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The interaction of gaseous chlorine (Cl,) with a Adlll)
single-crystal surface over the temperature range of 120-1000 K has
been examined by using Auger electron spectroscopy @ES), X-ray and UV photoelectron spectroscopy (XPS and UPS),
low-energy electron diffraction (LEED), temperature-programmed
desorption (TPD), and work-function change (AdI measurements. Chlorine dissociatively adsorbs at all temperatures above 120 K. The Cla dissociative sticking coefficient decreases as the
exposure temperature increases above 120 K, yielding an apparent activation energy of - 0.2 kcal/mol for this process. No stable
molecularly adsorbed Cl, state was found at 120 K, which is just above the temperature required to desorb condensed Cl, films.
The work function increases with Cl, exposure and reaches a maximum value of AQ = 1.2 eV at 120 K and A4 = 0.9 eV for the
500 K dose, indicating occupation of adatom sites on the Au(ll1) surface. An upper limit for the saturation coverage of Cl atoms,
8fit, produced by Cl, exposure under ultra-high vacuum conditions was estimated from AES calibration as @fit4 2.9.
A (6 X fi_)R30” LEED pattern was observed for the first time at temperatures below 23v K. A structural model is proposed for
the LEED pattern in which there are four Cl atoms per unit cell with atomic radii of 1.24 A, giving 0c, = 1.33. Loss of Cl from the
surface starts to occur upon heating the Au substrate to 600 K, due .primarily to desorption of Cl-containing species rather than
diffusion into the bulk. Two desorption states, at 790 and 640 K, were observed in TPD which differ in their Cl+/Cl~ ratio as
detected by the mass spectrometer. We assign these peaks as due to desorption of Cl,,, and Clu,), respectively, with desorption
activation energies estimated to be 48 and 39 kcal/mol, respectively. No desorption of AuCl, species was observed. The Cl(2p)
core-level peak at 197.3 eV binding energy (BE) in XPS did not shift with Cl, exposure or temperature. UPS identified
chlorine-derived peaks at 1.9, 4.4,S.S and 6.9 eV BE, but no peaks were assigned to gold chlorides. Since only small changes in the
chemical nature of Au surface atoms were observed in XPS and UPS, the interaction between Cl, and Au(ll1) forms chemisorbed
chlorine adatoms, Clo,), and not a surface chloride compound under our conditions. However, the work function and AES uptake
curves exhibited local minima before the onset of the desorption, which might be interpreted as some incorporation of chlorine into
the surface layer at large 8,. We have summarized the thermochemistry of chlorine adsorption on Au(ll1) and estimate that the
dissociation energy of the Cl-Au bond, D(Au-Cl) is about 54 kcal/mol. This is at least 20 kcal/mol smaller than on Ag.

1.Introduction
Halogens are highly reactive compounds utilized in a number of practical applications involving interactions with metals. Dowben [ll has reviewed the various interactions (molecular and
dissociative adsorption, and compound formation) of halogens with a large number of metals.
However, few studies of the interactions of halogens with gold surfaces exist. Bertel and Netzer
[2] studied bromine adsorption on a reconstructed Au(100) surface and Cochran and Farrell [3] investigated the chemisorption of iodine
0169-4332/93/$06.00

on a Au( 111) surface. Kishi and Ikeda performed
XPS studies of the reaction of evaporated Au
films with Cl, [4]. In their work, the chlorine
exposures were very high (0.5-10 Torr for 1 to 2
min) and gold chloride was formed. XPS recorded
a shift of + 2.0 eV in the Au(4f,,,) and Au(4f,,,)
core-level binding energies, indicating the formation of a gold chloride. In more controlled experiments, Spencer and Lambert [5] used temperature-programmed desorption (TPD), Auger electron spectroscopy @ES), low-energy electron
diffraction (LEED), and work-function change
(At$) measurements to study Cl, adsorption at
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298 K. They concluded that a surface chloride
(AuCl,) was formed in their experiments also,
but only on the basis of the ratio of the TPD
areas of Cl, and Cl species measured as 1: 1.
They did not detect gold chlorides in TPD. In
related work on Ad1111 surfaces [6], AES uptake
measurements of chlorine suggested that a structure of alternate Cl and Ag layers was formed at
240 K. At 300 K, chlorine started to dissolve into
the bulk of the crystal, and only a monolayer of
chlorine was adsorbed at 450 K. Finally at 600 K,
chlorine reappeared, and TPD detected AgCl
and Ag with the same kinetics as in the bulk
sublimation of silver chloride.
Further investigation of chlorine interactions
with gold surfaces is required in order to develop
new applications of gold catalysts [71 and gold
film gas sensors [8]. Our current knowledge is not
sufficient to answer basic questions related to the
temperature dependence of Cl, adsorption, desorption kinetics of surface chlorine, chemical nature of surface chlorine and gold (i.e., the stability of molecular chlorine and the formation of
gold chlorides), and fundamental aspects of the
thermochemistry at the surface. The purpose of
our study was to further explore the interactions
of Cl,,, with Au(ll1) surfaces, extending previous work to include various Cl, exposure temperatures, apart from ambient temperature, and additional XPS, UPS and LEED observations. All
of our work was carried out with the Au(ll1)
sample at 120 K or higher to avoid the influence
of weak physisorbed states of Cl,, since Linsebigler et al. [9] have shown that Cl, multilayers
desorb at 115 K or lower in their studies of the
interaction of chlorine with Fe(ll0).

2. Experimental methods
A stainless steel ultra-high vacuum (UHV) system described elsewhere [lo] was used for the
experiments. The base pressure of the system
during these studies was 2 x lo-” Torr. AES,
TPD, XPS, UPS and LEED were performed in
the system and the data acquisition was controlled by an IBM XT computer. A Physical
Electronics double-pass cylindrical mirror ana-

lyzer (CMA) was used for the Auger, XPS and
UPS experiments. In all of the AES experiments,
the incident beam energy, E,, was 3 keV and the
beam current was 4 FA. At higher beam currents
(20 PA) significant electron-stimulated
desorption of chlorine from the Au(ll1) surface took
place (as described later). In XPS, an Al anode
(AlKcr = 1486.6 eV) was used with the CMA
operated at 0.4 to 1.6 eV resolution. Binding
energies (BE) are referenced to the Au(4f,,,)
peak set to 83.8 eV BE. In UPS, the He(I) line at
21.28 eV from a high-voltage discharge lamp was
used with the CMA operated at 0.4 eV resolution. A UT1 quadrupole mass spectrometer with
a random flux shield was used for line-of-sight
TPD experiments. The heating rate in TPD was
always 13 K/s, except for the Cl, dosing experiments conducted with the Au sample at 300 K
where it was 25 K/s in order to directly compare
our results with those of Spencer and Lambert
[51.
High-purity chlorine gas was used from a lecture bottle (Matheson, semiconductor-grade
purity, 99.99%) without additional purification.
Chlorine was dosed as Cl, gas through a leak
valve and a directed gas beam doser utilizing a
microcapillary array. The gas-handling system was
modified by using Au-plated copper gaskets in all
connections exposed continuously to Cl,. The Cl,
exposures, given in langmuirs (1 L = 10v6 Torr . s>
have been corrected for a doser enhancement
factor of 100, but not for the ion gauge sensitivity.
(Values for the relative sensitivity range from
0.68 to 2.6 [ll].) The doser enhancement factor
was evaluated by performing several Cl, uptake
experiments using background-gas exposures and
comparing the equivalent exposures required using the doser to produce the same curves. At the
beginning of each day of experiments, the Au(ll1)
surface was cleaned by Arf sputtering with the
sample at 800 K for 5 min and annealing in
vacuum at 1000 K for 2 min. The cleanliness and
quality of the surface was ascertained by AES
and LEED. Heating the Cl-containing surface to
1000 K for 2 min after Cl, adsorption experiments regenerated a clean, well-ordered Au(ll1)
surface that could be used for further experiments.
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Coverages, 8, are reported relative to the unreconstructed Au(ll1) surface atom density of
1.39 X 10” atoms/cm’ defined to be 8 = 1.
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3.1. AES

Measurement of the amount of chlorine adsorbed on the surface was made by monitoring
the peak-to-peak heights of the Cl080 eV) and
Au(69 eV) AES signals as a function of Cl,
exposure on the Au(ll1) surface at 120, 150, 300
and 500 K. The resulting chlorine uptake curves
are shown in figs. 1 and 2. In each case, the
Auger spectra were taken at the substrate temperature of exposure. Each point on the curves
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Fig. 2. A~(69 eV) AES signal (peak-to-peak height) as a
function of Cl, exposure on Au010 at 120, 150, 300 and
500 K.
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was measured independently, i.e., after each exposure was given and AES spectrum was obtained, the sample was flashed to 1000 K to
remove all chlorine from the A~(1111 surface.
AES spectra of the clean surface at each temperature were taken periodically and both Cl and Au
signals were normalized to the A469 eV) signal
from clean Au(ll1). The highest sample temperature used during Cl, exposure was 500 K. As it
will be shown in the next segment presenting our
TPD results, chlorine desorption starts to take
place between 500 and 600 K, depending on the
Cl z exposure.
Fig. 1 shows that the rate of chlorine uptake
gradually decreases as the dosing temperature is
increased from 120 to 500 K. Eventually the 120,
150 and 300 K exposures lead to the same amount
of surface chlorine, but the 500 K exposure leads
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Fig. 1. Cl(180 eV) AES signal (peak-to-peak height) as a
function of Cl, exposure on A&11) at 120, 150, 300 and
5OOK.
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to a lower saturation coverage. The inset to fig. 1
shows the low Cl, exposure region in more detail.
The initial slopes of these curves are proportional
to the initial sticking coefficient, S,, of Cl, on
Au(ll1). We find that S, decreases slightly with
increasing dosing temperature, indicating a negative apparent activation energy of Eapp = -0.2
kcal/mol
for the adsorption process on the
Au(ll1) surface.
Fig. 2 shows the Au AES signals corresponding to fig. 1. In general, the Au signals decrease
with increasing chlorine exposure in a manner
consistent with the changes seen in fig. 1. However, for substrate temperatures of 120 and 150
K, the Au signal goes through a minimum at 1 L
Cl, exposure. This decrease suggests that a
change in the adsorption site or a structural phase
transition within the Cl overlayer occurs under
certain conditions of temperature and coverage
causing a change in the angular distribution of
the detected Au Auger electrons. With the sample normal to the CMA, we integrate the signal
azimuthally, but detect only a narrow cone of
&6” about a polar angle of 42.3”. Other interesting possible explanations, such as the penetration
of chlorine into subsurface sites or gold chloride
formation, are not consistent with other spectroscopic data, notably the AI#J curves, presented
later.
In previous work on ozone adsorption on
Au(ll1) [12] in the same instrument used herein,
it was estimated that an AES ratio of O,,,/Au,,,
= 0.296 corresponded to an atomic oxygen coverage of 8, = 0.25 on A&11). Taking this value
and the appropriate AES atomic sensitivity factors for Cl (1.05) and 0 (0.51) using E, = 3 keV
with a Ch4A 1131, we estimate that 8, = 0.25
corresponds to a ratio of Cl,,/Au,,,
= 0.609.
The largest value observed for the C1,s,/Auus
ratio was 7.0, and so the saturation coverage of
chlorine on the Au(ll1) surface can be estimated
now as &, = 2.9 monolayers. The assumption that
the Cl/Au ratio is linear with 0, makes this
estimate an upper limit, since the ratio should
increase faster than linear at high chlorine coverages.
Finally, a few electron-stimulated
desorption
(ESD) measurements were made by exposing the

Au(ll1) surface to saturation doses of chlorine at
113 K and monitoring the Cl,sJAuus
ratio as a
function of time over a period of 1 h of continuous electron bombardment. The incident electron
beam energy was 3 keV at 20 I.LA beam current,
and we assume a 1 mm diameter spot size. ESD
of chlorine from the Au(ll1) surface caused the
logarithm of the intensity ratio to decrease almost
linearly with time for the first 10 min. However,
at electron bombardment times longer than 30
min, the intensity ratio leveled off to a value
corresponding to Cl,,,/Au,,,
= 2.2, equal to 8,,
I 0.9 or 31% of the chlorine saturation coverage.
Chlorine ESD at high 8c, proceeded with a cross
section of roughly 2.5 x lo- l9 cm*. The surface
species at low 0ci have much lower ESD cross
sections.
3.2. TPD
In TPD experiments, we mainly monitored the
signals at 35 amu (Cl+) and 70 amu (Cl:>. Of
course, Cl, also has a cracking fraction at 35
amu. Figs. 3 and 4 show Cl and Cl, TPD spectra,
respectively, for several Cl, exposures on Au(ll1)
at 120 K. Desorption of chlorine takes place over
the temperature range of 500 to 850 K. At very
low coverages, a peak was recorded at 793 K in
fig. 3. A small, high-temperature peak is also seen
in fig. 4, at a slightly lower temperature initially,
but is also observed at 793 K at exposures of
0.35 L Cl, and larger. A second state was observed in both Cl and Cl, TPD spectra as the
chlorine exposures were increased, shifting towards lower temperatures with increasing chlorine doses. This lower temperature peak, at 641
K at saturation coverage, is the dominant Cl,
desorption channel. This peak is probably only a
Cl, cracking fraction in the Cl TPD spectra, since
the features at 35 amu exactly track those at 70
amu. However, by comparison of the relative
areas of the low-temperature and high-temperature desorption states in figs. 3 and 4, we see that
the high-temperature
state has a much higher
intensity ratio of the 35 amu/
amu signals,
giving clear evidence for the desorption of Cl
atoms from the Au0111 surface at 793 K. Using
Redhead analysis [14], we estimate the desorp-
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tion activation energy E, = 48 kcal/mol for the
Cl desorption peak at 793 K, assuming a pre-exponential factor of 1013 s-l and first-order desorption kinetics. We also estimate that E, = 38
kcal/mol for the Cl, desorption peak at 641 K,
assuming a pre-exponential factor of 10T2 (cm2
s-l) and second-order desorption kinetics.
It is well known that due to its high reactivity
chlorine can react with the background gases,
filament, and other parts of the mass spectrometer ionizer or vacuum chamber walls, especially in
stainless steel systems [15]. Although the crystal
was in very close proximity (0.3 cm) to the entrance aperture of the random flux shield around
the filament of the mass spectrometer, we cannot
completely exclude background reactions. Thus,
we did not attempt to draw any conclusions about
the surface Cl/Au ratio based on the Cl+ and
Cl: signals detected by our mass spectrometer.
In another set of experiments, we examined

TPD
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Fig. 4. Chlorine TPD spectra using the C1:(70 amu) mass
spectrometer signal after Cl, exposure on Au(lll) at 120 K.
The heating rate was 13 K/s.
3 400
.Z
5
d
$
- 300

Exposures

*

a
p
s 200
%
8
+
D

100

0
0

300

500
TEMPERATURE

700

900

(K)

Fig. 3. Chlorine TPD spectra using the Cl+(35 amu) mass
spectrometer signal after Cl, exposure on Au(ll1) at 120 K.
The heating rate was 13 K/s.

the possibility that some form of gold chloride
was being desorbed during TPD by monitoring
the signals at 267 amu (AuCll), 232 amu (AuCl+)
and 197 amu (Au+). Calibration of the mass
spectrometer was carried out using perfluorohexane, C6F14, which has cracking fragments that
could be detected up to 231 amu. The Au(lll)
surface was exposed to saturation doses of 8 L
Cl, at various substrate temperatures up to 500
K. We did not detect any signals in TPD above
background at any of these masses under any
circumstances; no gold chloride species desorb
from the Au(ll1) surface under our conditions.
In other TPD experiments we dosed Cl, to
Au(ll1) at 300 K and used a heating rate of 25
K/s, in accordance with the conditions used by
Spencer and Lambert [5]. These TPD results
were similar to those from a 120 K dose, shown in
figs. 3 and 4, but the low-temperature state appeared at 680 K and the high-temperature state
desorbed with a peak at 835 K. In Spencer and
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Fig. 5. Work-function changes, A& produced by Cl, exposure
on Au(ll1) at 120 and 500 K. The work function of the clean
Au(ll1) surface (5.4 eV) is taken as a reference and defines
A4=0.

Lambert’s work [5], the high-temperature peak at
815 K did not shift, whereas the low-temperature
peak at 700 K moved towards lower temperatures, as the exposure of chlorine was increased.
Except for the small temperature differences, our
results are in good accord with theirs.
3.3. Work-function changes
Work-function changes, A4, were measured
using the kinetic energy onset of emitted secondary electrons in UPS. The work function of
clean Au(ll1) was measured to be 5.4 eV. Fig. 5
shows the change in the work function as a function of Cl, exposure for two substrate temperatures, 120 and 500 K. The UPS spectra for the

120 K exposure were collected at 120 K whereas
the spectra for the 500 K exposure were collected
after letting the sample cool to 300-150 K. Each
point was obtained in an independent experiment.
The work function increases with Cl, exposure
and reaches a maximum value of Ad, = 1.2 eV at
120 K and A+ = 0.9 eV for the 500 K dose. The
initial slope of the 120 K curve is only slightly
larger than that of the 500 K curve, although the
curves depart near 0.25 L as shown in the inset to
fig. 5. No abrupt changes in the work function
with Cl, exposure were observed and these results are in good accord with the Cl(180 eV> AES
uptake curves in fig. 1. The work-function results
suggest that a similar surface chlorine species is
formed independent of surface coverage up to 8
L Cl, exposure. They are not consistent with the
penetration of Cl into subsurface sites or the
formation of a gold chloride surface compound.
In other experiments, a saturation dose of 2 L
Cl, on Au(ll1) at 120 K was given and the
work-function changes as a function of temperature were measured as the sample was warmed
up to 1000 K. Fig. 6 shows these annealing curves.
The sample was annealed for 2 min at each
temperature from 150 to 1000 K. The work-function change was determined after cooling to 150250 K. The work function decreased by about
18% over the temperature range of 120 to 200 K,
but after reaching a local minimum at 200 K, it
increased steadily to within 90% of the initial
value by 540 K. At higher temperatures, the work
function decreased sharply due to desorption of
chlorine from the gold surface. Finally at 1000 K,
the work-function change nearly recovered to the
zero value indicative of the clean A~(1111 surface.
As it will be discussed in the LEED section,
distinct chlorine ordered layers are observed at
temperatures lower than 200 K. This order-disorder transition may account for the work-function changes near 200 K. It is also possible that
some amount of chlorine is incorporated into the
surface layer upon heating from 120 to 200 K. If
this was the case, then as the temperature is
increased up to the onset of desorption (at T >
540 K) some surface-incorporated
chlorine dif-
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fuses back out to the adlayer before desorbing,
slightly increasing the work function. We believe
that very little if any Cl diffuses into subsurface
or bulk sites, since the work-function changes are
fairly small.
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3.4. XPS
The Au(4f) XPS spectrum (not shown) after an
8 L Cl, dose on Au(ll1) at 120 K did not show
any new features from the clean Au(ll1) spectrum, except for a small decrease in the Au(4f)
peak intensities. This is in qualitative agreement
with AES considering the differences in the electron mean free paths. Annealing the sample for 2
min at 150, 300 and 500 K after this dose also
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Fig. 7. Cl(2p) XPS spectra obtained afte; heating the surface
following a 0.5 L Cl, dose on A&11) at 125 K. The sample
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Fig. 6. Work-function changq, A& due to heating the surface
following a 2 L Cl, dose on Au0 11) at 120 K. The sample was
heated for 2 min at each temperature.

produced no detectable changes in the Au(4f)
XPS spectrum.
Fig. 7 shows the effects of annealing on the
Cl(2p) XPS spectra after an exposure of 0.5 L Cl,
on Au(ll1) at 125 K. The Cl(2p) peak centered at
197.4 eV BE is the unresolved superposition of
the C1(2p,,,) and C1(2p,,,) peaks, with a splitting
of about 1.7 eV. In these experiments, the sample
was annealed for 2 min at the indicated temperature and the XPS spectra were recorded at 120
K. No large changes were observed in any of
these XPS spectra. In other similar heating experiments, but using an 8 L dose, no significant
changes in the chemical environment of the adsorbed chlorine species were detected in the temperature range 120-500 K.
The Au(ll1) surface at 120 K was also exposed
to 0.15, 0.25, 1.0 and 8 L Cl,. For all these
exposures, the Cl(2p) peak was not measurably
different than the 0.5 L Cl, peak at 125 K shown
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in fig. 7. No significant changes occur in the
chemical environment of the adsorbed chlorine
species in the exposure range (= 1 L Cl,) where
the local minimum in the Au AES uptake curve
was observed.
Kishi and Ikeda [4], in their work with high
chlorine exposures (0.5 Torr for 1 min, or 3 x 10’
L> on Au thin films, report three Cl(2p) peaks at
197, 199.4 and 201.1 eV binding energy. These
peaks are due to two 2p3,2 and 2~i,~ doublets
with the 2p,,, components at 199.4 and 197.0 eV
BE. The Au(4f) lines were drastically reduced in
intensity, however, they were not shifted. After
even further chlorine exposures of 10 Torr for 2
min (1.2 X 10’ L) and 10 Torr for 10 min (6 X 10’
L), the high binding energy transition (199.4 eV>
became predominant and new Au(4f) transitions
that were shifted towards higher binding energies
by 2 eV appeared as very weak shoulders on the
bulk Au signals. In bulk compounds of AuCl and
NaAuCl,, the C1(2p3,z) peaks appear at 198.6
and 199 eV, respectively. The C1(2p,,,) binding
energy for AgCl is at 197.5 eV. The C1(2p,,,)
binding energies of several dichlorides and
trichlorides are all shifted towards higher values
(e.g., 198.5 eV for FeCl, and 199.2 eV for FeCl,
[4]). In view of all of the above assignments and
our observation of a 197.4 eV binding energy for
the largest chlorine peak, our XPS results suggest
that a “chloride” phase is not the most significant
chlorine chemical state formed.
Finally, the relative areas of the Cl(2p) and
Au(4f,,,) XPS peaks were measured for a 2 L
Cl, dose on Au(ll1) at 120 K. Taking into account the XPS atomic sensitivity factors for Cl
(0.48) and Au (1.9) for our CMA 1161we calculate
a 9.7 at% Cl in the probed region of XPS. The
ratio of the Cl(2p) : Au(4f,,,)
XPS peak areas
was determined to be 0.0148. Assuming that all of
the Cl is located in the outermost surface layer
and using the mean free paths A(1288 eV> = 21.5
A and A(1401 eV> = 22.9 A for the Cl(2p) and
Au(4f,,,) XPS signals, respectively, we find Ogt
= 0.8 ML. This value can be compared to the
estimate of Ogt 5 2.9 ML obtained from AES,
which we believe to be more accurate because of
the calibrations established using our previous
measurements of oxygen on Au(ll1).

3.5. UPS
He(I) (21.28 eV> UPS spectra are presented in
figs. 8 and 9 for the clean Au(ll1) surface and for
the surface after exposure at 120 K to Cl,. As
shown in fig. 8, the clean Au(ll1) surface has
four distinct peaks at 2.8, 4.3, 6.2 and 7.3 eV BE
due to strong emission from the filled d-band.
This spectrum is in agreement with previous valence-band spectroscopic studies of gold [17-191.
With increasing chlorine exposure, the 4.4 eV BE
band grows substantially, but the 7.3, 6.2 and 2.8
eV bands of Au remain essentially unchanged.
The changes induced by Cl, exposure are shown
more clearly in fig. 8, which shows difference
spectra obtained by subtraction of the clean Au
spectrum from each Cl-covered spectrum after
normalization to equal photon intensity. The normalization was carried out by setting the emission
intensity at 9 eV BE, where no spectral features
were observed, to be constant. Chlorine adsorp-

UPS
Cl, /Au{ 111)
T=120 K
I\

Fig. 8. He(I) UPS spectra for the clean Au(ll1) surface and
after several Cl, doses on A&11) at 120 K up to saturation
coverages.
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attributed to the halogens in origin and the second peak was attributed to halide formation. This
latter peak grew in separately and well resolved
at higher binding energy from the clean metal 3d
band. In our work, although new chlorine-derived
peaks grow, the gold peaks remain largely unchanged with chlorine exposure. Therefore, the
UPS results indicate that the interaction of Cl,
with Au(ll1) results in an adsorbed layer only
and not the formation of gold chloride.
3.6. LEED

Fig. 9. He(I) UPS difference spectra obtairied by subtraction
of the normalized clean A~(1111 spectrum from each of the
curves in fig. 8.

tion gives rise to four peaks located at 1.9,4.4,5.5
and 6.9 eV BE. Westphal and Goldmamr [20] in
their UPS study of chlorine adsorption on Cu(lll>
observed a peak at 5.3 eV BE and assigned it to
the Cl(3p) bands. We assign the predominant
chlorine-derived peaks in our spectra at 4.4 and
5.5 eV BE to the Cl(3p) bands of Cl,,
In another experiment, we dosed 2 L Cl, on
Au(ll1) at 120 K and took UPS spectra after
heating the sample to several selected temperatures. Heating the surface produced an analogous
set of spectra to those shown in figs. 8 and 9; the
same four peaks were observed, which decreased
in intensity as we increased the temperature,
disappearing almost completely at 700 K. No new
features were observed at any intermediate temperatures.
Potts and Law [21], studying the halogenation
of Zn by UPS, saw that the intensity of the
Zn(3d) peaks fell drastically upon exposure to
various halogens. Two new peaks grew; one was

The first-order LEED spots for the clean
Au(ll1)
surface formed a somewhat diffuse
hexagonal pattern, due to the reconstruction of
the outermost surface layers [22]. Dosing 0.05 L
Cl, on Au(ll1) at 120 K caused the gold spots to
become sharper, due to the removal of the reconstruction, and very faint (6 x fi)R30” spots
were distinguishable inside of the A~(11 1) pattern. Increasing the dose to 0.25 L Cl, gave the
sharpest fi spots, and larger exposures caused
the initial fi spots to be more diffuse but still
present. In contrast to the situation for oxygen
adatoms on Au(lll)
[12], the Au spots were
always clearly observed even at high chlorine
coverages.
In other experiments, we dosed 0.25 L Cl, on
Au(ll1) at 120 K (= 50% of the saturation dose)
on the sample and subsequently annealed it to
350 K for 2 min and cooled it back to 120 K while
observing the LEED pattern. Upon heating from
120 K, the chlorine pattern disappeared at about
230 K. During the cool-down period from 350 K,
the chlorine pattern started to form once again as
the temperature reached 230 K. This time the
Cfi x fi)R30” spots became much sharper as
the final temperature
of 120 K was reached.
During observations for several Cl, doses ranging
from 0.05 to 2 L with the Au crystal at 120 K,
followed by annealing the sample at 500 K for 2
min and cooling back to 120 K, the LEED patterns always became visible at the transition temperature of 230-210 K
We also dosed 0.5 L Cl, on the Au(ll1) surface at 500 K, a temperature just before the onset
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of the desorption of chlorine, in order to investigate the effect of the dosing temperature on the
LEED pattern. Only spots from the unreconstructed Au pattern were observed at 500 K.
However, the (6 x 6)R30”
chlorine pattern
became visible upon cooling to 230 K. The disappearance of the pattern at temperatures higher
than 230 K suggests a fairly low temperature
surface order-disorder
transition due to lateral
diffusion. and/or incorporation of Cl adatoms
into the surface layer or subsurface sites. The
reappearance of the pattern during cooling to 120
K demonstrates that the order-disorder
phase
transition is reversible. This behavior argues
against the formation of a gold chloride compound under these conditions.
This is the first report of a (6 X &)R30”
pattern after exposure to Cl, on Au(lll), but a
(6 X &)R30” LEED pattern has been observed
for a chlorine overlayer on Cu(ll1) [201. A (a
x 6)R30”
pattern has also been observed for
iodine adatoms on Au(lll) [3]. Fig. 10 shows a
possible structural model for the chlorine overlayer on Au(lll), based on our LEED observations. The Au-Au nearest-neighbor distance in
the unreconstructed
Au(ll1) surface is 2.88 A,
and this proposed model leads to a chlorine coverage of 1.33 monolayers with four Cl adatoms
per unit cell in a closest-packing arrangement.
The latter assumption is reasonable since halogen
adatoms often form dense overlayers on metal
surfaces [2]. Using 8,, = 1.33, we determine .a
value for the chlorine atomic radius of 1.24 A
from the geometry of fig. 10. This value o,f the
chlorine radius is in agreement with 1.23 A reported by Zanazzi et al. [23] for a c(2 X 21 structure of Cl on Ag(100). Typical values for chlorine
covalent bonds are 0.99 A [24], and this serves as
a lower limit for the chlorine radius of the overlayer. The radius of the Cl- anion is reported as
1.81 A [24], which is an upper limit for the
chlorine radius. In our case, one would expect the
adsorbed chlorine to exhibit a low anionic character, and the 1.24 A value for the atomic radius
seems to be a very reasonable estimate.
As mentioned previously, an estimate from
AFS ‘placed the chlorine saturation coverage at
2.9 monolayers. While tic, = 3 could easily be too

0
Au

R El.44

i

Fk1.24

A

Fig. 10. Proposed structural model for the (43 X \/3 )R30°-Cl
LEED pattern using a closest-packed Cl,,, adlayer. The chlorine adatoms are shown as shaded circles with an atomic
radius of 1.24 A.

high, clearly the (fi X &)R30” LEED pattern
forms prior to saturation coverage, and one must
consider the fate of the additional chlorine
adatoms. If one constructs an alternative structural model based on the same (6 X 6) R30”
LEED pattern and a closest-packing arrangement, but with 0, = 3, then this model leads to
chlorine atoms located at both the center of the
gold atoms and at the three-fold hollow sites,
with an atomic radius for chlorine of 0.8 A. This
0.8 A value is lower than the chlorine covalent
radius of 0.99 A by 20%, and therefore we feel
that this model is incorrect. We are left with
several possibilities, one being that some chlorine
is incorporated into the first Au layer at saturation coverages.
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4. Discussion
Fundamental issues regarding the interaction
of Cl, with the most stable surface of gold,
Au(lll), involve the nature of Cl, adsorption and
the thermal stability of chlorine species on the
surface. Specifically, one would like to know if
adsorption is an activated process and whether it
is reversible or not, if a stable chemisorbed
molecular species is formed or does dissociative
adsorption occur, and if a gold chloride compound at the surface is formed. Spencer and
Lambert’s [SJ first study of Cl, adsorption on
Au(ll1) at 298 K provides some of this information, and our work complements and extends our
understanding.
The adsorption of Cl, on Au(lll) does not
occur via an activated process from the roomtemperature Cl, gas. All of the spectroscopic
evidence that we have indicates dissociative adsorption of Cl, to produce Cl adatoms on the
surface, even at 120 K, which is just above the
temperature required to form physisorbed Cl,
multilayers. No stable state of molecular Cl,
chemisorbed on the surface is detected. The
sticking coefficient is not a strong function of Bc,,
which is indicative of the important role of a
molecular precursor in controlling the dissociative adsorption kinetics. The observation that the
sticking coefficient decreases with temperature,
leading to a negative apparent activation energy
for dissociative adsorption, is in accord with a
decreased precursor lifetime for the adsorption
process at higher temperatures. A high-temperature chlorine desorption state with apparently
first-order desorption kinetics has a peak in our
TPD studies near 800 K and reaches saturation
after Cl, exposures that give about 10% to 20%
of the full chlorine coverage. At higher exposures, a lower-temperature
chlorine desorption
state with a peak near 640 K in our TPD spectra
is the dominant desorption channel. While it is
difficult to distinguish between desorbed atomic
and molecular chlorine species on the basis of
TPD spectra only, due to the secondary reactions
of the desorbed chlorine, we attribute the hightemperature state to desorption of Cl atoms into
the gas phase based on the enhanced intensity of
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the 35 amu (Cl’) signal over that of the 70 amu
(Cl,‘> signal for this peak.
Over the temperature range of 120 to 500 K,
XPS does not show any chemically shifted Au
peaks and UPS does not show any dramatic
changes in the valence band of Au, inconsistent
with the participation of Au in the formation of a
chloride compound in these very initial stages of
the interaction of Cl, on Au(lll). XPS results
also show a Cl(2p) binding energy which is lower
than gold chloride and several other metal chlorides, consistent with formation of Cl adatoms.
Spencer and Lambert 151had previously proposed
that a surface chloride (AuCl,) was formed by
similar exposures of Cl, on Au0 11) at 300 K.
According to their interpretation, the high-temperature TPD state was due to the decomposition
of a surface chloride, and the low desorption
temperature state arose from a dissociatively adsorbed chlorine layer formed on top of the gold
chloride. We propose a different interpretation,
that desorption of Cl atoms into the gas phase
occurs at low coverages and high temperatures
and that recombination of Cl adatoms occurs to
desorb Cl, at higher coverages in a lower-temperature desorption state. The term “adsorption
stoichiomety” would seem to suit better the analysis of Spencer and Lambert [51, rather than the
use of the term “surface compound” by these
authors. These monolayer surface compounds are
certainly thermally unstable under vacuum conditions even if they are formed, decomposing at
temperatures of 700-800 K. No desorption of
gold chlorides was detected in our TPD spectra
or those of Spencer and Lambert [5].
An important issue pertains to the incorporation of Cl into the surface layers of Au and the
diffusion of chlorine into the bulk of the gold
sample. Our results at this point, do not allow us
to reach a definite conclusion. Most of our data
can be used to argue against the formation of
bulk gold chlorides and against diffusion of chlorine into the bulk of the sample, but some incorporation of Cl into the surface layer of Au may
occur. The increase in work function of the Au
surface following Cl adsorption certainly indicates occupation of adatom sites rather than subsurface sites initially. The good correlation be-
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Fig. 11. Potential energy diagram of the chlorine interaction with Au(ll1).

tween the AES and work-function uptake curves
and the absence of any large changes in the work
function of the Cl-covered surface with temperature before the onset of desorption also indicates
that subsurface sites are not appreciably populated under any of our conditions. .In the Auger
uptake curves at exposures where local minima
were observed for the Au signals, corresponding
intensity changes were not observed for the chlorine signals, implying that some geometrical phenomena due to blocking or forward-focussing of
the analyzed electrons was taking place rather
than diffusion of Cl into the bulk of the crystal.
In our measurements of the work-function change
with temperature, we observed a small decrease
over the temperature range 120 to 200 K. Although this observation could indicate that some
amount of chlorine diffuses into subsurface or
bulk sites, a disorder-order phase transition could
be responsible since the temperature of this local
minimum (about 200 K) also coincides with where
the (6 x &)R30” chlorine structure forms.

We now compare our results with those from
other halogen adsorption studies on Au singlecrystal surfaces. The TPD spectra of bromine on
Au(100) by Bertel and Netzer [2] showed a peak
at 800 K which did not shift with exposure. A
low-temperature shoulder started to grow at temperatures of 700-750 K as the bromine exposures
increased. The high-temperature state at 800 K
was the dominant desorption channel. Both states
continued to grow and reached saturation simultaneously. Work-function measurements recorded
an increase of A+ = +0.8 eV. A c(2 X 2) LEED
structure was observed which then transformed
into a c(4 x 2)R45” structure as the bromine overlayer compressed to form a more hexagonal-like
arrangement. They did not detect the desorption
of any AuBr species, and thus they ruled out the
formation of gold bromides. A (6 X 6)R30
LEED pattern is formed for iodine adsorption on
Au(lll),
where the fractional-order
diffraction
spots split to three and then six spots at higher
coverages [3]. We showed that a (fi X 61R30”
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LEED pattern is formed by chlorine on A&11)
at temperatures of 230 K and lower. In general,
halogens tend to form hexagonally closest-packed
overlayers on many metal surfaces [l], but this is
the first observation of such a pattern for chlorine on Au(l11). Reasonable values for the chlorine atomic radius lead to structural models with
8,, = 1.33 monolayers. However, AES estimates
for the chlorine coverage yield values of up to
0, = 3. A real-space model of the (6 x fi)R30”
LEED pattern utilizing a chlorine coverage of
three monolayers would yield a chlorine radius
20% lower than the covalent chlorine radius.
Therefore, while it is likely that the AES estimate
is high, it is possible that either some incorporation of Cl into the Au surface occurs or a large
amount of disordered Cl adatoms also coexist
“on top” of the (6 X fi)R30” structure.
The interaction between chlorine and Au(ll1)
is weak compared with that on Ag(ll1). In previous work on chlorine adsorption on Ag(lll) [6],
the Cl(180 eV) Auger uptake curves showed
changes with temperature and exposure suggesting that chlorine penetrated into the bulk of the
crystal and reappeared at higher temperatures.
Moreover, in some instances saturation could not
be reached because of continuous chlorine penetration into the bulk. No such behavior was observed herein on Au(ll1).
Fig. 11 shows a potential energy diagram that
summarizes much of the thermochemistry known
about the interaction of chlorine on Au(ll1). Our
purpose in constructing this diagram is to develop
a fundamental framework for understanding the
thermodynamics and kinetics of the interaction of
chlorine with Au(ll1) surfaces. For example, from
the values for Ed obtained from the TPD analysis
and an assignment of the desorption process, it is
possible to estimate the Cl-Au bond strength.
Energy levels on this diagram were calculated
as heats of formation at 300 K, AH,, as follows.
The zero of potential
energy is given by
A H,(C&)) = 0. Molecular Cl, should only be
bonded to this surface very weakly, through a
dative bond interaction with the Cl(2p) electron
orbitals with slightly more energy than the sublimation energy of solid Cl, due to the more
polarizable Au surface. There is no additional,
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strongly bound, Cl, chemisorption potential energy well since Cl,, with its closed-shell electronic
configuration and Cl-Cl single bond, does not
have the capability to easily rehybridize in order
to make strong covalent Cl-Au bonds at the
surface. (Such might be the case with O,.) For
our purpose here, we estimate that the heat of
formation of physisorbed molecular chlorine
as A H&Cl,,,
> = -AH,,,(Cl,)
= AHf(ClyS+
This value is determined
by AH,(Clx, > =
A H&Cl 2(g))- A H,,,,(Cl J, where A H,,,,()cI 2)
is the heat of sublimation of molecular chlorine.
A H,(Cl xphys)) = - AH,,,,i,(Cl,> = -8.8
kcal/
mol, since Linsebigler et al. [9] have reported that
the activation energy for desorption, Ed, of Cl,
from physisorbed multilayers is 8.8 kcal/mol. We
make the reasonable assumption that adsorption
into this state is non-activated. We measured an
apparent activation energy, E&, for the dissociative adsorption of Cl, of - 0.2 kcal/mol, as shown
in fig. 10. Thus, at 8, = 0, dissociative adsorption
of Cl, is non-activated referenced to the roomtemperature Cl, gas. This leads to an estimation
that the activation energy for conversion of
Cl Xr,hys)to 2 Cl,,) is about 8.5 kcal/mol at low
chlorine coverage; this value gives the position of
the diabatic curve crossing with the deep potential energy well for atomic chlorine. The other
potential energy curve shown, i.e. that for the
interaction of atomic chlorine with Au(lll), has
an asymptote at 2AH&ClJ
which is given by the
bond dissociation energy for Cl,,
D(Cl-Cl) =
57.8 kcal/mol. The minimum in this curve is
given by the value of 2AH,(CI,,,) = 2AH,(Cl,,)
- 2AH,,,(Cl). The heat of adsorption of Cl,,,
AH,,(Cl), is equal to the activation energy for
desorption of Cl,) from the atomic chlorine
chemisorbed state, E,,,,(Cl). Our analysis of the
Cl TPD data at low coverages gives E&Cl) = 48
kcal/mol. Thus, we find 2AHt(Cl,,,) = 57.8 - 96
= -38 kcal/mol.
Importantly,
this value of
AHf(Cl&
is identical to that derived by now
considering the molecular Cl, desorption at
higher coverages. The depth of this Cl,) potential well as measured from zero potential energy
is the value of the heat of dissociative adsorption
which is equal to the actiof Cl,,, AHiF(
vation energy for desorption, Edes(C12), of Cl,
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from the atomic chlorine chemisorbed state (since
adsorption into this state is non-activated from
Cl&.
Our analysis of the Cl, TPD data at
moderate coverages gives &&Cl,) = 38 kcal/
mol. Thus, 2AH,(Cl,,,) = -38 kcal/mol
and
AH,(Cl,,) = - 19 kcal/mol.
Determination of the value of the Au-Cl bond
energy, D(Au-Cl) = 48 kcal/mol, can be made
either by recognizing that D(Au-Cl) = E,,,(Cl),
or obtained from the relationship 2D(Au-Cl) =
2AH,(Cl,,) - 2AH,(Cl,,,). The Au-Cl bond energy can be compared to the measurement of
D(Au-0) s 73.9 kcal mol-’ for oxygen adatoms
on Au(ll1) 1121and to the value of D(Ag-Cl) =
91- 73 kcal mol-’ calculated for Cl on Ag(ll1)
[251. The Au-Cl bond is weaker than the Au-O
bond, and also clearly weaker than the Ag-Cl
bond.
As a final point, we briefly comment on the
energetics of the formation of solid gold chlorides
and energetics of desorption of these compounds.
The heats of formation of AuCl and AuCl, solid
compounds are given by AH,(AuCl,,,) = - 8.3
kcal/mol and AH,(AuCl,,,,) = - 28.1 kcal/mol
[26]. The heat of formation of gaseous species can
be determined by using AH&gas) = AH&solid) +
AHsublim.The sublimation temperature of AuCl,
is 538 K [26], but AH,,,,,,,(AuCl,,,,) is not available. AuCl does not melt or vaporize, but rather
decomposes to AuCl, at 562.5 K. However, the
heat of formation of gaseous AuCl can be determined by AH,(AuCl,,,) = AH,(Cl,,) + AHdAu,,,)
- D~98(AuCle,), where D~98(AuCl& is the AuCl bond dissociation energy in AuCl,, at 298 K.
Huber and Herzberg [27] give @(AuCl,,,) = 80.71
kcal/mol
and we assume Dz98(AuCle,) =
D:(AuCl,,).
Thus, AH,(AuCl& = 28.9 + 82.29
- 80.71 = 30.5 kcal/mol. The AuCl,, desorption
activation energy from AuCl,,, can be estimated
to be the same value as the reaction enthalpy
AH = AH,(AuCl,,,) - AHr(AuCl&
= 30.5 (- 8.3) = 38.8 kcal/mol. A lower limit for the
AuCl,, desorption activation energy from Cl,,
can also be estimated from the reaction enthalpy
AH = AH,(AuC&) - AH&,,)
= 30.5 - (- 19)
= 49.5 kcal/mol, by ignoring the Au vacancy
formation energy (A HfAUVaC
> 0) required for mass
balance. We estimate that the AuCl,,,, desorp-

tion activation energies from the surface are
smaller, but of a similar size. We conclude that
while the formation of solid gold chlorides is
certainly possible energetically, under our conditions kinetic limitations must preclude these possibilities due to energetic barriers that exist. The
thermal desorption of AuCl molecules from small
islands of solid AuCl (if formed) seems plausible,
i.e., the desorption activation energy involved is
similar to those of Cl and Cl, desorption from
the Au(ll1) surface, but sublimation of any AuCl 3
can be ruled out since this would have removed
large amounts of chlorine in our experiments at
temperatures much below 538 K. The thermal
desorption
of gold chloride molecules from
chemisorbed layers of Cl adatoms does not appear to be plausible from an energetic viewpoint.
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