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Motivation

Dynamics, Correlations and Coupling

INn Ultrafast Phase Transitions
In Condensed Matter:

Transition from microscopic to
macroscopic behaviour
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‘ Ballet dancing: choreography of complex motioj

[ photos: www.staatsballett-berlin.de ]

o

... coordinated motion due to mutual vision andmusical rhythm ...
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‘ Biology: the formation process vast oceanic fish shoif

[figures: www.seatops.com] [N. Markis et al., Science 323 (2009)]

e In the beginning the fish are widely distributed in adiffuse low-densitylayer close to seafloor
e Shoal formation istriggered by reduction in light level (external stimulus)

e Shoals evolve from small, isolatedatalyzing clustersto extensive, dense horizontal layers

e Having reached acritical population density, coherent shoal-forming wave appear

e Vast shoals migrate bysynchronous swimmingof hundreds of millions of individual fish

e Vast shoals remain stable in the night andlissipateas light levels increase with sunrise

o %
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Choreography: timescale of coherent motioj

Ballet dancing: ~ 102 - 10' s

A AVAV AT

Spin wave (magnon) excitation:~ 10~ 13 - 10'? s
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‘ Correlated Structural and Electronic Dynamics in Complex Materials.

Goal: Resolve correlated dynamics: lattice, charge, orbital andpin order
real time & atomic resolution
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e Lattice dynamics: (time domain & atomic resolution): 7,,;; ~ 100 fs (vibrational period)
e Electron dynamics: (charge-, orbital-, spin-order): 7._,; ~ 1 ps (e-phonon);
\ Te—e =~ 10 fs (e-e scattering)re —corr ~ 0.1 fs (e-correlation)
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... warning: even simple mechanical systems exhibit complex behaviouegending on the boundary
conditions ...
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This lecture is mainly about our R & D work

- work in progress -

Laser-pump / X-ray-probe Experiments

Femtosecond Probing of
Long-Range Order

In Solids with
Non-resonant and Resonant
X-Ray Scattering




-

\ Outline of the lecture .

- Motivation

- Why study strongly correlated systems & perovskite structire ?
- Short remark: stimulated non-equilibrium phase transition

- All optical pump-probe: reflectivity & TR-MOKE

- Femtosecond X-rays generated with undulators & relativi$ic electron beams

('generation at slicing sources & XFELSs, synchronization,iming )

- Femtosecond grazing incidence X-ray diffraction

( experimental set-up & technique, coherent phonon dynami)

- Laser-pump / X-ray-probe: hard X-rays

( Slicing source: non-resonant diffraction on manganites )

- Laser-pump / X-ray-probe: soft X-rays

( Free electron laser : resonant diffraction on multiferroics )

- Summary & conclusions

o




Why strongly correlated systems
& perovskite structure ?
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‘ Effective One-Particle Approach< Electronic Correlations I

Dynamics is becoming accessible by DMFT theories

time averaged
electron density

i
T

|': Coulomb WW
= correlations

‘ngtice pot.

delocalizing effects & localizing effects
Kinetic energy: T Coulomb repulsion: U
FM metal & AFM CO-0OO0 insulator

Tuning between these two phases: chemical substitution (dong), lattice strain,
magnetic field, electrical field, . . .

~
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\ Transition Metal Oxides with Perovskite Structure .

... display a broad range of interesting phenomena, includhg ...

Ideal Perovskite Structure

(Cubic)
4
/; MnO,
|
/
Electrical High-T . Superconductivity (HTSC)

Cuprates (Bednorz & Miiller, Nobel Prize 1987 )

Magnetic Colossal Magnetoresistance (CMR)
Manganites( — GMR: Fert & Griinberg, Nobel Prize 2007 )

Electrical & Magnetic Multiferroicity

\
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‘ Manganites: Insulator-Metal Phase Control - Pry 7Cag 3sMnO 3 I

Laser pulse

-
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High-T . Superconductivity.

Light-Induced Superconductivity in a
Stripe-Ordered Cuprate

D. Fausti,u*lj R. I. Tobey,’+§ N. Dean,? S. Kaiser,* A. Dienst,” M. C. Hoffmann,* S. Pyon,’
T. Takayama,” H. Takagi,>* A. Cavalleri***

One of the most intriguing features of some high-temperature cuprate superconductors is the
interplay between one-dimensional “striped” spin order and charge order, and superconductivity.
We used mid-infrared femtosecond pulses to transform one such stripe-ordered compound,
nonsuperconducting La; g75Euq 35rp.125Cu0y, into a transient three-dimensional superconductor.
The emergence of coherent interlayer transport was evidenced by the prompt appearance of a
Josephson plasma resonance in the c-axis optical properties. An upper limit for the time scale
needed to form the superconducting phase is estimated to be 1 to 2 picoseconds, which is
significantly faster than expected. This places stringent new constraints on our understanding of
stripe order and its relation to superconductivity.

[ D. Fausti et al., Science 331 (2011) 189. ]

- this topic will not further be discussed in this lecture -
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Phase Control in Multiferroics '

[ N. Spaldin and M. Fiebig, Science 309 (2005) ]
strain o « stresse / electric field E <~ polarization P / magnetic field H+« magnetization M

Magnetoelectric multiferroicity:
coexistence of spontaneousrroelectricity and ferromagnetism

o %
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Phase Control in Multiferroics '

Thermodynamic expansion of the free energy:
Landau theory framework, approached by the expansion of free energy for a
magnetoelectric system, 1.e.

l .
5 HomiH ity — o EiH;
(1)
1 1 1 o
- Eﬁff*beE'Hff - El’rﬁfﬁ'Hifﬂ;’bk — -,

1
F(E.H) = Fy — PiE; = M{H; — Seoe EiE) -

Derivatives provide polarization P and magnetization M:
effects parameterized by tensors g and y (see [25]). Then the polarization is
ol

P(E,H)= M: = P} + eoeijiE; + ajHj + = ﬁ,f,r\H Hy + yipc HiE; + - (2)

and the magnetization 1s

Ja 1
M(E,H) = —— = = MS + popiiH; + o E; + B HE; +2y”;\b E; + - (3)

( i

Linear magnetoelectric effect: componentsy;; of tensor o for P and M [ M. Fiebig, J. Phys. D: Appl. Phys. 38 (2005) ]

\@ Recent demonstration of magneto-electric coupling in ToM®3 (static): [H.C. Walker et al., Science 333 (2011)]/
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Motivation

The essence of Turning
Physics into Technology
Relies on Control:

electricity with magnetism
magnetism with electricity
elasticity with magnetism

etc.
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Multiferroic ErMn 5,05: Manipulating Magnetic Moments with Electric Fields

[Bodenthin PRL 100 (2008)] [Cheong & Mostovoy Nat Mat 2007]
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Spontaneous electric polarization P // b-axis at &1 = 39.1 K induced by non-collinear magnetic moments

(a) Static RESOXS on magnetic (1/2 0 1/4) reflection at Mn t-edge: temperature dependence
(b) Intensity difference due to (static) electric field

Future plans: use half cycle THz E-fields for ultrafast switdiing
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Short remark: stimulated
non-equilibrium phase transtition




Non-equilibrium phase transitions.

space

time

—— e :
A B A B

Thermal equilibrium:
|dealized state where all the memory about the initial statas lost due to relaxation processes
Microstates A, B, C: Dynamics obeys detailed balance

0

Nonequilibrium:
Dynamic, involving flow of time, on equal footing with spatid coordinates
Microstates A, B, C: transitions occur only clockwise, stabnary state out of equilibrium
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Stimulated (Photoinduced) Non-Equilibrium Phase Transitons.

equilibrium & ?
C

electric
1"44“ field
hv

2@

'. charge
Hrhid
saapreni
bital —% spin
——

%  lattice
_."-‘.-.-: R
3 B f e
emperature s S

pressure

I

Lattice
(heat bath)




‘ Fingerprint of a nonthermal effect I

e pUMp - pulse: polarization dependence

e double - pump: ultrafast coherent control

- We have demonstrated this forcoherent phononexcitation (see later) -

- Later it has also been shown forcoherent spin waveexcitation -
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‘ Double-Pump: Ultrafast Coherent Control of Spin Waves.

Faraday rotation

IR induced spin waves in DyFeG;

N I T I T I T I T I
- ‘ Pump to amplify

ump to stop
~ (a)

- %

Amplification

(b):

1 ]
Stopping

- | - (e)]

0 40 80 120
Time delay (ps)

[ Kirilyuk et al., Rev. Mod. Phys. 82 (2010) ]

o

Faraday rotation,

o

Faraclay retation,
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pump-probe

— all optical: reflectivity & TR-MOKE

— laser-pump / X-ray probe




‘ Pump-Probe Measurementi
APD
.l

‘D“”_?D i '\_\(\?52)
L At

“ LCMO
probe film

- pump- or probe-pulse: laser, X-ray, electrons, E-field, Hfeld, ...
(... choose any combination ... depending on the experiment )

"Start - Stop” type of experiment

( reminds us of time-of-flight measurements, but we don’t us&@AC conversion )

- trick: convert time-measurement At — distance-measuremeniA d
( < use optical delay line:c ~ 0.3um/fs)

- pump-probe time delayAt — Ad=c- At/2
(At=3fs~ Ad=1um)




‘ Pump-Probe Measurementi

laser-pump / laser-probe laser-pump / X-ray probe

cel Si

reren
. diOdemEgcube polarizer
laser: 100fs, 800nm, 1kHz G J
— . o
‘ v #
57 &
x-rays: 140fs, 7.1keV, 2kHz g Delay
Ti:sapphire laser =% o e ii ’
800nm, 29-290 kHz w: —
b I‘ i Focusing miror Multi-Layer l ) S T
shaker 19 HzI delayline Delay
[ Uni Konstanz | [ FEMTO /PSI]

- Time-resolved data are recorded as a function of delay time\ t between pump and probe

- Stroboscopic measurement over millions of shots: samplecovery timeTyecov << 1/frep—rate
- Time resolution: A 7 = Tpump T Tprobe T A Tsyn—jitter T A Toyn_drift
- Task: measure pulse lengths, and the uncertainty A 75 due to synchronization jitter and drift

- In the IR/optical regime, non-linear effects can be emplogd

- But: cross sections for non-linear effects (i.e. parametc conversion) in the x-ray regime are very small

\ [ P. Eisenberger et. al., PRL 23 (1969); PRL 26 (1971) ] /
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Example 1: All Optical Reflectivity Measurements
- Coherent Phonons in Charge Density Wave System Tige

i

E L L] @
— L ] L ] L]
N ety (b)
P50 K \/./—P‘\E ° L L] [
e 2 g @ Fille | * i
057195k |\~ £ e o o
. 150k N\ 20 40 60 80 100 120 140 T R R
1t i Temperalure (K il gl
S M L Tomperwo) il g AT
s 120K \ N\~ . " . "
X 15 \/ e e N S =8 -8 - 5e top layer
E ' __QGK 3 /\,f‘”"“‘ b ®c @ - Se bottom layer
T, 4 . F
T -of 0KV Y. y
< ' N
1T
I_
—3
=
Q
o
=52
3
. s L ' '
0 2 4 0.05 01 015 02 0.25
delay (ps)

Incident fluence (mJiem 2)

[ Vorobeva et al., Phys. Rev. Lett. 107 (2010) ]

- Optical reflectivity measures the variation of the dielectic function in the material
- Microscopic mechanism=- timeresolved X-ray diffraction (TR-XRD) to track the atomic positions




Example 2: All Optical MOKE Measurements
- Demagnetization Dynamics in Ferromagnetic Ni -

time-resolved magneto optical Kerr measurement (TR-MOKE) magnetization Ni

SHG

MM,

sample with
selenoid

|, e =t
. % L A - o ”
o B Yl o
R T g
3 i e s v Al
. e
), 7
N o -
Rein & o
- *
L0 O
~ 1 1
0o 1 2 4
probe .
Celay (ps)

[ http://www.physik.uni-kl.de ] [ Koopmans et al., Nat Mat 9 (2008) ]

- The Kerr rotation and ellipticity depend in first oder linea rly on the sample magnetization
- Different transition probabilities of spin-up and spin-down electrons forleft & right polarized light

- Microscopic mechanism = timeresolved resonant X-ray diffraction (TR-RXRD) to track the electronic
and spin states in an element specific manner
—- timeresolved X-ray circular dichroism (TR-XMCD) to track the orbital
and spin states separately in an element specific manner

o /
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Example 3: All optical measurement onPhonon-Magnon Coupling
- Coherent Optical Phonons and Parametrically Coupled Magwons -

0.2 i . - 0.02
| @ ARRx10 +“| OF
e ﬁr & - 0.01
lid ) & L @
2o SETYRVETETA A Al T -
[=] | [ T4 %e % i =
2 BIRIR A =
L~ 1 I + ¥ t —— Deven,asc [-0.01
m L1 £ A [ -
= g | l 3 dd.osc
o | ¢ gl |
o -0.2- ‘ 5 0.02
g ] | : /‘ ‘
.-E - l L ﬁ E s 3 ‘k“"u. e
2 L 74 & o3 s [ 002 @
E | T.“' pet Frequency(THz) F e
3_'0.4— 'ip* | 1 *u +*‘ & ﬁ y. W . . 0.00 E
_ SETATAVA A A Aaited
F-0.02
0.04
-0.6
2 3

Pump-probe delay (ps)

[A. Melnikov et al., PRL 91 (2003)]

- Optical phonons as driving mechanism to coherently excitéhe spin system in Gd at 3 THz
- Even (odd) reflected SH intensity measures the pump-indudespin (magnetization) dynamics

- Finite transfer time between lattice and spin system belowime resolution < 100 fs




Femtosecond X-rays generated with
undulators & relativistic e-beams

— laser sliced or compressed e-beams

— femtosecond polarized x-rays




‘ Femtosecond (fs) X-rays: fs electron bunchks- fs X-ray puIseI

- Generation of a fs electron pulseicopressingor slicing a long bunch

- Method: manipulation of relativistic electrons in phase pace

energy modulation of the e-bunch with

compressing: E-field

f cavity field (correlated energy transfer)
slicing: E-field

optical laser field (resonant energy transfer)
energy-momentum dispersion in a

compressing: B-field < magnetic compressor
slicing: B-field < slicing spectrometer

- Generation of a fs X-ray pulse: undulator radiation

energy-momentum dispersion in &

compressing: XFEL facility < ampl., coh., lin & circ pol., fs X-rays
slicing: slicing facility < spon., incoh., lin & circ pol., fs X-rays
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‘ Femtosecond Slicing Source FEMTO at SLS: 5- 12 kel

Resonant laser-electron interaction in a static undulatomagnetic field:
1. step: modulator 2. step:dispersion 3. step:radiator

s|N|s|N|s|N[S|N

laser energy modulation pulse separation

[ R. Schoenlein et al., Science 287 (2000); S. Khan et al., PRE (2006); P. Beaud et al., PRL 99 (2007) ]
- Only the laser electric field (~ 10'° V/m) couples to the electrons

\ - Highly relativistic electrons: laser magnetic field (v 30 T) does not affect the electron trajectory

\

/

35



Femtosecond Soft X-Rays & Flexlibe Polarization: 0.5 - 2.5&V

BESSY slicing facility APPLE Il undulators: lin / circ pol me asured Stokes parameters
1. mode: linear horizontal polarization 2 mode: cirouar polarization 1 ==z : B
Linear 8= Shifi=0 Ciredar: 1 Shifi=Aé4 i ";Zf- Eo /" >('_

0 1 2 3 4 5m

2 L R

s e
B

I e, Sl ad

3. mode: vertical linear polarization 4. mode: linear polarization wder various angle ;)5 3 /\.
Linear =1 Shifih/2 shift of magneti c rows antiparallel 025 \l
0

2025 < -
_EEETET | _EaEe AT S
05 E o ;.

ot it 0.75 :
B — -0
1 Na
0 0.1 02 0.3 0.4 0.5

[S. Khan et al., PRL 97 (2006) ] [J. Bahrdt et al., NIM A 467 (20Q) ]
Example TR-XMCD: fs demagnetization in ferromagnetic Ni - in & orbital momentum dynamics

Stokes Parameters S, S,
s
e 5
o
[ i W
©
@
3

(@) q
g 03} 5 2 f
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— 2
e $ 02
€ :
2 :
; %;01—..\'“7.. 500[“)
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< ol E,E'MW
e e e ? oo
Il Il
8|-b)
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E ~-2<LS> b /F%
m - A
E ——— 2 4 &&
g = - A
@ /’/ e S 2F
\’ ) LA
2 (_ electron 3 ) AN v
[y SN :8 = ~magnetic 2
o8 l J field T,
o ! 2 nucleus 1e 0 1 2
Time delay (ps)

Time delay (ps)

[ Ch. Stamm et al., Nat Mat 6 (2007); Phys. Rev. B 81 (2010); I|.&lu et al., Nature 472 (2011) ]
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FEMTO Slicing Source: Laser-Pump/X-Ray-Probe Experimens (200 fs).

-

Modulator

Storage Ring

Dingrastivs
i aeee
Slice Pulse |

Amplifier 11

Femtosecond
Laser System

Dscillator

Amplifier |

i Dr@l_gnrlz:hr; |
Prmp Pulse

.Y

| Experimental Chamber
\ ) Sample (foil, liquid jet)

! " Gated Detector (APD, MCF, Pixel)

Laser-synchronization: cavity feedback Electron orbit: position feedback & top operation

D11 D12 BPM-1 BPM-2 D21 D22 XBPM-1 XBPM-4

C TR T

Feedback systems < Spatiotemporal stability [G. Ingold, AIP Conf. Proc. 879 (2007)]/

37



‘ Pump-Probe Experiments - Laser Slicing Source - Synchronation I

960ns camshaft

B L3
hv X-rays |IIII | | bunchtrain mm:znsi | |
\‘\
g "\ Laser 2 kHz
s : .
\
: ' ‘ 500 us |
! |
b §
v /
N ’
\ 4
“ '

-
bl P

+ Laser oscillator (100 MHz) synchronized to 500 MHz RF clock (<<1ps)
+ Electron bunches ~ 90 ps

+ Slicing Laser: =50 fs, 2 kHz
+ Pump laser: 7= 100 fs, 1 kHz (seeded from same oscillator)
+ Gated detectors: APD's, gated strip or pixel detector (single photon counting)

+ Probe alternately ,pumped” and ,unpumped” sample

o %




FEMTO Slicing Source: Laser-Pump /X-Ray-Probe Experimens
- Inherent Synchronization -

fs-laser system:oscillator — Amplifier-I (pump)
— Amplifier-11 (slicing/probe)

fs laser system hv/e” overlap - :
IThz \ \:';iable delay
FE-slits E
o : w \:\ (AE:’eDtﬁ?Stgirp]
N Modulator Radiator \A Mono : =
{optional) KB ML-pair

(optional) (o tionaly  (InSb,Bi)

Slicing spectrometer:modulator - dispersion - refocussing - radiator

Beamline: mirror - mono (Si 111) - KB-optics (refocussing) - mono (mulilayer ML)
Diagnostics:laser/e-beam timing & overlap (CSR)

Detectors (gated):APD, [= nStrip-, Pixel-detector (PSI| detector group]

Measured sliced flux:4-10° (2-10°) ph/s/0.1% bw at 5 (8) keV/(rep rate 2 kHz)

\ Upgrade (proposed):x 20 flux increase
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‘ Bismuth: Peierls System - Coherent Phonon excitatio'

Bi unit cell

CDW!/Peierls transition

possible mechanism for charge denstiy wave (CDW) formatiofsee slide 30)

p(r)
e e
a
Array of atoms with metal
one valence electron
k
Charge density wave
TN N N p(r)
o0 o0 o0 o0
2 3
a Charge ordering
Electron-phonon coupling
Phonon wavevector q = 2k Peierls
insulator

\
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‘ FEMTO: Sub-ps Pulse Length Measurement of Electrons and X-Iaysl

Electrons: Interferometry

3,

N N
o N o

Intensity [a.u.]

—

- 0
Delay Time [ps]

Electrons: autocorrelation spectra~ 200 fs FWHM (assuming Gaussian sliced bunches)

Diffraction efficiency

X-rays (7.1 keV: laser fluence: 2 mJ/cm):

Oscillation frequency:
Fitted x-ray pulse width:
Time resolution A 7:

1.1

1.0

0.9

0.8

0.7

X-Rays: Optical Phonon Oscillations

_ Bi (111)
:iu h
Y
: | s A H N
|.‘ LY VR sud
ATE A
i “Lr "
05 00 05 10 15 20
Time (ps)

2.60+ 0.05 THz
140 + 30fs [FWHM]
195 + 25fs [FWHM]

\
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\

{a.u.)

Position (um} (Inter\sit),')ﬂ‘5

Position (pm) Position (um)

fs X-rays (a.u.)

200

L S T =N R =]

= - o
0 =

o
°

1 e-beam stability

DMMMMWM

spatial stability

Fyy:

Laser stability

— horizontal
vertical

horizontal
— vertical

X-ray beam stability

MQMMW»G;Q_@WW

horizontal
vertical

Diffracted x-ray signal

)
~
@
-
o
ES
“
P

Normalized diffraction efficiency

coherent control: phonon

Time delay (ps)

(wd) yuswaoe|dsip ooy

Timing drift (fs)

100

50

-50

-100

-150
0

‘ Grazing Incidence TR-XRD & 2-Pulse Excitation < Spatiotemporal Stability I

timing jitter & drift

[ P. Beaud et al., PRL 99 (2007) & PRL 100 (2008) ]

- Double pulse excitation: coherent control of A , optical phonon in Bi at 2.6 THz.
- Temporal stabilly A 7gyn—jitter T A Tsyn—drife: 30 fs (rms) <« spatial stability on sample: <5 um
- Longterm temporal stability for hours (days) allows data accumulation over millions of shots.

)
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Femtosecond X-Ray Diffraction: Mapping the Int eratomic Paential
- Laser/X-Ray Pump-Probe: Comparison of Different Timing Methods -

SPPS/Linac: Arrival Time Stamping FEMTO/SLS: Inherent Synchronization

pulse compression pulse slicing
28 Geyv, data acquisition: 0.3 h 2.4 GeV, data acquisition: 2-h
Bi (111
1.0 (Poshe ( )

oy

c

@

8 09

©

=

S

g 0.8}

5 TR —— 0.5 mJiem?

—— 1.0 mJiem?
=) 0.7 v 2
g ] — 2.0 mJ/cm
L 0.469_0.472 ! . i . [ . . . .
A5 1 05 0 05 1 15 2 ! 0 ! . 3
Time (ps) Delay [ps]
[D.M. Fritz et al., Science 315 (2007)] [S. Johnson et al., PRL 100 (2008)]

Arrival time of electron bunches measured with EO-sampling [A.L. Cavalieri et al., PRL 94, (2005)]
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a) Dipole
Magneis

b)
nl
I‘q\, -
X
Ii“ -

s, §,

Y
Fig. 1.2.3: The rotation of electrons in the energy—time plane by a magnetic chicane. dg; represents
the relative energy spread over the bunch. s; is the longitudinal coordinate along the bunch and X; is
the transverse beam size (Figure Courtesy of A. Bolzmann [7]).

- Challenge at SASE XFEL: Laser-pump / X-probe
- Time resolution A 7 < 10 fs
- SASE is operated as single pass

= X-ray arrival time has been measured

= Single shot resolution needed: few fs !

- Promising approach: photoemission IR / THz streaking
[ F. Tavella et al., Nat Photonics 5 (2011) |

SwissFEL (proposed): hard & soft X-ray FEL

- SASE XFELs: several are operating or under construction
- SACLA/Spring-8: most compact hard X-ray facility worldwide
- Slicing facility — XFEL-facility: 3 major advantages

(1) average flux [ph/s]: x10¢-107

(2) pulse length [fs]: 100 —1-10

(3) coherence: trans & long (seeding)

SwissFEL: soft & hard X-ryas

tuning linac
25-31acey

Athos ‘—'ICD

0.7-7nm, 100 Hz

gun & booster linac 1 linac 2 linac 3 .
10, 200 pC 20-306G 21-5.8 (6.5 Gev Aramis
AN PN £
m : % 0.1(0.08) - 0.7 nm, 100 Hz
BC BC
355 MeV 20 Gay

[ http://www.psi.ch/swissfel ]

/
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Femtosecond grazing incidence
X-ray diffraction

— experimental setup
— phonon dynamics in semimetals
— phonon-phonon coupling

— hot carrier & phonon dynamics




—

Focusing mirror Multi-Layer l

Pump-probe setup (2-pulse excitation)

laser: 100fs, 800nm, 1kHz ()

-

At

N
— _ & I ' APC
x-rays: 140fs, 7.1keV, 2kHz " “ / 1 Delay

Laser-pump / X-ray-probe experimental station

Pixel detector (gable)
(PSI Detector Group)

PILATUS 100) Pilatus pler detector
* 487 x 195 pixels = 94965 pixels
+ Active Area 83.8 x 33.6 mm?
» Pixel size: 0.172x0.172 mm?
+ Dynamic range/pixel: 20bits
* Readout time: 4 ms
— Longer than FEMTO bunch period
| | Laser

t

Gate Readout Gate
unpumped I | S - purapsd. |
= N t

Unpumped Pumped
counter counter

Isolated
bunch
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‘ Grazing Incidence X-Ray Diffraction I

asymmetric cut crystal

Figure 2

Schematic of the X-ray diffraction geometry for non-coplanar grazing
incidence from lattice planes with reciprocal-lattice wvector G. The
incident beam (Eg) enters the sample at a glancing angle o, and two
beams leave the surface: a specular reflected beam (E, ) and a diffracted
beam (E;).

Diffracted intensity: T ~ |F |2

= Homogenous (optical) phonon excitations: modify structue factor within the unit cell
=- Measure time-dependent diffraction efficiency as a functio of sample rotation angle¢

Bi: normalized diffraction from (ij k) planes

11

0.9

Normalized intensity

0.8

0.7

Time (ps)

[ S.L. Johnson et al., Acta Cryst. A66 (2010)]

, structure factor: F = . fie™ 'S Tie™ s

(f5: scatt. form factor, G: recipr. lattice vector, r;: atom lattice position, e Wi Debye-Waller factor)

%
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‘ Grazing incidence: matching of pump- and probe vqumi

+ Laser absorption length in opaque media is typically ~10-100 nm,
but x-rays probe much deeper

+ Grazing incidence diffraction geometry:

- incidence angle defines probe depth
- can be applied to crystals
- grazing incidence — broad rocking curves — multilayer — higher flux

- efficient absorption of laser at ~10°incidence

Bi: depth profile (7 keV)

100 F

10 F

Probe depth at Bragg peak (nm)

1 1 1 1 1
0 0.5 1 1.5 2

Incidence angle (°)

e X-ray absorption length L ;s depends only on the wavelength and the incident angle

\
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\ Mechanisms of Coherent Phonon Excitatiom

Displacive excitation Stmulated Raman scatlering

[ figures: K. Ishioka, NIMS, Japan ]

Phonon amplitude at ty: at maximum at minimum
Time dependence: cos-function sin-function

- Displacive excitation: excited carriers push the atomic potential V(z) much fastethan the vibrational period that forces the atoms to oscillde

around the new minimum of V(z).

- Raman scattering: inelastic photon scattering via an intermediate vibratioral state having a virtual energy level; the process must inMge

-

the polarizability of the material.

%
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‘Application 1: Bismuth - Search for A ,-E, Phonon-Phonon Coupling.

Eir (MRY)

i

0.24 0.25

z(c)

0.26

0.27

0.02

0.02

RS

<)

Normalized diffraction efficiency

1.05,
1-00@#;;;%% : s
0.95
090F (1_01) ﬁ@é% ﬂi}% um
08:‘ i L
1.00¥%§%%i
0.95[ E)
i i §

g i #y i
o iﬁi §}xx %lg = §§§ II i
0.80f
ozst (11 %

05 0.0 05 10 15 2.0

Time (ps)

- Potential energy surface for Bi: A; & E ; mode coupling predicted by DFT theory

- No change of E, (1-21) diffraction signal by coherent control of A; (111) motion
(double pulse excitation)

\

50



\

Application 2: E , Mode in Bi - Direct Observation via Polarization Control

Preliminary results, to be published, S. L. Johnson et al. s
A
3 ,-"II II'.I 22
.jI J
|
it & Bi (010 ol o A e 2
1.0 LR&}%I{&%_E:I ( ) 0.04 . .
s | | 5 |
E oo} = T 002f
£ * £
fa) P E
3 ; 3
% 08| : %‘ 0.00
o £
E ot S
07 Ei{ -0.02
L 1 L 1 i 1 " 1 L 1 L 1
-0.5 0.0 0.5 1.0 15 2.0
Delay (ps) Delay (ps)

synchrotron
ring

4.9keV,~1401s

——,
Multilayers KB mirror

APD Kapton
) window

I TOPAS |  Tissapphire ;aser_":_éyn_chroniza_tioh]__
A > | 1680nm | |  800nm | &delay |

\ Laser wavefront tilting allows excitation with two polariz ations rotated by 90° (at 170 K)

_/
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Application 3: fs XRD - Nanoscale Depth-Resolved Lattice Dyamics In Bi.

A optical phonon z = 0.2334 (inunitsc=1.18 nm
1lg €q
1.00 0.235 |
0.95 F
0.234 |
0.90 F
0.85 F 0.233F
0.80 F—4 0.235 |
% 1.00 w 0.234F
g .| g 0.233
£ 090F GE) Sl
B 085} S 0.235f
— (Y]
(&) o
g 1.00 S 0.234
S 095f *§ 0.233 11,
N 090F S 0234}
< 085 I=
S S 0.233}
S 1.00 =
0.95 T 0.234 }
0.90 F
1.00 0.233 |
0.95 f 0.234
1.00
0.233 | 1
0.95 F . . 82.5 nm < x < 155 nm
-1 0 1 2 3
Time (ps) Time (ps)

[S.L. Johnson et al., PRL 100 (2008)]
- information on hot carrier dynamics: timescales of e - h, e - ph interactions & carrier diffusion
- nm depth resolution required to separate effects

o _/
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- Coherent phonon damping rate:~v = 1.01 £ 0.11 ps

Grazing incidence angle: 0.8

Application 3: fs XRD - Nanoscale Depth-Resolved Lattice Dyamics In Bi.

Quantity Fit DFT
Electronic interaction time 260 + 20 fs -
Diffusion constant 2.3+ 0.3cm?/s -
Thermalization factor f 0.534+0.06 0.42
Softening factor 3 248 + 7 TH?Jr 230 THZ
Amplitude factor a; (0.51£0.05) x 10 °cm?®/J  0.77 x 10 °cm?/J
Phonon damping rate 1.01 £0.11L ps— ! -
Electronic relaxation time 7.6 £ 0.6 ps -

Time resolution 193 + 81s -

- Time scale for thermal equilibration of the carriers with t he lattice: 71 = 7.6 £+ 0.6 ps

- Time scale for thermal equilibration between electrons ad holes: 7o =260+ 20 fs

—1

- X-ray absorption length: L o =26 + 2 nm

~
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‘ Related Topic: Hot Carrier & Phonon Dynamics in Solar Cell Materials I

Increase efficiency 31% (Si) — > 66% ? Problem: hot electrons are lost as heat phonons)

< transfer demonstrated in PbSe nanocrystals (pump-probe a810 nm) [w.s. Tisdale et al., Science 328 (2010) ]

Solar Radiation Spectrum

2.5 7 .
uv | Visible ,
I

Infrared —>~

Hot-Electron Transfer from
Semiconductor Nanocrystals

1, Sunlight at Top of the Atmosphere

5250°C Blackbody Spectrum

Radiation at Sea Level

Absorption Bands
H0
20 co, Hy0

Spectral Irradiance (W/m2/nm)

0.
250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength (nm)

competition e-transfer «— relaxation peak: e-transfer << 500 fs / tail: relaxation  phonon dynamics 2 - 4 THz

A
%
TiOy PbSe ~ Ti0, CB PbSe %
CcB E PAPS— S %
e k<
c ®
Ker = £
= S ..
3 % 2
=
@
N
T B ‘
l" E F?Ig:e i s:rgi:b
|"r o phonon { phonon
=z = it
= PbSe hulk
2 LO phonon
kg > kgr™r
80K 300 K pump-probe delay [ps] 50 10 150 20

— use fs grazing incidence diffraction to study nanoscale dep-resolved carrier & atom dynamics

Wavenumber (cm")

\
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laser-pump / X-ray-probe

non-resonant hard x-ray
diffraction on manganites

( FEMTO slicing source )
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Temperature (K)

High T:

Low T:

800

400

200

Complex phase diagrams reveal the existence of several coetjmg states

[ J.W. Lynn et al., Phys. Rev. B 76 (2007) ]

'
s

~
s
LY

600 ~

~
=
~

Polaron
Glass

Orbital Order

Dynamic
Polarons

spin: CE-type & charge/orbital: stripe pattern

La;sCa,MnO;

350

3/8 5/8

300 [

250 1

200 I

150 [

Temperature (K)

T S

sl 4. AF

(] LI | 3 | 1 1 1 1 1 1 - ¢
00 0.1 02 03 04 05 06 07 08 09 1.0
Cax

[H.Y. Hwang & S.-W. Cheong, Monographs in Condensed Matter Sience (1999) ]

Two competing states (x~ 0.5)

Ferromagnetic (FM) Metallic

0

§

gl ,8

P

‘Transition Metal Oxides: Complicated Phase Diagrams - Mangnites'

A

e

?@Zoé/f%%@

Charge-Ordered (CO) & Antiferromagnetic (AFM) Insulating (AFI)

\
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Complexity in Strongly Correlated Electronic Systems - Marganites

Complexity: generation of properties that do not preexist n a systems constituent

clean limit: two competing phases

Transition HT phase first order transition LT phase
Metal-to-Insulator (MIT) insulating & metallic
Magnetic paramagnetic (PM) & ferromagnetic (FM)

guenched disorder: both states are nearly degenerate and erist

0

local: PM or FM short-distance correlations < global: neither of the two state dominates

A
T .. . ~ A
'\-_,““1?-*—;--',- J
FM glass /' co/aF r's
metal insulat X
=
g N

Generic phase diagram of two competing states: FM metal vs. @Q/AF insulator (g is a variable to move from one phase to the dter)
Sketch of CMR state: FM clusters with randomly oriented moments separated by regions with where a competing CO/AF phase stabilized

[ E. Dagotto, Science 309 (2005) ]

\
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‘ Percolation in a Manganite Lay 33Prg.34Cag.33MnO 3 Thin Film I

119 K 127 K

2 Hz

[ L. Zhang et al., Science 298 (2002) ]
Local magnetic microstructure using low temperature (LT) magnetic force microscope (MFM)
Direct observation of inhomogeneity and AFM-FM phase sepaation upon heating/cooling

CMR effect: ground state is a nanoscale mixture of insulatig regions and metallic FM domains ?

[ E. Dagotto, Science 309 (2005) ]

o _/
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[ E. Dagotto, Phys. Rep. 344 (2001) ]

double-exchange

DB
O® D

{a) Mn

-

,' Y

R %

double exchange mechanism
FM - orbital

e4- electron hopping
hopping enhanced in FM state
spin directions preserved

3d orbitals_,-';

[ Y. Tokura, Rep. Prog. Bis. 69 (2006) ]

1_—1"

IR s ‘T— 3z2. 42

Jahn-Teller distortion
orbital - lattice

local distortions at Mn>™ site
orbital ordering to be consideed
electron-phonon coupling

_
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‘ Orbital-lattice coupling: Jahn-Teller (J-T) distortion of MnO ¢ octahedron I

e

g orbitals

3d orbituls:-"

X
x2y?
1, Orbitals

yz Xy

Crystal-field splitting of the five-fold degenerate 3d leved: 10 Dg ~ 4-5 meV
J-T distortion (~ 1-2 meV)lifts t o, and e, degeneracy causing Mn@ deformation

Local structure of Lag.5 Cag.5 MNO 3 [E.E. Rodriquez et al., PRB 71 (2005)]

\ The active J-T modes of the oxygen octhedra, couple with thegeorbitaI5/
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‘ Photoinduced J-T Release at MAT Site = Change of Crystal Symmetry'

20 K : cell doubling

(552) superlattice reflection

10 —gim @
: 3
08 -
. K
06 F \
[ I
0.4 A 0,96 mJicm LY ETY F X X (X1
02 [® 2.4 mJicm® Tit!- $3%%3 ¥ ii-{
R N S S
2 10 (b)
w
5 o8|
£
o 06|
9
8 04
‘%— 02 | 4.7 mliem®
B
8 oo 3
©
g 10 i
2 s}
0.6 =
04 - il
$
0z 7.1 2 i% i Time (ps)
.1 mJicm ] g 33 3
S ol 3T ¥ |
0,5 0.0 0.5 10 15

Mn 3d - O 2p hybridization allows (dipole forbidden) intra-a tomic transition e, (Mn®*) — e7 (Mn>¥) /

Time (ps)

laser excitation: 1.55 eV

II 1
. . "‘ esl
’,» " IA
+ + eg
Mn" Mn™ Mn"

300 K

¢
P La/Ca

— dX,

- dx,

[P. Beaud et al., Phys. Rev. Lett. 103 (2009)]

[J.H. Jung et al., PRB 57 (1998)]
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La;_,Ca,MnO ;. Dynamics at Short (fs) & Long (ps - ns) Time Scalei

SL peak drops 80% after 200 fs (= time resolution) and~ 100% after 1 ps
- At 1 mJ/cm? displacive excitation of 2 THz coherent optical phonon (du¢o La/Ca atom motion)
- Coherent phonon modes of oxygen octahedra drive structuilghase transition

(time scale of structural phase transition set by quarter peiod of phonon mode)
- Octahedra phonon modes (50 - 70 fs) require time resolutior: 10 fs (— XFEL)
- Melting of charge & orbital order on time scale << 100 fs: soft X-ray resonant diffraction (— XFEL)

(522) 7.1 mJlcn?

1.2

- Al 1mllcm’ €22mJicm’ @4.4mdicm’
3ok ® unpumped @ 19 éii A _ZzAi §§
- # 150fs c Vpted i_. ~zAis %
— A 1ps £ AzAAAziA # 3 3 ;
% < osf S T L i
L : o - §§§§§ E ? E i
n 25F @ i ¢ ) $ ¢
2 : 5 06k L 3 EE ¢
8 E __‘_ §§ i w . 50ps = unpumped
o - TT &= 3 E T 25 S+ 22 mdlem’
S 2.0 +¢ © 041 : 4 EE = 2. s4amiem
e’ [ T = £ 2 S
E A 'G\JJ 0.2} }EEE g 15
o - = 2 o s
© [ N T T
1+ ‘: ,_E_ 0.0+ ?E k= L G ""?3"0':-:“";‘1
o Che -1 0 1 2
Z 4012 L 1 1 L |¢ (deg) 1
2 -1 0 ! 2 5 0 5 10 15 20 25 30
¢ (deg) Time (ns)

ground state recovers completely after 100 ns allowing stlmscopic measurements

Drop from 70% (200 fs) — 50% (50 ps) at 1 mJ/cn? indicates ‘thermal’ formation of coexisting ordered & disordered domains on a ps time scale
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laser-pump / X-ray-probe

resonant soft x-ray
diffraction on multiferroic

( LCLS free electron laser)
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Tunability: energy tuned to absorption edges

- ™
L2,3-Edge Mn 3d states
3d
LL‘ }‘J‘ﬂ soft
~650eV
2
\ P12 )

Coherent summation: interference

Foo(T;)«3

n

(gOln)(nlO*g)

E, —E, —hw+il

Sensitive to both:
* O 2p - Mn 3d overlap

» orbital ordering / Jahn-Teller

‘ Resonant X-Ray Diffraction (RXRD): Charge-, Orbital- & Mag netic Order I

Resonant processintermediate states

photon+ground state  core

S

Energy

hole+electron ground state+photon
* . _ TR
L

Inteference between
X-rays from multiple

- scattering channels

Flexible polarization: multipole decomposition

m $,=0
f detector%\ ¢A=90
= ‘ \
Y8 \
K¢ 5

" analyzer

R\
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Experiment [ Beamline
FEMTO: W. Schlotter
S. L. Johnson (PI)
E. Vorobeva
P. Beaud

A. Caviezel
G. Ingold

RESOX:

U .Staub

R. De Souza
V. Scagnoli

External:
M. Trigo (SLAC) |
A.T. Boothroyd (Oxford)

‘ CuO Resonant Soft X-Ray Scattering: LCLS CoIIaborationI

Endstation

W.-S. Lee (Stanford)
Y.-D. Chuang (LLBNL)
L. Patthey (PSI/SLS)
R. G. Moore (Stanford)

M | D Lu (Stanford)

=1 & | M. Yi (Stanford)
o~ fl | P. Kirchmann (Stanford)
P. Denes (LBNL)
D. Doering (LBNL)
Z.. Hussain (LBNL)
Z.. X. Shen (Stanford)
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‘CuO: A High-T Induced Multiferroic [kimuraetal., Nat. Mat. 7 (2008) | I

Low T: collinear antiferromagnetic order

High T: spiral magnetic order
non-multiferroic, commensurate, g1 =(0.5 0 -0.5) multiferroic, incommensurate, g - =(0.506 0 -0.483)

E|b - —— Poled
150f- [~ ~ b
'g 100 |-
<
= 50
/
5 () —
Lo /
e /‘Pp
50 |~ ¥ ——P
e o
L I
210 220 2
Temneral
Tem Ty
CM ICM PM

spontaneous electric polarization
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CuO: Resonant Soft X-ray Magnetic Scattering (Static'

— T T T T T T T T L L
B CM 1 ICM
60 | i_ii i
B (172 0 -172) | (0.506 0 -0.483)
) E‘!H_K |
S_-m L i
8
=
Bl | |
3 jﬁ
A | _
o | om © -
| I | 1 | 1 | 1 | 1 | I | I | I |
140 150 160 170 180 1530 200 210 220 230
temperature (K)
(RESOXS station at SLS)

Temperature dependence: ICM rises as magnetic
structure factor decreases— thermal disorder increases
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1. APD/Channeltrons:
* Diagnostic XAS

LCLS Endstation: Resonant Soft X-Ray Scattering (RSXSI

3 * Point detector
Beam Position

e A=) 2. Fast 2-D CCD detector (FCCD):
+ Developed by LBNL.

« 200 frames per sec. ->Pulse-by-pluse data
collection.

* 480 by 480 array of 30 um square pixels
» 8°acceptance, 0.017° per pixel.

3. Two-level CCD detector backup plan.

Successfully tested at the
ALS for soft x-ray use.

For LCLS experiment:
- : Larrrsy Necessary to operate in-
LBNL Fast CCD vacuum with 2 degrees of
rotations.

[ constructed by consortium: LBL - DESY - SLAC ]
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Femtosecond Magnetic Order Dynamics in Multiferroic CuOI

Pump-probe RXRD experiment at Cu L3 edge 930 eV (SXR instrument at LCLS)

213 K<T<230K

t=-1ps
(before
excitation)

Commensurate (CM) Incommensurate (ICM)
(0.50-0.5) (0.506 0 -0.483)

Magnetic phase transition: CM collinear AFM =- ICM spiral AFM magnetic ordering

[ S.L. Johnson et al., arX1V:1106.6128v1 (2011) ]

(collaboration: PSI - U Stanford - LBL - SLAC - XFEL - U Oxford)
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‘ Magnetic Order Dynamics in CuO: Time-Dependence of Ratio &n/l 1om I

Fluence (mdJd/fcm?)

1 2 3 4
Time (ps)

- Sudden drop for both peaks, difference after time {, due to shift in population of the CM and

- Limiting time scale of t, ~ 400 fs corresponding tol/4 coherent oscillation of a low momentum
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Antiferromagnetic Phase Transition Driven by Disorder. CuO chain

[ D.A. Yablonskii, Physica C 171 (1990) ]

Low Fluence

CM
IcM

High Fluence

M

E, ~ I1S*

ICM

E = Z|Jl S??Sn—L i '-IES'HSH—:? + I{S??Sn+l )(Sn+lsn+'2]]

n

Exchange interactions: J7 < 0: nearest neighbor FM;  Jo > 0: next-nearest neighbor AFM; | > 0: biquadratic term

spins: Sy, : spin of Cu atom along the c-axis; S spatially averaged value of spin magnitude

s2 > J%/81J2:ECM < Ejc pro but Sdecreases with temperature — s? < J%/81J2 adEronm < Eom

_/
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Summary & conclusions (1): fs laser-pump / X-ray-probﬂ

- Coherent modes can launch non-equilibrium phase transitin in solids on a fs time scale

— Structural phase transition: coherent phonon excitation(experiment at Slicing Source)

— Magnetic phase transition: coherent spin wave (magnon) eitation (experiment at XFEL)
- Fundamental time scale: quarter/half period of coherent fnonon/magnon oscillation

- Laser slicing sources provide valuable proof-of-principe experiments prior to XFELs

- Time resolution achieved in experiments: 100 - 200 fs (siieg sources) & 250 - 350 fs (XFELS)
- But: we need time resolution< 10 fs !

- Pump-probe experiments on correlated systems are feasiht XFELS

- fs probing of long-range electronic-, spin- and atomic orer in solids:
— fs non-resonant and resonant X-ray scattering in soft & hardX-ray regime demonstrated

- XFEL experiments need careful preparation

— all optical pump-probe & static x-ray experiments (i.e. reflectivity, MOKE, static RESOXS, etc.)

- We just started ... much work lies ahead:

— short pulses, timing, flexible pumping schemes, flexible patization, flexible sample environment, fully coherent beans, coherent diffraction, ...
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Summary & conclusion (2): fs laser-pump / X-ray-probe.

To resolve the correlated dynamics between lattice, chargerbital and spin
in complex materials in real time with femtosecond x-ray difraction, we need . . .

AR A R A X

g F g T g

AR A xS x

;N e F

A *x?xkxzk
x‘xff % A
275"
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AR AR A w

a
< @ M x M 4 Soin
b
D Charnical Unit Celi

i Charge Order Unit Cell
-----

i1 JohnTeler / Orbital Order Unit Cell

.10 - 100 fs FWHM soft@® hard x-rays & flux on sample ~ 10° ph/pulse/0.1% bw
(focus 10 x 10pm?) & lin @ circ polarization & pump-probe timing jitter < 10 fs FWHM
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