lecture 20.1.2011
we had so far:

- binding in clusters and their appearances in mass spectra
d) metallic bonding
- photoelectron spectroscopy

today

- more photoelectron spectroscopy
- optical properties of metal (jellium) clusters
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ultraviolet photoelectron Electron Detector

spectroscopy (UPS)
(hv<7.9eV)

Electron
Time-of-Flight
Laser Spectrometer
\ (magnetic bottle)

lon Detector

Cluster lon Source '

e,

Mass selection by ion beam pulsing,
l.e. by timing
Setup Gantefor group, Konstanz



calibration magnetic bottle spectrometer with Au,
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comparison with the jellium model

pronounced energy gaps after 8 and 20 electrons, but there are more gaps
due to lifting of degeneracy



Binding Energy [eV]

Ag, effective medium theory
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fine details of the electronic structure can be resolved



comparison PES with jellium
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calculations
Density of states from
KS single-particle
energy eigenvalues

density of states

electron intensity [arb. units]
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Al,, PES vs. calc.

in this case:
mainly one isomer contributes

dashed curve: measured
spectrum

Akola et al., PRB 62, 13 216
(2000)
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close-lying isomers

binding energy [eV]

here: all three isomers contribute to the experimental spectrum



PES on coinage metal clusters
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Trends in photoemission threshold energies



N-dependent trends | -

In photoemission

Cuy PE threshold

rises with increasing \/k’\
cluster size '
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Cuy PES

threshold energies

Increase with N
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threshold energies: electron detachment
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IONIZATION POTENTIAL [eV]

ELECTRON BINDING ENERGY [eV]

110 15
NUMBER OF ATOMS

generally:

- IPs decrease with
Increasing N

- electron detachment en.
or EAs rise with
Increasing N

lonization potentials (top,

by R. Whetten) and electron affinities
(bottom, Meiwes-Broer group) of
Aluminium clusters



generally:
- the IPs decrease with increasing N
- the EAs rise with increasing N

Parametrization:

2

IP(R) =WF +a% with a = 3/8 ... ¥

2

e
EA(R) =WF _ﬂE with=% ...5/8

a = 3 = %2 corresponds to the charging energy of a jellium
sphere, deviations arise from QM exchange and correlation
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experimental values
for the IP and the EA
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let us evaluate IP and EA simultaneously

2

IP(R) =WF +a% with a = 3/8 ... ¥
eZ
EA(R)=WF—ﬂE with =% ....5/8

a-fis small

solve for WF: WF ca :%(P"‘ EA)"‘li (b—-a)

WFcaI z%(l:)—l— EA)

thus the work function should be the mean value of IP and EA !



differences between measured IP and EA and bulk values
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Small or no differences hint at free electron (or: ideal metal droplet) behaviour
Meiwes-Broer in Advances in Metal and Semiconductor Clusters, Vol. 1
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optical properties through confined electrons

... schwingen
gemeinsam im
Laserlicht wie ein
angetriebenes Pendel
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photofragment spectroscopy on mass-selected silver clusters
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only in metals with

delocalized electrons
Tiggesbaumker et al., Phys. Rev. A 48, R1749 (1993); also see:

Chem. Phys. Lett. 260, 428 (1996) Kreibig and Volmer, Springer
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Fig. 1l: Showing total photoneutron cross
sections for different isotopes of tin,

together with theoretical fits based on a

dynamical collective model.

(After reference 5)

similar:
Giant resonances in spherical nuclei

- electrons in metal clusters and the nuclear
particles are fermions. Both oscillate in the
confining potential

- therefore the same model can be used in
order to describe the optical properties, e.g.
the random phase approximation (RPA)

- closed-shell nuclei also show only a single
absorption

- in the nuclei however the excitation energies
are much higher, i.e., in the MeV range



Optical properties of small
particles

color due to a small
amount of gold and
silver particles

King Lycurgus is dragged into the
underworld by Ambrosia
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“Labors of the Months™ (Norwich, England, ca. 1480).
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excitation of the electron cloud in a small particle

- _ . oelectronic cluster

light

T
time t | time(“-;)

- Since the ion cores are much heavier than the electrons the positive charges stay more
or less at there position when a light field interacts with the particle
- The electric field of the light moves the electron cloud out of the positive background
-Below the resonance the electrons move with the direction of the electric field
- At resonance the movement of the cloud has a p/2 phase difference to the electric field.
- This is called the plasmon resonance
- Above resonance the phase is 180 degrees

29



absorption and scattering of light by
small particles

C.F. Bohren and D.R. Huffman
Wiley, NY 1983

1/2
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Gustav Mie 1868-1957 Dpvie = | =
born in Rostock 3 &o me
-Everything gets
simplified when the
size of the particle is
much smaller than the
U wavelength of the light
2
D = e*N, - The relevant value is
Gustav Mie, Beitréige zur Mie @ m, the size R compared to
Optik triber Medien, the wavelength ) of
speziell kolloidaler /’ the light, i.e. R/ A

Metallésungen ] : ..
Ann. Phys. 25, 377 (1908) static polarizability
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Increasing size

Trend with small alkalies

For decreasing cluster size
the plasmon energy shifts

to lower values.

This is called the red-shift.

Reason: influence of the
spil-out

Mie — Plasmon

or: increasing polarizability



polarizabilities of alkali clusters
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not all clusters are spherical
ellipsoidal shell model

Problems with the spherical jellium model :
- fine structure of mass spectra (even-odd alternation)
- diamagnetism of even-electron clusters with
formally open jellium shells (breaking of Hund’s rule)

Unlike an atom, the positively charged background can deform !

> 0O 0 PN .

i&_— /
oblate spherical prolate *1 ZAI
Iy=1,<1, L=L=1I L=1,>1I, — 0
k= ky <k ky=ky=k; ky=ky>k, oblate prolate

Nielsson model



9

Ellipsoidal shell model

10

"

not all clusters are spherical

P 7
12 15 1d
14 15
2s
9 20

17 18

Quantum chemical calculations

- The ab-initio cluster structures are in first order
well-reproduced by the ellipsoidal shell model.
- One can calculate the plasmon profiles more
easily on the basis of this model.

H



— -16 -2
cross section (10 cm )

energy (eV)

Tiggesbaumker et al.

role of deformation

-In cluster ions the number of electrons is N-1
- Closed-shell cluster therefore appear at My, ;*

- Agy* and Ag,,* are closed-shell clusters and
only a single absorption line appear in the
optical spectra.

- In Ag,,* the prolate deformation of the particle
results in a splitting of the absorption into two
components.

- According to the ellipsoidal shell model the
lower energy peak should have half the
oscillator strength.



Optical response of mass-selected free metallic clusters
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Photo-absorption depletion spectroscopy

The absorption cross section 1 _j \k _  esdtive
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probes the shape of the particle ' o ¥
Chem. Phys. Lett. 189, 28 (1992): 190, 42 (1992)




Jellium Nucleus Jellium Nucleus

constant-density @
3

surfaces

for electron clusters and

nuclei. The density of the

surface is 0.00125 atomic

units (or scaled units for

&
nuclei), which corresponds to .
38% of the bulk density i

4
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Mayer — Kuckuck p.237



Silver clusters: s- and d-electrons

spill out




plasmon energy (eV)
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complex situation in Ag clusters
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technical application as fluorescent labels




the following slides on clusters in strong laser fields
have not been presented in the lecture.

This subject is an important topic in the
Sonderforschungsbereich SFB 652.



In strong laser pulses:
clusters act as strong nano antennas

Gigawatt laser pulse

|

Pulse length: 100 femto seconds
power densities up to 10.000 Gigawatts per cm?




clusters in intense laser fields:
nanometer-sized plasmas far from equilibrium

properties of the radiation field

10 W/cm?2 means about 1011 V/m

Energy flux at 100 fs pulse length: 624 keV/A2 electrons

Ponderomotive Potential: 0.6 .... 600 eV

H | | \ VUV

200mm \\WW light
metal WWW$
femtosecond U U clus’ty/ \ X-rays

light pulse
A\
ions
» | 5

[




simulated Coulomb explosion Nag

Modellzeit: 350 fs
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Count Rate

Charge distribution of Pb ions from Coulomb explosion
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1.2x10 W/cm

@ 800 fs

Pb’

| |

2

3

- Max. charge state z=30!
- Highest charging

at 800 fs
- Max recoil energy

E..x = 180 keV

1
Schumacher et al., EPJD 9, 411-414 (1999)
Koller et al., PRL 82, 3783-3786 (1999)



Coulomb explosion Pulse width dependence

charge spectrum for Pb*

LN

1600fs

optimal pulse width: 800fs

intensity

A
i

28 24 20 16 12
atomic charge state Z

Doppner et al., Appl. Phys. B 71, 357 (2000)
Koller et al., Phys.Rev. Lett. 82, 3783 (1999)




mechanism for the high absorption

plasmon-enhanced ionization

Mie — Plasmon

demonstration:; dual-pulse technique

activation

AsSmon energy

time dependent plasmon

secoiid pulse at resonance

time $

™~
Kdller et al., Phys. ie’ (19), 999

?™



Zahlrate [1/Laserschuss]

dual-pulse excitation of Ag,@He-droplet
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Déppner et al., Phys. Rev. Lett 94(13401), 2005



energy

Inner vs. outer ionization

I I | | | | |
A (a) outer ionization
0O | — - 4 -
|
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A . o
. ! - inner ionization
I nano plasma formation
-1k — - —
A | | |

-10 -5 0 5 10 -15 -10 -5 0 5 10 15
coordinate coordinate

several heating mechanisms:
Inverse bremsstrahlung
laser driven electron-ion collisions

after: Ch. Siedschlag and J M. Rost PRL 93 043402 (2004)



computer experiment: laser excitation of Xe clusters

250fs, 800nm,
4x1014 W/cm?2
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on plasmon resonance: dynamic electron acceleration

ionic , induced field strenght for N = 500:
backaround « . ’ polarization
9 g potential
H=0 Y A — 140 GeV/m

accelerated oscillating
electron electron cloud

Q=27 Surface-Plasmon Assisted
Resonant electron acceleration
in Clusters SPARC
=T

Nano electron accelerator




attosecond electron bursts

numerical experiment

»Interesting playground for future

+z detector

few-cycle' and attosecond physics
g\
t ad. J

13
backward

@
4 o
DD W
D LR
“(‘;fj:-b
_,.‘f!i;,\J/ .
2 e
© o
electron energy [eV]
o

-Z detector

~ schematic laser
field envelope

40
330 340 350 360 370
model time [fs]

Fennel et al., PRL 98, 143401 (2007)



density-temperature plane
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plasma physics on the nm scale



