Pis’ma v ZhETF, vol. 94, iss. 1, pp. 48 { 52 cfl 2011 July 10

Monotonic growth of interlayer magnetoresistance in strong magnetic field in very anisotropic layered metals

P. D. Grigoriev^{1)}

L.D. Landau Institute for Theoretical Physics, 142432 Chernogolovka, Russia

Submitted 15 April 2011 Resubmitted 6 May 2011

It is shown, that the monotonic part of interlayer electronic conductivity strongly decreases in high magnetic ˛eld perpendicular to the conducting layers. We consider only the coherent interlayer tunnelling, and the obtained result strongly contradicts the standard theory. This e¸ect appears in very anisotropic layered quasi-two-dimensional metals, when the interlayer transfer integral is less than the Landau level separation.

Introduction. The investigation of the angular and magnetic field dependence of magnetoresistance provides a powerful tool of studying the electronic properties of various metals. The Fermi surface geometry of the most metals has been measured using the magnetic quantum oscillations (MQO) of magnetoresistance [1–3]. The angular dependence of magnetoresistance also gives the important information about the electronic structure and is widely used to investigate the electronic properties of layered compounds: organic metals (see, e.g., Refs. [4–7] for reviews), cuprate high-temperature superconductors [8–11], heterostructures [12] etc.

In layered quasi-2D metals, where the interlayer transfer integral t_z is considerably smaller than the inplane electron Fermi energy, the electron dispersion is given in the tight-binding approximation by

ϵ_{3D} (k) ≈ ϵ (k_x, k_y) − 2t_z cos(k_z d), (1)

where ϵ (k_x, k_y) is the in-plane electron dispersion, k_z is out-of-plane electron momentum, and d is the interlayer spacing. If t_z is much larger than the Landau level (LL) separation ~ω_c = ~eB/m^∗c, the standard theory of galvanomagnetic properties [1–3] works well. This theory predicts several special features of magnetoresistance in quasi-2D metals: the angular magnetoresistance oscillations [13, 14] and the beats of the amplitude of MQO [1].

In strongly anisotropic layered quasi-2D metals, when t_z ∼ ~ω_c, many new qualitative effects emerge. For example, the slow oscillations of magnetoresistance appear [15, 16] and the beats of MQO of transport quantities become shifted [17, 16]. These effects are not described by the standard theory [1–3], because it is valid only in the lowest order in the parameter ~ω_c/t_z. When this parameter becomes of the order of unity, the standard theory is no longer applicable.

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

The monotonic part of magnetoresistance also changes when t_z . ~ω_c. According to the standard theory [2], external magnetic field along the electric current leads only to MQO but does not influence the monotonic (background) part of this current. However, the monotonic increase of interlayer magnetoresistance R_{zz} with the increase the magnetic field B perpendicular to the conducting layers has been observed in various strongly anisotropic layered metals [18–24]. This monotonic growth of magnetoresistance was attributed to the “strongly incoherent” regime, where the interlayer tunnelling described by the usual Hamiltonian term in Eq. (5) is not effective, and the new mechanisms of interlayer electron transport play the major role. For example, the variable-range electron hopping between the localized states in strong magnetic field leads to the insulating behavior and to the exponential dependence of interlayer conductivity on temperature and magnetic field [25]. In another model, where the in-plane electron motion is fully metallic but the interlayer electron transport goes via rare local crystal defects (e.g., resonance impurities), the interlayer conductivity σ_{zz} also has metallic-type temperature dependence but decreases strongly with the increase of the out-of-plane component of magnetic field [23]. The boson-assisted interlayer tunnelling can describe only the unusual temperature dependence of interlayer conductivity at T ∼ 10−150 K [26–28], but it does not explain its magnetic field dependence.

In Ref. [29] it was shown, that the monotonic growth of magnetoresistance R_{zz} ∝ √ B_z appears also in the standard model, described by the Hamiltonian in Eqs. (2)–(6), in strong magnetic field at very weak interlayer coupling: ~ω_c ≫ Γ_0 > t_z , where Γ_0 = ~/2τ_0 is the electron level broadening due to impurity scattering in the absence of magnetic field and τ_0 is the electron mean free time. This contradicts the common opinion [30] that in the “weakly incoherent” regime, i.e. at Γ_0 > t_z,

48 Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 1 { 2 2011 the interlayer magnetoresistance does not differ from the coherent almost 3D limit t_z ≫ Γ_0. This increase of magnetoresistance was also missed in Refs. [31–33], where the Born approximation has been incorrectly applied to describe almost the 2D-electron system. However, in Ref. [29] the approximate and phenomenological electron Green’s function has been used, given by Eq. (22) of Ref. [29]. Below we rederive the main result of Ref. [29] more rigorously, which gives the prefactor 4/π ≈ 1.27 times greater for the interlayer conductivity than in Ref. [29].

The model. The electron Hamiltonian in layered compounds with small interlayer coupling contains 3 main terms:

Ĥ = Ĥ_0 + Ĥ_t + Ĥ_I . (2)

The first term Ĥ_0 is the noninteracting 2D-electron Hamiltonian summed over all layers: Ĥ_0 = ∑ m,j ε_{2D} (m) c^+_{m,j} c_{m,j} , (3)

where {m} = {n, k_y} is the set of quantum numbers of electrons in magnetic field on a 2D conducting layer, c^+_{m,j} (c_{m,j} ) are the electron creation (annihilation) operators in the state {m} on the layer j, and ε_{2D} (m) is the corresponding free electron dispersion given by

ε_{2D} (n, k_y) = ~ω_c (n + 1/2) . (4)

The second term in Eq. (2) gives the coherent electron tunnelling between two adjacent layers:

Ĥ_t = 2t_z ∑ j ∫ d^2r[Ψ^†_j (r)Ψ_{j−1}(r) + Ψ^†_{j−1}(r)Ψ_j (r)], (5) where Ψ_j (r) and Ψ^†_j (r) are the creation (annihilation) operators of an electron on the layer j at the point r. This interlayer tunnelling Hamiltonian is called “coherent” because it conserves the in-layer coordinate dependence of the electron wave function (in other words, it conserves the in-plane electron momentum) after the interlayer tunnelling. The last term

Ĥ_I = ∑ i ∫ d^3rV_i (r) Ψ^†(r)Ψ(r) (6)

gives the electron interaction with impurity potential. The impurities are taken to be point-like and randomly distributed on conducting layers with volume concentration n_i and areal concentration N_i = n_id on each layer. The impurity distributions on any two adjacent layers are uncorrelated. The potential V_i (r) of any impurity located at point r_i is given by

V_i (r) = Uδ^3 (r − r_i) . (7)

We also introduce the 2D point-like impurity potential with the strength V_0 = U |ψ (z_i)|^2 ≈ U/d of each impurity:

V_i (x, y) = V_0δ (x − x_i) δ (y − y_i) . (8)

In the limit, t_z ≪ Γ_0, ~ω_c, the interlayer hopping t_z must be considered as a perturbation for the disordered uncoupled stack of 2D metallic layers. The 2D metallic electron system in magnetic field in the point-like impurity potential has been extensively studied [34–40]. In the self-consistent single-site approximation the coordinate electron Green’s function, averaged over impurity configurations, is given by

G(r_1, r_2, ε) = ∑ n,ky Ψ^{0∗}_{n,ky} (r_2)Ψ^0_{n,ky} (r_1)G (ε, n) , (9)

where Ψ^0_{n,ky} (r_1) are the 2D electron wave functions in perpendicular magnetic field [41], and the Green’s function G (ε, n) does not depend on k_y: G (ε, n) = 1 ε − ~ω_c (n + 1/2) − Σ (ε)

, (10)

where Σ (ε) is the electron self-energy part due to scattering by impurities.

The interlayer conductivity σ_{zz} , associated with the Hamiltonian (5), can be calculated using the Kubo formula and the formalism, developed for the metalinsulator-metal junctions [42]. In analogy to Eq. (44) of Ref. [30], σ_{zz} = 4e^2t^2_z d ~L_xL_y ∫ d^2rd^2r^′ ∫ dε 2π [−n^′_F (ε)] × (11) × ⟨ImG_R(r, r^′, j, ε)ImG_R(r^′, r, j + 1, ε)⟩ . The angular brackets in Eq. (11) mean averaging over impurity configurations. Since the impurity distributions on adjacent layers are uncorrelated, one can perform this averaging separately for each layer. The averaged Green’s functions are translational invariant: ⟨G_R(r, r^′, j, ε)⟩ = ⟨G_R(r − r^′, j, ε)⟩. Therefore, one can perform the integration over r^′, which removes the sample size L_xL_y: σ_{zz} = 2σ_0Γ_0 πν_{2D} ∫ d^2r ∫ dε [−n^′_F (ε)] × (12) × ⟨ImG_R(r, j, ε)⟩ ⟨ImG_R(r, j + 1, ε)⟩ , where we introduced the interlayer conductivity without magnetic field

σ_0 = e^2t^2_zν_{2D}d/~Γ_0, (13)

ν_{2D} = 2N_{LL}/~ω_c = m^∗/π~^2 is the 2D density of states (DoS) at the Fermi level in the absence of magnetic field per two spin components, and N_{LL} is the LL-degeneracy per unit area.

4 Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 1 { 2 2011

When the magnetic field is perpendicular to the conducting layers, the coordinate dependence of the electron Green’s function on the adjacent layers is the same. Then the integration over r for the Green’s function of the form (9) is very simple and gives the factor N_{LL}: σ_{zz} = σ_0Γ_0~ω_c π ∫ dε [−n^′_F(ε)] ∑ n |ImG_R(ε, n)|^2 . (14)

In the zero-temperature limit, where −n^′_F(ε) = = δ (ε − μ), and in weak magnetic field, where the summation over n can be replaced by the integration over n, Eq. (14) gives

σ_{zz} (B) = σ_0Γ_0/ |ImΣ (μ, B)| (15)

in agreement with the standard theory.

Calculation. In strong magnetic field, when ~ω_c ≫ ≫ Γ_0 = πn_iU^2ρ_{3D} = πN_iV^2_0 N_{LL}/~ω_c = ~/2τ_0, one can consider each Landau level separately. In the selfconsistent single-site approximation [34] the electron Green’s function on each LL is given by G (E, n) = E + E_g (1 − c_i) − √ (E − E_1) (E − E_2) 2EE_g , (16) and the DoS on each LL is described by the well-known dome-like function [34] −ImG_R (E, n) π = D (E) = √ (E − E_1) (E_2 − E) 2π |E| E_g , (17) where the electron energy E is counted from the last occupied LL: E ≡ ε − ε_{2D} (n_F, k_y), and E_g = N_{LL}V_0, where the LL-degeneracy per unit area is N_{LL} = = 1/2πl^2_{Hz} = eB/2π~c. The boundaries of the DoS dome in Eq. (17) are

E_1 = E_g ( √ c_i − 1)^2 , E_2 = E_g ( √ c_i + 1)^2 , (18)

where c_i is the dimensionless ratio of the impurity concentration to the electron concentration on one LL:

c_i = N_i/N_{LL} = 2πl^2_{Hz} n_id. (19)

The function D (E) in Eq. (17) is nonzero in the interval 0 < E_1 < E < E_2 and normalized to unity: ∫ D (E) dE = 1. The LL half-width

Γ_B ≡ (E_2 − E_1) /2 = 2E_g √ c_i ∝ √ B. (20)

The LL broadening Γ_B in Eq. (17) is much larger than Γ_0 and depends on magnetic field, which is emphasized by the subscript “B”. The ratio

Γ_B /Γ_0 ≈ √ 4~ω_c/πΓ_0 ≫ 1 (21)

grows as √ B in high magnetic field.

Taking zero temperature and substituting Eq. (17) into Eq. (14) we obtain

σ_{zz} (E) = σ_0Γ_0~ω_c π ∑ n (√ (E − E_1) (E_2 − E) 2 |E| E_g )_2 , (22)

where E ≡ μ − ε_{2D} (n_F, k_y) and the real part of the square root must be taken, which is nonzero only in the interval E_1 < E < E_2. The monotonic part σ̄_{zz} of conductivity can be obtained by the averaging of Eq. (22) over the oscillation period ~ω_c:

σ̄_{zz} = ∫_{E2} E1 σ_{zz} (E) dE/~ω_c = = σ_0Γ_0 2πE^2_g [ E_2 + E_1 2 ln ( E_2 E_1 ) + E_1 − E_2 ] = = 2σ_0Γ_0 πE_g [ 1 + c_i 2 ln ( √ c_i + 1 √ c_i − 1 ) − √ c_i ] . (23)

When c_i ≫ 1, this simplifies to σ̄_{zz} ≈ 2σ_0Γ_0 πE_g √ c_i = σ_0 √ 4Γ_0 π~ω_c . (24)

The interlayer conductivity in Eq. (24) decreases with the increase of magnetic field: σ̄_{zz} ∝ B^{−1/2}. Qualitatively, this dependence is obtained by substituting |ImΣ (μ, B)| ≈ Γ_B and Eq. (21) into Eq. (15): σ̄_{zz} ≈ σ_0Γ_0 |ImΣ| ≈ σ_0 Γ_0 Γ_B

= σ_0 √ πΓ_0 4~ω_c . (25)

In Ref. [29] the qualitative arguments, similar to those in the derivation of Eq. (25), have been applied to show the monotonic growth and the change in the angular dependence of interlayer magnetoresistance. However, the arguments in Eq. (25) are not strict, because |ImΣ (μ, B)| ≠ Γ_B , being a strongly oscillating function of magnetic field B and of Fermi level μ. Therefore, the calculated value of σ̄_{zz} in Eq. (24) is 4/π ≈ 1.27 times greater than the qualitative estimate in Eq. (25), and the above calculation of interlayer conductivity, resulting in Eq. (24), is more strict than in Ref. [29].

The obtained correction by a factor of 4/π ≈ 1.27 to the result of Ref. [29] is not very important compared to the large field-dependent factor √ ~ω_c/Γ_0 ∝ √ B_z.

The Green’s function given by Eq. (16) is also approximate, and the factor 4/π ≈ 1.27 gives the estimate of the possible inaccuracy of the calculation. However, the inclusion of the neglected diagrams with the intersections of the impurity lines will not increase the accuracy, because the initial model given by Eqs. (3)–(8) does not include many relevant minor factors. For example, this model considers only one type of impurities, while in real compounds there are always several types, which

Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 1 { 2 2011 results in the averaging over the impurity strength V_0 in Eq. (8). Nevertheless, the above derivation of Eq. (24) is more rigorous and self-consistent than in Ref. [29], which gives a stricter proof of the main result: the increase of the monotonic part of interlayer magnetoresistance in strong magnetic field ∝ √ B_z.

Discussion. The physical origin of the decrease of the mean interlayer conductivity σ̄_{zz} can be understood as follows. The 2D-electrons in magnetic field are much stronger affected by the impurity potential than in 3D: they become localized, and the energy of each localized electron state m is shifted by the energy W (m) ∼ N_iV_0. This energy shift depends on the electron state m and on the conducting layer j. Therefore, when the electron tunnels between two conducting layers, the energy of the initial and final states are different, which decreases the interlayer conductivity.

The large increase of the effective imaginary part of the electron self energy |ImΣ (μ, B)| as compared to Γ_0 in the limit ~ω_c ≫ Γ_0, t_z, resulting to the decrease of the interlayer conductivity according to Eq. (25), can also be obtained by the following qualitative arguments. The average difference ΔW (m) of the energy shifts of two localized electron states is determined by the fluctuation of the number of impurities effectively interacting with the localized electron. This number is approximately N_i/N_{LL} = c_i > 1, and the typical fluctuation of this number is ∼ √ c_i. The average difference of the energy shift between two localized states is

Γ_W ≈ √⟨ (ΔW )^2 ⟩ ∼ W/ √ c_i ∼ √ Γ_0~ω_c serves as an

effective |ImΣ| in Eq. (25). Indeed, the fluctuating shift of the electron energy is equivalent to the coordinate dependent ReΣ (r) in the electron Green’s function in Eq. (10). The averaging of the electron Green’s function over impurity configurations is then similar to the integration over ReΣ (r) with distribution of the width Γ_W . For the Lorentzian distribution of the energy shift W

D (W ) = Γ_W /π [ (W − ⟨W ⟩)^2 + Γ^2_W ] (26)

this immediately gives the imaginary part Γ_W ∼ ∼ √ Γ_0~ω_c of the electron Green’s function: ⟨G_R(ε, n)⟩ = ∫ dW D (W ) E − W − ε_{2D} (n) − iΓ_0 = = 1 E − ⟨W ⟩ − ε_{2D} (n) − i (Γ_0 + Γ_W )

. (27)

In the Green’s function in Eq. (16), obtained in the selfconsistent single-site approximation [34], this averaging over the energy shifts of localized electron states is hidden, and the resulting value of |ImΣ| ∼ Γ_W ≫ Γ_0 in the interval E_1 < E < E_2 where the DoS is nonzero.

Eq. (24) gives the decrease of the monotonic part of conductivity σ̄_{zz} ∝ B^{−1/2}_z . It has a singularity at B = 0 because it is derived in the limit of strong magnetic field when ~ω_c ≫ Γ_0. In the crossover region ~ω_c ∼ Γ_0 > t_z the above arguments remain qualitatively valid, but the quantitative dependence σ̄_{zz} (B) requires additional calculation.

In the calculation we assumed the normalized impurity concentration c_i > 1, because the numerous weak defects and the impurities, situated far from the conducting layers, are important for the lifting of LL-degeneracy in all layered materials [39]. Therefore, c_i > 1 even in the strongest pulsed magnets with B ∼ 100T .

We do not go beyond the self-consistent single-site approximation [34] in studying the influence of the impurity potential, because further corrections give only the small tails to the DoS distribution [35–37, 40]. Hence, these corrections do not change the main result. We also disregard the electron-electron interactions, which restricts our study to the limit when the Fermi energy is much greater than the cyclotron energy, so that many Landau levels are occupied. The chemical potential oscillations [43, 44] are also neglected for two reasons: (i) they do not considerably affect the nonoscillating part of conductivity and (ii) they are strongly damped (almost cancelled) by the MQO of the sample volume [45]. This magnetostriction was directly observed in beryllium [45]. No chemical potential oscillations are observed also in very anisotropic layered organic metals β^{′′} -(BEDT-TTF)_2SF_5CH_2CF_2SO_3 [46].

To summarize, we calculate the interlayer conductivity in strong magnetic field in very anisotropic quasitwo-dimensional metals. The calculation is performed in the framework of the coherent tunnelling model, given by the Hamiltonian in Eqs. (2)–(7). In this calculation the impurity scattering is considered in the self-consistent single-site approximation, which is much more accurate for layered almost 2D-metals than the traditionally used Born approximation. This allows to obtain the new qualitative effect: the strong growth of interlayer magnetoresistance with the increase of magnetic field along conductivity and perpendicular to the conducting layers (see Eq. (24)). This result may explain the numerous experimental observations in strongly anisotropic layered organic metals [18–24], where the interlayer conductivity strongly decreases with the increase of magnetic field along conductivity in contrast to the standard theory [2, 3, 14, 30].

The work was supported by GK P1419 of the FCP program “Nauchnye i Nauchno-Pedagogicheskie Kadry Rossii” and by the Foundation “Dynasty”.

Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 1 { 2 2011 4^�

1. D. Shoenberg, Magnetic oscillations in Metals, Cambridge University Press, 1984.

2. A. A. Abrikosov, Fundamentals of the theory of metals, North-Holland, 1988.

3. J. M. Ziman, Principles of the Theory of Solids, Cambridge Univ. Press, 1972.

4. M. V. Kartsovn–“k and V. G. Peschansky, Low Temp.

Phys. 31, 185 (2005) [Fiz. Nizk. Temp. 31, 249 (2005)]. 5. M. V. Kartsovnik, Chem. Rev. 104, 5737 (2004). 6. T. Ishiguro, K. Yamaji, and G. Saito, Organic Superconductors, 2nd Edition, Springer-Verlag, Berlin, 1998.

7. J. Wosnitza, Fermi Surfaces of Low-Dimensional Organic Metals and Superconductors, Springer-Verlag, Berlin, 1996; J. Singleton, Rep. Prog. Phys. 63, 1111 (2000).

8. N. E. Hussey, M. Abdel-Jawad, A. Carrington et al., Nature 425, 814 (2003).

9. M. Abdel-Jawad, M. P. Kennett, L. Balicas et al., Nature Phys. 2, 821 (2006).

10. M. Abdel-Jawad, J. G. Analytis, L. Balicas et al., Phys.

Rev. Lett. 99, 107002 (2007).

11. Malcolm P. Kennett and Ross H. McKenzie, Phys. Rev.

B 76, 054515 (2007).

12. M. Kuraguchi, E. Ohmichi, T. Osada, and Y. Shiraki, Synth. Met. 133–134, 113 (2003).

13. K. Yamaji, J. Phys. Soc. Jpn. 58, 1520 (1989). 14. R. Yagi, Y. Iye, T. Osada, S. Kagoshima, J. Phys. Soc.

Jpn. 59, 3069 (1990).

15. M. V. Kartsovnik, P. D. Grigoriev, W. Biberacher et al, Phys. Rev. Lett. 89, 126802 (2002).

16. P. D. Grigoriev, Phys. Rev. B 67, 144401 (2003). 17. P. D. Grigoriev, M. V. Kartsovnik, W. Biberacher et al., Phys. Rev. B 65, 60403(R) (2002).

18. F. Zuo, X. Su, P. Zhang et al., Phys. Rev. B 60, 6296 (1999).

19. W. Kang, Y. J. Jo, D. Y. Noh et al., Phys. Rev. B 80, 155102 (2009).

20. J. Hagel, J. Wosnitza, C. P‚eiderer et al., Phys. Rev. B 68, 104504 (2003).

21. J. Wosnitza, Journal of Low Temperature Physics 146, 641 (2007).

22. C. H. Wang, X. H. Chen, J. L. Luo et al., Phys. Rev. B 71, 224515 (2005).

23. M. V. Kartsovnik, P. D. Grigoriev, W. Biberacher, and N. D. Kushch, Phys. Rev. B 79, 165120 (2009).

24. J. Wosnitza, J. Hagel, J. S. Qualls et al., Phys. Rev. B 65, 180506(R) (2002).

25. V. M. Gvozdikov, Phys. Rev. B 76, 235125 (2007). 26. Urban Lundin and Ross H. McKenzie, Phys. Rev. B 68, 081101(R) (2003).

27. A. F. Ho and A. J. Scho˛eld, Phys. Rev. B 71, 045101 (2005).

28. D. B. Gutman and D. L. Maslov, Phys. Rev. Lett. 99, 196602 (2007); Phys. Rev. B 77, 035115 (2008).

29. P. D. Grigoriev, arXiv:1010.0926 (unpublished). 30. P. Moses and R. H. McKenzie, Phys. Rev. B 60, 7998 (1999).

31. T. Champel and V. P. Mineev, Phys. Rev. B 66, 195111 (2002).

32. V. M. Gvozdikov, Phys. Rev. B 70, 085113 (2004). 33. T. Champel and V. P. Mineev, Phys. Rev. B 74, 247101 (2006).

34. Tsunea Ando, J. Phys. Soc. Jpn. 36, 1521 (1974). 35. Tsunea Ando, J. Phys. Soc. Jpn. 37, 622 (1974). 36. E. M. Baskin, L. N. Magarill, and M. V. Entin, Sov.

Phys. JETP 48, 365 (1978).

37. E. Brezin, D. I. Gross, and C. Itzykson, Nucl. Phys. B 235, 24 (1984).

38. The Quantum Hall Effect, Ed. by R. Prange and S. M. Girvin, Springer, New York, 1987.

39. A. M. Dyugaev, P. D. Grigor’ev, and Yu. N. Ovchinnikov, JETP Letters 78, 148 (2003).

40. I. S. Burmistrov and M. A. Skvortsov, JETP Lett. 78, 156 (2003).

41. L. D. Landau and E. M. Lifshitz, Quantum Mechanics, M.: Nauka, 1989; Pergamon Press, Oxford, 1980.

42. G. Mahan, Many-Particle Physics, 2nd ed., Plenum Press, New York, 1990.

43. A. S. Alexandrov and A. M. Bratkovsky, Phys. Rev.

Lett. 76, 1308 (1996); A. S. Alexandrov and A. M. Bratkovsky, Phys. Lett. A 234, 53 (1997); A. S. Alexandrov and A. M. Bratkovsky, Phys. Rev. B 63, 033105 (2001); M. Nakano, J. Phys. Soc. Jpn. 66, 910 (1997); M. A. Itskovsky, T. Maniv, and I. D. Vagner, Phys. Rev. B 61, 14616 (2000); Masahiro Nakano, Phys. Rev. B 62, 45 (2000); T. Champel, Phys. Rev. B 65, 153403 (2002); M. A. Itskovsky, Phys. Rev. B 68, 054423 (2003); V. M. Gvozdikov, A. G. M. Jansen, D. A. Pesin et al., Phys. Rev. B 68, 155107 (2003); V. M. Gvozdikov, A. G. M. Jansen, D. A. Pesin et al., Phys. Rev. B 70, 245114 (2004); Jean-Yves Fortin, E. Perez, and A. Audouard, Phys. Rev. B 71, 155101 (2005); A. S. Alexandrov and V. V. Kabanov, Phys. Rev. B 76, 233101 (2007); I. O. Thomas, V. V. Kabanov, and A. S. Alexandrov, Phys. Rev. B 77, 075434 (2008).

44. P. Grigoriev, JETP 92, 1090 (2001); T. Champel, Phys.

Rev. B 64, 054407 (2001).

45. N. E. Alekseevskii and V. I. Nizhanovskii, Zh. Eksp.

Teor. Fiz. 61, 1051 (1985) [JETP 88, 1771 (1985)]. 46. J. Wosnitza, S. Wanka, J. Hagel et al., Phys. Rev. B 61, 7383 (2000).

Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 1 { 2 2011