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Ageing of glasses…?  

Nuclear waste 

household 
refuse 

Ageing of glasses 

Chemical reasons 

physical reasons 
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Le verre: équilibre ou hors équilibre…? 

Le verre obtenu par refroidissement d’un liquide surfondu  

Système hors-équilibre        -------------------->         Equilibre  
T, P, t … 

Relaxation 
structurale 

LS 
Temps de relaxation τ  

Y(t): fonction dite de 

« relaxation » qui  traduit 

l’évolution d’une propriété 

du verre 
      

   Cristal 

    

   Verre 

Liquide  
V 

           Tg                       Tm        Température 
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sollicitation en température : expérience en temps  

Fonction de 

relaxation y(t) 
 

 

Relaxation structurale:  grandeurs mesurées 
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Heterogeneous dynamics relaxation 
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Polymers, molecular glasses… 
 

Y(t) several relaxation processes 
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Global 
average 

Homogeneous 
dynamics           

Heterogeneous 
dynamics 

What about oxide glasses? 
 
 Oxide glasses : chemical and topological 

heterogeneity 
 

 Dynamics and nature of relaxation are depending  on 
the spatial scale 

Colloidal solution T<Tg 
 

τ1 slow 

τ2 fast 

E.R. Weeks, Science (2000) 
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Composition xNa2O- (1-x) SiO2 

 

 

 

Composition choose 
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°C 

Na2O 3SiO2 10 20 SiO2 

Na2O mol. %  

stab. 

stab. 

metastab. 

meta 
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instabil. 

 

Composition 0.27 Na2O- 0.73 SiO2 

 Tg(DSC) = 730K  
 

Composition choose 

Short distance 

Na+ ions  

Qn<4 species 

Modified random model 
Greaves, JNCS (1985)   

Long distance 

Q 3  

B   O   

BO   

B   O   
     Q 3 —Q 3  

Na 2 O  Na 2 O  
N BO     

+  

N a +  

N BO     +  
N a +  

Q 4 — Q 4  

     Q 2         Q 2  

Neutron 

scattering  

+ Molecular 

Dynamics 

calculations  

Phys. Rev. Lett, 93, 2780 (2007) 
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Glass relaxation

Slow 

sub-region
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Time 

Fast 

sub-region
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Brillouin  
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R. Ritchert, J. Phys. Cond. Mat. (2002) 
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Relaxation function 
y(t,T) 

 

Structural relaxation 
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Which relaxation function y(t) ? 

Structural relaxation 

 Longitudinal acoustical 
mode frequency 
(measured by Brillouin 
scattering) 

Relative intensity of an 
Raman lines  
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angle f between FP1 and FP2 is fixed and the mirror distances have then to be

adjusted in away that

d2¼d1cosf: ð2:100Þ

A movement of the translation stage to the right shifts thespacings between the

mirrorssimultaneously by Dd1 and Dd1cosf, i.e., theratio keepsconstant.

In my experiments, a six-pass tandemFabry–Pérot interferometer was used.

Thepathof thelight insidetheFPaswell astheother detailsof theappliedBLS

setuparesketchedinFig. 2.6.Thesampleismountedinthecenter of agoniometer

(Huber) in a custom-made sample holder with or without oven. A solid state

pumped frequency-doubled Nd:YAG laser (coherence; 150 mW at 532 nm) is

fixedonthegoniometer andcanberotatedsothat scatteringanglesbetween0°and

* 160° can bechosen either in transmission or reflection geometry. In difference

to pure BLS backscattering techniques, i.e., h = 180°, this technique has the

advantagethat not only thecomponentsof qbut thewholewavevector ischanged

according to Eq. 2.53.

Beforethelight reachesthesample, it passesaGlanpolarizer (extinction ratio

10- 5) with vertical polarization (V), i.e., perpendicular to thescattering plane, to

ensure fully polarized incident light. Behind thesamplethe light scattered in the

direction of thedetector iscollectedby anapertureand focused into theentrance

pinholeof thetandemFabry–Pérot interferometer (JRSScientific Instruments) by

somelenses. Beforeentering theFP, aGlan–Thompsonanalyzer (extinction ratio

10- 8) is passed that selects either vertically (V), i.e., perpendicular to the scat-

tering plane, or horizontally, i.e., parallel to the scattering plane, polarized light

(or, of course, everything inbetween). After passingtheFPthetransmittedlight is

detected by an avalanchephoto diode (APD) and processed by an multi-channel

analyzer with 1,024 channels. Thefurther processing isperformedby acomputer

software.

The stability of the alignment is greatly enhanced by the use of a reference

beam. Therefore, a small amount of the laser light is diverted via the reflection

LASER

APD

TANDEM FABRY-PEROT

SAMPLE

GONIOMETER

APERTURE ANALZYER

POLARIZER

Fig. 2.6 BLSsetupwithsix-

passtandemFabry–Perot

interferometer. Electronic
stabilization over daysto

weeks isachieved by perma-

nent compensation using a

diverted part of theunscat-

tered light asreferencebeam.

Thegoniometer allows to

record dispersion relations

with continuousq-range.

For theeigenmodespectra

thescattering angle isnot

relevant [12]

2.3 Brillouin Light Scattering 29
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Tool description 

Laser λ = 514.5 nm 
Interferometer : Fabry-Pérot (3 passages)  
 ISL = 50 GHz  
Linkam TS1500 

Brillouin frequency [GHz] 

Rayleigh  anti-stokes stokes 

Spectrum analysis 
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 Two signatures  of a long distance relaxation 
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Slow Dynamics  

Fast dynamics 

Evidence of heterogeneous dynamics 

 T < Tg : two relaxations 1 & 2 
one order of magnitude, or 

small   strong heterogeneity 

M. Naji et al. J.Phys.Chem.B (2013) 

M.Naji et al. Physics Procedia (2013) 

 T > Tg : weak heterogeneity 

 Evidence of an heterogeneous dynamics at long distance 
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Region I:  3, 4, 5 et 6 tetrahedra rings 

 

Region II: Si-O-Si interterahedral bonds 

 

Region III: Si-NBO/BO in Qn  species 

 

 

structurale relaxation at short distance: Raman 
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Experimental process : in 
situ heating and cooling 

1100 K 

298 K 

1 : heating as quenched glass 

2 : cooling 

time 
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4 gaussian bands 

short range by Raman vs temperature 

 P1 Mode  stretching Si-NBO in Q2 species 

 P2 Mode  stretching Si-BO  

 P3 Mode   stretching Si-NBO in Q3 species 

 P4 Mode   stretching Si-NBO in Q4 species 

 
D. De Sousa Meneses Vibrational Spectroscopy, 65, 50-57 2013. 

W.J. Malfait, J. Raman Spec. 2009 

Analyse in individual compounds 
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Variations of Q2  line relative intensity  with the temperature  

Evidence of relaxation at short range   
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the intensités  of Q2/Q3 ratio good probe for structural relaxation 

 Reduction  of number of Q2 (Si-O) 
species by  relaxation ?  

 
 Variation of  the Raman cross section 

(Environment change) ?  

The well known NMR measurements 

exclude the first hypothesis  
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Comparaison of several  relaxation dynamics 
(Brillouin, Raman, viscosité) 
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relaxation time : close from the fast  
Brillouin 2 

Na+ 
ions  

Qn<4 

species 

Discussion   

The Brillouin slow relaxation time 1  
is consistent with shear relaxation 
time deduced from the viscosity : 
Si—O--Si 
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Na+ 

Na+ 

Na+ 

Na+ 

Na+ 

Fast 

Slow   

Relaxation scenario at T < Tg and 
heterogeneous dynamics 

 

Temps de relaxation Raman (Q2/Q3) 
relaxation time : close from the fast  

Brillouin 2 

The Brillouin slow relaxation time 1  
is consistent with shear relaxation 
time deduced from the viscosity : 
Si—O--Si 

Conclusion   
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Thinks are they so simple? 

Effet de la vitesse de montée en température 

Effect of heating rate  

Tr= 693 k 
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Effect of heating rate  
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Effect of heating rate  

Idea of time relaxation distribution function 

Modelisation using fractional Brownian 
dynamics G. Kneller, J; Chem. Phys. (2010) 

fonction de relaxation = superposition 
d’exponentielles 

 (t) 

1 

t Ψ 𝑡 =  𝑑𝜆 𝑝 𝜆 𝑒−𝜆𝑡

∞

0

 

𝑝 𝜆  représente ici le spectre de taux de relaxation 
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Effect of heating rate  

Idea of time relaxation distribution function 

Modelisation using fractional Brownian 
dynamics G. Kneller, J; Chem. Phys. (2010) 

Relaxation spectra 



27 

Relaxation structurale à courte distance: Infrarouge 

Dispositif expérimental : 2 spectromètres 
développé au CEMHTI  

spectromètre FT-IR, Bruker Vertex 80v  
σ = 400 - 1600 cm-1 

Chauffage avec une platine résistive T ~1200 K  

Luminance du verre et celle du corps noir  

 
  BB

RTS

RTBB

RTBB

RTS E
PP

PP

IITF

IITF
E










FT : Fourrier transform ; I : Interferogram; P: Planck’s law ; BB : Black body ; S: Sample 

; RT : Room Temperature 

Détails techniques 

• région I : fléxion des liaisons O—Si—O  
• région II : vibrations des liaisons Si—O—Si  
• région III: vibration des liaison Si—

BO/NBO dans les entités Qn 

Spectre d’emissivité du verre 
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into two equivalent beams and each of them heats thesample

from oneside(seeFig. 1), thusaxial temperaturegradientsare

minimized. The temperature field in the sample surface has a

homogeneityareaof 3mmindiameter, and thedetector seesan

areaof 1mmindiameter, thus, radial temperaturegradientsare

also prevented. TheChristiansen point (wavenumber at which

the emissivity is 1) method
21 is used to determine the sample

temperature. The Christiansen point of YSH, located at

780 cm
1, is thewavenumber for which it emits likea black-

body. Theuncertainty related to thistemperaturemeasurement

method isestimated to beo 1%.

Theblackbody referenceisa commercial Pyrox furnaceop-

erating up to 1800 K, with an aperture of 8 mm in diameter.

Both thesampleandtheblackbodyareplacedinsidean isolated

chamber, which is purged with dry air. The composition of

theair isenough stableduring theacquisition timeto prevent

pollution of theemittancespectra by absorptions due to H2O

andCO2molecules. Thethermal fluxemitted iscollectedby two

FT–IRspectrometers, whichareplacedfacetofaceat bothsides

of thepurgedchamber (seeFig. 1). Eachspectrometer isused to

obtain theemittancein adifferent spectral domain. Thesample

holder and the blackbody are positioned on a revolving slide,

which rearrangesthesourcesat thefocal point of each of both

spectrometers. Thus, as one spectrometer acquires the sample

signal, theother isacquiringtheblackbodysignal andviceversa.

Themeasuredsampleandblackbodysignalshavetobeback-

ground corrected; that is, thespectrometer’sown emission has

to be taken into account and subtracted from the interfero-

grams. Thus, an ambient signal is also acquired. For stability

reasons, theblackbody furnace ismaintained at constant tem-

perature(1280or 1680K), andafter, thetemperaturedifference

between sampleand blackbody iscorrected usingPlanck’slaw;

this calibration procedure can be used whenever the detector

responseis linear against theamount of radiation that reaches

thedetector. Hence, thespectral normal emittance(En) of the

sampleiscalculated asfollows:

Enðs;TsÞ¼
FT½IsðTsÞ IaðTaÞŠ

FT½IbbðTbbÞ IaðTaÞŠ

Lðs;TbbÞ Lðs;TaÞ

Lðs;TsÞ Lðs;TaÞ
EbbðsÞ (1)

where the subindices s, bb, and a have been used for sample,

blackbody, and ambient, respectively. In the equation, FT

means Fourier transform, I i denotes the interferogram, s is

thewavenumber, andL isused for Planck’slawat temperature

Ti (Tbb5 1280 or 1680 K and Ta5 295 K). Ebb is thespectral

emissivity of the blackbody radiator. All the magnitudes are

spectral and depend on thesampletemperature.

Theuncertainty in thereported emittancevaluesistempera-

tureand wavenumber dependent. It decreaseswhen thesample

temperatureincreasesbecausebackground radiation correction

becomeslessimportant and it increasesfor high wavenumbers

duetotheerror propagationcomingfromtheuncertaintyonthe

temperaturemeasurement at theChristiansenwavenumber.
22A

comparison with emittancevaluesacquired by direct and indi-

rect methodsondifferent samplesledustoestimatethestandard

uncertainty of themeasurement to beof theorder of 1% in a

broad spectral rangearound theChristiansen wavenumber. In

the less favorablecases, i.e. at the lowest temperatures and/or

highest wavenumbers, theuncertainty can reach 5%.

The second device evaluates the emittance by an indirect ra-

diometricmethod, that is, thenear normal spectral reflectance(rn)

and transmittance (tn) of the sample are measured, and by

applyingKirchhoff’slaws(which imply assumption of thermody-

namic equilibrium) the normal spectral emittance (En) is calcu-

lated asEn5 1 r n tn. Thisdevicehasbeen used to obtain the

room-temperatureemittanceof thesample, andonly themidand

far IR regionshavebeen studied (wavenumberssmaller than the

Christiansenpoint).Thesamplesareopaqueinthisspectral range,

and thusonly thereflectivity hasbeen measured (asthetransmit-

tance is zero). To reach the spectral information, this set-up is

equipped with an FT–IR spectrometer (Bruker IFS-113v). The

sample is placed in the sample compartment and the radiation

reflectedbythesampleiscomparedwiththeradiationreflectedby

aperfect reflector.Hence, thenear-normal spectral reflectivity (r n)

isobtained by asimplecomparison with both spectra

r nðsÞ¼
SsðsÞ

SrðsÞ

(2)

wherethesubindicessand r havebeen used for sampleand ref-

erence, and Sdenotesthemeasured IR spectrum.

A further analysis of the spectral emittance has been per-

formed to attain the temperature dependence of the effective

absorption coefficient. Thenear-normal spectral transmittance

tn isobtainedas1 En r n, wherer n isthereflectancemeasured

at ambient temperatureand En isthenormal spectral emittance

measured at temperatureT. An estimation of the temperature

dependenceof an apparent absorption coefficient K can beob-

tained using thefollowing relations:

tðs;TÞ¼expð Kðs;TÞ dÞ) Kðs;TÞ¼
lnðtðs;TÞÞ

d
(3)

where d is the thickness of the sample. The evaluation makes

someapproximations(i)multiplereflectionsat thesamplebound-

arieshavenot been taken into account becausemultiplescatter-

ing inside the sample was not too important and (ii) the

temperaturedependenceof thereflectancehasbeenalsoneglected

becauseit isexpected to changeby no morethan a few percent.

Inaddition, aproper integration of thenormal spectral emit-

tanceisperformedtoobtain thenormal total emittance(En,t) as

a function of thetemperature. To do so, thefollowing expres-

sion hasbeen computed:

En;t Tð Þ¼

R1

0
En s;Tð ÞL s;Tð Þds
R1

0
L s;Tð Þds

(4)

(2) SampleCharacterization

A partially YSH ceramic has been studied. The samples pre-

pared by sintering and then polished are manufactured by

(Saint-Gobain Céramiques Avancées, Vincennes, France). The

purityof theHfO2 is99%, whichhasbeensinteredwith8mol%

Y2O3. The apparent density is 9.0 g/cm
3 compared with the

theoretical oneof 9.68 g/cm
3 for puremonoclinic hafnia. The

studied samplesare3mmthick.

Anenvironmental scanningelectroneicroscope(ESEM, FEI/

Philips XL40, Eindhoven, the Netherlands) equipped with an

energy-dispersive X-ray spectrometer was used for the sample

characterization. An important featureof theESEM compared

with a conventional SEM isthefact that nonconductivemate-

rialscan beimaged without any conductivecoating, which per-

mits a direct observation with no damage for the sample.

Imaging wasperformed with a gaseoussecondary electron de-

tector, an acceleratingvoltageof 20kV and awater pressureof

40Painthechamber. Thislowpressurewasusedtokeepagood

spatial resolution for theX-ray analysisby minimizingthescat-

teringof theprimaryelectronsbeam. InFig. 2, ESEM imagesof

Fig.1. Sideviewof theexperimental deviceusedtomeasurethenormal

spectral emittanceasa function of temperature.
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Laser CO 2

Bruker V ertex 70 (FT -I R) Bruker V ertex 80v (FT -I R)

Laser CO 2

Bruker V ertex 70 (FT -I R) Bruker V ertex 80v (FT -I R)
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FT–IR spectrometer 
Bruker Vertex 70 

FT–IR spectrometer 
Bruker Vertex 80v  

Calcul d’emissivité 
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D. De Sousa Meneses Vibrational Spectroscopy, 65, 50-57 2013. 

ν1 O-Si-O déformation  

ν2 Si-O-Si étirement, ν6  

ν3 Si-NBO étirement dans Q2 

ν4 Si-NBO étirement dans Q3 

ν5 Si-BO étirement dans Q4 

ν7 Si-BO contribution des Q2, Q3, Q4  

 au désordre dynamique 

Analyse des spectres 

Région opaque : Lois de Kirchhoff et Fresnel  

contributions électroniques 

gaussienne causale 

Logiciel Focus 

avec :  

fonction diélectrique 

Modèle utilisant un profil d’absorption gaussien  

Attribution des modes 



Protocol expérimental LS 

Q3 

Q4 

Q2 

 Le phénomène de relaxation s’amorce.  
 Augmentation de l’aire Q3 et diminutions 

des aires Q2, Q4 

 

400 600 800 1000 1200 1400

0.75

0.80

0.85

0.90

0.95

1.00

N
o

rm
a

l 
s
p

e
c
tr

a
l 
e

m
is

s
iv

it
y

Wavenumber [cm-1]

 1 

 12

 18

 22

 34

 36

 40

 44

 66

 80

 92

 104 

T = 864 - 883 K

Tem
p

s cro
issan

t 

864 K 

925 K 

Time 

T
e

m
p

e
ra

tu
re

  

in-situ  

measurement 

in-situ  

measurement 

LS 

Liquide 

Tg 

1. Mise en place d’une réorganisation qu’on 
voit pas par Infrarouge.  

2. Puis relaxation à courte distance, avec 
changement des populations Qn. 
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Relaxation structurale à courte distance: Infrarouge 
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Relaxation structurale à courte distance: Infrarouge 

 Augmentation des 
entités Q2 .  

 Augmentation des 
entités Q4.  

 Migration des Na+ pour 
compenser la charge.  
 
 
 

 Consommation de 2Q3.  
 Le système atteint un 

minimum.   
 
 

 Réaction lente du 
système au début, mise en 
place d’une organisation à 
longue distance, puis une 
relaxation à courte 
échelle.  
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 Verre continue à 
évoluer, état plus 
table.  

 
 Augmentation des 

especesQ4, 
apparition du mode 
supp, montre la 
formation d’une 
phase cristalline 
riche de SiO2- quartz.  

  
 Cristallisation et 
démixtion (formation 
des cristallites autour 
de la structure 
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Etude par RMN de la distribution spatiale des ions Na
+
 dans 

les verres (SiO2)1-x(Na2O)x  

 

 

m(r) ~ r
D
  

29Si Chemical shift in 
9Na2O–91SiO2 glass (1000 

ppm Gd2O3). 

distribution spatiale 
des atomes porteurs 
de moments 
magnétiques (ici 29Si) 
relation masse-
distance  
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M(t) = t      relaxation nucléaire de 29Si 
      

  dr)r()r/Atexp(1c)t(M 0

r

r

6
M

m

 

])At(r[Mc)t(M 6
1

0 

M  rD  t  (At)D/6 

  = D/6 

(SiO2)0.91(Na2O)0.09   D = 2.46 

(SiO2)0.795(Na2O)0.195   D  3 

(SiO2)068(Na2O)032    D  3 
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Logarithm of 29Si normalized magnetization as a function of 
logarithm time delay for 33Na2O–67SiO2 glass (e). 
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Logarithm of 29Si normalized magnetization as a function of 
logarithm time delay for 19.5Na2O–80.5SiO2  glass 
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Logarithm of 29Si normalized magnetization as a function of logarithm time 
delay for 12Na2O– 88SiO2 glass 
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Logarithm of 29Si normalized magnetization as 
a function of logarithm time delay for 9Na2O–
91SiO2 glass 
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Logarithm of 29Si normalized magnetization as 
a function of logarithm time delay for 5Na2O–
95SiO2 glass 



39 

(SiO2)0.91(Na2O)0.09 

(SiO2)0.795(Na2O)0.195 

(SiO2)068(Na2O)032 

 

M  rD  t  (At)D/6 

  = D/6 

(SiO2)0.91(Na2O)0.09   D = 2.46 

(SiO2)0.795(Na2O)0.195   D  3 

(SiO2)068(Na2O)032    D  3 
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