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The atomic-scale properties of lanthanum-—strontium manganite (La;_,Sr,MnOs_; LSMO) surfaces are of
high interest because of the roles of the material as a prototypical complex oxide, in the fabrication of
spintronic devices and in catalytic applications. This work combines pulsed laser deposition (PLD) with
atomically resolved scanning tunneling microscopy (STM) and surface analysis techniques (low-energy
electron diffraction — LEED, X-ray photoelectron spectroscopy — XPS, and low-energy He® ion
scattering — LEIS) to assess the atomic properties of Lag gSrg2MnO=(110) surfaces and their dependence
on the surface composition. Epitaxial films with 130 nm thickness were grown on Nb-doped SrTiOx(110)
and their near-surface stoichiometry was adjusted by depositing La and Mn in sub-monolayer amounts,
quantified with a movable quartz-crystal microbalance. The resulting surfaces were equilibrated at

700 °C under 0.2 mbar O,, i.e., under conditions that bridge the gap between ultra-high vacuum and the
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Accepted 31st August 2020 operating conditions of high-temperature solid-oxide fuel cells, where is used as the cathode. The
atomic details of various composition-related surface phases have been unveiled. The phases are
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Introduction

Lanthanum-strontium manganite (La;_,Sr,MnO;_; or LSMO) is
a complex transition metal oxide with exciting promise for diverse
technological applications. Its excellent thermal stability, carrier
mobility, and redox abilities, as well as its widespread availability
and environmental friendliness have appointed LSMO as the
prototypical cathode material for solid-oxide fuel cells** and as a
viable and cheap catalyst for methane combustion and NO oxida-
tion.>® Because of its half metallicity and colossal magnetoresis-
tance, LSMO is also employed in spintronic applications.”™ Last
but not least, the subtle interactions of spin, charge, orbital and
lattice degrees of freedom of LSMO produce a rich phase diagram
including doping- and thickness-dependent metal-to-insulator
transitions, as well as (anti)ferromagnetic-to-paramagnetic transi-
tions,””™ which can be exploited to achieve new functionalities in
well-controlled thin-film heterostructures grown by pulsed laser
deposition (PLD)."***

The surface properties of LSMO are crucial in all these areas:
it is at surfaces that the most relevant reactions, processes, and
interactions that largely drive applications take place. For
instance, high-temperature solid-oxide fuel cells are limited by
the efficiency of O, activation at the surface of LSMO.> This and
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other surface reactions are affected by a complex interplay of
effects that include: (i) crystallographic orientation and surface
morphology;**>® (ii) grain and twin boundaries;*** (iii) inter-
action with water and other gases;*** (iv) surface composition,
which may be affected by exsolution of Sr-rich phases;*™° (v)
electronic properties, such as the relative alignment of the band
structures of surface species and reactants,**® and the oxida-
tion state of Mn,*3” which is in turn tied to both the A-site
doping (i.e., the La/Sr ratio)*®*** and the oxygen content;**
(vi) point defects such as oxygen vacancies;* and (vii) the
coordination chemistry of the surface species, as suggested by
recent studies on the simpler relative of LSMO, SrTiO;.* Only by
disentangling the above effects can one unravel and ultimately
govern the relevant processes occurring at the surface of LSMO.

To this end, it is essential to obtain a precise control over,
and knowledge of, the geometric and electronic structure of
LSMO surfaces and of their composition, supported by appro-
priate theoretical modeling. However, the nature and role of the
surface structures of LSMO are to date virtually unexplored,
both experimentally and computationally. With rare excep-
tions,*® this extends to most quaternary oxides. Because of the
lack of experimental input on the surface structures, processes
occurring at the surfaces of multi-element oxides like LSMO are
most often modeled based on bulk terminations.* However, this
is a crude oversimplification of reality: the many available
surface science studies on binary oxides and pioneering studies
on ternary oxides*~>* have demonstrated that their surfaces
rarely show a bulk termination. Instead, they tend to exhibit
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a variety of reconstructions with remarkable structural and
electronic variability as a function of oxygen content and cation
stoichiometry. Their building blocks consist of face-, edge-, or
corner-sharing (truncated) octahedra and tetrahedra.*®*55-5®
Their arrangement and bonding, as well as the concentration of
point defects at the surface, vary strongly depending on the
surface composition and on the environmental conditions, and
will consequently affect the surface chemistry of the mate-
rial.****% Moving to quaternary oxides like LSMO, the
complexity is only expected to increase, and so does the need to
understand how the surface composition affects the surface
atomic properties of the material.

The first step is to obtain reliable experimental data. To this
end, one can employ the same surface science approach that
has been successfully applied to unveil the surface structures of
simpler binary and ternary oxides.>” This approach relies on
single-crystalline samples with well-defined physical properties
and atomically controlled surfaces, which are explored in ultra-
high vacuum (UHV). When single crystals are not readily
available, as it is the case for LSMO, bulk-like epitaxial thin
films offer a sound alternative. However, growing multi-element
films that are thicker than a few nanometers and display the
desired stoichiometry as well as the smooth surfaces required
for atomic-scale investigations has proven to be challenging. In
the case of LSMO, the film morphology—along with its
composition, and transport and magnetic properties—was
shown to depend heavily on the growth conditions,**® and
atomically flat surfaces were achieved only after finely tuning
the growth parameters.®®®>%”*® Even then, the attempts of
imaging LSMO surfaces at the atomic scale have been unsuc-
cessful, possibly because of the widely reported segregation of
SrO at LSMO surfaces,*”*”* although some authors have also
blamed charge delocalization.*®”>

This work unveils for the first time the atomic-scale details of
LSMO(110) model surfaces, relying on well-defined LSMO(110)
films grown by PLD on UHV-prepared SrTiO3(110) substrates.”
In the past, both the (001) and (110) orientations of SrTiO; have
been used for growing LSMO.*%2¢%7274 The (110) LSMO/SrTiO;
interface is particularly attractive, as it lacks the polar disconti-
nuity present at the (001) interface, and it has been hailed as
a model system for investigating coupling and charge transfer in

(a) Lao.gSro.2Mn0O3

(b) Side view
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transition-metal-oxide heterostructures.”**”*
single-crystalline films of =100
Lay gSro,MnO; composition (of interest for solid-oxide fuel cells)?
were obtained after optimizing the PLD parameters. This work
discusses the atomic-scale details of the surfaces of these films,
focusing on the surface reconstructions that are stable at
elevated temperatures (700 °C) and O, pressures (0.2 mbar), and
on their dependence on the surface cation composition. Note
that these values of pressure are well beyond what is normally
used for UHV investigations, and bridge the gap between UHV
and the operating conditions of LSMO-based solid-oxide
electrolyzer/fuel cells (the chemical potential of oxygen at the
temperature and O, pressure used in this work amounts to
Ho = —1.42 eV, and is very close to the one found in high-
temperature solid-oxide fuel cells; e.g., uo = —1.40 eV at 900 °C
and 200 mbar O,). Notably, despite the relatively harsh condi-
tions and in contrast to other reports, no segregation of Sr-rich
phases is observed. The experiments were conducted in a UHV
setup combining PLD with scanning tunneling microscopy
(STM), low-energy electron diffraction (LEED), X-ray photoelec-
tron spectroscopy (XPS), and low-energy ion scattering (LEIS).
The analysis has revealed that LSMO(110) displays several
composition-related reconstructions, which can be reproducibly

Atomically flat,

nm thickness and

prepared and reversibly transformed by depositing sub-
monolayer amounts of Mn or La from the corresponding oxidic
targets (followed by equilibrating in O,). Quantitative relation-
ships between the reconstructions were established by using
a movable quartz-crystal microbalance (QCM)” specifically
designed for this purpose. The reconstructions are characterized
by distinct structural, compositional, and electronic properties,
and vary in their ability to accommodate the deposited cations.

Fig. 1 shows the bulk structure of the La, gSro ,MnO; system
explored in this work. Fig. 1(a) shows a 3D representation of the
bulk structure of LSMO. The structure is rhombohedral
[ar = 5.4732(2) A, ax = 60.5120(2)°],”® but can be viewed as
pseudocubic, ie., a distorted version of the ideal cubic symmetry,
with lattice parameter a,. = 7.7702(2) A, and angle between lattice
vectors of 90.4420(2)° [only half of the unit cell along (001) is
shown in Fig. 1(a)].” Crystallographic directions given in this work
are based on this pseudocubic lattice. The skeleton is built by
perovskite “cubes” with sides a = a,./2 = 3.8851(1) A hosting A

(c) Top view

[001]

[100] =55
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Fig. 1 Bulk structure of Lag gSro,MnOs. (a) Perspective view of the bulk-truncated (001) orientation of Lag gSrg 2MnOs. The pseudocubic unit cell is
outlined in grey. (b and c) Side and top views of the bulk-truncated (110) orientation. The direction perpendicular to the (110) surface in panel (b) is
given in round brackets because there is no integer-index vector perpendicular to (110) planes. In panel (c), the lengths reported for vectors a and
b assume a pseudomorphic relationship between the LSMO(110) films and the SrTiO3(110) substrate. These values are used throughout the text.
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cations (Sr or La) at the corners and octahedrally coordinated Mn
(B site) in the center. Differently from the ideal cubic perovskite,
the octahedra are slightly rotated and tilted in alternating direc-
tions [see black arrows in Fig. 1(a) for the tilt], resulting in a peri-
odicity twice as large as that of the unit cell of the ideal cubic
system along (001). The side and top views of bulk-truncated
LSMO(110) surfaces, of interest in this work, are shown in
Fig. 1(b and c), respectively. The side view shows that LSMO(110) is
polar, having planes of opposite charge (+8e per bulk unit cell
assuming fully ionic species) alternating along the direction
perpendicular to (110) planes. The top view highlights the (110)
surface unit cell: it is twice as long in the [001] direction as the unit
cell of a cubic perovskite, and identified by unit vectors a and
b along [001] and [110], respectively.

Experimental
Experimental apparatus

The LSMO films were grown in a UHV PLD setup (base pressure
below 1 x 10~ '° mbar after bake-out) fitted for high-pressure and
high-temperature growth experiments (up to 1200 °C, 1 mbar while
performing reflection high-energy electron diffraction—RHEED).*
The PLD chamber is equipped with a doubly differentially pumped
TorrRHEED gun (STAIB Instruments GmbH, 35 keV beam energy),
used to monitor RHEED oscillations during growth. The substrate
is heated by using a collimated continuous-wave infrared laser
directed on the back of the sample through a hole in the sample
plate. High-purity O, (6N, further purified with an SAES purifier) is
dosed via a leak valve. The PLD chamber is attached via a small
transfer chamber to a surface science system (base pressure below
5 x 10~ '" mbar) with facilities for STM (SPECS Aarhus 150 used in
constant-current mode, and measuring empty states, ie., positive
sample bias U), LEED (Omicron), XPS (non-monochromatic dual-
anode Mg/Al Ko source, SPECS Phoibos 100 analyzer, normal
emission), and LEIS (1 keV He*, =1.5 nA mm 2, 132° scattering
angle, 42° incidence angle; SPECS IQE 12/38, beam mono-
chromatized with a Wien filter).

LEIS data

LEIS is an extremely surface sensitive analysis technique: it
provides information about the composition of the very topmost
layers of the sample.”® Since LEIS induces a gentle, albeit unpre-
dictable sputtering of the surface as well as ion-beam-induced
mixing, the sample was re-prepared after each LEIS acquisition
by means of one cycle of sputtering—annealing, plus deposition of
appropriate amounts of Mn (followed by O, annealing) to restore
the original reconstruction (as judged by LEED and STM). Each
LEIS spectrum shown in this work corresponds to the average of 20
consecutive scans with a total acquisition time of 10 min. Peak
intensities from LEIS spectra were evaluated after subtraction of
linear backgrounds. The peak area ratios obtained from the
measured peak intensities do not include corrections due to
different scattering cross sections or neutralization probabilities.
Because of the challenges in background subtraction in LEIS
spectra of metal oxides as a result of reionization,** absolute values
should be taken with caution.

This journal is © The Royal Society of Chemistry 2020
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XPS/Auger data

The intensities and positions of the Al-Ka-excited XPS peaks
were evaluated with CasaXPS after subtraction of a Shirley-type
background. For the evaluation of core-level shifts and Auger
parameters, peak positions were obtained by fitting Gaussian-
Lorentzian [GL(30)] line shapes to Mn 3s, O 1s, and
Mn L;M,3M,5 spectra; an asymmetric line shape [LA(1.9, 3.2,
60)] was used for Mn 2p;,. Errors in the peak positions were
derived by the automated Monte Carlo procedure available in
CasaXPS, combined with linear error propagation, and multi-
plied by a factor of 2 to represent 95% confidence intervals.

STM acquisition

The STM images were always acquired at room temperature, in
constant-current mode, and measuring empty states (positive
sample bias U). Electrochemically etched W tips were prepared by
indentation in the film and/or by applying voltage pulses. STM
images were then acquired after moving to a different spot on the
sample.

Film growth

The optimized films were grown from an LSMO target (see below
for details) on SrTiO;(110) single crystals, at 700 °C under an O,
pressure of 4.2 x 10> mbar, with 1 Hz repetition frequency,
a laser fluence of 2.2 J cm ™2, and a spot size of 1.22 mm?®. After film
growth, the temperature and O, pressure were maintained for
10 min to anneal the sample. The film thickness, estimated from
RHEED oscillations, was about 130 nm. The surface composition
of the films was adjusted by PLD deposition of controlled amounts
of La and Mn from La,O; and MnO targets, respectively [unless
otherwise specified, always at room temperature (RT), at 0.2 mbar
0,, with a laser fluence of 1.8 ] cm > and 2 Hz repetition frequency,
followed by =45 min post-annealing at 700 °C, 0.2 mbar O,, and
ramp down 60 °C min " while keeping the same O, pressure]. The
doses were calibrated via deposition on a movable QCM crystal,
specifically designed for this purpose as described in ref. 77. Before
growth, the same area of the target that was later used for the
growth was pre-ablated at the growth conditions (i.e., at the same
pressure and fluence) by raster-scanning the target in the UV laser
beam so that each spot was hit at least 10 times. During pre-
ablation, the sample was kept in an adjoining chamber to avoid
unintended deposition of material. The as-received SrTiO;(110)
substrates  (CrysTec ~GmbH, 0.5 wt%  Nb,Os-doped,
5 x 5 x 0.5 mm’®, one-side polished, and miscut <0.3°) were
cleaned and mounted as discussed elsewhere.” They were
prepared in UHV to exhibit a mixed (4 x 1) and (5 x 1) surface
reconstruction” (checked with STM and LEED; cleanliness always
checked with XPS prior to the LSMO growth). The results pre-
sented here were quantitatively reproduced on
(>5) LSMO(110) films.

several

PLD targets

The LSMO target was home-prepared, aiming to obtain better
purity than commercially available products (99.9%).
Appropriate amounts of lanthanum oxide (99.999%,

J. Mater. Chem. A, 2020, 8, 22947-22961 | 22949
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Sigma-Aldrich), strontium carbonate (99.995%, Sigma-
Aldrich), and manganese(u) acetate tetrahydrate (99.999%,
Alfa Aesar) were thoroughly mixed in an agate mortar, pyro-
lyzed in a Pt crucible, and ground to a fine powder in an agate
mortar. After calcination (1 h, 1000 °C in air), the powder was
isostatically pressed at RT in a hydraulic press (400 MPa; 4.3 g
of powder for a cylindrical silicone mold of 16 mm inner
diameter, 6 mm height, and 2 mm wall thickness), and then
sintered in an alumina-tube furnace (1 h, 1450 °C, ramp rate
3 °C min~', and flowing O, atmosphere - 99.995% pure; the
pellet was hosted inside a Pt crucible, completely embedded
in non-pressed powder, and protected by a Pt lid). The target
was mounted with UHV-compatible epoxy on the target
holder, and then polished with SiC abrasive paper and n-
octane (water-free solvent—the target was also re-polished
before any new deposition). The target was phase pure as
judged by X-ray diffraction (XRD, not shown), with 98.3% of
the ideal density (buoyancy measurements), and with
99.996% purity, as measured by inductively coupled-plasma
mass-spectrometry (ICP-MS); its composition was slightly
A-site deficient [(Lag.79ST¢.21)0.06Mn0O3, ICP-MS], consistent
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with the amounts of the precursor powders used. Similar
procedures and tools were employed to synthesize the MnO
target. The MnO powder (3.2 g, 99.99% purity, Alfa Aesar) was
isostatically pressed, and then sintered for 2 h at 1250 °C in
a N, : Ar = 24 : 76 mixture. XRD (not shown) revealed the
phase to be 95% MnO, plus 5% Mn;0,4. The mass density was
87.9% of the theoretical density of MnO. The target was
polished with SiC paper and ultrapure water, and mounted
similarly to the LSMO target. La was deposited from
a commercial La,O; target (China Rare Metal Material Co.,
Ltd.; nominal purity better than 99.99%). Due to its high
sensitivity to water, this target was always stored in UHV, and
polished with water-free solvents only.

Results

Aiming to shed light on the surface atomic properties of
LSMO(110) and on how they depend on the surface cation stoi-
chiometry, sub-monolayer amounts of Mn and La were deposited
on atomically flat and stoichiometric LSMO(110) films from MnO
and La,O; targets followed by high-pressure annealing (=45 min,

)
'E' [001]

(as) 110 eV

o

(ds)

Fig. 2 Surface phase diagram of LaggSrg>MnOs(110) as a function of near-surface stoichiometry. The stable surface reconstructions of
LSMO(110) are shown as they appear in STM (top row, 40 x 28 nm?; middle row, 12 x 12 nm?) and LEED (bottom row). The reconstructions have
been obtained by depositing sub-monolayer amounts of La or Mn on atomically flat LSMO(110) films at RT, followed by O, annealing at 700 °C,
0.2 mbar for 1 h. The bottom axis reports the relative doses of Mn cations (uncertainties are indicated in parentheses), which were established as
detailed further below. One monolayer (ML) is defined as the number of Mn sites in an (AMnO), plane of LSMO(110), i.e., 4.64 x 10** cm™2. The
(1 x 1) surface in panel (ap) and the (2 x 1) surface in panel (d;) are shown with two different STM tip terminations. The unit cells are highlighted in
the close-up images and in the LEED patterns. Enlarged versions of the atomic-scale STM images are shown in Section S1.1

22950 | J Mater. Chem. A, 2020, 8, 22947-22961 This journal is © The Royal Society of Chemistry 2020
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700 °C, and 0.2 mbar O,, see the Experimental section). At each
deposition step, the corresponding changes were studied with
STM, LEED, XPS, and LEIS. It is worth mentioning that the
evolution of the surface structures has not been investigated
systematically as a function of the Sr content (see the Discussion
for more comments on this point). Fig. 2 summarizes the stable
surface reconstructions of LSMO(110) that have been identified
with this approach, as seen in atomically resolved STM images
(top and middle rows) and in the corresponding LEED patterns
(bottom row). The reconstructions are displayed as a function of
cation composition (bottom axis), which has been established as
detailed below. Deposition of Mn and La with PLD is the most
reliable method to select a specific surface termination among
those shown in the phase diagram, but it is not the only one: Ar"
sputtering (plus O, annealing) removes Mn (and oxygen) prefer-
entially over A-site species, and can thus also be used to move
towards the left-hand side of the phase diagram. It is likely that
the preferential removal of Mn by Ar' is a consequence of pref-
erential sputtering of oxygen that is a well-established effect on
oxides:* among the undercoordinated cations left behind, Mn
and Sr preferentially re-evaporate over La because of their higher
vapor pressure,® and Mn is preferentially removed over Sr
because of the higher oxygen affinity of Sr.

The following analysis identifies the characteristic building
blocks of each structure and discusses their geometric arrange-
ment and periodicity, setting the stage for building the corre-
sponding structural models in the future. Note that, because STM
images contain both topographic and electronic information, it is
generally not straightforward to provide a one-to-one relationship
between features observed in STM and the geometric position of
atoms. The following discussion proceeds from A-site rich
towards B-site rich reconstructions, as achieved by depositing Mn
in PLD (followed by O, annealing). If not specified otherwise, the
same qualitative observations hold true when moving in the
opposite direction by depositing La (or by Ar" sputtering), and the
transitions between the reconstructions are reversible.

1x1)

The (1 x 1) structure is the leftmost (ie., most A-site rich)
reconstruction of the phase diagram in Fig. 2. It reproduces the
periodicity of the bulk-truncated LSMO(110), ie., a cell twice as
long in the [001] direction as the unit cell of a cubic perovskite
oxide. The (1 x 1) periodicity is apparent from both the LEED
pattern of Fig. 2(a;) and the STM images of Fig. 2(a,). The rect-
angular unit cell [yellow in Fig. 2(a,), 7.8 x 5.5 A?] is defined by the
unit vectors a and b running along the [001] and the [110] direc-
tions, respectively. STM shows two common appearances of the
surface, as achieved with two distinct (yet unknown) tip termi-
nations. Two protrusions per unit cell are always observed [cor-
responding to one protrusion per (110) unit cell of a cubic
perovskite], with a corrugation of =25 pm across the [001]-
oriented rows. Depending on the tip termination, all protru-
sions may appear identical [main (a,) panel], or every other feature
along the [001] direction may appear brighter (inset). A few defects
(the number depends on the preparation conditions) are present,

This journal is © The Royal Society of Chemistry 2020
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as indicated by the cyan and white arrows in Fig. 2(a,). They are
imaged as dark and bright features at the lattice positions.

Deposition of Mn causes a phase separation of the surface:
discrete patches of the (n x 2) superstructure of Fig. 2(b,) form and
coexist with the remaining, structurally unchanged (1 x 1) areas.
With more Mn deposited, the (n x 2) patches become more
numerous and grow in size. Depending on the tunneling conditions
and on the tip termination, the apparent height of the (1 x 1) phase
may appear as either higher or lower than that of (n x 2), suggesting
that the apparent contrast is most likely of electronic origin.

(nx2)

The (n x 2) structure is poorly ordered, and is characterized by
a large number of structural defects. However, a few building
blocks can be identified. Lines of “boomerang” features
[marked by yellow “J”-shaped lines in Fig. 2(b,)] run along the
[110] direction. These boomerangs are separated from one
another by 2b. This two-fold periodicity along [110] is also
visible in the LEED pattern of Fig. 2(b;) as a faint horizontal line
(highlighted by an arrow) midway between integer-order spots.
Two boomerangs, mirrored by a [110] line, enclose two sites
marked by circles and “+” symbols in Fig. 2(b,). These sites may
appear as depressions, or they may be occupied by a single,
bright dot, or by a feature elongated along the [001] direction.
The entities consisting of two boomerangs and the enclosed
features are referred to as “blocks”. Two orientations of the
blocks, mirrored by a [001] line, are generally present on the
surface [Fig. 2(b,) shows only one of them]. Adjacent lines of
blocks are separated by n = 2, 3, or 5 lattice units along a, and
can be stacked in phase (i.e., with no shift along [110]), or can be
shifted by one b lattice vector. “Linker” structures connecting
adjacent rows of blocks correspondingly appear aligned along
[001], or as a zig-zag line, as outlined in Fig. 2(b,). The large
variety of possible combinations within the (n x 2) surface
(internal structure of blocks, spacing between adjacent lines
along both in-plane directions) is the cause for the poor order of
the structure. This is also reflected in the LEED pattern of
Fig. 2(bs), which shows an increased intensity along the [001]
direction in-between integer-order spots rather than well-
defined maxima. As a consequence, a single well-defined unit
cell cannot be identified.

The (n x 2) reconstruction can only be prepared in mono-
phase form when La is deposited starting from the “fishbone”
reconstruction of Fig. 2(c;). When depositing Mn on a (1 x 1)-
reconstructed surface, small, disconnected patches of (n x 2)
initially form that coexist with the remaining (1 x 1) areas, but,
upon further deposition, they do not grow big enough to fill the
whole surface: they soon transform into the fishbone recon-
struction described below, such that (1 x 1) and fishbone areas
coexist. This hysteretic behavior suggests that the (n x 2)
reconstruction may be a metastable phase.

Fishbone

The periodicity of the so-called “fishbone” surface can be
derived from the LEED pattern in Fig. 2(c3), overlaid with its
simulated pattern.®* It can be expressed in matrix notation as

J. Mater. Chem. A, 2020, 8, 22947-22961 | 22951
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bg,
Eafb+2(b+a)

Fig. 3 Transition from “fishbone” to (2 x 1). (a—e) 12 x 12 nm? STM images revealing a continuous transition from the “fishbone” to the (2 x 1)
reconstruction with increasing Mn concentration. (f—h) Sketches of the main structural changes during the transition from panel (a) to panel (c).
Red arrows in (g and h) are oriented along [110]. The rotation of the dashed connecting lines in panel (g) with respect to the [110] direction is
=10°. By depositing more Mn, the superstructure periodicities change from ag, = +4a + 5b [panels (a, b) and (f, g)] to ag, + n(b £+ a), withn =1 at
moderate Mn doses, and n = 2 at larger deposited amounts (the two signs correspond to the two mirror-symmetric domains). These periodicities
are indicated in the sketches of panel (h). The angles between the [110] direction and the dashed lines connecting rings in panel (h) are =4.5° and

=4° for n =1, 2, respectively.

®)-( 90

where the vectors a, b, and ag,, bg, identify the unit cell of the
(1 x 1) reconstruction and of the 13-times bigger unit cell of the
fishbone, respectively [see the close-up STM image in Fig. 2(c,)].
Because the angle between ag, and by, is different than the one
between a and b, it is not possible to express this periodicity in
Wood's notation. Two mirror domains contribute to the
complex LEED pattern, as seen in Fig. 2(c;) (the superlattice
matrix of the second domain can be obtained by changing the
sign of either column). The details of one of these domains are
shown in Fig. 2(c,), where bright rows parallel to bg, are visible,
crossed by short lines parallel to ag, (dashed yellow lines).
Between two adjacent bg, rows, two sets of six-membered rings
can be seen (outlined in yellow). In the bg, direction, these sets
are shifted with respect to each other by bg,/2, and rotated in
plane by 180°. One of the vertices of each ring coincides with the
endpoint of a short line parallel to ag, (dashed). The closest four
vertices of two neighboring rings form a rectangle [also high-
lighted in yellow in Fig. 2(c,)] that has the shape and dimen-
sions of a (1 x 1) unit cell, albeit rotated by =10°.

Fig. 3 illustrates the transition between the fishbone and the
(2 x 1) structure. The transition is continuous and without any
phase separation, exposing different reconstructions with
common structural building blocks. In Fig. 3, STM images of
the structures (top row) are accompanied by the corresponding
sketches (bottom row).

For small Mn doses [Fig. 3(b and g)], minor changes are
observed in the initial fishbone structure of Fig. 3(a and f). The
structure has the same shape and size of the unit cell, and retains
the main features of the fishbone, i.e., bright ridges (long, yellow
arrows along by,) and rows of rings along bg, coupled by rectangles.

22952 | J Mater. Chem. A, 2020, 8, 22947-22961

The only difference is in the structures that connect the rings with
each other across the bright ridges. In the structure of Fig. 3(b), two
additional features are introduced at the positions indicated by the
white arrows in Fig. 3(a). This causes an apparent rotation towards
[110] of the “connection lines” (dashed) between the rings, now
connecting next-nearest-neighbor rings rather than nearest
neighbors [compare the sketches in Fig. 3(f) and (g)].

Further deposition of Mn [see Fig. 3(c and h)] increases the
spatial periodicity of the superstructure and produces longer
connecting lines (now appearing as either continuous or
dotted) that again exhibit different rotation angles close to the
[110] direction [see sketches in Fig. 3(h) and caption]. Two
structures with different periodicities, shown in the sketches
of Fig. 3(h), tend to coexist at the surface, the one with larger
periodicity being predominant on Mn-richer surfaces. As
a result of the many possible shifts required to create the two
coexisting superstructures, the surface appears increasingly
disordered in this regime as the Mn dose increases. Eventually
the rings disappear [see Fig. 3(d)], and the connecting lines
locally appear as alternating dotted and continuous lines [oval
in Fig. 3(d)], parallel to, or slightly rotated with respect to
[110]. Finally, small, bright features appear on top of the
continuous line, which grow longer with more Mn deposited,
until the (2 x 1) surface of Fig. 3(e) is formed. As the structures
of Fig. 3 tend to coexist at the surface rather than forming
monophase phases, determining the corresponding Mn
coverages is not trivial.

(2 x1)

The periodicity of the (2 x 1) surface is seen in LEED [Fig. 2(d;)]
and in STM images acquired at high bias voltages [empty
sample states, above 1.8 V, see Fig. 2(d,)]. The structure consists

This journal is © The Royal Society of Chemistry 2020
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Mn-rich side:
Beyond the (2 x 1)

»
x>,

La-rich side:
Beyond the (1 x 1)

Fig. 4 La-rich and Mn-rich surface structures beyond the phase
diagram of Fig. 2. (a; and a,) 100 x 100 nm? and 12 x 12 nm? STM
images (U =2V, Iy = 0.2 nA) of a surface of LSMO(110) La-richer than
the (1 x 1) reconstruction. The periodicity of the (1 x 1) surface is
largely preserved, but additional bright features aligned along the [110]
direction appear. (b; and b,) STM images (again 100 x 100 nm? and
12 x 12 nm?) of surfaces Mn-richer than the (2 x 1) surface structure.
While the majority of the surface (black circle) retains the (2 x 1)
reconstruction, some patches (white circle) exhibit bright lines as in
the 12 x 12 nm? STM image of panel (b.).

of dotted lines with an alternating apparent height, all oriented
along the [110] direction. The brighter lines (larger apparent
height) appear fragmented, and shifts by b/2 can be present in
the whole structure. Notice that at low bias voltages the surface
commonly appears as in the top part of the STM image of
Fig. 2(d,), where both lines show a similar apparent height—
a tip change made the bottom part of Fig. 2(d,) appear as in
Fig. 2(d,). This suggests that the difference in the apparent
height observed at high bias voltages has significant electronic
contributions.
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Further deposition of Mn starting from a (2 x 1)-recon-
structed surface results in other structures not included in the
phase diagram of Fig. 2 [see Fig. 4(b)]. It is worth mentioning
the challenges in preparing a monophase sample with the
(2 x 1) reconstruction: at times, limited patches of the surface
reconstruction described in Fig. 4(b) were observed before
realizing the monophase (2 x 1). This difficulty is possibly due
to kinetic limitations at the conditions used during post-
deposition annealing.

Beyond the phase diagram of Fig. 2

Fig. 4 shows LSMO(110) surfaces that are richer in La or Mn
[panels (a) and (b), respectively] than those reported in the
phase diagram of Fig. 2. Deposition of La on the (1 x 1) surface
[Fig. 2(a)] induces the formation of [110]-oriented chains of
protrusions with a typical separation of 2b, appearing white in
the STM images of Fig. 4(a). Depending on the tunneling
conditions and/or the tip termination, the chains can also be
imaged as depressions (not shown). The (1 x 1) structure is
otherwise preserved. Because the A-site signal in XPS and LEIS
is higher than on (1 x 1)-reconstructed surfaces (not shown), it
is reasonable to assume that the bright protrusions correspond
to (La,Sr)O, complexes. Such features can also be obtained with
sufficiently long Ar' sputtering (followed by O, annealing)
starting from any of the structures shown in Fig. 2 (the
Mn-richer the initial structure, the longer the sputtering time
required).

Fig. 4(b) reports instead the typical morphology observed
upon deposition of Mn on the (2 x 1) surface of Fig. 2(d). The
majority of the surface preserves the (2 x 1) appearance [black
circle in Fig. 4(b,)], but patches of a new structure are formed
[white circle in Fig. 4(b,); close-up image in Fig. 4(b,)]. The new
(m x 1) structure consists of bright lines of different widths and
separations, all oriented along the [110] direction. For small
doses of Mn, narrow lines such as those labeled by “n” in
Fig. 4(b,) form and patch together. As the Mn dose increases,
wider lines [“w” in Fig. 4(b,)] are also formed, which tend to be
sandwiched by the narrow lines in a narrow-wide-narrow
arrangement. As the amount of Mn increases further, this
reconstruction covers an increasingly larger fraction of the
surface, at the expense of the (2 x 1) areas. However,
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Fig. 5 Relative compositions of the LSMO(110) surface structures. (a) LEIS spectra of the (1 x 1) (orange), fishbone (grey), and (2 x 1) (black)
structures. (b) Mn-to-A-site area ratios from LEIS. Full circles: values extracted from the spectra in panel (a). Open circles: subsequent acquisition.
Arrows show the change of the ratio caused by the slight sputtering/mixing induced by the LEIS He* beam. (c) Mn 2p-to-La 4d peak area ratios

from XPS.
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a monophase sample with this (m x 1) superstructure was never
observed, likely because deposited Mn species stick less on
Mn-richer surfaces, as is elucidated in Section S2.7

Relative compositions

As one moves along the phase diagram (deposition of Mn or
La plus O, annealing), the reconstructions appear increasingly
Mn-richer from the left- to the right-hand side of Fig. 2, both
from LEIS [Fig. 5(a and b)] and from the analysis of the intensity
of XPS core-level peaks [Fig. 5(c) - sample spectra are provided
in Fig. S4f]. Thanks to the sufficiently large compositional
differences, both techniques allow one to identify any given
surface reconstruction. On the other hand, the La 4d/Sr 3d XPS
intensity ratios are identical (within the error bars) for all the
phases of Fig. 2, and no apparent trend in the La-to-Sr ratio is
visible from the available LEIS spectra.

In LEIS, the Mn-to-A-site area ratios on (1 x 1)- and (2 x 1)-
reconstructed surfaces differ by more than one order of
magnitude, while the changes in the XPS signal are less
dramatic [Fig. 5(b and c)]. This indicates that the Mn-rich
surfaces have their Mn mainly in their top-most layers, while
the layers below (still within the probing depth of XPS) are
closer to an AMnO; stoichiometry. This notion is supported by
prolonged LEIS acquisition. Fig. 5(b) compares two sets of
consecutive acquisitions on each reconstruction (each acquisi-
tion corresponds to the average of 20 consecutive spectra; full
and open circles correspond to the first and the second acqui-
sition, respectively). The Mn signal decreases over time on the
fishbone and on the (2 x 1) structures. This is because He" ions
cause a mild sputtering and intermixing in the near-surface
region (roughly 10 nm according to a SRIM®* calculation),
preferentially removing the abundant surface Mn species from
the very surface. In contrast, the Mn signal of the (1 x 1) surface
increases over time, possibly because Mn species are less
abundant at the top surface layer (if at all present), and Mn
atoms in the subsurface are made accessible with longer LEIS
acquisition as a result of the mild sputtering/mixing. This
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behavior suggests that the (1 x 1) phase belongs to another
family with respect to the other structures of the phase diagram
of Fig. 2.

The bottom axes of Fig. 2 and 5(b and c) show the relative
composition of the surface structures in terms of monolayers
(ML) of Mn cations. As discussed in more detail in Section S2 of
the ESL,T this calibration has been achieved by:

(i) Evaluating the number of laser pulses to be shot on the
MnO target to move between adjacent reconstructions. Notice
that this evidenced pronounced differences among the different
surface phases of LSMO(110) in the sticking/re-evaporation
probability of the deposited species. The effective amounts of
material needed to move between the reconstructions were
evaluated by accounting for these effects.

(ii) Obtaining the growth rate of Mn atoms under the given
conditions. This has been achieved by means of a specially
designed QCM:”” incremental amounts of manganese oxide
were deposited on the QCM from the MnO target, and the
corresponding mass growth rate was derived from a linear fit of
the data. After deriving the composition of the deposited film
with XPS (MnO,), a growth rate of (1.97 + 0.03)x 10> ML of Mn
per pulse was derived.

(iii) Translating the effective number of pulses shot on the
MnO target (i) into ML of Mn, by using the growth rate from (ii).

Electronic properties

To gain insights into the electronic properties of the surface
phases of LSMO(110) presented in this work, the distance
between Mn 2ps3, and O 1s core level positions and the
Mn(2pss, L3M,y3Mys) Auger parameter were evaluated as
a function of surface composition. These two quantities, shown
in Fig. 6(a and b), respectively, yield information about the
oxidation state of Mn species at the surface, and about the
character of the metal-oxygen bonding among the different
surface phases of Fig. 2.

Most commonly, the oxidation state of Mn in Mn-
containing compounds is determined based on the shape of
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(@) Mn 2p3,> — O 1s core-level binding energy differences as a function of surface stoichiometry. The trend is consistent with a change in

the oxidation state of the Mn species at the surface. (b) Mn(2ps,,, LsM23My4s) Auger parameters of the different reconstructions of LSMO(110) films
as a function of surface stoichiometry. The trend is interpreted in terms of a change in the character of the metal—oxygen bonds at the surface,
increasingly covalent (and/or decreasing bandgap) as the Mn coverage increases.
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a few relevant peaks (see Section S2+t). This was not possible in
the present work, due to (i) the overlap of Mn 3s with Al Ka; 4-
induced La 4d satellites, (ii) the rather large full-width at half-
maximum of the Mn 2p peaks [see Fig. S4(b)f], and (iii) the
low surface sensitivity due to the normal-emission configu-
ration (grazing exit was precluded by the geometrical
constraints of the apparatus). Instead, the distance between
Mn 2p3/, and O 1s peaks was used for this purpose. Since this
quantity does not depend on band shifts with respect to the
Fermi level,® it is a good metric to gain information about the
Mn oxidation state. The values for reference manganese oxide
compounds in Table S11 show a clear decreasing trend of the
distance between Mn 2p;/, and O 1s peaks with decreasing
Mn oxidation state (i.e., increasing Mn content in the refer-
ence compound). A consistent trend is visible in Fig. 6(a),
suggesting that Mn-richer surface phases of LSMO(110) are
associated with lower Mn oxidation states. However, because
the XPS signals are dominated by bulk contributions (normal
emission setup, inelastic mean free path of =2 nm), the shifts
measured are much smaller than those that would originate
from the surface layers alone, and one cannot pinpoint the
absolute values of the oxidation state of Mn atoms at the
surface. The fact that a difference is even at all observed is
a strong indication that the different reconstructions are
characterized by different Mn oxidation states. Notice that the
absolute value of the shifts in Fig. 6(a) would indicate the
oxidation state expected for bulk LSMO, i.e., between +3 and
+4 (cf. Table S1t), consistently with the fact that the XPS
signals are dominated by bulk contributions.

The Mn(2p;/5, LsMy3M,5) Auger parameter in Fig. 6(b) shows
an approximately linear increase with increasing Mn enrich-
ment at the surface. Auger parameters are calculated as the sum
of the energy positions of a core level peak (expressed in binding
energy) and an Auger peak (expressed in kinetic energy), and
they effectively describe the extent to which photo-induced core
holes are screened by ligands (O) surrounding the ionized atom
(Mn) and by conduction-band electrons (resulting from the
ionization of cations).*” Efficient screening is typically achieved
in small-bandgap materials, where a large number of delo-
calized electrons are available to participate, and/or when the
metal-oxygen bonds have a strong covalent character. Hence,
the data in Fig. 6(b) suggest that the different phases of
LSMO(110) are characterized by increasingly covalent Mn-O
bonds and/or decreasing bandgaps as a function of Mn
enrichment. For completeness, the Auger parameters of oxygen
[O(1s, KL,3L,3)] and La [La(3ds/,, MNN)] were also determined
(not shown). These Auger parameters do not substantially
change with the Mn content at the surface. The absence of
a trend in the oxygen Auger parameter is at odds with the
correlation between metal and oxygen Auger parameters
observed for other oxide compounds.®®

Discussion
Structural, compositional, and electronic diversity

The experimental data presented here on the reconstructions of
LSMO(110) testify to their remarkable structural and electronic

This journal is © The Royal Society of Chemistry 2020
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variety as a function of surface composition. Importantly, each
reconstruction can be uniquely identified by its appearance in
STM and by its Mn-to-A-site content (as determined with XPS or
LEIS). This level of control over the single surface phases sets
the stage to isolate a few critical factors that are known/expected
to affect the surface reactivity of LSMO, namely its composi-
tion,* the surface atomic structure (through the surface coor-
dination chemistry),*” the Mn oxidation state,’” and the ionicity
of the metal-oxygen bonds. Notably, because the presented
phases are stable under conditions that bridge the gap between
UHV and the operating conditions of high-temperature solid-
oxide fuel cells, they are an ideal test bed to address the
oxygen incorporation driving these devices.*

While presenting the appearance of the surface structures in
STM, the building blocks of each structure and their geometric
arrangements have been identified and discussed. Among the
presented phases, the (1 x 1) structure [Fig. 2(a)] is a particu-
larly promising and appealing candidate for ab initio methods.
Not only does it show a comparatively simple appearance and
a small-enough unit cell, it may also be the first example among
complex perovskite oxides of a strongly A-site-rich reconstruc-
tion that is stable under close-to-realistic conditions. A-site-rich
structures are rarely resolved in perovskite oxide surfaces,*>*°
which rather tend to consist of one or two layers of B-site cations
coordinated to oxygen.*®** Nonetheless, the formation of A-site-
rich structures is often held responsible for the deactivation of
perovskite oxide surfaces in solid-oxide fuel cells.*>>** Obtaining
a structural model for an A-site rich surface such as the (1 x 1)
phase would be extremely valuable to better understand this
process. The A-site richness of the (1 x 1) structure is consistent
with the trend of the Mn Auger parameter as a function of
surface composition [Fig. 6(b)]. The comparatively small value
measured on (1 x 1)-reconstructed surfaces indicates an ionic
character and a large bandgap, which is expected for a surface
dominated by A-O bonds. Consistently, the Mn-richer struc-
tures are characterized by an increasingly more covalent
bonding environment.

Increasing the Mn content at the surface creates surface
reconstructions beyond the (1 x 1) phase, and more complex
structures with larger unit cells are encountered. Fig. 3 reveals
that one can move between these Mn-rich reconstructions via
a smooth transition in which common building blocks are
retained and whose relative arrangement changes as a function
of Mn content. Identifying these building blocks is the first step
to build quantitative structural models: the identification of
structural units and their relative arrangement has been crucial
to solve many of the surface reconstructions formed on (001)-,
(110)-, and (111)-oriented SrTiO; and related perovskite
oxides.?® Similarly to these systems, also the Mn-rich recon-
structions of LSMO probably consist of variously arranged
tetrahedra and octahedra. Notice that other multi-element
oxides (mostly ternary) besides LSMO(110) were shown to
display numerous and complex surface reconstructions
depending on the cation and/or oxygen stoichiometry.*4%1-5492
This suggests that the rich structural variety shown by the
LSMO(110) surface may be the rule rather than the exception
among multi-element oxides.

J. Mater. Chem. A, 2020, 8, 22947-22961 | 22955
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The XPS data in Fig. 6 show that the structural diversity
witnessed among the surface phases of LSMO(110) is accom-
panied by a similar variety in their electronic properties. The
trend in the binding energy difference of Mn 2p;, and O 1s
peaks [Fig. 6(a)] suggests that Mn-richer structures are associ-
ated with lower oxidation states of Mn. The fact that these
differences are present does not come as a surprise: the oxida-
tion state of Mn in A-doped manganites such as LSMO is
sensitive to the doping level***° and to the oxygen chemical
potential (i.e., the concentration of oxygen vacancies).** While
most generally a mixture of +3/+4 with variable ratio is
measured, +2 was also observed under reducing conditions at
the surface of LSMO films.**** Given the relatively large
compositional differences among the surface phases of
LSMO(110) (see the bottom axis of Fig. 2), differences in the
corresponding Mn oxidation state are to be expected.

Origin of the surface reconstructions

As seen from Fig. 1(b), the unreconstructed LSMO crystal is
polar along the (110) orientation, consisting of alternating
planes with a charge of +8e per unit cell (taking oxidation states
as charges, and neglecting the contribution of the small equi-
librium concentration of oxygen vacancies at 700 °C and
0.2 mbar O,, ie., =2 x 10~° of the O sites®®). Without any
polarity-compensating mechanism, this would result in
a diverging dipole moment with increasing crystal thickness,
ie., an unstable system.”® Realizing reconstructions with
appropriate net charge [—4e per unit cell on top of the (AMnO),
termination; +4e per unit cell above O, planes] could compen-
sate for this polar catastrophe.®*** The surface reconstructions
of other polar multi-element oxides, also related to one another
by differences of near-surface stoichiometry, have been inter-
preted this way.*®*%*%%* Generally, for the reconstructions to
bear the same charge per unit cell despite a change in cation
composition, the oxygen stoichiometry and/or the oxidation
state of the cations must change. For example, the polarity-
compensating reconstructions of SrTiO3(110) are distin-
guished by (i) different Ti-to-O compositions, (ii) different
coordination of the cations to the oxygen species,’* and possibly
(iii) slight differences in the oxidation state of Ti.”®

There is evidence that similar mechanisms are also at play in
LSMO(110): first, its reconstructions display clear composi-
tional differences. Moreover, the trend of the binding energy
difference between Mn 2p;/, and O 1s peaks indicates differ-
ences in the Mn oxidation states. The high quality of the
surfaces of these films will allow, e.g, performing X-ray
absorption spectroscopy to pinpoint the coordination and/or
the oxidation state of the surface species in the future.”

La/Sr content

The Sr doping level in LSMO is important to its performance: it
defines many of the bulk properties [LSMO undergoes metal-
insulator and (anti)ferromagnetic-paramagnetic transitions as
a function of Sr content, and also the crystallographic structure
depends on the Sr doping™], and can also affect surface reactivity.
Particularly critical for the operation of solid-oxide fuel cells is the
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widely reported segregation of Srrich phases under operating
conditions, which tends to degrade the oxygen exchange activity at
the surface.® Sr segregation and the formation of insulating Sr-rich
clusters is a very common phenomenon observed in LSMO and
other perovskite oxides under conditions comparable to those
employed in this work,**”® and it has been widely investigated,
both experimentally and theoretically.””** Notably, the films pre-
sented in this work do not show this phenomenon. XPS does not
indicate any substantial deviation of the La-to-Sr ratio from the
nominal composition in the near-surface region. Moreover, the
films neither show the expected Sr segregation nor the formation
of insulating, Sr-rich clusters upon prolonged (>5 h) annealing at
700 °C and 0.2 mbar O,: the A-site-to-Mn and the La-to-Sr XPS
intensity ratios stay unaltered, and the surface structures appear
unchanged in STM, always retaining atomically flat morphologies.
It is likely that the Sr segregation observed in polycrystalline and
textured films and in ceramic samples under comparable condi-
tions is due to grain and twin boundaries that favor Sr diffu-
sion,””® which are absent in the single-crystalline films presented
here. It is also possible that the epitaxial strain imposed by the
SrTiO; substrate has a role in suppressing Sr segregation.®'*

Regarding the La/Sr ratio among the different surface phases of
Fig. 2, there seems to be no evident trend as a function of Mn
content. As mentioned in the Results section, the La 4d/Sr 3d XPS
ratio among the surfaces of Fig. 2 appears unchanged within the
error bars (i.e., within =10%). However, this could be due to the
low surface sensitivity of XPS at the high kinetic energies where the
Sr 3d and La 4d peaks are found (=1350 eV and =1380 eV,
respectively). Similarly, the La/Sr LEIS intensity ratios show
a strong scatter (=50% of the average) without an apparent trend,
but it is hard to determine whether the measured differences are to
be assigned to slightly different sample treatments. Small varia-
tions in the La/Sr ratio in LEIS have also been observed among
surface structures that appear identical in STM. These differences
are likely due to different sample history that can alter the near-
surface composition (e.g., sputtering—annealing is preferential to
Sr over La). It is possible that small variations in the La/Sr ratio
(with the same Mn/A-site ratio) are compensated for by introducing
a small number of oxygen vacancies or by changing the oxidation
state of Mn, without changing the overall appearance of the surface
phase. A systematic investigation of the LSMO(110) surface as
a function of Sr content, by depositing Sr or SrO, accompanied by
a detailed characterization of surface point defects, would be
needed for an increased understanding of the effect of the La/Sr
ratio on the surface properties of LSMO(110).

Conclusions

This work breaks new ground regarding the surface character-
ization of quaternary oxides, focusing on the model (110)
surface of single-crystalline LSMO films. It shows that
LSMO(110) exhibits several surface phases that are stable under
conditions (700 °C and 0.2 mbar O,) that bridge the gap
between UHV and the operating conditions of high-temperature
solid-oxide fuel cells where LSMO is used as the cathode. These
surface phases were tuned by depositing La and Mn on atomi-
cally flat LSMO(110) films (followed by O, annealing), in
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amounts that were accurately quantified. A combined STM,
XPS, and LEIS analysis has revealed that the surface phases
differ substantially in their atomic structure, composition, and
electronic properties, and that they are differently prone to
accommodate deposited cations.

The abundant structural and electronic variety uncovered by
this study on a model quaternary oxide surface demonstrates
that the surface atomic details must be accounted for when
modeling surface processes on multi-element oxides. The
insights presented build the foundation for developing quan-
titative structural models, which are required to understand the
surface phenomena driving LSMO-based devices.
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