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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 nanoparticles 

                                   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 :                                              (B)  MATERIAL  PROPERTIES :                                        
 
1)  Incident wave is not plane                                                       12)  Dielectric function of the particle material differs from 

          (e.g.focused laser beam, diffuse white light source:                     bulk DF due to nano-size effects:   ε = ε (ω, R) 
          outgoing waves not plane)                                                               (quantum size effects; mean free path effect; band                             
                                                                                                                       structure effects) 

         2)  The step-like Maxwell boundary conditions do not hold             
              (3-d particle surface/interface not included)                         13)  Tensorial dielectric function (e.g. carbon particles)    
                                                                                                                        
         3)  Additional boundary conditions (long. plasmons)                 14)   Nonlocal electrodynamic response 
                          
         4)  Inhomogeneous interface layer (traps, bonds)                     15)   Surface dielectric function (polarizability)         

4)  Particle shapes are not spherical                                             16)  Dielectric function of the particle material is not locally 
              (Polyhedra; edges; corners; surface roughness)                           homogeneous due to surface properties:    ε = ε (ω, r) 
                                                                                                                         
        5)  Heterogeneous particle structures                                          17)  Changes of ε due to static and  dynamic charge transfer  
              (core/shell; multigrain structures)                                                                                  
                                                                                                                   18)  D. F. of the matrix varies with frequency    εmatrix(ω) 
        6)  Atomic and molecular adsorbares (sensoric devices)              
                                                                                                                   19)  D. F. of the matrix is inhomogeneous/ unisotropic                    

  7)  Embedding in liquid or solid matrices                                             (e.g. close to the particle interface) 
            (Chemical interface interactions)                                                       

                                                                                                          20)  D. F. of matrix is complex  (absorbing matrix ) 
  8)  Deposition on substrates (flattening by interface forces;                               

    substrate interferences; interface charges;                            21)  D. F. of the particle material is non-linear     
    image forces; chemical interactions)    
                                                                                                          23)  Tunneling  among neighboring particles in densely 

 9)  Particles electrically charged ( chemical potential;                        packed  many-particle-systems 
                 charge double layers at surface)                                                                                                                        
                                                                                                          24)   Agglomeration and Coalescence in densely  packed 
10)  Many-particle systems                                                                    many particle systems (formation of particle clusters,                        

                 (sizes, shapes, local distributions not uniform)                           particle chains, larger, irregular aggregates) 
                                                                                                                                                                                                                       
11)  Dense packing in many-particle systems                              25)   etc.                            
        (electrodynamical particle-particle coupling) 









 
 
 
 
 
 
 
 

 

EXAMPLE : 
 

MAXWELLS BOUNDARY CONDITIONS 



SOFT BOUNDARY CONDITIONS;  
SPILL OUT OF THE ELECTRON DENSITY

 Boundary conditions at r = R  ("sharp" boundary conditions)   
 
 EΘ

incident = EΘ
interior ;

    
EΦ

incident = EΦ
interior  ; 

εoutside · Er
incident = εinside · Er

interior 
  
Longitudinal fields :Current density:  jtotal

normal  continuous  at r = R 
(Sauter-Forstmann condition).

Analog for H.



  



  



 
 
 
 
 

 
 
 
 

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 transport 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 = 4 π R2    volume : V = 4/3 π R3   ―>    S / V   ~  1/ R    



  





 
 
 
 
 

 
 
 
 

EXPERIMENTAL EXAMPLE 
 
  

OPTICAL PROPERTIES 
OF 

SCHMID – CLUSTERS  
AND  

- NANOPARTICLES 





  





  



  





Cluster/Nanoparticle Size Effects

A wealth of cluster size corrections to the bulk-ε  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   ∆E  and  energetic level widths  δ E including life-time effects : δ
E > ∆E  means that the size quantization structure is smeared out and electrons 
may be continuously accelerated  as presumed for classical conductivity, while 
for δE < ∆E separated levels exist.
While level spacings were introduced on various routes (roughly estimated, we 
have   
                            ∆E  ≈  EFermi/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-ε  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-law, (which also appears 
as a surface/interface effect): 

          ε2 (ω, R) ≈ ε2
bulk(ω) + ∆ε2 (ω, R)     with       ∆ε2 ( ω, R )  ∝  Asize / 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 to 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 / τ  =  1/τ bulk  +  1/τsurface     with      1/τsurface  =   Asize vFermi / R , 

vFermi  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:

           ε (ω, R )  ≈  1 + χinterband -  ωp
2 / ω2    +  i  ωp

2 / ω3  (1/τbulk + Asize vFermi / R ) 

 In  this  approximation,  a  small  size  dependence  of  the  real  part  of  ε 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 :

M A T E R I A L : 

Metal Ion  doped crown glass: 
Metals ( Ag, Au, Cu ), 

Photoreducing Ions ( Ce ), 
Thermoreducing agents ( Sb )

⇓
NUCLEATION :

UV-irradiation through a mask: ( Me+ →  Me0 )
„latent image“  

Homogeneous nucleation ( Me0 ) 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

⇓
I M A G E

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 - 5000 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 to essential amounts.



  













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  ω = 0 to  ω = ∞ . 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 toward 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(ω) 
and L(ω) the data of  ε = ε1(ω,R) + i ε2(ω,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 
2Raverage = 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 EFermi . 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 lsurface  is of the order of particle radius R.
In nanoparticles which are smaller than the mean free electron path of 
the bulk metal lbulk, the additional SURFACE scattering process is 
important: Its time of free flight  τ surface   is included into the total 
relaxation time  τtotal according to Matthiessen's rule :

(τtotal  )-1  = ∑ (τ i  )-1   , where  i  stands for the contributions of  
point defect-,
dislocation-,
grain boundary-,
phonon- and
electron-electron scattering. 
In nanoparticles the surface scattering contribution (τ surface )-1 is added.
The according contribution to the relaxation frequency  Γ which is 
contained in the DRUDE - DF amounts to 

                             Γsurface = Asize vFermi / R, 

where the ASize-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 ΔΕ ≈ EBand / N2/3  where EBand 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  ΔΕ. 
Now the "conduction electrons" can no longer be treated as classical 
electrons, instead they perform level transitions 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 time of roughly the same formal structure as in the case 
of the FPE.
                                 ΓQSE = Asize* vFermi / R,
So, the 1/R - law appears to be almost universal.





  



  



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.

  
    
   





 
 
 
 
 

 
 

 
 

EXPERIMENTAL EXAMPLE 
 
 

SIZE – EFFECTS  
IN THE 

INTERBAND – TRANSITION EDGE 
OF 

NOBLE METAL NANOS 



  



  



  







  







  



  



  



 
 
 
 
 

 
 

 
 

  EXAMPLES: 
 
 

 HETEROGENEOUS AND NON-SPHERICAL 
 

NANOPARTICLES 







  









 
 
 
 
 

 
 

 
 

  SURFACES AND INTERFACES 
 

OF 
 

NANOPARTICLES    



            Topologies of Surfaces and Interfaces of planar and spherical symmetry



(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.



  



  





Properties of Nanoparticle Surfaces and Interfaces

FREE  PARTICLE  SURFACE             PARTICLE   INTERFACE

•  Surface atomic structure
•  Reconstruction                             •  Induced surface structure changes
•  Electronic surface states             • Changes of surface states
•  Electronic surface resonances      • Changes of surface resonances
•  Electronic  „spill out“                    •  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 
on 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 AInterface  to the 
ASize  parameter :
                                 Atotal = ASize + AInterface  

What is important: AInterface  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 AInterface 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.







  



  



  



  





  



  



 





 
 
 
 
 

 
 

 
 

  EXPERIMENTAL EXAMPLE 
 

SILVER PARTICLES EMBEDDED IN FULLERITE 
 
 
 
 

(Mean Particle Size  : N = 5 102 Atoms)     



  



  



  



  



  



 
 
 
 
 

 
 

 
 

  EXPERIMENTS 
 

ON 
 

2 nm  AG-NANOPARTICLES 
 

IN UHV 
 
 
 )     



  



  



  



  



  



  



  



  



  



  



  



  



  





 
 
 
 
 

 
 

 
 
 

NANOPARTICLES 
 

ON 
 

SUBSTRATES 
 

  
 
 
      





  



  



  



 
 
 
 
 

 
 

 
 

 CHEMICAL REACTIONS 
 

ON 
 

NANOPARTICLE 
 

SURFACES / INTERFACES  
 

  
 
 
      



  



  





 
 
 
 
 

 
 

 
ELECTRODYNAMIC COUPLING 

 

AMONG 
 

DENSELY PACKED PARTICLES  
 

IN 
 

 MANY-PARTICLE-SYSTEMS : 
 
 
 

THE  GENERALIZED MIE –THEORY 
 

(GMT) 
 
 
 
      



  



  





  









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 ≈ 10-4 cm-3 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 (GMT) 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 (GMT) 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





● To reduce computer time, smaller but characteristic parts of the sample 
have  to  be  selected  In  the  dipole-approximation,  calculations  of  some  105 

particles are realistic, but only of some  103 particles if the quadrupoles are also 
taken into 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.             
 
                                                                                                           









  


