Pis’ma v ZhETF, vol. 94, iss. 5, pp. 414 { 417 © 2011 September 10

Hidden reentrant superconducting phase in a magnetic field in (TMTSF)_2ClO_4

A. G. Lebed

Department of Physics, University of Arizona, AZ 85721 Tucson, USA

Landau Institute for Theoretical Physics, 117334 Moscow, Russia

Submitted 29 June 2011 Resubmitted 12 July 2011

We suggest explanation of the high upper critical magnetic ˛eld, perpendicular to conducting chains and parallel to conducting layers, H^{b0}_{c2} ≃ 6 T, experimentally observed in the organic superconductor (TMTSF)2ClO4. In particular, we show that H^{b0}_{c2} can be higher than both the quasiclassical upper critical ˛eld and Clogston{ Chandrasekhar paramagnetic limit in a singlet quasi-one-dimensional superconductor. We predict the coexistence of the hidden Reentrant and Larkin{Ovchinnikov{Fulde{Ferrell phases in a magnetic ˛eld. Our results are compared to the recent experimental data and shown to be in a good agreement with the experiments.

Since a discovery of superconductivity in (TMTSF)_2PF_6 material [1], superconducting properties of quasi-one-dimensional (Q1D) organic conductors (TMTSF)_2X (X = PF_6, ClO_4, etc.) have been intensively studied both experimentally and theoretically [2, 3]. Early experiments [4, 5] clear demonstrated that superconductivity in these compounds was unconventional. Indeed, it was found that superconductivity was destroyed by non-magnetic impurities [4] and the Hebel–Slichter peak was absent in the NMRexperiments [5]. These experimental results have been recently unequivocally confirmed (see, for example, Refs. [6, 7]). Although the experimental results [4–7] provided strong arguments that the superconducting order parameter changed its sign on Q1D Fermi surface (FS), they did not contain information about a spin part of the order parameter. In particular, they did not distinguished between singlet and triplet superconducting pairings.

At the moment, the problem about a spin part of the superconducting order parameter in (TMTSF)_2X conductors is still controversial. The first Knight shift measurements [7, 8], performed in (TMTSF)_2PF_6 material, were interpreted as evidence of triplet superconductivity [7, 8]. On the other hand, the more recent NMRexperiments [9], performed in (TMTSF)_2ClO_4 conductor, clear demonstrate the Knight shift change through the superconducting transition and, thus, are interpreted [9] in terms of singlet pairing. Another argument in favor of a singlet superconducting pairing was theoretical analysis [10] of experiment [11], demonstrating that the upper critical magnetic field along conducting chains, H^a_{c2}, is paramagnetically limited (see also Refs. [12–14]). Moreover, for a magnetic field, parallel to conducting chains, the Larkin–Ovchinnikov–Fulde–Ferrell (LOFF) phase has been recently experimentally discovered in (TMTSF)_2ClO_4 [12, 13] and theoretically described [15].

Another piece of information about a spin part of the superconducting order parameter is the fact that the upper critical fields, perpendicular to conducting chains and parallel to conducting layers, H^{b0}_{c2}, are anomalously large in (TMTSF)_2X materials. They are known [10–13, 16–19] to exceed both the quasi-classical upper critical field, H^{b0}_{c2}(0) [20], and Clogston–Chandrasekhar paramagnetic limit, H_p [21]. For many years, this has been considered as one of the major arguments in favor of triplet superconductivity. Note that anomalously high values of H^{b0}_{c2} were predicted for both singlet and triplet cases [22]. Nevertheless, it was shown that, for realistic band parameters of (TMTST)_2X superconductors, the exceeding of values of H^{b0}_{c2}(0) and H_p happens only in a triplet case [22–26]. In this situation, where there is a growing support for a singlet scenario of superconductivity in (TMTST)_2ClO_4 material, it is important theoretically to reinvestigate the upper critical field H^{b0}_{c2}.

The main goals of the Letter are as follows. We derive novel gap equation for the case of d-wave nodeless superconducting pairing [27, 28]. It accurately takes into account not only the orbital effects but also the Pauli paramagnetic effects against superconductivity, unlike the previous gap equations of Refs.[10, 16, 22– 26]. We evaluate band parameters of Q1D-electron spectrum of (TMTSF)_2ClO_4, using experiments on Lee–Naughton–Lebed oscillations [29, 30] and measured Ginzburg–Landau (GL) slopes of the upper critical fields [12, 13]. By solving the gap equation, we show that superconductivity in (TMTSF)_2ClO_4 can exceed both the quasi-classical upper critical field and Clogston– Chandrasekhar paramagnetic limit for realistic band parameters in a singlet case. Such superconducting phase,

414 Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 5 { 6 2011 in the absence of the Pauli paramagnetic effects, has transition temperature increasing with increasing magnetic field (i.e., is the Reentrant superconductivity [22– 26]). Therefore, we call high magnetic field superconducting phase in (TMTSF)_2ClO_4 the hidden Reentrant superconductivity.

Below, we consider Q1D-electron spectrum of (TMTSF)_2ClO_4 conductor in a tight-binding approximation,

ϵ(p) = −2t_a cos(p_xa/2) − 2t_b cos(p_yb^′) − 2t_c cos(p_zc^∗), (1) in a magnetic field, perpendicular to its conducting chains and parallel to its conducting layers,

H = (0, H, 0), A = (0, 0, −Hx), (2)

where t_a ≫ t_b ≫ t_c correspond to electron hoping integrals along a-, b^′-, and c^∗-axes, respectively. Electron spectrum (1) can be simplified near two slightly corrugated sheets of Q1D Fermi surface (FS) as

δϵ^±(p) = ±v_x(p_y)[p_x ∓ p_F(p_y)] − 2t_c cos(p_zc^∗), (3)

where “+” (“−”) stands for right (left) sheet of Q1D FS. According to Ref. [22], electron spectrum (3) is ”two-dimensionalized” in a magnetic field (2). More specifically, electrons are characterized by free unrestricted motion along (a, b^′) conducting plane, whereas their motion along z-axis is periodic and restricted [22]:

z(t, H) = l_⊥(H) c^∗ cos(ω_ct), l_⊥(H) = 2t_c/ω_c, (4)

where ω_c = ev_FHc^∗/c, v_F = ⟨v_x(p_y)⟩, ⟨...⟩ stands for averaging procedure over momentum component p_y. Let us estimate a value of the dimensionless parameter l_⊥(H), which represents a size of quasiclassical electron trajectory (4) in terms of interlayer distance, c^∗. It is possible to show that

l_⊥(H) = 2 √ 2 π ϕ_0 ac^∗H t_c t_a ≃ 2 · 10^3 H(T ) t_c t_b t_b t_a , (5)

where H(T ) is a magnetic field measured in Teslas. Note that the ratios t_a/t_b and t_c/t_b can be determined in (TMTSF)_2ClO_4 conductor with good accuracy. Indeed, according to Ref. [30], t_a/t_b = 10, whereas, according to Ref. [31], t_c/t_b = (b^∗/c^∗)(H^c_{c2}/H^{b0}_{c2})_{GL}, where (H^c_{c2}/H^{b0}_{c2})_{GL} is a ratio of the GL-slopes of the upper critical fields along c^∗- and b^′-axes, correspondingly. If we take (H^{b0}_{c2}/H^c_{c2})_{GL} = 30 and H(T ) = 6 T, we obtain

l_⊥(H) ≃ 0.58, (6) which means that a size of electron quasiclassical trajectories along c^∗-axis (4) is significantly less than interlayer distance, c^∗. In this case, electrons are almost twodimensional and, therefore, such superconducting phase, in the absence of the Pauli paramagnetic effects, corresponds to the Reentrant superconductivity [22–26].

Let us represent electron wave functions in a real space in the following way:

Ψ^±_ϵ (x, y, z, σ) = exp[ip_F(p_y)x]exp(ip_yy) exp(ip_zz) ψ^±_ϵ (x, p_y, p_z, σ). (7) Then, in a magnetic field (2), the Hamiltonian for electron wave functions in a mixed representation, ψ^±_ϵ (x, p_y , p_z), can be obtained by means of the Peierls substitution method, p_x ∓ p_F(p_y) → −id/dx, p_z → → p_z −eA_z/c. As a result, the Schrodinger like equation for wave functions ψ^±(x, p_y, p_z, σ) can be written as [ ∓iv_x(p_y) d dx − 2t_c cos ( p_zc^∗ + ω_c v_F x ) −μ_BσH ] × × ψ^±_ϵ (x, p_y , p_z, σ) = δϵ ψ^±_ϵ (p_x, y, p_z, σ), (8) where μ_B is the Bohr magneton, σ = ±1 stands for spin up and down, respectively; δϵ = ϵ − ϵ_F.

Note that Eq. (8) can be solved analytically, ψ^±_ϵ (x, p_y , p_z, σ)= exp[±iδϵx/v_x(p_y)] √ 2πv_x(p_y) exp [ ±i μ_BσHx v_x(p_y) ] × × exp [ ±i 2t_c v_x(p_y) ∫_x 0 cos ( p_zc^∗ + ω_c v_F u ) du ] , (9)

and the corresponding finite temperatures Green functions can be derived from Eq. (9), using the standard procedure [32]: g^±_{iωn} (x, x_1, p_y, p_z, σ) = = −i sgn(ω_n) v_x(p_y) exp [ ∓ ω_n(x − x_1) v_x(p_y) ] × × exp [ ±i μ_BσH(x − x_1) v_x(p_y) ] × × exp [ ±i 2t_c v_x(p_y) ∫_x x1 cos ( p_zc^∗ + ω_c v_F u ) du ] . (10)

In this Letter, we consider d-wave nodeless scenario of superconductivity in (TMTSF)_2ClO_4 conductor [27, 28], which is mathematically equivalent to s-wave case. We derive the so-called gap equation for superconducting order parameter, Δ(x), using the known Green functions (10). Below, it is derived by means of the Gor’kov equations [32] for non-uniform superconductivity (see, for example, Ref. [33]). As a result of rather lengthly but straightforward calculations, we obtain:

Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 5 { 6 2011

416 A. G. Lebed

Δ(x) = U ∫ dp_y v_x(p_y) × × ∫ |x−x1|>^{vx} (py ) Ω 2πT dx_1 v_x(p_y) sinh(^{2πT |x−x1|} v_x (p_y ) ) ×

×J_0 { 8t_cv_F ω_cv_x(p_y) sin [ ω_c(x−x_1) 2v_F ] sin [ ω_c(x+x_1) 2v_F ]} × × cos [ 2βμ_BH(x − x_1) v_x(p_y) ] Δ(x_1), (11)

where U is effective electron coupling constant, Ω is a cutoff energy, parameter β takes into account possible small deviations of superconducting pairing from a weak coupling scenario. It is important that Eq. (11) is different from the gap equations used so far. The main feature of Eq. (11) is that, unlike Refs. [22–26, 10, 16], it describes accurately not only the orbital effects against superconductivity, but also the Pauli paramagnetic ones.

We note that, in the absence of effects of a nonlinearity of Q1D-electron spectrum (1), (3) along aaxis, the upper critical field along b-axis is divergent at T → 0 [22–25]. These effects are taken into account in Eq. (11) of the Letter, since v_x(p_y) depends on a position on the FS [see also Eq. (14)]. The effects of a non-linearity of Q1D electron spectrum along a axis were first considered in Ref. [16] to explain finite experimental values of the upper critical magnetic fields along b axis in (TMTSF)_2X superconductors. Nevertheless, in Refs. [16, 26], these efects were calculated in the so-called nesting model (NM), where p_F(p_y) depends on momentum component p_y, whereas velocity, v_x = v_F, does not depend on p_y. Our current analysis shows that the NM is approximately valid at low temperatures, whereas Eq. (11) is valid at any temperatures. We also pay attention that even at T = 0 Eqs. (13), (15), (17), obtained in the Letter, are different from the corresponding approximate equations of the NM [16, 26].

Note that it is possible to approximate the Bessel function in Eq. (11) as J_0(z) ≃ 1 − z^2/4 under condition (6) and, thus, below, we consider the above mentioned approximation for integral equation (11) [34]. In this case, it is possible to show that solution for a superconducting gap, Δ(x), can be written as

Δ(x)= exp(ikx)[1+α_1 cos(2ω_cx/v_F)+α_2 sin(2ω_cx/v_F)], (12)

where |α_1|, |α_2| ≪ 1. Eq. (11), determining the upper critical field, in this case and at T = 0 can be expressed as

1 g = ⟨ v_F v_x(p_y) ∫_∞ vF Ω dz z cos ( 2βμ_BHz v_F ) × × [ 1 − 2l^2_⊥(H) sin^2 ( ω_cz 2v_F )] cos [ v_x(p_y)

v_F kz ]⟩ p_y , (13)

where g is renormalized electron coupling constant, x_1 − − x = zv_x(p_y)/v_F.

Let us simplify Eq. (13), taking into account that electron velocity component along conducting x-axis is

v_x(p_y) = v_F[1 + α cos(p_yb^′)], (14)

where α = √ 2t_b/t_a ≃ 0.14 [16]. In this case, Eq. (13) for α ≪ 1 can be rewritten in the following way: 1 g = ∫_∞ vF Ω dz z cos ( 2βμ_BHz v_F ) cos(kz)J_0(αkz) × × [ 1 − 2l^2_⊥(H) sin^2 ( ω_cz 2v_F )] . (15)

We stress that Eq. (15) accurately takes in to account not only the orbital effects but also the Pauli paramagnetic effects against superconductivity, unlike Refs. [10, 16, 22–26]. In the absence of the Pauli paramagnetic effects (i.e., at β = 0), Eq. (15) describes the Reentrant superconducting phase [22] with dT_c/dH > 0. Therefore, we call superconducting phase, described by Eqs. (15), (17), the hidden Reentrant superconductivity.

Here, we transform Eq. (15), using that 1 g = ∫_∞ vF Ω 2πT_cdz v_F sinh ( 2πT_cz/v_F ) , (16)

where T_c is superconducting transition temperature at H = 0. As a result, we obtain: ln H H^∗ = ∫_∞ 0 dz z cos ( 2βμ_BHz v_F ){ cos(kz)J_0(αkz)× × [ 1 − 2l^2_⊥(H) sin^2 ( ω_cz 2v_F )] −1 } . (17)

(Here, μ_BH^∗ = πT_c/2γ, γ is the Euler constant.) Numerical analysis of Eq. (17) shows that the upper critical field along b^′-axis, H^{b0}_{c2}, for l_⊥(H) = 0.58 and β = 0.72 has a maximum at k = 0.88(2μ_BH/v_F ) and is equal to

H^{b0}_{c2} ≃ 5 T. (18)

For the same values of the parameters l_⊥(H) and β, numerical analysis of Eq. (11) gives the following results for factors α_1 and α_2 in Eq. (12):

α_1 = −0.099, α_2 = −0.018 i. (19)

Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 5 { 6 2011

Let us summarize the main results of the Letter. We have derived gap equations for a singlet d-wave nodeless superconducting order parameter, which take accurately into account both the orbital and Pauli paramagnetic effects against superconductivity. By analyzing the above mentioned equations, we have explained how superconductivity in (TMTSF)_2ClO_4 can exceed both the quasiclassical upper critical field and Clogston paramagnetic limit and how it can reach its experimental value, H ≃ 5−6 T [12, 13, 19].

We are thankful to N.N. Bagmet (Lebed) for very useful discussions. This work was supported by the NSF under Grant # DMR-0705986.

1. D. Jerome, A. Mazaud, M. Ribault, and K. Bechgaard, J. Phys. (Paris) Lett. 41, L95 (1980).

2. The Physics of Organic Superconductors and Conductors, ed. by A. G. Lebed (Springer, Berlin, 2008).

3. T. Ishiguro, K. Yamaji, and G. Saito, Organic Superconductors, 2nd ed. (Springer, Berlin, 1998).

4. See, for example, M.-Y. Choi, P. M. Chaikin, S. Z. Huang et al., Phys. Rev. B 25, 6208 (1982).

5. M. Takigawa, H. Yasuoka, and G. Saito, J. Phys. Soc.

Jpn. 56, 873 (1987).

6. N. Joo, P. Auban-Senzier, C. R. Pasquier et al., Europhys. Lett. 72, 645 (2005).

7. I. J. Lee, S. E. Brown, W. G. Clark et al., Phys. Rev.

Lett. 88, 017004 (2002).

8. I. J. Lee, D. S. Chow, W. G. Clark et al., Phys. Rev. B 68, 092510 (2003).

9. J. Shinagawa, Y. Kurosaki, F. Zhang et al., Phys. Rev.

Lett. 98, 147002 (2007).

10. A. G. Lebed, K. Machida, and M. Ozaki, Phys. Rev. B 62, R795 (2000).

11. I. J. Lee, M. J. Naughton, G. M. Danner, and P. M. Chaikin, Phys. Rev. Lett. 78, 3555 (1997).

12. S. Yonezawa, S. Kusaba, Y. Maeno et al., Phys. Rev.

Lett. 100, 117002 (2008).

13. S. Yonezawa, S. Kusaba, Y. Maeno et al., J. of Phys.:

Conf. Series 150, 052289 (2009).

14. S. Yonezawa, Y. Maeno, K. Bechgaard, and D. Jerome, preprint (2010).

15. A. G. Lebed and Si Wu, Phys. Rev. B 82, 172504 (2010). 16. A. G. Lebed, Phys. Rev. B 59, R721 (1999).

17. I. J. Lee, P. M. Chaikin, and M. J. Naughton, Phys. Rev.

B 62, R14669 (2000).

18. I. J. Lee, P. M. Chaikin, and M. J. Naughton, Phys. Rev.

B 65, 180502(R) (2002).

19. J. I. Oh and M. J. Naughton, Phys. Rev. Lett. 92, 067001 (2004).

20. L. P. Gor’kov, Zh. Eksp. Teor. Fiz. 37, 833 (1959) [Sov.

Phys. JETP 10, 593 (1960)].

21. A. M. Clogston, Phys. Rev. Lett. 9, 266 (1962);

B. S. Chandrasekhar, Appl. Phys. Lett. 1, 7 (1962). 22. A. G. Lebed, JETP Lett. 44, 114 (1986) [Pis’ma ZhETF 44, 89 (1986)].

23. L. I. Burlachkov, L. P. Gor’kov, and A. G. Lebed, Europhys. Lett. 4, 941 (1987).

24. N. Dupuis, G. Montambaux, and C. A. R. Sa de Melo, Phys. Rev. Lett. 70, 2613 (1993).

25. Y. Hasegawa and M. Miyazaki, J. Phys. Soc. Jpn. 65, 1028 (1996).

26. N. Belmechri, G. Abramovici, and M. Heritier, Europhys. Lett. 82, 47009 (2008).

27. H. Shimahara, Phys. Rev. B 61, R14936 (2000). 28. S. Belin and Behnia, Phys. Rev. Lett. 79, 2125 (1997). 29. A. G. Lebed and M. J. Naughton, Phys. Rev. Lett. 91, 187003 (2003).

30. A. G. Lebed, H.-I. Ha, and M. J. Naughton, Phys. Rev.

B 71, 132504 (2005).

31. L. P. Gor’kov and D. Jerome, J. Phys. (Paris) Lett. 46, L643 (1985).

32. A. A. Abrikosov, L. P. Gor’kov, and I. E. Dzyaloshinski, Methods of Quantum Field Theory in Statistical Physics (Dover, N.Y., 1975).

33. A. G. Lebed and K. Yamaji, Phys. Rev. Lett. 80, 2697 (1998).

34. Note that the corresponding gap equation for a magnetic ˛eld, applied along a-axis [15], contains extra factor vx(py)/|vy(py)| ≫ 1 in an argument of the Bessel function. Therefore, the Bessel function argument in Eq. (13) of Ref. [15] is large in experimental magnetic ˛elds, H ≃ 5 T, which results in qualitatively di¸erent behavior of the upper critical magnetic ˛eld along a-axis. From physical point of view, large value of argument in the Bessel function in Eq. (13) of Ref. [15] corresponds to large sizes of the quasi-classical electron orbits in a magnetic ˛eld. In this case, electrons can be considered as three-dimensional ones, in contrast to our case, and, thus, the Reentrant superconductivity e¸ects are absent at H ‖ a [15].

4 Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 5 { 6 2011