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Abstract

The open trough and row Mo(1 12) surface serves as substrate for the epitaxial growth of MoO,. XPS, UPS and
STM studies of the oxygen adsorption allow to monitor step-by-step the transformation of the electronic and mor-
phological properties during this process. XPS and UPS spectra reveal that a stable oxygen chemisorbed state precedes
the formation of MoO,. STM topographs identify this oxygen chemisorbed phase as an oxygen-induced p(2x3)
reconstruction of the missing row type. This precursor state evolves into a flat p(1 x 3) reconstructed (0 1 0) MoO, layer
which roughens by the formation of (110) facets under further oxygen exposure.
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1. Introduction

Experimentally and theoretically, the Mo(1 12)
surface was studied in very different aspects. In
earlier works, the corrugation of the furrowed
Mo(112) surface has been exploited to study the
interaction of chemisorbed particles [1-4]. The role
of the electronic structure of the highly anisotropic
substrate has been found to be decisive to explain
the detected adsorbate structures. Therefore, the
band structure of the Mo(112) surface has been
studied by self-consistent electronic structure cal-
culations [5] as well as by angle-resolved photo-
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emission spectroscopy (ARPES) [6-9]. Further-
more, the (112) surface of refractive Mo is cur-
rently used as substrate for the epitaxial growth of
thin magnetic gadolinium films (metal-on-metal
epitaxy) [10,11] as well as for ultra-thin crystalline
silica epilayers (insulator-on-metal epitaxy) [12-
14]. The latter studies had been performed by the
authors of the present paper in the field of model
catalysis and had motivated us to carry out the
first extensive analysis of the oxidation behaviour
of the Mo(112) surface. Oxygen-induced struc-
tures as well as oxides on the stable low index
(100), (110) and (11 1) surfaces of Mo have been
widely used in the past to unravel structure-reac-
tivity relationships of molybdenum oxide based
catalysts [15-20]. In case of Mo(1 12), only oxygen
adsorption studies at low coverages have been re-
ported in the literature [21-23], but no systematic
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work on its oxidation behaviour of the Mo(112)
surface, as detailed as those on the other low-index
Mo surfaces, has been published so far. A recent
study exploited an oxygen-induced p(1x 3) recon-
struction and thin MoO, layers on Mo(112) to
study the growth behaviour of Ag clusters on these
supports, but did not address the changes in the
electronic and morphological properties of the
resulting surface phases during the oxidation
process [24]. Therefore, in the present work, the
step-by-step transformation of the properties of
the clean Mo(1 1 2) surface under oxygen exposure
into an epitaxially grown MoO, film has been
monitored, applying X-ray/ultraviolet photoemis-
sion spectroscopy (XPS/UPS) for electronic and
scanning tunneling microscopy (STM) for surface
crystallographic structure analysis. As outlined in
detail in a previous publication [25], an oxygen-
induced p(2x3) reconstruction has been found to
precede the MoO, formation on the Mo(112)
surface. In this paper, the morphological studies
will focus on the processes involved in transform-
ing this oxygen-induced precursor state into an
epitaxial MoO, layer.

2. Experimental

The experiments were carried out in a multi-
chamber UHV system with an integrated in situ
sample transfer system and a base pressure of
2x 107! mbar [26]. The main chamber includes an
hemispherical energy analyzer (Scienta SES-200)
with non-monochromized Mg-K,, (1253.6 ¢V) and
He I (21.21 eV) radiation sources for XPS and
UPS studies, respectively. Binding energies re-
ported in this paper are referenced to the Fermi
level of the Mo substrate and spectra were re-
corded under normal emission. These studies are
supplemented by measurements in the STM
chamber yielding real space images obtained in the
constant current mode at room temperature. Re-
ported biases are referenced with respect to the
sample. The preparation chambers are equipped
with thermocouples (type C as well as type K) and
a gas doser system to conduct the following oxi-
dation study with control of temperature and gas
pressure. The cleaning procedure of the Mo(1 1 2)

surface has been carried out in the high tempera-
ture chamber as described in the literature [27].
Oxidation at 1500 K was followed by several high
temperature flashes to approximately 2300 K to
desorb any molybdenum oxides from the surface.
Spectra and images of the clean Mo(1 1 2) surface
presented in the following are labeled with the
number (0). The transformation of the clean
Mo(1 12) surface into an epitaxial MoO, layer was
monitored in the main chamber by studying the
oxidation behaviour in 13 discrete oxidation steps
(1-13). In each step the crystal surface was ex-
posed to 5x107% mbar oxygen (O,) for 6 min
(1.8x10° L) after the crystal had reached its oxi-
dation temperature. In order to produce MoO,
layers of different thickness, three temperature re-
gimes were applied and steps (1-8), (9-12) and (13)
were carried out at 950, 1100 and 1250 K,
respectively. Note that after each of the oxidation
steps, the crystal was annealed by heating it in
UHYV (without oxygen!) to 1300 K for 15 min. No
change in the amount of adsorbed oxygen occurs
during these annealing steps, as controlled by
XPS. Spectra and images taken during the oxida-
tion procedure (1-13) were always measured after
the corresponding annealing step and were de-
noted accordingly by the numbers (1)—(13).

3. Results and discussion
3.1. XPS study of the chemical composition

The results of the XPS study on the transfor-
mation of the Mo(112) surface into an epitaxial
MoO, layer are summarized in Fig. 1 with the left
and the right panel showing the analysis of the
Mosq and the Oy signals, respectively.

The Mo;q photoelectron spectrum of the clean
Mo(112) surface (0) exhibits a strong spin—orbit
splitting with the Mo 3ds, line situated at 227.7 eV
and the Mo 3d;,, component at 231 eV. Where the
corresponding Oy signal would be located, only a
very small signal can be distinguished (0). As poin-
ted out in the STM study below, this rest signal is
probably due to some oxygen contamination of the
surface region remaining from the high temperature
oxidation step of the crystal cleaning procedure.
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Fig. 1. Step-by-step XPS study of the Mosq (left panel) and the Oy, (right panel) photoelectron lines during the transformation process
of the clean Mo(1 12) surface into MoO, under progressive oxygen exposure (0—13). Inset on the left shows the intensity of metallic
(Mo) and oxidic (M0oO,) components in the Moyq spectra, the inset on the right summarizes the position of Oy lines.

The oxygen-induced p(2x3) surface recon-
struction on the Mo(112) substrate fully evolves
after the application of the first oxidation step and,
with the oxidation parameters chosen here, re-
mains stable under oxidation step (2) [25]. It is
important to note that the corresponding Mosg
photoelectron spectrum (2) shows only metallic
line components without any detectable traces of
oxide peaks. Therefore, oxygen chemisorption and
not oxidation induces the p(2x3) surface recon-
struction. Certainly, the oxygen chemisorption
process on the surface results in a decrease of the
Mosgq line intensity, as is depicted in the inset of the
left panel. The well-evolved Oy signal (2) allows to
accurately derive a binding energy of 530.1 eV for
oxygen chemisorbed on the Mo(1 12) surface (see
inset in the right panel).

Further exposure to oxygen at 950 K during the
steps (3)—(8) results in the oxidation of the
Mo(112) surface. The onset of the oxidation is
noticed in the Mosy photoelectron spectra by a
small, but clearly detectable change in the shape of
the two metallic spin—orbit components. To guide
the eye, this region is marked in the left panel of
Fig. 1 by two vertical lines. Comparison of the
spectrum (2) (characteristic of the oxygen chemi-

sorbed state) and the spectrum (5) (representative
of the onset of the oxidation) reveals that the
asymmetric shape of the metallic spin orbit com-
ponents changes with progressing oxygen exposure
from a rather exponential towards an almost linear
form. Certainly, this is indicating the upcoming
oxide peaks in the Mosgq spectrum at these posi-
tions. After applying two additional oxidation
steps, spectrum (7) clearly reveals that the Mo
3ds;» and Mo 3ds,, spin—orbit components of the
oxide are situated at a binding energy of 229.25
and 232.4 eV, respectively. It is worthy of note that
the preparation of molybdenum oxide on the
Mo(112) surface produces in the corresponding
Oy, signals (3-8) a small shift of 0.1 eV towards a
binding energy of 530 eV. As can be inferred from
the left inset in Fig. 1, the growth of the oxide
saturates during the steps (4-8). According to the
formalism described in the literature [28], the
inelastic mean free path (IMFP) of Mosy photo-
electrons excited by Mg-K, radiation is calculated
to be 24 A. With this value, a §aturation thickness
of the oxide layer of 15+ 1.5 A results.

To grow a thicker MoO, layer, the oxygen
pressure is kept constant, but the oxidation tem-
perature is raised to 1100 K during the steps
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(9-12). With these parameters, the oxide thickness
saturates at about 28 +2.8 A. This thicker oxide
layer results in a strongly increased O, photo-
electron intensity, as can be seen from the chara-
cteristic Oy photoelectron line (10). In addition,
the right inset shows that a further shift of 0.1 eV
towards a lower binding energy value of 529.9 eV
is detected for the Oy, signals (9—12). Interestingly,
the increase of the oxide components in the Mosg
photoelectron line (10) is accompanied by the
appearance of a weak peak structure at 234.1 eV.
As this points to a more complicated Mosq spec-
trum of the oxide, a reference spectrum (13) has
been measured by increasing the oxidation tem-
perature to 1250 K with all other oxidation
parameters kept constant. While the O, spectrum
(13) merely shows an intensity increase with no
change in position, the shape of the Mos4 spectrum
changes dramatically. Due to the growth of an
oxide thickness which substantially exceeds the
Mosy IMFP value, no metallic components are
visible in the spectrum (13). The oxide Mosgq
photoelectron spectrum can be distinguished and
the reduction in the number of peaks simplifies its
identification. The result of a fit procedure is that
each of the spin—orbit components of the Mosq
photoelectron line becomes split again with an
intensity ratio of approximately 1:2. The line
positions of the more intense oxide peaks are, as
stated above, 229.25 eV for Mo 3ds;, and 232.4 eV
for Mo 3ds,, resulting in a shift of 1.6 eV with
respect to the metallic state. The positions of the
less intense oxide signals are marked by arrows in
Fig. 1 and are found to be 230.9 eV for Mo 3ds,,
and 234.1 eV for Mo 3ds;; so that a shift of
approximately 3.2 eV is detected with respect to
the metallic state. As stated in the literature, these
features are characteristic of the complex Mosq
photoelectron line of MoO, which is strongly
influenced by many particle effects [29,30].

3.2. UPS study of the valence band structure

Fig. 2 shows the result of the He I UPS study
which traces the drastic changes in the valence
band (VB) structure and work function (inset)
during the transformation of the clean Mo(112)
surface into a MoO, surface layer.
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Fig. 2. Step-by-step He I UPS study of the valence band
structure during the transformation process of the clean
Mo(112) surface into MoO, under progressive oxygen expo-
sure (0-13). The inset shows changes in the sample work
function, as derived from the width of the UP spectra [54].

The Fermi level position of the He I UP spec-
trum (0) of the clean Mo(1 1 2) surface serves in the
following as zero point for all given peak energies
in the UP spectra. As Mo is a metal with partially
filled 4d states, a peak in the photoemission
intensity right at the Fermi level is indicating that
the Fermi level crosses the d band. This region
centered around —0.7 eV is followed by a strong
peak at —1.7 eV. At higher binding energies, a
broad shoulder around -3 eV is locked to that
peak. The most intense feature in the clean
Mo(112) spectrum is the peak at —4.3 eV and the
last feature unambiguously resolved above the
secondary electron background is a small peak at
—6.3 eV. The He I spectrum reproduces well peak
positions and intensity distribution found in earlier
theoretical and experimental electronic structure
studies on the Mo(1 12) surface [5-9]. One of these
studies focussed on the interplay between the sur-
face band structure and, based on the observed
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Fermi level crossings, a scheme of possible electroni-
cally driven surface reconstructions was proposed
[7]. It is interesting to note that the oxygen-induced
p(2x 3) reconstruction, discussed in the following,
fits well into that scheme so that probably elec-
tronic structure aspects play an important role in
the formation and stability of this adsorbate in-
duced surface phase.

The He 1 UP spectrum (2) of the oxygen-in-
duced p(2 x 3) surface reconstruction is dominated
by the appearance of a strong peak at —4.7 eV. The
next peak at lower binding energies is found at
—3.1 eV and this peak is not stable under further
oxygen exposure. In contrast to this, the intense
peak at —2.1 eV increases in width and slightly
shifts to smaller binding energies, but remains
visible with progressing oxygen exposure. The
structure, representative for the Mo(112) d band
next to the Fermi level (peak region around —0.7
eV), remains stable during the whole oxygen
exposure procedure, but substantially decreases in
intensity. All these features of the electronic
structure of the p(2x3) O-Mo(112) phase, to-
gether with the strong increase of the work func-
tion (inset in Fig. 2), fit well into the general
framework of oxygen chemisorption on transition
metals [31-33]. Oxygen—metal bond formation re-
quires electron transfer from the Fermi level region
of the metal valence band to the Mo-O bonding
orbitals and this probably explains the detected
intensity decrease at the Fermi level region. Fur-
thermore, it is not surprising that a mere change in
intensity, but no difference in fine structure is de-
tected in the upper d valence band region next to
the Fermi level. Wood et al. concluded that a
characteristic feature of all d metals is that states in
the upper part of the d band are more localized in
real space than the states in the lower part of the d
band [34]. Greater delocalization of d electrons at
the bottom of the d band favours their hybridi-
zation with s-electrons which are known to be the
most delocalized. This can be seen in the band
structure of many transition metals where the
main maximum of the partial density of s-states (s-
PDOS) curve is located at the bottom of the d
band. This is also the case for Mo, as can be seen
in the PDOS curves of electronic structure calcu-
lations of bulk Mo [35,36]. The s-band main

maximum coincides with the d band bottom part
at around —4.5 eV [5] and makes only minor
contribution to the total density of states in the
upper d band region. Belash et al. have recently
shown by monitoring the transformation of the
electronic structure of Cu into Cu,O through
subsequent oxidation steps that for the formation
of the oxygen—metal bonding band in the chemi-
sorption process only those energy regions of the d
band play a role for which the contribution from s-
states becomes comparable to the contribution of
d states [37]. This picture is supported by the re-
sults of our oxygen chemisorption study on the
Mo(112) surface because the maximum of the
bonding O-Mo peak, mainly O,, in character and
resulting from the interactions of O, electrons
with Mo spd hybridized states, is found in our UP
spectra at —4.7 eV which is in striking vicinity to
the s-band maximum position at —4.5 eV.
Certainly, this oxygen chemisorption picture
breaks down, as soon as the formation of a bulk
MoO, phase starts due to strong oxygen incor-
poration into the Mo lattice. As this oxygen up-
take results in a depolarization of the surface
dipole of the reconstruction, a gradual work
function decrease is indicative for this process [38].
The oxidation process on the Mo(112) surface,
reported by XPS to start with the third oxidation
step at 950 K, results indeed in such a gradual
work function decrease for the VB spectra (3)—(8)
and is depicted in the inset of Fig. 2. In addition, a
general broadening of the peak structures and the
disappearance of the peak at —3.1 eV is observed,
as shown by the displayed VB spectra (5) and (7).
However, the most salient feature is the continu-
ous growth of a new shoulder structure at —3.6 eV
which is marked by a vertical line and becomes the
dominant feature in the VB spectrum (10), repre-
sentative for the high temperature oxidation steps
(9)-(12) at 1100 K. The work function value as
well as the peak structure of this spectrum are al-
ready widely similar to the reference VB spectrum
(13) of bulk M0O,, gained after the last oxidation
step at 1250 K. The strong broad shoulder struc-
ture with a maximum intensity around —3.6 eV
and the two peaks at —1.7 and —-0.4 eV are in
agreement with He I UP spectra of the conducting
oxide MoO, reported in the literature [39,40].
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Interestingly, the position of the maximum inten-
sity of the strong broad shoulder structure varies
for the He I MoO, spectra in the literature bet-
ween —4.5 and —5.5 eV and is found for the MoO,/
Mo(112) system at the even lower value of —3.6
eV. This may indicate the presence of a heavily
strained MoQO, layer on the Mo(1 12) surface be-
cause Eyert et al. found in a theoretical calculation
on the electronic structure of MoQ, a strong shift
of this mainly O,, derived shoulder towards lower
binding energies with an increase of the Mo-O
bond distance [41]. Very important is also the low-
binding energy region (Epy, > —2.5 eV) of the VB
spectrum. The double peak structure of mainly
Moyy derived states is characteristic of the mono-
clinic MoQO, crystal lattice of the growing oxide
epilayer. As addressed in detail in the surface
morphology study below, monoclinic MoO, shows
a characteristic metal-metal dimerization along the
a-axis of the lattice which is the result of a Peierls-
type instability [41-43]. As a result of this distor-
tion in the d?-system MoO,, chains of equidistant
Mo atoms in the centers of edge-sharing oxygen
octahedra break up in Mo-Mo dimers. The
resulting dimers show a Mo-Mo bond length of
2.51 A and are separated from each other by 3.11
A along the a-axis. Certainly, this metal-metal
pairing causes a simultaneous deformation of the
octahedral oxygen coordination spheres so that
the well-known octahedral crystal field splitting of
the Moyy orbitals in a ty,- and an e,-band becomes
modified. In particular, the reduction in symmetry
results in a splitting of the occupied ty,-band.
Orbitals of former t,, symmetry and directed
towards next neighbour metal atoms form the
metal-metal bonds, resulting in the creation of a
bonding Mo-4d ¢ and an antibonding Mo-4d c*
band. Orbitals of former t,, symmetry and direc-
ted perpendicular to the next neighbour metal
atom direction are practically not involved in the
metal-metal bonds and form a mostly non-bond-
ing Mo-4d = band. Thus, the peaks at —1.5 and
—0.4 eV in the low-binding energy region of the
MoO, UP spectra (10) and (13) in Fig. 2 can be
assigned to the bonding Mo-4d ¢ and non-bond-
ing Mo-4d = states, respectively, directly reflecting
the octahedra distortion in the monoclinic oxide
structure.

3.3. STM study of the surface morphology

The main results of the STM study on the
oxidation of the Mo(1 1 2) surface are summarized
in Fig. 3. The visible drastic changes of the surface
morphology during the exposure to oxygen are
discussed in the following.

The STM study starts in Fig. 3 with the clean
Mo(1 12) surface (0). The overview scan (0a) re-
veals the presence of terraces with a clearly elon-
gated shape along the [111] direction. This is due
to a crystal miscut of about 0.14° towards the
[110] direction. For both directions, line scans
(not shown) across the terrace edges measure step
heights of about 1.2 and 2.4 A. According to the
Mo(112) interlayer spacing derived by a dynami-
cal LEED study [44], these values point to the
presence of single- and double-layer steps on the
surface. The high-resolution image (0Ob) is mea-
sured on a terrace and resolves a line structure
along the [111] direction. The corrugation be-
tween adjacent atoms along these lines is too small
to deduce from our STM measurement the unit
cell spacing of the Mo(112) surface along the
[111] direction. Along the [110] direction adjacent
lines are found in the STM scan (0b) to be sepa-
rated by 4.45 A which equals the substrate spacing
along this direction.

This is shown in the sketch of the Mo(112)
crystal surface in Fig. 4a. The line structure de-
tected in the STM scan (0b) corresponds to the
close-packed atomic Mo rows of the first layer
which build up the trough and row structure of the
Mo(1 12) substrate. A rectangular surface unit cell
results with an unit cell spacing of 2.73 and 4.45 A
along the [111] and the [110] direction, respec-
tively.

Surface disorder is detected by STM on the
substrate terraces in form of point defects. Image
(Ob) in Fig. 3 shows that protrusions and depres-
sions with an apparent height and depth of about
0.6 and 0.3 A, respectively, are imaged and cover
about 10% of the surface. As STM topographs are
known to image oxygen impurities on metal sur-
faces as depressions, probably a mixture of oxygen
adatoms as well as Mo point defects causes the
detected depressions [45]. This is supported by the
results of the XPS study which show at this state a
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minor oxygen contamination. In contrast, no
carbon impurities are measured by XPS so that
most likely Mo adatoms are at the origin of the
imaged protrusions.

The oxygen-induced p(2x3) reconstruction on
the Mo(112) surface is prepared by applying the
oxygen exposure steps (1) and (2). STM scans are
shown in Fig. 3 in the images (2a) and (2b), sup-
plementing the data presented by the authors in a
previous publication on this reconstruction [25].
The overview scan (2a) reveals the well-evolved
long-range order of this reconstruction by the
presence of flat terraces with a very well-defined
line structure along the [111] direction. The dis-
tance between single stripes along the [110]
direction is 13.35 A so that the reconstruction in-
duces a superstructure with three times the unit
cell spacing of the clean Mo(112) surface. The
scan (2b) with atomic resolution reveals that each
of these stripes shows a fine structure. It is built up
by two rows of protrusions running along the
[111] direction and being in a staggered arrange-
ment with respect to each other. In each of these
lines, adjacent protrusions show a distance of 5.46
A along the [111] azimuth which corresponds to
twice the surface unit cell spacing of the unrecon-
structed substrate. In this way, a p(2x3) unit cell
of the reconstructed surface phase results. The
right upper corner of image (2b) shows a sketch of
two such unit cells where gray dots are applied to
mark the positions of the protrusions within the
unit cells.

The structure model of the p(2x3) recon-
struction is shown in Fig. 4b. This surface phase

Pl

Fig. 3. STM study of the oxidation of the Mo(1 1 2) surface. (0)
Clean Mo(112) surface: (a) 100x100 nm?, U = -1 V, I =4.5
nA and (b) 20x20 nm?, U = —1 V, I =4.5 nA; (2) oxygen-
induced p(2 x 3) reconstruction: (a) 100x 100 nm?, U = —2.6 V,
I=027nAand (b) 12.5x12.5nm? U = -2.6 V,I = 0.1 (nA);
(5) after the 5th oxidation step: (a) 100x 100 nm?, U = —1.31V,
I1=0.59 nA and (b) 18x 18 nm?, U = —1.31 V, I = 0.13 (nA);
(7) after the 7th oxidation step: (a) 100x 100 nm?, U = —1.27V,
I=0.71 nA and (b) 12x12 nm?, U = —1.36 V, I = 4.65 (nA);
(10) after the 10th oxidation step: (a) 100x 100 nm?, U = —1.27
V, 1=294 nA and (b) 48x48 nm?, U =127 V, [ =294
(nA).
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Fig. 4. Structure models with first, second and third layer Mo atoms sketched as white, gray and dark gray balls, respectively. (a)
Perspective view: The trough and row structure of the clean Mo(1 1 2) surface is composed of the close-packed (11 1) rows of the Mo
bec lattice (a = 3.15 A) which are in a staggered arrangement from layer to layer. The rectangular surface unit cell dimensions are
indicated. Side view: the (111) planes are not mirror planes of the Mo(1 12) surface. Passing from the [1 1 2] towards the [111]([111])
direction, the surface normals of the lattice planes (dashed lines) [113]([1 1 1]), [1 1 5]([1 10]) and [00 1] are found at an angle y of 10°
(19.53°), 19.47° (54.7°) and 35.3°. Cubic bee bulk unit cell is indicated by solid lines. (b) Reconstruction model of the p(2x3) O-
Mo(112) system with oxygen atoms in quasi-threefold sites (black spheres) and on-top sites (asterisks). Perspective and top view: The
p(2%3) unit cell is indicated by the dashed rectangular and the unit cell dimensions are shown. The black line depicts an antiphase

domain boundary (see text for details).

is essentially a missing-row reconstruction [25].
Counting along the [110] direction, every third
close-packed first layer Mo row is removed and
this explains the observed three times spacing of
the reconstructed unit cell spacing along this azi-
muthal direction. The origin of the doubled spac-
ing of the superstructure along the [111] direction
is more complicated. Based on the results of the
effective medium theory (EMT), the proposed
structure model explains this fine structure as a
direct consequence of the way oxygen adsorption
generally takes place on transition metal surfaces
[32,46]. As postulated by us on the basis of this
theory [25] and meanwhile experimentally con-
firmed by Iwasawa et al. [23], the energetically
most favored oxygen adsorption sites on the

Mo(112) surface are the quasi-threefold coordi-
nation sites composed of two row atoms and one
trough atom. Occupied sites of this type are sket-
ched in the structure model in Fig. 4b by black
dots. The tendency of oxygen atoms not to share
low-coordinated Mo atoms in the adsorption
process, at least not until the oxygen coverage is
substantial, results in the occupation of only each
second of these adsorption sites along a given
close-packed Mo row. Furthermore, it makes a
staggered arrangement of these occupied adsorp-
tion sites between two neighbouring Mo rows
energetically more favorable. In this way, the
adsorption of oxygen atoms in the quasi-threefold
coordination sites results in the arrangement which
is indicated by the black dots in Fig. 4b. As oxygen
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on metal surfaces is imaged in STM scans as a
pattern of depressions, the strong protrusions
within each stripe can be traced back to the metal
sites [47]. In consequence, the structure model
describes each of these protrusions as being com-
posed of two neighbouring first-layer Mo row
atoms which appear unresolved in the STM ima-
ges. In addition to oxygen adsorption in quasi-
threefold coordination sites, oxygen is adsorbed in
on-top positions to saturate undercoordinated
second layer Mo row atoms. These oxygen atoms
are depicted by asterisks in Fig. 4b and their
presence is strongly supported by an infrared-
reflection adsorption spectroscopy (IRAS) study
[48].

Surface defects on reconstructed metal surfaces
often show a very anisotropic behaviour [49,50].
This is also the case in the present study and, as
outlined in [25], the long-range order along the
[110] direction is highly disturbed by surface dis-
locations in form of antiphase domain boundaries.
These boundaries run along the [111] direction
and such a dislocation is sketched in Fig. 4b in
form of a black solid line. It separates the p(2x3)
domains (a) and (b) which are displaced with re-
spect to each other by one times the substrate
spacing along the [111] direction. Due to the
resulting out-of phase relationship for scattering
from different domains, low energy electron dif-
fraction (LEED) studies identified the presence of
these dislocations by the observed streakening
behaviour of odd-order reflections. A periodic se-
quence of such antiphase domain boundaries with
a spacing of 13.35 A along the [1 10] direction will
result in the presence of ¢(2x6) domains on the
reconstructed surface. Image (2b) in Fig. 3 shows
in the middle of the scan an example of such a
¢(2x6) domain with a sequence of c(2x6) unit
cells depicted. However, these ¢(2 X 6) domains are
rarely detected on the reconstructed surface and
are in general much smaller than the p(2x3) do-
mains. In contrast to this defect structure along the
[110] direction, the long-range order along the
[111] direction is very well evolved. No surface
dislocations are observed which break up the
stripes. Only steps at terrace edges do so and such
a step is marked in the topograph (2b) of Fig. 3 by
the dashed arrow. Here, it can be noticed that the

unidimensional rows in the stripes of two sub-
sequent layers are in a staggered and not in an on-
top configuration along the [1 1 2] direction.

The onset of the oxidation is detected by XPS
and UPS during the third oxidation step and starts
to transform the p(2x3) O-Mo(112) surface
structure into a MoQO, layer. The STM images (5a)
and (5b) in Fig. 3 show the surface structure of a
15£1.5 A thick MoO, film and highlight the
characteristic changes which the surface mor-
phology undergoes during the early oxidation
steps (3)—(5). It is clearly seen that the onset of the
oxidation process is accompanied by a faceting of
the reconstructed Mo(112) surface. This faceting
process roughens the very flat reconstructed sur-
face, in particular by the creation of holes (which
appear as dark regions in the images). As can be
deduced from the overview scan (5a), many of
these holes exhibit a rather regular shape and the
high resolution scan (5b) shows the three crystal
faces A, B and C which usually form these facet
structures. In case of the rather rough and irreg-
ular facet plane A4, its surface normal is inclined
away from the [112] towards the [111] direction.
STM line scans performed with a high loop gain
deduce a mixture of inclination angles y between
10° and 20°. In case of the planes B and C, the
respective surface normals are found to be per-
pendicular to the [112] axis. Therefore, these
planes can be classified as (112) zone planes.
From the fact that the faces B and C enclose both
an angle of 118+2° with respect to the [111]
direction, it is obvious that these faces are the
boundaries of a twin structure within the oxide
layer where the substrate (110) plane of the bcc
lattice acts as the twinning plane.

An inspection of a stereographic plot of the bcc
lattice supports the possibility of such a twin
structure in the epitaxial oxide layer on Mo(1 12)
[51]. Tt is seen that the (1 10) planes are mirror
planes of bulk terminated (112) surfaces. How-
ever, it is important to note that this is not true for
(111) planes. This point is illustrated in Fig. 4a in
the side view sketch along the [110] direction of
the bee[l 12] substrate. The (111) planes are not
mirror planes of the (112) substrate because the
surface normals of the lattice planes between the
[112] and [111] direction are different from those
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between the [112] and the [111] direction. The
side view sketch of Fig. 4a shows that only to-
wards the [111] direction surface normals of low
index surface planes exist which exhibit inclination
angles y of 10° ((113) plane) and 19.42° ((115)
plane). It is therefore reasonable to assume that
the rough oxide facet planes 4, imaged in scan (5b)
of Fig. 3, grow on a mixture of (113) and (115)
substrate planes. ! Based on these results, a com-
parison with the stereographic plot of the bcc
structure reveals furthermore that the orientations
of the oxide faces B and C of scan (5b) in Fig. 3
agree within 4° with those of the low-index (11 2)
zone planes (132) and (312), respectively.

The progress in the oxidation process is de-
tected in the STM study after the application of
the 7th oxidation step. Comparing in Fig. 3 the
overview STM scan (7a) with the corresponding
image (5a) shows that further oxidation increases
the number of holes in the surface and diminishes
in that way the region of the oxide terraces ori-
ented parallel to the [112] bcc Mo axis. One of
these terrace regions is marked by a circle in scan
(7a). This experimental finding suggests that this
oxide surface is not an orientation of low surface
energy of the MoO, lattice. Scans of atomic reso-
lution can be performed on this face of MoO,
during the oxidation steps (3)-(10) and a repre-
sentative image is shown in picture (7b). The de-
picted surface unit cell is described by the basis
vectors d; =5.6+0.1 A and d,=168=+0.1 A
which enclose an angle of 118 +2°,

To identify this face of MoQO,, the monoclinic
MoO, bulk lattice structure with space group P2,/c
(Cgh) is shown in Fig. 5a [42,52]. The lattice con-
stants and the monoclinic angle amount to @ =
56109 A, b=48562 A, ¢=56285 A and f =
120.95°, respectively. The MoO, unit cell length
of the a-axis is very close to that of the c-axis
so that both fit with the experimentally deter-
mined dimension of the surface unit cell vector
d; in the STM scan (7b). This ambiguity can be

! Note that, as the surface normals of these low-index
substrate planes are inclined away from the [1 1 2] towards the
[111] direction, this assignment fixes the orientation of the
surface coordinate system depicted in the STM images.

(a) Perspective View

o °
251A 311A

«— inclined facets

“— horizontal facet
<€— inclined facets

Fig. 5. (a) Two unit cells of the MoO, bulk structure with di-
merized Mo atoms along the g-axis. The trough and row
structure of the bulk terminated (0 1 0) MoO, face is formed by
the first (white spheres) and second (light gray spheres) layer
a-axes Mo rows. (b) Twin structure of the epitaxial (0 1 0)MoO,
layer on Mo(1 12) with the (00 1) MoO, face as twinning plane.
Three unit cells are shown for each of the twins (1) and (2). The
oxygen sublattice is omitted for clarity. Twin (1) shows the two
orientations of the (110) MoO, face (shaded gray planes) and
twin (2) the orientation of the (010)MoO, face (gray planes).
(c) Model of (0 1 0)MoO, layer (gray plane) with zigzag pattern
of inclined (110) facets (shaded gray planes).

lifted by the following lattice considerations. On
the one hand, the monoclinic MoO, lattice can
be derived from the tetragonal rutile structure
through a small distortion which, as sketched in
Fig. 5a, results in a metal-metal dimerization
along the crystallographic a-axis [41]. On the other
hand, the presented structure model of the p(2x 3)
reconstruction suggests that (a) the characteristics
of the oxygen adsorption behaviour on transition
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metal surfaces directly initiate such a dimerization
process of the Mo atoms in the close-packed
atomic (1 11) rows of the Mo(1 1 2) substrate and
that (b) these Mo—Mo dimers are at the origin of
the protrusions which form in the STM images the
unidimensional chain structures along the [111]
direction. As this p(2 x 3) phase precedes the MoO,
formation, we believe that the oxide surface unit
cell vector @; with [111] orientation in image (7b)
can be identified with the dimerized a-axis of the
MoOQO; lattice. This assignment is supported by the
fact that the number of Mo atoms per MoO, unit
cell is one along the ¢- and two along the a-axis so
that only the a-axis of the MoO, lattice matches
the number of Mo atoms within the close-packed
Mo(111) rows of the bcc lattice. Based on this
assignment, the oxide face imaged in scan (7b) of
Fig. 3 can be found among the planes of the a-zone
of the MoQ, lattice, in particular among the low-
index planes (001), (010) or (011). For the
following reasons, this oxide face is probably
correctly indexed as (010) MoO, face which
exhibits a trough and row structure very similar to
the Mo(1 12) surface (see Fig. 5a). Firstly, only the
angle of the almost hexagonal (010) MoO, face
fits well to the experimentally observed surface
unit cell angle of 118 £2° so that in particular the
rectangular (00 1) surface can be ruled out. Seco-
ndly, the length of the surface unit cell vector 4@, in
the STM image (7b) is exactly equal to three times
the c-axis of the MoQO, lattice which builds up the
surface unit cell vector of the MoO,(010) face
along this direction. In this way, the STM scan
suggests the presence of a p(l1x3) reconstructed
MoO,(010) surface. Thirdly, when moving along
the surface normal from the surface into the bulk,
the a-axis Mo rows of subsequent MoO,(010)
layers form a staggered arrangement, but an on-
top configuration results in case of the MoO,(01 1)
planes. The latter arrangement is less probable
because the bee(111) Mo rows, from which the
dimerized a-axes of the MoQ, lattice result during
the oxidation process, are in a staggered arrange-
ment in case of the Mo(l112) and the p(2x3)
reconstructed surface. Experimental evidence is
reported below that, also in case of the oxide film,
the a-axes Mo rows of subsequent MoO, layers are
in a staggered arrangement.

Identifying the surface regions of MoO, ori-
ented parallel to the [1 1 2] Mo substrate direction
as (010) MoO, planes renders the detected insta-
bility of the plane terrace surfaces during the oxi-
dation process understandable. A comparison with
the shape of MoQO, single crystals reveals that in
particular the close-packed (110) face is a stable
low-energy surface orientation, but not the open
trough and row (0 10) plane [53]. Hence, the fac-
eting of the oxide layer during the oxidation pro-
cess is probably driven by the tendency to
transform the (010) faces into (110) surfaces.
Fig. 5b shows the possible orientations of the
MoO,(110) crystal faces (shaded gray planes)
for the epitaxial system (0 10)MoO,/Mo(112). In
the model, the MoQO, a-axis coincides with the
Mo(112) [111] direction and it includes the ob-
served twin structure of the oxide layer which is
characterized by the twins (1) and (2) sharing a
common (00 1) MoO, face. Certainly, the presence
of twin (2) results in two additional (110) faces
which, for reasons of clarity, are not depicted in
the sketch. The surface normals of these four dif-
ferent (1 10) facets all enclose a polar angle of 45°
with respect to the (0 10) MoO, normal, but differ
by their azimuthal angles ¢ with respect to the
a-axis of MoQ,. These azimuthal angles ¢ amount
to 30.95° and 210.05° for the sketched (110)
planes of twin (1) and values of 149.05° and
329.05° are derived for the not depicted (110)
facets of twin (2). In consequence, the (1 10) facets
of the different twins intersect at the twin bound-
aries. The top view sketch in Fig. 5c depicts this
situation in form of the resulting zigzag patterns of
inclined (1 10) facets which limit to the top and to
the bottom the size of the horizontal (010) ter-
races (gray plane) of the twinned (010) MoO,
layer.

The STM study reveals that the (010) MoO,
layer, grown with its a-axes along the [111] sub-
strate direction, exhibits after faceting this chara-
cteristic zigzag surface morphology. According to
the XPS results, the STM images (10a) and (10b) in
Fig. 3 after application of the 10th oxidation step
are obtained on a 28 £ 2.8 A thick oxide film. The
flat MoO,(010) terrace regions almost completely
vanished and the discussed zigzag pattern of in-
clined crystal faces is clearly visible. The azimuthal
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orientation of these inclined facets agrees well with
the presented structure model but it is difficult to
extract the exact inclination angles of the rough
facet planes from STM line scans. The STM images
show that many of the facet planes exhibit rather a
stepped than an atomically flat surface structure.
An example of this step structure is given in the
inset of figure (10a). It can be described by the
formation of (0 10) (terrace: parallel to (112)) and
(100) (step: perpendicular to (112)) MoO, mi-
crofacets. As indicated by the arrow, the Mo rows
of different MoQ, layers are found in a staggered
arrangement in this step structure supporting the
indexing of the horizontal oxide terrace planes as
(010) MoO, faces. Probably, this step structure of
the oxide layer presents a transition state in the
process of (110) facet formation. These results of
the STM study (formation of (1 10) facets; stepped
facet surfaces) are supported by low energy elec-
tron diffraction (LEED) studies which will be
published elsewhere [55].

Beyond the 10th oxidation step, it is noted for
completeness that STM could not follow the fur-
ther changes in the surface morphology. Strong
roughening of the surface is detected which pre-
vents the recording of STM images with detailed
structural information.

4. Conclusion and outlook

A study of the complex oxidation behaviour of
the Mo(1 12) surface using several surface science
techniques is presented. XPS and UPS have been
applied to follow in detail the changes of the
electronic properties from the clean substrate to
the MoO, oxide layer. A chemisorbed phase is
found to precede the oxide formation which is
astonishingly stable and passivates the Mo(112)
surface against further oxidation during the initial
oxidation process. STM reveals that this chemi-
sorbed phase can be described as an oxygen-
induced p(2x3) surface reconstruction of the
missing-row type. With the help of the results of
the effective medium theory, a structure model
has been developed for this surface phase. It is
characterized by the transformation of the former
bee(111) Mo rows in unidimensional Mo chains

where the oxygen adsorption initiates a pairing of
the Mo atoms to dimers. As this phase is iden-
tified as the precursor state of the MoO, forma-
tion, the bec(111) Mo rows with paired Mo
atoms are likely to become the a-axes of the
MoOQO, lattice with its well-known Mo dimer
structure. This idea is supported by high resolu-
tion STM scans which, by succeeding to resolve
the surface unit cell, allow to describe the grown
oxide surface as a (010) MoO, plane. However, a
comparison with the shape of MoO, single crys-
tals shows that the close (1 10), but not the open
trough and row (010) MoO, surface is a low
energy surface orientation. In consequence, de-
spite the increase in surface area, the lowering of
the total surface energy is the driving force in the
observed formation of (110) facets in the (010)
MoO, layer upon further oxidation. The resulting
surface morphology is complicated by the pres-
ence of a twin structure in the oxide layer, as a
result of the symmetry properties of the Mo(112)
substrate.

The observed roughening of the surface after
the formation of (110) facets makes it difficult to
follow further changes in the surface morphology
by STM. For this, and for undermining the pre-
sented structure models, a grazing incidence X-ray
diffraction (GIXD) study of the surface morphol-
ogy is under way at the European Synchrotron
Radiation Facility (E.S.R.F.).
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