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« La lumière est le principal personnage dans le tableau »
(Light is the main subject of the picture)
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(Light is the main subject of the picture)



I. I. Light scatteringLight scatteringg gg g

hhν0
≈ 95 to 97%

≈ 3 to 5%≈ 3 to 5%

≈ 1%
Scattered light

Iscatt ∝ ν0
4
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hνhν0

S tt d li ht Scattered light :

Iscatt = I(ν0) + I(ν≠ν0)

1 t  10%

Iscatt I(ν0)  I(ν≠ν0)

90 t  99 % ≈ 1 to 10%≈ 90 to 99 %

Rayleigh scattering Raman effect
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II  II  TheThe Raman Raman effecteffectII. II. TheThe Raman Raman effecteffect

Iscatt = IRayl (ν0) + IRaman(ν)Iscatt  IRayl (ν0)  IRaman(ν)

νRaman = ν0 ± νi

ν0 : incident light frequency
νi : i vibrational mode frequency
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Scattering by vibrational modes :Scattering by vibrational modes :Scattering by vibrational modes Scattering by vibrational modes 
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creation of a 
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νs = ν0 + νphonon νs = ν0 - νphonon

ti t k
scattinc kkq
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Exited 
electronic 

RAYLEIGH 

RAMAN scattering

St k A ti t k

levels

RAYLEIGH 
scattering Stokes Antistokes

Virtual levels

hν0

hν0 hν1<hν0 hν2 > hν0

Vibrational levelsVibrational levels

Fondamental
electronic levelelectronic level

Maxwell – Boltzmann ⇒ Raman Stokes et anti-Stokes lines have 
not the same intensities 
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Scattered intensity Rayleigh

ν1 = ν0 - 459 cm-1

ν2 = ν0 - 314 cm-1

ν3 = ν0 - 218 cm-1
Raman

ν4 = ν0 + 218 cm-1

ν  ν  314 m 1ν5 = ν0 + 314 cm-1

ν6 = ν0 + 459 cm-1

CCl4 Raman spectrum at room temperature
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III. The different types of light III. The different types of light yp gyp g
scatteringscattering

R l i h sc tt inR l i h sc tt inRayleigh scatteringRayleigh scattering
Raman scatteringRaman scatteringgg
Brillouin scatteringBrillouin scattering
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Scattering by density inhomogeneities : Scattering by density inhomogeneities : Scattering by density inhomogeneities : Scattering by density inhomogeneities : 
RayleighRayleigh scattering (scattering (staticstatic))
BrillouinBrillouin scattering (scattering (dynamicdynamic))
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2ρΔ
• Static fluctuations : structural or chemical fluctuations
• Dynamical fluctuations : acoustical modes of vibrationρ • Dynamical fluctuations : acoustical modes of vibration
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Rayleigh Rayleigh scatteringscattering : due to the static : due to the static 
fluctuations of refractive indexfluctuations of refractive indexf f ff f f
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The case of a diatomic linear lattice, periodicity : The case of a diatomic linear lattice, periodicity : aa
2 ππrr
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IV. Brillouin IV. Brillouin and and Rayleigh Rayleigh scatteringscatteringV. u nV. u n nn y gy g ngng

Brillouin spectrum of the glass (SiO2)85(K2O)15Brillouin spectrum of the glass (SiO2)85(K2O)15
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1  Lines frequencies1  Lines frequencies1. Lines frequencies1. Lines frequencies

F   i ht tt i  fi ti kk
rr

⊥For a right scattering configuration scattinc kk ⊥
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From the Brillouin frequencies we deduceFrom the Brillouin frequencies we deduce

The elastic properties of materials
(see for example A.K. Varshneya 2006, or Y. Vaills web page)

• n and ρ : measured by classical methods
i   i t  t i l  2 i d d t l ti  t t

( p y p g )

lν
• in an isotrope material : 2 independent elastic constants

Brillouin scattering tν ⇒ C11 and C44

C12 = C11 – 2C44 μλ
μλμ

+
+

=
)23(E Young’s modulus

1K
23

3 −=
+

=
μλ

χ

λ = C
compressibility

)(2p λμ
λσ
+

=
λ = C12

μ = C44
Lame’s constants Poisson ratio
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2. 2. Lines intensitiesLines intensities

Scattering by density fluctuations : Scattering by density fluctuations : Freezing of g y yg y y

Rayleigh Rayleigh scattering (static)scattering (static)
Freezing of 
density 
fluctuations 
at the glass Brillouin scattering (dynamic)Brillouin scattering (dynamic)

2
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T < Tg
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(J. Shroeder JACS 1973)

RayleighRayleigh scattering :scattering :
-- static density inhomogeneitiesstatic density inhomogeneities
( l ti  tt i )( l ti  tt i )(elastic scattering)(elastic scattering)

-- Incoherent atoms motions,Incoherent atoms motions,
 ti  it ti s ti  it ti snon propagating excitationsnon propagating excitations

(quasielastic scattering)(quasielastic scattering)
(R. Vacher JCP 1985)

Brillouin Brillouin scatteringscattering : inelastic scattering: inelastic scattering
(dynamic density fluctuations : mechanical waves)(dynamic density fluctuations : mechanical waves)

( )
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LandauLandau--PlaczekPlaczek ratioratio

LBRPL I2/IR =−

I   i l ti  t i l

])[(Tk)V/(I r
SSTB

2
00

2
kRayleigh χχχρρΔ

ν
+−=∝

=

(N. Laberge JACS 1973)In a viscoelastic material :

0ν

Isobaric-entropy fluctuations Fluctuations associated with 
structural variations
in adiabatic pressure fluctuations ⇔in adiabatic-pressure fluctuations ⇔
relaxational compressibility
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After quenching fluctuations are frozen 
into the material at the equilibrium into the material at the equilibrium 
structural configuration corresponding to 
the fictive temperature Tfthe fictive temperature Tf
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⇒ Determination of a glass fictive temperature

T ( )1C
T
TR T11

f
PL −=− χ

Directly deduced from by Brillouin scattering

8th ESG 2006  Sunderland 108th ESG 2006  Sunderland 10--14 Sept14 Sept
Y. VAILLS Y. VAILLS –– email :  vaills@cnrsemail :  vaills@cnrs--orleans.fr  orleans.fr  

http://crmht.cnrshttp://crmht.cnrs--orleans.fr/pubcrmht/ext/peoplefile.aspx?nom=Vaillsorleans.fr/pubcrmht/ext/peoplefile.aspx?nom=Vaills



fl  f h    l  f  l f b   Influence of heat treatment on silica for optical fiber  
Y. Vaills (CRMHT), P. Simon (CRMHT), G. Matzen (CRMHT),

H. Cattey (post-doc CRMHT-Alcatel), G. Orcel (Alcatel)

Effect of fictive de la temperature 
on light scattering in silica
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From the Brillouin line intensities we deduceFrom the Brillouin line intensities we deduce

• The photoelastic constants of the materialsp f m
Coupling between elastic waves and 
electromagnetic waveselectromagnetic waves

• electromagnetic energy loss in materials
Attenuation of electromagnetic wave in Attenuation of electromagnetic wave in 
optical fibers

• fictive temperature of glasses
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3. Lines shapes3. Lines shapespp
(See for example R. Vacher JCP 1985, J. Schreoder JNCS 1988)

a convolution of the natural Brillouin line with the apparatus function
The experimental Brillouin line is :

narrow lorentzian shape• natural Brillouin line :

• apparatus function : a convolution of several contributions

- The finite frequency width of the laser

- The finite acceptance angle of the light gathering

- The Airy’s transmission function of the F-P interferometer
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Extraction of the natural Brillouin line :Extraction of the natural Brillouin line :

deconvolution of the spectrum : several deconvolution of the spectrum : several technicstechnics
(H.W. Leidecker J.A.S.A. 1967
D. Walton S.S.C. 1982
G.E. Durand IEEE J.Q.E.1968
A.S. Pine PR 1969)

For example :

)(I)(S)(I appnat
exp

Brillouin ννν ∗=

Lorentzian GaussianGaussian
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E i t l B ill i  li idth  l ti  fExperimental Brillouin linewidth : convolution of

- Natural Brillouin linewidth ΔΓ (≈ 0 1 GHz)- Natural Brillouin linewidth ΔΓB (≈ 0.1 GHz)

- Instrumental linewidth (≈ 1 GHz)( )

Phonon liftime τ : ΔΓτ 1=Phonon liftime τ :
BΔΓτ

Phonon attenuation coefficient α :

αV
π

αΔΓ lV
B =
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From the Brillouin line shapes we deduceFrom the Brillouin line shapes we deduceFrom the Brillouin line shapes we deduceFrom the Brillouin line shapes we deduce

• Structural informations via the lifetime Structural informations via the lifetime 
of vibrational waves

• Characterization of relaxation phenomenons • Characterization of relaxation phenomenons 
bonded to rearrangements of the structure

Pr p rti s c ntr ll d b  vibr ti n l v s• Properties controlled by vibrational waves
- Thermal expansion coefficient and its anomalies

- Anharmonicity

(R. Vacher ,communication at this Conference 8th ESG 2006, and PRB 2005)
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V. Brillouin V. Brillouin scattering apparatusscattering apparatusV. u nV. u n ng pp ung pp u
sample Fabry-Pérot

Michelson
Interferential Filter

PM

Pressure scanned 
F b Pé

Slice λ/2

Michelson

Gas (Freon)Pump

Fabry-Pérot

Amplifier
Synchrone detection

Laser
A

Acquisition

shopper

Ar
-

514.5
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J R  Sandercock

sample

J.R. Sandercock

Slice λ/2

LaserLaser
Ar
-

514.5
nm

Tandem
piezo-electrically 

scanned Fabry-Pérot
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Comparison of the two devices

Low Raman 
frequencies

Triple passed pressure Triple passed pressure 
scanned Pérotscanned Pérot--FabryFabry

Tandem Triple passed Tandem Triple passed 
FP FP 

piezopiezo--elellyly controlledcontrolled

ContrastContrast 3  103  1066 10101111

FiFi 70 80FinesseFinesse 70 80

Instrumental linewidthInstrumental linewidth 770 MHz770 MHz 500 MHz500 MHz

ResolutionResolution 770 MHz at 770 MHz at ee = 2.76 mm= 2.76 mm
RR = 760 000= 760 000

500 MHz at 500 MHz at ee = 2 mm= 2 mm
RR = 1= 1 170 000170 000

Accessible Accessible 
frequency rangefrequency range

5 5 -- 50 GHz50 GHz
0,2 0,2 -- 2 cm2 cm--11

5 5 -- 1500 THz1500 THz
0,2 0,2 -- 500 cm500 cm--11

Acquisition time Acquisition time 45 i t  f  4 45 i t  f  4 11 30 seconds for 500 cm30 seconds for 500 cm--11Acquisition time Acquisition time 
for 1 scanfor 1 scan 45 minutes for 4 cm45 minutes for 4 cm--11 30 seconds for 500 cm30 seconds for 500 cm--11

Spectra accumulations Impossible Possible
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VI. Brillouin VI. Brillouin scattering in glassesscattering in glassesV . u nV . u n ng n gng n g
Localisation of residual stresses in 
silicate binary glasses (SiO2)1 (Na2O)

 

silicate binary glasses (SiO2)1-x(Na2O)x
(Y. Vaills JNCS 2001)
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Localisation of residual stresses in 
silicate binary glasses (SiO2)1-x(Na2O)x

Hypotheses for calculation of elastic 
energy gy

1) We have considered that the variations of Na-
O length could be the unique cause of the densityO length could be the unique cause of the density
change on annealing.
2) Consequently most of the elastic energy due2) Consequently, most of the elastic energy due
to residual stress before annealing is located in
the sodium atoms neighbourhood.g
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Localisation of residual stresses in 
silicate binary glasses (SiO2)1-x(Na2O)x

3) In order to simplify the evaluation of the
deformation tensor we suppose that the
residual stresses are of hydrostatic type Thenresidual stresses are of hydrostatic type. Then
the relative dilatation can be calculated from
the relative variation of the density :

ρ
ρΔθ −=

4) We neglect the variations of interatomic
bond strengths induced by the interatomic bond

ρ

bond strengths induced by the interatomic bond
length variations.
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Localisation of residual stresses in 
silicate binary glasses (SiO2)1-x(Na2O)x

Consequently the elastic energy stored in theConsequently the elastic energy stored in the
non-annealed glass is given by :

)CC( 4411

2

43
6

−=
θΦ

Φ is the elastic energy per unit of volume, C11 and
C are the elastic constants of the annealed

6

C44 are the elastic constants of the annealed
glass (undeformed glass).
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Localisation of residual stresses in 
silicate binary glasses (SiO2)1-x(Na2O)x

5

3,5x105

 

2,0x105

2,5x105

3,0x105

 elastic energy
m
3 )

5 0x104

1,0x105

1,5x105

 (J
/m

0 0 0 1 0 2 0 3 0 4
-5,0x104

0,0
5,0x10

0,0 0,1 0,2 0,3 0,4
mol. fract. of Na2O

8th ESG 2006  Sunderland 108th ESG 2006  Sunderland 10--14 Sept14 Sept
Y. VAILLS Y. VAILLS –– email :  vaills@cnrsemail :  vaills@cnrs--orleans.fr  orleans.fr  

http://crmht.cnrshttp://crmht.cnrs--orleans.fr/pubcrmht/ext/peoplefile.aspx?nom=Vaillsorleans.fr/pubcrmht/ext/peoplefile.aspx?nom=Vaills



Localisation of residual stresses in 
silicate binary glasses (SiO2)1-x(Na2O)x

If we write the total volume of the glass as :g

22

3
SiOSiOONa VanVVV +=+= − α

where a = rNa-O, then we can calculate δa 
through annealing by :through annealing by 

Va ρΔ
δ = 23an

a
αρ

δ −=
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Localisation of residual stresses in 
silicate binary lasses (SiO ) (Na O)

U i

silicate binary glasses (SiO2)1-x(Na2O)x

Using
• the δ(rNa-O),
• the elastic energy variations through annealingthe elastic energy variations through annealing
• and the fact that Na is known to be fivefold coordinated
in Na2O-SiO2 glasses,2 2 g
we calculated :

1) th  l sti   f  h N O i1) the elastic energy for each Na-O pair
2) the force constant of Na-O bond
3) the frequency associated to the Na vibrational mode3) the frequency associated to the Na vibrational mode
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Localisation of residual stresses in 
silicate binary glasses (SiO2)1 (Na2O)

 IR f i  

silicate binary glasses (SiO2)1-x(Na2O)x
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constraint theoryconstraint theoryconstraint theoryconstraint theory
(J.C. Phillips JNCS 1979)

Binary glasses (SiOBinary glasses (SiO22))11--xx(Na(Na22O)O)xx

Na increases   ⇒
connectedness decreasesNa

Si O

Q4

n = 3 67
3nc =

x = x Elastic phase 

nc = 3.67
⇓

x = xc Elastic phase 
transition from rigid to 

floppy phaseQ3 Xc = 0.2
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floppy phase
nc= 2.67

c .



Unsteady state and elastic  free energy Unsteady state and elastic  free energy n t a y tat  an  a t c  fr  n rgy n t a y tat  an  a t c  fr  n rgy 
throw annealing : throw annealing : ΔΦΔΦ

(Vaills J. Phys. C 2005)

( )4411

2

C4C3
6
1

−⎟
⎠

⎞
⎜
⎝

⎛
=

ρ
ρΔΔΦ

6 ⎠⎝ ρ

Random  networks within mean-
fi ld th   f( )   (10 3)/3field theory : f(x)=  (10x-3)/3
floppy modes

x < 0.2 ⇒ 0 floppy modesppy

x > 0.2 ⇒ ΔΦ parallels f(x)

In amorphous silica d2ΔΦ/dx2 :In amorphous silica d ΔΦ/dx :

Cusp at x = 0.211
(Thorpe JNCS 2000)
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(Thorpe JNCS 2000)
Floppy modes fraction f(x)
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