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Relativistic corrections to K~ transition energies in compounds of sulphur, where the 
latter has a formal charge between - 2  and +6 are derived. The results indicate that relativis- 
tic corrections do not depend on the number of electrons in the valence shell of the atom, thus 
confirming a correlating function previously derived between experimental shifts of K~ 
doublets and net charges on sulphur. In the monocentrie approximation theoretical energies 
for KZ and L transitions in elemental sulphur and for K~ transitions in sulphides and sulphates 
are obtained. The results agree fairly well ~4th experimental data and a tentative attribution 
of K~ lines is given. 

Les corrections relativistes aux 6nergies des transitions K~ dans des composts du soufre, 
off ce dernier a une charge formelle entre - 2  et +6, sont 6tablies. Les r6sultats indiquent que 
les corrections relativistes ne d6pendent pas du nombre d'61ectrons darts la eouche de valence 
de l'atome, confirmant ainsi une fonction, pr6c6demment obtenue, corr61ant les d6plaeements 
exp6rimentaux des doublets K~ et les charges nettes sur le soufre. On obtient dans l'approxi- 
marion monocentrique les 6nergies th6oriques pour les transitions K~ et L de l'atome de soufrc 
isol6s, et les transitions K~ dans les sulfures et les sulfates. Les r6sultats sont en bon accord 
avec les donn6es exp6rimentales et l 'on tente une attribution des tales K~. 

Es wird gezeigt, dab die relativistischen Korrekturen ffir Ka-l)bergangsenergien in Sehwe- 
fclverbindungen nicht yon der Zahl der Valenzelektronen abhingen. Eine friiher angegebene 
Beziehung zwischen den gemessenen Verschiebungen der K~-Dubletts und der Ladung des 
Sehwefels wird so best~'~tigt. Unter Benutzung einer einzentrischen Niherung werden theore- 
tische Werte fiir K~ und L L~bergangsenergien fib elementaren Schwefel, fib K~ L~bergangs- 
energien bei Sulfiden und Sulfaten in guter Ubereinstimmung mit experimentellen Daten er- 
halten. Eine Zuordnung der Kz-Linien wird vorgeschlagen. 

A n  inves t iga t ion  was recen t ly  publ i shed  concerning a theore t ica l  corre la t ion 
be tween  exper imen ta l  shifts ~E of  K~-double ts  in compounds  of  su lphur  and  ne t  
charges q in the  valence shell  of  su lphur  [1]. B y  adop t ing  a m o n o c e n t d c  model ,  to  
say  b y  considering exphc i t ly  only  su lphur  wi th  a var iab le  n u m b e r  of  e lectrons in  
the  M-shel l ,  and  a basis  set  of  o r thonormal  orbi ta ls ,  funct ion ( t)  was ob t a ined :  

r ~- q(q + 3)]8.  ( l )  

Calculat ions were per formed  wi th  one va r i a t iona l  pa rame te r ,  exponen t ia l  fac tor  
KM for the  valence orbitMs. F r o m  exper imen ta l  shifts  ~E, one obtains ,  t h rough  
Eq.  (1), q-values which fit  r ea sonab ly  well wi th  the  chemical  evidence ava i lab le  
for var ious  classes of  su lphur  der ivat ives .  A n  energy of  23t0.42 eV was der ived  
for the  t r ans i t ion  in e lementa l  sulphur ,  to  be compared  wi th  the  expe r imen ta l  
value  2307.07 eV (bar icenter  of  doublet ) .  La te r ,  the  calculat ions  were r epea ted  b y  
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Table 1. Variation in Kadransition energies in sulphides, sulphites and sulphates 

Class of derivatives Mean value (eV) of 
upper component of 
K~-doublet [3] 

Range of variability 
(mean square deviation) 

Inorganic sulphides 2317.32 0.01 
Sulphites 2308.43 0.03 
Sulphates 2308.67 0.02 

using a greater number  of variational parameters,  one for each class of orthonormal 
orbitals with equal n [2]. As expected, it was found tha t  the energies of upper and 
lower states involved in the transition increase in absolute value: an estimate of 
transition intensities was made and a value of 2309.60 eV obtained tbr the transi- 
tion in elemental sulphur. Correlating function (1) remained however very much 
the same. One thus feels tha t  any further improvement  on type and flexibility of 
atomic orbitals will lead to bet ter  absolute transition energies, but  will influence 
little function (i). 

Although the preceeding results, on the whole, are rather  encouraging, further 
points concerning a theoretical t rea tment  of X-ray  transitions in molecules need 
to be discussed and investigated, such as: t .  the adoption of an approximate 
hamiltonian operator which neglects relativistic terms; 2. the extension of the 
calculations to other types of X-ray  transitions such as K s and L, and 3. the limits 
of the monocentrie approach and the neglect of ligands. 

Apar t  from other implications, approximation 3. means tha t  the transition is 
considered perpendicular in respect of q: to say, variations in the valence shell 
charge distribution when going from higher to lower state are neglected [2]. In  
order to clarify this point, extensive calculations in model compounds are called 
for. From the other hand, variations in experimental K~-transition energies within 
a class of derivatives are rather small as Tab. I indicates : thus the ligand pertur- 
bation may  perhaps be considered a second order effect. 

In  the present paper, points 1. and 2. are dealt with : as far as relativistic correc- 
tions are concerned, since high energy orbitals are involved in X-ray  transitions, 
it is expected tha t  the contribution of relativistic terms to the energy of the states 
involved will not be negligible. I t  is thus of relevance to investigate wether the 
relativistic correction will affect appreciably also correlating function (1). K s and 
L transitions involving valence shell electrons, present many  interesting features. 

Relativistic corrections to transition energies 

In  order to evaluate relativistic corrections to transition energies, we have 
adopted the many-electron functions obtained previously by  a limited variational 
scheme, starting from an orthonormal set of Slater orbita]s [2]. The problem of 
their reliability for relativistic calculations shall be discussed later. 

The relativistic energy for an iV electron system can be obtained by employing 
an hamiltonian operator extrapolated [4, 5, 7] from B ~ r r ' s  bielectronic hamil- 
tonian. By adopting the usual notations [4] this relativistic hamiltonian Hr, in- 

5 

elusive of terms in c~ ~, is written Hr = ~ H~ where spin-orbits interactions (Ha) 
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and part  of spin-spins interactions (Hs) are the terms removing the J-degeneracy 
of levels belonging to an atomic multiplct. As the experimental separation of the 
K~-doublet is constant (,-~ 1.2 eV) for all sulphur derivatives and since we are 
interested here only in the shift 5E of the baricenter of the doublet, these operators 
are ignored. Orbit-orbits interactions are also neglected on the basis of the 
results obtained by F~OMAN and ~EKEI~IS [5, 6, 8, 9]. Hr then takes the simpler 
form (2): 

Hr = H1 + H4 + H'5 (2) 

where operators Hi:. H a, H~ have the following expected values: 

( H 1 ) = - ( ~ / 8 )  ~ [P4~4 dr (3) 
i=1 

N 
(H~.) = + (~2/8) 5 (div e4) (4) 

4=1 

(H ; )  = - (Szecr ~ ($4 $i ~a(r4j)> (5) 
4>1 

~4 is here the orbital occupied by the i-th electron inclusive of the spin function, $4 
the corresponding spin momentum operator and s4 the electric field generated by 
the nucleus, by the remaining electrons and by any external field acting on the 
i-th electron. Hr is considered as a perturbation. Its expected value was derived 
from upper and lower states of K~-transitions involving a sulphur atom with net char- 
ges q = -- 2,0, + 6. t~elativistic corrections were evaluated also for S+(K~LS3se3ps)* 
which represents the lower state for some K~ and L transitions. The results are 
collected in Tab. 2, where are given the net charge on sulphur valence shell 
(column t), electron configurations and optimum exponential parameters of atomic 
orbitals in K-, L- and M-shell for upper and lower states of the transition (columns 
2, 3, 5, 6), expected values for operators H 1, H a, H~, and relativistic correction to 
energies for upper and lower states (columns 4, 7), relativistic corrections to K~ 
and K~ transition energies (column 8). 

l~elativistie energies are seen to depend essentially on (H1) which accounts for 
variation of electronic masses with velocity and (Ha)  which does not have a 
classic analogue. These operators are defined as sums of monoelectronic contribu- 
tions and it is found that  those due to is- and 2s-electrons are by far the most 
important.  Moreow~r (Ha) is very sensitive to the value of these functions at the 
nucleus. Therefore the accuracy of relativistic calculations depend largely on the 
radial behaviour of s-type functions, particularly near to the origin. 

For these reasons, the relativistic perturbation ought to be evaluated with 
fully correlated atomic functions : however it has been shown [7, 10] that  reasonably 
accurate values are presumably obtained by using S.C.F. analytical functions. 
Thus a check on the reliability of the functions employed for the present calcula- 
tions can be made by comparing them with the corresponding S.C.F. analytical 
orbitals. This is shown in Fig. i for V1Sa+(K2LS3s) and for is- and 2s-orbitals. One 
can see that,  while is functions are practically the same, 2s functions diverge 
substantially near to the nucleus. This means that  the computed value of the 

* I n  th i s  case t h e  m a n y - e l e c t r o n  func t i on  e m p l o y e d  is less accu ra t e  s ince o p t i m u m  va lues  
o f  va r ia t iona l  p ~ r a m e t e r s  were ex t rapo la t ed .  
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divergence of the nuclear field on 2s electrons is too high and (H4} is overesti- 
mated*. However, in K~ and K s emissions the occupational number  of the 2s 
orbitals does not change. Thus even ff the absolute value of (Hr} may not be very 
accurate, relativistic corrections to transition energies are expected to be sufficient- 
ly reliable. The restflts in Tab. i show tha t  relativistic corrections to K~ transition 
energies are practically independent from q so that  their influence on the correlating 
function (1) must  bc considered negligible. For elemental sulphur, the computed 
energy for the baricenter of K~-doublet, is raised now to 23i4.84 eV. 

5O 

-50 V -  [ I 
0 0.1 dg 

1 m. 
0.3a.~. 

~ig. 1. Comparism~ between is, 2s analytical S.C.r. orbitals [10] (full lines) and orthonormal Slater orbit~ls em- 
ployed in the present calculations (dashed lines) 

K s- and L-transitions 

In  the monocentric approximation, here expected to be rather crude since 
valence electrons are involved, Ks-transitions can be computed through Eq. (6): 

AE z = E[ ls  -i, q] - E[q § l] (6) 

where E[q-t- l] refers to an a tom with complete inner shells minus one valence 
electron. Because of the selection rules, in the monocentric approximation the 
latter ought to be a :p electron. The ligand field (and crystal field) is likely to cause 
perturbations on the valence orbitals and thus the forbidden transition 3s -+ is  
may  also occur. At the same time, the possibility of exchange of excitation among 
neighbouring atoms cannot be ignored in principle. Another feature which must  
be mentioned is tha t  electrons in the valence shell of sulphur participating to 
bonding with ligands are expected to be energetically more stable tha t  the non- 
bonding p2-pair: this will result in a splitting of the 3p -+ is  transition with the 
component involving non-bonded 3p-electrons lying at  higher frequencies (see 

* Nonetheless the relativistic energy ( -27.76 eV) for the vMence state S[2p -l] computed 
with the functions here employed compares favourably with the value ( -28.65 eV) obtained 
by E. CLEMENTI [ 7 ]  for S O [3p]. 

7* 
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Fig. 2. Kfl and/~ transitions: nb and b stand for 3p-nonbonding and 3p-bonding electrons respectively. Dotted 
lines indicate forbidden lines in the free atom 

Fig. 2). The  energy of upper  s ta tes  of  Ks- t ransi t ions  is the same as t ha t  of  K~- 
transi t ions which have  a l ready been computed  [2] : thus  only the  t e rm  E[q + 1] of  
lower s ta tes  need to be evaluated.  

This was done b y  deriving the  energies of  the  appropr ia te  valence s ta tes  
through a var ia t ional  procedure.  The results are collected in Tab.  3, where are 
given the  energies of  the  lower s ta tes  configurations 3s~3pa-q and 3s3pS-q for q 
ranging be tween - 2  and  §  

F r o m  these da ta  Ks- t rans i t ion  energies for sulphur  der ivat ives  can be ob- 
tained,  once charges q on sulphur  are known. B y  adopt ing  q-values derived f rom 
the exper imenta l  shift  of  K~-transi t ions th rough  Eq.  (i), Ks- t rans i t ion  energies 
were computed  for e lemental  sulphur,  inorganic sulphides and  sulphates.  The 
results  are given in Tab.  4 and  compared  with exper imenta l  data .  For  elemental  

Table 3. Lower state energies E(q + 1) (eV) ]or 
K~ transitions in subphur 

q Configuration Energy 

- 2 [3s~3p 5] - 10781.53 
- t [3s23paJ - 10782.29 

{ [3823p ~ ] -10773.82 
0 [3s3pa ] -10760.71 

{ [3s~3p ~ ] -10752.35 
+1 [3s3pa ] -10741.36 
+2 [3s3p a] -10707.93 
+3 [3s3p] -10661.70 
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Table 4. Computed and experimental K~ transition energies (eV) in sulphur derivatives 

Compound Experimental Tenga$ive attribution Computed value 

M_nS 2464.92 
SrS 2465.45___1--" 

2465.00. I 
CaS 2465.30 ] 

2463.93.___ 

S~o~b~ 2467.69 
2465.03 
2463.56 

K2S04 2 4 6 5 . 7 0 _ _ _  
2452.88___] 

CaS04 2466.60 
2453.47 I~ 

[is ~- 3p (non bonding)] -~ 2465.80 (g = - 0.55) 

[Is , -  3p (bonding)] ? 

[Is ~ 3p (non bonding)] ~ 2467.64 (g = 0) 
[Is ~- 3p (bonding)] ? 

- ,  [is +- 3p] -~ 2474.65 (q = + 2) 

[Is +- 3~] ~ 2461.99 

sulphur, three transitions are observed:  the first a t  higher f requency which 
appears as a relatively sharp line, probably  involves non-bondh~g 3p-electrons. 
The exceptional agreement  between experimental  and computed  energy is to be 
considered par t ly  fortuitous. By  adding the relativistic correction est imated in the 
preceeding section (see Tab. t), the deviation rises in fact  to about  4.9 eV. The 
transit ion observed 2465.03 eV m a y  be tenta t ively  a t t r ibuted to bonding electrons : 
the energy stabilization involved seems to be of  the r ight  order of  magni tude  for a 
sulphur-sulphur bond energy. As far as the third  transit ion is concerned, at  present 
no interpretat ion is offered: it mus t  be remembered however  t ha t  in elemental 
sulphur exchange of excitation cannot  be ruled out,  while the a t t r ibut ion 3s - ,  is  
can be excluded since this transit ion ought  to occur at  much lower frequencies 
(about i0 eV lower). For  SrS, CaS, MnS, the K~-transition energy was computed  
at q = - 0 . 5 5  (value derived from the shift of  K~-transitions). The agreement  is 
again very  good. For  sulphates, the computed  transit ion energies are a little higher 
than  those observed : here however all the electrons involved are bonding electrons 
and the valence orbitals of  sulphur are likely to be strongly per turbed by  the field 
of  the oxygen atoms. The difference in energy between the levels 3s -1, 3p - i  is well 
reproduced.  

L-transi t ions can be defined in the monocen tde  approximat ion as in Eq. (8): 

AEL = E[~v -1, q] -- E[q + 1] (8) 

where ~0 is either a 2s or a 2p electron (see Fig. 2). For  the previously ment ioned 
reasons concerning ligand perturbat ion,  besides the allowed 3s -+ 2p and 3p -~ 2s 
transitions, also 3s -~ 2s, 3p --, 2p m a y  be expected to occur as well as a splitting 

Table 5. Computed and experimental L transition energies (eV) 
in elemental sulphur 

experimental [12, 13] computed 

S[2p -i] - >  S[3s -i] 149.2 
S[2p -1 ] -~ S[3p -i] 458 
S[2s -1] ~ S[3p -i] 203 

144.9 
158.1 
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Table 6. Computed and experimental X-ray terms in 
rhombic sulphur 

experimental [ld] computed 

S[Is -~] 2474.2 2476.1 
S[2s -~] 224.4 
S[2p -~] 164A 166.5 
S[3s -~] 16.7 2t .6 
S[3p -~] ~ 5.4 8.5 
S 0 0 

of  the latter. Exper imental  da ta  are available o,fly for elemental sulphur and these 
are shown together  with the computed  values in Tab. 5. Again a good agreement  
is obtained. 

A t  this point,  a comparison can be made between experimental  and computed  
X- ray  terms for rhombic sulphur, which gives a clear picture of  the accuracy tha t  
can be a t ta ined with a monocentr ic  model (see Tab. 6). The energy of  S[2p-1], 
S[3p -1] is predicted with reasonable accuracy so tha t  the discrepancy between 
experimental  and calculated shifts of  K~-transitions in sulphates mus t  be due to 
changes ill shape and energy of  3s and 3p functions from the atomic case. 
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