Pis’ma v ZhETF, vol. 110, iss. 1, pp. 21 – 22 © 2019 July 10

Revealing low-radiative modes of nanoresonators with internal raman scattering

K. V. Baryshnikova^{+1)}, K. Frizyuk^+, G. Zograf^+, S. Makarov^+, M. A. Baranov^+, D. Zuev^+, V. A. Milichko^+, I. Mukhin^{+∗}, M. Petrov^{+×}, A. B. Evlyukhin^{+∘}

+Department of Nanophotonics and Metamaterials, ITMO University, 197101 St. Petersburg, Russia

∗Laboratory of Renewable Energy Sources, St.-Petersburg Academic University, 195220 St. Petersburg, Russia

×Department of Physics and Mathematics, University of Eastern Finland, 80101 Joensuu, Finland

∘Institute of Quantum Optics, Leibniz Universitét Hannover, 30167 Hannover, Germany

Submitted 22 April 2019 Resubmitted 22 April 2019

Accepted 24 May 2019

DOI: 10.1134/S0370274X19130046

The resonantly enhanced optical interaction of light with metallic, dielectric, or semiconductor nanoparticles, which are the basic components of various nanooptical devices, is at the forefront of modern nanophotonics [1–4]. The examples of vital applications include onchip integrated photonic systems [5, 6], lab-on-chip technologies [7], medical biosensing [8] and others. However, understanding the modal content of resonant nanostructures is non-trivial problem due to their substantially subwavelength sizes and typically complicated geometries. This problem has very limited solution within the common optical spectroscopy methods as some of the modes can be low-radiative because of their weak coupling to freely propagating waves, and in this sense are often known as dark-modes [9–11]. Thus, studying the modal spectrum of optical nanostructures with account on dark modes immediately becomes a complicated problem.

The solution of this problem usually relies on sophisticated optical methods such as total internal reflectance microscopy (TIRM) [12] and its combination with atomic-force microscopy [13, 14]. The methods based on resonant mode excitation through accelerated electron scattering showed their efficiency in observing the dark-modes of nanostructures.

In this Letter, we suggest detecting an intrinsic Raman signal, which corresponds to inelastic photon scattering via optical phonons excitation in a crystalline lattice of a nanostructure to determine its electromagnetic modal structure [15]. The Raman signal generated by lattice vibrations is distributed over the volume of the nanoresonator and effectively couple to all reso-

1)e-mail: k.baryshnikova@metalab.ifmo.ru

nant modes including dark ones. By exciting the optical phonons and their consequent spontaneous decay, the incoherent Stokes signal is generated inside the nanoresonator under study. The intensity of the Raman signal is governed by the optical density of states [16, 17] inside the nanoresonator at the frequency of the Raman emission, and additionally enhanced at the excitation frequency by resonant excitation of the eigenmodes. We reveal magnetic quadrupole mode in a rather complicated system of a silicon nanoparticle arranged on a gold substrate as well as an anapole state, demonstrating the applicability of our approach even when darkfield optical spectroscopy methods are not efficient. Silicon as one of the main materials used in all-dielectric nanophotonics [1, 18, 3] has a well pronounced peak in Raman spectrum at Ω ≈ 520 cm^{−1}, which is defined by the light coupling with optical phonons at the band central point [19–21]. The system under study consists of a subwavelength silicon nanoparticle (SiNP) placed over a gold substrate as show in Fig. 1. It should be stressed that approach can be applied for detecting any resonant mode excited in any structures that have inherent Raman scattering at visible range.

In conclusion, we have suggested an efficient approach for experimental determining the spectral content of nanoresonator basing on utilizing an incoherent Raman scattering, inherent to the resonator material. The approach was confirmed theoretically and experimentally for silicon nanoparticle resonators possessing a strong intrinsic Raman response. We have shown that the suggested method allows us to reveal the magnetic quadrupole resonance combining with the anapole state in the system of a silicon nanoparticle arranged on a gold substrate, demonstrating the applicability of our

Письма в ЖЭТФ том 110 вып. 1 – 2 2019 21

22 K. V. Baryshnikova, K. Frizyuk, G. Zograf . . .

Fig. 1. (Color online) The elastic and inelastic scattering by bright and dark resonant modes in silicon nanoparticle on the top of gold substrate. (a) – The excitation of the bright nanoparticle mode results in both elastic scattering and inelastic (Raman) scattering. (b) – The excitation of the dark mode does not contribute to elastic scattering, but can be detected via Raman scattering signal

approach for broad range of non-plasmonic resonant nanostructures.

The work was also supported by Academy of Finland Grant 317671.

Full text of the paper is published in JETP Letters journal. DOI: 10.1134/S0021364019130010

1. A. I. Kuznetsov; A. E. Miroshnichenko, M. L. Brongersma; Y. S. Kivshar, and B. Lukyanchuk, Science 354(6314), 2472 (2016).

2. J. A. Schuller, E. S. Barnard, W. Cai, Y. C. Jun, J. S. White, and M. L. Brongersma, Nature Mater. 9, 193 (2010).

3. I. Staude and J. Schilling, Nature Photon. 11, 274 (2017).

4. A. B. Evlyukhin, S. M. Novikov, U. Zywietz, R. L. Eriksen, and B. N. Chichkov, Nano Lett. 12, 3749 (2012).

5. C. Rios, M. Stegmaier, P. Hosseini, D. Wang, T. Scherer, C. D. Wright, H. Bhaskaran, and W. H. P. Pernice, Nature Photon. 9, 725 (2015).

6. S. Liu, S. Saravi, G. A. Keeler, M. B. Sinclair, Y. Yang, J. Reno, T. Pertsch, and I. Brener, Nano Lett. acs.nanolett.6b01816 (2016).

7. B. Schwarz, P. Reiningerć, D. Ristani, H. Detz, A. M. Andrews, W. Schrenk, and G. Strasser, Nat. Commun. 5, 4085 (2014).

8. A. Brolo, Nat. Photon. 6, 709 (2012).

9. F.-P. Schmidt, H. Ditlbacher, U. Hohenester, A. Hohenau, F. Hofer, and J. R. Krenn, Nano Lett. 12, 5780 (2012).

10. P. Nordlander, Nature Nanotechn. 8, 76 (2013). 11. J. Yan, P. Liu, Z. Lin, H. Wang, H. Chen, C. Wang, and G. Yang, ACS Nano 9, 2968 (2015).

12. S. C. Yang, H. Kobori, C. L. He, M. H. Lin, C. Hung- Ying, C. Li, M. Kanehara, T. Teranishi, and S. Gwo, Nano Lett. 10, 632 (2010).

13. B. Lahiri, G. Holland, V. Aksyuk, and A. Centrone, Nano Lett. 13, 3218 (2013).

14. J. Chae, B. Lahiri, J. Kohoutek, G. Holland, H. Lezec, and A. Centrone, Opt. Express 23, 25912 (2015).

15. O. I. Utesov, A. G. Yashenkin, and S. V. Koniakhin, J. Phys. Chem. C 39, 22738 (2018).

16. E. Purcell, Phys. Rev. 69, 674 (1946).

17. K. Frizyuk, M. Hasan, A. Krasnok, A. Alú, and M. Petrov, Phys. Rev. B 97, 085414 (2018).

18. A. Krasnok, S. Makarov, M. Petrov, R. Savelev, P. Belov, Y. Kivshar, Proceedings of SPIE 9502, 950203 (2015).

19. P. A. Dmitriev, D. G. Baranov, V. A. Milichko, S. V. Makarov, I. S. Mukhin, A. K. Samusev, A. E. Krasnok, P. A. Belov, and Y. S. Kivshar, Nanoscale 8, 9721 (2016).

20. P. Y. Yu and M. Cardona, Fundamentals of Semiconductors, Springer-Verlag, Berlin Heidelberg (2010), v. 1, p. 778.

21. L. Cao, B. Nabet, and J. E. Spanier, Phys. Rev. Lett.

96, 157402 (2006).

Письма в ЖЭТФ том 110 вып. 1 – 2 2019