Pis’ma v ZhETF, vol. 94, iss. 8, pp. 672 { 677 © 2011 October 25

Carrier mediated ferromagnetism on the surface of a topological insulator

V. N. Men’shov^{∗1)}, V. V. Tugushev^∗, E. V. Chulkov^+

�National Research Centre “Kurchatov Institute”, 123182 Moscow, Russia

+Departamento de Física de Materiales, Facultad de Ciencias Químicas, UPV/EHU and Centro de Física de Materiales CFM-MPC, Centro Mixto CSIC-UPV/EHU, 20080 San Sebastián, Basque Country, Spain

Submitted 6 September 2011

We study the e¸ect of magnetic doping at the surface of a three dimensional topological insulator (TI) on emergence of ferromagnetic ordering at the TI-surface assuming the exchange coupling between the Dirac fermions and the dilute magnetic ions. We show that this coupling results in an uniaxial magnetic anisotropy with out-of-plane magnetization direction. It is found that the system under consideration is unstable with respect to a spontaneous uniform magnetization along the easy axis, which is accompanied by opening a gap in a spectrum of the Dirac surface states. In the framework of a mean-˛eld approach, we study the possibility of ferromagnetic order on the magnetically doped surface of TI at di¸erent temperatures and positions of the chemical potential.

Recently, topological insulators (TIs) have attracted particular interest [1, 2] due to their important potential applications in quantum computing and spintronics [3, 4]. In these materials strong spin-orbital coupling causes the inversion of the conduction and valence bands that results in emergence of gapless surface or edge states of helical Dirac fermions without spin degeneracy. In the 1980s related seminal ideas were applied to a surface of crystal with strong spin-orbit interaction [5] and an interface between narrow gap semiconductors where the Dirac mass changes sign [6]. More recently the two-dimensional TI, known as a quantum spin Hall insulator, was observed in HgTe/CdTe quantum well structures [7]. Current researches are mostly focused on binary and ternary three-dimensional TIs such as Bi_2Te_3, Bi_2Se_3, and Sb_2Te_3 and thallium based compounds [8– 14]. The Dirac-like surface states that occur in these materials were experimentally confirmed and thoroughly studied using scanning tunneling microscopy and angleresolved photoemission spectroscopy [1, 15, 16].

The unique feature of the surface of TI is an exceptional sensitivity to perturbations breaking the time reversal invariance [1, 17]. Upon applying a perpendicular magnetic field, the notable properties of the surface of TI can dramatically change because an energy gap is induced in the helical state spectrum. One of the mechanisms to gap the topological surface states is the exchange coupling of these states with spin-polarized states of a ferromagnetic layer adjacent to the surface [17–20]. In particular, if the Fermi level is in the energy gap, a

1)e-mail: vnmenshov@mail.ru

half integer quantized Hall effect can be induced on the surface of three-dimensoinal TI with the proximity to a magnetic insulator film [1, 21]. Another way is magnetic doping of the surface. However, the effect of interaction between magnetic impurities and the surface states of a TI on a collective behavior of localized impurity moments is a topic that is poorly explored. To the best of our knowledge, recent investigations are essentially restricted to a theoretical consideration of peculiarity of the indirect coupling between two localized magnetic moments on the surface of TI mediated by the helical metal, with an emphasis on Ruderman–Kittel–Kasuya– Yoshida (RKKY) interaction mechanism [20, 22–27].

At low temperature, the bulk TI doped with magnetic impurities can have a long-range ferromagnetic (FM) order [28–32]. At the surface of TI, dilute magnetic impurities can form a collective ordered state at temperature above the bulk Curie temperature provided that an exchange coupling between them mediated by the surface states is stronger than an exchange coupling in the bulk. Furthermore, moments of magnetic ions adsorbed on the surface of TI can also form a collective ordered state due to an exchange interaction via the helical states when the Fermi energy is close to the Dirac point. In any case, with or without a bulk FM order, the breaking of the time reversal symmetry at the surface of TI results in a gap opening at the Dirac point.

Recently Chen et al. [30] introduced magnetic and nonmagnetic dopants into a three-dimensional TI Bi_2Se_3 and performed angle-resolved photoemission spectroscopy measurements of electronic structure of the samples. They found a broken dispersion of the

672 Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 7 { 8 2011 surface states at the Dirac point, so that the gap value appears to be from ∼ 44 meV to ∼ 50 meV increasing with the increase of the magnetic dopant concentration from x = 0.12 to x = 0.16 for iron doped samples (Bi_{1−x}Fe_x)_2Se_{3.7} and ∼ 7 meV for a manganese doped sample (Bi_{0.99}Mn_{0.01})_2Se_3. It was noticed that the Fermi level resided just inside both the surface and bulk gaps. In Ref. [33], by using Fourier transform scanning tunneling spectroscopy, the emergence of new scattering channels due to broken time reversal symmetry has been clearly observed in the Fe-doped Bi_2Te_3 single crystals with a nominal doping of 0.25%. The origin of these processes is attributed to local regions of FM correlated domains or enhanced surface ferromagnetism mediated by the surface states. In [34], strong modification of the surface states on the (111) surface of Bi_2Se_3 with chemisorbed Fe atoms has been studied. It was shown that an energy gap Δ ≈ 100 meV appears in the spectrum of helical electrons with increasing Fe coverage above & 20 percent. The authors of [34] explained this result in terms of the FM ordering of the local magnetic moments of iron ions in the direction perpendicular to the surface. In contrast, angle-resolved photoemission spectroscopy studies of electronic structure and the scattering rates upon adsorption of impurities on the surface of Bi_2Se_3 have shown a remarkable insensitivity of the topological surface to both non-magnetic (Cs, Rb) and magnetic (Gd) ions in the low concentration regime; no evidence for an opening a gap at the Dirac point has been also found [35]. The recent work [36] also revealed that the topological surface states of Bi_2Se_3 and Bi_2Te_3 were stable against the deposition of Fe without opening a band gap.

The situation with properties of the magnetically doped surface of TI remains unclear and controversial – both theoretically and experimentally. The aim of the present paper is to elucidate possibility of the FM ordering in this system. For this purpose we study a collective behavior of localized impurity moments and spin polarization of the helical electrons within the framework of the mean-field scenario analogous to that for the carrier mediated FM ordering in dilute magnetic semiconductors [37]. It is accepted [20, 22–27] that two-dimensional electrons on the surface of TI mediate an exchange coupling of RKKY-type between the local moments i and j, I(æ_{ij} ) ∝ cos(2k_Fρ_{ij} )ρ^{−2}_{ij} , which oscillates with the double Fermi wave vector k_F and decays with distance between impurities ρ_{ij} . Besides the coupling I(æ_{ij} ) depends on the directions of the moments relative to the vector æ_{ij} . Below we show that the physics of magnetic ordering associated with chirality of the single-particle states on the surface of TI can be caught even without special analysis of mechanism and details of the pair exchange interaction I(æ_{ij} ). On the one hand, we suppose that the helical electrons mediate an exchange interaction among magnetic impurities, which can leads to a FM state on the surface of TI. On the other hand, the helical states undergo a great modification due to an appearance of the long-range FM order. In this context we self-consistently calculate the energy gap in density of the surface states as well as the average magnetization of magnetic impurities.

To describe the helical metallic states on the surface of three-dimensional TI, we consider the Hamiltonian of noninteracting electrons in the following form:

H_0 = ∫ dr ∑ α,β ψ^†_α(r)iv ( σ^x_{αβ} ∂ ∂y − σ^y_{αβ} ∂ ∂x ) ψ_β (r), (1)

where ψ_α is the electron field, v is the Fermi velocity, r = (x, y) is the two-dimensional vector, the z direction is perpendicular to the surface, the Pauli matrices σ^l_{αβ} (l = x, y, z) are introduced; we use = 1. The unique feature of (1) is that the electron spin and momentum are intimately locked, which originates from strong spinorbit coupling. The surface states are implied to reside inside the bulk band gap.

We assume that the coupling between magnetic impurities carrying localized moment S_i and the helical electron spin takes the form H_{ex}=a^2 ∫ dr ∑ α,β ψ^†_α(r) ∑ i J(œ · Si)αβ δ(r − Ri)ψβ (r), (2) where a is the lattice constant of the surface. The impurities are randomly located on the surface at different positions R_i. For simplicity, we treat the magnetic ions as classical local moments, which are merely dissimilar in orientations S_i, i.e., |S_i| = S. The matrix element of an exchange interaction J depends on the overlap between wave functions of the surface and impurity states. Prefactors such as the Bohr magneton or the Landé factor are implied to be included into J.

At finite density of magnetic ions on the surface, we expect them to order ferromagnetically below a certain critical temperature T_c that will be estimated below. We consider the system in the virtual crystal approximation and treat the interaction (2) within the mean-field approximation, which leads to the replacement (S · s) → (⟨S⟩ · s) + (S · ⟨s⟩) − (⟨S⟩ · ⟨s⟩), where s =^1_2 ψ^†_αœ_{αβ} ψ_β is spin density of the topological surface state carriers. Then an effective mean-field Hamiltonian describing electrons can be obtained by replacing the

Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 7 { 8 2011 localized moments which are randomly distributed and oriented with a classical continuous magnetization ⟨S⟩:

H^{eff}_0 =H_0 + n_ma^2 ∫ dr ∑ α,β ψ^†_α(r) ∑ i J(œ · ⟨S⟩)αβ ψβ (r), (3) where n_m is the averaged density of the moments on the surface. In the present study we consider the mean-field expectation value ⟨S⟩ as spatially invariable. Then the Hamiltonian (3) is translational invariant and, in momentum space, its Green function reads G_{αβ} (k, ω)= (ω + μ)σ^0_{αβ} + v(σ^y_{αβ} K_x − σ^x_{αβ} K_y) + σ^z_{αβ} Δ (ω + μ)^2 − ε(K)^2 , (4) where σ^0 is the unity matrix, μ is the chemical potential. The in-plane components of magnetization ⟨S_‖⟩ = = e_x⟨S_x⟩ + e_y⟨S_y⟩ shifts the Dirac cone from a center of the Brillouin zone of the surface states: k_x → K_x = = k_x + Λ_x/v, k_y → K_y = k_y − Λ_y/v, where k = (k_x, k_y) is a plane moment, Λ_{x,y} = n_ma^2|J|⟨S_{x,y}⟩. In contrast, out-of-plane uniform exchange field e_z⟨S_z⟩ opens in the spectrum the gap Δ = n_ma^2|J|⟨S_z ⟩, (5) and splits the Dirac band into subbands above and below the gap with dispersions ε(K) = ± √ Δ^2 + v^2K^2, K = (K_x, K_y), and the labels ± distinguish bands with positive and negative energies. The magnetic order associated with the nontrivial field e_z⟨S_z ⟩ breaks the time reversal symmetry k → −k and œ → −œ of the Hamiltonian (1) and (2) and polarizes the helical electrons along the z-axis. In turn this order of the magnetic dopants on the surface suggests FM interaction among the localized moments that is mediated by the helical surface state.

Having known the Green function (4), the grand canonical potential for the ground state of the helical electrons in the field ⟨S⟩ can be written as

Ω(⟨S⟩) = ∫ a^2dk (2π)^2 ε(K) − μN, (6) where the integral is running over filled states ε(K) < μ, N = ∫ a^2dk/(2π)^2 is the number of particles. Under the condition Δ^2 + Λ^2 > μ^2, after an angle integration the potential Ω(⟨S⟩) is given by

Ω(⟨S⟩) = −2 πW^2 ∫_W 0 dξξ √ Δ^2 + (|Λ| + ξ)^2 × × ⟩ [√ 4|Λ|ξ Δ^2 + (|Λ| + ξ)^2 ] − μ 2 , (7) where ⟩ (κ) is the complete elliptic integral of the second kind with modulus κ, W = √ 2πv/a is the band cut-off energy being symmetric on the particle and hole sides.

The expression (7) is obtained at a given orientation of the magnetization S. Let us suppose that its magnitude is taken fixed, |S| = S, and consider a small deviations, ⟨S_{x,y}⟩^2 ≪ S^2, around a uniformly magnetized along the z-axis state, e_z⟨S_z⟩, such that ⟨S⟩ = e_z⟨S_z ⟩ + ⟨S_‖⟩. To leading order in the small parameter Δ/W one obtains from (7) the electron energy of the system with respect to that in the absence of the average magnetization:

Ω(⟨S⟩) − Ω_0 = −

Δ^2_0 2W ( 1 − ⟨S_‖⟩^2 2S^2 ) , (8)

where Ω_0 = Ω(⟨S⟩ = 0), Δ_0 = n_ma^2|J|S is the gap in the saturation state at T = 0. In Fig. 1 we represent the

Fig. 1. The grand canonical potential for the ground state of the helical electrons versus the angle θ between the magnetization vector ⟨S⟩ and the ez-axis for four values of ´0, W/4, W/6, W/8, and W/10 behavior of Ω(⟨S⟩)−Ω_0 for arbitrary angle θ between the vector ⟨S⟩ and the e_z-axis (Δ = Δ_0 sin θ, Λ = Δ_0 cos θ) obtained numerically from Eq. (7).

As is seen from Eq. (8), under the exchange field applied along the e_z-direction, the helical electrons lower their energy by the value Δ^2/2W due to the opening of the gap. Figure 1 shows that the helical electrons are easily polarizable along axis perpendicular to the surface of TI, while a deviation of the collective magnetization from the easy axis e_z is energetically unfavourable. Such the situation is enhanced with the increasing magnetization. We thus conclude that random magnetic impurities will tend to align parallel to the normal to the TI surface. We expect that the FM ordering occurs via a

Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 7 { 8 2011 finite-temperature second order phase transition of the Ising type. Below we investigate this phase transition in more detail.

The interaction between carrier spins and local moments can be described as a self-consistent process in which carrier spins see an effective magnetic field produced by the local moments. Correspondingly, the exchange splitting introduced by the magnetic dopants can be estimated following (5). In turn the impurity magnetization ⟨S⟩ = e_z⟨S⟩ is influenced by the spin polarization of the helical electrons ⟨s⟩ = e_z⟨s⟩. The response of the classical localized moment to an effective field produced by the carrier spins B_{eff} √ J⟨s⟩ follows Boltzmann statistics: ⟨S⟩ = SL ( JS⟨s⟩ T ) , (9)

where L(w) is the Langevin function, T is temperature, we use k_B = 1.

The electron spin polarization is defined as ⟨s⟩ = T ∞∑ n=−∞ T r ∫ a^2dk (2π)^2 σ^z_{αβ} G_{βα}(k, ω_n), (10)

where the trace is taken over spin indices. We introduce the Matsubara frequency ω_n = πT (2n + 1) into the Green function (4) in common manner ω → iω_n. It is not difficult to show that the polarization is equal to ⟨s⟩ = ΔT W^2 ln [ cosh( √ W 2+Δ2+μ

2T ) cosh( √ W 2+Δ2−μ 2T ) cosh(^{Δ+μ}_{2T} ) cosh(^{Δ−μ}_{2T} ) ] . (11)

At zeroth temperature one has ⟨s⟩ = Δ( √ W^2 + Δ^2 − max{|μ|, Δ}) W^2

. (12)

The position of the chemical potential with respect to the Dirac point depends on the detailed electrostatics of the surface and, strictly speaking, will change with the gapping, i.e. μ = μ(Δ). In what follows the chemical potential is assumed to be unchanged, which could be achieved either when the Dirac point is close to edge of a bulk band with high density of states or via control of the surface charge with a gate. The equations (5), (9), and (11) constitute the self-consistent meanfield approximation for the description of the magnetic phase transition to a state with nontrivial order parameter, being the gap Δ. Indeed, inserting (11) into (9) and taking into account the relation (5), one obtains the equation for the gap Δ as a function of temperature T and the chemical potential μ. Implying that the FMtransition is second-order phase transition, in the vicinity of the critical temperature T . T_c, we are able to obtain an analytical expression for the order parameter as a function of temperature and chemical potential. We restrict ourselves to the weak interaction approximation that is natural for the given statement of the problem, n_ma^2(JS/W )^2 ≪ 1. Under the stipulation that Δ ≪ T and simultaneously T ≪ W , the self-consistent equation reduces to [ Δ 2T cosh(μ/2T )

]_2

= ln [ cosh(W/T )+ cosh(μ/T ) 1+ cosh(μ/T ) ] − W T^0_c . (13)

Above the curve T_c(μ), in the paramagnetic phase, Δ = = 0. The magnetic phase diagram T_c(μ) is determined by setting the right side of equation (13) to be equal to zero. The maximal temperature of the onset of magnetization T_c = T^0_c is reached at μ = 0. We can estimate this temperature as

T^0_c = T_c(μ = 0) = n_ma^2 3 (JS)^2 W . (14)

It is worthy to note that the ratio T^0_c /Δ_0 ≃ |J|S/W is rather a small value. Under the condition μ ≪ T^0_c , one obtains from (13) simple estimations for the Curie temperature, T_c(μ), and the gap, Δ(T, μ), respectively:

T_c(μ) = T^0_c − μ^2 2W , (15)

Δ^2 = 4W [T_c(μ) − T ]. (16)

When the chemical potential is tuned relatively far from the Dirac point, μ ≫ T^0_c , the order parameter increases sharply (nevertheless, continuously) with temperature decreasing

Δ^2 = W exp [ μ T_c(μ) ] T_c(μ) T^0_c

[T_c(μ) − T ], (17)

and the dependence T_c(μ) acquires the linear shape

T_c(μ) = T^0_c ( 1 − μ W ) . (18)

Figures 2 and 3 illustrate the typical behavior Δ(T, μ) and ⟨s⟩(T, μ), respectively, produced with a numerical solution of the above equations (5), (9), and (11). From these figures it follows that there is a certain boundary T_c(μ, n_m) separating the gapped FMstate from gapless paramagnetic state. From this point of view one can roughly interpret the presence or absence of the gap in the spectrum of the surface states in the spectroscopy data [34–36] as a consequence of the conditions under which the measurements are carried out.

Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 7 { 8 2011

Fig. 2. The behavior of the FM order parameter ´ as a function of temperature T at di¸erent levels of the chemical potential μ (μ/W = 0, 0.2, 0.4, 0.6, and 0.8) for given values of the magnetic ion concentration a^2nm = 0.5 and the exchange coupling |J|S/W = 0.5

Fig. 3. The behavior of the helical electron spin polarization ⟨s⟩ as a function of temperature T at di¸erent levels of the chemical potential μ (μ/W = 0, 0.2, 0.4, 0.6, and 0.8) for given values of the magnetic ion concentration a^2nm = 0.5 and the exchange coupling |J|S/W = 0.5

To summarize, in the present work we have studied the problem of FM ordering on the magnetically doped surface of TI at the mean-field level. A more comprehensive analysis of the modification of the local spin texture caused by a single local impurity on the surface of a three-dimensional TI and the pair exchange interaction mediated by the surface states is beyond our description. Generally speaking, it is necessary to carry out self-consistent calculation of the relevant exchange integral I(æ_{ij} ) taking into account a gapping of the surface states in the FM-phase. Note, when the Fermi level is in the band gap, |μ| < Δ, solely the superexchange mechanism (due to electron excitations through the gap) gives rise to the indirect exchange coupling between impurity moments, which could lead to appearance of a magnetically ordered insulator on the surface of TI. In the case of |μ| > Δ, the scattering of carriers on impurity disorder on the surface causes a depression of both magnitude and length of the RKKY interaction via the helical states. As a result, the Curie temperature and average magnetization acquire negative augments in the parameter (Δτ)^{−1}, where the inverse time of momentum relaxation can be estimated as τ^{−1} ≃ a^2n_m|μ|U^2/W^2, U is an effective potential of electron-impurity interaction. If the scattering is such strong that Δτ ≃ 1 (at the same time |μ|τ > 1), it may be expected that a gapless FM-state appears on the surface. It is possible a similar state was observed in works [35, 36].

Another important direction for future study of properties of the surface of three-dimensional TI is the effect of warping [15] on magnetic ordering upon variable filling of the surface states. An instability of the helical electrons caused by the formation of a spin-density wave state due to nesting of the Fermi surface for a certain position of chemical potential was predicted in [38]. In this case the competition between different magnetic configurations can remarkably change the phase diagram. It seems also desirable to compliment and extend the above analysis by presenting a contribution of magnetic thermal fluctuations to thermodynamics of the system.

The work was partially supported by RFBR (Grant # 10-02-00118-a).

We gratefully acknowledge partial support by Donostia International Physics Center (DIPC) and the Department of Education of the Basque Country Government, the University of the Basque Country (Project # GV- UPV/EHU, Grant # IT-366-07), Ministerio de Ciencia e Inovacion (Grant # FIS2010-19609-C02-01).

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

2. G. E. Volovik, Pis’ma Zh. Eksp. Teor. Fiz. 91, 61 (2010) [JETP Lett. 91, 55 (2010)].

3. L. Fu and C. L. Kane, Phys. Rev. Lett. 102, 216403 (2009).

4. A. R. Akhmerov, J. Nilsson, and C. W. J. Beenakker, Phys. Rev. Lett. 102, 216404 (2009).

5. V. A. Volkov and T. N. Pinsker, Fiz. Tver. Tela. 23, 4756 (1981) [Sov. Phys. Solid State 23, 1022 (1981)].

6. B. A. Volkov and O. A. Pankratov, Pis’ma Zh. Eksp.

Teor.Fiz. 42, 145 (1985) [JETP Lett. 42, 178 (1985)].

Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 7 { 8 2011

7. M. K-onig, S. Wiedmann, C. Br-une et al., Science 318, 766 (2007).

8. H. Zhang, C. X. Liu, X. L. Qi et al., Nature Phys. 5, 438 (2009).

9. S. V. Eremeev, Yu. M. Koroteev, and E. V. Chulkov, Pis’ma Zh. Eksp. Teor. Fiz. 91, 419 (2010) [JETP Lett. 91, 387 (2010)].

10. O. V. Yazyev, J. E. Moore, and S. G. Louie, Phys. Rev.

Lett. 105, 266806 (2010).

11. B. Yan, C. X. Liu, H. J. Zhang et al., Europhys. Lett.

90, 37002 (2010).

12. S. V. Eremeev, Yu. M. Koroteev, and E. V. Chulkov, Pis’ma Zh. Eksp. Teor. Fiz. 91, 664 (2010) [JETP Lett. 91, 594 (2010)].

13. H. Lin, R. S. Markiewicz, L. A. Wray et al., Phys. Rev.

Lett. 105, 036404 (2010).

14. S. V. Eremeev, G. Bihlmayer, M. Vergniory et al., Phys.

Rev. B 83, 205129 (2011).

15. K. Kuroda, M. Arita, K. Miyamoto et al., Phys. Rev.

Lett. 105, 076802 (2010).

16. K. Kuroda, M. Ye, A. Kimura et al., Phys. Rev. Lett.

105, 146801 (2010).

17. W.-K. Tse and A. H. MacDonald, Phys. Rev. Lett. 105, 057401 (2010).

18. T. Yokoyama and S. Murakami, Phys. Rev. B 83, 161407 (2011); T. Yokoyama, Y. Tanaka, and N. Nagaosa, Phys. Rev. B 81, 121401 (2010); T. Yokoyama, J. Zang, and N. Nagaosa, Phys. Rev. B 81, 241410 (2010).

19. Q. Li, P. Ghost, J. D. Sau et al., Phys. Rev. B 83, 085110 (2011).

20. I. Garate and M. Franz, Phys. Rev. Lett. 104, 146802 (2010).

21. O. A. Pankratov, Phys. Lett. A121, 360 (1987).

22. R. R. Biswas and A. V. Balatsky, Phys. Rev. B 81, 233405 (2010).

23. Q. Liu, C.-X. Liu, C. Xu et al., Phys. Rev. Lett. 102, 156603 (2009).

24. D. A. Abanin and D. A. Pesin, Phys. Rev. Lett. 106, 136802 (2011).

25. J. Gao, W. Chen, X. C. Xie, and F. Zhang, Phys. Rev.

B 80, 241302 (2009).

26. F. Ye, G. H. Ding, H. Zhai and Z. B. Su, EPL 90, 47001 (2010).

27. J.-J. Zhu, D.-X. Yao, S.-C. Zhang, and K. Chang, Phys.

Rev. Lett. 106, 097201 (2011).

28. J. Choi, S. Choi, J. Choi et al., Phys. Stat. Sol. b241, 1541 (2004).

29. Y. S. Hor, P. Roushan, H. Beidenkopf et al., Phys. Rev.

B81, 195203 (2010).

30. Y. L. Chen, J.-H. Chu, J. G. Analytis et al., Science 329, 659 (2010).

31. V. A. Kulbachinskii, A. Yu. Kaminskii, K. Kindo et al., Physica B 311, 292 (2002).

32. R. Yu, W. Zhang, H.-J. Zhang et al., Science 329, 61 (2010).

33. Y. Okada, C. Dhital, W. Zhou et al., Phys. Rev. Lett.

106, 206805 (2011).

34. L. A. Wray, S.-Y. Xu, Y. Xia et al., Nature Physics 7, 32 (2011).

35. Z.-H. Pan, D. R. Gardner, S. Chu et al., cond-mat/1104.0966v1.

36. M. R. Scholz, J. S«anchez-Barrigal, D. Marchenko et al., cond-mat/1108.1037v1.

37. T. Jungwirth, J. Sinova, J. Ma»sek et al., Rev. Mod.

Phys. 78, 809 (2006).

38. J.-H. Jiang and S. Wu, Phys. Rev. B 83, 205124 (2011).

Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 7 { 8 2011