(Ultra)fast structural dynamics:

a view from time-resolved X-ray diffraction
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(Ultra)fast structural dynamics:

a view from time-resolved X-ray diffraction

I. Scientific motivations

Il. Pump-probe diffraction
- Principle
- Time resolution & synchronization
- Short X-ray pulse sources
- Specific geometrical constraints

lll. Example

- Photo-induced phase transition in K, ;M00,
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Structural dynamics in physics

e Crystals at thermodynamic equilibrium

g 5 -w:;
Piniiil § ‘
Atomic displacements : sum of normal modes 44 ;£. w(k) | optical

Longitudinal mode acoustic
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§ﬁ4&:£§§ Phonon spectrum (a), E)l
Transverse mode
— Experiments in the frequency domain: inelastic neutron scattering, Raman scattering...
e Photo-induced structural dynamics
+E Within few 10 fs: electronic transitions in a « Frozen lattice »
cond. o —> Decoupled electronic and lattice degrees of freedom
— Out-of-equilibrium dynamics
At: few 10 fs
valence () ?
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—'J\I\,\‘\[\» electrons “
A =800 nm [-] m
E=1.55eV
— Experiments in the time domain: time-resolved pump-probe diffraction
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-al dynamics in physics (1/2)

Coherent phonons i Photo-induced ph. tr. i

t < few ps : coherent phonons t < few 100 ps : ultrafast phase transitions
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Structural dynamics in physics (2/2)
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Time-resolved pump-probe diffraction

Following photo-induced structural changes as a function of time

At RX
+ 70 ps to 100 fs :I/
A J

e SULEIL e

SYNCHROTRON

e One pump-probe cycle <> diffraction signal too low !

— N pump-probe cycles needed for each At: study of reversible processes o

oriented
microcrystals

Q
— Irreversible processes : liquid jets / serial crystallography at X-FELs ———— ¥

o

&1 &| detector
0
micro-jetT
‘ . I. Schlichting, IUCrJ) 2, 246-255 (2015)
N [ : I V. Panneels et al., Structural Dynamics 2, 041718 (2015)
U

T. R. M. Barends, Science 350, 445 (2015)



Typical layout for pump-probe diffraction

NW14A beamline - KEK StL/RF Timing module X-ray Laser
o s pulse pulse
Ti:sapphire laser . |

6t2 - 6tX2 + 6tL2 + 6tX/RF2 + 6tL/RF2
L

jitter terms (few ps)

¢ Atomic vibrations: E=fiw ~20meV =T, _ ~ 250 fs

oscC

Diffraction Image Delay time (100 ps—1ms)
H. Ihee, Int. Rev. Phys. Chem. 29, 453-520 (2010)

— Need for time resolutions of few 10 fs

eCommercially available Ti:Sa lasers (1990 —): ~ 40 fs pulses @ 800 nm [1.55 eV]

few ml

Non-linear optics:
11.36 ns
<>

Oscillator Amplifier 1
88 MHz few nJ 1 kHz > far-infrared <> ultraviolet
(20 pm, 60 meV) (60 eV, 20 nm)

Chirped pulse amplification
G. Mourou, D. Strickland (2018 Nobel Prize in physics)




X-ray pulse sources

e Few 10 ps pulses from synchrotrons

RS bunch length [pe)
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Bunch modes for time-resolved experiments at SOLEIL

Measurement bay 4th 2012 [SOLEIL)
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Modes dedicated to time-resolved experiments:

Isolated bunch with high current
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Enables pulse selection Optimized count rate
from selected pulses




X-ray pulse sources

e Few ps pulses from synchrotrons: low-a mode

Normal operation:
* Optics optimized for a low-emittance electron beam

* Dispersion of E,- = dispersion of e revolution period
* Elongated e bunches, longer X-ray pulses

M.-A. Tordeux et al., Proc. IPAC 2012, 1608 (2012)
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X-ray pulse sources

* 100 fs X-ray pulses from synchrotrons: femto-slicing sources (1995 —)

Co-propagation of an electron bunch
and a laser pulse in a wiggler

= -
e EEv+£0
< — Modulation of electron energies in the overlap zone
S e A, =4
il;atﬂ::::le/ Zholents and Zolotorev, PRL 76, 912 (1996)
MgF, \  modulat Dipole R.W. Schoenlein et al., Science 287, 2237 (2000)
window modutator magnet trajectory of the modulated electrons A. Cavalleri et GI., Nature 442, 664 (2006)
/, . P. Beaud et al., PRL 99 174801 (2007)
o ,';adlator
/ Wiggler Movable
w164 trajectory of the dla;;ragm
core electrons Undulator
u20 PS o /] 103 ph./pulse
)("Ey @1kHZ
facer CRISTAL 100 fs duration
800nm, > ~ Hiiten
5mI@1kHz EXT:; Xl:!D
= :
SCXE E —, BESSY (soft X-rays), ALS, SLS & SOLEIL (hard X-rays)
U v - .



e 100 fs X-ray pulses: X-FELs (2009 —)

* Short electron pulses produced by a laser-driven electron
gun [N electrons]

* Propagation in long undulators (100 m) [M poles]

* Electron beam bunching
— Coherent emission of all the electrons

I < N? x M?: very high flux
80 fs hard X-ray pulses

... LCLs,Stanford

B.W.J. Mc Neil and N.R. Thompson
Nature Photonics 4, 814 (2010)

1011 ph./pulse
@100Hz
80 fs duration
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-ump-probe diffraction: laser-based sources

* X-ray plasma sources (1994 —)

lead door
on air cushion interaction

chamber

\J.ff
plastic tapes /
(debris protection) -ray

- voptics

Cu tape

goniometer
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g - ""‘«..___
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Laser: T —
1kHz 3515, | | |§
d

|
I
5mJ elay line

-] Plasma source &
" X-ray tube

on translation
stage

* Laser pulse onto a copper target

* Indirect ionization of Cu atoms

* Emission of X-rays with K, (Cu) wavelength [1= 1.54 A]

103 ph./pulse
@1kHz
100 fs duration

e Ultrafast electron diffraction (2003 —)

tripler

* Frequency-tripled Ti:Sa laser pulse (A =266 nm)
* Pulse-driven photocathode — photoemission

* Acceleration to ~ 60 keV [A1~ 0.05 A]

103 e’/pulse
@1kHz
300 fs duration

* F. Zamponi, Appl. Phys. A 96, 51-58 (2009)

A. Rousse et al., PRE 50, 2200 (1994)

. A. Rousse et al., Nature 410, 65 (2001)

W.-X. Liang et al., Chinese Phys. Lett. 26, 020701 (2009)
R. Srinivasan et al., Helvetica Chimica Acta 86, 1761-1799 (2003)
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Pump-probe diffraction : typical photon or electron fluxes

Synchrotrons [repetition rate 1 kHz]

¢ 80 ps X-ray pu|5es 106 photons/pulse 10° ph/S
AEJE ~ 10~

* Few ps X-ray pulses (low-a) 10* photons/pulse 107 ph/s
AE/E ~ 1073

* 100 fs X-ray pulses (femto-slicing) % 10° ;Eh/‘;togi{) ?3“'59 10° ph/s

Laser-based sources [repetition rate 1 kHz]

e 100 fs X-ray pulses (plasma source) 10° 327;0“150/_ BU|Se 10° ph/s
103 electrons/pulse 106 e’/s

* 300 fs electron pulses

10! photons/pulse 1013 ph/s

* 80 fs X- I
80 fs X-ray pulses AEJE ~ 103

{ma
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Time resolved X-ray diffraction: experimental facts
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e X-rays and IR photons: differing penetration depths !

1
1
1
I
€
<

ser

=few 10 nm

I Vprobed > Vpumped Il

sample

¥_ - - .

Opy ~ 5-10 pm

[Typical values for hard condensed matter, 7 keV X-ray photons ]

e Grazing incidence geometry

Fast,
0] gateable detector
L
20 um [typical] :.. .
® i 1°0 : ___Ee’i’_’_‘_'_'_'_'.’} Sy ~ 150 nm

Il Loss of effective time resolution from the
difference in relative arrival times between
the pump and X-ray beams !!
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Atomic structure of blue bronze (K,;Mo00;,)

* A quasi-one-dimensional conductor...

o, =0.5-10 [Q.cm]?

MoOg octahedron

op =3 102 [Q.cm]?

...which undergoes a transition to a charge density wave phase at 183 K

= J. Graham and A.D. Wadsley, Acta Cryst. 20, 93 (1966)
) t r I G. Griiner, “Density waves in solids”



Formation of a charge density wave - Peierls model

* A metal-insulator transition driven by a periodic lattice distortion
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CDW systems: strong e-ph coupling

* Diffraction pattern: satellite peaks
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Appearance of a charge density wave in blue bronze (K,;Mo00,)

* K,3Mo00;: satellite peaks @ (h k I) + (1 qp %)

S. Girault et al., PRB 39, 4430 (1989)
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Ultrafast light control of the physical properties of CDW compounds ?

e(k)

Photo-excitation @ 800 nm
A =800 nm : :
hv =1.55 eV I I

ANNANNNN>- 1A
\/‘L | Electronic transitions across the CDW gap
_,: 0 kL k [timescale : few 10 fs]
F F

?
e-ph coupling...
w\lWVW “ m Does photo-excitation affect the CDW structural modulation ?
On which timescale ?

* Femto-slicing source @ SLS:

APD detector 800 nm pump

Count rate: 2 ph/s...

Ko.3MoO3 delay ¢
cooled to 95 K

: = 3 A T. Huber et al., PRL 113, 026401 (2014)
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Coherent structural dynamics in blue bronze (K,;Mo00,)

» Time-dependence of the satellite (1 14 — qp] %) - Low fluence

Displacive excitation of the AM:

B . — 0.3 mJ/cm? ]
I ] e @ . ® ® 95 K uO(t) —
1 1 uo(t < 0)
| _®
> Adisp [COS 21V (1) e Tt — e /Tdis”]
08} .
Vam = 1.7 THz A F

Normalized diffraction intensity 7(t)/1,

0.7
06f | T. Huber et al., PRL 113, 026401 (2014) |
0 0.5 1 1.5 2 25
Delay (ps) t~0
_ 2
Isat X ”uOH
Oscillations of the order parameter u in time
un(x) t<0
- X uO

Amplitude mode (AM) of the CDW

%herent harmonic motions of atoms in their quasi-equilibrium potential



Coherent structural dynamics in blue bronze (K,;Mo00;)

* Time-dependence of the satellite (1 [4 — qp] %) - Higher fluences

(a) ]

0.8t

e F= 1mJ/cm?

ik

— The recovery time of satellite peak intensity increases

o
m

— Coherent oscillations: hardly observable

o
]

2
m -

o
=)

MNormalized diffraction intensity I(¢)/1,

04 B « F> 1mJ/cm?
F = 2.1 mlfom? — No recovery of satellite peak intensity within 10 ps
— Oscillation frequency doubled w/r to the low fluence case
0.8 F = 3.7 mlicm?

06}

o4l = P gy M i i
TR i

Significant changes of the atomic potential surface

[IJ 0.5 1 1.5 2 2I.5
Delay (ps)

|

T. Huber et al., PRL 113, 026401 (2014)




Coherent structural dynamics in blue bronze (K,;Mo00,)

» Time-dependence of the satellite (1 [4 — qp] %) - Higher fluences

(&) ] :: :

0.8}

1 fo * Free energy vs laser excitation [ « laser fluence]

0.8
t"i U.ﬁ-. F F 1 l _E 1] 2 1 4
= - = —_ T — —
e 0+2ne Ho +4u0
% 0.8
= |
% 0.6}
=
2 04 . .
E e * Equation of motion to be solved:
E 0sl F =21 mdlem?
a
E 0.6 02u0 (t) dF C 0u0 (t)

0.8 F = 3.7 mdicm?

06}

B S S Non-harmonic motions of atoms

IEJ 0.5 1 1.5 2 2I.5
Delay (ps)
= T. Huber et al., PRL 113, 026401 (2014)
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Coherent structural dynamics in blue bronze (K,;Mo00;)

» Time-dependence of the satellite (1 [4 — qp] %) - Higher fluences

(a)

0.8t

MNormalized diffraction intensity I(¢)/1,

" :.: 5 it
F = 0.15 mdicm?®

i : '-::':' T

F = 0.3 mdfem?

- - oy PR T % T
S e = e e
oY e .

h

F = 2.1 mdiem?

0.5

1 1.5 2 2I.5
Delay {ps)

* Origin of the fast oscillations above 1 mJ/cm??

Free energy

17 _t 1
F:Fo‘l‘z[ne T_ll u02+Zu04

Ultrafast change of atomic potential symmetry




Thank you !




