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The Kondo Effect

resistance

temperature
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MAGNETIC Impurities

Fermi liquid
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Resistance Minimum in Dilute Magnetic Alloys
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The Kondo Hamiltonian




The Kondo Hamiltonian

S Spin of magnetic impurity
T  Pauli matrices
9k  Kondo coupling

g, <0 Ferromagnetic

g, >0  Anti-Ferromagnetic



C; € X concentration of impurities
cF o= OV
g, < 0 N as 1 decreases

Ferromagnetic p(T) DECREASES



Jdecreases

REASES



C; € X concentration of impurites
cp o= v
g, >0 N as ' decreases

Anti-Ferromagnetic p(T) INCREASES
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Breakdown of Perturbation Theory

O(g3) term is same order as (O(g%) term when

“Kondo temperature”



The Kondo Problem

The coupling GROWVS at low energies
2 3
Og. X —g;, + O(g;,)

Tx ~ Agcp



The Kondo Problem

The coupling diverges at low energy!




Solutions of the Kondo Problem
Numerical RG (Wilson 1975)
Fermi liquid description (Nozieres 1975)

Bethe Ansatz/Integrability
(Andrei, Wiegmann, Tsvelick, Destri, ... |980s)

Large-N expansion
(Anderson, Read, Newns, Doniach, Coleman, ...1970-80s)

Quantum Monte Carlo
(Hirsch, Fye, Gubernatis, Scalapino,... 1 980s)

Conformal Field Theory (CFT)
(Affleck and Ludwig 1990s)



Impurity  Conduction
Spin Electron
Spin
One electron binds with impurity
ground state is “Kondo singlet”

Non magnetic
state
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Impurity  Conduction
Spin Electron
Spin

One electron binds with impurity
ground state is “Kondo singlet”

1
\/§ (|Tz ie> T uz Te>)

Anti-symmetric singlet of SU(Q)
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Kondo Effect in Many Systems

alloys of Cu,Ag,Au, Mg, Zn, ...
...with Cr, Fe, Mo, Mn, Re, Os, ... impurities

Heavy fermion compounds

CeCug CePd,Sis
YbAl; YbRh,Si- :
UB€13 UPtg T

Quantum dots




Generalizations

arX1v:1306.6326v1 [cond-mat.mes-hall] 26 Jun 2013

Observation of the SU(4) Kondo state in a

double quantum dot
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Generalizations

Multiple “channels™ or “flavors™
!
C — C a=1, ...,k

U(1) x SU(k)



Generalizations




Multiple Impurities

Ruderman-Kittel-Kasuya-Yosida (RKKY) coupling

YbRhsSis
 Kondo lattice

J. Custers et al., Nature 424, 524 (2003) L 00




Solutions of the Kondo Problem
Numerical RG (Wilson 1975)
Fermi liquid description (Nozieres 1975)

Bethe Ansatz/Integrability
(Andrei, Wiegmann, Tsvelick, Destri, ... |980s)

Large-N expansion
(Anderson, Read, Newns, Doniach, Coleman, ...1970-80s)

Quantum Monte Carlo
(Hirsch, Fye, Gubernatis, Scalapino,... 1 980s)

Conformal Field Theory (CFT)
(Affleck and Ludwig 1990s)



The Kondo Lattice...

Alexei Tsvelik
QFT in Condensed Matter Physics

(Cambridge Univ. Press, 2003)

Alexel Tsvelik



The Kondo Lattice...

QFT in Condensed Matter Physics
(Cambridge Univ. Press, 2003)

Y
Alexel Tsvelik



GOAL

Find a holographic description
of the
Kondo Effect




Solutions of the Kondo Problem

Numerical RG (Wilson 1975)
Fermi liquid description (Nozieres 1975)

Bethe Ansatz/Integrability
(Andrei, Wiegmann, Tsvelick, Destri, ... |980s)

Large-N expansion
(Anderson, Read, Newns, Doniach, Coleman, ...1970-80s)

Quantum Monte Carlo
(Hirsch, Fye, Gubernatis, Scalapino,... | 980s)

onformal Field Theory (CF
Affleck and Ludwig 1990s
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CFT Approach to the Kondo Effect
Affleck and Ludwig 1990s

Kondo interaction preserves spherical symmetry

restrict to s-wave

restrict to momenta near k F







CFT Approach to the Kondo Effect

RELATIVISTIC chiral fermions
UF — “speed of light”







SU (k)N Kac-Moody Current Algebra




CFT Approach to the Kondo Effect

Full symmetry:




Sugawara Hamiltonian




Eigsenstates are representations
of the Kac-Moody algebra
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decoupled spin at »r = 0

7 /2 phase shift




decoupled spin at »r = 0

7 /2 phase shift




CFT Approach to the Kondo Effect
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GOAL

Find a holographic description
of the
Kondo Effect




What classical action do we write
on the gravity side of the correspondence!




How do we describe holographically...




Holography

Top-down:

AdS solution to a string or supergravity theory

Bottom-up:

AdS solution of some ad hoc Lagrangian



Top-Down Model

o1 2|34 |5 |6 ]|7|8]|9
N.D3 | X | X | X | X
Ny D7 | X | X X | X | X[ X ]| X ]| X
N5 D5 | X X | X | X | X | X

3-3 and 5-H and 7-7

3-7 and (-3
3-O and H-3
(-5 and BH-7

Open strings




Top-Down Model

o123 4 |56 ] 7]|8
N.D3 | X | X | X | X
N; D7 | X | X X | X | X | X | X
Ns D5 | X X | X | X | X | X
@nd H-5 and 7-7

CFT with holographic dual




Top-Down Model

2

3

4

D

6

N. D3

X

X

N7 D7

0
X
X

1
X
X

X

Ny D5

X
X

X
X

| P4

| P4

3-3 an<5 and 7>

3-7 and 7-3 \

3-O0 and 5-3

Decouple

(-5 and BH-7



Top-Down Model

o1 2|34 |5 |6]|7]|8
N.D3 | X | X | X | X
Ny D7 | X | X X | X | X[ X | X
N5 D5 | X X | X | X | X | X

3-3 and_9H-H and 7-7

3-7 an 7
ST m T

7-D and 5-7

(1+1)-dimensional
chiral fermions




Top-Down Model

o1 2|34 |5 |6]|7]|8
N.D3 | X | X | X | X
Ny D7 | X | X X | X | X[ X | X
N5 D5 | X X | X | X | X | X

3-3 and 5-H and 7-7

(-5 and H-7




Top-Down Model

o1 2|34 |5 |6 ]|7|8]|9
N.D3 | X | X | X | X
Ny D7 | X | X X | X | X[ X ]| X ]| X
N5 D5 | X X | X | X | X | X

3-3 and H-H and 7-7
3-7 and (-3
3-O0 and 5-3

75 it 57

Kondo interaction
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Previous work




Top-Down Model

0ol1 2134567809
N.D3 | X | X[ XX
V-, D7 | X | X X | X [ X | X[ X[ X
N:D5 | X | X | XAX | X | X

3-3 and 5-5 and

@ and 7@&

3-O0 and O-3

\

Absent in previous
constructions




The D3-branes

o112 |3 (|4]|5]6|7|8]|9
N D3 | X | X | X | X

3-3 strings




The D3-branes

o112 |3 (|4]|5]6|7|8]|9
N D3 | X | X | X | X

3-3 strings

A= g%MNC




The D3-branes

o112 |3 (|4]|5]6|7|8]|9
N D3 | X | X | X | X

3-3 strings

A= g%MNC




The D3-branes

21314516789

Type lIB Supergravity

AdS5 X 55

9y nr X Js
Q%MNC X L4Ads/0/2

LAdS =1



The D3-branes

41516789

Type lIB Supergravity

AdS5 X 55

/ F5OCNC F5 :d04
g5



Anti-de Sitter Space

d 2
ds® = :2 - (—dt2 + dz? + dy? +d22)
L— r = 00
e boundary

o r =0

Poincare horizon



Top-Down Model
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0] 1 4 151678
N, D3 | X | X
Ny D7 | X | X X | X[ X ]| X | X
Ny D5 | X X | X | X ]| X | X
(

9y p X Gs

g%MNC X 1/0/2




N. D3

N7 D7

N5 D5

4| P4

4| P4

4| P4




Probe Limit

N7/N. — 0 and N5/N. — 0




Probe Limit

U(N7) x U(Ng) becomes a global symmetry

Total symmetry:

(plus R-symmetry)



Top-Down Model

o1 2|34 |5 |6]|7]|8
N.D3 | X | X | X | X
Ny D7 | X | X X | X | X[ X | X
N5 D5 | X X | X | X | X | X

3-3 and_9H-H and 7-7

3-7 an 7
ST m T

7-D and 5-7

(1+1)-dimensional
chiral fermions




The D/-branes

O 1234 ]5]6]|7]8
N.D3 | X | X | X | X
N; D7 | X | X X | X | X | X | X

Harvey and Royston 0709.1482, 0804.2854

Buchbinder, Gomis, Passerini 0710.5170

8 Neumann-Dirichlet (ND) intersection

—

Neumann

/l\/v

—

——  Dirichlet




The D/7-branes

o1 1123456739

N.D3 | X | X | X | X

N; D7 | X | X X | X[ X | X | X | X

Harvey and Royston 0709.1482,0804.2854
Buchbinder, Gomis, Passerini 0710.5170

8 Neumann-Dirichlet (ND) intersection

1/4 SUSY

N7 (1+1)-dimensional chiral fermions wL




The D/-branes
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X

N7 (1+1)-dimensional chiral fermions wL

1.




The D/7-branes
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N~ (1+1)-dimensional chiral fermions YL




The D/7-branes
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0
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N~ (1+1)-dimensional chiral fermions YL




The D/7-branes

o1 |2 3|4 |56 ]|7|83|9
N D3 | X | X | X | X
Ny D7 | X | X X | X[ X | X | X | X

N7 (1+1)-dimensional chiral fermions @DL




The D/7-branes

1

2

3

4

D

6

7

8

9

N. D3

X

X

X

N7 D7

0
X
X

X

X

X

X

X

X

X

N~ (1+1)-dimensional chiral fermions YL




The D/7-branes

21314151678

N. D3

Sikali=

1
X | X | X
X

N7 D7 X | X | X | X | X

@ Gauge Anomaly!

Harvey and Royston 0709.1482,0804.2854
Buchbinder, Gomis, Passerini 0710.5170




The D/7-branes

4

D

6

N. D3

N7 D7

1
X
X

X

X

X

Probe Limit!







SU(N¢)n

— SU(N,)

SU(N7)NC X U(l)N N, — SU(N7)N X U(l)N N-






Type lIB Supergravity

AdS: x S°

- o Probe D7-branes
o Ang X S5
dr? % \

ds® = 5 -2 (—dt2 + dx® + dy* + sz) + ds?g5




Current J Gauge field A

Kac-Moody Algebra

Chern-Simons Gauge Field

rank and level rank and level
of — of
algebra gauge field
Gukov, Martinec, Moore, Strominger Kraus and Larsen

hep-th/0403225 hep-th/0607138



— Gauge field A

/

U(N7)Nc Gauge field on D7-brane




Probe D7-branes along AdS5 x S°

1
SD? :—|—§TD7(27TO/)2/P[C4]/\th/\F-F...

1 2
— —§TD7(27T0/)2/P[F5] /N tr (A/\dA+ gA/\A/\A) —+ ...

N
= tr A/\dA—I—gA/\A/\A + ...
47'(' AdSs 3




Answer #1

The chiral fermions:

Chern-Simons Gauge Field in Ad S5



Top-Down Model

o1 2|34 |5 |6]|7]|8
N.D3 | X | X | X | X
Ny D7 | X | X X | X | X[ X | X
N5 D5 | X X | X | X | X | X

3-3 and 5-H and 7-7

(-5 and H-7




The D5-branes

O 1234|567

N D3 | X | X | X | X

Ny D5 | X X | X | X | X

Gomis and Passerini hep-th/0604007

8 ND intersection

N5 (0+1)-dimensional fermions X




The D5-branes

Ol 1123|4567

N.D3 | X | X | X | X

Ny D5 | X X | X | X | X

Gomis and Passerini hep-th/0604007

8 ND intersection

N5 (0+1)-dimensional fermions X

Lo | e




The D5-branes

4

D

N. D3

N5 D5

Sikeli=

X

X




The D5-branes

L 121314 |56 |7

N. D3

X | X | X

N5 D5

iR

X | X | X | X

SU(N,) is“spin”

—

S = XT T
“slave fermions”

“Abrikosov pseudo-fermions”

Abrikosov, Physics 2, p.5 (1965)




Gomis and Passerini hep-th/0604007

Ny =1







Type IIB Supergravity

AdS: x S°

Probe D5-branes
AdS, x S*

dr?

ds?® = :
-

-2 (—dt2 + dx® + dy* + sz) -+ d3%5



N =4 SYM
N, — o0

A — 00

Probe X

U(Ns5) Current J

&

Type |IB Supergravity

AdS: x S°

Probe D5-branes
AdSs x S4

U(Ns) Gauge field @

Electric flux




Probe D5-brane along Ad.S5 x S*

Camino, Paredes, Ramallo hep-th/0104082
/N 2 1
Sps = —1Tps (2ma’) 5 trf A xf

L Tps (270) / PICJ Atef + ...

AdS9 electric field [




Answer #2

The impurity:
Yang-Mills Gauge Field in AdS

electric flux

Rimp




Top-Down Model

o1 2|34 |5 |6 ]|7|8]|9
N.D3 | X | X | X | X
Ny D7 | X | X X | X | X[ X ]| X ]| X
N5 D5 | X X | X | X | X | X

3-3 and H-H and 7-7
3-7 and (-3
3-O0 and 5-3

75 it 57

Kondo interaction

/




The Kondo Interaction

0|1 123|456 7]|8
N5 D5 | X X | X | X | X | X
N; D7 | X | X X | X | X | X | X

Complex scalar!

O =l x




The Kondo Interaction

O 1 (234|556 ] 7|8
N5 D5 | X X | X | X | X | X
Ny D7 | X | X X | X | X | X | X

SUSY completely broken

TACHYON

5 1

mt achyon 4a/

D5 becomes magnetic flux in the D7




The Kondo Interaction
SU(N.) is“spin”

—

S-J=x"Tx-¢iTy;
1

T;Lj T = 0410k

070k

N,




N =4 SYM
N, — o0

A — OO

Probe w L

Probe X

Pl X

Type lIB Supergravity

AdS5 X S5

Probe D7/-branes

AdS; x S°

Probe D5-branes
AdSQ X S4

Bi-fundamental scalar

AdSQ X S4




Answer #3

The Kondo interaction:

Bi-fundamental scalar in AdS>



Top-Down Model

DO = 0P+ 1A — 1ad



Top-Down Model

What is V (®T®)?



Difficult to calculate in AdSs x S°



Switch to bottom-up model!
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Bottom-Up Model

DO = 0P+ 1A — 1ad



Bottom-Up Model

We pick V (OT®)



Bottom-Up Model




D® =0P +1AP — 1ad

V(®T®) =m?*dTd









Single channel

U(1)n.




Equations of Motion

d =W
M,V:T,t,m m,n:’r,t




Equations of Motion




Equations of Motion

1% Fyy = — ()T (1)




Boundary Conditions

We choose m2 — Breitenlohner-Freedman bound

Our double-trace (Kondo) coupling;
C:§K5

Witten hep-th/01 12258



AdS-Schwarzschild black hole

T>Te V=9f"|ypgs, 70 &(r) =0

- \/__gftr‘ﬁAdSQ #0  o(r) #0

A holographic superconductor in AdS>




AdS-Schwarzschild black hole

T>Te V=9f"|ypgs, 70 &(r) =0

- \/__gftr‘ﬁAdSQ #0  o(r) #0

Superconductivity???




AdS-Schwarzschild black hole

T>Te V=9f"|ypgs, 70 &(r) =0

- \/__gftr‘ﬁAdSQ #0  o(r) #0

The large-N Kondo effect!




Solutions of the Kondo Problem

Numerical RG (Wilson 1975)

Fermi liquid description (Nozieres 1975)

Bethe Ansatz/Integrability
(Andrei, Wiegmann, Tsvelick, Destri, ... |980s)

Quantum Monte Carlo
(Hirsch, Fye, Gubernatis, Scalapino,... | 980s)

Conformal Field Theory (CFT)
(Affleck and Ludwig 1990s)



Large-N Approach to the Kondo Effect




Large-N Approach to the Kondo Effect

Coleman PRB 35,5072 (1987) | |Senthil, Sachdev,Vojta PRL 90,216403 (2003)

1 >,
1 <1,




Large-N Approach to the Kondo Effect

N — 00 with Ng, fixed

Coleman PRB 35,5072 (1987) | |Senthil, Sachdev,Vojta PRL 90, 216403 (2003)

1 <.
U(l) xU(1) — U(1)
“(0+1)-DIMENSIONAL SUPERCONDUCTIVITY”



Large-N Approach to the Kondo Effect

N — 00 with Ng, fixed

Coleman PRB 35,5072 (1987) | |Senthil, Sachdev,Vojta PRL 90, 216403 (2003)

1 <1,
The phase transition is an ARTIFACT of the large-N limit!

The actual Kondo effect is a crossover



AdS-Schwarzschild black hole

T>Te V=9f"|ypgs, 70 &(r) =0

- \/__gftr‘ﬁAdSQ #0  o(r) #0

The large-N Kondo effect!




The Phase Shift




The Phase Shift




The Phase Shift




The Phase Shift




Screening of the Impurity

/. rrit
_gf ‘ horizon

0.5

0.45

0.4

0.35

0.3

.M

1/2

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09



The Phase Shift




The Phase Shift




The Phase Shift

Integrate up to some T

Compactify U ,integrate over U
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® Entropy!
® Heat capacity!
® Susceptibility?

® Resistivity?



Qutline:

® The Kondo Effect

® The CFT Approach

® A Top-Down Holographic Model
® A Bottom-Up Holographic Model

® Summary and Outlook



Summary




Outlook

® Multi-channel?

® Other impurity representations?
® Spin as global symmetry?

® Entanglement entropy!?

® Quantum Quenches!

® Multiple impurities, RKKY?

® Suggestions welcome!



Thank You.




