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Femtosecond
spectroscopy ultra cold atoms

~|0° particles

Bulk materials
~10%* particles

systems
In and out of
equilibrium

confined nanostructures

few interacting degrees of freedom coupled to environment
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NCCR Nanoscale Science

Electron confinement: Institute of Physics, University of Basel

strong Coulomb interaction

challenges:

- controllable, reproducible
molecular connections

» induced local moments for spin
manipulations

- modeling correlated systems
in and out of equilibrium

STM Au/PTCDA

see als Fabian Pauly talk



Goal

environment simulation of

* real-time dynamics in
® quantum transport
though

small quantum systems

problem:
* entanglement with the
environment
* change of ground state




Kondo model: drosophila of solid state theory
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Kondo model: drosophila of solid state theory

R e ST D

T=00: free spin crossover scale
Tk

T=0: Kondo
singlet

HK — ngocgc

s=1/2: Kondo singlet formation
non perturbative since orthogonal ground state

K. Wilson, RMP 1975



Numerical renormalization group

conduction band continuum




Numerical renormalization group

Ken Wilson 1975, Nobel price 1982

conduction band
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Mapping onto a semi-infinite chain
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NRG review: Bulla, Costi, Pruschke, RMP 80, 395 (2008)



Numerical renormalization group

t,, X ATT/2
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* separation of energy scales:
discretisation parameter A\> |
* iterative diagonalisation:
= approx. eigenbasis Hll,e;m) =~ Ej|l, e;m)
= complete basis set: used for real
time dynamics and spectral
functions

N
1=> "> > |lesm)(l,e;m|

Anders,Schiller, PRL 2005,PRB 2006 I



Numerical renormalization group
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tooc ATT/2

. . . . . Anders,Schiller, PRL 2005,PRB 2006
iterative diagonalisation
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Numerical renormalization group

What does the NRG tells us?

1. thermodynamical expectation values

—BE;

0)=3"°
[

2. Level flow of low lying excitations: fixed points

Symmetric SIAM Level Flow
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Numerical renormalization group

What does the NRG tells us?

1. thermodynamical expectation values
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2. Level flow of low lying excitations: fixed points

3. Quantum critical points and quantum phase transitions
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Numerical renormalization group

What does the NRG tells us?
e BEl
urelly

1. thermodynamical expectation values Z
l

2. Level flow of low lying excitations: fixed points

3. Quantum critical points and quantum phase transitions

4. Stability of fixed points
RH* +6H] = H* + 6H' = H* + ) X\i;AH,

* N\i <1: irrelevant operator
» A\i =1: marginal operator (marginal relevant: Kondo coupling)

* Ai >1: relevant operator: flow away from the fixed point




Numerical renormalization group

What does the NRG tells us?

1. thermodynamical expectation values

2. Level flow of low lying excitations: fixed points

3. Quantum critical points and quantum phase transitions

4. Stability of fixed points

5. Spectral functions

Hofstetter, PRL 2001
Peters et al,PRB 2006
Weichselbaum et al, PRL 2007

example: spectra for Au/PTCDA dimers
Esat et al, Nature Physics 2016
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Numerical renormalization group

What does the NRG tells us?
e BEl

/

1. thermodynamical expectation values =) ttelty

[
2. Level flow of low lying excitations: fixed points

3. Quantum critical points and quantum phase transitions

4. Stability of fixed points

5. Spectral functions .

6. Real time dynamics after
quenches: TD-NRG
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Anders, Schiller, PRL 2005, PRB 2006 dephasing im spin-boson model




Numerical renormalization group

What does the NRG tells us?
6_5El

yrelly

/

1. thermodynamical expectation values (0)y=>_
[
2. Level flow of low lying excitations: fixed points

3. Quantum critical points and quantum phase transitions

4. Stability of fixed points @

5. Spectral functions

6. Real time dynamics after
guenches (TD-NRG)
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NEQ numerical renormalization group

(0)(t) = Tr | Op(1)]
e equilibrium: one condition p(t) = pg = exp(—pH)/Z

e non-equilibrium: two conditions: 5, and H/
ﬁ(t) _ e—intﬁoeint

* calculation of the trace using energy eigenstate

(O)(t) =Y (En|O|Ew)(Ep|po| By e Em=En)!

n,m

TD-NRG complete basis set:

[ orl’ discarded

Oyt = >, D, (O I it (m)
m [,




Applications

1.TD-NRG: propagation of Kondo correlations
2.Steady-state currents
3.chemically driven guantum phase transition in

Au/PTCDA dimers on a gold surface

technische universitat  gimylating Quantum Process and Devices: Sep 19-22.2016
dortmund



Applications

1.TD-NRG: propagation of Kondo correlations
2.Steady-state currents
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Kondo model: finite R spin-spin correlations

correlation function:

X(R,t) = <§imp§c(77)> (t)

Impurity
spin

|

J. Kondo, Prog. Theor. Phys 32, 37 (1964)

D
-y | deeclyecq + S0

R dependency: mapping on a two band model: even and odd parity

technische universitat  gimylating Quantum Process and Devices: Sep 19-22.2016
dortmund



non-equilibrium dynamics

s X(Byt) = (Sinp e (7)) (2)

0

-0.05 pod = 0.3

-0.1

0.015 — | | | | | | |
= " ;l‘ A ."’;i \ N ,f:\i Aon
_0 2 € 0
. ~
§ -0.005 ‘| '
-0.25 £ om il MU
s 0.015 i
- 8 e B I .‘,, ¥ ‘
0.3 = -0.02
_0 35 -0.025
-0.03 0 i é é ‘4 ‘5 ‘6 ‘7 é ‘9 |
_04 ke R/m
0 1 9 3 y : :
kF R / T

® “light-cone” physics R=vxt
® surpric&: buildup of correlations outside the light-cone

® fast short time scale and thermalisation inside the light-
cone Lechtenberg, FBA Phys. Rev.B 90,0451 17 (2014)

technische universitat

Simulating Quantum Process and Devices: Sep 19-22.2016
dortmund



Comparison: perturbation theory

p'(t) = po +i/0 po, Hig(t1)] dty _/o /o 1 [P0, Hic(t2)] Hye (t1)] dbodty + O(J?)

a0 0.1
0.05
40 0
-0.05
30 -0.1
S -0.15
20 -0.2
-0.25
10 -0.3
-0.35
0 -0.4
0 1 2 3 4 5) 6
kFR/ﬂ- kFR/W
second order perturbation theory TD-NRG
no Kondo effect Kondo effect included

qualitative very good agreement: correlations outside the light cone persist

Lechtenberg, FBA Phys. Rev. B 90,0451 17 (2014)
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Applications

1.TD-NRG: propagation of Kondo correlations
2.Steady-state currents
3.chemically driven guantum phase transition in

Au/PTCDA dimers on a gold surface
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Boundary condition

open quantum system

=

<2

lead

lead

device

Lippmann-Schwinger
scattering states

Steady state:

SNRG:

YSOLO'

device

L Y (ur.in)

pP(L, PR) = Z¢

P(Ls PR) = tliff)lo et

including charging energy exactly

Hershfield, PRL, 70,2134 (1993)

po(pr, ,LLR)Q_th

Anders, PRL, 101, 066804 (2008)

technische universitat
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Holstein Anderson model

He—ph = )\ph(”fl — TL())(b + bT) \ / \ /

rel. el.-phonon
* two leads g coupling
e molecular level 0> 1>

* tunnel term

* phonon mode

* electron phonon coupling polaron formation:

entanglement between electron
and phonon

Lang, Firsov, JETP 16, 1301 (1962)

tL=tr=0: exactly solvable local

problem
M. Galperin et al, J.of Physics: Condensed Matter 19, 103201 (2007)

technische universitat
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Equilibrium properties

Three energy scales
* charge fluctuation T = 7t%p,
* phonon frequency Wo

e polaronic shift X

10> 11> Ep — — = g Wy

Wo
Wo finite
extended anti- Crossover adiabatic regime | 1 > wo
adiabatic regime &
| | T | ol
'<w Wo E,

2
I'eg ~ e 7T = wg

Lang, Firsov, JETP 16, 1301 (1962)

[ : Polaron formation, tunneling suppressed Eidelstein et al. PRB §7. 075319 (2013)

A. Jovchev, FBA, PRB 87, 195112 (2013)
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ph-symmetric case
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A.Jovchev, FBA,PRB 87, 195112 (2013)
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Applications

1.TD-NRG: propagation of Kondo correlations

2.Steady-state currents

3.chemically driven quantum phase transition
in AuU/PTCDA dimers on a gold surface

technische universitat  gimylating Quantum Process and Devices: Sep 19-22.2016
dortmund



STM image Au/PTCDA on Ag(111)

0.0

1-0.4

di/dV (V) [nS]

Bias Voltage V [mV]

*an extend TT orbital is induced in the Au/PTCDA complex
= spin moment induced
= experimental evidence: Kondo effect measured via STM

Esat et al, PRB 91,144415 (2015)

technische universitat
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Dimer Au/PTCDA on Au(111)

all other
configurations

10

Conduction band

le} ~ 1) +2) -
Even >
>
. >y =
1) " Antibonding |2) 2
i Bonding
o}~ 11) - 12)
Odd
origin of the gap?
-30 -20 -10 0 10 20 30 40 50 60 70 80
Esat et al, Nature Physics 2016 Voltage [mV]

technische universitat  gimylating Quantum Process and Devices: Sep 19-22.2016
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Dimer Au/PTCDA on Au(111)

a 127a
| l |
! ! all other
! JU, t/2 configurations |
I A S
| I
| ]
| = |t
Y1k Yok

Conduction band

le) ~ 1) + [2)

Even

1) " Antibonding ] |2)

o}~ 11) = 12)
Odd

Bonding

-
.
.
.
.
.

- chemical bonding betwegn the mt orbitals

- Hund’s J negligible, ingluded via J=t2/U

= chemically driven quantum phase
transition

| * role of parity breaking?
Esat et al, Nature Physics 2016
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Modelling of the Au/PTCDA: combine LDA+NRG

‘\IJ

-

PLpa(®) [1/6V]

B
!

| LDA/GAW input for the NRG |

i

—e

1T 05 0 05
o [eV]

15

Esat et al, PRB 91,144415 (2015)

Input from LDA+GdW: pn(W) interpreted as MF DOS

1
z2—FET"—U(n_s,) — A(z)

A(z)zz Vi :l/oo dwr(w)

— %~ €k T ) R—W
U = / Brd®r | (0)2W (r, v) [1he (r')

U known from LDA:
calculate E™ and [ (W)

GEPA(z) =

technische universitat
dortmund
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Modelling of the Au/PTCDA

Esat et al, PRB 91,144415 (2015)

05— —— 77— T T |
LDA _

o4 q R e XS

' 2 00
_ | | VB pe Sy O
Eo..a— - k & — o0
3
= 0.2 U known: calculate E™ and (W)

0.1 Udimer — I .4 ev

OIS‘AMLIO‘ —— s. —_— —— bl ke En —~ -0.95 eV

‘ C ofev] ‘ [ (W) input for the NRG
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Dimer: (Au/PTCDA):

Parity conserving: 2

B <31 meV l’%l&.
t>32meV
~ B t>32me > ]
>
» Kondo effect: even orbital < 3
Sy

* beyond the QCP: total B
collapse of Kondo 0 - r : r , :
=15 =10 -5 0 5 10 15
resonance o (meV)
* X-ray edge physics: odd
orbital
* no gap!

p@) V)
N

-15 -10 -5 0 5 10 15
@ (meV)

Esat et al, Nature Physics 2016
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Dimer Au/PTCDA on Au(111)

127a - c d
all other
ol configurations | 0K 95K .
* different nj:
o | Monomer different
: |3 tunneling t
E - | t=10mev] ° parity breaking:
. ! S :
> | ~ gap formation
2 S t = 30.5 meV
o t=52.7 meV
t=55.1 meV
[ [ [ [ [

| | | | | | | | |
-30 -20 10 0 10 20 30 -30 -20 -10 O 10 20 30

E [meV] E [meV]

LDA+NRG calculations: excellent agreement with

experiment with no adjustable parameter
Esat et al, Nature Physics 2016
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Summary

* The numerical renormalization group is a powerful tool to
address nano-devices in the strong coupling regime

» Combining the NRG with ab-initio methods leads to an
approach with predictive power.

* The NRG can address
4 non-equilibrium dynamics

4+ steady-state currents in quantum impurity systems

technische universitat
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