From Fermi to non-
Fermi liguids
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Questions

e Understood: free electrons

* Real systems : Coulomb interaction

 Properties of realistic systems

* Free electron theory works quite well



Free electrons : basics

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



Properties
e Thermodynamics

C, T x = Cste

e Spectral function
A(k,»)
o(o—e(K))



How! to prebe ?
e Specific heat C, = ¢y T

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

Photoemission (single particles)



Photoemission

Measures
Spectral
function
A(k,»)



" Free electrons’” works
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This Is crazy !

1/t

K E(k)



What's up doc !

= Fermi liquids and simple instabilities

s Luttinger liguids

s [he dark side...



Fermi liguid 101

e Individual fermionic excitations exist (as
for free electrons) ]

e
® \ ./
£ ok
m — m e K

o dressed electron (quasiparticles)



Quasiparticles are not free

2 2_ TpopoMponyo

X

R — K

Landau’s parameters



Lifetime

e scattering between QP: lifetime

o

ke E(K)

W 0 2
N= Y :N(O)Q/ dq/ des = 2
0] €1—w 2



o Lifetime larger than average energy

iE(K)t—t/z

Y oc e 1/7 o« »°

e 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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FIG. 2. Spectral intensity as a function of binding energy
for constant emission angle, normalized to the experimentally
determined Fermi cutotff. Data are symbols, while lines are
fits to the Lorentzian peaks with a linear background. The
dependence on the (a) binding energy, (b) temperature, and
(¢) hydrogen exposure is shown.




More formal

Alk,w) = =Tm G (k, ) (W (k,w)T (k,w))

1

ret(lC w) =

w—e(k) + 16

1

Cret(k,w) = o — 5 (5 o)

ReX - m™, Z ImX — 1/7



 Number of states: exp(<2)
e Quasiparticles : A ~ 1/L

‘ 1/L

Exact FL



Collective modes

e Charge mode:
Zero sound: o =V, q
Plasmon: o = Cste

e Spin mode:

Spin wave: o = V. Q



Summary of Fermi liguid

e Thermodynamics:
C, ocT xk = Cste

e « Individual » fermionic excitations

(effective mass m*, weight Z)

. 2
« Lifetime: transport etc. poc |

 Collective modes (charge and spin)



Eermi liguid theory.

e Shown perturbatively in U

 Much more general and robust

Element m>/m Ao
NDb 2 1
3He 6 240
Heavy 100 100
fermion




IHow to prove FL theory

s Perturbatively in U (diagrams)

s Self consistent proof:

discontinuity at Fermi surface Is
an order parameter.

s RG picture (perturbative)



RG Interpretation of FL

A A*

Er =

A _A*

A: cutoff A* cutoff

U- interaction U™: interaction



Hamiltonian (Landau)

.//. Hin, = k;qv (@) Cyiq CeqCiCi

T He =Y fon(kn(k')

k,k'



Use of Fermi liquids

s [akes care of largest and most
complicated processes

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

= Simple instabilities and ordered
states



How to break this boring stuff

e Strong or unusual Interactions
(localized electrons, BCS, ...)

e Special fermi surfaces (nesting,
singularities at E¢ )

e Special dimensions (d=1, d=2 (?))



Nesting

x(gq,w } = = — i~ = . .=
VL= ~ W+ E(k)—&(k+q) 410

Sk + Q) = —=&(k)

Re x(Q,w =0) = — / d¢ N (62

Y(Q,w =0) ~ —N(¢ =0) log(E/T) D |Ve rg ent !




Difficult In
high
dimensions

Easy in d=1

Special
surfaces




What happens ?

Naively : ordered state

x = oo at T,

Instabilities compete

Fluctuations ?



IHow to really break FL

s Lower dimension (fluctuations)
s INncrease interactions

s Strange degrees of freedom



[tINger liquias
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Organic

1d Systems

Quantum wires

conductors



Nanotubes

But also:

josephson junctions
ladders

Edge states .....

Cold Bosons

N, ~ 10 to 103
atoms

T. Stoferle et a/. PR1. 92 130403 (2004)




What Is special in d=1 ?



\What are the good excitations ?

E(k,q) = e(k+0)—&(k)

N7
NV

Ke K



s

ke
E(Cl)l \/ /
ke

D>1:

continuum

D=1

Well defined
excitations

E((]) = Ve(



Nesting Is the rule

® o Nesting
—M—» s(k +Q) = —&(k)

+kF Q =2k



IHow! to study.
e Exact methods (Bethe Ansatz)

spectrum; limited to very special models
* Numerics

special models, size limitations,
guantities specific to models

e Low energy methods



Reexpress the Kinetic energy

VO(X) =—7[ pr (X) + p (X)]
VO(X) = 7| pr (X) — p. (X)] = AI(x)

H = %\/F [(AT(X))* + (VD(X))°]
27T

* Phonon’’ Hamiltonian
(sound waves of charge)



Interactions
p(x) p(x') = (VO(x))*

H = j —[uK(nH(x» +—<v<1><x>> ]

e U velocity of sound

e K dimensionless parameter,
K<1:repulsive
K>1 : attractive



Properties

* Only collective excitations

e Thermodynamics

CV:T(LEJ 1(/1(O=KV—F
ul 3 u

 |_ooks like a Fermi liquid for g~0



Correlation functions
(P()P(0)) ==+ cos(ZkFx)(ij
X X

<Osu (X)Osu (O)> — (%}

1 %[K+K‘l] |
<'7”R (X)WR (O)> — (;j iArg(z/x)
1

X—V.T

K

1 (re(ye(0)=



No Landau Quasiparticles

%[K+K—1]—1




Phase diagram

JACR)E jdXdT ' ) y(x,7) yro"?

Most divergent fluctuations




System with spin

Same treatment
Pr > VO, p, —> VO,

More convenient

1 1
p=ﬁ(p¢ +0,) 0=ﬁ(p¢ - pP,)

Hi,=H,+H, =H_+H_



Hiw =U D prp, =U(p+0)(p-0)
=U(pp-o0)
H=H +H,

(U,,K ) Charge excitations
(u_,K ) Spin excitations

Charge-spin separation



de b bl



Correlation functions

(S(x)5(0)) = % + cos(2k, x)(2)

Perturbation (small U)
u K, =u K, =Vv;
u, /K, =ve+Ulx
u /K =v.-Ul/lxn



Spin sector more complicated (gap)

H = j —[uK(ﬁH(x)) +—<v<1><x>> ]

+ j dx cos(+/8M (X))
Anomalous correlation functions

n(k) = |k —k \ %+, photoemission

Yo =T S NMR
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FIG. 3. Spectral function p ;n(q,m) for the spin-1 Luttinger
liquid for ¢ > 0.

J. Voit PRB 47 6740 (1986)
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LLuttinger liguid concept

 How much Is perturbative

* Nothing provided the correct u,K are
used

e Low energy properties: Luttinger
liguid (fermions, bosons, spins...)



Fermions

(PO0PO) =5+ Acos(2l | L]

o,

+ A, cos(4k x)(%}

Hubbard U=0 K =1
0
U=w K =1/2



How to compute (u,K)

e Perturbation

 Exact solutions (Bethe Ansatz):
thermodynamics

C, >U x—>Uu/K D=uK
(E(L)—E(0))/L occu

e Numerics



U/VF

H.J. Schulz PRL 64 2831 (90)




Summary of Luttinger liquid

s SpINn charge separation

ot~V
Attty

= No fermionic quasiparticles

s Power law decay of correlation
functions

(p(X)p(0)) =L +cos(2k. X)) ™ +...



Fractional charges”

Spinon

Magnhon S=1

2 Spinons
S=1/2




SP' density of states

& Segment |
v Segment |l
m Across the kink

200

Yao et al., Nature 402 273 (1999)




Spin charge separation ?

(TMTSF)LCIO,

(TMTTF),Br

(TMTSF),PF,

(TMTTF)PF,

p degree of freedom
decoupled from ¢




[Lorenz et-al, Nature 418, 614, 2002
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Spin charge separation

Gi"u’“g[\"lt]

=1

35 3 25
Gate Voltage [Volt]

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)



Spectroscopy
E

\\\///

. E+V

*k+B



 Measures the band (velocities)

e Finite size wire:

Interferences




G [10°x2e2ih]

() I
<-3 -2 -1 0 1 2 >3

-
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eVLAZm hiv)

V [mVolt]

Interferences depend on u.



lnstapllities




Mott insulater (commensurate)

l'l'l'l'll 2 filling

. Uwvs.t
Any commensurate filling works
v
® (X) op(X)

op(X) =—p, VO, (X) /



Charges = Solitons In ®(x)

H = [ XK, (a1, ()" + 2 (VO ()]
27 ’

+g(U) j dx cos(N8®d ) — j XV (x)




Mott transition In optical lattices

Mott insulator

T. Stoferle ¢t a/. PR1. 92 130403 (2004)
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Optical conductivity

, .
\~2 LA N
7\ et Q= Qo
% A A. Schwartz et al. PRB 58 1261

(1998)

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

P -1.3
G(@) ~

Frequency {cm™)



More than 1D

Anisotropic situation



Dimensional Crossover
Deconfinement

References
- S. Biermann, A. Georges, T. Giamarchi and A. Lichtenstein, in

- ~Strongly Correlated Fermions and Bosons in Low Dimensional
Disordered Systems’ (Kluwer), cond-mat/0201542.
-T. Giamarchi, Chemical Review (2004)

And references therein.



¢ o

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

to

Ka

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

Dimensional crossover

3D , 1D E,o0,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



| i
(TMTTF),PF, -

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



Longitudinal vs Transverse

Coherent Tunnelling
transport (SP density of
. states)
o o T34 K o (0T) (@)
1.3 a=1(K+K™")-1

oy oL a~06  K=023



Deconfinement

(2) Dimensional crossover
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More than 1D

Isotropic situation
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Non Fermi liguids

e Fake non Fermi liquids

FL | Incoherent

Apparent NFL

e True NFL

" TE



Two Channel Kondo preblem

* * o]gle[ok
ﬁ * Spin + 3D Fermi liquid

H = Hg+ JS - (41(0)Sy(0))

* Total screening:
* Fermi liquid




2Channels Kondo:

Spin + 2 x 3D Fermi liquid

4] (0)S1(0) + }(0)Syo(0)]

X L
ﬁ*"r

Over screening:Non Fermi liquid

. 1 T,
X™Plw, T}~ In I ; (0, T<<T,),

T, max(w,T)

- T . T,
imp( 77y
C'mP(T) T In 7

3 (T'xT,)



In fact ....

[

One dimensional problem

Half space only

Boundary problem: conformal
Invariance



How to check

e Heavy fermions (f electrons)

e Quantum dots

Difficult

GaAs Al Ga, As



Fractional guantum Hall effect

Incompressible

Liquid

Magnetic Field B (T)

J. Smet, V. Umansky



e Fractional charges (Laughlin QP)

electron — 3 x (e/3)

e But ....

Chiral Luttinger liquid



References

e Kondo/Multichannel Kondo:
D. L. Cox and A. Zawadowski Adv. Phys, 47 599 (1998)
Edge states:

X. G. Wen Adv. Phys. 44 405 (1995)

M.P.A Fisher and L. Glazman in =~ Mesoscopic Electron
Transport” (Kluwer); cond-mat/9610037

For connections with Luttinger liquids see also:

T. Giamarchi -~ "Quantum Physics in one dimension” (Oxford).



Marginal FL

-HighTc  po(T)~T o(w)~1w
7 = Max(w,T)

- How to get and keep a Fermi surface

(C. M. Varma, P. B. Littlewood, S. Schmitt-Rink, E. Abrahams and A. E.
Ruckenstein 63 1996 (1989))

1
w—é&(k)—2(w,k)

(v (@0 (,0)) =

FL: ReX~w; ImX ~w°
MFL: ReX~wlog(x); ImXZ~x x=max(w,T)



Beyond 1d

Lo

To boldly go where no fermion has
gone before !!



£ +G

Ve Owa(0) = (G i * G

. No quasiparticles; £ < l0g(A /&)



Close to an instability.

= Nested Fermi Liquid™

L (@) = TP tann(o/a1)

= Nearly Antiferromagnetic Fermi
Liquid™
Xq
14+ £2(Q — ¢)° — iw/wg

(A. J. Millis and H. Monien and D. Pines, PRB 47 167 (1990))

XNFL(Q) =



Stripes

e 1D In two dimensions !

Phase separation

e Properties of a Luttinger liquid

S. A. Kivelson and E. Fradkin and V. J. Emery, Nature 393 550 (1998)



Strong interactions

— >< U large

CA — f:rtb Spinon Holon

ny +ng +mn, =1



Quantum critical point

= ldea: critical point means ¢ = oo

Scale T

Scale & Scale &

>

S. Sachdev " "Quantum Phase Transitions” (Cambridge)



Mott transition

Incoherent regime

Tcoh — 5Z/d

M. Imada and A.
- - — Fujimori and Y.
Mean Fleld' y4 2 Tokura, Rev. Mod.
Phys. 70 1039
(1998).

Hubbard d=2: z=4 ?



e Usually: QCP

Massless Massive

O g

e Try to find QCP:

Normal Normal

petial




Additional references

C. M. Varma, Z. Nussinov and W. van Saarloos, Phys. Rep. 361 267
(2002).

P.W. Anderson ~ The Theory of Superconductivity in the High-Tc
Cuprate Superconductors” (Princeton University Press).



Conclusions

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

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