arXiv:hep-th/0011293 30 Nov 2000

Low-energy electron-electron bound states in planar QED

Hugo R. Christiansen^{1,2}, Oswaldo M. Del Cima^{1∗†}, Manoel M. Ferreira Jr^{2,3} and José A. Helayël-Neto^{1,2}

1Universidade Católica de Petrópolis (UCP), Grupo de Física Teórica (GFT), Rua Barão do Amazonas 124 - 25685-070 - Petrópolis - RJ - Brazil.

2Centro Brasileiro de Pesquisas Físicas (CBPF), Coordenação de Teoria de Campos e Partículas (CCP), Rua Dr. Xavier Sigaud 150 - 22290-180 - Rio de Janeiro - RJ - Brazil. 3Departamento de Física, Universidade Federal do Maranhão (UFMA), Campus Universitário do Bacanga - 65085-580 - São Luiz - MA - Brazil.

Abstract

In this talk, we present a parity-preserving QED3 model with spontaneous breaking of a local U(1)-symmetry. The breaking is accomplished by a potential of the φ^6-type. It is shown that a net attractive interaction appears in the Møller scattering (s- and p-wave scatterings between two electrons) as mediated by the gauge field and a Higgs scalar. We show, by solving numerically the Schrödinger equation for both the scattering potentials (s- and p-wave), that in the weak-coupling regime only s-wave bound states appear, whereas in the strong-coupling regime s- and p-wave bound states show up. Also, we discuss possible applications of the model to the phenomenology of high-Tc superconductors [1] and to the re-entrant superconductivity effect [2].

�Talk given at the XXI Encontro Nacional de Física de Partículas e Campos, October 2000, São Lourenço - MG - Brazil.

yThe author dedicates this work to his daughter Vittoria who attended the talk.

1 The planar QED and the Higgs mechanism

The action for the parity-preserving QED_3^1 with spontaneous symmetry breaking of a local U (1)-symmetry is given by [3]:

S^{inv}_{QED} = ∫ d^3x { − 1 4 F^{mn}F_{mn} + iψ_+ /Dψ_+ + iψ_− /Dψ_− − m_e(ψ_+ψ_+ − ψ_−ψ_−) +

− λ_{ep}(ψ_+ψ_+ − ψ_−ψ_−)φ^∗φ + D^mφ^∗D_mφ − V (φ^∗φ) } , (1)

with the potential V (φ^∗φ) taken as

V (φ^∗φ) = μ^2φ^∗φ + ζ 2 (φ^∗φ)^2 + λ 3 (φ^∗φ)^3 , (2)

where the mass dimensions of the parameters, μ, ζ, λ and λ_{ep} are respectively 1, 1, 0 and 0.

The covariant derivatives are defined as follows: /Dψ_± ≡ (/∂ + i e √ λ_c /A)ψ_± and D_mφ ≡ (∂_m + i e √ λ_c A_m)φ , (3)

where^{e√}_{λc} is a coupling constant with dimension of (mass)^{12} - the electron charge e is dimensionless. In the action (1), F_{mn} is the usual field strength for A_m, ψ_+ and ψ_− are two kinds of fermions (the ± subscripts refer to their spin sign [4]) and φ is a complex scalar.

The QED_3-action is invariant under the parity symmetry, P , whose action is fixed below:

x_m^P−→ x^P_m = (x_0, −x_1, x_2) , ψ_±^P−→ ψ^P_± = −iγ^1ψ_∓ , ψ_±^P−→ ψ^P_± = iψ_∓γ^1 ,

A_m^P−→ A^P_m = (A_0, −A_1, A_2) ,

φ^P−→ φ^P = φ . (4)

The sixth-power potential, V (φ^∗φ), is the responsible for breaking the electromagnetic U (1)-symmetry. It is the most general renormalizable potential in three dimensions.

Analyzing the potential V (φ^∗φ), and imposing that it is bounded from below and yields only stable vacua (metastability is ruled out), the following conditions on the parameters μ, ζ, λ must be set :

λ > 0 , ζ < 0 and μ^2 ≤ 3 16 ζ^2 λ . (5)

1The metric is η_{mn} =(+, −, −); m, n=(0, 1, 2), and the γ-matrices are taken as γ^m =(σ_x , iσ_y , −iσ_z ).

We denote ⟨φ⟩=v and the vacuum expectation value for the φ^∗φ-product, v^2, is chosen as

⟨φ^∗φ⟩ = v^2 = − ζ 2λ + [( ζ 2λ )_2 − μ^2 λ ] 1_2

, (6)

the condition for the minimum leading as μ^2+ζv^2+λv^4=0.

The complex scalar, φ, is parametrized by φ=v+H+iθ, where θ is the wouldbe Goldstone boson and H is the Higgs scalar, both with vanishing vacuum expectation values.

In order to preserve the manifest renormalizability of the model, the ’t Hooft gauge is adopted:

Ŝ^{gf}_{R¸} = ∫ d^3x { − 1 2ξ ( ∂^mA_m − √ 2ξM_Aθ )_2} , (7)

where ξ is a dimensionless gauge parameter.

Replacing the field parametrization for φ into the action (1), and adding up the ’t Hooft gauge, yields the following complete parity-preserving action:

S_{QED} = ∫ d^3x { − 1 4 F^{mn}F_{mn} + 1 2 M^2_AA^mA_m − 1 2ξ (∂^mA_m)^2 +

+ iψ_+ /Dψ_+ + iψ_− /Dψ_− − m_e(ψ_+ψ_+ − ψ_−ψ_−) + + ∂^mH∂_mH + ∂^mθ∂_mθ − ξM^2_Aθ^2 + − λ_{ep}(ψ_+ψ_+ − ψ_−ψ_−)((v + H)^2 + θ^2) + 2 e √ λ_c A^m(H∂_mθ − θ∂_m H) + + e^2 λ_c A^mA_m(2vH + H^2 + θ^2) − μ^2((v + H)^2 + θ^2) + − ζ 2 ((v + H)^2 + θ^2)^2 − λ 3 ((v + H)^2 + θ^2)^3 } . (8)

where the physical mass parameters M^2_A, m and M^2_H are given by

M^2_A = 2v^2 e^2 λ_c , m = m_e + λ_{ep}v^2 and M^2_H = 2v^2(ζ + 2λv^2) . (9)

The Møller scattering to be contemplated will include the scatterings mediated by the gauge field and the Higgs (A_m and H). The scattered electrons may exhibit either opposite spin polarizations (e^−_{(±)} and e^−_{(∓)}) or the same spin polarizations (e^−_{(±)} and e^−_{(±)}). To compute the scattering potentials for the interaction between electrons with opposite spin polarizations (s-wave) and with the same spin polarizations (p-wave), we refer to the works of [5], where the concept of potential in quantum field theory and in scattering processes is discussed in detail.

The calculation of scattering potentials will be performed in the center-of-mass frame, for in this frame the scattered electrons are correlated in momentum space.

The s- and p-wave scattering potentials turn out to be:

V^s(r) = − 1 2π [ 2λ^2_{ep}v^2K_0(M_H r) + e^2 λ_c K_0(M_Ar) ] , V^p(r) = − 1 2π [ 2λ^2_{ep}v^2K_0(M_H r) − e^2 λ_c K_0(M_Ar) ] . (10)

Now, a particular condition on the parameters is set:

e^2 λ_c = ζ + 2λv^2 (M_H = M_A) . (11)

It should be noticed that this is not the only possible choice, incidentally, it is the simplest one, since our proposal here is not to find the whole parameters range that ensures a net attractive potential in both cases (s- and p-wave), but only to verify that such a possibility may indeed be implemented.

2 Low-energy electron-electron bound states

In Section 1, we showed that, in the model presented here, electrons may attract each other in three dimensions through scattering processes where a massive gauge boson and a Higgs are involved. This electronic attraction might favour a bound state.

The radial Schrödinger equation associated to both the electron-electron pairing states, s- and p-wave, reads d^2g^{s,p}(r) dr^2 + 1 4 − l^2 r^2 g^{s,p}(r) + 2m_b[E^{s,p}_b − V^{s,p}(r)]g^{s,p}(r) = 0 , (12) where l is the orbital angular momentum and m_b is the reduced effective mass, given by m_b = m 2 = 1 2 (m_e + λ_{ep}v^2) . (13)

By recalling the scattering potentials V^s and V^p, it can be concluded that for weak-coupling electrons, where 2λ^2_{ep}v^2≪^{e2}_{λc} , only V^s is attractive, therefore, only s-type bound states are available. In the case of strong-coupling electrons, for which 2λ^2_{ep}v^2≥^{e2}_{λc} , in addition to the possible s-type bound states (since V^p is also attractive), potential p-type bound states could appear.

2.1 Some very preliminary results

In the Table 1, we collect some results we have succesfully applied (they are assigned an OK) to the case of four planar strong-coupling high-T_c superconductors. The first two cases displayed in the Table 1 are weak-coupling BCS superconductors. Due to the fact that BCS superconductivity effect is not a quasi-planar phenomenon, the model proposed here does not fit (one assigns an X), as it should be expected, the experimental results at all.

T_c(K) λ_c(Å) λ_{ep} 2Δ(0)(meV ) E_b(meV ) v^2(meV ) TaS_2 0, 6 48000 0, 41 0, 182 −0, 384 [X] ≈ 10 NbSe_2 7, 1 4800 0, 74 2, 15 −4, 68 [X] ≈ 0, 1 YBa_2Cu_3O_7 87 1700 2, 5 30, 0 −30, 0 [OK] 1, 05 Tl_2Ba_2Ca_2Cu_3O_{10} 105 4800 2, 0 28, 0 −28, 0 [OK] 2, 10 Bi_2Sr_2CaCu_2O_8 109 5000 2, 6 53, 4 −53, 4 [OK] 2, 73 HgBa_2Ca_2Cu_3O_8 131 1980 2, 5 48, 0 −48, 0 [OK] 2, 20

Table 1: Data we try to fit.

3 Conclusions

Four high-T_c and two BCS superconductors have been analyzed. In the high-T_c cases, the model proposed here fits quite well their respective gaps (2Δ(0)). Contrary, for the BCS cases, the model failed, as expected, due to the fact that BCS superconductivity is not a quasi-planar phenomenon. It is now under consideration the most general case, M_H ≠M_A, and its possible application to the re-entrant superconductivity effect [2]. Also, we are searching for bound states in the Maxwell-Chern-Simons model coupled to QED_3 [6] with spontaneous breaking of the U (1)-symmetry. The issue of the thermodynamical and statistical properties (phase transitions, specific heats. . . ) of a planar electron gas (for the ideal case, see [7]) shall be investigated further.

References

[1] G. Burns, High-temperature superconductivity - An introduction, Academic Press Inc. (1992).

[2] G. Boebinger, Correlated electrons in a million Gauss, Physics Today 49, 36 (1996).

[3] O.M. Del Cima, D.H.T. Franco, J.A. Helayël-Neto and O. Piguet, Phys. Lett.

B 410, 250 (1997) and Phys. Lett. B 416, 402 (1998); M.A. De Andrade, O.M. Del Cima and J.A. Helayël-Neto, Il Nuovo Cimento 111, 1145 (1998), and references therein.

[4] B. Binegar, J. Math. Phys. 23, 1511 (1982).

[5] J. Sucher, Potentials from field theory: non-uniqueness, gauge dependence and all that, University of California preprint, NSF-ITP-89-63 (1989).

[6] H.O. Girotti, M. Gomes, J.L. deLyra, R.S. Mendes, J.R.S. Nascimento and A.J. da Silva, Phys. Rev. Lett. 69, 2623 (1992).

[7] H. Blas, B.M. Pimentel and J.L. Tomazelli, Phys. Rev. E 60, 6164 (1999).