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Abstract
An electrodynamic theory of superconductors that allows for the presence of electrostatic fields in their interior 
was proposed initially by the London brothers in 1933 [1] but discarded shortly thereafter in favor of the one 
generally accepted to this date. I will argue that the original theory is closer to the truth. The theory of hole 
superconductivity [2] predicts that superconductors expel negative charge from their interior to the surface 
resulting in an outward-pointing electric field in the interior of superconductors and a spin current near the surface. 
The superconductor is a giant atom, with macroscopically inhomogeneous charge distribution and macroscopic 
zero-point motion. The electrostatic energy cost is paid by lowering of quantum kinetic energy. The microscopic 
Hamiltonian is a dynamic Hubbard model [3] describing the expansion of atomic orbitals upon double electronic 
occupancy. Electrodynamic equations in the charge [4] and spin sectors [5] and resulting predictions that can 
be tested experimentally will be discussed. It is argued that the theory is consistent with existing experiments, 
provides a unified explanation for high and low temperature superconductivity [6,7], and indicates that high 
temperature superconductivity results from holes conducting through closely spaced negatively charged anions 
[8]. Unlike the conventional theory, it provides a dynamical explanation of the Meissner effect [9,10].
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Tu-S18-KN1 / Long range proximity effects and supercurrents in ferromagnets induced by odd-
frequency triplets
Jan Aarts, Amrita Singh, Stefano Voltan, Kaveh Lahabi
Leiden Institute of Physics, Netherlands 

Abstract
It is by now clear that, by generating odd-frequency triplet Cooper pairs, it is possible to have supercurrents 
flow through ferromagnets over lengths which are similar to those in normal metals. Such supercurrents 
bear the promise of being spin-polarized, which should be of use in devices for superconducting electronics 
(‘superspintronics‘). This has not yet materialized, but there is progress in understanding how spin-active 
interfaces can be engineered to generate such triplets, in particular by inserting an F*/N sandwich (N a normal 
metal and F* a different ferromagnet) between the S- and the F-layer. This has been aided by renewed interest in 
the behavior of so-called pseudo-spinvalve structures (also of type S/F*/N/F). In these devices triplet generation 
can be studied through the proximity effect in a magnetic field without the additional difficulty of having two 
identical banks as in experiments involving supercurrents. An overview will be given of the current experimental 
situation, with emphasis on the difference between the behavior found with conventional ferromagnets such as 
Co, and halfmetallic ferromagnets, in particular CrO2. In the latter, the effects (and in particular the proximity 
length) are significantly larger, presumably due to the strong reduction of spin flip scattering [1,2].
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Alternative London electrodynamics, hole supercon- 
ductivity, and the origin of the Meissner effect	


  J.E. Hirsch, UCSD                     M2S 2015 
An electrodynamic theory of superconductors that allows for the presence of  electrostatic 	


fields in their interior was proposed initially by the London brothers  in 1933 but 	


discarded shortly thereafter in favor of the one generally accepted to this date. I will argue 	


that the original theory is closer to the truth. The theory of hole superconductivity 	


predicts that superconductors expel negative charge from their interior to the surface 	


resulting in an outward-pointing electric field in the interior of superconductors and a 	


spin current near the surface. The superconductor is a giant atom, with 	


macroscopically inhomogeneous charge distribution and macroscopic zero-point motion. 	


The electrostatic energy cost is paid by lowering of quantum kinetic energy. The microscopic 	


Hamiltonian is a “dynamic Hubbard model” describing the expansion of atomic orbitals 	


upon double electronic occupancy. Electrodynamic equations in the charge and spin 	


sectors and resulting predictions that can be tested experimentally will 	


be discussed. It is argued that the theory is consistent with existing experiments, provides a	


unified explanation for high and low temperature superconductivity, and indicates that 	


high temperature superconductivity results from holes conducting through closely spaced 	


negatively charged anions. Unlike the conventional theory, it provides a dynamical 	


explanation of the Meissner effect.	


 References in: http://physics.ucsd.edu/~jorge/hole.html	



 



‘Conventional’ superconductors : superconducting elements,      
thousands of alloys and compounds.	


•  described by London’s electrodynamic theory (1935)	


•  described by BCS theory (1957): electron-phonon, s-wave	



‘Unconventional’ superconductors:  high Tc cuprates (1986), 	


heavy fermion (1979), organic (1979), Sr2RuO4 (1994),  	


 Fe-As, FeSe compounds (2008)...	


•  described by London theory  	


•  NOT described by BCS theory : no electron-phonon, no-s-wave	



MgB2 (2001) (Tc=39K), H2S? (200K)	



Tc~ .1K to 150K	



Tc
max ~ 23K (old days)	



‘Undetermined’ superconductors (conventional or maybe not?):	


Bismuthates (1975) (34K), C60 (1991) (33K), borocarbides (1993) (23K)	


, BiS2  (2012) (10K),… 	



Superconducting materials	





`Conventional’ superconductors : superconducting elements, 
thousands of alloys	


•  described by London’s electrodynamic theory (1935)	


•  described by BCS theory (1957): electron-phonon, s-wave	



`Unconventional’ superconductors:  high Tc cuprates (1986), 	


heavy fermion sc(1979), organics (1979), Sr2RuO4 (1994),  	


 Fe-As, FeSe compounds (2008)...	



•  described by London theory  	


•  NOT described by BCS theory : no electron-phonon, no-s-wave	



MgB2 (2001) (Tc=39K), H2S? (200K)	



Tc~ .1K to 150K	



Tc
max ~ 23K	



‘Undetermined’ superconductors:	


Bismuthates (1975), borocarbides (1993), BiS2  (2012),… 	



fullerenes (1991) (Tc
max=35K)	



	



 	


12 conventional	


11 unconventional	


9 undetermined	



p 1-444	



96 authors	



32 classes of materials:	


	



Superconducting materials	



How many different mechanisms of superconductivity do we need?	





Superconductors want to get rid of electrons ==> expel electrons 
from interior to the surface 

cool 
normal 
metal 

superconductor	


= `giant atom’ 

electrons	


flow out 

* Which give highest Tc? those that have most electrons:	


   planes with negatively charged anions  

(CuO2)=  ; B  in MgB2	


As=, Se= in pnictides… * What does this explain? Meissner effect!  

   Expulsion of magnetic field = expulsion of electrons 

Microscopics: ‘Dynamic Hubbard models’ 
Macroscopics: new London-like equations 

Electric field in interior 
Charge current near surface (B=0) 
Spin current near surface (B=0) 

* Which metals? those that have ‘too many’ electrons:  
almost full band  

‘holes’  

* What drives pairing, superconductivity and charge expulsion?	


   Kinetic energy lowering  

1 mechanism for all materials:     ‘Hole superconductivity’ 

high	


kinetic	


energy	





2015	



1989	



Key to the cuprates is O=	



Key to MgB2 is B-	


Key to Fe-As compounds is As3-	

Negatively  charged anions	



Hole conduction necessary	



* Hole polarizes the anion through which it conducts	


* Superconductivity is driven by lowering of kinetic energy	



Models: 	


* Electron-hole asymmetric electronic polarons	


* Hubbard model with correlated hopping 	



* Dynamic Hubbard models	



    References: http://physics.ucsd.edu/~jorge/hole.html	


  Collaborators: Frank Marsiglio; S. Tang, X. Q. Hong, H.Q. Lin	



Experimental support:	


* Tunneling asymmetry (theory 1989, exp. 1995-2012)	


* Optical sum rule ‘violation’ (theory 1992, exp. 1999-2012)	


* Meissner effect (theory 2012-15, exp. 1933)	



Key to H2S is S=	



* Alternative London electrodynamics	





Microscopic physics: Dynamic Hubbard model 

U 

U’<U 
H+	

 H	

 H-	



* pairing and superconductivity	


Leads to, when band is almost full:	



* negative charge expulsion from interior to surface	



PRL 87, 206402 (2001) 	


PRB 87, 184506 (2013)	



* tendency to charge inhomogeneity	



€ 

Hi =
pi
2

2M
+
1
2
Kqi

2 + (U +αqi)ni↑ni↓

site Hamiltonian:	


H = Hi

i
∑ − tij[ciσ

+

ijσ
∑ cjσ + h.c.]

lattice Hamiltonian:	



driven by	


kinetic energy	


lowering	



K =
!2

2mer
2

r’>r	

r	





Dynamic Hubbard models	


Hubbard model + auxiliary boson degree of freedom	



Hi =
pi
2

2M
+
1
2
Kqi

2 + (U +αqi )ni↑ni↓

Effective low energy Hamiltonian:	


Hubbard model with correlated hopping	



€ 

Heff ≅ − [th + Δt( ˜ n i,−σ + ˜ n j ,−σ )][ ˜ c iσ
+

ijσ
∑ ˜ c jσ + h.c.] + U ˜ n i↑

i
∑ ˜ n i↓

(alternatively, 2 orbitals per site)	


(qi)	



spectral function for hole creation	



 spectral function for electron creation	



dressed hole	



undressed electron	



large m*, small z	



small m*. large z	



t0	



t1	



t2	



hopping amplitude	


depends on site 	


occupation	



z	



z	





Pairing through kinetic energy lowering	


holes	



t0	



t1	



t2	


electrons	



t0	



t1	



t2	


 t2<<t1	



      Δt=t1-t2 drives pairing	



pair mobility is	


larger than single	


carrier mobility	



mobile ‘bipolarons’	


εkin=-zt1 	

εkin=-zt2	



Effective low energy Hamiltonian:	


Hubbard model with correlated hopping	



€ 

Heff ≅ − [th + Δt( ˜ n i,−σ + ˜ n j ,−σ )][ ˜ c iσ
+

ijσ
∑ ˜ c jσ + h.c.] + U ˜ n i↑

i
∑ ˜ n i↓

JEH, F. Marsiglio,	


PRB 39, 11515 (1989)	





(1992)	



Kinetic energy driven superconductivity (1992)	



σ1	

 δAh	



teff increases upon pairing	



ωm	


ω	



σ1	



ωm	


ω	



€ 

< −Tδ >=
iσ
∑ < th + Δt(ni,−σ + ni+δ ,−σ )][ciσ

+ ci+δ ,σ + h.c.] >

€ 

< (th + Δt ni,−σ ) ciσ
+ c jσ >= t(n) + Δt < ci↑

+ci↓
+ >< ci↓c j↑ >

Kinetic energy 	


decreases	



prediction for	


optical absorption	







Letters written to 6 optics 	


experimentalists in 1992	





Van der Marel et al	


(Science 295, 2239 (2002))	



sum rule violation	



kinetic energy	


lowering ~ 1meV	



Santander et al	


(cond-mat/0111539  (2001)	


Europhys. Lett. 62, 568 (2003))	

€ 

ΔW = [σ1
n

0

ωm

∫ (ω) −σ1
s(ω)]dω

Phys. C 199, 305, 1992	



Ws	



 Optical sum rule 	


violation in cuprates:	





http://opticsumrule07.espci.fr/templates/d_basov.pdf


Basov et al, 1999, 2007	

 1992	





Microscopic physics: Dynamic Hubbard model 

U 

U’<U 
H+	

 H	

 H-	



* pairing and superconductivity	


Leads to, when band is almost full:	



* negative charge expulsion from interior to surface	



PRL 87, 206402 (2001) 	


PRB 87, 184506 (2013)	



* tendency to charge inhomogeneity	



driven by	


kinetic energy	


lowering	



K =
!2

2mer
2

r’>r	

r	



€ 

Heff ≅ − [th + Δt( ˜ n i,−σ + ˜ n j ,−σ )][ ˜ c iσ
+

ijσ
∑ ˜ c jσ + h.c.] + U ˜ n i↑

i
∑ ˜ n i↓

Effective low energy Hamiltonian:	


Hubbard model with correlated hopping	





 

kinetic energy decreases	


with increasing hole occu-	


pation	



è system wants to have more	


   holes in the interior	



è expels electrons from interior	


    to the surface	



(fewer nearest neighbors at	


the surface)	



Negative charge expulsion in dynamic Hubbard model	


PRB 87, 184506 (2013)	





Negative charge expulsion in dynamic Hubbard model	



t(nh)=th+nhΔt	



PRB 87, 184506 	


(2013)	



hole	


occup	



distance from center	

 pot. energy	



kin. energy	



iterations	





phase separation	


For larger Δt:	





microscopic inhomogeneity	



negatively charged	


grain boundaries	





Transition from normal to superconducting state:	


* pairing	


* orbits become larger	


* kinetic energy is lowered	


* negative charge is expelled	



macroscopic	


charge	


inhomogeneity	



An outward-pointing electric field exists in the interior of 	


superconductors at zero temperature 	



almost full band èmany electrons, high kin.energy	


negative ions è a lot of negative charge	


è system expels electrons	



band	



E	



atom	

 K =
!2

2mer
2



Electrodynamic equations for `giant atom’	


(1935)	



`rigidity’ against electric perturbations	



ρ=charge density	

 ϕ=electric potential	



(1935)	





Electrodynamic equations for `giant atom’	


(1935)	



`rigidity’ against electric perturbations	



ρ=charge density	

 ϕ=electric potential	



(1935)	



(1936)	





Derivation of conventional London equation:	



€ 

J = nev (n=density, v=speed,  J=current)	



€ 

∂J
∂t

=
ne2

m
E==>	



€ 

m dv
dt

= eE free acceleration of electrons	



€ 

∂
∂t
∇ × J =

ne2

m
∇ × E = −

ne2

mc
∂B
∂t

==>	



€ 

∂J
∂t

=
ne2

m
E

J = − ne
2

mc
A

!
∇⋅
!
A = 0

===>	



Integrate, ignore integration constant, gives London eq. 	



∇×B = 4π
c
J, with 	

∇× J = − ne

2

mc
B ∇2B = 1

λL
2 B =

4πne2

mc2
B



Derivation of conventional London equation:	



€ 

J = nev (n=density, v=speed,  J=current)	



€ 

∂J
∂t

=
ne2

m
E==>	



€ 

m dv
dt

= eE free acceleration of electrons	



€ 

∂
∂t
∇ × J =

ne2

m
∇ × E = −

ne2

mc
∂B
∂t

==>	



€ 

∂J
∂t

=
ne2

m
E

J = − ne
2

mc
A

!
∇⋅
!
A = 0

===>	



Integrate, ignore integration constant, gives London eq. 	



∇×B = 4π
c
J, with 	

∇× J = − ne

2

mc
B ∇2B = 1

λL
2 B =

4πne2

mc2
B

===>	

Note:	

 ∂J
∂t
= −

ne2

mc
∂A
∂t

E = −∇φ − 1
c
∂A
∂t

∂J
∂t

=
ne2

m
(E +∇φ),	





1)	



€ 

ρ(r,t) − ρ0 = −
1

4πλL
2 [φ(r,t) −φ0(r)]

€ 

φ0(r) = d3∫ r' ρ0
| r − r' |==>	



€ 

∂ρ
∂t

= −
1

4πλL
2
∂φ
∂t

, continuity equation:	



€ 

∇ ⋅ J +
∂ρ
∂t

= 0 ==>	



€ 

∇ ⋅ J = −
c

4πλL
2 ∇ ⋅ A  

integrate in time, 1 integration constant ρ0 , ...	



New London-like equations for superconductors (JEH, PRB69, 214515(2004))	



2)	



€ 

∇ ⋅ A +
1
c
∂φ
∂t

= 0   ;    (Lorenz gauge)€ 

J = −
ne2

mc
A = −

c
4πλL

2 A      ;     1
λL

2 ≡
4πne2

mc 2

ρ0	





;	



€ 

∇2φ(r) = 0 outside supercond.	



+assume φ(r) and its normal derivative are 
continuous at surface 	



Electrostatics:	



€ 

∇2φ(r) = −4πρ(r)

€ 

∇2φ0(r) = −4πρ0

€ 

∇2(φ(r) −φ0(r)) =
1
λL
2 (φ(r) −φ0(r))

€ 

∇2(ρ(r) − ρ0) =
1
λL
2 (ρ(r) − ρ0)

  

€ 

∇2(
! 
E −
! 
E 0) =

1
λL
2 (
! 
E −
! 
E 0)

No electric field outside sphere	



λL	



€ 

ρ(r) = ρ0(1−
R3

3λL
2

sinh(r /λL )
R /λL cosh(R /λL ) − sinh(R /λL )

)

Solution for sphere of radius R:	



  

€ 

! 
E (r) = 4

3
πρ0[1−

R3

r3
r /λL cosh(r /λL ) − sinh(r /λL )

R /λL cosh(R /λL ) − sinh(R /λL )
]
! r 

ρ0	



(JEH, PRB69, 214515(2004))	





normal state	

superconducting state	



Elliptical shape 	



Electric field	



€ 

∇2φ(r) = 0
€ 

∇2(φ(r) −φ0(r)) =
1
λL
2 (φ(r) −φ0(r))

inside	



€ 

∇2φ0(r) = −4πρ0
outside	



test experimentally by measuring electric fields in the 	


neighborhood of superconducting small particles	





;	



€ 

∇2φ(r) = 0

Electrostatics:	



€ 

∇2φ(r) = −4πρ(r)

€ 

∇2φ0(r) = −4πρ0

€ 

∇2(φ(r) −φ0(r)) =
1
λL
2 (φ(r) −φ0(r))

€ 

∇2(ρ(r) − ρ0) =
1
λL
2 (ρ(r) − ρ0)

  

€ 

∇2(
! 
E −
! 
E 0) =

1
λL
2 (
! 
E −
! 
E 0)

Experiment to test it	



electric screening length is λL 	



Physica C 508, 21 (2015)	



<λL	





Meissner effect:	


do not explain the Meissner effect!	



violates Faraday’s law	



E	



BCS does not explain the process by which B is expelled 	





Meissner effect puzzle	



B	



I	



JEH, Annals of Physics 362, 1 (2015) 	



super	



normal	



possible routes:	


arXiv:1508.03307	





Meissner effect puzzle	



B	



I	



JEH, Annals of Physics 362, 1 (2015) 	



super	



normal	



super	



possible routes:	


The answer: 	



arXiv:1508.03307	





Meissner effect puzzle	



B	



I	



JEH, Annals of Physics 362, 1 (2015) 	



B	



I	



FB	



v	

 F B
	

 v	



FB	



I	

 v	



  

€ 

! 
F B =

e
c
! v ×
! 
B Lorentz 	



force	



end result:	



λL	



ρ-	


ρ0	



super	



normal	



super	



possible routes:	


The answer: 	



arXiv:1508.03307	





λL	



I	



vs	



R	



B	

 cylinder	


BCS / London :	



€ 

A = λLB

€ 

< p >= 0

€ 

==> vs =
e
mec

A

€ 

vs =
1
me

(p − e
c
A)

€ 

==> vs =
eλL
mec

B

Electron moving radially out: Lorentz force deflects e-	



  

€ 

! 
F = e

c
! v ×
! 
B +
! 
F r = me

d! v 
dt

vφ	


F	



B	


v	



r	



  

€ 

d
dt
(! r × ! v ) = −

e
2mec

(! r ⋅ ! v )
! 
B = − e

2mec
d
dt
(r2)
! 
B 

€ 

=> vφ = −
er
2mec

B r=2λL 	



€ 

==> vφ =
eλL
mec

B

Dynamics of the Meissner effect	



2λL	

orbit expansion: 	

 kF
-1	





So we learn from the Meissner effect that: transition to superconduc-	


tivity = expansion of electronic orbit from r=kF

-1 to r=2λL	


What happens when there is no magnetic field?	



µ	


v	

 p	



  

€ 

! p =
! v 
c
×
! 
µ 

  

€ 

d
! 
L 

dt
=
! 
τ =
! p ×
! 
E 

E	



  

€ 

me
d
dt
(! r × ! v ) = (

! v 
c
×
! 
µ ) ×

! 
E = 1

c
(
! 
E ⋅ ! v )! µ 

  

€ 

with 
! 
E =α ! r :  me

d
dt

(! r × ! v ) =
α
c

(! r ⋅ ! v ) ! µ  = α
2c

d
dt

(r2)! µ 

€ 

=> vφ =
E

2mec
µB

  

€ 

=>
! r × ! v = α

2c
(r2)! µ =

Er
2c
! 
µ 

µ	



µ	



€ 

vφ

€ 

vφ

moving µ = p = electric dipole	



Spin-orbit force deflects electron in expanding orbit!	

 = “Spin Meissner effect”	



me	

 me	





me	

 me	



€ 

=> vφ =
E

2mec
µB

€ 

E = 2πρr,     ρ =|e | ns

  

€ 

=> vφ =
2πensr
2mec

µB =
πensr
mec

e!
2mec

€ 

; with 4πnse
2

mec
2 =

1
λL

2

  

€ 

vφ =
!
8me

r
λL
2

  

€ 

vφ =
!

4meλL
For	

r=2λL 	



€ 

==>  L = mevφr = .	

 .	

.	

.	



E	


µ	



µ	



€ 

vφ

€ 

vφ
ρ	



What's E?	



2λL	

ionic background charge ρ	



==>	



r	



€ 

=> vφ =
E

2mec
µB=>

!r × !v = α
2c
(r2 ) !µ = Er

2c
!
µ



me	

 me	



€ 

=> vφ =
E

2mec
µB

€ 

E = 2πρr,     ρ =|e | ns

  

€ 

=> vφ =
2πensr
2mec

µB =
πensr
mec

e!
2mec

€ 

; with 4πnse
2

mec
2 =

1
λL

2

  

€ 

vφ =
!
8me

r
λL
2

  

€ 

vφ =
!

4meλL
For	

r=2λL 	



€ 

==>  L = mevφr = .	

 .	

.	

.	



E	


µ	



µ	



€ 

vφ

€ 

vφ
ρ	



What's E?	



2λL	

ionic background charge ρ	



==>	



r	



€ 

=> vφ =
E

2mec
µB

  

€ 

=
!
2

 !!!!!!!!

=>
!r × !v = α

2c
(r2 ) !µ = Er

2c
!
µ



Ground state of a superconductor (no magnetic field applied)	



r=2λL orbits	

 r=2λL orbits	



Electron spin into screen	

 Electron spin out of screen	



Currents in the interior cancel out, near the surface survive	


==> there is a spontaneous spin current in the ground state of 	


        superconductors near the surface!	



  

€ 

vφ =
!

4meλL

  

€ 

L = mevφ ⋅ (2λL ) =
!
2

Macroscopic zero point motion in the ground state of superconductors	





There is a spontaneous spin current in the ground state of	


superconductors, flowing within λL of the surface	



  

€ 

! 
µ =

e"
2mec

! 
σ 

For λL=400A, vσ0=72,395cm/s	


# of carriers in the spin current: ns	



 µ	



 µ	

n	


vσ0	



  

€ 
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When a magnetic field is applied:	
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The slowed-down spin component stops when	
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Electronic orbits have           radius  (to explain Meissner effect)	
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Microscopic derivation:	
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‘Magnetic length’:	
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Electrostatic energy of charge expulsion	
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(J. Sup.Nov.Mag, 26, 2239 (2013))	



(Aharonov-Casher)	
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Rashba physics	
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How much charge is expelled?	



We now have 2 new pieces of physics of superconductors:	



r=2λL orbits	



How are they related?	
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ρ0	
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charge expulsion	



What is 
Em?	
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Spin current electrodynamics  	

 Ann. der Phys.17, 380 (2008) 	
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kin. energy of spin current	


=electrostatic energy	



kin. energy of charge current	


=magnetostatic energy	



Electric field in superconductor and spin current	



E(r)	


r	
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ρ0

Ann. der Phys.17, 380 (2008) 	





How much charge is expelled?	



element	

 Tc(K)	

 Hc(G)	

 λL(A)	

 Extra 
electrons	



Em	



(Volts/cm)	



Al	

 1.14	

 105	

 500	

 1/17 mill	

 31,500	



Sn	

 3.72	

 309	

 510	

 1/3.7 mill	

 92,700	



Hg	

 4.15	

 412	

 410	

 1/2.5 mill	

 123,600	



Pb	

 7.19	

 803	

 390	

 1/1 mill	

 240,900	



Nb	

 9.50	

 1980	

 400	

 1/1.3 mill	

 308,400	



Em	



R	


R	



ρ	





Electron holography: measure mean inner potential in normal and 	


                                                                                  superconducting state 	


tate	



normal metal 	



phase 	


shift	



d=thickness	



z	





d=thickness	



φ = CE (V0 +Vce )× d

JEH, Ultramicroscopy 133,  67 (2013);	


         Physica C 490, 1 (2013); 	


        Annalen der Physik 526, 63 (2014) 	


	





Gap function has slope 	


of universal sign	



Tunneling asymmetry prediction (1989)	



N-I-S	


tunneling	





current is larger for negatively biased sample	



(1989)	



tip	



1998	



1998	



N-I-S	



system wants to expel electrons	





2006	



2009	



2014	



2007	



2006	



2012	



for hole-	


doped	


cuprates	





1989	





N-I-S tunneling in electron-doped cuprates is also asymmetric	


with asymmetry of the same sign	



Giubileo et al, 2010	


Shan et al, 2008	



Miyakawa et al, 2009	





The three (so far) ways to reach high Tc:	


= three ways to pack big negative ions very close together, and have	


    holes conducting through them:	


1) Coplanar cation-anion	



(cuprates)	



2) Planes of anions only	


(MgB2)	



3) Cation-anion tetrahedra	


( FeAs, FeSe, …)	



Cations should be small	



B	



Mg	
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=	

=	



Cu	



Cu	

 Cu	



Cu	

O=	


O=	



O=	


O=	
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how about hydrogen?	



how about	


very high 
pressure?	



how about S=?	


r=1.84A, vs	


r=1.40A for O=	



(2011)	
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= three ways to pack big negative ions very close together, and have	


    holes conducting through them:	


1) Coplanar cation-anion	



(cuprates)	
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Cu	
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how about hydrogen?	



how about	


very high 
pressure?	



how about S=?	


r=1.84A, vs	


r=1.40A for O=	



(2011)	


Nature, 2015	





S= p orbitals	



holes conducting through 	


p-orbitals of tightly packed	


S= anions in a planar structure	



Nature, 2015	





Superconductors want to get rid of electrons ==> expel electrons 
from interior to the surface 

cool 
normal 
metal 

superconductor	


= `giant atom’ 

electrons	


flow out 

* Which give highest Tc? those that have most electrons:	


   planes with negatively charged anions  

(CuO2)=  ; B  in MgB2	


As=, Se= in pnictides… * What does this explain? Meissner effect!  

   Expulsion of magnetic field = expulsion of electrons 

Microscopics: `Dynamic Hubbard models’ 
Macroscopics: new London-like equations 

Electric field in interior 
Charge current near surface (B=0) 
Spin current near surface (B=0) 

* Which metals? those that have `too many’ electrons:  
almost full band  

`holes’  

* What drives pairing, superconductivity and charge expulsion?	


   Kinetic energy lowering  

1 mechanism for all materials:     `Hole superconductivity’ 

high	


kinetic	


energy	





Summary:      	



v This physics is common to all superconductors	



v Superconductors expel negative charge from their interior to a 	


    surface layer of width λL 	



v Its predictions can be tested experimentally	



v Guidelines in the search for new high Tc superconductors: 	


    look for hole conduction through direct hopping between	


    closely spaced negatively charged anions	


 	



v A macroscopic electric field exists inside superconductors at T=0	


v  A spin current flows near the surface of superconductors in the	


    absence of applied external fields	



v  When a metal goes superconducting, electronic kinetic energy 	


     is lowered, e-e repulsion energy is lowered, e-ion energy increases	



v  Explains dynamics of Meissner effect; BCS doesn’t	



v  New London-like equations describe electrodynamics of charge 	


     and spin currents	






