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Detailed analysis of the 8~'—4px~2 normal Auger spectra in HBr and DBr

R. Pittner! Y. F. Hu? G. M. Bancroft? H. Akselal E. Nommiste* J. Karvonert, A. Kivimaki,* and S. Aksela
1Department of Physical Sciences, University of Oulu, PL 3000, 90401 Oulu, Finland
°Department of Chemistry, The University of Western Ontario, London, Ontario, Canada N6A 5B7
(Received 1 December 1998

High-resolution BrMVV Auger spectra of HBr and DBr have been recorded using monochromatized
synchrotron radiation. We present a detailed analysis and reassignment of the spectradn'thetfm 2
region. This part of the spectra exhibits the spin-orbit and ligand-field splitting ofdhé 8ore-hole states and
a vibrational structure of the final states influenced by vibrational lifetime interference. The equilibrium dis-
tances and the vibrational energies of the final sta®$, A, and 33~ are derived from the intensity
distribution of the vibrational substates . From the shape of the peaks identified as transitiond%o ttate
a splitting of=50 meV between the componeris, and 33 is concluded. Agreement between the experi-
mental spectra and fitted results for both HBr and DBr is very satisfadi8050-2947©9)08406-1

PACS numbgs): 33.80.Eh, 33.20.Tp, 33.15.Dj

I. INTRODUCTION literature [6,7,9. However, the situation is similar in
HBr/DBr. We show that ligand-field splitting of the core-
During the last two decades a number of effects inhole states and the vibrational splitting of the final states are
normal-Auger spectra have been resolved. Although the twoef the same order of magnitude=R00 me\j and have com-
hole final states populated subsequent to core ionization aggarable influence on the normal-Auger spectra hindering a
normally dissociative and lead to broad spectral features, istraightforward analysis.
some cases, the final states are stable with respect to disso-In this investigation, we have recorded the high-resolution
ciation; consequently, they possess discrete vibrational levelgl VV Auger spectra of HBr and DBr using monochroma-
and are, therefore, of high experimental and theoretical intertized synchrotron radiation. We show that for Auger transi-
est. First observations of vibrational fine structure in Augertions to final states with quasistable potential-energy curves,
spectra were reported in,Nby Siegbahret al.[1] and in CO  ligand-field splitting of the intermediate state as well as vi-
by Correiraet al. [2]. For CO it was shown that vibrational brational splitting, including lifetime interference, have to be
lifetime interference influences the observed line sH&j)e considered to obtain reliable interpretations of the spectra. In
Later on, vibrational lifetime interference was used by Car-addition, we show that the influence of vibrational lifetime
roll et al. to explain the line shape of some features in theinterference, although well known since the eighties, has
KVV Auger spectra of, e.g., NCB]. been underestimated in the analysis of normal-Auger spectra.
In the late eighties Karlssoat al. examined the Auger In detail, we determine the equilibrium distances and vibra-
spectra subsequent to shallow core ionization in HCI/QIZl  tional energies as well as the energetic splittings of the final
2p~ 1) [4], HBr/DBr (Br 3d™ 1) [5], and HI (I 4d~1) [6].
The final-state configurations with two holes in the nonbond- — T T T T T T
ing 7 valence orbital,w~ 2, are of particular interest, since Wﬂm
the Auger transitions to these states show a number of nar- y 2 Mg T
row lines. In all these molecules, the 2 final-state configu- Br3d” -~ 4pn :
ration is split into the electronic staté€ ™, A, and 33~
(see, e.g., Fig. )1 Some structures in these Auger spectra
were identified as transitions to vibrational substé#eS] on
the basis of isotopic shifts; all structures were assigned ac-
cordingly. In the early 1990s, ligand-field splitting was re-
solved in the spin-orbit splitd and 3 photoelectron lines
of HI and HBr, respectively{7,8]. Since in the two-step s e H R R B N
model, i.e., by regarding photoionization and Auger transi- 38 40 42 44 46
tion separately, the intermediate state of the entire process, Kinetic Energy (V)
namely, the core-hole state, can be considered as the “ini- 15 1 overview spectrum of thed3 ' 4px—2 Auger tran-

tial” state for the Auger transition, ligand-field splitting had gjions of HBr (upper paitand DBr(lower pan. The energy posi-

to be considered in the analyses of the Auger spectra of HB{ons of they”=0—1'=0 transitions to the final statds,*, A,

and HI. For HI the resulting reassignment lead to a debate ignq33 - are given by the upper vertical-bar diagrams indicating the
five ligand-field components of the intermediate state. The lower
vertical-bar  diagrams indicate the energies of the
*Permanent address: Institute of Physics, University of Tartu, Riisdpo~*4p7~! (3U1) final states. The solid line through the data
142, EE 2400 Tartu, Estonia. points represents the fitted results.
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states. From the broadening of the peaks identified as transdd;3(°T5,), 3ds53(?S12), 3d33(?Az), 3dsa(%Iy))
tions to the3,~ state, we conclude a spin-orbit splitting of states were extracted to be 125 meV, 2864) meV,

=50 meV between thé>, and *3] components. 10872) meV, 130@1) meV, respectively[8,14]. Addition-
ally, the spectra showed vibrational substates with a splitting
Il. EXPERIMENT of Aiw=315 meV and a”"=1-tov"=0 intensity ratio of

=0.05[14]. The value for the lifetime width of =95 meV
The measurements were performed at the gas-phasgtaken from photoabsorption specits].
beamline 51[10,11 (The Finnish Beamlineat the MAX | gince the spacing between the different intermediate
storage ring in Lund, Sweden. The beamline uses radiatiogates is of the same order as the lifetime wiBlthinterfer-

from a short-period undulator and includes a modifiedgnce pecomes important. The Auger process can then be de-
SX700 plane-grating monocromator. A rotatable high-g¢riped by(2]

resolution spectrometer Scienta 200 was used as an electron

analyzef{12]. The Auger spectra of the present studies were 5

obtained at the pseudomagic angle of 54.7°. The spectrum of I(E)ocE 2 (‘I’f|Q|‘Pn><‘1’n|D|‘1’i>‘ )
HBr (DBr) was measured using a broad photon band at the T |95 E—(E,—Ep+il'/2 | '

photon energy of 102 e\®3 eV). The analyser pass energy

was 10 eV(20 eV) resulting in an experimental resolution of ]

20 meV (30 me\). The observed linewidths were, therefore, Where' denotes the total molecular wave functidp,the
mostly determined by the lifetime width of the Brd3*  Coulomb operatorD the dipole operatorE the energy as
states of 95 meV\[13]. The kinetic energies of the Auger Well asi, n (m) andf the intitial, intermediate, and final

electrons were calibrated using thg 00 lines in xenon.  States, respectively. By applying the adiabatic approxima-
’ tion, i.e., the separability of the electronic and vibrational

motions, the total molecular wave functions can be written as
Wy =lvle ), [Ya=lw "), [Ym)=]d)lu’), and

The spin-orbit and ligand-field splittings and vibrational |W;)=|;)|i’). |#,) represents the electronic part ajed )
excitations observed in the Brd3! photoelectron spectrum the vibrational part of the total molecular wave function. By
of HBr demonstrate the presence of a substantial number afsingD ,=(4,|D|4;) andQ,,=(¢,|Q|¢,) as well as sup-
different intermediate states contributing to the normal-pressing the photoelectron degrees of freeflpost-collision
Auger spectra. From recent photoelectron spectra, the ligandateraction(PCl)—their influence will be discussed belgw
field splitings between the d;(?As,) and the Eg.(1) can be written as

Ill. DATA ANALYSIS
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_ The first term is the direct term @pPproximation, the intensity of a transition to one final state

. . characterized by its electronic and vibrational quantum num-
that is used in the two-step model for Auger decay, the S€%ers can be given in EqR) as a product of the electronic and

ond term describes the vibrational lifetime interference, th%/ibrational matrix elements. The electronic, namely, the di-
third term the electronic-state lifetime interference, and the,s|e and Coulomb matrix elements, are identical for HBr and
last term describes interferences between different vibrapgy allowing us to describe them with the same set of pa-
tional states of different electronic states. rameters. The vibrational matrix elements were calculated on
In the present paper thed3'—4pm~2 Auger spectra of the basis of potential-energy surfaces of the states, which
HBr and DBr were treated with a least-squares fit analysiswere assumed to be equal for HBr and DBr in the space of
We included the direct term and the vibrational lifetime in- the real distancesand, therefore, could be described in this
terference term of Eq(2), however, we neglected the last space by using only one set of parameters for both mol-
two terms(see below As a consequence of the adiabatic ecules. To realize identical parameters for HBr and DBr,

’
i Pe _ _
with €, =B —Egy
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both spectra were fitted simultaneously. This allows us to
describe both spectra with approximately 30 parameters.
For the calculation of the vibrational matrix elements,
Morse potentials for the ground state, the intermediate’3
core-hole state, and thep4 2 final states were assumed;
possible differences in the potential-energy surfaces for the
ligand-field components of thed3 ! core-hole state were
neglected. The values for the potential-energy surfaces of the
ground state and thed3 ! state were taken from literature
[15] and recent photoelectron spediid], respectively. The
calculations of the vibrational matrix elements are not per-
formed in the real space, but in the space of the normal
coordinates. Since the transformation from the real space to
the normal coordinates is different due to the different re-
duced massegy p, differences in the vibrational fine struc-
ture for HBr and DBr are observed. In the space of the nor-
mal coordinates, the Morse potential can be described with
the equilibrium distancey, the vibrational energyt v, and
the anharmonicity &w. To ensure the assumption of identi-
cal potential-energy surfaces in the real spagethe
potential-energy surfaces of HBr and DBr are described by
one set ofqg, Zw, and xAw and the fixed ratiosqy
=V(pu/mp) 9o, hoy=V(uy/pup)hiop, and Xhoy Kinetic Energy (eV)
=(un/up)Xhwp . Using these values as the fit parameters, N . o
the wave functions and matrix elements were calculated in F!G: 2. The spectrum of thed3 *—4pm < Auger transitions in
each iteration. An algorithm based on the publications of€tail- The upper parta) shows HBr and the lower patb) DBr.

Halman and LaulicH16] and Oryet al. [17] was used to me solid r"nel.fjhroubgh th:er df’ﬁa pori]ms rei’rre;en:f th?hfitte'grr?.SL:llt.l
calculate the wave function and the matrix elements. € upper sSolid subspectra in each spectrum show the vibrationa

In the derivation of Eq(2) from Eq. (1), the photoelec- fine structure of the transitions to the final states, represented by the

3de5(?As)—12", A, and 33 transitions. The lower lines
trlon degr('jees of frefefdon:j haV(-;-] been supprt;esseﬁ. -I|-3hc?| p]t]fot low the contributions of the vibrational lifetime interference
electron degrees of freedom, however, embed the e e?(I.\rms. In these subspectra the splitting of ff®~ final state is

through relaxation of photoelectron wave functions. Theneglected. The dotted lines represent the background.The vertical-

present analysis shows that PCl is evident in the'spectra. E’é(ar diagrams between the spectra represent the energy positions and
including the photoelectron degrees of freedom in the derijnensities of the different transitions to the final states caused by
vation of Eq.(2), this equation becomes more compllcated:|igand_ﬁe|d spitting of the intermediated3 ! state.

The direct terms can be approximated by a Kuchiev and

Sheinerman line shape, which is used in the present paper jgading for HBr/DBr to a strong increase of the number
its simplified form given by Armeret al. [18]. For the less  of fit parameters.

important cross terms, we use the line shape given by the
corresponding terms of Eq2) by including an average en-
ergy shift to approximate the photoelectron relaxation; this

Auger Yield

IV. RESULTS AND DISCUSSION

shift amounts to 10 me¥20 me\) for the HBr (DBr) spec- Figure 1 displays the overview spectra of thel3
trum measured atih=102 eV (lhv=93 e\). All line shapes —4p#~ 2 normal-Auger transitions of HBr and DBr. They
are convoluted with a Gaussian of 20 mé30 me\) full  overlap with the broad and dissociative# 4po~1(*I1)
width at half maximum for HBI(DBr) to simulate the reso- final states. The g 2 configuration is threefold split into
lution of the electron analyzer. I3+ A, and %3 . Five transitions to each of these final

In the present analysis, we included the direct terms andtates(see top of diagrainindicate a splitting of the 81
the vibrational lifetime interference terms. Since one can exeore-hole state due to the ligand field; each of the transitions
pect that the last two terms are of the same order of magniexhibit a rich vibrational structure due to changes in the
tude as the vibrational lifetime interference terms, there is n@quilibrium distance between the core-excited and final
reason to neglect these terms, but it would be substantiallgtates. The positions of thé’=0—v’=0 transitions from
more complicated to take these terms into account: From ouhe different ligand-field components of the intermediate
analysis we are able to obtain the sign of the vibrationaktate to the final state ™, 1A, and 33~ are also indicated
matrix elements directly; however, there is no direct accesgith vertical-bar diagrams. In the present papér(v') in-
to D, andQ, . In principle, |D,|? could be obtained from dicates the vibrational substates in thé 3 core-hole state
the photoelectron spectra af@,|? in an approximate way (final state. Note that in this figure the splitting of th&s,
from fitting the Auger spectra, i.eQ, Q7 ,D,D7, could be  state into®3, and 33, is neglected. The solid line through
estimated regardless of its sign. Consequently, for a correehe data points represents the fitted result. There is, in gen-
description of the electronic-state lifetime interference oferal, a good agreement between experiment and fit for both
each termQ, Q7D ,D7 , an additional discrete parameter HBr and DBr, as shown in more detail in Figs. 2-6.
with the allowed valuest1l and —1 has to be included, In the upper(lower) part of Fig. 2, the Auger transitions
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FIG. 3. Detailed spectrum for the energy region from 41.4 eVto FIG. 5. Detailed spectrum for the energy region from 43.8 eV to
42.5 eV including theM s— 'S * transitions. The solid line through 45.0 eV including theM,—*A and Ms—33 " transitions. The
the data points represents the fitted result. The vibrational fine struesolid line through the data points represents the fitted result. The
ture of the 3l 3(%Agp)—'S", 3dgi(°My)—'S", and vibrational fine structure of theM,—'A, Ms—3%;, and Ms
3d;3(?S 1) —'=" transitions is given by the dotted, dashed, and—3% transitions are given by the solid, dotted, and dashed sub-
solid subspectra, respectively. The vertical lines indicateuthe spectra, respectively. The vertical lines indicate tHe=0—uv’
=0—v'=0 transitions. =0 transitions.

to the 407~ 2 configuration of HBr(DBr) are shown in more
detail. From the minima of the potential-energy surfaces be-
tween the state$X, and 337, A, 37, the energy dif-
ferences between these states are derived to dbHeV,
135910) meV, and 262410) meV, respectively. The values
agree well with the results of 48 meV, 1465 meV, and 2697
meV from recent fully relativistic configuration interaction
calculations by Matilaet al. [19]. These theoretical results
confirm, in particular, the derived value for the spin-orbit
splitting of the 33~ state. The vibrational fine structure of
the 3d;3(?As)—4p7 2 transition is given for all final
states in the upper subspectra for both HBr and DBr. Note
that for all transitions leading to one particular final state, the
vibrational structure is equal due to the assumption of equal
potential-energy surfaces for the intermediate state. The
lower subspectra for both HBr and DBr indicate the contri-
butions of vibrational lifetime interference, which are signifi-
cant for the high-energy side of each vibrational band, in
particular for DBr(see below.

The influence of the ligand-field splitting from thed 3!
intermediate state for both HBr and DBr is shown in the
middle of the Fig. 2. The intensities for the Auger transitions
NN T T T T T Y T starting from different ligand-field components of the inter-

42.5 430 43.5 mediate state are given by the vertical-bar diagrams. Each
Kinetic Energy (V) transition leading to one particular final state in HBBr) is

FIG. 4. Detailed spectrum for the energy region from 42.45 evSplit by the same vibrational fine structure. as shown in the
to 43.80 eV including thel,—1X* andMs—*A transitions. The ~UPPer subspectra of the t@pottom) part of Fig. 2. Due to a
solid line through the data points represents the fitted result. Th&light line broadening of the transitions to tR& ~ state, a
vibrational fine structure of the final states is given by the subspecsplitting into °3; and®% occurs as indicated. In the analy-
tra. The vertical lines indicate the’=0—v’'=0 transitions. sis, the intensity ratio for the transitions to tAE, and 33

Auger Yield
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L L L A tensitied8,13]. For the'S " and 33 ¢ states, the decrease in
] intensity from 31;3(?As)) to 3dg3(%Il5) to 3dg3(%2 1)
as well as from 853(?Agp) to 3d33(%M,) can be under-
stood qualitatively using similar overlap arguments as ap-
plied for H,S by Svenssoret al. [21]. An intense Auger
transition is expected for a large spatial overlap between the
core-ionized and final states. The final-stateorbitals are
located perpendicular to the molecular axis. As a conse-
quence, the highest Auger intensity can be expected from
core-hole states that have a spatial orientation perpendicular
to the molecular axis. According to Johnsenal. [22], the
3d5’,§(2A5,2) state can be described witdg3, and 3,22
atomic orbitals, which are perpendicular to the molecular
axis. The 2l55(?A3) and 353(?I14,) states are described
as a linear combination of thed3,/3d,>_,2 and 3,,/3d,
atomic orbitals. The latter pair of atomic orbitals has an ori-
entation of 45° with respect to the molecular axis. The states
3d5_,21(221,2) and 313_,§(ZH1,2) can be described by a linear
combination of the 8,,/3d,, atomic orbital and the &
T S T ST S B S atomic orbital, which is in the molecular axis. The highest
45.0 . 455 46.0 intensity is, therefore, expected for thedgp(?Asy)
Kinetic Energy (eV) Z2 .
—4pm Auger transitions and the lowest for the
FIG. 6. Detailed spectrum for the energy region from 44.95 ev3ds2(* 1) and 3z;(2Ily)—4p7~? Auger transitions.
to 46.15 eV including thé/,— %3~ transitions. The solid subspec- However, for the®A final state, the intensities for the differ-
trum represents the fitted result, and the dottimshed subspectra  ent transitions due to the ligand-field splitting of the interme-
the 337 (33,) final states. The solid subspectrum represents vi-diate state are almost similar. This behavior is not under-
brational lifetime interference contributions summarized over allstood, but due to the large number of strongly overlapping
final states. ‘h” indicates the expected positions of th¢=1  Auger transitions in this part of the spectrum, the error bars
—v'=0 transtitions and L,” the energy position of the strongest of the intensities have to be considered larger than for the
vibrational lifetime interference contributions for thd;pz‘l(zAw) other parts of the spectra.
—33" states. From the subspectra in Fig. 2 it can be seen that the vi-
brational side bands for the transitions to th& and 33~
states is fixed to the ratio of the number of magnetic substates are very similiar, and considerably different from the
states, i.e., 1:2. For the corresponding Auger transition to th@ibrational structure for the transitions to tH& state. This
%P, and P, states in Kr, it is observed that the intensity difference is reflected in the equilibrium distances, vibra-
ratio depends on the spin-orbit component of the intermeditional energies, and anharmonicities summarized in Table I.
ate statg20]. We can thus expect differedy-to°S; in-  The experimental vibrational energies and the equilibrium
tensity ratios for transitions starting from different ligand- distances are very similar for thtA and 33~ states. In
field components of the Br & ! intermediate state. contrast to this, the obtained equilibrium distance is larger
However, the quality of the spectra does not allow us toand the vibrational energy smaller for tH& ™ state. For
investigate this intensity ratio in detail. comparison, the theoretical results obtained by Banichevich
The intensities of the Auger transitions starting from theet al. [23] and Matilaet al. [19] are also given. This com-
five ligand-field components are very different for the*  parison of the experimental results with the calculations
and %3, states, in contrast to the similar photoelectron in-shows that the values for the\ and 33~ states agree well

Auger Yield

TABLE |. Results of the fit analysis. Given are the equilibrium distangeke vibrational energiesw, and anharmonicitiesf « for
HBr in the ground state, the core-excited state, and the final diites'A, and 33 . The vibrational energie@nharmonicitiesof DBr are
smaller by the factor of 0.71(0.506. For comparison, the results of the nonrelativighilR) and relativistio(R) calculations of Ref[23] as
well as of the multireference configuration interactidiRCI) Dirac-Fock calculations of Ref19] are given. The experimental values for
the ground state and thed3?! state are taken from Refgl5] and[14], respectively.

r (A) fiw (meV) xhw (meV)
expt.  NR[23] R[23] MRCI[19] expt. NR[23] R[23] MRCI[19] expt.  MRCI[19]

Ground state 1.413 1.41 - 1.413 328.2 358.3 - 333 5.6 4.8
3d7? 1.4503) - - 1.445 31%5) - - - - -

83~ 1.5634) 1.55 1.49 1.542 218) 232 248 235 8.4.0 8.7
1A 1.5604) 1.54 1.49 1.541 220) 242 248 240 9.4.0 11.6

s+ 1.5814) 155 1.50 1.559 113) 241 250 - 13.02.0) -
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with the nonrelativistic calculations. The agreement between L L L L
the experimental and theoretical values for fi¥" state is, .
however, significantly worsg23]. The results of the relativ-
istic calculations in Ref[23] disagrees considerably more
for all states. The recent theoretical results of the multirefer-
ence configuration interactiotMRCI) Dirac-Fock calcula-
tions of Matilaet al. [19] reveal an excellent agreement be-
tween experiment and theory; in particular, these
calculations describe correctly the tendencies in the equilib-
rium distances of the final staté¥ —, A, and = *. Matila
et al. explain the larger equilibrium distance and smaller vi-
brational energy of thé> * state as compared to tHé and
33~ states by an avoided level crossing of t&; and I, e
Stateﬂ:]_g]_ R T T T S T TR SO TR T N N N
Figures 3 to 6 display the results of the fit analysis in 173.0 173.5 174.0
detail and reveal the complexity of the spectra. The similar- Kinetic Energy (eV)
ity of the Auger spectra of HBr and DBr is due to the facts kG, 7. The Cl p;2— 35~ normal-Auger spectra of HCI and
that(i) for all Auger transitions the”=0—uv’=0 transition  pcl. The solid line through the data points represent the fitted result
is the most intense one arid) the ligand-field and vibra- and the solid subspectrum, the contributions of the vibrational life-
tional splittings are comparablex(150—250 meV. It is in-  time interference. The vertical arrows indicate the expected ener-
teresting to note that the spectra of HBr and DBr in Figs. 3gies for the Cl d;,0"=1— 33 v'=0 transitions based on the
and 4 are very similar, because the spectra are dominated ffisted resuilt.
ligand-field splitting. In contrast, the spectra of HBr and DBr
in Figs. 5 and 6 are noticably different since vibrational con-tion, has been assigned tovd=1—v’'=0 transition[4].
tributions are more important. Considering the vibrational energy of 370 meV for HCI in
In the low kinetic-energy regions of Figs. 3 and 4 it canthe electronic ground state and the absence of higher vibra-
be observed that in HBr the linewidths of the transitions totional states in the CI @ ! photoelectron spectrum, i.e., a
the 3 final state including higher vibrational substatés  small change in the equilibrium distani24]; it can directly
are slightly larger than the used value for the lifetime of thebe concluded that the vibrational energy of the core-excited
core-excited states. We assume that this is caused by thate has to be close to the ground-state value. Therefore, the
avoided level crossing of the statés and I, leading to  discussed spectral feature in HCI/DCI has to be reassigned as
(i) a shallower potential well and an increased rate of dissovibrational lifetime interference contributions. Contrary to
ciation caused by tunneling through the potential barrier othe Cl 2p photoelectron spectf@4], the sign of the change
(i) contributions beyond the adiabatic approximation. A de-in the equilibrium distance upon Clp2 ! ionization can be
tailed theoretical study of these effects will be given in Ref.determined from the observed line shape of the
[19]. In the higher-energy region of Fig. 4 at43.5 eV a
spectral feature can be seen which shifts upon deuteration  (f|n)(nli){i|m)(m|f)=(0]|0)(0]0){0|1){1|0)
and is only partially described by the fitted result. Due to the
observed shift, we assign these spectral features as highgfetime interference term: the equilibrium distance of the Cl
vibrational substates of thed33(?A3,) —*A transition and  2p~* core-ionized state of HCI/DClI is slightly larger than in
conclude that the applied Morse potential does not correctlyhe ground state. This conclusion is possible due to the fact
describe the intensities of the higher vibrational substates. that only the(n|i)=(1|0) matrix element depends on the
Figure 6 shows the fits of th#1,—33 " transitions of sign of the change in the equilibrium distance upon core
HBr and DBr and displays the influence of the vibrationalionization. The CI X)I/%*)BE_ Auger spectra of HCI and
lifetime interference. The expected energy position of theDCI given in Ref.[24] were reanalyzed by exploiting the
3d55(%A3) v"=1-3%3"v'=0 transition is indicated with present method, i.e., using the equilibrium distance and
“h.” This demonstrates clearly that the former interpretationthe vibrational energy of the CIfZ,3 core-hole state as fit
[5] of the weak shoulder at the high-energy side adal  parameters. The result of the fit analysis is given by the solid
—v'=0 transition is not correct. Instead we assign thelines through the data points in Fig. 7. The solid subspectra
shoulder consisting of the weakia;,;— 33 ~ transitionand  display the influence of the vibrational lifetime interference
vibrational lifetime interference contributions of thel&,;  terms. The analysis indicates an increase of the equilibrium
—33~ transition. Fit analyses neglecting vibrational lifetime distance fromr”=1.275 A in the ground state to’
interference were generally slightly worse, especially in the=1.297(4) A in the Cl 2)1’,21 core-hole state. This increase
region indicated withL (Fig. 6). From this it can be con- of the equilibrium distancér=r’—r"=0.022(4) A agrees
cluded that it is necessary to include vibrational lifetime in-reasonably well with calculations by Ellingsaet al. [25]
terference to explain the given spectra in detail. This holds asho obtainedAr=0.023% A . For HCI (DCI) a decrease of
well for vibrationally resolved Auger spectra in other mol- the vibrational energy fromi »”=370.4 meV ¢ " = 259.4
ecules. As, for example, displayed in Fig. 7, in HOICl) a meV) in the ground state tdiw’=357(5) meV [fw’
weak spectral feature, which is found to Be250 meV =250(5) me\ in the core-ionized state was derived. For the
(=200 meV} above the Cl p;2v"=0—3% v'=0 transi- two-hole final state®s~ an equilibrium distance of=

Auger Yield
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1.4535) A and a vibrational energy:w=209(5) meV the overlap of the vibrational wave functions between the
[Aw=146(5) meV] for HCI (DCI) were obtained. These ep- ground and the intermediate state instead of the squares of it.
erimental values agree well with the theoretical results byAs a consequence, this term is more sensitive to small
Banichevichet al.[26] (r=1.46 A ,Aw=217 me\j and the changes in the equilibrium geometry between the ground and
experimental results obtained from thgVV Auger spectra intermediate states than the direct terms, which can be ob-
by Svenssoret al. [27] (r=1.44 A ,hw=226 me\j. The tained from photoelectron spectroscopy. This application
agreement with the equilibrium distance obtained by McCowas demonstrated for the CIp2,21—>3E’ normal-Auger
nkey et al. [28] using threshold photoelectron coincidencetransition in HCI and DCI. The effects beyond the presented
spectroscopy is significantly worse£1.39 A ,2Z0=196 analysis(ii) include influences of lifetime and vibrational
meV). However, McConkeet al.[28] pointed out that their structure according to the deviations of the potential energy
fit result for the33 ~ state was unsatisfactory. They assumedsurfaces of the quasistable final states from the assumed
indirect mechanisms to play a significant role in the popula-Morse potential as well as electronic-state lifetime interfer-
tion of the vibrational levels leading to incorrect results.  ence between different ligand-field components of the inter-
Although the spectra in Fig. 7 possess only moderatenediate state. Up to now, electronic-state lifetime interfer-
signal-to-noise ratios leading to fitted results with relativelyence has only been studied in rare gas atpa®3Q. (iii)
large errors, the performed analysis clearly demonstrates thahe final states of resonant-Auger transitions measured un-
a normal-Auger spectrum contains detailed information notler Raman conditions can often be described as nondissocia-
only about the final states but about the intermediate states &ge ionic two-hole configurations with one Rydberg electron
well. in their field. The above-described method allows one to ob-
tain information about the vibrational structure as well as
V. SUMMARY AND CONCLUSION about the geometry and vibrational energy of the two-hole

state, which can be used to interpret the spectra.
We have presented a powerful method to understand the

complex normal-Auger spectra including ligand-field split-
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