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Abstract 

Photoelectron diffraction from the S 2p core level has been used to determine the adsorption site and orientation of sulfur and 
methyl thiolate (CH3S) on Ni(001) by comparing the experimental data with the results of multiple scattering calculations. The 
theory was initially checked for atomic S, which is known to adsorb in the four-fold hollow site on Ni(001), and the results 
corresponded to the correct geometry. Comparison of calculated spectra with the experimental data indicates that chemisorbed 
atomic sulfur is located at 1.30___0.01 A above the first layer of nickel atoms on the (001) plane. At 100 K, CH3S adsorbs in the four- 
fold site on Ni(001), where the C-S bond is proposed to be oriented along the surface normal on Ni(001). A comparison between 
calculated and experimental results demonstrate that the C-S bond in adsorbed methyl thiolate is oriented perpendicular to the 
surface and is 1.85-t-0.1 _A long. 

Keywords: Chemisorption; Computer simulations; Low index single crystal surfaces; Nickel; Photoelectron diffraction; Soft X-ray 
photoelectron spectroscopy; Thiols 

1. Introduction 

The formation of methyl thiolate, CH3S , is the 
well-established first step in the thermal decomposi- 
tion of methanethiol, CH3SH, on most metal sur- 
faces [1-10]. Several chemically distinct states of 
sulfur have been identified from the S 2p core-level 
photoemission peaks following CH3S adsorption, 
leading to the conclusion that these different S 2p 
signals arise from different CHaS adsorption states. 

A trend has been observed in the S 2p binding 
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energies for atomic S adsorbed on different metals. 
In general, the S 2p binding energy decreases as 
the coordination of the adsorption site decreases. 
On W(001), the S 2p binding energy decreases 
with increasing sulfur coverage [11]. This effect 
has been ascribed to a change in sulfur adsorption 
site from a four-fold site to a three-fold site due to 
a surface reconstruction [12]. On Ni ( l l l )  the 
same trend is found. Large sulfur coverages cause 
a surface reconstruction that changes the sulfur 
adsorption site from a three-fold to a four-fold site, 
which causes an increase in the S 2p binding energy 
1-13]. In these cases, a variety of structural probes 
have been used to verify the sulfur adsorption site 
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and thereby establish the relationship between 
adsorption site and binding energy. 

This relationship between S 2p peak position 
and coordination of the adsorption site has been 
applied in interpreting the S 2p spectra of CH3S 
on different surfaces. Two chemically distinct thio- 
late intermediates have been observed upon 
adsorption at 100 K on W(001) [7] and Ru(0001) 
[8]. The highest binding-energy species was 
ascribed to a thiolate adsorbed in the highest- 
coordination adsorption site available, i.e. the four- 
fold site on W(001) and a three-fold site on 
Ru(0001). The lower binding-energy states were 
then assigned to a lower coordination site, either 
bridge or atop sites. No direct structural probes 
were used to confirm these assignments, however. 

A comparison between the S 2p binding energy 
for atomic S and CH3S on Ni(001) suggests that 
the CH3S is adsorbed in a four-fold site. In this 
paper we will firmly establish the adsorption geom- 
etry of CH3S on Ni(001) by comparing the experi- 
mentally measured photoelectron angular 
distributions with theoretically calculated distribu- 
tions for various model structures. A priori knowl- 
edge of the nature of the sulfur adsorption site was 
extremely important in restricting the number of 
test geometries, which therefore allows the correct 
structure to be determined using as small a set of 
geometries as possible. The key to success for this 
strategy is to have effective methods for calculating 
accurately the structure of the adsorbed species 
from the angular distribution of photoemitted 
electrons. This is done using the method of Saldin 
et al. E14], which takes advantage of the local 
nature of the scattering process by constructing an 
environment around the scattering center (in this 
case the sulfur atom) from concentric shells that 
are almost equidistant from the center [15]. The 
radius of the largest shell required for the calcula- 
tion is established just from the mean free path of 
the electron at the kinetic energy of the outgoing 
wave. This protocol will be discussed in greater 
detail below. In order to establish the accuracy of 
the method, we have first calculated the geometry 
of sulfur adsorbed on Ni(001), which has been 
measured using a number of other techniques. The 
strategy is then applied to examining the geometry 
of the adsorbed thiolate. 

2. Experimental 

The Ni(001) sample was aligned by Lau6 back- 
reflection and mechanically polished. The sample 
was cleaned using repeated cycles of At-ion sputter- 
ing followed by annealing to 1000 K until no 
surface contaminants were detected using Auger 
electron spectroscopy (AES). Although the Auger 
spectrum indicated that the sample was clean, 
the C ls photoelectron spectrum indicated the 
presence of a persistent atomic C coverage of 

0.05 ML, possibly due to subsurface carbon. The 
clean Ni(001) sample produced a clear p(1 × 1) 
LEED pattern with low background intensity. 
The breadth of the LEED spots suggested that 
there may have been relatively narrow terrace 
widths. 

Atomic S was deposited using H2S dosed at 
300 K, and then the sample was annealed to 
1000 K. Methanethiol was dosed at a sample tem- 
perature of 100K and then the sample was 
annealed to 150 K to desorb physisorbed thiol. 

Photoemission spectra were recorded using a 
VSW EA125 hemispherical analyzer. The accep- 
tance angle was + 2 °, based on the manufacturer's 
specifications. Normal emission was established by 
sighting the back-reflection from the sample 
through a viewport in the analyzer and was accu- 
rate to within ___2 ° . The sample was oriented as 
shown in Fig. 1. The emission plane was normal 
to the surface and contained the [100] azimuth. 
Excitation radiation was obtained from beamline 
U13UA at the National Synchrotron Light Source. 
The incident radiation was in the emission plane 
and the angle between the incident radiation and 
the emission direction was fixed at 65 ° . Angle- 
dependent X-ray photoelectron diffraction (XPD) 
data were collected by rotating the sample. The 
excitation energy was selected in order to produce 
the desired photoelectron kinetic energy. 

3. Calculation of angle-resolved photoemission data 

As is the case with low-energy electrons 
employed in other surface-structure probes, photo- 
electrons scatter strongly from atoms within the 
sample. Consequently, the accurate simulation of 
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absorption near-edge structure (XANES) 1-16] for 
instance, while not sacrificing accuracy. 

4. Results 

4.1. Photoemission 
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Fig. 1. Experimental geometry for studying the angular depen- 
dence of S 2p emission on Ni(001). Second-layer Ni is shown 
in white, first-layer Ni in gray, and S in black. The emission 
plane contains the [001] and [100] azimuths for Ni(001). 
Indicated also is the polar angle 0. 

photoelectron diffraction patterns is a challenging 
exercise in multiple-scattering theory. Unlike the 
case of low-energy electron diffraction (LEED), 
where the probe electrons form a broad wavefront 
incident on a sample from the outside, core-level 
photoelectrons are generated from individual 
atoms within a sample. The point nature of such 
electron sources suggests that an advantageous 
computational strategy might be to exploit the 
short elastic mean-flee path of the photoelectrons 
to restrict considerations of their scattering to a 
local cluster of atoms centered on the photoemitter. 
This strategy forms the basis of the concentric- 
shell algorithm of Saldin et al. [ 14]. In that scheme, 
the calculations are rendered tractable by the divi- 
sion of the cluster into a series of concentric shells 
centered on the photoemitter. The resulting divi- 
sion of the multiple scattering into intra- and inter- 
shell portions results in significant savings of com- 
puter time, as in analogous calculations of X-ray 

The S 2p photoelectron spectrum from S on 
Ni(001) is shown in Fig. 2A. The photon energy 
was 250 eV, giving a photoelectron kinetic energy 
(KE) of 80-90 eV, and the emission angle was 15 °. 
The S 2p3/2 binding energy is 161.55 eV. The S 2p 
spectrum from CH3S on Ni(001) is displayed in 
Fig. 2B. CH3S led to two chemically distinct sulfur 
states on Ni(001) at 150K. The dominant state 
has a S 2p3/2 binding energy of 163.35 eV, with a 
much weaker state appearing at  162.00 eV. Both 
are attributed to CH3S. The species at lower bind- 
ing energy is attributed to CH3S adsorbed at step 
edges. When the sample is annealed, both of these 
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Fig. 2. (A) S 2p photoemission spectra for 0.50 ML of S and 
(B) from a saturation coverage of CH3S at 150 K on Ni(001). 
The photon energy was 250 eV. 
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states disappear and atomic S forms, yielding a 2p 
binding energy of 161.70 eV. 

The C ls spectra (not shown) reveal a single 
peak at 284.6 eV at 150 K. When the sample is 
annealed, the total C ls intensity decreases due to 
CH 4 desorption and the resulting atomic carbon 
exhibited a new peak at 283.8 eV [9]. 

4.2. X-ray photoelectron diffraction 

Several factors were taken into account in order 
to determine reliably the relative intensities of the 
S 2p photoemission peaks at different emission 
angles. During the course of the experiment the 
current in the storage ring decays, causing a reduc- 
tion in the incident flux. I t  was found that the 
most reproducible method for normalizing to the 
incident flux was to divide the peak intensity by 
the background intensity at several eV higher 
kinetic energy. In addition, as the sample is rotated, 
the incident and emission angles change simulta- 
neously, causing the intensity to vary for geometri- 
cal/instrumental reasons. 

The instrumental angular variation was deter- 
mined in two ways. First, the S 2p spectra from 
atomic S on N i ( l l l )  was recorded as a function of 
emission angle using Mg Kc~ excitation (1263 eV). 
The resulting photoelectrons had a kinetic energy 
of about 1100 eV. At this kinetic energy, forward 
scattering predominates [17] and since sulfur is 
present as an overlayer, no diffraction occurs. The 
normalized S 2p intensity using Mg Kc~ excitation 
for S on Ni ( l l l )  is shown in' Fig. 3A. The angular 
dependence shows a minimum at normal emission 
and then increases smoothly with increasing emis- 
sion angle until the signal diminishes rapidly at 
higher angles. This method does not provide an 
ideal determination of the instrument function 
because the sources (anode versus synchrotron 
beamline) had a different incident geometries. In 
addition, there were small differences in sample 
position in the laboratory and at the synchrotron 
that affected the cut-off angle. The variation in the 
background intensity with emission angle is also 
different at 1100 eV compared to that at the lower 
kinetic energies used in the XPD experiments. An 
alternative method is demonstrated in Fig. 3B, 
Fernfindez et al. [18] have shown that the methyl 
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Fig. 3. (A) Angular dependence of the S 2p signal from 0.4 ML 
of atomic S on Ni ( l l l )  excited using Mg Kc~ (1263 eV) giving 
a photoelectron kinetic energy of ~ l l00eV.  (B) Angular 
dependence of the C ls intensity from 0.25 ML of CH3S on 
Ni ( l l l )  annealed to 150K excited using ~485 eV photons 
giving a photoelectron kinetic energy of ~ 200 eV. 

group in CHaS on Ni ( l l l )  at 100 K is tilted toward 
the surface. Assuming that the orientation is also 
azimuthally averaged, the C Is photoemission is 
not expected to show any angular anisotropy. 
Fig. 3B shows the C ls angular variation from 
CH3S on Ni(111) at 100 K at 200 eV kinetic energy. 
The shape of this curve is very similar to Fig. 3A, 
with no sharp features at any angle. This curve was 
used to represent the instrument function because 
it was obtained under identical experimental condi- 
tions as the S 2p data on Ni(001). 

Diffraction results from an atomic overlayer of 
sulfur on Ni(001) (with a binding energy of 
161.55 eV) are shown in Fig. 4A. The S 2p kinetic 
energy was nominally 200 eV and the data have 
been scaled so that the minimum between - 2 0  
and 60 ° is equal to 1. The angular variation in 
intensity exhibits two peaks at large off-normal 
angles of 40 and 55 °. In addition, there is a sharp 
peak evident at normal emission. 
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Fig. 4. (A) Sulfur 2p angular dependence at 200 eV kinetic 
energy for 0.45 ML S on Ni(001). (B) Calculated S 2p angular 
dependence for S adsorbed in a four-fold site, 1.30 A above the 
first Ni layer. 
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Fig. 5. (A) Sulfur 2p angular dependence at 200 eV kinetic 
energy for 0.30 ML CH3S adsorbed on Ni(001) annealed to 
150K. (B) Calculated S2p angular dependence for CH3S 
adsorbed in a four-fold site, 1.30 A above the first Ni layer and 
the C-S bond normal to the surface (1.85 A long). 

Diffraction data for the S 2p signal at 200 eV 
KE from CH3S on Ni(001) are shown in Fig. 5A. 
Again, two peaks are seen at 35 and 55 ° , as well 
as an intense and broad feature at normal emission. 

5. D i s c u s s i o n  

The X-ray photoelectron diffraction results for 
atomic S on Ni(001) provide a benchmark for 
interpreting the data for CHaS. Sulfur adsorbs in 
the four-fold hollow site on Ni(001) at a height of 
1.30 A above the top Ni layer [19-22] .  There is a 
Ni atom directly beneath the S atom in the second 
layer. This geometry can be used to interpret the 
XPD data shown in Fig. 4A. Since the sulfur is 
adsorbed as an oveflayer, none of the peaks can 
be attributed to forward scattering and, to a first 
approximation, the peaks can be assigned to back- 
scattering along the S-Ni  bond directions. 
Backscattering is therefore expected at normal 
emission from the Ni atom in the second layer and 

near 55 ° from the first-layer Ni atom along the 
[100] azimuth (see Fig. 1). 

The angle-resolved data were calculated for 
sulfur adsorbed at the center of the four-fold hollow 
site on Ni(001). The substrate geometry was taken 
to be that of a truncated single crystal of nickel 
and the vertical sulfur-nickel distance was varied 
between 1.25 and 1.4A. The correspondence 
between the experimental and theoretical result 
was calculated from a D factor: 

N/Z. +/3Ei-- GY 

i 

where E~ are the experimental data and C~ the 
corresponding calculated results./3 and e represent 
a scaling factor and an offset correction, respec- 
tively, between the experimental and calculated 
data, and D is minimized with respect to e and/3 
for each trial geometry to obtain the best compari- 
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son between the experimental data and the calcu- 
lated angular distribution. The variation in D is 
shown plotted in Fig. 6 for sulfur on Ni(001) as a 
function of the distance of the sulfur atom to the 
Ni(001) surface. Clearly D is rather sensitive to the 
geometry and the minimum in this value corres- 
ponds to a vertical S-Ni  distance of ~ 1.30 it. The 
error in this value o- R is estimated from o-R= 
(dR/dD)a o, where (dR/dD) is obtained from the 
slope of the D factor versus geometrical parameter 
(in this case the S-Ni  distance) adjacent to the 
minimum. The value o-o represents an estimate of 
the statistical error in the D-factor displayed above. 
If the total number of electrons counted to collect 
the ith measurement in the angular distribution is 
n~, then the statistical error in this measurement 
is x/~" This yields a value of cr D by substitution 
into the above equation as 

O'D = 2 /'/i 
i 

which varies approximately as 1/x/~ni. A conserva- 
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Fig. 6. Plot of the quality of fit parameter D (see text) versus 
the vertical S-Ni distance for the photoelectron angular 
distribution of S/Ni(001). 

tive estimate for the total number of electrons 
counted at each point is ~ 106 giving a correspond- 
ing value of ao of 10 -3. This gives the vertical 
S-Ni  distance as 1.30___0.01 A, leading to a S-Ni  
bond distance of 2.20-t-0.02 ~, and is in good 
agreement with measurements on both N i ( l l l )  
and Ni(001) using other methods [19-22] ,  The 
best-fit spectrum (for a vertical S-Ni  distance of 
1.30A) is shown in Fig. 4B, and clearly the 
agreement between theory and experiment is good. 

As shown in Fig. 1, as the Ni(001) sample is 
rotated toward positive angles, the Ni atom in the 
first layer that lies in the 1-100] direction becomes 
aligned behind the S atom along the analyzer axis. 
This results in a bond angle of about 55 ° with 
respect to the surface normal, and is consistent 
with the peak maximum at 55 ° in Fig. 4. In addi- 
tion, S on Ni(001) has a peak at normal emission 
because the second-layer Ni atom is aligned behind 
the S atom in this direction. The origin of the 
additional peak at 40 ° on Ni(001) is uncertain. 

The XPD results for CH3S at 100 K on Ni(001) 
are qualitatively similar to the results obtained for 
atomic sulfur on this surface (compare Figs. 4 and 
5). In particular there is a doublet between 35 and 
55 ° in both sets of data. There is also a broad peak 
evident at 0 °. Since the features at large scattering 
angles are similar to those for sulfur adsorbed on 
Ni(001), this suggests that the sulfur adsorption 
site is the same for the thiolate species as for 
atomic sulfur. In addition, the S 2p binding energy 
is 1.8 eV greater for CHaS than for S in the four- 
fold site. This shift to higher binding energy is 
primarily due to the S being in a molecular species. 
However, if the coordination of the adsorption site 
for CHaS was less than the atomic S, the binding 
energy would be reduced, and possibly even be 
smaller than the atomic S binding energy. This 
occurs on W(001), where two thiolates were 
observed. One thiolate had a binding energy 
greater than the atomic S binding energy, while 
the other thiolate's binding energy was smaller 
than the atomic S binding energy [7] .  A qualitative 
interpretation of the data therefore places thiolate 
species in the four-fold hollow site. 

In order to confirm the CH3S adsorption site, 
the angular distribution was calculated for a thio- 
late species adsorbed in the bridge, four-fold, and 
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atop sites on Ni(001). In all cases, the S-Ni bond 
length was taken to be 2.20 A and the C-S bond 
length 1.85 A. The values of the S-Ni and C-S 
bond lengths used in these simulations are close 
to those found for atomic S on Ni [19-22] and 
for gas-phase CH3SH [23], respectively. The C-S 
bond was oriented normal to the surface (see 
below). The results are displayed in Fig. 7, which 
compares calculated angular distributions for a 
thiolate species adsorbed on four-fold site 
(Fig. 7A), an atop site (Fig. 7B) and a bridge site 
(Fig. 7C), with the experimental data. Clearly, the 
agreement between the experimental results and 
the calculations for the atop and bridge sites is 
significantly worse than the agreement for the 
thiolate adsorbed in the four-fold site. The differ- 
ences between the experimental data and the calcu- 
lated angle-resolved data for the atop and bridge 
sites is sufficiently large that slight changes in the 
bond lengths will not lead to agreement. 

The significant enhancement at normal emission 
in the presence of a surface thiolate also implies 
that the C-S axis is oriented perpendicular to the 
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Fig. 7. Comparison of the experimental angular distribution 
with calculated results for CH3-S adsorbed at (A) four-fold, 
(B) atop and (C) bridge sites. 

surface. In order to test this, the D factor was 
calculated, again using a S-Ni bond length of 
2.20A and a S-C bond length of 1.85A as a 
function of the tilt angle from the normal along 
the 1-110] and the [100] azimuths. The resulting 
data are plotted in Fig. 8, which reveal a minimum 
at 0_  10 ° for both directions, indicating a C-S 
bond oriented normal to the surface. The error 
was calculated using the method described above. 

Finally, the angle-resolved intensity was calcu- 
lated as function of the C-S bond length for values 
between 1.75 and 2,0 A and for various vertical 
S-Ni distances between 1.25 and 1.35 A, and the 
D factor was determined as described above. The 
minimum value of D as a function of the vertical 
S-Ni distance is plotted for a C-S distance of 
1.85 .~ in Fig, 9. The minimum in this curve is at 
a vertical S-Ni distance of 1.30_ 0.03 A, indicating 
that the S-Ni distance is identical for atomic S 
and for methyl thiolate. The D value is plotted as 
a function of C-S distance for a fixed S-Ni distance 
of 2.20 A in Fig. 10. This curve is rather shallow, 
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but indicates that D reaches a minimum for a C-S 
bond length of 1.85 ___ 0.1 A. The large error in this 
value reflects the small variation in D as the C-S  
bond length changes from its minimum value of 
1.85A. The corresponding value in gas-phase 
methanethiol is 1.82 A [23-I. The best-fit spectrum 
calculated for a thiolate adsorbed in a four-fold 
hollow site with the C-S  axis oriented perpendicu- 
larly to the surface with a C-S  bond length of 
1.85 ~, and a S-Ni  distance of 2.20 ,~ is shown 
in Fig. 5. 

An advantage of this method is that the data 
can initially be analyzed rather simply using the 
notion that outgoing electrons are limited to 
forward- and back-scattering by atoms located 
along the axis defined by the emitting atom and 
the detector. This enables us to limit the number 
of trial structures that are calculated and compared 
to the data. This was illustrated in the example 
given above on methyl thiolate adsorbed on 
Ni(001), where the approximate sulfur geometry 
could be determined by comparison with atomic 
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Fig. 10. Plot of the quality of fit parameter D (see text) versus 
the C-S bond distance for the photoelectron angular distribu- 
tion of CH3S/Ni(001 ). 

sulfur. The enhanced emission near 0 ° gave an 
indication of the C-S  bond orientation. Since this 
idea is only an approximation, final confirmation 
comes from a comparison of the experimental 
results with those of a calculation for the electron 
angular distribution. The excellent agreement 
between the experimental data and the results of 
the calculation for a very plausible model suggests 
that the calculation of the angular distribution can 
adequately describe this experiment and offers a 
powerful tool for establishing the nature of 
adsorbed species on chemically heterogeneous sur- 
faces. A clear drawback of the method is that it 
requires the correct "guess" of the structure to 
have been included in the trial models that are 
tested. Future developments, in which the angular 
variation of electron photoemitted from the surface 
is treated as a hologram, offer the possibility of 
obtaining an initial, perhaps "low-resolution", 
image of the surface which can then be used as an 
input into more accurate calculations to establish 
accurate geometries. This, coupled with the possi- 
bility of being able to distinguish different species 
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from their chemical shifts, renders this a potentially 
extremely powerful tool. 

6. Conclusions 

The core-level sulfur 2p photoelectron diffraction 
pattern from atomic S on Ni(001) is consistent 
with S adsorbed in the four-fold hollow site. This 
is confirmed using calculations of the electron 
angular distribution where the surface is modeled 
by a sulfur atom adsorbed on a Ni(001) surface 
where the angular distribution of photoemitted 
electrons is calculated using a model where the 
surface is described by a concentric shell of atoms. 
This yields a result which is in very good agreement 
with experiment. 

A similar strategy reveals that methyl thiolate 
adsorbs on Ni(001) in the four-fold hollow site 
with the C-S  axis oriented perpendicularly to the 
surface with a bond length of 1.85__+0.1 A, in good 
agreement with the corresponding gas-phase value 
of 1.82 ,&. These results indicate that measurement 
of the angular distribution of photoelectrons pro- 
vides a method for establishing the nature of 
adsorbed species on metal surfaces and, when 
combined with the fact that this angular distribu- 
tion can be measured for species that have different 
chemical shifts, potentially provides an extremely 
powerful method of verifying the nature of species 
on chemically heterogeneous surfaces. 
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