Pis’ma v ZhETF, vol. 76, iss. 8, pp. 583 { 587 cfl 2002 October 25

Anisotropic spin diffusion in a semiconductor quantum well

V. N. Gridnev^{1)}

A. F. Ioffe Physico-Technical Institute RAS, 194021 St. Petersburg, Russia

Submitted 16 September 2002

We show that spin di¸usion of an inhomogeneous spin density distribution in an asymmetric zinc-blende semiconductor quantum well is anisotropic in coordinate space, if the D’yakonov-Perel’ spin relaxation mechanism is dominant. This anisotropy depends on the relation between the Dresselhaus and Rashba contributions to the spin splitting and reaches its maximum when the both contributions are equal in magnitude. Under this condition the temporal behavior of the spin density strongly depends on the relation between the initial spatial extent of the spin packet and spin di¸usion length.

PACS: 71.70.Ej, 75.40.Gb, 78.47.+p

The temporal and spatial evolution of an inhomogeneous spin polarization in semiconductor quantum well (QW) and heterostructures has attracted much attention in the recent years in connection with the possible use of the spin degrees of freedom in spintronics [1]. It is known that in A_3B_5 semiconductors already for the homogeneous spin polarization there is correlations between the motion of electrons in the coordinate and spin spaces [2 – 4]. These correlations are a consequence of a linear (in 2D structures) dependence of the spin-orbit interaction (SOI) on the electron momentum k. The SOI is also an essential ingredient of the D’yakonov-Perel’ (DP) spin relaxation mechanism [5], which is dominant in most A_3B_5 bulk semiconductors and heterostructures.

It is well known, that in a zinc-blende semiconductor QW there are two contributions to the SOI. The first of them arises due to the bulk inversion asymmetry of the material (V_{BIA}) and induces the Dresselhaus spin splitting [6, 7], while the second is caused by the structure inversion asymmetry of the QW itself (V_{SIA}) and leads to the Rashba spin splitting [8]. V_{BIA} is fixed by the choice of material of which the QW is made, but V_{SIA} can be modified by the application of a gate voltage.

In this paper we point to a new phenomena which is due to the interference of V_{BIA} and V_{SIA}. First, we show that in the case when the DP spin relaxation mechanism is dominant the interference of V_{BIA} and V_{SIA} leads to an anisotropy (in the coordinate space) of the inhomogeneous spin distribution in the QW plane. Second, we show that the simultaneous presence of V_{BIA} and V_{SIA} leads to a non-exponential relaxation of the spin density. To this end we solve the diffusion equation for the spin density M(r, t) assuming that the initial spin distribution is created by a short laser pulse, focused to

1)e-mail: gridnev@mail.ioffe.ru

a spot with a diameter a much less than the spin diffusion length L_s. This condition can be satisfied in case of n-doped semiconductor in which the electrons spin relaxation times are relatively long and the spin diffusion rates are relatively high [9, 10].

We want to emphasize that in case of homogeneous spin polarization and in the absence of the magnetic field V_{BIA} and V_{SIA} give additive contributions to the DP relaxation rate 1/τ_s of the spin polarization initially oriented perpendicularly to the QW [3], that is, 1/τ_s is not sensitive to the relation between V_{BIA} and V_{SIA}. In the external magnetic field B the contributions of V_{BIA} and V_{SIA} to the spin relaxation become non-additive [11, 12] but the relaxation still remains exponential.

Note that the spin diffusion in a semiconductor QW provided that the DP spin relaxation mechanism is dominant have been considered theoretically in Ref. [13]. However, only V_{SIA} contribution to the SOI was taken into account in the calculation of the spin distribution, which is inevitably isotropic in the coordinate space in that case, if B = 0. The goal of our consideration is different. We want to demonstrate that the interplay between V_{BIA} and V_{SIA} leads to a dependence of the spin density M(r, t) on the direction of r even in the absence of the external magnetic field.

The spin-orbit part of the electron Hamiltonian V_{so} has the form V_{so} = V_{BIA} + V_{SIA} = ~ 2 Ω(k) · σ, (1)

where k is the electron wave vector in the QW plane, σ = {σ_x, σ_y , σ_z} are the Pauli matrices, and Ω(k) can be regarded as a k-dependent effective magnetic field. In the following we will consider (001) grown QW. In this case the anisotropy of the spin diffusion is more pronounced and, at the same time, allows the most simple theoretical consideration. For a sufficiently narrow QW

Ŕĺśĳňă ć ĘİŠŤ šőň 76 ćżŕ. 7 { 8 2002 583 one can neglect cubic in k terms in Ω(k) [7]. The vector Ω(k) lies in the QW plane and its components are given by Ω(k) = [(α_1k_x + α_2k_y), −(α_1k_y + α_2k_x)], (2)

where the coefficients α_1 and α_2 correspond to V_{BIA} and V_{SIA}, respectively.

The diffusion equation for the spin density M(r, t) has been presented in Refs. [13, 14]. Here we only discuss the applicability of the diffusion approximation to our problem. The diffusion approximation is applicable if τv_f /a, τΩ ≪ 1, where τ is the mean scattering time, a is the size of the spin packet, and v_f is the Fermi velocity. These inequalities mean that the motions in the coordinate and spin spaces, consequently, are diffusive. To give a more quantitative insight into the applicability of the diffusive approximation for a GaAs-based QW, we take a typical value of the Fermi vawevector k_f = 10^{−6} cm^{−1}, which corresponds to the sheet electron density N = k^2_f /2π ≈ 2 · 10^{11} cm^{−2} and the Fermi velocity v_f = ~k_f /m ≈ 10^6 cm/s, where m = 0.067m_e is the electron effective mass. As was recently clarified in Ref. [15], when considering the DP spin relaxation mechanism, the mean scattering time τ must be calculated taking into account electron-electron collisions. For this reason, in the case of n-doped semiconductor, τ can be approximately estimated as an optical dephasing time, measured in time-resolved four wave-mixing experiments [16] in the spectral range of the interband transitions. This time is of the order of 0.1 ps and there is no essential difference between the times in 2D and 3D systems [17]. If we take the lower bound for the spot size a = 1 μm (the spot size can not be made smaller than the laser wavelength) and the upper bound for the spin splitting ~Ω = 1 meV [18], we obtain τv_f /a ∼ 10^{−3} and τΩ ∼ 10^{−1}. Thus, the diffusion approximation can be applied to our problem without any essential restrictions.

In n-doped semiconductor the excess of photoexcited electrons and holes rapidly disappears due to the recombination of holes with background electrons. In other words, only the spin packet but not the charge packet is present in the semiconductor [19]. This allows one to neglect the coupling between charge and spin degrees of freedom. Then, for the degenerate electron gas the diffusion equation takes the form [13] ∂M(r, t) ∂t − [D∇^2_r + Γ̂]M(r, t) −

− [b(∇_r) + Ω_L] × M(r, t) = I(r, t), (3)

where D = τv^2_f /2 is the diffusion constant, Ω_L = = gμ_BB/~ is the electron spin resonance frequency in a magnetic field B, Γ̂ is the tensor of the DP spin relaxation rates, and I(r, t) = [0, 0, I_z(r, t)] is a source of spinpolarized electrons. The operator b = τk_f v_f Ω( ∇_r) mixes different components of the inhomogeneous spin polarization M(r, t). In accordance with the typical experimental conditions we assume that the magnetic field is parallel to the QW plane and τΩ_L ≪ 1.

Following Ref. [13], we perform the Fourier transform of the spin density M(r, t) in Eq. (3). The algebraic equation for M(q, ω) takes the form

(−iω + Dq^2 + Γ̂)M + [ib(q) + Ω_L)] × M = I(q, ω). (4) Since rather short (∼ 100 fs) laser pulses are used now in experimental investigations of the spin dynamics it is justified to take the delta-function-type approximation for the time dependence of the source term I(r, t) in Eq. (3). However, the same is not always true about the spatial dependence of the source term, since the diameter a of the laser spot and the spin diffusion length L_s may be comparable in magnitude. Moreover, it is interesting to trace the evolution of the main features of the spin diffusion when the ratio a/L_s varies from ≪ 1 to ≫ 1. For this reason we take the Gaussian distribution for the initial spin density:

I_z (r, t) =

M_0 πa^2 exp(− r^2 a^2

)δ(t), (5)

I_z (q, ω) = M_0 exp(− a^2q^2 4 ). (6)

Before solving Eqs. (3) and (4) we discuss their symmetry properties. First of all we note that these equations are not invariant under the spatial inversion, that is, M(r, B, t) ≠ M(−r, B, t). However, since the laser source term possesses the symmetry I_z(r, t) = I_z (−r, t), the solution of Eq. (3 ) obeys the exact relation

M_z(r, B, t) = M_z(−r, −B, t). (7)

This relation is a special feature of an inhomogeneous spin distribution which varies with time under the DP spin relaxation mechanism.

Next we note that the tensor Γ̂ and the vector Ω_L do not depend on q and unable to create the anisotropy in the coordinate space if b(q) = 0. Hence, the only source of the anisotropy is the vector b(q) which enter Eq. (4) through the quantity h = ib(q) + Ω_L. In turn, the vector h forms two independent invariants, namely, h^2 and h_ih_j Γ_{ij} , which depend on the direction of q and determine the anisotropy of M_z(r, t). In the considered case of the DP spin relaxation mechanism, these invariants have the common microscopic origin. If only one

Ŕĺśĳňă ć ĘİŠŤ šőň 76 ćżŕ. 7 { 8 2002 contribution to the SOI is nonzero (α_1α_2 = 0), these invariants are equivalent, since the tensor Γ̂ is isotropic in the QW plane [11]. In this case the anisotropy of the spin diffusion is entirely due to the external magnetic field, since |b(q)| does not depend on the direction of q. This situation has been analyzed in Ref. [13].

Here we want to analyze the intrinsic anisotropy of the spin diffusion which is due to the simultaneous presence of V_{BIA} and V_{SIA} and exists in the absence of the external magnetic field. To make the following consideration more transparent we transform the in-plane coordinate system xy to a new coordinate system x^′y^′ where the x^′ and y^′ axes are oriented along [110] and [1¯10] directions, respectively. From Eq. (2) we find the components of the vector Ω(k) in the new coordinate system:

Ω_x0 = (α_2 − α_1)k_y0 , (8) Ω_y0 = −(α_2 + α_1)k_x0 . (9)

If V_{BIA} or V_{SIA} equals zero (α_1α_2 = 0), the spin splitting is isotropic and, as a consequence, the diffusion is isotropic too. This case has been analyzed in [13]. In the opposite case of strong anisotropy (α_1 = ± α_2) the vector Ω( k) is oriented along the [1¯10] or [110] directions, respectively.

Only numerical solution of Eq. (3) is possible in case of arbitrary relation between α_1 and α_2. Since our prime interest is in the anisotropy of the spin distribution, we consider the ultimate case α_1 = α_2 when Ω(k) ‖ [1¯10] and the anisotropy becomes as large as possible. Fortunately, in this case Eq. (3) has a simple analytical solution.

To solve Eqs. (3) and (4) we also need to know the components of the tensor Γ̂. As shown in Ref. [11], when both V_{BIA} and V_{SIA} are nonzero, the tensor Γ̂ has one normal to the QW plane eigenvector with corresponding relaxation rate 1/τ_s = τk^2_f (α^2 + α^2_1) and two in-plane eigenvectors oriented along the directions [110] and [1¯10], with the relaxation rates 1/τ_± = τk^2_f (α_1 ± α_2)^2/2, respectively. Consequently, the anisotropy of the spin relaxation in the QW plane depends on the relation between V_{BIA} and V_{SIA}. Note that the spin relaxation anisotropy manifests itself only if the spin density M is not orthogonal to the QW plane. Hence, it is not obvious that this in-plane anisotropy of the spin relaxation must necessarily lead to the anisotropy of the spin diffusion if the initially created spin density M(r, t = 0) is orthogonal to the QW plane.

Since we are interested in the intrinsic anisotropy of the spin distribution, rather than one due to the external magnetic field, we consider only the special case when the magnetic field B ‖ [1¯10], that is, directed along Ω(k). In this case M_y0 = 0 since both B and Ω(k) are directed along y^′ and unable to create M_y0 if the initial spin polarization is oriented along z. Solving Eq. (4) for M_z(q, ω) and performing the inverse Fourie transform we obtain

M_z(r, t) = Z dq (2π)^2

I_z (q)(e^{−λ1(q)t} + e^{−λ2(q)t})e^{iqr},

(10)

where λ_{1,2} = iω_{1,2} are the eigenvalues of Eq. (4)

λ_{1,2}(q) = Dq^2 + 1 τ_s ± 2 L_s τ_s q_x0 ± iΩ_L, (11)

where L_s = √ Dτ_s is the spin diffusion length. Inserting the expression (6) for I_z (q) into the integrand of Eq. (10) and performing the integration we get

M_z(r, t)=

M_0 F exp (− r^2 F − t τ_s a^2 F ) cos (4 L_s τ_s t F x^′ − Ω_Lt), (12)

where F = 4Dt + a^2. From this equation we notice that the spin density distribution M_z(r, t) is anisotropic. The isotropic exponential decrease of M_z(r, t) with r^2 is accompanied by the spatial oscillations of the spin density along the x^′ axis.

A distinctive feature of Eq. (12) is the very simple dependence of M_z(r, t) on the magnetic field. The spin density oscillates (in addition to the diffusive relaxation) with the frequency Ω_L at any point r and there is no threshold value Ω_L ∼ 1/τ_s (see e.g. Ref. [13]) for the frequency of these oscillations. Of course, this peculiarity is a consequence of the special choice B ‖ Ω(k) ‖ [1¯10] we take in our consideration. If these restrictions will relax, the evolution of the spin density will become much more complicated. We will not go into details of the influence of the magnetic field on the anisotropy of the spin diffusion. It seems likely that the transverse magnetic field is not especially useful when studying the anisotropy of the inhomogeneous spin distribution, since this field itself is a source of the anisotropy. This topic requires an additional analysis and is outside the scope of this paper.

The general case, Eq. (12), of arbitrary relation between the spot size a and the spin diffusion length L_s is rather complicated. To give a more physical insight into the spin diffusion, let us consider two limiting cases of the small and large laser spot size a as compared with the spin diffusion length L_s. If a ≫ L_s, then F ≈ a^2 and Eq. (12) gives the well known [9] decaying oscillations of the homogeneous spin density M_z(t) ≈ M_0 a^2 exp (− t τ_s ) cos (Ω_Lt). (13)

Ŕĺśĳňă ć ĘİŠŤ šőň 76 ćżŕ. 7 { 8 2002

In order to understand better the opposite limit of strong inhomogeneity a ≪ L_s we formally set a = 0 in Eq. (12). Then F = 4Dt and we get from Eq. (12) M_z(r, t) ≈ M_0 4Dt exp (− r^2 4Dt ) cos ( x^′ L_s − Ω_Lt). (14)

The temporal behavior of the spin density, given by this equation, is distinctly different from that of the isotropic spin distribution [13] (in zero magnetic field) since the combination t/τ_s does not enter Eq. (14) at all. Instead, at every point r much more slow diffusive relaxation occurs. In particular, at the center of the laser spot M_z ∝ 1/t. To obtain the physically meaningful spin density M_z(r, t) we must substitute in Eq. (12) small but finite a ≈ λ, where λ is the laser wavelength. A more careful analysis of Eq. (12) shows that the exponential decrease with time of the spin density at r = 0 still persists at small times t . τ_s(a/L_s) ≪ τ_s and only then the spin density decreases as 1/t. Thus, Eq. (14) is valid at all but small times t ≪ τ_s.

The spin relaxation time τ_s enters Eq. (14) only through the spin diffusion length L_s, which determines in this case the scale of the anisotropy variation. It is seen from this equation that the pronounced anisotropy of the spin distribution appears at the distances r & L_s from the laser spot.

The evolution of the inhomogeneous spin density is a result of the spin precession in the angular space and the spin diffusion in the coordinate space. When the anisotropy of the spin splitting is strong the interplay between the gradient of the spin density and the spin precession (see the term with the operator b in Eq. (3)) leads to the unusual temporal behavior of the spin density given by Eq. (14). It is instructive to see the temporal evolution of the total spin polarization of the QW. Integrating Eq. (14) over the QW plane we obtain immediately Z M_z(r, t)dr ∼ M_0 exp (− t τ_s ) cos (Ω_Lt). (15)

Thus, the total spin polarization undergoes the exponentially decaying oscillations as in the homogeneous case irrespective of the relationship between a and L_s. This clearly demonstrates that the unusual temporal behavior of Eq. (14) is a consequence of the spatial redistribution of the spin density, which, in turn, arises due to the anisotropy of the spin diffusion.

In conclusion, we have shown that in the (001) grown zinc-blende semiconductor QW the anisotropy of the spin splitting, resulting from the simultaneous presence of the bulk and structure inversion asymmetries, leads to the anisotropic in the QW plane spin diffusion. This anisotropy manifests itself most strongly if the Dresselhaus and Rashba spin splittings are comparable in magnitude and if the initial size of the spin packet is much less as compared to the spin diffusion length. Though our calculations refer to the special case of the equal Dresselhaus and Rashba spin splittings they point to the trend of how the spin distribution changes when the anisotropy of the spin splitting appears. To observe the predicted behavior of the spin density given by Eq. (14) it is advantageous to use experimental technique similar to that in Ref. [20], where the time-resolved Faraday rotation in an n-doped GaAs/AlGaAs QW was measured while applying a bias to the gate electrode. Among other things, the gate voltage can be used to modify the Rashba spin splitting thereby creating the interference between V_{BIA} and V_{SIA}. We believe that experimental observations of the anisotropic spin diffusion can give an additional information on the relation between V_{BIA} and V_{SIA}. Besides, we have shown, that the interference affects not only the anisotropy of the spin density distribution but also the temporal evolution of the spin density at r = 0, measured at the overlapping pump and probe laser spots. Hence, the decay of the spin density with time (in time resolved experiments) can deviate from a purely exponential when the spin relaxation rate is slow and, as a consequence, the spin diffusion length is large. This should be kept in mind when extracting the spin relaxation times from experimental data. We would like to draw attention to the symmetry relation given by Eq. (7), which is also accessible to experimental verification. This relation is not connected with the interference of V_{BIA} and V_{SIA}, but is an inherent characteristic of the DP spin relaxation mechanism. Hence, it can help in the discrimination between different spin relaxation mechanisms. As the symmetry relation Eq. (7) is characteristic for DP spin relaxation, the violation of this relation would imply that DP spin relaxation is not dominant.

This work was supported by the RFBR and by the programs of Russian Ministry of Science.

1. Special issue on semiconductor spintronics, Semiconduc.

Sci. Technol. 17, 275 (2002).

2. E. L. Ivchenko, Yu. B. Lyanda-Geller, and G. E. Pikus, Zh. Eksp. Teor. Fiz. 98, 989 (1990) [Sov. Phys. JETP 71 , 550 (1990)]; A. G. Aronov, Yu. B. Lyanda-Geller, and G. E. Pikus, ibid. 100, 973 (1991) [73, 573 (1991)].

3. W. Knap, C. Skierbiszewski, A. Zduniak et al., Phys.

Rev. B53, 3912 (1996).

4. S. Datta and B. Das, Appl. Phys. Lett. 56, 665 (1990). 5. M. I. D’yakonov and V. I. Perel, Zh. Eksp. Teor. Fiz.

60, 1954 (1971) [Sov. Phys. JETP 33, 1053 (1971)];

Ŕĺśĳňă ć ĘİŠŤ šőň 76 ćżŕ. 7 { 8 2002

Fiz. Tverd. Tela 13, 3581 (1971) [Sov. Phys. Solid State 13, 3023 (1972)].

6. G. Dresselhaus, Phys. Rev. 100, 580 (1955). 7. M. I. D’yakonov and Y. Yu. Kachorovskii, Fiz. Tech.

Poluprovodn. 20, 178 (1986) [Sov. Phys. Semicond. 20, 110 (1986)].

8. Yu. L. Bychkov and E. I. Rashba, J. Phys. C17, 6093 (1984).

9. D. D. Awschalom and J. M. Kikkawa, Physics Today 52, 33 (1999).

10. J. M. Kikkawa and D. D. Awschalom, Phys. Rev. Lett.

80, 4313 (1998).

11. N. S. Averkiev and L. E. Golub, Phys. Rev. B60, 15582 (1999).

12. N. S. Averkiev, L. E. Golub, and M. Willander, Semiconductors 36, 91 (2002).

13. V. A. Froltsov, Phys. Rev. B64, 45311 (2001). 14. A. G. Mal’shukov and K. A. Chao, Phys. Rev. B61, 2413 (2000).

15. M. M. Glazov and E. L. Ivchenko, Pis’ma Zh. Eksp.

Teor. Piz. 75, 476 (2002) [JETP Lett. 75, 403 (2002)]. 16. H. Haug and S. W. Koch, Quantum Theory of the Optical and Electronic Properties of Semiconductors, 3rd ed. World Scienti˛c, Singapore, 1995.

17. B. Mieck, H. Haug, W. A. H-ugel et al., Phys. Rev. B62, 2686 (2000).

18. B. Jusserand, D. Richards, G. Allan et al., Phys. Rev.

B51, 4707 (1995).

19. M. E. Flatt«e and J. M. Byers, Phys. Rev. Lett. 84, 4220 (2000).

20. J. S. Sandhu, A. P. Heberle, J. J. Baumberg, and J. R. A. Cleaver, Phys. Rev. Lett. 86, 2150 (2001).

Ŕĺśĳňă ć ĘİŠŤ šőň 76 ćżŕ. 7 { 8 2002