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Absorption Signals [arb. u.]
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Fig.1.4. Optical properties
of sodium. From top to bot-
tom:

~ Spectrum of atomic sodium

— Two photon ionization spec-
trum of Nag [1.174]

— Beam depletion spectrum
of Nas [1.155]

- Absorption of large Na
clusters in NaCl [1.175].
The size was below the
resolution of optical mi-
croscopes and supposedly
ranges around 10 nm.

— Transmission of a thin film
of bulk sodium (thickness
10 rim).



REALITY BEYOND MIE'S THEORY

NANO - EFFECTS



COMPARISON:
MIE THEORY <=> REALISTIC EXPERIMENT

Classical Mie - Theory: Electrodynamical Part
(propagation of light) :
exact in Maxwells theory, but
only under selected assumptions

Material Properties :
Mie : homogeneous dielectric
functions of bulk-like material

Experimental Reality : Not all electrodynamic assumptions
of Mie theory valid in hanoparticles

Material Properties of nanoparticles
differ from bulk-like material
("nano-size effects,
surface/interface-effects ect.)

=> Extensions and corrections required and performed

since hundred years to adapt Mie theory better to
reality.

=> EXTENDED MIE THEORY (EMT)



BEYOND MIE'S THEORY

(A) REALISTIC ELECTRODYNAMICS:

1) Incident wave is not plane
(e.g.focused laser beam, diffuse white light source:

outgoing waves not plane)

2) The step-like Maxwell boundary conditions do not hold
(3-d particle surface/interface not included)

3) Additional boundary conditions (long. plasmons)
4) Inhomogeneous interface layer (traps, bonds)

4) Particle shapes are not spherical
(Polyhedra; edges; corners; surface roughness)

5) Heterogeneous particle structures
(core/shell; multigrain structures)

6) Atomic and molecular adsorbares (sensoric devices)

7) Embedding in liquid or solid matrices
(Chemical interface interactions)

8) Deposition on substrates (flattening by interface forces;
substrate interferences; interface charges;
image forces; chemical interactions)

9) Particles electrically charged ( chemical potential;
charge double layers at surface)

10) Many-particle systems
(sizes, shapes, local distributions not uniform)

11) Dense packing in many-particle systems
(electrodynamical particle-particle coupling)

(B) MATERIAL PROPERTIES:

12) Dielectric function of the particle material differs from
bulk DF due to nano-size effects: € = £ (0, R)
(quantum size effects; mean free path effect; band

structure effects)
13) Tensorial dielectric function (e.g. carbon particles)
14) Nonlocal electrodynamic response
15) Surface dielectric function (polarizability)

16) Dielectric function of the particle material is not locally
homogeneous due to surface properties: € =€ (,r)

17) Changes of € due to static and dynamic charge transfer
18) D. F. of the matrix varies with frequency &natrix(®)

19) D. F. of the matrix is inhomogeneous/ unisotropic
(e.g. close to the particle interface)

20) D. F. of matrix is complex (absorbing matrix )
21) D. F. of the particle material is non-linear

23) Tunneling among neighboring particles in densely
packed many-particle-systems

24) Agglomeration and Coalescence in densely packed
many particle systems (formation of particle clusters,
particle chains, larger, irregular aggregates)

25) etc.



Fuble 2.12. Plasma Peak Positions: thearies for red and boe shifts,

Relerences Shift with decreasing i
1) Maxwell theory;
Drude disdectric functlon
with free path lmitation 2.82, 177 Hed
with diffuse swrisce layer [spill-out 2206 Hed
with substrate nleraction 2.120 Red
additional boundnry condition [ABC) 2.175, 445 Blue
with dielectric core 2446 Hed are Hine [d-EP'EﬂlJJuE HN E-“:.M:l
with interband transitions Hed or Blae
21 Discrete encrgy levels;
linenr respoiises L1, 44T Blue
with surface states and interband transitions P Bluse or Red, depending on surface properties
1 Quantum box medel;
EEA 2.218 Blue
221 Red
improved 2.444 Blue and sscillation
4) Thomas-Ferml approximation;
sum rule 2,440 Blue
statistieal mmethod 2.234, 249 Hed
E-]- Jellium; local denslty;
self consbtent 2235, 234, 240, 242 Fed
sum riles pUB ko ) B Fed
&) Hydrodynambeal modal; 2217
diffuse slectron density profile 2450 Red (smooth), Blee (step profile)
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Table 2.12 (continued)

Heferences Ehift with decreasing R
71 Monlocal effects 2163
E) Lattios contraction; Influences on the 2.452-455 Blue-shift {Ap particles: volums
conduction electron density contraction V'V = 5%, shift = 0.1=Y)
0] Changes of the effective mass of the Increase: rod-shift
conduction electrons Crecronse: Blue-shifi
10 Size dependent changes of Ag- 2456, 45T
electronic band structure Au: 2,458 -
11} Sige dependent changes of A 2150, 455 Blue-shift
wptical interband transitions Ag: 2460 Blue-shifl
12} Additbonal “molecular” absorption structures Ag: 3218, 461-464 Hloe=shift, broadening
in samples with a distribution of particle sizes
13} Deviations of the embedding medium-z, from 2.7h Increase of £q,: red-shift
the mean value near the particle interface decrense of £q: blue-shife
(adsorpiion layers, ion enrichment, ete.)
14} Rough particle-matrix intesface 1 A redeshift, broadening
15} Asymunetric plasma band shapes (K depencdent) 2,19 Ag: blue-shift
16} Physlsorption/chemiscrption /chemical 2,465, 466 (also 4.30]) Blue and red shifts

repctiong at the interface




Table 2.14. Additional sffects infleencing widths and poalilons amd splitting of
plasman bamnds,

A

Ly

2]

3)

3
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Simgle cluster samples

Shape efects

a) lrregular shape

b Ellipsoidal shape (orlentation averaging!)

¢} Fluctuating shape (degeneracy of minima in Nilssen-Clemenger Mosbel)

Volume {interior] effecis

w) Hize dependent inberband excitation contributions

b Extrinsic (electrodynamic) sl effects

o) Lattice defects {impurities, point defocts, multidomain structures with grain
hienandaries)

Burface/Tntorface effects

a} ‘Nonlocal effects

Iy) Physizarbed adsorbates

£] Chemically reacting adsorbates {oxide lyers, compound bayers, organie lig-
anrls, et )

d} Coatings

e} Charge transfer between clustor and adsorbates/matrix

1 Inhomogenewes/anisotrophs ambedding medin {Auctuations of the keal 2y

¢ Mony clesler samples

Moninteracting clusters

al Cluster size distributions

b Cluster shape distribations
[nberactions Letween clustors

aj Effective mesdia

b Cloagulstion agEregabes

] Conlescencs aggragates

d} Percolatbon, nanostractured mitier
Interactions batwesn cluster agaregntes




EXAMPLE :

MAXWELLS BOUNDARY CONDITIONS



SOFT BOUNDARY CONDITIONS:
SPILL OUT OF THE ELECTRON DENSITY

Boundary conditions at r = R ("sharp" boundary conditions)
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Cluster 0 Adsorbate Cluster 0 Adsorbate
Surface double—layer Covalent bonding

(Model extending Schultze & Rolle, Can.J. Chem.75 (1997))
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Fig. 2.44. (a) Theoretical extinction cross section for a potassium sphere with 5 nim
radius (after [2.206]). The upper curve was calculated using classical Mie theory in
the electrostatic approximation for a sphere with sharp boundary of the electron
charge distribution. In the two lower curves a diffuse surface with linearly decreasing
electron density in a transition layer of thickness 2 A and 4 A was assumed, leading
tof broadening and to a red shift of the surface plasmon resonance. (b) Modeling
of the spill-out at the surface of free Na and Ag clusters. The s-electron densities
as given by [2.201, 205] were approximated by discretization with multishell clus-
ters. (c) Absorption spectrum with and without spill-out effect (R = 1.5, 2.5, and
3.5 nm) following from (b).



EXAMPLE

REALISTIC
OPTICAL DIELECTRIC FUNCTIONS



NANO - EFFECTS :

(1) Size - Effects :

> Physical and chemical properties depending on the atomic
interactions in the sample volume
( binding forces, atomic structures, quantum size effects,
band structure effects, etc.)

> Physical and chemical effects depending on

“critical /characteristic lengths”
( volume fransport properties).

(2) Surface - Effects:

> Physical and chemical properties depending on the atomic interactions changed
at the surface
( atomic arrangements, atomic distances near the surface,

3-dim. surface layers).

> Physical and chemical properties depending on special surface structures.

(3) Interface - Effects:
> Special influences of adsorbed / chemisorbed foreign atoms,
and surface shells of foreign materials, 3-dim. interface layers)
(4) Combined Size - and Surface/Interface - Effects:
> Limitations of "characteristic lengths” by electronic surface interactions
(collisions)

(General 1/R - effects, mean free path effects etc.).

Example : spherical nanoparticle
surface: S=4mR?> volume:V=4/3nR* — S/V ~ 1/R



DIELECTRIC FUNCTION OF A METAL OR SEMICONDUCTOR.

[Diclectric displacement D= &-[Field E|

A basic expression was given by Bassani and Parravicini

. _ (”'-’ “'En"’qn') -
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electrons transitions
with
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n = electron density

m, = effective mass

Y = relaxation frequency

M, = transition matrix elements

E,E . =intial and final energy band state

§)-n
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Abbildung 3.14: Imaginarteil von ¢ der Cluster im frefen Strah] mit ZR=2nm [aus KKR) zu-
sammen it 4™ und 1+x8™%, Unter 3,1 eV verursacht die Dampfung
der frelen Elektronen eine Verbreiterung der Mie-Resonang. Darfiber hinaos
verandern die Interbandiiberginge Lage und Breite der Resonanz. Dhe Mar-
kierungen geben die Resonanzlage des freien Strables und die von in S0y
cingebetteten Cluster an.



EXPERIMENTAL EXAMPLE

OPTICAL PROPERTIES
OF
SCHMID - CLUSTERS
AND
- NANOPARTICLES



Au,y(PPh,),,Cl,

gelb: Au; griin: Cl; orange: P; blau: Phenyl



Aug(PPh,),,Cl,

Simulation des Clustermodells: Dr. Hubert Kuhn und Maria Leis, Fachbereich Chemie, Universitit Fssen



(b)

Extinchion Constant [arb. w
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00 500 700 500

L

500 o]

Wavelangth [nm] Waveigngth [rm]
Fig. 4.58. (a) Optical extinction’of ligand stabilized and matrix lsolated Aua,
clustors ot ditferent temperatures (after [4.90]). The respective disloctric functions
ard plotted in Fig. 422 (b) Extinction spectralof Au hydrosols (after [4.260a]). The
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GOLD-NANOPARTICLE / TRIPHENYLPHOSPHINE SHELL
IHR=15nm

(Schmid{Essen) /! Bovin {Lund) 19496)
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Cluster/Nanoparticle Size Effects

A wealth of cluster size corrections to the bulk-& has been developed since half
a century for metallic and semiconductor clusters.
They can be classified according to their theoretical basis:

* Classical conductivity theory (electronic mean free path limitation (free
path effects, FPE); quasicontinuous electronic band structure, DRUDE
electrons)

* Quantum box models (discrete electronic ground states in the otherwise
empty box; vertical potential walls (quantum size effects, QSE))

* Linear response theories (inclusion of ions; discrete electron energy levels
(quantum size effects))

« Jellium models (uniform positive background, free electrons, only;
selfconsistent smooth potential: DFT;  inclusion  of  exchange  and
correlation effects (quantum size effects))

Both, the case of quasicontinuous bandstructure and of discrete, quantized
electronic level structure can occur. This depends on the relation between the
level spacings AE and energetic level widths & E including life-time effects : &
E > AE means that the size quantization structure is smeared out and electrons
may be continuously accelerated as presumed for classical conductivity, while
for OE < AE separated levels exist.

While level spacings were introduced on various routes (roughly estimated, we
have

AE = Epemi/N  (Assumption: no symmetry degenerations)

N = number of involved electrons in the cluster), the level widths are still
controversely discussed. In the case of metallic clusters, only few experimental
hints have been published which point to a discrete level structure in clusters
consisting of more than, say some ten atoms. The recent investigation of Sinzig
et al. on ligand stabilized monosize Pd clusters gives first clear indications.
Since magnetic and thermal properties were examined, only levels very close to
Efermi were involved with, probably, longer life-times, in contrast to the hot
metal electrons usually excited by optical means which, up to now did not point
clearly to level discretization in any experiment.



An interesting feature of the many cluster size effect theories is the high
degree of formal (not quantitative !) correspondence concerning the resulting
correction terms for the dielectric function.

While only few theories deal with the real part of the dielectric function, and
mostly only small corrections of the bulk-¢ were predicted, drastic changes of
its imaginary part were found which, despite the different bases of the models,
conformably are described by the famous general 1/R-/aw, (which also appears
as a surface/interface effect):

€2 (0, R) = &®™(w) + Ag; (0, R)  with A (w,R) O Az /R

We have introduced here the A-parameter which, as we will show below, plays a
key role for determining the quantitative amounts of size dependences and was
extended to interface effects.

In the frame of the quantum size effects, the A/R - term is derived from the
size dependence of the level spacing, while in the free path effect, this term is
attributed fo a reduction of the conduction electron mean free path due to
collisions at the cluster surface.

These collisions contribute with an additional relaxation frequency :

1 / T = 1/T buk + 1/Tsur‘fﬁce W”—h l/Tsur‘face = Asize VFermi / R '

Vrermi being the Fermi velocity of those electrons which are most effective for
electron relaxation processes.

For this latter case the following explicit expression of the dielectric function
was obtained, which holds , among other cluster materials, for silver clusters
around the visible spectral region:

€ ((A), R ) = 1 + Xin'rer'band - (‘)pz/ 002 + | (‘)pz / 003 (I/Tbulk + Asize VFermi / R )

In this approximation, a small size dependence of the real part of &€ was
neglected and the main size dependence remains with the imaginary Drude part.

In fact, not only the optical response of the Drude electrons is influenced by
the confinement, but also are the interband contributions. As has been shown
however, these size dependences only become relevant at essentially smaller
sizes, due to the closer localization of electron hole pair excitations. They will
be discussed later.



EXPERIMENTAL EXAMPLE

SIZE - EFFECTS
AND THE
DIELECTRIC FUNCTION
OF
SILVER NANOS
IN
PHOTOSENSITIVE GLASS



PHOTOSENSITIVE GLASSES :

MATERIAL:

Metal lon doped crown glass:
Metals ( Ag, Au, Cu ),
Photoreducing lons ( Ce ),
Thermoreducing agents ( Sb)

[]
NUCLEATION :

UV-irradiation through a mask: ( Me* - Me")
Llatent image®
Homogeneous nucleation ( Me® ) by annealing
.pre-development’

[]
GROWTH :

Heterogeneous growth ( Me™ ) by annealing
,development"

[]
TERMINATION OF GROWTH

Fixation by cooling down
Remaining Me* ions immobile by glass viscosity

[
IMAGE

Color: by particle size
Particle size : by local irradiation intensity



Noble Metal Particles in Photosensitive Glass

Among the nanoparticle preparation methods, Photosensitive Glass stands
out for several reasons:

1) Particle nucleation and growth processes are separatedly to be varied,
so from a given number of nuclei particles grow at a constant number.
Thus the size distribution is extremely narrow, comparable with a mass
filter of moderate quality.

2) Growth takes place at high temperatures (400 - 500°C) by Ag-ion
diffusion

in the glass of high viscosity. So, growth is very slow and each adsorbed
ion has time to find energetically optimal positions at the particle
surface. So, the imperfection density of the metal lattice is extremely
small.

3) The particles are embedded in a homogeneous glassy matrix, so the
growth process is isotropic and the particles form energy minimal, i.e.
almost spherical surfaces.

4) The growth process can be interrupted at any time, by taking the
sample out of the furnace, so series of spectra can be recorded from
ONE sample with aimedly varied sizes.

5) The particles are well protected by the glass matrix. So, the samples
can easily be handled at air, e.g. by immersing directly into liquid Helium

6) Photosensitive glass can be doped alternatively with different noble
metal ions and their mixtures, giving rise to alloy particles. It is not
expected that constituent ions from the glass matrix are enclosed in the
particle fo essential amounts.



SILVER PARTICLES IN PHOTOSENSITIVE GLASS
(2R =12 + 0.2 nm)
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Ag-clusters:

Au-clusters:

Cu-clusters:
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Fig. 4.12. Measured extinction spectra of Ag, Cu and Au clusters of various sizes
in a glass matrix (after [4.66, 115, 131]). The spectra of Cu and Au are clearly
resolved due to the high value of e, which shifts the resonances away from the
interband transition threshold.



Optical Properties of Cu and Ag between Drude and Interband Absorption 555
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Fig. 7. &, spectra of Cu at 300 and 1.5 K, decomposed into contributions by conduction electrons,
¢2, and interband transitions, &, The dashed extrapolation curves were used to determine the
threshold energies. Pomts calculated by Williams et al. [23]for T=0K

Flg 8. Variation of ¢y(fiw) with temperature, Ae, = ¢, (300 K) — ¢, (15 K) for Cu and Ag
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Evaluation of the Absorption Spectra by
Kramers Kronig Analysis
to obtain the realistic, Size dependent Dielectric
Function of the Particle Material

The absorption spectra of Silver nanos were recorded in limited spectral
regions around the Mie resonance.

Measurements were also performed at 1.6 K by immersing the samples in
suprafluid Helium (below the Lambda-point).

The Kramers Kronig Analysis (KKR) requires the absorption spectrum
from w=0t0o w= . So, far away from the pole of the Kramers-Kronig
Function the spectra had to be replaced by estimated values.

1) Toward low frequencies the absorption decreases tfoward zero
following the DRUDE DF.

2) Toward high frequencies the absorption has been measured up to
several hundred eV quantum energy, For the range above, a constant
additive contribution was obtained by a self consistent calculation of the
spectra.

So, the L-spectra of Gans-Happel theory were evaluated, and from K(w)
and L(w) the data of € = &;(w,R) +i €2(w,R) were obtained for all
members of a particle size series.

The results are shown in the Figure.

Obviously, the Real Part, i.e. the polarizability only changes weakly, while
the Imaginary Part, i.e. the relaxation, varies for a factor of 10 between
2R™"*= 2 5 and 21 nm.

There are several models for interpretation:

(1) The mean free path effect is based upon classical single electron
dynamics. Conduction electrons in the band structure can absorb only if
their energies are close to Eremi. Their trajectories through the
particles are assumed to be straight forward, interrupted by
momentaneous scattering processes as known from classical conductivity
theory. Depending on different assumptions for the surface scattering,



the resulting mean free path £ is of the order of particle radius R.

In nanoparticles which are smaller than the mean free electron path of
the bulk metal /%, the additional SURFACE scattering process is
important: Its time of free flight 7™ is included into the total
relaxation time 1™ according to Matthiessen's rule :

(™)'= 3 ()" ‘where i stands for the contributions of

point defect-,

dislocation-,

grain boundary-,

phonon- and

electron-electron scattering.

In nanoparticles the surface scattering contribution (1 " )" is added.
The according contribution to the relaxation frequency T which is
contained in the DRUDE - DF amounts to

rsurface - A5|ze vFer‘ml / R,

where the A°**-parameter encloses the details of the scattering process.

(2) The Quantum Size Effect: The simple quantum box model yields
discrete electron eigenfunctions and. accordingly, discrete electron
energy levels with , in rough approximation, an average level spacing of
the order of AE = E*™/ N*? where E* is the width of the conduction
band and N the number of atoms in the box (i.e. the particle). In the
following we assume the level width to be smaller than AE.
Now the "conduction electrons” can no longer be treated as classical
electrons, instead they perform level fransitions under the influence of
an incident electromagnetic field.
Kawabata and Kubo stated that the particle surface does not act as a
scatterer but determines the level spacing.
The transitions give rise to "Landau damping" which, surprisingly, results
in a relaxation fime of roughly the same formal structure as in the case
of the FPE.

[QSE_ psize™ | Ferni s R,
So, the 1/R - law appears to be almost universal.
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box model. wr denotes the Fermi fre-
quency Er/h. The corresponding ex-
tinction spectrum of silver clusters is
shown in the figure (¢). The Ag in-
terband transitions, added in the spec-
trum are taken frem the literature {af-
ter [2.9, 2.218]).
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Fig. 4.21. Experimental size dependence of dielectric functions £; (fw) and e2{few)
for Ag clusters obtained by Kramers-Kronlg analysis (Fig. 2.3) of absorption spectra
like in [Mig. 4.11 (bottom) (after [4.66]). These results compara well to the theoretical
functions (top, from Fig. 2.41). The “bulk” curves were obtained by subtracting the
calculated free path contributions of (2.53) (i.e. by extrapolating to & — oa).
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Photosensitive glass : Silver-cluster-picture
Cluster sizes : 2nm (pale) to 10 nm (yellow)




Only the A-parameters differ. For free particles without embedding
medium we have A # 1 ( MFP-effect), A = 0.25 (Persson), A # 0.5
Kawabata, Kubo) etc. (For a detailed description see given Literature).

In the Figures the DF of the Ag particle is plotted as following by
introducing this contribution into the dielectric function of bulk silver.
There is almost quantitative correspondence with the experimental data,
if we choose A = 1.

Also, the formal extrapolation to infinitely large particles (i.e. bulk) fully
agrees with the bulk data for silver from Literature.

We will later see, that in the case of an embedding medium, the A-
parameter changes drastically. For glass as medium then the QSE-theory
of Persson yields A = 1.

Notwithstanding our experiments give A = 1, this is no confirmation of
the MFP but points to the validity of the QSE of Persson.
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@ : oxidation by OH radicals
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Fig. 4.14. Influence of surrounding media on peak position (a) [4.10] and width (b)
[4.30] of surface plasmon resonances of Ag clusters of various sizes. For hydrosols
and alkali halide matrices, the 1/R law obviously does not hold.



EXPERIMENTAL EXAMPLE

SIZE - EFFECTS
IN THE
INTERBAND - TRANSITION EDGE
OF
NOBLE METAL NANOS
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Molecular Cluster Large Cluster Metal

(G.Schmid - Uni Essen - 1999)



—
(5]

-
[=]

+—— =t

Energy above EqleV]

Theoretical
Band Structure

5 5
R’/ of
SILVER

(Eckardt et al. 1984)

Lt oy N R | '[P . L




Chnshusen, Seraphin

RELATIVISTIC BAND CALCULATION ... 1741

" Au

RAPW Au

Fermi suffoce
ond CEDS 238 e

‘,ﬁ
7|

)

N

)

i
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Fig. 2.1. Hight: Dislectric fonctions oy (Aa] and
€a(fuw) for bulk solid silver {after [2.26]). Below
about 4eV e{hw) is dominated by Fres slectron
behavior, above 4eV by interband transitions,
Left: Decomposition of mweasured £{hw) into
the fres eloctron contribution =7 (Drude) and
the interband teansition contribution 12, Dise
to 1%, the energy for & (i) = 0 s redshifted
by alsart §eV from the free eloctron vahsa,
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Fig. 2.53. (a) Two band energy scheme of the cubic box model. The arrows mark
“direct interband” transitions. (b) Interband transition edge in Au clusters. Two
relevant sections of the FE{k}) Au band-structure according to the bulk Brillouin
zone are shown [2.35]. In the left parts, only those energy levels are indicated which
are permitted by k-quantization due to the finite size of the cluster whereas in the
right parts, the unmodified band structure of the bulk is shown. The arrows indicate
direct (solid line) and indirect {broken line) transitions, contributing to band edge
absorption.
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EXAMPLES:

HETEROGENEOUS AND NON-SPHERICAL

NANOPARTICLES
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Fig. 4.18, Measured extinction spectra of oriented prolste Ag spleroids (a) creatbsd
by agplying external stress to spherical clusters in glass (after [4.71]), The spectra
were recorded with polarization parsllel and sermal to the long axis giving rise to
two separate peaks, Their positions depend on the axial ratio of the ellipseids (b).
Annealing at elevated temporatures reduces the eccentricity, Lo, loads back to more
spherical shapes {2). An according sumpde & shown in Fig, 320,



Fig. d.16. Au hydrosol (27 = 40 nm} with different
sirface roughnesses between | oand 5 om (from top
to bottom]. The TEM's correspond to the top and

battom spectiun, repectively (after [4.10, 300]),






Co/Co0: High-resolution
TEM (left Image) proves
the crystalline state of the
CoO shell. The ESI
glemental map in  the
middle displays the core-
shell structure of the
particles (Co - blue;
oxygen - green), The nght
image shows the oxygen
distribution for the
spherical particle on the
left. The latter allows
directly to determine the
thickness of the CoO shell.
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Spherical Heterogeneous Nanoparticles: Core/Shell Manes
Upper spectra calculated;, Left: Au core with R = 8 nm and
one Ag shell with d = 0.5 to 8 nm. Right: Ag core with R = 8 nm
and one Au shell with d = 0.5 to 8 nm.

Lower spectra measured; Left: Au core with R = 6 nm and

one Ag shell withd =0 fo6.5 nm, Right: Ag core with R = 13.6 nm
and one Au shell with d = 0 fo 9 nm.
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SURFACES AND INTERFACES

OF

NANOPARTICLES



SURFACE/INTERFACE: "PLANE"” GEOMETRY "SPHERICAL™ GEOMETRY

_r ,. {{,
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re furface b mhm“ Loterfare core—shell  wupported smbadded
clumtsr clastar on wubstrale It metrix

Topologies of Surfaces and Interfaces of planar and spherical symmetry
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(a)Coordination numbers of surface atoms of a tetrahedral cluster (3,6,9), an icosahedral
cluster (5,7,8,9) and a cuboctahedron (6,8,9). (after Fritsche et al (8))
(b)Ratio of numbers of surface and inner atoms in a planar film compared to a cubic cluster.



Figure |
Surface alow siles and Lheir coordination wumbers in dilicrent pelyhedra.
(a) Letrabedron (m = 1; 165 aloms); (b) ectabedron [m = 1; 489 aloms); (d) icosalicdeon {in = 4 17 alons);
(€) euboctabedron [m = 4; 147 stoms); (] boe rhombic dodecabedron (in = §; 360 abows).

“uller Frilsche o al (1943) )



SURFACE ENERGIES:

Nanoparticle :
Silver, spherical : 2R = 10 nm; Surface : O =314 nm’

Spezific surface energy &= 2.5 Joule/m” = 16 eV/ nm’

Surface energy of the single, free nanoparticle:

Ec=530keV

Cluster-matter sample :

Volume : 1 mm’ : filling factor; 10™; 10" particles

(a) without matrix Er=510"eV = 8 mJ

(b) with matnx : ?




CLUSTER - $12E / BURFACE EFFECTS

SUAFACE: YULUME:

- BOUNDARY FOR ELECTRON WAVES - ATOMIC STRUCTURES

— MSCARETE EIGENSTATES = STRUCTURE FLUCTUATIONS

STANDING WAVES - ATOMIC DISTAMCES

- SUPPRESSION GF EXCITONS,

SHELL MODEL

MAGMETIC OADER ETC.

SURFACE RESOMAMCER
- CISCAETE ATOMIC YIBRATION

SLURFACE STATES

MODES
“« EWANESCENT WAVES
INTERFACE:
- REDUCED SCREEMING ————————

{COATINGS, MATRIX]

IHELAGTIC SURFACES SCATTERIMG

= INCREASED ELECTRON - PHONOMN - COUFLING - ADSORETIDMN

- SURFACE INDIED POLARIZABILITIES - CHEWICAL BINDHNG

- WULTIPOLAR ELEMENTARY EXCITATIONS ~ EFFECTS ON EVAMESCENT WAVES
= SURFACE PLASMONS # POLARITOHNS - ELECTRICAL DOUBLE LAYERS

- SLRFACE PHONONS # POLARITONS - STABILIZATION QF SPECIAL

- SLURFACE MELTIMHG STRUCTLUIRES

- SELECTIVE GROWTH



Properties of Nanoparticle Surfaces and Interfaces

FREE PARTICLE SURFACE

« Surface atomic structure
Reconstruction

» Electronic surface states
Electronic surface resonances
Electronic .spill out”

PARTICLE INTERFACE

Induced surface structure changes

* Changes of surface states

* Changes of surface resonances

* Changes of the ,spill out"

 Electric charging of the cluster
(Static charge transfer)

Electric double layers (e.g. in

colloidal systems)

Surface pinned metal electrons

¢ Chemical interface reactions at
different sites

* Electron transfer through interface
Tunneling into/from adatom states
(Dynamic charge transfer)

* Chemical Interface Damping of

Mie plasmon polaritons



OPTICAL EFFECTS
AT
INTERFACES
BY
CHARGE TRANSFER



Optical Properties
of
Nanoparticle/ Surrounding Medium Systems

The Role of Charge Transfer Effects at the
Interface

If free, uncontaminated nanos are deposited on some substrate or
embedded in some surrounding medium, the free surface is converted
into an interface. Each adatom from the surrounding medium may be
bound by physi- or chemisorption at different stable positions on edges,
corners or surface planes of the surface. So, the adatom levels of a
dense surface coverage have, in general, broad energy spectra, some
below, some above the Fermi energy of the particle.

On the nanometer scale, thus, interfaces, consisting of up to several
layers of mixed particle and matrix atoms are 3-dimensional and
inhomogeneous.They may contain special electronic INTERFACE STATES
(adsorbate states) which differ from the states of, both, particle and
matrix.

Due to the different chemical potentials (Fermi levels) of metal and
matrix, charge transfer takes place into and through the interface with
the aim of equilibrating them. So, metal particles in contact to
surrounding foreign media are electrically charged at a whole.

In the most common case of {metal particles/dielectric matrix} systems,
electrons leave the particles and are arrested in traps and in interface
states causing a charge double layer which adds to the “spill-out" layer
of the free particle surface.

This charge transfer has dramatic effects upon nanooptical properties:
(1) Since the plasmon frequency depends on the charge density of "free
electrons" in the particle, the plasmon polariton frequency is red

(or blue) shifted from the free particle value.

This is the STATIC CHARGE TRANSFER effect.

To measure this (tiny) peak shift, the precise position of the peak of the
uncontaminated, free surface must be known, and this puts high demands
oh experiments.



(2) If there are empty electron interface states slightly above the
Fermi energy in the particle, metal electrons can tunnel and occupy them.
Vice versa such electrons can, after a statistical "residence time", tunnel
back to the particle. This appears to be "normal" electron dynamics at
the interface. This DYNAMIC CHARGE TRANSFER has, however,
drastic consequences in the time window, where a plasmon polariton is
excited. These electrons are lost from the particle for the life time of
the occupied interface state, and after returning back to the particle,
the electrons are out of phase of the collective resonance motion of the
electron plasma. So they do no longer contribute to but disturb the
collective, coherent plasma excitation, thus reducing its life time and
increasing the plasma relaxation. (Therefore, this charge transfer
effect, discovered 1993, was initially called "chemical interface
damping".)
The number of transferring electrons per time can, in a simple model, be
related to the number of surface collisions per time, so, compared to the
total number of electrons, the general 1/ R -law should hold for the
damping effect.
The dynamic charge transfer effect can, thus, be taken into account by
an additive term to the relaxation frequency in the Drude part of the DF
of the particle material (which also depends on 1/R).
The most straightforward way is to add an interface term A™ to the
A°* parameter :

ATOTGI - ASize+ AInTer‘face
What is important: A" depends on the chemical and topological
composition of the interface, in particular the interface states.
Vice versa: we can learn about nano-interfaces from the numerical values
of AM™e* for chemically and structurally different kinds of embedding
media.
To summarize : While the static charge transfer results in (tiny) peak
shifts, the dynamic one increases (drastically) the relaxation of the
plasmon peak, i.e. its width. So, in systems of nanoparticles with
surrounding media (substrates or matrices), the particles cannot be
treated as isolated, but as "dressed" particles, and the system
{particle + medium} has to be considered as a whole.



]. Rostalski, M. Quinten :

Effect of a surface charge on the
halfwidth and peak position of
cluster plasmons in colloidal
metal particles

Colloid Polym.Sci 274,648(1996)

2a =32 nm
M=l

(1) Free charges on the
surface of metal clusters:
surface layer; extra
Maxwell boundary
condition.Extra surface
dielectric function. |
Size dependent SPP blue 1
shifts for neg. charges.

“ i i I B D- ! I "
Ol S7s 380 35 390 355 M7s 380 368 390 394

Extinction Efficiency

T = i e Ia= 10nm
HwE M=37

Ol Stc 385 390 395 78 3s0 385 340 au

B Wavelength [nm]
Fig. 1 Optical extinction efficiency spectra of charged silver clusters
(solid lines) and uncharged silver clusters (dashed lines) with dia-

meters 2a = 1 nm, 2nm, 4 nom and 10 nm. The maximum number
N of clementary charges is given in the plots

(2)Bound charges on the
surface of metal clusters ;

385 ' i

contribution to the free = .
electron density in the g E W ]
clustervolume; change g j,'_f e ]
of the plasma frequency. <=§ * |
Size dependent SPP blue 5 é hat e o B
shifts., o b - @-- free surface charges ]
for neg. charges s R Dolnc et s, | ]

S D N R

__ Particie Diameter [nm]
Fig. 2 Resonance wavelength 4, of charged silver clusters with dia-
meters Ja =1 nm, 2nm, 4 nm and 10 nm in the model of bound
charges (full squares). For comparison, the results from the model of

free surface charges (full circles) and for uncharged clusters {full{

triangles) are also plotted




£~
o

=

absorbance (A, u.)
change of sasemhancs (107
=

]
L]
L=

i
=
L=

| i I

[T]
L]
=

L09 500
wavelength [nem]

Fig. 4.74, Dipolar Mie resonance of Ag hy-
droan] clusters and its tl'l.l:l.Tl.gﬂ upEm #lectron
donatkon and hole injection (after [4.87]).



1Y)

e
0.9
> 0.0
K

el
sledetetetete

Yo%’
5% :1-"-'1'

.
255
2558 °e

»

]

atom at a
metal-surface

free
atom



STATIC CHARGE TRANSFER :

Mie plasmon resonance: peak position changes:

\immmm: (n, }] E'{nﬂm}‘(ﬂ:fﬁﬂ m :fl‘}ﬁ'(zﬂmﬂrifl" 1+ l.imﬂ'l:mrd) L

n, : conduction electron density in the free cluster

n- : density after contact with foreign material (adsorbate,
substrate, matrix)

ﬂmuxmnn}unml =£U_}d|t|ﬁ.'-trli.‘_._-_ﬂm FeOnanoe

A= - dielectric shift; calc. from Mie theory
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free beam on Si{]2 in Si'-’:}2
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Abbildung 4.1: Silbercluster (ZR = 2nm) im freien Strahl, anf und in AlyOy Matrix. Das Re-
gopangmaximum liegt bei A, =303 eV und 2,91 eV, was der Mie-Rechnung
fiir Alzy entspricht, Um die Breite wiederzugeben muB ein A-Parameter
vou A=006 und 1,6 gewdhit werden. Die optischen Konstante der Matrix ist
Em=4.0, wobel der Anteil des Substrates bel deponierten Clustern mit einem
Achsenverhiiltnis cfa=0,88 54% betrigt.



STATIC CHARGE TRANSFER:

BAND STRUCTURE EFFECTS

(1)

(2)

Changes of level occupation

» Change of Fermi-energy, Fermi-velocity
= Change of optical interband transition edge
» Change of effective mass

# Change of surface ,.spill out*

s Additional adsorbate levels, surface states
Changes of band structure

s Change of atomic distances,
lattice structure, surface structure

1.

1 PHYSIKALISCHES INSTITUT
RWTH=



DYNAMM CHARGE TRANSFER :

Mie plasmon resonance
Band half width:

(AR o H2m, f0’)[(de/do) + (des/do) ] ™ (Viwm-A/R )

(Kreibig Appl Phys.1976)
(1) A= Ag, :size parameter
(Quantum size effects : Ay, = 0.29  [Persson et al. 1993])

(2) Extension to electron transfer in the cluster/matrix
interlayer:

A = ""'HJ:u: * ﬁwﬂcrfun:

Iy :  half width of Mie theory
Aire ¢ cluster size parameter (Kreibig et al. 1970)

Aintertayer ¢ interlayer parameter  (exp.:Schulzc et al 1984)
{theor.:Persson et al. 1993)

N RWIHE




2heig™

cexLinzlian

13

05

energy [eV)

Ag tlusters In vasuum
-++ Mise=galeulation: 28=20nm
h=L0
A025 (ahilted 0.15e¥)
— experimenl 1
Ay
l"I_"I “
| I _
20 2% 30 2% 40 43

010"

Ag ciusters on Jil, rubsitale
c
2
v 04
]
3 H
150 -
100 1
50 4
ﬂ b 1
20 25 30 35 40
(b) energy (e¥)

4.3

141G

cxtincition

(¢)

5

=

=]
(=]
&

40 -

20 4

0 -

Ag clusters in Si0, matsix

/

20 25 30 15 4d 43

energy [elf]




Electronic Interactions
in the

Nanoparticle-Matrix Interface:

(1) Static Charge Transfer (Shift of Mie Peak) :

a) Ag particle - vacuum: Ahw=10
b) Ag particle - LiF matrix : Ahw =+ 0.2 eV
¢) Ag particle - SiO; matrix : Ahw =-0.17 eV

(2) Dynamic Charge Transfer (Width of Mie Peak) :

a) Ag particle - vacuum: A=0.29
b) Ag particle - LiF matrix : A =0.72
¢) Ag particle - SiO, matrix : A=1.3



EXPERIMENTAL EXAMPLE

SILVER PARTICLES EMBEDDED IN FULLERITE

(Mean Particle Size : N = 5 10 Atoms)



Silber-Cluster- 2R=2 nm
Cgo-Molekiile c 2R=0.7nm




INTERFACE ﬂEﬂR?E TRANSFER (CHEMISORFPTION)
BETWEEN
FULLERITE AND SILVER-CLUSTER

FULLERITE (SOLID Cyp) VER NANOPARTICLE
vacuum level -=-==---J

LUMO-band: —4.1eV =

HOMO-band: —6.1eV --ﬁ 5 s band

4 d band

o . P
P density of states
SCHEMATIC: afor B, Fernson {1992)
EXPERIMENTAL: = [ electron per interface={ 4
sPlanar interface, UPS | Wertheim, Buchanan { 19%94)

sSpherical clusters, optical Mis-spectroacopy Garte, Hilger, Kreibig {157924)
sPlanar interface, EELS, LEED Hunt, Modesti, Rudolf, Palmer {1995}
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I § i i I

2 3 i 0

ho [eV] (Gartz, Lebedev, Quinten 1999)



EXPERIMENTS
ON
2 nm AG-NANOPARTICLES
IN UHV



THECLA:

Thermal Cluster Apparatus
(D.Schonauer, H. Hovel, A. Hilger)

Sample
Cryostate manipulator heated
Sl Argongas
' 4.5 bar
Shutter Clustersource
Chopper 4
. Sy

E& o
Turbo o

1000 l/s

s | =

.J_rupticfal properties

of free clusters

Clusters on in UHV
substrate
Crystalbalance Crystalbalance | —
Cryopump Rootspump
2 e-Guns 70 l/s

1ﬂ'lﬂﬂr mm 500 0



characterisation by AFM and TEM Size distribution of silver clusters
Seeding gas Argon

2Ry =2,1nm
200-
| s 150+
Il b * . .:'-*'."; 2
TEM - picture of silver clusters & 10,
8
B 50-
“z
i I 1 -2
0 1 2 3
Height [nem] 0-

Height distribution by AFM 2R [nm]



Argon

: £
2R=(2,0 £ 0,6)nm

Krypton

2R=(3,7 £ 1,4)nm

Xenon

2R=(4,0 £ 1,2)nm

NR/E(NRY) NRYENRY

NRYZ(NR?)

= ]

:::::::




MIE - PLASMONRN - POLARITON LIFETIMES :
(Phase relaxation times)

t=1 fs =3fs =3fs 7 fs
1 | 1} U
ABSORPTION
2nm Ag Clusters (arb. linear units)

in CrO,, Iin MO, in SIO,, free beam

SQUANTUM ENERGY

2,0eV 2.0eV 3,0eV J.9eV 4,0eV 4,5eV

[Hilger et al. Hondbook of Opiics. ed Hummel Wissmann, CRC 1997]



ABSORPTION
(arb. linear units)

iNn Ca F:::
free beam

2nm Ag Clusters
in MgF,

QUANTUM ENERGY

2,0eV 2,58V 3,0eV 3.5eV 4,0eV 4,5eV

(Hilger et al. Eur.Phys J. 2000)



A-PARAMETERS OF AG-CLUSTERS IN VARIOUS MEDIA

Diata : Theory : Persson ef al. (1994)
Experiments: Salid gaves: Schulze of sl {1984)
Chther solid media: Kreibig (1970); Ciippers, Friba, Garte, Hilger, Havel, MaaB,
Nusch, Pidun, Relitrki Sonnteg, Tenfelde (papers, theses, diploms works 1994 -00)

Matrix material Theory Experiment Mie plasmon lifetimes

Free clusters 0.29 0.25 7 fs (2ZR=2 nm)
Solid Ne 0.29 0.25
Ar 0.3
0- 0.6 0.5
CO, 1.1 0.9
Na-Si-0O-glass 1.0 1.0
Ice 0.5
Li Fyy) 0.72
CaFy,, 0.76
MgF . .80
Fullerite (Cgy) 1.0
Em]!-:] 1.3
ITO 1.5
SrTi0, 1.5
ﬁ-llﬂ;'{-ﬂ 1.7
Ty, 1.8
P(C:.Hz)s 2.0
Sh0, 2.0
Si {(+0 impurities) = 3.0 0.6fs (ZR=2 nm)
Cr, = 3.0
Substrates
MEF:‘.I] 0.55
ITo 0.57
=i0; (110K) 0.55
Si0»: (3MOK) 0.59
Cr0, (.59

(U Kreibipg, M.Gzarte, A.Hilger
Ber. Bunsenges. Phys. Chem. 1997)



Extinction [arb. u.]

0.025 -

0.020 -

0.015 <

0.010 -

0.005 -

0.000 -

Ag (2 nm) in SiO,

—— Experiment A=1.3
—— Size Effect A=0.25
—— Persson  A=0.87
——Pinchuk A=1.2
(r=1eV; E-E =3 eV)

rr I
1.0 1.5 2.0 a3 3.0 35

Photon Energy [eV]

4.0 4.5 5.0

1
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MIE - PLASMON - POLARITON:
PHASEN - ZERFALL
DURCH
DYNAMISCHEN LADUNGSTRANSFER

thlhir!nf / Nhuhirmu = l.‘.'i]'l'! -1 / IP‘haw}

Dephasierungszeit Tpp,.. -

1/ Tppase = (Oberfliichen-StoBhiiufigkeit) »

(Ubergangswahrscheinlichkeit in
Adsorbat-levels)

1 J'r TPhaise & {"r[-';mif R} * Ainierface

Ainterface = F D . p{E'l"L'-mi.} « T

i

Il

Adsorbat-Oberflichenbedeckung

I:"‘.EI-H'IIHJ = Dt-l:'“l! dtr I:Il'lhﬁS-ElItEﬂ ﬁﬂﬂﬂrhﬂt—
Zustiinde nahe Eg.rp

T = Grenzschicht-Transferwahrscheinlichkeit
= | {ohne Tunnelbarriere)
< | {(mit Tunnelbarriere)

F = Normierungsfaktor

L. PHYSIKALISCHES INSTITUT

RN



PLASMONEN - ZERFALL :
L

ENERGIE - DISSIPATION IMPULS - RELAXATION PHASEN - RELAXATION
KASKADEN VON +ELASTISCHE" WECHSEL- ZERSTORUNG DER
ELEKTRON-LOCH- WIRKUNGEN KOHARENZ DER
ANREGUNGEN KOLLEKTIVEN LEITUNGS-

ELEKTRONEN-ANREGUNG
ELEKTRON-GITTER- (MIE-PLASMONEN)
ANREGUNGEN

ELEKTRON-GITTERFEHLER



HIERARCHY OF RELAXATION-TIMES :

Phase Relaxation > Momentum Relaxation > Energy Relaxation

EXPERIMENTAL NUMBERS ( Ag, Au Nanos ):

(1) Electron - Lattice Relaxation
(fs-spectroscopy : Perner et al (1997)) 1-10° ps

(2) Electron - Electron Relaxation
(fs-spectroscopy : Perner et al (1997) ) 10°fs - 1 ps

(3) Phase relaxation, De-phasing, De-coherence 1-15 fs
(Lamprecht et al (1997) SHG autocorrelation)
(Kreibig et al (1997) optical, variation with surrounding media)
(Klar et al (1998) single nano in TiO;)
(Rubahn et al (1998) optical)
(v. Plessen et al (1998) near field, hom. bandwidth)
(Lamprecht et al (1999) THG autocorrelation) 1999)
(Stietz et al (2000) "hole burning™)



MIE-PEAK POSITIONS OF FLUORIDES AND OXIDES :

6 T ' ! r '
| a Experiment
Vacuum — __.... Mie-theory (A = 0)
4kl R 1
Ll‘*l 0,
E 3 Ca X T‘T‘ S Sbﬂx 1
MgF, i
& R
ol SrTiO, 1\1 ‘‘‘‘‘‘‘‘‘ ——
G, %iﬂx
- )
1k Si (+Q)
0 ' ' ' ' ‘
5 4 6 8 10

dielectric function of the matrix &,



Y T T T
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‘4 CrO,
*
5 |
E Sbﬂl:lﬁ
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< * .
. &L e o
d
; Ce To f gr, 2
iF 2
ALO, | ° ®
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STATIC VERSUS DYNAMIC CHARGE TRANSFER

0.2 - m LiF
m CaF,
vacuum
0.0T—= WiigF,
> e = |
o o 4
2, ® .2 B
E B [ B C_ (annealed)
Sé 0.2 STO,m  we,
£ - WSi(-0,, x<<1)
TiO, Cr,0.m
-0.4 7 B SnO,
0.6 1 T | v T T T
0 1 2 3 4

A-parameter
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Abbildung 4.26: Silbercluster der GriBe ZH=2nm im freien Strahl und eingebettet in Oxi-
de und Fluoride. Aufgetragen ist die Lage dor gemessenen Mie-Resonans
Ndmar gegeniber der dielektrischen Funktion der Umgebung &q. Der shift
von A=l 15e% im freien Strahl tritt in der gheichen Richtung beim Einbet-
ten in Fluoride auf. Die Richtung des shifts kebrt sich bei der Einbettung in
Chzcicde wm, Die Materialien ITO, IngOs and Suls wurden ausgeschlossen, di
eine Ag-Legierungshildung bei Indinm-Zinn-Oxid (IT0O) nachgewiesen wer-
den konnte,



NANOPARTICLES

ON

SUBSTRATES



Ag - clusters on SiO, - substrate at T = 110 K
produced with different seeding gases (experiment)

P - polarisation 45°  Seeding gag S - polarisation 45°  Seeding gas
Argon s Argon
Krypton Krypton
Xenon Xenon
0,008} 0,02
5 S
X i
0,004} 0,01
0,000} 1 T r 0, 00——————r —
2.9 3,0 3.5 4.0 45 2.5 3.0 3.5 4.0 45

Energy [eV] Energy [eV]



Deposition on different Substrates :

./ Experiment: P - Polarisation 45°

Ag - Clusters on SiQ, Ag - Clusters on MgF.
0008 F
0,004
g 5
% E 0,005t
d -
0.004 F 0
o002k <
b
OO 25 20 35 40

R 3 i § ¥ ,DI § I £ 3
0000 = 35 a0 35 °80 25 30 35 40 45

Energy [eV] Erergy [eV) Energy [eV]

A - Parameter; A=0,55-0,6

VLTS _ALLSAE [



CONTACT AREAS OF SILVER-CLUSTERS
DEPOSITED
ON VARIOUS SUBSTRATES

(M. Tenfelde, Diploma work Aachen 1999)

Substrate Mg F, Si O, Cr; O,
(x=2) (x=1) (x=3)

Contact Area (Interface) 15 % 9.5 % <3 %

A - Parameter (Deposition) 0.55 0.59 0.59

A - Parameter (Embedding) 0.83 1.3 3.0



Temperature Dependence
of the Mie Absorption Peak :

3.50
345}
3.40}
3.35}

Deposition (2R = 2nm)
Il

RO ]
Cad
M
n
T

140 160 180 200 220 240 260 280 300
Temperature [K]

» increasing ellipticity

» increasing contact area

160K 300K

c/la=097 —» 0.86
L)__ flattening 10% —» 30% ﬁ

contact area 0.18 nm* —# 0.5 nm?



CHEMICAL REACTIONS

ON

NANOPARTICLE

SURFACES / INTERFACES



Extinction

0.01

Ag-Clusters reacting with Oxygen

Pg, <10 mbar

Po,®

3* 10° mbar

= 4 * 10 mbar

At=10 min

Simulakion
A moun Inﬁlr

20

35

Photon Energy [eV]

4.5

Extinction

Ag-Clusters reacting with Sulfur

0.02

before adding S
p=< 10® mbar
At=10 s

100 s

0.00

2.0

25 3.0 3.5

Photon Energy [eV]

4.5



Extinction [arb. units]

0.10

0.08

0.02

j - T ! '
Ag-Clusters ...
— on SiO,-substrate

on Triphenylphosphine P(C:H:);
" covered with P(C.H.),

on SiO,-substrate

2 3 4
Photon Energy [eV]




0.01

Extinction

0.00 |

| L (e e SR Y S et R P T

< Ag-clusters embedded in Ni

Ni-film, Ref: Vacuum >

_«* —==--Calc: Ni-Cluster, 2R=10nm
. - - "= = - Calc: Ni-Shell d=0,003 um, 2R=2nm

I TR A YO )

e L % ! g
1.5 20 25 3.0 35 40 45 5.0 55

Photon Energy [eV]
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ELECTRODYNAMIC COUPLING
AMONG
DENSELY PACKED PARTICLES
IN
MANY -PARTICLE-SYSTEMS :

THE GENERALIZED MIE -THEORY
(GMT)



WEAK BEELF-ASSEMBLY OF LIGAND-STARILIZED AU-CLUSTERS
| Kreibig, Sehmid)

: Fals
_ PHNSIEALISCHES INSTITUT 14 m-' .



QUASI-FRACTAL AU-PARTICLE ARRAYS

PHYSIKALISCHES INSTITUT 14 RANTH=
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MIE-PLASMON-COUPLING
IN
CLUSTER-MATTER

ROWS: 1: Silver (2343 nmY; 2: Silver (20+3 nm});
3: Gold (1742 nm); 4: Gold (1041 nm)
VERTICAL: decreasing mean cluster distance



AGGREGATION UND KOALESZENZ
IN WASSRIGEN EDELMETALL - KOLLOIDEN
Diplomarbeit von Guido Reuter
1. Physikalisches Institut
der R W T H (1994)
REZEPTE :
(1) Zitrat - Methode (Gold)
(2) Zitrat Tannin - Methode (Gold)
(3) Zsigmondy'sche Keimmethode (Gold, Silber)
FULLFAKTOREN : f 10°-10*
AGGREGATION :
Anderung des pH-Wertes : Verschiebung zum Sauren durch Beigabe von stark
verdiinnten wissrigen CuS0O,- Losungen .
Beispiel : Gold (15.5 nm) - Kettenaggregate 2 SPP - Moden
in Abhéngigkeit von der mittleren Kettenlinge (1 - 20 Nanopartikel).
SPP - PEAK SHIFTS:

Tt -Mode 2.30eV=238e (A=+0.08eV)
- -Mode 23eV>1.78eV (A= -052eV

FARB - ANDERUNGEN :
Gold - Sole: Rot > Rosa > Violett > Blau

Silber - Sole : Gelb > Orange = Rotorange > Braun > Griingrau

STABILISIERUNG :
Zugabe stark verdiinnter Gelatine Losung

Eintrocken auf Substrat oder kohle-befilmten TEM - Netzen



| EXTINCTION OF QOLD CLUSTERS
AND FILMS
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Figure 12 Light-indueed aggregation in an fquedus gald cofkid (287 = 10 nmd, shown in the TEM (IrEnsmizsan
alegtiar: micrography [cever Fight By Ar-514.5 nm laser irraduation, aggragathon is induced [“light-induced wan
dar Waals lorces or photochermical eHects, seg Lppar right ligure), whila 1ha nonirmadisted sampla chows only
wiiak §llacie [s8a middle right). The optical extncbon SpPECLTE 01 tha irmadiated ard the nomirradiied sempla ara
ahown at lafl. The gouble pesk is due to electremapnetic coupng in the aggrenales. (Eekstein. H. and Kralbeg,
1993}



GENERALIZED MIE THEORY (GMT)

The single nanoparticle of Mie's theory is of importance for basic research
and understanding. For practical and technical purposes macroscopic many-
particles systems are common. If volume concentrations are low, then the
application of Lambert-Beer' law, introduced by Mie himself is sufficient.

At concentrations higher than # 10* cm™ in statistically distributed systems or
in systems with aggregation blocks (chains, coagulation clusters) neighboring
particles interact with each other during optical excitation via their
electromagnetic near fields. As known from coupled oscillators, then
resonances split on the frequency scale and strong changes occur in the
spectra.

There are different methods with different degrees of accuracy to calculate
those spectra. They all assume high particle densities by coagulation, but
coalescence is excluded, since this produces novel particles with changed sizes
and shapes.

(1) The Effective Medium Theories: They are simple to treat but can be
drastically inaccurate. The inhomogeneous sample is approximated by a
dielectrically homogeneous system and the resulting "effective dielectric
function" (of the whole sample - not of the particle material ! ) is calculated.
We will not treat these roughly approximative methods here, since we have the
Generalized Mie Theory (6MT) which is the exact solution of electrodynamics
and is exact to the same degree as the Mie theory itself. However, this
method requires enormous computer capacities.

(2) The Generalized Mie Theory (6GMT) was proposed by Ausloos and Gerardy
and fist numerically applied by Quinten and Kreibig. It is based upon

« the exact Mie solution of each single particle,

« the exact position coordinates of each particle in the sample. Experimentally
these data may be obtained by electron-microscopic methods (TEM, SXM,
SEM etc.),

« the realistic near fields in the spaces between all neighboring particles which
induce electromagnetic coupling. All multipolar near fields of all particles n*
interact with those of all other particles n and have to be summed up and
added to the incident fields. (There are no orthogonality conditions, since all



particles have different positions.). The problem is solved numerically by a
self-consistence algorithm which takes much computer time,

To describe the GMT we
start with the wave equation in spherical coordinates

(V% + |k|*}L(r 8, $) =0,

which is eolved by multipole expansion (partial woves according to Mie} for
the following scalar potentials [T; at position (r,#, @) of a given particle ¥ In
the agEregate: -

7ot of the incident plane wave

I of the wave inside the particles

ITe%8  of the outgoing/scattered wave

JIM  of the scattered waves from all particles 7 # § causing
the interaction in the ageregate.

The according fields are the gradients of these potentials. The first three
potentials are those of Mie's original theory. The potentials caused by all
neighboring acatterers can be transformed into one potential of an additional
wave, the interaction potential acting on particle i:

N, ey +1
. 1
Jrimt Z ﬂ'“*(j} = |k|—31‘- z Z Ti’t{lk{i‘i}ﬁ,m[gi. i)
Ji P=tm=-1
My oo +a

# ZE E AFE by ()

J#ige=l p=—g

Here, k& denotes the wavevector, ¥ spherical barmenics, 3> spherical Bessel
functions, gy the complex amplitnde coefficients of the scattered wave, and
AFT the transformation matrix of the spherica] coordinates of particle 7 into
those of particle i

A zyutemn of Ny(2{+ 1) equations (N, = nmmber of
clusters per aggregate; §| = maximum pumber of multipolar modes taken into
account) is obtained which allows to calewlate self-consistently the complex
amplitude coafficients by of the wave scattered from particle £ One ends up
with the extinetion constant of the cluster aggrepgate

3{:2 My oo +1
Te = m‘m{zz 5 E—H‘mmﬁ-}}

i=1 =1 m=-1

by summing up over all particles, all multipoles and the polarization states
of the incident light.



« To reduce computer time, smaller but characteristic parts of the sample
have to be selected In the dipole-approximation, calculations of some 10°
particles are realistic, but only of some 10°particles if the quadrupoles are also
taken info consideration.

Since only samples of limited sizes can be treated, the particles at their
limiting boundaries raise problems, since their coordination numbers of nearest
neighbors, and, hence the electromagnetic coupling is reduced.

Up to now, none has succeeded in increasing sample sizes so far that the
boundary effects could be neglected.

« So, the results are realistic spectra of extinction, absorption and scattering
of the whole many-particle sample but not (yet) numerically precise.

Like Mie's theory, GMT can be applied to arbitrary cluster materials, arbitrary
distributions of particle sizes and arbitrary particles positions. The only draw-
backs are the restriction to the spherical particle shape, the exclusion of
coalescence aggregates and the sample size limitations.



incident plane
electromagnetic wave

N

near field
scattered waves

reference frame

Fig. 2.72. Generalized Mie theory: Coordinates for calculation of electromagnetic
Interactions. :
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Fig. 2.73. Generalized Mie theory: {a) extinction spectra of Ny = ¥ clusters in
aggregates of various topologies. Interactions up to quadrupole order {L = 1,2}
are included [after 2.127]). (b} linear chains of Au clusters with various lengths.
Cluster sizes are R = bnm (left) and B = 28 nm (right), em = 1.96 (after [2.413]).
Averaging over the aggregate orientation is included. All curves are vertically shifted

by arbitrary amounts for the gake of clarity.
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Fig. 2.74. Ceneralized Mie theory: Topological efferts on the extinction =pectra of
linenr chaing of Ag clusters. Variation of chain length {a), cluster sizes (b)), cluster-
vluster distances {center to center) {¢). Peak positiona for varying chain lengths
and cluster sizes are shawm in {d) (courtesy M. Quinten)-
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Fig. 2.75. Extinction and scat-
tering spectra (bold and weak
lines) of Ag clusters (2R =
40 nm), computed including re-
tardation effects. The lower two
curves correspond to the sin-
gle clusters, the upper ones to
the seven close lying cluster ag-
gregates of, in total, 91 clus-
ters, shown on top (courtesy
M. Quinten).



