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Facts:
e antiferromagnetism near half-filling

e d—wave symmetry of the superconducting
state

Weak coupling theory yields d—wave
spin-mediated pairing near AFM instabllity
(Scalapino, Pines...)

Why there is still an interest in high 7,7

e non-Fermi liquid behavior in the normal
state

e The pseudogap
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To which extent superconductivity in the
cuprates is the low energy phenomenon?

e The Fermienergy Er ~ 1eV (pr ~ 2.5/a,
Vi ~ 0.8eV xa)

e The superconducting gap A ~ 40meV
A/Er ~ 0.04

On the ofther hand, effective
Hubbard-type interaction (responsible for
antiferromagnetism) isU ~ 1 — 2eV ~ Ep.

Antiferromagnetism is the high-energy
phenomenon!
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doping

QCP

Two different types of approaches to the
cuprates

e doping of a quantum antiferromagnet
(Moftt insulator) (Sachdeyv, Lee, Anderson)

e Approach anfiferromagnetism from higher
dopings
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doping

QCP

What happens when we approach
antiferrornagnetism from the
paramagnetic side?

IS there a non FL behavior
IS There a superconductivity
Is There a pseudogap

IS there a secondary crifical point at some
distance from a magnetic QCP?
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SPIN-FERMION MODEL

Describbes the inferaction between
electrons and their own spin collective
degrees of freedom

0 A Integrate Out W

E
Fermions  Static Spin Excitations
e |INgredients
— electrons near the Fermi surface
- low-energy collective spin excitation
- spin-fermion coupling (Hubbard U in

the RPA)

e INput
- spin correlation length &

- Fermi surface with hot spots
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Spin decay into a particle-hole pair is

allowed
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The static spin susceptibility is an input

X(6w) = Frrgrar—wrpzr @7 (M)
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The model has Two typical energies

e &~ g°yo — effective interaction
Qtw>w, w> X(w))

o w.r ~ (VrE1)? /0 x €72 — analog of the
Debye frequency

The ratio of the two determines the
dimensionless coupling constant

_ 1/2
>\ — (4wsf)

o wsr > w—weak coupling

o wsr < w—strong coupling

A o« & diverges at the QCP
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Perturbation theory holds in A3
e lOgarithmsind =3
e powersof Aind = 2

Perturbation theory does not work in d = 2
near the QCP

Near optimal doping., ws s ~ 20meV’,
w ~ 200 — 250meV,i.e. A~1.5—-2

e for dll relevant dopings, we are dealing
with the strong coupling problem

e \We have to solve simulfaneously for
fermionic and bosonic self-energies
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Strong Coupling Results, Normal State

At X > 1, spin fluctuations become soft
compared fo elecfrons due to a stfrong decay
iINnto particle-hole pairs, and Eliashberg theory
becomes applicable.

e fermionic self-energy

Y(k,w) &Y (w/wsy)

e pbosonic self-energy

X o1+ (¢ — Q)€ —iw/wsy

Fermionic and spin excitations vary at the
same scale wgy.
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Quantum Ciritical

Fermi Liquid S
Non-Fermi Liquid
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The EDC photoemission intensity, optimal

Normalized Intensity

Normalized Intensity

doping

Spectraat N

T=100K
F\VWHM =54meV

A. Kaminski et al,
PRL 84, 1788 (2000)

|
-0.20 Energy [eV]

Spectra at A

| | |
0.00

Bi2212 OPS9K (100K)

N
A
| (0:0) | | \K‘A
| | |
-0.20 Energy [eV] 0.00

University of Wisconsin

Andrey Chubukov



19

The fermionic self-energy > (w) extracted
from the EDC photoemission data,
optimal doping
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The fermionic self-energy > (w, T')
extracted from the MDC photoemission
data, optimal doping
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The energy dependence of the
quasiparticle velocity vy = v /(1 4+ A(w))
extracted from the MDC photoemission
data, optimal doping
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Real and imaginary part of opftical
conductivity at various temperatures,
optimal doping

6 A
o N [
S I\ —— T=100K
= | — —- T=200K
a3 T=295K
c |
\Q/ |
3 i
bH |
0
)
3
ke
=
8 |
3 -1 | -1
5 ) frequency (cm ) | frequency (cm )
0 1500 0 1500 3000

University of Wisconsin Andrey Chubukov



23

The imaginary part of the current-current
polarization operator, optimal doping
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Quantum Critical
Non-FL
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Pairing problem

e Spin-mediated pairing yields attraction in
d,2_,2 channel

— Scalapino, Pines, Schrieffer ...

Which of the two scales, wsr oc €72 or @ ~ 2J

determines the pairing instability?

Temperature

pairing of Fermi liquid pairing of non-Fermi- | | adding order parameter
quasiparticles only liquid quasiparticles fluctuati on(s:r
cr T
T
FL
AF Te AF
as :
g.c. point doping
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McMillan -type reasoning: T, ~ wsy

e Ot w < wsys, A IS reduced by a mass

renormalization = A.f; = 25 = O(1)

e pairing inferaction decreases above ws

At w < ws¢, the system behaves as a Fermi
liquid with an effective pairing coupling O(1).
T. ~wp exp [—ﬂ]

A
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Alternative reasoning: T, ~ @

e Above wsr, A bbecomes A\(w)

e the reduction of \(w) reduces the
mMass renormalization

o N\ 1lUptOw~w

A novel, universal, non BCS pairing
problem: NFL fermions with affaction due
to an exchange of gapless spin collective

modes.
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Numerical and analyfical analysis:
A linearized d—wave gap equation has a

solution at T;,s ~ @

0.2

jT/I&SI

0.1 |

McMillan

0 0.5 1 , 15 2
inverse coupling A
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Consider w,y = 0.

The linearized equation for the d—wave pairing
vertex Is

T P (w') 1
<I>k,(w) = —€L +dy
zw,: VI o —w| 1+ /|w'|/@

er = 1 At a hot spot, and decreases away from
a hot spot

The kernelis O (1) as in BCS theory, but now
o |w|~12 comes from fermionic self-energy

o |w|™Y2? comes from gapless collective
mode

If a solution exists at &g = 0, Tins ~ @, DUt NO
guarantee that this solution does exist.
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Suppose e, < 1 (far away from a hot spot)

We can perturbatively sum logarithms, as in
BCS theory.

In BCS theory

o(T) 1
o, logT/T.

Xpp(T') =

e the susceptibility diverges at T,
e below T¢, x,p IS Negative

INn our case

W\ ¢k
pr:<a> ) T =0

e the susceptibility remains positive, no
instability
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Near a hot spoft, ¢, = 1

e threshold af ¢, = ¢, = 0.221

e INstabIlity af e, > €.

T, ~ e A/e=en) A3

e the non BCS solution exists only in a
finite range of k

At large X, A(k) becomes peaked af hot
SPOTS
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CONCLUSIONS

e strong inferaction between fermions
and their own low-energy spin
collective modes yields:

- non-Fermi liquid, QC behavior in
the normal state between
wss o< £2 and noncritical @

— NFL behavior is consistent with
photoemission and conductivity
measurements

- near the QCPR the system
undergoes a non BCS pairing
instability af T;,,s ~ @
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