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ABSTRACT

The growth of mixed cobalt-iron oxides on Ru(0001) by high-temperature oxygen-assisted molecular beam epitaxy has been monitored in
real time and real space by x-ray absorption photoemission microscopy. The initial composition is a mixed Fe-Co(II) oxide wetting layer,
reflecting the ratio of the deposited materials. However, as subsequent growth of three dimensional spinel islands nucleating on this wetting
layer takes place, the composition of the oxide in the wetting layer changes as iron is transferred into the spinel islands. The composition of

the islands themselves also changes during growth.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5140886

I. INTRODUCTION

Extremely high quality oxide films can be obtained by deposit-
ing metals by molecular beam epitaxy on a hot substrate, while the
sample is exposed to an oxidizing agent such as molecular oxy-
gen. This method has been used to grow many different oxide
films including complex high-T. superconductors." Although such
a method requires, in many cases, a precise adjustment of the differ-
ent dosers, for many oxides it is enough to continuously deposit the
required metals on the chosen substrate. However, especially at high
temperatures, the competition of kinetic and thermodynamic effects
can give rise to unexpected (sometimes undesired) phases. A good
example is the growth of binary and ternary oxides on metals’ with
applications in magnetism or catalysis, where the metallic substrate
provides an environment which is quite different from any termi-
nation of the growing oxide. A metallic substrate allows for the full
range of electron-based characterization techniques to be applied to
the films.

An electron-based technique that gives real-space and real-time
information of the growing front of the film is low-energy electron
microscopy (LEEM).” In LEEM, the surface is imaged using the
electrons reflected from the surface. The use of glancing incidence
molecular beam epitaxy dosers permits depositing the material while
the surface is observed with nanometer resolution. Using this tech-
nique, a surprising behavior has been discovered in metal systems,
highlighting the role of alloying during growth.” ® A LEEM instru-
ment is also able to acquire low-energy electron diffraction (LEED)
patterns and, if an x-ray source is available, to measure chemi-
cal maps by acquiring the secondary electrons emitted upon x-ray
absorption [photoemission microscopy (PEEM)’].

The LEEM technique has been applied to study the growth of
oxides from the initial nucleation of islands to the formation of com-
plete films. Among the oxides explored, we mention iron,”” cobalt,"’
cerium,' "' and praseodymium] " oxides on Ru(0001)."* Such exper-
iments often show phase coexistence and allow for the study of the
influence of growth conditions on the different phases obtained. As
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an example, consider the growth of iron oxides."” Initially, islands
nucleate with a cation(II) oxidation state (FeO), whose thickness
depends on the oxygen background pressure.'” The FeO islands
then grow laterally until they cover the substrate completely. Then,
as more material is deposited, eventually islands of spinel phase
(magnetite) grow as flat micrometer-sized crystals on the top of the
FeO wetting layer.” The LEEM technique can be applied during the
growth,’ complemented with structural information obtained from
low-energy electron diffraction acquired with the same instrument
and with chemical information determined from PEEM. The lat-
ter information is usually obtained a posteriori: after the growth
is stopped, the surface is characterized structurally and chemically.
For binary oxides, such a powerful combination can completely
characterize the phases grown.”"’

In ternary oxides, however, even within a single phase, the
composition might not be homogeneous or more than one phase
can form. In fact, especially at high temperatures, the stoichiome-
try can change during growth. There is then the need for acquiring
chemical maps during growth. For example, mixed cobalt-iron,'*'*
nickel-iron,"” and cobalt-nickel’’ oxides have been studied, com-
bining LEEM observations during growth with the LEED and PEEM
information of the final surface. However, a surprising discrepancy
has been observed in the first two cases. The growth mode is sim-
ilar to iron oxides on Ru(0001): first, islands of a mixed (II) oxide
(CoxFe1—xO or NiFe;_,O) grow, which then coalesce to form a
continuous layer. In the second stage, spinel islands (CoxFe;-xO4
or Ni,Fe;_,04) appear. However, when the composition of the final
films is measured, in all cases the ratio of the cations in the wetting
layer and in the spinel islands differ from each other and from the
deposited ratio. For example, for a deposited ratio of iron to the sec-
ond cation of 2:1,'"” the wetting layer presents a ratio closer to 1:1,
while the islands are Fe rich.

To measure the evolution of the surface composition in such
a multicomponent growth front, we require a method to determine
the composition at the nanometer scale in real time. Here, we pro-
pose to do this by sequentially recording photoemission microscopy
images’ under illumination of x-rays with photon energies corre-
sponding to the metal absorption edge (Co and Fe L3 in the present
case).

Il. EXPERIMENTAL

The in situ x-ray absorption experiments have been performed
at the CIRCE beamline of the ALBA Synchrotron Light Facility.”'

ARTICLE scitation.org/journalljcp

The endstation has a low-energy electron microscope that can be
used as a photoemission microscope. In this mode, it provides
images of the energy-filtered distribution of photoelectrons with
spatial and energy resolutions down to 20 nm and 0.2 eV, respec-
tively. The kinetic energy of the detected photoelectrons can be
selected with this energy resolution.

The substrate employed was a Ru(0001) single crystal. It was
cleaned by cycles of annealing in oxygen at 1200 K in 10™° mbar
of molecular oxygen followed by flashing to 1800 K in vacuum.
The oxides were grown by depositing the proper ratio of Co and
Fe in a background pressure of molecular oxygen with the sub-
strate kept at a high temperature (1300 K). The molecular oxygen
background pressure is limited by the need to have the endstation
open to the synchrotron beamline when illuminating the sample
with the x-ray beam. We have used a pressure of 5 x 1077 mbar.
In order to minimize the thermal drift of the manipulator, the sam-
ple was kept at a high temperature for several days. Fe and Co
are deposited using dosers with an electron bombardment-heated
rod of each metal surrounded by a water jacket. Their rates were
initially estimated by measuring the time required to complete a
pseudomorphic metallic monolayer of cobalt (27 min) on Ru and
a complete bilayer of FeO for iron (24 min). This translates to an
Fe:Co ratio of 1.6:1, taking into account the different lattice spac-
ings of FeO (0.32 nm)*'"’ and Co/Ru (0.27 nm). The deposition
rates were reduced by 50% for the particular experiments reported
here.

When measuring x-ray absorption spectroscopy (XAS) during
growth, ideally one would acquire PEEM images while scanning
the photon energy through the L3, absorption edges of Co and Fe
repeatedly. Upon integration of a region of interest, the spatially
resolved XAS spectra would be measured [see Figs. 1(b) and 1 (¢)
obtained after one growth sequence]. However, that is too slow to
be practical as a complete energy scan of a single element can take
30 min. Instead, only selected energies are acquired. In order to esti-
mate changes in the composition, we need to acquire at least PEEM
images at the pre-peak, peak, and post-peak regions of both L3 and
L, absorption edges of Fe and Co. Two different procedures were
used. In the first one, only the images at several energies marked with
circles in Figs. 1(b) and 1(c) were acquired. This method is fast and
provides many frames, so it gives good temporal resolution. How-
ever, the reference x-ray beam intensity is not measured, so images
cannot be normalized. In the second procedure, the x-ray beam
intensity is measured in synchronization with the image acquisition.
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FIG. 1. (a) XAS PEEM image at 700 eV after one growth sequence in 5 x 10~7 mbar oxygen. The FOV of the image is 20 um, the substrate temperature is 1300 K, and
the iron—cobalt ratio is 1.6:1. (b) Fe XAS spectra of the two areas indicated in (a). (c) Co XAS spectra of the same areas. The black circles show the energies used in the
first sequence type of PEEM images. (d) Fe XAS spectra and (e) Co XAS spectra of the two areas indicated in (a) obtained from the second sequence type of PEEM images

explained in the experimental section.
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The beam intensity is measured as a drain current in the last mirror.
The synchronization at present slows down the acquisition consid-
erably. In this mode, each energy “point” is actually a small energy
range of 0.5 eV. Thus, the Fe L3 prepeak position is measured with
six images with photon energies in the range of 699.5-700.0 eV, the
Fe L3 peak with energies of 706.5-707.0 eV, and so on, as we show in
Figs. 1(d) and 1(e). The energy scale of the monochromator has not
been corrected to reference values, so the prepeak (700 eV), peak
(707 V), and post-peak (714 eV) positions are referred instead to
the spectra shown in Fig. 1.

In order to quantify the number of atoms of each cation, it is
best to use the signal between the two L edges for each element.”
However, that intensity (as seen in Fig. 1) is very small and strongly
affected by the background of the complete spectra. The signal-to-
noise ratio is obviously much better at the L3 peaks. Thus, we select
the latter in order to follow the evolution of the Fe and Co XAS
signals, following the ratio of the peak and prepeak Fe and Co L3
intensities during growth. However, we note that the resonant peak
intensities depend on the unoccupied d-density of states in addition
to the number of Co and Fe atoms.”* As long as there are no sig-
nificant changes in the unoccupied d-density of states, the L3 peak
intensities should reflect the composition. This is the case in the
present films, where the wetting layer corresponds to a rock-salt
structure with divalent cations and the islands correspond to the
spinel structure.

I1l. DISCUSSION AND RESULTS

We first proceed to grow a complete wetting layer plus some
spinel islands on top,'* depositing Fe and Co at a ratio of 1.6:1. On
this surface, we measure full XAS spectra of the Fe and Co L edges
in order to select the photon energies to be used for the real-time
growth monitoring. In Fig. 1, we show the measured Co and Fe XAS
spectra of both the islands and the wetting layer. The spectra are
similar to those we obtained before. However, we note that in the
present case, the spectra are acquired at the growth temperature, not
at room temperature.

The spectra of Fe on the island show a shoulder on the ris-
ing edge of the L3 edge and a double peak at the L, edge. These
features can be related to the spinel phases of pure iron, i.e., mag-
netite and maghemite. In particular, the shoulder on the L3 edge
can be considered to be the intermediate of the Fe;O4 and the y-
Fe;O3 XAS spectra described by Crocombette and co-workers.”
This is expected for an iron-rich cobalt ferrite, where there is a coex-
istence of Fe’* and Fe?* in octahedral positions, as well as Fet
in the tetrahedral ones. We note that the spectra in Fig. 1 have
been acquired with (positive) circular polarization. However, the
measurement temperature is above the Curie temperature of any
spinel cobalt iron oxide,”* so magnetic dichroic effects should not
be observable in contrast to the case of room temperature XAS mea-
surements.'’ The Co XAS spectrum has a well defined peak on the
rising edge of L3, followed by a multipeak structure and a single peak
at L,. These features are characteristics of Co?* in octahedral posi-
tions, well reproduced by XAS calculations” and previous experi-
mental observations.'® In particular, it is very different from Co®*
in tetrahedral positions, although the highest peak of the L; edge
might arise from some cations in such an environment. Therefore,
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it is clear that the island corresponds to the spinel phase of cobalt
ferrite.

The wetting layer, however, shows a very different composition.
For Fe, there is a single broad peak for Ls, similar to the one from
FeO” and corresponding to Fe** in octahedral positions.”” The Co
spectrum is similar to the one of the island, corresponding to Co**
in an octahedral environment.” Thus, the wetting layer is composed
of Fe** and Co**. Experiments performed on a coverage before the
wetting layer is completely closed display similar characteristics,"”
which together with structural information from low-energy elec-
tron diffraction allows us to identify it as a mixed Co-Fe(II) oxide
with the rock-salt structure. Selected area low-energy diffraction
patterns have also been measured at room temperature in several
experiments, which presented a coexistence of islands and a wetting
layer.'® The results are consistent: the wetting layer shows a diffrac-
tion pattern that corresponds to the rock-salt structure, while the
islands show the pattern of a spinel phase with the so-called bi-phase
reconstruction.”®

From the ratio of the XAS spectra between L3 and L, we esti-
mate that the island is iron-rich. We next image the spatial distri-
bution of the Co and Fe L3 peak intensities to follow the growth of
the film in real time and real space. Several growth experiments have
been performed at slightly different temperatures (1100 K-1300 K)
obtaining similar results. In Fig. 2, we show selected frames from
one of the growth sequences. In particular, we consecutively show
the ratio of the Fe and Co Ls intensities (peak-to-prepeak ratios).
The growth has been followed in the past in the LEEM mode,'”
but to the best of our knowledge, this is the first time that this is
done in the XAS PEEM mode. Thus, in Fig. 2, brighter areas cor-
respond to larger Ls intensities in both the Co and Fe XAS signals.
In the first frame of Fig. 2, the dark gray background corresponds
to the Ru substrate (covered with oxygen). Small islands are nucle-
ated already at this stage, nearly all of them located at step edges of
the Ru substrate. By the time the first Co image is acquired (after
13 min), the islands have grown in size and some of them—the
largest ones—already present a triangular shape. After 16 min, a
large island with a width of 0.7 ym is visible. The now clearly tri-
angular islands mostly have the same orientation when grown on
the same terrace but can have opposite orientations in different ter-
races. This effect likely reflects the different termination of the hcp
Ru terraces when separated by an odd number of atomic steps.”’
At the frame corresponding to 19 min, there is a clear difference in
contrast at some of the edges of the growing islands near the top-
left area (marked with yellow arrows): the edges are white, while
the islands are light gray. This, however, does not reflect a change
in the Co composition of the growing islands. Rather, it is a conse-
quence of the slow acquisition time: each image shown in the figure
is the average of ten frames, each corresponding to an exposure of
1 s. During acquisition, the film keeps growing. Inspecting the indi-
vidual frames, the different edge contrast is observed to arise from
areas of the film where the islands are growing between the time to
acquire the prepeak and the peak intensity images. It is, thus, obvi-
ous that not all regions grow at the same rate. Instead, the growth
rate is quite uneven, with only specific areas growing so fast that
they are easily observable by the change in contrast at the island
edge, either in the Fe or the Co L3 edge images. Those fast grow-
ing regions are usually the sides of triangular regions. Eventually,
the islands coalesce, leaving only some triangular holes in between,
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which finally close giving rise to a complete film. Apart from some
differences in contrast in stepped areas, the complete layer seems to
be uniform in composition. The oxide that completely covers the
surface at the last panel of Fig. 2 corresponds to the so-called wet-
ting layer, the Fe(II), Co(II) oxide with the rock-salt structure. It is
two layers high from previous experiments performed under similar
conditions.'""*

We next present in Fig. 3 the ratio of the Co and Fe peaks
as a function of time as determined from a sequence of images in
which the reference x-ray beam flux was measured. The ratio of
the Ls intensities at the Co and Fe edges is presented integrated

ARTICLE scitation.orgljournalljcp

FIG. 2. XAS PEEM images at the ratio
of the Fe L3 and Co Lj absorption edge
peak to the respective pre-peak inten-
sities at different stages of the iron-
cobalt growth. The time elapsed since
the beginning of the growth is indicated
in the upper left label on each image.
Some areas of fast growth (as explained
in the main text) are marked with arrows.

at four different areas of the surface: one corresponding to the
spinel islands that nucleate after the completion of the wetting layer
and three areas corresponding to the wetting layer at different dis-
tances of the islands. Note that between frames 7 and 8, one of the
spinel islands disappears. This might be due to an Oswald ripen-
ing effect in which smaller islands are unstable towards the growth
of larger ones. In previous work,'* we have presented spinel islands
with a regular triangular shape. However, in those studies, the sam-
ple was observed after cooling down to room temperature and it
could be explored at will in order to locate large islands. The nucle-
ation rate at the high temperatures employed is so low that often
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FIG. 3. Right panel: estimated composition of different regions of the wetting layer (marked in the images on the left) and the spinel islands during growth at 1300 K. The ratio
of the peak-to-prepeak intensity at the Co and Fe L3 edges is shown at the wetting layer and at the spinel island (nucleated after frame 6). Left panel: frames extracted from
the movie recorded during the growth of cobalt iron oxides on Ru(0001). They correspond to PEEM images with the photon energy at the Co L3 absorption edge.
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there is no nucleation event in a field of view (FOV) of tens of
micrometers. In our case, we intentionally imaged the same area
to have a record of the evolution through the nucleation of spinel
islands. The spinel islands within the field of view have a more irreg-
ular shape, which might be related to the local step density at their
location.

When the wetting layer starts to grow (Fig. 3, frame 1), the
Fe/Co L; ratio stays close to a value of 1.3 independently of the
region. This ratio should, thus, correspond to the deposited mate-
rial. The deviation from the value due to the pre-calibration of the
dosers (1.6:1) can be understood from the fact that the peak max-
ima were used instead of the absorption jump, as discussed in the
experimental section. The error bars are reasonable considering that
the values are extracted from quick spectra from micrometer-sized
regions 2 atomic layers thick."* Once the wetting layer is nearly com-
plete (Fig. 3, frame 7), regions with different composition are visible
within the wetting layer. The regions of the surface that were covered
sooner are rich in Fe (region marked with an orange line), while the
last regions to fill in (green rectangle) grow with the final composi-
tion of the wetting layer (less rich in Fe). This agrees with previous
observations of segregation into Co-rich and Co-poor regions in the
rock-salt oxide (Ref. 10). About the same time that the wetting layer
is completed, the spinel islands nucleate (same blue outline in Fig. 3,
frame 7). After nucleation of the spinel islands, the composition of
the wetting layer continues to evolve: previously Fe-rich areas loose
Fe until the Fe/Co Ls ratio is close to 1 over the whole layer, i.e.,
less Fe content than the deposited ratio. The extra Fe content is cap-
tured by the spinel islands, which become more iron-rich in turn.
The composition of the spinel island also evolves towards a constant
value upon further deposition.

In LEEM sequences (not shown®), it has been observed that
sudden changes in contrast in the wetting layer are detected before
the nucleation of spinel islands. Given the lack of such sudden
changes in the present XAS movies, those changes have to be
ascribed to either stacking or reconstruction changes, but not to
modifications of the composition.

For Fe-only oxides, the phase diagram does not predict the
existence of an oxide with the rock-salt structure” but instead indi-
cates that the most stable oxide at our growth conditions should be
the iron spinel, i.e., magnetite. Clearly, as argued by Ketteler and
Ranke,” there is initially a kinetic barrier for the nucleation of the
spinel phase, but once it nucleates, it is more stable than a multi-
layer FeO film. So, it is reasonable that iron moves toward the spinel
islands once the latter phase nucleates. Why this happens only for
Fe and not for Co can be understood from the bulk phase diagram
of the complete Co-Fe-O system,”’ which shows that at the growth
temperature for a Co-rich oxide, the rock-salt phase is the stable one.
We look forward to future work on detailed simulations considering
the chemical potential of the different phases.

IV. CONCLUSIONS

We have presented sequences of photoemission microscopy
images, revealing the evolution of the stoichiometry during the
growth of a thin film of mixed Fe-Co oxides. The experiments
prove that the technique is capable of monitoring changes in the
composition of complex oxides during the nucleation and growth
of different phases on the surface. Confirming previous results from
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post-growth analysis, we could follow the wetting layer composition
changes when spinel islands nucleate and start to grow, becom-
ing Co-rich, relative to the deposited Fe/Co ratio. Furthermore,
the composition of the spinel islands themselves is also found to
evolve with time, becoming rich in Fe. These observations high-
light the complexity of oxide growth at high temperatures where
different phases compete and indicate the need for spatially and
time resolved composition maps in order to fully understand the
process.
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