.* BESSY VSR

The variable pulsdength storage ring

Scientific Case

Electrolyte  Semiconductor  Electrolyte
Sf’“

ﬁ

—— —
" 7
Lo  + "’ w~

o”% S’ & . :{

‘ 1

o 3 £ 5 ,;/,

ﬁ» TN @

\ . 1

i“.. M 2

First Version April 2013

HelmholtzZentrum Berlin fir Materialien und Energ@mbH






Table of contents

Contributors

1. BESSYSR; Unique science opportunities
2. BESSYSR Science drivers
2.1. Quantum materials for energy
2.1.1.Superconductivity
2.1.2.Photovoltaics
2.1.3.Topological insulators
2.1.4.Nanoscale materials
2.2. Future information technologies
2.2.1.Magnetism dynarits
2.2.2.Phase transitions
2.2.3.Molecular electronics
2.2.4.Spintronics
2.3. Basic energy science
2.3.1.Photochemistry
2.3.2.Photosynthesis
2.3.3.Catalysis

2.3.4.Solar fuels



Contributors

M. Bar, M. Bargheet, M. Beyé, U. BovensiepehS. Eisebitt® A. Erkd, A. Féhlisch P. Gadl K.
Holldack, N. Hus& W.KucH, F. Kronasf, N. Mértenssort*, E. Nibberin{f, M. Odelius®, O. Rade¥’,
I. Radd, R. ShaydukC. M. Schneidét, A. Schnedg, C. Schiissldrangeheing F. Sorgenfréj S.
Svenssof, R. van de Kr8}, A. Varykhalot?, M. Weinelf, Ph.Wernef, E.Weschké’, M. Wietstruk,

H. Zabéf

1Young Investigator Group for Interface Design, Helmkgdtrum Berlin fiir Materialien und Energie GmbH
?|nstitute of Physics and Astronomy, Universitat Potsdam

3Institute for Methods and Instrumentatiofor Synchrotron Radiation ReseaydtelmholtzZentrum Berlin fir Materialien
und Energie GmbH

*Fakultat firr Physik, Universitat DuisbtEgsen

®Joint Research Group Functional Nanomaterials, Helm#elttrum Berlin fur Materialien und Energie GmbH
®Institut foir Optik und Atomare Physik, Technische Universitat Berlin

"Institute for Nanometre Optics and Technology, Helmh@kntrum Berlin fir Materialien und Energie GmbH
8CFEL at DESY and Universitat Hamburg

°Fachbereich Physik, Freie Universitat Berlin

10Department for Magnetisation Dynamics, Helmhedizntrum Berlin fir Materialien und Energie GmbH
1lDepartment of Physics and Astronomy, Uppsala University, Sweden

“Max-BornInstitut Berlin

¥ysikum, Albanova University Center, Stockholm University

Ypeter Griinberg Institut, Forschungszentrum Jilich

BInstitute Silicon Photovoltaics, HelmheEentrum Berlin fiir Materialien und Energie GmbH

Bnstitute Solar Fuels, HelmholEentrum Berlin fiir Materialien und Energie GmbH

Hnstitute for Complex Magnét Materials, HelmholtZentrum Berlin fir Materialien undngrgie GnbH

¥Experimentalphysik 1§ Festkorperphysik, Rutniversity Bochum



1. BESSYSR Unique science opportunities

BESSYSE (GKS a+xI NAIFofS tdzZaS [Sy3adkK {d2Nr3IS wAay3Ié
challenges of basic science of how to harvest, convert and store energy, how to transmit and archive
information efficiently and how to govern rate and selectivity for cleaemistry. The key to these
challenges is to move from observing and understandingatatrolling function. BESSYSRwill be

the sciencedriven step from the observation and quantum mechanical description towards the
control of materials and chemical fuiman. This new light source will pushe excellent properties of
synchrotron radiation storage rings into the so far underexplored dimensidimaf and transient

states and giveisers thefree choice obbservable time and length scalddser willthus be uniquely
enabled to correlate chemical function with molecular dynamics on multidimensional potential
energy surfaces and to attribute the active principles underlying functional materials to elementary
structures and processes of condensed matf€his unprecedented ability to create and detect
transient states and the associated dynamic pathways of excitations in matterBES5Y SRwill
formthe basisfor2 Yy G NBf f Ay3 YIGSNALFfaQ FdzyOliA2y o

In the past, science with third generation synchrotron radiati@s brought for materials science and
physics as well as chemistry and biology a deep understgradid description of their eléonic and
structural properties on a fully quantum mechanical basis. Here photon science with-sf$ Xas
brought tremerdous insight through its element specific, chemical and spin selective probes. As a
conseguence materials characterization has been developing towards increasing complexity
regarding dimensionality, concentration and extreme ortgent environments.

With the new synchrotrorlight sourceBESSYSRusers willbe able to freely switch between the
high precision determination of electronic and structural parameters in the ground staieder to
prepare and detect lovenergy excited statein a controlled wayBESSYSRWwill deliver ultrastable
radigtion from the THz to the soft -Kay region with highest spatial and energy resolution in
combination with short pulses for dynamic studi€@ue tohigh average brilliangat will allow for
high-throughput measureents as users are accustomed torh storage rings.

BESSYSRwill open up Unique science opportunitiefor quantum materials for energy and
materials for future information technologies, in basic energy science and green chemistry and for
unveiling $ructure and @inction in biological systems. Will provide a unique photon source as a
MHz precision probe that allows switching between highest spectral, spatial resolution and temporal
resolution.

Quantum materials for energyand materials forFuture information technologiesare the most
intriguing and most promisinmaterials for novel functiondly where the coupling between different
internal degrees of freedom and the coupling to the environment lead to complex energy
landscapes. These inrand i § SNB @ aiSY AYGSNI OlAz2ya RSGSNXYAYS (i
external fields and thermodynamic heat baths. Ultimately, all functionality is coupled to the dynamic
response of the system and therefore determined by the respective energy landscéiea, O
complex energy landscapes give rise to complex spatial patterns. Domain formation and phase
separation on the nanoscale occur if several local minima in the energy landscape are accessible for
the system. Material function can then be determined lBgiegation and percolation phenomena

and spatially resolving probes in real aratiprocal space are requiredn understanding of the

shape and the dynamic pathways in these multidimensional energy landscapes allows controlling and
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ultimately tailoring méerialsC¥unctionality. This goes well beyond characterizing static properties of
the constituents and thus provides a means to address the fundamental science underlying
functional materials

The relevant parameter space extends over many orders of maigiin space and in time. These
guantum materials have in common that their dynamic response cannot be described byea singl
degree of freedom alone. Erggtically, the coupling between different degrees of freedom and to

the environment leads to highly metrivial low-energy excitation spectra, which require the
combined use of various spectroscopic as well as structural probes over a wide energy range in order
to provide complementary selective access to all relevant degrees of freedom-r@smleedX-ray

probes at BESSYSRwill allow following directly the pathways through the multidimensional
landscapes in real time, thus complementing techniques that identify the ground state and
excitations based on an instantaneous response.

The deep correspondenceand complementarityof such fundamental phenomenadetermine
molecular properties and the functionality of materialBasic energy scieecat BESSYSRwill
address these fundamental questiorihe transfer, stabilization and localization of charges, atg.,
functional centers in solution, at surfaces and interfaces and in sarmdsat the heart of
technologically ancklementaryprocessesn nature Understanding and the ability to control such
elementary reaction steps therefore builds the basis for dexelopment of alternative sustainable
technologies Electron excitation, transfer and solvatiamt only governphotochemical molecular
reactions but alsaletermine bio-molecular function. Understanding and the ability to control the
elementary reaction steps witBESSYSRherefore holds the key to revealing the structtiignction
relationship in biemolecules. Chargransfer processes stedhe primary steps in lpotovoltaic
devices, in vision and they drive dormational changes in single molecules and of the optical or
magndic properties and coductance in functional materials. The effects of symmetrg &onds

work similarly in molealar systems and solids.r8ening, the effect of the ligand fidlon the orbital

state, the copling between orbital occupation and magnetic properties and geometric frustration
can be found in simple molecules as well as in complex materials. Quite generally, a strong relation
between electronic and structural degrees of freedom, between energetics and structure plays a
crucial role in their dynamic#&s a key to determining matersggdynamical functionalityBESSYSR

will thus allow addressingpatial complexity, the responsentie of the system and the relevance of
long range interactions and low energy excitatiovith multidimensional Xay probes

Since low energy excitations on spin, orbital and electron degrees of freedom occur in the THz and
far IR these controlled statesf materialslive on picosecond and syicosecond timescales. In
addition, the typical timescale of phonon excitation of a picosecond per nartemerings the
dynamics of nanscale objects and large amplitude motions in chemiatrgl biomolecules well ito
the pico and nanosecond domain. Alsepinstabilized as il as chemically relevant mettable
states can easily be detected with this temporal resolutiBESSYSRargets exactly at these time
scales and, withite high MHz repetition rate oBESSYSRintrinsic limitations like radiation damage
or space charge to electron spectroscopy can be overcome. In addition to the picosecond and sub
picoseond timescalefaorrelated excitdons and large amplitude motions, there is a scientific need
to determine electron dynamics between a few hundred femtoseconds down to the attosecond
domain.BESSYSRwill be designed to produce picosecopdlses in its standard mode, with pulse
lengths in the sulpicosecondrange, possibly as low as 1@@mtosecondsin special operating
modes. CertainlyBESSYSRwill also improvethe existingtime slicing by one order of maguoile
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due to the higher bunch copression which will create femtosecond pulses witlf fib/s perfectly
synchronized to driving pulsesanging from tle THz to the UV regionSubfemtosecond and
femtosecond processes will be best studied at low repetition rate with complemetahoratory
basedHigh Harmonic Laser Sources dadje-scaleX-ray Free Electron Lasers, once they reach their
design parametes regarding pulse length and synchronization to external stimuli.

BESSYSRwill merge experimental cuttingedge xray toolsand cover a broad energy spamm

while addressing time scales from quasitic to subpicoseconds and length scales frdngstrom
tomNRYSGSNE® 2A0K (GKS&asS G22ft as Ydeaddmdsdd indh@fulf dzy Ol A
parameter space and, for the first time, ultimate spatimlomentum, spinand energy infomation

can be combined witkhe relevant time resolutio ata MHz repetition rate.

2.BESSYSR Science drivers
2.1. Quantum materials for energy
2.1.1. Superconductivity

Superconducting transition temperatures as high as 130 K in copper oxide materials open the way to
lossless transport of electrical emgr and to applications in fast and energgving information
technology. Even after 25 years of research in this field, the understanding ofemigerature
superconductivity remains a great challenge. This is due to the fact that the properties of these
materials arise from complexitylnsight into the mechanism underlying high temperature
superconductivity promises to develop design principles to enhance the critical temperature in
superconductorsUnderstanding the interaction leading to supercondutyivs still controversial for
high-T. materials. What is widely accepted is that either spin fluctuations, phonons, or a combined
excitation of both are responsible for the microscopic interaction leading to formation of a
superconducting ground state. Algais of these excitations has therefore a high priority in these
materials. The strong interaction of the electrons with charge, spin, and orbital degrees of freedom
lead to a number of competing ground states and the superconducting state is one ofwhéen
others are energetically very clogeigure 1) Ultrafast excitation of the superconductors provides a
completely new approach to understand the various competing states around the superconducting
state by driving the system out of equilibrium inteighboring states for a short period of time. In
this way, even new states that cannot be observed in equilibrium may be created.

Ultrashort synchrotron radiation pulses as delivered BySSYSRwill provide a unique probe to
study these phenomena. Whila the ground state, angleesolved photoemission spectroscopy and
neutron scattering are among the momentum and excitation specific tools,-tiomain methods
such as timeesolved resonant soft -kay diffraction have been established as promising
complementary methods to analyze such excitations and their dynamics.

In a recent experiment, e.g., it was shown that transient superconductivity can be stimulated by
selective optical excitation in a material, where eampeting ground state, the scalled charge
ordered state, wins over the superconducting state [1]. The understanding of charge order in the
cuprates, on the other hand, has recently been pushed forward by resonant-saft diffraction,



which is a methodthat exploits the tunability of synchrotron radiation and provides particular
sensitivity to this subtle type of ordering [2].

C y s 0 2 Figure 1. Charge order competing with supgenductivity:
| o © 009 ok 3 Cooling below the superconducting ordering temperature
é.p" % = “.E resultsin a decay of charge order, as demonstrated by 1
9 ",,, o ‘:" » ?_. decrease of the corresponding diffraction peak intensi
r o, 0104 % (Courtesy E. Weschke, HZB).
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Angleresolved photoelectron spectroscopy (ARPES) playartcular rolefor the investigation of
superconductivityas it addresses the superconducting quasipeles in a straightforward way
including control of the quasiparticle momentum. In laboratbgsed experiments, the dynamics of
pair breaking and the time evolution of the supenducting gap was studied [3]néther exampleis
the recent time and angleresolved photoemission wotiy the group of U. Bovensiepen (Universitat
Duisburgessen)on the parent compound EupA&s Fepnictide superconductor, which vividly
demonstrates the influence of a bosonic excitation the spectral function near the Fermi level
(Figure2).

However, only in a limited momentum range due to the rather small photon enerdgboratory

based experimentsould be reachedBESSYSRwill readily allow extending this type of studies to
cover the full Fermi surface of the material@gether with the time structure envisaged wiESSY
VSRthe method will open a new field of timeesolved studies of subtle ordering phenomena not
only n superconductors, but in complex materials in general. For this particular case, the destruction
of charge order in favor of superconductivity can be studied in detail.

Femtosecond timaesolved soft xay scattering and spectroscopy, which is currenéyried out at

the femtoslicing facilityFEMTOSPEX &ESSY I, provides element specificity and momentum
sensitivity. This method is very valuable to analyze the coupling between a particular boson
excitationW(Kk) and the materiab ground stateLimitations of the current experimentdhcility are
two-fold and exemplify the novel opportunities offered BESSYSR (1) Most experimentst the
femtoslicing facilityFEMTOSPEXBESSY Were carried out in transmission geometry which strongly
limits the mderials that can be investigated. (2) The photon flux hinders systematic studies which
provide similarly detailed information as, e.g., timesolvedARPES does already ndie first point

has improved recently by implementation of a reflection geomethny. fact the group of U.
Bovensiepen has very recently carried out first proof of principle experiments usingdsoked
soft-x-ray spectroscopy imeflection geometry on a 122 Fpnictide material. The second point is
more fundamental and herBESSYSRwill enable novel insightVith a photon pulse duration of 1

ps the modifications in the photexcited statecould be probeddgee Figure?). This would increase

the opportunities for timeresolved sofix-ray pulses tremendously due to the improved time
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resolution. In addition, thetime resolution of 100 fat the femtoslicing facility with avill allow
studyingthe coherent nature and phase of bosonic excitation in an element specific manner because
frequency and phase can be resolved in time (Segire2). Therebybosonmediated changes in the
material become accessible in a mesjgecific and timeesolved modelt is important to note that

the increasd flux at the femtoslicing facility #ESSYSRuniquely enablesystematicexperiments
beyond the arrent heroic efforts for selected samples. It is the systematics and level of detail that
can be expected by ps to femtosecond experimentBBESSYSRthat could booststudies of the
ultrafast dynamics in complex materials, which are in the focus oéntigfforts in material science.
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Figure 2.Panel (a) shows the tirependent photoelectron intensity in femtosecond tiresolved ARPES measure

on a parent compound of the 122-prictide highT, superconductor Euk&s. The transient changes in the spectral
weight in the vicinity of the Fermi level depicted in panel (b) are strongly modified by coupling to a bosonic excitation.
[taken from ref. 4, Avigo et al., J. Phys.: Condens. M2§ed94003 (2012)].

The time structure oBESSYSRwill, in addition, allow for angleesolved timeof-flight electron
spectrometers to be employed. The flexible fill patterombined with a mechanical chopper or an
electronic gating scheme for the spectrometer gives actess125 MHz source with variable pulse
length down to the fs regime, ideally matched to the performance of spectroraetech as the
ArTOFWith the advent of femtosecond table top lasers anda}{ FELs it has now become possible

to determine the structual dynamics from time resolved diffraction experiments and obtain in
separate experiments dynamic information on the electronic or magnetic properties. However, it has
remained a conceptual challenge to access simultaneously the dynamics of the vakstoenslin
combination with the chemical state and the local coordination atom by atom. The extreme high
transmission in combination with the angle resolving capabilites of the ArTOF will now open a new
route to extract simultaneously the structural dynamsiin an element selective way through time
resolved photoelectrordiffraction (trPED) and determine thieemporal evolution of the chemical
state trough time reslved ESCA (trESCA) or evenfémstosecond charge transfer dynamics through
excited state cre-hole-clock spectroscopy. Althese experiments require femtosecond and
picosecond pulséength at moderate photon fluper pulseas provided byBESSYSRo avoid space
charge in combinabn with high repetition ratesldeal candidates for phase transtiaynamics ee
mixed valence and correlatechaterials that exhibit geometric distortions, charge separation and
orbital order on the nanometescale and are prone to spectacular ultrafast shiibg of materials
properties in metakinsulator transitions aswvell as magnetic switching. In this context, layered
transition metal dichalcogenides are known to exhibit structuratalitions accompanied by charge
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separation manifested through the appearance of charastir chargedensity wave (CDWjhases.
A greatnumber of experiments addressed the evolutiof the electronic system aftepptical
excitation using higiharmonic generation (HHGand freeelectron laser (FELgources in these
systems [57] or the structural dynmics using femtosecond electratiiffraction [8]. However the
complete pathways of the photoeiation could only be resolvely the simultaneous determination
of the structural and electmic dynamics in the system \ganultaneous trPED and trESCA.

References for section 2.1.1

[1] D. Fausti et al., Sciend&1, 189 (2011).

[2] G. Ghiringhelli et al., Scien8d7,821 (2012), H. H. Wu et al., Nature ComnijriL023 (2012).

[3] Ch. L. Smallwood et al., Scie&86, 1137 (2012), Cortes et al., Phys. Rev. 16f,. 097002 (2011).
[4] Avigo et al., J. Phys.: Condens. Maf8&r094003 (2012).

[5] L. Perfetti et al., Phys. Rev. L&T, 067402 (2006)

[6] S. Hellmann et. al., PhyRev. Lett105, 187401 (2010)

[7] S. Hellmann et. al., Nature Communicati@4069 (2012)

[8] M. Eichberger et. al., Natu#68(2010)

2.1.2.Photovoltaics

Research for renewablenergies at the HZB focussesthie direct conversion fight into electricity,
i.e. photovoltaics (P)yand onthe direct conversion of abundant resources suchwaser and C@
into hydrogen or hydrocarbons using sunligi. solar fuels (see section 2.4.2)

Silicon and compound semiconductor based 4filim PV represent the technological base of the
Solar Energy Research activities at HZB. Acsrffistent s@ntific approach enables research and
development on the full chain from the very fundamentals of the materials ending at scalable
prototype devices that demonstrate industrial relevance. The requirement of g¢hart support of
industrial partners is falifated by the Competence Centre for Thin Film and Nanotechnology for
Photovoltaics Berlin (PVcomB). The aim is to provide the scientific and technological base to advance
present and develop next generation thin film photovoltaics.

The longterm goal of H2. Qa t+ NBaSINOK Aa G2 RS@St2L) S@Sy Y
devices. Here, new materials and concepts for future photovoltaic devices are explored. Solar cell
concepts based on, e.g. naparticles will provide extended chemical flexibilignd include
guantumsize and optical coherence effects. The research strategy behind this activity is to generate

the scientific knowledge needed to create photovoltaic devices beyond the presesit and

efficiency limitations.

The most prominent techniges usedat BESSY fidr this at the current stageare photoemission
spectroscopy, xay absorption and emission spectroscopy, photoemission electron microscopy and
energydispersive xay diffraction and fluorescence. While most of the methods make fellaisnd
require a tunable soft xay source of high brilliance, BESSY Il is also able to proxagls at much
higher energies as needed for diffraction and fluorescence experimé@n¢sucial extension of the
experimental capabilities usingrgys at BESY Il will be realized by thmergy Materials Hsitu
Laboratory Berlin, EMIL.

In recent years, thin film solar cell devices have impressed by their very successful development and
FlLAad LINPINBaad ¢2RIFI2Qa (GKAY FALY LK2(G202Ft G A0 ac¢
addition to the continuous need for higher efficiées, respective solar cell devices have thus to face
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new challenges in particular in terms of stability, cost, and seplpotential. At this point, the next
crucial level of performance can only be reached by a knowkbdged optimization, extending
current trial-and-error device improvement. Thus, in order to lead the thin film solar cell technology
to a breakthrough, a detailed knowledge about potential inherent limitations is necessary in order to
identify new routes to overcome these obstacles. Sieaeh layer in the photovoltaic device thin film
layer stack has a different chemical (lattice constant, crystal structure, thermal expansion or diffusion
coefficient, mechanical adhesion, chemical affinity) and electronic structure (work function, electro
mobility, doping level, defect concentration, electronic band position, conductivity), the interfaces
between those layers can cause stresses and are often the place of an increased density of defect
states which can act as recombination centers when wasigned carefully. In addition,
interdiffusion processes can take place at those interfaces leading to significant interfacial
intermixing, which induce changes in the optoelectronic properties of the whole device.
Furthermore, the interfaces not onlyfinence, but in most casaletermine the local electric fields
necessary for efficient charge carrier separation.

The keyto more efficient PV systemis the exact knowledge of the interface propertiesd the
dynamics of charge carrier excitation, genéva, transfer, and recombinatiorBESSYSRwill be
essential in elulcidating thesp.a dz £ f @ OKI NHS O RI@viSeNaré ihtheSrdsY Sa Ay
regime. Thus, recombination mechanisms occurring in these solar cells are already accessible by
BESSY Il today. However, e.g., the formation of free charge carriers after optical excitation, the
processes involved in photon u@nd/or dowrtconversion systems, and/or the charge carrier
lifetimes in new PV materials/concepts take places on time se@afew ps.In particularthe use of

novel concepts (e.gexcitonic) in solar cells depends crucially on understanding generation and
recombination.In order to study these key mechanisms in ngeherationPVmaterials and solar

cell devicesSBESSYSRwith the option to use short Xay pulses at high repetition ratesill be
essential It will be in particular the flexibility -BESSYSRwith radiation from theTerahertz tothe

hard xray rangewith flexible timestrudure and filling patterns thawill enable unprecedented
insight intothe interface propertieandthe charge carriedynamicsof PV systems and solar cells

2.1.3. Topological insulators

Topological Insulators are matesaivhich are bulk insulators betxhibit conducting surface states.
These surface statesequire strong spirorbit interaction, are highly spin polarizedave their spin
locked perpendicular to the electron momentuenjoy protection otheir existence by timeeversal
symmetry and have promising implications for eleettitansportand spin transportThey exist as
two-dimensional topological insulators with protected edienensional edge states and three
dimensioanal topological insulators with protected tdlonensional surface states. In both cases the
dispersion nearthe Fermi energy is that of massless Dirac fermions, and on -tireensional
topological insulators they form a Dirac cone similar to graphene. In graphene, the Dirac cone is
characterized by a pseudospin, in topological insulators by the real spinlogajb insulators are
characterized mathematically by a topological invarianvhich is an odd integerAlong with the
topological invariann also other quantities such as the electrical conductivity are robust, and the
discrete valuen=1 leads to a digeteness or quantization of the conductivitthe robustness of this
guantization renders it extremely accuratdhis has been demonstrated for tvebmensional
topological insulators from HgTe quantum wells in 2007. The first tdm@ensional topologida
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insulators studied are BiSh, BbTe;, and BiSe (Figure 3, of which the latter two have emerged as
standard systems, due to their simple electronic structure with one surface state and their two
dimensional geometry which allows for simple cleavage.

Bi,Se, Mn-doped Bi,Se,
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Figure3. (@) Spinresolved photoemission from,Be showing ~50% spin polarization in the surface state at ~0.2 eV
binding energy while the bulk admixture reduces the polarization at 0.6 eV. (b, ¢) The Dirac pgie oérBains

intact after deposition of 0.2 monolayer Fe at low temperature (8 K) where tfeceudoping becomestype and
modifies the dispersion. {g) Mn doping in the bulk opens a large (~100 meV) gap in the Dirac cone but it does not
change with temperature indicating that it may not be due to ferromagnetic order. (Courtesy O. Rader, HZB).

It has been shown by ARPES that the states are robust against surface impurities in line with the
topological protection, that their spin polarization is high, and that they can be modified by surface
doping. It has been shown at BESSY Il that they éeeatd towards deposited magnetic moments.

An external magnetic field or exchange field is expected to open a gap but attempts to demonstrate
this with threedimensional topological insulators have failed so far. With the inclusion of
ferromagnetically ordred magnetic moments, new topological phases are predicted such as the
guantized anomalous Hall insulator and a thhdimensional Weyfermion system.

Other important questions surround the scattering properties because scattering is reduced due to
the high spinpolarization and timeeversal symmetry. Deviations from the circular shape of the
Dirac cone can lift these constraints. Related to this is the elegitmmon coupling the strength of
which is controversial. Topological insulators have promisptecal properties in the infrared range

and circularly polarized light is considered to allow for pRoiduced spin currents.

The time structure oBESSYSRwill allow for angleresolved timeof-flight electron spectrometers
such as the ArTOF to be phoyed. Using time resolved measurements, the evolution of the
electronic structure can be probed by ARWHEPESmeasurements, chemical changes can be
monitored through timeresolved chemical shift measurements and structural changes can be
studied by folbwing the evolution of the Photoelectron Diffraction patterns.

2.1.4. Nanoscale materials

At the nanoscale materials exhibit novel physical, chemical, electrical, magnetic, and optical

properties that can be exploited for a wide variety of Apgtions anging from catalysi® magnetic
12



data storage. An understanding of static and dynamic properties of suchifoensional structures

is only accessible to spectrmicroscopictools capable of appropriate lateral and temporal
resolution. Synchrotron basednaging techniques, such as coherentay scattering (CXRS) or
photoemission electron microscopy (PEEM), offer a unique toolbox for nanoscale science. The
combination of multispecific contrast with temporal and lateral resolution at the relevant time and
length scales enables these microprobts follow chemical reactions in a catalyst or image the
magnetic switching in a nanoparticle. Complemented dbructural analysis, such &nsmission
electron microscopy (TEM), they provide unmatched insight iheodtructurefunction relationship

at the nanometer level.

It has been demonstrated that the electronic structure and magnetic response of the same single
ferromagnetic nanoparticle can be correlated with the npioology and crystal structurasing xray
photoemission microscopy in combination with electron microsc@figure 4) Magnetic states and
interactions can be analyzed for different particle arrangements. The elesptific electronic
structure can be probed and correlated with the changes of metigrmproperties. This approach
opens new possibilities for a deeper understanding of the collective response of magnetic
nanohybrids in multifunctional materials and in nanomagnetic colloidal suspensions used in
biomedical and engineering technologies.
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Figure 4 Magnetic imaging and spectromicroscopy of individual Fenanocubes in an applied magnetic field ol
33mT. (Courtesy F. Kronast, HZB)

Another important application is on materials that are inhomogeneous on the nanoscale due to
spontaneously developing order phenomena or coexistence of different phases. Both kind of effects
have clear influence on macroscopic properties and affect hemeetibnality. Techniques that have

both temporal and spatial resolution can unravel on a nanoscale how functioraitypest be
achieved. In addition to the aforementioned imaging technique, x-ray photon correlation
spectroscopy wilbe an essential tool

BESSYSRoffers X-ray pulses at variable puldengthin combination withvariablefilling patterns
with, e.g, alternating patterns of ultreshort and long pulses. The availability of uistaort X-ray
pulses with a pulse duration below one picosecondl wrovide experimental access to new
phenomena such as direct spaxcitations in individual nanoparticles or magnetic fliations in
particle ensembles.
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The variability ofBESSYSRcould also be used to solve a problewh electrondetectionbased
imagng such as PEEM current Xray sources. Bove acertain Xray intensitytheir resolution is
limited by space charging effects. Recent studieBEBESY and Elettra(Trieste, Italydemonstrate

that even with the presenk-ray pulse duration and intensity, the lateral resolution in PEEM can be
limited by space chargingVith BESSYSRwe couldovercomethis space chargingith particularly
long X-ray pulses. If technically feasibliswould pave the way towards nm restlbn XPEEM, as
predicted by electron optical simulations.

Shorter Xray pulsesin turn,asprovided byBESSYSRwvould enable new inghts with ultrafast hard
X-ray diffraction experiments:

Nonlinear phononics: The dynamics of phonons in an anharrogsial potential

The decomposition of atomic motion in phonon modes is a fundamental concept in solid state
physics. Phonons describe elementary processes and excitations, such as heat transport, sound
propagation, pyre and pizeelectric processes, phadeansitions and others. For structural phase
transitions with unit cell doubling the zone boundary phonons are relevant, which have a decay
constant in the 1 picosecond range. Coherent phonons can be generated and probed by ultrashort
light pulses. The aessible phonon wavevectay in the probe process is however very limited for
optical wavelengths. It is therefore advantageous to reduce the probe wavelength by using radiation
in the hard Xray regime.

Figure 5. (upper panel) Nonlinear
phononics: the initial acoustic strait
pattern (blue) is distorted (green) afte
propagation in an anharmonic crystal
(lower panel) The excitation of nev
phonon modes can be observed
reciprocal space by ultrafast -rdy
 diffraction. (Courtesy P. Gaal, R. Shaydi
M. Bargheer, Universitat Potsdam).

In particular, for the study of anharmonic effects, e.g. the decay of coherent sound waves due to
phononphonon interactions, the sensitivity to a large set of phonon wavevectors asuffizient
temporal resolution is required. The decay time constant for acoustic phonons with a frequency of
140 GHz is approximately 100 picoseconds [1]. In general, the phonon decay followfsrald/i.e.
high-frequency phonons and localized lattidestortions decay on a subl100 picosecond timescale

[2]. Such higHrequency modes can be probed by UltrafadRay Diffraction (UXRD) techniques, due

to the larger kvector of Xrays compared to optical liglfFigure 5)3]. However, UXRD experiments

on the decay of phonons are rare, since they rely on ultrastable and brillizay ¥robe pulses that
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can be delivered uniquely by acceleratmsed sources, which typically deliver a temporal resolution
of only 100 picoseconds [4].

The generation of largstrain amplitudes leads to nonlinear propagation effects and to the excitation
of new phonon modes due to anharmonic phonon interaction [5]. A better understanding of
nonlinear phononics could pave the way to new devices, e.g. modulators and switcHes [6,7

For such studies, an increase in temporal resolution as provid&HE3EYSRor acceleratorbased
UXRD experiments is essential.
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2.2. Futureinformation technologies
2.2.1. Magnetism dynaras

Controlling magnetic states of matter is crucial for understanding the underlying fundamental
physical phenomena and for engineering the ng&heration magnetic devices combining ultrafast
data processingwith ultrahigh-density data storage. The elementary building blocks governing
magnetism are the magnetic moment, the sjirbit coupling and the exchange interactierthe
shortrange force that couples & constituent spinsThus, in order to generate, anipulate and
eventually control such magnetic states of matter one needs to understand the dynamical behavior
of these key parameters on their characteristic time and lerggthles i.efrom femtosecondsto
nanoseconds and from local spin moments to exiieth nanostructures on the nanometer length
scale

Being equally a sciencand technologicaligriven research area, the field of ultrafast magzation

dynamics has witnesseath intense activity, both experimentally and theoretically, leading to a rapid
development over the past decade. Despite of this progress there are several fundamental, yet

dzy  yas SNBR ljdzSadAz2ya GKIF G Snadintisn &sdoindthinc®NNI Ay Oz 3y

1 What is the ultimate speed at which magnetic order can be manipulated and eventually
controlled?

1 What are the microscopic processes responsible for magnetization dynamics on elementary
length- and timescales?

1 What are the channels of ultraaangular momentum transfer to and from the spin system?

Next to purely fundamental interest, theanswers to thee questions areessential for the
development of future technologies for ultrafast and enesgving recording and processing of
magneticallystored information(Figure 6)
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Figure 6 BESSYSRwill provide novel and
fundamental  knowledge  about  the
microscopic  processes responsible
magnetization dynamics, which will allow fc
developing and designing novel materia
and approaches that cddi boost the
magnetic recording write/read rates of the
magnetic bits to unprecedented speed
(Courtesy I. Radu, HZB).

The outline below summarizes the scientific case for magnetism dynamics going from femtosecond
phenomena at the atomic scale to nanas@d phenomena in extended structures at the nanometer
length scale.

Ultrafast magnetismon elementarytime and lengthscales

The use of femtosecond soiray pulses with variable polarization, available at teenfosecond
slicing facilityFEMTOSPEX BESSY Il Berlin ha®vided unprecedented insightstmthe physics of
ultrafast magnetism as demonstrated, for instance, by the latest investigations of various material
systems [15]. Although groundbreaking, these measurements suffered due to theivelatiow
photon flux achieved inhie slicing mode (fOphotons/s) while momenturresolved investigations
were limited to specific samples showing high diffraction efficiency. Moreover, experiments imaging
the nanoscale with fs time resolution, a cruciagiedient in understanding ultrafast magnetism,
were impossible.

The envisioned capabilities ESSYSRare indispensable in addressing all these fundamental
guestions, which will ultimately provide us with the required fundamental knowledge atwut
genuine magnetization and spin dynamics. In particular, using its high photon flux and shgrt X
pulses we will obtain quantitative information on ultrafast dynamics of the spin and orbital magnetic
moments as well as on the transient dynamics of tpinorbit coupling and of the exchange
interaction¢ the key ingredients governirtge magnetic order. MoreoveBESSYSRuwill allow us to
monitor the elementary length scales pertinent to magnetization dynamics in highkeqoitibrium
states, i.e. omparable with the exchange length of 10 nm and below, usingyXscattering
techniques. In addition, imaging of the magnetic domains/macrospins dynamics at the nanoscale on
picosecond to femtosecond timescales and with element specificity will becorsibfewith BESSY
VSR

In addition to the feX-ray studies, e ultrashort electron bunches and their flexible time structure
will provide us with a powerful spectroscopic tool covering thelRand THzpectral range. Such a
tool will enable us to ideny and disentangle the various quasiparticles (e.g. phonons, magnons)
which are driving and/or involved the ultrafast magnetization dwyies on ultrashort timescaless
described in the following

Ultrafast magnetization dynamics upon resonant excitatibpttonon and magnon modes
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In apilot experimentat the free-electron lasefFLASHHamburg)a collaboration including Radu, M.
Gensch, F. Radu, R. Abrudan, T. Kampfratit, A. Kimelstudied the ultrafast magnetization
dynamics of magnetic garnets upeasonant excitation of the relevant phonon ancagnon modes
using intrinsicallysynchronized THand Xray pulses the Terahertz radiation served as pump beam
and the Xray radiation was used to probe the system [6].

This is a new type of experiment withe aim to understand the role of spin and lattice excitations
during the THanduced magnetizationdynamics; in particular during demagnetization and
magnetization reversal processeSo far the experiment was only partially successful because of
insuffident intensity of the THz source. Similar experimentsuld be enabledBESSYSR as the
intensity of THz radiation aBESSYSRwill be very high and th&Hz andX-ray pulseswill be
intrinsicallysynchronied.

The combination of resonant THz excitatemd resonant xay magnetic scatteringt BESSYSRcan

be expected to open up a new field exploring phase transitions on ultrashort time scales in transient
and metastable states. These reqguilibrium states may unleash new and exciting properties, &8s ha
recently been demonstrated in the case of ferrimagnetic GeFe alloys, which show a transient
ferromagnetic state in an otherwise antiferromagnetically coupled systdm [

BESSYSRuwill thus provide unique tools, both in the frequency and time domain, alhivill allow
obsening, understanéhg and ultimately contrding the fundamental interactions drivinghagnetic
order at the nanoscale witheftosecond time resolution. These could be uniquely complemented
with BESSY SRy investigationdocusing on the ps time scale.

New frontiers in sphdependent band mapping Magnetization dynamics in lanthanides and their
compounds

The magnetization dynamics of Gadolinium and Terbium hewently been analyzedby the group

of M. Weinelt (FU Berljrby time- and angleresolved photoemission with \WJradiation from a HHG
source [] (Figure7) as well as using-pay magnetic circular dichroism (XMCD) at the BESSY
femtoslicing facility FEMTOSPEX8]. The results indicate thathe magnetic anisotropy pys an
important role in ultrafast demagnetization.

Figure 7 Time and angleresolved photoemissior
result with VUV radiation from a HH88urce s on the
magnetization dynamics of Gadolinium and Terbit
[7]. An asymmetric collapse of the exchange splitti
of the valence bands is observed; the upshift of 1
majority band (blue) is delayed by one picosecc
(ps) with respect to the instantaneous response
the minority spin band (red). This indicates that (
valence and 4f spisystems are out of equilibriun
within the first few picoseconds after laser excitatio
(Courtesy M. Weinelt, FU Berlin).

Using the spidilter momentum microscopehat is currently being built for installation atthe
RussiarGerman beamlineat BESSY Will offer the opportunity to simultaneously analyze the
transient, spirpolarized band stcture and Fermi surface in 4 dimenss i.e. for parallel momenta
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k« and k, at a given binding energy and delay time. Therabywill be possible tadiscriminate
between spin transport and spiitip phenomena and unravel the controversial detailsasirdriven
magnetization dynamicsAt BESSYSR the repetition rate of short 1.5 ps pulses in the low MHz
regime fits perfectly well to the acceptance of the delmg detector used in the timef-flight
spectrometer. Together with the highly efficiegpin detector the describedexperiment willmake
accessiblenew frontiers inspindependent band mapping.h€ redu@d pulse length down to 1.5 ps
will allow for timeresolved measurements with dramatically increased flux and availatilitypared

to the current situation at BESSY I

The analysis of the valence bastlucture of ferromagnets will be fostered with tirmresolved
measurements of linear and circular dichroism 4f (resonant) photoemission9] and Xray
scattering at the larftanide Medges. Both technigues are element specific and thus generally
applicable to compounds and multilayer systems, i.e., material systef technological relevance.
All of the above experiments will greatly profit from the increased flux and ps-teselution of the
proposedBESSYSRnode.

Precessional Magnetization Dynamics in Complex Magnetic Layer Structdr@sntronicMaterials

Complex magnetic layer stacks are the building blocks of spintronics devices, such as magnetic
tunneling junctionsspin transistorsand they play an important role in the magnetic data storage or
processing such as @omplex circuitsand logical gates. The dynamic response of these layer stacks
to external stimuli, such as magnetic field pulses, spin polarized ragrrer light pulses differs
considerably from the single layer response. It is determined by a complicated interplay of
interactions and magnetic coupling mechanisms in the st8okh structures in fact take advantage

of the combination of the different mgnetic properties of the different coupled layers either by
direct or indirect exchange coupling, or of magnetoresistive effethe influence of a certain
couplng mechanism such @ise interlayer exchange coupling.g, may depend strongly on the time
scale of the magnetic excitatioithe transient change in magnetic properties following the optical
excitation of the electronic system can lead to a change in the magnetization state, either by
magnetization precession or by -alptical magnetization rearsal. An understanding of the dynamic
response of the stack therefore requires an understanding of the behavior of the individual magnetic
and nonmagnetic entities in the layered structure.

NiFe +H Figure 8.Timeresolved photoemission microscof

(TRPEEM) used to disentangle the individual
magnetic responses of the different layefdiFe
and CoFejn a stack.(Courtesy C. M. Schneide
Forschungszentrum Jilich).
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Typically the fastest magnetization reversal is obtained by precessional motion in the 1&§ims,r

but even faster modes may become within reach with ultrafast laser pulse excitdthentransient
response of the system can be studied by pyonpbe experiments on an elemen¢solved basis by
employing the XMCD effect. Such experiments can eitterally integrate over a wide area of the
sample, or microscopically image the sample as in PEEM. The latter has the advantage that also local
effects, caused by variations in the local effective field by, for example, domain walls, may be
studied.

Timeresolved photoemission microscopy (PEEM) has proven to be a very powerful technigue to
disentangle the individual magnetic responses of the different layers in a stack. The use of
aberrationcorrected electron optics enhances the transmission and as®s the sensitivity of this
approach. The group of C. M. Schneider (Forschungszentrum Jiled®ntly implemented a
temporal gating and a lasdrased excitation irtheir aberrationcorrected PEEM to enable time
resolved studies of magnetization dynamiEggure 8)In earlier studiethey already demonstrated a

best timeresolution of 10 ps in the lowlpha mode, which allowedhem to directly map
precessional modes simple Permalloy elements.

BESSYSRuwill offer much better conditions for timeesohed magnetodynamic imaging down to the
picosecond limit and may even providdéadge to the sukps regime toaccesghe time span shortly
after the excitationrwith TRPEEM. This would allomentifying the mechanisms starting the reversal
mechanisms on amlementresolved, and thus layeresolvedbasis. Compared to the femtosecond
slicing facility FEMTOSPEX at BESBESKYSRwould allow for higher fluat short time scales
thusenabling imaging experiments with, e.g.-FREM.

Another example of pressonal dynamics by the group of H. Zabel (Universitat Bochum) addresses
the free precessional dynamics and dampifig@ns in spintronic material§igure9).

T ' T v T V. T ) L)

Figure 9 Time resolved precessional dynamics of Fe i
Py/Cu/Fe spin valve determined foymp-probe methods
at the Fe k- edge. Taken from ref. 14, R. Salikhov et i
Phys. Rev. 86, 144422 (2012).
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From these experiments, which were performed at BES3hellyfactor and the Gilbert damping
was determined in an elemesselective way ands a function of external magnetic field, opening
angle, temperature, doping concentration, eft0-14]. The bunch lengtat BESSYdetermined the

time resolution With presentpulse lemth of about 50 ps in single bunch modé BESSY Il it was
possibé to resolve the precessional frequendyut the investigations ardimited to magnetic
materials with low exchange coupling and therefdow precessional frequencied below 1-2 GHz.
Because of this, Fe and Ni spins in Py can very well be probed, thdibmmstance, Fe spins in Fe,
which has much higher exchange energy. A pulse length of 15 ps odewento 300 fsas provided

by BESSYSRwould greatly enhance the frequency range that we can probe. This in turn, would
allow investigaing the free pecession and the damping in a much wider range of materials,
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including those with high relevance for magnetic storage devices, such as FePtx and CoPtx alloys and
the spin precession of magnetic quantum dots. The higher repetition rate and higher curraft, wo
in addition,greatly expedite thalescribedexperiments.

TimeResolved Investigations of Resistive Switching Dynamics

Nonvolatile memory concepts involving resistive switching phenomena promise the ultimate scaling
behavior. The microscopimechanisms behind resistive switching and particularly the dynamics are
far from being fully understood. Depending on the material system, the resistive switching involves
either crystalline phase changes, the formation of metallic filaments, or localaalehangegFigure

10). Disentangling the physical processes, which govern the voltagedilsrama and determining
GKS tfAYAGA 2F (GKS a6A00OKAYy3I &ALISSR IINB LAG2G1It F
purpose, timeresolved studies in #hnance and picosecond regime are needed.

€) 1o} forming crater XPS Figure 10 Soft xray PEEM investigations
e e~ \ Sr3d of chemical changes in Fe:SH® a
8 /\ / prototypical resistive switching materiel
$ /4 '\ I \ \ after removal of the top electrode use
8, 4 L for electroforming. In the switched regiol
1 il m\ L G4FRWE ONI GSNEO
1% s M4 2 13 spectra of the Sr 3d states exhibit
N e i S N S O significant change, as compared to th
d) I surrounding ,,f\ XPS | surrounding area. This spectral signatu
[ can be used for timeesolved
experiments. (Courtesy C. M. Schneid
Forschungszentrum Julich).
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Theexperimental challenge in timeesolved studies of the resistive switching dynamics is to obtain
precise chemical information from a buried layer underneath a metallic electrode with high lateral
resolution. This requires a combination of harday photoemision with photoemission microscopy,

i.e. hard xray photoemission (HAXPEEM). Sincdimpigary investigations suggetlie dynamics to

take place on the subnanosecond time scale, a #igsolution in the low picosecond regime will be
needed to address thame-dependent changes in the electronic/chemical structure. Basestate-
of-the-art time-resolved PEEM and HAXPEfEBUIts at BESSYaltledicated pumgprobe experiment

at BESSYSRwould allow for mappinghe chemical changes underneath the top electoidking

place during the application of short current/voltage pulses. The changes will be determined by
means of hard xay photoemission from characteristic core levels in the resistive switching material.

The dynamics of information storagésoing to extended nanostructures

One examplefor the future use of variablgluration pulsesfrom BESSYSRfor studying the
dynamics ofmagnetic data storage and manipulation is the investigation of magnetic bubble states.
Such a circular magnetic domdn perpendicular anisotropy aterial is shown ifrigurell.
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Figure 11 (a) Twebubble state in a circular thin film medium of 550 nm diameter with perpendicular magi
anisotropy, imaged via Fourier Transform holography with XMCD contrast at BESSihgle bunch mode. Th
trajectory of the bubble indicated by an arrow is traced. (b) Trajectory of the bubble displacement (data point:
excitation via the magnetic field of a microcoil together with a theoretical model (line). The entigtdrgjbas a
duration of 15 ns (color coded purple to yellow). (Courtesy S. Eisebitt, Technische Universitat Berlin).

The image was obtained viaray holography, using the high brightness of BESSY Il to record a
hologram of the sample witlmagnetic contrast. Such magnetic bubbles have topologic properties
that make them of interest foboth basic science researemnd future information storage units. To
study the dynamic properties of this system, it was crucial to initially bring the syistena well-
defined two bubble state, close to nucleation of an additional domain. In this study, ths wa
achieved via the (iterativeddjustment of the external magnetic field and analysis of the resulting
state via holography. As such adjustments ifirageneral multdimensional) parameter space are

time consuming, the ability to quickly characterize the resultant state is crucial. Here, multibunch
acceptance of all pulses BESSYSRwould enable this steering of the system to the desired initial
state. Once preparedBESSYSRwill allow switching to the specific temporal resolution required to
study the dynamic phenomenon in question. In the example here, thenetagbubble was excited

via an external field pulse administered via a microcoil, #twedresulting dynamics of the bubble was
traced holographically. The results shown here were achieved very tediously in single bunch mode
and allow e.g. the determination of the topological mass of the soliikka bubble [AG Eiselbiet al,

in preparatiory. BESSYSRuwill enable much more efficient preparation of the desired exited state of

a system to be studied, even in more complex phase diagrams (B, T, sample composition), and thus
enable new studies of intrinsic an controlled dynamic behavior, e.gaimomagnetic systems for
information storage and processing.
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2.2.2. Phase transitions

One hope for faster and more energy efficient information technology ithé use of the unique
properties of functional materials beyond classical semiconductors. In particular correlated materials
exhibit a wealth of phases with drastically different macroscopic properties. Since these phases exist
in close proximity, a phastransition can be induced by comparably small external stimuli [1].
Examples are metahsulator transitions that occur upon temperature change or when the material

is exposed to a magnetic field. Such effects can be truly dramatic with changes imthetaty of

6 orders of magnitude [2]. Moreover, some of these transitions are among the fastest switching
processes ever observed in solids [3], which qualifies them even more for future information
processing applications.

Besides driving the whole matal through a phase transition novel concept for functionality haven
been developed, that apply perfectly for such materials with complex phase diagrams [1]. In many
correlated materials different phases can coexist under identical conditions. By drsagg the
metallic phase through the percolation transition, the whole material can be rendered
macroscopically metallic with a much smaller energy investment than a full phase transition would
require. Additionally such states with phase coexistence tgpically metastable such that their
respective state remains conserved until it is actively changed.

Many of these materials turn out to be multiferroic which mean that ordering effects in one degree
of freedom is coupled to another order in a second @egof freedom. The best studied class of
multiferroics is those where magnetic order and electric polarization are coupled, promising, e.g., to
write magnetic information electronically instead of using bulky coils. This field has been dramatically
growingrecently because more and more concepts how to obtain multiferroicity are developed [4]
including bringing materials with different ferroic properties in close proximity in order to couple
them.

This latter approach is just one aspect of a much wider @ggn to create novel functional materials

by creating heterostructures of correlated materials [5]. At interfaces completely new properties can
be created (like a twalimensional electron gas at the interface between two insulators); strain and
charge tramsfer can affect the properties of one of the layers; agdas for the case of the
heterogeneous multiferroicsa coupling of the properties of the different layers can be achieved.

On the way from interesting functionality to application the switchighavior is a central point.
What is the most efficient way to control properties? How fast can properties be changed, how
stable are the states? Time resolveday techniques have made enormous progress in the last
decade mainly focusing on magnetic madds. Recently, scientists have extended such studies
towards phase transitions in correlated materials [B]6
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Figure 12 Processes during the Verwey transition of magnetite when induced by an optical laser pulse [11]. (Cot
Schussletangeheine, HZB).

So far such experiments are limited by the few available sources of shaytpulses. Despite this,
detailed studes of phasedransition behavior could be carried out showing the effects of optical
excitations as well as THz pulses that directly couple to phonon modes. A large role play experiments
with soft xray pulses that combine high spectroscopic sensitivith wikgnetic information.

Besides switching material from one phase to another in the most controlled and/or efficient way,
another option in timeresolved experiments is to reach phases that do not occur in equilibrium. The
observation of critical fluctuadins for at least two different phases have been reported, e.g., for
magnetite, only one of which develops in equilibrium [10]. One may hope that far from equilibrium
the other phase could be reached and studied. For the same material aindseed metasible

phase separation was recently observed, which again is a state of matter that does not exist in
equilibrium(Figure 12J11].

While some of these processes are very fast, some occur on timescales of a few picoseconds and
some are considerably sloweEven experiments that cannot resolve the ultimate switching time
scales can still be used to characterize the excited state. As a matter of fact, free electron lasers are
not always the ideal source for such kind of experiments since the high peaknasghtnay affect

the sample too much for a controlled experimeBESSYSRwith its high repetition rate at
moderate peak brightness may be much better suited in many cases. Furthermore only a storage ring
allows for recording resonance spectra by variatiof the incoming photon energy over a wide
range. Understanding of such correlated materials has been mainly advanced wéh X
spectroscopic methods likeray absorption spectroscopy. First attempts to transfer these methods

to time-resolved experimers have proven successfBIESSYSRwould certainly be the ideal source

for such kind of research.
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2.2.3. Molecular electronics

Transition metal iongTMIs) form the core units of vital catalytic process in proteins as well as in
synthetic compoundsTMIs frequently exhibit high spin (H&ramagnetic electronic ground states,

as crucial catalytic intermediate¥heir properties constitute not only fascinating objects of basic
(bio) inorganic chemistry but render Tbmplexes prime candidates for blue prints of future energy
production devces. The interest in this important class of compounds even increased when the
potential of HS TMI based single molecule magnets as potential nano scale data processing units was
discovered. Both catalytic as well as magnetic properties result from desinbtrplay between the

A2y Q& 2EARFGA2Y | yR aLAyYy adGliSazr GKSANI 022 NRAYI (
well as spirspin couplingsAlthough outstanding progress has been made in the synthesis of TMI
complexes and their quantum checal description, further spectroscopic knowledge is mandatory

to unravel their structuredynamicfunction relationships. The vision of these efforts is the
production of tailormade systems featuring systematically tuneable properties.

Figure 13 Quasioptical FDFT THEPR setip

consisting of radiation extraction optics in the storag
ring, the quasboptical THz transmission line, the FT
spectrometer, the superconducting magnet wi
variable temperature insert (Oxford Spectromag 40(
By =11 TT = 1.5 300 K), and the detector. The Tt
pulse pattern in lowa is depicted in the gray box. Th
depicted excitation scheme provides sufficient pov
for continuous wave THEPR excitation, but does nc
allow for spin flips with a single pulse, a reguient

quasioptical
transmission

— for advanced EPR excitation. (Courtesy A. Schneg
208 Holldack, HZB).
BESSY Il storage ring low « THz pulse-pattern

The ideal technique for studying paramagnetic systemslastron paramagnetic resonance (EPR)
spectroscopyl 2 6 SHSNE adl yRFNR 9tw G§SOKYAIl dzages iha& lj dzSy (
EPR transition energies exceed the quantum energy of the EPR spectrometer (typically)<\Veom

recently we demonstrated that Frequency Domain Fourier Transforrd={FDrHEPR(Figure 13)
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based on coherent synchrotron radiation (CSR)pfbyides a unique tool to lift these restrictions.

Our novel approach allows for EPR excitations over a broad energy'(® &8 cni') and magnetic

field (11 T to 11 T) range in a single spectrometer and with a single sdtbé¢el THEPR was set

up in the frame of the BMBF funded network project ERRar and is now further developed with
funds from the DFG priority program 1601. It is part of the Berlin Joint EPR Lab, arcoes®arch
infrastructure of Freie Universit@erlin and HZB. FBT THEPRhas been successfully applied to
high spin TMIs in single molecule magnetssJZatalytic mononuclear integer HS TMIs [5] and
proteins [6]. A further drastic increase in the capabilities of CSR basePRizould be achieved by

the employment of ultrashort THz pulses of high repetition rate frddESSYSR Following the path

of stateof-the-art FFNMR spectroscopy the availability of uHbaoad band THEPR experiments

with sub ns time resolution would pave the way for completely new EPR experimethtacarss
paramagnetic states relevant for (photo) catalysis and data processing. Such experiments are
currently out of reach due to tn fixed pulse duration (see Figul®) and the limited THz pulse
power. High power CSR THz pulses with variable duratmrdwallow for coherent electron spin
manipulation and control, laserfray-pump EPFprobe experiments on function determining short
lived (photo) catalytic states as well as in operando studies on HS TMIs in systems relevant for energy
conversion and st@ge.
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2.2.4. Spintronics

The aims of @intronics are the manipulation of electronic spin fahe storage, transmission, and
processing of informationSpintronics is promising to revolutionize data storagel processing in a
development which commences witimaller devices that consume less power than preséwtrge
based ones and may culminatn the implementation of quantum computing. Spintronics
demonstrated firstsuccess already in metallic multilayers, most notably dkeillatory longrange
magnetic coupling and its applicationse., the giant magnetoresistive reading head and the
magneic random access memory. The central unit of théeeices is a quantum cavity for electrons
and spin. Theboundary layers are ferromagnets which impose their sggpendence on the
electronic states inside the cavity.

Seconegeneration spintronic deviceshall directly usespinpolarized currents. Tgenerate these
spin currents, spin injection from ferromagnetgo semiconductors is being studied intensively, but
the direct interfaces between these materials suffer freevere conductance mismatch prebis. It

is principallypossible to create a spin current without ferromagnetaterials or external magnetic
fields altogether if the polarizatiors created by virtue of the spiorbit interactioninstead of the
Pauli principle. The spiorbit interaction induced by an electric field E at a twlomensional
interface,i.e., the Rashba effect, has been studied intensiveemiconductor heterostructureand

at metal surfaces. The main concept for a dipitd-effect transistor, however, still requires
ferromagnets as polarizer and analyzer, and only the active element requires the Rashbebgpin
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interaction to perform spin rotation. The stronger the Rashba effect, the shorter is the distance
required for spin rotation which is important for miniaturizzn.

The Rashba spiorbit interaction has in recent years increased strongly. Giant values of the Rashba
parametercy on the order of 16’ eV A have been reported for a-Bi surface alloy (30" eVA), for

an Ir(111) surface state (:30'°eVA), and for the threglimensional system BiTel (318" eVA). On
graphene intercalated with Au, also a giant spibit splitting is observed 4 orders of magnitude
larger than the intrinsic values gfapheme (Figure 14)

MG PWIT10) . Figure 14 Left: Spinresoled photoemission
e . . from a 4monolayer film of Au on W(110). Witl
AN G V= increasing emission angle, the Rashba splitti
" - &Y of a Auquantumwell state increases. Right
z = - Graphene on Ni(111) intercalated with
2 7 Y ¢ layer Au sh iant Rashba splitt
5 £ v’ i b monolayer Au shows a giant Rashba splitting
g o | Sere, 2 Gy ~100 meV otthe pstate near the Fermi energy
e" 2 S Following its dispersion through th
& é N hybridization with Au etates, the origin of the
g k= '_/’\ N i spin polarization can be traced to thesthtes.
- s £ N N (Courtesy O. Rader, HZB).
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The next challenge is to transfer these to a semicondgctin insulating platform. This has been
achieved for Pb and Bi on Si. Also topological insulators, which ideally are insulating in their volumen,
form extra Rashbaplit states at their surface.

Similarly as isection 2.13, the time structure oBESSYSRuwill allow for angleresolved timeof-
flight electron spectrometers to be employed (ArTOF typbg gain in efficiencwill lallow fora
more wider useage of spin detectors.

2.3. Basic energy science
2.3.1. Photochemistry

Understanding and cdrolling photochemical reactions is the key to mastering some of the most
important processes to be addressed in energy and environmental science such as artificial
photosynthesis and water splittingnd CQ recycling. Understanding how the correlated rawt of
electrons and nuclei is linked to the reaction kinetics and controlling their coupled dynamics clearly
motivates the need for information on photoexcited electronic and structural changes in molecular
systems and in particular on their temporal emtibn. The key is to capture intermediate molecular
states that may occur duringhotochemical reactions and to reveal their sequence through transient
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configurations all the way from educt to product states. This is the basis for understanding
photochemi@l reactions as it allows for elucidating the elementary reaction steps of molecular
dissociation, charge transfer and isomerisation. Furthermore, it is the basis for learning how to
control photochemical reactions, i.e., to learning how to drive reactiaftsg desired pathways and
how to drive them to desired products.

(a) :
pr?bc P‘fmo Figure 15 Schematic representation of (a) a pugppobe

: : Sample experiment, (b) the nuclear dynamics of a molecule ir
_A ‘ '::/:c dissociation reaction of a diatomic molecule and (c)
SR - molecular orbital level scheme illustrating the transien

electronic structure in a dissociation reaction of a diaton

molecule. (b) The nuclear dynamics of the pketoited and
dissociating molecules are represented with nucle
wavepackets (magenta) in a potential engrdiagram. The
pump pulse induces a transition from the ground state of |
molecule (blue) to a dissociative state (red) and the evolut
of the nuclear wavepacket is probed with the probe pul:
6aANBSYO G GAYS RStFea to
(c) The electronic structure of the diatomic molecule
- represented in an orbital energy level diagram with tv
arbitrary molecular orbitals MO1 and MO2 in the molecule
bonding distance of the nuclei and atomic orbitals infinite
MO2 nuclear distaces Taken from ref. 1, Wernet, PCC® 16941
e (2011).
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Understandingphotochemical processegquires following the structural dynamics and the valence
charge density ground and excited transient stategure 15) Especially the latter can be uniquely
probed via timeresolved X-ray spectroscopypecauseit provides a complete picture athemical
bonding from the perspective ofselected atomic sites This applies in particular to thimw
transitionrmetal complexes which play a key role in most areach#mistry and are vital for
essentially all forms of life. The chemistry of the transiinetal complexes is largely determined by
the metal3d valence charge density. Dipaowed corelevel excitations of the metélp electrons
provide an excellent mbe thereof, revealing symmetry, delocalization, and spate of ground and
transient stateqFigure 16.

These transitions lie in the softrdy rangecovered byBESSYSR where lighter elementshat are
essentialin photochemical processes as welrbon, nitrogen, and oxygen, can be uniquely probed
via 1s cordevel excitations. These elements typically act as the coordinating neaeégibor atoms

of the metal center and probing their cotevel transitions deliver the complementary ligand view
Furthermore, probes of nometallic chemistry can be accessed, allowing for the study of elementary
photochemistry in organic molecules.

Xray spectroscopy aBESSYSRwill uniquely allow forinvestigaing the evolution of the valence
chargedistribution and bondingduring ultrafast photochemical dynamics. The increased flux at the
femtoslicing facility FEMTOSPEX BESSYSRwill allow for femtosecond Xay absorption
spectroscopy for mapping the transient changes in the valehegge distribution durig ultrafast
molecular transformation of dilute solvated species.
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Figure 16 Left: (A) Qualitative orbital diagram for an octahedral Fe(ll) complex, illustrating how the photoinit
spin crossover is probed via metal42d dipole transitions. (Bychematic drawing of the molecular structure
[Fe(tren(py))]*". Photoinduced metab-ligand charge transfer results in ultrafast structural changes that have b
previously characterized by picosecond tiresolved EXAFS measuremeRight: (A) Timeesolved differential Xay
absorption spectra of [Fe(tren(g)lf* in CHCN solution at the Feyedge. (B) g_edge spectra of [Fe(tren(pgy])2 in
CHCN in the lowspin ground state (black) and the transient highhJA y SEOA 1 SR & (i I TAkBN from refc
2, Huse et al., J. Phys. Chem. %1880 (2011).

X-ray spectroscopy with the feyws pulses aBESSYSRwill in addition allow for addressing the
subsequent and more subtle changes of chemical bonding resulting from solvation, complexation
and subtle but essential changes of molecular symmetry in photochemical reaction intermediates.
With this, BESSYSRwill uniquely complement studies on the femtosecond time scale from-free
electron lasers on the one hand and investigations on the ns time scale at current synchrotrons.

Chargetransfer reactions in metalloenzymes

Metalloenzymes are present in all areasaaflular metabolism and display remarkable properties
OKNRdzZAK O2dzLX Ay3 2F GNryaarldAaAzy YSOlf O2YLX SES A
Metalloenzymes are thus capable of catalyzing (multi)electron chemical reactions while
circumventing highyl reactive radical intermediates or oxidizing unwanted radical side products of
other metabolic cell activity, thereby reducing the influence of toxic species. The inverse process has
also been observed, making use of cell toxicity of certain substancegnfoune defense or
infiltration of host cells. Prominent examples of metalioteinsand -enzymesare myoglobin Eigure

17) the oxygerbinding protein of muscle tissue in vertebrates and gimtosystems of plants in the
reaction center of which a mangase complex splits water subsequent to absorption of sunlight,
leading to the welknown photosynthesigsection 2.4.1) Generally, metalloenzymes use many
oxidation states of transition metal complexes (mainly vanadium to zinc) for their catalytic function
The metal reaction centers gain specific activity by lowered potential barriers and undergo redox
cycles during substance turnover.

The role of metal centers during chemical reactions or phase transitions can be uniquely studied via
Xray spectroscopy duito their characteristic absorption in therdy regime. The corresponding
corelevel transitions are not only elemespecific but deliver information of oxidation and spin
states as well as changes in mdtgand interactions which determine the cheitmsof the valence
charge density.
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Figure 17 Structural model of Myoglobin
emphasizing the heme cofactor. Atoms shov
in purple (red) correspond to Fe (O) (adapt
from http://www.fizyka.umk.pl/~wiesiek/).

The combination ofresults from timeresolved X-ray spectroscopictudies from BESSYSRand
state-of-the-art simulatiors will allow gainingunique insight into reaction mechanisms and their
intermediates on fs and ps time scalesAccess to information on valence charge dgnss
complementary to structural methods such as diffraction and scattering, delivering essential
ingredients for a comprehensive understanding of transient states and chemical transformations of
matter. Possible reaction triggers have traditionally b@doetoinduced chargéransfer reactions but
additional chemical triggers such as heat and pH jumps as well as use of caged cosnpitiuadtbw

for the study ofany other classes of chemical reactions.

Phototriggered protontransfer reactions in solution

Proton transfer is a key process in nature and can be considered as important as electron transfer.
Essential functionality of biological systems in terms of cellular energy management is accomplished
by proton transfer mechanisms which are provided bytpngoump proteins. Proton transfer is a key
mechanism behind the hydrogen bond, e.g. in DNA, and might lead to disturbance of the genetic
code through formation of tautomers of the base pdiEsgure 18) The proton transport mechanism

at the intermolecula level, e.g. in agueous solutions is currently described by a proton hopping
mechanism through water bridge8,[4. On the intramolecular level, proton transport occurs by
means of proton donor and proton acceptor sites within complex molecules. In tyderderstand

how protons transfer, an elemergpecific look at the molecular groups involved in the proton
transfer process is highly desirable.

m |i \I \> \ Figure 18Molecular structures involved in the cooperative doub
" f: >3 A proton transfer dynamics of the bapair 7-azaindole dimer. Taker

H

.:{ ) ';, ,l‘ “ 'i' from ref. 5, Douhal et gIlNature378, 260 (1995).
O O O
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The unique possibility offered BESSYSRwith time-resolved Xay absorption spectroscopg in

the investigation of photoinduced proton transfer. In a femtosecond pyprgbe setup the proton
transfer will be initiated by an optical pump pulse. The changes in the electronic and nuclear
wavefunction of the molecule at the selected atomic center will then be probetigmsient Xray
absbsorption By this, the ultrafast dymaics of elementary biological processes become accessible
on the femto to picosecond time scalé.e. in photetautomerization p, §.

Nonequilibrium processes in hydrogeonded systems

Hydrogen bonds (HBs) constitute one of the most important interactions in a large class of
(bio)molecular systems. Compared with covalent bonds, hydrogen bonds are relatively week but
their directional nature is important is essential to a manifold of ctines, chemical processes and
physical properties. For instance, the special properties of water are largely due to the possibility of
water molecules to form tetrahedrally arranged hydrogen bonds, forming a rapidly fluctuating
network of dissolving andeforming bonds. The resulting solvent properties are essential for all living
matter and are also relevant for the global climate. Furthermore, secondary structures of proteins
(a-helicesand b-sheets)are generated by hydrogen bonds among the buildingckdoof proteins
(amino acids). Tertiary contacts between protein subunits are often formed via hydrogen bonds as
well. Furthermore, hydrogen bonds are vital for the incorporation and functionality of protein
cofactors¢ small molecules such as the oxyg@nding heme group in of the relevant proteins in
human blood.

Adenine Thymine R H Cytosine

Figure 19. Schematics of the hydrogdomonded adeninghymine and guanineytosine
building blocks of DNA. Adapted from Wikipedia.org, author: Ifiaki Silanes

The multitude of hydrogen bond®rmed between stacked base pairs (shosahematically irfFigure

19) in canbination with interactions of p-electron systems allows for very stable structures (e.g.
DNA helices) as well as the possibility of breaking destioésnded helical arrangements alow for
genome replication, essential for cell division (replication and translation) and alterations of genetic
mutations avoiding tumors (repair). Tirtesolved Xay spectroscopy can track changes in valence
charge density of hydrogelmonded systemgFigures20, 21)undergoing chemical transformations by
exploiting the spectrally weBeparated cordevel transitions of light elements with atomic
resolution intrinsic to such probe transitions.
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Figure20. (a) Xray transmission of liquid water ahé O  Figure21. Absorbance change as a function of time del
K-edge. (b) Transient changes of theay transmission between the infrared pump pulses and theay probe
ne¢ T awith THanddT transmission before and afte pulses at three characteristic spectral positions in the O K
excitation at a pumgprobe delay time of 280 ps as edge: 534.3 eV (red), 536.3 eV (black), and.G4/
function of photon energy across the @dge. Measured (blue). Solid lines are single exponential fits to the di
raw data are shown as markers (squares), and smootl with a time constant of 0.7 ps. The inset shows a til
data are shown as solid line. Taken from ref. 7, Weehe transients on nanosecond time scales. Taken from ref
al., Appl Phys 82, 511 (2008). Wen et al., J Chem. Ph{81, 234505 (2009).

BESSYSRwith the available tenporal resolution from fs to ps covers the essential time scales for
unprecedented insight into theanequilibrium processes in hydrogémnded systemsCompared to
the present situation at BESSY Il where hydregemd dynamics were studied watdfigures 20, 2J),
BESSYSRwith increased flux for temporal resolutions in the femtosecond to-feswegime will in
particular allow investigating the dynamics of dilute hydrodgemded systems such as solvated
organic compoundsHigure22) andnucleic acidsvith time-resolved Xay absorption spectroscopy
for the first time.
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Figure 22 (a) Calculated time evolution of theray absorption spectra at the
N kedge of Nmethylaniline in acetone as calculated with configuratio
derived from an ab initio MD simdians during a hydrogen bond breakin
event. The dashed lines mark the resonance maxima of the pre (A) and
(B) edges for the spectrum at 0 fs. (b) Molecular movie depicting zeim:
views of the NH---O hydrogebond for 0, 115 and 230 fs from (a) @erived

from the ab initio MD simulations. Taken from ref. 9, Prénfactiwarz et al.,
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