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Non-equilibrium phenomena in condensed matter

The wide range of relevant time scales in the relaxation dynamics
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Charge density wave order (CDW)

The representation taken into account in our model

A CDW is characterized by : 1) CDW modulation; 2) Periodic lattice distortion; 3) Energy gap
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Coherent dynamics in K _.MoO, |§/A\U

Well-described by time-dependent Ginzburg-Landau theory

CDW intensity (trXRD) Time-dependent GL theory
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Non-thermal free-energy potentials
CDW dynamics in TbTe,
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It seems that in some cases the electrons cannot be described simply by an effective temperature...

Maklar, J. et al.: Nature Comm. 12, 2499 (2021)
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Coherent dynamics or ultrafast disordering? |,,§/A,;\\\U

The case for VO,

Insulator — Metal: coherent or order-disorder?
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Ultrafast disordering?

Conventional scenario or ultrafast disordering?

1) Conventianal scenario
Well described by td-GL + small Gaussian fluctuations

overshoot
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Huber, T. et al.: PRL 113, 026401 (2014)
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Ultrafast disordering?

Conventional scenario or ultrafast disordering?

2) Alternative scenario: Ultrafast disordering

1) Conventianal scenario
Average order parameter not representative for individual sites

Well described by td-GL + small Gaussian fluctuations

lattice site lattice site
dab 4B 4B

time
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Ultrafast inhomogeneous disordering

Experimental indications

« Indications seen for VO, Wall et al., Science 362, 572 (2018)
La, . Sr, . MnO, Salinas et al., Nature Comm. 13, 238 (2022)

* Indistinguishable in terms of average, but disorder may have profound effect on
dynamics: Slow dynamics, metastable states, ...

» Effects on the electronic structure: Incoherent spectral weight, ...

Theoretical challenge: Joint evolution of inhomogeneous electronic structure and
inhomogeneous order parameter
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Theory of ultrafast disordering at a CDW transition
(a microscopic perspective)
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The Holstein model

The lattice order parameter
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The Holstein model

The opening of the gap
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Statistical dynamical mean-field theory EAU

A generalization of the approach to non-equilibrium

Bipartite Bethe lattice Each of the N sites has One has to solve an impurity
its own displacement X, problem for each of the N sites
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Phonons: Stochastic semiclassical theory

Equations of motion for the phonons
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X; = —0°X; — gV2Q((n)a — 1) — 00X, + VOE)

Elastic force Mean-field force on phonons = Damping and noise from electrons

/ . /
The fluctuations of the electron density, Xj,cl(ta t ) — _Z<TC'”J' (t)nj (t )> , affect the phonon dynamics:
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Picano, A., et al.: Phys. Rev. B 108, 035115 (2023)
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A truly coupled electron-phonon dynamics

The Quantum Boltzmann equation (QBE) for the electronic problem
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( OylE; (w,t)| =1, [Fj (w, t), .Aj (w,t)]  Electronic distribution function
i(w,t = AgESS [Fj (w, )] Electronic spectrum } QBE

A, (
\X’i (t) — _Q?Xj (t) _ g\/ZQ(<nj (t)>cl B 1) — QI:Y.LXJ (t) + \/M Phonon displacement

QBE for the electronic distribution function and the electronic spectrum
o

stochastic semiclassical equations for the phonon displacement

Picano, A. et al.: Phys. Rev. B 104, 085108 (2021) Picano, A., et al.: Phys. Rev. B 108, 035115 (2023)
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Semiclassical solution: equilibrium

Second-order phase transition

T <1,
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et al. : Phys. Rev. B 107, 245112 (2023)
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Semiclassical solution: equilibrium

The dynamics of the phonon trajectories at equilibrium

sites lattice A

sites lattice B

1T <1,
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Picano, A. et al. : Phys. Rev. B 107, 245112 (2023)
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Semiclassical solution: equilibrium

Opening of the gap in the electronic spectra below Tc
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Semiclassical solution: dynamics

Short-time evolution after photo-excitation
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Excitation protocol: population transfer from valence band to conduction band

Electron dynamics: open system, including dissipative heath bath

Electronic distribution function Electronic excitation density Incoherent spectral weight
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Picano, A. et al. : Phys. Rev. B 107, 245112 (2023)
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Semiclassical solution: dynamics

Long-time evolution: the average displacement and the single trajectories

sites lattice A

127 gy

sites lattice B
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t [ps]
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100
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Semiclassical solution: dynamics EAU

Long-time evolution: single trajectories not always representative of the average displacement

127 g3

sites lattice A

4 6 ‘.:.

t [ps]

Trajectory 15 jumps to the global minimum well before the average does

Picano, A. et al. : Phys. Rev. B 107, 245112 (2023)
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Semiclassical solution: dynamics EAU

Long-time evolution: single trajectories not always representative of the average displacement

sites lattice A

t [ps]

Trajectory 52 jumps back and forth from the metastable to the global minimum

Picano, A. et al. : Phys. Rev. B 107, 245112 (2023)
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Semiclassical solution: dynamics EAU

Long-time evolution: single trajectories not always representative of the average displacement

sites lattice A

4 — 106
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1 1 1 1 1
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100

Trajectory 106 in the end of the simulation is still stacked in the metastable minimum

Picano, A. et al. : Phys. Rev. B 107, 245112 (2023)

Naturwissenschaftliche Fakultat

27/08/24 32



Semiclassical solution: dynamics

Reconstruction of the double-well potential
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Local X; moves in an effective
asymmetric double-well potential:
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Build-up of the potential barriers before symmetry breaking
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Semiclassical solution: dynamics

Long-time evolution: ultrafast inhomogeneous disorder
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Inhomogeneous disordered state

Build-up of the potential barriers before symmetry breaking
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Picano, A. et al. : Phys. Rev. B 107, 245112 (2023)
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Inhomogeneous disordering

Summary

01 Ultrafast generation of disorder after simulated photoexcitation
02 Theory does not rely on the assumption of the existence of a non-equilibrium potential
03 Individual trajectories not always representative of the dynamics of the average order parameter

04 Incoherent electronic spectral weight after photoexcitation

Outlook: extension to more realistic models (e.g., two-band Mott insulators, VO, ...)

Naturwissenschaftliche Fakultat 27/08/24 36



on

|
e

¢

o
)
e

t

a

r

'




Conclusions and Outlook

=AU

Full thermalization dynamics of a Slater AFM in the non-thermal critical region

& Controlled truncation of memory integrals in KBEs

Inhomogeneous disordering at a photo-induced charge density wave transition

Q Electron dynamics : non-perturbative Quantum Boltzmann equation

Q Phonon dynamics : stochastic semiclassical theory for electron-phonon coupled systems

Outlook: extension to more realistic models (e.g., two-band Mott insulators, VO, ...)
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Non-equilibrium phenomena in condensed matter

Pump-probe experiments

Light-induced
superconductivity
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Insulator — metal transition
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Non-equilibrium phenomena in condensed matter
Light-induced AFM insulator — PM metal transition in Ca,Ru,O,
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Our goal: to simulate the long-time thermalization dynamics
of correlated electrons and electron-lattice systems with
ultrafast resolution
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Dynamical phase transition in a Slater
antiferromagnet
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Half-filled Hubbard model

Equilibrium phase diagram
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Picano, A. et al.: Phys. Rev. B 103, 165118 (2021)
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Short-time dynamics EAU

Nonthermal critical region: separates regimes of ordered and disordered prethermal states
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Memory truncated Kadanoff-Baym equations EAU

Bypassing the limiting memory bottleneck of the full evaluation scheme

Memory untruncated scheme Memory truncated scheme
(If X decays sufficiently fast in time)
Y, A
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i 44y |
1 1 // nc
: |17
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!
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\/ e
ot t
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2
Memory occupation ~ O(HQ) ~ O(nc)

Stahl C., Dasari N., Li J., Picano A. et al.: Phys. Rev. B 105, 115146 (2022)
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Long-time dynamics

Accelerated gap collapse
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Two order of magnitudes longer in time! Nqntherm_al
critical region
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Prethermal state
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Can be understood in terms of nearly conserved quantities like the individual band populations
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Summary

By means of the controlled truncation of memory integrals in KBEs...
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Simulation of the slow melting of a prethermal symmetry broken state after an interaction
quench in the Hubbard model

Highly nonlinear gap closing dynamics: a slow evolution of the order parameter quickly transits
into a faster gap collapse after the gap has fallen below a threshold

The initial slow evolution of the order parameter is captured by a mean-field theory while the
gap collapse is not
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Memory-truncated Kadanoff-Baym equations
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Evaluation of memory integrals

Kadanoff-Baym equations
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Evaluation of memory integrals F/A\U

Kadanoff-Baym equations

KBEs for the single Keldysh components: St C=CiUcaUC
C+ t t
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Evaluation of memory integrals

Truncated Kadanoff-Baym equations

If the self-energy decays to zero, for large enough time one can impose:

YR, t) =X<(t,t') =0 op T t' > te,
2, 7)=0 t >t
The self-consistency scheme therefore reduces to:
t
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Half-filled Hubbard model on infinite Bethe lattice EAU

Decay of the two-times correlation functions
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Stahl C., Dasari N., Li J., Picano A. et al.: Phys. Rev. B 105, 115146 (2022)
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Total simulation time

Non-truncated vs truncated KBEs
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Half-filled Hubbard model on infinite Bethe lattice EAU

The fast prethermalization and the slow thermalization
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Decoupling of static and dynamic criticality
Strongly driven AFM Mott insulator
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Half-filled Hubbard model on infinite bethe lattice EAU

Equilibrium phase diagram

H=—t, Z C;racja + U() Z(nﬁ _ %)(nﬂ _ %) AFM order at low T
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Half-filled Hubbard model on infinite bethe lattice

Equilibrium phase diagram
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Half-filled Hubbard model on infinite bethe lattice EAU

Nonthermal critical region

Nonthermal critical region
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Tsuji, N. et al.: Phys. Rev. Lett. 110, 136404 (2013)
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DMFT self-consistency
Bipartite lattice

A given time-profile for U is imposed:

: t
U(t) — Uinit + (Uﬁnal - Uinit) Sln2 ( _) ’ 0 S t S tquench
quench 2
DMFT self-consistency :
1 1

m(t) = 5 nas(t) —npat)] = 5lne (1) —nay(t)

[10¢ + u(t) — Eaom(t)U ()]G o (t, ) — /Cdf Aot 1) + X0 (t,0)]Gao(t, t') =0(t,t)

Aa,a — t}QIGaﬁ

Yoo =UBUE)Gaot,t)Gas(t ,t)Gas(t,t') a€{A,B} 0E€ {t, 1}
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DMFT self-consistency

k-dependent case

A given time-profile for U is imposed:

, t
U(t) — Uinit + (Uﬁnal - Uinit) Sln2 ( _) ’ 0 S t S tquench
quench 2
DMFT self-consistency : 1 1

m(t) = 5nat(t) —nprt)] = Slne(t) —nay(t)

10, + p — he(t)]Ge o (t, 1)) — / dt X, (6, D) Ge o (£, 1) = 6(t, 1)
C

he(t) = —Um(t)%, + i,

A

Y, = diag(Xas, XBo)

Yoo = U UM )Gao(t,t)Gas(t' ,1)Gas(t,t) ac{A B} oe{tl}

25/08/24 64
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The decay of the correlation functions

The energy conservation
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U:2-1.27
10°
1071
1020 R NS
1073 B
1074
:_:l,‘ 1075
1prey 00 T .
~7
10_8 —_— IGR(It_ttI)l ~..,_~...~
107% —— e =qe-en R
1079 — zR(t—t)) “\‘\
10710 == [Z=(|t=t])] . S
0 10 20 30 40 50 60 70 80 90 100
|t-t'|
—0.87801 —— t.=10; h=0.01
— . =10; h=0.02 (c)
—0.8782 t.=10; h=0.04
t.=20; h=0.02
_0.8784 = te=24;h=0.02
. ' — t,=28; h=0.02
Y _0.8786
—0.8788
—_—
— t.=28;h=0.02 —0.8790
10_60 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
t
t
Picano, A. et al.: Phys. Rev. B 103, 165118 (2021)
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Decay of the staggered magnetization

Third-order weak coupling expansion vs mean-field theory
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b (a) U; = o (@ U;=2
— |
: l
03[ - 03]
= 02 B = 02| L U=14
| . | U=1.3
| - | U=1.2
| U=13 |
0.0 [ — U=12 00 NS—
0 50 100 150 200 0 50 100 150 200
¢ t

Tsuji, N. et al.: Phys. Rev. Lett. 110, 136404 (2013)
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Mean-field solution

Does not predict the accelerated gap collapse
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107!

10~2

1073

—4
1075

Picano, A. et al.: Phys. Rev. B 103, 165118 (2021)

Naturwissenschaftliche Fakultat 2%/08/24 67



=AU




Quasi-Particle Quantum Boltzmann Equation

Time-evolution of the quasi-particle distribution function

=AU

Onf + e Vof + v Vif = (0:f)

coll

Common assumptions:

1) The existence of quasi-particles sharply peaked at energies w = €y, :

1
T eBlan—m) + 1

(k)

2) Perturbative approximation in the evaluation of the collision term (e.g., Fermi golden rule)
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Quasi-Particle Quantum Boltzmann Equation

The limits of the two assumptions

1) The existence of quasi-particles is not always justified

T
— T/D=0.0025 |:

- (a)
0.6 — 7T/D=0.05
05F T/D=0.2
5\ 04 T/D=0.5
;E/ - T/D=1.0
0.2
0.1
0'0—2 -1 0 1 2 3 4 5 6

w/D

As temperature increases, the QP can be barely resolved

Phys. Rev. Lett. 110, 086401 (2013)

calculated DOS (arb.u.)

-1.0
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2) The DOS can depend strongy on the distribution

energy E-E. (eV)
-0.5 0.0 0.5 1.0

(a)

hole-doped
state

Phys. Rev. Lett. 113, 216401 (2014)
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Separation of timescales

The main assunption of QBE

ot > 1/w

Jt sets the scale for the time evolution of the system

dw is given by the line-width of relevant spectral features

0.3

A(w)
=]
o

M. Eckstein (2018), Springer Series in Solid-State Sciences

t=40 —
t=60 —
t=80 —
t=100 —
t=120 —

i)

=AU
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Non-perturbative QBE

Non-equilibrium steady-state DMFT loop

i (t,w)

1.

GR(t,w) = [w + 10" + u — he(t) — BE(t,w)] !
GE&:“") = Fk(trw)[Gﬁ(t:w) - Gg(f{d)]

3. NESS impurity problem:
Go'(w) = [GFw) " + R W),
A¥w) =G W) "G W)G (W) 1 =F<(w)
G5 (w) = G5 (w)A<Gg (w),
where SR <(w) = BR<(t, w).
4. Calculate new X[G] by using IPT.

5. Iterate Step 1. to 4. until convergence.

GBS (w) =) Gp=(tw)-
- — (5 (1,w), A(t, 0D

8tFk(t, w) = Ik Fk)

Non-equilibrium steady-state DMFT loop

- Fx(t+ h,w)

=AU
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The scattering integral
The distribution function of the self-consistent bath

EAU

0.35 Ll 0.35 A
1.0 LE Ml b A ; c ST
. q \
0.30 i 0.30 S
o 0.25 ",' \ 0.25 — t=20
1 —
5 10.20 I ,0.20 t—ig
w = / A < t=
T 0.15 iy 0.15 f=50
1 \
0.7 0.10 i \ 0.10 ——\ t=150
Sl / \ o —— =250
0.6 . l’l “\ : \¥
0.00' =~ > 0.00
IR R I T T T Syl AN g Rl ol W R U “Br5-A4—3-9-10 1 2 3 45 6
t [hoppings] w w
As i Frep e I=2nAs + p(Fs +p — Fg)
0.6 0.006/ e 0.015
o 0.004 0.010
04 ulgo 0.002 | 0.005 ,,
+ < 0.000 0.000 AY
w'—0.002 :. ~0.005 "
0.2
~0.004 ~0.010
0.1
—0.006 ~0.015
LpeEed—gu2=10 1T 23 4 5 6 wEUELLeUpL s Bl LTENG

O e e e R TR R

w

w

w
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The auxiliary steady-state representation of the spectra
Comparing the spectrum from NESS with the full DMFT one
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1.05 0.30
1.0 to =30 (c) -== full DMFT
0.9{ (b) 5 5 —_— t;=30
1.001 - —_— ty =32
0.8" e t0$50
0.7 0.20 to =100
0.95 0.61
3
w 05 Q 0.151
0.90 0.41 0.10
—— full DMFT 0.3 -
® f0=30
® f0=32 0.2 1
L o =50 0:0°
0 014 NN Y A
(a) ® t,=100 ' ]
: ; ; i 0.0 . . ; : ; : 0.00 ==, ; : — . ' i S
0 50 100 150 200 250 -20 -15 -1.0 =05 0.0 05 1.0 1.5 2.0 =5 <4 =3 -2 =1. 0 1 2 3 4 5
t w w

The DOS can be very accurately obtained as a steady-state functional of the distribution function F
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Time evolution of the total energy |§/A\U

Comparing the relaxation dynamics from QBE with the one from full DMFT

U=1 U=2
1.05
=g g
1 1
1 1
: 0.90 i
0.80 i ! 1.00
1 1
1 1
] 1
] 1
- : 0.95
50.70 : 0.80 . "
& | : i
1 1 h
1 1) ]
i ] 0.90 ]
1 I ]
Iy I ]
0.60. " --- full DMFT ¥ --- full DMFT ! -—- full DMFT
) ] e ;=32 H o ;=32 H ® t;=32
0.70 0.85
e (=50 e ;=50 : e ({3=50
(@) e t,=100 (b) o t,=100 (©) ® t;=100
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
t t t
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Distribution function and spectral function

Comparing the results from QBE with the ones from full DMFT

10
0.9
0.8
0.7
0.6
* 0.5
0.4
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w
A(w, t), DMFT
(c) —_— tp =32
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—_ t=75
— t=100
— t=250

-5-4-3-2-10 1 2 3 4 5

w

1.0
0.9
0.8
0.7
0.6
0.5
0.4
03
0.2
0.1

0.0
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0.35
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0.25
0.20
0.15
0.10
0.05
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F(w, t), QBE

w
Alw, t), QBE
(d) — t0=32
— t=50
— t=75
— t=100
— t=250
-5—-4-3-2-10 1 2 3 4 5

w
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Self-energy of the bosonic bath

The bath is always at equilibrium at temperature T

=AU

1.0 ADph
a 0.030 t=0
0.5 t=10
. t=20
0.025
t=30
0.0 t=40
0.020 t=50
t=150
5_05 5 t=250
Sl &£0.015 =
-1.0 0.010
T ADph
m 0.005
~1.5 = '
by BaT
Aoph 0.000
e 0-95-70_15-10-0500 D5 10 15 20 25 38 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
W w

Zph (t7 t/) — igghG(tv t/)Dph (ta t/)

) J(w),Yw >0
Ap-ph{w) = {—J(—w)Vw <0
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Fermionic bath at negative temperature

How photo-excitation is simulated

U=3.0t=25.0

U=3.0,t=275

U=3.0,t=30.0

0.3 —— System 0.3 —— System 0.3 —— System
AO.Z ,\0'2 _ 0.2
= 3 =
< <t <
0.1 0.1 0.1
0.0
o — 0 2 4 o 0 2 4 4 =2 0 2 4
—— Phonon Bath —— Phonon Bath —— Phonon Bath
0.4 —— Fermion Bath 0.4 —— Fermion Bath 0.4 —— Fermion Bath
0.2 0.2 0.2
3 00 3 00 3 00
I B3 I
-0.2 -0.2 -0.2
-0.4 -0.4 -0.4
-4 =2 0 2 4 -4 =2 0 2 4 g 0 2 4
w w w

L(t,t) = V(t)Goawn(t, )V ()"

Abath(w) = A(w — 25) -+ A(UJ + 25)

Alw) = lcos

7

2 (Ww/Wbath)
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U =3.0,t=250.0

0.3

0.2

A(w)

—— System

foath (W) = f-g(w)
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Summary

Evaluation of the scattering integral in a non-perturbative way
Scattering integral calculated from an auxilary non-equilibrium steady-state impurity problem

This allows the QBE to be combined with non-perturbative methods used in DMFT that
allow to reproduce the non-equilibrium electronic structure after photoexcitation
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Impurity problem

On-site electrons interacting with a local vibrational mode

=AU

Himp — HX + HCX + Hcc

H, = %(QZXQ + ]52) Free phonons
He=v QQQX ( Z Ng — 1) Electron-phonon interaction

Hee = —u Z Ng + Unﬂu Purely electronic part of the Hamiltonian
O
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Quantum impurity model

The Keldysh contour

HQI — Himp + Hres + Hcoupl

Sle, e, X| =

SezlC, ¢, X]

Seelé, ]

=AU
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Quantum impurity model EAU

The action terms

Scx = —V2(g Z hjr1 051X

= S Y 00Ot

J,j'=1 o

Se.c is purely electronic and incorporates, e.g., Ahyb that comes from Hyes + Heoupl

In continuous time:

See = / Zdt dt'eo ()Gt t e (1) Gt ) = (i0; + w)de(t,t") — Apyp.o (t, 1)
C o)

C-—_CilGC:
ON— ¢ CT
Z g+1 [( j4+1 — Xg )2 B Q2X2i| P — P o ° th
J s
1=1 hj"i_l —tmax — —00 ltmax = (0 i
o = o—ff—e &
ON—1 tonN C— tN-}-l
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The effective action for the phonons

It is obtained by integrating out the electrons

=AU

From the total action one can define the partition function:
Z = / D[X] / Dl[é, c] etdeeX]

The effective action for the phonons is obtained by integrating out the electrons:

eiSeff[X] — eiSm [ X]+il[X]

['[X] = —ilog <ei5“[5’c’x]

1 — () C,C
(e 7 PleclerSeli...
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Classical and quantum phonon components

The action terms written in the new basis

T
>
(@

Xj is represented in terms of the so-called classical and quantum components: it C=cCctuc-
t C .
Xq — 2 X‘|‘ X— tmax — —00 tmax — 00 t
j j t;N—o—o—?To—o—t]cvlJrl
In this basis, S¢, Scz, I'[X] become:
N—-1
_ q(ycl 2 vl
Sp =20, ¥ XHXS+ 02X +oit.
J=2

= —6;vV/20g > (0F — 07 ) X9 — 6,v/2Q9 50, (Of + 051 X + bt
F[Xd?Xq — Z n' Z ) ﬁ]b Jn
S~

Where the effective potential I' is expanded in a Taylor series in the quantum variable
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The coefficients in the expansion of [’

The connected correlation electronic functions

1:[. oL _Zan 1Og< Cm[cCX]>
Jhoeedn 8X;11 SR (9qu ccl Xa=0
To interpret the coefficients II we define the action:
N—1
[ 1
§0) = See + 5% = Sec — 0:V/2Q9 > (OF;, — O;_1) X5 +bit.
J=2

This describes a purely electronic model where electrons at the impurity are subject to a fluctuating field:

Hx(t) = V299X (t) O
[0jy...0 = (=) 21209000y, -+~ 0y, )"

<' - >§?n are the connected correlation functions for the electrons in the presence of the fluctuating force X Hx (t>

= —2v20g6,(O 3@ 0; = (O;:q + Oj_—l)/2
Hj,l = —074Q9° (X@)j,l (X@)j,z = —2i((0;01))
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The coefficients in the expansion of [’

The connected correlation electronic functions

~

We expand the effective potential I' in terms of the coefficients 1I :

F—rM 7@ 4 ...

N-—1
r =% " X7/, = —2v2Q98: Y _(0;)@)
j=2

1 N—-1

P® =23 XIX[T, = —200°67 ) XX O

J,l=2

Semiclassical approx.: truncate the expansion of 1" at second order

N—-1

j=2

N—-1

J,l=2

=AU

Naturwissenschaftliche Fakultat

25/08/24

87



The effective equation for the phonons

Semiclassical approximation: expansion at second order in X4
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N —

1

S, +TM = —25, 3" x9 (X;l + 02X 4 \/299<Oj>@)
j=2
oI = mBOHNT, X] (" ) X7 / Dle)e 4 T &AEH20 VAL, & X]
(A™Y)j0 = ig° (X1 ).
Gi(Sa+T 413y —i28, XIF

Fy = X' + QXS + v2Qg(

Oj)a — V&,

& can be wewed as a stochastic force whose statistics is determined by the matrix A, which itself depends on the

trajectory X
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1
White noise limit 7e <

On the timescale of the phonons the noise from the electrons is delta-correlated

=AU

By choosinga At suchthat Te < At << 1/Q.

(EBER)) =0 for [t—1t]> T

In the limit 7. — 0 the equations of motions become:
X1 = Xj + AtV
Vi =V1 + AtF;
Fj = —Q2X$' — gv2Q(0;) 0 — OT;V; + VQ§;
[ = —26°0,3xi(t),w)]w=0
(&) =0, (§&) = K;0j, 5 At~ Kj = —g°3xe (), w)|w=0

Fluctuation - dissipation theorem:

) w
@) =2icoth (D)9xfiw) < = K=orr
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Comparison between semiclassical theory and QMC

At high values of g, the semiclassical solution is nore localized with respect to QMC
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c g=0.25

0n 0.5 1.0 1.5 2.0

Picano, A., et al.:
arXiv:2209.00428
(2022)
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Comparison between semiclassical theory and QMC

As the temperature decreases, the semiclassicla results deviate from QMC

b B=10

0.6 -

0.5

0.4

0.3

P(X)
P(X)

0.2

0.1 -

0.0 T

Picano, A., et al.: arXiv:2209.00428 (2022)
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B=100
2.0
1.5
1.0 -
0.5 -
0.0 4 : .
0 1 2 3
Qx
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Comparison between semiclassical theory and QMC

As the phonon frequency increases, the white noise approximation is less justified

a g=0.056; 0=0.01 b g=0.125:0=0.05

0.6 1 —— Migdal
—— QMC

0.5 NCA

0.4 - —— frozen
< n semicl. o
& 0.3 5

0.0 0.5 1.0 15 2.0 2.0

d g=0.25:0=0.2
0.6 1 e g=0.559: Q=1

0:55

0.4 1

D335

P(X)

0.2

0.1

0.0 :
0.0 0:5 1.0 1.5 2.0 [ 0.0 0.5 1.0 1.5 2.0

o Picano, A., et al.: arXiv:2209.00428 (2022) e

g=0.177,0=0.1

=AU

Naturwissenschaftliche Fakultat

25/08/24 92



=AU




The case for VO2

Displacive dynamics or order-disorder transition?
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B C Coherent D Order-Disorder
R- phase Displacive Transformation |
B o * %o o { - ﬂ‘
o 9 eiic e ‘EEIdR f | N
* " . IT‘I—'_‘ & { I'u g :I II'l £
e gliisl|® ¢ ¢ f . P = 1
LI L e b ® e 1w
[P o # o ) -, & o= Y
i-‘:-:ﬁ:,.‘i-* dl-' \ L \
e & oil® & o \ ,F I'I e
A R SRR ¢\ 4 e\ 2
& » J € kp_ I'. - 'II :
: ; - P ,

R, Displacive G R, Order-Disorder

11 1 Wﬂ
L — - .
e 3 e '

102 002 102

2
=
o
]
LN
L=
=k

Q
Intensity

=
g
04 104 004 031 040 031 . 040 £ .
¥ & e % ¥ = . Wall, S. et al.: Science 362, 572 (2018)
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The case for VO2

Displacive dynamics or order-disorder transition?

A 35 C 150 .
. === Long Bonds o T =2204K o T,=290K
<C ===Short Bonds | E . '
5 3 kS |
C
K > 50 i
5 £
w0 1
-500 0 500 1000 i -05 -03 -01 01 03 05
Time (fs) Displacement ¢ (A)
Energy (meV)
20 40 60 80 100 120
B 0.3 R Bl v+
500<t<0fs | ‘Equilibrium Rutlle  emmtotal
0.2 i —
0.1 10
0
93 25<t<751s —
e (02 n 08 T photoexcited 0 < t < 1000 5
S T i
= 0.1 =
2 9 8
% 03 g e
a 200 <t <300fs | L
0.2 1 ]
=
0.1 2 0.4 et
P & Equilibrium M1
0.3 :
500 <t < 1000 fs |
0.2 [ Long Bonds |
0.1 [1Short Bonds
0
2.0 3 3.5 0 5 10 15 20 25 30
Bond Length (A) Frequency (THz) WaII, S. et al
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.. Science 362, 572 (2018)
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The case for VO2

Displacive dynamics or order-disorder transition?

A

50 fs

(-10-2) (-120)

100 fs

3
#-: = = e ot
..5::;1‘;._ __--'j"-‘:: :.} ‘ 1
CameEs ||
V! +
w : i "

¢ Diffuse
@ M1 peaks
n R peaks

—— AIMD simulation

mEpEnEEE

Diffuse (scaled)

maﬁﬁgm@ﬁgggﬂmﬂm

002

-10-2/112

Delay / ps
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Wall, S. et al.: Science 362, 572 (2018)
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Average connected electronic density correlation function |"§/A\\U

The variance of the Gaussian noise on the phonons and the damping

(£6) = °Q3N"(w, )]y =o Y =2920303,M° (@, Hlu=0
a -—- t<0
0.6 — tiae=0.25ps 0.15
— tstop = 2.62 ps
0.51 —— tfinar=110.45 ps 0.101

0.051

0.00

(3NR)4

—0.051

-—- t<0

—0.101
— loat=0.25 Ps
_0.15' tstop=2.62 pS
—— tfipar =110.45 ps
-6 -5 -4 -3 =2 -1 0 1 2 3 4 5 6
w

Picano, A. et al. : arXiv: 2112.15323 (2021)
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The non-equilibrium dynamics

The potential energy barriers and the bimodal distribution

80
42 % defects
— X)a—(X)s e
2 60
= \/\/\/\J\wa N E
] %y 40§
X =
el 30
20
-4 10
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tps]

H t=-0.1ps
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10
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Picano, A. et al
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. rarXiv: 2112.15323 (2021)
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Time evolution of the staggered order parameter |"§/A,;\\\U

Different amplitudes of the driving field A, and different durations T,, of the coupling with the fermionic bath

V(t) = Aysin?(rit/Ty)0(t)6(Ty — t)

= Ay =0.025 eV - Ty =0.26 fs
i —— Ay=0.125 eV — Ty=131fs
—— A,=0.25eV 2 — Ty=2.63fs
1 1
0
= o |
< =
S s
-1 -1
=9 -2
0 5 10 15 20 25 30 0 5 10 15 20 25 30
t [ps] t [ps]

T(t,t) = V(t)Graem(t, )V ()"

Naturwissenschaftliche Fakultat 25/08/24 99



Time evolution of the staggered order parameter

Different values of the coupling g, to the phononic bath

gph =0.085 eV

—— gph=0.125 eV
— 9ph=0.175eV

0 5 10 15 20 25
t [ps]

Yon(t, ) = igf)hG(t, t"YDpn(t, 1)
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Time evolution of the staggered order parameter

Different values of the coupling g, to the phononic bath
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Time evolution of the staggered order parameter

Different durations T,, of the coupling with the fermionic bath
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Time evolution of the staggered order parameter

Different amplitudes of the driving field A,

Ay=0.75eV
Ay=0.5eV
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Nonequilibrium dynamics after photodoping

Coherent phonon oscillations at short times
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Non-equilibrium phenomena in condensed matter

The wide range of relevant timescales in the relaxation dynamics
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104 time [fs]

Dynamic A

screenin Magnetism,orbitronics back to thermal
. " equilibrium

Collective orders

Charge
transfer

3 photodoped Jeves O, _
i states Loty ade
oo " from Gerasimenko et al.,

npj Quantum (2019)

The interplay between the electrons and the other degrees of freedom in solids leads to the most fascinating
out-of-equilibrium phenomena in condensed matter
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Non-equilibrium phenomena in condensed matter

Pump-probe experiments
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Semiclassical solution: dynamics

Long-time evolution: the average displacement and the single trajectories
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Semiclassical solution: dynamics EAU

Long-time evolution: single trajectories not always representative of the average displacement

127 g3

sites lattice A

4 6 ‘.:.

t [ps]

Trajectory 15 jumps to the global minimum well before the average does
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Evaluation of memory integrals

Truncated Kadanoff-Baym equations

If the self-energy decays to zero, for large enough time one can impose:

YR, t) =X<(t,t') =0 op T t' > te,
2, 7)=0 t >t
The self-consistency scheme therefore reduces to:
t
i0,GE(t, 1)) — / dt [2F + AR (t,H)GE(E ) =0
t—t.
t ~ t ~
i0,G<(t,1) — / dE [SF 1+ AR (L DG (L 1) = / 4T [ + AS)( DGAE L) .
t—t. t/—tc t/ G<(FL- 1:1 -(;R(E-t;) /
| [ |
| 4
3 /
// i
. //’ a
Computational effort ~ O(nng) R ek
Memory occupation  ~v O(ng)
>

t
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Short-time dynamics EAU

Nonthermal critical region

Nonthermal
(a) critical region
0.20 1.0
(b) o 1ty
': . 0.8
0.15{}
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- gg ¥ 0.10 ] ) £
—— 4 = *! 0.4
— 1.15 ‘l
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1.295 s . :
- 1?1 U?C ii 2 [ s Ucth
‘ | . ' 0.0Q e 0.0
0 100 200 300 400 500 9 11 13 " 15 1.7
t
L 1 1
Staggered magnetization m = §(nA,T —np1) = 5(n37¢ —na.)

Picano A. et al. : Phys. Rev. B 103, 165118 (2021)
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Evaluation of memory integrals on Keldysh contour |"§/A,;\\\U

Kadanoff-Baym equations

Time evolution of the impurity local Green's function G: = ShTae
G
' ~ B J 4 bmax
DG ~ [ dE [+ Al DCEL) = delt. ) e
c —~iT e i c o
A CM
—ife

Computational effort ~~ O(TLB)

t' Memory occupation ~v 0(712)

T O
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Evaluation of memory integrals on Keldysh contour |"§/A,;\\\U

Kadanoff-Baym equations

Time evolution of the impurity local Green's function G: . ol ol
ct AR S
10, G(t,t) — /dt‘ X+ Al(t, 6)G(t, 1) = e (t, 1) | R
C el CH
\: CM
Memory untruncated scheme Memory truncated scheme o
/T - | 4 tf‘ G<(!f N GRE ) /
Yl a=(i.v) [Pt/ I
A : ILi i 1 |
| /
E : 1 /// : nC
n 1 I 74 X
] 'y LYY IR FY |
1 | ] e e s e
1 |
. 1
l &
1 Ll
1 1
v | gy 4 ’t t -
Computational effort ~ (’)(n3) ~ (’)(nng)
: 2 2
Memory occupation ~~ O(TL ) Stahl, C.; Dasari, N.; D“ﬂF(l’@a@)J A. et al.: Phys. Rev. B 105, 115146 (2022)
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Long-time dynamics

Accelerated gap collapse

Two order of magnitudes longer in time!
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Non-equilibrium phenomena in condensed matter

So-called light-induced superconductivity above the equilibrium T _
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Agenda

Subheadline moglich. Gegebenenfalls I0schen.
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01 Introduction and Motivation

02 Dynamical phase transition in a Slater antiferromagnet

03 Quantum Boltzmann equation for strongly-correlated electrons

04 Inhomogeneous disordering in a charge density wave transition

05 Conclusions and Outlook
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