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How to describe solids ?

e Understood: free electrons

e Real systems : Coulomb interaction
E~ 10000 K !

* Free electron theory works quite well !
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Need to understand interactions !
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What’s up doc ?

e Reminder of free electrons
* Basics of Fermi liquids

* How to break Fermi liquids

e Mott transition
* Luttinger liquids

e Deconfinement



Details 1in

http://dpmc.unige.ch/gr giamarchi/Solides/
solides.html

Details on the lectures and all the lecture material can be found on Dokeos
Notes on many body physics (in english)

Shorter and less technical description [Notes of a course in the "Les Houches in Singapore' 2009 school]

Some related lectures on many body physics are given here:

® Notes on many body physics (in french)

* Notes of previous version of Solides III and IV (in french) by B. Giovannini and C. Berthod



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

Free electrons



Free electrons : basics

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



Properties

e Thermodynamics

C, ocT x = Cste

e Spectral function
Ak,m)
d(mw—e(k))



How to probe ?
* Specific heat C, =y T

* Responses:
NMR, Neutrons (spin correlations)
Transport (charge excitations)

Photoemission (single particles)



Photoemission
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““Free electrons’ works

Cy=vT K = cste Y = cste
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This is crazy!

1/t

S E(K)
U~1eV 1/t~ U



Fermi liquids



Fermi liquid 101

m [ andau Fermi liquid

B [ndividual fermionic excitations
exist (quasiparticles)



More formal
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Lifetime

e scattering between QP: lifetime
N\ | 7
\l/
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1/t




o Lifetime larger than average energy

iE (K)t-t/z

Y oC € 1/ 7 c @

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

e Transport: p ~ T?
e Only a fraction Z in QP states
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Collective modes

* Charge mode:
Zetro sound: ® =V ¢
Plasmon: ® = Cste

* Spin mode:

Spin wave: ® = V,_ q



RG interpretation of FL

A A*

[T

A —N\*

A cutoff A*: cutoff

k. g
U: interaction U™ interaction



Hamiltonian (Landau)

O//O Hint — k;qv (q) C:+q C:'—qu'Ck

H., =) fo .n(kn(k’)

k,k'



Summary of Fermi liquid

e Thermodynamics:
C, ocT x = Cste

e « Individual » fermionic excitations

(effective mass m*, weight Z)
o Lifetime: transport etc. 0 oC T*?

 Collective modes (charge and spin)



Fermi liquid theory

e Shown perturbatively in U

 Much more general and robust

Element m>*/m N
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FIG. 2. Spectral intensity as a function of binding energy
for constant emission angle, normalized to the experimentally
determined Fermi cutoff. Data are symbols, while lines are
fits to the Lorentzian peaks with a linecar background. The
dependence on the (a) binding energy, (b) temperature, and
(c) hydrogen exposure is shown.

T. Valla et al.
PRI. 83 2085
(1999)
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Use of Fermi liquids

m Takes care of largest and most complicated
Processes

m 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 E.)

» Special dimensions (d=1, d=2 (?))



Nesting

aw) = 15 Fe&k) = Fr(8htq)
S Qe w+l(k) =k +q) +id
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Difficult in
high

dimensions

Fasy in d=1

Special surfaces



Tellurides: CeTe,
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V. Brouet et al. PRL 93 126405 (2004)



What happens ?

Natvely : ordered state

o X" (q,w)
X(q,w) = T RPA

1+U X . l q,w }

X, = 00 at T

Instabilities compete

Fluctuations ?



How to really break FL

m [.ower dimension (fluctuations)
m [ncrease interactions

m Strange degrees of freedom



Mott transition
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Mott insulator

MIT

Metals near MIT

Spatial
Spin Control dimension
Compounds Type order T,(K) parameter order i X ¥ Spin order  of anisotropy Remark
FC T for ePp~10 I SDW for FC strong mass enhancement
Vo0, d®  MH AF 180 BC 1 BC  for BC =40 P for BC 3
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Mott insulators
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Find a simplified model

A Normal
metal

Simplest model containing:
- Bands (filling)

- Interactions



Hubbard model (1963)




One dimensional systems:
Luttinger liquid



One dimension is specially
interesting

w — 770629 Difficult to order



Interesting...
but...
does it exist ?



Organic conductors

1973: FWudl DCowan A.Garito, A.Heeger
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How to make a theory

Good excitations: collective ones

‘Tomonaga Luttinger

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

70: A. Luther, V.J. Emery

80”: EID.M. Haldane
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Details in:

TG, cond-mat/0605472 (Salerno

lectures)

TG, Quantum physics 1n one
dimension, Oxford (2004)

Quantur
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Universal description:
Luttinger liquid

m [.ow energy effective description

m | cffects described by parameters:
u and K (Luttinger liquid parameters)

B Power law correlation functions



Occupation factor




Organic conductors

—e—X=PF, (T=20K)
—o— X=AsF, (T=20K)
—o— X=ClO, (T=10K)

a(®) ~ o'’

TG PRB (91) :
Physica B 230 (1996) A. Schwartz et al. PRB 58
First observation of LL !! 1261 (1998)
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Z.Yao et al. Nature 402
273 (1999)
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Fractional excitations

Spin Charge
S (O Ry

Spinon Holon



Spin-Charge Separation
higher D ?

Energy increases with spin-charge separation

Confinement of spin-charge: « quasiparticle »
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FIG. 3. Spectral function p,(q,®) for the spin-J Luttinger
liquid for ¢ > 0. "
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O.M Ausslander et al., Science
298 1354 (2001)
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Example: deconfinement
(from 1D to 3D)



L >t >t
3000K,300K, 20K

e High Energy (T,m):
e Low Energy (T,m) :

to

Ka : :
Dimensional crossover

3D 1D E,o,T
>




Mott insulators: confinement

——0—0—0—
——0—0—0—

e 1 chain : Mott insulator U >0

e 3d : Mott insulator U > Uc

Competition Mott insulator/Interchain hopping



Deconfinement
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Review 104 5037
(2004)
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P. Auban-Senzier, D. Jérome, C. Carcel and J.M. Fabre | de Physique IV, (2004)
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Coupled spinless chains

H = —t Z(C?Jlr—l—lc?: + h.c.) + VZ’N,?;TL?;_HL
? i

B Mott insulator V > 2t

m Metal (Luttinger liquid) V < 2t

B = —ij Z Zczjac@g
(NG|

C. Berthod, TG, S. Biermann, A. Georges, PRL 97 136401 (00)




Determination of the Fermi
surface

S. Biermann, A. Georges, A. Lichtenstein, TG, PRL 87 276405 (2001)
C. Berthod et al. PRL 97, 136401 (20006)




Fermi surface shape

=020 No solution
A=09171

Insulator

No Fermi surface

Insulator: zero of the green function



Pockets

Two solutions

Pockets




Full Fermi surface

f,=0.601
A=0

Luttinger theorem satisfied: zeros and poles



Evolution of self-energy

oap closes at t_,




Hot spots

1 =0.80—
L="2

// /H’J’ - 0.60

Important to have proper self energy



(k)




Conclusions

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

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