
PHYSICAL REVIEW B 68, 205404 ~2003!
Molecular adsorption on the „0001… surfaces of rare-earth metals
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The adsorption of molecules on rare-earth~0001! thin films on W~110! at room temperature has been studied
using photoemission spectroscopy. CO2 adsorbs dissociatively, up to monolayer coverage, forming a carbonate
species, with clean up of adventitious hydrogen also observed. Higher coverages result in molecular adsorp-
tion. H2O and H2S on Y~0001! also adsorb dissociatively, resulting in atomic H and S, up to monolayer
coverage. Higher coverages of H2O result in oxidation of the substrate to Y2O3, with formation of H2O
multilayers. H2S dissociation appears to result in atomic S, adsorbed in both hollow and bridge sites. No
indication of CH4 adsorption was seen on Y~0001!. These results, and those from the literature, are compared
to data from bulk single-crystal rare-earth~0001! surfaces in an attempt to explain the origin of certain
unexplained photoemission features observed on those surfaces.

DOI: 10.1103/PhysRevB.68.205404 PACS number~s!: 79.60.Dp, 73.20.Hb, 71.20.Eh
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I. INTRODUCTION

Although the preparation of clean, well-ordered~0001!
surfaces of the rare-earth metals, in the form of thin fil
grown in situ on W~110!, has been known for almost 2
years,1 the number of studies of adsorbates on these surf
remains small. Given that the rare earths and their co
pounds exhibit catalytic activity, the motivation for a larg
percentage of surface science investigations of molecule
other metal surfaces, this is rather surprising. In additi
there has been some recent interest in using rare-earth m
as contact materials in devices based on organic molecule2,3

so the interaction of molecules with rare-earth surface
not without interest. Despite this, the literature conta
only studies of the relatively simple diatomic molecul
hydrogen,4–7 oxygen,6,8–12 nitrogen,13 and carbon
monoxide6,14 on well-characterized rare-earth metal~0001!
films. All these studies have indicated dissociative adsorp
of the molecules studied. In this work we extend the range
photoemission studies of adsorbates on rare-earth m
~0001! surfaces to the larger molecules CO2, H2O, H2S, and
CH4.

Gd~0001! is the most widely studied rare-earth metal s
face, due largely to its magnetic properties, and all the p
lished rare-earth~0001! adsorbate studies have been of th
surface. However, Gd is not particularly suited to photoem
sion studies of adsorbates as the prominent 4f peak, at
;8 eV binding energy,15 falls well within the spectroscopic
region where molecular orbitals would be expected to
observed. For a direct comparison with the results for
~Refs. 6,14! we used Gd~0001! as the substrate for the CO2
experiments, but for the other molecules we used Y~0001!.
Although yttrium is very much lighter, it is often groupe
from the point of view of chemical behavior, with th
heavy lanthanides~i.e., Gd-Lu!. Indeed, bandstructur
calculations16 show that its electronic structure is very sim
lar to that of Gd.17 It is therefore well suited as a prototypic
rare earth for photoemission studies, since obviously it
no 4f electrons to complicate the spectra. For the true he
0163-1829/2003/68~20!/205404~7!/$20.00 68 2054
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lanthanides, the 4f s are significant features in the binding
energy range 0–12 eV,15 clearly intruding upon the spectra
range of molecular adsorbates. Although the 4f s lie close to
the valence band, they are highly localized spatially, a
while being responsible for the magnetic behavior, play lit
or no role in chemical bonding. Y and Gd have a furth
chemical similarity, in that they both have a stable trivale
configuration, ensuring that they cannot exhibit the red
reactions typical of cerium-based catalysts.18–20 This is not
true of, among the heavy lanthanides, Tb, Tm, and espec
Yb, whose mixed-valence behavior is well known.

The addition of these data to those already published
lows a comparison of the spectra of single-crystal rare-e
metal~0001! surfaces with those of thin film~0001! surfaces
‘‘contaminated’’ by a wide range of species, in an attempt
understand the origin of unexplained features on the no
nally clean single-crystal surfaces.

II. EXPERIMENT

The experiments were performed on beamline 4.1~Ref.
21! at the Synchrotron Radiation Source, Daresbury Labo
tory, UK, using a Vacuum Science Workshop HA54 ang
resolved analyzer in a vacuum chamber with a base pres
,10210 mbar. All spectra were recorded at normal emissi
using p-polarized light, incident at 30°. For valence-ban
photoemission spectra, a photon energy of 40 eV was u
with an overall energy resolution~beamline plus analyzer! of
0.15 eV. For Y 4p and S 2p spectra, photon energies of 6
eV ~resolution 0.3 eV! and 195 eV~resolution 0.8 eV! were
used, respectively. Thin films of Y~0001! and Gd~0001! were
prepared on W~110! as described in Ref. 22. CO2, H2S, and
CH4 ~99.997% pure! were obtained from Gas Distillers
while distilled water was further purified by a series
freeze-thaw cycles. The molecules were dosed by ba
ground exposure, with the purity checked by mass spectr
eter, and the quoted dosages derived from uncorre
ion gauge readings. Due to technical difficulties, a f
dosing series for H2S on Y~0001! was not possible. All
©2003 The American Physical Society04-1
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dosing and photoemission measurements were performe
room temperature.

III. RESULTS

A. CO2 on Gd„0001…

Photoemission spectra of increasing doses of CO2 on
Gd~0001! are shown in Fig. 1. The as-prepared surfa
shows the intense surface state close to the Fermi level c
acteristic of relatively clean, well-ordered rare-earth~0001!
metal surfaces.23,24 Note that since the surface state persi
even with significant contamination levels, the mere pr
ence of the surface state cannot be taken as indicatin
contamination-free surface, as the literature sometimes
plies. The peak at 2 eV binding energy is due toD2 bulk
bands,25 with the 4f peak appearing at 8.3 eV.15 There are
also peaks at;6 eV and ;4 eV due to adventitious
oxygen9 and hydrogen,4 respectively. Hydrogen is a well
known bulk impurity in rare-earth metals, and therefore
extent of the hydrogen coverage is likely to be due as m
to the bulk content as to adsorption from the vacuum. Fr
a comparison with published data we estimate the cove
of O and H on the as-prepared surface to be 2% and
respectively. The hydrogen-induced peak is not due to int
sic emission from hydrogen atoms, but rather represen
shift of the binding energy of the surface state upon adso
tion of H2, which dissociates to leave H atoms in interstit
subsurface sites.4 The rare earths are thus one of the fe
groups of metals for which hydrogen has a signature in p
toemission spectroscopy, clearly important in the investi
tion of possible dissociative adsorption of hydroge

FIG. 1. Photoemission spectra (hn540 eV) of Gd~0001! with
increasing exposure to CO2. The assignments for the molecula
orbitals of CO2 are also shown.
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containing molecules. At higher doses additional pea
appear—the molecular orbitals of CO2 at binding energies
.8 eV, and a peak at 2.3 eV. This latter peak appears v
similar to that at the same binding energy for CO adsorpt
on Gd~0001!,6,14 where it was attributed to carbonate form
tion, and it seems reasonable to assign this feature to car
ate in this case also. The intensities of some of these pe
are plotted as a function of dose in Fig. 2. For the initial fe
doses of CO2 the hydrogen peak can be seen to be incre
ing. Obviously this is not due to CO2 adsorption, but rather
represents an increase of the hydrogen coverage with t
due to adsorption from the UHV background. At data acq
sition time, including the time to dose the sample,
'5 min/spectrum with a partial hydrogen pressure of
310211 mbar, this is equivalent to a dose of 0.1 L over t
first five spectra. Since at low coverages the sticking coe
cient for hydrogen on Gd~0001! is close to unity,4 such a
small dose from the background is capable of producin
significant increase in the hydrogen coverage. As the C2
dose increases the hydrogen peak begins to decrease, be
ing unobservable at a total dose of 5 L. This indicates tha
clean-up reaction is in progress, as has also been obse
for CO on hydrogen predosed Gd~0001!.6 In that case, since
no additional peaks were observed to occur during
clean-up reaction, the products were entirely gaseous,
the reaction being of the form6

8H(ads)14CO→2CO2(g)12CH4(g) . ~1!

From the data of Fig. 1 it can be seen that while t
hydrogen peak is decreasing, the oxygen peak is increas
indicating that in this case the products of the reaction
not entirely gaseous, as oxygen is clearly being added to
surface. A possible scheme for the initial phase of CO2 ad-
sorption, i.e., the hydrogen clean-up reaction, is thus

4H(ads)1CO2(g)→2O(ads)1CH4(g) . ~2!

FIG. 2. Intensities of some of the photoemission features, a
function of exposure, for CO2 on Gd~0001!, derived from the data
of Fig. 1. For clarity the intensities have been arbitrarily norm
ized.
4-2
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Before the hydrogen clean up has finished, carbonate
mation begins. This suggests that on hydrogen-free area
the surface, dissociative adsorption is occurring to give c
bonate. Monolayer coverage can be approximately de
mined by observing the point at which the surface st
disappears.4 This cannot be simply observed using the pe
intensity, since the underlying bulk density of states a
peaks at the Fermi level,17 albeit much less sharply. At a dos
of 7.5 L the valence band shows the triangular form of
bulk density of states,17 with no indication of the sharp sur
face state, and so we assign this dose as resulting in m
layer coverage. At higher doses the molecular orbitals
CO2 become apparent, while the intensities of the oxyg
and carbonate peaks remain essentially unchanged. The
gen peak becomes broadened, indicating the formation
some Gd2O3,11 which is consistent with the shift to highe
binding energy of the Gd 4f peak,11 although this is some
what obscured by the CO2 1pg orbital.

The adsorption of CO2 thus appears to proceed in thre
distinct phases:~1! hydrogen clean up, leaving adsorbed ox
gen, ~2! continued clean up, accompanied by dissociat
adsorption of CO2 giving carbonate, until monolayer cove
age is reached, and~3! oxidation of Gd accompanied b
molecular adsorption of CO2. In general, the data of Fig. 1
show very similar behavior to that of CO on Gd~0001!, and
in fact the spectrum for a CO2 dose of 7.5 L in Fig. 1, i.e.,
monolayer coverage, is very similar to that of 7.4 L of CO
Gd~0001!,14 which was taken using the same UHV syste
with the exception that the O 2p peak is rather higher for the

FIG. 3. Photoemission spectra (hn540 eV) of Y~0001! with
increasing exposure to H2O. The assignments for the molecul
orbitals of H2O are also shown.
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CO2 data, as would be expected given the higher oxyg
content of the adsorbing molecule.

B. H2O on Y„0001…

Photoemission spectra of increasing doses of H2O on
Y~0001! are shown in Fig. 3. The as-prepared Y~0001! spec-
trum shows most of the same features as are seen
Gd~0001!—the surface state at the Fermi level, the bu
peak, in this case not so well resolved, at;2 eV, and the
adventitious oxygen peak at 6 eV, indicating an oxygen c
erage of;2%. The hydrogen peak seen in the as-prepa
spectrum of Gd~0001! in Fig. 1 is not observed in the as
prepared Y~0001! spectrum of Fig. 3. However, as can b
seen from Fig. 4, a hydrogen peak was observed to g
with time. The initial absence of the hydrogen peak sugge
that the bulk impurity hydrogen content of the yttrium sour
material is rather lower than that for the gadolinium, wh
the rapid growth of the hydrogen peak with time sugge
that the sticking coefficient of hydrogen on Y~0001! is simi-
lar to that on Gd~0001!. More explicit hydrogen dosing ex
periments would be needed to confirm this.

With initial H2O dosing only an increase in the oxyge
peak, accompanied by the growth of the hydrogen peak
observed. As with Gd~0001!, adsorption attenuates the su
face state, allowing the estimation of monolayer covera
which in this case occurs for a total dose of 2.5 L. At high
dosages the H2O molecular orbitals become apparent. T
intensities of some of the features in Fig. 3 are plotted a
function of coverage in Fig. 5. While some of the initi
increase in the hydrogen peak intensity can be attribute

FIG. 4. Photoemission spectra (hn540 eV) of as-deposited
Y~0001!, as a function of time, in a vacuum,10210 mbar, showing
the growth of the hydrogen induced peak at a binding energy o
eV.
4-3



ea
il
a
t

e
d

nd

et
6

an

e

ing
s

,

the
can

that
yer.
nd
en.

ing-
ec-

is is
rs

ono-
-

in
o
n-

if-
of
the

f
ing
. 8.
ts,

s

d
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adsorption from the background, from these data it is cl
that initial H2O adsorption is entirely dissociative, unt
monolayer coverage is reached, after which molecular
sorption proceeds. From the continued suppression of
monolayer features with increasing exposure, including th
Fermi level, it is clear that multilayers are being forme
Note that the binding energies of the H2O 1b2 and 3a1 peaks
change with increasing dosage. Determination of any bi
ing energy shifts relative to the 1b1 peak, between initial
molecular adsorption and the relatively thick~multilayer!
film, is impeded by the presence of the O 2p peak from the
dissociated monolayer, so from these data we cannot d
mine if the initial molecular layer is chemisorbed. Fig.
shows the Y 4p levels before and after H2O adsorption. They
show a clear shift to higher binding energy and signific
broadening, consistent with the known behavior of Y 3d core
levels upon oxidation to Y2O3.27 It thus appears that th

FIG. 5. Intensities of some of the photoemission features, a
function of exposure, for H2O on Y~0001!, derived from the data of
Fig. 3. For clarity the intensities have been arbitrarily normalize

FIG. 6. Photoemission spectra (hn560 eV) of the 4p region of
~a! Y~0001! and ~b! Y~0001! exposed to 50 L H2O.
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dissociative adsorption of H2O is accompanied by oxidation
of the Y~0001! surface to Y2O3.

C. H2S and CH4 on Y„0001…

Photoemission spectra from two doses of H2S on Y~0001!
are shown in Fig. 7. Also shown are the expected bind
energies of the H2S molecular orbitals, taken from the ga
phase spectrum of Rabalais,26 aligned to the vacuum level
assuming a Y work function of 3.1 eV.28 Since the timescale
of the experiment was significantly shorter than that of
data of fig. 4, the hydrogen-induced peak seen in Fig. 7
be largely attributed to the dissociation of H2S. From the
triangular line shape of the 10 L spectrum, we speculate
this exposure has produced a coverage close to monola
At this coverage additional shoulders to both the high a
low binding-energy sides of the hydrogen peak can be se
Atomic S has been seen to give rise to peaks in the bind
energy range 2.5–5.5 eV in ultraviolet photoemission sp
troscopy~UPS! spectra of S on Pt,29 W,30 and Ru31 due to the
S 3p level, and it seems reasonable to assume that th
also the case on Y~0001!. Therefore we assign the shoulde
seen in fig. 5 as due to atomic sulfur 3p levels. In neither
spectrum is there any indication of the H2S molecular
orbitals. These data suggest that, at least at subm
layer to-monolayer coverages, H2S adsorption is entirely dis
sociative.

The S 2p spectrum of monolayer coverage is shown
Fig. 8. The binding energy of the S 2p3/2 peak can be seen t
be ;162 eV, consistent with that for atomic sulfur on tra
sition metals.29 For S on the~close packed! Pt~111! surface,
the S 2p data show two S 2p doublets, attributed to atomic
sulfur in hollow and bridge sites, with a binding-energy d
ference of 0.94 eV. Although the data of Fig. 8 are not
particularly high quality, the photon energy used being at
high end of the usable range of the beamline,21 they show
clear indication of two 2p doublets. To obtain an estimate o
the relative binding energies, we employed a curve-fitt
procedure, after subtracting a background as shown in Fig
The background subtracted data were fit with two double

a

. FIG. 7. Photoemission spectra (hn540 eV) of Y~0001! exposed
to H2S.
4-4
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MOLECULAR ADSORPTION ON THE~0001! SURFACES . . . PHYSICAL REVIEW B 68, 205404 ~2003!
each constrained to have a spin-orbit splitting of 1.2 eV~Ref.
30! and a branching ratio of 2:1. As an approximation, giv
the rather poor quality of the data, in terms of resolution a
statistics, and the uncertainties introduced by the proxim
of the Y 3d peak ~the rising background to lower bindin
energy!,32 the line shape used was a Gaussian, with
width at half maximum of 0.8 eV. The binding-energy sep
ration of the two doublets determined from the fitting proc
dure was found to be 0.8 eV, consistent with the results fo
on Pt~111!,29 especially when the quality of the data of Fig.
is taken into account. This suggests that adsorption in b
hollow and bridge sites occurs for S on Y~0001!.

Aside from the growth of the hydrogen peak due to ba
ground exposure as shown in Fig. 4, no additional featu
were observed when dosing CH4 on Y~0001!, even at expo-
sures.100 L. If we assume that a coverage of 1% would
visible in the photoemission spectra, this implies that
sticking coefficient for CH4 on Y~0001! at room temperature
is ,1024, clearly orders of magnitude lower than for all th
other adsorbates studied on rare-earth~0001! surfaces.

D. Comparison with single-crystal data

The spectrum of a Y~0001! single crystal33 and that of the
as-prepared Y~0001! film on W~110! are compared in Fig. 9
While the spectra are very different it should be noted that
the features present on the Y~0001!/W~110! film are also
evident on the single crystal: the surface state close to
Fermi level, the bulk state at 2 eV, and the adventitious o
gen peak at 6 eV. Similar features have been observed
many other rare-earth metal~0001! surfaces.34 The 7 eV peak
on the single crystal, initially assigned to a many-body st
in Ref. 33 has been shown to be due, in fact, to chlor
impurities.35 This leaves the significant differences betwe
the two spectra as the peaks at 9.6 eV and 3 eV. The p

FIG. 8. S 2p photoemission spectrum (hn5195 eV) for
Y~0001! 1 10 L H2S.
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erties of these peaks are discussed in detail in Ref. 34,
they have always been observed together. While the sug
tion that they may result from many-body surface-rela
states has been put forward,33,34there remains no explanatio
of how these peaks could be intrinsic features. The prese
of these effectively unexplained peaks in the single-crys
data, and the resulting differences with the thin-film~0001!
data, has led to the single-crystal data being either ignore
summarily dismissed. While it seems clear to the commun
including the present authors, that the thin-film data are
more representative of the intrinsic rare-earth metal surf
electronic structure, it is also true, and rather puzzling, t
no explanation for the possible extrinsic source of the un
plained features has been presented.

With the addition of the H2O, CO2, and H2S data from
this work, and the observations regarding CH4, there is now
a reasonable body of data regarding adsorbates, at both
and low coverages, on rare-earth~0001! surfaces. These dat
are summarized in Fig. 10. Spectra from C2H4 and C2H2 on
single crystal Gd~0001! are also included in Fig. 10.36 This
substrate was prepared in such a way as to reproduce ne
the other literature data for single crystal Gd~0001!37,38 nor
the thin film data, but has been included for completene
The range of adsorbates in Fig. 10 includes all the comm
UHV residual gasses, i.e., H2 , CH4, H2O, CO, and CO2,
and even the consequences of an air leak (N2 and O2). The
adsorbate data also show peaks due to atomic specie
several impurities that might be expected in the bulk ma
rial, i.e. H, C, O, and S. Note that for none of these spectr
a peak at either 9.6 eV or 3 eV observed. This suggests
whatever the cause of the unexplained peaks in the sin
crystal data, it is not merely a case of common impurities
adventitious adsorbates.

FIG. 9. Photoemission spectrum of a Y~0001! film on W~110!
compared to that of a nominally clean surface of single crys
Y~0001! from Ref. 33. The photon energy~40 eV! and experimental
geometry were the same for both spectra.
4-5
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IV. CONCLUSIONS

From a comparison with the range of adsorbates on r
earth metals now available in the literature, it appears
the unexplained peaks in the single-crystal rare-earth ph
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FIG. 10. Photoemission spectra of rare-earth~0001! surfaces
with different adsorbates.~a! Y 1 10 L H2S, ~b! Y 1 monolayer
H2O, ~c! Y 1 50 L H2O, ~d! Gd 1 monolayer H2 ~Ref. 4!, ~e! Gd
1 monolayer O2 ~Ref. 11!, ~f! Gd 1 0.45 monolayer N2 ~Ref. 13!,
~g! Gd 1 monolayer CO~Ref. 14!, ~h! Gd 1 7.4 L CO~Ref. 14!, ~i!
Gd 1 monolayer CO2, ~j! Gd 1 20 L CO2, ~k! Gd 1 C2H2 ~Ref.
36!, ~l! Gd 1 C2H4 ~Ref. 36!. Also shown,~m!, is a spectrum of
nominally clean single crystal Y~0001! ~Ref. 33!.
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emission data cannot be explained simply in terms of co
mon impurities or adventitious adsorbates. While it rema
clear that the thin-film data are far more representative of
intrinsic rare-earth metal~0001! surfaces, the lack of an ap
parent simple explanation in terms of contamination sugg
that these peaks are worthy of further study.

For the molecules which were found to adsorb at ro
temperature, CO2, H2O, and H2S, initial adsorption appear
to be entirely dissociative, accompanied by the apparent
mation of carbonate and oxide species for CO2 and H2O
adsorption, respectively. The results imply that adventitio
hydrogen on Gd~0001! is removed by CO2 in a clean-up
reaction, which leaves adsorbed oxygen on the surface.
is analogous behavior to that observed for CO on hydro
predosed Gd~0001!,6 but, since the products are not entire
gaseous, clearly proceeds via a different mechanism that
posed by Getzlaffet al.6 for CO/H coadsorption. The data fo
H2S on Y~0001! suggest that atomic sulfur remains on t
surface, adsorbing in both hollow and bridge sites, althou
due to the limited dataset these conclusions should be
garded as preliminary.

Unlike all the other molecules studied on we
characterized rare-earth metal surfaces to date, CH4 was
found not to adsorb on Y~0001! at room temperature. With
the exception of H2, whose affinity for rare-earth metal in
terstitial sites is well known, CH4 is the only fully saturated
molecule among the molecules studied to date, containing
p bonds or lone pairs with which to interact with a metal
surface. Therefore the lack of interaction with Y~0001! is not
surprising.

The apparent ability of rare-earth surfaces to dissoc
almost all adsorbates is in contrast to the behavior seen
adsorbates on other transition-metal surfaces, where ch
sorption of intact molecules at room temperature is far fr
uncommon. This cannot be related to mixed-valence beh
ior since both Y and Gd have a stable trivalent configurati
This suggests the possibility that the ability of rare earths
catalytically oxidize W and Ta surfaces18–20 may not be due
to a redox reaction, but more simply due to the higher re
tivity of the atomic oxygen produced by dissociative adso
tion of O2 on the rare-earth surface.
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