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ARTICLE INFO ABSTRACT
Keywords: Molecular beam epitaxy growth of polar MgO(111) and NiO(111) films demonstrates that surface stabilization
Thin-film

of the films is achieved via the formation of neutral nano-faceted surfaces. First-principles modeling of the
growth of polar MgO(111) films reveals that the growth does not proceed layer-by-layer. Instead, the Mg or
O layers grow up to a critical sub-monolayer coverage, beyond which the growth of the next layer becomes
energetically favorable. This non-layer-by-layer growth is accompanied by complex relaxations of atoms both
at the surface and in the sub-surface, and leads to the experimentally observed surface nano-faceting of MgO
and NiO (111) films through formation of neutral nano-pyramids terminated by {100} facets. These facets
are limited in size by an asymptotical surface energy relation to their height; with the reconstruction being
much more stable than previously reported surface terminations across a wide range of growth conditions. The
termination offers access to lower coordinated atoms at the intersection of the neutral {100} planes whilst also
increasing the surface area of the film. The unique electronic structures of these surfaces can be utilized in

Polar-oxide
Electron microscopy
First-principles
Nano-faceting

catalysis, as well for forming unique heterostructures for electronic and spintronic applications.

1. Introduction

Polar metal-oxide surfaces are generally unstable, having very high
surface energies due to the large electrostatic contribution from the
presence of an electric dipole moment in the repeat unit. In a simplified
electrostatic picture, the ionic crystal along the polar direction can be
viewed as a stack of parallel oppositely charged planes; thus even for
thin polar films the electric dipole moment is huge, leading to the so-
called ‘polar catastrophe’. The electrostatic solution of this problem
is offered through various stabilization mechanisms, providing charge
modulation of the surface layers via surface atomic and electronic
reconstructions [1-3].

Epitaxial oxide growth is an area of technological importance be-
cause of the application of ultra-thin oxide films in modern electronics,
devices for energy production, catalytic materials, high-temperature
superconducting films, and other complex functional materials. Polarity
is the main challenge to overcome in the growth of polar oxide films
where controllable surfaces and interfaces on the atomic scale are often
required. While rock-salt metal-oxide thin films, such as MgO and NiO,
are routinely used for a number of applications, including spintronic
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devices, photovoltaics, and catalysis, a full understanding of the epitax-
ial growth along the (111) polar direction of these oxides has not been
developed, leading to limited application of the polar films. Past studies
of MgO(111) thin film growth have demonstrated that atomically flat
films, in the presence of H as a surfactant, are achievable [4]. The
stabilization of these films, in the bulk unreconstructed MgO(111)
surface structure, is due to surface OH termination [5]. However, the
epitaxial growth in the absence of surfactants at the microscopic level
is not yet fully understood.

In this paper, we present a joint experimental and theoretical study
that describes the epitaxial growth of the polar-oxide MgO(111) sur-
face, with emphasis on the physical phenomena that drives film growth
while also taking into account the O and Mg chemical potentials. It
is well known, from the finite-temperature phase diagram of various
oxides and alloys [6-8], that the chemical potential of constituents can
vary by several eV as a function of concentration. Most theoretical
studies, however, have focused on the stability and stoichiometry of
static surfaces in thermodynamic equilibrium [9-11]. Here, we show
that during homo-epitaxial growth of the polar MgO(111) surface there
is a variation of the Mg and O chemical potentials as a function of
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concentration, which is the driving force for continued growth. Since
the chemical potentials are a measure of each component’s contribution
to the energy of formation, the O(Mg) layer is relatively more binding
in Mg(O)-rich regions, and preferential growth of Mg or O on a surface
at a given stoichiometry is determined by their relative binding energy.
In the case of MgO(111) an O(Mg) layer begins growing on top of the
partially formed Mg(O) layer following a multi-layer growth pattern
as opposed to the expected strict layer-by-layer epitaxial (Frank-Van
der Merwe) growth mode. Despite the growth being multi-layered,
there is no intermixing of Mg and O atoms within each layer. The
surface and subsurface Mg and O atoms in MgO(111) films show large
relaxations, that are meta-stable in nature, as more layers are deposited,
the displaced atoms relax back into their respective ideal positions. As a
result, the roughness and defects, in the form of vacancies and adatoms,
are confined to a few layers on the surface, and the “bulk” of the film
is defect free and preserves the rock-salt FCC stacking sequence. These
calculations are consistent with the experimentally observed 3D growth
of the MgO(111) films during Molecular Beam Epitaxy (MBE) growth,
including the lack of full wetting layers. In addition, we show that
other MBE grown rock-salt oxides films, such as NiO(111), show the
same surface structure, consisting of nano-faceted pyramids truncated
by {100} type of surfaces, as the main surface stabilization mechanism.

2. Experimental methods

The MgO(111) and NiO(111) films were grown by MBE on 6H-
SiC(0001) and MgO(111) substrates, respectively. Preparation of the
SiC substrates was performed in the MBE chamber by heating to
900 °C under a flow of molecular hydrogen for 30 min. The MgO(111)
substrates were prepared ex-situ by heating to 1000 °C in an open
atmosphere for 1 h in a furnace before being transferred to the MBE
chamber. These substrates were chosen for the low lattice mismatch
they provide with the MgO(111) and NiO(111) films grown, 3% and
1% respectively.

In-situ characterization of the substrates by reflection high-energy
electron diffraction (RHEED) and low-energy electron
diffraction (LEED) showed a surface reconstruction and improved flat-
ness after hydrogen cleaning. The films were co-deposited by simul-
taneous exposure of the substrate to oxygen and either magnesium or
nickel vapors. Createc effusion cells set to 280 °C and 1300 °C were
used as sources of Mg and Ni atoms, respectively. Oxygen was provided
from the Oxford Applied HD-25 Oxygen Plasma source operating at low
power (less than 100 W). The oxygen pressure in the chamber was 106
mbar. The SiC substrate was heated by DC resistive heating and held at
500 °C, while the MgO substrate was held at 300 °C. After deposition
of the films, the samples were analyzed in-situ with RHEED and LEED.
Cross-sectional structural analysis of the films was performed by trans-
mission electron microscopy (TEM). The TEM specimen preparation
was done by conventional methods including mechanical thinning and
polishing followed by the precision ion milling process. TEM images
were acquired on a 200 kV JEOL 2011 TEM, and double aberration
corrected 2200FS JEOL TEM.

3. Computational methods

We model the homoepitaxial growth process of ultrathin MgO
films on self-standing unreconstructed polar MgO(111) slabs. This
is important even though the experimental growth is heteroepitax-
ial, since factors such as lattice mismatch and substrate roughness
would be excluded for promoting non-laminar growth. Calculations
were performed using the full-potential linearized augmented plane
waves method (FLAPW) as implemented in FLAIR with the generalized
gradient approximation (GGA) functional of Perdew-Burke-Ernzerhof
(PBE) [12-15]. Calculations for the surface are modeled by repeated
layers of Mg and O. The two surfaces of the slabs are identical to
maintain inversion symmetry and sufficient vacuum (greater than 15 A)
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is left between the two surfaces so that the surface-surface interactions
through both the vacuum and slab are negligible. The model growth
calculations use a 3 x 3 supercell of the (111) primitive cell with 9
layers for Mg-terminated and 11 layers for O-terminated MgO(111)
surfaces. For all cases, the calculated lattice constant a ;. = 4.19 A
(apex = 5.13 A) was used, and allowed full structural relaxations
until the forces were smaller than 0.0005 htr/a.u. (~0.025 eV / 1°\).
The Brillouin zone integration was performed with a 5 x 5 x1 k-
point grid. Since epitaxial growth is a non-equilibrium technique that
involves a flux of species onto and from the surface, the method of ab-
initio thermodynamics, suitable for investigation of equilibrium surface
reconstructions, is not suitable for modeling growth. Therefore, we
adopted a different approach, as follows. The chemical potential of the
constituent species in a system (bulk/surface/interface) is defined as
the energy required to add a single atom of a constituent species to the
system, i.e.

(%9
/41 - 0}1[ Tp

G (N, + 4n;,N;) = G (N, N;) — 4n,G?
An;

i

= EMs )

where G(N;, N;) is the Gibbs free energy of a system with N; and
N; atoms of constituents i and j, respectively, E,?’ds is the adsorption
energy of i and G? is its energy per atom in the bulk (reference)
phase. The Gibbs free energies are approximated by the total energies
from DFT calculations, ignoring vibrational entropy contributions for
simplicity. Here, uo and py, are referenced to half the energy of
molecular oxygen and the energy of metallic Mg, respectively, which
directly equates chemical potential to adsorption energy. Therefore, in
the thermodynamic limit, the chemical potential of species i is given as
the finite difference approximation of the Gibbs free energy per atom of
systems with N; and N; +4n; number of atoms of i, keeping the number
of atoms of all other species constant. Eq. (1) explicitly shows that the
chemical potentials of the components in a system are dependent on
its instantaneous stoichiometry, even though the external conditions
remain constant. We approach the problem of describing layer-by-layer
growth by calculating the adsorption energy E2% for a single Mg or O
atom at different surface coverage. If the adsorption energy (chemical
potential) is negative then the growth of that particular species is
favorable, otherwise it is not.

The faceted surface reconstruction of MgO and NiO is modeled using
vasp and PAW-PBE potentials [16-19]. The structures were prepared
with a 4 X 4 reconstructions on either side of the surface slab. The
cell consisted of 23 layers in total, with the reconstruction requiring 9
layers. For NiO an effective Hubbard U parameter of 5.3 eV was used
as this parameter and functional were shown to describe the ground
state of bulk NiO as well as (100) surfaces well [20]. The surface
energy calculations were performed relative to bulk NiO and MgO
cells consisting of the same number of atoms and identical a-vector
and b-vector to the reconstructed supercell, as well as an isolated H,O
molecule in the case of the OH-terminated surface. As in the previous
calculations, a 15 A vacuum gap was used to reduce the interaction
between the repeated images.

4. Experimental results

Fig. 1a shows the RHEED pattern of the SiC(0001) surface along the
[112] direction. The streaky RHEED pattern indicates atomically flat
substrate surface. In contrast, the RHEED from the grown MgO(111)
film surface (Fig. 1b) consists of transmission spots aligned along with
the expected positions of the [112] film streaks, which indicates a 3D
island growth of the MgO film, i.e., formation of a rough/faceted film
surface. Morphology and orientation of the MgO(111) film facets is
determined by undertaking LEED and TEM studies of the MgO films.
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Fig. 1. RHEED, LEED and TEM images of MgO (111) thin films on SiC (0001). (a)
RHEED pattern of the SiC(0001) surface along the [11-2] direction. (b) RHEED from
the grown MgO (111) film. (c) LEED from the film acquired with beam perpendicular
and (d) sample tilted to 54.7°. (e) Bright-field TEM image with larger field of view
displaying a sharp interface between the MgO film and the SiC substrate, and (f) the
faceting of the film surface with nanometer-scale features. (g) HRTEM image of the
faceted surface, the angle between faceted planes and the (111) planes is outlined,
showing the {100} terminated facets in (d).
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Fig. 2. The adsorption energies of (a) additional Mg adatoms, and (b) single O adatom
as a function of Mg coverage on an O-terminated (1 x 1)-MgO(111) surface; of (c)
additional O adatoms, and (d) single Mg adatom as a function of O coverage on an
Mg-terminated terminated (1 x 1)-MgO(111) surface. Vertical dashed lines in (a) and
(b) show the Mg coverage at which an O adatom becomes more binding (on the
incomplete Mg layer) than a Mg adatom. Similarly, vertical dashed lines in (c) and
(d) show the O coverage at which Mg adsorption (on the incomplete O layer) is more
favorable than O adsorption. The green and red dashed lines in (a) and (c) are the
average per atom of all the additional adsorption energies. Coverage here is relative
to the (3 x 3) supercell and as such full coverage is 9 atoms.

The LEED pattern recorded with the incident electron beam di-
rected along the normal of the surface is shown in Fig. 1c. A six-fold
diffraction pattern, as expected from a MgO(111)—(1 x 1) surface, is
clearly observed. However, when the energy of the electron beam is in-
creased, the diffraction spots move outwards, indicating that observed
hexagonal pattern might also originate from trigonal faceted surface
islands. Indeed, when the specimen was tilted by 54.7°, we observe a
LEED diffraction pattern with square symmetry. The specific angle of
rotation brings (100) type surface facets in a position normal to the
incident electron beam, hence the observed square symmetry of the
LEED pattern in Fig. 1d.

A direct confirmation, in real space, of the LEED results, and overall
film morphology is further provided by cross-sectional TEM of the
grown MgO(111) film. The bright-field image at low magnification re-
veals a sharp interface between the MgO film and SiC, Fig. 1e. The sin-
gle crystal structure of the grown film and the epitaxial crystallographic

Applied Surface Science 596 (2022) 153490

relation of the film and substrate is given by MgO(111)||SiC(0001) and
MgO(112)||SiC(1120). A close view of the surface (Fig. 1f) shows the
faceted nature of the MgO(111) surface. The HRTEM image of the MgO
surface (Fig. 1g) provides visualization of the atomic planes of the film
surface along [110] direction. The angle between the faceted surface
planes and the (111) planes (54.7°), corresponds to the expected angle
between (111) and (100) planes. These results directly confirm the
RHEED/LEED results, and clearly show that the polar MgO(111) film
growth mode is 3D, and that the surface faceting into nano-pyramids
is determined by neutral {100} type of planes. Next we present the
modeling associated with the MgO(111) growth in order to elucidate
the driving force behind the observed surface faceting, and further
show that nano-faceting into neutral surfaces is inherent to the polar
film growth process.

5. Growth modeling

Numerous previous studies have applied atomistic thermodynam-
ics approaches based on density functional theory (DFT) to describe
systems in thermodynamic equilibrium, taking into account the effect
of the atmosphere or “environment” (e.g. a gas phase of one or more
species) through the chemical potential [21-28]. In thermal equilib-
rium, the chemical potential, which is the driving force for growth, can
be related to the partial pressure and temperature of the growth, and as
such the chemical potential can be controlled externally, for example,
by choosing the appropriate temperature and oxygen partial pressure.
Hence the relative stability of static surfaces with different stoichiome-
tries and in thermodynamic equilibrium with separate reference phases
can be estimated by searching for the configuration with the lowest
Gibbs free energy. Epitaxial growth, on the other hand, is a highly non-
equilibrium technique that involves a flux of constituents onto and from
the surface that is undergoing a continuous change in stoichiometry.
MgO(111) consists of alternating layers of Mg and O in the fcc ABC-
type stacking along the [111] direction. As a result, bulk-terminated
MgO(111) is not charge neutral, and has a non-zero dipole moment
along the surface normal. The first question we address is which of
the various available sites for adsorption of Mg(O) atoms on O(Mg)-
terminated surfaces are energetically favorable, i.e., what stacking
sequence is preferred. For the case of Mg adsorption on an O-terminated
surface with O occupying the A sites and the subsurface Mg atoms in B
sites, the C site is preferred over the B site by 0.23 eV/atom at the start
of Mg-layer growth, and by 8.2 eV/atom and 2.3 eV/atom at a one-
third and two-third Mg coverage, respectively, thus maintaining the
ABC stacking sequence of the fcc structure. Similarly, for O adsorption
on a Mg-terminated surface with Mg atoms in C sites, the ideal B site
in conformity with the fcc stacking is preferred over the stacking fault
site by 0.5 eV/atom at no O coverage and 7.1 eV/atom at one-third
coverage. Thus the bulk MgO fcc stacking is preserved throughout the
growth. Island nucleation is often the first step in the formation of an
adlayer, and as the surface coverage increases it is more likely for the
adatoms to deposit next to the stable islands and promote their growth
instead of forming new nuclei. Our calculations show that at a one-
third Mg coverage, the adsorption of Mg atoms in nearest neighbor sites
(forming a triangular cluster) is preferred over adsorption at other sites
by 0.4 eV/atom. Such tendency for clustering is even stronger in the
case of O, where the formation of a triangular cluster is more favorable
by 2.2 eV/atom. As more adatoms are added, they prefer to deposit
close to the already formed clusters rather than at an isolated site.
These results would suggest a preference for a layer by layer growth in
the polar direction, but further modeling reveals complexities, as shown
in the following detailed modeling.

Next, we consider the growth process of MgO(111) films. We start
with epitaxial growth in a controlled environment considering first
the simpler case when there is an influx of either one of the two
components, simulated as adsorption of only Mg(O) on a stoichiometric
O(Mg) terminated surface. The more complicated case of growth in the
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(with 9 atoms) Mg (O) layer. Note that the next O (Mg) layer starts nucleating before
the previous Mg (O) layer is completely formed, but there is no intermixing between
Mg and O atoms within a layer.

simultaneous flux of both Mg and O is considered later. Figs. 2a and 2c
show adsorption energies for successive Mg and O atoms for the lowest
energy adsorption sites at T = 0 as a function of the number of Mg
and O atoms deposited at the surface. Starting on a stoichiometric O-
terminated surface, Mg adsorption remains favorable until the surface
has 8 out of 9 sites occupied, at which point the energy cost for adding
the last Mg adatom to complete the monolayer is 0.24 eV/atom. On
the other hand, starting on a completely Mg-terminated surface with
only atomic oxygen in the environment, we find that the adsorption
energy for O remains negative (i.e., O adsorption is favorable) until
two-thirds O coverage on the surface. The adsorption energies (chem-
ical potentials) tend to become less binding as the layers approach
completion, and once they become positive the growth of full layers
will stop, thereby leaving vacancies and defects in the film. However,
the films in this study, as well as other layer-by-layer grown MgO(111)
films on various substrates, appear to consist of well-defined alternating
layers of Mg and O that are largely defect-free except at the surface
where there are indications of the presence of islands, terraces, and
step structures. Therefore, there should be some mechanism through
which the vacancies in Mg and O layers get filled to yield defect-free
films. Figs. 2b and 2d show adsorption energies for single O and Mg
adatoms, respectively, as a function of Mg and O concentration on
the surface. If both Mg and O sources are available in the growth
chamber, then at two-third Mg coverage the next O layer starts forming
in preference to further Mg growth, and analogously at almost one-
half O coverage, the formation of the next Mg layer becomes more
favorable than completion of the O layer. Motivated by these results,
we now consider a (multi) layer-by-layer growth mechanism (under the
simultaneous flux of Mg and O atoms) in which the next O(Mg) layer
starts forming on top of the partially formed Mg(O) layer, and show
that such a growth mode indeed promotes completion of the layers,
giving rise to defect-free alternating metal and oxygen planes. Since
the number of possible surface configurations for such an approach is
very large, we will restrict our analysis to the most favorable (lowest
energy) process.
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Consider that the growth starts on a stoichiometric O-terminated
surface of MgO(111). At the start of the growth of the Mg mono-
layer, the adsorption energy of both Mg and O adatoms at the same
time is —3.8 eV/atom if O occupies one of the vacant Mg sites and
—2.7 eV/atom if O goes in its ideal site in the layer above Mg, both of
which are much less than the adsorption energy of only Mg adatoms
as shown in Fig. 2. This is reasonable since each monolayer in the
[111] direction consists of only Mg or O atoms, thus if O adsorbs in
the same layer as Mg, which is on the top of an O monolayer, the O
adatom is bonded to other O atoms, whereas if O adsorbs in the layer
above Mg it does not have enough Mg atoms (at low Mg coverage) to
bond with. As shown before (see Fig. 2), the adsorption of Mg adatoms
proceeds until two-third Mg coverage, at which point positioning of an
O adatom in an ideal fcc site in the layer above the incomplete Mg
layer becomes energetically more favorable (4E, = —4.63 eV) than
further growth of the Mg layer, which initiates the formation of the
next O adlayer. The preferred site for O nucleation is in a hollow site
above the Mg island rather than a vacant site in the incomplete layer.
As shown in Fig. 3, after O nucleation the following two processes are
possible: (i) Mg adsorption in the incomplete Mg layer with AE = —1.36
eV/atom, leading to 7Mg + O structure, and (ii) continuation of the
growth of O adlayer (6Mg + 20 structure) by deposition of another O
adatom. For the latter process the adsorption energy for the O atom
is —2.66 eV/atom when it is in a nearest neighbor site to the first
adatom and —1.69 eV/atom when it is farther away (not shown in the
figure), showing a preference toward clustering rather than random
nucleation. At this point, an Mg atom which is bonded to both O
atoms in the adlayer starts moving out of its ideal plane toward the
surface. The quasi-equilibrium nature of the growth process manifests
in the relaxations of the newly adsorbed atoms on the surface — the
adsorption energy does not totally represent the binding energy of the
atom to the structure, but a part of it comes from the motion of the
adatoms. The next two energetically favorable steps are the adsorption
of Mg atoms in two out of the remaining three vacant sites with a
binding energy of 2.44 and 0.41 eV/atom, respectively, which leaves
just one vacant site in the Mg layer (8Mg + 20). While the cost of
completing the Mg layer by filling the last site is 0.4 eV/atom, it is
favorable to add two more O adatoms to the O cluster above the Mg
layer. In the presence of this four atom O cluster, the adsorption energy
for the last Mg atom is —3.4 eV/atom, resulting in a stoichiometric Mg-
terminated MgO(111) surface with a partially formed O layer (9Mg +
40).

Next we consider the growth of the O layer on a stoichiometric Mg-
terminated MgO(111) surface. We see from Figs. 2 and 4 that at almost
one-half O coverage a Mg adatom adsorbs in an ideal fcc site on top
of the O layer in preference to another O atom being added to the
existing O cluster (AEMg = —1.65 eV/atom vs AE5 = —0.2 eV/atom).
Even though there are enough vacant sites in the O layer, an Mg atom
initially sitting in one of these vacant sites has a tendency to move out
of the plane upon relaxations due to interactions with the Mg atoms
in what is now the sub-surface Mg layer, ruling out intermixing of
Mg and O within a plane. The next steps in the growth process are
the preferential adsorption of two more O atoms near the four atom
cluster with AE = —3.8 eV/atom vs AE = —2.6 eV/atom, respectively,
followed by a second Mg adatom nearest neighbor to the one already
nucleated with a binding energy of 3.7 eV/atom. The surface has two
triangular clusters of oxygen, thus giving a two-third O coverage, with
an Mg adatom at the center and on top of each of the two clusters
(60 + 2Mg). The remaining three vacancies in the O layer are filled by
alternate adsorption of O and Mg in their respective ideal sites (and
layers) and the resulting structure looks like an ideal O-terminated
MgO(111) surface with the next Mg adlayer on top (90 + 4Mg).

While at first glance, the thermodynamic pathways for the for-
mation of complete Mg and O layers as outlined in Figs. 3 and 4,
respectively, might appear to be disconnected or independent of each
other, in Fig. 5 we show how a scenario with the two pathways
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can come together to describe a continuous chain of events, i.e., film
growth. The x-axis shows the total number of Mg and O atoms added
to the surface, and y-axis shows the position of the atoms in the [111]
growth direction. Open (filled) triangles and circles show Mg and O
atoms, respectively, in a layer with fractional (complete) coverage. By
virtue of the metastable nature of the growth process, the atoms at the
surface and sub-surface are not static and undergo significant relax-
ations as a response to the continuous change in surface stoichiometry
and structure. The motion of Mg and O atoms does not freeze once the
layers are “completed”, as shown by the large relaxations of the filled
triangles and circles.

During the growth of the Mg layer, an O adlayer starts nucleating
at two-thirds Mg coverage and triggers outward motion of the Mg
atom nearest neighbor to the O adatoms. As already discussed above,
the growth takes place by adsorption of atoms to the already existing
cluster/island in preference to adsorption at isolated sites. When the
surface has 8 Mg atoms with a triangular O cluster on top (N4, = 11),
the Mg atom at the center of the O trimer (Fig. 3c) moves completely
through the O plane by a distance greater than the ideal interplanar
distance of 1.21 A and continues this upward movement when another
O and Mg adatom is added to the film. Even though at this point (N4, =
13) 9 Mg atoms have been added to the film (which is the exact number
of atoms required to complete the Mg layer), the displacement of an Mg
atom through the O plane to the surface of the film creates a vacancy in
the Mg layer. As seen in the figure, the next step in the growth process
(N,gs = 14) is the preferential adsorption of a new Mg atom on top of
the partially formed O layer, and this triggers the Mg atom displaced
from the sub-surface to move downward back into its ideal plane. As
the O and Mg layers continue to grow, at N4 = 22 an O atom sitting
at the center of the Mg trimer (Fig. 4d) moves outward through the Mg
plane to the surface of the film, hence creating a vacancy in the O layer.
This displaced O moves back into its ideal plane as the Mg coverage
increases. It is evident from the magnitude of atomic displacements that
the top three layers at the surface are neither atomically flat nor free
of vacancies. However, with progressive growth in the [111] direction,
the layers in the “bulk” of the film become approximately static and
defect-free. A critical observation here is that once 9 Mg and 9 O atoms
(i.e. a complete MgO unit for a 3 x 3 supercell) have been added to
the surface, the surface structure that we end with at N4, = 24, is
identical to the one that we started at N4, = 6, thereby ensuring that
continuity of the growth is maintained. The extent of atomic relaxations
at the (111) surface could be a response of the film to the dipole field
(see Supplementary Material) that exists in the [111] direction since
similar simulations performed for the non-polar MgO(001) surface (see
Supplementary Material) reveal much smaller relaxations of adatoms
during the growth process.

6. Discussion

During growth, it is highly probable that there are multiple degen-
erate non-equilibrium pathways through which growth takes place; as
such, the process outlined above is not the sole method in which the
layer-by-layer growth of MgO(111) films can continue. Several exper-
imental studies have shown initial laminar like growth of MgO(111)
films [29,30] that is suppressed by a 3D growth with an increase of the
film thickness [30]; although flat films can be grown when a surfactant
is present [4]. The existence of degenerate structures is especially likely
when the Mg and O layers are almost completely filled. For example,
during the growth of the O layer when the surface has eight O atoms
and a four Mg atom adlayer, the adsorption energy for an O atom in the
layer above Mg island is 3.7 eV/atom while that for O in the incomplete
O layer is 3.6 eV/atom. If the growth follows the former step, the last
vacancy in the O layer is still filled with a binding energy of 1.0 eV, and
the final structure would look like it has a half-monolayer Mg coverage
with an O nucleus on a stoichiometric O-terminated surface. This shows
that the multi-layer-by-layer growth process is highly complex and
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Fig. 6. TEM and RHEED images of a NiO(111) film grown on MgO(111). (a)
Nanometer scale features on the surface are {100} facets, shown by the angle facet
with the (111) surface, creating pyramid like structures. (b) Lower magnification TEM
image of the same film showing extended vertical grains. (c) Shows the RHEED pattern
of the MgO(111) substrate before deposition, displaying clear streaks indicating a flat
surface. (d) Shows the RHEED pattern for the NiO(111) film with electron diffraction
spots visible. These spots indicate that the surface is textured 3D growth, as shown in
(a) and (b).

Fig. 7. Images of a fully relaxed, oxygen terminated, {100} faceted (111) surface
simulation cell. Cations are displayed in black, anions in red. The left panel shows
a top down view, slightly off axis to accentuate the facets of the surface. In the right
panel, the cell is viewed down the [110] axis and shows the raising of the saddle points
where the pyramids meet.

involves changes in both the stoichiometry and structure of several
layers near the surface during the growth. An important implication
of the presented theoretical study is that the surface of the film may
not have a uniform structure and that regions with different local
atomic configurations may be present at the surface. However, the
non-uniformity and roughness are limited only to the surface layers,
while the “bulk” of the film consists of defect-free and atomically flat
alternating planes of Mg and O. The calculations indicate that the
surface of MgO(111) film can have a variety of structures strongly
dependent on the chemical environment, and since the Mg and O layers
grow simultaneously and show significant relaxations, reconstruction of
the surface is not limited to the topmost layer but can extend to several
layers at the surface. These results correlate well with the growth data
presented previously indicating the formation of incomplete surface
layers, i.e., nanosized surface islands that are terminated with neutral
{100} surfaces which reduce the overall surface energy of the film.
The tendency to form new atomic layers before the completion of
the previous layer is a direct consequence of the surface dipole moment
contribution to the surface energy, thus is expected to be present in
other rock-salt polar-oxide films. Indeed, the experimental results on
the surface structure of MBE grown NiO(111) films confirm this expec-
tation. Fig. 6 shows a cross-section TEM image of a polar NiO(111) film.
The surface of the film shows the characteristic nano-pyramidal islands
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Fig. 8. Surface energy of various reconstructions of the (111) surface of NiO (left) and MgO (right), with respect to the H,O chemical potential. The inset for NiO (common
horizontal axis) highlights the difference between O and Ni terminations of the faceted surface.

terminated with {100} facets, similar to the surface of the MgO (111)
film shown in Fig. 1. The RHEED of the MgO(111) substrate and surface
of the NiO(111) film show diffraction rods and transmission spots from
the substrate and film, respectively, indicating flat substrate surface and
faceted film surface. These results show that the driving force behind
the growth of both films is generic and is inherently connected to
the polarity of both NiO(111) and MgO(111) surfaces. This conclusion
is further strengthened by calculations modeling the growth of MgO
along the neutral [001] direction (see Supplementary Material), where
it is shown that layer-by-layer growth is energetically favorable. The
experimentally observed {100} faceted pyramids on both MgO and NiO
are consistent with the fact that {100} extended surfaces are neutral
and have the lowest surface energy.

In the literature there are a number of reconstructions reported for
both NiO(111) and MgO(111) [31,32]. Among them the octopolar and
OH reconstructions have the lowest surface energies, as such, it is useful
to consider how the nano-faceted reconstruction described in this work
compare to these reconstructions. Fig. 7 shows the relaxed coordinates
of the model used to simulate the {100} faceted (111) surface of both
MgO and NiO. The surface energy of these structures are compared to
the surface energy of the octopolar reconstruction and hydroxylated
surface for MgO and NiO with respect to H,O chemical potential, which
allows us to include comparison with OH terminated surfaces.

Fig. 8 shows the surface energy of chosen reconstructions with
respect to H,O chemical potential. It is clear that neutral-faceted re-
construction is more favorable for both NiO and MgO across a wide
range of H,O chemical potential, supporting previous work indicating
high water-vapor pressure was required to hydroxylate the surface of
MgO(111) [33]. We note that the size of the surface pyramids does
not change the ratio between the total surface areas of (100) facets
and their bases (i.e., pyramids footprint). Therefore, the increase of
pyramids height asymptotically approaches a scalar multiple of the
neutral (100) surface energy. This simple geometrical argument can
explain why one finds facets with nano-pyramids of well defined size
since there is little energetic gain with an increase of the facet size.

7. Conclusions

In contrast to the growth of oxides along non-polar directions,
i.e., [001] for rock-salt MgO and NiO, where the structure and atom-
ically sharp surfaces are well controlled, the growth of NiO and MgO
along the polar [111] direction is more complex due to the presence of
a large surface dipole moment in repeat unit cell. When considering
layer-by-layer growth of MgO(111), the DFT modeling shows that
completion of either O and Mg layer is not favored. Instead, a growth

that promotes an island formation is preferred in which starting a new
layer occurs before the completion of the previous layer. Further, we
have shown that the growth pathway for continuous polar MgO films is
energetically feasible with several layers of the surface reconstructed.
Experimentally the growth dynamics of the polar films is driven by
both thermodynamic and kinetic constraints. The MBE growth of both
MgO(111) and NiO(111) films show that the growth is quasi 2D multi-
layer-by-layer resulting in a 3D film termination such that both films
are stabilized via formation of nano-sized trigonal pyramids terminated
with neutral {100} facets. The experimentally observed growth mech-
anism can be understood as a combination of the two growth scenarios
considered theoretically, the simultaneous absorption of metal and oxy-
gen and the subsequent growth of metal and oxygen layers. We further
show that the nanofaceted reconstruction is favorable compared to the
low energy octopolar and OH surface reconstructions, for a large range
of H,O chemical potentials, for both MgO and NiO. Finally, we note
that polar MgO and NiO films with controlled nanofaceted geometry
can provide a good platform for catalysis due to low coordination of
atoms in the exposed {100} facets.
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