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Outline
B Time dependent/pump-probe spectroscopy

B Nonequilibrium phenomena and decay
BSpin crossover systems: Fe and Ru complexes
B Dynamic spectroscopy on ruthenate complexes




Why nonequilibrium physics

 Solar cells, energy conversion

« Bond breaking, water and hydrogen conversion,
photosynthesis

* Photoinduced magnetism, demagnetization




Pump-probe spectroscopy
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Stam m et a_l . Figure 2 Femtosecond X-ray absorption spectra. a, XAS spectra obtained with
linearly polarized femtosecond X-ray pulses at normal incidence. The absorption at

A the L; edge is shown for a 15-nm-thick Ni film 200 fs after (red line) and without
(black ling) laser excitation. The arrows A and B indicate energy positions where
measurements in Fig. 3 were taken. b, Difference between the spectra in a.
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An easier system

Fe spin cross over complexes
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Fe spin crossover complexes
Wojciech Gawelda, Andrea Cannizzo, YVan-Thai Pham,
Frank van Mourik, Christian Bressler, and Majed Chergui
h \/' J Am. Chem. Soc., 2007, 128 (26), 8129-3206 - DOE: 10.1021/jalm454x

MLCT 15 fs MLCT

A — pzofs

Energy

[Fe'(bpy),]” .

Fe-N Bond Distance
This process 1s on the time scale (<20 £3)

of the highest frequency modes of the molecule.

The highest frequency mode in these systems 1s the
skeleton mode of the bpy ligand at 1607 cm 1.

1607 cm1=199 meV=20.8 fs
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Lattice transitions
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~ the derved relaxation time
scale comresponds to the period of the Fe-N stretch
mode, which lies in the 130- to 160-fs range for
all Fe(IT)-based complexes, Time Delay / fs

238 cm1=29.5 meVV=140 fs
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Photoexcitation with visible light: transition from metal to ligand

Since ligands not connected: localization on one of the bpy




Elena Jakubikova.' Robert C. Snoeberger I1L.* Victor S. Batista.® Richard L. Martin,’ and
T H aticts i'iil:!l:
Enrique R. Batista J. Phys. Chem. A 2009, 113, 12532-12540

We can connect the Ru-complex to, for example, TiO,

Photoexcitation leads to a interfacial electron transfer
Into the conduction band of TiO,




Can we calculate spectroscopy and make discriminating
tests for different theoretical scenarios?

1. We do not understand the mechanism to go from singlet to
triplet MLCT states in Ruthenium complexes

2. We do not understand much about dynamical spectroscopy




What has been done so far?

Transient-state spectroscopy
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Measure XAS In a metastable excited states




Electronic and Molecular Structure of Photoexcited
[Ru'(bpy)s]?" Probed by Picosecond X-ray Absorption
Spectroscopy
Wojciech Gawelda,+ Melanie Johnson,T* Frank M. F. de Groot,§ Rafael Abela,*
Christian Bressler,T and Majed Chergui*T

J. AM. CHEM. SOC. 2006, 728, 5001-5009

- Z At< 0
6
B 0.25- B
o
w
2 cC D C
0.00 -
> Ib
S 0.02 ) L, edge L, edge
S
e
2 0.00- a
<L
= ]
@ 0,00-
8 0.504—————| At =50 ps
- 'C) "Bl
S
2 ]
§ 0.25
‘é .
?
e .
< ]
0.00 deill e —————————r
A 2850 2900 2950 3000
Argoromeo . X-Ray Probe Energy /eV




2830 2840 2960 2970
'b) | L, edge L, edge
5 050 | B After excitation (50 ps)
=i | -
s | 3410
5 2p 4d
s%, 0.25 B
Ke]
) A
0.00
a
a) o
5 0.50.- s 7.
= 2pP4d”: Before excitation
L.
= 025 5 . | |
3 Typical atomic calculation
0.00 f A Hig = Hypom T Hcrystal = Hyom + H{}h + HD3 + HELS
2830 2840 2960 2970

Energy / eV

Note, the spectrum after excitation is not really an excited state
But starts from a 3d° ground state
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2000-2010

Conventional static/ground-state Transient/metastable-state
spectroscopy state spectroscopy
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Transient/metastable-state Dynamic/nonequilibrium
state spectroscopy spectroscopy
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Questions:

1. We do not understand the mechanism to go from singlet to
triplet MLCT states in Ruthenium complex

B Why does a photo excitation cause such a rapid decay?

B Why does the decay occur into states that are significantly different in
spin, but sometimes also orbital and metal-ligand distances?

Let us go back to Fe complexes which are better understood




Why change in spin

M In a local octahedral surrounding, addition of local phonons does not
cause a coupling of the (t,,)® and (t,,)*(e,)? to other configurations

B We need terms in the Hamiltonian that do not diagonalize in the same
fashion as crystal fields and the local phonons. This can be the spin-orbit
coupling, but also off-diagonal Coulomb terms or band effects

B The spin-orbit coupling can convert t,, electrons into e, electrons. To go
from (t,,)° to (t,4)*(e,)? we need two steps.
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Coupling between phonon continua

Suppose little change in initial photoexcitation, but major
lattice change in coupling between states 1 and 2

v )




Hamiltonian

Hy = Z E@c;-rci 1+ hwa'a + Z \/E.E;fwn.i;(aT + a)

i=1,2 i=1,2
Energies of states energies of local coupling between electrons
vibronic stretching mode and stretching mode
coupling
Hy =V(cley +cley)  Spin-orbit coupling at transition metal
hw = 30 meV Typical Fe-N stretching mode
V' = 50 meV Typical spin-orbit coupling parameter

e12 = €2 — €1 = 0.2 eV Displacement of a few tenths of Angstrom

WECTH CLILILL

PRL 104, 067401 (2010) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2010

Model of Ultrafast Intersystem Crossing in Photoexcited Transition-Metal Organic Compounds

Michel van Veenendaal, Jun Chang, and A.J. Fedro




Two states and a local phonon

€ =0, € =02 eV
01 12




Two states and a local phonon: recurrence effects

no phonon damping € =0, € =02 eV
01 LD

0 100 200 300 400 50C




No decay, but oscillation




Why don'’t we observe decay?
» There are only a finite number of excited vibrational states

* The dephasing is incomplete so we observe a recurrence
* The system does not loose energy and keeps oscillating

We want to damp the oscillation of the local vibronic mode




Transition between two

states
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Introduced irreversibility

\

 “Continuum” of phonon states

* Loss of energy due to damping oscillations
* Irreversibility




Types of intersystem crossing v,

Fastdephasing: vy, — c=94m/p! \\}i

This can be viewed as an effective density of states
ple) = e “g°/|hwl’(e + 1)], with € = E/hw

['(e +1) is the gamma function

Ig = 7V72%p(A — ¢)/h




Optical spectroscopy:
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Ultrafast cascading theory of intersystem crossings in transition-metal complexes
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0 0.5

total energy bridged
Much less

1 1i5 2
Aog Z o3 =Z0.4eV
Aqo 4+ Aoz = 0.32-0.88 eV
2.6 eV
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We cannot bridge the energy to °T, on in less than a picosecond
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Cascading phenomena

\

\

« Ultrafast spin transitions occur in the metal-to-ligand charge-
transfer (MLCT) states

* Intersystem crossing from MLCT to metal-centered quintet
state on larger timescale




What's the problem with the ruthenium complexes?
No decay, but oscillation
* Crystal field is much larger, so increase in crystal field

due to converting t,, to e, not compensated by Hund's
Coulomb exchange

(togt) (tagl)?Lry

3\

(togt)?(tagl)°Lry

* No “Continuum” of phonon states since singlet and
triplet have the same metal-ligand distance
* Would form an effective |
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Cascading phenomena
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Questions:

1. We do not understand the mechanism to go from singlet to
triplet MLCT states in Ruthenium complex

2. We do not understand much about dynamical spectroscopy

B What do we need to add to calculate nonequilibrium spectroscopy

B Can we actually expect changes in the line shape




Can we see this in dvnamic XAS spectroscopy?

[Ru'(bpy)s]?" Probed by Picosecond X-ray Absorption
Spectroscopy

Wojciech Gawelda,+ Melanie Johnson,+ Frank M. F. de Groot,§ Rafael Abela*

Christian Bressler,T and Majed Chergui*
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What needs to be changed and added?

* The nonequilibrium effects change the ground state

and final states
*\We need to include the decay as described earlier
* The ligand states need to be included explicitly
* Changes in metal-ligand distance affect the crystal
field and hybridization

10Dqg’=(r/r’)> 10Dq

V’=(r/r’)3>V

« Spin-orbit coupling not only changes spin but also the

orbitals
 The metal-centered states need to be included
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Conclusions

B Without terms such as spin-orbit coupling, off-diagonal Coulomb terms, local
phonon modes cannot couple different configurations with each other.

B Without a strong change in lattice constant, there is no phonon continuum and
therefore no fast dephasing

B Decay of the phonons modes is essential for irreversibility.
Showed the nature of the singlet to triplet MLCT crossing in Ru complexes

B The changes have a strong effect on the spectral line shape that are indicative
of the underlying mechanism
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