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Introduction to the Kondo effect

tu,melmg Anderson impurity model

strong on-cite repulsion:
+ Hd::U(N—l)z, N =n,+mn,

impurity level is singly occupied: (N)=1

electron gas

t = 0: doubly degenerate ground state

~ =|electron gas ®}T )electron gas) ®|J,
example: flf | =

=3 1-l\
Effective exchange interaction:

Hexchange = (? . S) J o< tz/U p-3 ),

conduction electrons  impurity

t # 0: tunneling — exchange

virtual state
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Kondo effect
2691 de Haas et. al. (1934)
10°R(T)
R(273)
2681 i &
resistivity of a clean gold sample
267
o p phonons
26.5 |
expected saturation )
J. Kondo (1964):
Hexchange =4 (S ’ S)

conduction electrons  magnetic impurity

Ap~J2+J3ln(8F/T) — grows at 7T — 0
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Coulomb blockade of transport

[ _inear conductance:

4 il
G=R"=—
dV V-0
integer /V: half-integer :
high energy cost E ~ E. charge degeneracy =
blocks tunneling into the dot tunneling costs no energy

52 7/2 N,

—-E~ /T
e C/ (activation)
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Reasonably small quantum dots

M. Kastner, Physics Today (1993)
E. B. Foxman et. al. PRB (1993)

10-°

conductance (e?/h)

‘? 290 295 300
\ gate voltage (mV)

G - e_EC /T
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Even smaller quantum dots

S.M. Cronenwett et. al. (Delft, Kouwenhoven’s group)

D. Goldhaber-Gordon et. al. (MIT-Weizmann)
J. Schmid et. al. (MPI @ Stuttgart)
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Naive theory fails qualitatively in every other valley



Kondo physics in quantum dots

2

conductance (e2/h)

gate voltage /

\
Go<In(E./T)

T- dependence {N = even: normal (decrease at T - 0)
N = odd: anomalous (increase at 7' — 0)

for N = odd all possible electronic
configurations have S # 0

L. signatures of

g Kondo phyvsics
Go<In(E,/T) phy

= LG, Rauld (1943
Afg, Leo (138 )
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Kondo exchange

Cartoon:
Fermi Sea replaced by a single spin s
Hexchange = J(SS) % 11

S=1 3.=0
By =Eg,= J

Ground state: singlet for J > 0, triplet for J < (

Exchange with electron gas:

H =J(s'8), J>0 favors TI

exchange

small interaction radius

magnetic impurity
electron gas

but conduction electrons are delocalized!
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Kondo singlet

conjecture (Anderson, 1960s): :
ground state is a singlet

proof by numerical renormalization group:

Wilson, 1974
characteristic energy:

X T, =texp (-1/vJ ) - Kondo temperature

screening cloud

v, /T,

Kondo effect = lifting the ground state degeneracy
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Digression: Resonant scattering

2
—l r@=K-——

o= ) +1"

(Breit - Wigner)

transmission coefficient: 7 (£)=sin’J (&)

i
T(€) [
Jile

scattering phase shift
AR Skt

e —————— S ——————————
h
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Resonant scattering

density of states:

localized level e

e
\ p(€)
A . /[/ £,

|/

resonance at €= &, = localized level is half-occupied

p(€) € e :
8p'<-— 1\<=£p(w)dw=2

ground state expectation value

Tie )=1 = 5(8F)=§ = pie, )=nax=N=1/2
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Friedel sum rule

N and 6(&;) are related!

Friedel sum rule:

1
N=— 5 (6,)  (spinless fermions)

[5 (8 i (8 ):’ (electrons)

N=7 = 5 (8 ) 5 (8 ) ' no resonance

Anderson 1mpur1ty
E, <&, bk €, <€ <L
impurity level is singly occupied: N =1

= 6.4(&; )40, (e )=x

singlet ground state = &, (&;)=9, (&;)=7/2

T (&)= sin”® & (&-)=1 resonance!
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From scattering to transport

leads
reservoir / \ reservoir
dot [
l
b
V Il
2 '
ﬂL a7 — e‘ FX teak,,—x
| — Hp re "~

transmission coefficient

dp( 0€ \ e'f e
I=e PT(e )=—|deT(e)=—-T(&.)eV
h[ap (€)=, [ de T(@)= T (&)
Hr<€,<H velocity

S TR TR T AT L M AR

P

::';"ﬁl 2 = ;{:t';‘a
) e
= | Landauer formula: G = = (TT +T, )

%

PP s sl

T L L P

T,=T,=1 (resonance) = G =2¢*/h

conductance quantum: e’/h = (25 kQ )_1
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Transport in the Kondo regime, T=0

Isolated dot: doubly-degenerate ground state

1 ;
R

Dot in contact with leads: Kondo singlet

¥ =5 () -[41))

2 2

Conductance: G_Z(T +T) . — (sin® 8, +sin* & )

\

scattering phase shifts

Friedel sum rule:
Oy =7H\<T, 0, =7N,
ground state expectation values

NT i <‘PKond0(NT \\PKondo>: NJ, :/N/2

number of electrons on the dot
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Transport in the Kondo regime, T=0

T, S e T N T S B S L R P P B
Y

i

2 i

e ;

> |G =""sin’(@N/2) |

odd N: G = 2¢%/h - perfect transmission
even N: G =0 - perfect blockade

gate voltage
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Effect of a magnetic field

What is necessary for the Kondo effect to occur?

“  1nteraction
® degeneracy < lifted by a magnetic field
“ electron gas

4

) =@ ) i

<

Controlling parameter: B/T

Gll

2¢*/h

Thermal fluctuations have similar effect:

o 1= (BT, )

i

Zeeman energy:

T

K

B

By~ ST
7*/16
[in (B/T )T
S |7
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Effect of a bias

G < Gpg

dl 1
= (;05 Z [—7v Im T (eV)]

I‘S

(1 3 eV2
il gt LT

GodV ) 3n%/16
| In(eV/Tx)

Peak splits in the presence of magnetic field

Born approximation (elastic and inelastic co-tunneling):

%17 x a—+b0(|eV|—guB), guB is the spin-flip energy

Next order:

dl & B
— x In s /In3 sl
av maxz(T,[|eV] — guBl) Tk
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Effect of a bias and magnetic field

T=0: the log-divergence is cut-off by the Korringa relaxation re

LB = 27T(JV)2/d€1/d62?’L(61)

x[1 — n(ex)]o(e1 + guB — €2)

e B
O 'R~ BT
S h

The split peaks are perturbative even at 7=0:

G(eV = £guB)  Infln*(guB/Tk)]
Gl =8) In(guB/Tk)




e D

Inelastic Scattering at Low Energies
screening cloud

Nozieres (1974)

Nh’UF/TK

€k T Ex’ ot
Dl e

sl T
Bt oo = €k@k390£s = Z
ks kk's

1
2
Y TK kk'pp’

. gl L
e F Pk PR Pp P! -

g far aliiE 2
Uinel(s) aal O'tot(g) == 0-81(6) B )\F(T—)
%

Oimel(€ ~ Ti) ~ dale ~ Tk) ~ A&
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Inelastic scattering: perturbation theory

1. Simplest inelastic process in a toy model

H="Hy+ ‘A/toy o = Z fpc;[wcpa
Vioy = Jo Z (S+U cpzlcplT e S " szTcml)
Pi1P2

el.1 | el.2|imp

only two electrons 1n the band, Win = |P el 1)

A

i T\I}in T-matsiz: T=V 4+ ¥ W
& = H()
Born
2nd order
\IJ(%)t X J02 X
-+ T | I
b i orist 7= > S0 ey, BT, PL T)
PP 0p3p4 l |
J2
L |I)1l4 Ik3Ta T)

. gp o €p3
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Inelastic scattering off a magnetic impurity

4® .

P;P —P,P3 gp e, £p3

Energy transferred in the collision: T

Scattering cross-section:

4
(2) 2 Jy
Apap,_)plapg, o _E—‘Zé(ép + gp, o gpl s £p3)

nd S

2. Full 2‘. order = 4 G
perturbation theory e

result u

k40'4 . S,\? * k20'2

. T /
Total cross-seéction €, — & — W& + W

. 1
S (IV)S(S + 1)

averaged over S: K(w) =
9w

Oinel(€ > Tx) ~ 1/1In°(e/Tk) oa(e) =0
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Energy Relaxation in Ag, Cu, and Au wires

F. Pierre et al., JLTP 118, 437 (2000) and NATO Proceedings
(cond-mat/0012038)

Cu_

U=100 pV

fo | L=20pm D=200cm?/s

| L=5pm D=93 cm’/s
&4 0 T l
E/eU
K(E) ~ —
TOE oL L=5um D=130 cm’/s
= 0

E/eU




Tuning Kondo effect by Zeeman splitting

M. Pustilnik et. al., PRL 84, 1756 (2000)

N =even t T
$ ) 4 LOE
§° =1 : \Il S =1 | [
single:particle
level spacing
energy
AR degeneracy! _
S =1 T exchange.i
S° =0 ¥ vk
- - ,% !
0 B =6E B=gu,H 4

Resurrection of the Kondo effect at B = oE @

G 2
2ol i OFE ~0.1meV — H ~few Tesla
T;ven i Tlgdd
O ™

odd even 7\/0
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Experimental test:
Kondo effect in carbon nanotube

J. Nygard, D.H. Cobden, P.E. Lindelof, Nature 408, 342 (2000)
review: M. Pustilnik et. al. cond-mat/0010336; LNP 579, 3 (2001)

Au Au

quantum dot: oo
2 nm-thick 5= 2
nanotube bundle

0.1 T (K) 1

il 1.36°H
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Singlet-triplet transition

M. Pustilnik and L. Glazman, PRL 85, 2993 (2000)

2 electrons, 2 levels:

R b

small A: triplet (Hund’s rule) large A: singlet

A

Quantum dots: A can be small (e.g. by accident)
e

} T « § = 1 (uaples)
(—H—)

H_L
d) A 1s affected by magnetic field

\ energy / | \\
% e approximate

singlet 4-fold degeneracy

HJ_

= “Kondoesque” behavior
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Singlet-triplet transition in a vertical dot

S. Sasaki et. al., Nature 405, 764 (2000)
review: M. Pustilnik et. al. cond-mat/0010336; LNP 579, 3 (2001)

(GaAs:

m*~ 0.067 m, = strong orbital effect
g ~ -0.44 = small Zeeman energy B

0.75 N=5 025 0.29 N=7
Al foe TS
Bz WA 057 W Temperature (mK)

Concuctance (e/f) 3

—

0 10 10°

k

energy
triplet

- singlet
HJ_

S ol

Bias voltage (m



Kondo effect in quantum dots

Strong effect:
lifting of the Coulomb blockade at low T

(=%
T

conductance (e?/h)
ductance (¢/h)

gate voltage (mV) gate voltage

Ubiquity in nanostructures:

" Interaction
always present ( = degeneracy
“ electron gas

can be tuned

energy
triplet
. singlet

-

H,




