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How to describe solids ?

• Understood: free electrons

• Real systems : Coulomb interaction

E » 10 000 K !

• Properties of realistic systems ?

• Free electron theory works quite well !



•Transistor 1956

•Supraconductivité

•Magnétorésistance
géante

(1913),1972,
1973,1987,2003

2007
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Need to understand interactions ! 



Ferroelectrics, High Tc, Manganites, Oxydes, 
Organics,, nanomaterials.... 

10 23 particules + Interactions: 
Crucial fundamental problem 

``non Fermi liquids’’
tomorrow’s materials

1 μm

Pb

http://upload.wikimedia.org/wikipedia/commons/2/26/Graphene_xyz.jpg�


What’s up doc ? 

• Reminder of  free electrons 

• Basics of  Fermi liquids

• How to break Fermi liquids 

• Mott transition
• Luttinger liquids 

• Deconfinement



Details in 

http://dpmc.unige.ch/gr_giamarchi/Solides/
solides.html

http://dpmc.unige.ch/gr_giamarchi/Solides/solides.html�
http://dpmc.unige.ch/gr_giamarchi/Solides/solides.html�


Free electrons



Free electrons : basics
n(k)

k

+kF-kF
Individual excitations: 
fermions (particles or holes) 



Properties
• Thermodynamics

VC T Csteκ∝ =

• Spectral function
A(k,ω)

ω

δ(ω−ε(k))



How to probe ?

• Specific heat CV = γ T

• Responses:

NMR, Neutrons (spin correlations)

Transport (charge excitations)

Photoemission (single particles)



Photoemission

Measures 
Spectral 
function 
A(k,ω)
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``Free electrons’’ works

CV = γ T κ = cste χ = cste

(M. Grioni)



This is crazy !

U » 1 eV

n(k)

k

A(k,ω)

ω

1/τ

Ε(k)
1/τ » U

Solution: Fermi liquid theory



Fermi liquids



Fermi liquid 101

 Landau Fermi liquid

 Individual fermionic excitations 
exist (quasiparticles)



More formal

ReΣ ! m*, Z ImΣ ! 1/τ







Lifetime
• scattering between QP: lifetime

A(k,ω)

ω

1/τ

Ε(k)+kF-kF



( ) /iE k t te τψ −∝

• Lifetime larger than average energy 

21/τ ω∝

• QP are sharp (nearly free) excitations 
close to the Fermi surface 

• Transport: ρ » T2

• Only a fraction Z in QP states 





Collective modes 

• Charge mode:

Zero sound: ω = Vρ q

Plasmon: ω = Cste

• Spin mode:

Spin wave: ω = Vs q



RG interpretation of FL

EF

Λ

−Λ

Λ: cutoff

U: interaction

EF

Λ∗

−Λ∗

Λ∗: cutoff

U*: interaction



Hamiltonian (Landau)
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• « Individual » fermionic excitations 

(effective mass m*, weight Z)

• Thermodynamics:

VC T Csteκ∝ =

• Lifetime: transport etc. 2Tρ ∝
• Collective modes (charge and spin)

Summary of Fermi liquid



Fermi liquid theory

• Shown perturbatively in U 

• Much more general and robust

Element m*/m χ/χ0

Nb 2 1

3He 6 20

Heavy 
fermion

100 100



CeAl3

He3



T. Valla et al. 
PRL 83 2085 
(1999)

Mo(110) 
surface



Use of Fermi liquids

 Takes care of largest and most complicated 
processes

 Starting point to take into account perturbations 
(lattice, impurities, etc.)

 Simple instabilities and ordered states



How to destroy a Fermi liquid

• Strong or unusual  interactions 
(localized electrons, BCS, …)

• Special fermi surfaces (nesting, 
singularities at EF )

• Special dimensions (d=1, d=2 (?))  



Nesting

Divergent !



Difficult in 
high 
dimensions

Easy in d=1

Special surfaces



Tellurides: CeTe3

V. Brouet et al. PRL 93 126405 (2004)



What happens ? 

Naively : ordered state

RPA

χ = 1 at Tc

Instabilities compete

Fluctuations ?



How to really break FL

 Lower dimension (fluctuations)

 Increase interactions

 Strange degrees of  freedom



Mott transition







YBa2Cu3O7

Bi2Sr2Cu
O6

Bi2Sr2CaCu2
O8

Bi2Sr2Ca2Cu3O10

CaCuO2

(La,Ba)2CuO
4

High Tc





Mott insulators

Doped 
Mott 
insulators 
??



Find a simplified model

Simplest model containing:
- Bands (filling)
- Interactions



Hubbard model (1963)



One dimensional systems:
Luttinger liquid



One dimension is specially
interesting

• No individual excitation can exist (only
collective ones)

• Strong quantum fluctuations

Difficult to order



Interesting… 
but…

does it exist ? 



Organic conductors
1973: F.Wudl, D.Cowan, A.Garito, A.Heeger

TTF° + TCNQ°----->TTF +ρ TCNQ -ρ

        

     

+

1979: K. Bechgaard

c

b



Superconductivity !

D. Jerome, M,Ribault,
J.Mazaud and K.Bechgaard (1980)



Cees Dekker

CARBON NANOTUBES



How to make a theory

60’: A. Larkin, I. Dzialoshinskii, L. Gorkov, Bichkov
E. Lieb, D. Mathis

70’: A. Luther, V.J. Emery
80’: F.D.M. Haldane

Good excitations: collective onesTomonaga Luttinger





Details in:

TG, cond-mat/0605472 (Salerno 
lectures)

TG, Quantum physics in one 
dimension, Oxford (2004)



Universal description: 
Luttinger liquid

Low energy effective description 

All effects described by two parameters: 
u and K (Luttinger liquid parameters)

Power law correlation functions



Occupation factor



Organic conductors

c

b

A. Schwartz et al. PRB 58 
1261 (1998)First observation of LL !!

¾(!) » !º

TG PRB (91) :
Physica B 230 (1996)



V. Vescoli et al. EPJB 13 503 (2000)



Z. Yao et al. Nature 402 
273 (1999)



Spin

Fractional excitations

Charge

Spinon Holon



Spin

Spin-Charge Separation 
higher D ?

Charge

Energy increases with spin-charge separation

Confinement of spin-charge: « quasiparticle »



J. Voit



R. Claessens et al. PRL 
88 096402 (2002)



O.M Ausslander et al., Science 
298 1354 (2001)

Y. Tserkovnyak et al., PRL 89
136805 (2002) 

Y. Tserkovnyak et al., PRB 68
125312 (2003) 



Example: deconfinement
(from 1D to 3D)



3000 ,300 ,20
a b ct t t

K K K
> >
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• Low Energy (T,ω) : 2D,3D

• High Energy (T,ω): 1D

Dimensional crossover

1D3D E,ω,T



Mott insulators: confinement

Competition Mott insulator/Interchain hopping

• 1 chain : Mott insulator U >0

• 3d : Mott insulator U > Uc



c

b

D. Jaccard et al., J. Phys. C, 13 L89 (2001)

Deconfinement
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P. Auban-Senzier, D. Jérome, C. Carcel and J.M. Fabre J de Physique IV, (2004)
A. Pashkin, M. Dressel, M. Hanfland, C. A. Kuntscher, arxiv/0909.4795

TG Chemical 
Review 104 5037 
(2004)



Coupled spinless chains

 Mott insulator V > 2t

 Metal (Luttinger liquid) V < 2t

C. Berthod, TG, S. Biermann, A. Georges, PRL 97 136401 (06)



Determination of the Fermi 
surface

S. Biermann, A. Georges, A. Lichtenstein, TG, PRL 87 276405 (2001)
C. Berthod et al. PRL 97, 136401 (2006) 



Fermi surface shape

No solution

Insulator

No Fermi surface

Insulator: zero of  the green function



Pockets

Two solutions

Pockets



Full Fermi surface

Luttinger theorem satisfied: zeros and poles



Evolution of self-energy

gap closes at tc2



Hot spots

Important to have proper self  energy



ARPES



Conclusions

 « d=3 » : Fermi liquid; Excitations are « like » 
free fermions

 d=1 (and extensions)
Luttinger liquid; Only collective excitations; non 
universal exponents

Two well established electronic liquids

Other types of  non fermi liquids (d=2) 
???????????
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