Pis’ma v ZhETF, vol. 87, iss. 6, pp. 379 { 384 © 2008 March 25

The influence of spin-dependent phases of tunneling electrons on the conductance of a point ferromagnet/isolator/superconductor contact

B. P. Vodopyanov^{1)}

Kazan Physical-Technical Institute RAS, 420029 Kazan, Russia

Submitted 16 January 2008 Resubmitted 21 February 2008

The Andreev re‚ection probability for a ferromagnet/isolator/superconductor (FIS) contact at the arbitrary spin-dependent amplitudes of the electron waves transmitted through and re‚ected from the potential barrier is found. It is shown that Andreev re‚ection probabilities of electron and hole excitations in the FIS contact are di¸erent. The energy levels of Andreev bound states are found. The ballistic conductance of the point FIS contact is calculated.

PACS: 74.50.+r, 74.80.−g, 75.30.Et

One of the manifestations of the exchange field in a ferromagnetic metal (F) is the presence of electron spin subbands with different values of Fermi momenta: p_↑ for the subband with spin up and p_↓ for the subband with spin down. As a consequence, for layered F/S structures (S stands for superconductor) the spatial dependence of the anomalous Green’s function (GF) in a ferromagnet has an oscillatory character. One of the impressive manifestations of such oscillations and related phase shifts is a recent observation of spontaneous zero-field supercurrents at temperature lower than the junction 0 − π transition temperature in superconducting networks of SFS junctions with weakly ferromagnetic barriers [1]. The influence of the oscillatory character of the anomalous GF in a ferromagnet on the properties of various hybrid F/S structures is studied well enough (see reviews [2 – 4]).

Another consequence is the suppression of Andreev reflection [5]. When a polarized electron from the subband with, for example, spin up gets into a superconductor, the reflected hole moves into the subband with spin down. Consequently, the efficiency of Andreev reflection is determined by the number of conducting channels in a subband with a smaller value of the Fermi momentum. As a result, the subgap conductance of an F/S contact decreases with the increase of the polarization of a ferromagnet [6].

Effects of spin filtering [7 – 9] and spin mixing [10] are manifested in the dependence of moduli and phase shifts of the amplitudes of electron states on the Fermi surface reflected from r_α (r_α = √ R_α exp(iθ^r_α); R_α = = 1 − D_α) and transmitted through a potential barrier d_α (d_α = √ D_α exp(iθ^d_α)) on α (α =↑, ↓ is the spin in-

1)e-mail: vodopyanov@kfti.knc.ru

dex). These effects are the consequence of the presence of the exchange field in a ferromagnet as well.

The possibility to study the influence of the spin mixing effect on the I−V characteristics of superconducting weak links containing a magnetically active interface appeared after the boundary conditions (BCs) for the quasiclassical GF were obtained.

In paper [11], BCs for the quasiclassical GF for two metals in contact via a magnetically active interface in terms of an interface scattering matrix were derived. These equations were solved for a junction in the tunneling limit [11] and for a contact of a superconductor with a ferromagnetic insulator [12]. In paper [10], BCs for the retarded and advanced quasiclassical GFs were obtained in terms of Riccati amplitudes [13, 14]. In paper [15], BCs in terms of Riccati amplitudes were obtained for the nonequilibrium quasiclassical GF.

The equations, obtained in papers [10] and [15], were solved for magnetically active interfaces with finite transmission (for SFS [8, 10], for NFS [15] (N stands for normal metal), for S-FIF-S [16]). These solutions show that Andreev bound states appear within the superconducting gap [8, 10, 15], and the 0 − π transition in the SFS junction is possible [8, 10].

In papers [9] and [17], quasiclassical equations of superconductivity for metals with a spin-split conduction band were derived and BCs for the temperature quasiclassical GF for the F/S interface were obtained. The model interface was the same as in [11, 18].

The aim of this work is to study the influence of spin-dependent phases of the amplitudes of the electron states reflected from and transmitted through a potential barrier on Andreev reflection in a point FIS contact.

Calculations are carried out by the method of quasiclassical GFs with BCs for GFs obtained in papers

Ŕĺśĳňă ć ĘİŠŤ šőň 87 ćżŕ. 5 { 6 2008 379

[9, 17]. Below the dependence of the Andreev reflection probability on spin-dependent phase shifts θ^d_α and θ^r_α will be found and the results of the numerical calculation of the dependence G_{F IS} (V ) for a rectangular potential barrier and ferromagnets with high polarization will be discussed.

1. Differential conductance of a point FIS contact. In various hybrid F/S structures Andreev reflection is modified. The reflected hole has some parameters (for example, the velocity modulus and phase shift) different from those of the incident electron because it moves in a subband with the opposite spin. Such spindiscriminating processes due to the exchange field in a ferromagnet lead to the formation of Andreev bound states inside the gap [8, 10].

The enegy of Andreev bound states depends on the spin index [8, 10]. As a result, the spectral density of condauctance G_{F IS} of the FIS contact at zero voltage is no longer a symmetrical function of energy ε. The condition of the time reversal invariance has the form G_{F IS} (ε, α) = G_{F IS} (−ε, −α). The generalization of the conductance G_{F IS} (V ) [9, 19] for this case results in the following expression for G_{F IS} (V ):

G_{F IS} (V ) = e^2A 32π^2T ∑ α Tr ∫ dp_‖ (2π)^2 ∞∫ −∞ dε×

× 1 coth^2(^{ε−eV τ̂z}_{2T} )

[1 − ĝ^A_s τ_zĝ^R_s τ̂_z − ĝ^A_a τ̂_zĝ^R_a τ̂_z +

+Υ̂^A_s τ̂_zΥ̂^R_s τ̂_z − Υ̂^A_a τ̂_zΥ̂^R_a τ̂_z ] ] . (1)

In Eq. (1), A is the contact area; τ̂_z is the Pauli matrix; p_‖ is the momentum in the contact plane; (ĝ_s, Υ̂_s) and (ĝ_a, Υ̂_a) are quasiclassical retarded (R) and advanced (A) GFs symmetric and antisymmetric with respect to the projection of the momentum p̂ on the Fermi surface on the axis x, respectively [9]. Calculations in Eq. (1) are to be carried out on the boundary of any contacting metal.

2. Finding GFs and conductance. Let us assume that the barrier with the width d is located in the region a < x < b (d = b − a), the superconductor occupies the region x > b, and the ferromagnet occupies the region x < a. To find GFs, for each metal one has to solve quasiclassical equations of superconductivity for metals with a spin-split conductivity band simultaneously with their BCs derived in paper [9]:

sign(p̂_x) ∂ ∂x ĝ + 1 2 v_‖ ∂ ∂ρ (v̂^{−1}_x ĝ + ĝv̂^{−1}_x ) + [K̂, ĝ]_− = 0,

K̂ = −iv̂^{− 1}2_x (iε_nτ̂_z + Δ̂ − Σ̂)v̂^{− 1}2_x − i(p̂_x − τ̂_xp̂_xτ̂_x)/2, [a, b]_− = ab − ba. (2) In this section, ε_n = (2n + 1)πT is the Matsubara frequency; Σ̂ is the self-energy part; ĝ are matrix temperature GFs:

ĝ = ( g_{αα} f_{α−α} f^+_{−αα} −g_{−α−α} ) , ĝ = { ĝ_>p̂_x > 0, ĝ_<p̂_x < 0 . Moreover,

Δ̂ = ( 0 Δ −Δ^∗ 0 ) , p̂_x = ( p_{x,α} 0 0 p_{x,−α} ) , where Δ is the order parameter, and p_x is the projection of the momentum on the Fermi surface on the axis x. Matrices v̂ have the same structure as p̂_x .

BCs for the specular reflection of electrons from the boundary: p_‖ = p_↓ sin ϑ_↓ = p_↑ sin ϑ_↑ = p_S sin ϑ_S , have the form [9]:

(^̃g^S_a )_d = (^̃g^F_a )_d, ( ^̃Υ^S_a )_d = ( ^̃Υ^F_a )_d, ( √ R̂_α − √ R̂_{−α})( ^̃Υ^+_a )_n = α_3(^̃g^−_a )_n, ( √ R̂_α − √ R̂_{−α})( ^̃Υ^−_a )_n = α_4(^̃g^+_a )_n,

− ^̃Υ^−_s = √ R̂_α(^̃g^+_s )_d + α_1(^̃g^+_s )_n,

− ^̃Υ^+_s = (R̂_α)^{− 12} (^̃g^−_s )_d + α_2(^̃g^−_s )_n, (3)

where ^̃g^±_{a(s)} = 1/2[^̃g^S_{a(s)} ± ^̃g^F_{a(s)}]. Functions ^̃Υ^±_{a(s)} are determined analogously. The index d denotes the diagonal and n the nondiagonal part of the matrix T̂_{d(n)} = = 1/2[T̂ ± τ_zT̂ τ_z]. Coefficients α_i are:

α_{1(2)} = 1 + √ R_↑R_↓ ∓ √ D_↑D_↓ √ R_↑ + √ R_↓ , α_{3(4)} = 1 − √ R_↑R_↓ ± √ D_↑D_↓ ). One can exclude GFs ^̃Υ^F_a and ^̃Υ^S_a from these relations and obtain a system of BCs only for the GF ^̃g [17]:

^̃g^+_a ^b_1 + ^b_2^̃g^+_a + ^̃g^−_a ^b_3 + ^b_4^̃g^−_a = ^b_3 − ^b_4,

^̃g^−_a ^b_1 + ^b_2^̃g^−_a + ^̃g^+_a ^b_3 + ^b_4^̃g^+_a = ^b_1 − ^b_2. (4)

Matrices ^b_i in Eq. (4) are:

^b_1 = ^̃Υ^+_s ^̃g^−_s + ^̃Υ^−_s ^̃g^+_s , ^b_2 = ^̃g^+_s ^̃Υ^−_s + ^̃g^−_s ^̃Υ^+_s ,

^b_3 = ^̃Υ^+_s ^̃g^+_s + ^̃Υ^−_s ^̃g^−_s , ^b_4 = ^̃g^+_s ^̃Υ^+_s + ^̃g^−_s ^̃Υ^−_s . (5)

Ŕĺśĳňă ć ĘİŠŤ šőň 87 ćżŕ. 5 { 6 2008

GFs ^̃g are connected with GFs being solutions of Eq. (2) by the following relationships [9]:

(^̃g^S_s )_n = (ĝ^S_s )_n cos(θ_α) + iτ̂_z(ĝ^S_a )_n sin(θ_α)

(^̃g^S_a )_n = (ĝ^S_a )_n cos(θ_α) + iτ̂_z(ĝ^S_s )_n sin(θ_α)

(^̃g^F_s )_n = (ĝ^F_s )_n cos(β^r_α) + iτ̂_z(ĝ^F_a )_n sin(β^r_α)

(^̃g^F_a )_n = (ĝ^F_a )_n cos(β^r_α) + iτ̂_z(ĝ^F_s )_n sin(β^r_α)

θ_α = θ^r_α − θ^r_{−α} 2 − (θ^d_α − θ^d_{−α}); β^r_α = θ^r_α − θ^r_{−α} 2 . (6)

The explicit form of functions ^̃Υ is not needed. These functions are found from BCs. The diagonal parts of matrices ^̃g are equal to the corresponding matrices ĝ. Equations (2) for the ballistic contact are solved in paper [9, 18]. At the boundaries for x = b and x = a we have:

ĝ^S_s = ĝ^S_0 + ĝ^S_0 ĝ^S_a ; ĝ^F_s = ĝ^F_0 − ĝ^S_0 ĝ^F_a . (7)

Matrices ĝ_0 are values of GFs ĝ away from the boundary:

ĝ^F_0 = sign(ε_n)τ̂_z (8)

ĝ^S_0 = g^S_0 τ̂_z + (ĝ^S_0 )_n = 1 √ ε^2_n + |Δ|^2 ( ε_n −iΔ iΔ^∗ −ε_n ) .

After the substitution of functions ^̃g^F_s and ^̃g^S_s , expressed via ^̃g^F_a and ^̃g^S_a by Eq. (7), in the system of BCs Eq.(4) and their solution in the linear approximation with respect to the functions ^̃g^S_a and ^̃g^F_a , we find the function ^̃g^F_a :

^̃g^F_a = − √ D_↑D_↓τ̂_z (ĝ^S_0 )_n Z Z = (1 − √ R_↑R_↓)[g^S_0 cos(θ_α) + i sin(θ_α)] + (9) +(1 + √ R_↑R_↓)sign(ε_n)[cos(θ_α) + ig^S_0 sin(θ_α)].

From Eqs. (3) and (4) we find the rest functions necessary to calculate conductance Eq. (1) and calculate conductance at the ferromagnet side.

After carrying out the analytical continuation in these functions (substitution iε_n for ε ± iδ for retarded and advanced GFs, respectively), we obtain the expression for the conductance σ_{F/S} (V ):

σ_{F/S} (V ) = e^2A π ∫ dp_‖ (2π)^2 ∞∫ |Δ| dε 2T [ 1 cosh^2(^{ε+eV}_{2T} ) +

+ 1 cosh^2(^{ε−eV}_{2T} ) ] εξ^R(D_↑ + D_↓) + ε(ε − ξ^R)D_↑D_↓ Z_⇑ +

+ |Δ|∫ 0 dε 2T [ 1 cosh^2(^{ε+eV}_{2T} ) + 1 cosh^2(^{ε−eV}_{2T} ) ] D_↑D_↓|Δ|^2 Z_⇓ } ,

Z_⇑ = [ε(1 − W ) + ξ(1 + W )]^2 + 4W |Δ|^2 sin^2(θ_α),

Z_⇓ = [1 + 2W cos(2θ_α) + W^2]|Δ|^2 − 4W ε^2 cos(2θ_α)−

− 16W (|Δ|^2 − ε^2)ε^2 sin^2(2θ_α) [1 + 2W cos(2θ_α) + W^2]|Δ|^2 − 4W ε^2 cos(2θ_α) ,

W = √ R_↑R_↓; ξ = √ ε^2 − |Δ|^2. (10)

At θ_α = 0 the expression for conductance obtained in paper [9] follows from Eq. (10). In the case of nonmagnetic metal, when D_↑ = D_↓ this expression is the same as that obtained in paper [18], and for D = 1/(1 + Z^2) this expression is the same as that obtained in paper [19].

3. Andreev reflection. The quasiclassical GFs entering Eq. (8) enable the conclusion that

[1 − ĝ^A_s τ_zĝ^R_s τ̂_z − ĝ^A_a τ̂_zĝ^R_a τ̂_z + Υ̂^A_s τ̂_zΥ̂^R_s τ̂_z −

− Υ̂^A_a τ̂_zΥ̂^R_a τ̂_z] = 4[−^̃g^A_a τ̂_z ^̃g^R_a τ̂_z] ∼ ^1. (11)

Now, the comparison of the form of under-gap conductances in Eq. (1) and that of the corresponding Eq. (25) in paper [19] shows that the matrix elements (^̃g^R_a )^F and (^̃g^A_a )^F are the amplitudes of the Andreev reflection probability ã(ε, θ_α) in FIS contacts for energies less than |Δ| (ε^2 < |Δ|^2). Let us assume that ã(ε, θ_α) are matrix elements of (^̃g^R_a )^F . ã(ε, θ_α) = √ D_↑D_↓Δ Z = a(ε, θ_α)e^{−iβrα} (12) Z = (1 − √ R_↑R_↓)[ε cos(θ_α) − √ |Δ|^2 − ε^2 sin(θ_α)]+

+i(1 + √ R_↑R_↓)[ √ |Δ|^2 − ε^2 cos(θ_α) + ε sin(θ_α)].

The presence of the imaginary part in functions a(ε, θ_α) means that Andreev reflection is accompanied by the phase shift. The Andreev reflection probability A(ε, θ_α) (A(ε, θ_α) = ã(ε, θ_α)ã^∗(ε, θ_α)) is: A(ε, θ_α) = D_↑D_↓|Δ|^2 Z , (13)

Z = [1 − √ R_↑R_↓]^2|Δ|^2 + +4 √ R_↑R_↓[ √ |Δ|^2 − ε^2 cos(θ_α) + ε sin(θ_α)]^2.

Ŕĺśĳňă ć ĘİŠŤ šőň 87 ćżŕ. 5 { 6 2008

It follows from this equation that: (1) in terms of paper [10] spin-mixing angle Θ for FIS contact is equal to θ_α (for SFS and NFS contacts Θ=θ^r_↑ − θ^r_↓= θ^d_↑ − θ^d_↓ [8, 10, 15]); (2) for θ_α < 0 the Andreev reflection probability of the electron excitation with the spin projection α is larger than that of the hole excitation; for θ_α > 0 the Andreev reflection probability of the hole excitation with the spin projection α is larger than that of the electron excitation; (3) the Andreev reflection probability has maxima at ε = ε_b (at the values of the energy of electron (hole) excitations corresponding to the energy levels of Andreev surface bound states)

ϵ_b = { ε = |Δ| cos(θ_α) for θ_α < 0, ε = −|Δ| cos(θ_α) for θ_α > 0.

(14)

Below the results of the numerical calculations of phase shifts and conductance are presented. In the numerical calculations the relation between Fermi momenta of contacting metals was the following: p_S = (p_↑ + p_↓)/2. Calculations are carried out for a rectangular barrier with the height U counted off the bottom of the conduction band of a superconductor; [χ(x) is the wave function of an electron in an isolator, χ(x) = C_1 exp(γx) + + C_2 exp(−γx); γ = √ k^2 + p^2_‖; k^2 = 2m_b(U − E^S_F ); E^S_F is the Fermi energy of a superconductor, m_b is the mass of an electron in a barrier]. In this case the expressions for θ^d_α and θ^r_α have the following form: θ^d_α = ~θ^d_α + i(p^F_{x,α}a − p^S_x b); θ^r_α = ~θ^r_α + 2ip^F_{x,α}a,

~θ^d_α = arctan ( (p^F_{x,α}p^S_x − γ^2) tanh(γd) γ(p^F_{x,α} + p^S_x ) ) , (15)

~θ^r_α = arctan ( 2γp^F_{x,α}[γ^2 + (p^S_x )^2] tanh(γd) Z ) , Z = γ^2[(p^S_x )^2 − (p^F_{x,α})^2] + [γ^2 − p^S_x p^F_{x,α}]^2 tanh^2(γd),

so that the angle θ_α [θ_α = (θ^r_α − θ^r_{−α})/2 − (θ^d_α − θ^d_{−α})] = = (~θ^r_α − ~θ^r_{−α})/2 − (~θ^d_α − ~θ^d_{−α}) does not depend on the location of the barrier.

Figure 1 shows the dependences of the phase shifts on cos(ϑ_↓). All angles are connected by specular reflection p_‖ = p_↓ sin ϑ_↓ = p_↑ sin ϑ_↑ = p_S sin ϑ_S .

The phase shift θ_↑ slowly decreases as the polarization of the ferromagnet δ decreases [from (−1.3) at δ = 0.05 to (−1.5) at δ = 0.5 (p_↑d = 1; k/p_↑ = 0.8)] and [from (−0.7) at δ = 0.05 to (−1.2) at δ = 0.5 (p_↑d = 1; k/p_↑ = 0.2)]. It means that the points ϵ_b approach zero as the polarization decreases and k/p_↑ increases, however, at k/p_↑ > 1, θ_↑ rapidly decreases

Fig.1. Dependence of the phase shifts of re‚ection and transmission amplitudes on cos(ϑ↓). Lines with numbers 1, 2, and 3 depict these dependence on cos(ϑ↓): θ↑; (θ^d_↑ − θ^d_↓) and (θ^b_↑ − θ^b_↓), respectively

down to zero. 6. With the increasing parameter p_↑d and other parameters fixed (but for k/p_↑ < 1) the angle θ_α also tends to π/2. Note that the spin-mixing angle θ_α for ferromagnets with large polarization is practically the same for all electron trajectories.

The upper panel in Fig.2 shows the results of the numerical calculations carried out according to Eq. (10) not taking into account (dashed lines) and taking into account (solid lines) the phase shift θα. The peaks in the dependence of the conductance on V (Fig.2, upper panel) correspond to the motion of the energy levels of Andreev surface bound states towards each other as the parameter k/p_↑ increases.

The lower panel in Fig.2 shows the suppression of Andreev reflection due to the reduction of the number of conducting channels in a subband with a lower value of the Fermi momentum and the effect of spin filtering. Andreev surface bound states are formed in a superconductor due to the interference of electronlike and holelike particles with different spin-dependent phase shifts. To demonstrate this, let us consider diagrams in Fig.3, corresponding to Andreev reflection of an electron with

Ŕĺśĳňă ć ĘİŠŤ šőň 87 ćżŕ. 5 { 6 2008

Fig.2. Dependence of the normalized conductance σ_{F/S}(V )/σ0 from Eq.(10) on the applied voltage for different values of the polarization of a ferromagnet δ=p↓/p↑ at the ratio ´d(T )/2T = 6

the spin projection α and the energy less than |Δ| transmitted from a ferromagnet into a superconductor. The amplitude a(ε, θ_α) is: a(ε, θ_α) = d_αd̃^∗_{−α}β^{eh}_{α,−α}[1 + r̃^∗_{−α}r̃_αβ^{eh}_{α,−α}β^{he}_{−α,α} + +(r̃^∗_{−α}r̃_αβ^{eh}_{α,−α}β^{he}_{−α,α})^2 + . . .]= d_αd̃^∗_{−α}β^{eh}_{α,−α} 1 − r̃^∗_{−α}r̃_αβ^{eh}_{α,−α}β^{he}_{−α,α} =

= √ D_αD_{−α}p^F_{xα}/p^F_{x−α}e^{iβrα} β^{eh}_{α,−α} e^{iθα} − e^{−iθα} √ R_αR_{−α}β^{eh}_{α,−α}β^{he}_{−α,α} . (16)

The corresponding probability of Andreev reflection is: A(ε, θ_α) = D_αD_{−α}p^F_{x,α}/p^F_{x,−α}β^{eh}_{α,−α}β^{∗eh}_{α,−α} 1 + R_αR_{−α}|β^{eh}_{α,−α}|^2|β^{he}_{−α,α}|^2 − Q , (17) Q = √ R_αR_{−α} [ cos(2θ_α)[β^{eh}_{α,−α}β^{he}_{−α,α} + β^{∗eh}_{α,−α}β^{∗he}_{−α,α}]+ +i sin(2θ_α)[β^{∗eh}_{α,−α}β^{∗he}_{−α,α} − β^{eh}_{α,−α}β^{he}_{−α,α}] ] .

Fig.3. Structure of the diagrams corresponding to Andreev re‚ection in the superconductor: diagram (a) oneact process; diagram (b) two-act process. The vertex ◯ is Andreev re‚ection of electronlike (solid lines) and holelike (broken lines) quasiparticles by the pair potential. The vertex • is the normal re‚ection of electronlike and holelike quasiparticles by the barrier potential. When the solid line transforms into the broken line, ◯ denotes the vertex β^{eh}_{α,−α}. When the broken line transforms into the solid line, ◯ denotes the vertex β^{he}_{−α,α}. Parameters dα, ~dα, rα and ~rα are related as follows: ~dα = dαp^S_x /p^F_{xα}; ~rα = −r^∗_αdα/d^∗_α; Dα = dα ~dα [18] By comparing formulas (16), (17) with formulas (12), (13) we find the vertices β^{eh}_{α,−α} and β^{he}_{−α,α}:

β^{eh}_{α,−α} = √ p^F_{x,−α} p^F_{x,α} ε − i √ |Δ|^2 − ε^2 |Δ| Δ |Δ| , (18)

β^{he}_{−α,α} = √ p^F_{x,α} p^F_{x,−α} ε − i √ |Δ|^2 − ε^2 |Δ| Δ^∗ |Δ| . It follows from formula (17) that in the absence of the interferential term Q the probability of Andreev reflection is a constant (independent of the energy ε) quantity. The interference of electronlike and holelike particles reflected by the pair potential and interface results in the formation of Andreev surface bound states. At θ_α = 0 the maximum in the probability of Andreev reflection is at ε = ±|Δ| [19]. At θ_α = ±π/2 Andreev surface bound states with the width Γ equal to: Γ = (1 − √ R↑R↓)|Δ| 2^4 √ R↑R↓ (19)

are formed at ε = 0 on the Fermi level. The peak in the differential conductance of an FIS contact at the zero voltage may be used to determine the polarization of strong ferromagnets by comparing experimental data with those calculated according to formula (10).

Thus, in the present paper the ballistic conductance of the point FIS contact is calculated. The dependence of Andreev surface bound states on the spin-dependent phase shifts of the electron states reflected from and

Ŕĺśĳňă ć ĘİŠŤ šőň 87 ćżŕ. 5 { 6 2008 transmitted through the potential barrier is found for the interface with finite transmission. By the example of a rectangular potential barrier it is shown that these states are manifested in the peaks of the dependence of the conductance of the FIS contact on the applied voltage.

I am grateful to G.B. Teitel’baum and V.V. Ryazanov for discussing the results of this work.

The work is supported by the Russian Foundation for Basic Research, grant # 06-02-17233.

1. S. M. Frolov, M. J. A. Stoutimore, T. A. Crane et al., Nature Physics 4, 32 (2008).

2. A. A. Golubov, M. Yu. Kupriyanov, and E. II’ichev, Rev.

Mod. Phys. 76, 411 (2004).

3. A. I. Buzdin, Rev. Mod. Phys. 77, 935 (2005). 4. F. S. Bergeret, A. F. Volkov, and K. B. Efetov, Rev.

Mod. Phys. 77, 1321 (2005).

5. A. F. Andreev, ZhETF 46, 1823 (1964) [Sov. Phys.

JETP 19, 1228 (1964)].

6. M. J. M. de Jong and C. W. J. Beenakker, Phys. Rev.

Lett. 74, 1657 (1995).

7. A. Martin-Rodera, A. L. Yeyati, and J. C. Cuevas, Physica C 352, 67 (2001).

8. Y. S. Barash and I. V. Babkova, Phys. Rev. B 65, 144502 (2002).

9. B. P. Vodopyanov and L. R. Tagirov, Pis’ma v ZhETF 77, 153 (2003) [JETP Letters 77, 126 (2003)].

10. M. Fogelstr-om, Phys. Rev. B 62, 11812 (2000). 11. A. Millis, D. Rainer, and J. A. Sauls, Phys. Rev. B 38, 4504 (1988).

12. T. Tokuyashu, J. A. Sauls, and D. Rainer, Phys. Rev.

B 38, 8823 (1988).

13. M. Eschrig, Phys. Rev. B 61, 9061 (2000). 14. A. Shelankov and M. Ozana, Phys. Rev. B 61, 7077 (2000).

15. E. Zhao, T. L-ofwander, and J. A. Sauls, Phys. Rev. B 70, 134503 (2004).

16. Y. S. Barash, I. V. Babkova, and T. Kopp, Phys. Rev.

B 66, 140503 (2002).

17. B. P. Vodopyanov, Pis’ma v ZhETF 81, 192 (2005) [JETP Letters 81, 156 (2005)].

18. A. V. Zaitsev, ZhETF 86, 1742 (1984) [Sov.Phys.JETP, 59, 1015 (1984)].

19. G. E. Blonder, M. Tinkham, and T. M. Klapwijk, Phys.

Rev. B 25, 4515 (1982).

Ŕĺśĳňă ć ĘİŠŤ šőň 87 ćżŕ. 5 { 6 2008