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We describe the growth of synthetic hubnerite (MNWO,) by high-temperature oxygen-assisted
molecular beam epitaxy on W(110). The hubnerite nanowires have widths of hundreds of nanometers,
heights of tens of nanometers and lengths in the range of millimeters. The growth was followed in real
time by low-energy electron microscopy (LEEM). The nanowires were characterized in situ by low-
energy electron microscopy, X-ray absorption and X-ray photoelectron spectroscopy in photoemission
microscopy, as well as ex situ by atomic force microscopy, optical microscopy and Raman
spectroscopy. Hubnerite can be grown on W(110) by dosing only manganese in a molecular oxygen
environment, likely due to the formation of highly mobile WO, species with diffusion lengths of the
order of hundreds of micrometers. These species can react with the deposited Mn and be efficiently
incorporated into the wolframite structure of hubnerite. The strongly anisotropic growth observed may
stem from the inherent anisotropy of the wolframite lattice. We propose that this method may be
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1 Introduction

Synthetic hiibnerite, MnWO,, has been suggested as a multi-
functional material’ in fields such as photocatalysis,”* or for
applications in supercapacitors.’ It is insulating with a band
gap higher than 2.6 eV, and thus transparent to visible light.
Below 13 K it is a single phase multiferroic material®® combin-
ing a spiral magnetic ordering with ferroelectricity.

Hiibnerite belongs to the family of the tungstates of the 3d
transition metals such as FeWO,, CoWO, or NiWO,, which all
share the same wolframite structure. Wolframite, the iron-
manganese tungstate, is itself one of the most common com-
mercial tungsten ores.'® The wolframite structure belongs to
the monoclinic P2/c space group. It is composed of edge-
sharing oxygen distorted octahedra surrounding W°®" and
Mn*" cations, forming zig-zag chains.

Nanowires are of interest from an applied point of view,
often presenting a high surface-to-volume ratio. From a
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applicable to the growth of other tungstates as well.

fundamental perspective they are useful for studying confine-
ment in the perpendicular directions while keeping bulk-like
properties in the axial direction. They possess morphologies
which can benefit from the application of novel growth
methods."* ™ In the particular case of hiibnerite nanowires, their
growth has been performed by the solvothermal method,"* and by
incorporation of Mn onto W,;30,, nanowires."> Instead, in the
present work, we describe the growth of hiibnerite nanowires on
W(110) single crystals by oxygen-assisted high-temperature mole-
cular beam epitaxy (MBE) depositing only the manganese compo-
nent and taking advantage of the special characteristics of the
oxygen-tungsten interaction to provide the tungsten component.

The growth of oxide ultrathin films and nanostructures on
metal substrates has advantages for their characterization, as
well as interest for applications in catalysis."® Our method
consists of depositing the required cations from a metallic
source in a background of oxidizing gas like molecular oxygen
at a temperature high enough to activate surface diffusion,
coupled to real time observations by low-energy electron micro-
scopy (LEEM)."” One prerequisite for such approach to be
successful is that the substrate is less easily oxidized than the
deposited metal. Using this procedure, we have grown spinel
and rock-salt oxides on Ru(0001) single crystals as well as on
Ru(0001) thin films on sapphire. Complication factors are that
often three-dimensional growth is achieved and that different

This journal is © The Royal Society of Chemistry 2025
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oxide phases might be present on the surface. Even taking into
account these problems, high-temperature oxygen-assisted
MBE growth allows obtaining, for example, ferrimagnetic
micrometer-wide crystals of iron-containing oxides such as
magnetite,"® maghemite,'® cobalt ferrite>® and nickel ferrite,**
with magnetic domains which are orders of magnitude larger
than those usually found in typical thin films. Cobalt** and
nickel oxide®* antiferromagnetic crystals have also been grown
in this way, as well as ceria.> In all those cases, ruthenium acts
as an inert substrate which plays only a minor role in the
growth process by breaking oxygen molecules into atomic
oxygen and providing an epitaxial template with a Ru-Ru
distance which is close to the oxygen-oxygen distance in the
oxides.

However, when attempting the same approach to grow
oxides on W(110), the role of the substrate is very different.
This is related to the different oxide formation mechanism and
reactivity of ruthenium and tungsten. For low oxygen expo-
sures, both the Ru(0001)**?® and W(110)*” surfaces are covered
by an atomic layer of oxygen chemisorbed on the surface, which
upon cooling to room temperature gives rise to coverage-
dependent ordered structures. Increasing the oxygen dose
results in the formation of genuine oxide crystals. In the case
of Ru(0001), the growth takes place initially in the form of RuO,
islands having the rutile structure. A higher oxygen pressure or
a stronger oxydizing agent such as NO,**7° is required to
further grow the oxide islands on this substrate. But RuO, is
very stable in UHV.*® Tungsten, instead, gives rise to WO; upon
oxidizing.*" Many studies determined that WO; has a much
higher vapour pressure than RuO,, and that it sublimates into
several tungsten oxides in UHV conditions at temperatures
around 1400 K*** explaining the propensity of tungsten to
be etched by oxygen, as initially studied by Langmuir.>>*® Even
before sublimation, it is likely that WO, units are highly mobile
on the W surface, presumably by a “sky-hook” effect in which
an adsorbate enhances surface diffusion by weakening the
bonding of the adatoms to the substrate as observed in S/
Cu(111)*”?% and other systems.>**° These oxide units would
provide a source of W®* for the growth of ternary oxides upon
deposition of an additional cation. This effect has been
observed in the growth of cerium tungstate during the initial
stages of the deposition of cerium on W(110) in a molecular
oxygen background pressure**> at 700 K. With continued
deposition, a pure cerium oxide was obtained, as the transport
of W*" through the tungstate is kinetically hindered. If however,
the growth mode is purely three dimensional, the availability of
W®" is still possible through the uncovered areas.

2 Experimental

The growth was performed at the low-energy electron-micro-
scopy (LEEM) facility of the Instituto de Quimica Fisica Blas
Cabrera in Madrid and at the DEMETER beamline of the Solaris
synchrotron in Krakow. Both sites are equipped with Elmitec
LEEM III instruments; in the latter case, it is integrated with a
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hemispherical energy spectrometer. Using an electron beam as
the illumination source, both microscopes can acquire LEEM
images of the surface during growth by MBE, as well as low-
energy electron diffraction patterns. At Solaris, the DEMETER-
PEEM instrument uses a soft X-ray beam to illuminate the
sample, causing it to emit electrons through X-ray absorption
and photoemission. These emitted electrons are used to create
images that reveal the chemical composition of the sample. By
tuning the energy of the X-ray beam, the instrument can
produce spatially resolved X-ray absorption spectra. Addition-
ally, the built-in energy spectrometer allows to perform X-ray
photoelectron spectroscopy (XPS) from specific regions of the
sample.

The W(110) crystal used as a substrate was cleaned by
multiple steps of flashing at 1500 °C in a molecular oxygen
atmosphere (1 x 10~ ® mbar). Manganese was deposited from a
5 mm thick manganese rod inside a home-made electron
bombardment doser. The dose rate was calibrated by depositing
manganese on the clean W(110) surface. Ex situ characterization
of the nanostructures was performed by optical microscopy,
atomic force microscopy 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 spectra presented are the average of 5 scans,
each acquired with a 30 s integration time.

3 Results and discussion

In order to grow an oxide by oxygen-assisted MBE, crucial
parameters are the oxygen pressure and the substrate tempera-
ture. As discussed in detail in ref. 43, a pressure of 10~° mbar,
compatible with direct observation by LEEM, should be able to
oxidize Mn to Mn>" at any growth temperature. The growth
temperature of 800 °C was selected based on the previous
experience with the growth by oxygen-assisted MBE of rock-
salt and spinel oxides on Ru(0001)."**°?> On the one hand, the
temperature should be as high as possible to promote long-
range diffusion of the deposited species and to promote good
crystallinity. On the other hand, the temperature should be low
enough so that the desired oxide does not decompose. Given
that W-oxides decompose at temperatures above 1000 °C, we
selected 800 °C in this work. We have later confirmed that the
nanostructures grown decompose at a temperature of 850 °C.

A sequence of images from a movie acquired during the
deposition of manganese on the oxygen-coveredW(110) surface
at 800 °C is shown in Fig. 1. The starting surface, which
presents atomic steps imaged as faint dark lines in the first
frame (Fig. 1a), was already exposed for several minutes to a
pressure of 1 x 10~ ® mbar of molecular oxygen. With these
conditions, if the sample is cooled down to room temperature, it
presents the so-called 337 reconstruction.’**> From etching
experiments of oxygen on tungsten®"** it is clear that at elevated
temperatures, it involves mobile WO, units. The manganese
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Fig. 1 Sequence of LEEM images (a)-(g) showing the initial growth of manganese on W(110) under oxygen exposure (1 x 10~® mbar) at 800 °C, and the
nanowire formed after postannealing at 800 °C (h). Image g, which shows the closure of the first layer, was taken after 17.5 min of growth. The field of

view is 15 pm.

doser shutter was opened just before the acquisition of Fig. 1b,
where islands initially nucleate at the steps, and then grow into
larger sizes (Fig. 1c-e). The initial surface is nearly completely
covered in Fig. 1f. In Fig. 1g the complete surface is already
covered by a mixed Mn-W oxide. Continuing the deposition,
eventually some nanostructures were detected on the surface;
their growth could be followed in LEEM. However, the nucleation
rate is very small, with just a few structures found in millimeter-
sized areas. The sample was then cooled down in oxygen for
further characterization. The grown structures decompose at a
temperature of 850 °C.

An alternative way of obtaining the nanostructures, still with
a very low density, was to stop the growth after the surface is
completely covered by a mixed Mn-W layer and to cool down to
room temperature. The sample was then transferred (in air)
from the Madrid LEEM instrument into the Solaris one for
further processing and characterization. In the Solaris station,
the sample was initially degassed for several hours at 250 °C. At
such stage, the surface still looked the same in LEEM as
observed in the Madrid instrument. After a brief anneal to
800 °C in vacuum for a few minutes, again a few nanostructures
could be located on the surface of the crystal. Fig. 1h shows a
low-energy electron microscopy (LEEM) image of the central
region of a nanostructure with a distinctly elongated shape.
This structure is composed of several nanowires that appear to
branch out from a common central point, where a zig-zag
pattern is visible. The same region is shown in photoemission
microscopy (Fig. 2a) and with a wider field of view in Fig. 2b
using ex situ optical microscopy, revealing that the nanowires
extend to lengths of several hundred micrometers. Fig. 2c
presents an atomic force microscopy (AFM) image of the same
area, acquired in contact mode. As illustrated by the height
profile in Fig. 2d, the nanowires range in width from several
hundred nanometers to nearly one micrometer, with heights
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Fig. 2 Correlative microscopy on the MnWO, nanowire. (a) PEEM micro-
scopy (at the Mn Lz edge maximum) with a field of view of 15 pm. (b)
Optical microscopy of the same general area at two different magnifica-
tions. (c) Atomic force microscopy (AFM) of the same region as in a). (d)
Height profile along the line marked in the PEEM image (the data comes
from the AFM image).

reaching up to 100 nanometers. The zig-zag feature is clearly
resolved in the AFM image and is seen to increase in height
along its length.

In order to determine the composition and structure of the
nanowires, we resorted to the use of several selected-area
spectroscopies. We first present in Fig. 3 the X-ray absorption
spectra at the Mn L, ; edges and at the O K-edge. In the first
case, the two main structures appear well separated, by about
10 eV, due to the spin-orbit splitting between the 2p; and 2p3

2 2

core levels. The L; structure appears in the range 637-645 eV,
while the L, appears in the 650-655 eV range. The manganese
spectrum has been reported for both manganese oxide and

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 XAS spectrum (black) acquired from the central part of the wire
shown in Fig. 2a. (a) XAS spectra at the Mn L, and Lz absorption edges. Shifted
up, in orange, a multiplet calculation is shown (details in the main text). (b) XAS
spectrum at the oxygen K-edge.

manganese tungstate.’® The shape of each absorption edge,
specially in the case of the L; one, depends strongly on the
multiplet structure, the effects of the local crystal fields and
hybridization with the O 2p ligands and on the Mn 3d-3d and
2p-3d Coulomb and exchange interactions. We note that the
Mn XAS signal from the areas outside the nanowires presented
roughly the same shape (not shown) although the signal was
quite noisy with very low intensity. For the oxygen edge, the
signal outside the nanowires was negative, indicating that it
was dominated by the absorption by oxygen in the mirrors of
the X-ray optics prior to the PEEM instrument. We used it to
normalize the spectra from the nanowire, shown in Fig. 3b.

To model the Mn experimental spectra, we calculated the X-
ray absorption spectra using the Quanty"’” code via the Crispy
interface.® The spectrum (Fig. 3a, shown in orange) has been
calculated for octahedrally coordinated Mn>" ions. We have
used a 10Dg crystal field of 0.9 eV (as reported by variable
pressure studies on MnWO,*°) and a spin-orbit coupling of
7.0 eV was chosen to best fit the experimental data. The values
for intra-atomic 3d-3d and 2p-3d Coulomb interactions were
taken from ref. 46 as 7.0 eV and 8.0 eV, respectively and the
Slater integrals were reduced to 83% of their Hartree-Fock
values. The simulated spectrum reproduces well the experi-
mental peak positions and general shapes of the absorption
edges, indicating the presence of high-spin, octahedrally coor-
dinated Mn>" ions in the structure.

For the O K-edge, the multiplet effects and the core-hole
spin-orbit coupling do not need to be taken into account, since
the core-hole resides in a spherically symmetrical 1s orbital

This journal is © The Royal Society of Chemistry 2025
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localized on the oxygen atom. In fact, the shape of the O K-edge
spectra shows a more direct correspondence with the empty p-
states on the oxygen as they are affected by hybridization with
the metal cations.’®* The O K-edge X-ray absorption spectrum
(Fig. 3b) can be divided into three regions. The first one
consists of the intense peak at 532 eV. The second comprises
the peak at 536 eV and the third the broader feature at 540-
548 eV. The first region corresponds to electronic transitions to
the unoccupied oxygen 2p states®”>* hybridized with the empty
we* t,g orbitals, with some minor additional contribution from
the manganese d levels (which are just less than 1 eV apart).
The second peak is likely associated to hybridized oxygen 2p
orbitals with the W®' e, levels, which are located approximately
5 eV above the t, levels in WO;.°*> This interpretation is
supported by the fact that WO;, like MnWO,, exhibits octahe-
dral coordination around the tungsten atoms. In our case, the
separation between them, which is directly the crystal field
10Dq parameter, would then be 4.0 eV. Finally, the third
broader feature is attributed to the hybridization of oxygen
states with the more delocalized s and p orbitals of the cations
conduction band.>?

Spatially resolved W 4f X-ray photoelectron spectra were
acquired from the wire and the surrounding area with a photon
energy of 200 eV; they are shown in Fig. 4. The W 4f spectral
region is quite complex showing three different spin-orbit
doublets which suggests that tungsten is present in three
different chemical states at the surface both at the nanowire
and the outside region. The peaks near 33.5 eV and 31.3 eV can
be assigned to metallic tungsten, while those at about 38.5 eV
and 36.4 eV correspond to a W®" chemical species.>® W®" peaks

Nanowire

Intensity (arb.units)

Region outside
42 40 38 36 34 32 30 28
Binding energy (eV)
Fig. 4 W 4f XPS spectra acquired from the MnWO,4 nanowire and from

the outside region (black: experimental data, gray: Shirley background).
The fit is discussed in the text.
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Intensity (arb. units)

Raman shift (cm?)

Fig. 5 Raman spectra acquired from the MnWO,4 nanowire. Experimental
data are shown in blue with the inset showing an expanded scale with the
reported modes marked by red dots). A fit (described in the text) as well as
the identification of the various peaks observed is included.

are expected to appear at energies about 6 eV higher than those
corresponding to metallic tungsten due to the increased charge
on the ions. The difference observed in our spectra amounts to
5 eV in the case of the wire, and to 4.2 eV in the case of wetting
layer, where the W°" are shifted to slighly lower binding
energies (by 0.5-0.7 eV with respect to the wire). As it has been
noted in the discussion of the XAS spectra, the ligand-metal
charge transfer between oxygen and tungsten lowers the formal
charge of the tungsten cation, resulting in a smaller energy
difference between peaks. In any case, the chemical shifts
noted in our spectra remain in agreement with values pub-
lished for W compounds. Finally, the doublet appearing at
binding energies slightly higher than those of the doublet
corresponding to metallic tungsten has been associated with
the occurrence of regions in the sample where oxygen is
adsorbed on metallic tungsten. This brings about a slight
decrease in electron density on tungsten and, hence, a small
increase in the corresponding binding energies of the W 4f core
levels. The main difference between both regions is the relative
weight of the different components: while the nanowire is
composed mostly of W°*, the metallic W and O/W components
dominate in the outside region.

Fig. 5 shows a characteristic Raman spectrum acquired from
the central part of the wire (no Raman peaks were detected
outside the nanowires). The wolframite monoclinic structure
has a large number (36) of phonon modes as obtained from
group-theory analysis (8A, + 10B, + 8A, + 10B,).”* Of those,
there should be 18 Raman-active modes (8A; + 10B,). While
there are studies performed on hiibnerite minerals,> % a more
complete characterization has been performed by polarized
Raman on single crystals of MnWO,,”® detecting all the Raman
active phonon modes and identifying their atomic vibrations by
means of density functional calculations. In our case, we read-
ily detect (Fig. 5) nearly all the 18 modes in our nanowire
(marked in the inset by red dots). The remaining modes, By(2,4)
and A,(3) have intensities close to the noise level. We have fitted
the spectrum to a sum of Lorentzian peaks and a third-order
polynomial for the background (shown by an orange dashed
line). The fitted Lorentzian peak positions, widths and ampli-
tudes are shown in Table 1, together with the values reported
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Table 1 Raman modes detected in the nanowires, compared with the
reference work in ref. 59

Ref. 59 Position Width Amplitude
Mode em™! em™! em™! arb. units
By(1) 89 90 6 56
Ay1) 129 129 4 158
B,(2) 160 — — —
By(3) 166 170 10 10
B,(4) 177 — — —
A2) 206 207 6 48
A3) 258 — —
B,(5) 272 269 20 10
By(6) 294 295 3 16
Ag(4) 327 328 8 62
By(7) 356 363 9 13
A(5) 397 400 5 62
B,(8) 512 512 6 15
A,(6) 545 548 8 72
B,(9) 674 675 9 25
Ay(7) 698 700 8 37
B,(10) 774 778 17 27
Ag(8) 885 888 6 1000

for a single crystal.’® The difference between the single-crystal

results and the nanowire grown on W(110) is at most 3 em ",
suggesting that our MnWO, is also a single crystal. Thus the
nanowire is thick enough to relax to the bulk structure of
hiibnerite. A promising venue to research is to study ultrathin
wires to find possible structural modifications or phonon
confinement effects for nanostructures like those obtained
before the last annealing stage.

4 Conclusions

We have grown nanostructured synthetic hiibnerite (MnWO,) by
molecular beam epitaxy of manganese on a W(110) substrate in a
molecular oxygen background. The nanostructures have been
characterized by both in situ (X-ray absorption and X-ray photo-
electron spectroscopies as well as low-energy electron micro-
scopy) and ex situ (Raman spectroscopy and atomic force
microscopy) techniques. The formation of a highly diffusive
tungsten oxide allows for the growth of the tungstate by deposit-
ing only manganese. The nanostructures are tens of nanometers
thick, hundreds of nanometers wide and with lengths in the
range of millimetres. From current experiments which we will
submit shortly to the scientific literature, we propose that this
simple growth method based on the deposition of a single metal
on W(110) by high-temperature oxygen-assisted molecular beam
epitaxy can be successfully extended to the growth of other
transition metal or alkaline-earth tungstates, although the parti-
cular morphology of the grown nanostructures will likely depend
on whether more isotropic (e.g. tetragonal scheelite) or more
anisotropic (e.g. monoclinic wolframite) structures are formed.
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