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Hydrogen- and oxygen-induced chemical shifts have been resolved in Ta and W sub-
strate 4f core levels by high-resolution synchrotron-radiation-excited photoemission spec-
troscopy. The surface levels shift continuously by typically 100 to 200 meV to higher
binding energy for increasing hydrogen coverage. This is due to a quenching of surface
states in the valence band and a charge transfer from the substrate to the hydrogen
atoms. Upon adsorption of oxygen, new core peaks appear at 0.4 to 1.3 eV higher bind-
ing energy with respect to the bulk level, indicating the formation of strong chemisorption
bonds. Substrate chemical shifts for element Z correlate with chemisorption-induced
changes in the heat of surface segregation of the (Z + 1) constituent in a dilute

(Z+1),Z,_, alloy.
I. INTRODUCTION

The use of x-ray photoelectron spectroscopy
(XPS) for the study of chemical bonding at sur-
faces has gained widespread interest during the last
decade.! Most of these investigations were con-
cerned with the interpretation of chemical shifts in
core levels from adsorbate atoms. By contrast, the
effect of adsorption on substrate core levels has re-
ceived much less attention. Yet, a measurement of
chemical shifts in substrate atom core-level binding
energies could provide valuable information on the
nature of the chemical bond between adsorbate and
substrate atoms, e.g., the number of surface atoms
bonding to an adsorbate atom, and the amount of
charge transfer involved. This may ultimately lead
to a model for the binding site of the chemisorbed
atom. Using surface-sensitive core-level spectros-
copy, one can monitor different stages of oxygen
chemisorption up to surface oxidation, and can
study the mechanism of hydrogen uptake for a ma-
terial like tantalum which is known to dissolve
large amounts of hydrogen in the bulk. In most of
the XPS work, using Al1Ka or Mg Ka radiation,
the main difficulty in resolving chemisorption
shifts in substrate core levels has been a lack of
sufficient energy resolution and depth resolution,
although in some cases small shifts have been
seen.>> However, for heavily oxidized W (Ref. 4)
and Mo (Ref. 5) surfaces binding-energy shifts as
large as several eV have been measured. With soft
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x rays chemically shifted substrate core levels have
also been observed during oxidation of AL° Si,’
and GaAs,? for hydrogen saturated surfaces of
W(111), Ta(111),” and W(100),'° and recently for a
p(2X1) ordered overlayer of oxygen on W(110).!!

In the present work we report chemical shifts in
4f core-level binding energies of surface atoms
from W(111), W(100), and Ta(111), induced by hy-
drogen and oxygen chemisorption. These shifts
have been resolved by the use of high resolution
(150 meV) photoelectron spectroscopy at soft x-ray
energies (hv~70 eV). At these photon energies the
escape depttl of W and Ta 4f electrons is very
small [ <3 A (Ref. 9)] resulting in high surface
sensitivity. The 4f7,, levels from Ta and W are
well suited for monitoring chemical shifts, since
they have a very small lifetime width (150 and 110
meV, respectively).

Recent experiments have shown that even for
clean surfaces the top layer atoms have different
core-level binding energies from bulk!>~ ! atoms.
These intrinsic surface shifts arise from the fact
that a surface atom has less neighbors than a bulk
atom and are sensitively dependent on surface crys-
tallography.'* Upon adsorption of hydrogen, the
surface core levels for W(111) and Ta(111) shift to-
ward larger binding energy by 150 and 250 meV,
respectively, indicating an initial-state charge
transfer in the valence band from the substrate
atoms toward the hydrogen atoms. Most surpris-
ingly, these levels shift continuously for increasing
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hydrogen coverage, without significant loss of in-
tensity. This behavior cannot be explained by a
simple chemical bonding model—often used in
XPS analysis of solids—in which the core-level
binding energy directly reflects the local chemical
environment. Rather, the continuous change in
binding energy appears to correlate with
hydrogen-induced quenching and lowering in bind-
ing energy of surface states in the valence band.

The bonding of oxygen is markedly different in
its effect on surface atom core levels. A rapid
quenching (and continuous shift) of the intrinsic
surface levels is observed, while new chemically
shifted substrate core peaks appear, which reflect
different bonding configurations for the chem-
isorbed oxygen atoms.

The paper is organized as follows: Experimental
measurement and surface preparation techniques
are described in Sec. II. Section III presents sub-
strate core-level shifts for W(111), W(100), and
Ta(111) induced by hydrogen and oxygen adsorp-
tion. In Sec. IV we discuss the origin of substrate
chemical shifts and their correspondence with
heats of surface segregation. Also, the possible
role of final-state relaxation effects is discussed.

II. EXPERIMENTAL

Angle-integrated photoemission spectra (collect-
ing a cone of ~87° full angle around the sample
normal) were taken with a display-type spectrome-
ter' and a toroidal grating monochromator at the
Synchrotron Radiation Center of the University of
Wisconsin. Photon energies (66 —70 eV) were
chosen such that escaping photoelectrons from Ta
and W have a kinetic energy of ~35—40 eV.
Since the electron escape depth is small at these
energies (<3 A), the core-level spectra contain an
appreciable contribution from the outermost sur-
face layers. The combined system resolution
(monochromator plus spectrometer) was about 150
meV, as determined from the observed width of
the Fermi level edge.

The W surfaces were cleaned by repeated oxida-
tion at ~1100 K, followed by flashing in vacuo to
>2300 K. The Ta(111) crystal (4.5X2.5%0.5
mm?) was first outgassed in vacuum at ~2300 K
for about an hour. After this treatment the main
surface contaminant was found to be oxygen,
which diffuses out of the bulk. After repeated
flashes to 2500—2700K the oxygen could be re-
moved, resulting in a clean surface as judged by
Auger spectroscopy and the absence of chemical-

shifted 4f surface core levels. The Ta(111),
W(111), and W(100) surfaces all showed a sharp
(1X 1) low-energy electron diffraction (LEED) pat-
tern, but for clean W(100) very weak and diffuse
half-order spots were seen, indicative of a partly
reconstructed surface.'®!” The working pressure in
the chamber was in the low 10~ !'-Torr range. Hy-
drogen and oxygen exposures are given in un-
corrected ion-gauge readings.

III. CHEMICAL SHIFTS OF W AND Ta
SUBSTRATE CORE LEVELS

A. W(111)+H,

Angle-integrated photoemission curves for the
WA4f,,, core levels are shown in Fig. 1 for dif-
ferent hydrogen exposures, after subtraction of a
linear secondary electron background (as in Ref. 9).
Count rates in the 4f;,, peak were typically
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FIG. 1. Angle-integrated 4f,,, core-level emission
spectra for W(111) as a function of hydrogen exposure
(solid lines). A linear background has been subtracted.
Dotted curves show a best-fit decomposition into
Lorentzian bulk (b) and surface core levels (S;,S5), con-
voluted with the instrumental resolution; a small back-
ground due to extrinsic losses is also shown (dash-dotted
line). The result of our line-shape fit is shown by a
dashed line only where it deviates from the experimental
curve.
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5% 10* sec™!, giving a signal-to-noise ratio of
better than 200:1. Binding energies are referred to
the Fermi level (Eg). The 4fs,, levels at 2.16 eV
higher binding energy are not shown since they are
an exact replica of the 4f;,, photoemission curves,
apart from an-additional lifetime broadening by
~53 meV (Table I) due to NgN,O45 super-Koster-
Kronig Auger decay processes. Previous photo-
emission measurements have demonstrated the ex-
istence of two surface core peaks (S| and S, in
Fig. 1) for the clean W(111) surface, which are
shifted to lower binding energies relative to the
bulk level (b). These surface binding-energy shifts
largely reflect initial-state changes in the electro-
static potential at the core due to charge transfer
and are sensitively dependent on the surface atom
coordination number.!* Core peak S, originates
from the topmost surface layer and is shifted by
0.43 eV, while S, originates from atoms in the
second (third) layer and differs in binding energy
only by 0.10 eV with respect to the bulk core peak.
As pointed out in Ref. 9, the existence of rwo sur-
face core levels is related to the open structure of a
W(111) surface (bee lattice) for which atoms in the
first, second, and third layer have four, seven, and
seven nearest neighbors, compared with eight
nearest neighbors for a bulk atom (Fig. 2).

Photoemission curves for clean and hydrogen-
covered W(111) have been decomposed into bulk
and surface contributions by a least-squares fitting
procedure, in which each core level is represented
by a Lorentzian, with full width at half maximum
(FWHM) of 2y and intensity as free parameters of
the fit, convoluted with a Gaussian instrument
function having a FWHM of 150 meV (in Fig. 1
only shown for the clean surface).. Because of its
reliability and its suppression of noise, we preferred
this iterative convolution procedure above the al-
ternative scheme of deconvoluting the experimental
resolution function from the data prior to the fit.
A small extrinsic background was also included in
the fit (dash-dotted line in Fig. 1). Best-fit values
for surface-to-bulk core-level binding-energy differ-
ences and lifetime widths are given in Table I.

Surface core levels S| and S, both shift to
higher binding energy for increasing exposures of
hydrogen (Fig. 1), while the bulk level (b) remains
unaffected. Their sensitivity to chemisorption is
direct evidence that S| and S, are originating from
surface atoms. In particular the existence of S, is
demonstrated. After 0.1-L exposure (1 L
=1X10"% Torrsec) S, becomes degenerate with
the bulk level, giving rise to an apparent sharpen-
ing of this core peak and a small shift in its posi-

TABLE 1. Summary of 4f core-level parameters for atoms of the first surface layer (S), second layer (S), and bulk
(b) of Ta(111), W(111), and W(100). Binding energies are referred to the Fermi level. All energy values are in units of

eVv.

Ta(111) W(111) W(100)

4f,,, bulk binding energies E,

4fs,4f1,, spin-orbit Splitting

Intrinsic 4f7,, surface binding energy: Esl
Es

Intrinsic 4f surface binding-energy shift:

AEs 1 =Es ! —Eb

AEsz=Esz—E,,

4f;,, spectral width 2y (FWHM): Bulk

2

Clean surface (S1,S,)

Extra lifetime broadening 4fs,,:
27(4fsp2)—2v(4f 7 2)

Chemical shift for saturation coverage of hydrogen: Es (H)—Es, (clean) 0.25+0.02

Oxygen-induced binding-energy shifts in Figs. 6, 7, and 10: E,—E,

21.64+0.05 31.42+0.05 31.42+0.05
1.90+0.01 2.16+0.01 2.16+0.01
22.04+0.05 30.99+0.05 31.07+0.05

21.83+0.05 31.32+0.05

0.40+0.01 —0.43+0.01 —0.35+0.01
0.19+0.02 —0.10+0.02

0.15+0.02*  0.11+0.02
0.19+0.03*  0.11+0.02

0.11+0.02
0.11+0.02

0.036+0.010 0.053+0.015 0.053+0.015
0.17+0.02  0.095+0.02

Esz(H)—E_«;2 (clean) 0.1740.02 ~0.10
1.12+0.05 0.41+0.10
Ec—E, 1.3+0.1 0.53+0.05
Ep—E, 2.4+0.1

*Ta4f levels have a Doniach-Sunjic line shape with asymmetry parameter a=0.06+0.03 (Ref. 9).
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FIG. 2. Hard-sphere model of a (111) surface of a

bee crystal showing that three atomic layers are exposed.

The most probable binding sites for bridge-bonded hy-
drogen atoms are also indicated (small circles).

tion. For this and higher exposures good fits have
been obtained by using two-level decompositions
into (bulk+S,) and S;.

Figures 3 and 4 show best-fit values for the S,
surface-to-bulk core-level binding-energy difference
AEg , and surface-to-bulk peak area ratios

As, /(Ap+4s,) as a function of hydrogen exposure

(solid circles). Figure 3 includes measurements for
exposures below 0.1 L that are omitted from Fig.
1. The most notable feature is a continuous chemi-
cal shift of S; for increasing hydrogen coverage
(here we define a chemical shift as the binding-
energy difference between clean and adsorbate
covered surface). The total chemical shift for S,
after saturation with hydrogen (11-L exposure)
amounts to 170 meV. Most of this shift (~ 120
meV) has already occurred after 0.1-L exposure,
without any loss of intensity but with a minor
broadening by 20—30 meV. An exposure of 0.1 L
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FIG. 3. Surface-to-bulk core-level binding-energy
difference AEg . for the topmost surface layer of W(111)

as a function of exposure to hydrogen (solid circles) and
oxygen (open circles).
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FIG. 4. Surface-to-bulk core-level intensity ratios
(peak areas) for the topmost surface layer of W(111) as
a function of exposure to hydrogen (solid circles) and
oxygen (open circles).

of H, (uncorrected ion-gauge reading) corresponds
to ~7X10'* atoms/cm? striking the surface (tak-
ing an ion-gauge sensitivity for H, of 0.4). If it is
assumed that the sticking probability is ~0.8,'8
this exposure corresponds to a coverage of

~5.6% 10" atoms/cm?, which is nearly equal to
the number of atoms in the first surface plane
(5.8 10" atoms/cm?). The change in S, binding
energy appears to correlate with the quenching and
lowering in binding energy of valence-band sur-
faces states recently observed for W(111) by Cerri-
na et al.'’ in the same range of H, exposures. Sur-
face states from other transition metals such as
Ni(111) are also known to be strongly affected by
hydrogen adsorption and to change their binding
energy continuously, even long before full coverage
is reached.” Such changes in the valence-band
density-of-states distribution, which accompany a
charge transfer from substrate to hydrogen atoms,
lower the initial-state electrostatic potential felt by
the 4f core electron. The fact that the chemical
shift is continuous further supports our interpreta-
tion in terms of valence-band surface-state quench-
ing and binding-energy changes. By contrast, a
purely local chemisorption bond model is not con-
sistent with our data, since it should predict two
core levels at different binding energy, one level
originating from uncovered surface atoms and
another chemically shifted level from atoms bond-
ed to hydrogen.

For saturation coverage, S has lost 11% of its
intensity to the main peak, which thereby has
shifted to 25 meV higher binding energy. This
suggests a chemical shift of ~0.4 ¢V for a small
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portion of the first layer. We also note that both
surface and bulk core levels are slightly broadened
by 20— 30 meV with respect to the clean surface.
These more subtle changes may be attributed to the
occupation of inequivalent binding sites, as is also
suggested by the occurrence of multiple peaks in
thermal desorption spectra.?!

Finally, we note that the chemical shift for the
hydrogen-saturated W(111) surface is 75 meV
larger than for W(100).1° This suggests that three
hydrogen atoms are bridge-bonded to one top-layer
atom (Fig. 2), compared to only fwo hydrogen
atoms for the W(100) surface. This number is also
consistent with thermal desorption measurements
of the saturation coverage at 300 K.?> Submono-
layer coverage of hydrogen on W(100) induces sur-
face core-level shifts that are partly due to surface
reconstruction and partly chemical in origin. A
detailed core-level spectroscopy study of the
hydrogen-induced W(100) surface reconstruction
has been published elsewhere. !

B. W(111)40,, W(100)4+-0,

The effect of oxygen chemisorption on W(111)
at 300 K is different from that of hydrogen, in
that surface core-level S| is quenched, instead of
merely shifted (Fig. 5). While being quenched, S
moves continuously to higher binding energy by
about the same amount as has also been found for
hydrogen chemisorption (open circles in Fig. 3).
Similar to the case for hydrogen, the continuous
shift probably also arises from initial-state changes
in the surface density of states, affecting also un-
covered surface atoms. The quenching is accom-
panied by the growth of a broad shoulder (4) at
0.4—0.5 eV higher binding energy than the bulk
peak. This indicates the formation of a more local
chemisorption bond, by which valence charge is
directly transferred from the W substrate atoms to
the oxygen atoms. After saturating the surface
with oxygen (~2-L exposure), peak A has become
more pronounced, and S; has disappeared (Fig. 6,
Table I). LEED and electron-stimulated desorp-
tion?>~2° as well as angle-resolved photoemission
from the valence band®® suggest that oxygen ad-
sorbs disorderedly on W(111) at room temperature.
This is consistent with the large width of the sur-
face core level 4 in Figs. 5 and 6. We do not find
any evidence for a change in the oxygen site from
bridge to on top with increasing coverage as sug-
gested in Ref. 25.

Oxygen chemisorption on W(100) has been stud-
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FIG. 5. Angle-integrated 4f;,, core-level emission
spectra for W(111) as a function of oxygen coverage
(solid lines). A linear background has been subtracted.
Dotted lines show best-fit decompositions into Lorentzi-
an bulk (b) and surface core levels (S,S,), convoluted
with the instrument resolution. A small extrinsic back-
ground is also shown (dash-dotted lines). The result of
our line-shape fit is shown by a dashed curve, only
where it deviates from the experimental curve.

ied by LEED,? electron-stimulated desorption
(ESD),?® and low-energy. electron-loss spectroscopy
(LEELS).” For 0.5-ML (ML denotes monolayer)
coverage a two-domain P(4X 1) LEED pattern has
been observed which has been related to the forma-
tion of double rows of chemisorbed oxygen
atoms.?” Figure 7 shows the corresponding 4f,
core level (including secondary electron back-
ground), for which a coverage of 0.5 ML has been
deduced from the measured work-function change
AP =0.57 eV (using the calibration of Ref. 27).
Again, a broad feature is seen at the high-binding-
energy side of the bulk peak, as for W(111), and
the intrinsic surface core level has completely been
quenched. Upon annealing to ~1100 K, the work
function reduces to a value 170 meV below that for
the clean surface, in agreement with Ref. 27, and a
much better defined surface core peak (C) shows
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FIG. 6. Angle-integrated 4f core-level emission spec-
tra for W(111) and Ta(111) after monolayer chemisorp-
tion of oxygen. Exposure of W(111) to 2 L of oxygen
gives approximately saturation coverage. The curve for
Ta(111) (1-L O, exposure) has been taken just before the
onset of in-depth surface oxidation (see also Fig. 10).
The dashed lines mark the positions of the clean surface
core levels, peaks 4 are chemically shifted surface levels.

up at 0.53 eV higher binding energy than the bulk
peak (Fig. 7). This corresponds with a chemical
shift of 0.53+40.35=0.88 eV with respect to the
intrinsic surface core-level position at 0.35 eV
lower binding energy. The negative work-function
change and the accompanying change of the
LEED pattern into a p (2X 1) structure has been
ascribed to a place exchange of oxygen atoms with
every second W atom, leading to the formation of
single rows of oxygen atoms.?””?® Thus, the core
peak C arises from W atoms surrounded by oxygen
atoms, which are incorporated in the first layer.
We note that these chemical shifts cannot be the

51 wao0) . 0z
4l CHEMICAL SHIFT
4F e=0smML

hv=70ev

ANNEALED C

\\\-&\\\\‘\\\ Niew

INTENSITY (arb.units)

325 320 35 310
BINDING ENERGY (eV)
FIG. 7. Angle-integrated photoemission curves of 4f
core levels for 0.5 monolayer of oxygen on W(100), be-
fore and after annealing to ~ 1100 K.

result of in-depth surface oxidation, since they are
much less than the 4f binding-energy shift of 4.3
eV, measured for bulk WO;.*

C. Ta(111)+H,

Photoemission curves of Ta 4f;,, and 4fs,, core
levels are shown in Fig. 8 (including secondary-
electron background). The intrinsic surface core
levels are found at the opposite side of the bulk
core peak, thus 4f electrons from surface atoms of
Ta are more tightly bound than from bulk atoms.
This interesting sign reversal in the surface shift
between Ta and W, which are neighboring ele-
ments in the 5d row, has been experimentally
demonstrated and explained in Ref. 9. Again, the
4f5,, levels at 1.90 eV higher binding energy will
not be further considered since they are a replica
of the 4f;, levels apart from a ~36-meV extra
lifetime broadening.

Similar to W(111), there are two intrinsic surface
core levels S| and S, from the first and second
(third) layers of Ta(111), which move continuously

I I I T I
Ta(ll)+Hy
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INTENSITY (ARB. UNITS)

03

| | | | CLEAN
25 24 23 22 21
BINDING ENERGY (eV)

FIG. 8. Angle-integrated 4f core-level emission spec-
tra for Ta(111) covered with hydrogen, showing core-
level positions for bulk (b) and surface (S;,S,) atoms.
Triangles mark a weak shoulder due to a small oxygen
contamination.
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to higher binding energies for increasing hydrogen
exposure (Fig. 9). The second layer shift can be
seen as a separate peak, because it is further re-
moved from the bulk peak. Surface chemical
shifts for saturation coverage of hydrogen are 210
and 170 meV for S, and S,, respectively, slightly
larger than for W(111) (Table I). Again, most of
this chemical shift occurs during the first stage of
chemisorption (<0.3 L). Thus the same con-
clusions that have been drawn for W(111)4H, also
apply for Ta(111). The triangles in Fig. 8 mark a
weak shoulder at a binding energy of 22.7 eV,
which we ascribe to a small contamination of oxy-
gen (Sec. IIID).

D. Ta(111)+40,

The spectral changes during the initial stages of
oxygen chemisorption on Ta(111) at 300 K are
similar to those observed for W(111) (Fig. 10).
Chemical shifts and intensity changes can be fol-
lowed more easily for Ta(111) because the surface
core peaks are further removed from the bulk peak
by chemisorption. S; and S, are both quenched,
while a new peak 4 grows in intensity. At 1-L ex-
posure A has reached full intensity and the intrin-
sic core levels have been completely quenched. Its
chemical shift with respect to S; is 0.72 eV, close
to the 0.88-eV shift for W(111). Figure 6 shows
these spectra for comparison. Thus, peak 4 likely
represents the same binding state for both ele-
ments. After 5-L exposure at 300 K, new struc-
tures C, D, and E have replaced 4, while the bulk
core level is attenuated and the secondary electron
background is increased. These dramatic changes
strongly suggest that oxygen penetrates the first

Ta (1) +Hy hv=66eV
08 L 4f712 - SURFACE SHIFT

S °

06 ,

0.1.1/
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FIG. 9. Surface-to-bulk core-level binding energy
differences for top layer atoms (S,) and second (third)
layer atoms (S,) in Ta(111) as a function of hydrogen
coverage.

layers of the crystal, marking the onset of surface
oxidation. Peaks D, C, and E are shifted by 2.4,
1.3, and 0.5 eV relative to the bulk peak. The
presence of three smeared structures on top of a
high background points at the presence of different
suboxides and a high degree of surface disorder.
This is also consistent with the complete absence
of any LEED spots. Presently, no further con-
clusion can be drawn about the state of oxidation
of the surface, since to our knowledge, no experi-
mental data are available on 4f binding-energy
shifts for the different bulk oxides. By contrast,
the W(111) surface did not oxidize at 300 K in the
exposure range studied (maximum exposure of 11
L).

IV. DISCUSSION

The continuous substrate core-level shifts ob-
served for hydrogen adsorption cannot be explained

I ] I |
Ta(ll)+0,

hv=66eV
452 4272
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o
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FIG. 10. Angle-integrated 4f core-level emission
spectra for Ta(111) as a function of oxygen coverage,
showing the quenching of S; and S, and the growth of
new chemically shifted substrate peaks 4, C, D, and E.
Note that D is a chemically shifted 4f;,, level.
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by a simple XPS —chemical-bonding model in
which the core-level binding energy directly re-
flects the local chemical environment. Instead,
such continuous shifts appear to correlate with the
quenching of surface states in the valence band.
On the other hand, oxygen chemisorption yields
continuous shifts as well as discrete new peaks,
which reflect a more localized and drastic change
in the electrostatic potential at the atomic core.
Hydrogen adsorption on stepped surfaces
represents a special case of such localization. Step
and terrace atoms on Ir(332) have been shown to
have different 4f binding energies.’® Preferential
adsorption of hydrogen at the step edges shifted
the step-atom core level by ~0.25 eV to higher
binding energy, but left the terrace-atom core peak
unaffected. This chemical shift appears to corre-
late with the quenching of the step-related surface
states in the valence band.*

The question arises; to what extent possible
differences in final-state screening of the core hole
also affect substrate core-level binding energies.
Final-state relaxation effects have always been a
complicating factor in XPS analyses of solids, and
relaxation shifts between free atoms and bulk
atoms are typically several eV.*!

However, differences in relaxation shifts between
surface and bulk atoms are probably small for 5d
metals, since full core-hole screening is expected to
be operative for both bulk®? and surface atoms due
to the short Debye screening lengths. Indeed,
initial-state changes alone can largely account for
the observed trends in the intrinsic 5d metal sur-
face shifts, such as the crystallographic dependen-
cies and the sign reversal between Ta and W.>33
The substrate relaxation shifts for fractional mono-
layer coverages are expected to be about the same
as for the clean surfaces for the same reason.
Final-state effects may, however, be significant for
monolayer adsorption (peak 4 in Figs. 5, 6, and 10;
C in Fig. 7), and, of course, surface oxidation (C,
D, and E in Fig. 10) where the density of conduc-
tion electrons (and thereby the Debye screening
length) is reduced substantially.

Of particular interest is the question why all
chemical shifts observed to date are toward larger
binding energy (i.e., away from Er). Surface shifts
of this sign have now been seen for hydrogen or
oxygen chemisorption on the low-index surfaces of
W, on Ta(111), and the surfaces of Ir,!* and for
CO on Pt.3* In a purely initial-state model, it im-
mediately follows that electronic charge is
transferred from the substrate atom to the more

electronegative hydrogen or oxygen atom. The fact
that the Ta and W bulk core levels remain unshift-
ed to within 40 meV throughout the entire expo-
sure range without significant loss of intensity im-
plies that the charge transfer is spatially confined
to the substrate layers to which the adsorbate
atoms are bonded. This eliminates charge transfer
from the bulk as a cause for the absence of a
measurable shift in earlier XPS work.>*

The sign of the chemisorption shift may also be
understood by use of a semi-empirical thermo-
dynamical model,*® which includes final-state re-
laxation effects. This model explains the sign re-
versal in the intrinsic surface shift between Ta and
W (Ref. 37) and points at an interesting correspon-
dence between surface core-level shifts and heats of
segregation.’® The core-ionized site is assumed to
be fully screened by the surrounding electrons.
Thus, the final state can be treated as a (Z + 1) im-
purity dissolved in the Z host metal. It can then
be shown that the intrinsic surface-to-bulk core-
level binding energy difference is approximately
given by the difference in surface energies:

AE(Z)=Es(Z +1)—Ex(Z) , (1)

where the surface energy Eg(Z) for element Z is
the difference between bulk and surface cohesive
energy. The heat of solution of the (Z + 1) impuri-
ty in the Z metal has been neglected in Eq. (1) be-
cause it is generally small between neighboring ele-
ments.* Since the surface energy is known to vary
parabolically through a transition series, Eq. (1)
correctly predicts a change in sign between Ta and
W. Namely, for early transition metals such as Ta
the surface shift is positive, because the gain in
bonding in the final state (W) is larger for a bulk
atom than for a surface atom, due to the larger
coordination number for a bulk atom, whereas for
nearly-filled metals the situation is the reverse.
Thus the measured surface-to-bulk core-level
binding-energy differences are roughly equal to the
heats of segregation for element (Z + 1) diluted in
Z metal. Consequently, in a W, Ta,;_, alloy Ta
would segregate to the surface, while for Re, W;_,
and Pt,Ir,_, alloys Re and Pt would segregate. Pt
does indeed segregate to the surface of an Pt,Ir;_,
alloy, according to a recent Auger spectroscopy
study, in which the surface concentration has
directly been measured.’ In the presence of an ad-
sorbate, Eq. (1) should be modified as*!

AE(Z)—_—Es(Z+l)"Es(Z)"AHchem ’ 2
where AH ., =H(Z +1)—H (Z) is the difference
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between chemisorption energies for the adsorbate
on elements (Z +1) and Z. This follows from a
highly simplified bond-breaking model, in which
all broken bonds at the surface are replaced by
bonds to adsorbate atoms. Given the rather crude
approximations involved, Eq. (2) may only be used
as a qualitative guide. As a general trend, chem-
isorption energies decrease as one goes from left to
right in a transition metal series.*> Consequently,
Eq. (2) predicts a chemical shift toward higher
binding energies, in agreement with our experimen-
tal observations.

There is again an interesting correspondence be-
tween surface chemical shifts and chemisorption-
induced surface segregation. Consider, for exam-
ple, adsorption of hydrogen on Ir. The chemisorp-
tion energy of hydrogen on Pt surfaces is some-
what lower than on Ir [by ~0.26 eV/atom for the
(111) surface].* Then Eq. (2) predicts a chemical
shift toward higher binding energy but no change
of sign, in agreement with the core-level measure-
ments of Ref. 14. In other words, the gain in
bonding in the final state (Pt) becomes less for
hydrogen-covered surface atoms, thus less Pt
would segregate to the surface of a dilute Pt, Ir,_,
alloy (x << 1) if a monolayer of hydrogen is
present. Similarly, chemisorption of hydrogen or
oxygen induces extra enrichment of Ta at the sur-
face of W, Ta,_, alloy [H(W) < H(Ta) (Refs. 42
and 44) in Eq. (2) (Ref. 36)] but less segregation of
Re for hydrogen-covered Re, W;_,. A reversal in
segregation is expected for oxygen-covered
Re, W, _,, since the W surface shift changes sign
upon monolayer adsorption of oxygen. Other tech-
niques by which surface concentrations are directly
measured give little information on chemisorption-
induced surface segregation for the alloys discussed
above. Recently, heats of surface segregation have
been calculated for various overlayer-alloy com-
binations,*' using experimental chemisorption bond

energies and semiempirical surface energies.*> This
calculation supports our predictions for dilute
Pt, Ir, _, alloys.

In conclusion, substrate core-level spectroscopy
is a promising technique for chemisorption studies,
and can be used as a monitor of surface oxidation
and surface coverage. In addition, chemical shifts
are sensitively dependent on the binding site of the
adsorbate atom, as has been shown for O/W(001)
in Fig. 7. Theoretically, initial-state chemical core
shifts have been obtained for a monolayer of hy-
drogen on Sc and Ti(0001) surfaces, by use of a
self-consistent scheme for calculation of the sur-
face electronic structure.*® Interestingly, these au-
thors found a “healing” of the Sc and Ti core spec-
tra; i.e., intrinsic surface core levels are deeper than
the bulk ones, as for Ta, but a H monolayer with
H at threefold sites reduces the surface core-level
shifts again to zero. This behavior is opposite to
what we have seen for hydrogen adsorption on Ta.
The reason for this difference is not yet clear. Un-
fortunately, no calculations are yet available for 5d
metal chemical shifts. Such self-consistent
schemes may be used in comparison with experi-
mental data to determine binding sites of adsorbate
atoms. Of course, a quantitative comparison will
only be meaningful if the possible role of final-
state relaxation shifts is better understood.
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