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Spin-orbit interaction and molecular-field effects in theL, 3VV Auger-electron spectra of HCI
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Ab initio calculations based on quantum chemical methods and the one center approximation have been
carried out for the, 3V'V normal Auger-electron spectrum of HCI. Spin-orbit and molecular field effects were
explicitly included in the description of the intermediate ore hole state. The results are compared with the
experimental spectrum obtained with synchrotron radiation. The corresponding &tggMd Auger transi-
tions are studied in the isoelectronic argon atom. The calculated Auger electron spectra are in good agreement
with the experimental and to previous theoretical results. For HCI the calculations predict substantially differ-
ent total Auger transition probabilities of 126, 99, and 113 meV for the three nondegenerate spin-orbit and
molecular-field-split ™1 states: D33(113,), 2p33(%21,), and P3(?Ml,,), respectively. Furthermore,
each of these core hole states gives rise to remarkably different intensity distributions. These effects are
explained by(i) the partial orientation of the chloringoZore hole by the molecular fieldj) a decrease of the
net population of the chlorine@Borbital in the bond direction due to the chemical bond, &iid the clear
(97% preference of the Auger decay of an orientgd®re orbital to produce final states with at least one hole
in the 3p orbital with the same spatial orientatidi1050-29478)00609-X

PACS numbe(s): 33.80—b, 32.80.Hd, 82.80.Pv

[. INTRODUCTION of the paper was not a detailed reproduction of the Auger-
electron spectrum, hence, their results compare less favor-
Auger-electron spectra, especially of molecules and conably to the experimental spectrum. Ths, VV Auger-
densed matter, contain many structures overlapping heavilglectron spectrum of HCI was also calculated by Sukhorukov
with each other. This is due to the large number of energetiet al. [7,8] with a partially semiempirical approach. These
cally nearly spaced electronical and vibrational states both imuthors also considerag 3V-VVYV shake satellite decay and
the intermediate and final state of the process. From experits influence on the Auger electron spectriij.
ments it is usually impossible to reliably separate the differ- Using the semiempirical intermediate neglect of differen-
ent contributions. A possible way out is to produce a theotial overlap (INDO) approach, Larkins and co-workers cal-
retical counterpart, a theoretical spectrum, and to compare @ulated thel , V'V Auger electron spectra of SjH9] and
with the experimental one. If the profiles are in good resemseveral phosphorus compound40]. Furthermore, the
blance to each other, then a deeper understanding of thuger-electron spectrum of Sjfhas been calculated recently
physics involved becomes possible. The demands for they Cederbaum and Tarantelli and interpreted with the for-
theory are high; the theoretical calculations should accoungign imaging schemgll]. In that work the intensities of the
for all the essential things affecting in the course of the tranAuger transitions were estimated by the two-hole population
sitions to be able to reproduce the experiment. In this articlanalysig 12]. Finally, there exist some theoretical treatments
we describe a method that is designed to be routinely applief solid-state Auger electron specf{rB3] in which the tran-
cable for an accurate calculation of fully theoretitalvVV — sition matrix elements were obtained from atomic codes and

Auger electron spectra of molecules. some additional assumptions for the crystal-field splittings
So far, almost all theoretical studies of molecular Augerand spectral broadenings were included.
electron spectra have been done for KV type of transi- All approaches discussed so far did not explicitly account

tions (see, e.g.J1-3], and references therginOnly rela-  for the molecular field, which is known to contribute to the
tively few studies exist for intermediate core holes with splitting of 1#0 core-hole states besides the dominating
higherl values. Probably the most sophisticated work in thisspin-orbit effect. Pioneering experimental studies of the
field is the calculation of thé, V'V Auger-electron spec- ligand field splitting have been done by Bancroft and co-
trum of HCI by Kvalheim[4]. He used Auger transition am- workers(see, e.g., Ref14] and references thergirRecently
plitudes of the argon atom and a configuration interactiorit became possible to resolve the molecular-field splitting of
(Cl) method for the description of the final states. More re-2p core-hole states in experimental photo electron spectra of
cently, Chelkowska and Larkin§] described the calculation several sulfur compound45-17 and of HCI[18]. Insight

of molecular Auger electron spectra on the basis of the “onén the structure of the molecular-field split core-hole states
center approximation’[6] in the cases whes-, p-, andd- has been provided by several theoretical investigations:
type atomic orbitals are involved in the Auger process assel'mukhanovet al. [17] and Bbve et al. [15,19 demon-
core hole or valence orbitals. As an example, they calculatedtrated that these splittings can be reproduced and under-
the L, 3VV Auger electron spectrum of HCI. But, as the aim stood by the nonrelativistic energies of the core-hole states,
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that can be obtained frorab initio calculations, and an ef- tems that are very crucial for intensity reasons when working

fective Hamiltonian that accounts for the spin-orbit interac-at low-energy second generation storage rings. The energy
tion in the 2 orbitals. Very recently, Ellingseet al. [20] resolution of the SES-144 analyzer was about 65 meV using
presented a higher level approach by a fully relativistic Cla typical pass energy of 20 eV.

calculation of the p~?! states of HCI. The L, 3VV Auger-electron spectrum of HCI was ob-

Using the HS L,3VV Auger decay as an example tained with the photon energy of 254 eV, which is still well
Gel'mukhanovet al. [17] showed that the threep2 ! states  below the chlorind_; edge at 278.3 ey27] in order to avoid
have substantially different partial Auger decay rates into theeascade Auger transitions. Note that in previously reported
lowest 2, ?(*A,) final state. Comparable effects were found electron-impact excited Auger-electron spe¢@8,29 such
experimentally in the Auger electron spectra of HO3] and  cascade Auger decay of thg core hole was possible. As
of the HS radica[21]. In the last three articles it was dem- recently demonstrated for argd®0], the contribution of
onstrated that the three core-hole states give rise to very disuch effects to Auger-electron spectra can be remarkably
ferent intensity distributions in the Auger-electron spectrumlarge. We should mention that the photon energy used in this
This was interpreted qualitatively for the decay in some finalexperiment is sufficient to reach several shakeup and shake-
states. But, to our knowledge, calculations(offully theo-  off states of the core-ionized HCI molecule. According to the
retical L, 3 Auger electron spectra of molecules diiglcom-  work of Carravettet al.[31] the highest intensities for these
plete Auger electron spectra of the differenp 2ore-hole transitions are between 12 and 25 eV above thg,2oniza-
states were not done so far. tion threshold(207.3 eV[27]).

In this paper we will, therefore, describe a theoretical ~For argon, we discuss here the recently reported measure-
method that is able to provide this. It is basedaninitio CI  ments by Pulkkinert al.[32]. The photon energy of 265 eV
calculations with nonrelativistic molecular programs that arén the experiment was below the firstp2'3s°3p°4p*
driven by a Gaussian basis set, the “one center approximashakeup resonand@70.9 eV[33]) but still well above the
tion,” [6] and reasonable estimates for the line forms. We2p ionization edge$248.63 and 250.78 el34] of 2p3,, and
demonstrate the suitability of this method at theVV ~ 2py;, respectively.

Auger-electron spectrum of HCI and the, ;MM Auger- In these experiments postcollision interacti®Cl) ef-
electron spectrum of argon, which are both compared to refects influence the energetical positions and shapes of the
cent experimental data. Auger lines but should not be a dominating effect. Thus, we

The article is subdivided as follows: Experimental detailsdid not account for PCI effects in the theoretical spectra but
are briefly described in Sec. II. This is followed by a descrip-we shifted the experimental spectra to the nominal Auger
tion of the theory and the numerical methods in Sec. Ill. Weenergies. The kinetic energy of the argon spectrum was ad-
present, compare, and discuss our theoretical and experimejtisted to theL.3sM, M, D) line at 203.499-eV kinetic
tal L, sMM Auger-electron spectra of argon in Sec. IV. Sec-energy [32]. The spectrum of HCI was adjusted to the
tion V gives our results for the |2 core-hole states of HCl 2p;,—27 2(337) line at 173.35-eV kinetic energy or
that are used for Sec. VI which includes our results for the35.68 eV binding energf29].
correspondingd., 3VV Auger-electron spectrum. In Sec. VII
we explain the remarkable dependence of the predicted total
and partial transition rates of different molecular field and
spin-orbit split core-hole states. In Sec. VIII we sum up how A. Spin-orbit interaction for 2 p core holes
an accurate calculation df, 3VV Auger transitions should
be done and give our conclusions.

Ill. THEORY AND NUMERICAL METHODS

A description of the spin-orbit interaction and molecular-
field effects on the energy levels of the core-ionized states
and on the intensity patterns of moleculas V'V Auger-

Il. EXPERIMENT electron spectra was recently given by Gel’'mukhaebwal.

[17]. A detailed investigation of the nature of the spin-orbit

The synchrotron radiation excited electron spectra haveng molecular-field-split core ionized states and a method for
been measured at the “Finnish beam line” bl @P] of the 50 jation can be found in the work of /Be@ and co-

MAX-I storage ring in Lund, Sweden. Synchrotron radiation workers[15,19. However, we shall briefly present our ap-

Shgg[?ig?ﬁirgsn:aﬁgzhg: gaesri(:)(:];sr:adgllzt@ctrso]h Iggcltjrsoitlzjtl)py proach to this problem, which uses the Cartesian orbitals
. R - , 2py, and . The spin-orbit operator
the bl 51 is 60—300 eV. The radiation is monochromatized ™" P . P P

by the modified SX-700 plane grating monochromd@f]. Aeo=—7y-5-1, (1)
The important part for the gas phase experiments is the dif-

ferential pumping stage that reduces the pressure five orders ) ) ) ) )

of magnitude between the experimental chamber and thwhere y is the spin-orbit parameter, is constructed in the
high vacuum monochromator. It also contains a toroidal rePasis((2pxa) "%, i(2pya) %, —(2p,8) ") and((2p,B) ™,
focusing mirror in order to create a minimal spot size at the~1(2Py8) *, (2p,@) 1), yielding, in both basis sets, the
source point of the electron spectrometer. The used electrdf@Me Matrix representation

spectrometers were equipped with hemispherical analyzers

either at a fixed angl€SES-144 [25] or at variable angle 0 1 1

(SCIENTA-200 [26] with respect to the horizontal polariza- y

tion direction of the synchrotron radiation. Both analyzers Hso=— 2 101 @)
apply retarding lenses and position-sensitive detector sys- 1 1 0
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TABLE |. Eigenvalues and eigenvectors of the atomic spin-orbit B. Auger transition probabilities
operator[Eq. (2)], core hole densities of thep2, 2p,, and 2,

orbitals (D, D, D) and theLS term used for linear molecules. The determination of the Auger transition rates is in line

with our previous worK 3,35] and similar to the formulation
of Chelkowska and Larkin§5]. We repeat the main ideas

J M Elglig Figenvector Dy Dy D, LSterm here for the current case of orientegp? intermediate
states.

3 3 1 1 1 1 , We assume that the Auger process can be treated as a

3 3 — 2 (ﬁ_ ﬁ,O) 5 3 0 LE7 two-step process, which is a very good approximation for the
present case. Then the partial Auger transition rate for the

3 1 2 11 \/z 11 2 5y decay of theith intermediate state to thigh final state be-

2 2 /66 V¥ & ©& 3 12 comes

1 1 1 1 1 1 1 1 , R

2 2 7 (ﬁ’ﬁ’ﬁ) 333 | Pig=2m 2 KWi[H—E| AW o) @

with ¥; and ¥ being theN—1 andN—2 electron wave

The two basis sets represent the two degenerate Kramef&nctions. of the intermediate state and final state, respec-
doublets of the spin-orbit split configurations. tively (N is the number of electrons in the ground statéis

The advantage of representing the core hole in this Caithe antisymmetrization operatap." is the continuum wave
tesian basis is the simple form of the spin-orbit operator ifunction representing the Auger electron in the charmel
this representation, as the coordinate system can be choskhis the Hamiltonian of the system aiidthe energy of; .
for any molecule in such a form that the molecular fieldIn this work we describe the intermediate state exclusively
effects appear only on the diagonal elements of the totdpy 2P~ * configurations whereas thi’s are represented by

Hamiltonian Hge: Cl wave functions. _ _ .
As discussed above the spin-orbit coupling causes the

core-hole wave functions to be linear combinations of the
Cartesian basis configurations of the preceding section,

€y _r Y which we write here asV,, ¥,, and¥,, respectively.
2 2 Equation(4) can now be written as
Y Y
Hom | =3 & 3 3 e . §
R 2 =27 | D Ci (W JA-ElA¥e™| . (5
Im a
Y Y
—_— R ez
2 2

In our calculations we shall not consider the generally small
effect of spin-orbit interaction in the final states. Therefore,
the final-state wave function, including the continuum wave
€, €, ande, are the nonrelativistic energies of thp;Zl, function, can be chosen without loss of generality as a purely
2p,*, and 2, * states and include the molecular-field ef- real function and an eigenfunction &,. As mentioned
fects. Diagonalization of the matri@) leads to eigenvalues above, theV, and¥, configurations have different magnetic
that are the spin-orbit and molecular-field-split energies ofjuantum numbersnfs) and the coefficient off’ is purely
the 2p~ ! states. imaginary whereas those &, and ¥, are real. Thus, the
The eigenvectors and eigenvalues of the spin-orbit matrixontributions of the different Cartesian core-hole configura-
of an atom €,=€,=¢€,) are collected in Table I. This table tions tol';; are uncoupled and E@5) may be rewritten as
also includes the R core-hole densitie§D), which are ob-
tained by squaring the coefficients of the corresponding 5 . -
eigenvectors. As we discuss below, th@sare of particular FifZZW; Ci.l % (W JH—E[A¥s, oM (6)

importance for the Auger transition rates. Note that for atoms
_3 1 H . .. . . . .
the energy levels of thd=3 and J=3; states contain on o simplicity the Cartesian basis configurations can be sub-

average one-third of a hole in each of the arbitals. stituted now by the primitive Cartesiarp2! configurations
In molecules the existence of the nonspherically symmetre g ()~ (Zpya)—l and (20,@) Y. In the follow-

ric molecular field causes a splitting of the=2 components ing we also neglect the generally small energy dependence of
of the core-hole states in two Kramers doublets. The wave,e Auger matrix elements. Thus, the decay rate ofithe
functions of the core-ionized states of molecules are esseRyre hole state is the sum of the rates of the primitipe 2
tially the atomic wave functions in Table I. In this paper we configurations weighted by thiC; ,|2’s which are theD

will designate the HCI p~* states with the-S (®*>* YAy ) giscussed in the preceding section.

terms Ilg;,, 23,, and %1, which are also given in In this work we will use a common orthogonal set of
Table I. Of course, neithes nor A is good a quantum num- orbitals for the intermediate and final-state wave functions.
ber for the current case of strong spin-orbit interaction, buffhe E term can now be dropped from E@) and the matrix

the LS symbols correctly represent the dominating electronicelement at the right-hand-side reduces to a sum of two elec-
configuration of the states. tron matrix elements

XY,z
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. m of m atom than the core-hole atom are neglected; @mgl the
alP— fuPc /= v W\ PaPc | PuPw/s remaining matrix elements are obtained from readily avail-
(VR -ElAV e =2 ¥ileardloupun), (D g matrix element btained f dily avail
. able radial integrals and corresponding angular factors. The
whereg, ande,, are valence orbitals ang,, is the 20, core ~ numerical values of the radial integrals were taken from the
orbital. y*!, is the two-electron transition density matrix be- work of Chelkowska and Larking5]. These are averaged
tween the intermediate state configuratibn, and the final-  values of the radial Auger decay integrals of Cle¢rl.[36],
state wave function. As in our previous wofR5] we ap- which were calculated by a multiconfiguration Dirac-Fock

proximate the valence orbitals by a linear combination of thdn€thod using the bound orbitals of the intermediate state and
occupied atomic orbitalsy(,) the Coulomb operator as the two-electron operator.

0= CoiX - (8) C. Auger line shapes
y2

The line shapes for the HCI Auger electron spectrum were
Here the indexu is running over all atomic orbitals of the described by the moment method of Cederbaum and Taran-
molecule, which are, e.g., for HCI thes12s, 2p,, 2p,, t?”l [37]. In this theory the groun¢D), intermediate i), and
2p,, 3s, 3py, 3py, 3p, orbitals of chlorine and the sl final (f) state potential energy curves are assumed to _be
orbital of H. The orbital expansion coefficients ; are found ~ Parabolas with the curvature of the ground-state potential
by projection of the valence orbitals on the basis of theenergy curve but different local and energetical positions.

atomic orbitalg35]. This leads to the matrix elements The envelopes of the vibrational features are simulated by
Gaussian functions. The energetical posit®p and width

W, [full width at half maximum(FWHM)] of the Gaussian
Im _ Im o
(@ate |‘Pv9"W>_% CuwCrwl(Xa®e 1XuX0) (O function for theuth final state are given by

The integral at the right-hand side of E@) is evaluated E¢(E¢—Ef,)
according to the “one center approximatior{6], which Pu=Bc—Eu— E"
means thati) the continuum wave functiom»'cm is assumed 0

to be identical to that of the atomic cage) all matrix ele-

ments that contain one or more atomic orbitals of anotheand

l‘*2

(E/_E/ )2 E/2
W, = \/8In2c—f“ 0+ —| 1+
2E} Eg

2

FZ 2
2
F2+4w2_2(F2+ w? +Wexm A

whereE, E’, andE" are the energies and the first and secondexcited from valence orbitals to Rydberg orbitals. The orbit-
derivatives of the potential energy curves at the Franckals, which were used to set up the configurations of the CI,
Condon point.w is the ground-state vibrational frequency were designed to be optimal for a balanced description of all
andI’ the total decay rate of the core ionized stM&,is  final states. Thus valence orbitals generated by a CASSCF
the FWHM of the broadening caused by the electron spec41] method for an average of all two-hole configurations in
trometer. The above formalism is suitable to produce overaljhe valence space and Rydberg orbitals from a modified vir-
features of Auger-electron spectra even if a part of the finaja| orbital techniqué42] using the averaged Fock operator
states is not bounfB], as in the case of HCl or the former qf )| three-hole configurations within the prior valence or-
treated HF example of Zainger et al. [38]. The detailed pjtais were used. The CI space included all two-hole con-
vibrational structure can, however, not be obtained by th'?igurations and some single and double excitations from
method. In this case one would have to refer to the MO em into the first Rydberg orbitals.
general lifetime vibrational interference thedB9. For argon we used the 461p3d basis functions of the
correlation consistent polarized valence quadruple gata
D. Calculational details pVQ2Z) basis set by Woon and Dunnifg3], but we released
The relative energies and wave functions of the finaitheir cc_mtracti_on substantially to 48p3d. Two extra sets of
states were obtained by ClI calculatioi#0] of several se- d functions with exponents 11.7 and 4.68 were added. These

lected electronic configurations. These wave functions dete@'€ needed for an accurate description of theaBbitals in
mine the two electron transition density maitrix e|em€EEu$_ Ar2+. Furthermore, the fO”OWing flat basis functions with
(7)] and the orbital expansion coefficierigq. (8)] that are  €xponents according to the recipe of Kaufmaetral. [44]
used to obtain the Auger transition rates. The final statewere added in order to describe Rydberg orbitals correctly:
reached in the low kinetic part of the argon and HCI Auger-Five s functions (exponents 0.100, 0.053, 0.030, 0.018, and
electron spectra are well known to have large admixtures 00.012, four p functions(exponents 0.090, 0.051, 0.031, and
correlating configurations in which one or more electrons aré.020, and fourd functions(exponents 0.128, 0.073, 0.044,
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and 0.029. This basis set is adequate for a descriptiors,of Theo ' " ' ' ' ' !
p, andd Rydberg orbitals up to an effective quantum number v
(neg) of 4.5. For the more accurate calculations with the
multiconfiguration coupled electron pair approa¢kC- )
CEPA) [45] two sets off functions with exponents 0.543 and § & MCCEPA
1.325[43] were also included. 8

The basis set for the Cl atom of HCI was chosen similar to g . Valence I |
that of argon: The 1€11p3d primitive basis set of the cc- 2 A Tty e
PVQZ basis was contracted to $dp3d and augmented by ~ § |EXPenment [ 3p2
two sets ofd orbitals (exponents 9.462, 3.8R1Rydberg ba- = Ty en) 3t Fe]
sis functions up tong.4=4.0 (s: 0.100, 0.053, 0.030, and e E@w’(m)w rorsas
0.018;p: 0.179, 0.090, 0.051, 0.03%: 0.128, 0.073, and rer W e s
0.044 and onef set(exponent 0.70643]). For the hydrogen e A A
atom we used a $lp/3slp basis[43]. If not stated other- Kinetic Energy (eV)

wise, the calculations for the HCI molecule were performed
at the experimental equilibrium distance of its ground state FIG. 1. Experimental argoh, MM Auger-electron spectrum
(ro=2.4085@, [46]). The coordinate system is chosen suchtogether with the calculated spectra that were generated using va-
that the H-CI bond is on the axis. lence Cl or MCCEPA energies for the final states. The most inten-
For theL,VV Auger-electron spectra two different en- sive_peaks are labeled. The energy of the spectra was adjusted to the
ergy scales will be used below: kinetic energies, which cor- P line at 207.32 eV.
respond more directly to the spectral features, and binding ]
energies, which are well-defined single numbers for each fi- General features of the experimental spectrum are well
nal state, whereas each final state appears in the Auggﬁprodqced by t_he nonre_latlwsth _calcu_latlons. _As in former
electron spectrum withat least two kinetic energies. As theprencal studies, the line positions in the kinetic energy
shown in our prior work3,47] the MCCEPA method pro- egion between 185 and 210 eV «3'3p™*, and 3~?
vides absolute theoretical energies for both scales with aftates, which is free from correlation satglllte structures, are
accuracy of about 0.1 eV. But, absolute theoretical energieProduced by the valence CI method with an average devia-
compare differently to experimental data on the kinetic andion from the experimental energies of 230 meV. The MC-
binding energy scale. In order to simplify this comparison, CEPA method yields clearly more accurate energies with
the theoretical final-state energies were shifted to the experfverage deviations of 90 meV, indicating the need for the

mental values of the lowest final states. accurate treatment of the electron correlation. The line inten-
sities correlate well with previous theoretical studies. As in
. . . l . . .
IV. THE L, MM AUGER-ELECTRON SPECTRUM thes_e prior studies, our theoreticHP to D intensity ratio
’ OF ARGON deviates remarkably from the experimental one. We should

note that the correct ratio has not been obtained with the

Previously, theL, ;MM Auger-electron spectrum of ar- most sophisticated metho@s2], where the final continuum
gon has been studied extensively both experimentally andtate configuration interactigifCSC) was included in mul-
theoretically (see Pulkkinenet al. [32] and references ticonfiguration Dirac-FocKMCDF) calculations.
therein, and \kor et al. [48]). The spin-orbit splitting be- The low kinetic energy regiofbelow 185 eV is, on the
tween theL, and L; core-hole states is 2.15 eV while the other hand, dominated by a manifold of correlation satellite
fine-structure splitting in the final states is of the order of thestructures. In this energy region we also obtained intensities
natural linewidth of the core-ionized stat6.11 eV [49)). with reasonable agreement with experiment but the valence
Calculations by McGuir¢50], Dyall and Larkind51], Kval-  Cl method underestimates the kinetic energies by about 1.5
heim [4], and recently by Pulkkinert al. [32] have indi- eV. This is due to the limited CI space, of up to about 1000
cated the importance of the final ionic state configurationconfigurations per symmetry, which was used for the present
interaction(FISCI). Our test calculations for argon are not calculations. The MCCEPA approach, on the other hand, de-
meant to compete with these previous, more sophisticatescribes electron correlation more precisely and, thus, gives
studies, but rather to show how reliably the parameters of thenergetical positions with an improved average accuracy of
current calculations were chosen. 0.23 eV.

The final states were obtained from CI calculations in- It should be noted here that such an accuracy is desirable
cluding the diagram configurations €3p) 2 and the ex- for theoretical Auger-electron spectra but generally not nec-
cited configurations (88p) 3 (3d,4s,4p,4d,55)1 and  essary for correct assignments. Furthermore, the high level
(3s3p) 4 (3d,4s)? in the configuration space. Also calcula- MCCEPA calculations are rather time consuming for other
tions with excitations to higher Rydberg orbitals were madethan the ®~2 states. Therefore, we did not apply the
but this did not lead to a clear improvement of the calculatedMCCEPA method for the final-state energies of HCI, where
spectra. The energetical positions of the strongest lines wetbey would be(i) even more cumbersome due to the in-
also calculated by the MCCEPA method. In Fig. 1 wecreased number of final states per symmetry and the addi-
present the experimental arghn ;MM spectrum of Pulkki-  tional degree of freedom along the bond axis &g less
nenet al.[32] together with our calculations. Table Il shows required due to the dissociative nature of most final states.
experimental and calculated details of the peaks labeled in Our result for the natural linewidth of thep2* core hole
Fig. 1. state is 5.55% 10 2 a.u.(0.15 e\}. This value is about 3%
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TABLE Il. Calculated and experimental energies and intensities of $h1 M Auger-electron spectrum
of Ar. The intensities are normalized by setting the total intensity of theZ3states to 100. Experimental
energies and intensities are taken as an average value frol, thed L5 transitions from Ref[32]. The
calculated total energy of thep32(3P) state is given in brackets. The number in parentheses in the last
column is the contribution of thes3'3p~* configuration to the wave function in percent.

Energy relative to B 2(°P) in eV Intensity
Valence ClI MCCEPA Expt. Valence-ClI Expt. Term Leading configuration
Diagram lines
(—14296.50  (—14298.95 0.00 49.0 424  3p 96% 3p~?
1.93 1.73 1.67 41.5 459 D 95% 3p~?
4.32 4.14 4.06 9.5 118 !s 92% 3p~?
13.92 13.89 14.17 12.1 104 °p 75% 3~ 13p~?!
18.18 17.72 17.78 75 84 'p 44% 35~ 13p~?
31.41 30.90 30.90 2.4 1.5 1s 40% 352
Correlation satellite lines
27.06 25.88 25.65 1.0 1.6 °p 70% 3p~34s! (6)
27.52 26.25 26.11 2.4 25 p 71% 3p~34s! (14)
27.95 26.80 26.49 2.2 1.9 °%p 52% 3p~33d! (13)
28.73 27.69 27.24 5.1 6.7 P 34% 3p~33d! (30)
31.91 29.76 29.38 0.5 1.2 1p 78% 3p~33d* (3)

12% higher than the corresponding experimental value o$tate is included by thA SCF approach, but the correct split-
0.11 = 0.01 eV[49]. As shown by Tulkkiet al. [53] the  ting due to the molecular field is reached only if electron
calculated total decay rate depends very sensitively on theorrelation effects are included. This was done here by the
choice of the wave functions. They found that frozen-coreMCCEPA method with explicit inclusion of all single and
total L, 5 Auger decay rates calculated with intermediatedouble excitations from all occupied orbitals into the virtual
state orbitals are larger than the experimental values. In thand partially occupied orbitals that do not increase the num-
present work, radial integrals calculated with intermediatePer Of electrons in the 2 orbitals. Here SCF reference wave
state orbital{36] were used. Thus, our calculations can befunctions were used for both the ground and the core-ionized
expected to overestimate the total decay rate. In additiorstates. It was shown before that such a Cl-type calculation
because we know that radial integrals do not change remarigives nonrefativistic p ionization potentials that compare
ably for chlorine as compared to argon, we might expect thalevorably to experimental data after inclusion of the spin-
the total decay rate is also overestimated for chlorine, ~ ©rbit splitting [15,19.

The test calculations demonstrated that thgMM Au- TABLE Ill. Averaged ionization potentials}{,,), molecular
ger electron spectrum of argon was calculated with relativelyield splitting of the ;2 states(AE(?IT5,—23,)), and the D,
good accuracy compared to the experimental spectrum. Thisore-hole densitiesTt,) in the 23}, and 2I1,, states.D, of the
agreement gives us an opportunity to move one steplly, states is 0.00 and thep? and 2p, D's of all states are
further—to thel, V'V spectrum of HCI. Before we can do }(1-D,).
so, we first have to consider the nonisotropical core hole

density distribution of the HCI intermediate states. ) ot D,
Vao  AE(Mg—“21)) s o
Method e me II
V. MOLECULAR-FIELD SPLITTING V) (mev) el v
OF THE HCIL (2p~') STATES Koopmanns 218.82 33.1 0.65 0.35
ASCP 207.57 35.0 0.65 0.35

The nonrelativistic ionization energies of the,ln;21 and

1 1 MCCEPA? 207.74 92.0 0.63 0.37
the two degenerate® ~ and 2o, - states were calculated on Vibrationg 207.71 87.4
different levels of accuracy. In Table Ill we present the av-\,~~gppc 207.86 83.7 063 037
erage ionization potentials and the splitting of tHé,, and Relativistic Cf 207,54 78 065 037
2% + . . . . . . B
21, states that result from the inclusion of the spm-orbﬂEXme 207.95 79-8

interaction according to Ed3) with y=1.08 eV. The latter

value can be obtained from experimental deté] or from  2Basis as described in Sec. Ill D.

the relativistic calculations of Ellingseet al. [20]. Further-  PIncluding zero point vibrational effects with MCCEPA energies.

more, also the core hold densities are included in Table 111.°16s11p5d1f/12s10p5d1f basis as described in Sec. Il D plus
As shown in prior work of Bove et al. [15,19 and Ell-  two additionald sets(exponents: 70 and 25two f sets(8 and 2.4,

ingsenet al.[20], Koopmanns theorem yields relatively poor and oneg set(0.827.

agreement with experiment to both ionization energies anéRelativistic valence and core Cl including the Davidson correction

molecular-field splitting. The former is substantially im- [20].

proved when relaxation of the orbitals in the core ionized®Reference18].
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According to Table Il the molecular-field splitting be- states. Thus, we used an average value-6f24 eVA, in
tween the bg,é states is slightly overestimated by the cur- our calculations. The slopes of the final states are smaller
rent single-point calculations. As the splitting of the 2  throughout, betweer 1.9 eV/a, and—8 eV/a, as indicated
states is likely to depend on the internuclear distance, wén Table IV. General trends of these slopes may be rational-
included zero-point vibrational effects using potential-energyized from the occupation of the orbitals. For instance, the
curves that were obtained by diagonalization of the matrix in®s ~, *A, and 'S ™* states with two holes in the nonbonding
Eqg. (3) with MCCEPA energies for the nonrelativsitip2' 24 orbital are more strongly bound than the states with holes
states. This diminishes thepZ; molecular field splitting by  in the bonding % orbital or electrons in the strongly anti-
4.5 meV, which is smaller than the experimental error estibonding &> orbital. This simple picture is only qualita-
mate. The average MCCEPA ionization energy is about 0.2ively correct as configuration mixing and avoided crossings
eV too small. An extension of the basis set to ahave also substantial effects on the form of the PECs.
16s11p7d3f1g/11s9p7d3flg basis with reasonably cho- In Table IV the results of the present calculations are
sen exponents for the description of the electron correlatiogollected and compared to previous calculations by Kval-
within the core orbitals reduces this deviation to about 0.lheim [4], and Chelkowska and Larkinb]. In Fig. 2 we
eV. Further reduction of this value can be expected by im-compare our theoretical spectrum with the experimental one.
provements of the basis set and by explicit inclusion of therThe lowest binding energy part of the spectr(88—-47 eV
valence ionized states in the correlation space of thés composed of (52) 2 states, which obtain about 73% of
MCCEPA method. Nevertheless, much better agreement tthe total Auger decay intensity. The calculated energetical
the experimental ionization energies would be incidental, apositions of the lines in this region are in good agreement
corrections on the order of 0.1 €84] have to be expected with the experiment. The rest of the total intensity is distrib-
from the continuum bound state interactions that cannot beted among thed 271, 4071501, and 4r~2 configu-
properly taken into account in the CI treatment. rations, which mix strongly with correlation satellite con-

Table 11l shows that the results of the present calculationsigurations. As for argon, the binding energies of these states
are also in good agreement with the results of the relativisti@are underestimated approximately by 2 eV. Thus, the theo-
calculations of Ellingseret al. [20]. The differences in the retical spectrum seems to be “stretched” as compared to the
ionization potentials and the molecular-field splitting areexperimental one. In Table IV we indicated the strongest
most probably due to different choices of the Cl space andliagram configuration even for those states where they are
the basis sets. The core hole densities of the single pointot the leading configurations. Due to the choice of the in-
large basis MCCEPA calculations were used for the calculatermediate state wave function in our calculations, only the

tion of the HCI Auger transition rates. contributions of diagram configurations to a state give rise to
Auger intensity.
VI. L,4VV AUGER-ELECTRON SPECTRUM OF HCI So far we have not considered the contribution of shakeup

transitions in the intermediate states to our experimental
As in the calculations of the argoh, MM Auger-  spectrum. Calculations of Carravetta and co-workag in-

electron spectrum, we can expect that configurations thalicate that shakeup and shakeoff states contribute with 11%
involve the lowest virtual orbitals have a substantialand 8%, respectively, to the ionization cross section. With a
influence on the energetical spacing and the distributiormore approximate approach Kocheiral. obtained a value
of the final states. From the photoabsorption spectra off 12.8% for the total shake cross secti@. According to
HCI [27] it is well known that the lowest virtual orbital is the work of Kochuret al. [8] the shake states give rise to
not a typical Rydberg orbital but the antibonding=®6  broad structures in the Auger-electron spectrum, which are
valence orbital. This led to our choice of the configura-mainly located between 163- and 159-eV kinetic energy. In-
tion space of the final-state Cl. The following configurationsdeed, the experimental spectrum shows structures in that re-
with respect to the ground-state electron configuratiorgion that cannot be found in the theoretical spectrum. Fur-
102202301 7*40%5022m* of HCI were used. Beside the thermore, our calculations predict that 69% of the total
diagram configurations, which have two holes in the valencéuger intensity appear above 165-eV kinetic energy,
orbitals (4o, 50, and 2r7), also single and double excita- whereas in the experimental spectrum 57% of the total inten-
tions from these orbitals to theo and 3 orbitals, and sity belongs to this region. Assuming the theoretical ratio to
single excitations to the highers44p, 4d, and 5 Rydberg be exact for the decay of thep2?® states and the shake
orbitals were included. As in the case of argon, further ex-satellite structures to appear exclusively below 165-eV ki-
pansions of the Cl space did not cause significant changes iretic energy, this results in a total shake intensity of 20%,

the theoretical spectrum. which agrees well with the best theoretical valid®%) of
The data needed for the simulation of the envelopes of th€arravettaet al. [31].
vibrational structures by the moment meth@¥] were ob- In Table V we compare calculated intensities for the de-

tained as follows. All energies and the Auger intensities wereay of the different intermediate states to the-gar) ~2 final
calculated at the equilibrium bond distance of the groundstates with the experimental work of Aksettaal. [18]. In
state (.=2.4085@, [46]). The energy derivatives for the their work the form of the vibrational fine structure in the
final and core ionized states were obtained by numerical difAuger lines was assumed to be identical for adt 2 final
ferentiation. The HCI ground-state vibrational frequencystates and was determined from thp 2(°I1,,) — 33~
(2989.7 cm?!) was taken from the experimefit6]. The line. The calculations predict an intensity ratio of 1.6:0.6:1.0
slopes E.) of the potential energy curveECS of the  for the transitions from théllg;,, 23, and 2I1,,, interme-
core-ionized intermediate states were almost equal for alfiate states to both th& ~ and A final states. This is in a
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TABLE IV. Computed data for HCI. Rows from left to right: Position of the binding energy center of the pegkig eV, energy
derivative €;,) in eV/a,, Gaussian FWHM\V,,) in eV, and decay rates from theg;(?I13,,), 2p53(*27,), and 23;(I1) states in
104 a.u. The term symbols and the leading configuration are given in the next two columns. The four rightmost columns include the
calculated binding energie€j in eV and intensities1) in 10~ % a.u. of Kvalheim[4] and Chelkowska and Larkin&]. As absolute
intensities were not given in Ref4], we normalized these intensities to our average total intensity. The contribution of the diagram
configurations in some energy levels is designatedxwy) ( wherex=a,b, andc denote diagram configurationsr4d27 %, 401501,
and 402, respectivelyw is the contribution of this configuration in percent.

Present work Ref. [4] Ref. [5]

P, Ef, W, g, 235, My,  Term Leading configuration E I E I
3564 -190 0.57 9.21 341 508 33° 95% 272 357 469 357 7.06
3742 -1.85 056 9.19 364 594 A 95% 272 375 6.62 37.0 7.20
3876 -1.89 057 495 1.94 319 3* 92% 272 38.7 326 383 451
3950 —-3.79 121 6.69 9.91 8.54 °II 95% 5o~ 127t 39.6 9.27 37.9 7.60
41.08 —4.42 143 3.63 5.09 448 M1 94% 50~ 12771 41.2 6.52 38.8 3.94
4621 -6.07 1.99 0.22 3.30 2.03 3% 88% 502 46.3  3.67 435 1.25
4833 —4.76 154 2.54 1.11 1.70 °II 44% 4o~ 127t 49.0 155 50.8 4.41
4962 -566 1.85 0.52 0.20 0.33 I 73% 27360+ 1 (29 50.4 0.26
50.06 -529 1.72 154  0.70 1.05 311 53% 27 36g* 1 (327 50.8  0.76
51.09 -7.13 235 000 074 043 33~ 58% 50 127 26g* 1 (b29 52.0 0.52
5352 —552 1.80 2.06 0.79 1.32 I 35% 4o~ 1277t 54.4 148 56.4 451
54.09 -6.18 2.02 0.00 1.08 0.63 33~ 42% 4o~ 15071 548 0.64 538 1.18
5522 -5.56 1.82 0.08 034 024 37 31% 50127 260+ 1 (P18 56.3  0.31
57.12 -595 1.95 010  0.32 022 3 34% 50127 23d*! (P16
59.61 —-4.32 1.39 0.63 0.24  0.40 °1 40% 50127 23d! (3Lt
6035 —-4.71 152 1.18 044 070 I 38% 27 34pt (320
6066 —-3.76 120 023 0.09 0.14 3 73% 27 34pt (34
61.13 -4.16 134 121 045 0.77 I 49% 27~ 34pt (320
62.89 —4.87 158 0.20 0.08 0.13 I 56% 50~ 127 23d" (@
63.21 -6.37 2.09 0.00 0.34 0.20 33~ 33% 50227 13d! (P13
63.60 —450 145 042 065 055 37 27% 5o~ 127~ 23" (b18c12
63.81 -822 272 0.01 0.37 0.22 3 20% 4o~ 127 260+t (P14
66.65 —551 1.80 014 026 022 37 29% 27 462 (1t

1.62 1.82 1.73 Other states 2.00 1.73

46.38 37.23 41.01 Total rates 39.7 41.54

fairly good agreement with the experiment. The main dis-meV were calculated for thep,5(?I15),), 2p32 (221, and
agreement between experiment and theory arises from th#p; 2(?I1,,,) core-ionized states. Our calculations most
fact that the theory tends to overestimate the transition ratgsrobably overestimate the total decay rate by 25-50% as
to the °%~ state in a similar way as th&P state is overes- they do also for argon. Experimentap Zore-hole lifetime
timated in Ar. Further, for the final state configurationswidths of 95+ 15 meV were reported by Akseét al.[18].
2772, 27 501, and 5 ?, calculations predict relative This value may be compared with the average theoretical
intensity ratios for the decay from trdl,:23 1,211, in- decay width of 113 meV. Hence, the calculated width is
termediate states of 1.6:0.6:1.0, 0.8:1.1:1.0, and 0.1:1.6:1.@pout 20+ 20% greater than the experimental one. Note that
respectively. the different widths for the core-hole states cannot be con-
We have included in Tables IV and V results from previ- firmed by the experiment as thdl,, and 23, states are

ous work by Kvalheinj4], and Chelkowska and Larkif§].  too close to each other to determine their invidual widths.
These studies did not account for the effect of the molecular

f|e|d |nstead|t was aSSUmeq that the intenSity ratio of the VIl. DEPENDENCE OF THE TOTAL AUGER RATE

spin-orbit split components is statistical {£,/2p1,=2). ON THE 2p CORE-HOLE ORIENTATION

Further, in the work of Kvalheim FISCI was included in a

similar way as in our work, whereas Chelkowska and Lar- In Table VI we list the contributions of different Cartesian

kins included only diagram configurations in their calcula-two-hole configurations to the total Auger decay rate of a

tions. Therefore, our results agree much better with the studipypothetical argon g, ! core-hole state. This shows a pro-

of Kvalheim. As in that work we also find that FISCI has a nounced correlation between the orientation of the core hole

significant effect to the spectrum. and the valence 3 orbitals that participate to the most in-
We obtained rather different total Auger decay rates fortense Auger transitions. More than 97% of the Auger inten-

different intermediate states. The values of 126, 99, and 118ity stems from transitions that involve the ¥alence or-
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a) 2p‘1/2 (2H1l2) 2z2

T
Sot2et i gy

"45-127-1, 451551 and 45-2"

rates of HCI, as the Auger transition integrals for chlorine
and argon differ only by a few percer]. We only have to
account for the changed effective population of the corre-

— e sponding molecular valence orbitals at the chlorine atom.

— These populations can be obtained from the atomic orbital
”—J—\—/\q\'ﬂ | ‘| | (AO) expansion factor§see Eq.(8)] that are collected in

65 60 55 50 45 Table VII. This table also contains the squared coefficients of

Binding Energy (eV) the atomic valence orbitalsc( ;) times their occupation

numbers ;) summed over all molecular orbitals

b) 2p3/2 (221/2)

_ 2
I\ Mogeu= 2 NiCl i - (12
I, ARV '
65 60 55 50 45 40 35
Binding Energy (eV)

We designate these numbers as atomic occupation numbers.
They represent the occupation number of the atomic orbitals
that is felt at(or near tQ the atomic nucleus. In order to
obtain the total transition rate of thegp2core hole, we have
to multiply each of the two hole configurations in Table VI
by the degeneracy and the atomic occupation numbers of
these two holes. Table VI shows that the only chlorine
atomic orbital with an atomic occupation number smaller
than two is the B, orbital.

This is due to a fundamental property of chemical bonds.
For the case of the HCI molecule we may explain this for the
bonding orbital ¢)

C) 2p3/2 (2H3/2)

./\M |l|||

65 60 45 40 35
Bmdlng Energy (eV)

d)
Theory total

Experiment ' u
A

140 145 150 155 160 165 170 175

Kinetic Energy (eV) ¢p=Csp, bX3p, T Cis,bX1s: (13

FIG. 2. Experimental and calculateld, 3vVV Auger-electron  \where the indices (8, and 1s stand for the chlorine 8, and
SDECtra of HCI. Calculated contributions of f& 2p12(°I112), () hydrogen & orbitals, respectively. The/'s represent the

P32(*211). (©) 2p3(°Ilyy) intermediate states, arid) the cal-  normalized atomic orbitals as introduced in E§). (A de-
culated total spectrum with the experimental Auger-electron speceyjjed analysis shows that the chlorins Brbital is fully
trum. occupied and has a net nonbonding effect. Therefore and for

the sake of simplicity, we do not consider the chlorire 3

bital with the same spatial orientation as the core hole. orbital in the discussion of the chemical bont@he electron

This orientational correlation of the intermediate anddensity ¢2 of one electron in this orbital is distributed on
final-state configurations was used recently as an intuitivehree terms as
argument for the interpretation of the intensity patterns of the
HS Auger-electron spectrufi21]. Furthermore, the ratio of
two int?ansities in Ta%le V;Ertghg partial intensities for the /¢§d3r =1=0c, 54 lop + 2¢3p. C158 (Xap.[X15) -
decay into the B, to the 3, ? configurations was re- s
cently used by Gel'mukhanoet al.[17] for the explanation (14)
of the 20— 2b; % Auger decay rates of 4$. Note, that we According to the ideas of Mullikens population analysis, the
can take the results of Table VI as a good qualitative apfirst two terms on the right-hand side of this equation desig-
proximation for the evaluation of the total Auger transition nate the electron net AO population of the chloring, &nd

TABLE V. Calculated and experimental partial Auger decay rates from g @Il5,), 2p32 (%21,
and 2(31_,5(21'[1,2) core-ionized states to the ¢2) 2 final states of HCIl. The two rightmost columns
contain calculated intensities by Kvalhe[d] and Chelkowska and Larkif§]. The intensities are normal-
ized with respect to the thep2 (1) — 27 2(337) line.

Experiment Ref[18] Present calculations Previous calculations

Term  Configuration 2[5, 23], 2y, g, 235, 2, Ref.[4] Ref. [5]

83~ 27 2 1.60 0.80 1.00 159 059 1.00 1.00 1.00
1A 27?2 1.90 1.00 140 158 0.63 1.02 1.41 1.02
Is* 27 2 070 0.85 034 055 0.70 0.64
11 5¢ 2771 115 171 147 1.98 1.08
I 5¢ 2771 0.63 088 0.77 1.39 0.56

Is+ 502 0.04 057 0.35 0.78 0.18
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TABLE VI. Auger transition ratesI(,,) for a hypothetical 2);1 TABLE VIII. Distribution of the HCI valence orbital electron
state of the argon atom into final-state configurations with two holeslensity depending on the description of the electronic wave func-
in the Cartesian 8 and 3 orbitals. The atomic diagram states that tion. The atomic net population numbertg, of the chlorine and the
correspond to the two-hole configurations are also indicatedhydrogen orbitals and the overlap population den$®PD) are
Symmetry equivalent configurationge.g., (33;1 3p, 1 and presented as well as the total Auger transition rités 102 a.u.
(3py’1 3p, )] are shown only once. Their number is given in col- for the three core-ionized states that result from @).
umn “weight.” The spin multiplicity of the final-state configuration

is indicated as upper index. HCI?* @ HCl (2p~Y) P HCI (2p~1) ¢ HCI(X) ¢
Final-state Corresponding Noce CI(38) 2.00 2.02 2.03 1.94
configuration diagram state  Weight I',/1072 a.u. Noce CI(3pxy)  2.00 2.00 2.00 2.00
Noce CI(3p,) 1.36 1.39 1.37 1.06
~1 qn—1\3 3 oce z
(3p« . 3py l) 3P 1 Noce H(159) 0.18 0.17 0.23 0.40
(3py ' 3p; 1)3 P 2 100 OPD 0.46 0.42 0.37 0.60
(3pc " 3py H* ‘D 1 0.02 NG 5.04 5.07 5.05 4.81
(3p;; 3p,H* 'D 2 049 resiy) 417 4.23 4.19 3.55
(3pc )* 'D and's 2 0.02 INGIN 453 458 4.55 4.07
(3p; )t D and!s 1 1.11
(Sp;l 3s7Y)3 3p 2 0.00 CASSCF wave fur?ction optimized . for an average of the
(3p, L 35713 3p 1 0.64 (5021) 2 two-hole diagram configurations.

(sz_l 351t 1p 5 0.00 bSCF wave function optimized for thep2 or 2p, core-hole states.
X a1 1 ' “CASSCF wave function obtained with the chlorine 3L, 4,
(3p, 357 P 1 0.66 50, 27, and 6o orbitals in the active space optimized for an aver-

(3521 15 1 007 o, e pace op
All confi 552 (100% age of the ™! states.
con |gs._ ' ( 9 dSCF wave function of the neutral HCI ground state.
Two holes in 3, 111  (20%
One hole in P, 430 (78% states. An approximation to this can be obtained as in the
No hole in 3, 0.14 (2% work of Gel'mukhanovet al. [17]. For a HCl 2~ state

with the 2p core-hole densitie®, , D, andD,, a 3s, 3py,
and 3, atomic occupation number of 2 and the atomic oc-
hydrogen & orbitals, respectively. The last term is inter- cupation number of the (8, orbital (2n) Table VI and the
preted as the overlap population between tipg 8nd 1s  conditionsD,=D, andD,+D,+D,=1 give

orbitals, which is the part of the electron density that is con-

tributing to the chemical bond. It includes the overlap be- I'/(a.u)=0.0h2+1.5M+4.00
tween the chlorine B8, and the hydrogen 4 orbitals (S
~0.5—atypical value for bound atomic orbitalsvhich is +D,(1.0N2+2.78n—3.84). (16)

by far not negligible. According to the ideas of the one-
center approximation only the net AO population of the chlo- . i :
pproximat y populat substantially on the value. This humber may not be opti-

rine 3p, orbital contributes to the Auger transition rates )
[compare Eq.(9)]. Therefore, molecular Auger-electron mally determined bY the C“Ffe.”t frozen core approa_ch that
ses molecular orbitals optimized for the HCldication

spectra can be considered to monitor either the net atomi\%ith two holes averaged over all valence MOs. The most
lations(in th f the HCI mol r th . NN
populations(in the case of the HCI mo ecuk%pzvb) OTM€  reasonable orbitals are those of the core-ionized HE162

equivalent property state. Furthermore, one may argue that the effective occupa-
tion number of the atomic orbitals may be changed by cor-
relation effects and in particular by the admixture of configu-
o ) rations that contain the antibondingr® orbital.

which is connected to the net charge carried by the bond Therefore, we investigated how atomic population num-

partner—a property that can be estimated from the electrongse s change if they are determined from different wave func-
gativity of the involved atoms—and the bond strength—ayigns. 1n Table VIl we present effective occupation numbers
highly demanding property. _ of the chlorine and hydrogen atomic orbitals calculated from
The to_tal Auger tr.ansmon. (atd“o |s_correctly evalu_ated different wave functions of the HCI molecule. Thep 2!
by summing the partial transition rate in H¢) over all final e jonized state is represented by two different wave func-
tions that were both optimized for an average of the thige 2
core-ionized states: A restricted open shell Hartree-Fock
(single configurationwave function and a CASSCF wave
function, which included in the active space the @rbitals,

This equation shows that the total transition rate depends

C%pz,b: 1_C%s,b_2C3pz,bcls,bSv (15)

TABLE VII. Atomic orbital expansion factors and atomic occu-
pation numbers of the valence orbitals of HCI.

Atomic orbital d d 2m floce the valence orbitals, and the antibonding™6 orbital. For

Cl 3s 0.94470 0.33156  0.00000 2.00 comparison Table VIII also contains the atomic occupation
Cl 3py,y 0.00000 0.00000 1.00000 2.00 numbers of the neutral HCI ground state described by a
Cl 3p, —0.13164 0.81292 0.00000 1.36 closed shell Hartree-Fock wave function. Furthermore, this
H1s 0.08599 —0.29112 0.00000 0.18 table also includes the total decay rates of the three core-

ionized 2! states resulting from Eq16) andD,=0.63.
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All atomic population numbers show that the chlorirge 3 VIIl. SUMMARY AND CONCLUSIONS

3Py, and J, orb|t'als are essennally doubly filled and, there- We have outlined a theoretical approach for the accurate
fore, do not contribute to the chemical bond. For some wave

. . . : Calculation of moleculat., ;VV Auger-electron spectra. Us-
functions the atomic occupation numbers of the chlorise 3 . . ’ .

S : ng well-established knowledge about the importance of cor-
become larger than two, which is an artifact of the method o

determination. The atomic net population of the. rbital relation satellite configurations in the final states of argon,
is essentiall t.he same for the crz)rg-hole and ﬁnFZI-state orbi'él-ve have shown that this molecular approach is capable of
als. It is su)l;stantiall smaller for the ground-state orbital reproduce the normal Auger-electron spectra of argon and
' y grour SHCI. The largest deficiencies of both theoretical spectra and
where a larger part of the electron density is located on the : .
) " . of all recent theoretical studies of the argopsMM Auger-
hydrogen atom and in the overlap population density. There- o LD e .
. ! e{ectron spectrum are too high intensities for the transitions

fore, the ground-state orbitals seem to overestimate the effec .
to the lowest triplet states. Thus, the largest error of the

of the differences between the total Auger transition rates o heoretical spectrum was due to the atomic input data and not

;[he » dstate, “preilrllctmgf th;ahm for t:letpg,%”s]tattes 1h8I/0 due to any approximations that are necessary for molecules.
argerfan t.sma edr than or fepZ{? sta ef. th € WO-Noe e regard this as an important indication for the reliability
wave function an € wave functions of the COre-10nIz€, . o e center approximation” which was used here for

i i 0, -
states give consistently 10%. Therefore, ground-state Wavt:ﬁe calculation of the transition rates.

Izgggogf?eifsem to be not a good choice for the description o For the realistic.calculation of the spectrum it was impor-
Note that t.he transition rates to the final states in Table Vtgnt o choosg qrbltals that. give a good representation Pf the
. . . . final states within the restricted ClI space. We gave a simple

may not be directly used for the calculation of partial transi-5 g straightforward recipe for their determination for the

tion rates to one single final state. In such a case generall[Xresent case where strong mixing with correlating configu-
configuration mixing and therefore constructive or destrucyations plays an important role for the spectrum. In the case
tiye interference of the Auger de_cay channels has to be conss the argorL, MM Auger-electron spectrum we employed
sidered. Nevertheless, the data in Table VI can be used asyge MCCEPA approach to calculate relative final-state ener-
quantitative tool for the interpretation of partial transition gies for essentially all states that appear in the spectrum. For
rates. This explains, e.g., the small transition rate for thehe complete spectrum average deviations from experimental
decay of the?S |, into the first three 2~ 2 final states of the data were on the order of 0.2 eV. This accuracy, which is
HCI molecule. Here the core hole state with preferentially generally not reached with atomic calculations of Auger-
orientation wants to decay by taking at least one electron outlectron spectra, demonstrates the importance of the inclu-
of the 3p, orbital, which is not possible for thes2 2 final ~ sion of dynamic electron correlation effects if accurate ener-
states. gies are required.

We should state that the information about net charges or For HCI the calculations predict rather different total and
chemical bonds is included in all Auger electron spectra. Thdartial transition rates for the molecular field and spin-orbit
important difference to the more frequently considexady ~ SPlit intermediate states. These are explained by the partial

spectra is that due to the orientation of the core holes in th@rientation of the core holes in the intermediate states, strong

molecular field split intermediate states and the strong oriendifférences in the net atomic populations of the valence or-

tational dependence of the Auger transition probability, thesé’Itals due to the chemical bond, and the clear. orientational
effects of the molecular bond appear here much more pm@reference of thé, V'V Auger decay for generating valence

nounced as an effect within one sinale Auger-electron spec’ holes with the same orientation as the core hole. The analy-
trum 9 9 PEGSis showed that the effect of the chemical bond is predomi-

. . . nantly due to the overlap of the atomic orbitals at the bound
. Inter_est_mgly_, all orbital set_s pr_edlct that _the eIectron den'atoms. We regard it as particularly important to investigate
sity “missing” in the 3p, orbital is predominantly moving s finding in some more detail, as this would clarify the
into the overlap population density and not into the net popUgfect of chemical bonds on Auger transition rates and on the
lation of the hydrogen 4 orbital. The relative effect of the g|ectronic structure of molecules.
charge transfer and the bonding nature in decreasing the ynfortunately, the rather strong effects of the molecular
chlorine 3, net occupation number of the bonding orbital is field splitting on molecular Auger-electron spectra are almost
between 1:2.6 and 1:1.5 depending on the way the waveompletely hidden in experimental data. This is due to the
functions are determined. So this reduction is essentially dugenerally small size of the molecular field splitting as com-
to the chemical bond or saying this in terms of the formerpared to the Lorentzian broadening of the core-ionized states.
discussion due to the overlap of the chloring,&nd hydro-  Further, experimentally it was not, so far, possible to see a
gen 1s orbitals. strong dependence of the core-hole lifetime on its orienta-
We should remark that the current findings are based otion. We hope that this will be possible in photoelectron
the validity of the one-center approximation and on the asspectra of other compounds or in near edge x-ray-absorption
sumption that the molecular orbitals can be well representetine-structure spectra. Similarly, the strong dependence of
by a single zeta atomic orbital basis. If these approximationghe intensity distribution in the HCI Auger-electron spectra
do not hold, e.g., if the atomic orbitals are distorted due toon the core-hole orientation cannot be rigorously checked by
the molecular environment such that the Auger transitioran experiment. A possible way to see this could be to make
integrals change significantly, then conclusions given abovese of the Auger resonant Raman effect, which allows one to
may become invalid. overcome the Lorentzian linewidth broadening in the Auger-
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present theoretical findings. the Council for the Natural Sciences of the Academy of Fin-
land, the Magnus Ehrnrooth foundation, Suomen Kulttuur-
ACKNOWLEDGMENTS irahaston Pohjois-Pohjanmaan Rahasto, and the Graduierten-

kolleg “Dynamische Prozesse an Festyeroberflahen—
One of us(M. K.) wants to thank Professor V. Staemmler Adsorption, Reaktion, heterogene Katalyse.” R. F. F. wants
and the members of his research group for kindness and hots thank the research group of Professor S. Aksela for finan-
pitality during his visit in Bochum. The support of R. F. F. cial support and for the warm and encouraging atmosphere at
by a Habilitationsstipendium of the Deutsche Forschungsgehis visits in Oulu.

[1] F. P. Larkins, Nucl. Instrum. Methods Phys. Res8B 215 Svensson, and J.Yoynen, Rev. Sci. Instrun65, 831(1994;
(1994. S. Aksela, A. Kivimi, O.-P. Sairanen, A. Naves de Brito, E.
[2] H. Agren, A. Caesar, and C.-M. Liegener, Adv. Quantum Nommiste, and S. Svenssoibjd. 66, 1621(1995.
Chem.23, 1 (1992. [23] H. Ahola and T. Meinander, Rev. Sci. Instrué8, 372(1992;
[3] R. Fink, J. Chem. Phy<.06, 4038(1997). A. Andersson, S. Werin, T. Meinander, A. Naves de Brito, and
[4] O. M. Kvalheim, Chem. Phys. Let@8, 457 (1983. S. Aksela, Nucl. Instrum. Methods Phys. Res.382 586
[5] E. Z. Chelkowska and F. P. Larkins, At. Data Nucl. Data (1995.
Tables49, 121 (1991)). [24] R. Nyholm, S. Svensson, J. Nordgren, and A. Flodstridlucl.
[6] H. Siegbahn, L. Asplund, and P. Kelfve, Chem. Phys. L34t. Instrum. Methods Phys. Res. 246, 267(1986; S. Aksela, A.
330(1975. Kivimaki, R. Nyholm, and S. Svensson, Rev. Sci. Instré3,.
[7] V. L. Sukhorukov, I. D. Petrov, B. L. Sukhorukov, and L. A. 1252(1992.
Demekhina, Khim. Fiz5, 175(1986. [25] S. J. Osborne, A. Ausmees, J. O. Forsell, B. Wannberg, G.
[8] A. G. Kochur, S. A. Novikov, and V. L. Sukhorukov, Chem. Gray, L. B. Dantas, S. Svensson, S. Naves de Brito, A. Kivi-
Phys. Lett.222 411 (1994. méki, and S. Aksela, Synch. Rad. News25 (1994).

[9] E. Z. Chelkowska and F. P. Larkins, J. Phys.2B, 5083 [26] S. Svensson, J. O. Forsell, H. Siegbahn, A. Ausmees, G. Bray,
(1991). S. Salergren, S. Sundin, S. J. Osborne, S. Aksela, EnNo
[10] F. P. Larkins, E. Chelkowska, Y. Sato, K. Ueda, and E. Shige- miste, J. Jauhiainen, M. Jurvansuu, J. Karvonen, P. Barta, W.
masa, J. Phys. B6, 1479(1993. R. Salaneck, A. Evaldsson, M. gdlund, and A. Fahiman,

[11] F. Tarantelli and L. S. Cederbaum, Phys. Rev. L&ti. 649 Rev. Sci. Instrum67, 2149(1996.
(1993. [27] K. Ninomiya, E. Ishiguro, S. Iwata, A. Mikuni, and T. Sasaki,
[12] F. Tarantelli, A. Sgamellotti, and L. S. Cederbaum, J. Chem. J. Phys. B14, 1777(198)).
Phys.94, 523 (1991). [28] H. Aksela, S. Aksela, M. Hotokka, and M.nl#i, Phys. Rev. A
[13] M. Elango, A. Ausmees, A. Kikas, E."Mamiste, R. Ruus, A. 28, 287(1983.
Saar, J. F. van Acker, J. N. Andersen, R. Nyholm, and I. Mar-[29] S. Svensson, L. Karlsson, P. Baltzer, M. Keane, and B. Wan-
tinson, Phys. Rev. B7, 11 736(1993. nberg, Phys. Rev. A0, 4369(1989.
[14] Z. F. Liu, G. M. Bancroft, K. H. Tan, and M. Schachter, J. [30] T. Kylli, H. Aksela, A. Hiltunen, and S. Aksela, J. Phys.3B,
Electron Spectrosc. Relat. Phendsi, 299(1994); J. Johnson, 3647(1997.
J. N. Cutler, G. M. Bancroft, Y. F. Hu, and K. H. Tan, J. Phys. [31] V. Carravetta, H. Agren, D. Nordfors, and S. Svensson, Chem.
B 30, 4899(1997. Phys. Lett.152 190 (1988.
[15] M. Siggel, C. Field, L. Seethre, K./Bee, and T. D. Thomas, J. [32] H. Pulkkinen, S. Aksela, O.-P. Sairanen, A. Hiltunen, and H.
Chem. Phys105, 9035(1996. Aksela, J. Phys. B9, 3033(1996.

[16] S. Svensson, A. Ausmees, S. J. Osbourne, G. Bray, H33]S. Svensson, B. Eriksson, N. Martensson, G. Wendin, and U.
Gel'mukhanov, H. Agren, A. Naves de Brito, O.-P. Sairanen, Gelius, J. Electron spectrosc. Relat. Phendif.327 (1988.
A. Kivimaki, E. Nommiste, H. Aksela, and S. Aksela, Phys. [34] G. C. King, M. Tronc, F. H. Read, and R. C. Bradford, J. Phys.

Rev. Lett.72, 3021(1994. B 10, 2479(1977).
[17] F. Ge'mukhanov, H. Agren, S. Svensson, H. Aksela, and S[35] R. Fink, J. Electron Spectrosc. Relat. Phen@).295(1995.
Aksela, Phys. Rev. A3, 1379(1996. [36] M. H. Chen, F. P. Larkins, and B. Crasemann, At. Data Nucl.
[18] H. Aksela, E. Kukk, S. Aksela, O.-P. Sairanen, A. Kivikna Data Tablest5, 1 (1990.
E. Nommiste, A. Ausmees, S. J. Osborne, and S. Svensson, J37] L. S. Cederbaum and F. Tarantelli, J. Chem. PI98.9691
Phys. B28, 4259(1995. (1993.
[19] K. Bdérve, Chem. Phys. LetR62 801 (1996. [38] K. Zahringer, H.-D. Meyer, L. S. Cederbaum, F. Tarantelli,
[20] K. Ellingsen, T. Saue, H. Aksela, and O. Gropen, Phys. Rev. A and A. Sgamellotti, Chem. Phys. LeR06, 247 (1993.
55, 2743(1997). [39] F. K. Gel'mukhanov, L. N. Mazalov, and A. V. Kondratenko,
[21] A. Naves de Brito, S. Svensson, S. J. Osbourne, A. Ausmees, Chem. Phys. Let46, 133(1977); F. Kaspar, W. Domcke, and
A. Kivimaki, O.-P. Sairanen, E. Nomiste, H. Aksela, S. Ak- L. S. Cederbaum, Chem. Phy#, 33 (1979; N. Correia, A.
sela, and L. J. Seethre, J. Chem. PHy&6, 18 (1997. Flores-Riveros, H. Agren, K. Helenelund, L. Asplund, and U.

[22] S. Aksela, A. Kivimi, A. Naves de Brito, O.-P. Sairanen, S. Gelius, J. Chem. Phy83, 2035(1985; E. Pahl, H.-D. Meier,



2000 FINK, KIVILOMPOLO, AKSELA, AND AKSELA PRA 58

and L. S. Cederbaum, Z. Phys.38, 215(1996.

[40] J. Wasilewski, Int. J. Quantum Chei®6, 503 (1989.

[41] U. Meier and V. Staemmler, Theor. Chim. Actg, 95 (1989.

[42] J. Wasilewski, Int. J. Quantum Chei39, 649 (1991).

[43] D. E. Woon and T. H. Dunning, J. Chem. Phy@8, 1358
(1993.

[44] K. Kaufmann, W. Baumeister, and M. Jungen, J. Phy22B
2223(1989.

[45] R. Fink and V. Staemmler, Theor. Chim. A@&&, 129(1993.

[46] K. P. Huber and G. Herzbergyjolecular Spectra and Molecu-
lar Structuve IV. Constants of Diatomic Molecul@sn Nos-
trand Reinhold, New York, 1979

[47] M. N. Piancastelli, M. Neeb, A. Kivimki, B. Kempgens, H.

M. Koppe, K. Maier, A. M. Bradshaw, and R. F. Fink, J. Phys.
B 30, 5677(1997. )

[48] Gy. Vikor, L. Tath, S. Ricz, A Kover, J. Vegh, and B. Sulik,
J. Electron Spectrosc. Relat. Phen@8, 235(1997.

[49] H. M. Koppe, A. L. Kilcoyne, J. Feldhaus, and A. M. Brad-
shaw, J. Electron Spectrosc. Relat. Phen@8.97 (1995.

[50] E. J. McGuire, Phys. Rev. A1, 1880(1975.

[51] K. G. Dyall and F. P. Larkins, J. Phys. B5, 2793(1982.

[52] J. Tulkki, T. Aberg, A. Matykentta and H. Aksela, Phys.
Rev. A 46, 1357(1992.

[53] J. Tulkki, N. M. Kabachnik, and H. Aksela, Phys. Rev.48,
1277(1993.

[54] V. Carravetta, H. Agren, and A. Caesar, Chem. Phys. Lett.
148 210(1988.



