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Single-atom approximation for K 8-to-K & x-ray intensity ratios in chemical compounds
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The single-atom approximation for theB-to-Ka x-ray intensity ratios for chemical compounds af 3
elements has been tested with the discrete-variati¥@al DV-X«) molecular-orbital(MO) method. The
effective numbers of electrons in each atomic shell are obtained with thE ®¥hethod and used to calculate
the I(KB)/I(Ke) ratio in the single-atom approximation. The calculated results are in good agreement with
the DV-Xa MO values for octahedral symmetry, but systematically smaller for tetrahedral symmetry. The
reason for this discrepancy is ascribed to be K, s component, which is appreciable in some compounds
with the tetrahedral symmetry.
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The KB-to-Ka x-ray intensity ratios|(KB)/I(Ka), in I(KB)/1(Kea) ratios on the valence electron configuration
the chemical compounds ofiZelements have received spe- was studied. Polasik’s results were used to analyze the ex-
cial attention both experimentally and theoretically, becaus@erimental result§15,26 to determine the effective number
they depend on the chemical environmdrits15) as well as ~ of valence electrons in the chemical compounds.
the excitation modefl16—22. Recently, we have showii7] Since the atomic calculations are much easier than the
with the discrete-variationalDV) Xa molecular-orbital ~Molecular ones, it is very useful to study the x-ray emission
(MO) method that the chemical effect on thegk 8)/1 (K «) rates for_ che_zmlcal compounds with the single-atom approxi-
ratios depends on the symmetry property of molecules. wahation, if this modell can be successfqlly used. T_he purpose
have also pointed ouf22] that the change in the of the present work is to test the validity of the single-atom
I(KB)/I(Ka) ratios in different excitation modes is ascribed aPProximation for thd (K 5)/1(K ) ratios in I elements.
to the difference in the effective number ofl 3lectrons It. ShO.U|d t_)e noted, however_, that the smgle-at(_)m approxi-
Naq, before the x-ray emission. Furthermore, we fonﬂﬁﬁ]’ mation is different from thesingle-centerapproximation,

3d» - . ’

: . which we have studied alreal®7]. In the case of the single-
that when thel (K3)/1(Ka) ratios for chemical compounds .o ntar anproximation, the transition matrix elements for the
are plotted as a function dfyq,

. _ they are on a straight line , 5y emission are calculated between the initial- and final-
with a negative slope and the value of the slope depends ogtate MO wave functions, but the contributions from other
the molecular symmetry. atoms, i.e., the interatomic transitions, are neglected. On the
The above results indicate that the screening effectdof 3 other hand, in the single-atom approximation the transition
electrons in the molecule plays an important role in the emisprobabilities between two atomic orbital8O’s) are calcu-
sion of KB x rays. Considering this fact, we can assume thatated for the atom with an appropriate electron configuration.
if we know the effective number of electrons in each shell of In the present work, we have performed the MO calcula-
the atom of interest from the MO calculation, the tions for several chemical compounds of Cr and Mn with the
[(KB)/I(Ka) ratio in the molecule can be obtained by aDV-Xa method[28]. For simplicity, we chose the molecules
single-atom calculation for the x-ray transition probabilities with the tetrahedralT,) and octahedral®,) symmetry. The
with valence electron configuration corresponding to theseffective number of electrons in each shell of Cr and Mn is
effective numbers of electrons. Théggle-atomapproxima-  obtained with the DVXa MO method from Mulliken's
tion has been often used for the calculations of x-ray emispopulation analysig29] and is listed for some chemical
sion rates in molecules. For example, Bagtdal [4] used  compounds of Cr and Mn in Tables | and Il together with the
this method to calculate the chemical effect on theelectron configuration for the isolated atom. The data used
[(KB)/1(Kea) ratios in Cr and Mn compounds. for the MO calculations for these compounds, such as clus-
Recently, Polasik24] calculated thek g-to-Ka x-ray in-  ter, symmetry, and bond length, are found in our previous
tensity ratios for atoms of all @ transition metals with the paper[7]. We used the frozen-orbital approximation to cal-
multiconfiguration Dirac-Fock methodi25] including the culate x-ray emission rates and all the calculations were
Breit interaction and quantum electrodynamic correctionsmade with the ground-state wave functions, in a similar man-
For 3d elements, the atoms withd3'~24s?, 3d™ '4s!, and  ner to the numerical tables of Manson and Kennig&j} and
3d™ configurations were considered and the dependence &cofield[31].
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TABLE I. Mulliken’s population analysis of Cr compounds.

Shell Cr cCrQ*> cCr,05° CrO, CrCly CrCh
1s 2 2 2 2 2 2
2s 2 2 2 2 2 2
2p 6 6 6 6 6 6
3s 2 2 2 2 2 2
3p 6 6 6 6 6 6
3d 5 3.44 3.48 356  4.21 4.42
4s 1 0.06 0.12 0.25  0.43 0.36
4p 0.28 0.34 0.08 023 0.18
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TABLE IIl. Comparison of atomic and molecular calculations
of (KB)/1(Kea) ratios for Cr and Mn compounds.

Using the effective numbers of electrons in the tables, theuno,2-

atomic Hartree-Fock-SlateX) calculations have been car- vno,
ried out and the x-ray transition probabilities have beenyncy,

evaluated in the dipole approximati§80,32. Throughout

Compound  Symmetry Atomic AtomieK3,5 Molecular

Cr 0.114

CrO,2~ Ty 0.119 0.123 0.123

Cr,0,2~ Tq 0.119 0.123 0.122

Cro, Oy 0.118 0.117

CrCly Oy 0.116 0.115

CrCl, Oy 0.115 0.115

Mn 0.118

MnO,~ Ty 0.120 0.124 0.124
Ty 0.120 0.122 0.121
(o) 0.119 0.119
(o) 0.117 0.116

all the calculations, Slater’s statistical exchange coefficient

was kept atw=0.7 in order to compare with the MO calcu- with the single-center approximatiq27], the contributions
lations. The results are shown in Table Ill and comparedrom the interatomic transitions are negligible for the
with the values calculated with the MO wave functions. Thel (KB)/I(Ka) ratios in the 3 elements. We have already
MO x-ray emission rates were estimated in a manner similapointed out[7] that for compounds witiTy symmetry, the

to our previous work$7,22], using the MO wave functions presence of th& 8” and K 8, 5 lines increases th&(K3)/
obtained in the DVXa calculations described above. The | (K«) ratios, while in theO,, symmetry their contributions
transition matrix elements between two MO'’s in the dipoleare small. Considering these facts, the present results suggest
approximation were evaluated in the DV integration schemehat the contribution from one or both of these satellite lines

[33].

is not properly taken into account in the single-atom approxi-

The calculated values for atoms are in agreement with thenation.

tabulated values: 0.115[(B0] and 0.1153[31] for Cr and

In order to test this assumption, the energy eigenvalues of

0.1192[30] and 0.1195[31] for Mn. The reason for the atomic and molecular calculations for MO are shown in
slightly smaller values in Table Il is ascribed to the statisti- Table 1V. For MO’s, the components of Mn AQ’s are also

cal exchange coefficient used by us+0.7. When we adopt

given. From a comparison of the energy eigenvalues between

a=1, the corresponding values coincide with the values ofAO’s and MQO'’s, the energy of theptorbital in the atomic
Manson and Kenned80]. This fact indicates the validity of ~calculation is close to the energy of the,4rbital in the MO

the DV integration method for calculations of dipole matrix calculation, but is far from that of thet§ orbital. As can be
elements. The values of Scofield were obtained with the relaseen in our previous work7], the KB” line corresponds to
tivistic wave functions including all multipoles and are the 4t,—1s transition and thek 8,5 line comes from the

slightly larger than the nonrelativistic ones.
It is clear from Table Il that for theO, symmetry

6t,— 1s transition. The x-ray emission rates depend on the
number of electrons, transition energy, and shape of the

the single-atom approximation can well reproduce thewave functions. In the single-atom approximation, only the
Kp-to-Ka ratios in the MO calculations. However, in the effective numbers of electrons are taken into consideration.
case of Ty symmetry the AO calculation gives a smaller If we assume that the AO and MO wave functions have

value than the MO calculation. We have already sh¢win

similar form, Table IV suggests that in the single-atom ap-

that the results of MO calculations are qualitatively in agreeproximation the intensity of th& 3" line is taken into ac-
ment with the experimental values. According to our results

TABLE Il. Mulliken’s population analysis of Mn compounds.

Shell Mn MnQ,~ MnO,2~ MnO, MnCl,
1s 2 2 2 2 2
2s 2 2 2 2 2
2p 6 6 6 6 6
3s 2 2 2 2 2
3p 6 6 6 6 6
3d 5 4.49 4.67 4.68 5.48
4s 2 0.11 0.24 0.28 0.38
4p 0.44 0.40 0.09 0.18

TABLE IV. Energy eigenvaluegeV) of atomic and molecular
calculations for MnQ™.

AO Population Energy MO Population Energy Mn
component
3d 449  —27.031 &, 2 —18.805 &
4s 0.11 —19.844 4, 6 —17.172 $,3d,4p
4p  0.44 —14.285 §, 6 -4.866 3.4p
le, 4 —4.835 3
6a; 2 —3.135 %
6t, 6 —2.659 Zis]
1t 6 1.220
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count, but the contribution from thi€ 8, 5 line is consider-  values of thel (KB)/I (Ka) ratios in this approximation are
ably underestimated. On the other hand, in the single-centamaller than the experimental valug¢34]. Scofield [35]
approximation, the contributions from both lines are in-pointed out this discrepancy due to a neglect of the exchange
volved, because we used the MO states and their wave funeffect and nonzero overlap integrals in the matrix elements.
tions. His theoretical values for atoms in the relaxed-orbital ap-
As a simple approximation, we assume that the contribuproximation with both effects are in good agreement with the
tion from the G, orbital is not included and we add the measured ones.
contribution from the intensity of th& 3, s (6t,—1s) line In the case of molecules, such calculations have been per-
from the MO calculations to thg(K8)/1(Ka) ratios in the  formed only for simple molecules with light elements, be-
single-atom approximation. The obtained results are alsQy se of the numerical accuracy in multicenter integration. In

Iilsted ir? Ta:le i |f0|r< co/rrpé)unds Witﬁ;d S);]mmetry. It iz the case of CO molecules, the relative x-ray intensity ratios
clear that the total (K§) .( @) Tatios for the coOmpounads i, the frozen-orbital and relaxed-orbital approximations are
with the T4 symmetry are in good agreement with the values

. . 2 : almost the same, although the absolute emission rates are
of the MO cglculatlons. This fact_lndlcates that the Slng.lle'different[36—3a. For heavier elements and for complex ge-
atom approximation cannot take into account the Conmbubmetr such adr, and O, symmetry, thel (K)/1(Ke)
tion from theK B, 5 line. Y d h Sy Y, B a

In our previous papef7], we pointed out that the ratios in two approximation would be different. Unfortu-

I(KB)/1(Ka) ratios of Bancet al. in the multiple-scattering nately, numerical errors for_overlap integrals increase for a
(MS) Xa method [4] are systematically larger than our large number (_Jf_atomlc orblta_ls and for complex geometry.
DV-Xa values. They carried out the MO calculations with Nevertheless, it is hoped that in the future tii 8)/1(K )
the MSXa method and calculated tHéK 8)/1 (K @) ratios ratios will be performed using MO wave functions with the
in the single-atom approximation using the results obtaine@*change and overlap effects for chemical compoundsiof 3
from the MO calculations. Comparison with our results waselements.
made in the form of relativé(K 8)/1 (K «) ratios to the stan- In conclusion, we have calculated théK3)/I(Ka) ra-
dard clusters Crg¥~ and MnQ,~, which have theTy sym-  tios for some compounds of Cr and Mn witfy and Oy,
metry, and the calculated values for other compounds wersymmetry in the single-atom approximation. The calcula-
expressed as the ratio relative to the corresponding standations of the atomic x-ray transition probabilities were per-
values. If the single-atom approximation underpredicts thdormed in the dipole approximation using the effective num-
[(KB)/I(Ka) ratios in the Ty symmetry, the relative ber of electrons estimated from the DX& MO calculations.
[(KB)/1(Ka) ratios become smaller by taking into account The obtained results for thfK3)/I(K«) ratios are com-
the intensity of theKg,s line. The relative ratio of the pared with the values from the DX¥a MO wave functions.
[(KB)/1(Kea) ratio to the standard value in the single-atomFor compounds witlD,, symmetry, the values obtained in
approximation to that of the MO calculation is estimatedthe single-atom approximation are in good agreement with
from Table 11 to be 0.967 for Crg¥~ and 0.968 for Mn@~,  those of the MO calculations, while in tig; symmetry the
respectively. Using these values as a correction factor to thirmer values are systematically smaller than the latter. This
value in the single-atom approximation, we can modify thediscrepancy is ascribed to the fact that the single-atom ap-
relative | (KB)/I(Ka) ratios of Bandet al. [4] to be 0.932 proximation cannot take into account the contribution from
for CrCl; and 0.935 for MnS. The values thus obtained are irthe K 3, 5 line, the contribution of which is negligible in the
agreement with our D\Xa values, 0.942 for CrGland Oy symmetry but appreciable in thigy symmetry. The sum
0.935 for MnS[7]. of the intensity of theK 3, 5 line and thel (KB)/1 (K«) ratio

In the present work, we used the frozen-orbital approxi-n the single-atom approximation agrees well with results of
mation. It is well known that for 8 elements the calculated the MO calculations.
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