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Nonradiative and dissociative decay channels of core-excited H2S studied by ab initio calculations
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Ab initio studies of the 2p(3a& )-6a& and 2p(3a&)-3bq photoexcitation resonances of H2S have been

carried out in order to support interpretations of recent photoelectron and autoionization spectra using

synchrotron-radiation excitation. The full H2S*~S+H2 and H2S*~S+H+H potential-energy sur-

faces as we11 as the resonant energies for autoionization (Auger) decay of core-excited states in the frag-

ment HS species have been obtained by multiconfiguration self-consistent-field calculations. The results

support an interpretation of the spectral fundings in terms of fast dissociation of the H2S* 2p '6a
&

and

2p '3b& states to core-excited states in HS* followed by resonance Auger decay to HS+ valence single-

hole states.

PACS number(s): 33.80.Eh, 32.80.Hd, 31.20.Di, 33.80.Gj

I. INTRODUCTION

Due to the possibility of obtaining high-quality spectra
from synchrotron radiation with tunable excitation ener-
gies and narrow bandwidths there has lately been a resur-
gent interest in resonance Auger spectroscopy of small
molecules. The interpretation of such spectra generally
calls for theoretical considerations that go beyond those
of Auger spectra emanating from core-hole states. These
considerations relate to interference effects among the
electronic decay channels as well as to fast dissociation of
the core-excited states that are initial of the resonant de-
cay. The latter mechanism has found support by the fact
that, while higher excited states involving Rydberg levels
show sharp photoexcitation lines, the states filling empty
valencelike orbitals are often much broader than the nat-
ural widths of the core-hole states. Furthermore, the
nonradiative decay of the latter states show spectra that
are not easily interpretable in terms of diagram levels of
the compound molecule. Rather, excitation energy
dependencies as well as findings by mass spectroscopy
have indicated a mechanism in which dissociation is fas-
ter than the electronic decay of the excited fragment.

The hydrides have particular properties that motivate
interpretation of their resonance Auger spectra in terms
of fast dissociation. This kind of decay channel was first
identified in the photoelectron spectrum of HBr recorded
at the 3d~o' excitation energy [1]. The HC1 2p~tr'
resonance was also found to decay predominantly by the
dissociation followed by the electronic decay [2]. The
time scales of the dissociation and the Auger decay were
found to be of the same order of magnitude. In contrast
to the model used in the HBr case [1] the work on HC1
[2] predicted the simultaneous existence of molecular and
atomic Auger spectra. Very recently, corresponding res-
onance Auger spectra was recorded for H2S with high
resolution at resonance photon energies (Aksela et al.
[3],hereafter denoted as paper I).

To explore if "dissociation before decay" is possible
one has to investigate the kinematic and dynamic aspects
in detail, solving the quantum equations of motions in the
multidimensional potential-energy surface (PES). Al-
though some of the formal equations associated to this
have been addressed lately [4,5], a full numerical account
is laborious. In this work we explore Auger resonance
decay of core-excited H2S from the energetic and topo-
logical points of view, by making PES and spectroscopic
calculations for the decay channels of the core-excited
H2S. The PES's are obtained for the ground state and
selected excited states of H2S using the complete active
space self-consistent field method. H2S is isoelectronic
with the recently studied argon and HC1 species, but, be-
ing three-atomic, provides the intrinsic complication of
dissociating through more than one channel and the pos-
sibility of distributing excess electronic energy into both
external and internal degrees of freedom for the nuclear
motions. The channels we investigate can be summarized
as the following.

(i) Fast dissociation of both hydrogens into (a) separat-
ed atoms and (b) the H2 molecule, followed by the Auger
process in the excited sulfur atom, hereafter referred to as
channels la and lb, respectively (also denoted as channel
1 when the product of the hydrogen dissociation is not
important for the discussion).

(ii) Dissociation of one hydrogen followed by the
Auger process in the excited HS molecule (channel 2).
An additional channel can be described.

(iii) Auger decay in the excited H2S molecule before
dissociation (channel 3).

Channel 3 as well as channels 1 and 2 are investigated
in the companion paper [3] basing on experimental evi-
dence.

II. THEORETICAL METHOD

The potential-energy surfaces for the ground-state
core-excited 3a, '6a', and 3a, '3hz states of H2S were
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calculated by the multiconfiguration self-consistent-field
(MCSCF) method using complete active space wave func-
tions. The calculations for the HzS ground state
1a

&
2a ] 3a ] 1b 2 lb ]4a

&
2b 2 5Q ] 2b

&
were performed using

the la, , 2a, , 3a, , lb2, and lb, orbitals as inactive (dou-
bly occupied), and the 4a, , 2b2, Sa i, 2b i, 6a i, 3b2, 7a i,
3b„and la2 orbitals as active [fractionally occupied and
determining complete configuration-interaction (CI) dis-

tributions]. For the 3a, '6a
i and 3a i '3b2 excited states

the 3a& orbital was kept singly occupied. The calcula-
tions for the HS molecule were performed by dividing the
orbital space in such a way that the 1o., 2a, 3o., and 1~
orbitals were inactive and the 40., 2~, 50., 60, 3m, and 15
orbitals were active. This choice was made to match the
orbital division for H2S, thus obtaining comparable ener-
gies. The choice of the active spaces was guided by natu-
ral orbital occupation analysis from a M611er-Plesset
second-order perturbation calculation (MP2) on the
ground state. Test calculations with the restricted active
space (RAS) method was also performed at selected
points. The possible variation of the natural orbital occu-
pation for different geometries at the MP2 level was also
studied for the ground state and no major change of this
occupation was observed. All calculations were per-
formed with the SIRIUS/ABACUS code for MCSCF wave
functions and properties [6,7]. Global PES's were ob-
tained by selection of a grid of points. A few searches of
the PES's were also conducted by using the analytical
gradient and Hessians (ABACUS code).

The grids for the PES calculations were obtained by
varying the internuclear bond distance between sulfur
and hydrogen atoms from 1 to 10 a.u. Potential-energy
curves were calculated for three internuclear bond angles
91.96', 135, and 180'. The 91.96' angle and the intera-
tomic distance of 2.53 a.u. are the equilibrium values for
neutral H2S molecules in the ground state calculated with
the same active space as given above [8]. Calculations for
the neutral excited (3a, '6a', ) and (3a, '3hz) states of
HzS show that both the basis set (described below) and
the active space provide good descriptions for these
states.

Figure 1 shows the points calculated on the energy sur-
face. Channels la and 2 together with a representation of
the molecular geometry of the dissociation limits are also
indicated in the figure for further reference. In order to
make the energy surface plots we performed a bidimen-
sional spline interpolation procedure in the calculated
mesh [7]. A more dense mesh of points was calculated in
the direction of channels 1a and 2 in order to obtain a
better description of the curve in this direction. It should
be noticed that the potential-energy surface has a symme-
try plane through channel la.

Fast dissociation of H2S into the H2 molecule and ex-
cited sulfur atom, channel 1b, was also studied by calcu-
lating the PES surfaces for the 3a, '6a& and 3a& 3bp
states for closing interatomic angles of H2S. We calculate
the PES with the hydrogens in symmetric positions at
three different S-H interatomic distances: 2.53, 2.75, and
3.00 a.u. We started with an interatomic H-H distance of
4.2 a.u. and decreased it in steps of 0.28 to 1.4 a.u. , which

R& (a.u.)
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2--
2.5
3"

(a.u.)

7"

10 "

.Si
Chezll 2

S- -.iH
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FIG. 1. The grid of points for PES calculations at fixed bond
angles. The solid lines represent the channels. Resulting disso-
ciation products are indicated.

III. DISCUSSION

A. Potential-energy studies of HS+H and S+H+8

Figures 2(a) —2(c) show the potential-energy surfaces
calculated for ground-state first ( 3a i ~6a i ) and second

is the H2 ground-state equilibrium distance.
The PES's of the 3a, '6a,'and 3a, '3b2 states were

calculated using a frozen 3a
&

orbital. For the equilibrium

geometry a relaxed energy of the core orbital of only 0.21
eV was obtained. The core-relaxed potential-energy sur-
face is expected to be parallel to the frozen core surface
because the effect of charge penetration from the hydro-
gens into the core is minor.

For all the excited states only the excitation from the
3a

&
and 3' orbitals of H2S and HS, respectively, was con-

sidered. The excitations from the S 2p 1b, and 1b2 orbit-
als were not considered because the energy difference of
the 1b, ' and 1b2 ' levels caused by molecular symmetry,
if any, is less than 0.1 eV [8], and is negligible compared
to the spin-orbit splitting of 1.2 eV. This molecular-field
splitting may thus only cause some minor broadening of
the observed spectral peaks.

The basis set used here and employed by Cesar et al.
[8] for calculations of normal Auger spectra of H2S has

previously also been advocated by Roos and Siegbahn
[10] (d functions), Stromberg er al. [11],and by Magnus-
son and Schaefer [12] in other contexts. It has the fol-

lowing compositions: a (4s) Veillard basis set for hydro-
gen contracted to a [3s] and argumented with one polar-
ization function p (a =0.8 ); a Veillard ( 12s 9p) basis
set for sulfur contracted according to Dunning to
[7s4p]; and two d functions (a=0.54, 0. 15) and two dif-

fuse functions with the coefticients given by
[s(a=0.056 811),p (a=0.036266)].
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(3a, +—3b2) core-excited states, respectively. The bond

angle is fixed to 91.96', which is the ground-state equilib-
rium bond angle. In these figures the interatomic dis-
tance varies from 2 to 8 a.u. and each division in the plot
corresponds to 0.125 a.u. In the discussion of Figs. 2-4
channels la and 2 have the same meaning as shown in

Fig. 1.

1. Ground Aq state

Ikon

H2S

(c) Channel 2

Ch

1 2
'3h'

For the PES of the ground state, Fig. 2(a), channel
2 shows up with a transition state, while channel la is
completely closed. In the direction of channel 2 the
dissociation limit corresponds to H( ls') 5
+HS(lcr 2o 3o ln 4o Scr 2m. ) II, the latter being
bound. In the direction of channel la the dissociation
products [H(ls')+H(ls')] S+S(ls 2s 2p 3s 3p ) Pare
found.

2. Core-excited A & state

Figure 2(b) shows that for the 3a, '6aI excited state
channel 2 has a strong dissociative character. The orbital
composition of the dominant configuration and the natu-
ral occupancies obtained for the excited 3a, '6a& state
lead to the conclusion that the dissociation gives HS*+H
with the excited HS molecule being in a
(lo 20 30'lm. 40 5o 2n. ) X+ state. Again, the result-

ing HS state is bound. The HS potential well is clearly
deeper than that obtained for the ground state. We con-
clude that the hydrogen sulfide fragment wi11 remain
stable with no further dissociation. No dissociation char-
acter is found in the direction of channel la. The dissoci-
ation of both hydrogens seems not to be possible in this
case since the excitation from the ground state reaches a
position close to the potential well minimum in the direc-
tion of channel 1a. However, following the dissociation
limit of channel la, molecular-orbital analysis and energy
considerations give the products of the dissociation to be
[H(is')+H(ls')] S+S(is 2s 2p 3s 3p ) D.

Around the point where the vertic@1 excitation from
the ground state reaches the 3a& '6a& state there is a
clear distortion in the potential curve, see Fig. 2(b). This
distortion is due to the interaction between the 3a, '6a,'
and 3a

&

'3b
2 states because of the crossing of these two

potential curves at the vertical point. Thus the presence
of this crossing implies that the excitation from the
ground state to the second excited state 3a, ' 3b 2 will also
give rise to dissociation of one hydrogen through the
crossing even if the 3a& '3b2 PES itself does not show
any dissociative channel. At the point where the vertical
excitation from the ground state reaches this curve a
shallow minimum is found.

Channel la 3. Core-excited Bz state

(b)

&iitp~R&
I 1 I I I

Channel 2

Jihad

Ground State

Channel la

FKx. 2. graphical representations of the PES's for the
ground state, Srst, and second core-excited states at the equilib-
rium bond angle. Channels 2 and la are indicated. The strong
dissociative character of H2S in the 3a

&
'6al state provides the

condition for a fast dissociation into HS +H before the Auger
decay. See text for futher discussion.

Neither channel la nor channel 2 present dissociative
character for the 3a

&
3b2 state. If we follow the dissoci-

ation limit of channel 2 the following products are found:
H(ls') 5 plus HS in the configuration
1o.22o.23o i1~44u25o z2~ 6cr ' and the state ~H. We
denote R

&
as the interatomic distance between one of the

hydrogens and the sulfur atom and R2 the distance for
the other hydrogen. We can then define a "HS curve" as
the curve corresponding to different values of R2 when
R

&
equals 8 a.u. Following the HS curve in Fig. 2(c) one

can see that the HS 3' '6o' state is strongly dissocia-
tive. This behavior can be understood by noticing that
the 3o '6o' state corresponds to the photon excitation
of one electron from the 3o. core orbital to the antibond-
ing 6o. orbital. By contrast, the HS nondissociative
(30 '2m ) X (a product of dissociation in the first core-
excited state in HzS) corresponds to a promotion of one
electron from 3o. to the nonbonding lone pair 2m. orbital.
The HS 3o. '6o' state can be compared to the same
core-excited 3o '6cr' state in HC1 [2]. In HC1 this state
also shows dissociative character, although the HS state
is more strongly dissociative. The dissociative product
following channel la in Fig. 2(c) is [H(ls')+H(ls')] S
plus S( ls 2s 2p 3s 3p ) P.
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4. Bond angle 135 5. Bond angle 180'

Until now we have considered potential-energy sur-
faces for the equilibrium bond angle 91.96'. For a more
complete analysis, the potential-energy surface at
different bond angles has to be investigated. Figure 3
shows the potential-energy surface of the ground state
first and second core-excited states for the bond angle
equal to 135'. No new features can be identified in the
potential curve for the ground state compared to that
shown in Fig. 2(a). On the other hand, the erst core-
excited state 3a, '6a'„Fig.3(b), shows no signs of cross-

ing with the 3a
&

' 3b2. Channel 2 is still strongly dissoci-

ative. In the direction of channel la dissociation of both
hydrogens seems to be more unlikely since the potential
well in this direction is deeper than in the PES at 91.96'.
The second excited state, shown in Fig. 3(c), presents
some dissociative character in the direction of channel
la. However, at the ground-state equilibrium geometry
one can easily see that the energy of this state is higher at
135' than at 91.96', shown in Fig. 2(c). This fact corro-
borates with the finding that the first and second excited
states do not cross at 135'.

At 180', Fig. 4(a), other dissociative limits are attained
for channels la and 2 than at 91.96 and 135'. This is so
because while at the two last-mentioned bond angles we
have avoided crossing of the ground state and the first uv
excited state, at 180' this first uv state has a different sym-
metry than the ground state, thus dissociation is achieved
through avoided crossing with another uv excited state.
Channel 2 gives SH( X+ )+H( S), while channel la gives
S('D )+[H+H]('S).

In the potential surface shown in Fig. 5(a) there is a no-
ticeable potential barrier in the direction of channel 2 snd
channel la. These curves represent the HzS at 180'—e
with @~0. This surface shows clearly the avoided cross-
ing between the two ' A, states in the direction of channel
2. Channel la also shows sign of crossing. The dissocia-
tive limits are the same as for 91.96' and 135' as expected.

Figure 4(b) shows the corresponding potential surface
for 3a, '6a', at 180'. This surface is very similar to that
at 135'. No sign of crossing with the second core-excited
state could be found. In the same way the higher symme-

try D2„at 180 does not introduce any new feature. We

Bond Angle 135'

H2S

Bond

H2S

(c)
(c)

3al ' 3b2 a, ' 3b2'

3a, -' 6a, '
(b) l)lll)jf/((/tt

i L
~ 1

3at-I 6a I

(a) Ground State
(a)

round State

FIG. 3. PES for the ground state and the first two core-
excited states at 135 .

FIG. 4. PES's for the ground state and the first two core-
excited states at linear geometry.
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will now 1ook closer at the dissociation in both channels
la and 2. Channel 2 at the excitation point has
the configuration ( 3a, ' 2b z 5a

&
2b

&
6a I 7a

&
) ' A &.

After dissociation the 6a,' localizes to the hydrogen,
while the others remain in the HS species. Channel
la leads to dissociation of hydrogen through a crossing
with the state ( 3a

&

' 2bz5a', 2b f6a I7a I )'A, .
At 180' these two states can be
labeled as ( lb', „2b,„2b2„2b3„4aIs 3b,„)'B,

„

and ( 1b I„2bI„2bz„2b3„4aIs 3b I„)'B&„.As can
also be seen at this angle the two crossing states have the
same symmetry, therefore unlike the ground state no new
restrictions were introduced.

Figures 4(c} and 5(b) show the second excited state at
180' and 180'—e. As for the ground state, the linear
geometry eliminates the possibility of crossing between
some states. Channel 2 in Fig. 4(c) dissociates to HS
( 3cr' 5cr' 6o') X+, in Fig. 5(b) the same disso-
ciation for the other two angles is obtained, i.e., HS II.
Channel la in Fig. 4(c) leads to S('D), while Fig. 5(b)
clearly shows signs of the state crossing involved in the
dissociation of the second core-excited state.

H2S Ground State

Total Energy (a.u.)

-398.6760

-398.6920

-398.7080

-398.7240

. . '. -398.7400

distance equal to 10 a.u. and keeping the two hydrogens
1.4 a.u. apart, we obtained S('D)+H2('S).

The first core-excited state does not show dissociation
in the direction of channel lb, since a small but notice-
able potential barrier shows up, see Fig. 6(b). Tunneling
through this barrier or excitations of the bending mode
may lead to the presence of S+H2 fragments, although
one can expect it to be weak. Calculation for HS distance
equal to 10 a.u. gives as dissociation products sulfur in
the excited (2p 3p ')'P state and H2 in the ground state.

Figure 6(c}shows the PES for the second excited state.
In this surface we extend the range of HS distances from

B. Potential-energy studies of S+H&

Dissociation through channel lb can be studied if clos-
ing angles are also are considered, see Figs. 6(a)—6(c).
Figure 6(a) shows the potential-energy surface for the
ground state with respect to the distance between the two
hydrogens. In Fig. 6(a) the H2 distance varies from 4.2 to
1.4 a.u. No dissociation in the direction of channel lb
could be identified. Extending the calculation to a HS

H y.s
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HgS 3a1 1 6a11

r
r

)~
R(a.u. )
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/ /

/
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, )
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Total Energy (a.u. )
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I

I
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HgS 3a -1 3b21
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~ -392.5690
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-392.6010

392.6170
/

-392.6330

,,i.i -392.6490
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FIG. 5. PES's for the ground and the second core-excited
states keeping the H2S molecule slightly bent. Distortion in the
PES indicates the presence of avoided crossing of states.

FIG. 6. PES's for the ground state and the two core-excited
states in the direction of channel 1b-. A small potential barrier
is present for 3a1 '6a1 through S +H2 dissociation.
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2.53 to 3.5 a.u. The beginning of the dissociation into Hz
can be seen at the HS distance as far as 3.5 a.u. From the
figure we clearly see that the second core-excited state is
not likely to dissociate via channel 1b in the experimental
situation we are addressing. Table I shows the relative
dissociative energies of the fragments discussed above.
As can be seen in the table the sulfur atom is left in the
same state when dissociating along channel 1b as along
channel la, i.e., a ('D ) state.

-392, 1

-392.2—

-392.3—

-392.4-

-392.5—

3b2 ) B2

C. Crossing of the first and second excited states

Figure 7 shows the potential-energy curve in the direc-
tion of channel 2 for the bond angle of 91.96'. An arrow
locates the vertical points of excitation. In this region the
core-excited state ' A

&
is clearly disturbed by the presence

of the 'Bz state, something that is effected through vib-
ronic coupling over the antisymmetric stretching mode.
Analysis of the natural occupation shows two different
situations: one for the molecule with the C2, symmetry,
where the ' A, and 'B2 states do not interact, and anoth-
er where these two states are part of the same C, symme-

try and do interact. The interaction can be followed by
looking at p„(in-plane) and p, (in-plane symmetry axis)
components in the natural 6a

&
and 3b2 orbitals. A poten-

tial search using the ABACUS code was employed for the
first excited state. Starting from the ground-state (GS)
geometry the curve crossing was hit after four iterations.
The bond angle was then 92.79', the S-H(1) distance 2.634
a.u. and the S-H(2) distance 2.646 a.u. One can infer that
in the proximity of the GS equilibrium geometry the mol-
ecule dissociates by opening the H-S-H angle while

departing from Cz„symmetry. The first core-excited
state has a contribution from p, but not p„in the 6a I or-
bital at the GS equilibrium geometry, while the second
excited state has p but no p, contributions in the 3b2 or-

S('D )+H2('S)
S( P)+H+H
S('D)+H+ H
SH( II)+H
SH( X+)+H

3.91
6.82
8.02
3.66
7.79

First core-excited state

S ('P)+H2('S)
S*( D)+H+H
SH*(X X+)+H

164.24
167.81
164.32

Second core-excited state

S*('D ) +H2{ 'S)
S*( P)+H+H
S*('D)+H+H
SH*( A H)+ H
SH*{8 X+)+H

165.99
168.24
170.42
171.49
175.81

TABLE I. H2S dissociation limit (eV) relative to the ground-
state minimum energy. (The ground-state total energy at equi-
librium geometry is —398.7975 a.u. )

Ground state

-392.6-

-392.7—

U

P -398.4-

6a11) 1A1

-398.5-

-398.6- GrOund State 1A1

-398.7-

-398.8-

-398.9
I

Interatomic distance Rl (a.u.)

FIG. 7. Potential-energy curve in the direction of channel 2.
Crossing between 3a& '6a& and 3a, '3b2 close to the equilibri-
um position is indicated. See discussion in the text.

bital. At the 92.79' bond angle, however, the single occu-
pied orbital in the first core-excited state has 0. 18p„and
0.48p„while the second core-excited state, the single oc-
cupied orbital, has 0.42p and 0.42p, . The energy sepa-
ration of the states is only 40 meV at this crossing point.

Taking into consideration (1) the behavior of the
curves shown in Fig. 7, (2) the natural orbital occupa-
tions, and (3) the small energy diff'erence, one can con-
clude that the first and second excited states will interact
in the direction of channel 2. The dissociation thus
occurs through an avoided crossing. This behavior is
similar, but not identical, to uv photodissociation of
several first- and second-row hydrides. In these cases the
first excited states often predissociate through an avoided
crossing also involving a mixed valence Rydberg trans-
formation [13,14].

D. Dissociation to Hs +H, S +H2, and S +H+H

In this section we proceed with the analysis of the H2S
energy surfaces shown in Figs. 2—5 by looking at the
potential-energy curves resulting from the intersection
between these surfaces and planes through channel la or
channel 2. For the same state different interatomic bond
angles are plotted.

1. Ground A
&

state

Figure 8(a) shows the ground-state curves at four
different interatomic angles, 91.96', 135, 180'—e, and
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180, in the direction of channel la. The dissociation lim-

its are also indicated. Apart from the discussion we car-
ried out previously, one can compare the dissociation
limits given in Table I for S( P)+[H+H]( S) and
S('D)+[H+H]('S). From optical reference data [15]
the energy differences between P to 'D and 'D to 'S are
1.14 and 2.75 eV, respectively, while the difference be-
tween our two calculated limits is 1.19 eV. Our calculat-
ed value thus agrees well with the experimental results.

Figure 8(b) shows the same type of data as 8(a) but now
the intersection is in the direction of channel 2. At
180'—e a potential barrier around 3.5 a.u. shows up as a
result of an avoided crossing. The potential well in the
direction of channel 2 is more shallow than in the direc-
tion of channel la, which is the obvious result that disso-
ciation of one hydrogen is less costly than dissociation of
both. The dissociation energies are given in Table I.

2. Core-excited 'A& state

The potential curves in the direction of channel la for
the first core-excited state are plotted in Fig. 9(a). The
equilibrium geometry in this direction is at 180' rather
than at 91.96', and excitation from the ground state leads

to a linear configuration with a prolonged SH bond.
Channel 1a is thus energetically preferred over channel
lb. The total energy at the vertical excitation point is
0.27 eV lower than the dissociation energy, which indi-
cates that dissociation via vertical excitation is not possi-
ble. However, if the full Franck-Condon region is taken
into account dissociation can occur. Indeed if one adds
the ground-state zero vibrational energy, about 0.84 eV
[16],to its potential curve a Franck-Condon region of the
length of about 0.64 a.u. is covered in the S+H+H
directions. Using the potential curve at the equilibrium
bond angle, the turning point (R =2.27 a.u. ) hits the PES
of the excited state 1.08 eV above the dissociation limit.
Th us dissociation can occur although with rather small
probability since the major part of the vibrational states
will end up within the nondissociative region.

Figure 9(b) shows the potential-energy curve of the
'A, state in the direction of channel 2. As in Fig. 9(a)
the total energy is lower at 180', since the excitation pop-
ulates an angle antibonding orbital. The bond angle will
open while the molecule dissociates. It is clear that the
vibronic interaction between 'A

&
and 'B2 states perturbs

the ' A
&

state strongly at 91.96' around 2.5 a.u. ,
moderately at 135' around 3.0 a.u. , but only sli htl at
180'
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FIG. 8. Potential-energy curve for the ground state in direc-
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FIG. 9. Potential-energy curve for the H2S* 'A1 state in the
directions of channels la and 2. The dissociation products are
indicated.



7960 ARNALDO NAVES de BRITO AND HANS AGREN 45

TABLE II. Theoretical and experiment 1 HS
denote experimental error.

en a resonant Au er ener ies.en g g' . Parentheses 1n column four

State

'& (P1/2)
(P3/2 )

~(P1/2 )

1y+(p

~(P3/2 )

'II(p1/2)
'II(p,

'II(P 3/2 )
1y+(p
&+(P3/2 )

'Values taken from paper I.

Dominant
configuration

(So';2' )

(So;2d)
(So;2n )

(So;2d)
(So;2n )

(So;2H)
(5g', 2n )

(5g"2m )

(5g"2m )

(5g', 2m. )

(5g 2m )

(5&',2~')

Theoretical

151.59
150.34
150.14
149.00
148.89
147.75
147.65
146.36
146.40
145.11
141.15
139.90

Experimental'

149.3(3)
148.1(3)
148.1(3)
147.2(3)
147.0(3)
146.0(3)
145.3(6)
144.3(6)
144.1(3)
143.1(3)

3. Core-excited 'Bq state
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Figures 10(a) and 10(b) show the potential curves for
the second excited in the directions of channels la and 2,
respectively. The dissociation energy of S'( P }

+ [H+H]( S) is given in Table I. At the bond angle of
80' the dissociation leads to S'('D )+ [H+H]( S). Th

energy minimum is at 91.96'. At this angle th
s a ow potential well, which contains only one vibration-
al level &ofe !o ground-state frequency}. Vertical excitation
from the ground state will still lie below the dissociation
energy. However, taking into account the Franck-
Condon region, which extends from 2.27 to 2.91 a.u. for a

xe equilibrium bond angle, dissociation may also
e potentialoccur. From 2.27 up to 2.44 a.u. at 91.96' the o

energy is also higher than the dissociation limit, see Table
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e» state in theFI . 10. Potential-energy curve for the H S* '8
irections of c annels la and 2. The dissociation prod to ucsare

A necessary condition for a line spectrum is that the
PES for the core-excited state be parallel to the PES for
t e appropriate final electronic state, otherwise a super-
position of spectra is obtained, which blurs any spectral
structure. The PES's for the final state have not been cal-
culated, and therefore are an appropriate subject for a fu-
ture study. %e have, however, performed a simple semi-
classical estimate of the dissociation length in HzS using
the numerical values of the potential energy in the direc-
tion of channel 2 from the curve shown in Fig. 9(b). A
dissociation of length 3.9 a.u. was obtained for a lifetime
of 5.5 fs. The lifetime of the 2p core hole of the isoelec-
tronic argon atom was used as an approximation for the
lifetime of the 2p core hole in H2S. For a polyatornic
molecule, however, the excess energy is distributed be-
tween internal (rotation and vibrational) and external
(translational) degrees of freedom, and this division
should rather be obtained quantum mechanically. Fur-
thermore, the initial conditions with a Franck-Condon
distribution of momenta from the ground state projected
on the final state by excitation has an inhuence on the dis-
sociation length.

Channels 1 anand 3 were considered on experimental
grounds in paper I. Channel 1 was ruled out because no
Auger lines from free sulfur atoms were observed at the
relevant energy region (as predicted by MC Dirac-Fock
calculations). Some extra faint structures on the high-
energy side of the spectrum were attributed to resonant
Auger from core-excited HzS (channel 3). This attribu-
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TABLE III. Energy differences for HS resonant Auger energies using different approximation together with the experimental
values.

States

3y —lg
lg 1@+
'r+- II
'rr-'II
'II-'r+

Theoretical
differences

(4221)'
(eV)

1.45
1.14
1.35
1.28
5.22

Theoretical
differences

(5331)
(eV)

1.47
1.09
1.37
1.31
5.08

Experimental
differences

(~1/2 )

(eV)

1.2
0.9
1.9
1

Experimental
differences

(P3/2 )

(eV)

1.1
1.0
1.9
1

'The numbers refer to the size of the active space following the orbital ordering (a &, b&, b &,a2).

tion is based on the fact that participator decay ends up
in normal photoelectron states, while spectator decay
ends up in photoelectron satellite states, thus being
known from the photoelectron spectrum of HzS.

E. Electronic decay channels for HS

According to the PES calculations the dissociation of
one hydrogen after core excitation is the major decay
channel. In order to determine whether some of the lines
in the experimental spectra come from decay in the HS*
fragment after dissociation, we present here calculations
of the resonant Auger energies, see Table II. Such nonra-
diative transitions would take place from the initial excit-
ed configuration 1o. 2' 3o'1m 4' 5o. 2m to the final
two-hole configurations 5o 2a, 5o'2m, or 5o 2a . Six
possible electronic states are in AX coupling related to
these final-state configurations: (So 2n ) X
(Scr 2n )'6, (So 2H)'X+, (Scr'2m )3II, (So'2m )'II, and
(Scr 2m )'X+. By comparing with the normal Auger
spectrum of Hcl [17,18], which represents the same final
configuration states as the spectrum of HS*, some peaks
(a —e and g) were tentatively identified in paper I to cor-
respond the transitions to the final states (So 2n ) X
(5o 2m )'b„(5cr 2' )'X+, (So'2n ) II, (So'2m )'II, and
(So 2m )'X+ of HS', respectively. Thus already from
these considerations based on analogy it seems that the
main decay channel of the core-excited H2S is the dissoci-
ation of one hydrogen atom followed by the Auger pro-
cess in the core-excited HS molecule, referred to as chan-
nel 2 in the Introduction.

However, an even stronger indication is given by the
results of the MCSCF calculations. Table II shows the
results of these calculations together with an assignment
of the experimental spectra. The absolute Auger energies
are consistently 1.8 to 2.3 eV too large. This error, typi-
cal for MCSCF calculations of Auger transition energies,
results mainly from neglect of the dynamical correlation
of the two valence electrons that are missing in the final
states. The differences between peak positions are shown
in Table III. The experimental spin-orbital splitting of
1.25 eV has been assumed to separate computed states of

identical spin and spatial symmetry. With the experi-
mental assignment adopted in this table a good experi-
mental agreement can be obtained. The assignments are
further supported by column 2 in this table which shows
yet another calculation using a larger active space, but
which changes the computed energy differences only lit-
tle. Thus, from pure energetic grounds it can be inferred
that the main features of the resonance Auger spectrum
of HzS to a large extent results from decay of the core-
excited HS species.

IV. SUMMARY

MCSCF calculations of the potential-energy surfaces of
the core-excited states of H2S indicate the existence of a
dissociative channel leading to core-excited HS. We find
that calculations of the HS resonance Auger energies can
well be used to interpret the experimental results. We
thus conclude that the main decay channel of the excited
states resulting from resonant 3a, ~6a, and 3a

&
~3hz

excitations is the dissociation of one hydrogen atom fol-
lowed by the Auger decay in core-excited HS. The verti-
cal excitation region of the (3a, '3b2 )'Bz state is close to
a crossing between this state and the (3a

&

'6a i )' A, state.
The presence of this crossing wi11 then lead to the dissoci-
ation of one hydrogen also following the 3a& ~3b2 exci-
tation.

Taking into consideration the Franck-Condon region
the PES analysis indicates that one may also have dissoci-
ation of both hydrogens fo11owed by the Auger decay in
the excited sulfur atom. Dissociation of both hydrogens
into separated atoms can lead to core-excited free sulfur
in the D state upon 3a&~6a& and Pupon 3a&~2b2 ex-
citation. On the other hand, dissociation of the hydrogen
molecule would lead to free sulfur in the 'P state. Even
though the potential-energy calculation indicates the pos-
sibility of dissociation to free sulfur, the measured elec-
tron spectra do not indicate structures arising from the
decay of core-excited sulfur (paper I). Since the potential
is bound toward double hydrogen dissociation and since
the limits of the Franck-Condon region only give
moderate excess energy, one can expect diffuse contribu-
tions from superposition of "dissociative molecular"
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spectra with varying energies along this channel. The
third possible event, namely, resonance Auger decay in
H2S, was on experimental grounds predicted to make a
weak contribution to the observed spectrum (Aksela et
al., paper I). The theoretical account of the relative
probabilities of these possible events has to await results
from time-dependent quantum calculations for all species
and states involved.
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