Ultramicroscopy 250 (2023) 113755

Contents lists available at ScienceDirect

Ultramicroscopy

journal homepage: www.elsevier.com/locate/ultramic

ELSEVIER

Check for

Preparation and stability of the hexagonal phase of samarium oxide on Ru &
(0001)

Emilia Pozarowska?, Linus Pleines ", Moritz Ewert, Mauricio J. Prieto ¢, Liviu C. Tanase ¢,
Lucas de Souza Caldas, Aarti Tiwari ¢, Thomas Schmidt ¢, Jens Falta ", Eugene Krasovskii >,

Carlos Morales”, Jan Ingo Flege ™

@ Applied Physics and Semiconductor Spectroscopy, Brandenburg University of Technology Cottbus-Senftenberg, 03046 Cottbus, Germany

b Institute of Solid State Physics, University of Bremen, 28359 Bremen, Germarny

¢ Department of Interface Science, Fritz-Haber Institute, 14195 Berlin, Germany

4 Departamento de Polimeros y Materiales Avanzados: Fisica, Quimica y Tecnologia, Universidad del Pais Vasco UPV/EHU, 20080 San Sebastidan/Donostia, Spain
¢ IKERBASQUE, Basque Foundation for Science, E-48013 Bilbao, Spain

f Donostia International Physics Center (DIPC), E-20018 San Sebastian, Spain

ARTICLE INFO ABSTRACT

Keywords: We have used low-energy electron microscopy (LEEM), micro-illumination low-energy electron diffraction
Sm303 (LULEED) supported by ab initio calculations, and X-ray absorption spectroscopy (XAS) to investigate in-situ and in
LEEM real-time the structural properties of SmyO3 deposits grown on Ru(0001), a rare-earth metal oxide model
;(:iiw catalyst. Our results show that samarium oxide grows in a hexagonal A-Smy03 phase on Ru(0001), exhibiting a
Epitaxy (0001) oriented-top facet and (113) side facets. Upon annealing, a structural transition from the hexagonal to

cubic phase occurs, in which the Sm cations exhibit the +3 oxidation state. The unexpected initial growth in the
A-Sm,03 hexagonal phase and its gradual transition to a mixture with cubic C-Smy03 showcases the complexity
of the system and the critical role of the substrate in the stabilization of the hexagonal phase, which was pre-
viously reported only at high pressures and temperatures for bulk samaria. Besides, these results highlight the
potential interactions that Sm could have with other catalytic compounds with respect to the here gathered

Hexagonal phase

insights on the preparation conditions and the specific compounds with which it interacts.

1. Introduction

The tendency for a rare-earth metal oxide (REO) to promote partial
or complete oxidation in catalysis depends mainly on the ability of the
cation to access higher oxidation states. While all the lanthanides can
form stable sesquioxides (LnyO3), only a few, such as Ce, Pr, and Tb, can
form bulk dioxides and a wide range of intermediate oxide stoichiom-
etries [1]. Nevertheless, rare-earth elements and their oxides are used
not only as active catalytic phases but also as structural and electronic
promoters to improve the catalysts’ activity, selectivity, and thermal
stability [2-5]. Therefore, there is a possibility of enhancing the cata-
lytic activity by incorporating promoters through alloying with trivalent
catalytically active rare-earth metals that also form cubic sesquioxides
(RE303). For example, in the well-known model CeOy/Cu system, these
dopants could promote the stabilization of the Ce3" active sites [6,7]
and desired structural phases. Whereas Niu et al. [8] have shown that in
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the ternary praseodymium and cerium oxide system increasing the
doping of Pr3* leads to stabilizing the Ce3* valence state. With this
insight, Sm has recently attracted attention as a promising candidate to
be added as a promoter to the catalysts for different heterogeneous
catalytic processes to enhance activity and tune selectivity [9-11]. For
instance, Smy03-supported palladium and Smy03-doped CeO3/Al;03--
supported copper have been used as catalysts for CO oxidation [12] and
intermediate-temperature methanol fuel cells [13], respectively. How-
ever, to optimize the use of Sm in complex REO/metal systems, a deeper
understanding of Smy03 and its complex interaction with metallic sub-
strates and catalytic REOs is needed.

The study of Sm compounds on different model substrates has
traditionally been limited to addressing its mixed valency through
spectroscopic techniques, as slight differences in the physicochemical
environments around the Sm cations can lead to an exchange between
its two nearly degenerate electronic configurations, Sm divalent ([Xe]
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415 (6s5d)?) and trivalent ([Xe]4f® (655d)3), and related cations [11,
14-18]. Moreover, polymorphism of SmpO3 has been treated exten-
sively, focusing on possible phase transitions between cubic C-Sm203,
monoclinic B-Sm203, and hexagonal A-Sm3O3 polytypes as a function of
temperature and pressure [19,20]. In particular, the cubic and mono-
clinic phases are stable at standard conditions, whereas the A-Smy03
phase has been reported to exist at high temperatures (> 2000 K) [21,
22] and pressures (> 2 bar) [19,23,24]. As these structural studies
focused on commercial samaria powders or single crystals [25], poten-
tial effects of heteroepitaxial growth and resulting interfacial contribu-
tions to the total free energy of the system are not included, which may
lead to the stabilization of exotic phases at unusual conditions. Only few
studies have focused on the structural characteristics of Sm03 growth
on well-defined surfaces [18,26,27]; for example, the growth on Pt(111)
shows significant film/substrate interaction that forces ultrathin sama-
ria to adopt a defective fluorite structure instead of the typical, bulk
cubic C-Smy03 [15]. The lack of combined spectroscopic and structural
studies on model systems results in a gap in understanding the influence
of samaria structure on its chemical behavior. As LEEM/PEEM studies
[28,29] have shown for Ce02(100) and CeO5(111) systems [30,31],
there is a close relationship between reactivity and structure in real-time
measurements; therefore, acquiring a fundamental understanding of
REO catalyst structure is critical to predicting the reactivity and
reducibility of these materials, and it is essential to better understand
complex systems such as SmOx-CeOx.

In the present study, we provide a coherent overview of the SmyOs-
Ru(0001) system through low-energy electron microscopy (LEEM) and
micro-diffraction (u-LEED), photoemission electron microscopy (PEEM),
and X-ray absorption spectroscopy (XAS). We will show that SmyO3
grows epitaxially in the hexagonal A-Smy03 phase at mild temperatures
(690 K) and high vacuum conditions (< 1077 mbar), gradually tran-
sitioning to the cubic phase when kept at lower temperatures. This
initial growth in the A-Smy0O3 hexagonal arrangement and the variety of
different structural phases highlights the complexity of the samaria
system and the different potential interactions that Sm could have with
other catalytic compounds depending on the preparation conditions and
the specific compounds with which it interacts (i.e., the host material
and/or substrate).

2. Experimental and computational methodology

A polished Ru(0001) single crystal (Mateck) with a nominal orien-
tation better than 0.1° is used as the model-system substrate in this
study. The crystal was initially cleaned in situ by successive cycles of
sputtering with Ar" ions (10> mbar) and annealing at 900 K in an ox-
ygen atmosphere (pOy = 5010 “mbar) until clean and flat surfaces were
obtained, as confirmed by LEEM, p-LEED, and XAS. After samaria
deposition, the Ru(0001) surface cleaning consisted of repeated cycles of
surface oxidation with an oxygen cracker at a pressure of 510~/ mbar
and subsequent annealing at 1400°C.

The clean Ru(0001) single crystal was then exposed to a molecular
oxygen atmosphere at a pressure of 5e10~’mbar and a temperature of
690 K. Under these conditions, a (2 x 1)-reconstructed oxygen adlayer is
formed on the substrate Ru(0001) substrate with an oxygen coverage of
around 0.5ML, which in LEEM is readily identified by its characteristic
energy-dependent electron reflectivity, the so-called intensity-voltage (I
(V) curve [32]. Subsequently, the samarium oxide was grown under the
same conditions (Ru(0001) substrate at 690 K) by thermal reactive
evaporation of metallic Sm under the same reactive oxygen atmosphere
(5010 "mbar) using a commercial electron beam evaporator (Focus
EFM 3), with a molybdenum crucible loaded with a metallic Sm rod
(Alfa Aesar, 99.9%). After samaria evaporation, the sample was cooled
down to 350 K at the same O, background pressure. Based on the cali-
bration of the evaporator, we estimated that the average growth rate
employed in our experiments was 0.15 ML/min.

The LEEM, p-LEED, and XAS-PEEM measurements were carried out
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in the SMART spectro-microscope operating at the UE49-PGM undulator
beamline at BESSY II synchrotron radiation facility at the Helmholtz
Center Berlin (HZB). The aberration-corrected and energy-filtered
LEEM/PEEM instrument combines microscopy, diffraction, and spec-
troscopy techniques, achieving an energy resolution of 180 meV in
XPEEM mode and a lateral resolution of 2.6 nm in LEEM mode [33]. In
situ p-LEED images were recorded from illuminated areas of 1.5 pm in
diameter in an electron energy range from 10 eV up to 100 eV. XAS
spectra were measured by collecting the secondary electrons while the
photon energy was scanned through the range of about 124 to 134 eV
and 1067 to 1115 eV across the Sm N4 5 and Sm My 5 absorption edges,
respectively.

Theoretical LEED-I(V) spectra for cubic bixbyite-like and hexagonal
Smy0s3 crystals [34] were calculated with the ab initio Bloch-waves based
scattering method, see Ref. [35]. A detailed description of the method-
ology and its application to rare-earth sesquioxides has been presented
in Refs. [36] and [37]. Here, we briefly recap the main aspects of the
calculation. The Schrodinger equation is solved for a semi-infinite
crystal: the 3D-periodic bulk potential is modified in the surface re-
gion, where it smoothly grows to reach the vacuum level. The potential
is obtained in the local density approximation of the density functional
theory. It includes the singularities at the nuclei, so the calculations are
performed in the augmented-plane-wave representation [35]. The in-
elastic scattering is included by an energy dependent imaginary poten-
tial —iVj, which is spatially constant in the crystal and vanishes in the
vacuum half-space.

3. Results and discussion
3.1. Growth of hexagonal A-Smz03 phase at mild conditions

This section discusses the growth of samarium oxide on Ru(0001) at
mild temperatures (~690 K) with a particular focus on sample
morphology and structure. Low-energy electron microscopy (LEEM) and
diffraction (PLEED) were used to probe the sample preparation in situ
and in real-time and to determine the geometric structure of the samaria
deposit.

Figs. 1 and 2 show the sequence of LEEM images and p-LEED patterns
recorded during the growth of samaria at an O background pressure of
510”7 mbar and with the Ru(0001) crystal held at a temperature of
690 K. Fig. la corresponds to the clean Ru(0001) substrate, showing
only atomic steps (thin dark lines) with atomically flat terraces in-
between. The corresponding p-LEED pattern (Fig. 2a) exhibits very
sharp and intense diffraction spots assigned to first-order Bragg re-
flections of the Ru(0001) surface, thus confirming a clean surface with
no contamination. Once Oj is introduced, the pLEED pattern in Fig. 2b
also shows the well-known (2 x 1) periodicity corresponding to the
chemisorbed adlayer phase of oxygen on Ru(0001), with 0.5 ML local O
coverage confirmed by the I(V) curves [38] (also see Fig. 5). Fig. 1b to f
show the early stages of samaria growth at different coverages,
demonstrating how it first decorates the step edges of Ru until small,
dark points are visible on the terraces. For relatively thick deposits
(Fig. 1f and corresponding magnified region in Fig. 1g), the samaria
presents a granular morphology, with bright structures between 10 and
15 nm wide and arranged along the direction of the Ru steps. Finally,
using a larger field of view, Fig. 1h clearly showcases the preferential
accumulation of bright structures along the steps and step bunches of the
substrate. We note that the different contrast observed in panels a-c
(Exin = 12 eV) and d-h (Exj, = 17 eV) is due to different kinetic energies
applied during image acquisition.

From a structural point of view, at coverages around ~0.5 ML the
bright Ru spots are still visible, and p-LEED additionally shows a hex-
agonal (1.38x1.38) superstructure in registry with the Ru(0001) sub-
strate (green-solid marks in Fig. 2c), which is indicative of samaria
formation as discussed below. As the samaria coverage increases up to
30 ML, these spots become more intense while those related to the
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Fig. 1. LEEM (FoV = 4 pm) images of a) clean Ru(0001); (b-f) time series with different samaria coverages, taken at Eyj, = 12 eV (a-c) and Ey;, = 17 eV(d-f). g)
magnified part of LEEM image presented in f) showing single islands. h) Overview LEEM (FoV = 12 pm) image illustrating deposition along the step bunches.
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Fig. 2. p-LEED patterns obtained during the samaria deposition with p-spot of 1.5 pm a) clean Ru(0001) under ultra-high-vacuum conditions at 690 K, b) Ru(0001)
(2 x 1)-0O after exposure to 510~ “mbar of Oy; ¢) 0.5 ML of Sm,03 showing a hexagonal (1.38 x 1.38) superstructure in azimuthal registry with the Ru(0001) (1 x 1)
spots (green solid circles) and some rotated spots, which represent certain rotational domains of the samaria islands (dashed green circles) d) 30 ML of Sm,03
showing additional n/3 order spots (yellow circle), forming the circular ring (yellow arrow). (a,b) and (c,d) p-LEED patterns taken with E = 42 eV and E = 33 eV,
respectively. e) Z-axis cut profile through diffraction spot over energy and inserted LEED image taken at the energy of 25 eV. Please note that the apparent “doubling”
of the diffraction spots (best visible in a) is an artifact of the Schottky field emitter of the electron gun.

substrate are attenuated. Additionally, between the green-solid-marked
Smy03 spots, we observe a faint concentric pattern around the (00) spot,
marked with dashed green circles in Fig. 2c. Its appearance suggests the
presence of rotational domains of the SmyO3 islands, i.e., representing
the different possible configurations of how samaria can form a coinci-
dence lattice with the underlying ruthenium surface. For example, an
analogous situation was presented by Luches et al. in the ceria/Pt(111)
system [39], where several lattice rotations yield a more or less good
coincidence between cerium oxide and platinum.

There are two different possibilities to explain the epitaxial growth of
samaria forming a hexagonal (1.38 x 1.38) pattern in registry with Ru
(0001): cubic C-Sm303 (111) or hexagonal A-SmyO3 (0001). Consid-
ering the Ru(0001) integer reflections as a reference, the calculated
lattice parameters are ac= 10.56 A and apr=3.74 A for cubic C-Sm503
(111) and hexagonal A-Sm203 (0001), respectively, whereas in both
cases, the Sm-Sm distance is equal to 3.74 A. All these values are in good
agreement with the distances reported previously [15,24]. To try to
distinguish between cubic C-Smy0O3 (111) and hexagonal A-SmyO3
(0001), however, qualitative intensity-voltage (I(V)) LEED analysis was
employed (Fig. 2e), in which we could check the presence of 3- or 6-fold

symmetry and confirm the existence of either cubic or hexagonal
arrangement, respectively. Basically, this method relies on the inter-
pretation that if mirror domains exist, i.e., azimuthal lattice rotations by
180° for cubic Sm203, then the (01) and (10) symmetrically inequivalent
spots should present different I(V) LEED curves for cubic islands with
different orientation, whereas hexagonal islands would lead to the same
intensities for all spots. The results show that all spots corresponding to
samaria (marked as green in Fig. 2) exhibit the same intensities through
all sampled electron energies from 10 to 100 eV (see Fig. 2e), thereby
suggesting that Sm03(0001) potentially adopts a hexagonal crystal
structure on Ru(0001). However, this result does not yet fully confirm
the presence of the hexagonal phase due to the small size of the Sm»03
structures (Fig. 1) and the relatively large field of view used in LEEM and
the large illuminated area in the LEED measurements: A large number of
mirror domains would also yield the same averaged I(V) curves for
symmetrically inequivalent spots. Moreover, at the coverage of 30 ML of
Smy0s3, apart from the intense Sm»03(0001) pattern, additional frac-
tional order spots are observed (marked in yellow in Fig. 2d). These
superstructure reflections can be the result of local ordering of the ox-
ygen vacancies, which appear after the extensive growth of the samaria
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film. They have a periodicity of n/3 with respect to the first-order
samaria spot position. A similar effect was observed in the study of
the ceria/Ru system and its reduction by hydrogen [40].

In LEEM instruments, the diffraction spots from flat surfaces do not
move in the LEED patterns when changing the energy due to the con-
stant final kinetic energy in the imaging column. Examples with two
different energies are displayed in Fig. 3a and 3b. By comparing these
two images one can see that some diffraction spots, marked in yellow,
move with changing energy. In LEEM systems, this behavior is a clear
sign of inclined surface areas, in our case most probably side facets [29].
In order to extract more morphological information, we have performed
a detailed analysis of the reciprocal-space map in the SmyOs3
[001]—[110] plane, composed of a series of u-LEED patterns taken as a
function of electron energy [41,42] from 10 to 100 eV. Fig. 3c shows a
cut through this reciprocal-space map from the (—10) to the (10)
diffraction spot of Ru(0001), setting these Ru spots at a distance of
(2n/2.35) Al from (00) as calibration. The most intense
reciprocal-lattice rods (solid green lines) with a spacing of (2x/ 3.24)1&’1
are attributed to integer reciprocal-lattice rods of the Smy03(0001)
surface. Marked with dashed purple lines, we observe a second pair of
less intense vertical rods corresponding to the n/3 order of
Smy03(0001). The orientation of the abovementioned side facets can be
determined from the inclination angles of the related reciprocal-lattice
rods, while their absolute spacing correlates with the in-plane lattice.
In our case, tilted reciprocal-space rods (light-brown dashed lines) show
a spacing of (27/16.3) A1 and an angle of 48° (relative to the
Smy03(0001) direction). Therefore, they can be attributed to the pres-
ence of Sm303(113) facets in the hexagonal structure, with an expected
real-space periodicity of 16.5 A and inclination angle of 46.5°, in
excellent agreement with the experiment. Additionally, the intersection
between non-vertical lattice rods and the fundamental rods of a flat
surface at bulk Bragg peak conditions reflects the spacing between
Smy03(0001) planes [43]. The value of 12.1 [o\, obtained from the ver-
tical distance of this intersection, agrees with the expected value of
12.02 A.

The previous analysis strongly supports the conclusion of SmyO3
growing in the hexagonal A-SmyO3 phase on Ru(0001) at mild condi-
tions, which contrasts with previous reports using bulk powder samples
that only show stabilization of the hexagonal phase at high pressures
and temperatures. Indeed, the mild conditions used in this work (~1077
mbar and 690 K) highlight the critical role of the Smy0O3/Ru(0001)
interaction in the stabilization of this exotic structural phase.

Low-energy electron microscopy (LEEM) also allows to measure
changes in the work function of samples surfaces by scanning the start
voltage Vg applied to the sample and determining the transition between
mirror electron microscopy (MEM) mode, where all electrons are
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reflected before reaching the surface, and the LEEM mode, where they
interact with the sample. The transition between MEM and LEEM is
accompanied by a steep drop in the intensity of reflected electrons in the
I-V curve (intensity vs start voltage V), which depends on the surface
potential and the work function (WF) [32,44,45]. During the deposition
of Smy03 on Ru(0001), relative changes in the WF are observed (see
Fig. 4). Initial oxygen adsorption on the clean substrate surface increases
the work function to about 6.3 eV for 0.5 ML O coverage [46], subse-
quently decreasing after samaria deposition as a function of the total
coverage. After the deposition of the first 0.5 ML, a drastic change of 1.4
eV in WF could be identified. As the growth process is continued this
shift saturates, resulting in a WF of about 4.3 eV for Smy0s3. Similar
behavior was already observed after samarium deposition on different
substrates, such as Mo [16], Si [47], and Al303 [18].

3.2. Stability of hexagonal phase: transition from A-Sm203 to C-Sm203

In order to check the stability of the A-Sm203 phase, the sample was
kept at an O, background pressure of 510”7 mbar and cooled down to
350 K, preventing any further contamination of the sample surface.
Fig. 5 shows a time-dependent sequence of I(V) curves that have been
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Fig. 5. (a) Respective sample area investigated in measurements of (b). (b) Evolution of I(V) spectra of Smy03/Ru(0001) with the time while keeping the sample
350 K (black/gray). Comparison with the calculations of cubic and hexagonal phases (brown and purple). Orange: Ruthenium substrate with chemisorbed oxygen
adlayer (2 x 1)-O. I(V) curves taken from the area as indicated by the white rectangle in the LEEM image (a). (¢) Changes in the work function with the time after the

end of the deposition, sample kept at 350 K.

recorded up to 40 h after the end of the evaporation. In detail, the I(V)-
LEEM analysis offers a fingerprint to identify the local atomic structure
by comparing the experimental curves with those obtained from refer-
ence structures, thus providing a local dynamic evolution study of the
sample morphology [32]. The bottom, orange I(V) curve is assigned to
clean Ru(0001) with 0.5 ML of chemisorbed oxygen, which, as previ-
ously shown, is formed after initial exposure to Oy [38] and before
Smy03 deposition. The black lines show the evolution of the Smy03/Ru I
(V) curves, starting from measurements during deposition and finishing
40 h after the evaporation was completed. The first measurements
labeled O h and 1.5 h, i.e. taken just after the deposition and 1.5 h later,
respectively, show robust bumps at electron energies around 6 and 9 eV.
Gradually, a moderate decrease of those features is observed, while at
the same time, at 12 eV the reflectivity increases. After 40 h, these three
bumps show a similar intensity, decreasing the relative depth of the
valley at around 7.5 eV.

To achieve a more detailed interpretation, we have compared the
experimental data with the theoretical reflectivity curves calculated
using ab initio scattering theory from crystalline surfaces as summarized
in the methodology section. The calculations have been performed for
the cubic C-Sm303 and hexagonal A-SmyOs3 systems (top brown and
purple curves in Fig. 5b, respectively). We observe that an intense
feature at 12 eV characterizes the hexagonal phase, while the cubic
structure shows a broader bump composed of three maxima at 6, 9, and
12 eV. At the early stages of growth, the noticeable features at 6 and 9 eV
could be related to metallic samarium that fully oxidizes with time.
Furthermore, by directly comparing the experimental and theoretical
curves, we can interpret the changes from t = 14 h in a gradual transition
from the hexagonal to cubic phase. We should note here that the pre-
viously described analysis of the data presented in Figs. 2 and 3 showing
the hexagonal arrangement of SmyO3 was done using p-LEED patterns
measured 14 h after deposition, precisely when the characteristic bump
at 12 eV of the hexagonal phase is more pronounced. Moreover, after 40
h, the experimental I(V) curve resembles the I(V) curve calculated for
the cubic phase, indicating a gradual structural change. Finally, as has
been extensively discussed already [48-50], the work function, surface
energy, and crystal orientation are strongly correlated. The continuous
relative change of the WF by 1.3 eV after 36 h shown in Fig. 5¢ supports
the notion that a structural change occurs in the samaria film after
stopping the evaporation.

To confirm the transition from hexagonal to cubic phase (probably
not completely, but rather into a mixture dominated by the cubic
structure), we have performed dark-field (DF) imaging. In this mode, a

non-specular diffraction beam is used for creating the real-space image,
so only the surface regions contributing to the overall intensity of the
selected LEED spots will appear bright, establishing a direct correlation
between real and reciprocal space features. The DF measurements pre-
sented in Fig. 6 were performed between 36 and 40 h after the end of the
deposition, at the time when the transition between hexagonal and cubic
phases was mostly finished (as shown by I(V) curves in Fig. 5b). In order
to check the correlation between real and reciprocal space, we adopted
the following procedure: First, the reference bright-field (BF) image was
collected ( Fig. 6b), where all sample regions appearing bright signifi-
cantly contribute to the high (00) beam intensity at this given electron

after 36h

Intensity (a.u.)

) e

hexagonal

L
10 12 14 16 18

Electron energy (eV)

20

g\

500nm

Fig. 6. a) Low-energy electron diffraction pattern acquired after samarium
oxide growth (E = 42 eV). The reflections of Sm,03 are labeled. b) Bright-field
(BF) LEEM image and c) composite image consisting of BF image (in (b)) and
two DF- LEEM images recorded using Sm,O3 reflections marked as (1) (red-false
color) and (2) (blue-false color). All those features of the BF image that do not
coincide with marked samaria islands in the DF images are shown in green-false
color in (c). d) I(V) curve of Smy;03; marked with arrows in (b-c), taken 36 h
after deposition, compared with calculated curves from hexagonal and
cubic phases.
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energy. Next, a false-color DF image is created using first-order re-
flections of the samaria lattice (marked in red and blue in Fig. 6a),
highlighting the possible orientation of the features and the 3-fold and 6-
fold symmetry associated with the cubic and hexagonal phases,
respectively.

In more detail, DF images of cubic SmyO3 are only expected to be
derived from LEED spots taken in three-fold symmetry arrangement, i.e.
either red (1) or blue (2) circles. Indeed, the false-color composite image
in Fig. 6¢ shows some features colored in red and blue exclusively
associated with those diffraction spots, respectively, confirming the
existence of a three-fold symmetry consistent with the cubic structure.
Furthermore, some features are bright in all DF images, overlapping in
the composite image (purple color). This behavior points to the six-fold
symmetry and suggests that some particles have retained their hexago-
nal phase. The previous observations are confirmed in Fig. 6cc and d by
local I(V) curves taken from individual islands (see arrows in Fig. 6d and
c; curves, arrows and islands share the same colors). Red and blue
islands present I(V) curves similar to the calculated cubic phase curve,
whereas those curves taken from the purple islands present a more
pronounced bump at 12 eV while the intensity at 6 and 9 eV decreases,
which based on our calculations is characteristic of the hexagonal phase.
Intriguingly, the composite of all DF images cannot reproduce the
bright-field image: all regions that appear bright in the BF image and do
not appear in any DF image, i.e., they do not contribute to the main
samaria LEED spots, are colored in green in Fig. 6¢. Although the I(V)
curve from these regions resembles the theoretical one from the cubic
phase, it also presents a slightly different shape, suggesting that these are
Smy0s3 islands grown with different orientations on the Ru(0001) sub-
strate and which exhibit small structural differences, e.g., a slight vari-
ation in oxygen content. This finding is in contrast to the results of an
analogous LEEM/XPEEM study of the related system CeO2(111)/Ru
(0001), where azimuthal rotations of the ceria islands were not corre-
lated with any noticeable differences in the respective I(V) curves [38].

Finally, local XAS-PEEM measurements were performed to deter-
mine the oxidation state of samaria and check for possible variations in
the near edge X-ray absorption fine structure spectra (NEXAFS). The
latter technique is also sensitive to the local atomic environment
because of variations in the crystal field symmetry or ligand-cation hy-
bridization [51]. Fig. 7a displays the LEEM image taken with FoV of 2
um where the local XAS spectra were measured, distinguishing between
bright (blue spectra) and dark (red spectra) regions. The photon energy
was tuned through the Sm My 5 and Sm Ny 5 edges, as shown in Fig. 7a
and b, respectively. On the one hand, the Sm My 5 edge spectra indicate
that samaria is fully oxidized to Sm3* [52,53] (Sm203) on every part of
the sample, without traces of Sm2t [54,55] or metallic Sm. This result
discards possibly significantly different degrees of oxidation that could
influence the I(V) curves, highlighting the structural origin of those
changes. On the other hand, Sm Ny s5-edge exhibits visible changes in the
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spectra when measuring the brighter and darker regions (the displayed
spectra have been normalized after linear background subtraction),
which supports the structural analysis of the u-LEED and I(V)-LEEM data
pointing to slight changes in the local environment of the Sm atoms.
Although a comprehensive quantitative study through multiplet simu-
lations [56] is beyond the scope of this work, it should be noted that
previous reports [57] have shown that different surface orientations of
single crystals lead to a similar variation of the absorption spectra. In
particular, nonresonant inelastic hard x-ray scattering (NIXS) spectra
across the Sm Ny 5 edges of samarium compounds display a directional
dependence, especially in the dipole transition region. In addition to the
discussed differences in the absorption curves, there also exists a sig-
nificant variation in the I(V)-LEEM curves extracted from the two re-
gions marked in Fig. 7a, similar to those already shown in Fig. 6,
confirming the existence of local variations of the Sm cations environ-
ment while retaining the Sm®* oxidation state. The differences between
Sm My 5 and Ny 5 edges spectra could be related to the occupation (or
mixing) degree of the 4f/5d states. For ceria, its I(V) curve is known to be
strongly affected by a change in 4f occupation as it affects the nature of
the unoccupied 5d states that largely determine the shape of the I(V)
curve in this energy range [36]. Consequently, if samaria behaves
similarly to ceria, then the different behavior of the XAS datasets pre-
sented in Fig. 7 could hint toward a stronger influence of the unoccupied
5d states on the Sm Ny 5 absorption spectrum as compared to the one
recorded at the Sm M, 5 edge.

4. Conclusions

The growth and stability of samarium oxide on Ru(0001) grown by
reactive physical vapor deposition were studied using high-resolution
low-energy electron microscopy (LEEM), diffraction (p-LEED), and X-
ray absorption spectroscopy carried out in photoemission electron mi-
croscopy mode (XAS-PEEM). Through a detailed LEEM and pLEED based
structural analysis, our results show the formation of hexagonal A-
Smy03 islands during growth, in contrast with the usual stabilization of
monoclinic and cubic phases at mild conditions for bulk samaria, i.e.
powders and single crystals. The initial formation of the hexagonal
phase can be explained by the strong influence of the substrate. These
Smy03(0001) islands exhibit a hexagonal (1.38 x 1.38) LEED pattern
with respect to the Ru(0001) substrate, which is consistent with an
essentially unstrained bulk-like samaria structure. In addition, certain
azimuthally rotated domains are identified, indicating that there are
different configurations of how samaria can form a coincidence lattice
with the underlying Ru surface. Furthermore, the formation of the exotic
hexagonal phase at mild conditions was confirmed by comparing be-
tween experimental and theoretical (00)-beam I(V) curves from ab initio
scattering theory for the cubic and hexagonal structures. Reciprocal-
space maps extracted from energy-dependent p-LEED patterns showed
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Fig. 7. a) LEEM image of the region where Sm M, 5 (b) and Sm N4 5 (¢) XAS spectra were taken at 350 K. The red and blue squares in (a) indicate the local regions
from where the XAS spectra have been extracted (displayed with the same color). For sake of clarity, the spectra have been shifted vertically.
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the existence of (113) side facets of the hexagonal phase.

By keeping the sample at 350 K, we observe a gradual transition from
the hexagonal to the more stable cubic phase, as confirmed by the I(V)
curves. In particular, DF-LEEM analysis reveals a mixture of islands with
C-Sm03 and A-SmyOs3 phases. Despite these local structural changes,
samaria remains fully oxidized, as confirmed by local XAS data collected
near the Sm My 5 edge, whereas the Sm Ny 5 spectra have been shown to
be more sensitive to local variations in the Sm cations environment.

The unexpected initial growth in the A-Smy03 hexagonal phase with
distinct side facets and its gradual transition to a mixture with cubic C-
SmyO3 highlights the complexity of the system and the critical role of the
substrate in the stabilization of phases that for bulk samaria were pre-
viously shown to be stable only at very high pressures and temperatures.
Besides, these results highlight the potential interactions that Sm could
have with other catalytic compounds (e.g., the host material and sub-
strate) and the influence of the preparation conditions.
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