Surface Science 125 (1983) 739-761
North-Holland Publishing Company

739

LOW TEMPERATURE COADSORPTION
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Electron energy loss spectroscopy (ELS) and X-ray photoelectron spectroscopy (XPS) have
been used to characterize CO adsorbed alone and coadsorbed with hydrogen on Ni(100) at low
temperatures. Evidence is presented for a significantly weaker bond between CO and the substrate
in the presence of coadsorbed hydrogen as compared to CO adsorbed alone. This is reflected by a
growth of satellite intensity and a shift to higher binding energy of XPS C(Is) and O(Is) core lines
when hydrogen is present. The ELS data show that the splitting between the 2~rb and 2~r, levels
decreases when hydrogen and CO are coadsorbed.

1. Introduction
In recent work we have studied the c o a d s o r p t i o n o f h y d r o g e n a n d c a r b o n
m o n o x i d e on several single crystal surfaces [1-4]. A variety of a d s o r b a t e - a d s o r b a t e interactions have been found, r a n g i n g from segregated island structures on Ru(001) [4] to strong local coupling of C O a n d H on Ni(100) [1,2] and
Rh(100) [31.
In a recent p a p e r [1], we r e p o r t e d an investigation of the c o a d s o r p t i o n of
h y d r o g e n a n d C O on Ni(100) at 100 K using t e m p e r a t u r e p r o g r a m m e d
d e s o r p t i o n ( T P D ) , work function change (Ar
and ultraviolet p h o t o e l e c t r o n
s p e c t r o s c o p y (UPS). O n e conclusion of these studies was that the b o n d i n g of
C O to Ni(100) was significantly w e a k e n e d b y p r e a d s o r b e d hydrogen. A s one
w a y of gaining further insight, we investigated this s a m e system using energy
loss s p e c t r o s c o p y (ELS) a n d X - r a y p h o t o e l e c t r o n s p e c t r o s c o p y (XPS). These
two techniques p r o v i d e d a t a c o m p l e m e n t a r y to the U P S results [1] in the sense
that valence levels are p r o b e d in ELS di/'ectly a n d in XPS through the
core-level satellite structure. However, since the final states are different, XPS
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and ELS do not measure the same quantities. In ELS, characteristic losses for
adsorbate-covered surfaces can often be identified with electronic excitations
of valence electrons of the adsorbate, thus giving information on both occupied
and unoccupied valence levels. XPS studies of adsorbates are generally concerned with shifts in the one-electron binding energies of core levels. We have
measured these but, in addition, have obtained the energy positions and
relative intensities of satellites accompanying the main core lines. A detailed
understanding of the ELS and XPS spectra depends on an accurate knowledge
of the valence level binding energies and, for this purpose, we make use of the
UPS data reported previously [1].
The ELS and XPS results are consistent with a model in which CO is more
weakly bound in the presence of preadsorbed hydrogen. This is reflected in a
smaller splitting of the bonding and antibonding components of the orbitals
formed in the interaction of the CO(2,z" *) and Ni(d~r) orbitals seen in ELS
and by the enhanced satellite intensity seen in the C(ls) and O(ls) spectra.

2. Experimental
The general description of the system and substrate are given in the
previous paper [I]. Unless otherwise noted, all gas exposures were done with
the crystal at 100K. ELS was done with the electron beam incident on the
crystal for 3 min during each spectrum: I min to set 10 = 0.25 nA m m -2 (after
several minutes for the emission to stabilize without the beam hitting tile
sample), and 2 min to record the spectrum. Although electron b e a m s are, in
general, damaging to molecular adsorbates, no beam-induced effects could be
detected by A~ measurements, UPS, or T P D even after m u c h longer exposures
than used for the measurements made hire.
Pulse-counting electronics were used to directly measure the intensity,
N(E), of the backscattered electrons with the CMA operated in the retard
mode with Evass=25 eV ( A E = 0.4 eV). This resolution gave an elastically
scattered peak at 109 eV with F W H M of 0.64 eV. The spectra were stored in a
multichannel analyzer (MCA) using 0.07 eV/channel.
N(E) measurements in ELS allow a direct measure of the intensity of the
loss peaks. An increase in sensitivity can be gained by measuring the derivative
ELS spectrum because this suppresses the large and varying background.
Among the drawbacks of this method are the possibility of inducing artificial
peaks and the loss of information on intensities.
XPS was done using an AI K a X-ray source (linewidth = 0.85 eV) so that
the O(ls) photoelectrons had a different kinetic energy than the Ni(LMM)
Auger electrons. For XPS, the CMA was operated in the retard mode with
Epass= 50 eV ( A E = 0.8 eV) giving an overall instrument resolution of 1.2 eV.
C(ls) and O(ls) spectra were obtained on the same surface in 16 and 8 min,
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respectively, using 0.08.eV/channel for the MCA. Longer scan times were used
to study the satellite structure present in C(ls) and O(Is) spectra. XPS spectra
were smoothed using a least-squares method [5] with no noticeable distortions
of the peak height or width. The peak-to-peak noise level present in the
unsmoothed spectra is shown in the XPS figures. All reported binding energies
(BE) are referenced to E v = 0 eV BE. The Ni(2p3/2 ) peak for clean Ni(100)
was at 852.2 eV BE.

3. Results
3.1. Energy loss spectroscopy ( E L S )

Fig. 1 shows the loss spectra for tile clean and adsorbate-covered Ni(100)
surface taken at 30 ~ off normal incidence using a primary beam energy (Ev) of
109 eV. The spectra are shown on the same intensity scale, but have been
shifted vertically for clarity. The intensity of the elastically scattered peak was
scaled to a common value for all the spectra, with no special precaution to
ensure identical primary beam current in each case. It was noted, however, that
the elastic scattering intensity of an adsorbate-covered surface was higher than
for a clean surface.
Three loss peaks for clean Ni(100) are labeled in curve A of fig. I: 27, 19.5
and 9.1 eV. The two high energy losses are broad and show small changes upon
gas adsorption. In addition to some shifts in the loss energies and attenuation
of these peaks, differences in tile 18-40 eV region for curves A - E in fig. ! are
due to changes in the true secondary electron background and total inelastic
scattering intensity. The loss energies of 27 and 19.5 eV for clean Ni(100) are
in good agreement with previous work on Ni(100) [6,7] and other Ni surfaces
[8-I i]. Most workers agree with the assignment [6] of a peak at 19 eV as a bulk
plasmon excitation associated with the 3d and 4s electrons and the peak at 27
eV as in interband transition from the 3d to higher-lying p states. The
interpretation of changes in this energy region following gas adsorption is
difficult and we will not consider this energy region further.
New adsorbate-induced loss peaks appear following gas adsorption in the
region less than 20 eV from E v. Fig. 2 shows this region for the spectra in fig. 1
using expanded energy and intensity scales. The loss spectrum for clean
Ni(100) in curve A of fig. 2 shows three features: (1) a shoulder at 4.0 eV, (2) a
weak shoulder at 6 eV, and (3) a peak at 9.1 eV. These losses correspond to the
peaks at 3.3, 6.0 and 9.1 eV reported for clean Ni(100) in the - d 2 N ( E ) / d E
2
mode at Ep = 40-300 eV [6]. These authors also report a peak at 14 eV which
we do not find. Peaks have also been recorded at 3.4, 6.9 and 8.9 eV in the
N ( E ) mode with Ep = 100 eV [6b]. By comparison to optical data, [12], tile
peaks at 4.0 and 6.0 eV have been reasonably assigned [6] to interba,ad
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transitions involving 3d electron states. A loss peak at 8 - 9 eV has been
assigned in m a n y studies to a surface plasmon, but has recently been interpreted as due to the bulk plasmon excitation of the 4s electrons [6].
Curve B in fig. 2 shows the loss spectra for a Ni(100) surface after
saturation exposure to H 2 (0tl = 1 ML [I]). Compared to the clean surface, the
ratio of inelastically to elastically scattered intensity decreases. We observe a
broad loss at 5.1 eV and a very low intensity feature at about 15 eV. Our
spectra are in agreement with previous work at Ep = 74.5 and 100 eV which
showed that hydrogen adsorption dramatically suppressed the intensity of a
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clean Ni(100) peak at 8 eV while having little effect on losses at 18 and 26 eV
[6,13]. This observation was responsible for early assignments of the 9.1 eV loss
in fig. 2A as due to a surface plasmon. However, increasing the primary beam
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energy intensifie.s this loss for clean Ni (see below) which is consistent with an
assignment to a bulk plasmon. The peak at 15 eV, which is very weak for our
conditions, has been interpreted as due to excitation of an electron from a
filled chemisorption level into a higher (probably antibonding) unfilled state
[13]. Photoemission spectra [I] show two hydrogen chemisorption-induced
peaks at 7.2 and 12.6 eV, referenced to the vacuum level (Evac) (r
= 5.4
eV). The assignment of the 15 eV loss peak to an excitation from the H
bonding level at 12.6 eV BE implies that the final state involves a continuum
(virtual) state at about 2 eV above E , ~ . CI calculations on finite Ni clusters
[14,15] show the vertical transition energy required to go from the H bonding
level to E v to be - 8 eV. The broad loss at 5.1 eV is presumably due to Ni
interband transitions between non-bonding levels, but which are modified due
to chenlisorption.
The dramatic attenuation in curve B of the 9.1 eV loss present in curve A
implies a strong interaction of chemisorbed hydrogen and the Ni 4s electrons if
this loss is assigned as a 4s bulk plasmon. The loss would be shifted to lower
energy and attenuated due to the electronegativity of hydrogen which results in
the withdrawal of electrons from the Ni 4s electron density in the conduction
band and a net localization on the H atom. Support for tile strong interaction
with Ni 4s orbitals comes from band calculations on nickel hydride [16] along
with cluster calculations for H chemisorption on Ni [17-19]. These calculations, along with the strong influence of H(a) on the loss at 9.1 eV, support the
assignment of this loss to the 4s bulk plasmon in the clean Ni(100) ELS
spectrum. However, if the 9.1 eV loss is indeed a surface plasmon, the
interpretation of the lower intensity will be different. Further experimental and
theoretical work hopefully will clarify the situation.
Saturation exposure of CO to Ni(100), 0co = 0.66 ML [1], causes two new
loss peaks as shown in curve C of fig. 2. The higher energy peak is very broad,
and asymmetric, and can be decomposed into losses at 13.8 and 12.5 eV which
gives an acceptable assignment, see below, into transitions involving the 1~ and
50 orbitals. The lower energy loss structure peaks at 6.4 eV, with shoulders at
8.6 and 4.0 eV assigned to Ni(100) losses. Previous studit~s of molecularly
adsorbed CO on a variety of metal substrates give similar CO-induced losses at
13-14 eV and, for some substrates, at 5-6 eV [20].
The bonding of CO to Ni mainly involves covalent interaction of the Ni d
orbitals with the 50 and 2~r* orbitals of CO. In simple molecular orbital
l~.mguage, the d o - 5 o interaction gives bonding and antibonding orbitals which
we denote a s 5 a b and 5a,~, respectively. In the same way the d~'-2~'* interaction gives 2~rb and 2~r~ orbitals, the former having mostly Ni d character and
the latter mostly CO 2,z- character, in the neutral ground state [21-24].
By comparisdn w.ith ELS data for free CO [25] along with ultraviolet
absorption spectra and valence level photoemission spectra of metal carbonyls
[9], the low .energy loss for adsorbed CO has usually been associated with
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charge transfer transitions between the 2r b and 2~ a levels and the high energy
loss with intramolecular CO transitions [20]. Consistent with this we assign the
6.4 eV loss to a transition between 2,;rb and 2~"a levels, while the 12.5 and 13.8
e V loss is between the 5~)'1"~ and 27ra levels.
In an ELS study using the - d 2 N ( E ) / d E 2 mode and Ep between 40 and
200 eV [26], five losses were observed for CO on Ni(100) at room temperature
and were assigned as follows: (1) peaks at 5.8 and 8.6 eV to charge transfer
transitions from the 2';r b and the 5oa levels to the 2~-~ level, respectively, and (2)
peaks at 11.8-12.5, 13.8 and 16.0 eV to intramolecular transitions from the
5Oh, 1~ and 4~ levels to the 2,z.~ level, respectively. Tiffs basically accords with
our interpretation, except we regard the assignment of peaks at 5.8 and 8.6 as
ambiguous since broad CO losses are superimposed on rather strong Ni losses.
As a result, caution must be exercised because of the possible substrate
interferences. This is readily apparent in our N(E) spectra and has been
pointed out by others [20]. Intense nickel interband transitions below 6 eV
appear in curve A'and, with the dramatic decrease of the 9.1 eV peak (curve
C), it is plausible that these Ni inierband transitions could appear to give new
structure in curve C near or below 6 eV. Also,since the losses in the region are
a superposition of (1) charge transfer transitions involving adsorbed CO and
interacting Ni levels and (2) interband transitions for Ni levels not involved in
the chemisorption bond, but which are perhaps attenuated a n d / o r shifted, the
detailed loss structure should depend on the CO coverage and primary beam
energy.
If the 9.1 eV loss, curve A, is a Ni 4s bulk plasmon, it should not totally
disappear following CO adsorption, and the 8.6 eV loss in curve C could then
be assigned as a shifted and attenuated 4s plasmon loss. As noted above, the
9.1 eV peak has also been ascribed to a surface plasmon in which case it should
be drastically attenuated upon CO adsorption. In this interpretation, the 8.6
eV shoulder is either a CO-derived or a bulk Ni interband transition.
Curve D in fig. 2 shows the loss spectrum taken after saturation exposure of
CO to a hydrogen-presaturated surface (0co = 0.5 M L and 0 H = I ML [1]).
There is a large loss peak at 13.8 eV and a broad low energy feature peaking at
5.6 eV. A weak loss at 9.3 eV is also seen. This spectrum has a much different
overall shape than curve C, but there are similarities. Tile 9.1 eV loss seen in
curve A is almost totally eliminated in D, as in B, while it has significant
intensity in C. We conclude that the loss of intensity in D is most likely due to
the effect of the preadsorbed hydrogen. There is a significant enhancement at
13.8 eV in D as compared to C. The enhancement is even more dramatic when
the lower CO coverage (0.8 relative to curve C) is taken into account. We
attribute tile increased intensity to two effects: first, the splitting of the 50 and
levels decreases in the presence of H(a) so the overall width of the combined
transitions decreases and second, the decreased interaction of CO with Ni will
increase the overlap of intramolecular CO orbitals which will increase the
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cross-section for.ELS transitions between the orbitals.
The loss at 5.6 eV is assigned to the charge transfer transition, 2'z"b --* 2rra.
The somewhat weaker intensity of this transition in the presence of H(a), curve
D compared with curve C, may be the result of several factors which are
difficult to separate. First; the CO coverage is lower in D. Second, the weaker
CO bonding in D will lower the cross-section for loss transitions, denoted in a
one-electron description, involving charge transfer. Third, Ni interband transitions contribute variable and unknown amounts to this region.
The loss spectrum after heating to 260 K to remove the ,~ desorption states
of H(a) and CO(a) [1] is shown in fig. 2E. This spectrum closely resembles that
for CO(a) on clean Ni(100) as in fig. 2C. The lower CO coverage (0co = 0.4
ML) is primarily responsible for the lower intensity of the CO-derived peaks.
The hydrogen coverage (0 N = 0.6 ML) is also lower but the 9.1 eV loss region
is still strongly attenuated. The resemblance of the CO losses with those found
in the absence of H(a) is nicely consistent with previous UPS, T P D and A~
data [1] which indicates that the chemical state of CO(a) after heating to 260 K
is nearly the same as for CO adsorbed in the absence of H(a). ELS spectra,
nearly identical to fig. 2E, were found following exposure at 100 K of 0.1 L H z
followed by 0.6 L CO, to give coverages nearly equal to those present for fig.
2E. This supports earlier conclusions, [1], that substantial hydrogen precoverages (O H > 0.6 ML) are required to alter the state of subsequently adsorbed
CO.
Loss spectra at primary beam energies of 290 and 540 eV are shown in fig. 3
and provide information complimentary to that in fig. 1 (Ep = 109 eV). The
surface sensitivity is expected to decrease with increasing primary beam energy
since the scattering length increases from 4 A, at 109 eV to 10 ,~ at 540 eV. The
surface conditions for fig. 3 were the'same as for fig. I but the resolution was
lower ( F W H M of elastic peak was 1.8 eV).
The lowest-curves in each panel of fig~ 3 show the elastic and inelastic
energy regions while the other curves show the inelastic regions with a 20-fold
expansion of the vertical scale. Three inelastic curves are shown: (a) clean
Ni(100), (b) saturation CO and (c) saturation C O o n a hydrogen presaturated
surface. Each spectrum has been normalized to the same elastic peak intensity.
The loss energies of fig. 3 are consistent with those of figs. 1 and 2. Three
comments can be made. First, the 9.1 eV loss on clean Ni(100) intensifies with
increasing Ep supporting its assignment as a bulk plasmon [6]. Second, the 13
eV loss weakens with in.creasing Ep consistent with its assignment as a surface
CO-derived feature. At every Ep used here, this loss intensifies when hydrogen
is present. Third, while an increase in the low energy loss intensity (peaked at
= 5 - 6 eV) after adsorption indicates the presence of new chemisorption-induced losses, it is evident that substantial interferences with bulk Ni losses are
possible in this region.
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3.2. X-ray photoelectron spectroscopy (XPS)
The binding energy (BE) of the main peak (most intense and lowest BE) in
XPS can be used as a fingerprint for the adsorbed state of CO. Figs. 4 and 5
show O(ls) and C(ls) XPS spectra for various exposures of CO and H 2 on
Ni(100). The BE's and widths of the main peaks are summarized in table 1.
The main peaks shift by only 0.1-0.2 eV with CO coverage on clean Ni as
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Table 1
C(Is) and O(ls) XPS main peak binding energies for CO adsorption on clean and hydrogen
covered Ni(100) at 100 K
Condition

C(ls) BE (eV)

O(ls) BE (eV)

0.3 L CO
7 L CO
17 L tt 2 +0.3 L CO
17 L tl 2 + 1 L CO
17 L 1t 2 + 17 L CO
17 L If 2 + 17 L CO, heated to 260 K
.17 L tt 2 + 17 L CO, adsorbed at 173 K
0.3 L H 2 + I L CO

285.4
285.5
285.9
286.4
286.4
285.4
285.8
285.5

531.0
531.2
532.6
532.7
532.7
530.9
530.9
531.2

(2.0)
(2.0)
(3.9)
(2.8)
(3.0)
(2.1)
(3.5)
(2.1)

(2.5)
(2.3)
(4.3)
(2.7)
(2.7)
(2.7)
(2.7)
(3.1)

Values in parentheses indicate the peak FWHM.

indicated in figs. 4 A - 4 C and the measured BE's are consistent \vith those
previously found for CO on Ni(100) [27], see table 2. The small shifts to higher
BE with increasing coverage are commonly found. Saturation exposure of CO
on a hydrogen-presaturated surface causes a 0.9 and 1.5 eV shift of the C(ls)
and O(ls) main peak BE's, respectively, as shown in fig. 4D. These shifts are
accompanied by increased asymmetry on the low BE side, particularly for
O(ls). After heating the coadsorbed surface to 260 K to remove the Z states,
both core level BE's shift back, within experimental error, to those for CO
adsorbed alone as indicated in fig~ 4E.
The XPS spectra of fig. 5 indicate how the BE's vary when one or both the
Table 2
C(Is) and O(ls) core level binding energies and energies and intensities of the largest satellite for
several states of CO
State

CO/Ni(100)
H2/CO/Ni(100 )
CO/Rh(100)
H2/CO/Rh(100 )
CO/Ni(100)
Ni(CO)4(g ) b)
CO(g) b)

C(Is) BE

E

O(Is) BE

E

(eV)

(eV)

(eV)

(eV)

285.5
286.4

5.4 (0.33) =)
5.2 (1.08)
285.8

531.2
532.7
531.0
532.2
531.6
534.4
541.2

5.8 (0.48)
5.4 (0.66)

286.4
285.8
288.4
295.9

5.7 (0.47)
8.3 (0.03)
14.9 (0.06)

17.8 (0.03)
=) Relative intensity of satellite/main peak.
b) Referenced to Ev=c.

6.0 (0.32)

Ref.

This work
This work
[311
[311
[27]
[35,361
137-41]
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CO and H coverages are less than saturation. Comparing figs. 5A, 5B and 4D,
indicates the effect of increasing the CO coverage on a surface presaturated
with H(a), OH = 1 ML. For a CO coverage of 0.2 ML, fig. 5A, O(ls) peaks are
found at 532.6 eV and, with about half the intensity, at 530.5 eV BE. The high
BE peak is within about 0.1 eV of that found for saturation CO, fig. 4D. The
two peaks suggest two states of CO but the low BE peak is difficult to assign.
It is about 0.5 eV lower than that for the same CO exposure on clean Ni and a
coverage shift can not account for the difference. The BE is in the region one
expects for chemisorbed oxygen atoms [28], but careful examination following
T P D showed that no oxygen remained on the surface. The C(ls) spectrum, fig.
5A, shows that the main peak (285.9 eV) is shifted half-way from the position
for CO alone (285.4 eV) to that for saturation CO on a hydrogen presaturated
surface (286.4 eV). This could be due to an unresolved two-component peak as
seen more clearly in the O(Is) spectra. Note the intensity scale is expanded
two-fold in fig. 5A.
Fig. 5B shows that for a CO coverage of 0.4 ML (80% of saturation as in fig.
4D) the main peaks of both core levels appear at the same positions as for
saturation. The lower BE peak of fig. 5A is probably still present in fig. 5B and
fig. 4D but does not increase in intensity with CO coverage above 0.2 ML. The
hydrogen coverage is again shown to be critical for the presence of the strong
H - C O interaction. Fig. 5C shows that for 0~ = 0.3 ML, the main peak BE's
(8co = 0.5 ML) are unshifted from their values for CO adsorbed alone.
An experiment done at 173 K is summarized in fig. 5D. This temperature
was chosen to coincide with that used in previous HREELS experiments [29].
The XPS spectra indicate two kinds of adsorbed CO with two distinct peaks
appearing in the O(ls) spectrum and unresolved peaks appearing in the C(ls).
Both are very much like the spectra of fig. 5A and are difficult to interpret for
reasons given above. It is believed that these peaks represent separate kinds of
CO, not just variations of main versus satellite peak intensity, on the basis of
temperature-dependent growth to be discussed in a future paper [30]. The
HREELS and XPS results ax:e contradictory since the former indicates only
one vibrational loss which is attributed to bridge-bonded CO. The contradiction may be the result of a small temperature measurement error in the
HREELS studies since our TPD results [1] indicate that the organization of the
adsorbed H and CO begins to change around this temperature as the ~ states
begin to desorb. Recent L E E D results support the presence of different CO
states at 100 and 173 K [30]. For a saturated coverage of CO adsorbed on
hydrogen presaturated Ni(100), a weak c(2 • 2) pattern is found at 100 K.
Upon warming, a change to a c(r • 2r
~ pattern occurs between 140
and 150 K and persists until the X states begin to desorb ( = 2 0 0 K).
Photoemission work is in progress to determine the state of CO at 173 K [30].
With the above overview in mind, we now turn to a more detailed discussion of the C(ls) and O(ls) spectra with particular attention paid to the
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satellite structure at higher binding energies. C(ls) spectra are shown in fig. 6
for saturation CO coverages without (6A) and with (6B) hydrogen. Preadsorbed hydrogen causes two obvious changes. First, as described above, the BE
of the main peak shifts up by 0.9 eV. Second, there is a large increase in the
relative intensity and the width of the satellite structure. Fig. 6A shows a main
peak BE of 285.5 eV ( F W H M = 2.0 eV) with satellite intensity that can be
approximately described by a single peak 2.4 eV wide and centered at 5.4 eV
higher BE. The total satellite intensity is estimated as 33% of the main peak.
Several transitions could contribute to the observed satellite intensity but
without additional experimental evidence we have chosen to use a single broad
peak. A reasonable background (tilted dashed line) was assumed in calculating
the relative peak intensities. Note that the occurrence of more than one
chemical state of CO in fig. 6A or fig. 6B can be ruled out based on previous
UPS spectra [I].
As shown in fig. 6B, preadsorbing hydrogen not only shifts the main peak
BE, it appears to be about 3 eV wide and is accompanied by broad and intense
satellite structure. The main peak height in fig. 6B is only 55% of that in fig.
6A while the total intensity, including satellites, is 77% of that in fig. 6A. The
latter is in excellent agreement with TPD results [1] which show that the
coverage in fig. 6B is 76% of that in fig. 6A.
We prefer to interpret the C(ls) lineshape of fig. 6B in terms of a main peak
lineshape that is 2.0 eV wide as in fig. 6A. This gives a satellite intensity which
is 108% of the main peak and is about 7 eV wide, centered at 5.2 eV higher BE
than the main peak, which we have not tried to decompose. In this description
the intensity ratio for the satellite/main peak is about 3 times larger in fig. 6B
than in fig. 6A. Alternatively, assuming a 3 eV wide main peak sets a lower
limit on the satellite intensity which is 35% of the main peak. We do not favor
this description since UPS shows the ihe 40 and 1~ levels have about the same
widths for CO adsorbed with and without hydrogen [1] indicating a different
but single type of adsorbed CO in the two cases.
Fig. 7 shows the companion O(ls) spectra. As with C(Is), coadsorbed
hydrogen shifts the main peak BE to higher values and changes, although not
so signficantly, the satellite structure. Fig. 7A has a main p e a k a t 531.2 eV BE
( F W H M = 2.3 eV) and shake-up intensity peaking at 5.8 eV higher BE with
48% of the intensity of the main peak. The quality of a fit of a single 2.5 eV
~vide shake-up peak is poor suggesting the presence of low intensity shake-up
lines in the high BE wing of the main peak. With adsorbed hydrogen, the main
peak is at 532.7 eV and there is significant satellite structure (63% of the main
peak) peaking at 5.4 eV higher BE. There is also evidence for a low intensity
;houlder on the low BE side of the main peak as discussed above.
Table 2 compares core level BE's along with energies and intensities of the
argest satellite for several states of CO. Compared to Ni(100), preliminary
9esults for coadsorbed H and CO on Rh(100) at 100 K exhibit similar BE shifts
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a n d satellite structure changes when c o m p a r e d to m e a s u r e m e n t s in the a b s e n c e
o f H(a) [31]. Also, as will be discussed later, b o u n d C O s p e c t r a c o n t a i n an
intense, low energy satellite not present in free CO.
Fig. 8 shows the higher energy satellites in the O ( l s ) spectra. In the a b s e n c e
of H(a), two b r o a d peaks, in a d d i t i o n to the loss at 5.8 eV, are seen at
A E = 14.9 a n d 25.2 eV, fig. 8A. P r e s a t u r a t i n g the surface with H(a) changes
the high energy region with the losses n o w a p p e a r i n g at 16.4 and 23.4 eV. T h e
d e t a i l e d a s s i g n m e n t of these high energy satellites is uncertain, b u t they can be
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used as fingerprints in view of their sensitivity to the chemical state of
adsorbed CO. D a t a for C(ls) in the high energy loss region is not reported here
clue to the low signal levels. The energy and intensity of the largest satellite
along with these high energy satellites are consistent with results reported for
C O adsorbed on Ru(001) [32], W(110) [33], and for several transition metal
carbonyls [34,35].

4. Discussion
The ELS and XPS data provide further support for the earlier conclusion [ 1]
that for some conditions, coadsorbed H(a) and CO(a) interact s t r o n g l y on

754

B.E. Koel et al. / Low temperature coadsorption of lIt a n d C O on Ni(lO0). II

Ni(100) to weiaken the CO chemisorption bond. Microscopic details of the
changes in the electronic structure of CO when coadsorbed with hydrogen can
be determined by utilizing the UPS and A,~ results obtained previously [1] to
help assign transitions in ELS and the satellite spectra of core levels in XPS.

4.1. Analysis of the ELS spectra
Energy level diagrams determined by photoemission for CO(g), CO(a) alone
on Ni(100) and coadsorbed with hydrogen are shown in fig. 9, along with the
observed loss energies from ELS. Valence level binding energies for the
adsorbed species were measured on the same surfaces studied by ELS.
The energy loss spectra for CO(g) shows two losses, 8.5 and l l.5 eV,
corresponding to electronic e;~citations from the 5o and I~" levels, respectively,
to the 27* level, the lowest unfilled level. The energy obtained in ELS for the
level into which the excitation occurs is the binding energy of that level in the
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presence of a valence level hole. The 2~* binding energy in CO(g) indicated by
losses involving either the 50 or 1~ levels is 5.5 eV below E,,ac. This implies
that the electron/hole interactions for an electron in the 2~-* level and a hole
in either the 50 or I~ level are about the same. This one electron description is
inadequate because of configuration interaction, but we will, nevertheless, use
it because a many-electron description for the adsorbed species is difficult to
provide.
When CO is adsorbed on Ni(100) several changes are observed in the
electronic structure of CO. The measured binding energies of all the CO levels
are decreased primarily as the result of greater relaxation in the photoemission
final state. Thus, the 4"~ level is shifted upward by 2.5 eV from the gas phase.
The I~ level is non-degenerate at high coverage and one component undergoes
an additional 0.9 eV shift to lower BE due to C O - C O repulsive interactions.
The 5o level is lowered by 0.5 eV due to a large bonding shift in the opposite
dircction to the relaxation shift[l]. Filled 2rr b levels appear that do not exist in
unbound CO. In principle, photoemission can determine the binding energies
of all of these levels, except the 2~'a since it is an unoccupied bound state. In
practice it is also difficult to locate the 2,z"b level using photoemission due to
the difficulties in separating out non-bonding changes in the d-band region.
ELS or XPS (by observation of the shake up spectrum) experiments can be
done to determine the positions of these levels.
Tile observed 12.5/13.8 eV loss in ELS (fig. 9) for CO(a) can be identified
as 1"~/5~ --* 2,z-~ type transitions. Transitions involving excitation of either 5~
or I~ electrons to the 2 ~ level are unresolved in the adsorbed phase due to the
decrease in the 5o-l,z" spacing and some overall broadening of the adsorbate
levels. One model for the ELS assignments gives losses of 12.5 and 13.8 eV as
due to 1"~ and 5~ excitations, respectively. This places the 2~r~ level at 0.8 eV
below E,,~c to within +0.2 eV. Exact agreement is not expected because tile
uncertainties in the valence level binding energies and differences in the final
state energies due (within a one-electron framework) to electron-electron
repulsion and electron-hole attraction for the transitions involved.
The 6.4 eV loss can be assigned to transitions from the 2~"b level just below
E F tO the 2~'a level. In the ground state the 2~ b level has mainly Ni d character,
while the 2~'~ level has mainly CO 2'rr character. If the one-particle final state
interactions are similar to those for the higher energy losses, then these
excitations place the 2','7"b level 0.9 eV below E F a s shown in fig. 9. Previous
studies of CO on Ni(001) by ARUPS places this level at 2.2 eV [42] and for CO
on N i ( l l l ) by SPIES at 1.8 eV [43].
The 2rr~ level shifts 4.7 eV upward from gas phase CO upon adsorption to
0.8 eV below E,.~c or 5.7 eV above E v. This is, as shown in fig. 9, considerably
larger (by 1-2 eV) than that observed in UPS for the filled CO (l~ and 4~)
levels and the additional shift is indicative of the bonding/antibonding interaction of the CO(2,z'*) and Ni(d,z') orbitals.
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The energy.level diagram for saturation amounts of coadsorbed CO and H
shown in fig. 9 illustrates the changes in the work function and valence level
binding energies that occur relative to CO adsorbed alone. The high energy
loss in ELS occurs at about the same energy of 13.8 eV with a much larger
intensity, while the low energy loss has a lower intensity and is shifted lower by
0.8 to 5.6 eV. As in the case of CO(a) in the absence of H(a), the high and low
energy losses can be assigned as due to 1~/5"6 ~ 2~ a and 2~,--* 2~a transitions, respectively. Using the former transition energies, the 2~r~ level lies near
0 eV BE and the 2,z"b level is just below E F. The 2~"a and 50 levels for
coadsorbed CO shift upward by nearly the same amount (0.8-0.9 eV). For the
coadsorbed case, the 1"~ and 5"~ levels are at almost the same binding energy.
This fact could partly account for the larger loss intensity seen in fig. 2D. The
low energy loss is due to transitions from 2~"b levels a few tenths of an eV
below E r to the 2~ra level. The smaller splitting of the 2,z',, and 27rb levels in the
coadsorbed case is taken .as a partial reflection of the weaker C O - N i chemisorption bond.
The observed intensity variations in the losses might also be explained by a
weakened CO chemisorption bond. A weaker chemisorption bond implies a
longer C - N i bond and a smaller mixing of Ni(d,z') with CO(2~r*) orbitals. This
would improve the overlap of the 2.z-a orbital with the 5~ and 1"~ orbitals, thus
increasing the intensity of the high energy loss as observed. The same effect
would lower the overlap of the 2,z"b and 2~,~ orbitals to lower the intensity of
the low energy loss.

4.2. Analysis of the XPS spectra
Tile shift to higher BE of the main peak in the CO core level spectra of CO
coadsorbed with hydrogen is consistent with the shifts of the valence levels
previously observed in UPS studies [1]. The shifts of the C(ls) and O(ls) fully
screened levels are 0.9 and 1.5 eV, respectively, while the valence level shifts
are as follows: 1"~, 0.9 eV; 5~, 0 eV; and 4"~, 0.9 eV. The explanation [1]
proposed for the valence level shifts included a large contribution due to
decreased screening/relaxation of the valence level hole in the final state, and
a bonding shift. The contribution of final state screening to the measured BE
of a core level should be larger for core levels than for valence levels due to tile
more localized nature of the core hole. Thus, changes in the final state
screening due to the different chemical environment for coadsorbed CO should
produce larger shifts in the core level peaks as observed. The C(ls) peak is
shifted 0.6 eV less than the O(ls) and may be interpreted as initial state
chemical bonding effects or different screening responses to the different core
holes.
We have recorded the satellite intensity present in the core level spectra for
several reasons. First, XPS spectra were obtained over an energy range that
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includes all major final.state channels to obtain quantitative information on
the concentration of species. It is difficult to account correctly for the broad
shake-off intensity, but certainly one can take into account accurately the
strong satellite peaks that often occur. In the case of the C(ls) spectra of CO
coadsorbed with I4, neglecting the differing satellite intensity compared to CO
adsorbed alone would have resulted in an error of = 30% in the CO coverage
for the coadsorbed case. Second, the satellite energy and intensity is sensitive
to the chemical environment of CO and can be used as fingerprint of this
environment. The core level spectra of CO adsorbed on transition metals show
a high BE satellite near 7 eV and a weaker one near 16 eV [34,44,45]. The C(ls)
and O(ls) satellite at = 7 eV can be interpreted in two ways: (1) as a shake-up
(2~rb ~ 2rr~) satellite of a fully screened core-hole state [21,46,47] and (2) as
core-hole creation with no screening [48]. In either case, the lowest BE peak is
the result of forming a core hole that is fully screened. These two models have
been discussed by Netzer et al. [49] who point out that they may not be totally
exclusive since a realistic nmlticonfigurational description will contain the
ingredients of both. A discussion of various models has also been given by
Messmer et al. [47].
Umbach [45] has also recently discussed these models along with a number
of photoemission spectra which contain satellite structure for several adsorbates with a range of chemisorption bond strengths. Interband transitions
of the metal and extrinsic plasmon losses were identified in spectra for strong
atomic adsorption. Satellites for strong molecular chemisorption are explainable as shake-up transitions, while the large satellites for weak molecular
9adsorption can be understood as poorly screened final states. For physisorption, just as for gas phase spectra, satellites can be explained by the shake-up
model. The description of these satellites is not unambiguous in many cases
and is currently an active area of interest. The core level satellite spectra
reported here involve CO(a) with desorption energies differing by about 15
kcal mol- i.
Advances in the theory of shake-up processes in bound CO mentioned
above, along with experimental data on carbonyls [34,35], strongly chemisorbed CO on Ru(001) [32] and W(II0) [33] and weakly bound CO on
Cu(001) [50], serve as important references for the interpretation of our data.
Based on these results we have chosen the shake-up satellite language to
9describe the largest satellite in our spectra. The one-electron orbital language
used to describe these states is, at best, incomplete and frequently quite
confusing. We choose to describe the N i - C O bond using ground state molecular orbital bonding language, i.e. using the 50 b, 5o~, 2'z"b and 2*ta molecular
orbitals described previously. In the neutral ~round state, 2~rb has mainly Ni
3d character while the 2~ra has mainly CO 2,z" character. Screening.upon
formation of a C(ls) core hole then corresponds to rehybridization of the 2~"b
orbital so that electron density is shifted from the Ni to the C. Theoretical
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calculations [24] on the C(ls) core hole states of NiCO § show that almost an
entire electron (per CO) is transferred to the CO. The shake-up with screening
is then a 2~"b to 2~"a transition occurring with the formation of the core hole,
which places even more charge around the adsorbate core hole.
In a description of the satellite in the poorly screened model, the fully
screened final state (main peak) would be denoted (ls)-1(2~r)§ I where a Ni
valence electron has been transferred to the CO 2~* level to screen the core
hole. The unscreened final state (satellite) would be ( I s ) - i with no changes in
either the Ni or CO valence distributions.
The 5-6 eV shake-ups for CO adsorbed on Ni(100) are the strongest peaks
in both the C(ls) and O(ls) spectra. Within the framework of our description,
these can be assigned as due to 2~% to 2~a transitions involving either C(Is) or
O(ls) core hole final states. The intensities, relative to the main peaks will not
be the same due to the unequal weight of the wave functions on the carbon and
oxygen atoms [42]. These satellite energies are somewhat closer to the main
peak than in previous work where a 7 eV satellite is typical for strongly bound
CO and 6 eV is typical of carbonyls.
In the presence of hydrogen, the satellite structure is quite complicated but
two features clearly emerge: (1) there is a large increase in satellite intensity,
particularly in the case of C(ls) spectra and (2) the splitting decreases between
the main peak and the maximum of the satellite intensity. These changes are
consistent with a recent general interpretation [42] of the core-level spectra of
molecular carbonyls and adsorbed CO which indicates that, as the
metal-carbon monoxide interaction decreases, the 2~rt, to 2~r~ splitting decreases, moving the satellite intensity closer to the main peak, and the satellite
intensity increases. For example, for weakly bound CO on Cu(100), [50]. this
satellite intensity occurs with nearly the same intensity as the main peak and
maximizes within 1.5 eV of it. However, the satellites for this case have also
been explained using the poorly screened model [51,52]. It was initially hoped
that due to the range of CO chemisorption bond strength available on clean
and H-precovered-Ni(100), one might be able to determine the correct description of the satellite structure in these cases. However, it is now clear that both
the poorly screened model and the shake-up model predict a larger satellite
intensity for weaker chemisorption bonds. Thus, one cannot distinguish the
two models based solely on our data. Clearly the chemisorption bond is in fact
weaker as indicated to the observed larger satellite intensity for coadsorbed CO
and H.
The location of the 2,z'~ level is important for understanding the shake-up
energy. This position has been located at 2 eV above the Fermi level (4.3 eV
below vacuum) in a resonant photoabsorption experiment [53] in which a C(ls)
electron is excited to the 2~-~ level. A Ni(100) surface with a c(2 • 2) overlayer
of CO was studied at room temperature. Comparing this with the position of
the 2~r~ level in fig. 9 suggests that for CO on Ni(100) there is a significant

B.E. Koel et al. / Low temperature coadsorption of t l 2 and CO on Ni(lO0). 11

759

lowering of the 2~"a energy in the presence of a C(ls) core hole, as compared to
a valence level hole, as was the case in ELS. The more localized character of
the core hole accounts for this. Using this energy for the 2era level and the
C(ls) satellite energy places the 2'~"b level in the presence of a C(ls) core hole at
the bottom of the Ni d band (i.e. at 3.4 eV below EH). Comparisons such as
this for the O(ls) satellite show that the O(ls) hole affects differently both the
energies of the 2~'a and 2'rr b levels and the transition matrix element for this
excitation.
A satellite is observed near 15 eV in CO(g) and, guided by calculations, this
satellite is assigned to a 1~"--, 2~" transition [40,54]. This interpretation of the
16 eV satellite in adsorbed CO has been suggested also [43]. The interpretation
of the other satellite at 25 eV observed in the O(ls) spectra is more tentative.
Proposed explanations include o --, o Rydberg transitions, 1~" --, 2~r* shake-up
[47], or extrinsic excitations.
Finally, comparison with ELS data shows that the satellite structure we
observed in the core level spectra should not be identified with properties of
the metal (interband transitions, or bulk or surface plasmon oscillations) in
either the photoemission event or in extrinsic processes (losses) associated with
the exiting photoelectron.
5. Summary
ELS and XPS have been used to characterize the electronic structure of CO
adsorbed alone and coadsorbed with hydrogen on Ni(100) at low temperatures.
Our findings support those of earlier studies [1] on the same system. We find
that for precoverages of 0 H > 0.6 ML and subsequent exposures to CO, the
N i - C O chemisorption bond is dramatically reduced in strength. The ELS
results reflect this bonding change in the decreased energy separation of the
2r b and 2r a levels. Core-level spectra in XPS show a shift of the main C(ls)
and O(ls) peaks to higher binding energies along with a large increase in
satellite intensity at higher binding energies. While the exact nature of these
satellites is a subject of debate, an increased satellite intensity certainly
indicates a decrease in the chemisorption bond strength.
In addition, XPS indicates interesting chemical changes in the coadsorbed
layer at 173 K causing two peaks to be observed in the C(ls) and O(ls) spectra.
These interactions near the desorption temperature of the peaks in TPD are
under further investigation.
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