Pis’ma v ZhETF, vol. 110, iss. 9, pp. 628 – 629 © 2019 November 10

Influence of shape effects on the spectrum of spin waves in finite array of ferromagnetic pillars

S. A. Osokin^{+∗1)}, A. R. Safin^{∗×}, S. A. Nikitov^{+∗∘}

+Moscow Institute of Physics and Technology (State University), 141700 Dolgoprudny, Russia

∗Kotel’nikov Institute of Radioengineering and Electronics of Russian Academy of Sciences, 125009 Moscow, Russia

×National research university “MPEI”, 111250 Moscow, Russia

∘Saratov State University, 410012 Saratov, Russia

Submitted 3 September 2019 Resubmitted 7 October 2019 Accepted 8 October 2019

DOI: 10.1134/S0370274X19210112

The aim of this paper is to investigate the frequency characteristics of spin waves [1, 2] in the array of ferromagnetic pillars. We estimate the influence of shape effects on frequency characteristics of single ferromagnetic nanopillar. The magnetization oscillations affected by the external magnetic field are obtained from the solution of Landau–Lifshitz–Gilbert (LLG) equations, that are solved numerically using the Mu- Max3 micromagnetic simulation program [3]. This magnetization distribution in time and space domains provides us with the information about the eigenfrequencies characteristic in different parts of the pillars, since their magnetization, internal demagnetizing and effective magnetic fields are non-uniformly allocated in the volume of the pillar. The calculations are performed for the permalloy ferromagnetic nanopillars [4], with following geometric parameters of pillars: the radius R = 25 nm and the height h = 4R. The external magnetic field μ_0H^{ext} = 0.1 T is applied along the z-axis (Fig. 1a, b). The excitation is introduced in the form of magnetic field short pulse with circular polarization in (x, y)-plane h^{ext}(t) = (cos(2πf_{ext}t), sin(2πf_{ext}t), 0) × × h^{ext}/ √ 2π Exp[−(t − t_0)^2/(2σ^2)], with the pulse width σ = 0.1 ns.

Due to the shape effects, there are two resonance frequencies f_1 and f_2 of magnetization oscillations for a single isolated pillar. These eigenmodes of magnetic oscillations are separated into “bulk” and “edge” modes [5], and localized in the middle and near surfaces of the pillar, correspondingly.

The frequency characteristics of spin waves are investigated in finite linear chains of total N = 7 ferromagnetic pillars with dipole-dipole interaction between

1)e-mail: osokinserg@gmail.com

them. In this case the additional inhomogeneity in effective magnetic fields and magnetization inside pillars is present at the edges of the chain. The Fourier transformation of the value m_x(t) averaged over different regions of the pillar in the chain of N = 7 pillars (Fig. 1c, d). The magnetization oscillation amplitude m_x(f) dependence on frequency shows 3 main resonance frequencies: f_{ext} – the frequency of the external magnetic field h^{ext}(t), f_1 and f_2 – two resonance frequencies of oscillations in ferromagnetic pillar. The frequency f_{ext} = 14 GHz is chosen to be outside of resonance eigenfrequencies f_1 and f_2.

If the chain of magnetic pillars is finite [6–9], then the edge spin wave modes exist with resonance frequency that is greater than the resonance frequency of the spin wave mode on the frequency f_1. This relation is valid for frequencies f_1 and f_e (Fig. 1c, d). The effect is similar to one described in theoretical study [10], which was formulated for macrospin approximation of the pillars and was not taking into account shape effects inside pillars. Additionally, the excitation of spin waves by the means of spin-polarized current pulse is possible, if the polarization vector is oriented in the (x, y)-plane. Without the harmonic components in the external magnetic field, only one resonance frequency f_1 is present for the spin waves.

For cylindrical pillars with finite heights it was shown that the demagnetization and shape effects lead to the appearance of two resonance frequencies for eigenmodes of magnetization oscillations. For the spin waves in such chains additional resonance frequency exists for the edge mode of the spin wave, that is localized at the edge of the chain.

Studies of the properties of an isolated pillar were carried out with the support of Russian Foundation

628 Письма в ЖЭТФ том 110 вып. 9 – 10 2019

Influence of shape effects on the spectrum of spin waves in finite array. . . 629

Fig. 1. (Color online) (a) – The amplitude of magnetization oscillation mx(t)/Ms averaged over the different regions of the pillars. (b) – The distribution of the effective magnetic field B^{eff}_z inside the pillar. Magnetization amplitudes m^i_x(f)/Ms distribution in the frequency range f for the linear chain of N = 7 pillars with numbers i = 1, ..., 4, where magnetization is averaged over the top (c) and middle (d) regions of each pillar

for Basic Research (Grant # 18-37-20048), Grant of the President of the RF (Grant # МК-3607.2019.9). Studies of the spin waves in discrete chains of magnetic pillars were carried out with the support of Russian Science Foundation (Grant # 19-19-00607). Studies of the spin waves excitation by spin-polarized current were supported by Russian Foundation for Basic Research (# 18- 29-27018, 18-57-76001, 18-07-00509 A) and the Grant of the President of the RF (Grant # MK-283.2019.8). S. A. Nikitov acknowledges support from the Government of the Russian Federation (# 074-02-2018-286 for the Terahertz Spintronics laboratory of the Moscow Institute of Physics and Technology (NRU)). A. R. Safin acknowledges support from Russian Foundation for Basic Research (Grant # 19-29-03015).

Full text of the paper is published in JETP Letters journal. DOI: 10.1134/S0021364019210021

1. S. A. Nikitov, D. V. Kalyabin, I. V. Lisenkov, A. Slavin, Y. N. Barabanenkov, S. A. Osokin, A. V. Sadovnikov, E. N. Beginin, M. A. Morozova, Y. A. Filimonov,

Y. V. Khivintsev, S. L. Vysotsky, V. K. Sakharov, and E. S. Pavlov, Physics-Uspekhi 58, 1002 (2015).

2. V. Sluka, T. Schneider, R. A. Gallardo et al. (Collaboration), Nature Nanotech. 14, 02 (2019).

3. A. Vansteenkiste, J. Leliaert, M. Dvornik, M. Helsen, F. Garcia-Sanchez, and B. van Waeyenberg, AIP Adv. 4, 107133 (2014).

4. Y. Yin, F. Pan, M. Ahlberg, M. Ranjbar, P. Dürrenfeld, A. Houshang, M. Haidar, L. Bergqvist, Y. Zhai, R. Dumas, A. Delin, and J. Åkerman, Phys. Rev. B 92, 024427 (2015).

5. M. Dvornik, P. Bondarenko, B. Ivanov, and V. Kruglyak, J. Appl. Phys. 109, 07B912 (2011).

6. V. Boucher, L.-P. Carignan, T. Kodera, C. Caloz, A. Yelon, and D. Ménard, Phys. Rev. B 80, 224402 (2009).

7. A. M. Shutyi and D. I. Sementsov, JETP Lett. 106, 358 (2017).

8. Y. Barabanenkov, S. Osokin, D. Kalyabin, and S. Nikitov, Phys. Rev. B 91, 214419 (2015).

9. Y. Barabanenkov, S. Osokin, D. Kalyabin, and S. Nikitov, Phys. Rev. B 94, 184409 (2016).

10. S. A. Osokin, A. R. Safin, Y. N. Barabanenkov, and S. A. Nikitov, J. Magn. and Magn. Mat. 465, 519 (2018).

Письма в ЖЭТФ том 110 вып. 9 – 10 2019