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The Kondo Effect

Kondo Hamiltonian:

A = 1.
HK = Z e(k)¢£a¢ka + )‘K 5(X) S Z 1/}1057—00’ ¢k’a’

k,o kok'c!
® Yo, 1/1;20 conduction electrons
e o =1, | spin SU(2), 7 Pauli matrices
® Yy, — %y, charge U(1)

2 . . -
o ¢(k) = £ — ¢f dispersion relation

o5 impurity spin
o \x Kondo coupling

o Ak < 0 ferromagnetic
e Ak > 0 anti-ferromagnetic



Logarithmic behaviour at low temperatures
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Fig. 1. Comparison of experimental and theore

p=T curves for dilute AuFe alloys.
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Resistivity:
2 5 12 ~33 T
p(T)=p0+aT + bT +C)\K_C)‘K|ng

@ ¢, ¢ « impurity concentrations, A cutoff scale
o p(T) 1 as T | if \x > 0 (anti-ferromagnetic)



Resistivity:
2 5 12 ~33 T
p(T)=p0+aT +bT +C)\K_C)‘K|ng

@ ¢, ¢ « impurity concentrations, A cutoff scale
o p(T) 1 as T | if \x > 0 (anti-ferromagnetic)
. ~ _¢c 1l
Kondo temperature: Ty =~ Aexp ( z :\K)

o Perturbation theory breaks down when O(A\%) ~ O(3%)

@ Ty dynamically generated scale



Resistivity:
2 5 32 =33 T
p(T)=po+aT+ bT>+ cAx — EAx Iogx
@ ¢, ¢ « impurity concentrations, A cutoff scale
o p(T) 1 as T | if \x > 0 (anti-ferromagnetic)

Kondo temperature: Ty ~ Aexp (—%/\i)
K

o Perturbation theory breaks down when O(A\%) ~ O(3%)

@ Ty dynamically generated scale

Asymptotic freedom: “Tx ~ Agcp”
o B(Ak) ~ =A% + O(A%)
@ Coupling diverges at low energy



The Kondo problem

What is the ground state of Hyx at low temperature?

Solution known for single-impurity problem:
UV: Fermi liquid + decoupled spin

IR: Fermi liquid + non-magnetic impurity + special BC
@ Magnetic impurity screened by the formation of the Kondo
resonance (heuristically: e~ + impurity — SU(2) singlet)
@ Electron wavefunction vanish at impurity



Generalisations

Entend the spin group: SU(2) — SU(N)

Enlarge the impurity spin representation: s, = 1/2 = Rimp
Multiple channels (“flaovurs”): ¢ — ¢, a =1,...,k

Total symmetry: SU(N) x SU(k) x U(1)

Kondo model specified by N, k, and Rimp



CFT Description [Affleck & Ludwig 90s]

EFT: Chiral fermions in 1D interacting with impurity at origin

v, . 2 1,
H = o dliocis + ve Ak 6(x) S - o] 5701,
0 M\ = 2m—7r22v,:3\K classically marginal

UV: A\x — 0, free (1 +1)-d CFT
e Kac-Moody algebra: SU(N)x @ SU(k)n x U(1)
SU(N) spin: J =i 7,
SU(k) channel: JA = o]ty
U(1) charge: J = Q/JMJL
J(2) = ey 22, [, ) = i £+ 866,

@ Spectrum determined by current algebra and BC's.



IR Fixed Point

Sugawara form:

_ aja 1 A A 1 2 3 7
He s’ om0 e 0098

%mjajummuﬁll\/kﬁ
J? =7+ (N + k)Akd(x)S?

@ Impurity spin “absorbed” by the conduction electrons

@ Same SU(N), x SU(k)y x U(1) & Ak = %H

Kondo problem: How reps. rearrange between UV and IR

; . RIR _ pUV ,
e Fusion rules: Rgyi, = Repin X Rimp

o IR CFT = UV CFT + shifted spectrum



Large N Approach
SU(N) spin = standard large N limit
Kondo effect appear as (0+1)-d superconductivity

Slave fermions: S = xT T2y, a=1,..., N> —1.
e Impurity in totally antisymmetric SU(N) rep. Q
o Extra U(1) symmetry = constraint y'y = Q.

O =} x SU(N) singlet, SU(k) x U(N¢) bi-fundamental

Ak 8(x) J25% = A 0(x) (] T200) (X Tx)
1
= 5K 5(x)00T + O(1/N)
e OO classically marginal “double trace” deformation.
e (O) # 0 when T < T, «+» formation of Kondo singlet.



Essential Ingredients

X0 Xl X2 X3 X4 X5 X6 X7 X8 X9
N-.D3| ¢ o o o - - — — - -
Ny D7 | e e - - ° °
Ng D5 | e - - = ° ° -

(14+1)-d chiral fermions 1), <+ probe D7 along AdS; x S°

FT U(N7) current J, obeying Kac-Moody algebra (N, k)
Dual Chern-Simons gauge field A,

Impurity slave fermion y < probe D5 along AdS, x S°

FT U(Ns) current j, with X'x = Q (Rimp)
Dual Yang-Mills gauge field a,, with flux Q

Kondo interaction:

FT Bilinear scalar operator O = ¢IX

Dual Bi-fundamental complex scalar ¢ (tachyon)



Holography: Bottom-Up Model

Action:

S = Scs + Sads,

N 2
SCS:—/tr(A/\dA+A/\A/\A>
47 3
1
Saas. = =N [ xi)v=g {4“’(2 + D9 + V(¢T¢)}

DO =0b+iAd—iad

Bottom-up: Choose V(¢d) = M2did

Finite temperature: BTZ black hole

2
ds? — ziz <:(Zz) — h(z)de® + dx2> Db =1-Z



The Kondo Coupling

Near the boundary z — O:
22~ L tu. 02) ~ VE(alog(h2) + B) . Adz) 50

e BC: Boundary flux /—gf%|,—0 = —Q
@ Double trace coupling: a = k3 x (O) [Witten 01]

Running of coupling: ¢(z) independent of scaling

KB K

K =, KT=———
0T T T 1+ rlog 5



Dynamical Scale Generation

RT
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Divergence of k1 determines Ty = %/\el/”



Phase Transition
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T./Tk ~0.90



The Condensate
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Screening of Impurity
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Flux at horizon: \/—gf%|,—; = aj(z =1)

Non-trivial ¢(z) draws charge away from a:(z), reducing flux at
= Q, i.e. impurity screened!

horizon = R,-’,’,fp < R,-‘,Jn‘,/)



Summary

A simple and realistic holographic model that describes the Kondo
effect along the entire RG flow; useful for further model building.

Holographic dual of Kondo effect at large N:

Holographic superconductor in AdS; with the “double trace”
boundary condition imposed on the scalar field coupled as a defect
to the CS gauge field in AdSs.

Open problems: Multi-impurities, Kondo lattice, quantum
quenches, entanglement entropy, ...



