Pis’ma v ZhETF, vol. 113, iss. 11, pp. 727 – 728 © 2021 June 10

Non-stationary spin-polarized tunneling through a quantum dot coupled to noncollinearly polarized ferromagnetic leads

V. N. Luchkin^+, V. N. Mantsevich^∗, N. S. Maslova^{×1)}

+Moscow State University, Department of Physics, Chair of semiconductors and cryoelectronics, 119991 Moscow, Russia

∗Moscow State University, Department of Physics, Chair of semiconductors and cryoelectronics and Quantum technology center, 119991 Moscow, Russia

×Moscow State University, Department of Physics, Chair of quantum electronics and Quantum technology center, 119991 Moscow, Russia

Submitted 17 March 2021 Resubmitted 21 April 2021

Accepted 23 April 2021

DOI: 10.31857/S1234567821110021

Physics of spin-polarized electron transport in semiconductor nanostructures (quantum dots (QDs) and impurity atoms) is stimulated by their possible application in nanoelectronics and spintronics devices [1]. One of the main tasks of spintronics is precise initialization and controlled manipulation of charge and spin states of the impurity atoms or QDs [2]. Control under the spin states in the semiconductor nanostrucutres can be achieved by detection of spin-polarized currents [3]. Moreover, generation and detection of spin-polarized currents is the key problem in the spintronic devices itself, as it is promising for application in semiconductor spin lasers, in which spin polarized carriers can be injected by circularly polarized light or by electrical injection [4]. A significant progress has been made in stationary spin transport in magnetic [5, 6] and nonmagnetic tunnel junctions in the presence of spin-orbit and exchange interactions [7, 8] and in QD systems [9, 10] in magnetic field. Moreover, spin-filter devices, which can generate a spin-polarized current without using magnetic properties of materials were proposed in [11, 12]. For charge and spin control in small devices time dependent effects and transient processes are essential [13–16]. Thus, time evolution of spin and charge configurations in correlated low-dimensional systems is of great interest both from fundamental and technological points of view. Among the most promising objects for spin initialization are QDs [17]. Spin states in self assembled QDs can be initialized without magnetic fields by means of optical pumping [18, 19], while in the electrostatic QDs the Pauli blockade starts to play the main role [20, 21]. Recently, experimental realizations of QDs localized between the ferromagnetic leads were presented. Different magnetic materials, such as ferro-

1)e-mail: vmantsev@gmail.com

magnetic metals [22] or diluted magnetic semiconductors [23] have been applied as a spin injection sources and drains. Most of the theoretical works devoted to the analysis of stationary transport properties through QDs localized between ferromagnetic leads deals with parallel or antiparallel magnetic configurations [24–26]. Stationary electronic transport through the nanostructures coupled to the leads with non-collinear magnetizations was analyzed in [27, 28]. Non-stationary spin initialization in QDs was theoretically analyzed in [17, 29]. Spin initialization and manipulation occurs due to the electric field induced Rashba spin-orbit interaction. Modulation of coupling between the electron spin and momentum opens the possibility to set an electron in motion in the spin-dependent direction [30, 31]. Spin-orbit effect in this case can be applied to achieve spin-polarization via resonant tunneling without external magnetic leads or application of ferromagnetic materials. As creation, diagnostics and controlled manipulation of charge and spin states of the QDs or impurity atoms, applicable for ultra small size electronic devices design requires careful analysis of non-stationary effects and transient processes, time dependent dynamics of initial spin and charge configurations of correlated nanostructures is an area of great interest both from fundamental and technological point of view. In the present paper we analyze a situation when non-stationary spin-dependent tunneling currents appear when a single-level QD is coupled to ferromagnetic leads with non-collinear magnetizations and at the initial time point a non-zero magnetic moment is present in the dot. We extend the previous descriptions of stationary electron transport through the tunneling contact with non-collinear magnetization of the leads and correlated QD by careful analysis of nonstationary spin-polarized transport in the frame of theo-

Письма в ЖЭТФ том 113 вып. 11 – 12 2021 727

728 V. N. Luchkin, V. N. Mantsevich, N. S. Maslova

retical approach based on kinetic equations for the electron occupation numbers with different spins. We revealed that spin polarization of the non-stationary current could be changed by tuning only the relative directions of the magnetic moments in the leads. This finding opens the possibility to create an effective spin-valve in a very simple system without modulating transparency of tunneling barriers or changing applied bias voltage.

This work was supported by Russian Foundation for Basic Research (RFBR) grant Stability 20-32-70001. Authors are also thankful for the support from the Interdisciplinary Scientific and Educational School of Moscow State University “Photonic and Quantum technologies. Digital medicine”.

Full text of the paper is published in JETP Letters journal. DOI: 10.1134/S0021364021110023

1. Semiconductor Spintronics and Quantum Computation, ed. by D. D. Awschalom, D. Loss, and N. Samarth, Nanoscience and Technology, Springer, Berlin (2002).

2. I. Žutić, J. Fabian, and S. Das Sarma, Rev. Mod. Phys.

76, 323 (2004).

3. P. Chuang, S.-C. Ho, L. W. Smith, F. Sfigakis, M. Pepper, C.-H. Chen, J.-C. Fan, J. P. Griffiths, I. Farrer, H. E. Beere, G. A. C. Jones, D. A. Ritchie, and T.-M. Chen, Nat. Nanotechnol. 710, 35 (2014).

4. I. Žutić, G. Xu, M. Lindemann, P. E. Faria Junior, J. Lee, V. Labinac, K. Stojsic, G. Sipahi, M. Hofmann, and N. Gerhardt, Solid State Commun. 316, 113949 (2020).

5. E. Y. Tsymbal, O. N. Mryasov, and P. R. LeClair, J. Phys.: Condens. Matter 15, R109 (2003).

6. R. Fiederling, M. Keim, G. Reuscher, W. Ossau, G. Schmidt, A. Waag, and L. W. Molenkamp, Nature (London) 402, 787 (1999).

7. V. I. Perel’, S. A. Tarasenko, I. N. Yassievich, S. D. Ganichev, V. V. Bel’kov, and W. Prettl, Phys. Rev. B 67, 201304 (2003).

8. M. M. Glazov, P. S. Alekseev, M. A. Odnoblyudov, V. M. Chistyakov, S. A. Tarasenko, and I. N. Yassievich, Phys. Rev. B 71, 155313 (2005).

9. R. M. Potok, J. A. Folk, C. M. Marcus, V. Umansky, M. Hanson, and A. C. Gossard, Phys. Rev. Lett. 91, 016802 (2003).

10. J. A. Andrade and P. S. Cornaglia, Phys. Rev. B 94,

235112 (2016).

11. T. Koga, J. Nitta, H. Takayanagi, and S. Datta, Phys.

Rev. Lett. 88, 126601 (2002).

12. A. Voskoboynikov, S. S. Liu, and C. P. Lee, Phys. Rev.

B 58, 15397 (1998).

13. N. S. Maslova, I. V. Rozhansky, V. N. Mantsevich, P. I. Arseyev, N. S. Averkiev, and E. Lahderanta, Phys. Rev. B 97, 195445 (2018).

14. B. L. Hazelzet, M. R. Wegewijs, T. H. Stoof, and Y. V. Nazarov, Phys. Rev. B 63, 165313 (2001).

15. E. Cota, R. Aguado, and G. Platero, Phys. Rev. Lett.

94, 107202 (2005).

16. L. D. Contreras-Pulido, J. Splettstoesser, M. Governale, M. Governale, J. Konig, and M. Buttiker, Phys. Rev. B 85, 075301 (2012).

17. S. Bednarek, J. Pawlowski, M. Gorski, and G. Skowron, Phys. Rev. Appl. 11, 034012 (2019).

18. D. Press, T. D. Ladd, B. Zhang, and Y. Yamamoto, Nature 456, 218 (2008).

19. B. D. Gerardot, D. Brunner, P. A. Dalgarno, P. Ohberg, S. Seidl, M. Kroner, K. Karrai, N. G. Stoltz, P. M. Petroff, and R. J. Warburton, Nature 451, 441 (2008).

20. R. Hanson, L. P. Kouwenhoven, J. R. Petta, S. Tarucha, and L. M. K. Vandersypen, Rev. Mod. Phys. 79, 1217 (2007).

21. K. C. Nowack, M. Shafiei, M. Laforest, G. E. D. K. Prawiroatmodjo, L. R. Schreiber, C. Reichl, W. Wegscheider, and L. M. K. Vandersypen, Science 333, 1269 (2011).

22. H. B. Heersche, Th. Schapers, J. Nitta, and H. Takayanagi, Phys. Rev. B 64, 161307 (2001).

23. J. C. Egues, Phys. Rev. Lett. 80, 4578 (1998). 24. B. R. Bulka, Phys. Rev. B 62, 1186 (2000). 25. W. Rudzinski and J. Barnas, Phys. Rev. B 69, 085318 (2001).

26. J. Fransson, O. Eriksson, and I. Sandalov, Phys. Rev.

Lett. 88, 226601 (2002).

27. W. Rudzinski, J. Barnas, R. Swirkowicz, and M. Wilczynski, Phys. Rev. B 71, 205307 (2005).

28. I. Weymann and J. Barnas, Phys. Rev. B 75, 155308 (2007).

29. J. Pawlowski, G. Skowron, P. Szumniak, and S. Bednarek, arXiv:2009.12439 (2020).

30. J. Pawlowski, M. Gorski, G. Skowron, and S. Bednarek, Phys. Rev. B 96, 115308 (2017).

31. S. Bednarek, J. Pawlowski, M. Gorski, and G. Skowron, New J. Phys. 19, 123006 (2017).

Письма в ЖЭТФ том 113 вып. 11 – 12 2021