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N° prenom Nom Titre

1 ^Abdelhaq Boumaarouf Highly sensitive NbN functionalized probe for Scanning Thermal 
Microscopy (SThM)

2 Joao-Lucas Rangel Silva Two dynamic modes to simplify challenging AFM measurements

3 *Anissa Aït Ouailal Indentation AFM cyclique pour l’étude du couplage mécano-métabolique 
dans des cellules musculaires humaines

4 Elizabeth Boer-Duchemin
Quoi doit-on prendre en considération si l’on veut mesurer la 
résonance plasmonique d’une nanoparticule avec un microscope à 
sonde locale ?

5 Van Phan
Sensibilité en profondeur photo-thermique avec le mode Force Volume de 
l’AFM-IR « Vers une reconstruction tomographique des matériaux 
extraterrestres »

6 *Pierre Rodriguez Caractérisation d’une nano-antenne GHz à partir d’un centre NV

8 João Paulo Cosas Fernandes A simulation of the effect of polymer blends' compositions and 
properties on the quantification of interphases

9 João Paulo Cosas Fernandes Post-consumer Recycled (PCR) PE, PP, and PET Blends Evaluated 
via AFM Quantitative Nanomechanics Mapping

10 ^Gustavo Ninho Campos Nanoscale Chemical Mapping of Phase Separation in Carboxylated 
Rubber by AFM-IR

11 Rozenn Gautheron-Bernard
Étude des propriétés électroniques des parois d’antiphase dans 
des films minces semiconducteurs III-V/Si par des techniques 
C-AFM et KPFM.

12 Denis Mariolle
La coextrusion de polymères : vers un échantillon de référence pour les 
analyses mécaniques par AFM et la dissémination des bonnes pratiques 
de mesure

13 *Louis Lerey Investigations of magnetic textures in Fe3GaTe2 ferromagnetic flakes with 
large perpendicular magnetic anisotropy

14 ^Thomas Jalabert Etude de couches minces de Pb(Zr!."Ti!.#)O$ par Switching Spectroscopy 
Piezoresponse Force Microscopy en mode suivi de résonance

15 David Albertini Optical and thermal tracking of the insulator-to-metal transition 
within vanadium oxide-based memristors in operation

16 Lydia Chibane Métrologie corrélative pour l'étude des propriétés physico- 
chimiques de l'oxyde de graphène au cours de sa réduction

17 *Cyril De Sousa Détermination des lois de comportement en frottement par l’étude de 
contacts oscillants

18 *Chantal Hareau Champs magnétiques induits optiquement dans des nanoantennes 
en Or via l’Effet Faraday Inverse

19 *Christian Roubert Spectroscopie d’injection et d’électroluminescence tunnel des couches 
épitaxiales de AlGaN émettant dans le proche UV

20 Aimeric Ouvrard Ordered plasmonic nanoparticles in interaction with molecules

21 ^Sarah Douri Paramètres influents la mesure de conductivité thermique par SThM sur un 
échantillon nanostructuré

22 Mathieu Mivelle Full control of the electric and magnetic light-matter interactions 
through a nanomirror on a near-field tip

23 ^Pavel Varlamov Caractérisation par STM de nanoparticules plasmoniques chirales

24 ^Louis Thomas Nano-Caractérisation avancée par microscopies à sonde locale

25 *Michael Tzvetkov Extraction de la Résistance de Contact Pointe-Cristal 2D en C-AFM
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* Doctorantes et Doctorants, éligibles aux prix du meilleur poster!
^ Post-doc, jeunes chercheuses, jeunes chercheurs, éligibles aux prix du meilleur poster

26 *Keke Yuan Tip-Enhanced ultrafast vibrational spectroscopy at the nanoscale

27 Aissam Airoudj Nanoscale mechanical characterization of plasma polymer thin films 
by AFM: relationship between crosslinking and elastic modulus

28 Pascal Chrétien Échantillon de référence optimisé pour l’étalonnage de mesures de 
résistance électrique à l’échelle nanométrique

29 Tomaso Zambelli Establishing a force spectroscopy protocol with oil droplets as 
indentors

30 Dylan Amelot Reversible Patterning of Azobenzene Thin-Films by Focused Laser 
Scanning

31 Frederic Dubreuil De la lubrification particulaire macroscopique à son investigation 
nanotribologique par AFM

32 Olivier Pluchery Caractérisation de la limite de résolution des modes électriques du 
KPFM

33 Lionel Patrone Bichromophores auto-assemblés en monocouches pour le contrôle des 
propriétés optoélectroniques aux interfaces

34 *Alexis Fagundes Exploring the quantum properties of spin defects in 2D semiconductors

35 Agnès Piednoir Mesure d’adhésion entre fibres de verre par 
spectroscopie de force

36 Renaud Bachelot Near-Field Optical Chirality on Achiral Gold Nanoparticles under 
Linear Polarization

37 Alistair Rowe La mise en évidence du rôle des défauts en V dans l'amélioration du 
rendement des diodes électroluminescentes vertes

38 David Talaga A TIR-Based Multimodal Nanoscopy Platform for Correlative Imaging of 
Single Nano-Objects

39 Bertrand Kierren Electron confinement in ultrathin films of Pb on Ag(111) and 
electron interferometry. Model and experiments.

40 Valeria Sheina Moire-trapped polarons in the type-II multiferroic NiBr2 monolayers

41 Alexei Temiryazev Combined Raman and MFM in variable magnetic fields
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Full control of the electric and magnetic light-matter interactions 
through a nanomirror on a near-field tip 

Benoît REYNIER1, Eric CHARRON1, Obren MARKOVIC1, Bruno GALLAS1, Alban FERRIER2, 
Sébastien BIDAULT3, Mathieu MIVELLE1 

1Sorbonne Université, CNRS, Institut des NanoSciences de Paris, INSP, Paris, France 
2Chimie ParisTech, PSL University, CNRS, Institut de Recherche de Chimie Paris, France 

3Institut Langevin, ESPCI Paris, PSL University, 75005 Paris, France 

Light-matter interactions are often considered to be mediated by the optical electric field only, 
discarding the optical magnetic field. Although interactions between light and magnetic dipole (MD) 
transitions are very weak, they can be studied in a certain class of materials. For instance, it was 
demonstrated that MD-emission in Eu3+ could be manipulated by tuning the local magnetic quantum 
environment using dielectric or plasmonic nano-structures [1,2]. As well, it is possible to manipulate the 
excitation of the ED and MD by controlling the electric and magnetic fields’ spatial distribution [3,4]. 

Here, by manipulating the spatial distributions of the electric and magnetic optical fields and their local 
density of states, we report the selective excitation and emission control of ED and MD transitions in 
Y2O3:Eu3+ doped nanoparticle by generating a standing wave with a nanomirror. 

	 Using a scanning near-field optical microscope (SNOM), a plasmonic nanomirror at the end of an 
optical fiber tip is placed on top of a Eu3+ doped Y2O3 nanoparticle (Figure 1). The 3D scanning properties 
of the SNOM allow to couple, in space, the electric and magnetic nodes and anti-nodes of the standing wave 
generated to the electric or magnetic transitions of the Eu3+ ions. By collecting luminescence, we imaged 
both electric and magnetic nodes and anti-nodes of a standing wave (Figure 2) with their associated local 
density of states and demonstrated an increase in the collected luminescence by magnetic excitation with 
respect to a far-field excitation. Finally, we demonstrated that we could also control the luminescence 
emission by manipulating the quantum environment solely through magnetic or electric excitation. 

 

Références 
[1] M. Sanz-Paz et al. “ Enhancing magnetic light emission with all-dielectric optical nanoantennas.”  Nano Letters 18, 

3481-3487 (2018). 
[2] C. Ernandes et al.  “ Exploring the magnetic and electric side of light through plasmonic nanocavities.” Nano Letters 

18, 5098-5103 (2018).

Figure 1: Schematic of the experimental set-up. Figure 2: Luminescence enhancement of a nanoparticle 
excited at either  or . !E !H















Le poster montrera et discutera les premiers résultats obtenus, dont un exemple est présenté sur la figure 2 : 
on voit que les écarts entre les valeurs mesurées par C-AFM et des mesures conventionnelles via une station 
sous pointes étalonnée, peuvent être extrêmement faibles sur une large plage.  

Afin de répondre à l’intérêt potentiel de telles mesures pour tout utilisateur de C-AFM, il est d’ores et déjà 
possible d’acquérir l’échantillon de référence de nouvelle génération. Une version commerciale du module 
WiCMD sera également disponible prochainement. 

 

Figure 2 : Écarts entre les valeurs obtenues à partir d’images C-AFM (avec pointe revêtue PtSi)  
et les valeurs étalonnées à l’aide d’une station sous pointe. 
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Establishing a force spectroscopy protocol with oil droplets as 
indentors  

Tomaso  ZAMBELLI 1, Giacomo PACCAGNAN1, Massimo VASSALLI2 
1Laboratory of Biosensors and Bioelectronics, ETH Zürich, Zürich, Switzerland 

2James Watt School of Engineering, University of Glasgow, Glasgow, UK) 
 

ztomaso@ethz.ch 

Atomic force microscopy (AFM) indentation techniques have significantly advanced the mechanical 
characterization of living cells [1]. However, classical AFM indentation presents limitations, such as difficulty in 
changing indenters rapidly and limited flexibility in adjusting indenter geometry. FluidFM [2,3], an AFM based 
on hollow cantilevers, has addressed some of these challenges by enabling the capture of spherical beads for 
indentation in a reversible fashion [4]. In this study, we take advantage of FluidFM’s ability to generate oil 
droplets [5] to introduce an innovative approach that employs these droplets as dynamic mechanical probes. 

The use of oil droplets as indenters offers unique advantages, including rapid and efficient droplet size 
adjustment and replacement, as well as the capability to modify the droplet size during indentation. This 
flexibility opens new possibilities for dynamic mechanical testing, such as expanding droplet size while in 
contact with the cell, thus enabling previously unattainable measurements of mechanical properties. 

For indentation-based mechanical assessments, precise knowledge of the indenter’s geometry is essential, 
alongside a thorough understanding of the interactions between the indenter and the cell during the contact 
phase. Therefore, to accurately control and characterize the oil droplet geometry and size in real time, we 
implement a self-excited cantilever strategy. In this method, cantilevers are maintained in resonance through 
a feedback loop that feeds the cantilever's deflection signal back to its piezo actuator, thus dynamically tracking 
resonance frequency changes caused by droplet size variations. To measure the resonance frequency 
changes and to enhance the stability and precision of this self-excitation process, we are integrating an 
Arduino-based control system within the feedback loop. This system applies a time shift, amplitude correction, 
and saturation to the signal from the cantilever deflection to the piezo actuator, ensuring the maintenance of 
consistent resonance conditions. 

By integrating this self-excitation cantilever system, frequency-to-droplet size calibration, oil droplet 
indentation, and comparisons with established contact mechanics models, we aim to develop a robust, 
versatile platform for advanced cellular mechanics studies. 

 

Références  
[1] M. Krieg et al., Nat. Rev. Phys. 2019, 1, 41 
[2] A. Meister et al., Nano Lett. 2009, 9, 2501 
[3] T. Zambelli et al., Nat. Rev. Methods Primers 2026, 6, 15 
[4] P. Dörig et al., Biophys. J. 2013, 105, 463 
[5] D. Ossola et al., Nanotechnology 2016, 27, 415502 



�5�H�Y�H�U�V�L�E�O�H���3�D�W�W�H�U�Q�L�Q�J���R�I���$�]�R�E�H�Q�]�H�Q�H���7�K�L�Q���)�L�O�P�V���E�\���)�R�F�X�V�H�G���/�D�V�H�U��
�6�F�D�Q�Q�L�Q�J 

�'�\�O�D�Q���$�0�(�/�2�7�������/�p�D���'�8�0�$�;�������1�L�F�R�O�D�V���)�$�%�5�(�������6�L�P�R�Q���9�$�6�6�$�1�7�������)�D�E�U�L�F�H���&�+�$�5�5�$�������&�p�O�L�Q�H��
�)�,�2�5�,�1�,���'�(�%�8�,�6�6�&�+�(�5�7������ 

���6�H�U�Y�L�F�H���G�H���3�K�\�V�L�T�X�H���G�H���O�¶�(�W�D�W���&�R�Q�G�H�Q�V�p�����&�(�$���&�1�5�6�����8�Q�L�Y�H�U�V�L�W�p���3�D�U�L�V���6�D�F�O�D�\�����*�L�I���V�X�U���<�Y�H�W�W�H�����)�U�D�Q�F�H 

�3�K�R�W�R�F�K�U�R�P�L�F�� �F�R�P�S�R�X�Q�G�V�� �X�Q�G�H�U�J�R�� �U�H�Y�H�U�V�L�E�O�H�� �L�V�R�P�H�U�L�]�D�W�L�R�Q�� �X�S�R�Q�� �O�L�J�K�W�� �L�U�U�D�G�L�D�W�L�R�Q���� �H�Q�D�E�O�L�Q�J�� �F�R�Q�W�U�R�O�� �R�I��
�W�K�H�L�U���S�U�R�S�H�U�W�L�H�V���W�K�U�R�X�J�K���R�S�W�L�F�D�O���V�W�L�P�X�O�D�W�L�R�Q�����7�K�H�V�H���I�D�V�W���S�U�R�F�H�V�V�H�V���S�U�R�Y�L�G�H���D���X�Q�L�T�X�H���S�R�W�H�Q�W�L�D�O���I�R�U���W�K�H���U�H�D�O�L�]�D�W�L�R�Q��
�R�I���U�H�F�R�Q�I�L�J�X�U�D�E�O�H���G�H�Y�L�F�H�V���F�D�S�D�E�O�H���R�I���P�R�G�X�O�D�W�L�Q�J���W�K�H���S�U�R�S�H�U�W�L�H�V���R�I���D���O�L�J�K�W���E�H�D�P���D�Q�G���W�K�H�U�H�I�R�U�H���O�L�H���D�W���W�K�H���F�R�U�H���R�I��
�W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I���Q�H�Z���S�K�R�W�R�Q�L�F���W�H�F�K�Q�R�O�R�J�L�H�V�����$�P�R�Q�J���W�K�H�V�H���D�S�S�O�L�F�D�W�L�R�Q�V�����V�X�F�K���F�R�P�S�R�X�Q�G�V���R�I�I�H�U���S�U�R�P�L�V�L�Q�J��
�S�U�R�V�S�H�F�W�V�� �I�R�U�� �W�K�H�� �L�P�S�O�H�P�H�Q�W�D�W�L�R�Q�� �R�I�� �R�S�W�L�F�D�O�� �V�\�Q�D�S�V�H�V�� �E�\�� �H�Q�D�E�O�L�Q�J�� �G�\�Q�D�P�L�F�� �D�Q�G�� �W�X�Q�D�E�O�H�� �F�R�X�S�O�L�Q�J�� �E�H�W�Z�H�H�Q��
�R�S�W�L�F�D�O���Q�H�X�U�R�Q�V�����S�D�Y�L�Q�J���W�K�H���Z�D�\���I�R�U���Q�H�X�U�R�P�R�U�S�K�L�F���S�K�R�W�R�Q�L�F���F�R�P�S�X�W�L�Q�J���G�H�Y�L�F�H�V���W�K�D�W���D�U�H���I�D�V�W�H�U���D�Q�G���P�R�U�H���H�Q�H�U�J�\��
�H�I�I�L�F�L�H�Q�W���W�K�D�Q���F�X�U�U�H�Q�W���H�O�H�F�W�U�R�Q�L�F���W�H�F�K�Q�R�O�R�J�L�H�V�� 

�$�P�R�Q�J�� �S�K�R�W�R�F�K�U�R�P�L�F�� �V�\�V�W�H�P�V�����D�]�R�E�H�Q�]�H�Q�H�� �I�D�P�L�O�\�� �D�U�H�� �Z�L�G�H�O�\�� �H�P�S�O�R�\�H�G���� �7�K�H�\�� �L�V�R�P�H�U�L�]�H�� �E�H�W�Z�H�H�Q�� �D��
�W�U�D�Q�V���W�R���F�L�V���L�V�R�P�H�U�� �D�Q�G�� �D�U�H�� �F�D�S�D�E�O�H�� �R�I�� �G�R�L�Q�J�� �P�X�O�W�L�S�O�H���W�U�D�Q�V�o �F�L�V�o �W�U�D�Q�V���F�\�F�O�H�V���Z�L�W�K�R�X�W�� �G�H�J�U�D�G�D�W�L�R�Q���X�Q�G�H�U�� �D��
�V�L�Q�J�O�H���Z�D�Y�H�O�H�Q�J�W�K���O�L�J�K�W���E�H�D�P�����,�Q���W�K�L�Q���I�L�O�P�V�����W�K�H�V�H���P�D�W�H�U�L�D�O�V���K�D�Y�H���E�H�H�Q���H�[�W�H�Q�V�L�Y�H�O�\���V�W�X�G�L�H�G���I�R�U���W�K�H�L�U���D�E�L�O�L�W�\���W�R��
�J�H�Q�H�U�D�W�H���V�X�U�I�D�F�H���U�H�O�L�H�I���V�W�U�X�F�W�X�U�H�V���X�Q�G�H�U���L�O�O�X�P�L�Q�D�W�L�R�Q���>�������@�����3�U�H�Y�L�R�X�V���V�W�X�G�L�H�V���K�D�Y�H���U�H�Y�H�D�O�H�G���W�K�H���G�H�S�H�Q�G�H�Q�F�H���R�I��
�W�K�H���U�H�V�X�O�W�L�Q�J���W�R�S�R�J�U�D�S�K�L�F���S�D�W�W�H�U�Q�V���R�Q���E�R�W�K���W�K�H���S�R�O�D�U�L�]�D�W�L�R�Q���D�Q�G���W�K�H���H�O�H�F�W�U�L�F���I�L�H�O�G���J�U�D�G�L�H�Q�W���R�I���W�K�H���Z�U�L�W�L�Q�J���E�H�D�P��
�>�������@�����+�R�Z�H�Y�H�U�����W�K�H���W�H�F�K�Q�L�T�X�H�V���H�P�S�O�R�\�H�G���V�R���I�D�U���P�D�L�Q�O�\���U�H�O�\���R�Q���Z�L�G�H���I�L�H�O�G���Z�U�L�W�L�Q�J���E�H�D�P�V�����Z�K�L�F�K���O�L�P�L�W�V���W�K�H���U�D�Q�J�H��
�R�I���D�F�F�H�V�V�L�E�O�H���S�D�W�W�H�U�Q�V���>�����������@�����$���I�H�Z���V�W�X�G�L�H�V���K�D�Y�H���Q�H�Y�H�U�W�K�H�O�H�V�V���K�L�J�K�O�L�J�K�W�H�G���W�K�H���S�R�V�V�L�E�L�O�L�W�\���R�I���X�V�L�Q�J���D���I�R�F�X�V�H�G��
�O�D�V�H�U���E�H�D�P���W�R���O�R�F�D�O�O�\���P�R�G�X�O�D�W�H���W�K�H���V�X�U�I�D�F�H���W�R�S�R�J�U�D�S�K�\���>�������@�� 

�7�R���I�X�O�O�\���H�[�S�O�R�L�W���W�K�H���S�R�W�H�Q�W�L�D�O���R�I���W�K�H�V�H���P�D�W�H�U�L�D�O�V�����Z�H���L�P�S�O�H�P�H�Q�W�H�G���D���Z�U�L�W�L�Q�J���S�O�D�W�I�R�U�P���L�Q���Z�K�L�F�K���D�����������Q�P��
�I�R�F�X�V�H�G���O�D�V�H�U���E�H�D�P�����Z�L�W�K���F�R�Q�W�U�R�O�O�H�G���S�R�Z�H�U���D�Q�G���S�R�O�D�U�L�]�D�W�L�R�Q�����L�V���F�R�P�E�L�Q�H�G���Z�L�W�K���D���S�L�H�]�R�H�O�H�F�W�U�L�F���V�W�D�J�H���W�R���I�D�E�U�L�F�D�W�H��
�S�D�W�W�H�U�Q�V���R�Q���W�K�H���V�X�U�I�D�F�H���R�I���D�Q���D�]�R�E�H�Q�]�H�Q�H���F�R�S�R�O�\�P�H�U���I�L�O�P�����:�H���G�H�P�R�Q�V�W�U�D�W�H���W�K�H���I�D�E�U�L�F�D�W�L�R�Q���R�I���V�L�P�S�O�H���V�W�U�X�F�W�X�U�H�V��
�D�V���Z�H�O�O���D�V���G�L�I�I�U�D�F�W�L�R�Q���J�U�D�W�L�Q�J�V�����)�L�J�����������$�O�O���W�K�H�V�H���V�W�U�X�F�W�X�U�H�V���Z�H�U�H���F�K�D�U�D�F�W�H�U�L�]�H�G���D�W�R�P�L�F���I�R�U�F�H���P�L�F�U�R�V�F�R�S�\�����$�)�0������
�R�S�W�L�F�D�O���D�Q�G�� �G�L�I�I�U�D�F�W�L�R�Q�� �H�I�I�L�F�L�H�Q�F�\�� �P�H�D�V�X�U�H�P�H�Q�W�V���� �)�X�U�W�K�H�U�P�R�U�H���� �Z�H�� �G�H�P�R�Q�V�W�U�D�W�H�� �W�K�H�� �I�H�D�V�L�E�L�O�L�W�\�� �R�I�� �X�V�L�Q�J�� �W�K�L�V��
�V�\�V�W�H�P���W�R���I�D�E�U�L�F�D�W�H���F�R�P�S�O�H�[���S�D�W�W�H�U�Q�V�����W�K�H�U�H�E�\���R�S�H�Q�L�Q�J���W�K�H���Z�D�\���W�R�Z�D�U�G���W�K�H���G�L�U�H�F�W���I�D�E�U�L�F�D�W�L�R�Q���R�I���U�H�F�R�Q�I�L�J�X�U�D�E�O�H��
�S�K�R�W�R�Q�L�F���V�W�U�X�F�W�X�U�H�V�� 

 
�)�L�J�X�U�H ���������D�����3�U�L�Q�F�L�S�O�H���R�I���O�D�V�H�U���S�D�W�W�H�U�Q�L�Q�J���3�0�0�$�F�R�'�5�����W�K�L�Q���I�L�O�P�����L�Q�V�H�U�W�����'�5�� ���S�K�R�W�R�L�V�R�P�H�U�L�]�D�W�L�R�Q���D�Q�G���L�Q�G�X�F�H�G���P�R�Y�H�P�H�Q�W���U�H�S�U�R�G�X�F�H�G��
�I�U�R�P���>���@�������$�)�0���W�R�S�R�J�U�D�S�K�\���L�P�D�J�H�V���R�I���W�K�H���W�K�L�Q���I�L�O�P���V�X�U�I�D�F�H���R�E�W�D�L�Q�H�G���D�I�W�H�U���Z�U�L�W�L�Q�J�����D�����D���V�L�Q�J�O�H���O�D�V�H�U���V�S�R�W���D�Q�G�����E�����D���������—�P���V�W�H�S���J�U�D�W�L�Q�J���� 

�5�p�I�p�U�H�Q�F�H�V�� 
�>���@ �0�D�K�L�P�Z�D�O�O�D�����=���������<�D�J�H�U�����.�����*���������0�D�P�L�\�D���-���������6�K�L�V�K�L�G�R�����$���������3�U�L�L�P�D�J�L�����$���������%�D�U�U�H�W�W�����&�����-�� �3�R�O�\�P�����%�X�O�O������������ �������� ������������������ ��

���D�Q�G���U�H�I�H�U�H�Q�F�H�V���W�K�H�U�H�L�Q���� 
�>���@ �&�R�M�R�F�D�U�L�X�����&�� �����5�R�F�K�R�Q�����3�� �3�X�U�H���$�S�S�O�L�����&�K�H�P������������ ���������������������������������������� �����D�Q�G���U�H�I�H�U�H�Q�F�H�V���W�K�H�U�H�L�Q���� 
�>���@ �6�D�S�K�L�D�Q�Q�L�N�R�Y�D�����0�� �����7�R�V�K�F�K�H�Y�L�N�R�Y�����9�� �����7�Y�H�U�G�R�N�K�O�H�E�����1�� �6�R�I�W���0�D�W�W�H�U���������� ���������������������� 
�>���@ �%�L�Q���-�� �����2�D�W�H�V�����:�����6�F�L�����5�H�S������������ ���������������������� 



�>���@ �)�L�R�U�L�Q�L�����&�� �����3�U�X�G�K�R�P�P�H�����1�� �����'�H���9�H�\�U�D�F�����*�� �����0�D�X�U�L�Q�����,�� �����5�D�L�P�R�Q�G�����3�� �����1�X�Q�]�L�����-�����0�����6�\�Q�W�K�����0�H�W�D�O�V���������� ����������������������
�������� 

�>���@ �<�D�J�H�U�����.�����*�� �����%�D�U�U�H�W�����&�����-�����&�X�U�U�����2�S�L�Q�����6�R�O�L�G���6�W�D�W�H���0�D�W�H�U�����6�F�L������������ �������������������������� 
�>���@ �7�X�P�D�����-�� �����/�\�X�W�D�N�R�Y�����2�� �����+�X�W�W�H�O�����,�� �����6�O�H�S�L�F�N�D�����3�� �����6�Y�R�U�F�L�N�����9�� �-�����$�S�S�O�����3�K�\�V������������ ������������������������������ 
�>���@ �/�H�I�L�Q�����3���������)�L�R�U�L�Q�L�����&���������1�X�Q�]�L�����-�����0�����3�X�U�H���$�S�S�O�����2�S�W������������ ��������������������  



!"#$%#$&'()*)+%,)-.#/%(,)+&$%)("#0%+(-1+-/)2&"#3#1-.#).4"1,)5%,)-.#
.%.-,()'-$-5)2&"#/%(#678 #

! "#$%&'()*+",+'-./) ! 0!1$2.-33 " 0$1$4&)3').5 #0$!"#$%&'$() ! $0$#67$4)$8+..-3"8-&9:)* ! $

!"#$%$#&'(%)*#$)&+,$'-+./0("#11
!

" 12'/+$13$04#5+$1%$16./071389:7128;<2716;=:71>?9@@AB71CDABE12')++.71F#50'$1
#!39G88HGI*$#71;#&0&4.13/++$J$1=)*+&071K#$+50%1

$1K0L4&4)4$1/"1<M.L&'L71F5')+4.1/"12+$'4#&'5+120J&0$$#&0J150%1K0"/#I54&/01;$'M0/+/J.7>0&N$#L&4O41%$#1P)0%$LQ$M#11

!"#$%&'%(#')*&)+,)!"#$%&"'%()(*+-)*./('(&)0,1)2')3#&//(3(&'%)*&)/1(3%(#')('/.1(&21)4)5)6-)*,'7)*&7)3#'*(%(#'7)*&)/1#%%&8&'%)
7.9:1&7);/,($+&7)9(%&77&7)#2)/#1%&7)01&77(#'7)*&)3#'%,3%<-)3#'7%(%2&)2')&'=&2)8,=&21)0#21)+&)*.9&+#00&8&'%)*&)7>7%:8&7)
%1($#+#?(@2&7)4)A,2%&)&//(3,3(%.).'&1?.%(@2&)B5CD)E#21),%%&('*1&)3&%)#$=&3%(/-)*(//.1&'%&7),001#3A&7)%&3A'#+#?(@2&7)7#'%)
,3%2&++&8&'%)&F0+#1.&7D)

E,18()3&++&7G3(-)+,)3#8$(',(7#')*"2'&)3#'%1($2%(#')!*,*(-"$ -)%&++&)@2&)+,)%&F%21,%(#')*&7)721/,3&7-)&%)*"2'&)3#'%1($2%(#')
./0,1(-"$ -)1&0#7,'%)721)+"2%(+(7,%(#')*&)+2$1(/(,'%7-)*",**(%(/7)#2)*&)8(31#G0,1%(32+&7-),00,1,H%)0,1%(32+(:1&8&'%)01#8&%G
%&27&)0#21)1.*2(1&)7(82+%,'.8&'%)+&)/1#%%&8&'%)&%)+"2721&)B5CD)I#2%&/#(7-)2'&)3#801.A&'7(#') /#'*,8&'%,+&)*&7)8.3,G
'(78&7)(80+(@2.7)*&8&21&)'.3&77,(1&),/(')*&)*.3#11.+&1)&%)@2,'%(/(&1)+"('/+2&'3&)*&)3A,32'&)*&)3&7)3#'%1($2%(#'7D)

J,'7)+&)3,*1&)*&)+".%2*&)*&)+,)+2$1(/(3,%(#')0,1)1()%23#,%*()"&$!4.$4!(&()$-)*&7)&77,(7)*&)/1#%%&8&'%)4)+",(*&)*"2')1()%2!3
)2#$45462%)$4,*21(-"$4789:;)7#'%)1.,+(7.7),/(')*".9,+2&1)+"(80,3%)*&)+,)3#'%1($2%(#')*>',8(@2&)*,'7)+&)8.3,'(78&)*&)
+2$1(/(3,%(#'D)

K/(')*&)8&'&1)3&7)('9&7%(?,%(#'7-)0+27(&217)#$=&3%(/7)&F0.1(8&'%,2F)7#'%)0#2172(9(7)L)

¥$ M&01#*2(1&)+,)8.%A#*&)*(%&)*2)<$.=$)*.31(%&)*,'7)+,)+(%%.1,%21&)BNC)4)+",(*&)*&)'#%1&)*(70#7(%(/)&F0.1(8&'%,+D)
¥$ J.9&+#00&1)*&7)!20.$!4)2&&2>.,&$!4%+,&(!+$!4$04(0*$%0$-)#$%&'2&7)0,1)/(F,%(#')*&)0,1%(32+&7)721)+&7)+&9(&17)KOPD)
¥$ Q9,+2&1)+,)/,(7,$(+(%.)*&)3&7)&F0.1(8&'%,%(#'7)$041(&($"4(11$%=+D)
¥$ )Q%2*(&1)+&7)('%&1,3%(#'7)%1($#+#?(@2&7),?$)4.(66+%$0*!4!"'!*%,*!4%$?@*"!)2%(+(7.7)*,'7)+&)3,*1&)*2)01#=&%)B5CD)

)

!

!
"#$%&'!( !)!"#!$%$&'()!&*+,-.-/+0#)!(12*-$2-3+0#)!.#,*+4+5!31*!31*&+2#.)$!6!.75&#8)!8#!(5219+$()!31*!)$$1+$!8)!4*-&&)()9&!)9!:;<!$#*!

8+445*)9&$!$#,$&*1&$=!

$

$

$

!"#"$%&'%() )
!"#$ %&'()&* +,(- +./." +012%3(*4,'&0,* +/"5$06789:;$<=>?96@$"/"/ABBCD5$EEFG0@$E:HIG<J+=K$E=K96I=?6G:G;L$G<;7$

096MGM;9<:9$N;;KM@OOPPPQMMIGKQ9=O$
$
!. #$$$$RH<J$%5$S99$TFQ$13T$IH;96HI$U76:9$:HIG?6H;G7<$U76$H<$G<;9J6H;9V$K67?9$=MG<J$H$:HIG?6H;G7<$J6H;G<JQ$WI;6H>G:67M:7KLQ$

./"A$XH<Y"DB@"CDZ.//Q$V7G@"/Q"/"BO8Q=I;6H>G:Q./"DQ"/Q/".$



�&�D�U�D�F�W�p�U�L�V�D�W�L�R�Q���G�H���O�D���O�L�P�L�W�H���G�H���U�p�V�R�O�X�W�L�R�Q���G�H�V���P�R�G�H�V���p�O�H�F�W�U�L�T�X�H�V���G�X��
�.�3�)�0��

�0�D�W�L�V�V�H���%�U�H�Y�H�W���������&�O�D�L�U�H���$�E�D�G�L�H���������+�H�U�Y�p���&�U�X�J�X�H�O���������<�R�D�Q�Q���3�U�D�G�R���������2�O�L�Y�L�H�U���3�/�8�&�+�(�5�<����
1 Institut des NanoSciences de Paris – Sorbonne Université CNRS UMR 7588 - 4 place Jussieu 75005 

Paris 
Email: olivier.pluchery@insp.jussieu.fr 

web page: https://w3.insp.upmc.fr/en/insp-page-perso/pluchery-olivier-2/   

��

�/�H���.�3�)�0�����.�H�O�Y�L�Q���3�U�R�E�H���)�R�U�F�H���0�L�F�U�R�V�F�R�S�\�����H�V�W���O�¶�X�Q���G�H�V���P�R�G�H�V���p�O�H�F�W�U�L�T�X�H�V���G�H���O�¶�$�)�0�����,�O���S�H�U�P�H�W���G�H���P�H�V�X�U�H�U���O�H��
�S�R�W�H�Q�W�L�H�O���G�H���V�X�U�I�D�F�H���j���G�H�V���p�F�K�H�O�O�H�V���G�H���T�X�H�O�T�X�H�V���Q�D�Q�R�P�q�W�U�H�V���T�X�D�Q�G���L�O���H�V�W���X�W�L�O�L�V�p���V�R�X�V���D�W�P�R�V�S�K�q�U�H���D�P�E�L�D�Q�W�H����
�&�H���S�R�W�H�Q�W�L�H�O���G�H���V�X�U�I�D�F�H���G�p�S�H�Q�G���J�O�R�E�D�O�H�P�H�Q�W���G�H���W�U�R�L�V���I�D�F�W�H�X�U�V�������G�X���W�U�D�Y�D�L�O���G�H���V�R�U�W�L�H���G�H���O�D���V�X�U�I�D�F�H�����G�H���O�D���S�U�p�V�H�Q�F�H��
�G�H���F�K�D�U�J�H�V���p�O�H�F�W�U�L�T�X�H�V���O�R�F�D�O�H�V���H�W���G�H���O�D���S�U�p�V�H�Q�F�H���G�H���G�L�S�{�O�H�V���P�R�O�p�F�X�O�D�L�U�H�V�����/�H���.�3�)�0���S�U�R�G�X�L�W���X�Q�H���L�P�D�J�H���H�Q���&�3�'��
���&�R�Q�W�D�F�W���3�R�W�H�Q�W�L�D�O���'�L�I�I�H�U�H�Q�F�H�����G�R�Q�W���O�H�V���F�R�Q�W�U�D�V�W�H�V���V�X�S�H�U�S�R�V�H�Q�W���F�H�V���F�R�Q�W�U�L�E�X�W�L�R�Q�V�����,�O���H�V�W���V�R�X�Y�H�Q�W���W�U�q�V���G�p�O�L�F�D�W���G�H��
�O�H�V���G�p�W�U�L�F�R�W�H�U���H�W���L�G�H�Q�W�L�I�L�H�U���O�D���F�R�Q�W�U�L�E�X�W�L�R�Q���S�U�R�Y�H�Q�D�Q�W���G�¶�X�Q�H���F�K�D�U�J�H���O�R�F�D�O�H���R�X���F�H�O�O�H���S�U�R�Y�H�Q�D�Q�W���G�¶�X�Q�H���Q�D�Q�R�V�W�U�X�F�W�X�U�H��
�G�H���P�D�W�p�U�L�D�X���G�L�I�I�p�U�H�Q�W����

��

�/�D�� �S�O�D�W�H�I�R�U�P�H�� �$�)�0�� �G�H�� �O�¶�,�1�6�3�� �F�R�P�S�R�U�W�H�� �G�H�X�[�� �L�Q�V�W�U�X�P�H�Q�W�V�� �I�R�Q�F�W�L�R�Q�Q�D�Q�W�� �j�� �O�¶�D�L�U�� �H�W�� �D�Y�H�F�� �G�L�Y�H�U�V�� �P�R�G�H�V��
�G�¶�D�F�T�X�L�V�L�W�L�R�Q�V������ �V�L�P�S�O�H�� �S�D�V�V�D�J�H���� �G�R�X�E�O�H�� �S�D�V�V�D�J�H���� �P�R�G�X�O�D�W�L�R�Q�� �G�¶�D�P�S�O�L�W�X�G�H���� �P�R�G�X�O�D�W�L�R�Q�� �G�H�� �I�U�p�T�X�H�Q�F�H�� �R�X��
�G�p�W�H�F�W�L�R�Q���K�p�W�p�U�R�G�\�Q�H�����3�D�U�N���V�\�V�W�H�P�V������

�'�D�Q�V���F�H�W�W�H���S�U�p�V�H�Q�W�D�W�L�R�Q�����Q�R�X�V���F�R�P�S�D�U�H�U�R�Q�V���G�L�Y�H�U�V�H�V���W�H�F�K�Q�L�T�X�H�V���G�H���.�3�)�0���H�W���Q�R�X�V���H�[�D�P�L�Q�H�U�R�Q�V���O�H�X�U�V���O�L�P�L�W�H�V��
�G�H���U�p�V�R�O�X�W�L�R�Q���V�S�D�W�L�D�O�H�����1�R�X�V���G�L�V�W�L�Q�J�X�H�U�R�Q�V���H�Q���S�D�U�W�L�F�X�O�L�H�U���O�D���F�D�S�D�F�L�W�p���G�X���.�3�)�0���j���G�p�W�H�F�W�H�U���X�Q���F�R�Q�W�U�D�V�W�H���V�X�U���O�H�V��
�L�P�D�J�H�V���G�H���&�3�'���H�W���G�H���V�D���F�D�S�D�F�L�W�p���j���P�H�V�X�U�H�U�����O�D���Y�D�O�H�X�U���U�p�H�O�O�H���G�X���S�R�W�H�Q�W�L�H�O���G�H���V�X�U�I�D�F�H�����3�R�X�U���F�H���I�D�L�U�H���Q�R�X�V���D�Y�R�Q�V��
�p�O�D�E�R�U�p���G�H�V���p�F�K�D�Q�W�L�O�O�R�Q�V���V�S�p�F�L�I�L�T�X�H�V���S�U�p�V�H�Q�W�D�Q�W���G�H�V���S�O�R�W�V���G�H���W�D�L�O�O�H�V���G�p�F�U�R�L�V�V�D�Q�W�H�V���G�H���������—�P���j�����������Q�P����

��

�1�R�X�V���P�R�Q�W�U�H�U�R�Q�V���D�X�V�V�L���O�¶�H�I�I�H�W���G�H���O�¶�K�X�P�L�G�L�W�p���V�X�U���O�H�V���Y�D�O�H�X�U�V���G�H���&�3�'�����V�X�U���G�H�V���S�O�R�W�V���G�¶�R�U���H�W���G�H�V���S�O�R�W�V���G�¶�D�O�X�P�L�Q�L�X�P����

��

��

��

��

��

�5�p�I�p�U�H�Q�F�H�V��
���>���@�� �/�H�F�K�D�S�W�R�L�V�����/�������3�U�D�G�R�����<�������	���3�O�X�F�K�H�U�\�����2������������ �����.�3�)�0���Y�L�V�X�D�O�L�V�D�W�L�R�Q���R�I���W�K�H���6�F�K�R�W�W�N�\���E�D�U�U�L�H�U���D�W���W�K�H���L�Q�W�H�U�I�D�F�H���E�H�W�Z�H�H�Q��

�J�R�O�G���Q�D�Q�R�S�D�U�W�L�F�O�H�V���D�Q�G���V�L�O�L�F�R�Q����Nanoscale����15����������������������������������
�>���@�� �%�R�V�V�D�U�G���*�L�D�Q�Q�H�V�L�Q�L�����/�������&�D�U�G�H�Q�D�V�����/�������&�U�X�J�X�H�O�����+�������'�H�P�H�V�V�H�Q�F�H�����$�������/�R�I�I�U�H�G�D�����'�������	���3�O�X�F�K�H�U�\�����2������������ �����+�R�Z���I�D�U���W�K�H��

�F�K�H�P�L�V�W�U�\���R�I���V�H�O�I���D�V�V�H�P�E�O�H�G���P�R�Q�R�O�D�\�H�U�V���R�Q���J�R�O�G���V�X�U�I�D�F�H�V���D�I�I�H�F�W�V���W�K�H�L�U���Z�R�U�N���I�X�Q�F�W�L�R�Q�"����Nanoscale����15������������������������
��������������

�>���@�� �/�H�F�K�D�S�W�R�L�V�����/�������0�L�F�K�H�����$�������%�R�X�M�G�D�\�����6�������/�L�P�����6�����	���3�O�X�F�K�H�U�\�����2���������������8�Q�Y�H�L�O�L�Q�J���W�K�H���,�P�P�R�E�L�O�L�]�D�W�L�R�Q���0�H�F�K�D�Q�L�V�P���R�I��
�1�H�J�D�W�L�Y�H�O�\���&�K�D�U�J�H�G���3�U�R�W�H�L�Q���3�D�U�W�L�F�O�H�V���R�Q���6�L�O�L�F�D���W�K�U�R�X�J�K���'�L�U�H�F�W���0�H�D�V�X�U�H�P�H�Q�W���R�I���W�K�H���(�O�H�F�W�U�L�F���'�L�S�R�O�H����Nature Comm����
���D�F�F�H�S�W�H�G������

��



�%�L�F�K�U�R�P�R�S�K�R�U�H�V���D�X�W�R���D�V�V�H�P�E�O�p�V���H�Q���P�R�Q�R�F�R�X�F�K�H�V���S�R�X�U���O�H���F�R�Q�W�U�{�O�H��
�G�H�V���S�U�R�S�U�L�p�W�p�V���R�S�W�R�p�O�H�F�W�U�R�Q�L�T�X�H�V���D�X�[���L�Q�W�H�U�I�D�F�H�V�� 

�/�L�R�Q�H�O���3�$�7�5�2�1�(�����9�L�U�J�L�Q�L�H���*�$�'�(�1�1�(�����(�O�P�L�U�D���.�+�8�6�1�8�7�'�,�1�2�9�$�����-�H�D�Q���0�D�Q�X�H�O���5�$�,�0�8�1�'�2 
1Aix Marseille Univ, Université de Toulon, CNRS, IM2NP UMR 7334, ISEN Méditerranée, 

 �0�D�L�V�R�Q���G�X���1�X�P�p�U�L�T�X�H���H�W���G�H���O�¶�,�Q�Q�R�Y�D�W�L�R�Q�����3�O�D�F�H���*�����3�R�P�S�L�G�R�X�����������������7�R�X�O�R�Q�����)�U�D�Q�F�H 
2CINaM UMR CNRS 7325, Aix-Marseille Université, 13288 Marseille cedex 09, France 

�&�R�P�S�U�H�Q�G�U�H�� �O�H�� �U�{�O�H�� �G�H�V�� �S�U�R�S�U�L�p�W�p�V�� �G�
�L�Q�W�H�U�I�D�F�H�� �U�H�V�W�H�� �H�Q�F�R�U�H�� �X�Q�� �D�V�S�H�F�W�� �F�U�X�F�L�D�O�� �G�D�Q�V�� �O�D�� �U�H�F�K�H�U�F�K�H�� �G�H��
�V�W�U�D�W�p�J�L�H�V�� �G�H�� �F�R�Q�F�H�S�W�L�R�Q�� �D�O�W�H�U�Q�D�W�L�Y�H�V�� �S�R�X�U�� �R�S�W�L�P�L�V�H�U�� �O�
�H�I�I�L�F�D�F�L�W�p�� �H�W�� �O�H�V�� �S�H�U�I�R�U�P�D�Q�F�H�V�� �G�H�V�� �G�L�V�S�R�V�L�W�L�I�V�� �V�H�P�L��
�F�R�Q�G�X�F�W�H�X�U�V���R�U�J�D�Q�L�T�X�H�V�����(�Q���H�I�I�H�W���� �G�D�Q�V���F�H���E�X�W���� �O�D���P�R�G�X�O�D�W�L�R�Q���H�W���O�H���F�R�Q�W�U�{�O�H���G�H�V���S�U�R�S�U�L�p�W�p�V���p�O�H�F�W�U�R�Q�L�T�X�H�V���G�H��
�V�X�U�I�D�F�H���H�W���G�
�L�Q�W�H�U�I�D�F�H���U�H�Y�r�W�H�Q�W���X�Q�H���L�P�S�R�U�W�D�Q�F�H���I�R�Q�G�D�P�H�Q�W�D�O�H�����/�
�X�W�L�O�L�V�D�W�L�R�Q���G�H���P�R�Q�R�F�R�X�F�K�H�V���D�X�W�R���D�V�V�H�P�E�O�p�H�V��
���6�$�0�����>���@���F�R�Q�V�W�L�W�X�H���X�Q�H���V�W�U�D�W�p�J�L�H���W�U�q�V���H�I�I�L�F�D�F�H���S�R�X�U���\���S�D�U�Y�H�Q�L�U���>�������@�����(�Q���H�I�I�H�W�����G�H���Q�R�P�E�U�H�X�V�H�V���p�W�X�G�H�V���R�Q�W���P�R�Q�W�U�p��
�O�D�� �S�R�V�V�L�E�L�O�L�W�p�� �G�
�D�M�X�V�W�H�U�� �O�H�� �Q�L�Y�H�D�X�� �G�
�p�Q�H�U�J�L�H�� �G�H�� �O�
�L�Q�W�H�U�I�D�F�H���� �H�W�� �G�R�Q�F�� �G�H�� �F�R�Q�W�U�{�O�H�U�� �O�H�� �S�U�R�F�H�V�V�X�V�� �G�H�� �W�U�D�Q�V�I�H�U�W�� �G�H��
�F�K�D�U�J�H���� �S�D�U�� �X�Q�H�� �V�p�O�H�F�W�L�R�Q�� �D�S�S�U�R�S�U�L�p�H�� �G�H�� �6�$�0�V���L�Q�F�R�U�S�R�U�D�Q�W�� �G�H�V�� �P�R�O�p�F�X�O�H�V�� �G�L�S�R�O�D�L�U�H�V���� �&�H�S�H�Q�G�D�Q�W���� �F�H�V��
�S�U�R�S�U�L�p�W�p�V���p�O�H�F�W�U�R�Q�L�T�X�H�V���G�
�L�Q�W�H�U�I�D�F�H���V�R�Q�W���I�R�U�W�H�P�H�Q�W���D�I�I�H�F�W�p�H�V���S�D�U���O�H�V���F�D�U�D�F�W�p�U�L�V�W�L�T�X�H�V���V�W�U�X�F�W�X�U�D�O�H�V���G�H���O�D���6�$�0����
�W�H�O�O�H�V���T�X�H���O�
�R�U�L�H�Q�W�D�W�L�R�Q���P�R�O�p�F�X�O�D�L�U�H�����O�D���Q�D�W�X�U�H���G�H�V���L�Q�W�H�U�D�F�W�L�R�Q�V���P�R�O�p�F�X�O�H���V�X�U�I�D�F�H�����O�
�H�P�S�L�O�H�P�H�Q�W���P�R�O�p�F�X�O�D�L�U�H���G�D�Q�V��
�O�H���I�L�O�P�����H�W�F�����7�R�X�V���F�H�V���S�D�U�D�P�q�W�U�H�V���G�p�S�H�Q�G�H�Q�W���G�L�U�H�F�W�H�P�H�Q�W���G�H�V���F�R�Q�G�L�W�L�R�Q�V���G�H���G�p�S�{�W���H�W���G�H���O�D���V�W�U�X�F�W�X�U�H���P�R�O�p�F�X�O�D�L�U�H����
�$�L�Q�V�L���� �P�D�v�W�U�L�V�H�U�� �O�D�� �I�R�U�P�D�W�L�R�Q�� �G�H�� �6�$�0�V�� �G�H�� �P�R�O�p�F�X�O�H�V�� �J�U�H�I�I�p�H�V�� �S�H�U�S�H�Q�G�L�F�X�O�D�L�U�H�P�H�Q�W�� �j�� �O�D�� �V�X�U�I�D�F�H�����S�H�U�P�H�W�W�D�Q�W��
�D�O�R�U�V���G�¶�R�U�L�H�Q�W�H�U�� �O�H�V�� �G�L�S�{�O�H�V�� �G�H�� �P�R�O�p�F�X�O�H�V���G�L�S�R�O�D�L�U�H�V�����U�H�S�U�p�V�H�Q�W�H�� �X�Q�� �G�p�I�L�� �F�O�p�� �S�R�X�U�� �R�S�W�L�P�L�V�H�U�� �O�H�V�� �S�U�R�S�U�L�p�W�p�V�� �G�H��
�O�
�L�Q�W�H�U�I�D�F�H���� �1�R�X�V�� �S�U�R�S�R�V�R�Q�V�� �G�R�Q�F���G�H�� �F�R�Q�F�H�Y�R�L�U�� �X�Q�H�� �Q�R�X�Y�H�O�O�H�� �L�Q�W�H�U�I�D�F�H�� �E�D�V�p�H�� �V�X�U�� �G�H�V�� �P�R�Q�R�F�R�X�F�K�H�V�� �D�X�W�R��
�D�V�V�H�P�E�O�p�H�V�� �G�H�� �P�R�O�p�F�X�O�H�V���G�H���P�X�O�W�L�F�K�U�R�P�R�S�K�R�U�H�V���>���@���H�W�� �G�
�R�S�W�L�P�L�V�H�U�� �O�H�X�U�� �R�U�J�D�Q�L�V�D�W�L�R�Q�� �G�D�Q�V�� �O�D�� �F�R�X�F�K�H�� �D�F�W�L�Y�H��
�S�R�X�U���D�P�p�O�L�R�U�H�U���O�H�V���S�U�R�S�U�L�p�W�p�V���p�O�H�F�W�U�R�Q�L�T�X�H�V�� 

 �'�D�Q�V�� �F�H���W�U�D�Y�D�L�O���� �O�D�� �V�W�U�X�F�W�X�U�H�� �P�R�O�p�F�X�O�D�L�U�H�� �G�H�V�� �F�K�U�R�P�R�S�K�R�U�H�V���j�� �J�U�H�I�I�H�U���V�X�U�� �O�D�� �V�X�U�I�D�F�H���F�R�Q�V�W�L�W�X�H�� �X�Q��
�D�V�S�H�F�W���K�D�X�W�H�P�H�Q�W���L�Q�Q�R�Y�D�Q�W�����$�X���F�R�X�U�V���G�H�V���G�H�U�Q�L�q�U�H�V���D�Q�Q�p�H�V�����O�H�V���F�K�L�P�L�V�W�H�V���R�Q�W���S�R�U�W�p���X�Q�H���D�W�W�H�Q�W�L�R�Q���S�D�U�W�L�F�X�O�L�q�U�H��
�D�X�[���F�K�U�R�P�R�S�K�R�U�H�V���© �S�X�V�K���S�X�O�O �ª���F�R�Q�V�W�L�W�X�p�V���G�H���J�U�R�X�S�H�P�H�Q�W�V���G�R�Q�Q�H�X�U�V�����'�����H�W���D�F�F�H�S�W�H�X�U�V�����$�����G�
�p�O�H�F�W�U�R�Q�V���O�L�p�V��
�S�D�U���G�H�V���S�R�Q�W�V���Œ���F�R�Q�M�X�J�X�p�V���>���@���H�Q���U�D�L�V�R�Q���G�H���O�H�X�U���G�L�S�{�O�H���J�p�Q�p�U�p���S�D�U���W�U�D�Q�V�I�H�U�W���G�H���F�K�D�U�J�H���G�H���'���Y�H�U�V���$�����H�W���G�H���O�H�X�U��
�U�p�S�R�Q�V�H�� �R�S�W�L�T�X�H�� �Q�R�Q�� �O�L�Q�p�D�L�U�H�� �D�W�W�U�D�F�W�L�Y�H���� �/�H�V�� �S�U�R�S�U�L�p�W�p�V�� �R�S�W�L�T�X�H�V�� �Q�R�Q�� �O�L�Q�p�D�L�U�H�V�� �G�H���W�H�O�V���F�R�P�S�R�V�p�V�� �'�±�Œ�±�$��
�S�H�X�Y�H�Q�W�� �r�W�U�H�� �I�L�Q�H�P�H�Q�W�� �D�M�X�V�W�p�H�V�� �H�Q�� �V�p�O�H�F�W�L�R�Q�Q�D�Q�W�� �O�H�V�� �X�Q�L�W�p�V�� �'���� �$�����H�W�� �O�H�V�� �S�R�Q�W�V���Œ���F�R�Q�M�X�J�X�p�V�� �D�S�S�U�R�S�U�L�p�V����
�&�H�S�H�Q�G�D�Q�W���� �W�U�q�V�� �S�H�X�� �G�
�p�W�X�G�H�V�� �R�Q�W�� �S�R�U�W�p�� �V�X�U�� �O�H�X�U�� �D�G�V�R�U�S�W�L�R�Q�� �V�X�U�� �O�D�� �V�X�U�I�D�F�H���>���@���� �S�H�X�W���r�W�U�H�� �H�Q�� �U�D�L�V�R�Q�� �G�H�� �O�H�X�U��
�R�U�L�H�Q�W�D�W�L�R�Q���L�Q�F�R�Q�W�U�{�O�p�H�����6�X�U�� �F�H�W�W�H�� �E�D�V�H���� �G�H���Q�R�X�Y�H�O�O�H�V�� �P�R�O�p�F�X�O�H�V�� �G�H�� �E�L�F�K�U�R�P�R�S�K�R�U�H�V���F�R�P�S�R�V�p�H�V�� �G�H�� �G�H�X�[��
�F�K�U�R�P�R�S�K�R�U�H�V���© �S�X�V�K���S�X�O�O �ª���F�R�P�S�O�p�P�H�Q�W�D�L�U�H�V���S�R�U�W�p�V�� �S�D�U�� �O�D�� �P�r�P�H�� �W�r�W�H�� �G�H�� �J�U�H�I�I�D�J�H�� ���F�I���� �)�L�J�X�U�H�� �������R�Q�W���p�W�p��
�V�\�Q�W�K�p�W�L�V�p�H�V���� �S�X�L�V�� �G�p�S�R�V�p�H�V�� �S�D�U�� �D�X�W�R���D�V�V�H�P�E�O�D�J�H�� �V�X�U�� �O�D�� �V�X�U�I�D�F�H�� �H�Q�� �D�V�V�X�U�D�Q�W�� �D�L�Q�V�L�� �O�¶�R�U�J�D�Q�L�V�D�W�L�R�Q�� �H�W��
�O�¶�p�T�X�L�S�D�U�W�L�W�L�R�Q���G�H���F�K�D�T�X�H���F�K�U�R�P�R�S�K�R�U�H�����F�H���T�X�L���Q�
�D���S�D�V���H�Q�F�R�U�H���p�W�p���p�W�X�G�L�p���G�D�Q�V���O�D���O�L�W�W�p�U�D�W�X�U�H���&�H���W�U�D�Y�D�L�O���H�V�W���G�R�Q�F��
�D�[�p�� �V�X�U�� �O�¶�p�W�X�G�H�� �G�H�� �O�D���U�H�O�D�W�L�R�Q�� �H�Q�W�U�H�� �O�D�� �V�W�U�X�F�W�X�U�H�� �H�W�� �O�H�V�� �S�U�R�S�U�L�p�W�p�V�� �p�O�H�F�W�U�R�Q�L�T�X�H�V�� �G�H�� �F�H�V�� �Q�R�X�Y�H�O�O�H�V�� �6�$�0�V���� �&�H��
�V�\�V�W�q�P�H�� �X�Q�L�T�X�H�� �F�R�Q�G�X�L�U�D�� �j�� �G�H�� �Q�R�X�Y�H�O�O�H�V�� �L�Q�W�H�U�I�D�F�H�V�� �p�O�H�F�W�U�L�T�X�H�V�� �D�X�[�� �S�U�R�S�U�L�p�W�p�V�� �H�[�F�O�X�V�L�Y�H�V�� �O�H�V�� �U�H�Q�G�D�Q�W��
�L�Q�W�p�U�H�V�V�D�Q�W�H�V���S�R�X�U���D�P�p�O�L�R�U�H�U���O�D���U�p�F�X�S�p�U�D�W�L�R�Q���G�H���O�D���O�X�P�L�q�U�H�����O�D���V�p�S�D�U�D�W�L�R�Q���G�H�V���F�K�D�U�J�H�V�����H�W���I�D�F�L�O�L�W�H�U���O�H�V���L�Q�M�H�F�W�L�R�Q�V��
�G�H���F�K�D�U�J�H�V�����(�Q���S�D�U�W�L�F�X�O�L�H�U�����O�H�V���Q�R�X�Y�H�O�O�H�V���6�$�0�V���E�D�V�p�H�V���V�X�U���G�H�V���F�R�P�S�R�V�p�V���E�L�F�K�U�R�P�R�S�K�R�U�H�V���Œ���F�R�Q�M�X�J�X�p�V���O�L�p�V���j��
�X�Q�H���W�r�W�H���G�
�D�Q�F�U�D�J�H���X�Q�L�T�X�H���S�R�X�U�U�D�L�H�Q�W���r�W�U�H���X�W�L�O�L�V�p�H�V���F�R�P�P�H���F�R�X�F�K�H�V���L�Q�W�H�U�I�D�F�L�D�O�H�V���G�H���W�U�D�Q�V�S�R�U�W���G�¶�p�O�H�F�W�U�R�Q�V�����(�7�/����
�H�W�� �G�H�� �W�U�R�X�V�� ���+�7�/���� �X�O�W�U�D���I�L�Q�H�V�� �j�� �I�D�L�E�O�H�� �U�p�V�L�V�W�L�Y�L�W�p�� �S�R�X�U�� �O�H�V�� �F�H�O�O�X�O�H�V�� �V�R�O�D�L�U�H�V�� �R�U�J�D�Q�L�T�X�H�V���� �&�H�V�� �E�L�F�K�U�R�P�R�S�K�R�U�H�V��
�D�S�S�R�U�W�H�U�D�L�H�Q�W�� �X�Q�H�� �Y�D�O�H�X�U�� �D�M�R�X�W�p�H�� �S�D�U�� �U�D�S�S�R�U�W�� �D�X�[�� �V�W�U�X�F�W�X�U�H�V�� �V�L�P�S�O�H�V�� �H�Q�� �W�H�U�P�H�V�� �G�H�� �G�L�S�{�O�H���� �G�H���W�U�D�Q�V�S�R�U�W�� �G�H��
�F�K�D�U�J�H�V�����G�H���W�U�D�Q�V�I�H�U�W���G�H���F�K�D�U�J�H�V���S�K�R�W�R�L�Q�G�X�L�W�H�V�����H�W���G�H���O�L�P�L�W�D�W�L�R�Q���G�H���O�D���U�H�F�R�P�E�L�Q�D�L�V�R�Q���G�H�V���F�K�D�U�J�H�V�� 

 
�)�L�J�X�U�H���������D�����6�W�U�X�F�W�X�U�H���G�H�V���E�L�F�K�U�R�P�R�S�K�R�U�H�V���S�X�V�K���S�X�O�O���V�X�U���X�Q�H���P�r�P�H���W�r�W�H���J�U�H�I�I�D�Q�W�H���S�U�p�V�H�Q�W�D�Q�W���G�H�V���J�D�P�P�H�V���G�¶�D�E�V�R�U�S�W�L�R�Q���F�R�P�S�O�p�P�H�Q�W�D�L�U�H�V����
�H�W���O�H�X�U���6�$�0�����E�����(�[�H�P�S�O�H���G�H���F�R�P�S�R�V�p�V���S�R�X�U���O�H�V���G�L�I�I�p�U�H�Q�W�H�V���S�D�U�W�L�H�V�����H�V�S�D�F�H�X�U���6�����D�F�F�H�S�W�H�X�U���$�����H�W���G�R�Q�Q�H�X�U���'���� 

 �/�H�V���6�$�0�V���G�H�V���G�L�I�I�p�U�H�Q�W�V���E�L�F�K�U�R�P�R�S�K�R�U�H�V�����R�E�W�H�Q�X�H�V���S�D�U���W�U�D�Q�V�I�H�U�W���G�H�V���P�R�O�p�F�X�O�H�V���G�
�X�Q�H���V�R�O�X�W�L�R�Q���Y�H�U�V��
�O�D�� �V�X�U�I�D�F�H�����V�R�Q�W�� �p�W�X�G�L�p�H�V���H�W���F�R�P�S�D�U�p�H�V���� �3�R�X�U�� �F�K�D�F�X�Q���G�H�V�� �E�L�F�K�U�R�P�R�S�K�R�U�H�V���� �L�O�� �V�¶�D�J�L�W�� �D�X�V�V�L�� �G�H�� �P�H�Q�H�U���O�D��
�F�R�P�S�D�U�D�L�V�R�Q�� �D�Y�H�F�� �O�H�V���6�$�0�V���R�E�W�H�Q�X�H�V�� �S�D�U�� �O�H���P�p�O�D�Q�J�H�� �G�H�V���P�R�Q�R�F�K�U�R�P�R�S�K�R�U�H�V���F�R�U�U�H�V�S�R�Q�G�D�Q�W�V�����'�D�Q�V�� �X�Q��
�S�U�H�P�L�H�U���W�H�P�S�V�����O�H���F�K�R�L�[���G�H�V���S�D�U�D�P�q�W�U�H�V���G�H���G�p�S�{�W�����Q�D�W�X�U�H���G�X���V�R�O�Y�D�Q�W�����F�R�Q�F�H�Q�W�U�D�W�L�R�Q�����W�H�P�S�p�U�D�W�X�U�H�����G�X�U�p�H���«����

�� 



�H�V�W���R�S�W�L�P�L�V�p���� �/�D�� �T�X�D�O�L�W�p�� �G�H�V���P�R�Q�R�F�R�X�F�K�H�V���S�U�p�S�D�U�p�H�V���H�V�W���p�Y�D�O�X�p�H�� �S�D�U�� �G�L�I�I�p�U�H�Q�W�H�V�� �W�H�F�K�Q�L�T�X�H�V�� �G�
�D�Q�D�O�\�V�H�� �G�H��
�V�X�U�I�D�F�H�����H�O�O�L�S�V�R�P�p�W�U�L�H���� �D�Q�J�O�H�V���G�H���F�R�Q�W�D�F�W�����P�L�F�U�R�E�D�O�D�Q�F�H���j�� �T�X�D�U�W�]�����V�S�H�F�W�U�R�V�F�R�S�L�H�V������ �H�W���Q�R�W�D�P�P�H�Q�W���D�X�� �Q�L�Y�H�D�X��
�O�R�F�D�O���S�D�U���D�Q�D�O�\�V�H�V���G�H���P�L�F�U�R�V�F�R�S�L�H���j���I�R�U�F�H���D�W�R�P�L�T�X�H�����$�)�0�������H�W���G�H���P�L�F�U�R�V�F�R�S�L�H���j���H�I�I�H�W���W�X�Q�Q�H�O�����6�7�0�������(�Q�V�X�L�W�H����
�O�H�V�� �S�U�R�S�U�L�p�W�p�V�� �p�O�H�F�W�U�L�T�X�H�V���V�R�Q�W�� �p�W�X�G�L�p�H�V�� �Y�L�D�� �G�H�V���F�D�U�D�F�W�p�U�L�V�D�W�L�R�Q�V�� �F�R�X�U�D�Q�W���W�H�Q�V�L�R�Q�� ���,���9������ �O�R�F�D�O�H�P�H�Q�W�� �S�D�U��
�P�L�F�U�R�V�F�R�S�L�H�� �6�7�0�� �H�Q�� �U�H�O�D�W�L�R�Q�� �D�Y�H�F���O�D�� �W�R�S�R�J�U�D�S�K�L�H�� �S�R�X�U�� �V�R�Q�G�H�U�� �O�¶�K�R�P�R�J�p�Q�p�L�W�p�� �G�H�� �O�D���F�R�X�F�K�H���� �H�W���� �S�O�X�V��
�P�D�F�U�R�V�F�R�S�L�T�X�H�P�H�Q�W�����D�X���P�R�\�H�Q���G�H���J�R�X�W�W�H�O�H�W�W�H�V���,�Q�*�D���j���O�
�H�X�W�H�F�W�L�T�X�H�� 

 

�5�p�I�p�U�H�Q�F�H�V 
[1]  Ulman, A., An Introduction to Ultrathin Organic Films, Academic Press Ed., Boston 1991; Vijayaraghavan, R.K. et 

al.,J. Phys. Chem. C 2013, 117, 16820 
[2] Cartus, J.J. et al., ACS Omega 2021, 6, 32270 
[3] Asyuda A. et al., J. Phys. Chem. C 2020, 124, 8775 
[4] Aster A. et al, Chem. Sci. 2019, 10, 10629; Weber et al. J.L., Chem. Sci. 2021, 12, 1068 
[5] Malytskyi V. et al., RSC Adv. 2015, 5, 354 
[6] Malytskyi V. et al., RSC Adv. 2015, 5, 26308 ; Malytskyi V. et al., Tetrahedron 2017, 73, 57381 
 

 

�� 



�(�[�S�O�R�U�L�Q�J���W�K�H���T�X�D�Q�W�X�P���S�U�R�S�H�U�W�L�H�V���R�I��������������������������������������������������������������������������������������������������
�V�S�L�Q���G�H�I�H�F�W�V���L�Q�����'���V�H�P�L�F�R�Q�G�X�F�W�R�U�V 

�$�O�H�[�L�V���)�D�J�X�Q�G�H�V�������)�D�E�L�D�Q���&�D�G�L�]�������)�D�X�V�W�R���6�L�U�R�W�W�L�������1�D�W�D�O�L�D���$�O�\�D�E�\�H�Y�D����������������������������������������������������������������������������
�$�Q�W�R�L�Q�H���%�R�U�H�O�������0�L�F�K�H�O�H���3�H�U�O�D�Q�J�H�O�L�����D�Q�G���* �\�H�R�Q�J�M�X�Q���/�H�H�� 

 
���/�D�E�R�U�D�W�R�L�U�H���G�H���3�K�\�V�L�T�X�H���G�H���O�D���0�D�W�L�q�U�H���&�R�Q�G�H�Q�V�p�H�����3�0�&�������&�1�5�6���(�F�R�O�H���3�R�O�\�W�H�F�K�Q�L�T�X�H������������������������������������������������

�8�0�5���������������5�R�X�W�H���G�H���6�D�F�O�D�\���������������3�D�O�D�L�V�H�D�X�����)�U�D�Q�F�H 

 

�7�K�H���2�Q�H�6�3�,�1���S�U�R�M�H�F�W���D�L�P�V���W�R���X�Q�O�R�F�N���W�K�H���F�R�K�H�U�H�Q�W���F�R�Q�W�U�R�O���R�I���V�L�Q�J�O�H���H�O�H�F�W�U�R�Q�L�F���V�S�L�Q�V���L�Q���W�Z�R���G�L�P�H�Q�V�L�R�Q�D�O��
�����'���� �V�H�P�L�F�R�Q�G�X�F�W�R�U�V�� �V�X�F�K�� �D�V�� �0�R�6�����D�Q�G�� �:�6�H������ �O�H�Y�H�U�D�J�L�Q�J�� �W�K�H�L�U�� �X�Q�L�T�X�H�� �V�S�L�Q���Y�D�O�O�H�\�� �F�R�X�S�O�L�Q�J�� �D�Q�G�� �R�S�W�L�F�D�O��
�D�G�G�U�H�V�V�D�E�L�O�L�W�\�����7�K�H�V�H���P�R�Q�R�O�D�\�H�U���P�D�W�H�U�L�D�O�V���K�R�V�W���S�R�L�Q�W���G�H�I�H�F�W�V�² �S�D�U�W�L�F�X�O�D�U�O�\���F�K�D�O�F�R�J�H�Q���Y�D�F�D�Q�F�L�H�V�² �W�K�D�W���D�F�W���D�V��
�T�X�D�Q�W�X�P���G�R�W���O�L�N�H���F�H�Q�W�H�U�V���F�D�S�D�E�O�H���R�I���H�P�L�W�W�L�Q�J���V�L�Q�J�O�H���S�K�R�W�R�Q�V���Z�L�W�K���V�S�L�Q���V�H�O�H�F�W�L�Y�H���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���L�Q�K�H�U�L�W�H�G���I�U�R�P��
�W�K�H���K�R�V�W���P�R�Q�R�O�D�\�H�U���� �8�Q�O�L�N�H���H�[�F�L�W�R�Q�V���� �Z�K�L�F�K���V�X�I�I�H�U���I�U�R�P���X�O�W�U�D�I�D�V�W�����a�S�V�����V�S�L�Q���Y�D�O�O�H�\�� �U�H�O�D�[�D�W�L�R�Q���� �W�K�H�V�H���O�R�F�D�O�L�]�H�G��
�V�W�D�W�H�V���D�U�H�� �S�U�H�G�L�F�W�H�G�� �W�R���H�[�K�L�E�L�W�� �P�L�F�U�R�V�H�F�R�Q�G���V�F�D�O�H�� �V�S�L�Q�� �F�R�K�H�U�H�Q�F�H���� �P�D�N�L�Q�J�� �W�K�H�P�� �S�U�R�P�L�V�L�Q�J�� �F�D�Q�G�L�G�D�W�H�V�� �I�R�U��
�T�X�D�Q�W�X�P���L�Q�I�R�U�P�D�W�L�R�Q���D�S�S�O�L�F�D�W�L�R�Q�V���>���������������@�� 

 

 �:�H�� �S�U�R�S�R�V�H���D�� �Q�R�Y�H�O�� �P�H�W�K�R�G�R�O�R�J�\�� �W�K�D�W�� �F�R�P�E�L�Q�H�V�� �V�F�D�Q�Q�L�Q�J�� �W�X�Q�Q�H�O�L�Q�J�� �P�L�F�U�R�V�F�R�S�\�� ���6�7�0���� �Z�L�W�K�� �R�S�W�L�F�D�O��
�G�H�W�H�F�W�L�R�Q���R�I���P�D�J�Q�H�W�L�F���U�H�V�R�Q�D�Q�F�H�����2�'�0�5�����W�R���S�U�R�E�H���D�Q�G���P�D�Q�L�S�X�O�D�W�H���L�Q�G�L�Y�L�G�X�D�O���V�S�L�Q�V���Z�L�W�K���D�W�R�P�L�F���S�U�H�F�L�V�L�R�Q�����7�K�L�V��
�W�H�F�K�Q�L�T�X�H���H�Q�D�E�O�H�V���P�H�D�V�X�U�H�P�H�Q�W���R�I���N�H�\���T�X�D�Q�W�X�P���S�D�U�D�P�H�W�H�U�V���D�Q�G���D�O�O�R�Z�V���G�L�U�H�F�W���F�R�U�U�H�O�D�W�L�R�Q���R�I���V�S�L�Q���F�R�K�H�U�H�Q�F�H��
�Z�L�W�K���D�W�R�P�L�F���V�F�D�O�H���V�W�U�X�F�W�X�U�H�����$���F�H�Q�W�U�D�O���H�O�H�P�H�Q�W���R�I���W�K�H���S�U�R�M�H�F�W���L�V���W�K�H���R�S�W�L�F�D�O���U�H�D�G�R�X�W���R�I���V�S�L�Q���U�H�V�R�Q�D�Q�F�H���I�U�R�P���D��
�O�R�F�D�O�L�]�H�G���V�W�D�W�H���X�Q�G�H�U���5�)���D�Q�G���V�W�D�W�L�F���P�D�J�Q�H�W�L�F���I�L�H�O�G�V�����)�L�J�X�U�H���������O�H�I�W�����>���������@�����7�K�L�V���R�S�W�L�F�D�O���D�S�S�U�R�D�F�K���F�L�U�F�X�P�Y�H�Q�W�V��
�O�L�P�L�W�D�W�L�R�Q�V���R�I�� �P�D�J�Q�H�W�L�]�H�G���W�L�S�� �(�6�5���� �R�S�H�U�D�W�L�Q�J�� �X�Q�G�H�U�� �O�R�Z���P�D�J�Q�H�W�L�F���I�L�H�O�G�V���D�Q�G�� �E�U�R�D�G���W�H�P�S�H�U�D�W�X�U�H���U�D�Q�J�H�V���� �D�Q�G��
�R�I�I�H�U�V���D���W�U�D�Q�V�I�R�U�P�D�W�L�Y�H���U�R�X�W�H���I�R�U���T�X�D�Q�W�X�P���P�D�W�H�U�L�D�O���H�[�S�O�R�U�D�W�L�R�Q���D�Q�G���G�H�Y�L�F�H���H�Q�J�L�Q�H�H�U�L�Q�J�����&�X�U�U�H�Q�W�O�\���R�X�U���W�H�D�P���L�V��
�Z�R�U�N�L�Q�J���R�Q���W�K�H���L�P�S�O�H�P�H�Q�W�D�W�L�R�Q���R�I���W�K�H���6�7�0���K�H�D�G���L�Q�V�L�G�H���D�Q���R�S�W�L�F�D�O���F�U�\�R�V�W�D�W�����)�L�J�X�U�H���������U�L�J�K�W�������E�H�L�Q�J���W�K�H���E�D�V�L�V���R�I��
�S�U�R�P�L�V�L�Q�J���I�X�W�X�U�H���H�[�S�H�U�L�P�H�Q�W�V�� 

 

 

 

 

 

 

 

 

 
�)�L�J�X�U�H�����������/�H�I�W�����3�U�L�Q�F�L�S�O�H���R�I���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���D�S�S�U�R�D�F�K���S�U�R�S�R�V�H�G���L�Q���2�Q�H�6�3�,�1�����$���O�R�F�D�O�L�]�H�G���H�O�H�F�W�U�R�Q���V�S�L�Q�����U�H�G���D�U�U�R�Z�����L�V���H�[�F�L�W�H�G���E�\���D��
�O�D�V�H�U�����J�U�H�H�Q���D�U�U�R�Z�����D�Q�G���X�Q�G�H�U�J�R�H�V���F�R�K�H�U�H�Q�W���S�U�H�F�H�V�V�L�R�Q���X�Q�G�H�U���W�K�H���L�Q�I�O�X�H�Q�F�H���R�I���E�R�W�K���D�Q���H�[�W�H�U�Q�D�O�����V�W�D�W�L�F���R�X�W���R�I���S�O�D�Q�H���P�D�J�Q�H�W�L�F���I�L�H�O�G���%���D�Q�G��

�D���U�D�G�L�R�I�U�H�T�X�H�Q�F�\���H�O�H�F�W�U�L�F���I�L�H�O�G���J�H�Q�H�U�D�W�H�G���L�Q���W�K�H���W�L�S���V�D�P�S�O�H���M�X�Q�F�W�L�R�Q���M�X�V�W���D�E�R�Y�H���W�K�H���V�S�L�Q�����7�K�H���R�S�W�L�F�D�O���G�H�W�H�F�W�L�R�Q���R�I���W�K�L�V���V�L�Q�J�O�H���V�S�L�Q��
�U�H�V�R�Q�D�Q�F�H���L�V���D�F�K�L�H�Y�H�G���E�\���D�Q�D�O�\�]�L�Q�J���W�K�H���S�K�R�W�R�O�X�P�L�Q�H�V�F�H�Q�F�H�����\�H�O�O�R�Z���D�U�U�R�Z�����D�V���D���I�X�Q�F�W�L�R�Q���R�I���W�K�H���I�U�H�T�X�H�Q�F�\���R�I���W�K�H���G�U�L�Y�L�Q�J���I�L�H�O�G�����7�K�H���H�[�D�F�W��

�V�K�D�S�H���R�I���W�K�H���R�E�W�D�L�Q�H�G���F�X�U�Y�H���D�O�O�R�Z�V���I�R�U���D���G�H�W�H�U�P�L�Q�D�W�L�R�Q���R�I���W�K�H���O�R�Q�J�L�W�X�G�L�Q�D�O���V�S�L�Q���U�H�O�D�[�D�W�L�R�Q���W�L�P�H���7�����D�Q�G���W�K�H���V�S�L�Q���F�R�K�H�U�H�Q�F�H���W�L�P�H���7�������L�Q��
�D�G�G�L�W�L�R�Q���W�R���W�K�H���V�S�L�Q���J���I�D�F�W�R�U�������Z�K�L�F�K���D�U�H���H�[�S�H�F�W�H�G���W�R���E�H���K�L�J�K�O�\���G�H�S�H�Q�G�H�Q�W���R�Q���W�K�H���V�S�L�Q�¶�V���D�W�R�P�L�F���D�Q�G���H�O�H�F�W�U�L�F���H�Q�Y�L�U�R�Q�P�H�Q�W��������������������������������������������

���5�L�J�K�W�����6�7�0���K�H�D�G���K�R�O�G�H�G���E�\���W�K�U�H�H���J�R�O�G���F�R�D�W�H�G���F�R�S�S�H�U���S�L�O�O�D�U�V���R�Q���W�K�H���R�S�W�L�F�D�O���F�U�\�R�V�W�D�W���E�D�V�L�V�� 

 

�5�p�I�p�U�H�Q�F�H�V�� 

�>���@�������������;�L�D�R���H�W���D�O�������3�K�\�V�����5�H�Y�����/�H�W�W������������ �����������������±���� 
�>���@�������������&�D�G�L�]���H�W���D�O�������3�K�\�V�����5�H�Y�����;�������������� ������������������ 
�>���@�������������0�R�R�G�\���H�W���D�O�������3�K�\�V�����5�H�Y�����/�H�W�W������������ �������������������������� 
�>���@�������������.�O�H�L�Q���H�W���D�O�������1�D�W�����&�R�P�P�X�Q������������ �������� �������±���� 
�>���@�������������1�J�X�\�H�Q���H�W���D�O�������3�K�\�V�����5�H�Y�����/�H�W�W������������ �������������������������� 

 



�0�H�V�X�U�H���G�¶�D�G�K�p�V�L�R�Q���H�Q�W�U�H���I�L�E�U�H�V���G�H���Y�H�U�U�H���S�D�U��
�V�S�H�F�W�U�R�V�F�R�S�L�H���G�H���I�R�U�F�H����

�$�����3�L�H�G�Q�R�L�U�����6�����%�R�X�Y�L�H�U�����0�����/�H�R�F�P�D�F�K�����$�����/�����%�L�D�Q�F�H�����&�����&�R�W�W�L�Q���%�L�]�R�Q�Q�H��

�,�Q�V�W�L�W�X�W���/�X�P�L�q�U�H���0�D�W�L�q�U�H�����&�1�5�6�������8�&�%�/�������������������9�L�O�O�H�X�U�E�D�Q�Q�H��
��

�/�H�V�� �I�L�E�U�H�V�� �G�H�� �Y�H�U�U�H�� �V�R�Q�W�� �R�P�Q�L�S�U�p�V�H�Q�W�H�V�� �G�D�Q�V�� �G�H�� �Q�R�P�E�U�H�X�[�� �P�D�W�p�U�L�D�X�[�� �G�H�� �Q�R�W�U�H�� �H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�� �H�W�� �H�O�O�H�V��
�L�Q�W�H�U�D�J�L�V�V�H�Q�W�� �V�R�L�W�� �H�Q�W�U�H�� �H�O�O�H�V���� �V�R�L�W�� �D�Y�H�F�� �G�¶�D�X�W�U�H�V�� �P�D�W�p�U�L�D�X�[���� �7�R�X�V�� �O�H�V�� �F�R�Q�W�D�F�W�V�� �H�Q�W�U�H�� �I�L�E�U�H�V�� �j�� �O�¶�p�F�K�H�O�O�H�� �P�L�F�U�R�P�p�W�U�L�T�X�H��
�S�H�X�Y�H�Q�W���L�Q�I�O�X�H�Q�F�H�U���O�H���S�U�R�G�X�L�W���I�L�Q�D�O�����$�X�V�V�L�����S�R�X�U���S�U�p�G�L�U�H���O�H�V���S�H�U�I�R�U�P�D�Q�F�H�V���P�p�F�D�Q�L�T�X�H�V���G�¶�X�Q���P�D�W�p�U�L�D�X���I�L�E�U�H�X�[���j���X�Q�H���p�F�K�H�O�O�H��
�S�O�X�V���J�U�D�Q�G�H�����L�O���H�V�W���L�P�S�p�U�D�W�L�I���G�H���F�R�P�S�U�H�Q�G�U�H���O�H�V���L�Q�W�H�U�D�F�W�L�R�Q�V�����S�U�R�E�D�E�O�H�P�H�Q�W���D�I�I�H�F�W�p�H�V���S�D�U���O�D���S�U�p�V�H�Q�F�H���G�¶�H�D�X���H�W���G�H���G�L�Y�H�U�V��
�D�G�G�L�W�L�I�V�����H�Q�W�U�H���O�H�V���I�L�E�U�H�V�����1�R�X�V���D�Y�R�Q�V���G�p�Y�H�O�R�S�S�p���X�Q���S�U�H�P�L�H�U���G�L�V�S�R�V�L�W�L�I���S�R�X�U���V�R�Q�G�H�U���O�D���I�U�L�F�W�L�R�Q���L�Q�W�H�U���I�L�E�U�H�V�����H�W���X�W�L�O�L�V�p���O�¶�$�)�0��
�S�R�X�U���p�Y�D�O�X�H�U���O�H�X�U���D�G�K�p�V�L�R�Q���H�Q���I�R�Q�F�W�L�R�Q���G�X���U�H�Y�r�W�H�P�H�Q�W���H�W���G�H���O�¶�K�X�P�L�G�L�W�p������

�/�¶�$�)�0���H�V�W���X�Q���R�X�W�L�O���G�H���F�K�R�L�[���S�R�X�U���P�H�V�X�U�H�U���G�H�V���I�R�U�F�H�V���G�¶�D�G�K�p�V�L�R�Q���H�Q�W�U�H���G�H�X�[���R�E�M�H�W�V���G�H���W�D�L�O�O�H���P�L�F�U�R�P�p�W�U�L�T�X�H�����1�R�X�V��
�S�U�p�V�H�Q�W�H�U�R�Q�V���Q�R�W�U�H���P�R�G�H���R�S�p�U�D�W�R�L�U�H���S�R�X�U���F�R�O�O�H�U���X�Q���P�R�U�F�H�D�X���G�H���I�L�E�U�H���G�H���������j���������—�P���G�H���G�L�D�P�q�W�U�H���H�W���a���������—�P���G�H���O�R�Q�J�X�H�X�U��
�j���O�¶�H�[�W�U�p�P�L�W�p���G�¶�X�Q���F�D�Q�W�L�O�H�Y�H�U�����I�L�J�X�U�H�����������S�X�L�V���O�H�V���P�H�V�X�U�H�V���G�¶�D�G�K�p�V�L�R�Q���H�Q�W�U�H���G�H�X�[���I�L�E�U�H�V���J�U�k�F�H���j���O�D���V�S�H�F�W�U�R�V�F�R�S�L�H���G�H���I�R�U�F�H����
�3�R�X�U���R�E�W�H�Q�L�U���G�H�V���G�R�Q�Q�p�H�V���V�W�D�W�L�V�W�L�T�X�H�V���G�H���P�H�V�X�U�H�V���G�H���I�R�U�F�H�V�����Q�R�X�V���D�Y�R�Q�V���U�p�D�O�L�V�p���G�H�V���F�D�U�W�R�J�U�D�S�K�L�H�V���G�H���I�R�U�F�H���G�¶�D�G�K�p�V�L�R�Q��
�����)�R�U�F�H�� �0�D�S�V������ �j�� �G�L�I�I�p�U�H�Q�W�V�� �W�D�X�[�� �G�¶�K�X�P�L�G�L�W�p���� �1�R�X�V�� �D�Y�R�Q�V�� �D�L�Q�V�L�� �D�F�F�X�P�X�O�p�� �X�Q�� �J�U�D�Q�G�� �Q�R�P�E�U�H�� �G�H�� �P�H�V�X�U�H�V�� �G�H�� �I�R�U�F�H�V��
�G�¶�D�G�K�p�V�L�R�Q���O�H���O�R�Q�J���G�H���F�K�D�T�X�H���I�L�E�U�H���S�R�X�U���G�L�I�I�p�U�H�Q�W�V���U�H�Y�r�W�H�P�H�Q�W�V���H�W���W�D�X�[���G�¶�K�X�P�L�G�L�W�p�����I�L�J�X�U�H����������

��

��

��

��

��

��

��

�)�L�J�X�U�H�����������G�L�V�S�R�V�L�W�L�I���S�R�X�U���O�D���V�S�H�F�W�U�R�V�F�R�S�L�H���G�H���I�R�U�F�H���H�Q�W�U�H�������I�L�E�U�H�V���)�L�J�X�U�H�����������I�R�U�F�H���G�¶�D�G�K�p�V�L�R�Q���Q�R�U�P�D�O�L�V�p�H���H�Q�W�U�H�������W�\�S�H�V���G�H���I�L�E�U�H�V��
�H�Q���I�R�Q�F�W�L�R�Q���G�X���W�D�X�[���G�¶�K�X�P�L�G�L�W�p���U�H�O�D�W�L�Y�H��

�/�D���J�p�R�P�p�W�U�L�H���G�H���F�\�O�L�Q�G�U�H�V���F�U�R�L�V�p�V���S�H�U�P�H�W���O�D���P�R�G�p�O�L�V�D�W�L�R�Q���G�H�V���F�R�X�U�E�H�V���G�H���I�R�U�F�H���H�Q���I�R�Q�F�W�L�R�Q���G�H���O�D���I�R�U�F�H���G�¶�D�S�S�X�L����
�1�R�X�V���D�Y�R�Q�V���D�G�D�S�W�p���O�H���O�R�J�L�F�L�H�O���3�\�0�H�P�E�U�D�Q�H���>���@���S�R�X�U���P�R�G�p�O�L�V�H�U���X�Q�H���J�R�X�W�W�H���G�¶�H�D�X���T�X�L���D�X�U�D�L�W���Q�X�F�O�p�p���H�Q�W�U�H���G�H�X�[���V�X�E�V�W�U�D�W�V��
�F�\�O�L�Q�G�U�L�T�X�H�V���� �1�R�X�V�� �D�Y�R�Q�V�� �F�D�O�F�X�O�p�� �O�D�� �I�R�U�F�H�� �G�¶�D�G�K�p�V�L�R�Q�� �H�Q�� �S�U�H�Q�D�Q�W�� �O�D�� �G�p�U�L�Y�p�H�� �G�H�� �O�¶�p�Q�H�U�J�L�H�� �G�X�� �V�\�V�W�q�P�H�� �H�Q�� �I�R�Q�F�W�L�R�Q�� �G�H��
�O�¶�H�V�S�D�F�H�P�H�Q�W�� �H�Q�W�U�H�� �O�H�V�� �F�\�O�L�Q�G�U�H�V�� �H�W�� �Q�R�X�V�� �D�Y�R�Q�V�� �F�R�P�S�D�U�p�� �Q�R�V�� �Y�D�O�H�X�U�V�� �H�[�S�p�U�L�P�H�Q�W�D�O�H�V�� �D�X�[�� �Y�D�O�H�X�U�V�� �R�E�W�H�Q�X�H�V��
�Q�X�P�p�U�L�T�X�H�P�H�Q�W�����1�R�X�V���D�Y�R�Q�V���P�R�Q�W�U�p���T�X�H���O�D���I�R�U�P�D�W�L�R�Q���G�¶�X�Q���P�p�Q�L�V�T�X�H���G�¶�H�D�X���D�X���S�R�L�Q�W���G�H���F�R�Q�W�D�F�W���H�Q�W�U�H���G�H�X�[�� �I�L�E�U�H�V�����Q�H��
�P�R�G�L�I�L�D�L�W���S�D�V���O�H�V���I�R�U�F�H�V���G�H���I�U�R�W�W�H�P�H�Q�W���H�Q�W�U�H���G�H�X�[���I�L�E�U�H�V���P�D�L�V���S�U�R�Y�R�T�X�D�L�W���O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q���G�H�V���I�R�U�F�H�V���G�¶�D�G�K�p�V�L�R�Q�����I�L�J�X�U�H����������
�&�H�W�W�H�� �D�X�J�P�H�Q�W�D�W�L�R�Q���G�H���O�¶�D�G�K�p�V�L�R�Q�� �H�V�W���G�X�H���D�X�� �P�p�Q�L�V�T�X�H���G�¶�H�D�X���T�X�L���V�H�� �I�R�U�P�H�� �P�D�O�J�U�p���O�D�� �S�U�p�V�H�Q�F�H���G�H�� �V�L�O�L�F�R�Q�H�� �H�Q�W�U�H���O�H�V��
�G�H�X�[���I�L�E�U�H�V�����I�L�J�X�U�H����������

��

��

��

��

��

�)�L�J�X�U�H�����������L�P�D�J�H���$�)�0���G�H���O�D���I�L�E�U�H���U�H�F�R�X�Y�H�U�W�H���G�H���V�L�O�L�F�R�Q�H�����D�Y�D�Q�W���H�W���D�S�U�q�V���)�R�U�F�H���0�D�S��

��

�>���@���'�����$�����0�D�W�R�]���)�H�U�Q�D�Q�G�H�]�����6�����/�L�����0�����2�����&�U�X�]�����D�Q�G���5�����6�N�Q�H�S�Q�H�N�����³�3�\�0�H�P�E�U�D�Q�H�����$���I�O�H�[�L�E�O�H���I�U�D�P�H�Z�R�U�N���I�R�U���H�I�I�L�F�L�H�Q�W���V�L�P�X�O�D�W�L�R�Q�V���R�I���H�O�D�V�W�L�F���D�Q�G��
�O�L�T�X�L�G���P�H�P�E�U�D�Q�H�V���´���$�X�J���������������D�U�;�L�Y���������������������������>�F�R�Q�G���P�D�W�@��

�&�]���Œ�����•�µ�‰�‰�}�Œ�š��

�&�]���Œ�����•�}�v�����������v�š�]�o���À���Œ��



!

!"#$ %&'"()*+,-'.#(*/0'$#('-1*23*4.0'$#(*52()*!#32,#$-'.("6*73)"$*
8'3"#$*92(#$':#-'23* *

"#$%&!'()$ !"# !*%+,#)!"-./&)0 $1!2-,%!3).-.4 ! 1!5&6-7!89:;&):!<)70)#.= %1!*->#!?.-4#! !@+)A-$4).!
3=,=.=, &1!B-=!C&#!"#$%&'(")&*+$,-. !"# !

! !"#$%&'()*+,)%-.")/0'1' ()*+%-2$*+/+#"-0'3!4*5'!)6+.)%+.7&'8(9:';<9'=>=?@';*"A-.0"%7'+B'C-2$*+/+#7'
+B'C.+7-0&'D.)*2-'

' " :2$++/'+B'<-2$)%.+*"2'E*#"*--."*#')*F'GH%+,)%"+*'1':2$++/'+B'<"2.+-/-2%.+*"20&':$)*#$)"';*"A-.0"%7&'
8$"*)' '

#;*"A-.0"%I'J)."0':)2/)7&'8EG&'8(9:&'(K<LE&'M"B'0H.'NA-%%-&'D.)*2-' '
$8K(LKO&';*"A-.0"F)F-'F-'P"#+&'Q?QR>'P"#+&':S)"*'

%T-S).%,-*%'+B'J$70"20')*F'G0%.+*+,7&'O$"+';*"A-.0"%7&'G%$-*0&'OU&'VW=>R';:G'

!
D0!#7!7(=E$!0(-0!+#$)-.+%!F=+-.#:)4!+#/(0!6-$!/)$).-0)!-$4!6=$0.=+!6(#.-+!$)-.!>#)+47!#$!/)=G)0.#6-++%!-6(#.-+!

/=+4!$-$=0.#-$/+)7H!I7#$/!F+-7G=$J-77#70)4!KJF(=0=$!F=+%G).#:-0#=$1!$)-.!>#)+47!-.)!.)6=.4)4!-7!F).G-$)$0!
F=+%G).! 70.&60&.)7H! L=+-.#:-0#=$! -$4! E-,)+)$/0(! 0&$#$/! .),)-+! 0.-$7#0#=$7! M)0E))$! -6(#.-+! -$4! 6(#.-+!
6=$>#/&.-0#=$7!+#$N)4!0=!4#>>).)$0!F+-7G=$#6!G=4)7!-$4!7%GG)0.%!M.)-N#$/H!

D$!$-$=F+-7G=$#671!6(#.-+#0%!F+-%7!-!6.&6#-+!.=+)!#$!0()!#$0).-60#=$7!M)0E))$!+#/(0!-$4!G-00).!XRYH!O(#+)!
0()!G-P=.#0%!=>!.)7)-.6(!(-7!>=6&7)4!=$!0()!#$0).-60#=$!=>!6(#.-+!$-$=70.&60&.)7!E#0(!6(#.-+!+#/(01!.)6)$0!70&4#)7!
.),)-+7!0(-0!-6(#.-+!F+-7G=$#6!$-$=70.&60&.)7!6-$!)A(#M#0!6(#.-+!$)-.!>#)+47!&$4).!+#$)-.+%!F=+-.#:)4!)A6#0-0#=$!
X4YH!

B=!70&4%!0(#7!6=&$0).#$0&#0#,)!)>>)601!E)!)GF+=%)4!F+-7G=$J-77#70)4!KJF(=0=$!F=+%G).#:-0#=$!-7!-!0#FJ
>.))!$)-. J>#)+4!.)6=.4).!0(-0!6=$,).07!$)-.!>#)+47!#$0=!F).G-$)$0!Q2!F=+%G).!$-$=70.&60&.)71'XQY!)$-M+#$/!4#.)60!
.)-4=&0!RM%!*S"!-$4!@T"U!=>!0()!$)-. J>#)+4!-$4!#07!),=+&0#=$!E#0(!#$6#4)$0!F=+-.#:-0#=$!-$/+)!-$4!E-,)+)$/0(!
R7))!T#/H!VU!!

!

!
!
!"#$%&'(!"#!$%&'(")*%!+*",-"(!./!01"2(.3 4)-*,,'-'+!)5. 40&.).!0.16('-*7")*.3!(')&.+8!9#!"3+!'#!:;<; 42*(=1")'+!*3)'32*)6!("02!

>?@?A>B!")!CDEFA!3(!=3+'-!+*//'-'3)!*3%*+'3)!0.1"-*7")*.32!"1.3,!)&'!G!"3+!6!+*-'%)*.32!H*3+*%")'+!96!5&*)'!"--.52#8!%#!"3+!/#!$?I!*(",'2!
./! *3+*J*+="1!,.1+!3"3.0-*2(2!"/)'-!*--"+*")*.3!5*)&!+*//'-'3)!*3%*+'3)!0.1"-*7")*.32!"1.3,!)&'!G!"3+!6!+*-'%)*.32!")! CDEFAK3(8!+#!"3+!,#!"-'!
2=9)-"%)'+!).0.,-"0&*%!L:I!*(",'2!.9)"*3'+!96!2=9)-"%)*3,!)&'!0"))'-32!9'/.-'!"3+!"/)'-!0.16('-*7")*.3M!-'/1 '%)*3,!)&'!+*2)-*9=)*.3!./!)&'!
0.16('-8 !

!

W$!'Q, J7%GG)0.%!/=+4!$-$=0.#-$/+)7!RXBU1!K2!7%GG)0.%!M.)-N#$/!E-7!;&-$0#>#)4!0(.=&/(!0()!#$JF+-$)!
6(#.-+#0%!>-60=.!8G#$1!4)>#$)4!>.=G!0()!+=77!=>!G#..=.!7%GG)0.%!=>!0()!F=+%G).!E#0(!.)7F)60!0=!0()!0(.))!G#..=.!
F+-$)7!=>!0()!XB!-$4!),-+&-0)4!>.=G!M=0(!*S"!# G-/)7!-$4!T2B2!7#G&+-0#=$7H!X)-.J>#)+4!4#77%GG)0.%!G-F7!
R8'( !G-F7U!4).#,)4!>.=G!7#G&+-0#=$7!-$4!@T"!#G-/)7 !>&.0().! .)7=+,)4!0()!.)4#70.#M&0#=$!=>!6(#.-+!(=0!7F=07!
R7))!T#/H!KUH!<%!P=#$0+%!0&$#$/!F=+-.#:-0#=$!-$4!E-,)+)$/0(1!E)!.),)-+)4!-!6=$0.=++-M+)!0.-$7#0#=$!M)0E))$!-6(#.-+!
-$4! 6(#.-+!F=+%G).!6=$>#/&.-0#=$7!6=..)+-0)4!E#0(!0()!G=4-+!6=GF=7#0#=$!=>!0()!F+-7G=$#6!.)7F=$7)!R4#F=+-.!
,).7&7!)4/) J4=G#$-0)4!(#/(). J=.4).!G=4)7UH!

B()7)!.)7&+07!)70-M+#7(!-!F.-60#6-+!.=&0)!0=!)$/#$)).!-$4!F).G-$)$0+%!.)6=.4!F=+-.#:-0#=$J0&$-M+)!F+-$-.!
4#77%GG)0.%!#$!-6(#.-+!$-$=-$0)$$-71!E#0(!#GF+#6-0#=$7!>=.!6(#.-+!7)$7#$/1!)$-$0#=7)+)60#,)!F(=0=6()G#70.%1!
-$4!$-$=F(=0=$#6!4),#6)7H!



!

!

!
!"#$%&'()!N.3%'0)!./! ! !" !("0!=3+'-!OAP!1*3'"-16!0.1"-*7'+!'G%*)")*.3!")!QFAK3(!5"J'1'3,)&!"#!N"1%=1")'+!3'"- 4/*'1+!*3)'32*)6!R!*)2!*(",'!
RSM!RSSM!RSSS!)&-.=,&!)&-''! (*--.-!26((')-6!01"3'2!HT"M!T#M!T$!-'20'%)*J'16#M!*11=2)-")'+! "2!%"2'2!H*#M!H**#M!"3+!H***#M!-'20'%)*J'168!<&'! .-*,*3"1!
)-*"3,1'!*2!1"9'11'+!LUNM!(*--.-4-'/1'%)'+!2)-=%)=-'2!5*)&!-'20'%)!).! T"M!T#M!"3+!T$!"-'!+'3.)'+!"2!LVUVNVM!LVVUVVNVVM!"3+!LVVVUVVVNVVVM!-'20'%)*J'168!
<&'!-'+!"--.5!-'0-'2'3)2!)&'!"%)="1!*3%*+'3)!0.1"-*7")*.3!"3,1'!H1'/) 4&"3+'+!1*3'"-!0.1"-*7")*.3#8!< &'!.-"3,'!"--.52!-'0-'2'3)!)&'!*(",'!
./!)&'!*3%*+'3)!0.1"-*7")*.3!)&-.=,&!)&'!(*--.-2!H-*,&) 4&"3+'+!1*3'"-!0.1"-*7")*.3#8!<&'!5&*)'!2%"1'!9"-!-'0-'2'3)2!WAA!3(8!9#M!%#M!+#!! !"

#$%M!

! !"
#&%M! "3+!! !"

#' %!("02! %"1%=1")'+! /-.(! :*,=-'! $X8! '#! $?I! *(",'! ('"2=-'+! "/)'-! 01"2(.3 4"22*2)'+! 0&.).0.16('-*7")*.38! /#!L:I! *(",'!

('"2=-'+!"/)'-!01"2(.3 4"22*2)'+!0&.).0.16('-*7")*.3M!2''!:*,=-'!$WA8!,#M!&#M!*#!! !" ( )"*
#$% M!! !" ( )"*

#&% M!"3+!! !" ( )"*
#' % !("02!/-.(!L:I!*(",*3, !

("0!=3+'-!OAP!1*3'"-16!0.1"-*7'+!'G%*)")*.3!")!QFAK3(!5"J'1'3,)&!"#!N"1%=1")'+!3'"- 4/*'1+!*3)'32*)6!R!*)2!*(",'!RSM!RSSM!RSSS!)&-.=,&!)&-''!(*--.-!
26((')-6!01"3'2!H T"M!T#M!T$!-'20'%)*J'16#M!*11=2)-")'+!"2!%"2'2!H*#M!H**#M!"3+!H***#M!-'20'%)*J'168!<&'!.-*,*3"1!)-*"3,1'!*2!1"9'11'+!LUNM!(*--.-4
-'/1'%)'+!2)-=%)=-'2!5*)&!-'20'%)!).! T"M!T#M!"3+! T$!"-'!+'3.)'+!"2!LVUVNVM!LVVUVVNVVM!"3+!LVVVUVVVNVVVM!-'20'%)*J'168!<&'!-'+!"--.5!-'0-'2'3)2!)&'!
"%)="1!*3%*+'3)!0.1"-*7")*.3! "3,1'!H1'/)4&"3+'+!1*3'"-!0.1"-*7")*.3#8!< &'! .-"3,'! "--.52! -'0-'2'3)! )&'! *(",'! ./! )&'! *3%*+'3)!0.1"-*7")*.3!
)&-.=,&!)&'!(*--.-2!H-*,&) 4&"3+'+!1*3'"-!0.1"-*7")*.3#8!<&'!5&*)'!2%"1'!9"-!-'0-'2'3)2!WAA!3(8!9#M!%#M!+#!%"1%=1")'+!! !" ( )"*

#$% !"! !" ( )"*
#&% !"#$%"

! !" ( )"*
#' % "("028! '#!$?I!*(",'! ('"2=-'+!"/)'-!01"2(.3 4"22*2)'+!0&.).0.16('-*7")*.38! /#!L:I! *(",'! ('"2=-'+!"/)'-!01"2(.3 4"22*2)'+!

0&.).0.16('-*7")*.3M!,#M!&#M!*#!! !" ( )"*
#$% !"! !" ( )"*

#&% !"#$%"! !" ( )"*
#' % "&#'(")*+&",-."/&#0/$01 !

!
B(#7!E=.N!E-7!7&FF=.0)4!M%!0()!T.)$6(!X-0#=$-+!Y)7)-.6(!@/)$6%1!0()!YZ/#=$!3.-$4!S70!-$4!0()!S&.=F)-$!
I$#=$H!
!

YSTSYSX'S* !
XRY'<@':2$ZB-./"*#&'[8$".)/'*)*+S$+%+*"20\@':S."*#-.':-."-0'"*'OS%"2)/':2"-*2-0'4>R=&'4>W&'RW]@!
X4Y'' :@'U)0$"7)F)'-%')/@'[K,)#"*#'8$".)/"%7'+B'OS%"2)/'D"-/F0'*-).'G2$".)/'<-%)/'()*+0%.H2%H.-0'E^2"%-F'_"%$'!"*-)./7'J+/)."`-F'
!"#$%\@'G8:'J$+%+*"20&'P+/@'W&'SS@'RVa?bRV]4&'4>Ra@'
XQY' c@' d$+H' -%' )/@' [S/)0,+* b6)0-F' S$+%+S+/7,-."`)%"+*e' *-). bB"-/F' S.+6"*#&' )FA)*2-F' S$+%+*"2' *)*+0%.H2%H.-0' )*F'
*)*+S$+%+2$-,"0%.7\@'f@'OS%"20'P+/@'R?&'SS'RRV>>4'3R='S)#-05@'

!
'



�/�D���P�L�V�H���H�Q���p�Y�L�G�H�Q�F�H���G�X���U�{�O�H���G�H�V���G�p�I�D�X�W�V���H�Q���9���G�D�Q�V���O�
�D�P�p�O�L�R�U�D�W�L�R�Q���G�X��
�U�H�Q�G�H�P�H�Q�W���G�H�V���G�L�R�G�H�V���p�O�H�F�W�U�R�O�X�P�L�Q�H�V�F�H�Q�W�H�V���Y�H�U�W�H�V 

�&�D�P�L�O�O�H���)�2�5�1�2�6�������7�D�Q�D�\���7�$�.�������: �D�Q���<�L�Q�J���+�2�������-�D�P�H�V���6�����6�3�(�&�.�������&�O�D�X�G�H���:�(�,�6�%�8�&�+����������
�1�D�W�D�O�L�D���$�/�<�$�%�<�(�9�$�������-�D�F�T�X�H�V���3�(�5�(�7�7�,�������H�W���$�O�L�V�W�D�L�U���5�2�:�(�� 

���/�D�E�R�U�D�W�R�L�U�H���G�H���S�K�\�V�L�T�X�H���G�H���O�D���P�D�W�L�q�U�H���F�R�Q�G�H�Q�V�p�H�����&�1�5�6�����(�F�R�O�H���3�R�O�\�W�H�F�K�Q�L�T�X�H�����,�3���3�D�U�L�V����������������
�3�D�O�D�L�V�H�D�X�����)�U�D�Q�F�H�� 

���0�D�W�H�U�L�D�O�V���'�H�S�D�U�W�P�H�Q�W�����8�Q�L�Y�H�U�V�L�W�\���R�I���&�D�O�L�I�R�U�Q�L�D�����6�D�Q�W�D���%�D�U�E�D�U�D�����&�D�O�L�I�R�U�Q�L�D�����������������8�6�$ 

�/�H���U�H�Q�G�H�P�H�Q�W���© �j���O�D���S�U�L�V�H �ª���G�H�V���G�L�R�G�H�V���p�O�H�F�W�U�R�O�X�P�L�Q�H�V�F�H�Q�W�H�V�����/�(�'�����j���E�D�V�H���G�H�V���V�H�P�L���F�R�Q�G�X�F�W�H�X�U�V���,�,�,���Q�L�W�X�U�H�V��
�D�W�W�H�L�Q�W���S�U�H�V�T�X�H�������������G�D�Q�V���O�H�V���G�L�V�S�R�V�L�W�L�I�V���p�P�H�W�W�D�Q�W���G�D�Q�V���O�H���Y�L�R�O�H�W���>���@�����(�Q���D�X�J�P�H�Q�W�D�Q�W���O�H���W�D�X�[���G�¶�L�Q�G�L�X�P���G�D�Q�V���O�H�V��
�S�X�L�W�V�� �T�X�D�Q�W�L�T�X�H�V�� �S�U�p�V�H�Q�W�V���G�D�Q�V�� �O�H�� �]�R�Q�H�� �G�H�� �F�K�D�U�J�H�� �G�¶�H�V�S�D�F�H���G�H�� �F�H�V�� �/�(�'�V�����O�¶�p�P�L�V�V�L�R�Q���V�H�� �G�p�F�D�O�H�� �Y�H�U�V���G�H�V��
�O�R�Q�J�X�H�X�U�V�� �G�¶�R�Q�G�H�� �S�O�X�V�� �L�P�S�R�U�W�D�Q�W�����P�D�L�V���O�H�� �U�H�Q�G�H�P�H�Q�W�� �F�K�X�W�H�� �G�U�D�V�W�L�T�X�H�P�H�Q�W���H�W�� �H�V�W���L�Q�I�p�U�L�H�X�U�H���j�� ������ ���� �G�D�Q�V�� �O�H��
�U�R�X�J�H�����&�H�W�W�H���F�K�X�W�H���H�V�W���D�X�M�R�X�U�G�¶�K�X�L���O�H���Y�H�U�U�R�X�L�O�O�H���S�U�L�Q�F�L�S�D�O�H���j���O�D���S�U�R�G�X�F�W�L�R�Q���G�H���V�R�X�U�F�H�V���G�H���O�X�P�L�q�U�H���E�O�D�Q�F�K�H���j���K�D�X�W��
�U�H�Q�G�H�P�H�Q�W�� �H�W���O�H���I�U�H�L�Q���S�U�L�Q�F�L�S�D�O�� �S�R�X�U�� �G�H�V�� �D�S�S�O�L�F�D�W�L�R�Q�V���W�H�O�� �T�X�H���O�H�V�� �D�I�I�L�F�K�H�X�U�V���© �P�L�F�U�R���/�(�'�V �ª���R�X���O�¶�p�F�O�D�L�U�D�J�H��
�S�X�E�O�L�T�X�H���H�I�I�L�F�D�F�H���>���@�� 

�5�p�F�H�P�P�H�Q�W���>���@���� �j�� �O�¶�X�Q�L�Y�H�U�V�L�W�p�� �G�H���1�D�Q�M�L�Q�J���H�Q���&�K�L�Q�H���� �G�H�V���/�(�'�V���,�,�,���Q�L�W�U�X�U�H�V���D�I�I�L�F�K�D�Q�W���G�H�V���U�H�Q�G�H�P�H�Q�W�V���U�H�F�R�U�G�V��
�G�¶�H�Q�Y�L�U�R�Q�������������j�������������G�D�Q�V���O�H���Y�H�U�W���H�W���O�H���M�D�X�Q�H���R�Q�W���p�W�p���I�D�E�U�L�T�X�p�����/�¶�L�Q�J�U�p�G�L�H�Q�W���F�O�p���G�H���F�H���G�p�F�R�X�Y�H�U�W���V�H�P�E�O�H���r�W�U�H��
�O�D���S�U�p�V�H�Q�F�H���G�¶�X�Q�H���G�H�Q�V�L�W�p���p�O�H�Y�p�H�����G�H���T�X�H�O�T�X�H�V�����������F�P���������G�H���G�p�I�D�X�W�V���G�L�W�H�V���© �9���G�H�I�H�F�W�V �ª���W�\�S�L�T�X�H�P�H�Q�W���G�H���W�D�L�O�O�H��
���������Q�P���j�����������Q�P�����/�D���S�U�R�G�X�F�W�L�R�Q���G�H���O�X�P�L�q�U�H���G�D�Q�V���O�H�V���/�(�'�V���V�H���I�D�L�W���H�Q���W�U�R�L�V���p�W�D�S�H�V �������������O�¶�L�Q�M�H�F�W�L�R�Q���G�¶�p�O�H�F�W�U�R�Q�V���H�W��
�G�H���W�U�R�X�V���G�D�Q�V���O�H���]�R�Q�H���G�H���F�K�D�U�J�H���G�¶�H�V�S�D�F�H�������������O�D���U�H�F�R�P�E�L�Q�D�L�V�R�Q���G�H���F�H�V���S�D�L�U�H�V���p�O�H�F�W�U�R�Q�V���W�U�R�X�V�����S�D�U�W�L�H�O�O�H�P�H�Q�W��
�S�D�U���Y�R�L�H���U�D�G�L�D�W�L�Y�H�����H�W�����������O�¶�H�[�W�U�D�F�W�L�R�Q���G�H�V���S�K�R�W�R�Q�V���j���O�¶�H�[�W�p�U�L�H�X�U���G�X���P�L�O�L�H�X���K�D�X�W�H���L�Q�G�L�F�H���G�H���O�D���/�(�'�����&�K�D�F�X�Q���G�H���F�H�V��
�p�W�D�S�H�V���V�H���S�D�V�V�H���D�Y�H�F���X�Q�H���H�I�I�L�F�D�F�L�W�p�����H�Q���J�p�Q�p�U�D�O�H�����L�Q�I�p�U�L�H�X�U���j������������ �����/�H���J�D�L�Q���G�H���U�H�Q�G�H�P�H�Q�W���© �j���O�D���S�U�L�V�H �ª���G�H�V��
�G�L�V�S�R�V�L�W�L�I�V���I�D�E�U�L�T�X�p�V���H�Q���&�K�L�Q�H���H�V�W���G�€���j���X�Q�H���D�X�J�P�H�Q�W�D�W�L�R�Q���G�H���O�¶�H�I�I�L�F�D�F�L�W�p���G�X���S�U�H�P�L�H�U���p�W�D�S�H�����O�¶�L�Q�M�H�F�W�L�R�Q���G�¶�p�O�H�F�W�U�R�Q�V��
�H�W���G�H���W�U�R�X�V���G�D�Q�V���O�H���]�R�Q�H���G�H���F�K�D�U�J�H���G�¶�H�V�S�D�F�H���G�D�Q�V���O�H���/�(�'�����(�Q���H�I�I�H�W�����O�D���W�H�Q�V�L�R�Q���H�Q���G�L�U�H�F�W�����9�)�����Q�p�F�H�V�V�D�L�U�H���S�R�X�U��
�O�D�� �S�U�R�G�X�F�W�L�R�Q���G�H�� �S�K�R�W�R�Q�V���G�¶�p�Q�H�U�J�L�H���K�Q, est d�¶�H�Q�Y�L�U�R�Q�� ���� �9�� �S�O�X�V�� �S�H�W�L�W�� �T�X�H���G�D�Q�V���O�H�V���/�(�'�V���G�p�S�R�X�U�Y�X�H�V���G�H���© �9��
�G�H�I�H�F�W�V �ª�����/�¶�H�I�I�L�F�D�F�L�W�p�� �G�¶�L�Q�M�H�F�W�L�R�Q���G�¶�p�O�H�F�W�U�R�Q�V�� �H�W�� �G�H�� �W�U�R�X�V���V�H�� �G�p�F�U�L�W�� �K�Q/qV�)���� �8�Q�H�� �E�D�L�V�V�H�� �G�H�� �9�)���D�X�J�P�H�Q�W�� �F�H�W�W�H��
�H�I�I�L�F�D�F�L�W�p���M�X�V�T�X�¶�j���O�D���O�L�P�L�W�H���G�H�������� �������R�•���O�H�V���p�O�H�F�W�U�R�Q�V���H�W���O�H�V���W�U�R�X�V���V�R�Q�W���L�Q�M�H�F�W�p�V���D�X���U�D�V���G�X���J�D�S�� 

�(�Q���X�W�L�O�L�V�D�Q�W���X�Q�H���W�H�F�K�Q�L�T�X�H���R�U�L�J�L�Q�D�O�H���G�H���V�R�Q�G�H���O�R�F�D�O�H���±���O�D���P�L�F�U�R�V�F�R�S�L�H���G�¶�p�O�H�F�W�U�R�O�X�P�L�Q�H�V�F�H�Q�F�H���S�D�U���H�I�I�H�W���W�X�Q�Q�H�O��
���6�7�/�0�����±�����Q�R�X�V���G�p�P�R�Q�W�H�U�R�Q�W���O�¶�R�U�L�J�L�Q�H���S�K�\�V�L�T�X�H���G�H���F�H�W�W�H���K�D�X�V�V�H���G�¶�H�I�I�L�F�D�F�L�W�p���G�¶�L�Q�M�H�F�W�L�R�Q���p�O�H�F�W�U�L�T�X�H���>���@�����/�D���S�R�L�Q�W��
�G�X�� �6�7�/�0���H�V�W�� �X�W�L�O�L�V�p�H���F�R�P�P�H�� �X�Q�� �L�Q�M�H�F�W�H�X�U���O�R�F�D�O���G�H�� �W�U�R�X�V���� �(�Q�� �H�I�I�H�W���� �H�O�O�H���U�H�P�S�O�D�F�H�� �X�Q���G�H�V�� �G�H�X�[�� �F�R�Q�W�D�F�W�V��
�P�D�F�U�R�V�F�R�S�L�T�X�H�V���G�H���O�D���/�(�'���p�W�X�G�L�p�H�����/�D���P�H�V�X�U�H���G�H�V���F�D�U�D�F�W�p�U�L�V�W�L�T�X�H�V���p�O�H�F�W�U�L�T�X�H�V���O�R�F�D�O�H�V���P�R�Q�W�U�H���X�Q�H���E�D�L�V�V�H���G�H��
�O�¶�R�U�G�U�H���G�H�������9���H�Q���9�)���D�X�[���E�R�U�G�V���G�H�V���© �9���G�H�I�H�F�W�V �ª���S�D�U���U�D�S�S�R�U�W�V���D�X�[���S�O�D�Q�V���F���G�H���O�D���/�(�'�����Y�R�L�U���I�L�J�X�U�H�������D�O�R�U�V���T�X�H���O�H��
�V�S�H�F�W�U�H���G�¶�p�O�H�F�W�U�R�O�X�P�L�Q�H�V�F�H�Q�F�H���O�R�F�D�O���U�H�V�W�H���H�V�V�H�Q�W�L�H�O�O�H�P�H�Q�W���L�Q�F�K�D�Q�J�p�����/�¶�L�Q�M�H�F�W�L�R�Q���G�H���F�K�D�U�J�H���H�V�W���G�R�Q�F���I�D�Y�R�U�L�V�p�H��
�V�X�U���O�H�V���I�D�F�H�W�W�H�V���G�H���© �9���G�H�I�H�F�W�V �ª���F�R�P�P�H���O�H���S�U�p�Y�R�\�D�L�W���G�H�V���V�L�P�X�O�D�W�L�R�Q�V���Q�X�P�p�U�L�T�X�H�V���>���@�����1�R�X�V���S�U�p�V�H�Q�W�H�U�R�Q�V���O�H�V��
�G�p�W�D�L�O�O�H�V���G�H���Q�R�V���P�H�V�X�U�H�V���D�L�Q�V�L���T�X�H���O�D���S�K�\�V�L�T�X�H���G�H���O�¶�L�Q�M�H�F�W�L�R�Q���G�H���F�K�D�U�J�H���D�X�[���I�D�F�H�W�W�H�V���G�H�V���© �9���G�H�I�H�F�W�V �ª���� 

 
�)�L�J�X�U�H �� �������D�����/�
�H�Q�F�D�G�U�p���P�R�Q�W�U�H���O�¶�K�p�W�p�U�R�V�W�U�X�F�W�X�U�H���/�(�'���p�W�X�G�L�p�H���G�R�Q�W���O�H�V���E�R�U�G�V���G�H���© �9���G�H�I�H�F�W�V �ª���H�[�S�R�V�p�V���j�� �O�D��
�V�X�U�I�D�F�H�����(�Q���X�W�L�O�L�V�D�Q�W���O�D���S�R�L�Q�W�H���6�7�/�0���F�R�P�P�H���L�Q�M�H�F�W�H�X�U���O�R�F�D�O���G�H���W�U�R�X�V�����R�Q���R�E�W�L�H�Q�W���G�H�V���F�D�U�D�F�W�p�U�L�V�W�L�T�X�H�V���F�R�X�U�D�Q�W��
�W�H�Q�V�L�R�Q�� �O�R�F�D�O�H�V�� �D�Y�H�F�� �O�D�� �S�R�L�Q�W�H�� �S�R�V�L�W�L�R�Q�Q�p�H�� �V�R�L�W�� �V�X�U�� �O�H�V�� �E�R�U�G�V�� �G�H�V���© �9���G�H�I�H�F�W�V �ª�����F�R�X�U�E�H�� �Q�R�L�U�H�� �R�E�W�H�Q�X�H�� �j��
�O�¶�H�P�S�O�D�F�H�P�H�Q�W���G�X���S�R�L�Q�W���Q�R�L�U���V�X�U���O�D���W�R�S�R�J�U�D�S�K�L�H���L�O�O�X�V�W�U�p�H���H�Q�����E���������V�R�L�W���V�X�U���O�H���S�O�D�Q���F�����F�R�X�U�E�H���U�R�X�J�H���D�Y�H�F���O�D���S�R�L�Q�W�H��
�6�7�/�0���S�R�V�L�W�L�R�Q�Q�p�H���D�X���S�R�L�Q�W���U�R�X�J�H���H�Q�����E�����������F�����&�D�U�W�H���G�H���O�D���W�H�Q�V�L�R�Q���H�Q���G�L�U�H�F�W�H�����9�)�����Q�p�F�H�V�V�D�L�U�H���S�R�X�U���L�Q�M�H�F�W�H�U��������
�—�$���G�D�Q�V���O�D���/�(�'�����P�R�Q�W�U�D�Q�W���G�H�V���Y�D�O�H�X�U�V���V�\�V�W�p�P�D�W�L�T�X�H�P�H�Q�W���S�O�X�V���I�D�L�E�O�H�V���D�X���Q�L�Y�H�D�X���G�H�V���E�R�U�G�V���H�[�S�R�V�p�V���G�H�V���© �9��
�G�H�I�H�F�W�V �ª���Y�L�V�L�E�O�H�V���H�Q�����E���� 

 



�5�p�I�p�U�H�Q�F�H�V 
�>���@ �+�X�U�Q�L�����&�����$���H�W���D�O�������$�S�S�O�O�L�H�G���3�K�\�V�L�F�V���/�H�W�W�H�U�V�������� ������������ ����������������  
�>���@ �/�L�Q�����&�����&�����H�W���D�O�������-�R�X�U�Q�D�O���R�I���3�K�\�V�L�F�V�����3�K�R�W�R�Q�L�F�V���������� ��������������������  
�>���@ �=�K�D�Q�J�����6�����H�W���D�O�������3�K�R�W�R�Q�L�F�V���5�H�V�H�D�U�F�K���������� ������������������ 
�>���@ �)�R�U�Q�R�V�����&�����H�W���D�O�������D�F�F�H�S�W�p���3�K�\�V�L�F�D�O���5�H�Y�L�H�Z���$�S�S�O�L�H�G���������� �����Y�R�L�U���D�U�;�L�Y�����������������������Y���>�S�K�\�V�L�F�V���D�S�S���S�K�@�� 
�>���@ �/�L�����&�����.�����H�W���D�O�������$�,�3���$�G�Y�D�Q�F�H�V�������� ������������������������  
 



Contr™le des phŽnom•nes optiques non linŽaires sur des 
mŽtamatŽriaux ˆ base de nanorŽsonateurs 


Sarah MUZARD, Lola GUENGUARD-MORINEAU, SŽbastien BIDAULT, Samuel GRESILLON 


Institut Langevin, CNRS, ESPCI PSL et Sorbonne UniversitŽ 
1 rue Jussieu, 75005 Paris, France.


La conversion non linŽaire des frŽquences optiques joue un r™le central dans de nombreux domaines, 
allant de la spectroscopie ultra-rapide[1] ˆ la microscopie non linŽaire [29] et ˆ lÕoptique quantique [3], mais 
son efficacitŽ reste gŽnŽralement limitŽe par la faible rŽponse non linŽaire des matŽriaux usuels. Pour pallier 
cette limitation, des approches classiques reposent sur lÕadaptation de phase ˆ des Žchelles bien 
supŽrieures ˆ la longueur dÕonde de la lumi•re. Ces stratŽgies permettent dÕamŽliorer les rendements de 
conversion, mais au prix de dispositifs optiques volumineux ou de procŽdŽs de microfabrication complexes. 
Des avancŽes importantes ont ŽtŽ obtenues rŽcemment gr‰ce ˆ des rŽsonateurs optiques de taille 
submicronique, capables de confiner fortement le champ ŽlectromagnŽtique[4 - 7]. Cette forte localisation du 
champ permet dÕaugmenter significativement lÕefficacitŽ des processus non linŽaires. Toutefois, ces 
structures sont en gŽnŽral con•ues pour fonctionner ˆ une longueur dÕonde spŽcifique et nŽcessitent des 
techniques de nanofabrication sophistiquŽes..

Une approche alternative consiste ˆ exploiter le dŽsordre dans des milieux non linŽaires[Baudrier04, 
Savo20]. Dans les syst•mes non rŽsonants, lÕintroduction dÕun dŽsordre structurel permet de rel‰cher les 
contraintes dÕadaptation de phase, ouvrant ainsi la voie ˆ une conversion de frŽquence ˆ large bande. Dans 
les syst•mes rŽsonants, le dŽsordre peut Žgalement jouer un r™le bŽnŽfique : le couplage alŽatoire entre 
rŽsonateurs peut conduire ˆ des propriŽtŽs optiques sur une large gamme spectrale, tout en simplifiant les 
contraintes de fabrication. Par ailleurs, les milieux dŽsordonnŽs diffusants offrent des degrŽs de libertŽ 
supplŽmentaires pour contr™ler la propagation de la lumi•re, gr‰ce ˆ des techniques de mise en forme du 
front dÕonde. Celles-ci permettent dÕagir sur la distribution spatiale et temporelle du champ lumineux apr•s 
propagation dans un milieu complexe[Vellekoop2007, Mounaix2016]. Dans ce cadre, nous avons montrŽ 
que la mise en forme du front dÕonde permet dÕoptimiser la luminescence non linŽaire dans des syst•mes 
plasmoniques dŽsordonnŽs ˆ base de mŽtaux, en compensant le caract•re apparemment alŽatoire des 
nanostructures [Roubaud20, Roubaud21]. Afin de dŽpasser les limitations liŽes aux pertes optiques des 
mŽtaux dans le visible et le proche infrarouge, nous proposons dÕexplorer des assemblages dŽsordonnŽs de 
nanosph•res collo•dales de phosphure de gallium (GaP). Ce matŽriau prŽsente des rŽsonances optiques de 
haute qualitŽ, une absorption nŽgligeable dans ces gammes spectrales (au-delˆ de 450 nm), ainsi que des 
non-linŽaritŽs quadratiques et une luminescence mesurable. LÕobjectif est dÕexploiter la mise en forme du 
front dÕonde dans ces milieux dŽsordonnŽs afin de maximiser diffŽrents processus non linŽaires, en 
particulier la gŽnŽration de seconde harmonique (SHG) et les phŽnom•nes de mŽlange ˆ trois ondes, tels 
que la gŽnŽration de somme de frŽquences (SFG) ou la conversion paramŽtrique spontanŽe (SPDC).
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We present a versatile multimodal nanoscopy platform enabling correlative 
imaging of individual nano-objects under total internal reflection (TIR) 
illumination, in both air and liquid environments. The system integrates TIR-
based dark-field microscopy (DFM), atomic force microscopy (AFM), and 
Raman nanoscopy, providing complementary morphological, optical, and 
chemical information at the single-particle level. This approach allows 
quantitative characterization of the anisotropy of individual noble metal 
nanoparticles by probing their polarization-dependence of dark field rayleigh 
spectra (DFRS) and its correlation with particle morphology, orientation by 
AFM, and the intensity of surface-enhanced Raman spectroscopy (SERS) 
signals from molecules grafted onto their surface [1]. 

The instrument further enables nanoscale morphological, chemical, and 
structural imaging through tip-enhanced Raman spectroscopy in TIR (TIR-
TERS), as well as molecular detection by SERS in TIR (TIR-SERS), achieving 
nanometric lateral resolution with TERS. Compared to the usual direct 
illumination, the TIR configuration enhances detected TERS and SERS signal 
intensities by approximately one order of magnitude [2]. TIR-TERS has 
demonstrated its capability for nanoscale chemical characterization of complex 
biological systems, including nucleic acids, proteins, and lipid assemblies, 
highlighting the suitability of enhanced Raman modalities for studies in liquid 
and biologically relevant environments [3,4].  

Overall, this TIR-based multimodal platform offers a powerful and flexible tool 
for high-resolution nanoscience and nanotechnology, enabling detailed 
correlative analysis across a wide range of nano-objects, including those in 
physiologically relevant aqueous conditions. 
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 Many studies report on electron confinement in thin metallic films, experimentally and theoretically as well  
[1-4]. In most of the cases, the energy of the quantum resonances that develop in the film can be predicted 
from the simple model known as “Phase Accumulation Model” (PAM).  In this model the confined electrons 
accumulate phase shift not only due to the propagation in the film (leading to the thickness dependence of the 
phase) but also due to their reflections both at the surface of the film and at the interface between the film and 
the substrate. The latter phase shifts are both energy dependent, making the energy of the quantum 
resonances sensitive to the surface and interface properties. If a graphical solution of the PAM permit to predict 
the resonance energies, the full spectrum of resonances obtained from STS measurement can be simulated 
by using a Fabry Perot Model (FP) adapted to electrons [1]. In this communication we will compare the 
measured density of states obtained by low-T STS [5] and simulated spectra from the FP model for various 
thickness of Pb films on Ag(111). We will show how the model is sensitive to physical properties of the film like 
work function or lattice parameter relaxation. We will also show that the QWS can be modified by growing thin 
PbO islands on the top of the Pb films. Thank's to the spatial variation of reflection coefficient, the maps of the 
surface LDOS obtained by STS can reveal the structural arrangement of the Pb/PbO and Pb/Ag(111) buried 
interfaces. 
 
 
 
 

 

 

 

 

 

 

 

 
Figure.1.  Comparison between the simulated (green) and the measured from STS (blue) local density of 
states in ultrathin films of Pb epitaxially grown on Ag(111). The simulated spectra are obtained from a 
Fabry Perot like model adapted to electrons.  
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Transition metal dihalides (TMDHs) constitute a class of van der Waals materials exhibiting rich 
magnetic phase diagrams, making them promising candidates for next-generation spintronic and 
magnetoelectric applications [1-5]. In the bulk NiBr2 displays in-plane ferromagnetic ordering with 
antiferromagnetic interlayer coupling [1]. At low temperatures, competing exchange interactions and 
magnetic frustration stabilize a non-collinear helimagnetic ground state, accompanied by Type-II 
multiferroicity [1,2,4]. In the monolayer limit, these magnetic and electronic properties could be strongly 
modified by substrate-induced effects, including strain, chemical alternation, and charge transfer [3,4].


 In addition, a monolayer TMDHs can host intrinsic polaronsÑcomposite quasiparticles formed when 
an excess charge carrier is localized by self-induced lattice distortions. Unlike historically studied polarons 
pinned to extrinsic defects, these intrinsic states emerge in defect-less lattices through a cooperative 
interplay between electron-phonon coupling and electron-electron interactions [5].


In this work, we employ low-temperature spin-polarized scanning tunneling microscopy (STM) and 
spectroscopy (STS) to investigate the properties of monolayer NiBr2 grown epitaxially on Au(111) and HOPG. 
Our findings highlight three key observations: we resolve a MoirŽ pattern arising from non-commensurate 
lattice interference between the NiBr2 and the underlying substrates. We identify in-gap states characterized 
as polarons (Figure 1). By applying high-bias voltage pulses, we demonstrate the local manipulation of 
individual polarons, showing that their site-to-site hopping and lateral movement are strictly governed by the 
MoirŽ sites.


These results establish the NiBr2 interface as a robust platform for the chemically engineered control 
of localized charge density and magnetoelectric phases at the atomic scale.


 
Figure 1:  a. STM topography of 1ML NiBr2/Au(111) (Vbias = 1 V, Iset = 100 pA, T = 4.2K). Scale bare : 10nm. Inset : 2D FFT with scale 
bare of 0.5 nm-1. b. Conductance map measured at 0.42 mV of the same region as in (a). Scale bar: 10 nm. c. Averaged conductance 

spectra measured in the three circled regions marked in (a) and (b), shown in matching colors.
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