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Interpretation of Soft X-Ray Emission Spectra by 
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Applications to TiC, TiN, TiO, VC, VN and VO 
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Soft X-ray emission spectra for TiC, TiN, TiO, VC, VN and VO are interpreted in 
terms of octahedral clusters for these compounds. A comparison of experimental 
data and theoretically calculated spectra is shown. 

Key words: X-ray emission spectra, soft 

1. Introduction 

At present two different approaches for an interpretation of soft X-ray emission spectra 
(XES) seem to be commonly used. First, an MO-type description for the electronic struc- 
ture of the ground state of nearest neighbour clusters [1-6]. Second, an interpretation 
in terms of local partial density of states functions, as derived from band structure cal- 
culations for the ground state crystals [7-9]. Both schemes operate quite successfully 
within the approximation that the electronic structure for the ground state will be repre- 
sentative of the characteristic sequence of bands (peaks) in the XE spectra. 

However, there are only very few attempts to calculate transition probabilities for XE 
spectra and to compare theoretically convoluted spectra with the corresponding experi- 
mental ones. 

In the present paper, XE spectra for TiC, TiN, TiO, VC, VN and VO - all compounds 
crystallizing in the NaC1 structure - are interpreted in terms of the ground state for octa- 
hedral clusters. The electronic structure for these clusters is calculated by means of the 
SW-Xcz method [ 10-12]. Since a potential field of "muffin-tin" type for a restricted selec- 
tion of scattering centres will reproduce the crystal potential only moderately well, no 
attempt is made to calculate the "muffin-tin" charge density for these clusters self- 
consistently [12]. 

In order to obtain XE spectra theoretically, transition probabilities are calculated by means 
of the method summarized in Sect. 2 and broadening effects will be simulated as discussed 
in Sect. 3. 

In Sect. 4, theoretically convoluted XE spectra for the series TiC, TiN, TiO, VC, VN and VO 
are compared with available experimental data. Finally, in Sect. 5 the applicability of the 
presented method and the reliability of calculated results will be discussed in terms of the 
approximations involved. 
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2. Transition Probabilities and Intensities for XE Spectra 

In the case of soft X-ray emission, the influx of radiation generates holes in the electronic 
core states. The emitted radiation is caused by spontaneous transitions of valence electrons 
to the core holes. Within the theory of dipole emission [13] the intensity of this transition 
is proportional to the square of the transition moment per unit time, 

/(co) c~ w3M2 ' (1) 

co being the frequency of the radiated quantum. This quantity I(eo) can be calculated quite 
easily within the SW-Xe method, provided that both the initial state as well as the final 
state can be represented by one-electron orbitals of the ground state (ground state approxi- 
mation) and that the emitted quantum can be set up in the first place as the difference of 
the corresponding one-electron eigenvalues, namely for a particular valence state v and core 
state p, E~ and E~, respectively: 

h e  = - ( 2 )  

Since core states are completely localized within atomic spheres, a core wave function 
be of the form 

[q~(~p, ET,); l ep I = Ir - - /~p[  < bp 
,I,(,, ETa) / 

t 0, otherwise, 
(3) 

~p  being the distance vector from the origin to the centre of the pth atomic sphere and 
bp the atomic sphere radius. 

In the following only the atomic sphere centred in the origin 

~p =0  0 ~ < l * l < b  (4) 

shall be considered, since for crystallized compounds the origin of a cluster can always be 
chosen to be centred in the constituent of most interest, i.e. at the site where the transition 
occurs. 

As one can see from (3), any scalar product of the type 

(,It(,, E~)I ,I~(,, Ev)) (S) 

has to be calculated solely within atomic spheres. According to (4), only the sphere centred 
in the origin of the cluster has to be considered. 

Within a region of spherical symmetric potential, the wave function ~(e, Ev) to the valence 
eigenvalue Ev is expanded into partial waves 

"'~(*, E~) = 2 cfm ul(r, Ev) Ylm 0). (6) 
lm 

In (6) ul(r, E~) is the solution of the radial Schr6dinger equation for the eigenvalue Ev 
and angular momentum l and cYm the eigenvector (see Eq. (2.18) of Ref. [12] ). 

In the case of a core state E~, it is sufficient to consider only one partial wave 

*(~, E~ ) = C?mUl(r, E~ ) Ylm ($ ). (7) 
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Choosing the coefficient c~rn to be unity" implies the fotlowSng normalization for the core 
wave function: 

x~t(~, E~z) = [R//a ] -1 Hi@, E~) Ytm (~), (8) 

where R~ is given by 

b 
R~ = f u2(r, ES)r 2 dr. (9) 

o 
The components of the electric 2t-pole momentum operator can be set up in terms of 
harmonic polynomials, 

qJlrn ('~ ) = rtytm ($), (10) 

where l = 1 in the case of the dipole approximation. 

According to (6, 8, 10), a particular component of the transition moment will be given by 

/~v 1) gflrnl,12m~ = [ R ~ ] - 1  ~, Clarn~ (uzl(r,E~)Ytlrnl (;)lrl~ yl2m~ (~) lama 

[ Ul 3 @, Ev)Ylams (~)) = 

=[R~]- I  ~ ~v o . v  [(211+1)(212+1)(213+1)] t/2 
t'l s m a~x 11 la ta X lain a 4 ~r 

X(~ 12 13t[t1 12 13 ) " (11)  

0 0 ] \mt  m2 m3 

In (11)R~lU21~ is the radial part of the integration 

b 
R~lV,~ = f ul, (r, E~)rl= + 2u,3 (r, Ev) dr. (1 2) 

o 

The angular part of the integral can be expressed in terms of Clebsch-Gordon coefficients, 
which automatically provide selection rules, since 

Ill - 131 < l =  ( l  I + l 3. (13)  

The transition probability corresponding to (11) will then be 

uv 12 [(2t ,+1)(212+1)]  la~lm~,I=m a = [ ~ ] - 2  ~ ~ CYamag~'am' s X 
47r t~,m~ t'~,rn; 

R uv R #v (~1 12 ~a) ( ~ / 2  ~3) 
X t,12la td=l; [(213 + 1)(2l~ + 1)] 1/2 0 0 

X ( tl 12 I a ) (  ll t2 l'3 ~ (14) 
mt m2 m3 ml 1772 rrtr3]" 
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In order to get the total transition probability, one has to sum over all components (m2) 
of the electric 2l-pole and over all degenerate core states (m 1). Utilizing the orthogonality 
of Clebsch-Gordon coefficients [14] 

~, [ 11 12 1 3 ) (  II 12 t 3 , t= (213+l ) - t S t~ t ,  Sm~m~ (15) 
m~,makm 1 m 2m3 ml  m2m3]  

the total transition probability is 

~ar/aV,2 E /~P 2 [(211+1)(212+1) ] 
= IM[,rn,,l~m=l = [R~]-2 tr~tl 1 , 17. I X 

m ~ , r n 2  47"( 

X E [R~l~,3] 2 [Clams [2. (16) 
/3 O 0  

Finally the last sum in (16) can be set up in terms of an/-like charge Q}' and an integral of 
the type as defined in (9) 

v 2 = ,qv [R v 1-1 (17) ]013real ~Zl 3t 131 
1"1l 3 

Within the dipole approximation, the intensity for an XE transition from a valence state 
E v to a particular core state ES, characterized by the angular momentum 1, will therefore 
be simply given by 

4re " 7 \  0 0 0 ]  [R~]-IRS~,Q}. (18) 

The Clebsch-Gordon coefficients which appear in (t6) and (18) are easily obtained by means 
of the following formula [14] 

l 2 ~0; l I + 1 2 + l a = 2 p +  i;  p integer 

- -  [ 0 ( _ 1 )  p ( l i  + 12 - -  13)!(12 + 13 -- 11)[(I3 + l l  -- 12)! 1/2 

p~ 
I 1 + 12 + l 3 = 2p. (19) 

(p - 6 ) ! ( p -  12)! (p  - 1 3 ) ! '  

3. Broadening Effects and Convolution of Spectra 
Within the approximations mentioned, the intensity for a particular transition/a -+ v can be 
calculated by means of (18). However, there is a variety of effects which cause broadening 
of tines and which cannot be included directly into a simple one-electron theory. It is 
therefore necessary to correct the calculated intensity parametrically at least with respect 
to life-time broadening for the core states as well as for valence states and with respect to 
the spectrometer resolution. 

In the present paper the following broadening function of Lorentzian type is used [9, 15] 

I~V(E) = 7r_li~v( E ~ 'y(E)] 2 (20) 
o v i~' ( E -  Ei) 2 + 7(E)214 
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where I~oV(Ei) is the intensity as defined in (t 8) and the energy-dependent half-width, 7(E), 
can be approximated [15] by 

7 (E)=  7o +W(I EFE----E--~176 Eo]I 2 (21) 

7o will take care of the life-time broadening for core states and the second term [15] 
corrects with respect to the valence state broadening. In (21) Eo is the lowest valence state 
and EF the Fermi energy. 

The total life-time corrected intensity w~l then be a superposition (22) of intensities 
I~v(e) (20), 

I~(E) = ~ I~V(E), (22) 
p 

which has to be folded with the spectrometer function 

I~(E) = f I~(E')f(E - e ' )  dE'. 
_ o o  

The spectrometer function will again be of Lorentzian type with a suitable half-width 
parameter S. 

As can be seen in (21), direct application of this formula requires the explicit knowledge 
of the Fermi energy EF, a quantity which will not be available in terms of a simple cluster 
calculation. However, since XE spectra are usually presented in a relative energy scale, E F 
corresponding to zero energy, the energy" scale of the calculated spectrum can be shifted 
to a particular peak in the experimental spectrum. 

In the present paper all theoretical XE spectra for one compound are convoluted with 
respect to the corresponding K~ I peak in the experimental metal K spectrum. 

5 

4. Applications to TiC, TiN, TiO, VC, VN and VO 

Two types of octahedral clusters are investigated, namely MeX 6 and Me6X (Me = metal, 
X = non-metal). Both types are calculated with respect to the same constant potential 
in the interatomic region [ 12]. Exchange parameters and atomic sphere radii are chosen 
according to the values used by Neckel et al. [16]. 

Since the components of the dipole moment operator are transformed according to a 
particular irreducible representation of the invariance group of the unperturbed Hamilton 
operator, application of group theory proves to be quite useful for the convolution of 
theoretical spectra and for an interpretation of the'experimental data. For the central 
sphere, in case of the Oh point group, only transitions from tlu valence states for K spectra 
and transitions from alg, eg and tgg valence states in case of L spectra have to be 
considered. 

Since the usual concept of the Fermi energy cannot be applied, the question of the highest 
occupied state and its occupation number is rather a delicate problem. In the case of 
nitrides and oxides, where "p"- and "d"-like valence states are separated, these states can 
be occupied similar to the electronic configuration of the diatomic compounds MeX. Thus, 
in case of clusters of the type MeX6, one ought to consider complex anions such as 
[MEN6] is - and [Me06] 10- For these clusters the highest occupied state will be 2t2g 
and its occupation number refers to the occupation number of the 3o(2~r) state in the 
corresponding diatomic molecule MeX. 
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Table 1. References to experimental XE spectra for TiC, TiN, 
TiO, VC, VN and VO 

Compound Metal K Metal L Non-metal K 

TiC 17, a 18, 23 20, 21, b 222, b 24, 27 21, 24, 27, 31 
TiN 17, 18, 23 1, 2_0, 25 25, 31, 32 
TiO 1, 17, 18, 23 l, 2_0, 25, 26, 29, 33 20, 31, 33 
VC 19, 28 1, 25, 28, 30 21, 27, 28 
VN 19 1, 25, 30 24, 32 
VO 1_99 25, 33 2__44, 33 

a Underlined Refs. refer to those spectra used in Figs. 1 and 2. 
b Refer to the dotted line in Fig. 1. 

For carbides, there is no such clear-cut situation for "p"- and "d"-like states. Since in the 
case of VC6 the 2tzg state is below the 3tlu state, occupation of the 3txu state would 
imply unpaired electrons, localized maitaly on the non-metal ligands. This seems to be 
rather unrealistic [6]. The 2t2g state is therefore assumed to be the highest occupied 
state with an occupation number corresponding to the top valence orbital in the diatomic 
molecule VC. According to these considerations, occupation of valence states, correspond- 
ing to complex anions of the type [MeC6] 14-, is assumed for the metal XE spectra in TiC 

and VC. 

The comparison of theoretical and experimental spectra is shown for the titanium series 
in Fig. 1 and for the vanadium compounds in Fig. 2. In both figures, the top row corre- 
sponds to the non-metal K spectrum, the middle row to the metal K spectrum and the 

lower row to the metal L spectrum. The experimental data refer to the LII,III spectra, 
the calculated ones to the LIII  spectra. Experimental data are shown as full lines and theo- 
retical spectra as broken lines. In case of the Ti LILII I spectrum in TiC a second experi- 
mental spectrum is plotted (dotted line). In Table I the references are listed in which the 
experimental spectra have been published. In this table, underlined references refer to the 
spectra shown in Fig. 1 and 2. All theoretical metal spectra are calculated with 7o = 0.7 eV, 
W = 2.0 eV and S = 1.0 eV, whereas the non-metal K spectra are based on 7o = If  = S = 
1.0 eV. In all cases Eo(21 ) is the corresponding lowest alg valence state. 

In the following the various types of XE spectra shall be discussed separately. 

4.1. Metal K Spectra 

Figs. 1 and 2 show that for metal K spectra the K~  cannot be interpreted in terms of tran- 
sitions to the central atom in octahedral clusters [MeX 6 ] n- Comparing corresponding 
metal K and L spectra, it is evident that the K~  peak has to be associated with transitions 
from valence states with predominantly "d"  character. 

In the literature [1, 6],  the K~, peak is frequently interpreted in terms of clusters 
[Me6X] m, namely in terms of transitions from atg, eg, t l u  , rig, t2u and t2g ligand orbitals 
- corresponding to the splitting of the atomic d orbital of the metal - to the proper ligand 
core orbitals (alg, eg, tlu ). In this case, the calculation of the transition probabilities 
cannot be restricted to one sphere (4). 

However; it seems to be more appropriate to consider clusters including second neighbour 
interactions (metal-metal interactions). Expanding the wave function in the central sphere 
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(6) for orbitals derived from the atomic d states of the second neighbours will then allow 
a calculation of the intensity for K~ peaks in terms of the method presented in Sect. 2. 
In this case only tlu valence orbitals contribute to the metal K spectrum. 

Irrespective of whether one considers first or second neighbour clusters, in the case of 
metal K spectra the p4ike charge within the central metal sphere (17) will always be a 
small component in the distribution of charges (24) for any tlu orbital, 

N 
nv QiVn + v = Qout + Z Z Q~l. (24) 

p=l l 

In (24) n v is the degeneracy for the state v, Q~n the charge within the interatomic region, 
/) 

Qout the charge outside the outer sphere, N the total number of atomic centres in the 
cluster and Q~t the/-like charge in sphere p (for reference see Sect. 4 of Ref. [ t 2] ). 

4. 2. Non-Metal K Spectra 

Similar to the K~s peak in the metal K spectrum, the K I band corresponds to transitions 
from valence orbitals with predominantly metal "d"-character. 

However, for clusters of the type Me6X , on which the analysis for the non-metal K spectra 
is based, the p-like charge in the central non-metal sphere (17) is the dominant component 
in the distribution of charges (24) for the 1 tlu valence state, which corresponds to the 
atomic 2p levels of the non-metal. 

All other tlu valence states are due to the splitting of the atomic d-orbitals of the metal 
ligands. The p-like charge for these tlu valence orbitals in the non-metal sphere will add 
only very little in the resolution of charges. The transition probability from the 2txu 
valence orbital to the non-metal core orbital is therefore very much smaller than from the 
1 tiu orbital. This is the reason why the K I band in the non-metal K spectra cannot be re- 
solved properly within a simple first neighbour cluster model. Including a second shell of 
ligands in case of the non-metal K spectra will definitely give some information about the 
asymmetry of the K H  band, but does not seem to be sufficient to improve the theoretical 
intensity for the K I peak considerably. In order to interpret this peak properly, results 
of band structure calculations [8, 9, 16] have to be considered. 

4.3. Metal L Spectra 

Since the experimental metal L spectrum is a superposition of the LII and LII I spectra 
where corresponding peaks are separated approximately by the atomic spin-orbit splitting 
parameter (Ti: 5.77 eV, V: 7. i0 eV [34] ), the theoretical LHI spectrum as calculated for 
a cluster MeX 6 can be used in terms of a qualitative interpretation of the experimental 
data. Taking a typical example, the Ti LIH spectrum in TiO (Fig. 1), one can see that in 
the theoretical LIu  spectrum the main peak, which is due to a transition from the 2t2g 
valence state to the "2p" core state in titanium, is obviously overestimated. This can be 
explained in the following way. Since the 2t2g state should be occupied only with an 
integer number of electrons, the transition probability for the main peak and, therefore, 
the ratio of intensities for the first and second peak in the theoretical spectrum, suffer 
from this restriction. This is connected with the fact that it is only the 2t2g state which 
characterizes the occupied part of the "d" band in the solid. Considering therefore a 
cluster with an additional shell of metal ligands will not only improve the width of the 
main peak in the LIII spectrum, but also the ratio of intensities. 



178 P. Weinberger 

A special case is the L m  spectrum in VC. Because the 7r-binding character of the it2g 
orbital is decreased substantially going from VO to VN and VC, transitions from the 
lt2g as well as from the 2t2g valence state have comparative probabilities. Thus the 
experimental V LII, III spectrum in VC can be interpreted quite satisfactorily [9]. 

5. Discussion 

In general, considering first neighbour clusters only, the position of the calculated bands 
is in reasonably good agreement with the experimental data. For metal K spectra, the 

" I I  energy difference between the K~ and K~5 peaks can be reproduced within an error bound 
of 2 eV. This is about the result which one can expect from self-consistent bandstructure 
calculation [8, 9, 16]. The calculated intensity, based on the "ground state approximation" 
and the dipole approximation, resolves the experimental metal K spectra sufficiently well. 
In the case of the metal L spectra, the position of bands is reproduced within an error 
bound of about 1.5 eV. 

There is a series of disadvantages which have to be taken into account when considering 
first neighbour clusters only. First, the K~ band in the metal K spectra cannot be resolved 
in terms of the method proposed. Second, the ratio of the calculated intensities for metal 
L spectra suffers severely from the restriction to first neighbour clusters. Third, the 
intensity for the K I  band in the non-metal K spectra is resolved only very badly. 

The main disadvantage, however, is that in a simple cluster approach the Fermi energy 
cannot be calculated directly as in the case of band structure calculations. One has to 
make assumptions about the ionicity of the clusters. 

For the final shape of the theoretical spectra the choice of the parameters 7o, W and S 
(21, 23) is obviously of some importance. As one can see in (21), application of an energy- 
dependent half-width parameter 7(E) will simulate the corresponding asymmetry in the 
experimental peaks. However, since this effect is of minor importance, 7(E) can also be 
approximated by a sufficiently large constant (~2 eV). Because there is only a small 
number of states which contribute to a particular peak, the choice of the parameter S 
will be rather important. The crucial test in the case of the clusters MeX6 is the K ~  
peak in the metal K spectra, where transitions from the 2tlu and 3tlu valence state can 
contribute. Choosing the parameter S too small can cause an "artificial" split in the 
theoretical K ~  peak. 

Since relaxation effects can be assumed to be very large indeed, (2) should not be used 
to predict the absolute position of XE spectra. In the case of the metal K spectrum [ 18] 
in TiC the maximum of the K~' and the K~ / peak is at 4954 eV and 4961 eV, respectively, 
while an application of (2) would predict these two peaks to be at 4818.85 eV and 
4826.12 eV. Application of the transition state concept [10, 12] gives 4967.6 and 
4974.8 eV, which is in reasonably good agreement with the experimental data. How- 
ever, in the context of XE spectra the transition state concept has two maior disadvantages. 
First, a proper calculation of transition energies requires self-consistency, which will be 
based on somewhat different models in the case of the SW-Xa method [12] and in the 
case of band structure calculations [35]. Second, though the transition state concept can 
be a useful tool to approximate transition energies, i.e. the difference of the total energy 
for two states, the wave functions corresponding formally to the one-electron states of the 
transition state [36] have never been analysed in terms of scalar products such as (1) and 
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subsequently (18). Therefore no experience at all is available about the physical meaning 
of  those states. 

Relaxing a metal core state will affect essentially orbitals located mainly at the metal  

consti tuent,  while typical ligand orbitals will be relaxed only very little. Applying there- 
fore one-electron wave functions of  the transit ion state to (18) may be quite misleading. 

It was the aim of  the present paper to show that  simple local models can be applied quite 
successfully to typical solid state problems [37].  Considering the small computat ional  
effort  involved, the method  presented seems to be applicable for a variety of  chemically 

interesting systems, especially to those where band structure calculations are too tedious 
or, at present, not  possible. I t  should be noted,  however, that results based on a nearest 
neighbour cluster approach for the solid state will always be only an approximation to 
those reflecting the full periodici ty of  the crystal potential .  
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