Irreversible® material dynamics
studied with time-resolved X-ray scattering
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Pressure
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= strong thermal & mechanical nonequilibrium

Strong laser-excitation of solids

e strong electronic excitation (fs)
= changes of interatomic forces
non-thermal processes
e rapid heating (=~ ps)
= states at high (T,P)
= overheating & melting

= solid-plasma transition

e material expansion & cooling (10 ps - pus)
= ablation
= supercooling & rapid solidification

= mesoscale structure formation

SFB
1243




Applications of ultrafast lasers
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Time-resolved wide- and small angle X-ray scattering:
Optical pump — X-ray probe experiment
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Outline: e ultrafast melting in fs-excited Fe
e fs laser ablation
e |aser-induced period surface structures (LIPSS)
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fs laser-induced melting of Fe

1243



Strong laser excitation: Covalently bonded materials vs. metals

covalently bonded materials: metals:

chemical: solid state:
bonding orbital 2 : S : 8 : ; : :

Frequency (THz)

V. Recoules et al., PRL 96, 055503 (2006)

see: R. Ernstorfer et al.,

Ty
phonon hardenening?! (. 353 1033 (2009)

imaginary frequencies

J.C. Philipps, melting of (“simple”) metals:
“Bonds and bands in semiconductors” |attice destabilization thermal pI"OCESS! I
= ultrafast disordering electron phonon coupling SFB
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Why Fe?

reason 1: solid-solid transitions
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=> talk by R. Sobierajski

reason 2: very strong electron-phonon coupling
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Rothenbach et al., PRB 100, 174301 (2019)

Coupling per electron (W/mS/K)
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https://de.m.wikipedia.org/wiki/Datei:Pure_iron_phase_diagram_(EN).svg
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Ultrafast melting of metals
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Antonowicz et al. Acta Mat. 276, 12043 (2024)
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Mo et al. Science 360, 1451 (2018)

see also: Assefa et al., Sci. Adv. 6, eaax2445 (2020) SFB
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fs laser-induced ablation (of Au)




Fundamental aspects of laser ablation

laser ablation: t.r. imaging: fs-excited Si KST et al.,PRL 81, 224 (1998)

* removal of macroscopic
amounts of material

* transition from condensed
phase into volatile state.

short laser pulse
(100 fs = 1013 5s)

v

~ 10-100 nm

a

ablation

crater t.r. interferometry

i
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/m t“ amplitude phase

GaAs (1.8 ns) = transparent ablation plume
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Large scale molecular dynamics

(L. Zhigilei et al.)
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Laser-Induced Periodic Surface Structures (LIPSS)




LIPSS: periodic modifications of laser-irradiated surfaces

" LSFL- Low spatial frequency
LIPSS
A=A

HSFL- High spatial frequency
LIPSS
ALK A

JLAH \

' o — J. Reif, Surface Functionalization by Laser-Induced Structuring,
Fused S|I|ca in: Springer Series in Materials Science 274, 63 (2018)
e T M LYt depend on ...
Ve . : -
* material night vision 10MP sensor (sionyx.com)

* polarization

* pulse duration
e fluence

'

AN
,}\‘ x PN ¢ number of pulses
Pr——— T \e\}%\\\.&\\ ‘i;”‘\"g  environment
= AHRERERepR .

J. Bonse & S. Graf, Laser & Phot. Rev. 14 2000215, (2020)
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electromagnetic interactions
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LIPSS: mechanisms
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adapted from: O. Varlamova & J. Reif, J. of Laser Micro/Nanoengeering 8, 300 (2013)

both processes contribute

see: A. Rudenko & J.-P. Colombier in “Ultrafast
Laser Nanostructuring - The Pursuit of Extreme
Scales”, Springer Series in Opt. Sci. 209, 257 (2023)

essentially no time-resolved information on the relevant (nm/sub-pum) length scales

ts



LIPSS on Ti: t.r. small-angle X-ray scattering (SCS@EuXFEL)
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