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Catalytic surface oxidation by rare-earth metals: A photoemission study of Gd- and Y-promoted
oxidation of W(110
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Catalytic oxidation of the substrate has been observed for rare-earth metals on refractory metal surfaces,
where the mechanism responsible has been attributed to the ability of the rare earth to form oxides with more
than one oxidation state. It has been postulated that, as a result, only rare earths with more than one oxidation
state will exhibit catalytic activity, at least in terms of surface oxidation. We show, using high-resolution
core-level photoemission, that submonolayer coverages of Gd and Y, two rare-earth metals with only one
stable oxide each, promote catalytic oxidation ofM0). Initial oxygen dosing oxidizes the rare-earth over-
layer, followed by oxidation of WL10 at higher rates, and with higher resulting oxidation states, than are
observed for oxygen dosing on the clean surface. We suggest that the lowering of1h® Work function,
due to the presence of the rare-earth metals and/or their oxides, is responsible for the promoted oxidation.
Catalytic activity of rare-earth metals is therefore not limited to those with more than one oxidation state.
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[. INTRODUCTION earths with two(or more oxidation states are catalystsit
least from the perspective of surface oxidation. As a result,

Rare-earth-promoted oxidation of a surface was first Obgyqjes of rare-earth-promoted oxidation have focused on

served two decades adidJsing x-ray photoemission spec- rare earths with multiple oxidation statd!
troscopy (XPS) of the Nb 3 level, Latta and Ronay | atta and Ronayused as their criterion for catalytic ac-
observed that NOs was formed on Nb with a thin Ce ity the formation of NbOs, and did not focus on the other
overlayer upon oxygen dosing, whereas the same oxygegspect of catalytic oxidation, i.e., the possible increased rate
dose on clean Nb produced only lower Nb oxides. They sugof formation of lower oxides. Since rare earths with single
gested that the NIDs formation represented catalytic oxida- gxidation states have been ignored in the literature on cata-
tion of the Nb substrate, following an initial oxidation of the |ytic oxidation of surfaces, it is not known whether these
Ce overlayer to C#;, and proposed the following mecha- metals are also capable of promoting higher oxidation rates,
nism. . ) i.e., of displaying catalytic activity. In this work we study the
First, an oxygen molecule adsorbs and dissociates on gxidation-promotion capabilities of the rare earth metals Y
Ce,0; unit. The CgO; donates its two # electrons t0 an  and Gd. For both these metals only the sesquiokRE,Os)
oxygen atom, which in turn occupies the oxygen-ion vacancys known?2 since the ability to form higher oxidation states

of the CeQ;, oxidizing it to CeQ by donating a # electron into the valence barishell is
Ce0-,+0 — 2Ce0,. 1 clearly absent in Y, and greatly hindered by the stability of
%Vs R @ the half-full 4f shell in Gd.

The two electron vacancies in the CeBecome subse- Refractory metal surfaces, such as that of Nb studied by
quently occupied by electrons tunneling from the metallicLatta and Ronay? are, in general, particularly suited to
substrate, thereby reducing the Gai® Ce,04 studies of catalytic oxidation by rare earths. Studies of rare-

2CeQ) + 26 — Ce,0,+ 07, 2) earth-promoted oxidation of other surfaces, such a3 8nd

Al,89.13.14have been performed, but on these surfaces there is
This frees the & ion to diffuse to the metal/oxide interface, a certain degree of rare-earth intermixing with the substrate.
where it readily reacts with the substrate, to form an oxideOn refractory metals, in contrast, rare earths do not form
Thus, the rate of uptake of oxygen is increased, and the ersurface alloys upon adsorptiér:**°However, the 8 levels
ergy barrier to higher oxide formation lowered. The proces®f Nb are not particularly suited to the study of lower oxide
is discussed in considerably greater detail in Ref. 2. It iformation, as the resulting chemical shifts are of the same
sufficient here to note that the process relies on the ability oprder as the photoemission linewidfh'®For high-resolution
Ce to form oxides with two different oxidation states. photoemission studies of rare-earth catalyzed oxidation, Ta
This mechanism was further supported by theand W have been used as substrates. Here, the shéineg,
observatiofthat Ce, Pr, and Th overlayers on Nb resulted inwith linewidths of the order of 100 meVfor the W 4,
Nb,Os production upon oxidation, whereas Er did not, thelevell” for example allow the clear identification of lower
significance being that, of these rare earths, Er has only onexidation state4:1%18 Ce-catalyzed oxidation of Ta10'°
possible oxidation state, while the others have two or moreand W(110* and W(111)* has previously been investigated,
These results have been taken as demonstrating that only ramith higher oxide formation observed for Ce(%11)* and
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Ce/T4110.1° The case of Ce on V110 is of particular

interest, since here the catalytic oxidation was inferred en- W 4f

tirely from the increased rate of production of the two- W5”3/2
dimensional WO that forms on W10).* Oxidation states
higher than WO are unknown on W10),'7 as it appears Y/W +20L0,

oxygen is unable to penetrate the surface to form bulk ox-
ides. We therefore chose to investigate Y and Gd dilg),
since here a direct comparison with a Ce-catalyzed system
showing no higher oxide formation is possible. Further, the
possible oxygen absorption sites and their corresponding
W 4f binding energy shifts for oxygen on clean (WO

Gd/W+20L O,

have been thoroughly investigat&tgreatly aiding the inter- Ce/W +20L 0O,
pretation of photoemission data. We concentrate on the be-
havior of oxygen on Y precoated W10), since here there clean W +

can be absolutely no question that the mechanism of Latte
and Ronay is possible. Note that similar behavior is to be
expected for Gd, since although Y is very much lighter, it is
often grouped, from the point of view of chemical behavior,
with the heavy lanthanidgge., Gd-Lu. Indeed, band struc-
ture calculation®¥ show that the electronic structure of Y is
very similar to that of Gd° Further, core-level photoemis- clean W(110)
sion spectroscopy shows essentially identical behavior of Y
and Gd on W110.%1

Intensity (arb. units)

10°L O, at 1500 K

clean W+20L O,

Il. EXPERIMENT 38 36 34 32 30

The experiments were performed on beamline?3t,the Binding Energy (eV)

Synchrotron Radiation Source, Daresbury Laboratory, U.K., FIG. 1. Photoemission spectthr=100 eV} of the W 4 and
using a V_acuum Science Workshop _HA54 angle-resolve%p3/2 core levels of clean W10, clean W110) exposed to oxy-
analylzoer in a vacuum chamber with a bas_e Pressurfen w110 roasted (1500 K) in 1076 mbar G for 1 h, and
<10° . mbar. All spectra were recorded at an emission angl&§y(110) with half-monolayer coverages of Gd and Y exposed to
of 35°, using p-polarized light, incident at 5°. For Wf4  gyygen. Also shown is the spectrum of Ce-precoated 1) ex-

spectra, photon energies of 70 and 100 eV were used, Withosed to oxygen from Ref. 4, which was taken using 110 eV.
overall energy resolutiontbeamline plus analyzgwof 190

and 300 meV, respectively. The \ML0) sample was cut son with the data of Get al,* are shown in Fig. 1. Thef4
from a commercially obtained boule with a purity99.99%  peaks of the clean surface show a shoulder to lower binding
and subsequently polished to within 1° of ##0) face.In energy due to the well-known W10 surface core-level
situ cleaning was achieved by heating the sample to 1500 Kshift.}” This shift is of the order of 0.3 eV, and is not re-
in 107 mbar of G, for 60 min, followed by repeated flashing solved in these data. Upon oxygen dosing, the surface peak
to 2300 K. Surface order and cleanliness were monitored bgisappears and a broad shoulder to lower binding energy
low-energy electron diffraction, and photoemission of theforms, corresponding to a(2x 1) overlayer structuré®??
W 4f core level, which is known to be sensitive to The highest coverage obtainable at room temperature is a
contaminatiort” Gd and Y were evaporated from a water- half-monolayef® corresponding to the spectrum of clean
cooled tungsten wire basket evaporator, which was exten#/(110) with a 20 L dose in Fig. 1. Higher coverages can be
sively outgassed prior to deposition. Approximately half-obtained by dosing at elevated temperatdfeand Fig. 1
monolayer coverages of Y and Gd on(¥0), hereafter shows the spectrum resulting from a very high dose at
Y/W(110 and Gd/W2110), respectively, were prepared, 1500 K. This spectrum clearly shows a peak at a binding
with the coverages estimated by comparison with theenergy~0.6 eV higher than that of the bulk peak, attributed
W 4f,, photoemission spectra of Tuckeet al?! O, to the formation of two-dimensional W& The WO peak
(99.997% purpwas obtained from Gas Distillers, and was is visible only as a weak shoulder in the spectrum obtained
dosed by background exposure, with the purity checked bwfter room temperature dosing. A clear WO peak is also vis-
mass spectrometer, and the quoted dosages derived from uhle in the spectrum of oxygen-dosed Ce(W0 of Gu et
corrected ion gauge readings. All rare-earth deposition andl.* in Fig. 1. The presence of this peak, rather than a weak
photoemission measurements were performed at room tershoulder, after(room temperatuneoxygen dosing on the
perature. Oxygen dosing was performed at room temperatuit@e-precoated surface, was taken byébal. as evidence for
except where stated. the catalytic oxidation of W110) by Ce? They suggested
Il RESULTS AND DISCUSSION that the valence-change mechanism of Latta and Ronay was
: responsible for this catalytic oxidation. However, Fig. 1
Photoemission spectra of the W dnd 3/, peaks, taken shows that the WO peak is also obtained when dosing oxy-
using a photon energy of 100 eV to enable a direct comparigen on Y/W110 and Gd/W110.
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FIG. 3. Photoemission spectthr=70 eV) of the W 4f,,, core
FIG. 2. Photoemission specttar=70 eV) of the W 4f;, core  |evel of W(110) with a half-monolayer coverage of Y, exposed to
level of clean W110), W(110 with half-monolayer coverages of increasing doses of O
Gd and Y, the rare-earth pre-covered M0 surfaces after expo-

sure to oxygen, clearé W10 exposed to oxygen, and W10 In order to extract quantitative information from the spec-
roasted(1500 K in 10™ mbar G, for 1 h. tra of Fig. 3, we analyzed the data using a nonlinear least-

Higher resolution W #,,, data are shown in Fig. 2. Here, Squares 'fitting procedurle. The W4 binding energies for
the surface shift of the clean surface is clearly resolvedthe possible W-O coordinations for oxygen or(140) have
while spectra of Y/W110 and Gd/W110) show a surface been determined, using high-resolution photoemission, by
peak reduced in intensity, with a further shoulder at everRiffe and Wertheini? considering the structures observed by
lower binding energy. This peak is attribuféd*to the series STM.23 The possible adsorption sites are shown in Fig. 4. As
of (nXx2) structures that rare earths form at submonolayethe W(110) surface is not close-packed, there are no simple
coverages on \\M.10).2° For oxygen dosing on clean /10  threefold symmetric hollow sites. Rather, the adsorption site
the shoulder at lower binding energy seen in Fig. 1 is nowlies at one end of the “hourglass” depressions between W
resolved as a peak with a shift of 0.3 eV, duep(@ X 1)-

0,!8 with a shoulder at~0.6 eV, due to W38 The high
temperature dose shows the WO peak now well-resolved,
with a well-formed valley between the bulk and WO peaks.
For Y/W(110 and Gd/W110, oxygen dosing appears to
produce a situation intermediate to the room temperature and
high temperature results from the clean surface, i.e., a greater
production of WO compared to the room temperature dose,
but retaining a higher proportion @{2 X 1)-O than the high
temperature dose.

A series of W 4., photoemission spectra of Y/{10),
exposed to increasing doses of oxygen, is shown in Fig. 3.
Initially, the only obvious change is the loss of the rare-earth-
induced shoulder at low binding energy. Once this peak can
no longer be readily distingushed the surface peak also starts
to lose intensity, while the(2 < 1) shoulder gains in inten-
sity. At higher doses the surface peak can no longer be seen,
while the unresolved WO anp(2 X 1) peaks increase in in- FIG. 4. Schematic diagram of the chemically distinct types of
tensity. surface W atoms for oxygen on W10).
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TABLE I. W 4f,,, binding energies and peak assignments.

— _ @l 05LO, (c)
Binding Shift 5
energy(eV) (eV) Assignment Ref. g
31.4 — Bulk (B) 17 g.
31.1 -0.3 Clean surfao®) 17 g
30.8 -0.6 RENX 2) 21 and 24 E
31.24 -0.16 Ola 18 o
31.48 +0.08 O1b 18
318 +0.4 02 18 = 03LO0, : (b)
32.1 +0.7 03 18 £
32.7 +1.3 04 This work :
8
neighbors in th¢001] direction. Thus, isolated oxygen atoms g'
give rise to two distinct W surface species, Ola, correspond- § )
=4

ing to W atoms at the “top” of the hourglass, and O1b cor-
responding to W atoms at the side of the hourglass. Twofold R T AT SN E SR,
coordinated W atoms are designated O2, while threefold co-
ordination is designated O3. Note that the O3 species corre-
sponds to an overlayer with a W:O surface stochiometry of
1:1, hence is referred to as two-dimensional WO, as bulk
WO is not well knowr?® The possible W species and their
corresponding W #,, binding energies are summarized in
Table I.

For curve fitting, we used the standard line shape for me-
tallic core levels, i.e., a Doniach-Sunjic line sh&peonvo-
luted with a Gaussian function representing instrumental and . . . : .
inhomogeneous broadening, as used by Riffe and Wertheim 330 325 320 315 31.0 305 30.0
in their high-resolution study of oxygen on (M10),'8 and
Tuckeret al?! in their study of rare earths on W10). The
Doniach-Sunijic line shapé includes a Lorentzian compo- FIG. 5. Photoemission specttar=70 eV) of the W 4f,, core
nent representing the lifetime width of the peak, and a sinlevel of W(110) with a half-monolayer coverage of Y, and exposed
gularity index which defines the asymmetric high-binding-to doses of 0.3 and 0.5 L OAlso shown are the results of the
energy tail of the photoemission peak of a metallic surfacefitting procedure. See the text for details.

We used a linear background, as used by Riffe and

Wertheint® and Tuckeret al?! The parameters for the bulk, the Lorentzian width and asymmetry of the surface peak, a
surface, and rare-eartn X 2) peaks were taken from the fit practice we also followed, the six-component(Bt S, O1a,

to the spectrum obtained before oxygen dosing. O1b, 02, O3 actually has fewer parameters than an unre-

For oxygen doses up to 0.5 L, as shown for selected spestrained three-componeB, S, O fit such as that in Fig.
tra in Fig. 5, only bulk, surface, and rare-earth peaks wer@(a). For the surface peak&lean and oxygen-coordinated
required to give a good fit. Note that the tailing off of the components, we used the binding energies of Riffe and Wer-
residuals in Fig. 5 at higher binding energy is due to thetheim, with the Lorentzian widths and asymmetries of the
presence of a contribution to the background from theoxygen-coordinated peaks constrained to be those of the sur-
W 4fg,, peak, which was not considered in the fitting pro- face peak. Figure(®) shows that this gives a good fit, again
cess. excepting the background where the \f,4 peak interferes.

For the spectrum following an oxygen dose of 0.7 L, Fig.For this dose, an O3 peak was not required to give a good fit,
6, further peaks were required to give a good fit. While thebut the inclusion of this peak was required at higher cover-
number of oxygen-induced peaks in Table | may seem exages. For the spectra at higher coverages the parameters of
cessive, particularly when they are not clearly resolved, Riffehe oxygen-induced peaks, except intensity, were kept con-
and Werthein have shown convincingly that this number is stant, which also produced good fits, as shown in Fig. 7. We
in fact required. We also attempted to fit the 0.7 L spectrunfound that the binding energy of the bulk peak shifted very
using only one peak to represent the adsorbed oxygen, buslightly to higher binding energies with oxygen dose, with
as Fig. 6a) shows, we could not obtain a good fit, even whenthe total shift being 20 meV, but no relaxation of the other
allowing totally unconstrained parameters—note in particupeak binding energies with dose was required. In addition,
lar the highly unphysical asymmetry of the surface compo-for the higher doses, we found that a further small compo-
nent. Riffe and Wertheif§ further note that since they re- nent was required at higher binding energy. Riffe and Wer-
strained their fits such that the oxygen-induced peaks shargtieim noted a similar peak in their data for Cs-promoted

as prepared B (a)

Intensity (arb. units)

e AN A AP AA ]

Binding Energy (eV)
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FIG. 6. Photoemission specttar=70 eV) of the W 4f,,, core
level of W(110) with a half-monolayer coverage of Y, exposed to a
dose of 0.7 L Q. Also shown are the results of the fitting procedure
using(a) only one oxygen-induced pe&®?2) and(b) three oxygen-
induced peak$Ola, Olb, and OR

Intensity (arb. units)

e ot AV‘“’\/A Ve e,

oxidation of W110,'® which they attributed to bridge-
bonded oxygen, which would give a possible fourfold coor-
dination of the W atoms. In the data of Riffe and Wertheim Binding Energy (eV)
this peak was less well-resolved than in our data; therefore, o
we did not regard their binding energy as definitive, and in FIG. 7. PhOtO?m'SSIOH spectthr=70 e\) of the W 4f,, core
fact we find this peak at a rather higher binding energy. Thid€Ve! of W(110 with a half-monolayer coverage of ¥, exposed to
peak is designated O4 in Fig(4y. doses of 2, 20, and 50 L OAlso shown are the results of the fitting
The intensities of the various components of the ¥y,A procedure.
peak, determined from fits such as those in Figs. 5-7, arg higher than the Y @ levels athy=70 eV28 However, we
shown in Fig. 8. Initially it can be seen that the surfacecan use the #levels of Gd to determine the presence of the
appears to be getting cleaner—the RE peak intensity is recare earth after the oxidation process. Figufa $hows the
ducing while that of the clean surface is increasing. It therespectrum of Gd/W110) before oxygen dosing, with the Gd
fore appears that in the initial stage of the oxidation procesdf visible as the peak at 8.5 eV binding enef&y° After
the yttrium, and not the tungsten, is being oxidized. The REoxidation, Fig. 9b), the 4 peak can no longer be clearly
peak in the W 4 spectra is thought to be due to chargedistinguished—there is some structure in the region 6-8 eV,
transfer from the rare-earth adsorbate to the tungstehut this is also where the Op2evel would be expectetf.
substraté! With the Y oxidized to %05, an ionic solid with  The Gd contribution can be extracted using resonant photo-
an empty Y valence band, this charge transfer can no longe&mission. At a photon energy of 150 eV, there is a coinci-
occur, restoring the surface binding energy to its initial valuedence of the Gd @d4f resonance and the Wd5Cooper
If there is a small shift, relative to the true clean surface, dueninimum3! while the cross section of the (p2evel has
to the presence of a surface yttrium oxide species, it is nodecreased by a factor of 5 from=70 eV Figure 9c)
resolved in our data. Therefore, we have chosen not to incoshows the spectrum at this photon energy. Here, thefdsl 4
porate a further species in the fit. The continued presence ofow clearly present, and can be identified as the peak at
Y atoms on the surface is relatively difficult to confirm using 7.5 eV in the spectrum of Fig.(B). The 4f peak of Fig. 9c)
photoemission, as of course yttrium has no sharp, interfse, 4hows the broad line shape characteristic of rare-earth ionic
levels. With the Y @ peak inaccessible on the beamline solids3 but it has a binding energy lower than the metallic
used, the most intense Y core levels available were fhe 4Gd 4f, not the higher binding energy, 9.6 é¥expected for
levels. The cross section of the Yp4evels is an order of Gd,0Os. This apparent anomaly can be understood by consid-
magnitude less than the rare-earthldvels athy=70 ev?®  ering the band-alignment models of Fig. 10. Figurgal0
Further, the Y 4 levels are in the same binding energy re- shows the situation for metallic Gd on(&L0). Here there is
gion as the O &level, which has a cross section a factor of charge transfer, so the Fermi levels align and the Gadpt

L) L) L) L) L)
33.0 325 32.0 315 31.0 305 30.0
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FIG. 10. Band alignment models for the photoemission spectra
04 1 10 of Fig. 9.

Oxygen Dose (L
Y8 L while the O2 peak increases steadily. This is also seen for

FIG. 8. Percentage contributions of the surface-related compodosing on clean W10),'® but in all other respects the data

nents of the curve fits of Figs. 4—6 to the overall line shape. are very different. In Fig. 8 the O1b component also reaches
a maximum and then decreases, while O2 formation reaches

pears at its metallic binding energy relative to the W, anda saturation level long before oxidation is complete. Both
hence spectrometer, Fermi level. The data of Figs. 3 and these components increase fairly linearly towards saturation
suggest that there is no charge transfer to or from the Won clean W110).18 A further significant difference is that O3
substrate, as the surface W Binding energy after initial formation begins very quickly after the Ola and O1b com-
oxidation is the same as that of clean(2¥0). Therefore, a ponents appear, whereas on cleafl\) there is no signifi-
vacuum level alignment model is appropriate, as shown irtant O3 formation until near saturatiéh.
Fig. 1Qb). Here, the low work function of rare-earth sesqui-  For comparison with the curve-fit results for oxygen on
oxides,~2 eV 3 compared to the 5.25 eV of W10 ,**en-  y/W(110), curve fits, using the same parameter set, were
sures that the shift to higher binding energy of the Gd 4 glso perfomed for the spectra of oxygen on cleal¥0)
upon oxidation is more than offset by the difference in workand Gd/W110) of Fig. 2. The results of these fits are shown
functions. in Fig. 11, with the percentage contributions of each compo-

The practical result of this initial rare-earth oxidation is nent to the overall line shape summarized in Table II.
that at low oxygen doses the W itself is not oxidized—not The sum of the contributions of the Ola and O1b peaks,
until the RE peak has lost most of its intensity is there sigj e | the singly coordinated W surface atoms, to the overall
nificant coverage of oxygen-coordinated tungsten. In Fig. 8jine shape is similar for all four substrates. The principal
the Ola component reaches a maximum, and then decreasgfierence is the balance between the 02 and O3 contribu-
tions, with the presence of the RE overlayer selectively fa-
voring the production of O3 sites over O2.

A visual inspection of the data of Figs. 2 and 11 suggests
that the oxygen coverage on RE(WLO is significantly
(c) greater than for a similar oxygen dose on clea(l¥¥). The
fits of Figs. 7 and 11 permit a more quantitative analysis. By
considering the fractional intensities of the surface-related
(b) (i.e., clean and oxygen-coordinajeokaks,F,, the absolute
oxygen coveragéin ML), 6, can be calculated usiky

Intensity (arb. units)

nOFS
(a) 9= > Nw
E’SFS '

3

14 12 10 8 6 4 2 0 whereng is the number of oxygen atoms that coordinate the
Binding Energy (eV) W atom associated with a given peak, anglis the coordi-
nation number of the W atomsvhich is always 3 For the
FIG. 9. Photoemission spectra(@j half-monolayer coverage of clean surface peaky=0 (however, in all cases the intensity
Gd on W(110), hpy=70 eV; (b) the same surface exposed to 20 L of the surface peak was zgrd-or peaks Ola and Olhg
O,, hy=70 eV; (c) as(b) excepthr=150 eV. =1, for peak O2ny=2, for peak O3ny=3, and for peak
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FIG. 11. Photoemission speciftaw=70 eV\) of the W 4f;,, core
level of (a) W(110) with a half-monolayer coverage of Gd, exposed
to 20 L O,; (b) clean W110) exposed to 20 L @ and(c) clean
W(110) roasted(1500 K) in 107 mbar G, for 1 h (10° L). Also

Intensity (arb. units)

Intensity (arb. units)

Intensity (arb. units)
,«‘/
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shown are the results of the fitting procedure.

04, np=4. The results are shown in Table Ill. Note that the
room temperature dose has produced a coverage slightly

PHYSICAL REVIEW B 70, 045402(2004)

TABLE lll. Absolute oxygen coverage9.

W(110
W(110/Y W(110/Gd W(110 +1P L O,
+20L O, +20L O, +20L O, (1500 K)
0.70 0.74 0.60 0.77

not far short of the coverage produced by high temperature
dosing on clean \W.10).

Since the oxidation state exchange mechanism of Latta
and Ronay cannot be occurring for Y or Gd, it follows that
some other mechanism must be responsible for the promoted
oxidation. The results of Fig. 2 are very similar to those of
Riffe and Wertheim, who noted in passing that alkali metals
promoted the oxidation of WL.10),*® which suggests that a
common mechanism may be responsible. While redox reac-
tions such as those of Eq4) and(2) can promote oxidation,

a simple lowering of the work function may also suffice, as
has been noted for K-promoted oxidation of 3fafor ex-
ample, and also for promoted oxidation of mixed rare-
earth/Al surface$®14 The rate-limiting step for oxidation is
generally that of the dissociation of the, @olecule. This
proceeds via the population of an, @ antibonding state
via electron transfer from the surface. Lowering the work
function, which is equivalent to raising the Fermi level,
greatly facilitates this mechanism, as is shown nicely, for
example, in the calculations of Sjovalet al3’ for
K-promoted oxidation of graphite. The work function of
W(110) is dramatically lowered by alkali-metal adsorption—
for example, from 5.25 eV for clean W10 to as low as
1.5 eV for a half-monolayer coverage of &s° Rare-earth
metals also lower the work function of {#/10),%° and rare-
earth oxide work functions are also relatively low, at around
2 eV3* Rare-earth metal0001) surfaces, with work func-
tions ~3 eV, have been shown to be capable of dissociating
a wide range of molecule$,including oxygerf?

IV. CONCLUSIONS

higher than the 0.5 monolayer obtained by Riffe and

Wertheim!® In comparison with their data we obtain a

At low oxygen doses on rare-earth precoatedl\) sur-

slightly higher O3 coverage, which may reflect a slightly faces the rare earth oxidizes preferentially, with tungsten oxi-

higher defect density on our crystal. For the RE/MMO)
substrates, the overall coverage~9.75 monolayer, a sig-
nificant increase compared to the cleaf0) result, and

TABLE Il. Percentage contributions of each peak.

W(110
W(110/Y  W(110/Gd  W(110  +10°L O,
Peak +20L Q +20L 0, +20L 0O, (1500 K)
Ola 3.5 5.0 46 8.6
01b 13.3 10.0 12.0 9.5
02 17.3 15.6 30.7 5.1
03 25.3 27.0 8.4 375
04 1.6 1.6 0 2.0

dation proceeding after this process is essentially complete.
These observations shed some light onto a recent anomaly in
the literature regarding rare-earth catalysis. Although both
Ce and Pr were found to catalytically oxidize Nb,in a
recent stud{* Hwang found that Pr did not catalytically oxi-
dize W(110). However, that study was limited to relatively
low doses of oxygen, where our data suggest that oxidation
of the W substrate would not have begun. The data of Hwang
are therefore not inconsistent with catalytic activity of Pr.
Both Y and Gd have been shown to catalytically oxidize
W(110. In both cases the presence of rare-earth atoms re-
sults in the selective favoring of triply coordinated tungsten
over doubly coordinated tungsten at saturation, with a corre-
sponding increase of the absolute oxygen coverage. There-
fore, catalytic activity of rare-earth metals in surface oxida-
tion is not limited to those rare earths with multiple oxidation

045402-7



BLYTH et al. PHYSICAL REVIEW B 70, 045402(2004)

states. In hindsight, this perhaps should not come as a sumore open surfacesi® therefore, it remains to be seen
prise, since catalytic activity of rare-earth oxides, includingwhether rare earths with single oxidation states are capable
those of Y and Gd, is not unknowd Further, the results for of promoting oxidation to the same level as those with mul-
Gd/W(110) and Y/W(110 can be seen in Figs. 1 and 2 to tiple oxidation states, in cases where higher oxidation is pos-
be extremely similar to those for Ce/W0),* suggesting sible.

that the mechanism of Latta and Ronay need not be invoked

even in cases where it is possible. We suggest that the simple

act of lowering the W110 work function, by rare earths ACKNOWLEDGMENTS

and/or rare-earth oxides, may be sufficient to promote oxida-
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