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We have investigated the emission of electrons and photons during the oxygenation of submonolayer (coverage f3,,, _< 1 

monolayer (ML)) alkalated W(110) surfaces originating from a non-adiabatic surface reaction. Exo-electron energy distributions 

have been measured as a function of the alkali-precoverage. The electronic structure is monitored by MIES (metastable impact 

electron spectroscopy) and UPS as well as WF (work function) measurements. The surface WF turns out to be a crucial parameter 

in the investigation. An interpretation involving Auger de-excitation into the 0, molecule affinity level is supported by the results 

of substituting 0, by CO molecules in the experiments. 

1. Introduction 

Considerable effort has been made during the 
past years to improve the knowledge about the 
chemical bonding of atoms or molecules to sur- 
faces. Experimental and theoretical efforts so far 
were mainly concerned with the electronic struc- 
ture of well characterized adsorbed layers on 
metal surfaces. Much less is known about the 
dynamics by which such species are chemisorbed 
to the surface. Of fundamental interest is the 
question how a chemical bond of a molecule, as 
for instance between the two oxygen atoms in O,, 
is broken and a new bond between the surface 
and the resulting oxygen atoms is formed. 

It has been recognized from electron energy 
loss spectroscopy (EELS) studies that negative 
molecular ions may play an important role in the 
chemisorption process [l-3]. The negative ion 
state may be considered as the precursor for 
dissociative chemisorption: by the transfer of 
electrons from the surface to the molecular pro- 
jectile the bonding length is increased and its 
dissociation energy is lowered, thus facilitating 
the breaking of the intramolecular bond consider- 
ably. Evidence for the ionic nature of the precur- 

sor was also provided by recent work on grazing 
incidence scattering of, in particular, reactive ions, 
as O:, from metal and semiconductor surfaces 
[4-71. 

The transition to the final chemisorbed state 
of the system may often proceed via crossings of 
the various potential surfaces describing the state 
of the molecule-surface system. If the electron 
transfer to the molecule is non-adiabatic, e.g., the 
system does not follow the ground state potential 
surface of the system, the chemisorption process 
involves an excited state of the system. A part of 
the exothermicity of the reaction may then be 
converted to electronic energy leading to the 
emission of so-called exo-photons or exo-elec- 
trons [8]. Chemiluminescence and exo-electron 
emission are therefore direct indicators for the 
occurrence of non-adiabatic processes in 
molecule-surface collisions. So far several studies 
dealing with such processes have been reported 
(see ref. [9] for a list of references). 

A recent study [91 has dealt with the exo-elec- 
tron emission during the interaction of 0, with 
Cs films of several monolayers thickness on 
Ru(001) sufaces. It was proposed that the elec- 
tron emission is confined to the oxidation stage 
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where 0, *- becomes transformed into 0; , and is 
caused by an Auger process accompanying the 
formation of 0; from the inpinging 0, molecules 
in the neighbourhood of the Oi- complexes. 

We report the exo-electron emission during 
the oxidation of submonolayer alkalated W(110). 
Here the formation of Oz- ions cannot occur 
because the density of states associated with the 
alkali atoms in the surface layer (thereafter de- 
noted by surface density of states (SDOS)) is too 
low. This is concluded from electron spectro- 
scopic results obtained with UPS and MIES [lo]. 
By combining the information from the study of 
the exo-electron emission and the electron spec- 
troscopic techniques UPS and MIES, we propose 
a mechanism - similar in general to the one 
proposed by Kasemo et al. [8] and verified by 
Bottcher et al. [9], but differing in details from 
the latter - which is able to explain the exo-elec- 
tron emission observed above- N 0.6 ML Cs (in 
units of the Cs saturation coverage at room tem- 
perature). 

2. Apparatus and measurements 

The experiments have been performed using 
two different UHV-systems. One is equipped with 
facilities for UPS and MIES apart from standard 
tools as AES, LEED and an electrostatic hemi- 
spherical analyzer (ESA). The base pressure is 
better than 5 x 10-l’ Torr. A detailed descrip- 
tion is found in ref. [121. 

The main components of the other apparatus 
in which the exo-emission is studied have been 
described previously [ill. It consists of a surface 
ionisation source for alkali ions, an electrostatic 
hemispherical analyzer and standard equipment 
for LEED and AES. The base pressure is better 
than 1 x lo- ” Torr. Cs (K, Na, Li) atoms are 
offered to a W(110) crystal, held at room temper- 
ature during the measuremnets, by means of a 
dispenser source (SAES getters, Inc.). The partial 
coverage by Cs (K, Na, Li), 0,, (in units of 
adatoms layers at room temperature), is deter- 
mined by work-function measurements combined 
with AES results. 

Prior to the preparation of the alkali adlayer 

0 0.5 10 L 2 3 

coverage / Ml oxygen exposure / L 

Fig. 1. The dependence of the work function of W(110) as a 
function of the alkali coverage (left) and of the exposure to 

oxygen at 1 ML precoverage (right). 

the cleanliness of the W(110) crystal is routinely 
checked by WF measurements, AES and ion scat- 
tering spectroscopy. 0, is offered to the alka- 
lated crystal by means of a leak valve. The oxygen 
partial pressure is chosen to be in the range 
between 1 X low9 and 6 X 10e9 Torr (1 L = 10m6 
Torr * s). During the oxygenation of the alkali- 
covered surface energy distributions of the elec- 
trons, ejected in the direction of the surface nor- 
mal, have been measured with the ESA (AE = 0.2 
eV>. Simultaneously there was looked for emitted 
photons by means of a photo-multiplier with a 
red-sensitive cathode (type C31034-02, RCA, 
Inc.). 

Fig. 1 shows the WF as a function of 0, 
exposure for 1 ML Cs, K, Na and Li covered 
surfaces. The minimum value of the WF (around 
2 L 0,) increases from Cs to Li which will be 
important in the interpretation of the results for 
exo-electron emission. 

Fig. 2 shows the electron energy spectra, ob- 
tained during the oxygenation of a 1 ML Cs-pre- 
covered surface, as a function of the 0, exposure 
at a partial pressure of 6 x 10e9 Torr. A narrow 
peak (AE = 0.5 eV FWHM) develops only after 
an oxygen exposure of about 2.5 L. The differ- 



H. Brenten et al. / Exe-electron emission during the oxidation of alkalated W(lIO) 153 

8 

0.5 1.0 1.5 2.0 2.5 3.0 

energy / eV 
Fig. 2. Exo-electron energy spectra obtained during the oxy- 
genation of a W(110) surface precovered by 1 ML Cs as a 
function of the 0, exposure at a partial pressure of 6 x 10m9 

Torr. 

ence between the work function of the crystal and 
the analyzer was overcompensated by biasing the 
ESA in such a way, that electrons, leaving the 
crystal with zero kinetic energy arrive at the ESA 
with approximately 0.5 eV. Therefore the leading 
edge in the electron spectra represents the global 
work function of the W(110) crystal. The exo- 
electron yield increases with decreasing work 
function, which is in qualitative agreement with 
previous findings concerning the 0, + Mg system 
[13,14] and suggestions made therein. But it is at 
variance to Bijttcher et al. [9], who find an in- 
creasing exo-electron yield by oxygenation of 2 to 
3 ML Cs-precovered Ru(001) surfaces only after 
the work function of the crystal has passed its 
minimum value. 

Furthermore, inspection of fig. 2 shows, that 
the electron spectra have a common leading edge 
on the high-energy side only until the work-func- 
tion minimum is reached, which will be of major 
relevance for the discussion. 

Oxygenation of 0.6 ML Cs- and K-covered 
surfaces causes giant electron currents (up to 
2 X lo-” A as estimated from the spectra ob- 
tained with the ESA) as soon as the work-func- 

(‘4 

i (4 

time / s 
Fig. 3. (a) Exo-electron yield and (b) work function of W(110) precovered by 1 ML Cs as a function of oxygen exposure. Arrows 

indicate when oxygen exposure was interrupted. 
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tion minimum is reached at about 2 L 0, expo- 
sure. These electron currents have been proven 
to be independent of oxygen exposure. Their 
origin is found in the thermal emission of elec- 
trons by a surface with very low WF, prepared in 
the way described above. According to the 
Richardson-Dushman equation, 

I =AK,T2 e-+/kT, (1) 

where K, is a material-dependent constant, A is 
the area of the target and 4 is the surface work 
function. For e4 = 1.0 eV and K, = 3 X lo4 
A/K2 m2 for an oxygenated 0.6 ML Cs/W(llO) 
surface at its WF minimum we estimate that one 
has indeed to expect electron currents of the 
magnitude mentioned above. 

Consequently extreme care has to be taken to 
separate the exo-electrons accurately from those 
thermally emitted, even at room temperature. 
This was done by interrupting the oxygen expo- 
sure during the measurements as shown in fig. 3 
to make sure, that the analyzed electrons depend 
on oxygen exposure. 

Fig, 4 shows the integrated exo-electron yield 
as a function of the Cs-precoverage. Open circles 
represent exo-electron yields obtained with 1.5 X 
lo-’ Torr 0, partial pressure and interrupted 
exposure (see fig. 3), whereas the asterisks mark 

yields obtained with a continuous oxygen expo- 
sure of 6 X lo-’ Torr. Especially for interrupted 
oxygen exposure a higher integrated exo-electron 
current is found than for continuous 0, expo- 
sure. A similar result is found by Bottcher et al. 
n51. 

The exo-electron spectrum from a 1 ML K- 
covered surface shows a peak similar to that of 
fig. 2 with a width (FWHM) of - 0.5 eV, again 
the peak appears at the WF minimum. From the 
measurements we estimate the same exo-electron 
yield as that found for a 1 ML Cs-covered sur- 
face, which is of the order of - 2 x lop6 exo- 
electrons per 0, molecule. On offering 0, to a 1 
ML Na-covered W(110) surface one can observe 
exo-electron emission as well, but since the work 
function does not decrease enough on oxygena- 
tion the yield amounts to only 3% as compared to 
Cs and K. As a consequence a measurement of 
the electron energy distribution with sufficient 
energy resolution was not possible and thus the 
width of the exo-electron peak could not be de- 
termined. Li covered W(110) surfaces (2 1 ML) 
did not show up a detectable exo-electron emis- 
sion. 

An explanation is found following the lines of 
the WF argument mentioned in the context of 
the Na/W surface, as will be discussed later. We 
state at this point, that for all investigated sys- 

0.6 0.6 1.0 

Cs-precoverage / Ml Cs 

Fig. 4. Exo-electron yield integrated over the entire exposure time to oxygen as a function of the Cs-precoverage 
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terns no exo-photon emission was detectable. The 
upper limit for this process as derived from the 
efficiency of our photon detection system is lop4 
exo-photons per 0, molecule. Offering CO 
molecules to a Cs- or K-covered surface did not 
result in exo-electron emission. 

Fig. 5 shows MIE spectra obtained during the 
oxygenation of Cs(O.75 ML)/W(llOI. Measure- 
ments were performed with a He*(23S; 2lS) 
beam; the 23S: 2lS ratio is about 7: 1 [161. As 
discussed in ref. [lo,121 the spectral features are 
essentially due to the de-excitation of 23S atoms; 
the Fermi energy E,(23S) is located at E, = 14.8 
eV. The strong emission near E, is due to the 
ionization involving the Cs 6s electrons. The dou- 
blet at E, = 11.4; 13 eV is due to Auger de-exci- 
tation of He(23S) by the CS~P,,,,,,, electrons. In 
the early stage of the oxygenation a three-peak 
oxygen induced structure (labeled A1,2,3) with E, 
= 5.8; 7.5; 9.7 eV appears. With forthgoing oxy- 
genation this structure disappears and the two 
prominent peaks (labeled 0, and 0,) at E, = 6 

Cs(6sl 

3 5.0 100 15.0 

energy /eV 

1 

20.0 

Fig. 5. MIE spectra of a WUlO) surface precovered by 0.75 

ML Cs exposed to oxygen. Oxygen exposure changes by 0.1 L 

between each two spectra. The bottom curve corresponds to 

the clean Cs/WfllO) surface. 

“2 % 
* 

CsfSp) OS 0, Cr 
l/Z/ /3/Z 

j16S) 

0.0 5.0 10.0 15.0 20.0 

energy / eV 
Fig. 6. As fig. 5, but for 0.46 ML Cs-precoverage. 

I6 14 12 10 8 6 4 2 0 

binding energy / eV 

Fig. 7. MIE and UP spectra of a WfllO) surface precovered 

by 1 ML Cs exposed to 1 L oxygen as a function of the binding 

energy with respect to the Fermi level. 



156 H. Brenten et al. / Exe-electron emission during the oxidation of alkalated W(lI0) 

and 8 eV remain. The change in the spectra 
occurs when the WF minimum is passed. It should 
be remembered that the WF and exo-emission 
results were collected with different apparatus; 
this implies that the WF minima will not neces- 
sarily occur at identical exposures. Corresponding 
MIE spectra for 0.46 ML Cs-precoverage are 
shown in fig. 6. In contrast to fig. 5 structure A 
(En = 5.8; 7.9; 9.7 eV) is not found. 

Fig. 7 compares MIE and UP spectra obtained 
from a W(110) surface precovered by 1 ML Cs 
and subjected to about 1 L 0, exposure. The 
oxygen-induced structure in the UP spectra can 
be identified on the basis of the results of Wijers 
et al. [17] and Bertel et al. 1181 as due to the 
ionization of MOs TV, rr, and ag 0; with peaks 
at E, = 2.2; 5.2; 6.4; 8.5 eV, respectively. The 
MIE spectra show (weakly !> the features due to 
0; ionization as well, but the dominant part of 
the spectrum differs in peak positions as well as 
in their relative intensities. 

3. Interpretation 

The MIES results will be described in detail in 
ref. [20] and can be summarized as follows: 

For alkali precoverages below 0.5 ML the 0, 
molecule will dissociate when coming into contact 
with the reactive W(110) surface leading to the 
peaks labeled 0, and O,, respectively. For pre- 
coverages above 0.5 ML and oxygen exposures 
< 1 L the initial step in the oxygenation process 
is the transfer of electrons from the Cs adlayer to 
the impinging 0, molecules. The charge density 
underneath the alkali adlayer is high enough to 
accommodate the oxygen as 0; ions proven by 
UPS results (see fig. 7). 

On top of the surface the charge transfer is 
less efficient because of the lower charge density; 
the adsorbed oxygen species still resembles the 
free 0, molecule. The equilibrium internuclear 
distance has increased, partly due to the charge 
transfer and partly due to the interaction with the 
adatoms. Therefore we expect the MIE spectra to 
be essentially due to a Franck-Condon transition 
0: + 0: at an enlarged internuclear distance. If 
we anticipate an unrelaxed internuclear distance 

of about 1.4 A (instead of the 1.2 A in the free 
0,) we predict four peaks which should be 
roughly spaced by 2 eV each. The MIES results 
show 3 peaks which are spaced by 1.8 and 2.2 eV; 
the fourth peak may very well be hidden under 
the strong CsSp,,, emission. 

It is evident that the exo-emission must be 
correlated to the exposure range where the first 
step is the transfer of electrons to the impinging 
0, molecules. However, it is not seen with de- 
tectable intensity over the entire exposure range 
where 0; ions are present. It is limited mainly to 
the exposure range around the WF minimum (see 
fig. 1). 

For oxygen exposures > 1 L the alkali valence 
electrons become involved into the bonding of 
the oxygen and the density of states associated 
with the alkali atoms will be reduced consider- 
ably. As a consequence the size of the alkali 
species shrinks and the substrate becomes again 
accessible for oxygen attack [193. When this hap- 
pens, the surface WF rises by m 1.2 eV (see fig. 
1). In this exposure range the two peaks 0, and 
0, known from fig. 6 appear again (see fig. 5). 0, 
has increased because the number of alkali sites 
to which oxygen may be bound has increased as 
compared to fig. 6. Also the emission induced by 
the ionization of the Cs6s electrons begins to 
disappear indicating that all valence electrons are 
involved in binding the oxygen. 

The electron spectroscopy results suggest that 
0; ions are responsible for the exo-electron 
emission. However it should be kept in mind that 
MIES-UPS furnish informations about the final 
state of charge transfer process while the exo- 
emission depend upon intermediate states of the 
chemisorption process. In the following we adopt 
a mechanism proposed by Kasemo et al. [81 and 
recently applied to exo-electron emission during 
the oxygenation of thick Cs films by Bottcher et 
al. [9,15]: 

The potential surface of the O,-surface sys- 
tem is crossed by the surface describing the O;- 
surface interaction. Some fraction of the colliding 
0, molecules does not follow the adiabatic 
ground state surface, e.g., the resonant electron 
transfer from the surface to the 0, molecule will 
not take place at the crossing of the surfaces. The 
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reason for that maybe the reduced free-electron 
density at the Fermi level caused by the binding 
of the oxygen. In the early stages of the oxygena- 
tion (below 2 L oxygen exposure) the probability 
for resonant electron transfer from the surface to 
the 0, is still so high that the system will follow 
the adiabatic ground state surface with practically 
unity probability. If the formation of 0; occurs 
by an Auger process involving two surface elec- 
trons, exo-electrons will be ejected provided the 
excitation energy is larger than the WF. This 
process becomes only likely when the SDOS and 
therefore the probability for the competing reso- 
nant electron transfer are reduced sufficiently 
(see above and Biittcher [93). Unfavourable orien- 
tation of the impining 0, molecule with respect 
to the surface could be an additional reason in 
preventing resonance capture to the 0, affinity 
level. 

From the UPS results of fig. 7 we estimate that 
the maximum excitation energy E, is approxi- 
mately 2.2 eV close to the surface (the binding 
energy of the highest occupied molecular orbital 
7rgO; is N 2.2 eV with respect to the Fermi 
level). It follows that the maximum kinetic energy 
of the electron (with respect to the low energy 
cut-off of the spectra) will be E, - WF which is 
about 1 eV because the minimum WF upon oxy- 
genation is = 1.2 eV for Cs/W(llO). Indeed we 
measure a total width of the spectra of about 1.0 
eV. 

When the oxygen exposure increases further, 
the WF increases drastically (fig. 1). At the same 
time the SDOS both below and above the Fermi 
level decreases because all alkali electrons are 
involved in the binding of the oxygen. This is 
reflected in the exo-electron spectra of fig. 2: the 
decrease of the electron intensity is due to the 
decrease of the SDOS which leads to a reduction 
of the probability for the Auger process and the 
increasing WF causes the narrowing of the spec- 
tra. However, the leading edge on the high-en- 
ergy side does not retain its position beyond the 
WF minimum as expected for an Auger process. 
This could however be due to the change in 
electronic structure at the surface (transition from 
molecular to atomic adsorption) with ongoing 0, 

exposure which may increase the available excita- 
tion energy E, to some extent. 

The model explains the threshold coverage 
(N 0.5 ML) as due to the onset of 0; formation. 
At smaller precoverages only atomic adsorption is 
observed, and the potential surfaces of the system 
obviously do not offer a possibility for a nonadia- 
batic behavior of the system which is prerequisite 
for the electron formation. The different behav- 
ior observed for alkalis others than K and Cs and 
the strong decrease of the exo-intensity when 
going from Cs and K to Li, follows from the less 
drastic reduction of the WF upon oxygenation. In 
all cases including Li and Na the MIE and UP 
spectra suggest formation of 0; underneath the 
surface layer in the initial phase of the oxygena- 
tion; for Na and Li 0; formation does even 
occur on top of the surface which is sampled by 
MIES [201. 

The mechanism of ref. [8] is also consistent 
with the fact that we do not observe exo-emission 
when offering CO molecules to alkalated sur- 
faces: the WF decrease upon CO exposure is not 
sufficient to allow for the emission of electrons 
via an Auger process even if a curve crossing as 
discussed for 0, would occur. The available en- 
ergy would only be sufficient to excite electrons 
into empty states above the Fermi level. 

4. Summary 

The emission of electrons and photons was 
studied during the oxygenation of submonolayer 
alkalated (Li, Na, K, Cs) W(110) surfaces. Elec- 
tron emission was observed for Na, K and Cs. For 
W(110) precovered by Cs and K the intensity was 
strong enough to carry out detailed studies: the 
electron emission yield was measured as a func- 
tion of the alkali precoverage. A rather well-de- 
fined thereshold was observed at 0.5 ML Cs-pre- 
coverage. Energy distributions were measured as 
a function of the precoverage for Cs and K. The 
spectra are less than 1 eV wide and essentially 
confined to kinetic energies below 2.5 eV. The 
yield is N 2 X 1O-6 exo-electrons per 0, molecule 
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for the W(110) surface precovered by 1 ML of Cs 
or K at room temperature. 

The electronic structure of the oxygenized sur- 
face was monitored by UPS, MIES and WF mea- 
surements. The combined results are consistent 
with the assumption that the exo-electron emis- 
sion is caused by an Auger transition from filled 
levels just below the E, into the 0, affinity level. 

Exo-photons could not be detected under the 
chosen conditions (oxygen partial pressure below 
lo-’ Torr); the probability for this process is 
lower than lop4 exo-photons per 0, molecule. 
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