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Abstract 

Oxygen can exist either on the surface or in the sub-surface region of Rh(lll) .  There are clearly different thermal desorption 
signatures for these two states. In this Letter, we report on experiments examining the dynamical paths for oxygen recombination 
and desorption arising from the two states by measuring the velocity distributions of the desorbing Oz. The results are well 
represented by identical Maxwell-Boltzmann velocity distributions, significantly hotter than the surface temperature. We conclude 
that surface and sub-surface oxygen share a common dynamical state prior to desorption. 
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1. Introduction 

Much is known about the interactions of oxygen 
with the Rh(111) surface. At elevated surface tem- 
peratures, certainly above 200 K, oxygen is dissoci- 
atively adsorbed, with a saturation coverage of 0.5 
monolayers (ML) [1,2]. Two ordered structures 
are observed, at 0.25 and 0.5 monolayers [2-4]. 
These both exhibit (2 x 2) diffraction patterns, due 
to a (2 x 2) overlayer at 0.25 ML, and due to 
rotated (2 x 1) domains at 0.5 ML. He diffraction 
measurements indicate that these structures can 
exist to at least T~= 525 K [3-5]. With continued 
exposure at T~ >1400 K, oxygen is also absorbed 
into the sub-surface region at an appreciable rate 
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[3,6]. Temperature programmed desorption 
(TPD) experiments, where the temperature of the 
surface is ramped while measuring the intensity of 
desorbed oxygen, shows that the desorption of 
0.5 ML of surface adsorbed oxygen occurs over a 
wide temperature range, ~ 650-1250 K. In contrast 
to this, the sub-surface oxygen desorbs predomi- 
nately in a sharp peak over a very narrow temper- 
ature range. Therefore, there is a clear signature of 
when much of the absorbed oxygen leaves the 
selvedge. We used this observation to ascertain 
whether there is a difference in the dynamical paths 
for gas phase Oz originating fron~ the recombina- 
tion of surface and sub-surface oxygen atoms. This 
was accomplished by comparing the time-of-flight 
(TOF) spectra of Oz desorbing from a crystal with 
0.5 ML of surface oxygen and Oz desorbing from 
a crystal having both adsorbed and absorbed 
oxygen in the initial state. 
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tie experiments exist for hydrogen and 
u~ut~mUl, fOF measurements have been done for 
D2 and H2 desorbing from Ni and Cu single 
crystals, after permeation of the atoms through the 
bulk [7,8]. The results can be rationalized with 
dissociative adsorption measurements through the 
principle of detailed balance [9-12]. It therefore 
appears that the atoms permeate to the surface 
where they reach local equilibrium, recombine, and 
desorb. However, there are examples of differing 
surface chemistry when atoms are adsorbed or 
absorbed. Hydrogen atoms, formed by thermal 
dissociation of H2 on a hot filament, can be 
absorbed into Ni under UHV conditions [13]. 
These atoms can then hydrogenate CH3 and C2H4, 
something that adsorbed H cannot accomplish 
[14,15]. 

2. Experimental 

These experiments were performed in a scatter- 
ing machine more thoroughly described elsewhere 
1"16,17]; only the essential features will be men- 
tioned here. The UHV scattering chamber has a 
differentially pumped quadrupole mass spectrome- 
ter with an angular resolution of 1 °. Attached to 
the detector housing is a doubly differentially 
pumped housing containing an AC hysteresis 
motor for driving a post-crystal chopper with a 
511 channel cross-correlation pattern, spinning at 
195,69 Hz ( 10 las/channel). This chopper interrupts 
the 02 desorbing from the Rh( l l l )  crystal at a 
distance of 10.5 cm from the electron impact ion- 
izer. Detection was done normal to the crystal 
surface. 

Room temperature molecular beams of both 02 
and NO2 were used to dose the crystal with oxygen. 
NOt was used because it decomposes and deposits 
oxygen more readily than an 02 beam [3]. For 
absorbing large quantities of oxygen, we dosed the 
crystal for up to an hour at T~--650 K. For the 
TPD spectra~ we grew a saturation coverage of 
0.5 ML by exposing the crystal to the Oz beam for 
20 rain at T~-- 300 K. It was found that an exposure 
to this same beam for 5 min at T~=450 K gave 
saturation coverage with <0.1 ML of oxygen in 
the bulk; this dosing procedure was used for the 

TOF experiments. TPD spectra were taken at a 
ramp rate of 10 K/s, using the same detector as 
was used for the TOF measurements. The quantity 
of oxygen ad- and absorbed was determined by 
comparing the total integrated TPD signal with 
that of the saturated 0.5 ML state. The precision 
of the coverage measurements is about +0.1 ML. 

For 0.5 ML of adsorbed oxygen, the TOF meas- 
urements were made while ramping the surface 
temperature up to 1250 K at 10 K/s. The TOF 
measurements for the sub-surface oxygen were 
taken while ramping the temperature at 10 K/s, 
terminating at a temperature just above the posi- 
tion in the TPD spectra of the sharp peak due to 
the presence of absorbed oxygen. Each experiment 
was repeated several times, and the results added 
together to enhance the signal-to-noise ratio. 
During the experiments with both surface and sub- 
surface oxygen, some of the surface oxygen 
desorbed, but <0.25 ML, so the spectra are domi- 
nated by desorption due to sub-surface oxygen. 

3. Results 

Fig. I shows a comparison of some oxygen TPD 
spectra taken with varying amounts of sub-surface 
oxygen. Fig. l b shows results when 02 was used 
for dosing, and Fig. lc shows results when NO2 
was used. For all dosing conditions oxygen desorbs 
over a wide temperature range, continuing until 
the surface reaches ~ 1250 K. This is shown in 
Fig. la for 0.5 ML of adsorbed oxygen. The entire 
desorption spectra are not shown in Figs. l b and 
lc so that we can present an expanded view of the 
desorption peaks due to sub-surface oxygen. 
Clearly, for both 02 and NO2 dosing, there is a 
systematic shift of the peaks to higher temperature 
as the quantity of sub-surface oxygen increases. A 
second significant feature is that, for equivalent 
quantities, desorption of sub-surface oxygen occurs 
at a higher temperature when deposited using NOz 
rather than 02. To determine whether the differ- 
ence might be due to co-absorbed nitrogen, we 
also looked for NO and N2 desorbing after NO, 
dosing, but were unable to detect any. In the case 
of N2, however, our relative sensitivity is low 
because of the high m/e= 28 background in our 
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Fig. 1. TPD spectra of 02 desorbing from R h ( l l l  ), with a 
ramp rate of 10 K/s. (a) Shows the results for a saturation 
coverage of 0.5 ML of adsorbed oxygen. The ramp rate is 
slowing near the end of the spectrum, thus the greater density 
of points. (b) Shows the results for varying amounts of ad- and 
absorbed oxygen deposited by Oz dosing, and (c) shows some 
results when NOz was used to deposit the oxygen. 

detector. The desorption of N, from the decompo- 
sition of NO adsorbed on Rh(111) has been 
observed to occur below the temperature at which 
sub-surface oxygen desorption occurs in our 
spectra [18-20]. The desorption of nitrogen 
deposited on the surface with an N atom source 
has also been investigated [21], and the desorption 
temperature is again lower than we observed for 

the desorption of sub-surface oxygen. However, in 
none of these experiments was the crystal dosed at 
as high a surface temperature as was used here. 

Fig. 2 shows TOF spectra for desorbed 02 aris- 
ing from three different amounts of dosed oxygen; 
in all three cases an 02 beam was used to deposit 
the oxygen. These include desorption of 0.5 ML of 
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Fig. 2. Deconvoluted O~ TOF spectra (circles) and least squares 
fits (lines) for varying amounts of ad- and absorbed oxygen, all 
taken after 02 dosing. The dashed line for 0.5 ML of adsorbed 
oxygen (a) is what would be expected if the Oz were desorbing 
at the surface temperature of the crystal (see text). The dashed 
lines in (b) and (c) are expected TOF spectra for the surface 
temperature at which most of the desorption occurs for the 
given amount of oxygen. 
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...... oxygen (Fig. 2a), and desorption 
of a mixture of surface and sub-surface oxygen, a 
total of 1.0 ML (Fig. 2b) and 1.2 ML (Fig. 2c). To 
arrive at the results shown, we took the cross- 
co l la t ion  data collected from successive runs and 
added them together. The raw data was then 
smoothed by a running three-point average; aver- 
aging each point with its two nearest neighbors. 
The smoothed spectra were then deconvoluted 
from the cross-correlation sequence, with the result 
shown by the circles in Fig. 2. Each solid line is 
from a nonlinear least squares fit using a Maxwell- 
Boltzmann velocity distribution, 

( -m,v2~ 
f(v)o¢ v s exp kbTg / (1) 

(where m s is the mass of a gas atom, kb is 
Boltzmann's constant, and T s is the temperature 
of the gas molecules), convoluted with the instru- 
mental broadening due to the finite length of the 
ionizer. The resulting best fit values of T s are 
1175 K for 0.5 ML of adsorbed oxygen, 1159 K for 
1.0 ML oxygen, and 1182 K for 1.2 ML. The worst 
case error for T s, estimated using twice the stan- 
dard error from the least squares fit ,  was 
1000-1360 K (172=234 meV) for the 0.5 ML data. 

Fig. 3 shows TOF spectra for O2 desorbing after 
depositing oxygen with an NOz beam. The total 
quantity of ad- and absorbed oxygen was 0.9 ML 
for the spectrum tn Fig. 3a and 1.5 M L for the 
spectrum in Fig, 3b. These coverages straddle the 
coverages from O2 dosing shown in Figs. 2b and 
2c, but the fitted values of T s are nearly identical, 
1176 and 1170 K, respectively. 

4. Discussion and conclusions 

The TOF spectra shown in Figs. 2 and 3 are 
essentially the same, regardless of the initial oxygen 
dose or source of oxygen, and can be described by 
Maxwell-Boltzmann velocity distributions with 
T s ~ 1175 K, It is important to note that indepen- 
dent fits to each desorption TOF spectrum of Figs. 
2 and 3 gave the same result, with T s varying from 
1170 to 1182 K. Even if the data are not exactly fit 
by MaxwelI-Boltzmann velocity distributions, the 
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Fig. 3. Deconvoluted 02 TOF spectra (circles) and legist squares 
fits (lines) for varying amounts of ad- and absorbed oxygen, all 
taken after NO2 dosing. 

close similarity of the results still strongly suggests 
that the velocity distributions are the same. 

That all of the velocity distributions are identical 
within the precision of our measurements indicates 
that the mechanism for the desorption of recombi. 
natively formed 02 from ad- and absorbed oxygen 
is the same. There are at least two possibilities for 
the similarity. One is that the absorbed oxygen 
segregates to the surface, where it first eq~i!ibrates, 
recombines, and then desorbs. The other is that 
ther~ is some difference between the recombination 
of initially ad- and absorbed oxygen, but that the 
recombined oxygen is trapped or adsorbed on the 
surface before desorption occurs. It is important to 
note that the TOF spectra are the same even though 
the TPD spectra are quite different. This is especially 
true for the results from NO2 and 02 dosing, where 
the difference in the TPD spectra indicates either a 
difference in where, and at what local concen- 
trations, oxygen is absorbed, or the presence of 
some co-absorbed cr co-adsorbed nitrogen. 
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Another aspect of the data is that T 8, the temper- 
ature of the desorbing gas, is noticeably hotter 
than the surface temperature. This is most clearly 
shown for the experiments with sub-surface oxygen, 
where most of the 02 desorbed in a narrow temper- 
ature range at surface temperatures between 800 
and 900 K, as shown by the dashed lines in Figs. 
2b and 2c. It is also true for saturation coverage 
of the overlayer, 0.5 ML, shown in Fig. 2a. The 
dashed line is an approximation to the expected 
TOF spectrum if the desorbing O2 were to come 
off at the surface temperature. This was derived by 
dividing the 0.5 ML TPD spectrum into six seg- 
ments from 650 to 1250 K, each 100 K long. TOF 
spectra were calculated using the temperature at 
the midpoint of each segment for T 8, and then 
added together, weighted by the relative intensity 
of each segment in the TPD spectrum. The result 
is much cooler than the measured spectrum (it is 
close to a Maxwell-Boltzmann velocity distribu- 
tion with T s = 900 K), with the leading edge of the 
experimental distribution clearly faster than that 
of the calculated surface-thermalized distribution. 
One possibility to explain this result is a potential 
barrier between oxygen on the surface and in the 
gas phase, best investigated by molecular beam 
sticking experiments. 

In conclusion, we have measured the velocity 
distributions of desorbing oxygen originating from 
the surface and sub.surface regions of Rh(l l l ) .  
The results arc well represented by identical 
Maxwell-Boltzmann velocity distributions, sig- 
nificantly hotter than the surface temperature. We 
conclude that surface and sub-surface oxygen share 
a common dynamical state prior to desorption. 
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