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Abstract

The adsorption of SO2 on Zr(0 0 0 1) at 150 K has been investigated under ultrahigh vacuum (UHV) conditions.

Auger electron spectroscopy (AES) reveals saturation of both sulfur and oxygen signals at exposures of about 1

Langmuir (L). Changes in the overlapping Zr(MNV)+S(LMM) feature as well as in the Zr(MNN) feature are dis-

cussed. In particular, the Zr(MNN) feature changes with both exposure and annealing history, complicating the

identification of sulfur using Auger peak-to-peak height ratios. We propose that SO2 dissociates on Zr(0 0 0 1) under

these conditions, since no thermal desorption of sulfur dioxide is detected for exposures up to 5 L. However, the

desorption of small quantities of 34 and 32 amu species near 250 K is observed by temperature programmed desorption

(TPD) measurements. Integrated desorption peak areas of these species saturate near 1 L, consistent with the saturation

behavior observed by AES. Electron bombardment (500 eV) reduces H2S desorption presumably by removing surface

hydrogen via electron stimulated mechanisms, but has no effect on Auger spectra.

� 2004 Published by Elsevier B.V.
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1. Introduction

Sulfur is a well-known poison for surface catal-
ysis. Like many metals, zirconium holds impurity

sulfur, which can segregate and influence the sur-

face kinetics of this reactive metal [1,2]. Unlike

oxygen and carbon that upon annealing diffuse

into the bulk, sulfur segregates to the surface after

prolonged annealing at high temperatures [3,4].

For instance, the influence of surface sulfur on

oxygen adsorption on zirconium surfaces has been
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investigated previously. It was reported that seg-

regation of sulfur from the bulk delays surface

oxidation [1]. In another study, sulfur segregation
to the surface resulted in a decreased sticking

coefficient of oxygen and a shift of the Zr(MNV,

147 eV) Auger electron feature to 152 eV [2].

The behavior of oxygen on zirconium surfaces

has been investigated in various studies [1–11]. For

instance, in an investigation of 18O2 on Zr(0 0 0 1)

[5], kinetic mixing of adsorbed oxygen with sub-

surface species was observed. In the same study,
the thermal desorption of water was detected with

even more H2
16O than H2

18O. Both theoretical [6]

and experimental [7–9] findings reveal that oxy-

gen occupies octahedral holes in the Zr(0 0 0 1)

subsurface region. Thus, this isotopic mixing can
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be explained by mass transport during heating. On

the other hand, studies of the interaction of sulfur

containing species with zirconium surfaces are

rare. In one study of room temperature adsorption

of H2S on Zr(0 0 0 1) it was found that surfaces

with high sulfur content do not adsorb oxygen in
detectable amounts [10].

Following adsorption on most metal surfaces,

SO2 dissociates either spontaneously or thermally

with no molecular desorption. However, molecu-

lar desorption has been observed from noble metal

surfaces such as Ag(1 1 1) [12,13] and Ag(1 1 0)

[12,14]. To our knowledge this is the first investi-

gation of SO2 adsorption on zirconium surfaces
under ultrahigh vacuum (UHV) conditions. The

fact that Auger electron spectroscopy (AES)

Zr(MNV) and S(LMM) features overlap makes

these studies difficult but also important. In this

paper, we focus on changes in Auger features in-

duced by the adsorption of SO2 on Zr(0 0 0 1) at

150 K, and track these as a function of exposure

and annealing temperature. Additionally we dis-
cuss 34 and 32 amu temperature programmed

desorption (TPD) features, the effect of elec-

tron bombardment, and probe the surface struc-

ture with low energy electron diffraction (LEED)

methods.
2. Experiment

The Zr(0 0 0 1) single crystal (99.99% purity)

used in this study has a cylindrical shape with a

radius of 3 mm and a thickness of 1 mm. The

crystal is polished to 30 nm particle size with an

uncertainty in orientation less than 1�. By using
tantalum wires spot-welded to the sample direct

current heating of the crystal is performed. As part
of a temperature-control feedback loop two ther-

mocouples are also spot-welded to the crystal. The

sample cooling is performed by means of a copper

braid connected to a liquid-nitrogen cold finger.

Four-grid retarding-field AES (3 keV, 15

lAcm�2) and LEED (60 eV, 2 lAcm�2) data

indicated that attaining ‘‘clean’’ Zr(0 0 0 1) sur-

faces, characterized by C(KLL)/Zr(MNN)� 0.21,
O(KLL)/Zr(MNN)� 0.15 and [Zr(MNV)+S(LMM)]/
Zr(MNN)� 0.91 [15], required several sputtering
cycles (Arþ, 2 keV, 2 lAcm�2) followed by

annealing to 840 K for 2 min. After cleaning, the

base pressure at which experiments were conducted

was 4 · 10�10 Torr or lower. SO2 gas (Matheson,

99.98%) was introduced into the UHV system

through a stainless steel gas-handling manifold.
More detailed descriptions of the UHV system

were reported previously [16,17]. The heating rate

during TPD and stepwise annealing experiments

was 1.8 K/s. Mass-to-charge values during TPD

and backfilling are monitored by the quadrupole

mass spectrometer (QMS). The QMS was posi-

tioned in line-of sight with respect to the sample

surface. AES and LEED data were collected at the
150 K adsorption temperature.
3. Results and discussion

3.1. AES

Fig. 1 shows Auger electron spectra of a
‘‘clean’’ zirconium surface, after exposure to 3.4 L

of SO2 at 150 K, and after annealing to 850 K. The

presence of carbon and oxygen in ‘‘clean’’ surface

spectra is not uncommon for this gettering mate-

rial, as seen in the bottom spectrum of Fig. 1. After

SO2 adsorption the Zr(MNV) and S(LMM) fea-

tures overlap making sulfur detection difficult.

Note that SO2 adsorption results in a decrease
of the C(KLL) and all the Zr Auger features except

the Zr(MNV) because it overlaps with S(LMM).

The decrease in the Zr and C features is due to

electron attenuation by S and O atoms.

In Fig. 1 also note an increase in the O(KLL)

feature after SO2 adsorption. Annealing to 850 K

removes surface oxygen but on the other hand

results in even greater sulfur content as can be seen
from an increase in Zr(MNV)+S(LMM) feature.

Since no desorption of oxygen-containing species

at higher temperatures is observed in TPD we

conclude that oxygen diffuses into the bulk. Al-

though we observe a small amount of 32 amu

desorption near 250 K it is not possible to distin-

guish whether this TPD signal comes from oxygen

or from sulfur in these experiments. Oxygen dif-
fusion into the bulk was observed previously for

nitric oxide [17], water [18], and methanol [19] on



Fig. 1. Auger electron spectra recorded before backfilling, after

3.4 L SO2 exposure, and after annealing to 850 K. All spectra

are collected near 150 K.
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Fig. 2. Peak-to-peak heights of the convoluted Zr(MNV)+

S(LMM) Auger features following SO2 exposures of 0.4 L (A),

1.1 L (B), and 3.7 L (C), versus annealing temperature. The

uncertainty in the measurements is on the order of the size of

the data points.
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Zr(0 0 0 1) surfaces. In the present case, even

though a significant amount of sulfur resides in the

near-surface region at high annealing temperatures

it does not block oxygen diffusion into the crystal

lattice, in agreement with oxygen behavior in these
other studies [17–19]. This is interesting since sul-

fur is a relatively large atom. We conclude that

zirconium has a high affinity for taking oxygen

into solid solution even when a significant amount

of sulfur is present in the near-surface region.

Fig. 2 shows changes in the normalized

Zr(MNV)+S(LMM) Auger feature versus anneal-

ing temperature for three SO2 exposures. Follow-
ing exposures of 0.4 L (Fig. 2A), 1.1 L (Fig. 2B),

and 3.7 L (Fig. 2C) the peak-to-peak height of this

feature changes in the same fashion with stepwise

annealing. At about 1 L saturation occurs and it is

difficult to distinguish between the 1.1 L and 3.7 L

data sets of Fig. 2. It should be stressed that the

Zr(MNV) feature is considered to be the most

affected by chemisorption since it involves valence
electrons [3]. However, as a result of overlap with

the S(LMM) energy, a convoluted feature is
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Fig. 3. Peak-to-peak heights of the Zr(MNN) Auger features

following SO2 exposures of 0.4 L (A), 1.1 L (B), and 3.7 L (C),

versus annealing temperature. The uncertainty in the mea-

surements is on the order of the size of the data points.
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observed. An interesting observation is that almost

no change in the Zr(MNV)+S(LMM) feature is

observed for stepwise annealing until 700 K.

Annealing to 700 K results in an increase of the

convoluted feature regardless of exposure. This is

most likely due to oxygen diffusion into the crystal
and its replacement by sulfur at higher tempera-

tures.

Now we consider the Zr(MNN) Auger feature

that is typically assumed to be much less affected

by adsorbed species [3]. In Fig. 3 the normalized

peak-to-peak heights of the Zr(MNN) Auger fea-

tures are plotted as a function of annealing tem-

perature for the same exposures as in Fig. 2. A
decrease in the Zr(MNN) feature of about 33% is

observed following exposure to 0.4 L of SO2. Note

that unlike the Zr(MNV)+S(LMM) feature, the

Zr(MNN) feature changes with 250–650 K

annealing. Since AES is capable of probing not

only the surface but also the nearby subsurface

region, these changes most likely reflect diffusion

of atoms into the bulk or the rearrangement of
subsurface species.

The Zr(MNN) feature is less sensitive to varia-

tions in exposure than the convoluted Zr(MNV)+

S(LMM) feature. For example, following 0.4 L

of SO2, the Zr(MNN) signal drops by about

33% compared to the 50% increase in the

Zr(MNV)+S(LMM) feature for the same expo-

sure. Note in Fig. 3A that after exposure and
annealing to 850 K the peak-to-peak height of the

Zr(MNN) feature returns to the ‘‘clean’’ surface

value. Since there is no decrease in sulfur content

upon annealing we conclude that these changes are

caused by oxygen diffusion into the bulk. Com-

paring this with Fig. 3B and C, we see that at

higher exposures the Zr(MNN) feature does not

return to its original intensity after annealing to
high temperature. Thus, the measured Zr(MNN)

Auger electron signal depends on both SO2 expo-

sure and annealing history.

Fig. 4 shows [Zr(MNV)+S(LMM)]/Zr(MNN)

Auger peak-to-peak height (APPH) ratios calcu-

lated from the data of Figs. 2 and 3. The figure

reveals how the APPH ratio changes as a function

of exposure and annealing temperature. The
APPH ratios follow the trends seen in Fig. 2. We

expect this since the increase in the Zr(MNV)+
S(LMM) feature due to SO2 adsorption is more

pronounced than the decrease in the Zr(MNN)

feature. A significant increase in the APPH ratio is
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Fig. 4. The [Zr(MNV)+S(LMM)]/Zr(MNN) APPH ratios

following SO2 exposures of 0.4 L (A), 1.1 L (B), and 3.7 L (C),

versus annealing temperature. These data are calculated from

those in Figs. 2 and 3.
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Fig. 5. The [Zr(MNV)+S(LMM)]/Zr(MNN) ratio versus SO2

exposure at 150 K.
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150 K.
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observed following exposure of Zr(0 0 0 1) to SO2.

Annealing to 650 K does not affect the APPH

ratio significantly. However, since the Zr(MNN)
feature changes with respect to both exposure and

annealing temperature, we propose that relying on

only APPH ratios may be misleading. For exam-

ple, looking at the APPH ratios only does not re-

veal that there is more sulfur in the near-surface

region after high-temperature annealing than there
is immediately after adsorption.

Figs. 5 and 6 show how the [Zr(MNV)+

S(LMM)]/Zr(MNN) and O(KLL)/Zr(MNN) ra-

tios, respectively, change with exposure. Note the

rapid increase in APPH ratios in both figures and

saturation near 1 L. Saturation at relatively low

exposure can be rationalized by the presence of



Fig. 7. H2S
þ (34 amu) thermal desorption spectra following

150 K SO2 adsorption on Zr(0 0 0 1) surfaces.

Exposure (L)
0 1 2 3 4 5

34
am

u
In

te
gr

at
ed

P
ea

k
A

re
a

(a
rb

.u
ni

ts
)

Fig. 8. Integrated 34 amu thermal desorption peak areas versus
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28 N. Stojilovic et al. / Surface Science 553 (2004) 23–29
sulfur that is known to reduce the sticking coeffi-

cient. However, these changes do not only reflect

the contributions of sulfur and oxygen species.

Namely, the denominator is also changing making

interpretation of APPH data tenuous. Typically,

such ratios are used to track adsorbate species.
However, in the case of Zr, surface–subsurface

diffusion plays an important role in the evolution

of Auger features. Recall that Fig. 3 clearly shows

that the Zr(MNN) feature exhibits different behav-

ior depending on the SO2 exposure and annealing

temperature. It should be noted here that 500 eV

electron bombardment up to fluences of 1017 cm�2

had no effect on the AES data collected in this
study.

3.2. TPD

No desorption of SO2 is observed in our TPD

experiments. Since AES reveals the presence of

both sulfur and oxygen, SO2 dissociates either

during adsorption or subsequent heating. On the
other hand, desorption of 32 and 34 amu species is

detected near 250 K. Fig. 7 shows H2S (34 amu)

desorption following SO2 adsorption at 150 K.

Desorption of atomic sulfur from metals has pre-

viously been reported [20,21] and in principle

the 32 and 34 amu signals could be attributed

to the two sulfur isotopes. Note that the inte-

grated desorption yields exhibit saturation behav-
ior above 1 L exposures, as shown in Fig. 8. This

provides more evidence that dissociative SO2

adsorption at 150 K reduces the sticking coeffi-

cient. We therefore propose that the AES ratios

shown in Figs. 5 and 6 do indeed correspond to

surface saturation.

It should be pointed out that the amount of

desorbing species is very small. This can be in-
ferred from the signal to noise ratios in the spectra

of Fig. 7, and is reflected in the uncertainty bars of

Fig. 8. Obviously, there must be a source of

hydrogen for the production of H2S, and we pro-

pose that the subsurface region is responsible.

Zirconium getters hydrogen, which is known to be

attracted from the bulk to the surface in the

presence of adsorbed oxygen [22]. We propose that
after dissociation of SO2 and migration of hydro-

gen to the surface, adsorbed sulfur reacts with

hydrogen to desorb as H2S. We find that 500 eV
electron bombardment reduces the amount of H2S
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desorption, most likely by removing surface

hydrogen via electron stimulated desorption [23].

3.3. LEED

The absence of superstructure LEED patterns is
not uncommon for SO2 adsorbed on various metal

surfaces. It is known that electron beams easily

destroy an ordered layer [24] thus making LEED

analysis difficult, if not impossible. LEED patterns

(not shown) of SO2/Zr(0 0 0 1) imply that dissoci-

ation fragments randomly orient since we have no

evidence for ordered structures for a variety of

exposures. High-temperature annealing removes
oxygen via diffusion into the bulk and a diffuse

1 · 1 pattern is reestablished. The disordered ad-
sorbed layer at 150 K is most likely due to the

presence of both sulfur and oxygen. However, we

do not know the effects of the small amount of

surface carbon. It is interesting to compare our

SO2/Zr(0 0 0 1) surfaces with those of H2S/Zr-

(0 0 0 1) [10]. There, LEED intensity analysis re-
vealed that annealing to 873 K formed a stable

(3 · 3) surface structure. However, we were not
able to detect any ordered structures by LEED in

our annealing experiments for various exposures.
4. Summary

Following adsorption at 150 K, the interaction

of SO2 with Zr(0 0 0 1) has been investigated. After

adsorption AES reveals an increase in both the

S(LMM) and O(KLL) features as expected, with

saturation at about 1 L. The thermal desorption of

32 and 34 amu species is detected in small quan-

tities near 250 K with yields that also saturate near

1 L. High-temperature annealing causes oxygen
diffusion into the bulk and the peak-to-peak height

of the S(LMM) feature correspondingly increases.

This demonstrates the complicated thermal behav-

ior of the zirconium system, and the role of mass

transport between the surface and subsurface re-

gions [25]. Interestingly, the Zr(MNN) feature also

depends on SO2 exposure and annealing history.

We therefore demonstrate that the [Zr(MNV)+
S(LMM)]/Zr(MNN) AES peak-to-peak height
ratio by itself may not accurately represent the

cleanliness of Zr surfaces with respect to sulfur.
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