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The electronic changes of a polarized Ba/W�110� surface during the incipient oxidation have been investi-
gated by synchrotron-radiation photoemission spectroscopy. The slight O2 adsorptions ��0.15 L� induce both
interfacial W 4f �Ba-coordinated W� and Ba 4d core levels to shift concurrently toward smaller binding
energies, and the intensity of Ba 5d states increases sharply. We have proposed a model in terms of the 5d
hybridization effect to explain the physical origin of the oxygen-induced anomalous negative chemical shifts of
W and Ba core levels and to correlate chemical shifts to local changes of surface chemical reactivity.
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I. INTRODUCTION

Chemical modification of alkali and alkali-earth metals
covered transition metal surfaces by coadsorbed oxygen has
been found interesting because this frequently results in
strong alteration of both chemical states and electronic struc-
tures of interfaces.1–9 For instance, adsorption of oxygen
leads to an anomalous negative chemical shift of alkali core
levels, a drastic work function �WF� reduction, and the pro-
moting effect of alkali metals in catalysis. In particular, the
unusual negative chemical shift of Ba core levels in BaO
overlayer5 is largely discussed in terms of strong covalent
bonding between the O 2p states and Ba 5d bands, due to the
partial occupancy of the empty Ba 5d orbitals upon
oxidation.10,11 The increased density of 5d states implies that
the core hole is more efficiently screened, this would reduce
the effective potential and hence the core-level binding ener-
gies �BEs�.10–13 In fact, the screening capability of the core-
ionized system is closely related to the charge distribution
near the core-excited atom and the surface chemical
activity;14,15 thus, this information is also of significance for
the catalytic surface oxidation by 5d metals.

In recent decades, a full-potential-linearized augmented-
plane-wave �FLAPW� calculation for the electronic structure
of a c�2�2� BaO overlayer on W�001� has shown that the
chemical bonding of this surface is very complex and in-
volves significant interactions between both the adsorbated
Ba and oxygen atoms and the W substrate. In particular, the
5d-like surface states of the W substrate is found to play a
crucial role in the overlayer-substrate interaction; i.e., a co-
valent bonding is formed between the W 5d-like surface
states and both Ba 5d and O 2p states.9 Moreover, we have
demonstrated experimentally that a strong covalent Ba-W
bonding indeed occurs through Ba�5d�-W�5d� hybridization
in the polarized metallic Ba adlayer on W�110�, which re-
sults in negative shifts of both Ba and W core levels via a
greater extra-atomic screening of 5d electrons.16 Also, a
chemical study of BaO/W surface reported that a compli-
cated bonding of this cathode surface is described as strongly
ionic bonds between Ba and the O/W substrate, whereas O
binds covalently to W; and the presence of O enhances the
transfer of charge from Ba into the W substrate, lowering the
WF.8

In order to investigate the complicated oxygen-induced
electronic changes of submonolayer Ba/W�110�, we present
a high-resolution surface core-level shift �SCLS� study to
investigate the electronic interaction between a polarized Ba
overlayer on W�110� surface and the adsorbing oxygen. As
SCLS is directly related to the redistribution of charge in the
outer electron orbitals due to the modification of the struc-
tural environment at the surface, the shape of the core levels
and their energy positions are thus sensitive to the local
chemical reactivity and electronic change at the interface and
can provide direct insight into the nature of the interface
bond.17–20 In the present work, surface sensitive W 4f pho-
toemission with synchrotron radiation can give rise to the
sufficiently narrow spectral features, this makes it possible to
observe the very small chemical shifts in W 4f core levels of
the topmost-layer W atoms induced by the adsorbate-
substrate interaction during various O2 dosages. Upon slight
exposure to O2, both Ba-induced W 4f and Ba 4d core levels
move simultaneously towards lower BEs, and the emission
of Ba 5d states near Fermi level �EF� increases sharply. The
concurrent negative shifts of both W 4f and Ba 4d peaks
have not been reported in previous studies of oxidized alkali-
metal adlayers on metallic surfaces. Especially, the anoma-
lous negative shift of the interfacial W 4f core level has been
obtained in this study for the first time. As photoemission
measurements of metal oxides typically show core level BEs
that are higher than those of the elemental metal, this posi-
tive shift is fundamental to oxidation reactions. Thus, our
study for the oxygen-induced electronic changes of sub-
monolayer Ba/W�110� is of significant scientific interest to
surface chemical reactivity in the incipient stage of the cata-
lytic oxidation of 5d metals covered transition metal sur-
faces.

II. EXPERIMENT

Photoemission experiments were performed at the Na-
tional Synchrotron Radiation Research Center in Hsinchu,
Taiwan. The details can be found elsewhere.16,21 In short,
photoelectrons were collected via a hemispherical analyzer
in an UHV chamber with a base pressure of 3�10−11 Torr.
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All photoemission spectra were normalized to the photon
flux, which was monitored by a gold mesh in front of the
sample. The surface sensitivity was optimized by selecting
70 eV photon energy for W 4f spectrum in order to minimize
the escape depth of photoelectrons. The total instrumental
energy resolution was better than 72 meV. Ba was evapo-
rated from a thoroughly outgassed SEAS getter source. The
Ba thickness was chosen to be 0.35 ML, where the WF is the
lowest and a transition from polarization to depolarization
occurs.16 This oxygen-free surface is hereafter denoted as
Ba/W. The oxidation of the Ba/W surface at RT was con-
ducted on backfilling the chamber with O2 �purity 99.999%�.
The oxygen dose is given in Langmuir units �1 L=1.0
�10−6 Torr s�.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the evolution of a set of W 4f7/2 and Ba
4d core-level spectra with progressive exposures of the
Ba/W surface to O2. In Fig. 1, the clean W 4f7/2 spectrum
clearly exhibits two well distinct peaks, i.e., bulk �B� and
surface �S� components. The strong surface emission S is

similar to the results reported by Riffe et al.22 Upon Ba ad-
sorption, clean surface emission S reduces strongly in inten-
sity, while in the meantime, a Ba-induced component N
starts to develop as a shoulder structure on the lower-BE side
of the surface peak S.16 The N component originates from
the Ba-coordinated W atoms. While for Ba 4d core-level
spectra recorded at 120 eV photon energy, only one interfa-
cial component �I� appears at BE of 90.12 eV in the unex-
posed Ba/W interface. The negative SCLSs of both N and I
components result from the increased W�5d�-Ba�5d�
hybridization.16 Upon further exposure, both N and I com-
ponents shift concurrently toward smaller BEs and stop at
0.15 L. Moreover, the oxygen adsorption reduces the inten-
sities of both N and I components considerably. With O2
exposure at 0.10 L, an oxidized W 4f component �A� occurs
as a broad shoulder at BE of �0.3 eV higher than peak B,
and a new Ba 4d component �Oa� appears on the higher BE
side of the I peak at 90.32 eV. The WF �inserted in Fig. 1�
increases from 2.02 to 2.17 eV for 0.0–0.15 L, but de-
creases with further exposure. This observation is unlike the
typical behavior of the WF change with initial oxidation on
low-coverage alkali-metal overlayers.1–4

In order to obtain more precise qualitative as well as
quantitative information available from W 4f core-level data
during the early oxidation regime, it is necessary to correctly
decompose the lineshape of the spectra into different compo-
nents representative of surface, bulk and interface reaction
products. A nonlinear least-squares curve fitting routine was
then used to determine the peak composition of the spectra.
The fitting function was a Doniach-Šunjić lineshape convo-
luted with a Gaussian instrumental function. To fit a spec-
trum with a given oxygen coverage, we implanted a few
constraints stated as follows: for the bulk and surface com-
ponents, the lifetime widths �Lorentzian width� GL and the
asymmetric index � were fixed at the values of those in the
clean W�110� surface;16,22 as for the N component, GL and �
were fixed at the values of 53 meV and 0.050, respectively,
ascertained from the Ba/W interface.16 The values obtained
for these parameters remained constant regardless of O2 cov-
erage. The Gaussian width �G was allowed to vary in the fits,
and best-fit values for �G are given in Table I.

The fitted results of four W 4f7/2 core level spectra �from
unexposed Ba/W, 0.05 L, 0.15 L, and 0.20 L O2-covered
surfaces� are displayed respectively in Fig. 2. Both the bind-
ing energies and the intensities of different W 4f7/2 compo-
nents shown in Fig. 2 versus O2 dosage are plotted in Fig. 3.
In Fig. 2, the W 4f7/2 spectrum of the Ba/W interface actu-

FIG. 1. W 4f7/2 and Ba 4d core level spectra from various O2

dosages on 0.35 ML Ba-covered W�110� surface at room tempera-
ture. Symbols B, S, and N denote emission from bulk, surface and
Ba-coordinated W atoms, respectively. Component I is from the Ba
adatoms; A and Oa are oxygen-induced features. Also shown in the
inset is the work function versus oxygen dosages.

TABLE I. Summary of the Gaussian width �G �meV� deter-
mined from the least-squares fits in Fig. 2.

0.0 L 0.05 L 0.10 L 0.15 L 0.20 L

B 78.66 78.66 78.66 78.66 88.76

S 118.55 116.38 117.82 114.75 121.18

N 140.58 136.90 127.72 119.19 115.88

A 137.91 143.87 141.91

O1a 229.59 277.56
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ally consists of three peaks at 31.39, 31.00, and 30.98 eV,
respectively. These peaks are assigned to the bulk �B�, sur-
face �S� and Ba-coordinated �N� tungsten atoms, respec-
tively. Upon O2 exposures from 0.05 L to 0.15 L, the N
component moves toward lower BE, and its intensity reduces
faster than that of both B and S components. The negative
shift of N stops at 0.15 L. Within the accuracy of the peak-
fitting analysis, the SCLS of N is −84 meV. The physical
origin of this oxygen-induced anomalous negative SCLS of
N will be discussed later. As shown in Table I, the �G of N
decreases gradually with increasing dosing, indicating that
the adsorption sites of the Ba atoms on W�110� surface be-
come more ordered induced by the increased O2 doses.

However, the BEs of both S and B remain unshifted. The
intensities of both S and B decrease slowly from
0.00–0.15 L, then after 0.15 L S reduces considerably, while
B still remains strong. These results of W 4f core level spec-
tra clearly show that a more localized interaction has formed
between the Ba-coordinated W atoms and oxygen when O2
exposure below 0.15 L, i.e., oxygen initially prefers to ad-
sorb on top of the polarized Ba adatoms, resulting in depo-
larization of the surface and an increase in the WF.23

Upon adsorption of 0.10 L, a small oxidized component
�A� emerges at 31.71 eV and grows monotonically with in-

creased dosing. At 0.15 L, a second oxidized component
�O1a� appears at 31.24 eV, but increases very slowly after
0.2 L. The A oxidized component originates from the surface
W atom bound to two oxygen atoms, while O1a is attributed
to the singly-coordinated W atom. The atomic origins of A
and O1a components are the same as the assignments of O2
and O1a peaks reported by Riffe et al.24 The evolutions of
both A and O1a oxidized components as function of oxygen
dosing have been discussed in detail in a previous paper.21

Figure 4 displays the corresponding valence band �VB�
spectra of the Ba/W interface exposed to the same dosages
as in Fig. 1, which were recorded at a photon energy of
55 eV. The binding energies and the intensities of different
surface states versus O2 exposure are displayed in Fig. 5.
Figure 4 shows at the bottom the clean W�110� spectrum, in
which three surface states are clearly visible at 0.40 �S1�,
0.95 �S2� and 1.41�S3� eV, and two bulk states at 2.10 �B1�
and 3.23�B2� eV.16 Upon Ba adsorption, the EF remains
strong, and all the surface states attenuate in intensity. More-
over, S1 and S2 shift away from EF, and their downward
shifts are about 60 and 50 meV, respectively. However, S3
splits into two states, i.e., one �S3� still remains at 1.41 eV,
the other �S3�� moves to 1.62 eV, which are similar to the
results of Gd/W�110�.25 These shifts of surface states result
from W�5d�-Ba�5d� hybridization.16 The emission near the
EF originates primarily from the Ba 5d state.16,26 As seen in
Fig. 5, exposure of the Ba/W to 0.05 L substantially in-
creases the intensity of Ba 5d state and three hybridized
states, S1, S3 and S3�, without affecting their energy posi-

FIG. 2. Decomposition of the W 4f7/2 spectra of clean
Ba/W�110� interface and its evolution as a function of oxygen cov-
erage. The dots represent the experimental data, while the line in
between is the result of the fit.

FIG. 3. �a� Binding energies and �b� intensities of the various
components of W 4f7/2 core levels in Fig. 2 versus O2 exposure.
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tions. In contrast, the developing S2 state moves toward
higher BE. On further exposure to 0.15 L, the growth of Ba
5d state and four hybridized states stops. It should be noted
that the growth of Ba 5d state and four hybridized states is
accompanied by the further negative shifts of both N and I
components.

The enhanced emission in the vicinity of EF upon oxida-
tion provides a direct evidence of the increased density of Ba
5d state. The increased occupancy of Ba 5d orbital enhances
the final-state screening efficiency of the Ba 4d cores and
causes the 5d orbital to participate in covalent bond with
oxygen.10,11 This explains the further negative shift of the Ba
4d cores upon oxidization. Also, the sharp EF excludes the
concern of the referencing problem in the normal oxide film,
and indicates that the Ba adatoms adjacent to oxygen are in a
metallic medium. The persistence of this metallicity should
result from Ba�5d�-O�2p� hybridization,27 which leads to the
increased density of Ba 5d state. This hybridization buffers
the local charge redistribution so as to achieve charge neu-
trality at the Ba atoms, thereby resulting in a covalent bond-
ing between Ba and O.

The most striking result of the present system is the fur-
ther negative shift of the N component of the W 4f peak
induced by chemisorbed oxygen. In our previous study of Ba
adsorption on W�110�,16 the increased W�5d�-Ba�5d� hybrid-
ization would result in a negative shift of the interfacial com-

ponent N. Therefore, we speculate that for O2 adsorption
below 0.15 L the populous Ba 5d states due to Ba�5d�-O�2p�
hybridization would supply the extra screening charges with
5d character at the Ba-coordinated W atoms through the
strong W�5d�-Ba�5d� hybridization, thereby giving rise to
the better-screened component N in Fig. 2. Thus, this anoma-
lous negative shift happens with certainty that there is an
enhanced emission of W�5d�-Ba�5d� hybridized states. As
revealed in Figs. 2 and 4, the further negative shift of N is
indeed accompanied by the growth of four hybridized states.
This explanation is also supported by the two observations
that upon exposure above 0.15 L �1� the variations of the
intensities of four hybridized states as well as Ba 5d emis-
sion are nearly zero �see Fig. 5� and �2� the negative shifts of
both N and I peaks stop at 0.15 L. These observations can be
understood by the fact that the filling of Ba 5d state is com-
pleted at 0.15 L so that there is no extra 5d electron contri-
bution in final-state screening of both N and I peaks.12 So,
the increased 5d-hybridization contribution to the oxygen-
induced further negative shift of the interfacial W 4f peak
�N� is evidenced.

In addition, in our oxidized system the change of WF
appears to be directly correlated to the oxygen-induced
SCLS of both N and I peaks. Below 0.15 L, the negative
shifts of both N and I peaks are attributed to the increased 5d
screening, resulting from Ba�5d�-O�2p� hybridization. This
covalent hybridization introduces an additional barrier for
the adsorbing oxygen, which reduces the promotional effi-

FIG. 5. �a� Binding energies and �b� intensities of different sur-
face states in Fig. 4 versus O2 exposure.

FIG. 4. Normal-emission valence band photoemission spectra
corresponding to the same O2 dosages as in Fig. 1. Prefix symbols
S and B represent surface and bulk states, respectively.
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ciency of the Ba adatoms. Consequently, the incorporation of
oxygen below the Ba overlayer becomes impossible. There-
fore, oxygen favors atop the Ba atom and lead to depolariza-
tion of the Ba adlayer and an increased WF. Above 0.15 L,
the filling of Ba 5d state is completed, and this causes no
extra 5d-screening contribution to the shifts of both N and I
peaks, and no additional Ba 5d orbital is in covalent bond
with oxygen.10 Thus, the activation barrier for oxygen disso-
ciation is reduced; that is, oxygen atoms can penetrate un-
derneath the Ba adatoms, consequently leading to an
undepolarization28 of the Ba adlayer and a decreased WF.

IV. SUMMARY

In summary, upon the adsorption of oxygen ��0.15 L� on
the polarized 0.35 ML Ba-covered W�110� surface, the high-
resolution photoemission study shows that both the Ba-
induced W 4f �N� and the Ba 4d �I� components simulta-
neously exhibit negative SCLSs, and the emission of Ba 5d
state increases sharply. These effects are attributed to the
strongly polarized covalent Ba-W interactions that still domi-

nate in early oxidation; i.e., the Ba�5d�-W�5d� hybridization
continues to play a key role during slight oxidation, and pro-
motes the hybridization of empty Ba 5d states and O 2p
orbitals. The Ba�5d�-O�2p� hybridization increases the popu-
lation of Ba 5d state, leading to a negative shift of the I peak
through 5d screening. The occupancy of the Ba�5d�-W�5d�
hybridized state is in turn enhanced, thereby supplying the
extra screening charges with d character at the Ba-reacted W
atoms. This effect results in a further negative shift of the N
peak. The interpretation for the negative SCLSs of both N
and I components is evidenced by the growths of Ba 5d state
and four hybridized states. These results clearly demonstrate
that charge rearrangement is the dominant effect in the sur-
face chemical reactivity of our slightly oxidized surface.
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