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1. Introduction

a. History: resistance minimum
b. Anderson model

2. Renormalization Group

a. Poor man’s scaling
b. NRG-> see Ralf Bulla'
c. exotic Kondo effects in metal

3. Kondo effect in Lattice systems

a. Heavy Fermion materials
b. Dynamical mean field theory
c. Impurity solver

4. Kondo effect in nano-device

a. Kondo effect in single-electron transistors
b. Charge Kondo effect
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o sene universitat Resistance minimum

Jun Kondo
Onuki et al 1987
de Haas, van der Berg 1936
: !
increase: « log(T) but saturation for T<Ty
Jun Kondo(1964) magnetic scattering: Hyi = J.S),-Sband
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o sene universitat Resistance minimum

Jun Kondo
Onuki et al 1987
de Haas, van der Berg 1936
37TmJ2S(S—|—1) kBT
mp = 1—Jp(ep)In | —— ) + O(J?
Pimp hes per) 7 (J7)
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o sene universitat Anderson Model

Single level:  Hinyp = Z 5dd:f,dg +Unqin,
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o sene universitat Anderson Model

Single level:  Hinyp = Z 5dd:f,dg +Unqin,
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Eigenstates: 0)
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Single level:  Hinyp = Z 5dd:f,dg +Unqin,
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o sene universitat Anderson Model

Single level:  Hinyp = Z 5dd:f,dg +Unqin,

Eigenstates: 0)
I e LU local moment formation: 1" < U

charge fluctuations:
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o sene universitat Anderson Model

Single level:  Hinyp = Z 6dd:f,da +Unqin,

Eigenstates: 0)
I e LU local moment formation: 1" < U

charge fluctuations:

|

hybridization:
Hyyp = Y V(o) (dbers + cf,,do )
ok
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o sene universitat Anderson Model

Single level:  Hinyp = Z 6dd:f,da +Unqin,

4 )
Eigenstates: 0) 2) local moment formation: T < U
I P model related to the
o) Kondo model
\_ J

charge fluctuations:

B

. qe . . 0) :
hybridization: )
. €
—_—
o)
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technische universitat Himp: artiﬁcal atom

dortmund

d d
H= Bydidg +Unind  (0),] 1),] 1, 12
o ‘O>,ET,El,2E‘|—U
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technische universitat Himp: artiﬁcal atom
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d d
H= Bydidg +Unind  (0),] 1),] 1, 12
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E E+U
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.§
g
U
Y Pie N
" 1l —n_, N—_y
(do|dg)(2) = |
z—FE, z—(E;,+U)
Spektralfunktion
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technische universitat Himp: artiﬁcal atom

dortmuna
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H=) Eodid, +Unin{  |0),[1),]1),[2)
¢ ‘O>,ET,El,2E—|—U
E E+U
.g
U HR §
l—n_, N_g
(doldg)(2) = z—F | z—(Es +U)
Spektralfunktion
* fractal weighs for n=|I
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technische universitat Himp: artiﬁcal atom

dortmuna

__ T d, d
H_ZEUdeU_i_UnTnl ‘O>7| T>7‘ l>7‘2>
7 ‘O>,ET,El,2E—|-U
E E+U
U HR §
1l—n_, N_g
(dolds)(2) = z—F | z—(Es +U)
Spektralfunktion
* fractal weighs for n=|I
* no single-particle descriptions
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wepnischeuniversitat. multi-orbital Anderson Model

e
.::662; conduction bands
LT
Mk

spin, charge and orbital fluctuations

Hipp = Zedn + Z Upinpg@h ol dpor dng
mnpq

see R. Eder’s lecture
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wepnischeuniversitat. multi-orbital Anderson Model

e
.::662; conduction bands
R
Mk

spin, charge and orbital fluctuations

d, d
Himp = Z E;Mig T Z Umnpqd:rwd:rna'dpa’dna

mnpq
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wepnischeuniversitat. multi-orbital Anderson Model

.
. E eTrer ; cohduction bands
e——\

spin, charge and orbital fluctuations

Hipmp = Zedn + Z Unnpg@hs @by dpor dno
mnpq

U includes Hund’s rule couplings see R. Eder’s lecture

thp Z ‘/z 1/ Uk (dggckua =+ Cl—il/o-di0->

1ok ,v
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technische universitat

dortmunc example impurity

Himp = Z 5? n?a T Z Umnpqdjwdina'dpa’dnv

mnpq
transition metal
complex on a surface
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example impurity

zmp

transition metal
complex on a surface

stn + Z Unnpq

dz2
sz : >——
X —Z - \‘
\
\
\ d9
|

o, 1)
ft

Dan/S4 On
Compressed
Octahedral

Co

»+ oW spin
S=1/2
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example impurity

Himp = Zedn + Z Uninpah oo dng

transition metal Ndnadyz N N T
complex on a surface i By o— il Dy
Dsn/Ss Op Dan/Ss  Op
Compressed Compressed
Octahedral Octahedral
»+ oW spin high spin

Frithjof Anders
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dortmunc renormalization group

three steps of renormalization:

1.elimination of high energy modes
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Frithjof Anders Correlated Electrons: From Models to Materials Julich, 4.9.2012 |l

Wednesday, September 5, 2012



technische universitat

dortmunc renormalization group

three steps of renormalization:

1.elimination of high energy modes
2.rescaling of all parameters
3.rescaling of the quantum fields
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example: free electron gas

single particle
energies

D
.

-

—D
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single particle
energies

—
———

* D/
—D

D
D/s

|

high energy
mode elimination
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example: free electron gas

single particle
energies

|

high energy

| . mode elimination

H /! s
— :/ dx x clcy :/ dx x cley +
D 1 1

mode elimination
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example: free electron gas

single particle
energies

|

high energy

| . mode elimination

o 1
= /1 dx x clcy

kept

mode elimination
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technische universitat

dortmund example: free electron gas

single particle
energies

| . mode elimination

H /1
— = dx x clcy , —|—

kept discarded
high energy
mode elimination
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dortmund example: free electron gas

single particle
energies
D

s, (
5—/1dxazcmcx ] +
+— v
kept discarded

* ~P/s 2. rescaling of the parameters: «— a2/ = sz

—D

| . mode elimination

|

high energy
mode elimination
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dortmund example: free electron gas

single particle

energies |. mode elimination

D
mEN W
: kept discarded
* ~P/s 2. rescaling of the parameters: «— a2/ = sz
D

H (7 L [! T
— A
_D — % dx x Clcx =S /1 dx’ x C:U’(:r;)cicl(x)

|

high energy
mode elimination
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dortmund example: free electron gas

single particle

energies |. mode elimination

D
mEN W
: kept discarded
* ~P/s 2. rescaling of the parameters: «— a2/ = sz
D

H (7 L [! T
— A
_D — % dx x cl,cx =S /1 dx’ x CCU/(CC)C:C/(:U)

. 1
3. rescaling of field operators: ¢ — 730 @

|

high energy
mode elimination
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dortmund example: free electron gas

single particle

energies |. mode elimination

.
D/s H 1
/ Ezfldxazclcx ,(
+— /’L
kept discarded
* ~P/s 2. rescaling of the parameters: «— a2/ = sz
—D
H' s !
o=, drxcle, =52 /1 dz’ 2’ cl,(x)cx/(x)
. 1
3. rescaling of field operators: ¢ — 730 @
. N H/ 1 H/ 1
high energy - :3_1/_1daj/x/cl,cw/ = 5 = /_1dx’x’cl,cx/
mode elimination
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dortmund example: free electron gas

single particle
energies

| . mode elimination

kept discarded
* ~P/s 2. rescaling of the'parameters: z — 2 = s
—D
H (7
o/, dx x cl e,

high energy B _ /1 da’
de eliminati
mode elimination =D/
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dortmund example: free electron gas

single particle
energies

| . mode elimination

parameters. = — ' =sx

* ~P/s 2. rescaling of the
D

1

H' s

D 1 v
s

|
QL
=
=
A

—X—
o
3

. N / 1
high energy i :5—1/ do' ' ey =

mode elimination
D'=D/s = RG fixed point
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Kondo Hamiltonian

H 1 1 1 -
D Z /1 da CUCLUCxa 9 /1 i /1 a2’ Z Ci&gcx’ﬁsimp
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dortmuna

Kondo Hamiltonian

H 1 1 1 ~
5 — Z / 1 dx ZCCLJCJJG -+ g / 1 dx / 1 dCE/ Z C;a(?cx/ﬁsfimp
o - N B af

Projector onto low energy subspace: P~

Frithjof Anders
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Kondo Hamiltonian

H 1 1 1 ~
5 — Z / 1 dx xclacxa -+ g / 1 dx / 1 dCIZ/ Z Cla(?cx/ﬁsfimp
o - N B af

Projector onto low energy subspace: P~

Projector onto high energy subspace: Py =1-F;
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Kondo Hamiltonian

H 1 1 1 ~
5 — Z / 1 dx xcj;?O'CCUO' -+ g / 1 dx / 1 dCIZ/ Z Cla(?cx/BSimp
o - N B af

Projector onto low energy subspace: P~

Projector onto high energy subspace: Py =1-F;

Definitions:
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o sene universitat poor man’s scaling

Kondo Hamiltonian

H 1 1 1 ~
5 — Z / 1 dx ZCCLJCJJU -+ g / 1 dx / 1 dCIJ/ Z C;rza(}’cx/ﬁs@'mp
o - N B af

Projector onto low energy subspace: P
Projector onto high energy subspace: Py=1-F,

Definitions:

4 )
Hy = PLHP; + Py HPy H— HEY | AV
S5 IT T * : NV | HY
NV = PrHPy + Py HPr, d
G
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perturbative RG

Kondo Hamiltonian

oL 1 1 .
%:PLQZ/ dm/ dz’ cl o corpllapPL
-1 —1
_92/1dl‘/1da¢ Cxacmlﬁ ]ﬁ

Frithjof Anders
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perturbative RG

Kondo Hamiltonian

HL R 1 1 A
Fd = Prg Z/ dél?/ dz’ Clacx’ﬁ[g]aﬁpL
af -1 -1

1
s

1
s

:92/ 1 df’f’/ da’ ¢} cor5(0lap
af ¥ s s

Frithjof Anders
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perturbative RG

Kondo Hamiltonian

_PLQZ/ daj/ da’ cl o carpllapPr
—92/1 dCE/lda? CxaCa;’B[ Pl

1 1 T
=s"g zﬁj /1 df/1 AT €, ()0 o' (51810 )ors

Frithjof Anders

Correlated Electrons: From Models to Materials

Julich, 4.9.2012 |5

Wednesday, September 5, 2012



technische universitat
dortmuna

perturbative RG

Kondo Hamiltonian

HL N 1 1 A
%:PLQZ/ dm/ dz’ cl o corpllapPL
—1 —1
o [ f i
1 1
:3292/1da_:/1 dz’ Cl(@aca:'(:z’)ﬁ[a]aﬁ
ald ¥
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perturbative RG

Kondo Hamiltonian

_PLQZ/ d$/ da’ cl o carpllapPr
_92/1dx/1da: CxaCa;’B[ d o
1 1 ;
—9 — = ~
=5 gZ/1dxA dr’ ¢ (5)0Car (3180
ald ¥
1 1
= 3_18_1+1QZ/ df/ dz’ C;Tf;acrz”ﬁ[g]aﬁ
o —1 1
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perturbative RG

Kondo Hamiltonian

HL N 1 1 A
Fd:PLQZ/ Cm/ dz’ cl o corpllapPL
—1 —1
o [ f i
1 1
:3292/1d§3/1 dz’ 01(53)@033’(:5’)5[5]065
ald ¥

1 1
@”lgz [ 02 [ o chacestio
a3 -1 !

|

D’=D/s
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perturbative RG

Kondo Hamiltonian

HL R 1 1 A
Fd = Prg Z/ d$/ dz’ Clacx’ﬁ[g]aﬁpL
af -1 -1

1
s

1
s

gZ/ 1 dac/ 1 dx’ ! o5 as
aB ’ s —s

1 1
:ngZ/lda_:/l dz’ Cl(a—j)acaz'(f’)ﬁ[a]aﬁ
ald ¥

1 1
= 31g Z/ df/ dz’ C:%acz‘c’ﬁ[g]aﬁ
af —1 1

Kondo interaction: marginal operator

Frithjof Anders
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Goremand. oS perturbative RG

Example: Coulomb interaction

HL A 1 1 1 1 ~
FC :PLUZ/ dil?l/ dZEQ/ dil?g/ d$4cllgc;r:20/cx30’cx4opl)

— _4’U,Z/ dxl/ d:I?g/ j / wl(ml)a 212(532)0’6:63(:]63)0,C$4(m4)a
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Goremand. oS perturbative RG

Example: Coulomb interaction

HL A 1 1 1 1 ~
FC :PLUZ/ dil?l/ dil?z/ dil?g/ d$4CllgCLQG/Cx30’Cx4GPL

— _4’U,Z/ dxl/ d:I?g/ ZE / fL‘1(:U1)0 212(532)0’6:63(:]63)0,C$4(x4)a

rescale energies
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Goremand. oS perturbative RG

Example: Coulomb interaction

L 1 1 1 1 T
& . .
5} Pru E / dxl/ dxz/ dxg/ dmcllacma,cxw/cmaPL
/-1 —1 —1 —1
1 1 1 1 T T
_ A Z . . . .
. / dxl/ dxz/ dx?’/ AT4Cq, (3110 Cas ()0 Cra(@3)0" Caa(Ta)o
o J-1 —1 —1 —1
1 1 1 1 C
—1_—342 _ _ _ _
= g 1gToT fu,E / dx1/ de/ dx;;/ d$465;1063—320/65;30/%40
A | 1 1 1
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Goremand. oS perturbative RG

Example: Coulomb interaction

HL A 1 1 1 1 ~
T =P [ o [ [ [ doicoclp o P
— J-1 ~1 —1 —1

1 1 1 1
= 8_411,2/ dil/ di2/ dfg/ dlecj;l(3—51)00;2(3—82)0,0%3(@3)0/Ca;4(534)g
oo’ ¥ 1 —1 -1 -1

1 1 1 1
_ 1 S [ . . b
— 3 / daﬁl/ dﬂ?g/ dﬂ?g/ da?4651065320,cf30/cf40
oo —1 —1 —1 —1

uUu —Ss U
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Goremand. oS perturbative RG

Example: Coulomb interaction

HL A 1 1 1 1 ~
T =P [ o [ [ [ doicoclp o P
— J-1 ~1 —1 —1

1 1 1 1
= 8_411,2/ dil/ d£2/ dj?)/ di4cl1(fl)OC:TUQ(a_CﬂG’CZUS(ES)U’0374(3_34)0
oo’ ¥ 1 —1 -1 -1

1 1 1 1
_ 1 — = — RN I
— 3 g / dazl/ dazg/ dxg/ da:4cjlaci2a,cf3(,/cf4a
— J-1 1 1 1

uw = s 1y irrelevant interaction
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o sene universitat poor man’s scaling

Kondo Hamiltonian
H 1 1 1 o
) :;/1 dx :Ucl,gcm—l—gfl d:v/1 dazlg[;c;r;a(?cx'ﬁsz‘mp

Transformation: elimination of modes

H' =UTHU = e He ™ = Hqg+ AV + A[S, Hq] + X[S, V] + ) — (9, H],
— .
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o sene universitat poor man’s scaling

Kondo Hamiltonian
H 1 1 1 o
o= ;/1 dx :zcczjb,a(:g,;g—l—g/1 al:zc/1 dz’ Clagcx’ﬁsimp

Transformation: elimination of mades

/\/ A A N A . A A A A
H =U'HU = e He ™ = H; + NS, VI+ ) =I5 Hl,
.
n=2
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o sene universitat poor man’s scaling

Kondo Hamiltonian
H 1 1 1 o
) :;/1 dx :16(31,0(:3,;0—I—g/1 al:zc/1 dxlgﬁzclagcx’ﬁsimp

Transformation: elimination of
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Kondo Hamiltonian
H 1 T 1 1 ; -
) :;/1 dx x(:mca,;g—l—g/1 al:zc/1 dx - Ch.0 0 Cx/ 8imp

Transformation: elimination of

H =H,;+ %[57 V] + o()\3) determines S

Schrieffer-Wolff transformation
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effective Kondo coupling: diagrammatic approach

(a) (b)
single particle
energies mode elimination
1.
D/s
]
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D/s
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effective Kondo coupling: diagrammatic approach

(a) (b)
single particle o .
energies mode elimination . .
P— scaling equations
D/s
dg1 dg” 2
= —29,.9° ; = -2
dinD 0 gmp T T
7
go
D" =
9(D’) 1 4 2g9In(Dy/D’)
—D/s
b Kondo temperature Tx = Dge /290 = Dye~1/P0/
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gZ

dg | dg®

dIn D

= —2919" ; = —2¢7
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gZ

UL 99,47 L= g > [97]* — g7 = const
d1ln D " dlnD L 1
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stable ferromagnetic line gz
dg 1 dg” 2 9
— —920,0° : — 94> > |g°|” — g7 = const
dnD 0 gmp T N g~ g1
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unstable
stable ferromagnetic line gz antiferromagnetic line
dg. dg? 5 5
= —2919" ; = —2¢7 > [0%1? — ¢* = const
d1lnD 9LI" 5 D 91 ' g1
Frithjof Anders Correlated Electrons: From Models to Materials Julich, 4.9.2012 21

Wednesday, September 5, 2012



geoi?rgwiiﬁge universitat RG FIOW

strong
gi coupling
fixed point
unstable
stable ferromagnetic line gz antiferromagnetic line
dg. . dg? 5 5 5
dnD L9 gmp T A > [g%]” — g7 = const
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technische universitat

Exotic Kondo effects

dortmund
Stoc > 1/2 Sioe = 1/2
Sband — 1/2 l
Sband = 1/2 \ 4 Vv Sband — 1/2
S =851 —1/2

under-screened Kondo:

* residual entropy: log(S’)

* singular Fermi liquid:
free local spin+strong
coupling fixed point

over-screened Kondo

* residual entropy: log(2)/2

* nhon Fermi liquid
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= Ce,Yb or Uranium based
alloys

localized 4f or 5f electrons:

13

RKKY interaction mediates
magnetic phase

= HF superconductivity: heavy
quasiparticle form the
condensate Onuki et al 1987

=) uynconventional order
parameter

= quantum phase transition
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= Ce,Yb or Uranium based
alloys

localized 4f or 5f electrons:

13

RKKY interaction mediates
magnetic phase

= HF superconductivity: heavy

quasiparticle form the

condensate . Onuki et al 1987

. Ce LaNiGe
=) ynconventional order R

[\
()
T

v

X =

parameter

—
(9]
]

S
]
O @ o * @ v A ¢ D

= quantum phase transition
-

ACT*/T (J/Kmol,_)

but also: single ion physics:

scaling of C(T) i 1 A.PPikil etal
S 02 o 09 PRL 108, 066405 (2012)

o 0.2 o 099

0 a2l M | PR S lTe%araaca. stia
0.003 0.01 0.1 1 10

T/T*
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Electron reservoir

effective site:
impurity problem

f-electrons coupled to a bath

Frithjof Anders Correlated Electrons: From Models to Materials Julich, 4.9.2012 26

Wednesday, September 5, 2012



technische universitat

dortmund Heavy Fermions: modelling

Electron reservoir

effective site:
impurity problem

impurity S(w)= lattice ST(w) f-electrons coupled to a bath

Frithjof Anders Correlated Electrons: From Models to Materials Julich, 4.9.2012 26

Wednesday, September 5, 2012



technische universitat

dortmund Heavy Fermions: modelling

Electron reservoir

effective site:
impurity problem

impurity S(w)= lattice ST(w) f-electrons coupled to a bath

Frithjof Anders Correlated Electrons: From Models to Materials Julich, 4.9.2012 26

Wednesday, September 5, 2012



dortmung o Heavy Fermions

Electron reservoir

Frithjof Anders Correlated Electrons: From Models to Materials Julich, 4.9.2012 27

Wednesday, September 5, 2012



dortmung o Heavy Fermions

Electron reservoir

local approximation, two approaches:

Frithjof Anders Correlated Electrons: From Models to Materials Julich, 4.9.2012 27

Wednesday, September 5, 2012



dortmung o Heavy Fermions

Electron reservoir

local approximation, two approaches:
* |attice non-crossing approximation (L-NCA)

(Grewe 1987)

Frithjof Anders Correlated Electrons: From Models to Materials Julich, 4.9.2012 27

Wednesday, September 5, 2012



dortmung o Heavy Fermions

Electron reservoir

local approximation, two approaches:
* |attice non-crossing approximation (L-NCA)

(Grewe 1987)
e eXtended-NCA: Kuramoto 1985-1990

Frithjof Anders Correlated Electrons: From Models to Materials Julich, 4.9.2012 27

Wednesday, September 5, 2012



dortmung o Heavy Fermions

Electron reservoir

local approximation, two approaches:
* |attice non-crossing approximation (L-NCA)

(Grewe 1987)
e eXtended-NCA: Kuramoto 1985-1990
today: DMFT(NCA)

Frithjof Anders Correlated Electrons: From Models to Materials Julich, 4.9.2012 27

Wednesday, September 5, 2012
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Electron reservoir

local approximation, two approaches: "Metzner/ Vollhardet,
e |attice non-crossing approximation (L-NCA) Muller-Hartmann: (1989)
(Grewe 1987) lokal approximation exact
e eXtended-NCA: Kuramoto 1985-1990 in the limit d— oo
today: DMFT(NCA)
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. renormalized band structure
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Dynamical mean field theory

Hubbard models: also local > (W)

e

all other lattice sites

Gias() = > Grle) = N 8121_ 5 = Giel?)
k

J

Frithjof Anders

Correlated Electrons: From Models to Materials

effective site:
impurity problem

Jarrell, Kotliar, Georges, Pruschke, Vollhardt,
and others,|990s
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Electron reservoir

effective Anderson impurity problem

|. perturbation theory (IPT)

Frithjof Anders Correlated Electrons: From Models to Materials Julich, 4.9.2012 30

Wednesday, September 5, 2012



technische universitat

dortmund |mpur|ty SOlver

Sctron reservoir

effective Anderson impurity problem

|. perturbation theory (IPT)
2. NCA/Post-NCA

Frithjof Anders Correlated Electrons: From Models to Materials Julich, 4.9.2012 30

Wednesday, September 5, 2012



technische universitat

dortmund |mpur|ty SOlver

actron reservoir

effective Anderson impurity problem

|. perturbation theory (IPT)
2. NCA/Post-NCA
3. Quantum Monte Carlo (Hirsch-Fye, Continuous time)

Frithjof Anders Correlated Electrons: From Models to Materials Julich, 4.9.2012 30

Wednesday, September 5, 2012



technische universitat

dortmund |mpur|ty SOlver

actlron reservoir

effective Anderson impurity problem

|. perturbation theory (IPT)
2. NCA/Post-NCA

3. Quantum Monte Carlo (Hirsch-Fye, Continuous time)
4. NRG (Ralf Bulla’s lecture)

Frithjof Anders Correlated Electrons: From Models to Materials Julich, 4.9.2012 30

Wednesday, September 5, 2012



technische universitat

dortmund |mpur|ty SOlver

fron reservoir

effective Anderson impurity problem

|. perturbation theory (IPT)

2. NCA/Post-NCA

3. Quantum Monte Carlo (Hirsch-Fye, Continuous time)
4. NRG (Ralf Bulla’s lecture)

5. DMRG (T=0)

Frithjof Anders Correlated Electrons: From Models to Materials Julich, 4.9.2012 30

Wednesday, September 5, 2012



technische universitat

dortmund |mpur|ty SOlver

ron reservoir

effective Anderson impurity problem

|. perturbation theory (IPT)
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ron reservoir

effective Anderson impurity problem

. perturbation theory (IPT)

NCA/Post-NCA

. Quantum Monte Carlo (Hirsch-Fye, Continuous time)
NRG (Ralf Bulla’s lecture)

DMRG (T=0)

Gutzwiller ansatz

. exact diagonalization (ED)

NOUAWN -

Frithjof Anders Correlated Electrons: From Models to Materials Julich, 4.9.2012 30

Wednesday, September 5, 2012



Kondo effect in
nano-devices

technische universitat Frithjof B Anders:The Kondo Effect
dortmundad

Wednesday, September 5, 2012



dortmund

technische universitat S | ngle_electrOn tranS|St0r

weak coupling

.F\ 15
s
o Sample 3
S 10
(5]
SM-UIS g
S
D. Goldhaber-Gordon, Nature 1998 g
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D. Goldhaber-Gordon, Nature 1998 g
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weak coupling

SM-UIS

D. Goldhaber-Gordon, Nature 1998

on resonance
2 A -
EFE=55(N—-N
=50 (V- )

charging energy
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weak coupling
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(M S WO

SM-WIS 18KU = X780

D. Goldhaber-Gordon, Nature 1998

—
w

Sample 3

B

—
o
T

on resonance

o
T
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E:;—C(N—Ng)

0 5 10 15 20 charging energy
Gate voltage (mV from threshold)

Conductance (1078 0°1)
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—— 10Pnm _F1 LO1
SM-WIS 18Ky X7e,000 HEDID

Goldhaber-Gordon, Nature 1998
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Goldhaber-Gordon, Nature 1998
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Single-electron transistor

strong coupling
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Goldhaber-Gordon, Nature 1998
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Gortmuand. o Charging a quantum box
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Charging energy of a capacitor
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Gortmuand. o Charging a quantum box
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dortmund Charge Kondo effect
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charge degeneracy
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charge degeneracy
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dortmund Charge Kondo effect

Ny N—I——

charge degeneracy

zmp + HT T AN@ N CkaBCqU qaLckU@

Matveev (1991) two channel Kondo model

Potok et al. Nature
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wenischeuniversitat — Tywo channel Kondo effect?

Potok et al, Nature 446, 167 (2007)
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Ng = bp

— Vds

Potok et al, Nature 446, 167 (2007)
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wenischeuniversitat — Tywo channel Kondo effect?
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() new energy scale: Tk
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