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The behavior of oxygen on the basal plane of ruthenium has been studied at temperatures
above 300 K using uptake measurements, thermal desorption spectroscopy (TDS) and Auger electron spectroscopy (AES). A temperature-independent initial sticking coefficient of0.8 ±0.1 is calculated from uptake measurements made at 320 K and 900 K, while AES data at 320 K gives a
value of 0.62 ±0.05. At 320 K the sticking coefficient declines with exposure more rapidly
than at 900 K. Moreover, at 320 K the total oxygen uptake at saturation is less than at 900 K.
TDS measurements after saturation exposure show a single high temperature 02 desorption peak
(~1350 K) which is larger when the exposure temperature is 900 K than when it is 320 K. In
either case, the amount of 02 desorbed is significantly less than the amount adsoibed. A consideration of processes, other than 02 desorption, which can reduce the surface oxygen concentration indicates that penetration into the first few layers beneath the surface makes the most
significant contribution. Incorporation of oxygen into the subsurface region, upon heating a
surface saturated at 320 K, occurs with a measurable rate at temperatures as low as 400 K. The
distribution of oxygen in the first few atomic layers beneath the surface depends strongly on
the thermal history of the sample. A model which is qualitatively consistent with the data involves the rapid removal of a large amount of the surface oxygen by incorporation mainly into
the first subsurface layer followed by much slower uptake into the deeper layers.

1. Introduction
A significant amount of information exists about the chemisorption of oxygen
on Ru [1—171. It is rapidly adsorbed at 300 K on the basal plane (001) of Ru and
forms an ordered surface structure giving a full set of half-order (2 X 2) low energy
electron diffraction (LEED) beams with no reconstruction of the metal [11.Madey
et a!. [2] inferred from work function measurements that two binding states of oxygen can form at 300 K. They also calculated from thermal desorption spectra (TDS)
of 02 an initial sticking coefficient of 0.75 for 02 at 300 K. This calculation de~ Supported in part by the National Science Foundation, Grant CHE-7707827.
NSF Trainee.
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pends upon the assumption that at saturation the 0/Ru ratio at the surface is 0.5
(i.e., the oxygen coverage is 0.5 ML, ML monolayer). Recent studies [15] on a
stepped Ru (~001)crystal confirm this saturation coverage assignment and the
existence of two chemisorbed states depending on the coverage. Oxygen adsorption
is dissociative at low exposure pressures while its desorption is molecular and described by a single second order desorption peak. The onset of desorption is greater
than 1100 K and the peak maximum decreases from 1500 K to 1350 K with increasing coverage [1].
Most previous adsorption studies have been done at 300 K or lower and no thorough study has been made of the behavior of oxygen on Ru(001) at high temperatures even though there exists some evidence that thermal effects are important.
For example, Thomas and Weinberg [12] exposed a Ru(001) surface to 10 L 02 at
300 K and then heated the crystal to 1200 K. Using high resolution electron energy
loss spectroscopy (EELS) they observed a variation in the Ru—oxygen stretching
frequency which they attributed to the diffusion of oxygen into the bulk. Fuggle
et al. [3] reported some evidence that oxygen, not removable by heating to 1500 K
in vacuo, accumulated during the course of many desorption cycles. They proposed
that dissolution of a small amount of adsorbed oxygen could occur. In a recent
LEED and Auger electron spectroscopy (AES) study we observed similar behavior;
in particular, a very high 02 exposure of the order of 106 L at 300 K (after annealing a partially oxygen covered surface at 700 K) gave only integral order LEED
beams and a relative oxygen AES signal much greater than that assigned to monolayer coverage [15]. This suggests penetration of oxygen into the subsurface region.
In this paper we report the results of a study of thermal effects on the interaction
of oxygen with Ru(001) surface using adsorption transient, TDS and AES measurements. Oxide formation and/or oxygen dissolution is common for the group VIII
transition metals and, even under conditions where bulk oxides are thermodynamically unstable, relatively stable surface or subsurface oxides can be formed on Pt
[18], Pd [19,20] and Ir [21—23]. Evidence for oxygen incorporation at elevated
temperatures has also been reported recently for Ru(lOl) [11], Ru(100) [8,111
and Rh(l 11) [24]. The identification and understanding of such processes is of central importance in catalytic oxidations and provides the motivation for this study.

2. Experimental
The experiments were performed in two stainless steel IJIIV chambers. One system (TDS chamber) was ion pumped and designed specifically for TDS. The volume
was small (~
I .SQ) and the pumping was conductance limited (S/V = 4 s1). The
base pressure was 8 X 10—10 Torr after bakeout and usually rose to 2 X l0~ Torr
during the course of experiments. A Bayard—Alpert ionization gauge and a Varian
quadrupole mass spectrometer (QMS) were used for analysis of residual gases, TDS,
and the measurement of adsorption transients. The second system was a large cham-
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ber (~24Q)pumped by a 450Q s~ turbomolecular pump and equipped with PHI
4-grid LEED optics, a PHI single-pass cylindrical mirror analyzer (CMA) for AES,
and a Varian QMS. The sample was mounted as described below on a PHI manipulator. The limiting base pressure was 1.5 X 10~b0Torr and usually was 4 X 10_b
Torr during experiments.
Two single crystal samples of ruthenium (7 mm diameter) were cut by spark erosion from a rod obtained from Material Research Corporation (99.99% purity). After
the crystals were mechanically polished, using alumina powder, to a thickness of
0.2 mm, they were etched in hot regia for 2 h. The Laue X-ray backscattering pattern indicated an orientation within 10 of the (001) face. The crystals were mounted
by spotwelding three short tantalum wires (3 mm long, 0.25 mm dia.) to each side
of the crystal and to larger tungsten or stainless steel rods which passed through the
vacuum wall or connected to the manipulator. A W—W, 26% Re thermocouple was
spotwelded to the back of each crystal. The configuration allowed them to be heated
to 1650 K using an ac power supply. Above 1100 K the temperature was uniform
to ±10 K as checked by an optical pyrometer.
The crystals were cleaned by repeated heating and cooling cycles (300—1550 K)
in 5 X lO~ Torr 02 followed by heating in vacuo to 1650 K. This techniquehas
been commonly used; however, we found our treatment deviated from that reported
previously [25]. To produce a clean surface we often found it necessary to heat the
crystal in vacuo to 1650 K many times (~10)rather than once. The surface cleanliness was checked in the TDS system by the character of the CO desorption spectrum (this has been shown to be very sensitive to impurities [16]) and by AES in
the other chamber. After the initial clean-up, a clean surface could usually be restored by heating several times to 1650 K in vacuo. Occasionally, oxygen treatment
was required.
All AES measurements were made using a 3.5 kV, 5 pA electron beam and recorded in the derl’vative mode, dN(E)/dE. The peak-to-peak heights of three transitions were used to monitor the amount of oxygen in the surface region of the crystal: 0(515 eV), Ru(235 eV) and Ru(273 eV). The surface was considered free of
oxygen when the 515 eV signal was not detectable at a sensitivity 50X that giving
a full scale Ru(273 eV) signal. Carbon, as is well known, can not be easily detected
at very low levels, except in special circumstances [26], because of overlap with the
Ru(273 eV) signal. However, by calculating the ratio of the 273 eV to the 235 eV
transitions, evidence for changes in the C/Ru ratio can be obtained. In agreement
with other work [25], we found no evidence for carbon contamination in our experiments. Other elements, including sulfur and metals, were undetectable on the
clean surface. Electron beam damage effects were negligible.
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3. Results
3.1. Measurements of °2 adsorption transients
The sticking coefficient can be calculated as a function of exposure from measured adsorption transients (uptake curves). In such measurements the partial pressure of oxygen is monitored as a function of time using a constant input of oxygen
molecules. The input is determined by the final steady state 02 pressure.
Fig. I shows two 02 uptake curves, each with a final steady state 02 pressure of
1.3 X l0~ Torr. Curve (a) is obtained using a clean Ru surface; curve (b) is for an
oxygen saturated surface and gives the system response. The crosshatched region
represents the uptake of oxygen by the clean surface. The sticking coefficient S can
be calculated using the following formula:
5

=

K[P0(t)

—

P(t)]/P(t)

where P(t) and P0(t) are the 02 partial pressures at time t over the clean Ru surface
and the oxygen saturated surface respectively, and K is a constant ofproportionality
depending on the geometry and conditions of the systems. The constantK is given by
1/2,

K = 4B/A(8RT/ITM)
where B is the pumping speed of the gas of interest, A is the surface area of the
sample, R is the gas constant, T is the temperature and Mis the molecular weight of
the gas. In this work,K 0.586.
Fig. 2 shows the variation, determined from the uptake curves, of the sticking
coefficient S as a function of 02 exposure at 320 K and 900 K. The inset in fig. 2
expands the low exposure region and indicates that the initial sticking coefficient
S
0 for oxygen on Ru(OOl) at both temperatures is near 0.8 ±0.1, in excellent agree-
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Fig. 1. Partial pressure of 02 over Ru(001)at 320 K using a constant input of 02. Curve (a)was
obtained for a clean Ru(001) surface and curve (b) for an oxygen saturated Ru(001)surface and
represents the system response. Both curves are direct traces of a recorder plot of the QMS ion
current (mass 32) versus time.
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Fig. 2. Variation with exposure in the sticking coefficient S of 02 on Ru(001)at 320 (o)and
900 K (o). S was determined from adsorption transient measurements such as shown in fig. 1.
The inset shows more clearly the behavior of S at low exposures.

ment with other pork [2]. The interesting feature of this plot is that S at 900 K is
measurably larger than at 320 K for 02 exposures greater than 1.5 L. The saturation uptake of oxygen is increased by 25% when the adsorption temperature is increased from 320 K to 900 K.
Since the initial sticking coefficient is the same at 320 K and 900 K, the temperature dependence of S must be assigned to something other than activated chemisorption. If we write S = 50f(O) as is typical then we infer that any temperature
dependence must be implicitly contained in the coverage, 0. For most models, fl0),
and therefore 5, increases as 0 decreases. Consequently, we assume that some process,
other than 02 desorption, removes oxygen from the surface more rapidly at 900 K
than at 320 K. In this way, S is temperature dependent while S~is not.
3.2. TDS measurements
Thermal desorption measurements were made by resistively heating the substrate
with an accurately resettable low voltage, high current ac power supply.1.The
The heating
reproschedule was very reproducible and nearly linear at about 100 K s~
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Fig. 3. As a function of 02 exposure at 320 K, (a) the area under TDS curves and (b) the oxygen Auger peak-to-peak height. The curves were normalized at 7 L.

ducibility of the schedule is more important than its linearity for our purposes, and
the spectra were recorded as a function of time so that the amount of oxygen desorbed could be determined precisely. The temperature dependence of the spectra
were in agreement with those of Madey et al. [2] on Ru(00l). The position of the
peak maximum appeared at 1500 K and shifted to lower temperature with increasing coverage (1350 K at saturation) in qualitative agreement with second order
desorption. Because of the inaccuracy involved in determining the temperature of
the peak maximum, we did not calculate the kinetic parameters characterizing the
desorption of 02.
As a function of 02 exposure at 320 K, curve (a) in fig. 3 shows the amount of
oxygen desarbed. It is determined as the TDS area obtained by monitoring the O~
QMS current. This curve has an S-shape which does not appear in the results reported
by Madey et al. [2] but does in the data of Klein et al. [8] for Ru(l00). The S-shape
is not predicted by the usual kinetic models, i.e. 1st or 2nd order Langmuir or precursor adsorption, for which the slope of the curve decreases when the exposure increases. This shape could arise from either an initially low sticking coefficient that
increases with coverage or a loss of oxygen by routes other than desorption during
heating. The former can be ruled out on the basis of the uptake experiments offig. 2
and the AES data also shown in fig. 3 and described below. Thus, the latter is more
attractive. Loss of surface oxygen might occur by several means: (1) penetration
into the lattice, (2) formation of a volatile oxide, (3) reaction with surface carbon,
(4) reaction with background gases such as CO and H2 and (5) atomization. Atomization was not detectable for the experiments reported here. Reaction with the background gases H2 and CO can be discounted because their background pressures are
low (10—9 Torr) and they react with low probability with oxygen on Ru(00l) [16].
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We have made every effort to remove surface carbon through oxidative cleaning and
find no evidence for it in either AES or TDS of CO [16]. Although neither method
is very sensitive to surface carbon at the level of a few percent of a monolayer, the
evidence points to some other loss mechanism. The formation of volatile oxides is
ruled out below. This leaves penetration into the lattice as the major source of surface oxygen loss for T ~ 1100 K.
The crosshatched area of fig. 1 is proportional to the oxygen uptake and can be
compared to the amount of oxygen desorbed from the crystal for the same exposures. Even though the error can be large we find that only 20% of the amount of
oxygen adsorbed at 320 K is molecularly desorbed in TDS. This kind of comparison
must be treated carefully because wall effects in uptake studies can give anomalously
high uptake amounts for the crystal. However, in studies involving CO we have shown
that coverages determined by uptake are in excellent agreement with those determined by flash desorption. Furthermore, taking particular care to presaturate the
walls with oxygen leads to the same uptake results. Thus, we are confident that the
amount of 02 chemisorbed is significantly larger than the amount desorbed for any
adsorption temperature between 320 K and 900 K.
We also studied the influence of the adsorption temperature on the amount of
oxygen desorbed from a saturated (50 L) surface. Fig. 4 indicates that the amount
desorbed increases by about 40% in passing from 320 K to 700 K and remains relatively constant at higher temperatures. The inset of fig. 4 shows oxygen desorption
spectra for two different adsorption temperatures, 320 K (a) and 900 K (b). Three
features of these two spectra are noteworthy: (1) the desorption is characterized by
a single maximum, (2) the desorption peak shifts downward by about 50 K as the
adsorption temperature increases from 320 K to 900 K and (3) the total 02 desorbed increases over the same temperature range.
By way of comparison, Reed et al. [ill report that after many adsorption—
desorption cycles on Ru(101) the oxygen thermal desorption peak was shifted to a

higher temperature for a given coverage. Klein et al. [10] report that additional desorption peaks (1100 K and 1175 K), which are attributed to oxide, appear with
the 1250 K peak on Ru(l00) after a large oxygen exposure at T> 800 K. The detailed differences that appear among these results may reflect the different surface
structures that are involved and the different procedures used in the experiments
(e.g. exposure time and pressure, cycle time and temperature and cleaning proce-

dure). However, the general conclusion remains; oxygen penetration into the subsurface region is an important process on all low index surfaces of Ru.
The desorption of an oxide of Ru may occur but can not account for a significant fraction of the observed shortage of oxygen in TDS. Thermodynamics [2,27]
and the following experiment indicates this to be true under our experimental conditions. The Ru sample was placed in line-of-sight of the QMS and the chamber
filled to 2 X l0~ Torr 02. The QMS was scanned from 100 to 140 amu as the
temperature was raised in steps to 1300 K. No Ru+, RuO+ or RuO~was detected
so the partial pressures of Ru0
2, RuO3 and RuO4 are judged to lie below 10h1
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Fig. 4. Variation with adsorption temperature in the amount of 02 desorbed from an oxygen
saturated Ru(001) surface. An exposure of 50 L was used to saturate the surface layer at each
temperature. Peak areas of the 0 QMS signal are plotted on the ordinate. The inset shows TDS
direct recorder tracings for 02 desorption after adsorption at 320 K (a) and 900 K (b). The abcissa has been converted from time to temperature.

Torr. Thus, in agreement with other work [2,27] we conclude that the only major
desorbed species containing oxygen is 02.
3.3. Auger measurements
Curve (b) of fig. 3 shows the peak-to-peak height of the oxygen Auger signal H0
as a functidn of 02 exposure at 320 K. This curve has been normalized at 7 L with
the curve obtained from TDS. The AES curve shows without ambiguity that the
assumption of a low initial sticking probability that increases with coverage is incorrect. Comparing the two curves of fig. 3 indicates that an appreciable amount of
surface oxygen disappears by paths other than 02 desorption during TDS.
The nature of the two curves in fig. 3 is very interesting. After an exposure of
2.5 L, the amount of 02 desorbed is only 50% of the amount desorbed after 7 L
exposure, while H0 is already 90% of that at 7 L exposure. An increase of 10% in
H0 corresponding to the 50% increase in amount of oxygen desorbed upon increasing the exposure from 2.5 L to 7 L, can be explained by: (1) the diffusion of oxygen into the Ru crystal at the temperature of adsorption and the desorption of a
part of this oxygen upon heating to high temperature, or (2) no migration of oxygen into the crystal at 320 K but desorption of only 20% of the surface oxygen ad-
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sorbed from an exposure of 7 L, the rest undergoing diffusion into the Ru crystal
during TDS heating. Based on all our studies we favor the latter but cannot completely discount the former.
For the latter, which involves only surface oxygen atoms at 320 K, the oxygen
Auger signal is related approximately linearly to the coverage. The saturation oxygen coverage is one-half monolayer at 320 K and with the Auger data gives a sticking coefficient of 0.62 ±0.05, in reasonable agreement with the value obtained by
uptake from fig. 2. The AES value could be low if any oxygen penetration occurs
at 320 K while the value from uptake experiments may be high if wall effects are
not adequately treated.
In fig. 5, the peak-to-peak height of the 0(515 eV) AES signal is plotted as a
function of 02 exposure for three adsorption temperatures: 370, 700 and 980 K.
Just prior to and at the end of each of these exposure curves the Ru transitions were
recorded and used to normalize each set of data to the others. In the data shown in
fig. 5, empirical adjustments for ac field effects (see below) were determined by
making a few measurements with heating current both on and off.
Three interesting features appear in these curves: (1) at high exposures the amount
of oxygen detected by AES increases with the adsorption temperature, (2) at low
exposures the order is reversed and (3) the slope at high exposures increases with
adsorption temperature. This can be explained in a consistent manner as follows:
at low adsorption temperatures penetration of oxygen into the Ru crystal is much
less significant than at high temperatures. This interpretation agrees with the data
of fig. 2 which shows the apparent sticking coefficient is not lower, but higher, at
higher adsorption temperatures. Rapid penetration of oxygen into Ru at low exposures at 890 K will decrease the surface oxygen concentration and make H0 smaller

IIIiI
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Fig. 5. Oxygen Auger signal versus 02 exposure at 370 K, 700 K and 890 K. H0 initially increases more slowly for a higher adsorption temperature but reaches a higher ultimate value.
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Fig. 6. Relative oxygen Auger signal after 25 L 02 exposure at several temperatures between 340
and 900 K (dashed curve). Beginning with each of the points on the dashed curve, the crystal
was heated in steps to generate each of the solid curves. As discussed in the text, accounting
for ac field effects makes the temperature dependence even more pronounced.

than at 320 K. Near saturation at 980 K, both the subsurface and surface concentrations will be large; thus, H0 will be larger than at 370 K where the subsurface
concentration can be neglected.
We have used AES to clarify the above interpretation and to further characterize
the effect of temperature on diffusion of oxygen into Ru(001). Fig. 6 shows two
thermal effects observed by following changes in HO/HRu (peak-to-peak height ratio
of 0(515 eV) and Ru(273 eV) AES signals) after adsorption of 25 L 02 at various
temperatures. The values of HO/HRU upon adsorption at the corresponding temperatures are given by the points at the left end of each of the curves and are connected by the dashed line. These values show a monotonic increase with increasing
adsorption temperature just as in figs. 2, 4 and 5.
More significant is the decrease in HO/HRU which occurs when the sample is heated
after oxygen has been adsorbed. The points along each of the solid curves of fig. 6
were obtained in the following manner. After adsorption of oxygen at a given temperature (left-hand point of each solid curve) the chamber was evacuated and the
temperature was increased step by step. At each point on the curve, the oxygen and
Ru Auger transitions were recorded. The amount of time between each point was
always three minutes, one minute used to change the temperature and two minutes
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used to record the spectra. The new value of Ho/HRU after a change in temperature
was already established before the AES measurements were made and maintaining a
given temperature for long periods (30 mm) resulted in a decrease of HO/HRu of
about 8%. (We regard this as partially due to electron beam damage.) This is a very
interesting result in itself and indicates that penetration of oxygen occurs with the
formation of a relatively stable subsurface oxygen region rather than rapid diffusion
throughout the bulk of the crystal.
The disappearance of surface oxygen as evidenced by the decrease in HO/HRU is
not an artifact of ac heating current fields. This effect increases with current and
is most serious at the highest measurement temperature (900 K) where measurements (current on and current off) indicate that the measured 0(5 15 eV) and
Ru(273 eV) signals are too low by 20 and 30% respectively. Making this correction
in figs. 6 and 7 would lower all of the calculated ratios, with the largest change at
the highest temperature (15% lower). Thus, the curves shown are conservative estimates of the temperature dependence. Moreover, many points have been checked
after turning off the heating current and remeasuring Ho/HRU and found to be in
agreement to within 5 to 15%.
The rapid attainment of quasi-equilibrium is supported by independent TDS experiments. In these, two preocedures were followed. In the first, 02 was adsorbed
at 320 K and flashed quickly to 1600 K, while in the second, the temperature was
quickly raised to 700 K, held there for 3 mm, and then flashed quickly up to 1600 K.
The amount of 02 desorbed was equal in both cases irrespective of the 02 exposure
between 1 and 10 L.
Fig. 7 shows the results of similar AES heating experiments done with an 02
exposure of 1.5 L which is considerably less than a saturation exposure. At 320 K
this exposure corresponds to about half saturation and an oxygen coverage of 0.25
ML [2,15]. The major features of fig. 7, as compared to fig. 6, are the lower values
of HO/HRU and the maximum in the initial Ho/HRU value which appears at about
500 K. Otherwise, both figures have the same character and indicate that movement
of oxygen away from the surface is detectable for T ~ 400 K and may have an onset
as low as 360 K.
For a 1 .5 L 02 exposure, the amount adsorbed is not sufficient to saturate the
surface and provide for a significant subsurface concentration. Thus, regardless of
the exposure temperature, neither the surface nor the subsurface is saturated. The
relative rates of adsorption and diffusion beneath the surface will depend upon the
temperature. Consequently, as shown in fig. 7, a maximum in Ho/HRU is expected
for that temperature at which diffusion is fast enough to keep the 02 sticking coefficient high during the early stages of exposure but low enough to make the final
surface oxygen concentration relatively high. For a 25 L exposure the situation is
quite different. Here the surface is nearly saturated regardless of the exposure temperature and increase of Ho/HRU with adsorption temperatures, as shown in fig. 6,
are attributable to increases in the subsurface concentration.
The shapes of the solid curves in figs. 6 and 7 are interesting. For a simple diffu-
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Fig. 7. Relative oxygen Auger signal after 1.5 L 02 exposure at several temperatures between
340 and 900 K (dashed curve). Beginning with each of the points on the dashed curve, the crystal was heated in steps to generate each of the solid curves. As discussed in the text, accounting
for ac field makes the temperature dependence even more pronounced.

sion process these should be concave downwards since an increase in the temperature
enhances the rate of diffusion and the decrease of Ho/HRU. Some process other than
simple diffusion must be suggested. One attractive possibility involves the formation
of a temperature dependent and relatively stable near-surface oxygen—ruthenium
distribution that serves as a barrier to further incorporation. This is discussed below.
There are two additional points to be made concerning the curves in these two
figures. First, the measured HO/HRu value does not correspond to a unique oxygen
distribution near the surface of the Ru crystal. This is illustrated in fig. 7 for 1.5 L
02 exposures at 320 K and 600 K. After adsorption, the ratio of the oxygen and
ruthenium AES signals are essentially the same. Yet upon heating these to 900 K
in vacuo, HO/HRO decreases 50% for Ta~= 320 K but only 25% for Tads = 600 K.
This implies that the initial distribution of oxygen was not the same in the two cases.
The second, and related point is that for different initial values of HO/HRu the
absolute decrease in HO/HRU is not linearly related to the decrease in the amount
of surface oxygen. Even when oxygen is confined to the surface the ratio HO/HRU
is not strictly linear with oxygen concentration and when oxygen is distributed
throughout the first several Ru layers in an unknown way, the situation is quite
complex. For example, the absolute decrease in HO/HRU upon heating to 900 K,
after adsorption at 320 K, is the same for 25 L and 1.5 L exposures (figs. 6 and 7).
This does not necessarily show the disappearance of the same amount of surface
oxygen in the two cases.
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We have the following evidence that the subsurface distribution of oxygen measured by AES depends only on the highest temperature which it has experienced.
A surface exposed to 50 L 02 at 320 K, heated to 800 K for 30 s, recooled to 320 K
and exposed to 50 L 02 gives the same oxygen AES signal as a surface exposed to
50 L 02 at 800 K and cooled to 320 K.
There is also some evidence for two types of oxygen based on AES lineshapes
and peak positions. After flashing to 1600 K to remove most of the surface oxygen
a weak new feature was observed around 509 eV in the AES spectrum. The origin
of this feature is not certain but may arise from a particular kind of subsurface
oxygen.

4. Discussion
This work is focused on processes, other than 02 desorption, which operate to
lower the surface oxygen concentration on Ru(00l). The evidence points to penetration beneath the outermost Ru substrate layer as being the predominant loss channel for temperatures below 900 K. Most previous studies of oxygen on Ru(00l)have
not emphasized the role which this migration process plays in low pressure chemisorption and reaction studies at elevated temperatures [2,3,121. The data presented
here furnish such a characterization using AES and TDS and can be compared to
results for other crystal faces of Ru as well as heavily oxidized Ru surfaces.
Our results indicate that only 20% of the oxygen adsorbed is subsequently desorbed as 02. This is in qualitative agreement with the 12% figure reported by Klein
and Shth [8] for Ru(l00) exposed to NO. More recently Klein et al. [10] found
evidence for oxide formation (growth of new desorption features) when exposures
exceeded 30 L and exposure temperatures were greater than 600 K. While our exposures were often as extensive and at as high a temperature as these, we have f~und
no evidence for additional desorption features. Perhaps the formation of such a surface compound requires greater exposure times or temperatures on Ru(00l). Some
support for this notion comes from the observation that only after exposures on
the order of 105_l06 L does the LEED pattern for Ru(001) suggest the presence
of an epitaxial surface oxide [15].
Of direct interest to our work are two papers recently published by Cranstoun
et a!. [28,29] using field ion microscopy and atom probe analysis to study Ru tips
oxidized at various pressures (10—6 ~ Po ~ 760 torr), temperatures (580 ~ T ~
1100 K) and times (2 mm ~ t ~ 24 h). T~ieyconcluded that a protective overlayer
forms first and is followed by growth involving ionic diffusion through this layer
[28]. Significantly, Cranstoun et al. [29] find no evidence for extensive dissolution
of oxygen into the bulk of Ru. While the oxygen exposure pressure conditions of
our experiments are very different from those of Cranstoun et al. [28,29], the observations are all consistent.
Several questions remain unanswered as to the concentrations of oxygen on the
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surface and throughout the Ru lattice. One concerns the depth profile of oxygen
after adsorption at a given temperature. Another involves the effect of heating in
vacuo during TDS on the oxygen depth profile.
There is information in the AES data concerning these profiles. However, the
quantitative analysis of such data is difficult and not conclusive because of the exponential depth sensitivity characteristic of AES and the inherent weaknesses of
relatively simple models for the analysis of the data. Still, we believe it is possible to
obtain some insights into the oxygen behavior using a simple method for calculating
Auger intensities, a model concentration distribution and the data for adsorption
and heating.
Auger intensities were calculated using the formalism of Pons et al. [30] which
treats the total intensity as a sum taken over individual atomic layers. The key ingredient of this method is an attenuation coefficient k which is closely related to
the electron escape depth as follows:

+~]),

k = exp(_[~-~~50

where d is the layer thickness, D5 the electron escape depth (mean free path), D~
the mean free path of the primary electrons and 0 the acceptance angle of the CMA
(42°18’). In terms of each layer i, the attenuation coefficient k~’~
= k~’~k(k~ 1).
The oxygen Auger intensity, H0, then becomes
H0

=

tt0 ~

k~~)N~),

where the subscripts refer to oxygen, ao is a sensitivity factor and N1~j)is an assumed model concentration of oxygen in layer i. This concentration distribution is
taken to be homogeneous within layer i but can vary arbitrarily with depth. The
attenuation lengths for 0(5 15 eV) and Ru(272 eV) electrons are 8 and 6 A respectively [31]. The spacing of the hcp planes in Ru is 2.14 A and was assumed constant regardless of the amount of oxygen present.
The temperature dependences of the relative oxygen AES signals shown in figs. 5,
6 and 7 reflect concentration distribution changes and should be accounted for by
any acceptable model. To simplify matters we used the Auger data and attempted
to account for the following observations: (1) HO/HRU decreases by 40% if a surface saturated with oxygen at 320 K (half-monolayer coverage) is heated to 900 K
(2) the saturation value of HO/HRU is 10% larger at the adsorption temperature of
900 K than at 320 K, (3) the subsurface concentration is the same for a surface
saturated at 800 K and a surface saturated at 320 K, heated to 800 K and resaturated at 320 K, (4) after a temperature change, H0 responds quickly (<15 s) to
establish a steady value, (5) HO/HRu decreases 60% when a surface exposed to 1.5 L
is heated to 900 K and (6) a full set ofhalf-order LEED beams remains visible up to
at least 900K [32]. Even with these constraints many concentration distributions
are not eliminated, but acceptable models fall into two general classes.

310

G. Praline etal.

/ Oxygen chemisorbed on

Ru(OO1)

One that has several attractive features is the following. Saturation at any temperature to 900 K is assumed to produce a surface oxygen concentration of 0.5 ML.
Upon heating, the coverage tends toward 0.25 ML (which is assumed to be particu-

larly stable). The loss of oxygen from the surface occurs by penetration leaving a
maximum concentration of 0.1 ML in the second layer and much lower concentrations in deeper layers. This model is consistent with all of the above experimental
observations with the exception of (5). If 0.25 ML is particularly stable then there
should not be such a significant decrease in the AES signal upon heating a surface
exposed to 1 .5 L 02 (Recall that this exposure gives a coverage near 0.25 ML). Also
this profile is not attractive from a kinetic view because it requires a rapid uptake
by the deep bulk (out of the range of AES) of at least 20% of the initial surface oxygen and there is no evidence for this in any of the Ru literature.
A somewhat more attractive model assumes that the first few subsurface layers
accumulate relatively large amounts of oxygen during heating to 900 K while the
surface is largely, but not fully, depleted. Surface saturation at 320 K is taken to be
0.5 ML, but at 900 K it is near 0.25 ML. The subsurface oxygen, which acts as a
barrier to further incorporation, rapidly reaches equilibrium with respect to the surface while it very slowly comes to equilibrium with respect to the bulk. This model
is consistent with all six of the above observations. If at 900 K the surface layer retained 0.05 ML (enough to give weak LEED beams) then the first subsurface layer
could contain as much as 0.4 ML and remain consistent with the AES jata. Heating
a surface exposed to 1.5 L 02 at 320 K would involve a large shift of oxygen from
the surface to the first subsurface layer and, as observed, the oxygen AES signal
would drop sharply. Other experimental observations are also rationalized with this
model: (1) The increased flash desorption area with exposure temperature is easily
understood in terms of the trend toward saturation of the stable subsurface concentration. As the subsurface saturates, less surface oxygen is incorporated during
TDS and some of the subsurface oxygen may even desorb. (2) The loss of oxygen
upon heating a surface saturated at 320 K is explained in terms of a rapid incorporation into the first subsurface layer. (3) The lowering of the peak desorption temperature with increasing exposure temperature is taken to be the result of changes
in the relative competition between incorporation and desorption as the subsurface
oxygen concentration changes.
This model is more attractive than the former with regard to oxygen moving into
the bulk and the rate at which quasi-equilibrium is established. The controlling
process is envisioned as the removal of surface oxygen to the first subsurface layer.
Penetration to deeper layers may occur, but not significantly for temperatures be-

low 900 K. At higher temperatures, where desorption occurs, diffusion into the bulk
becomes a strong competitor. Further details of the distribution cannot be predicted.
One final observation can be made. Assuming homogeneous layers, the oxygen
AES signals are too small to allow the outermost layers to be stoichiometric RuO
2.

Ru02 separated by clean Ru could be made consistent with the
AES data, there is no evidence for the formation of these under our conditions.
While islands of
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From these results, an appreciation is gained for the difficulties of providing a
detailed description of high temperature oxidation kinetics on Ru because electron
spectroscopy measures oxygen both at and beneath the surface and under reaction
conditions the surface and subsurface oxygen concentrations may be slowly changing.

5. Summary
(1) The initial sticking coefficient determined by 02 adsorption transient measurements is 0.80 at 320 K and 900 K and is in acceptable agreement with the value
of 0.62 obtained by AES at 320 K.
(2) Diffusion of surface oxygen into the Ru(001) lattice is an important process
at temperatures much less than the onset of 02 desorption. Oxygen penetration
occurs even below 400 K. The amount of oxygen on the surface and the concentration profile in the subsurface region depends on the thermal history of the sample.
(3) During TDS of a Ru(001) surface saturated with oxygen at 320 K, 20% of
the oxygen is molecularly desorbed and the remainder diffuses into the Ru lattice.
(4) Heating an oxygen saturated surface in steps is accompanied by the rapid adjustment of the depth profile of oxygen to a temperature dependent stable value.
(5) The strengths and weaknesses of two general models of the oxygen depth
profile are discussed. In the first, oxygen concentrations are aiway highest on the
surface and diffusion into the bulk occurs rapidly. In the second, and preferred
model, oxygen moves readily from on top into the first layer beneath the surface
and there serves as a barrier to further diffusion.
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