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• What
 

do we want
 

to see? Examples: SRO/STO multilayers.
• Data

 
from

 
Plasma-Sources and FEMTO-slicing (Tests before

 
XFEL)

• Ultrafast generation
 

of stress: electrons
 

and phonons (XFEL heat
 

load)
• Ultrafast magnetostriction (magnon-phonon)
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Atomic Movies: Ultrafast XRD



Physics:
• Collective dynamics
• e-

 

-

 

phonon

 

–

 

interaction Excitation 


Non-equilibrium


Dynamics

Soft matter:
•

 

Photobiology

Chemistry:
• Non-adiabatic

 

molecular dynamics
• Quantum chemistry

Microscopic
 

View
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and Reactions
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UXRD

Time Resolved
 

X-ray Diffraction: Experiments

Physics:
• Coherent phonons

 

in Bi

Chemistry:
•

 

nonadiabatic

 

molecular 
dynamics

 

in solution

Biology:
• Photodynamics
of CO in Myoglobin

K. Sokolowski-Tinten et al., 
Nature 422, 287 (2003)

Bild:       M. Wulff

Schotte et al., 
Science 300,1944 (2003)

A. Plech

 

et al. PRL 92,125505 (2004)



Perovskite structure

A‐site cation

 

(Ca, Sr, Ba, Pb, La, etc. 2+)

B‐site cation

 

(Ti, Ru, Mn, Zr, etc. 4+)

Oxygen (2‐)

•

 

Wide range

 

of properties: dielectric, metallic, (anti)ferromagnetic, 

 (anti)ferroelectric, superconducting, thermoelectric

•

 

Present

 

and future applications

 

in data storage, spintronics, electro‐

 optics, multiferroics, detectors, acoustics

•

 

1‐ps‐X‐ray Bragg switch

Multifunctional
 

Oxide Materials



Oxide Nanostructures

MPI Halle: 
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PZT PZTPZTSRO SRO

SROSRO

4nm   6nm   4nm  6nm  4nm

Grown by Pulsed

 

Laser

 

Deposition

Other

 

samples include:

LSMO:

 

(La1/3

 

Sr2/3

 

)MnO3
metallic, ferromagnetic below

 

Tc

 

≈

 

370 K

PZT:

 

Pb(Zr0.2

 

Ti0.8

 

)O3
ferroelectric below  Tc

 

≈

 

750 K

BTO:

 

BaTiO3
ferroelectric below  Tc

 

≈

 

120 K

SRO:

 

SrRuO3 (10 nm)
metallic
ferromagnetic below

 

Tc

 

≈

 

160 K

STO:

 

SrTiO3, (13.5 nm)
dielectric
paraelectric
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Optical
 

Excitation
 

of  Metallic/Ferroelectric 
Nano-Layers

PZT PZTPZTSRO SROSRO SRO... ...

Expectation:
• Excitation

 

of electrons

 

in metal (SRO)
• Expansion of SRO  Compression

 

of PZT  standing

 

Wave
• Layer-thickness

 

/ sound-velocity

 

~ 2 ps

Expectation:
• Excitation of electrons

 

in metal (SRO)
• Expansion of SRO  compression

 

of PZT  standing Wave
• Layer-thickness

 

/ sound-velocity

 

~ 2 ps
Questions:
• How

 

does electron-excitation

 

induce

 

nuclear

 

motion? (e –

 

ph coupling)
• Are specific

 

modes

 

coupled? 
• Magnetisation? Polarization?



SRO / STO multilayer, 

 

pump 800 nm, 40.2 mJ/cm2

probe white light

time
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ob
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w
av
el
en

gt
h

All‐optical data:
 

Transient reflectivity



1. Electronic

 

 excitation

 

(intraband)

2. Phonon

 

 modes

 

and photoelastic effect

 

(dn/d)
3. Interference

 

of light reflected

 

off surface

 

and traveling strain

 

pulse

time

de
pt
h

Spatio‐temporal strain distribution

Phonon Simulations



Ultrafast X-ray Diffractometer

Stroboscope (Pump-Probe):
• Transition states, non-equilibrium
• Resolution 100 fs

X-ray diffraction
• Direct determination of structures
• Resolution 100 fm
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~ 106

 

photons /s on sample
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Glattice +/- Qphonon

(b)

hom. acoustic
deformation

tensile/compressive

 

 

(c)

LA phonon
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Classification

 

of observed

 

changes:



Ultrafast X-ray
 

Diffractometer

Stroboscope (Pump-Probe):
• Transition states, non-equilibrium
• Resolution 100 fs

X-ray diffraction
• Direct determination of structures
• Resolution 100 fm
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Comparison Plasma Source
 

vs. Slicing 
Beamline

 
at the Swiss Light Source
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Convolution

 

Theorem: )()()( gFTfFTgfFT 
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Understanding
 

XRD from Multilayers
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Understanding
 

XRD from
 

Multilayers
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Rocking Curve
 

of Multilayer
SRO / STO multilayer ; X‐ray energy: 5.2 keV
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SRO strain
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I/I118

 

= ‐86%

Drastic changes

 

in 

 only

 

1.6 ps!!
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Rocking Curve
 

of Excited
 

Multilayer
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Suppression of Peaks
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•

 

Nonlinear response

 

to strain

•

 

Spikes rather than oscillations

•

 

Temporal width

 

of 1 ps !!

1 ps 

Switching “on“
 

the Structure Factor
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•

 

Magnitude of shift ~ time and fluence

•

 

Large shifts

 

+ broadening

 

of peaks

•

 

400 nm: asymmetric rocking curves

 

‐> inhomogeneous excitation

800 nm excitation 400 nm excitation
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Conclusion:

•

 

Intensity  →

 

structure

 

factor

 

→

 

(optical) phonon amplitude  (1.4 %) 

•

 

Shift of peaks

 

→ expansion

 

of structure 

 

~ pump fluence

 

and time

•

 

Assymmetry of shift

 

→

 

inhomogeneous expansion 

•

 

Very large structure change directly evidenced by rocking curve

•

 

Application:

 

Manipulate

 

X‐rays

 

on sub‐ps time scale

→

 

Ultrafast X‐ray Switch

 

(< 1 ps, predicted modulation

 

20000%)

Laser
1 MHz, 250 fsBESSY II

Monochromator

XAS

XRD

sample1 ps switch



Origin
 

of Nuclear
 

Motion

Each phonon

 

mode is equivalent to a harmonic oscillator

Electron-phonon-interaction Phonon-phonon-interaction



Mechanism for expansion
 

of SRO

•

 

Independent of wavelength
(800, 1280, 2200 nm)

•

 

Replace

 

STO by

 

PZT and vary 
layer-thickness.

 Delay originates

 

in SRO

•

 

Forced oscillator: 

 

= cSRO

 

/ aSRO

•

 

Rise time of pressure rise

 

= 500 fs 

 Pressure by

 

„hot

 

phonons“

)(
d
d 2

02

2

tF
t

 

Woerner

 

et al., Appl.Phys. A. 96, 83 (2009)



Ultrafast Demagnetisation

Ogasawara, PRL, 94, 087202 (2005) 

Faraday Rotation: Ogasawara

•

 

Magnetisation

 

reduced by 
optical excitation at 800 nm

•

 

Fast component due to electron-

 magnon-coupling in  SRO 
(t < 0.2 ps)

Density of states:

•

 

Stoner-excitation at 
4000 cm-1

 

?

D
en
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st
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:



Negative Pressure by Magnetostriction

•

 

Negative pressure

 

in SRO 
by destroying magnetization

 (magnon

 

excitation)
•

 

This magnetostrictive force 
is nearly instantaneous!
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STO / SRO:
SRO ferromagnetic

 

below

 

TC

 

< 160 K
•

 

Below

 

TC

 

: reduced phonon amplitude 

Korff Schmising, Phys

 

Rev. B. 78, 060404 (R) (2008)



Invar-Effect:

•

 

Neutron scattering

•

 

Higher temperature

 (energy) does not expand 
the lattice

 

at  T < 160 K

•

 

Above

 

T > 160 K 
expansion

 

as expected

•

 

Rotation of oxygen 
octaeder

 

stabilises 
ferromagnetic

 

ordering

Supporting Data: Invar-Effect

Bushmeleva, JMMM, 305, 491 (2006)



Open Questions
• Does electronic excitation couple to specific modes (except

 

expansion)
• What is the role of  specific orbitals and

 

hybridization?
• What is the role of localization, symmetry breaking, domain formation
• What are the relevant coordinates? Oxygen octahedra-tilts?
• Symmetry conserving? Volume-conserving? 

What determines the ultrafast function (structural change)?
• Direct excitation

 

of

 

coherent motion
• Suppression of

 

barrier defined by several coordinates
• More complex

 

(and

 

realistic schemes)

 

Entropy? Domains? 

Reality Pump-Probe
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Summary
• Intensity

 

→

 

phonon amplitude

 

(1.4 %)
•

 

Shift

 

of

 

peaks

 

→ expansion

 

of

 

structure

 

~ 

 pump

 

fluence

 

and time

• Assymmetry

 

→

 

inhomogeneous expansion 

•

 

Very large structure change directly     

 evidenced by rocking curve

• Ultrafast X‐ray Switch

 

(< 1 ps)

• Excitation mechanism

• Vary the PUMP wavelength / fluence

• Electron‐phonon, phonon‐phonon

• Magnon‐phonon interaction

• Non‐thermal population of phonons! 
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Join the team! 
– open positions for PhD or PostDoc! –

Reviews:  
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Kristallogr. 223, 283–291 (2008) 
M. Bargheer, Atombewegung im Röntgenkino

 
Physik Journal 8, 25701 (2007)
M. Bargheer et al., ChemPhysChem, 7, 783-

 
792 (2006)
Klaus Sokolowski-Tinten, J. Phys.: Condens. 
Matter 16, R1517–R1536 (2004)
A.Rousse

 

et al., Rev. Mod. Phys. 73, 17 
(2001)
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