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This article reviews our recent works on the ion desorption from adsorbed and condensed
molecules at low temperature following the core-level photoexcitations using synchrotron soft
x-rays. The systems investigated here are adsorbed molecules with relatively heavy molecular
weight containing third-row elements such as Si, P, S, and Cl. Compared with molecules
composed of second-row elements, the highly element-specific and site-specific fragment-ion
desorptions were observed when we tune the photon energy at the dipole-allowed 1 3s p� � �� ( )
resonance. On the basis of the resonance Auger decay spectra around the 1s ionization thresholds,
the observed highly specific ion desorption is interpreted by the localization of the excited
electrons (here we call as «spectator electrons») in the antibonding �� orbital. In order to separate
the direct photo-induced process from the indirect processes triggered by the secondary electrons,
the photon-stimulated ion desorption was also investigated in well-controlled mono- and
multilayered molecules. The results confirmed that the resonant photoexcitation not in the
substrate but in the thin films of adsorbates plays a significant role in the realization of the highly
specific ion desorption.

PACS: 79.20.La, 29.30.Kv

1. Introduction

Photo-induced processes at solid surfaces have at-
tracted much attention not only as fundamental sci-
ence but also as technological applications, because
we can possibly synthesize new materials through
non-thermal reactions. Among various photo-induced
processes, those induced by energy-tunable synchro-
tron soft x-rays have been the focus of considerable at-
tention because x-ray-induced reaction has the excel-
lent potentials represented as «element-specificity»
and «site-specificity». An x-ray-induced chemical re-
action is triggered by the excitation and ionization of
core-level electrons which are localized at the atomic
site even in a multi-element material. Thus we can
possibly excite a specific element or specific chemi-
cal-bond by tuning the energy of x-rays at the in-
ner-shell ionization threshold of the specific element.
Using this characteristic, there exists a possibility
that we can control a chemical reaction at a solid sur-
face. For example, we can cut a specific chemical bond

around the specific element as if we were using «scis-
sors or a knife». Recent progresses in this approach is
reviewed in some of the articles Refs. 1–4.

One might want to know about «In what case we
can cut a specific chemical bond?», or in other word,
«Is there any general theory or general rule to realize a
specific bond scission?». As to these questions, I would
like to stress the following three general principles to
realize the highly specific chemical bond scission by the
core-level photoexcitation. Firstly, the photoexcitation
at the K-edge is more efficient than those at the L1-,
L23, - and M-edges. This is simply understood by the ab-
sorption edge-jump, which is defined as the ratio of the
photoionization cross sections � �L H , where L and H
refer, respectively, to the low- and high-energy sides of
the absorption edges. The absorption edge-jumps of the
K-edge in all of the elements are higher than those of
the L- and M-edges in the respective elements [5]. Sec-
ondly, the element specificity clearly shows up with
the increase in the difference in the atomic number of
the two elements. This is simply estimated by the cal-
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culated values of the photon-energy dependencies of
the photoionization cross sections [6,7]. The typical ex-
ample is observed for the deep core-level excitation of a
heavy element in the light-element matrix. Similarly,
the shallow core-level excitation of a light element in
the heavy-element matrix is also effective. The third
factor is the resonance effect. If the resonance excita-
tion from the core to valence unoccupied orbitals in a
compound is dipole-allowed transition, the absorption
edge-jump dramatically increases, which may result in
the highly specific fragmentation.

On the basis of the above speculations, this article
mainly deals with the results for the ion desorption fol-
lowing the resonant photoexcitations at the K-edges for
the adsorbed molecules. Especially, we concentrate on
the ion desorption from relatively heavy molecules con-
taining third-row elements such as Si, P, S, and Cl, be-
cause we found that the element specificity and
site-specificity clearly show up in the 1 3s p� � �( )�

resonant photoexcitation in the third-row elements.
Nest I shall discuss the mechanism of the observed
highly specific ion desorption from condensed mole-
cules on the basis of the photon-energy dependencies of
the desorption yields and the Auger decay spectra. In
the adsorbed systems, the chemical reaction by the
core-level excitation is caused by two processes, i.e., di-
rect process triggered by the core-level photoexcitation
and indirect processes which are induced by the second-
ary electrons. Therefore I present finally the results for
the stimulated ion desorption from well-controlled
mono- and multilayers in order to elucidate the mecha-
nism more clearly by separating these two processes.

2. General descriptions for element-specific and
site-specific bond scissions

The specific fragmentation and desorption initiated
by core-level photoexcitation is characterized by the
different patterns shown in Fig. 1. The first is the «el-
ement-specific» reaction depicted in Fig. 1(1). This is
the most principal characteristics of core-level photo-
excitation. In this simplified model, the photon en-
ergy is tuned at the core-level of the element C. The
element C is selectively excited leading to the break-
ing of only the B—C bond but not the A—B bond.
For solid surfaces, the desorption of the element C is
expected. The second case is the «site-specific» reac-
tion. This is further divided into two cases. In the up-
per model (a), the core-levels of the elements B have
two energy levels (B1 and B2) depending on the chemi-
cal environment. This energy shift is called as a chemi-
cal shift. If we tune the energy of x-ray at the core-
level of B2, only B2 atom is excited without exciting B1
atom. Consequently, B2—C or B2—B1 bond would be

broken without cutting the A—B1 bond. In the lower
model (b), the element B has only single core-level
state, but the valence unoccupied state is divided into
two levels localized at the B—C and A—B bond. In
this figure, the core electrons in the element B are
resonantly excited into the unoccupied state which is
localized at the B—C bond. If this state has an
antibonding character, the B—C bond would be bro-
ken but not A—B bond.

3. Experimental details

The schematic diagram around the sample is shown in
Fig. 2. The samples investigated here are molecules con-
taining third-row elements such as silane derivatives,
disulfide and chloromethane. Most of the samples are
liquid at room temperature. The samples were purified
and degassed through several freeze-pump-thaw cycles
in the gas dosing vacuum system connected with the
analyzer chamber. Then the samples are dosed onto the
clean surface of a metal or semiconductor single crystal
cooled at 80 K.

Most of the experiments were conducted at the beam
line (BL, 27A) station of the Photon Factory in the High
Energy Accelerator Research Organization (KEK-PF).
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Fig. 1. Schematics of specific chemical reaction induced
by inner-shell electron excitation using energy-tunable
synchrotron soft x-rays. The photon energies are tuned at
the resonance excitation from core-levels to the valence
unoccupied orbitals.



The detailed performance of this beam line was de-
scribed elsewhere [8]. The energy range of this beam
line is 1.8–6 keV, which covers the K-edges of
third-row elements such as silicon, phosphorus, sul-
fur, and chlorine. For comparison, the resonance ex-
periments at the K-edges for second-row elements such
as carbon and oxygen were also carried out at the
beam line (BL, 7A) station of the KEK-PF.

The ultrahigh vacuum system used in this work
consisted of a cryomanipulator which can rotate
around the vertical axis, electron back bombardment
system for sample heating, temperature control sys-
tem, quadrupole mass spectrometer (Q-mass), hemi-
spherical electron energy analyzer, low-energy elec-
tron diffraction (LEED), sputter ion gun, low-energy
electron gun, and gas doser. The x-ray absorption
spectra were taken by plotting the sample drain cur-
rent as a function of the photon energy. This method is
called as «total electron yield» mode. The x-ray ab-
sorption spectrum around the core-level threshold is
termed as «x-ray absorption near-edge structure»
(XANES) or «near edge x-ray absorption fine struc-
ture» (NEXAFS). The desorbed ions were detected by
the Q-mass operating in a pulse counting mode. The
photon flux was always normalized by the drain cur-
rent of the copper mesh located in front of the sample.

4. Element-specific desorption from condensed
molecules

4.1. Condensed SiCl4
The most essential question concerning the x-ray-in-

duced processes in solid is: «Are there any differences,
when the core-levels in the different elements are ex-
cited in multi-element solid?». However, the clear an-
swer for this simple question has not yet been given.
For the photon-stimulated desorption from condensed
light molecules, the fragment-ion desorption from solid
CO and NO following the K-edge excitations have
been investigated by Rosenberg et al. [9]. For solid
CO, they have observed the enhancement of the
C+/O+ ratios at about 30 % at the C K-edge
photoexcitation. It is obvious that the element-speci-
ficity of the desorption primarily depends on the ratio
of the photoionization cross sections, � �i total , where
� i and � total are the inner-shell photoionization cross
sections of the element i and the total molecule, respec-
tively. Based on this simple speculation, it can be de-
duced that the element-specificity more clearly shows
up in heavy element rather than light element.

The typical example for heavy molecule containing
third-row elements is shown in Fig. 3 [10]. This figure
compares the mass spectral patterns of the desorbed
ions from condensed SiCl4 molecules irradiated by
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Fig. 2. Schematic diagram of the apparatus used for the experiments in this review.



two kinds of photon energies corresponding to the Si
K-edge (upper spectrum) and the Cl K-edge (lower
spectrum). The photon-energy dependencies of the
ionization cross sections of silicon and chlorine are
shown at the top of the figure. The x-ray absorption
near-edge structure spectrum is displayed in the small
inset in each mass spectrum. The photon energies are
tuned at the respective resonance maxima of the

1 3s p� � �� ( ) excitations. For Si K-edge excitation,
not only molecular ions (SiCl+, SiCl3

+) but also
atomic ions (Si+, Cl+) are desorbed in comparable in-
tensity, while most of the desorbed species following
the Cl K-edge excitation are atomic Cl+ ions. This is
quite surprising because the core-level excitation is
primarily followed by the Auger decay whose time
scale is in the order of 10–15 s, which is faster by about
three orders of magnitudes than the time scale of the
chemical bond breaking. If the delocalization of the
excitation happens before the chemical bond scission,
the Auger electrons and the succeeding secondary elec-
trons are the main trigger of the bond breaking and
ion desorption. This means that the same mass
patterns should be observed even if the different
core-levels are excited. The present results suggest
that the time scale of the Si—Cl bond scission and Cl+

desorption is comparable to or faster than that of the
delocalization of the excited states. Such highly ele-
ment-specific desorption has been also observed for
simple condensed molecules composed of two kinds of
third-row elements, such as PCl3, S2Cl2 [11,12].

4.2. Condensed silicon alkoxides

For the future application, the element-specificity
of core-level excitation has a potential in the photo-
chemical processes at semiconductor surfaces. In sili-
con technology, for example, one of the key tech-
niques is the deposition and etching of semiconductor
surfaces without heating and damaging the substrate.
The photochemical process is one of the candidate
methods for this purpose. For metal-oxide-semicon-
ductor (MOS) devices, it is required to fabricate an
ultrathin and homogeneous oxide overlayer in a con-
trolled small area on the semiconductor substrate.
Silicon alkoxides such as tetramethoxysilane (TMOS)
and tetraethoxysilane (TEOS) are excellent source
materials for SiO2 deposition on Si surface because of
the conformal step coverage of SiO2 layer and its non-
toxic property. Niwano et al. have demonstrated the
potentiality of synchrotron-radiation-induced CVD
for the fabrication of SiO2 films on Si using silicon
alkoxides as source materials [13–15]. In their works,
broad-band synchrotron radiation in the vacuum ul-
traviolet (VUV) region emerging from the bending
magnet has been used, therefore the photon-energy de-
pendencies of the reaction remain unclear.

Our results using monochromatized synchrotron
beam are shown in Fig. 4 [16]. The left figures show the
mass spectra of desorbed ions from condensed
Si(OCH3)4 following (a) silicon K-edge, (b) carbon
K-edge, and (c) oxygen K-edge excitations. The thick-
ness of the adsorbates was 300 layers. The photon energy
of each spectrum was tuned just at the 1s � �� reso-
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Fig. 3. Comparison of the mass spectral patterns of the
desorbed ions from condensed SiCl4 molecules irradiated
by two kinds of photon energies corresponding to the Si
and Cl K-edges. The x-ray absorption near-edge structure
taken by the total electron yield is displayed in the small
inset in each mass spectrum. The photon energy for the
mass spectral measurements was tuned at the respective
resonance maximum of 1s � �� indicated in the XANES
spectra. The photon-energy dependencies of the ionization
cross sections of silicon and chlorine [6] are shown at the
top of the figure.



nance maximum of the respective absorption edges. For
comparison, the mass spectrum of fragment ions for
gas-phase Si(OCH3)4 excited by 70-eV electrons (so
called cracking pattern) is displayed in the Fig. 4,d.
Since the electron energy for the gas-phase spectrum is
lower than the Si 2p, C 1s and, O 1s thresholds, the
gas-phase spectrum exhibits an ionic fragmentation pat-
tern following not inner-shell excitation but valence ex-
citation. The desorption spectrum at the Si K-edge exci-
tation resembles the gas-phase one. For the C and O
K-edge excitations, on the other hand, the most intense
peak (except for H+) is located around M/e = 15. The
long-time measurements with higher mass-resolution
shown in the Fig. 4,e,f reveal that the most intense
peaks originate from the CH3

+ ions (M/e = 15), but no
O+ ions (M/e = 16) are observed. This indicates that
the C—O bonds are selectively cut off following both
carbon and oxygen K-edge excitations, but the Si—O
bonds mostly remain unbroken. These results shed light
on the possibility of selective C—O bond scission in con-
densed Si(OCH3)4 using monochromitized synchrotron
radiation.

5. Site-specific desorption

5.1. General descriptions

Next I shall show the examples of the site-specific
desorption shown in Fig. 1(2). If the molecule has the
same elements but inequivalent chemical environ-
ments, we can selectively excite each atom shown in
Fig. 1(2,a). Such example was firstly found for
gas-phase molecule by Eberhardt et al. [17]. They se-
lectively excite two kinds of carbon atoms in acetone,
which has inequivalent carbon atoms, and succeeded
in observing the different ionic photofragmentation
patterns depending on the atomic site being excited.
Although some of the controversy still remains as to
their results, this pioneering work stimulated the
site-specific fragmentation in molecules following in-
ner-shell photoexcitation. The clear examples for the
site-specific fragmentation using chemical shifts were
recently reported by Nagaoka et al. for condensed mo-
lecules [18,19]. Even for the equivalent molecule like
N2, Romberg et al. recently demonstrated that one of
the two nitrogen atoms in adsorbed N2 molecule can
be selectively excited using high resolution synchro-
tron beam [20,21]. They observed different desorption
patterns depending on the atomic site being excited.

In the followings, I shall concentrate on the second
case in Fig. 1(2,b) The site-specific ion desorption
from solid surface represented by Fig. 1(2,b) has been
reported in many systems, such as organic polymers
[22–27], and adsorbed molecules [28–40] following
the K-edge excitation in second-row elements. Here I
shall show the examples of the highly site-specific ion
desorption from adsorbed molecules following the
1 3s p� � resonance in the third-row elements, be-
cause the site-specificity clearly show up in deep-core
excitations as described previously.

5.2. Adsorbed Si(CH3)3F

Figure 5 shows the mass spectra of trimethy-
fuluorosilance (Si(CH3)3F, TMFS). The upper figure
displays the mass pattern of desorbed ions from TMFS
adsorbed on Cu (111) surface [39]. The thickness of
the adsorbed layer is just one monolayer which was
precisely calibrated. Due to high electronegative
character of fluorine atom, the valence unoccupied
orbitals of TMFS are split into two states. One is the
�� orbitals localized at the Si—C bond (denoted as
�( )Si C�

� ), and the other is those localized at the Si—F
bond (denoted as �( )Si F�

� ). Here the photon energy
was tuned at the resonance maximum from the Si 1s to
unoccupied �� �Si F�

� orbitals. For comparison, mass
spectrum of fragment ions in gas-phase TMFS
following the 70-eV electron impact is also shown in
the lower figure. Electron impact produces many of
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Fig. 4. Mass spectra for desorbed ions from condensed
Si(OCH3)4 following silicon K-edge (a), carbon K-edge
(b), and oxygen K-edge photoexcitations (c). The photon
energy of each spectrum is tuned just at the 1s � ��

resonance maximum of the respective absorption edge. The
mass spectrum of fragment ions for gas-phase Si(OCH3)4
excited by 70-eV electrons (so called cracking pattern)
represents column (d). Mass spectra in narrow regions
with higher mass-resolution for C K-edge (e) and O
K-edge excitations are shown in right hand (f).



fragment ions containing silicon, which exhibits the
mass cracking pattern following the valence excita-
tion. On the other hand, the Si 1s � �

��( )Si F reso-
nance excitation in adsorbed TMFS results in the
desorption of only F+ ions other than hydrogen ions
which are mostly abundant ions. The difference of two
mass patterns clearly indicates that the resonant exci-
tation from the Si 1s into the antibonding �( )Si F�

� se-
lectively break the Si—F bond without cutting the
Si—C bond.

5.3. Condensed (CH3S)2

The data presented second is the fragment-ion
desorption from condensed (CH3S)2 (dimethyl-
disulfide, DMDS) [30]. The sulfur atoms in this mole-
cule are coordinated to two kinds of different atoms,
i.e., sulfur and carbon. DMDS is chosen because this
molecule is the simplest prototype of amino acid con-
taining S—S bond such as cyctine, and the primary
process of the x-ray-induced fragmentation is quite
important in the fields of radiation biology.

XANES spectrum taken by the total electron yield
mode for multilayered DMDS is displayed in Fig. 6,a
as topmost spectrum (solid line). The sharp resonance

peak with double structure (marked A) and broad one
(marked B) are observed in this energy region. In com-
parison with many of the gas-phase XANES spectra for
alkylated divalent sulfur compounds [41–43], the first
intense peak A can be assigned as the S1 3s p� � �� ( )S
excitation and the second broad peak B is ascribed to the
shape resonance corresponding to the excitation into
higher-energy unoccupied orbitals such as S 3 d� and
S 5 s� . It is noticeable that the peak A is further split
into two components. Fig. 6,b is the same spectra but
in an expanded energy scale. The energy separation of
the two components in XANES spectrum is 1.2 eV.
Such peak splitting in the S1s � �� is never seen in di-
valent sulfur compounds containing a single S atom,
such as dimethyl sulfide [43]. The occupied valence
shell of the ground state of DMDS is (9a)2(10a)2

(9b)2(10b)2(11b)2(11a)2(12a)2(13a)2(12b)2 [44]. The
outermost 12b and 13a orbitals are almost nonbonding
and their main components are S 3p orbitals [45]. The
12a orbital consists of �(S—S) and 11a and 11b
orbitals have �(S—C) character [45]. The energy lev-
els of the �(S—S) and �(S—C) orbitals for gas-phase
DMDS have been measured by ultra-violet photoelec-
tron spectroscopy (UPS) [46]. The energy separation
between 11a and 12a orbitals in UPS spectrum is close
to the present value of the energy splitting of the
S 1s � �� peak. It has been established that the rela-
tive energy levels of molecular orbitals scarcely change
from gas phase to Van der Waals molecular condensate.
This is indeed the case for the DMDS adsorbed on Cu
(111) surface at various temperatures [46]. Con-
sidering a mirror-like structure between occupied and
unoccupied levels in valence region, we assign the
lower- and higher-energy components as the excitations
from the S 1s to the �� localized at the S—S bond
(hereafter we refer to �( )S S�

� ) and the �� localized at
the S—C bond (hereafter we refer to �( )S C�

� ), respec-
tively. This is consistent with the simple assignment of
the XANES spectrum of gas-phase DMDS by Hitch-
cock et. al. [47]. Similar energy splittings in the
S 1s � �� resonance peaks were also observed in con-
densed layers of the S—S containing compounds such
as dichlorodisulfide (Cl—S—S—Cl) and dibutyl-
disulfide (C4H9—S—S—C4H9) [48].

The desorbed species following the S K-edge exci-
tation are mainly S � and CH3

� ions. The photon-en-
ergy dependencies of the S � - and CH3

� -ion yields are
presented in Fig. 6,a as dotted curves. Also they are
shown in Fig. 6,b in an expanded energy scale. Two
different features are seen between electron-yield
and desorption-yield curves. Firstly, the excitation
at the shape resonance (peak B in the S � ions are
desorbed mainly at the S 1s � �

��( )S S resonance
while the CH3

� ions are desorbed predominantly at
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Fig. 5. Mass spectrum for desorbed ions from adsorbed
Si(CH3)3F following the Si 1s resonance photoexcitation
(upper figure). Mass spectrum of fragment ions produced
by 70 eV electron impact is shown in the lower figure.



the S S C1s � �
��( ) excitation (Fig. 6,b). The latter

feature clearly shows that the site-specific desorp-
tion apparently happens by the photoexcitation
from the same core orbital to the different unoccu-
pied valence orbitals. If the excited electrons are lo-
calized at the respective chemical bonds until the
fragmentation happens, the observed tendency that
the S 1s � �

��( )S S resonance yields S � desorption
and S 1s � �

��( )S C resonance induces CH3
�

desorption is quite natural because both of the ��

orbitals are strongly antibonding. The localized na-
ture of the primary photoexcitations will be dis-
cussed on the basis of the Auger decay spectra in the
next section.

6. Auger decay and mechanism of ion desorption

6.1. Patterns of Auger decay

In the previous sections, I have presented some
examples where the core-level excitations induce
highly element-specific and site-specific ion
desorptions. The data for the element specific
desorption show that the localization of the core-elec-
trons is the main cause of the specific ion desorption.
Also the results for the site-specific desorption indi-
cate that the localization of the excited electrons in
the anti-bonding state plays an important role in the
specific ion desorption. Since the core-level excitation
in low-Z elements is primarily followed by the Auger
decay [49], I shall next present the Auger decay spec-
tra in the present systems.
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Fig. 6. Photon energy dependencies of total electron yield (solid line) and ion desorption yield (dotted lines) for
multilayered dimethyldisulfide (DMDS) around the sulfur K-edge photoexcitation. Total electron yield curve corresponds
to the x-ray absorption spectrum (XANES). The number indicated in the total electron yield curve represents the photon
energy used for the measurements (Fig. 9,a) of Auger decay spectra (a). Same as Fig.6,a but in an expanded energy scale
around the S1s � �� resonance (b).



Let us first explain the Auger decay patterns in the
present systems. For the third-row elements, the main
decay channel following the ionization of the K-shell
electron is primarily KL2,3L2,3 Auger transition (radi-
ative decay, i.e., fluorescence x-ray emission plays a
minor role in the present system, therefore it is not
considered here).

Figure 7 shows the three types of the Auger transi-
tions which happen around the ionization threshold.
The excitation into the continuum is followed by the
KL2,3L2,3 normal Auger decay (a) resulting in the
two holes in the L2,3 levels. This state is further fol-
lowed by the L2,3VV Auger decay which results in the
final electronic configuration of V–4, where V denotes
the valence states and the superscript indicates the
number of electrons taken away. The kinetic energy of
the normal Auger electron is constant. For the
core-to-valence resonant excitations, two other decay
channels have to be taken into account. First is the
participant Auger decay (b), where the excited elec-
tron participates the Auger decay process. The excited

electron itself decays into the core hole, and another
electron is emitted from L shell. This process is virtu-
ally identical to the photoemission of the L-shell elec-
tron. Thus, the kinetic energy of the participant Auger
electrons are the same as that of photoelectron from
L2,3 shell directly excited by the photons at the same
energy. The second is the spectator Auger decay (c).
In this case, the excited electron remains in the unoc-
cupied orbital as a spectator, and another electron de-
cays into the core hole. Then another second electron
is emitted. The kinetic energy of the spectator Auger
electron is close to that of the normal Auger electron.
Regarding the energy of the spectator Auger electrons,
we have observed the kinetic energy of the Si KLL
spectator Auger electrons in SiO2 after the Si K-edge
excitation shifts linearly with the incident photon en-
ergy [50,51]. This phenomenon is observed in
deep-core excitations for many adsorbed, condensed
and solid systems, and the cause of the energy disper-
sion is ascribed to the Auger resonant Raman effect
[52–58]. Therefore we can easily distinguish the spec-
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Fig. 7. Three types of the Auger transitions which happen around the inner-shell ionization threshold. The normal Auger
decay following ionization is shown (a); for the core-to-valence resonant excitations, two decay channels exist; (b) is the
participant Auger decay, where the excited electron participates the Auger decay; (c) is the spectator Auger decay, where
the excited electron remains in the unoccupied orbital as a spectator, and another electron decays into the core hole. Then
another second electron is emitted. We call the remaining electron as «spectator electron».



tator Auger peak from the normal one. The Auger res-
onant Raman effect more clearly shows up in con-
densed molecules and insulating solids than in metals
and monolayered adsorbates. In the following discus-
sion, it should be noted that the important point in
the spectator Auger decay is that the excited electron
remains in the unoccupied orbitals until the Auger de-
cay. We will call the remaining electron as «spectator
electron» (see Fig.7).

6.2. Condensed SiCl4
Concerning the element-specific desorption, let us

go back to the SiCl4 case (Fig. 3). For Cl K-edge exci-
tation, most of the desorbed species are Cl+ ions. The
electron and Cl+ ion yields around the Cl K-edge are
displayed in Fig. 8,e [59]. The XANES spectrum is ba-
sically in good agreement with those reported for
gas-phase SiCl4 [60]. Mainly three peaks are observed
(numbered 2, 4, and 6), which originate from Cl
1s � �� (8a1), Cl 1s � �� (9t2), and double excitation
(shake-up satellite), respectively. However, a clear dis-
similarity between electron-yield and Cl+-yield curves
is seen. The Cl+ yield curve has only one maximum cor-
responding to the peak 2.

The electron energy spectra taken at various photon
energies are displayed in Figs. 8,a,b. Fig. 8,a includes
the Cl KL participant and Cl KLV normal and Cl

KLV spectator Auger decays. Fig. 8,b covers the Cl
KLL normal and spectator Auger decays. In Fig. 8,a a
slight enhancement of the Cl 2p photoelectron
peak around the Cl � �� resonance maximum
(h� 	 
�
�� �eV is observed. In the column (c), the
intensities of the Cl 2s and Cl 2p photoelectron peaks
are plotted as a function of the incident photon en-
ergy. The increase in the Cl 2p intensity is about 25 %
at the Cl 1s � �� (8a1) resonance maximum. This en-
hancement corresponds to the Cl KL2,3 participant
Auger decay. In Figure 8,b, we can clearly see the Cl
KL2,3L2,3 spectator Auger lines (peak B), which lin-
early shift to the higher energy with the increase in
the photon energy. The lower kinetic-energy peaks
(A), which are observed at high photon energies, are
due to the Cl KL2,3L2,3 normal Auger electrons. The
intensities of the Cl KL2,3L2,3 spectator and normal
Auger peaks are plotted in the column (d) as a func-
tion of the photon energy. The plots of the intensity of
the three types of the Auger peaks reveal that more
than 98 % of the Cl1s � �� (8a1) resonance excitation
is followed by the spectator Auger decays (including
KLL and KLV), while the contribution of the Cl
2p-derived participant decay is less than 2 %. It is also
seen that the excitation at peak 6 is followed only by
the normal Auger decay. The most intrinsic difference
between normal and spectator Auger decays is
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Fig. 8. Auger decay spectra of multilayered SiCl4 in Cl KL2,3 participant (a) and Cl KL2,3L2,3 spectator (b) regions ex-
cited by various photon energies around the Cl K-edge. In the right figures, the intensities of the resonance peaks as well
as total electron yield and Cl+ yield are plotted as a function of the photon energy.



whether or not the excited electron remains in the un-
occupied orbitals in the course of the Auger electron
emission (see Fig. 7). For the excitation at peak 6,
therefore, the excited electron is immediately
delocalized before the movement of the Cl atom. Thus
it is concluded that the existence of a «spectator elec-
tron» in the �� orbital is essential for the fragmenta-
tion which results in the Cl+ desorption.

When we compare two �� resonances with different
symmetry, i.e., 8a1 (peak 2) and 9t2 (peak 4), the Cl+

ions desorb mainly at peak 2 rather than at peak 4, al-
though both excitations result in the spectator Auger de-
cay. Coulman et al. have found that the desorption of
H+ ions from a multilayer of H2O after O 1s excitation
is extremely enhanced by the O 1 4 1s a� excitation
[61,62]. They have ascribed this phenomenon to the
strong antibonding character of the 4a1 orbital. The
present results for SiCl4 can be interpreted in a similar
manner. The contents of the Cl 3p� orbital component is
higher in the 8a1 than in the 9t2 [63], consequently the
spectator electron in the 8a1 is more effective for the dis-
sociation of the Si—Cl bond than the spectator electron
in the 9t2. This speculation supports the above conclu-
sion that the spectator electron in an antibonding orbital
is essential for Cl+ desorption. The high desorption yield
by the Cl 1s � �� (8a1) resonance indicates that the
nuclear motion of the Si—Cl bond is equivalent to or
faster than the core life time. This means that the
Franck-Condon transition cannot be applied to the
bond dissociation process. As described above, such
ultrafast non-Franck-Condon-like dissociation was re-
ported for H+ desorption by core excitation from con-
densed molecules such as H2O [61,62] and benzene [64].
The present results reveal that such a non-Franck-Con-
don-like process exists even for the desorption of heavier
atoms like chlorine.

6.3. Condensed (CH3S)2

Again, we go back to the site-specific desorption in
condensed DMDS (Fig. 6). In this case, the most in-
tense Auger lines after the S1s � �� excitation would
be sulfur KL2,3L2,3 spectator Auger lines and sulfur
KL2,3 participant Auger line. The former appears near
the sulfur KL2,3L2,3 normal Auger line and the latter
is observed as the enhancement of the sulfur
L p23 2, ( )S photoelectron. The Auger-decay spectra
around the sulfur KL2,3L2,3 region taken at various
photon energies around the S 1s � �� resonance are
shown in Fig. 9,a. The number indicated in each spec-
trum corresponds to the photon energy shown in the
electron-yield curve in Fig. 6,a. The normal Auger
peak with fixed kinetic energy apparently begins to
appear from spectrum 11. The higher kinetic-energy
peaks observed in the spectra 2–11 originate from the

spectator Auger decay. Linear kinetic-energy shift
with the photon energy is also observed for the specta-
tor Auger peaks. In Fig. 9,b, the kinetic energies of
the sulfur KL2,3L2,3 Auger peaks are plotted as a func-
tion of incident photon energy. A two-step linear ki-
netic-energy dispersion is clearly observed in the spec-
tator Auger peaks. Such two-step linear dispersion
was explained by a fact that two kinds of the resonant
excitations induce respective Auger resonant Raman
effect. When the photon energy regions of linear dis-
persions are compared with those of the double struc-
tures in XANES spectrum (Fig. 6,a), the first linear
line marked as spectator (1) corresponds to the sulfur
KL2,3L2,3 spectator Auger peak following the S
1s � �

��( )S S excitation, and the second one marked as
spectator (2) originates from that following the S
1s � �

��( )S C excitation. Therefore it is important that
both the S 1s � �

��( )S S and S 1s � �
��( )S C excitations

are primarily followed by the respective spectator Au-
ger decays. This finding suggests that the spectator
electrons are localized at the respective chemical
bonds in the course of the Auger decay. Fig. 9,c sum-
marizes the photon-energy dependencies of the peak
intensities of various Auger lines. We have measured
the other possible primary decay channels such as sul-
fur KL1L2,3, KL1L1, KL2,3V, and KL1V spectator
decays and sulfur KL1 participant decays, but it was
turned out that the contributions of these decay chan-
nels are less than 10 % of the KL2,3L2,3 decay. When
we compare Fig. 9,c with the XANES spectrum in
Fig. 6,a, it is revealed that the S1s � �� resonant ex-
citation is mostly followed by the sulfur KL2,3L2,3
spectator Auger decay but the participant decay chan-
nels play a minor role. Also it is seen that the shape
resonance is virtually followed by the sulfur
KL2,3L2,3 normal Auger decay.

The main decay channels and possible sequences of
the electronic configurations are summarized in Table
concerning the four primary excitation modes, i.e.,
S S S1s � �

��( ) resonance, S 1s � �
��( )S C resonance,

shape resonance and S 1s ionization. In this table, ��1

represents the spectator electron and v denotes the va-
lence orbital. The positive and negative indices
marked in the orbital show the number of electron and
holes, respectively. The primary KL2,3L2,3 transitions
are followed by the L2,3VV Auger decays where V
represents the valence orbital. It was shown that the
2 2 1p � �� state created by the KL2,3L2,3 spectator Au-
ger decay in a similar molecule is followed by the ini-
tial L2,3VV Auger decay with one 2p hole which
yields two valence holes, and succeeding L2,3VV de-
cay without 2p hole which yields four valence holes.
Although we could not distinguish between spectator
and normal Auger decays in L2,3VV Auger decay spec-
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tra due to the broad peak structures, we tentatively as-
sign that the spectator Auger decay would be predomi-
nant by taking the KLL results into consideration.
Thus the final electronic configuration at the
S1s � �� resonance is shown as v� �4 1� in Table.

It has been established that the positive-ion desorp-
tion following the inner-shell ionization is in many cases
well explained on the basis of the localization of two or
more positive holes in valence orbitals which are created

by the sequence of the Auger decays (KF-model) [65].
The Coulomb interaction between the two holes in an
Auger final state leads to the localization of this state
if the Coulomb energy is larger than the band width of
the corresponding hole state. Then finally the fragmen-
tation and desorption due to the Coulomb repulsion
will happen. This scenario is indeed the case for the ad-
sorbed molecules (condensate) with relatively narrow
band width of one-hole state, except for monolayered
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Fig. 9. Auger decay spectra of multilayered DMDS in sulfur KL2,3L2,3 region excited by various photon energies around
the sulfur K-edge. The number indicated in each spectrum corresponds to the photon energy shown in the total electron
yield curve in Fig. 6,a (a). Relation between incident photon energy and the kinetic energy of the sulfur KL2,3L2,3 Auger
line for multilayered DMDS around the sulfur K-edge excitation (b). Intensities of the Auger peaks as a function of
photon energy (c).



adsorbates on metal substrate where the valence holes
are well screened by the electrons in metal substrate
(discussed in the following section). Also in the present
case, the KF-process would be predominant in the pho-
ton energy range where the normal Auger decay hap-
pens. On the other hand, at the core-to-valence reso-
nant excitation where the spectator Auger decay
happens, the effect of the remaining electron in the ��

orbital on the desorption process must be also taken
into account. If the KF-model can be applied not only
to the core-ionization but also to the resonant core exci-
tation, the photon-energy dependence curve of the ion
desorption yield would be identical to that of the total
electron yield, because the total electrons are mostly
composed of inelastically scattered low-energy elec-
trons irrespective of the primary Auger decay processes.
However this is not the case for the present results
(Fig. 6). Therefore, the observed dissimilarity between
the XANES spectrum and ion yield curve suggests that
there exist the other process than the KF- process in the
S+ and CH3

+ desorption.
The first point of the dissimilarity is the disappea-

rance of the shape resonance peak in the desorp-
tion-yield curves (Fig. 6,a). This result implies that
the desorption of some fragment-ion is enhanced by a
special core-to-valence photoexcitation mode. Similar
results have been reported for condensed H2O [61,62]
and benzene [64] at the K-edge photoexcitation. Also
the present authors have observed the enhancement of
the atomic Cl+ desorption from multilayered CCl4 and
SiCl4 [66] at the Cl K-edge excitation, where the Cl
1s � �� resonant excitation yields Cl+ desorption but

higher-energy resonances such as Cl 1 3s d� � and 5s�

do not induce scarcely any Cl+ desorption. In both sul-
fur and chlorine cases, the primary decay channels at
the higher-energy resonances are completely KL2,3L2,3
normal Auger decay. This fact implies that the final
electronic configuration like V–4 does not so much con-
tribute to the fragmentation and ion desorption.
Namely the spectator electron in the �� orbital is essen-
tial for the fragmentation.

The second point of the dissimilarity between elec-
tron and ion yield curves is the intensity ratio of the
S S S1s � ��� � � and S1s � ��� � �S C peaks (Fig. 6,b). The
Auger decay spectra show that both resonances are
predominantly followed by the sulfur KL2,3L2,3 spec-
tator Auger decay. As discussed above, the high
desorption yield of Cl+ ions at the Cl 1s � �� reso-
nance in adsorbed SiCl4 is due to the excited electron
(spectator electron) in the highly antibonding �� or-
bital. Similarly, the high desorption yields of the
CH3

+ and S+ ions at the S1s � �� resonances in com-
parison with those at higher-energy excitation is inter-
preted in terms of the spectator electrons in the highly
antibonding �� orbital. The special point in the
present case is that the spectator electrons in the
�� � �S S

� and �� � �S C
� bonds are localized at the respective

sites as was confirmed by the two-step linear ki-
netic-energy dispersion (Fig. 9,b). Therefore the spec-
tator electrons localized at the �� � �S C

� orbital would
break the S—C bond, while those localized at the
�� � �S S

� orbital would cut the S—S bond. The cleavage
of the S—C bond will mainly produce the CH3

+ ions
(higher charged ions such as CH3

2+ were not sepa-
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Table

The main Auger decay channels and possible sequences of the electronic configurations; v represents one of the valence
orbitals, and the index shown in each orbital denotes the number of electrons; �S S�

�1 and �S C�
�1 are the spectator electrons

localized in the S—S and S—C bonds, respectively.

Excitation mode Electronic configuration Desorption

S 1s � �
��S S

[ ] [ ]

, , ( )

1 1 1 2 2 1

2 3 2 3

s p

KL L

�
�

� � �
�

�� �S S S S
spectator

� � �
�

� � �
�

�[ ] [ ]

, ,

2 1 2 1 4 1

2 3 2 3

p v v

L VV L VV

� �S S S S
� � �S CH, 3

S 1s � �
��S C

[ ] [ ]

, , ( )

1 1 1 2 2 1

2 3 2 3

s p

KL L

�
�

� � �
�

�� �S C S C
spectator

� � �
�

� � �
�

�[ ] [ ]

, ,

2 1 2 1 4 1

2 3 2 3

p v v

L VV L VV

� �S C S C
� �mostly CH, 3

S 1 3 5s d s� � �( )
[ [ ]

, , ( )

1 13 1 2 2

2 3 2 3

s d p

KL L

� � � �

normal

� � � � �[ ] [ ]

, ,

2 1 2 4

2 3 2 3

p v v

L VV L VV � few

S 1s � ionization [ ] [ ]

, , ( )

1 1 2 2

2 3 2 3

s p

KL L

� � �

normal

� � � � �[ ] [ ]

, ,

2 1 2 4

2 3 2 3

p v v

L VV L VV
� few



rated in the present experiment). On the other hand,
the S—S bond breaking may produce CH3S

+ ions.
However, the intensity of the CH3S

+ ions at the S
1s � ��� � �S S resonance is extremely low, and only
CH3

+ and S+ ions are observed in comparable inten-
sity. Concerning the desorption of molecular ions, we
have observed that the desorption of the relatively
light atomic Cl+ ions from solid CCl4 is induced by
the spectator electron in the �� orbital, but the
desorption of heavier molecular CCl3

+ ions is not spe-
cially caused by the Cl 1s � �� resonance due to the
slow movement of such heavier molecular species [66].
This explanation holds for the absence of the CH3S

+

desorption at the S 1s � ��� � �S S resonance. We con-
sider that the comparable yields of the CH3

+ and S+

ions in mass spectrum are ascribed to the dissociation
of the CH3S

+ in the course of the desorption process.

7. Direct and indirect processes in x-ray induced
ion desorption

Up to here, we have presented some examples
where the core-to-valence resonance excitations in
condensed and solid molecules induce element-specific
and site-specific ion desorption. The remaining ques-
tion is «In what case such specific reaction happen?»
and the other way, «In what case specific reaction
does not happen?» To answer these questions, it is im-

portant to separate two processes. First is «direct pro-
cess». This is the reaction directly induced by core ex-
citation. If this process is predominant in the fragmen-
tation and desorption, a specific excitation of
core-level electrons would be followed by the specific
fragmentation and desorption. Second is «indirect
process» or «secondary process». This is the reaction
induced mainly by the secondary electrons such as
photoelectrons, Auger electrons and inelastically scat-
tered low-energy electrons. Even if the direct process
at the core-to-valence resonance induces a specific re-
action, the secondary electrons would also induce
non-specific reaction. This situation is schematically
illustrated in Fig. 10. In order to separate two pro-
cesses in adsorbed systems, one of the approaches is
the coincidence technique, in which the desorbed ions
are detected in coincidence with the photoelectrons
and Auger electrons. This approach was reviewed in
details elsewhere by Mase et al. [67–70]. Another ap-
proach is to prepare well-controlled mono- and multi-
layered films of molecules on a substrate, and compare
the desorption features between adsorbate-excitation
and substrate-excitation. The main idea is as follows.
For the multilayer, the core excitation in the mole-
cules takes place inside of the layer. So the effect of
secondary electrons on the reaction cannot be ignored.
On the other hand, if we prepare precise physisorbed
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Fig. 10. Schematic of the direct and indirect processes in
photofragmentation and desorption induced by inner-shell
electron excitation.

Fig. 11. Temperature-programmed-desorption spectra for
CCl4/Cu(100). The pressure of the gas-dosing vacuum
line was kept at 0.01 Torr, and the surface was dosed at
respective time indicated in each spectrum.



monolayer and excite only adsorbed molecules, most
of the secondary electrons are emitted into vacuum, so
we can pick up only direct process. For this purpose, it
is essential to prepare pure physisorbed monolayer, be-
cause island structure containing multilayer region
would severely affect the desorption features.

Figure 11 shows the examples of the tempe-
rature-programmed-desorption (TPD) spectra for
CCl4/Cu (100) taken at various dosing time [71].
The intensity of the lower-temperature peak (A) aro-
und 145 K proportionally increases with the dosing
time, while that of the higher-temperature peak (B)
around 180 K is constant. Therefore we assigned the
peaks A and B as the desorption signals from physi-
sorbed multilayer and monolayer, respectively. The
number of the layer was precisely determined by the
calibration curve for the intensity ratio of the peak A
to peak B as a function of dosing time. For the prepa-
ration of pure monolayer, we dose several layers at
80 K, and then heat the substrate up to 165 K. This
procedure results in the formation of pure
homogeneous monolayer.

Figures 12,a,b,c show the mass spectra of the
desorbed ions from CCl4/Cu (100) at various
thicknesses following the Cl 1s � �� resonant photo-
excitation (h� 	 2824.8 eV) [72]. For multilayer, both
atomic Cl+ and molecular CCl3

+ ions are desorbed in
almost comparable intensity. In contrast, only Cl+ ions
are desorbed from monolayer. In Fig. 12,d, the
desorption intensities of these two species are plotted as
a function of the film thickness. The predominance of

the Cl+ ions compared with the CCl3
+ ions is observed

in films thinner than 3 layers. The intensities of both
ions are almost saturated at 4 layers. We consider that
this phenomenon is due to the difference in the mass of
the desorbed species. The desorption of the Cl+ ions is
ascribed to the fast bond-breaking process due to the
spectator electron in the �* orbital as previously dis-
cussed. This means that the movement of the Cl atom
in the highly repulsive C—Cl potential curve already
begins during the Auger transition overcoming the
screening by the copper substrate. This may induce the
CCl3

+ desorption as a counterpart. But due to the rela-
tively slow movement of the heavier CCl3

+ ions, the
v� �4� state is quenched by the screening before the
desorption of the CCl3

+ ions happens. This means that
for multilayered adsorbates (molecular condensates),
the screening effect on top surface layer is reduced com-
pared with that for monolayer, because the adsorbates
themselves behave a spacer layer which hinders the
charge transfer screening from metal substrate. It has
been reported that when a rare gas spacer layer is intro-
duced between molecular adsorbate and metal sub-
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Fig. 12. Mass spectra of desorbed ions from adsorbed
CCl4 at various film thickness following the Cl 1s � ��

resonant photoexcitation (h� 	 2824.8 eV). The number of
layers indicated in each column was precisely determined
by TPD measurements (a,b,c). Relative intensities of the
Cl+ and CCl3

+ ions desorbed by the Cl 1s � ��

resonance as a function of the number of layers (d).

Fig. 13. Mass spectra of desorbed ions from
CCl4/Cu(100) (a), CCl4/Si(100) (b), and CCl4/SiO2
(c) following the Cl K-edge excitation. The number of
layer in each sample was precisely adjusted to be one
monolayer based on the TPD measurements. The energy of
the x-ray is tuned at 2824.2 eV, which corresponds to the
Cl 1s � �� resonance excitation.



strate, the features of electron stimulated desorption
are not identical to those without spacer layer due to
the weakening of the charge transfer screening [73],
which is well consistent with the present results.

As to the photon-energy dependency of the
desorption yield, the Cl+ desorption from monolayer
is observed only when the photon energy is tuned at
the Cl 1s � �� resonance in adsorbates. Note that the
excitation of the substrate does not induce any ion
desorption. This was clearly confirmed in similar sys-
tems where the core-to-valence resonant excitation in
adsorbed thin films dominates the ion desorption over
the secondary-electron-induced ion desorption follow-
ing the substrate excitation [74,75].

More direct evidence for the screening effect of the
substrate on the ion desorption can be obtained when
we compare the ion desorption following the core exci-
tation in physisorbed molecules by changing the elec-
tronic property of the substrate. The systems investi-

gated are the photon-stimulated ion desorption by Cl
K-edge excitation for monolayer of CCl4 on metallic
Cu(100) (strong coupling), semiconducting Si(100)
(medium coupling), and insulating SiO2 with wide
band-gap (weak coupling) [71]. Figure 13 shows the
mass spectra of the desorbed ions following the Cl
K-edge excitation (h� 	 2824.2 eV) for monolayered
CCl4 on three different substrates. The thickness of
the layers was precisely adjusted by TPD spectrum. It
is clearly seen that only atomic Cl+ ions are desorbed
from monolayered CCl4 on Cu(100) and Si(100) sur-
faces, while both atomic Cl+ and molecular CCl3

+ ions
are desorbed from CCl4/SiO2. The difference in the
mass spectral pattern suggests that excited states lead-
ing to the CCl3

+ desorption is quenched in the strong
and medium coupling systems, while they survive in
weak coupling system.

Figure 14 displays the photon-energy dependencies
of the total electron yields (TEY) and desorption
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Fig. 14. Photon energy dependencies of the total electron yields (XANES) and ion desorption yields for CCl4/Cu(100)
(a) and CCl4/SiO2 (b). In the lowest columns, the kinetic energies of the Cl KL2,3L2,3 Auger electrons are plotted as a
function of the photon energy.



yields around the Cl K-edge excitation for (a)
CCl4/Cu(100) and (b) CCl4/SiO2. The peak posi-
tions and relative intensities of the TEY curve are al-
most the same as those reported for gas-phase CCl4
and condensed CCl4. The most intense peaks around
2824.2 eV originate from the resonant excitation from
the Cl 1s to unoccupied �� orbital, and higher-energy
peaks centered around 2832 eV are attributed to the
excitations to the mixture of 5s� and 3d� orbitals. For
CCl4/Cu(100), the Cl+ desorption happens only at
the Cl 1s � �� resonance. The desorption peak at the
Cl 1 5s s� � , 3d� resonance is missing. On the other
hand, for CCl4/SiO2, a small maximum of the Cl+

desorption is seen at the Cl 1 5s s� � , 3d� resonance.
In the lowest columns of Fig. 14, the kinetic ener-

gies of the Cl KL2,3L2,3 Auger peaks are plotted as a
function of the incident photon energy. The kinetic
energy of the spectator Auger peaks shifts linearly
with the increase in the photon energy. This phenome-
non is characteristic to the spectator Auger electron,
which was interpreted in terms of the Auger resonant
Raman effect [52–58] as previously discussed. Note
that the discontinuity of the Cl KL2,3L2,3 energy is
observed around the Cl 1s threshold, h� 	 2826 eV for
CCl4/SiO2, while the spectator Auger peak continu-
ously changes into the normal Auger peak for
CCl4/Cu(100). It was elucidated that for strongly
bound molecular adsorbates the Auger decay starts
from a fully relaxed neutral core excited state, inde-
pendently of the primary excitation (neutral or ionic).
Actually the continuous energy shifts (from spectator
to normal) was observed in monolayered adsorbates,
but not in multilayered adsorbates [55]. The observed
discontinuity in CCl4/SiO2 suggests that the Auger
decay below the Cl 1s threshold starts from not re-
laxed core excited state but fully localized 1 1s� ��

state, resulting in the different final electronic
configuration from that of the normal Auger decay.

On the basis of the results, the possible desorption
mechanisms are as follows. For CCl4/Cu(100) and
CCl4/Si(100), the Cl+ desorption happens only at
the Cl 1s � �� resonance by the fast bond-breaking
surviving the screening effect due to the remaining
electron («spectator electron») in the highly anti-
bonding �� orbital. The missing of the CCl3

+

desorption can be again interpreted by the quenching
of the V � �4� states by the charge transfer screening
due to the relatively slow movement of molecular spe-
cies. For CCl4/SiO2 system, on the other hand, the
existence of the CCl3

+ ions indicates that even heavy
molecular species survive because the screening effect
is negligible. The CCl3

+ yield curve fairly resembles
the TEY curve (Fig. 14,b). Such similarity between
desorption yield curve of ionic fragment and XANES

spectrum is rather ordinal phenomena in condensed
layer (multilayer), and this is interpreted by the effect
of the inelastically scattered low-energy secondary
electrons which are emitted following the Auger tran-
sition regardless of the Auger decay types. In a weak
screening substrate like insulator, such relatively slow
processes like secondary electron effect survive until
the molecular-ion desorption even in a monolayered
molecular adsorbate. It is elucidated that such slow
processes play a key role in photochemical reactions
on insulator surfaces. For the Cl+ ion desorption from
CCl4/SiO2, the contribution of the spectator-elec-
tron-induced fast bond-breaking would be included at
the Cl 1s � �� resonance. However, the slightly ob-
served Cl+ desorption at the Cl 1 5s s� � , 3d� reso-
nance (Fig. 14,b) cannot be interpreted in terms of the
effect of the spectator electron because this excitation
is apparently followed by the normal Auger decay
whose final electronic configuration is V �4. This
slight enhancement would be attributed to the Cou-
lomb repulsive force among the multi valence holes as
a final state of the normal Auger decay.

8. Concluding remarks

This article summarizes recent works on the ion
desorption from adsorbed molecules following the irra-
diation of soft x-rays. The data presented here are fo-
cused on the positive fragment-ion desorption from ad-
sorbed and condensed molecules containing third-row
elements following the K-edge excitations. The ele-
ment-specific and site-specific fragment-ion desorptions
are clearly observed in condensed SiCl4 and Si(OCH3)4.
The examples for the site-specific ion desorption are also
presented for adsorbed Si(CH3)3F and condensed
(SCH3)2. Such site-specific ion desorptions are charac-
terized by the resonant photoexcitation from the same
core-level into the different unoccupied orbitals. In or-
der to clarify the mechanism of the highly specific ion
desorption, we have measured the Auger decay spectra
excited by the photons around the core-level ionization
thresholds and the photon-energy dependencies of the
electron and ion yields. As a results, it is found the
localization of the excited electrons in the antibonding
valence orbitals (termed as «spectator electrons») play
key roles in the specific ion desorption as well as the lo-
calization of the core-levels. The excitation of core-levels
in an adsorbed system is followed by the emission of var-
ious secondary electrons which may induce non-specific
reaction. Therefore we separate the direct and indirect
processes by preparing well-controlled mono and
multilayers. It is elucidated that the resonant excitation
in thin films of adsorbates induce highly specific
desorption of light atomic ions. In contrast, the
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specificity becomes weak in multilayers due to the effect
of the secondary electrons.

Understandings of the processes for the element-spe-
cific and site-specific fragmentation and desorption
from solid surfaces will shed light on the future appli-
cation of x-ray-induced photochemical processes to the
modification of materials surfaces.
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