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AVERTISSEMENT 

l copie électronique des molécules diatomiques. La première partie 

I concerne l'étude de composés du fer et du cuivre et s'inscrit dans 

l le cadre d'un programme visant à comprendre le rôle joué par la 

couche 3d des métaux de transition dans la liaison moléculaire. 

Elle regroupe des études expérimentales de détermination spectros- 

l copique de structure et de durées de vie, associées à des calculs 

ab-initio permettant de générer des modèles de perturbation pour 

interpréter les propriétés observées. 

l Le sujet traité dans la 2ème partie concerne un domaine 

énergétique différent, au-delà de la limite d'ionisation. 

Cependant le but visé est fondamentalement le même que dans la 
I première partie, à savoir l'interprétation de spectres. Mais, 

s'agissant du traitement d'une particule non liée dans le champ 

d'une autre particule, la méthodologie, qui fait appel à une théo- 

rie de demi-collisions, est plus complexe. Le formalisme que nous 

développons a été appliqué à une zone limitée du spectre de photo- 

ionisation de CO. 



S T R U C T U R E  E  T  D U R E E S  D  E  V I E  

R A D I A T I V E S  D  E  C O M P O S E S  D I A T O M I Q U E S  

D  U  F E R  E  T  D  U  C U I V R E  



Cette première partie est principalement composée de 

travaux qui ont fait l'objet de publications. Après une intro- 

duction où nous présentons le formalisme, nous avons regroupé les 

articles en trois thèmes (i) la détermination spectroscopique des 

structures des composés FeC1, CuO, CuS ; (ii) les mesures de durée 

de vie de composés du cuivre : CuO, CuF, CuC1, CuBr, Cu1 et CuS ; 

(iii) le calcul ab-initio des moments de transitions dipolaires de 

CuF induits par interactions spin-orbite. Cet ensemble d'articles 

est suivi par quatre chapitres relatifs à des travaux non encore 

publiés. Le premier complète le calcul des probabilités de transi- 

tions électroniques en introduisant dans le modèle les couplages 

de Coriolis. Le second présente une interprétation des dédouble- 

ments e-f observés dnas les états de CuF. L'excellent accord 

théorie-expérience obtenu atteste de la validité du modèle. 

L'extension de celui-ci au cas de la molécule CuO, beaucoup plus 

riche en états, fait l'objet du troisième chapitre. Enfin dans le 

quatrième chapitre nous examinons qualitativement les transferts 

collisionnels dans les halogénures de cuivre et nous interprétons 

des bandes ultraviolettes de CuF comme provenant d'états stables 

encore inconnus peuplés par un processus biphotonique. 





I N T R O D U C T I O N  

STRUCTURE ROVIBRONIQUE DES MOLECULES DIATOMIQUES 

Le hamiltonien non relativiste d'une molécule diatomique 

peut s'écrire, de façon approchée, sous forme d'une somme de 3 

opérateurs : 

H = TN (Rte ,<p) + Te (r) + V(r,R) 

où TN est l'énergie cinétique nucléaire, Te est l'énergie ciné- 

tique électronique, V est l'énergie potentielle électrostatique 

pour les noyaux et les électrons, R est la distance inter- 

nucléaire, 8 et <p spécifient l'interaction de l'axe internucléaire 

par rapport au système de coordonnées du laboratoire et r repré- 

sente toutes les coordonnées de l'électron dans le système lié à 

la molécule. 

Dans l'approximation adiabatique, généralement utilisée, 

on sépare les mouvements nucléaires et électroniques et l'on 

recherche une solution approchée, dite llfonction d'ondevv de 

Born-Oppenheimer (B.O.), sous forme du produit de la fonction 

d'onde électronique et de la fonction de rotation-vibration : 

où A est la projection du moment angulaire orbital électronique 

sur l'axe internucléaire, S le moment angulaire de spin et Z sa 

projection sur l'axe internucléaire. 



Les calculs ab-initio. Détermination des énergies électroniques 

Les fonctions d'onde et énergie electroniques sont solu- 

tion de l'équation de Schodinger (pour un R fixé) : 

[Te (r) + V(r,R) 1 la i  > = E'' 10, > 

La solution de cette équation peut être obtenue de façon ab-initio 
dans la représentation de la mécanique ondulatoire. Dans l'étape 

SCF, chaque état est décrit par une fonction d'onde monoconfigura- 

tionnelle, constituée par une somme de déterminants de Slater de 

sorte qu'elle soit fonction propre de l'opérateur 8 2  . Chaque 
déterminant est un produit antisymétrisé des spinorbitales molécu- 

laires et chaque orbitale moléculaire est représentée sous forme 

d'une combinaison linéaire d'orbitales atomiques (LCAOMO) de même 

symétrie : pi - - p ci, X , .  Dans nos calculs les fonctions de base 

atomiques X, seront les orbitales de Slater définies par : 

Les coefficients Ci, sont déterminés par minimisatien variation- 

nelle de l'énergie. Celle-ci donne un système d'équations intégro- 

différentielles (appelées équations Hartree-Fock) dont la résolu- 

tion est obtenue par un procédé itératif : c'est la méthode du 

champ autocohérent ou self-consistent. Dans cette étape le hamil- 

tonien est écrit sous la forme d'une somme de hamiltoniens mono- 

électroniques, et de ce fait la corrélation entre les mouvements 

des électrons, considérés alors comme indépendants n'est pas prise 

en compte. Pour y remédier, on effectue ensuite un calcul d'inter- 

action de configurations : la fonction d'onde de chaque état est 

alors décrite par une combinaison linéaire de fonctions mono- 

configurationnelles et les coefficients CI de cette combinaison 

sont déterminés par diagonalisation de la matrice énergie dans la 

base des fonctions Hartree Fock. 

Nous avons utilisé cette méthode dans sa version du 

programme ALCHEMY pour le calcul des énergies de FeCl (article 2) et 

celui des énergies et des propriétés (moments de transition) de 



CUF (article 9). Les résultats de calculs antérieurs sur Cu0 ont été 

utilisés pour tenter d'interpréter ce spectre a partir des valeurs 

des durées de vie mesurées (chapitre III). 

Séparation de la vibration et de la rotation. Base du cas (a) de 

Hund 

Avec une bonne approximation on peut séparer la fonction 

d'onde l x  > en un produit d'une fonction rotationnelle et d'une 

fonction vibrationnelle, si bien que la fonction d'onde totale de 

base, a 18approximation de ~orn-~ppenheimer pourra s'écrire : 

laB0 i v r  > = IIII\ST;V;RJM > = 10i,hs2 > lav > Ic,,, > 

C'est dans cette base, dite base B.O., ou encore base du cas (a) 

de Hund que seront développés les états propres du Hamiltonien 

total incluant les termes négligés dans 18approximation adiaba- 

tique, c'est-à-dire : 

- les termes de spin, d'origine relativiste, dont le très 

important hamiltonien spin-orbite. 

et éventuellement les hamiltoniens spin-spin, spin-rotation et 

hyperfins que nous négligerons ici. 

- les termes wéchellesll du hamiltonien de rotation, avec en parti- 
+ + 

culier les termes de découplage des moments L et S par la rotation 

(termes de Coriolis) : 

HeCh* ro t .  = B(L+Se + L - S t )  - B(L+J- + L-J+) - B(S+J- + S-J+) 

- les termes non-adiabatiques provoquant le couplage d'états élec- 

troniques différents par l'opérateur d'énergie cinétique des 

noyaux dans les zones où la fonction d'onde électronique varie 

rapidement avec R. 

- d'autres termes plus faibles tel celui qui traduit l'entrai- 

nement des noyaux par les électrons. 



Elenients de matrice du hamiltoafen total dans la base du cars (a) 
i- a.. 

(a) de Hund, 
non nuls de la matrice hamiltonien sont les suivants : 

ob hJp~V sont respectivement les constantes spin-orbite et de 

rotation. Les termes indelpendants de J seront gdnéralement inclus 
dans Te, 

nparall&lesl~ les unes aux autres (ce qui est le cas des molécules 

b,tudS@,w dans 18 px:m#we partie de *te p$se), r -Itd 4 --a .: les .- - facteur@ .A de . ,.< . ,  .+ ' 

recouvrement vibkati onnel Sv,, sont pratiquemd' bgaux h 1 ei 
V' V & h vf ;t v. r a i c e  se d&omose 

a m  en blocs in@&psndm.5:~ et &+igues, c&acun d'eux corrao- 
pondant b une valeur de v d o ~ 4 e .  

, / ,,l 7 ,. , <  i i 

< * 

a 

Les éléments hors diagonaux non nuls dans la base du cas 
(a) de Hund s'écrivent : 

f T < ruzsm;~;rwnig,+B(L s ) int ,i\~i,sai; 



= B [S (S+1) -2 (Pf 1) ] ' / * . [J (J+l) -fi (nfl) ] 

Les fonctions de base électroniques I A s ~  > et 1-A,s,-T > 
sont dégénérées en énergie. Puisque l'opération de symétrie a, par 

rapport à un plan contenant l'axe internucléaire commute avec le 

hamiltonien, il est possible d'utiliser des combinaisons linéaires 

dites fonctions symétrisées de Kronig qui soient aussi fonctions 

propres de a,. Ces fonctions forment la base symétrisée de B.O. et 

sont, dans le cas (a) de Hund, désignées par : I ~ ; ~ ~ " A ~ : J M  >. 

A l'exception des états P de R nul, ces fonctions de base symétri- 

sées s'écrivent : 

où 52' = A + 2 pour les états A z O et R' = I l  pour les états 

A = O (états 2) ; la combinaison + correspond aux états e et la 
combinaison - aux états f pour S pair (ou pair + 1/2) et inver- 
sement pour S impair (ou impair + 1/2). Pour les états 2- cette 
règle de correspondance est inversée. 

Pour les états Co, il n'y a pas de dégénérescence sur R et on a 

simplement : 

les états sont e pour S pair et f pour S impair, la règle 

étant inversée pour les états 2S+12- O '  



Les éléments de la matrice énergie dans la base symétrisée 

de Kronig se déduisent facilement des éléments de matrice énergie 

dans la base non-symétrisée donnée ci-dessus. En général, on a 

simplement : 

Il existe cependant quelques exceptions, en particulier : 

(i) L'élément de matrice < S +  l ïi 1/2'f e l ~ 1 2 s 1 1 2 ,  > comporte une 
double contribution, différente selon qu'il s'agit de la matrice 

de symétrie e ou de symétrie f : 

(ii) Les éléments de matrice entre la fonction (uniquement e ou 

uniquement f) d'un état 2, et la fonction (de même parité) dtun 

état autre que Z, est <Ti fois ltélement dans la base non 
symétrisée. 

Interprétation des dédoublements 8-f 

C'est la dissymétrie d'interaction entre composantes e et 

f qui produit le dédoublement e/f (Auef = v e  - v f  ) . Pour les états 
de multiplicité du spin paire (états doublets, quadruplets...), ce 

dédoublement provient de l'élément d'interaction entre composantes 

,2 et ZlI2. Pour les composantes R = 1/2 des états électro- 

niques, il est, au ler ordre, proportionnel à (J + 1/2) et il 
s'écrit : 

- pour les états non-Z : Auef = -p(J+1/2) ; 

- pour les états 2 : A ( z )  = f Y (N+1/2) . 
Le signe de dédoublement et donc des paramètres p et Y dépend 

d'une part de la nature et de l'énergie relative des états qui 

interagissent et dtautre part des signes des paramètres - et 

P A ,  A+I 1 lesquels résultent de la définition de la fonction d'onde 

en déterminants de Slater. C'est à partir des calculs ab-initio 



(article 3) que nous avons établi le signe du paramètre p (x~II,,~) 

de l'état fondamental x2ni de Cu0 ; c'est ce qui permet de lever 

l'ambiguité sur la parité électronique des états 21: de CuO. Par 

ailleurs, dans l'article 1 nous avons déterminé le dédoublement 

e/f des états @ et X ~ A , , ~  à partir de l'analyse des spectres. 

Ces dédoublements ont été interprétés quantitativement dans 

l'article 2 

Dans les états de multiplicité du spin impair, l'unicité 

de la parité (soit e, soit f) d'états Z, est à l'origine des 

dédoublements, parfois élevés, des autres états de la matrice 

énergie. Ainsi en est-il des composés halogénés diatomiques du 

cuivre, où existent deux états Z,, susceptibles de provoquer ces 

dédoublements : l'état ' 2; et 1 'état Z;, , tous deux appar- 
tiennent à la structure de valence 3d9 4s (CU' ) 2p6 (X- ) . Sauf pour 
l'état L; , dégénéré en énergie avec l'état 3 %  (il faut dans ce 

cas traiter ensemble ces deux états), le dédoublement e/f peut 

généralement être évalué par un calcul de perturbation ; auquel 

cas on obtient pour les composantes R = 1 : 

Une interprétation des dédoublements e/f des états connus en bon 

accord avec les résultats expérimentaux, ainsi que la prévision 

des dédoublements des états inobservés de la molécule CuF sont 

données dans le chapitre II. 

Interprétation des autres perturbations des spectres 

En plus de ces dédoublements e/f, les interactions spin- 

orbite généralement fortes dans les molécules à couche 3d ouverte 

que nous étudions ici induisent une tendance au cas (c) de Hund. 

Les états propres du hamiltonien électronique plus spin-orbite 
2 S + 1  

seront notés 1 '2 + > (ou encore I 'L A >) pour traduire le 

N 

fait que S,A,Z ne sont plus rigoureusement de bons nombres quanti- 

ques. Ces interactions spin-orbite sont à l'origine d'une part des 

perturbations dans les structures rovibroniques (par rapport à la 



structure standard du cas (a)) telle que la non-équidistance des 

composantes spin-orbite des états électroniques sextuplets de FeCl 

(article 2) et d'autre part de perturbations encore plus specta- 

culaires dans les intensités et les durées de vie : dissymétrie 

d'intensité dans les branches R et P des transitions de CuO, de 

CuS (article 4) et de CuF (chapitre 1), disparition de sous- 

bandes (article 4) et apparition de transitions interdites par 

spin (article 9). 



l e r  T H E M E  

STRUCTURES DES COMPOSES FeC1, CuO, Cu8 
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Abstrad. A rotational analysis of several 0-0 bands for the FeCl molecule obtained in 
emission from a microwave discharge and lying in the 3200-3800 A spectral region leads to 
a reassignrnent of system 1 and II as 6 @ - 6 ~  and 611-6~ transitions respertively. Both systems 
involve a 6 ~ ,  state as common lower state, most probably the ground state of the molecule. 
Rotational constants are given. Line doublings in systern 1 are interpreted assplittingeffects 
in the Cl = f cornponents of the % and 65, st?tes. 

1. Introduction 

The gaseous FeCl radical yields a number of sequences of electronic bands in the near 
ultraviolet region, between approximately 3150 and 3700 A. The vibrational struc- 
tures of these systems were successively studied by Miescher (1938), Mesnage (1935, 
1939), Müller (1943) and finally Rao and Rao (1969, 1970, 1971). It was concluded 
that the observed sequences belong to three electronic systems. 

The first of these systems was called system 1 by Müller (1943) and Rao and Rao 
(1969, 1970, 1971) and B-X2 in review books (Herzberg 1950, Huber and Herzberg 
1979). It is located around 29 000 cm-' ( A  3450 A). It has been taken to be a 
sextet-sextet 611-6~ transition. 

The second system called system II or A-XI is located in the region 28 000 cm-' ( A  
3570 A). It is presently assigned to a quartet-quartet 'n-"Z transition, the vibrational 
constants of the XI  "2 state being remarkably similar to those of the Xz 6~ one, between 
407 and 410 cm-'. 

The third system called system a or C-XI and located at about 31 200 cm-' ( A  
3200 A) is also assigned to a quartet-quartet "Il-".): transition. In spite of a confusing 
notation, the lower '2 States called XI in both system II and system a are different since 
they have quite different vibrational constants (410 and428 cm-' respectively, Rao and 
Rao 1969, 1971). 

In this paper we report partial rotational analysis of the 0-0 bands of these systems 
which demonstrates the above symmetry assignments of the transitions are incorrect. 
The decision to perform this study of FeCl proceeds from a recent analogous work 
about the lighter FeF molecule (Pouilly et al 1978) in which one of us (JS) was involved. 
The resemblance between the ultraviolet spectra of both molecules is indeed striking: 
two intense violet-degraded systems flanked towards the short wavelengths by a third 
red-degraded diffuse system. In FeF, the rotational analysis of a few sub-bands of the 
two violet-shaded systems complemented by an ab initio determination of the low-lying 

0022-3700/80/244757 + 13$01.50 @ 1980 The Institute of Physics 4757 
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electronic States of the molecule was sufficient to demonstrate unambiguousiy that 
these systems originate from ' n 6 h  and 6 @ - 6 ~  transitions involving as a common lower 
state, the X'A ground state of the molecule. The sarne hypothesis was a priori 
postulated and a posteriori confirmed in the study of FeCl that will be presented below. 

2. Experimental detaiis 

The ultraviolet emission spectrum of gaseous FeCl in the region 3200-3700 A was first 
produced by means of a nitrogen-cooled composite wall hollow cathode ( c w ~ c )  lamp 
previously described by Bacis (1976). But the resulting spectra were not as good as 
expected due to numerous broad iron atomic lines which could not be eliminated. 

Finally the spectrurn was obtained from a microwave discharge supplied by a 
generator yielding about 200 W of microwave power at 2450 MHz. Inside the cavity a 
Pyrex tube 1 cm in diameter containing a spectroscopically pure sample of FeC12 
anhydrous was first purnped and then filled with argon at a pressure of about 1 Torr. 
During the emission of the spectrum a characteristic greenish-yellow colour appeared 
in the discharge tube and a dark solid deposit settled on the inner walls. Exposures of 
about half an hour long were found sufficient to obtain ackquate spectra of the most 
intense sequences. 

The spectra were photographed on a grating spectrograph which gives at 3300 A a 
reciprocal dispersion of about 0.3 A mm-' in fourth order. The few iron atomic lines 
contained in the microwave spectra were useful in providing convenient waveleiigth 
standards for the molecular line measurements. The uncertainty in these measure- 
ments was estimated to be less than 0.05 cm-'. 

3. Branch equations and fitting procedure 

As stated at the end of the introduction, at least two of the three ultraviolet systems of 
FeCl correspond to sextet-sextet transitions, namely '@-'A and 'lI-'h. The nature of 
the a system is less easy to ascertain: it can be either a quartet-quartet or sextet-sextet 
transition. The following formulae apply to case (a)-case (a) transitions whatever the 
multiplicities. 

In Hund's case (a) ,  the rovibronic spectral terms of each spin-orbit component 
(referred to by its value of the spin projection, X, or alternatively, of the total 
mornentum projection, il = A + X) is given by the general equation 

where Ton is an effective term value for the band and where, in the pure case ( a )  and 
following conventional notations (Herzberg 1950), Bx designates effective rotational 
constants reiated to the 'true' rotational constant B by 

In fact this formula still remains valid when the coupling scherne departs slightly 
frorn case ( a )  towards case ( c )  provided that A and Z are still considered as good (integer 
or half-integer) quantum numbers and provided that the spin-orbit constant A is now 
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allowed to take different values A(O) for different components. This leads to a 
non-linear dependence of BP on the fl (or 2) quantum number. We define the effective 
A(O) parameters by stating that the quantity A(O)A is equal to the separation between 
the O and (O+ 1) components of the electronic state in the non-rotating rnolecule: 

Following case (a) selection rules, a sextet-sextet band is made of six sub-bands 
corresponding to PZ= O; the origins of two successive sub-bands are separated by 
A1(n')A'-A"(R")A1'. Each sub-band is made of three branches labelled P, Q and R 
which can eventually exhibit a A-type doubling whenever the resolution is high enough. 
Each sub-band is referred to by using an index number j running from one (for the 
sub-band which connects lowest lying fl components of each state, that is the 2 = + 
components for the inverted sextet States found in FeCl) to six (for the sub-band which 
connects the highest lying components). The wavenumbers of the lines of the Q, Pànd 
R branches of each j sub-band respectively follow the relations 

where m = -J for the P branch and rn = J +  1 for the R branch. (In these formulae, 
'\-type splitting has been ignored as well as the small centrifuga1 distortion term 
(D' - ~ " ) m ~  in the R, P branches.) 

A least-squares fitting procedure was used, branch by branch, to determine the 
coefficients appearing in the above equations. Al1 three coefficients were varied in the 
Q-branch fittings. These coefficients were then injected into the fittings of the cor- 
responding much less developed P and R branches (fitted together). In addition, the 
(D '+Du)  coefficients in these branches were fixed at their theoretical values 
( ~ B ' ~ / W : ~  + ~ B " ~ / W ; ~ )  (Herzberg 1950). Thus, the only varied coefficient in each P-R 
branch was (BI+ B"). 

4. Rotational analysis of system 1 ( 6 @ - 6 ~ )  

The rotational analysis of system 1 has been possible for the six sub-bands of the 0-0 
band. No other bands could be analysed because they were weak or blended due to 
unfavourable Franck-Condon factors, isotopic shifts and overlap hy other systems. 

The sub-bands of the 0-0 band possess two heads, P and Q. They will be designated 
by A, ( j  = 1 to 6) following Mesnage's non-standard notation (Mesnage 1939) which 
fortunately corresponds with the conventional j labelling described in li 3. 

The Al sub-band is reproduced in figure 1 (plate). Its aspect is a typical example of 
the first four sub-bands. It has an intense Q branch which indicates a hi2 = i 1 transition 
and much weaker R and P branches. 

The Ag and Ag sub-bands, shown in figures 2 and 3 (plates) respectively, also show 
'1-type doubling, best seen in the Q branches (many lines of the very weak R and P 
branches are overlapped by the Q branches). The splitting is larger in the AS sub-band 
than in the Ag. AS shown in figure 4 these ;2 doublings produce a line splitting roughly 
proportional to J. Assuming the splitting to be of the form Auef = p ( J  + 1/2), the values 
of p are respectively p(6b1,2) = 8 x 1 0 - ~  cm-' and p(6@,12) = 2.5 x 1 0 - ~  cm-' (signs 
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Figure 4. Line splitting in the Q branch of the 6 0 3 j 2 ( ~ '  = o)-~A,,z(L"' = 0)  trans~tion of FeCl 
(A5 sub-band of system 1). 

undetermined). This linear dependence on J indicates that each of these two sub-bands 
must very likely involve an R = 112 spin-orbit component belonging either to the lower 
state (AS sub-band as shown later on) or the upper state (A6 sub-band) of the transition. 

The wavenurnbers of the lines of the six sub-bands are listed in tables 1 ,2  and 3. The 
spectroscopic constants deduced from their fittings are given in table 4 for each 
sub-band and in table 5 for each state. 

Table 1. System I ( ~ O - ~ A )  of FeCl. Vacuum wavenumbers (cm-') of the lines of the 
6 0 ~ ~ / 2 - 6 . 1 9 / 2  and 6 0 9 / 2 - 6 ~ 7 , 2  transitions (respectively A l  and A2 sub-bands). 

A l  sub-band AZ sub-band 

J QI R I  P I  Q2 Rz Pz 
-- 

6.5 29 267.21 
7.5 267.04 
8.5 266.84 

15.5 29 198.66 
16.5 199.00 
17.5 199.20 
18.5 199.48 
19.5 29 272.07 199.84 
20.5 272.35 200.08 
21.5 272.58 29 193.14 
22.5 272.98 200.82 (headi 
23.5 273.28 29 265.3 200.21 29 209.71 
24.5 273.59 (head) 201.56 210.40 
25.5 274.00 202.04 211.06 
26.5 274.40 29 283.75 202.42 211.96: 
27.5 274.78 284.53 202.90 212.67: 
28.5 275.13 285.31 203.29 213.41t 
29.5 275.59 286.08 203.76 214.20: 
30.5 276.06 286.83 204.27 215.08 
31.5 276.48 287.67t 204.75 215.94 
32.5 276.91 288.43: 205.29 216.82 
33.5 277.35 289.20: 205.83 217.70 
34.5 277.89 218.58 
35.5 278.43 29 266.24 206.89 219.50 
36.5 278.94 291.77 266.48 207.49 220.46 
37.5 279.48 292.66 208.11 221.43t 
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Table 1. (continued) 

A, sub-band A2 sub-band 
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Table 1. (continuedl 

Al sub-band A2 sub-band 

J Q i R I PI Q2 R2 Pz 

90.5 29 328.63 29 359.64 29 297.95 29 262.17 
91.5 329.97 361.30 298.94 263.59 
92.5 331.32 362.92 299.87 
93.5 332.67 
94.5 334.04 
95.5 335.46 368.06 
96.5 336.75 369.77 
97.5 338.22 371.58 

i Blended lines. 

Table 2. System 1 (6@-6~)  of FeCI. Vacuum wavenumbers (cm-') of the lines of the 
6@7/2-6~5/2 and 6@5/2-6~3/2  transitions (respectively A3 and A4 sub-bands). 

-- -- 

A, sub-band A, sub-band 

J Q3 R3 P3 Q4 R4 P4 

29 129.8 
(head) 

29 089.50t 
090.34 29 075.62 
090.5 1 (head) 
091.71 
092.43 
093.25 
094.07$ 
094.82+ 
095.61: 
096.4 1 t 
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Table 2. (continued) 

A, sub-band Al sub-band 

J Q3 R3 P3 Q4 R4 P4 

: Blended lines. 7 Uncertain lines. 

The question of the symmetry assignment of the electronic states can be solved 
according to different arguments which al1 show that it is a 6 @ , - 6 ~ ,  transition. The first 
argument is the occurrence in the Pl branch of a marked intensity reinforcement in the 
part of this branch returning from the head just at the place-P(6,5)-where the first 
part of this branch should begin, assuming a 6@1 1 / 2 - 6 ~ 9 / 2  transition for the Al sub-band. 
The second argument is provided by the observation reported above of a 11-doubling 
effect in both the AS and A6 sub-bands, indicating that they must be the 6 @ 3 / 2 - 6 ~ 1 / 2  and 
6  

@ I / ~ - ~ P - ~ ~ ~  components of the system. Combined with these facts, the increase of B' 
and of B" while going from the Al to A6 sub-bands constitutes a further argument to 
show that both states are inverted. Moreover, the hypothesis of a 6 @ , - 6 ~ ,  transition 
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Table 3. System 1 ( 6 @ - 6 ~ i  of FeC1. Vacuum wavenumbers <cm- ' i  of the Imes of the 
6 @ 3 / 2 - 6 ~ i 1 2  and 6 @ 1 , 2 - 6 ~ - 1 / 2  transitions Irespectively AS and .A6 sub-bands) I C  and f 
parities are arbitrarily assigned). 

As sub-band A, sub-band 
- 

J Q; Q: R i  R $ P; p5 Uh ah 

t Blended lines. 
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Table 4. Band heads, band origins and rotational constants in system 1 ('@-QI and system 
II ( 6 n - 6 ~ )  of FeCl. Errors quoted are two times the standard deviations and refer to the last 
decimal place. 

Transition hhend (A) uhcad (cm-') 

Systern 1 6 @ ~  i / 2 - 6 ~ 9 / 2  3416.04 29 265.3 
(6@-6?r) 6 @ 9 / 2 - 6 ~ 7 / 2  3424.48 29 193.14 
( C ' = ~ , t , r = O )  @ ~ / 2 - ~ ~ s / 2  3431.92 29 129.8 

6@5/r-6?r3~z 3438.31 29 075.7 
6 @ 3 ~ 2 - 6 1 ~ / 2  3443.58 29 031.2 
' @ 1 / 2 - ~ ~ - 1 / 2  3447.65 28 996.96 

vo (cm-' 1 I B'-B") (cm-')  

System II 6 6 
n7/z- i9:2 3567.26 28 024.7 28 028.6312) 0.007 34i 11  

(6rI-6?r) 6ns/2-6&/2 3570.36 28 000.34 28 004.29t4i 0.007 13121 
(C' =O, t", = 0 )  

Table 5. Values of BI (cm-') in the 6 ~ ,  6@ and states of FeCI. 

agrees with the situation already found in the isovalent FeF molecule (Pouilly et al 
1978). 

5. Rotational analysis of system II (?b6i1) 

This system has been regarded up to now as being a quartet-quartet transition following 
a classification by Rao and Rao (1971). In fact, the system shows six intense violet- 
shaded heads located at 3567.26, 3570.36, 3573.9, 3574-6, 3579.15 and 3582.81 A 
and we reassign this sequence as the 0-0 band of a sextet-sextet transition. It can be 
noted that the fourth-listed head is not lying where it should be if the bands were 
regularly spaced. 

This system was more difficult to study than system 1. Only the two sub-bands 
located at 3567a.26 and 3570.36 A could be partially analysed in rotation. As in system 
1, Q branches are by far the most intense features although they possess rather diffuse 
heads as compared with the sharpness of the corresponding P heads. No doubling was 
observed in the two analysed sub-bands and the complexity of the spectrum did not 
allow us to see whether other sub-bands were split or not. The line assignment (table 6) 
led to values of B," for each sub-band which fitted well with those of the 6 ~ 9 , 2  and 6 ~ 7 / 2  

components. Since, furthermore, the vibrational constants of the lower states of 
systems 1 and II are equal within experimental accuracy, it seems quite likely that both 
systems have the same lower state. By analogy with the situation in FeF, system II was 
assigned to a 611,-6A, transition. The spectroscopic constants of the upper 'II7,2 and 
6 

I I 5 / 2  are given in table 5. 
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6.  System a 

The bands of system a are shaded towards the red and it is the least clear of the three 
ultraviolet systems of FeCI. (Note that this was also the case for the corresponding 
3118 A system of FeF which could not be analysed, Pouilly et al 1978.) In spite of 
careful attempts, it was only possible to pick out one Q branch and some lines of an R 
branch with a head at 31 185.2 cm-'. From the most likely numbering, a B" value of 
0.1670 cm-' was deduced. This value of B" and also that of w," do not coincide with 
those of the 6~ lower state of systems 1 and II so that the lower state of system a is 
probably a new low-lying state of FeCI, either a quartet o r  a sextet state. 

Table 6. System II (611-6A) of FeCI. Vacuum wavenumbers (cm-') of the lines of the 
611-,12-6A912 and 611512-6A712 transitions. 
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Table 6. (continued) 

+ Blended lines. 

7. Discussion 

The structure of the ultraviolet spectrum of FeCl very much resembles that of FeF 
(Pouilly et al 1978). The common iower state of systems 1 and II is an inverted 6~ state, 
most probably the ground state of the molecule with a [ 3 d f . ( u ~ ~ ~ ~ ) 4 s r r ~ ,  3p:$u2~4)] 
configuration. The upper states are respectiveiy a 6@ state (in system 1) and a ll state 
(in system II). By analogy with FeF, it is likely that these two states belong to the 
[ ~ ~ : , ( U T ~ S ~ ) ~ ~ T ~ ,  3p~l (u27r4) ]  configuration and that consequently systems 1 and II 
are due to 4pF,-4sFe excitation. The energy separation between the two systems is small 
in both molecules (about 1100 cm-' in FeCl and 650 cm-' in FeF). 

A major difficulty in FeF, namely the fact that the sequences of both systems 
overlap, was not encountered in FeC1. Because of this it was possible to identify al1 the 
sub-bands of the 0-0 bands in FeCl and to perform the rotational analysis of eight of 
them, which was not possible in FeF. This revealed some interesting new features which 
were hidden in FeF. 

Firstly, splittings in two sub-bands of system 1 of FeCl have been attributed to 
,\-type doubling effects. They have been discussed briefly in O 4. Al1 that can be said up 
to now is that their linear dependence on J suggests that this A doubling occurring in the 
non-Il state (6@ and 6A states in this case) is most likely due to a transfer of A doubling 
from 611 states via spin-orbit coupling. 
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Another interesting observation concerns the effective BI values in system 1. 
Assuming the pure case ( a ) ,  we noticed above that BI should be a linear function of Z: 

This is not so in FeCl as is shown in figure 5. This figure presents the dependence of 
( B i  -BI;) in system 1 as a function of Z. It is clear that at least one of the two 
parameters, either Bk or Bg or both of them, do not follow this simple linear law. This 
behaviour is ascribed to a departure from case ( a )  towards case ( c )  (see discussion in 
§ 3). In table 5, the effective BZ values in the 6~ state appear to Vary rather linearly with 
Z and the non-linear variation of (B i -B; )  should be ascribed to the upper 6@ state. We 
deduce from the BI values given in table 5 that in the 6~ state 

A , ~ ( ~ A )  = - 150 rt20 cm-' 

while in the 6@ state, the values of A(Q).\ are found to decrease from -77 to - 116 cm-' 
with decreasing Z. Anyway, as in FeF, the spin-orbit splitting of the 6@ state is smaller 
than that of the 6~ state. 

Figure 5. ( E s - B " )  plotted against Z for the 0-0 band of systern 1 ( 6 @ - h ~ )  of FeCI. 

The last feature to be discussed is related to the spin-orbit splitting in the 611 state 
involved in system II. At first glance, this system looked very similar to the correspond- 

6 
ing l I 6 h  one of FeF. But closer investigation indicated that the orders of the 
sub-bands are opposite in the two molecules: the shortest wavelength sub-band is the 
6 6 

1 1 7 / 2 - 6 ~ 9 / 2  transition in FeCl whereas it was the 6rI-3/2- in FeF (Pouilly et al 
1978). We therefore had to bow to experimental facts and to admit that contrarily to 
the situation in FeF the spin-orbit splitting of the 611 state of FeCl is smaller than that of 
the 6~ state. The origin of this difference is not clear. Theoretical investigation now in 
progress could lead to an understanding of this effect and of the other effects described 
above. 
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Abstrnct. Remarkable features (R dependence of effective B values. non-equidistant 
spin-orbit separations, observation of .\-type doubiing effects) found in analysing ultraviolet 
bands of FeCl are interpreted as arising from interactions between the sextet states 
of the (3d64s)~,- complex (for the X 6 ~  ground state) and of the (3d64plr)~e- complex 
(for the excited 6 @  and % states). Ab initio calculations are used to ascertain the nature 
of the observed transition (which are shown to he 4s-4p ion-like excitations) and to 
determine plausible values of the off-diagonal parameters involved in the energy matrices 
of the sextet states. Given these values a deperturbation analysis is carried out. The .\- 
type splittings observed in the X  6 ~ 1 , 2 ,  X  6 ~ - 1 , 2  and 6@1,2 components are quantitatively 
interpreted. 

1. Introduction 

A recent rotational analysis of the ultraviolet spectrum of FeCl (Delaval et al 1980) 
led to the expected conclusion that the structure of this compound very much resembles 
that of the isovalent FeF molecule (Pouilly et al 1978a). In both molecules, the 
analysed bands lie in the same spectral region, between 3200 and 3600 A, and are 
assigned to sextet-sextet transitions connecting 'ni and '(Pi states to the X 6h, ground 
state. Following the interpretation of the electronic structure of FeF as being made 
of non-bonding orbitals (Pouilly et al 1978b), these transitions are due to 4s-4p 
excitations on the iron atom which participates as Fe' in the ionic bond. 

However, although involvement of the halogen atom is certainly quite negligible 
as for the gross structure, the experimental analysis revealed that replacement of F 
by Cl gives rise to several features in the fine structure which are not yet interpreted. 
Some of them are differences between FeF and FeCl while, for other remarkable 
features found in FeC1, awkward overlaps in FeF made it impossible to know whether 
they also happen there. The features to be interpreted are: 

(i) a decrease of about 2000 cm-' in the value of the transition energies of the 
observed transitions in FeCl compared with FeF; 

(ii) an anomaly in the spin-orbit splittings of the states of FeCI: these states do 
not follow Hund's case a rule of equally spaced components; 

(iii) an anomaly in the variation of the effective values of the rotational constants 
of FeCl which is manifest in the non-linear dependence of the (Bk - B i )  differences 
as a function of X, the spin-projection quantum number (see figure 5 of the paper by 
Delaval et al 1980); 
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(iv) the observation of A-type doubling effects in the ( 6 @ 3 / 2 - 6 ~ i / 2 )  and 
6 A- i l~)  sub-bands of FeCl which would normally be expected to be negligible in case 
a coupling; note that no A-type doubling was detected in FeF where only the analogue 
of the second of these sub-bands could be analysed. 

These deviations from Hund's case a must be attributed to peculiar coupling 
conditions. In this respect, FeCl constitutes an unique opportunity for studying 
interactions between high-multiplicity electronic states. 

Following the method adopted for the previous FeF study, ab initio calculations 
were performed, not really in view of understanding the origin of the observed bands 
since this was clearly the same as in FeF, but rather with the aim of comparing the 
results with those of FeF so as to make differences stand out. The data served as 
basis for the interpretation of the features mentioned above. This part of the work 
will be ~resented in two separate sections. The first one is devoted to the fine structure 
of the X 6~ ground state. Incidentally it also deals with the two other low-lying sextet 
states belonging to the (3d64s)Fe+ group of configurations. Although these two states 
are not yet observed, let us label them Y 'c' and Z 6rI for the sake of clarity. The 
second of these two sections concerns the sextet states of the (3d64p)~e- group which 
includes the observed 'II and 6@ states as well as several other unobserved ones. 

2. Ab initio calculations 

A prerequisite step of this work was to get information about the nature of the states 
involved in the interaction processes and above al1 to determine reasonably quantitative 
estimates of their relative locations. This was achieved by performing ab initio 
calculations of the energies of the relevant electronic states of FeC1. 

Previous calculations on the very similar FeF molecule taught us several things 
relating to the degree of theoretical sophistication which was recommended for Our 
purpose. The most important lesson was that configuration interaction is not necessary 
for this kind of molecule, the orbitals of which remain strongly localised on each atom. 
Self-consistent-field (SCF) calculations already give reliable energy separations 
between states having the same occupancy numbers in the 3d shell and semiempirical 
corrections to be described later can be found to account for differences between 
groups of states having different occupancy numbers. 

We consider that, in the case of such a heavy halide as FeCI, this way of determining 
relative energy locations is more efficient than the falsely comforting, though illusory, 
refinement of a configuration interaction calculation because of practical restrictions 
imposed on such a method if only upon the size of CI matrices. In view of this we 
decided to limit the FeCl calculations to the SCF approximation and to stick to the 
method used in the case of FeF. 

We therefore built a set of basis atomic orbitals consisting of Slater-type functions 
(STO) on both centres. For the inner orbitals, frozen in the valence excitations we 
have to consider, an accurate description is not needed and the single-zeta representa- 
tions given by Clementi and Raimondi (1963) were judged to be sufficient. For the 
valence orbitals, we used double-zeta representations (Clementi et al 1967, Huzinaga 
and Arnau 1970) for the 4sFel 4~Fe, 3sC1 and 3pa orbitals and a triple-zeta representa- 
tion (Claydon and Carlson 1967) for the 3dFe orbital in order to get a balanced set. 
The resulting atomic basis set contained 34 s ~ o  (21cr, lla and 36). The iron STO set 
used for the FeCl calculations is exactly identical to the one used for FeF and tested 
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at the time on atomic SCF calculations of energy separations in the Fe' ion. Moreover, 
the Cl STO set for FeCl and the F one for FeF are alike in every respect. Therefore, 
the accuracy of the present FeCl calculations can be expected to be quite comparable 
with that of the FeF ones. 

Whereas the FeF calculations were performed at five internuclear separations, we 
contented ourselves in FeCl with energy calculations at just a single internuclear 
separation (R =4.07 Bohr) since potential curves could be expected to be fairly 
parallel, at least in each group of configurations. The chosen R value is a compromise 
between the experimental equilibrium separations of the obsemed states which are 
quite similar anyway. Subsequently, we decided not to determine the theoretical 
spectroscopic constants such as rotational constants and vibrational frequencies whose 
determination would require the plotting of potential c w e s .  We limited ourselves 
to relative energy considerations. 

The ALCHEMY program (Bagus et al 1972) was used to perform the self-consistent 
field calculations. Experience previously gained with the FeF study made it possible 
to determine a prion the states to consider. These states are the sextet states of the 
(3d64&,+ and (3d64p7r)r;,+ groups of configurations and the 4~ and 4@ quartet states 
of (3d7)F.+ structure. Energies at 4.07 Bohr are given in table 1 for al1 these states. 
As a confirmation of the conclusions drawn in the FeF paper, the open-shell molecular 
orbitals of FeCl are strongly localised on well-defined atomic orbitals of the Fe' ion: 
the l l u ,  57r and 16 orbitals are the three components of the 3d iron orbital while 
12u is essentially 4s(Fe) with a little more than 20% 4pa(Fe) polarisation. The 67r 
orbital is almost a pure 4pdFe)  orbital while the 130 orbital is chiefly made of 
4pa(Fe) with, however, some negative 4sa character which makes it lie rather higher 
(about 20 000 cm-') than the 6~ orbital: accordingly, the states of the (3d64po) group 
need not be taken into account. Owing to the atom-like nature of the FeCl molecular 
orbitals, we hereafter refer to them using atomic notations so as to clarify discussions. 

Table 1. Ab initio energies and spin-orbit splittings of electronic states of FeCl (calculated 
at R = 4.07 Bohr). 

States Te (cm-') Ah (cm-') 

Before embarking on the sextet states which form the subject of this paper, it is 
worthwhile noticing that the configurations of the (3d7)~,+ group are calculated to lie 
much closer to the X 6~ ground state in FeCl than in FeF. Taking into account a 
9000 cm-' semiempirical lowering of the (3d7) states, as discussed in § 3.1 of the FeF 
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paper (Pouilly et al 1978b) to account for different 3d occupancy numbers, the ( 3 d 7 ) 4 ~  
and 44> states of FeCl are predicted to lie at 3500 cm-' and 4000 cm-' respectively, 
whereas they were located at more than 13 000 cm-' in FeF from similar arguments. 
From this point of view, the FeCl structure more resembles that of the Fe' ion than 
FeF since the ( 3 d 7 ) 4 ~  state of Fe' is only about 2500 cm-' above the (3d64s)" ground 
state. This could explain why quartet-quartet transitions are observed in the red 
region of the FeCl absorption spectrum (Mesnage 1939, Reddy 1959, Reddy and Rao 
1960) whereas tl-iey are not seen in FeF. 

3. The (3d64s) group and the structure of the X 6~ ground state 

3.1. The model 

The ab initio calculations described in § 2 showed that FeCl has two low-lying 
structures, the first one corresponding to a (3d64s) occupancy, the second one to a 
(3d7) occupancy on the Fe' centre. Although they are in the same energy region, 
the two structures are not likely to interact, for instance via spin-orbit coupling, since 
they differ by unprecessing atom-like orbitals (4s and 3d). They can therefore 5e 
treated separately. Since both experimental evidence and theoretical calculations 
indicate that the ground state belongs to the (3dh4s) structure we now focus on this 
structure and disregard the (3d7) one. 

The (3d64s) structure is made up of 420 components shared between 12 configur- 
ztions. Only three of these configurations, the three considered in the ab initio 
calculations (table l ) ,  give rise to sextet states. The nine others, which lie much higher, 
can therefore be disregarded. Even so, the three remaining configurations comprise 
not less than 264 components among which only 30 are the components of the three 
sextet states (one A, one il and one Z'), the others being quartet and doublet ones 
more or less coupled Io them. However, the three sextet states form a cluster of fairly 
close-lying mutually perturbing states shifted downwards far away frorn the other 
components because of Hund's rule. Therefore, we shall make the approximation 
that this group of sextet states can be treated separately from the rest of the states 
of the molecule. 

The Hamiltonian is expressed as: 

where He, is the vibronic (electronic plus vibration) Hamiltonian; 
H,, is the spin--orbit Hamiltonian 

Hrot is the rotation Hamiltonian 

H,,,=B(J-L-s)*. 

Smaller effects such as direct spin-spin and spin-rotation interactions, hyperfine 
structure, centrifuga1 distortion, are neglected. 

The rovibronic levels are the eigenvalues of the matrix of the Hamiltonian. As 
usual we set up this matrix in the case a basis set (Hougen 1970). The energy matrix 
of the three sextet states of the (3d64s) group is a 30 x 30 matrix which factorises into 
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two 15 x 15 matrices, one for the e levels, the other for the f levels (Brown et al 1975). 
Evaluation of their elements is straightforward using conventional methods (Hougen 
1970, Freed 1966, Kovacs 1969). The expressions are given in table 2. 

Table 2. Non-zero matrix elements for sextet-sextet interactions. ( a )  Matrix elements 
not invoiving a 6 ~ 1 1 2  state. ( b )  Matrix elements invoiving a 6 ~ 1 / 2  state. 

(6.\.\+p, J, ; I H . ~ / ~ * \ , \ + ~ ,  J, ;) = A A ~ Z Z  
( 6 ' l . ~ + x p  J. -. l).%+x, J, ?)=[y- Z ( Z +  1)1"~-5,,..\-1 

('z;, J, J, 7) = -Z&-r- 
where t.,,.,-, = ( 1 0 5 ) - ~ / ~ ~ ; " , . , - ~  (Freed 1966) 

(6'i,\+r, J, ;IHrI61\a+r, J, ;) = B J ( J  + 1 )  + B ( S ( S  + 1)  - Z 2  -f12]+ B(L; )  
(612~+x, 1, ;IHrlb~,\+x+i, J, ;)= - B [ ~ - z ( T +  I ) ] ~ / ~ [ J ( J  + 1 ) - ( A + Z ) ( A + Z +  1)lu2 
(61i,+~, J, ; I H ~ ( A  - ~ ) A + z ,  J, 3 = B ~ A . , ~ - ~ [ Y - z ( Z +  I ) ] " ~  

( 6 ~ ~ + ~ ?  J ,?IH~/~!.A - l ) , i+r-l ,  J, ;)= -Bt)n..\-,[J(J + 1)  - (A+Z)(I\ + Z - I ) ] " ~  
where q. , .~-~ = (AlL+IA- 1 )  

(611-~/2, -1, ; I H , / ~ P ~ / ~ .  J ,  ; ) = ~ ( - l ) ' B t l n r [ J ( J  + 1)- i lu2  
(611-3/2. J, ;lH,l6Z5/2, 1, ;)=$(-l) 'Btlnp[J(J+ 1)  -91"~ 
(%-3/2, J, ; I H , + H ~ & / ~ ,  J, ;)=*(-1)s(5)1/2(5.nx+~tlnn) 
where s = O  for 62' states and r = 1 for 62- states 

In very favourable cases, one can perform a complete deperturbation, i.e. use the 
energy matrix to go back from spectroscopic data to Hamiltonian parameters. This 
is clearly impossible in FeCl because the available experimental data (Delaval et al 
1980) are too fragmentary to be fitted unambiguously in view of the numerous 
interactions implied. In the following Our purpose is just to interpret the observed 
features described in § 1, i.e. to show that the model adopted can provide theoretical 
explanations for the observed anomalies. 

3.2. The method 

As said above, the fundamental hypothesis of the model is the structure scheme 
derived from the ab initio calculations of § 2 and discussed at the beginning of 8'3, 
namely the interaction between the three sextet states ( 6 ~ ,  611, of the (3d64s) 
group of configurations. We show in the following that this model indeed allows a 
quantitative interpretation of the two special features associated with the X 6~ ground 
state. These features are the f2 evolution of the spin-orbit splittings and effective 
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rotational constants on the one hand, and the magnitude of the .\-type doubling effects 
on the other hand. In view of the complexity of the problem, this agreement cannot 
be fortuitous and it fully confirms the reliability of the model. 

In a preliminary attempt to check the model we assumed that al1 the missing 
parameters could be taken from the ab initio calculations: the electronic term values 
were thus fixed at zero (for 6 ~ ) ,  1211 cm-' (for %') and 2515 cm-' (for %) while 
the spin-orbit interactions were expressed in term of a single parameter, $(3dF,), 
assuming, in agreement with theory, that the l l u ,  5 r  and 16 orbitals were purely of 
Fe(3d) character. The ((3dFe) parameter is the atomic spin-orbit parameter of the 
3d shell of iron, that we take equal to 400 cm-' following the calculations of Froese 
Fischer (1968) which are excellent agreement with experimental data (Moore 19.52). 
The corresponding numerical values adopted for the spin-orbit parameters and to 
be used in the general formulae of table 2 are given in table 3. Moreover the B 
rotational constants were assumed to be the same for al1 three states. They were 
taken equal to the mean value of the effective rotational constants of the X 6~ state, 
Le. 0.1653 cm-'. The off-diagonal matrix elements of the rotation Hamiltonian were 
determined assuming pure precession of the sextet states on the 3d shell of iron, 
exactly as for the spin-orbit elements. They were calculated from the expressions of 
table 2 using the numerical values of the T,,,.,-~ given in table 3. 

Table 3. Values of the off-diagonal parameters appearing in the energy matrix of the 
sextet states of FeCI. 

(3d64s) group of sextet states (X 'A, Y 'Z+, Z 'll) 

i i 3 d )  , , i ( 3 d )  
6Ail = -- 6112-=(2) - 5 qAli = 2 q l l ~  = -161"~ 

5 

(3d64p~ group of sextet states i 'CD, "A. "ni r 1, " l l ( r i  1 ,  'Z*, 'L 

it3d) , j i3d) , j < 3 d )  
&*A = -- 

5 ~ A I I , I I  = 0 t ~ l l , l l ,  = 7 1 1 1 :  = - 2  - 
3 1 0  

j ( 3 d )  j i3d1+((4pi  
r *  = 3 - & 2 = -  '10 5 

where 4'(3di and 1 1 4 ~ 1  are atomicspin-orhit parametersof the 3dand 4pshellsdeduced frorn the experimental 
atomic terrn values given by Moore i 1952) i i ( 3 d l =  400 cm-' :  ( ( 4 p l =  400 cm-')  

3.3. The results 

Having chosen an ab initio value of the A ( X ~ A )  spin-orbit constant equal to 
-160 cm-', that is, a value compatible with that deduced from the spectroscopic data 
(Delaval et al 1980), it is logical to find that the agreement with experimental data 
is very good for the effective B constants: they follow the experimental evolution 
fairly closely. The features that really depend on the location of the perturbers are 
the deviations of the spin-orbit splittings from the case a equidistance rule and the 
magnitude of the '1-type doubling effect observed in the X 6 ~ ' , 2  component of the 
ground state. 

3.3.1. The spin-orbit splitting of the ground state. The first'feature should, in principle, 
yield information upon the location of the Z 611 state. When the influence of this 
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state is taken into account, the spin-orbit R-components of the X % state are no 
longer separated by'a constant energy, AA. This is due to the dependence of the 
6 A-% spin-orbit interaction on R or, equivalently, on Z. According to table 2 

where tail is equal to -80 cm-' (table 3) assuming pure precession of the states on 
the Fe(3d) shell. 

Using second-order perturbation theory, each X 6 ~ n  cornponent is therefore shifted 
downwards in such a way that the separation between successive components R and 
R + 1 becomes 

This effect, which makes the spin-orbit splitting between successive components 
become a linear function of I; (or O), is schematically illustrated in figure 1. 

Case a Case a - c  

-A: ? --, 

Figure 1. Spin-orbit splitting of a 6~ state interacting with an upper 6n state. In Hund's 
case a, E,= Ei+Al.\I; in case a-c; E,=E~+A,.\z+[~-L(Lc~)][:~~~EA-E~)-'. 

Unfortunately, spectroscopic data only give information about differences between 
the splittings in the lower and upper states of the transition, not on the splittings 
themselves. We have therefore to wait for the next section, where the upper states 
are discussed, before drawing information £rom the subbands splittings experimentally 
measured. 

3.3.2. The '1-type doubling in the X h31,,2 component. Eventually the best piece of 
information comes from the second feature, that is the 11-type doubling of the 
lines of the % 3 1 z - ~ 6 ~ 1 , 2  transition. It is reasonable-and this will be confirmed 
a posteriori-to suggest that the 6@312 component has a negligible splitting so that 
the whole :i-type doubling of the lines can be attributed to the X 6 ~ l l z  component. 
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Diagonalisation of the (3d64s) energy matrix (table 2) for various values of the 
rotational quantum number indicates that the '1-doubling effect in the X 6h1/2 state 
is linea~ in J. As usual we set 

Using the 'pure precession' values of the 4 and 77 coupling elements (given in 
table 3) and the ab initio electronic term values (given in table 1) one gets a value 
two times too great for p, the :l-doubling parameter (ab initio : p(X 6 ~ 1 / 2 )  = 0.016 cm-', 
observed: p(X 6 ~ 1 , 2 )  = 0.008 cm-'). On account of the intricacy of the phenomenon 
(see below), failing by a factor of two should be considered in this case as a fairly 
satisfactory result for the ab initio calculations. Rather slight changes of the electronic 
term values are sufficient to get an exact zgreenient with the experimental value of 
p(X 6 ~ 1 / 2 ) .  AS good an agreement is also obtained for more drastic changes of the 
term values. In fact there is a continuous set of combinations of X 6h, Y 'x+ and 
Z 'II term values that account correctly for the observed value of p(X 6 ~ 1 / 2 ) .  These 
combinations are given in diagram form in figure 2. The T.(Y 'L') and T,(Z 611) term 
values are totally correlated hence not determinable. However for later purposes, 
and in the lack of experimentai observations of the Y and Z states, we shall assume 

Figure 2. Determination of the relative positions of the and 6 ~ '  states of the (3d64s) 
group from the .\-doubling effect in the.ground state (every point on the curve is suitable; 
it gives a p lh~ l :2 )  value in agreement with experiment: p ( 6 ~ l / 2 )  = 8 x IO-' cm-'). The 
points below (above) the curve give values larger (srnaller) than the experimental value 
of p. The isolated point corresponds to ab initio values of ~,( 'll) and ~ ~ ( ~ 2 ' ) .  It gives 
p ( 6 ~ l , 2 )  = 16 x 1 0 - ~  cm-'. The cross on the curve corresponds to the values of TJ611i 
and T,('X') that give the experimental value p ( 6 ~ i / 2 )  = 8 x 10-"cm-', while retaining the 
ab initio value of the ratio T , ( ~ Z * ) / T , ( ~ ~ ) .  
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that the value of the ratio Te(Y 'z')/T,(z '17) deduced £rom ab initio calculations 
(i.e. 0.48) is correct. Within this assumption, the experimental value of p(X 6 ~ 1 / 2 )  is 
obtained for Te(Y %') = 1500 cm-' and T,(Z 'II) = 3100 cm-'. It must be remem- 
bered that these results rely on the basic assumption of pure precession between the 
three sextet states. If the interaction between the states were smaller than assumed, 
the curve of figure 2 would be shifted downwards and the Te values reduced accord- 
ingly. 

It is interesting to understand the origin of this A-type doubling effect in X   AI,^ 
from the point of view of perturbation theory. The interactions involved are sum- 
marised in table 4. They are of three types. Primarily, 11 doubling of a state is 
a fourth-order effect which arises from the fact that (11,1/21~,, + HxlZi!2) matrix 
elements are different for e-level interactions and f-level ones. These are the interac- 
tions noted A and C in table 4. Moreover in the case ot' states in pure precession as 
in FeCl, two fifth-order terms noted Band D must be taken into account as they can 
indeed compete with the largest fourth-order terms (R is due to the non-degeneracy 
of levels of same values of J inherent in the case b nature of the Z statel. These four 
terms are proportional to (J +;). Their sum accounts for 95% of the 'exact' value of 
the p(X 6 ~ 1 , 2 )  A-doubling parameter obtained by direct diagonalisation. Note that 
the interpretation given here is able to determine that ber is negative so that p(X 6 ~ 1 / 2 )  
is positive, which was undeterminable from only experimental data. 

From these results for the X 6h1/2 component, it comes out that the X65-i/2 
component must also exhibit a non-negligible .A-doubling effect linear in ( J + t )  
characterised by a p(X 6 ~ - i / 2 )  parameter equal to about -0.003 cm-' i.e. almost half 
the p(X 6 ~ i / 2 )  one. As shown in table 4, a small part, IO%, of this AI-doubling effect 
in the 6 ~ - 1 / 2  component is due to a fifth-order contribution connected with the case 
b non-degeneracy in J of 62' levels but the main contribution comes from another 
fifth-order term equal though opposite in sign to the D term appearing for the 6h1/2 
component. The p(X 6 ~ - 1 / 2 )  parameter was not directly accessible from the experi- 

6 mental data since the splitting observed in the 6@1,2- sub-band is the difierence 
of p(6@1/2) and p (6~-1 /2 )  which can be expected to have similar orders of magnitude. 
This point will be stated more precisely in the next section after the treatment of the 
(3d64p) group of sextet states. 

4. The ( 3 d 6 4 p ~ )  group and the structure of the obsewed '4, and 611 states 

According to the ab  initio calculations reported in § 2, the two upper-lying states, 6~ 
6 and i7 of the observed transitions belong to the same configuration, i.e. 

~ e ' ( 3 d ~ ( u ~ ~ S ~ ) 4 ~ . r r ) ~ l - .  This configuration is one of the three configurations of the 
(3d64p.rr) group giving rise to sextet states. The two others are Fe' 
(3d6(u2.rr2~2)4psr)~1- giving a 611 state. To avoid confusion, we shall label this last 
state ' l I ( r r )  while the observed 611 will be labelled 'II(I). Anyway the situation for 
the ( 3 d 6 4 p ~ )  group is far more complicated than that of the (3d64s) group. 

As in 9 3, we shall disregard the other states, quartet and doublet, of the 13d64p~)  
group and limit the interaction matrix to the sixsextet states quoted above. Tnis assumes 
that the quartet States of the group are sufficiently distant in energy from the cluster 
of sextet states to allow the quartet-sextet interactions to be neglected, even though 
the quartet-sextet and sextet-sextet spin-orbit matrix elements are of similar mag- 
nitude. 
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The energy matrix of the six sextet states of the ( 3 d 6 4 p ~ )  group factorises into 
two 30 x 30 e and f matrices. The matrix elements can be calculated using the general 
expressions of table 2. 

It is worthwhile to notice the (611(~)l~s,16~) matrix elements are equal to zero. 
Therefore the and 6@ observed states cannot be coupled via 6~ so that the 
fitting of their properties can be treated separately. The 6 @ - 6 ~  system is experi- 
mentally better documented than the 'G6h one and we shall focus on it almost 
exclusively. The experimental pieces of information about the 6 @ - 6 ~  system are 
threefold: 

(i) the BZ rotational constants; 
(ii) the spectral position of the sub-bands and the separations between them; 

6 (iii) the A-type doubling in the '@,/2- A-1/2 and in the 6 @ 3 / 2 - 6 ~ P 1 / 2  sub-bands. 
Numerical evaluation of the matrix elements of the energy matrix requires a 

number of assumptions to be made in order to complement the little information 
provided by experiment. Thus the values of the off-diagonal elements (see table 3) 
were calculated under the assumption that the six sextet states of the ( 3 d 6 4 p ~ )  group 
follow a pure precession model on the 3d shell (C(3d) = 400 cm-'). 

In an elementary step we fixed al1 the unknown quantities (term values, spin-orbit 
splittings) at their ab initio values given in table 1 and we pexformed a diagonalisation 
of the (3d64p7r) sextet state matrix. Of course, due to the uncertainty of ab initio 
calculations of energy separations, a quantitative agreement with experiment could 
not be expected but the main features of the spectrum were qualitatively reproduced 
as shown in table 5 (last column). 

Table 5. Main features of the 6 @ - 6 ~  0 4  band: a comparison of experimental data (in 
cm-') with those obtained either using deperturbed parameters (from table 6) or using 
ab initio parameters (from table 1). ( a )  Band origins (vo) and separation between successive 
sub-bands. ( b )  A-doubling parameter differences. 

-- -- 

Experiment Deperturbation Ab initio 

In a second step, spin-orbit splittings (A A) and term values (Te) of the unobserved 
sextet states were allowed to Vary. However, for the sake of convergence, energy 

6 + 6  separations between the Z , A and '2- states were still constrained to be equal to 
their ab initio value. This should be fairly justified for these three states belong to a 
single configuration. Within the frame of this model, the quantities characteristic of 
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the (3d64p.rr) group which remained to be fitted, were the spin-orbit constants AA(%) 
and A@A) and the energies of the 611(~~) and 6~ states relative to the 64, one. Another 
parameter (but relative to the ground state), the spin-orbit constant of the X 6 h  ground 
state, also needed to be varied to account for the evolution of the rotational constant 
of the 6@ state with the Z quantum number. 

Under these conditions, the fitting of the lines of the %-x 6~ system led to the 
deperturbed constants given in table 6. In spite of the small number of parameters 
varied and of the drastic approximations made in order to calculate fixed values of 
the other ones, the mode1 was able to reproduce the main features of the spectrum 
with high accuracy (see table 5). With this set of deperturbed parameters of table 6, 
al1 the lines of the 6@-64 observed spectrum are reproduced with an accuracy better 
than 0.5 cm-' (standard deviation: 0.1 cm-'). This accuracy could be refined even 
further by increasing the number of varied parameters. We consider that this very 
good agreement is evident confirmation of the validity of Our interpretation of the 
observed spectrum as being due to transitions between states of the ( 3 d 6 4 p ~ )  and 
(3d64s) groups with a rnarked tendency towards case c coupling scherne assigned to 
the closeness of the sextet states. 

Table 6. Deperturbed constants of FeCI. 

States Te (cm-') A.4 (cm-') 

(3dh4s) group 6~ 

B"= 0.1653 cm-' 62+ 
6n 

(3d64s) group 
B'= 0.1736 cm-' 

6@ 

6h 
hn,ii, 
h g  + 

t Fixed values. 

It is worthwhile noticing that the O =  5 component is the only 64, cornponent that 
exhibits a significant A-type doubling ( p  = 0.0005 cm-'). Nevertheless this value is 
six times smaller than the p value of the O =  -$ component of the X bh  state, even 
though this is not a i2 = level. Frorn this it can be concluded that practically al1 of 
the line splitting in the 641,2-~ 64-1/2 sub-band rnust be assigned to the .2-type 
doubling of the lower X b ~ - i / 2  state. 

After the fitting of the 6 @ - ~ 6 ~  transition was cornpleted, we looked at the 
6 II(1)-X 6~ transition. The %(I) state is expected to be very strongly perturbed by 
the 6Z- state which, according to the results of the deperturbation of the %-x66 
transition, is almost degenerate with the 611(~) state. The interaction is so strong that 
the energy pattern is likely to be completely irregular with certain components in a 
case c coupling scherne resulting from a fifty-fifty mixing of 611 and 6Z- characters. 
One of the rnost peculiar effects is the occurrence of a large A-type doubling in both 
the 6131/2 and 6TI-1/2 cornponents, each of which being divided in two weli separated 



Interactions hetween the sextet states of FeCl 4 149 

e and f states with completely different spectroscopic properties. This complexity is 
reflected in the observed 6 1 1 ( ~ ) - ~ 6 h  transitions which we were only able to clearly 
analyse in the unperturbed R' = ;+ Cl" = sub-band. 

5. Conclusion 

The major interest of the deperturbation presented here is not primarily the determina- 
tion of a consistent set of spectroscopic parameters that fit the spectral data but rather 
the confirmation of the validity of the mode1 stemming from the ab initio calculations. 
For this reason this work should be considered more as a case study of complex 
interactions with original consequences than a state-of-the-art deperturbation in the 
usual sense. 

Because of the intricacy of the interactions between the numerous states involved 
and in the lack of sufficiently numerous experimental data, too many parameters had 
to be fixed to expect high accuracy for the values of the fitted parameters. Yet the 
off-diagonal parameters were fixed and trial values of the varied parameters obtained 
from the knowledge of the electronic structure provided by ab initio calculations. 

Spin-orbit and Coriolis interactions within the sextet manifold of states of the 
(3d64s) group and the (3d64p7r) one were able to explain, at a fairly quantitative 
level, the various effects observed in the FeCl ultraviolet bands. Probably the most 
informative results of this work are the explanation of the '4-type doubling effect in 
the R = f components of the X 6~ and '<P states and the discovery of similar effects 
with the same order of magnitude in the R = -f component of the 6~ state. 

The interactions in FeCl seem to have more pronounced influence on the band 
structure than the interactions in FeF. In both molecules the origin of these interactions 
is the spin-orbit coupling in the 3d shell of iron but the effects are enhanced in FeCl 
because of the closing of the states within each of the (3d64s) and (3d64p7r) groups. 
One can expect these effects to be still stronger in the heavier iron halides FeBr and 
Fe1 that have not yet been rotationally analysed. 
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Absîract 

A new state of CuO, labeiied Y 'E+, predicted by ab initio calcuiations, 
has been observed in an infrared transition with the X 'ni gound state 
at 7800 cm-' (A = 1.3 ~ m ) .  Sîgmfkant population of the new Y state was 
achieved via coiiisional transfer from the A 'I state, itseif populated by 
C.W. dye-laser pumping. 

From ab initio caiculations, it is shown that the Y 'E' and X 'Ili 
states form an unique perturber pair interacting on oxygen centered 
2po-2pn orbitals. in the frame of this interpretation, the theoretical 
magnitude of the X 'll,,, A-type splitting deduced from the ab initio 
wavefunctions is in good agreement with the spectroscopie value. It 
fixes a positive sign for the conesponding p parameter and determines 
definitively the electronic parities of aii the ' S levels of CuO. 

1. Introduction 

Detaiied ab initio SCF-CI calculations in progress in Our 
laboratory [ I l  predict existence of a '2' state of Cu0 lying less 
than 10000cm-' above the X Z n i  ground state with which it 
forms an unique perturber pair of levels interacting on oxygen- 
centered 2po-2pn orbitals. An important reason for looking for 
this 'Z'state is that it is expected to be the key for the interpre- 
tation of the '4-doubling parameter of the X QI,, component, 
the sign of which is stiii a subject of controversy [2,3]. 

Neither the A '2 state (Te = 16 492 cm-') [3] nor the A' '2 
state (Te = 15 532 cm-') [2] can be this 'L+ state, not only 
because they lie too iugh but chiefly because their large y- 
splitting reveals an unpaired copper M-electron, in opposition 

. with the closed-shell structure theoreticdy predicted for the 3d 
orbitals in the state searched for. Possibly this state might have 
been the 6 '2 state recently observed at about 12 700 cm-' by 

L Appelblad et ai. [4] in low resolution laser induced fluorescence 
experiments although, as the two others, it is somewhat higher 
than theoreticaily expected. 

In order to look for this hypothetical new '2' state we 
carried out systematic investigation of the near infrared 
(0.8-3 m) fluorescence of CuO. The failure of conventionai 
techniques led us to try and produce Cu0 molecules in the 
hunted 'Z' state via collision energy transfer from the A '2 
state easily populated by a dye-laser set on the wavelength of 
the A-X transition. The method which already aliowed the 
first observation of the y and 6 state [4] proved again to be 
successful: bands typical of a transition between an unknown 
'2 state and the X 'ni ground state of Cu0 were indeed 
observed at 7800cm-' (A = 1.3 pm), exactly in the region where 
they were predicted by Our ab initio calculations. 

2. Results of ab initio calculritions 

As previously stated, the motivation for searching a low-lying 

'2' state of Cu0 proceeds from the results of ab initio caicu- 
lations performed in Our laboratory. Computational details 
about these calculations will be reported in a generai paper 
especiaily devoted to the interpretation of the electronic struc- 
rure of Cu0 [l] and dealing with the whole manifold of high- 
lying states with an open copper 3d-sheli. Here we will just be 
concerned with the lowest-lying structure which, according to 
Our calculations, is the ionic ~u'(3d'*)0'(2p~) structure 
(degree of ionicity: about 75% on copper) involving a 3dL0 
closed-sheli orbitai. This structure gives rise to only two mole- 
cular electronic states namely, a 'ni state corresponding to a 
2p5(n3c?) occupancy on oxygen and a 'Z' state corresponding 
to a 2p'(a4u) occupancy on oxygen. This 'ni state must 
obviousiy be correlated witii the X 'ni groilnd state of Cu0 
observed as the common lower-lying state of ail transitions 
experimentally known [S. 31. The '2' state, that we shali label 
Y '2' hereafter to stress its close connecticn with X 'Il, is 
precisely the state under research. 

Figure 1 gives the dependence of the oxygen 2p atomic popu- 
lation of the valence orbitals on the internuclear separation R.  It 
is noteworthy that the hvo u valence orbitais of the X and 
Y'S' states (made of Cu(3do) and O(2pa)) change noticeably 
from one state to the other. they are more bonding in X 
where they are both doubly oçcupied than in Y '2' where they 
have not the same occupation number, which compels them to 
remain localized on each atom in order to maintain the ionicity . 
The CI wavefunctions given in Table 1 show that the states can 
be fairly well described by a single configuration mode1 es 
irnplicitly assumed in our preceeding discussions. 

From comparison of the independent SCF-CI calculations of 
the two states, the '2' state that we suggest to c d  Y '2' is 
calculated at Te = 6145 cm-' with however a large margin of un- 
certainty typicai of the accuracy that can be expected for 
ab initio caiculations of such an heavy molecule as CuO. On the 
basis of earlier comparabie cdculations [5, 61, we estimate the 
energy difference Te to be reliable to within 2 3000 cm-'. We 
therefore looked for tlie Y 'L'-X transition in the neru 
infrared spectral region. 

3. Observation of the Y 'L'-X '11 transition 

The Cu0 molecuie was produced in a Broida-type flow system 
[7] by the reaction of Cu metal witk N20 as oxidant. The przssure 
was typicaily 5 torr of argon carrier ?S. Less than 1% oxidant 
was adcied through a concentric injector, just outside the copper 
oven. Under these conditions a weak chemiluminescent flame 
was observed above the injector. 

As noticed by Appelblad et al. [4] an efficient way to observe 
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xan, Y '1' splitting of the X 'II, state of Cu0 (277 cm-'). Thus we can 
100 assume that the new system comes from a 'L-X *IIi transition. 
042*~B O 

Moreover transition at this Te(exp) observation = 7865 locates cm-' that the is 'I; almost upper exactly state of where the 
the Y state was calculated to lie (Te (calc) = 6 145 cm-'). We 
conclude that this new 'C state of Cu0 is the Y state we were 

50 50. searching for. 
The low resolution prevents observation of any vibrationai 

bands in the AV = O sequence. Signais assigned to the AV = + 1 
and Av = - 1 sequences are observed at the frequencies listed 
below (in cm-') 

O 
a.0 3.1 3.4 a.. a.1 

-i, 
e se*.. 

4 
e nrh.. 

'~-=nI,a ' ~ - ' n , , ~  
Fig. 1. Dependence of the oxygen 2p atomic population of the valence Av = + 8287 8550 

orbitais on the in te mu cl^ separation i?. AV = O 75 85 7865 
A v = - 1  6950 7210 

electronic states of Cu0 lying below the A ''2' state (Te 
16 500 cm-') is to populate these states via collisional transfer From these frequencies, it is possible to deduce rough values 
from A ' 2  and to detect induced fluorescence towards the of the vibrational constants w: and w: of respectively the upper 
ground state. The A 'Z state is indeed easily saturated by ('2) and the lower (ln) states of the transition. From the 
utilizing the broadband (1 cm-') output of a C.W. dye laser (Au = - 1 H A v  = 0) separation, one gets w: = 630 cm-' which 
using Rhodamine 6G. is a further confirmation of our identification of the lower state 

In order to record laser induced fluorescence in the near as the X 'II ground state. The (Av = + 1HAv = O) separation 
infrared a Jobin-Yvon H.R.S. monochromator was used with a leads to oé = 680 cm" for the Y 'L' upper state although this 
600 grooves mm-' grating plate blazed at 1 m. The laser bearn value remains debatable as long as the band-heads are not 
was mechanicaliy chopped at 625 Hz and focused in the reac- resolved and classified. 
tion chamber. Fluorescence was detected by a photocondurtive 
PbS detector which is one of the most sensitive detectors in the 

4. Spin-orbit constant of the X 'II state 
near infrared where the new svstem was ex~ected to occur. This 
detector was cooled at dry ice temperature where the signal-to- Before discussing the A-doubling effect in the X qV2 com- 
noise ratio is optimal. The fluorescence signai was input in a ponent of the electronic ground state. it is interesting to consider 
phase sensitive detector operating at 3 s tirne constant. Frequency briefly the spin-orbit splitting between the and *II,, 
calibration was accomplished with a low pressure argon lamp. levels. The experimental value of the spin-orbit constant 

Figure 2 shows a spectrum of the Av = O sequence of the derived from spectroscopie o b ~ e ~ a t i o n ~  is A,(X 'IIi) = - 
new transition obsemed at 1.3 prn in the near infrared. Two sub- 277 cm-'. This is a fairly large value, much larger than expected 
systems are observed lying respectively at 7585 cm-' and for a state that ab initio calculations (see Fig. 1) indicate to 
7865 cm-'. Due to the low~resol~tion of the spectrometer the have its unpaired 4n electron so much localized on the oxygen 
accuracy of these measurements is about 10 cm-'. 2p orbitai whose spin-orbit parameter is known to be only 

The most important feature is that the separation between 150cm-' [8]. Indeed a purely theoretical calculation of the 
these two subsystems (280cm-') is equal to the spin-orbit diagonal matrür element of the spin-orbit operator using the 

X 'II ab initio wavefunction of Table 1 leads to a theoretical 
value of the spin-orbit constant Am(X 'fi) = - 158 cm-'. TO 

Table 1. Configuration interaction wavefunctions of  the X 'II increase value of up to that of A,, would pquire 
and Y 2 ' states about 20% 3d(Cu) character in the 4n orbital: the possibiiity 

of such an inaccuracy in our ab initio wavefunctions is not CI coeff. 
a t R  = 3.25 bohr acceptable on account of the good flexibility aiiowed on the 

X 'n state 
klv~zin configuration: [core 1 8a2 3n4 16 '90' 4%' 0.98 
Other configurationsa: 90 - 100 0.08 

8a -. 12o 0.08 

Y 'r:' state 
Main configuration: [core] 8023n4 16 '9a4n4 0.95 
Other confgurationsa: 80 -L 90 0.16 

80 -. 100 0.14 
9a + 100 0.09 

8a4n + 9a5n 0.10 
8a4n - 9a6n 0.07 Al( mm) 

4 n - S n  0.06 
1340 1310 1300 1210 11.0 1140 

a These configurations are specified by giving the orbital excitations out Fig. 2. Spectrum of the Av = O sequence of the new Y ' x * - X  'ni 

of the main configuration of the States. transition of CuO. 
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function of the internuclear separation. The theoretical value of It c m  be now expected that there are no other doublet 
p to be compared to the experirnental one should be taken at states of Cu0 lying lower than the Y 'X' state. As for the 
the r-centroid of the X-Y interaction. In the lack of information other states recently discovered by Appelblad et al. [4] using a 
about the new Y 'Z' state, and because the X and Y states cm simüar experimental technique, the Y 'Z"-X 'Il transition 
be expected to have fairly parallel potential curves, we assumed intensity is fairiy weak. Rotationai anaiysis of these systems is 
that the r-centroid and the equilibrium distance can be confused now highly desirable to c o n f m  defulltively Our model. 
(experimental value of r,: 3.25 Bohr). This gives for p the 
theoretical value of 0.01 lcm-' now much closer agreement 
with the experimental one, i.e., 0.014 cm-'. 
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6. Conclusion 

Obsenration of the new Y2Z+ state is especiaiiy interesting 
because it enables to answer several questions which were stiil 
debatable. Of course these answers are conditioned by the 
correctness of Our interpretation and more precisely the fact 
that the Y state is of 2' (and not i ç - )  symmetry. The good 
order of magnitude obtained in the calculation of the A-type 
doubling p constant of the ground state seems to us a convinc- 
ing proof of the validity of Our model. Moreover, the theoreticai 
location of the Y state was quite satisfying: it helped very much 
in the spectroscopic search for the transition involving this state 
and from a more general point of view it gives confidence in the 
rest of Our Cu0 ab initio calculations to be published. 

Essentially two points can now be solved. The first one is the 
sign of the A-type doubling p parameter of the X 'Il,,, corn- 
ponent of the inverted ground state. With the conventionai 
definition [IO] p(X 'Il,,) must be positive since it results from 
perturbation by an upper lying 'L state of + electronic panty. 

The second point relates to the electronic panty of the A 2X 
state. Contrady to Appelblad et ai.'s initial guess [3] Our 
definitive determination of the sign of p(X 'Il,,,) now estab- 
lishes unambiguously that the A state must be a Z- one. Besides 
this conclusion was aiready suggested in one of Our previous 
papers [2]. 
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Abstract détexmination précise des constantes spectroscopiques de l'état 

7he emission spectra of CuS has been photographed at high resolurion fondamental 191. 

in the region 4 000 A-5 000 A. Three band systems have been rotationaiiy La conn"sance eXhaustive du $pectre de 
analyzed for both isotopes, nameiy the F a n , , ,  - Xzn,,,, F(n = fr) - tout le domaine visible et proche infra-rouge [IO] - [ I l ]  - (131 
X'n , , ,  and Gan,,, - X z n 3 , ,  systems. In order to reduce correlations nous a incités à rechercher d'autres systèmes de bandes du 
between the molecular constants ail lines of the analyzed bands (icluding Sulfure de cuivre. 
lines of theAaZ - X a n i  system) were fitted together. Molecuk constants 
of the states are given. 

I 2. Moyens expérimentaux 
Resume 

On a photographié le spectre de CuS à grande résolution dans la région 
4000 A-5000 A. Trois systèmes de bandes ont été analysés pour 
chacun desisotopes: lessystèmes E 2 n , , ,  - X Z n , , ,  F(n = f) - X'n, , ,  et 
G z n , , ,  - ,Y1n3 , , .  Les raies des bandes analysées ont été traitées en 
incluant les raies du système A' 2 - X a n i  afin de réduire les corrélations 
entre constantes .moiécuiaires. On donne ces constantes issues du 
programme d'ajustement finai. 

1. Introduction 

Les spectres optiques de molécules diatomiques deviennent de 
plus en plus complexes lorsque ces dernières sont constituées 
d'atomes lourds, ceci tant par la densité des niveaux de vibration 
et rotation que par d'éventuelles perturbations ou prédis- 
sociations. Les informations fragmentaires des données spectro- 
scopiques sur ces molécules expliquent le plus souvent la 
pauvreté bibliographique des études entreprises; l'exemple des 
études des sulfures diatomiques vis à vis des études des oxydes 
illustre ce fait. C'est ainsi que le spectre de l'oxyde de cuivre ' 
est connu depuis 1911 par Heder et  Valenta [ I l ,  que les 
premières analyses ont été faites dès 1912 par Herteinstein [2] 
et  qu'actuellement une quinzaine d'états ont été répertoriés, 
analysés et pour la plupart interprétés (exemples [3] -[4] ). 

Le spectre de la molécule CuS fut mis en évidence pour la 
première fois en 1964 par Biron [SI . Différentes analyses [6j - 
[7] ne concernent toutefois qu'un système situé dans la région 
verte du spectre. De par l'aspect des bandes séparées en deux 
sous-systèmes (5577 A et 5715 A) et l'analogie avec le spectre de 
CuO, les bandes observées sont attribuées à une transition ' 2  - 
2 f i i .  La valeur de la constante spinsrbite de l'état fondamental 
 ni(^ = - 433 cm-') est voisine de la valeur de la constante 
vibrationneiie w, (410cm-'). il s'en suit entr'autres une super- 
position de la séquence secondaire Au = - 1 d'une composante 
spinsrbite sur la séquence p ~ c i p a l e  Au= O de l'autre com- 
posante spin-orbite. Biron a tiré toutefois une analyse fragmen- 
taire des bandes (0-0) A2Z - X?ni [8j  que nous dûmes 
reprendre car les valeurs des constantes spectroscopiques de 
l'état fondamental n'étaient pas en accord avec celles obtenues 
lors de la présente étude. Ce travail relatif aux bandes (0-0) et 
(0-1) du système vert a pu ëtre réalisé par excitation laser sur 
chacune des composantes spin-orbi te, conduisant ainsi à une 

La source utilisée est une source à cathode creuse à paroi com- 
posite. Elle diffère sensiblement d'une source à cathode creuse 
en phase gazeuse 1131 et  procure en outre un gain en luminosité 
x 10. Le sulfure de cuivre est préparé en mélange cuivre pulvéru- 
lent et fleur de soufre en atomosphere neutre, mélange excéden- 
taire en cuivre vis à vis du rapport stoechiométrique afin 
d'améliorer la conduction électrique. La cathode fonctionne 
sous atmosphère inerte d'argon ou de néon à une pression de 
l'ordre de 0,4 torr; elle est refroidie à l'azote liquide. Le courant 
de fonctionnement dépend du but recherché: un fonctionnement 
a faible intensité ( ~ 2 5  mA) correspond a une température de 
"rotation" assez basse pour ne peupler que les premiers niveau 
de rotation (J< 50); un fonctionnement à forte intensité 
permettra d'étendre le spectre vers les valeurs plus élevées de J 
avec toutefois une perte de résolution. L'enregistrement des 
différents spectres a nécessité des temps de pose de trois à douze 
heures avec un spectrographe à réseau de quatre mètres de 
focale (dispersion inverse 0.6 Almm - résolution effective 
500 000 dans le 3e ordre). 

3. Description et analyse des bandes 

On observe dans la région 4000 k-4400 A différentes bandes 
non répertoriées dans la littérature et  ne pouvant provenir que 
du composé diatomique CuS en égard aux conditions expérimen- 
tales requises et aux résultats d'analyses spectrales développés ci- 
après. Ces bandes sont répertoriées dans la Table 1. 

3.1 . Paramètres spectroscopiques caractéristiques 

On retrouve par exemple entre les bandes 4000 A-4066 A ou 
4166 A-4239 A un écart de 412 cm", valeur caractéristique 
de la fréquence de vibration W; de 1'Ctat fondamental: les 
transitions vibrationneiies qui correspondent à ces bandes dif- 
fèrent vraisemblablement d'une unité quantique sur le niveau 
inférieur (AU = O et AU = - 1 par exemple). 

Le dédoublement isotopique entre les deux molécules b ' ~ ~ 3 2 ~  

et 65C~3ZS sera également un critère d'attribution des tran- 
sitions vibrationnelles. Le cuivre naturel renferme les deux 
isotopes b 3 C ~  et "CU dans le rapport 70130 tandis que le 
soufre naturel est principalement constitué de l'isotope 32S à 
95%. Le paramètre p relatif aux molécules 6 3 ~ ~ ' 2 S  et 6 j ~ ~ 3 2 ~  
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Fig, 1. Spectre de la bande (0-0) de la transition G a  ii,,, - X' ii,,, de la molécule CuS à 4 000 A. La numérotation e n  J est indiquée sur les branches. 

vaut 0.99480; il conduit à un écart isotopique de vibration 
faible pour les bandes appartenant aux séquences principales, 
et qui est de l'ordre de 2 cm'' pour les séquences Av = + 1 (si 
toutefois wk - a;'). 

La fréquence 430 cm-' est aussi une valeur caractéristique du 
spectre; eue représente la valeur du déboublement spin-orbite de 
l'état X211i fondamental. 

3.2. Les bandes 4OOOA et 4066A 

La bande 4000 A semble formée d'une seule branche déboublée 
qui se développe sur une quarantaine de cm" (Figure 1). La 
tête apparaît elle-même dédoublée à 3 999,33 A et 3 99944 A. 
La valeur de ce dédoublement (0,7 cm-') pourrait correspondre 
à un dédoublement A que l'on retrouverait sur les deux branches 
P; l'absence de branche Q nous conduisant à retenir l'hypothèse 
d'une transition de type Ai\ = O. Dans cette hypothèse la bande 
4066.5 située à 411 cm-' de la bande précitée, donc corre- 
spondant à la transition vibrationnelle v' = O + v" = 1, devrait 
présenter une structure analogue, avec toutefois un dédouble- 
ment isotopique de vibration de l'ordre de 2,l cm-' si les 
constantes de vibration w, sont proches. Or, les deux têtes iso- 
topiques de cette bande sont distantes de 1,5 cm-' : il faut donc 
penser qu'en fait le dédoublement observé sur la bande 4000 A 
correspond à un dédoublement isotopique de la transition 
vr = O + v" = 0, cet écart important provenant d'une différence 
importante des termes spectraux de vibration (wé >a;>. De 
plus, le rapport d'intensité des branches reflète le rapport 
d'abondance isotopique. Cette hypothèse rend alors compte de 
l'écart isotopique observé sur la bande (0- 1). 

L'absence d'autres dédoublements, en particulier à faibles 
niveaux de rotation, implique que la transition a lieu entre la 
composante d'un état baptisé G211 et la composante 
X2n3, ,  de l'état fondamental de CuS. Notons que le dédouble- 
ment /\ intervenant sur la composante Q = 312 (termes en 
(J + 1/2)(J + 1) J est très faible. Il apparaît toutefois sur les 
niveaux J > 4 5 .  Ces hypothèses entrent dans un schéma 
d'analyse cohérent (Tableau II). On trouve alors pour valeur de 
la constante de rotation de l'état inférieur Bo = 0.18823 cm-' 
avec un écart standard de 8.1 cm-'. On notera qu'à ce stade 
d'exploitation des données, les écarts standards sur les par- 
amktres (en particulier sur les constantes de l'état électronique 
fondamental) montrent que les valeurs données par Biron [8] 
ne sont pas satisfaisantes mais que par contre celles obtenues 

à partir des spectres d'excitation laser [9] entrent dans 
l'intervalle de confiance usuel (trois fois l'écart standard). 

3.3. Les bandes 4055.4120, 41 92 et 4263 A. 
Ces bandes diffèrent des bandes précédemment étudiées d'une 
part, par leur intensité plus faible, d'autre part, par la com- 
plexité de structure des branches. La présence d'une branche Q 
dédoublée nous renseigne quant a la règle de sélection sur le 
moinent orbital: AA = 2 1. Compte tenu de ce que l'état X 2  Il 
est l'état inférieur commun aux transitions relatives à ces 
différentes bandes, l'hypothèse ALI = A' - A" = + 1 ne peut 
être retenue (entr'autres le dédoublement "e-f' proviendrait 
principalement de la composante Q = 112 de l'état x211 
fondamental, caractérisé par le coefficient p = + 0.01 5 1 cm-' ; 
ce n'est pas le dédoublement observé expérimentalement). 

Par contre la présence d'une branche formant tête, et d'allure 
3BJ, laisse supposer que l'on est en présence d'un grand 
dédoublement "e-j'" dans le niveau supérieur dû à l'importance 
des effets spin-orbite liés à la couche 3d du cuivre. Nous 
reviendrons plus en détaii sur ce point dans la discussion. Disons 
que nous avons été amenés à caractériser l'état supérieur 
dénommé F par le seul nombre quantique !2 = 112 avec un 
dédoublement Fe(J)  -Ff(J)  = - p ( J  + 112). 

Une transition Q = 112 vers l'état fondamental X 2 n l , 2  est 
représentbe alors par deux branches R,  deux branches P et delix 
branches Q. l a  répartition d'intensité dépend des valeurs des 
moments de transition pl et PL. Kopp et Hougen [16] donnent 
un tableau des valeurs relatives des intensités des différentes 
branches. Dans le cas rencontré ici, la plus forte intensité des 
branches Qer et Qfe nous indique que C(~/PR 9. 

La bande 4120 A qui présente la structure la inoins complexe 
correspond à une transition vibrationnelie v' = O + v" = O. On y 
reconnait une branche R simple formant tête et deux branches 
Q marquant nettement l'origine de la bande (Figure 2). L'analyse 
s'est révélée délicate en raison de divers facteurs. Ainsi on ne 
discerne nettement que trois branches sur les six attendues, on 
est gêné par la densité des raies souvent mal résolues, la présence 
de la bande (1-1) rend hasardeuse l'attribution de branches 
faibles de la bande (0-0) (P, et Pf). Une première étude a 
montré la forte corrélation des constantes des deux niveaux 
impliqués dans la transition et I'ambiguité d'attribution de la 
composante inférieure: X 2  n , ! ,  ou X 2  il,,, . Toutefois, l'étude 
vibrationnelle (en particulier la présence de la bande 0-1) 
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Fig. 2. Enregistrement photodensitométrique de ia bande (0-0) de ia transition F(n = f) - X n,,, de ia molécule CuS à 4 120 A. 

affecte de manière sûre la transition vers la composante X2ii,,, 
(Cf,, -410.01 *0.02.cm-'). Nous avons pu alors traiter 
numériquement simultanément cette bande (Tableau III) avec 
d'autres bandes mettant en jeu le même état fondamental et 
ainsi réduire les corrélations. Les branches P, et Pt ont été 
repérées d'après les valeurs calculées. On arrive ainsi à un schéma 
d'analyse cohérent. 

Les bandes 4192 A et 4263 A, plus faibles en intensité que la 
bande 4120A, correspondent aux bandes 0-1 et 0-2. La 
présence des deux systèmes de bandes isotopiques rend l'analyse 
rotationnelle très aléatoire. 

On observe également une bande à 40548  située à 391 cm-' 
de la bande 4120A. Cette bande appartient au même système 
que les bandes précédentes et correspond à la transition v' = 1 -+ 

V" = O. La présence de la bande 1-1 vers 24246 cm-' corrobore 
l'hypothèse et conduit au terme de vibration G'(v = 1) = wé - 
2 o:xi de l'ordre de 39 1.2 cm-'. 

3.4. Les bandes 3166-4239 et 4314A 

Ces bandes présentent entre eues une structure analogue: deux 
branches R et deux branchesap. La bande 4166 A présente en 
particulier une structure bien développée sur environ 40 cm-'. 
La photo de la figure 3 a été prise à faible courant de fonction- 

nement de la cathode (25 mA): on y observe clairement l'origine 
des branches. Le "dégradé" des temps de pose au tirage du 
cliché nous donne -un aperçu de la répartition d'intensité sur 
toute la bande spectrale. La structure de cette bande présente 
certaines analogies avec la structure de la bande 4000A. Elle 
correspond à la transition vibrationnelle v' = O + v" = O. La 
présence des bandes 4239 A (Figure 4) située à 41 1 cm-' et 
4314A située à (411 + 408)cm-' confirme le schéma de 
vibration. L'écart vibrationnel des têtes de la bande 4239A 
(1.8 cm-') nous indique que le dédoublement observé sur les 
têtes de la bande 4166 A ( 0 3  cm-') correspond à un dédouble- 
ment isotopique provenant d'une valeur wé de fréquence 
vibrationnelle de l'état excité nettement supérieure à la valeur 
we de l'état fondamental. Aucun autre dédoublement n'étant 
visible nous attribuons donc ces bandes à une transition d'un 
 état^' ii,,, vers la composante fondamentale x2 i i 3 I 2 .  L'analyse 
rotationnelle confirme ce schéma (Tableau IV); elle conduit à 
une valeur de la constante de rotation du niveau inférieur Bo = 
0.18827cm-' avec un écart standard de 6.10-~ cm-'. Les 
mêmes remarques que celles formulées lors de l'analyse du 
système G-X quant aux intervalles de confiance sur les 
paramètres, s'appliquent à ces bandes du système E-X. 

La bande 4314A de structure peu développie n'a pas été 

1 tète R(13.5) '3~u32~ 

Fig. 3. Spectre de la bande (0-0) de ia transition E' ri,,, - X'n,,, de la molécule CuS à 4 160 A. Le dégradé des temps de pose rend compte de la 
répartition d'intensité des branches en fonction de J. 
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Fig. 4. Spectre de la bande (0-1) de la transition Ea il,,, - X1 n,,, de la molécule CuS & 4 240 A. 
ww .s cfl 

analysée en rotation. Notons néanmoins que Son observe un têtes non observées peuvent alors poaer problbme au spcctro- 
retournement de dégradé (43 16.64 A 4 3  13.89 A) sur la scopiste non averti. 
branche R, du aux termes de distonion centrifuge. "A'. TT- On connait maintenant cinq états electroniques du sulfure de 

*&'rdr cuim par andyse rotationneile, h savoir: le fondamental X2nc, 

I 
4. Evrrluation des coastantes moi6cuiah le premier Ctat observ6 A2  C ven 17 500cm" et trois Ctats vers 

Les tennes spectraux s'écrivent: 
pour un état (OU 51 = 112 

) - T.(J 3 O) + BJ(J + 
Tt (JI 3 ID* +  ni J(J + 1) 

- ii .& ' ) _  
sont importants. ta saut nombn-qumtiqua bien Mini est 

..,., Y alors 51 et la description des états excités peut trouver une 

2 f adJ  - MJ + #)(J + $1 fT& meiileure représentation dans la base du cas c de Hund. Ainsi 
a:. L? d 2 )  

nous n'avons observé que la composante f2 = 312 de l'état d n  
constantes moléculaires des états supérieurs ont été et de l'état E2n. Les valeurs très différentes des constantes de 

thode de moindres carrés d u s  un vibration w, indiquent que ces états sont perturbés. De par le 
premier temps sur chaque branche et dans un deuxikme temps déplacement isotopique sur les bandes (0-0) et (0-1) on 
sur l'ensemble des branches des systhmes pris en compte. Il s'en peut é v a l u e r ~ ~ ( G ~ I l ~ )  - 600 cm" et w~(E21Tw3) - 500 cm" 
suit alors une moindre corrélation entre coefficients du type alors que w:(X2Il3/,) = 414.0cm". Notons également que 
(Bi .  83, (p', p'?. (D',Di?. Pour les états E2ily2 et G2nyl le nous avons observé la transition F(S2 = 112) -X2nt,2 sans 
dédoublement "e-f" bien que non résolu à J< 40.5 a été pris trouver trace de l'autre transition possible vers l'autre compo- 

blement existe dans la composante sante X2nm. Une observation détaillée des f h  dans la région 
présumée s'est révélée infructueuse. Nous ne pourrons bien 

d c u l  a été menée en inc1u;mt les comprendre le schéma de ces transitions que lorsque l'ensemble ' 

nn6es du systtm vert [9] mettant en jeu Sétat inférieur du spectre aura ét4 étudié. D'autres bandes devraient pouvoir 
commun. AW,l'ajusternent portant sur 18 bandes, rend compte étre observies. Ainsi vers 20000cm" nous avons pu observer 
des valeurs de plus de 2500 raies (estimatour d'ajustement une fluorescence dans une source type Broida, en réalisant un 
0.016cm" - incertitude de mesure des raies d'émission en pompage du composé Cu + OCS avec les raies d'un laser Ar*. 
cathode creuse: 0.03 cm"). Les constantes moléculaires sont Nous pensons revenir sur ces études prochainement. 
regroupées dans les Tableaux V et VI. 

References 
5. Discussion et conciusiom 

1. Edcr, 1. M., et Valenta, E. Atlas typischer spektren, W~en (1911). 
L'observation de nouvelles bandes correspondant à de nouveaux 2. Hertenstcin. H. Zeiu. W i .  Phot. l1,69 (1912). 
états électroniques de la molécule CuS a été rendue possible par 3. Ap~elbLd, 0 . 9  L~erqvist, A-, Renhornv 1- and Field* R- W. P ~ Y S  

l'utilisation d'une source froide bien adaptée au problème. En Sa. 2f 603 (lgE1). 
4. Appelbiad, O., et Laguqvist, A. Phys. Sa. 10,307 (1974). 

effet, comme les tétes des différentes branches se forment à Biron, M. Rendus France U8, 4228 (1964). 
niveau de rotation trés bas ( J  - 12.5) une source chaude type 6.  Biron, M. Comptes ~~d~~ B F~~ 274,978 (1972). 
Four de King peuple très faiblement ces niveaux: certaines 7. Biron, M. Comptes Rendus B France 2û1,401 ( 1  975). 



574 i? David, J. Y Delaval et Y. Lefebvre 

8. Biton, M. Thèse Université Bordeaux, France (1977). 13. Bacis, R. J. Phys. E 9,1081 (1976). 
9. David. F., Douay, M., et Lefebvre, Y. J. Mol. Spectrosc. (à paraître). 14. Herzberg, G. Molecular Specm. 1. Van Nostrand Company - New 

10. Appelblad, O., et kgerqvist, A. Phys. Sa .  13,275 (1976). York (1950). 
11. Appelblad, O., kgerqvist, A., Lefebvre, Y., Pinchemel. B.. et 15. Schamps, J., Pinchemel, B., Lefebvre, Y. et Raseev, G. J. Mol. 

Schamps, J. Phys. Sa .  18,125 (1978). Spectlosc. 101,344 (1983). 
12. Lefebvre, Y., Pinchemel. B., Deiaval, J. M. et Schamps, J. Phys. Sa .  16. Kopp, 1. and Houg=n, J. T. Can. J. Phys. 45,2581 (1967). 

25,329 (1982). 

Tableau 1. Tétes de bandes observées de la molécule CuS. Les 
bandes indiquées par un astérisque (*) correspondent à l'isotope 
6sCu32S. Les bandes indiquées par la lettre (r) ont été anaiysées 
en rotation. 

Transition v ' -v"  branches X(A) v(cm-')  
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Tableau I I .  Nombres d'ondes des raies observées dans bandes (0-0) et (O- I )  du système GZ1Iw2 - X211w2 de la molécule CuS. Les 
raies notées ( T )  correspondenr aux têtes de bandes. 

V '  = 0 - v "  = 0 v '  " 0 -+Q" = 1 

J pe + pf ( ~ e  + ~ f ) ~  Re + R f  ( R e  + ~ f ) '  pe + Pr ( f e + p f I i  R e + R f  ( R e  + R ~ ) ~  
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Tableau II I .  Nombres d'ondes des raies observées de la bande (0-0) du vstème F(S2 = f) -XZl11,2 de la molécule CuS. Les raies 
indiquées par un astérisque (*) correspondent h des raies mal résolues. Les bmnches P, et P f f  indiquées par (c) ont été repérées 
d après les valeurs calculées et sont superposées aux mies de la bande (1-I). Les raies notées (T)  correspondent têtes de bandes. 

J Re, Rk R n  4 Qer Q:r Qre ~h pg' d e  4) pff 
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577.953 
577,4$8 
576910 
57638s 
nsmo 

23575.2S4 
574,657 
574,010 
573372 
572,701 
572,iIll 
571 2% 
570558 
5 6 9 W  
569.025 

23568,223 
sot AOO 
566552 
565692 
564.807 
563915 
562,970 
562.008 
561,Q$6 
j%em 

23559.015 

Tabkau V .  Constantes specmscop@ues c~rerZstîques des états X, El F et G de k moIécuie 63CU3'S. tes domdes munértques 
inchcent, oum celks rêpertontcr dans la présente L W ,  elles du syst&ne A'C - X2 il (ref/9] 1. 

Etit v TV Bu Du X 10' PU Pjv X 10' O, x 10' 
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Tableau V I .  Constantes spectroscopiques caractéristiques des états X. E. F et G de In molécule 65C~3ZS. Les données numériques 
incluent, outre celles répertoriées dans la présente etuàe, celles du système A2Z - X2n (ref [9/). 

E tat O ru BU D, x 106 Pu P ~ v  X 10' a,  x IO6 
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DUREE DE VIE DE COMPOSES DU CUIVRE : 

CuO, CuF, CuC1, CuBr, Cu1 et CuS 
















































































































































































































































































































































































































