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An ab initio Calculation of K-Spectra in
Molecules HCI and HF
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An ab initio calculation of energies and intensities of K-emission and K-absorption
spectra in molecules HCl and HF are carried out. An electronic readjustment due
to a hole in a molecular core is taken into account. A vibrational structure of
K-emission and K-absorption spectra is also calculated. The calculation shows that
it is possible to detect a vibrational structure of valence bonding levels in X-ray
emission spectra. A good agreement with experiment is obtained.
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1. Introduction

The present paper deals with a calculation of energies and intensities of K-emission
and K-absorption lines in two simple molecules. Different models are used to inter-
pret X-ray spectra. Ab initio calculations are necessary to study the applicability of
any model, to analyze the electronic structure of X-ray excited states and compu-
tational approximations. We used a one-center method offered in [1]. This method
was successfully used for hydrides in [1].

2. One-Center Calculation

A wave function ¥ of an N-electron system can be written in the form of a Slater
determinant (h=m=e=1)
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Here Y, = spherical functions, Sy, = spin functions, y/; = one-electron spin-orbitals
in the form offered by Fock and Petrashen (FP function). The origin of the coordinate
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system is placed at a “heavy’” nucleus (Cl or F). Coefficients a;, are calculated from ortho-
gonality conditions

(Rpi| Ry = 8pnt,
The parameters « are varied to obtain the best value of the energy of any state.
Intensities of transitions are calculated in accordance with
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where
Sap =WEIVEY,  fop = (WA IPIUE)Y .

Results of our calculations of energies and intensities of X-ray K-emission spectra in
molecules HCI and HF are given in Table 1. The electronic readjustment due to a hole
in a molecular core is taken into account when X-ray excited states are calculated. The
Kg-ine of HCl corresponds to the transitions 1s < 3pg (bonding level 5¢) and 1s < 3p:
(unbonding level 2m) in the one-center method, the K -line of HF corresponds to the
transitions 1s < 2p, (bonding level 30) and 1s < 2p. (unbonding level 17).

Results of the calculation of energies and intensities of K-absorption lines in HCl and
HF are given in Table 2. The electronic readjustment accompanying core ionizations
in HCl and HF is also taken into account. Rydberg np-orbitals of the excited electron
were constructed as linear combinations of p-symmetry FP functions with n 2 n,,
where

4 for HCl

n =
P13 for HF.

Table 1. K-Emission spectra of molecules HCl and HF (Energy in eV, intensity in
relative units)

Our Calculation Experiment [2]2
Molecule Transition Energy Intensity Energy Intensity
HCl 1s< 3ps 3.35 3.2 3501 4.3+0.1
15+ 3pg 0 1 0 1
HF 1s < 2ps 34 2.7 - -
1s< 2po 0 1 - -

3 Experimental data in the maxima of the spectrum.
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Table 2. K-absorption spectra of molecules HCl and HF (Energy in eV from the
continuous edge, intensity in relative units)

Our Calculation Experiment [2]
Molecule Transition Energy Intensity Energy Intensity
HCl 1s < Y 4(60) 6.05 1.8 6.1+0.1 1.55+ 0.1
1s—4p 2.55 1 22+0.2 1
1s—5p 1.2 0.4 0.72 0.62
HF 1s— y,(40) 6.9 41 - -
is—>3p 3.0 3.2 - -
1s—4p 1.4 1 - -

2 An estimate.

The Rydberg orbitals are orthogonal to one another. They are also orthogonal to
occupied p-symmetry orbitals.

The vacant antibonding molecular orbitals , were constructed as linear combinations
of s, p, d symmetry FP functions.

U, =—0.560 4py (0.95) —0.237 5py (1.35) —0.036 6p4 (2.7) +0.636 4s (1.3)
+0.075 55 (2.4) —04623d, (0.8) —0.073 4d,, (0.8)

for HCl and

Y, = —0.5943p, (1.1) —0.063 4p, (1.96) +0.728 35 (1.04) +0.128 45 (1.66)
+0.017 55 (3.16) +0.312 3d, (1.04)

for HF.

Parameters « for the FP functions are given in parentheses. A complicated form of ¢,
means that , are molecular orbitals. On the other hand similar orbitals are constructed
from FP functions with the same quantum number /. It means that they are of the
Rydberg type.

Our results are in good agreement with the experimental data for K-spectra of a mole-
cule HCL. We do not know the experimental data for molecule HF.

3. Vibrational Fine Structure

The vibrational fine structure of lines in X-ray spectra of HCl and HF was calculated
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in the one-particle harmonic approximation proposed in [3, 4]. In this approximation
the model Hamiltonian of a molecule has the form [4]

H= 2 e',-(Qo)(l;di + Z Ws(b:bs + 1/2)
i ]

de

+ 322712 (dQ ) (afa; — n;)(bs + by) (3)
s i s/0

+221/4 de (afa; — ny)(b5 + by) (b + by),
" dQydQy' | o o !

ss
where 7 labels the one-electron orbitals, s designates the dimensionless normal coordi-
nates Q. Q is the equilibrium geometry of the molecule on the Hartree-Fock level.
The @; and b are the creation operators associated with the electronic orbitals and
vibrational quanta, respectively. n; = 1 if i is an occupied orbital and n; =0 if iis a
vacant orbital in the Hartree-Fock ground state, w, are the Hartree-Fock frequencies.

Intensity of the X-ray emission spectrum is defined by

IwhH= j- op(wW', W)J(w)-dw, )

where w and w' are the initial and final photon frequency, respectively. J(w) is the
spectral function of an excited radiation. A photon-molecule inelastic scattering cross-

section ag(w', w) is given by [3]

o' W)~ lemv [n)n|V|0)|2

Ta
W= Wyt — 5

8(w—w' — wyp). (&)

The absorption cross-section ¢ 4 (w) may be written as

T, /2n
(W - Wno)2 + F%:/4 ’

04(W)~ %HniVIO)I 2 (6)

In Eqgs. (5) and (6)
Wpo = E, — Ey.
E, and |n) are the energy eigenvalues and eigenstates of a molecular Hamiltonian H.

', ! is the lifetime of the intermediate X-ray excited state | n). The coupling of electrons
to the initial (final) photon is described by the usual semi-classical Hamiltonian 1448

V= z Vkiaza,-.
ki
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Using Born-Oppenheimer approximation and one-particle harmonic approximation
the cross-sections (5) and (6) may be written as (for diatomic molecule)

occ, 2
oW, W)~ 3 Wil | Wii? 2 8w —w — e + wh(ng +1/2) — ¥ w¥)
ik fig

(i 17 )7;10)
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Equation (7) describes the two electronic transitions i = », k - i, and Egq. (8) corre-
sponds to electronic transition / = v. G(w') is the leading term of inelastic scattering
contribution from different channels, IG(w") describes the interference between
vibrational states |7;) of the intermediate electronic state i. The superscripts occ. and
vac. refer to summations over all occupied and unoccupied orbitals in the Hartree~
Fock ground state, respectively. Summing over 7, k and v is defined by the frequencies
wand w'. wy is the vibrational frequency of the ground state on the Hartree-Fock
level.

[<A;10)12 and [(74 172;]% are the usual Franck-Condon factors. w*’ and ny; are the
vibrational frequency and quantum number of the excited state with the hole in shell
I and an excited electron at orbital », respectively:
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For the intermediate state with the hole in a shell ;

) +4~i\12 ) 2
W’=WO.(W———° 7) , 7’=—1/4(d e’) :
0

Wo dg?
and so forth.

There is a simple relation between f* and the shift of the equilibrium geometry of a
molecule due to the excitation process (for diatomic molecule)

fvi

AR = _(2)1/2 (ﬂwvi)1/2 ’

(10)

where u is a reduced mass of a molecule.

One can easily see from the equations for calculating vibrational fine structure of the
spectra that it is not necessary to compute potential curves of excited states. It is the
chief advantage of this method in comparison with traditional procedures.

The calculated forms of the K-emission and absorption spectra of HCl and HF are
displayed in Figs. 1-4. The intensity of the X-ray spectra in all figures has arbitrary
units. The parameters g and ¥’ for occupied orbitals 7 are calculated from the Hartree-
Fock data of Cade and Huo [5]. CNDO/BW {6] calculations have been carried out on
HCl and HF to obtain derivatives (de”/dR), and (d*€”/dR?), for vacant orbitals

(66 for HCl and 40 for HF).

There is a relation between parameters f15 and /¢ in molecules HCI and HF, f Is<fmo,
where no labels the valence bonding orbitals. As was shown in [3] in this case the vibra-
tional fine structure in X-ray emission spectra is similar to the vibrational fine structure
in the photoelectron spectra of the corresponding valence orbitals [7].

The calculated vibrational fine structure of the K-absorption spectra of HCl and HF are
given in Figs. 3 and 4. The changes of the interatomic distance due to excitation of the
1s-electron to vacant orbitals for HC1 (Clls - 60) and HF (F1s > 4¢) are 0.235 and
0.211 (a.u.). Taking into account that for HCl and HF f 182 0 and Egs. (9) and (10) it is
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Fig. 1. The calculated HCl X-ray Kﬁ—emission
spectrum. The thin solid lines represent

Fig. 2. The calculated HF X-ray
K-emission spectrum. An inter-

vibrational components and the dotted inter-
ference term IG (see text). The vibrational
frequency in the ground state wq is 0.39 eV,
linewidth I'is 1.1 eV

ference term is negligible. The
vibrational frequency in the
ground state is 0.55 eV, line-
width I'is 0.22 eV
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K-RABSORPTION HCL
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Fig. 3. The calculated absorp-
tion cross-section of K excita-
tion for HC1 showing four
vibrational components sepa-
rated by 0.36 eV, Linewidth

Tisl.l eV
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K-ABSORPTION HF
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Fig. 4. The calculated absorption
cross-section of K excitation for
HF showing five vibrational
components separated by 0.54 eV.
Linewidth I" is 0.22 eV

clearly evident that vacant molecular orbitals 6¢ in HCI and 40 in HF have anti-bonding
character. Furthermore, the anti-bonding character of the 60 orbital in HCI was discussed
by W. H. E. Schwarz in [8], where the ab initio calculation of the L-absorption spectrum

of HCl was carried out.

Unfortunately, the high resolution K g-emission and K-absorption spectra of HCl and

X-ray spectra of HF are not yet known.

Acknowledgements. We are greatly indebted to Dr. P. I. Wadash for providing the CNDO/BW package.

References

1. Banyard, K. E., Hake, R. B.: J. Chem. Phys. 44, 3523 (1966)
2. Sadovskii, A. P,, Mazalov, L. N., Bertenev, V. M., Murakhtanov, V. V.: Theor. Exper. Khimii 6,

502 (1970)

3. Gel'mukhanov, F. K., Mazalov, L. N., Nikolaev, A. V., Kondratenko, A. V., Smirnii, V. G.,
Wadash, P. I, Sadovskii, A. P.: Dokl. Akad. Nauk SSSR 225,597 (1975)

~ A WA

New York: Wiley 1970

Received March 31, 1976/September 17, 1976

. Cederbaum, L. S., Domcke, W.: J. Chem. Phys. 60, 2878 (1974)

. Cade,P.E., Huo, W, M.: J. Chem. Phys. 47, 649 (1967)

. Boyd, R. J., Whitehead, M. A.: J. Chem. Soc. D.T. 1,73 (1972)

. Turner, D. W., Baker, C., Baker, A. D., Brundle, C. R.: Molecular photoelectron spectroscopy.



