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Density functional theory (DFT) was used in the computation of thermodynamic terms relevant to the
competition between epitaxial polytypes during nucleation of (Sr/Ba)MnO; on (100), (110), and (111) cubic
(Sr/Ba)TiO; substrates. Values for volumetric formation energies, volumetric strain energies, and area-specific
interface energies were computed for different polytypes (3C, 4H, and 2H) and were incorporated in a
standard (capillarity) model for epitaxial nucleation. Experimental orientation relationships (ORs) for SrMnO;
were used in the construction of strained and interface cells for (Sr/Ba)MnO;. For 3C polytypes, the OR
is simply cube-on-cube, or (111)[110]3¢ 7y, [|(111[110]3¢ > and is isostructural with cubic (Sr/Ba)TiO;. For
4H/2H polytypes, the orientation relationship is (001)[1001ss /257, yit|I(11D[110]5¢, 4,5, Which can only be
modeled with a coherent interface on the (111) substrate. Results indicate that 3C SrMnO; has increased
energies (becomes less stable) on moving from SrTiO; substrate orientations (100) to (110) to (111), consistent
with experimental observations. For BaMnOs;, similar trends are predicted, although no experimental data is
available for comparison. We use the DFT results to discuss the different thermodynamic contributions to

polytype stability, and assess the feasibility of stabilizing a 3C BaMnO; film on (Sr/Ba)TiO; substrates.

1. Introduction

Epitaxial growth is a well-known method to stabilize metastable
oxides as thin films [1-5]. However, experimental growth conditions
and substrate types that promote epitaxial stabilization are not usually
known in advance and determination/optimization of these parameters
typically encompasses entire research studies. Additionally, substrate
orientation can play an essential role in directing the crystal struc-
ture (and orientation) of the film [5-10], which is another factor
that is found by trial and error. In order to accelerate the discovery
of new materials with novel properties, computational methods are
needed that (1) can guide epitaxial growth in the laboratory and
(2) are accessible to experimentalists. Many computational studies on
metastable perovskite polymorphs focus broadly on bulk stabilities
and homoepitaxial strain, which can guide experiments to an extent,
but neither approach involves interfaces with specific substrates and
orientations [11-14]. Herein, we continue to describe what we call
computationally guided epitaxial synthesis, or CGES, which is based
on first-principles computations using density functional theory (DFT)
as developed by Xu et al. [15] to describe TiO, polymorph growth
on (Sr/Ba)TiO; substrates. Computations of TiO, epitaxial stability
were consistent with experimental observations and independent of
exchange—correlation functionals used. In this paper, we apply CGES
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to investigate the thermodynamic contributions of volumetric forma-
tion energy, strain energy, and interface energy to the nucleation of
(Sr/Ba)MnO; polytypes on three low Miller index (Sr/Ba)TiO; substrate
orientations.

To compute strain and interface energy values for films on different
substrate orientations, one needs to know the preferred orientation
relationship (ORs) between target films and substrates [7,8]. One
common preferred OR is called the eutactic OR, which aligns the
nearly close-packed (eutactic) planes and directions over all of sub-
strate orientation space. Experimentally, many oxides deposited on
polycrystalline substrates are observed to have the eutactic OR as the
preferred OR [5-8,16,17]. For StMnO; on SrTiO;, Zhou et al. [7,8]
found that the eutactic OR was the only OR, regardless of film phase,
substrate orientation, or deposition conditions. This suggests that it may
be reasonable to assume the eutactic OR for novel oxide thin films
on oxide substrates when in search of the best substrate material and
orientation using DFT. This greatly decreases the number of required
computations for CGES and enables investigations of the sort described
here.

In this study of epitaxial polymorph competition, we use the (Sr/Ba)
MnOj; system as a model because these materials can exist in different
structures in bulk [18-22]. The different polymorphs are closely related

Received 17 May 2023; Received in revised form 28 July 2023; Accepted 28 July 2023
0927-0256,/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


https://www.elsevier.com/locate/commatsci
http://www.elsevier.com/locate/commatsci
mailto:paulsalvador@cmu.edu
https://doi.org/10.1016/j.commatsci.2023.112415
https://doi.org/10.1016/j.commatsci.2023.112415
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

C. Zhou et al.

by different stacking sequences of SrO; planes along the nearly closed
packed (eutactic) direction, which are also known as polytypes [18,19].
Due to the large cationic radii of Sr and Ba (compared to Ca, which is
orthorhombic in the ground state) [23], these manganite perovskites
are stable as hexagonal structures, as predicted from the Goldschmidt
tolerance factor (r > 1) [24]. For ground state hexagonal structures, two
main stacking sequences are of interest for this paper: ABAC, or the
4H structure, and ABAB, or the 2H structure. The metastable cubic
structure has a stacking sequence of ABC and is also known as the
3C structure. 4H SrMnO; (r ~ 1.033) [12] is stable in bulk at low
temperatures, but can be transformed to the metastable 3C structure
at high temperatures around 1400 °C [18]. BaMnO; (¢ ~ 1.097) [12]
is stable in bulk in the 2H structure, and the high temperature (around
1550 °C) structure is 4H [19]. The existence of these polytypes for
(Sr/Ba)MnO; materials leads to the question of how to alter phase
stability using epitaxy. In other words, how does epitaxy alter the
nucleation energetics of the different phases, as determined by DFT?

Oxygen vacancies in (Sr/Ba)MnO; materials are thought to play
important roles in stabilization of metastable cubic stacking phases that
have lower tolerance factors. This stabilization is typically explained
using the charge compensation of oxide vacancies with 2 Mn3* cations
(replacing 2 smaller Mn** cations), which leads to a larger average
ionic radii for Mn and decreases the tolerance factor and stabilizes
cubic stacking [18,25]. Experimentally, increased oxygen vacancy con-
centrations can be achieved using higher substrate temperatures, lower
oxygen partial pressures, and strain [12,20,21,25,26]. One might ex-
pect that DFT can capture phase stability versus non-stoichiometry in
such systems, assuming the ground state stability varies with compo-
sition. While it is common to compute the oxygen vacancy formation
energy as a function of strain using DFT (usually in 3C polytypes) [12,
27,28], it is less common to explore phase stability with DFT while also
considering non-stoichiometry. As we want CGES to be accessible to the
experimentalist, we briefly explore non-stoichiometry using standard
DFT methods (in the Supplemental Information) and show that stoi-
chiometric SrMnOj; cells are sufficient to predict polymorph stability
trends on differently oriented SrTiO; substrates (largely because the
bulk internal energies are not significantly shifted).

Many computational and experimental studies focus on the proper-
ties of the 3C structure of (Sr/Ba)MnO; due to interesting multiferroic
properties [11,12,29-35]. SrMnO; and BaMnO; are G-type antiferro-
magnetic (AFM) and paraelectric in their ground states, but strain
and oxygen vacancies are key parameters that alter their magnetic
and electric properties [12,27,28,36,37]. First-principles calculations
have shown that, for SrMnO;, a large enough tensile strain can lead
to a ferroelectric (FE) ferromagnetic (FM) phase [38]. Experimentally,
SrMnOj; has been shown to be ferroelectric as a film when strained to
>1% [31,35]. For BaMnO;, the cubic perovskite structure has never
been formed experimentally but has been predicted by DFT to be fer-
roelectric with a polarization of 12.8 pC/cm? with AFM ordering due to
the off-centering of the magnetic Mn** ion [11]. Further, a FE-FM phase
has been predicted for strained and unstrained 3C BaMnO; [12,39].

While computations can guide experimentalists towards interesting
properties in metastable materials, there are no robust computational
predictive tools for synthesis. The main purpose of this study is to ana-
lyze the computed energetics of (Sr/Ba)MnO; polymorph competition
and compare how they relate to experimental results, to guide thin film
experiments in realizing a 3C BaMnO; film. Additionally, We briefly
discuss our results in the context of the 20 kJ/mol epitaxial stabilization
limit proposed by Mehta et al. [14]

2. Computational methods
DFT calculations were carried out wusing the plane-wave

self-consistent field (PWscf) package of the Quantum ESPRESSO (QE)
distribution [40]. Projector augmented wave (PAW) pseudopotentials
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are used for the exchange-correlation potential in the Perdew-Burke-
Ernzerhof (PBE) parameterization [41-43]. The kinetic energy cut-off
was 80 Ry for all structures. Since CGES is used as a predictive tool
for synthesis at elevated temperatures (ranging around 950-1150 K),
all calculations are non-spin polarized as magnetic ordering for these
materials are predicted to exist at temperatures lower than 300 K [44].

The model used by Xu et al. [15] to calculate the energetic dif-

ference between the nucleation of two competing epitaxial phases
is derived from continuum level capillarity theory [15,45,46]. The
equation for the energetic difference, AE, between the metastable phase
(I7) and stable phase (I) is shown in Eq. (1):
AETT = [(AE!" + AE!T) — (AE] + AED)d + (o))" — o0y ¢h)
where AE, is the bulk formation energy, AE,, is the bulk strain energy,
d is the film thickness, and o6,, is the film-substrate (S) interface
energy. d is set at 1 nm as an upper limit to the nucleation of thin
film layers [15]. This equation neglects the term for the surface en-
ergy, or oy, because of difficulties in accurately determining the
lowest energy surface reconstruction, especially for polar surfaces [47-
49]. Therefore, similarly to Xu et al. [15] we assume that the differ-
ences in surface energies between the metastable and stable phase are
negligible.

Based on Eq. (1), three types of structures were constructed for
the energetic calculation of epitaxial phase stability: (relaxed) bulk,
strained (bulk), and interface structures. For cubic and hexagonal for-
mation and strain energy calculations, k-points were represented on
I'-centered 10 x 10 x 10 and 9 x 9 x 1 Monkhorst-Pack grids,
respectively. These parameters were determined by testing convergence
in self-consistent calculations. For interface calculations, determination
of an appropriate k-point density is more time-consuming and difficult
because of the larger number of atoms required. Convergence parame-
ters were determined for the (100)[01013¢, sarm0, || (100)[01013¢, 5,170,
interface and then applied to the other interface energy calculations.
More information on the construction of the strained and interface cells
can be found in the Supplemental Information (SI), Section S1.

Bulk formation energies are calculated using one unit cell for each
structure. For 3C structures, one unit cell contains 5 atoms, which
is equivalent to one formula unit of (Sr/Ba)MnO;. For 2H and 4H
structures, there are 10 and 20 atoms, respectively, which is equivalent
to 2 and 4 formula units. The formation energy per formula unit is
calculated by subtracting the energy of the ternary compound by the
energy of its binary oxide compounds:

AEy = E(5/Baymn0; — Emno, — E(sr/Bay0 (2)

where Eyp,0, and E(s,,pq)0 are the energies per formula unit of MnO,
and (Sr/Ba)O, respectively. Binary oxides are used in the calculation of
bulk formation energies in Eq. (2) because they are chemically more
similar to the ternary oxides compared to the individual elements.
This has been shown to be more accurate in computing the formation
energies and phase stabilities of ternary oxides [50].

The strain energies were computed by straining the in-plane lattice
parameters of (Sr/Ba)MnO; to that of the (Sr/Ba)TiO; substrate, using
the experimentally determined ORs. For each substrate, three orien-
tations were constructed — the (100), (110), and (111) — by using a
transformation matrix such that the (hk/) surface normal was parallel
to the z-axis and the periodicity was retained. More information on
the construction of each orientation, as well as depictions of each cell,
can be found in Section S1. For 3C film structures on (Sr/Ba)TiO;, the
alignment is simply cube-on-cube. 3C film structures were transformed
to their respective substrate orientations and strained in the x and y
directions. For 2H and 4H film structures, the film is only coherent
on (Sr/Ba)TiO; (111) substrates, with a film orientation of (001).
The hexagonal (001)-oriented film structures were transformed to or-
thorhombic structures with the same orientation, and strained in-plane
to the substrate lattice parameters. A table of the specific ORs used
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Specific orientation relationships between (Sr/Ba)MnO; polytypes and (Sr/Ba)TiO; used for computations of interface energy values). .S indicates
the substrate, and f indicates the film. In the last four columns, the values on the left of the slash are for SrMnO;, and values on the right

are for BaMnO;. - indicates no computation.

Polytype Interface In-plane alignment Vector strain (%) Area strain (%)
(hkD) || (hkl), wwwls | [wow], STO BTO STO BTO
[010]]1[010] +3.68/+0.77 —/+3.07
(100)/(100) (001710011 +3.68/40.77 /4307 +7.50/+1.54 -/+6.23
[1101||[110] +3.53/+0.72 -/+3.07
3c (110)|(110) [00T1[1[00T] g 307 +7.35/+1.50 -/+6.24
[1101||[110] +3.53/+0.72 -/+3.07
a11))(111) Hi21i12] +3.65/40.84 /4313 +7.31/+1.57 -/+6.31
[1101|/[100] +2.37/-1.07 —/+1.24 ~/+2.49
HH (11))(001) [112])1[120] +2.37/-1.03 -/+1.23 +4.80/-2.08 ’
[1101|/[100] -/-2.62 —/-0.35
2H (111)]1(001) {21 [120] 62 040 -/-5.18 -/-0.75
in this paper are shown in Table 1. Additionally, the strain of each in-
plane vector, as well as the area strain, are calculated in Table 1. In the
last four columns, the values on the left of the slash are for SrMnO;, and
values on the right are for BaMnO;. Only BaMnO; was computed on
BaTiO; substrates, and SrMnO; was not computed in the 2H structure.
All ORs are consistent with general eutactic OR arguments. For each
substrate plane, the two orthogonal in-plane directions are listed as
reference. For all strained film structures, optimized atomic positions
were found by relaxing the atoms along the z-axis. Finally, the strain
energy contribution, 4E,, is calculated by subtracting the bulk energy,
E,, from the total energy of the strained cell, E,,
AE, = E,,, - E, 3)
For the incoherent hexagonal (Sr/Ba)MnO; orientations on (100) and z
(110) (Sr/Ba)TiO; substrates, the strain energy is assumed to be 0
kJ/mol.
Interface energies were computed by stacking the (Sr/Ba)MnO;
structures on (Sr/Ba)TiO; structures along the z-axis according to the X y

ORs shown in Table 1. The cells are stoichiometric but non-symmetric
with respect to the z-axis. An example interface cell for the 4 H BaMnO;
(001) interface with 3C SrTiO; (111) is shown in Fig. 1. The interface
plane is perpendicular to the z-axis. In this construction, there are
3 layers (6 unit cells) of SrTiO; and 4 layers (8 unit cells) of 4H
BaMnO; stacked along the z-axis (within the overall interfacial cell),
and there are two interfaces (one at z = 0 and one at z ~ é). The blue
TiOg and purple MnOg octahedra share corners at the interface. More
detailed comparisons between 3C, 4H, and 2H stacking sequences and
repeating interface cells are given in Section S2, Figure S2. For 3C (111)
interfaces, there are 6 layers (12 unit cells) of each phase, and two
interfaces (one at z = 0 and one at z ~ 1%). For the 2H BaMnO; (001)
interface construction with 3C (Sr/Ba)TiO; (111), the 3C substrate and
4H film layers (unit cells) alternate in a pattern of 3-4-3-4 (6-8-6-8),
respectively, leading to 4 interfaces (z = 0 and ~ %, 17—4, and %) in
an interfacial cell; this construction retained complete corner-sharing
of octahedra at the interface. While the basic atomic arrangements
are nominally the same between 4H and 2H interfaces, e.g. corner
sharing octahedra, the Ti-O and Mn-O bond lengths and the Ti-O-Mn
angles will be different owing to the specific relaxation method used
for the computation of AE,, ,,, which only allows atoms to relax in the
z-direction. Variations in bond lengths and angles result in different
interface energies between 2H and 4H films on (111) substrates. Face-
sharing constructions were also computed but are not reported because
all constructions with corner-sharing octahedra at the interface had
lower interface energies compared to those with face-sharing interfaces.

The interface energy for (Sr/Ba)MnO; and the 3C (Sr/Ba)TiO;
substrates are calculated using the following equation:

sif_ 1 psis s !
Oim~ = ﬂ(Eb - nEb _mEb+w) (4)
where aiSnllf is the interface energy between the substrate (S) and film

(f), A is the area of the interface plane, Ef is the bulk energy of

Fig. 1. Example of a coherent interface cell. The unit cell on top is the (001) 4H
BaMnO; on (111) SrTiO; (bottom). Sr is represented by orange circles, Ba by green
circles, and O by red circles. Ti and Mn are represented by blue and purple circles,
respectively, located at the centers of their similarly colored octahedra.

the substrate, and Ebf .. 15 the strained bulk energy of the film. » and
m are the number of unit cells in the interface construction. For 2H
BaMnO; interface constructions on (111) (Sr/Ba)TiO; substrates, there
are 4 interfaces, so the value of 2 in the denominator is replaced by
4. For incoherent hexagonal structures on (100) and (110) (Sr/Ba)TiO5

substrates, the interface energy is assumed to be 1 J/m? [3,15].

3. Results

The equilibrium bulk formation energy and strain energy for the
SrMnO; and BaMnO; polytypes on (Sr/Ba)TiO; are shown in Tables 2
and 3, respectively. The difference in formation energy between the 3C
and 4H SrMnO; is 25.56 kJ/mol. This is consistent with previous DFT
calculations, even where magnetic ordering is considered [29,51]. The
difference in formation energy between 3C and 4H BaMnO; is 61.25
kJ/mol in favor of the 4H phase; between 4H and 2H BaMnOj3, the dif-
ference in formation energy is 24.66 kJ/mol in favor of the 2H phase.
These relative formation energy values for BaMnOj; are again consistent
with previous DFT calculations [29]. The bulk formation energies for
SrMnO; and BaMnO; are consistent with the experimentally observed
phase stability [18,19].

The bulk strain energy contributions, AE,,, are by definition posi-
tive and, as expected, smaller in magnitude than the bulk formation
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Formation energies of SrMnO; polytypes and their epitaxial strain energies on SrTiO; substrates with

specified interfaces.

SrMnO; polytype AE, (kJ/mol)

Interface (S || f)

AE,, (kJ/mol) AE,,,, (kJ/mol)

3C -50.73 (100) || (100) 8.54 —-42.19

(110) || (110) 12.79 -37.94

(11D || (111) 14.42 -36.31

4H -76.29 (111) || (001) 7.33 —68.96
Table 3

Formation energies of BaMnO; polytypes and their epitaxial strain energies on (Sr/Ba)TiO; substrates with

specified interfaces.

BaMnO; polytype AE, (kJ/mol)

Interface (S || f)

AE,, (kJ/mol) AE,,,, (kJ/mol)

STO  BTO STO BTO
3C —40.82 (100) || (100) 051  5.60 —40.31 -35.22
(110) || (110) 116  10.98 -39.66 -29.84
(1 | (111 259 12.99 -38.23 -27.83

4H -102.07 (111) | (001) 3.89  3.86 -98.40 -98.18

2H -126.73 (111) || (001) 7.02  2.60 -119.71  -124.13
energies. For a given substrate orientation, we observe that a higher Table 4
area strain (see Table 1) leads to a higher value of A E,, in agreement Interface energies of SrMnO; polytypes on SrTiO; substrate orientations.
with the observations of Xu et al. [15]. For example on (100) SrTiO;, SrMnO; polytype Interface (S || /) o (J/m?)
the strain is larger in-plane for (100) 3C SrMnOj; than it is for (100) 3C 3C (100) || (100) 0.039
BaMnOj; (+7.50% vs. +1.54%), and this is reflected in the strain energy (i :(1» I (: i?) g‘ggg
(8.54 kJ/mol vs. 0.51 kJ/mol). When comparing 3C StMnO; on SrTiO; amnarn ;
with 3C BaMnO; on BaTiO;, for a given orientation, the area strains are i atn I ©on 0128
quite similar, resulting in similar strain energy contributions as well.
However, area strains are not good predictors for strain energies of 3C Table 5
polytypes on a given substrate as a function of orientation. For all 3C Interface energy of BaMnO; polytypes on (Sr/Ba)TiO; substrate orientations.
polytypes, the strain energy penalty is smallest on the (100) oriented BaMnO; polytype Interface (S || f) 6, (J/m?)
3C substrate, followed by the (110) and then the (111), even though STO BTO
the area strains do not vary greatly..Surprlsmgly, the strain energy 3 (100) | (100) 0.034 0.024
penalties for 3C BaMnO; on (111)-oriented substrates are more than (110) || (110) 0.004 0.006
double than those on (100)-oriented substrates. The large differences (11 | (111 0.005 1.35x107*
as a function of orientation are correlated with differences in unit cell 4H (111) || (001) 0.185 0.103
volume and volumetric strains (see Tables S1-S6 in Section S3). In other o1 a1 | o1 0.193 0.241

words, the strain energies are correlated to the volumetric strain. More
discussion on the possible mechanisms behind the increase in strain
energy can be found in the next section.

On (111) substrate orientations, the strain energy contribution was
computed for hexagonal polytypes, so comparisons with the 3C poly-
type can be made. For SrMnO; on (111) SrTiO;, the 4H polytype only
has a strain energy penalty of 7.33 kJ/mol, which is significantly lower
than that of the 3C polytype (14.42 kJ/mol). The percent difference
in area strain between the two polytypes follows the same trend in
that the 4H has a lower strain per area, +4.78%, compared to the 3C
phase, +7.31%. For BaMnO; on (111) SrTiOs, the strain energy penalty
is lowest for the 3C polytype, 2.59 kJ/mol, and highest for the 2H
polytype, 7.02 kJ/mol. The 3C polytype experiences a small tensile
strain in the plane whereas the hexagonal polytypes are compressed
in-plane. The magnitude of their respective percent change in area
strain in Table 1 increases from 3C to 4H to 2H, following the trend
with increasing strain energy. For BaMnO; on (111) BaTiOs, the strain
energy is highest for the 3C polytype (12.99 kJ/mol) and lowest for the
2 H polytype (2.60 kJ/mol). Likewise for the strain area, the magnitude
of the area strain is highest for the 3C polytype (+6.31%) and lowest
(—0.75%) on the 2H polytype.

Tables 4 and 5 show the computed interface energy values of
SrMnO; and BaMnO; polytypes on different (Sr/Ba)TiO; substrate
orientations, respectively. For all 3C polytypes, the interface energy
with (Sr/Ba)TiO; substrates is quite low for all three substrate ori-
entations considered, having a maximal value of 0.066 J/m?. This
is not surprising since the film and substrate are isostructural. These
results are consistent with the expected range of a coherent epitaxial
interface [3]. Generally, the (100) interface has the highest energy for

all 3C interfaces (between 0.024 and 0.039 J/m?), while the (111)
interface has the lowest energy (between 0.0001 and 0.009 J/m?). The
(110) 3C BaMnO; interfaces are also low (0.004-0.006 J/m?), while
(110) 3C SrMnOs; interface with (110) StTiO; is even higher than (100)
at 0.066 J/m?.

For all coherent interfaces involving hexagonal film structures on
(111) cubic substrates, the interface energy penalty is greatly lowered
compared to the assumed value for incoherent interfaces on (100) and
(110) substrates (1 J/cm?). For (001) 4H SrMnO; on (111) SrTiO;, the
interface energy is 0.128 J/m?, which is significantly larger compared
to the 3C phase on the same substrate and orientation (0.009 J/m?).
For BaMnO; on (111) (Sr/Ba)TiO;, the 2H polytype has the largest in-
terface energy per unit area compared to the 4H and 3C phases. These
2H interface energies are 0.193 and 0.241 J/m?, on SrTiO; and BaTiO;,
respectively. The interface energy values of 4H BaMnO; polytype on
the (111) substrates are lower, at 0.185 and 0.103 J/m? on SrTiOs
and BaTiO;, respectively. The interfacial energies of the 3C BaMnO;
polytype are 0.005 and near 0 J/m? on SrTiO; and BaTiO; (111),
respectively. In general, interfacial energy contributions to epitaxial
stabilization favor the cube-on-cube epitaxial relationship (i.e. the 3C
polytype) over the hexagonal polytypes.

Table 6 shows the thermodynamic terms used for the calculation of
AE3C#H in Eq. (1) for SrMnO; polytypes on SrTiO;. Column 1 shows
the substrate orientation. Columns 2 and 3 show the results of the
volumetric formation and volumetric strain energy contributions per
unit area for 3C and 4H phases, respectively. AE;‘fMTSM 04 for (100)
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Table 6
Thermodynamic terms relevant to epitaxial nucleation of SrMnO; polytypes on SrTiO,
(J/m?).
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Table 7
Thermodynamic terms relevant to epitaxial nucleation of BaMnO; polytypes on SrTiO,
(J/m?).

(hkD)sro AEJC SMOq  AEJI-SMOqG AAEJC- M4 Ao AE3C—4H (hkl)spo  AE;C BMOg AEMH-BMOg  AAEICMd Ao G AE3C—4H
(100) -1.285 —2.182% 0.897* -0.961* —0.064* (100) -1.120 —2.682* 1.562* —0.966* 0.596*
(110) -1.167 —2.182* 1.015* —-0.934* 0.081* (110) -1.102 —2.682* 1.580* —-0.996* 0.584*
(111) -1.122 —-1.980 0.858 -0.119 0.739 (111) -1.063 —2.584 1.521 —-0.180 1.341
AE3C-#1 is computed with d = 1 nm. (hkD) s10 AEﬁIMTBMOd AEZEJBMUd AAE;TMTZH" Aoiti=2H AEHH=2H
*Asterisks indicate values that were estimated due to incoherent interfaces; the strain (100) —2.682* -3.101* 0.419* 0* 0.419*
was approximated as 0 kJ/mol and the interface was set at 1 J/m?. (110) —2.682* -3.101% 0.419* 0* 0.419*
(111) —2.584 -2.921 0.337 —-0.008 0.329

and (110) substrate orientations are estimated due to the incoherent
interface with the 4H phase; only the volumetric formation energy is
considered because there is no strain energy contribution. Column 4 is
the volumetric energy difference between polytypes, 44E;C-*d, and
is calculated by subtracting the second column by the third. The value
of AAE}C 4" d is highest on (110) SrTiO; (1.015 J/m?) and lowest on
(111) SrTiO5 (0.858 J/ m?). Column 5 is the difference in interface ener-
gies between the 3C and 4H phases from Table 4. The high incoherent
interface energy value contributes significantly to favor the 3C phase
on (100) and (110) substrate orientations. The energetic contributions
of AAE;S;“H d and Ao?nf"‘H are similar in scale on (100) and (110)
SrTiO;, suggesting that interfacial penalties of the 4H polytype are as
important as the volumetric energy penalties of the 3C polytype on
these substrate orientations. On (111) SrTiO;, the value of Aaf}f“‘” is
closer to zero (the boundary between 3C and 4H interface stability), at
—0.119 J/m?, compared to the same values on (100) and (110) SrTiO;.
Therefore the volumetric energy terms contribute significantly more
than the interface energy to the stabilization of the 4H phase on (111)
SITiO;.

Column 6 shows the values for AE3¢~#H | the total energetic differ-
ence between the metastable 3C and stable 4 H polytypes at 1 nm, and
is the sum of columns 4 and 5. On (100) SrTiO5, the value of AE3¢~*H is
—-0.064 J/m?, indicating that the 3C phase is stable. On (110) SrTiO;,
the energetic difference between polytype is 0.081 J/m?, slightly fa-
voring the 4H phase (within the accuracy of the computations). On
(111) SrTiO;, the value of AE3¢~*H is 0.739 J/m?, indicating that the
4H phase is heavily favored as epitaxial stable nuclei. These trends in
AE3C~4H are consistent with experimental results [8,26]. Values from
the last three columns of Table 6 are plotted in Fig. 2(a) for SrMnO;
on SrTiO; substrates.

Tables 7 and 8 show the thermodynamic terms used for the cal-
culation of Eq. (1) for BaMnO; polytypes on SrTiO; and BaTiOs,
respectively. These tables are organized similarly to Table 6, with the
addition of 2H BaMnOj; energetic terms at 1 nm. The AE values are
calculated for the difference between 3C and 4H polytypes, as well
as between 4H and 2H polytypes. Values for the energetic differences
between 3C and 4H phases from the last three columns of Tables 7
and 8 are plotted in Figs. 2(b) and (c), respectively. The energetic
differences between 3C and 2H polytypes can simply be calculated by
adding AE3¢~*H and AE*"-2H For incoherent hexagonal polytypes on
(100) and (110) substrates, only differences in volumetric formation
energy are calculated. In reality, there may be energetic differences for
the incoherent hexagonal films on these two substrates. None of the
final AE values are negative, indicating that under DFT 0 K conditions,
the 3C polytype for BaMnO; is never more stable than the hexagonal
polytypes.

When considering the polymorph competition between 4H and 3C
BaMnO;, the lowest energetic difference (or AE3¢~*H) is on (110)
SrTiO;. On this substrate and orientation, 4AE3¢~* is 0.584 J/m?2. On
(100) SrTiO;, the value of AE3¢~*H js 0.596 J/m?, which is only 0.012
J/m? higher than the same polytype competition on (110) SrTiO;.
While the energetic difference between polytypes is similar on (100)
and (110) SrTiO; substrate orientations, the 4AE3¢~*# value is much
higher on SrTiO; (111), at 1.341 J/m?. Between hexagonal polytypes

—4H

AE3¢—*H and AE*"-?H are computed with d = 1 nm.
*Asterisks indicate values that were estimated due to incoherent interfaces; the strain
was approximated as 0 kJ/mol and the interface was set at 1 J/m?.

Table 8
Thermodynamic terms relevant to epitaxial nucleation of BaMnO; polytypes on BaTiO;
(J/m?).

(hkDgro ~ AEC BMOg  AEM-BMOg  pAEJC-4g  AcXC—4H pESC-H
(100) -0.982 —2.682* 1.700* -0.976*  0.724*
(110) —0.841 —2.682* 1.842* -0.994*  0.848*
111 -0.789 -2.582 1.793 -0.103 1.690
(hkl)gro ~— AEJI-BMOq  AEI-BMOg  AAEMH-2Hg  Acifi-2H  Ap4H-2H
(100) -2.682* -3.101* 0.419* 0* 0.419*
(110) -2.682* -3.101* 0.419* 0* 0.419*
(111) -2.582 -3.037 0.455 -0.138 0.317

AEC* and AE*-2H are computed with d = 1 nm.
*Asterisks indicate values that were estimated due to incoherent interfaces; the strain
was approximated as 0 kJ/mol and the interface was set at 1 J/m?.

however, the energetic difference between 2H and 4H polytypes is
only 0.329 J/m?, in favor of the 2H on (111) SrTiO;. While this
is the smallest value of energy considering the 4H BaMnOj; phase
versus the 2H one, it is still considerably larger than the AE3C—*H
values stabilizing 3C SrMnO; on (100) and (110) SrTiO;. Moreover,
all BaMnO; orientations required more energy compared to StMnO; to
transform the 4 H phase to the 3C (summing appropriate entries in the
last column), and the order of stability is (110)<(100)<(111) on SrTiO5.

For the BaMnOj; polytypes on BaTiO; in Table 8, thermodynamic
terms are generally higher in energy compared to films on SrTiO;. The
volumetric energy values for 3C BaMnO;, 4E;<~BM0 4, are all larger on
BaTiO; than on SrTiO; due to larger strain energies. For AE3C—#/ | the
lowest energetic competition between 3C and 4 H BaMnOj; polytypes is
on (100) BaTiOs, at 0.724 J/m?. On (111) BaTiO;, 4E3¢~*H is much
larger, at 1.690 J/m?. However, the AE*¥~2H on (111) BaTiO; is only
0.317 J/m?. This value is 0.012 J/m? less than AE*#~2H for BaMnO,
on (111) SrTiOs, indicating that stabilization of the 4 H phase is slightly
more favorable on (111) BaTiO;.

Fig. 3 shows the plots of AE3~*H as a function of the number (or
thickness) of 3C film layers for each film/substrate combination. The
thickness of one 3C layer is defined as the distance between planes
(more widely known as the d-spacing) that bound one electroneu-
tral stoichiometric layer. The layer thicknesses for 3C SrMnO; (100),
(110), and (111) are 0.380, 0.269, and 0.220 nm, respectively. For 3C
BaMnOj;, they are 0.391, 0.276, and 0.226 nm, respectively. For every
film/substrate combination, the 3C film phase is stable (AE3¢—4H <
0 J/m?) on (100) and (110) substrate orientations at a nucleation
thickness of 1 layer. The values for AE3~*H on (111) substrate ori-
entations are always positive, indicating that the 3C will never be
stable in that orientation. The results in Fig. 3 show how nucleation
thickness modifies the competition between volumetric energy terms
and interface energy terms, which can lead to the stabilization of very
metastable phases at low thickness values, including 3C BaMnO;.
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Fig. 2. Plots of the energetic differences between 3C and 4H polymorphs for each film/substrate combination. The x-axes indicate the substrate orientations. Blue diamonds, red
circles, and green triangles indicate the values for AE;C- 4 d, AcC~*", and AE*“~*#, respectively. These values are also presented in the last three columns from Tables 6, 7, and
8, for (a), (b), and (c), respectively. Blue and orange background colors indicate the range of energies where the 4H and 3C are stable, respectively, for the AE3¢~*# values in

green triangles.
4. Discussion

Using standard DFT methods to quantify energetic terms in a typical
model for nucleation, we computed the relative stability of epitaxial
polytypes of (Sr/Ba)MnO; on (Sr/Ba)TiO; substrates of three low-index
orientations. We call this approach CGES, because such computations
are useful in guiding epitaxial stabilization of metastable phases, as
they offer insight into which substrates and orientations are most
stabilizing. Here we discuss the strengths and limitations of CGES as
currently implemented.

For the case of SrMnO; on SrTiO;, we can compare the DFT results
to experimental work [7,8,26]. The CGES results described herein indi-
cate that the stability for the metastable 3C SrMnO; phase decreases
at a given thickness from (100) to (110) to (111) SrTiOs;. This is
consistent with experimental work [7,8] that showed the (100) sub-
strate orientation easily stabilizes the 3C phase using typical thin film
deposition conditions, the (111) can only stabilize the 3C phase at high
substrate temperatures and low oxygen pressures [26], and the (110) is
intermediate between those others. That the relative order of stability
is well matched here, as well as for anatase TiO, on (Sr/Ba)TiO; [15],
indicates that the strength of the CGES model lies in computation of
reasonable interface energies.

In the CGES model, the (100) SrTiO; substrate should always sta-
bilize the 3C SrMnO; (100) phase, at 1 nm thickness. Experimentally,
however, this is not entirely borne out. Several studies indicate that
both temperature and oxygen pressure mediate the stability of STMnO,
polymorphs even on (100) SrTiO; substrates, which is not readily
captured by our simple model [7,52-54]. In a study of SrMnO; on a
polycrystalline SrTiO; substrate by Zhou et al. [7], some 4H is observed
in a 60 nm SrMnOs film on a near (100)-oriented substrate grain. While
strain leads to the preference for the incoherent 4 H phase as thickness
increases, actual nucleation events depend on the relaxation processes
available, which are outside the scope of this simple nucleation model
too. Keep in mind that the value of —0.064 J/m? for AE3¢—*H on
SrTiO; (100) is relatively small, so slight deviations in any of the
energetic terms or deviations from the modeled nucleation state may
lead to changes in net stability. That these experimental film trends
follow the known bulk stability likely indicates that the bulk stability
terms (E, and E,,,) vary enough to modify the known stability.
Variations in these values, most likely through oxygen vacancies, allow
for experimental stabilization of (111) 3C SrMnO; on SrTiOj;, herein

computed to be less stable by 0.739 J/m?. To improve CGES, one needs
improved computational predictions of bulk stability with temperature
and pressure (activity) [55,56].

It is interesting to note the relationship between the in-plane 3C
strain and strain energy penalty across different substrate orientations,
as a small change in the in-plane strain appears to result in a large
energy penalty. Tables S1, S3, and S5 show that the change in the unit
cell volume, or the volumetric strain given in Tables S2, S4, and S6, is
a better predictor of the increase in strain energy for each orientation.
Figure S3 compares the volumetric energy (4E,,,) of cubic StMnOj;
unit cells of different volumes (whose atom positions are allowed to
fully relax) to the same for epitaxially strained SrMnO; on SrTiOs
(whose atom positions are only allowed to relax in the out-of-plane
(c-axis) direction). The results are consistent with typical energy mini-
mization methods, where the relationship between formula unit volume
and formation energy is approximately parabolic [12]. The minimum
energy corresponds to the fully relaxed unit cell with no strain applied.
Formation energies are slightly higher for the epitaxially strained unit
cells compared to the cubic strained values, owing to the constraints
of relaxing atom positions in only one direction instead of three and
changing symmetry owing to the Poisson effect in the epitaxial cases. In
the cubic (fully relaxed) cases, the Mn-O bond length varies while the
inter-octahedra Mn-O-Mn (cis intra-octahedra O-Mn-O) bond angle
remains 180° (90°), and all are single valued. As bi-axial tensile strain
is applied by epitaxy, the Poisson effect results in compressive strains
out-of-plane (see Tables S1-S6), which leads to non-cubic structures,
and up to three distinct values in the Mn-O bond lengths and angles.
The O-Mn-O bond angle is found to remain essentially fixed at 180°,
indicating the bond lengths and the cis intra-octahedra O-Mn-O ac-
commodate the strain, resulting in a structure whose value is higher in
energy than a cubic one of identical volume. The consequence of this
preference is that the Poisson effect (and volume change) is a significant
function of orientation, with the material becoming significantly stiffer
moving from (100) to (110) to (111) epitaxy, under these constraints.
Similar trends are found for BaMnO; on SrTiO; and BaTiO;.

For BaMnOj;, limited experimental work has been reported for thin
films [57]. CGES indicates that epitaxial stabilization of the metastable
3C films would follow the same trend as SrMnO;. Namely, the (100)
perovskite substrate is generally the best orientation on which to
stabilize the 3C phase and the (111) substrate orientation the worst,
with (110) in the middle overall (it is as good as (100) for SrTiOs,
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Fig. 3. Plots of AE’~*7 as a function of the number of 3C layers for each
film/substrate combination: (a) SrMnO; on SrTiO,;, (b) BaMnO; on SrTiO;, and (c)
BaMnO; on BaTiO;. Blue circles, green squares, and red triangles indicate the values
of AE3“~*1 for (100), (110), and (111) substrate orientations, respectively. Vertical
lines are colored respectively to their substrate orientations and indicate the number
of layers needed for a 1 nm thick film. Blue and orange background colors indicate
the range of energies where the 4H and 3C are stable, respectively.

which is mediated by strain terms). However, the energetic barriers to
metastable formation are quite large (> 1 J/m? considering 2H to 3C).
Considering that we know SrMnO; experiments have overcome CGES
values of 0.739 J/m?, it may be possible to overcome these barriers
with temperature and oxygen pressure. 4H BaMnO; should be more
readily achievable on (111) substrates, which are respectively 0.329
and 0.317 J/m? on SrTiO; and BaTiO;. In Section S4, we deposit ap-
proximately 150 nm films of BaMnO; on (111) SrTiO; substrates using
two different deposition pressures: 2x10~3 Torr (total pressure achieved
using O,) and 3 x 10~ Torr (base pressure, no oxygen flow). The X-
ray diffraction (XRD) scans show that the film deposited in the higher
oxygen pressure environment was 2H and that the film deposited in the
lower oxygen pressure environment was 4H . These results indicate that
the 0.329 J/m? energetic stability for the 2H can be overcome using
oxygen pressure. Additionally, our results are consistent with stability
trends seen in experiments for StMnO; on (111) SrTiO;, where higher
oxygen pressures do not stabilize the metastable phase [8,26].
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The relative stabilities of 4H and 2H BaMnO; on (100) and (110)
substrates is unknown, as only the volumetric formation energy terms
are computed. In reality, there may be differences in the strain and
interface energies between the 4H and 2H polytypes on these sub-
strate orientations that can lead to changes in their AE**~2H values.
Therefore the order of stability between hexagonal polytypes may be
subject to change from the results presented in Tables 7 and 8. An
improved version of CGES would include computed values for the
semi-coherent to incoherent interface energies of stable polymorphs
on non-isostructural substrates. These values are the phase and crystal
structure boundary equivalents of asymmetric grain boundaries, and
the latter are becoming more common to be included in computations
[58-64]. Owing to the known orientation relationship or epitaxy, only
two specific interfaces need to be considered in the more expensive
energy computations for incoherent interfaces.

One modification of the relative thermodynamic phase stabilities is
through control of the nucleation thickness, as shown in Fig. 3, which
controls the volumetric energy terms. Specifically for the competition
between 3C and hexagonal BaMnO; films, volumetric energy terms
dominate stability at the original value of d = 1 nm. When d is limited
to a thickness of only 1 layer of (100) or (110) 3C BaMnOs on their re-
spective SrTiO; and BaTiO; substrate orientations, the thermodynamic
stabilities are reversed and the 3C phase is stable. Experimentally, the
control of nucleation layer thickness and flatness can be achieved when
controlling for thermodynamic and kinetic variables during growth
[65].

Since the (Sr/Ba)MnOj; systems are oxygen deficient, it is well
known that an increase in oxygen vacancies can lead to the stabilization
of the metastable structures [18,19,25,66,67]. A lower oxygen partial
pressure can decrease the temperature at which the stable to metastable
transition occurs [20,21]. Zhou et al. [8] reported that the oxygen
partial pressure during deposition of a SrMnO; film on a polycrystalline
SrTiO; substrate affects the range of substrate orientations that can
support 3C growth. At a substrate temperature of 900 °C, a deposition
pressure of 2 x 1073 Torr pure O, does not support 3C growth on (111)
SrTiO; but 2 x 107* Torr of 1% O, (Py, = 2x 107> Torr) can, providing
evidence that oxygen vacancies can be manipulated instead of (or in
addition) to temperature [8].

As discussed above, the phase stability of (Sr/Ba)MnO; are a func-
tion of temperature and oxygen partial pressure. It is believed that
oxygen vacancies impact the bulk formation energy of each phase
differently, and can modify overall stability. We calculated the bulk
formation energy for two oxygen-deficient SrMnO;_; (6 = 0.25 and
0.5), which are shown in Section S5 of the SI. For 3C and 4 H structures,
supercells were created in which 1 to 2 oxygen atoms were removed.
When comparing the computed energies, the 4H structure remained
more stable than the 3C structure for all compositions, even though the
energetic difference becomes slightly smaller for both oxygen-deficient
cells (22.94 and 24.54 kJ/mol for § = 0.25 and 0.5) compared to the
stoichiometric one (25.56 kJ/mol). This computation is in agreement
with a study by Nielsen et al. [51] on bulk SrMnO;, where they
concluded that the transition is actually entropy mediated, which is
well outside the scope of this work. The only experimentally available
phase transition enthalpy was reported to be 6 + 2 kJ/mol, for the
transition from 3C to 4H in bulk [66]. This is significantly less than
the predicted difference in enthalpies in DFT under O K conditions.
Furthermore, Sendena et al. [68] used DFT to compute (and also ver-
ified experimentally) the difference in entropy between stoichiometric
SrMnO; polytypes. At 298 K, the entropy difference was 5.6 J/K mol,
which gives a phase transition temperature of around 1100 + 350 K
using the experimental phase transition enthalpy. This still does not
capture the phase transition temperature of 1673 K, indicating that DFT
models do not yet capture the nature of bulk phase stability at high tem-
peratures. It is also implied here that the tolerance factor (bond lengths)
for non-stoichiometric materials is not captured so readily without
experimental data. In addition to the temperature-dependent oxygen
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vacancy concentration, there are also differing thermal expansions
between Mn-O and Sr-O bond lengths, which can modify the tolerance
factor and enthalpy of the system [69]. Finally, oxygen vacancies can
form near the substrate surface prior to film deposition, which can
affect the vacancy concentration and stability in the film [70-72].
Therefore CGES can serve as a starting point to guide experimental
work, but successful experimental confirmation ultimately relies on
combining computations with experimental observations to guide thin
film synthesis.

In strongly correlated electron systems, such as in SrMnO; and
BaMnOj;, the Hubbard U parameter is often imposed on transition
metals for DFT computations (DFT+U) to obtain results that more
accurately reflect experimental values [12,28,73,74]. DFT+U improves
results by correcting Coulombic interactions between localized d elec-
trons of transition metals [28,74,75]. In Section S6 of the SI, we
compute all the thermodynamic terms for Eq. (1) relevant to 3C and 4 H
SrMnO; polytypes on SrTiO; (111) for a U value of 3 eV [12]. Using
this typical U value for Mn, changes in AE3¢~*H are not significant
enough to change the epitaxial stability to favor of the 3C phase. The
difference in volumetric energy term at 1 nm decreases from 0.858
J/m? to 0.775 J/m? with the addition of the U parameter, decreasing
4H bulk stability. The difference in interface energy moves closer to the
phase boundary (0 J/m?), from —0.119 J/m? to —0.099 J/m?, increas-
ing the penalty for the 3C phase. For the strain energy, the U correction
penalizes the 3C with a higher strain energy on SrTiO; (111), and
decreases it for the 4 H phase. The total energetic difference for a 1 nm
film with competing polymorphs decreases from 0.739 J/m? to 0.676
J/m?. It is difficult to gauge how meaningful this decrease in energetic
difference is between polymorphs in terms of experimental conditions.
However, incorporating U parameters in CGES studies of other material
systems may be more helpful where the bulk energy difference is not
as large as that for StMnO;. Overall, it is clear that most standard DFT
methods do not lead to changes in polymorph stability known to occur
experimentally. As such, CGES does not capture this either.

Mehta et al. [14] estimated that the epitaxial stability limit was 20
kJ/mol for competing polymorphs, based on similar assumptions for
incoherent and coherent films used in this study. This limit was also
derived from continuum capillarity theory [45,46] and assumes that,
given an ideal substrate, the stable film phase would be incoherent
with the substrate, while the metastable film phase would be coherent.
In this approximation, however, substrate-film interfaces are idealized
and there is no substrate selection. Nonetheless, we can still compare
the difference in bulk formation energies of the SrMnO; to the epitaxial
stability limit, to see if the limit is still reasonable as a starting point
for epitaxial guidance.

We first test the difference in bulk formation energy between poly-
morphs in SrMnO; to see if it is within 20 kJ/mol, and then compare
the results to those of BaMnOs. The value of AE;“~*! is 25.56 kJ/mol,
which is slightly higher than the 20 kJ/mol limit and suggests that
from a bulk formation energy standpoint, the 3C phase would be
somewhat difficult to synthesize. By incorporating the specific strain
and interface energy of the SrTiO; substrate and the preferred OR, we
see that the 3C polytype is predicted to be stable on the (100) substrate.
Ultimately, the 25.56 kJ/mol is quite similar to the approximate 20
kJ/mol value (keeping in mind that the experimental value for STtMnO,
was 6 kJ/mol and that non-stoichiometric bulk energy differences are
also lower). These values are comparable because they are internally
consistent relative to computational terms, and they use the same
1 J/m? approximation for the incoherent interface energy term. Of
course, the real interface energy term may vary significantly from that
value, and we have experimentally observed 3C SrMnO; as epitaxial
films [7,8]. Similarly, Lee et al. [76] have been able to stabilize IrO, in
the metastable columbite structure, which is predicted to be around 25
kJ/mol higher than that of stable rutile IrO, [14,76]. These two obser-
vations indicate that 25 kJ/mol differences in DFT computed energies
are good targets for stability. For BaMnO;, the value of AE}#=2 is

Computational Materials Science 229 (2023) 112415

24.54 kJ/mol, but for AE;“~* it is 60.93 kJ/mol. Since AE}"~2! for
BaMnOs, is only 0.89 kJ/mol less than AE;“~*# for SrMnO;, it could
be relatively straightforward to stabilize the 4H BaMnO; via epitaxy,
especially on (111) substrate orientations if considering the interface.
However, the further transformation from 4H to the 3C phase may still
prove extremely difficult, as the bulk energy requirement is over two
times as large as the transformation from 2H to 4H. Even considering
substrate orientation, the energetic difference from the ground state 2H
BaMnO; phase to the metastable 3C phase is quite high, with the lowest
value of AE3¢~2H equal to 1.003 J/m? on SrTiO; (110), which is greater
than the incoherent interface energy penalty. Thus, to computationally
quantify the potential epitaxial synthesis of BaMnO;, we need a better
description of bulk formation energy versus temperature and pressure.

Note that in Eq. (1), the difference in surface energy terms is
assumed to be minimal and is thus neglected from these CGES com-
putations. However, their significance should not be totally cast away,
as metastable phases have been proposed to form due to lower surface
energies [77]. For the case of TiO,, the difference between anatase and
rutile phase stability has sometimes been attributed to differences in
surface energies. While rutile is the thermodynamically stable phase,
anatase has been observed to be the first phase to form (typically from
amorphous precursors) and this has been attributed to its lower surface
free energy and subsequent lower barrier to nucleation [78-81]. While
it is possible that the inclusion of surface energy terms may significantly
change the values of AE, the main conclusion from this study is that
the order of stability reflects experimental observations without it.

5. Conclusions

Using CGES, we have shown the thermodynamic competition be-
tween (Sr/Ba)MnOj; polytypes on three different (Sr/Ba)TiO; substrate
orientations. For both SrMnO; and BaMnOj;, the (100) perovskite sub-
strate orientation is the best orientation on which to stabilize the 3C
phase. The exception to this is (110) 3C BaMnO; on (110) SrTiOs,
but only slightly. The (111) substrate orientation is always the least
energetically favorable in terms of 3C stabilization. We find that (100)
3C SrMnO; on (100) SrTiO; is the only OR that stabilizes the 3C
phase at 1 nm, with a negative value of AE3¢—*#  Our results are
consistent with experimental trends for SrMnO; on SrTiO; in that
the order of substrate orientation to stabilize the 3C phase is (100),
(110), and then (111). Experimentally, this corresponds to an increase
in substrate temperature, or a lower oxygen partial pressure for this
system. The agreement with experimental results validates the use of
DFT to help guide epitaxy experiments, even though the computational
results are for 0 K values—far from experimental conditions. Finally,
thermodynamic stabilities can be reversed by limiting the nucleation
thickness in order to minimize volumetric energy term contributions,
pointing to the possible stabilization of 3C BaMnO; at one or two
monolayers (electroneutral layers).
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Abstract

This document provides Supplementary Information to the main text. Section S1
describes how surfaces used in computations were generated from starting surfaces of
each polytype. Section S2 describes an experimental investigation of BaMnOj3 stabil-
ity in the 4H and 2H structures on 3C' SrTiOj3 single crystals by changing the overall
pressure (and the partial pressure of oxygen) during deposition. Section S3 presents
the computations of bulk stability for two values of oxygen vacancy concentration. Sec-
tion S4 describes the impact of adding the Hubbard U term to DFT energy calculations.

References used in this supplemental section are given at the end.

S1 Unit Cell Transformations

Transformation of bulk and interface unit cells from the default (100) orientation into
different orientations followed the approach explained in the tutorial, “How to Prepare an
Input File for Surface Calculations” by Emre S. Tasci.! All transformations were done in

VESTA,? a three-dimensional crystal structure visualization software. The starting 3C' and



4H structures are presented as 3C' (100) or 4H (00.1) (hexagonal notation, only used in this

section), and are represented by the identity matrix:

1 00

I'=10 10

001
To generate a new orientation where the desired plane normal is parallel with the c-
axis, the identity matrix is multiplied by a transformation matrix, M. Each column in M
are the directions of the new basis vectors (with respect I) and are all orthogonal to each

other. For the orientation relationships (ORs) presented in Table 1, the following matrix

transformations were employed:

e 3C (100) to 3C (110)

e 3C (100) to 3C (111)

e 4H (00.1) to 4H (001) and 2H (00.1) to 2H (001)

Please note the difference in notation between hexagonal and orthorhombic orienta-



tions. The dot is implied everywhere else where the hexagonal structure is mentioned.

M transforms a set of hexagonal basis vectors to a set of orthorhombic basis vectors.

110
M=10 2 0

0 01

The resulting exposed planes, looking down the ¢ direction, are shown in Figure S1.

(a) 3C(100) (b) 3C(110)

T :E:: 1
I—>[100] I—» 01]

(c) 3C(111) (d) 4H/2H (001)

[112] [120]
L 110 1—-»[100]

Figure S1: Looking down the ¢ direction for the ( (100) cell, ( (110) face cell, (
3C (111) cell, and (d) 4H/2H (001) cell. Green, purple and red balls represent Sr/Ba, Mn
and O atoms, respectively.



S2 BaMnOj; on SrTiO; (111)

BaMnOgj films approximately 150 nm thick were deposited using pulsed laser deposition
(PLD), with a KrF laser (248 nm) on SrTiO3 (111) substrates.®* A 4H BaMnOj target was
synthesized using standard solid-state techniques. Stoichiometric amounts of BaCO3 and
MnO, were mixed in ethanol, ball-milled overnight, hand-ground, and uniaxially pressed to
pressure > 10,000 psi. The resulting target was sintered at 900, 1200, and 1500 °C for 12,
12, and 15 h, respectively. In between each sintering step, the target was reground. A small
amount of powder was used to monitor phase progression using X-ray diffraction (XRD).
The target was likely oxygen deficient, as oxygen stoichiometry was not controlled during
synthesis or measured afterwards.

Two deposition pressures were tested while all other parameters were kept the same.
One film was deposited in a total pressure of 2 x 1072 Torr of pure O, and one in a total
pressure of 3 x 10~ Torr with no process gas (i.e, in the chamber background pressure). The
oxygen partial pressure for the film deposited under background pressure was not controlled
or measured, but it is at least equal to or less than 3 x 107° Torr. The substrate temperature
was kept at 850 °C. The laser frequency and energy density were kept at 2 Hz and 1 J/cm?,
respectively. After deposition, films were cooled in 200 Torr of pure O,. These conditions
are relatively standard values for growth of similar phases.?* The growth rate was measured
from a BaMnOj3 film on (111) MgO in the first set of conditions, with 2 x 107 Torr of pure
04, and the films were then deposited for 15,000 pulses each. Differences in deposition rate
for the second set of conditions were not investigated or measured.

XRD pattern of the film deposited in 2 x 1072 Torr of pure O, is shown in Fig. S2a. Two
main film peaks are attributed to the (002) and (004) locations of the 2H BaMnOj phase.
The (002) peak is located at a 20 position of 37.6° (¢ ~ 4.78 A). The (004) peak is located

at 79.8° (c ~ 4.80 A). In bulk, the expected c-axis lattice parameter is 4.81 A.>® The small



percent difference between the film and bulk lattice parameters is within experimental error,
indicating that the film is relaxed. Asterisks are shown for the forbidden (001) and (003)
peaks, which could be attributed to the presence of stacking faults (cubic stacking layers or
some 4 H-like layers), which result in incomplete cancellation of intensity.

XRD pattern of the film deposited in the chamber background pressure is shown in
Fig. S2b. Four film peaks are attributed as belonging to the 4H phase. The (002n) peaks
(equivalent ¢ lattice parameter from the peak) are located at 19.2° (¢ =~ 9.23 A), 39.0 ° (c ~
9.23 A), 60.2° (c ~ 9.21 A), and 83.8° (c = 9.22 A) for n=1, 2, 3, and 4, respectively. The
bulk c-axis lattice parameter for the 4H phase is 9.32 A, and the film’s value is 1.07% smaller
than that. The intensity of the primary peaks are similar between the two phases, indicating
the thicknesses are not orders of magnitude different. We expect the film to be relaxed at
such thicknesses, like the 2H was. The slight variation between the relaxed film and bulk
lattice parameters was not investigated further, but may be due to slight stoichiometry or
internal stress variations from depositing under the chamber background pressure without
process gas. The difference is not likely an epitaxial strain, as the expected in-plane strain
should be compressive, resulting in an out-of-plane expansion, not the slight contraction
observed.

Both of these hexagonal phases form a coherent interface with the eutactic 3C' (111) plane
of Sr'TiOg3, and their energetic differences are described in the main text. The supplemental
results are consistent with the idea that thermodynamic parameters, here oxygen activity,

influence phase formation of the hexagonal polytypes.
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Figure S2: XRD patterns of 150 nm BaMnOj films on SrTiOz (111) substrates using (a)
2 x 1073 Torr pure Oy and (b) 3 x 107 Torr (background pressure). The films are indexed
as (a) 2H and (b) 4H. s denotes the location of the substrate peaks. Asterisks mark the
location of forbidden peaks in the 2H phase.
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S3 Oxygen Deficient SrMnQO;_;

Bulk formation energy values were computed for two oxygen-deficient compositions of
SrMnO3_s, 6 = 0.25 and 0.5. Similarly to Eq. 2, the formation energy is calculated by
subtracting the total energy of the non-stoichiometric compound by its binary compounds,
and dividing by number of formula units (1 f.u. = 5 atoms). For 3C and 4H SrMnOj 75 the
equation is:

1

AEb,ST4M7L4Oll = Z<E5T4Mn4011 - 2 * EMn02 - EMngOg - 4 * ESTO) (1>

For 3C' StMnOQs 5, the equation is:

1

AE}y SryMnp05 = §(ESr2MnQO5 — Erny05 — 2% Egr0) (2)

while for 4H SrMnOQO, 5, the equation is:

1

AE1I),S’I”4]W7’L4011 = Z(EST4MT7,4OH - 2 * EMTLQOg - 4 * EST‘O) (3)

For 3C SrMnOs 75, a 2 X 2 x 1 supercell containing four formula units was constructed and
one random oxygen atom was removed. For 3C' StMnQOy 5, a 2 x 1 x 1 supercell containing
two formula units was constructed and one random oxygen atom removed. For 4H SrMnO3,
the unit cell already contains 4 formula units, so one oxygen atom was removed to create 4H
StMnQO, 75 and two random oxygen atoms were removed to generate 4H SrMnQOg 5. Energy
values computed as such were then normalized to the number of formula units assuming no
oxygen atoms were removed. The results for the bulk formation energies are presented in
Table S1.

When comparing the AFE, values between SrMnQOj; polytypes, the 3C' phase is always

higher in energy regardless of oxygen content. For SrMnOj3, the difference in bulk formation



Table S1: Bulk Formation Energy Values for StMnO3_s.

§ | AE (kJ/mol) | V3¢ (A3/fw.) | AEM (kJ/mol) | VM (A3/fu.) | AAEICH
0 -50.73 55.00 -76.29 58.05 25.56
0.25 -47.27 55.53 -70.21 57.63 22.94
0.5 -31.05 54.73 -55.59 56.60 24.54

energy, AAEY~*H 'is 2556 kJ /mol. When & = 0.25 or 0.5, these values are 22.94 and 24.54

kJ/mol, respectively. Columns 3 and 5 show the volume per formula unit for each of the

stoichiometry and non-stoichiometric cells. It was expected that the removal of an oxygen

atom would increase the volume, but this only occurs when 6 = 0.25. We did not explore if

removing other symmetrically inequivalent oxygen atoms changed the volumes and energy

values, nor if larger supercells or specific ordering also impacted them. These values should

be considered coarse approximations. That the bulk energy differences between polymorphs

are a bit lower for the oxygen deficient phases is consistent with the idea that the 3C phase is

less unstable at lower oxygen partial pressures, but it does not support an overall change in

stability with oxygen content. As discussed in the main text, all of these energy differences

are near the the 20 kJ /mol approximation for which epitaxial stabilization is likely to succeed.



S4 DFT+U Correction

To assess whether the prior results of epitaxial polymorph competition for StMnO3 were
affected by the DFT methodology, further computational investigations were carried out
using an effective Hubbard U correction of 3 eV on the Mn 3d electrons.” This value has
been shown to accurately reproduce the density of states and G-type antiferromagnetic order
for CaMnQ3.%?

Table S2 shows the bulk, strain, and interface energy values for StMnOj3 polytypes on
(111) SrTiO3 using U=3 eV. All values are generally similar to those calculated without the
inclusion of the U parameter, except for o;,; for the 3C' phase, which is increased by 89%
using the U correction. This greatly penalizes the 3C' phase compared to the 4H, but does
not lead to a significant change in the final AE3¢—* value.

Table S3 shows the thermodynamic terms relevant to epitaxial nucleation of SrMnO3 on
Sr'TiO3 using U=3 eV. The difference in volumetric energy at 1 nm decreases from 0.858
J/m? to 0.775 J/m? with the addition of the U parameter, decreasing 4H bulk stability. The
difference in interface energy increases from -0.119 J/m? to -0.099 J/m?, slightly increasing
the penalty for the 3C' phase. For the strain energy, the U correction penalizes the 3C
with a higher strain energy on SrTiO3 (111), and decreases it for the 4H phase. The total
energetic difference for a 1 nm film with competing polymorphs decreases from 0.739 J/m? to
0.676 J/m?. Overall, the inclusion of U in this system does not drastically change epitaxial

stability between 3C' and 4H SrMnOs, at least on (111) SrTiOs.

Table S2: Bulk, Strain, and Interface Energy of StMnOjz Polytypes on (111) SrTiO3 (J/m?),
with Hubbard U Correction.

SrMnOj3 Polytype | AE, (kJ/mol) | AE,, (kJ/mol) | o4, (J/m?)
3C -55.52 15.36 0.017
4H -77.12 7.50 0.116




Table S3: Thermodynamic Terms Relevant to Epitaxial Nucleation of StMnOg3 Polytypes on
(111) SrTiO3 (J/m?) at 1 nm, with U = 3 eV.

AESC—SMOd AE;lH—SMOd AAESC_4HCZ A03€—4H AE3C—4H
—+w —+w —+w mn

-1.241 -2.016 0.775 -0.099 0.676
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