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IMPRS	Focus	Course	„Superconduc9vity“	
Friday	lecture	

Michael	A.	Sentef	

with	material	from	Mike	Norman‘s	2011	talk	
„High-Temperature	Superconduc9vity	–	AKer	25	years,	where	are	we	at?“	



It	All	Started	Back	in	1986	



Tc	Shot	Up	Like	a	Rock	
(many	cuprates	superconduct	above	77K)	



credit:	Osaka	University	

Tc	Shot	Up	Like	a	Rock	
(many	cuprates	superconduct	above	77K)	



Woodstock	of	Physics	-	March	1987	





H.	K.	Onnes	(1911) 

Zero	resistance	

Meissner	effect	(1933)	

Superconductors:	
(1)  They	are	perfect	conductors	
(2)  They	expel	magne9c	flux	



The	Path	to	a	Microscopic	Theory	was		
Libered	with	Many	Famous	Physicists	

Einstein	

Landau	

Heisenberg	

Feynman	



Eventually,	Three	Guys	in	Illinois	Got	It	Right	
(Bardeen,	Cooper,	Schrieffer	-	1956,1957)	



1.  London	theory	-	rigidity	to	macroscopic	perturba9ons	implies	a	
“condensate”	(1935,1950)	

2.  Ginzburg-Landau	(Ψ)	theory	-	order	parameter	for	condensate	(1950)	
3.  Isotope	effect	(Maxwell,	Serin	&	Reynolds,	Frohlich,	1950)	
4.  Cooper	pairs	(1956)	
5.  Bardeen-Cooper-Schrieffer	(BCS)	microscopic	theory	(1957)	
6.  Type-II	superconductors	(Abrikosov	vor9ces,	1957)	
7.  Connec9on	of	BCS	to	Ginzburg-Landau	(Gorkov,	1958)	
8.  Strong	coupling	superconduc9vity	(Eliashberg,	Nambu,	Anderson,	Schrieffer,	Wilkins,	

Scalapino	…,	1960-1963)	
9.  p-wave	superfluidity	in	3He	(Osheroff,	Richardson,	Lee,	1972;	Leggeb,	1972)	
10.  	Heavy	Fermion	Superconduc9vity	(Steglich,	1979)	
11.  	High	Temperature	Superconduc9vity	(Bednorz	&	Muller,	1986)	
12.  	Iron	Arsenides	(Hosono,	2008)	

A	(Very)	Short	History	of	Superconduc9vity	



From	Steve	Girvin’s	lecture	(Boulder	Summer	School	2000)	courtesy	of	Mabhew	Fisher	



e-

e-

(the	electron-phonon	case)	
	
1.  1st	e-	abracts	+	ions	
2.  Ions	shiK	posi9on	from	red	to	blue	
3.  1st	e-	moves	away	
4.  2nd	e-	sees	+	ion	hole	and	moves	
						to	former	posi9on	of	1st	e-	
	
Interac9on	is	local	in	space	
(s-wave	pairs,	L=0,	S=0)	
but	retarded	in	9me	
(Tc	<<	Debye	frequency)	

Everything	You	Wanted	to	Know	About	Pair	Forma9on	
(But	Were	Afraid	to	Ask)	



But	cuprates	have	
d-wave	pairs!	
(L=2,	S=0)	
	
van	Harlingen;	
Tsuei	&	Kirtley	-	
Buckley	Prize	-1998		

Artwork	by	
Gerald	Zeldin	(2000)	



Alex	Abrikosov	
(small	q	phonons)	

	

Bob	Laughlin	
(compe9ng	phases)	

Phil	Anderson	
(RVB;	interlayer	tunneling;	RVB)	

Karl	Mueller	
(bipolarons)	

Bob	Schrieffer	
(spin	bags)	

Tony	Leggeb	
(interlayer	Coulomb)	
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Electronic	Structure	of	Cuprates	



Len	Mabheiss	
PRL	(1987)	

Energy	vs	Momentum	

Fermi	surface	

Electronic	structure	from	density	func9onal	theory	



Cu2+	 Large	U	 charge-transfer		
gap	Δpd	~	2	eV

Mob	insulator	
metal?	

doping	

t	=	0.3	eV,					U	=	2	eV,					J	=	4t2/U	=	0.12	eV	

J~1400	K	

best	
evidence		
for	large	U	an9ferromagnet	
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Short	(and	biased!)	tutorial	on	cuprates	

(slide	from	Phil	Anderson)	
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Phase	Diagram	of	Cuprates	



1.  There	are	2e-	pairs	
2.  The	pairs	are	d-wave	(L=2,	S=0)	
3.  There	are	“normal”	(i.e.,	2e-)	vor9ces	
4.  Quasipar9cles	exist	(but	only	below	Tc)	

What	We	DO	Know	

d-wave	pairing	observed	by	phase	sensi9ve	
tunneling		-	
	
van	Harlingen,	Kirtley	&	Tsuei	
Kirtley	et	al,	Nat.	Phys.	(2006)		



Extraction of the Superconducting Energy Gap from Photoemission 

Campuzano, Shen, Johnson – Buckley Prize (2011)

Δk --> cos(kxa) - cos(kya)  -->  Implies near-neighbor pairs
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Photoemission	spectrum	above	and	below	Tc		
at	momentum	k=(π,0)	for	Bi2212	

Norman	et	al,	PRL	(1997)	

peak	

dip	

Incoherent	normal	state	
	
Coherent	superconductor	



Neutron	Spin	Resonance	(S=1	excita9on)	
Rossat-Mignod/Bourges,	Mook/Dai,	Keimer/Fong	

Dai	et	al,	Nature	(1999)	



Dispersion	of	magne9c	excita9ons	has	the	form	of	an	hourglass	
Arai	et	al,	PRL	(1999)	



The	“strange	metal”	phase	exhibits	linear	T	resis9vity	

Mar9n	et	al	
PRB	(1990)	



Insights	from	cluster	many-body	theories	for	the	Hubbard	model	

evidence	for	d-wave	superconduc9vity	in	the	
Hubbard	model	(no	phonons,	just	onsite	repulsion	U)	



From	Steve	Girvin’s	lecture	(Boulder	Summer	School	2000)	courtesy	of	Mabhew	Fisher	



Paradigm	shiK!	

high	Tc	materials	are/have	many	things	that	conven9onal	superconductors	
are/have	not:	
	
•  terrible	metals	
•  strong	magne9c	correla9ons	
•  lots	of	oxygen	
•  two-dimensional	/	anisotropic	
•  role	of	phonons	s9ll	unclear	but	they	are	likely	not	the	sole	cause	of	high	Tc	
•  possibly	no	pairing	glue	needed	(but	this	is	under	debate)	


