PHYSICAL REVIEW MATERIALS §, 125002 (2021)
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The lanthanide scandate materials are widely used substrates for thin film growth and the potential applications
of the LnScO; materials continue to grow with the recent ability to synthesize them as cuboidal faceted
nanoparticles. A comprehensive understanding of the surface structure and chemistry of these oxides is essential
for their informed application, either as single crystal or high surface area nanoparticle substrates. Here the {100}
pseudocubic surfaces of LnScO; (Ln = La, Nd, Sm, Gd) nanoparticles were examined with aberration-corrected
electron microscopy and higher-level density functional theory to reveal ScO, rich terminations across all
investigated surfaces. Mixed terminations of single and double layer nature were observed, indicating the
presence of multiple domains at the surface and introducing the possibility of synthetically controlling the surface

reconstruction in the future.
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I. INTRODUCTION

For metals and simple semiconductors such as Si, Ge, and
III-V compounds the surfaces are fairly well established. For
oxides less is known. While it is convenient to consider that
oxide surfaces are simple bulk truncations with perhaps some
oxygen vacancies, there is now overwhelming evidence that
this is rarely the case. The archetypal perovskite strontium
titanate has been extensively studied, and the double-layer
reconstructions [1] are now well established; an overview in-
cluding an analysis of how these oxides conform to Pauling’s
rules [2], which in its modern form is considered via bond
valence sums (BVS) [3-6], has been recently published by
Andersen et al. [7]. Knowledge of the surface structure is
critical in many areas: the surface plays a role in properties
such as chemical adsorption, in catalysis, and beyond. For
example, for LaTiO; films grown on SrTiO3 with a double
layer TiO, termination, the excess TiO, layer migrates to the
surface of the film [8].

Complicating understanding of oxide surfaces are issues
with how to prepare samples and avoid the highly reducing
conditions often encountered in vacuum, and also how to
determine the surface structure. Many techniques are surface
sensitive, but only diffraction or imaging based methods are
able to uniquely determine structures. Among these, high
resolution electron microscopy in the profile mode was one
of the first imaging methods used to solve surface structures
[9-11], and has seen a recent increase of interest [12—18] due
to improvements with aberration-corrected microscopes.

The lanthanide scandates have seen significant research
interest as epitaxial substrates for film growth [19-24], and
a recently developed technique to synthesize them as faceted
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nanoparticles [25,26] has expanded their potential to appli-
cations as high surface area supports. This paper focuses
upon determining the surface structure of lanthanide scan-
dates on these faceted nanoparticles using profile imaging
in an aberration-corrected microscope and coupling these
experimental results with higher-level density functional cal-
culations. It is relatively easy to satisfy valence neutrality in
oxides such as strontium titanate where all atoms have an
even valence. In contrast, the lanthanide scandates (LnScOs3)
contain cations with odd valence so there are less possibilities,
and simple bulk truncations are always polar so there are
significant open questions about the surface structure of these
materials.

The LnScO; materials typically adopt the Pbnm or-
thorhombic perovskite structure, which can be conveniently
described using two, stacked pseudocubic units defined by the
{110} and (002) planes in each unit cell. The atomic layers in
these directions are either ScO, or LnOT, and this uneven
valence makes a bulk termination impossible. These pseu-
docubic units have lattice parameters ranging from 4.05 A
for LaScO;3 [27] to 3.95 A for DyScO; [28], making the
library of lanthanide scandates excellent substrate candidates
for studying strain related phenomena in both noble metals
and various oxides (e.g., the generation of room temperature
ferroelectricity in SrTiO3 [22]).

Turning to LnScO3; nanoparticles in Fig. 1, the low order
pseudocubic faces dominate their surfaces indicating these
will drive observed surface properties and must be understood
for informed application of these substrates. The (110) surface
has been previously studied on commercially available (110)
oriented single crystals [29-32] and recent work revealed a
(1x1) double layer termination consisting of scandium and
oxygen, which was additionally observed on GdScOj3; and
DyScOj; nanoparticles [33]; however, this is a narrow window
of the accessible lanthanide scandate materials and surfaces.
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FIG. 1. Secondary electron image of NdScO; supported on lacy
carbon. Other LnScOj; nanoparticles were similar.

Here we expand this work to explore nanoparticle surfaces
of additional lanthanide cations including La, Nd, and Sm;
as well as the other pseudocubic face, the (001). While the
(001) and {110} planes are both major pseudocubic faces,
{100}, there are minor differences between the two in terms
of symmetry and octahedral rotations below the surface, indi-
cating both surfaces must be individually studied. The result
is a chemically, electronically, and structurally similar surface
across the majority of facets of LnScO3 nanoparticles, ideal
for systematic studies across multiple supports.

II. METHODS

The LnScO3; nanoparticles were synthesized using the hy-
drosauna method described by Paull ef al. [25,26] which
is a sol-gel process with a two-step heating cycle in a hu-
mid environment to promote faceting [34]. These samples
were observed using both scanning transmission electron
microscopy (STEM) and Cs/Cc corrected high resolution
transmission electron microscopy (HREM). The STEM was
performed on a Hitachi HD2300 operated at 200 kV using a
secondary electron detector to determine particle morphology.
HREM was carried out on the Argonne Chromatic Aberration-
corrected TEM (ACAT), a FEI Titan 80-300 modified with
both Cs and Cc image correction, operated at 200 kV. Profile
images [10] of the particle surfaces were obtained by orienting
the nanoparticles to either (100) or (110) pseudocubic direc-
tions. These images were then compared to simulations of
density functional theory (DFT) predicted structures using the
MacTempasX software package for multislice and nonlinear
imaging simulation with parameters matching ACAT working
conditions (200 kV, <15 pum Cg, 40-nm focal spread).

DFT calculations were performed to explore and relax
the atomic positions of various candidate surface structures
using the all-electron augmented plane wave+local orbitals
WIEN2K package [35,36] with on-site hybrids [37,38] and the
PBEsol functional [39]. As discussed previously [33,40—42],
the LnScOj3 system is adequately described using on-site hy-
brid fractions of 0.38, 0.50, and 0.80 for the Ln 4f, Ln 5d,

and Sc 3d orbitals, respectively, and muffin-tin radii of 2.02,
1.82, and 1.68 for the Ln, Sc, and O atoms respectively.
For the (001) double layer reconstructions we used a slab
of 200 unique atoms with a cell of 11.1x11.6x54.0 A, ap-
proximately 14 A vacuum, and a 2x2x1 k-point mesh for
the (2x2) structure. The (1x1) calculation used 51 atoms, a
5.5%5.8x54.0 A slab, and a 4x4x 1 mesh. The single layer
terminations were modeled on the (110) surface and used
a slab of 115 atoms, a cell of 70.3x8.0x8.0 A, approxi-
mately 20 A of vacuum and a k-point mesh of 1x4x4. All
calculations used P1 symmetry and a plane-wave expansion
parameter RKMAX of 6.0. DFT optimized lattice constants
were used throughout and the structure files can be found in
the Supplemental Material [43]. Atomic positions were min-
imized and converged using a quasi-Newton algorithm [44].
We utilized ferromagnetic ordering and did not treat spin orbit
coupling of the valence states (it is automatically included for
the core states).

III. RESULTS

Figure 1 is a representative secondary electron image of the
LnScO3 nanoparticles, showing their size and faceted nature.
Additional images of these faceted nanoparticles can be found
in Refs. [25,26]. The surface was found to contain a double
layer termination (Fig. 2) on a majority of the surfaces as
well as scattered regions of single layer terminations (Fig. 5,
discussed later). We will first discuss the double layer termi-
nation.

A. Double layer termination — (110) surface

HREM images of the particle surfaces in profile view
are shown in Fig. 2. Observed along a (110),. direction,
the double layer surface is clear and similar across the four
LnScO3; materials studied here. Multislice simulation based
on the reported (110) structure [33,41,42] is overlaid in
Fig. 2(c), demonstrating a reasonable match between the sur-
faces of nanoparticles and previously studied single crystals.
The simulation is for a total thickness of 45 nm, which is
approximately the sample thickness based upon the shape
of the nanoparticles; while it is possible to refine accurately
positions from profile images (e.g., Refs. [9,12]), this requires
thin samples which the synthesis did not produce. We should
note that simulations for higher thicknesses are known to be
less accurate since it is hard to correctly include inelastic
scattering as well as reduction in coherence due to phonon
scattering, as just two of what are known to be a limitation of
quantitative high-resolution imaging for thicker crystals.

The surfaces were also imaged down the (100) . directions
as shown in Figs. 2(e) and 2(f). While the double layer is not
so obvious along (100),. zone axes and the particle morphol-
ogy results in rather large thicknesses, the motif at the surface
is the same while the bulk motif has rotated 90 degrees indi-
cating a double layer reconstruction exists on both the (110)
and the previously unstudied (001) surface. For reference, the
images can be compared to the single-layer images shown
later in Fig. 5, and it is clear by inspection that they are very
different. A larger scale comparison of Fig. 2(c) is included
in the Supplemental Material [43], and also the ball-and-stick
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FIG. 2. Aberration corrected TEM images of nanoparticle surfaces. (a)—(d) are views along a pseudocubic (110) zone axis of LaScOs,
NdScO3, SmScO;, and GdScO; respectively. (e) and (f) are along a pseudocubic (100) axis of the similar (001) surface of LaScO; and the
(110) surface of GdScOs. Multislice simulation based on the predicted double layer structure is overlaid in (c) and shows a reasonable match,
and a ball-and-stick model is overlaid on (d) (red atoms are O, pink are Sc, and purple Gd). (d) and (f) are adapted and reproduced [33].

model in Fig. 2(d) along with its polyhedral representation.
The bulk of the structure does not simply project along the
beam direction, so the ball-and-stick models are never going
to be good representations compared to the polyhedral rep-
resentation; however the ball-and-stick model does allow for
easier visualization of the aligned rows of O and Sc atoms at
the surface.

B. Double layer termination — (001) surface

Because the images are projections along the beam di-
rection, there is some ambiguity about the atom positions
along this direction; it is unconditional that the surface has
a double-layer structure. To clarify this DFT was used to
explore potential double layer (001) surface reconstructions.
While similar, these surfaces are symmetrically distinct from
each other, and the (001) surface must be considered on its
own to explore any potential differences in the surface recon-
struction. Atomic arrangements with both (1x1) and (2x2)
symmetries that maintained the allowed valence neutral sto-
ichiometry and adhered to Pauling’s Rules, which have been
shown to apply to surface reconstructions [7], were assessed.
In effect the DFT is being combined with the constraints
of the experimental images, the absence of any larger unit
cell reconstruction as well as valence neutrality constraints
consistent with how the samples were produced.

Figure 3 shows the lowest energy solutions for both the
(Ix1) and (2x2) reconstructions of the (001) surface of
GdScOs;. These reconstructions are stoichiometrically identi-
cal and only vary in the positioning of the ScO, polyhedra,
which consist of ScOy4 (red), ScOs[] (blue, we include the “[]”
to indicate this unit is similar to a ScOg unit with a vacancy),
and ScOg (pink). Where the (1x1) is dominated by longer
rows of polyhedral units, those same polyhedra are periodi-
cally offset in the (2x2), allowing for more corner sharing
and Sc relaxation into the bulk where it can coordinate with
6 O atoms. This relaxation also affects the subsurface ScOg

units (gray), which are vertically stretched in the (1x1) but
more symmetric in the (2x2). As a result of these favorable
relaxations, the (2x2) structure is predicted to be lower in
energy by 549 meV per pseudocubic unit (this is denoted as
meV/PC unit hereafter, recall the full Pbnm structure contains
2 pseudocubic units).

The other potential polyhedral arrangements of the double
layer reconstructions are close in energy as shown in Table I
with corresponding crystallographic information files (CIFs)
in the Supplemental Material [43]. Multislice simulations of
the solutions labeled 2a, 2b, and 2e in Table I are also included
in the Supplemental Material (these structures were selected
to represent the two low energy solutions as well as one mod-
eled after the (110) double layer for comparison) [43]. They
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FIG. 3. DFT relaxed structures for the lowest energy (1x1)
[(a) and (c)] and (2x2) [(b) and (d)] reconstructions on the (001)
surface. (a) and (b) show plan view images while (c) and (d) show
the [010] view direction. Grey polyhedra are ScOg units in the bulk,
pink are ScOg at the surface, blue are ScOs[], and red are ScO,. The
purple atoms are Gd.
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TABLE 1. Energy differences compared to the minimum energy
structure of various surface polyhedral arrangements on GdScOs;.
Structures 2a-2g represent the (2x2) structures and la/lb are the
(1x1). Structures 2a-2d are translations of the low energy solution
in Figs. 3(b) and 3(d), and 2e-2g are motifs based on the solved
(110) structure, which is shown to be comparatively unfavorable on
this surface. Structure naming corresponds to the CIF files in the
Supplemental Material [43].

(2x2) structure Energy difference (meV/PC unit)

2a 0
2b 84
2¢ 191
2d 204
2e 3169
2f 3921
2¢g 5935
la 549
1b 908

are quite similar both to each other and to the (110) double
layer simulation overlaid in Fig. 2(c) as expected, though the
contrast at the surface of the (2 x2) simulations is more diffuse
than the (110) due to the atomic relaxations on the (001)
surface.

At room temperature k,T is approximately 25 meV, and
compounded with the added enthalpy and entropy of the
hydrosauna synthesis environment we propose the surface
contains either (1) combinations of short range domains of
structure 2a with some domains of 2b, or (2) the surface
is disordered with respect to which of the potential vacant
sites is occupied to achieve valence neutrality in a given area
while facilitating the favorable structural relaxations (though
a number of challenges exist in assessing (2) via DFT).

Figure 4 shows the projected density of states (pDOS)
of the Sc 3d orbitals delimited by polyhedral unit for the
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low energy solutions on GdScO; and NdScOs3, as well as a
comparison between the O 2p and Ln 4f surface and bulk
states. Considering the similarities between the LnScO3 mate-
rials in imaging, as well as the similarities between SmScOj3,
GdScO3, and DyScOj; [33] in DFT, we expect similar features
in all of the LnScO5; materials, and this is indeed the case. In
fact, when considering the Sc and O atoms in GdScOs; and
NdScOs, the surface states are more similar to each other than
to their respective bulk states. Note that the Ln 4 f shows very
little change between the bulk- and surface-most Ln atoms;
below the outermost surface layer, the structure is nearly con-
gruent to the bulk structure with minor positional relaxations,
and has almost the same electronic structure.

Compared to the pDOS of the (110) surface reported previ-
ously [33], the electronic structure is quite similar. The O 2p
and Ln 4f dominate the filled states in the valence band, and
the unoccupied states in the conduction band consist mainly
of Sc 3d states. Additionally, there is evidence of an in-gap
state (with respect to the bulk bandgap) in the unoccupied
Sc 3d approximately 4 eV above the valence band maximum
attributed to the tetrahedral ScO4 units (red in Figs. 3 and 4).
There is minimal difference between the DOS of the bulk and
the surface.

C. Single layer termination

A single layer reconstruction was observed alongside the
double layer, shown in Fig. 5. These half-unit cell steps only
appear sparsely in imaging; from HREM imaging we estimate
that ~10% of the synthesized surfaces have this single layer
termination. Visual inspection compared to the neighboring
atomic layers and reconstruction indicates a bulk-like termi-
nation, but a bulk single layer termination at the Sc O; layer
is not valence neutral. While valence neutrality for a surface
can be realized through methods such as adsorption (e.g., with
a H™), it can also be achieved here through the removal of
0.25 O atoms, or 1 O atom in a Sc;Og 4 unit of the surface.
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FIG. 4. Ln4f, Sc 3d, and O 2p pDOS from the (2x2) reconstruction on GdScO; and NdScO; (001). Black lines represent the innermost
atoms of the slab and show good agreement to bulk calculations [33]. For the Ln and O pDOS, the red lines indicate the surface atoms. In
the Sc pDOS, the red represents surface ScO, polyhedra, blue ScOs[], and pink ScOg (corresponding to polyhedral colorings in Fig. 3). The
occupied Sc 3d and unoccupied O 2p states are amplified by a factor of 10 as indicated for visibility.
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FIG. 5. Aberration corrected HREM of an LaScO; (001) surface showing a region of single layer termination in the center. Multislice
simulation based on the predicted structure for a thickness of 5 nm (this particular nanoparticle was quite thin at the surface with a sharp
increase in thickness moving into the bulk) is overlaid with a red outline and shows good agreement at the surface. A ball-and-stick model is
also overlaid and a magnified view is included on the left for visibility, outlined in blue.

This gives a surface chemistry of ScsO7 2, which reduces to
Sc O;g;js per pseudocubic unit, resulting in valence neutrality
when balanced with the subsurface LnO™ layer.

The potential oxygen deficient structures that maintain a
bulklike ordering (consistent with the images) were assessed
with DFT and the results are reported in Table II with cor-
responding CIF files in the Supplemental Material [43]. The
minimum energy solution is shown in Fig. 6(a) and multislice
simulation based on that structure is a good match to the ex-
perimental image at the surface (Fig. 5). It should be noted that
the structure shown in Fig. 6(a) is calculated on the (110) sur-
face, and we expect the (001) to be very similar but with slight
differences in polyhedral arrangement analogous to the double
layer (110) and (001) structures. The pDOS of the single layer
surface termination was also calculated and is reported in
Fig. 6(b). There are some differences that now appear in the
Gd 4f as it is closer to the surface. Additionally, there is a
shift in the valence band maximum due to occupied states in
the surface O 2p. Overall the changes are relatively small.

IV. DISCUSSION

Despite symmetry differences and varying octahedral tilts,
the (001) and (110) planes of the LnScO3 materials are similar
in terms of atomic positions and layer chemistry. Each plane
is either LnO™ or ScO; so comparable valence balancing
behavior for both surfaces is expected, and that is the case
with these surface terminations. Though minor differences
exist with regards to the exact atomic positions and occu-
pancies, the stoichiometry and electronic structure of these

TABLE II. Energy differences compared to the minimum energy
structure of the single layer reconstruction. Structures 1 and 2 are
essentially equivalent.

Structure Energy difference (meV/PC unit)
1 0
2 15
3 143
4 265
5 2478
6 2481

reconstructions are similar on both major pseudocubic faces
of these materials, regardless of the Ln cation. Atomic po-
sitions will shift as the lattice parameter and octahedral tilts
vary in magnitude, but the overall structure remains the same.
In application, these surfaces can be viewed as nearly identical
for all of the LnScO3 (110) and (001) surfaces.

Although the (2x2) structure has significantly lower en-
ergy than the (1x1), consideration of both structures yields
insight into the ways that surfaces minimize energy and why
the (2x2) is preferred. In the (1x1), symmetry constraints
lead to neat rows of polyhedra, but at the intersections of these
rows the polyhedral unit is surrounded and shares four edges.
The (2x2) staggers the ScOx polyhedra, which both allows
the ScOy units to relax into more favorable positions that favor
corner sharing and to coordinate with more oxygen atoms to
form ScOg units in the (2x2) that is not seen in the (1x1).
In addition to preferable polyhedral arrangement, this also
mitigates the vertical elongation observed in the subsurface
ScOg polyhedra in the (1x1).

Prioritizing corner sharing over edge and forming bulk
like polyhedra (i.e., ScOg vs ScOs[]) follow directly from
Pauling’s third and fifth rules [2,7]. While these relaxations
can be facilitated by regularly offsetting these rows as demon-
strated by the (2x2), it can also be achieved through irregular
changes in the occupation of these sites in a glass-like surface,
or a surface with many local domains.

The single layer reconstruction mixed with the double
layer on these nanoparticles is not surprising; complex oxide
surfaces such as SrTiO3 often show mixed surface reconstruc-
tions on the same surface [8,45,46]. Note that the surface
stoichiometry is different, so the two different terminations
do not compete; they can coexist without any scientific
issues. Varying synthesis methods and processing can prefer-
entially reconstruct these surfaces as well [12,32,47]. Previous
work on the (110) single crystal surface did not indicate the
presence of this single layer termination seen sparsely on
the nanoparticles; though the double layer is still the pre-
ferred termination, the single layer is favorable enough during
nanoparticle synthesis to coexist with the double layer.

One explanation for this is the varied atmospheres between
the two syntheses; while the nanoparticles are synthesized in
a humidified Ar atmosphere, the single crystals in the refer-
ence were treated in air at higher temperature [33]. Surface
adsorbates influence the preferred surface termination, and
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FIG. 6. (a) shows the DFT relaxed structure of the single layer reconstruction on GdScOj3, where the polyhedra are colored similarly to
Fig. 3. The pDOS is plotted in (b) using the same convention as Fig. 4. Again, the occupied Sc 3d and unoccupied O 2p states are amplified

by a factor of 10 as indicated for visibility.

even generate hydrated surface terminations in some material
systems such as MgO [48-50] and SrTiO; [51,52]. While we
do not claim here that the single layer termination is hydrated,
the presence of water in the synthesis environment can affect
the surface compositions. Since the presence of this mixed
reconstruction is influenced by the synthesis method, future
refinement of the synthesis may be able to preferentially form
either the single or double layer as the primary product.

A few other direct consequences of the results herein merit
mention:

(1) The fact that the same reconstruction occurs across
the LnScO; series removes one potential variable across the
series with the use of these materials as substrates for thin
film growth or as heterogeneous catalyst supports. This has
relevance in that for gold catalysts used for CO oxidation [53]
the adhesion varies minimally across the lanthanide series,
but the activation energy changes due to inductive effects
from the 4 f electrons. Work in progress indicates that for Pt
nanoparticles the lattice parameter and hence pseudomorphic
strain across the series matters.

(2) In principle, one could transition between the single-
layer and double-layer surfaces by varying the surface
chemistry, for instance by changing how the initial growth is
done. It may also be possible to transition by changing initial
annealing conditions, both time and temperature, as this will
effect surface segregation of point defects from the bulk.

(3) The presence of two ScO, layers must be carefully
considered when attempting to grow chemically controlled
thin films. Either (a) the double layer remains at the interface
as a second phase, different from what might be assumed
in epitaxial models; (b) the excess Sc diffuses into the film,
creating defects and altering the expected chemistry; or (c) it
acts as a surfactant layer for homo- or heteroepitaxial growth.

(4) While the surfaces herein on pseudocubic faces are
double-layer, they are significantly different from the (001)

double-layer reconstructions on SrTiOs. The later are built
around tiling of TiOs[] units [7,45,46], whereas herein the
surfaces contain these and also tetrahedral ScO,4 units, more
similar to SrTiO3 (111) surfaces [7,54].

(5) Again similar to the surfaces of SrTiO; and BaTiO;
nanoparticles [12,55,56], the nanoparticle reconstructions
here are comparable to their single crystal counterparts [33].
There may also be coexisting double-layer reconstructions.

(6) As mentioned earlier [33] for the (110) surfaces of
LnScO; (Ln = Gd, Tb, Dy) the surface structures described
herein should be general for all 332 perovskites. This we can
now extend to all the lanthanides, and also the (001) surfaces.

(7) Similar to (6), the single-layer structures can be as-
sumed to be general, iff the chemistry is controlled.

V. CONCLUSION

Through the theoretical and experimental study of LnScO;
nanoparticle surfaces, the major pseudocubic faces were
shown to share Sc rich surface reconstructions across the
lanthanide series. The most common structure seen is a Sc rich
double layer, with a mix of an occasionally observed single
layer surface termination.
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