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Abstract

:

I review a new superconductivity mechanism in which the gap is opened through a topological mechanism and not through the Landau mechanism of spontaneous symmetry breaking. As a consequence, the low-energy effective theory which describes these new superconductors is not the Landau–Ginzburg theory, formulated in terms of a local-order parameter, but a topological-field theory formulated in terms of emerging gauge fields. This new mechanism is realized as global superconductivty in Josephson junction arrays and in thin superconducting films with thicknesses comparable to the superconducting coherence length, which exhibits emergent granularity.
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1. Introduction


The Ginzburg–Landau (GL) approach [1] is generally used to describe superconductivity, one of most interesting phenomena in quantum physics. It unravels the fundamental reasons for the very existence of superconductivity decoupled from specific material characteristics. In the field-theory formulation of the GL theory, superconductivity arises because the relevant gauge fields acquire a mass, representing the superconducting gap. The mass arises via the so-called Anderson–Higgs mechanism. In this framework, the Coulomb interaction is normally neglected, since it is considered a sub-dominant effect with respect to the dominant magnetic forces. In two spatial dimensions (2D), however, fluctuations are stronger [2]. Strictly speaking, the Mermin–Wagner theorem forbids long-range order at finite temperatures. This effect, however, can be completely neglected, in practice, for all reasonable sample sizes used in experiments [3].



Here, I review a Higgsless model of superconductivity first introduced in [4,5], in which the gap is generated by a topological mechanism, and not through the Anderson–Higgs mechanism. This topological mechanism is P- and T-invariant and can be formulated in any space-time dimensions, contrary to anyon superconductivity. Its low- energy effective field theory in (2 + 1) dimensions is formulated in terms of two emergent compact gauge fields. In (  d + 1  ) dimensions, the dominant term in effective low-energy action is the topological BF [6] term. It reduces to a mixed Chern–Simons (CS) [7] term in two spatial dimensions. In these superconductors, the destruction of superconductivity is caused by a proliferation of vortices and not by the breaking of Cooper pairs, as in traditional ones [8,9]. In 2D, this is the famed BKT transition [10]. Cooper pairs, in fact, have been detected above the BKT thermal transition [11].



Materials in which Higssless superconductivity is realized are materials which exhibit the superconductor-to-insulator transition (SIT) [12] and have, as relevant degrees of freedom, Cooper pairs and vortices [13]. They are characterised by a large-enough normal-state dielectric constant  ε , so that the Coulomb interaction is the 2D logarithmic interaction up to a screening length   ε d  , which typically exceeds the sample size [8,9] and cannot be neglected. As a consequence, we have to couple the GL model to 2D electromagnetism, obtaining, thus, scalar electrodynamics. The gauge fields, which couple to the charge fluctuations in the condensate, become massive through the Anderson–Higgs mechanism [1] and remain coupled to the charge fluctuations in the condensate. However, in thin films, the screening length, given by the inverse of the Anderson–Higgs mass, is the Pearl length    λ ⊥  =  λ L 2  / d  . The Pearl length is comparable or larger than the typical sample sizes in thin superconducting films with thicknesses   d → ξ   (the Pearl length of TiN in the 2D limit is   ≈ 0.1   mm, the typical size of the platelets used in experiments). This means that, for all purposes, gauge fields remain massless within the film. The limit   d → ξ   defines what I call planar superconductors.



Inside the sample, the system is described by non-compact QED in (2 + 1) dimensions. This theory has a coupling constant   ∝ log R / a   with a, an ultraviolet cutoff (UV), and R, the infrared (IR) cutoff and is, thus, infrared divergent [14,15]. In superconducting films, the UV cutoff is given by the coherence length  ξ , and the IR cutoff by the size of the system. For system with sizes   ξ ≪ R ≤  λ ⊥   , the theory that describes them is non-perturbative and the Anderson–Higgs mechanism cannot screen the gauge fields.



How can planar superconductors cure their infrared divergences? There are two possibilities: the first one is via instantons, which represent tunneling events between differnt vacua, and which generate a mass for gauge fields when they are in a plasma phase [15]. The second one is via the Chern–Simons (CS) topological mass generation [14,16]. When only one gauge fields is present, this second mechanism breaks the discrete  P  (parity) and  T  (time-reversal) symmetries. However, when two gauge fields are present in the theory, as in the case of planar supercpnductors, the mixed topological term that enters the action preserves these symmetries [7]. Depending on the value of d (and the bulk London penetration depth   λ L  ), the system will choose one of these two possibilities. The first leads to superinsulators [17], the second to superconductors, which are the focus of the present review (actually, there is a third possibility, that of completely eliminating any condensate, leading to Bose metals [7,18,19]). As I will show, the thickness of film d does not enter the topological CS mass, which is given only by the product of the two characteristic magnetic and electric length scales that charactrize the system. For planar superconductors, the screening length is, thus, the bulk London penetration depth and not the Pearl length:


   λ top  = O  (  λ L  )   .  



(1)







The topological gauge theory of superconductivity replaces the GL model for planar superconductors [4,5]. In this model, there is no Higgs field and and no Abrikosov vortices, which are replaced by Josephson vortices [8,9].



Section 2, will show how the BF theory describes Higgsless superconductivity in any dimensions. The BF term is the wedge product of a (d-p)-form b and the curvature d of a p-form a [6]. For the applications of BF theory to superconductivity, I will consider the special case where   a 1   is a 1 form and, correspondingly,   b  d − 1    is a (  d − 1  ) form. In the special case of (3 + 1) dimensions, b is the well-known Kalb–Ramond tensor field   b  μ ν    [20]. In (2 + 1) dimensions, both a and b are 1 forms. Section 3 will show how the BF term, or mixed CS term, arises in (2 + 1) dimensions and how global superconductivity emerges. I will also show that this is the only possible superconductivity mechanism in (2 + 1) dimensions and that, to regularize the infrared divergences, the system decomposes into superconducting droplets with the typical size of the order of the superconducting coherence length. The superconducting films have, thus, a granular structure [8].




2. BF Theory


In (  d + 1  ) dimensions, the BF term I will consider is [4]:


   S  B F   =  k  2 π    ∫  M  d + 1     b  d − 1   ∧ d  a 1  =  k  2 π    ∫  M  d + 1     a 1  ∧ d  b  d − 1    ,  



(2)




where   k =   k 1   k 2    , with   k 1   and   k 2   integers, is a dimensionless coupling constant and    M  d + 1   =  M d  ×  R 1    with   R 1   as the time direction. The action in Equation (2) has a generalized Abelian gauge symmetry under the transformations:


      b → b + η  ,        a → a + λ  ,     








where  η  and  λ  are closed (d− 1)- and d-form, respectively. The gauge transformations for the a form change the action by a surface term. I will, however, ignore this term, since I will consider only compact spatial manifolds without boundaries and require that the fields go to pure gauge configuration at infinity in the time direction.



In order to describe superconductivity, the Bf term must be P- and T-invariant. I will, thus, consider the   b  d − 1    form as a pseudo-tensor, with the conserved current    j 1  = ∗ d  b  d − 1     describing charge fluctuations [4,7]. The form   a 1   will be considered as a vector and the conserved current    j  d − 1   = ∗ d  a 1    as describing the conserved fluctuations in (d-2)-dimensional vortex lines [4,7].



Following [7], the the low-energy effective theory that describes these type of superconductors can be expressed in terms of   a 1   and   b  d − 1    only. The BF term is the term that dominates at large distances since it contains only one derivative. Introducing the two coupling constants   e q 2   and   e v 2   with dimension   m  − d + 3    and   m  d − 1   , respectively, and including the two kinetic terms for the generalized gauge fields, the low-energy effective theory is given by:


     S  T M      =  ∫  M  d + 1      − 1   2  e q 2    d  a 1  ∧ ∗ d  a 1  +  k  2 π    a 1  ∧ d  b  d − 1          +    ( − 1 )   d − 1    2  e v 2    d  b  d − 1   ∧ ∗ d  b  d − 1    ,     



(3)




where, for simplicity, I used relativistic notation.



Equation (3) describes two massive gauge fields. The mass is generated trough the BF term, which generalizes to any number of dimensions the Chern–Simons mechanism for the topological mass [16]. This topological mass plays the role of the gap that characterise the ground state of superconductors. Starting from the equation of motion for a and b:


   1  e q 2   d ∗ d  b  d − 1   =  k  2 π   d  a 1   ,  



(4)




and


   1  e v 2   d ∗ d  a 1  =  k  2 π   d  b  d − 1    ,  



(5)




and, applying   d ∗   on both sides of Equations (4) and (5), I obtain:


      d δ d  a 1  −   k  e 2    2 π   d ∗ d  b  d − 1   = 0  ,        d ∗ δ d  b  d − 1   −   k  g 2    2 π   d ∗ d  a 1  = 0  ,     



(6)




where   δ = ∗ d ∗   is the adjoint of the exterior derivative [21]. Introducing   Δ = d δ   (when acting on an exact form) and substituing   d ∗ d  b  d − 1     and   d ∗ d  a 1    in Equation (6) with the expression obtained from Equations (4) and (5), I can rewrite the equation of motions as:


       Δ +  m 2   d  a 1  = 0  ,         Δ +  m 2   d  b  d − 1   = 0  ,     



(7)







The quantity m in Equation (7) is the topological mass   m =   k  e v   e q    2 π    .



As can be derived from Equations (4) and (5), the coupling between charges and vortices, due to the BF term, makes the charges act as sources for the vortex line currents encircling them and viceversa. This mechanism is the origin of the gap, not a local-order parameter which acquires a vacuum expectation value.



Since both the gauge fields are compact, the model described by Equation (3) admits topological defects, both electric and magnetic. In the effective field theory, they represent localized charges and vortices, while the currents   j 1   and   j  d − 1    represent fluctuations in charge and vortex density. Electric topological defects are closed string-like objects, described by a singular closed 1-form   Q 1  , which couple to the form   a 1  . They represent the singular parts of the field strength   d  a 1   , allowed by the compactness of the gauge symmetries [22]. Magnetic topological defects are closed (d−1) branes described by a singular (d−1)-dimensional form   Ω  d − 1   . They couple to the form   b  d − 1    and the singular parts of the field strength   d  b  d − 1    , again allowed by the compactness of the gauge symmetries [22].



The condensation (or lack of) of the topological defects determines the phase diagram of the models. To compact gauge theory, an ultraviolet regularization [23] is necessary. In what follows, I will present a formal derivation implying the ultraviolet regularization and show that, in any dimensions, the phase of electric condensation describes a superconductor, without discussing the conditions for the condensation of topological defects. I will consider the phase in which magnetic topological defects are dilute, while the electric ones form a condensate and introduce a non-local-order parameter, the ’t Hooft operator,   〈  L H  〉  , which represents the amplitude for creating and separating a pair of vortices with fluxes   ± ϕ  . The computation of   〈  L H  〉   in this phase will show that all flux strengths   ϕ ≠ 2 n π / (   k 1  /  k 2   )   with n an integer, are confined: this is nothing more than the Meissner effect.



The formal sum over the electric topological defects   Q 1   in the partition function, with magnetic topological defects dilute, gives:


      Z = ∫ D a D b D Q        exp  i  k  2 π    ∫  M  d + 1      a 1  ∧ d  b  d − 1   +  a 1  ∧ ∗  Q 1     .     



(8)







Using the partition function Equation (8), I can compute the expectation value of the ’t Hooft operator:


       〈  L H  〉  =  1 Z  ∫ D a D b D Q        exp  i  k  2 π    ∫  M  d + 1      a 1  ∧ d  b  d − 1   +  a 1  ∧ ∗  Q 1           +  i  k  2 π   ϕ  ∫  S  d − 1     b  d − 1     .     



(9)







Using Stokes’ theorem and integrating over   a 1  , I can rewrite   〈  L H  〉   as:


     〈  L H  〉     ∝ ∫ D b D Q  δ  d  b  d − 1   + ∗  Q 1          exp  i  k  2 π   ϕ  ∫  S d   d  b  d − 1     ,     



(10)




where the surface   S d   represents a compact orientable surface on   M d   and it is such that   ∂  S d  ≡  S  d − 1    .



Integrating over b I, thus, obtain for the ’t Hooft operator the expression:


   〈  L H  〉  = ∝ ∫ D Q  exp  − i  k  2 π   ϕ  ∫  S d   ∗  Q 1    .  



(11)







Using the Poisson summation formula, it is easy to see that all fluxes that are different from


   ϕ  k 2   =   2 π   k 1    n   n ∈ N  ,  



(12)




are confined, since   〈  L H  〉   vanishes, giving the the Meissner effect, which characterizes the superconducting phase. Note that   2 π / (   k 1  /  k 2   )   is the fundamental fluxon since the electric condensate carries   k 1   fundamental charges of unit   1 /  k 2   , as is evident from Equation (8). In this purely topological long-distance theory the confining force is infinite, which is why   〈  L H  〉   vanishes; the area law will be recovered including the higher order kinetic terms Equation (3) and the UV cutoff.



The London equation in the purely topological long-distance theory (zero penetration depth limit) can be obtained by coupling the system to an external electromagnetic field A and computing the induced current:


   ∫  M  d + 1    A ∧  ∗  j 1  + ∗  Q 1   ∝  ∫  M  d + 1    A ∧  d  b  d − 1   + ∗  Q 1    .  



(13)







In this limit, the induced current is identically zero:


   j ind  = 0  .  



(14)







This can be easily seen by noticing that A can be entirely reabsorbed in a redefinition of the gauge field   a 1  . As for the Meissner effect, the standard form of the London equation would be obtained considering the higher order kinetic terms for the gauge fields and the UV cutoff.




3. (2 + 1)-Dimensional Case


In the superconducting phase, in (2 + 1) dimensions, the system cures its infrared divergencies by breaking up the condensate into “perturbative” droplets of the size   O ( ξ )   and characterized by independent phases. These independent phases can form configurations in which their circulation over neighboring droplets is a multiple of   2 π  , thereby forming Josephson vortices [1]. Josephson vortices have a nontrivial gauge structure but no dissipative core; they are ballistic [24,25] and can Bose condensate near enough to the SIT where the parameter window in which their motion is ballistic becomes wide. On the contrary, Abrikosov vortices have a normal core, dissipative motion and cannot Bose condensate. The granular structure formed by the droplets has been observed in thin superconducting films [26].



A fundamental point in thin superconducting films is that the relevant degrees of freedom are charges and vortices subject to topological Aharonov–Bohm [27] and Aharonov–Casher [28] interactions. Being infrared-dominant, these interactions are the most relevant in the low-energy effective action for the films. Describing the films only in terms of the phases via the XY model, neglecting charges degrees of freedom and, thus, the topological interactions, is not correct.



Following [7,18,19], I will use a continuum space-time notation with coordinates   x  =  (  x 0  , x )  , with the droplet size taken as the scale that identifies the necessary ultraviolet cutoff, and introduce the fields:


     Q μ      =  Q I  ∫ d s    d  x I μ    d s     δ 3   x −  x I   ( s )    ,       M μ      =  M J  ∫ d t    d  x J μ    d t     δ 3   x −  x J   ( t )    ,     



(15)




which describe point-like condensate droplets of Cooper pairs and the vortices between them. In Equation (15),    x I   ( s )    and    x J   ( t )    parametrize the closed or infinitely long world line of Cooper pairs and vortices. The fields   Q μ   and   M μ   satisfiy, thus, the conditions:    ∂ μ   Q μ  = 0  ,    ∂ μ   M μ  = 0  , and describe the integer charges and vortices that constitute the main dynamical degrees of freedom of the system. The topological Aharonov–Bohm–Casher interaction in the Euclidean partition function is given by the term (in natural units   c = 1  ,   ℏ = 1  ,    ε 0  = 1  ):


   S top  = i  2 π ∫  d 3  x   Q μ   ϵ  μ α ν     ∂ α   ∇ 2    M ν   ,  



(16)




where   ϵ  μ α ν    is the totally antisymmetric tensor. Using the relation:


   1  −  ∇ 2     δ 3   ( x )  =  1  4 π    1  | x |    ,  



(17)




in three Euclidean dimensions, Equation (16) can be rewritten as:


      S top    Q I  ,  M J        = i 2 π  Q I   M J  Φ   C I  ,  C J    ,       Φ   C I  ,  C J        =  1  4 π    ∫ 0 1  d s  ∫ 0 1  d t    d  x I μ    d s    ϵ  μ α ν      (  x I  −  x J  )  α    |   x I  −  x J    |  3      d  x J ν    d t    .     



(18)







When   C I   and   C J   are closed Euclidean trajectories,   Φ   C I  ,  C J     is the integer Gauss linking number [29] between the curves, and it becomes trivial when the quantization condition    Q I   M J  = integer   for all   I , J  , is satisfied. An example of this trivial case is closed trajectories describing a Minkowski space-time fluctuation creating a charge and a hole which annihilate after having encircled a vortex. This is not, however, the general case and the Aharonov–Bohm–Casher (ABC) phases in the Euclidean partition function cannot, in general, be neglected, since they give rise to non-trivial quantum interference effects.



Wilczek [30] showed that the non-local topological interactions, Equation (16), admit a local formulation obtained at the price of introducing to emergent gauge fields   a μ   and   b μ  , which couple to the charge and vortex trajectories and interact via a mixed CS interaction [7]:


    Z     =  ∑  {  Q μ  ,  M μ  }   ∫ D  a μ  D  b μ    e   − S    ,      S     = ∫  d 3  x  i  2 π    a μ   ϵ  μ α ν    ∂ α   b ν  + i  a μ   Q μ  + i  b μ   M μ   .     



(19)







This is the reason why the effective field theory of planar superconductors must be formulated in terms of gauge fields. Also in Equation (19), the emergent gauge fields are compact so the continuous notation is a short-hand for a model which is formally defined on a lattice.



At the classical level, the equation of motion for the dual gauge field strengths:


      f μ  =  1 2   ϵ  μ α ν    f  α ν   =  ϵ  μ α ν    ∂ α   b ν  = 2 π  Q μ   ,        g μ  =  1 2   ϵ  μ α ν    g  α ν   =  ϵ  μ α ν    ∂ α   a ν  = 2 π  M μ   ,     



(20)




show that they can be seen as the conserved charge and vortex currents, respectively. In what follows, I will consider charges and vortices quantized in integer multiples of   2 e   and   2 π / 2 e   and I will ignore single-electron fluctuations, assuming that their gap is sufficiently large to be neglected.



To construct the long-distance effective field theory describing the system, I start by noticing that it possesses   U ( 1 ) ⊗ U ( 1 )   gauge symmetry. I have, thus, to add all power-counting relevant and marginal terms consistent with this symmetry. The possible next-order terms are the Maxwell terms for the two gauge fields, which involve two derivatives and are   U ( 1 )   gauge invariant:


  S = ∫  d 3  x   i  2 π    a μ   ϵ  μ α ν    ∂ α   b ν  +  1  2  e v 2     f μ   f μ  +  1  2  e q 2     g μ   g μ  + i  a μ   Q μ  + i  b μ   M μ   .  



(21)







The two equations, (19) and (21), are nothing more that the (2 + 1)-dimensional limit of Equations (2) and (3), respectively, with the topological excitations due to the compactness of the gauge symmetry included and the parameter   k = 1  .



The two coupling constants   e  q  2   and   e  v  2   represent the two typical energy scales in the problem, giving the orders of magnitude of the electric energy of a charge   2 e  , having the spatial scale d and magnetic energy of an elementary flux quantum    Φ 0  = π / e  , and possessing the spatial scale   λ ⊥  ,


        e  q  2  = O    4  e 2   d    ,          e  v  2  = O    Φ 0 2   λ ⊥    = O    π 2    e 2   λ ⊥     = O     π 2  d    e 2  λ   L  2      .     



(22)







Their ratio   g =  e v  /  e q  = O  ( d /  ( α  λ L  )  )    (  α =  e 2  / 4 π   is the fine structure constant) represents the relative strength of magnetic and electric forces and it is the quantum parameter that determines which of the two infrared-catastrophe-avoiding models [7,18] is realized by the system. It plays the role of a dimensionless conductivity.



In terms of   e  q  2   and   e  v  2  , the topological CS mass [14,16] can be written as:   m =  e q   e v  / 2 π v  , and it is the mass that appears in the dispersion relation of both charges and vortices,


  E =    m 2   v 4  +  v 2   p 2     ,  



(23)




with v as the velocity of the propagation in the medium once non-relativistic effects are taken into account.



The two kinetic terms in Equation (21) are naively infrared-irrelevant since the corresponding coupling constant   e  q  2   and   e  v  2   have the canonical dimension [1/length]. However, considering only the infrared-dominant mixed CS term will lead to wrong results because the limit   m → ∞  , which gives the pure topological theory, does not commute with quantization because it involves a phase-space reduction [31]. To study physical systems, described by normalizable states, one must consider the   m → ∞   limit of the topologically massive gauge theory [16]. This is not true for the purely mathematical applications that lead to the knot theory. When two gauge fields are present, in order to correctly define the topological limit    e  q  2  → ∞   and    e  v  2  → ∞  , one has to specify the value of g in this limit. The parameter g is the one that determines the behavior of charges and vortices and, by varying it, one obtains very different ground states and phases for the system [7,18].



To investigate the nature of the different phases obtained by varying g, I will add to the action a term which couples the charge current   j μ   to the real electromagnetic field   A μ  :


  S → S +  i  2 π   ∫  d 3  x   A μ   f μ   ,  



(24)




and I will compute the effective action    S eff    A μ  ,  Q μ  ,  M μ    , obtained by integrating over the fictitious gauge fields   a μ   and   b μ  :


     S eff      = ∫  d 3  x    e  q  2  2   Q μ    δ  μ ν    − Δ +  m 2   v 2     Q ν           + i 2 π  m 2   v 2   Q μ     ϵ  μ α ν    ∂ α    Δ ( − Δ +  m 2   v 2  )     M ν  +  1  2 π    F ν   +          +   e  v  2  2    M μ  +  1  2 π    F μ     δ  μ ν    − Δ +  m 2   v 2      M ν  +  1  2 π    F ν     ,     



(25)




where   F μ  =   ϵ  μ ν α    ∂ ν   A α    is the dual electromagnetic field strength. For the kernel in Equation (25), as standard in lattice gauge theories [32], I will retain only the self-interaction term:


  G  ( x − y )  =  1   m 2   v 2  − Δ    δ 3   ( x − y )  →  ℓ 2  G  ( m v ℓ )    δ 3   ( x − y )   ,  



(26)




where ℓ is the UV cutoff given, for the films, by the droplet size. At first order in the derivative expansions, the screened potential becomes a delta-function of a strength depending on the ratio of the two length scales ℓ and   1 / m v  . In this approximation, Equation (25) becomes:


     S eff      = ∫  d 3  x   1 2    2 π ℓ η  g   Q μ 2  +  1 2  2 π ℓ η g    M μ  +  1  2 π    F μ   2  +           + i 2 π  ( m v ℓ )  η  Q μ     ϵ  μ ν α    ∂ ν   Δ    M α  +  1  2 π    F α     .     



(27)







The numerical parameter   η = ( m v ℓ ) G ( m v ℓ )  , which appears in Equation (27), is of order   O ( 1 )   and depends on the dimensionless quantity   m v ℓ  . With g,  η  determines the quantum-phase structure of the model [7,18].



The superconducting phase is a phase in which vortices are suppressed,    M μ  = 0   in (27), and global phase coherence is established. In this phase, there are no more integer-valued charges, droplet charges form a global condensate, and they are connected by quantum tunnelling percolation. Tunnelling percolation on the droplets and the formation of a global condensate has been experimentally observed in high-temperature superconductors [33]. An experimental realization of an artificial superlattice of quantum wells with tunnelling between superconducting units with a separation of the order of coherence length is discussed in [34].



Since there are no more integer-valued charges, the sum over the integer-valued field   Q μ   in the partition function becomes an integral over a real-valued field   H μ  , which satisfies the constraint    ∂ μ   H μ  = 0  . I, thus, represent the field   H μ   in terms of a new gauge field   n μ   as    H μ  =  ϵ  μ α ν    ∂ α   n ν   . In terms of the field   n μ  , the effective action for the electromagnetic field   A μ   can be written as:


   S eff  = ∫  d 3  x   1 2    2 π ℓ η  g   H μ 2  +  1 2    ℓ η g   2 π    F μ 2  − i  ( m v ℓ )  η   n μ   ϵ  μ α ν    ∂ α   A ν   ,  



(28)







In Equation (28), the electromagnetic field is coupled to the   n μ   field through a mixed CS term and it acquires a mass via the topological mechanism [14,16]. The topological mass is given by the expression:


  m =  e q   e v  / 2 π  ,  



(29)




and the screening length is, thus,    λ top  = 1 / m v  . This screening length corresponds to the bulk London penetration depth, Equation (1). In fact, by integrating also over the gauge field   n μ   representing the global condensate fluctuations, I obtain an effective action for   A μ   alone,


   S eff    A μ   = ∫  d 3  x   1  2  λ top     A μ    δ  μ ν   −    ∂ μ   ∂ ν   Δ    A ν  + ⋯  ,  



(30)




with the dots denoting higher order terms in the derivative expansion and   λ top   given by Equation (1). This is the quantity entering the London equations and representing, thus, the effective London penetration depth of planar superconductivity.



From Equation (28), using Equation (22), we see that the effective coupling constant of the Maxwell term for the electromagnetic field is   O ( d ℓ /  e 2   λ top  )  . The Coulomb coupling constant is, thus, renormalized to    e 2   λ top  / ℓ  . Varying ℓ, one can see that for   ℓ ≈  λ top   , the coupling constant tends towards the bare value given by the electron charge while, when ℓ becomes small, the effective Coulomb interaction increases.



The dual phase is a phase in which the vortices form a condensate. I, thus, integrate the vortex degrees of freedom   M μ   and set    Q μ  = 0   to compute the effective electromagnetic action    S eff    M μ  ,  A μ    . Since I am considering materials with a very high dielectric constants, in the effective action I can neglect the magnetic components with respect to the electric ones, since   v ≪ 1  . I, thus, obtain:


   S eff    M μ  ,  A μ   = ∫  d 3  x     e v 2   ℓ 2  G    v 2  8  π 2       F i  + 2 π  M i   2   ,  



(31)




with latin indices “i” denoting purely spatial coordinates. This is the non-relativistic version [17,35,36] of Polyakov’s compact QED [22], in which magnetic monopole instantons create the confining linear potential between the probe charges and generate the photon mass. This dual phase is a superinsulator [7,17].




4. Conclusions


In this paper, I reviewed a superconductivity mechanism which is not based on the Anderson–Higgs mechanism but on a topological mechanism to generate the mass for the gauge fields. The simplest example   ( k = 1 )   of this type of Higgsless superconductivity is concretely realized as the global superconductivity mechanism in planar Josephson junction arrays and granular superconducting films [7,8]. This Higgsless, topological superconductivty is the only possibility in 2D [8], but may also be realized in 3D bulk materials [35,36,37]. Indeed, 3D bulk materials with the emergent granularity typical of planar superconductors have been recently found [38].







Funding


This research received no external funding.




Conflicts of Interest


The author declare no conflict of interest.




References


	



Tinkham, M. Introduction to Superconductivity; Dover Publications: New York, NY, USA, 1996. [Google Scholar]

	



Larkin, A.; Varlamov, A. Theory of Fluctuations in Superconductors; Clarendon Press: Oxford, UK, 2005. [Google Scholar]

	



Palle, G.; Sunko, D.K. Physical limitations of the Hohenberg-Mermin-Wagner theorem. J. Phys. A Math. Theor. 2021, 54, 315001. [Google Scholar] [CrossRef]

	



Diamantini, M.C.; Sodano, P.; Trugenberger, C.A. Superconductors with topological order. Eur. Phys. J. B-Condens. Matter Complex Syst. 2006, 53, 19–22. [Google Scholar] [CrossRef]

	



Diamantini, M.C.; Trugenberger, C.A. Higgsless superconductivity from topological defects in compact BF terms. Nucl. Phys. 2015, 891, 401–419. [Google Scholar] [CrossRef]

	



Birmingham, D.; Blau, M.; Rakowski, M.; Thompson, G. Topological field theory. Phys. Rep. 1991, 209, 129. [Google Scholar] [CrossRef]

	



Diamantini, M.C.; Sodano, P.; Trugenberger, C.A. Gauge theories of Josephson junction arrays. Nucl. Phys. B 1996, 474, 641–677. [Google Scholar] [CrossRef]

	



Diamantini, M.C.; Trugenberger, C.A.; Vinokour, V.M. How planar superconductors cure their infrared divergences. JHEP 2022, 10, 100. [Google Scholar] [CrossRef]

	



Diamantini, M.C.; Trugenberger, C.A.; Chen, S.Z.; Lu, Y.J.; Liang, C.T.; Vinokur, V.M. Type-III Superconductivity. Adv. Sci. 2023, 2206523. [Google Scholar] [CrossRef] [PubMed]

	



Minnhagen, P. The two-dimensional Coulomb gas, vortex unbinding and superfluid-superconducting films. Rev. Mod. Phys. 1987, 59, 1001–1066. [Google Scholar] [CrossRef]

	



Zhou, P.; Chen, L.; Liu, Y.; Sochnikov, I.; Bollinger, A.T.; Han, M.-G.; Zhu, Y.; He, X.; Božović, I.; Natelson, D. Electron pairing in the pseudogap state revealed by shot noise in copper oxide junctions. Nature 2019, 572, 493–496. [Google Scholar] [CrossRef]

	



Goldman, A.M. Superconductor-insulator transitions. Int. J. Mod. Phys. B 2010, 24, 4081–4101. [Google Scholar] [CrossRef]

	



Fisher, M.P.A. Quantum phase transitions in disordered two-dimensional superconductors. Phys. Rev. Lett. 1990, 65, 923–926. [Google Scholar] [CrossRef] [PubMed]

	



Jackiw, R.; Templeton, S. How super-renormalizable interactions cure infrared divergences. Phys. Rev. D 1981, 23, 2291. [Google Scholar] [CrossRef]

	



Polyakov, A.M. Compact gauge fields and the infrared catastrophe. Phys. Lett. 1975, 59, 82–84. [Google Scholar] [CrossRef]

	



Deser, S.; Jackiw, R.; Templeton, S. Topologically massive gauge theories. Ann. Phys. 1982, 140, 372. [Google Scholar] [CrossRef]

	



Diamantini, M.C.; Trugenberger, C.A.; Vinokur, V.M. Confinement and asymptotic freedom with Cooper pairs. Comm. Phys. 2018, 1, 77. [Google Scholar] [CrossRef]

	



Diamantini, M.C.; Mironov, A.Y.; Postolova, S.V.; Liu, X.; Hao, Z.; Silevitch, D.M.; Kopelevich, Y.; Kim, P.; Trugenberger, C.A.; Vinokur, V.M. Bosonic topological intermediate state in the superconductor-insulator transition. Phys. Lett. A 2020, 384, 126570. [Google Scholar] [CrossRef]

	



Diamantini, M.C.; Vinokur, C.A.; Vinokur, V.M. The superconductor-insulator transition in absence of disorder. Phys. Rev. B 2021, 103, 174516. [Google Scholar] [CrossRef]

	



Kalb, M.; Ramond, P. Classical direct interstring action. Phys. Rev. D 1974, 9, 2273. [Google Scholar] [CrossRef]

	



Eguchi, T.; Gilkey, P.B.; Hanson, A.J. Gravitation, gauge theories and differential geometry. Phys. Rep. 1980, 66, 213. [Google Scholar] [CrossRef]

	



Polyakov, A.M. Gauge Fields and String; Harwood Academic Publisher Chur: London, UK, 1987. [Google Scholar]

	



Trugenberger, C.A. Superinsulators, Bose Metals and High-TC-Superconductors: The Quantum Physics of Emergent Magnetic Monopoles; World Scientific: Singapore, 2022. [Google Scholar]

	



van Otterlo, A.; Fazio, R.; Schön, G. Quantum vortex dynamics in Josephson junction arrays. Physica 1994, B203, 504–512. [Google Scholar] [CrossRef]

	



van der Zant, H.; Fritschy, F.C.; Orlando, T.P.; Mooji, J.E. Ballistic motion of vortices in Josephson junction arrays. Europhys. Lett. 1992, 18, 343–512. [Google Scholar] [CrossRef]

	



Sacépé, B.; Chapelier, C.; Baturina, T.I.; Vinokur, V.M.; Baklanov, M.R.; Sanquer, M. Disorder-induced nhomogeneities of the superconducting state close to the superconductor-insulator transition. Phys. Rev. Lett. 2008, 101, 157006. [Google Scholar] [CrossRef] [PubMed]

	



Aharonov, Y.; Bohm, D. Significance of electromagnetic potentials in quantum theory. Phys. Rev. 1961, 115, 485–491. [Google Scholar] [CrossRef]

	



Aharonov, Y.; Casher, A. Topological Quantum Effects for Neutral Particles. Phys. Rev. Lett. 1984, 53, 319–321. [Google Scholar] [CrossRef]

	



Kaufmann, L.H. Formal Knot Theory; Princeton University Press, Princeton: Singapore, 1983. [Google Scholar]

	



Wilczek, F. Disassembling Anyons. Phys. Rev. Lett. 1992, 69, 132–135. [Google Scholar] [CrossRef]

	



Dunne, G.; Jackiw, R.; Trugenberger, C.A. Topological (Chern-Simons) quantum mechanics. Phys. Rev. 1990, D41, 661–666. [Google Scholar] [CrossRef]

	



Banks, T.; Myerson, R.; Kogut, J. Phase transitions in Abelian lattice gauge theories. Nucl. Phys. B 1977, 129, 493–510. [Google Scholar] [CrossRef]

	



Campi, G.; Bianconi, A. Functional Nanoscale Phase Separation and Intertwined Order in Quantum Complex Materials. Condens. Matter 2021, 6, 40. [Google Scholar] [CrossRef]

	



Mazziotti, A.V.; Bianconi, A.; Raimondi, R.; Campi, G.; Valletta, A. Spinrbit coupling controlling the superconducting dome of artificial superlattices of quantum wells. J. Appl. Phys. 2022, 132, 193908. [Google Scholar] [CrossRef]

	



Trugenberger, C.A.; Diamantini, M.C.; Poccia, N.; Nogueira, F.S.; Vinokur, V.M. Magnetic monopoles and superinsulation in Josephson junction arrays. Quantum Rep. 2020, 2, 388–399. [Google Scholar] [CrossRef]

	



Diamantini, M.C.; Trugenberger, C.A.; Vinokur, V.M. Quantum magnetic monopole condensate. Nat. Comm. Phys. 2021, 4, 25. [Google Scholar] [CrossRef]

	



Diamantini, M.C.; Trugenberger, C.A.; Vinokur, V.M. Topological Nature of High Temperature Superconductivity. Adv. Quantum Technol. 2021, 4, 2000135. [Google Scholar] [CrossRef]

	



Parra, C.; Niemstemski, F.; Contryman, A.W.; Giraldo-Gallo, P.; Geballe, T.H.; Fisher, I.R.; Manoharan, H.C. Signatures of two-dimensional superconductivity emerging within a three-dimensional host superconductor. Proc. Natl. Acad. Sci. 2021, 118, e2017810118. [Google Scholar] [CrossRef] [PubMed]












	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  condensedmatter-08-00046


  
    		
      condensedmatter-08-00046
    


  




  





media/file0.png





