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INTRODUCTION | | |

[ - PRINCIPE THEORIQUE DE LA DIFFUSION RAMAN.

C'est par une courte note publiée le 31 Mars 1928 dans la revue
"NATURE" (1) que C.V. RAMAN et K.S. KRISHNAN rendirent compte de la dé-
couverte de 1'effet qui porte le nom du premier nommé.

Un systéme diffusant soumis & un rayonnement monochromatique de
fréquence vo peut diffuser ce rayonnement de 2 facons : ‘

- sans changement de fréquence et c'est la diffusion RAYLEIGH,
En s'inspirant des travaux de COMPTON sur la diffusion des R.X. |

ils supposent qu'il doit exister 2 types de diffusion de la lumiére par - avec un changement de fréquence, et c'est la diffusion RAMAN.
la matiére :

On peut illustrer le processus de diffusion Raman par son diagram-
L l L L
- "une déterminée par les propriétés optiques des atomes et molé- | | me de conservation de 1'énergie (Fig. 1).
cules dans leur état normal",

- "une autre représentant les effets des fluctuations de ces ato-
mes et molécules d partir de cet état normal".

C'est ce second type de diffusion qu'ils mettent en évidence. Energie

Le premier, connu sous le nom de diffusion RAYLEIGH s'effectue o
sans changement de fréquence et correspond & une diffusion eélastique.

L'effet RAMAN, lui, s'accompagne d'un changement de fréquence et

correspond a une diffusion inélastique. Cet effet se caractérise par sa
faible intensité :

I _.
10-9{ Raman 6

— < 10
: Rayleigh

hy,
51 les spectroscopies X ont connu un grand développement en Miné- |

ralogie dés les premiers travaux de BRAGG au début du siéecle, il n'en est - !

pas de méme en ce qui concerne la spectroscopie vibrationnelle RAMAN. La E 4 =2

raison est d'ordre méthodologique. En effet, jusqu'a ces derniéres années 2 |

pour obtenir un spectre de diffusion Raman d'un minéral naturel, il . h(

fallait disposer d'un monocristal de dimensions suffisantes pour eétre |

taillé. Cette condition limitait le champ d'application de 1a spectrosco- | ' h '

pie Raman et interdisait toute &tude "in situ". | (Vu"'v)

La mise au point il y a une dizaine d'années de la microsonde Ra- [ '

. ' V=1
man allait permettre de disposer d'une nouvelle méthode d'analyse en | |
Minéralogie.

Voyons, de fagon simplifiée, le principe théorique de la diffu- . hvuc
sion Raman. |

EOF _ ) |

Fig. 1 : DIAGRAMME DE CONSERVATION DE
" ENERGIE DANS LE PROCESSUS
DE DIFFUSION RAMAN

&




51 le systéme diffusant se trouve a un niveau vib_ratjonneﬁﬂ fonda-
mental (ici v=0) une partie de 1'énergie h‘.“O de la ra__dI_atmn_ 1.nc1dente
est utilisée pour 1'amener a un niveau vibrq‘uom}e] supérieur (iciv=1).
L"énergie du photon diffusé résultant est alors égale a: h (v-v ).

51 le systeme diffusant est & un niveau vibrationnel excité,
1'¢énergie du photon diffusé est alors égale a : h (unwu}. .

Au premier cas correspond l'émission d'une raie Raman stokes, au
second 1'émission d'une raie Raman anti--stokes. Un spectre com_ple.t de
diffusion Raman contiendra donc des raies .stokes et leurs symétriques
anti-stokes (Fig. 2).
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* Fig. 2 : Présentation d'un spectre Raman complet (d'aprés P. DHAMELINCOURT)

Mais les intensités des raies Raman stokes et anti-stokes ne sont
pas les mémes, car elles dépendent avant tout du rapport des populations
des niveaux 0 et 1. Le niveau 0 étant beaucoup plus peuplé les raies sto-
kes sont d'intensité beaucoup plus fortes. C'est pourquoi on enregistrera
généralement que le spectre Raman stokes. |

A chaque 4v; = v -v. correspond un mode de vibratjon, v; etant
indépendant de Vor- et donc une raie Raman. Un calcul théorique, basé sur
la théorie des groupes permet de prévoir le nombre de modes de vibration,

donc le nombre de bandes, de chaque espéce minérale cristallisée &tudiée.

[I - INFORMATIONS.

“ﬁ

II-a) Informations recueillies
oo XIEesIoNSy recuell ties

Elles sont de deux ordres :

- d'ordre structural car les symétries du milieu cristallin &tu-
diées sont en relation avec le nombre de modes de vibration,

- d'ordre chimique car la nature des atomes est en relation avec
les fréquences de ces modes.

IT-a-1) Information d'ordre structural

Sans entrer dans le détail des deux méthodes de dénombrement des
modes de vibration [méthode de BHAGAVANTAN et VENKATARAYUDU (2) et métho-
de du site de HALFORD (3)], i1 faut savoir que puisque toutes les mailles

vibrent en phase, i1 suffit de considérer les opérations de symétrie dans
la maille élémentaire ou la maille réduite si la maille élémentaire est
multiple. Le nombre N de groupements 4 considérer est donc égal a :

Z

———

n

51 Z = nombre de groupements par maille cristallographique
| N = multiplicité de cette maille.

Dans 1a spinelle MgA1204, il y a 8 groupements MgA]204 par maille

cristallographique. Celle-ci est cubique face centrée, donc de multipli-
cité 4. Il y aura donc

N=8:2 groupements MgA1204 dans Ta maille réduite qui servira
4

a faire le dénombrement des modes de vibration.

Les modes de vibrations se répartissent en modes internes et en
modes externes : '

- Les modes internes sont constitués. par les déformations des
molécules (ou des anions complexes dans le cas des cristaux). Ces

- d3formations laissent fixe le centre de masse de ces molécules ou anions

complexes,

- les modes externes sont constitué@s par les mouvements d'ensem-
ble de ces entités et se répartissent en

., translations,

. et en oscillations de rotations appelés pivotements ou 17~
brations.

&
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La nature des atomes, en 1'occurrence leur masse atomi que,
va eétre en relation avec la fréquence des modes de vibration. ~ Pour une
molécule diatomique la fréquence est proportionnelle &Viq ou k est la
constante de force et v la masse réduite.

M

%
LT

D'autre part dans un certain nombre de cas _(en particulier celui
des solutions solides) la fréquence et/ou 1'intensité des bandes seront
en relation avec les teneurs en cations substitués.

IIT - APPAREILLAGE ET METHODOLOGIE.

I1l-a) Appareii]agq :

La microsonde Raman: (4) enhcore appelée M.0.L.E. (Molecular Opti-
cal Laser Examiner) présente les caractéristiques suivantes (Fig.
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Fig 3 : Schéma simplifié de 1a microsonde Raman (d'aprés P. DHAMELINCOURT)

en couplant 3@ la microsonde une
est de méme possible de faire des

- Le faisceau de lumiére monochromatique fourni par un laser est
focalisé par un objectif 3 grande ouverture numérique sur la préparation
placée sur la platine d'un microscope. Le méme objectif collecte la 1lu-

mieére diffusée qui est analysde par un double monochromateur i réseaux
holographiques concaves.

- La détection du signal peut se faire par 1'intermédiaire d'un
photomultiplicateur suivi d'un compteur de photons (détection monocanal ),
ou d'une barrette de photodiodes (détection multicanal). Ce dernier mode

de détection permet 1'exploration instantanée d'un domaine spectral de

1 'ordre de 500 cm” ).

- L'échantillon peut recevoir soit un &clairement ponctuel, et

dans ce cas le volume analysé est de 1'ordre du um3, soit un éclairement
global. |

I[IT-b) Méthodologie.

Quels types d'échantillons peut-on etudier ? Puisque le faisceau
incident est focalisé par 1'intermédiaire de 1'objectif d'un microscope,
1'objet d'étude peut se présenter sous diverses formes -

= pour les é&tudes "in situ" i) peut s'agir d'un échantillon brut,
d'une Tame mince polie, d'une section polie,

= pour les autres études, il peut s'agir d'un monocristal, d'une
poudre.

Dans quelles conditions ?

S'11 est bien évident que toutes les Gtudes 4 T et P ambiantes
sont possibles, on peut aussi faire des études a température variable
platine chauffante ou réfrigérante. ]

études & haute pression en couplant &
la microsonde une cellule appropriée. Nous en verrons des exemples dans

la suite de cet exposé,

[V) PROBLEMES SUSCEPTIBLES D'ETRE ETUDIES.

e

Ces problémes sont de nature diverse. A 1'heure actuelle les dijf-

férentes études minéralogiques en microspectrométrie Raman concernent les
thémes suivants :

IV-a) Identificatiqn d'egﬁgces minérales

Un spectre de diffusion Raman, au méme titre qu'un diffractogram-

me X, est une "carte d'identité" de 1'objet diffusant. Des microphases
dont la largeur ne dépasse pas quelques microns peuvent donc étre identi-



fiées. Le faisceau incident pouvant etre focalisé & 1'intérieur de la
préparation il est aussi possible d'identifier des inclusions, fluides ou
solides. En ce qui concerne les inclusions fluides, la microspactrométrie
Raman est la seule méthode d'analyse qualitative non destructive.

[V-b) Comportement vibrationnel des solutions solides

. La -réponse spectrale dépendant de 1la composition chimique de
1'échantillon, les substitutions qui entrent en Jjeu auront dans la plu-
part des cas une influence sur les caractéristiques des spectres obtenus
pour diverses compositions chimiques.

- D'une fagon générale, et sur la base d'une substitution bicationi-
que, deux types de comportement vibrationnels sont susceptibles de se
produire (5)

- 51 les cations qui se substituent sont de nature chimique et de
masses trés voisines, les mouvements de ces cations sont alors trés forte-
ment couplés et les fréquences des modes évoluent de fagon quasi linéaire
entre les pOles de la série. C'est ce que 1'on appelle un comportement vi-
brationnel a 1 mode.

- Dans le cas ol les deux cations qui se substituent ont des mas-
ses trés différentes, les deux types de modes imposés par chacun de ces
cations coexistent. L'intensité des modes correspondant & chaque cation
dépend de la teneur de ce dernier dans la solution solide et évolue entre

les deux pOles de la série. C'est ce que 1'on appelle un comportement vi-
brationnel a 2 modes.

Entre ces deux types de comportements extrémes peuvent exister des
comportements vibrationnels "intermédiaires", c'est-da-dire que des solu-
tions solides peuvent donner des spectres Raman dans lesquels certains mo-

des évoluent dans un comportement & 1 mode et d'autres dans un comporte-
ment & 2 modes.

IV-c) Etudes en fonction de T et P

[V-c-1) Transitions de phase

Les transformations polymorphiques qui se produisent soit en fonc-
~tion de la température (ex. aragonite—->calcite), soit en fonction de 1la
pression (ex. Calcite I——>Calcite II—>Calcite III) peuvent étre suivies
par spectrométrie Raman. Les symétries du milieu diffusant étant un des
facteurs prépondérants, toutes modifications de ces symétries auront pour

conséquence de modifier les spectres de diffusion Raman des milieux poly-
morphes.

[V-c-2) Accés a certains paramétres thermodynamiques :

Les variations de température et de pression induisent des varia-
tions de volume du solide cristallin étudié, et ces variations de volume
font influer sur les fréquences des modes de vibration des liaisons. Ces

effets de la température et de la pression peuvent étre estimés expérimen-
talement par 1'obtention des paramétres de GRUNEISEN (6-7).

3

Ce paramétre v. a pour formule générale :

e Vo DIV

La variation de volume dépendra soit de la variation de tempéra-
ture, soit de la variation de pression. Il s'en suit que 1'on peut défi-

nir deux paramétres de GRUNEISEN tenant compte de ces deux facteurs :
Yi p a [ cste,

Yi,T a P cste.

Ces deux paramét
A

* P
JVE/JP p& 2

A
0T 57 57

ou K = module d'incompressibilité, tabulé pour diverses espéces minérales.

g¢]

res s'écrivent comme suit :
.

AW

|

o

a = coefficient de dilatation thermique.

oV, ov, ‘
« et 1 sont les pentes des droites corrélant les glissements

K |

de fréquences uide chaque mode en fonction de P et T.

Les différences Y, T—Ti > seront une mesure «des contributions
) 3

harm?niqugs ou anharmoniques des liaisons du cristal dans 1'expression de
son energie interne U.

La Tiste des problémes minéralogiques susceptibles d'étre abordés
par le biais de la microspectrométrie Raman, qui est exposée ci-dessus,

. L] el [ ]
n‘est bien sUr pas exhaustive, mais correspond aux divers axes de
recherches développés & 1'heure actuelle en France. |

V - EXEMPLES.

V-a) Identification d'espéces minérales et d'inclusions
fluides

V-a-1) Espéces minérales

lllllllll ¥ 4 & & * & ¥ @

Il existe a 1'heure actuelle un grand nombre d'espéces minérales

pour lesqgelles sont connus les spectres de diffusion Raman. Les minéraux
quil se presentent couramment sous forme de monocristaux (quartz, carbona-

tes) ont été les premiers i fournir des spectres en diffusion Raman clas-
sique.

_ L'exemple présenté ici concerne Un probléme d'identification de
microphases. I1 s'agit de la mise en évidence de lamelles de grenat in-



incluses dans du clinopyroxéne a la suite d'expéﬂer}ce? de Eezomﬁqggmi?:
tion sous haute pression et haute tem&prature. La difficulte ;. i izéne
fication résidait dans le fait que les zones r:le grenat et/ou de pyr
avaient des largeurs de 1'ordre de quelques microns.

900 - i

T
340530

R . B
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Fi g. 4b - Characteristic Raman bands of garnet

1020

665

C”'GELH IELH gsiﬂ 943 Béla BJE 7&!3 ) 7dlsa

Fi g. 4 @ - Characteristic Raman bands of clinopyroxéne

Les spectres présentés sur la figure 4a-4b permettent d'identi-
fier sans ambiguTté une phase de clinopyroxéne (proche du diopside) par

ses raies a 665 et 1020 c:m'] el une phase de grenat (proche du pyrope)
par ses raies a 830, 840 et 900 cm-].

lllllllllll

La microsonde Raman permet 1'identification d'inclusions fluides
monophasées ou multiphasées. A partir des sections efficaces de diffusion
Raman relatives et de la courbe de réponse spectrale de 1'instrument on
peut determiner les fractions molaires des constituants d'un mélange (8).
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Fig. 5 E Analyse d'une inclusion monophasie dans un quartz paovenant
des Dolomies de Lastounv.ilele (Gabon). (D'aprés P. DHAMELIN -
COURT - Thése ‘- LILLE).
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La figure 5 montre les résultats obtenus lors de 1'analyse d'une

inclusion monophasée contenue dans un quartz provenant des Dolomies de
Lastourville (Gabon).

Cette inclusion gazeuse est essentiellement constituée de CH4,

COZ et st avec des fractions molaires respectives de 66%, 33% et
iz

[1 est de méme possible d'effectuer des analyses dans des inclu-
sions fluides multiphasées.

SO)Jm
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Fig. 6 : Analyse d'une inclusion biphasée CH4(U) - Hz,oul dans un

Quartlz provenant de Vermuthfluh (Sudisse). (D'aprés ' P.
DHAMELINCOURT - Thése - LILLE).
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Les spectres présentés sur la figure 6 correspondent a ceux d'une
inclusion fluide biphasée (gaz + liquide) dans un quartz. Le méthane dé-
tecté correspond @ une teneur trés faible (quelques ppM).

On peut d'autre part mesurer la pression dans 1'inclusion par le

décalage en fréquence, due a cette pression, de la raie du méthane dis-
sous dans H,0 (Fig. 6).

V-b) Comportement vibrationnel de solutions solides

exemple des spinelles

L'exemple choisi concerne 1les chromites associées & des roches
ultrabasiques (péridotites et pyroxénolites) appartenant & divers com-
plexes ophiolitiques.

La formule générale des chromites :

(Mg, Fe’™) (cr, A1, Fe3%).0

274

montre que deux types de substitutions sont possibles. Il s'agit des
substitutions entre cations bivalents et de celles entre cations triva-
lents. Il était donc a priori difficile de pouvoir interpréter des va-
riations enregistrées dans 1les spectres Raman de ces composés. I
.s'est donc aveéré nécessaire d'obtenir en premier lieu des spectres sur
des composés plus simples ne mettant en jeu qu'un type de substitution.
Ces composés synthétiques appartiennent aux séries suivantes

Mgmz_xtrx(}q, Feﬂla_xCrxDq, I‘-1g]‘_Jl(FeMmszél , Mg 1-x Fex Crzoq. Des termes

de la série Mg g Fex Al

1-3 5 ¢x x4

tes naturelles ont aussi été synthétisés.

Sans entrer dans le détail de cette étude (9-10) 11 apparait
(Fig. 7) que les spinelles de synthése peuvent présenter, simultanément
ou non, deux types de comportements vibrationnels :

- un comportement a "1 mode" qui se traduit par un glissement de
fréquence de la bande de plus haute fréquence,

- un comportement & "2 modes" se traduisant par 1'apparition de

bandes de basses fréquences en-dessous de 450 cm-'1 .

Les chromites naturelles présentent des spectres de diffusion
Raman dans lesquels seul Te comportement & "1 mode" a lieu (Fig. 8).

Ce comportement & "1 mode" est essentiellement di aux substi-
tutions intéressant les cations trivalents. Il a donc é&té possible
de corréler la variation de fréquence de la bande de plus haute fré-

quence (mode A]g] avec le rapport (Cr + Fe3+)/(Cr + Al + Fe 3+)1 et d'ob-

Cr O proche par leur composition des chromi-

—— B e p— e R o —

750

700

650

tenir ainsi un moyen rapide d'analyse des chromites n
icat i aturell =
gard de la-classification proposée par STEVENS (Fig. 9). es au re

1wr(ch-l)
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Fig. 9 : Corrélation entre la fréquence du mode - A

3+
(Qr + Fe™ )/(Cr + Al + Fea+) dans les chromites naturel
et les composés des séries synthétiques.
V-c) Etudes en fonction de T et P.

- En fonction de T :

L'exemple choisi est celui de la transition aragonite——calcite .
au-dessus de 4DQ°C. Lette transition de phase (passage d'une structure
orthorhombique & une structure rhomboédrique) introduit de grandes modi-

iét):&tions dans les spectres de diffusion Raman de ces deux composés (Fig.
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Fig. 10 : Mise en évidence de la transition de phase Aragonite—; Calcite

(T >400°C) par Teurs spectres Raman de basse fréquence.

Expérimentalement, ces spectres sont obtenus en couplant & 1la
microsonde une platine chauffante (type Leitz). La transition aragoni-
te > calcite s'observe particuliérement dans le domaine des basses

fréquences. La raie a 206 cm”| caractéristique de 1'aragonite disparait

au-dessus de 400°C et la raie & 290 cm'] caractéristique de la forme
calcite apparait.

- En fonction de P :

L'exemple choisi concerne divers polymorphes de la calcite en

fonction de la pression : Calcite I (ou P ambiante), Calcite II (é P2
14 Kbar) et Calcite III (3 P > & 19 Kbar).

-

d

Les spectres ont &té obtenus en couplant 3 1a microsonde une cel-
Tule & enclumes de saphir. Le calcul de 1la pression se fait a& partir des
transitions de phases, optiquement visibles, des deux constituants du mi-

Iieu de confinement (RbCL + KBr) (Fig. 11).

| LASER

Fig. 11 : L'échantillon comprimé entre les 2 saphirs est cons-
titué d'un mélange de RbC1, KBr et de particules de.calcite.
La pression augmente continiment du bord vers le centre. I
est donc possible d'étudier des particules minérales a dif-
férentes pressions en focalisant 1le laser sur celles-

c1 par 1'intermédiaire d'une table micrométrique fixée a
la cellule.

Des spectres Raman de LaCo , &  différentes pressions (c'est-3-
dire dans des localisations différentes dans la cellule) sont présentés

figure 12. Le spectre Raman de la calcite 3 pression ambiante (Calcite I) -

montre les cinqg bandes caractéristiques et leurs fréquences correspondent
bien & celles obtenues par PORTO et al. (11) par 1a méthode classique. La

bande a 750 f:m“1 est une bande du saphir.
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Le spectre obtenu & 13 pression de 0,5 GPa (= 5 Kbar) est

presque similaire a celui obtenu i pression ambiante. On observe une
| augmentation des fréquences avec la pression, résultats cohérents avec
- | | ceux présentés par FONG et NICOL (12).
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m . | Les spectres de la Calcite II et de la Calcite IIl sont aussi
wio «__) K V\N /_L p

s B AR MR RN | | cohérents avec ceux des auteurs cités dessus. La raie a 869 cm'] dans le

o oo ™ spectre de la Calcite II correspond & un mode v, (déformation hors du

plan dans CO ;_) et suggére une perte de centre de symétrie pour cette
phase.
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‘ IT faut signaler que 1'utilisation d'une telle cellule couplée 3
| une microsonde & détection multicanal permet d'obtenir rapidement (temps
total /de 1'ordre de 10 minutes) des spectres correspondant a différentes
pressions comprises entre 0 et 25 Kbar).
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Les contributions anharmoniques a 1'équation d'état des solides
min@raux du manteau représentent 1'un des problémes de la minéralogie et

de 1a géophysique actuelles, susceptible d'étre abordé par le biais de
| la microspectrométrie Raman. *
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Cette anharmonicité est responsable de propriétés telles que :

ALISNIIN]

- l'expansion thermique,

- les décalages en fréquence des modes normaux de vibration avec -
la température ou la pression.
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Cet effet de 1a pression et de 1a température sur les fréquences
de vibrations d'une liaison peut étre estimé expérimentalement par 1'ob-
it Gl el tention des paramétres de GRUNEISEN (cf. § IV-c-2).

C'est ce qui a été fait sur Caz Ge 04, un isotypé de M925104. Les

spectres ont eté enregistrés entre 0 et 1 000 cm - en fonction de 1la

" 00 o 1 L R T Y e | température jusqu'd 1 000°C et en fonction . de la pression entre 105 Pa et
i o g | Z 3 GPa. Les techniques utilisées dans ces deux “types d'expériences sont
,\.\m n L:; celles précédemment décrites.
Les pentes des droites qui corrélent les variations de fréquences.
| // de chaque mode en fonction de T et P permettent de calculer les Y; ¢+ et
)
rJ \ {_l ﬂ | Y p associés a ces modes.
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Fig. 12 : Spectres Raman du carbonate de calcium ob-
tenus en cellule saphir.




Ces valeurs sont présentées sur le tableau €i-dessous.

51" Ti,'l"Ti,P = 0 la contribution est harmonique,

. [réquence (ecm-1) ‘YiP ‘YiT |
>1.Y4 17Y; p # 0 elle est anharmonique.
757 0.74 0.83 ] _ Ces diffa
0.61 0.75 clongation _ erences pour les modes de hautes fréquences sont faibles,
'ég;_; - g [ et voire nulles, mais importantes pour les modes de basses fréquences.
682 gg; g% | Ge —0O Il s'en suit que les vibrations correspondant aux d int
| : : modes 1in
663 des groupements G904 ont un comportement harmonique ou quasi—harmongzﬂgs
464 1.09 0.37
445 120 1.00 La contribution anharmonique provient des 1iaisons C
; ; a-0 corres-
;5 }gg:; - ormations pondant a certains des modes de basses fréquences. .
153 |.44 1.10 cl lorsions
302 2.52 1.60 ! Ge— 0O .'
286 1.99 } Ca—0 VI - CONCLUSIONS.
263 1.61 0.90 l
250 1.92 \ |
2922 1?17: (l}gg ) A travers ces divers exemples, i1 a
140 RE s I

. S C arait que la microspectro-
metrie Raman doit étre considérée comm s PO
tion en Minéralogie. Combinan e ouye’ le méthode g’ investiga-

: ; | _ t les avantages d'une analyse non-des -
tive et in situ, elle vient utilement compléter 1a panopf":‘e des métlﬁggc

| habituel lement utilisGes. Mais i1 est bien sir évident ! on

| des problémes &tudiés ent, gu'en fonction

, elle ne saurait répondre 3 :
Son grand mérite est de . toutes les questions.

. ermettre de fai T
brationnelle dans des dop Yo erts our_la spectromftrie vi-

Paramétres de GRUNEISEN des 16 modes observés dans CazGe04. _ | 2 e ‘
| explorés . maines qu'elle avait jusqu'a présent peu ou pas

" | |
Les modes de hautes fréquences (> 500 cm ]) sont relatifs aux mo- |
des internes des entités Ge0, et correspondent aux &longations Ge-0. \

Les . modes . de basses fréquences groupent les déformations et |
torsions Ge-0, Ca-0 ainsi que les translations d'ensembles des groupe- |
ments GeO, et des ions Ca. Ce sont les modes externes de vibration. |

A la lecture du tableau on remarque que les Y j,7 et Yj,p des mo-
des de basses fréquences sont supérieurs a ceux des modes de hautes fre-
quences. Ceci s'explique par le fait que pour un mode donné :

- Yi,P varie comme KTd3, d étant la longueur des liaisons. Or,

. 1les modes de hautes fréquences sont relatifs aux vibrations des liaisons
Ge -0 dans GeO, dont la longueur est de 1'ordre de 1,7 R, Les modes exter-

nes de basses fréquences impliquent des mouvements d'ensemble des enti-
tés Ge0, dont les distances mutuelles . sont supérieures @ 2 A, les dis-

tances Ca-0 étant aussi supérieures a 1,7 . | 7

. g
- Yi, T varie comme _::L’ X;, étant le coefficient de dilatation de

la liaison considérée et & le coefficient de dilatation macroscopique.
Pour les modes de hautes fréquences o(; est petit car Ge a une coordinance

faible et un nombre de charges éleve.

[

Les différences Yj,7 -Yi,p = permettent de mesurer les contribu-

tions harmoniques ou anharmoniques de Tliaisons impliquées dans chaque
mode de vibration :
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RELATIONSHIPS BETWEEN RAMAN AND TR STUDIES TN STLICATES, W1TH SPECIAL
REFERENCE T0 LAYER AND CHAIN SILJ]CATES.

" s W

Jagn—lLouie RORERT G.8S. C.N.R.S.-B.R.G.M., 184 rue de la Férollerie

45071 ORLEANS Cedex 2, FRANCE

Though Raman and infrared (IR) absorption concern two different aspects
of vibralional spectlrometries, these two approches provide similar or
comp lementary structural informations, This lecture deaJS'withlthc fundamcntal
features that can be derived from Ramean and IR specira of layer silicates,
micas essentially and smectiies, and chuin silicales amphiboles. The emphuasis

e put on the similarities betwcen thesc two mincralogica) familics.

Four wavenumber ranges are -distinguished: Lhe high-wavenumber range

(3500 cufl and above), typical of OH-stretching vibrations; the domain of

Si—-O valence vibrations (around 1000 cm"]); the domain of S§i-0-Si (and Si-0-Al)

. , _ -1
stretching vibrations(700-600 cm ~ ) and ,briefly,the complex low wave

—-‘

number range, below 600 cm .

- -~

-]
The high-wavenumber range: 3800 -~ 3500 cm -,

The main structural features of layer siljcatcs (micas and smecctites)

and chain silicates (amphiboles) around an OH group can be deived from

OH-s tretching wavenumbers. Thesc wavenumbers, measured by 1R absorption and

Raman scattering spectrometries, are equal within experimental errors, in
natural as wcll as synthetic silicales, indicating that the in-phasc and

out—-of-phase OH vibrations have the same wavcnumbers, with little coupling

( or no ) between them.

Micas and smectites,
Determination of thc site occupancy of the three octahedrally coordinated

positions adjacent to the hydroxyl group: distinction betwcon trioctahcdral
environments (formally high wavenumbers, supcrior to = 3650 cm"l) and

dioctahedral ones ( < 3650 cmpl). in Jaycr silicates free of iransition ele-

nents.

Identification of the sum of cationic charges adjacent to the OH group

and demonstration of thc existence of a limited sct of possib]e cationic arran-

?
"'. & charges: M K and M M Li 7 charges:

gements (5 charges: M Ii and L:I M 3

Mo M and M3'LI, 8 charges ", Tn

2
Systematic decrease of DH-streLLhing wavenumbers with incrcdasing the

bulk Al content,; for eaach typa of OH group observed in trioctahedral phases

and opposite bchavicur of OH-stretching wavenumbers in diﬂctuhedral phases,
Four equatiuns are sufficient Lo account for these variations in Li, Mg, Al
Phﬂﬁﬂa- |

a) V= -9,33 Al + 3754 (S~charge environments)

b) v = -16.95 Al + 3741 (6=charpe environmenis)

¢c) Vv = ~29,66 Al + 3719 (7-charge environments); a), b), and ¢) are

'or trioctahedral phases;

d) V= 411,45 Al + 3592 in the dioctahedral family, The OH~stretching wave-

) | -
numbers are given in em ~, A value is available for the B-chargc environmant
Mg, Ti observed in the synthetic mi N 1
5Ti, . y ca a(Mgg _/dlio 2t )(31 )0 (DHJ2
this value y 3640 em , is in lJnc with equalions a), b), and c)

A similar behaviour is observed in 2 : 1 laycer silicates containing
transition elemente, only slopes and ordinatecs at the origin are different.
This 1is obLserved for example on the Join annite - siderophyllite or its nicke-
liferous and cobaltiferous equivalentis. These variations arc controlled by
OH...0 interactions between the hydroxyl proton and the apical oxygens of
tetrahedra.

Evidence for tctrahedrally coordinated divalent cations (Be, Mg, Co, Ni),
responsible for very low OH- ~Btretching wavenumbers, e.g., 3507 cm e in a

2|)JU

synthetic low-Al mica having 0,37% (Ni per formula unit, based on 11 OXy=-

gens,
Identification of the nature of thc interlayer calion (or absence ot a

cation); for example, the replacement of K by Bu”" increases the wavenumber

by about 30 cm”? i\ j '

Y aboul 30 cm . The statc of hydration of the alkali-cation of smectites

can also be determincd by the presence of '"talc<like" wavenumbers, al aboul

-] .

3680 cm *, in the spectra.of hydrate-I (2 H$0] and hydrate-11 (5 HEDJ.

Order-disorder relationghips in tetrahedral as well as octahcedral Jayers,

IV VT -
€.L., exclusion of Al™" and Li ~ from the vicinitly of an octahcdral vacancy.

Ampﬁibclcﬁ. |

Structural informations provided by the Oll-stretching région of amphi-
boles are essentially similar to that obtained on micas.

Distinction betwecn amphiboles with a free (or pariially free) A-sjtec,

characterized by a “tremolite-type'" band, around 3670 cm_l (3663 mmr“:l in

-1 . -1 .
glaucophane, 3670 cm = in gedrite, 3668 cn » in anthophyllite, 3672 cm ' in
actinolite), and amphiboles which cxhibit a high-—wavanumbcr OH band, due to
hydroxyls pointing towards an occupied A—pos:t: on (3730 cin %o in Na-richterite,

-1
3720 em ~ in pargasite).



Evidence for the positional disorder of tne A-cuation over Uhe A{2/i)
and A(m) subsites in K-richterites, by the splitling of the OlH-stretching
band into two componcnts, at 3730 and 3735 cmhl, respectively.
| Distribution uf'Mgz+ and Fe2+ over M(1) and M(3) siles. This topic is
abundantly documented in literature and will not bc considered here.

A+
1

)

over M(2), M(l) and M(3) sites; e.g., presence of a major intensity band at

3
Evidence for the distributlion of high-~charge cations (Al +, ]

3686 cm-l, typical of a 7-charge environmenti (Mgzﬁul) in synthetic pargasite.

The damoein Af Si.N valenrce vihrations.

In micas and smectites, the salicnt fealure observed in this range is

1

the presencc of a high-wavenumber mcdium-intensity band (1100 cm ~ and above),

in the IR spectra of tetrasilicic micas (Letrasilicic magncsium mice 1KM22 .

Siqfﬁo(OH]E, taeniolite - K(MgELi)SidOIO(OH)z. and solid solutions involving
polylithionite : K(LiQAl)Sidolo(OH}2 as a major component); this high-wave-
number band corresponds to the Al and BJ) strelching modes: it is systematically
observed in micas with a very short 1 - 0(3) bond lenglth - 0(3) is the apjcal
oxygen ~ for example, 1.564 R in polylithionitc. A esecond band Si~0 strctching
band is typical of tetrasilicic compositions; il occurs at wavenumbers around
960 m—l' with a high intensity and correspond to the E1 mode; it reflects
long SL"Obridging bond lengthe. With increasing AJIV content, new bands are
generated between thesc two extremc wavenumber values; they indicate the
progrecssive evoluti‘qn of the flattened tetrahedron (symmeiry C3,,) towards a

- more regular geomeiry (symmetry Td].+This is obscrved on the joins tetrasili-
cic magnesium mica - phlogopite, polylithionite - phlogopite and taeniolite -
phlogopite. Raman scattering offers much less informations in this wavenumber
range; only one single low-intensity high-wavenumber band is observed in

most cases, around 1140 cm"l, but, it is aleo very characteristic of tetra-
milicic phasen.

Micas with a very low tctrahedral charge, like bityite, Ca(AlPLi)[SizhlBe)
(JIO(OH}? have ? very diffcrent spectrum in that region. The salient fcatui?
is the prescnce of a very intensc band at low wavenumber (close Lo 900 cm )
and of a weak band at a higher wavenumber : 1040 cm-l. This situation is at
the oppnaité of that prcvioﬁsly encounlered in tetrasilicic layer silicales
and can bc explained from similar etructural considcratione, based essenti ally
on local charge balance considerations.

The same observations and conclusions are valid for amphiboles, with

some naticeablé exceptions. Most amphiboles with a free A-site are tetra-
s6ilicic; all pf them exhibit their major intensity 81i-0 siretiching band

in the range 1040 - 1060 cm"l: 1016 cm"l in glaucophanc, 1037 cmﬁl in
cummingtonite, 1040 cm-I in anthophyllite, 1053 cm_l in actinolitc and

1058 cm-l in tremolite, whereas amphiboles with an occuplied A-site have their
main intcnsity band at higher wavenumbers: 1072 Emﬁl in Na=richterite and
1080 cm-1 in K-richterite. The characteristics of these alkeline-amphibolcs
are close to that of tetrasilicic micas, in this wavenumber range.But, the
existence of two sets of Si-0 slretching vibrations, one at high wavenumbers
(above 10005cm“1) and one at lower values (below 1000 cmﬁl) clearly reflects
the exiatenée of two kinds of tctrahcdra: tho smal) 1(2) with high 8i-0
wavenumberﬁ and the larger T(1) with lower wavenumbers, IR absarptipn givesn

fimilar infarmatinne: epenially. the highewavannmhar hand ( = 1100 nm_l} iR

sistematically observed .Numerous satellite 51-0 stretching bands are visible

in Raman and TR armind high- ae well aa )aw-wavenimher hands . in aorerment

L] - -
T--- *II - 1--.- -
L

v & LG Cwn dictortions of totirahodra.

In K-richterite, the prescnce of tetrahedrally coordinated Ti‘.'+ is delec-
table by the characteristic 7i=0 stretching wavenumber at 897 em* (Raman),
calculable from the Si-0 stretching frequency, and taking into account the

variation of the reduced mass provoked by the §i-Ti substitution,

The domain of Si#D—SiJ&nd Si-0-Al .vibrations.

In layer and chain silicates, these vibrations are active in IR (Au
symmetry), with a very low intensily and in Raman (Ag symmetry), with a very
high intensitly; it is commonly the most intense band of Raman scatiering spectilra.
The wavenumbers of thesc bands evolve in the same way wilh compositions, in
IR and Raman, but only the Raman data offer a pnactigal interest,

The study of selected peculiar compositions allows an unambiguous assign-
ment of these bande. In the tetrasilicic magnesium mica KMgE.SSidD]D(O“)E’
its wavenumber is 695 cm_li considering the Lletrahedral éompnaition of this
mica, we can concludc that it is a pure Si-0-5i band. In the high-Al Na-mica
preiswerkite Na(Mggnl)(Sieﬂlz)ﬂlo(OH)z, the major intenesity band is observed
at 651 cmﬂl; here again, the tetrahedral composition allows the asignment:
this band is due to the Si-0-Al vibration and indicates a sirong Si,Al ordering,
nowever, a minor-intensity band is also observed, al 676 cm-] (5i-0-8i) and
proves that this ordering is not complete. Mjnqs with varied ﬁlIv contents

“

fit in with these observations and cxhibit a high—wavenumber Si-0-Si band and

-l . _
& low-wavenumber Si-0-Al band, e.g., 680 and €652 cm = in phlogopite. The




relative intensities of these bands are a function of the proportion of SOME CONTRIBUTIONS OF SPECTRAL STUDIES IN THE VISIBLE (AND NEAR-VISIBLE)

arrangements Si-0-Si and Si-0-Al. The A-site occupancy has a major effect
| h LIGHT REGION TO MINERALOGY
on thege wavenumbers; in talc MEBSiAOm(OH)Q' a tetrasilicic phase with a

vacant A-site, this wavenumber (Si=0-Si) is only 670 cm‘l, that is, equal to David J. Vaughan, Department of Geology, The University, Manchester

the Si-0-Si wavenumber of preiswerkite. This observation 1s a further argu- M13 9PL, England.

ment on behalf of the proposed assignment and emphasizes the fundamental

role of the bulk riumber of charges adjacent to & bridging oxygen.

| The absorptio
These conclusions apply surprisingly well to amphiboles: in the tetra- ption of energy in the visible (and nearby) regions of the

ad Yicic alkaline amphibole K-richterite, thie wvibration ie cbserved at 681 electromagnetic spectrum is responsible for the colour of minerals and, in

- t it - +t lower wavenumbers (similar to tale), in emphiboles |
am T, but it ocourg a8t lower w . . r ; . the special case of polarized light, for the (petrographic) phenomena of

with vacant A-site: 674 r.:rn"1 in gedrite, 668 cmnl in cummingtonite, 673 cm ,

- - -1 , leochroism and bireflect ; |
673 em © in anthophyllite, 671 cm } in glaucophane and 670 cm ~ in tremolite. P ectance. Quantification of these most accessible of

The low wavenumber range:below 600 cm— spectra, combined with the development of theories for the origin of the

=1 absorption, offers explanations for optical properties and their
RBelow 600 em ~, the structural informations that can be drawn from

vibrational spectrometries are much more difficult to get,becau;se a lot of | variations, and a means of obtaining crystal chemical information. In this

phenomena overlap: low-energy angular vibrations of the pseudo-hexagonal presentation, experimental approaches to the measurement of the absorption

ring of tetrahedra and stretching vibrations within octahcdra. Owing to these

of visible/near-visible light energy, the origins of the absorption, and
intricacies, IR spectra usually exhibit broad, poorly resolved bands, whose

interpretation is rarely unambiguous, whereas Raman specira are f‘PEQLlﬂntly | the applications of such measurements to mineralogical problems will be

of low intensity in thie range. It is generally possible to distinguish | briefly reviewed.

] dioctahedral phascs in layer silicates; some characteristic
P o 4 ; | The highest quality spectra are obtained from transmittance

spectra will be presented. 1t is also possible, in most cases, to identify

the major octahedrally coordinated cations. measurements on orlented single crystals in polarized light. Conventional

1

Far infrared measurcments (150 cm = and below) arc promising to qualify spectrometers can be employed for measuring larger samples, but much of the

; : ] -8 1 t R measurements 1
A-O bonds Iand resulting distortions of the A-site, bu aman available data have been obtained using microscope spectrophotometers (1.

in th same wavenumber range cannot provide these informatione since bands al
2. 3), even though convergent microscope optics compromises the

e il e

wavenunbers close to 100 cm-l are obscrved in talc ( A-ftrce phase ) and in

phlogopite (alkaline mica); the same observation is valid for amphiboles. | orientational purity of the incident light (4). Powdered samples of small

Thiese low-wavenumber bands ere certainly due to translational movements of | grain size materials and opaque phases can be studied by diffuse

atomi¢c groups, e.g., octahedra. | |
) reflectance spectroscopy (5, 6), although the resolution is much poorer.
Single crystals of opaque minerals can be studied by specular reflectance

I
| measurements of polished surfaces using microscope photometers; generally,
| |

however, such spectra have been acquired forcunly the visible region (6, 7,

8).



The processes that contribute to the absorption of light in the visible

and near-visible regions by nminerals generally 1involve electronic

transitions (although some contributions may arise in the near-infrared

from overtones of vibrational transitions). The major contributions are
from:
(1) Electronic transitions involving electrons in the d orbitals of

transition metal ions. The degeneracy of the d orbitals 1s removed when

these ions are placed in a crystalline environment. In the formalism of
crystal field theory (1), the surrounding anions are treated as point
charges and the effet;:ta of this field of charge on d orbital energiles
calculated. The gross assumptions involved in crystal field theory are
counterbalanced by fhe ability to treat many electron systems and to assign
spectral features due to d-d (crystal field) transitions.

(11) Metal-metal (or intervalence) charge transfer transitions
involving transfer of elect_rnna between metal ions in different oxidation
states (e.g. Fe?* 5 Fe?®'; Fe?t 5 Ti*Y; T1°Y 5 Ti**) and occupying adjacent
sites in a crystal structure. Generally, pairs or clusters of the cations

involved are in coordination polyhedra that share edges.

(11i1) " Ligand-metal charge transfer transitions involving electron

transfer between anion and cation (e.g. 0%~ 5 Fe®*). These are commonly

centred at energies in the near-ultraviolet region of the spectrunm.

(iv) Transitions involving energy Dbands, as in metals and

semiconductors, where electrons can be excited from a valence band into

large numbers of closely-spaced vacant energy levels in a conduction band,

resulting in intense absorption.

In a few minerals, processes involving f orbitals (e.g. in uranium or

rare earth-bearlng phases) or various defects and imperfections (colour

centres) are also important. The energies of charge transfer  transitions

can be described and predicted using molecular orbital theory, although
certain llr;iitatinns are 1imposed by what are generally "one-electron"
models. The latter can also provide working mﬁdals for certain of the
Opaque phases using a molecular orbital/band theory approach (6, 9).

The intensity of ﬁbsnrptiun is generally governed by quantum
mechanically-derived selection rules that, for example, forbid electronic
transitions between two d orbitals or two p orbitals, or that involve
changes lq" the number of unpaired electrons on the cation. In practice,
the rules are relaxed through mixing of orbitals a.ncl through  various
coupling and vibrational effects, so that transitions do occur but with
greatly reduced probabilities and hence intensities. Site symmetries,
particularly in the generally "distorted" cation sites found in many
minerals, exercise an important control in this regard (1, 2, 5, 6).

Applications to mineralogical problems have included the use of
detailed measurements of the polarized absorption .apectrﬂ of translucent
oriented single crystals to determine oxidation states, site occupancies
and, in certain cases, concentrations of cations. An extensive 1list of
published single crystal absorption spectra of minerals has recently been
provided by Rossman (2). Previous authors have discussed the wider
applications of such measurements to an understanding of mineral uﬁtica and
crystal chemistry (1, 5, 8). Both single crystal absorption and diffuse
reflectance spectra have been studied in order to interpret remote-sensed
reflectance spectra, particularly of the terrestrial planets (5, 10);
diffuse reflectance spectra - have also been important in the

characterization of fine-grained minerals such -as clays and hydrated iron

oxides (10, 11). The opaque oxide, sulfide and related minerals have been

studied using diffuse reflectance spectroscepy, with the simpler phases

being subject to more detailed specular reflectance measurements of single



crystals (6, 7 8) to gain insight into their electronic structures.
Surface alteration effects in sulfides have also been studied by specular
reflectance measurements. (12). A very important area of development in
recent years, dealt with in detall in another presentation, has been the
study of absorption spectra at high pressures and temperatures.

Future developments in the application of spectral studies In the
‘U‘iﬂiblﬁ and near-visible 1light regions to minerals will 1likely involve
single crystal absorption studies over a much wider range of pressures and
temperatures, to monitor changes in crystal and electronic structure;
further measurements of specular reflectance spectra of opaque minerals,
also to relate to electronic structure models; and further diffuse
ref lectance studies of fine grained minerals and mixtures because of their
importance in a variety ﬂf-ﬁ;ﬂﬂﬂ of applied earth science, particularly in
remote sensing of planetary surfaces. A major challenge for the future,

however, is the development of quantum mechanical theories to describe and

predict the electronic transitions in minerals responsible for the

absorption of energy in and near the visible light region. The continuing

development of new algorithms and of more powerful computers should enable

models of a much greater validity than, for example, crystal field theory,

to be constructed (13).
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DISTRIBUTION OF IONS IN PHYLLOSILICATES BY NMR SPECTROSCOPY.
J. SANZ.
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Nuclear magnetic resonance (NMR) is based on the absorption
of electromagnetic radiation by an atomic nucleus in a magnetic
field. The interaction of the magnetic moment of atoms with the
applied magnetic field produces the splitting of energy levels
of nuclei and the irradiation of sample with an adequate radio-
frequency the resonant energy absorption. Moreover, the interaction
of magnetic moment of nuclei with the local field created by the
atomic environment produces characteristic modifications on the
spectra which permit théfidentificatiﬂniaf the sites occupied by
atoms in the structure of the mineral. In general, from the analy-
sis of the position of different lines it is possible to recognize
the magnetic ipter.actinn of the nucleus with the environment and

(1)

from that to deduce structural aspects related to chemical bond '

(2) (3)

coordination number , distortions of polyhedron ; point symme-

try(4), number of unequivalent sites{5]...

From the analysis of relative intensities 0of the identified
components in the spectra it is possible to éét information about
sites occupation(ﬁ)

in the mineral(7'8). The application of the NMR spectroscopy does

and to analyze the relative distribution of ions

not require the existence of a regular periodic pattern and permit
to study short .range ordered distributions in crystalline samples
that are difficult to be undertaken with diffraction methods,kas
the unit cell represent the average of all structural environments.
On tﬁe 0ther7ﬁand, the possibility of study different nuclel makes
"of the NMR a useful technique in the structural characterization of
‘multicomponent systems where the determination of the site occu-
panciés'present.serious difficulties by conventional diffraction
rnethodstg). However, spectroscopic methods and in particular NMR

L]

have its own area of application and should be vyiewed as comple-'
mentary rathier than mutually exclusive techniques.

In this contribution it will be analyzed the use of multi-
nuclear NMR in the characterization of minerals. First, we shall
present the advantages of the application of the new methods of
high resolution (MAS technique, Cross—-polarization, Decoupling...)
in the study of structural environments of atoms. In the second
part, we shall analyze the possibilities of conventional methods
in the study of monocrystalline samples. We have chosen the phyllo-
silicatesfﬁn 1llustrate the application of the NMR technique; in
particular it will be discussed the distribution of isomorphous
substitutions in the tetrahedral and octahedral sheet of these
minerals and will be shown that, contrarily to what it is expected
for such system a random distribution does not apply. The analysis
of signals of different nuclei will permit the study of cation-
cation, catian—anion and anion-anion distributions in theseminerals.

In the first part of this lecture, we present the results of

. : 29 ... |
high resolution 951 and 27Al NMR study of well.characterized phyllo-

silicates(lO). The spectra of powdered samples were recorded at

©79.5 and 104.3 MHz respectively by spinning the sample at the magic

angle 54°44' in a spectrometer Bruker MSL-400. The spinning fre-
quency was in the range of 4000-5000 cps. Apprapriate selection of
samples has ailﬂwed to analyze the influence of different structural
factors on the chemical shift of these nuclei. In samples with very

low tetrahedral Al content the components detected in the 2951

spectrum correspond to different crystallographic sites(ll'lz)
The position of the line can be correlated with the angle TOT formed
between contiguous tetrahedra. In this study, the use of cross-pola-

rization technique permits the identification of silicon atoms in

~ the structure that bear or are located near of OH groups. A parti-

2951 NMR spectroscopy is the study of

cular application of the
compounds where silicon tetrahedra have different degree of conec-
tedness 1n the tetrahedral network. |

In Phyllosilicates the substitutiqﬁ of Si for Al in neigh-
bouring conected tetrahedra shifts the line of Si and permits the

differentiation of Si atoms surroundedﬁhy 38i, 2SilAl, 1Si2Al and



-Hxl. The analysis of the relative intensities of the NMR compo-
nents ofzgsi spectra, in samples with a wide range of compositions,
provided useful information about Si,Al distribution in the tetra-
redral sheet(l3y.-5everal schemes of cation distribution have been
considered and the comparison between experimental and model gene-
yated Si NMR intensities has permitted to prove that the Al dis-
tribution is more dispersed than required by the Loewenstein's
rule (Al-O-Al avoidance) but clearly lower that that corresponding
(14). The most

probable Si,Al distribution is one in which the number of Al per

to the criterion of maximum dispersion of charges

hexagonal ring is close to that given by the chemical composition.
The proposed médel of distribution has been confirmed by elec-
trostatic enerqy calculations for samples with mica composition
(5i,a1) ‘17T,

conditions the Si,Al distribution in each layer and precludes the

The electrostatic interaction between adjacent layers,

naximum dispersion of charges in these phyllosilicates.

The 27Al MAS-NMR spectra of phyllosilicates consist of one

or two components at ~ 0 ppm and ~ 70 ppm respectively that accor-

(16)

ding to previous works correspond to Al in octahedral and te-

rahedral coordinations. In all the studied silicates tetrahedral
Al is surrounded by 3Si and variations in the position of %he line
nust be associated to the modifications in the TOT angle(l' ). In

the case of dehydroxylated phyllosilicates (caolin and pirophyllite)

sentacoordinated aluminium is detected in intermediate positions

(18)

~ 30-40 ppm . A guantitative determination of different types of

nl is difficult as a consequence of the second order quadrupolar
of fects and more work must be done in this field.

In the next part of this lecture we shall present the study
of octahedral sheet of the phlogopite-biotite serie. In these mi-

2+

nexals Fez+ substitutes for Mg and OH can be replaced by F .

The samples studied were chosen in order to have a practically con-
tinuous range in iron (0-20%) and fluorine (0-5%) contents. Fluorine

and proton are nuclei which can be readily detected by NMR and 1ts

study has permitted to analyze the relative distribution of Fe2+,

F~ and OH . Experiments at high frequencies (60 and 54.6 MHz) allow
to study the paramagnetic influence of varying Fez+ contents in lH '
and 19F signals, while experiments at low frequency (14 MHz) give

information about diamagnetic interactions. The study was princi-

pally carried out at various angles around a and b ﬁxes in mono-
crystalline samples. |

The analysis of 19F spectra for different orientations of
the sample has permitted to detect two doublets which correspond

to pairs F-H and F-F in the same octahedron Mz(lg)

. The comparison
of NMR intensities of the two doublets with the statistical values
obtained from the mineralogical formulae shows that thesnumber of
F-F pairs increase much faster with F_ content than expected, which
is interpreted as evidence for the existence of fluorine rich
domains.

TheIEfféct of the interaction between nuclei (H,F) and the
unpaired electrons of Fe2+ ions is to create at the nuclear site
a supplementary field which shifts the measured frequency of the
line. In the case Dle, the analysis of the position of different
components with respect to the sample orientation has permitted
the indentification of OH groups coordinated to the Fez+ iﬂns(zo).
In the case of 19F signal no lines corresponding to first neigh-
bours have been detected, indicating that F ions are not directly
coordinated to ferrous ions. When the external magnetic fie;d is
disposed perpendicular to the sheet plane, four lines are observed
in the 1H spectra, corresponding to OH coordinated to 3Mg, 2MglFe,
1Mg2Fe and 3Fe. From the comparison of the intensities of these
components with the values calculated on the basis of the random
distribution of octahedral cations, it is concluded that the pre-
ferential association of F with Mg2+ ions in fluoro-magnesium do-
mains is responsable of the accumulation of Fez+ ions around OH
groups 1in hydroxylated regions( 7) :

Finally, it is worthy to note that the application of multi-
nuclear NMR spectroscopy has permitted to detect two different
types.of short range ordered distribution of cations in phyllosili-
cates,. which are difficult to be analyzed by other methods. The
presence of two anions (OH,F) in the octahedral sheet favours the
segregation of microdomains in which the Fe-F avoidance 1s strictly
verified. On the other hand, the homogeneous dispersion of Al makes
unlikely the existence of tetrahedral cation segregation and favours
the detected agoidance of A1l in neighbouring tetrahedra known as

the Loewenstein's rule. §
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Nuclear magnetic resonance spectroscopy and AlSI ordering In

minerals.

Andrew Putnis, Department of Eath Sciences, University of Cambridge,

Cambridge, CB2 3EQ, England, UK.

NMR spectroscopy is an element-specific technique which probes the
local (nearest ‘and next-nearest neighbour) structural and chemical
environment of a paﬂicmar nucleus. - Recent theoretical and experimental
developnifents in high resoluton NMR of solids, and the commercial
availability of high-field Fourier Transform NMR spectrometers has led to a

dramatic increase in the importance of this technique in modern mineral

 studies.

1. Background theory and terminology.

(i) Magnetic resonance.

The general field of magnetic resonance - involves the interaction of
maghetic moments with an applied hagnelic field. Most nuclei have maghetic:
moménts due to spin, denoted |. When a nuclear spin with a magnitude 1 is
placed in a strong magnetic field, 21 + 1 energy levels exist, from -l to +l.
When | = 1/2 as in 29Si, the nucleus has two energy levels -1/2 and +1/2 and
behaves as a magnetic dipole; when | > 1 the nucleus has more than two
energy levels and behaves as a magnetic multipole.

The differences in nuclear energy levels are in the radio frequency
range, and transitions between spin states may be induced by applying a
radio frequency field to the sample in a large static magnetic field.

(ii) Chemical shift.
All nuclel of the same isotope in the same static magnetic field should

have the same resonance frequency. However the exact resonance



frequency depends on the local electronic environment of the particular
nucleus, because electrons in the vicinity of the nucleus shield it to varying
degrees from the applied magnetic field. Thus the local chemical and
structural environment can be probed by a nuclear method.

The resonance frequencies are reported as chemical shifts, which are
differences in parts per million (ppm) relative to a suitable standard (for 29G;j
the standard used is tetramethyl silane, (CH3)4Si (TMS)). Each peak in the
29Si NMR spectrum represents Si in a specific chemical environment, and the
intensity is proportional to the number of atoms in that environment.

(iii) Magic angle spinning NMR.

NMR spectra in solids are bruadenéd by dipolar and quadrupolar
interactions which may be so strong as to obscure all structural information,
and techniques have been sought to obtain high resolution spectra by
removing these broadening effects. The most popular approach is magic
angle sample spinning (MAS NMR) which involves physically spinning the
sample at kilohertz frequencies about an axis oriented at 54.70 (the magic
angle) to the applied static field. Since dipole - dipole interactions, which are a
major cause of line broadening, are described by equations which contain
(3cos26- 1) terms where B is the angle between the laboratory field and the
internuclear vector, they may be reduced to zero when €= 54.70. Resonance
peaks almost as narrow as in liquids may ﬁe obtained.

First order quadrupole interactions are also averaged, although if
quadrupole coupling mnstaﬁls are large, line broadening is only partially
averaged by sample spinning. The inte:pretétion of spectra is considerably

more straighforward for dipolar nuclei such as 29Si. Most work on MAS NMR

in minerals has concentrated on 29Si which can also be observed at natural -

abundance (4.7%).

2. 295i MAS NMR

The first investigation of 29Si MAS NMR spectroscopy of minerals was
by Lippmaa and co-workers in 1980 who investigated a range of silicate
structures with different polymerization states. A correlation was found
betweeh more - negative chemical shifts and increasing degree of

polymerization. In framework aluminosilicates 29Si chemical shifts haVe been

found to fall into five ranges depending on whather a given Si04 tetrahedron is

linked to four, three, two, one or no Al04 tetrahedra. There is a constant and
additive etféct on the shift of about 5ppm for each aluminium atom added to
the local éﬁvironment.

Peak areas under such sp'ectra are directly proportional to the total
number of :Si' atoms in each distingﬂishable site. This is the key for
determining Al,Si ordering schemes from 29Si spectra.

For framework silicate_s Si/Al ratios may also be simply derived from the
spectra, aind in .qlisordered Al-rich aluminsilicates the number of Al-O-Al
linkages can also be derived forming a valuable basis for desc;ibing the

degree of Al,Si order.

Empirical correlations of 29Si chemical shifts.

It is not yet possible to calculate the magnitude of the chemical shift for
any particullar local structural environment, and various empirical relationships
have been drawn from the databases of NMR spectra of materials with known
composition and structure. The variations in chemical shifts. for a particular
nuclide appear to be due primarily to bond angle, bond length differences in

the nearest and next-nearest neighbour co-ordination.

29Si site assignments.
To illustrate the general approach currently used to assign sites in 29S;i

MAS NMR spectra a number of examples will be discussed, ranging from



cases where unambiguous assignments can be made ta minerals whose low
symmetry and structural complexity make assignments difficult. Well ordered
structures have the simplest spectra. lncreasiﬁg the degree of Al,Si disorder

increases the number of chemically non-equivalent sites producing

distinguishable NMR chemical shifts.

3. Si assignments in ordered cordierite MgAl4Si5018g.

Cordierite is a particularly good example to illustrate the application of
29Si NMR spectra to Al,Si ordering, primarily because the somewhat unusual
structure contains two very distinct Si environments in the fully ordered form
resulting in a large difference in the chemical shift for the two Si peaks. When
Al,Si disorder is introduced the resultant splitting of the peaks still allows eight
different Si environments to be resolved in the spectrum.

When cordierite glass is crystallized at temperatures above 11000C,
the first phase to crystallize is hexagonal cordierite which can have no long-
range Al,Si order. Subsequent annealing increases the degree of order until
ultimately the stable structural state is fully ordered orthorhombic cordierite.
The sequence of 29Si NMR spectra for this process will be discussed.

Measurement of the peak intensities allows the quantitative
determination of the population and depopulation of all the individual sites

during the Al,Si ordering process in terms of individual local Si environments,
| information not available by other techniques.

The NMR daia can also be used to demonstrate the existence of Al-O-
Al bonds in partly ordered cordierites. The number of Al-O-Al bonds is
progressively eliminated as the degree of order increases, and can be used as
an order parameter Qopd, to define the temperature_- time evolution of the

cordierite structure, as well as to constrain models of short-rangé Al,Si order.

Correlation of NMR with X-ray synchrotron data in cotdierite.

One of the problems in studying an Al,Si ordering process of this type,
in which ordering results in a symmetry change, is to define the point at which
the structure transforms on a macroscopic scale to the low symmetry form
and to relate this to the degree of Al,Si order. X-ray synchrotron radiajion was
used to monitor the lattice distortion associated with the structural phase
transition. This is defined by an order parameter Q which is determined by
the spontaneous strain.

Tr;e relationship between Q and Qg for all the structural states may be
seen on an order parameter vector diagram. The main conclusion is that
cordierite achieves a high degree of local AlSi order while still
macroscopically hexagonal. The intervention of a strain-modulated hexagonal
phase, observed by transmission electron microscopy accomodates this local

order within an overall hexagonal structure.

Correlation of NMR with IR spectroscopy in cordierite.

The time evolution of the Al,Si ordering and the structural phase
transitions (hexagonal to modulated to orthorhombic) can be studied by
monitoring the line profiles of various absorption peaks. Their integrated
intensities, frequencies and half-width are correlated with the order
pafamelers Q, Qod and their short-range analogues. The phonon mode near
580 cm-1 correlates with the behaviour of Q and splits at the structural phase
transition, whereas the mode around 770 cm-1 changes frequency linearly
with log time, thus following the behaviour of Qqod, the degree of Al,Si order.
By calibrating this frequency shift against the NMR data the number of Al-O-Al
bonds as well as the degree of local structural distortion can be obtained from

the IR spectrum.



Phase transformations in minerals studied by °”Fe M&ssbauer spectroscopy
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ABSTRACT

Mossbauer spectroscopy can be a useful tool to characterize differences in
geometry and bonding of an Fe-bearing site between two polymorphs and to
dstermine changes in long-range and short-range order parameters as a function of
temperature. In-situ measurements at pressure and/or temperature allow the
datermination of fast transitions such as rotative or distortive transformations,
electronic transitions and magnetic ordering phenomena. Examples for individual

successful applications of Mdssbauer spectroscopy to mineral phase transitions are
discussed.

1. INTRODUCTION

Phase transformations in minerals are critical to our understanding of the
slate and processes within the earth. They define the fields of stability of minerals as a
function of pressure, temperature and other intensive variables. Given the appropriate
chemical constraints, this equilibrium aspect teaches us which structures and
assemblages we may expect as a function of depth, and, as a consequence, which
physical properties (such as density, elasticity, conductivity) should prevail there.
Furthermore, the kinetics of such phase transitions may elucidate the dynamics of

processes in the earth (e.g. superplasticity, earthquake generation by sudden volume
changes).

An understanding of phase transformations can only be achieved on a
structural, i.e. atomistic, basis. M&ssbauer spectroscopy is one useful tool for such a

characterization, and in the following its applicability - or lack thereof - will be
dscussed.

It is not the purpose of this article to present a comprehensive review of the
basics of MOssbauer spectroscopy nor of its application to mineralogy in general,
because a number of summaries on this subject have been published recently (e.g.
Maddock 1985, Hawthorne 1988). Rather, we will examine the Mossbauer parameters
first with respect to their potential information on phase transitions, and then describe
specific applications. Although many of the heavier nuclei exhibit the Mésébauer

effect, we will deal with °’Fe only becauss it is the geochemically most relevant
nucleus.

2. MOSSBAUER PARAMETERS

Mdssbauer spectroscopy is elerpent-specific, similar to nuclear magnetic
resonance or X-ray absorption spectroscopy. It measures the interaction between the
active nucleus and the extra-nuclear electric and magnetic fields. These features imply
that, in a structural phase transition, only the changes in the immediate surroundings
of the Mdssbauer-active nucleus (such as changes in the coordination geometry,
bonding etc.) will become visible in the spectra. In view of the localized nature of the
information. the use of supplementary techniques is in general mandatory for
characterizing a phase transition. |

2.1. Debye-Waller tactor

The Debye-Waller factor gives the fraction of gamma ray absorptions that
occur without recoil relative to the total absorptions. Together with the concentration
of the nucleus it controls the intensity of a Mdssbauer line. It can be expressed as

f=exp - k% <x%>

where k is the magnitude of the wave vector ofthe gammaray (k = 21/A, A =
wavelength) and <x2> is the mean square vibrational amplitude of the absorbing
nucleus. f is thus also a function of temperature, pressure, and bonding, and may
therefore be different for a given nucleus in different sites of a crystal structure. This
aspect is important when a phase transition involves substitutional order-disorder
nphenomena (see below) and precise distribution coefficients between sites have to be
determined. We note in addition that phase transitions exhibiting an increase in
coordination number will increase <x2> (Navrotsky 1980) and thus result in a
decrease in f. - Whereas ratios of f values (such as necessary in order-disorder
studies) can be measured rather precisely from samples of known iron contents per
site - such as pure iron end members - absolute determinations of f values are difficult
and in general not precise enough to yield information on changes of <x¢>ina
phase transformation.

The temperature dependence of f also implies that in-situ observations of
high temperature phase transitions (say, above 1000 K) are difficult to achieve by
Mdssbauer spectroscopy since the signal to noise ratio in the spectra deteriorates
rapidly as temperature goes up and f goes down.

2.2. Line shape and line width |

The energy distribution of a Mdssbauer line around a central energy £
value is, in theory, a Lorentzian distribution that can be described by E, the half width
[ (=0.194 mms-! for °’Fe) and the intensity (or, more precisely, fractional dip). This is



strictly valid-only if an absorption is caused by a nucleus in a single, well-constrained
crystallographic site and if the absorber is infinitesimally thin.

A number of effects tend to increase this halfwidth, even if there is no
instrumental broadening. Most important are saturation effects (due to the non-zero
concentration of the nucleus in a real sample), relaxation processes, fluctuating
environments due to phase transitions, associations of defects etc. Line broadening
also becomes apparent whenever a site is not strictly defined (in terms of geometry,
bonding etc.) but actually a distribution of sites is present such as in glasses or by a
multitude of next-nearest neighbors interactions. In such cases many authors still

choose to describe a Mdssbauer line by a (broadened) Lorentzian line, although a
~ different treatment of the data such as a distribution of individual Lorentzian lines
might be more appropriate (6.g. Wivel and Mérup 1980).

In practice, line widths up to about 0.30 mms™ are still considered
satisfactory. For broader lines it is often difficult to decide from the individual spectrum
alone whether these should be fitted to two or more narrower lines or a single
broadened line. This will become particularly important in the case of distortive and
rotative phase transitions (see below) in which two distict sites merge into a single site
as the transformation temperature is attained and the resolution of MGssbauer lines
approaches zero. |

In general, MGssbauer spectroscopy and its application to phase
transitions with only minor structural changes suffers from low resolution, i.e. the
separation of lines is often in the same order of magnitude as the line width. It has
been shown by Dollase (1975) that reliable information on peak positions and peak

areas can only be retrieved from a spectrum if line separation is at least 0.6 times the
half width.

2.3. Isomer shift
The mean energy of the absorbed y-radiation is affected by the interaction
of the nuclear charge distribution with the electron density at the absorbing nucleus.

Tﬁerefore, the maximum absorption in a sample A occurs generally at a different
energy than emission of the source S:

5 = CaR/R[|¥4(0) | |¥5(0)| 2]

where § = isomer shift, C = constant for a given nucleus, dR/R is the change of
nuclear radius between excited and ground state, and the term in brackets is the
difference in electron density at the nucleus between absorber and source. With
¥5(0) generally constant, § presents a diréct though only relative measure of the
electron density at the site of the nucleus. It is affected by the valence of the atom and

its bonding (e.g. coordination number, electronegativity of the surrounding atoms,
covalency effects, metal-anion distances). In the following, isomer shifts will always be
reported relative to metallic iron. |

~ For 57Fe, 8R/R is negative, and § increases with decreasing s-electron
density at the nucleus. p and d electron indirectly affect y(0) by shielding and the
isomer shift is therefore an indicator of oxidation number and coordination.

For high-spin Fe?* and Fe®* the following approximate ranges have been

reported for minerals (relative to Fe metal, at room temperature)

coordination Fe?* Fedt
[4]-square planar 0.75 mms™] )
[4)-tetrahedral 0.60-1.10 0.10-0.35
(5. 0.84-1.11 -

(6] ~ 1.05-1.25 0.36-0.55
8] 1.20-1.40 )

Although there is some overlap betvween the ranges, coordination numbers
generally can be assigned from isomer shift values. We note that Fe?* exhibits a
larger variation, and its isomer shifts are more sensitive to the environment of the
nucleus than those of Fe3*. The table also indi cates that phase transformations
iInvolving a change in coordination number of Fe will be discernible by their
Mbssbauer spectra. At least for ferric iron phase transitions not affecting the
coordination number of this atom will, on the other hand, only produce changes in the
isomer shift that are at best on the order of the half width of the lines, that is, a
quantification will be difficult on the basis of the isomer shift alone.

2.4. Quadrupole Splitting
Whenever a Mossbauer active nucleus is surrounded by a non-cubic field,
the nuclear excited states split into sublevels, and the magnitude of this splitting A is

proportional to the nuclear electric quadrupole moment eQ and the Z component of
the electric field gradient (EFG) tensor. For°’Fe

A =-%V,,eQ(1+7%/3)"

with n= (VZI-VW) /V,, (asymmetry parameter). Note that for a given nucleus this
equation still contains two unknowns (V,, and 7). These depend on the contribution
by the external ligands (lattice contribution) and a valence contribution that may - as in
the case of Fe®* - also contribute to a distortion r;f the inner electrons and thus to an
EFG.



The dependerce of the quadrupole splitting on distortion of a octahedral
site from cubic symmetryhas been modelled by Ingalls (1964, cf. Fig. 1).
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Fig. 1

Variation of qgadrupole splitting of octahedral Fe?* as a function
of site distorton (after Ingalls 1964). The valence and lattice
contributionsare shown by the dashed lines, and the function
resulting by sibtracting the lattice from the valence contribution
by the full line The reduction factor represents the quadrupole
splitting normalized to the maximum value of the valence
contribution. Jistortion of a site is defined by A/)\,a%, where A =
splitting of th« lowest crystal-field levels, A, = spin-orbit coupling
constant, = : covalency factor. Note that the valence
contribution and therefore the difference function are also
temperature-lependent.

For Fe°* thegquadrupole éplitting increases monotonically with increasing
distortion, Qecause for wis spherically-symmetric ion only the lattice contribution is
important. On the other 1and, a maximum of the quadrupoie splitting is attained for
Fe?*, due to the counteaction of a lattice and a valence contribution. This maximum
~ of the quadrupole splittiig is situated at rather low degrees of distortions. Most

octahedral sites contairng Fe?* in silicates - possibly with the exception of the M1

site in pyroxenes '(Dowt and Lindsley 1973) - seem to be so highly distorted that they

plot to the right of the maximum in Fig. 1, and the larger quadrupole splittings are
“associated with the lessdistorted sites. 2

For any valence state and coordination the quadrupole splitting is therefore
highly variable ( ranging, for instance, from 0 t0 3.20 mms™! for ferrous iron in
octahedral coordination) and presents a sensitive parameter that can be
used in characterizing structural changes during phase transitions.

2.5 Nuclear Zeeman splitting

This splitting of levels originates from the interaction between the magnetic
dipole moment of the nucleus and a magnetic field H at the nucleus. The splitting is
proportional to the magnetic quantum number my, the nuclear Bohr magneton 8, the
nuclear Lande splitting factor g,

/

Em = -Gy ByH M

In the ferromagnetic and antiferromagnetic states of minerals the direction
of the field is fixed and magnetically split spectraoccur below the Curie and Neel
temperatures, respectively. In the paramagnetic state, on the other hand, the
magnetic field fluctuates so rapidly within the lifetime of the excited state of the Fe
nucleus that the average dield that the nucleus "sees" during the transition from the
excited to the ground state is zero. The appearance of a split spectrum can therefore
be used to characterize the onset of magnetic ordering (see below).

3. PHASE TRANSITIONS AND MOSSBAUEH SPECTRQSCOPY

In the following, we will exclusively discuss phase transitions between
individual structures of the same compaositions, ie. we will not deal with
heterogeneous reactions involving more than two phases. MOssbauer spectroscopy
has, for instance, extensively been applied to transformations between iron-
hydroxides and lanhydrous Fe,0, (e.g. Chambaare and De Grave 1985) but treatment
of such transformations is beyond the scope of this paper.

Phase transformations can be classified under several aspects - e.g.
thérmodynamic, structural, or kinetic. Because MOssbauer spectroscopy is a
structural tool, we will use the classification proposed by Buerger (1861) and amplified
by Liebau (1983). It is essentially a combination of the thermodynamic approach
(Ehrenfest 1933) with the crystal-chemical aspect. In addition to that classification,
phase transitions due to changes in the electronic and magnetic state will also be
discussed. Only those transitions will be treated in some detail where Mossbauer
spectroscopy can contribute to their characterization.




Ap'plication of Mdssbauer spectroscopy to phase transitions is particularly

advantageous in the following cases

a) in quenchable phase transformations 1o characterize the changes in coordination
of Fe, and possibly its valence as well as its distribution over different sites
of a structure

b) by in-situ measurements to determine the nonquenchable changes in the structure
during the approach to a phase transition by changing pressure or
temperature conditions

c) to characterize phase transitions that go undetected by standard techniques - such
as electronic or magnetic transitions. These also require in-situ
measurements

Whereas for the study of group a) transitions the conditions of the
Mossbauer experiment can be adjusted so as to get the optimum resolution and
signal to noise ratio, in-situ experiments at P and/or T are necessary for group b) and
c) applications. The study of MGssbauer spectra under pressures up to several 100
kbars presents no major obstacles (e.g. Zou et al. 1980, Hayashi et al. 1987), if
pressure gradients over the sample are avoided by the use of a hydrostatic pressure
medium. On the other hand, temperatures above about 1000 K will drop the f-values
(cf. above) and deteriorate the signal to noise ratio. High-temperature measurements
are, therefore, in general only feasible in simple structures. Simultaneous applications
of pressure and temperature are even more restricted.

Very often it would be desirable to follow the phase transformatlcn as it
occurs, in order to find short-lived intermediate structures orto determine the

mechanism itself. Because accumulation of a M&ssbauer spectrum takes on the order

of 10 hours, this kind of spectroscopy is not well suited to watch the process as it
occurs. Pressure scan or thermal scan methods - where the velocity of the
Méssbauer drive velocity is kept constant and single-channel absorption is monitored
inresponse to bressure or temperature - give only limited information. |

4. SPECIFIC EXAMPLES

4 1. Structural Phase Transitions
4.1.1. Changes inthe first coordination shell

Here we summarize phase transitions due to changes in the coordination
number of at least one constituent cation. These may be either reconstructive, i.e.
involve breaking of bonds, or dilatative, thatis transformations can be achieved, at
least on paper, by a continuous deformation of the reactant structure into the product
structure.

If the iron-bearing positions themselves are affected by the changes in
coordination number, we may expect major changes in the spectrum in such a

transition, because of the strong dependence of hyperfine parameters on the first
coordination shell. |

a. reconstructive phase transitions

A number of mineralogically and petrologically most important phase
transformations belong to this class, such as the high-pressure transition$ of the
(Mg,Fe)SiO, polymorphs from the orthopyroxene to the ilmenite, garnet, and
perovskite structures, in which the coordination number of the ferrous iron increases
from six in orthopyroxene and ilmenite to eight in garnet and eventually 12 in the
perovskite structure. The Mdssbauer data base for these transitions is, however, still
extremely mea'ger. |

The aluminum silicates Al,SiO, present an example of changing
coordination numbers for some of the Al positions from 4 and 6 in silimanite to 5 and
6 in andalusite, and exclusively 6 in kyanite. In all these modifications Fed3* substitutes
for only six-coordinated Al. Consequently, the changes in isomer shift are negligible,

whereas the quadrupole splittings trace the changing distortion of the octahedral
sites:

Polymorph 6 A Reference
sillimanite 0.37 mms-1 | 1.06-1.07  Halenius 1979
andalusite 0.35-0.36 1.73-1.81 Halenius 1978
kyanite not determined ca. 0.8 Parkin et al. 1977

A structural transition in melts (glasses) may be classified here as well,
although in detail it is much more complex than most transitions in the solid state in
well-defined structures. Mysen and Virgo (1985) used MOssbauer spectroscopy to
determine the redox equilibria of iron and the structure of quenched melts in the
system Na,Si,O.-Fe,0, up to 40 kbars. Two effects occur simultaneously with
increase of pressure: the Fe’* doublet(s) decrease in intensity relatwe to the Fe?*
doublet(s), and the isomer shifts of Fe®* increase from ca. 0.30 mms™ to ca. 0.6
mms-'. This can be taken as evidence for a pressure-induced reduction of Fe®* to
Fe2* and a concomitant coordination change of the remaining Fe®* from tetrahedral
to octahedral coordination. The oxygen produced by the reduction is thought to be
dissolved in the melt in molecular form. - By this transition, the degree of
polymerization of the melt is changed markedly, which, in turn, affects its physical
properties such as viscosity. Clearly, in-situ measurements for such transitions would
be preferable to studies of quenched melts.



b. dilatative phase transitions

Hazen and Finger (1983) described the changes in crystal structure of
gillespite BaFeSi,O,, as a function of pressure. The coordination of Fe?* in the low-
pressure phase (gillespite 1) is square-planar whereas in the high-pressure
modification (gillespite 1l) it changes to a highly distorted tetrahedral coordination, with
two other oxygens moving close enough that the coordination might also be
considered as (4+ 2). These two longer bonds are particularly compressible, i.e.
within the stability field of gillespite Il octahedral coordination is approached with
increasing pressure. High-pressure Mossbauer spectra of gillespite have been
reported by Huggins et al. (1975, 1976). They noted little change in the hyperfine
parameters near the I-ll phase transition itself (§ = 0.79, A = 0.57 mms™, slightly
depending on pressure), but a second doublet (with § = 1.09 and A = 2.05 mms™)
Increasing in intensites at the expense of the gillespite | tetrahedral doublet within the
stability field of the gillespite Il phase. These parameters are close to those expected
for octahedral ferrous iron (but not for Fe in the eight-coordinated barium site as
suspected by Hazen and Finger 1983). A speculative interpretation of the Mdssbauer
spectra within the stability field of the gillespite Il phase might thus be that a domain

structure exists (undetected by X-rays) with some domains containing tetrahedral and
others octahedral Fe, and that their proportions changé with pressurs.

4.1.2. Changes in the second coordination shell

As discussed in section 2. the influence of the second coordination shell on
nyperfine parameters is, in general, only slight and we will not expect major changes
in the Mossbauer spectra during phase transitions of this kind.

a. Reconstructive phase transitions ' |
. The olivine-spinel transformation in Fe,Si0, may be taken as an example,
because Fe remains in octahedral, and Siin tetrahedral coordination. As pradi(:ted,

the change in hyperfine parameters (at room temperature, where M1 and M2 in olivine
are not resolved) is only minor (Huggins et al. 1975): B3 |

olivine spinel
§ . 115mms? 1.16
A 2.78 2.61

D. displacive phase transformations
No clgar-cut examples for this type of transitions are known from
Mossbauer studies, and the two folling cases might illustrate some of the basic

difficulties of applying Mossbauer spectroscopy to such transitions: Both titanite,
CaTiSiOg, and BaTiO, show displacive phase transitions (Taylor and Brown 1976,

Maller 1981), in which the Ti atoms are displaced from the center of the octahedra in
the low-temperature phase. Fe3* impurities substituting for Ti in titanite (Vassilikou-
Dova and Lehmann 1988) seem to be concentrated in the domain walls of the low-
temperature P2, /a phase, since their EPR signals are broadened. In BaTiO, Fed+*
impurities do not participate in the collective off-center motion of Ti** ions during the

~ phase transition (Siegel and Muller 1979). - At least for some phase trangitions of this

kind severe limitations therefore exist in using Méssbauer spectroscopy of Fe as a
low-concentration probe into the structural rearrangement. In addition, these

“transformations are so rapid that in-situ measurements would be necessary.

4.1.3. Phase transitions involving order-disorder

- titutive phase transition |
In these transformations changes in the degree of ordering of different

atoms (or atoms and vacancies) over at least two crystallographically distinct sites
takes place as a function of temperature. Because bonds have to be rearranged in
this process, it is generally slow, and the samples are quenchable. Upon disordering
with increasing temperature, the low-temperature phase may become completely
disordered at a well-defined temperature (convergent disordering) with a change in
symmetry and/or unit cell size. A mineralogical example is the transition from a
Fe.,Nig, ordered phase (Petersen et al. 1977) that occurs in some particularly slowly-
cooled and Ni-rich meteorites, into the disordered y-phase near 320°C (Danon et al.
1979). However, in minerals another (nonconvergent) disordering scheme prevails:
Due to the topology of the structure, the two sites over which the disordering takes
place would remain crystallographically distinct even at complete disorder (e.g. the
tetrahedral and octahedral sites in the spinel structure) and theory then predicts that
complete disorder could only be achieved at infinitely high temperatures.

One classical application of M&ssbauer spectroscopy is the study of
changes in ordering of two atomic species over two or more crystallographically
distinct sites as a function of temperature in the partially ordered phase. In simple
binary systems such as Mg,Si,O4-Fe,Si,Og Or I'S.flg.,SEBC)H((')H)2-FE|.‘;,Si3C)2?”(CJH)2
resolution of the spectra is often very good and highly quantitative site occupancies
can be extracted. Heterovalent substitutions (such as 2Al for Mg,Si) tend to blurr the
spectra, however, probably due to next-nearest neighbors interactions. By quenching
experiments, the temperature-dependent equilibrium cation distribution of Mg and
Fe2* over individual sites has been determined for e.g. orthopyroxenes (Virgo and



Hafner 1969, Saxena and Ghose 1971) and amphiboles (Seifert 1978, Skogby 1987),
as well as the kinetics of the ordering or disordering processes (Besancon 1981 for
orthopyroxenes, Seifert and Virgo 1975 for anthophyliite, Skogby 1987 for iremolite).
Temperature-dependent order-disorder of Fe3* Al between different octahedral sites
In epidote has been reported by Dollase (1973).

The main use of MOssbauer spectroscopy is to obtain the long-range order
parameter (described by a e.g. Mg-Fe?* distribution coefficient K) as a function of
temperature, heating duration and composition. Attainment of equilibrium can be
proven by bracketing the K value through ordering and disordering experiments. The
equilibrium values of K (T) permit the calculation of the Gibbs’ Free Energy of the
exchange reaction, which may then be used to define enthalpy and entropy values.
For instance, Seifert (1977) showed that, in.orthoamphiboles, A G depends both on
temperature and composition: In Al-poor anthophyllites the entropy contribution to
A G is large, but decreases systematically as even small amounts of Al (up to 0.42 per
22 oxygen) are incorporated into the structure (Fig. 2).
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Energetics of the long-range Fe-Mg ordering process in natural
anthophyliites (Mg,Fe),SigO,,(OH),-Na, .(Mg,Fe) sAl{ -
-SigAl,0,,(0H),, as a (ungtion of Alzcon?' nt per 2 bxyg’gns.
Data éken from Seifert (1978)

This behaviour can be rationalized by considering the changes in bond |
lengths and site distortions as a function of Al content. By heating experiments at

constant temperature but variable duration, the kinetic constants of the exchange
process may be extracted from the changes in site-occupanciés in addition. In
principle, the combination of the equilibrium K(T) data and the rate constants allows
the determination of the cooling rate of a mineral (Seifert and Virgo 1975, Besancon
1981, Saxena 1983, Skogby 1987). In practice, however, the method is still only
semiquantitative for slowly-cooled rocks, because extrapolation over Iargﬂe
temperature ranges and durations are required, and it has to be assumed that the

‘mechanism remains constant.

All these studies pertain to long-range order parameters. Mdssbauer
spectroscopy has, however, also the potential of determining short-range order, .©.

- the clustering oil‘:"spacias and/or defects. These become apparent in the spectra

through next-nearest -neighbors interactions. Their effects on the spectra are strong
when a cubic site is slightly distorted by a noncubic environment, because then the
quadrupole splitting is very sensitive to minor changes in distortion (cf. Fig. 1).
Therefore, next-nearest-neighbors interactions are clear-cut in e.g. wﬂsﬁte. where
they originate through vacancies and Fe®* that set up a non-zero EFG at the
octahedral Fe?* site. Similarly, the quadrupole splitting of Fe?* in spinels (e.g. inthe
system FeCr,0 4-FeAlL,O,, Bancroft et al. 1983) senses the concentrations of Al and
Cr as next-nearest neighbors. |

In silicates, on the other hand, polyhedra are in general already highly
distorted and therefore the quadrupole splitting changes hardly in resbonsa to
changes in next-nearest neighbour configuration (cf. Fig. 1). There are indications but
no definite proof yet that considerable short-range order exists for Fe* inthe M2 site
and Al in the M1 site in orthopyroxenes (Seifert 1983). Resolution is, however,
marginal and other methods such as EXAFS might prove to be more useful for
determining temperature-dependent short-range order in such minerals.

Finally, there are transitions where the short-range order is preserved but
the long-range order of the anionic part of the structure changes, such as in the P2 /n

- C2/c transition in omphacites. In these cases the Mdssbauer spectra show no

discernible changes during the transition (Aldridge et al. 1978).
b. Distortive and rotative transitions
An order parameter is defined in these transitions by the atomic
displacements Ax (distortive) or rotation angle Ay (rotative) of polyhedra relative to
their position in a high-temperature phase. It is often difficult to distinguish this type of
transition (with two energetically equivalent structural states +Ax, -Ax, and +Ap and -
Ap) from displacive transitions with changes in the second coordination shell (see
above). For instance, the high-low quartz transition has been classified in either way.
Phase transitions of this type are kinetically fast because no bonds are
broken. They have, therefore, to be investigated under in-situ conditions.




An example of a rotative transformation has recently been studied through Near the phase transition, it is hard to judge whether a two-doublet or a

Mdssbauer spectroscopy by Seifert et al. (1987) in melilites. Fe-doped akermanite single-doublet fit should be employed because resolution is lost at Tc. Nevertheless,
undergoes a reversible phase transition at 85 °C (Hemingway et al. 1986) that ' the exact Tc can be extracted from the M&ssbauer spectra by examining the half-
becomes apparent inthe Mdssbauer spectra by a single Fe doublet in the high- | widths of the lines as a function of temperature.

temperature phase but a splitting into two doublets in the low-temperature phase. For the phase transformation the following structural model has been
High-resolution electron microscopy and electron diffraction reveals that the low- | developed (van Tendeloo, personal communication 1987): In the high temperature
temperature phase is a incommensurately modulated structure. Approaching the | phase (S.G. P4 2,m) the Si, 0, dimers are located on mirror planes and the two T1
phase transition from the low-temperature side, the modulation wavelength increases positions (containing Mg, Fe) per unit cell are identical (Fig. 4).

and its amplitude becomes weaker. The hyperfine parameters of the two kinds of Fe

indicate the presence of a "compressed" and a "expanded” tetrahedral site which

become more similar with increasing temperature and merge into one as the phase
transitions-occurs at the critical temperature Tc (Fig. 3). |
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"compressed" T1c and an “expanded" T1e site (Fig. 4). ¢ increases with decreasing
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temperatures - explaining the increasing differences between T1c and T1e sites at low
temperatures (cf. Fig. 4). Domains with rotations +¢ and -¢ define the observed
incommensurate modulation. In detalil, it is not yet clear whether the Si,0, groups
rotate as an entity (such as assumed in Fig. 4) or whether they also may become
kinked at the bridging oxygen (F. Roethlisberger, unpublished results 1988).

4.2. Electronic transitions

Among these (cf. Drickamer and Frank 1973) the following are mos
important in minerals: |

4.2.1. Intervalence charge-transfer transitions

It a struCture contains transition elements that are capable of more than one oxidation
state, then electrons may be transferred between states of one or several transition
metal species by thermal activation. The Mdssbauer effect "sees" an averaged
electronic charge if the mean lifetime of the excited nuclear state (t = 141 ns) is long
relative to the average time of residence of an electron at a given atom. In the case of
Fe?* - Fe3* intervalence charge transfer the MGssbauer parameters are then
intermediate between those of ferrous and ferric iron.

The "classical” example of such a transition is ilvaite, Ca(Fe2* Fe®*)Fe2*
Si,Og(OH) (cf. Ghose 1988). Fe** Og4 and Fe>*O, form edge-sharing double chains of
octahedra, and the exchange of electrons occurs between these sites. At room
temperature and pressure only a weak Mdssbauer doublet occurs that is indicative of
'Fe?>*" but this doublet rapidly increases in intensity with both pressure and
temperature (Litterst and Amthauer 1984). - It has been shown by Amthauer (1982)
that such thermally activated exchange processes are confined to minerals having
infinite edge-sharing chains of Fe octahedra (other examples are deerite, F32+B Fe°+
O, (Sig O45) (OH),, Amthauer et al. 1980 or bornite Cu 4;5F91_2S4_7. Jagadeesh et al.
1981, with Cu' *-Cu?*-Fe?*-Fe3* hopping), whereas in minerals with finite octahedral
Fe clusters only optically-activated intervalence charge transfer may occur.

3

4.2.2. Spin changes in iron complexes

In oxide and silicate minerals Fe is exclusively in the high-spin state,
whereas low-spin Fe** has been reported in some sulfide minerals (6.g. Jagadeesh
etal. 1971). A phase transition involving a change from high spin to low spin as a
consequence of ihcreasing pressure has been described by Bargeron et al. (1971) for

the synthetic equivalent of the mineral hauerite MnS, doped with 2% FeS, component
(Fig. 5). =
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Fig. 5
Pressure-induced conversion of high-spin to low-spin Fe in
hauerite, MnS,. Data from Bargeron et al. 1971.

At 1 bar, Fe is in the high-spin state (probably because the Fe sites are dilated by the
majority of the large Mn-filled sites in the strubtura) but upon increase of pressure the
Fe undergoes a reversible transition to the low-spin state, being complete at 138
kbars. - Pressure-induced changes from the low-spin to the high-spin state have, so
far, only be observed in organometallic compounds and cyanides (cf. Drickamer and

- Frank 1973).

4.3. Magnetic transitions

In the high-temperature paramagnetic state the field orientation changes
rapidly compared to the mean lifetime of the excited state, but at low temperatures
(about 20-50 K for most minerals) the relaxation becomes so slow that magnetic
splitting is observed in the spectra. The ciooperation interactions lead to parallel
(ferromagnetic) or antiparallel (antiferromagnetic) couplings below the Curie and Neel
temperatures, resepctively. An antiferromagnetically ordered structures, spin cauting
with an angular displacement of the spins may define another (Morin) transition.
M&ssbauer spectra allow the determination of the magnitude of the internal field (cf.
2.5) and its variation with temperature. Types of magnetic ordering can be



distinguished by applying an external field (cf Hawthorne+1988), but supplementary
techniques such as measurements of susceptibility and magnetization, or neutron
diffraction are often employed for a full characterization. Antiferromagnetic ordering
seems to be the most common in minerals. The pressure-dependence of the
paramagnetic to antiferromagnetic transition in fayalite, Fe,Si0,, has been measured
by in-situ MGssbauer spectroscopy by Hayashi et al. (1887) up to 160 kbars. The Néel
temperature increases linearly with pressure according to an equation Tyn(K)= 85 +
0.22 P (kbar). |

In a combined Mossbauer and X-ray study Zou et al. (1980) determined the
paramagnetic to antiferromagnetic transition in a wistite of composition Fegy g470- At
50 kbars pressure (at room temperature) a magnetic sextett starts to develop,
increasing in intensity relative to the paramagnetic line with increased pressure. In the
same pressure range the cubic cell of the low-pressure phase distorts to a hexagonal
phase. The phase transition may, therefore, be viewed as a combination of a
magnetic with a structural dilatative transformation (cf. 4.1). This pressure-induced
transition probably is identical to the one occurring at 1 bar, 198 K, but the magnitude
of the change is considerably larger at pressure.

Grunerite, Fe,Sig0,,(0OH), shows onset of magnetic ordering at 47 K and
further changes in the M&ssbauer spectra near 7 K (Linares et al. 1983). Ghose et al.
(1987) were able to assign this latter transition to a spin canting, on the basis of
susceptibility and neutron diffraction measurements. Within the stability field of the
antiferrornagnetic phase spins within the octahedral bands are ferromagnetically
coupled, but each band antiferromagnetically coupled to the neighboring bands.

5. CONCLUDING REMARKS

It has been shown by the examples above that MGssbauer spectroscopy
may be a sensitive technique to determine and characterize various kinds of phase
transformations, particularly when supplemented by other techniques. The main
advahtages are the sensitivity to changes in the electronic and magnetic properties
and, in some cases, to the distortion of sites and long-range or shoert-range order
parameters. With >’Fe enriched synthetic samples, amounts corresponding to less
than 0.1 mg Fe may be sufficient - quite in contrast to e.g. powder neutron diffraction
methods. So far, in most in-situ studies only pressure or temperature have been
varied. At least from the example of the paramagnetic-antiferromagnetic phase
transition in wastite (cf. Section 4.3) it is clear, however, that the magnitude of the
change at a phase transition and possibly even its character and mechanism may
change with pressure and temperature. For invastigatirig phase transitions in PT-
space, however, further methodological developements would be desirable, such as

heated diamond-anvil cells or high-temperature (above 1000 K) systems. Eventually,
the atomic motions during phase transformations might also become accessible
through Mdssbauer measurements, because of the diffusional broadening of lines.
From this, either jump frequencies or jump distances may be extracted, and if the
diffusion coefficient is known, the path of an atom may be traced during a
transformation.
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HIGH PRESSURE SPECTROSCOPY

K. Langeh

Institut fur Mineralogie und Kristallographie
Technische Universitat, D1000 Berlin, Germany

|

The pressure acting on earth material Iincreases by four orders of

magnitude from the earth”s surface down to the crust-mantle boundary

and by six orders magnitude down to the mantle-core boundary. These
-

changes exceed by far the concomitant temperature iIncrease reaching

only about one and a half or two orders of magnitude, re{%ctiuely.

The enormous increase in pressure induces continuous and/or more or
less discontinuous changes of the structure and the bonding proper-

ties and, as a consequence, of the physical and physicochemical pro-

perties of the mineralogical constituents of the above mentioned

earth zones.

To understand such changes with pressure, diffraction experiments
under pressure contributed a lot. On the other hand, questions of
changes 1In electronic, vibronic, and thermodynamic properties, In
radiation transmissivity, in transition metal bonding and partl‘ﬂﬂ

ning behaviour and others can be solved only by spectroscopic methods

adapted to high pressures.

High pressures in the above range can be experimentally realised iIn
small volumes only, typically 0.005 mm3. Therefore, only those spec-
troscoplc methods can be adapted to high pressures which allow for
small cross sections of radiation. Up to now, these methods are vli-
brationaiuspectrnscupy, i. e. IR-absorption and Raman scattering,
X-ray absorption (XANES, EXAFS), 57Fe<y-ray or Méssbhauer resonance,
and electronic resonance spectroscopy In the UV/VIS/NIR spectral ran-
ges. The present paper discusses high pressure methods applied In

the just mentioned spectroscoplic techniques and some typlcal results,
bearing on geoscientific problems. It Is restricted to crystalline

phases, mainly oxygen based minerals.

Typical problemsin high pressure spectroscopy are (a) intensity of

measuring radiation, which is mostly achleved by focusing techniques;
(b) for static measurements, pressure resistant windows with high '
transparency in spectral ranges as wide as possible are required;

(c) pressure distribution within and arnuné the crystalline material

under study has to be known and should be hydrostatic; simple methods
of pressure measurerﬁnts have to be avallable.
A




Mos t static measurements are performed using high pressure cells When these are knnwﬁ for all structural units_involved, then molar

ﬁquipped with boron carbide windows in case of M8ssbauer experiments,

heat capacities, Cvj may be derived as a function of pressure. Includinyg

with.diamund windows In case of X- ray absorption measurements, and data on the temperature dependence of Cv, which may also be derlved

with alkali hallide or diamond windows In case of IR- and of uv/vis/ from vibrational spectra, enables to calculate the pT-dependence of

NIR-spectro;copy. Gasketing techniques are used to hold the embedding phase transitions as shown in case of calcite/aragonite, andalusite/

med i a, epoxy resin, alkali halldes, alcohol mixtures, or perhalogenated sillimanite, and others,

paraffin oll. Two types of high pressure cells are used In static mea- .
surements, the Drickamer-type cell, with the pressure-generating Optical high pressure spectroscopy has been performed between 250

(40000) and 2000 nm (5000 cm'l), i. e. in the UV/VIS/NIR spectral ranges

force perpendicular to. the measuring beam, and the opposed anvil type ,
Theoretical evaluation of the observed changes with pressure of spec-

cell of Weir and coworkers, operating with force and beam in the same

direction. Many modifications of the later, tral absorption bands provides information about the pressure depen-

dence of coﬂrdiqﬁtion geometry and electronic state of transition metal
tal requirements, are in use. Pressure measurements are obtained by X+ ’

fons, M, especlally 3d'-ions. Pressure shifts of dd-transitions con-
the shift with pressure of alkali halide X-ray diffraction lines,

of absorption bands of nickel-dimethylglyoxime, or of ruby R

related to the experimen-

tribute to solve band assignments especially'in case of spinforbidden

;~sharp transitions. Bands originating from dd-transitions and from interva-

line BmiSSiGU- In case of optical spectroscopy, there are also dynamic lence charge-transfer transitions can be identified on the baslis of

high pres i *
gn p sure experiments by means of shock wave compresslion. thelr pressure behaviour. The pressure dependence of dd-bands al lows

The highest pressures achieved so far in Méssbauer-resonance, ' for determining the change with pressure of crystal -field splitting,
X-ray emission, and . In single crystal optical absorption in the uv/ 100q, and of Racah-parameter B, reflecting the interelectronic repul-
VIS/NIR ranges are near 20 GPa. In case of powder spectroscopy in the sion., From these data, pressure dependenqées of the crystal field sta-
VIS to IR ranges, measurements have been performed up to 50 GPa, a bilisation energy of Mx+, CFSEMx+, and estimations of change with pres-
pressure which was also obtained In optical absorption under shock sure iIn the covalent character of the MK+-0 bond may be derived. Pros-
HENE. CONPTESELON. sure dependence of CFSEMn+ yields information about partitioning be-
High pressure EXAFS and XANES studies are useful for the ddtairminat Fon haviour of M'' under varying pressure and about phase transformations.
of bond length and coordination number in‘unknown high-pressure phases, Local cumpressibilities of transition metal centered polyhedra may be
of local compressibilities around a specific atom in il 1 Sk determined from the Dres;ure dependence of 10Dg. Inbetween the ranges
ros, and of the electronic structures of high pressure ﬁﬁases. By of strong absorptionin the IR, by lattice vibrations, and in the UV,
‘means of high pressure Fe p-ray resonance Spectroscopk, chanass wiitih by electronic ligand-metal charge transfer, both allowed transitions
pressure of the geometry of Fe-sites in complex structures, changes 10 Terms 9T Belecuion rules, ‘there exisis & wevelength or snergy rang
with pressure of the electronic structure of Fe, as Fez+Fea+ charge + of relatively high transmission in silicate minerals. The pressure
transfer, pressure induced reduction of Fe3+, or spin-palring, as welli | dependence of the energy width of this "optical window" is important

~as changes with pressureof the magnetic properties can be Siudies . in radiative heat transport and may be determined by high pressure

. spectroscopy.
Vibratlional spectroscopy, . e. IR-absorption and Raman-scattering,

under pressure records the shift with pressure of the internal and

lattice viprations in mineral Structures, yielding e. g. the pressure L

dependence of hydrogen bonds and of microscopic GrUelsen-parameters.
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X-ray Absorption Spectroscopy (XAS) is one of the few element-specific
methods, which can be applied to the determination of the local structure around a

given clement and provides also some chemical information concerning, e.g., its
oxidation state or the nature of cation-ligand chemical bonding. This method has
taken advantage of the high intensity, white beam character of synchrotron radiation,
which explains its fast development in materials reasearch and more recently in
Mineralogy. The mineralogical and geochemical applications of XAS encompass
cation environments in complex solid solutions and poorly crystalline minerals,
order-disorder relations, determination of oxidation states and bonding of elements in
transition metal sulfides and oxides. It is also a choice method to investigate the

formation media of the minerals, including silicate melts and glasses, aqueous
solutions and gels. |

XAS comprises two distinct regions referred to as X-ray Absorption Near

Edge Structure (XANES), which extends up to some tens eV above the absorption

A T e el ——. i e *UIR&:-:..-III-F

edge, and Extended x-ray Absorption Fine Structure (EXAFS), which extends at
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higher energy over several hundreds eV. XANES comprises electronic transitions
from core levels to the first empty bound states and multiple scattering rcsanancés.
where low energy photoelectrons are backscattered by the surrounding atoms. The
gc:};ral shape of the edge and the relative position and intensity of edge components
provide information on oxidation state, coordination numbers and cation-ligand
covalency, as well as site symmetry and actual structure of the first atomic shells
around the absorbing cation. EXAFS oscillations derive from interferences between
outgoing and backscattered photoelectrons, which can be modelled, in a first

approximation, using a single-scattering, plane-wave formalisi. The frequency of
these oscillations depends on the absorber-scatterer distances and atomic phase shifts,
and their arnplitudc is related to the number and backscattering efficiency of atoms
surrounding the x-ray absorber, although disorder effects can severely alter the
structural and chemical content of the information.

We will present a review of some recent results obtained on transition
elements containing minerals (silicates, sulfides and oxides). The data obtained
concern the actual distribution of elements in multisite minerals or the determination of
oxidation states. Significant progresses concern the location of transition elements in
supergene manganese oxides, the deviation from ideal behaviour of substituted minor
transition elements in low-temperature phyllﬁsilicatcs and the modification of the
mineral structure by irradiation leading to the metamict state. The short range order
and structural evolution of supergene ferric oxide gels during ageing and their
evolution into crystalline iron oxyhydroxides will also be considered. XAS is also an
efficient tool to determine the local structure of multicomponent glasses and has
pointed out the specific paper played by the various components, as well as their
contrasting behaviour during glass nucleation and crystallization. Finally, the recent
technical improvements allow to study samples in conditions which are more relevant
to their formation: high temperature is attained using a furnace on the XAS experiment
and special devices are used to study melts and fluids; high pressure is obtained with
various diamond-anvil devices; trace elements crystal chemistry is studied with
fluorescence detection schemes and mineral surfaces with total electron yield
detection; phase transformation kinetics may be followed with dispersive EXAFS
which allows fast measurements. The advent of a new generation of storage rings
such as the European Synchrotron Radiation Facility will greatly enhance the
development of XAS in Earth Sciences.



Principles and potentials of XANES spectroscopy
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Extended Abstract.

The local structural distortions around the sites of impurities in dilute solid solutions were
inferred from their effects on the intensities of diffraction peaks and from the associated diffuse
scattering. With the availability of high intense sources (read Sychrotron Radiation Centers)
spectroscopic techniques dealing with soft- and hard- X-ray absorption have been developed. Such
techniques named EXAFS (Extended X-ray Absorption Fine Structure) and XANES (X-ray
Absorption Near Edge Structure) provide a direct measurement around a selected atom giving
information on structural order and on electronic properties.

The well established EXAFS spectroscopy has been used for a wide class of geochemical
compounds, whether they occur as a trace or major elements in crystalline and/or in amorphous
solids!!). In the last decade, together with the massive use of the EXAFS, already supported by a
theoretical background!?), a considerable effort was dedicated to the understanding of the X ANES.
Indeed, that the structures present in the first 50 - 60 eV were sensitive both to the electronic
composition and to the geometrical arrangement around the excited atom was discovered late in the
seventies’], but a quantitative method comes only recently with the identification of the XANES as
due to a multiple scattering resonances within a small atomic cluster of neighbor atoms!). The energy
range of the XANES under this hypotesis is system-dependent and in some of the studied cases is
extended from 10 up to the 150 eV. The first 8-10 ¢V is the so called "edge region" and may have
different physical origin for different class of material®); bound valence states in molecules, transition
to local empty states in metal or insulator and effects of many-body and multielectron configuration
Interactions.

- In the XANES, like in EXAFS spectroscopy, the structural information are due to the
scatltrmg of the excited photoelectron with the neighboring atoms. In the EXAFS region the
phot’oelcctmn 1s weakly backscattered by the neighbor atoms in a single-scattering process before
coming back on the absorbing site and then escaping in the free space. This process gives information,
only, about the pair distribution function. On the contrary, in the XANES region a multiple scattering
process takes phace; this makes the XANES spectra highly sensitive to the geometrical environment,
and information beyond pair distribution function (angle between atomic bond) can be obtained.

The Multiple Scattering Theory (MST) is in the position to explain the features all over the

absorptmn spectra starting from the Fermi golden-rule. The expression of the total absorption
cross-section can be written as:

o(e) =4n’e o z |<W,'Q'.Q|WP|2 3e - E;+ E) (1)

where the symbols have the usual meaning and are reported in ref.[7]. Many different approaches can

be used to calculate the expression (1)[31, but each of them brings at the same numerical results. In our

case we have used the Green function approach which is the most suitable to obtain structutal

information!), so that the expression for the cross-section becames
o(g) = 4n (e + 1) o K [<R %lp Dly. >]2 Im [(I- T, G) ' T} 0.0
The absorption coefficient defined as [a(€) = n o(€)] is given, for the cluster casel19] by:
o (€) = (+1) 0 (€) 2" (e) + 1 o' (e) X' ()

where o ! is the atomic absorption coefficient and
any

2¢e) = (/D[ Ysin2 30 Z_ Im[(I - T,G)! T 11,0 " (2)

is the factor which carries all the information about the environment. Under the hypothesis that the

spectral radius of the matrix T,G is less than 1, for the interest energy, an alternative way to write

1Sy

i
X(E) =1+ [22 Inl( E') ]
and the term in the square parenthesis represents the partial contribution of order n. Those terms take
in account for all the process in which the photoelectron emanating from the absorbing atom iy

scattered n-1 times by the surrounding atoms before returning to site 0 and then escaping in the free
space. The orders of the scattering process are given by the letter n and, as is shown, can be infinite in

~ principles. However because of the anelastic process the most important contributions are limited to
-~ the 3t or 4th scattering order from which we may deduce higher order distribution function. At low

energy, where all the path are equaly important, only global information can be obtained, a relation
between energy position of the continuum resonance and the bond length between the absorption atom
and its nearest neighbors can be obtained. Following the procedure of ref. [8] we obtain:

(E.-Y) R?=C = cost. (3)

where E_is the energy position of the peak, R is the bond length between the absorbing atom and 1ts

first neighbors, in the real space, and Y is an average interstitial potential peculiar of the particular
cluster under investigation. In this expression the quantity Y is not directly measurable; so to
overcome this difficulty we subtract at the equation (3) a similar expression calculated for a pre-edge
features due to transition to bound states like antibonding states of 3d character in the case of metal
oxides °],
(E, - ¥) R*=C, =cost.
and the result of the subtraction gives:
(E - E,) R*=cost.  (3)

where all the quantities are, now, experimentaly measurable.

Exploiting the relation (3) of the previous paragraph, we have studied Pyroxenes with differen
Ca concentration finding a distortion of the polyhedrom ardund the M2 site varying as a function of
the Ca content!!!). The experiment was performed at the Frascati Synchrotron Radiation Center
utilizing the "PULS X- ray line" [12] which use as monochromator a Si [111] single cut crystal and the

spectra were detected in a trasmission mode utilizing two ionization chambers filled by a suitable gas



mixture.More recently, the quantitative method for the local structural determination was used in the

study of another very important geochemical compound: the S10,. In two different samples, a pure

(quartz and a very densified vitreous silica, we have investigate'the oxygen site structure by the
XANES at the K edge of the oxygen (532 eV).

The spectra were detected at the
"Girasshopper line"l13] of the
mentioned laboratory using
“partial yield technique”. From
the experimental data themselves,
we could not say anything
because the the paucity of the
resolution, but with the help of
the XANES simulation we note
thatthe little red shift of the broad
peak C (see Fig. 1) can be
associated at the compression
eflect. In the simulation we have
increased the oxygen bridging
angle and we have had, as.a
correspondent effect, a light shift
ot the mentioned peak C to high
encrgy. In this way we confirm

the clue given by the experimental

data,

(arb.units)
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tipe 1. Comparison of experimental and theoretical XANES. Upper curve is the calculated Oxygen
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(eV)
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koedge. Curve (1) and (2) are experimental data for the pure quartz and ﬁﬁmpreﬁed 510,. respectively

. Tor a generul revigw start from the Geochemistry section on: "EXAFS and Near Edge

Structure HI" Edt. by K.O. Hodgson, B. Hedman, and J.E. Penner-Hahn. Springer-Verlag.
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Where v, ; are the initial and the final state wave functions, € the photon energy, p the

polarization versor, D the dipole transition operator and o = 1/137 is the constant of fine
structure.
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