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New computational resources make possible
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Why so fast ?

Spatial resolution of ~0.06 mm = 60 um

Time resolution of ~0.04s =40 ms

~ We can use technology to explore
shorter space and time scales
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Why so fast ?

Spatial resolution of ~0.06 mm = 60 um
Time resolution of ~0.04s =40 ms

We can use technology to explore
shorter space and_time scales

Enlarge space: Slow down time ?
Telescope, Microscope, ..., 1791 George Stubbs
Scanning electron microscopy, a0 T
Transmissions electron microscopy

(english ai%g‘tc_:lj)‘_

Nature Materials 10, 165 (2011)
TEM image
graphene

Lattice constant2 Ang

Resolution ~ 1 Angstrom = 10" mt
Magnification ~ 10° - 10’



1878 “Sallie Gardner at a Gallop™ 1s a series of photographs Why so fast ?
consisting of a galloping horse




Why so fast ?

Spatial resolution of ~0.06 mm = 60 um
Time resolution of ~0.04s =40 ms

We can use technology to explore
shorter space and_time scales

Enlarge space: Slow down time

Telescope, Microscope, ..., 1878 “Sallie Gardner at a Gallop” 1s
Scanning electron microscopy, a series of photographs consisting of
Transmissions electron microscopy a galloping horse

Nature Matefials 10, 165 (2011) ~ 0.5 ms =500 um resolution (x80)

TEM image
Lattice constant 2 Ang

Resolution ~ 1 Angstrom = 10" mt
. . 6 7
Magnification ~ 10° - 10 How fast can we o ?



% The Nobel Prize in Chemistry 1967
< Manfred Eigen, Ronald G.W. Norrish, George Porter

Flash photolysis method 1949

The Nobel Prize 1n
Chemistry 1967

Manfred Eigen Ronald George George Porter
Wreyford Norrish

Prize share: 1/4

Prize share: 1/2 Prize share: 1/4

The Nobel Prize in Chemistry 1967 was divided, one half awarded to
Manfred Eigen, the other half jointly to Ronald George Wreyford
Norrish and George Porter "for their studies of extremely fast

chemical reactions, effected by disturbing the equlibrium by means

| 10 Jus _Chemical reactions

Why so fast ?
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The Nobel Prize in
Chemistry 1967

Manfred Eigen Ronald George George Porter
Wreyford Norrish

Prize share: 1/4

Prize share: 1/2 Prize share: 1/4

Molecular vibrations

1013 ps Transition states

10° @ ns Fluorescence

Increasing sp

10¢ [l us Chemical reactions

Why so fast ?

a:Fcoulomb(d) d:O.Satz

m
Atoms ~ 102 s=100 fs

,‘Im The Nobel Prize in Chemistry 1999
@4V Ahmed Zewail

Femto-chemestry

The Nobel Prize in
Chemistry 1999

Breaking of
an [CN
molecule on
the fs time-
scale

Ahmed H. Zewalil

Prize share: 1/1

The Nobel Prize in Chemistry 1999 was awarded to Ahmed Zewail
"for his studies of the transition states of chemical reactions using

femtosecond spectroscopy”.
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Molecular vibrations Ahmed H. Zewail

i Prize share: 1/1
1014 ps Transition states
The Nobel Prize in Chemistry 1999 was awarded to Ahmed Zewail

"for his studies of the transition states of chemical reactions using

femtosecond spectroscopy”.

10° @ ns Fluorescence

Increasing speed

Electrons ~ 10"°s = 0.1 fs (Bohr model)

10¢ [l us Chemical reactions
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FWHM pulse width
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Pump and Probe experiments

Two photons photo-emission
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Pump and Probe experiments

o o PHYSICAL REVIEW B 84, 235210 (2011)
Two photons photo-emission

| Ultrafast relaxation of highly excited hot electrons in Si: Roles of the L. — X intervalley scattering
electron

analyser

&>

T. Ichibayashi, S. Tanaka, J. Kanasaki, and K. Tanimura”
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Ultrafast Carrier Relaxation in Si Studied by Time-Resolved Two-Photon Photoemission
Spectroscopy: Intravalley Scattering and Energy Relaxation of Hot Electrons
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The Institute of Scientific and Industrial Research, Osaka University, 8-1 Mihogaoka, Ibaraki, Osaka 567-0047, Japan
(Received 6 June 2008; published 26 February 2009)



Pump and Probe experiments
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Pump and Probe experiments

Pump pulse
To
Probe pulse detectors

Modulated
probe pulse

Transient absorption (reflectivity)



Pump and Probe experiments
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Pump and Probe experiments
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Strong technological interest

Ultra-fast
magnetization
Magnetic  control
field
1 ns
' 100 ps gi Spin
precessmn
10
ps . |
1 ps Spin-
100 fs
Exchange
10fs 4:* interaction
Laser 1 .I:5

pulses

Phys. Rev. Lett. 76, 4250 (1996) -

Nature 435, 635 (2005) -+— sub-ps circularly
Rev. Mod. Phys. 82,2731 (2010) polarized pulses

femto-magnetism



Time resolved magnetization

Ultra-fast
magnetization
Magnetic  control New generation
field magnetic recording
devices
1ns
— Phys. Rev. Lett. 99, 047601 (2007)
! 100 ps &* Spin Phys. Rev. Lett. 103, 117201 (2009)
precession
10 ps . Selected for viewpoint in
1 ps spin- physics and editor's suggestion
orbit
100 fs
.4 Exchange
10fs ** interaction
Laser 1 fs

pulses

Phys. Rev. Lett. 76, 4250 (1996)
Nature 435, 635 (2005)
Rev. Mod. Phys. 82, 2731 (2010)



Time resolved magnetization

Ultra-fast

magnetization

Magnetic ~ control New generation
field magnetic recording
' devices

1 ns | Phys. Rev. Lett. 99, 047601 (2007)

| 100 ps ;:; Sfelgession Phys. Rev. Lett. 103, 117201 (2009)
10 ps ; Selected for viewpoint in

1 ps spin- physics and editor's suggestion
orbit

100 fs

‘ * Exchange Theory ?

101s interaction
Laser 1 fs - - - ) -
pulses tem. However, a proper theoretical framework that al-
lows an adequate description of the time-resolved
;hi’s- R:;’-Sngténgggfo(l996) pump-probe magneto-optical experiments in metals,
ature 435, - . _ ) : g e -
Rev. Mod. Phys. 82, 2731 (2010)/ magnetic semiconductors, and even dielectrics remains

challenging, and the number of approaches is limited




Strong need of theoretical modelling

No easy interpretation of the data

Strong request for theoretical modelling
both to describe table top experiments
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Description of pump & probe experiments

Compute the equilibrium properties of the material:
band structure, phonons, electron-phonon matrix elements
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Description of pump & probe experiments

Compute the equilibrium properties of the material:
band structure, phonons, electron-phonon matrix elements

carriers relaxation:
how is the equilibrium
restored?
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Description of pump & probe experiments

Compute the equilibrium properties of the material:
band structure, phonons, electron-phonon matrix elements

carriers relaxation:
how is the equilibrium Measurement process
restored?

Photo-carriers excitations:
how are carriers created ?

% "“}\i&’; |
T, "N Valence band —
"'«._? \\“x\\“-\ﬁ ‘
Ty
‘;J et | 3

4

f —

1 - Coherent evolution 2 - Scattering term 3 - Define the measured

physical quantities



Ab-Initio Many-Body Perturbation Theory

DFT

AIMBPT

G. Onida, L. Reining, and A. Rubio,

Rev. Mod. Phys. 74, 601 (2002)

DFT
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Yo (1) =€ P (7)

Viows (1) +Viree [1](7)



Ab-Initio Many-Body Perturbation Theory

DFT

Yo (1) =€ P (7)

2+vs(r)

2
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_|_
MBPT ) ’
AIMBPT G(Kr;(’””’"w)zzk: w;k(_l”zél;ﬂ; )
n n
©=8 | o5
v Mod. Bhys 601 (2002) € =€ HE(X )=V 1)

Predictive, parameters free and accurate Computationally very demanding



The Kadanoff Baym equation
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The Kadanoff Baym equation

Phonon Bandstructure

-- DFT band S
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T he Kadanoff Baym equation
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Pump and probe experiments

ENERGY (eV)

(=]

|
w

Photo-emission intensity
=
N

Phys. Rev. B 84, 235230 (2011)

Phys. Rev. Lett. 102, 087403 (2009)

o
T

-02 0 02

.. diffusion |

Si(111)-(7x7) |

==

04 06 038

Time (ps)



electron

analyser
AE o>
A

-2

E (eV)

D. Sangalli, and A.
Marini, Europhysics
Letters 110, 47004
(2015)

Pump and probe experiments
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Pump and probe experiments

Phys. Rev. B 84, 235230 (2011)
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Pump and probe experiments

Phys. Rev. B 84, 235230 (2011)
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Non equilibrium
qp-lifetimes

D. Sangalli, and A.
Marini, Europhysics
Letters 110, 47004
(2015)




Non equilibrium
qp-lifetimes
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Non equilibrium

qp-lifetimes
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Non equilibrium
qp-lifetimes
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Occupations
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f(e)(e ) Formation of Fermi distributions
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Transient reflectivity Silicon
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Transient reflectivity Silicon
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Transient reflectivity Silicon
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The Kadanoff Baym equation

nmk

i0,G> (t,t)=[H+AV"+AZ +U(¢),G"(¢t,¢)] =S (¢

Coherent evolution Scattering term

Propagate a group of small matricies, one for each k-point, "N x N".
Silicon case: N = 8; 743 matricies on a double grid in the IBZ (4x4x4 + 15x15x15)
(6x6x6 + 25x25x25)

All EOM are coupled via
a) The calculation of the density matrix (easy part)
b) The scattering processes from k -> k+q which need to be updated

Some timing on bulk silicon @(4x4x4+15x15x15):

DFT: (1) scf: ~1s serial (coarse grid)

(1) nscf: 33s serial (coarse grid, 100 bands)

Sm 65 4 cores (fine grid)

DFPT: (i) phonons and elph: Im 4 cores (coarse grid, 10 bands)
GW: 9h 8m 4 cores (fine grid)
BSE: 1h30m 4 cores (fine grid)
SEX Kernel: 2m48s 4 cores (coarse grid)
NEGF: (t=0.01 fs) 14h38m 4 cores , scatt. 2.5 fs, 11h1m)
NEQ COHSEX: 1h51m 4 cores (fine grid)

NEQ BSE: 2h40m 4 cores (fine grid)
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