Sub-ns and sub-ps structural dynamics:

a view from time-resolved X-ray diffraction

=)

©

# & ~

28 R s

8.1%/ 3.9 10" @

M7s? [\ 8.5 x 10° 3]

W% M- 2

HgBr;* =0 + @ =

HgBr Br ©

=0 I

74% || 10% B 5

267nm 7.0x 10" M- ©

&

=0—=0@ =0 =0 e
HgB: HgBr,

Claire Laulhé

q UNIVERSITE
PARIS
G’StA’ SOLEIL synchrotron - CRISTAL beamline
Paris-Saclay University (Psud) ittt el




Sub-ns and sub-ps 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. Examples
- Photo-induced phase transition in K, ;M00,
- Ultrafast bond formation in a Gold(l) trimer
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Structural dynamics in physics

e Crystals at thermodynamic equilibrium
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— Experiments in the frequency domain: inelastic neutron scattering, Raman scattering...

e Photo-induced structural dynamics

A E
cond. P eip . . ey . .
Within few 10 fs: electronic transitions in a « Frozen lattice »
At: few 10 fs —> Decoupled electronic and lattice degrees of freedom
valence O — Out-of-equilibrium dynamics
VaVA AVAY. 2 a y
A =800 nm
E=1.55eV

— Experiments in the time domain: time-resolved pump-probe diffraction




- dynamics in physics

Coherent phonons i Photo-induced ph. tr. i

t < few ps : coherent phonons t < few 100 ps : ultrafast phase transitions
L30.4,C89.5sMn O, :33 P.Beaud et al., ,/4
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Exploration of the potential Novel states of matter
in photo-excited states Ultrafast control of the physical properties




Structural dynamics in biology

e Protein dynamics :

Study of the fastest dynamics:

Reaction mechanisms have to be triggered at the same time within ps !

— Photo-induced dynamics
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Leu29—Phe
B helix
E helix E 5
Y ) G heiix
il - '—’_‘;j/;;y— le107
N Par:
CO’M—heme
&7
Fe2+‘/ /;3 .
His9s ) \S¥L /t::v}‘ H helix
&)
Fhelix'

ol DY N )

1944 (2003)

M. Andersson et al., Structure 7, 1265 (2009)

Bacterio-Rhodopsin

)
) 16 ms Intermediate jate
Resting conformation
conformation conformation

Photo-induced changes of conformation
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Structural dynamics in chemistry

e Photo-activated chemical reaction processes

Dissociation and recombination of HgBr,
e+ ©+0
Br Hg Br
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Sub-ns and sub-ps 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
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- Photo-induced phase transition in K, ;M00,
- Ultrafast bond formation in a Gold(l) trimer

: VY, : ‘ o v N _ 7 7
.-._ » } gﬁhlx-c-HéTRom S . DA SR ' )v\/\/\/\’\/\\




Time-resolved pump-probe diffraction

Following photo-induced structural changes as a function of time

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

\‘3}? @ Undulator @
=h @ SULEIL e
SYNCHROTRON
® ®
®

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

randomly

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

microcrystals

— Irreversible processes : liquid jets or serial crystallography at X-FELS —————

& | detector
0

e A crucial parameter : control of At [quality of synchronization]

micro-jet ¥

. Schlichting, IUCrJ 2, 246-255 (2015)

V. Panneels et al., Structural Dynamics 2, 041718 (2015)

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

NW14A beamline - KEK 6tL/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, _ ~250fs

oscC

Diffraction Image Oslay time (100 ps—1 ms)
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 um, 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

/ \

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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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

\ 4! N ;
@[30 |
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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

1

g - ""‘«..___

.
telescope

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
AE/E ~ 10~

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

e 100 fs X-ray pulses (femto-slicing) % 10° E’Eh/‘;togi{) E’gU'Se 10° ph/s

Laser-based sources [repetition rate 1 kHz]
* 100 fs X-ray pulses (plasma source) 10° photons/pulse 10° ph/s
AE/E ~ 10™*
103 electrons/pulse 106 e’/s

* 300 fs electron pulses

10! photons/pulse 10!3 ph/s

e 80 fs X- I
s X-ray pulses NEJE 1003
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Time resolved X-ray diffraction: experimental facts

Oacer = few 10 nm

Q

ser

3

e X-rays and IR photons: differing penetration depths ! "V, obed > Voumped !

sample

¥

Spx ~ 5-10 pum

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

Oaser = few 10 nm

fet
e Electron diffraction: sample is usually thinner than 9§, g I

—»> <«

Sample thickness
typically 10 nm
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Time resolved X-ray diffraction: experimental facts

S,

R

e X-rays and IR photons: differing penetration depths !

ser

o

=few 10 nm

1 Vprobed > Vpumped Il

sample

1
1
1
I
€
<

¥_ - - .

Opy ~ 5-10 pm

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

e Grazing incidence geometry

Fast,
0] gateable detector
i
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 !!




Time-resolved diffraction setup installed at CRISTAL (SOLEIL synchr.)

Ti:Sa oscillator + amplifier
A =800 nm, 40 fs FWHM
500 w/pulse @10kHz, 5 mJ/pulse @1kHz

70 ps
- — | ]
147.6 ns 0] O}
(6.8 MH2) Undulator
X-ray optics: ) S MLH%[R!W )
* Monochromator
— Si(111) [2.4 10 bdwth]
— ML [8.0 10 bdwth] @ @
* Vertically focusing mirrors ®
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Sub-ns and sub-ps 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. Examples

- Photo-induced phase transition in K, ;M00,
- Ultrafast bond formation in a Gold(l) trimer




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

L elk) .
un
—>
[ J [ J [ J [ J [ J [ J [ J [ J [ J [ J [ J [ J [ J [ J [ J
>
Metallic state a
N - —— = - 21 T
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“mha kg 0 ke T/a n 0 ( n (P) F k  kp
e(k)
(o) o o @ 6 00 o o o o (o) @ o o
[ |
Charge density wave state \! [
(CDw) 1A Pe \/
I\ (l o | A
1 | k
_kF 0 kF x
Gain in electronic energy ...At the expense of a moderate cost in elastic energy

CDW systems: strong e-ph coupling

 Diffraction pattern: satellite peaks

k 2k 3 -3-2-1]1:):123
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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-
l\/_ : | Electronic transitions across the CDW gap
_,: 0 kL k [timescale : few 10 fs]
F F

?
e-ph coupling...
\4\'W~w h m Does photo-excitation affect the CDW structural modulation ?
On which timescale ?

* Photo-induced phase transitions: an out-of-equilibrium dynamical process
— Control of physical properties on ultrafast timescales (< 1 ps)
— Discovery of new, intermediate states

Sg gt EJ' VAT
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Ultrafast light control of the physical properties of CDW compounds ?

detector

K 800 nm pump
/ Pump-probe diffraction

7 keV probe ) o
Photo-induced structural dynamics in CDW coumpounds

,,,,,,

8t2 = 8ty + 8, + Stjisrer
Laser Ml Time resolution needed: down to 100 fs
pulse quality of
synch. [ Eph = hw ~ 20 meV = Tosc ~250fs ]

e Use of the synchrotron femto-slicing source at Swiss Light Source

o PAUL SCHERRER TNSTITUTE

i ]
"probe "
branch” fs laser system A pump
hv—e overlap dignostics £+ branch"
™ Variable delay
z i Mono
FE-slits C
i {optional) KB ‘ Detector
T '(optianal)
-y : Radiat
_ ‘Storage ring adiator
s \ Sample
~
Ao N
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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)
L ¥

100+ (15 qb 7_5) +
. .
S \
"= 504 * T
& T, 183 K
3 \
\
% 100 500
T(K)

Isqr  |[ugll®

Uy (x)

Ug: order parameter of the transition

Free energy

1 1
F=C +§r0(T —T.) up? + - up*

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

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

Displacive excitation of the AM:

i~ : :
< 14 0.3 mJ/cm? -
O I uw® _
g 95K up(t < 0)
IS
§= i _(®
5 o2 Adisp [COSZ”VAM(t) e ltam — e /Tdis”]
g 08F :
% Vam = 1.7 THz A F
- 07}
@
N
E 06f | T. Huber et al., PRL 113, 026401 (2014) |
= 0 0.5 1 15 2 25 0
Delay (ps)
_ 2
Isat X ”uOH
Oscillations of the order parameter u in time
un(x) t<o0
- x Ug

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 14 — q] %) - Higher fluences

(a)

MNormalized diffraction intensity I(¢)/1,

0.8t

0.8

o
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* Free energy vs laser excitation [n « laser fluence]

1

1 _t
F=F0 +§lne T_ll U,O2+_U,O4

4

* Equation of motion to be solved:

02

uo(t) i

= —grad F — C,y(t)

G ot2

|

ug(t <0) ot

u(t)

|

Non-harmonic motions of atoms

uy(t < 0)




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

* Time-dependence of the satellite (1 14 — q] %) - Higher fluences

(a)

0.8t

MNormalized diffraction intensity I(¢)/1,

St i

A1 ) F = 0.15 mJiem®

i + "::':' T

F = 0.3 mdfem?

F = 2.1 mdiem?

L3 o T T S L
—HiF *‘F‘nTg'T*“iT—'

F = 3.7 mdicm®
| -.._-E'.'.;Jl -_..} ,_i Y I'_ ":;_,:_-__
0 0.5 1 1.5 2 2.5
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




Sub-ns and sub-ps structural dynamics:

a view from time-resolved X-ray diffraction
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- Photo-induced phase transition in K, ;M00,
- Ultrafast bond formation in a Gold(l) trimer




Tight Au-Au bond formation in [Au(CN),] oligomers

* [Au(CN),]; in aqueous solution

¢

\g QK " Au(l) : [Xe] 4f14 5d10
S ¥ ¢

* [Au(CN),];: photoinduced response

' *
B0 [ 9-Q)
e
aurophilic
bond
__________ antibonding

bonding +
d..c* antibonding
dz e i increase in

—l bonding
(:1;2\& * bonding character
(i) (i) (iii)
SINEJE ||
{ emntin) et

Optical pump-probe spectroscopy:

A, (Au-Au shortening)
TAUCN) T | g

* ~0.5 ps Intersystem

Crossing
3[Au(CN),T,* 2.1 ps Structural
change 20ns A iati
5 ssociaton
3 2] &
310 nm [Au(CN), 1 N\ With [AU(CN), ]
400 nm 3AUCN),1,* - 13 ns

460 nm
TAU(CN) ], AUCN), 1,
Tetramer

R

1[Au(CN), 1,

Linear staggered

Bent structure

N

Discrepancies with
ab-initio molecular dynamics simulations

M. Iwamura et al., J. Am. Chem. Soc. 135, 538-541 (2013)
T. Seki et al., Chem. Sci. 6, 1491 (2015)
G. Cui et al., Angew. Chem. Int. Ed. 52, 10281 (2013)



Tight Au-Au bond formation in [Au(CN),] oligomers

_ o] 1100 um
Lase,
khoo fs, 15 keV J 107/"1\ __________
~100 fs, 267 nm laser pulses X-ray pulses X rays
! [Au(CN), ], in water Timing jitter: 500 fs

X-ray arrival, 0 s

For each time delay: 50 images taken with 80 X-ray pulses

— 4.10% incoming photons

|

K.H. Kim et al., Nature 518, 385 (2015)



Tight Au-Au bond formation in [Au(CN),] oligomers

1S(q)
* Radial integration: )
—q

* Scattering function S(q):

S(q) = ZNafaz + E;CNVNB

— a,[3: atomic species

i sin gr
[Gar)- 175
qr

* Partial pair distribution function g,z(7):

Jap(r) = Ncacﬁ 47Tp0r2 Z Z — ‘B

— Number of 3-type atoms at distance 7 of an a-type atom

Y
[
l'“

1t

“.lh.‘."l‘ |“



Tight Au-Au bond formation in [Au(CN),] oligomers

* S(q) = S(q)solute+cage + S(@ sowent
f

a,f=H,0
Dominant term !

a,f=Au,C,N,HO
Dominated by Au-Au contributions

¢ AS(q,t) — S(q)t) _S(q't < 0)

AS(Q: t) = AS(C[, t)Au—Au + AS(Q: t)solvent

l

Determined by a separate
solvent heating experiment

Radial intensity, r°S(r) (a.u.)

FT
* AS(q,t) py—nu = A9 au-au(™, 1)

& gAu—Au(r: t) e gOAu_Au (r) at: AgAu—Au(r: t)

K.H. Kim et al., Nature 518, 385 (2015)
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Tight Au-Au bond formation in [Au(CN),] oligomers

Ps
-800 fs

P13.58 AP2 )
1 5.56 A

o o
: ‘\0 <500 fs (Bent-to-linear relaxation & Au—-Au shortening)
\34 <500 fs (Au—Au shortening)

Sl lsoo fs (Intersystem crossing)
&
2

Ty \ Vo) PP
1.6 ps (Au—Au shortening) ° 2] % €

2.1ps (Bent-to-linear relaxation) = =—=)
T, L

v
3 ns (Tetramer formation) L ‘
2 ns (Tetramer formation)

e tetramer T, l

e ® 13 ns (Intersystem crossing)

N &Y 100 ns tetramer S,
e ©

Reaction progress

Energy

Radial intensity, r°S(r) (a.u.)

Ultrafast change from bent to linear configuration,
within 500 fs

r (&) K.H. Kim et al., Nature 518, 385 (2015)




Thank you !




