Pis’ma v ZhETF, vol. 84, iss. 12, pp. 775 { 779 © 2006 December 25

Cross-over behavior of disordered interacting two-dimensional electron systems in a parallel magnetic field

I. S. Burmistrov^{+∗}, N. M. Chtchelkatchev^{+∗1)}

+L.D. Landau Institute for Theoretical Physics RAS, 117940 Moscow, Russia

∗Department of Theoretical Physics, Moscow Institute of Physics and Technology, 141700 Moscow, Russia

Submitted 21 November 2006

We present analysis of the cross-over behavior of disordered interacting two-dimensional electron systems in the parallel magnetic ˛eld. Using the so-called cross-over one-loop renormalization group equations for the resistance and electron-electron interaction amplitudes we qualitatively explain experimentally observed transformation of the temperature dependence of the resistance from a reentrant (nonmonotonic) behavior in relatively weak ˛elds into an insulating-type behavior in stronger ˛elds.

PACS: 11.10.Hi, 71.30.+h, 72.10.−d, 73.43.Qt

Disordered two-dimensional electron systems (2DES) have been in the focus of experimental and theoretical research for several decades [1]. The interest to 2DES has been renewed because of the discovery of the metal-insulator transition (MIT) in a high mobility silicon metal-oxide-semiconductor field-effect transistor (Si-MOSFET) [2]. During last decade an interesting behavior of resistance and spin susceptibility has been found experimentally not only in Si-MOSFET but in other 2D electron systems [3]. Recently, a major step toward the theoretical proof for the MIT existence in 2DES has been made in Ref. [4].

If an electron density is higher than the critical one (metallic phase) at low temperatures T ≪ τ^{−1} [τ stands for the transport mean-free path time] the increase of the resistance with decreasing temperature is replaced by the drop as T becomes lower than some T_{max} (see Fig.1) [3]. This nonmonotonic behavior of the resistance has been predicted from the renormalization group (RG) analysis of the interplay between disorder and electronelectron interaction in 2DES [5, 6]. As a weak magnetic field B_‖ is applied parallel to 2DES the decrease of the resistance is stopped at some temperature and the resistance increases again [7]. Further increase of B_‖ leads to the monotonic growth of the resistance as temperature is lowered.

In the Letter we present the theoretical explanation for this striking behavior of the resistance in parallel magnetic field. We demonstrate that it can be explained with the help of the RG analysis of disorder and electronelectron interaction in 2DES in the presence of the Zeeman splitting.

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

Fig.1. The sketch of the temperature dependence of the resistance in the presence of B_‖. The curve a corresponds to the case B_‖ = 0, the curve b to the case gLμB B_‖ ≪ Tmax and the curve c to the case gLμB B_‖ ≫ Tmax

The presence of the parallel magnetic field introduces a new energy scale g_Lμ_B B_‖ into the problem. Here g_L and μ_B stand for the Landé factor and the Bohr magneton respectively. The Zeeman splitting g_Lμ_B B_‖ sets the cut-off for a pole in the diffusive modes (diffusons) with opposite electron spin projections [5]. In the temperature range g_Lμ_B B_‖ ≪ T ≪ τ^{−1} this cut-off is irrelevant and 2DEG behaves as if no parallel magnetic field is applied. However, at lower temperatures T ≪ g_Lμ_B B_‖ the diffusive modes with opposite electron spin projections do not contribute and 2DES behaves as in the presence of the strong parallel magnetic field B^∞_‖ ∼ (g_Lμ_B τ)^{−1}. It is well known [5] that in this case the resistance monotonically grows as T is lowered. Therefore, if the parallel magnetic field is weak g_Lμ_B B_‖ ≪ T_{max}, then the T -dependence of the resistance manifests the reentrant behavior with maximum and minimum. At higher parallel magnetic fields g_Lμ_B B_‖ ≫ T_{max} the insulating-type

Ŕĺśĳňă ć ĘİŠŤ šőň 84 ćżŕ. 11 { 12 2006 775 behavior of the resistance restores such that it grows monotonically with decreasing T (see Fig.1).

Below we shall illustrate this simple physical explanation of non-monotonic behavior of the resistance by the so-called cross-over RG equations (cf. Eqs. (17)- (21)) for the resistance and the electron-electron interaction amplitudes that smoothly interpolate between the well-known cases of B_‖ = 0 and strong field.

We consider two-dimensional interacting electrons with n_v valleys in the presence of the quenched disorder and the parallel magnetic field at low temperatures T ≪ τ^{−1}. We assume that a magnetic field B_⊥ & T/(De) where e and D stand for the electron charge and diffusion coefficient respectively is applied perpendicular to 2DES in order to suppress the Cooper channel. We suppose that both the inverse intervalley scattering time and the valley splitting are much less than the temperature.

Following Finkelstein [5], the effective quantum theory of disordered interacting two-dimensional electrons is given in terms of the generalized non-linear σ-model involving unitary matrix field variables Q^{α1α2;ζ1ζ2}_{mn} (r) which obey the constraint Q^2(r) = 1. Here the integers α_i = 1, 2, . . . , N_r denote the replica indices, m, n correpond to the discrete set of the Matsubara frequencies ω_n = πT (2n + 1). The integers ζ_i = ±1, ±2, . . . , ±n_v are the combined spin and valley indices. The effective action is given as

S = ∫ d^2r ( L_σ + L_F + L_{Bk} + L_h ) . (1)

Here L_σ is the free electron part [8]

L_σ = σ 16n_v Tr (∇Q)^2, (2)

where σ denotes the mean-field conductance in units e^2/h with h being the Plank constant and symbol Tr is the trace over Matsubara, replica, spin and valley indices. The L_F involves the electron-electron interaction amplitudes which describe the scattering on small (Γ) and large (Γ_2) angles and the quantity z (originally introduced by Finkelstein [5]) which is responsible for the specific heat renormalization [9],

L_F = 4πT zTr η(Λ − Q) − πT Γ ∑ αn Tr I^α_n QTr I^α_{−n}Q

+πT Γ_2 ∑ αn (Tr I^α_n Q) ⊗ (Tr I^α_{−n}Q) + 2πT zTr ηΛ. (3)

Here Tr A ⊗ Tr B = A^{αα;ζ1ζ2}_{nn} B^{ββ;ζ2ζ1}_{mm} and the matrices Λ, η and I^γ_k are given as Λ^{αβ;ζ1ζ2} nm = sign (ω_n)δ_{nm}δ^{αβ} δ^{ζ1ζ2} , η^{αβ;ζ1ζ2} nm = nδ_{nm}δ^{αβ} δ^{ζ1ζ2} , (4) (I^γ_k )^{αβ;ζ1ζ2} nm = δ_{n−m,k}δ^{αγ} δ^{βγ} δ^{ζ1ζ2} . In the presence of the parallel magnetic field B_‖ the Zeeman splitting should be taken into account [5]

L_{Bk} = −iz_2g_Lμ_B B_‖Tr τ_zQ + n_vg^2_Lμ^2_B z_2 2πT N_rB^2_‖ . (5)

Here z_2 = z + Γ_2 and the Pauli matrix τ_z is defined as

(τ_z)^{α1α2;ζ1ζ2} nm = sign (ζ_1)δ_{nm}δ^{αβ} δ^{ζ1ζ2} . (6)

We mention that the last term in L_{Bk} corresponds to the Fermi-liquid spin susceptibility. Finally, the term

L_h = − σh^2 4n_v Tr ΛQ (7)

is not a part of the theory but we shall use it later on as a convenient infrared regulator of the theory.

The action (1) involves the matrices which are formally defined in the infinite Matsubara frequency space. In order to operate with them we have to introduce a cut-off for the Matsubara frequencies. Then the set of rules which is called F-algebra can be established [10]. At the end of all calculations we tend the cut-off to infinity.

The theory (1) should be supplemented by the important constraint that the combination z + Γ_2 − 2n_vΓ remains constant in the course of the RG flow. Physically, it corresponds to the conservation of the number of particles [5]. In the special case of the Coulomb interaction which is of the main interest for us in the paper the relation z + Γ_2 − 2n_vΓ = 0 holds and the action (1) with B_‖ = 0 is invariant under a global rotation of the matrix Q (F-invariance) [10].

The most significant physical quantities in the theory comprising the complete information on its low-energy dynamics are the physical observables σ^′, z^′_2 and z^′ associated with the mean-field parameters σ, z_2 and z of the action (1). The quantity σ^′ is the conductance of 2DES as one can obtain from a linear response to electromagnetic field, n_vg^2_Lμ^2_B z^′_2/π is the spin susceptibility of 2DES, and z^′ is related with the specific heat of 2DES [10]. Extremely important to remind that the observable parameters σ^′, z^′_2 and z^′ are precisely the same as those defined by the background field procedure [11].

Ŕĺśĳňă ć ĘİŠŤ šőň 84 ćżŕ. 11 { 12 2006

The conductance σ^′ is expressed in terms of the current-current correlations as [10]

σ^′ = − σ 8n_vn ⟨ Tr [I^α_n , Q][I^α_{−n}, Q] ⟩ + (8) + σ^2 16n^2_vnd ∫ d^dr^′⟨⟨Tr I^α_n Q(r)∇Q(r)Tr I^α_{−n}Q(r^′)∇Q(r^′)⟩⟩,

where the limit n → 0 is assumed and d denotes the dimension. Here and from now onwards the expectations are defined with respect to the theory (1). The observable z^′_2 is given by [5]

z^′_2 = π n_v(g_Lμ_B )^2N_r

∂^2Ω ∂B^2_‖ , (9)

where Ω denotes the thermodynamic potential of the unit volume. A natural definition of z^′ is obtained through the derivative of Ω with respect to T [10],

z^′ = 1 2πTr ηΛ ∂ ∂T Ω T . (10)

To define a theory for perturbative expansions we use the “square-root” parameterization

Q = W + Λ √ 1 − W^2, W = ( 0 w w^† 0 ) . (11)

The action (1) can be written as an infinite series in the independent fields w^{α1α2,ζ1ζ2}_{n1n2} and w^{†α1α2,ζ1ζ2}_{n4n3} . We use the convention that Matsubara indices with odd subscripts n_1, n_3, . . . run over non-negative integers whereas those with even subscripts n_2, n_4, . . . run over negative integers.

The propagators can be written in the following form ⟨w^{α1α2;ζ1,ζ2} n1n2 (p)w †α4α3;ζ4ζ3 n4n3 (−p)⟩ = 8n_v σ δ^{α1α3} δ^{α2α4} × (12) ×δ_{n12,n34} [ δ_{n1,n3} δ^{ζ1ζ3} δ^{ζ2ζ4} D_p(ω_{12}, iω^B_{12}) − − 16πn_vT zγ_2 σ δ^{α1α2} δ^{ζ1ζ3} δ^{ζ2ζ4} D(ω_{12}, iω^B_{12})D^t_p(ω_{12}, iω^B_{12}) + 8πT z(1 − α + γ_2) σ δ^{α1α2} δ^{ζ1ζ2} δ^{ζ3ζ4} D^s(ω_{12})D^t_p(ω_{12}) ] , where we introduce the notations zα = z + Γ_2 − 2n_vΓ, γ_2 = 1 + Γ_2/z, ω_{12} = 16n_vπT z(n_1 − n_2)/σ, ω^B_{12} = = ω_B (sign ζ_1 − sign ζ_2)/2 with ω_B = 8n_vz_2g_Lμ_B B_‖/σ and D_p(ω, x) = [p^2 + h^2 + ω + x]^{−1},

D^s_p(ω) = [p^2 + h^2 + αω]^{−1}, D^t_p(ω, x) = [p^2 + h^2 + (1 + γ_2)ω + x]^{−1}, D_p(ω) ≡ D_p(ω, 0), D^t_p(ω) ≡ D^t_p(ω, 0). (13)

The standard one-loop analysis for the physical observables σ^′, z^′_2 and z^′ performed at T = 0 yields

σ^′ = σ + 8 d ∫ d^dp p^2 (2π)^d ∫_∞ 0 dω [ (2n^2_v − 1)γ_2D^2_p(ω)D^t_p(ω)+

+2n^2_vγ_2 Re D^2_p(ω, iω_B)D^t_p(ω, iω_B )−(1−α)D^2_p(ω)D^s_p(ω) ] ,

z^′_2 = z_2 +

8n^2_v σ z_2(1 + γ_2) Re ∫ d^dp (2π)^d ∫_∞ 0 dω × × [ D^2_p(ω, iω_B) − D^{t2}_p (ω, iω_B ) ] , z^′ = z+ 2z σ ∫ d^dp (2π)^d [ αD^s_p(0) − 2n^2_v Re D_p(0, iω_B) −

−2n^2_vD_p(0) + (2n^2_v − 1)(1 + γ_2)D^t_p(0) +

+2n^2_v(1 + γ_2) Re D^t_p(0, iω_B) ] . (14)

In what follows we shall employ the dimensional regularization scheme with d = 2 + 2ϵ. Evaluating the momentum and frequency integrals in Eqs. (14) for the case of the Coulomb interaction (α = 0) we obtain for the physical observables ρ^′ = 4Γ(1 − ϵ)(4π)^{−d/2}/σ^′, z^′_2 and z^′ 1 ρ^′ = 1 ρ + h^{2ϵ} ϵ [ 1 + g_t(γ_2) − 2n^2_vg_t(γ_2)(1 + f_ϵ(ω_B /h^2)) ] , z^′_2 = z_2 [ 1 − 2n^2_vγ_2ρ h^{2ϵ} ϵ f_ϵ(ω_B /h^2) ] , (15) z^′=z [ 1 + ρ h^{2ϵ} 2ϵ ( 1 − γ_2(2n^2_v − 1) + 2n^2_vγ_2f_ϵ(ω_B /h^2) )] , where ρ = 4Γ(1 − ϵ)(4π)^{−d/2}/σ, f_y(x) = Re(1 + ix)^y and g_t(γ_2) =

1 + γ_2

γ_2 ln(1 + γ_2) − 1. (16)

The standard minimal subtraction scheme is the ω_Bindependent and, therefore, is unable to treat the limits of vanishing (ω_B = 0) and strong (ω_B → ∞) magnetic fields simultaneously. In order to avoid this problem and obtain the renormalization that correctly describes the two limiting cases of ω_B = 0 and ω_B → ∞ we shall use the so-called cross-over renormalization scheme [12].

The parameter h naturally sets the momentum scale at which the bare parameters ρ, z_2 and z of the action (1) are defined. The physical observables ρ^′, z^′_2 and z^′ correspond to the momentum scale h^′ [13, 14] which is determined as σ^′h^′Tr 1 = σhTr Λ⟨Q⟩. By using the relation h^′ = h[1 + O(ρ)] we can substitute h^′ for h in Eqs. (15). Since the bare parameters ρ, z_2, and z are independent of h^′, we obtain from Eqs. (15) the following one-loop cross-over RG equations in two dimensions (ϵ = 0)

Ŕĺśĳňă ć ĘİŠŤ šőň 84 ćżŕ. 11 { 12 2006

The function F (γ2) for the cases of vanishing and strong magnetic field. Symbol lin(x) =

∑1_{k=1 x}k_{/k}n_{denotes the}

polylogarithmic function fc F (γ2) 0 8^{n2}v^{γ2}1+_{γ2} + (4n2_v � 1) ln2(1 + γ2) + 2(4n2_v � 1)li2(�γ2) 1 2gt (_− 1 2n2v ) ln[1 � (2n2_v � 1)γ2] + 2(2n2_v � 1) [ li2(�γ2) � li2 ( 1−(2n2v−1)γ2 2n2v )] + 2 ln(1 + γ2), γ2 < γ^⋆2 2gt (_− 1 2n2v ) ln [ 1 �^1_{(2n2v −1)γ2}^] + 2(2n^2_v � 1)^[li2^(1 �^1_{(2n2v−1)γ2}^) � li2^{( (2n2v −1)γ2−1}_{2n2vγ2}^{)]} + 2 ln^{1+γ2}_{γ2} , γ2 ¿ γ^⋆_2 dρ^′ dη = [a_0(γ^′_2) + f_ca_1(γ^′_2)]ρ^{′2}, (17) dγ^′_2 dη = −ρ^′ [ b_0(γ^′_2) + f_cb_1(γ^′_2) ] , (18) d ln z^′ dη = −ρ^′ [ c_0(γ^′_2) + f_cc_1(γ^′_2) ] , (19) df_c dη = −4f_c(1 − f_c), f_c(0) = B^2/(1 + B^2). (20)

Here we have introduced γ^′_2 = z^′_2/z^′ − 1 and variable η = ln lh^′ where l ∝ h^{−1} corresponds to a mean-free path length at which, physically, the bare parameters of the action (1) are defined and

a_0(γ^′_2) = −2 [ 1 − (4n^2_v − 1)g_t(γ^′_2) ] , b_0(γ^′_2) = (1 + γ^′_2)^2, c_0(γ^′_2) = (4n^2_v − 1)γ^′_2 − 1, a_1(γ^′_2) = −4n^2_vg_t(γ^′_2), b_1(γ^′_2) = −2n^2_vγ^′_2(1 + γ^′_2), c_1(γ^′_2) = −2n^2_vγ^′_2. (21)

The cross-over parameter f_c is expressed via the quantity B = ω_B l^2. Eqs. (17)–(19) smoothly interpolate between the known results for the cases f_c = 0 and f_c = 1 [5, 6]. They were derived under assumption that ρ̄^′ ≪ 1. From here onwards we omit the ‘prime’ sign for convenience.

In general, the function f_c(η), i.e., the right hand side of Eq. (20), is not universal. It depends on a method employed to derive the cross-over RG equations. The only universal properties of Eq. (20) are the existence of two fixed points f_c = 0 and f_c = 1. Fortunately, the qualitative features of the RG flow for Eqs. (17)–(21) are independent of the choice of f_c(η) provided it smoothly interpolates between f_c = 0 at Be^{−2η} ≪ 1 and f_c = 1 at Be^{−2η} ≫ 1.

Let us start the analysis of Eqs. (17)–(19) from the case f_c = 0. Then we find ρ(η) ∝ exp F (γ_2(η)) where the function F (γ_2) is given in Table. For all values of n_v γ_2 increases monotonically with decreasing η and diverges at η_c = Υ(∞; ρ̄, γ̄_2) where

Υ(γ_2; ρ̄, γ̄_2) = − 1 ρ̄ e^{F (γ̄2)} ∫_{γ2} γ̄2 du b(u) e^{−F (u)}. (22)

with b(u) ≡ b_0(u), ρ̄ = ρ(0) and γ̄_2 = γ_2(0). We present the RG flow diagram for n_v = 1 in Fig.2. The RG flow is qualitatively the same for all values of n_v . As γ_2 monotonous increases an initial growth of ρ changes

Fig.2. RG ‚ow diagram in ρ versus γ2 for fc = 0 (solid line) and for fc = 1 (dashed lines) with nv = 1. The arrows indicate the direction towards the infrared L → ∞ (η → −∞). See text

into a decline, i.e., 2DES remains in the metallic phase (ρ → 0) at large lengthscales (η → −∞).

In the opposite case f_c = 1 the integration of Eqs. (17)–(19) yields ρ(η) ∝ exp F (γ_2(η)) with the function F (γ_2) presented in Table. If γ̄_2 < γ^⋆_2 = (2n^2_v − 1)^{−1} (γ̄_2 > γ^⋆_2 ) γ_2 increases (decreases) monotonous as η diminishes. It reaches finally the value γ^⋆_2 at η_c = Υ(γ^⋆_2 ; ρ̄, γ̄_2) where the function Υ(γ_2; ρ̄, γ̄_2) is given by Eq. (22) with b(u) ≡ b_0(u) + b_1(u). We mention that simultaneously ρ(η) diverges at η_c. We plot the RG flow diagram with n_v = 1 in Fig.2. Unlike the case f_c = 0, 2DES is in the insulating phase (ρ → ∞) at large lengthscales for f_c = 1, γ_2 being quenched to γ^⋆_2 .

In the intermediate case 0 < f_c < 1 the cross-over RG Eqs. (17)–(21) can be solved only numerically. If the parallel magnetic field is smaller than some B_X which is a function of ρ̄ and γ̄_2 the resistance has the reentrant behavior with the maximum and the minimum at some values of η (see Fig.1). At B > B_X the insulator-type behavior of the ρ(η) that one expects for B → ∞ is restored. For γ̄_2 < γ^⋆_2 the function γ_2(η) has the maximum whereas z_2(η) = z(η)(1 + γ_2(η) (spin susceptibility) has the minimum. Their behavior does not change qualita-

Ŕĺśĳňă ć ĘİŠŤ šőň 84 ćżŕ. 11 { 12 2006 tively when the parallel magnetic field passes through the value B_X . For γ̄_2 > γ^⋆_2 the maximum in the function γ_2(η) disappears for B > B_X whereas z_2(η) increases monotonous for all values of B. As expected, the crossover field B_X can be estimated as B_X ∼ exp(2η_{max}) where η_{max} = Υ(γ^{max}_2 ; ρ̄, γ̄_2) determines the position of the maximum on the curve ρ(η) at f_c = 0. Here γ^{max}_2 is given as the root of equation a_0(γ_2) = 0.

We have not considered above the contribution to the one-loop RG equations from the particle-particle (Cooper) channel. It can be shown [15] that the Zeeman splitting due to applied parallel magnetic field does not affect it in the one-loop approximation. Therefore, the Cooper-channel contribution to the RG equations can be taken into account by the substitution of a_0(γ_2)−2n_v for a_0(γ_2) [6]. As one can check, the behavior of ρ(η), γ_2(η) and z_2(η) in this case remains qualitatively the same as discussed above.

At zero temperature, h^′ plays the role of the inverse lengthscale L which is physically nothing else than a sample size of 2DES. If L ≫ √ D/T the temperature behavior of the physical observables can be found from the cross-over RG Eqs. (17)–(19) stopped at the inelastic length L_{in}. Formally, it means that one should substitute η_T =^1_2 ln T l^2/D for η with the help of the following equation dη_T /dη = 1 − d ln z/2dη [16]. The temperature dependence of the resistance in the presence of B_‖ obtained from ρ(η) in this way agrees qualitatively with the experimental results of Ref. [7]. The detailed comparison between the theory and the experimental data on the resistance in the parallel magnetic field will be presented in the following Letter [17].

Also, we remind that the physical observables that we use throughout the paper are ensemble averaged. Even in a macroscopic sample of size L ≫ L_{in} they are different from the measured resistance ρ(T ) and spin susceptibility z_2(T ) due to statistically independent fluctuations of local conductance and electron-electron amplitudes in blocks of the size L_{in} [18].

Finally, we mention that the symmetry-breaking strain applied to 2DES with two-valleys [19] should affect the temperature dependence of the resistance in similar way as B_‖.

In summary, we have presented the analysis of the cross-over behavior of disordered interacting 2DES in the parallel magnetic field. The one-loop cross-over RG equations that smoothly interpolate between the two well-known limiting cases of vanishing and strong parallel magnetic field allow us to explain qualitatively the reentrant (nonmonotonic) behavior of the resistance of 2DES as a function of T in the presence of a relatively weak parallel magnetic field as well as its insulating behavior at stronger fields.

We would like to thank D.A. Knyazev, O.E. Omelyanovsky, and V.M. Pudalov for the detailed discussions of their experimental data that motivated us for the present research. One of the authors (ISB) is grateful to A.M.M. Pruisken for discussions on the cross-over RG. The financial support from the Russian Ministry of Education and Science, Council for Grants of the President of Russian Federation, RFBR, Program of RAS “Quantum Macrophysics”, Russian Science Support Foundation and CRDF is acknowledged.

1. T. Ando, A. B. Fowler, and F. Stern, Rev. Mod. Phys.

54, 437 (1982).

2. S. V. Kravchenko, G. V. Kravchenko, J. E. Furneaux et al., Phys. Rev. B 50, 8039 (1994).

3. E. Abrahams, S. V. Kravchenko, and M. P. Sarachik, Rev. Mod. Phys. 73, 251 (2001); S. V. Kravchenko and M. P. Sarachik, Rep. Prog. Phys. 67, 1 (2004).

4. A. Punnoose and A. M. Finkelstein, Science 310, 289 (2005).

5. A. M. Finkelstein, Electron liquid in disordered conductors, vol.14 of Soviet Scienti˛c Reviews, Ed. I. M. Khalatnikov, Harwood Academic Publishers, London, 1990.

6. A. Punnoose and A. M. Finkelstein, Phys. Rev. Lett. 88, 016802 (2002).

7. D. Simonian, S. V. Kravchenko, M. P. Sarachik, and V. M. Pudalov, Phys. Rev. Lett. 79, 2304 (1997).

8. F. Wegner, Z. Phys. B 35, 207 (1979); L. Schaefer and F. Wegner, Z. Phys. B 38, 113 (1980); A. J. McKane and M. Stone, Ann. Phys. (N.Y.) 131, 36 (1981).

9. C. Castellani and C. Di Castro, Phys. Rev. B 34, 5935 (1986).

10. A. M. M. Pruisken, M. A. Baranov, and B. »Skori«c, Phys. Rev. B 60, 16807 (1999); M. A. Baranov, A. M. M. Pruisken, and B. »Skori«c, Phys. Rev. B 60, 16821 (1999).

11. A. M. M. Pruisken and I. S. Burmistrov, condmat/0502488.

12. D. J. Amit, Y. Y. Goldschmidt, and L. Peliti, Ann. Phys.

(N.Y.) 116, 1 (1978).

13. A. M. M. Pruisken, Physica A 181, 1 (1992). 14. A. M. M. Pruisken and I. S. Burmistrov, Ann. Phys.

(N.Y.) 316, 285 (2005).

15. B. L. Altshuler and A. G. Aronov, in Electron-electron interactions in disordered systems, Eds. A. L. Efros and M. Pollak, Elsevier, 1985.

16. A. M. M. Pruisken and M. A. Baranov, EuroPhys. Lett.

31, 543 (1995).

17. Following Letter, D.A. Knyazev, O. E. Omel’yanovskii, V. M. Pudalov, and I. S. Burmistrov, JETP Lett. 84, 780 (2006).

18. M. H. Cohen and A. M. M. Pruisken, Phys. Rev. B 49, 4593 (1994).

19. O. Gunaway, Y. P. Shkolnikov, K. Vakili et al., Phys.

Rev. Lett. 97, 186404 (2006).

Ŕĺśĳňă ć ĘİŠŤ šőň 84 ćżŕ. 11 { 12 2006