
Beyond LGW

• Driven partly by experiment and partly by 
theory, recent research in quantum 
criticality mostly focuses on situations 
beyond the Landau-Ginzburg-Wilson 
paradigm

• That is, situations in which an approach 
based on an order parameter alone is 
inadequate



When do we go 
beyond?

1. When a neighboring phase has lots of 
gapless excitations (like in metals!)

2. When a neighboring phase is not described 
by an order parameter

3. Sometimes even if both the neighboring 
phases and their excitations are ordinary, 
unconventional behavior can emerge at the 
QCP



When do we go 
beyond?

1. When a neighboring phase has lots 
of gapless excitations (like in 
metals!)

1. Failure of Hertz theory for most such 
QCPs motivates other approaches

2. Conservation approach: strongly-coupled 
fermion-boson criticality

3. Radical approach: “Kondo breakdown”



Kondo effect

• Kondo effect: 

• a spin can be screened by coupling to 
conduction electrons

• this happens with a “binding energy” which 
is exponentially small

• When there are many spins, the Kondo 
effect competes with the tendency of spins 
to order - RKKY interaction
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Phases without order 
parameters

• Phases are more fundamental - and more 
important - than phase transitions

• Usually, they are distinguished by symmetry

• But phases may differ even with the same 
symmetry

• Excitations or other properties may be 
qualitatively different in two phases



Phases without order 
parameters

• Example: metal versus insulator

• both are possible with the same symmetry, but 
excitations differ qualitatively, as does 
conductivity

• but at T>0, they are the same phase

• one can still have a T>0 first order “Mott 
transition”, e.g. VO2, V2O3,...

• There are other types of “quantum order” that can 
distinguish a phase



Mott transitions

(d1-d2LI ) hybridization (Uozumi et al., 1993). Cluster-
model analysis has revealed considerable weight of
charge-transfer configurations, d3LI ,d4LI 2,. . . , mixed into
the ionic d2 configuration, resulting in a net d-electron
number of nd.3.1 (Bocquet et al., 1996). This value is
considerably larger than the d-band filling or the formal
d-electron number n52 and is in good agreement with
the value (nd53.0) deduced from an analysis of core-
core-valence Auger spectra (Sawatzky and Post, 1979).
If the above local-cluster CI picture is relevant to experi-
ment, the antibonding counterpart of the split-off bond-
ing state is predicted to be observed as a satellite on the
high-binding-energy side of the O 2p band, although its
spectral weight may be much smaller than the bonding
state [due to interference between the d2!d11e and
d3LI!d2LI 1e photoemission channels; see Eq. (3.12)].
Such a spectral feature was indeed observed in an ultra-
violet photoemission study by Smith and Henrich (1988)
and in a resonant photoemission study by Park and
Allen (1997). In spite of the strong p-d hybridization
and the resulting charge-transfer satellite mechanism de-
scribed above, it is not only convenient but also realistic
to regard the d1-d2LI bonding band as an effective V 3d
band (lower Hubbard band). The 3d wave function is
thus considerably hybridized with oxygen p orbitals and
hence has a relatively small effective U of 1–2 eV (Sa-
watzky and Post, 1979) instead of the bare value U
;4 eV. Therefore the effective d bandwidth W becomes
comparable to the effective U : W;U . With these facts
in mind, one can regard V2O3 as a model Mott-Hubbard
system and the (degenerate) Hubbard model as a rel-
evant model for analyzing the physical properties of
V2O3.

The time-honored phase diagram for doped V2O3 sys-
tems, (V12xCrx)2O3 and (V12xTix)2O3 , is reproduced
in Fig. 70. The phase boundary represented by the solid
line is of first order, accompanied by thermal hysteresis
(Kuwamoto, Honig, and Appel, 1980). In a Cr-doped
system (V12xCrx)2O3 , a gradual crossover is observed
from the high-temperature paramagnetic metal (PM) to

FIG. 69. Photoemission spectra of V2O3 in the metallic phase
taken using photon energies in the 3p-3d core excitation re-
gion. From Shin et al., 1990.

FIG. 68. Corundum structure of V2O3.

FIG. 70. Phase diagram for doped V2O3 systems,
(V12xCrx)2O3 and (V12xTix)2O3. From McWhan et al., 1971,
1973.
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Quantum orders
• Simplest cases are quantum phases in which there is 

a gap to all (bulk) excitations

• In this situation, there are “topological orders”

• e.g. “Topological Insulators” : just non-interacting 
band insulators which are distinct from usual 
ones by “twisting” of wavefunctions of occupied 
bands

• more interesting are “topological phases” : 
ground states of interacting electrons that host 
exotic excitations with fractional (or nonabelian) 
statistics (Q)



Examples?

• quantum Hall state (TI)

• toric code

• quantum spin liquid (RVB)

• entanglement entropy

• deconfined quantum critical points


