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Why Kondo today?

« Basic system: magnetic impurity in metal

« Exp 30’s, Theory 60-70’s

* New way of doing experiments: quantum dots
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Fruitful theory playground

« Simplest model of strongly correlated fermions

« Description of lattice models: DMFT

» EXotic extensions:
- NFL (2 channel Kondo$S = 1 Kondo)
- Quantum criticality (2 impurity Kondo...)
- Mesoscopic Kondo
- Kondo In superconductors, in graphene...
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Summary and concepts

- What is a magnetic impurity? (Friedel, Anderson)
[very high T}

» Fermi Liquid (Nozieres, Yamada)
very low T]

« Kondo logs (Kondo, Anderson)
[high T]

« How to bridge the "gap"?
- Numerics: (Wilson), QMC
- Analytical: bosonization, Bethe ansatz
- Approx: slave boson, LMA,...
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Basic description

Questionwhat becomes a magnetic atom in a metal?
Exp. fact: mag. impurities show a moment

Slmpllfled atom:Hy = ed(ndT -+ ndl) -+ Undmdl
= Moment stabilized by/, excitations

Resonant levelHy = 3, [excl ¢, + Vdic, + h.c]
= NoO moment, features

Anderson modeld = Hy + Hy
= Competition localized/delocalized
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L ocal moment for mation
Mean field theoryfrozen momenti = (nq; — ngy )

Results:

» Local momenty £ 0 for U > #l' = 7V ?p,
= need narrow orbitals and low metallic DoS

« Hubbard bands> features remain

But: this at low energy!
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Fermi liquid

SmallU: perturbation theory well-behaved

= Self-energyX,(w) = (1 — Z Hw + Aw?
Effective width:I'p, = ZT'

= Renormalized guasiparticles
e.g.XZ-mp(T = 0, U) X Z_le,;mp(T = 0, = O)
Sum rule:p;(w =0) = 1/(xT) atT = 0
Interpretation:

Screening af’ < ZT'

Problem:
e toughatU > I
IS that all?




Kondo modeél

S-W transformationkeep spin states at > I'
= AF coupling.J = 8V2/U to the Fermi sea

H = ZEkaUCkO—FJS ZT T""

Limit J = 0:; local moment

+ S(T) = log 2 and ., (T) = 1/(4T)

Limit J = oo: singlet state (screening)

« S(T) = 0 andy;,,(T) finite
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Kondo logs

Perturb inj = J/D: badly convergent @' < D!!

| D D
Ximp(L) = AT 1—]—]210gf—3310g2T+...
1 |
= — [1—jr(T)+O(7)]

AT
Renormalized coupling:

|

Jr(T) =

Kondo temperaturet = De P// = De U/8T
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What below T ?

— NRG

leading log

The spin Is screened at= 0 In agreement with FL

Saturation:y (7T = 0) o< 1/Tk
= Ty = ZI'1s also the FL coherence scale
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Universality
ForT < D: TxXimp(T/D,J/D) = ®(T/Tk)

NRG runs:for three values ot/ /T’

data collapse af' < D
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Kondo signaturein transport
T-matrix: embodies scattering properties

T(T) — V2Gd(7')

(3 5), (5 70e) )

Universal resistivity of Kondo alloys:
R(T) x ImT(T,w =0) o< pg(T,w = 0) o< jp(T)?
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