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Cascade Auger transitions of resonantly excited S 1s and C1 1s 
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Ibarak-ken 319-11. Japan 
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Abshad. Auger decay processes of resonantly excited S Is holes and C1 Is holes have 
been studied for MoSz and Sic14 by photoemission spectroscopy using hmable synchmtran 
radiation. It is clearly shown thal the excited states mainly decay via the KL2,3L2,3 and 
KLlLz.3 spectator Auger transitions. Above the Is absorption edges, two Auger s ipa ls  
were observed for the L2.3W Auger transition. Both of them were resonantly enhanced 
in the vicinity of lhe Is absorption edges. The signal of the higher-kinetic-energy side was 
assigned to the double-ionization satellite originating from the cascade Auger transitions such as 
KLI L.3 + ( L I L ~ . ~ V ) L ~ . ~ V V / V ) L ~ . I  _ _  and KL2.3L2.3 __ + (L2.3VV)Lz.3. The satellite intensity 
was analysed for the S(L2,sVV) A u z l i n e  in MO&, assuming s1epwiSetransition.s. The satellite 
observed was found to have an intensity a third of that expected. The origin of the discrepancy 
between the experimental and calculated intensities is discussed. 

-_ 

1. Introduction 

The decay processes of the resonantly excited states are very important not only for 
unravelling the mechanism of photodissociation or photon-induced desorption of gaseous 
molecules but also for understanding the nature of the unoccupied molecular states in solids. 
Thus the decay channels after resonant excitation have been studied extensively, e.g. for 
rare gases [ I 4 1  and various molecules [6-121. 

In solids, an unoccupied partial density of states within an atomic picture, a degree of 
degeneration with continuum and a degree of localization of the excited electrons might 
be discovered [13,14]. However, the decay process of the resonantly excited states is 
not completely understood, although much attention has recently been directed towards the 
Auger decay of the outer core orbitals in transition metals [15,16], metallic lanthanides 
[17,18] and ionic solids [13,14, 19,201. This is because in the resonant excitations of the 
outer core orbitals it is difficult to separate the spectator Auger spectrum from a participator 
spectrum. Furthermore, the resulting Auger spectra fall on rather intense and broad structures 
of the direct photoemission of the valence electrons, which makes the spectrum fairly 
complicated. 

In this work we could distinguish between the spectator and participator Auger 
transitions by using the deep core orbital excitations. Details of the decay processes via the 
spectator and participator Auger transitions may be found in reports of related investigations 
[21-241. In this report we focus our attention mainly on the cascade Auger transitions. 

0953-8984/95/234385+10$19.50 @ 1995 IOP Publishing Ltd 4385 



4386 T A  Sasaki et a1 

2. Experimental details 

Experiments were carried out using monochromated synchrotron radiation from beam line 
27A at the Photon Factory in the National Laboratory for High Energy Physics (KEK-PF). 
The electron spectra were obtained using a VSW Class 100 hemispherical electron energy 
analyser. The total energy (photon + electron analyser) resolution for most spectra was 
estimated to be better than 1.3 eV for the S(=,&,3) Auger electrons (about 21 IS eV) 
and 1.5 eV for the CI(Q3L2,3) Auger electrons (about 2380 eV) [21]. For x-ray absorption 
near-edge structure ( X m )  measurements both the total electron yield (TEY) and the partial 
electron yield (my) were recorded by scanning the photon energy. 

A molybdenite foil of 10 mm diameter was used for the MoSz sample. For the Sic14 
sample, a high-purity solution was degassed and adsorbed on a Cu(100) clean surface at 
90 K through a microchannel-plate gas doser. The number of layers in the multi-layered 
sample was estimaied to be about 1200 by means of temperature-progammed desorption 
measurements. To minimize the effect of charging on the peak width, the surface of the 
sample was flooded with low-energy electrons during the measurements. The optimum 
condition of the flood gun, about 20 cm distant from the sample surface, was determined 
to be 1.6 A for the filament current and less than 0.1 V for the electron energy. 

Calibration of the photon energy was performed by reference to the binding energy of the 
Au 4f7p photoline of metallic Au (purity. 99.99%) as 84.0 eV. Photoinduced decomposition 
of the samples was checked by recording the photoline shapes of the S Is  region or C1 1s 
region and was confirmed to be less than the detection limit. The other details have been 
given elsewhere [21-251. 

3. Results and discussion 

3.1. Relative strengths of the Auger &cay channels 

Figure 1 shows the XANES spectra around the S 1s absorption edge for MoSz and the Cl Is 
absorption edge for Sicb. The S 1s edge is attributed to resonant excitations from the S 1s 
ground state to S 3p* and continuum considering the dipole selection rule (S 3p" indicates 
antibonding unoccupied molecular states which are mainly composed of the S 3p atomic 
orbital). On the other hand, peaks A and B of the C1 Is edge are assigned to the resonant 
excitations Cl Is + u*(al) and C1 Is + where U*  is the antibonding molecular 
state of the U (Si-CI) bond [26]. Peak C is probably due to the double excitation where the 
valence electron is excited simultaneously with the CI Is + U* excitation and is commonly 
observed for the XANES spectra of silane derivative compounds [25]. The shaded areas 
indicate the threshold energies for the normal Auger transitions which were determined 
from analyses of the resonant Auger electron spectra. Their positions are 2472.1 eV for 
MoSz and 2824.5 eV for SiCb, which are comparable with 2471.2 eV for the S 1s energy 
and 2823.3 eV for the Cl 1s energy obtained by xps with 3314.4 eV photons. The spectral 
profiles observed are comparable with the previous x-ray absorption spectra of MoSz by 
Ohno et al [27] and of Sic14 by Cicco et a1 [28]. 

Figure 2 shows the photoemission spectra of MoSz which were taken at the on-resonance 
photon energy (2472.1 eV) and off-resonance photon energies (2466.4 and 2479.8 eV). It 
is clearly shown that the main lines and their satellites from the KLlL2.3, KLz,3L23 and 
KL2.3V Auger transitions are greatly enhanced under the on-resonance condition, while 
the intensities of the photolines including the valence band region remain almost constant. 
Similar trends in the spectral shapes were also observed for Sicb. Peak-area analyses of 
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Surface XANES of Sls  and C l l s  
Figure 1. XANES spectra of MO& at Lhe S 1s absorption edge and SiQI itt the CI Is edge. The 
shaded areas indicate the Uueshold energy for Lhe normal Auger transitions. 

the spectra provide the branching ratio in the decay channel of the S 1s corehole states. 
The strengths of the decay channels to various Auger transitions determined are displayed 
in figure 3 as a function of the photon energy. These are essentially the constant-final- 
state (WS) spectra except for a constant-initial-state (CIS) spectrum of the KL2.3 participator 
Auger transition (namely the S 2p photoemission). It is clearly seen that both the L1,W(I) 
and L2,3W(2) Auger lines are greatly enhanced at the S 1s absorption edge. Their origins 
will be discussed in detail in section 3.2. The decay channels such as the K L z , 3 b , 3  and 
ICLlL2,3 spectator Auger transitions are also prominent. The lowest curve is for the KLz.3 
participator Auger transition. It is apparent that the participator Auger transition is not the 
dominant process (less than 2%) in the Auger decay channels. Similar general trends were 
obtained for SiCl, as well. 

The relative intensities of the Auger decay channels estimated from the peak-area 
integration of the CIS and CFS spectra are summarized in table 1 together with the electron 
kinetic energies of the signals. In this table the backgrounds of the spectra in figure 3 (the 
contributions mainly from the corresponding normal Auger transitions or from the direct 
photoemission) were subtracted by means of the linear extrapolation method. It is clearly 
shown that the excited states decay mainly via the Q 3 L 1 3  and K L j L . 3  spectator Auger 
transitions. In the case of Sick, decay components of the C1 1s hole states were found to be 
very sensitive to the exciting photon energy, and the spectral analyses are now in progress. 
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Figure 2 Phomemission wide-scan spectra for MO& taken under on-resonance condition 
(2472.1 e'?) and off-resonance conditions (2466.4 and 2479.8 eV): -x-, lines where the 
final-state teIm are different from lhose of the main lines whose final terms are assigned 10 'Dz 
and 'PI for the KL~ILI,) and K L L L ~ J  Auger transitions, respectively I291. 

3.2. High-energy satellite of the L2.s W Auger line 

Great enhancements in the signal intensitiies of the two Auger lines LZ,3W(l) and LL,3W(2) 
in figure 3 suggest the occurrences of cascade Auger transitions. In the framework of the 
resonant excitations, two types of the decay channel are considered: one is via non-radiative 
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Photon energy IeVI 
Figure 3. Decay channels to various Auger transitions in MoSz against the photon energy. The 
curves correspond to CFS Spectra for the KLILZ~, KL2.3L2.3. KL2.3V. h , ? V V ( l )  and L,3VV(Z) 
Anger transitions, and CIS spectrum for the KLz.3 Auger vansition. 

Table 1. Peak assignments of the transitions, electron kinetic energies and relative specDal 
intensities in MoSz. The relative intensities are estimated from the CFS and CIS specrra in 
figure 3 and normalized to that of the KL2.3b .3  spectator Auger line. 

~ 

Electmn energy Relative 
Transition (eV) intensity 

KLiL2.3 22047 0.29 
m2.3L2.3 E21 16 I .o 
KL2.3v 22285 0.09 
m2.3 2298.8' 0.04 
Lz,3VV(l) 148 2.17 
L2.3w(2) 167 0.65 

Same as S 2p photoemission energy. This is the value at B photon energy of 2472.1 eV. 

decays such as the spectator Auger transitions or the participator Auger transitions, and the 
other via radiative decay such as the luminescent x-ray emission. Figures 4 and 5 show 
spectral evolutions of the S(k, ,W) Auger energy region of MO& and the CI(L2,3W) 
Auger energy region of Sicla, respectively. Since no Auger lines other than the b,aW 
line should exist in these regions, both peaks in each figure are attributed to the L2,3W 
Auger transition. 

In the following we focus OUT attention mainly on the observations for MO&, because 
almost the same conclusions could be deduced from the observations for SiC14. A 147 eV 
peak, b,3w(l), in the spectrum in figure 4 with photons of 2467.9 eV which is far below 
the S 1s absorption edge is assigned to the L2,3W normal Auger transition itself and the 
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Figure 4. Evolution of the S(Lx.lVV) Auger electmn spectra for MO.% 

L,L2,3V Coster-Kronig transition followed by the h,3VV transition. The intensity of this 
peak increases appreciably far beyond the absorption edge, as seen in the spectrum with 
3314.4 eV photons. This is due to an additional contribution mainly from the KLL~Lz,~ 
normal Auger transition followed by the L2.3W Auger transition. 

The origin of the high-energy satellite such as the L2,3W(2) Auger line has been 
extensively discussed [30-341 and conclusively atfributed to double ionization [34]. In 
addition Fuggle 1341 has observed that satellite intensity of the Mg (LQ.,~W(~)) Auger line 
(of kinetic energy 61 eV) from solid Mg has an intensity a third of that of the main line 
using Al Kcr radiation (1486.6 eV) for the excitation. In the case of the S 1s excitation 
and the subsequent decay processes, the S 2p electrons andor valence electrons would be 
successively captured by the resulting L, and/or Lz,3 holes. The energy separation between 
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the L2,3W(l) Auger line and Lz.sVV(2) Auger line may be caused by the effect of an 
additional vacancy on the nuclear screening experienced by the S 2p electrons and valence 
electrons. The resonantly enhanced spectra in figures 4 and 5 are more well resolved than 
those in previous work obtained by the conventional x-ray sources [30-341, which allows 
us to evaluate the satellite quantitatively. 

Table 2 shows the successive decay processes of the core holes and the contributions 
of the decay steps to the L2,3W(l) and L2,3VV(2) Auger lines. Since the peak intensities 
of the signals corresponding to such decay processes as the KLILI, KLlV, LlVV Auger 
transitions, etc, were so weak compared with that of the Q.3L2.3 Auger transition, their 
contributions are omitted. Then the ratio R of the intensity of satellite to that of the main 
line can be approximated as 
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Table 2. Decay processes, relative frequencies of the Lz,3W Auger lines to which the decay 
processes of the S Is hole in MoSz =e contributed. The underlined L represents an L orbiral 
wi4 an elemon hole, 

Decay processes 

is1  S ~ W  Subsepuent S L W I  Contributed l ine Relative frepnency 

I. 37 

1.87 

5.  4 1  

6. 4 1  

0. 59 

0 .  30 

0.77 

0.58 

0. 4 4  

R E [N(a lL2 ,3 )  + N(KLz,~Lz,~)I/[N(KLI~,~) + N(KL2.3LZ.3) + N(aZ.3V) 

+ N ' ( a . 3 )  + N ' ( G . 3 )  + N&ib,3V) + N(L2.3W)I. 

Here N is frequency of the corresponding Auger transition, and NP and NI indicate the 
frequencies of the participator Auger transition and of luminescent process, respectively. 
Employing the relative intensities in table 1 to derive the relative frequencies of the Auger 
transitions, this simplifies to 

0.9la~ffi(K)/[UKWi(K) f W N i ( K )  + fLgi&l) + aLffi(b.3)1. 

Here a, o, f and uj are the Auger yield, luminescent yield, Coster-Kronig yield and 
photoionization cross section of the corresponding core holes, respectively. It should be 
also noted that N(&.3b,3) was replaced by 0.70a~ff,(K), because the relative intensity 
for the KL2.3L2.3 process is 70% of the sum for those for the KLiL2.3, KL2,3L2,3, =2,3v 

and KL2,3 processes. For the m2.3 luminescent process and the L I L z , ~ V  Coster-Kronig 
process, f~ and UL were taken to be 0.078 and 0.944, respectively 1351. Furthermore the 
KLz.3 luminescent process is inevitably followed by the b,3W Auger transition, because 
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there is no branching to luminescent Lz3V (i.e. La) emission in the decay of the L2.3 hole 
[35]. Assuming that the photoionization cross sections at about 2472 eV are 9 . 9 9 ~  cm2 
for u,(K), 0.616 x lo-" cm2 for uj(L1) and 0.441 x cm2 for q(Lz.3) [36], we obtain 
the relative frequencies given in the last column of table 2 and thus 0.76 for the R-value. 
On the other hand, the experimental ratio of the intensity of the satellite to that of the 
main line can be estimated to be 0.30 from the relative intensities for the L2,3W(l) and 
L2,3W(2) processes in table 1. Thus the calculated satellite intensity is significantly larger 
than the observed value. 

In the calculations it is expected that the R-value should not deviate excessively from 1, 
because both the L2,3VV(I) and the L23W Auger transitions are dominantly contributed by 
the KLILz,~ and Q.3b.3 Auger transitions, as seen in table 2. The discrepancy between 
the calculated and experimental ratios is probably due to the very fast relaxation of the 
double-corehole states. It is considered that in the condensed phase some part of the 
double core holes, denoted b . 3  b . 3  for example in table 2, collapses via simultaneous 
neutralizations by two electrons In the valence band, which may cause both the decrease 
in the satellite intensity and the increase in the main-line intensity. These may occur for 
the same reason that the observed satellite intensity of the Mg(Lz.3W) Auger line has an 
intensity a third of that expected [34]. For a full understanding of double ionization in 
solids, detailed theoretical treatments based on the dynamics of the core-hole decay are 
required. 

7- 

4. Conclusion 

Auger decay channels after the resonant 1s + 3p* excitation in MoSz and Sic14 have been 
studied by photoemission spectroscopy using synchrotron radiation. It was observed that the 
main channels are through the KL2,3L2,3 and KLiL2,3 spectator Auger transitions. Above 
the threshold energy of the core hole, two Auger signals were observed for the L2,3W 
Auger transition. One of them was assigned to the double-ionization satellite originating 
from cascade Auger transitions such as KLI L2.3 + ( L I ~ , ~ V ) L Z , ~  + b,3W/V)L2.3 and 
KL2.3 __ L2.3 +. @2,3W)b,3. The observed satellite of t z S & r W )  Auger line irMoS2 
was found to have an intensity about a third of that expected. The origin of the discrepancy 
between the experimental and calculated intensities was discussed and was attributed to 
collapses of the double core holes via simultaneous neutralizations by electrons in the 
valence band. 

-_ 
. 
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