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I.1 RARE EARTH
ELEMENTS



A little bit of history …the NOT SO RARE
RARE EARTH ELEMENTS

....found all over (earth, moon, some stars.....);

....more abundant than Hg and I;

....first one was found in 1794 (Yttrium);

....last one was found in 1945 (Promethium);

....applications: from jewellery to nuclear industry,
naturally including PHOTONICS APPLICATIONS.

I.1 RARE EARTH
ELEMENTS



http://osoon.ut.ee/~hahha/re/index.html

Rare Earth Elements On The Net 

General Information
History

Properties
Uses
Links

I.1 RARE EARTH
ELEMENTS



IN OPTICS, REE were first exploited in 1906, by
Becquerel, who identified line narrowing at low
temperatures (~85K);

Subsequent years flourished with theoretical work, 
driven by the development of quantum mechanics,
culminating with the work by Dieke and Crosswhite
(Appl. Opt. 2, 602(1963)), which is the basis for
spectroscopy of REE.

G. H. Dieke

I.1 RARE EARTH
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At the end of the 1960’s, energy transfer and
anti-Stokes emission became one of the important
ways to study REE in crystals and glasses;

Frequency up-conversion is the experimental
method to study emission from frequencies higher
than the excitation frequency.I.1 RARE EARTH

ELEMENTS



I.1 RARE EARTH
ELEMENTS

REE can be found as divalent, trivalent or tetravalent.

For optics, the trivalent lanthanides are the
revelant ions, whose electronics distribution
is as follows:

•La and Lu – closed outer shell (N= 0 and 14)

•All the others – outer shell 4f partially filled

(Those REE are the focus of our attention!)



4f electrons are screened by the other outer-shell
configurations (5s2 ,5p6), because the wavefunction
radius is smaller for 4f than for 5s and 5p.

I.1 RARE EARTH
ELEMENTS

The word lanthanide has a Greek origin
(‘‘λανθανειν’’) which means ‘‘to lie hidden’’.



Important consequences and implications:

1. Electronic states of 4f weakly affected by the host;

2. Energy spectrum is practically independent of host
(which means they are determined by 4f);

3.  In crystals, absorption and emission spectra very
narrow ( ~0.1nm); much broader in glasses;

4. The hamiltonian, which will be used to calculate
the energy levels, can be written as the sum of
the free ion + a perturbative term arising from the
host:

Free ion host

I.1 RARE EARTH
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The free ion hamiltonian can be given by:

Kinetic energy

Effective Coulombian potential

Coulombian repulsion

Spin-orbit interaction

ξ(r) is the spin-orbit coupling parameter

Nt total number of eletrons ; N = 1 to 13

H0                >     Hc >        Hso

I.1 RARE EARTH
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Last two terms are responsible to rise the degeneracy

Spin-orbit interaction:

Arises from atom magnetic field + spin magnetic dipole

Generates a total angular momentum J = L+S

increases with atomic number

I.1 RARE EARTH
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On the other hand, the Coulombian interaction
decreases as Z increases (since the atomic radius
increases, thus increasing the distance between
electrons).

http://olla.ichf.edu.pl/lect/SS2005/Buenzli_lecture1.pdf

I.1 RARE EARTH
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I.1 RARE EARTH
ELEMENTS

The characteristic of a quantum state is specified by 
the notation, 

2S+1
LetterJ

S = Spin angular momentum
J = Total angular momentum

Prescription for the “Letter” symbol

etc.IHGFDPSLetter

etc.6543210L

Energy levels follows spectroscopic notation:



I.1 RARE EARTH
ELEMENTS

E.g.: Ground State of Neodymium

Spectroscopic Notation = 4 I 9/2

Degeneracy = 2J+1 = 10

There are 10 different wave functions describing 
this state.



Element  Symbol Atomic 
no.  

Atomic 
wt.  

Electronic 
state 

Fundamental 
State 

Ionic radius 

Cerium  Ce  58  140,12  [Xe]4f15s25p6 2F5/2 1.11 

Praseodymium Pr  59  140,98  [Xe]4f25s25p6 3H4 1.09 

Neodymium  Nd  60  144,24  [Xe]4f35s25p6 4I9/2 1.08 

Promethium  Pm  61  145  [Xe]4f45s25p6 5I4 1.06 

Samarium  Sm  62  150,4  [Xe]4f55s25p6 6H5/2 1.04 

Europium  Eu  63  151,96  [Xe]4f65s25p6 7F0 1.03 

Gadolinium  Gd  64  157,25  [Xe]4f75s25p6 8S7/2 1.02 

Terbium  Tb  65  158,93  [Xe]4f85s25p6 7F6 1.00 

Dysprosium  Dy  66  162,5  [Xe]4f95s25p6 6H15/2 0.99 

Holmium  Ho  67  164,93  [Xe]4f105s25p6 5I8 0.97 

Erbium  Er  68  167,26  [Xe]4f115s25p6 4I15/2 0.96 

Thulium  Tm  69  168,93  [Xe]4f125s25p6 3H6 0.95 

Ytterbium  Yb  70  173,04  [Xe]4f135s25p6 2F7/2 0.94 
 

The optically interesting REE

I.1 RARE EARTH
ELEMENTS

(Å)



Energy levels for 
the REE in a
LaCl3 crystal

G. H. Dieke and
H. M. Crosswhite
Appl. Opt. 2, 675 (1963)

I.1 RARE EARTH
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Glasses

• Amorphous solids
• No crystal structure
• No long-range order
• Resemble “frozen liquids”



Forming a Glass

• Requirements
– Material must have high viscosity at melting point
– Material must have difficulty nucleating crystal

• Procedure
– Melt material to eliminate crystal structure
– Cool material quickly through melting 

temperature
– Form supercooled liquid
– Cool until solid

I.2 GLASS 
MATRICES
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Some classes of Some classes of glassesglasses

OXIDES
SiO2
GeO2
BeO3
P2O5

METTALIC
Fe - Ni
P - B
Cu - Zn

CHALCOGENIDES
Ga2S3 - La2S3
As2S3, As2Se3
Ge - Se

HALIDES
ZnCl2
BeF2
ZrF4
AlF3
InF3
GaF3

I.2 GLASS 
MATRICES

ORGANICS
polymers
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Quartz
• Quartz is silicon dioxide (silica)
• Is an excellent network former

– Slow cooling forms regular network
– Fast cooling forms irregular network

• High viscosity at melting point
• However, nucleates crystals easily
• Melting point of Quartz is very high

I.2 GLASS 
MATRICES
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Soda-Lime-Silica Glass
• Adding sodium oxide (soda) lowers melting point
• Adding calcium oxide (lime) makes it insoluble
• Sodium and calcium ions terminate the network and

soften the glass
• Soda-lime-silica glass is common glass

I.2 GLASS 
MATRICES



Borosilicate Glass

• Soda-lime-silica glass expands much when 
heated
– Breaks easily during heating or cooling

• Boron-oxide-silica glass expands less
– Tolerates heating or cooling reasonably well

• Pyrex and Kimax are borosilicate glasses

I.2 GLASS 
MATRICES



Vapour or Plasma Liquid Solid

•Evaporation
•Plasma
•Aerosol

•Cooling
•Dissolution
•Sol-gel

•Decomposition
•Amorphization by
irradiation

•Amorphization by
grinding
• Amorphization
by wave

Methods of preparation

I.2 GLASS 
MATRICES



Reagent mixing

Thermal treatment

At T< Tg.

Sample preparation:

cutting and polishing

Fusion in 
platinum/alumina 

crucible

Fast solidification

in pre-heated brass

molde

Slow cooling until
Room temperature

Typical glass preparation

I.2 GLASS 
MATRICES



GLASS PREPARATION

I.2 GLASS 
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Several Important glass hosts

Silicates
Phosphates
Borates
Germanates
Tellurites
Fluorozirconate
Sulfides
Chalcogenides
Fluoroindates
Antimony
Tungstates

Main differences:

Physicochemical characteristics
Preparation methods
Transmission window
Phonon Energy

I.2 GLASS 
MATRICES



Phonons are a quantum mechanical version of a 
special type of vibrational motion, known as normal 
modes in classical mechanics, in which each part of a 
lattice oscillates with the same frequency. 

A phonon is the quanta of energy of such vibrations.I.2 GLASS 
MATRICES http://dept.kent.edu/projects/ksuviz/leeviz/phonon/phonon.html



REE incorporation methods

I.3 REDG
-Can start from doped mixture (with REE)

Ex. Fluoroindate glass with Nd3+ and/or Pr3+

-Can incorporate element (like in fibers fabrication)



Rare Earth Doped Glasses (REDG)

Free ion host

Let us remind that, once incorporated in the host, 
the REDG hamiltonian is given by:

The aperiodic glass structure
introduces variations
in the Hh term, leading
to an inhomogeneous
broadening in the linewidth

SiO2

I.3 REDG



I.3 REDG

Inhomogeneous broadening



Theoretical Aspects

I.4 THEORETICAL
ASPECTS

Objective: calculate the radiative and nonradiative
REE transitions

J.H.Van Vleck J. Phys. Chem. 41 (1937) 67.
Studied Absorption and Emission, atributted to 4f
and mechanisms: electric dipole, electric quadrupole
magnetic dipole

Broer, Gorter, Hoogschagen; Physica 11 (1945) 231
Showed that electric quadrupole and magnetic dipole could not
Explain the intense emission of the REE, and forced electric
Dipole model would suffice.

B.R. Judd; Phys. Rev. 127 (1962) 750.
G.S. Ofelt; J. Chem. Phys. 37 (1962) 511.
Independently, introduced definitive formalism based
on forced electric dipole



Possible physical process following
absorption of a photon by a molecule

I.4 THEORETICAL
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Possible physical process following
absorption of a photon by a molecule
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Luminescence
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A taste of Judd-Offelt Theory

The oscillator strength of a spectral line due to 
a electric dipole fundamental to excited state
transition is given by:

χ- Lorentz field correction
m – mass of electron
h – Planck constant
ν- transition frequency
q – related to input polarization
D – atomic displacement operator

spherical harmonics

I.4 THEORETICAL
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After some more manipulation, one can show that:

Judd-Ofelt parameter

I.4 THEORETICAL
ASPECTS



About nonradiative transitions:

where:

· AT (αJ ) is the total radiative relaxation rate;

· WT (αJ ) is the total nonradiative relaxation rate;

· τR is the excited state radiative lifetime;

· τNR is the excited state nonradiative lifetime, given by WT (αJ) -1.

I.4 THEORETICAL
ASPECTS



Regarding WT (αJ) the following empirical
relation has been demonstrated

Where:

· WAB (0) is the multiphonon emission rate at low
temperature;

· ħω is the maximum phonons energy;

· ∆E is the energy diference between the levels
involved in the phonon transition

•KB is the Boltzmann constant and T is the
temperature.

I.4 THEORETICAL
ASPECTS



Gap Law -

I.4 THEORETICAL
ASPECTS



Spectroscopic Techniques for Optical  Assessment

I.5 SPECTROSCOPIC
TECHNIQUES
FOR OPTICAL
ASSESSMENT

Absorption
Luminescence
Raman spectroscopy
Brillouin spectroscopy
Up-conversion spectroscopy



Absorption
Sample

Normally uses commercially available equipments

In the linear behaviour, the absorption coefficient α
for a sample of thickness L is given by the
Lambert-Beers law:

L  in cm, α in cm-1

I.5 SPECTROSCOPIC
TECHNIQUES
FOR OPTICAL
ASSESSMENT
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L. E. E. de Araújo, A. S. L. Gomes, C. B. de Araújo, 
Y. Messaddeq, A. Florez, and M. A. Aegerter, Phys. Rev. B 50, 16219 (1994).



The absorption coefficient is related to the
Imaginary part of the refractive index through

Other related quantity to the absorption spectra are:

Transmission

Optical
Density

Extinction
coefficient
(C is the concentration in mol l -1), ε in mol-1 l cm-1)

I.5 SPECTROSCOPIC
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The absorption cross section

where N is the absorption centers density in cm-3

The amount of power absorbed by an ion:

I.5 SPECTROSCOPIC
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Luminescence

133 

 LASER 
Ar+ 

LASER 
Ti:Sapphire 

LENS 
LENS 

SAMPLE 

 DIGITAL 
OSCILLOSCOPE 

PC

   SPEX + PMT  

MECHANICAL CHOPPER 

MIRROR 

CCD

•cw or pulsed
excitation

•Varying
λexc while
looking at 
one emission
leads to
excitation
spectrum

Typical experimental setup
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L. E. E. de Araújo, A. S. L. Gomes, C. B. de Araújo, 
Y. Messaddeq, A. Florez, and M. A. Aegerter, Phys. Rev. B 50, 16219 (1994).



Fluorescence decay time (lifetime)

Luminescence
intensity Excitation

intensity

Decay function

Two kinds of decay times can be considered:

1) Mean duration
of the fluorescence

2)

I.5 SPECTROSCOPIC
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For a purely exponential decay

Integration of the I(t) equation gives:
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The quantum yield Φ of an absorbing system is given by

Where

Nem is the number of spontaneous emitted photons
per unit time

Nabs is the total number of absorbed photons
per unit time

(difficult to measure)
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We can write:

Considering negligible the T dependence of σ:

Therefore:
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In general, the fluorescence decay function is
not exponential, due to local inhomogeneities.

For most cases, it can be described by a stretched
exponential:I.5 SPECTROSCOPIC

TECHNIQUES
FOR OPTICAL
ASSESSMENT



If two different components of the fluorescence
Decay function can be observed, then:

Where A and B described the relative amount
Of the chemical species.

In particular cases when the decay curves exhibit
two well separated components, it is possible
to determine the amount of the two kinds of ions
involved in the process:
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Raman and Brillouin scattering for optical
glasses characterization
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GexS1-x glasses compositions 
with 11<x<45
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Absorption and emission
cross-section measurement

The McCumber Theory

Based on general assumptions:

1 -there is a thermal distribution of population among the
individual Stark level components of each Stark manifold.

2. the energy width of each individual Stark level is small
compared with kBT, where kB is the Boltzmann constant
and T is the absolute temperature.

I.5 SPECTROSCOPIC
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The McCumber relation states that the absorption
cross-section σa(ν) and the emission cross-section
σe(ν) between these manifolds are related by

ε is as the net free energy required to excite one Er3+

ion from the 4I15/2 to the 4I13/2 state at temperature T:
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The effective bandwidth Δλ, related to the emission
cross-section, is defined by

Δλ =  ∫σe(λ)dλ/σP(λ),

where σP(λ) is the peak value of the
emission cross-section
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let us have lunch!!!
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