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Abstract

We investigate the interaction of benzene (C6H6) with Zr(0001) and the effects of 500 eV electron bombardment.

Two desorption states are resolved above 700 K in temperature programmed desorption (TPD) experiments. Electron

bombardment has no significant effects on the amount of desorbing benzene but effects TPD profiles and desorption

temperatures. We observe the production of C2H2 and C4H4 species for lower benzene exposures and detect no effect

of electron bombardment on this trend. The C(KLL) Auger electron feature exhibits qualitative line-shape changes with

respect to benzene exposure and annealing temperature. Our results indicate that benzene dissociates on Zr(0001) for

lower exposures, forming a carbonized surface upon which additional benzene adsorbs and remains stable to unexpect-

edly high temperatures.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Zirconium, like titanium, is a getter material

that is very reactive with respect to numerous mol-

ecules. As a consequence, cleaning the surface of

this material from common impurities such as

carbon is extremely difficult. Room temperature
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adsorption of various molecules on zirconium sur-

faces typically results in no or very little subse-
quent thermal desorption [1]. Dissolution of

dissociated molecules into the bulk of the metal

during heating occurs instead. It is of both fun-

damental and applied interest to investigate the

interaction of carbon-containing molecules with

gettering metal surfaces. In addition, electron-

bombardment studies of zirconium might lead to

a better understanding of surface reactions occur-
ring in nuclear applications where zirconium
ed.
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Fig. 1. Cross-sectional schematic of the molecular beam doser.

The sample holder shown rotates about an axis that lies along a

left-to-right direction across the figure. The inset shows what

the sample holder assembly looks like rotated 90� toward the

viewer. The circle shown in the inset indicates the area of the

glass capillary-array doser.
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alloys, as structural materials, are in the presence

of radiolytic hyperthermal species.

The interest to study benzene as a model for

more complicated aromatic molecules on metal

surfaces is well known, and the interaction of ben-
zene with well-defined single crystal surfaces has

been investigated extensively [2–14]. The adsorp-

tion and thermal desorption behavior of C6H6 on

Zr(0001) under ultra-high vacuum conditions

has already been investigated in our laboratory

[15,16]. By backfilling the vacuum system we

found that following adsorption at 150 or 170 K

only benzene and its cracking fragments desorbed
near 715 K. This unusually high desorption tem-

perature, together with an increase in oxygen

Auger features induced by benzene adsorption,

warrant further study. The C6H6/Zr(0001) system

is now investigated using a capillary-array molecu-

lar beam doser for benzene exposure instead of

backfilling. We now resolve two features in tem-

perature programmed desorption (TPD) experi-
ments and investigate the effects of electron

bombardment on these features.
2. Experimental details

The stainless steel ultra-high vacuum chamber,

together with the pumping system, has been de-
scribed earlier [17,18]. Previously, exposure of

Zr(0001) to various gases was accomplished by

backfilling the chamber. Now a capillary-array

molecular beam doser has been installed. Fig. 1

shows the molecular beam doser designed and

built by the authors. It should be noted here that

our chamber has a horizontal 4-axis sample

manipulator, requiring the doser design to include
a 90� bend.

The inlet and outlet gas line tube is 0.64 cm

diameter 316 stainless steel with Cajon VCR-4 fit-

tings. To limit the gas flow, a 2-lm diameter laser-

drilled pinhole VCR seal is installed. The body of

the doser is 304 stainless steel. A glass capillary ar-

ray (Burle Electro-Optics) with a pore diameter of

10 lm and zero bias angle is press-fit to the exit of
the doser with an end cap that is constructed out

of the same 304 stainless steel. Careful attention

was given to the mating surfaces between the doser
body, glass capillary array, and the end cap. The

metal surfaces were ground flat to better seal the

doser assembly and prevent leaks around the ar-

ray. After the end cap was pressed onto the doser

body, it was spot welded in place. All butt welds in

the construction are vacuum compatible. The en-

tire construction is mounted to a linear motion

mechanism (Kurt J. Lesker UHV LSM 38-50 con-
flat with double bellows) with 5.1 cm of travel so

that the doser can be retracted while other experi-

ments are taking place.

The total particle flux out of the doser was cal-

culated using the effusion equation. Calibration

data was also recorded on the rate of change of

pressure in the gas line versus time during dosing.

After correcting for geometric flux-interception
factors, the exposure directly to the sample surface

is expressed in molecules/cm2. Using the molecular

beam doser only a small part of the sample holder,

in addition to the Zr(0001) surface, is exposed to

reactive gas, thus significantly reducing the possi-

bility of artifacts in TPD experiments.

The radius and thickness of the cylindrically

shaped zirconium single crystal are 3 and 1 mm,
respectively. The crystal is polished on one side

to 30 nm and the uncertainty in orientation of

the (0001) plane is below 1�. The crystal is heated
resistively through tantalum wires that are spot-

welded to the sample. The sample is cooled from

one side using a copper braid attached to a liq-



Fig. 2. Benzene TPD spectra following 150 K benzene adsorp-

tion on Zr(0001).
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uid-nitrogen cold finger and temperatures slightly

below 150 K can be achieved.

Cleaning of the surface is performed by several

cycles of Ar+ (2 keV, 2 lAcm�2) bombardment

followed by annealing to approximately 860 K.
Sputtering is performed at approximately 160 K.

The cleanliness of the surface is monitored by

Auger electron spectroscopy (AES). We point

out here that some carbon and oxygen are left

on the surface prior to experiments since reducing

their amounts below detection limits requires

prolonged annealing and sputtering at higher tem-

peratures, which on the other hand induces sulfur
segregation to the surface. Zr(MNV) and S(LMM)

features overlap which makes determination of

sulfur content very difficult. We have previously

investigated the interaction of SO2 with Zr(0001)

[19] and demonstrated that near-surface sulfur

can be minimized by our cleaning procedure. It

is more important in the present work to suppress

the S rather than the residual C and O, which is a
trade-off that must be made in working with this

reactive metal system.

Experiments were conducted at a base pressure

of �1 · 10�10 Torr. Benzene (Fisher, purity > 99.0

%) was further purified via several freeze-pump-

thaw cycles. Prior to every C6H6 dose the gas-han-

dling manifold was pumped by a turbo-molecular

pump. The heating rate in TPD and step-wise
annealing AES experiments was 1.8 K/s. Auger

spectra were taken at approximately 150 K with

3 keV beam energy and 15 lAcm�2 current den-

sity. The sample was positioned in line-of-sight

with respect to a quadrupole mass spectrometer

(QMS) during TPD experiments. The increase in

background pressure during dosing benzene was

a factor of �10, as measured by an ion gage.
3. Results and discussion

3.1. Temperature programmed desorption

Fig. 2 presents TPD spectra of benzene follow-

ing adsorption of benzene at 150 K. The spectra
elucidate how the TPD profiles change as a func-

tion of exposure. The same adsorption tempera-

ture (150 K) and the same heating rate (1.8 K/s)
have been employed recently in studies of the

interaction of C6H6 with Zr(0001) using backfill-
ing methods [15,16]. The unexpectedly high

desorption temperature observed previously is

now confirmed using the beam doser, and we are

now able to resolve two desorption states. Note

that an exposure of 4.3 · 1014 molecules/cm2 pro-

duces no desorption peak indicating dissociation

of C6H6 molecules at low exposures. For expo-

sures up to 17.0 · 1014 molecules/cm2 the higher
temperature desorption state has a greater peak

height, whereas above 24.0 · 1014 molecules/cm2

the lower temperature state becomes more domi-

nant. The effect of increased coverage is reflected

in a change of the dominant desorption state.

Two desorption states may reflect two geometries

of adsorbed benzene as was observed on some

other metals [4]. These unusually high desorption
peak temperatures are indicative of the strong

interaction between adsorbed benzene and the
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zirconium surface. Desorption peak temperatures

of both features shift to higher temperatures with

exposure up to 24.0 · 1014 molecules/cm2 but fur-

ther exposure up to 30.0 · 1014 molecules/cm2

leaves the desorption peak temperatures basically
unchanged. These observations point to compli-

cated kinetics of C6H6 on Zr(0001).

Fig. 3 shows TPD spectra of C6H6/Zr(0001)

exposed to 500 eV electron bombardment. Desorp-

tion peak temperatures of both features shift to

higher temperatures with exposure and eventually

saturate, similar to what was observed when no

electron bombardment was applied. In addition,
a fluence of 2 · 1017 electrons/cm2 resulted in

different TPD profiles for exposures below 17.0 ·
1014 molecules/cm2. Note that now the peak height

of the lower temperature desorption state domi-

nates for all exposures. Electron bombardment
Fig. 3. Benzene TPD spectra following 150 K benzene adsorp-

tion on Zr(0001) and 500 eV electron bombardment. The

electron fluence is Ue � 2 · 1017 electrons/cm2.
may therefore effect molecular geometry to some

extent, favoring the first desorption peak.

Integrated TPD peak areas of benzene as a

function of exposure are calculated from spectra

in Figs. 2 and 3 and are shown in Fig. 4. Quite
unexpectedly, it is difficult to distinguish between

these two sets of data. Therefore, we propose that

electron bombardment does not affect the amount

of desorbing benzene but only the TPD profiles, as

Figs. 2 and 3 clearly indicate. Most probably elec-

tron impact results in the dissociation of C–H

bonds. We propose that hydrogen remains nearby

and then recombines and desorbs during heating.
This dissociation of C–H bonds induced by elec-

tron bombardment could account for the small

shift in desorption temperatures. Namely, there

are more hydrogen atoms that need to recombine

during heating which shifts desorption peaks to-

ward higher temperatures. We have not performed

detailed measurements of the electron energy or

fluence dependence of these TPD profiles.
It is worth mentioning here that our previous

electron-bombardment work involving backfilling

(not published) revealed similar trends. Namely,
Fig. 4. Benzene integrated TPD area versus benzene exposure.

There are no significant effects of electron bombardment on

benzene TPD yields.



Fig. 6. 78/52 amu ratios obtained from TPD spectra. The

dashed line represents this ratio during dosing as detected by

the QMS. There are no significant effects of electron bombard-

ment on this ratio.
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electron bombardment did not reduce the amount

of desorbing benzene as monitored in TPD. How-

ever, for backfilling only one desorption peak was

observed in TPD, both with and without electron

bombardment. These differences are most likely
due to desorption from the sample holder assem-

bly in the previous case caused by backfilling the

vacuum chamber. Our present results are consist-

ent with our previous work, and provide further

insight because of the improved gas-adsorption

method.

Fig. 5 shows 78/26 amu ratios versus benzene

exposure obtained from integrating TPD areas.
These data indicate that there is production of

C2H2 (26 amu) at lower exposures. With increased

exposure, C6H6 desorption becomes more preva-

lent as compared to C2H2. Lower 78/26 ratios ob-

served for lower exposures to benzene can be

explained by the reactivity of zirconium. Follow-

ing dissociation of benzene molecules subsequent

adsorption proceeds with a lower probability of
dissociation. It is unclear at present whether disso-

ciation occurs at 150 K or during TPD experi-

ments. Note that electron bombardment has no

effect on this trend.

The dashed line in Fig. 5 indicates the value of

the 78/26 amu ratio during dosing, as measured by

the QMS positioned out of direct line-of-sight of
Fig. 5. 78/26 amu ratios obtained from TPD spectra. The

dashed line represents this ratio during dosing as detected by

the QMS. There are no significant effects of electron bombard-

ment on this ratio.
the molecular beam. Fig. 6, similar to Fig. 5,

shows 78/52 amu ratios as a function of exposure.

It is evident here that 500 eV electron bombard-

ment also has no detectable effect on the produc-

tion of C4H4. The dashed line indicates the value
of 78/52 during dosing. It should be noted that

the amount of desorbing benzene (78 amu) com-

pared to all other monitored benzene fragments

(77, 51, and 50 amu) have constant values. The

fact that electron bombardment does not effect

the 78/26 and 78/52 amu ratios is consistent with

the fact that electron bombardment does not

change the amount of desorbing benzene (Fig.
4). TPD profiles of C2H2 and C4H4 resemble those

of C6H6, and our integration procedure includes

both peaks.

Electron-induced dissociation of benzene on

metal surfaces is a common phenomenon [6,7].

For example, the adsorption of C6D6 on Ag-

(111) is completely reversible and electron bom-

bardment resulted in decomposition of C6D6 to
surface D and phenyl fragments [7]. An electron

energy slightly above 12 eV was enough to disso-

ciate C–H bonds of benzene on Ag(111) surface.

We propose that like in the case of C6H6 on

Au(111) [6], most of the H atoms liberated

during electron bombardment stay near the phe-

nyl fragments to recombine and desorb as ben-

zene.
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3.2. Auger electron spectroscopy

Fig. 7 presents derivative mode Auger electron

spectra for a cleaned Zr(0001) surface and after

various benzene exposures. Some carbon and oxy-
gen are always present initially in our experiments.

We point out here that keeping the zirconium sur-

face free from carbon, oxygen and sulfur simulta-

neously is extremely difficult. It is possible, by

prolonged annealing at higher temperatures, to

dissolve oxygen and carbon into the bulk of this

getttering material. However, this would result in

sulfur segregation to the surface that we wish to
avoid in the present experiments. Several experi-

ments have been conducted with benzene adsorbed

on a zirconium surface contaminated with much

more carbon and oxygen to determine the role of

these impurities. We find that presence of carbon

and oxygen on Zr(0001) in greater quantity than
Fig. 7. Auger electron spectra of cleaned and benzene dosed

zirconium surfaces. Spectra were taken near 150 K.
we start with after our cleaning cycles has little ef-

fect on our TPD data. Namely, the surface is less

aggressive toward benzene dissociation since larger

78/26 and 78/52 amu ratios are observed in TPD

experiments. However, trends and desorption fea-
tures resemble those presented here, leading us to

conclude that carbon and oxygen contamination

does not alter the interpretation of our TPD

experiments.

In Fig. 7, following exposure of Zr(0001) to

benzene, Zr(MNN) and Zr(MNV) Auger features

are smaller due to electron attenuation caused by

C6H6 adsorption. Note that as the exposure is in-
creased, the C(KLL) feature only slightly increases

and the presence of carbon is best reflected by the

reduction of the zirconium AES features. It should

also be stressed that the O(KLL) AES feature is

not reduced by benzene adsorption. This was ob-

served previously in our backfilling experiments.

The presence of oxygen is possibly induced by

the hydrogen from dissociated benzene, which at-
tracts oxygen to the surface from the subsurface

region [20]. However, we cannot completely rule

out that oxygenic species from the background

gas are not adsorbed during benzene dosing.

It is important to note that the carbon C(KLL)

feature changes qualitatively following higher

exposures to C6H6. Based on the feature shape

we attribute this to the carbidic form of carbon
[2,21] for lower exposures and to a more graphitic

form at higher exposures [2]. This is consistent

with our TPD results, which indicate that benzene

initially dissociates and does not reversibly desorb.

The presence of carbon on the surface can be best

determined by the C(KLL)/Zr(MNN) Auger peak-

to-peak height ratio versus exposure as shown in

Fig. 8. For exposures above 10 · 1014 molecules/
cm2 there seems to be saturation behavior, within

experimental uncertainty.

Fig. 9 shows how various Auger electron fea-

tures change upon exposure to benzene and subse-

quent step-wise annealing. All spectra have been

collected at approximately 150 K. Note how the

C(KLL) feature becomes larger as the annealing

temperature is increased. Annealing up to temper-
atures where benzene has already desorbed gives

the largest carbon AES feature. This is consistent

with our discussion that the first adsorbed layer(s)



Fig. 8. C(KLL)/Zr(MNN) Auger peak-to-peak height ratios as

a function of exposure. Values have been obtained from spectra

taken at approximately 150 K.

Fig. 9. Auger electron spectra of Zr(0001) after cleaning,

exposure to benzene and annealing. Stepwise annealing is

performed in 100 K steps from 150 to 850 K and the spectra are

collected after cooling to approximately 150 K.
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dissociate and with what we observed previously

using backfilling. We propose that after desorption

the surface is left with more carbon atoms per unit

area in the near-surface region making the

C(KLL) feature more pronounced. Also note that
both the Zr(MNV) and Zr(MNN) features are

attenuated following C6H6 adsorption. Since no

desorption of oxygen-containing molecules is ob-

served in TPD, the reduction of the O(KLL) fea-

ture upon annealing to 850 K is due to oxygen

diffusion into the bulk. Diffusion of oxygen into

the bulk should also contribute to an increase in

the C(KLL) feature.
Fig. 10 shows C(KLL)/Zr(MNN) Auger peak-

to-peak height ratios an a function of annealing

temperature. The values are obtained from the

spectra shown in Fig. 9. It is evident that following

adsorption of benzene on Zr(0001) the C(KLL)/

Zr(MNN) ratio increases and exhibits essentially

no changes with annealing up to 650 K. Further

annealing to 750 or 850 K increases the C(KLL)/
Zr(MNN) ratio. Following benzene desorption

one might expect less carbon on the surface, but

the zirconium subsurface still retains significant

amounts of carbon that migrates to the surface.

The presence of different forms of carbon before

and after desorption is apparent if one considers

the C(KLL) lineshapes in Fig. 9.
Fig. 10. Auger electron spectra of a stepwise-annealed zirco-

nium surface. Following benzene adsorption at 150 K an

increase in the C(KLL)/Zr(MNN) ratio is notable, and a

further increase after desorption is evident. The ratios are

obtained from the spectra presented in Fig 9.
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4. Summary

Following adsorption of C6H6 on Zr(0001) at

150 K using a capillary-array molecular beam

doser, two desorption states above 700 K are re-
solved, whereas only one desorption peak was

obtained in our recent studies of C6H6/Zr(0001)

using backfilling [15,16]. We find that the TPD

profiles depend both on benzene exposure and

electron bombardment. We propose that exposure

to electrons effects the geometry of adsorbed mol-

ecules, favoring one adsorption state over the

other. No effect of electron bombardment on
desorption yield is observed in our TPD experi-

ments. We report also on the production of

C2H2 and C4H4 hydrocarbons from benzene at

lower exposures. AES C(KLL) features show sig-

nificant line-shape changes with exposure and

annealing. The C(KLL) Auger feature is larger

after annealing than immediately after exposure.

This indicates that there are more carbon atoms
per unit area at the surface after desorption––when

only carbidic carbon remains. Oxygen is detected

by AES even after C6H6 adsorption, and hydrogen

from partially dissociated benzene probably plays

a role in attracting this oxygen from the subsurface

region.
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