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Coherent control of light-driven electrons in solids

A milestone for multiqubit computing?
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15 years research experience

Stayed (0.5 - 10) years in 9 EU research laboratories, multi-cultural environments, 2/3rd in experimental groups. !
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Life scattering diagram |||||

Thibault J.-Y. Derrien, French, 39 years old.
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2019-2024: ATLANTIC network

ATLANTIC-RISE

‘Advanced theoretical network for modeling light matter interaction

Secondments

Map of the secondments

https://www.QuantumlLap.eu/?s=ATLAN
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se 2019-2024: Marie Curie RISE network I

”ATLANTIC”: Advanced theoretical network for modeling light matter interaction

First principle theories Phenomenological theories

TO-DFT Boltzmann Equations (BE)  Light propagation Coupled Two-temperature Elasticity and
MaxwellTTM modeling (TTM) stress modeling
SPMRC ] Pr—

TOSE Quantum chemistry

Intensity farb.units)

List of theoretical descriptions for laser-matter interaction that are available wi
ATLANTIC project

https://www.QuantumLap.eu/?s=ATLANT:
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Wave length

Validity ranges of formalisms?

A A
10um —— ms -+
luym — MS +

500 nm —— ns 4+
300 nm — A . ps &
100 nm —— tress dyn.
fs 4
———1+— > T  as
as fs ps ns us
Pulse duration
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Propagation
+ ¢ Stress dynamics
TT™M ‘L

.
TT
hy
Light propagati
SBE, TDDFT

Adapted from proposal H2020-MSCA-RISE-2018 ”ATL

1nm
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Classical methods ~ 28+ publications

Domains | Application field 1\, Methods — Thermodyn Class. electrodyn. . . . .
Adv. two-temp. (T'TM) Fluid dyn. Polaritonics FDTD (comm.) Estlmatlon tlme VS size
Laser nanostructuring 1, 517 18] [1,13,1022]  [23,24]
y Damage thresh. prediction (15, 16, 25-28] * 5
Laser processing Film transfer (LTFT) 28]+ Minutes
Thin il damage/dynamics 11, 15, 27, 28] « [21, 22]
Bulk materials eq. properties [29]
Materials science  Nanomaterials properties [22] 23, 24
Photovoltaics 1301
‘Trans. opt. prop. / metallization 19 12, 31] [22]
Electron exc. in solids (1,9, 16, 25]
Ultrafast phenom. G
Decoherence | Collisions 131]
2D materials [15]

Quantum methods ~ 6+ publications

Cost —

Domains | Application field |\ Methods — Quantum electrodyn

Floquet+DFT DFTB DFT TDDFT

Laser nanostructuring [1]
Damage thresh. prediction

Laser processing

Materials science Bulk materi_als eq. properties ) [2]
Organic chemistry 13]
Trans. opt. prop. / metallization [2] 2 [1,2]
] Electron exc. in solids 2] 2] [246]
Ultrafast phenom. HEG [4, 5] [1. 4, 6]

Decoherence | Collisions [1, 4-6] E
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se2021-2024: Group "Ultrafast Photonics” @ HiLASE Ceﬁlﬁe

Mission “The [...] group uses condensed matter, quantum formalisms and high-perfonnan(!e
computing to invent applications based on phenomena that are induced by ultrashort laser
pulses in solids and nanomaterials.”

http://wuw.QuantumlLaP .eu/

memb

Visiting students (Marie Curie)

PhD std. Krystof HLINOMAZ PhD std. Andres BERTONI (MSCA-RISE
® classical thin film thermodynamics, "ATLANTIC” 4 months, Argentina).
® (lassical Lagrangian hydro-dynamics. ® Transient optical response of solids,
quantum DFTB

L1 i), i e (G ONT, PhD std. Micacla SOSA (MSCA-RISE -

® Trainee in quantum simulations (DFT, ” ATLANTIC 2 months, Argentina).

Fl; t, 1] hem. . 8 q
oquet, quantum chem.) ® Transient optical response of biosystems
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@se 2024: Group @ IT4I: ”Quantum Dynamics of System\ﬁ/’?ﬁ "

Laboratory of Quantum Computing (Head:
prof. M. Lampart)

Group name: “Quantum Dynamics of

Systems”

People
® PhD appl. Michal Belina: quantum
chemistry, ab-initio molecular dynamics,
quantum computing.
® MSec. Silvie Illésova: ab-initio molecular
dynamics, quantum computing.

Scope PhD appl. Michal
® Ab-initio dynamics Belina
® Qubit design

® Quantum implementation
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Context |
Applications of ultrafast laser-induced phenomena in solids
Optical absorption driven by electrons dynamics in solids

Frozen band structure
Dynamical band structures: laser dressing was included in Keldysh (1965)

@ TDDFT: multi-band description using high-power computations
Modeling the laser excitation of electrons in Si (real-space, real-time TDDFT)
Scanning multiple parameters: database preparation
Results

@ How reliable are TDDFT predictions in the ultrafast regime? Benchmark vs high harmonic
generation (HHG) experiments

@ Predictions of TDDFT at high intensity (laser processing)

TDDEFT predictions for laser processing: anisotropy in energy absorption & damage threshold

@ Reversible and ultrafast band structure engineering
Simplified model: Floquet + DFT
Preparation of dipolar matrix elements (DFT)
Si [227], LDA: Egr = 2.56 eV. Dressing along K — ' — X
Si [227], LDA: E; = 2.56 eV. "3D” dressed band structure
Discussion

@ Overview: predictive modeling tools for high fields photonics are here
@ IT41/LQC: milestones towards designing a light-controlled multiqubi
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@ Context
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Applications of ultrafast laser-induced phenomena in solids
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the role of polarization

(c)

Change of surface morphology

i
. 20

\ 7
“Black Silicon" I
Mixing harmonics can lead to unpreceeded Change of wetting properties

Silicon
" plate
control over structure formation

Change of optical
properties

Functionalization of surfaces via laser nanostructuring (source: ”QuantumLaP”

(a) Dusser et al, Opt. Express 18, 3 (2010)

(b) Jia et al, Phys. Rev. B 72, 12 (2005)

(c) A. Ranella et al., Acta Biomat. 6, 2711 (2005)

(d) A.Y. Vorobyev, Ch. Guo, Laser Photon. Rev. 7, 385 (2013)
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functionalization of graphene

Laser

Deposition 70nes  Zone of doping
of Si ablation products For
oy

B - Iuvssﬁ;ge

Drogowska-Horna, K. A.; Mirza, L; [...] Kovaricek P; [...]; Derrien, T. J .—Y."
& Kalbac, M. Nano Research (Springer) 13, 2332
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se Femtosecond laser modification of bulk crystals: | il
saturation of absorbed energy
Chanal, Grojo et al., Nature a Grojo, D.; Utéza, O. et al., Physical Review
Communications 8, 773 (2017). A = 1300 B 88, 195135 (2013)
nm, T = 60 fs g2 Ne2zp . /
T R 1 7
LN il 3 T RS SR SEY 2T Loghoeo
1300 nm . % : ‘/\4 P
Oeiozvz.' i q :// 045"
NIR objective 3 2 7 | B
# s
0'01_-.455 2 68 2 468 2 4 2 4
X/ 5 0 1é0 2(;0 BLI)O 4lIJD Séo 1012 10" ) 2 10" 10‘2
InGaAs arays Energy (nJ) Laser Intensity [W/cm®]
Plasma/modif. imaging Exit side beam imaging L 2

Intensity regime: 1012~ 1% W/cm2. Origin of absorption limit?

Macroscopic: defocusing (+ Kerr effect)
Microscopic: increase of the band gap upon excitation? Pauli blocking (saturation of conduction states)?
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se Physical scales in light-matter interaction Iyl
UV - Wavelengths A - mid-IR
1 fs < Pulse durations 7 < 20 ps
Time scales (s)
1071 10712 107° 1076 1073
e — +
Absorption oY Electron-fattice oMM Cooling  Next laser pulse...
coupling Resolidification
Laser intensity scale 3

perturbative regime  material’s modification regime strong field

<101 W/em?

1011 — 1013 W/em? 101G
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@se Springer book ’The pursuit of extreme scales” |||||
Derrien, T. J.-Y.; Levy, Y. & Bulgakova, N. M.
Chap. 1/33. Insights into laser-matter interaction from inside: wealth

of processes, multiplicity of mechanisms and possible roadmaps for
energy localization. Renprciies

Ultrafast Laser Nanostructuring - The Pursuit of Extreme Scales (Vol. Jom Bonse Editors

I-III), Eds: R. Stoian, J. Bonse.
Springer, 2023. Ultrafast Laser

Vol 1 Fundamentals processes N anostructu ri n g

The Pursuit of Extreme Scales

Springer Series in Optical Sciences

Vol 2 Concepts of extreme nanostructuring
Vol 3 Applications

@ Springer
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Context

Optical absorption driven by electrons dynamics in solids
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To study a material, one usually considers its e- band structure being fixed (Heisenberg frame).

—> Direct transition Direct or indirect transition?
> Indirect transition

10 /\;,\/\¥ ® Multi-photon absorption is usually direct.

Energy (eV)
o

2hw > AE, -4
r X W K T g
Exp. | Th. (LDA) Th. (TB09) | Transition Temperatwre 2 NG
34eV 256eV 3.04eV r—r 0K
1.16eV 051 eV 0.98 eV r—x 0K

Note: 2.56 eV +— 484 nm.
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® UV light: 1-photon absorption.
® [ =10% W/em?, 1 =110 fs, i = 3.4 eV= Egy.
This representation keeps

Sangalli et al, Europhysics Letters 110, 47004 (2015) band struct fixed
and structure 1nxe

3 b 99
> 0.02 ("Heisenberg frame”).
0.01 (a) Non-trivial interband
L | ‘ transitions.
0 photo-excitation L->L 0 (b) Intraband transitions: excited
R {and F-2L) -0.01 electrons transfers between bands. .
2 T=0 T= 00 fs (c) Relaxation to lower energy
= a) -0.02 level
s evels.
L VIANE
2,
AR\ 0.01
0 L->X Cooling i
L -0.01
F T=500 fs T>1ps
g ) d o0

L T XWK T UL T XWK T L
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Drogowska-Horna, K. A.; Mirza, I.; Rodriguez, A.;
Kovaficek, P.; Slddek, J.; Derrien, T. J.-Y.; Gedvilas, M.;

Prediction of melting threshold in Si

VSB TUO | IT4I

Sladek, J.; Levy, Y.; Derrien, T. J.-Y.; Bryknar, Z. &
Bulgakova, N. M., Applied Surface Science, 605, 154664

1000

4100

Maximum melt depth [nm]
v

Radiukaitis, G.; Frank, O.; Bulgakova, N. M. & Kalbac, M.; (2022)
Nano Research, 13, 2332-2339 (2020).
3000
4,500 1,000 X,
[l
4000 35 2500
® £ 5
g %500 = £ 2000
o J < [
8 3,000 100 5 g
£ / © L S S ——
e { = 8 ;
g 2500 ] £ 1500 I
T 2,000 { 15 £ partial ¥
g 110 E £ 1000} melting
21,500 3 ]
3 — = = ]
= 1,000 - 500 * 10
01 015 02 025 03 035 04
500 - - - - 1 2
0.1 02 03 04 05 06 Peak laser fluence [J cm™]

Peak laser fluence (chmz)

7 =300 fs, A = 1030 nm

T = 250 fs, A
-

0

y
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Derrien, T. J.-Y. & Bulgakova, N. M. Proc. SPIE 10228

0.5

(2017)

0.4

0.3

0.2

0.1

log R(t)/Ro

0

-0.1

-0.2

0.001

—: our theory. [J: experimental from Shank, C. et al.,, Phys.

O: partial melting starts, filled-O: total melting is achieved
(at least one cell). 7 =90 fs, Ap =620 nm, A, =1 pm.

0.01 0.1 1 10
Time (ps)

Rev. Lett., 50, 454 (1983).
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Tlaser = Te-ph- || ||
two-temperature modeling. Pump-probe reflectivity

Advantages of TTM

® Pump-probe reflectivity as function of time and energy.
® Spatial-dependence & energy transport.

® Tmportance of 3-body phenomena (screening of e-ph
coupling, Auger recombination, ...).

Limits of two-temperature model for band-gap materials

® Free param. (01, O, V, m*, ...) — fitting procedure —
”predictions”

® Excessive material dependency. Dependent on crystal
orientation.

® Limited to T > Te_ph, T> Te—e

Predicting — no parameter fitting — 1st principles

Necessity to get rid of free-parameters

23eade



@Séml 1: (T < Tpp) reversible metallization of dielectrics (| |1ﬁ|$)

2011 Durach, M.; Rusina, A.; Kling, M. F. & Stockman, M.

E@V) E=48eV (a)
30

25
20

B

[

5
51 02505075 2
-10 £(V/A)
/A
Phys. Rev. Lett. 107, 086602 (2011) fos ey 2\

Field strength, F O Empty state | !
]

»VSB TUO | IT4I

2012 Schiffrin, A. [...]; Stockman, M. I. & Krausz, F. et al.,
1. Predicted Ultrafast Dynamic Metallization of Optical-field-induced current in dielectrics, Nature
Dielectric Nanofilms by Strong Single-Cycle Optical 493,70 (2012)

Fields, Phys. Rev. Lett. 107, 086602 (2011)

[ AE,=045¢eV
__—//

L\ &
\\\ ‘ o ‘
‘&k\\ N 11 FVAY) 13 &

@ Filled state
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@se Laser-assisted PHz diode: Zenner tunneling (E is $)|| 1

2016 Kwon, O.; [...] Kim, B.-K.; Kim, J.-J.; Stockman, M. I. & Kim, D.
Semimetallization of dielectrics in strong optical fields, Scientific Reports, 6, 21272

50 10
@) () W ALO, experiment
= = Zener formula
40 s full calculation
o o
£ 304 £ 6
=5 B
\Im IIN
£ 20 o 44
2 3
o g
= 10 = 2 N
LI
0.0 02 04 06 08 1.0 0.0 02 04
criticality parameter & criticality parameter &

Qp/[Coulomb]: transfered charges per pulse.
6/ [V/m]: laser field strengh ’

”Universal” ultrafast phenomenon? Yes & No.

Field-assisted metallization demonstrated for SiO», Al,O3, and BaF,. !
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se Ultrafast” idea: act before phonons kick in It

Role of phonons

-1, . e e P comyeermreg
o T,t < Y_pn: assuming an “optical” regime;

® Tt> ye'_;h: assuming a thermodynamical “collisional” regime: V = f ( Te, Tiaice )-

D
i 20 10
N s Material e-ph coupling time Ref.
s
8
5 '® Si >240 fs (exp.) Sjodin et al. PRL (1998)
g . . : 10"
:( 12 Si ~64 fs (exp.) Schultze et al. Science (2014)
<
109 Au 770 fs - 20 ps (th.) Lin et al. PRB (2008) Au
~— Mo
o 5 100 150 200 Mo 70 fs - 1.4 ps (th). Lin et al. PRB (2008) 10! Fe BCC
Delay [fs] . . R R —— Fe FCC
S‘ S h l & 1 S 3 346 EleCtl’On’phOnOH couplmg times In various 0 10000 20000 30000 40000 50000
i: Schultze, M. & al. Science , crystals T, (<) §
1348-1352 (2014) Reconstructed from Lin, Z.; Zhigilei, L. V. &

Celli, V. Physical Review B 77, 075133 (2008)

Approximation for our semi-quantum’” works

We consider pulses 7 < ye__;h, and disregard effect of lattice — direct transitions at I

gy
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Laser dressing: optical Stark effect (l:—'is @)

Sie, E. [...] Gedik, N. et al., Valley-selective optical Stark
effect in monolayer WSa, Nature Materials, 14, 290-294
(2014)

Multiphoton
lonization

o
LI L

Tunneling
lonization
Semi-classical

-1 -3
Wp (s cm™)

(a) Static Stark effect (b) Optieal Stark effect

T .

10" 10 10 10 10
Laser Intensity (W/cmz)

Gulley, J. R., Opt. Eng. 51, 121805-1 (2012)

16)

Band gap dynamics in Keldysh (1965) vs reality (E D?

%wa
oo |

® In MPI regime, effective band gap 1 with laser field [Gulley, J. R. Opt. )
Eng. 51, 121805-1 (2012)].

2
Eeﬁ(F) = Eg+ 55 (Kane).

® Tunneling rather | effective band gap energy E| ;ﬂ with intensity.

® |5 number of photons required for e- transition 1 or | with laser intensity?




se Dressing is included in Keldysh model (E 1) It

‘

Popular aspects

mnnelmg

Adiabadicity parameter: y=

¥ < 1: ’tunneling dominates”,
Y>> 1: "multiphotonic transitions dominate.”

Tlaser

Hamiltonian expressed in the length gauge and
dipolar approximation [Keldysh, L. Behavior of

non-metallic crystals in strong electric fields, Sov. Phys.

JETP 6,763 (1958)]:
A = Hoe + Hor + Her + eEr;

Hoo = 5 (3 V) + W (6); Hosdor (0, 1) =21 (9)dor . 13

A simplified dressing is included in Keldysh theories

VSB TUO

Keldysh, L. Sov. Phys. JETP 47, 1307-1314 (1964).

1. Ionization probability obtained from Fermi golden
rule, using Houston wave functions.

Ho(t) = { ot (rt) {5 ( —iny—° A) + e(D}
X po(rt)dr + Hr. )

The Bloch wave functions of an electron, accel-
erated by the field inside each of the bands, have a
form analogous to (6):

¢

e =ub e (7 [rorfee@d)
p(®) = p+ (cFjo) sinot, (26)

where u$'V (r) are periodic functions that have the
translational symmetry of the lattice. Calculations

perfectly similar to (8)—(15) lead to a general .
formula for the ionization probability

w:.z"h"g L (o) [ () — nhe), (27) -

(2an)® "
2. Dressing of 2 electronic levels by the photor‘iﬁ Ji

Ed

s(p):; 75 € (p—[——— sm:r)clx,

IT4I

2-bands description of dressing of electronic levels.

In MPI regime, effective band gap increases with field strength. In tunneling, it should “decrease.”
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se Band gap dynamics in the laser field Egap[€ (k + A)] ’(||||

Gruzdev, V. Photoionization rate in wide band-gap Approached band structure of NaCl (225) crystal
crystals. Physical Review B, 75, 205106 (2007). (topo]ogical materia]s_org)
Band Structure
_ 15 : : - y 7 .
E 14F i e ANC 7\ o~
8 13 / i — N — i ~
= ¥ 1 N T ——
° 12 / u N il
8 1t / 104 N T .
£ 10 // : 5.
' S 8
10° 10 10t 1?10 10 — —— — g
Intensity [W/ecm?2] 4
—: cosine dispersion, - --: Kane dispersion o] : | ! e -

(NaCl)

Limits of the 2-band approximation

® Conditions for band gap opening with field?

® s dispersion law sufficient to estimate a dynamical band gap variation?

® What happens if we account for more bands?
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Reversible metallization

of dielectrics

2011 Durach, M.; Rusina, A.; Kling,
M. F. & Stockman, M. 1.
Predicted Ultrafast Dynamic
Metallization of Dielectric
Nanofilms by Strong
Single-Cycle Optical Fields,
Phys. Rev. Lett. 107, 086602
(2011)

E(eV) E=48eV (a)
30 -

01 AE=045ev
20 '-___/

|
| ——

1 02505075
-104 E(VIA)

Phys. Rev. Lett. 107, 086602 (2011)

ho =17V

VSB TUO

IT4I

2012 Schiffrin, A. [...]; Stockman, M.
1. & Krausz, F. et al.,
Optical-field-induced current in
dielectrics, Nature 493, 70 (2012)

(o

W
4\

i K
\“\ W

W . :
‘&k\\\\& 11 FVAY) 13

@ Filled state
Field strength, F O Empty state
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se Transient states in BipSes (<77 K, E: J vs O) Il

2016 ;’[:‘“ém?d’ FB?T“’ %jli;Ag’iZhsgeV’ 2013 Wang, Y. H.; Steinberg, H.;
G" d']?rl\? e;; t" ;‘;’ v elez, 3 0 6. 310 Jarillo-Herrero, P. & Gedik, N. Science
et T afure FRysies, 28, 250 342, 453-457 (2013
(2016) , (2013)
A

I@u)
200

Ka.u)

°

o1 02

100 EeV)

Fig. 4. Band gap at the Dirac point induced by circularly polar-
ized MIR pulse. (&) and (B) sho the energy distrbution curves along
, obtained from intensity specta in Figs. 28 and 38 under circlarly and
linearly polarized MIR excitation, respectively. The blue curves are the
ones passing through the I” paint. The green curves in (B)are through
the avoided-rossing momenta. (C) EDCs through I under inearly (red
squares) and circulary (bue circes) polarized pump at £ = 0fs, s well
a5 the EDC through I taken at t = =500 fs (black.

Iau)

Linear polarization ( replication and structure

® Transient Wannier-Stark ladder observed in solids (i.e., dressed
picture is meaningful).

® Accessible via TD-ARPES & AR-pump-probe.
® Band gap closes during the pulse. Only in two-dimensional & topological materials.

Circular polarization (E ): potential opening of gap
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@ TDDFT: multi-band description using high-power computations
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@ TDDFT: multi-band description using high-power computations

Modeling the laser excitation of electrons in Si (real-space, real-time TDDFT)
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se Band structure at OK

Mt
aroquiers, D.; Lherbier, A.; Miglio, A.; Stankovski, M.; Poncé, S.; Oliveira, M. J. T.; |
Giantomassi, M.; Rignanese, G.-M. & Gonze, X. Physical Review B, 87, 075121 (2013)

Energy (eV)

L L L
'L r X WK r

GW band structures

DFT band gaps @ OK (dir. and indir.)

GW band gaps @ OK (dir. and indir.)

DFT+LDA: 2.56 eV and 0.51 eV. GW+LDA: 3.25eV and 1.21 eV.

DFT+TBO09: 3.04 eV and 0.98 eV. GW+TB09: 3.44 ¢V and 1.38 eV. 5 3 !
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@se Band structure TB09 (T=0 K) I

15

10

Energy (eV)

-15

K-T—-X :
Direct band gap energy: 3.06 eV. Indirect band gap enreg
<
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@se TDDFT simulations

Mt
DDFT: “time-dependent density functional theory” | | |
Kohn-Sham equation in a solid using the method of ab-initio norm-conserving pseudo-potentials

2

Vo + A0 | £oann)+ o] )+ M
c N—— ——

atoms e- density-functional

2me

kinetic energy

., 0
+ Beln(n )] ()| X Yk (r,t) = iy (r,t)
—_——— t

e- density-functional

with vector potential (dipolar approximation)

A(t)= —c/_; E\(/t:)/ dt',

laser light

expresssed in atomic units (Hartree).
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@se Some of "Top500” computers used in our works It

V3B TECHNICKA
[}y UNIVERZITA
[1" osTrAVA

ITAINNOVATIONS
NARODNE SUPERPOCITACOVE
CENTRUM

1

”Salomon” and ”"Barbora”, IT4l, Ostrava, Czech ”Karolina”, IT4I, ds
Republic Republi



https://top500.org/system/178525/
https://www.it4i.cz/en/infrastructure/barbora
https://www.top500.org/system/179961/
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@se Experience with Top500 supercomputers |||||

Top500.0rg: world-chart of the most efficient computers in the world.

Era Machine Institute Top500 Country System
2021+ Karolina CPU IT41 149 Czech Republic  Linux
2016-2019 Draco Max Planck 160 Germany Linux
2016 EOS Max Planck 264 Germany Linux : »
2015-2020 Salomon IT41 40 Czech Republic ~ Linux
2019-2020 Prometheus Cyfronet 49 Poland Linux 3

2010 Jade Cines.fr 18 France Linux
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Ex: charge density fluctuations I
(@ During the pulse After the pulse
= =o =0 o= © & 1V/nm C B s0x10 atu
WOSEROWIOWION | o siagaiana B
. SO OERONR L34 ) :g%’ ig;
N [, GOS0 -
10 v Pod?0df0ed 0 z
b .
(b) © 3 (© & ’ V/HI: ;ﬂ Q Q ‘ ‘7 I 10 x 103 at.u,
%0 Ww * 19,090,090,090,0" §:§§}813
g o%oq 199095000000 00¢ R M
: : 040000 2"1@&@@@99@@
F % 090°6 2{, ivoéo'oévo%vs
T3 ; 0,0°000 " 16,000,0%6,0%6,0
e v I\ 9% 900690°600%6,¢ i

Derrien, T. J.-Y.; Tancogne-Dejean, N.; Zhukov, V.; Appel, H.; Rubio
Unpublished material.




. . L . . VSB TUO | IT4I
se Sislab: real-space visualization of electron 0sc1llat10p[ I
ideo: click on the screen. |
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se Sibulk: real-space visualization of electron oscﬂlatlon I
ideo: click on the screen. |
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EX: nexc (t), J(t), energy &E.- (t)

2=800.0 nm, Ip = 1.33E+11 W/cm?

Field amplitude (V/nm)

(@

5 10 15 20 25 30 35 A4

ledl

-

~

Field amplitude (V/nm)
Lo

|
IS

o

2=800.0 nm, Ip = 3.32E+12 W/cm?

(b)

(@] — o
— wiit)

==== wp [Keldysh]

Density exc. el. (m™%)
S

0.2

I ° °
& ° =

i
&
o

wey (m3 571)

0175

0150
gouzs
<0100
50075
2
#0.050

0.025

—
- Jate). Ec)
= Epruge, V' =50 fs

5 10 15 20 2
Time (fs)

Left: E =1 V/nm. Right: E =5 V/nm.
Derrien, T. J.-Y.; Tancogne-Dejean, N.; Zhukov, V.; Appel, H.; Rubi

Energy (eV)
s e @

~

JE f) Ay
Jatye). E) Navid hid
Eomae, v =706 ~YANY
iV
2NN N

£ — [dt](e). E(t)

5 0 15 25

20
Time (fs)

VSB TUO

IT4I

Jun(t) (arb. u.)
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@ TDDFT: multi-band description using high-power computations

Scanning multiple parameters: database preparation




se

Laser pulse generator

(g1

Multiple job generator & submission |

In-house library: ”octopus-slabs”

VSB TUO
Iyl

Product: In-house library
”octopus-slabs”.

IT4I

| Bash+Sed+Awk

v v

+ .

a Simple TD-results Database preparation Video production
- N_exc(t) - CSV-based - Density_TD(t,r) - Density_GS(r)
| Keldysh library | :Jé;)ergies(t) . Eg;li?icet::n through folder structure - Current(t,r)
- FFTO()(w) - Detects unfinished runs via output analysis
| Thin film classical plasmonics library |
| Floguet iorary | ’ Database CSV file

Semiconductor Bloch Equation library |

- Energy(t, r) '

v v

v

Database coded plotting (for publications) Database “direct" plotting

A - (Electron density, max(Current), ...) with (wavelengths, intensity, CEP, ...)
- Automatic comparison with Keldysh excitation models

- Floquet library

- Semiconductor Bloch Equation library

- Pandas
- Ipython Jupyter

Database-assisted plotting
- Harmonic spectra (CEP, wavelength, field...)
- Floguet non-eq. band structure
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se Code development

Since2016 Multi-year investment @ 1 FTE. |||||

2016-2023 Hosted by BitBucket.org (academic license 0€)

Since2023 Hosted by GitHub.com (PRIVATE REPO).
https://github.com/tjyderrien/octopus-slabs/

Contributors  Punchcard

Share my feedback

B Marie-Curie RI.
"ATLANTIC"
“© RC stg ERCcsg  Paper 1 I(’éﬁ:; 1(’;‘:' 3
. From MPSD (PRB) Phys)  Phot)
to Prague GACR
20, .
| i IL Ilml ! TRPT™
2018 2019 2020 202 2022 2023
z ‘Thibault Derrien ‘Thibault Derrien Thibault Derrien
1,567 commits sseommts 0 213 comm -
0 “ w0
0 20 2
L L J\l il .Jf\.l“\. th il ok | s diden stk 1 Al ol
‘ Kristyna Gazdova TET Andrés Ignacio Bertoni PRACE/VSB: Thibault Derrien
1 commits i 0 1 commis 6commits
“ w© 0
2 2



https://github.com/tjyderrien/octopus-slabs/
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@ TDDFT: multi-band description using high-power computations

Results
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se Absorbed energy: TDDFT vs Drude model I

Derrien, T. J.-Y.; Tancogne-Dejean, N.; Zhukov, V.; Appel, H.; Rubio, A. & Bulgakova, N. M.
Phys. Rev. B, 104 1.241201 (2021)

Observation

Eo/6_ E,/5 Eg/A Eg3 Eg/? E,

10 ® Prediction of the absorbed electron energy from TDDFT.
s i Multiphotonic peaks are clearly visible.
Té — oz ® | Drude model applied to all wavelengths and intensities using 1
g L e s collision frequency v~ = 6 fs (indep. from field or
< 10 ;/§ wavelength).
> 0
o 102 AL F
i R j\/k/ —— TDDFT
TR = 2 g Ay Drud : .
3 R — — - Drude ® How accurate are TDDFT results vs experiments? In which
:Cj 107 RIS regime?

0 1E & ol am 2 16A ® Could damage threshold of e.g. Si (T < Tepp) be studied by
107 10! combining Keldysh & Drude models inside a thermal model?

Photon energy (eV)

® Applications of the transient band gap dynamics?
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se Excitation: TDDFT vs Keldysh model for Si (£ is @llll
Derrien, T. J.-Y.; Tancogne-Dejean, N.; Zhukov, V.; Appel, H.; Rubio, A. & Bulgakova, N. M.

2 =3200nm, n = [££] =

PR =z =i Swgraton

" o At
o
29
‘.’M‘w/
4t

EE

+ DI o106 A nIDPFTS_30fs
o RV _20fs

LPPFTr =30 fs

102 10" 10t 10
Intensity (W/cm?)

Keldysh model (1964): limited qualitative agreement w/ TDDFT

® Keldysh excitation rate wpy: qualitative agreement for Si. Agreement as function of
wavelength was impressive (Si: ' — I, valid for 7 < 30 fs).

® Band-gap decreases with intensity: light-induced tunneling. 5 ph. -4 —+3 -2 —1—0.

10 15
Photon energy (eV)
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se Example of TDDFT-generated excitation rates M

Derrien, T. J.-Y.; Tancogne-Dejean, N.; Zhukov, V.; Appel, H.; Rubio, A. & Bulgakova, N. M.
Phys. Rev. B, 104 1.241201 (2021)

Method Wavelength Tp Band gap Intensity range (W/cm?) Eff. transition probability Ref.
Theory (TD-LDA) 3200 nm 30 fs 2.56 eV (d) (2.1-9.9) x 101 o5 (m’W™%) =4.84 x 10756 This work
(1.0-2.6) x 1011 04 (M®W™3) =3.05 x1074* This work
(2.6 —5.3) x 1011 03 (m3W™2) =525 x 10726 This work
(0.53 —3.4) x 1012 02 (mW™1) =2.00x 10710 This work
(0.34-1.0) x 103 o1 (m™1) =293 %108 ) This work
Exp. 200 fs o3 (m3W=2) =05 x 10728 lﬁrl et al. (2008)

A

More is available for direct transitions

® See Suppl. Inf. of the paper. [Derrien ef al., PRB 104 1.241201 (2021)].
® TDDFT database at QuantumLaP . eu



QuantumLaP.eu
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se Ultrafast band-gap closure in semi-conductors | il
(a)F Effect of the laser excitation ( E 1) on the band
- o structure?
N . £ e Upon fs irradiation, “trivial” band-gap materials
] D ‘3 become metallic above a threshold intensity.
T Joint work with Kristyna Gazdova & Andrés 1. Bertoni
A =3200 nm 7

+ Unperturbed|
energy
levels

—— Dressed
energy
levels

Ton To12 o8 o 05
Laser intensity (W/cm?)

T. J.-Y. Derrien, N. Tancogne-Dejean, [...] and
N. M. Bulgakova, Phys. Rev. B. 104 1.241201

(2021) A = 1030 nm, E < 0.05
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se Ultrafast band-gap closure in semi-conductors | Il
@y" I Effect of the laser excitation (E 1) on the band
dreang e ?,..“1 structure?
. levels . -
=4 S o Upon fs irradiation, “trivial” band-gap materials
pa : become metallic above a threshold intensity.
Unperturbed energy levels
Dressed energy levels
> Direct transition

Joint work with Kristyna Gazdova & Andrés 1. Bertoni

® o « Unperturbed Non-equilibrium band structure
e ) :
7 levels 1
s —— Dressed s
s, energy
é levels 6 -
2 s , / \
4 g
b 0
10" 1012 10" 101 10" -2
Laser intensity (W/cm?2)
-1
T. J.-Y. Derrien, N. Tancogne-Dejean, [...] and I3 i
—_ k-point patl
N. M. Bulgakova, Phys. Rev. B. 104 1.241201 .

(2021) A =1030 nm, E < 0.05
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For Si, +3,000 TDDFT simulations with relevant laser pulses have been prepared
[~M-core-hours per year]

® Several materials (Si, SiO,, Mo, Au, ...)

® Several pulse shapes, pulse mixtures, ...

® Several observables (absorbed energy, currents, harmonic spectra, ...).

® All the work has been systematized into PYTHON & BASH routines for collaboration purposes.

High Power Computation Projects
® [T4Innovations National Supercomputing Center - eINFRA (ID:90140), sub-proj. MORILLE, FLAMENCO, - ~
FILIPINAS. J

® PRACE aisbl (projects BOLERO, FRECUENCIA).
Backup National Grid Infrastructure MetaCentrum eINFRA (ID:90140).

V3B TECHNICKA | IT4INNOVATIONS
|| || UNIVERZITA | NARODNI SUPERPOCITACOVE
[I" osTRAVA CENTRUM
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@ How reliable are TDDFT predictions in the ultrafast regime? Benchmark vs high harmonic
generation (HHG) experiments




se “Ultrafast” regime: disregarding phonons.

Role of phonons

VSB TUO | IT4I

® i< y;plh: assuming an “optical” regime;

® Tt> 7;;11: assuming a thermodynamical “collisional” regime: v = f (T, Tiatice )-

D
3
o Material e-ph coupling time Ref.
=
S
% Si 2240 fs (exp.) Sjodin et al. PRL (1998)
w
:\: Si ~64 fs (exp.) Schultze et al. Science (2014)
B3
Au 770 fs - 20 ps (th.) Lin et al. PRB (2008)
0 50 100 150 20 Mo 70 fs - 1.4 ps (th). Lin et al. PRB (2008)

Delay [fs] . . . g
Electron-phonon coupling times in various

Si: Schultze, M. & al. Science 346, crystals.
1348-1352 (2014)

10!

10"

Teph (PS)

— Au

— Mo

o —— FeBCC
—— FeFCC

0 10000 20000 30000 40000 50000
T, (K)

Reconstructed from Lin, Z.; Zhigilei, L. V. &
Celli, V. Physical Review B 77, 075133 (2008)

We consider pulses T < ¥, ;h, and disregard effect of lattice — direct transitions at I'.

Aawow
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@se HHG experiments in reflection @ Charles Uni., Pragqﬁ”

® Group of assoc. prof. Martin Kozak. “Ultrashort” pulses

® 7=15fs or 25 fs at FWHM. Experimental

® Wavelength A ~ 2000 nm. Quantity Notation ~ Value  Unit

® Electric field: E =3 V/nm out of Pulse duration T 25 fs
sample. Wavelength A 2000 nm

. . . r

® Probing harmonics generated in Band gap energy E, 34 eV

reflection configuration. Optical cygles foc el .

Table: 25 fs FWHM pulses

Suthar, P.; Trojanek, F.; Maly, P.; Derrien, T.
J.-Y. & Kozak, M., Comm. Phys. 5,288
(2022).




VSB TUO | IT4I

<o Experiment: HHG(¢, n) Iy

r. Martin Kozak group (Charles University). Experimental measurement of harmonic spectrum
emitted by Si as function of sample orientation.

® n: harmonic order.
® ¢: orientation angle in plane ([100],[110]).

7h
9h
11h]
13h]

2000

<« > o

1000 ~

Harmonic intensity (arb.u.)

1000
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Excited electron density (Otobe et al., 2008)

2

1 occ.
"exc(t) = V Ntot - Z /d3r II/Z/7k(r’ t) "I,I‘IG,E r) . (3)
n,n’ k N——— ~~

time-evolved ground state

Total current (Stefanucci & Leeuwen, 2013)
J(t) o (V') w—y" (Vy)

Harmonic spectrum (Larmor formula) (Floss et al., 2018; Tancogne-Dejean et al., 2017)

HHG (0) = 0|7 [J (1) (o).
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Simulation of high-harmonic generation has been historically difficult.

Harmonic order of A = 2.08um
13 5 7 9 11 13 15 17 19 21 23 25
B0 T 0 0 DDET ——
I P Exp.

log(Intensity) (arb. u.)
&

_13 OGN e e R T
0 2 4 6 8 10 12 14
Photon energy (eV)

Max Planck Institute: Klemke ef al. Nat. Comm. 10, 1319 (2019): 7 =50 fs, A
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se CZ: HHG experiment vs TDDFT |||||

Harmonic order Harmonic order
@ s 7 9 " 13 15 7 © s 7 0
100
— <1007| - — <100>]
s i . / — o
fo g —
R g w0
& 3 \
g f g \ o~
E E W
SN
100 W Mwmw il 0
10°
I 56 T e 0 m 1 5 5 7 5 9 0 o0 1z 13
) Photon energy (eV) @ Photon energy (eV)
10 10
— <1005] — — <100%]
02 — <t — <1105
£ £ 10
Et g™
2 :
-3 300
] <]
10° S—— i
100 10
1 s 2 25 H as s 2 25 3 35

Photon energy/Direct band gap width Photon energy/Direct band gap width

Czech Republic: Suthar, P.; Trojanek, F.; Maly, P.; Derrien, T. J.-Y. & Kozédk, M., Comm. Phys. 5, 288 (2022). [( exp.,
(b,d): TDDFT. (a,b): A = 2000 nm, (c,d): A = 800 nm].

Ultrafast photonic applications can rely on predictions provided by TDDFT

® High quality predictions: model matches with experiments.

® (Can be applied to other materials. Can be improved by introducing real shape of pulse.
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Effect of temperature on HHG spectra, ab-initio |||||

Japan: Freeman, D.; Kheifets, A.; Yamada, S.; Yamada, A. & Yabana, K. High-order harmonic generation in
semiconductors driven at near- and mid-infrared wavelengths, Phys. Rev. B, 106, 075202 (2022)

2x10 T T T
300K —

T 1x10* | MD 180K —
© Ordered —
S o105 i Hie
z A
< 0x10° /\[\ H
S WA
2 - 7
£ -5x10° il ety
3 -1x10* B

-2x104 ' : :

0 50 100 150 200
Time (fs)

Effect of lattice temperature? Not much in Si

104

106
108
&1010 |
%‘ 1012 |

b. u.)

T
103 x 300 K —

1 ! 1

21 31 41 51

Harmonic Order Nw

>

® J(t): temperature — a source for damping the oscillations of electrons.

® Harmonic spectrum is sensitive to ultracold environments (space!)

f‘l ‘Bl t
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se Introducing losses? Il
yJical

n pure TDDFT, J(t) is eternally oscillating (no damping). To avoid inducing a non-ph
discontinuity at the end of simulation, damping is applied to currents.

Method for damping the tail of the current J (t)

Jdamped(t) =J (t) xXn (t)

100
07
where

050

025

n (t) =1-H (t — tfinal + tdamping) +
t — tfinal } A
tdamping

0.00

-0.50

—|—sin2 [g X

xH (t — tfinal + tdamping)
X [1 - H(t - z'ﬁnal)]

and H (t) is the Heaviside function.

i e g e

This damping is applied to all J(t), and impacts

HHG() distribution. 4 !




se Effect of ”decoherence time”

HHG(¢ = 0°,45°) - TB09 - T = 25 fs - sin*

VSB

TUO | IT4I

10° 10 10° 10° 7 -
| — 7809, <1005, 25 fs, sin' | — 809, <100>, 25 fs sin* | — 7809, <100>, 25 fs,sint 1 | — 7809, <1005, 25 5, sint
10 — TB09, <1105, 25 fs, sin? | 1O — TBO9, <1105, 255, sin | 10 — TR0, <1105, 2515, sin* | 1771 | — TB09, <1105, 25 fs, sin*
100 ] 100 ] 10° ] 1014 T
- I [ - | [
3 w0 o 3 w0 o ERTY i |
i I 3 o i [
$10 . 10 . YA S
: o : [ £ |
£ 0 \/\& Lo S \/\j AVRUA | £ 0 W |
Lo L0 &0
10 1074 10 |
|
o o 1o ! L LA
3 3 1 12 3 3 1 ¥ 3 10 .
Energy (eV) Energy (eV) Energy (eV) ev)

1.257 1.37 1.57
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@S@ Latest benchmark: HHG @ + 3w vs TDDFT I

indl, A.; Suthar, P.; Trojanek, F.; Maly, P.; Derrien, T. J.-Y. & Kozdk, M. |
Attosecond control of solid-state high harmonic generation using »-3w fields, arXiv:2310.07254
T=301fs, A3 = 2000 nm, Ay = 666 nm. E ~ 1.5 V/nm (/ ~ 0.3 x 10'? W/cm? or 8 mJ/cm?).

b c
a 1 2 .‘ ~ 1
I I
= 5 .7< # 3
E 08 o E &=135as 08 o
- ) S 3 3 3
@ @
s 2 065 3 06 &
2 S & S
S 05 2 g 20 o
o 3 042 3 04 2
© g S a
=0 R T . °
° 023 023
° < £
® -0.5 0 0
o 30 40 50 60 30 40 50 60
1 Time (fs) Time (fs)

o
Effect of CEP on harmonic emission (filtered HHG&&eld)

Our TDDFT predictions reveal the extreme sensitivity of HHG to CEP

Choice of carrier-envelope phase (CEP) has large influence on attosecond electron excitation dynamics in
solids.

— Coherent control of electron dynamics possible in the bi-color mixing regime. ‘

R R RS S#E—RESESBRBREBBERBBBEEEEEES s . e



https://arxiv.org/abs/2310.07254
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@se Exp. HHG @ + 3w vs TDDFT predictions I
indl, A.; Suthar, P.; Trojanek, F.; Maly, P.; Derrien, T. J.-Y. & Kozdk, M. |
Attosecond control of solid-state high harmonic generation using »-3w fields, arXiv:2310.07254
7 =30 fs, A; = 2000 nm, A = 666 nm. £ ~ 1.5 V/nm (/ ~ 0.3 x 1012 W/cm? or 8 mJ/cm?).

¢ Spectral power density d Spectral power density
(arb.u.) (arb.u.)

10 100 1000

)
)

>
2 E T
>
> L
2 8 3 i
c Qo 3 /
i~ =
qc’ 5] )
c o
2 g S
2 o @
2 <
o o -

0z 1z 2z 3 4z or 1z 27 3z 4z
-3 phase difference ¢ w-3w phase difference ¢

HHG experiments +— | —: TDDFT simulations

Our TDDFT predictions vs attosecond HHG experiment

Phase-dependent agreement for multiple harmonic orders in the tunneling regime



https://arxiv.org/abs/2310.07254
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se HHG o+ 3w vs TDDFT: high prediction capablhtleﬁ Il
indl, A.; Suthar, P.; Trojanek, F.; Maly, P.; Derrien, T. J.-Y. & Kozdk, M. |
Attosecond control of solid-state high harmonic generation using »-3w fields, arXiv:2310.07254
T=30fs, Ay = 2000 nm, Ay = 666 nm. E ~ 1.5 V/nm (/ ~ 0.3 x 10'? W/cm? or 8 mJ/cm?).

—: exp. ---: TDDFT Resonant control on temporal emission
—— dynamics of HHG

ARIR,
N
o
o

15 — 5th -7
— 7th -
1[—09th

o
o

18pI0 OJUOWIBH

HHG yield (rel.u.)

o
o

HHG emission delay (as)
o

S RN
0z 1z 2z 3z 4z
-3 phase difference ¢

R
S
1S3

0 200 400 600 800
Time delay At (as)

Our TDDFT predictions vs attosecond HHG experiment = experimfi | -

Phase-dependent and time-dependent agreement for multiple
harmonic orders in the tunneling regime: adequate to predict
attosecond dynamics in solids.



https://arxiv.org/abs/2310.07254
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@S@ HHG o + 3w vs TDDFT: discussion I

indl, A.; Suthar, P.; Trojanek, F.; Maly, P.; Derrien, T. J.-Y. & Kozdk, M.
Attosecond control of solid-state high harmonic generation using »-3w fields, arXiv:2310.07254
7 =130 fs, Ay = 2000 nm, A = 666 nm. E ~ 1.5 V/nm (I ~ 0.3 x 1012 W/cm? or 8 mJ/cm?).

...
G

1 1.0f10 = Setee Lt ot
[—=—>5th 8 o8 - KN .:
08" . . ° .
L I 04 . . .
08 Og -8 0.6 °§ () .' ® N ‘s
E ~ IR SR T w S B .t
0.6 2 B 04 M (S
] N . (A
ﬁ- g 0.2 ™
04 g S otee y
Ed = 0lgegegsitrtics”
3 1 2 3 4 5 |
02 & Normalized Rabi Frequency |
(QrmHz/wWrHL) 4
0
Tamaya, T. & Kato, T. Phys. Re

r=FyF, 100, 081203(R) (2019).

Electron dynamics induced by bi-color mixing may be linked to the dynamical band structure (sub-bands &
Rabi frequency variation with field & wavelength). ‘



https://arxiv.org/abs/2310.07254
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@ Predictions of TDDFT at high intensity (laser processing)
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@ Predictions of TDDFT at high intensity (laser processing)

TDDFT predictions for laser processing: anisotropy in energy absorption & damage threshold
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effect of Si [001] orientation

9
P E 1000
w E
E % 915
[ - --ooe- - -4 g 950
2 5
2 10 g 925
fij - - B =
8 T
< E 90.0 /
e e~ E=L6Vim
b 2 ;
3 5 875 j” -+~ E=2Vinm
1) =
- [ e 3 g5y «- E=3V/nm
2707 270 2 1 g Ja/ -e- E=4V/inm |
4ldeo) 4ldea) 5 100 | geeeeee | B 8251 —— E=6V/inm
1 V/nm 6 V/nm 00 225 450 675 900 2 0.0 225 4500 6750 90.0
2 2 Crystal orientation angle ¢ (deg) hy Crystal orientation angl deg)
(0.12 TW/cm2) (4 TW/cm?) 4

4 Nexe (9) excited e- density, —: Eups (@) absorbed energy (eV)

E =1.6 V/nm ~ 25 mJ/cm?
E =6 V/nm ~ 350 mJ/cm?2.

Orientation-dep. energy absorption pattern is also ... intensity-dependent

Low intensity: TDDFT predicts a 20% contrast in absorption pattern followinng the Si crystal symmetry.
High intensity: TDDFT predicts a 2% contrast (symmetry weakening / transition to plasma). ’
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J. Sladek, Y. Levy (HiLASE Centre)

HWP
M PBS Laser:
A1 =800nm, 7 =37.5fs
A2 = 1030 nm, 7 = 260 fs
A3 = 1030 nm, 73 = 1900 fs

| E

Si (100)

Rotatior\<_ N
angle @
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Juraj Sladek & Yoann Levy (HiLASE Centre).

g g z 3 g & & § 5§ & & & §
El 2 & & El S © § £ & & B T ¢
[e]e) 00C 000 000 — — = — — = — — 1012
(eYe) 0000 2000 000 0.32 8.5
00 0000000000 0000 1900 fs, :
[e¥e] 0000 0000 0000 1030
i 00000000200000 0000 nm 80
2 035 ooco00000 cooo0 0000C II l
< oo 0000000000 00000 } } i I }
3 ©00000000000000 00000 } I { I
g ©co0oo0o000 cooo cooo
& ° °
] 260 fs,
3
I I1030 mogoE L I . : = '
I I k4 I I
i T B S
90° 135° 180° 225" 270" 315" 3 3 z 3
Polarization orientation ® with respect to (100) = 018 3 §375fs, 3 L3 I £

800 nm
0 45° 90° 135° 180° 225° 270°
Polarization angle ¢ w.r.t. [100] [deg]

Orientation-dependent damage threshold appears clearly, for 37 fs, 250 fs and 2 ps pulse duration.
[For <111>, see Florian et al., Materials 14, 1651 (2021)].
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° Experimental confirmation of
orientation-dependent damage threshold,
pump-probe, ...

¢ Invited stay 15 days by Assoc. Prof. Mario
Garcia-Lechuga (CSIC/iLINK project).



https://www.io.csic.es/divulgacion/seminars-by-jorn-bonse-and-thibault-derrien-on-thursday-october-5/?lang=en
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se Discussion: Burnstein-Moss effect
pon doping (resp. exciting electrons) a sample, band gap can shift (increase) due to sat ratlon of
band Aae (nm) 50 et e et —rerrrr 500
380 370 360 350 340 330 [ ]
S 40 4400 =
Q g [}
£ X ] £
& 30 4300 =
Z20F 4200 =
5 f 1 &
S 10 1100
E N 0y
1015 1016 1017 1018 1019 1020 1021 ~
n (cm™)

055 55 54 85 56 87 38 J’

Energy (eV) Feneberg, M. et al. Band gap renormalization anQi
Burstein-Moss effect in silicon- and germamum-doped
wurtzite GaN up to 1020 cm—3, Phys. Rev. B, 9

075203 (2014) B 4 b

-
-
Burnstein-Moss effect?

Saturation phenomena should also depend on crystal orientation and laser polarization. !
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@Se Discussion: Symmetry of Si bands me;r(¢) in [001] |VlTlBI

Valence bands ¢ (k) Valence bands & (k)
correspond. to plane [001] correspond. to plane [001]
(7’HOMO”) (77HOMO”)
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@ Reversible and ultrafast band structure engineering
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® Reversible and ultrafast band structure engineering '
Simplified model: Floquet + DFT Sy »
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2016 De Giovannini, U.; Hiibener, H. & Rubio, A. Monitoring Electron-Photon Dressing in WSes,
Nano Letters, 16, 7993-7998 (2016)

as | I [T [TPA [T [Ter] Two-band Floquet (toy-)model as
% _ = =X .
g et i P function of the laser field.
B AP a b
s IS X/\ >< b N \\'7 - sideband " sxo—
C 0550 1503 L1 5 13-l 1513 L1 15 L3 L1 N 05-@3 = "”—‘?EL
Ky [A7] K [A7) Ky [A7) Ky [A7] Ky [A7] :2 sideband _ ;’; '
—: Floquet-Stark “dressed electron” energy Tl T i
levels.

o: TDDFT-simulated angle-resolved
photo-emission spectrum (ARPES)
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Theory for AC fields: "Floquet” ¢

® Higuchi, T.; Stockman, M. I. & Hommelhoff, P. Phys. Rev. Lett. 113,213901 (2014) | | | | I
® De Giovannini, U.; Hiibener, H. & Rubio, A. Nano Letters, 16, 7993-7998 (2016)
® Temporal integration of operators on 1 optical cycle: J (t) = J (t + 271/ ®).

Semi-classical

(a) Static Stark effect (b) Optical Stark effect

Hiioquer (@) = /dt e ilm=mhot () 1+ 6, ,nhio

 : laser photon energy (at. units),

] n-photons transitions (number of "replicates"),
5 m: number of electronic bands, "
I3
= 2 =
] H(t) =Hgs +A(t)-p
_ ——
Hint

A : vector potential amplitude (at. units

Floquet

P : momentum operator

[ B2 o
H(t)= { 0 E,/2 +Acos(wt) x
laser field

ground state band structure at k = (0,0,0)
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Example: n =1 photon, m = 2 bands. M
oupling of dressed energy levels with purely electronic levels |
Ho o .o
. AM _Ee . . AM
Heff2 bands — A 2 2 Eg AWM 2 . (5)
A Hhe g
AM
. &5 Q = +o
Eigen energy values (diagonalization):

+1\/282MM + E2

2 lev.
Ef =141 i\/I\7I2A4M2+16A2MI\7Iw2+64w4+16a)2E§+ 4 lev.
+A* MM + 80> + EZ)

Conclusion for two-band models

In a two-band system, transient band-gap increases with field amplitude A (seems consistent with Keldysh YA Un”)

E eff

o (A) =1 /2A2 MM + E2 < A.

()
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E, (') =2.56 eV (LDA band gap of Si).

2 bands, 1 photon transition 2 bands, 1 photon transition 2 bands, 1 photon transition
4

|

Band energy level (e

5
Laser intens| m (W/em? ) X101

A = 3200 nm A = 1600 nm — 800 M

Observation for 2 bands

Laser intensity (W /em?) x10M Laser intensity (W /cm?) x10M

Shifting originates from the AC Stark effect. Opening of the band gap is observed.
Low intensity also evidences some “detuning”.
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® In Si, 2 bands are degenerated 2 times at I'-point. We use: H(A=0) = %

4 bands (deg. 2), 1 photon transition 10 4 bands (deg. 2), 1 photon transition 4 bands (deg. 2), 1 photon transition

B /

Band energy level (eV)
& o
Band energy level (eV)
°
Band energy level (eV)
o

0 2 4 6 0 2 4 6 0.0 0.2 0.4 0.6 0.8
Laser intensity (W/cm?) lel4 Laser intensity (W/cm?) leld Laser intensity (W/cm?) lel5

75

A = 3200 nm A = 1600 nm A =800nm

sation for 4 bands

Splitting of degenerated bands is observed. Crossing points are observed at points where band gap closes. This is
laser-induced tunneling/metallization.
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ffect of the laser excitation (E 1) on the band structure? |
(@)
Interaction Dressed
ayr dlrjsssex:ng B dl':vszfsd e:':r:‘:t“u’:
Y W
r‘ \!
Unperturbed energy levels o o " .
————— Dressed energy levels ® Predictions for realistic materials is
—> Direct transition . .
possible at low cost (10 min).
) s = p——— ® Which materials undergo )
7 evels metallization / phase transition
S —— Dressed . o L.
z, energy irradiation?
% levels . '
2, /\ Thermal effects are absent in t
b4 presented descriptions. :
4

T e
Laser intensity (W/cm?)

T. J.-Y. Derrien, N. Tancogne-Dejean, [...] and

N. M. Bulgakova, Phys. Rev. B. 104 1.241201

(2021)
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® Reversible and ultrafast band structure engineering

Preparation of dipolar matrix elements (DFT)
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ubset of dipolar matrix for polarization in (Ox) direction.

Si[227], LDA (I': 2.56 eV)

01 2 3 4 5 6 7 i
Si0y, k = 83,

Si, k =163, 18 atoms, 30 electrorii?evé

SiOs [154]: a-quartz

'S

w

[N

-

0
1
2
3
4
5
6
7

2 atoms, 8 electronic levels.

Density Functional Theory (DFT) - 3D

These results were computed for the 3D band structure.
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Lic. Andrés. 1. Bertoni, Universidad de Cuyo (Mendoza, Argentina)

|d; ] k) for Si (k = 243 5x = 0.18, Linear response (AC conductivity) using

LDA). Kubo-Greenwood (no Drude) as function of orientation.

Built from HXW for Si.

X7.y7z(

80000

04 Re(Oxx) Re(0yy)

Sm(0x) Sm(ay,)
02
o
-1
2
X N

60000 —

=i

40000 4 -

L
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® Reversible and ultrafast band structure engineering

Si [227], LDA: E} = 2.56 V. Dressing along K — I — X
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se Transient band structure: Si [227], E//(TX), K —T — /m”
. Non-equilibrium band structure
-
& | —
\ =
X .
@ |
g2
% ’
_9d
44
Orientation of \ ; :
high-symmetry points K r X

k-point path

in real-space

E =0.001 V/nm, A = 1
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Non-equilibrium band structure

\.

) n ;
N ‘
7 ] 0
[ ] ’
Vo / =
1
Orientation of - :
K

hlgh-.symmetry points ke point path i
in real-space -

E=0.01V/nm,A =1

Energy (eV)
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se Transient band structure: Si [227], E//(TX), K —T — /m”
. Non-equilibrium band structure
-
& | —
\ =
X .
% |
’
Orientation of . s :
high-symmetry points K kﬁpointrpath X 4
in real-space -

E=0.05V/nm, A =1
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se Transient band structure: Si [227], E//(TX), K —T — /m”
Non-equilibrium band structure
10 4 ™ )
-~ 8
r’/ \ 6
4 4 —
: T 4 .
% |
£ 2]
01 ’
_24
—41
Orientation of \ ; :
high-symmetry points K kﬁpointrpath X 4
in real-space - -

E =0.1 V/nm, A = 10.
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se Transient band structure: Si [227], E//(TX), K —T — /m”
Non-equilibrium band structure
10 4 \ >\"//./
-~ 84 ‘\\ /
I . S
o S NS ,
& IR
g2 TN
0 ’
_24
4 =
Orientation of \ ; :
high-symmetry points K kﬁpointrpath X -

in real-space

E =0.2 V/nm, A = 10.
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se Transient band structure: Si [227], E//(TX), K —T — /m”
Non-equilibrium band structure
104 e \
-~ 8 i \ /' )
r’/ \ 61 \ \
SR S = .
- . _ S ‘
g 2
01 ’
—24
] =—
Orientation of \ ; :
high-symmetry points K kﬁpointrpath X 4
in real-space - -

E =0.3V/nm, A =10,
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se Transient band structure: Si [227], E//(TX), K —T — /m”
Non-equilibrium band structure
o] = —
- i~
- \ 3 1 _}\ 2
@ / H |
£ 2]
01 ’
_24
4| =Y
Orientation of \ :
high-symmetry points K kﬁpointrpath X 4
in real-space - -

E =0.4 V/nm, A = 10.
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Non-equilibrium band structure
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o S . vl_;\\ _
@ |
g2
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Orientation of ]

r
k-point path

E =0.5V/nm, A = 10.

high-symmetry points
in real-space
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® Reversible and ultrafast band structure engineering

Si [227], LDA: E; =2.56 eV. ”3D” dressed band structure
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Non-equilibrium band structure

Energy (eV)

Orientation of
high-symmetry points
in real-space

r X UlK r L W X
k-point path

E =0.001 V/nm, A =
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Non-equilibrium band structure

Energy (eV)

Orientation of
high-symmetry points
in real-space

r X UlK r L W X
k-point path

E=0.01V/nm,A =1
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Non-equilibrium band structure

Energy (eV)

Orientation of
high-symmetry points
in real-space

k-point path

E=0.05V/nm, A =1
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Non-eq uilibriu m ba nd structure

Energy (eV)

Orientation of
high-symmetry points
in real-space

r X UlK r L W X
k-point path

E =0.1 V/nm, A = 10:
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Non-equilibrium band structure

Energy (eV)

Orientation of
high-symmetry points
in real-space

r X UlK r L W X
k-point path

E =0.2 V/nm, A = 10:
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Non-equilibrium band structure

Energy (eV)

Orientation of
high-symmetry points
in real-space

r X UlK r L W X
k-point path

E =0.3 V/nm, A = 10:
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Non- eqmllbrlum band structure

Orientation of
high-symmetry points
in real-space

r X UlK r L W X
k-point path

E =0.4 V/nm, A = 10:
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Non- eqmllbrlum band structure

Energy (eV)

Orientation of
high-symmetry points
in real-space

r X UlK r L W X
k-point path

E =0.5 V/nm, A = 10:
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® Reversible and ultrafast band structure engineering

Discussion
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Excitation direction =~ Response  No response

(FX) (XV)
(KT)
(rx) (re)
(WX)
(LW) "

_

® [ntraband absorption modifies band gap, and modifies interband absorption.

® Strong anisotropy emerges from the laser irradiation: constrained electron trajectories.

S

IT4I
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Artefact? No!

Analytical models did exhibit a similar response in simplified cases.

1=0(au.) I=10"° (a.n) I=10"" (a.u)

&s(k) (eV)
AV
[NA

0L I 11 T
3210123 3210123 3210123 L 3
kl kl kl

Faisal, F. H. M. & Kamifiski, J. Z. Physical Review A 56, 748-762 (1997}
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Predicting materials reaction to ultrafast light

se
from quantum to large scales
Multiband quantum Benchmark of Transient band-gap ~ Benchmarking TDDFT
description of e- in simplified theories dynamics vs reality (HHG)

matter

ARIR,

&

]

13pI0 DUOULEH

HHG yield (rel.u.)

a4 o

R _
[ 3 27 3
30 phase difference ¢

o
B

Suthar, P. et al. Comm.

Phys. 5,288 (2022)
Gindl, A. et al.
arXiv:2310.072
(2024)

Derrien et al., Phys. Rev.
B. 104 1L.241201 (2021)

0 s 20
Photon energy (eV)

Derrien et al., Phys. Rev.
B. 104 1L.241201 (2021)

VSB TUO | IT4I

Predictions of new
control parameters

P
\\\/v \

_

ffects at
scales



https://arxiv.org/abs/2310.07254
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A A
10 um —— ms -+
§° Lum == MS Propagation
g + Stress dynamics
© 500 nm —— ns 2
) TTM‘L
2 300 nm —— os | . >
= 100 nm —— Stress dyn. o )
T y
I I { I I > T as 1 Light propagati 2
as fs ps ns us SBE, TDDFT
Pulse duration 1nm

Adadpted from proposal H2020-MSCA-RISE-2018 AT




. VSB TUO | IT4I
@sz Outline I

@ IT41/LQC: milestones towards designing a light-controlled multig
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Considered done

¢ Early instants (~ 50 fs) of light-matter interaction with topologically trivial materials (Si,
Si0,, SiC, CaFy, ...) are now well described up to intensities enabling materials
modification (strong field regime), still disregarding some induced defects: annealing,
reduction of oxidation, etc...

® Prediction capabilities of available models at the ultrafast scales (faster-than-phonon
response) have reached excellent maturity: demonstrated with HHG spectroscopy vs TDDFT.

The future: optimal control at ultrafast timescales )",

e Ultrafast pulses in perturbative regime should enable to use reversible population of j ,

exciton-polariton states (with fs/ps lifetimes), along with avoiding damage. W

® Occupations of electronic states in matter can be populated at will (bicolor mixin

® Design crystals and to consider controlling their reaction upon few-cycle ﬂg
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@se Relaxation dynamics: probing (in)direct transition | Il |
using HHG(w,t) spectroscopy
Suthar, P.; Trojanek, F.; Maly, P.; Derrien, T. J.-Y. & Kozdk, M. Momentum-dependent intraband
high harmonic generation in a photodoped indirect semiconductor, Comm. Phys., 7, 104 (2024)
e , . f c d -
<Q é :z hw=3.6 eV 51:
é 2 366V ~Ak é tg 08 goa
IN< I 0 P E e —m E i —m
r X r X 0 1 2 3 4 5 0 1 2 3 4 5

Time delay At (ps) . Time delay At (ps)

Need for relaxation dynamics

Finite temperature DFT + TDDFT possible.
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se What should be a good qubit? M
ielsen & Chuang 2010, p. 278, Quantum Computation & Quantum Information (CambIlidge U.

Press)
/ Finite number of states (digital
quantum computer): light intensity —
actually acts as a selector for the System TQ Top Mop = A
number of states. Nuclear spin 1072 —10% | 107 — 10~ | 10° — 10"
. Electron spin 103 107 10t
v/ How to probe the states? Harmonic Ton trap (In*) 10-! 10-1 101
spectroscopy appears extremely Flectron — Au 10-% 10— 10
precise, still state-destructive. Electron — GaAs | 10-1° 10-1 10°
v/ Timescales of the interaction? Quantum dot 10°° 10’ 10°
® 74 : time of decoherence Optical cavity 10;5 10:4 103
® 1, : time for population of Microwave cavity | 10 10 10
states y
® fslaser + Si = FAST! butnot a
great coherence time. Exciton-polaritons in Si as multiqubits? Not great, but fast!
— Multi-material study @ poster "Quantum TQ ~ Teph = B X 10 14g | Top ~ 5 % 10717 g Nop ~ 103.

Dynamics of Systems” @ IT4I Users Meeting, - 2
November. m 5 ‘




. VSB TUO | IT4I
@se Superconducting transmon & geometry |||||

Willsch et al. Nat. Liu and Black, Phys. Rev. A 110, 012427 Piazza et al., Nature
Phys. 20, 815 (2024) (2024) Communications 6, 6407
b o Tysing (2015)

\/1-T,sin?(0/2)

SIS (a, =-1)

-1.0 -05 0.0
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July2016 Patent in CZ. |
Aug.2017 Publication in Scientific Reports (Nat. Publ. Group).
Nov.2017 Press articles: Technical Weekly, Ceska Televize (CTV 24), Novinky.cz.
Jan2018 Patent in EU No. W02018010707.

¥
Origin of LIPSS regularity AL
ahradit drahé technologie, ukazuji A = 1030 nm
i
"""Mw..m':"ﬂm Al
Ni* N
> = i Cu
o i Steel
M
- * Mo

107

10"
Lspp (m)

Gnilitskyi, I.; Derrien, T. J.-Y., Levy, Y., Bulgakova N. M. et al. Sci. Rep. 7, 8485 (2?7). '

A multi-material approach enabled by databasing of optical properties, and of plasmon polaritons properties. !




se

Polaritons in thin films

€ 3
o~ o
. <
<+r +
o o o
e ity B
E LIPSS g_
N A5 ~(570 + 50) nm Auwss~(105£25)nm [
Al 5
“42pm’ 0 +42pm’-42pm’ 0 +42pm’

Derrien, T. J.-Y.; Koter, R.; Kriiger, J.;
Ho6hm, S.; Rosenfeld, A. & Bonse, J.; J.

Appl. Phys., 116, 074902 (2014)

VSB TUO

' 1000

100

SPP period Ay, [n

— Water*/SiO,(20 nm)/si®
---- Water'/Sio (10 nm)/si"
~~~~~~~ Water*/SiO,(5 nm)/Si”

Derrien, T. J.-Y.; Koter, R.; Kriiger.
Hohm, S.; Rosenfeld, A. & Bonse, J.
Appl. Phys., 116, 074902 (20

22

IT4I
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(+,+) k Re(kz) > 0 e () Re(ka) <0 [
Th [ ke | [fh (@] Frer

[ Re(ks) >0 ks, €3 Re(ks) >0 ks,e3
(+:-) Re(k) >0 kner (=, ) Re(le) <0 Ky,
ffa < ke | [fh CIA ke
: Re(ky) <0 ky,e < Re(ky) <0 ky,es

A. Dostovalov, T. J.-Y. Derrien, S. Lisunov, [...] and N. M. Bulgakova, Appl. Surf. Sci. 491, 650 (2019).

Latini, S.: Ronca, E.; de Giovannini, U.; Hiibener, H. & Rubio, A., Nano Letters 19, 3473 (2019).
0 (e, ) [arb.units] |
Cavily field 2 A, =0au] @ [Aa=002an] (o)) [A=008au]" (o)

} J o

Dielectric
TMD

A On
P~

1.9

4 Qfv] 2814 0oy 2814 Qv 28

FIG. 2. Fxciton-polariton spectra of MoS, in a cavity as a
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in thin cavities

X\X\»*\%{' oty

= Branch +,-

Branch +,+
o + Branch -,- (Cr+Cr,03)
« 4 — Waveguiding mode
Mn (nm)
.
~
‘ (b) g
0O 20 40 60 80 1000 20 40 60 80 100
Fraction of oxide (%] Fraction of oxide (%]

A. Dostovalov, T. J.-Y. Derrien, S. Lisunov, [...] and N. M. Bulgakova, Appl. Surf. Sci. 491, 650 (201

High-spatial frequency LIPSS explained by SPP, oxidation and porosi

Multiple polaritonic modes are found in metal and in oxides.
LSFL-|l are well explained by Plasmon Polariton in metallic regime.

Oxidation seems to play a major role in the formation of HSFL- 1, A < A structures. !
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ress release September 26th, 2024 |

VSB TECHNICAL | ITAINNOVATIONS | ez

1 [ A oA SRR T ABOUT  INFRASTRUCTURE ~ RESEARCH  INDUSTRY COOPERATION ~ FORUSERS ~ EDUCATION EVENTS Q

EUROPE TAKES A QUANTUM
LEAP: LUMI-Q CONSORTIUM
SIGNS CONTRACT TO

A LEAP:LUMIQ CONSORT)

ESTABLISH QUANTUM
COMPUTER IN THE CZECH i ‘
REPUBLIC _ Wi /S

Luxembourg, 26 September 2024 - The European
Union has taken another step towards enhancing the
European quantum computing infrastructure by
signing a contract for the acquisition of the LUMI-Q
consortium's quantum computer. The quantum
computer will be housed in Ostrava, Czech Republic, at
the IT ions National ling Center,
part of the VSB - Technical University of Ostrava. The
contract was signed between the European High-
Performance Computing Joint Undertaking (EuroHPC
JU) and IQM Quantum Computers, the company
selected to supply the unique technology.
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thibault.derrien@vsb.cz | derrien@fzu. cz | Twitter/X @tjyderrien

Current financial support

® FZU Institute of Physics, Prof. N. M. Bulgakova. Sendiso
project.

® ]T4Innovation, V. Vondrak, B. Jansik, M. Lampart.
Experimentalists
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@ Re-using TDDFT datasets: introduce the TDDFT excitation rates into large scale description
(rate equations)
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A data approach to electron excitation

(a)

® Multiphotonic rates are not directly usable: number of
photons n changes with intensity (ultrafast metallization)

%

$
$

Gnln = Gn(l)ln(l).

® Keldysh model is not directly usable: it has
discontinuities due to interruption of transition between 2

levels ("Wannier-Stark localization”).

W07 00 10T 0% 100 o 10 ® Data from TDDFT are contiguous, due to multiband
description: only 1 transition can be disabled at once

Intensity (W/cm?)
Derrien, T. J.-Y.; Tancogne-Dejean, N.; (theorem of ’Le Bourget”).

Zhukov, V.; Appel, H.; Rubio, A. & Bulgakova,
N e B L G
. .
Reduction of the band-gap during pulse — effect at large
In atomic physics, n increases with intensity. spatial scale (um)?
In solid state physics, n decreases. )
w— R RRRRRBRRRRRRRRRRRRRRRRRRR A= e e e

Nexe (M)
2
Ph,
e
.

10

o,

10% 4
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® Density of conduction bands electrons

d Nexc

Jt

Gt = {WIIIDDFT [f (Re@) < I(t)x[1=R()]| +

¥
+ 611(nexc) Xnexc(t) }X&:xc(t)

negligible if T < Tepn

+V-J=Gep+ Rar ®)

where f (x) = x x 6 (x) and 6 (x) is Heaviside function.
® Beer-Lambert law

d

E _ TDDFT (I) % W]’)FIDDFI‘ [I]

— | Ao x nyp

MPI+tunnel+fcr.
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Difficulties Methods

® Discontinuity of the Keldysh model at e Extend the TDDFT data down to O V/m by
Wannier-Stark localizations using piece-wise interpolation.
® Number of photons for multiphoton absorption:

® Directly use the resulting parametrization
depends on intensity!

inside the RE model, and address various

n=n(l) wavelengths.
® TDDFT provides predictions for high o . | {
intensity pulse: how to describe intensities 1 ’ \.
from O to our calculations?

= log-plecowise reg.
log(TDDFT)

—— U’Z[?

ol

— Tt

Harmonic av.

logy Wy (m~ 571
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patio-temporal evolution of number of photons necessary for a direct transition in Si.

Introducing the laser dressing into large-scale description

Laser modifies the gap of interaction during the pulse.

0.1 pum thin Si sample - 0.18 J/cm? 5 um thick Si sample - 0.5 J/cm?
1e-7 200 -6 200
30 . Number of photons LD - Number of photons
175 175
25 Lo 4 150
20
z 125 £ 125 B
£ 15 100 5 100 -
T 1]
g al 07!
10 075 1%
050 1 nsy
05 7
0.25 L 025
0.0 0
- - - . . . 0.00
6 4 5 0 2 3 000 -10 -05 00 05 10 15
Time (s} le-14 Time (s) e-13

Band structure engineering using light

Large-scale consequence of laser dressing: a position-dependent band structure = ultrafast currents generated in the band
gap material — electron acceleration.
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and fs lasers

Peralta, E. A.; Byer, R. L. et al, Demonstration of electron acceleration in a laser-driven dielectric
microstructure, Nature 503, 91 (2013)

) Laser pulse (2 = 800 nm)

Spectrometer
Magnetic magnet P
lenses

™) Cylindrical lens

Electron
beam

Scattered
----- electrons
Transmitted
electrons

Lanex screen

Intensified CCD
camera

% 4
-




se

VSB TUO | IT4I

Research frameworks |||||

2nd paradigm:
1st paradigm: Theoretical

Empirical science science
ical Laws:
Experiments

3rd paradigm:
Computational
science
(simulations)

(Schleder et al., 2019)

4th paradigm:
(Big) Data-driven

a mining,
Pattern ar




Quantum approaches in the production cycle

Elemems

Machine Learning

Computational
Scnencc

‘Compounds’ Applications

Gan & e\‘“

Graphene

| S— ! High-throughput,

Figure 1. Schematic presentation of the topics discussed in this review and their relationships. The possible atomic combinations form
a great number of compounds, which can be studied by means of experimental, theoretical or computational approaches, esp

with high-throughput calculations. Large quantities of data generated are then stored in databases, which can be used by means of
materials screening or machine learning, both of which leads to promising materials candidates. Data-driven or traditional routes
select materials suited for specific applications. We illustrate these relationships in the context of two-dimensional materials. Figures
from panels adapted with permission from [ 1] (experi ) (©2012 M illan Publishers Limited. All rights reserved. With

permission of Springer), [2] (computational science and machine learning), and [3] (materials prediction) (© 2018 Macmillan
Publishers Limited, part of Springer Nature. All rights reserved. With permission of Springer).
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Polarzation

A ! e
[ Al
Wavelength '
nnnnnnnn
v /| -
Deep learning 1
=

Recurant network

Ma, Boltasseva et al (Ma et al., 2021 »
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pecial session "Machine learning and Simulation for Laser Processing” |

LPM2023

The 24th International Symposium
on Laser Precision Microfabrication

June 13-16, 2023 Hirosaki, Aomori, Japan

Organizer:

AT GRS Welcome to LPM2023

Topics
" The 24th International Symposium on Laser Precision Microfabrication
Special sessions Hirosaki Bunka Center, Hirosaki, Aomori, Japan
June 13-16, 2023
Invited speakers
Technical digest LPM2023 -The 24th International Symposium on Laser Precision Microfabrication will be held from Y
June 13 10 June 16, 2023 as "In-Person” conference in Hirosaki-city, Aomori prefecture, Japan.

Laser Precision Microfabrication 2023 ./

Sponsors ‘Shecial Session 2: Machine Learning and Simulation for Laser Processing

Download

Session organizers:
Contact information

Prof. Kenichi Ishikawa, The University of Tokyo, Japan
Links

Dr. Tomohito Otobe, National Institutes for Quantum and Radiological Science and Technology, Japan

JapanjLaser [ o Tibaut .. Derien, HILASE Centre, Czech Republic
Processing Society

Short description:
Japan Laser Processing Society

/o Joining and Welding Research Laser processing is flexible with many tunable parameters such as wavelength, pulse duration, pulse
Institute, Osaka University

energy, and scan speed. Today, these parameters are optimized by human experience and intition.
11-1 Mihogacka, Ibaraki, Osaka
ot In ths special session, to meet the mass customization need in the coming super smart society, we

i discuss alternative approaches driven by data. artificial intelligence. and numerical simulations


http://www.jlps.gr.jp/lpm/lpm2023/sessions/
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For Si, ~3,000 TDDFT simulations with relevant laser pulses have been prepared [~2.7
M-core-hours per year]

® Several materials (Si, Mo, Au, ...)

® Several pulse shapes, pulse mixtures, ...

® Several observables (absorbed energy, currents, harmonic spectra, ...).

® All the work has been systematized into PYTHON & BASH routines for collaboration purposes.

High Power Computation Projects

® [T4Innovations National Supercomputing Center - eINFRA (ID:90140), sub-proj. MORILLE, FLAMENCO, ~
FILIPINAS. J

® PRACE aisbl (projects BOLERO, FRECUENCIA). y : ®
Backup National Grid Infrastructure MetaCentrum eINFRA (ID:90140).

V3B TECHNICKA | IT4INNOVATIONS
|| || UNIVERZITA | NARODNI SUPERPOCITACOVE
[I" osTRAVA CENTRUM
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Open questions Talent competition high-school student (CZ)
® What could be done beyond interpolation /
extrapolation of existing results?
® (Can it help to reduce k-grid space? mesh
space? decrease cost of calculations?
® How many TDDFT simulations are

necessary to train the algorithm? millions?
thousands?

B

Attempts using SKLEARN for now: extrapolation

Of Nexe from ~18 input parameters. Topic: Supervised machine-l§arning orf/ isting
TDDFT datasets for accelerating laser
processing.

Preliminary results

A satisfactory training requires ~100" TDDFT data points in a given set of parameters.
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© Supplementary slides
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n=1,2,3,... replicates. E =0.2 V/nm, A = 1030 nm.

Non-equilibrium band structure

Non-equilibrium band structure
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