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A polar Cr,04(0001) surface is prepared as an epitaxial film on a Cr(110)
substrate. The film is thick enough to represent the bulk surface. Applying a
variety of surface sensitive techniques [thermal desorption spectroscopy
(TDS), reflection absorption infrared spectroscopy (RAIRS), electron energy
loss spectroscopy (EELS) and photoelectron spectroscopy (PES)] we have
studied adsorption of molecular oxygen, ethene and sodium.

Introduction

The physics and chemistry of oxide surfaces have received increasing attention recent-
1y.1=38 There are several books and review articles that cover various aspects of the
field."° As a specific issue, the comparison of non-polar and polar surfaces of insulating
oxides is interesting from a chemical point-of-view, because of the higher energy content
of polar surfaces, which can be used to drive restructuring processes.® Although it
appears to be very difficult to prepare polar surfaces via cleavage of bulk single crystals,
preparation as thin films is straightforward. It has been demonstrated for MgO(111)%®
and NiO(111)*° that surface reconstruction?2:2% plays a prominent role for the clean
surface. If, however, the surface is hydroxy-terminated for NiO{111)*° we find a p(1 x 1)
LEED pattern, characteristic of the ideal hexagonal surface. The reconstruction of the
clean, polar rocksalt surfaces involves rather massive mass transport indicating that the
mobility of the surface constituents can be large. In particular, the so-called octopolar
reconstruction?2+2? extends throughout the first two layers of the (111) surface in order
to compensate the diverging surface potential. For corundum surfaces the reduction of
charge in the surface layer has been suggested to occur via removal of half of the number
of surface ions, thus formally only taking place in the topmost layer.!**°~*°> However, we
know from a recent LEED I/V-study*® of a Cr,0,(0001) surface that very pronounced
relaxations occur between several layers near the surface, such relaxations are in line
with theoretical predictions for (0001) surfaces of corundum-type oxides.*®*” As a
prototype corundum surface we have investigated, in this study, adsorption and reaction
of small molecules such as O, and ethene on a Cr,04(0001) surface, as well as adsorp-
tion of Na (to include a metallic adsorbate) by applying a variety of experimental tech-
niques, such as TDS, EELS, PES, LEED and RAIRS.

Experimental

A chromium oxide film with (0001) orientation was grown on a Cr(110) surface via
oxidation and thermal treatment cycles.**~*> The order of the film was checked via
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LEED, and the stoichiometry via X-ray photoelectron spectroscopy (XPS). Ion scat-
tering spectroscopy (ISS) was used to determine that the average surface coverage of
chromium ions was 50% of the bulk terminated surface.*® Recipes for oxide film prep-
aration have been published before.*°~*° The sample is attached to a holder that can be
cooled to liquid-nitrogen temperature, and heated up to 1000 K (high enough to desorb
thermally the oxide films). Experiments were performed within several ultrahigh vacuum
(UHV) systems. One system contained a combined angle resolved photoemission
(ARUPS}) set-up and an electron monochromator for EELS measurements. [An equiva-
lent ARUPS set-up is available at the Berliner Elektronenspeicherring (BESSY).] The
preparation chamber contained facilities for TDS measurements. The second system had
set-ups for high-resolution EELS and RAIRS. A third system was dedicated to XPS
studies. The gases were used as purchased, and they were of at least 99.9% purity. Na
was dispensed from a commercial SAES-getter, which was mounted within a small tan-
talum box having a small opening. Evaporation onto the surface was started by remo-
ving a shutter from the Na dispenser opening.

The sodium coverage was calibrated by cross-reference to a previous experiment in
which magnesium had been grown epitaxially on a clean Cr(110) surface*® in the same
chamber. The XPS intensities of the corresponding Mg and Na 1s photoemission lines
were measured in identical sample positions in both cases. An Mg 1s XPS intensity of
1.8 + 0.2 corresponded to an Mg atom density of 7.5 x 10'* cm~2 in a hexagonal
Mg(0001) monolayer. The cross-referencing accounts for the different ionization cross-
sections of the Na 1s (¢ = 0.1781) and Mg 1s (¢ = 0.1524) lines taken with Al-K« and
Mg-Ka radiation, respectively. The calculated ionization cross-sections are taken from
ref. 49. The different photon fluxes of both X-ray tubes are corrected by normalizing the
line intensity to the background intensity. By rescaling the Na 1s line intensity, a value
of 1.8 corresponds to a sodium atom density of 6.4 x 10'* cm ™~ 2. We define a monolayer
as one sodium atom per (1 x 1) unit mesh, which has an area of 21.65 x 10~ ¢ cm? on
the clean Cr,04(0001) surface. The corresponding sodium atom density is then
4.6 x 10'* cm™2. The error, is estimated on the basis of the experimental results to be
10%.

Results and Discussion

We present and discuss the results of the three different adsorbate systems separately but
it will become obvious that the results are interdependent.

Oxygen adsorption

As was shown in an earlier preliminary study on oxygen adsorption on clean
Cr,0;(0001) the molecule adsorbs at 90 K surface temperature and can be partly
desorbed near room temperature.*® It was suggested, but not proven, that below room
temperature O, is associatively adsorbed and that it partly dissociates at or above room
temperature. HREEL spectra showed an additional feature near 1000 cm ™!, present
after O, adsorption, that increased in intensity and shifted to higher frequency upon
heating above 300 K. As O, is a homonuclear diatomic it does not exhibit an IR spec-
trum in the gas phase. However, from Raman studies the frequency is known to be
1554.7 cm™~1.° The decrease in the stretching frequency was interpreted as being com-
patible with the formation of O, #%5! more or less perpendicularly oriented with
respect to the surface. A comparison with peroxo- and superoxo-species in complexes
and on metal surfaces substantiated the argument.>?>3 It was also discussed in the
earlier paper that O, dissociation can lead to the formation of chromyl species (Cr=0)
on the surface. Evidence for this was provided by the vibrational frequency observed:
Cr0,Cl, exhibits Cr=0 stretching>* frequencies very close to those observed for the O,
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adsorbate system. It is conceivable that O, dissociation ieads to the formation of
chromyl species with either one Cr=0 double bond or two geminal Cr=0 bonds, as in
the Cr,0,Cl, compound. Owing to the presence of two Cr=O double bonds in
CrO,Cl,, two modes, one antisymmetric (out-of-phase) and one symmetric (in-phase),
are observed in the compound spectra. The limited resolution of the HREELS
experiment*® did not allow separation of the two modes, which differ by 10 cm ™! in
frequency. In general, the earlier studies did not clearly identify oxygen dissociation, and,
in particular, a detailed mechanistic discussion on how dissociation could take place was
not possible on the basis of the earlier data. However, this is a very interesting problem
because it provides insight into whether and how oxygen from the gas phase could be
incorporated into the oxide lattice of the oxide film and thus into film growth.>> The
fact that this can strongly influence the defect structure of the film and therefore the
chemical properties of the surface makes the problem even more interesting.

Fig. 1 shows the TD spectra of O, on Cr,0;(0001).5% Various coverages are com-
pared by observing the partial pressures of m/z 16 and 32. We find a rather structured
spectrum at desorption temperatures of between 110 and 320 K. Obviously, an interpre-
tation of the features between 110 and 220 K is complex, and contains states in dynami-
cal equilibrium with each other. The TD spectra are all dominated by a feature with a
maximum temperature between 290 and 330 K. The saturation coverage of oxygen is 5
L and the TD spectra do not change after higher exposures, clearly showing that there is
no multilayer adsorption of oxygen at 90 K. All the peaks are due to molecular desorp-
tion out of molecularly adsorbed states. In other words, there is no recombinative
desorption in any of these cases. This is clearly demonstrated by the TD spectra in Fig.
2. Here the surface was dosed with a mixture of equal amounts of 0, and '80,. On
the right hand side of the figure the two, simultaneously recorded, mass spectra at m/z
32 and 36 are shown. A pressure calibration shows that the intensity is well within the
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Fig. 1 TD spectra after adsorption of different amounts of 'O, on Cr,0,;(0001)/Cr(110) at 90 K.
The heating rate was 4 K s~ '. The intensity of m/z = 16 (left side) and m/z = 32 (right side) is
shown.
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Fig. 2 TD spectra after adsorption of a 50 : 50 mixture of '°0O, and 80, on Cr,0;(0001)/Cr(110)

at 90 K. The heating rate was 4 K s~!. On the left hand side the intensity of m/z = 34 after

different dosages of this mixture is shown. On the right hand side the intensity of m/z = 32 and
m/z = 36 after a dosage of 10 L of this mixture is shown.

range of 10~ ° mbar for both masses. If O, dissociation played an important role in the
interpretation of the spectra one would expect TD spectra recorded for the mixed mass
16.18Q, . i.e., m/z 34, to have considerable intensity. The corresponding spectra are
shown for various dosages on the left hand side of Fig. 2. Clearly there is a signal but its
intensity is more than two orders of magnitude lower than in the spectra on the right
hand side. It is of the correct order of magnitude to be explained by contaminants in the
isotopically labelled compound. This means that exchange, i.e., through dissociation,
only plays a very minor role for this feature in the TD spectrum.

However, dissociation does occur on the surface, as will become evident from the
following discussion of the IR spectra. Fig. 3 shows a set of IR spectra between 90 and
780 K after dosing 6 L at 90 K. On the left hand side, the spectra are obtained after
dosing '°0,, on the right hand side after dosing '80,. At the lowest temperature a
broad peak centred around 990 cm ™! (*°0,) and 930 cm ™! (180,), respectively, shows

6 L %0,/ Cr,04(0001) RAIRS 6 L %0,/ Cr,0,(0001)
‘W‘TW 780 K mw\wwww 780 K
660 K o 660 K
snother preparation:
Io .2 % =~ VY
u 1000 1100
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Fig. 3 RAIR spectra after adsorption of a saturation coverage of %0, (left side) and *®Q, (right

side} on Cr,0;(0001)/Cr(110) at 90 K. At the bottom the spectra are recorded after adsorption at

90 K. The other spectra are taken after heating to different temperatures. Shown are absorption

signals of molecular and atomic oxygen species. The inset on the right hand side shows the

absorption signals of the chromyl bands (atomic oxygen) from a slightly differently prepared oxide
film.



B. Dillmann et al. 299

up. Whereas there is only slight intensity at 965 cm ™! (*°0O,) and 905 cm™! (**0,)
initially this intensity increases to form another broad band as the surface temperature
rises to 150 K. At this temperature, or a little below, another spectral feature, (which
eventually develops into a rather sharp peak) starts to show up at 1005 cm ™! (*°O) and
at 960 cm ™! (*20). For the %0, dosage a single relatively sharp feature grows until the
surface reaches a temperature of 660 K, then it starts to decrease again. For the 20,
dosage two sharp features at 960 cm ™! and 1005 cm ™' are observed. The peak at 1005
cm ! gains in intensity as the temperature increases. Depending somewhat on the prep-
aration conditions of the Cr,O; film the sharp feature can be split by approximately 10
cm™ !, as shown in the inset.’! Also all the measured frequencies were compatible with
the previously published HREELS data.*® We note at this point that the oxide film was
grown using °0,, i.e., before the adsorption experiments were carried out. If the oxide
film is grown using 20, the IR spectra after adsorption of oxygen, 160, or 20,,
respectively, did not show any difference in comparison to the spectra from the Cri®0,
film.

On the basis of the TD spectra it is quite obvious that the broad features observed
below 150-220 K are due to molecularly adsorbed O,. In fact, it is probably the fea-
tures with maximal intensities at 965 cm ! (1°0,) and 905 cm ™! (*30,), which become
more prominent in the RAIR spectra after heating to 150 K, that lead to the strong
desorption feature at 300 K. The higher frequency peak at 990 cm ™! (1°0O,) and 930
cm ™! (*20,) could be associated with the O, molecules desorbed at lower temperatures,
which is indicative of a smaller interaction with the substrate. The shift could also be
due to the change in intermolecular interaction. The adsorbed molecular species show a
stretching frequency rather different from the gas phase value (1554.7 cm ™ 1).5° The fre-
quency shifts with respect to the gas phase, are similar to those observed for peroxo- or
superoxo-compounds,®*->7 which nominally contain an O,?~ or an O, moiety.

While the Cr 2p XPS data indicate a charge transfer from the surface to the O,
moiety*®-®8 this charge transfer is rather small, as revealed by the EELS data®! shown in
Fig. 4. The O, physisorbed onto a thin Al,O, film (upper trace) is excited with
electrons®® and the loss features in the range 0.5-2.5 eV are considered. The two sharp
excitations are known from the gas phase to be due to the 'A, and the 'E; of O,.%° The
survival of the gas phase spin structure proves the physisorbed nature of the adsorbed
molecule. In the lower trace a clean Cr,0;(0001) surface is excited exhibiting the d—d
excitations of the Cr3* ions in the surface (as has been discussed in detail before*?). The
trace in the middle shows this loss range after a saturation dosage of O, at 90 K.>! The
number of features and their relative intensities do not depend on the O, dose. Obvi-
ously the oxygen-induced excitations are in the same energy range as those of the physi-
sorbed O, and of the Cr*>* surface excitations. As compared with the physisorbed case
the excitations are broader indicating a stronger interaction with the surface and shorter
lifetimes of the excited states. The spectra can be interpreted qualitatively on the basis of
orbital schemes also shown in an inset in Fig. 4. For gas phase, as well as physisorbed
oxygen, the O—O bonding n-orbitals (r,) are fully occupied and degenerate, the O—O
antibonding m-orbitals (r,) are half occupied and also degenerate. Within this orbital
scheme group theory yields six possible states namely a triplet and a singlet manifold
each with three spatial symmetries (£, , » Ay, o). The ground state is the 32 state
and the lowest lying excited states are 1A “and 12* 39 If the molecule is coupled toa
surface, perhaps via a chromium ion, the symmetry is broken and the orbital degeneracy
is removed. Depending on the strength of the interaction and/or the number of electrons
transferred into the orbital scheme, the electronic excitations are shifted and the degen-
erate excitations split. Although this has to be studied theoretically in detail in the
future, we think that a strong coupling, implying extensive mixing of O, and substrate
wavefunctions (which could lead to a full electron transfer) would shift the O, excita-
tions more than was found experimentally.
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Fig. 4 EEL spectra after adsorption of oxygen on Al,0;(0001)/NiAl(110) at 35 K and on

Cr,03(0001)/Cr(110) at 90 K. At the bottom the EEL spectrum from the clean Cr,0O, surface is

shown. The lowest lying electronic excitations of the adsorbed oxygen molecule are shown. The

inset illustrates the splitting of the oxygen-induced peaks because of a more strongly adsorbed

oxygen molecule on Cr,0;(0001). The electron configurations given in the inset form linear com-
binations to represent the excited states of the adsorbed molecule.

The data are compatible with an O, molecule moderately (covalently) interacting
with the substrate and inducing only a small charge-transfer. This would also be consis-
tent with an oxygen molecule, that leads to an O—O vibrational absorption in the
region around 1000 cm ™'. It is important to note, of course, that upon heating above
room temperature, the transitions in the EEL spectrum disappear, however, the Cr3*
surface excitations do not reappear, indicating that there is still surface oxygen present.
Effectively, the oxidation state of the surface chromium ions has increased after disso-
ciation. This surface oxygen gives rise to the sharp feature in the RAIR spectra. The
observed frequency is typical for Cr=O0 bonds as found in chromyl compounds. The
isotope shift for Cr=0 is smaller as compared with the isotope shift for *0,/1°0,
adsorption. The fact that for certain conditions the Cr—O vibrational mode is split (see
Fig. 3), is compatible with two different mono-oxo (Cr=0) species on the surface, whose
relative concentrations would depend on the preparation conditions. However, it would
also be consistent with a CrO, species, as in CrO,Cl,, with two Cr=0 bonds at one
chromium ion. In fact, the splitting observed is very close to the difference between the
in-phase and out-of-phase stretching normal modes of CrO,Cl, as mentioned above.
The present isotopic labelling data reveal instead the existence of single Cr=0 bonds.
Consider again Fig. 3 and let us assume for the moment that the vibration at 1005 cm ™!
is due to 1*0O—Cr—1°0, as in Cr,0,Cl, . If we expose a Cr,'60(0001) surface to 120,
we would have to expect the formation of '30—Cr—1!80, 80—Cr—!°0O and
16Q0—Cr—1°0 for the adsorbed dissociated oxygen, because it might exchange with the
lattice oxygen. Indeed, as the temperature increases the right hand side of Fig. 3 indi-
cates the formation of a second band, but a third band has never been observed under
these conditions. The frequency of the first band (1005 cm ™!} occurring after adsorption
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of 180, is identical to the one found for 0, exposure. Since we have assumed within
the present argument that this band is due to *0O—Cr—1!%0 with two Cr=10 bonds,
the observation of only two bands would indicate that there is no *O—Cr—*%0
species, which is unreasonable from a statistical point-of-view. The position of the
expected 180—Cr—180 mode is shown in Fig. 3. Therefore, we come to the conclusion
that dissociation of O, leads to the formation of chromyl species with single Cr=0
bonds on the surface similar to the situation found for polycrystalline samples.®®

Although the chromyl oxygen might exchange with the lattice oxygen, there is evi-
dence that not all of the !0 chromyl oxygens stem from the oxide lattice. The evidence
for this is shown in Fig. 5. On the left hand side the surface signal is shown after clean-
ing the Cr,!80,(0001) surface by a temperature flash (830 K). Concurrently, the sample
is heated in steps to the given temperature for fixed time. Obviously, the heat treatments
led to the formation of chromyl groups even at the formerly clean surface. This process
continues until saturation is reached. Even if the surface is partially covered by chromyl
groups, isotopically labelled as Cr—*80, the surface saturates with 'O chromyl groups
as indicated by the increase in intensity in the Cr—*¢QO vibrational mode. This is shown
on the right hand side of Fig. 5. Such processes even occur on an oxide film prepared
with 180, , as shown in Fig. 5, leading to the conclusion that the oxygen stems from the
underlying chromium crystal or from background contamination.’® The oxygen, which
is well known as a major impurity in single crystal chromium,®' seems to segregate
through the oxide film to the surface, then forms the *°O chromyl species. The atom-
ically adsorbed oxygen desorbs at about 830 K, this is becoming clear from Fig. 5. The
surface coverage with chromyl groups is relevant for the chemical activity of the surface.
While the chromyl covered surface is rather inert, removal of the chromyl oxygen con-
siderably increases the chemical activity of the surface.®?

This becomes relevant if we try to adsorb other molecular species, such as ethene,
onto the Cr,0,(0001) surface and then study the influence of pre-adsorbed oxygen on
reactivity.®?

Ethene adsorption

Before we ask the question of how oxygen influences ethene adsorption, the adsorption
of ethene onto the clean Cr,0,(0001) surface will be discussed. Fig. 6 shows the C,H,
TD spectra of the clean Cr,0,(0001) surface as a function of initial dosage at 90 K.%*
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Fig. 5 RAIR spectra taken from clean Cr}#0,(0001)/Cr(110) at 90 K (right side) after heating the
sample for several times to 540 K. At the top a spectrum is shown after heating to 830 K. On the
left hand side RAIR spectra are shown taken after adsorption of a saturation coverage (6 L) of
180, on Cr,0,(0001)/Cr(110) at 90 K and subsequent heating to 540 K several times.
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Fig. 6 TD spectra of C,H,/Cr,04(0001)/Cr(110} as a function of initial ethene coverage

There are two adsorbate states that can be identified on the basis of the spectra. One,
with a desorption temperature maximum shifting from 220 K at lower dosage to 210 K
at higher dosage, and a second one with a desorption temperature maximum shifting
from 120 K to 130 K as the dosage increases. At very low exposures there is a small
quantity of molecules desorbed at 240 K.

The RAIR spectra shown in Fig. 7 allows a more detailed characterization of the
molecule-substrate interaction.®? In Fig. 7(a) the spectra are plotted as a function of
ethene dosage. The frequency regions chosen cover the C—H out-of-plane wagging
mode y,, and the symmetric C—H stretch mode v,,,, of the ethene molecule. Note, that
at the temperature range chosen for C,H, IR studies, the formation of chromyl groups
(Cr=0) on the surface can be excluded. At lower dosage two wagging modes are
observed shifted by 6 cm ™! with respect to each other. The intensity of the C—H stretch
is below the signal-to-noise ratio of the background. As the C,H, dose increases above 1
L we do find the occurrence of a C—H stretch intensity and in parallel an additional
shoulder in the range of the C—H wagging mode indicative of a second species with
different vibrational properties. With increasing coverage the linewidth of the vibrational
modes increases as well, which is in line with expectations.

Let us first consider the absence of the symmetric C—H stretch at low coverage.
Comparing the coverage dependence of the RAIR spectra with the TD spectra we realise
that at 1 L, desorption from the more weakly adsorbed state is observed. This coincides,
more or less, with the occurrence of the symmetric C—H stretch while the weakly bound
state shows a C—H stretch mode. In other words, the more strongly bound state is
characterized by the absence of a symmetric C—H stretch. This is a very strong indica-
tion of a geometric orientation effect for the more strongly bound molecules.®?

Briefly, the symmetric C—H stretching vibration produces a dynamic dipole, which
is oriented within the molecular plane. If the molecule itself is oriented parallel to the
surface and the relative permittivity of the substrate material is such that a dynamic
image dipole is induced, the superposition of the two dynamic dipoles leads to a quen-



B. Dillmann et al. 303
(a) G;Hy4/ Cry03(0001) 90K RAIRS (b)20L CH,/ Cr,03(0001)

,€m v (CH) v, (CH)

1 (CH) ¥ (CH)

18K

159K

130K

Joid
T

i

|

T

g 107 0 o0%% 1 em' err 2980 EN

[ 1 [ i J [ i A ) S . A 'S 1 - 1 1 1 J

900 1000 1100 290 3000 3100 900 1000 1100 2900 3000 3100
wavenumber/cm’

Fig. 7 RAIR spectra of adsorption of C,H, on Cr,0,;(0001)/Cr(110). (a) As a function of dosage;
and (b) as a function of temperature after dosing 20 L at 90 K.

ching of the IR activity. If the molecular plane and the surface were perpendicular to
each other, or include an angie between them, the C—H stretching intensity would not
vanish. On the other hand, the C—H wagging mode is not oriented within the molecu-
lar plane. Therefore, even if the molecular plane is oriented parallel to the surface there
is a component of the dynamic dipole oriented perpendicularly to the surface. Conse-
quently, the dynamic image dipole enhances the effective dynamic dipole and thus the
IR band may be observed even at low coverage, as seen in experiment (Fig. 7).

The fact that there are two components of the wagging mode cannot be fully inter-
preted at present. It could be due to intermolecular coupling, or to inequivalent mol-
ecules at steps and terrace sites. The latter interpretation would be consistent with the
shift of the desorption maximum from 220 to 210 K in TDS and the relative increase of
the RAIRS component at 1013 cm ™! for increasing coverage.

Considering the experimental observation for the wagging and the stretching mode
together, both findings are consistent with ethene molecules oriented parallel to the
Cr,05(0001) surface in the more strongly bound state. The desorption temperature of
this state points towards a weakly chemisorbed state. XPS measurements published pre-
viously reveal a small charge transfer from the ethene molecule to the surface.®? The
state with a desorption temperature near 130 K would then be termed a physisorbed
state. In this state there is no indication from the RAIR spectra for a preferential adsorp-
tion geometry. Both modes are observed above 1 L dosage. Fig. 7(b) confirms the above
discussion and shows that the adsorption is fully reversible. In Fig. 7(b) the surface is
saturated with ethene at 90 K and is consequently heated to 200 K. At a surface tem-
perature of 130 K the C—H stretch disappears and the C—H wagging mode shifts
appropriately.

At this point we come back to the influence that oxygen pre-adsorption might have
on ethene adsorption. Fig. 8 compares the TD spectra of ethene adsorption on a clean
Cr,04(0001) surface with that on an oxygen predosed surface. In general we find that
ethene adsorption is partly blocked by oxygen pre-adsorption thus reducing the amount
of ethene on the surface.®2 However, a detailed investigation reveals that the interdepen-
dencies are rather complex. If oxygen and ethene are both adsorbed at low tem-
peratures, the molecular adsorption states of O, as shown in TDS have counterparts in
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Fig. 8 TD spectra of ethene. (a) On clean and oxygen-predosed Cr,0;(0001) surface; and (b) on
the oxygen-predosed Cr,0;(0001) surface as a function of oxygen adsorption temperature.

the ethene TD spectra indicating that these molecules might partly exchange. In passing
we note that the formation of CO (m/z 28) cannot be fully excluded. One adsorption
state of C,H,, however, seems to be strongly influenced by the presence of oxygen. As
shown in Fig. 8 the high-temperature desorption peak of weakly chemisorbed ethene
appears at 230-240 K (arrows in Fig. 8), a peak that was also found when only small
amounts of C,H, were dosed onto the clean surface (Fig. 6, lowest trace). In Fig. 8 we
show TD spectra where the surface has been predosed with oxygen at low temperature,
then heated to room temperature and consecutively dosed with small amounts of C,H,
at different surface temperatures. We find C,H, desorption at 240 K (arrows).

We interpret these results as follows. On heating the oxygen precovered surface to
300 K, the terrace chromium ions react to form chromyl units. Only the chromium ions
at steps or sites, which are coordinated, such that the covalent chromyl bonds cannot be
formed, can still accommodate an ethene molecule via a weak chemisorptive bond, when
ethene is dosed. These sites then give rise to the desorption maximum at 240 K. We have
checked in this case that the desorbed molecule is not CO by recording the signals at
m/z 28 and m/z 27 in parallel. From these observations it is clear that the oxygen con-
centration at the surface has a strong influence on the reactivity of the system. The
reported polymerization of C,H, %*®> on the Cr,05(0001) surface at a pressure of 1 bar
is,%? for example, considerably influenced by oxygen pre-adsorption. We found that
oxygen pre-adsorption strongly attentuates the polymerization activity.®?

Sodium adsorption

Obviously, ethene induces a small charge transfer towards the surface via a weak
n-donor bond. For other adsorbate systems, such as alkali metals, we can expect a much
more pronounced charge transfer towards the surface, which in turn can strongly influ-
ence molecular adsorption of other species.®® We know from a study of Na on NiO(111)
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Fig. 9 Workfunction (A®) as a function of sodium coverage in: (a) a sodium deposition experi-
ment on Cr,0;(0001)/Cr(110) at 90 K; and (b) a heating experiment on multilayers of sodium on
Cr,0,;(0001)/Cr(110). The calculated sodium coverage is given in the top abscissa in (a).

that charge transfer can proceed as far as the formation of metal from the oxide.5” It will
be seen in the following that for Cr,0;(0001) reduction to Cr metal does not occur,
however, a pronounced charge transfer can be observed.

In a previous study, the attenuation of the Cr,O; Fuchs-Kliewer phonon modes by
the deposition of metallic sodium indicated the formation of sodium layers (via a rather
abrupt decrease) as a function of sodium dosage.*! Fig. 9(a) shows the workfunction
change of the oxide surface at 90 K as a function of sodium coverage. Starting at the
workfunction value of the clean Cr,05(0001) surface (4.6 ¢V) (denoted as point A), the
workfunction steeply decreases linearly through point B towards a minimum (point C),
which is located at a coverage of 0.7 ML, i.e., in the submonolayer regime.

From the slope of the curve in the submonolayer regime the dipole moment of an
isolated adsorbed sodium atom can be calculated as usual®® to be 2.6 D.t This is in
line with theoretical as well as experimental results for alkali atom adsorption on metal
surfaces.®® Close to monolayer coverage (point D) the workfunction increases again
towards the value of sodium metal (point E).”° In this latter respect the behaviour of the
Cr,05(0001) surface is profoundly different from the behaviour of the NiO(111) surface
upon exposure to sodium.®” While for NiO(111) the rather slow increase after passing
through the minimum is an indication for the irreversibly occurring chemical reaction,
i.e., reduction to nickel metal, on the oxide surface,®” the situation for chromium oxide is
indicative of a reversible, layered-growth mode involving charge redistribution between
adsorbate and surface.

This statement is corroborated by the inverse experiment in which a Cr,O; surface is
covered with a thick sodium layer, and is then heated in order to remove the sodium
layer. Fig. 9(b) shows the workfunction changes observed in this case. Clearly, the work-
function follows a similar curve, including the characteristic values (E’ through B’),
reversed with respect to Fig. 9(a). The curves cannot exactly match because the removal
rate via temperature-programmed desorption is generally different from the deposition
rate at a given temperature (here 90 K). Again, the behaviour is very different from
Na/NiO(111) where heating of a thick layer leads to workfunction changes and extreme
values completely at variance with the deposition experiment.®”’

We have followed the electronic changes in the sodium adsorbate and in the oxide
substrate as a function of sodium coverage and substrate temperature with various elec-
tron spectroscopies, including photoemission of the Na 2p and Cr 2p;,, levels, Auger
spectroscopy of the Na L,;L,; line, as well as EELS of the surface valence excitations.

+ D =1 D(debye) ~ 3.33564 x 1073 Cm.
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We will refer these data to the workfunction curves in Fig. 9(a) and 9(b) by using the
labels A-E in the deposition experiments, and A’-E’ in the desorption experiments,
respectively.

The chemical state of sodium can be investigated purely on the basis of Na 2p photo-
emission data recorded with the use of synchrotron radiation at the BESSY I storage
ring in Berlin. Fig. 10 show a data set recorded via a heating experiment. At high sodium
coverage a typical spectrum of a metallic layer”* is observed in the temperature range
between 90 and 400 K. As soon as the monolayer regime (D’) is reached the spectral
function indicates the loss of metallic character via the disappearance of the plasmon
losses, which is followed by a shift and broadening of the main signal initially located at
36.8 eV. At 420 K we observe two distinct features at 31.5 eV and 33.2 eV binding
energy evolving on the timescale of the experiment, i.e., in a few minutes. The former has
a binding energy typical of an ionic sodium species. Na 2p binding energies are reported
for sodium oxide (31.1 eV)"! as well as for the sodium halides, NaF (29.8 eV) through
Nal (31.1 €V),”? in line with this assignment.

The second signal, however, occurs at an abnormally high binding energy as com-
pared with the above mentioned literature values for both metallic and ionic sodium
species. In the following discussion we will argue that this might be because of the
presence of neutral, isolated sodium atoms on an otherwise clean chromium oxide
surface.

The binding energy can be reconciled as the binding energy of sodium atoms in the
gas phase corrected by the local workfunction of the substrate, as the atom is brought to
the surface. With the binding energy of free sodium atoms being 38.45 ¢V and 38.03 eV
for the 'P and the P final states, respectively,’® we calculate the value for sodium atoms
on a clean chromium oxide surface with a workfunction of 4.6 eV to be 33.85 eV and
33.46 eV, respectively, referenced to the Fermi level. The experimental value is found to
be 33.2 eV.

According to the latter we emphasize that the signal at 31.5 eV vanishes step-by-step
up to a temperature of 540 K. We ascribe this to a penetration of the ionic species into
the substrate lattice. Mixed oxide compounds of chromium oxide and alkali oxides are

XPS Na/Cr,040001)/Cr(110)
h Na2p } 1000 K
390K } 900 K
photon energy
hv=150eV 780 K
660 K
I' 540K
380K Si1SK
L } 490 K
430K,
80° off-normal
40 K,
45° off-normal
365K ) } 420 K
90-100 K
31.0 36.0 310 36.0
binding eaergy/eV binding energy/eV

Fig. 10 Na 2p XP spectra of a multilayer sodium deposit on Cr,0;(0001)/Cr(110) as a function of
temperature. The temperature was kept constant during spectra recording. The braces indicate
single scan spectra taken isothermally after each other.
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known to have a hexagonal-layered structure.”* A penetration of ionic sodium into
chromium oxide occupying similar sites as in these compounds is therefore conceivable.

The corresponding decay spectra of the KL,;L,; Auger type also reveal chemical
shifts, and may be interpreted accordingly. Fig. 11(a) and 11(b) show the data taken for a
deposition experiment and for a desorption experiment, respectively. Three chemically
different species can be identified giving rise to Auger features at 989.5, 991.5 and 994.8
eV. The feature at the highest kinetic energy and high coverage is easiest to identify,
because it 1s accompanied by intense plasmon losses typical for surface and bulk plas-
mons of metallic sodium layers.”® There are two species present at low sodium coverage
(B, C). That at the lower kinetic energy dominates at the lowest coverages (B), while the
one with higher kinetic energy dominates at somewhat higher coverages (C), i.e., near
the maximum workfunction change around the minimum. Around monolayer coverage
(D) the spectral features shift towards the metallic situation.

An attempt to assign the degree of ionicity of the species can be made on the basis of
a so-called Wagner plot’®~7® (see Fig. 12), where the Na 1s binding energies are plotted
vs. the Auger kinetic energies. The Auger parameter, which is characteristic for the final
state relaxation in the system, can be used to classify the ionicity of the species.”®

The disappearance of the species giving rise to the photoemission feature at 31.5 eV
Na 2p binding energy (Fig. 10) is paralleled by the appearance of a signal in the sodium
KL,;5L,; Auger at 988 eV (Fig. 11). This indicates the existence of an ionic, fully coordi-
nated sodium species as also supported by a comparison with ionic sodium compounds
in literature.®® Furthermore, we ascribe the Auger line at 991.5 eV to the adsorbed
neutral sodium atoms. The calculation of the expected kinetic energy in this case is
much more complicated than it was for the photoemission binding energy; as the initial
and the final state of the Auger transition are ionic species they will couple much more
strongly to the substrate than the neutral species does in the ground state. Hence, the
proper reference level is the Fermi level rather than the vacuum level. With these con-
siderations in mind we can now understand qualitatively the chemical shift of the
sodium atoms relative to the ionic species if, in addition, we consider the chemical shifts
of the Auger spectra of sodium halides.®® The shifts are small and even change sign

XAES . Na/Cr,040001)/Cr(110)
Na KL;,Lx B’ p

E 900 K
65° of(-nerma 780 K
C’ 660 K
660 K
D S40 K
3° off-normal L 445K
D,
B
° off-normal N o, 400 K
C
° off-normal 350 K
. E’
300 K
B 90100 K
983.0 990.0 988.0 994.0
kinetic energy/eV kinetic energy/eV

Fig. 11 Na KL,,L,; X-ray Auger emission (XAE) spectra in: (a) a sodium deposition experiment

on Cr,04(0001)/Cr(110) induced at 90 K; and (b) a heating experiment on multilayers of sodium

on Cr,0,(0001)/Cr(110). If not otherwise stated the spectra were taken at 15° off-normal detection
angle.
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Fig. 12 Wagner plot adapted from ref. 77. The binding and Auger energy of atomic sodium were
taken from ref. 78 and referenced to the Fermi level by subtraction of the workfunction of sodium
metal.

going from NaF to Nal. However, Auger electrons from sodium metal are abnormally
shifted to higher kinetic energies due to its metallic state. For neutral but non-metallic
sodium species this abnormally large shift does not exist. Thus it becomes plausible that
the Auger line position of sodium atoms are found in the same regime in the Wagner
plot as compared with the ionic species.

The KLL Auger spectra also provide clear evidence for the diffusion of sodium into
the chromium oxide film by comparison with the Na 2p photoemission data. Although
the Auger electrons carry a kinetic energy of close to 1 keV and thus reach an escape
depth of 10-15 A, the Na 2p photoelectrons have a kinetic energy of 120 eV and there-
fore only escape from the topmost layers.®! Hence, whereas the photoemission data
indicate loss of sodium from the sample surface, the Auger data reveal its diffusion into
deeper layers of the sample. Also TDS reveals desorption into the gas phase; data start-
ing from different initial coverages are shown in Fig. 13. In the submonolayer coverage
regime, the desorption peak shifts as a function of coverage from a temperature of 750 to
500 K. After completion of the first monolayer, a second feature with smaller linewidth
grows at a peak temperature of 400 K, which is identical for the onset of multilayer
desorption (as revealed in the workfunction data and electron emission data). As dis-
cussed above, the only sodium species present on the surface at temperatures as high as
600-1000 K is atomic sodium. We can conclude that this atomic, non-ionic species
serves as a precursor for thermal desorption in the experiment in Fig, 13.

At this point it is appropriate to investigate the response of the oxide substrate
towards the adsorption of sodium. Fig. 14(a) and (b) show Cr 2p;,, photoemission data
in a desorption experiment as a function of temperature for both near-normal and
grazing exit detection, respectively. The clean chromium oxide surface leads to a typical
lineshape of the Cr 2p;,, spectra. This lineshape is characteristic of coordinately unsatu-
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Fig. 13 TD spectra of the system Na/Cr,05(0001)/Cr(110) detecting sodium monomers in the
channel m/z = 23. The spectra are ascending with increasing coverage.

rated Cr3* ions on the surface and coordinately saturated Cr®* ions in the bulk. Upon
adsorption of sodium this lineshape changes, but there is no indication for the formation
of metallic chromium. We show for comparison the spectrum of the metallic chromium
substrate on the correct energy scale, and recall the corresponding data for magnesium

XPS  Na/Cr,0,(0001)/Cr(110)
(a) 6=15° f\ Cr2p,, (b) 6=65°

clean Cr(llO)Jr

Hi(ed

5520 $78.0 5740 582.0 578.0 574.0
binding energy/eV bindiag esergy/eV

Fig. 14 Cr 2p;,, XP spectra of the system Na/Cr,0,(0001)/Cr(110) taken in a heating experiment
with an initial multilayer sodium coverage. (a) Taken at near-normal detection angle; and (b)
taken at grazing detection angle.
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deposition where the formation of metallic chromium in the equivalent experiment has
been clearly observed.*® We confirm that at lower coverages sodium forms non-metallic
surface species without reducing the surface chromium ions in the oxide to the metallic
state.

Finally, the following discussion of the EEL spectra can be taken to determine the
oxidation state of the chromium ions in the surface after sodium deposition. Fig. 15
shows EEL spectra of a heating experiment. Here the oxide surface has been initially
dosed at 90 K with a thick sodium layer. The surface is heated to the temperature given,
and subsequently cooled to liquid-nitrogen temperature, where the spectra are then
recorded again. Clearly, compared with the clean oxide surface the spectrum of the
surface covered with a thick sodium overlayer is rather structureless, except for features
at excitation energies of 4 eV and 0.8 eV. Both features can be assigned to the excitation
of surface and interface plasmons.®? The relatively wide feature at an excitation energy
of 4 eV can be easily assigned to a surface plasmon excitation of the thick sodium film.
The surface plasmon energy scales with /2 of the bulk plasmon energy,”!"”® which is
found near an excitation energy of 6 eV. We attribute the second feature to the excita-
tion of a plasmon localized at the interface of the sodium film and the thick chromium
oxide layer. The two plasmons therefore represent the two interface solutions of a metal-
lic layer sandwiched between a vacuum on one side and a dielectric on the other side.
Such systems have been discussed in the literature, and it is well known®? that the
frequencies of the interface plasmons depend on the thickness of the metallic layer. The
vacuum/metal interface plasmon frequency is expected to depend more strongly on the
thickness of the metal layer than the metal/dielectric interface plasmon frequency,®? the
latter being basically pinned at a given energy. This behaviour is observed experimen-
tally. The surface plasmon frequency shifts to smaller values, i.e., from 4 to 2.9 eV, upon

EELS Na/Cr,0,(0001)/ Cr(110)
/K
e A’
620
595
520
Cl
470
m D’
» E’
90 clean

T T -1 T T J ¥ I
¢ 2 4 6 8 10 12 14
energy loss/eV
Fig. 15 EEL spectra of the system Na/Cr,0;(0001)/Cr(110) taken in a heating experiment with an
initial multilayer sodium coverage. The system was heated to the temperature given, cooled back
to 90 K and then the spectra were recorded.
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partial desorption of sodium from the surface by increasing the surface temperature
from 90 to 390 K. Above 450 K the sodium coverage reaches monolayer coverage, and
correspondingly the electronic excitation spectrum changes considerably. First, upon
raising the temperature there is no longer a continuous shift of excitation energies, indi-
cating the localized nature of the excitations. Secondly, the linewidths of the spectral
features decrease considerably, which is also indicative of the local nature of the excita-
tion process. Near 600 K, where most of the sodium has been removed from the surface,
the electronic excitations characteristic for the undistorted chromium oxide surface start
to reappear. Close to 1000 K the surface excitations of the clean Cr,O, surface have
completely reappeared.

In order to assign the electronic excitations for the monolayer coverage, Volker
Staemmler and his group have performed cluster calculations®® very similar to those
performed earlier for Cr®* ions localized in the various possible sites at an ideal
Cr,0,(0001) surface. The most prominent results of the calculation is that there are two
low lying states, one near 0.8 eV and another one near 2.0 eV, in close agreement with
the most prominent features in the EEL spectra. Of course, there are excitations above 2
eV predicted in the calculation that do not show intense counterparts in the experimen-
tal spectra. However, the prediction of intensities in EEL spectra is a rather difficult
task, and cannot be performed routinely at present. Therefore a definite assignment
based on calculated excitation energies and intensities cannot be given at this time. It is
a general observation’ that the intensities of the d—d excitations within the oxide band-
gap decrease as the excitation energy approaches the band-gap energy where strong
mixing with oxygen-metal charge transfer excitations comes into play. Summarizing the
results of the theoretical predictions we take the close agreement of the calculated and
experimentally observed excitation energies as a strong indication that the Cr ions in the
oxide surface, in the presence of a submonolayer sodium coverage, change and are poss-
ibly in oxidation state 2+ in line with chemical intuition.

Coadsorption of ethene and sodium

At this point it is interesting to investigate the influence of sodium on the oxide surface
on adsorption of other molecules. Fig. 16 shows a series of RAIR spectra taken after
dosing an Na-precovered Cr,0,(0001) surface with 10 L ethene. In the first experiment
[Fig. 16(a)] various amounts of sodium were evaporated onto the surface at 90 K. In the
second experiment [Fig. 16(b)], a surface covered with a submonolayer of sodium was
subsequently heated to higher temperatures. After this procedure, ethene was admitted
at 90 K.

The regions of the C—H stretch and the C—H wagging modes are shown. The
lowest trace in Fig. 16(a) is equivalent to the spectrum shown in Fig. 7. Both vibrations
are observed and are, as discussed above, due to the presence of a weakly n-bonded
ethene (no C—H stretch) and a physisorbed species (both C—H stretch and C—H
wagging mode). On the sodium precovered surface, ethene is adsorbed as long as there
are sites available on the oxide surface. For higher Na coverages ethene is not adsorbed,
as documented by the spectrum at the top of Fig. 16(a). At intermediate coverage the
C—H stretching vibration is observed with rather high intensity but its frequency is
slightly red-shifted with respect to the clean surface.

However, more interestingly, no C—H wagging vibration is observed at sodium pre-
coverage. In addition, if the sodium precoverage is near the coverage characteristic for
the workfunction minimum the C—H stretching vibrational band is split [Fig. 16(b)]. A
more detailed temperature dependent analysis reveals that this splitting is due to the
presence of two different chemical species on the surface, this is in turn compatible with
the presence of two different sodium species, as identified with photoemission and Auger
spectroscopy (see above).
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Fig. 16 RAIR spectra of adsorption of C,H, on Na/Cr,0,(0001)/Cr(110) at 90 K. The sodium
coverages were prepared by: (a) deposition of small amounts of sodium at 90 K; and (b) heating of
an initial submonolayer coverage of sodium.

Obviously Na influences the adsorption properties of ethene. TD spectra (not
shown), however, indicate a small change in desorption energy only. Comparison with
corresponding RAIRS studies of ethene adsorption on metal surfaces provides us with a
hint towards an interpretation of the data. Briefly, on metal surfaces there have been
n-bonded as well as di-g-bonded ethene adsorbates identified.®* For example, on a clean
Pt(111) surface ethene is thought to be adsorbed as a di-o-complex.®® In this bonding
mode the CH-wagging mode is extremely weak. If oxygen is co-adsorbed onto the
Pt(111) surface, ethene is believed to be n-bonded with an internal CH-wagging mode in
the vibrational spectrum.®®:37 Parallel to this we interpret the finding at the oxide
surface as the conversion of n-bonded ethene on the clean surface to a di-o-bonded
complex on the sodium precovered oxide surface. Further experiments confirm this pre-
liminary interpretation and it is quite conceivable that the electron-rich chromium ions
allow for the formation of the two o-bonds with the ethene moiety, while the more
electron deficient, clean oxide surface only stabilizes a n-donor interaction from ethene
towards the surface.

These findings will have to be explored with respect to the influence of the reactivity
of the modified ethene towards other species co-adsorbed onto the surface.

Conclusions

We have investigated adsorption and reaction of molecules on a structurally well char-
acterized polar oxide surface, i.e., the Cr,0;(0001) surface. Oxygen is adsorbed molecu-
larly below room temperature via formation of a moderately strong chemisorptive bond.
It is partly desorbed molecularly at room temperature and another fraction dissociates
on the surface under formation of chromyl species (i.e., Cr=0 double bonds) on the
surface. Although the molecular species does not exchange with the lattice oxygen, there
is some exchange of the atomic species.

Oxygen chemisorption very strongly influences adsorption of other molecules, such
as ethene. While ethene is chemisorbed on the clean surface with planar orientation as a
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n-complex on the chromium ions, pre-adsorption of oxygen attenuates the ethene
surface coverage, allowing it only to be adsorbed on those sites not oxygen covered (i.e.,
defects). The intermolecular interaction is not negligible but rather moderate. Conse-
quences of site blocking by oxygen are, however, not negligible as indicated by the
considerable reduction in the ethene polymerization activity of the surface.

Other adsorbates, such as Na, have a pronounced influence on adsorption of other
molecules, because they induce charge transfer to the surface. Na grows on the
Cr,0;(0001) surface in a Frank van der Merwe mode, similar to the situation found for
Na adsorption on a metal surface. In the submonolayer regime sodium ions and con-
comitantly probably Cr?* ions as well as neutral sodium atoms are formed. While
sodium ions migrate into the oxide at elevated temperature, sodium atoms are desorbed
from the surface into the gas phase. If ethene is co-adsorbed it seems to change its
bonding characteristics as compared with the Na free surface. The RAIR spectra are
compatible with the formation of a di-o-bonded species in contrast to a z-bonded
complex on the clean surface. Whether this finding has consequences for the reactivity of
ethene towards other co-adsorbed molecules remains to be seen.
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