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Quantum Critical Point:
singularity in the phase diagram.

How?

Quantum Criticality







Singularity in the phase diagram



Landau, JETP 3, 920 (1957)

Landau: interactions can be turned on
adiabatically, preserving the excitation
spectrum.
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When the interaction becomes too large….

…what happens?

QCP Hertz, 1976
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Naked singularity in the Phase Diagram



Anomalous normal state of cuprates
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Key Observations
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Heavy Fermions

Extreme limit of
Fermi liquid behavior

Heavy Electrons
m*/m ~ 100-1000
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, CeIn3 (Mathur et al.)
, CeRhIn5 (Hegger et al.)

CeRhIn5 (Muramatsu et al.)
CeRhIn5=CeIn3 + 13 kbar

CeCoIn5 (Nicklas, Sidorov et al.)
CeCoIn5=CeRhIn5+15 kbar
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Trovarelli et al (2000).

Grosche et al, (2000).

Quasi-linear
Resistivity.

YbRh2Si2

CeNi2Ge2

CePd2Si2
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H. Von Lohneyson (1996)

Quantum Criticality:
divergent specific
heat capacity
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Schroeder et al , PRL (1999), see also
Aronson et al, PRL (1996).

Temperature the only scale.Quantum Criticality:
E/T scaling

Quantum Critical
Point
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E/T Scaling



CeCu6-xAux (x=0.1)

Schroeder et al, Nature 407,351 (2000).E/T Scaling:
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Physics Below the upper
Critical Dimension.



Temperature : finite size in imaginary time

d +z > du
“Gaussian fixed point” αααα =0.

T is not the only energy scale.
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αααα>0, E/T Scaling.
One energy scale- the temperature.

Sachdev and Ye, PRL 69, 2411 (92),
Sachdev, QPT, pp234 (Cambridge, 99)

(Hertz, 76)

effd d z= +



Gegenwart et al (2002)

YbRh2Si2

Field tuned QCP
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One scale, in transport and the
thermodynamics…. going to zero at
the QCP
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Standard Model: QSDW
•Moriya, Doniach,Schrieffer (60s)
•Hertz (76)
•Millis (93)

effd zd= + If deff> 4, �4 terms “irrelevent”
Critical modes are Gaussian.

vertex non-
singular

1
0 ( )J Qχ − = −

F.S. instability

NO E/T SCALING , NO MASS
DIVERGENCE IN 3D

1 2 2zτ ξ− − =∝
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Singular potential is rapidly modulated:
only affects electrons along hot-lines.
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t

H

Requires a 2D spin fluid for a
divergent local spin susceptibility

Qualitative departure from Wilson
Kadanoff approach to criticality.
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Spins behave as
localized moments

Spins bound to charge
as composite fermions

Deconfinement of spin
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[ ] [ , ]F F ML L L Mψ ψ−+ [ ]FL L ψ

[ ] [ , ] [ ]F F M ML L L M L Mψ ψ−= + +

F M q q
q

L g Mσ− −=

e e spin fluctuation− − +

S.D.W. Scenario
vector magnetism



[ ] [ , ]F F ML L L Mψ ψ−+ [ ]FL L ψ
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F M q q
q

L g Mσ− −=

e e spin fluctuation− − +

S.D.W. Scenario
vector magnetism

Composite fermions disintegrate:
Spinorial magnetism?

sM sα αβ βσ=
or?



[ ] [ , ]F F ML L L sψ ψ−+ [ ]FL L ψ

[ ] [ , ] [ ]F F M ML L L sL sψ ψ−= + +

,

[ . ]k qF M q k
k q

s

s

e

L g H c

σ

σ σ

χ

ψχ

− −

−−

⎯⎯→ +←⎯⎯

= +

Composite fermions disintegrate:
Spinorial magnetism?

sM sα αβ βσ=
Spin charge
decoupling
at QCP ?
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T. Namiki, H. Sato, J. Urakawa, H. Sugawara, Y. Aoki, R. Settai and Y. Onuki,
Physica B 281&282 359-360 (2000).
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