confocal microscopy providing spatially resolved release profiles from the 
core and the shell of the fibers. These results are promising for developing efficient fibrous systems for the 
delivery of functional biomolecules. 
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Direct Ink Writing (DIW) is emerging as a powerful method for 3D printing of multifunctional devices, which can 
find applications in electronics, opto-electronics, and biotechnology [1-3]. In DIW, a viscoelastic ink is extruded 
through a nozzle as a continuous filament, which is deposited layer-by-layer to build the designed 3D object. 
DIW is especially relevant for the realization of 3D printed optical components: polymer inks can be easily 
doped by small organic chromophores, quantum dots or inorganic semiconductors, obtaining 3D photonic 
devices able to transport and amplify optical signals. Here, we report on the fabrication and properties of 3D 
light-emitting devices realized by DIW, based on water-soluble polymers. The results are relevant for 
developing advanced photonic structures with innovative 3D architectures. The research leading to these 
results has received funding from the European Research Council (ERC) under the European Union’s Horizon 
2020 research and innovation programme (grant agreement No. 682157, “xPRINT”). 
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Among many theoretical proposals in the search for Majorana fermions, the most promising one is related to 
semiconductor nanowires (NWs), where topological superconductivity can be induced by the proximity effect in 
the presence of spin-orbit coupling (SOC). Therefore, the correct determination of SOC in NWs is crucial. 
Surprisingly, recent experiments reported Rashba SOCs varying in a wide range, from 50 meVnm [1] to 270 
meVnm [2], for InSb nanowire with almost identical diameter. Here we report our theoretical estimate of 
Rashba SOC in large InSb and GaAs Nws [3], based on a 8-band k.p description, as a function of size, doping 
and gate configurations. Our calculations are 3D by construction and fully take into account the complex 
polygonal symmetry [4], material and doping modulations, and gate-induced electric field, which are all crucial 
in determining electron gas localization. [5] Interestingly, for high carrier density we find a non-linear electric 
field susceptibility of SOC, which abruptly changes its value around zero gate voltage. We trace this 
remarkable phenomenon to the interplay between quantum confinement, gate electric field and electron-
electron interaction. Our analysis of SOC for Majorana 
InSb nanowires shows good agreement with the 
experiment of Ref. [1] (Fig. 1). However, a value of the 
Rashba coupling nine times lower than reported in [2] is 
found, indicating that the extracted value of Rashba 
coupling could have been highly overestimated due to 
the single band model employed to interpret the 
experimental data. Our calculations show that in typical 
experimental setup for Majorana detection based on InSb 
NWs the Rashba SOC varies from 50 meVnm to 100 
meV. Finally, recent results on core-shell structures will 
be presented, exposing the role of the polygonal 
heterointerfaces on Rashba SOC coefficients. 
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Fig. 1: SOC coefficient vs. top-gate voltage with 
electron density and ground state (insets). 
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In this work we investigate the supercurrent in a hybrid topological Josephson junction consisting of two planes 
of topological insulator (TI) in a specific configuration, which allows both local (LAR) and crossed (CAR) 
Andreev processes at the interfaces with two conventional s-wave superconductors. We describe the effects 
of local magnetic and/or Rashba spin-orbit fields applied to the edge states of each TI. In particular, we 
demonstrate that spin-orbit, as induced by local gating, allows the manipulation of the entangled spin-singlet 
Cooper pair state associated to the CAR process. Following the scattering approach, we establish a 
connection between the Josephson current phase relationship of the system and the action of the two local 
fields, finding that they selectively modify the LAR or the CAR contributions. Remarkably, we find that the 
critical current of the junction takes a very simple form which reflects the change in the symmetry occurred to 
the entangled state and allows to determine the microscopic parameters of the junction. 
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We report the transport properties of InAs-GaSb core-shell nanowire-based devices, measured as function of 
temperature and magnetic field B up to 30 T. While at zero magnetic field we observe a single negative 
differential resistance feature, arising from the broken gap alignments characteristic of the InAs-GaSb system1, 
increasing the magnetic field this feature breaks up in sub-structures. The bias voltage characteristic of each 
substructure evolves non-linearly with B. Qualitatively, the same trend is observed for B applied in different 
direction with respect to the nanowire axis. Quantitatively, strong anisotropy is probed in the device response 
to high magnetic fields. Simple phenomenological models accounting for the experimental outcomes are 
discussed. 
 

 
 

Fig. 1: (a) SEM micrograph (tilted view) of InAs nanowires grown by chemical beam epitaxy. Inset: top view 
evidencing the hexagonal cross-section. (b) SEM micrograph (top view) of a prototypical InAs nanowire-FET: 
four electrodes define three NW sections. The NW is red-colored; the ionic liquid drop is schematically 
depicted in overlay. (c) Schematic of a liquid electrolyte gated InAs nanowire FET. (d) Electrical current 
flowing in the NW as a function of the applied liquid gate voltage. 
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In low temperature electronics a renewed interest in studying Ferromagnetic/superconductor structures came 
with the development of superconducting spintronics[1]. Ferromagnetic insulators (FIs) attached to a 
superconductor are known to induce triplet superconducting pairing and an exchange energy splitting in the 
Bardeen-Cooper-Schrieffer (BCS) density of states proportional to the FI magnetization, and penetrating into 
the superconductor to a depth comparable with the superconducting coherence length. Experiments carried 
out at the end of 80's have demonstrated that the exchange field of FIs, such as EuS and EuO, can very 
effectively split the excitation spectrum of an adjacent superconductor (S), such as an Al thin film [2]. 
We show a technological application of this hybrid material to implement an absolute spin-valve [3] with a 
tunnel junction made with a two EuS/Al layers [4]. The tunneling spectroscopy of our devices reveals a clear 
exchange splitting of the BCS peaks strongly correlated with the relative magnetization of the two EuS layers. 
The high contrast in the tunneling magnetoresistance (TMR) measured at low temperatures (<1 K) 
demonstrate the promising capabilities of this valve to implement a superconducting magnetic RAM [5].  
Furthermore, the hard gap and clear intrinsic spin-splitting observed in our tunneling spectroscopy 
measurements indicate that EuS/Al bilayers are an excellent platform for the development of large variety of 
quantum technologies requiring the coexistence of superconducting correlations and built-in spin-splitting 
exchange fields, as for example in the field of Majorana-based quantum computation [6]. 
 

 
Fig. 1: (left) Scheme of a possible implementation of cryogenic memory cell based on the absolute spin 
valve (ASV) effect. (right) Magnetic field evolution of the ASV shown in the color plot of the tunneling 
differential conductance of the junction measured at 50 mK as function of the voltage drop V and the 
external magnetic field.  
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We discuss electronic thermal transport in capacitively-coupled single-electron systems, such as Coulomb 
blockaded metallic islands (MIs) and quantum dots (QDs). We assume that two MIs or QDs are electrically 
isolated and placed in the two circuits (the drive and the drag) of a three- or four-electrode setup. In the latter 
setup we study the thermal drag effect when the system is biased, either by a temperature ∆T or a voltage V 
difference, on the drive circuit, while no biases are present on the drag circuit.  
We use a master equation approach to determine the general properties of the dragged heat current, 
accounting also for co-tunneling drag contributions and the presence of large biases. Analytic results are 
obtained in the sequential tunneling regime for small biases, finding, in particular, that dragged heat current is 
quadratic in ∆T or V and non-monotonous as a function of the inter-island coupling. Finally, by replacing one of 
the electrodes in the drag circuit with a superconductor, we find that heat can be extracted from the other 
normal electrode. 
The three-electrode setup is analyzed as a simple implementation of an autonomous refrigerator, a system 
that requires heat and not work to achieve refrigeration. We analytically determine the general condition to 
achieve cooling-by-heating, and we determine the system parameters that simultaneously maximize the 
cooling power and cooling coefficient of performance (COP) finding that the system displays a universal COP 
that can reach Carnot’s upper limit. We also find that the cooling power can be indirectly determined by 
measuring a charge current. Analyzing the system as an autonomous Maxwell demon, we find that the highest 
efficiencies for information creation and consumption can be achieved, and we relate the COP to these 
efficiencies. Finally, we propose two possible experimental setups based on quantum dots or metallic islands 
that implement the non-trivial cooling condition. Using realistic parameters, we show that these systems, which 
resemble existing experimental setups, can develop an observable cooling power. 
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In the last years, it has become possible to read out the state of single electron spins, both in molecular and 
solid-state systems. Electron spins can thus be used as sensitive quantum probes, which enable the estimate 
of classical fields with quantum-enhanced precision. 
Here, we theoretically investigate metrological protocols for the estimation of a magnetic field [1]. We show 
that quantum-enhanced precision may be achieved by probing the field with an arbitrary spin at thermal 
equilibrium. We derive a general expression for the ultimate achievable precision, as given by the quantum 
Fisher information, and express this quantity in terms of common thermodynamic quantities. We show that the 
optimal observable simply corresponds to the spin projection along a suitable direction, defined by a universal 
function of the spin temperature. Finally, we prove the robustness of our scheme against deviations of the 
measured spin projection from optimality. 
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We present the magnetic characterization of nanowires (NWs) and square nanorings deposited by Focused 
electron beam induced deposition (FEBID) of Co-carbonyl precursor (Co2(CO)8), performed with off-axis 
electron holography (EH), Lorentz transmission electron microscopy (L-TEM) and magnetic force microscopy 
(MFM) [1]. EH measurements on NWs (Figure 1a) show a single-domain magnetic state with higher 
magnetization, revealed by the number of contour lines around the NW, for the lower energy depositions (5 
keV). L-TEM was employed to image magnetic domain walls’ motion in NWs and nanorings as a function of 
the applied magnetic field. The domain wall shows-up as a “kink” separating two opposite domains on the 
bottom side of the nanoring (Fig. 1b), and could be moved leftward by extending the right-hand domain under 
an increasing external field (Fig. 1c). We found that nanorings show two different magnetization states: an 
“horseshoe” state for low in-plane fields (0.02 T), and an “onion” state for higher fields (0.3 T), as observed 
with both L-TEM and MFM. NWs exhibit almost square hysteresis loops, with coercivities of approx. 10 mT. 
These results demonstrate the versatility of FEBID for the fabrication of magnetic nanostructures with tailored 
geometries and the capability of TEM techniques for the study and manipulation of magnetic domain walls in 
such nanostructures. 
 

 
Fig. 1: (a) EH-TEM image of Co-FEBID nanowires; (b) and (c) L-TEM images of magnetic domain wall 
motion in Co-FEBID square nanorings under increasing applied magnetic field. 
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Q-SORT is a FET–OPEN EU financed project coordinated by the CNR-NANO in the field of free electron 
optics and transmission electron microscopy. It introduces new ideas and methodologies by which the 
transmission electron microscope (TEM) is modified so as to function as a Quantum Sorter. The Quantum 
Sorter leverages the recently-acquired capacity to structure electron beams. This implies that if, in a quantum 
experiment the analysis is performed over the ‘optimal’ basis of quantum states, very few electrons are 
necessary for the full characterization of a sought property. In other words, the TEM can be tuned to answer 
only a single question, but with maximum efficiency. To this end, Q-SORT introduces a new parallel analysis 
strategy, based on a suitable conformal mapping of the wavefunction: the starting point is the analysis of 
orbital angular momentum (OAM), but building a more general recipe for diagonalising a wider range of 
observables is one of the anticipated breakthroughs of Q-SORT. This will in turn allow Q-SORT to achieve 
breakthroughs of vast applicability: assessing the OAM of plasmonic resonances in selected nanoparticles, 
achieving atomic-resolution magnetic dichroism measurements, and identifying different proteins based on 
selected properties [1].  
 
s 

 

 

 

 
 
 
 
 
 
 
 
 
 

Fig. 1: a, b (left). A nice picture showing the scheme of the OAM sorter with the main electron holograms. 
It produces a OAM decomposition of the beam exactly as newton’s prism would do with the colour 
components of light. Fig 2 (right) Simulated example of use of generalized sorter for the recognition of a 
protein. Even with a limited dose we are able to identify a protein univocally (a,b,c) and distinguish it from 
a second protein or different orientation (d,e,f).  
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[1] V. Grillo, et al., Measuring the orbital angular momentum spectrum of an electron beam, Nature 
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The coupling with plasmonic nanoparticles has largely been exploited to sensitize wide band gap oxides to 
visible light, in view of solar to chemical and electric energy conversion. The processes which come into play 
after the excitation of localized surface plasmon resonances in the nanoparticles largely determine the 
efficiency of the charge/energy transfer from the metal nanoparticle to the oxide. We report a study of mass-
selected silver NPs embedded in a cerium oxide matrix, in which we exploit the peculiar electronic structure of 
the oxide, with 4f states between the filled O 2p valence band and the empty Ce 5d conduction band, to 
identify the charge transferred from embedded nanoparticles and quantify the injection efficiency. We use 
femtosecond transfer absorption spectroscopy to probe the dynamics of charge carrier relaxation at the 
picosecond time scale. In particular, we identify a transient charge transfer from the metal NP to the oxide and 
we ascribe it to plasmon-mediated electron injection into the 4f levels of cerium oxide. The injected charge has 
a lifetime beyond 500 ps and the process has an estimated efficiency of the order of ten percent.  
 

 
 

Fig. 1: FTAS maps of the Ag-CeO2 sample excited with a pump (a) above and (b) below the ceria band gap. 
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2D materials possesses unique characteristics that makes their potential use very promising in a variety of 
technological applications. Understanding and exploiting mechanical and tribological properties of these 
materials is one of the main interest our group. Here we present results on the tribology response of different 
systems, namely a commercial few layers graphene film grown by Chemical Vapor Deposition (CVD) on Nickel 
[1], a graphene coating on iron obtained depositing graphene flakes from liquid solution [2] and the sliding of 
ordered/disordered molybdenum disulphide (MoS2) against itself. 
Experiments on graphene highlight two fundamental mechanisms for friction reduction. CVD graphene 
coatings are composed by grains of variable layers thickness connected by disordered regions. These regions 
have different resistance to out-of-plane deformations which in turns modulate the friction response in 
nanoscale single asperity contacts. On the contrary lubrication due to graphene flakes randomly deposited 
from liquid solution on iron is mainly related to the chemical passivation effect. Finally measurements on MoS2 
systems performed at the nanoscale in humid environment demonstrated detrimental effect of water molecules 
on friction. However, such effect was much less pronounced when compared to that observed in macroscopic 
sliding experiments. 
All these topics were developed in the framework of established collaborations with leading group both in Italy 
and abroad. In particular Dept. of Civil, Environmental and Mechanical Engineering, University of Trento (Prof. 
N. Pugno and coworkers); Dept. FIM, University of Modena and Reggio Emilia and CNR-NANO (Dr. M.C. 
Righi and coworkers); Faculty of Electrical Engineering, Czech Technical University Prague, Czech Republic 
(Prof. Tomas Polcar and coworkers). 
 
References: 

[1] M. Tripathi, F. Awaja, G. Paolicelli, R. Bartali, E. Iacob, S. Valeri, S. Ryu, S. Signetti, G. Speranza and N. M. 
Pugno, Tribological characteristics of few-layer graphene over Ni grain and interface boundaries, 
Nanoscale 8, 6646 (2016) 

[2] D. Marchetto, P. Restuccia, A. Ballestrazzi, M.C. Righi, A. Rota, and S. Valeri, Surface passivation by 
graphene in the lubrication of iron: A comparison with bronze, Carbon 116, 375 (2017). 

  



 78 

[P18] Fabrication of a Fan-Out Electron-beam OAM sorter via Focused Ion Beam  
 

P. Rosi1,2, G. Medici1, C. Menozzi1,2, G. C. Gazzadi2, S. Frabboni1,2, E. Rotunno2, and V. Grillo2 
 

1Dipartimento FIM, Università degli studi di Modena e Reggio Emilia, Modena, Italy.  
2Cnr Nano, Centro di ricerca S3, Modena, Italy. 

 
Orbital Angular Momentum (OAM) carrying electron vortex-beam have given the possibility to Physicist to 
study interesting and fascinating properties of matter at the unsurpassed spatial resolution given by 
Transmission Electron Microscopes (TEMs). 
The analysis of the OAM, namely the OAM sorting based on the conformal mapping of the wavefunction 
[1,2,3], is done in the most efficient way by phase holograms and electrostatic phase elements. 
Here we present how to fabricate using Ga-FIB milling a system of two phase holograms to sort the OAM. The 
holograms are both designed using a Fan-Out geometry [4], which has proven to be one of the most efficient 
ways to analyse vortex beams in optics. The first hologram (Fig. 1) has a blazed profile on one direction and 
sinusoidal on the other, while the second hologram has a sinusoidal profile. The type of profiles is chosen to 
increase the signal of the OAM-governed diffraction. 
 

 
Fig. 1: From left to right: Image of fabricated Sorter1 taken via a SEM, Image of fabricated Sorter1 taken 
via a TEM and its diffraction pattern and the profile of the diffracted intensity. 
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All graphene amazing properties – large charge carriers mobility, extreme robustness combined with flexibility, 
broad band transmittance, huge surface to mass ratio, lubricity – rely on its being a perfect 2D crystal with the 
specific honeycomb symmetry [1]. However, this status brings also some drawbacks [2]: its null density of 
states at the Fermi level limits its conducting properties; it is weakly interacting, which limits its potentialities as 
medium for gas storage. In addition, storage applications require building 3D media. On the other hand, 
perfect graphene is an ideal abstraction rather than a reality: epitaxially grown macroscopic 2D crystals display 
electronic doping, corrugations or localized defects [3], while using graphene flakes as precursors one can 
obtain nano-porous scaffolds with extremely complex and little ordered structure [4].  
In this talk, it will be shown that the deviations from perfection of graphene are in fact opportunities to for 
specific applications. First, SiC supported epitaxial graphene will be examined. Density Functional Theory 
calculations show that the multi-stable corrugation of epitaxial monolayer graphene [5] and the steady-state 
rippling of its buffer carbon layer [6] could be exploited for chemical functionalization. Conversely, the quasi 
free-standing monolayer graphene obtained by H intercalation has with localized electronic states, with 
potential applications in optoelectronics [7,8].  
Disordered graphene is more difficult to model. An algorithm to generate realistic models of graphene based 
scaffolds with given density, porosity and accessible surface is first illustrated and validated [9]. Adsorption of 
gases and electrolytes within these structures is subsequently simulated by means of Force Field based 
classical molecular dynamics, and its applications to hydrogen storage or for electrodes of batteries or 
supercapacitors is subsequently discussed.  
This work was supported by EU-H2020, Graphene-Core1 (agreement No 696656) and Core2 (agreement No 
725219), MCSA (agreement No 657070), by CINECA awards IsB11_flexogra (2015), IsC36_ElMaGRe (2015), 
IsC44_QFSGvac (2016), IsC44_ReIMCGr (2016) and PRACE “Tier0” award Pra13_ 2016143310 (2016). 
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There is a great interest in the scientific community to apply calorimetry to samples with mass in the nanogram 
range. A detailed knowledge of the energy exchange in the fast growing family of micro and nano-systems 
could allow to obtain valuable information about the chemistry and physics at the nano-scale. The possibility to 
have an atomically flat thermal probe represents an added value, allowing the unique opportunity to perform 
Scanning Tunneling Microscopy (STM) experiments together with calorimetry. Here we report on the 
development of an original experimental setup able to detect temperature variations as low as 10 mK in a 

sample of ~10 ng using a thermometer device having physical dimensions of 5x5mm2. The technique has 
been utilized to measure the enthalpy release during the adsorption process of D2 on a titanium decorated 
monolayer graphene (see Fig. 1a). The sensitivity of these thermometers is high enough to detect a hydrogen 

uptake of ~10-10 moles, corresponding to ~0.2 ng, with an enthalpy release of about 23 [1]. Moreover, we 
present the fabrication, characterization and calibration of an atomically flat, monocrystalline gold film 
thermometer on mica substrate. Gold re-crystallization has been obtained inside the STM chamber, allowing 
the successive investigation of the thermometer surface by LEED and STM imaging (see Fig. 1b). The 
thermometer calibration demonstrated a thermal exchange coefficient of 2.2x 10-7 W/K and a sensitivity of 1.5 
mK at room temperature. The experimental setup allows the simultaneous achievement of heat exchange and 
surface physics analysis on the same sample. 
 

 

 
 
 

 
 
 
Fig. 1: a) Temperature variation during D2 adsorption in Ti functionalized MLG; b) STM image of the Au(111) 
surface reconstruction. 
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