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1. INTRODUCTION

CaO is a prototypical rocksalt material with various applica-
tions in heterogeneous catalysis, optoelectronics, and material
sciences.1�3 It is used for example to remove SO2 or other sulfur-
containing pollutants from the exhaust gas.4 The oxide is iso-
structural to MgO and has comparable properties what the
melting temperature, the size of the band gap or the associated
optical properties concerns.5�7 In contrast, both oxides largely
differ in their chemical behavior, as CaO is more basic than
MgO.8 This difference can be traced back to the increased lattice
parameter, hence the lower Madelung potential of CaO, which
leads to an upshift of the valence band with respect to the vacuum
energy and renders the oxide a good electron donor.9 As a
consequence, CaO interacts stronger with acid adsorbates, such
as SO2, CO2, and H2O.

10 For example, while H2O forms a partly
dissociated overlayer on the MgO only below 180 K, it readily
dissociates on CaO even above room temperature.11 CaO is also
characterized by a higher state density at the surface that
originates from the larger spatial expansion of the Ca 4s with
respect to the Mg 3s orbital. The more delocalized electronic
structure makes it easier for adsorbates to interact with the
surface, which further promotes the chemical reactivity of CaO.
This can be seen in the binding strength of CO2, which is
negligible on MgO(001) but reaches 1 eV on the CaO surface.12

Such differences in the chemical behavior despite a comparable
lattice structure renders a detailed comparisons of CaO andMgO
interesting from a fundamental but also an applied point of view.

Whereas a tremendous amount of work, both experimental
and theoretical, has been devoted to MgO,13 the number of CaO
studies is surprisingly small. One reason is related to the difficulty
to prepare high-quality CaO samples, such as single crystals,
powders, and thin films.5,8 Suitable MgO samples, however, can
be easily produced in various forms. Thin films grown on metal
supports play a particular role for the exploration of an oxide
material; as samples can be accessed by conventional surface

science techniques without charging problems. High-quality
MgO films have been prepared on various metal substrates, such
as Ag(001),14 Mo(001),15 and Fe(001)16 and formed the basis
for a wealth of structural, optical, and adsorption studies on this
oxide. In contrast, CaO films of similar quality are not available so
far, although several attempts have been made to grow crystalline
oxide layers. The most promising approaches reported in the
literature are CaO films prepared by Ca deposition onto Si12,17

and GaN wavers.18 Furthermore, CaO has been produced by
annealing TiO2(110) samples in O2 in order to stimulate Ca
segregation toward the surface.19 In all of those studies, the
structural quality of the films was controlled only with diffraction
techniques, while real-space methods being much more sensitive
to surface properties were not applied.

In this work, we present a new recipe to produce well-ordered
CaO films on a Mo(001) support. The films were characterized
with low-energy-electron diffraction (LEED), Auger spectrosco-
py (AES) and scanning tunneling microscopy (STM). The
acquired data allowed us to develop structural models for CaO
films in different growth stages. At optimal preparation condi-
tions, the films are atomically flat and defect-poor and form a
good starting point for adsorption, nucleation, and hydroxylation
experiments on the CaO(001) surface.

2. EXPERIMENTAL SECTION

All experiments were carried out in a vacuum chamber at 2�
10�10 mbar base pressure, equipped with a four-grid LEED/
Auger (AES) unit, and a custom-built STM operated at liquid
nitrogen temperature. TheMo(001) sample used as support was
cleaned by Arþ sputtering, annealing to 1300 K in O2 and
flashing to 2300 K. The oxide film was prepared by Ca
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evaporation from a molybdenum crucible in 5 � 10�7 mbar O2

onto the Mo crystal held at room temperature. The sample was
then annealed to 1000 K for 10 min and quickly transferred into
the cryogenic STM in order to avoid H2O and CO2 adsorption
from the rest gas. The oxide thickness was varied between 1 and
25 monolayer (ML), as calibrated with AES and STM measure-
ments. The optical properties of the sample were investigated by
injecting electrons from the STM tip and detecting the outgoing
radiationwith a grating spectrograph attached to a charge-coupled
device.

3. RESULTS

3.1. Thickness-Dependent Film Morphology. The evolution
of the structure and morphology of well-annealed CaO films is
monitored with STM, LEED, and AES, as shown in Figures 1, 2,
and 4. Four growth regimes can be distinguished as a function of
the nominal layer thickness. Below 3�4ML, the film perfectly wets
the Mo(001) substrate and exhibits wide, flat terraces, being only
delimited by step edges in the Mo substrate (Figure 1a). Atom-
ically resolved STM images reveal a square pattern of 6.3� 6.3 Å2

size, which corresponds to a (2� 2) superstructure with respect to
the Mo(001). The apparent height of the atom-sized protrusions
amounts to ∼0.8 Å. The same (2 � 2) periodicity is observed in
LEED (Figure 2a). The brightness and sharpness of the LEED
reflexes indicate a very high surface quality, in agreement with the
STM data.
The second growth stage is reached at a nominal thickness of 5

ML, but extends only for a single layer (Figure 1b). In the STM,
the (2 � 2) pattern is discernible again; however the apparent
corrugation has decreased to∼0.15 Å. In addition, the complete

surface is covered with a regular hole-pattern. The depressions
are∼2.5 Å deep and elongated along aMoÆ100æ direction. While
the width of the holes is limited to a single (2� 2) unit (6.3 Å),
their length varies between one and four (2� 2) cells. The holes
are homogenously arranged in the surface and have a mean
center-to-center distance of∼35 Å, corresponding to a density of
∼8 � 1012 cm�2. Surprisingly, this value is independent of the
amount of deposited material, indicating that the holes are an
integral part of the layer and not related to a particular Ca
coverage.
Further Ca/O exposure followed by an annealing to 1000 K

results in the formation of ad-islands on top of the wetting layer
and marks the transition to the third growth stage (Figure 1c).
The islands develop distinct square and rectangular shapes with
edges running along the MoÆ110æ directions. Their initial density
is as small as 5 � 10�10 cm�2, suggesting a very high mobility of
the Ca and O species on the wetting layer. The islands exhibit a
strong tendency for vertical growth and are terminated by atom-
ically flat top facets. Whereas the weakly corrugated (2 � 2)
pattern remains detectable in between the islands, atomically
resolved STM images of their top facet display a square pattern of
3.4 � 3.4 Å2 size and 0.1 Å corrugation. The new periodicity
becomes visible also in the LEED of 5�15-ML thick films
(Figure 2c), which shows a new (1 � 1) pattern in addition to
the attenuated (2 � 2) spots of the interface layer. The (1 � 1)
reflexes are characterized by a fine-structure, composed of four
Mo[100]-oriented satellites. From the fact that the distance
between the central spot and the satellites is independent of the
kinetic energy of the LEED electrons, we deduce a certain
mosaicity of the film.15 Each facet hereby produces its own
pattern, being displaced from the central spots by a defined tilt
angle with respect to the global surface. This angle is determined
to be 3� for a 10-ML film, but gradually decreases to zero for
thicker ones. The faceting mainly occurs along the MoÆ100æ
direction and can also be observed in real-space STM images (see

Figure 2. LEED pattern of a (a) 2-ML, (b) 5-ML, (c) 10-ML, and (d)
20-ML thick CaO film grown on Mo(001). The kinetic energy of the
LEED electrons was set to 70 eV.

Figure 1. STM topographic images of CaO films with increasing
thickness (a): 3 ML (�1.2 V, 25 � 25 nm2), (b) 5 ML (2.2 V, 30 �
30 nm2), (c) 10 ML (4.5 V, 100 � 100 nm2), and (d) 16 ML (4.5 V,
100 � 100 nm2). The insets show atomically resolved data of selected
surface regions (5� 5 nm2) with the (2� 2) and (1� 1) unit cells being
marked with dashed squares in (a,b) and (c), respectively. The arrows in
(d) denote the direction of surface tilt on the faceted CaO films.
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arrows in Figure 1d). A more careful LEED analysis reveals that
the center of the (1 � 1) reflexes does not coincide with the
original (1,0) spots of the Mo(001), but has moved inward by
∼8%. Translated to real space, this yields a primitive oxide cell of
3.4 Å size, in good agreement with the STM data.
Coalescence of the CaO ad-islands starts at 8�10ML nominal

film thickness and sets the fourth growth stage. Due to the
preferred island orientation, the patches merge into a character-
istic stripe pattern first, being disrupted by deep rectangular holes
(Figure 1c). The height difference between the island tops and
the exposed wetting layer might be as large as 15 Å for a
nominally 8 ML thick film. No atomic resolution is obtained
on the islands at this stage, as the tip needs to be stabilized at
relatively high bias (above 4.5 V) due to the insulating nature of
CaO. Increasing the Ca/O exposure leads to a gradual closing of
the film and results in a flat and defect-poor CaO surface above
15 ML thickness. Closed (001) films are characterized by a plain
(1� 1) LEED pattern that corresponds to a real-space unit cell of
3.4� 3.4 Å2 (Figure 2d). The surface is permeated by a network
of dislocation lines and grain boundaries, being the remnants of
the island structure observed at lower thickness. Besides those
line defects, only a small number of atomic-sized depressions are
observed, the number of which does not exceed 1 � 1011 cm�2.
The overall root-mean-square roughness of the film is as low as
1 Å (Figure 1d).
3.2. Properties of Thick CaO Films. As the preparation of

bulk-like CaO films was a main incentive of our study, we have
not only probed the structural but also the electronic and optical
properties of thick oxide layers. The latter are known to be
particularly sensitive to a reduction of the oxide dimensionality
and can therefore be taken to judge the bulk-character of the film.
STM conductance spectroscopy performed with lock-in techni-
que is used to monitor the evolution of the CaO band gap with
thickness (Figure 3a). Already monolayer films exhibit a well-
defined region of zero-conductance around the Fermi level,
marking the emerging gap in the oxide electronic states. For
4 ML thick films, the onsets of valence and conduction bands are
determined with �3.5 and þ1.75 V, respectively, yielding a gap
size of 5.25 V. This value increases to 6.5 V for a 20-ML film,
which already compares well with the bulk value of 7.1 V.20 The
CaO/Mo(001) films exhibit the characteristic of an n-doped
material, as the conduction band is much closer to the Fermi level
than the valence band. We assign this effect to an interfacial
charge transfer from the oxide film into the Mo support, which
creates a positive interface dipole and induces a downward shift
of the vacuum level and hence the oxide bands. The band shift

might be enhanced by Mo impurities that act as dopants in the
film, the presence of which will be discussed later in this paper.
Optical properties of CaO films have been probed by detecting

the photon emission induced by electron injection from the STM
tip (Figure 3b). The injection of 150 eV electrons into a 30 ML
thick film leads to an intense emission line at 420 nm wavelength
(2.95 eV photon energy). This response agrees well with the
photoluminescence measured on CaO powder samples, where it
was assigned to the radiative decay of electron�hole pairs
trapped at low-coordinated CaO surface sites.5 The matching
emission behavior detected here reflects the realization of a
comparable environment for excitonic modes in our thin films.
Both electronic and optical data therefore suggest that relevant
properties of 20�30ML thick films have essentially converged to
the bulk characteristic of CaO.
3.3. Chemical Composition of the CaO Films. Finally, we

have performed Auger spectroscopy as a function of film thick-
ness and annealing temperature to determine the chemical
composition of the oxide film in the different growth
stages. For the sake of clarity, we start our discussion with a
25 ML CaO film that exhibits only the Ca Auger transitions at
250 (satellite) and 290 eV and the O line at 510 eV (Figure 4a,
bottom curve). The Ca/O peak ratio amounts to 3.9 and
remains constant over the entire annealing window of
300�1000 K. As the rocksalt monoxide is the only stable bulk
phase of CaO, we assign this ratio to a one-to-one stoichiometry
of Ca and O in the film. When reducing the film thickness
to 10 ML, the typical Ca and O transitions prevail; however new
peaks at 160, 190, and 220 eV indicate the detection of Mo
Auger electrons as well (second lowest curve). The Ca/O peak
ratio slightly decreases to 3.7; nonetheless the film remains
more or less stoichiometric. This situation changes in the first
growth stages, where the nominal film thickness drops below
5 ML. Well annealed films now exhibit a Ca/O ratio of only 2.6,
implying that they are Ca-poor with respect to the bulk phase.
This value even decreases to 2.2 for a bilayer film. Simulta-
neously, the Mo Auger transitions become more prominent (top
curves).
While the Auger spectra of thick CaO films are insensitive to

the annealing procedure, a distinct temperature-dependence is
observed for thin films. To illustrate this evolution, we have
plotted Auger spectra for as-deposited (dashed lines) and
annealed films (solid lines) next to each other in Figure 4a.

Figure 3. (a) Differential conductance spectra taken on 4 ML (bright
curve) and 20 ML thick CaO films (dark curve). The band onsets are
clearly visible. (b) Photon emission spectra acquired by injecting 150 eV
electrons into a 30 ML thick CaO film (accumulation time 60 s). The
emission is assigned to electron�hole pairs, radiatively decaying at low
coordinated lattice sites.

Figure 4. (a) Auger spectra of CaO films of various thicknesses. Dashed
and solid spectra have been measured after deposition and after
annealing to 1000 K, respectively. (b) Evolution of the Ca/O and Ca/
Mo Auger intensities during annealing. (c) Intensity course of the (1/2,
1/2) fractional LEED spots taken as a function of the annealing
temperature. The (2 � 2) phase is fully developed at 1000 K and
disappears above 1100 K due to film evaporation.
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Apparently, the Mo peak intensity almost triples upon annealing
a 5-ML film to 1000 K, while the Ca signal reduces by ∼30%.
However, the O signal remains nearly constant, which excludes
simple film-evaporation from the surface. Taking the thick-film
spectra as a reference for stoichiometric CaO, the Ca/O ratio
reduces to three-to-four for thinner films after annealing. It
should be noted that the as-deposited films still maintain a
one-to-one stoichiometry.
Large morphological changes of the annealed films can be

discarded as explanation for the altered Auger response. Both the
as-prepared and tempered films homogeneously cover the sur-
face in respective STM images and hardly exhibit any holes even
at mono- and bilayer coverage. A substantial Mo oxidation as a
result of a dewetting process can thus be excluded. A more
plausible explanation would be the interdiffusion of Mo from the
substrate into the film, where it partly replaces the Ca ions. This
scenario would account for the increase in the Mo intensity and
the attenuated Ca signal, as any released Ca immediately desorbs
from the surface at 1000 K. An intermixing at the Mo/CaO
interface during annealing is also suggested from the structural
data, in particular from the LEED measurements. Mildly an-
nealed samples display just the faint (1 � 1) pattern of the
Mo(001), indicating poor crystallinity of the oxide film, while the
characteristic (2 � 2) pattern only emerges after high tempera-
ture treatment. The same holds for the STM data, which show
the (2 � 2) superstructure only on well-annealed films. The
evolution of the oxide structure with temperature can be
monitored via the intensity course of the fractional (1/2, 1/2)
superstructure spots, as shown in Figure 4c. They appear at
around 900 K, reach maximum brightness at 1000 K and start
disappearing again at even higher temperature. The attenuation
of the fractional LEED spots above 1100 K comes along with a
reduction of the Ca/O Auger intensities and reflects the gradual
decomposition and evaporation of the film.

4. DISCUSSION

On the basis of the presented experimental results and recent
DFT calculations on the same system,21 we suggest the following
growth picture for CaO on the Mo(001) substrate. In all
thickness regimes, the as-deposited or mildly annealed films
are stoichiometric but amorphous, as deduced from the LEED
and AES data. Crystalline films develop exclusively after thermal
treatment; however, the ordering effect is accompanied by a
structural and chemical modification, especially in the thin films.
A driving force for the restructuring might be the lattice
mismatch between ad-layer and metal support. Bulk CaO has a
rocksalt structure with 4.8 Å lattice parameter (dO�O = 3.4 Å),
which is 8% larger than theMo(001) unit cell (dMo�Mo = 3.15 Å).
This mismatch inhibits a pseudomorphic growth of bulk CaO
and makes substantial lattice relaxations necessary. Typical
relaxation mechanisms in oxide thin films are the insertion of
interfacial dislocations, as observed forMgO,15,16 NiO,22 or CoO
films23 grown on various substrates, or the development ofmetal-
oxide coincidence structures, as in FeO/Pt(111),24 alumina/
Ni3Al (111),

25 and CeO2/ Ru(0001).
26 Both routes are incom-

patible with the experimental data for CaO/Mo films that
exhibits a surface without line defects but perfect interfacial
registry, as reflected in the (2 � 2) superstructure. Apparently,
the growth hindrance exerted by the lattice mismatch is over-
come by another means, which is suggested to be the formation
of a Ca/Mo mixed oxide at the interface.

4.1. First Growth Stage.According to the Auger spectra, well-
annealed films of 2�5 ML thickness are characterized by a
reduced Ca/O ratio of three-to-four but unusually strong Mo
transitions. Both findings indicate a partial replacement of Ca
ions by Mo, resulting in the formation of a mixed oxide phase.
Yet, the experimental observations cannot be reconciled with
common Ca/Mo/O bulk compounds, such as CaMoO3

(perovskite) and CaMoO4 (powellite), both deviating in lattice
parameter and chemical composition from the present oxide
system.27 We therefore propose a modified CaO rocksalt
structure, in which 25% of the Ca ions are replaced by Mo from
the support yielding a Ca3MoO4 stoichiometry (Figure 5).
The incorporated Mo ions try to avoid next and second-next
neighbor sites, which explains the (2 � 2) superstructure
observed in the experiment. Furthermore, the new phase can
reduce the lattice mismatch with the support, as a Mo�O bond
length is typically 20% shorter than a Ca�O bond (e.g., 1.9
versus 2.4 Å in CaMoO3). The eight O

2� ligands around each
Moδþ center are therefore able to relax inward, providing more
space for the neighboring Ca�O units (Figure 5). Such a
mechanism has been confirmed with DFT that finds a lattice
contraction of 5%when going from a freestanding Ca3MoO4 to a
CaO film.21

The better lattice match between the mixed phase and Mo-
(001) is however only one incentive for the Mo incorporation. A
second one is the higher oxygen content of the mixed oxide with
respect to a phase-separated system due to the oxidization of
extra Mo atoms from the support. Both contributions will lower
the formation energy of a mixed layer and promote the phase
transition. It should be noted that the total energy of the system
can be reduced further if surface Mo binds oxygen from the gas
phase and forms molybdyl (ModO) species. The presence of
ModO groups is in fact suggested by the STM data, as their
protruding nature would explain the large surface corrugation of
0.8 Å measured for films in the first growth stage. In this regard,
also the point defects that are occasionally observed in STM
images of the (2 � 2) structure can be assigned, namely to O
defects in the surface molybdyl lattice (Figure 1a). We note
that a similar corrugation and defect structure has been
observed on the (001) surface of WO3 before, where a dense
array of O ad-atoms forms to compensates the intrinsic
polarity of that system.28

Although the formation of a mixed oxide layer at the CaO/Mo
interface seems in agreement with all experimental results
presented here, a final proof for this growth behavior cannot
be given without a deep chemical analysis performed with
photoelectron spectroscopy.

Figure 5. Structure model of a CaO film grown onMo(001) displaying
the first three growth stages.
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4.2. Second Growth Stage. Although Mo interdiffusion into
thin CaO films seems to be appropriate to compensate the lattice
mismatch with the Mo(001), it is only a temporary solution and
will not solve the strain problem in thicker films. One reason is
the large diffusion barrier of Mo in a CaO matrix, which
interrupts the Mo supply at a critical thickness. The barrier
height can be approximated with 2.5 eV from the experimental
transition temperature of 1000 K and a standard attempt
frequency of 1 � 1013 Hz. Moreover, the rocksalt environment
requires a cationic species in theþ2 oxidation state, whereas Mo
seeks for a higher charge state (up to þ6 in MoO3). Not
surprisingly, the formation of mixed Ca/Mo/O layers therefore
stops at a critical thickness of 4�5 ML, initiating the next
growth stage.
Also this stage is characterized by the development of con-

tinuous films with a faint (2 � 2) periodicity. The atomic
corrugation has decreased to 0.15 Å, which is incompatible with
a surface molybdyl layer and suggests the absence of any Mo in
the topmost plane (Figure 1b, inset). We propose that those
layers are made up of pure CaO and the (2 � 2) pattern is only
impressed by the Ca3MoO4 phase underneath. Unfortunately,
the model cannot be verified with Auger spectroscopy, as the
technique averages over the complete film thickness and is
insensitive to slight changes in the topmost layer. The growth
of plain CaO without Mo impurities immediately restores the
lattice mismatch in the system. This seems to be accounted
for by the insertion of a high number of monolayer-deep holes
into the surface layer. They are homogenously distributed and
comprise assemblies of missing Ca2O2 units (Figure 1b). The
introduction of such holes enables neighboring Ca�O bonds to
expand toward the voids and locally reduces the lattice strain.
The holes therefore fulfill a similar function as the embeddedMo
ions in the first growth stage, although their density is a factor of
30 smaller.
4.3. Third and Fourth Growth Stage. The insertion of

monolayer-deep holes is able to compensate the misfit-strain
just in a single perforated CaO plane. To permanently solve the
strain issue, the oxide growth crosses over into a three-dimen-
sional mode that resembles the Stranski-Krastanov type with
isolated islands growing on-top of a wetting layer.29 Whereas the
nuclei are still in registry with the strained surface layer of stage
two, larger islands quickly adopt the lattice constant of bulk CaO,
as deduced from the (1 � 1) periodicity in LEED and STM
(Figure 1c, 2c). The interfacial relationship between the ad-
islands and the wetting layer can thus be regarded as a coin-
cidence structure with each oxide patch being anchored by a
small pseudomorphic region in the center. This residual inter-
action is sufficient to orient the whole ad-island so that the
CaO[110] direction running parallel to the [100] of the Mo
support. The CaO patches in the third stage are characterized by
distinct square and rectangular shapes, whereby the island edges
correspond to the nonpolar CaOÆ100æ direction as the stable
termination of rocksalt (001) surfaces.15

In the fourth and last growth stage, the isolated CaO islands
merge into a flat and continuous film. Its surface is only
interrupted by grain boundaries and dislocation lines arising
from the coalescence of the former ad-islands. In addition, a
certain number of screw dislocations become visible as step edges
emanating from perfect oxide terraces. The insertion of screw cores
is always accompanied by a certain faceting of the surface, which
helps compensating in-plane lattice strain induced by coalescence
of neighboring patches. For a 10 ML thick film, the mean tilt

angle has been determined with 3� from the LEED satellite-
structure, which corresponds to an upward sloping oxide plane of
40�50 Å size that overgrows a single CaO step edge. As long as
the oxide islands are of this spatial dimension, the tilt angles are
discrete and produce sharp and distinct satellite spots in LEED
(Figure 2c). With increasing film thickness, the distribution of tilt
angles becomes wider and the satellites blur into a single broad
spot (Figure 2d). The oxide film closes at around 20 ML
thickness and any remnants of the interface layer disappear from
the LEED and STM. At this stage, the CaO film develops true
bulk behavior what lattice parameter and electronic/optical
properties concerns (see Section 3.2). Still, its surface is
atomically flat and defect-poor and therefore well suited for
adsorption studies.

5. CONCLUSIONS

STM, LEED, and Auger measurements revealed a complex
growth behavior of CaO on a Mo(001) support, being triggered
by the relatively large lattice mismatch between both systems. In
the limit of ultrathin films, mixed-oxide layers develop upon
thermal treatment, whereby Mo from the substrate diffuses into
the CaO rocksalt structure. Due to a reduction of the Mo�O
versus Ca�O bond length, the mixed oxide has a smaller lattice
parameter and grows in (2 � 2) registry with the Mo support.
The formation of a mixed oxide stops at a critical thickness of
4�5 ML, as the Mo diffusion into the film breaks down. The
reappearing lattice mismatch drives the CaO into a three-
dimensional growth regime that is compatible with the Strans-
ki-Krastanov mode. At even higher exposure, the 3D oxide
islands merge into a flat and defect-poor film, characterized by
structural and electronic parameters that are similar to the ones of
bulk CaO.

The CaO/Mo(001) films display several fascinating proper-
ties in the various growth stages that need to be further
investigated in future. At low thickness, the Mo impurities
inside the CaOmatrix give rise to a number of unusual electronic,
optical and magnetic properties that are intrinsically
connected to the Mo d levels located in the oxide band gap.30

The Mo dopants will also alter the adsorption and hence the
chemical characteristic of ultrathin oxide films. At higher film
thickness, bulk-like CaO surfaces with extremely high quality
can be prepared, being suited for adsorption and growth experi-
ments with metal atoms and molecules. Studies on well-char-
acterized CaO(001) surfaces have not been reported in the
literature so far, in sharp contrast to the extensively examined
MgO(001). A comparison of both systems might provide new
insights into the relationship between lattice parameter, electro-
nic properties and chemical reactivity of iso-structural oxide
materials.
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