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• Classical criticality
• Heavy Fermion Quantum Criticality.
• New Approaches and Ideas
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Resolution of the controversy (and the missing
factor of a half) required a further 60-80 years.  

Classical revolution is still in full sway. 

"ce beau probleme astronomico-geometrique"



108 years after Planck, many 
surprises later, the quantum era is in full sway.



“With a heavy heart, I have been 
converted  to the idea that 
Fermi -Dirac, not Einstein-Bose 
is the correct statistics. I wish to 
write a short note on its 
application to paramagnetism.”

W. Pauli,  in letter to 
Schrödinger,  Dec 1926.
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David Pines in 
musicofthequantum.rutgers.edu

108 years after Planck, many 
surprises later, the quantum era is in full sway.

http://musicofthequantum.rutgers.edu
http://musicofthequantum.rutgers.edu
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Quantum zero point fluctuations: 

•73% of the mass of the 
cosmos is “Dark Energy”: an 
unidentified form of zero point 
energy,  causing the expansion 
to accelerate. 

major unsolved problem of the quantum era.



   
Quantum zero point fluctuations: 

•Zero point fluctuations
profoundly  transform
matter, endowing it with marked
tendency to develop new forms of
order.

major unsolved problem of the quantum era.
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“New insights into physics often  come from revisiting areas 
once thought to be closed.”       Michael Fisher. 
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Phase transition  
driven by zero point motion.

Quantum Critical matter

What happens when the time
and length scale of zero point 
quantum fluctuations diverges?
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Z.A. Ren et.al, Beijing, (08)

Iron based SC
Tc= 6 - 53 ++ ?  K

What kind of electronic fluid yields
high Tc superconductivity? 
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Data: Tuson Park
Figure rendition: Mathias GrafTuson Park, (2007).

Cuprates  
Tc=11-92K

T(K)
0           200       400       600      800      1000

0.0

0.2

0.4

0.6

0.8

1.0

Takagi et al, PRL ‘92

“Avoided criticality”

CeRhIn5



Landau, JETP 3, 920 (1957)

Landau: interactions  can be turned on 
adiabatically, preserving the excitation  
spectrum.



Landau, JETP 3, 920 (1957)

Landau: interactions  can be turned on 
adiabatically, preserving the excitation  
spectrum.

Interactions
adiabatically

- -

“Quasiparticle”

-



Landau, JETP 3, 920 (1957)

Landau: interactions  can be turned on 
adiabatically, preserving the excitation  
spectrum.

Interactions
adiabatically

- -

“Quasiparticle”

-



Landau, JETP 3, 920 (1957)

Landau: interactions  can be turned on 
adiabatically, preserving the excitation  
spectrum.

Interactions
adiabatically

- -

“Quasiparticle”

-

He-3 (1950/60s)
(Fairbanks, many others)
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0
Fermi Liquid

“Electrons  localize”

Mott  1947

“Electrons order”

 Landau 1936

“Local moments
    form”

Anderson 1961

X~U/tXc

Strange Metal
T

What happens when the 
interaction becomes too 
large? 

“QCP”

Hertz, 1976
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“Kondo”

Kondo KHR-2 HV, the robot that 
plays soccer, fights with other 
bots and dances salsa
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Kondo effect (a digression)

Kondo (1962)
+ .....

Spins asymptotically free

“Nozieres Local Fermi liquid”
 (Nozieres 76)

+

“Kondo Temperature”

χ ∼ 1/T

χ TK

T

1
TK

TK

Spins absorbed into singlet ground-state
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Heavy Fermion Metals Review: cond-mat/0612006

UBe13

Coherent  
Heavy Fermi Liquid

http://arxiv.org/abs/cond-mat/0612006
http://arxiv.org/abs/cond-mat/0612006


Heavy Electron Quantum Criticality.
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“How do fermions get heavy and die?”  PC, Pepin, Si and Ramazashvili, J. 
Cond Matt. ,13},  R723 (2001). 

anticipated an abrupt change in FS when a composite heavy electron 
undergoes a Kondo “breakdown”.



S. Paschen et al, Nature 432, 881 (2004)



S. Paschen et al, Nature 432, 881 (2004)

Jump in the Hall constant at a field tuned QCP.





P. Gegenwart, T. Westerkamp et al., Science 315, 5814 (2007) 
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E/T Scaling: 

Physics Below the upper
Critical Dimension.

Meigan Aronson

M. C. Aronson et al, PRL 75, 725 (1995).

CeCu6-xAux   (x=0.1)
Schroeder et al, Nature
407,351 (2000).

Almut Schroeder
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Standard Model:  Quantum SDW?

•Moriya, Doniach, Schrieffer (60s)
•Hertz (76)
•Millis (93)

If   d + z = d + 2 > 4 :
φ4  terms “irrelevent”
Critical modes are Gaussian.
T is not the only  energy scale. 

Time counts as z =2 scaling dimensions

F.S. instability

Fermi 

Surface
vertex non- 
singular

HertzDoniach Schrieffer Millis 



New Ideas:

Break up of the electron.
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AFM
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Heavy Fermion
Materials

Spins condensed Spins bound to charge 
as composite fermions

Deconfinement of spin:
fundamentally new kind of
zero mode.

“THE BATTLEGROUND”
Kondo Lattice Model
(Kasuya, 1951)
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(Read Newns, PC,  Millis Lee...  80’s)

e-

U

spin

WΦ

Large N : family of models with “N” spin 
components, which retain the key physics 
and can be solved in the large N limit.

1
N
∼ �eff
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ssi
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ψ(x, τ)
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τ, x

NO SMALL 
PARAMETER!

J. Schwinger ’55
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Fermi Liquid scattering 
parameters determined 
primarily by excitation of 
low-lying spinon and holon 
states.. 

Luttinger sum rule for Kondo Lattice   (Oshikawa, 
2000) P.C, I.Paul, J. Rech (05) 

Virtual spinons. Virtual holons. 
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Landau Quasiparticle “breaks up” at certain QT. 
Need for a radically new type of theory:  ideas of 
confinement, gauge theories and large N.

New rule in material physics: avoided criticality.
New phases develop in order to avoid the
singular quantum critical point.

Temperature : boundary 
(Casimir) effect in time.

Revolutions take a long time:
we are just at the beginning
of the quantum era.
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