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We have studied the growth of barium tungstate, BaWQO,, by high-temperature oxygen-assisted molecular
beam epitaxy on W(110). Barium tungstate grows in the form of isosceles triangular-shaped islands, tens
of micrometers wide and tens of nanometers in height. The growth was monitored in real time by low-
energy electron microscopy and characterized in situ by low-energy electron diffraction, X-ray absorption
and X-ray photoelectron spectroscopies. Further ex situ characterization was performed by optical and
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atomic force microscopies and Raman spectroscopy. Barium tungstate growth on W(110) was performed
by dosing only barium in a molecular oxygen atmosphere due to incorporation of W atoms from the
W(110) substrate. The islands correspond to the BaWO, (011) crystallographic orientation and their sides

rsc.li/nanoscale are aligned along the [001] and [111] directions of the BaWOj, crystal.
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1 Introduction

The controlled growth of complex oxides on metallic substrates
is a critical area of research for developing functional materials
with tailored electronic, optical and catalytic properties. Barium
tungstate (BawO,) exhibits excellent optical transparency, high
dielectric permittivity and luminescent properties,"> making it
a promising material for scintillators and other photonic®™®
applications. Understanding the fundamental mechanisms gov-
erning the growth of BaWO, on W(110) and optimizing the
deposition conditions is interesting for achieving high-quality
films suitable for integration into functional devices.
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BaWO, belongs to the scheelite family of tungstates,” rep-
resented by tungstates of large and electropositive divalent,
alkaline-earth ions such as Ca**, Sr**, Ba>" or Mg>". It com-
prises edge-sharing W°' tetrahedral cations with the Ba®"
cation occupying octahedral interstitial sites in the structure,
within a tetragonal unit cell. It belongs to the I4,/a space
group. Their lattice parameters are @ = b = 5.65 A and ¢ =
12.7 A.® BawO, has been previously grown by several methods,
such as co-precipitation,”'® spray pyrolysis,"* hydrothermal
synthesis'® or thermal gradient Czochralski crystal growth."
However, the epitaxial growth of BaWwO, thin films on metallic
substrates remains largely unexplored. W(110) appears to be
an ideal substrate for such growth due to its well-defined crys-
tallographic structure and strong affinity for oxygen, on which
it forms a chemisorbed layer.'*"*

Metallic substrates have long been used for the growth of
ultrathin oxides,'® as such oxides are amenable to the full
range of surface science techniques. High-temperature oxygen-
assisted molecular beam epitaxy produces highly crystalline
thin films with well ordered surfaces, in particular of oxides. It
enables the control of the deposited coverage in the range of
atomic monolayers. The method allows in situ characterization
of the structures using techniques such as PEEM or XPS
directly after growth as it is performed in ultrahigh vacuum
(UHV). However, it can be difficult to select which specific
phase is grown. When growing tungstates by other procedures,
such as hydrothermal methods, the phase, morphology and
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size can be controlled. On the other hand, it is not possible to
observe the formation of the material in real time or to study
the growth dynamics. The key point of our work is that this
specific phase of barium tungstate can be obtained directly
using high-temperature oxygen-assisted MBE, depositing only
barium on a tungsten single crystal. It can be coupled to in situ
observation of the growth by low-energy electron microscopy
(LEEM)" allowing to explore a range of growth parameters in
order to optimize the quality of the oxides. In such a way, we
have grown equilateral triangular-shaped islands of spinels of
magnetite,'® cobalt ferrite,"® and nickel ferrite’® as well as
rock-salt oxides such as cobalt oxide®* and nickel oxide, mostly
on 4d and 5d transition metal substrates. The quality of such
oxide microcrystals is reflected in the observation of large
ferri- or antiferromagnetic domains in remanence.”*>* More
recently, we have reported the growth of synthetic hiibnerite
nanowires on W(110) by the same procedure.*

In the present work, we investigate the growth by molecular
beam epitaxy (MBE) of BaWO, on W(110) UHV conditions,
focusing on the structural evolution, interface chemistry and
film morphology. Using LEEM, we follow the growth of BawO,
in real time by depositing only Ba. The interaction between
tungsten and oxygen during the initial nucleation stage is
crucial to allow the tungsten to be incorporated in the BawO,
islands grown. These findings provide insights into the
thermodynamic and kinetic factors governing the growth
process and provide a novel path to grow BawO, nano-
structures with high crystalline quality.

2 Experimental

The experiments were performed using an Elmitec LEEM III
instrument at the Blas Cabrera Institute of Madrid, the
Elmitec SPELEEM III ones located at the DEMETER beamline
of the Solaris synchrotron and at the Nanospectroscopy beam-
line of the Elettra synchrotron. Using LEEM mode, we
observed the surface evolution in real time during the growth.
We also imaged the surface using X-Ray Photoemission
Electron Microscopy (XPEEM), with a soft X-ray beam for illu-
mination at the synchrotron facilities.® In particular, selected
area chemical information can be obtained using XPEEM and
X-Ray Photoelectron Spectroscopy (XPS).

The substrate used for growth was a W(110) single crystal. It
was cleaned by applying several flashes at 1500 °C in a mole-
cular oxygen atmosphere of 1 x 10~° mbar. Barium was evapor-
ated either using baskets under direct heating by a filament,
or by electron-beam bombardment. The Ba flux was calibrated
by evaporating metallic barium on clean W(110) and monitor-
ing the change in the work function to determine the time to
obtain a third of a monolayer.>” The typical deposition rate
was one monolayer (ML) in 15 minutes.

Parameters such as temperature and oxygen partial
pressure are crucial for obtaining highly-crystalline oxide
nanostructures by MBE. We chose an oxygen partial pressure
of 4 x 107° mbar as this is sufficient to oxidise the barium
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while enabling us to image the surface using LEEM. The temp-
erature for growth was set as high as possible to promote
better crystallinity. However, we observed that temperatures
higher to 800 °C lead to the decomposition of the nano-
structures. In situ structural and chemical characterization was
performed using LEEM and low-energy electron-diffraction
(LEED) as well as XPEEM. Ex situ analysis was performed by
optical microscopy, atomic force microscopy (AFM) and
Raman spectroscopy. The Raman spectra were acquired with a
commercial Witec Alpha 300RA confocal Raman spectrometer,
using a 100x objective with a numerical aperture of 0.95. The
light source was a 532 nm laser operated at 1 mW power,
selected in order to avoid modification of the samples. The
average of the spectra presented is of 5 scans, each acquired
with a 30 s integration time.

3 Results and discussion

In the following we describe in detail the results of depositing
barium under a background of molecular oxygen at high temp-
erature. After describing the morphology of the nanostructures
obtained, we chemically characterize them with selected-area
XPS, XAS, and finally Raman spectroscopy. Finally, having
identified the phase of the barium oxide obtained, we deter-
mine the crystallographic orientation of the oxide.

3.1 Growth

LEEM can be used to monitor the growth in real time under the
conditions employed in this work."” In Fig. 1 we present a sche-
matic growth mechanism as well as selected frames from such a
sequence acquired during the deposition of Ba. Fig. 1b shows the
tungsten surface, at this stage covered by atomic oxygen after
exposure to 4 x 107° mbar of molecular oxygen at 800 °C for
several minutes. It contains terraces, atomic steps and other
surface features characteristic of the crystal. While at elevated
temperature no ordered superstructure LEED pattern is observed,
from experiments performed with similar background pressures
and cooling down to room temperature, it is known that the
surface is covered with a nearly complete layer of chemisorbed
oxygen.'® The growth temperature was selected to be as high as
possible to promote surface diffusion and thus good crystallinity.
Upon starting to dose Ba, small dark structures are observed to
appear at the substrate steps (Fig. 1c). Those structures grow upon
continued deposition until they cover completely the surface after
15 min. Fig. 1c, was acquired just before that layer completion.
Deposition of aditional Ba results in the formation of new
white regions, with a streaky aspect along two different direc-
tions (Fig. 1e). While these streaky structures remain
unchanged, a new island, exhibiting different morphology,
nucleates and grows rapidly, see right-hand side of Fig. 1f.
This new island grows towards the bottom of the image in
Fig. 1g, eventually covering a large surface area and branching
into triangular regions. Dark lines, likely due to atomic steps,
can be observed on its surface. The island shows a strong con-
trast with respect to the surrounding surface and develops into

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 (a) Schematic of the growth procedure. (b—g) Selected LEEM
images from a sequence acquired during the deposition of Ba on the
W(110) surface at 800 °C while exposing it to P = 4 x 10~® mbar of O,.
The field of view is 10 um. The deposition rate was 1 ML per 15 min and
the total growth time tioar = 30 min. The wetting layer area is marked
with a blue rectangle, and the island area with a orange rectangle.

a ramified, connected structure spanning tens of microns.
After reaching this stage, barium deposition was stopped and
the sample was cooled down to room temperature in oxygen
atmosphere. UHV conditions were restored before further
characterization.

In summary, growth consists of the initial nucleation and
growth of a layer that covers completely the surface (i.e. a wetting
layer). After such layer is completed, well separated islands nucle-
ate and grow. Therefore, the growth proceeds in an Stranski-
Krastanov-like mode, as observed also for the growth of iron
oxides on Ru(0001)*® or Pt(111).>°> We note that unlike in metal
growth, in oxide growth the two areas, wetting layer and islands,
might correspond to different phases. Following the same con-
vention, we likewise name the two regions observed in the final
frame of Fig. 1f, the wetting layer (WL, blue rectangle), and the
3-dimensional islands (orange rectangle).

3.2 Topography

We have imaged the surface using various microscopy tech-
niques to determine the geometry and height of the islands. In
a different experiment, the islands were first grown under
LEEM observation. Then the W(110) crystal was taken out of
vacuum and observed by optical microscopy and AFM. After
that, it was introduced in a PEEM system and the same area
was located in PEEM images. Fig. 2a shows an optical
microscopy image with a large field of view of 0.5 mm. The
islands are clearly detectable. They appear darker than the
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Fig. 2 Correlative microscopy of the islands. (a) Optical microscopy of
a region of the sample, with a field of view of 0.5 mm. (b) XPEEM image
on the area marked with a circle in (a) at the barium M4 edge (784 eV),
with a field of view of 75 pm. (c) AFM image of the same area, indicating
the angles between the sides of one of the islands. (d) Height profile
across one of the islands.

wetting layer. They seem to be distributed in clusters and
oriented along different directions, but they all exhibit the
same fundamental shape, either of complete isosceles tri-
angles or portions of such triangles.

A typical XPEEM image acquired at the photon energy of
the Ba M, absorption edge maximum, 784 eV, is shown in
Fig. 2b, which corresponds to the area marked with a circle in
Fig. 2a. Careful observation of the image shows that each
cluster of islands grows from a central point. The XPEEM
image shows that the islands have more intensity than the
wetting layer at that energy, which indicates that they contain
more barium. The same area was explored using AFM in
Fig. 2c, where the angles between the sides at one of the
islands are indicated. The values of 67°, 68° and 45° confirm
that the islands have an isosceles triangular shape. In Fig. 2d,
a height profile from the AFM image shows that the island
height is around 10 nm. Analyzing a large number of islands
in the same way it was found that they are mostly regular in
shape with flat top surfaces. Their morphology seems to be
unaffected after removal from vacuum.

3.3 Chemical characterization

To gain information on the chemical composition of the
different regions of the sample, i.e. the WL and the islands, we
use selected-area XPS and XAS, both acquired in PEEM mode.
The spatially resolved XPS spectra, measured in situ, was
obtained in the region of the tungsten 4f core level in the two
distinct regions of the sample (Fig. 3). The photon energy used
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was 200 eV. The spectra were deconvoluted into its spin-orbit
split 4f,,, and 4f5,, components. Each spin-orbit doublet was
fitted using a Voigt function. A common Lorentzian full width
at half maximum (FWHM) of 1.5 eV was imposed for all com-
ponents. We have used a Shirley-type background, adequate
for insulating or semiconducting oxide systems.

The resulting fits reveal distinct chemical environments
associated with the tungsten species. In the wetting layer,
Fig. 3a, there are three spin-orbit doublets. The main com-
ponent appears at 31.4 eV and corresponds to metallic tung-
sten (blue). This component originates from the W(110) sub-
strate. That this is the largest component implies that the
wetting layer is few atomic layers thick, as a thicker film would
attenuate the substrate signal when using electrons with
kinetic energies close to the minimum of the mean free path
universal curve.*® The doublet with the 4f,, peak at 32 eV
(orange) is related to oxygen chemisorbed on the tungsten.’!
Finally, at 35.6 eV (red), there is a component that corresponds
to the W® oxidation state. This component suggests some
intermixing between tungsten and the oxidized Ba in the
wetting layer. This is in contrast with the case of oxides grown
on Ru(0001), where no intermixing is detected.

Fig. 3b shows the spectrum obtained on the island. Here,
the largest component is at 37 eV (pink), that corresponds to the
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Fig. 3 Selected-area XPS spectra acquired (a) On the wetting layer and
(b) on top of a 3D island. The photon energy is 200 eV.
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W®" oxidation state. There are four more contributions with
much lower intensities. The one at 35.6 €V (red) is related to the
W°" oxidation state as well and the component at 34 eV (green) to
W*, suggesting that there is a gradient of oxidation states of
tungsten in the islands. Finally, we also observe contributions at
32.2 eV (orange) and 31.4 eV (blue) that correspond, respectively
to oxygen adsorbed on the tungsten and metallic tungsten. We
note that the islands may be insulating, and some of the observed
low intensity signals might exhibit some charging.

Thus, XPS helps us to conclude that the wetting layer is
quite thin and that the islands are mostly composed of tung-
sten in the W°®" oxidation state. Given the height of the
islands, which is of the order of ten nanometers (see Fig. 2d),
the observed oxidized tungsten cannot be located at the island
interface with the wetting layer but must correspond to the
main component of the islands. As tungsten was not deposited
on the surface, it must come from the W(110) crystal.

The fact that oxidized tungsten is found in the 3D islands
formed upon barium deposition in oxygen is likely related to the
formation of volatile tungsten oxides upon oxygen exposure.
Indeed, it is a well known fact that tungsten can be readily etched
by exposing it to oxygen at high temperatures. This observation is
at the origin of modern surface science as reported by the
seminal works of Irving Langmuir.>* In the late last century it
was studied how exposing tungsten at high temperatures to
oxygen pressures even in the 107° mbar range can induce the
evaporation of oxides of several types.*** Although our tempera-
ture is below the ones employed in those studies, it is likely that
WO, units are formed on the W(110) surface and diffuse dis-
tances up to tens of micrometers, providing a source of W*" to be
incorporated into the growing islands. Thus the islands are com-
posed most probably of a mixed barium-tungsten oxide. We note
that high diffusivity of adatoms in the presence of adsorbed
oxygen or hydrogen has long been observed, as the bond with the
adsorbate can weaken the bond with the substrate, and thus
lower the diffusion barrier. This has been named the “sky-hook”
effect.>® Future work is planned to further characterize those
possible tungsten carriers.

XAS-PEEM offers an effective means of determining the oxi-
dation state of barium. XAS spectra of the Ba M, 5 edges are
displayed in Fig. 4a, for the islands (orange) and the wetting
layer (blue). The energies of the main peaks are 784 eV and
799 eV. These correspond to Ba**.* The Ba absorption signal
is considerably stronger in the islands, even though there is
some signal also from the wetting layer.

The O K-edge spectrum is presented in Fig. 4b. The spec-
trum from the wetting layer, which shows a very weak oxygen
signal, is dominated by oxygen absorption on the X-ray optics
prior to the PEEM instrument. It has been used for normaliza-
tion of the island spectra. In oxides, the oxygen K-edge XAS
spectrum corresponds to the transition from the 1s core level
to the unoccupied 2p band,*® and it reflects the unoccupied
density of states of the oxygen anion.?’ In our case, the two
most intense peaks appear at energies of 531.6 eV and 533.2
eV respectively, with a difference of 1.6 eV. At higher energies
some smaller peaks can be observed near 537 eV and 543 eV.

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 (a) XAS spectra at the Ba M5 4 edges on the island (orange) and
wetting layer (blue) and (b) XAS spectra of the O K-edge of the island.

Given the presence of oxygen and W®" in the islands, the most
likely explanation for the two most intense peaks is that they
arise from hybridization of the oxygen 2p with the 5d states
from W°', which, when tungsten is surrounded by oxygen
according to the ligand field theory,* split into the t,, and e,
bands. The separation of the bands, which gives directly the
crystal field parameter10D,, and their sequence on the energy
scale depend on the particular oxygen configuration around
W®*. We have reported that for MNWO, nanowires, which have
the wolframite structure with octahedral W°' units,* the
energy difference between the peaks and thus 10D is 4 €V. In
our case, it amounts to 1.6 eV. This difference can be explained
if the coordination for the observed W' is tetrahedral instead
of octahedral,”® in agreement with the factor of 4/9 of the
crystal-field splitting between the t,, and e, levels in both
environments. In such case, the first peak at 531.6 eV should
correspond to the hybridization of the oxygen 2p band with
the tungsten e, ones, which are lower in energy for a tetra-
hedral arrangement, while the 533.2 eV peak corresponds to

This journal is © The Royal Society of Chemistry 2026
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hybridization with the tungsten t,, bands. This interpretation
of the oxygen spectra implies that tungsten in the islands is
located in a tetrahedral environment.

3.4 Raman vibrational modes

Raman spectroscopy is a technique which has long been used
to determine the presence of particular tungstate groups.** In
the present case, we have already determined that our islands
are composed of Ba®* and W®', the latter in a tetrahedral
environment. From the possible mixed oxides, BaWO, with
the scheelite structure is the most stable one. This structure is
composed of tungsten atoms in a tetrahedral environment and
Ba atoms in an octahedral environment, sharing edges
between them. We measured the Raman spectrum from a
single BawO, island using spot-Raman, as shown in Fig. 5.
The spectrum is dominated by the highest intensity mode at
925 cm™'. The tetragonal scheelite structure has 13 modes
expected to be Raman-active: 3A; + 5B, + 5E;. Two of these
modes are reported to overlap, but all of them have been
observed in high-quality bulk crystals. As shown in Table 1,
the spectrum of the scheelite BaWwO, structure has been
reported in ref. 45. 11 modes are detected at the islands,
which differ at most by 4 cm™" from the literature values, and
often by less than 1 ecm™'. This clearly indicates that our
nanoislands are of very high crystalline quality. It is also rele-
vant that the crystals are thick enough to avoid observation of
any strain effects caused by the substrate (which are expected
to shift the Raman peaks to some extent) or any confinement
effects. No Raman signal is observed outside the islands on
the wetting layer. According to the XPS analysis, the layer is
primarily composed of adsorbed tungsten and oxygen, with
minor components of W** and W®". We suggest that it is not a
continuous monolayer, but rather small clusters of WO, that
cover the substrate unevenly.
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Fig. 5 Raman spectra acquired on the BaWO, islands. 11 of the 13 pre-
dicted vibrational modes are detected (see Table 1).
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Table 1 Raman modes detected in the nanoislands, compared with
those found in the reference work in ref. 45

Mode Ref. 45 (cm™) This work (cm™)
Ag 925 924
B, 831 829
Eg 795 794
E, 353 352
B, 345 344
B, 332 332
Ag 332 332
E, 191 187
Ag 150 -
B, 132 —
Eg 101 102
E, 75 73
B, 63 61

[

3.5 Orientation

Having confirmed that the islands are composed of BaWO,, it
remains to determine which crystal face is exposed and the
reason why they present shapes of isosceles triangles. To study
the crystalline structure, we employed microspot LEED using a
LEEM instrument. LEED patterns were acquired at several ener-
gies. An example recorded at 26 eV on an island is shown in
Fig. 6a. It is remarkable that the pattern survives exposure to air.
The pattern shows well-defined diffraction spots arranged in an
oblique lattice. The reciprocal lattice unit cell is defined by the
two vectors marked in the image. The BaWO, a, vector is closely
aligned with the first-order [112] diffraction spot, with a small
deviation by an angle of 8°. Using as a reference the LEED
pattern of W(110) before growing the barium oxide, we can cali-
brate the scale of the BaWO, unit cell. The two reciprocal space
vectors have lengths of @} = 1.20A ' and @} = 0.90A ", forming
an angle of 113°.

In real space, those vectors translate into an oblique unit
cell with vectors which are separated by 67°, and are a; =
5.65 A and a, = 7.82 A long respectively. The a, vector length is
in good agreement with the [100] basis vector of the BawO,
unit cell, while a, fits closely one half of the [111] one, with a
residual mismatch of 4%. Furthermore, these directions make
an angle of 67.8° in BaWO,. This indicates that the surface of
the islands is oriented along the (011) face of the body-cen-
tered tetragonal I4,/a scheelite structure. A model of the schee-
lite crystalline structure is displayed in Fig. 6b, with the (011)
plane marked (blue corresponds to oxygen, orange to barium
and grey to W). An atomic model obtained by cutting the bulk
structure along a (011) plane is shown in Fig. 6¢ (in the cut
shown, the tungsten atoms are covered by the barium and
oxygen ones). The two directions are shown in the figure, and
it can be seen that the angles are in good agreement with the
observed angles of the BawO, islands, as it is shown in
Fig. 2c. Thus, the sides of the islands are aligned along the
[100] and [111] directions, and the exposed surface corres-
ponds to a [1 x 1] bulk BawO, (011) structure.

The optical microscopy image in Fig. 2a shows that the tri-
angles have different orientations. To determine their relation-
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Fig. 6 (a) LEED pattern from a BaWQ, island, at a start voltage of 26

V. The lattice vectors are marked with arrows, (b) schematic of the
scheelite BaWO, unit cell, drawn using VESTA*® (oxygen in blue, barium
in orange and tungsten in gray). The W tetrahedra and the Ba octahedra
are also shown. (c) Cut along a (011) plane of the BaWO, structure
which shows a Ba termination displayed showing the preferential
growth directions of the islands. No attempt has been made to model a
realistic surface, so only the directions and angles should be relied upon.
(d) Different orientations of the triangles relative to the compact direc-
tions of the W(110) substrate.

ship with the compact directions of the substrate, we studied the
relative orientation of 126 triangles. Fig. 6d shows the four scen-
arios encountered. First, the short side of the triangle can be
oriented along the [112] direction of the W(110) crystal with an
angle mismatch of 8°, which is consistent with the angle devi-
ation observed in the LEED pattern. This is shown in the first
panel of Fig. 6d. It can also be oriented along the [110] direction
(second panel of Fig. 6d). We observed that one of the long sides
of the triangles can be oriented along the [112] and the [112] or
the [110] directions, with the same angle deviation, as shown in
the bottom panels of Fig. 6d. In this case we only found two of
the four orientations expected in the area under observation,
being the ones with the long axis of the triangle oriented along
the [112] and the [112] directions.

4 Conclusions

We have deposited barium on W(110) substrate by high-temp-
erature oxygen-assisted molecular beam epitaxy. This gives rise
to an ultrathin wetting layer that completely covers the sub-
strate and to clusters of islands tens of microns wide and

This journal is © The Royal Society of Chemistry 2026
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around 10 nm thick. The islands have the shape of isosceles
triangles with one angle of 44° and two of 68°. The islands are
composed of Ba®>" and W®', the latter in a tetrahedral environ-
ment, as determined from selected area XPS and XAS measure-
ments. The wetting layer consists mostly of Ba** and chemi-
sorbed oxygen. Raman spectra unequivocally confirm that the
structure of the islands corresponds to the scheelite phase of
BaWO,. The islands show a clear LEED pattern which corres-
ponds to a (1 x 1) BaWO, (011) orientation with the sides of
the islands nearly parallel to the [100] and [111] high symmetry
directions of the scheelite structure. The tungsten substrate
provides the required W°®" cations likely from highly mobile
WO, units generated by the exposure of the W(110) crystal to
molecular oxygen at high temperatures. We propose that this
supply of tungsten provides a simple method to obtain BawO,
islands with high crystalline quality that can be used as a start-
ing point for further research on this material. The very well-
defined triangular shape together with their nanoscale dimen-
sions of the BaWO, islands, combined with their optical pro-
perties, opens the way to the use of these nanostructures in
photonic applications such as nanolasers or nanowaveguides.
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