Pis’ma v ZhETF, vol. 106, iss. 9, pp. 575 – 576 © 2017 November 10

Helical edge transport in the presence of a magnetic impurity

P. D. Kurilovich^{a,b,c}, V. D. Kurilovich^{a,b,c}, I. S. Burmistrov^{a,c,d,e1)}, M. Goldstein^f

aMoscow Institute of Physics and Technology, 141700 Moscow, Russia

bSkolkovo Institute of Science and Technology, 143026 Moscow, Russia

cL.D. Landau Institute for Theoretical Physics RAS, 119334 Moscow, Russia

dInstitut für Theorie der kondensierten Materie, Karlsruhe Institute of Technology, 76128 Karlsruhe, Germany

eInstitut für Nanotechnologie, Karlsruhe Institute of Technology, 76021 Karlsruhe, Germany

f Raymond and Beverly Sackler School of Physics and Astronomy, Tel Aviv University, Tel Aviv 6997801, Israel

Submitted 2 October 2017 Resubmitted 10 October 2017

DOI: 10.7868/S0370274X17210081

Two-dimensional topological insulators (2D TIs) are in the focus of recent interest due to existence of two helical edge states inside the band gap [1, 2]. Because of spin-momentum locking caused by strong spin-orbit coupling, electrical current transfers helicity along the edge [3, 4]. This “spin” current is a hallmark of the quantum spin Hall effect, and it has been detected experimentally in HgTe/CdTe quantum wells [5–9]. If only elastic scattering is allowed, and in the absence of timereversal symmetry breaking, the helical state is a realization of the ideal transport channel with conductance of G_0 = e^2/h. This prediction was questioned by the experiments in HgTe/CdTe [5, 10–12] and InAs/GaSb [13, 14] quantum wells. Therefore, studies of mechanisms which can lead to the destruction of the ideal helical transport are important.

A local perturbation breaking the time-reversal symmetry, e.g., a classical magnetic impurity, leads to backscattering of helical edge states and reduction of the edge conductance [15, 16]. Electron-electron interactions along the edge can promote edge reconstruction and, consequently, spontaneous time-reversal symmetry breaking at the edge [17]. Furthermore, even in the absence of time-reversal symmetry breaking, electronelectron interactions may induce backscattering [18], resulting in the suppression of the helical edge conductance at finite temperatures (see [19] and references therein). A combination of electron-electron interactions and magnetic impurities can significantly modify the picture of ideal helical edge transport [20–24].

In the absence of electron-electron interactions along the edge, the ideal transport along the helical edge may still be affected (at finite temperatures) by its time-

1)e-mail: burmi@itp.ac.ru.

reversal symmetric interaction with a “quantum impurity”, that is, an impurity which has its own quantum dynamics, e.g. a charge puddle that acts as an effective spin-1/2 impurity [25, 26], or a quantum magnetic impurity with spin S = 1/2 [15, 16] or S ⩾ 1/2 [27, 28].

In this Letter we study theoretically a modification of the ideal current-voltage characteristics of the helical edge in 2D TI by weak scattering off a single magnetic impurity. As a physical realization of such system we have in mind the (001) CdTe/HgTe/CdTe quantum well (QW) with a Mn impurity that possesses spin S = 5/2. Contrary to the previous works, we consider a general structure of the matrix J_{jk} describing exchange interaction between magnetic impurity and edge states. For S = 1/2 we find an analytical expression for the backscattering current at arbitrary voltage. For larger spin, S > 1/2, we obtained analytical expressions for the backscattering current at low and high voltages.

An example of the dependence of the backscattering correction to the differential conductance ΔG(V ) on the voltage for the different values of the impurity spin S is shown in Fig. 1. For S > 1/2 the differential conductance is non-monotonous, with extrema at V ∼ |J_{jk} |T and V ∼ T (indicated by triangles in Fig. 1). The first extremum is the consequence of competition between the effective magnetic field acting on the impurity spin and the relaxation. The extremum at V ∼ T is the consequence of the dependence of the effective temperature on the voltage. In contrast with the higher spins, for S = 1/2 the differential conductance saturates already at V ∼ |J_{jk} |T instead of V ∼ T . Finally, we mention that in the case of |V | ≪ |J_{jk} |T the ratio ΔG(V )/ΔG(0) is independent of S.

We thank Yuval Gefen for fruitful collaboration in the initial stage of this project and for very useful discus-

Письма в ЖЭТФ том 106 вып. 9 – 10 2017 575

576 P. D. Kurilovich, V. D. Kurilovich, I. S. Burmistrov, M. Goldstein

Fig. 1. (Color online) −ΔG(V )/ΔG(0) versus V /2T for different values of S. The exchange couplings were chosen as Jxx = Jyy = 10^{−2}, Jxz = 0.8Jxx, Jzx = 0.3Jxx, Jzz = 0.9Jxx, while the other couplings vanish. Black thin curves correspond to the approximate analytic solutions with the Gibbs-like reduced density matrix for the magnetic impurity which is parametrized by the effective temperature T_{eff}. The empty triangles indicate the positions of additional minima. Inset: the dependence of T_{eff} on V

sions. I.S.B. is grateful to Weizmann Institute of Science and Tel Aviv University for their hospitality. The work was partially supported by the Russian Foundation for Basic Research under the Grant # 15-52-06005, Russian President Grant # MD-5620.2016.2, Russian President Scientific Schools Grant NSh-10129.2016.2, the Ministry of Education and Science of the Russian Federation under the Grant # 14.Y26.31.0007, the Alexander von Humboldt Foundation, the Israel Ministry of Science and Technology (Contract 3-12419), the Israel Science Foundation (Grant 227/15), the German-Israeli Foundation (Grant I-1259-303.10), and the US-Israel Binational Science Foundation (Grant 2014262).

Full text of the paper is published in JETP Letters journal. DOI: 10.1134/S0021364017210020

1. X.-L. Qi and S.-C. Zhang, Rev. Mod. Phys. 83, 1057 (2011).

2. M. Z. Hasan and C. L. Kane, Rev. Mod. Phys. 82, 3045 (2010).

3. C. L. Kane and E. J. Mele, Phys. Rev. Lett. 95, 146802 (2005).

4. B. A. Bernevig, T. L. Hughes, and S.-C. Zhang, Science 314, 1757 (2006).

5. M. König, S. Wiedmann, C. Brüne, A. Roth, H. Buhmann, L. W. Molenkamp, X.-L. Qi, and S.-C. Zhang, Science 318, 766 (2007).

6. A. Roth, C. Brüne, H. Buhmann, L. W. Molenkamp, J. Maciejko, X.-L. Qi, and S.-C. Zhang, Science 325, 294 (2009).

7. G. M. Gusev, Z. D. Kvon, O. A. Shegai, N. N. Mikhailov, S. A. Dvoretsky, and J. C. Portal, Phys. Rev. B 84, 121302(R) (2011).

8. C. Brüne, A. Roth, H. Buhmann, E. M. Hankiewicz, L. W. Molenkamp, J. Maciejko, X.-L. Qi, and S.- C. Zhang, Nat. Phys. 8, 485 (2012).

9. A. Kononov, S. V. Egorov, Z. D. Kvon, N. N. Mikhailov, S. A. Dvoretsky, and E. V. Deviatov, JETP Lett. 101, 814 (2015).

10. K. C. Nowack, E. M. Spanton, M. Baenninger, M. König, J. R. Kirtley, B. Kalisky, C. Ames, P. Leubner, C. Brüne, H. Buhmann, L. W. Molenkamp, D. Goldhaber-Gordon, and K. A. Moler, Nat. Mater. 12, 787 (2013).

11. G. Grabecki, J. Wróbel, M. Czapkiewicz, Ł. Cywiński, S. Gierałtowska, E. Guziewicz, M. Zholudev, V. Gavrilenko, N. N. Mikhailov, S. A. Dvoretski, F. Teppe, W. Knap, and T. Dietl, Phys. Rev. B 88, 165309 (2013).

12. G. M. Gusev, Z. D. Kvon, E. B. Olshanetsky, A. D. Levin, Y. Krupko, J. C. Portal, N. N. Mikhailov, and S. A. Dvoretsky, Phys. Rev. B 89, 125305 (2014).

13. E. M. Spanton, K. C. Nowack, L. Du, G. Sullivan, R.- R. Du, and K. A. Moler, Phys. Rev. Lett. 113, 026804 (2014).

14. L. Du, I. Knez, G. Sullivan, and R.-R. Du, Phys. Rev.

Lett. 114, 096802 (2015).

15. J. Maciejko, Ch. Liu, Y. Oreg, X.-L. Qi, C. Wu, and S.-C. Zhang, Phys. Rev. Lett. 102, 256803 (2009).

16. Y. Tanaka, A. Furusaki, and K. A. Matveev, Phys. Rev.

Lett. 106, 236402 (2011).

17. J. Wang, Y. Meir, and Y. Gefen, Phys. Rev. Lett. 118, 046801 (2017).

18. C. Xu and J. E. Moore, Phys. Rev. B 73, 045322 (2006). 19. N. Kainaris, I. V. Gornyi, S. T. Carr, and A. D. Mirlin, Phys. Rev. B 90, 075118 (2014).

20. J. Maciejko, Phys. Rev. B 85, 245108 (2012). 21. B. L. Altshuler, I. L. Aleiner, an V. I. Yudson, Phys. Rev.

Lett. 111, 086401 (2013).

22. O. M. Yevtushenko, A. Wugalter, V. I. Yudson, and B. L. Altshuler, EPL (Europhys. Lett.) 112, 57003 (2015).

23. J. I. Väyrynen, F. Geissler, and L. I. Glazman, Phys.

Rev. B 93, 241301(R) (2016).

24. O. M. Yevtushenko and V. I. Yudson, arXiv:1709.0325 (unpublished).

25. J. I. Väyrynen, M. Goldstein, and L. I. Glazman, Phys.

Rev. Lett. 110, 216402 (2013).

26. J. I. Väyrynen, M. Goldstein, Y. Gefen, and L. I. Glazman, Phys. Rev. B 90, 115309 (2014).

27. V. Cheianov and L. I. Glazman, Phys. Rev. Lett. 110, 206803 (2013).

28. L. Kimme, B. Rosenow, and A. Brataas, Phys. Rev. B 93, 081301 (2016).

Письма в ЖЭТФ том 106 вып. 9 – 10 2017