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Qutline

[A Motivations (Theory): Local Quenches in Impurity Models

[A Motivations (Experiment): Kondo Effect in the Optical
Spectrum of Quantum Dots

[  Basic Questions, Quick Answers and Few Examples

[A A Less Trivial (?) Example -- The Role of Kondo Effect
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Small quantum systems
coupled to a “bath™

I'(e)

Bath

Vi

o<

Quantum “Impurity”

/

Few interacting quantum
degrees of freedom

Continuum of Excitations

Example: Anderson Impurity Model

H = g (n— 1)2-|-Z Ekf;;rgfka‘FZ Vi (C:r;fka‘|‘h.c.)
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Dynamics after Local Quenches

t=0 t>0
Bath Bath
AV}Y

M Long time dynamics after a local perturbation:
does the system thermalize!

(OY = Trlpg et O e 1] t — 00 (O) = (O)eq 177

[ Non trivial (universal) off equilibrium dynamics?

[ Also relevant for closed systems through DMFT mapping

See recent works:
Ratiani & Mitra, PRB 81 125110(2010),Vinkler, Schiller & Andrei PRB 85 035411 (2012), ...
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Experimental Motivations
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Experimental Motlvatlons
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New All Optical Set-up:
Self Assembled QuantumDots

7 jaser Absorption/Emission spectrum
A\
nAsiGaAs of a single Quantum Dot!
top gate Warburton et al., Nature 405, 926 (2000)
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Light-Induced Local “Quantum Quench”

Helmes et al, PRB 72 125301 (2005)
Tureci et al, PRL 106 107402 (201 1)
Munder et al, PRB 85 235104 (2012)
Hdot — Z (560 Neo T Eho nho) +

o

+U TNer Ne| — Z Uehnea Nho!

oo’

ﬂ
final

Optical Absorption Spectrum Work Statistics!
7; o P Silva, PRL 101 120603 (2008)
Ag(wrp) =21 Y ph, [(n; flel|m;i))? 6(wr — Ef + EL,) Heyl&Kehrein, PRL 108 19060
nm (2012)

Pump-Probe Dynamics (soon??)
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Connection with Work Statistics

Heyl&Kehrein, PRL 108 190601 (2012)

[ Sudden Local Quench: Hi = Hf  0H ~Uep Y  neo
H,; + Hf o

M Non-equilibrium Correlators Absorption!

dt - -
Pr(W) = / o W't <61Hite_'LHft>,L- ~Alv =W)

dt .
P ( ) /2 eth<€szt€ Ht>fN E(V )

Alv
lZf Crooks Relation ) ~ P (v—AF)

NB: Also in a single shot, for weak perturbation
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Kondo Effect in the Optical
Absorption Spectrum

C. Latta et al.,, Nature 474,627 (2011)
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I 1 10';-
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V/T,(

A Exponent tunable by
magnetic field/gate voltage
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Toward Hybrid Light-Matter
Quantum Impurity Systems

a (witd) Y ———
Go to page 4‘”;{]‘\[\!’ [ ﬂzn ]mm: +)
¥
XY

Delbecq et al , PRL (201 1) ENS-LPA (Kontos Lab)

Cc di/dV (2e%/h)
0.2 04 06 08

di/dV (2e/h)

Vsa (MV)

@ (rad)

[A Coupling Electrons with quantum light (Photons)
Response of Kondo State to microwave signals
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Theoretical Question & Quick Answers

t=0 t>0
Bath Bath
AV}Y

5_7{ Long time dynamics after a local perturbation:
does the system thermalize! How?

(OY = Trlpg et O e 1] t — 00 (O) = (O)eq 177
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t=0 t>0
Bath Bath
AV}Y

M Long time dynamics after a local perturbation:
does the system thermalize! How?

(OY = Trlpg et O e 1] t — 00 (O) = (O)eq 177

e Conserved quantities (energy, particle
number, spin,..) flow across the system due to V;
 Reservoir is infinite and gapless

(and if proper order of limit is taken )
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Theoretical Question & Quick Answers

t=0 t>0

Bath Bath

o

M Long time dynamics after a local perturbation:
does the system thermalize! How?

(OY = Trlpg et O e 1] t — 00 (O) = (O)eq 177

[A YES! [ANO!

e  Conserved quantities (energy, particle * Anderson Impurity Model
number, spin,..) flow across the system due to V;, (or similar)
e Reservoir is infinite and gapless is integrable -- Bethe Ansatz

(and if proper order of limit is taken ) Solvable
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Example (simple):
Electrons coupled to a Fermi Sea

Model is quadratic, solution easy!
1 ‘ | ! ! | | ! M O
0.8 N -W
0.6 N
n(t)
0.4} — =001 I'=m E , Vk2 5(676)
— €,=0.2
i — g, =04 | k
0.2 — €,=-0.25| -
R 4 5

tI
Long time dynamics: relaxation to the ground state ¢ > 1/I
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End of the story!??




End of the story!??

Not Yet ..!!




End of the story??

Not Yet ..!!

*We are assuming system+bath always ‘effectively’ coupled

*[ ocal Many Body Interactions can change this picture!?
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Anderson impurity model...
U

2
H =7 (n—1) + > e fro frio+ Y Vi (c] fro + hec.)
ko ko
Anderson, Kondo, Haldane, Nozieres, Wilson,... T
(~1960-1975) 1
, 0), 1 1), 1 1)1 14) FO
Strong Couplig FP: .

Kondo “Screening” Loty

LM
\ o 1))

Tk +

SC
(D + 10 1)/v2

LM\ P O\ LM’ 1
Local Moment FP: Free Orbital FP:
Spin Fluctuations Charge Fluctuations
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...and its out of equilibrium
dynamics

TD-NRG: Anders&Schiller PRL(2005)

e Charge relaxation time tcpqrge ~ 1/I

e Spin relaxation time tspin ™ 1/Tk

~ < ;‘\ -
= [ .

o - Ty

0.1 &) T.=0 BN -
. 0
A A L A b= 1 r*[XIIf-— L1 Ll L - l l i R

3 .1 0 1 O‘ ]D‘ () - | Ll LAl - L -eeey — 2 L Ll — i1 lll"llv' - Ll il )
10 10 107 o 1O ' 10 10 10° 10" 10 10 10

! l/lK
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...and its out of equilibrium
dynamics

TD-NRG: Anders&Schiller PRL(2005)

 Charge relaxation time teharge ™ 1/F

.
o~ et g g
LIE S 88
=S5 ==

e Spin relaxation time Tspin ™ 1/Tk

100

s,(0)

s (1)
s, (1)

- - 5 - (_ 4 - - - ‘ : : 1 JuTl .
- - T . o 10 10 10 10 10° 10 10

1 l/lK

Take-home message:
Kondo Effect, always thermal, but RG flow matters!
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Ferromagnetic Kondo Model

A.OJL
ferromognetic ontiferromagnetic
Kondo(a>l) O.17 Kondo (a<l)
) \““‘ |

) --", JJ_%O

\'\\l /1%
0.l

g=20-a) JL(A)=J/(1+ pr Jlog(A/D))

Quench Dynamics from a decoupled initial state
Hackl et al, PRL 102 196101 (2009)

0-500 Flow-Equation, tdNRG
0.495 } T
=
:.I-LJ : - P e f_;v' e 7 0-a
= , L e 1
PR e ey, PO Relaxation, yet very slow
< a 0 > T
N B0y @ Sy B m
- 708 e M f Initial Conditi
& = 0.05 B B s M emory of Initia ondaition
z 048 J =-0.075 9 By |
= J =-0.1 e
J =-0.125 T Sa,
w| T 70l ~3
J =-0.2 ' o
A " A A .- .
0.01 0.1 1 10 100 1000 10000

Time (D
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To Screen or Not to Screen...

No Kondo

Screening

screened

S N MO

Flow to Local Moment FP

Flow to Strong Coupling FP T
Thermalization at long times eff (t) — 0

What happens at long times??
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To Screen or Not to Screen...

No Kondo

Screening

screened

S T N T @MO

Flow to Local Moment FP

Flow to Strong Coupling FP T
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No Kondo

screened
singlet gc
®»

Flow to Strong Coupling FP
Thermalization at long times

\

Screening

N DO

Flow to Local Moment FP

Feff(t) — 0

What happens at long times??

How these dynamical regimes are connected!?
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&<l To Screen or Not to Screen...

No Kondo

Screening

screened

o T N @M o

Flow to Local Moment FP

Flow to Strong Coupling FP
Thermalization at long times Feff (t) — 0

) What happens at long times??

How these dynamical regimes are connected!?

Relevant Examples:
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54l To Screen or Not to Screen...

- oa
‘‘‘‘
2 s

No Kondo

Screening

screened

singlet / Jc \ g 4 @
0 ‘ o)
Flow to Local Moment FP
Flow to Strong Coupling FP
Thermalization at long times Feff (t) — 0
) What happens at long times??

How these dynamical regimes are connected!?

Relevant Examples:

A Two Impurity Kondo Model

[A Pseudo-Gap Anderson Model
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screened

singlet Je
| @ / |

Flow to Strong Coupling FP
Thermalization at long times

\

No Kondo
Screening

N DO

Flow to Local Moment FP

Feff(t) — 0

What happens at long times??

How these dynamical regimes are connected!?

Relevant Examples:

A Two Impurity Kondo Model

[A Pseudo-Gap Anderson Model

Jones&Varma, Jones,Millis&Kotliar,

Affleck,Ludwing&|ones,..

Fradkin, Ingersent,Vojta, ...
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54l To Screen or Not to Screen...

- oa
‘‘‘‘
2 s

No Kondo

Screening

screened

S % N T @MO

Flow to Local Moment FP

Flow to Strong Coupling FP T
Thermalization at long times eff (t) — 0

) What happens at long times??

How these dynamical regimes are connected!?

Relevant Examples:

. Jones&Varma, Jones,Millis&Kotliar,
g Two |mPUI"It)’ Kondo Model Affleck,Ludwing&|ones,..

lZ Pseudo-Gap Anderson Model Fradkin, Ingersent, Vojta, ..
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Anderson Impurity in a
power-law bath

U 5 ;
=5 (n—1) +; ekfkgfka+; Vi (ch fro + hec.)
AIM in a pseudo-gap
Fradkin, Ingersent, W)r=0 .
Vojta,Polkovnikowv,.. -
A F(E) LM-w - ! _ wu':.z p
_u_, He
€ ~ul2

r<1/2  Quantum Ciritical Point!
SC LM ANOQCP%I’ r>1/2
| > U/T

O
Ue
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Out of Equilibrium Dynamics

U

H="_(n- )2+ %; e [ fro + %; Vi (¢! fro + hec.)
Initial Condition p I'(6)
4 No Coupling with Bath 1}, = 0 . ‘
4 No Local Interaction [/ = () T'(€) ~ |e|”
Real-Time Dynamics: how to solve?
O medghie —

cfr A. Rosch, Eur. Phys.]. B 85 6 (2012)

[ diagrammatic MC AN IE 1
[ time-dep variational % dr logA

method
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Dynamics with Real-Time QMC

MS, PRB 81, 103232 (2010)

l . 2 T T T T T v 03 T 1 1] v ! |
\ ’ 0.25 L U_=0U=10T T
~ 02} - .
= 0.5[ —1or v =0 ]
0.1 . -
0.05 pgggggeeee®™™—TAGE—— - 1
(] | | | | |
0 0.1 0.2 03 04 0.5 0.6 0.7 0.8
. tI
0.) T T T
0.25 LU =0U=25T 1
0.2F O 0iestomteatte _
S0.1sF u_=2sT U, =( .
Q e NOCEX OO0
O] B = = o - -
0.051 N
| | |
. N PR — . 2 3 . 5 7
% 01 02 03 04 05 06 07 08 0 01 02 0 ?IZ‘ 05 06 07 08

tI

e Seemingly slow dynamics for large 7 > 1/2 but...
* Short time dynamics only, due to “sign” problem

* Finite Temperature in the bath, no QCP!
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A Time Dependent Variational

Approach
Ansatz on the time dep
0 / dt (W(t)|i0; — H|W(t)) =0 Many Body Wave Function

() = e [W(0)) N/P(t) (1))

Variational parameters:
Gutzwiller WF:

P(t) = Z Aa(t) e'%e(t) la)(a] change weight of atomic
a=|0),..,|1J) configurations

10| P(t)) = H.(t)|P(t)) Non interacting model with Vi ()
H*(t) — Z Ck f]i'-o' fka =+ \/Z(t) Z Vk (CZ; fka + hC)
ko

ko




A Time Dependent Variational

Approach
Dynamics of Variational ) = 4 Epyp (1) \/D (1/2 — D) sing
Parameters =T+ g 1 —4D 5
D(t), COS
(£), (t) hyb \/ D(1/2 - D)

e

Enyv(t) Z Vi (@(t)] (£, co+hec.) [0(1))

Dynamics of non-equilibrium bath

10| P(1)) = H(t)|P(2))
H*(t) — Zek f;;rg Jko + \/Z(t) 2: Vi (Cj, fro + h.c.)
ko

ko




Variational Ground State

V) = ( |O>z:m> Aa | a><a)\GAround-State of H,

H, = Zék I fro + \FZZ Vi. (¢} fro + hec.)
ko ko

Variational Energy

B\, VZ] = (W[H| W)

oa |—r=00 0 |
A QCP between Kondo = ~:=; SRR
o r=03
and Local moment regime | =r=04 _
F Z~exp(-nU/16T) 7
]_6 ]. _I_ T U (r \
v, T = 160+ |
mwr 00015 1|0 ~ 2|0 | 3|0 4|0 | 50

NB: U.— oo for r — 0
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Dynamics in the Kondo Screened Phase
r=04 U<U.r)

0.25
0.2
0.15L
D(t) . 1Z(1)
010
0.05 2
00 | | | 15
0 | | | | | | 0.25
-0.5\ ~+ s
1 1 o015 |
E (t) .15k 4 )
{010 1w bt
<t _
250\ A ey 0.05
N B T S |
30 5 15 0 Y 15

10
tl

[ Relaxation to the thermal steady state
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Dynamics in the Local Moment Phase
U > U.(r)

T T T T80 T g L L L L L L LA B O
03 600 — — I |
005l (1) 400 |- 1 98 . | ]
l 200 |- _ K 4 [

o BN B N T ] 0.6 elehollel ] 4
D(t) 02 O0 10 2|0 3|0 4|0 | 60 ' ol M! il Z(t)

0.15 A oq il

0.2 (i

Ol L L | | OV

10

! ' ! ' ! ' 2

ERR S TR Er TR E RS 3T T T T T
0 i AR AL A NGRS i M 155

Eh(t) -1 “ o | - ' e " X} .i' 13! ' IEF j 11 4H 1 N
210 0.5 —
3 # ]

15 20

10
umr

4 No Damping, No Relaxation, No Steady State
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How these regimes are
connected?

[A In the Kondo Phase, linearize dynamics around steady state

B 00 = 0O(t) — O,
00 = ()450—|-775Ehyb ()

Equilibrium Properties:
T~ E;(Lyb &~ _Ehyb/Z E;:yb ~V L

[ Relaxation time diverges at the quantum critical point!
(7. ~ 1/2
Trel ™ 1/ |U U ‘ /

[ Dynamical transition between thermal and non thermal regime
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Conclusions

* Thermalization in Quantum Impurity Models after local
perturbations

* | ong-Time physics is sensitive to Low-Energy features, i.e.
RG Fixed Points, Kondo Effect

* Non trivial Dynamics across a Kondo-to-Local Moment

QCP
Open Questions:

[ Role of Quantum Fluctuations: damping in the LM?

[ Correlation Functions (Aging?), Statistics of Work
A Other Models: 2IKM (Bosonization?),...
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Thanks!
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Experimental Setup

substrate

back contact
tunrel bamer
blocking bamer

AlAs/GaAs

com/ﬁgy
I =

a
VQ

[| gate
InAs rings

Helmes et al, PRB 72 125301 (2005)
Latta et al, Nature 474 627 (2011)

conduction
tunnel barrier

b
, ‘ _ Vg
> X

self-organsed
dots wetting layer

back contact

A InAs/GaAs Tunnel Barriers result into dips in
conduction/valence band gap: quantum dots!

[ Light excites e-h pairs that recombine emitting photons

[A Number of electrons tunable by Vg
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Excitonic Anderson Model

Helmes et al, PRB 72 125301 (2005)
- H = Hop + Hpath + Hpyp

HQD — Z EcNeo T Uc Ten nci"‘

|EF

+ ) ev e + Uy (1= nyp) (1= nyy)

Quantum Dot Exciton Binding Energy:
e-h attraction

A Light-Matter Interaction: absorption vs emission
Hrpn = Z (V% ape” "k cj,vg + hc)

ko ST | Ee —7
2DEG +E'c' o [ ODEG %\ 9DEG +F‘ | Wit RS
‘Kondo|state Uexc U, ‘Kondol state
QD a) ap QD
LIS
Rev AVAVAYRS I +0-,
photon
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