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



Principal collaborator: Frank Marsiglio	


1989                2011	





The current search efforts for new high Tc superconductors	



…	



of BCS theory…	



BCS	



spin fluctuations, stripes,	


quantum critical points,	


RVB, Mott-Hubbard,	


nested Fermi surfaces,	


                  …	
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The continuum of superconductivity in materials	
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How to find new high temperature superconductors:	


1) Observe that among known superconducting materials there	


      are pervasive correlations even among very different classes.	



2) Infer empirical rules from these observed correlations.	



3) See whether or not newly found superconductors (found after 	


    these empirical rules were formulated) conform to the same rules.	



5) Calculate from these models measurable properties, predict / 	


     compare with experiment. 	



7) Formulate realistic models that contain this essential physics; 	


    do realistic calculations; predict new materials; make them…	



6) BONUS: discover that this essential physics explains other long 	


     known experimental facts (not used in getting to this physics).	



4) Understand the essential physics that gives rise to these empirical	


    rules. Build simplified models containing this physics.	



future	





Alex Muller, 1988 (NEC Symposium, Japan)	



"As the Tc of hole-containing BaBiO3 is more than twice 	


as high as that of the electron-containing compound, 	


one might expect an enhancement of Tc for 	


hole superconductivity over electron superconductivity 	


in the cuprates if the latter are found."	



BaBi1-xPbxO3 (Tc=13K) versus Ba1-xKxBiO3 (Tc=29K):	







Hall effect: RH=Hall coefficient	



electron carriers	

 hole carriers	
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holes	
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holes	



RH > 0	



electrons	



εF	

εF	



RH < 0	





1948	



holes	



1932: Kikoin and Lasarew (Nature): Hall coefficient small in superconductors.	



1957	



R. Feynman, Rev.Mod.Phys.29, 205 (1957)	



1962	



Sov. Phys. Dokl. 6, 988 (1962)	





Negative Hall coefficient=electron carriers	


Positive Hall coefficient=hole carriers	



,	

 : superconductors; 	


: non-superconductors	


: magnetic	
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capacity	



Hall	
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temperature 	



p. 9007	





A15’s	





Hall coefficient	



elec-
trons	

holes	



elec-
trons	
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High Tc cuprates	



Takagi et al, 1989	



add positive charge	



Cu++      O=	



	


O=	



unit cell	



lots of	


electrons	



lots of negative 
charge 	



extra	





holes	



electrons	



Hulm + Blaugher, Phys.Rev. 123, 1569 (1961) 	



Torrance et al PRL 61, 1127 (1988)	



holes	



electrons	





Hulm + Blaugher, Phys.Rev. 123, 1569 (1961) 	



Moruzzi, 	


Janak & 	


Williams	



e/a=4	


e/a=5	



e/a=6	


Matthias rules	





Electron-doped cuprates	



=hole	



Physica C243,	


 319 (1995)	



(JEH 1989)	



hole	





Electron-doped cuprates	

have hole carriers	





W. Pickett (1989 RMP)	



S.Tang, J.H. (1989)	



undoped	

 doped	

F.Marsiglio, J.H. (1991)	



Cuprates	





MgB2 (Tc=39K): a smoking gun	



B-	


B-	

 B-	



B-	


B-	

 B-	



•  Negatively charged ions: B-	



•  Conduction by holes	

Armstrong et al, '79	



Akimitsu et al, 2001	



Wrong sizes	





Kortus et	


Al, 2000	



Gonnelli et al,  cond-mat/0209472 (2002)	


(Martinez-Samper et al, cond-mat/0209387 (2002))	


	



pσ holes	



pπ electrons	



F.M.,J.H.,  Phys.Rev.B43, 424 (1991)	



holes	



electrons	



MgB2	





FeAs compounds: Tc
max=56K   	



* Excess negative charge per unit cell:	


Fe2+As3-	



* Dominant charge transport in FeAs layers	



* Hole carriers?	



F. Marsiglio, J.H,	


Physica C 468, 1047	


(2008)	



Electron-doped arsenides	

 Electron-	


doped 	


cuprates	





arXiv:1011.0980 (2010)	





FeSe: another smoking gun	


enormous increase of Tc with pressure:  	



Supercon
ducting	



Tc=8K          Tc=37K	

 Tc=0	


Pressure: ambient	

 ~9GPa	

 >10GPa	



Non-	


super	


cond.	



Kumar et al,	


J.Phys.Chem.	


B114, 12597	


(2010)	





FeSe:  	


Tc=8K          37K	



pressure	



Margadonna et al,	


PRB80, 064506	


(2009)	



Pauling	


radius of	


Se=	



Holes, excess negative charge	



Holes, excess negative charge	



pressure	





Ambient pressure	

  P= 8.5 GPa	



Tc = 8K	

 Tc = 37K	



FeSe under pressure:	

 Kumar et al, 2010	



Pauling	


radius of	


Se=	





Two gaps in FeSe:  	

 Khasanov et al, PRL 104, 087004 (2010)	


(muon spin rotation)	



superconductivity is driven by	


holes conducting through closely	


packed Se= anion network	







Hole-doped semiconductors	



:	





Superconductivity in simple and early transition metals under	


high pressure	



(2002)	



(2006)	



(2007)	



(2006)	





J.J. Hamlin, JEH (2009)	


Lattice distortion creates holes	





* Elements	



* A 15’s, other compounds	



1) Observe that among known superconducting materials there	


      are pervasive correlations even among very different classes.	



* Hole-doped high Tc cuprates	



3) See whether or not newly found superconductors (found after 	


    these empirical rules were formulated) conform to the same rules.	



2) Infer empirical rules from these observed correlations.	



* Electron-doped high Tc cuprates	


* Magnesium diboride	


* Fe-As compounds, FeSe	


* Hole-doped semiconductors	


* Elements under high pressure	



4) Understand the essential physics that gives rise to these empirical rules.                               
	

Build simplified models containing this physics.	



Hole carriers are necessary  
for superconductivity at any T	


Negatively charged structures	


give high Tc	



* Transition metal alloys	



5) Calculate from these models measurable properties, predict / compare with expt.	


6) Bonus: discover that this essential physics explains other long known 	


    experimental facts (not used in getting to this physics).	



(1989)	





High charge density	


between ions==>stable	



Low charge density	


between ions==>unstable	



ρ	



ρ	



Lattice instabilities result from the presence of too many	


antibonding electrons ==> almost filled bands ==> hole carriers	


(Antibonding electrons are always at the top of the band)	



holes	



electrons	





dressed	



undressed	



Why holes are not like electrons	



H+	

 H	

 H-	
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ϕ(r) = ce−Zr

€ 

ϕ (r) = ce−Z r

€ 

ψ(r1,r2) =ϕ (r1)ϕ (r2)

Single holes have trouble moving	



Single electrons don't 	
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 H	

 H-	



€ 

ϕ(r) = ce−Zr

€ 

ϕ (r) = ce−Z r

€ 

ψ(r1,r2) =ϕ (r1)ϕ (r2)

Single holes have trouble moving	



Single electrons don't 	



single hole	



single electron	





Electron-hole asymmetry in electronic energy bands	



holes	



electrons	



zh<1	



A(k,ω)	



A(k,ω)	



zh=  	


2	



ze=1	



undressed electrons	



dressed holes	



hole doping	

hole pairing	



zh is small for negative ions	





v  Superconductivity causes 'undressing'	


v  Hole doping in the normal state causes 'undressing'	



Ding et al,	


2001	



(1994)	



Photoemission	



A(k,ω)	



A(k,ω)	





Van der Marel et al	


(Science 295, 2239 (2002)	



sum rule violation	



kinetic energy	


lowering ~ 1meV	



Santander et al	


(cond-mat/0111539 (2001)	



€ 

ΔW = [σ1
n

0

ωm

∫ (ω) −σ1
s(ω)]dω

prediction (Phys. C 199, 	


305, 1992)	



Ws	



 Optical sum rule 	


violation in cuprates:	





spectral function for hole creation	



Dynamic Hubbard models	


1)  Hubbard model + auxiliary boson degree of freedom	



€ 

Hi =
pi
2

2M
+
1
2
Kqi

2 + (U +αqi)ni↑ni↓

(i) Harmonic oscillator:	



(ii) Spin 1/2 degree of freedom	



€ 

Hi =ω0σ x
i + gω0σ z

i + [U − 2gω0σ z
i ]ni↑ni↓

€ 

H = − tij
ij
∑ ciσ

+ c jσ + Hi
i
∑

 spectral function for electron creation	



dressed hole	



undressed electron	



(or anharmonicity)	



(PRL 87, 206402 (2001)	





2) Electronic dynamic Hubbard model	



If U'+2ε<U, 2 electrons will occupy the higher single particle orbital	



2 electronic levels per site	



E=U	

 E=V+ε	

 E=U'+2ε	



€ 

Hi =Uni↑ni↓ +U 'ni↑
' ni↓

' +Vnini
' + εni

' − t ' (ciσ
+

σ

∑ ciσ
' + hc)

€ 

H = − [tij
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∑ ciσ

+ c jσ + tij
' (ciσ

+ c jσ
' + hc) + tij

''ciσ
+ c jσ ]+ Hi

i
∑

t2	



t0	



dressed hole	



undressed electron	





t0	



t1	



t2	



t2=tS2,	



t1=tS,   	



t0=t,	



t0 >  t1   >  t2	



€ 

Heff = − tij
σ [ ˜ c iσ

+

ijσ
∑ ˜ c jσ + h.c.] + U ˜ n i↑

i
∑ ˜ n i↓

€ 

tij
σ = t0(1− ˜ n i,−σ )(1− ˜ n j ,−σ ) + t1( ˜ n i,−σ + ˜ n j ,−σ − 2 ˜ n i,−σ ˜ n j,−σ ) + t2 ˜ n i,−σ ˜ n j ,−σ

t(nh)=th+nhΔt	

th=t2,    Δt=t1-t2	



With hole operators:	



€ 

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

ijσ
∑ ˜ c jσ + h.c.] + U ˜ n i↑

i
∑ ˜ n i↓

correlated hopping	



Low energy effective Hamiltonian:	


Hubbard model with correlated hopping	





Pairing through kinetic energy lowering	


holes	



t0	



t1	



t2	


electrons	



t0	



t1	



t2	


 t2<<t1	



      Δt=t1-t2	


drives pairing 
of holes	



εkin=-zt1 	



εkin=-zt2	





Electron-electron interaction terms that break electron-hole symmetry:	



only term that breaks electron-hole symmetry is related to kinetic 	


energy	


is attractive for holes, repulsive for electrons	


gives lowering of kinetic energy when holes pair	



(holes)	



(electrons)	



* Electron-hole asymmetry is key to superconductivity==>	


    ==> superconductivity is kinetic energy driven	





* Electron-hole asymmetry is key to superconductivity==>	


    ==> superconductivity is kinetic energy driven	



* Superconductivity is kinetic energy driven ==>	


  ==> electronic orbits expand in the transition to superconductivity	



* Electronic orbits expand in the transition to superconductivity ==>	


   ==>negative charge is expelled from interior to surface	



* Negative charged is expelled from interior to surface==>	


 ==> any magnetic field lines are expelled from interior to surface!	



= Meissner effect	


Negative charge is expelled because there is too much of it:	


band almost full (holes), + negatively charged structures	





• Superconductivity is kinetic energy driven ==> negative charge 	


                                                                                                  expulsion	





1cm	



Atom	



1A	



Superconductor	



high kinetic energy	



kinetic energy lowering	



kinetic energy lowering	



kinetic energy	



potential energy	



normal state: lowest potential energy	



.1A	



charge separation	



• Superconductivity is kinetic energy driven ==> negative charge 	


                                                                                                  expulsion	





How negative charge expulsion explains the Meissner effect	
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Meissner	
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Intermediate	


state	



Le	

B	



Vortex state	
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 Electrons flow away from the 	


 interior of the superconductor	


 towards the surface and towards	


 the normal regions carrying the	


 field lines with them	





www.mpia-hd.mpg.de/homes/fendt/Lehre/Lecture_OUT/lect_jets4.pdf


 Electrons flow away from the 	


 interior of the superconductor	


 towards the surface and towards	


 the normal regions carrying the	


 field lines with them	





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



1)	



2)	



€ 

∇ ⋅ A +
1
c
∂φ
∂t

= 0   ;    (Lorenz gauge)

€ 

ρ(r,t) − ρ0 = −
1

4πλL
2 [φ(r,t) −φ0(r)]

€ 

φ0(r) = d3∫ r' ρ0
| r − r' |==>	



€ 

J = −
ne2

mc
A = −

c
4πλL

2 A      ;     1
λL

2 ≡
4πne2

mc 2

€ 

∂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 , ...	



ρ0	





Electrodynamics	
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∂ 2B
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1
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1
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€ 

∇2(ρ − ρ0) =
1
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1
c 2
∂ 2(ρ − ρ0)

∂t 2

Relativistic form:	

 2	



€ 

≡ ∇2 −
1
c 2

∂ 2

∂t 2

or equivalently	



€ 

J − J0 = −
c

4πλL
2 (A − A0)€ 

(A − A0) =
1
λL
2 (A − A0)

2	


  

€ 

A = (
! 
A (! r ,t),iφ(! r ,t))

  

€ 

J = (
! 
J (! r ,t),icρ(! r ,t))

€ 

J0 = (0,icρ0)

  

€ 

A0 = (0,iφ0(
! r ))



;	



€ 

∇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)
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∇2(
! 
E −
! 
E 0) =

1
λL
2 (
! 
E −
! 
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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 

how big is ρ0?	



ρ0	





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	





Sample size dependence of expelled charge (Q) and E-field	


ρ- < 0 = charge density near surface	



ρ0 > 0 = charge density in interior	



Q ~ ρ0 R3 ~ -ρ- R2 λL
 	



Electrostatic energy cost:	



UE ~ Q2/R ~ (ρ- R2 λL)2/R ~ (ρ-)2 R3 ~ (ρ0)2 R5 ~ Volume~R3 	



==> 	

ρ-  independent of R, ρ0 ~ 1/R	



sphere of radius R	



Electric field vs. r:	

 E	


Em	



r	

 R1	

 R2	



€ 

Em = −4πλLρ−
independent of R	



λL	



ρ-	


ρ0	



Em=Hc1	


(Gauss=300V/cm)	



(200 Gauss=60,000V/cm)	



Em	





Spin currents: Spin Meissner effect 	



€ 

ck↑
+ c−k↓

+
carries a spin current	



€ 

< ck↑
+ c−k↓

+ >≠< c−k↑
+ ck↓

+ >                  necessarily in the	


  presence of internal E-field  	



Internal electric field (in the absence of applied B) 	


pointing out	



€ 

Jch arg e =
n
2
(v↑ + v↓) = 0 no  charge current  ==> no B-field	



€ 

Jspin =
n
2
(v↑ − v↓) ≠ 0 Spin current without charge current	



detect through generated E-field: 	


or: experiments that can detect spontaneous 	


parity breaking: spin-resolved neutron scattering,	


photoemission (eg Simon &Varma , 2002)  	



Flows within a London penetration depth	


of the surface	


Speed of spin current carriers:	


~ 100,000 cm/s	


Number of spin current carriers:	


=superfluid density	



  

€ 

(⌢ n ) E	





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	



  

€ 

! v σ 0 = −
"

4meλL

! 
σ × ˆ n 

When a magnetic field is applied:	



  

€ 

! v σ =
! v σ 0 −

e
mec

λL

! 
B × ˆ n 

vσ	



B	



no external 	


fields applied	



(JH, EPL81, 67003 (2008))	



The slowed-down spin component stops when	



€ 

B =
mec
eλL

vσ 0
  

€ 

=
!c
4eλL

2

€ 

=
φ0
4πλL

2 ~ Hc1!

Electronic orbits have radius           (to explain Meissner effect)	



€ 

2λL
Angular momentum:                                           ==> 	

   

€ 

L = ! /2

€ 

L = mevσ 0(2λL )



Spin current electrodynamics  	





Hole carriers are necessary  for superconductivity at any T	



Negatively charged structures give high Tc	



Negatively charged anions	



Direct overlap between anion orbitals	



Structures as three-dimensional as possible compatible with above	



Problem is:	


Negatively charged anions strongly repel each other	



Antibonding electrons drive lattices unstable	



Rules of the game:	





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	



_	



=	

=	



Cu	



Cu	

 Cu	



Cu	

O=	


O=	



O=	


O=	





Summary:      	


Superconductivity is caused by pairing of hole carriers	



High Tc: holes conducting through closely spaced negatively charged	


                anions	


Atoms from right side of the periodic table	



Antibonding electrons + 	


a lot of negative charge	



==> Meissner effect explained	



Zero-point spin current near the surface of superconductors	



Electric field in the interior and around superconductors	



Lattice instabilities	


Charge expulsion from interior	


to the surface	






