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Ellipsometry, LEED, Auger electron spectroscopy and monitoring of work function changes 
have been used to study the interactions of 02 and N20 with a clean annealed Cu(100) surface 
and of the reaction of CO with sorbed oxygen. Gas pressures were in the range IO-‘--lo4 Torr 
and crystal temperatures varied between 25-4OO’C. The initial interaction of oxygen with 
Cu(100) occurs in three stages. Oxygen chemisorbs with an initial sticking coefficient of -10T2 
at room temperature and an apparent activation energy of 1.3-3.5 kcal/mol, depending on the 
substrate temperature. The first stage is the formation of a (42 X J2)R4S0 LEED pattern up 
to a coverage of 0.5, which is converted with an apparent activation energy of 3.2 kcal/mol to a 
(,/2 X 242}R45’ structure at a coverage of 0.75 in the second stage. The work function 
increases inthe ftrst stage in an amount of -300 meV, but decreases in the second stage to the 
value of the clean surface. In a third stage after an induction period further oxygen uptake 
could be registered only with ellipsometry. The apparent activation energy is 4.5 kcal/mol. The 
initial decomposition probability of N20 at room temperature is 5 X 10m5, its apparent activa- 
tion energy 3.2 kcal/mol. The LEED patterns observed were the same as with 02. The sorbed 
oxygen can be removed at all coverages with CO. The reaction appears to follow Langmuir- 
Hinshelwood kinetics with an activation energy for the reaction Goad + oad + CO2 of lP- 
20 kcal/mol. A comparison is made with the data obtained for Cu(ll1) and Cu(ll0). 

1. Introduction 

The interaction of O2 with Cu(lO0) has been extensively studied with modern sur- 
face analytical techniques [l-21 1. However, kinetic data are scarce and contra- 
dictory. 

LEED studies have shown that low exposures (-100 L; 1 L = 1Oa Torr s = 
1.33 X lo4 Pa s) result in a weak ‘4spot” pattern [1,3,6-81 which is converted 
into an oblique structure [1,2] or into a (v/2 Xd2)R45’ pattern f3-81 when the 
exposures are increased to about lo3 L. In early LEED intensity studies [9,10] it 
has been tentatively suggested that the (d2 Xd2)R45’ pattern arises from a recon- 

structed copper-oxygen layer. More recent angular resolved AES [l 11, XPS 
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[12,13] and SIMS [14] measurements suggest that the oxygen atoms are located in 

sites with four-fold symmetry. In ref. [13] it has been proposed that the oxygen 
atom resides in the plane of the surface whereas in ref. [14] the adsorbed atom is 

supposed to be located 1.2-l 5 A above the surface plane. 
At exposures larger than lo3 L a (42 X 2d2)R45’ pattern appears [l-4,6-8]. 

According to XPS [6], AES [8] and UPS [15] data, reconstruction or incorpora- 
tion accompanies the formation of this pattern. This is in keeping with the work 
function measurements of Hofmann et al. [7] and Benndorf et al. [8] who ob- 
served that the work function reaches a maximum of about 330 meV when the 
(d2 Xd2)R45’ pattern is developed. The formation of the subsequent pattern 
caused a decrease in work function to about the value of the clean surface. This 
decrease has not been observed by Boggio [ 161 and Delchar [ 171. 

In a very recent study of LEED spot patterns and intensities it was concluded 
that at -200°C oxygen is initially adsorbed onto a 2-fold bridge site and subse- 
quently may be drawn into 4-fold sites, coplanar with the top metal atom layer 
[ 181. The (d2 X 2d2)R45’ pattern was ascribed to a mixed layer involving 2- and 
4-fold sites (oxygen coverage -i monolayer). However, the authors consider their 
conclusion not as definitive because of the poor agreement between theory and 
experiment [ 181. 

At room temperature, the initial sticking probability appeared to be 0.03 [7], 
and in the temperature range 20-45O”C for the increase and decrease of the work 
function an apparent activation energy of 3-4 kcal/mol [7] and of l-2 kcal/mol 
[8] has been reported. In an ellipsometric study at h = 5461 A, Hofmann [ 191 mea- 
sured a decrease in A of 0.7’ as a result of an exposure of 4500 L 02 on Cu(100) at 
room temperature; IL decreased up to 50 L with -0.05”, whereafter an increase of 
0.2’ up to 300 L was observed. Upon further oxygen exposure $ remained con- 
stant. 

According to angle-resolved UPS, oxide formation starts at room temperature at 
exposures above lo6 L [20]. It has been proposed that this surface oxide has the 

composition of a Cu20 compound [2 1 I. Shake-up satellites in XI’S, characteristic 
for CuO have been observed only after oxygen exposures of 10’ L at 3OO’C [6]. 
An earlier ellipsometric study of the oxidation of Cu( 100) at atmospheric pressures 

and at temperatures of 70-178°C [22] revealed that the (100) plane has a larger 
oxidation rate than the other low-index copper surfaces and that under these condi- 
tions thick oxide layers (-1000 a) are readily formed. 

On copper surfaces nitrous oxide decomposes into desorbing N2 and a chemi- 
sorbed oxygen atom [2,23]. Two complicated LEED superstructures have been ob- 
served by Ertl [2] upon exposure of lo3 L N20 to Cu(100) at 500°C. 

At room temperature CO is only weakly adsorbed on Cu(100) [24]. The reac- 
tion of CO with oxygen adsorbed on Cu(100) has been investigated with LEED 
[25]. The intensity of a spot of the (42 X 2d2)R45’ pattern was measured as a 
function of CO exposure, and an activation energy for this reaction of about 
30 kcal/mol has been obtained [25]. 
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In previous papers [26-281 results of the study of the kinetics of the interac- 
tions of 0s and NsO with Cu( 111) and Cu(ll0) surfaces and of the reaction of CO 
with sorbed oxygen have been presented. In this paper we describe the same reac- 
tions on a clean annealed Cu(100) surface. The measuring techniques used were 
ellipsometry, AES, LEED and monitoring of work function changes. In the last sec- 
tion the results obtained for the three low-index copper planes are compared. 

2. Experimental 

The experimental arrangement and procedures were the same as in refs. [26] and 
[27]. The work function measurements were performed with a self-compensating 
Kelvin probe, which was purchased from the Kernforschungsanlage Jtilich GmbH. 
The probe has been described in ref. [29]. 

3. The interaction of O2 with Cu( 100) 

Exposures of O2 to a clean annealed Cu(100) surface were carried out at pres- 
sures between 1 X 10e7 and 8 X lo4 Torr and at crystal temperatures ranging from 
25 to 400°C. Fig. 1 shows the response of the four techniques to oxygen exposure 
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Fig. 1. Oxygen Auger signal (AES), 6 A, 6 J, , &#J and LEED patterns versus oxygen exposure at 

32O’C to a clean annealed Cu( 100) surface (6 A and 6 $J obtained by two-zone measurements). 
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at 32O’C. By analogy with ref. [28], a distinction can be made between different 
stages; these will be discussed in more detail below. 

3.1. The low exposure region (stages A and E) 

3.1.1. ~t~ination of the oxygen coverage 
A linear relationship between the oxygen Auger signal and 66 was found upon 

the initial interaction of 0s with Cu(100) up to 6A = 0.65” (fig. 2). No dependence 
on the crystal temperature T (T< 4OO*C) was observed, contrary to the results on 
Cu(l10) [27]. The plane of incidence made an angle of about 45’ with the [Ol l] 
direction. In the coverage region considered here, the copper 920 eV peak is not 
measurably attenuated; thus it is concluded that up to 0.65”, 6A is proportional to 
the coverage. 

A calibration of the coverage is obtained from LEED data. At a 6A of about 
0.65’ the (42 Xd2)R45* pattern is developed. If #is superstructure is assumed to 
correspond to 0 x 0.5 (oxygen atoms per copper surface atom) [‘7,1 I-141, it fol- 
lows that 

6 = (0.77 + 0.08) SA (1) 

for 6A G 0.65”. A comparison of the oxygen Auger signals for Cu(-100) (fig. 2) with 
those for the other copper planes [26,27] yields also within 10% the same calibra- 
tion as given by eq. (1). 

The other ellipsometric parameter, S$, increases up to S $ = 0:3’ at SA = 0.4’ 
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Fig. 2. Oxygen Auger signal and LEED patterns versus &A upon adsorption of oxygen on 
Cu(100) at different temperatures. 
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and remains constant upon further oxygen exposure. The ellipsometric data and 
their plane-specificity will be discussed in more detail in a forthcoming paper [30]. 

3.1.2. Adsorption of oxygen 
Examples of oxygen adsorption curves resulting from off-null irradiance mea- 

surements [26] are presented in fig. 3. The oxygen pressures were in the lo-‘- 
lo-’ Torr range. In the considered temperature range (25-4OO’C) and exposure 
region (91200 L) the maximum 6A attained is 0.8’. The rate of change of 6A 
appeared to be proportional to the pressure and increased with increasing tempera- 
ture. No effect of the ionization gauge could be detected. 

With LEED an increase in background intensity was observed initially. The 
(d2 Xd2)R45’ pattern was visible after FA = 0.5”. We did not observe the 
“4-spot” pattern observed by other authors [I ,3,6-81. When 6A was about equal 
to 0.7’ extra spots due to a (d2 X 2d2)R45” pattern became visible. The latter 
pattern was at its most distinct at 6A = 0.8”. 

Because changes in work function upon exposure of oxygen to Cu(100) have 
recently been reported in detail by other authors [7,8], they will be discussed here 
only briefly. As shown in figs. 1 and 3, 64 increases upon the initial interaction 

with O2 and reaches a maximum (250-350 meV, dependent on 2) when 6A = 
0.4-0.5’. Thereafter S@ decreases, to about zero when T< 350°C, and to values 
slightly larger when T> 350°C. This behaviour is in accordance with refs. [7] and 

Exposure ( L x IO2 1 

Fig. 3. 6A versus exposure of 02 to a clean annealed Cu(100) surface (solid lines, experimental 
errors indicated). The symbols denote the integral of eq. (2) with: (0) s(O) = 9.2 X 10m3, (0) 
s(0) = 1.9 X lo”, (=) s(O) = 4.4 X 10e2, (o) s(0) = 6.1 X 10T2; So versus exposure at room 
temperature. 
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[8], except that the maximum does not coincide with 0 * 0.5 @A = 0.65”), 

although it was suggested in ref. [7] that it did. 

3.2. The high exposure region (stage C) 

After 6A had reached saturation, no changes in SA, 6 Jl, Sq5, oxygen Auger signal 
or in the LEED pattern could be observed during exposures up to 5 X lo4 L (figs. 1 
and 4). A further linear increase of 6A occurred after this induction period, 
together with an increase of the background intensity of the (t/2 X 2d2)R45’ pat- 
tern. The rate of change of A increased with increasing temperature and appeared 
to be proportional to the oxygen pressure in the pressure region considered (5 X 
lo-‘--8 X 10” Torr). 

During the above-mentioned induction period oxygen had to be in the gas phase: 
the length of the period was inversely proportions to the oxygen pressure and 
rather independent of the temperature. This behaviour holds for sputter-cleaned 
and annealed surfaces. When a surface, exposed to oxygen up to -lo4 L or more, 
was cleaned by reduction with CO, the next induction period was about 50% 
shorter. The induction period even totally disappeared after a second oxidation- 
reduction cycle. 
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Fig. 4. SA versus exposure of oxygen to a clean annealed Cu(100) surface (off null irradiance 
measurements). Experimental errors indicated. 
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3.3. Discussion 

The initial interaction of O2 with Cu(100) can be divided phenomenologically 
into the three stages A, B and C (fig. l), as described above. 

As in refs. [7] and [8], we regard stage A (formation of the (d2 Xd2)R45’ 
pattern) as a chemisorption process; arguments for this are that $ initially increases 
and that apparently the (42 Xd2)R45’ LEED pattern does not originate from a 
reconstructed surface. The initial sticking coefficient s(O) of O2 on Cu(100) at 

25”C, obtained with the calibration described in section 3.1 .l appears to be 9 X 
10m3. In view of the experimental errors in exposure scales, this value agrees reason- 

ably well with s(0) = 0.03 of ref. [7]. 
As shown in fig. 3 the adsorption curves up to 6A = 0.55” can be described with 

simple second order kinetics. The symbols in this figure represent the integral of 

s(t)‘) = s(O)(l - #)a . (2) 

It has been assumed that 6A = 0.65’ represents the saturation coverage of the 
chemisorption stage with 0 = 0.5, and that the surface consists of specific sites of 
two nearest-neighbour (nn) copper atoms; thus 0’ = 20. As discussed in ref. [27] 
eq. (2) can be obtained in two ways. Firstly one can assume Langmuir kinetics, 
according to which physisorbed oxygen molecules are supposed to have a negligible 
effect on the chemisorption kinetics and a gas molecule has a probability s(O) for 
chemisorption, only when it impinges on an empty nn site pair. In order to obtain 
eq. (2) the chemisorbed atoms should be distributed randomly over the sites; thus 
the nn interaction energy w [31] should be about zero. Secondly one can assume 
precursor-state kinetics. Then w = 0 also and the precursor-state parameter K, 
defined in refs. [27,31], must be equal to one to give eq. (2). 

The Arrhenius plot of s(O) (fig. 5) shows that the apparent activation energy, 
Eact , increases with increasing crystal temperature. Phenomenologically two regions 
can be distinguished: T < 200°C with Eact = 1.3 kcal/mol and 200 < T < 4OO’C 
with Eact = 3.5 kcal/mol. A similar temperature dependence has been found for the 
chemisorption of O2 on Cu(ll1) [26]. There E,, was 1.7 kcal/mol for T < 23O’C 
and 4 kcal/mol for 230 < T < 400°C. On the Cu(ll1) plane the sticking coefficient 
appeared to be initially independent of the coverage, which has been explained with 
a precursor-state model. Because of the similarity in temperature dependence ob- 
served for both planes, the adsorption mechanism may also be the same and the 
precursor-state model may also hold for Cu(100). In this model the activation 
energy is interpreted as the difference between the energy barriers for chemisorp- 
tion and desorption of fully accommodated precursor molecules provided the 
probability 01 of trapping in the precursor state is independent of T. The change in 
apparent E,,, may be due to a change in (Y. The adsorption curves give no indication 
for the occurrence of two different processes in the two temperature regions. 

The deviations from the second order kinetics at 6A > 0.55’ (fig. 3) are proba- 
bly due to an overlap between the formation of the phases corresponding to the 
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Fig. 5. Arrhenius plot of s(O) for adsorption of 02 on CWOO). 

(42 X -,/2)R4S” LEED pa tt ern and the (42 X 2-,/2)R4S” pattern; the existence of 
this overlap has already been mentioned by Lee and Farnsworth [l]. The overlap 
may also explain the position of the maximum in the &#J curves. The 6A versus 
exposure curves show no discontinuities. Fig. 6 shows an Arrhenius plot of the rate 
of change of S A at 6A = 0.7’ (kB), From the slope an apparent activation energy of 
3.2 + 0.4 kcal/mol is obtained, in agreement with ref. [7]. The difference between 
&.. for 0 < 66 < 0.55O (1.3 kcallmol) and Eact at SA = 0.7” for 25 < T < 200°C 
indicates that in this temperature region a different process is rate limiting at the 
different coverages. 

Benndorf et al. [8] have reported that the value of the maximum of the change 
of the work function upon interaction of O2 with Cu(100) decreases with 
increasing T for T< 200°C and increases slightly for 200 < T< SOO'C. This can 
now be explained. Since for 25 < T < 200°C the apparent activation energy for 
stage A with increasing &I (1.3 kc~~mol) is lower than for stage B with decreasing 
Srg (3.2 kcal/mol), the S$ maximum is attained at decreasing coverages for 
increasing temperature. For T> 200°C the activation energy in stage A (3.5 kcalj 
mol) is slightly larger than in stage B (3.2 kcal/mol), thus the S$J maximum will 
show a small shift to higher coverages and the value of the maximum will slightly 
increase. 

In agreement with other authors [7,8,18] we regard stage B as being mcorpora- 
tion of oxygen in the topmost copper layer, which gives rise to a (42 X 21/2)R45” 
LEED pattern, a decrease of &#I and a slight deviation from the proportionality 
between the oxygen Auger signal and 6A for 6A > 0.6’ (fig. 2). Both for Cu(ll1) 
[26] and for Cu(ll0) [28] we have strong arguments that a ratio of 2.3 holds for 
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Fig. 6. Arrhenius plots of the rate of change of SA at 6A = 0.7 (kg) and in stage C (kc) 
trary units). 

farbi- 

the 6A per 0 atom in stage A to the 6A per 0 atom in stage B. If this ratio is 
assumed to hold for the Cu(100) system as well, then the oxygen coverage at 6A = 
0.8” ((1/2 X 2d2)R4S” LEED pattern) is % of a monolayer, which is in excellent 
agreement with ref. [18]. With this calibration a sticking coefficient at 0 * 0.5 of 
1.5 X low3 around 200°C is calculated. This value is one order of magnitude larger 
than for Cu(l10) and three orders larger than for cu(ll1). If, as suggested by 
other authors [7], the coverage at the (‘2 X 2d2)R45” pattern is one monolayer, 
the value for ~(0.5) becomes twice as large. 

Stage C is characterized by an induction exposure (-5 X la4 L) and thereafter 
an increase in 6A. The length of the ~duction period is detested by the oxygen 
pressure, but no oxygen uptake could be registered with any of our techniques. We 
suggest that during this period a number of nuclei of some kind are formed, which 
still remain after reduction with CO in our conditions. The rate of change of 6A 
after this induction period has been depicted in an Arrhenius plot (kc, fig. 6). From 
this plot an apparent activation energy of 4.5 f 0.3 kcalfmol is obtained, which is 
equal to the apparent activation energy for the similar stage on Cu(ll0) 1281, 
where no induction effect has been observed. Further comparison shows that the 
rate of change of 6A is also roughly equal for both planes, indicating that a non 
plane-specific process is rate limiting. The proportionality of the rates to the 
oxygen pressure suggests that the rate limiting process takes piace at the surface. 
This process could be the dissociation of a physisorbed molecular precursor state. 
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In the present work no measurements were performed in the exposure range of 
lo6 L, where a further change of Q and the Auger signal [8] has been observed and 
CuzO formation has been reported to start [21]. Jardinier-Offergeld and Bouillon 
[32] have studied the kinetics of the formation and growth of oxide nuclei on a 
Cu(100) surface at oxygen pressures in the range 104-10-3 Torr and at tempera- 
tures of 5 l l-735’C with a microgravimetric technique. If their results are extra- 
polated into our temperature range, it would appear, as with Cu( 110) [28], that in 
the present study the critical oxygen exposure at which the formation and growth 
of nuclei starts was not reached. 

4. Decomposition of NzO 

Exposures of NzO to a clean annealed Cu(100) surface were carried out at pres- 
sures between 1 X lo-’ and 8 X lo4 Torr and at crystal temperatures ranging from 
25 to 400°C. During the exposures the ion gauge was switched off to prevent the 
formation of NO species [26]. 

In fig. 7 6A is depicted as a function of NzO exposure at different temperatures. 
Auger spectra did not show any peak that could be attributed to nitrogen. Fig. 7 
shows that the initial reaction probability (number of oxygen atoms deposited per 
incident NzO molecule) increases with increasing temperature and that in our 

exposure region (<lo6 L) 6A saturates at 0.8’ for T > 270°C. As with O2 a (d2 X 
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Fig. 7.6A versus exposure of N20 to a clean annealed Cu( 100) surface. Off-null irradiance mea- 

surements. 
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Table 1 
Decomposition probability of NzO at zero coverage as a function of crystal temperature 

T (“Cl 2.5 120 170 215 270 320 370 

s(0) x 104 0.5 2 2.5 4 6.5 6 8 

t/2)R45’ LEED pattern was observed around 6 A = 0.6” and a (42 X 242)R45’ 
pattern at &A = 0.8”. 

At room temperature the initial reaction probability s(O) is 5 X lo-‘. Values of 
s(O) at different temperatures are given in table 1. For s(O) an apparent activation 
energy of 3.2 kcal/mol is found; the preexponential factor appears to be about 
10-2. 

The reaction probability decreases exponentially with 0, and Arrhenius plots at 

different &A reveal that the apparent activation energy increases with B (e.g. Eact = 
6.4 kcallmol at &A = 0.5”). A strong decrease of s with 0 and an increasing activa- 
tion energy have also been observed for N20 on Cu(ll0) [27]. Both for Cu(ll1) 
and for Cut1 10) a precursor-state model has been proposed to explain the kinetics 

of the NzO decomposition [26,27]. So we suggest that the precursor model is also 
appropriate for Cu(lO0). A more detailed discussion of the kinetics of the NzO 
decomposition on the three low-index copper planes will be given in a forthcoming 
paper [33]. 

The decomposition of N20 on a surface covered with about half a monolayer 
oxygen atoms occurs more easily on Cu(100) than on the other low-index copper 
planes (fig. 7). If it is assumed that the (42 X 242)R45’ LEED pattern corresponds 
to 2 monolayer of oxygen atoms, then a decomposition probability of 5 X 1K6 at 
6A = 0.7’ and 27O”C, for instance, can be calculated. This behaviour is comparable 
with the interaction of O2 with Cu(lOO), where th& incorporation of oxygen also 
occurs much more easily than on Cu(ll0) and Cu( 111). 

5. The oxidation of CO by preadsorbed oxygen 

5.1. Initial oxygen coverage <0.5 monolayer 

Surfaces with various oxygen coverages were exposed to CO at pressures of 2 X 
lo+--8 X 10e4 Torr and at crystal temperatures of 200-400°C. During the 
exposures the ionisation gauge was switched off to prevent the formation of reac- 
tive CO species [26]. 

In fig. 8 6A is depicted as a function of CO exposure to a surface on which 
oxygen had been deposited up to 6A = 0.6”. The rate of change in 6 A increases 
with increasing crystal temperature and with decreasing oxygen coverage. From 
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Fig. 8. &A versus exposure of CO to a Cu(100) surface with preadsorbed oxygen at different 
temperatures. Off-null irradiance measurements. 

experiments with different initial SA @A < 0.6’), it appeared that d@A)/d(pt) was 
only a function of 6A and T, but not of the initial 6A or the CO pressure p. The 
curves for surface oxygen originating from O2 and from NsO turned out to be 
identical LEED patterns showed only an increased background for 6A G 0.4’. 
After the CO exposures, a small amount of oxygen was still present on the surface, 
as could be detected with AES. 

As in the case of this reaction on Cu(l10) [27], the increase in the rate of 
change of 6A with decreasing oxygen coverage is explained by .the occurrence of 
the Langmuir-Hinshelwood mechanism; thus for the reaction to take place the CO 
molecule must be adsorbed on a free copper site. In our experimental conditions 
only a very small amount of CO is adsorbed on Cu(100) [24,34,35], this amount 
being proportional to the CO pressure. Because the chemisorption stage appears to 
overlap with the incorporation stage around &A = OS”, the definition of the cover- 
age at which the CO reaction started, was very poor. So we did not attempt to fit 
the curves of fig. 8 to a model. 

In fig. 9 (line A) the values for the reaction probability P (defined as the number 
of oxygen atoms removed per incident CO molecule), calculated in the nearly linear 
midway part of the curves of fig. 8, are depicted in an Arrhenius plot. At 25O”C, P 
is 8XlO”;E act appears to be 6.9 + 0.4 kcal/mol. To obtain the activation energy 
for the reaction Goad t Oad -+ COzt the heat of adsorption of CO on Cu(100) must 
be added. An exact value is not known, but in ref. [24] it is reported that it is inter- 
mediate between the value for Cu(ll1) (lo-12 kcallmol [36,37]) and that for 
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Fig. 9. Arrhenius plots of reaction probabilities P for the reaction of CO with adsorbed oxygen: 
(0) initial oxygen coverage 6A < 0.6’ (line A), (a) initial oxygen coverage 6A = OX’, (0) initial 
oxygen coverage SA = 1.2’ (line B). 

Cu( 110) (13.1 kcal/mol [38]). Thus the activation energy for the reaction CO,d + 

C&j --f CO? is found to be 19-20 kcallmol. 

5.2. Ini~~~ oxygen coverage X.5 monolayer 

Fig. 10 shows 6A, 6 J/, S#I and the oxygen Auger signal as a function of CO 
exposure at 33O’C to a surface with preadsorbed oxygen up to ?5 A = 0.8’. Initially 

6A and h&zcu decrease slowly, but at 6A = 0.5-0.6° the rates of change increase. 
The other ellipsometric parameter SJ/ remains constant till 6A = 0.4” and there- 
after decreases. The work function change reaches a maximum of about 160 meV 
at 6A = 0.6*. 

In fig. 11, 66. versus exposure curves are depicted for different temperatures; 
the initial SA was 0.8”. At the higher temperatures the reaction rate at 6A a 
0.55-0.65° is practically zero. At lower temperatures and also after an oxida- 
tion-reduction cycle without sputtering and annealing, no such discontinuity was 
observed. Finally in fig. 12, 6A is given as a function of CO exposure to surfaces 
with preadsorbed oxygen up to 6A = 1.2”. Here &A decreases faster down to 611 M 
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Fig. 10. Oxygen Auger signal (AES), 6A, SJI and S# versus exposure of CO at 330% to a sur- 
face with oxygen preadsorbed up to SA = 0.8’ (&A and S$I obtained by two-zone measure- 
ments). 
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Fig. 11. 611 versus exposure of CO to a surface with preadsorbed oxygen up to SA = 0.8O (off- 
null irradiance measurements). 



218 F.H.P.M. Habraken et al. /Adsorption of oxygen on Cu(IO0) 

- co exposure (Lx IO51 
Fig. 12. SA versus exposure of CO to a surface with preadsorbed oxygen up to 6A = 1.2O (off- 
null irradiance measurements). 

0.6-0.7’, whereafter the rate of change of 6A becomes constant down to 6 A = 
0.3”. In such measurements the S$ maximum was lower than 50 meV. 

After the CO exposures a small amount of oxygen was still present on the sur- 
face, as monitored with AES. 

In fig. 9 we have plotted apparent values for P calculated from figs. 11 and 12 at 
6 A = 0.35”) using the calibration of eq. (1). 

If the initial coverage corresponds to 0.6” < 6A < 0.8’, the probabilities, calcu- 
lated as indicated above, coincide with line A for T> 36O”C, but for lower tem- 
peratures they appear smaller. This temperature dependence can be understood 
from the shapes of the curves of fig. 11: at the higher temperatures (378 and 
4OO’C) at first as a net effect the incorporated oxygen is removed completely, and 
thereafter chemisorbed oxygen reacts. The near-zero reaction rate is in this view 
caused by the blocking of the CO adsorption sites by oxygen adatoms. This does 
not seem to be the case at the lower temperatures, where the stage with a near- 
zero reaction rate has disappeared. 

The apparent reaction probabilities may be smaller for several reasons. Firstly, 
different processes may be involved at the same time, which implies that the mean 
ellipsometric sensitivity is lower than that given by eq. (1). Another reason may be 
the mechanism, proposed in ref. [28] to explain the reduced reaction probabilities 
for the same reaction on Cu(ll0) at higher initial oxygen coverages. According to 
this mechanism the growth of islands of bare copper surface is inhibited by small 
domains, which still contain incorporated oxygen. 
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At temperatures 350-450°C, Ertl [25] has obtained a large value (30 kcal/mol) 

for the activation energy of the reaction of CO with oxygen, adsorbed in the (42 X 
2d2)R45” structure. His measurements correspond approximately to our measure- 
ments of fig. 11, which indeed exhibit a large apparent activation energy in the con- 
sidered temperature range (cf. fig. 9). 

The points on line B (fig. 9) represent the apparent reaction probabilities taken 
at 6A = 0.35’ from the curves with initial 6A = 1.2’ (fig. 11). The slope of line B 
gives 7 kcal/mol for the apparent activation energy. This indicates that for lines A 
and B the same reaction is rate limiting, namely the reaction of adsorbed CO with 
oxygen on the surface. The considerations given above may apply also for line B; 
thus line B does not represent precise absolute values for the reaction probabilities. 
For the type of investigations described here it would be very useful to know the 

amount of CO2 produced in the several stages of the reaction. 
Finally, it should be mentioned that at the higher oxygen coverages (x.5) there 

must be empty sites on the surface where the CO molecules are able to adsorb and 
react with an oxygen atom in their vicinity, because in all these cases a non-zero 
reaction rate has been observed, even at completed superstructures (e.g. the (d2 X 
2d2)R45’ pattern at 6A = 0.8”). 

6. Summary and comparison with Cu(ll1) and Cu(ll0) 

A detailed evaluation of data obtained on the three planes is given in ref. [39]. 

6.1. Kinetics in the chemisorption stage 

On Cu( 100) and (111) independent of the temperature the same linear relation- 
ships were observed between the change in the ellipsometric parameter A, &A, and 
the amount of adsorbed oxygen. At room temperature this relationship was also 
found for Cu(ll0). However, there 6A and the change in the other ellipsometric 
parameter, S$, appeared to be functions of the azimuth of the plane of incidence 
of the light beam and of the temperature. A calibration of 6A and the oxygen 
Auger signal was obtained via LEED patterns. 

On the three planes upon chemisorption of Od during the reaction with O2 and 
the decomposition of NsO (NsO + Nst t O,d) a saturation coverage 0 of about 0.5 
(oxygen atoms per copper surface atom) was obtained, strongly suggesting dis- 
sociative adsorption of OZ. At this coverage Cu( 110) (2 X 1)-O and Cu(lOO)- 

(d2 Xd2)R45’-0 patterns were observed, whereas on Cu(ll1) the adsorption 
takes place randomly. 

At room temperature the initial sticking coefficient s(O) for O2 increases in the 

order Cu(ll1) (s(0) = 10m3), cU(100) (10T2) and Cu(ll0) (0.2). For (111) and 
(100) the apparent activation energy depends on the sample temperature and is 
about 1.5 kcallmol for 25 < T < 2OO’C and 3.8 kcal/mol for 200 < T < 400°C. On 
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Cu(ll0) s(0) appeared independent of the temperature. On Cu(l11) s(0) remains 
constant up to 6 m 0.3, whereas on the other two planes s(6) drops rapidly with 
increasing 8. For the explanation of the experimental data for O2 precursor kinetics 
is favoured over Langmuir kinetics. 

The rate of decomposition of NzO depends strongly on the crystallographic 
orientation of the surface. The initial reaction probability s(O) at room tempera- 
ture decreases in the order ~~110) (s(O) * O.lS), (100) (5 X lo-‘) and (111) 
(extrapofated value WIO”‘g). The measured activation energy Eact increases in the 
order (110) (-2 kcaljmol), (100) (3.2 kcal/mol) and (111) (10.4 kcaljmol). The 
decrease of s as a function of 8 is slower on Cu( 111) than on (110) and (100). On the 
latter two planes Eact increases with increasing coverage. A larger Eact appears to be 
accompanied by a larger preexponential factor (compensation effect). 

The oxidation of CO by preadsorbed oxygen appears to be a non plane-specific 
reaction. The probability for an incident CO molecule to react is about lo-’ at 
temperatures ranging from 200 to 4OO’C. It is proposed that the reaction proceeds 
between two chemisorbed reactants (L~~uir-HinsheIwood mechanism). The ob- 
served small differences in measured activation energies are compensated by differ- 
ences in heats of adsorption of CO on the various planes. For the reaction of 
adsorbed CO with adsorbed oxygen an activation energy of 19 to 20 kcal/moI is 
obtained. No differences have been found for surface oxygen ori~nating from 02 
or N20. 

6.2. Stages of initial oxidation 

For Cu(l10) and Cu( 100) three stages in the initial interaction with O2 are dis- 
cerned, The first (chemisorptio~) stage is accompanied by an increase in work func- 
tion. After a maximum has been reached (370 meV for Cu(110) and 330 meV for 
CuflOO)), the work function decreased upon further oxygen exposure. The 
decrease amounted to 80 meV on Cu(1 IO) and 330 meV on Cu(lO0) and is inter- 
preted to be caused by incarporation of oxygen beneath the surface but in the 
immediate surface region (second stage). In this stage J/ remained constant, whereas 
6A and the oxygen Auger signal increased, although less strongly than in the first 
stage. At 2OO’C the sticking coefficient at the start of the second stage is about 
lo4 on Cu(ll0) and 10e3 on Cu( 100); the apparent activation energies are 
4.5 kcaljmol for Cu( 110) and 3.2 kcal/mol for Cu( 100). At the end of the second 
stage, where S@ and the oxygen Auger signal become constant, on Cu( 110) a ~(6 X 
2) and on Cu( 100) a (42 X 2d2)R4S” LEED pattern was observed. The coverage is 
proposed to correspond to about one monolayer on (110) and i on (100). 

In the third stage only &A changed upon further oxygen uptake, on Cu(ll0) 
~med~tely after the second stage, and on CuflOO) after an incubation exposure. 
For both planes the rate of change of cSA is equal: s amounts to 10e5 at 2OO’C and 
f& to 4.5 kcal/mol. 

The surfaces, oxidized up to the third stage, can nearly totally be reduced with 
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CO. At equal coverages the reaction probability is smaller for larger initial oxygen 
coverages. 
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