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Electron-spectroscopy studies of clean thorium and uranium surfaces.
Chemisorption and initial stages of reaction with O~, CO, and CO2
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The adsorption of 02, CO, and CO2 on the thorium (111)crystal face and on polycrys-
talline a-uranium has been investigated by x-ray photoelectron spectroscopy, Auger elec-

tron spectroscopy (AES), and secondary-ion mass spectroscopy (SIMS) at 300 K. Oxygen
adsorption on both metals resulted in the formation of the metal dioxide. CO and CO2
adsorption on Th(111) produced species derived from atomic carbon and oxygen; the pres-
ence of molecular CO was also detected. Only atomic carbon and oxygen were observed

on uranium. Elemental depth profiles by AES and SINS indicated that the carbon pro-
duced by the dissociation of CO or CO2 diffused into the bulk of the metals to form a
carbide, while the oxygen remained on their surfaces as an oxide.

I. INTRODUCTION

Studies of the interaction of the actinide metals
with reactive gases permits the investigation of the
role of the Sf shells of electrons in chemical reac-
tions. The Sf levels of the lighter actinides (i.e.,
thorium, uranium, and plutonium) are located near
their respective Fermi levels, and are thought to
overlap and hybridize with the partially filled 6d
and 7s levels to form delocalized energy bands. '
Thorium, with a valence-band structure of
Sf 6d 7s, has unoccupied 5f levels in the ground
state approximately 3.15 and 4.5 eV above the Fer-
mi level and it is expected to exhibit properties
similar to the fcc Sd metals platinum and iridium.
Uranium, with a 5f 6d'7s valence band, exhibits
a high concentration of unoccupied 5f states just
above the Fermi level which extend into the
valence band. Hence, uranium should display
chemical properties mostly attributable to the in-
fiuence of the Sf electrons. In sharp contrast to
this behavior, the highly localized 4f levels of the
rare-earth metals, with the exception of cerium, lie
well below their Sd and 6s conduction bands and
therefore do not affect the chemical properties of
these metals. '

The intent of this investigation was to examine
the chemisorption and initial stages of chemical re-
action of 02, CO, and CO2 on clean thorium and
uranium metals. Low-energy electron diffraction
(I.EED) studies on single crystals of thorium have

indicated that adsorption of these gases at room
temperature proceeds in a disordered manner. '

%e selected x-ray photoelectron spectroscopy
(XPS) to probe the structure of adsorbed species
through the study of the chemisorption of 02, CO,
and CO2 on thorium and uranium from submono-
layer to monolayer coverages at room temperature.
Auger electron (AES) and secondary-ion mass
(SIMS) spectroscopies were also used to clarify and
confirm the behavior observed in the XPS studies.

Exposure of thorium and uranium to oxygen
was observed to produce only metal dioxide in both
cases. Carbon monoxide and dioxide dissociated
on the surface of Th(111) at low coverages to pro-
duce carbon and oxygen. The former diffused into
the metal to produce a carbide, while the latter
remained on the surface as an oxide. "Graphitic"
carbon and bound molecular CO were observed at
high CO and CO2 coverages, while a second molec-
ular species, tentatively identified as a monodentate
carbonate, was detected at saturation CO2 cover-
age. Adsorption of CO and CO2 on uranium was
much simpler since each gas dissociated to produce
carbon as a carbide below the surface and an ox-
ide on the surface.

II. EXPERIMENTAL

A. Vacuum apparatus and procedures

Our experiments were performed in a stainless-
steel vacuum chamber capable of obtaining a base
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pressure of (3 nPa (2X10 "Torr). The cham-
ber was evacuated by a 200 1/sec noble-ion pump,
a water-cooled titanium sublimator, and a liquid-
nitrogen trapped diffusion pump. The large capa-
city of the diffusion pump made it possible to
maintain a flow of gases through the chamber dur-

ing sample cleaning by inert gas ion bombardment
or during exposure to active gases. This ensured
that: (1) gaseous impurities generated during these
operations were continuously swept out of the
chamber, and (2) ultrahigh vacuum conditions were

quickly restored after a given operation. It took
one minute to evacuate the chamber from 6.7 mPa

(5X10 Torr) to less than 13.3 nPa (1X10
Torr).

Research grade Oq, CO, and COq were stored in
one-liter stainless-steel cylinders at 1.4 MPa (200
psi). These flasks were connected directly to all-

metal variable-leak valves to avoid the contamina-
tion problems encountered with regulators. Argon
for sputter etching was stored and cleaned in a spe-
cially designed three-liter vessel that was first
baked under vacuum at temperatures above 570 K.
The interior surfaces were then coated with a thin
calcium film using an internal evaporator operat-
ing at 920 K. The vessel walls were maintained at
-370 K while filling with argon to prevent the
formation of a protective oxide film on the calci-
um. The calcium film gettered H20 and 02 to
levels below 1 ppm under these conditions.

Carbon monoxide can account for up to 50% of
the gas load in a clean ultrahigh vacuum (UHV)
system during oxygen exposures in the presence of
hot tungsten filaments. Pretreatment of hot,
thoriated iridium filaments in 0.13 mPa (1X10
Torr) oxygen for 20 minutes reduced the CO con-
centration to less than 1 vol% in oxygen at 6.7
pPa (5X 10 Torr) while operating at low emis-
sion (-0.01 mA). It has also been demonstrated
that many gases will interact with fresh titanium
films in getter and/or ion-pump elements to release
carbon monoxide, methane, and other uncontrolled
contaminants'; for this reason, these pumps were
isolated during active gas exposures.

B. Instrumentation

The Auger spectra displayed throughout this
work were obtained with a scanning Auger mi-
croprobe (SAM) operating at a primary beam ener-

gy of 3 kV, a beam current of 5 pA, and a 6 V
peak-to-peak modulation voltage in order to
enhance the detection sensitivity to oxygen and car-

bon" while minimizing damage to the surface re-
gion. The modulation was reduced to 2 V peak-
to-peak to improve the instrumental resolution
when it was necessary to examine peak shapes in
more detail.

The XPS measurments were made with non-
monochroinatized MgEa (1253.6 eV) radiation as
an excitation source. A double pass cylindrical
mirror analyzer (CMA) was used for electron-
energy analysis. The CMA was operated in the re-
tarding mode with a pass energy of 25 eV which
gave Au4f peaks with a full width at half max-
imum (FWHM) of 1 eV. The spectral features in
the valence-band regions of both thorium and
uranium were broad enough that we were able to
obtain equal resolution with a pass energy of 50 eV
as with 25 eV but in 4 the time. The data were

acquired in the pulse counting mode by taking
multiple scans through the regions of interest in
order to average out random noise. The number of
sweeps ranged from 256 for strong peaks [0 ls,
metal (4f)] to 1024 for weak peaks (C ls). Spectra
were normalized by factors determined by the aver-

age count rate in spectral regions with a flat back-
ground. Peak energies near the valence band were
measured from a peak's center of gravity to the
Fermi level. Peaks with higher binding energies
were referenced to the Th4f7/2 and U4f7/2 levels
at 333.1 and 377.2 eV, respectively.

Positive and negative secondary-ion mass spectra
were taken to examine low-level impurities in the
clean metals, and to resolve some of the interpre-
tive problems raised by the AES and XPS results.
These experiments utilized a 3-kV, 10-pA argon-
ion beam excitation source with a 4)&4-mm raster
on the sample.

III. MATERIALS AND SAMPLE PREPARATION

A 7-mm X 1-mm-thick sample of Th(111) was

cut from a high purity, electrotransport-refined
single crystal' and spot welded to a high purity
thorium cap which was then fitted over a 50-W
resistance heater. Use of the thorium cap prevent-
ed possible contamination of the sample by materi-
al sputtered from the molybdenum heater cover
during cleaning; it also avoided alloying of the tho-
rium crystal with molybdenum at elevated tem-
peratures. A polycrystalline uranium sample, with
a total impurity content of less than 100 ppm (Ref.
13) was mounted on a separate heater in a similar

manner. W vs W —26wt. % Re thermocouples
were spot welded to each sample and used as tem-



10 McLEAN, COLMENARES, SMITH, AND SOMORJAI 25

perature monitors. Prior to installation in the ar-

gon filled vacuum chamber, the samples were
etched in a 50 vol % solution of HNO3 in H20 to
remove gross surface oxides, rinsed in distilled wa-
ter and ethanol, and then dried under fiowing ar-

gon.
We used the following cleaning procedure on

new samples and on those that had undergone long
term storage in the vacuum chamber:

(1) Clean by argon-ion bombardment [33.3 mPa
(2.5X10 Torr), 5-kV beam voltage, 20-pA beam
current, and 6X 6 mm raster] at room temperature

until the oxygen ELL Auger signal is no longer
detectable. (This operation requires from one to
twenty-four hours. )

(2) Heat to 1073 K during argon sputtering until
surface impurities are no longer detectable by AES.

(3) Stop sputtering and continue to anneal at
1073 K for 15 min.

(4) Let cool to room temperature.

(5) Repeat this procedure until oxygen can no
longer be detected on the sample at room tempera-
ture. However, a significant amount of iron dif-
fused to the surfaces of both thorium and uranium

during this cooldown. Attempts to deplete the
iron in the near surface region by repeated heat-
cool-sputter cycles were unsuccessful. The surface
iron was easily removed by sputtering for 30 sec at
room temperature with a 0.5-kV argon-ion beam.

Recleaning between exposures was accomplished by
approximately 30 sec of argon sputtering at 0.5
kV. It was necessary to repeat an abbreviated
form of steps (1)—(5) whenever oxygen or carbon

/

could not be removed easily.
The bulk impurities in thorium and uranium are

listed in Table I. Most of the elements in this
table were also found in our secondary-i' mass

spectra. The major impurity species in thorium
detected by SIMS were, in order of decreasing in-

tensity: oxygen, fluorine, and aluminum. The
dominant impurities in uranium were aluminum,

silicon, and oxygen. None of these elements were

present in amounts large enough to detect by AES
or XPS.

AES is approximately an order of magnitude
more sensitive to carbon and oxygen than XPS
(Ref. 14); hence Auger spectra of these elements

were taken at frequent intervals during XPS mea-
surements on the clean metals to monitor surface
cleanliness. The Auger spectrum in Fig. 1(a) is
representative of the carbon and oxygen back-
grounds on clean thorium. The carbon ELL peak
is superimposed on the thorium OI VV transition at
271 eV; however, the carbon contribution to the to-
tal peak height is not substantial based on the fact
that the C peak in the secondary-ion mass spec-
trum was only 2% as large as the 0 peak under
identical sputtering conditions. Since the relative
sputter yield of carbon is roughly twice that of ox-
ygen' and since oxygen could not be detected by
AES, we concluded that the carbon content of the
near surface region was negligible.

A clean thorium surface became contaminated

by residual CO in the vacuum chamber during the
6 min it took to: (1) return to UHV conditions
following sputter cleaning, (2) turn on the x-ray
source, and (3) acquire a reasonable number of
scans through one of the spectral regions (i.e., 128

TABLE I. Impurities in bulk samples of thorium and uranium.

Element ppm in Th' ppm in U" Element ppm in Th' ppm in Ub

Li
8
C
0
F
Na
Mg
Al
Si
S
C1

&20
&10
-800
—1000
15
250
25

&10
25

&0.2
0.06
19
18
0.7
0.03
11
10
10
0.2
&10

K
Ca
Sc
T1
Cr
Mn
Fe
Co
Ta

50
700
&1
10
3
1

25
&5
750
100

0.06
0.2
0.01
0.2
3.1
7.7
12
0.05
&1.5
&0.05

'Spark source mass spectrometric analysis.
bSee Ref. 13.
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for 0 ls, C ls, or Th 4f, 64 for the valence band).
The increases in the (C+ Th) and oxygen Auger
signals are seen in Fig. 1(b). Comparison of the
[0/Th] peak height in Fig. 1(b) with that from sa-
turation CO coverage [Fig. 1(c)] led us to conclude
that approximately 2% of a contamination mono-
layer had formed on the Th surface. This example
represents the worst condition under which data
collection was allowed to proceed. We were often
unable to detect oxygen or carbon after 20—30
min in UHV; however, the spectra of the clean
surfaces shown throughout this article were ac-
quired in the 5-min interval immediately following
recleaning of the sample. Recleaning and reexpo-
sure were performed at 5 min intervals to avoid
contamination from background gases, especially at

1

low coverage ( & —, monolayer) of the active gases.
CO contamination on thorium did not occur dur-
ing oxygen exposure [Fig. 1(d)]. Similar recleaning
procedures were followed for the uranium sample
since it was also susceptible to rapid contamination
by residual CO.

IV. RESULTS AND DISCUSSION

X-ray photoelectron spectra of thorium and
uranium exposed to 02, CO, and C02 will be
presented and discussed in the following sections to
illustrate the behavior of these gases after adsorp-
tion on the clean metals. The measuremerits on
the thorium single crystal were repeated twice to
ensure that the reported observations were con-
sistent. The uranium spectra were reproduced on
two different pieces of ultrapure uranium. The x-
ray photoelectron spectra of clean thorium and

uranium reflect the true signal-to-noise ratio of the
experimental system; all other photoelectron spec-
tra have been numerically smoothed.

A. Valence band

Thorium

1000

800—

~ Th6p
Th 6P1/'2

I

02s

The valence-band regions (from —5 to + 45 eV)
for clean thorium and for thorium at near satura-
tion coverage for each of the gases under study are
presented in Fig. 2. The three peaks in the clean
thorium spectnnn [Fig. 2(a)] originated from the
5f 6d 7s, 6p3/2 and 6p &/2 electronic states corre-
sponding to the Fermi level, 16.9 and 24.4 eV,
respectively. The weak feature between 4 and 15
eV was thought to be due to the 2p levels of resi-
dual surface oxide. However, the intensity of this
peak (referenced to the Th 6p3/g peak) was -37%%uo

of that for the 02p on thorium at saturation 02
coverage [Fig. 2(b)] and oxygen was not detected
by AES or in the 01s photoelectron spectrum.
Hence the weak structure between 4 and 15 eV is
most likely due to tailing of the Th 7s ~/2 peak.
The Th6s~~2 at -43 eV and the Thssj~z at -290
eV have approximately the same shape and breadth
as the feature between 4 and 15 eV.

When thorium was exposed to 02 a peak ap-
peared between 4 and 9 eV, which we attributed to
the unresolved 02p3/2 and 02p~~2 levels. The re-
lationship between the decrease in the 6d 7s in-

600—

Io o
I-

z

UJ

z 400

(~) (b) (c)

FIG. 1. Representative Auger spectra at various gas
exposures: (a) clean thorium Ol VV; carbon XVV, and
oxygen XVV background, (b) thorium after 5 min at
1)&10 ' Torr, (c) Th+ 10 L CO (1 L=0.13 mPasec),
(d) Th+40 L 02.

I, I

40 20

B t NDING ENE RGY (eV)

FIG. 2. Thorium valence-band region: (a) clean tho-
rium, (b) Th+ 40 L O~, (c) Th + 10 L CO, (d) Th + 40
L CO2.
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tensity and the increase in the 02p feature indi-
cates that electrons were transferred from the
valence band to the 2p levels of the oxygen ions in
forming the metal-oxide bond. Changes observed
in the thorium valence band as a function of oxy-
gen exposure are correlated with changes in the
(C ls+01s) intensities relative to the Th4f7/2
peak and the changes in the (C 2p +02p) intensi-
ties relative to the Th 6p3/2 peak in Table II. It
was not possible to resolve the 02s ~/2 transition
which appeared in the vicinity of the Th 6p~/2 level

but we observed that the center of gravity of the
Th 6p3/2 peak shifted to a higher binding energy
(17.2 eV) after oxide formation.

The presence of a peak associated with the 02p
level has been used to distinguish dissociative from
molecular adsorption of CO. ' Appearance of this
peak between 4 and 9 eV after CO adsorption on
thorium [Fig. 2(c)] suggests that a surface oxide
had formed subsequent to the dissociation of some
of the CO molecules. Approximately 10% of the
feature between 4 and 9 eV originated from C 2p
electrons which can also appear in this binding en-

ergy range. ' We were unable to determine wheth-
er any undissociated CO was present because the
photoionization cross sections of the 50., 4m, and
4o levels of CO were much smaller than those of
other peaks in the valence-band region; this made
them difficult to detect by XPS. Photoionization
cross sections (Mg Ea radiation) for selected levels
of thorium and uranium and molecular CO are
presented in Table III. The 02s~/2 level at ap-
proximately 22.1 eV was almost resolved from the
Th 6p~/2 level as shown in Fig. 2(c). The intensity
of the Th 6d 7s peak decreased (Table II) by
-22% on exposure to CO which indicates that not
all of these electrons participated to form oxide or
carbide bonds. The position and shape of the

Th 6p3/2 remained unchanged. The 02p and 02s
bands also appeared during COz adsorption [Fig.
2(d)] which indicated that dissociation of the ad-
sorbate had occurred. The intensity of the
Th 6d 7s peak at the Fermi level decreased by
56% after adsorption of C02, nearly as much as
that observed following saturation with exposure
oxygen (Table II). At the same time, the centroid
of the Th 6p3/2 peak shifted to 17.0 eV which indi-
cated the formation of an oxide.

Uranium

The valence-band regions for clean uranium, and
uranium at saturation coverage of 02, CO, and

C02 are illustrated in Fig. 3. The 5f 6d'7s,
6p3/z and 6p~/2 peaks from clean uranium [Fig.
3(a)] were found at the Fermi level, 17.4 and 26.8
eV, respectively. The asymmetry on the high bind-

ing energy side of the clean uranium 5f 6d'7s
peak has also been observed in high resolution
spectra; it has been attributed to a combination of
Gaussian and Lorentzian broadening due to instru-
mental and lifetime effects. The tailing between

4 and 10 eV is most likely due to the U 7s]/2 level,
which computational studies suggest should be a
broad feature centered at about 3.5 eV. '

Examination of photoelectron peaks in the vicin-

ity of. the uranium valence band as well as in the
U 4f region is complicated by the existence of mul-

tiple forms of the oxide, i.e., U02, U03, U308, and
also by substoichiometric oxides such as UO which
has been reported to form in the early stages of
uranium oxidation. The spectrum of uranium at
saturation oxygen coverage [Fig. 3(b)] closely
resembles that found for UOz (Ref. 23) and for
U02 on uranium metal. Observations by Beatham

TABLE II. Correlation of changes observed in the thorium valence band with oxygen ex-

posure.

%%uo decrease in

thorium VB
I (Th 6p3/2)

% increase in

I(C is)+I(o is)
I (Th 4f7/2)

% increase in

I(02p)+I (C 2@)
I(Th 6p3/2)

Species
Th+40 L 0,
Th+ 100 L 02
Th+ 10 L CO
Th+ 40 L CO2

74
81
22
56

71

40
65

58
79b

25
41

'I is the photoelectron intensities corrected by photoelectron cross sections.
bNormalized to % oxide 4f line present. See Sec. IV C.
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TABLE III. Photoelectron cross sections for selected levels of thorium and uranium

(Mg Ka radiation).

Level
X 1022

(cm )' Level
o X1022

(cm ) Level
cr X10

(cm )

Th 7s)/2
Th 6d5/2
Th 6d3/2
Th 6p3/2
Th 6p)/2
Th 6s]/2
Th 5s&/2

3.872
9.812
6.952

64.460
23.540
28.882

121.220

CO So.

CO lab

CO 4'"
02p3/2
O2p i/2

C 2p3/2
C 2p ~/2

0 1s)/2
C 1s)/2

0.400
0.200
1.000
3.190
1.606
0.264
0.132

632.700
220.000

U 7$5/2

U 6d5/2
U 6d3/2

U5f~n
U 5fu2
U6p3n
U6pin

3.520
4.312
3.124

89,540
71.280
66.220
23.320

'See Ref. 18.
bSee Ref. 19.

et al. and by Evans on the change in photoelec-
tron cross section with photon energy for the sharp
peak of U02 at the Fermi level indicate that this

peak is primarily of 5f character; hence bondirig to
oxygen is taking place mainly through the 6d and

7s electrons. Norton et al. have reached a simi-

lar conclusion regarding the nature of the U 5f
electrons in uranium nitride where binding oc-
curred between the U 6d and N2p electrons. We
observed that the 02p band for U02 appeared be-
tween 4 and 11 eV, and that the U 6p3/2 and
U 6pi &2 peaks were shifted to the higher binding
energies of 18.2 and -28.9 eV, respectively. The
02s peak was centered at about 24.2 eV.

Saturation adsorption of CO and C02 caused

only minor changes in the valence-band region
[Figs. 3(c) and 3(d)]; the most noticeable difference
was a —15%%uo decrease in intensity of the

5f 7s'6d peak at the Fermi level after adsorption
of either gas. There was also a faint suggestion of
an additional feature around 24 eV due to an 0 ls
contribution. The photoionization cross sections
for adsorbate levels were much smaller than those
of neighboring uranium peaks (see Table III), mak-

ing their observation by XPS difficult.

B. Carbon (1s) photoelectron peak
and KLL Auger transitions

Thorium

2500
U 6p3(2

I

Ef

2000—

1500—

'1 000—

500—

I I

40 20 0
BINDING ENERGY (eV)

FIG. 3. Uranium valence-band region: (a) clean
uranium, (b) U+ 40 L 02, (c) U + 10 L CO, (d) U+ 40
L CO2.

The presence of the Ss level of thorium compli-
cated the interpretation of spectral features in the
C ls region. This level appears as a diffuse (283 to
293 eV) low intensity peak [Fig. 4(a)] with a
theoretical photoelectron cross section approxi-
mately one-half that of the C ls. 's Relativistic
Hartree-Fock calculations by Boring et al. on
thorium atoms indicate that the broad structure of
the Th Ss level can be attributed to configuration
interaction effects. Similar arguments have been
applied to the shapes of the Th 5p levels '; the
Th Ss peak of the oxidized metal was slightly nar-
rower [Fig. 4(b)]. The carbon KLI. Auger signal
did not increase after 02 exposure which provided
verification that this was the metal oxide peak and
not an effect of CO adsorbed from the residual gas
[Fig. 1(d)]. The overlap of C ls peaks with un-
specifiable fractions of Th Ss metal and oxide levels
made background subtraction. in this region diffi-
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500
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100— {a)
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FIG. 4. Carbon 1s binding region on thorium: (a)

clean thorium background, (b) Th + 40 I- Op, (c)

Th+ CO (exposures as marked), (d) Th + CO2 (expo-

sures as marked).

cult after CO and CO2 exposures.
The evolution of several carbon species accom-

panied adsorption of CO. The first, labeled A in
Fig. 4(c), appeared after an exposure of 2 L (1
L=0.13 mPasec) and had a binding energy of
281.6+0.2 eV which is typical of many metal car-
bides. ' Furthermore, the carbon KLL Auger
peak at this low coverage [Fig. 5(b)] had the
characteristic shape of a metal carbide with nega-
tive excursions at 255, 262, and 271 eV. ' As
the CO exposure was raised to 5 L [Fig. 4(c)] the
centroid of the "carbidic" photoelectron peak shift-

ed to 282.5+0.2 eV, while the carbon KLL peak
began to assume a shape similar to that of graphi-
tic carbon [Fig. 5(c)] at approximately the same
coverage (4 L). At even higher exposures ()5 U
another distinct form of carbon, labeled 8 in Fig.
4(c) appeared at a binding energy of 284.5+0.2 eV
which falls within the range found for bound CO
on a number of transition metals. ' ' The car-
bon KLL Auger peak at saturation CO exposure
[Fig. 5(d)] indicated the presence of both "carbid-
ic" and "graphitic" carbon, and was decidedly dif-
ferent in shape from the lower coverage Auger
peaks.

Exposure of clean thorium to increasing
amounts of CO& yielded a similar family of C 1s
peaks shown in [Fig. 4(d)]. A single carbon peak
with a binding energy of 281.6 eV and a carbidic
KLL Auger peak shape was observed at low expo-
sure [Figs. 6(a) and 6(b)]. The shape of the carbon
Auger peak changed dramatically at a CO2 expo-
sure of 10 L while a second feature, associated ear-
lier with bound CO, appeared in the photoelectron
spectrum at a binding energy of 284.5+0.2 eV
[Fig. 4(d)]. This species was the dominant form of
carbon at saturation CO2 coverage. The carbon
KLL Auger signal at this point [Fig. 6(d)] was al-
most 20 eV wide but had a peak-to-peak height
smaller than that for a coverage of 6 L of CO2.
This observation illustrates the difficulty involved
in obtaining quantitative information from Auger
spectra of carbon compounds. The C 1s photoelec-
tron spectrum of thorium at saturation CO2 cover-

{a)
I I I I

I

I I I I

(a)
~lQP

LU
Q

O

{c)—
(C)

I I I

240 280 320 360

ELECTRON ENERGY {eV)

FIG. 5. Carbon ELL peak shapes for CO adsorption
on thorium (a) clean thorium background, (b) Th + 2 L
CO, (c) Th + 4 L CO, (d) Th + 10 L CO.

350250 300
ELECTRON ENERGY (eV)

FIG. 6. Carbon KLL peak shapes for CO2 adsorption
on thorium: (a) Th + 3 L CO2, (b) Th + 6 L CO2, (c)
Th + 10 L CO2, (d) Th + 60 L CO2.
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age exactly duplicated the spectrum observed when
a surface that had previously been covered to sa-
turation with CO, was exposed to 02

Uranium

The photoelectron spectrum of clean uranium in
the C 1s region is not complicated by the presence
of metal peaks [Fig. 7(a)]. Exposure to oxygen
caused no changes in this region, proving that sur-
face contamination by CO had not taken place
[Fig. 7(b)]. Treatment of clean uranium with doses
of CO up to 2000 L produced a single, asymmetric
C ls peak at 281.9 eV [Fig. 7(c)], close to the bind-

ing energy previously associated with a carbidic
species on thorium; hence we concluded that this is
a carbidic species on uranium as well. Confirma-
tion of this assignment from the carbon KLL
Auger peak shape was not possible because of in-

terference from the uranium Ns04 sPz 3 N704V,
and N6 704 5V transitions at 265, 271, and 280 eV,
respectively.

The asymmetry of the C ls peak can be ex-

plained within the framework of the theoretical
treatment of Schonhammer and Gunnarsson (SG
model) as a consequence of the formation of
low-energy electron-hole pairs by promotion of
electrons at the Fermi level to screening 5f levels

immediately above E~ upon the sudden creation of
a hole in the C 1s level. Fuggle et al. have report-
ed many examples of similar adsorbate peak shape

asymmetries and have interpreted them in terms
of the SG model and similar models proposed by
Gumhalter ' and Newns. The asymmetry on
the high-binding energy side of the C ls peak for
uranium at saturation COz coverage [Fig. 7(d)] is
much more pronounced than that for CO and may
reveal the presence of a second adsorbed species.
Infrared studies of C02 adsorbed on uranium oxide
films have shown the existence of a strongly chem-
isorbed carboxylate species CO2, which could not
be removed at room temperature. ' In our experi-
ment, similar adsorption sites would be available to
C02 mollies that reach the surface during the
later stages of adsorption, when portions of the
surface had already been oxidized.

C. Metal 4f levels

Thorium

Spectra of the 4f levels of clean thorium and
thorium exposed to Oq, CO, and COq are shown in
Fig. 8. The 4f photoelectron spectrum for clean
thorium is presented in Fig. 8(a). The small
feature at approximately 325 eV (Fig. 8) is a satel-
lite produced by the Mg Eu3 4 radiation in the non-
monochromatized x-ray source. The shoulders on
the high-binding-energy sides of the Th4f7/z and
Th 4f5&2 peaks lie in positions deceptively close to
where one would anticipate thorium oxide peaks to
appear [Fig. 8(b)]. However, the area under these
shoulders constitutes approximately 5% of the to-
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FIG. 7. Carbon (1s) binding region on uranium: {a)
clean uranium, (b) U+ 40 L 02, {c)U+ 10 L CO, (d)
U+40 L CO, .

BINDING ENERGY {eV)

FIG. 8. Thorium (4f) peaks: (a) clean Th, (b)
Th + 100 L O~, (c) Th + 10 L CO, (d) Th + 40 L CO2.
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tal peak area, and it is difficult to believe that 5%
surface oxide could not be detected either by XPS
or by AES. An explanation for the origin of these
shoulders has been advanced by Fuggle et al.
based on the SG model. Schonhammer and Gun-
narsson36 found that similar shoulders should re-
sult from the transfer of charge from the Fermi
level to pnoccupied screening levels which are
pulled down below EF upon creation of a hole in
the highly localized core levels. Other important
features of the model are coupling of the pho-
toelectron to surface plasmons and configuration
interaction effects. Schonhammer and Gunnarsson
found that the shape of the satellite spectrum
should be strongly dependent on the width of the
screening level and on the amount of energy by
which it is lowered after the ionizing event. Simi-
lar core-hole screening and configuration interac-
tion effects have been observed in the 5p x-ray
photoelectron spectrum of thorium and in the 3d
x-ray photoelectron spectra of the rare earths
and of nickel.

The 4f7/i ~/i peaks of oxidized thorium [Fig.
8(b)] were observed at binding energies of 335 and
344.3 eV, respectively. A Th 4f7/2 02p to
valence-band (VB) shake-up satellite at -343 eV is
a contributing factor to the knee on the low-
binding-energy side of the Th4f5/2 peak. The
Th 4f5/z —02p to VB shape-up satellite can be
clearly seen at 351.7 eV. Satellites at these energies
are characteristic of bulk Th02. " ' The knee on
the low-binding-energy side of the oxidized

Th4f7/2 peak suggests the presence of unoxidized
metal in the near surface region. An estimate of
the metal contribution to the spix:trum in Fig. 8(b)
has been obtained by combining the spectra of the
clean metal and the fully oxidized metal to yield
the experimental spectrum. The results are
presented in Fig. 9, where it is shown that 21%
clean metal plus 79% oxide contribute to produce
a spectrum that equals that of the clean metal ex-

posed to 100 L oxygen. A spectrum of polycrys-
talline Th02 is shown in Fig. 9(d) for comparison.

The intensity of the Th6d 7s level at the
valence band for oxidized thorium [Fig. 2(b)] was

greatly reduced as electrons from these levels be-

came involved in metal-oxygen bonding. Hence
the opportunity for carrying out charge transfer
from levels near EF to empty screening orbitals has
been removed and the Th 4f7/2 level then assumes
the symmetrical peak shape shown in Fig. 9(d) for
a bulk oxide sample and in Fig. 9(b) for the oxide
contribution to Fig. 8(b). The bulk oxide Th4f5/2

4000
Th 4f7(2

3000

2000

1000

350 340
BINDING ENERGY IeVI

330

FIG. 9. Deconvolution of oxide contributions to
Th 4f peaks: (a) 21% clean metal, (b) 79% oxide, (c)
a +b =Th + 100 L Oq, (d) bulk oxide 4f lines.
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FIG. 10. Thorium (4f) difference spectra: (a) 4f
(Th + 10 L CO) —4f (clean Th), (b) 4f (Th + 40 L
CO2) —4f (clean Th).

350

line is still asymmetrical because of the presence of
the Th4f7/2 02p to VB shake-up line.

The Th 4f levels at saturation coverage of CO
are shown in Fig. 8(c). Since the changes observed
here are not pronounced, especially on the scale of
the illustration, they are presented in the form of a
difference spectrum in Fig. 10(a) where it can be
seen that the intensity of the clean metal lines at
-333 and -342 eV decreased and the oxide lines
at -335 and -344 eV increased. This is in agree-
ment with observations in the valence band that in-

dicated that some dissociation of CO and subse-

quent oxide formation had occurred. The areas
above and below zero in the difference spectrum of
Fig. 10(a), which represent intensity gained by the
oxide and lost to the clean metal, are not equal for
several reasons:
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(1) the Th 4f peak shapes change from asym-
metric in the metal to symmetric in the oxide;

(2) the Th 4f5/2 peak includes a Th 4f7/2 02—p
to VB shake-up transition;

(3) the inelastically scattered electron back-
ground changes shape when the metal converts to
the metal oxide;

(4) the adsorbate introduces some attenuation of
the Th 4f levels; and,

(5) the effect of core-hole screening changes as
the population of the 6d 7s2 band at Ez decreases.

12

U 4f5(2

I

U 4f7/2

Since the changes in the Th 4f region were not as
large as anticipated from the high intensity of the
02@band near the valence band, it is possible that
species other than ThOq (i.e., oxycarbides or chem-
isorbed oxygen) were formed after exposure of the
clean metal to carbon monoxide.

The Th 4f levels at saturation CO2 coverage are
shown in Fig. 8(d). From the broadness of the
peaks we deduced that both the clean metal and
the oxide 4f lines were present. This became even
more evident when we observed the difference
spectrum in Fig. 10(b), where measurement of the
areas under the curve revealed that the oxide was
slightly more abundant than the metal. The com-
parison of relative intensities for the Th 4f5/2
peaks is obscured by the superposition of the ThO2
shake-up line at 343.4 eV. The Th4f&/z —02p
to VB shake-up satellite, typical of Th02, is clearly
seen at 351.7 eV [Fig. 8(d)].

Uranium

The shapes of the clean uranium (4f) levels at
377.2 and 388.0 eV are reminiscent of the tradi-
tional Doniach-Sunjic asymmetric line shape
[Fig. 11(a)]. This line shape is also characteristic
of the strong coupling limit of the SG model since
the screening U 5f levels are not only delocalized, '

but are located very close to EF. Uranium at sa-
turation oxygen coverage [Fig. 11(b)] exhibited
nearly symmetrical 4f7/2 5/2 peaks at 380.7 and
391.5 eV, respectively. However, —10% of the
unoxidized metal 4f7/2 line was still visible at
377.2 eV. A satellite, observed approximately 7 eV
above the U4f5/2, was attributed to a shake-up
transition from the oxygen derived 2p band to the
now unoccupied 5f 's at EF. The residual metal

4f5/2 peak at 388.9 eV was distributed by the su-

perposition of the U4f7/2 —02p to VB shake-

up satellite at -381.5 eV. The positions of the

i I I I

420 410 400 390 380 370

BINDING ENERGY (eV)

FIG. 11. Uranium 4f region: (a) clean uranium, (b)

U + 40 L 02, (c) U + 10 L CO, (d) U + 40 L CO&.

oxide 4f peaks and of the shake-up satellites are
very close to those found for bulk UOq.

Adsorption of CO and CO2 on uranium [Figs.
11(c) and 11(d)] was followed by the appearance of
small oxide shoulders on the high-binding-energy
sides of the 4f7/2 and 4f5/2 peaks. The integrated
intensities of the 4f7/2 peaks after adsorption of
Oz, CO, and CO2 were approximately 15 to 20%%uo

lower than the intensity of the clean uranium me-

tal 4f7/2 peaks, even though the fiat portions of
the spectrum background between 415—420 eV
and 370—375 eV contained the same numbers of
counts. This loss of intensity, not observed for
thorium under similar circumstances, was attribut-
ed to: (1) attenuation of the core line caused by
scattering in the adsorbed atom; (2) the filling of

the 1.1- and 1.36-A.-diameter interstitial holes in

the a-uranium surface by oxygen atoms, which

precedes the rearrangement of the orthorhombic
a-uranium to the fluorite UO2 structure ', or (3) a
combination of the above effects.

D. Oxygen (1s)

Thorium

The photoelectron spectrum of clean thorium be-
tween 520 and 540 eV is entirely structureless [Fig.
12(a)]. A single, symmetrical 0 ls peak appeared
at 531.0 eV [Fig. 12(b)) following increasing levels
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l OQO

800

600—
40 L

400,—

of Oz exposure. Only a single 0 ls line was ob-
served after adsorption of CO [Fig. 12(c)j even

though the results from the C 1s spectra suggested
that bound CG was present. The experimentally
determined oxygen binding energy is very close to
the energy found for oxygen of bound CG on iron
(100), molybdenum, nickel, and ruthenium,
as well as for oxides of rare-earth metals. %'e
conclude that oxygen in CG is indistinguishable
from oxygen on thorium. The fact that only one
oxygen peak was observed rules out the possibility
that the multiple C 1s peaks discussed in Sec. IV 8
are an artifact of adsorbate core-hole screening ac-
cording to the SG model or entirely a shake-up
effect. In either case we would have seen the
same multiplicity in the 0 1s peak as in the C 1s

spectrum as has been observed for CO on Cu. A
small amount of a second oxygen species appeared
at 533 eV for higher coverages of CO2 [Fig. 12(d)j.
Peaks associated with OH groups, formed by reac-
tions of rare-earth metals with H20, have been ob-
served at exactly this energy, ' a similar shoulder
on the high-binding-energy side of the 0 1s peak
on Ni (100) has been identified through SIMS
analysis as an GH group. However, it seems un-

likely that GH groups would only appear during
CO2 exposures, since these were performed under
the same conditions as 02 and CG exposures.
Furthermore, an increase in the intensity of the
H20 peak was not observed in the mass spectrum
of the gas phase C02 under the exposure condi-
tions.

ESR studies by Breysse et al. ' have shown

200
(8)

~u.g~~g, .hJ l --- J,g~~t. iij,g~, , ~) J(

P~

p~'1 p p [ft Qi t fT~ l~ pP g+~(~yI r g g ') Qp( p ~

540 530 520

Binding energy (eV)

FIG. 12. Oxygen ( 1s) binding region on thorium: (a)
clean thorium background, (b) Th + 02 {exposures as
marked), (c) Th + CO (exposures as marked), (d)
Th + CO2 (exposures as marked).

the existence of two forms of CO2 bound to ThOz.
(1) a strongly bound monodentate carbonate where
the carbon in C02 is bound to an oxygen atom on
the Th02 surface; and (2) a weakly bound bidentate
carbonate where the carbon in COq is bound to a
surface oxygen, while one of its oxygens is bound
to a surface thorium. The latter configuration was
found to be unstable in vacuum but the monoden-
tate carbonate was reported to be stable in vacuum
to temperatures slightly below 770 K. The broad

4f lines observed for clean thorium plus CO& [Fig.
8(d)] indicate the formation of oxide sites which
should be available for C02 adsorption during the
later stages of our experiment. Hence we conclud-
ed that the 533-eV 0 1s peak can be attributed to
the carboxyl oxygen in a small amount of mono-
dentate carbonate on the partially oxidized thorium
surface.

Uranium

The 0 1s regions for clean uranium and for
uranium at saturation coverages of 02, CO, and

CO2 are shown in Fig. 13. No structure was seen

on the clean metal [Fig. 13(a)]. A single, slightly

asymmetrical peak with a binding energy of 531.0
eV was detected following adsorption of each of
the active gases [Figs. 13(b)—13(d)]. The asym-

metry on the high-binding-energy side of the 0 1s

peak, induced by CO2 adsorption [Fig. 13(d)], ap-

peared to be slightly more pronounced than for the

other gases. This observation reinforces our con-

clusion (Sec. IV B) that a second adsorbed species,

possibly a carboxylate ion, exists on a partially oxi-

dized uranium surface at high COq coverages.

E. Peak position summary and quantitative

analysis of oxygen and carbon

The binding energies of the thorium photoelec-
tron peaks discussed in the previous sections are
summarized in Table IV. These compare favorably
with those from earlier studies on polycrystalline
thorium films. The energies of the carbon and
oxygen species found at various exposures are sum-
marized in Table V along with the amounts of car-
bon, oxygen, and thorium calculated to be present
on the surface. Coverage calculations were based
on the method of Wagner et a/. ' which makes use
of the integrated intensities of the C 1s, 0 1s, and

Th4f7/2 peaks normalized by corrections for in-
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FIG. 13. Oxygen {1s)binding region on uranium: (a)
clean uranium, (b) U + 40 L 02, (c) U + 10 L CO, (d)
U+40 L CO, .

strument sensitivity. These factors include the ef-
fects of the relative photoionization cross sections,
electron escape depths and average take-off angle,
and the analyzer transmission as a function of en-

ergy.
The most startling result of our coverage calcu-

lation was that for low coverages of CO and C02
the oxygen-to-carbon ratios are much higher than
the [1/1] or [2/1] expected for adsorbed or dissoci-
ated CO and C02, respectively. The intensity of
the C ls peak was estimated by subtracting the
clean Th Ss background from spectra with varying
coverages of CO and C02. This subtraction pro-
cedure may have caused us to overestimate the
C ls intensity, because any oxide formation follow-

ing decomposition of either adsorbate on the sur-

face would result in changes in the Th Ss back-
ground intermediate between those shown in Figs.
4(a) and 4(b), i.e., an increase in the C ls intensity.
A second calculation which referred the amounts

of carbon and oxygen to the clean metal 4f7/p
peak according to the method reported by Brun-
dle, also yielded excess oxygen in the surface re-
gion. Considering the assumptions we applied to
the analytical techniques used and the poor signal-
to-noise ratio, particularly for the C ls line, we did
not expect to obtain exact coverages but would ex-
pect the ratio [0/C] to reflect those of the near
surface region within +10%. Assuming that
carbon was not lost to the gas phase, we concluded
that free carbon produced by the dissociation of
CO or CO& had dissolved into the bulk of the tho-
rium crystal. %e will discuss experimental evi-
dence in support of this statement in the next sec-
tion.

The photoelectron binding energies of the urani-

um, carbon, and oxygen levels discussed in the pre-
vious sections are summarized in Table VI. The
mole fractions of carbon, oxygen, and uranium for
saturation coverages of Oz, CO, and CO& in the
surface region are listed in Table VII, The [0/C]
ratios were larger for uranium at saturation CO
and C02 coverages than the [1/1] or [2/1] expect-
ed for the simple chemisorption of these gases,
respectively. In both cases, the excess of oxygen
suggests that carbon, liberated upon dissociation of
either molecule, had penetrated the uranium lattice,
leaving the oxygen behind on the surface.

F. Depth profiles of exposed
thorium and uranium samples

To determine the fate of carbon after adsorption
of CO and C02, elemental depth profiles of the
surface region were carried out by AES (oxygen,
carbon, and thorium) and SIMS (C and 0 ) us-

ing argon ions (3 kV, 10 LMA, 4X4 mm raster).
The peak-to-peak heights of the oxygen-ELI. ,

TABLE IV. Photoelectron binding energies for selected thorium levels.

Binding energy {eV)

Condition Th 6p3/2 Th 6p~/2 Th Ss)g2 Th 4f7/g Th 4fs/2

Th 4f5/g
—0 2p

to VB satellite

Clean
+40-L 02
+ 10-L CO2
+40-L CO,

16.9
17.2
17.0
17.0

24.4

24.6
24.5

280—292
282 —290
a
a

333.1
335.0
333.1
b

342.3
344.3
342.3
b

351.7 eV

351.7 eV

'Deconvolution required.
Both species present in roughly equal amounts.
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TABLE V. Carbon and oxygen (1s) binding energies and quantitative analysis of these elements as a function of ex-
posure of thorium (111).

Gas
Exposure

(L)'
Binding energy (eV)

C 1'" C 1sB" 01'
Mole fraction

0 1sB 6 C Th
Atomic ratio

[0/C] [0/Th]

02
Bulk Th02 sample'
CO
CO
CO
CO2
CO2
COp

CO2

2
5

10
5

10
20
30

281.7
282.2
282.2
281.8
282.2
282.8
282.6

284.3
284.3
284.6
284.4
284.5
284.4

531.0
531.0
531.0
531.0
531.0
531.0
531.0
531.0
531.0

533.0
533.0
533.0

0.57
0.60
0.14 0.10
0,22 0.16
0.21 0.18
0.32 0.12
0.34 0.12
0.41 0.14
0,41 0.13

0.43
0.40
0.76
0.62
0.61
0.56
0.54
0.44
0.46

1.4
1.4
1.2
2.6
2.9
2.9
3.1

1.3
1.5
0.18
0.35
0.35
0.57
0.63
0.93
0.89

'1 L=0.13 mPa sec.
See Fig. 4.

'Polycrystalline sample on gold substrate.

thorium N705V, and carbon-ELL Auger signa1s
were plotted as a function of sputtering time in

Fig. 14 for the thorium sample at saturation CO
coverage. The oxygen signal disappeared in ap-
proximately 1 min, whereas the carbon signal exhi-
bited an initial rise and then decreased very slowly.
This initial increase in the carbon signal was not a
true indication of a high concentration of subsur-
face carbon; rather it reflected the increase in
peak-to-peak height in progressing from surface
graphitic carbon to the carbidic form. This can be
visualized by following the reverse of the sequence
presented in Fig. 5. The significant result is that
carbon was detectable long after all of the oxygen
was removed, even though the relative sputter yield
for carbon is approximately twice that for oxy-
gen, ' indicating that carbon had penetrated deeper
into the thorium lattice than had oxygen. Addi-
tional evidence for this phenomenon is presented in
Fig. 15, where the intensities of the 0 and C
peaks in the secondary-ion mass spectra were

recorded while the depth profile of Fig. 14 was be-

ing taken. The C ion intensity increased to a
maximum and then slowly decreased to its back-
ground level over a period of 30 min. Oxygen, on
the other hand, was reduced to its background lev-

el in about four minutes. Similar behavior was ob-
served in depth profiles for thorium at saturation
CO2 coverage, and for uranium sampies covered
mith either CO or CO2.

V. REACTION MECHANISM

Thorium

The evidence presented in Sec. IV allows us to
propose mechanisms for the interaction of 02, CO,
and CO2 with clean thorium at room temperature.
Because oxygen adsorption was accompanied by
the immediate shift of the Th4f lines to higher
binding energies and by the development of Th02

TABLE VI. Photoelectron binding energies for U, C, and 0 as a function of adsorbate.

Surface
condition

Binding energy (eV)
U4f 5n 02p-

U6p3/2 U6pi/2 U4f7/2 U4f5/2 to VB satellite C ls 01s

Clean
Saturation 02
Saturation CO
Saturation CO2

17.4
18.2
17.4
17.5

26.8
28.9
26.5
26.5

377.2
380.7
377.2
377.2

388.0
391.5
388.0
388.0

398.5

398.5

531.0
281.9 531.0
281.9 531.0
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Boudouard reaction [Fig. 16, step (f)]. Once cover-
1

age reaches approximately —, monolayer, the pro-
bability of a CO molecule landing on a site with
vacant nearest neighbors is decreased, so that the
adsorbed CO molecules cannot dissociate as per
steps 16(a)—16(f); hence we begin to see molecular-

ly bound CO in step 16(g). Support for this step is
provided by the 284.5 eV C ls peak in Fig. 4(c).
Although not shown here, our experiments have
shown that exposure of the CO treated surface to
02 converts most of the free carbon on the surface
to bound CO.

A more elaborate reaction sequence is needed to
explain the spectral features encountered during
the adsorption of CO2 on thorium (Fig. 17). In
step 17(a) linear COz is adsorbed on the metal, fol-
lowed in 17(b) by the breaking of the C—0 bonds

as evidenced by the carbidic photoelectron and
Auger peaks in Figs. 4(d) and 6(a). During the ini-

tial stages of adsorption the [0/C] ratio was much
greater than 2.0, which suggests that in this case
free carbon also dissolved into the thorium lattice
to form a carbide [step 17(c)]. This assertion was

experimentally verified by AES depth profiles (Sec.
IV F). Adsorption that involves binding of the car-
bon in CO2 to a metal atom [step 17(d)] could re-

sult in either complete dissociation as shown in

step 17(e) or in partial dissociation yielding a
bound CO molecule as in step 17(f). An atomic
arrangement similar to 17(f) is thought to occur
following CO2 adsorption on tungsten, ' and
would account for the similarity in binding energy

for the 284.5 eV C ls peak [Fig. 4(d)] to that of
bound CO. The analogous adsorption over an oxy-
gen site would lead to the formation of the mono-
dentate carbonate of step 17(g), which is known to
exist for CO2 on thoria ' and could account for
the second oxygen peak at 533 eV [Fig. 12(d)].

Uranium

The adsorption of 02, CO, and CO2 on uranium
does not exhibit as many structural features as
were observed for adsorption on thorium. Adsorp-
tion of oxygen led to the formation of a surface
oxide with an approximate stoichiometry of UO~ s
with a spectrum similar to bulk UO2's. The low

[0/U] ratio observed experimentally was due to in-

complete oxidation of the near surface region, as
can be seen in the clean metal line that accounts
for 10% of the intensity in Fig. 11(b). It is not yet
possible to speculate whether oxidation is proceed-
ing by an island growth mechanism similar to the
oxidation of thorium in the absence of LEED data
from single-crystal samples. Since the reactions of
uranium with both CO and CO2 yielded only sin-

gle carbon and oxygen species, it appears that ad-
sorption of these gases was either completely disso-
ciative or produced only bound CO and oxide simi-
lar to the structure postulated earlier [Figs. 16(g)
or 17(f)]. Conclusive evidence in support of either
scheme must await further experimentation with
other techniques.
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FIG. 17. Adsorption mechanism for CO2 on thorium.
Steps (a) —(g) described in text.

VI. CONCLUSIONS

We found that the reactions of 02, CO, and CO2
with clean thorium and uranium surfaces at room
temperature exhibit a remarkable similarity to the
interactions of these same gases with d-band transi-
tion metals. Oxide formation on both thorium and
uranium proceeded by the transfer of 6d electrons
from the metal to the oxygen 2p levels. Uranium
has a high concentration of 5f states in its valence
band while thorium does not. Thorium partially
dissociated CO and COz leaving a mixture of metal
oxide, metal carbide, and bound CO in the near
surface region. A small amount of a monodentate
carbonate species was also observed in the later
stages of CO2 adsorption. Adsorption of CO and

CO2 on uranium took place in a totally dissociative
manner, although in the later stages of COq ad-
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sorption a second bound species was also observed
and identified as a carboxylate species. Many-body
effects and core-hole screening in the photoelectron
emission process on both metals played a strong
role in determining the line shapes of the core lev-

els.
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