ELSEVIER

Surface Science 365 (1996) 394-402

Adsorption and reaction of magnesium on Cr,O05(0001)/Cr(110)
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Abstract

We report on the adsorption and reaction of magnesium on Cr,05(0001)/Cr(110) thin films. X-ray photoelectron spectroscopy
(XPS) and X-ray induced Auger-spectroscopy (XAES) reveal the formation of magnesium oxide and chromium metal. The validity
of bulk thermodynamic calculations for the estimation of chemical reactivity on surfaces is critically revisited.
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1. Introduction

Thin oxide films have been investigated as model
systems for bulk oxide surfaces in the past in order
to be able to apply electron spectroscopies while
circumventing sample charging and problems with
sample cooling [1]. These systems can now be
used to study problems of interest in catalysis. A
special topic in this field is the modification of an
oxide surface by doping the sample with alkali and
alkaline earth species (AAES) [2]. On elemental
surfaces, adsorption of AAES has been studied in
detail [3] and is well understood in relation to the
interplay between geometric and electronic struc-
ture [4]. Surface chemistry in these cases involves
surface reconstruction [ 5] and alloy formation [6]
induced by the charge transfer from AAES towards
the metal surfaces which is generally observed.
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In contrast, adsorption of AAES on oxide sur-
faces has only been rarely studied in the past, and
a thorough understanding of the interplay between
geometric and electronic structure has been
reported only in the case of TiO, [7]. Two new
types of reactions occur in the surface chemistry
of oxides due to the presence of oxygen. These two
additional types of reaction are oxygen transfer
from the oxide substrate into the AAES adiayer,
and the formation of mixed oxides.

In our previous work we have shown that the
system Na/NiO(111)/Ni(111) undergoes a reac-
tion of complete oxygen transfer, finally leading to
metallic nickel and sodium oxide on the surface of
the nickel oxide layer [8]. Additionally we
observed the reaction of sodium oxide with excess
nickel oxide forming a mixed oxide species ie. a
sodium nickelate.

In the present work we find clear evidence for
chromium metal and concomitant MgQO forma-
tion in the system Mg/Cr,053(0001)/Cr(110). This
is in contrast to the situation found for
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Na/Cr,04(0001)/Cr(110) where reduction to met-
allic chromium is not observed [9]. The present
paper studies the chemistry of magnesium on chro-
mium oxide Cr,0;(0001)/Cr(110) thin films by the
use of X-ray induced photoelectron spectroscopy
and Auger spectroscopy (photon-induced) as
experimental methods. The validity of thermody-
namics for an estimation of oxygen transfer reactiv-
ities in the present case is critically discussed.

2. Experimental

The experiments were performed in a UHV
chamber with a background pressure of 2 x 107 1°
Torr. The chamber was equipped with a VSW
XPS/XAES system, a conventional Omikron
LEED system as well as a Leybold-Heraeus sput-
ter gun. Sample preparation has been extensively
described in previous papers [10]. Magnesium
was thermally deposited from a pressed pellet
consisting of a mixture of MgO, Al and CaO,
which was confined in a Knudsen cell. After outgas-
sing the source, the pressure never exceeded
4 x 1071 Torr during the deposition procedure. For
deposition the source was run at stabilized currents
of about 2 A. After a warm-up time of approximately
5 min a shutter provided a rapid exposure of the
sample at a constant deposition rate.

The calibration of the magnesium source output
was carried out in a deposition series on the pure
Cr(110) metal crystal surface at constant geometry
and stabilized source current of 2.2 A. The sample
temperature was kept constant at 90 K during the
deposition. After each deposition the sample was
warmed up to 300 K in order to anneal the
adsorbate.

3. Results and discussion

The surface structure was checked by LEED at
various Mg coverages [11]. The clean Cr(110)
substrate surface shows a rectangular spot arrange-
ment (Fig. 1a). With increasing magnesium cover-
age, deposited at room temperature, these spots
are accompanied by a hexagon of less intense spots
closer to the (0,0) spot (Fig. 1b) indicating the
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Fig. 1. LEED patterns for the Mg/Cr(110) system: (a) Clean
Cr(110) surface; (b) ~0.5 ML Mg/Cr(110); (¢) =14 ML
Mg/Cr(110); (d) =8 ML Mg/Cr(110); (¢) =15 ML
Mg/Cr(110) after heating a Mg multilayer coverage to 540 K;
(f) details of the superstructure in (), assigned to multiple scat-
tering processes.

formation of a Mg(0001) lattice via layer-by-layer
growth similar to literature data [12]. Very weak
spots are observed around the substrate spots due
to multiple scattering. The multiple scattering spots
as well as the Cr(110) substrate spots vary upon
further magnesium deposition (Fig. 1c) and are
attenuated when multilayer coverages are reached
(Fig. 1d). The size of the Mg(0001) hexagonal unit
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mesh vector is determined relative to the substrate
lattice vectors to be 3.2 A which is identical to that
of the (0001) basal plane vector in bulk magne-
sium [13].

With two Mg atoms in a (0001) unit mesh of
26.6 A? area, the atom density in a monolayer is
calculated to be 7.5 x 101 cm ™2 yielding a depos-
ition rate of 4+0.5x 10*?2 cm 2 s~ !. The relative
amount of Mg was measured via the Mg 1s XPS
intensity. The Mg 1s intensity depends linearly on
the deposition time as shown in Fig. 2. The change
in slope at 190425 s deposition time is ascribed
to the completion of the first magnesium mono-
layer [14].

The Mg Is XPS intensity of this atom density is
estimated from Fig.2 to be 1.8+0.2 arb. units.
Thus the coverage can be estimated from either
the deposition time or the Mg 1s XPS intensity.

Upon deposition of magnesium on the chro-
mium oxide Cr,0,(0001)/Cr(110) surface at 90 K
sample temperature, the quality of the LEED
pattern becomes blurred as the coverage is
increased. At multilayer coverage no sign of long
range order is found and additional spots indicat-
ing superstructures have not been observed.

The Cr2p;, XPS signals for increasing Mg
coverage are shown in Fig. 3. The coverage was
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Fig. 2. Normalized intensity of the XPS Mg 1s signal in the
system Mg/Cr(110) as a function of deposition time (squares)
and as a function of temperature starting with a thick multilayer
coverage (circles).
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Fig. 3. Cr 2ps, XPS spectra of a deposition series of magnesium
on chromium oxide at 90 K substrate temperature. The coverage
has been determined by comparing the Mg 1s intensity with the
data in Fig. 1. The arrow indicates intensity filling in at the
lower binding energy side. The spectra were taken at 65° off-
normal detection angle.

estimated corresponding to an evaluation of the
Mg 1s intensity (Fig. 2). With increasing coverage
a little intensity (arrow) is filling in at the low
binding energy side. The main signal shifts to
higher binding energies compared to the clean
oxide surface. We ascribe this shift to band bending
which is prominent in adsorption experiments on
non-metal substrates [ 3,8]. Fig. 4 documents the
difference between the spectra of the clean and the
Mg-covered oxide surface at multilayer coverage
i.e. at about 7 ML. In contrast to Fig. 3, the spectra
(Fig. 4a and b) were taken with a pass energy of
22 eV instead of 10eV in order to achieve a
sufficient signal-to-noise ratio. Before performing
the difference spectrum calculation, the spectrum
of the Mg covered surface was shifted appropri-
ately, i.e. by 03eV to lower binding energy,
accounting for the above mentioned band-bending
effect. The difference spectrum (Fig. 4¢c) is com-
pared to the spectrum of the clean Cr(110) metal
surface (Fig. 4d) in the right panel. It indicates the
presence of chromium metal on the surface in the
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Fig. 4. Cr2p;, XPS difference spectrum (c) between the
spectrum of the clean (a) and the multilayer covered chromium
oxide surface (b) in comparison to the spectrum (d) of the chro-
mium metal Cr(110) surface.

case of a multilayer Mg coverage. Additionally,
the main signal of the difference spectrum exhibits
a tailing to higher binding energies. We ascribe
this to the fact that the metal phase is not uniform,
i.e. it may contain small particles of different sizes
which are well known to show higher core-level
binding energies as compared to the bulk metal
[15].

The chemical state of magnesium on the oxide
surface was investigated by XPS and XAES spectra
which are shown in Fig. 5a and b respectively. For
small coverages in the submonolayer regime, the
Mg 1s signal is located at 1304.8 eV and is ascribed
to magnesium oxide. At multilayer coverages it
shifts to 1303.0 eV, which corresponds to the value
of magnesium metal [16]. Due to a FWHM of
about 2 eV a further distinction of different magne-
sium species is not possible on the basis of the
XPS data alone, but can be achieved by considering
the corresponding Auger KL ,3L ,; spectra.
Chemical shifts in the Auger energy of magnesium
are dominated by final state effects as has been
discussed for sodium adsorbates [8]. In metallic
magnesium the double core-hole in the final state
is screened by the polarizable metal electrons,
whereas in magnesium oxide this screening is pro-
vided mainly by the less polarizable oxygen
valence-band electrons. Hence, in the former case
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Fig. 5. Mg 1s XPS (left panel) and KL ,;L ,3-Auger (right panel)
spectra as a function of magnesium coverage. If not indicated
otherwise, the spectra were taken with 15° off-normal detection
angle. The plasmon loss features are discussed in detail in the
text.

the kinetic energy of the Auger electrons is higher
by about 5eV. At low coverages the Mg
KL ;5L ,; signal is found at 1180.6eV Kkinetic
energy (Fig. Sb) in line with literature data for
magnesium oxide [ 16]. This line steadily shifts to
higher kinetic energy with increasing exposure,
finally reaching the value of 1186 eV for bulk Mg
at large coverages. Note that these shifts are larger
than those expected from band bending etc. in
photoemission.

To interpret the shifts we assume that magne-
sium aggregates of increasing size form upon
increasing coverage. The polarizability of the
valence electrons of the aggregates will change
simultaneously. Consequently, the observed Mg
Auger line shifts towards higher kinetic energy
with increasing coverage.

It is worth noting that even above 2 ML the
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spectrum still differs from that of magnesium metal.
We ascribe this to the fact that the aforementioned
cluster formation may lead to a Volmer—Weber
type three-dimensional growth mode. Sodium on
Cr,05(0001), on the other hand, exhibits layer-by-
layer growth [9].

At coverages around 3 ML the signal of metallic
magnesium is found in the spectrum. Besides that,
a small signal appears exactly at the expected
position of the magnesium oxide signal, ie. at
1180.7 eV. This provides clear evidence for the
coexistence of magnesium metal and oxide at
multilayer coverages.

As shown above, the deposition of magnesium
on chromium oxide leads to a mixture of magne-
sium oxide, chromium oxide, magnesium metal
and chromium metal on the sample surface already
at 90 K. This result is comparable to previous
findings in the system Na/NiO(111)/Ni(111) [8].
We also studied, as we did for Na/NiO, the temper-
ature dependence of the chemistry in the system
Mg/Cr,05(0001)/Cr(110) after deposition of
approximately 7 ML magnesium at 90 K sample
temperature. The Cr 2p;;, spectra are shown as a
function of temperature in Fig. 6. The left panel
shows spectra taken at a near-normal detection
angle whereas spectra in the right panel were taken
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at a grazing exit angle for the same preparation in
order to enhance the surface sensitivity of the
spectra.

The intensity at the low binding energy side of
the main signal, indicative of the formation of
chromium metal, is enhanced relative to the main
line when the sample is heated. The intensity ratio
between metal and the main oxide signal also
increases for the grazing exit angle. These findings
clearly prove the formation of chromium metal at
elevated temperatures taking place on top of the
chromium oxide film, ie. near the Mg oxide
interface.

We also performed experiments on the pure
chromium oxide film at 1100 K, ie. near the
decomposition temperature of the oxide film, for
two hours, in order to check for a possible diffusion
of chromium metal through the oxide film or its
formation on top in the absence of magnesium
metal. The results are presented in Fig. 7. Spectra
¢ and d, taken at 15° and 65° off-normal detection
angle, exhibit only very little additional intensity
indicating formation of chromium metal in com-
parison to spectrum a of the chromium metal
Cr(110) surface, even though we are close to the
decomposition temperature. Spectrum e shows the
difference spectrum between ¢ and d revealing no

5820 5780 | 5740
binding energy [eV]

1=l s

Fig. 6. Cr 2p;;, XPS spectra after deposition of a thick Mg layer and subsequent heating obtained at near-normal (a) and grazing
take-off angle (b) respectively in comparison to the spectra of clean chromium metal and chromium oxide film surfaces.
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Fig. 7. Cr 2p;,, XP spectra in a heating experiment of a chro-
mium oxide thin film: (a) chromium metal Cr(110) surface; (b)
chromium oxide surface freshly prepared; (c) after heating for
2 h at 1100 K, detection at 15° off-normal; (d) after heating for
2h at 1100 K, detection at 65° off-normal; (e} difference
spectrum of (c) and (d).

significant angular dependence of the additional
intensity on the detection angle in contrast to the
experiments involving magnesium metal (Fig. 6).
In comparison to the heating experiment involving
magnesium we conclude that heating the pure
chromium oxide thin film at 1100 K (i.e. near
decomposition temperature) leads to formation of
very little chromium metal even at higher temper-
atures than in the presence of magnesium. A second
difference between the two experiments is that in
the former case the chromium metal is formed
right at the surface of the oxide film whereas in
the latter case the very small amount of metal
seems to be distributed throughout the film. On
the basis of these differences we can state that the
temperature dependent reduction of the chromium
oxide film is very strongly enhanced at the interface
with a Mg metal deposit.

The magnesium 1s and 2p XPS spectra obtained
after heating a magnesium metal deposit on chro-
mium oxide are shown in Fig. 8a and b respectively.
At 90 K the binding energies for metallic magne-
sium are identified at 1302.8 eV and 49.4 eV for
the Mg 1s and the Mg 2p levels, respectively. They
are shifted by about 1.5e¢V and 1eV towards
higher binding energies, respectively, upon heating
up to 900 K. According to the previous results,
and in line with the literature [16], we deduce
from our XPS data the formation of magnesium
oxide.

An important difference between the Mg Is and
the Mg 2p spectrum is noticeable at 375 K. The
Mg 1s spectral function shows additional intensity
at the higher binding energy side but the spectrum
is dominated by metallic magnesium. However, the
situation becomes inverted in the Mg 2p spectrum
where magnesium oxide contributes the major part
to the spectral function at 375 K. This is due to
different penetration depths of the photoelectrons.
After excitation by Al Ko radiation (1486.6 V)
the kinetic energy of the Mg 1s photoelectrons is
about 180 eV. In contrast to that, the kinetic energy
of Mg 2p photoelectrons being excited by Mg Ka
radiation (1253.6eV) is about 1200eV which
means that the penetration depth is larger by about
a factor of 10 than in the former case [ 17]. These
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Fig. 8. Mg 1s (left panel) and 2p (right panel) XP spectra
obtained after deposition of a thick Mg multilayer and subse-
quent heating. Bulk and surface plasmon losses are marked BP
and SP respectively. If not indicated otherwise, the spectra were
taken with 65° off-normal, i.e. grazing exit angle.
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findings again lead to the conclusion that magne-
sium oxide is formed at the interface between
magnesium metal and chromium oxide.

Photoelectron as well as Auger electron spectra
of magnesium taken during the experiments exhibit
extended loss structure on the lower kinetic energy
side with respect to the main signal. In the present
case these losses are due to plasmon excitations in
metallic magnesium. In Fig. 5 the evolution of
these loss features is observed during the deposition
of magnesium at 90-100 K whereas Fig. 8 shows
the disappearance of them upon heating a metallic
magnesium film. This indicates the already men-
tioned transition of non-metallic to metallic mag-
nesium in the former case and its reversal in the
latter case.

Plasmon excitation spectra of small metal clus-
ters are known to be influenced by their morphol-
ogy [18] as well as by their electronic structure
[19]. The plasmon frequency of metal clusters is
red-shifted with decreasing size in comparison with
the bulk plasmon frequency. Especially, the Mg
Auger spectra taken during the deposition experi-
ment (Fig. 5) exhibit an extended tailing to lower
kinetic energies. This tailing could be indicative of
clusters with statistically distributed size. With
increasing coverage a magnesium multilayer is
formed and the plasmon-loss structure evolves out
of this tailing as can be observed between 3 ML
and 7 ML coverage. A different evolution of plas-
mon loss features is found in the corresponding
Mg 1s spectra (Fig. 5a). Here, the plasmon loss
intensity starts to grow at a coverage of about 2.5
ML. Mg Is photoelectrons were detected at a
kinetic energy of 180 eV. This energy leads to high
surface sensitivity of the spectra. On the other
hand Mg KL ,;L ,; spectra were taken at 1180 eV
kinetic energy. In this case the electrons probe
10-15 A of the sample [17]. We may conclude
that the plasmon loss intensity in the Mg ls
spectrum of the 2.5 ML deposit is due to magne-
sium metal being located at the interface to the
vacuum. Plasmonic losses in the Auger spectrum
may be due to hidden metallic particles deeper
inside the sample.

The Mg KL ,;L ,; Auger spectra which are
shown in Fig. 9 were obtained at detection angles
of 15° and 65° off-normal for various temperatures.

Mg KL23I§3

detection angle
off-normal

Ly 15°

65°

15°

\T 65°

N Vvl

b 15°
65°
90-100 K
W
65°

I o A
1170.0 1175.0 1180.0 1185.0
kinetic energy [eV]

Fig. 9. Mg KL ,;L ,3-Auger spectra obtained after deposition of
a thick Mg multilayer and subsequent heating. Feature A corres-
ponds to the final state 'S. The main signal is due to the D
final state. It is split by the octahedral crystal field into 'T,,
and 'E, states. This causes the line width to exceed the reso-
lution of the spectrometer as can be judged from a comparison
to the spectrum of the metal film at 90 K.

As already discussed above, the spectrum at 90 K
mainly represents magnesium metal accompanied
by a weak signal indicating the presence of magne-
sium oxide even at this temperature. We stress that
neither the Mg 1s nor the Mg 2p XP spectra allow
for the identification of the small amount of MgO
due to the smaller chemical shift in photoemission.

With increasing temperature the magnesium
oxide signal is enhanced at the expense of the
metal signal indicating the formation of magnesium
oxide. We notice that the angular dependence at
375 K indicates the formation of magnesium oxide
at the interface to the oxide film as discussed
above. At 540 K the spectra are those of magne-
sium oxide with no angular dependence. Metallic
magnesium is absent at this and higher temperature
due to thermal desorption of magnesium multi-
layers. This can be judged from the heating experi-
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Fig. 10. Gibbs free energy for the oxygen exchange reactions:
(a) 3Mg+Cr,0;-3MgO+2Cr; (b) 2Na+NiO—Na,O+ Ni;
(¢) 6Na+Cr,0,—3Na,0+2Cr; (d) 6Na+Al,0;—3Na,0
+2Al. The values are taken for the bulk materials from
Ref. [21].

ment on the system Mg/Cr(110) given in Fig. 2.
Around 550 K the monolayer regime is reached.
The corresponding LEED pattern is shown in
Fig. le.

Hence, at 540 K the redox reaction can be
considered complete due to the lack of Mg metal
and consequently the Mg Auger spectra do not
change towards higher temperature.

However, further changes can be observed in
the intensity ratio of the Cr2p;, spectra with
regard to chromium oxide and metallic chromium
in Fig. 6. The dominating features of metallic chro-
mium in the spectra at 540 K are considerably
decreased at 900 K. Since the reaction is already
complete at this point we ascribe this to a redistri-
bution of the products within the surface layer.

4. Conclusions and comparison with other systems

We have studied the surface chemistry of the
system Mg/Cr,05(0001)/Cr(110) as a function of
both coverage and temperature. At low temper-
atures the formation of chromium metal and mag-
nesium oxide successively occurs as the coverage
is increased. The reaction is limited to the interface
between magnesium metal and chromium oxide

due to kinetic hindrance of diffusion. This hin-
drance can be overcome at higher temperatures up
to 540 K where magnesium multilayers desorb and
the reaction stops.

In contrast to these results on magnesium,
sodium, as discussed in detail elsewhere [9], does
not lead to the formation of chromium metal on
the chromium oxide film, regardless of temperature
and coverage, although, on the basis of thermo-
dynamic calculations of the bulk reaction, free
energies indicate that this reaction is possible also
for sodium [20]. On NiO(111}), of course, sodium
does induce the equivalent reaction. The bulk
thermodynamic data are collected in Fig. 10. It is
quite obvious that the reaction between Mg and
Cr,0; is exothermic for all considered temper-
atures by more than 6 eV. For sodium and NiO
the free Gibbs reaction energy is exothermic by
1.5-2 eV only slightly varying with temperature.
While Na cannot reduce Al,O, at any considered
temperature (endothermic by 4-6eV) the Gibbs
free energy changes between exothermicity and
endothermicity for the system Na and chromium
oxide near 700 K [20]. The energies involved in
the latter case are of the order 0.5 to 1.0eV. It is
this energy range where it is very dangerous to
deduce surface processes from the bulk thermo-
dynamic data as the adsorption of sodium on
chromium oxide indicates [9]. While this message
is rather obvious it is much more difficult to
pinpoint microscopically which processes are rele-
vant. In fact, in the present paper the necessary
data to discuss the individual steps, for example
within the framework of a Born—Haber cycle, are
not accessible and a final discussion must await
these data. Theoretical calculations may help us in
future to understand the initial steps in the inter-
action between an alkali metal atom and an
oxide surface.
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