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My connections with 
Walter started before 

I was born







I came to ITP in Feb. 1980 – among the first cadre of post docs.

Walter was the director, and already one of my scientific heros.

The man I encountered was kind, scholarly, encouraging, demanding,

and while physics is a serious business …
he made it clear that it can be great fun,
and that it is a human activity, 

not a monastic abstraction.

His gravitas only emphasized the warmth of his gentle smile
and the good humor he radiated.

Also, he must have been 56 at the time!!!!









What is the status of “the theory” of high temperature superconductivity

E. Fradkin and S. A. Kivelson, Nature Phys. 8, 865 (2012).

Why is Tc so much higher
than in “conventional”
superconductors?

What is the relation between
HTC and magnetism?

Is there a general
mechanism of
unconventional SC &
pairing directly from
repulsive interactions?

What gives rise to the complex
phase diagrams …
intertwined orders?

How does one understand
the “bad metal” behavior
in many highly correlated
materials at T ~ 300K?
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“Although it has been a really long time and billions of papers
have been written on the subject, there is still no
understanding of high temperature superconductivity,
and therefore our paper should be published in a glossy
magazine with pornographic pictures on the cover.”

Approximate beginning line in billions of papers.

i.e. theorists are useless parasites 
and enemies of the working class.



In contrast, I will argue:

We have an satisfactory understanding of the
mechanism of “unconventional superconductivity.”

(Which does not mean we have a satisfactory understanding
of any particular “high temperature superconductor.”)

Defining feature of unconventional superconductors:

Including sign-changing s-wave, d-wave, p-wave, f-wave, … 



What constitutes “understanding” the mechanism?

(Compare with the case of the BCS theory of conventional superconductors.)

1) A compelling theoretical solution of a paradigmatic model which
is clearly correct in an appropriate limit.

For the conventional superconductors, this means a Fermi liquid weakly
coupled to phonons with EF >>  ω0 and  ω0 >> Tc.
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What constitutes “understanding” the mechanism?

1) A compelling theoretical solution of a paradigmatic model which
is clearly correct in an appropriate limit.

2) Some successful semi-quantitative but precise “predictions”
of experimentally verifiable consequences of the mechanism.

(Compare with the case of the BCS theory of conventional superconductors.)

3) A theory which can predict Tc and other dimensional quantities
quantitatively and can make specific predictions concerning 
new superconducting materials.

Even for conventional superconductors, this is difficult at best  -
and may not be possible.  (Opinions differ.)



What constitutes “understanding” the mechanism?

1) A compelling theoretical solution of a paradigmatic model which
is clearly correct in an appropriate limit.

For the case of unconventional superconductivity without phonons



Superconductivity as a (weak-coupling) 
instability of a Fermi liquid
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Tc =  4t  exp{ -1/λ }   λ = (U/t)2 [A + B(U/t) + C(U/t)2 + … ]

Small U/t limit of the Hubbard-like  Models:

A =0 (but B≠0) for circular Fermi surface.

Depends on band-
structure at all energies -

not just on“Friedel
oscillations”

Can calculate A and B
exactly from band-
Structure properties 
of non-interacting model



What constitutes “understanding” the mechanism?

1) A compelling theoretical solution of a paradigmatic model which
is clearly correct in an appropriate limit.

For the case of unconventional superconductivity without phonons

What’s missing?

Theory of low Tc ~ exp[ - α(EF/U)2 ]

Normal state is an excellent Fermi liquid

No fluctuating order, competing orders,
intertwined orders, exotic orders …

Requires considerable faith in adiabatic continuity.



What constitutes “understanding” the mechanism?

1) A compelling theoretical solution of a paradigmatic model which
is clearly correct in some limit.

2) Some successful semi-quantitative but precise “predictions”
of experimentally verifiable consequences of the mechanism.

For the case of unconventional superconductivity without phonons



In some senses, the d-wave character of the SC in
the cuprates was “predicted” from K-L considerations

Scalapino et al 1986-88, Emery 1987, 
Monien and Pines 1990, …

(Also from strong-coupling perspective
Kotliar 1988, Gros 1988, Trivedi 1989, …)



There has been a growing effort to use a weak-coupling approach to predict new 
features of known unconventional SC’s or even predict new SC’s



Weak coupling two-step RG solution 
applied to Sr2RuO4

Sr2RuO4 is well described by FL theory below TFL ~ 30K
Becomes an unconventional (probably chiral p-wave) 

SC below Tc =1.5K.  (Quasi-2D electronic structure.)



Is Sr2RuO4 like 3He or like the cuprates?

p-wave pairing due to induced, long-ranged attraction mediated by
ferromagnetic (q=0) paramagnons

Sigrist and Rice, J. Phys. C 7, L643 (1996).

p-wave pairing due to strongly q-dependent repulsive
interactions associated with antiferromagnetic fluctuations

Raghu,  Kapitulnik, and SAK, - Phys. Rev. Lett. 105, 136401 (2010).

Associated with the issue of whether 
band-structure effects important
dominated by circular dxy band  or
involves quasi 1D dxz and dyz bands.
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reversal symmetry, there exist
deep (near) gap nodes.
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Preliminary evidence from
microscopic measurements
of gap structure in STM
have corroborated some of the
most dramatic features of the
predicted gap structure on the
quasi 1D bands

I. Firmo, S. Lederer, C. Lupien, A. P. Mackenzie, J. C. Davis, SAK, Phys. Rev. B (2013)
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The weak coupling limit of the Hubbard model
on a square lattice with only
nearest-neighbor hopping.

T=0 Phase diagram of the Hubbard model

AF
correlations
stripes?
etc.? First order transition

or narrow range
of coexistence
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Partial T=0 Phase
Diagram of the
Hubbard Model
On a Square
Lattice
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Intermediate Coupling:
intertwined orders

T=0 Phase diagram of the Hubbard model
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