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Effets Kondo exotiques dans les nanostructures

Cet expose fera le point sur les realisations plus inhabifuelles de e
moment magnetique localisé n'est pas forcement exactemeant -::c:-rru::-erus:—ie 1= T"'lc-n -::n:—rwmlc— :I-a
concepts théorigues (groupe de renormalisation, sous et :3ur-i—:r:ru||td-g:e, tmn ons de phases
quantiques dimpurete) sera donnae, ainsi qu'une revue des sy: 'ltll'r"ll".: experimentaux (points quantiques
semiconducteurs et avancees recentes en électronique moléculaire). A fravers des exemples choisis, on
: _1|Hm |:|H presenter un etat de I'art du sujet, et de metire en évidence quelgues questions encore




Informations pratiques :

Les documents de cours (diapos + audio) et
seminaires (diapos) sont mis en ligne sur le site
de la chaire:

e Ce sont les seules « notes de cours »...

Si vous souhaitez recevoir par email chaque
semaine les informations liees au cours et au

séminaire, merci de m'adresser un courriel:
(antoine.georges@polytechnique.edu)


http://www.college-de-france.fr/default/EN/all/phy_mat/index.htm

0. Reminders and clarifications on previous
lecture:

Anderson « impurity » model:

Single-level "“atom”

Transfers electrons between bath
and atom — Hybridization, tunneling
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Coulomb staircase”, different regimes:

e —

Local moment
n d > / 2 "-.IIII | r—
- egime

“"Mixed
valent”
regime

Plot of ng/2 vs. g4 for U = 2 at 3 = 30 and 3 = 10.

Note: middle of staircase has particle-hole symmetry, for: £ ; — — U/Q

(There, states |2> and |0> have same energy = 0)
Symmetry w—> -w e.g. in spectral function of d-level



Effective hamiltonian in local moment regime:
the Kondo model




AF coupling flows to strong-coupling under
renormalization. i.e. integrating out E*CRIERIN»)

FM Kondo | AFM Kondo

_ _rlegleqg+U)|
Kondo scale:  fi7aEaciz 1/ JKPe v Ne 2T U

(15t order expression)

(/\: cutoff, e.g. bandwidth)



The strong-coupling fixed point:
singlet formation and local Fermi liquid

- Singlet ground-state formed between impurity spin
and conduction electrons

- cf. ground-state wavefunction
with 1 conduction electron site:

with 7 ~ }_ <1

- Seen from the conduction electron viewpoint:

N sites - N-1 sites (impurity site inaccessible) 2

' OSINYG,



The conduction electrons viewpoint:

> EITESERMCENAME Scattering T-matrix

Total scattering cross-section ~Im T ~ V2 A (w) - "optical’ theorem

- Need to understand spectral function of impurity orbital

Define phase-shift by:

T [r.-;r.-‘ + i D‘I‘ -| — — Tl e i ()
kk'\ .. kk

Note: at particle-hole symmetry: T is purely imaginary - 0 =m/2



d-level spectral function, wide bandwidth limit, Fermi-liquid considerations:

7

-Il-|-' |".
!

i i L)

Ay 1 w >~ 0 i —

Ca=Zea+2(0) , T=2T

o zt |, .1
Aalw = 0) = Adlw =0) =~ Width, Weight ~ Z

Height unchanged !

T w2+ (ZT)?



The T-matrix, at T=0 and w=0 (wide bandwidth):

I S s | phase shift
— (g4 + X/(0)) + 4T ca+ 2'(0) BERENEY

Gq(i0h) =

STRUEILETI M A.(0) pinned at its U=0 value in

Gq(i07) = —= sind e |
- [ symmetric case !
o Im T takes maximal value
.. sm- o : .. :
Ajlw=0) = i 1_' -=> Unitary limit scattering

Local d.o.s of conduction electrons at w=0:

A(w=0T=0)=—-Im» G = p.(1—sin’5) EKERERE LR lplile
K< case > Kondo screening “hole’




Friedel's sum-rule
(valid at T=w=0, wide bandwidth)

Exact relation between
the phase shift and the occupancy of the atomic orbital !

5:’71'72/(1
2

Why is this remarkable ?
- Phase-shift is a low-energy property (Ad(0))
- Occupancy integrates over all energies (integral of Ad overw<0)

Non-perturbative proof : see later — or see bibliography
(in the context of the AIM: Langreth, Phys Rev 150 (1966) 516




Impurity contribution to resistivity :

P - :-_. -+': b ] rd ._-. Y
ne ?
Timp (1) / dw T (w, T) ( ——= Kubo formula for c-electrons

2CimpIm T = ¢ — F&m I8l " Optical’ theorem
Pe

Unitary limit resistivity :

R, a;) 1
Rinp(T)  Jouw — \ 0w/ aTAyw,T)

_ . 92 i ”}'
=0) = R, sin’ 0 = R, sin’ ( 5




Experiments on
dilute magnetic impurities
In metals



1. Historical context: magnetic
Impurities in metals

De Haas, de Boer

and van den Berg,

Physica 1 (1934) 1115

“"The resistivity of the gold wires
measured (not very pure) has a
minimum.”




An experiment contemporary to Kondo’'s paper and
demonstrating that the effect comes from Fe-moments :

PHYSICAL REVIEW VOLUME 135, NUMBER 4A 17 AUGUST 1964

Resistivity of Mo-Nb and Mo-Re Alloys Containing 19, Fe

M. P. SaracHik, E. CorENzZWIT, AND L. D. LONGINOTTI
lephone Laboratortes, Murray Hill, New Jersey
(Received 19 March 1964)

The resistivity of a series of Mo-Nb and Mo-Re alloys, with and without 19}, Fe, has been measured at
room temperature, and between 1.5 and 77°K. Large effects are ohserved near the alloy composition where
the iron acquires a localized magnetic moment. These effects appear both as an excess temperature-inde-
pendent scattering and in the form of large anomalies at low temperatures. Interpreted in the light of current
theories of localized moments, the resistivity results confirm the existence of virtual bound states near the
Fermi level. In addition, the anomalous behavior of the resistivity at low temperatures has been directly re-
lated to the existence of a localized magnetic moment.
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Kondo’s
Resistance minimum:;

RESISTIVITY,

Mo Re

F1c. 1. Magnetic moment of an iron atom dissolved in various
Mo-Nb and Mo-Re alloys as a function of alloy composition,

Nole added in proof. A recent theory by J. Kondo
[ Progr. Theoret. Phys. (Kyoto) (to be published) ] pre-
dicts that a minimum exists whenever there is a negative
s—d exchange integral. This theory gives the observed
linear dependence on concentration, and apparently
gives the correct temperature dependence. I would hke
to thank Dr. Kondo for sending a preprint of his work
prior to publication.
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TEMPERATURE, *K

F1o. 3. Resistivity vs temperature for various Mo-Nb alloys containing 195 Fe. Resistivities are normalized at 4.2°K.
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Experiments: Loram et al.
Phys Rev B 2 (1970) 857

Scaling with T/T, ?

NRG theoretical calculation:

Costi and Hewson
J. Phys. Cond. Mat. 6 (1994) 2519
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mnd oY)
2121 +1) *°

R(T = 0) = R, sin®

® Al-based
g Au ¢
O Cu "

Details of deviations
(asymmetry, etc...)
claimed to be

reasonably accounted for
by additional effects

e.g. crystal fields, etc...

Ti V Cr Mn Fe Co Ni Cu Zn

Impurity resistivities normalized to the R, values extrapolated to T = 0 for Au-,

Cu- and Al-based alloys (after Griiner and Zawadowski 1972).




Single-orbital Anderson model ignores
many realistic aspects
- especially: orbital degeneracy

+ ; .-'r + N
H = Z €1 a‘f-::u' ro + E €q My + E (Ikm akcr oo + L'C)

T, keym,e

1 LT Nne By — o + %( Ef J) s Hypg Mgy

fﬂ m’ = T

- - .
-3 ¥ a.a, a0, +3]>5n, . n,__+(crystal field)

mFEM m,o

J: Hund’s coupling

Rotational invariance in spin and orbital space:

Cf. Caroli, Caroli and Fredkin Phys Rev 178 (1969) 599
Dworin and Narath Phys Rev Lett 25 (1970) 1287




2. The study of scattering by
magnetic impurities in metals
has been rejuvenated recently by
experimental studies on
mesoscopic wires

- Quantronics group, SPEC, CEA-Saclay
(F.Pierre, A.Anthore, B.Huard, H.Pothier, D.Esteve, et al.)
- Grenoble group (L.Saminadayar, C.Bauerle et al.)

- See also seminar by S.Florens...



1997: a much discussed article ...

VOLUME 75, NUMBER. 17 PHYSICAL REVIEW LETTERS 28 APRIL 1997

Intrinsic Decoherence in Mesoscopic Systems

P. Mohanty, E. M. Q. Jartwala, and R. A. Webb
Center for Superconductivity Research, Department of Physics, University of Marviand, College Park, Marviand 20742

(Recerved 17 December 1996)

We present measurements of the phase coherence time 7,4 1n six quasi-1D Au wires and clearly show
that T4 15 temperature independent at low temperatures. We ﬂ"fifa:;“ fhnr* "ﬂf’:‘.*?.’:‘."* -H."ﬂ.r“nﬁh“t nF
the phase coherent electrons are responsible for the observe -
functional form for the temperature dependence and present th
value of 7. This explains the observed temperature depend

and 2D systems reported to date. [S0031-9007(97)03022-6]

Measure of the phase-coherence I
: 'H = 0.2T Au-3
(dephasing) time from - ;

weak-localization I I 2 3 4 5

-1/2 -1/2
10-2 .“..:r .{l.(..?...l

Magnetoresistance experiments 0® 107 10°
T(K)

FIG. 2. Temperature dependence of 7, for four Au wires.
Solid lines are fits to Eq. (1) with phonons. The inset is the
EE contribution to A p with the theoretical prediction.




From 2002 - : growing evidence that these
effects are largely due to magnetic impurities.

- Detailed magnetoresistance measurements and comparison

to theory of dephasing in Kondo systems:

F.Pierre et al PRB 68 (2003)

B. Huard et al. PRL 95 (2005) 036802

Lin et al. J. Phys. Cond Matt 14 (2002) R501 —exp. Review-

Goppert et al. PRB 66 (2002) 155328
Zarand et al. PRL 93, 107204 (2004)
Micklitz et al. PRL 96 (2006) 226601

- "Relax’ experiments probing electron distribution function

- Energy dependent kernel for inelastic scattering
H.Pothier et al. PRL 79 (1997) 3450

A. Anthore et al. PRL 90 (2003) 076806

Kaminsky and Glazman PRL 86 (2001) 2400



+ A number of papers by the Grenoble group, e.g.:

Anomalous Temperature Dependence of the Dephasing
Time in Mesoscopic Kondo Wires
Félicien Schopfer, Christopher Bauerle, Wilfried Rabaud, and Laurent Saminadayar
Phys. Rev. Lett. 90, 056801 (2003) —

Scaling of the Low-Temperature Dephasing Rate in Kondo Systems
Mallet et al. Physical Review Letters, vol. 97, 226804 (2006)

+ many others
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FIG. 3 (color online). Dephasing rate per magnetic impurity as
a function of (T/T}). The NRG results, keeping 1900 states for
each NRG iteration and using the discretization parameter A =
.50, for S =1/2, S= 1. and § = 3/2 have been scaled in
temperature such that the maxima coincide with the experimen-
tal data. Inset: Same data on a log-log scale. The thick solid line
corresponds to § = 1,/2 with a constant background added.




Dephasing rate in Kondo systems:

_H

>[av Im[TA(€)] = |7 TR(e)]?].

Y

Zarand et al.

PRL 93, 107204 (2004)
Micklitz et al.

PRL 96 (2006) 226601

c 72 5(S + 1)
yse(T) =

FIG. 3 (color online). Universal dephasing rate calculated via
NRG. Accidentally, there is almost no dependence on the
dimension d. The dotted-dashed line shows the result of a

caoka-Suhl resummation [26] 1/7, = (ng/2@v)[(723/4)/

/4 +1n’T /Ty)]. using our definition of Ty [25]. While
the Fenm ]IL]I.IILl behavior 1~ recovered for T = 0.17%. the
calculated prefactor of the 72 behavior (solid line) is not exactly
reproduced due to numerical problems [23].




3. A quantum dot as an
“artificial’ magnetic impurity:
when the Kondo effect suppresses
the Coulomb blockade !



T Sepemer 1955

§ Schematic of a Quantum Dot:
Q u a ntu m d OtS . Single-electron transistor

Autop gates

Frpr-climronsiong
- — t‘-\')ﬂffkﬂm
Dourdiry Lyer
spacer — = | Semiinsulating GaAs
insulator — e

bottomback — - -i—— Dopant-eg., Si
gate

& Negative bias on gold electrodes confines electrons to
narrow channel

@ Electrons traveling between source and drain in boundary
layer must tunnel through barrier created by gold “teeth”

@ Creates field-effect transistor (FET)

Figure adapted from Meiray, Kastner, and Wind, Phys. Rey. Lett. (1900)

Cf. e.g. M.Kastner
Physics Today, 1993



http://www.mitre.org/research/nanotech/quantum_dot_cell6.html

Extremely simplified model: a slight
modification of the Anderson
single-impurity model (w/ 2 baths)

d07 dj-;-] —!_ v v IV‘/;)) d(—‘:}-a/pg _!_ hC _!_ Ep a/iaa/pg

Iidot — L lde— + (O ”’dT”’dl

Coulomb blockade on the dot J

Valid for widely separated energy levels on the dot, considering a
single level (NOT correct for a metallic island, OK for 2DEG dots).



Conductance through dot :

Left junction Kubo formula:

2 J_ ..
G o~ }___'}'LI ;*L:f L—H

L



Conductance (cont'd)... ‘

Specialize to L-R symmetric device, for simplicity:

Notes:
1- Compare to formula for resistivity ! G ~ R quite remarkable !

R, /+ o ;;‘) 1
Ri(T) — o \ 0w) 7T A (w.T)

2- 2 ~ A Landauer formula generalized to tunneling into an interacting system
A (w,T) plays the role of transparency of barrier

3- Generalization to out of equilibrium, e.g. I(V) for finite voltage

Is an outstanding problem. General formula based on Keldysh has been
Derived (Meir and Wingreen, PRL 68 (1992) 2512) but concrete calculations
Difficult ! Numerous recxent works (Saleur et al., Andrei et al.) — an active field



High-temperature regime T>>I" : Coulomb blockade

Use isolated atom form of spectral function %d o(w—ea—U)+(1- %d} O(w — £4)

1 N n 1
2 4 cosh?® ‘E—J}E

2 " 4 cosh? ﬁ

2&?2 ?-IF]__ /2T
_ E !

T

Plot of ng and G vs. g4 for U = 2 at § = 10. Plot of G vs. g4 for U =2 at § = 2,5, 10.




Low-T regime: the Kondo effect suppresses
Coulomb blockade !

Using the value of A (0) above, and the Friedel sum-rule:

Maximum conductance 2e?/h restored at midpoint of Coulomb staircase !

Scaling form vs. T/T :

G(T) / ee P (2,1 /Tk)

r
—00 —L C 0511“ TI{\ X

Theoretical prediction of suppression of Coulomb blockade:
- L.Glazman and M.Raikh, JETP Lett. 47 (1988) 452

- T.K.Ng and P.A.Lee, Phys Rev Lett 61 (1988) 1768

- Cf. also: J. Appelbaum, PRL 17 (1966) 91



Wave-function interpretation:

Virtual transitions create admixture of components with
0 or 2 electrons on the dot in the wave-function.
- Restoration of charge fluctuations

with n~ }— < 1.




2 Spin flips

initial state virtual state final state density of states

(@) The Anderson model of a magnetic impurity assumes that it has just one electron level with energy g, below the Fermi energy of the metal (red). This level is
occupied by one spin-up electron (blue). Adding another electron is prohibited by the Coulomb energy, U, while it would cost at least |&,| to remove the electran.
Beinga quantum particle, the spin-up electron may tunnel out of the impurity site to briefly occupy a classically forbidden “virtual state” outside the impurity, and
then be replaced by an electron from the metal. This can effectively “flip” the spin of the impurity. {(b) Many such events combine to produce the Kondo effect,
which leads to the appearance of an extra resonance at the Fermi energy. Since transport properties, such as conductance, are determined by electrons with
energies close to the Fermi level, the extra resonance can dramatically change the conductance.




Kondo effectina
single-electron transistor

D. Goldhaber-Gordon*t, Hadas Shtrikmant, D. Mahalu?,
David Abusch-Magder*, U. Meiravi & M. A. Kastner*

NATURE ‘ VOL 391 |8 JANUARY 1998

See also: D. G-G et al. PRL 81 (1998) 5225 e veki —rleBan i i

SH=WIE = R e = = SR

Orders of magnitude:
U~1.9meV

[~ 0.3 meV

Range of Ty:

40mK =2 2,5 K




conductance (€2/h)

gate voltage

(@) The conductance (y-axis) as a function of the gate voltage, which changes
the number of electrons, N, confined in a quantum dot. When an even number
of electrons is trapped, the conductance decreases as the temperature is
lowered from 1 K (orange) to 25 mHK (light blue). This behaviour illustrates that
there is no Kondo effect when N is even. The opposite temperature
dependence is observed for an odd number of electrons, i.e. when there is a

Kondo effect.

W G van der Wiel et al. 2000 The Kondo effect in the unitary limit Science 289
2105-2108
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FIG. 5. (a) Fit values of Ty for data such as those in Fig. 3
for a range of values of ey [22]. The dependence of Tk on
ey 1s well described by Eq. (1) (solid line). Inset: Expanded
view of the left side of the figure. showing the quality of the fit.
(b) Values of G, extracted from data such as those in Fig. 3 at
a range of e;. Solid line: Gylep) predicted by Wingreen and
Meir [4]. Guax = 0.49¢? /h for the left peak, and 0.37¢*/h for
the right peak.



Scaling of G(T)/G(0) vs. T/Ty

ép =-0.74, I =280 peV
* £g==0.91
€p=-1.08

gp = —0.98, I'=215peV

= Eg= 0.00

FIG. 4. The normalized conductance G = G /G is a univer-
sal function of 7 = T /Tk. independent of both ép and 1. in
the Kondo regime. but depends on &, in the mixed-valence
regime. Scaled conductance data for & = —1 are compared
with NRG calculations [1 ﬁ] for Kondo (solid line) and mixed-
valence (dashed line) regimes. The HTIﬁlluﬂl temperature de-
pendence in the mixed-valence regime is qualitatively similar
to the behavior for €, = —0.48 in Fig. 3(b).




2e?/h (t=1), yet noisy, conductors ...

nature

LETTERS physics

PUBLISHED ONLINE: 25 JANUARY 20091 DOI: 10.1038/NPHYS51186

Noisy Kondo impurities

T. Delattre'?, C. Feuillet-Palma'?, L. G. Herrmann'?, P. Morfin"?, J.-M. Berroir"?, G. Féve'?,
B. Placais'?, D. C. Glattli"?3, M.-S. Choi?, C. Mora"? and T. Kontos'2*
In this letter, we show that, in contrast to the prediction of
the non-interacting theory, a conductor in the Kondo regime can
be noisy even though its conductance is very close to 2e*/h. We

SU(2) vs. SU(4) Kondo effect,...




The Kondo effect has implications for a
variety of different
physical systems...
which | didn’t have time to deal with here...

e.g. out of equilibrium transport/response
- Tunneling into magnetic impurities, magnetic atom
Adsorbed on surfaces etc...



Controlling the Kondo Effect
of an Adsorbed Magnetic lon
Through Its Chemical Bonding

Aidi Zhao, Qunxiang Li, Lan Chen, Hongjun Xiang,
Weihua Wang, Shuan Pan, Bing Wang, Xudong Xiao,
Jinlong Yang,* ). G. Hou,* Qingshi Zhu

We report that the Kondo effect exerted by a magnetic ion depends on its
chemical environment. A cobalt phthalocyanine molecule adsorbed on an
Au(111) surface exhibited no Kondo effect. Cutting away eight hydrogen atoms
from the molecule with voltage pulses from a scanning tunneling microscope tip
allowed the four orbitals of this molecule to chemically bond to the gold
substrate. The localized spin was recovered in this artificial molecular structure,
and a clear Kondo resonance was observed near the Fermi surface. We attribute
the high Kondo temperature (more than 200 kelvin) to the small on-site
Coulomb repulsion and the large half-width of the hybridized d-level.

2 SEPTEMBER 2005 WVOL 309 SCIENCE
A B C
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Fig. 1. STM tip-induced dehydrogenation of a single CoPc molecule. (A) Structural formula of the CoPc.
Hydrogen atoms 2 and 3 of one lobe were dissociated in our experiments. (B) Diagram of the
dehydrogenation induced by the STM current. (C) Current versus time during two different voltage
pulses on the brink of one lobe. Black and red lines correspond to 3.3 V and 3.6 V, respectively. (D to H)
STM images of a single CoPc molecule during each step of the dehydrogenation process, from (D) an
intact CoPc to (H) d-CoPc. Image area, 25 A by 25 A. The color scale represents apparent heights, ranging
from 0 A (low) to 2.7 A (high).
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Au(111)

H1gh




Kondo effect: in lieu of a conclusion...

~'No Hamiltonian so incredibly
simple has ever previously done
such violence to the literature and
to national science budgets”

Attributed to Harry Suhl by P.W. Anderson
In his 1978 Nobel lecture
[Rev Mod Phys 50 (1978) 191 p. 195]

[Although the Ising model is surely a serious competitor...]



Friedel’'s sum-rule: non-perturbative proof (sloppy about contours...

Friedel sum-rule

Wide bandwidth case. Non-perturbative proof, walid for T = 0.
Note: sloppy about contours and preseription for G.F,
We consider the Green's funetion &5 Nw)=w—eq+ il — T{w)

d . ) I o
——InGylw) = [1 - ;_] Cralw) (1.59]

(=

and use: |
—— [ duwlGglw) = = (1.60)
i

—

T
Hence, integrating the above relation:
a7

e

= InGalw =0 —InGilw — —mc) + / diw ™ (gl (1.61)

= af T (==

The last term will be shown to vanish, so that we get (remember Im(s, < 0,
definition of phase shift, and using a branch-cut of the In on the negative
real axis): _

ﬁ =(d—m)—(—m) (1.62)

s0 that the ocenpancy of the d-orbital and the phase-shift are related by

2 . .
Mg — :ﬂ II_J.E'BI

A manifestation of Friedel’s sum-rule in this context. This derivation for the
ATM is due to Langreth.




To prove that the last term vanishes, we integrate it by part:

" 0Ga o, o
/ |'_i-'_4_' Il__f EI. et :| |: J. I:"-j: :l
Ji |'___‘.'_,__.' ’ ’
and observe that the self-energy is obtained from the Luttinger-Ward func-
tional as: o
o]

N(w) = (1.65)

A )

=i I:.11:_-'|_.I:. ’r_.11|_': |} O E I'r:_::_-'|_.-:21:~'.j

/ | 9G 2%1¢] = o (1.66]

l:'ll ! |'j 'f_:! |:- ! -:|

This is the change of the LW functional when all frequencies are shifted.




Guesswork on the structure of the d-level spectral
function (particle-hole symmetric case):

High Temperature T>>T,: no Kondo effect
—> spectral function is made of 2 atomic-like transitions broadened by I

What happens atlow — T ?

Constraint: Friedel sum-rule imposes at T=0 (in the wide bandwidth limit):

G(i07) = —— sind et

Ay(w =0)







Numerical Renormalization Group (NRG) calculation Cf. seminar
T.Costi and A.Hewson, J. Phys Cond Mat 6 (1994) 2519 by Olivier Parcollet

......... - TT, =827
---- TT,=6.5
—— T, =192
—-=- TT,=0.85

0.0
-10.0 5.0 0.0 5.0 10.0
~ -U/2 WA ~ +U/2




	Des oxydes supraconducteurs �aux atomes froids�- la matière à fortes corrélations quantiques -
	Cours 2: Effet Kondo (suite), réalisations expérimentales
	Informations pratiques :
	0. Reminders and clarifications on previous lecture: 
	“Coulomb staircase”, different regimes:
	Effective hamiltonian in local moment regime: the Kondo model
	AF coupling flows to strong-coupling under renormalization. i.e. integrating out
	The conduction electrons viewpoint:
	The T-matrix, at T=0 and ω=0 (wide bandwidth):
	Friedel’s sum-rule�(valid at T=ω=0, wide bandwidth)
	Impurity contribution to resistivity :
	Experiments on �dilute magnetic impurities �in metals
	1. Historical context: magnetic impurities in metals
	An experiment contemporary to Kondo’s paper and demonstrating that the effect comes from Fe-moments :
	Single-orbital Anderson model ignores �many realistic aspects �- especially: orbital degeneracy
	2. The study of scattering by magnetic impurities in metals �has been rejuvenated recently by experimental studies on mesoscop
	1997: a much discussed article …
	From 2002  : growing evidence  that  these effects are largely  due to magnetic impurities.
	Dephasing rate in Kondo systems:
	3. A quantum dot as an �`artificial’ magnetic impurity:�when the Kondo effect suppresses the Coulomb blockade !
	Quantum dots :
	Extremely simplified model: a slight modification of the Anderson �single-impurity model (w/ 2 baths)
	Conductance through dot :
	High-temperature regime T>>Γ : Coulomb blockade
	Low-T regime: the Kondo effect suppresses Coulomb blockade !
	Wave-function interpretation:
	Dependence on gate voltage :
	Scaling of G(T)/G(0) vs. T/TK 
	2e2/h (t=1), yet noisy, conductors …
	The Kondo effect has implications for a variety of different �physical systems…�which I didn’t have time to deal with here…
	``No Hamiltonian so incredibly simple has ever previously done such violence to the literature and to national science budgets
	Guesswork on the structure of the d-level spectral function (particle-hole symmetric case):


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


